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High-spin states of the odd-odd nucleus Br were investigated via the reactions Ni(' F,2pn) Br
and Cu(' C,3n) Br at beam energies of 62 and 50 MeV, respectively. On the basis of coincidence
data new levels have been introduced and partly grouped into rotational bands, Some of these
new states decay to known levels of negative-parity bands built on both the ground state and the
long-lived 4 isomer. Thus, an excitation energy of 13.8 keV has been deduced for the long-lived
isomer in " Br. The level sequences observed are interpreted in terms of Nilsson configurations in
conjunction with collective excitations.

PACS number(s): 21.10.—k, 23.20.—g, 27.50.+e

I. INTRODUCTION

In recent years there has been an increasing inter-
est in studying the interplay between quasiparticle (qp)
and collective excitations in nuclei around mass number
A 70—80. In these nuclei the mode of nuclear excitation
depends sensitively on proton number, neutron number,
angular momentum, excitation energy, and properties of
the qp orbitals occupied by the unpaired particles. Most
of the observed high-spin phenomena in nuclei of this
mass region, such as qp alignment, band crossing, shape
coexistence, core polarization, and shape driving eKects,
have been related to the occupation of the high-j unique
parity ggyq subshells for protons and/or neutrons in con-
junction with collective excitations.

For some neutron deficient nuclei in this mass region,
for example, sSr [1], 7 '"sKr [2—5], and 7sBr [6—8] prolate
(or near prolate) quadrupole deformations of Pq = 0.31—
0.4 have been found for the ground states and/or low-

lying excited states, in agreement with cranking calcula-
tions [9]. Similar large deformations have been deduced
from transition probabilities within the yrast cascades
of the odd-odd nuclei 7 '7sBr [10, ll], supporting earlier
particle-rotor calculations for the (xgsy2 vggy2) config-
uration in Br [12]. These calculations provide a qual-
itative explanation for the observed signature splitting
and inversion in the positive-parity cascade. Recently, a
new theoretical approach [13, 14] has been developed to
describe similar properties of rotational bands in doubly
odd nuclei of the rare-earth region.

the last decade several in-beam studies of the doubly
odd nucleus ~4Br have been published [10, 15—17] show-
ing separate level schemes for the states built on top of
the low-spin ground state and the high-spin isomer. On
the basis of excitation function, angular distribution, and
nanosecond lifetime measurements, a spin and parity of
(0 ) have been proposed [16] for the ground state of '4Br,
in agreement with experimental data from the 74Kr decay
[18, 19].

For the high-spin isomer a spin of I = 4h has been
unambiguously determined in an atomic-beam magnetic-

resonance measurement [20]. The parity was originally
given tentatively to be negative. I ater doubts were ex-
pressed [15] about the assignment of negative parity, and
positive parity was suggested [16] due to the great sim-
ilarity of the band built on this isomer with a level se-
quence of positive parity in 6Br. But there is, so far, no
conclusive experimental information about the energy of
this 4(+l isomer which has a lifetime of 41.5 min [21] or
49.5 min [15]. On the basis of an excitation function
measurement [22] the excitation energy was estimated to
lie between the limits of 135 and 255 keV. Later it has
been suggested [16] that the energy of the isomer has to
be below the (2 ) level at 72.6 keV excitation energy in
order to explain the absence of any decay transition from
the 4(+) isomer to this state and to understand the long
lifetime.

In the present investigation of 7 Br two different reac-
tions have been employed. Some results of the first one,
where a 62 MeV 9F beam was bombarded on a highly
enriched ssNi target, have already been published [10].
In this publication the rotational bands proposed to feed
the 4I+) isomer have been extended towards higher spins.
In the present work the results for the medium-spin states
of negative parity are mainly presented. Preliminary re-
sults have been published elsewhere [23].

II. EXPERIMENTAL PROCEDURES
AND RESULTS

Excited states in " Br have been investigated by two
coincidence measurements performed at the Tandem ac-
celerator facility of the Florida State University (FSU).

In the first experiment the ssNi( sF,2pn)74Br reaction
at 62 iVleV beam energy was used. The target consisted of
a 19 mg/cm thick Ni foil enriched to 99% in sNi. The p
rays were detected with three Compton-suppressed high-
purity (HP) Ge detectors placed at 90', 90', and 4' with
respect to the beam axis. Prompt coincidences of more
than 6 x 10 events were stored on magnetic tape and
sorted ofF-line after recalibration to a dispersion of 0.8
keV/channel into two arrays of (90'-90') and (90'- 4')
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FIG. 1. Portions of back-
ground-corrected coincidence
spectra obtained by gating on
the p rays at 277, 621, and
669 keV in the (90'-90') coin-
cidence array. These data were
recorded during the bombard-
ment of 62 MeV F ions on a

Ni target.

depending on which detectors had fired.
For establishing the level scheme of 7 Br, we ana-

lyzed p-ray spectra obtained by setting gates in the (90'-
90') array on the peaks of interest with appropriate
background subtraction. Some examples of background-
corrected spectra obtained from this measurement rele-
vant to the newly introduced levels are shown in Figs. 1
and 2. The energies and intensities of transitions assigned
to Br are compiled in Table I. For some transitions,
the intensities given in Table I differ from those given in
Ref. [10]. The new numbers have been obtained in an
independent analysis of the (90'-90') coincidence data.
For many transitions directional correlation of oriented
nuclei (DCO) ratios were determined from coincidence
gates set on AI = 2 transitions in the (90'-4') array. In
most cases the ratios given in Table I represent average
values which have been deduced from individual num-
bers obtained from different coincidence gates, or from
added coincidence spectra of relevant AI = 2 transitions
in order to improve the statistics. Further details of the
experimental setup and data handling have already been
presented in Ref. [10].

