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High-K band of unnatural parity in 49Cr
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The nucleus49Cr has been studied using the reactions28Si(28Si,a2pn) at 115 MeV and46Ti(a,n) at 12
MeV, respectively. A high-K band withKp513/21 has been identified, whose bandhead acts as an yrast trap
for the low-lying levels with positive parity. This peculiar phenomenon is well reproduced by large-scale shell
model calculations in thep f configuration space plus a proton hole in the 1d3/2 orbital. As an essential part of
the work, lifetimes of some nonyrast states, as well as of a state in theKp551 band in 50Mn, have been
determined using the Doppler shift attenuation method.@S0556-2813~99!51010-8#

PACS number~s!: 21.10.Tg, 21.60.Cs, 23.20.Lv, 27.40.1z
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After a long standby period, in the last few years ve
significant progress has been made by nuclear spectros
in the middle of the 1f 7/2 shell, both theoretically and exper
mentally. Large-scale shell model~SM! calculations in the
full p f shell valence space have been very successful in
plaining the building up of deformation for natural pari
states of low spin@1–4#. The middle of the 1f 7/2 shell turns
out thereby to be a unique workbench where most of
concepts related to collective properties, such as axial
triaxial deformation, band crossing, band terminatio
particle-rotor coupling, etc., find their microscopical exp
nation in terms of spherical shell model calculations. A d
tailed study was first made theoretically in the even-eveZ
5N nucleus48Cr @2# and thereafter in50Cr @3#. The study
then continued for odd-A nuclei such as47V, 49Cr, and their
mirrors @4#. The predictions of these calculations have tr
gered several experimental works@5–9#, which have con-
firmed the main predictions of theory.

Recently, SM calculations for 1f 7/2 nuclei have been ex
tended to encompass unnatural parity bands, which are
scribed as due to the presence of a hole in the 1d3/2 orbital.
In this way the observed unnatural parityKp53/21 band
@10,11# in 47V is well described as a 1d3/2 proton hole
coupled rather weakly to the48Cr ground-state~g.s.! band
@12#. An essential role in this comparison is played by t
analysis of the electromagnetic decay properties and, in
frame, by Doppler shift attenuation method~DSAM! lifetime
measurements.

In the present paper we study the unnatural parity state
49Cr, the cross conjugate of47V. While in 47V the 1d3/2 hole
is coupled to the deformed, even-even,48Cr core, here we
have to deal with the odd-odd,Z5N, 50Mn core, which has
two almost degenerate bands@13# based, respectively, upo
the I p501 T51 ground state and theI p551 T50 state
at 229 keV excitation energy, respectively@14#. As we shall
see this gives rise to a number of unusual features. The
perimental level scheme for the unnatural positive parity l
els of 49Cr was not well known up to now, as only a 3/21 at
0556-2813/99/60~4!/041305~5!/$15.00 60 0413
py

x-

e
nd
,
-
-

-

e-

is

in

x-
-

1982 keV and a 5/21 at 2432 keV were established@15#. It
can be further mentioned that in Ref.@16# a side structure of
irregular properties and negative parity was reported. M
recently, the same authors proposed in its place a more r
lar band based on a level at 3528 keV, without any pa
assignment@10#.

High-spin states in49Cr have been populated in the rea
tion 28Si on 28Si at 115 MeV bombarding energy. The cro
section for thea2pn channel leading to49Cr was measured
to be ;100 mb. The beam was provided by the Tande
XTU accelerator of the Legnaro National Laboratory and
target consisted of 0.8 mg/cm2 of 28Si on 15 mg/cm2 of
Au. The mean initial velocity of the recoils was 0.045
Coincidentg rays were collected with theg-array GASP,
which consists of 40 Compton-suppressed large volume
tectors and a BGO multiplicity filter with 80 element
Events were stored when at least two Ge detectors and
elements of the multiplicity filter fired in coincidence. A de
tailed spectroscopic study was performed, including le
scheme, angular distribution, and DSAM lifetimes. The d
obtained for the side structure are reported in Table I. T
population of the lower members of the sideband is ab
6% of that of the lower yrast states. Some of the pres
lifetime determinations disagree with previous measureme
@10#.

