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Abstract Low-lying states in >*Cr have been investigated
via the a-transfer reaction >°Ti(’Li,r) at a bombarding energy
of 20 MeV. The exclusive a-transfer channel is separated
from other reaction channels through the appropriate energy
gate on the complementary particle, triton. Levels of >*Cr
populated exclusively by the a-transfer process could be
identified up to &~ 5 MeV excitation energy and angular
momentum up to (8)*", by identifying the corresponding
known y-rays. These include multiple low-lying non-yrast
21 and 47 states, which would otherwise be unfavorable via
fusion evaporation reactions. The feeding-subtracted y-ray
yields have been extracted to estimate the population of vari-
ous excited states through the transfer process. The measured
integrated transfer cross sections for all the observed yrast
and non-yrast states are compared with Coupled Channels
calculations using FRESCO to extract the a+>Ti core spec-
troscopic factors. For the yrast states, a higher a+core overlap
is seen for the 21 and 4% states, while it is seen to be less
favorable for the 6 and (8)T states when «-transfer is con-
sidered to occur predominantly as a direct one-step process
to the *°Ti core ground state. The yrast 2T, and 4% states
are predominantly populated by single-step transfer, while
for the states with spin > 5, the possibility of core excitation
followed by a-transfer shows a larger «-core overlap. For the
non-yrast 07, 2%, and 47 states, single-step transfer shows
moderate to small @-core overlap. No higher spin non-yrast
states are observed.
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1 Introduction

Reactions with nuclei characterized by a weak binding and
cluster structure, such as ®’Li and °Be continue to provide
opportunities to study various nuclear structure phenomena
and to elucidate new aspects of reaction dynamics [1-4]. Dif-
ferent mechanisms, such as complete fusion channel, incom-
plete fusion (ICF), and cluster-transfer reaction channels,
have been adopted over the years to understand the competing
reaction processes in interactions involving these nuclei as
projectiles [5]. Exploring nuclear structure studies by incor-
porating the selectivity of various reaction mechanisms has
been known to have a lot of potential. In this connection, it is
important to identify the difference in the population of states
of the same residual nucleus using compound-nucleus and
direct reaction modes with the same target projectile combi-
nation. While ICF reactions, particularly those induced by a
Li projectile [6-11], have often been used for y-ray spec-
troscopy studies of stable and neutron-rich nuclei, the cluster
transfer reactions are somewhat less explored for spectro-
scopic investigations. In this context, the particle-y coinci-
dence technique presents significant utility. Here, measur-
ing the ejected particle moving with scattered velocity pro-
vides information about the excitation energy of the residual
nucleus, while the corresponding y-transitions carry signa-
tures of the excitation and the decay path of the different lev-
els. In particular, a cluster transfer reaction with a large posi-
tive Q-value is favorable as one will be able to kinematically
separate the ICF/*7Li breakup channel from the o /d /¢ trans-
fer channel by measuring the ejectile energy. Recently, such
an experiment was carried out at REX-ISOLDE to investigate
n-rich nuclei produced via o and ¢ cluster-transfer reactions
in inverse kinematics with **Rb radioactive beam and ’Li tar-
get [12]. However, no distinction could be achieved among
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t and « particles produced by the direct transfer process and
those arising from the elastic breakup-ICF process, with the
contribution from the latter, expected to be around 20%. In
such measurements, the choice of appropriate kinetic-energy
cut on the ejectile spectrum will restrict the reaction channel
to one where an isotope is populated exclusively by transfer
reaction, without any contribution from particle evaporation
or ICF. Besides the high angular momentum yrast states, such
reactions can also selectively populate the non-yrast states
relevant for nuclear structure investigations. This has been
demonstrated in the present work on the Y°Ti(’Li,t) system
where the outgoing ¢ after «-transfer will have access to the
reaction Q-value, unlike those produced by breakup of "Li.

Another aspect of cluster-transfer reactions with ®7Li pro-
jectiles are the use of their a-transfer component to probe «
+ core structure in light- and medium-mass nuclei [13-20].
Alpha clustering in sd- and lower fp-shell nuclei is also cru-
cial for comprehending the structural development of light to
medium-mass nuclei. Within the sd-shell region (mass num-
ber A ~ 16-40), nuclei such as 2°Ne [21-23], **Mg [24],
288 [25], and 328 [26,27] display prominent evidence of
alpha clustering. These nuclei frequently exhibit rotational
band structures that can be interpreted as arising from alpha
plus core configurations; for example, 2’Ne can be described
as an alpha particle coupled to a 190 core. Conversely, alpha
clustering in lower fp-shell nuclei (A & 40-60), such as **Ti
[28], *8Cr [29], and 3*Cr [30], is generally more subtle and
complex. Within this mass region, experimental observations
indicate the presence of «+ core configurations-for instance,
4Ti can be represented as «+*°Ca, and >*Cr as a+°Ti-
particularly at moderate excitation energies. However, the
expression of clustering phenomena is less evident here due
to the increased level density of shell-model configurations
and the dominance of stronger mean-field effects. Therefore,
key open questions in this area include quantifying the o +
core overlap in these states in neutron-rich sd/fp-shell nuclei.

