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Abstract

The yrast and a few of the yrare negative-parity states in the 49V nucleus have been investi gated employ-
ing the 27T Al(%8si, aZp)49V reaction. Most of the levels and the deexciting y rays, reported earlier in Oy,
have been observed in this measurement using the Indian National Gamma Array (INGA) spectrometer.
Mean lifetimes up to the band-terminating state have been extracted following Doppler Shift Attenuation
Method (DSAM), and reduced transition probabilities have been deduced. Large Scale Shell Model (LSSM)
calculations in the full fp shell employing various effective interactions with no restrictions imposed on
the valence orbitals have been performed. The results that have been obtained from calculations are in fair
agreement with the experimentally obtained values.
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1. Introduction

The f7,2-shell nuclei, with proton and neutron numbers between the magic numbers 20 and
28, form an interesting island in the nuclide chart. The number of active valence particles in
these nuclei is low enough to allow for a full shell model description [1-5] but, at the same time,
large enough to develop collective behavior [6-8]. The middle of the f7,2 shell is characterized
by large deformations near the ground state; but, as one moves toward the end of the shell,
the collective behavior is replaced by the single-particle effects. Information on lifetimes and the
derived electromagnetic transition strengths of the levels can give a clear picture of the underlying
phenomena, since the B(M 1) rates are sensitive to the single particle features, while the B(E?2)
values are sensitive to rotational collectivity.

The level structures of the nuclei from *°Ca to ®Ni are well described within the framework of
the shell model, and are dominated by the ( f7,2)". and (f7,2)" " (f5,2p3/2P1/2)" configurations,
where r = 1, 2, ... . Yrast levels of the majority of f7,2-shell nuclei follow the shell model
pattern, exhibiting somewhat irregular level spacings, often with a marked discontinuity at the
termination of the f7,» band of states at J,,ox = Jp max + Jn max = %[Z(S —Z)+ N@E—N)]|.
This is particularly apparent in the nuclei near N or Z = 20, 28 where Jy,q4x 1s not large.

Several experimental and theoretical investigations have been carried out to study the interplay
between single-particle and collective structures in f7,2-shell nuclei. The Oy nucleus, with three
protons and six neutrons in the f7,2 shell, is close to a small region of collectivity that exists at the

middle of the f7/2 shell. The yrast negative parity states are connected by strong E2 transitions

up to spin, J7 = 2—; . Side bands of positive parities in this nucleus were suggested to stem out

of excitations from the sd shell [9.10]. It is to be noted that considerable amount of evidence has
already been gathered for rotational structure in sd-shell nuclei.

High-spin states in **V nucleus were studied earlier by Cameron et al. employing >C(*°Ca,
3p)*?V reaction at a *°Ca beam energy of 160 MeV and POLYTESSA array of sixteen escape-
suppressed spectrometers [9]. A much detailed work on this nucleus, employing 2®Si(**Si, «3p)
reaction and EUROBALL IV + Recoil Filter Detector (RFD), has been reported recently, where
the **V level scheme was extended up to an excitation energy of 13.1 MeV, with the obser-
vation of 21 new states [10]. However, the experimental data on mean lifetimes and reduced
transition probabilities of higher excited states in *°V remain rather sparse [11]. Therefore, a
dedicated measurement employing Doppler Shift Attenuation Method (DSAM) was undertaken
in the present investigation to deduce the aforesaid experimental observables. The results of this
measurement, coupled with Large Scale Shell Model (LSSM) calculations, will be important to
further explore the extent of collective and single-particle nature of states in nuclei near mid- f7,2
shell.

2. Experiment, data analysis and results

The experiment was carried out at the Pelletron-Linac facility, TIFR, Mumbai. The 2T A1(%8s;i,
a2p) reaction was employed at a beam energy of 100 MeV to populate high-spin states in 7V.
The target consisted of a ~750 ug/cm?” thick Al foil with a 14.8 mg/cm?-thick layer of Au
backing. Deexciting y rays were detected using the Indian National Gamma Array (INGA) spec-
trometer which comprised of twenty Compton-suppressed clover Ge detectors at the time of the
measurement. The detector configuration of the array with respect to the beam direction was
as follows: two each at 23° and 115°; three each at 40°, 65°, 140° and 157°; four at 90°. A
digital signal processing based data acquisition system [12], employing Pixie-16 modules from
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Fig. 1. Partial level scheme of 49\’, as obtained and relevant to this article. The levels for which lifetimes have been
measured in the present investigation are marked with “x”.

