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Low spin states in the odd-odd nucletfIn were populated in th€°Cr(p,nvy)%°Mn fusion evaporation
reaction at 15 MeV beam energy at the FN-Tandem accelerator in Colggaegular correlationsyy
coincidences, and Compton asymmetries were measured. 21 statafere observed, 16 for the first time.

Six new spin assignments and two parity assignments were made. Eight multipole-mixing ratios and nine new
y-decay branching ratios were determined for the first time. Adftdshell model calculation for the low-lying
states in®Mn is compared to the data.

PACS numbes): 21.10.Hw, 21.60.Cs, 23.20.Lv, 27.4z

[. INTRODUCTION The experimental setup, methods, and results are de-
scribed in the next section. In Sec. Ill the data are discussed
Self-conjugate nuclei with nucleon numbéds-Z are the  in comparison to a calculation done in the framework of the
most symmetric systems with respect to the proton neutronuclear shell model. A summary is given in Sec. IV.
degree of freedom. This means that these nuclei are the best
objects for testing the isospin symmetry of nuclear forces.

BOth theT=.1 an_dT=0 states are available M=Z nuclei. Il. EXPERIMENT AND RESULTS

While two identical nucleons can form onlj=1 states, _ o . _
proton-neutron pairs can be coupledTe-0 as well as to Low spin states of°Mn were populated using the fusion
T=1 configurations. evaporation reaction’Cr(p,ny)°°Mn at a proton beam en-

The importance of th&=0 proton-neutron interaction is €rgy E,=15 MeV. The beam was delivered by the FN-
evident from the fact that the most simple proton-neutronTandem accelerator of the University of Cologne. In beam
system, the deuteron, is bound only in the=1", T=0 v-ray spectroscopy was performed with the Osiris-cube
ground state. Other two nucleon systems are unbound. GiPectrometer. The experiment was divided into two parts. In
course, nuclear states with isospin quantum numbei0 the first part the spectrometer was equipped with six identical
can only be found ilN=Z nuclei. Due to its unique sensi- Compton-suppressed HPGe detectors at each face of the
tivity to certain parts of the nucleon-nucleon interaction thecube. In the second part a highly efficient composite Cluster
structure ofN=Z nuclei have become a very active topic of detector was mounted vertically above the target thereby re-
researcf1—12]. With the recent developments of large de- placing one of the forementioned smaller detectors. In both
tector arrays as EurobdllL3], Gammasphergl4], or very  parts of the experimeng-singles spectra were recorded with
efficient mass separator systems, heB\syZ nuclei can be ~an average event rate of 46ounts per second per detector.
studied now up to the doubly closed shell nuclé®f$n[15]. v7y coincidences were detected with an average event rate of

A particularly interesting problem is the structure of me-about 2.510° events per second. Timing and energies of
dium mass odd-od#l=Z nuclei, in which the lowesT=0  the yy-coincidence events were stored on magnetic tape and
states and =1 states are almost degenerate. In these uniqué&/ere analyzed offline.
cases one can study the interplayTo£ 0 andT=1 struc- A full yy-coincidence matrix was sorted in order to es-
tures by means of spectroscopy of bound states. The abov@blish coincidence relations for the construction of the level
mentioned phenomenon is in contrast to other nuclei, includscheme of°Mn. As an example of the data, thespectrum
ing even-evenN=2Z nuclei where the (0,T=0) ground oObserved in coincidence with the decay of tje= 2, T
state is separated from excitdd=1 states by a resonably =1 state to thed”=0, , T=1 ground state is shown in Fig.
large energy gap. The occurence of strong magnetic dipolé. The full low spin level scheme o¥Mn, which could be
(M1) transitions between the lowest=0 andT=1 states determined from outyy-coincidence data, is shown in Fig.
in odd-odd nuclei along thdl=Z line is one more interest- 2. From the analysis of coincidence spectra, 25 new transi-
ing phenomenoml1l]. Actually these are the largest known tions were placed in the level scheme, establishing 16 new
magnetic dipole transitions in atomic nuclei. levels. The level scheme given previously in Ré¢fis16,17

An important question is, thus, the identification  could be partly confirmed except for the placements of the
=0 states in heavy odd-odd=Z nuclei and the measure- 1540, 1573, and 1707 ke\y rays, which were wrongly
ment of their properties. We have investigated the low-spirplaced above the Sisomer in the literatur§16,17. The 5°
structure of the odd-odtl=Z nucleus®Mn up to an exci- isomer at 229 keV excitation energ/ -decays to°°Cr with
tation energy ofE,~3.6 MeV. Thereby, we could consid- a half-life of t;,=1.75 min[16,17. This level is fed from
erably enlarge and correct the hitherto kndwiil6,17 level  high spinT=0 stateq1,18]. We were unable to find linking
scheme of*Mn. transitions from our low spin levels to this isomer in the
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cascade together with the fitted values for two different spin

