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High-spin states in the odd-oddN5Z nucleus 50Mn
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High-spin states in the odd-oddN5Z nucleus50Mn have been identified. At low spin, theT51 isobaric
analogue states of50Cr are established up toI p541. At high spin, theT50 band built on the low-lying
I p551 isomer in50Mn becomes energetically favored and this band is observed up to itsf 7/2-shell termination
at I p5151. Spherical shell model calculations in the fullp f shell are found to be in excellent agreement with
the experimental results. In addition, a weak side band in50Mn is observed to spin (122) and is interpreted as
a possible octupole vibrational structure.@S0556-2813~98!50211-7#

PACS number~s!: 23.20.Lv, 27.40.1z, 21.60.Cs, 21.10.Hw
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Recent advances in both experimental and theore
techniques have enabled detailed studies of high-spin s
in many of theN'Z nuclei in the 1f 7/2 shell. Near the
middle of this shell, the number of valence particles/holes~8
in 48Cr! is large enough to lead to collective behavior@1–4#,
yet small enough that the maximum spin available in p
f 7/2-shell configurations is limited to experimentally obser
able values and noncollective band-terminating states h
recently been identified in several of these nuclei@2–5#. As
one moves away from the middle of thef 7/2 shell, the
doubly-magic spherical nuclei40Ca and56Ni are rapidly ap-
proached. The collective behavior observed near the mid
of the shell thus gives way to more pronounced shell mo
effects @6#. The f 7/2-shell nuclei thus provide an excellen
opportunity to study the interplay between collective a
single-particle degrees of freedom as functions of both an
lar momentum and valence particle number. Recent stu
of high-spin states in these nuclei have also shed new l
on the cross-conjugate symmetry resulting from simu
PRC 580556-2813/98/58~5!/2621~5!/$15.00
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neous proton-neutron and particle-hole exchange in thef 7/2

shell @5#, as well as the more generally applicable mirr
symmetry resulting from proton-neutron exchange@7–10#.

Parallel progress has been made in the theoretical stud
f 7/2-shell nuclei. Recent advances in large-scale shell mo
calculations have enabled computations for these nucle
volving the full p f shell model space@11,12#. Of particular
interest have been theoretical studies of48Cr @13# and 50Cr
@14# in which large-scale shell model calculations have be
compared with the results of cranked Hartree-Fo
Bogoliubov calculations. The collective nuclei in the midd
of the f 7/2 shell have thus provided the opportunity for ne
insights into the relationship between the microscopic sh
model description of nuclei in the laboratory frame and t
mean-field cranking description of the nuclear intrinsic sta

Despite the many recent advances in the study ofN'Z
f 7/2-shell nuclei, there remains a notable deficiency of hig
spin data for the odd-oddN5Z nuclei in this region. In
particular, the spectroscopic data for50Mn have not been
R2621 ©1998 The American Physical Society
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extended since Kinget al. @15# identified g-ray transitions
between low-lying states with the light-ion reactio
50Cr(p,ng)50Mn more than 25 years ago. Odd-oddN5Z
nuclei are, however, of particular interest because they o
the best opportunity to investigate the interplay betwe
isospinT50 andT51 neutron-proton pairing@16–20# as a
function of angular momentum. The odd-oddN5Z nuclei in
the f 7/2 shell haveT51, I p501 ground states. However
T50 bands are expected to be favored at high spin. In
work we report the first observation of high-spin states
50Mn. The T51 isobaric analogue states of50Cr are estab-
lished up to spin 41, and the energetically favoredT50
band built on the low-lying 51 isomer in 50Mn is observed
up to its f 7/2-shell termination atI p5151. A weak side band
is also observed in50Mn and is interpreted as a possib
octupole vibrational structure.

High-spin states in 50Mn were populated via the
28Si(28Si,apn)50Mn reaction, with a 115-MeV28Si beam
provided by the XTU Tandem Accelerator at the Legna
National Laboratory. The target consisted of 0.8 mg/cm2 of
28Si evaporated on a 13 mg/cm2 Au backing. Gamma rays
were detected with the GASP array@21#, comprising 40
Compton-suppressed HPGe detectors and an 80-elemen
muth germanate~BGO! ball which acts as ag-ray multiplic-
ity and sum-energy filter. Charged particles were detec
with the ISIS array@22#, a 4p detector consisting of 40
(DE,E) Si telescopes. During the experiment, 8.43108

events were recorded in which at least two HPGe detec
and at least two elements of the BGO ball fired in coin
dence.