Transfer reactions using °Li projectile have been used to
extract the o spectroscopic factors of °Ca, **Ti and **Mo
[28,31]. Fulbright et al. [30] performed the (°Li,d) reaction
on a >OTi target with beam energy of 28-38 MeV and popu-
lated the excited states up to 3.5 MeV in >*Cr. Recently, M.
A. Souza and H. Miyake [32] have shown the comparison
of Q-values for «-separation per nucleon (Q,/A) for even-
mass Cr isotopes as well as A = 46, 54, 56 and 58 isobars,
and suggested that *°Cr and *Cr are the isotopes expected
to most favorable for the o + core configuration. Therefore,
owing to the availability of stable projectile-target combina-
tions for populating >*Cr via a-transfer, a fresh experimental
study for the investigation of the states with « + core configu-
ration and to extract the corresponding spectroscopic factors
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in >*Cr nucleus is of interest. In nuclear a-transfer reactions,
states with an o + core configuration can be populated either
through a single-step «-transfer or via a two-step transfer pro-
cess [33]. In single-step a-transfer, the o particle is directly
transferred from the projectile to the target nucleus in one g.s.
to g.s. transfer. This process, controlled by angular momen-
tum and parity conservation, mainly favors the population of
states with natural parity in the resulting nucleus. On the other
hand, two-step alpha transfer proceeds through an interme-
diate stage, which may involve excitation of either the target
or the projectile nucleus before the complete transfer of the
alpha particle. This sequential process enables the popula-
tion of higher nuclear states as well as unnatural parity states
[34]. Therefore, elucidating the role of two-step or multistep
transfer mechanisms in the states of >*Cr is also crucial.

In the present work, multiple excited states in 54Cr, the
heaviest stable isotope of chromium, have been populated via
the SOTi(’Li, r) a-transfer reaction. Since the strengths of lev-
els populated in a-transfer reaction depend on the «-particle
component of the wave function of the final state, the cluster-
transfer process is expected to favor states with a +°Ti con-
figuration. Using the light-charged particle-y coincidence
measurement, the excitation pattern has been examined, and
the outcomes are reported in the form of the observed excita-
tion energies, decay y-ray energies, spins, integrated trans-
fer cross sections and «-core spectroscopic factors for the
excited states. In addition to the ground-state yrast band,
several low-spin non-yrast states have been observed in this
work. No such low-spin non-yrast states have been reported
in a previous fusion evaporation study for the population of
Cr [35]. The experimental cluster-transfer cross sections
for the different excited states are obtained from the respec-
tive y-yields, and are compared with direct reaction model
calculations using the code FRESCO, employing the coupled
channels formalism. The results indicate the prevalence of
one-step a-transfer to the *°Ti target g.s. populating the low-
spin states of >*Cr, while for the high-spin states, a two-step
transfer would facilitate larger o + core overlap than that for
a one-step transfer. Since *Cr can also be produced via the
complete fusion-evaporation reaction °Ti(’Li, p2n), a com-
parison of the yields of the yrast states relative to the first 2™
state has been performed for both the «-transfer and proton-
induced channels, using —y and p—y coincidence analyses,
respectively.

The manuscript is organized as follows: Sect. 2 presents
the experimental details and data analysis. Section 3 provides
the results from the measurements, while Sect. 4 discusses
the Coupled Reaction Channels (CRC) calculations used in
this work. Section 5 provides a discussion of the results, and
a summary of the experiment and findings is presented in
Sect. 6.



Eur. Phys. J. A (2025) 61:148

Page3 of 13 148

2 Experimental details and data analysis procedure

The excited states of >*Cr were populated via the a-transfer
reaction “Ti("Li, ¢) with "Li beam energy of 20 MeV pro-
vided by the 14UD BARC-TIFR Pelletron Linac Facility
at Mumbai, India. The average beam current on the target
was between 4 and 5 nA. A self-supporting Ti target (with
enrichment ~ 83%) having a thickness of about 1.48 mg/cm?
was used for the present experiment. The deexciting y -rays of
residual nuclei were detected by the Indian National Gamma
Array (INGA) [36,37], consisting of seventeen Compton-
suppressed clover HPGe detectors, positioned at a distance
of 25 cm from the target. The detectors were mounted at dif-
ferent angles with respect to the beam direction, with three
each at 40°, 115°, 140°, and 157°, one at 65° and four at 90°.
For the detection of the outgoing light-charged particles, ten
CsI(T1) detectors with dimensions of 1.5 x 1.5 x 0.3 cm?
were mounted at a distance of 4 cm from the target position,
with four centered at 0 = 34°, five at 56° and one at 78°.
To stop the elastically scattered particles from entering the
detectors, Ta absorbers of varying thicknesses were used in
front of the CsI(TI) detectors. A Si surface barrier detector
was also mounted at 6.6 cm from the target position and at
an angle of 14.3° with respect to the beamline. This monitor
detector was used to measure yield of scattered beam parti-
cles for normalization.

