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The low-lying level structure of >V and 'V was investigated for the first time. The neutron knockout reaction
and inelastic proton scattering were applied for ®'V while the neutron knock-out reaction provided the data for
V. Four and five new transitions were determined for *°V and 'V, respectively. Based on the comparison to
our shell-model calculations using the Lenzi-Nowacki-Poves-Sieja (LNPS) interaction, three of the observed y
rays for each isotope could be placed in the level scheme and assigned to the decay of the first 11/27 and 9/2~
levels. The (p, p') excitation cross sections for °'V were analyzed by the coupled-channels formalism assuming
quadrupole plus hexadecapole deformations. Due to the role of the hexadecapole deformation, ®''V could not be

unambiguously placed on the island of inversion.

DOI: 10.1103/PhysRevC.106.064321

I. INTRODUCTION

After the discovery of the first island of inversion among
the neutron-rich nuclei near the N =20 shell gap [1-6],
more than twenty years ago the presence of another island
was indicated near the N = 40 shell gap during the study of
iron isotopes [7]. This was theoretically investigated [8] by
introducing the Lenzi-Nowacki-Poves-Sieja (LNPS) interac-
tion, and the island was suggested to lie around the region
of Z =22-26 and N = 38-42. In analogy to the island of
inversion around N = 20, here the isotopic chains are char-
acterized by open proton shells and the presence of neutron
intruders gg/»ds/> at low energy, thus quadrupole correlations
can develop, maximizing the deformation at ®*Cr.

Therefore, this region came also into the focus of exper-
iments including the cobalt [9,10], iron [11-13], manganese
[14,15], chromium [16-18], and titanium [19-21] isotopes.
For the N = 40 isotones, by removing protons from %Ni, the
results showed an increase of collectivity up to **Cr (reaching
a quadrupole deformation parameter 8, of around 0.3 [13]),
and a decrease toward the drip line in 3V (8, = 0.24) [22].
The location of the first 2+ state in ®*Ti suggested a further
decrease of the deformation [20]. Going “west” from the
center of the island to the N = 38 isotones, the measurements
found B, = 0.322 for ®*Cr [23], and the energy of the 2} state
in ®OTi [19] compared to that of ®>Ti indicated the weakening
of the collectivity. One step further at the N = 36 isotones,
the quadrupole deformation parameter of *°Cr was derived to
be still large (8, = 0.275) [23] but that of ¥Ti was already
obtained to be much smaller (8, = 0.18) [23].

However, little is known about the vanadium isotopes with
neutron numbers 36 and 38 located between the isotopic
chains of chromium and titanium. Therefore, we have studied
the low-lying excited states of °V by the neutron knockout
reaction and that of 'V by proton inelastic scattering and
the neutron knock-out reaction for the first time in order to
shed some more light on the “southwestern” (low-N, low-Z)
boundary of the island of inversion near the N = 40 shell gap.

II. EXPERIMENT

The experiment was carried out at the Radioactive Isotope
Beam Factory operated by the RIKEN Nishina Center and
the Center for Nuclear Study of the University of Tokyo. The
secondary radioactive ion beam consisted of many nuclei with
a range of the atomic number Z = 17-24 and that of the

mass-to-charge ratio A/Q = 2.5-3.0, which provided a rich
ground for new results published earlier. The details of the
setup were discussed in the corresponding papers [20,22,24—
31], therefore only some relevant parts were reviewed here,
specific for the nuclei and reactions in question.

A beam of °Zn ions was produced at an energy of
345 MeV /u and at a beam intensity of 240 pnA by the accel-
erator complex. This primary stable beam collided with a *Be
production target of 10 mm thickness, forming radioactive
nuclei by fragmentation. The BigRIPS separator [32] was
used to achieve a 5.50 separation in Z and a 26.4¢ separation
in A/Q for the vanadium isotopes by the Bp-AE-TOF method
(Bp: Magnetic rigidity, AE: Energy loss, TOF: Time of flight)
[33]. The excited states of ¥V and °'V were populated in the
MINOS device [34] which consisted of a 151-mm-long cell
filled with liquid hydrogen and a cylindrical time projection
chamber (TPC). The point of reaction was reconstructed by
using the scattered proton and the projected trajectory of the
radioactive ions monitored by several sets of parallel plate
avalanche counters (PPACs) [35]. An overall efficiency of
65% and a resolution of 5 mm (FWHM) along the beam axis
were achieved. On average, the total, the 61y, and the %2V
beam intensities were 200, 8, and 7 particles/s, respectively.
The kinetic energies at the entrance of the target of the 'v
and 92y particles were around 250 MeV /u, and the ions lost
about 80 MeV /u passing through the liquid hydrogen.