A second experiment was carried out using the
esCu( C,3n)74Br reaction at a beam energy of 50 MeV
to help identify a new decay sequence. The Cu target
consisted of a self-supporting foil of 0.6 mg/cm enriched
to 9970 in ps Cu. In this experiment the Pitt-FSU detector
array [24] consisting of 9 HPGe detectors with individual
efficiencies between 20%%up and 25Fo has been employed. In
this short experiment about 5 x 10" prompt coincidence
events were recorded on magnetic tape and sorted off-line
into a total p-p array after correction for the Doppler

shift of the p rays. Threefold events were decomposed
into twofold events and subsequently stored in the array
which was analyzed in the same way as the matrix from
the other experiment.

III. THE LEVEL SCHEME

So far, separate level schemes have been published [10,
15—17] for the states populating the (0 ) ground state in
conjunction with the (1 ) excited state at 9.8 keV and
the 4~+~ isomer in 7 Br. In the following sections our ex-
perimental results are presented which provide evidence
for linking transitions between the negative-parity level
sequences built on top of the first excited state and the
4~+~ isomer. In addition, experimental evidence is pre-
sented for a new band of negative parity feeding into the
4~+~ isomer. Furthermore, some weakly excited states
have been found decaying to the well-known level se-
quence of positive parity. The level scheme for 74Br de-
duced in the present work is shown in Figs. 3 and 4 for
negative- and positive-parity states, respectively.

A. Negative-parity states

The ground state and the first excited state at 9.8 keV
in Br are mainly populated by sequences containing the
89.6 keV and the 62.8 keV p rays, respectively. These p
rays have consistently been placed in the level scheme
in previous papers [15, 16]. On the basis of the P decay
data [18, 19] in conjunction with the angular distribution
and ns lifetime measurements for the p rays at 89.6 and
62.8 keV spins and parities of (0 ), (1 ), and (2 ) have
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FIG. 2. Background-cor-
rected coincidence spectrum
obtained by setting a gate on
the 225 keV peak measured
during the irradiation of a Ni
target with 62 MeV F ions.
Above an energy of 450 keV
the spectrum has been multi-
plied with a factor of 4. Peaks
marked with the letter c are not
assigned to Br.
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TABLE I. Energies, intensities, DCO ratios, and initial state energies of p rays assigned to Br.

E~ ' (keV)

62.8(1)
72.1(1)
89.6(2)
9i.o(2)

114.5(2)
116.2(1)
123.3(2)
127.6(3)
128.2(2)
128.6(2)
133.9(2)
139.5(5)
i4o.s(2)
148.7(2)
156.4(1)
159.1(2)
163.3(3)
169.2(1)
179.2(l)
188.4(1)
188.5(1)
192.4(3)
195.0(l)
195.6(3)
213.3(2)
214.0(2)
217.1(2)
22o.o(s)
222.4(2)
222.4(2)
224.4(2)
224.9(2)
227.2(2)
233.9(3)
241.4(2)
241.8(2)
242.0(2)
243.8(4)
248.0(3)
248.6(2)
256.6(3)
259.9(5)
263.8(3)
266.1(3)
272.2(3)
272.8(1)
273.3(2)
277.3(2)
283.0(3}
283.8(2}
285.5(2)
287.3(3)
290.8(3)
so7.6(2)
308.8(2)
si1.6(s)
313.3(2)
si5.2(s)
322.7(4)
331.7(4)

I b

20(8)
46(8)
7(2)
2(1)
7.5(8)

29(2)
i.2(5)
2.0(6)

9(2)
3(i)
5.0(6)
1.0(4)
2.5(7)
2.o(5)

14(l)
0.5(3)

23(2)
5.5(7)

19(3)
81(2)

o.7(5)
58(2)
6(1)
4.5(6)
2.4(5)
2.2(5)
1.7(5)

io(i)
2(1)
5(1)
7(1)
2.1(7)

2(l)
4.2(5)
5.3(6)
1.3(4)
1.7(7)

(0.6
4.3(6)
0.9(6)

2.1(5)
1.4(5)
2.4(5)

26(2)
4(1)
2.4(6)

2(1)
17(l)
12(1)

2.3(4)
1.8(5)
2.0(5)
3.3(5)
1.6(4)
3.0(5)
3.0(5)
0.7(3)

+DCO

0.75(15)
0.42(4)

0.61(11)
0.61(11)
1.54(14)

0.66(14)
0.53(6)

0.41(4)
0.48(7)
1.09(13)
0.24(2)

O.25(2)
0.49(11)
0.53(8)
0.53(8)

0.43(12)

0.68(7)
0.68(7)
0.47(9)

0.47(5)

0.25(4)

0.49(12)
0.53(15)

o.29(s)
0.44(16)
0.54(22)
1.18(14)
1.18(14)
1.03(13)

(0.4
0.73(35)
0.32(7)
0.44(8)
0.49(15)
0.51(8)
0.54(12)

E (keV)

72.6
85.9
89.6

180.6
485.8
202.1
212.8
329.4
200.8
329.4
619,9
802.9
212.8
543.4
826.5
339.5
543.4
371.3
380.0
202.1
202.3
394.7
397.3
619.9
593.3
543.4
306,6
663,4
424.5
815.6
463.1
238.7
820.7
306.6
443.7
861.7

1164.5
329.4
485.8
619.9
329.4

1892.9
593.3
663.4
815.6
670.1
736.4
820.7

1272.9
485.8
371.3

1489.3
1488.3
. 380.0
394.7

1486.0
1049.7
1486.0
1983.6
2331.6

E~ ' (keV)

