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The high-spin states of Se have been investigated using the Co( F,2pn) reaction at 55 MeV.
The positive-parity band has been extended to I =

2 and the unfavored signature has been

identified. The negative-parity band has been extended to I" =
~ and band crossings were ob-

served for the first time in both bands. Eleven new lifetimes were measured using the Doppler-shift
attenuation method which allowed for extraction of transition strengths and transition quadrupole
moments. The B(M1) strengths exhibit a staggering dependent on the signature splitting. Cal-
culations based on the Woods-Saxon-Bogolyubov cranking model explain the signature-dependent
alignment process in the g9g2 bands and predict signature inversion in all bands at high rotational
frequencies. It is argued that the data are consistent with the transition from triaxial shapes with

—30', characteristic of one-quasiparticle configurations, to triaxial shapes with p 30', character-
istic of a three-quasiparticle configuration containing one aligned pair of g9yq protons.

PACS number(s): 21.10.Re 25.70.—z 27.50.+e

I. INTRODUCTION

The light Se isotopes provide a rich testing ground for
examining effects of single-particle levels and competing
shapes on collectively rotating structures. The Ge-Kr
isotopes with A 70 are also one of the best examples
of the ground-state nuclear shape isomerism; see, e.g. ,
reviews [1—4]. Calculations suggest an interpretation in
terms of two competing configurations: one at an oblate
shape, and one at a prolate shape. Nearly oblate ground
states are predicted for the Ge and Se isotopes, while
for the Kr isotopes the prolate configuration lies lower in
energy. Because of the mutual interaction (of the order
of a few hundred keV) the prolate and oblate bands are
strongly disturbed in the crossing region.

The coexistence of prolate and oblate configurations
around Se has recently been supported by the high-spin
spectroscopy of neighboring odd-A isotopes. For ss 7~Se

Wiosna et al. [5] established rotational gs12 bands based
on prolate and oblate shapes. The evidence is based on
different signature splitting in these bands as well as on
the sign of the mixing ratio of interband transitions. Re-
cent studies [6, 7] of rsSe revealed a p-soft structure with
a decoupled g9y2 band showing a strong signature de-
pendence in the alignment process. For the N = 43 Se
isotope, Se, two negative-parity bands and a decou-
pled g91q band have been observed [8] and interpreted in
terms of strongly triaxial shapes [9]. The level scheme
of ~sSe (N = 45) is already vibrationlike [9], indicating

'Permanent address: Institute of Theoretical Physics, Uni-
versity of Warsaw, ul. Hoza 69, 00-689 Warsaw, Poland,

a transition towards spherical shapes when approaching
the neutron closure at N = 50.

For the even-even Se isotopes the recent experimen-
tal data for 7o 7zSe [10] and ~4Se [11,12] reveal a very
regular yrast band above I = 10h. Results of calcula-
tions [10] indeed suggest that at higher rotational fre-
quencies the prolate, better deformed, configuration be-
comes yrast, i.e. , a shape transition from oblate shapes
to prolate shapes is expected.

It is well known that structural properties in the A 70
mass region are very sensitive to proton and neutron
number. Isotone comparisons are particularly useful,
since, as the deformation changes with proton number,
the odd neutron can occupy different Nilsson orbitals.
The influence of these single-particle states on the core
can then be illuminated. For isotones where the neutron
occupies the same orbital, as in 77Kr and 7sSr, the role
played by that orbital can also be further explored in
such comparisons.

The isotones Kr and Sr have rotational bands
based on a 2s bandhesd originating from the odd neu-

tron occupying the [422]z Nilsson orbital. The neigh-

boring isotone Se has a ground-state spin of z and
was measured [13], using microwave methods, to have
prolate deformation. Historically, this was one of the
first nuclei for which the spherical shell model could not

explain the so-called anomalous 2 ground state. Since
then, numerous researchers [14—22] have investigated this
nucleus. Some early studies [14, 16] used the P decay
of 7sBr to populate levels in 75Se. Sanderson [17] used
the reaction 7sSe(d, t)75Se and interpreted the results us-

ing the Coriolis coupling model and a deformed axially
symmetric, doubly even core [18]. Zell et aL [19] popu-
lated high-spin states in Se via the Ge(n, n) Se and
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rsGe(n, 2n)7sSe reactions. States were observed up to

( z, z ) in the positive-parity band and up to
for the negative-parity band. The yrast positive-parity
states were interpreted to have a rotational bandhead at
I = ~~ . A comparison with the neighboring isotopes
74Se and 7sSe revealed very similar band structures [19].
A lifetime measurement made for the 132 keV level by
Agarwal et aL [20] also implied a large deformation for
"Se.

