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Deformed configuration mixing shell model calculations of the spectra and electromagnetic properties of
474951y have been carried out. Agreement between the calculations and available observations is good. On
the basis of the correspondence between the calculated and observed decay properties, we suggest the spin
assignments J = 1/2 to the 2.21 MeV level in 'V and J = 1/2, 9/2, 7/2, 11/2, and 13/2 to the levels at
1.64, 2.35, 2.41, 2.67, and 2.73 MeV, respectively, in **V. An interesting possibility of the existence of an
excited highly deformed K = 3/2 band of states in *'V is also suggested.

NUCLEAR STRUCTURE: #4951y  calculated spectra, B(E2), B(M1), (E2/M1)

mixing ratios, branching intensities, lifetimes, deformed configuration mixing

shell model calculations based on projected Hartree-Fock theory in (fp)" space,

modified Kuo-Brown interaction, comparison with experiment, and rotation par-
ticle-coupling model calculation.

I. INTRODUCTION

The spectra of the isotopes of 'V, *°V, and %'V
show interesting similarities as well as differ-
ences. The isotope *'V has often been considered

to be “spherical” with f.;, neutron subshell closed.

The spectrum of the low-lying states is then at-
tributed to the excitations of the three f,,, pro-
tons. On the other hand, marked deformation ef-
fects have been observed in ¥’V and *°V.

We have studied these nuclei in the framework
of the deformed configuration mixing' (DCM) shell
model. Modified®> Kuo-Brown effective interac-
tion® matrix elements (labeled MWH2) in the full
fp shell space were used together with the experi-
mental single-particle energies relative to the
%0Ca core. In the DCM calculation the axially
symmetric deformed Hartree-Fock (HF) calcula-
tions*” were first carried out for these nuclei and
prolate and oblate HF states were obtained. States
of definite angular momenta were projected from
these two HF states as well as from a number of
low-lying one particle-one hole excited intrinsic
states obtained from these HF states. The num-
ber of intrinsic states included in the calculations
for 47495y are 9, 6, and 7, respectively. The
energy spectra were obtained by diagonalizing the
Hamiltonian in the space of the states of good J
projected from these intrinsic states, taking care
of their nonorthogonality. The resulting wave
functions were used to study the electromagnetic
properties. For the calculation of E 2 transitions,
effective charges e¢,=1.25¢, ¢,=0.47¢, and e,=
1.32¢, e,=0.89¢ were used. The former charges
were obtained recently by Kuo and Osnes® in a
microscopic calculation for some of the fp shell

16

nuclei. The latter ones were obtained® by a least-
squares fit between the experimental and our cal-
culated!® B(E 2,2 -0) values for transitions in
even-even fp shell nuclei.

The basic similarity in the spectra of these
isotopes, namely, a “collective” band of states
with lowest angular momentum J=3, is easily
understood from the point of view of this model
to arise predominantly from the K =3 HF intrinsic
states of these nuclei. The structure of these HF
states changes with the neutron number. It is in-
teresting to verify whether the observed changes
in the deformation and their effects as one goes
from *'V to 'V are reproduced by the calculations.

In Sec. II we discuss the structure of the HF
states of these nuclei. In Secs. IIl, IV, and V we
compare the spectra and electromagnetic pro-
perties of 4""4%51V obtained in our calculation with
the experimental ones and the ones obtained in
previous calculations. A brief summary follows
in Sec. VI.

II. HF STRUCTURE

Prolate and oblate HF states of 'V, *°V, and %'V
were obtained!! in the full (fp)" space using a
MWH 2 effective interaction. The energy difference
between prolate and oblate HF states is 2.28 MeV
in 7V, 1.73 MeV in *°V, and almost vanishes in
ly. Significant admixture of the p,,,, p,,,, and
fs,2 Orbits occur in the HF states of 'V and *V,
but for 5'V the admixture is very small.

An important aspect of %'V is that in addition to
the normal prolate and oblate HF states with a
dominant (f,,,)!" structure, the interaction gives
rise to an excited prolate HF state with K= 3,
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FIG. 1. A sketch of the occupied and some of the
unoccupied single particle orbits | 2) of the prolate HF
intrinsic states of 47451y, % and 7 represent protons
and neutrons in | —k) orbits. The differences in the
single-particle energies e, of the protons and neutrons
are ignored in drawing the sketch. For 5!V, in addition
to the normal HF state the highly deformed excited pro-
late HF state is also sketched. Qp and Qy are the mass
quadrupole moments (in b%=%/mw) for the protons and
neutrons, respectively, obtained in (fp)" and ( -,/z)"
configuration spaces, €=Q.+@Qy is the total quadrupole
moment. The ratio R=Q(fp)" /Q(f 1/9)".

which has a large deformation. This suggests the
possible existence of a highly deformed band of
states in the spectrum of ®'v.

