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Spectroscopy of cross-conjugate nuclet®Ti—>°Cr and *V—4°Cr
near the f,,-shell band termination
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High-spin states in the cross-conjugate pairs of nutd&i->°Cr and 4"V—°Cr have been investigated using
the reaction?®Si+"3Sj 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, up4g-shell
band termination at I4and 3~ in “°Ti and “°Cr, and beyond to 17 and 2~ in 5°Cr and *?v. Opposite-
parity bands in*®Ti and *’V were observed up to T1and 3, respectively. Lifetimes derived fromsam
measurements provid® E2) andB(M 1) values for transitions among the higher levels of each of the nuclei.
These are compared with earlier measurements and fwjthand fp-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 #itehole.
[S0556-281®8)04008-4

PACS numbgs): 21.10.Tg, 23.20.Lv, 25.70.Gh, 27.4&

I. INTRODUCTION parity but with spins exceeding the maximum allowedfby
nucleons alone have long been known, and excitations to the
Nuclei from “®Ca to *Ni, in the shell model character- pg,fs.p, shell are required. Such excitations have also
ized by occupancy of thé;, shell, display many properties heen invoked to account, through configuration mixing, for
which are well reproduced by such a simple mofleR].  gyptleties of the lower-level structures of other nuclei in the
Spins and moments of most low-lying states are well repreregion[3]. Cross-conjugate symmetry, with its simultaneous

sented, and the spectra of excitations display many of thgetron-proton and particle-hole exchange, leaves the Hamil-
features of the model, including, for example, band terminazgian for a single 11j)¥ model unchanged: so the level

tion in pucle| near Ca and.N|, and cross—cpnjugate S.ymme”yspectra of such pairs of nuclei are identical in this model and
a special feature of a major shell consisting of a single sub,

. the corresponding components of their wave functions bear
shell. However, some features demand an enlarging of thgim le phase relationg2]. Accordingly, corresponding re-
shell model basis. The presence of bands of levels of oppo- b€ p ' gy, b g

site parity, particularly in the lighter nuclei near Ca, requires(élécedlvl1.tranS't'On rate|§ ared|dehnt|car:. The I’e|at|0nSL1|Ip of
consideration of one-particle—one-holep(-1 1h) excitations rates Is more complicated, though strong resemblances

from thesd shell. At the other extreme, in the singly-closed- €Main, as the solid lines of Figs(e6 and 7, &a), and 9,
shell nuclei52Cr and 53Mn, for instance, levels of the same below, show. In the nuclei considered here, the cross-

conjugate pairs*®Ti—%°Cr and #V-%°Cr, the level spectra
and transition rates bear general resemblances, but differ in
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FIG. 1. Levels of*Ti from the present experiment.

small Doppler shifts for lifetime analysis. Their advantagelow spin in *¢4<Cr [21] were seen to continue to higher spin
for the latter use lies in the larger fraction of direct particlein the five midshell nuclei*®Cr and *8Cr=1 nucleon. A
decay feeding to the levels. Experiments at McMa§®dr  backbend was found if®Cr nearJ=10 and attributed to an
Daresbury[10—-15, Chalk River[16,17), Legnaro[18,19, f,, rotation-induced alignment. AX"=%2", the mirror pairs
and Copenhagen20], using large arrays of Compton- of odd-A neighbors of*®Cr show a step in Coulomb energy
suppressed HPGe detectors, have investigated further thilifferences, attributable to a similar alignment in the four-
questions of band termination and midshell collectivity. Innucleon group. Pakoet al. [13] measured lifetimes irt°Cr
Ref.[9] the band-terminating level 8 ~ in >Cr was iden-  up to the 8-MeV level, and found that tigefactor of thel?
tified and a few higher transitions were found. In the Daresstate is consistent with a collective interpretation. *ficr,
bury experiments, the rotational structures first observed ahe g factors of the lowest four states remain n2aA, as a
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collective description would predict, whereas thg,-shell SOCF
model creates wide variatiord5]. *°Cr also presents an

interesting anomaly in that the stroi® transitions linking

the yrast states are interrupted at the” 2210* transition. B8 17F —————————
The sudden disappearanceEf strength at this point indi-
cates a shape change and requires the inclusion of ygper
configurationg22]. Recent advances in shell model technol-
ogy have allowed calculations in the fulb model space
[23-28. In particular, these have shown that the “collec-
tive” properties of rotorlike energies, backbending, and large
B(E2) values can be reproduced. At the same time, these ;5,5 5+
calculations appear to leave intact some of the properties 207
associated withf;,,-band termination, in particular, the re-
duction of E2 rates to a few Weisskopf unitsV.u.).