The present work was undertaken to further inves-
tigate the high-spin properties of rsSe. The reaction
ssCo(isF, 2pn)rsSe was used to populate states of higher
angular momentum than had been done previously [19].
The level scheme has been extended and lifetime mea-
surements were made. Comparisons with the neighboring
isotones rrKr and rsSr suggest that the bandhead of the
positive-parity rotational band is I =

z . Band cross-
ings similar to those known for sSe, rrKr, and rsSr were
discovered and interpreted as the alignment of a gs~z pro-
ton pair. Transition quadrupole moments in the positive-
parity band were extracted from the measured lifetimes
and compared with predictions based on cranking calcu-
lations using a Woods-Saxon potential with pairing. The
calculation results indicate a largely triaxial yrast struc-
ture, as contrasted with the nearly prolate shapes of the
isotones r"Kr and rsSr.

II. EXPERIMENTAL PROCEDURE

tor divided by the intensity of the same line in the 90'
spectrum gated on the 25' detector. Gates on E2 transi-
tions were used to measure DCO ratios. A DCO ratio of
1 is consistent with BI=2 and a fraction of this implies
BI=1. Determination of DCO ratios for known transi-
tions in Br con6rms this works even for the rather large
forward angles of 25'.

III. CONSTRUCTION OF THE LEVEL SCHEME

A. The positive-parity band

A spectrum based on the addition of spectra projected
from several transitions found in the positive-parity band
of rsSe is shown in Fig. 1. The rsSe lines are identified
and some transitions present due to gating on overlap-
ping transitions from other nuclei have been labeled. The
relative intensities, branching ratios, and DCO ratios for
the positive-parity band are tabulated in Table I, along
with branching ratios from other references for compari-
son, when available. The present branching ratio of 21%
for the 132 keV transition was inferred from the ratio of
intensities of the 132 and 112 keV lines in coincidence
with the 801 keV transition.

Shown in Fig. 2 is the partial level scheme of rsSe
based on the present work. Spins and parities were as-
signed based on DCO ratio measurements. Although
some ambiguities may be involved with DCO ratios, the
matching of pairs of BI=1 transitions with single possi-

High-spin states in rsSe were populated via the reac-
tion ssCo(i F,2pn) Se. A thick ssCo target was bom-
barded with a 55 MeV sF beam using the Florida State
University Tandem accelerator. The 2pn evaporation
channel was populated with about 10% of the yield.

Four 25% efficient high-purity Compton-suppressed Ge
detectors were used to collect p-p coincidence data. The
resolution of these detectors was about 2 keV at 1332
keV. One detector was placed at 25' with respect to the
beam axis and three were placed at 90', in such a way
that backscatter was minimized. Data from the forward
detector were used in the measurement of lifetimes and
correlation ratios. Initial calibrations were made with a
is2Eu source, and during the experiment, on-line mon-
itoring of the calibrations was made using the follow-
ing lines: 112.1 keV (7sSe), 119.5 keV (7sBr), 286.4 keV
( Se), 511.0 keV (e+e ), 562.93 keV ( Br), 654.13 keV
(rsBr), 728.4 keV (~ Se), 830.23 keV (~sBr), 1045.33 keV
( Br), 1173.23 keV (soNi), and 1332.52 keV (soNi)

Over 4x10 coincidence events were recorded on mag-
netic tape and sorted into two two-dimensional arrays
corresponding to 90'-90' angle pairs and 90'-25' angle
pairs. When projections &om the 90' spectra gated by
lines in the 25 spectra could be made, these were added
to the 90'-90' projections to improve overall statistics
for the 90' spectra.

Wherever possible directional correlation of oriented
nuclei (DCO) ratios were calculated to establish multi-
polarities. The DCO ratio is given by the intensity of a
given line in the 25' spectrum gated on the 90' detec-
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FIG. 1. Sum. coincidence spectrum from the positive-parity
band based on the addition of 90' spectra gated on the 112,
801, 977, 1108, 1181, 1276, 681, and 807 keV lines.
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TABLE I. Energies, intensities, branching ratios, and DCO ratios for the positive-parity band in Se.

(keV)

112.1
132.4

813.8

933.5

1740.4

1910.3

2765.2

3017.9

3745.5

4198.6

4831.1

5474.6
1628.2

2595.6

'Reference [22].
Reference [19].

'Reference [18].

