
PHYSICAL REVIEW C, VOLUME 65, 044326
Magnetic and collective rotation in 79Br
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Excited states of the nucleus79Br were investigated via the reaction76Ge(7Li,4n) at a beam energy of 35
MeV. Coincidence data of emittedg rays were measured with an arrangement of six EUROBALL CLUSTER
detectors. TheE2 bands built on the 9/21 and 3/22 states were extended up toJ537/2 atE'8.8 MeV. The
M1 band starting with a 15/22 state at 2.6 MeV was observed up toJ5(29/2) atE56.4 MeV. CrossoverE2
transitions within this band were observed for the first time. Mean lifetimes of 17 levels were deduced using
the Doppler-shift-attenuation method. TheM1 band can be described within the tilted-axis-cranking model on
the basis of the tilted three-quasiparticle configurationp(g9/2) n(g9/2) n( f p) which has a triaxial shape. This
band appears as a mixed case including contributions of both magnetic and collective rotation.
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I. INTRODUCTION

Magnetic rotation@1#, a novel rotational mode first de
scribed in the tilted-axis cranking~TAC! model@2,3#, is pre-
dicted to occur in weakly deformed nuclei (e2<0.15) for
multiquasiparticle configurations. Few protons occupy orb
als with long spin vectors above a closed shell~high-j par-
ticlelike orbitals! while neutrons fill up a shell except for
few holes~high-j holelike orbitals!, or vice versa. Since in
this case the perpendicular coupling of the proton and n
tron spins is energetically favored, a substantial compon
of the magnetic dipole moment perpendicular to the to
spin is produced. This gives rise to strongM1 transitions
with strengths up to severalmN

2 within such a rotational
band. TheseM1 transition strengths decrease gradually w
increasing spin due to the gradual alignment of the part
spins parallel to the direction of the total spin, which
called shears mechanism@1,4,5#. Because of the small defor
mation the E2 transitions are rather weak and therefo
the notion of magnetic rotation is used to distinguish tho
bands from the usual rotational mode with strong el
tric quadrupole transitions. The ratios of the transiti
strengths are typically in the order ofB(M1)/B(E2)'20
240 (mN /eb)2 in these magnetic bands and decrease w
increasing spin@6#. Evidence of magnetic rotation was foun
for the first time in nearly spherical nuclei around200Pb
@4,7–12#. The regular dipole sequences with rotational-li
level energiesE}J(J11), i.e., Eg(DJ51)}J, evolving at
high spinJ are in striking contrast to the multipletlike irregu
lar level scheme observed in these nuclei at low spin.

Magnetic rotation was predicted for several mass regi
near shell closures@13#. Indeed, shears bands were observ
in nuclei aroundA5110 @14–18# and A5140 @19#. Re-
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cently, we found regularM1 bands including ratios o
B(M1)/B(E2)'25 (mN /eb)2 in the doubly odd nuclei
82Rb (N545) and 84Rb (N547) @20,21#. These bands
were well described in the TAC model on the basis of
four-quasiparticle (4qp) configuration and they can be con
sidered as the first evidence of magnetic rotation in the m
A580 region.

The shears mechanism of the magnetic rotation is, h
ever, not the only way to create level sequences connecte
strongM1 transitions. In the massA580 region bands with
large M1 strengths ofB(M1)<1.8 mN

2 are well known in
several odd-mass nuclei. They were discovered for the
time in 81Kr and have been explained on the basis of a se
classical coupling scheme for the spins of the involved
paired particles@22#. Indications of similarM1 sequences
were also observed in the odd-N nuclei 79,83Kr @23,24#, 83Sr
@25#, and in the odd-Z nuclei 77,79,81Br @26–28#, and
79,81,83,85Rb @29–32#. However, the character of theM1 se-
quences observed in nuclei withN<44 is expected to be
somewhat different as compared with magnetic rotation
to the large quadrupole deformation ofe2'0.20–0.25 in-
volved. In these nuclei rotational bands are built on t
ground state or on low-lying states and manifest their coll
tive character by predominating stretched (DJ52) E2 tran-
sitions. The dipole sequences with strongM1 transitions ap-
pear at excitation energies of about 2.5 MeV and coexist w
the collective structures. Since theseM1 bands display also
fairly strong stretchedE2 transitions, there is an obviou
difference to the shears bands occurring on top of an irre
lar level scheme as, e.g., in200Pb.

To investigate whether suchM1 sequences can be class
fied as magnetic rotation and how the deformation influen
their properties, we have revisited the nucleus79Br. Our
present study focuses mainly on the dipole band that star
2.3 MeV and depopulates into the low-lying collectiveE2
bands of both positive and negative parity. Excited state
this nucleus were previously studied via77Se(a,pn) and
©2002 The American Physical Society26-1
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78Se(a,p2n) reactions@27#. In that work a sequence of fou
M1 transitions built on a 13/22 state at 2.4 MeV was ob
served. Transition strengths ofB(M1)'0.3–0.6 W.u. were
derived for three transitions. During our present investigat
we became aware of a study of79Br using the76Ge(7Li,4n)
reaction@33# in which all bands were extended by about tw
transitions and five values or limits of level lifetimes we
determined in addition to the known ones@33#. In the present
work theM1 band was extended by fourM1 transitions up
to a (29/22) state at 6.4 MeV. Moreover,E2 crossover tran-
sitions were observed within this band for the first time. T
collectiveE2 bands built on the isomeric 9/21 state and the
3/22 ground state were established up to (37/21) and
(37/22) states, respectively, at about 8.8 MeV. Mean li
times were deduced for 17 levels.