XIA-LLC, USA, was used to acquire two- and higher-fold time-stamped coincidence events,
which were subsequently analyzed offline, using the RADWARE and LINESHAPE software
packages [13-15].

The acquired data were initially sorted into conventional symmetric y — y and 3-dimensional
y — ¥ — y cube. Multiple asymmetric (angle dependent) y» — y matrices were also constructed
to generate gated spectra at different angles for LINESHAPE analysis. Most of the y transi-
tions that were reported earlier have been observed in the present data. A partial level scheme,
as deduced from the present data, is shown in Fig. 1. It should be noted that only a part of the
deduced level scheme which is relevant to the present article and the discussion therein, is de-
picted in Fig. 1. The relative intensities and branching ratios of the observed transitions have
been measured, and were subsequently fed in LINESHAPE analysis. It is worth noting that most
of the branching ratios, as obtained from the present data, are in reasonable agreement with the
previous measurement [10].
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2.1. LINESHAPE analysis

Doppler broadened lineshapes were clearly observed in forward and backward angle detectors
for almost all the transitions in Fig. | above J* = %7 (E, = 1022 keV). Energy gated spectra
projected on forward, transverse, and the complementary backward angles were used to extract
the mean lifetimes of the levels (marked with “+” in Fig. 1). The spectra with energy gates on
1022-keV and 1241-keV transitions were summed together to obtain sufficient counts under a
peak and its Doppler broadened region at each angle. For some transitions, depopulating the
lower spin states, spectrum with energy gate on only the 1022-keV transition was used. In case
of the 1241-keV energy gate, the full peak shape that includes the stopped component and the
shifted part of it, was taken into account. This eliminated a possible influence in the subsequent
lifetime analysis following DSAM that could be introduced by omission of the tails of the peak
line shape containing the fast time component of the gating transition.

The LINESHAPE software package by Wells and Johnson was used for the analysis [15].
The 1073-keV transition, depopulating the 1—29; level at E;, = 4398 keV, has Doppler broadened
lineshapes that overlap with those of the much stronger 1062-keV transition. Hence, the mean
lifetime of the %27 level could not be extracted unambiguously. Furthermore, the mean lifetime

of the %7 level could not be determined due to insufficient count for the 1134-keV transition
when detectors in only forward and backward angles were considered for projection. The afore-
said analysis, taking three angles at a time, was mostly done using spectra projected on 65°,
90° and 115° angles. However, for certain transitions, data from another subset of angles (viz.
40°, 90° and 140°) were also analyzed, and the results were found to be in agreement within the
experimental uncertainty.

In the LINESHAPE analysis, electronic stopping powers were calculated following the heavy-
ion stopping power theory by Ziegler et al. [16]. A total of 10000 Monte Carlo simulations of
velocity history of the recoiling nuclei traversing the target (Al) and backing material (Au) were
generated in time steps of 0.0001 ps. The velocity histories of the recoil nuclei. thus created, were
later converted into time-dependent velocity profiles as seen by clover detectors at a particular
angle.

To begin with, side feeding into each negative parity state (marked with “x” in Fig. 1) was
modeled as a five-transition rotational band with dynamic moment of inertia equivalent to that
of the ground state band. The in-band transition quadrupole moments, side-feeding transition
quadrupole moments, peak parameters, contaminant peak- and background parameters were al-
lowed to vary. Starting with the transition at maximum excitation energy in a sequence. the
spectra at all the three angles were fitted simultaneously for a particular transition. The stopped
contaminant peak- and background parameters were then fixed, and the minimum x> was ob-
tained for a transition. It may be noted that for the 956-keV and 1153-keV transitions, only
forward and transverse spectra were fitted simultaneously as the spectra in the backward angles
for these two transitions were highly contaminated.