153107 T /3 /& [ hypotheses for the #level at 1931 keV. The multipole mix-
12105 5 & ”% a ing ratio 5 of theJ— 3™ transition and the Gaussian width
% /:3 of the m-substate distribution of the initially oriented level
5x10* ] /ey b were treated as free parameters. The multipole mixing é&tio

is defined as the ratio of the reduced matrix elements of the
transition with multipolarityA +1 and the transition with
multipolarity X (6={(J¢|N+1[|3;)/(I¢[|\[|J;)). It is evident
from Fig. 3, that with a spin quantum number hypothekis
=3 for the level at 1931 keV the experimental correlation
pattern cannot be reproduced by the fit for any quadrupole/
dipole mixing ratio of thel— 3™ transition. The same holds
Bttt ettt ool P true for the hypothese3=1 or J=2. In contrast, the data
800900 1000 1100 1200 1300 14001300 1600 1706 o are in best accordance with the values for a spin quantum
numberJ=4 for the 1931 keV level and a fitted vanishing
. FIG. 156 yy-coincidence  spectrum  observed in the quadrupole/dipole mixing ratié=—0.01(2). Therefore, we
Cr(p,ny)>"Mn fusion-evaporation reaction with a gate on the 800 can unambiguously assign the spin quantum nunibet to
keV, 2{ — 0 transition in*Mn. the level at 1931 keV. In total we could assign six new spin
quantum numbers with this method.
(p,n) reaction. Therefore, the isomer shown in Fig. 2 was To get information about the parity of states, we used in
not established in this work and the excitation energy of 223he second part of our experiment the composite Cluster de-
keV was taken from other experimentss,17]. In contrast, tector as a Compton polarimeter. The sum of two coincident
we could observe two new levels at 1727 and 1874 ke\signals, which stem from the Compton scattering of an initial
excitation energy, which decay to the ground state. Table ty quantum in one segment of the Cluster and the subsequent
summarizes our results on excitation energies, transition ergbsorption in an adjacent segment, carries the full energy
ergies, and decay branching ratios. information of the initialy ray. The geometry of the Comp-
For the assignment of spin and parity quantum numbers tton scattering process depends on the polarization of the ini-
excited states of®Mn it is useful to know the multipole tial y ray with respect to the beam. This enables the mea-
order of y transitions between them. In order to determinesurement ofy polarizations from observable asymmetries of
the multipole orders ofy transitions we measured angular the Compton scattering processes in a Compton polarimeter.
correlations of theyy coincidences. Therefore, the coinci- For the purpose of parity quantum number assignments it is
dence events were sorted offline in a set of coincidence masufficient to determine the dominant radiation characker (
trices labeled by the geometry of the detectors involved in @r M) of the correspondingy transition, if the multipole
given coincidence event. Due to the high symmetry of ourorder and multipole mixing ratios are known already from
cube arrangement many detector pairs contribute to each ahgular correlations.
the coincidence groups resulting in high statistics of the an- The seven large volume Ge crystals of the Cluster detec-
gular correlation analysis and in reliable spin assignments. tor form a nonorthogonal polarimeter. Numerical simulation
Six new spin quantum numbers were unambiguously es21] as well as recent experimerits2,22 have shown, that
tablished from the analysis of they correlations with the the Cluster detector is an efficient Compton polarimeter. The
methods sketched above and described in more length igeometry of the Cluster detector implies three polarization
Refs. [19,20. As an example we show in Fig. 3 the groups. We consider adjacent crystal pairs at relative angles

SOMn
3638 w2
T
01 2 FIG. 2. Low spin level scheme 6Mn con-
R B 2&—2478 X structed from theyy-coincidences obtained in
2485 / S e the 5°Cr(p,ny)%°Mn reaction at 15 MeV beam
62\51931 " 73 energy. Spin and parity quantum numbers were
N 3f e assigned from the analysis ofy-angular corre-

and the 7 states were taken from RefL].