High-spin studies of light nuclei are limited by the angu- 400
lar momentum that can be given to the compound nucleus in 3300
heavy-ion collisions. For examplé®si+28Sj at a center-of- 5 o
mass energy of 60 MeV has a limiting angular momentum of 13* 10800
about 4@ for peripheral collisions. At this energye(=70
MeV in °®Ni) three or four nucleons or alpha particles are

. . 9917 14%
ejected, carrying up to74 per nucleon or 18 per alpha and 9B43 13+ 274
leaving the residue with under 20n most cases. It is there- %
fore not surprising that most studies bfshell nuclei have
been limited to spins not much higher tharn%10 Rl

Two further factors make it difficult to pursue the spec- 2602
troscopy to higher spins. The low mass of the nuclei implies
high recoil velocities from heavy-ion reactions/¢~5%). 7613 12%
Together with the high energy of gamma raysZ MeV at
J=12) this gives rise to large Doppler broadening. The low B9sT 11
Coulomb barrier in light systems implies that charged par-
ticle exit channels are little hindered; so in a typical reaction
ten or more channels are found in significant strength. There
is therefore considerable channel cross talk in the spectros-
copy.

In spite of these difficulties, it has been possible, using the 4745 g*
285j+-28gj reaction, with both self-supporting and backed tar-
gets, to advance considerably the spectroscopy of many nu-
clei from #*Ti to >3Mn. New transitions and levels have been
found, and for many levels spin assignments and lifetimes
have been determined. A first result from this experiment,
the levels and lifetimes irfCr up to J”=16", has been
published [17]. Here we present results for two cross-
conjugate pairs of nuclef*®Ti—°°Cr and 4"vV—°Cr. 1881 4%
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The experiments were made at Atomic Energy of Cana-
da’s former Chalk River Laboratory TASCC, using the 8
gamma spectrometer. A self-supporting natural Si target
(92% 285j 594 29Si, 3% 3°Si), consisting of two separated FIG. 2. Levels of*°Cr from the present experiment.

500 wgl/cn? layers, was used to establish the level schemes.

In addition to coincidences in the 20-element Ge array, atected event was helpf(iL7]. For lifetime measurements, a
least two further gamma-ray events were required of thearget of 800ug/cn? of Si deposited on a gold backing was
BGO array and charged particles were detected in the 44ised, without charged particle detection. Full gamma-gamma
element Csl detector. The nuclTi, *°Cr, 4’v, and “°Cr  matrices were constructed for coincidence spectroscopy, and
are produced in the@p, a2p, 2ap, anda2pn exit chan-  angle-selected matrices for angular correlation and lifetime
nels following 28Si+ 28Sj fusion at a laboratory energy of analysis.

125 MeV. Although in the present case the reaction channels Energy calibration was made using sources ofEu,
were strong and channel selection was not needed to enhan®o, and®Y. In the range covered by these, energy mea-
their presence against background, the improvement in resgurements are precise to about 1 keV, but are somewhat
lution coming from kinematic reconstruction of each de-poorer beyond 2 MeV, partly as a result of the necessary
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FIG. 3. Levels of*"V from the present experiment. The transitions connecting the two bands are not shown. They are givefbih Ref.
and included in Table II.

extrapolation of the calibration, but to a large extent due taangles of 37° and 79°, and the supplementary angles 101°
the kinematic broadening of the reaction lines. With the self-and 143°; so only a single number is available from angular
supporting target, after reconstruction using the charged pattistribution (AD) measurements. Whether in singles or coin-

ticle detection, the line width at high energy was about 0.7%idence with ay, detected at all ang|esi the angu|ar anisot-
full width at half maximum(FWHM). From the backed tar- ropy

get data, lines showing an appreciable stopped component
were also used in the energy determinations.
Spin determinations rely ow-ray angular distributions.
The four 5-detector rings of theBspectrometer are at polar A=W[ y,(37) /W[ v5(79)]
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FIG. 4. Levels of*°Cr from the present experiment.

