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Low spin structure of the NÄZ odd-odd nucleus 25
50Mn25
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Low spin states in the odd-odd nucleus50Mn were populated in the50Cr(p,ng)50Mn fusion evaporation
reaction at 15 MeV beam energy at the FN-Tandem accelerator in Cologne.g-angular correlations,gg
coincidences, and Compton asymmetries were measured. 21 states of50Mn were observed, 16 for the first time.
Six new spin assignments and two parity assignments were made. Eight multipole-mixing ratios and nine new
g-decay branching ratios were determined for the first time. A fullp f-shell model calculation for the low-lying
states in50Mn is compared to the data.

PACS number~s!: 21.10.Hw, 21.60.Cs, 23.20.Lv, 27.40.1z
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I. INTRODUCTION

Self-conjugate nuclei with nucleon numbersN5Z are the
most symmetric systems with respect to the proton neu
degree of freedom. This means that these nuclei are the
objects for testing the isospin symmetry of nuclear forc
Both theT51 andT50 states are available inN5Z nuclei.
While two identical nucleons can form onlyT51 states,
proton-neutron pairs can be coupled toT50 as well as to
T51 configurations.

The importance of theT50 proton-neutron interaction i
evident from the fact that the most simple proton-neut
system, the deuteron, is bound only in theJp511, T50
ground state. Other two nucleon systems are unbound
course, nuclear states with isospin quantum numberT50
can only be found inN5Z nuclei. Due to its unique sens
tivity to certain parts of the nucleon-nucleon interaction t
structure ofN5Z nuclei have become a very active topic
research@1–12#. With the recent developments of large d
tector arrays as Euroball@13#, Gammasphere@14#, or very
efficient mass separator systems, heavyN5Z nuclei can be
studied now up to the doubly closed shell nucleus100Sn@15#.

A particularly interesting problem is the structure of m
dium mass odd-oddN5Z nuclei, in which the lowestT50
states andT51 states are almost degenerate. In these un
cases one can study the interplay ofT50 andT51 struc-
tures by means of spectroscopy of bound states. The a
mentioned phenomenon is in contrast to other nuclei, incl
ing even-evenN5Z nuclei where the (01,T50) ground
state is separated from excitedT51 states by a resonabl
large energy gap. The occurence of strong magnetic dip
(M1) transitions between the lowestT50 andT51 states
in odd-odd nuclei along theN5Z line is one more interest
ing phenomenon@11#. Actually these are the largest know
magnetic dipole transitions in atomic nuclei.

An important question is, thus, the identification ofT
50 states in heavy odd-oddN5Z nuclei and the measure
ment of their properties. We have investigated the low-s
structure of the odd-oddN5Z nucleus50Mn up to an exci-
tation energy ofEx'3.6 MeV. Thereby, we could consid
erably enlarge and correct the hitherto known@1,16,17# level
scheme of50Mn.
0556-2813/2000/62~4!/044319~10!/$15.00 62 0443
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The experimental setup, methods, and results are
scribed in the next section. In Sec. III the data are discus
in comparison to a calculation done in the framework of t
nuclear shell model. A summary is given in Sec. IV.

II. EXPERIMENT AND RESULTS

Low spin states of50Mn were populated using the fusio
evaporation reaction50Cr(p,ng)50Mn at a proton beam en
ergy Ep515 MeV. The beam was delivered by the FN
Tandem accelerator of the University of Cologne. In be
g-ray spectroscopy was performed with the Osiris-cu
spectrometer. The experiment was divided into two parts
the first part the spectrometer was equipped with six ident
Compton-suppressed HPGe detectors at each face of
cube. In the second part a highly efficient composite Clus
detector was mounted vertically above the target thereby
placing one of the forementioned smaller detectors. In b
parts of the experimentg-singles spectra were recorded wi
an average event rate of 104 counts per second per detecto
gg coincidences were detected with an average event ra
about 2.53103 events per second. Timing and energies
thegg-coincidence events were stored on magnetic tape
were analyzed offline.

A full gg-coincidence matrix was sorted in order to e
tablish coincidence relations for the construction of the le
scheme of50Mn. As an example of the data, theg spectrum
observed in coincidence with the decay of theJi

p521
1 , T

51 state to theJi
p501

1 , T51 ground state is shown in Fig
1. The full low spin level scheme of50Mn, which could be
determined from ourgg-coincidence data, is shown in Fig
2. From the analysis of coincidence spectra, 25 new tra
tions were placed in the level scheme, establishing 16 n
levels. The level scheme given previously in Refs.@1,16,17#
could be partly confirmed except for the placements of
1540, 1573, and 1707 keVg rays, which were wrongly
placed above the 51 isomer in the literature@16,17#. The 51

isomer at 229 keV excitation energyb1-decays to50Cr with
a half-life of t1/251.75 min @16,17#. This level is fed from
high spinT50 states@1,18#. We were unable to find linking
transitions from our low spin levels to this isomer in th
©2000 The American Physical Society19-1
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(p,n) reaction. Therefore, the isomer shown in Fig. 2 w
not established in this work and the excitation energy of 2
keV was taken from other experiments@16,17#. In contrast,
we could observe two new levels at 1727 and 1874 k
excitation energy, which decay to the ground state. Tab
summarizes our results on excitation energies, transition
ergies, and decay branching ratios.

