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The high-spin states of " Br were studied via. the Ti( S,apn) Br and the
Ni( F,2pn) Br fusion-evaporation reactions at energies of 105 and 62 MeV, respectively,

using the Florida State University Tandem LINAC. y-p coincidence arrays were produced us-
ing four Compton-suppressed Ge detectors. Two independent groups of p rays were studied—one of positive parity and one of negative parity, both of which appear to be based on an
isomeric 4 + state. Lifetimes were measured using both the Doppler-shift attenuation and
recoil-distance methods. A cranking-model analysis of the bands shows that the kinematic and
dynamic moments of inertia for the bands are rather similar and fairly constant for high spins
with values of (20—23)h /MeV. A phase reversal occurs in the signature splitting in the yrast
band around spin 9 which is related to the quasiparticle alignments. The lifetimes imply an
average axial quadrupole deformation of 0.37 in the yrast band and 0.34 in the negative-parity
band. These deformations are close to those predicted by Hartree-Fock-Bogolyubov cranking
calculations.

I. INTRODUCTION

Nuclei in the f p gshell ill-us-trate rather well the inter-
play between single-particle and collective degrees of free-
dom. Highly collective behavior with rotational bands
exhibiting quadrupole deformations exceeding 0.4 is not
uncommon near the middle of the shell, yet nearly spher-
ical shapes coexist at similar energies in some nuclei.
An odd nucleon can polarize the core to quite differ-
ent shapes depending on the orbital occupied, as was
demonstrated ' in ~ Sr. The alignment of a pair of
quasiparticles can further aA'ect the deformation, often
to triaxial shapes.

The shape driving eAects of the two quasiparticles in
odd-odd nuclei have not been investigated as thoroughly.
A number of other eKects might also be expected from the
unpaired nucleons. Each odd ggg2 particle can contribute
considerable intrinsic spin to the system, and each will
block the lowest band crossing through the Pauli princi-
ple. Members of the egg~2(3 vg~~~ multiplet can also mix
with lower spin rotational states.

Good rotational bands can often be seen in these odd-
odd nuclei but the energies of the low-spin states tend
to deviate from what is expected for a rigid rotor. The
change occurs around spin sh in Rb and Kreiner and
Mariscotti predicted a change in Br near 9h from a
two-quasiparticle-plus-rotor calculation. In their calcu-
lation the change shows up most clearly as a phase in-
version in the signature splitting. Below 9h both rota-
tion and realignment of the intrinsic spins contribute to
the total angular momentum, while additional angular

momentum above this point comes only from rotation.
Garcia Bermudez et al. saw5 a similar phase change in

Br but the Br level scheme was not known above thf
point of expected change at that time.

The present investigation of Br and a companion
study of Br were undertaken to address some of these
questions in the odd-odd Br isotopes. Previously, Garcia
Bermudez et a/. had investigated the yrast band of Br
up to a probable spin of lib and two other decay se-
quences to lower spins. Winter et al. reported 4 bands
or decay sequences populated in light-ion-induced reac-
tions. The yrast band was observed up to 10h. In a
conference proceedings Neumann et al. showed the level
scheme for two bands in Br, including one state above
the spin (12) member of the yrast band. Neumann et
al. also listed the only lifetimes which have been re-
ported in Hr, a set of 8 values measured with the recoil-
distance method. Most of the lifetimes imply collective
electric quadrupole transition strengths [B(E2)] of 50 to
100 single-particle units (W.u. ), which are typical of the
well-deformed nuclei in this region. However, a lifetime
of 73.3+4.0 ps was reported for the (ll) ~ (9+) tran-
sition, which gives a B(E2) value of 0.74 + O. ll W.u.
A band crossing at this frequency (as the anornalously
low transition strength was interpreted) would be very
interesting.

An additional complication in the odd-odd " Br is the
existence of a spin-4 isomer 100—200 keV above the spin
(0,1) ground state. Some uncertainties remain about the
parities of these states and about which one the various
bands decay into. The available evidence is summarized

43 470 1991 The American Physical Society



43 DEFORMATION AND SIGNATURE SPLITTING IN Br 471

in Sec. IIIA.
In the present work high-spin states in Br were popu-

lated in two heavy-ion fusion-evaporation reactions. Two
rotational bands were extended up in spin to study the
rotational behavior well above the change in signature
splitting around spin 9. Lifetimes were measured using
the Doppler-shift attenuation and recoil-distance meth-
ods to study the transition strengths and deformations
and to investigate the anomalously low B(E2) value.
The deformations were compared with the predictions
of Hartree-Fock-Bogolyubov cranking calculations.