The in-band and side-feeding lifetimes, thus obtained, were used in the next lower level of
the sequence as the effective feeding time parameters to that level. After obtaining the individual
best-fits of the peaks, the entire sequence was included in a global fit with independently variable
in-band and side-feeding lifetimes for each transition [17.18]. Representative examples of DSAM
fits to the data are presented in Figs. 2, 3, and the extracted mean lifetimes of the levels are
summarized in Table 1. Uncertainties in the lifetime values were determined from the behavior
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Fig. 2. Experimental data and associated Doppler broadened line-shape fits for y-ray transitions in the negative parity
structure of 49V,
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Fig. 3. Experimental data and associated Doppler broadened line-shape fits for the top two AJ =1 y-ray transitions

leading to the band-terminating 27/27 slate in OV Left panel: Ey = 956 keV (27/27 — 25/27); Right panel: Ey =
1153 keV (25/27 — 23/27).

of y2-fit in the vicinity of the minimum. It should be noted that the systematic errors associated
with the modeling of the stopping power can be as large as 10-15%. However, those are not
included in the quoted errors in Table 1.
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Table 1

Energy levels, corresponding depopulating y ray transition energies, relative intensities of p transitions, spins and parities
of the initial and final levels, mean lifetimes and deduced E2 transition rates as obtained from the analysis of the data.
Mean lifetimes and B(E2) values of the levels, obtained from shell model calculations, are also tabulated in columns
immediately after the respective columns with experimental values for comparison.

E¢ E’; I, J“ir g J’}[ Texpt. sM B(E2)expt. B(E2)sm
(keV)  (keV) (%) (ps) (ps) (e* fm*) (e2 fm*)
1022 10216 >1180 U717 51000t 3.73% 4.49¢ 1507 144(28)! 182.65.176.9¢ 2155/
2263 12412 100.0 BT 457 0 09204 14042045 1,87/ 301(46) 165.04,136.7¢.117.5/
0.93703%" 207(128)!
2727 17053 59 Z,=45 o416 023403220387 110.3(16) 4034632212527
+0.151 1
035701 161.6(41)
15— 15—
464.1 239 -5
3325 5981 227 o =5 008 0.07% 0.078.0.05/
7= 15—
10624 337 u. B
3742 14793 344 LU—=L0 0384 042406220247 127.2(13)  89.4K77.22.38.1F
19~ 17=
4168 484 -y
4398 10729 75 B, =4 0.03%,0.032,0.04/
5532 1133.6 2B 0.06%.0.112.0.027
5688 19461 593 2780 0310 020502720227 90.5(9) 98.7%.93.2¢ 945/
237 21~
1566 25 E.
6841 11529 284 37 0092 0.04%,0.042,0.03/
7797 9555 172 Z7 55 20051 00200320031

“ The level energies (£, ) are rounded off to the nearest integer values. Uncertainty for a level energy can be determined by
adding the uncertainties in the y-ray energies leading to that level. The highest uncertainty, thus calculated, is ~0.6 keV (for
Er =7797 keV).

b Uncertainties in y-ray energies (E,) are 0.2 keV for most of the transitions.

I Ref. [11].
k Using KB3G effective interaction; £ using GXPFIA effective interaction; / using FPDG6 effective interaction.

3. Discussion

Large Scale Shell Model (LSSM) calculations with the full fp shell as the model space have
been performed to interpret the experimental observations, and to look for exotic behaviors such
as shape change and the evolution of collectivity as a function of spin along the yrast sequence.
The code NuShellX@MSU [19] was used in conjunction with the various standard effective in-
teractions in the fp model space, such as, K B3G, F P D6, as well as the more recent GXPF1A
in the present work. The monopole-modified interaction K B3 [20], as well as its shell-gap read-
justed version K B3G [3], appear to be quite successful in the lower fp shell nuclei (A<52).
On the other hand, the F P D6 [21] interaction assumes an analytic two-body potential, with pa-
rameters determined from fits to the experimental data in the A = 41~49 nuclei. The recently
developed GX P F1A [22] interaction was derived from a microscopic interaction where a sub-
set of the 195 Two Body Matrix Elements (7 BM E) and 4 Single Particle Energies (S P E) were
determined by fitting the observed energy data for 699 energy levels from 87 nuclei (47<A<66).
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Fig. 4. Comparison of energy levels with those obtained from Large Scale Shell Model (LSSM) calculations employing
KB3G, GXPFIA and FPD6 effective interactions. See text for more details.