2329
/ /‘678 1501 lations and Compton asymmetries. Thg 56 ,
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TABLE I. This table summarizes the information on the low- 9000 . T - T
i i L X experimental values H—o—
spin level scheme o¥Mn. We give excitation energie€() of the aso0 L 123 'ﬁ§58$§§§§ _____ |
concluded levels, the-transition energiesH,), the excitation en-
ergies of the final levelsH;), and the intensity branching ratibs. 2 8000 [- .
The levels and transitions which are marked with a star were knowni
from previous experimen{d,16,17. Those which are marked with § 00 i
a dagger were not observed in our experiment and were added frorz 700 - -
Ref. [1]. £
= 6500 [ B
4
E, E, E¢ I, 6000 | -
(keV) ke ke %
(keV) (keV) (%) . - ; ; s ;
6508(1)’r 6508(1)‘r 0.0 100 Correlation Group No.
800.0(1) 149.2(1) 650.8 64.112) _ _
800.0(1Y 0.0 10G2) .FIG. 3. Experimental and fitted values of tljre/-angular corre-
663 434" 20dt lation for the_788—343 _ke\_/ %37 —2] cascade, which connects
1034 371" 663 the levels with an excitation energy of 1931, 1143, and 800 keV,
o oy plotted for the different corrflatlon groups of our spectrometer. The
quantum numbers for the;3state and the P state have been
1143.0(1) 343.0(1y 800.0 1002) established before from independent data. OnlyXkel spin hy-
492.01) 650.8 1.21) pothesis for the upper level at 1931 keV can account for the ob-
1727.22) 927.11) 800.0 49.812 served correlation pattern. The corresponding multipole-mixing ra-
1727.42) 0.0 100.023) tio is =—0.01(2). For J=3 the hypothesis follows=—6.1(14).
1797.72) 997.711) 800.0 100
1874.4(2) 731.2(2) 1143.0 34.410 about their radiation character. To extract this information it
1074.41) 800.0 311) is convenient to define a polarization asymmeary
1223.6(1) 650.8 100.249)
1874.42) 0.0 50.015)
1916.6(1) 773.6(1F  1143.0 100 _ Noo—a(N3o* Nasg)
1931.42) 788.01) 1143.0 1008) Ngo+a(N3zo+Niso)
1131.22) 800.0 5.98)
2157.32) 1014.31) 1143.0 100 Here the value of the parametaiis determined by the con-
2300.81) 1500.81) 800.0 100 dition that A=0 for unpolarized radiation. We obtained
2340.22) 612.52) 1r27.2 13.04 =0.49. If we define the beam axis as thaxis, the direction
1540.22) 800.0 1003) of the Cluster detector as threaxis and correspondingly the
2477.72) 1677.72) 800.0 100
2556.21) 625.21) 1931.0 10Q) ; - .
1413.91) 1143.0 522) - - e
2614.44) 887.24) 1727.2 100 210* P & o LawTT T
2716.41) 841.61) 1874.4 1004) 1 ’ ’ N wol (1727
1572.81) 1143.0 7.64) N
2980.42) 2329.042) 651.0 100 1510" ] §?
3370.21) 1030.Q1) 2340.2 100 2 N
3438.21) 1507.21) 1931.0 100 §' ]
3477.83) 1603.Q1) 1874.4 1006) 04
1750.31) 1727.2 996)
3561.12) 1261.22) 2300.5 100 1 1 -
3637.52) 1706.52) 1931.0 292) § 3
2494.93) 11430 1006) i N £
400 600 800 1000 1200 1400 1600 1800

E (keV)
of 30°, 90°, and 150° with respect to the reaction plane. The = 4 part of the difference spectruM_. The (o,p’)-

energy of ay quantum, which is _flrstly scattered_ IN ON€ CIYS- reaction to®Cr is the main-reaction channel. The larggdines in

tal and s-ubsequently absorbed in a secqnd adjacgnt crystaligis spectrum, e.g., at 782 and 1098 kéNe peaks are truncated

the relative angle of 30°, 90°, or 150° is sorted in a correstem from knownE2 transitions in®°Cr. y transitions of electric
sponding pulse height spectrum, at the given sum energy Gharacter appear as positive peaks gntransitions of magnetic
both coincident events, i.e., at the full energy of the incidentharacter appear as negative peaks in the difference spectrum. The
y ray. We denote the different spectra constructed in thai727 kev I'—0; dipole transition in*®Mn has electric character
way byNs3qe, Ngge, @andN;50-. The relative intensities of the and, thereby, establishes the parity assignmesat— for the 1~

v lines in these three different spectra carry the informatiorievel at 1727 keV.
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TABLE Il. Summary of experimental information optransitions from those excited states®8n, for
which spin or parity quantum numbers could be assigned withyth@angular correlation method. The table
shows the excitation energ¥J, the spin and parity quantum numbet§), and the isospin quantum number
(T) for the initial and the final levels, the transition energy,), the experimental Compton asymmet#y)(
the deduced multipole characteM]), and the quadrupole/dipole mixing ratié)( For the 927 keVy
transition, an unambiguous multipole mixing ratio could not be established. Previously known spin and parity
values[1,16,17 are marked with a star.

E; E; | A T E, A Mi 5
(keV)  (keV) (%) (%) (keV) (%)
651" 0 1 of 0 1 651  —2.1(1) M1
800" 0 2t of 1 1 800 4%3) E2
651 1 1 0 149 M1 0.02°9%3
1143 651 3 1t 0 0 492
800 2" 0 1 343 —4.0(1) M1 0.01°3%
1727 0 T 0" 0 1 1727 31 E1
800 2" 0 1 927 0.05°919
1.347554
1798 800 3 2 0 1 998 E2/M1 -0.12°919
1874 0 2 o 0 1 1874
651 1 0 0 1223 —-0.01°9%5
800 2" 0 1 1074 —-3.67° 0%
1143 3 0 0 731 0.00°303
1917 1143 4> 3F 0 0 774 E2/M1 2.55737
1931 800 4 2+ 1 1 1131 E2
1143 3 1 0 788 M1 —-0.01°9%5
2340 800 3 2 0 1 1540 -0.13°9%;
1727 T 0 0 613
2478 800 3 2 0 1 1678 0.01°3%2
2556 1143 (5) 3 0 0 1414
1931 4 0 1 625