E~
(keV)

112.1(l)
132.4(l)

20
701.7(3)
681.1(2)
801.1(1)
119.4(2)
926.6(1)
806.9(2)
976.8(3)
169.8(3)

1024.8(7)
855.2(1)

1107.6(2)
252.7(5)
980.3(4)
727.9(1)

1180.7(2)
453.2(7)

1085.6(5)
631.6(4)

1276.0(8)
814.4(5)
694.2(3)
967.4(3)
684.9(2)

110(3)
30(2)

9(3)
27(2)
100
4(1)
9(2)
16(5)
69(5)
4(2)
15(4)
19(2)
38(2)
2(1)
6(3)
15(4)
12(2)
2(1)
6(2)
8(5)
9(2)
9(3)
5(2)
6(3)
2(1)

Branching
ratio (%)

100
21(2)
79(2)
25(6)
75(6)
96(1)
4(1)
36(9)
64(9)
94(3)
6(3)

44(7)
56(7)
95(2)
5(2)

29(12)
71(12)
86(6)
14(6)

44(16)
56(16)

100
64(12)
36(12)
75(13)
25(13)

Branching
ratio (%)

100
100

Branching
ratio (%)

100
55
45
27
73

Branching'
ratio (%)

100
30
70

RDc;o

0.72(3)
0.81(7)

1.22(20)
0.47(18)
0.99(13)
0.61(25)
1.27(38)
0.36(8)
1.10(5)
0.37(13)
0.98(13)
0.22(25)
1.12(17)
0.37(19)

0.21(10)
1.35(32)
0.56(22)
0.93(54)
0.31(10)
0.68(35)
0.51(24)

ble E2 transitions provides further evidence that 6J=2 is
correct for these cases. In addition, since yrast sequences
are the most heavily populated in heavy ion reactions,
stretched transitions of b J=2 are expected rather than
6J=O. Several transitions in the yrast band that were
known previously [19] in the (o. = z, sr=+) band have

been confirmed. [o. is the signature exponent quantum
number related to angular momentum through the rela-
tion: I=n (mod 2).] In addition, two new levels have been

added, extending the level scheme to z . The o. = —
z

band has been identified in this work, and extended to
. Zell et al. [19] had previously observed the 814 keV
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the present experiment, the DCO ratio has been mea-
sured for the 814 keV transition and is also consistent
with a BI=1 transition, and so we have assigned a spin-

parity of z for the 1628 keV level. No evidence con-
firming the earlier suspicion of a doublet structure of this
line was found. The statistics were too poor to establish
a DCO ratio for the 694 keV transition deexciting the
same level. The DCO ratio for the 967 keV line was con-
sistent with a spin-parity of z for the 2596 keV level,
but due to the large uncertainty in this measurement,
the assignment has been left tentative, and again, due to
poor statistics, no DCO ratio could be found for the 685
keV transition from this level.

Several transitions in Fig. 1 provide good candidates
for further extending the positive-parity band. The 1340,
1394, and 1491 keV lines show up very nicely in gates
based on lower-lying transitions such as the 801 keV line
and clearly belong in ~sSe. However, gates based on
higher-lying transitions had too few statistics to convinc-
ingly place them in the level scheme. The 1520 keV line,
although it shows up in the sum spectrum, was not quite
clear in any single gate. The narrower lines at 1811 and
1980 keV also are clearly in ~s Se based on low-lying gates,
but it cannot be firmly established into which levels they
are feeding.

B. The negative-parity band

A sum spectrum for the negative-parity band is shown
in Fig. 4; the relative intensities, branching ratios, and

level and hsd made a tentative spin-parity assignment

of 2 . Two transitions also reported in Ref. [19] were
an 856 keV line and an 810 keV line, and were placed
according to p-p coincidence measurements. These are
most likely the 855.2 and 806.9 keV lines observed in
this experiment. Spin and parity assignments were not
assigned previously [19],but have been identified here as

the — -+ — and — -+ — transitions connecting19+ 17+ 15+ 13+ ~ ~

2 2 2 2
states of opposite signature.

The new transitions placed in the level scheme are
shown in the sum spectrum in Fig. 1 along with other
lines to be discussed later. The 980.3 keV line, however,
cannot be clearly distinguished from the strong 976.8
transition. It can be seen more clearly in Fig. 3, a p
spectrum in coincidence with the 976.8, 806.9, and 926.6
keV lines. The 980 keV line is also seen in each of these
individual gates. The placement of the 980 keV transition
above the 1025 keV line is supported by the smaller rel-
ative intensity of the 980 keV line and coincidence gates.
In a spectrum of p rays coincident with the 855 keV p
ray, the 977 and 980 keV lines can be distinguished. The
980 keV line is also coincident with the 1025 keV transi-
tion. In spectra coincident with the 1181 and 1108 keV
transitions, the 977 keV line is symmetric with respect
to the high and low energy ends and the 980 keV line is
not observed. Seen also in Fig. 3 are other new mem-
bers of the unfavored signature band. The identification
of new b,I=1 transitions gives further confidence for the
proposed placement of the b,I=2 lines.

