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Recoil-distance lifetime measurements of V levels*
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Lifetimes for a number of level. s in 4 V have been measured using the recoil-distance
technique. The experimental results for the mean lifetimes are 8.8+1.4 psec for the 428-
keV 5+ level, 21.6+1.1 psec for the 613-keV 4+ level, 111+9 psec for the 627-keV 6+

level, 6.7+ 1.8 psec for the 1056-keV 3 level, and 6, 5+ 0.5 psec for the 1099-keV 4~ ~

level. Lifetime l.imits were measured for other levels. The electromagnetic transition
strengths for the positive and negative parity bands are discussed. For the positive
parity levels, shel. l model calculations are carried out assuming wave functions of the
form (n'f, y&)" (&f,g~)

~. Many properties of V and surrounding nuclei, particularly for the
high-spin states, can be described using the Sc effective interaction with effective oper-
ators e&+ e„=2 and g&—g„=1.29. For some aspects, however, the effective operator
approach within this limited 1f7y& model space is not adequate.

NUCLEAR REACTIONS 4~Sc(e, n) E=9.5 MeV; measured n-y coin, deduced
levels in V; measured recoil distance, deduced T&f2, B(L), 7r assignments.

Natural target, Ge(Li) detectors.

I. INTRODUCTION

The simplest shell model configuration for the
odd-odd nucleus V is (mf, &,)'(vf, &, )

'. Within
this configuration the electromagnetic matrix ele-
ments obey simple selection rules and are rather
independent of the assumed residual two-body in-
teraction. ' For example, the calculated g factors
for all levels are the same, g= —,

' (g~+g„). How-
ever, experimentally the g factors of the ground
state and first excited state' differ by nearly a
factor of 2, which suggests that admixtures from
other lf -2p orbitals are important. A knowledge
of the electromagnetic properties of other positive
parity levels is important for further tests of the
theoretical model. Of additional interest are the
properties of the recently discovered' low-lying
negative parity rotational bands in V. Previously,
several experiments ' have been carried out to
determine the spins, branching ratios, and mixing
ratios for a number of the excited levels. Only
limited lifetime information" for states in V
existed. In the present experiment the recoil-dis-
tance (plunger) method has been used to measure
mean lifetimes in the range 3 psec&7 & 500 psec
for levels in 4'V below 2 MeV. This experiment
was part of a series of plunger lifetime experi-
ments which were carried out for 1f,&, shell nu-
clei 8

The "V excited states were studied using singles
y-ray spectra from the S («nc)«o% reaction. This
reaction populates most strongly the series of
yrast levels consisting of the lowest state of each

spin and parity. The y rays originating from "V
were identified with a neutron-y [Ge(Li)] coinci-
dence experiment. In addition to "V, levels in
«'Ti were also strongly populated by the "Sc(o., p)-
'Ti reaction; the plunger lifetime results for 'Ti

have been reported previously. '
The decay scheme for 4'V based on previous ex-

periments is shown in Fig. 1. Of most importance
for the low-lying levels are the results of Samuel-
son et al. «5 using "Ti(p, n) and «"Ti(n, pn); Huber
et al. ' using "Ca("B,2p) and "Ca("C, 3pn); and
Haas and Taras' using "S("O,pn). From these
experiments, the parities have been definitely as-
signed only for the lowest 4, 2', 1', and 1 lev-
els, although spin assignments have been made for
many other levels.

In Sec. II the recoil distance measurements' "
are reviewed briefly, while the lifetime results
are discussed in Sec. III along with several parity
assignments. In Sec. IV, the transition strengths
for the positive and negative parity bands in "V
are presented. Transition-strength comparisons
for V as well as for the neighboring nucleus "Ti
are made with the shell model calculations. The
energies of the positive parity levels in 4'V are
also compared with shell model calculations using
several effective interactions. Preliminary re-
sults for the present work have been reported pre-
viously. "

II. EXPERIMENTAL TECHNIQUE

The plunger apparatus used in the present ex-
periment has been described previously. ' The re-
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action «'Sc(a, n)«'V with 8 „=9.5 MeV was used.
The target consisted of 70 gg/cm' scandium metal
evaporated onto 3 mg/cm' Au backing foil. It was
oriented with the Au foil facing the beam and posi-
tioned in the plunger apparatus by means of a V-
groove 0-ring arrangement designed to hold the
target flat. The recoiling excited nuclei were
kinematically confined to a forward cone with a
half angle of 25'.

