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Spectroscopy of cross-conjugate nuclei46Ti –50Cr and 47V–49Cr
near the f 7/2-shell band termination
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High-spin states in the cross-conjugate pairs of nuclei46Ti–50Cr and47V–49Cr have been investigated using
the reaction28Si1natSi at a laboratory energy of 125 MeV. Coincidence spectra, in some cases gated by
charged particle detection, allow the yrast level schemes of all four nuclei to be extended, up to thef 7/2-shell
band termination at 141 and 31

2
2 in 46Ti and 49Cr, and beyond to 171 and 35

2
2 in 50Cr and 47V. Opposite-

parity bands in46Ti and 47V were observed up to 112 and 31
2

1, respectively. Lifetimes derived fromDSAM

measurements provideB(E2) andB(M1) values for transitions among the higher levels of each of the nuclei.
These are compared with earlier measurements and withf 7/2- and f p-shell model calculations. No model
calculations have been published for the opposite-parity bands, but their level spacing and reduced transition
rates support a spectator nature of thesd hole.
@S0556-2813~98!04008-4#

PACS number~s!: 21.10.Tg, 23.20.Lv, 25.70.Gh, 27.40.1z
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I. INTRODUCTION

Nuclei from 40Ca to 56Ni, in the shell model character
ized by occupancy of thef 7/2 shell, display many propertie
which are well reproduced by such a simple model@1,2#.
Spins and moments of most low-lying states are well rep
sented, and the spectra of excitations display many of
features of the model, including, for example, band termi
tion in nuclei near Ca and Ni, and cross-conjugate symme
a special feature of a major shell consisting of a single s
shell. However, some features demand an enlarging of
shell model basis. The presence of bands of levels of op
site parity, particularly in the lighter nuclei near Ca, requir
consideration of one-particle–one-hole (1p21h) excitations
from thesd shell. At the other extreme, in the singly-close
shell nuclei 52Cr and 53Mn, for instance, levels of the sam
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parity but with spins exceeding the maximum allowed byf 7/2

nucleons alone have long been known, and excitations to
p3/2f 5/2p1/2 shell are required. Such excitations have a
been invoked to account, through configuration mixing,
subtleties of the lower-level structures of other nuclei in t
region@3#. Cross-conjugate symmetry, with its simultaneo
neutron-proton and particle-hole exchange, leaves the Ha
tonian for a single (nl j )k model unchanged; so the leve
spectra of such pairs of nuclei are identical in this model a
the corresponding components of their wave functions b
simple phase relations@2#. Accordingly, corresponding re
ducedM1 transition rates are identical. The relationship
E2 rates is more complicated, though strong resemblan
remain, as the solid lines of Figs. 6~a! and 7, 8~a!, and 9,
below, show. In the nuclei considered here, the cro
conjugate pairs46Ti–50Cr and 47V–49Cr, the level spectra
and transition rates bear general resemblances, but diffe
many details.

Finally, there is clear evidence for what is generally tak
to be rotational behavior, both in the opposite-parity ban
mentioned above and near midshell, in the nuclei47V,
47– 49Cr, and 49Mn. Here, the lowest several states follow
J(J11) energy dependence, andB(E2) values are roughly
twice those predicted by thef 7/2-shell model.

The results of earlier experimental studies of the midsh
nuclei are accumulated in Refs.@4–8#. Most of the experi-
ments were carried out almost 20 years ago, using relativ
light projectiles on targets near40Ca and small detector ar
rays. These have the disadvantage of lower angular mom
tum, with resulting low intensity at the highest spins, a
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FIG. 1. Levels of46Ti from the present experiment.
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small Doppler shifts for lifetime analysis. Their advanta
for the latter use lies in the larger fraction of direct partic
decay feeding to the levels. Experiments at McMaster@9#,
Daresbury@10–15#, Chalk River @16,17#, Legnaro@18,19#,
and Copenhagen@20#, using large arrays of Compton
suppressed HPGe detectors, have investigated further
questions of band termination and midshell collectivity.
Ref. @9# the band-terminating level at23

2
2 in 51Cr was iden-

tified and a few higher transitions were found. In the Dar
bury experiments, the rotational structures first observe
the

-
at

low spin in 48,49Cr @21# were seen to continue to higher sp
in the five midshell nuclei48Cr and 48Cr61 nucleon. A
backbend was found in48Cr nearJ510 and attributed to an
f 7/2 rotation-induced alignment. AtJp. 19

2
2, the mirror pairs

of odd-A neighbors of48Cr show a step in Coulomb energ
differences, attributable to a similar alignment in the fou
nucleon group. Pakouet al. @13# measured lifetimes in49Cr
up to the 8-MeV level, and found that theg factor of the19

2
2

state is consistent with a collective interpretation. In50Cr,
the g factors of the lowest four states remain nearZ/A, as a
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collective description would predict, whereas thef 7/2-shell
model creates wide variations@15#. 50Cr also presents an
interesting anomaly in that the strongE2 transitions linking
the yrast states are interrupted at the 121→101 transition.
The sudden disappearance ofE2 strength at this point indi-
cates a shape change and requires the inclusion of uppep f
configurations@22#. Recent advances in shell model techn
ogy have allowed calculations in the fullf p model space
@23–25#. In particular, these have shown that the ‘‘colle
tive’’ properties of rotorlike energies, backbending, and la
B(E2) values can be reproduced. At the same time, th
calculations appear to leave intact some of the proper
associated withf 7/2-band termination, in particular, the re
duction ofE2 rates to a few Weisskopf units~W.u.!.