The DALI2%array [36,37] of 226 Nal(Tl) scintillators
detected the prompt y rays. The beamlike fragments down-
stream of the target were analyzed by the SAMURAI
spectrometer [38] based on Bp, AE, and TOF measurements
using multiwire drift chambers and a plastic scintillator wall
of 24 bars. The unambiguous identification of the fragments
was done by the multidimensional fit procedure of the ROOT
framework [39], obtaining 8.90 separation in Z and 7.8c
separation in A/Q.

For the observation of excited states decaying by neutron
emission, neutron TOF spectrometers NeuLAND and NEB-
ULA were placed at 11 and 14 m, respectively, downstream of
the target at 0° [40]. NEBULA consisted of 120 plastic scintil-
lator bars, each with a dimension of 12 cm(W) x 12 cm(D) x
180 cm(H) arranged in two walls. Both walls consisted of two
layers and were equipped with an additional thin (1 cm) layer
of plastic scintillators vetoing against the charged particles.
The front face of the walls were separated by a distance of
85 cm. 400 NeuLAND units with a dimension of 5 cm(W) x
5 em(D) x 250 cm(H) developed by the R 3B Collaboration
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[41] were placed upstream of NEBULA in eight alternating
horizontal and vertical layers to increase efficiency.

III. RESULTS AND DISCUSSION

The DALI2"detectors were calibrated for energy several
times during the experiment, and only a minimal gain shift
below 0.4% was observed. The photopeak efficiency of the
setup was increased by the add-back procedure in the analysis
by merging the hits in the adjacent units (<15 cm) in an event.
The y rays were also Doppler corrected for the center-of-mass
(c.m.) energy using the vertex position determined by the TPC
and the projected trajectory of the ions entering the target. In
the range of 500-1000 keV the FWHM energy resolution and
the add-back photopeak efficiency of the DALI2™" array were
13.5% (500 keV)-10.8% (1000 keV) and 45% (500 keV)—
30% (1000 keV), respectively. Further details of the DALI2*
setup, the Doppler correction, the add-back procedure as well
as the MINOS device, and the track reconstruction can be
found in the previous papers on this experiment [20,22,24—
31] and elsewhere [35-37].

A. 61V

Most of the events belonging to fragment ®'v and associ-
ated with y rays came from the (p, pn) reaction contaminated
with events from the >V (p, p') V" — V" 4 1 decay chan-
nel (upper panel of Fig. 1). As discussed in our earlier
papers [42,43], this Doppler-corrected singles y-ray spec-
trum contains a two-component background: a low-energy
part (<500 keV) originating from atomic processes and a
high-energy part coming from other sources, mainly the re-
actions of the scattered particles on the materials surrounding
the target. This background was successfully modeled by
a double-exponential function with four free parameters for
other reactions of this experiment [20,24,26,27,29] as well as
for our earlier similar experiments [18,43-49].

Two distinct peaks are visible in the spectrum at around
650 and 800 keV and a structure of peaks between 900 and
1300 keV. In order to determine the statistical confidence,
the energy, and the intensity of these peaks a simulation was
performed by a GEANT4 [50] application [51]. This appli-
cation could provide the response function of the DALI2"
setup for a y ray emitted by the fast-moving projectile
taking into account the intrinsic experimental resolution of
the Nal(Tl) detectors. The resulting response functions were
added together with individual scaling parameters plus the
double-exponential function to fit the spectrum using the like-
lihood method [52] of the ROOT framework [53], which gave
reliable results for the spectra with low statistics [24,54]. The
total fit with a reduced x* (x?) of 1.50 is presented by a
red line while the background is plotted by a blue line. This
analysis showed that the 900-1300-keV peak structure could
be fitted with two peaks at 978(20) and 1106(18) keV, and
the locations of the lower-energy peaks were determined at
643(6) and 823(8) keV. The statistical confidence of all the
peaks reached the 3¢ limit of unambiguous existence: 6.7¢
(643), 7.80 (823), 4.50 (978), 7.60 (1106). The stability of
the statistical significance of the peaks was also checked using
larger bin sizes of 25 and 40 keV, and only a small change
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FIG. 1. Doppler corrected singles y-ray spectra for °'V using
vertex reconstruction and add-back procedure [upper panel: Mainly
2y (p, pn)®'V reaction including >V (p, p') 2V* — V" +n decay
channel; lower panel: Inelastic scattering]. The data with error bars
and shaded area represent the experimental spectrum, the red line is
the simulation plus a free-parameter double-exponential background,
and the latter function (exponential background) is also plotted sep-
arately as a blue line. The magenta lines illustrate the individual
response functions for the transitions.