The excited nuclei, which recoil with a velocity
component v in the direction of the beam and de-
cay in flight, will emit y rays at 0' to the beam
with a shifted energy', E,(1+v/c). A flat Au

plunger positioned at a distance D -D, from the
target stops the recoiling nuclei so that those
which decay at a time greater than the flight time
t = (D D,)/v-will emit 7 rays with an unshif ted
energy E,. The y-ray energy spectra were mea-
sured at 0' with a 45-cm' Ge(Li) detector which
had a resolution of about 2.5 keV at 1332 keV. Be-
cause of the typically low energy of the measured
y rays, the stopped and shifted peaks were not
well resolved; see for example Fig. 4. On the ba-
sis of previous experience with cases which were
well resolved, ' the corresponding peak areas I,
and I, were determined from the line shape by a
simultaneous least-squares fit with Gaussian and

skew-Gaussian shapes, respectively. The param-
eters for the skew-Gaussian shape were deter-
mined from a spectrum at a large distance D -Dp
» vr. The experimental ratios R of the unshifted
area to the total area, I, /(I, +I,), were then formed
from the measurements at each distance.

The .experimental ratios obtained as a function of
D were fitted with the formula

R(D-D)=A Qge &

where A +R„=1. The background ratio R„is mea-
sured with a good statistical accuracy at a dis-
tance of D Do» vr. The a,. represent the frac-
tion (~, =1) of nuclei recoiling with velocity v,
and are determined from the experimental shape
of the shifted peak after unfolding the detector
resolution. The lifetime values obtained using
Eq. (1) differed only a few percent from the life-
times determined from the first-order equation

-(D-Do)/v w +

where v is the mean recoil velocity. In the pres-
ent experiment typically u/c =O.F/p. The final val-
ues of 7 were obtained after several small correc-
tions were made. These include corrections for
the finite solid angle of the detector, for efficiency
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FIG. 1. The decay scheme for low lying V levels. The data are summarized from Refs. 3-6.



1124 BROWN, FOSSA N, Mc DONALD, AND SNOV ER

Energy
(keV)

308

428
519
613
627
745
765

1056
1099
1255
1265
1522
1557
1686

Present work
~ (psec)

Other

5+

1
4+

6
2
3+

3
4(-}
(7)'
5+

2+

4
5(-)

8.8+ 1,4

21.6+ 1.1
111+9
~30
~ 3.7
6.7+1.8
6.5+ 0,5

~ 2.8
~4 4
~4.1
~44

(10.26 + 0.06) x 10
(10.1+0.1)x 10'

&20
(3.92 + 0.09)x 10

130+60'
-25, '4&~&42'

(10c

TABLE I. Mean lifetimes of 8V levels. els must be considered, as the n bombarding en-
ergy is appreciably higher than the kinematical
threshold for the production of the levels of inter-
est. To insure that any feeding levels did not in-
fluence the measured decay curves, the lifetimes
associated with all cascade y rays that feed the
levels of interest were examined in the plunger
data. In most cases upper limits could be estab-
lished for levels which cascade to those of inter-
est with any appreciable intensity. In one case,
for the lifetime of the 428-keV level, it was re-
quired to fit the ratio data with a combination of
two lifetimes in which the lifetime of the feeding
level was known; see Sec. III. This data was fitted
with the two-level formula given in Ref. 8.