D Q D . -,
is ~0.8 forJ+1—J and~1.5 forJ+2—3 and forJ—J. has values for stretched .d|pole and quadrupgléransitions
D of ~1 and~1.5 for a dipoley, and ~0.5 and~1 for a

Q .
The arrows— and— represent pure dipole and quadrupole quadrupoley,. It suffers the same discrete ambiguity, be-
transitions. Directional correlations of oriented nuclei

Q D
(DCO), with both y; and y, in single rings of the array, tWweenJ+2—JandJ—J, found in the angular anisotropy of
allow inference of spin sequences in gamma-gamma coinciitensity. Selection between the two inferences depends on
dences. The DCO ratio, defined as the observatior{or lack thereof of the crossover transition
or on a measurement of the transition rate.
The decay rates of levels strongly populated in the Si
R=W[ y1(37) yo2( 79 1/W[ y1(79) v»(37)], reaction were found from analysis of the Doppler-shifted
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Here,v is the initial recoil velocity and~(7) is the ratio of
the velocity-averaged Doppler shift to the full shift. In most
cases it was also possible to fit the 37° and 143° line shapes
using absAM code designed for multilevel, nonrotational,
level system$26]. Uncertainties which enter such compari-
sons have several sources. The recoil dynamics must be
modeled, using stopping-power data. In the present analysis
the electronic stopping-power tables of Northcliffe and
Schilling [27] were used, together with Blaugrund’s analyti-
cal correction for nuclear stoppiri@8]. A comparison was
made with stopping powers calculated from the Monte Carlo
codeTRIM [29], but little difference was found. In analyzing
DSAM spectra for such light recoil ions, account must be
taken of the large kinematic broadening effects. These arise
from the reaction kinematics itself, whereby the recoil ions
occupy a cone of significant opening angle and from the
large-angle scattering of the ions as they slow down in a
backing of much heavier atoms. Such effects are exacerbated
i in modern arrays where the detectors are not on the beam
1600 1800 2000 axis. In the present analysis, both these effects were simu-
E, (keV) lated u§ing a .semiempiricall veIoc_ity-dependent _Iing—

v broadening function. Where this function is symmetric, it

FIG. 5. Part of the backed target spectra at &) and 143>  does not affect the computed value of the attenuation factor

(bottom) for “6Ti, summed from spectra gated by the 889-, 1121-,F(7), but it does affect higher moments of the computed line
and 1298-keVy rays, with the computed fits for the yrast lines. Shape.
These are labeled in the upper part. The labels in the lower part are The most important uncertainties in some decay rates
for the decays of the yrast'6and some of the negative-parity arise from the level scheme itself. Because the levels form
states. part of a cascade, the time evolution of the population of any
level depends on the lifetimes of the level in question and of
all those through which it is fed, including unobserved ones.
It is customary, in addressing this problem in heavier rota-
Mional nuclei, to assume that top- and side-feeding levels are
continuous extensions of the known bands, and that their
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gamma rays from the nuclei recoiling in the gold-backed
target. In order to extradt(r) values, gamma energy cen-
troids were measured at all four angles and fitted to the for

v
E(6)=E(90)| 1+F(r) ~cog6) . decay rates may b_e extr_apolated fr_om Fhe mea_sured ones. In
c the present analysis, this assumption is questionable, given
TABLE I. Transitions in“eTi.
Level T JE, BR T(E2) T(M1) T(E1)
(MeV) F(7) (ps Jr (Mev) 1, AD DCO (%) (W.u) (W.u) (mW.u)
4.897 0.103)* 1.3333 87 6" 1.598 100 1.5@) 0.943) 100 6.316)
6.201 0.684) <0.28 8" 6" 2902 5.7 60 >0.86
8" 1304 3.7 40 >0.02
6.242 0.07)* 2.5(6) 10" 8" 1.345 75 15@®) 0.955 100 7.519
7.942 0.43)* <0.1 11* 10" 1.700 17 0.6 0.654) 100 >0.13
8.217 0.202* 0.83(8) 12" 10" 1.975 21 1.38) 081 70 232
11" 0.275 9.4 30 0.5®)
8.279 0.747) <0.24 10,12 10" 2.037 1.8 0.9%) 100 >9.5 =>0.015

10.040 0.3&)* <0.9 14° 12" 1.823 11 1.48) 1.01) 100 >44

6.150 0.152* 0.43(4) 8 6 1734 18 14 1@
6~ 1488 11 1.3%) 152D 86 222

6.829 0.274)* 0.76(15 9~ 8" 1.933 1.8 14 0.01@)
77 1632 11 1.49) 86 82

7.961 056)* <0.44 10 8 1811 11 1.48) 1.22)D 100 >9.7

8.716 0.48) <042 1T 9  1.887 55 0.2) 100 >538

8Final state 4.416 MeV3,10].
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TABLE IlI. Transitions in °Cr.