High-spin studies of light nuclei are limited by the ang
lar momentum that can be given to the compound nucleu
heavy-ion collisions. For example,28Si128Si at a center-of-
mass energy of 60 MeV has a limiting angular momentum
about 40\ for peripheral collisions. At this energy (Ex570
MeV in 56Ni) three or four nucleons or alpha particles a
ejected, carrying up to 4\ per nucleon or 10\ per alpha and
leaving the residue with under 20\ in most cases. It is there
fore not surprising that most studies off -shell nuclei have
been limited to spins not much higher than 10\.

Two further factors make it difficult to pursue the spe
troscopy to higher spins. The low mass of the nuclei impl
high recoil velocities from heavy-ion reactions (v/c;5%).
Together with the high energy of gamma rays (;2 MeV at
J.12) this gives rise to large Doppler broadening. The l
Coulomb barrier in light systems implies that charged p
ticle exit channels are little hindered; so in a typical react
ten or more channels are found in significant strength. Th
is therefore considerable channel cross talk in the spec
copy.

In spite of these difficulties, it has been possible, using
28Si128Si reaction, with both self-supporting and backed t
gets, to advance considerably the spectroscopy of many
clei from 44Ti to 53Mn. New transitions and levels have bee
found, and for many levels spin assignments and lifetim
have been determined. A first result from this experime
the levels and lifetimes in48Cr up to Jp5161, has been
published @17#. Here we present results for two cros
conjugate pairs of nuclei,46Ti–50Cr and 47V–49Cr.

II. EXPERIMENT

The experiments were made at Atomic Energy of Ca
da’s former Chalk River Laboratory TASCC, using the 8p
gamma spectrometer. A self-supporting natural Si tar
~92% 28Si, 5% 29Si, 3% 30Si), consisting of two separate
500 mg/cm2 layers, was used to establish the level schem
In addition to coincidences in the 20-element Ge array
least two further gamma-ray events were required of
BGO array and charged particles were detected in the
element CsI detector. The nuclei46Ti, 50Cr, 47V, and 49Cr
are produced in the 2a2p, a2p, 2ap, anda2pn exit chan-
nels following 28Si1 28Si fusion at a laboratory energy o
125 MeV. Although in the present case the reaction chan
were strong and channel selection was not needed to enh
their presence against background, the improvement in r
lution coming from kinematic reconstruction of each d
-

e
se
es

in

f

s

-
n
re
s-

e
-
u-

s
t,

-

et

s.
t
e
4-

ls
nce
o-

-

tected event was helpful@17#. For lifetime measurements,
target of 800mg/cm2 of Si deposited on a gold backing wa
used, without charged particle detection. Full gamma-gam
matrices were constructed for coincidence spectroscopy,
angle-selected matrices for angular correlation and lifeti
analysis.

Energy calibration was made using sources of152Eu,
60Co, and88Y. In the range covered by these, energy me
surements are precise to about 1 keV, but are somew
poorer beyond 2 MeV, partly as a result of the necess

FIG. 2. Levels of50Cr from the present experiment.
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FIG. 3. Levels of47V from the present experiment. The transitions connecting the two bands are not shown. They are given in@5#
and included in Table II.
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extrapolation of the calibration, but to a large extent due
the kinematic broadening of the reaction lines. With the s
supporting target, after reconstruction using the charged
ticle detection, the line width at high energy was about 0.
full width at half maximum~FWHM!. From the backed tar
get data, lines showing an appreciable stopped compo
were also used in the energy determinations.

Spin determinations rely ong-ray angular distributions
The four 5-detector rings of the 8p spectrometer are at pola
o
f-
r-

nt

angles of 37° and 79°, and the supplementary angles 1
and 143°; so only a single number is available from angu
distribution~AD! measurements. Whether in singles or co
cidence with ag1 detected at all angles, the angular anis
ropy

A5W@g2~37!#/W@g2~79!#
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FIG. 4. Levels of49Cr from the present experiment.
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is ;0.8 for J11→
D

J and;1.5 for J12→
Q

J and forJ→
D

J.