(<0.20) was observed. On one hand, the quoted uncertainties
for the energy of the y rays originated from the statistics, the
energy calibration (5 keV), and the background estimation.
Furthermore, the transitions may be associated with half-lives.
For the response of the DALI2" setup, this could result in
shifted peak energies and increased peak widths (for short
half-lives of about some 10 ps) or asymmetric, distorted
peaks with long, low-energy tails (for half-lives above about
100 ps). The 643 and the 823-keV transitions did not show
any sign of low-energy tails, which is obviously due to their
short half-lives. For the 978- and 1106-keV transitions even a
single-particle E2 character would bring half-lives of 42 and
23 ps, respectively. Therefore, only a little width increase (few
keV) and an energy shift (<10 keV) of the peaks needed to
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be considered for all the transitions detected. The systematic
uncertainties on the peak energies coming from the analysis
of these unknown half-lives were quadratically added to the
uncertainties listed above.

Although the inelastic scattering was not as strong as the
(p, pn) channel it could also be studied. The corresponding
Doppler-corrected singles y-ray spectrum is presented in the
lower panel of Fig. 1. The fitting was performed including
the fixed location of the four peaks determined for the (p, pn)
case, and an excellent fit with sz = 1.05 was obtained.

Based on the observed number of y rays, the effi-
ciency of the DALI2" setup and that of the MINOS
device, and also the number of the incoming ions tak-
ing into account the effective transmission of 51% for %'v
and of 49% for ¥V through the SAMURAI spectrome-
ter (including the efficiency of the beam-line detectors, the
beam losses in the detectors and the target), the y-ray-
production cross sections of o (ppn;643y) = 1.05(14) mb,
o(ppn; 823y) = 1.26(16) mb, o (ppn; 978y ) = 0.69(16) mb,
o(ppn; 1106y) = 1.41(18) mb associated with the transi-
tions in the (p, pn) channel and the y-ray-production cross
sections of o(pp’;643y) =0.093) mb, o(pp’;823y) =
0.11(4) mb, o(pp’;978y) = 0.31(5) mb, o(pp’;1106y) =
0.24(5) mb for the inelastic scattering were determined. Fur-
ther details on the determination of the effective transmission
can be found elsewhere [54]. Since the y-ray spectrum in the
upper panel of Fig. 1 included events related to the neutron-
unbound states of ®>V inelastically excited in the target and
decaying to the excited states of °'V, a subtraction of this
contribution to the cross sections was performed. For this
purpose, the relative energy (Ey) of the ¢!V +neutron sys-
tem was reconstructed. This energy is simply the difference
between the invariant mass before and after the decay, so
it shows the excited states above the neutron separation en-
ergy S, of ©2y. For the reconstruction, the momentum of
the ®'v ions were determined by the SAMURAI spectrom-
eter and the momentum of the neutron by the NEBULA +
NeuLAND TOF spectrometer. The TOF calibration was per-
formed using the y-ray flash arriving at the spectrometer
from the target before the neutrons. The resulting E spec-
trum was corrected for the neutron detection efficiency of
the NEBULA + NeuLAND setup (55% at 100 keV, 20% at
5 MeV) determined by GEANT4 simulations. The Doppler-
corrected y-ray spectrum of ®'V contaminating the (p, pn)
channel was prepared by gating on the efficiency-corrected
E..1 spectrum of ©2V between 0 and 5000 keV covering S, < 5
MeV. This y-ray spectrum of ®'V was analyzed in the same
manner as the nonsubtracted y-ray spectrum using the fixed
location of the peaks determined earlier. The contribution
was found to vary between 10% and 30% depending on the
different transitions and subtracted from the cross sections.
In the end the uncertainties of the final cross sections listed
above are dominated by the statistical uncertainty originating
from the fits but they also include quadratically the other
contributions coming from the choice of the background,
the simulated photopeak efficiency of the DALI2™ array,
the target thickness, and the subtraction. The inclusive cross
section for the >V(p, pn)®'V +2v(p, p) V" — 'y +n
channels was extracted to be 62(3) mb.
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FIG. 2. Doppler corrected coincidence y-ray spectra for ®'V us-
ing all the reaction channels. The data with error bars and shaded area
represent the experimental spectrum, the red line is the simulation
plus a free-parameter double-exponential background, and the latter
function (exponential background) is also plotted separately as a blue
line. The magenta lines illustrate the individual response functions
for the transitions. Upper panel: Events coincident with the 643-keV
transition (gate: 590-690 keV) with the subtraction of background
events using a side gate between 1300 and 1400 keV; lower panel:
Events coincident with the 238-keV transition (gate: 190-290 keV)
with the subtraction of background events using a side gate between
690 and 790 keV.