II. EXPERIMENTAL TECHNIQUES

The techniques of y spectroscopy were applied to in-
vestigate the high-spin states of "4Br. The results pre-
sented here are based on experiments using two difFer-
ent reactions. In the first, Br was populated using the
4sTi(s2S, npn) reaction with a 106 MeV s2S beam from
the Florida State University Tandem LINAC facility in-
cident on a 0.5-g/cm natural Ti target, . A 62 MeV F
hearn from the tandem accelerator alone on a 19-mg/cm
enriched 5sNi foil was used for the 5sNi(isF, 2pn)7~Br re-
action,

In the first reaction, four 25%%uo efFicient high-purity Ge 7
detectors placed in bismuth germanate (BGO) Compton-
suppression shields were used to measure the p-p coin-
cidences from the reaction. Three detectors were placed
at 95 while the fourth was placed at an 18' angle with
respect to the beam. The forward angle was chosen to
allow measurements of lifetimes of the high-spin states
via the Doppler-shift attenuation method. In the F
experiment, two Compton-suppressed Ge detectors were
placed at 900 with a third at 4 with respect to the beam
axis. A fourth detector without Compton suppression
was placed at 140' to facilitate the recoil-distance mea-
surements. More than 6 x 10 y-p coincidences were
recorded on magnetic tape for each experiment. Inter-
nal energy calibrations for the sulfur reaction were made
using a least-squares fitting of energies of the following
gamma rays (in keV) to a linear function of channel num-
ber: 179.1 and 300.2 ( I&r), 423.9 ( Kr), 634.8 ( Se),
983.5 ( Ti), 1227.7, and 1524.6 ( 2Ca). An excellent
fit was obtained for the linear regression of the corre-
sponding energies and channel numbers. The events be-
tween any two of the three 95' detectors were then gain-
shifted to a dispersion of 0.8 keV/channel and sortedi
into a 2500 channel triangular array on a RIDGE3200
computer. The events between the 18 detector and any
of the 95' ones were gainshifted and sorted into a 2500 x
2500 channel square array. Internal energy calibrations
for the fluorine reaction were made using a least-squares
fitting of energies (in keV) of the following gamma rays:
74.9 (Pb x ray), 188.4 (74Br), 197.15 (igF), 511.0 (y+ ),
634.8 ( Se), and 1000.2 (" As). These events were sorted
and histogrammed into four two-dimensional arrays cor-
responding to the four detector angle pairs.

III. THE LEVEL SCHEME

The present level scheme was deduced from coincidence
spectra generated from gating on the two-dimensional ar-
rays. Placement of the transitions in the level scheme
was determined from the 90' spectra. To determine the
multipolarities of the transitions, directional correlation
of oriented nuclei (DCO) ratios were calculated wherever
possible. The DCO ratios (RDco) were determined from
gating on the square matrix and comparing the intensi-
ties according to

I(p at 18' gated by 7G at 95')
I(p at 95' gated by pa at 18')

where the coincidence gate was always from one or more
of the F2 transitions. Unmixed E2 transitions are ex-
pected to yield a DCO ratio of approximately 1, while,
depending on the multipole mixing ratio, the DCO ratio
of a LJ = 1 transition can vary from 0 to 2. It is ex-
pected, however, that most Ml/E2 DCO ratios in the
yrast and near-yrast cascades will be near 2. Ener-
gies, intensities, and DCO ratios for the transitions are
listed in Table I. The energies reported are those deter-
mined in the present work, but generally agree with pre-
vious results.

A. Spin and parity of the bandhead

Studies of the P decay of Kr (Refs. 12—14) and "4Br
(Ref. 15) established two long-lived P decaying states in
4Br. Only the low-spin state (0 or 1 ) with a half-life

of 25.7 min is populated in the P decay of 74Kr. Both
this state and a higher-spin st, ate (j = 4) with a half-life
of 41.5 min (Ref. 15) or 49.5 min (Ref. 5) have been pop-
ulated directly in nuclear reactions. A possible reason
for the difI'erence in half-lives is discussed in Ref. 5. The
present work provides no new information concerning the
lifetime of the isomer, nor are the conclusions of this re-
port sensitive to its exact value. The newer value, 49.5
min, is used in this report mainly as a label for the state.
The level ordering was determined in a "4Se(p, n) 4Br ex-
citation function measurement which established that
the 25.7 min low-spin state is the ground state and the
49.5 min spin-4 isomeric state lies 135 to 255 keV higher
in energy.

An unambiguous spin assignment of 4h was deter-
mined for the 49.5 min isomeric state in an atomic-beam
magnetic-resonance experiment. - There was no evidence
for population of the 25.7 min ground state in the spalla-
tion reaction used for that experiment. Although the spin
of the isomeric state is well established, questions remain
about its parity. An assignment of J~=4 was made
based on the P decay of B to states in ~Se. Although
negative parity is consistent with the large log f1 values
observed for decays to 2+ and 4+ states, positive par-
ity is not ruled out, as has been emphasized by Raman
and Gove. For example, Winter et g/. have suggested
that the P decay may be hindered by K forbiddeness,
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rather than a parity change. The fact that the y-decay
sequence built on this isomer in "4Br more closely re-
sembles that built on the 4+ state~ in the neighboring

Br than that built on the 4 state in Br led Win-
ter e$ al. to propose J"=4+ for the 4Br state. The
present work and a companion study of 6Br show that
the Br- Br resemblance continues to the highest spins
observed. Therefore a positive sign in parentheses will
be used to indicate that positive parity is likely, but not
fully proved, for the 49.5 min isomeric state in 4Br.

