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High-spin positive parity states of 50V, populated through the 48Ti(4He, np) 50V reaction with a 48 MeV α

beam, have been studied using the Indian National Gamma Array (INGA) facility. A few new levels and γ -ray
transitions have been added to the level scheme utilizing the results of intensity, directional correlation, and
linear polarization measurements. Lifetimes of a few excited states have been measured for the first time using
the Doppler shift attenuation method (DSAM). Large basis shell model calculations have been performed within
the f p valence space to understand the microscopic origin of the excited states. Apart from the ground state yrast
band [having a π (1 f 3

7/2) ⊗ ν(1 f 7
7/2) particle configuration], a non-yrast band with a π (1 f 3

7/2) ⊗ ν(1 f 6
7/2, 2p1

3/2)
particle configuration has also been identified. The interplay between single-particle and collective modes of
excitation have been investigated in the observed bands by analyzing the particle partitions and spectroscopic
quadrupole moments, both calculated using large basis shell model calculations.

DOI: 10.1103/PhysRevC.109.054328

I. INTRODUCTION

The field of γ -ray spectroscopy has witnessed unprece-
dented development over the last few decades. State-of-the-art
experimental facilities, coupled with unparalleled advance-
ments in computational power, have revolutionized the field
in multiple ways. These have led to the realization of the most
exotic nuclear shapes at the extremes of spins and isospins.
Owing to the same advancements, a renewed interest in the
low-mass region of the Segrè chart has also resurfaced si-
multaneously. Of particular interest in the low-mass region is
the 1 f7/2 subshell. The 1 f7/2 subshell has properties unique to
this mass region. It is bounded by two doubly-magic nuclei,
40Ca and 56Ni. Considering an inert 40Ca core, the number
of valence particles/holes in the middle of this subshell is
eight, large enough to generate a collective behavior of the
nucleons, giving the nucleus a deformed shape. Deformation
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near the ground state thus increases as one moves towards the
middle of the subshell, which again decreases towards the end
[1–5]. As a result, the 1 f7/2 subshell is an ideal playground
to look for the coexistence of and interplay between the two
predominant modes of nuclear excitation: single particle and
collective. In this regard, the self-conjugate nucleus, 48Cr,
lying in the middle of the 1 f7/2 subshell, was one of the ear-
liest nuclei to be investigated. 48Cr shows a large deformation
(β = 0.28) near the ground state [2,3]. Several nuclei around
the 48Cr nucleus also show collective excitation in the form
of rotational-like band structures in their level schemes [6,7].
This interplay between single-particle and collective excita-
tions in the 1 f7/2 subshell nuclei has also been successfully
explained by shell model calculations [8–10].

In a recent work, we reported on the structural evolution
of the nucleus 49V [11], which lies near the middle of the
1 f7/2 subshell. In the same experiment, carried out using an
alpha beam, the nucleus 50V was also populated significantly.
Within the framework of the zero-order shell model, 50V has
ten nucleons (three protons + seven neutrons) in the 1 f7/2

subshell. The literature on 50V contains studies conducted
using light-ion beams such as proton [12], deuteron [13],
triton [14], alpha [15,16], and 3He [17,18]. Its highest energy
level exists at an excitation energy of 12.57 MeV, found in a

2469-9985/2024/109(5)/054328(12) 054328-1 ©2024 American Physical Society

https://orcid.org/0009-0009-4918-8917
https://orcid.org/0000-0001-6908-7384
https://orcid.org/0000-0001-8998-6651
https://orcid.org/0000-0001-6575-299X
https://orcid.org/0000-0002-8624-828X
https://orcid.org/0000-0003-0681-4382
https://orcid.org/0000-0003-0574-8467
https://orcid.org/0000-0003-0457-4012
https://orcid.org/0000-0002-1712-5825
https://orcid.org/0000-0002-0335-1813
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.109.054328&domain=pdf&date_stamp=2024-05-30
https://doi.org/10.1103/PhysRevC.109.054328


ARKADIP BERA et al. PHYSICAL REVIEW C 109, 054328 (2024)

51V(p, d ) 50V reaction [12]. The data on heavy-ion induced
reaction for 50V are not available in the evaluated (ENSDF)
as well as the unevaluated (XUNDL) datasets of NNDC [19].
The last reported study on this nucleus using an alpha beam
was carried out by Giorni et al. [15] and Kennedy et al. [16]
separately but concurrently. Giorni et al. extended the level
scheme of 50V up to the band-terminating state (Jπ = 11+)
at 4.29 MeV and assigned the spins and parities of the lev-
els. They measured the multipole mixing ratios (δ) of a few
magnetic dipole transitions. Also, they reported the measured
lifetimes of all the levels of the ground state dipole band in
the same work. However, the uncertainties in these reported
lifetimes are significant, more than 100% in most cases. In
addition, the lifetimes of the 910.4 keV (7+) and 1725.1 keV
(8+) levels differ significantly from the values reported by
Kennedy et al. [16]. The report of Kennedy et al. comprises
lifetime measurements of seventeen levels up to 1.88 MeV
excitation energy with lesser uncertainties, including those
due to stopping powers.

The primary motivation of this work is to expand the level
scheme of 50V, followed by lifetime measurements of newly
observed and existing levels with better precision, and to carry
out a detailed theoretical investigation through microscopic
calculations. Thus, the present work investigates the different
modes of excitation of the 50V nucleus, populated through
an α-beam induced reaction. The existing level scheme was
modified up to the 6.10 MeV level by adding a few levels
and transitions. Using the Doppler shift attenuation method
(DSAM), the lifetimes of four levels were measured for the
first time, and those of four other levels were remeasured to re-
duce the previously reported uncertainties. Relative intensity,
directional correlation, and polarization measurements were
carried out for the decay out transitions to assign the spins and
parities of the new levels. Large basis shell model (LBSM)
calculations were carried out to understand the microscopic
origin of the levels of interest and to interpret the observed
results.