For the assignment of spin and parity quantum number
excited states of50Mn it is useful to know the multipole
order of g transitions between them. In order to determi
the multipole orders ofg transitions we measured angul
correlations of thegg coincidences. Therefore, the coinc
dence events were sorted offline in a set of coincidence
trices labeled by the geometry of the detectors involved i
given coincidence event. Due to the high symmetry of o
cube arrangement many detector pairs contribute to eac
the coincidence groups resulting in high statistics of the
gular correlation analysis and in reliable spin assignmen

Six new spin quantum numbers were unambiguously
tablished from the analysis of thegg correlations with the
methods sketched above and described in more lengt
Refs. @19,20#. As an example we show in Fig. 3 th

FIG. 1. gg-coincidence spectrum observed in th
50Cr(p,ng)50Mn fusion-evaporation reaction with a gate on the 8
keV, 21

1→01
1 transition in 50Mn.
04431
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gg-angular-correlations of the 788–343 keV 41→31
1→21

1

cascade together with the fitted values for two different s
hypotheses for the 41 level at 1931 keV. The multipole mix-
ing ratiod of theJ→31 transition and the Gaussian widths
of the m-substate distribution of the initially oriented leve
were treated as free parameters. The multipole mixing ratd
is defined as the ratio of the reduced matrix elements of
transition with multipolarityl11 and the transition with
multipolarity l (d5^Jf il11iJi&/^Jf iliJi&). It is evident
from Fig. 3, that with a spin quantum number hypothesisJ
53 for the level at 1931 keV the experimental correlati
pattern cannot be reproduced by the fit for any quadrup
dipole mixing ratio of theJ→31 transition. The same hold
true for the hypothesesJ51 or J52. In contrast, the data
are in best accordance with the values for a spin quan
numberJ54 for the 1931 keV level and a fitted vanishin
quadrupole/dipole mixing ratiod520.01(2). Therefore, we
can unambiguously assign the spin quantum numberJ54 to
the level at 1931 keV. In total we could assign six new sp
quantum numbers with this method.

To get information about the parity of states, we used
the second part of our experiment the composite Cluster
tector as a Compton polarimeter. The sum of two coincid
signals, which stem from the Compton scattering of an ini
g quantum in one segment of the Cluster and the subseq
absorption in an adjacent segment, carries the full ene
information of the initialg ray. The geometry of the Comp
ton scattering process depends on the polarization of the
tial g ray with respect to the beam. This enables the m
surement ofg polarizations from observable asymmetries
the Compton scattering processes in a Compton polarime
For the purpose of parity quantum number assignments
sufficient to determine the dominant radiation characterE
or M ) of the correspondingg transition, if the multipole
order and multipole mixing ratios are known already fro
angular correlations.

The seven large volume Ge crystals of the Cluster de
tor form a nonorthogonal polarimeter. Numerical simulati
@21# as well as recent experiments@12,22# have shown, that
the Cluster detector is an efficient Compton polarimeter. T
geometry of the Cluster detector implies three polarizat
groups. We consider adjacent crystal pairs at relative an
re
FIG. 2. Low spin level scheme of50Mn con-
structed from thegg-coincidences obtained in
the 50Cr(p,ng)50Mn reaction at 15 MeV beam
energy. Spin and parity quantum numbers we
assigned from the analysis ofgg-angular corre-
lations and Compton asymmetries. The 51

1 , 61
1 ,

and the 71
1 states were taken from Ref.@1#.
9-2
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LOW SPIN STRUCTURE OF THEN5Z ODD-ODD . . . PHYSICAL REVIEW C 62 044319
of 30°, 90°, and 150° with respect to the reaction plane. T
energy of ag quantum, which is firstly scattered in one cry
tal and subsequently absorbed in a second adjacent crys
the relative angle of 30°, 90°, or 150° is sorted in a cor
sponding pulse height spectrum, at the given sum energ
both coincident events, i.e., at the full energy of the incid
g ray. We denote the different spectra constructed in t
way byN30° , N90° , andN150°. The relative intensities of the
g lines in these three different spectra carry the informat

TABLE I. This table summarizes the information on the low
spin level scheme of50Mn. We give excitation energies (Ex) of the
concluded levels, theg-transition energies (Eg), the excitation en-
ergies of the final levels (Ef), and the intensity branching ratiosI g .
The levels and transitions which are marked with a star were kn
from previous experiments@1,16,17#. Those which are marked with
a dagger were not observed in our experiment and were added
Ref. @1#.

Ex Eg Ef I g

~keV! ~keV! ~keV! ~%!

650.8(1)! 650.8(1)! 0.0 100
800.0(1)! 149.2(1)! 650.8 64.1~12!