The clover HPGe detectors have been calibrated using a
mixed radioactive source of '*3Ba and '3>Eu with known
y-ray energies [38]. The typical full width at half maximum
(FWHM) energy resolutions at 1.33 MeV ranged from 2.2
to 3.2 keV for the clover HPGe detectors. The absolute effi-
ciencies of each detector at different y-ray energy have also
been determined using these sources and also reported in
a previous study on the same setup [37] for higher energy.
The CsI(T1) detectors were calibrated using the triton energy
spectrum of the reaction '>C("Li, r)'°0 [39] at a beam energy
of 20 MeV. The signals generated due to the interaction of
the y-rays or outgoing charged particles within the detec-
tor materials were processed and recorded in list mode with
a Digital Data AcQuisition (DDAQ) system [40] based on
Pixie-16 modules of XIA-LLC, which can record both the
energy and timing information of the incoming signal. A
total of six 12-bit 100 MHz Pixie-16 modules have been
used for collecting the signals from the individual CsI(TI)
and each crystal of the clover HPGe detectors. For an event
in any channel of the Pixie-16 module, either a CsI(T1) detec-
tor or a clover HPGe (in the absence of veto pulses from the
BGO anti-Compton shield) generates a fast trigger having a
width of 100 ns. The CsI(T1) signals have been acquired using
QDCs (charge-to-digital converters) for the identification
of the different light-charged particles. The data files have
been sorted by a MultipARameter time-stamped basedCO-
incidence Search (MARCOS) [40] code, developed at TIFR,

to generate the particle-y matrix files with two- and higher-
fold coincidence events. Further, The RADWARE and ROOT
software packages have been used for data analysis [41,42].
The 2D particle identification spectrum has been generated
in the coincidence of CsI(T1) with the clover HPGe detectors.
All pulses from every event recorded in the CsI(T1) detector
have been preserved. To identify particles, the charges of each
pulse during its rise (QDC short time = 2.5 ps) and through-
out the entire pulse duration (QDC long time = 14.0 j1s) were
integrated. The ratio of these two integrals serves as the basis
for particle identification. A 2D spectrum of QDC-short vs
QDC-long for 34° CsI(T1) detectors has been shown in Fig. 1.
Proton-, triton-, and «-bands have been identified in the
spectrum. The protons arise from evaporation after complete
and/or incomplete fusion in the "Li + °Ti system, while the
« band has contributions from the triton transfer, ' Li breakup
and incomplete fusion channels. The triton band originates
from the no-capture ’Li breakup, a-incomplete fusion and
a-transfer processes. Thus, all desired information about the
states populated in the recoiling >*Cr nucleus by direct «
cluster-transfer process can be extracted from the comple-
mentary tritons. Due to the limited energy resolution of the
CsI(TI) detectors, closely spaced states in >*Cr may over-
lap and become indistinguishable. The experimental cross
section for each state has been extracted based on its char-
acteristic y-decay transitions. An energy gate was applied
to the particle spectrum to suppress background and isolate
specific reaction channels, enabling a cleaner y-spectrum
from the clover HPGe detectors and allowing extraction of
the yields for the relevant photo-peaks.

3 Experimental results
3.1 Reaction channels populating >*Cr

In heavy-ion collisions, various reaction channels become
energetically favorable, thereby competing with one another.
Multiple channels can simultaneously contribute to the pop-
ulation of the same nucleus. One of the strongest is the
complete-fusion evaporation reaction, which exhibits a large
cross-section at above-barrier energies. In the ’Li + 0Ti sys-
tem, nuclei such as >*>3Mn, 3733Cr are significantly pop-
ulated through 3n, 2n, p3n, p2n, and pn complete fusion
evaporation channels, respectively. The nucleus **Cr can also
be produced through (i) @-ICF with °Ti and (ii) « cluster-
transfer to “Ti. The >*Cr compound nucleus in the former
subsequently deexcites to 3! =33Cr through xn-evaporation,
as well as 21733V via pxn channels, while the 54Cr residual
nucleus in the latter is populated in distinct excited states
subject to the angular momentum transferred in the process.
The various reaction pathways for the combination of the tar-
get Ti and the weakly bound projectile "Li are illustrated

@ Springer
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Fig. 2 Illustration of the various possible reaction pathways for the combination of the target Ti and the weakly bound projectile "Li. Weaker
reaction channels are not shown
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Fig. 3 The y-ray energy
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in Fig. 2. To isolate the Cr isotopes produced by fusion evap-
oration, a proton band gate has been employed, allowing for
the identification of the emitted y-rays associated with each
isotope. In the 7-band, the tritons originating from the no-
capture-projectile-breakup process as well as the «-ICF are
expected to be lower in energy, peaked at around 8.5 MeV
for the present bombarding energy of 20 MeV. By applying
a low-energy triton gate, the y-ray energy spectrum reveals
the presence of >! =33Cr as well as ' 733V isotopes.