The paper is organized as follows. The experiment and the
data analysis techniques employed are outlined, followed by
the experimental results and their interpretation, and finally
the theoretical investigations are discussed.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The 48Ti(4He, np) 50V fusion evaporation reaction was
used to populate high-spin states of 50V. The experiment
was carried out during the second phase of the Indian Na-
tional Gamma Array (INGA) campaign at the Variable Energy
Cyclotron Centre (VECC), Kolkata. A 48 MeV 4He beam
was supplied by the K-130 Cyclotron stationed at VECC. A
self-supported 12.4 mg/cm2 thick natural Ti target was used,
within which ≈95% of the recoils stopped. The multidetec-
tor array, INGA, was used to detect the deexciting γ rays
following the reaction. The INGA setup, during the present
experiment, comprised six Compton-suppressed clovers and
two low-energy photon spectrometers (LEPS). Out of the six
clovers, two were mounted at 125◦, three at 90◦, and one at 40◦
with respect to the beam axis. The two LEPS were mounted
at 90◦ and 40◦ with respect to the beam axis. Singles and two-

fold γ -γ coincidence events were recorded in list mode using
a digital data acquisition system. The pulse processing and
data acquisition system was that of UGC-DAE CSR, Kolkata
Centre, and was based on the 250 MHz 12-bit PIXIE 16
digitizers (XIA LLC) [20]. The coincidence data were sorted
using the sorting program IUCPIX [20] to generate symmetric
and asymmetric matrices, which were then analyzed using the
program INGASORT [21].

As the transition energies relevant to the current work are
more than 1500 keV, the energy calibrations of the clovers
were performed with a few online γ rays, in addition to the
standard 152Eu and 133Ba radioactive sources which emit γ

rays up to a maximum of 1408 keV. The online γ rays chosen
for the energy calibration comprised a few well-separated,
stopped (with no Doppler-broadening or shift) peaks having
energies ranging from 400 through 2100 keV, corresponding
to known γ -ray transitions populated via other reaction chan-
nels. The high-energy room background γ rays (like 2614
keV) could not be considered due to their low statistics. The
relative efficiency calibrations of the clovers were performed
up to 4.8 MeV with 152Eu and 66Ga radioactive sources. The
66Ga source was prepared through the 56Fe(13C, p2n) 66Ga
reaction at 50 MeV [22]. The efficiency uncertainty was es-
timated by fitting the efficiency curve in INGASORT [21].

In order to build up the level scheme, the raw data
were sorted into angle-independent and angle-dependent
(90◦ vs 90◦) symmetric, and asymmetric γ -γ coincidence
matrices. The angle-dependent symmetric matrix was used to
measure the relative intensities of the γ -ray transitions. An
asymmetric matrix was used to assign the spins of excited
levels from the results of DCO measurements. DCO stands
for directional correlation of γ rays deexciting oriented states,
and is represented as a ratio, RDCO. The RDCO of a γ -ray tran-
sition is defined as the ratio of its intensity measured at two
different angles in coincidence with another γ -ray transition
of known multipolarity [23],

RDCO = Iγ1 observed at θ1, gated by γ2 at θ2

Iγ1 observed at θ2, gated by γ2 at θ1
.

For the present setup, DCO ratios were determined for θ1 =
125◦ and θ2 = 90◦ (Table I). For a pure dipole (quadrupole)
transition gated by a pure quadrupole (dipole) transition, RDCO

is close to 0.7 (1.41). For a transition gated by another tran-
sition of the same multipolarity, RDCO is close to unity. RDCO

values may deviate from the above values depending on the
amount of mixing present in the transitions. In the present
work, RDCO’s were measured mostly from 754 and 910.4
keV gated spectra. Both 754 and 910.4 keV transitions are
magnetic dipole in nature with mixing ratios, δ = −0.13+0.09

−0.05

and −0.21+0.10
−0.16, respectively [15]. As a result, the calculated

RDCO of a pure dipole (quadrupole or 	J = 0) transition gated
by the 754 keV transition as obtained from the computer code
ANGCOR [23] is 1.08+0.03

−0.05 (1.59+0.06
−0.13). On the other hand, the

calculated RDCO of a pure dipole (quadrupole or 	J = 0) tran-
sition gated by the 910.4 keV transition is 1.13+0.08

−0.06 (1.72+0.20
−0.13)

[23].
Integrated polarization directional correlation from ori-

ented nuclei (IPDCO) [24] measurements were performed to
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TABLE I. Relative intensity (Irel), RDCO, and ΔIPDCO of γ -ray transitions in 50V. Note that 7+
3 and 7+

4 levels could not be identified in the
present experiment. Identification of the positions of different 7+ levels are discussed in the text.

EX Eγ Gating γ a ΔIPDCO

(keV) (keV) Irel Ji Jf (keV) RDCO Expt. Theor. Multipolarity

910.4(4) 910.4(4) 100(6) 7+
1 6+

1 754 0.93(7) −0.03(1) −0.02 M1 + E2
1725.1(7) 814.7(4) 72(5) 8+

1 7+
1 910.4 1.09(8) −0.03(1) −0.02 M1 + E2

1725.1(7) 39(5) 8+
1 6+

1 754 1.5(2) 0.08(2) E2
1761.5(6) 851.1(6) 1.0(3) (6)+2 7+

1 (M1 + E2)b

2313.2(6) 588.1(6) 2.5(3) (7)+2 8+
1 910.4 1.3(2) −0.13(4) M1 + E2

2479.1(4) 754.0(4) 44(4) 9+
1 8+

1 910.4 1.08(9) −0.04(1) −0.03 M1 + E2
2841.2(11) 1930.8(11) 9.9(9) 8+

2 7+
1 910.4 1.2(2) −0.05(3) M1 + E2

3475.4(20) 2565(2) 5.7(7) 7+
5 7+

1 910.4 2.0(5) 0.09(6) M1 + E2
3475(2) 10.4(14) 7+

5 6+
1 613.2 0.9(3) −0.10(9) M1 + E2

3730.5(4) 1251.4(4) 24(2) 10+
1 9+

1 910.4 0.95(9) −0.03(1) −0.03 M1 + E2
3747.2(8) 1268.1(8) 3.0(4) (9+)2 9+

1 (M1 + E2)b

4088.3(13) 1609.2(13) 6.3(6) (9)+3 9+
1 754 1.5(2) 0.10(4) (M1 + E2)