The experimental procedure will be only briefly recalle
since it has been already described for similar experime
conditions@8#. Energy and intensity calibrations were pe
formed with sources of152Eu and 56Co, as well as with
internal narrow lines. By gating on Doppler unbroadened a
nearly unbroadened feeding lines,g lines with a resolution
of 2–3 keV could be generally obtained, so that we c
quote 0.4 keV as the maximum error in energy calibrati
The obtained level energies, shown in Fig. 1~a!, agree essen
tially with those reported in Ref.@10#, but one more level has
been added, as well as several new connecting transiti
Angular distribution data are represented in Table I by
AD ratios: „W(35°)1W(145°)…/2W(90°), obtained from
g-gated spectra. As we showed in Ref.@17#, they provide
©1999 The American Physical Society05-1



.

RAPID COMMUNICATIONS

F. BRANDOLINI et al. PHYSICAL REVIEW C 60 041305
TABLE I. Results for the sidestructure in49Cr. ~Errors in the experimentalg-energy are less than 0.4 keV.!

Transition Eg Eg B AD t t B(E2) B(E2) B(M1) B(M1) B(E1)
expt. SM expt. expt. prev. expt. th. expt. th. expt
keV keV % ps ps e2 fm4 e2 fm4 mN

2 mN
2 W.u.

13/22
2→11/22 1965.4 1865 78.3~30! 0.83~5! 0.38~7! a .4 c 1.2 0.010~2! 0.005

13/22
2→13/22 1027.6 844 16.1~20! 1.35~13! 0.9 0.025~5! 0.016

13/22
2→15/22 337.2 245 4.0~5! 20.9 0.12~3! 0.057

13/22
2→9/22 2444.0 2280 1.6~5! 0.04~1! 0.04

~1025)
13/21→11/22 2330.0 60~3! 0.79~7! .10 .4 a ,0.3
13/21→15/22 701.9 18~2! 0.90~7! ,4
13/21→13/22

2 364.4 22~2! 1.28~9! ,35
15/21→13/22 1966.8 4~2! 0.2~1!

15/21→15/22 1276.7 11~2! 1.15~15! 2.0~6!

15/21→13/22
2 939.3 6~2! 4~1!

15/21→13/21 575.2 635 79~4! 0.60~6! 1.8~4! .4 c 220~100! 192 0.12~3! 0.073
17/21→13/21 1410.8 1391 28~3! 1.30~11! 1.1~2! .4 c 37~9! 33
17/21→15/21 835.5 755 72~3! 0.45~5! 140~80! 209 0.058~15! 0.002
19/21→15/21 1874.4 1972 65~5! 1.25~14! 0.40~10! ,0.44c 58~14! 65
19/21→17/21 1039.4 1216 35~5! 171 0.030~10! b 0.02
(21/21)→17/21 1966.6 1780 80~6! 0.26~6! 80~20! 125
(21/21)→19/21 927.2 564 20~6! 157 0.040~15! a 0.007
5/21→3/21 450.0 557 43~9! b 0.80~25! a 0.923

18 d 2102100
1200 285 0.30~10! 0.078

aDetermined in the46Ti(a,n) reaction.
bE2 contribution is neglected in this estimate~see text!.
cReference@10#.
dReference@15#.
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information equivalent to standard AD ratios from sing
spectra. Ratios of about 0.8 and 1.3 are predicted
stretched pure dipole and quadrupole transitions, res
tively, while for a DI 50 pure dipole transition, the sam
04130
r
c-

ratio as for a stretched quadrupole is expected. The lifetim
have been determined by means of the programLINESHAPE

@18#, modified in order to allow data to be analyzed also w
the narrow gate on transitions below~NGTB! procedure,
-
e