It is interesting to compare the deformations of
the HF intrinsic states of these nuclei in the full
fp shell space with the ones obtained in (f,,,)"!
space. In Fig. 1, we have sketched the occupied,
and some unoccupied, orbits of the prolate HF
states of these nuclei. We have also listed the
mass quadrupole moments @, and @, of the pro-
tons and neutrons and the total quadrupole moment
Q=Qp+Qy. The ratio R=Q(fp)"/Q(f,,,)" provides
some measure of the importance of the other confi-
gurations in producing deformations in these nu-
clei. The near constancy of this ratio for the three
nuclei implies that deformation effects are as im-
portant for the nearly “spherical” 'V as they are
for the more deformed V. Note that the neutrons
contribute quite significantly to the quadrupole
moments of 5V in contrast to the assumption of
the (f,,,)'* model.

III. NUCLEUS vV
Spectrum

The properties of 'V have been investigated by
a variety of experiments.'>?” Theoretical studies
of this nucleus have been carried out in the frame-
work of the (f,,,)" shell model®® ?® and in the ro-
tation particle-coupling (RPC) model calcula-
tions.3*3! The DCM calculated spectrum is com-
pared with the experimental one in Fig. 2. The

calculated yrast band of states, drawn in thick
lines, is in good agreement with the observed band
up to J=1" at 2.61 MeV. It is surprising that the
calculated J= 4" state at 2.22 MeV does not have
an experimental counterpart although the J= 42~
member of the band is populated in the heavy-ion
reaction of Blasi ef al.?* The nonobservation of
this J= 4" state perhaps implies that it might be
occurring either very close to the J= 32" state or
above it. The J= 4 and 4 members of the band
are predicted to occur at 4.02 and 3.76 MeV, re-
spectively. This band of states belongs domi-
nantly to the prolate K = 3 HF intrinsic state. The
average “band mixing” in these states is only about
6%. The other states have a complex structure.

It is interesting to point out that the structure of
the K = § prolate HF intrinsic state corresponds to
a deformation of about g§=0.17. In the RPC cal-
culations of Haas, Taras, and Styczen® and
Malik, and Scholz3® (MS), the intrinsic states con-
sidered have deformations of §~0.22 and 8 >0.5,
respectively.

In the experimental spectrum states with J=32"
and 3 - occur? at 0.66 and 1.97 MeV. Our calcu-
lation does not reproduce these states. Also, the
RPC calculation of Haas et al.* fails to reproduce
them. On the basis of the single-particle energy
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FIG. 2. Comparison of the theoretical and experimen-
tal spectrum of 4’V. The states drawn in thick lines are
the members of the ground state band.
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TABLE 1. B(E2,J;—Jf) values in e’fm? for the tran- TABLE 1. B(M1,J;—~J;) values in (uN)z for the tran-
sitions within the ground state band of 'V, sitions within the ground state band of 47V .
Jy Expt. ® DCM® DcM¢ RPCH J; Jy Expt. ? DCM RPCP
5 3 >0.084
R 342 198 253 3 3 0.22 0.07
7 3 e 0.07+0.01
3 3 312+ 121 147 86 110 50.29¢
2 148 147 160 % % 0.34 0.36
23 e1xaf 203 116 157 g'é,?;f(‘)ogag
% 141+81f 124 70 96 § 1 0.26 0.09
907+ 504 f
100 0.0036+ 0.002
3 1 2003 254 147 188 u 2 0.66
7 112 67 3 0.20 0.09
13 9 2 2 ’ ’
¥ 3 270 156 198 lzi 1_23 0.90
11
i 62 34 47 1 15
2 15
15 11 z 2 0.1
LU 5110 278 160 210 19 1
2 2 3 i 1.05
123- 60 36
a
1 13 Reference 27.
2 2 275 161 b Reference 31.
-12;'1 35 19 ¢ Reference 24.
2 —121 253 145
1 31 18 the RPC calculation are similar to our values
2 calculated with Kuo-Osnes charges. However,
2 Reference 24 d Reference 31 significant differences between DCM and RPC
be,=1.32%, ¢,~0.89¢. € Reference 25. results occur for the B(M1) and (E2/M1')‘mixing
Ce,=1.25¢e, ¢,=0.47e. f Reference 27. ratios, more particularly for the transitions be-
tween the high-spin states of the ground state
gaps of the prolate and oblate HF states of 'V we band. ) .

. e In Fig. 3 are presented the experimental and
do not anticipate any intrinsic state that would calculated mean lifetimes and branching intensi
give aJ=3" state at 0.66 MeV. We feel that these tiesl; ":‘ the tr:?lsitions between the lowgl in st;tes
states might be the “intruder” states arising by o -lying

in V. We have associated the calculated states
with the corresponding observed states for the
calculation of these decay properties. In this fig-
ure the vertical lines indicate the transitions from
a state marked with a filled circle to the states
where the arrows end. The calculated decay in-

particle-hole excitations from *°Ca core. This is
quite likely in view of the existence of a J=3*
state at only 260 keV excitation in 47V.

Electromagnetic properties

The B(E2) and B(M1) values are presented re- tensity is given on the top of the state from which
spectively in Tables I and II for the decays be- the decay is considered while the corresponding
tween the members of the ground state band. observed value is given immediately below in the

It is seen that the B(E2) values as obtained in parentheses.