FIG. 1. Arrangement of the six CLUSTER detectors used in
present experiment.
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II. EXPERIMENTAL METHODS AND RESULTS

Excited states in 79Br were populated using the
76Ge(7Li,4n) reaction at a beam energy of 35 MeV. Th
beam was delivered by the MP tandem accelerator of
Max-Planck-Institut fu¨r Kernphysik Heidelberg. Emittedg
rays were measured with six EUROBALL CLUSTER dete
tors @34# positioned at640°,690°, and6140° relative to
the beam direction. While the four detectors at640° and
6140° were placed in a horizontal plane, the two detect
at 690° were tilted out of this plane by 52° to achieve
distance of 25 cm between the target and each of the
HPGe crystals. This detector arrangement is illustrated
Fig. 1. Special lead collimators were mounted in front of t
CLUSTER detectors to prevent the escape-suppres
shields from being hit directly by theg rays. Two experi-
ments were performed: one with a thin target consisting
0.2 mg cm22 76Ge on a 0.05 mg cm22 carbon backing,
and one with a thick target of 0.6 mg cm22 76Ge evapo-
rated onto a 2.5 mg cm22 gold backing. The thickness of th
gold backing was chosen such that the recoil nuclei are c
pletely stopped in the backing, thus enabling the determ
tion of mean level lifetimes using the Doppler-shif
attenuation~DSA! method. In each of these experimen
about 73108 coincidence events of fold 2 or higher we
measured. Theg-g coincidence events were sorted off-lin
into Eg-Eg matrices for either all or specific detector comb
nations. In addition, anEg-Eg-Eg cube ofg-g-g events was
created. Coincidence spectra were extracted from the m

e

d
eir
FIG. 2. Examples of background-correcte
g-g coincidence spectra. Peaks marked with th
energies are assigned to79Br.
6-2
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MAGNETIC AND COLLECTIVE ROTATION IN 79Br PHYSICAL REVIEW C 65 044326
ces and the cube using the codes ESCL8R, LEVIT8R@35#,
and VS@36#. Examples of background-correctedg-g coinci-
dence spectra are shown in Fig. 2. Theg transitions assigned
to 79Br on the basis of the present experiment are comp
in Table I.

A. g-g directional correlations

The analysis of directional correlations of coincidentg
rays emitted from oriented states~DCO! was applied
to deduce the multipole order of theg rays and thus to
assign spins to the emitting states. This method is ba
on the formalism described in Refs.@37,38# and dis-
cussed, e.g., in Ref.@39#. The DCO ratio is defined a
RDCO5W(u1 ,u2 ,f)/W(u2 ,u1 ,f), where the quantity
W(u1 ,u2 ,f) denotes the coincidence intensity of a tran
tion g2 measured in a detector at the angleu2 relative to the
beam, gated with a transitiong1 measured in a detector at th
angleu1. The quantityf is the angle between the two plan
opened by the respective target-detector axis and the b
axis. The intensityW(u2 ,u1 ,f) describes the reverse ca
arising from an exchange of the observation angles or of
gating and observed transition. A ratio ofRDCO51 is ob-
tained if the transitionsg1 andg2 are stretched transitions o
pure and equal multipole order. Experimental intensitiesW
can be extracted fromEg-Eg coincidence matrices of se
lected detector pairs. Using the symmetry relati
W(u1 ,u2 ,f)5W(180°2u1,180°2u2 ,f) @40# the present
detector setup contained eight CLUSTER-detector pairs
responding tou1590°, u2540°, f552°. g-g events of
these pairs were sorted into a (90°,40°) matrix. To keep
opening angles of the detectors small, only the three crys
of the middle vertical row of each CLUSTER detector we
included. These crystals are indicated as gray areas in
front view of the CLUSTER detector shown in Fig. 3. Coi
cidence spectra were extracted by setting gates on ce
peak and background intervals in the (90°,40°) and
transposed (40°,90°) matrices. The DCO ratios obtained
transitions in79Br are listed in Table I.

B. Linear polarization of g rays

A CLUSTER detector represents a nonorthogonal Com
ton polarimeter with scattering planes at 30°/150° and 90
the beam axis as is shown in Fig. 3. Despite this nonoptim
geometry the CLUSTER detector has a polarization e
ciency comparable with orthogonal polarimeters@41#. To de-
duce experimental asymmetriesA5(I 902aI30/150)/(I 90
1aI30/150) from intensitiesI of g rays Compton scattere
within the 90° and 30°/150° planes,g-g events of two
neighboring crystals in the CLUSTER detectors at 90° to
beam were restored and sorted into respective spe
whereas coincidence events including signals of more t
two crystals ~multiple Compton scattering! were rejected.
The normalization factor was determined toa50.49(2)
from intensities ofg transitions of a152Eu calibration source
that are isotropic (A50). This normalization factor is clos
to the value of 0.5 resulting from the numbers of detec
pairs in the 90° plane~four pairs! and the 30°/150° plane
04432
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~eight pairs! and reflects almost identical efficiencies of a
detectors. The asymmetries deduced from this analysis
given in Table I and have been used to determine the m
polarities of theg rays.