The arrows→
D

and→
Q

represent pure dipole and quadrupo
transitions. Directional correlations of oriented nuc
~DCO!, with both g1 and g2 in single rings of the array
allow inference of spin sequences in gamma-gamma coi
dences. The DCO ratio, defined as

R5W@g1~37!g2~79!#/W@g1~79!g2~37!#,
i

i-

has values for stretched dipole and quadrupoleg2 transitions
of ;1 and;1.5 for a dipoleg1 and ;0.5 and;1 for a
quadrupoleg1. It suffers the same discrete ambiguity, b

tweenJ12→
Q

J andJ→
D

J, found in the angular anisotropy o
intensity. Selection between the two inferences depends
the observation~or lack thereof! of the crossover transition
or on a measurement of the transition rate.

The decay rates of levels strongly populated in the Si1Si
reaction were found from analysis of the Doppler-shift
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gamma rays from the nuclei recoiling in the gold-back
target. In order to extractF(t) values, gamma energy cen
troids were measured at all four angles and fitted to the fo

Eg~u!5Eg~90!S 11F~t!
v
c

cos~u! D .

FIG. 5. Part of the backed target spectra at 37°~top! and 143°
~bottom! for 46Ti, summed from spectra gated by the 889-, 112
and 1298-keVg rays, with the computed fits for the yrast line
These are labeled in the upper part. The labels in the lower par
for the decays of the yrast 61 and some of the negative-parit
states.
m

Here,v is the initial recoil velocity andF(t) is the ratio of
the velocity-averaged Doppler shift to the full shift. In mo
cases it was also possible to fit the 37° and 143° line sha
using aDSAM code designed for multilevel, nonrotationa
level systems@26#. Uncertainties which enter such compa
sons have several sources. The recoil dynamics mus
modeled, using stopping-power data. In the present ana
the electronic stopping-power tables of Northcliffe a
Schilling @27# were used, together with Blaugrund’s analy
cal correction for nuclear stopping@28#. A comparison was
made with stopping powers calculated from the Monte Ca
codeTRIM @29#, but little difference was found. In analyzin
DSAM spectra for such light recoil ions, account must
taken of the large kinematic broadening effects. These a
from the reaction kinematics itself, whereby the recoil io
occupy a cone of significant opening angle and from
large-angle scattering of the ions as they slow down in
backing of much heavier atoms. Such effects are exacerb
in modern arrays where the detectors are not on the b
axis. In the present analysis, both these effects were si
lated using a semiempirical velocity-dependent lin
broadening function. Where this function is symmetric,
does not affect the computed value of the attenuation fa
F(t), but it does affect higher moments of the computed l
shape.

The most important uncertainties in some decay ra
arise from the level scheme itself. Because the levels fo
part of a cascade, the time evolution of the population of a
level depends on the lifetimes of the level in question and
all those through which it is fed, including unobserved on
It is customary, in addressing this problem in heavier ro
tional nuclei, to assume that top- and side-feeding levels
continuous extensions of the known bands, and that t
decay rates may be extrapolated from the measured one
the present analysis, this assumption is questionable, g

,

re
TABLE I. Transitions in 46Ti.

Level t Jf
p Eg BR T(E2) T(M1) T(E1)

~MeV! F(t) ~ps! Ji
p ~MeV! I g AD DCO ~%! ~W.u.! ~W.u.! ~mW.u.!

4.897 0.10~3!* 1.33~33! 81 61 1.598 100 1.53~3! 0.94~3! 100 6.3~16!

6.201 0.68~4! ,0.28 81 61 2.902 5.7 60 .0.86

81 1.304 3.7 40 .0.02

6.242 0.07~1!* 2.5~6! 101 81 1.345 75 1.50~2! 0.95~5! 100 7.5~19!

7.942 0.46~3!* ,0.1 111 101 1.700 17 0.69~2! 0.65~4! 100 .0.13

8.217 0.20~2!* 0.83~8! 121 101 1.975 21 1.33~4! 0.8~1! 70 2.3~2!

111 0.275 9.4 30 0.56~6!

8.279 0.74~7! ,0.24 10,121 101 2.037 1.8 0.97~5! 100 .9.5 .0.015

10.040 0.38~6!* ,0.9 141 121 1.823 11 1.44~3! 1.0~1! 100 .4.4

6.150 0.15~2!* 0.43~4! 82 62 1.734 1.8 14 1.7~2! a

62 1.488 11 1.35~6! 1.5~2! D 86 22~2!

6.829 0.27~4!* 0.76~15! 92 81 1.933 1.8 14 0.019~4!

72 1.632 11 1.4~2! 86 8~2!

7.961 0.55~1!* ,0.44 102 82 1.811 11 1.43~6! 1.2~2! D 100 .9.7

8.716 0.48~5! ,0.42 112 92 1.887 5.5 0.9~2! 100 .5.8

aFinal state 4.416 MeV@3,10#.
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TABLE II. Transitions in 50Cr.