B. The yrast band

Garcia Bermudez ef at. 5 found that the spin-4 isomer
was populated much more strongly than the ground state
in the Ni( O, npy) reaction and identified the most in-
tense p-decay sequence (188.5, 195.0,. .. keV) with the
spin-4 state. Winter et al. made the same assignment
using the relative populations of states in d and He
induced fusion-evaporation reactions as a "spin meter. "
The 188.5, 195.0, ... keV decay sequence is also the most

TABLE I. Energies, relative intensities, DCO ratios, and rnultipolarities for transitions in Br.

Ei„(keV)
188.5
383.4

656.1

812.5

1160.2

2054.3

2752.2

3163.2
4083.4
4478.7
5600.8
5948.7
7600.9

72.1
188.4

606.4

848.2

1259.5

1674.4

2126.9

2602.5

3142.8
3670.6
4327.7
4895.0

E~ (keV)

188.5
383.4
195.0
467.5
272.8
429.2
156.4
504.1
347.8
833.9
486.3
894.1
407.8

1105.7
697.9

1108.9
1331.2
1315~ 5
1517.4
1470.0
1652.2

72.1

188.4
116.2
285.9
169.3
418.0
248.7
490.4
241.8
653 ~ 0
411.3
826.2
415.1
867.4
452.3
928.1
475.9

1015.9
1068.1
1184.9
1224.4

I, ~Iy
5(+) 4(+)
6(+) 4(+)
6(+) 5(+)
7(+) 5(+ )

7(+) 6(+)
8(+) 6(+)
8(+) 7(+)
g(+) 7(+)
g(+) 8(+)
1P(+) 8(+)
1P(+) g(+)
11(+) g(+)
»(+) - 10(+)

10(+)
12(+) 11(+)
13(+) 11(+)
(14+) ~ 12 +

(i5+) i 3(+)
(16+) - (14+)
(»') - (»')
(»+) —(»+)

(3-) —4'"
(4

—
) 4(+)

(4) —(3)
(5) —(3 )
(5-) - (4-)
(6-) - (4-)
(6-) —(5-)
(7-) - (5-)
(7-) —(6-)
(8 ) (6 )
(8-) - (7-)
(9 ) —(7 )
(9 ) —(8 )
(io-) (8-)
(10-) - (9-)
(»-) - (9-)
(ii ) (io )
(12-) —(1O-)
(»-) —(»-)
(14-) —(»-)
(i5-) —(is-)

Int.

89
44
56
11
21
39
8.2
3.3

19
22
1.4
8.0
7.0
6.7
2.0

ll
4.8
5.2
2.7
3.2
1.7

15
38
7.5

13
6.1
3.3
6.3
2.3
1.9
2.1
4.9
0.5
3.4
0.9
3.4
0.4
4.1
3.1
2.2
1.2

~DCO
S+Ti F+Ni

o.2o(2)
0.89(8)
o.2i(2)

o.22(i)
0.95(3)
0.26(2)

O.29(2)
1.07(8)
0.34(5)

o.23(s)
o.9v(7)
0.53(8)

o.s4(2)
1.11(21)

0.32(2)
0.98(8)

o.s2(io)
1.09 (20)

0.94(12)
0.33(3)
i.o4(9)

1.09(20) 1.04(9)

o.s4(v)
1.02(19)
0.36 (4)
0.92(6)

0.97(26)
o.64(2v)
o.9v(22)

0.93(15)

0.46(20)
o.s5(3)
i.ov(13)
o.si(4)
0.67(11)

i.ov(i4)
0.38(6)
1.11(22)
O.25(5)
0.85(13)

0.96(28)

0.98(22) 1.03(8)
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intense in the present F-induced reaction and, there-
fore, must be yrast and built on the higher-spin isomer.
The level scheme in Fig. 1 shows this placement. Note
that all level energies are shown relative to the isomer,

which itself lies 135 to 255 keV above the ground state.
The previously deduced level scheme for the yrast

band ' was generally con6rmed and extended by the
present work up to a spin of (19+).

7600.9
(19')

1652.2

( 6~)
5600.8

5948.7
(17+)

4083.4, ,(14+)

1517.4

f33 f.2
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(13 )
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697.9
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41 1.3347.8 653.0504. 1 ,848.2
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'I P'
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4180 . 35? 7

~ ~ e ~ '
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0 1 169.3 285.9
/ $ 188.4 118.2 ~ (3-)

72. 1

FIG. ].. The high-spin level scheme of Br deduced from the present and previous work. Only the yrast and yrare bands
are shown. Note that the excitation energies are given relative to the 4 isomer whose exa.ct position relative to the ground
state is unknown. The bandhead spins, parities, a.nd placements are discussed in the text, and some uncertainties remain,
especially for the {3 ) band.
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(0,1 ). Winter et al. placed the sequence on the 4+
isomer based on the relative intensities in the d- and He-
induced reactions and on their excitation curves. They
found further evidence from the pattern of P decay to
74Se which indicated that most prompt p rays lead to
population of the isomer. We have also placed the 72.1
keV decay sequence atop the 4+ isomer because its strong
population in these heavy-ion reactions argues strongly
for higher spin. By contrast, we see almost no population
of the 62.8, 128.3,... keV decay sequence which previous
work has consistently placed on the low-spin ground
state.