The 814 keV line was first observed and placed in the
LU Y 4L QVJA&re LB llX'Co

] LVJ UQQV(k et' AL% k(C T VJ MLSICIICFJ QQQQ

appearing in coincidence with the 681 keV line. Coin-
cidence measurements in this experiment confirm that
coincidence relation and also show that the 702 and 814
keV lines are in coincidence with each other, which was
a problem in Ref. [19], probably due to poorer statis-
tics. An angular distribution measurement for the 814
keV transition was made previously [19]. However, an ir-
regular excitation function was interpreted as indicating
a doublet structure and no spin or parity was assigned.
The angular distribution coefficients obtained were, nev-

ertheless, consistent with a spin assignment of ~ . In
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DCO ratios are tabulated in Table II. The level scheme
for the negative-parity band of 7sSe was previously [19]
established to 2 . Coincidence measurements and DCO
ratios measured here confirm the earlier level scheme and
add six new transitions.

Two levels have been assigned a spin-parity of 2, the

898.1 and 1041 keV transitions both feed the 2 level.
The 1041 keV transition might be thought to feed into

the 2 level. However, gates based on the 898 and 904
keV transitions show no 1041 keV line. It is also clear
that the 1041 keV line is coincident with the 904 keV
transition. Likewise, there is no evidence for a 898 keV
line in the 1041 keV gate.

Spin-parities of s have been assigned to two new
levels. The 966 keV line is not seen in spectra coincident
with the 935 keV transition. It is also observed in other
coincidence spectra that neither the 966 nor 935 keV lines
are in coincidence with the new 450 or 486 keV lines.

In the level scheme shown in Fig. 2, the transitions
from yrast levels are drawn in the main cascade sequence.
The 898 and 935 keV transitions fit the yrast prescription
and the 2840 keV level also continues the AI=1 decay
sequence.

C. Parity changing transitions

Some parity changing transitions were known previ-
ously [16—22] and some new ones were added in this work.
The 315 and 635 keV transitions observed earlier [18,19,
21, 22] are also shown in the present level scheme. The
spectrum coincident with the 826 keV transition shown
in Fig. 6(a) has a 946 keV line also seen in the sum
spectrum of Fig. 1, where the contribution here is from
the 112 keV gate. This line has been identified as the

transition. Also the 2
-+

2 1354 keV
transition can be clearly seen in Fig. 5(b) in coincidence
with the 904 keV line, and is also seen in the sum spec-
trum shown in Fig. 1. The — —+ — and — —+—11 11+ 9 7+

2 2 2 2
transitions could only be tentatively placed due to poor
statistics in the former case and because of overlapping
with the two other 966 keV lines in the latter. There is
some suggestive evidence that this 966 keV line has been
observed from intensity relations. A projected spectrum
in coincidence with the 702 keV line has both 814 and
967 keV lines. After double efficiency corrections, the
ratio of the intensity of the 967 keV line to the 814 keV
line is 0.33. In a similar analysis with a projected spec-

TABLE II. Energies, intensities, branching ratios, and DCO ratios for the negative-parity band in Se.

(keV)
E~

(keV)
Branching
ratio ('%%uo)

Branching
ratio (%%uo)

Branching
ratio (%%uo)

Branching'
ratio (%%uo)

RDco

286.4(1)
427.8(2)

747.3

1078.4

1487.2

1904.9

2390.7

2840.3

3288.8
2871.3
3431.2

Reference [22].
Reference [18).

'Reference [19].

286.4
427.6
141.2(2)
315.4(1)
460.9(3)
319.7(1)
635.1(2)
747.3(3)
650.8(1)
330.8(2)
946.1(2)

966
739.9(2)
408.9(1)

673
1354.4(4)
826.5(1)
417.6(1)
903.5(1)
485.7(7)
935.4(2)
449.6(3)
898.1(2)
966.4(1)

1041

44(4)
132(2)
10(3)
13(1)
34(3)
8(3)
3(1)
20(1)
14(5)
7(1)

19(2)
8(2)

5(2)
19(2)
9(3)
12(2)
5(1)
7(1)
3(1)
11(1)
7(l)
7(1)

100
24(3)
71(8)
5(2)

22(2)
59(7)
14(5)
5(2)
49(6)
34(13)
17(3)

59(9)
25(7)

16(7)
68(8)
32(8)
71(5)
29(5)
70(8)
30(8)
100
100
100

100
38.9(14)
53.6(19)
7.5(3)

23.5(9)
66.3(22)
8.7(3)
9.1(3)

100
30,0
65.0
5.0

26.9
73.1

100
24.8
70.2
5.0

17.6
60.3

22.1
62.9
37.1

65.2
34.8

75.6
24.4

100

0.79(2)
0.92(6)
0.50(4)
0.61(15)
1.02(9)
0.35(2)
0.65(5)