FIG. 1. ~a! Part of the level
scheme of 49Cr relevant for the
present work, showing the side
structure and its decay towards th
yrast band.~b! The same for50Cr.
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which is free from systematic errors due to sidefeeding@19#.
In order to get complementary information for some lo

lying levels, not conveniently populated in the aforeme
tioned experiment, the reaction46Ti(a,n)49Cr at a bombard-
ing energy of 12 MeV has also been performed at the C
van de Graaff accelerator of Legnaro National Laborato
The target consisted in this case of 1 mg/cm2 46Ti on
2 mg/cm2 Au. Two large volume Ge detectors were locat
at 90° and 140°. Data from this latter measurement are i
cated explicitly in Table I. The obtained results below
lowed a conclusion for the sidestructure in49Cr.

The level at 3528 keV decays via 337 keV, 1028 ke
1965 keV, and 2444 keV transitions to levels 15/22, 13/22,
11/22, and 9/22, respectively. The decay out was establish
by putting a gate on the unbroadened 364 keV line and t
getting unbroadened coincident branchings. In this way
intensity of the 1965 keV branch could be determined p
cisely, even if it was coincident with the 1967 keV (726
→5303) transition@but not with the weak 1967 keV (446
→2501) one#, because the latter is very broad and can
separated. The lifetime could not be determined from
same data set, since one had to gate on a transition be
thus getting a broadened 1965 keV line, which overlapp
with the mentioned lines of close energy. Since the ot
branchings are too weak, the DSAM analysis of the 19
keV line was performed in the46Ti(a,n) reaction. The bes
fit shown in Fig. 2~a! was obtained with a value of 0.38~7!
ps. Concerning the spin-parity assignment of the leve
3528 keV, we note that, in the case of positive parity, o
the 13/21 assignment would be consistent with the observ
AD ratios, but it can be excluded since the transition of 3
keV to the 15/22 level would be anE1 of about 231023

W.u., i.e., about 10 times faster than any other in this nuc
region, according to a new review of data@11#. The newly

FIG. 2. ~a! DSAM analysis for the 1965 keV (13/22
2→11/22)

transition in 49Cr, from the reaction46Ti(a,n). ~b! DSAM analysis
for the 835 keV (17/2(1)→15/2(1)) transition in 49Cr, from the
reaction28Si(28Si,a2pn).
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reported branching of 337 keV, which allows us to get th
conclusion, has been consistently obtained from sev
g-gated spectra and even from doubleg-gated spectra from
triples. When considering negative parity assignments,
15/22 assignment is excluded since anE2 character of the
1965 keV transition is not compatible with the observed A
ratio and, moreover, the 2444 keV branch would be too f
for an M3 transition. A 11/22 assignment has to be dis
carded since the 337 keVE2 transition to the 15/22 state
would be too fast. We assign then 13/22 to the level at 3258
keV, which thus decays to the 11/22 and 13/22 states mainly
via magnetic-dipole transitions. It must be noted that
present assignment disagrees with Ref.@10#.

The level at 3893 keV decays via unbroadened 702, 23
and 364 keV lines to 15/22, 11/22 and 13/22

2 levels, respec-
tively. Its lifetime is longer than 10 ps~including an unpub-
lished result of ours obtained in a plunger measurement! and
shorter than 5 ns~from electronic coincidences!. Considering
first a negative parity assignment, we have to exclud
15/22 one since it is not compatible with the AD ratio of th
2330 keV transition to the 11/22 state. The remaining nega
tive parity assignment would be 13/23

2 , but in that case the
two close 13/22

2 and 13/23
2 states should likely be mixed

One would then expect that any of the branches from
13/23

2 state do have similar transition strengths as those fr
the 13/22

2 one, while they are in every case more than
times smaller. In the case of positive parity the forwar
peaked 364 keVE1 transition allows the experimental a
signmentI 513/2, which is fully consistent with measure
AD ratios, including the nonstretched 13/2(1)→15/22 tran-
sition. The assignmentI p513/2(1) is thus made at this point