On the other hand, the higher-energy tritons arise from the
direct «-transfer process, owing to a positive g.s. Q-value
of 5.46 MeV for the transfer process. To exclude contribu-
tions from other reaction channels, tritons constrained in the
kinetic energy range &~ 17.5 to 25 MeV are selected to obtain
the y-ray spectrum within a 2D particle gate summed over
all angles (as marked in inset (b) of Fig. 1) since these are
expected to exclusively carry signatures of the «-transfer pro-
cess. Here the highest triton energy, based on its outgoing
angle relative to the beam direction, corresponds to the g.s.
of residual 3*Cr nucleus. As such, levels up to an excita-
tion of & 5 MeV beyond the g.s. could be suitably selected
at different angular positions of the particle detectors. The
measured energy resolution of the CsI(TI) detectors at ~ 8
MeV is approximately 400 keV, tested using a >2*Th alpha

Gamma-energy (keV)

source. The selected energy cut (E; > 17.5 MeV) for triton
kinetic energy ensures that the 5 MeV excitation energy is
well accommodated and effectively suppresses contributions
from breakup tritons. In addition, since the angular coverage
of the CsI(TI) detectors ranges from 22.5° to 90°, there is
negligible possibility of missing out the yields from higher
excited states such as the 67 and 87 states while selecting
E; > 17.5 MeV. Our calculations also account for the angu-
lar coverage of the charged particle detectors. Multiple yrast
and non-yrast states of >*Cr populated through a-transfer
reaction have been successfully identified. The population
of non-yrast states in transfer reactions are often observed to
be at par with those of yrast states, unlike in in-beam fusion-
evaporation reactions [43,44].

A comparison of the pattern of excited states in >*Cr acces-
sible through «-transfer as well as p2n fusion evaporation
can be drawn through the ¢-gated and p-gated y-ray spectra
as shown in Figs. 3 and 4, respectively. In a typical fusion-
evaporation reaction, the compound nucleus possesses a large
amount of excitation energy and angular momentum and
undergoes sequential evaporation of multiple particles fol-
lowed by emitting y rays in order to reach a more stable state.
The accessible decay region is bound by the yrast line that
connects the lowest energy state corresponding to each angu-

@ Springer
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Fig. 4 The y-ray spectrum %x10°
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lar momentum. The evaporated particles carry away substan-
tial energy, based on their separation energies, and angular
momenta from the compound nucleus. As such, the yrast (and
near-yrast) states become energetically favorable pathways
and are often more strongly populated. On the contrary, trans-
fer reactions, which involve the exchange of a nucleon/cluster
with a specific orbital angular momentum between the pro-
jectile and the target, can lead to a higher probability of selec-
tively populating non-yrast states, which may have specific
configurations favorable for nucleon/cluster transfer. In addi-
tion to *Cr, Fig. 3 also displays transitions from >2Cr, which
is produced through « cluster-transfer involving “8Ti present
in the target. Similarly, in addition to >*Cr, Fig. 4 shows
peaks originating from other Cr isotopes, which may have
been populated in the same reaction via the pxn channels,
and/or due to the fusion of 7Li with *®Ti (and trace amounts
of the other Ti isotopes) present in the target foil. This work
reports a comprehensive investigation of the a-transfer chan-
nels exclusively.

In addition, we have compared the relative yields (with
respect to the first 27 state) of higher-spin yrast states for the
a-transfer and fusion-evaporation channels, as presented in
Table 1. The relative yield of higher-spin yrast states, with
respect to the first 27 state, decreases more sharply in trans-
fer reactions than in fusion-evaporation reactions. This is
mainly because the direct transfer of large angular momen-
tum is less favorable for populating higher-spin levels such
as 67 and 8. In contrast, fusion-evaporation reactions pro-
ceed through the formation of a compound nucleus, where
the angular momentum carried by the projectile is distributed
statistically, often leading to significant population of higher-
spin states.

@ Springer
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Table 1 The relative yields (with respect to the first 2% state) of yrast
states in *Cr for both the a-transfer and proton channels

Relative yield a-transfer channel (in %) Proton channel (in %)

Yor /Yor  440+£25 98.7 £5.2
Yor / Yo+  105+07 46.6 £2.9
Yg+/Yo+r 21403 84405

3.2 Energy states of core + o configuration

The t-gated y-ray spectrum (17.5 MeV < E;, < 25 MeV)
obtained after random and background subtraction has been
presented in Fig. 3a, b. The populated states in the yrast
band of *Cr could be observed (shaded in red), ranging
from 27 to (8)T (of excitation energies 834.8-, 1823.9-,
3222.3-, and 4681.2 keV). The negative parity band exhibits
the observation of (17, 27) and 3™ states at energies of
3393.3- and 4127.6 keV, respectively. Additionally, sev-
eral low-lying non-yrast states of spins to 0%, 2%, and 4™
could be populated and observed. Specifically, transitions at
energies of 563.8-, 638.8-, 820.5-, 834.8-, 989.1-, 1336.0-,
1398.4-, 1458.9-, 1507.9-, 1784.9-, 1831.1-, 1961.9-,
1993.9-, 2239.8-, 2325.6-, 2558.8-, 2602.7-, 2626.3-, 3033.
6-,3394.3-, and 3926.9 keV could be identified in this study.
While these transitions had been previously observed in other
measurements [38,46], this experiment specifically focuses
on transitions associated with the decay of «a-cluster states.
As such, the transfer reaction reveals strong J selectivity in
the relative yields. For each observed y-transition of interest
between a pair of levels J; and J, the corresponding emis-
sion cross section for decay of level J; has been extracted
using the relation,
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Fig. 5 Excited levels of 3*Cr ( + %°Ti) measured in coincidence with the complementary ¢ particles. The spins and parities are adopted from

Ref. [46]. The observed non-yrast states are marked in color

Yy (J;) Sy
YM €y

oy (J;) = oM, (D

where Y, (J;) and Y) represent the yield of the y-transition
(after correction for internal conversion) and the monitor
respectively, d€2); represents the solid angle subtended by
the monitor detector, €, is the absolute photopeak efficiency
of the y -transition, and oy is the Rutherford scattering cross-
section (at 6y = 14.3° w.r.t the beam direction) at the same
beam energy.