It should be emphasized that there is no hard evidence
concerning the spin, parity, or placement of the bandhead
for this cascade, This is the reason for the variation in
the literature. Our assignment appears the most likely
based on all the indirect evidence and is not inconsis-
tent with the evidence. For example, the 72.1 and 188.4
keV transitions to the isomer would have E1 strengths of
7 x 10 s and 2 x 10 s Weisskopf units (W.u. ) based on
the indicated spins and the lifetimes of Ref. 7. These are
similar to other known values in this mass region. Sim-
ilarly the 116.2 keV transition would have a reasonable
M1 strength of 0.015 W.u.

FIG. 2. The spectrum of p rays from the
Ni(' F,2pn) Br reaction in coincidence with any of the

strong lines in the yrast band. The square root of the number
of counts is graphed to provide a moderate compression of the
dynamic range.

I

CU
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OJ

Shown in Fig. 2 is a sum spectrum of gates on yrast
lines from the 5sNi( F,2pn) reaction. In addition to
the transitions between yrast states, some side-feeding
transitions (which will be discussed later) are also easily
observed. The transitions with DCO ratios consistently
near unity, i.e., values ranging from 0.89 to 1.11, were
assigned to have AJ = 2. Transitions with DCO ratios
ranging from 0.20 to 0.53 were assigned to have 4J = 1.
Due to lack of statistics or difFiculty in determining the
total yield in the forward spectra, ratios could not be
determined for the following transitions: 467.5, 504.1,
486.3, 697.9, 1315.5, 1331.2, 1470.0, 1517.4, and 1652.2
keV. Tentative spin assignments for the 14+ to 19+ states
were proposed based on the systematic behavior of rota-
tional bands.
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C. The negative-parity band

There is less agreement in the literature regarding the
placement of the p-decay cascade ending in the 72.1 keV
transition. Garcia Bermudez et a/. placed it on a low-
spin (0,1 ) state at low energy (E ( 30 keV) based
on excitation curves, although intensity arguments did
not rule out its placement on the 4+ isomer. Neumann
et a/. placed it on the ground state whose spin is also
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FIG. 3. The spectrum of p rays from the
Ni( F,2pn)" Br reaction in coincidence with any of the

strong lines in the negative-parity band.
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FIG. 4. A portion of the p spectrum in coincidence with
the 490.4 keV transition showing the absence of a 418.0 keV
line. The peaks indicated represent A J = 1 transitions in the
negative-parity band.

Negative parity has generally been suggested for this
band but the evidence is not conclusive. Since our place-
ment of the band is similar to that of Winter et a/. , we

have followed their spin suggestions. The spins and par-
ities of all states in this band have been placed in paren-
theses because of the uncertainty of the bandhead spin
parity. However, the relative spins and parities are de-
termined as well as in any other rotational band.

This presumably negative-parity band (NPB) has been
extended to a tentative spin of 15 with observed A J = 1

transitions up to spin 11 . In Fig. 3, a sum 90' spectrum
of the gates on the dominant lines from the ssNi(i F,2pn)
reaction is shown for this band. Seven previously unseen
transitions have been added by the present work. As
expected, two main 4J = 2 cascades have been observed
with interconnecting 4J = 1 transitions, some of which
can be seen in Fig. 4, up to spin 11.

The level scheme deduced from present coincidence
spectra generally agrees with previous work. There
are, however, a few diA'erences with Neumann et al. in
addition to the placement of the band. Five previously
reported transitions which built a third cascade were not
seen. Also, Fig. 4 shows the 90' spectrum in coinci-
dence with the 490.4 keV transition. Clearly, the 418.0
keV transition is not in coincidence with the 490.4 keV
transition.

Once again, DCO ratios were used to determine the
multipolarity of the transitions. Transitions with DCO
ratios varying from 0.85 to 1.11 were assigned AJ = 2
while those with ratios of 0.25 to 0.64 were assigned
AJ = 1. No DCQ ratios could be determined for the
248.7, 475.9, 1015.9, 1068.1, 1184.9, and 1224.4 keV tran-
sitions because of lack of statistics or difFiculty in deter-
mining the total yield in the forward spectrum. Due to
the presence of the 74.9-keV Pb x ray, a reliable DCO
ratio could not be determined for the 72.1 keV transi-
tion. Cascade placement for the high-energy transitions

was determined from the coincidence spectra. Tentative
spins were assigned according to rotational systematics
where DCO ratios could not be determined.

D. Other transitions

In addition to the transitions shown in Fig. 1, previ-
ously reported and unreported transitions were observed
in the present work. In the positive-parity band (PPB),
the 527.5, 290.7, 818.2, 800.2, 957.9, and 1088.8 keV tran-
sitions of Ref. 8 were all observed in both reactions.
Present coincidence spectra also support the previous
placement of these transitions. Also, a 1379.1 keV tran-
sition is believed to directly feed the parent state of the
957.9 keV transition. This placement is deduced from
both reactions in the present work. In the NPB, the
222.6, 284.0, and 195.8 keV lines of Ref. 8 were observed
in both reactions wit;h no disagreement in the placement.