The statistics allowed us to prepare a yy matrix of the
events in order to uncover the coincidences between the y
rays. The upper panel of Fig. 2 shows the Doppler-corrected
y-ray spectrum in coincidence with the 643-keV transition,
the strongest one in the singles spectrum. The gate for the
643-keV transition was put between 590 and 690 keV, and the
background events with a gate between 1300 and 1400 keV
just above the energy of the detected peaks were subtracted
from the coincidence spectrum. Owing to the reduction of the
background in the coincidence spectrum, a strong peak was
revealed at an energy of 238(4) keV by the fitting procedure
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FIG. 3. Doppler-corrected singles y-ray spectra for >V originat-
ing from the (p, p2n) reaction channel using vertex reconstruction
and add-back procedure. The data with error bars and shaded area
represent the experimental spectrum, the red line is the simulation
plus a free-parameter double-exponential background, and the latter
function (exponential background) is also plotted separately as a blue
line. The magenta lines illustrate the individual response functions
for the transitions.

described for the (p, pn) reaction channel analysis. By putting
a gate on this 238-keV transition (gate: 190-290 keV), and
again subtracting the background events with a gate right
above the 238-keV peak between 290 and 390 keV, we ended
up with the spectrum in the lower panel of Fig. 2 which, was
fitted using the fixed location of the four peaks determined in
the (p, pn) reaction channel. The spectrum clearly establishes
the 238-643 and the 238-823 coincidences while it also indi-
cates the 238-978 coincidence. No further coincidences were
found between the detected transitions.

B. 59V

The only reaction channel that could be analyzed for ¥V
is the (p, p2n) one, for which the Doppler-corrected singles
y-ray spectrum is shown in Fig. 3. This spectrum includes a
structure of peaks in the energy range of 700-1300 keV, and a
small peak at around 1600 keV. An analysis similar to that of
the 2V (p, pn) °'V reaction channel resolved three transitions
at energies of 910(11), 1051(13), and 1135(23) keV for the
structure of peaks while the high-energy peak was determined
at 1611(24) keV. The statistical confidences of the peaks were
derived to be 6.1¢ (910), 16.40 (1051), 10.5¢ (1135), and
4.00 (1611), and again changed little (<0.20) by applying
different bin sizes. Since the energies of the peaks were very
close to each other the yy matrix of the events did not give
any conclusive suggestion about the coincidences between
the transitions.

IV. INTERPRETATION OF THE EXPERIMENTAL DATA

For the interpretation of the observed data, the low-energy
level and decay scheme of ¥V and ¢!V as well as the spec-

troscopic factors for the (p, pn) reaction were calculated by
large-scale shell-model calculations. The distorted wave im-
pulse approximation (DWIA) framework was also applied to
provide the single-particle cross sections in order to assist the
explanation of the experimental results. The inelastic scat-
tering cross sections were determined by a coupled-channels
calculation in order to derive information on the deformation
of the nuclei in question. Similar analyses on odd-A isotopes
were performed in the past (e,g, for 3INa [55], 33Mg [56], ®Ar
[57], #>°'Ca [58]), and the deformations were found to be
reasonable compared to the neighboring even-even isotopes.