The excited energy level of >*Cr, E;, can be populated
either directly from the «-transfer reaction or indirectly
through y-ray decay from higher energy levels E; (where
E; > E;), called feeding or indirect population. The direct
population of a nuclear level E; is calculated by subtracting
the feeding contributions from higher-lying levels E;:

Yaireer (Ei) = Yy (Ei) = Y Y, (Ej — Ep) )

Where, Ygirect(E;) and Y, (E;) are the yields of the direct
population of level E; and the observed y-ray emitted from
the level E;, respectively. Y, (E; — E;) denotes the y-ray
yield that feeds into E; from higher energy level E;. The
feeding contributions to the measured yields after the effi-

ciency correction of the different y -lines, as shown in Fig. 5,
have been subtracted prior to the determination of the emis-
sion cross sections.

During y emission, a level J; decays to a level J¢. How-
ever, during o transfer, the level J; is directly populated.
To determine the population cross section for each state J;,
the emission cross section has been multiplied by the factor
(2J; +1)/(2J ¢ + 1). For states decaying by more than one
y-transition, the net experimental cross-section is obtained
by summing over each individual emission cross-section,
weighted by the corresponding branching as available in lit-
erature [38,46].

3.3 Spectroscopic factors

One of the principal highlights of this study is the determi-
nation of the a+core spectroscopic factors for both the yrast
and non-yrast states in >*Cr. In the context of a-transfer, the
spectroscopic factor indicates the probability of an « par-
ticle transferred as a single entity in one step to the target
nucleus, populating excited states of the residual nucleus.
The structure of excited states of the composite nucleus is
predominantly given by a bound core with the transferred o-
particle populating any of its available higher levels, by cou-
pling to the core ground state or excited state. The « particle
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Table 2 Level energies E, and measured integrated cross-sections oexp for the population of the excited I) yrast and II) non-yrast states of SAcr
observed in the present measurement, arranged in order of increasing excitation energies. Each energy level J; has been identified by the associated
y transition J; — Jy, of energy E,, . The spins J* and relative orbital angular momenta £, between the a-particle and 50T} core incorporated in
FRESCO calculations are also indicated. The corresponding a-core spectroscopic factor (S¢;) has been obtained by normalizing the calculated cross
sections with the measured values. The S¢; value for the population of the ground state of 34Cr is taken as 0.16, as reported in Ref. [30]

Energy level 4Spin bObserved E, Ji = Jy ¢Population cross- Ly Spectroscopic factor (S¢;)
E.(keV) Jr (keV) section, oexpt (14 b) (h) This work In literature
(1) Yrast states

834.8 2+ 834.8(1) 2T — 0t 19.95(159) 2 0.1118(89) 0.0752 [30]
1823.9 4+ 989.1(1) 4t - 2F 4.99(41) 4 0.0296(24) 0.0224 [30]
32223 6" 1398.4(2) 6T — 4% 0.65(06) 6 0.0018(2) -

" ” " U " 24 0.0871(75) -

33933 1-,27) 2558.8(8), 3394.3(14) (1=,27) = 2%, 0" 0.81(20) €1 0.0460(87) -

4042.8 5F 820.5(2) 57 - 67 0.50(07) d2.4 0.8019(882) -

4127.6 3~ 1507.9(4) 3= - 2F 0.10(03) 3 0.0006(2) -

4681.2 8" 1458.9(5) &)t — 67 0.40(07) 8 0.0009(1) -

" U " U " d46  0.0319(47) -

(1I) Non-yrast states

2619.7 2+ 1784.9(4) 2t 5 27F 1.30(16) 2 0.0015(2) -

2828.7 0t 1993.9(9) 0t — 2F 0.17(04) 0 0.0021(4) -

3074.6 2+ 2239.8(9) 2t 5 27F 0.28(08) 2 0.0003(1) -

3160.5 4+ 1336.0(1), 2325.6(7) 4T — 4t 2F 1.16(11) 4 0.0065(6) -

3437.5 2+ 2602.7(9) 2t - 2%t 0.10(05) 2 0.00010(4) -

3655.0 4+ 1831.1(3) 4T — 4F 0.31(08) 4 0.0014(3) -

3785.7 G 563.8(3), 1961.9(7) 4T - 67,47 0.24(03) 4 0.0019(2) -

3799.3 4+ 638.8(7) 4T - 4F 0.26(05) 4 0.0024(4) -

3870.4 - 3033.6(12) - - - -

3926.9 2+ 3926.9(17) 2T — 0t 0.98(30) 0.0009(2) -

4450.2 4+ 2626.3(12) 4T - 4F 0.12(05) 4 0.0004(1) -

4 Spin values as per Ref. [46]

by -transitions identified from random- and background-subtracted ¢-gated spectra
€ Oexpt = 0y (Ji) x (2J; + 1)/(2J ¢ + 1) gives the cross section for population of state J; integrated over the measured angular range

94 The core nucleus is considered to have been in an excited state prior to the a-transfer i.e., two-step process
¢ The experimental cross-section has been compared with calculations assuming the spin of the excited state as 1~

wave function and the °Ti target nucleus wave function need
to overlap to allow the transfer process to populate excited
states in the residual nucleus. A strong overlap indicates a
higher probability of finding the transferred « particle in the
specific state. Experimental measurements of the spectro-
scopic factor in a-transfer reactions provide valuable infor-
mation about the structure of nuclei and the occupancy of
excited states. In the present reaction, this overlap probabil-
ity Sexpt = [(P4Cr | + 2OTi)|2 is obtained by comparing the
measured cross-sections with standard model calculations,
often in the DWBA limit.