Based on measuredg-ray intensities, theapn evaporation
channel leading to50Mn was estimated to represent on
;1% of the total fusion cross section in this experiment.
order to analyze this weak channel, ag-g coincidence matrix
was constructed for all events in which one proton and
alpha particle were detected in the ISIS array. Contamina
in this matrix due to events from the much strong
50Cr(a2p), 49Cr(a2pn), 49V(a3p), and 47V(2ap) chan-
nels was largely removed by subtracting properly normali
fractions of thea2p, a3p, and 2ap gatedg-g matrices.
This subtracted matrix was found to provide the best com
nation of clean channel selection and statistical quality
constructing the decay scheme of50Mn. The coincidence
relationships deduced from this matrix were also confirm
by double gating on the50Mn g rays in ag-g-g coincidence
cube.

The decay scheme for50Mn deduced from the presen
work is shown in Fig. 1, andg-ray spectra obtained by se
ting coincidence gates in the ‘‘clean’’50Mn matrix are
shown in Fig. 2. The spin assignments shown in Fig. 1 w
deduced from theg-ray angular distributions and from direc
tional correlation from oriented state~DCO! ratios. The 01,
21, and 41 states in50Mn at excitation energies of 0, 800
and 1917 keV are interpreted as theT51 isobaric analogues
of the 0, 783, and 1882 keV states in50Cr @4,5#. We note that
theseT51 states, and the 11 and 31 T50 states connecte
to them byM1 transitions, were populated very weakly
this experiment~;2% of the50Mn channel intensity! and it
was not possible to extend theT51 band to higher spin
This weak population of the ground band results from
highly non-yrast nature of this band at high spin where
er
n

is

is-

d

rs
-

e
n

r

d

i-
r

d

e

e
e

T50 band built on the low-lying 51 isomer in 50Mn be-
comes strongly favored. As indicated in Fig. 1, the major
of the 50Mn channel intensity is collected by thisT50 band
and decays to the 51 isomer~which b1 decays to50Cr with
a halflife of 1.75 min@23#!. We were unable to identify any
transitions linking thisT50 band to the low-spinT50 and
T51 states which feed the 01 ground state. The excitation
energy of the 51 isomer was therefore not established by th
work. The value of 229 keV indicated in Fig. 1 has be
taken from the literature and has an uncertainty of67 keV
@23#. The 805 keV transition between the 71 and 51 T50
states in50Mn was tentatively assigned previously@15#. We
have confirmed this assignment, and extended theT50 band
to I p5151, the maximum spin available to50Mn in a pure
f 7/2-shell configuration. In addition, a weak side band w
observed in50Mn up to I p5(122) and, as shown in Fig
2~b!, five high-energy transitions linking the 4257 keV sta
of this structure to the 51, 61, 71, 81, and 91 T50 states
were identified. Although the limited statistics for these hig
energy transitions prevented a definite spin/parity assignm
for the 4257 keV state, the angular distribution measu
ments favor our tentative (82) assignment. As discussed b
low, an octupole vibration coupled to the 51 T50 state pro-
vides a possible explanation for the observed decay pat
of this structure.

As noted above, excellent agreement has recently b
demonstrated between experimental data and fullp f shell
model calculations for a number of nuclei in this mass reg
@11–14#. In order to test further the accuracy of these larg
scale shell model calculations and to obtain a more comp
understanding of the new experimental results, we have
formed full p f shell model calculations for50Mn. The KB3

FIG. 1. Level scheme of50Mn from the present work. Transition
and level energies are given to the nearest keV. The excita
energy of the 51 isomer is taken from Ref.@23#.



ie

-
. 3
m
re

i
a

fe
e

rv
ng

lit
a

th
r

52
e
n

cer-
ing,
life-
ed
e

keV
ide

e.
ent

el
si-

n-
is

ely
ber
de
res

s
and

cu-
e
the

s

V

tes

d

RAPID COMMUNICATIONS

PRC 58 R2623HIGH-SPIN STATES IN THE ODD-ODDN5Z NUCLEUS 50Mn
interaction @24# was used and the single-particle energ
were taken from the experimental spectrum of41Ca. The
Hamiltonian was diagonalized with the codeANTOINE @25#.
The theoretical spectrum for50Mn obtained from these cal
culations is compared with the experimental data in Fig
Although the experimental spectrum is slightly more co
pressed than its shell model counterpart, the overall ag
ment between theory and experiment is excellent.