4088.6(5) 613.2(5) 3.7(4) 8+
3 7+

5 910.4 1.2(2) −0.14(4) M1 + E2
4293.4(4) 562.9(4) 11.1(9) 11+

1 10+
1 910.4 1.1(2) −0.07(2) −0.05 M1 + E2

4420.4(20) 331.8(6) 1.8(2) 9+
4 8+

3 910.4 1.2(3) −0.11(8) M1 + E2
673.2(7) 1.0(2) 9+

4 (9+)2 (M1 + E2)b

1579.2(9) 2.0(3) 9+
4 8+

2 M1 + E2c

2695(2) 1.8(2) 9+
4 8+

1 M1 + E2c

5410.8(5) 990.4(5) 6.4(6) 10+
2 9+

4 910.4 1.1(2) −0.08(3) M1 + E2
5768.3(20) 1680(2) 3.7(4) (11)+2 (9)+3 754 1.5(3) 0.11(4) (E2)

2038(2) 1.0(3) (11)+2 10+
1 (M1 + E2)c

6104.6(6) 693.8(6) 4.5(5) 11+
3 10+

2 910.4 1.2(3) −0.14(5) M1 + E2

a	J = 1 transitions.
bTentatively assigned based on theoretical results.
cBased on Jπ

i and Jπ
f .

assign the electric or magnetic nature of the transitions. Two
asymmetric IPDCO matrices were constructed from the data
for the purpose. The first (second) matrix, named parallel
(perpendicular), was constructed having on the first axis the
simultaneous events recorded in the two crystals of the 90◦
clovers, which are parallel (perpendicular) to the emission
plane, and on the second axis the coincident γ ray registered
in any other clover. The polarization asymmetry is defined as

	IPDCO = a(Eγ )N⊥ − N‖
a(Eγ )N⊥ + N‖

(1)

where N⊥ and N‖ are the intensities of the full energy peaks
observed in the perpendicular and parallel matrices, respec-
tively. A positive (negative) value of 	IPDCO indicates a pure
electric (magnetic) transition. The 	IPDCO is close to zero for
mixed transitions, and its sign may change depending on the
amount of multipole mixing, δ. The correction term a(Eγ )
is introduced due to an asymmetry in the response of the
different crystals of the clovers at 90◦. It is defined as

a(Eγ ) = N‖(unpolarized)

N⊥(unpolarized)
. (2)

In the present experiment, a(Eγ ) was measured as a func-
tion of the energies of unpolarized γ rays from a 152Eu
radioactive source. This correction term was close to unity
(Fig. 1) in the entire energy range for the present INGA setup.

The theoretical 	IPDCO of a few dipole transitions with
known multipole mixing ratios (δ) were calculated and com-
pared with their experimental values (Table I). The formalism
of Ref. [22] was used for the calculations. The polarization
sensitivities, Q(Eγ ), of these transitions were estimated using

FIG. 1. Asymmetry parameter a(Eγ ) plotted as a function of γ -
ray energy for the present INGA setup.
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FIG. 2. The polarization sensitivity (Q) of a clover detector mea-
sured as a function of γ -ray energy (i) in a measurement with single
clover at similar distance [25] and at different implementations of
INGA at (ii) Kolkata (2006) [26], (iii) New Delhi (2009) [27], and
(iv) Mumbai (2011) [22].

the relation previously obtained for similar clovers used in
the INGA setup of Tata Institute of Fundamental Research
(TIFR), Mumbai in 2011 (Fig. 2). The attenuated angular
distribution coefficients were theoretically estimated from
Ref. [28].

To carry out lifetime measurements using DSAM, two
asymmetric matrices were constructed with events recorded
by the clovers at a particular angle (125◦, or 40◦) on one axis,
and the corresponding coincidence events recorded by the 90◦
clovers on the other to generate line-shape spectra. A modified
version of the computer code LINESHAPE [29] was used to
extract level lifetimes from the Doppler-shifted spectra. The
initial recoil momenta distributions of 50V were obtained from
PACE4 [30] calculation. In the first step of the LINESHAPE

program, the slowing-down histories of 50 000 50V recoil-
ing nuclei in the natural Ti target were simulated using the
Monte Carlo technique. The velocity profiles of the recoils
were generated with a time step of 0.0007 ps. The geometry
of the clovers were also taken into account. In the second
step, using the stopping powers and the velocity distributions
calculated in the first step, a line shape for each decay time
was obtained. In the final step, utilizing a χ2-minimization
technique, the theoretically generated line shapes best fitted
to the experimental ones were obtained. The γ -ray transition
energies and the side-feeding intensities obtained from the
measured relative intensities were used as the input param-
eters. In this measurement, shell-corrected Northcliffe and
Schilling stopping powers [31] were used for calculating the
energy loss of ions in matter.

III. RESULT AND DISCUSSION

A. Level Scheme

The present work is primarily concerned with the investiga-
tion of positive parity states of 50V. As a natural Ti target was

FIG. 3. (a) A background subtracted total projection spectrum of
γ rays emitted by different nuclei formed in the present experiment.
Only the strongest ground state transitions of the populated nuclei are
marked. (b) Background subtracted coincidence spectrum obtained
by putting a gate on the 910.4 keV transition. New transitions are
marked by red asterisks. γ -ray energies from 2050 to 3500 keV are
shown in the inset. Transitions that may likely belong to 50V (not
placed in the level scheme) are marked with blue diamonds. Spectra
were generated from a 90◦ vs 90◦ symmetric matrix.

used in the experiment, the cross section of 50V as predicted
by PACE4 [30] is only 4.6% of the total cross section. A
background subtracted total-projection spectrum is shown in
Fig. 3(a), where nuclei populated via different reaction chan-
nels are mentioned.