C. Level lifetimes

Mean lifetimes were determined from Doppler shifts ofg
rays observed in coincidence spectra at angles of 40°
140° to the beam direction using the DSA method. The
coincidence spectra were extracted from twoEg-Eg matrices
containing coincidence events of all Ge detector pairs t
include one detector of the middle vertical rows~cf. Fig. 3!
of the CLUSTER detectors at 40° or 140°, respectively. T
spectra were obtained from gating on transitions below
considered ones because of the much better statistics in
case. The lifetimes were deduced from a comparison of
perimental with calculated line shapes. The velocity distrib
tions of the emitting nuclei were calculated with a Mon
Carlo code taking into account reactions at different dep
in the target, the kinematics of the reaction and the slow
down and deflection of the recoils@42#. For the slowing
down the cross sections given in Ref.@43# were used with
correction factors off e50.9 and f n50.7 for the electronic
and nuclear stopping powers, respectively@44#. The side-
feeding time was assumed to be zero for an excitation ene
of 9 MeV. This energy represents roughly the maximum e
citation energy of the final nucleusE* 5E

7Li

CM
1Q24•En

with a value ofQ5214.5 MeV and a mean energy of th
emitted neutrons ofEn'2 MeV. With decreasing excitation
energy an increase of the sidefeeding time according totsf
5(92E/MeV)•0.03 ps was assumed, which had be
proven to be a good approach@44#. Examples of the line-
shape analysis are shown in Fig. 4. The lifetimes obtai
from this analysis as well as from previous work@27,33# are
given in Table II. The errors of these lifetimes include stat
tical errors, uncertainties of lifetimes of the feeding leve
and uncertainties of the intensities of the feeding transiti
and the sidefeeding. The influence of variations of the sm
sidefeeding times on the level lifetimes is small compa
with the influence of the bigger lifetimes of the feeding le
els or with the influence due to the uncertainties of the
tensities of feeding transitions.

The values deduced from the present analysis are ge
ally smaller than those from the previous studies. Howev
they agree within the errors except the lifetimes of the sta
at 1957, 3535, and 5506 keV. The reason for the differe
may be~i! the cascade feeding from higher lying states t
could not be taken into account in previous work beca
these states and their lifetimes were not known,~ii ! the dif-
ferent parametrizations of the sidefeeding time. The para
etrization used in Ref.@33# neglects sidefeeding for excita
tion energies greater than 4.4 MeV, which is 5 MeV belo
the highest states found in the present study. Transi
strengths deduced from the present lifetimes are listed
Table III.

III. LEVEL SCHEME

The level scheme of79Br deduced from the present ex
periment is shown in Fig. 5. It results from the analysis
6-3



R. SCHWENGNERet al. PHYSICAL REVIEW C 65 044326
TABLE I. g transitions assigned to79Br.

Eg
a I g

b RDCO
c EGATE

d Ae sl f Ji
pg Jf

ph Ei
i

~keV! ~keV! ~keV!

104.3 0.5~1! 0.9~2! 194 M1 15/22 13/22 2580
187.6 3.2~3! 1.02~9! 314 M1 15/22 13/22 2580
193.8 11~1! 0.55~3! 589 M1 17/22 15/22 2774
207.5j E3 9/21 3/22 208
217.1 36~4! 5/22 3/22 217
234.9 0.4~1! 13/22 11/22 1948
238.0 1.1~1! 7/22 762
256.9 1.0~1! 17/22 15/22 2725
261.1 2.9~4! 0.9~2! 194 M1 5/2(2) 3/22 261
300.7 0.6~1! 1.0~2! 194 M1 15/22 2580
304.9 1.6~2! 1.0~1! 314 M1 17/22 15/22 2774
306.6 1.9~2! 0.65~8! 880 M1 9/22 7/22 1068
314.0 11~1! 0.50~3! 589 M1 19/22 17/22 3088
348.6 0.6~1! 21/22 3908
362.2 0.7~1! 0.6~1! 851 M1 19/22 17/22 3088
380.6 0.9~1! 11/22 1714
383.2 0.9~1! 20.02~1! (M1) 11/21 13/21 1181
389.9 1.3~1! 0.5~1! 701 M1 21/22 19/22 3560
395.0 2.1~2! 0.49~8! 851 M1 19/22 17/22 3170
442.8 0.2~1! 19/22 17/22 3170
444.2 1.9~2! 0.8~1!k 851 (M1) 13/22 13/22 2393
446.7 4.6~5! 0.49~7!l 851 20.03~1! M1 21/22 19/22 3535
447.6 1.3~1! (M1) 11/2(2) 1781
462.6 0.5~1! 21/21 19/21 3366
464.0 1.4~1! 0.46~6! 589 M1 17/21 15/21 2421
471.2 3.1~3! 0.46~7! 589 M1 21/22 19/22 3560
501.7 3.2~3! 20.10~3! (M1) 13/21 11/21 1683
508.1 1.3~1! 23/22 21/22 4067
512.9 0.4~1! (29/21) 29/21 6020
513.6 1.6~2! 25/22 23/22 4581
521.9 0.5~1! 0.5~2! 700 M1 15/22 13/22 2469
523.3 2.7~5! 3/22 523
530.3 1.5~2! 1.0~2! 880 (M1) 13/22 13/22 2477
543.9 7.7~8! 0.7~1! 701 20.10~1! M1 7/22 5/22 762
565.3 1.8~2! 11/22 2280
570.6 1.1~1! 23/21 21/21 3936
571.2 3.5~4! 0.9~2! 762 7/22 1333
589.0 100~2! 0.08~1! E2 13/21 9/21 797
593.5 3.8~4! 23/22 21/22 4153
603.9 1.8~2! (25/21) 25/21 4721
611.6 1.8~2! 0.5~1! 851 M1 13/22 11/2(2) 2393
617.4 3.0~3! 0.5~1! 851 20.01~1! M1 23/22 21/22 4153
631.7 1.9~2! 0.49~8! 880 M1 15/22 13/22 2580
644.9 2.4~2! 0.57~7! 851 20.08~2! M1 11/22 9/22 1714
649.9 1.5~2! 0.4~1! 851 20.06~3! M1 25/22 23/22 4803
669.6 0.9~1! 21/2(1) 4341
687.7 3.6~4! 15/22 11/2(2) 2469
692.5 2.1~2! (7/22) 5/2(2) 954
700.7 5.1~5! 0.9~2! 851 0.07~1! E2 19/22 15/22 3170
712.3 1.2~1! 11/2(2) 9/22 1781
736.7 1.4~1! 0.5~1! 701 (E1) 15/22 17/21 2469
737.1 1.5~2! (7/22) 5/22 954
044326-4
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TABLE I. ~Continued.!