Level t Eg BR T(E2) T(M1)
~MeV! F(t) ~ps! Jf

p ~MeV! I g AD DCO ~%! ~W.u.! ~W.u.!

6.755 0.26~5! 0.16(210
113) 101 81 2.010 3.8 1.08~18! 40 6(23

19)
101 0.414 5.8 60 221

12

6.951 0.18~2!* 0.83~14! 111 101 0.610 100 0.73~1! 0.56~2! 92 0.16~2!

101 0.196 8.8 8 0.40~7!

7.613 0.50~1!* 0.24~3! 121 101 1.272 ,2 ,2 ,2
101 0.858 ,2 ,2 ,15
111 0.662 95 0.79~1! 0.53~2! 100 0.46~6!

9.643 0.90~3!* 0.07~3! 131 111 2.692 4.0 1.79~6! 12 0.9(23
16)

121 2.030 31 1.22~3! 0.44~6! 88 0.051(215
130)

9.917 0.58~2!* 0.37~4! 141 121 2.304 23 1.75~5! 1.25~10! 76 2.3~3!

131 0.274 7.3 0.7~2! 24 1.0~2!

10.800 0.38~2! ,0.9 131 121 3.187 11 1.11~5! 0.55~5! 100 .0.001
11.019 0.84~1! 0.086~14! 131 121 3.406 7.4 0.76~4! 100 0.009~2!

13.226 0.93~1! 0.031(26
110) 151 131 3.583 4.1 1.74~12! 33 1.3~3!

141 3.309 3.1 25 0.007~2!

131 2.207 5.2 1.2~2! 42 19~5!

13.496 141 131 3.853 1.1 100
13.927 0.90~1! ,0.11 151 141 4.010 3.2 0.97~7! 1.2~4! 100 .0.005
15.819 0.94~2!* ,0.07 171 151 2.593 9.2 1.4~2! 1.0~1! 100 .9
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the underlying independent-particle structure. As a reas
able alternative, these unobserved transitions were assu
to be rapid (t,10 fs!. The rationale is that the failure t
observe the feeding transitions implies that they are di
particle or high-energy (.4 MeV! gamma decays. In addi
tion, decay rate uncertainties contain a contribution fr
those of the measured intensities, since these affect the
tailed level histories. In most cases, therefore, precision
ter than 10% is unlikely near the top of the level scheme. T
highest observed level of a sequence presents a parti
case, in that its measured mean time to decay includes t
of the preceding unobserved states. Accordingly, the de
rates attributed to such levels are shown only as lower lim

Because of the accumulation of uncertainties in the
scent through the level scheme, lower-level decay rates
mostly of lower precision, in spite of their greater intensi
An ironical consequence of this is that, in some cases, he
ion measurements of lifetimes may not extend as low in
level scheme as the upper limits from earlier measurem
with light projectiles.

III. RESULTS

Approximately 153106 events were accumulated in ea
of the experiments, sufficient to allow new levels to
found, spins to be determined, and in many cases lifetime
be measured. Level schemes found for the four nucli
46Ti, 50Cr, 47V, and 49Cr are shown in Figs. 1–4, respe
tively. Figure 5 is an example of the backed target coin
dence spectra obtained, in this instance for46Ti. It contains
spectra summed over the 37° and 143° detector ring
coincidence with any of the lowest three transitions in
positive-parity band. The energies ofg transitions above
these are marked on the upper spectra, while one of the
ing transitions~1289 keV! and five lines originating in the
n-
ed

ct

e-
t-
e
lar
se

ay
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-
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.
y-
e
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to
s
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negative-parity band are marked below. Computed l
shapes for the positive-parity band are shown for both sp
tra. Tables I–IV contain the details of relativeg-ray intensi-
ties, angular anisotropies, and DCO ratios, and deri
branching ratios~BR’s! and lifetime values, with their in-
ferred partial decay rates. Unobserved but possible dip
and quadrupole transitions are included with estimates
their upper limits of intensity. The asterisks in theF(t) col-
umns indicate that a full line shape analysis was made.
DCO ratios were most commonly based on gates known

be J12→
Q

J in character. The few exceptions of gatesJ11

→
D

J are marked ‘‘D.’’ The ratios of transition rates to Weis
skopf single-particle estimates allow comparison with ge
eral trends@30#. In Figs. 6–9 experiment and shell mod
theory @2,22–25# are directly compared for the yrast trans
tions.

A. 46Ti

The level scheme proposed in Refs.@4# and @11# was re-
examined. What had previously been taken to be a sec
121 level, at 10040 keV, on the basis of the angular dis
bution of its 1823-keV decay to the 121 8217-keV level and
of a 2100-keV transition, apparently to the 7942-keV 11

level, is more likely to be the band-terminating 141 state.
The angular anisotropy and DCO measurements do not
agree with the 121 interpretation, but also allow a 141 as-
signment. The placement of the 2100-keV gamma ray
therefore crucial. In the coincidence spectra taken with
backed target, the 1823-keV peak@F(t)50.38(6)# has a
distinct stopped component, whereas the 2100-keV
@F(t).0.96# does not; so the latter cannot be a seco
branch from the 10042-keV level.
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TABLE III. Transitions in 47V.