TABLE II. Static electric quadrupole and magnetic dipole moments of the ground state
triplet of 4V,

E,; Q (efm? B (k)
J  keV DCM® RPCIP RPCI® DCM RPCI® RPCII® (fr72"¢
% 0 16.75 17.4 2.12 2.96
% 88 -7.71 -6.3 2.23 3.44 3.10
% 146 —13.47 -16.9 10 2.90 4.82 4.1 3.83
2e,=1.25¢, €,=0.47e. ¢ Reference 30.

b Reference 31. 4 Reference 29.
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FIG. 3. Comparison of the calculated and observed excitation energies, mean lifetimes, and branching ratios in i1y,
The states drawn in thick lines are the members of the ground state band. The vertical line indicates a transition from
a state marked with a filled circle to the state where the arrow ends. The calculated branching ratio is given on the
top of that state while the observed one is given immediately below in parentheses.

The agreement between theory and experiment
for the ground state band up to J=34% at 1.29 MeV
is good except that the mean lifetime of the J =3
state observed at 88 keV is not well reproduced.

It is interesting to consider the branching ratio
for the i state at 2.62 MeV. Blasi et al.** have
observed a 100% decay of this state to the J= 4
state at 1.29 MeV. As already mentioned they
have not observed any J= 4" state. Our calcula-
tion gives J=13 state 150 keV below the 13- state.
Using the theoretical energy of this J= 42" state,
the J= 12~ state is found to decay with a branching
ratio of 52: 48 to the J=4* and L states at 1.29 and
2.22 MeV, respectively, with a mean lifetime con-
sistent with the measurements of Blasi et al.?* As
already suggested, if in the experimental spec-
trum the J= 3" state occurs above or very close
to the observed J= 3" state, then our calculated
J =12 state would decay by a 100% branch to the

=1 state at 1.29 MeV, in concurrence with the
measurements of Blasi et al. The mean lifetime
(1.5 ps) of the J= 42" state would still be consis-
tent with the observed?® lifetime of less than 2 ps.

It would be interesting to look for this missing
J=4 state in *'V.

No experimental values are available either for
the static electric quadrupole or the magnetic di-
pole moments in *’V. In Table III are compared
the DCM calculated moments of the ground state
triplet of ¥’V with those obtained in the RPC model
by Haas et al.’' and Malik and Scholz®® and in the
(f+,)" configuration model.*® An interesting dis-
crepancy occurs for the sign of the quadrupole mo-
ment of the J=4 state as predicted by our calcu-
lation and that of Malik and Scholz. In general,
our static electric quadrupole moments are simi-
lar to those obtained by Haas et al., but the mag-
netic moments are slightly different.

IV. NUCLEUS ¥V

A lot of experimental data on %°V have become
available!* !5:32-54 yery recently. Theoretically
this nucleus has been studied within the (nf,,,)®
(vf1,2)7 configuration®® shell model and by the
RPC model'30,31.49,53, 56
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Spectrum

The experimental and DCM calculated spectra
are compared in Fig. 4. The calculated'!'® yrast
band of states with J=3" up to J=42" at 2.15 MeV
is in good agreement with the observed spectrum.
The J=4, L1 and £ members of the band are not
yet observed. This band of states belongs domi-
nantly to that projected from the prolate K =3 in-
trinsic state. The average mixing in all these
states is about 6%.

The RPC calculation of Tabor and Zurmiuhle?*®
also reproduces well thisband of states up to J=4,
but the calculated first J= 4 state is found to be
about 700 keV higher than the observed state. The
RPC calculation of Haas et al.>® provides only a
qualitative agreement.

It might be mentioned that our microscopic cal-
culation gives rise to the prolate HF intrinsic state
corresponding to 6§ ~0.11, while that needed by
Tabor and Zurmihle correspond to 6 =0.20.

The triplet of states observed about 1.5-1.66
MeV is well reproduced by our DCM and RPC
calculation of Tabor and Zurmiihle.?® These cal-
culations favor a J=3" for the level observed at
1.64 MeV with probable (37, 3", 3°) spin assign-
ment. The RPC calculation of Haas et al.’!'*3fails
to reproduce the 3~ and 3° members of this triplet.

49y
- 13
5 17
3
S
13
17
"
4 F 9
15,9
—_— 13
1" PE— - N I k)]
L (9.11)
3 1 //(15.13)
7 (9.11.13)
9 L7,9.1)
5 2091
7 = s
2L 15 \s
5 7
3
? 1,3.5)
5
9 9
1+ " 11
7 3
5
ol : :
Ey(Mev) THEORY 2J EXPERIMENT 2J

FIG. 4. Comparison of the theoretical and experimen-
tal spectrum of 4°V.

The J =4 and § states of this calculated triplet and
the second J =4 state at 2.27 MeV are found to be
mainly the states projected from the one particle-
one hole excited prolate K =3 intrinsic state. All
other states are found to have a complex struc-
ture.

Electromagnetic properties

The information on B(E2), B(M1), and mean
lifetimes of the low-lying states up to about 3 MeV
is presented in Tables IV to VIII.