During the analysis, all existing transitions of 50V [15]
up to the Jπ = 11+ level were observed. In addition, thir-
teen new transitions were identified (indicated by asterisks
and coloured red in the level scheme of Fig. 5). A 1932
keV transition was assigned tentatively in the level scheme
of Ref. [15] using a dotted line. Its position in the level
scheme was confirmed in the present work as a 1930.8 keV
transition. All newly identified transitions were placed in the
level scheme by testing different coincidence relationships
using symmetric γ -γ coincidence matrices. Some relevant
coincidence relationships are discussed below by making ref-
erences to a few coincidence spectra [Figs. 3(b) and 4], where
the newly observed transitions are indicated by asterisks and
coloured red.

(i) Barring the 3475 keV transition, the remaining
twelve transitions were observed in the 910.4 keV
gated spectrum [Fig. 3(b)].
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FIG. 4. Background subtracted coincidence spectrum obtained
by putting a gate on (a) 990.4, (b) 613.2, (c) 1609.2, (d) 1930.8, and
(e) 3475 keV transitions. New transitions are marked by red asterisks.

(ii) The newly observed 331.8, 613.2, 693.8, 990.4, and
2565 keV transitions were in coincidence with each
other [Figs. 4(a) and 4(b)]. Among these, the 331.8,
613.2 [Fig. 4(b)], and 2565 keV transitions were

in coincidence neither with the 1579.2 or 1930.8
[Fig. 4(d)] keV transitions, nor with the 673.2 or
1268.1 keV transitions. These three transitions were
not in coincidence with the 2695 keV transition also
[Fig. 4(b)].

(iii) The 693.8 and 990.4 keV [Fig. 4(a)] transitions were
in coincidence with the 673.2, 1268.1, 1579.2, and
1930.8 keV [Fig. 4(d)] transitions.

(iv) The 1579.2 and 1930.8 keV transitions were in coin-
cidence with each other, but not in coincidence with
the 673.2 and 1268.1 keV transitions [Fig. 4(d)].

(v) The 673.2 and 1268.1 keV transitions were in coinci-
dence with each other and also observed in the 754,
814.7, and 910.4 keV [Fig. 3(b)] gated spectra.

(vi) The 1609.2 and 1680 keV transitions were in coin-
cidence with each other [Fig. 4(c)] and were also
observed in the 754, 814.7, and 910.4 keV [Fig. 3(b)]
gated spectra. But they were not observed in the
331.8, 613.2 [Fig. 4(b)], 693.8, 990.4 [Fig. 4(a)], or
2565 keV gated spectra.

(vii) The 3475 keV transition was observed in the 990.4,
and 613.2 keV gated spectra [Figs. 4(a) and 4(b)]
but not observed in the 910.4 keV gated spectrum
[Fig. 3(b)]. Transitions in coincidence with the 3475
keV transition are shown in Fig. 4(e).

Due to the presence of Doppler-broadening in a few tran-
sitions, the relative intensities of the γ -ray transitions were
measured from a 90◦ vs 90◦ symmetric matrix (Table I). The
relative intensities of most of the transitions were measured
from a 910.4 keV gated spectrum. The relative intensity of the
910.4 keV transition was measured from the total projection

FIG. 5. Partial level scheme of 50V. Only the levels of interest are
shown in this figure. The newly observed transitions (red) are marked
by red asterisks. New levels are marked in blue.
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TABLE II. Experimental level lifetimes, experimental branchings, experimental and theoretical reduced transition probabilities
(B(EL)/B(ML)) for different transitions are tabulated. The units of B(M1), and B(E2) are μ2

N , and e2fm4, respectively. Multipole mixing
ratios (δ) obtained from shell model calculations are also tabulated.

EX τmean (fs) Eγ Branching Mixing (|δ|) B(M1) B(E2)

(keV) Present Prev. [15] Prev. [16] Jπ
i Jπ

f (keV) (%) Prev. [15] Theor. Present Theor. Present Theor.

910.4 120+120
−60 62(11) 7+

1 6+
1 910.4 100 0.21+0.16

−0.10 0.08 1.15+0.29
−0.25

c 1.04 869+2142
−660

c 122
1725.1 626(192) 530+600

−200 200(90) 8+
1 7+

1 814.7 65(5) 0.17+0.15
−0.14 0.05 0.11+0.06

−0.04 0.19 65+266
−63 12

8+
1 6+

1 1725.1 35(5) E2 E2 30(13) 84
2313.2 <286 (7)+2 8+

1 588.1 100 0.02 >0.96 0.77 14
2479.1 148(46) 350+400

−200 9+
1 8+

1 754 100 0.13+0.05
−0.09 0.05 0.87+0.41

−0.22 1.35 367+637
−340 79

2841.2 366(146) 8+
2 7+

1 1930.8 100 0.33 0.02(1) 0.17 69
3730.5 52(16) 40+80

−35 10+
1 9+

1 1251.4 100 0+0.07
−0.04 0.07 0.55+0.24

−0.13 1.22 50
4088.3 79(30) (9)+3 9+

1 1609.2 100 0.13 0.16(7) 0.10 9
4293.4 <300 350(100) 11+

1 10+
1 562.9 100 0.06+0.01

−0.06 0.03 >1.04 1.07 >168 33
5768.3 <223 (11)+2 (9)+3 1680 79(9)b E2 >211 50

3475.4 63a 7+
5 6+

1 3475 65(6) 0.51 0.01 3.4
4088.6 1517a 8+

3 7+
5 613.2 100 0.04 0.16 12

4420.4 576a 9+
4 8+

3 331.8 29(3) 0.03 0.77 127
5410.8 67a 10+

2 9+
4 990.4 100 0.11 0.85 156

6104.6 274a 11+
3 10+

2 693.8 100 0.08 0.61 111

aCalculated lifetime.
bEstimated from the relative intensities.
cFrom Ref. [16].