III. EXPERIMENTAL RESULTS

~Reference 5.
Reference 2.
Reference 6.
20' lifetime limits.

eReference 3.

variations of the peak areas I, and I„and for
higher order relativistic effects. ' Also, the quot-
ed errors take into account the estimated effect of
the hyperf inc field deorientation. '

Since the lifetimes were determined from singles
y spectra, the question of feeding from higher lev-

The present lifetime results are summarized in
Table I. The results for five levels which are
within the plunger lifetime range are discussed in-
dividually below. Lifetime limits were obtained
for an additional six levels. The lifetimes of the
308- and 519-keV levels were outside the plunger
lifetime range; these lifetimes have been mea-
sured by Samuelson et al. ' with the electronic tim-
ing technique. For the 421- and 745-keV levels,
the primary decay y rays for these levels were
too low in energy to distinguish the stopped and
shifted peaks in the present (n, n) experiment. A
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FIG. 2. Recoil-distance y-ray
portion of the figure displays the
plunger distances D-Dp (in pm),
extracting the Ip and I~ areas are
R —R vs D-Dp, where R=Ip/(Ip
data as described in the text.

O.OI
25

D-D, (p. m)

spectra and lifetime decay curve for the 1099-keV ground-state transition. The left
y-ray spectra in the region of the 1099-keV transition measured at three different
with Ip and I, indicating the stopped and shifted peaks, respectively. The methods of
discussed in the text. The right portion of the figure is a semilogarithmic plot of
+I~). The curve through the ratio data represents a least-squares fit of Eq. (1) to the
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FIG. 3. Recoil-distance y-ray spectra and lifetime decay curve for the 1056-keV 745-keV transition. The presen-
tation is similar to that of Fig. 2. The line shape consists of three peaks: Io(308 keV), Io(311 keV), and I~(311 keV)
(see text).

lifetime limit was obtained for the 745-keV level
from the weak 437-keV y branch. The lifetimes
of these two levels would be measurable by the
recoil distance method (RDM) using a heavy ion
reaction to achieve a larger recoil velocity.

1099 keV

The lifetime of the 1099-keV level was measured
using the 1099-keV decay y ray to the ground state.

The y spectra at three typical plunger distances
are shown on the left in Fig. 2. The individual con-
tributions from the areas I, and I, for the stopped
and shifted peak, respectively, are indicated with
dashed lines. On the right in this figure the ratio
data, R -R„, are shown together with the fit using
Eq. (l). The fit gave a mean lifetime of v = 6.5
+0.5 psec for the 1099-keV level. This level is
weakly fed from the 1686-keV level for which a
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FIG. 4. Recoil-distance p-ray spectra and lifetime decay curve for the
entation is similar to that of Fig. 2.
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mean lifetime upper limit (2o) of 4.4 psec was de-
termined.

1056 keV

The 1056-keV- 745-keV transition was used to
measure the lifetime of the 1056-keV level. The
analysis of this 311-keV transition was compli-
cated by the strong 308-keV 2'-4' transition
which is unshifted due to its long lifetime. The
spectra, see Fig. 3, were fitted simultaneously
with three peaks; I, (308), I,(311), and I,(311).
The separation energy E,(311)-E,(308) = 2.5 keV
was fixed by using the energies given by Samuel-
son et al. ' and E,(311)-E,(308) was determined
from a spectra taken at a large plunger distance
D -D,» v7'. The ratio data, shown on the right
of Fig. 3, yielded a mean lifetime 7 =6.7+1.8 psec
for the 1056-keV level. This level is weakly fed
by the 1557-keV level for which an upper limit
(2v) of 4.1 psec was obtained for the mean lifetime.

627 keV

The 627-keV ground-state y ray was used to
measure the lifetime of this level. Typical y-ray
spectra and the decay curve are shown in Fig. 4.
The result for the mean lifetime is 7 =111+9psec.
In the present work this lifetime can be attributed
to either the 627- or 1255-keV levels due to the
unresolved y cascade 628- and 627-keV. However,
when compared with previous results of r =130
+ 60 psec for the 627-keV level and 7 & 10 psec for
the 1255-keV level, ' the present result must be
attributed to the lifetime of the 627-keV level.

The 627-keV level is also weakly fed indirectly
from the 1651-keV level and directly from the
1265-keV level (7 & 2.8 psec) which do not affect
the v = 111+ 9 psec result.

613 keV

The lifetime of the 613-keV level was measured
via the 613-keV ground-state transition. Typi-
cal y-ray spectra and the decay curve are shown
in Fig. 5. The measured mean lifetime is v =21.6
+1.1 psec for the 613-keV level. Short lifetime
limits were obtained for all cascade transitions
to this level.