Eg
a I g

b RDCO
c EGATE

d Ae sl f Ji
pg Jf

ph Ei
i

~keV! ~keV! ~keV!

738.5 3.7~4! 1.0~1! 589 0.05~1! E2 17/21 13/21 2421
754.9 4.8~5! 0.9~1! 701 0.07~2! E2 15/22 11/22 2469
759.4 1.4~1! 11/22 (7/22) 1714
760.3 0.8~1! 21/22 17/22 3535
761.5 4.4~4! 0.9~3! 880 0.01~1! (E2) 7/22 3/22 762
769.3 0.4~1! 21/2(1) 19/21 3671
775.4 0.7~1! 1.0~4! 194 M1 27/22 25/22 5579
776.5 0.8~1! 1.1~4! 589 0.03~1! E2 15/21 11/21 1957
777.4 5.9~6! 0.87~6! 851 0.03~1! (E2) 17/22 13/22 2725
785.3 1.0~1! (25/21) 23/21 4721
785.8 1.0~1! 21/22 17/22 3560
799.4 2.4~2! 1.5~1! 194 E2 15/22 11/2(2) 2580
804.7 1.8~2! 21/2(1) 21/21 3671
805.4 0.4~1! (29/22) 27/22 6384
809.2 1.0~1! 1333
809.9 1.6~2! 1.0~2!m 880 E2 21/22 17/22 3535
820.5 0.5~1! 19/22 3908
825.7 2.1~2! 1.0~2! 880 E2 17/22 13/22 2774
827.0 2.5~3! 11/2(2) (7/22) 1781
834.6 2.5~2! 0.9~2! 777 (E2) 21/22 17/22 3560
847.5 2.3~2! 15/22 17/21 2580
851.3 19~2! 0.05~1! (E2) 9/22 5/22 1068
866.7 1.6~2! 1.5~3! 194 E2 15/22 11/22 2580
880.0 15~2! 0.91~4! 851 0.07~1! E2 13/22 9/22 1948
885.8 1.8~2! 1.0~2! 589 (M1) 13/21 13/21 1683
888.7 0.7~1! (29/21) 27/21 6020
897.0 4.3~4! 0.9~1! 701 0.06~1! E2 23/22 19/22 4067
914.4 1.1~1! 19/21 3817
935.2 51~5! 1.00~2! 589 0.07~1! E2 17/21 13/21 1732
944.3 3.6~4! 0.9~1!n 589 0.11~1! n (E2) 21/21 17/21 3366
945.4 1.9~2! 0.9~1!n 589 0.11~1! n (E2) 19/21 15/21 2903
947.4 1.9~2! 2280
950.8 0.9~1! 21/21 3817
952.3 4.8~5! 1.1~2! 701 0.06~1! E2 11/22 7/22 1714
953.9 1.0~1! (7/22) 3/22 954
955.8 1.1~1! 3236
973.2 7~1! 0.7~2! 776 0.04~1! (M1) 11/21 9/21 1181
977.9 0.8~1! 23/22 19/22 4067
1015.4 1.7~2! 0.4~1! 1251 M1 27/21 25/21 5132
1019.3 2.8~3! 1.1~2! 762 E2 11/2(2) 7/22 1781
1021.0 0.6~1! 31/21 29/21 6527
1021.8 2.5~3! 1.0~3! 851 0.08~1! E2 25/22 21/22 4581
1034.1 2.1~2! 0.02~1! (E2) 23/21 19/21 3936
1046.2 2.7~3! 1.0~2! 851 E2 25/22 21/22 4581
1050.0 0.9~1! (25/21) 21/2(1) 4721
1056.7 1.3~1! 1.6~5! 314 (E2) 4965
1064.9 0.7~1! 1.7~4! 194 E2 23/22 19/22 4153
1069.9 3.3~3! 0.36~4! 589 0.04~3! M1/E2 23/21 21/21 3936
1079.2 0.9~1! 1.0~4! 935 E2 4897
1082.8 0.2~1! (35/21) (33/21) 8150
1115.5 0.3~1! 5/22 1333
1134.2 24~2! 1.02~3! 589 0.07~1! E2 21/21 17/21 2867
044326-5
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TABLE I. ~Continued.!