The small AD ratios of the 575 keV (15/2(1)→13/2(1))
and the 835 keV (17/2(1)→15/2(1)) transitions point to
E2/M1 mixing ratiosd520.20(5) and20.34(10), respec-
tively. ~The second solution ofd would lead to too-largeE2
strengths.! Owing to the quadrupole character of the 18
keV transition, I p519/2(1) is assigned to the 6342 keV
level. The assignment 21/21 is given in parentheses to th
next level at 7269 keV, even if it is very probable on th
basis of the level scheme. As an example of the DSAM
along the sideband, the case of the 835 keV (17/2(1)

→15/2(1)) transition is shown in Fig. 2~b!. The M1
strengths of the transitions (21/21)→19/2(1) and 19/2(1)

→17/2(1) in Table I are not corrected for anE2 contribu-
tion. Corrected values, assumingE2 rotational model esti-
mates, will remain within quoted errors.

The experimental positive parity sidestructure, shown
Fig. 1~a!, includes levels 3/21 and 5/21 observed by us only
in the 46Ti(a,n) reaction. It is readily explained in the Nils
son framework by the coupling of a 1d3/2 hole, described by
the orbital @202#3/21, to the low-lyingKp501, T51 and
Kp551, T50 bands in50Mn, based on the ground state o
on the 51 level at 229 keV@13#. By coupling a 1d3/2 hole to
the Kp501, T51 band, one obtains aKp53/21 band, to
which the states 3/21 and 5/21 belong. Owing to isospin
coupling rules, this band is made of proton-hole excitatio
~two thirds! and neutron-hole excitations~one third!. At low
energy one may also reasonably expect aKp513/21 band
5-3
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due to the coupling of the 1d3/2 proton hole with theKp

551, T50 band in50Mn, which we identify with the newly
observed band. Note that the bandhead of theKp513/21

band lies almost 2 MeV higher than that of the Kp53/21

one. This gives a measurement of the difference between
average isovector and isoscalar interactions in the 1d3/2 and
1 f 7/2 orbits.

The deformation parameter of the high-K band, deduced
from the data reported in Table I, isb50.26(3). In thepro-
posed picture, the deformation associated with the higK
band in 49Cr should be the same as that of theKp551 band
in 50Mn, which is not known since no lifetimes were dete
mined in Ref.@13#. In the present work the lifetime assoc
ated with the 1503 keV (91→71) transition in 50Mn, popu-
lated via theapn channel, has been determined with t
NGTB procedure@19# to be 0.75~12! ps, corresponding to
B(E2)5145(22) e2 fm4. Assuming aKp551 band, a de-
formation parameterb50.26(2) is deduced for a state we
below the terminating one at 151. The deformation of the
Kp551 band in 50Mn, as well as that of the g.s. band@4,11#
and of the high-K positive parity band in49Cr, consequently
turns out to be intermediate between those of48Cr (b
50.28) and50Cr (b50.25) @8#.

The presence of the high-K positive parity band provides
a natural explanation of the experimental fact that the me
bers of theKp53/21 band are not observed in the fusio
reaction experiment at GASP. These levels do not appea
be appreciably fed along theK53/21 band, since it is non-
yrast. On the other hand, they are not fed by the highK
band, since the bandhead decays viaE1 to negative levels,
thus acting as a yrast trap for the lower members of theKp

53/21 band.
An explanation can also be given for the remarkable f

that the 13/21 bandhead decays preferentially to the 13/2

yrare state. The yrare 13/22 state at 3528 keV in49Cr can be
constructed by lifting a proton from the@321#3/22 orbital to
the@312#5/22 one and coupling both unpaired protons with
@312#5/22 neutron to get the maximum value ofK. The fa-
vored transition is thus aK-allowed E1, which connects
states having both a proton excited to the@312#5/22 orbital,
from the @202#3/21 and the@321#3/22 ones, respectively
On the contrary, the transitions to yrast levels areK forbid-
den. In practice, since someK mixing is a general feature,
hindrance is observed, which is in the present case abou
This interpretation is confirmed by a similar behavior o
served in 50Cr @8#, as reported in Fig. 1~b!. In this case
neutrons do not bring spin, so that the connected states
42 and 42

1 . The K-allowed transition is known to be o
2.9(3)31024 W.u., i.e., the maximum observed in this r
gion. The hindrance caused byK forbiddenness is in this
case of the order of 70.