spectrum with proper normalization. Relative intensities for
the transitions parallel to the 910.4 keV transition (viz., 1725.1
and 3475 keV) were measured from the branching ratios of
the respective levels. The relative intensities of these transi-
tions were not measured from the total projection spectrum
due to their low statistics. Necessary correction due to the
angular distributions of dipole and quadrupole transitions at
90◦ was taken care of in the present measurement. All new
transitions were placed in the level scheme (Fig. 5) based on
their coincidence relationships and relative intensities. As a
result, eight new levels, viz., 3475.4, 3747.2, 4088.3, 4088.6,
4420.4, 5410.8, 5768.3, and 6104.6 keV, were added to the
existing level scheme (Fig. 5).

The spin and parity of the levels in 50V were
assigned/confirmed based on the results obtained from DCO
and linear polarization measurements. The RDCO and 	IPDCO

values of 910.4, 814.7, 754, 1251.4, and 562.9 keV transitions
confirmed the Jπ assignment of the existing levels. A 2313.2
keV level was reported previously, but its spin and parity was
not assigned. This 2313.2 keV level decays to the 1725.1
keV level via a 588.1 keV transition. In the present work, the
RDCO and 	IPDCO of the 588.1 keV transition were extracted,
which confirmed the magnetic dipole nature of the 588.1 keV
transition. Thus, the 2313.2 keV level could either be a 7+
or a 9+ level. In alpha induced reactions, non-yrast levels
are populated heavily, and the associated level schemes get
extended horizontally [32]. It was observed from shell model
results (discussed later in Sec. IV A) that a 7+ assignment was
more appropriate than a 9+ assignment for the 2313.2 keV
level. Therefore, the spin and parity of the 2313.2 keV level
were assigned a tentative (7)+.

The RDCO of the 1930.8 keV transition measured from the
910.4 gated spectrum was 1.2(2) and its 	IPDCO was negative,

indicating a magnetic dipole nature. So, the spin and parity of
the 2841.2 keV level were assigned 8+.

The spin and parity of 3475.4 keV level were assigned
based on the RDCO and 	IPDCO values of 613.2, and 3475
keV transitions. The RDCO of 613.2, 331.8, 693.8, and 990.4
keV transitions are 1.2 (2), 1.2(3), 1.1(2), and 1.2(3), re-
spectively (Table I) and all of them have negative 	IPDCO

values. We used the 910.4 keV gated spectrum for the RDCO

measurement. 910.4 keV is a magnetic dipole transition with
mixing (δ) −0.21+0.10

−0.16 [15], and the RDCO of a pure dipole
(quadrupole) transition gated by the 910.4 keV transition is
1.13+0.08

−0.06 (1.72+0.20
−0.13) as obtained from ANGCOR [23]. So, the

above transitions are dipole transitions and may have very
small mixing. The calculated mixings of these transitions
(Table II) obtained from shell model calculations also support
this observation. The RDCO of the 3475 keV transition ob-
tained from the 613.2 keV transition is close to unity and has
negative 	IPDCO value, which therefore confirms its magnetic
dipole nature. The 3475.4 keV level decays to the ground
state (Jπ = 6+) through the 3475 keV transition. The spin
and parity of the 3475.4 keV level is therefore assigned as 7+.
We have also calculated the RDCO of 3475 keV gated by the
613.2 keV transition using the computer code ANGCOR [23].
In the calculation, we have considered both of them as M1
transitions, and the mixing values are taken from theoretical
calculations (Table II). The calculated RDCO value (0.83) also
lies within the uncertainty of their measured value [0.9(3)]
(Table I). The measured RDCO and 	IPDCO of the 2565 keV
(	J = 0) transition decays from the 3475.4 keV level also
support this assignment [33]. Based on the Jπ of the 3475.4
keV level, the spins and parities of 4088.6, 4420.4, 5410.8,
and 6104.6 keV levels were assigned as 8+, 9+, 10+, and 11+,
respectively.

054328-6



SPECTROSCOPIC STUDY OF 50V PHYSICAL REVIEW C 109, 054328 (2024)

The RDCO and 	IPDCO values of the 1609.2 keV transition
(Table I) indicated that it was either a magnetic dipole (	J =
0) or an electric quadrupole transition. So, the spin and parity
of the 4088.3 keV level could be either 9+ or 11+. Similarly
to the spin-parity assignment of the 2313.2 keV level based
on shell model results, the 4088.3 keV level was assigned a
tentative (9)+. The spin and parity of the 5768.3 keV level
were assigned based on the RDCO and 	IPDCO values of the
1680 keV transition (Table I). As the Jπ of the 4088.3 keV
level was assigned a (9)+, the spin and parity of the 5768.3
keV level were subsequently assigned (11)+.

Kennedy et al. had assigned the spin and parity of the
1761.5 keV level as (6, 7)+ [16]. It was mentioned in their
work that the 1761.5 keV level could be a possible candidate
for the second 6+ level, as suggested by MBZ wave functions
[34]. The 1761.5 keV level decays to the ground state, and to
the 910.4 keV level through 1761.5 and 851.1 keV transitions,
respectively [16]. In the present work, an 851.1 keV transi-
tion was seen in the 910.4 keV gated spectrum [Fig. 3(b)].
However, due to its low statistics and the presence of other
contaminant transitions, the spin and parity of the 1761.5 keV
level could not be confirmed. Nonetheless, theoretical cal-
culations showed that the calculated energy of the second
6+ level, 6+

2 , at 1785 keV was very close to the experimen-
tal energy of 1761.5 keV, whereas the calculated energy of
the second 7+ level, 7+

2 , at 2231 keV is ≈500 keV higher
than the experimental energy. Based on these results, the spin
of the 1761.5 keV level was considered to be J = 6, and a
tentative Jπ = (6)+ was assigned to it.