direction perpendicular to these two directions asyttexis  appear as positve peaks, and those with negative polariza-
of the frame of reference, the linear polarization is given bytion, which  corresponds to magnetic character
(M1,M2,...)appear as negative peaks in this spectrum.
Ef—Ef, The strongest positive peaks in the spectrim come
= m from known E2 transitions between levels GPCr, excited
x =y in the dominant p,p’) reaction channel. The strongest tran-
sitions of ®Mn appear as negative peaks, namely the 343
keV 3] —2; transition and the 651 keV,1-0; transition,
demonstrating their dominantly magnetic character. The 2
—0, E2 transition at 800 keV appears as a positive peak
A=Q'°°'(E7) .P. showing its electric character. The 1727 keMay appears
as a positive peak, too. Together with the spin assignment
Herer"'(Ey) is the polarization efficiency of the polarime- J=1 from the angular correlation analysis ol character
ter. It is obtained from calibration measurements using radiaremains possible for the 1727 keV line and we can assign
tion with known polarization. We note tha@@"(E,) de-  negative parity to the 1 state at 1727 keV.
pends on the energy of theray E,,. Already the sign of the The experimental asymmetries we have obtained in this
linear polarization, sgR, is a measure for the electromag- work are given in Table Il. In total, we could assign new spin
netic radiation character of a transition with pure multipolar-quantum numbers to six levels. Eight new multipole mixing
ity. Since sgrP=sgnA, the radiation character of a transi- ratios § were determined. Parity quantum numbers could be
tion with pure multipolarity can, thus, be determined from established for the two levels at 1727 and 1931 keV from the
the sign of the experimental asymmethy If we introduce  measured multipole and radiation charactery dfansitions.
the difference spectrul_=Ngy—a(N3g+ N;50, which is  Table Il summarizes the spin and parity quantum number
shown in Fig. 4, they transitions with positive polarization, assignments, the multipolarities, the experimental asymme-
which corresponds to the electrical charactet (E2, ...) tries, and the multipole mixing ratios.

whereE, andE, are thex andy components of the electrical
field vector. One finds the following relation between the
experimental asymmeti and the linear polarizatioR [23]:
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n

3T © ©) 3
s 3 = FIG. 5. Part of the®™Mn level scheme, includ-
2 o 4t 62\5 4t 2 ing only those levels for which definite spin or
g 2+ 1 _r " 3/ -------- parity quantum numbers are known. The width of
:’;“ 140 o, 788 [ 74 o8 the arrows corresponds to the relative intensity of
= o7 7* \ 3 o " T J 197505 the  transitions observed in the present reaction.
2 17T N A 2'/ I‘874 The 5/ , 67, and the 7 states were added from
§ *' B N Ref. [1]

l1l. DISCUSSION MeV excitation energy. This is actually observed. We note
ut{]at there is a one-to-one correspondence between the seven

The new data enlarge considerably our knowledge abo observed and calculated positive parity levels below 1.5

the low-lying low spin level scheme oPMn. Most valuable
. . MeV.
for comparison to structure theory are those states for WhIC|!¥I

definite spin assignments are available. To clarify the discus- To obtain a more clear understanding of the experimental
€sp 9 ' results we have calculatdd1 andE2 transition strengths

Yetween low-lying states. The results are shown in Table III.
Yabsolute level lifetimes could not be measured directly in
the present experiment and, therefore, data on abshldte
andE2 transition strengths were indirectly determined only
for the B(E2;2; —07) andB(M1;2; —1]) transitions
However, the measureg-intensity ratios can be com-

only those low-spin states with unambiguous spin or parit
quantum number assignments. Thg ground state, the 2
state at 800 keV and one of thé 4tates around 1.92 MeV
in 5°Mn are interpreted as thE=1 isobaric analogs of the
0; ground state, the 2 state at 783 keV and the/4state at

1882 keV states in the hisoggric nuclediCr, Low-lging @ared to the predictions made by the shell model if the cal-
positive parity states with odd spin quantum nuUmbers anQ|ateq transition strengths are used. Table IIl compares the
negative parity states must be expected to have the 1SOSPYhserved branching ratios af®/M 1 multipole mixing ra-
25“"‘”‘“”‘ numbel =0, because such states are missing Mios & with those calculated from shell-modB(M 1) and

i i.r below an excn?)uon energy of 3 Mler:/.(;(\f/fe founc_i Som,eB(EZ) values. Experimental transition energies were used
Inking transitions between states with difterent ISOSping, - 1he calculation of theoretical branching ratios and multi-

quantum numbers, e.g.,/3-2;, 2 -1, 1 —0], as

well as transitions between states with alike isospins, e.g. th. (FPD 6) th. (KB 3) exp.
3, —1;, 2/ —0; . We could, moreover, extract intensity T oo 6y ==EEEE
branching ratios between such isoscalar and isovector trans — ;Z oo C ;1
tions, which are summarized in Table I. T+ o ‘1'4 """ 71