Level T E, BR T(E2) T(M1)
(MeV)  F(7) (s Jr (Mev) 1, AD DCO (%) (W.u)  (W.u)
6.755 0.265) 0.16('1y) 10" 8*' 2010 3.8 1.088) 40  6("3

10" 0.414 58 60 212
6.951 0.1&)* 0.83(14 11" 10" 0610 100 0.7@) 0.562) 92 0.162)

10" 0.196 8.8 8 0.407)
7.613 0.501)* 0.243) 12" 10" 1272 <2 <2 <2

10" 0.858 <2 <2 <15

11* 0.662 95 0.7e1) 0.532) 100 0.466)
9.643 0.9)* 0.07(3 13" 11" 2692 4.0 1.76) 12 0.9(°§

12* 2,030 31 1.28) 0.446) 88 0.051("3)
9.917 0.58)* 0.37(4) 14" 12¢ 2304 23 1.76) 1.25100 76 2.33)

13" 0274 73 0.R) 24 1.02)
10.800 0.3®) <09 13 12* 3187 11 1.1(5) 0555 100 >0.001
11.019 0.841) 0.08614) 13" 12" 3.406 7.4 0.76Y 100 0.0092)
13.226 0.981) 0.031(°3) 15" 13" 3583 4.1 1.742 33 1.33)

14* 3.309 3.1 25 0.002)

13" 2207 52 1) 42 195
13.496 14 13" 3853 11 100
13.927 0901) <011 15 14" 4010 3.2 097 124 100 >0.005

15.819 0.94)* <0.07 17 157 2593 92 1.0 1.01 100 >9

the underlying independent-particle structure. As a reasormegative-parity band are marked below. Computed line
able alternative, these unobserved transitions were assumetapes for the positive-parity band are shown for both spec-
to be rapid ¢<10 fs). The rationale is that the failure to tra. Tables I-IV contain the details of relatiyeray intensi-
observe the feeding transitions implies that they are direcfies, angular anisotropies, and DCO ratios, and derived
particle or high-energyX4 MeV) gamma decays. In addi- branching ratiogBR'’s) and lifetime values, with their in-
tion, decay rate uncertainties contain a contribution fromferred partial decay rates. Unobserved but possible dipole
those of the measured intensities, since these affect the dgng quadrupole transitions are included with estimates of
tailed level histories. In most cases, therefore, precision beqiy upper limits of intensity. The asterisks in thér) col-

ter than 10% is unlikely near the top of the level scheme. The, ¢ indicate that a full line shape analysis was made. The

i i ’ ) B/co ratios were most commonly based on gates known to
case, in that its measured mean time to decay includes those 0

of the preceding unobserved states. Accordingly, the decalge J+2—J in character. The few exceptions of gates 1
. ... D

ratgs attrlbute]fj ttr? such Ievellst_are s?own o?ly ?S |0_"Vetrh“mét5-_>\] are marked “D.” The ratios of transition rates to Weis-
ecause of the accumuiation of uncertainties in the e'skopf single-particle estimates allow comparison with gen-

scent through the level scheme, lower-level decay rates are . .

e ; ; ) - “eral trendg[30]. In Figs. 6—9 experiment and shell model

mostly of lower precision, in spite of their greater intensity. heory[2,22—21 are directly compared for the yrast transi-

An ironical consequence of this is that, in some cases, heavi— yle, y P y

ion measurements of lifetimes may not extend as low in th

level scheme as the upper limits from earlier measurements

with light projectiles. A 46T

ons.