All these theoretical approaches were exactly the same as
those we used in our previous publication [22], in which they
were thoroughly discussed, therefore only some fundamen-
tal parts are repeated now. The shell-model calculation was
performed with the code ANTOINE [59,60], and the Hamil-
tonian based on the LNPS [8] interaction. For the M1/E2
reduced transition probabilities, effective charges e, = 1.31,
e, =0.46 for B(E2) and g = 0.0, ¢" = —2.87, g/ = 1.0,
g% = 4.19 for the B(M1) values [60,61] were taken because
the standard effective charges (e, = 1.5, e, = 0.5) overes-
timated the B(E2) values for neutron-rich chromium and
iron isotopes [62]. On the other hand, the reduced effective
charges, derived in perturbation theory in Ref. [61], proved
to be successful in interpreting the experimental results near
the N = 40 shell gap [13,15,18-20,43,63-65]. The details of
the DWIA approach can be found in an earlier publication
[66]. The coupled-channels calculation was realized by the
ECIS code [67] using the symmetric rotational model. The
optical potential parameters were taken from the global phe-
nomenological set of Koning and Delaroche [68], which was
successfully used in similar experiments [43]. As a usual ap-
proach, the quadrupole matter (857) and Coulomb deformation
lengths (85), the model parameters were kept equal because
the proton and neutron distributions do not differ significantly
for a wide range of nuclei [69-71].

A. 61V

The partial level and decay scheme from the shell model
is presented on the left-hand side of Fig. 4. The ground state
is calculated to be 3/27, which is consistent with the -decay
[72] and knockout data [19]. Thus, the 3/2~ spin-parity as-
signment to the ground state is a realistic starting point for the
interpretation of the experimental results.

Since the (p, p') reaction usually populates the lowest-
energy levels strongly coupled to the ground state, the lowest
few excited states (which are the first calculated levels for each
spin up to 11/2) are shown in Fig. 4.

61y lies on the N = 38 isotonic chain between ®’Cr and
0Ti. The low-energy level structures of both neighboring
nuclei were successfully described by the shell model with
the LNPS interaction [19,73] as well as the B(E2; 0] — 2{)
value of %Cr [62,73], and a large quadrupole deformation pa-
rameter of around 8, = 0.3 was derived for ®’Cr while LNPS
also suggested a B, value around 0.2 for °“Ti. Using this lower
B2 = 0.2 value, our coupled-channels calculation gives (p, p’)
excitation cross sections of 2.5 and 1.5 mb for the calculated
5/27 and the 7/2 levels, respectively. These calculated cross
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FIG. 4. Partial level and decay scheme of ®'v. Three of the five
observed y rays could be placed in two slightly different ways
(Experiments A and B). X is the energy of a transition (<200 keV)
not detected in the present experiment. The origin of the remaining
two y rays (978, 1106) could not be unambiguously determined; they
probably belong to the decay of states above the 11/2] level. The
intensity of the two y rays relative to the 1106-keV transition found
in the singles spectrum of the (p, pn) channel is also indicated next
to the downward arrows. The experimental data were compared with
our shell-model calculations on the left-hand side where the calcu-
lated y-ray branching ratios are also written next to the downward
arrows.

sections are about an order of magnitude larger than the ob-
served o (pp’;643y) = 0.09(3) mb, o(pp’;823y) = 0.11(4)
mb, o(pp’;978y) = 0.31(5) mb, o(pp’;1106y) = 0.24(5)
mb values. For the coupled-channels calculation, the simplest
assumption of a K = 3/2 band was assumed, and the level
structure with spin-parities from the shell model in Fig. 4 was
used. The uncertainty in the cross sections due to the change
of optical model parameters as the beam energy decreases
in the target was found to be negligible, therefore the mean
beam energy in the target was chosen for the optical model
parameters. It is also worth mentioning that the calculated
cross sections negligibly depend on the energy of the levels
in this low-energy regime. Therefore, we conclude that the
y rays observed in the (p, p’) reaction cannot be associated
with the transitions from the 5/2 and the 7/27 levels, which
is also supported by the large energy difference between the
expected y rays of around 150 keV (emitted by the deexciting
5/2] and the 7/2] levels) and the experimental ones. Similar
cross-section arguments hold for higher-lying levels with spin
J < 7/2 due to J,(°'V) = 3/2.