334.7(2)
341.4(3)
343.8(3)
344.3(3)
344.7(3)
347.8(i)
367.8(2)
370.4(3)
375.8(3)
379.0(2)
381.3(2)
383.4(1)
392.5(3)
405.8(2)
407.8(2)
411.3(2)
415.3(2)
417.9(2)
429.2(1)
430.0(4)
437.0(2)
449.2(2)
452.3(2)
457.7(4)
461.1(3)
467.5(2)
469.5(3)
475.9(3)
485.9(3)
486.3(2)
490.4(2)
491.1(2)
497.6(3)
497.7(2)
504.1(3)
504.3(3)
511.0(4)
527.6(2)
542.3(3)
586.5(3)
600.4(3)
608.3(3)
613.1(3)
618.8(3)
621.1(3)
647.8(3)
653.0(2)
668.6(3)
678.7(3)
679.2(3)
682.7(3)
697.9(3)
698.0(3)
711.5(3)
728.5(3)
786.8(3)
798.5(3)
800.1(2)
815.6(3)
818.2(2)

b

2.2(5)
3.8(7)
~]
2.9(6)
1.0(6)

27(2)
2.7(6)
3.9(6)
4.4(6)
i.6(5)
2.5(6)

19(2)
4.5(6)
2.8(6)
8.5(9)
5.3(5)
4.9(6)
6.3(6)

40(2)
3(l)
2.1(6)
2.8(6)
2.9(6)
2.0(5)
1.2(4)

12(1)
1.3(4)
s.8(5)
2.2(4)
1.7(4)

6(1)
3(i)
2.0(5)
2.3(5)

3(l)
6.8(7)

8.7(9)
4.0(6)
2.5(6)
4.8(7)
3.9(6)

3(1)
4.2(6)
3.5(6)
2.4(5)
8.4(6)
4.2(6)
2.2(4)
1.8(5)
1.9(5)
1.6(6)
2.0(6)
2.o(5)

3(2)
5.6(7)
3.6(6)
6.1(6)
2.2(4)
6.5(8)

+DCO

0.36(14)
0.38(9)

0.41(8)
0.55(22)
0.36(4)

&0.5
0.50(9)
1.7(3)

1.08(4)
1.17(24)
0.69(14)
0.27(4)
0.26(5)
0.24(4)
0.95(14)
i.o7(4)

0.53(10)
0.31(7)
0.78(21)

1.36(25)
O.27(i5)
0.20(9)

0.15(4)
1.29(10)
1.4(3)
0.69(28)

1.4(4)
0.48(6)

0.18(7)
1.19(22)
1.04(24)
0.40(18)

1.28(2S)

1.06(8)
0.80(16)
0.50(12)

(0.5
1.O7(i2)
1.3(4)
0.80(21)
1.02(9)
0.96(17)
0.99(14)

1.07(10)

E (keV)
1384.3
543.4

1164.5
1170.8
1729.0
1174.3
1170.8
990.1
861.7
922.3

1201.6
397.3
593.3
802.9

2068.3
1272.9
1688.1
619.9
826.5
443.7
861,7
820.7

2140.4
2441.4
663.4
670.1

1633.8
2616.3
815.6

1660.5
861.7
820.7

1983.6
736.4

1174.3
990.1

2000.1
1197,6
922.3

1049.7
802.9

1201.6
2506.1
990.1

1164.5
1384.3
1272.9
1489.3
1164.5
1729,0
1486.0
2766.0
1688.1
1633.8
1892.9
1272.9
2000.1
1197.6
1486.0
1488.3
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E~ (keV)

826.4(2)
833.9(2)
842.3(3)
867.4(2)
872.3(4)
894.1(2)
903.0(3)
928.2(2)
936.7(3)
940.4(4)
955.4(3)
959.8(3)

1015.9(4)
1068.1(3)

b

7.7(7)
23(2)
3(1)
ii(1)

2.0(7)
10(1)

3.1(6)
7.8(7)
0.9(4)
3 1(5)
2.1(5)
5.6(7)

10(1)
6.7(8)

RDco '
0.86(10)
0.94(5)
1.05(13)
0.99(8)

0.90(7)
0.85(14)
0.84(8)

1.06(31)

0.13(3)
i.02(i5)
1.09(15)

1688.1
1660.5
2331.6
2140.4
2506.1
2068.3
1892.9
2616.3
2134.1
2833.3
2441.4
2134.1
3156.3
3684.4

1089.1(3)
1105.7(4)
1108.6(5)
1173.8(5)
1184.9(5)
1224.4(5)
1240.2(5)
1315.5(5)
1331.2(5)
1378.5(5)
1470.0(5)
1517.4(5)
1652.2(5)

TABLE I. (Continued).

E (keV) E~ ' (keV) b

5.8(7)
7(1)
i3(2)
3(i)
4(1)
5(1)
2(1)
6.2(8)
5.0(8)

2(1)
2(1)
2(1)
2(1)

RDco

0.11(3)
1.09(6)'
i.09(6)'

&0.5

&0.5

E (keV)

2263.4
2766.0
3176.9
3308.2
4341.2
4908,8
3308.2
4492.4
4097.2
3446.8
5962.4
5614.6
7614.6

Errors in the last digit are shown in parentheses.
Intensities deduced from the (90'-90') array of the Ni(' F,2pn) Br measurement.

'DCO ratios are average values deduced from the Ni('9F, 2pn)" Br measurement.
Effective composite value for unresolved lines.

been proposed [16] for the ground state, the first excited
state at 9.8 keV, and the second excited state at 72.6
keV, respectively.