IV. LIFETIME MEASUREMENTS

Previous work included lifetime measurements using
the recoil-distance method (RDM). s Because of restric-
tions of the RDM, short-lived states could not be mea-
sured. These shorter lifetimes can, however, be measured
using the Doppler-shift attenuation method (DSAM).

A. Doppler-shift attenuation

A computer code that simulates the recoil slowing
down process was used to extract lifetimes for the higher-
spin states via DSAM. The code generates a theoretical
line shape for each lifetime, using scaled stopping pow-
ers from NorthcliK and Schilling, and compares it to
the measured forward spectrum. The value taken is the
lifetime which most closely reproduces the experimental
results. Uncertainty in the lifetime is determined by the
rate of variation in the accuracy of the fit with the lifetime
values themselves. Lifetimes for the highest measurable
state for each cascade were extracted first, followed by
those for each lower state. The lifetimes measured for
states above each shifted line were used to specify the
direct feeding times for the state. A side-feeding time of
0.05 ps was used for the (15+) state in fitting the 1315.5
keV shifted peak. Side-feeding times were increased by
approximately 0.03 ps for every MeV deexcitation energy
down the cascade. Examples of best fits from the present
work can be seen in Fig. 5.

For the yrast states, lifetimes for the 10+ through
the 15+ states were determined. A mean life of 1.19
+ 0.14 ps was determined for the 10+ state which is
in agreement within uncertainty of Neumann's 1.5
0.5 ps measurement. For the spin-11+ state, however,
fits of the 894.1 keV peak from both reactions diA'er

greatly from the previously reported lifetime of 73.3 +
4 ps. With an observed Doppler shift, it can be con-
cluded that the lifetime of the 11+ state cannot be of
that order of magnitude. A lifetime of 73.3 ps would
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fit curves are presented in Table II with adopted values
in the last column.

Lifetimes for five negative-parity states were also ex-
tracted using DSAM. Once again, the lifetime for the
highest state in each cascade serves as an upper bound
value. These can also be seen in Table II.

and 140' spectra in coincidence with the 194.9 keV gate.
RDM lifetimes could not be measured for the negative-
parity transitions due to the limited statistical accuracy
of the RDM experiment.

V. DISCUSSION

B. Recoil distance

800 '-:.

600 =-

40

400

~ 200:.=

0~o 800—
C3

600:--
140'

400

200 =

400 410 420
I

430

E& (keV)
440 450 460

FIG. 6. Forward- and backboard-angle coincidence line
shapes for the 429.2 keV transition. The dashed line indi-
cates the position of the unshifted peak.

As part of the 5sNi(~ F,2pn) Br study, approximately
108 coincidences were recorded using a thin target to pro-
vide recoil-distance measurements (RDM) of longer life-
times. Drift distances of 0.25 mm and 0.64 mm to the
catcher foil were used to allow a wide range of lifetimes
to be measured. From a measurement of the Doppler
shifts of the peaks, a consistent drift velocity of 0.0172'
was determined. Drift times were, therefore, 49 and 123
ps, respectively.

Lifetimes for the 5~+~ to 8&+~ states were measured. A
small unshifted peak was observed for the 347.8 keV peak
with less than 10% of the total yield (shifted plus un-
shifted peaks), while no unshifted peaks were seen above
the 9~+& level. This implies a lifetime upper limit of 21
ps for the 9~+l state. From the 195.0 keV gate shown
in Fig. 6, a lifetime of 23 ps was deduced for the 8~+~

state with 23% and 20% of the total yield comprising the
stopped peak in the 4' and 140' spectra, respectively.
From the 188.5 keV gate, a lifetime of 13 ps is implied
from the 23% stopped peak yield of the 272.8 keV transi-
tion. A lifetime of 46 ps was determined for the 6~+& state
from spectra gated on the 429.2 keV peak. Because of
diKculty in eliminating effects of the Coulomb excitation
peak of fIuorine which forms a doublet with the 195.0 keV
peak, this lifetime is questionable; therefore, the previ-
ously reported lifetime was taken as the adopted value.
Using an effective lifetime of 96 ps for the 6~+~ state, a
lifetime of 172 ps was extracted from the peaks in the 4'

The level scheme of 4Br shows what appear to be two
rotational bands. Their collective nature is confirmed
by the electric quadrupole transitions within these bands
which are enhanced by factors of 50 to 100 over single-
particle values. A cranking-model analysis is appropriate
to further investigate the rational properties of Br and
to compare them with neighboring nuclei.

A. Cranking m.odel analysis

The kinematic (J~ l) and dynamic (J& l) moments of
inertia for the yrast band in Br are shown in Fig. 7,
along with those of neighboring nuclei. The J&~& val-
ues for " Br fall rapidly to about 22h /MeV at hu
0.4 MeV and remain steady above that rotational fre-
quency. The irregularities in level spacing at low spin
which give rise to-the high values of J~ & below 0.4 MeV
have been attributed to infIuence from various mem-
bers of the egg~2 vggg2 multiplet of states. Further
evidence supporting this conclusion from the signature
splitting will be presented later in, this section. For the
higher-spin states beyond this inhuence, the kinematic
moments of inertia are as constant as any in the f pg--
shell. This constancy and the convergence of kinematic
and dynamic moments of inertia show that Br behaves
as a good rotor at higher frequencies.