The level scheme proposed in Ref4] and[11] was re-
examined. What had previously been taken to be a second
Approximately 15< 1° events were accumulated in each 12" level, at 10040 keV, on the basis of the angular distri-

of the experiments, sufficient to allow new levels to bebution of its 1823-keV decay to the 18217-keV level and
found, spins to be determined, and in many cases lifetimes tof a 2100-keV transition, apparently to the 7942-keV" 11
be measured. Level schemes found for the four nuclidefevel, is more likely to be the band-terminating *14tate.
46Tj, S0Cr, 4%V, and “°Cr are shown in Figs. 1-4, respec- The angular anisotropy and DCO measurements do not dis-
tively. Figure 5 is an example of the backed target coinci-agree with the 12 interpretation, but also allow a 14as-
dence spectra obtained, in this instance 4&¥i. It contains  signment. The placement of the 2100-keV gamma ray is
spectra summed over the 37° and 143° detector rings itherefore crucial. In the coincidence spectra taken with the
coincidence with any of the lowest three transitions in thebacked target, the 1823-keV pe@k(7)=0.38(6)] has a
positive-parity band. The energies of transitions above distinct stopped component, whereas the 2100-keV line
these are marked on the upper spectra, while one of the gdtF(7) >0.96] does not; so the latter cannot be a second
ing transitions(1289 ke\j and five lines originating in the branch from the 10042-keV level.

Ill. RESULTS
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TABLE Ill. Transitions in **V.

Level 7' E BR T(E2) T(M1) T(E1)

(MeV) F(7) (p9 J7 (Mey\/) | AD DCO (%) (W.u) (W.u) (mW.u)

Y

(&
-3

[,
[N
|

2615 <003 >25 - 1.320 100 1.3@) 1.135 98 <9

2

¥- 0056 1.9 2 <3
4134 0.16)* 0.70(10 ¥~ - 1519 80 100 1®@)
5501 0.3 0.074) %~ £~ 1367 20 100 0.216)
5.904 0.30)* 0.50(7) %~ ¥~ 1.770 59 1.4@) 1.164 100 1Q2)

2l- 0403 <3 <5 <0.06
7.401 0.463) 0.345 2~ 2~ 1900 21 10 1.0

£- 1497 18 0.90) 90 0.02%4)
7.885 0.581)* 0.14(3) 4/~ 2~ 1981 10 1.0) 55 123

£- 0484 82 08U) 0585 45 1.03)
10.006 0.511)* 0.34(4) 3~ 2/~ 2121 10 1.4@) 1.21) 100 5.46)
10.770 0.821) <0.14 2~ Z- 23885 41 1.08) 67 >0.0065

3- 0764 2.0 1.08) 33 >0.17
14.038 0.8®) <0.12 2~ 3~ 4032 39 1513 100 >0.6
2416 0.071)* 146 i+ I+ 1277 17 178 86 146)

5% 0.668 2.0 0.56) 11 0.0084)

57 1144 05 3 0.01(B)
3272 <01 >3 B+ 2+ 1524 81 80 <25

i+ 0856 1.5 15 <0.003

- 1977 05 5 <0.002
3.955 0.283* 0549 ¥+ i+ 1539 11 1.8) 92  245)

¥+ 0683 1.0 8 0.02%)
5.001 U+ B+ 1729 45 100
5730 0.443* 0.336) ¥+ 1+ 1775 59 1.50) 100 13(*2

i+ 0.729 <0.6 <10 <0.025
6.870 g+ U+ 1869 12 1.56) 100
7.726  0.683) <01 2+ ¥+ 10906 1.8 100 >25
9.609 0.699)* 0.12(5) 2+ 23+ 1.883 2.2 1.@2) D 100 3012
11.945 0.764)* <0.17 3+ ZI+ 2336 1.7 156) 2.65 D 100 >8

Neither angular distribution nor lifetime measurementsRammo et al. [4,31]. The result for the 8 level is not
were possible for the weak side-feeding transitions earliechanged significantly by this, and remains lower than that
identified[11] nor for three new ones found feeding the"12 obtained previously by the same group. The principal
state. If these have increasing spin, then further levels witlzhanges are the reassignment of the spin of the 10040-keV
spins greater than 13 are implied at 12984 and 13179 keMevel and the consequent interpretation of its decay rate. The
respectively. These are accommodated up to spin 16 byssignment 0f"=11" to the 8716-keV level confirms this

single excitations to the uppgrf shell. The negative-parity inference in Ref[11]. The decay rates of this state and of the
band, which would not be expected to terminate until about - state are new.

18", was seen only to 11, this latter spin being confirmed
by the DCO measurements.