42S keV

The 428-keV- ground-state transition was used
to measure the lifetime of this level. Typical y-
ray spectra and the decay curve are shown in Fig.
6. The decay curve is clearly composed of at
least two lifetimes. The strongest feeding origi-
nates from the 627-keV (7 =111+9psec)-428-
keV transition. There is also weaker feeding from
the 613-keV (v =21.6+1.1 psec) level. From the
relative intensities of the y rays in the present
experiment and branching ratios given by Samuel-
son et al. ,

' the indirect feeding fractions to the
428-keV level are f'(627) =24% and f'(613)=2.6Fo.
The feeding from the 613-keV level can be neglect-
ed. The decay curve was fitted with a sum of two
exponentials IEq. (4) of Ref. 8] in which the feed-
ing lifetime 7 =111+9psec was fixed. The result
for the 428-keV mean lifetime is 7' =8.8+ 1.4 psec.
The fit to the decay curve in Fig. 6 is decomposed
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FIG. 5. Recoil-distance y-ray spectra and lifetime decay curve for the 613-keV ground-state transition. The pres-
entation is similar to that of Fig. 2.
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to show the separate contribution from the short
and long lifetime components.

Parity assignments

The transition strengths from the present mea-
surements can be used to obtain the parities of a
number of levels whose spins have been deter-
mined previously. The observed transitions in
'V can be classified into two main bands (see Fig.

1), those which decay through the 519-keV 1 level
shown on the right in Fig. 1, and those on the left
which do not. Also, another band is believed to
start from the 1099-keV 4& ~ level. 4

The transition strengths for the 1056-keV J=3- 519-keV 1 transition are 22 Weisskopf units
(W.u. ) for E2, 9x10' W.u. for M2, and 12xl0'
W.u. for E3. Only the E2 is reasonable, which
implies a negative parity assignment for the 1056-
keV level. In a similar manner the transition
strengths for other transitions within this band
give negative parity assignments to the 745- and
1557-keV levels. This is supported by previous
tentative negative parity assignments for these
levels. '4

The transition strengths for the levels which
eventually decay to the 2' 308-keV level or 4+

ground state suggest positive parity for the 428-,
613-, 627-, 765-, 1255-, 1265-, and 1522-keV
levels. The transition strengths for the 1099-keV
&=4-ground state 4' transition of 8.6x10 ' W.u.
for E1 and 7.6 W.u. for E2 support either parity

assignment based on the observed strengths for
other F.1 and E2 transitions in this nucleus; see
Tables II and III. Previously the 1099-keV level
had been tentatively assigned a negative parity. 4

IV. DISCUSSION AND COMPARISON WITH THEORY

Negative parity levels

The reduced transition probabilities for the 4 V

transitions involving negative parity states and

those between positive parity levels are summa-
rized in Table II and Table III, respectively. The
E1 transitions are hindered by factors of between
10' and 10' relative to the Weisskopf estimate.
Also, the E2 transitions involving the negative
parity levels are enhanced both relative to the
Weisskopf estimate and relative to E2 transitions
between the positive parity levels. These proper-
ties are consistent with the properties of other un-
like parity rotational bands found in this mass re-
gion which involve (sd) '( fp)"" configurations. ""

In 'V the Nilsson orbits'4 expected to participate
in the negative parity levels are [m202 0 —,"]and

[v212 0 2 ] for a prolate deformation (specified by
the asymptotic quantum numbers Nn, AZ and 0').
A total angular momentum along the symmetry
axis of K=1 or 4 is possible for these orbits.
The coupling rules of Gallagher and Moszkowski"
correctly predict the lowest to be K =1 and the
most probable candidate for the K = 4 state is the
observed J =4 level at 1099 keV. Low-lying —,

"
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FIG. 6. Recoil-distance y-ray spectra and lifetime decay curve for the 428-keV-ground-state transition. The pres-
entation is similar to that of Fig. 2 except that the ratio data was fitted with a sum of two exponentials [Eq. (4) in Ref. 8]
to take into account feeding from the 627-keV level. The dashed lines indicate the separate contributions from the long

and short lifetime components.
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TABLE II. Electromagnetic properties of P involving negative parity levels.