800.0(1)! 0.0 100~2!

663† 434† 229†

1034† 371† 663†

805† 229†

1143.0(1)! 343.0(1)! 800.0 100~2!

492.0~1! 650.8 1.2~1!

1727.2~2! 927.1~1! 800.0 49.5~12!

1727.4~2! 0.0 100.0~23!

1797.7~2! 997.7~1! 800.0 100
1874.4(2)! 731.2(2)! 1143.0 34.4~10!

1074.4~1! 800.0 31~1!

1223.6(1)! 650.8 100.0~24!

1874.4~2! 0.0 50.0~15!

1916.6(1)! 773.6(1)! 1143.0 100
1931.0~2! 788.0~1! 1143.0 100~3!

1131.2~2! 800.0 5.9~8!

2157.3~2! 1014.3~1! 1143.0 100
2300.5~1! 1500.5~1! 800.0 100
2340.2~2! 612.5~2! 1727.2 13.1~14!

1540.2~2! 800.0 100~3!

2477.7~1! 1677.7~1! 800.0 100
2556.2~1! 625.2~1! 1931.0 100~3!

1413.9~1! 1143.0 52~2!

2614.4~4! 887.2~4! 1727.2 100
2716.0~1! 841.6~1! 1874.4 100~4!

1572.8~1! 1143.0 7.6~4!

2980.0~2! 2329.0~2! 651.0 100
3370.2~1! 1030.0~1! 2340.2 100
3438.2~1! 1507.2~1! 1931.0 100
3477.5~3! 1603.0~1! 1874.4 100~6!

1750.3~1! 1727.2 99~6!

3561.7~2! 1261.2~2! 2300.5 100
3637.5~2! 1706.5~2! 1931.0 29~2!

2494.9~3! 1143.0 100~6!
04431
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about their radiation character. To extract this information
is convenient to define a polarization asymmetryA:

A5
N902a~N301N150!

N901a~N301N150!
.

Here the value of the parametera is determined by the con
dition that A50 for unpolarized radiation. We obtaineda
50.49. If we define the beam axis as thex axis, the direction
of the Cluster detector as thez axis and correspondingly th

n

m

FIG. 3. Experimental and fitted values of thegg-angular corre-
lation for the 788–343 keV 41→31

1→21
1 cascade, which connect

the levels with an excitation energy of 1931, 1143, and 800 k
plotted for the different correlation groups of our spectrometer. T
quantum numbers for the 31

1 state and the 21
1 state have been

established before from independent data. Only theJ54 spin hy-
pothesis for the upper level at 1931 keV can account for the
served correlation pattern. The corresponding multipole-mixing
tio is d520.01~2!. For J53 the hypothesis followsd526.1~14!.

FIG. 4. Part of the difference spectrumN2 . The (p,p8)-
reaction to50Cr is the main-reaction channel. The largestg lines in
this spectrum, e.g., at 782 and 1098 keV~the peaks are truncated!,
stem from knownE2 transitions in50Cr. g transitions of electric
character appear as positive peaks andg transitions of magnetic
character appear as negative peaks in the difference spectrum
1727 keV 1p→01

1 dipole transition in50Mn has electric characte
and, thereby, establishes the parity assignmentp52 for the 12

level at 1727 keV.
9-3
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TABLE II. Summary of experimental information ong transitions from those excited states of50Mn, for
which spin or parity quantum numbers could be assigned with thegg-angular correlation method. The tab
shows the excitation energy (E), the spin and parity quantum numbers (I p), and the isospin quantum numbe
~T! for the initial and the final levels, the transition energy (Eg), the experimental Compton asymmetry (A),
the deduced multipole character (Ml ), and the quadrupole/dipole mixing ratio (d). For the 927 keVg
transition, an unambiguous multipole mixing ratio could not be established. Previously known spin and
values@1,16,17# are marked with a star.

Ei Ef I i
p i I f

p f Ti Tf Eg A Ml d

~keV! ~keV! (\) (\) ~keV! ~%!

651! 0 11! 01 0 1 651 22.1(1) M1
800! 0 21! 01 1 1 800 4.5~3! E2

651 11 1 0 149 M1 0.0220.03
10.03

1143! 651 31! 11 0 0 492
800 21 0 1 343 24.0(1) M1 0.0120.02

10.02

1727 0 12 01 0 1 1727 3.1~1! E1
800 21 0 1 927 0.0520.10

10.10

1.3420.84
14.39

1798 800 3 21 0 1 998 E2/M1 20.1220.10
10.10

1874! 0 2 01 0 1 1874
651 11 0 0 1223 20.0120.02

10.02

800 21 0 1 1074 23.6720.49
10.39

1143 31 0 0 731 0.0020.03
10.03

1917! 1143 41! 31 0 0 774 E2/M1 2.5520.27
10.27

1931 800 41 21 1 1 1131 E2
1143 31 1 0 788 M1 20.0120.02

10.02

2340 800 3 21 0 1 1540 20.1320.04
10.04

1727 12 0 0 613
2478 800 3 21 0 1 1678 0.0120.06

10.06

2556 1143 (5) 31 0 0 1414
1931 41 0 1 625
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direction perpendicular to these two directions as they axis
of the frame of reference, the linear polarization is given

P5
Ex

22Ey
2

Ex
21Ey

2
,

whereEx andEy are thex andy components of the electrica
field vector. One finds the following relation between t
experimental asymmetryA and the linear polarizationP @23#:

A5Qpol~Eg!•P.