Most of the “®Ti levels and lifetimes observed in the
present experiment have been found previo(iglg1]. For Previous heavy-ion experiment8] established the yrast
the most part, the agreement is satisfactory, the two markesequence up to the 12 7613-keV state. The band-
exceptions being for the'8and 10" levels. The 10 level terminating states I3and 14" were found by Rodriguez at
obtains almost half its population through side feeding,9643 and 9917 keV16]. Higher transitions were also seen in
which is assumed to be rapid in the present analysis, for theis “°Ca(*“C,2p) and “°Ca(*°0,«2p) reactions. The higher
reasons given above. The discrepancy can be removed fangular momentum available in thetS8i reaction increased
this level, with only a small reduction in the goodness of fit, the intensity of feeding through these levels so that AD and
by assuming a mean lifetime of the side feed to this level oDCO measurements could be made. Consequently, spins up
about 1.5 ps, consistent with the assumption made bjo 16" were established. A search for the weak 1272-keV

B. 30Cr
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TABLE IV. Transitions in“°Cr.

Level T E, BR T(E2) T(M1)  T(E1)
(MeV) F(7) (p9 Jr J7 (MeV) I, AD DCO (%) (W.u.) (W.u.) (mW.u)
4219 045  0.2203 - - 1719 41 1140 27 6.610

L- 1.028 11 08@W) 082D 73 0.1a2)
4368  0.041)*  2.5(6) ¥- B~ 1177 100 1.38) 1.047) 96 143)

- 0148 42 09U 0.556) 4 0.164)
5964  0.241)*  0.65(7) Z- - 1506 90 1.4@) 1.31) 100 132
6.135  <0.04 >9 a-  ¥- 1916 27 67 <0.2

2- 1767 14 33 <0.0002

£- 0171 <04 <10 <0.07
8.008  0.571)*  0.27(3) g- B 2044 56 1.5@) 1.21) 100  8.59)
8.334 0.581) <043 200 Z- 2370 <10 <20

2- 2199 <8 <15

a- 0.326 3.2 0.9%) 0.6(1) 100 >1.6 >40
10.221 0.9@)* 0.04515 2 Z- 2213 13 0.7®) 100 0.073) 19(6)

2() 1890 <1 <10 <8
10.701  0.914)* <0.12 8- 2= 2693 92 138 88 >4

20)  0.477 1.3 0.96) 12 >0.3 >6
3529  <0.06 >4 4 - 1.966 7.9 0.88Y) 100 <0.001 <0.025
3.893 <0.04 >4 3 d- 2330 13 0.8B) 80 <0.0005 <0.012

L- 0702 1.3 08 8 <0.002  <0.05

4 0364 1.9 12 <0.02 <0.5
4468  <0.04 >4 L 2 0575 89  0.6@ 100 <0.05 <1
5.303 <0.02 >4 u 3 1.410 1.2 1.8) 45 <15
2 0835 15 058 55 <0.008  <0.2

6.344 0.522) <0.44 2 2 1876 7.8 100 >7

12" —10" transition leads to an upper limit on its intensity transition leading to thé?~ state, expected for the alterna-
amounting to 2% of the 662-keV dipole cascade decay. tive interpretation as a secoifl, was found. Thées ~ level,

The highest state observed, at 15819 keV, has been apreviously missing, has been located at 5501 keV. Because
signed spin 17 since it reaches the 159evel by a stretched the transition connecting it to th&2~ state has not been
quadrupole transition. All of the transitions above the" 12 found, and the intensities of the 1367- and 1899-keV lines
9917-keV state are quite rapid. This is not surprising, sincere about equal, their assigned order depends on their relative
their energies are high. The 3187-keV dipole transition fromF(7) values. Previous measurements of lifetimes extend only
the 10.8-MeV level presents an interesting exception, in thato the 1t~ state, whereas the presemgam results extend
it appears to be quite slow. The lifetime limit assigned to thisfrom £~ to £~. No lifetime measurement exists for the
state in Table Il may be that of an unobserved parent. 2 state at 2558 keV.