The schematic interpretations given above have been
croscopically substantiated by large-scale SM calculatio
performed with the codeANTOINE @1#. Good agreement ha
already been reported in the fullp f configuration space fo
the normal parity yrast states of49Cr @4#, using the KB3
interaction@1#. In the present work we extend the compa
son to nonyrast states of normal parity. In particular,
04130
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yrare 13/22 is well reproduced also concerning the dec
out, as shown in Table I. Furthermore, the possibility h
been checked that the assumed yrast 13/21 could be a third
13/22 state, but this is predicted to lie about 1.3 MeV abo
the 13/22

2 state. To facilitate the comparison, the calculat
negative levels relevant for the discussion are included
Fig. 3. Since the accuracy of SM predictions for normal p
ity states in the middle of the 1f 7/2 shell and, in particular in
49Cr @4#, is of the order of a few hundred keV, we definite
exclude the negative parity assignment.

To calculate the positive parity states, thep f configura-
tion space has been extended to include a hole in the 1d3/2
orbital, with a similar approach as in Ref.@12#. In this case,
however, the increase in dimensions forces us to make t
cations in the calculation. Hence, we allowed a maximum
three particles to jump out of the 1f 7/2 orbit, which has been
shown to be a quite reasonable approximation to the c
plete results@1#. For the crosssd-p f part we used the inter
action of Ref.@20#, where the difference between the isosc
lar and the isovector centroids was fixed to its experimen
value. The calculated and the experimental level schemes
presented in Fig. 3. The yrast trap behavior of the 13/1

bandhead is apparent, as it is predicted close to the 9/21 state
of the Kp53/21 band. But, even if theE2 transitions were
energetically possible, the trap would still exist because
the smallishB(E2) values~0.01 and 0.001e2 fm4, respec-
tively! predicted by the calculations. Those values give a h
about the degree ofK forbiddenness of the transitions. Th

FIG. 3. Theoretical sidebands of positive and negative parity
49Cr, as compared with the experimental levels.
5-4
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measuredB(E2) values are quite well reproduced, as sho
in Table I. The deduced deformation ofb.0.26 for the low-
est members of the band points to a negligible mixing w
the Kp53/21 band, as theoretically predicted and, con
quently, to a high-K character for this band. The fact that th
interbandE1 transitions towards the ground state band
not very much hindered may indicate that the g.s. band d
not have a goodK quantum number, as shown by the re
evant signature splitting, which points to some triaxiality a
thus K mixing. It has to be noted, however, that the agre
ment for positive parity levels is not so good as for the ne
tive parity ones. This may be due to the necessary trunca
of the model space.

We have also examined the Nilsson model hint that
yrare 13/22 state could be the head of aKp513/22 band. As
displayed in Fig. 3, a rather regular dipole sequence is
dicted by SM calculations to be based on the 13/22 yrare
state. TheB(E2) values for interband and intraband tran
tions are consistent, in this case, with 10–20 % configura
mixing with the g.s. band. In the present GASP experim
04130
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yrare states were not efficiently populated, so that the la
predictions could not be checked.

In summary, a novel coupling has been found in49Cr,
between theKp551, T50 band in 50Mn and a 1d3/2
proton-hole, giving rise to a high-K band of unnatural parity.
The bandhead acts as a yrast trap for the lower positive
ity levels, which belong to theKp53/21 band. An interplay
of K-allowed andK-hindered transitions has also been o
served. These unusual phenomena in the 1f 7/2 shell are well
described by large-scale SM calculations.
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