The known level sequences of negative parity built on
the ground state and the first excited state have been ob-
served in the present coincidence experiments, as shown
in our level scheme (see Fig. 3). Thus, the levels on top
of these two states published in Ref. [16] could be con-
firmed. In agreement with that paper we also do not see a
coincidence between the p rays at 128.2 and 307.6 keV as
proposed in Ref. [15]. In addition, the sequence contain-
ing the 62.8 keV p ray could be extended up to a state
at 2506.1 keV with probable spin and parity of (10 ). It
has been found that the lower-lying AI = 1 transitions
of the 62.8 keV sequence show clear coincidences with
a 227.2 keV p ray. Therefore, a new level at 820.7 keV
has been introduced. Furthermore, coincidence pairs of
214.0-277.3 and 128.6-277.3 keV have been found but not
the pair of 392.5-277.3 keV. Moreover, the p-ray peak at
214 keV has been identified to be a doublet. On this basis
a new level has been established at 543.4 keV excitation
energy. It should be mentioned that a coincidence pair
213.4-277.0 keV has been reported previously [15] but
placed on another position in the low-spin level scheme.
In our coincidence spectra gated by the 277.3 keV p ray
in addition to the low-lying p rays of the 62.8 keV se-
quence (e.g. , the composite p-ray peak at 128.4 keV) the
72.1 keV p ray and several p rays of the sequence built on
top of the 85.9 keV level (116.2 keV sequence) have been
observed. But there is less agreement in the published
papers regarding the placement of this 72.1 keV transi-
tion in the level scheme. In Ref. [15] this p ray is placed
on top of a low-spin (0, 1 ) state at low energy (E ( 30
keV) which has no connection to any other known state
of 74Br. In Ref. [17] it is placed on the ground state and
in Ref. [16] it is proposed that the 72.1 keV p ray and
the 116.2 keV sequence feed into the 4~+~ isomer. The
latter placement is confirmed in a more recent paper [10]

due to the strong population of this band in heavy-ion
reactions.

The puzzle of the placement of the 116.2 keV sequence
has now been solved on the basis of our coincidence data
as shown in the level scheme given in Fig. 3. The newly
introduced levels at 543.4 and 820.7 keV decay also, e.g. ,
via p rays at 341.4 and 449.2 keV, respectively, to mem-
bers of the 116.2 keV p-ray sequence. The depopulation
of these levels can be seen in the background-corrected
coincidence spectra gated by the feeding transitions at
621.1 and 668.6 keV (see Fig. 1). In these coincidence
spectra we observed low-lying transitions assigned ear-
lier to both the 62.8 and the 116.2 keV level sequences.
There are also some linking transitions, e.g. , at energies
of 148.7, 678.7, and 903.0 keV which connect the new
level sequence built on the 329.4 keV level to known side-
feeding states of the 116.2 keV sequence.

Consequently, from the new decay scheme an excita-
tion energy of 13.8 keV has been determined for the level
fed by the 72.1 keV transition. If we adopt the conclusion
[10, 16] that this level corresponds to the 4~+l isomer, a
very low excitation energy is obtained and, thus, the ex-
citation energies of all states feeding into this isomer are
fixed for the first time.

Moreover, it has been found that the levels at 329.5
and 315.9 keV given in Ref. [16] independently from each
other match energetically to the same level at 329.4 keV
if the energy of the isomer is taken into account, as ver-
ified from our coincidence data. A (3 ) assignment for
the level at 315.9 keV is given in Fig. 5b of Ref. [16]
although the angular distribution coefBcients for the de-
exciting p rays at 127.6 and 243.8 keV shown in Table 1
of that paper would be more compatible with a (4 ) as-
signment, as proposed for the level at 329.5 keV in Fig. 5a
of Ref. [16].

Obviously, this (4 ) state is fed by a sequence of
LI = 2 transitions at 491.1, 668.6, and 842.3 keV which
exhibit rotational band properties. Also the (5 ) state
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at 543.4 keV shows a similar feeding pattern. Therefore,
we suppose that the level at 329.4 keV forms a bandhead
for a new collective structure of negative parity.

Spin assignments to the new levels are partly based
on DCO ratios. They support our spin assignments of
I = (5)h and (6)h to the levels at 543.4 and 820.7 keV,
respectively. Negative parity of these states is suggested
by the observed decay pattern, e.g. , the 820.7 keV level
decays via AI = 1, 2 transitions to known states of nega-
tive parity. It is interesting to note that the level at 543.4
keV decays via AI = 1 transitions only. A decay branch
to the (3 ) level at 85.9 keV has not been observed.

The sequence built on the 85.9 keV level has been ob-
served recently [10] up to a (15 ) state at 4895.0 + A
keV. In addition, we do see the side-feeding transitions at
energies of 114.5, 133.9, 195.6, 222.4, 283.8, 308.8, 504.3,
and 786.8 keV reported previously [16, 17] and can con-
firm their placement in the level scheme (see Fig. 3). In
addition, some new interband transitions, e.g. , at ener-
gies of 370.4, 437.0, 618.8, and 698.0 keV between some of
these states and the 116.2 keV sequence, have been iden-
tifi.ed. These transitions raise the confidence level for the
given tentative spin and parity assignments. Only the
transitions which have been introduced [17] on top of the
977.0 + X keV level which is mainly depopulated by a
504.3 keV p ray cannot be confirmed from our coinci-

dence data.
In the neighboring nucleus Br [25] some negative-

parity states decay also to the lowest excited states of the
positive-parity cascade. A search for such linking transi-
tions in 74Br has been attempted but no such transitions
have been observed.

B. A new decay sequence built on a 238.'F keV level

A new level sequence has been found and assigned to
74Br as shown in Fig. 3. The lowest transition with an
energy of 224.9 keV shows coincidences with a p ray at
nearly the same energy and with several more transitions.
Also AI = 2 in-band transitions have been observed but
they are weaker in intensity compared to the LI = 1
transitions. A relevant coincidence spectrum obtained
from the (90 -90') matrix of the s Ni(~ F,2pn)7~Br re-
action is presented in Fig. 2.