A recent spectroscopic study at Legnaro using tfidg The present measurements extend the positive-parity band
+28Sj reaction with a self-supporting target reports all ofto 3 *, with lifetimes fromi:* to 3 *.
these levels and several mdr9]. Most of the present spin

determinations are in agreement with that work. Exceptions D. “°Cr
are the 13496-keV level, not reported from Legnaro, and the Th ¢ ‘ tend and ise th ;
spin of the 15819-keV level, reported there as 18lso in € present measurements extend and revise the yras

the Legnaro findings are a low-energy quadrupole precedinaa”d' and lifetimes have been obtained up to the 10.7-MeV

the 3187-keV dipole mentioned above and a 3% crossoverz/z-dand-terminating state. Paketial.[13] reported similar
transition from 12 to 10" measurements for yrast states up to 8 MeV. The present re-

sults are generally in agreement with these, with the excep-
Ly tion of the lifetime of the 5.9-MeV level. The level at 5964
' keV was previously assigned as a secghd state, based on
Several new transitions feeding high-lying levels4fv  the angular distribution of its 1596-keV decay to the yrast
were found. One of these, &,=4032 keV, feeds thé, L~ state, together with the observation of a weak 1745-keV
band-terminatingy: ~ state. Its angular anisotropy suggeststransition, presumed to be leading to tfe level[11]. This
that it is a stretched quadrupole transition. No 3270-keVgamma ray was not seen in the present coincidence spectra,
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the text for the distinction between these. Other details as in Fig. 5.

21~ levels were not observed; so the parity is uncertain.
However, the decay rate favors negative parity since alterna-
tively an E1 rate would exceed other values found in the
region[30]. It is interesting that thé,,, and fp models pre-
dict theseE2 transitions to be slow and thd1 decay to be
fast (Fig. 8).

In Ref. [11], a weakly populated side structure was re-
ported. The coincidences found here support this but place
several of the gamma transitions differently. The parity of
this group of levels, which form a rotorlike band froth to
L2 is also uncertain. Within the group, the quadrupole tran-
sitions indicate the same parity for the-%' and%-%? pairs,
but the dipole transition rates are not decisive betwigkn
andE1. The interband dipole transitions, whether regarded
asM1 orE1 in character, are greatly retarded, as in the case
of *Cr[6,17). Such retardation is not unprecedented in this
region[30]. The energy scale of the band is represented by a
moment of inertia parametér’/2J =27 keV, half that asso-
ciated with the lower levels of the yrast band. On the other
hand, the reduce&?2 rates are comparable to those in the
yrast band. Levels closely corresponding to these are to be

band, (b) negative-parity band. Solid circles: present results. Operfound among the yrare levels of tig,- andfp-shell models

circles: Ref.[4]. Solid Iine:f$,2-shell model 2].

[2,25].

nor was a transition between the 8008- and 4368-keV levels. IV. DISCUSSION
It therefore seems more probable that the 5964-keV level is 114 |evel schemes and decay rates in each of the nuclei

in fact the yrast3~ state, and that the 8008-, 10221-, and

10701-keV levels should be reassigned #s,%~, and

studied here have many similar features. Although there is
considerable variation in detall, it is apparent that for all,

31~ respectively. A new 326-keV stretched dipole transitionincluding the sd-hole bands in“fTi and 4V, there is a
was found feeding the 8008-keV level. Its parent, at 8334mooth decrease of the moment of inertia paranfeti A%

keV, is tentatively assigned as the yrast state. The ex-

pected quadrupole transitions connecting it to e and

from 70 keV atJ=4 to 40 keV at)J=12, rising again to 50
keV at J=16, thef,,-band termination(The rigid sphere
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those predicted by af¥,, model (solid line [2]), but fall to
these values near the maximum spin allowed in that configu-
ration space, namely,

1
‘]maxzz[np(S_np)'l'nn(S_ Np) J.

For single (neutron particle-hole excitations to thés;p
shell, J .y increases byn,—2 (2 for *éTi and *’v, 3 for
49Cr, and 4 for®°Cr). In the case of®Cr, discussed in Ref.
[17], the admixture ofs,fs5p1/» configurations was neces-
sary to obtain the rotorlike energies and suffici&# en-
hancement at low spifi23], but some features suggesting
relative f,, purity, such as lowB(E2) values, remain as the
spin nears the maximum allowed by this shell alone. This is
not surprising, since the lower angular momentum of the
upperfp levels allows few contributions to the wave func-
tions of the highest-spin states. In these nuclei neighboring
48Cr, thef,;, model[2] appears to reproduce well both the
magnitude and spin variations of the reduced transition rates
at higher spin, while thép excitations seem still to be re-
quired to account for th&2 rates at lower spin. If°Cr,
where this has been most studied, shell model calculations
involving a few particle-hole excitations to the uppfp
shell[22], shown as dashed lines in Fig. 7, and figl cal-

