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Positive-parity rotational bands in odd-A pf-shell nuclei: A shell model description

Alfredo Poves and Jorge Sa´nchez Solano
Departamento de Fı´sica Teo´rica, Universidad Auto´noma, Cantoblanco, 28049 Madrid, Spain

~Received 10 February 1998!

Low-lying positive-parity rotational bands have been recently found in odd-A nuclei of thep f shell. Their
occurrence can be explained as due to the coupling of a hole in the 1d3/2 orbit to the more deformed even-even
p f-shell configurations. Shell model calculations in the fullp f shell plus one hole in the 1d3/2 orbit for
47V2(1d3/2^

48Cr)—and for 45Sc2(1d3/2^
46Ti)—support this interpretation. Very good agreement with the

available experimental results is obtained.@S0556-2813~98!00807-3#

PACS number~s!: 21.10.2k, 27.40.1z, 21.60.Cs, 23.40.2s
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I. INTRODUCTION

A good deal of experimental and theoretical work h
been devoted recently to the understanding of the prope
of p f-shell nuclei, in particular, to the deformed region
N;Z nuclei around48Cr. Shell model calculations in the fu
p f shell have been able to give a satisfactory description
rich variety of observables for nuclei up to massA552 @1–
3#. For heavier isotopes, shell model Monte Carlo techniq
have been applied@4,5#. In some cases, very illustrative, de
tailed comparisons with ‘‘state of the art’’ mean-field calc
lations have been possible@6,7#.

48Cr plays a central role in this region because it has
maximum number of valence protons and neutrons in
1 f 7/2 orbit, therefore exhibiting the maximum quadrupole c
herence. It behaves as a rotor in the strong-coupling lim
and many predictions of the deformed shell model for
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s
es

a

s

e
e
-
t,
e

nuclei with one particle~hole! on top of it are recovered
experimentally—and by the fullp f-shell model calculations
@2#.

As an example, the yrast band of47V—a hole on
48Cr—hasK5 3

2
2, and follows nicely the predictions of th

hole-rotor strong coupling model. Recent experimental d
@8# have extended our knowledge of the yrast band@9,10#;
they are compared in Fig. 1 with the shell model calculatio
of Ref. @2#. While a J5 29

2
2 state is located where it wa

predicted,J5 35
2

2 is assigned to a state that we claim to
J5 33

2
2. Similarly, the yrast band of49Cr ~a particle on48Cr)

that can be interpreted as havingK5 5
2

2, has also been ex
tended up toJ5 31

2
2 @11#, with the same quality of agree

ment. A natural next step is to look for bands of oppos
parity, i.e., positive in the odd nuclei and negative in t
even ones. These intruder bands have been measure
cently, and their theoretical description will be the aim
FIG. 1. Experimental and theoretical energy levels of the yrast band of47V.
179 © 1998 The American Physical Society
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FIG. 2. Experimental and theoretical energy levels of the positive-parity intruder band of47V.
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this paper. One such case, probably the most interesting
is provided by47V, that has a positive-parity rotational ban
at very low excitation energy with band head3

2
1 @12#. The

straightforward interpretation, that we will try to substantia
ne,microscopically, is that the band results from the coupling
a proton hole in the 1d3/2 orbit to 48Cr. A study along these
lines has been recently performed for the positive-pa
band of45Sc@13#. Its bandhead is almost degenerate with t
FIG. 3. Experimental and theoretical energy levels of the positive-parity intruder band of45Sc.
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ground state; we shall compute it for comparison as w
The 47V case is a better one for two reasons: first, beca
48Cr is a much better rotor than46Ti and, second, becaus
the effect of the40Ca core excitations is less important. A
we shall show, the reason for these bands being so low
excitation energy is that the gain in correlation energy due
the excitation of one particle acrossN5Z520 nearly com-
pensates for the single-particle gap.