The assignment of this band to 74Br is based on the
following facts.

(i) The 224.9 keV transition and the sequence on top
of it (224.4 keV sequence) has been observed in the
data set where a Ni target was bombarded with 62
MeV F ions. During this irradiation, evaporation re-
actions take place leading to final nuclei of Kr, Br, Se,
or As. The p rays originating from most of these nuclei
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FIG. 4. Level scheme of positive-parity states feeding into
the 4 + isomer of Br. Above an excitation energy of 3500
keV the scale has been compressed by a factor of 2.

could be identified, but the new transitions did not show
any prompt coincidence relationship to known p rays of
any identified nucleus. From the total projection of this
p-p coincidence array an intensity ratio of I~(SUM 224
keV)/I~(SUM 188 keV) = 10.7(9)% has been deduced.
This number points to a medium-strong reaction chan-
nel. Thus, an assignment to the odd-odd nucleus Br is
more probable than to Kr, Se, or As isotopes.

In order to narrow our suggestion an additional exper-
iment has been performed where the Kr isotopes can-
not be produced. For this purpose a ssCu target has
been bombarded with 50 MeV C ions. The compound
nucleus formed by this target-projectile combination is

Br and the production of Kr isotopes is excluded. But
still, the sequence of interest was also observed. Prom
the total projection of this measurement an intensity ra-
tio I~(SUM 224 keV)/I~(SUM 188 keV) = 10.2(5)% has
been determined which is very close to the number found
in the ssNi(r9F, 2pn) "4Br reaction.

A possible assignment to Se or As isotopes may not be
ruled out from these experiments. Therefore, the coinci-
dence data from an experiment has been checked where a
natural Ga target was irradiated with 7Li ions of 35 MeV
energy. In this experiment compound nuclei of 7s 7sSe
were produced excluding the chain of Br isotopes in the
set of final nuclei. Here the p rays were also measured

with the Pitt-FSU array, mainly to investigate the high-
spin behavior of some light As and Se isotopes [26]. But
in this measurement the sequence of interest could not be
observed. Thus, as a result of these cross reaction mea-
surements an assignment to 7 Br is strongly suggested.

(ii) Gamma rays at energies of 224.2(2) and 225.0(2)
keV have also been observed [16] via sHe and deuteron
induced reactions on a 7 Se target and have been assigned
to 74Br as shown in Table 1 of that paper. However, these
p rays were not placed in the level scheme.

(irr) A search for linking transitions to the other known
states of 7 Br has been done but no firm connection could
be found. There are some weak peaks, e.g. , peaks at 133.9
and 248.0 keV in the 225 keV gate and some more in vari-
ous coincidence spectra which would support the present
placement in the level scheme. But these transitions are
in most cases members of complex line groups and the
weak peaks may also be interpreted as arising from other
reaction channels.

On the basis of our intensities and the published [16]
excitation functions for the 224.2 and 225.0 keV lines
we suggest that this sequence populates the 4&+~ isomer.
Moreover, a spin of 4h is proposed for the level at 238.7
keV excitation energy which would be in agreement with
the angular distribution data given in that paper. Nega-
tive parity is suggested from systematic considerations.

C. Positive-pax ity states

In the former investigations [15—17] a decay sequence
containing intense p rays at 188.5, 195.0, 272.8 keV, etc.
has been placed unambiguously on top of the 4~+l iso-

mer due to its strong population in He or heavy ion
induced reactions. Very recently, the placement of this
sequence was confirmed and the band was extended [10]
up to a state with spin and parity of (19+) at 7600.9 + A
keV. Additional side-feeding states decaying to members
of this sequence have been observed earlier, too. These
known states deexcite via p rays at 241.4, 527.6, 600.4,
800.1, 818.2, 959.8, and 1089.1 keV. Prom the present co-
incidence data the placement of these side-feeding tran-
sitions in the level scheme could be confirmed and some
new transitions have been found. They are shown to-
gether with the main sequence in Fig. 4. The new levels
at energies of 1170.8, 1486.0, 1983.6, and 2441.4 keV seem
to form a rotational-like band built on the (6+) level at
802.9 keV.

IV. DISCUSSION
The decay scheme of the excited states in Br as found

in the present investigation exhibits a large number of
states at medium spin and many decay branches in be-
tween. This observation rejects the large variety of states
as expected from the occupation of the pig~, psy2, fspy, or
the high-j intruder ggy2 subshells by the unpaired parti-
cles and their interplay with collective excitations. Based
on the large deformation deduced for 74Br we will at-
tempt to discuss the observed structures as excitations
of an axially deformed nucleus. Moreover, a comparison
of low-lying proton states in 73Br [27] and 75Br [6—8] gives
evidence for the presence of nonaxial deformations in the
light Br isotopes. Therefore, some of the 2-qp states ob-
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served in Br might be connected with nonaxial or even
oblate deformation.