(keV)

Ta
{psec) (keV) J Jy

Branching
ratio (%)

a(E1) '
(W.u. x l.O 5)

745 25

1099 6.5+ 0.5

519 (3.92 + 0.09) x 103 so8(21o.4)
421(98.0)
308{324.2)
421(436.8)
0 (1099.3)

2+

1 -1+
2 2+

2 ~1+
4&-& 4+

66+ 5
34+ 5

3.1+0.3
4.9 + 0.4

100

Mixing
ratio

1.34+ 0.11
6.8+ 1.1

7
1.8

8.6+ 0.7

B{E2)d

(W. u, )

B(M1) '
(W.u. )

745
1056

1686

2 5
6.7 + 1.8

«4.1

«4 4

519(226.S)
519{537.2)
745 (310.8)
V45(812.2)
1O56(5O1.8)
1099(586.3)

2 -1
3 ~2
4 2
4 3

5(-) 4-

92+1
8.5+ 2

91.5+ 2
24+ 3
76+ 3

100

0.06+ 0.01
E2

—0.02 —6 —0.07
E2

O. 12+ 0.04'~
(M 1)

17
22+ 7

«25
—10
~3

0.10

0.145 + 0.045

~ 0.04
~ 0.03

From Table I.
"Reference 5.

Average from Refs. 3 and 5.
The definition of Weisskopf unit (W.u. ) follows that of Wilkinson in Nuclear Spectroscopy, edited by F. Ajzenberg-

Selove (Academic, New York, 1960), Part B, pp. 859—860; W. u. (E1)=0.851 e2fm, W. u. (E2) =10.36 e fm, and W.u.
(M1) = 1.79p, N2.

~Reference 3.
Samuelson et al . (Ref. 5) give -0.11« ~ «0.-06 for this transition.

levels which are related to [m202 0 —,'+] orbits have
also been observed in neighboring odd-even nuclei,
"V(262 keV) and "V(746 keV)." Also in "Sc the
1 state has been observed at 143 keV and a possi-
ble 4 state at 627 keV."

In the Nilsson model, the E2 matrix elements
are complicated by the dependence, for Ã =1, on
two intrinsic matrix elements (K~&&,'&g) and
(K~T&'&~ -K).'4 For an axially symmetric shape

the second intrinsic matrix element does not con-
tribute in which case, for the 3 -1- transition,
= ~(K)T,' ~K)

~

=116+20 fm'. lf a very simple rigid
body model is assumed, this value of Q, implies
ff'/28„„= 50 keV which is near to the value I '/2g
=56.7 keV obtained' from the J(J'+I) spacing of
the energy levels. This rotational-band descrip-
tion can describe the 2 —1 and 3 —2 M1 tran-
sitions using a reasonable value of g~ -g„=1.6p, ~.

TABLE III. Electromagnetic properties of V involving transitions between positive parity levels.

{keV)

308
428
613

1255
1265

1522

Ta
(psec)

(1O.2V + O.O6) x 10~

8.8+ 1.4
21.6+ 1.1

«3.7

«10
«2.8

Ey (Ey )
(keV)

o(so8, 3)
o(42v. 9)
0 (613.4)

428(185.5)
o(62v.s)

428(199.S)
0 (764.9)

308 (456.7)
61S(151.V)

62V(628)
613(651.2)
62v(6sv. s)
308 (1212.9)
421(11O1.O)

765 (756.4)

J- Jg

2+ 4+
5+-4+
4+~ 4+
4+ 5+
6+~ 4+
6+ 5+
3+ 4+
3+ ~ 2+
3+-4+

{v')-6'
5+~ 4+
5+~ 6+

2+~ 2+

2+ 1+
2+ —3+

Branching
ratio {%)

100
100

89~ 2
11+2
63+ 5
37~5
43+ 2
55+ 2

2.2 + 0.3
100

75+4
25+4
45+4
35+ 4
20+ 2

Mixing"
ratio

E2
-0.15«6 « -0.12
-0,21 «& « -0.17
-0.02 «& «+ 0.07

E2
—0,28 « ~ «+0.03
-oo5 6 ooo
—0.03 «& « -0.01

(I].)
(M 1)