0.97(7)
0.46(5)

0.97(16)
0.40(6)

0.97(14)
0.37(11)
0.93(17)
0.52(22)
0.82(12)
0.59(14)
0.98(15)
1.09(27)
0.78(20)
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trum in coincidence with the 112 keV line, this ratio is
0.89. Of course, this cannot be considered conclusive ev-
idence and also neglects the angular distribution of the
112 keV transition. Therefore the tentative assignment

of the 2
~

&
transition stands.9 — 7+

IV. LIFETIME MEASUREMENTS

Mean lifetimes of high-spin states in rsSe were rnea-
sured for the first time using the Doppler-shift attenua-
tion method (DSAM). Spectra from the forward detec-
tor gated by any other detector were used to analyze line
shapes.

The MCo target foil was thick enough to stop all re-
coiling rsSe nuclei and a fitting program [23] simulated
the decay of the nucleus as it traversed the stopping
medium. Electronic stopping powers were interpolated
from NorthclifFe and Schilling [24] and were scaled by
a few percent to experimental [25] o; stopping powers in
ssCo at the same velocity. Bohr's ansatz [26, 27] was used
to calculate nuclear stopping powers and Blaugrund's ap-
proximation [28] was used to treat angular straggling at
low recoil velocities. The recoil speeds following evapora-
tion were assumed to follow a Gaussian distribution. The
production of ~sSe, as the sF beam was decelerated in
the target, was also simulated by the fitting code using
production cross sections obtained from the statistical
model code PACE [29].

Line shapes were used from spectra gated on transi-
tions below the level of interest and the known transitions
feeding into the state of interest were included in the sim-
ulation code to produce delayed feeding patterns. Side
feeding was also taken into account assuming a side feed-

ing lifetime of0.05 and 0.10ps for the z and z states,
respectively. This side feeding lifetime was assumed to
increase by 0.03 ps for each BI=2 transition down the
respective cascades. The fast transitions observed here
would not be consistent with slower side feeding times.

Some representative measured and simulated line
shapes from this experiment are shown in Fig. 5. The
results of the line-shape analysis are tabulated in Table

III, along with the reduced electric and magnetic transi-
tion strengths for all the transitions which could be an-
alyzed. Dipole-quadrupole mixing ratios could not be
measured for any of the BI=1 transitions for which life-
times were measured. The calculations for Ml strengths
were made assuming 6-0.10(10) since they are not sensi-
tive to the value of 6 as long as it is small. A value of 0.10
for 6 is consistent with the mixing ratio calculated from
the angular distribution measurement results of Ref. [19]
for the 681 keV transition. Sahota et aL [22] reported

~

6 ~=0.25(4) for the 112 keV transition. Small values
for

~

6
~

have also been reported for Z2/Ml transitions
in rotational bands for neighboring isotopes of 7sSe. In
negative-parity band of 7sSe, Seiffert et aL [30] found a
range of values

]
6 ~=0.16 to 0.38. In the positive-parity

band in 7sSe, Kaplan et at. [7] had measured three val-
ues for

~

6 ] ranging from 0.08(5) to 0.43(31). The largest
value for

~

6 ] here, would change the B(Ml) value only
by 10 Fo, and this is within the range of our error bars. In
another isotope, YrSe, Zell et aL [8] reported three val-
ues for

~

6
~

in a negative-parity rotational band ranging
from 0.094 to 0.188. In light of these measurements, it
seems reasonable to assume small values for

] 6 ] for the
sake of demonstrating the overall behavior of the B(M1)
strengths.

Line shapes in the negative-parity band could not be
easily fitted. No observable line shift was seen for any
transition except for the highest spins in both signatures.
The effective lifetimes measured for these levels were 0.62
and 0.69 ps for the 935 and 966 keV transitions, respec-
tively. These fits were generally poor, however. A more
believable effective lifetime of 0.89 ps was obtained for
the 898 keV transition and no fit could be made for the
1041 keV line due to poor statistics.

V. DISCUSSION

One of the most interesting features of nuclei from the
Ge-Zr region is the richness of various structural effects
that occur at high angular momenta. Many of these ef-
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TABLE III. Lifetimes and reduced transition strengths.

E
(keV)

112.1
132.4

813.8

933.5

1740.4

1910.3

2765.2

3017.9

3745.5

4198.6

4831.1

5474.6
2840.3
2871.3
3288.8

7+
29+
2

11+
2

13.2+

15+
2

17+
2

19+
2

21+
2

23+
2

25+
2

27+
2

29+
2

17
2
17
2
19
2

(keV)

112.1
132.4

20
701.7
681,1
801.1
119.4
926.6
806.9
976.8
169.8

1024.8
855.2

1107.6
252.7
980.3
727.9

1180.7
453.2

1085.6
631.6

1276.0
935.4
966.4
898.1

&PS

0.69„,
5.3(6)'„,

0.36(7)

0.43(8)

0.26(5)

0.33(8)

0.24(5)

0.15(3)

0.46(9)

0.16(3)
0.62(29)
0.69(31)
0.89(27)~

B(E2)
(W.11.)