Level t Eg BR T(E2) T(M1) T(E1)

~MeV! F(t) ~ps! Ji
p Jf

p ~MeV! I g AD DCO ~%! ~W.u.! ~W.u.! ~mW.u.!

2.615 ,0.03 .2.5 15
2

2 11
2

2 1.320 100 1.39~1! 1.13~5! 98 ,9
13
2

2 0.056 1.9 2 ,3

4.134 0.16~1!* 0.70~10! 19
2

2 15
2

2 1.519 80 100 14~2!

5.501 0.39~4! 0.07~4! 21
2

2 19
2

2 1.367 2.0 100 0.27~16!

5.904 0.30~1!* 0.50~7! 23
2

2 19
2

2 1.770 59 1.49~1! 1.16~4! 100 10~2!
21
2

2 0.403 ,3 ,5 ,0.06

7.401 0.46~3! 0.34~5! 25
2

2 21
2

2 1.900 2.1 10 1.0~2!
23
2

2 1.497 18 0.90~4! 90 0.025~4!

7.885 0.53~1!* 0.14~3! 27
2

2 23
2

2 1.981 10 1.0~1! 55 12~3!
25
2

2 0.484 8.2 0.81~1! 0.58~5! 45 1.0~3!

10.006 0.51~1!* 0.34~4! 31
2

2 27
2

2 2.121 10 1.40~2! 1.2~1! 100 5.4~6!

10.770 0.82~1! ,0.14 29
2

2 27
2

2 2.885 4.1 1.08~4! 67 .0.0065
31
2

2 0.764 2.0 1.09~4! 33 .0.17

14.038 0.85~2! ,0.12 35
2

2 31
2

2 4.032 3.9 1.57~13! 100 .0.6

2.416 0.07~1!* 1.4~6! 11
2

1 7
2

1 1.277 17 1.76~3! 86 14~6!
9
2

1 0.668 2.0 0.58~6! 11 0.008~4!
9
2

2 1.144 0.5 3 0.011~6!

3.272 ,0.1 .3 13
2

1 9
2

1 1.524 8.1 80 ,2.5
11
2

1 0.856 1.5 15 ,0.003
11
2

2 1.977 0.5 5 ,0.002

3.955 0.25~3!* 0.54~9! 15
2

1 11
2

1 1.539 11 1.8~1! 92 24~5!
13
2

1 0.683 1.0 8 0.024~6!

5.001 17
2

1 13
2

1 1.729 4.5 100

5.730 0.44~3!* 0.33~6! 19
2

1 15
2

1 1.775 5.9 1.50~5! 100 13(24
12)

17
2

1 0.729 ,0.6 ,10 ,0.025

6.870 21
2

1 17
2

1 1.869 1.2 1.54~6! 100

7.726 0.68~3! ,0.1 23
2

1 19
2

1 1.996 1.8 100 .25

9.609 0.69~9!* 0.12~5! 27
2

1 23
2

1 1.883 2.2 1.9~2! D 100 30~12!

11.945 0.76~4!* ,0.17 31
2

1 27
2

1 2.336 1.7 1.56~4! 2.6~5! D 100 .8
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Neither angular distribution nor lifetime measureme
were possible for the weak side-feeding transitions ear
identified@11# nor for three new ones found feeding the 121

state. If these have increasing spin, then further levels w
spins greater than 13 are implied at 12984 and 13179 k
respectively. These are accommodated up to spin 16
single excitations to the upperp f shell. The negative-parity
band, which would not be expected to terminate until ab
182, was seen only to 112, this latter spin being confirmed
by the DCO measurements.

Most of the 46Ti levels and lifetimes observed in th
present experiment have been found previously@4,31#. For
the most part, the agreement is satisfactory, the two ma
exceptions being for the 81 and 101 levels. The 101 level
obtains almost half its population through side feedin
which is assumed to be rapid in the present analysis, for
reasons given above. The discrepancy can be removed
this level, with only a small reduction in the goodness of
by assuming a mean lifetime of the side feed to this leve
about 1.5 ps, consistent with the assumption made
s
er

ith
V,
by

ut

ed

,
he
for

t,
of
by

Rammo et al. @4,31#. The result for the 81 level is not
changed significantly by this, and remains lower than t
obtained previously by the same group. The princi
changes are the reassignment of the spin of the 10040
level and the consequent interpretation of its decay rate.
assignment ofJp5112 to the 8716-keV level confirms thi
inference in Ref.@11#. The decay rates of this state and of t
102 state are new.