HereQpol(Eg) is the polarization efficiency of the polarime
ter. It is obtained from calibration measurements using ra
tion with known polarization. We note thatQpol(Eg) de-
pends on the energy of theg-ray Eg . Already the sign of the
linear polarization, sgnP, is a measure for the electroma
netic radiation character of a transition with pure multipol
ity. Since sgnP5sgnA, the radiation character of a trans
tion with pure multipolarity can, thus, be determined fro
the sign of the experimental asymmetryA. If we introduce
the difference spectrumN25N902a(N301N150), which is
shown in Fig. 4, theg transitions with positive polarization
which corresponds to the electrical character (E1, E2, . . .!
04431
y

a-

-

appear as positve peaks, and those with negative pola
tion, which corresponds to magnetic charac
(M1,M2, . . . ) appear as negative peaks in this spectrum

The strongest positive peaks in the spectrumN2 come
from known E2 transitions between levels of50Cr, excited
in the dominant (p,p8) reaction channel. The strongest tra
sitions of 50Mn appear as negative peaks, namely the 3
keV 31

1→21
1 transition and the 651 keV 11

1→01
1 transition,

demonstrating their dominantly magnetic character. The1
1

→01
1E2 transition at 800 keV appears as a positive pe

showing its electric character. The 1727 keVg ray appears
as a positive peak, too. Together with the spin assignm
J51 from the angular correlation analysis onlyE1 character
remains possible for the 1727 keV line and we can ass
negative parity to the 12 state at 1727 keV.

The experimental asymmetries we have obtained in
work are given in Table II. In total, we could assign new sp
quantum numbers to six levels. Eight new multipole mixi
ratiosd were determined. Parity quantum numbers could
established for the two levels at 1727 and 1931 keV from
measured multipole and radiation characters ofg transitions.
Table II summarizes the spin and parity quantum num
assignments, the multipolarities, the experimental asym
tries, and the multipole mixing ratiosd.
9-4
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FIG. 5. Part of the50Mn level scheme, includ-
ing only those levels for which definite spin o
parity quantum numbers are known. The width
the arrows corresponds to the relative intensity
theg transitions observed in the present reactio
The 51

1 , 61
1 , and the 71

1 states were added from
Ref. @1#.
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III. DISCUSSION

The new data enlarge considerably our knowledge ab
the low-lying low spin level scheme of50Mn. Most valuable
for comparison to structure theory are those states for wh
definite spin assignments are available. To clarify the disc
sion Fig. 5 shows an excerpt from the level scheme includ
only those low-spin states with unambiguous spin or par
quantum number assignments. The 01

1 ground state, the 21
1

state at 800 keV and one of the 41 states around 1.92 MeV
in 50Mn are interpreted as theT51 isobaric analogs of the
01

1 ground state, the 21
1 state at 783 keV and the 41

1 state at
1882 keV states in the isobaric nucleus50Cr. Low-lying
positive parity states with odd spin quantum numbers a
negative parity states must be expected to have the iso
quantum numberT50, because such states are missing
50Cr below an excitation energy of 3 MeV. We found som
linking transitions between states with different isosp
quantum numbers, e.g., 31

1→21
1 , 21

1→11
1 , 11

1→01
1 , as

well as transitions between states with alike isospins, e
31

1→11
1 , 21

1→01
1 . We could, moreover, extract intensit

branching ratios between such isoscalar and isovector tra
tions, which are summarized in Table I.

The experimental data are compared to shell model~SM!
calculations of the positive parity states of50Mn in the full
p f shell without truncation. Two different nucleon-nucleo
residual interactions were considered: the KB3 interacti
adopted from Ref.@24# and the FPD6 interaction taken from
Ref. @25#. The KB3 interaction is based on the Kuo-Brow
G-matrix @26# with modifications of the monopole and som
other parts@24#, while the matrix elements of the FPD6 in
teraction are calculated by the OBEP~one boson exchange
potential! type functions, whose parameters are chosen
that experimental data of lightp f-shell nuclei were repro-
duced well. The doubly closed-shell nucleus40Ca is consid-
ered as the inert core. The Hamiltonian matrix in the fullp f
shell was diagonalized without any truncation using the T
kyo shell model code@27#. The calculated excitation energie
for theT50 andT51 positive parity levels with spin quan
tum numbersJ5027 below 4 MeV are compared to the
data in Fig. 6. The 51

1 isomer and the 61
1 ,71

1 states were
observed in the high-spin measurement of Ref.@1#. It shows
that the calculations lead almost to similar results and
reasonable agreement with experiment.