A more sensitive test of the shell model calculations
obtained from a comparison of the calculated transition m
trix elements with experimental values deduced from li
time measurements. Unfortunately, accurate lifetime m
surements for the states in50Mn were not possible in this
experiment because of the long lifetime of the 151 terminat-
ing state. No Doppler-broadened peak shape was obse
for the 1340 keV transition, indicating that the terminati
state decayed after the50Mn recoils were fully stopped in the
target backing. While this led to sharpg-ray peaks for all of
the transitions in theT50 band~see Fig. 2! and facilitated
the observation of this structure, it precluded the possibi
of measuring lifetimes for the lower-spin states because
of the peak shapes simply reflected the long lifetime of
terminating state. Small Doppler-broadened components
sulting from fast side feeding were observed for the 23
2051, and 1503 keV transitions. However, the large unc
tainties in the ratios of this weak side feeding to the stro

FIG. 2. g-ray spectra generated by setting coincidence gate
the ‘‘clean’’ 50Mn g-g matrix ~see text for details!. ~a! Sum of gates
on the strong transitions in theT50 band.~b! The high-energy
portion of the g-ray spectrum in coincidence with the 584 ke
transition showing the five transitions linking the 4257 keV (82)
state to the low-lyingT50 states.
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top feeding of these states, combined with the usual un
tainties in the time structure of the unobserved side feed
prevented a meaningful quantitative analysis of the state
times. It should, however, be noted that the fully stopp
peak shape for the 1340 keV transition implies a lifetim
larger than the recoil stopping time (;2 ps), while the
broadened components for the 2352, 2051, and 1503
transitions can only result from the combination of fast s
feeding and state lifetimes shorter than the stopping tim
These observations are, at least qualitatively, in agreem
with the lifetimes of 4.0, 0.11, 0.17, and 0.80 ps for the 151,
131, 111, and 91 states calculated from the shell mod
B(E2) values shown in Table I and the experimental tran
tion energies. The terminating 151 state in50Mn is obtained
by fully aligning the valence particles in the (f 7/2)

10 configu-
ration and the long lifetime of this state results from its no
collective nature. This transition to a noncollective state
indicated by the sudden decrease in the calculatedB(E2)
values as the terminating state is reached.

Although absolute state lifetimes could not be accurat
measured in this experiment, quantitative tests of a num
of the shell model transition matrix elements could be ma
based on measured branching ratios. Table II compa
branching ratios calculated with the theoreticalB(E2) and
B(M1) values ~and the experimental transition energie!
with the observed values. The agreement between theory
experiment is, in general, very good. The very large cal
lated M1(DT51)/E2(DT50) branching ratios among th
low-spin states also provide a natural explanation for
failure to observe the 31→11 and 41→21 E2 transitions

in

FIG. 3. Excitation energy versus angular momentum for sta
in 50Mn. The experimental data~solid lines and filled symbols! are
compared with fullp f shell model calculations~dashed lines and
open symbols!. T50 andT51 states are indicated by circles an
diamonds, respectively.
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in this experiment. We note that the 81→71, 71→61, and
61→51 transitions are of electric quadrupole character d
to the hindrance of magnetic dipole transitions betwe
T50 states in self-conjugate nuclei@26#.

In a recent paper, Martı´nez-Pinedoet al. @12# studied the
A547 and 49 nuclei in the framework of the fullp f spheri-
cal shell model. In the case of the mirrors49Cr and49Mn, a
strong-coupling limit particle-plus-rotor scheme was sho
to fit the ground state bands up to the backbending at 172.
The rotor behavior was further supported by the rather c
stant intrinsic quadrupole moments obtained from the ca
latedB(E2)’s (Q0

t ) and from the static quadrupole momen
Qs(Q0

s), although a change of regime was noticed
I 513/2 before the backbending. In Table III we show t
corresponding values for theT50 band of50Mn, in which a
nucleon is added to the odd-A mirrors. The two-particle-
plus-rotor strong-coupling limit implies constantQ0 values
up to I;10 in 50Mn. As can be seen in Table III, bot

TABLE I. Reduced matrix elements for transitions in50Mn from
the shell model calculations.

I i
p I f

p B(E2) (e2 fm4) B(M1) (mN
2 )

1T50
1 0T51

1 2.16
2T51

1 1T50
1 2.09

3T50
1 2T51

1 2.57
4T51

1 3T50
1 2.95

2T51
1 0T50

1 189
4T51

1 2T50
1 208

3T50
1 1T50

1 240
6T50

1 5T50
1 258

7T50
1 6T50

1 251
7T50

1 5T50
1 42

8T50
1 7T50

1 140
8T50

1 6T50
1 74

9T50
1 8T50

1 142
9T50

1 7T50
1 133

11T50
1 9T50

1 130
13T50

1 11T50
1 99

15T50
1 13T50

1 47

TABLE II. Branching ratios~B! for transitions in50Mn from the
present experiment and shell model calculations.