We have compared in the tables our results
(labeled DCM) with the experimental results of
Haas et/ al.’''% (Expt. I) and of Tabor and
Zurmuhle®® (Expt. II), and with their correspond-
ing RPC results labeled RPC I and RPC II, re-
spectively.

The B(E2) values for the transitions between the
members of the ground state band of states are
listed in Table IV and for the transitions from the
states not belonging to the ground state band in
Table V. The experimental values of Haas et al.3!'%3
and Tabor and Zurmuhle?® are not similar. As
seen from Table IV, there does not seem to be a
unique preference for either of the sets of effec-
tive charges. The RPC values of Haas ef al.%''53
(RPC I) and their experimental values (Expt. I)
are similar to the DCM values obtained with effec-
tive charges e,=1.25¢ and ¢,=0.47e. In contrast,
the calculated (RPC II) and experimental values
(Expt. II) of Tabor and Zurmiihle*® appear to be in
optimum agreement with the DCM results, using
e,=1.32¢ and ¢,=0.89e.

In general, however, the B(E2) values for the
transitions between the members of the ground
state band in *°V appear to be large. The B(E2)
values in Table V for the transitions from other
states to the members of the ground state band
are very small.

The B(M1) values are given in Tables VI and VII
for the transitions between the members of the
ground state band and other states up to 2.7 MeV
in *°y,

The experimental B(M1) values as given by Haas
et al.”® and Tabor and Zurmuhle,* for the transi-
tions between the members of the ground state band
(Table VI) are similar. In contrast, the experi-
mental values of Tabor and Zurmiihle and Haas
et al. given in Table VII for the transitions be-
tween the other low-lying states in *°V are not
similar and have large errors. In many cases
only lower limits of B(M1) values are known. The
calculated results are in semiquantitative agree-
ment with the experiment. A careful remeasure-
ment of B(M1) values would be desirable.

The DCM results for the (E2/M1) mixing ratios
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TABLE IV. Comparison of the theoretical and experimental B(E2) values for transitions
within the ground state band of °V,

B(E2,J;— J;) (e?fm?)

J Jy Expt.12 Expt.II® DCM¢ DCM¢ RPCI? RPCII®
% % 280 171 136
3 1 197+ 20 245 146 146 254
2 354 206 220
4 1 144+ 28 1724 59 206 120 123 211
3 1 58+ 33 106+ 28 72 38 49 111
% 83+ 44 126+ 17 140 77 96 173
4 113 70 55
L 4 279+128 <71 291 127 137
% 4 31 15
% 29550 181 105 120
i:- 42 26 29
R = 161 87
1 2 54 33
1 11 5
% 26 0.82
2 References 31 and 52. Ce,=1.32¢, €,=0.89¢.
b Reference 49. de,=1.25¢e, e,=0.4%.

TABLE V. Comparison of the theoretical and experimental B(E2) values for transitions from

the states J;

at energies E; to the states J; at energies E; in 9y,

E; Ef B(E2,J; —J) (e*fm*)
(keV) J; (keV) Jy Expt. 12 DCMP RPC 12
1514 % 0 % 3.6 0.65

90 % >0.3, <435 2.9 4.1
153 3 570 + 59 2.4 1.9
1643 .; 90 % 128.6
153 % 13.2 2.5
1661 % 90 ; <122 5.7 22
153 % 0.40 8.9
1643 % 84.2
2182 % 0 % 0.12 0.06
) +8.
90 4 4.2%8.8 0.22 5.5
1155 3 0.42 14.5
1661 % 106.0
5 7
2235 3 0 3 0.09
90 g 3.10
1155 % 324
1514 g 123.0

2 Reference 53.
b e, =1.25¢, ¢,=0.47e.
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TABLE VI. Comparison of the experimental and calculated B(M1) values for transitions

within the ground state band of *°V.

B(MY, J;—Jdj) (ky)?

J; Jy Expt. 12 Expt. P DCM RPC? RPC IIP
g I 0.12+0.01 0.12+0.01 0.21 0.37 0.57
3 3 0.004+ 0.0005  0.0035+0.0001  0.02 0.001 0.036
2 1 0.012+ 0.005 0.016+ 0.004 0.06 0.003 0.004

-121 <0.90 0.65+0.16 0.50 0.67 0.87
B¢ u 0.019
2 : (0.0340-019) 0.0006

15 +0.41 +1.3

L 0.39%0-41 24713 0.89 0.85

17 15
L 1 0.15

19
1 0.70

2 Reference 53.
b Reference 49.

€ 2727 keV level of Ref. 49.