B. 50Cr

Previous heavy-ion experiments@8# established the yras
sequence up to the 121 7613-keV state. The band
terminating states 131 and 141 were found by Rodriguez a
9643 and 9917 keV@16#. Higher transitions were also seen
his 40Ca(12C,2p) and 40Ca(16O,a2p) reactions. The highe
angular momentum available in the Si1Si reaction increased
the intensity of feeding through these levels so that AD a
DCO measurements could be made. Consequently, spin
to 161 were established. A search for the weak 1272-k
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TABLE IV. Transitions in 49Cr.

Level t Eg BR T(E2) T(M1) T(E1)

~MeV! F(t) ~ps! Ji
p Jf

p ~MeV! I g AD DCO ~%! ~W.u.! ~W.u.! ~mW.u.!

4.219 0.42~5!* 0.22~3! 17
2

2 13
2

2 1.719 4.1 1.13~10! 27 6.6~10!
15
2

2 1.028 11 0.87~3! 0.8~2! D 73 0.10~2!

4.368 0.04~1!* 2.5~6! 19
2

2 15
2

2 1.177 100 1.38~1! 1.04~7! 96 14~3!
17
2

2 0.148 4.2 0.91~1! 0.55~6! 4 0.16~4!

5.964 0.24~1!* 0.65~7! 23
2

2 19
2

2 1.596 90 1.49~2! 1.3~1! 100 13~2!

6.135 ,0.04 .9 21
2

2 17
2

2 1.916 2.7 67 ,0.2
19
2

2 1.767 1.4 33 ,0.0002
23
2

2 0.171 ,0.4 ,10 ,0.07

8.008 0.57~1!* 0.27~3! 27
2

2 23
2

2 2.044 56 1.50~2! 1.2~1! 100 8.5~9!

8.334 0.53~1! ,0.43 25
2

(2) 23
2

2 2.370 ,10 ,20
21
2

2 2.199 ,8 ,15
27
2

2 0.326 3.2 0.97~4! 0.6~1! 100 .1.6 .40

10.221 0.94~2!* 0.045~15! 29
2

(2) 27
2

2 2.213 13 0.70~2! 100 0.07~3! 19~6!
25
2

(2) 1.890 ,1 ,10 ,8

10.701 0.91~4!* ,0.12 31
2

2 27
2

2 2.693 9.2 1.38~5! 88 .4
29
2

(2) 0.477 1.3 0.96~6! 12 .0.3 .6

3.529 ,0.06 .4 11
2

11
2

2 1.966 7.9 0.88~4! 100 ,0.001 ,0.025

3.893 ,0.04 .4 13
2

11
2

2 2.330 13 0.82~3! 80 ,0.0005 ,0.012
15
2

2 0.702 1.3 0.89~6! 8 ,0.002 ,0.05
11
2 0.364 1.9 12 ,0.02 ,0.5

4.468 ,0.04 .4 15
2

13
2 0.575 8.9 0.60~2! 100 ,0.05 ,1

5.303 ,0.02 .4 17
2

13
2 1.410 1.2 1.3~3! 45 ,1.5

15
2 0.835 1.5 0.54~3! 55 ,0.008 ,0.2

6.344 0.52~2! ,0.44 19
2

15
2 1.876 7.8 100 .7
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ctra,
121→101 transition leads to an upper limit on its intensi
amounting to 2% of the 662-keV dipole cascade decay.

The highest state observed, at 15819 keV, has been
signed spin 171 since it reaches the 151 level by a stretched
quadrupole transition. All of the transitions above the 11

9917-keV state are quite rapid. This is not surprising, si
their energies are high. The 3187-keV dipole transition fr
the 10.8-MeV level presents an interesting exception, in
it appears to be quite slow. The lifetime limit assigned to t
state in Table II may be that of an unobserved parent.

A recent spectroscopic study at Legnaro using the24Mg
128Si reaction with a self-supporting target reports all
these levels and several more@19#. Most of the present spin
determinations are in agreement with that work. Excepti
are the 13496-keV level, not reported from Legnaro, and
spin of the 15819-keV level, reported there as 161. Also in
the Legnaro findings are a low-energy quadrupole preced
the 3187-keV dipole mentioned above and a 3% crosso
transition from 121 to 101.

C. 47V

Several new transitions feeding high-lying levels in47V
were found. One of these, atEg54032 keV, feeds thef 7/2
band-terminating31

2
2 state. Its angular anisotropy sugges

that it is a stretched quadrupole transition. No 3270-k
as-

e
m
at
is

f

ns
e

ng
er

s
V

transition leading to the29
2

2 state, expected for the altern
tive interpretation as a second31

2 , was found. The21
2

2 level,
previously missing, has been located at 5501 keV. Beca
the transition connecting it to the23

2
2 state has not bee

found, and the intensities of the 1367- and 1899-keV lin
are about equal, their assigned order depends on their rel
F(t) values. Previous measurements of lifetimes extend o
to the 11

2
2 state, whereas the presentDSAM results extend

from 15
2

2 to 35
2

2. No lifetime measurement exists for th
13
2

2 state at 2558 keV.
The present measurements extend the positive-parity b

to 31
2

1, with lifetimes from 11
2

1 to 31
2

1.