The experimental data are compared to shell méad) 61 61 = 2.1 6;
calculations of the positive parity states Mn in the full 3 : t . o
pf shell without truncation. Two different nucleon-nucleon 5------ . 41
residual interactions were considered: the KB3 interaction, — 4 : ©
adopted from Ref[24] and the FPD6 interaction taken from £ 7 . 3 3
Ref. [25]. The KB3 interaction is based on the Kuo-Brown :,? 5 q ¢
G-matrix [26] with modifications of the monopole and some & 2 4~ 4} ====== > Sy L &
other partd24], while the matrix elements of the FPD6 in- £ g+ — 5t 2 —— 3
teraction are calculated by the OBE®he boson exchange £ ’ 7 L
potentia) type functions, whose parameters are chosen s@ ] - 3
that experimental data of lighf-shell nuclei were repro- - 7 — 7 ,———— 3t
duced well. The doubly closed-shell nucletf€a is consid- '+ N S 5 h T
ered as the inert core. The Hamiltonian matrix in the fufll === = 6 6t~ ~~=- 21
shell was diagonalized without any truncation using the To- " ' H

kyo shell model codg27]. The calculated excitation energies —_— s
for the T=0 andT=1 positive parity levels with spin quan-
tum numbersJ=0—7 below 4 MeV are compared to the

data in F'Q- 6. The 5 'S_°mer and the 5’7I states were FIG. 6. Comparison of the low-spin level scheme®®in (exp)
observed in the high-spin measurement of Ref. It shows {5 the shell model. Shell model calculations were performed with-
that the calculations lead almost to similar results and tQyut truncation in the fullpf-shell with “°Ca as the core. For the
reasonable agreement with experiment. residual interaction the KB3 and the FPD6 parametrizations were
Both calculations predict the '5isomer to be the first used. The states with isospin quantum numberl are plotted
excited state in agreement with the data. The theories comwith dashed lines an@=0 with solid lines. The §, 6, , and the
sistently predict a peculiarly high-lying;4 state, around 2 7; states were added to our results and are taken from[REf.

R oF e-e--- L ot
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TABLE lll. Comparison of shell model predictions foy-transition strengths to data oprintensity ratios. Calculate@2 and M1
transition strengths, experimental and calculated branching ratios, and multipole mixingsratié&in are given. Experimental energies
were used for the determination of theoretical branching and multipole mixing ratiosg faietors were used for the KB3 interaction. For
the FPD6 interaction we used the effective orbitéhctorsgP=0.712,g{'=0.053 and the effective spmpfactorsg?=6.75,g0=—3.41. The
effective proton and neutron charges in &2 operator were chosen to be 1.33 and 0.64, respectively, for FPD6 and 1.5 and 0.5 for the KB3
interaction. The level lifetimes determined from the transition strengths which were calculated with the FPD6 interaction are given in the last
column. The data on thé=2 state at 1874 keV, thé=3 state at 1798 keV, and thle=(5") at 2556 keV are labeled with a star and are
compared to the calculated values for tHe=23 , J™=3; , andJ"=5; states in the shell model, respectively. The data labeled with a
dagger are taken from Svensseial. [1].

(3, T)—(3,Ty) B(E2;J;— J;) B(M1;J;—J¢) Branching ratio ) T
(e? fm*) (1) (ps
KB3  FPD6 KB3 FPD6 Expt. KB3 FPD6 Expt. KB3 FPD6 FPD6