A companion study of the yrast band of Br which
is based on a 4+ state shows a very similar behavior,
providing additional justification for the spin assignments
in @Br. In contrast, significant differences are seen in the
low-spin behavior of neighboring odd-A and even-even
nuclei. For example, J~ ~ remains constant down to
relatively low spins in the g9~2 band in Br, supporting
the interpretation of multiplet influences on Br. The
graph of J(1) for the yrast band in Se in Fig. 7 is
almost the mirror image of that of Br. It rises from
very low values at low spin to saturate at the common
value of about 22h /MeV.

Both the differences in the kinematic moments of in-
ertia at low spin and their similarities at high spin are
somewhat systematic. For example, J& & for s Zr (Ref.
23) also rises continuously from rather low values to sat-
urate at 25h /MeV, a slightly higher value attributable
to the higher mass. Shape coexistence ' 4 is known to
affect the lowest levels in " Se, but it is not clear that
this can explain the slow rise in J~ & over so many states
or the similar behavior in heavier nuclei such as ™Zr.
Quasiparticle alignment may play a key role in the dif-
ferences in J~ ~ at low spin since the effect seems to be
correlated with the number of unpaired quasiparticles in
the lowest configuration: 0 (74Se), 1 ("sBr), 2 ( "sBr).
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and Jr —Gh /MeV ) which were determined2 for Kr,
but the results discussed below are not sensitive to these
values. At higher spins the signature splitting in Br
is large and increases with frequency, whereas that of

Br is significantly smaller and decreases with frequency.
In the low-spin region the two isotopes exhibit similar
signature splitting.

What is perhaps most interesting in Fig. 7(c) is that
the sign of the signature splitting reverses at about h~ =
0.4 MeV in both nuclei. The o.=1 Routhians lie higher
in energy below this frequency and lower above it.

The change in signature splitting can be seen more
clearly (and independent of the Harris parametrization)
by graphing the quantity (E~ —Ez &)/2J, as shown in

Fig. 8. This quantity would have a constant value of-
h /20 for a perfect rotor and an alternating pattern in
the presence of signature splitting. The variations dis-
cussed above in the magnitude of signature splitting as a
function of frequency for Br can be seen even more
clearly in Fig. 8. The change in the sign of the signature
splitting shows up here as a reversal of phase in the al-
ternating pattern. These points of phase change (9h for

Br and lib for Br) are indicated by arrows in Fig.
8. A graph of the same quantity for the yrast band of
sKr (Refs. 26 and 27) is shown in Fig. 8 for comparison.

A similar large alternating pattern of signature splitting
can be seen, but there is no change of phase. Somewhat
arbitrarily the Kr bandhead spin of 2 was aligned in
this figure with the bandhead spin of 4 for Br. An
alignment with odd Br spin would have placed the Kr
curve in phase with the high-spin Br curves rather than
the low-spin region.

Garcia Bermudez ef al. s have discussed the reversal of
signature splitting in Br. At that time their data ex-
tended just beyond the reversal and Br was not known
up to the reversal. Later Doring e] al.~ and Winchell et
al. observed the reversal in Br. Prior to this, Kreiner
and Mariscotti predicted a reversal in Br above 9h
based upon calculations in a two noninteracting quasi-
particles plus rotor model. The significance of spin 9
is that it represents the highest value obtainable from
the intrinsic motion of two gg~~ particles in an odd-odd
nucleus. Below it in the calculation the yrast states are
based on a combination of collective rotation and realign-
ment of the intrinsic spins. Above 9h the band involves
rotation of a system with two fully aligned quasiparticles.
This change in structure leads to the reversal in signature
splitting and to the differences in the kinematic moments
of inertia.

Hamamoto has also shown that a similar reversal in
signature splitting in Tb and Ho can be accounted
for in a two-quasipar ticle-plus-rotor fr amework. The
change also occurs near j&+j„,although the particles lie
in diAerent orbitals in this case. Kreiner and Mariscotti
have identified a change of phase in In and discussed
the general conditions for its occurrence. The reversal
of signature splitting also occurs in some odd-A nuclei
at the first band crossing, but it is not clear how similar

B. Transition strengths and deformation

The adopted lifetimes from Table EE were used to deter-
mine the E2 transition strengths B(E2) for the AJ = 2
decays. The transition quadrupole moments Q, were cal-
culated from these strengths using the rotational model.
Quadrupole deformations P2 were, in turn, inferred from
the moments assuming axial symmetry to get some idea
of the shapes involved. These values are listed in Table
III.

Some information can also be inferred about the 4J =
1 transition strengths using branching ratios determined
from the intensities in Table I. There is also angular dis-

30—
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h03 (Mev)

I
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FIG. 9. Graphs of the (a) dynamic (J~ ~) and (b) kine-
matic (J ) moments of inertia for the Ix = (3 ) band in
74'

this is to the odd-odd case. Ikeda and Shimano have
accounted for the reversal in mh~~~2 bands in terms of p
vibration.