242+ 1oo
-244

64+15—10

110+19

65+"—11

75+—15

58+11-8

109+

)28

&80
&68
&75
&84

B(M1)
(uw)'

0.05+"'—0.01

1.06+ '
—0.14

0 19+003-0.05

1 61+o 25
—0.37

0 19+'"-0.05

053+ '
—0.17

0 44+0.08
—0.12

0 57+0.09

) 0.27

'Reference [20].
Used 6 = —0.25(4).

'Used b=0.00.
Effective lifetime.

fects have a straightforward interpretation in terms of the
interplay between deformation, pairing, and the Coriolis
force.

In the A 80 region both protons and neutrons lie
in the same gsgz high-j subshell. Consequently, proton
and neutron band crossings are expected at similar fre-
quencies. For p-soft systems such configuration changes
induce strong shape variations caused by aligned quasi-
particles which polarize the core.

Classical examples of high-spin shape coexistence in
the A 80 mass region can be found in nuclei around
N = 42. According to the experimental systematics and
the deformed shell model theory, the Kr, Sr, and Zr nuclei
with the neutron number N = 42—44 lie on the border of
the deformed A. ~80 island centered around Sr. These
transitional nuclei are deformation soft, and, therefore,
they are very sensitive to all the effects which are associ-
ated with shape variations.

The valence quasiparticle orbitals belonging to high-j
abnormal parity subshells exert strong p-driving forces
on the core. As the Fermi surface rises through a high-

j shell, the p deformation to which the orbitals drive
changes smoothly from p=60' (oblate noncollective),
through p=0' (prolate collective) and p=—60' (oblate

collective), finally to p=—120' (prolate noncollective)
[»]

In odd-A nuclei with N = 43—45 very strong polar-
ization effects coming from aligned quasiparticle exci-
tations have been observed. They manifest themselves
by shape changes induced by the quasiparticle align-
ment and by variations in the signature splitting and the
B(M1) strength with angular momentum, seen, e.g. , in

Kr (Ref. [32]), Kr (Ref. [33]) Kr (Ref. [34]), Rb
(Ref. [35]) Rb (Ref. [36]) Sr (Ref. [23]) Y (Ref.
[37]), and ssZr (Ref. [38]).

A spectacular example of configuration-dependent
quasiparticle alignment related to p soRness has recently
been established in 7sRb [35]. The favored (n = ~~)

ggy2 band exhibits a smooth neutron alignment, while a
sharper band crossing is seen in the unfavored (ct = —2)
ggy2 sequence, which results in a dramatic variation of
the signature splitting. This behavior can be explained
in terms of different deformations for the two signatures
of the ggyq band. According to the calculations [39], the
excitation energy of the odd ggg2 proton in Rb favors

near-prolate shapes (p 0') for the (o. = 2) band. On
the other hand, the unfavored band prefers a near-oblate

(p —50') shape above the neutron crossing frequency.
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A. Systematics

1.e. ,

b,B(M1) =
B(M1),„'

he' -.'', - BB(M1). (3)

In Eqs. (1)—(3) EB(M1) = B(M1;crf -+ cr„)—
B(M1;n„~ nf), B(M1)~„= z [B(M1;of

The level scheme of sSe is quite similar to those of
the neighboring isotones 7Kr and "sSr. Figure 6 shows
a comparison between the gs/z bands of all three iso-
tones. (For the systematic isotopic comparison, see Refs.

13+ 9+
[8, 9).) The z

~
z transition energy is seen to de-

crease from Se to Sr, suggesting increasing deforma-75 79

tion as the proton number increases towards midshell.
This is to be expected from general systematics [40—42],
One feature that stands out is a decrease in the signature
splitting with increasing proton number. This should
be refiected in the size of the Ml strength staggering
for transitions between signatures [43, 44]. Indeed, as
demonstrated by Hagemann and Hamamoto [45], there
is a unique p depen-dent relationship between the normal-
ized signature splitting of the Routhians,

4he' hId

(bio) ~ + (b,e') ~ '

and the normalized signature splitting of Ml rates,

cr~)+B(M1; o.'„~o.f)], u is the rotational frequency,
and b,e' is the signature splitting energy, i.e., the difFer-
ence in energy between the Routhians of the favored and
unfavored sequences

6e' —= e'(a„)—e'(af ).
In the limit of axial symmetry, relation (3) becomes an
identity. For triaxial shapes, however, there is a very
strong dependence of both sides of Eq. (3) on the position
of the Fermi level [45].