The spin and parity of the 3747.2 keV level were not
confirmed/assigned in the present work due to weak statistics
of the feeding or decay out transitions. Its spin and parity were
assigned Jπ = (9+) tentatively based on the results of shell
model calculations.

Five other transitions, viz., 1526, 2095, 2139, 2206, and
2286 keV, were seen in the 910.4 keV gated spectrum. These
are marked with blue diamonds in the spectrum of Fig. 3(b).
The 1526 and 2095 keV transitions were also seen in the
754 and 814.7 keV gated spectra. However, their coinci-
dence relationships with other transitions in 50V could not
be established due to their weak statistics. These transitions
were, therefore, not placed in the present level scheme of 50V
(Fig. 5).

In the present work, the mixing ratios of the dipole transi-
tions were not extracted due to the large uncertainties in the
reported δ′s of 754 and 910.4 keV transitions. The 1725.1 keV
(8+

1 → 6+
1 ) gated spectrum was also not used for measuring

mixing ratios due to low statistics.
Uncertainties quoted in the measured values of intensities

and branching ratios include statistical errors, efficiency cor-
rection, and angular distribution correction for the intensities
measured with the 90◦ detectors. In RDCO measurements, un-
certainties due to statistical errors and efficiency correction
were considered. Uncertainties quoted in the 	IPDCO values
are statistical only. Errors due to energy calibration and fit-
ting errors were considered to estimate the uncertainty in the
transition energy.

B. Lifetime measurements

The lifetimes of eight levels in 50V were measured in the
present work using line-shape analysis. Doppler-shifted line-
shape spectra obtained from the 125◦ and 90◦ clovers were
used in the present analysis. Although a clover was present at
40◦ during the experiment, its spectra were not considered in
the analysis due to low statistics of the transitions of interest.
Since, the line-shape spectra are generated by putting gates
on a transition below the transitions of interest (discussed
below), the effect of side feeding was properly considered
and it was modeled with a cascade of five transitions or with
a single-step feeding, depending on the type of transition of
interest. The dynamic moment of inertia of the side-feeding
band was considered accordingly. The side-feeding intensities
were estimated from the relative intensities of the feeding
and decay-out transitions. During each line-shape simula-
tion, the transition quadrupole moments (Qt ), the side-feeding
quadrupole moments (Qts) or the side-feeding times (τts), and
the background parameters for each level were kept as free
parameters.

Of the eight levels, lifetime measurements of the 2313.2,
2841.2, 4088.3, and 5768.3 keV levels were carried out for
the first time. Energy spectra of γ -ray transitions decaying
from these four levels had large Doppler shifts (Fig. 6). The
line-shape spectra of the decay-out 588.1 and 1930.8 keV
transitions were generated by gating the 910.4 keV transition.
As no transition could be found feeding the 2313.2 keV level,
only an upper limit of its lifetime could be estimated. 754
keV gated spectra were used for the line-shape analysis of
the decay-out 1609.2 and 1680 keV transitions (Fig. 6). The
results of these four first-time measurements are summarized
in Table II.

The lifetimes of four other levels, viz., 1725.1, 2479.1,
3730.5, and 4293.4 keV, were also remeasured in the present
work. 910.4 keV gated spectra were used to generate the
line-shape spectra of the 814.7, 754, 1251.4, and 562.9 keV
transitions. Starting with the 562.9 keV transition, the 1251.4,
754, and 814.7 keV transitions were fitted sequentially, fol-
lowing which a global least-squares minimization was carried
out for all four transitions simultaneously (Fig. 7). As no
transition was found feeding the 4293.4 keV level, only an
upper limit of its lifetime was estimated. These results are
presented in Table II. In the same table, the previously mea-
sured lifetimes [15] of the four levels are also tabulated for
comparison. Our results agree with these previous measure-
ments (within the uncertainty limits). Another result for the
lifetime of the 1725.1 keV was also reported by Kennedy et al.
[16]. This reported lifetime does not agree with the result of
our measurement or with that of Giorni et al. [15] (Table II).
It may be noted here that the results of Ref. [15] contain
significant uncertainties, more than 100% in most cases. The
present work reports the four previously measured lifetimes
with increased precision.

The quoted errors in the measured lifetimes were estimated
from the behavior of the χ2 fit in the vicinity of the minimum,
stopping power uncertainties, and the continuous production
and stopping of the recoils in the thick target and vacuum.
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FIG. 6. Experimental (black) and simulated (red) line-shape spectra for (a) 588.1, (b) 1609.2, (c) 1680, and (d) 1930.8 keV transitions for
two different angles, 125◦ (top) and 90◦ (bottom).

Experimental B(M1) and B(E2) values were then deter-
mined from these measured lifetimes. The branching ratios
were taken from the present measurement. For the ground
state positive parity band, the mixing ratios of the 910.4,
814.7, 754, 1251.4, and 562.9 keV transitions were taken
from an earlier measurement [15]. For the other three mag-
netic dipole transitions (viz., 588.1, 1930.8, and 1609.2 keV),
mixing ratios were taken from shell model calculations. The
results are tabulated in Table II.

IV. THEORETICAL CALCULATION

LBSM calculations were performed using the code
NUSHELLX [35] to understand the microscopic origin of the
levels of interest in 50V. The KB3G [36] effective interaction,
developed for the f p major shell above 40Ca core, was used
for present calculations. The valence space consisted of the
full f p major shell with 1 f7/2, 1 f5/2, 2p3/2, and 2p1/2 orbitals
for both protons and neutrons above the 40Ca inert core. The
calculations were performed without any particle restrictions
in the f p valence space. In the following subsections, the-
oretical results obtained from shell model calculations are
discussed alongside the experimental results.