D. 49Cr

The present measurements extend and revise the
band, and lifetimes have been obtained up to the 10.7-M
f 7/2-band-terminating state. Pakouet al. @13# reported similar
measurements for yrast states up to 8 MeV. The presen
sults are generally in agreement with these, with the exc
tion of the lifetime of the 5.9-MeV level. The level at 596
keV was previously assigned as a second19

2
2 state, based on

the angular distribution of its 1596-keV decay to the yr
19
2

2 state, together with the observation of a weak 1745-k
transition, presumed to be leading to the17

2
2 level @11#. This

gamma ray was not seen in the present coincidence spe
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nor was a transition between the 8008- and 4368-keV lev
It therefore seems more probable that the 5964-keV leve
in fact the yrast23

2
2 state, and that the 8008-, 10221-, a

10701-keV levels should be reassigned as27
2

2, 29
2

2, and
31
2

2, respectively. A new 326-keV stretched dipole transiti
was found feeding the 8008-keV level. Its parent, at 83
keV, is tentatively assigned as the yrast25

2
2 state. The ex-

pected quadrupole transitions connecting it to the29
2

2 and

FIG. 6. Reduced rates B(E2)J→J22(e2 fm4) and
B(M1)J→J21(mn

2) for yrast transitions in46Ti: ~a! positive-parity
band,~b! negative-parity band. Solid circles: present results. O
circles: Ref.@4#. Solid line: f 7/2

k -shell model@2#.
ls.
is

4

21
2

2 levels were not observed; so the parity is uncerta
However, the decay rate favors negative parity since alte
tively an E1 rate would exceed other values found in t
region@30#. It is interesting that thef 7/2 and f p models pre-
dict theseE2 transitions to be slow and theM1 decay to be
fast ~Fig. 8!.

In Ref. @11#, a weakly populated side structure was r
ported. The coincidences found here support this but pl
several of the gamma transitions differently. The parity
this group of levels, which form a rotorlike band from11

2 to
19
2 , is also uncertain. Within the group, the quadrupole tra
sitions indicate the same parity for the13

2 - 17
2 and 15

2 - 19
2 pairs,

but the dipole transition rates are not decisive betweenM1
and E1. The interband dipole transitions, whether regard
asM1 or E1 in character, are greatly retarded, as in the c
of 48Cr @6,17#. Such retardation is not unprecedented in t
region@30#. The energy scale of the band is represented b
moment of inertia parameter\2/2I 527 keV, half that asso-
ciated with the lower levels of the yrast band. On the oth
hand, the reducedE2 rates are comparable to those in t
yrast band. Levels closely corresponding to these are to
found among the yrare levels of thef 7/2- and f p-shell models
@2,25#.

IV. DISCUSSION

The level schemes and decay rates in each of the nu
studied here have many similar features. Although there
considerable variation in detail, it is apparent that for a
including the sd-hole bands in46Ti and 47V, there is a
smooth decrease of the moment of inertia parameter\2/2J(1)

from 70 keV atJ.4 to 40 keV atJ.12, rising again to 50
keV at J.16, the f 7/2-band termination.~The rigid sphere

n

FIG. 7. Reduced rates for yrast transitions in50Cr. Open circles:
Ref. @8#. Dashed line: f p shell model @22#. Dash-dotted line:
f p-shell model@24# @odd-JB(E2)’s are not given forJ.11]. See
the text for the distinction between these. Other details as in Fig
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value of\2/2J(1) is 42 keV atA548.)
A comparison of the reduced transition rates for the pa

46Ti–50Cr @Figs. 5~a! and 6# and 47V–49Cr @Figs. 7~a! and 8#
shows a remarkable adherence to cross-conjugate symm
especially at spins approaching the maximum allowed for
f 7/2 shell. In the even nuclei~Figs. 1 and 2!, the symmetry is
also reflected in the level energies, while for the odd p
~Figs. 3 and 4!, this is less evident. In each nucleus, t
B(E2) values at moderate spins are somewhat larger

FIG. 8. Reduced rates for yrast transitions in47V. ~a! Negative-
parity band,~b! positive-parity band. Open circles: Ref.@5#. Dash-
dotted line:f p-shell model@25#. Other details as in Figs. 5 and 6
s

try,
e

ir

an

those predicted by anf 7/2
k model ~solid line @2#!, but fall to

these values near the maximum spin allowed in that confi
ration space, namely,

Jmax5
1

2
@np~82np!1nn~82nn!#.