Both calculations predict the 51 isomer to be the first
excited state in agreement with the data. The theories c
sistently predict a peculiarly high-lying 41

1 state, around 2
04431
ut
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MeV excitation energy. This is actually observed. We no
that there is a one-to-one correspondence between the s
observed and calculated positive parity levels below
MeV.

To obtain a more clear understanding of the experime
results we have calculatedM1 andE2 transition strengths
between low-lying states. The results are shown in Table
Absolute level lifetimes could not be measured directly
the present experiment and, therefore, data on absoluteM1
andE2 transition strengths were indirectly determined on
for the B(E2;21

1→01
1) andB(M1;21

1→11
1) transitions

However, the measuredg-intensity ratios can be com
pared to the predictions made by the shell model if the c
culated transition strengths are used. Table III compares
observed branching ratios andE2/M1 multipole mixing ra-
tios d with those calculated from shell-modelB(M1) and
B(E2) values. Experimental transition energies were u
for the calculation of theoretical branching ratios and mu

FIG. 6. Comparison of the low-spin level scheme of50Mn ~exp.!
to the shell model. Shell model calculations were performed w
out truncation in the fullpf-shell with 40Ca as the core. For the
residual interaction the KB3 and the FPD6 parametrizations w
used. The states with isospin quantum numberT51 are plotted
with dashed lines andT50 with solid lines. The 51

1 , 61
1 , and the

71
1 states were added to our results and are taken from Ref.@1#.
9-5
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TABLE III. Comparison of shell model predictions forg-transition strengths to data ong-intensity ratios. CalculatedE2 and M1
transition strengths, experimental and calculated branching ratios, and multipole mixing ratiosd in 50Mn are given. Experimental energie
were used for the determination of theoretical branching and multipole mixing ratios. Freeg factors were used for the KB3 interaction. Fo
the FPD6 interaction we used the effective orbitalg factorsgl

p50.712,gl
n50.053 and the effective sping factorsgs

p56.75,gs
n523.41. The

effective proton and neutron charges in theE2 operator were chosen to be 1.33 and 0.64, respectively, for FPD6 and 1.5 and 0.5 for th
interaction. The level lifetimes determined from the transition strengths which were calculated with the FPD6 interaction are given in
column. The data on theJ52 state at 1874 keV, theJ53 state at 1798 keV, and theJ5(51) at 2556 keV are labeled with a star and a
compared to the calculated values for theJp522

1 , Jp532
1 , andJp552

1 states in the shell model, respectively. The data labeled wi
dagger are taken from Svenssonet al. @1#.