Eg
a I g

b RDCO
c EGATE

d Ae sl f Ji
pg Jf

ph Ei
i

~keV! ~keV! ~keV!

1134.6 1.0~1! 17/22 3908
1147.4 2.7~3! 0.8~2! 701 E2 27/22 23/22 5214
1160.4 7.7~8! 0.50~3! 589 M1 15/21 13/21 1957
1164.4 3.4~3! 0.9~2! 935 0.08~3! E2 25/21 21/21 4530
1170.9 4.9~5! 0.42~4! 935 20.01~1! M1/E2 19/21 17/21 2903
1196.3 1.5~2! 27/21 23/21 5132
1234.3 0.6~1! 6199
1242.8 2.1~2! 1.5~2! 194 E2 29/22 25/22 5824
1250.7 9.0~9! 0.97~5! 589 0.09~1! E2 25/21 21/21 4118
1268.6 0.4~1! 25/22 21/22 4803
1298.3 0.4~1! (29/21) (25/21) 6020
1322.8 1.1~1! 1.0~3! 701 E2 31/22 27/22 6537
1325.1 1.2~1! 1.1~2! 851 0.02~2! E2 13/22 9/22 2393
1333.6 1.4~1! 0.9~3! 589 (E2) (29/21) 25/21 5864
1388.2 2.6~3! 0.9~1! 1251 0.07~2! E2 29/21 25/21 5506
1392.4 0.3~1! 7592
1395.0 0.7~1! 1.0~2! 589 E2 31/21 27/21 6527
1400.2 0.9~1! (33/22) 29/22 7224
1410.2 0.4~1! 13/22 9/22 2477
1426.5 0.5~1! 27/22 23/22 5579
1437.6 1.3~1! 19/22 17/21 3170
1439.3 0.6~1! 19/21 4341
1474.2 0.6~1! 21/21 4341
1475.3 2.0~2! 0.04~2! (E2) 13/21 9/21 1683
1516.1 0.4~1! (33/21) (29/21) 7380
1524.8 0.3~1! (35/22) 31/22 8062
1553.5 0.2~1! (37/22) (33/22) 8777
1561.6 0.7~1! 0.8~2! 1134 (E2) (33/21) 29/21 7068
1580.9 0.3~1! (29/22) 25/22 6384
1596.3 1.5~2! 1.2~3! 589 (E1) 13/22 13/21 2393
1622.2 0.3~1! (35/21) 31/21 8150
1624.4 2.8~3! 0.9~1! 589 0.07~2! E2 17/21 13/21 2421
1633.4 2.8~3! 1.0~1! 589 0.06~2! E2 21/21 17/21 3366
1664.2 0.7~1! 1.3~5! 1134 0.17~8! E2 25/21 21/21 4530
1744.6 0.2~1! (37/21) (33/21) 8812
1783.1 3.5~4! 0.57~5! 589 0.04~1! E1 15/22 13/21 2580
1854.5 0.7~1! (25/21) 21/21 4721
1902.1 0.3~1! (29/21) 25/21 6020
1937.5 1.1~1! 1.1~3! 935 (E2) 21/2(1) 17/21 3671

aTransition energy. The error is in the range of 0.1–0.5 keV.
bRelative intensity of theg ray normalized toI g5100 of the 13/21

1→9/21
1 transition at 589.0 keV. This value

was deduced from coincidence spectra.
cDCO ratioRDCO5W(90°,40°,52°)/W(40°,90°,52°).
dEnergy of the gating transition used for the determination of the DCO ratio.
eAsymmetryA5(I 902aI30/150)/(I 901aI30/150) ~see Sec. II B!.
fMultipolarity compatible with the DCO ratio.
gSpin and parity of the initial state.
hSpin and parity of the final state.
iEnergy of the initial state.
jThis transition deexciting the isomeric state at 207.5 keV (t57.0 s) was not observed in the prese
coincidence experiment.
kInfluenced by the 446.7–447.6 keV doublet.
lCombined value derived for the 446.7–447.6 keV doublet.
mCombined value derived for the 809.2–809.9 keV doublet.
nCombined value derived for the 944.3–945.4 keV doublet.
044326-6
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g-g coincidence relations andg-ray intensities. The spin an
parity assignments are based on DCO ratios and polariza
data of theg rays and are supported by deexcitation mod
and level lifetimes. Extensions of the level scheme with
spect to previous work are discussed in the following.

The positive-parity yrast band built on the 9/21 isomeric
state withT1/254.9 s~band A in Fig. 5! has been known up
to (33/21) and (23/21) states for the signaturesa511/2
and a521/2 (a5J mod 2!, respectively, in Ref.@33#. In
the present work it has been extended up to states withJp

TABLE II. Mean lifetimes of states in79Br.

Ei ~keV!a Eg ~keV!b t ~ps!
This workc Ref. @27# Ref. @33#

1732 935.2 1.1~3! 1.7~3!

1957 1160.4 0.3~1! 0.75~25!

2725 777.4 0.8~4!

2867 1134.2 0.40~6! 0.6~2! 0.63~25!

2903 1170.9 0.25~7!

3088 314.0 1.1~3! 1.420.6
10.7

3535 809.9 0.55~15! 1.1~2! 1.0~3!

3560 471.2 0.6~2!

3936 1069.9 0.27~5! <1
4118 1250.7 0.23~3! 0.4~2! 0.3620.15

10.25

4153 617.4 0.20~4! <0.5
4530 1164.4 0.5~1!d

4581 1046.2 0.37~8!