Large B(M1) staggering was reported for, e.g. , rrKr
(Refs. [46, 47]), rsSr (Ref. [48]), and Kr (Refs. [32,
33]) and was interpreted in the framework of the crank-
ing model [49, 50]. The B(M1) rates for rsSe are plotted
versus spin in Fig. 7. The two nonshaded triangles in the
plot are inferred B(M1) strengths. Since lifetime mea-
surements could not be obtained for these levels, B(E2)
strengths for the 801 and 702 keV transitions were as-
sumed to have values which averaged near those which
we could find. Lifetimes could then be calculated for the
13+ 11+and z levels; and B(M1) strengths were calcu-
lated assuming these inferred lifetimes. The staggering
is quite large below the band crossing, and decreases for
the smaller signature splitting above the band crossing.
Below the band crossings, the staggering appears larger
than that for 77Kr (Ref. [47]) and rsSr (Ref. [48]), as
expected from the larger signature splitting.

B. Cranked shell model analysis

14-

13-

12-

N =41 2J

Alignments and structural changes due to rotation
are more clearly seen by using the cranked shell model
(CSM). Kinematical and dynamical moments of inertia,:—I~/u and J' l =—dI~/Cku, for the positive-parity(1) (') =-

band of rsSe are shown in Fig. 8 along with those of
the neighboring isotones 77Kr and rsSr. The behavior of
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FIG. 6. CComparison of the positive-parity excitation en-
ergy levels for Se, " Kr, and" Sr. The Kr levels are from
Ref. [47]. The Sr levels are taken from Refs. [48] and [53].

FIG. 7. B(Ml) strengths in Se. The first two data points
are from lifetime measurements in Ref. [20]. The two open
arrows refer to inferred quantities, as discussed in the text.
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these moments of inertia is seen to be quite similar. For
rotational bands of 77Kr and 7sSr based on the [422] 2s

Nilsson state, we assumed K = 2. For Se, because
of much larger signature splitting in the ggg2 band and
predicted triaxial shape, see Sec. VD, K is not a good
quantum number. Consequently, in the CSM analysis
the average value K = ~, representative of the rota-

tional alignment limit, was employed. For both Se and
77Kr the alignment of the favored positive-parity band is
rather gradual, while the unfavored positive-parity bands
exhibit sharper alignment at a significantly lower rota-
tional frequency. Indeed, the crossing frequency for the
unfavored band in 7sSe is about hu, =0.48 MeV com-
pared to h~, 0.56 MeV for the favored band. For Kr
the corresponding crossing frequencies are about 0.53 and
0.59 MeV, respectively. This signature dependence of the
crossing frequency will be discussed in Sec. V D.

The unfavored gs/2 band for Sr is not known well
enough, but it appears that the alignment may be more
gradual. Another interesting feature is a trend for the
favored gs/s bands to exhibit a sharper alignment with
increasing proton number. This may imply that the band
interaction becomes weaker in the favored signature as
deformation increases.

Because of neutron blocking, the band crossing in all
three isotones can be explained by the alignment of a pair
of gs/s protons. This is the first time this quasiparticle
alignment has been observed in 7sSe. The comparison
of the moments of inertia for the isotones Se, Kr,
and 7sSr indicates, however, that the known level scheme

20—

18-

16-

14-

10 I
I

~

I

. (a)
~

I
~

I
~

12-

10

75-

70—

65-

60—
55-

50—
I

45-

40—
35-

0

I . I
I I] l &I

I i

Ill'

0.0—

-1.0—

~ 00—
Q)

(b)

I . I . I
I

l
~

CX

+1/2 -1]2
Se ~
Kr& v
Sro o

I

I
~

30—

25 .
20—
15-

5-
0
0.0

I

0.2

I'o

I

I

I

I!
i

0.4 0.6
f)Io(Mev)

0.8 1.0

-1.0—

-2.0—

0.0

-1.0

20, I . I, 1, I

0.0 0.2 0.4 0.6 0.8 1.0
AM(MeV)

FIG. 8. Plots of the kinematical (Q( )) snd dynamical
(Q( ) moments of inertia for the lowest positive-parity bands
in Se, "Kr, and Sr.

FIG. 9. (a) Aligned moments i and (b) Routhisns e' for
the lowest positive-parity bands in Se, Kr, and Sr. The
reference parameters sre Qo=10h /MeV snd gq =5h /MeV .
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for 7sSe does not extend into the region above the band
crossing.