(17,0)—(0;,2) 0 0 2.90 1.49 100 100 100 0.14

(27,1)—(17,0) 0.05 0.02 1.94 1.29 63) 128 68 0.023) 00 0.0 5.4

(27,1)—(0;,1) 220 275 0 0 10@) 100 100

(37,00—(21.1) 0.0 0.001 3.73 1.92 10p 100 100 0.012) 0.0 00 0.73

(37,00~ (17,0 272 350 0 0 1.0) 0.4 1.0

(37,0)—(57,0) 0.28  0.002 0 0 0 0

(47,1)—(35,0) 0.2 0.07 2.71 1.99 1@ 100 100 —0.01(2) 0.0 00 0.06

(47, 1)—(27.1) 298 385 0 0 5.8) 2.9 5.1

(47,1)—(575,0) 0.1 0.012 0.04 0.004 15 2.0

(55,0—(4%,1) 0.4 1.4 3.46 2.11 100(3) 100 100 0.09

(55,0)— (37,0 227 303 0 0 52(2) 11 23

(55,0)—(77,0) 55 34 0 0 4 4

(55,0)—(67,0) 4 2.3 04105 7.6x10°° 0.7 0.8

(25,0)—(0;,1) 0.2 0.01 0 0 50(2) 14 0.4 13

(25,0)—(17,0) 12 4.01 3x10°° 1.6x10°® 100(2F 100 100 —0.01(2F 6.5 0.51

(25.,00—(27,1) 0.2 0.021  &10°* 2.7x107%  31(1) 33 9 —3.67(49F 0.2  0.08

(25,0)—(37,0) 6 2.4 1X10°°  8.1x107%  34(1) 4 9.5 0.00(35 4.7 0.33

(35.,0)—(37.0) 1.5 2.6 0.X10°% 15x10°* 2 58 1.4

(35.,00—(27,1) 0.001 0.009 &104 1.1x10°% 100(2) 100 100

(35,0)—(1;,0) 0.9 0.1 0 0 21 13

(35,0)—(57,0) 40 60 0 0 440 361

(47,00~ (35,0 1.47 026 2.x10°° 22x10°° 100 0.3 0.1 2587 1.7 0.7 2.3

(4%,00—(3;,0) 512 544 1x10°° 0.015 0.0 0.2

(47,0)—(57,0) 14 18 4x10°% 58x10° 100 100

(4%,00—(6;,0) 28 35 0 0 45 52

(71,00—(65,0) 285 385 3104 0.01 18(2) 14 53 28

(71,0)—(5;,0) 48 56 0 0 100(2) 100 100

(65,1)—(4",1) 256 340 0 0

(65,1)—(57,0) 0.1 0.25 0.28 0.26

(65,1)—(5,,0) 0.51 0.13 1.73 0.97

(65,1)—(74,0) 0.5 0.46 1.52 0.02

(65,1)—(75,0) 0.24 0.08 1.83 0.96

pole mixing ratios and transition rates. Finally, total level parable for different spin valuekof the J+2—J transition.
lifetimes are calculated from the theoretical transition rates.It was noted recently in Ref.12] that similar regularities
The good agreement between theory and experiment faexist for the low-lying states in the odd-odd nucle¥f€o

the branching ratios and tH€2/M 1 multipole mixing ratios having predominantly two nucleonvf ;3 X vf;,zl)J’T struc-
shows that the relative strengths ldfl andE2 transitions ture. The most distinctive feature of this structure is remark-
are well accounted for in the shell model. The calculationgably strong isovectorM1 transitions. For example, the
show the existence of strongT=1M1 transitions between strength of M1 transition from the 2, T=1 state to the
J7=J7+1 andJ7=J; states with spin quantum numbers 11’ ,T=0 state(as it was found from the experimental data
J=0,1,2,3 in °®™Mn. The calculated isoscalakT=0, AJ  amounts to~4.2u? that is in a very good agreement with
=2E2 transitions between these states are strong and corthe shell model value of 4.6.% (see for the details Ref.

044319-6



LOW SPIN STRUCTURE OF THEN=Z ODD-ODD. . .. PHYSICAL REVIEW C 62 044319

[12]). The strong enhancement of tMe1 strengths for the characterized by a strong 1 transition to (4,T=1) state
two-nucleon 6Tf7_,21>< vf;,é)JyT configuration is not a unique and a stronge2 transition to the (3, T=0) state, that are in
property of thef,, orbital. As was recently showfil1]itis  agreement with the observed regularites for the
a more general property of any one-proton-one-neutrof; ,1;,2;,3; and (4", T=1) states. The calculated branch-
(mj*xvj1); 1 configuration withj=1+1/2 (e.g.,psp, ds;p,  iNg ratios for 5 state are close to the experimental ones for
f2/2, os2, - - . , Orbitals which is caused by constructive in- the (57) level observed at 2556 keV. Also the excitation
terference of spin and orbital parts Bf1 matrix elements. energy calculated for the {5T=0) state does not differ
Such two-nucleon £j!x vj 1)31T partitions coupled to the much from the observations, which indicate that the X5
even-even]”=0", T=0 core where calledjuasideuteron level may have the same quasideuteron structure as the
configurationg 11]. 07, 1, 2/, 3/, and 4", T=1 states. The shell model
Turning back to the®Mn nucleus, we note that calculated predicts also a significantly stronger {6T=1)— (55 ,T
M1 strengths for the yrast states fiMn are reduced by =0)M1 transition as the (5,T=1)—(5;,T=0), that

more than factor two comparing to the similar transitions ingives additional theoretical support to this hypothesis about
*iCo. We expect that this reduction could be understood aghe (5) level at 2556 keV.

due to the coupling of the quasideuteronf,x vf7,); 1 The experimental branching ratios which involve isosca-
configuration to thelJ™=0" states of the rotational even- lar (T: 1)_>(T: 1) and isovectorAT=1 transitions are
even “*Cr core nucleus. This model requires more detailedsery interesting because of one more reason: They can pro-
formulation and description that is unfortunately beyond theyide an estimat§12] of isovectory-transition strengths be-

goals of the present paper.