TABLE VII. Comparison of the experimental and calculated B(M1) values for transitions
from the states J; at energies E; to the states J; at energies E; in 9y,

E; E; B(ML, J;—Jg) (ky)?
(keV) J; (keV) Jy Expt. 12 Expt. I® DCM RPCI? RPCIP
1514 -g- 0 % 0.1175-1 >0.38 0.76 0.08 1.50
91 g >0.004, <0.10 >0.16 0.03 0.37 0.81
153 3 0.2370-2 >0.90 1.03 1.09 0.08
1643 1€ 153 3 0347014 >0.55 1.59  0.70 2.34
1661 3 o1 2 0.5970-% 041%031 1,56  1.37 0.40
153 3 0.37%0-48 026702 084  0.72 0.12
2182 1 0 : <0.01 0.026*%-91 0.08 0.03
91 3 0.16 1919 0.074*>-0% 0.67  0.71
9 +0.26 +0.14
1155 2 0.3670-% 0.227%4 112 1.29
5¢ 7 +0.1
2235 3 0 1 (0.064% %) 0.09
5 +0.39
91 E 0.25t03  0.79
9¢ 1 0.03
2353 2 0 I (0.0570:5%)  0.57
11 +0.12
1021 3 0.21752  0.61
2408 I° o 1 >0.30 0.81
1155 g >0.34 0.06
2671 %c 1021 4 >0.79 1.76
13¢ 11 +0.02
2727 L 1021 4 (0.0347%-%3 0,001
2262 2 2.47113 1.02

=0.7

2 Reference 49.
b Reference 53.
¢ Spin assigned in this work.
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TABLE VII. Comparison of the calculated and experimental mean lifetimes of the low-lying

states in 4%V,
Energy Tm (PS)
(keV) J DCM? RPCP  Expt.I¢ Expt. 09 Expt. Il ¢ Expt. IV f
o1 & 368 210 450+ 30 430+ 208 330+ 20D
153 3 8631 50000 287002500
1021 i 6.2 59 63132 4318 >5 5.1+ 1.0
9 +0.48 +5.6
1ss 2 0.53 2.6 1.65% -8 1.06:0.15  4.3'%¢ >0.4
5 +0.021 +0.03
1514 : 0.011  0.014 0.045%>-%  <0.014 0.045*0-%
1643 1 0.011 0.025 0.05:0.02 <0.03 0.06+ 0.03
1661 3 0.006 0.008 <0.04 0.023:0.01  0.016*3-¥2  0.025+0.005
2183 1 0.007  0.007 <0.08 0.048+0.017 0.031%0.010
2235 3 0.005 <0.05 0.018£0,011 0.0210.008 0.03 %080
15 +0.55 +0.025 +0.030 j
2263 : 2.2 2 0.9310-5% >3.84 0.064*0-% 00457030, <35
2363 3 0.006 <0.07 0.048+ 0.017
2408 1 0.003 <0.03 <0.011 <0.01
2670 % 0.005 <0.03 <0.016
13 +0.15 +0.058
2121 B o040 0.3510-1 0.138*0-058

de,=1.25¢e, e,=0.47e.
b Reference 31.
¢ Reference 53.
d Reference 49.
€ Reference 44.

are in agreement with both the experiment and
RPC values. Significant discrepancies occur for
the transitions 37(1514 keV) - °(153 keV), and

+ (2183 keV) —% (g.s.), for which the opposite signs
of (E2/M1) mixing ratios are obtained in RPC and
DCM calculations.

The mean lifetimes are given in Table VIII. Dif-
ferent experiments have led to different values
with large errors. Our DCM results appear to be
in reasonable agreement with the experimental
and RPC values, except for the J=3 state at 153
keV. For this state, the DCM calculated mean
lifetime is a factor of about 3 smaller than the
experiment.*? The RPC value® is about twice the
observed value. The discrepancy in the DCM
value appears to be because of large B(M1) value
for the 3 -3 transition.

We have also summarized in Fig. 5 the results of
our lifetime calculations along with some of the
observed values of Table IX with which they seem
to be in optimum agreement.

The branching ratios are given in Fig. 5. The
states drawn therein by thick lines belong to the
ground state band. We have associated our cal-
culated states with the corresponding observed

f Reference 45.
g Reference 43.
h Reference 46.
! Reference 42.
i Reference 51.

states for calculations of these decay properties.
The DCM calculated branching intensities are
given on top of a state. The observed?®:4% % yal-
ues are given immediately below in parentheses.
The agreement between the two is in general good.
For the J= 3" state observed at 0.15 MeV our cal-
culated branches are in disagreement with the
corresponding observed branches, mainly because
of the disagreement in the B(M1) values.

It may be pointed out that as seen from Fig. 4,
there occur observed states with many probable
spin assignments about 2.5 MeV. We have sug-
gested possible spin assignments for these levels
(marked with an open circle in Fig. 5) on the basis
of overall agreement of the calculated and ob-
served energies and decay properties of these
states. Thus in Fig. 5 such states are labeled by
definite spin as assigned by us.

In Table IX are given the static electric quadru-
pole and magnetic dipole moments of the ground
state triplet of states in *°V. The quadrupole mo-
ments are not measured so far. The RPC values
of the quadrupole moments are in general smaller
than ours but are of the same phase. Malik and
Scholz®® on the other hand predict the sign opposite
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FIG. 5. Comparison of the calculated and observed
excitation energies, mean lifetimes, and branching
ratios in ~ V. The numbers on the top of the states are
the calculated decay intensities while those below in
brackets are the corresponding observed ones. The
states drawn in thick lines are the members of the
ground state band. For the states marked with open
circles, the spin assignments have been made in this
work.

to ours for the ground state quadrupole moment.
Our magnetic moments are in better agreement
with the observed values than the RPC values.