A. Nilsson orbitals

The single-particle orbitals that are relevant for the
movements of both the unpaired proton and neutron were
calculated [9] using the Woods-Saxon potential and are
shown in Fig. 1 of that paper. Calculations of the equi-
librium shape predict large prolate (or near prolate) de-
formations of P2 & 0.30 for states in odd-mass nuclei with
N ( 42, which have experimentally been found, e.g. , in
"s 77Kr [5, 28, 29] and 7sBr [6—8]. For prolate deformation
of this size the following Nilsson configurations [310]2

[312]2, [440] 2+, and [431]2+ are considered for protons,
and [422] s2+ and [301]

&
for neutrons. At smaller defor-

mation there are additional Nilsson orbitals, the [301]2
for protons and the [303]2 for neutrons. In the follow-
ing we shall employ these single-particle states to discuss
the observed 2-qp states in the odd-odd nucleus Br.
The proposed 2-qp Nilsson configurations should be con-
sidered as the dominating structure besides some other
contributions which may arise from configuration mixing
of states with LK = 1 due to the Coriolis force or of
states with AR = 0 due to the proton-neutron residual
interaction.

lifetime. A decay to the 2 level by an M2 transition
as observed in the heavier isotopes is excluded and, thus,
a P decay to "4Se is more likely than a decay via a 4.0
keV E3 transition to the (1 ) state or via a 13.8 keV M4
transition to the (0 ) ground state.

The 4~+& isomer and the high-spin level sequence of
positive parity built on it have been discussed previously
in terms of the 2-qp configuration (bergs/q vgs/2) and
collective excitations. This assignment has been sug-
gested in Ref. [15] on the basis of similarities with bands
in 7sBr and 7sBr and in Ref. [16] due to the irregularities
in the level spacings for the states between 4~+~ and 8&+~

which have been attributed to the inHuence of 2-qp com-
ponents. Purther evidence supporting this interpretation
has been obtained from the experimental signature split-
ting of the high-spin band of positive parity on top of
this isomer [10].

The low excitation energy of the isomer points to a
strongly deformed shape which has already been deduced
from transition probabilities for the p rays in the positive-
parity sequence, e.g. , an axial deformation of Pq = 0.38
[10] has been determined from the 6~+~ ~ 4&+i transition
probability in Br. For a prolate deformation of this size
the low-0 single particle orbitals of the ggy~ subshell are
sufficiently lowered in energy that they can be occupied
by the unpaired proton and neutron at very low excita-
tion energy.

B. Elicitation energy of the 4&+& isomer

The excitation energy of 13.8 keV found for the 4~+l

isomer of 7 Br is in accordance with the latest prediction
[16], but much lower than expected from the excitation
function measurement [22]. It fits the systematics of the
heavier doubly odd Br nuclei as shown in Fig. 5. In this
figure the excitation energies of the isomeric states and
the 2 states are plotted relative to the ground state of
each nucleus. The (1 ) state in 74Br, which has been
observed at an energy of 9.8 keV above the ground state,
very probably corresponds to the 1 ground state of Br
(see Sec. IVE). The low excitation energy of the 4~+~

isomer in Br gives a natural explanation for the long

200—
4+ 1209.s

~100—
Q)

LLI
(2 )

4+ 1.3s

- 4(') 495m
(1 )-0-(0 )-

"Btss
1

"Br„
1+
78

Br4s

FIG. 5. Comparison of the excitation energies of the long-
lived 4~+ isomers in ' ' Br relative to the ground states.
The experimental data has been taken for Br from Refs.
[30, 31] and for Br from Ref. [32].

C. Magnetic moment of the 4&+~ isomer

Recently, for the 4~+& isomer the magnetic moment
has been measured [33] to be p = +1.63(6)piv which
gives a g factor of g = +0.41(2). In their discussion in
terms of Nilsson configurations only negative parity of
the isomer was considered. But the experimental value
of the magnetic moment does, however, not contradict
with an interpretation in terms of configurations arising
from the 7tg9/2 and vgg/2 orbitals and forming a state
with I = 4+.

If we adopt the positive sign of the deduced g factor
then its value can be well reproduced using the additivity
rule for the 2-qp configuration (7rgs/2 C3 vgs/2) which
is in this case independent on the spins of the states.
A number of g«~ = +0.466(3) can be calculated using
the single particle g factors [34] for gs/2 protons taken
from the 2+ state in 7sAs, g = 1.163(3), and for gs/2
neutrons taken from the 2+ state in 7i Ge, g = —0.231(1).
A similar interpretation has recently been proposed for a
6+ isomer in soRb [35], where the experimental g factor,
g,„~ = +0.56(1), can be well understood as arising from
the 2-qp configuration (vrg9/2 vg9/g).

Moreover, the assumed positive value of the magnetic
moment can also be reproduced by calculations in the
Nilsson model employing configurations of the ggy2 sub-
shells for both protons and neutrons. Numbers of p,
= +1.35p,~ and +2.5@~ have been obtained for the 2-

qp Nilsson configurations (a[431]2+ v[422]2+)4+ and

(a[422]2+ v[431]2+)4+, respectively, at a prolate de-
formation of P2 = 0.27. These calculations have been
performed using values of K = 0.0695, p, = 0.425, gt
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= 1.0, and g, f"' = +5.58 for protons as well as ~
0.0730, p, = 0.320, gi" ——0.0, and g~ r"' = —3.82 for neu-
trons. An attenuation of g,' = 0.6g,'" has been used for
both protons and neutrons. The collective part of the g
factor has been approximated by gR = Z/A.

Configuration mixing with K = 3 and 5 states was not
included in the calculations, although we are aware that
at deformations Pz ( 0.3 the proton orbital [440] z+ may
strongly contribute to the wave function of the 4~+~ iso-
mer. Since no mixing calculation has been performed, it
is not clear how much these components would affect the
magnetic moment. However, the calculations performed
can already reproduce the size of the magnetic moment
well.

Thus, we suggest the Nilsson configurations (7r[431]z+
I3 @[422]2+)4+ as the dominating structure forming the
4~+~ isomer, where the particle angular momentum com-
ponents are coupled parallel to each other, K = 0„+0„.
The same Nilsson configurations but with antiparallel
coupling of the particle angular momentum components,
K =

[
0„—0„[,have previously been suggested for the

1+ state at an excitation energy of 306.6 keV [16]. The
energy separation between both intrinsic states is 292.8
keV. The low-lying intrinsic state with parallel coupling
mode is in agreement with predictions by the Gallagher
and Moszkowski coupling rule (GM rule) [36].