Having the indication of very stronlyl1 transitions one
should note that the strong {3T=0)—(1; ,T=0) and
(4", T=1)—(2; ,T=1)E2 transitions in®**Mn mentioned

tween boundr'=0 andT=1 states, which can be seen prac-
tically only in odd-oddN=Z nuclei. Such an estimate can be
achieved by assuming a correspondence of e {)— (T
=1) transition strengths in the odd-od\=Z nucleus with

above carry only a small part of the total decay intensities othe strengths of the appropriate isoscalar transitions in neigh-
the (3] ,T=0) and (4", T=1) states. The main decay inten- boring N=Z+2 even-everiT,=1 isobars, which are often
sity is due to the isovectdvl 1 transitions to the yrast states much easier to measure or known already in the literature.
with spin qguantum numbeid— 1. The shell model result is One example for such an isoscalar/isovector branching ratio
in agreement with experiment. Also the,(2I=1) state de- in 0Mn is given by the decays of the {2T=1) state to the
cays by an isovectdvl 1 transition to the § state. However, lower lying (1; ,T=0) state and to the Oground state with
because of the small;2-1; transition energy the intensity T=1. In the T,=1 isobaric partner nucleus’Cr the 2

of the (27 ,T=1)—(0; ,T=1) isoscalarE2 transition is —0; (T=1)—(T=1)E2 transition strength is known from
larger than the intensity of the {2T=1)—(1;,T Coulomb excitation experimen{28]. If we assume now,
—0)M1 transition. This observation agrees with the calcuthat the T=1)—(T=1) B(E2) values are equal for’Cr
lation using the FPD6 interaction while the KB3 interactionand *Mn, i.e., assumingB(E2;2; —0;)s,, =B(E2;2]
results in a slightly larger intensity of the 12T=1) Hof)s%r, we can estimate thB(M1) value of the isovec-

— (11, T=0)M1 transition, probably due to the use of free tor M1 transition, which connects the} 2state with the 1

g factors in KB3. _ state. From the measured decay intensity ratio
Furthermore, it is interesting to note that the calculated

isovectorM 1 transition between the (4T=1) and (5 ,T + + (14 52, +)(E2+Hl+/MeV)3B(M1)¢/M,§,

=0) states and the isoscal&? transition between the (21 —11) _ Zimh

(37, T=0) and (5 ,T=0) states are very weak and not |,(2; —07)

observed in experiment, too. These transitions fall out from

the systematics on quasideuteron configurations discussed (2)

above since they do not exhibit the expected enhancement. It

may be that the (5,T=0) state has a structure different in °Mn and from the B(E2;2; —0;)=19.8(11)W.u.

from the structure of the 0,1} ,2; .3 and (4", T=1) states. [0.0217(12) e’ b’] in the T=1 isospin partner nucleu¥Cr

The (5/,T=0) state is connected, however, with the [28], we determine in this way

(77, T=0) and (6 ,T=0) states byE2 transitions. These st T F T _ 2

tralnsitions were aq;tually observed in experimgtjtbut not BIML32; T=1—=17,T=0)es= 097y @

in the present low-spin study. Neither in our experiment nofrhs estimated 1 transition strength is remarkably large. It

in the previous high-spin workl] was it possible to identify g jyst slightly smaller than the correspondiBgM 1) values

linking transitions between the structure of low-lying 1ow- fqm the full pf-shell model calculations using the FPD6 in-

spin states with isospin quantum numb@&rs0 or T=1 to teraction(see Table II).

the (5/,T=0), (7/, T=0), and (§ ,T=0) states. There-  Fyrthermore, we would like to comment on the “dou-

fore, our results support the hypothefl§ of a T=0 band  plet” of 4* states around 1.92 MeV. The spin and parity

built on top of the low-lying (§ ,T=0) isomer, and indicate quantum number assignmedf=4" for the level at 1931

that the (7 ,T=0) state belongs to this band. keV was unambiguously determined from our experiment as
Instead of the 5 state the calculated {5T=0) state is it was discussed abovesee Fig. 3 The quantum number

0.70(Eg: o7 IMeV)°B(E2) | /e?b?

—0.641)
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1400 I ' ' ex] érin}e.lta]vxlues;—e—' B(E2,4+,T=0—>3+,T=0)
4 -> ->2 hypoth e P —
5 ->3 -> 2 hypoth - 4t

TB(E2:4%,T=1-3%,T=0)

1300 -

2

g 120017 ] B(M1;4*,T=1—3",T=0)

g X >1 3)

Z 1100 . B(M1:4", T=0—3",T=0)