However, the theoretical 9/2] and 11/2] levels seem to be
very good candidates for the assignment of two of the y rays
observed (643, 823) in the (p, p’) reaction. Both of them pre-
dominantly decay to the 7/2; level with transition energies of
655 and 857 keV, which are close to the experimental values.
Also, due to their spin-parity they are expected to be weakly
excited in the (p, p’) reaction, which is also in line with the
observation. The experimental production cross sections of
the 643-and 823-keV y rays are similar, thus both can be
assigned either to the 9/2; level or the 11/2] level because
they are close to each other in energy. From the coincidence
spectra, it was learned that both y ray transitions were in
coincidence with the 238-keV y ray. Therefore, it is a natural
assumption that this y ray belongs to the transition either
between the theoretical 7/2 and 5/27 levels or the 5/2] and
3/27 levels. This implies the low-energy level schemes (Ex-
periments A and B) shown in Fig. 4, where X is the energy of
a transition lower than 200 keV unobserved due to the intense

background in this energy regime, and the excitation cross
sections are oey,(pp'; X 4 881) = 0.10(3) mb, oexp(pp'; X +
1061) = 0.13(5) mb, oexp(ppn; X + 881) = 1.22(15) mb,
Oexp(ppn; X +1061) = 1.54(18) mb taking into account the
calculated y-ray branching ratios of the 9/27 (86%) and the
11/27 (82%) levels. It is important to emphasize that no feed-
ing was taken into account to the 881-keV and the 1061-keV
levels since neither the 978-keV transition nor the 1106-keV
transition were found to be in coincidence with the 643- and
the 823-keV transitions depopulating the X + 881— and the
X + 1061-keV levels, respectively.

Following the train of thought in our previous paper on
0y [22], the coupled-channels calculation was performed.
This analysis implied multistep excitations of the 9/2] and
11/2] states through the 5/21 and 7/27 states which was
taken into account by the quadrupole deformation length pa-
rameter (§,). Additionally, single-step excitations could also
occur in the inelastic scattering reducing §,, and could be
handled by the hexadecapole deformation length parame-
ter 4. Three scenarios were investigated: (1) §4 = 0; (2)
84/8, = 1/3 which was the upper limit experimentally deter-
mined for the island-of-inversion nucleus 32Mg [74] around
N =20; (3) 84/8, = 0.6 which is a typical value for the
island-of-inversion nuclei around N = 40 taken from a recent
theoretical work on the importance of hexadecapole defor-
mation in this region [75] using Skyrme interaction SkM*
best reflecting the available experimental data. These cases
resulted in the following values reproducing the (p, p’) exci-
tation cross sections of oe,(pp’; X + 881) = 0.10(3) mb and
Oexp(pp'; X +1061) = 0.13(5) mb taking into account the
calculated y-ray branching ratios of the 9/27 (86%) and the
11/27 (82%) levels: (1) 8 = 1.75(20) fm [B, = 0.37(4)]; (2)
8, = 0.75(6) fm [B, = 0.16(1)] and 84 = 0.25(2) fm [B4 =
0.05(1)], and (3) 8, = 0.45(5) fm [B, = 0.10(1)] and 84 =
0.27(2) fm [B4 = 0.06(1)]. The quadrupole (B,) and hex-
adecapole (B,) deformation parameters were calculated with
the well-known relation §; = 8; x 1.2 fm x A'/3. The quoted
uncertainty originates from the uncertainty of the observed
cross-section. However, it is worth noting that the choice of
the optical potential usually adds about 10% uncertainty to
the deformation parameter [43,76]. Our shell-model calcula-
tion gives ,8§h°°r = 0.30, between the experimental values for
scenarios (1) and (2). The large B, value of scenario (1) would
place ®'V in the island of inversion, which is suggested by our
shell-model calculation as well as the Skyrme-HF calculation
[75]; however, the latter would also require a large B4 value
in contrast to the assumption for scenario (1). Scenarios (2)
and (3) used 84/, values suggested for the island-of-inversion
nuclei experimentally and theoretically, nevertheless the de-
rived small 8, values would indicate that ®'V is outside of the
island of inversion. The remaining two experimental y rays
(978, 1106 keV) did not show clear coincidence with the other
observed transitions, and their production cross section was
low (<0.36 mb), therefore, they probably arise from the
many calculated levels (approximately 150 up to the expected
neutron separation energy of 5160(300) keV [77]; see Table I
for the most important ones) above the 11/2] one, which
decay to the ground state via transitions not observed (except
for 978 and 1106 keV) in the present experiment.
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TABLE 1. Theoretical level energies (Eeor), Cross sections for
the reaction >V (p, pn) ®' V(oneor) Up to the expected neutron sepa-
ration energy of 5.160(300) MeV [77]. The level energies and the
spectroscopic factors originate from our shell-model calculations
with J7(2V) = 3% or J*(®?y) = 1T while the cross sections are
obtained by combining the DWIA cross sections and the spectro-
scopic factors. The uncertainty in the DWIA framework and its input
is about 20%, as discussed in Ref. [66]. Only those excited states are
shown for which the theoretical spectroscopic factors exceeds 0.1.