Oexpt 3)

Sexpt =
ODWBA

The excited states of >*Cr could not be individually resolved
in the particle energy spectrum since the energy resolution

@ Springer

of the CsI(TI) detectors is approximately 350—400 keV. To
overcome this, high-resolution HPGe detectors are used to
identify and separate the excited states by detecting the asso-
ciated y rays. The ratio of the measured cross-sections (Gexpt)
for individual states and the calculated the integrated cross-
section (opwpa) Within the angular coverage of the particle
detectors provide the corresponding spectroscopic factors.

4 FRESCO Calculations

To draw conclusions about the strength of the o + *°Ti core
overlap in each observed state of >*Ccr, i.e. the corresponding
spectroscopic factor, extensive calculations have been carried
out using the code FRESCO [47]. The total potential for the
interacting system is defined as:
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Vo iWo
1+ exp(%) 1 + exp(=Ru)

aw

U(r) = Ve(r,Re)— “

Here, V. (r, R.) is the Coulomb potential due to a uniformly
charged sphere, and Vj and Wy are the depths of the real
and imaginary components of the nuclear optical potential,
with diffuseness a¢ and a,,, respectively. The corresponding
radii are defined as Rcjo/w = rejojw(Ap~ + AIT 3), with r,
taken to be 1.2 fm and A p and A7 are the projectile and tar-
get masses, respectively. Optical potential parameters have
been obtained from a global systematic parameterization for
"Li projectile [48]. For completeness of the calculations, the
bound state of "Li at 478 keV, as well as the 2?‘ and 4T
levels of OTi are also coupled, using B(E2) values reported
in Refs.[38,49,50]. For exact coupling in the model space,
the target excited states were taken as vibrational excitations,
while a rotational model picture has been used for the projec-
tile excitation. For a weakly bound nucleus such as ’Li, the
coupling of its breakup channels along with bound excited
states is often incorporated into the model space of calcula-
tions. However, the simultaneous coupling of inelastic states,
a-transfer channels as well as projectile continuum channels
is often computationally demanding. So, the current calcu-
lations include only the bound excited states and «-transfer
channels with no consideration given to the breakup chan-
nel. The volume absorptive imaginary potential, i.e; W (r),
accounts for the flux lost from the elastic channel to nonelas-
tic direct channels excluded from the calculations, which
comprise of breakup, one-nucleon/multi-nucleon transfers,
and incomplete fusion. Furthermore, this potential accom-
modates the compound reaction occurring in the entrance
channel.

For the a-transfer exit channels, the real part of the 7 + Mcer
phenomenological potential, as well as the spin-orbit poten-
tial, are obtained using Ref [51]. A short-ranged Woods-
Saxon imaginary potential, given by Wy = 10.00 MeV, ry, =
1.00 fm, and a,, = 0.40 fm, is used to account for the absorp-
tion of flux from the exit channels. The - binding potential
for the g.s. of "Li is taken to be of a Gaussian form as men-
tioned in Ref. [52]. The amplitude for the overlap ("Li|a +1)
is taken as 1.01 [53]. The binding potential of the transferred
a-particle to the °Ti core is chosen to be of Woods-Saxon
volume form, where the depth is automatically adjusted to
achieve the required binding energies of the particle-core
composite system in each excited state of >*Cr. The cou-
pling scheme used for the fresco calculations is graphically
shown in Fig. 6. The system of coupled equations is solved
in the DWBA limit for the a-transfer process, to explain the
experimental cross sections and further determine the rele-
vant structural parameters for each excited state. The elastic
scattering, projectile inelastic scattering, and target inelas-
tic scattering channels are solved exactly, while the weaker
transfer channels are calculated as a first-order perturbation.

4681.2 keV )
4450.2 keV 4
4127.6 keV 3
4042.8 keV 5"
3926.9 keV &
3799.3 keV 4
3785.7 keV 4
3655.0 keV 4+
3437.5 keV 2
3393.3 keV (1,2)
3222.3 keV 6
3160.5 keV 4
3074.6 keV 2*
2828.7 keV 0"
2619.7 keV 2"
18239 keV &

834.8 keV g

0.0 keV

......................... 0‘
S
g 54Cr t f
478 keV . o-transrter
_ B | -
11 |8s =0 t
Jv=23/2" Jt=0%/27/47 Ju=1/2*

Fig. 6 Coupling scheme used for the FRESCO calculations. The pro-
jectile and target excited states are solved exactly while the transfer
channels are solved in first-order perturbation. The transfer channels
are those which have been exclusively identified in the present work by
means of #-y coincidence