-O, 26 «6 «-O. OS

(m1)
+0,14~6 «+0.28
-o.o5 6 «+ o.os
—0.02 « ~ «+ 0.13

B(E2)
(e fm)

28.5+ 0.2
120 + 45

13.7 ~ 3.5
«110
48+ 5
«510

—0.6

—0.6

B{M1)
{PN'x10 ')

8,1+1.3
0.98+ 0,06
4.5+ 0.9

2.3 + 0.4
—1.4
—8.5
—8.4
—2.3
)4 9

1 ' 6
—0.3
—0.3
—0.5

From Table I.
Reference 5.
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TABLE IV. Properties of electromagnetic matrix elements using (7(j)"(&j) wave functions
where m =n or m =-n.

Signature
change

M1
transition ~

E2
transition g factor' moInent

forbidden
-(gp-r„)
forbidden

~(g g )

(ep —e„)
(ep + e„)
(ep+e„)

-(ep -e„)

=-.'-(gp +a „)

=-:(0p+g„)

-(~p~„)

(ep+g„)

However, M1 transitions involving these core ex-
cited states in other nuclei in this region, for ex-
ample "Se,"' Sc," and 'Sc,"are hindered by a
factor of 10-100 compared to the present results
in 4'V.

from the particle-hole transformation of a tensor
of »~ &: &j "II&'lli "& = (-1)"'&i"II&'Ill "&

though the signature cannot be related to any sim-
ple quantity such as the isospin in this case, cer-
tain selection rules do exist. M1 transitions are

Positive parity levels

In the shell model the simplest configuration
which can be assumed for the positive parity states
in 4'V is (mf, /, )3(vf,I,) '. It is interesting to try
to explain the properties of this self-conjugate nu-
cleus in the middle of the 1f,I, shell with these
simple wave functions using effective operators.
The effective operators would take into account
small admixtures of other configurations including
those involving other 1f-2p orbitals. This approach
using (f,I,)" wave functions has proved rather
successful in describing both energy levels" and
electromagnetic transition strengths' for the low

lying levels in the isotones with 28 neutrons. How-
ever, at the beginning of the 1f», shell it is well
known that many properties cannot be described
with such simple wave functions. '

Wave functions of the type (mf, I,)"(vf, ») where
m =n or m = -n ean be classified according to
their transformation properties under the exchange
of protons and neutrons. ' The signature' of the
wave functions

&u- Q ~,~,l:(vf7I.) &i (f7/2) &21~,
JyJ2

where m=n or m=-n is defined by the + sign in
the expression n« ——+ (-1)~&'~2 ~n« . As a re-

1 2 2 1
suit of this symmetry property the electromagnetic
matrix elements are proportional to either the sum
or the difference of the effective proton and neu-
tron operators. These properties are summarized
in Table IV. In the case m =n the signature change
is simply the change in isospin (-1)~r and the se-
lection rules are the well known isospin selection
rules.

In the present case of interest where m = -n,
the change from particle to hole can be obtained
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FIG. 7. Comparison of calculated and experimental
positive parity levels in V. The levels have been cal-
culated assuming two effective two-body interactions:
(I) using the Pandya transformation of the 4 Sc spectrum
and (II) using the 428c spectrum. The calculated levels
are labeled by the spin and signature (see text). Below

1.9 MeV all levels are shown, above 1.9 MeV only the

yrast and J=O and 1 levels are shown. The experimen-
tal levels not shown in Fig. 1 are from Ref. 19 (dashed
lines), Ref. 7 for J=O and 1, and Ref. 25 for the high-
spin levels.
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TABLE V. Comparison of calculated»d experimental. electromagnetic matrix elements for positive parity level. s in
4 V and 4 Ti. Two effective two-body interactions are assumed; (I) using the Pandya transformation of the 8Sc spectrum
and (II) using the Sc spectrum.