A. Level scheme

To begin with, the energies of the excited levels were
obtained from LBSM calculations. A comparison with the
experimental energies is shown in Fig. 8. The calculated
energies of the levels of interest are in agreement with the
experimental energies. During the calculation, special care
was taken to compare the experimental and theoretical 7+
levels as discussed below. In the discussions that follow, the
nth occurrence of an energy level (arranged in order of in-
creasing excitation energies) having a particular spin-parity
Jπ is denoted by a subscript n, viz., Jπ

n .
The calculated energies of the 7+

1 and 7+
2 levels were in

agreement with their corresponding experimental energies at
910.4 and 2313.2 keV, respectively. However, the calculated
energy of the 7+

3 level was found to be 2505 keV, ≈1 MeV
less than the energy of the next experimental 7+ level at
3475.4 keV. On the other hand, the calculated energies of
the 7+

4 and 7+
5 levels were 3381 and 3542 keV, respectively,

relatively closer to the energy of the next experimental 7+
level. The experimental 7+ level at 3475.4 keV decays to the
ground state 6+

1 and first excited state 7+
1 via 3475 and 2565

keV transitions, with measured branching ratios 65(6) and
35(6), respectively. In order to find the correct positions of
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FIG. 7. Experimental (black) and simulated (red) line-shape spectra for (a) 814.7, (b) 754, (c) 1251.4, and (d) 562.9 keV transitions for
two different angles, 125◦ (top) and 90◦ (bottom).

the theoretical levels, the branching ratios of 7+ → 6+
1 and

7+ → 7+
1 transitions were calculated considering both 7+

4
and 7+

5 levels. The calculated branching ratios for the 7+
4 →

6+
1 and 7+

4 → 7+
1 transitions were 4% and 96%, respectively,

significant deviations from the experimental values. On the
other hand, branching ratios of 7+

5 → 6+
1 and 7+

5 → 7+
1

transitions were calculated to be 81% and 19%, respectively,
close to the experimental branching ratios. These findings led
to the comparison of the experimental 3475.4 keV level with
the theoretical 7+

5 level at 3542 keV.
Additionally, the calculated transition energies of the

7+
4 → 7+

1 and 7+
3 → 8+

1 decays were 2446 and 635 keV
with branching ratios 96% and 65%, respectively. Although a
few transitions in these energy domains were seen in the 910.4
keV gated spectrum [marked by blue diamonds in Fig. 3(b)],
they could not be identified due to low population yield of 50V
as well as due to weak intensities of the decay out transitions.
Thus, it may be inferred that the 7+

3 and 7+
4 levels may be

present in the level scheme of 50V.
We have also extended our theoretical investigations for

other Jπ
n , viz., 5+

3 or 9+
2 of 3475.4 keV level. The result shows

that both the cases, the level energies are largely deviated from
their calculated energies obtained from shell model calcula-
tions (Fig. 9). The measured branchings of 2565 and 3475
keV transitions for Jπ = 5+

3 are also not reproduced. Since,

we could not calculate M3 transition strengths theoretically, a
comparison between experimental and theoretical branchings
of 2565 and 3475 keV transitions was not done for Jπ = 9+

2 .
The B(M1) and B(E2) strengths of the decay out transi-

tions in 50V were also calculated from the wave functions
of the levels of interest. Effective charges ep = 1.5e and
en = 0.5e [37], and the free values of g-factors were used in
the calculation. The calculated B(M1) and B(E2) strengths
are compared with their present experimental values in Ta-
ble II. The transition strengths of the transitions decaying
through the newly identified non-yrast band were also cal-
culated. These calculated transition strengths were then used
to estimate the level lifetimes of the non-yrast band in 50V
(Table II). As the multipole mixing ratios of the transitions in
the non-yrast band were not known, the calculated multipole
mixing ratios of Table II were used to estimate the lifetimes
of the levels.

B. Particle partitions and configuration mixing

The decomposition of wave functions of the positive-parity
levels in 50V are shown in Table III. The partitions are written
in terms of occupation numbers of the valence single-particle
orbits, and N is the total number of particle partitions involved
in a particular level. The average occupancies of protons and
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FIG. 8. Comparison of theoretical and experimental level schemes for the positive parity states of interest in 50V. All these energies are
plotted considering the ground state energy (−116.582 MeV) as 0.

neutrons in the f p orbitals for the ground state yrast band and
the non-yrast band of 50V are plotted in Fig. 10.

Table III and Fig. 10 show that the ground state band
was primarily generated from a π (1 f 3

7/2) ⊗ ν(1 f 7
7/2) particle

configuration and had a much smaller extent of configuration
mixing. It was found that the low-lying levels of this band
had comparatively larger configuration mixing in terms of

Δ

FIG. 9. Deviation between the experimental and theoretical level
energies for Jπ = (a) 5+

3 , (b) 9+
2 , and (c) 7+

5 of the 3475.4 keV level.
Data points are connected by lines to aid the eye.

single-particle partitions, which showed a decreasing trend
with increasing angular momenta. The minimum configu-
ration mixing with the largest contribution from a single
partition (≈71%) was obtained for the 11+

1 level, the band-
terminating state of the observed positive parity yrast band.

The observed non-yrast band with a 7+
5 bandhead spin

was primarily generated with a π (1 f 3
7/2) ⊗ ν(1 f 6

7/2, 2p1
3/2)

particle configuration (Table III and Fig. 10), and had a much
larger extent of configuration mixing. The low lying levels in
this band had comparatively larger configuration mixing in
terms of single-particle partitions (Nmax = 126), which also
showed a decreasing trend with increasing angular momenta.
The 11+

3 level showed the minimum configuration mixing
with the largest contribution from a single partition (≈48%).