V. NUCLEUS S'y

The recent experiments performed for the study
of this nucleus are described in Refs. 58-64. Theo-
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retically, this nucleus has been considered to have
a relatively simple shell model structure with
three protons outside the *8Ca closed core. The
(f1,2)° calculations®® have been reasonably suc-
cessful in describing the spectrum of the low-lying
states of this nucleus. In this model the proton
effective charges varying between e,=(1.72+0.04)e
to (1.94+0.07)e have been found* necessary to fit
the observed B(E2) values between the low-lying
states. In the pure (f,,,)® configuration, the M1
strengths are strictly forbidden. However, M1
transitions though hindered have been observed® !
in ®V. This indicates the necessity of other fp
shell configurations for the description of low-
lying states in ®'y. Auerbach® and Lips and
McEllistrem®” performed extended calculation for
*'V to include besides pure (f,,,)* configuration the
(f7,2°p3,.) configuration. The interaction matrix
elements were determined by a least-squares fit
of calculated-to-observed level energies. Lips
and McEllistrem also included (f,,,’f;,,) configu-
ration by taking the matrix elements involving the
fs,. orbit from a surface § interaction and from
the effective interaction of Kuo and Brown. Con-
siderable improvement over the (f,,,)* configura-
tion calculation was obtained.

Horoshko, Cline, and Lesser® performed ( fp)®
shell model calculation for V. %8Ca was regarded
as the closed core and the corresponding Kuo-
Brown two-body effective interaction® employed.
The spectrum and transition rates were well ac-
counted for. Proton effective charge e¢,=1.57e
was used in the calculation of E2 transition rates.

It must be pointed out that in all these shell
model calculations, except the one based on pure
(f1/2)° configuration, the calculated states do not
have definite isospin. Osnes and Warke®® con-
structed good isospin states in the (f,,,)!" and
(f7/,2)*°(p3,,) configuration and showed that al-
though the E2 transition rates between the levels
dominated by pure (f,,,)" configuration are only
weakly affected, the M1 transitions are rather

TABLE IX. Comparison of the calculated and experimental static moments of the ground

state triplet in 4°V.

E, Q (e fm?) )
J (keV) DCM?® RPCIP MS¢ Expt. DCM RPCI® RPCII¢ MS® (fqy/9°
3 0 -10.6 -124 10 4.46:0.057 4.0 5.09 5.45 4.71  4.68
3 % -97  -59 2.87  3.45
3 153 -157 13.8 2.37+£0.128 242 3.00

2e,=1.25¢e, e,=0.47e,
b References 31 and 53.
¢ Reference 56.

d Reference 49.

€ Reference 28.
f Reference 57.
& Reference 42.
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strongly affected by this configuration mixing.

Scholz and Malik™ performed the RPC calcula-
tion for 'V. The calculated spectrum is found to
be in qualitative agreement with the experiment
for large deformation parameters g=-0.32 and
for §=0.20. The calculated B(M1) values are in
significant disagreement with the observed values.

It is seen that two opposing features about the
structure of 'V emerge from the observed®”®
B(E2) and B(M1) values for the transitions between
the low-lying states of this nucleus. The highly
retarded M1 transitions in *'V indicate the domi-
nance of the (f,,,)!! configuration. On the other
hand, the large proton effective charges needed
in the (f,,,)'* configuration to fit the observed
B(E2) values suggest a substantial deformation.

It is therefore of interest to see if the calcula-
tions using HF theory can explain these apparently
contradictory features of %'V structure.

The HF theory takes into account partially the
effects of field-producing components of the ef-
fective interaction between the nucleons as well as
the role of the single-particle energies in deter-
mining the dominant configurations. It is there-
fore likely that the deformed HF calculations,
within (fp)"* space, with a “suitable” effective
interaction (like MWH2), might lead to the HF
intrinsic state of smaller deformation with domi-
nant f,,, component. It is, however, commonly
felt that the projected HF theory is likely to be
useful only for the nuclei with large deformations
and hence well defined ground state shapes. It
thus appears that for a “mildly” deformed nucleus
like 'V the projected HF calculations would not
describe well its low-lying observed states. Itis
therefore of interest to examine the nucleus v
in the framework of DCM calculations and see
how far the observed data can be explained.

In our HF calculations!!'™ " the normal prolate
and oblate HF states have a dominant (f,,,)"!
structure. In addition, as already mentioned in
Sec. II, there occurs quite low in energy an exci-
ted HF state with K =3 (see Fig. 1) which has a
much larger deformation than the normal HF
states. The excited particle-hole intrinsic states
with 7= 2 included in our calculation were formed
from the normal HF states by limiting the p-h ex-
citations to the single-particle orbits with a domi-
nant f,,, component, so that all these intrinsic
states have a dominant (f,,,)!" component.