I i
p I f

p Bexp(%) Btheo(%)

21 11 62 ~18! (M1) 61 (M1)
01 38 ~18! (E2) 39 (E2)

31 21 100 ~25! (M1) 99 (M1)
11 1 (E2)

41 31 100 ~25! (M1) 98 (M1)
21 2 (E2)

71 61 15 ~1.7! (E2) 11 (E2)
51 85 ~1.7! (E2) 89 (E2)

81 71 47 ~16! (E2) 69 (E2)
61 53 ~16! (E2) 31 (E2)

91 81 1 (E2)
71 100 ~3.7! (E2) 99 (E2)
e
n

n

-
-

t

calculated intrinsic quadrupole momentsQ0
s and Q0

t are
similar and rather constant at low spin, but a change of
gime appears atI 58 where the calculatedQ0 values start to
behave erratically. In fact, the 101 state, which was not ob
served in this experiment, is calculated to lie above the 11

state.
Unnatural-parity side bands have been identified in s

eral nuclei in this mass region~e.g., 45Sc, 45,46Ti, 47V,
48,49,50Cr! and have been explained in terms ofp f-shell con-
figurations with a hole excitation in thed3/2 orbital @27–29#.
However, this is not the case for52Fe, in which an octupole
vibration provides a better explanation of the observed2

bandhead at 4396 keV@6#. Similarly, the~proposed! negative
parity structure in50Mn starting at the 4257 keV,I p5(82)
state could be explained as an octupole vibration couple
the 51 T50 state. This interpretation would provide a nat
ral explanation for the successful competition ofE3 decay
with E1 decay of the (82) state. Unfortunately, a she
model description of such structures, which should invo
contributions from both hole excitations in thesd shell and
particle excitations to theg9/2 orbital, in addition to the full
p f shell, is beyond present computational capabilities.

As noted above, odd-oddN5Z nuclei offer the opportu-
nity to investigate the interplay betweenT50 and T51
pairing interactions. In particular, both pairing modes in t
proton-neutron channel play a dominant role in these nuc
while their contribution decreases rapidly with a moder
neutron or proton excess. It was also noted above that in
f 7/2 shell, all odd-odd self-conjugate nuclei haveI p501,
T51 ground states. This differs from lighter odd-od
N5Z nuclei, in whichIÞ0, T50 ground states are favored
In a recent paper@30#, a possible explanation for this beha
ior was suggested in the framework of the spherical sh
model with the KB3 interaction. It was argued that the i
version of T50 and T51 configurations arises from th
balance between the isovector monopole term, which ha
smooth dependence on mass, and isoscalar and isov
pairing interactions. This latter term depends linearly on
degeneracy of the valence orbit. Therefore, when a higj
orbit comes into play, theT51 state should become th
ground state. The strong influence of the isovector prot
neutron correlations on the properties of50Mn at low tem-
perature has also been pointed out in Ref.@16# within shell
model Monte Carlo calculations.

TABLE III. Shell model static quadrupole momentsQs , the
corresponding intrinsic quadrupole momentsQ0

s , and the intrinsic
quadrupole momentsQ0

t deduced from theB(E2) values.

I p Qs (e fm2) Q0
s (e fm2)

Q0
t (e fm2)

DI 51 DI 52

51 57 98
61 32 102 93
71 14 100 84 92
81 5 285 64 87
91 20.6 9 68 97

111 0.5 22.6 80
131 6 223 64
151 25 280 41
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It is also interesting to note that, while the proton-neutr
( f 7/2)

2 T50 interaction favors theI 51 andI 57 couplings
~cf. 42Sc!, the strong quadrupole field near the middle of t
shell gives rise to a 51 bandhead in50Mn, corresponding to
a proton-neutron pair in the@312#5/2 Nilsson orbit.

In summary, high-spin states have been identified in
odd-oddN5Z nucleus50Mn. The T51 isobaric analogue
states of50Cr have been established toI p541, while at
high-spin the energetically favoredT50 band has been ob
served up to itsf 7/2-shell band termination atI p5151. Ex-
cellent agreement is found between the experimental res
and spherical shell model calculations in the fullp f shell. A
weak side band of proposed negative parity has also b
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identified in 50Mn and the decay pattern of the (82) band-
head of this structure suggests an interpretation based o
octupole vibration coupled to the low-lying 51 T50 iso-
meric state.
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