Nucleus J Jf
Signature

change
.B(Z2) „„p

(e fm4)

B(E2) tel

(e2fm4) a

r(~sc) Ir("Sc)
B(M].)gyp

(u 'x10-2)

B(M1)1h

(P 2X 10-2) b

I("Sc) II("Sc)

48V

48Ti

2i 4i
1i~ 2i
5i 4i
4 4i
4 ~5i
6,-4,
3i 4i
3i 2i
3i 42
2,-'0,
22 Oi

22 2f
4i-2i
42 2i
42 4i
3i
3i 4i

6,-4,

28.5+ 0.2

120~ 45
13.7+ 3.5

«110
48+ 5
~510

«0.6

140+ 5
13.9+ 3.4

63+ ioo ~
-50

88+ 26
0.5'

16+6 d

53+ 5

95.3
115
0.79

86.6
107
47.8
67.0
1.70

57.2
14.1
52.1
5.94

48.4
64.7
2.75
0.89
8.38

27.9
72.7
46.6

92.2
103
0.75

81.9
99
49.0
56.3
1.99

60.2
12.0
51.1
6.57

44.0
63.8
3.28
0.31
8.94

26.6
69.1
47.1

8.1 + 1.3
0.98 + 0.06
4.5+ 0.9

2.3 + 0.4
—1.4
—8.5
—8.4

50+ 11

143+ 60
7.7+2.9 d

43+ 16
95+36

233
0
0.55

28.4

0.57
0
174
0.0

53.6

130
0
28.0
11.0

227
0
0.88

39.9

3.06
0
113
0.52

55.6

117
0
28.3
8,69

'Effective charges of e&+e„=2 and e& -e„=1for negative and positive signature change, respectively, have been
used. The x~ radial' matrix elements were calculated with ~ =41A. ~~ MeV.

b
gp -g„=1.29.
Average from Refs. 21-23.
Reference 24.

~Reference 8.

forbidden for no-signature-change transitions. In
addition, the B(E2) values for transitions with no
signature change are typically an order of magni-
tude less than those involved in a signature change;
only part of this reduction is due to the factor
(e~ -e„)'/(e~+e„)'= —,'. Thus in all cases the transi-
tions which do not change the signature are theo-
retically hindered and many aspects of the decay
scheme can be predicted without detailed calcula-
tions of the one-body matrix elements.

The positive parity levels have been calculated
with two sets of effective two-body interactions,
I) using the Pandya transformation of 4'Sc energy
levels and (II) using 4'Sc energy levels. " For
J=0 through 7, these two-body matrix elements
are (I) 0, 11, 1310, 1082, 2188, 1261, 2402, and
=148 keV, and (II) 0, 611, 1586, 1491, 2817, 1511,
3237, and 618 keV.

The calculated and experimental energy levels
are compared in Fig. 7. Most of the experimental
levels shown in the figure have been well estab-
lished by their y decay, but below 1.9 MeV two
additional levels which have been observed in an
'OCr(d, n)4'V experiment'9 have been included (in-
dicated by dashed lines). The experimental and

calculated levels have been shifted to a common
ground-state energy for comparison purposes.
In this way the calculated T =2, 0' ground-state
analog of "Ti is in good agreement with experi-
ment. The difference between the calculated and
the experimental binding energy of ~'V is 1.89 MeV
with interaction I("Sc) and 0.38 MeV with interac-
tion II("Sc), using the "Ti-"ScCoulomb energy
shift of 10.85 MeV.

The first six levels are easily accounted for by
the calculation; however, the correct ground-state
spin is predicted only by the I(4'Sc) interaction.
Beyond the first six levels the correspondence be-
tween experiment and theory is more ambiguous.
In some cases, an association between experiment
and theory has been made on the basis of the ob-
served decay modes. For example the 1265-keV
J= 5 level which is observed to decay to the 613-
keV J=4 and 627-keV J=6 levels but not to the
428-keV J= 5 level is consistent with the predicted
decay mode of the calculated third J=5 level. The
calculated second J=3, . 5, and 6 levels may cor-
respond to three experimental levels in this re-
gion whose spins have not been assigned. The pre-
dicted decay modes are 3, 4„5, 4„and 6, 5, .
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As has been discussed previously, ' the calculation
does not predict the correct ordering of the pairs
of J=1 levels above 1.9 MeV.