In the (f,,,)"* configuration of *'V there exists
only one state of each angular momentum. It is,
therefore, expected that the states projected from
either of the above intrinsic states would provide
an adequate description of the “spherical” states
of 'V. This is almost true except forthe J=%
and § states.

It is interesting to observe that none of the pro-
late intrinsic states contains a J=4% state with a
dominant (7f,,,)*(vf,,,)® component. The J=4
state projected from the prolate K =% HF intrinsic
state has (f,,,)'°(p;,,) dominant structure and oc-
curs at 4.10 MeV. In a similar manner the oblate
intrinsic states do not contain any dominantly
(f1,2)"* =7 state. In contrast to these the (f,,,)"

=3 state is contained in the oblate states, while
the (f,,,)!! J=3 state is contained only in the pro-
late K =3 intrinsic state.

1t is thus seen that for the overall description of
the dominant (f,,,)!" multiplet of states in *'V, it
is necessary to consider the mixing of both pro-
late and oblate projected states. Neither of them
alone would provide agreement with the experi-
mental spectrum of V.

As a consequence of the (f,,,)"* configuration in
the intrinsic states, the states projected from
these various intrinsic states have about 96% over-
lap with each other. This renders the basis space
highly overcomplete. We find, however, that the
inclusion of the p-h excited intrinsic states im-
proves appreciably the energies of the J=3% and
4 states and also slightly the agreement for M1
transitions. The Hamiltonian matrix was diagonal-
ized in the basis of states projected from the six
intrinsic states, taking care of their nonorthogon-
ality.

Spectrum

The calculated spectrum is compared with the
experiment®®-® in Fig. 6(a). The agreement be-
tween the two up to J= 4 at 2.70 MeV is good
except that the = and 3 states have flipped in the
calculated spectrum. Above 2.5 MeV there exist
in the experimental spectrum the states that do
not have dominant (f,,,)* structure.

It might be mentioned that in the band-mixing
calculation'*" "2 involving prolate and oblate HF
states alone the J=4 and 4 states are reproduced
300 keV higher than their observed energies.

The states projected from the highly deformed
excited HF state do not mix with the other states
included in our calculation. The spectrum of this
highly deformed band of states in 'V is plotted in
Fig. 6(b). The experimental spectrum of 5V does
not contain such states so low in energy. It is
likely that the chosen effective interaction does
not reproduce correctly the position of the band-
head and that such a collective band may indeed
exist at a somewhat higher energy. This expec-
tation is based on the following observations.

It may be recalled that the original Kuo-Brown
interaction® has a tendency’™ ™ to produce HF
ground states with large deformations. For ex-
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FIG. 6. Comparison of the theoretical and experimental spectrum of Sy, At A are plotted the “spherical” states of
51y, A highly deformed K=% band of states that is predicted to exist in its spectrum is plotted at B.

ample, in °®Ni the spherical (f,,,)'® state is about
13.3 MeV above the highly deformed HF ground
state. The modified Kuo-Brown interaction? has
corrected™ ™ this undesirable aspect of the Kuo-
Brown interaction. The HF ground state genera-
ted by it for the fp shell nuclei have a dominant
(f/2)" component. The more deformed HF states
are obtained not as ground states but as excited
states. However, it turns out that in general even
the modified Kuo-Brown effective interaction em-
ployed in the present calculation gives rise’ to
excited deformed bands which are lower in energy
than the observed ones, e.g., in “°Cr the excited
K =% band is lower” than the observed one by
about 500 keV. In view of this, the present cal-
culations strongly suggest the possibility of the
existence in 5'V of a highly deformed K = 3 band

of states. The spectrum and the deformation of
this band, if observed, would be similar to the
ones we have calculated. The limitations of the
chosen effective interaction do not allow us to pre-
dict the exact location of this band. However, the
occurrence’ ™ of what appear to be similarly ex-
cited bands in 5*%3Cr and **Fe suggests that the

calculated K = 3 deformed band in 5V might indeed
exist at nof foo high an energy.

Electromagnetic properties

We have compared our full DCM results with the
results of only prolate-oblate (labeled PO in Ta-
bles X and XI) mixing calculations, and also with
the (f,,,)° and (fp)® calculations and RPC calcu-
lation of Scholz and Malik.

The B(E2) values are given in Table X. Our
DCM calculated values in column 5, obtained with
effective charges e,=1.32¢ and ¢,=0.89¢, are in
remarkable agreement with the experiment,%%6
Kuo-Osnes charges provide only a qualitative
agreement. The (fp)® calculation of Horoshko
et al.*® uses e,=1.5Te, while in the (f,,,)"* cal-
culation® e,=1.77e is required. The B(E2) value
for 3 -3 is poorly described by the pure (f,,,)"*
calculation. The PO values given in column 4 are
similar to those obtained in the full DCM calcu-
lation. The B(E2) values obtained by RPC model
calculation™ agree with the experimental ones for
deformation parameter g=-0.32.
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TABLE X. Comparison of the calculated and experimental B(E2) values for transitions
between the low-lying states in 51V,

BE2,J; —~Jj) (€2fm?)

g Jy Expt* PO® DCMP® DCM® (p)3*  (f/9%°

3 3 154+7.69 160.6 164.4 125.2 169 174.6

3 T 72+¢139 795 78.7 61.0 70.9 61.2
% 1079 93.0 92.2 70.0 106.7 44.9

¥y 3 78149 88.0 90.0 68.3 80.4 79.3

3+ 3 27.5+6.3¢ 24.0 19.6 13.8 26.8 29.5
3 27.5+6.69 35.0 24.7 17.6 19.3 27.6
4 59.3 473 36.0

15 11 e

L. 4 665 78.0 63.6 47.5

2 References 60 and 79.
be,=1.32¢, €,=0.8%,
Ce,=1.25¢, e,=0.4T7e.

¢ Reference 61.
€ Reference 51.