For achieving convergence of the calculations in the current
angular range of interest, integrating to 50 fm in steps of 0.25
fm and using 60 partial waves were found to be adequate.
Fixing the quantum numbers of the final states of the resid-
ual nucleus and specifying the spectroscopic factors allows
comparisons between calculations and data. Extracted spec-
troscopic factors are determined through the normalization to
the experimentally measured angle-integrated cross-section.
In cases where these structural parameters were unavailable,
new values have been assigned to obtain optimum agreement
with the experimental data (see Table 2). Since the present
measurement does not provide the spectroscopic information
about the g.s. of the >*Cr nucleus, the corresponding spec-
troscopic factor was fixed as 0.16, as reported in Ref. [30]
for completeness of the calculations.

While calculating the spectroscopic factors (SFs), an addi-
tional model-dependent systematic uncertainty needs to be

@ Springer
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Table 3 The two optical model potentials used with their parameters

Parameters Potential-1 (Ref. [48]) Potential-2 (Ref. [54])
Vo (MeV) 114.2000 40.2000
ro (fm) 0.8460 1.1500
ap (fm) 0.8530 0.5530
Wo (MeV) 25.4100 15.4100
ryw (fm) 1.1440 1.1800
ay, (fm) 0.8090 0.5090
6 Difference of S (in %) using two different potwntials

4 [ ¢

2 F )
> L
O\ 0 1 1 1 1
8 + +
<, 0 2 4" 6" 8
4 I %

4 }

o ;

-8

Fig. 7 The percentage difference between the spectroscopic factors (S)
obtained using the two sets of optical model parameters for potential-1
[48] and potential-2 [54]

considered due to the choice of optical model parameters.
To obtain this effect, we selected two distinct sets of optical
model potentials parameters (Table 3) from previous studies.

The integrated cross sections were then calculated using
these two sets of optical potentials within the defined solid
angle range. Finally, we calculated the percentage difference
in the spectroscopic factors (S) obtained using the two sets
of optical model parameters. The variation in S for the yrast
states between these two potential sets is presented in Fig. 7.
The observed differences are within 7%, which suggests less
sensitivity of the integrated cross sections on the choice of
the optical potential parameters within the angular range of
interest.

5 Discussion

Proton-, triton-, and «-bands have been identified in the 2D
particle spectrum (Fig. 1), and the corresponding favorable
reaction channels are illustrated in Fig. 2. A deuteron band is
also expected to arise from either (a) the one-neutron transfer-
induced breakup of °Li into « + d, or (b) the direct breakup
of "Li into ®Li + n, followed by the subsequent dissociation
of ®Li into o + d. However, based on kinematics, the peak
kinetic energy of the deuteron is expected to be less than 6
MeV for both processes (a) and (b). This spectrum is expected
to merge with the low-energy proton and triton bands and
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not separated in the particle spectrum. In the limit of energy
resolution of the CsI(TI) detectors, closely-spaced states in
4Cr can become mixed. The experimental cross-section for
each state has been determined on the basis of the decay
y -transitions from the same.

The y-ray spectrum of the clover HPGe detectors was
cleaned by applying energy gates to the particle spectrum to
extract the yields of the corresponding photo-peaks of inter-
est. The o-transfer 7-gated and p-gated y -ray spectra (Figs. 3
and 4) show well-resolved *Cr transitions. In addition to
4Cr, Fig. 3 also displays few transitions from 32Cr, which is
produced via « cluster-transfer involving “®Ti present in the
target foil.

The relative yields (with respect to the first 27 state) of
higher-spin yrast states (6* and 8%) decreases more sharply
in transfer reactions than in fusion-evaporation reactions
(Table 1). This is primarily due to the fact that direct trans-
fer reactions are less effective at populating those higher-
spin states because the transfer of large angular momentum
is less favorable. In contrast, fusion-evaporation reactions
involve the formation of a compound nucleus, where the pro-
jectile’s angular momentum is statistically distributed among
available states, often resulting in a substantial population of
higher-spin levels.

The a-core spectroscopic factors for the yrast 2+ and 4™
states obtained in the present work reasonably agree with
those available in the literature for >*Cr [30]. However, the
a-core spectroscopic factors for five additional yrast states
and eleven non-yrast states have been newly measured in
this work, as presented in Table 2. For few excited states-
specifically at 4127.6-, 4681.2-, 3074.6-, 3437.5-, 3926.9-,
and 4450.2 keV-the a-core spectroscopic factors are quite
small (on the order of 10~%), indicating that these states
are weakly populated via the «-transfer from ground state of
S0Ti. This suggests a minimal contribution from an a+core
configuration in their structure. The uncertainties in the
extracted spectroscopic factors reach up to 30% for a few
states (Table 2), primarily due to the uncertainty of intensity
of the observed gamma rays from weakly populated tran-
sitions. The values of extracted spectroscopic factor for the
27 and 47 states are of the same order as those reported
for 32S [14] and 4*3Ti [30]. Comparing the results with
those obtained for 4°Ca [55] and **Ti [30], one observes that
while the 27 state of >*Cr has a spectroscopic factor in a
similar range, the value for the 4™ state is lower. In a pre-
vious study [56], the a-transfer cross section for the ground
state and the first 2% excited state of >*Cr was measured via
the STi(160,'2C)>*Cr reaction at a beam energy of 48 MeV,
yielding a cross section of 7.8 ub/sr. The data were recorded
at two laboratory angles between 35° and 50°. In contrast,
our experiment, performed using a different projectile-target
("Li on 3°Ti) combination at a laboratory energy of 20 MeV
and covering a wider angular range from 22.5° to 90°, mea-
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sured the cross section for the first 27T state to be 19.95(159)
Jub/sr.