Eheor(MeV) Jr J* (V) Otheor (Mb)
0 3/2- 3+, 1+ 1.0-1.7
0.152 5/2- 3+, 1F 1.2-2.1
0312 7/2- 3+, 1F 0.3-0.5
0.967 9/2- 3+ 0.5-0.9
1.169 11/2- 3+ 0.5-0.8
2.171 32+ 3+, 1F 0.8-1.3
2.251 52+ 3+ 0.8-1.3
2310 7/2+ 3+, 1F 0.6-1.0
2.492 9/2+ 3+ 0.4-0.7
2.541 3/2- 1+ 0.4-0.6
2.577 11/2+ 3+, 1F 0.9-1.4
2.706 11/2+ 1+ 0.4-0.7
2.939 11/2+ 1+ 0.6-0.9
3.031 15/2+ 3+ 2.1-3.3
3.830 3/2- 1+ 0.6-0.8
3.834 11/2- 3+ 0.4-0.6
4.014 3/2- 1+ 22-33
4.039 7/2- 3, 1+ 0.4-0.6
4.074 7/2- 3+ 0.6-0.9
4.139 3/2- 1+ 0.3-0.5
4.139 5/2- 1+ 1.8-2.7
4.269 7/2- 1+ 0.4-0.6
4287 3/2- 1+ 0.5-0.8
4.369 9/2- 3+ 0.4-0.6
4.387 5/2- 1+ 0.7-1.0
4.441 7/2- 3+ 1.1-15
4.534 7/2- 1+ 0.3-0.5
4.586 3/2- 1+ 0.4-0.6
4.659 5/2- 3+ 0.5-0.7
4.686 7/2- 3+ 0.7-1.1
4712 9/2- 3+ 0.9-1.3
4723 11/2- 3+ 0.4-0.6
4.839 5/2- 3+ 0.3-0.5
4.999 9/2- 3+ 0.5-0.7

Regarding the (p, pn) channel, unfortunately little is
known about the seed nucleus ®*V. The spin-parity of its
ground state is expected to be 3" based on systematics [78];
however, a low-lying isomer state with long lifetime (in the ms
range) and with J* = 17 likely exist also in this nucleus as it
was discovered in °©V [79]. This means that when discussing
the population of states in ¢!V by the (p, pn) reaction both
possibilities for the ground state of >V should be taken into
account. Therefore, a precise comparison of the theoretical
and experimental cross sections is not straightforward; how-
ever, a qualitative analysis of the experimental data could
still be performed. Table I lists the level energy (Eneor), the
spin-parity (J7), and the estimated cross section for the re-

action >V (p, pn)®'V (6ieor) of those 29 levels for which
the spectroscopic factor was calculated to be larger than 0.1
with J7(®2y) = 3% or J7(®?v) = 1" assumption up to the
expected neutron separation energy. DWIA calculation gives
single-particle cross sections averaged for the beam energy in
the middle of target between 3.2 and 7.4 mb depending on
the single-particle state taken into account. Using these values
and assuming the assignment from the analysis of the (p, p’)
reaction, we end up with theoretical (p, pn) cross sections
of otheor(ppn; 9/21_) = 0.5-0.9 mb and Utheor(ppn; 11/21_) =
0.5-0.8 mb (see Table I). These cross-section values are close
to the experimental ones of oex,(ppn; X + 881) = 1.22(15)
mb, oexp(ppn; X + 1061) = 1.54(18) mb. Since the 9/2] and
11/27 levels are not expected to be populated by the (p, pn)
reaction according to the shell model using J *?V) = 1%, our