It is interesting to compare the yrast levels
J=4-15 for which the predicted energy spread
M = E(Z =15) -E (X=4) is quite different for the
two effective interactions. They are ~E =6.54
and 9.49 MeV for interactions I(4'Sc) and II(4'Sc),
respectively. For these high spin states, except
J=8 and 10, the results using the 'Sc interaction
are in much better agreement with experiment.
The experimental results for J& 8 should be con-
firmed. Also, for other nuclei near "Sc such as
4'Ti and 'Ti, the experimental yrast levels are
predicted much better by the "Sc rather than the
'Sc interaction. In 'V the decay of the high-spin

states is predicted to form two distinct bands
15-13-11-9 7 and 14 12-10- 8-6 where
crossover transitions of the type 15-14 are al-
lowed but those of the type 14-13 are very hin-
dered.

A quantitative comparison of the experimental
and calculated electromagnetic matrix elements
for the first seven positive parity levels in 4'V is
given in Table V. The comparison is also made
for transitions in the self-conjugate nucleus 'Ti,
(vf», )2(vf», ) ', in which the calculated matrix
elements are governed in the same way by the
signature change. The matrix elements which are
calculated to be relatively strong are rather in-
sensitive to the assumed effective two-body inter-
actions, whereas those that are relatively weak
are more sensitive to the interaction and are also
probably more sensitive to small admixtures of
configurations outside the (f,&,)" model space.

For E2 transitions, effective charges of e~+e„=2
and e~ -e„=1have been used for the calculated
matrix elements. The comparisons for the high-
spin 6-4 transitions in both "V and "Ti are very
good. However, other E2 transitions cannot be
satisfactorily explained by this simple (f,~, )
model. Particularly interesting is the experimen-
tal hindrance of about a factor of 4 for the "V
2, -4, and 42 4y transitions, which suggests that
other configurations are important for these 2,
and 4, states. The experimental g factors' of 0.41
for the 4, level and 0.188 for the 2, level compared
to the calculated value of g =0.554 for both levels
also indicate a difference in the structure of the
2, level.

It may be possible to describe the 4 V positive

parity levels in the deformed Nilsson scheme. '
In this case the coupling rules of Gallagher and
Moszkowski" correctly predict the ground state
K =4 from the prolate configuration [~321 0 —,

'
]

plus [v3120 —,
' ]. The excited J'=2, state can be

formed in several ways'; in one way, [v330 t —,
'

]
plus [v321 0 —,

'
], the 2, 4, E2 transition is for-

bidden since the 2, and 4, states differ by a change
of two particles. Detailed calculations of this type
have not been carried out. In this scheme, band
mixing' would be important since the positive
parity level structure does not indicate any clear
J (J+1) energy dependence.

The M1 matrix elements have been calculated
using an effective operator g~ -g„=1.29 which is
reduced from the Schmidt value g~ -g„=2.20. This
value gives good agreement with six experimental
transitions in "V and "Ti. In "V, the calculated
matrix elements using interaction II("Sc)are in

better agreement with experiment than those using
interaction I(4'Sc). However, also in ' V several
calculated M1 transitions are in very poor agree-
ment with the experiment. The only measured
transition which is predicted to be strong, 4,- 5»
is hindered by about a factor of 10 from the cal-
culated values. Also, one of the stronger ob-
served M1 transitions, 5,-4„ is predicted to be
forbidden.

In conclusion, some properties of "V and other
neighboring nuclei can be quite well explained
within an (f,&,)" model space, particularly regard-
ing the yrast levels. In this respect the results
obtained with an effective two-body interaction
based on the 4'Sc spectrum is in better agreement
than the results based on the "Sc spectrum. How-

ever, this model space is too limited to account
for many of the observed properties especially
for levels outside the yrast bands. Due to the
abundance of experimental data in this mass re-
gion, enlarged shell-model calculations including
other If 2p configu-rations would be interesting
although not necessarily more illuminating because
of the complexity of the spherical wave functions
in this mass region.
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