(Ji ,Ti)→(Jf ,Tf) B(E2;Ji→Jf) B(M1;Ji→Jf) Branching ratio d t
(e2 fm4) (mN

2 ) ~ps!
KB3 FPD6 KB3 FPD6 Expt. KB3 FPD6 Expt. KB3 FPD6 FPD6

(11
1,0)→(01

1,1) 0 0 2.90 1.49 100 100 100 0.14
(21

1,1)→(11
1,0) 0.05 0.02 1.94 1.29 64~1! 128 68 0.02~3! 0.0 0.0 5.4

(21
1,1)→(01

1,1) 220 275 0 0 100~2! 100 100
(31

1,0)→(21
1,1) 0.0 0.001 3.73 1.92 100~2! 100 100 0.01~2! 0.0 0.0 0.73

(31
1,0)→(11

1,0) 272 350 0 0 1.2~1! 0.4 1.0
(31

1,0)→(51
1,0) 0.28 0.002 0 0 0 0

(41,1)→(31
1,0) 0.2 0.07 2.71 1.99 100~3! 100 100 20.01(2) 0.0 0.0 0.06

(41,1)→(21
1,1) 298 385 0 0 5.9~8! 2.9 5.1

(41,1)→(51
1,0) 0.1 0.012 0.04 0.004 15 2.0

(52
1,0)→(41,1) 0.4 1.4 3.46 2.11 100(3)* 100 100 0.09

(52
1,0)→(31

1,0) 227 303 0 0 52(2)* 11 23
(52

1,0)→(71
1,0) 55 34 0 0 4 4

(52
1,0)→(61

1,0) 4 2.3 0.431025 7.631025 0.7 0.8
(22

1,0)→(01
1,1) 0.2 0.01 0 0 50(2)* 14 0.4 13

(22
1,0)→(11

1,0) 12 4.01 331025 1.631023 100(2)* 100 100 20.01(2)* 6.5 0.51
(22

1,0)→(21
1,1) 0.2 0.021 631024 2.731024 31(1)* 33 9 23.67(49)* 0.2 0.08

(22
1,0)→(31

1,0) 6 2.4 131025 8.131024 34(1)* 4 9.5 0.00(3)* 4.7 0.33
(32

1,0)→(31
1,0) 1.5 2.6 0.231025 1.531024 2 58 1.4

(32
1,0)→(21

1,1) 0.001 0.009 631024 1.131024 100(2)* 100 100
(32

1,0)→(11
1,0) 0.9 0.1 0 0 21 13

(32
1,0)→(51

1,0) 40 60 0 0 440 361
(41,0)→(31

1,0) 1.47 0.26 2.231025 2.231025 100 0.3 0.1 2.55~27! 1.7 0.7 2.3
(41,0)→(32

1,0) 512 544 131025 0.015 0.0 0.2
(41,0)→(51

1,0) 14 18 431026 5.831025 100 100
(41,0)→(61

1,0) 28 35 0 0 45 52
(71

1,0)→(61
1,0) 285 385 331024 0.01 18(2)† 14 53 28

(71
1,0)→(51

1,0) 48 56 0 0 100(2)† 100 100
(62

1,1)→(41,1) 256 340 0 0
(62

1,1)→(51
1,0) 0.1 0.25 0.28 0.26

(62
1,1)→(52

1,0) 0.51 0.13 1.73 0.97
(62

1,1)→(71
1,0) 0.5 0.46 1.52 0.02

(62
1,1)→(72

1,0) 0.24 0.08 1.83 0.96
e
es
t f

n

rs

o

rk-
e

a
h
.

pole mixing ratios and transition rates. Finally, total lev
lifetimes are calculated from the theoretical transition rat

The good agreement between theory and experimen
the branching ratios and theE2/M1 multipole mixing ratios
shows that the relative strengths ofM1 andE2 transitions
are well accounted for in the shell model. The calculatio
show the existence of strongDT51M1 transitions between
Ji

p5J1
111 andJf

p5J1
1 states with spin quantum numbe

J50,1,2,3 in 50Mn. The calculated isoscalarDT50, DJ
52E2 transitions between these states are strong and c
04431
l
.
or

s

m-

parable for different spin valuesJ of theJ12→J transition.
It was noted recently in Ref.@12# that similar regularities
exist for the low-lying states in the odd-odd nucleus54Co
having predominantly two nucleon (p f 7/2

213n f 7/2
21)J,T struc-

ture. The most distinctive feature of this structure is rema
ably strong isovectorM1 transitions. For example, th
strength ofM1 transition from the 21

1 ,T51 state to the
11

1 ,T50 state~as it was found from the experimental dat!
amounts to;4.2mN

2 that is in a very good agreement wit
the shell model value of 4.6mN

2 ~see for the details Ref
9-6
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@12#!. The strong enhancement of theM1 strengths for the
two-nucleon (p f 7/2

213n f 7/2
21)J,T configuration is not a unique

property of thef 7/2 orbital. As was recently shown@11# it is
a more general property of any one-proton-one-neut
(p j 13n j 1)J,T configuration withj 5 l 11/2 ~e.g.,p3/2, d5/2,
f 7/2, g9/2, . . . , orbitals! which is caused by constructive in
terference of spin and orbital parts ofM1 matrix elements.
Such two-nucleon (p j 13n j 1)J,T partitions coupled to the
even-evenJp501, T50 core where calledquasideuteron
configurations@11#.

Turning back to the50Mn nucleus, we note that calculate
M1 strengths for the yrast states in50Mn are reduced by
more than factor two comparing to the similar transitions
54Co. We expect that this reduction could be understood
due to the coupling of the quasideuteron (p f 7/2

1 3n f 7/2
1 )J,T

configuration to theJp>01 states of the rotational even
even 48Cr core nucleus. This model requires more detai
formulation and description that is unfortunately beyond
goals of the present paper.

Having the indication of very strongM1 transitions one
should note that the strong (31

1 ,T50)→(11
1 ,T50) and

(41,T51)→(21
1 ,T51)E2 transitions in 50Mn mentioned

above carry only a small part of the total decay intensities
the (31

1 ,T50) and (41,T51) states. The main decay inten
sity is due to the isovectorM1 transitions to the yrast state
with spin quantum numbersJ21. The shell model result is
in agreement with experiment. Also the (21

1 ,T51) state de-
cays by an isovectorM1 transition to the 11

1 state. However,
because of the small 21

1→11
1 transition energy the intensit

of the (21
1 ,T51)→(01

1 ,T51) isoscalarE2 transition is
larger than the intensity of the (21

1 ,T51)→(11
1 ,T

50)M1 transition. This observation agrees with the calc
lation using the FPD6 interaction while the KB3 interacti
results in a slightly larger intensity of the (21

1 ,T51)
→(11

1 ,T50)M1 transition, probably due to the use of fre
g factors in KB3.

Furthermore, it is interesting to note that the calcula
isovectorM1 transition between the (41,T51) and (51

1 ,T
50) states and the isoscalarE2 transition between the
(31

1 ,T50) and (51
1 ,T50) states are very weak and n

observed in experiment, too. These transitions fall out fr
the systematics on quasideuteron configurations discu
above since they do not exhibit the expected enhanceme
may be that the (51

1 ,T50) state has a structure differe
from the structure of the 01

1,11
1,21

1,31
1 and (41,T51) states.