The coupling scheme showing o-transfer from the states of
30Ti is illustrated in Fig. 6. A two-step transfer process is also
considered for a few excited states (5T, 61, and 81) of >*Cr
where the *°Ti core is in its excited state (2?‘ or 4‘1") prior to
the « transfer. This would allow for multiple lower values of
transferred relative orbital angular momentum, £, to partic-
ipate in the population of that specific state in the composite
nucleus. To populate higher-spin states such as 8% and 6™
from the ground state of °Ti, high orbital angular momen-
tum transfers (¢ = 8% and 6/, respectively) are required.
However, if the alpha transfer occurs from an excited state
of Ti (e.g., from the 2 or 41 state), lower £ values can
effectively populate these higher-spin states. Hence, the cor-
responding spectroscopic factors for these higher-spin states
are found to be larger than those obtained from a single-step
transfer process, indicating an enhanced contribution from
the two-step transfer mechanism in facilitating an o + core
configuration in these states. However, for the population of
the yrast 27 and 47 states, a-transfer is observed to be a
predominantly single-step process.

The population of the unnatural-parity state, 5T, is not
possible through a single-step «-transfer process. Therefore,
a two-step transfer mechanism was considered to account
for its population and to explain the observed yield. The 5
state can be explained by considering «-transfer to the excited
states, 2+ or 4 of >°Ti, where the angular momentum trans-
fer (¢ = 4h or 2h) is lower and can effectively populate 5
state. The large spectroscopic factor of this state indicates a
strong overlap between the « particle and the excited *°Ti
core, facilitating the formation of the unnatural-parity 5T
state.

In contrast, for the 1~ natural-parity state, one-step trans-
fer process was used. The spin-parity assignments were
adopted from NNDC, where the 3393.3 keV state has two
tentative assignments: 1~ as well as 27. For completeness,
both possibilities are listed in Table 2; however, the 1~ assign-
ment was assumed in our calculations, as noted in footnote
(e).

Souza et al. (Ref. [32]) suggest that *°Cr and 3*Cr are
the most favorable even-even Cr isotopes for the o + core
configuration. While we have investigated >*Cr through an
a-transfer reaction in this work, the unavailability of a sta-
ble projectile-target combination to populate *°Cr limits the
exploration of o + core structures in the “°Cr nucleus.

In addition, a model-dependent systematic uncertainty is
anticipated due to the choice of optical model parameters. To
address this, we have considered two distinct sets of optical
model potential parameters, as listed in Table 3, based on
values reported in the literature. The percentage difference in
the spectroscopic factors (S) was calculated using these two
sets of optical model parameters for the yrast states of >*Cr.

The observed variation is within 7% (as shown in Fig. 7),
indicating that the integrated cross-sections are less sensitive
to the choice between these two optical potential parameter
sets within the angular range of interest.

6 Conclusion

This study is focused on investigating low-lying states in >*Cr
through particle-y coincidence measurement using the trans-
fer reaction “OTi(’Li, r). Appropriate energy selections have
been applied to the 7-band to disentangle the set of states pop-
ulated with the «+°°Ti core configuration while eliminating
contributions from other reactions channels. Multiple yrast
states in *Cr could be suitably excited, along with several
low-lying non-yrast states that are typically difficult to popu-
late via heavy-ion fusion evaporation reactions. The relative
yields of the yrast states, with respect to the first 27 state,
have been compared for both the proton and «-transfer chan-
nels. The a-spectroscopic factor has been extracted for each
state of 54CI‘, and the values for the 27 and 41 excited states
at 834.8 keV and 1823.9 keV, respectively, are in reasonable
agreement with those reported in Ref. [30]. The a+core over-
laps for the yrast 2 and 47 states are found to dominate over
those for the yrast 67 and (8)" states when the a-particle
is considered to be transferred in a single-step to the core
ground state. For yrast states with J > 5 in 3*Cr, a two-step
transfer approach has also been invoked to understand the «
+ core configuration. However, this needs further investiga-
tion using particle detectors with better energy resolution to
provide a clear identification between a-transfer involving
the target g.s. compared to that involving the target excited
state. The extracted a-spectroscopic factors for the 2, and
47T states have also been compared with those obtained for
nuclei where the phenomenon of «-clustering has been well
explored, such as 328 40Caand #4648y In this view, further
investigations are required for the >*Cr nucleus to draw firm
conclusions about a-cluster structure with a more advanced
setup consisting of high-resolution Si detectors with larger
solid-angle coverage replacing the present CsI(T1) detectors.
Simultaneous measurements of y -rays along with the angular
distribution of triton for the «-transfer cross sections would
contribute to our understanding of a+core structures in >*Cr.
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