4803 649.9 0.17~3!

5506 1388.2 0.07~3! 0.42~15!

5824 1242.8 0.14~4!

6527 1395.0 0.24~8!

aLevel energy.
bEnergy of theg transition used for the line-shape analysis in co
nection with the DSA method.
cMean lifetime. The error in parentheses includes the statistica
ror, uncertainties of feeding times and feeding intensities, an
10% uncertainty of the nuclear and electronic stopping power.
dEffective lifetime without feeding correction.

FIG. 3. Schematic front view of the seven HPGe crystals o
CLUSTER detector. The three crystals of the middle vertical row
each CLUSTER detector~marked grey! were used for analysing
DCO ratios and Doppler shifts ofg rays. All crystal pairs compat-
ible with the given scattering angles in the CLUSTER detector
90° to the beam were used for analyzing the linear polarization og
rays.
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5(37/21) and Jp5(35/21), respectively. In the seconda
511/2 band~band B in Fig. 5!, (29/21) and (33/21) states
have been identified in addition to previous work@33#. Be-
sides, a new sequence of probably (21/21), (25/21), and
(29/21) states and several interband transitions have b
found.

The a511/2 sequence of the negative-parity band bu
on the 3/22 ground state~band C in Fig. 5! has been ex-
tended by three transitions up to the (37/22) state. The 994
keV transition tentatively proposed on top of the 23/22 state
in Ref. @33# could not be confirmed in our experiment. In
stead we have observed a 1147 keV transition and two
ther transitions on top which extended thea521/2 branch

-

r-
a

TABLE III. Experimental transition strengths in79Br.

Ei Eg Ji
p Jf

p sl B(sl)a

~keV! ~keV! ~W.u.!

1732 935.2 17/21 13/21 E2 52211
119

2867 1134.2 21/21 17/21 E2 542 7
110

4118 1250.7 25/21 21/21 E2 5827
19

5506 1388.2 29/21 25/21 E2 112234
184

1957 1160.4 15/21 13/21 M1 0.0720.02
10.04

776.5 15/21 11/21 E2 48220
144

2903 1170.9 19/21 17/21 M1 0.0620.02
10.03

945.4 19/21 15/21 E2 60220
136

3936 570.6 23/21 21/21 M1 0.1120.03
10.05

1069.9 23/21 21/21 M1 0.0520.01
10.02

1034.1 23/21 19/21 E2 41211
116

6527 1021.0 31/21 29/21 M1 0.0620.02
10.04

1395.0 31/21 27/21 E2 172 7
112

2726 256.9 17/22 15/22 M1 0.420.2
10.5

777.4 17/22 13/22 E2 1502 50
1160

3560 389.9 21/22 19/22 M1 0.1420.06
10.12

471.2 21/22 19/22 M1 0.1920.07
10.15

834.6 21/22 17/22 E2 48218
140

785.8 21/22 17/22 E2 28211
125

4581 513.6 25/22 23/22 M1 0.1520.05
10.07

1021.8 25/22 21/22 E2 36210
116

1046.2 25/22 21/22 E2 35210
116

5824 1242.8 29/22 25/22 E2 98222
139

3088 314.0 19/22 17/22 M1 0.8820.18
10.35

362.2 19/22 17/22 M1 0.0420.02
10.03

3535 446.7 21/22 19/22 M1 0.4320.13
10.20

760.3 21/22 17/22 E2 33213
122

809.9 21/22 17/22 E2 48217
130

4153 617.4 23/22 21/22 M1 0.2720.08
10.11

593.5 23/22 21/22 M1 0.3820.10
10.15

1064.9 23/22 19/22 E2 1425
17

4803 649.9 25/22 23/22 M1 0.5320.12
10.17

1268.6 25/22 21/22 E2 1526
19

aExperimental reduced transition strengths derived from
lifetimes given in Table II and from the intensities in Table
Weisskopf units are: 1 W.u.(M1)51.79 mN

2 ; 1 W.u.(E2)
520.13 e2fm4.

a

t

6-7



is
d

e
les
d.
rs

R. SCHWENGNERet al. PHYSICAL REVIEW C 65 044326
FIG. 4. Examples of the line-shape analys
using the DSA method. Lifetimes were deduce
from a joint fit of calculated to experimental lin
shapes at the complementary observation ang
of 40 and 140°. Feeding corrections are include
The values of energies, lifetimes, and their erro
are results of the presented fits.
w
a
th

ed

ur-
up to the (35/22) state. In addition, seven new intrabandM1
transitions have been found. The level sequence starting
the state at 523 keV has been extended by two states
interband transitions linking these states with states of
ground-state band.
04432
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TheDJ51 band starting with the 13/22 state at 2393 keV
~band D in Fig. 5! has been known up to the 23/22 state
@27,33#. In the present study this band could be establish
up to the (29/22) state. Moreover,DJ52 crossover transi-
tions have been observed for the first time in this band. F
6-8
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thermore, a cascade of transitions at 1057, 1234, and 1
keV has been identified on top of a 3908 state which po
lates the 17/22 and 19/22 states of theDJ51 band.

IV. DISCUSSION

Three different band structures emerge from the le
scheme of79Br shown in Fig. 5:

~i! the positive-parity yrast band based on the 9/1

isomeric state consisting of two signature branches w
a511/2 and a521/2 ~band A in Fig. 5! and the
a511/2 yrare band~band B in Fig. 5!,

~ii ! the 3/22 ground-state band witha511/2 and
a521/2 branches~band C in Fig. 5!,

~iii ! The M1 band starting at a 13/22 state~band D in
Fig. 5!.