The (51
1 ,T50) state is connected, however, with th

(71
1 ,T50) and (61

1 ,T50) states byE2 transitions. These
transitions were actually observed in experiment@1# but not
in the present low-spin study. Neither in our experiment n
in the previous high-spin work@1# was it possible to identify
linking transitions between the structure of low-lying low
spin states with isospin quantum numbersT50 or T51 to
the (51

1 ,T50), (71
1 ,T50), and (61

1 ,T50) states. There-
fore, our results support the hypothesis@1# of a T50 band
built on top of the low-lying (51

1 ,T50) isomer, and indicate
that the (71

1 ,T50) state belongs to this band.
Instead of the 51

1 state the calculated (52
1 ,T50) state is
04431
n

s

d
e

f

-

d

ed
. It

r

characterized by a strongM1 transition to (41,T51) state
and a strongE2 transition to the (31

1 ,T50) state, that are in
agreement with the observed regularities for t
01

1,11
1,21

1,31
1 and (41,T51) states. The calculated branc

ing ratios for 52
1 state are close to the experimental ones

the (51) level observed at 2556 keV. Also the excitatio
energy calculated for the (52

1 ,T50) state does not differ
much from the observations, which indicate that the (51)
level may have the same quasideuteron structure as
01

1, 11
1, 21

1, 31
1, and 41, T51 states. The shell mode

predicts also a significantly stronger (62
1 ,T51)→(52

1 ,T
50) M1 transition as the (62

1 ,T51)→(51
1 ,T50), that

gives additional theoretical support to this hypothesis ab
the (51) level at 2556 keV.

The experimental branching ratios which involve isosc
lar (T51)→(T51) and isovectorDT51 transitions are
very interesting because of one more reason: They can
vide an estimate@12# of isovectorg-transition strengths be
tween boundT50 andT51 states, which can be seen pra
tically only in odd-oddN5Z nuclei. Such an estimate can b
achieved by assuming a correspondence of the (T51)→(T
51) transition strengths in the odd-oddN5Z nucleus with
the strengths of the appropriate isoscalar transitions in ne
boring N5Z12 even-evenTz51 isobars, which are often
much easier to measure or known already in the literatu
One example for such an isoscalar/isovector branching r
in 50Mn is given by the decays of the (21

1 ,T51) state to the
lower lying (11

1 ,T50) state and to the 01 ground state with
T51. In the Tz51 isobaric partner nucleus50Cr the 21

1

→01
1 (T51)→(T51)E2 transition strength is known from

Coulomb excitation experiments@28#. If we assume now,
that the (T51)→(T51) B(E2) values are equal for50Cr
and 50Mn, i.e., assumingB(E2;21

1→01
1)50Mn

5B(E2;21
1

→01
1)50Cr

, we can estimate theB(M1) value of the isovec-

tor M1 transition, which connects the 21
1 state with the 11

1

state. From the measured decay intensity ratio

I g~21
1→11

1!

I g~21
1→01

1!
5

~11d2
1
1→1

1
1

2
!~E2

1
1→1

1
1 /MeV!3B~M1!↓/mN

2

0.70~E2
1
1→0

1
1 /MeV!5B~E2!↓/e2b2

50.64~1! ~1!

in 50Mn and from the B(E2;21
1→01

1)519.8(11)W.u.
@0.0217(12) e2 b2# in theT51 isospin partner nucleus50Cr
@28#, we determine in this way

B~M1;21
1 ,T51→11,T50!est50.97mN

2 . ~2!

This estimatedM1 transition strength is remarkably large.
is just slightly smaller than the correspondingB(M1) values
from the full pf-shell model calculations using the FPD6 i
teraction~see Table III!.

Furthermore, we would like to comment on the ‘‘dou
blet’’ of 4 1 states around 1.92 MeV. The spin and par
quantum number assignmentJp541 for the level at 1931
keV was unambiguously determined from our experiment
it was discussed above~see Fig. 3!. The quantum numbe
9-7
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assignmentJp541 for the level at 1917 keV could, how
ever, not be uniquely determined from our data. Figure
shows the angular correlation pattern that we observed
the (41)→31

1→21
1 gg cascade. It is inconclusive. Al

though the hypothesisJ54 matches the data best and
more likely because it shows the smallerx2-value of the fit,
we cannot completely rule out the alternative spin quant
numbersJ53 or 5. For the following discussion we adop
therefore, the spin quantum number assignmentJp541 for
the level at 1917 keV from the earlier work by Svenss
et al. @1#, which aimed at the investigation of high spin stat
of 50Mn. From comparison to the isospin multiplet partn
nucleus50Cr we know that one of these 41 states must have
an isospin quantum numberT51 while the other hasT
50. Under the assumption that the 1917 keV state has
deedJp541 one has observed a nearly degenerateT50,
T51 bound state doublet in50Mn. These levels are sepa
rated by only 14.4~3! keV. Due to their near degeneracy th
excitation energies cannot be used to decide which of
two states is the (41,T50) state. However, the decay pa
tern provides additional information, which can be used
assign isospin quantum numbers. The 41 state at 1931 keV
decays with a pureM1 transition to the 31