results indicate either 37 for the ground state of %V or signif-
icant production of a possible 37 isomeric state in V. The
appearance of the other two experimental transitions (978,
1106) in the (p, pn) channel is consistent with the suggestion
from the (p, p’) data, i.e., they probably originate from the
decay of the states lying higher than the 11/2 associated with
significant (>0.1) spectroscopic factors.

Summing the individual theoretical cross-sections in
Table I for the (p, pn) reaction, we end up with a value of
24 or 37 mb depending on whether the minimum or the
maximum values are used. The nonlisted states add an extra
~ 10 mb to the summed minimum and maximum values of
this cross section, resulting in an average value of ~ 41 mb.
The contribution to the experimental inclusive cross section of
62(3) mb coming from the unbound states of %>V populated
by the (p, p') reaction and decaying to the excited states of
61y was determined to be 20%. Subtracting this value, we
arrive at around 50 mb, which is not far from the theoretical
average value of 41 mb. Since the subtracted experimental
value (50 mb) still contains the decay of the unbound states in
2y to the ground state of °'V, expected to be large compared
to the decay to the excited states of 'V, this is likely one
of largest source of the remaining difference between the
theoretical and the experimental cross sections. Furthermore,
it is also noted that LNPS interactions works with a *8Ca
core, so a possible small contribution from the v fy, orbit is
not included in the calculation.

B. 59V

Since we can rely only on the singles y-ray spectrum
in the (p, p2n) reaction channel for °V, the placements of
the observed y rays are tentative and basically based on the
comparison to the shell-model level scheme and the calculated
branching ratios as well as the resemblance to the ®'V and
03y isotopes. Looking at the partial level and decay scheme
of 3V in Fig, 5, there are three calculated low-lying states
with spin-parities 5/2, 3/2{, 7/2] with energies too small
to associate the observed transitions to their decay. The most
probable assignment of the experimental y rays is again
connected to the theoretical 9/2] and the 11/2] levels in
analogy with %'v and ®V. According to the shell model
calculation the 11/27 level exclusively decay to the ground
state with a single transition while two y rays are expected
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FIG. 5. Partial level and decay scheme of V. Three of the four
observed y rays could be placed in the level scheme (Experiment) us-
ing the analogy to >V and °'V as well as our shell-model calculations
on the left-hand side. X is the energy of a transition (<200 keV) not
detected in the present experiment. The origin of the remaining y ray
(1611) could not be unambiguously determined; it probably belongs
to the decay of states above the 11/2] level. The relative intensity of
the three y rays found in the singles spectrum of the (p, p2n) channel
is also indicated next to the downward arrows while the calculated
y-ray branching ratios are also written next to the downward arrows
for the shell model.

to be emitted during the decay of the 9/27 level. Based on
the experimentally determined relative y-ray intensities, the
most plausible placement of three of the detected transitions is
plotted on the right side of Fig. 5. The remaining experimental
y ray (1611) probably again arises from the decay of a state
above the 11/27 level.

V. SUMMARY

The low-lying excited states of >V and 'V were stud-
ied for the first time by proton inelastic scattering (for
61y) and the neutron knockout reaction (for both vV and
61y). Five transitions were observed for °'V, and four
y rays were detected for °V. For each nucleus three
of these transitions were associated to the decay of the
theoretical levels determined by our shell model. Analyz-
ing the excitation cross section of the two excited states
for 'v in the (p, p/) reaction, the quadrupole and hex-
adecapole deformation parameters were extracted in three
scenarios. Comparing the derived values to the theoret-
ical calculations it was not possible to unambiguously
determine whether °'V belongs to the island of inversion
due to the role of the hexadecapole deformation. This calls

for more detailed experimental studies of the hexadecapole
deformation of the nuclei around the island of inversion in
order to find its boundaries.
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