The bands A, B, and C are dominated by stretchedE2
transitions and were interpreted in Ref.@33# in terms of the
principal-axis cranked-shell~PAC! model as well as the

FIG. 6. Total Routhian surface for the 1qp configuration
p(g9/2) in 79Br as a function of the quadrupole deformatione2 and
the triaxial deformationg at a rotational frequency of\v
50.2 MeV. The distance between the contour lines is 25 keV.

FIG. 7. Total Routhian surface for the 3qp configuration
p(g9/2) n(g9/2) n( f p) in 79Br as a function of the quadrupole de
formation e2 and the triaxial deformationg at a rotational fre-
quency of\v50.1 MeV. The distance between the contour lin
is 25 keV.
04432
92
-
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h

particle-rotor model~PRM!. In these calculations a quadru
pole deformation ofe2'0.2 was used which is consisten
with experimentalB(E2) values@27#. However, a triaxial
deformation was not considered.

We discuss the band structures A, B, and D with empha
on the description of theM1 band. The midshell nuclide
79Br is supposed to have a transitional character, i.e.,
shape is expected to be soft with respect to changes of
deformation. Therefore we start with calculations of the to
Routhian surfaces~TRS!, which allows us to determine th
shape parameters self-consistently and to take into acc
also possible variations of these parameters with spin
configuration. For this purpose, the hybrid version of t
TAC model @45# has been applied together with the she
correction method, which was successful for describing c
ral rotation in triaxial nuclei@46#. Pairing has been taken int
account by using values ofDp51.37 MeV and Dn

51.04 MeV calculated according to Eq.~4! in Ref. @47#. In
the TAC approach the equilibrium values for the deformat
parameters (e2 , g) are determined from the TRS minimum
in conjunction with a stable rotational axis which is in ge
eral tilted with respect to the principal deformation axesk
51, 2, 3!. In the considered cases the value of the hexa
cupole deformatione4 at the equilibrium turned out to be
practically zero.

The resulting TRS for the one-quasiparticle (1qp) con-
figuration (pg9/2)a511/2 is shown as a function of the defor
mation parameters (e2 ,g) in Fig. 6. This configuration is
representative for the rotational band A on top of the 9/1

isomer. The minimum, i.e., the equilibrium shape for th
configuration, appears ate'0.17, g'14°. The direction of
the rotation is the 1-axis (u590°) which confirms principal
axis cranking. The corresponding shape of the nucleu
indeed rather soft, since the energy for a drastical defor
tion change from the equilibrium to, e.g.,e250.22, g540°
amounts to only 100 keV.

In order to select the proper TAC configuration for th
M1 band we examined the lowest-lying three-quasipart
(3qp) configuration of negative parity including the un

FIG. 8. Total Routhian surface for the 3qp configuration
p(g9/2) n(g9/2) n( f p) in 79Br as a function of the quadrupole de
formation e2 and the triaxial deformationg at a rotational fre-
quency of\v50.5 MeV. The distance between the contour lin
is 25 keV.
6-10
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MAGNETIC AND COLLECTIVE ROTATION IN 79Br PHYSICAL REVIEW C 65 044326
paired proton and a broken pair of neutrons which
p(g9/2) n(g9/2) n( f p). Nearby 3qp configurations as
p( f p) n(g9/2

2 ) andp( f p) p(g9/2
2 ) have been ruled out be

cause they do not imply the large perpendicular compon
of the magnetic moment needed for strongM1 transitions. In
Figs. 7 and 8 the TRS for the configuratio
(pg9/2) n(g9/2) n( f p) assigned to theM1 band D are
given for the two values\v50.1 and 0.5 MeV, respectively

FIG. 9. ~a! Experimental excitation energies as a function of t
spin for the two signature branches of the positive-parity band
for the M1 band in 79Br. ~b! Calculated excitation energies as
function of the spin for the two signature branches of the 1qp
configuration p(g9/2) and for the 3qp configuration
p(g9/2) n(g9/2) n( f p) in 79Br.

FIG. 10. Spin versus rotational frequency for the experimen
and calculatedM1 band in79Br.
04432
s

ts

The rotational axis is found to be tilted by an angle ofu
'60° relative to the 3-axis within the principal plane~1,3!
for the whole frequency range up to\v50.7 MeV. The
equilibrium shape is relatively stable in the ranges ofe2
50.18–0.17 andg527°–24° up to\v50.6 MeV and is
less soft compared with the 1q configuration discussed
above. For\v.0.6 MeV the level density of the quasipa
ticle orbitals becomes high and, moreover, these levels r
each other such that a clear assignment of the quasipar
orbitals is very complicated. Therefore an unambiguous c
culation of the continuation of theM1 band to spins above
J'13 was not possible.

From the TRS calculations of the equilibrium shapes
obtain a quadrupole deformation ofe250.17–0.18 which is
slightly smaller than assumed in previous calculations@33#.
However, more important is the fact that triaxial deformati
has to be taken into account for the 1qp and especially the
3qp band. In the excited configuration assigned to theM1
band, in which one neutron is lifted from an (f p) suborbital
to the lowestg9/2 orbital, the nucleus is driven to substanti
triaxiality. Considering the level scheme in Fig. 5 from th
point of view, the appearance of the yrare band B may
interpreted as ag vibration on top of theg9/2 yrast band.
Furthermore, the presence of many linking transitions
tween all the different structures A, C, and D can be regar

d

l

FIG. 11. Experimental and calculatedB(M1) values of theM1
band in 79Br as a function of the rotational frequency.