The present calculations have been carried out in the full fp shell (f7,2 p3p2 f512 p1/2)
outside the *Ca core. The proton (e,) and neutron (e, ) effective charges were adopted as 1.5
and 0.5, respectively. It is to be noted that due to the availability of High Performance Computing
System (HPCS) at Nuclear Physics Division, BARC, neither any truncation of the full fp model
space was necessitated nor any restriction was imposed on the allowed number (minimum and
maximum) of a particular type of nucleon (neutron/proton) in a certain orbital during the course
of calculations. In fact, the results from such calculations employing the aforesaid three different
interactions have been compared for the first time in case of **V nucleus in order to get a clear
picture of their applicability (or usefulness) in case of N = Z 4 3 nuclei around the middle of
f1/2 shell.

The experimental excitation energies for natural parity states in **V have been compared to
the theoretical predictions in Fig. 4 for the three aforementioned effective interactions. As seen
from the figures, the agreement between the experimental and theoretical excitation energies is
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quite reasonable. The %7 state is well reproduced by both the K B3G and GX P F1A effective

interactions. Higher excited states from 1—25; (E, = 2263 keV) to 1—29; (E, = 3742 keV) are
better reproduced by the K B3G interactions, whereas the GX P F1 A always underestimates the
excitation energies of these set of levels. However, the %2_ state in the three quasiparticle band
is very well reproduced by the GX P F1A effective interaction with a difference between the
experimental and calculated levels being only 5 keV. The calculated energies for the yrast %_
level with both K B3G and GX P F 1 A effective interactions are in fair agreement with the ex-
perimental value. However, whereas the K B3G interaction overestimates the excitation energy
for this level (JAE| = 145 keV). the GX P F1A underestimates it with an almost equal energy

difference (|AE| = 142 keV). Finally, for the states beyond 2—217. the GX P F1A effective inter-
action appears to be a much better choice, and reproduces the experimental excitation energies
very well, even to the extent of [AEgypr.—car.| < 27 keV for the band-terminating state and the
one that precedes it. It is worth noting that in the present calculation scheme with no restrictions
imposed on either the model space or the valence particles, the results obtained employing the
F P D6 mteraction were way off for almost all the levels compared to those obtained employ-
ing the other two interactions. The average particle occupancies of the predicted negative-parity
states for all the three effective interactions are listed in Table 2.

The side band that starts at the %; state at 2726.9 keV has already been interpreted as a three
quasiparticle structure [5,10]. The strong overlap of the associated wave functions of the states
in this band with those in the ground state band is further supported by the data in Table 2. The

particle occupancies for the %; level match more closely with those for the %7 level instead of

the %: level. This explains that for the %17 level at E, = 3742 keV, the 416.8 keV transition is
preferred over the 1479.3 keV transition by a factor of 1.6, in agreement with the experimentally
measured factor of 1.4 (Table 1). Similar arguments explain that for the ]—277 level at 3325 keV,
the inter-band 1062.4 keV transition is preferred over the intra-band 598.1 keV transition. The
factor of preference as obtained in the calculation is 2.3, which is in reasonable agreement with
the experimentally measured factor of 1.5 (Table 1).

The calculated spectroscopic quadrupole moment, Qj is related to the intrinsic quadrupole
moment, Q. by the formulae

3K2—](I—I—1)
) 1
Qs = QO—(I DI +3) (1)

For the usual ground state of nuclei with / = K, the formulae simplifies to

121 —-1)

Qs Q0(1+1)(21+3) (2)
Under the assumption of constant-charge distribution within the nucleus, the intrinsic quadrupole
moment determines the general shape of the nucleus. Whereas a positive Q¢ corresponds to a
nucleus with a prolate shape like a rugby football or cigar, a negative value of the same signifies a
nucleus with oblate disk-like shape. The intrinsic quadrupole moment is zero for spherical nuclei.

It should be noted that it is not true, in general, that the shape of a nucleus (prolate/oblate) is
determined from the sign of the spectroscopic quadrupole moment. As is evident from Eq. (1),
for rotational states with total angular momentum /, large in comparison with K (the projection
of I upon the symmetry axis of the nucleus), the spectroscopic quadrupole moment is negative
for a nucleus with prolate deformation (viz. positive Qq).
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Table 2
Average particle occupancies of negative parity states in #?V from Large Scale Shell Model (LSSM) calculations assum-
ing 40Ca core and no restriction on occupation of orbitals by the valence nucleons in the full fp valence space.