For single ~neutron! particle-hole excitations to thef 5/2p
shell, Jmax increases bynn22 ~2 for 46Ti and 47V, 3 for
49Cr, and 4 for50Cr). In the case of48Cr, discussed in Ref
@17#, the admixture ofp3/2f 5/2p1/2 configurations was neces
sary to obtain the rotorlike energies and sufficientE2 en-
hancement at low spin@23#, but some features suggestin
relative f 7/2 purity, such as lowB(E2) values, remain as the
spin nears the maximum allowed by this shell alone. This
not surprising, since the lower angular momentum of
upper f p levels allows few contributions to the wave fun
tions of the highest-spin states. In these nuclei neighbo
48Cr, the f 7/2 model @2# appears to reproduce well both th
magnitude and spin variations of the reduced transition ra
at higher spin, while thef p excitations seem still to be re
quired to account for theE2 rates at lower spin. In50Cr,
where this has been most studied, shell model calculat
involving a few particle-hole excitations to the upperf p
shell @22#, shown as dashed lines in Fig. 7, and fullf p cal-
culations@25#, the dash-dotted lines, reproduce the gene
E2 enhancement as well as idiosyncracies such as the
small 121→101 rate.

The oscillation inB(M1) values nearJmax can be under-
stood with reference to thef 7/2 wave functions. In Ref.@2#
these are given in then-p formalism and are characterize
by $Jpvp ,Jnvn%, the total angular momenta, and senioriti
of the proton and neutron subshells. For three likef 7/2 nucle-

FIG. 9. Reduced rates for yrast transitions in49Cr. Open circles:
Refs.@7,13#. Other details as in Figs. 5 and 6.
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ons,J5 15
2 , 11

2 , 9
2 , 7

2 , 5
2 , 3

2 , 1
2 , while for four J58,6,5,4,4*,2,0.

Therefore, bothuJmax& and uJmax21& arise entirely from the
same configuration$Jpmax,Jnmax% and theM1 transition is
strong. The next states in descending spin,uJmax22& and
uJmax23&, consist mainly of$Jpmax,Jnmax22% ~and, in the
odd-A case, $Jpmax22,Jnmax%). These components are n
connected to$Jpmax,Jnmax% by theM1 operator. So theJmax
→Jmax21 andJmax22→Jmax23 decays are strong while th
intervening Jmax21→Jmax22 transition is very weak, de
pending on minor components of the wave functions.

In the odd-A pair, there is a strong signature dependen
at high spin for theB(E2)’s. Since the31

2
2 and 29

2
2 states

are both composed from the maximum alignments$ 15
2 ,8%,

the E2 selection rules alone cannot produce this effe
which must arise from matrix element cancellation.

What also seems evident is that below the band term
tion, the decay strength is concentrated in the yrast lev
Only in the case of50Cr is much structure seen aboveJmax,
where several routes of comparable intensity lead to
highest ‘‘f 7/2 states.’’ With the opening of the upperp f shell,
many more states with spins 13 and higher are create
appears, from the present study and from the more sens
experiment at Legnaro@19#, that these levels are not strong
mixed, since their paths of decay into thef 7/2 states differ
markedly. It is also notable that theE2 transition strength,
which falls as the even-spin states rise toward thef 7/2-band
termination, reappears in the odd-spin states above this.

The present measurements lend some support for the
of the ‘‘opposite-parity band’’ in47V as ad3/2 proton hole in
48Cr. This may be seen in the backbend at the27

2
1→ 23

2
1

transition, just 3
2 \ above the backbend in48Cr at 121

→101 @14,18#. Further, the B(E2) rates found in the
positive-parity band of47V @Fig. 6~b!# are close to those
i-

hy

-
nd

-
nd

-
W

d

e

t,

a-
ls.

e

It
ve

w

found in 48Cr for spins lower by3
2. On the other hand, the

values ofB(M1) in this band are about an order of magn
tude smaller than those in the respective ‘‘f 7/2 bands.’’ A
similar relationship exists between the negative-parity ba
of 46Ti @Fig. 5~b!# and 47V. These bands would not be ex
pected to show an ‘‘f 7/2 termination’’ until 35

2
1 and 172,

respectively.
Lifetime measurements are important clues to the str

ture of states in the cases studied here. Earlier measurem
with lighter projectiles@4,5,7,8# have provided good value
for levels with spins up to 6 or 8. Other heavy-ion expe
ments have measured higher levels in46Ti @4# and in 49Cr
@13#. What remains to be explored are those levels a few\
beyond thef 7/2-shell band termination, now accessible
shell model technology. In these and in the present meas
ments, states at intermediate spin are fed almost enti
from higher levels in the band, and have large uncertain
as a result. There is therefore in some cases~e.g., 47V and
50Cr) terra incognitain the lifetime measurements which
calling for further exploration.
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