FIG. 12. Experimental and calculatedB(E2) values of theM1
band in 79Br as a function of the rotational frequency.
6-11
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R. SCHWENGNERet al. PHYSICAL REVIEW C 65 044326
as a typical feature of the additional mixings in a triaxia
deformed system. Interestingly, it seems even possible
combine theM1 band D and both signature branches of
negative-parity band C to a system consisting of two c
nected dipole bands that resemble the chiral pairs of s
bands observed in the massA5130 region@48–51#. On the
other hand, the interpretation of bands C and D in terms
chiral rotation is not directly applicable, because the cal
lated direction of the rotational axis corresponds to a pla
tilt, whereas chiral rotation corresponds to aplanar tilts@46#.

Experimental and calculated excitation energiesE as a
function of the spinJ are presented in Fig. 9 for theg9/2 yrast
band and theM1 band. There is a fair agreement of th
experimental data with the result of the TAC approach wh
confirms the configuration assignments. This conclusion
also supported by a plot of the spinJ vs the rotational fre-
quency\v for the M1 band given in Fig. 10. The exper
mental curve shows a regular behavior up to a frequenc
\v'0.6 MeV. At higher frequency an alignment proce
starts in connection with a signature splitting that sugges
structural change. This behavior is well reproduced by
calculated curve. As mentioned above the avoided le
crossings in the quasiparticle energies make an unambig
calculation of the continuation of theM1 band to higher
frequencies impossible. In Figs. 11 and 12 theB(M1) and
B(E2) transition strengths, respectively, as calculated for
M1 band are compared with the experimental results.
experimental strengths are somewhat underestimated by
calculations at low frequencies. However, the TAC mo
provides a qualitatively reasonable description of the d
We see that the calculatedB(M1) strength stays almost con
stant at a relatively large value over the whole conside
frequency range, i.e., it does not show the typical dec
with increasing frequency as expected for magnetic rotat
This behavior displays that the perpendicular coupling of
two g9/2 quasiparticles in the configuratio
p(g9/2) n(g9/2) n( f p) cannot be realized because of t
substantial triaxial deformation ofg.20°. Moreover, the
th
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collective angular momentum does not have a definite or
tation ~perpendicular to the symmetry axis! as in an axially
symmetric system, because its orientation can change
the spin. For the considered situation all this leads to
resulting constancy of theB(M1) values as well as of the
B(E2) values.

V. CONCLUSIONS

In the present study the level scheme of79Br has been
extended up to states withJ5(37/2) atE'8.8 MeV. About
60 new transitions have been observed. Spins have bee
signed to most of the about 30 new levels on the basis of
present measurement of DCO ratios. TheM1 band has been
observed up toJp5(29/22). Crossover E2 transitions
within the M1 band were identified for the first time an
several level lifetimes were deduced. The total Routhian s
faces calculated within the tilted-axis-cranking model pred
a substantial triaxial deformation for the excited 3qp con-
figurationp(g9/2) n(g9/2) n( f p) assigned to theM1 band.
The comparison of the experimental characteristics of
M1 band with the predictions of the TAC calculations sho
that theM1 band can be described by this tilted configu
tion that implies a strong magnetic component. However,
calculatedB(M1) andB(E2) values do not decrease wit
increasing rotational frequency as expected for magnetic
tation, but stay almost constant. This behavior displays
influence of the triaxial deformation and the collective ang
lar momentum on the properties of theM1 band. TheM1
band in 79Br is therefore considered as a band includi
components of both tilted rotation causing the intenseM1
transitions, and collective rotation of the triaxially deforme
nucleus resulting inE2 transitions.
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Käubler, H. Prade, E. Grosse, A. Jungclaus, K.P. Lieb,
Lingk, S. Skoda, J. Eberth, G. de Angelis, A. Gadea, E. Farn
D.R. Napoli, C.A. Ur, and G. Lo Bianco,ENAM 98, Exotic
Nuclei and Atomic Masses, edited by B.M. Sherrill, D.J. Mor-
rissey and C.N. Davids, AIP Conf. Proc. No. 455~AIP, Wood-
bury, NY, 1998!, p. 594.

@32# R. Schwengner, G. Winter, J. Reif, H. Prade, L. Ka¨ubler, R.
Wirowski, N. Nicolay, S. Albers, S. Eßer, P. von Brentano, a
W. Andrejtscheff, Nucl. Phys.A584, 159 ~1995!.

@33# I. Ray, P. Banerjee, S. Bhattacharya, M. Saha-Sarkar, B. S
J.M. Chatterjee, S. Chattopadhyay, A. Goswami, S. Muralith
R.P. Singh, and R.K. Bhowmik, Nucl. Phys.A646, 141~1999!.

@34# J. Eberth, Prog. Part. Nucl. Phys.28, 495 ~1992!.
@35# D.C. Radford, Nucl. Instrum. Methods Phys. Res. A361, 297

~1995!.
@36# J. Theuerkauf, S. Esser, S. Krink, M. Luig, N. Nicolay, and

Wolters, Program VS~version 6.65!, Universität zu Köln, 1992
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