Large configuration mixings (≈36–58%) were also
found for the other observed non-yrast levels in 50V
(Table III).

C. Spectroscopic quadrupole moments (Qs) and g factors

In the present study, the spectroscopic quadrupole mo-
ments (Qs) and g factors of the levels of 50V were calculated
from their wave functions obtained from shell model calcula-
tions. These are tabulated in Table IV. For the non-yrast band,
Qs’s were positive, with the maximum value for the bandhead.
Qs’s then decreased to 14–15 e fm2 at higher angular mo-
menta. For the ground state yrast band, the Qs of the ground
state was +20.8 e fm2, which then decreased to −10.7 e fm2

at the band-terminating state, 11+. A sudden change in Qs
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TABLE III. Structure of wave functions of the levels of interest
in 50V. The partitions are given in terms of occupation numbers of the
valence single-particle states in the following order: π 1 f7/2, π 2p3/2,
π 1 f5/2, π 2p1/2, ν 1 f7/2, ν 2p3/2, ν 1 f5/2, and ν 2p1/2. T is the isospin
label of the levels and N is the total number of particle partitions
contributing to the corresponding level.

Energy (MeV) Wave function

Jπ
i T Expt. Theor. % Partition N

For ground state yrast band
6+

1 2 0 0 58 [3,0,0,0,7,0,0,0] 68
7+

1 2 910.4 935 61 [3,0,0,0,7,0,0,0] 62
8+

1 2 1725.1 1870 61 [3,0,0,0,7,0,0,0] 66
9+

1 2 2479.1 2642 60 [3,0,0,0,7,0,0,0] 61
10+

1 2 3730.5 3941 64 [3,0,0,0,7,0,0,0] 47
11+

1 2 4293.4 4603 71 [3,0,0,0,7,0,0,0] 42

For non-yrast band
7+

5 2 3475.4 3542 39 [3,0,0,0,6,1,0,0] 117
8+

3 2 4088.6 3677 38 [3,0,0,0,6,1,0,0] 126
9+

4 2 4420.4 4435 47 [3,0,0,0,6,1,0,0] 113
10+

2 2 5410.8 5172 52 [3,0,0,0,6,1,0,0] 97
11+

3 2 6104.6 6279 48 [3,0,0,0,6,1,0,0] 97

For other non-yrast levels
(6)+2 2 1761.5 1785 49 [3,0,0,0,7,0,0,0] 81
(7)+2 2 2313.2 2231 36 [3,0,0,0,6,1,0,0] 94
8+

2 2 2841.2 3030 58 [3,0,0,0,7,0,0,0] 75
(9+)2 2 3747.2 3704 40 [3,0,0,0,6,1,0,0] 83
(9)+3 2 4088.3 3925 46 [3,0,0,0,7,0,0,0] 80
(11)+2 2 5768.3 5564 56 [3,0,0,0,6,1,0,0] 74

was also observed at Jπ = 9+
1 . The (9+)2 and (9)+3 levels

decay to the 9+
1 level through 1268.1 and 1609.2 keV tran-

sitions, respectively, with negative Qs values (Table IV). The

FIG. 10. The average calculated occupation numbers of 1 f7/2,
2p3/2, 1 f5/2, and 2p1/2 orbitals (top to bottom panels) for the positive
parity levels of the ground state yrast band and the non-yrast band
(left to right panels) of 50V. The calculated proton and neutron
occupation numbers are represented as red circles and black squares,
respectively. Data points are connected by lines to aid the eye.

TABLE IV. Spectroscopic quadrupole moments (Qs), and g fac-
tors of 50V calculated from LBSM calculations. The unit of Qs is
e fm2.

Jπ Qs g factor

For ground state yrast band
6+

1 20.8 0.53
7+

1 7.0 0.59
8+

1 10.3 0.76
9+

1 −28.3 0.76
10+

1 −13.3 0.86
11+

1 10.7 0.85

For non-yrast band
7+

5 45.9 0.30
8+

3 45.3 0.18
9+

4 28.3 0.22
10+

2 14.4 0.27
11+

3 15.2 0.37

For other non-yrast levels
(6)+2 −12.3 0.58
(7)+2 −16.1 0.66
8+

2 10.3 0.69
(9+)2 −19.7 0.66
(9)+3 −13.8 0.77
(11)+2 −21.1 0.49

change in Qs at 9+
1 could be due to a mixing between these

levels.
The calculated spectroscopic quadrupole moments were

compared with the values obtained for a rigid rotor using the
relations mentioned in Ref. [38] for both bands (Fig. 11). The
parameter β [β = β(1 + 0.36β ), with β as the deformation
parameter] was taken as 0.10 and 0.25 for the ground state
yrast band and the non-yrast band, respectively. These results
show that the non-yrast band has a larger deformation com-

FIG. 11. Comparison of spectroscopic quadrupole moment (Qs)
of the levels obtained from shell model calculations and from pure
rotor model for the ground state yrast band (top) and the non-yrast
band (bottom). Data points are connected by lines to aid the eye.
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pared to the ground state yrast band, as also suggested by
the particle partitions obtained from shell model calculations
(Table III).

V. CONCLUSION

High-spin states of 50V, populated through a
48Ti(4He, np) 50V reaction at Elab = 48 MeV, were studied
using the INGA facility. The level scheme was modified by
adding eight new levels and thirteen new γ -ray transitions
to the existing level scheme. Relative intensity, directional
correlation, and polarization measurements were carried
out for the decay out transitions to assign/confirm the
spins and parities of the levels. The lifetimes of four levels
were measured for the first time using the Doppler shift
attenuation method. In addition, lifetimes of four other levels
were remeasured with increased accuracies compared to
earlier measurements. Reduced transition probabilities were
extracted from the measured branching ratios and lifetimes.
Large basis shell model calculations were performed to

understand the microscopic origin of the levels. The
interplay between single-particle and collective modes of
excitation were studied based on the results of shell model
calculations.
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