TABLE XI. Comparison of the calculated and experimental B(M 1) values for transitions
between the low-lying states in 51V,

BM1,J;—J)x 10 (uy)?

RPC® RPC ¢
J; Jy Expt? PO DCM fp)32 (8=-0.32) (8=10.20)
3 3 49+4 4.7 42 12.7 0.36 2100
36+0.18°¢
3 3 29+4 8 50 2.02  1200-4900 8900
9 1
3 3 4.7£1.6 0.7 5.2 1.96 370 350
11
4 38 6.4
2 Reference 60.
b Reference 70.
¢ References 81 and 82.
TABLE XII. Static moments of the first few states in 'V,
E; Q (efm? BA(ny)
J  (MeV) Expt? DCMP® ()% (f/9%¢ Expt. DCM  (9)°°  (f1/9°¢
3 0 -5.2+1.0 -6.0 —6.4 —6.8 5.148 511 552  5.25
5 B _ 3 (4.2+0.7° 3.84
S 032 148 -13.0 -19.0 {(3.86i0'03f 3.52 3.
% 0.93 13.7 1.88

2 Reference 84.
be,=1.32, e,=0.89.
¢ Reference 60.

d Reference 28.
€ Reference 81.
f Reference 85.
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FIG. 7. Comparison of the calculated and experimen-
tal excitation energies, branching ratios, and mean
lifetimes for the transitions between the “sperical” states
of Sy,

It should be noted that in comparison to the
(f,/2)*" calculation the additional deformation of
the HF intrinsic state helps substantially in re-
producing the B(E2) values in %'V with the reason-
able effective charges e,=1.32¢ and e¢,=0.89e.
These charges were found to give good agreement®
for the E2 transitions in other fp shell nuclei as
well.

The B(M1) values are given in Table XI. The
experimental values are highly hindered and are
strictly forbidden in (f,,,)® configuration. Our
DCM calculation provides an improved agreement
with the experiment®®®!'82 gver the POor (fp)® cal-
culations.®

The RPC calculations™ with large deformation
give M1 values of about 2 to 3 orders of magni-
tude too large. This disagreement of the RPC re-
sults with the experiment is mainly due to the fact
that the collective model is inherently incapable of
taking into account the geometrical effects which
forbid M1 transitions in (f,,,)" configuration. The
microscopic DCM calculation reproduces the quad-
rupole collectively and also the M1 hindrances.

The branching ratios and mean lifetimes of the
“spherical” states in *V are presented in Fig. 7.
Good agreement between the calculated and ex-
perimental values®'60:61:64:80:83 jg obtained.

The DCM calculated values of the static mo-
ments of the first few states are compared with
the experiments and other calculated ones in Ta-
ble XII.

In Table XIII are presented the B(E2) and B(M1)
values for the infraband transitions between the
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TABLE XIII. Calculated B(E2) and B(M1) values for
transitions between the members of the highly deformed
prolate K =3 excited band in *'V.

B(E2)? BM1)

J; Jy (e2fm?) (x)?
5 3
3 3 614 0.27
7 3
3 3 258

% 399 0.41
9 5
3 3 372

7

5 240 0.37
11 T
E : 444

-g 186 0.55
13 9
g 3 460

i1

3 115 0.37

2¢,=1.3%, ¢,=0.89%.

members of the excited K =3 band. It is seen that
these transitions are quite large compared to
those for the “ground state band.” Because of the
near purity of these states, the crossover transi-
tions from the members of this band to those with
the dominant ( f,,,)® multiplet are extremely hin-
dered. Thus the J=3 member of this highly de-
formed band may be observed as an isomeric
state.

VI. SUMMARY

The present DCM calculations are reasonably
successful in describing the properties of the
highly deformed *’V as well as the almost “spheri-
cal” V. The coherent effects of the field-pro-
ducing part of the effective interaction are quite
successful in substantially increasing the quadru-
pole moment of *'V over that obtained in (f,,,)"
space with very small admixture of the p;,,, f;,.,
and p, ,, single-particle states. It would be of in-
terest to verify experimentally the spin assign-
ments in 4’V and *°V suggested by our calculations.
Identification of the highly collective excited K = 3
band in *'V would be quite exciting.

We would like to thank S. B. Khadkikar and D. R.
Kulkarni for extensive discussions, particularly
on the *'V nucleus.
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