We shall use as valence space thep f shell without any
truncation and a hole in the 1d3/2 orbit. We have also per
formed calculations in which the hole can be either in
1d3/2 or 2s1/2 orbit, but the structure of the bands does n
change appreciably. The effective interaction for thep f shell
is KB3, the same one we used extensively in the 0\v cal-
culations@1#. For the cross-shell interaction we have tak
the G matrix of Lee, Kahana and Scott@14# with the modi-
fications of Ref.@15#. The largestm-scheme dimension we
have treated is 133106. We use harmonic-oscillator wav
functions withb51.01A1/6 fm, bare electromagnetic factor
in M1 transitions, and effective charges of 1.5e for protons
and 0.5e for neutrons in the electric quadrupole transitio
and moments.

We shall proceed as follows. Section II will be devoted

TABLE I. E2 and M1 reduced transition probabilities of th
positive-parity states of47V. B(E2) in e2 fm4 andB(M1) in mN

2 .
Experimental values are from Ref.@12#, except those bearing a sta
which come from Ref.@16#.

B(E2) B(M1)
Jp(i) Jp(f) Expt. Theor. Expt. Theor.

5
2

1 3
2

1 463.2 0.23(18)* 0.015
7
2

1 3
2

1 350(150)* 207.4
7
2

1 5
2

1 323.7 0.09(3)* 0.023
9
2

1 5
2

1 240(30)* 284.4
9
2

1 7
2

1 180.9 0.031(4)* 0.024
11
2

1 7
2

1 204~80! 350.0
11
2

1 9
2

1 162.5 0.021~8! 0.029
13
2

1 9
2

1 ,40 339.8
13
2

1 11
2

1 79.1 ,0.007 0.025
15
2

1 11
2

1 128~30! 368.0
15
2

1 13
2

1 96.4 0.023~5! 0.031
17
2

1 13
2

1 324.7
17
2

1 15
2

1 39.9 0.019
19
2

1 15
2

1 120~20! 329.4
19
2

1 17
2

1 65.3 ,0.04 0.019
21
2

1 17
2

1 223.7
21
2

1 19
2

1 19.7 0.007
23
2

1 19
2

1 .200 205.5
23
2

1 21
2

1 43.7 0.006
25
2

1 21
2

1 131.9
25
2

1 23
2

1 20.8 0.0003
27
2

1 23
2

1 152~40! 147.8
27
2

1 25
2

1 62.9 0.006
29
2

1 25
2

1 107.0
29
2

1 27
2

1 13.9 0.002
31
2

1 27
2

1 73~15! 117.3
31
2

1 29
2

1 45.9 0.001
l.
e
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e
t

detailed spectroscopy by comparing calculations for both
clei with the data in Refs.@16# and the recent results obtaine
by Cameronet al. @12# and Bednarczyket al. @17#. In Sec.
III, we will analyze the intrinsic structure of the positive
parity bands. Finally, conclusions will be given in Sec. IV

II. LEVEL SCHEMES
AND ELECTROMAGNETIC PROPERTIES

A. Energy levels

1. 47V

The diagonalizations confirm our interpretation of t
positive-parity band as overwhelmingly made up of the co
pling of a proton hole to the even-evenp f-shell configura-
tions. The experimental and calculated levels for t
positive-parity band for47V are plotted in Fig. 2. The yras
band roughly follows aJ(J11) rotational behavior with a
K5 3

2
1 bandhead, in good agreement with the measured

sults. The position of theJ5 3
2

1 state relative to the ground
state is in our calculation 1.5 MeV higher than the expe
mental one. Given that we have made no effort to adapt
cross shell interaction to this model space, this discrepanc
not unexpected. Our main goal is to study the structure
these bands, and to examine in detail why the excitat
energy of the intruder bandhead is so low. With our effect
interaction, the spherical mean-field energy difference
tween the negative and positive bands in47V is 7.9 MeV,
whereas experimentally the excitation energy of theJ5 3

2
1

state is 260 keV. However, the correlation energy of
ground state, 12.1 MeV, is 6.1 MeV smaller than the cor
lation energy of the intruder bandhead leading to our p
dicted excitation energy of 1.8 MeV. The remaining discre
ancy must be due to the overly large monopole gap betw
the sd andp f shells given by our effective interaction. Th
correlation energy of the intruder bandhead is very la
~18.2 MeV!, actually larger than the correlation energy w
had in 48Cr ~15.6 MeV!.