The kinematic and dynamic moments of inertia for the
Ii ~=(3 ) band in ~Br are shown in Fig. 9. As in the
positive-parity band, the kinematic moments decrease to
a relatively constant value of about 23h /MeV. The dy-
namic moments show no large excursions, although there
are weak peaks in the frequency range 0.4 to 0.5 MeV
which may indicate a band crossing with a large interac-
tion.

A plot of energy differences in the (3 ) band is shown
in Fig. 10 for comparison with those in the yrast band.
The alternations stay in phase throughout the spin region
measured, except for the J = 4 point. The signature
splitting decreases to nearly zero at J = 10 and then
increases again, but there is no phase change.
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band in Br.

tribution data available in the form of Iegendre poly-
nomial coeKcients. Mixing ratios were determined from
the coeflicients and used to calculate B(M1) and B(E2)
transitions strengths. These are shown in Table IV. In
those cases where the lifetime and branching ratio are
known, but information is not available on the mixing
ratio, it is still possible to reliably estimate the Ml but
not the E2 strength. For these cases we have assumed a
mixing ratio 6 of 0.2, which is consistent with the mea-
sured values, since B(M1) is rather insensitive to 6 as
long as it is small. No B(E2) values are listed for these
cases since they scale with b~.

As mentioned earlier most of the quadrupole transi-
tion strengths lie in the range of 50 to 100 single-particle
units, indicating considerable collective enhancement.
The quadrupole deformations (assuming axial symme-
try) in the yrast band are relatively constant at Pq -0.37

FIG. 11. Transition quadrupole moments
~ Q~ ~

inferred
from the mean lifetimes measured in Br and " Br (Ref. 6).

indicating that Br is very strongly deformed. Those in
the negative-parity band are just a little lower, averaging
Pp 0.34.

The transition quadrupole moments Qq are shown in
Fig. 11. They are also relatively constant with an av-
erage value of 2.9 e b in the yrast band and 2.5 e b in
the negative-parity band. The similarity of Qq values be-
tween low- and high-spin states suggests that mixing of
other members of the ~g9~q vg9gq multiplet aA'ects the
energies of the low-spin states more than their transition
probabilities.

The Q, values for the yrast band of Br are also
shown in Fig. 11 for comparison. The magnitudes are
rather similar to those in Br, implying a rather similar

TABLE III. Shown are the lifetimes, branching ratios, E2 transition strengths, transition
quadrupole moments, and axial deformations for the 0J = 2 transitions in Br.

I
6(+)
7(+)
8(+)
10(+)
11(+)
12(+)
13(+)
(14')
(15+ )
(7 )
(9-)
(io-)
(»-)
(»-)
(is-)

r (ps)

68.(8)
13.(2)
23.(7)

1.19(14)
0.45(15)
o.2s(6)
o.2i(5)

&0.19
&0.24
i7.(i)
0.60(20)
0.70(17)
0.54(12)

&0.50
&0.53

B.R. (%)

36(i)
33(i)
82(1)
93(i)
63(1)
79(3)
ioo(i)
1oo(1)
100(1)
57(1)
61(2)
78(3)
75(i)
100(1)
100(1)

B(E2) (W.u.)'
28
5016

108

108,",
9232

12629
&56
&47
523

11729
1012o
8925

&82
&60

q~ (eb)
2.92
2.82
3.54
2.6q

2.8q

2.5',

2.93
&1.9
&1.7

2.9g
2.6
2.42

&2.2
&1.9

p b

0.38
0.36
0.45
0.35
0.37
0.34
0.38

&0.26
&0.23

0.30
0,38
0.35
0.32

&0.30
&0.26

~1 W.u. = 18.4 e2 fm4.
Assuming axial symmetry.
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TABIE IV. M1 and E2 transition strengths for A J = 1

transitions in Br. The mixing ratios b were determined from
the angular distribution data in Ref. 5. For those transitions
whose angular distributions are not known a value of b=0.2

was assumed.

J7f

5(+)
6(+)
7(+)
8(+)
9(+)
10(+)
11(+)
12(+)

E~ (keV)

188
195
273
156
348
486
408
698

b B(E2) (W.u. )
0.2
0.23
0.25
0.12
0.2
0.2
0.16
0.2

74
88
53

80

B(MI) (p~)
o.o5(1)
0.07(1)
0.14(2)
0.12(4)
0.48(12)
0.04(1)
0.87(22)
0.15(4)

(9-)
(»-)
(» )

415
452
476

02
0.2
0.2

0.50(17)
0.19(5)
0.24(5)

Assumed value, see text.
Assumed r = 2.3(5) ps so that Qq

——2.85(40) eb for the
9(+) ~ 7(+) transition.

C. Hartree-Pock-Bogolyubov cranking calculations

Calculations were performed for Br using the
Woods-Saxon cranking model of Ref. 33. The pairing
force was assumed to be of the monopole type, and the
rotation was treated by means of the cranking approxi-
mation. The procedure used here has been described in
Refs. 2 and 34.