Jr Ex (keV)  vf72 vp3p vfsp vpij2 2 wp3pp wfspp mpyz o Effodnt

% - 1022 54020  0.2897  0.2450 0.0628 27046  0.1566  0.1150  0.0237  KB3G
54944 0.2993  0.1580  0.0480 27564  0.1698  0.0604  0.0135 GXPFIA
5.1530 04492 03177  0.0797 25542 0.2696  0.1416  0.0347  FPD6

2263 54847  0.2289  0.2340  0.0526  2.7299  0.1211  0.1264  0.0228  KB3G
5.5827  0.2222  0.1566  0.0387  2.7722  0.1288  0.0827  0.0165 GXPFIA
53059 03411 0.2876  0.0649 25712 0.2218  0.1688  0.0382  FPD6

5= 2727 54750  0.2535 02176  0.0538  2.6817 0.1658  0.1242  0.0284  KB3G
55170  0.2850  0.1531  0.0450  2.7053  0.1960  0.0814  0.0174  GXPFIA
52103 04174 0.2969  0.0748 25360  0.2763  0.1493  0.0383  FPD6

77 3325 55811 01918  0.1844  0.0424 27506  0.1116  0.1141  0.0237 KB3G
5.6252  0.2074  0.1298  0.0374 27892  0.1220 0.0736  0.0151  GXPFIA
5.3888  0.3141  0.2379  0.0588 25995  0.2139  0.1486  0.0380  FPD6

3742 55776 01776 02073  0.0373 27882  0.0811  0.1100 0.0206 KB3G
5.6434  0.1756  0.1526  0.0283  2.8413  0.0872  0.0567  0.0149  GXPFIA
54417 02603  0.2503  0.0474  2.6988  0.1489  0.1212  0.0311  FPD6

9" 4398 55239 02180  0.1994  0.0585 27613  0.1082 0.1131  0.0173  KB3G
5.5801  0.2364  0.1308  0.0526 27976  0.1264  0.0643  0.0118  GXPFIA
5.2957 03808  0.2521  0.0713  2.6598  0.1897  0.1247  0.0259  FPD6

321 C 5532 56457  0.1599  0.1618  0.0325  2.8420 0.0651 0.0748 0.0182 KB3G
57294  0.1454  0.1021  0.0231  2.8865  0.0596  0.0424  0.0116  GXPFIA
54319 03015 02133 0.0532 26923 0.1701  0.1017  0.0358  FPD6

237 5688 5.6688  0.1263  0.1786  0.0262  2.8597  0.0469  0.0832  0.0102  KB3G
57343 0.1234  0.1239  0.0184  2.8917  0.0494  0.0520 0.0069  GXPFIA
5.5428  0.1998  0.2222  0.0351  2.7968  0.0908 0.0964 0.0160  FPD6

BT 684l 5.6619  0.1209  0.1877  0.0294 28246  0.0422  0.124] 0.0090  KB3G
57035  0.1364  0.1377  0.0224  2.8374  0.0510  0.1039  0.0077  GXPFIA
55404 0.1872 02359  0.0363 27789  0.0762  0.1293  0.0155  FPDo
% 7797 5.7549  0.0985  0.1264  0.0201 29434  0.0165 0.0366  0.0036  KB3G
5.8445  0.0830  0.0622 0.0103 29718 0.0161 0.0105 0.0015 GXPFIA
57018  0.1372  0.1379  0.0230 29279  0.0296  0.0368  0.0057  FPD6

The intrinsic quadrupole moment of deformed nuclei, Qy, is related to the reduced E2 y-ray
transition probability, B(E?2), for rotational transitions by the following expression:

5
B(E2; I, — If) = FezQé(IiKZOUfK)Q 3)
T

The term (/; K20|/yK) in Eq. (3) is the Clebsch-Gordan coefficient. Q¢ is also related to the
deformation parameter § by the following relation:

00 =1.09ZA%3B(1 +0.1588) e fm? (4)

The constant coefficient inside the bracket in Eq. (4) has been adopted differently by some au-
thors in the past [5], and therefore, we define the parameter g* = B(1 + 0.1588) for further use

in this article. To infer the evolution of shape as we go higher in spins up to the band-terminating
%_ state in *V, the prescription that was followed in Ref. [5], has been adopted here. The ¥V

nucleus starts with a negative Q; value in its ground state which further increases in the negative
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Fig. 5. Evolution of spectroscopic quadrupole moment, Q. with spin along the negative parity ground band and three
quasiparticle side band in *7V following Large Scale Shell Model calculations.