2. 45Sc

The situation is even more striking in this nucleus, t
intruders failing to become ground states by only 12 keV.
Fig. 3, we plot the experimental and calculated levels for
positive-parity band. The agreement is again quite good.
larger differences, that occur in the high-spin states, are
the order of 500 keV. The band follows theJ(J11) rota-
tional behavior with aK5 3

2
1 bandhead. Notice that we lo

cate aJ5 33
2

1 state at the place where an experimentaJ
5 35

2
1 level has been proposed. With respect to the posit

of the J5 3
2

1 state relative to the ground state, our calcu
tion places it 70 keV below theJ5 7

2
2, which represents a

very good agreement. As for the discrepancy in the preced
case, we consider it as accidental. The monopole energy
ference between the positive- and the negative-parity c
figurations~7.21 MeV! is in this case a bit overcompensate
for by the gain in the correlation energy~7.28 MeV! owing
to the presence of one extra particle in thep f shell. As in the
vanadium case, the correlation energy of the head of
positive-parity band~12.04 MeV! is larger than the correla
tion energy of the ground state of46Ti ~10.84 MeV!.
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B. Electromagnetic moments and transitions

In Table I, we list our predictions for theE2 and M1
transition probabilities compared with the available expe
mental values. For low and high spins our calculatedB(E2)
values fit very well to the experimental ones. However,
J5 13

2
1, 15

2
1, and 19

2
1, there are large discrepancies. O

values are consistent with what one should obtain in
rotational limit, that we expect to be valid up toJ5 23

2
1 in

47V, because in48Cr—the core rotor—the reduction of th
B(E2)’s begins only atJ5101. The correct trend is recov
ered for the next spins, which makes the situation even m
suspicious, and suggests that there is room for a new loo
these experimental values. TheB(M1) compare reasonabl
well with the experimental data. There is almost no expe
mental information for theE2 andM1 transition probabili-
ties in 45Sc, hence we will only present some of our result
the context of Sec. III.

III. INTRINSIC STRUCTURE

A way to characterize a good rotor in the strong coupl
limit @18# is to demand aJ(J11) energy sequenceand a
constant intrinsic quadrupole momentQ0 for all members of
the band. In addition to being a constant, we expectQ0 to be
the same when extracted from the spectroscopic quadru
moment through

Q05
~J11!~2J13!

3K22J~J11!
Qspec~J! for KÞ1, ~1!

or from theB(E2) transitions through the rotational mod
prescription~for KÞ 1

2 ,1)

B~E2,J→J22!5
5

16p
e2u^JK20uJ22,K&u2Q0

2 . ~2!

TABLE II. Electromagnetic properties of the positive-pari
band of47V. B(E2) in e2 fm4, Q in e fm2. Experimental values are
from Ref. @12#, except those bearing a star, which come from R
@16#.

B(E2,Jp→Jp22) Q0

Jp Expt. Theor. Qspec from Qspec from B(E2)

3
2

1 24.8 127.0
5
2

1 29.3 133.5
7
2

1 350(150)* 207.4 221.2 108.3 123.6
9
2

1 240(30)* 284.4 234.8 130.4 118.1
11
2

1 204~80! 350.0 233.4 107.2 120.2
13
2

1 ,40 339.8 243.1 125.8 113.0
15
2

1 128~30! 368.0 234.5 94.7 114.2
17
2

1 324.7 246.0 120.8 105.1
19
2

1 120~20! 329.4 230.8 78.2 104.4
21
2

1 223.7 231.3 77.4 85.1
23
2

1 .200 205.5 29.5 23.0 80.9
25
2

1 131.9 27.1 16.9 64.4
27
2

1 152~40! 147.8 4.7 211.0 67.8
29
2

1 107.0 214.3 33.3 57.4
31
2

1 73~15! 117.3 4.3 29.9 59.9
-

r

e
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Since 48Cr is a reasonably good rotor at low spins, it
expected that the two mirror pairs obtained by adding a
removing a particle from it (49Cr-49Mn and 47V-47Cr) would
be well described by the strong-coupling limit particle pl
rotor model and, in fact this is the case for the natural pa
bands, as shown in Ref.@2#. Thus a similar situation is ex
pected for the low-lying positive-parity bands in47V and
47Cr.