A comparison of the reduced transition rates for the pairsulations[25], the dash-dotted lines, reproduce the general

46Ti-50Cr [Figs. a) and § and *V—*°Cr [Figs. 1a) and §

E2 enhancement as well as idiosyncracies such as the very

shows a remarkable adherence to cross-conjugate symmetsmall 12— 10" rate.
especially at spins approaching the maximum allowed for the The oscillation inB(M 1) values nead,,,, can be under-

f1;o shell. In the even nucldFigs. 1 and 2 the symmetry is

stood with reference to thg;, wave functions. In Ref{2]

also reflected in the level energies, while for the odd paithese are given in the-p formalism and are characterized
(Figs. 3 and 4 this is less evident. In each nucleus, theby {Jov,,Jnvn}, the total angular momenta, and seniorities
B(E2) values at moderate spins are somewhat larger thaof the proton and neutron subshells. For three fikgnucle-
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ons,J=%,%,3,%.3,3,3, while for four J=8,6,5,44*,2,0.  found in “%Cr for spins lower byZ. On the other hand, the

Therefore, bothJn,) and|Jna—1) arise entirely from the  values ofB(M1) in this band are about an order of magni-
same configuratiofJymax.Jnma @nd theM1 transition is  tude smaller than those in the respectivé,s bands.” A
strong. The next states in descending spif.—2) and  similar relationship exists between the negative-parity bands
[Imax—3), consist mainly of{Jymax.Jnmax—2} (and, in the  of “6Ti [Fig. 5(b)] and *’V. These bands would not be ex-
oddA case,{Jpmax—2Jnmay)- These components are not pected to show an f%, termination” until £* and 17,
connected tdJpmax:Jnmaxt DY the M1 operator. So thé,.c  respectively.
—Jmax—1 andJ . 2—Jna—3 decays are strong while the  Lifetime measurements are important clues to the struc-
intervening Jna— 1—Jnax—2 transition is very weak, de- ture of states in the cases studied here. Earlier measurements
pending on minor components of the wave functions. with lighter projectiles[4,5,7,9 have provided good values

In the oddA pair, there is a strong signature dependencdor levels with spins up to 6 or 8. Other heavy-ion experi-
at high spin for theB(E2)'s. Since the¥ ~ and3?~ states ments have measured higher levels*ffi [4] and in *°Cr
are both composed from the maximum alignmef#s,8}, [13]. What remains to be explored are those levels afiew
the E2 selection rules alone cannot produce this effectbeyond thefs-shell band termination, now accessible to
which must arise from matrix element cancellation. shell model technology. In these and in the present measure-

What also seems evident is that below the band terminalents, states at intermediate spin are fed almost entirely
tion, the decay strength is concentrated in the yrast leveldrom higher levels in the band, and have large uncertainties
Only in the case of°Cr is much structure seen abodg,,, &S & result. There is therefore in some cageg., *'V and
where several routes of comparable intensity lead to théCr) terra incognitain the lifetime measurements which is
highest “f-, states.” With the opening of the upppf shell, ~ calling for further exploration.
many more states with spins 13 and higher are created. It
appears, from the present study and from the more sensitive
experiment at Legnarid 9], that these levels are not strongly
mixed, since their paths of decay into thg, states differ Thanks are due to M. A. Bentley for suggesting some of
markedly. It is also notable that tHe2 transition strength, the alterations in thé°Cr level structure, and for sharing his
which falls as the even-spin states rise toward ftheband  results prior to publication, to S. Lenzi and F. Brandolini for
termination, reappears in the odd-spin states above this. sharing the®°Cr data from Legnaro, and to A. Poves for

The present measurements lend some support for the viediscussions of the p-shell model calculations. L. Zamick
of the “opposite-parity band” in*V as ads, proton hole in  has kindly shared unpublished calculations “5Ti, 5°Cr,
48Cr. This may be seen in the backbend at ¢ %"  and“°Cr high-spin levels. The excellent technical help avail-
transition, just3# above the backbend if®Cr at 12©  able at TASCC is much appreciated. The work was sup-
—10" [14,18. Further, theB(E2) rates found in the ported by grants from the Natural Science and Engineering
positive-parity band of*’V [Fig. 6b)] are close to those Research Council of Canada.
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