Table 3
Spectroscopic quadrupole moments, Qs, for negative parity states
in*v following shell model calculations.

Jr Ex Os

(keV) (e fm?)

KB3G GXPFIA

- 0 -11.99 -12.03
1=
Ho 1022 -19.54 -19.38
2 2263 -6.98 2.83
B 2727 33.06 279
o= 3325 29.47 30.2
2 3742 225 0.74
2, 4398 -9.25 -9.45
a- 5532 16.26 18.79
z- 5688 411 -0.80
r- 6841 -8.08 -7.86
- 7797 -9.03 -6.76

direction for the %7 state (Fig. 5, Table 3). This is consistent with its particle-like nature, to

which an oblate noncollective shape pertains. The ground state band is crossed by a K7 = %;

band. The %; bandhead state of this side band and its member with spin, J* = 1—277, have Q;

values of 33.06 and 29.47 e fm?, respectively (K B3G) (Table 3). The large positive values of Q;
for these states in the side band point toward their hole-like nature which pertains to a prolate
noncollective shape. In a semiclassical description, @5 = Qp, and hence, g* =~ 0.10, 0.09 have
been derived from Eq. (4) for the ?; and %7 states, respectively. The crossing between the two
bands results in lowering the Qj value (i.e., pulling it up toward the positive side) for the ground
band (Fig. 5). On the other hand, the side band makes a sudden transition toward noncollective
oblate shape (at spin, J© = ]2—9_) only to return to its hole-like nature at spin, J* = %_. The
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Fig. 6. Depiction of experimental B(E2) values with spin along the negative parity ground band in 49V, and their com-
parison with those obtained following shell model calculations.

sudden dip in the Qg value at spin, J7 = D7 was reported earlier following truncated shell

2

model calculations [5]. However, the magnitude (~ 40 efmz) of this dip at spin, J* = %_,
and its subsequent partial recovery (by ~ 25 efm?) at spin, J© = %]_. would require further
investigation. At the termination of the ground band, the Q; value is —6.76 efm? (GXPF1A).
indicating that the hole-like shape prevails (Fig. 5, Table 3).

The transition probabilities computed from the associated wave functions are compared with
the experimental values in Fig. 6. The square roots of the B(E2) values in the ground band
are plotted because those are approximately linearly proportional to the deformation like the Qg
values. It is evident that the experimental values are in fair agreement with the calculated numbers

within the experimental uncertainties. The sharp increase in the experimental B(E?2) value for the

%17 state points toward the strong influence of the overlapping orbitals for the low lying states

of the K™ = l—;; band, and thereby, renders a sudden enhancement of noncollective prolate

deformation to the 1—257 state in the ground band (Fig. 6). The B(E2) values, and in turn, the

deformation of the ground band follow a smooth decreasing trend thereafter, with the calculated
value of f* =0.02 (GX P F1A) at the band terminating state.

4. Summary

Lifetime measurements have been performed for the natural parity yrast and yrare states in
the N = Z + 3, f7,2-shell 49V nucleus. employing Doppler Shift Attenuation Method (DSAM).
Mean lifetimes of the states with spin, J7* > %;, and up to the band-terminating state, have been
extracted for the first time. The reduced E2 transition probabilities, which give a measure of the
extent of collectivity near the middle of the 1 f7,2-shell, have been deduced. Large Scale Shell
Model (LSSM) calculations have been performed in the full fp valence space employing K B3G,
FPD6 and GXPF1A effective interactions, with no restrictions imposed on the occupation
of the orbitals. This demonstrates a comparative performance of multiple effective interactions
for an f7/2-shell nucleus under the aforementioned condition. Average particle occupancies for
the negative parity levels in *°V, as predicted by LSSM calculations, are presented in detail.
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The spectroscopic quadrupole moments obtained from the shell model calculations, have been
discussed under the contexts of collectivity and non-collectivity along the ground band. The
crossing between the ground band and the three quasiparticle side band supports the evolution
of Qg with spin. It'll be interesting to investigate the non-natural parity states in this nucleus
following the same prescription.
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