The results of applying Eqs.~1! and ~2! to the K5 3
2

1

band obtained by allowing a single hole in the 1d3/2 subshell
in the 47V are gathered in Table II. The values of the intri
sic quadrupole moment are nearly constant for low sp
either the ones obtained from the spectroscopic quadru
moments or the ones coming from theB(E2)’s. This last set
is the most regular one, and the average value ofQ0,
110 e fm2, is very close to~but slightly larger than! the
average value of 100e fm2 we had in 48Cr @1#. This corre-
sponds to a deformation parameterb'0.35. The reduction
of Q0 beyondJ5 19

2
1 in 47V, is correlated with a similar

reduction in 48Cr beyondJ581.
We do not expect such a nice behavior in45Sc, mainly

because the rotor status of46Ti is not as good as that of48Cr.
In Table III, we show the quadrupole properties of t
positive-parity band of45Sc and the intrinsic quadrupole mo
ments extracted as explained above. It is seen that the di
ences between theQ0 values extracted from theB(E2)’s and
from the spectroscopic quadrupole moments are much la
than before. Again theQ0’s extracted from theB(E2)’s be-
have more regularly. However, a clear decreasing tren
evident even at low spins. Everything confirms that the ro
tional features are less evident. An averageQ0 of 80 e fm2

comes out, a number larger than what would naively be
pected from the coupling of a hole to the rotor provided
46Ti, the averageQ0 of their low-spin yrast states being jus
60 e fm2.

.

TABLE III. Electromagnetic properties of the positive-parit
band of 45Sc.B(E2) in e2 fm4, Q in e fm2.

B(E2,Jp→Jp22) Q0

Jp Theor. Qspec from Qspec from B(E2)

3
2

1 5.2 93.6
5
2

1 21.8 91.9
7
2

1 118.2 23.2 58.9 91.9
9
2

1 156.0 26.9 91.3 86.2
11
2

1 192.7 25.6 63.4 88.0
13
2

1 180.1 28.0 83.1 81.3
15
2

1 198.8 26.0 58.5 82.7
17
2

1 164.1 29.2 85.6 73.7
19
2

1 170.0 26.7 60.3 73.9
21
2

1 119.4 210.3 90.1 61.3
23
2

1 124.1 26.0 52.0 61.9
25
2

1 29.5 25.5 46.9 30.0
27
2

1 66.1 24.4 36.4 44.7
29
2

1 25.8 28.8 72.5 27.8
31
2

1 40.9 24.1 33.5 34.8
33
2

1 1.1 25.8 47.4 5.7
35
2

1 0.7 26.5 52.5 4.6
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IV. CONCLUSIONS

We have shown that the low-lying~intruder! positive-
parity bands of47V and 45Sc can be explained in a she
model framework, using a valence space that comprises
full p f shell and allowing for a hole in the 1d3/2 orbit. We
have interpreted these results in terms of the coupling of
hole to the intrinsic state of the corresponding even-e
p f-shell nucleus withA11 nucleons. In the47V case this
picture is nicely fulfilled, certainly due to the fact that th
A11 nucleus is48Cr that is known to be a quite rigid rotor
The positive-parity band in47V exhibits an intrinsic state
that is 10% more deformed than the48Cr one. In 45Sc these
features are already present though in a less developed
er

.
N
n

-

F

, G

D.
af

-
W

he

e
n

ay.

We find in particular that: the intrinsic quadrupole mome
has a stronger dependence on theJ of the level; theQ0
values extracted from theB(E2)’s are at variance with thos
obtained from the spectroscopic quadrupole moments,
the intrinsic quadrupole moment of the positive-parity ba
is 30% larger than the one of the even-even refere
nucleus46Ti.
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