- e LS (bt

;f. 10001 1 should be much larger than one. The prodBgt can be

H 900 | ] expressed by the measurB@/M1 multipole mixing ratios

L, 54+_,31+ and the corresponding transition energies depending

800 N 5 3 . 5 on the isospin quantum number assignments to thetates

Correlation Group No. in question. For the choice, that thé 4tate at 1917 keV has

i T=0 and the 4 state at 1931 keV hak=1, we obtain
FIG. 7. Angular correlation pattern of the 774—343 keV cascade

which connects the levels at 1917, 1143, and 800 keV. Analogous 52
to Fig. 3. We cannot determine unambiguously the spin and parity 10173} (788 keV|?
quantum numbers for the level at 1917 keV from our data. The spin Py+= 52 774 keV >5970.

assignment)=4 (x¥?=0.9) is most likely. However, alternative 1931-37
spin hypothese§=3 or J=5 cannot be fully excluded because of

their relatively smally?~4 values. Therefore the spin assignment For the opposite choice one obtains the inverse result
J7=4" for the level at 1917 keV is taken from RéfL].

P4+ <5970

assignmentt™=4" for the level at 1917 keV could, how-
ever, not be uniquely determined from our data. Figure 7
shows the angular correlation pattern that we observed fon contradiction to Eq.(3). We, hence, assign the isospin
the (4")—3;7—27 yy cascade. It is inconclusive. Al- quantum numbell=0 to the 4" state at 1917 keV andl
though the hypothesid=4 matches the data best and is =1 to the 4" state at 1931 keV.

more likely because it shows the smaljg-value of the fit, The E2/M1 multipole mixing ratio from the shell model
we cannot completely rule out the alternative spin quantun¢alculation for the decay of the lowest (4T=0) state is
numbersJ=3 or 5. For the following discussion we adopt, comparable to the mixing ratio measured for the-43;
therefore, the spin quantum number assignnd&nt4* for  transition of the state at 1917 kef§ee Table Il. This agree-

the level at 1917 keV from the earlier work by Svenssonment supports the isospin assignments done above. It must
et al.[1], which aimed at the investigation of high spin statesbe noted, however, that the shell model predicts the, T4

of ®Mn. From comparison to the isospin multiplet partner =0)— (5; ,T=0) transition to be much more intense than
nucleus®°Cr we know that one of these4states must have the (4, T=0)—(3; ,T=0) transition. But the (4,T=0)

an isospin quantum numbéf=1 while the other hasl (5] T=0) transition is not observed at all in the present
=0. Under the assumption that the 1917 keV state has inexperiment as well as in the experiment by Svenssial.
deedJ™=4" one has observed a nearly degenefBte0, [1].

T=1 bound state doublet if®in. These levels are sepa- Finally, we would like to note that the calculated decay
rated by only 14.¢8) keV. Due to their near degeneracy the properties of the shell model §2T=0) state in®Mn differ
excitation energies cannot be used to decide which of thgjgnificantly from the experimental decay properties of the
two states is the (4,T=0) state. However, the decay pat- j=2 |evel observed at 1874 keV energy. While the experi-
tern provides additional information, which can be used tomental branching ratios are in reasonable agreement with the
assign isospin quantum numbers. The gtate at 1931 keV  shell model, the multipole mixing ratios are not. The decay
decays with a purM1 transition to the 3 state withT  scheme of this)=2 level resembles the one of the negative
=0 and with a much less intensg2 transition to the parity J”=2" level at 1366 keV in the odd-odi=2Z

(27, T=1) state. From the % state at 1917 keV we could nucleus®®V, the low-spin level scheme of which was studied
observe only one decay transition to the; (3=0) state, recently [10]. “%V is the particle-hole symmetry partner
which is of mixed quadrupole/dipole multipolarity with nucleus of°Mn in the singlef,,-shell scheme. Therefore,
dominantE2 character. From the dominantly isovector char-one can expect certain similarities in the level schemes of
acter of theM 1 transition operator one expects that<0)  “% and *™Mn. The J=2 level at 1874 keV in°®Mn could
—(T=0)M1 transitions are suppressed while=1)— (T be a candidate for such a low-lyirilf=2" state. However,
=0)M1 transitions can even be enhanced. The opposite ithe measured dominant quadrupole character of the2

true forE2 transitions due to the dominantly isoscalar naturetransition might be hardly explainable under that assumption.
of the E2 transition operator. Therefore, one must expectMoreover, two out of thred=3 levels at 1798, 2340, and
that the transition strengths ratid®(M1;4", T=1—-3", 2478 keV could be candidates for negative parity states be-
T=0)/B(M1;4",T=0—-3%,T=0) and B(E2;4",T=0 cause there exists only one positive padty3 state in the
—3%,T=0)/B(E2;4", T=1—-3",T=0) should both be shell model calculations in the excitation energy interval be-
larger than one. In particular, their product tween 1.5 and 3.5 MeV. Further experiments, which can de-
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cide these questions, and absolute lifetime information argvell. The experimental branching ratios and the shell model
needed to enable a more rigorous test of the shell modéhdicate the existence of strong isovecMrl transitions in
predictions for the level scheme and transition strengths.  5%Mn.

IV. SUMMARY
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