1 state withT
50 and with a much less intenseE2 transition to the
(21

1 ,T51) state. From the 41 state at 1917 keV we could
observe only one decay transition to the (31

1 ,T50) state,
which is of mixed quadrupole/dipole multipolarity wit
dominantE2 character. From the dominantly isovector ch
acter of theM1 transition operator one expects that (T50)
→(T50)M1 transitions are suppressed while (T51)→(T
50)M1 transitions can even be enhanced. The opposit
true forE2 transitions due to the dominantly isoscalar nat
of the E2 transition operator. Therefore, one must exp
that the transition strengths ratiosB(M1;41,T51→31,
T50)/B(M1;41,T50→31,T50) and B(E2;41,T50
→31,T50)/B(E2;41,T51→31,T50) should both be
larger than one. In particular, their product

FIG. 7. Angular correlation pattern of the 774–343 keV casc
which connects the levels at 1917, 1143, and 800 keV. Analog
to Fig. 3. We cannot determine unambiguously the spin and pa
quantum numbers for the level at 1917 keV from our data. The s
assignmentJ54 (x250.9) is most likely. However, alternative
spin hypothesesJ53 or J55 cannot be fully excluded because
their relatively smallx2'4 values. Therefore the spin assignme
Jp541 for the level at 1917 keV is taken from Ref.@1#.
04431
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P41[
B~E2;41,T50→31,T50!

B~E2;41,T51→31,T50!

3
B~M1;41,T51→31,T50!

B~M1;41,T50→31,T50!
@1 ~3!

should be much larger than one. The productP41 can be
expressed by the measuredE2/M1 multipole mixing ratios
d41→3

1
1 and the corresponding transition energies depend

on the isospin quantum number assignments to the 41 states
in question. For the choice, that the 41 state at 1917 keV has
T50 and the 41 state at 1931 keV hasT51, we obtain

P415

d1917→3
1
1

2

d1931→3
1
1

2 S 788 keV

774 keVD
2

.5970.

For the opposite choice one obtains the inverse result

P41,
1

5970

in contradiction to Eq.~3!. We, hence, assign the isosp
quantum numberT50 to the 41 state at 1917 keV andT
51 to the 41 state at 1931 keV.

The E2/M1 multipole mixing ratio from the shell mode
calculation for the decay of the lowest (41,T50) state is
comparable to the mixing ratio measured for the 41→31

1

transition of the state at 1917 keV~see Table III!. This agree-
ment supports the isospin assignments done above. It m
be noted, however, that the shell model predicts the (41,T
50)→(51

1 ,T50) transition to be much more intense tha
the (41,T50)→(31

1 ,T50) transition. But the (41,T50)
→(51

1 ,T50) transition is not observed at all in the prese
experiment as well as in the experiment by Svenssonet al.
@1#.

Finally, we would like to note that the calculated dec
properties of the shell model (22

1 ,T50) state in50Mn differ
significantly from the experimental decay properties of t
J52 level observed at 1874 keV energy. While the expe
mental branching ratios are in reasonable agreement with
shell model, the multipole mixing ratios are not. The dec
scheme of thisJ52 level resembles the one of the negati
parity Jp522 level at 1366 keV in the odd-oddN5Z
nucleus46V, the low-spin level scheme of which was studie
recently @10#. 46V is the particle-hole symmetry partne
nucleus of 50Mn in the single-f 7/2-shell scheme. Therefore
one can expect certain similarities in the level schemes
46V and 50Mn. The J52 level at 1874 keV in50Mn could
be a candidate for such a low-lyingJp522 state. However,
the measured dominant quadrupole character of the 2→21

1

transition might be hardly explainable under that assumpt
Moreover, two out of threeJ53 levels at 1798, 2340, an
2478 keV could be candidates for negative parity states
cause there exists only one positive parityJ53 state in the
shell model calculations in the excitation energy interval b
tween 1.5 and 3.5 MeV. Further experiments, which can

e
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cide these questions, and absolute lifetime information
needed to enable a more rigorous test of the shell mo
predictions for the level scheme and transition strengths

IV. SUMMARY

In summary we studied low spin states of the odd-o
N5Z nucleus50Mn with the 50Cr(p,ng)50Mn reaction. The
low-spin level scheme was extended by 16 new levels to
states and by 25 newg transitions to 32g transitions. From
gg-angular correlation measurements six new unambigu
spins and eight multipole mixing ratios were assigned. A
lyzing the polarization data, we were able to assign posi
parity to five states and negative parity to one state. S
model calculations performed in the fullp f shell without any
truncation reproduce the low-lying positive parity leve
their branching ratios, and multipole mixing ratios qu
r
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well. The experimental branching ratios and the shell mo
indicate the existence of strong isovectorM1 transitions in
50Mn.
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