It should be mentioned that the previously proposed 2-

qp configuration [20, 33] with the assumption of negative
parity for the isomer (ir[301]~ IR v[422]z+)4 gives a
calculated magnetic moment of p = +1.71@~. But the
occupation of the odd parity [301]~ Nilsson orbital by
the unpaired proton is very unlikely at low excitation
energy and a prolate deformation of Pz —0.37.

A compilation of the most probable Nilsson configura-
tions assigned to states in Br is given in Table II.

D. K' = (0 ) ground state

The (0 ) ground state of r4Br has been interpreted [16]
as arising from the 2-qp Nilsson configuration (sr[431 sz+

C3 v[301]z )0 . The employment of the neutron orbital

[301]2 is supported by the observation of rotational
bands built on low-lying 2 isomeric states in the neigh-
boring odd-neutron nuclei 7sSe [37] and "s 77Kr [5, 28, 29].
The proton orbital [431]2+ had to be used in order to
get K" = 0 and is now justified through its inclusion in
the configuration of the low-lying 4~+~ isomer. However,
the configuration proposed for the 0 state contradicts
with the prediction of the GM rule. A possible explana-
tion might be the odd-even shift for K = 0 bands due
to the residual interaction between the odd proton and
odd neutron [38] as discussed in the well deformed odd-
odd nucleus iseHo [39]. Unfortunately, the corresponding
K" = 3 intrinsic state is not known in 74Br.

Another 2-qp configuration for the (0 ) ground state
in accordance with the GM rule would be (sr[303]~
v[422] 2+)0 . However, for the occupation of the [303]zs

Nilsson orbital by the unpaired proton a smaller deforma-
tion (Pz ( 0.2) has to be assumed which is less probable.

E. K' = (1 ) band built on the 9.8 keV level

The (1 ) state at 9.8 keV in Br is well known
from decay studies [18, 19] and in-beam investigations
[15, 16]. Thus, the 2-qp Nilsson configurations (sr[312] 2s

v[422]z+)1 have been proposed where the energeti-
cal favored state is obtained by antiparallel coupling of
the particle angular momentum components. In the ad-
jacent nucleus 7 Br the 1 state forms the ground state
and the measured magnetic moment can be well inter-
preted [20] in terms of these 2-qp Nilsson configurations.
The rotational bands observed in ~ Br on top of this
state support the assumption that it is a bandhead.

The band built on the (1 ) state at 9.8 keV in 74Br
has been extended up to a (10 ) level. The (2 ) state at
72.6 keV involved in this band deexcites via a strong Ml
transition [B(Ml) ) 0.13 Weisskopf units, Ref. [16]] to
the (1 ) state suggesting that both states belong to the
same band. Also, the (3 ) state at 200.8 keV is consid-
ered to be a band member, even though the E2 transi-
tion to the (1 ) state at 9.8 keV has not been observed.
The moment-of-inertia parameters t'r /(28) are given in

TABLE II. Energies, spins, and Nilsson configurations proposed for bandhead states in Br.

F (keV) Proton (vr) Neutron (v) Coupling Ref.

0.0

9.8

329.4

13.8

306.6

89.6

238.7

85.9

212.8

(o )

(1 )

(4 )
4(+)

(1-)
(4 )

(3 )

1+

[431]2+

[312]2s

[312]-,
'

[431]-,
'+

[431]-', +

[431]23+

[431]3+

[310]—,
'

[312]3

[301]—,
'

[422] —',
+

[422]-,'+

[422] 5+

[422]-', +

[303] 25

[303]5

[422] 52+

[303]5

[16]

[16, 20]

this work

this work

[16]

[16]

this work

this work

[16]

T T means K=A„+0„;T l means K=
] A~ —A„~.
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Fig. 6. The smooth behavior at low spins changes to an
alternating pattern above spin 5h expressing signature
splitting. The kinematical moments of inertia J~ ~ are
shown in Fig. 7 versus the rotational frequency. Starting
at large values at low spins the moments decrease to a
relatively constant value of about 22 I MeV . Such
values are typical in the mass region considered.

F. R' = (4 ) band built on the 329.4 keV level

The (4 ) state at 329.4 keV deexcites to several lower-
lying states, but the most intense transition is a 128.6
keV p ray to the (3 ) level at 200.8 keV. It also decays
via a weak 256.6 keV E2 transition to the (2 ) mern-
ber of the K = (1 ) band. The higher-lying states of
this band deexcite by in-band E2 transitions and by Ml
transitions to members of the (1 ) band This. decay
pattern leads us to suppose a similar internal parentage
between both bands. Thus, the (4 ) state may origi-
nate from the same Nilsson configurations as suggested
for the (1 ) band but with parallel coupling of the par-
ticle angular momentum components, which would be
supported also by the GM rule. Therefore, the 2-qp con-
figuration (+[312]~ v[422] ~+)4 is suggested for the
state at 329.4 keV. For the sake of comparison the cas-
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PIG. 7. Kinematical moments of inertia J( for the bands

built on the (1 ) and (4 ) states at 9.8 and 329.4 keV, re-
spectively, as a function of rotational frequency. Pull and open
symbols are used for signatures n = 0 and n = I, respectively.

sprN r(h)
FIG. 6. Moment-of-inertia parameters h /(20) for the

bands built on the (1 ) and (4 ) states at 9.8 and 329.4
keV, respectively, as a function of the spin of the initial state.

cade of p rays feeding into the level at 329.4 keV has
been analyzed in the same way as the (1 ) band. The
moment-of-inertia parameters deduced are also shown in
Fig. 6, and the kinematical moments of inertia J~ ~ are
given in Fig. 7 as a function of rotational frequency. The
numbers obtained are very similar to the results of the
(1 ) band. But the odd-even staggering of the moment-
of-inertia parameters of the (4 ) band is smaller and of
opposite phase compared to the (1 ) band. Possibly, this
difference arises from level repulsion due to a residual in-
teraction between levels of the same spin.