Some calculated total Routhian surfaces (TRS) in the

(Pq, p) plane are shown in Fig. 12. At each (P2,p) grid
point the total Routhian was minimized with respect to
the hexadecupole deformation P4. The result for the aA
configuration at a rotational frequency of h~ = 0.3 MeV
is typical for the yrast band up to 0.8 MeV. The quasipar-

deformation. There may be some de'erence between the
apparent decreasing trend in Qi for 7sBr and the more
constant value for 4Br. However, lifetimes have not been
measured as far up the band in 4Br and the uncertainties
may not permit so detailed a comparison.

The unknown lifetime for the 9+ state is important
in determining the pattern of B(M1) strengths since no
LJ = 1 transitions have been observed from states above
the 12+ level. Since the AJ = 2 transition quadrupole
moments are relatively constant above and below the 9+
state, we have assumed that Qi for the 9+ —+ 7+ transi-
tion is the average value of 2.85 + 0.40 e b to estimate the
lifetime of the 9+ state (2.3 + 0.5 ps) and hence the 9+ ~
8+ B(M1) strength [(0.48 + 0.12)y~~I. The magnetic
transition strengths are listed in Table IV and graphed
in the upper part of Fig. 8. An alternating pattern can
be seen, especially for the higher spin states. The pat-
tern is consistent with the calculations of Hamamoto
for Tb which show B(M1) strengths alternating out
of phase with the energy diAerences.

0.4
0
C)

0 2+

0.0
CU

-0.2

-120 -90 -60

0.4
0

~ 0.2+

0.0
CU

~f

-0.

-120 -90 -60

FIG. 12. Total Routhian surfaces (with pairing) in the
(Pq, p) polar coordinate plane for Br at a rotational fre-
quency of hu = 0.3 MeV. The letters in the boxes indicate
the quasiparticle configurations as discussed in the text. The
interval between contour lines is 0.25 MeV.

ticle labeling scheme is defined in Ref. 35. Lower (upper)
case letters are used for the proton (neutron) configura-
tion. For example, a (A) represents the lowest unique
parity orbital, which is gg~z for protons (neutrons). The
well-deformed nearly prolate minimum lies at (P2,p) =
(0.33,—4'). A minimum in the TRS remains near this
point over a wide frequency range and is the absolute
minimum in the range 0.1 MeV & h~ &0.7 MeV. The de-
formation Pq at the minimum decreases very slowly with
increasing frequency from 0.35 to 0.30. The deformation
inferred from the lifetime measurements (0.37 average) is
rather similar to the predicted values. The uncertainties
are too large to confirm whether a decreasing trend in Pq
is observed in Br, but there may be such evidence in
'Br.

The TRS shown in Fig. 12 for the aE configuration
(ir = —,n = —2i neutron) at h~ = 0.3 MeV is typical of
those predicted for the negative-parity band. The calcu-
lated deformation (P2,p) = (0.35, —0.9') is very close to
the measured value (0.34 average). Hence predicted and
measured deformations are rather similar in both bands
and the small diA'erences lie within the uncertainties in
the measurements and calculations.
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VI. SUMMARY

High-spin states in Br were produced in two different
heavy-ion fusion-evaporation reactions. Two rotational
bands were extended up to tentative spins of (15 ) and
(19+). DCO ratios were used in assigning spins, and
mean lifetimes were measured using both the Doppler-
shift attenuation and recoil-distance methods.

Determination of the bandhead spins and parities in
this odd-odd nucleus is problematical because of the P-
decaying isomer. It appears that both bands populated
strongly in the heavy-ion reactions are built upon or de-
cay to the spin-4 isomer. Even the parity of this iso-
mer is not firmly established, although m=+ is strongly
suggested from comparisons with Br and other nearby
nuclei.

The 4~+& band in Br is very similar to that in " Br.
Fast electric quadrupole transitions in both bands of 7~Br

imply strongly deformed shapes with P2 —0.37 for the
It = 4(+& band and 0.34 for the I& = (3 ) band.
At higher spins both bands behave as good rotors with
a rather constant kinematic moment of inertia (J&t&—
22h /MeV) which is relatively close to the dynamical mo-
ment of inertia. The energies of the lower-spin states are
less regular, suggesting admixtures of various members
of the egg(2 (3 vgggq multiplet with the collective rota;
tional states in the yrast band. The structural difference
between the low and high spin states of the yrast bands
of Br and Br shows up rather clearly as a reversal

in the signature splitting around h~ —0.4 MeV. The ex-
perimental Routhians for the two signatures (n=0 and 1)
cross at this frequency, and the phase of the alternating
pattern of energy differences reverses around spin 10.

The magnetic transition strengths show an alternating
pattern which is related to the signature splitting. The
transition quadrupole moments Qt are rather similar in
the yrast bands of Br and Br and in the negative
parity band of Br, indicating a similar degree of defor-
mation in all three bands. There is some evidence for a
decreasing trend in the Qt values, especially in 76Br.

Hartree-Fock-Bogolyubov cranking calculations pre-
dict a rather stable, nearly prolate shape for both bands
in 74Br. The predicted quadrupole deformations of P2
= 0.33 (0.35) for the positive- (negative-) parity bands
are close to the values deduced from the experimentally
measured lifetimes.
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