G. K' = (3 ) band built on the 85.9 keV level

The (3 ) state at 85.9 keV has previously been inter-
preted [16] as a bandhead state with the tentative con-
figuration assignment of (~ps~q vgsgz) based on the
El transition probabilities of the 72.1 and 188.4 keV p
rays. Later picosecond lifetime measurements [10] re-
vealed large E2 transition strengths for the p-ray cas-
cade built on top of it which implies a strongly deformed
shape with an average value of Pz = 0.34.

In our decay scheme several members of this (3 ) band
are populated by some AI = 0, 1 transitions, e.g. , at
energies of 127.6, 243.8, 341.4, and 449.2 keV decaying
from states of the (4 ) band on top of the 329.4 keV level.
This might be a hint of similarities in their internal struc-
tures. Thus, we propose the 2-qp Nilsson configurations
(+[310]s v[422] s+)3 as the main component for the
bandhead state at 85.9 keV. Here the odd neutron moves
in the same Nilsson orbital [422] s+ as in the (4 ) band.
The [310]& Nilsson orbital arising from the fs~a sub-

shell is thought to be involved in the (a ) state observed
at 179.3 keV in ~sBr [8]. Particle rotor calculations per-
formed for the neighboring odd-proton nucleus 7sAs [40]
predict also a low-lying s state arising from the [310 s
orbital which may correspond to the experimentally ob-
served [41] z state at 84.0 keV in sAs.

The proposed 2-qp

configuration

would harmonize
with the GM rule which predicts a low-lying 3 state.

H. K = (4 ) band built on the 238.7 keV level

The (4 ) level at 238.7 keV decays to the 4(+) isomer
only. No other decay branch could be identified, from
this state or even from the higher-lying members of the
sequence built on it. A possible explanation for this sit-
uation might be an internal structure of this band that
divers from those of the other negative-parity states.

So far, a (1 ) state at 89.6 keV has been interpreted
[16] in terms of the 2-qp configuration (m[431] ~+
v[303]~ )1 where the unpaired proton moves in the
ggyq subshell. The GM rule suggests here that the in-
trinsic state with antiparallel coupling mode is energeti-
cally favored. The parallel coupling of these two Nilsson
orbitals leads to a 4 configuration that might be the
dominating component of the (4 ) state at 238.7 keV.
In this case, the internal structure of this level sequence
would be characterized by an unpaired proton in a ggyq
substate, while in most other negative-parity bands the
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FIG. 9. Kinematical moments of inertia J for the bands
on top of the (3 ) and (4 ) states at 85.9 and 238.7 keV, re-
spectively, as a function of rotational frequency. Pull and open
symbols are used for signatures o; = 0 and n = 1, respectively.

unpaired neutron occupies a gsg2 orbital. An additional
hint to a different internal structure of the (4 ) state at
238.7 keV can be seen in the almost vanishing fluctua-
tions of the moment-of-inertia parameters of this band
which is in contrast to the data derived for the other
bands (see Figs. 8 and 9).

I. Other high-spin 2-gp states

In addition to the low-lying 2-qp states interpreted
as heads of collective structures at prolate deformation,
there are three more negative-parity states of high spin,
e.g. , the (5 ), (6 ), and (7 ) states at 394.7, 485.8, and
990.1 keV excitation energy, respectively. All three states
are connected in some way by AI = 1, 2 transitions to
members of the (3 ) band, but they do not carry their
own collective structure.

On the basis of prolate deformation of Ps —0.3 the for-
mation of 2-qp Nilsson states of at least spin 5h at low
excitation energy is very unlikely. But they can easily be
formed if a nonaxial or oblate deformation is assumed.
For oblate deformation the high-0 members of the g9/2
subshell are lowered in energy and can be occupied by
a valence proton or neutron. The occurrence of triaxial-
ity or oblate deformation at low excitation energies has
recently been discussed in both the odd-proton nucleus
7sBr [27, 33] and the odd-neutron nuclei "s 7sSe [37, 42]
and TsKr [28].

V. SUMMARY

The results of a study of high-spin states of 74Br with
the Ni( F,2pn) Br and Cu( C,3n) Br reactions

have been presented. Several new states of medium spin,
partly grouped into bands, have been found decaying to
the ground state and/or to the 4(+) isomer. In this way
the excitation energy of this isomer has been determined
to be 13.8 keV and, thus, the energies of all states feeding
into it are fixed. These new results make Br the best
known odd-odd nucleus in the mass region A 70—80
and, thus, these data represent a significant challenge to
theoretical model calculations. The low excitation en-
ergy of the isomer fits well into the previous picture that
74Br is strongly deformed and supports the assumption
of positive parity for the isomer, which was shown to be
consistent with the measured magnetic moment. In most
cases 2-qp Nilsson configurations have been proposed for
the observed bandheads.

Note added in proof. Very recently, a paper [43] has
been published about magnetic moments and shape co-
existence in the light Br isotopes, where an updated value
for the magnetic moment of the 4~+~ isomer in Br,
p = +1.82(l)piv, is given. This value has been inter-
preted on the basis of the 2-qp Nilsson configurations
(vr [431]2 v[422] &

)4+ in agreement with our discus-
sion.
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