The gain in angular momentum due to quasiparticle
decoupling can be seen more directly by plotting the
aligned angular momentum i = I~—I„f.The parame-
ters describing the reference rotor were those used in
Refs. [46) and [47] for 7~Kr, i.e., Jp = 105 /MeV and
g~ =5h /MeVs. The alignments obtained for the three
isotones discussed are shown in Fig. 9(a). The higher
initial value of alignment for ~sSe leads to the very large
g& ) value in Fig. 8.

The signature splitting mentioned earlier can also be
seen by plotting the total Routhians versus the rotational
frequency as shown in Fig. 9(b). It is seen that the
signature splitting increases as Z decreases. For rsSe
the signature splitting at a rotational frequency ha=0. 4
MeV, b,e', is around 320 keV. This decreases to about 200
keV for 7~Kr and to 120 keV in rsSr. For both 7sSe and

"7Kr, b,e' decreases at the band crossing, as discussed in
Sec. VD.

Structural changes for the negative-parity band are il-
lustrated in the J'&~& and J'&2) plots shown in Fig. 10.
In all three cases, IC was taken to be 2. One feature
clearly observed is that P&~), at low spin, increases with
Z. Both the Q&~) and &&2& plots demonstrate a tendency
for sharper alignment with decreasing Z. The last point
for both signatures in rsSe was calculated using the levels
drawn in the main cascade sequence in the level scheme
of Fig. 2. These points indicate the onset of a band
crossing at he~0.42 MeV. For ~~Kr and sSr the band
crossing occurs at a higher frequency, around 0.55 and
0.52 MeV, respectively. One interesting comparison that
can be made from these figures is that the alignment for
the n = —

~~ signature band of rsSe appears to be sharper
than that of the opposite signature. This is in contrast
to the behavior of the negative-parity band in rrKr.

Aligned angular momenta for the negative-parity
bands are shown in Fig. 13(a). Although ~sSe starts off
with a smaller alignment than the neighboring isotones,
the alignment is quite rapid, even below the onset of the
band crossing. The total Routhians for the negative-
parity bands of the three isotones of interest are shown
in Fig. 11(b). As expected, they show much less signa-
ture splitting than in the positive-parity bands and the
favored band has signature a = +z.
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FIG. 10. Plots of the kinematical (Q 'l) and dynamical
(Q& l) moments of inertia for the lowest negative-parity bands
in Se, Kr, and Sr.

FIG. 11. (a) Aligned angular momentum i and (b) Routhi-
ans e' for the lowest negative-parity bands in Se, Kr, and

Sr. The reference parameters are go=lOh /MeV and gq
=5h /MeV .
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C. Transition strengths and quadrupole moments

The B(E2) values for 7sSe found in this experiment
have been tabulated in Table III. Transition quadrupole
moments were also calculated from the simple rotational
model and can be seen in Table IV along with those of
"7Kr and 7sSr. The first value of Qi shown for 7sSe in
Table IV is simply the ground-state quadrupole moment
for 7sSe found by Aamodt and Fletcher [13]. This seems
somewhat small. The next value for Q& in sSe is calcu-
lated from the lifetime for the 132 keV level measured by
Agarwal et aL [20]. The Qi values calculated for the 132
and 977 keV transitions are consistent with each other
and with a large deformation. This agrees with a recent
investigation of the low-spin states in r Se (Ref. [22]),
where a P2 & 0.35 was inferred. A more quantitative
discussion of the deformations implied by the measured
lifetimes will be given in Sec. V D. The quadrupole mo-
ments for the three isotones in Table IV refiect the large
deformations of these nuclei. The quadrupole moments
for low-spin favored-signature states in "sSe are surpris-
ingly large when compared to "~Kr, although at higher
spins, they decrease somewhat and drop below those for
7"Kr. Quadrupole moments in the unfavored signature in
7sSe show a trend for decreasing values, although the er-
ror bars do not permit a firm conclusion. Unfortunately,
lifetimes for the lower unfavored signature spin states in
7sSe could not be measured and only one lifetime in the
analogous band for rsSr is known. The Qi values for 7sSe
are plotted in Figs. 12 and 13 along with theoretically
calculated moments to be discussed in Sec. V D.

D. Woods-Saxon calculations

Woods-Saxon-Bogolyubov cranking calculations were
performed to investigate the high-spin properties of Se,
using the Woods-Saxon model discussed in Ref. [51]. A
monopole pairing force was assumed and the cranking
approximation was used to describe the rotation. The
procedure is described in more detail in Refs. [23] and
[52].

Figure 14 displays the calculated one-quasiparticle
Woods-Saxon Routhians for N = 41 as functions of p at
constant values of P2=0.28 and 5~=0.3 MeV. For neu-
tron number N = 41 the Fermi level penetrates into the
upper half of the gs~2 shell, which favors deformations
with large negative p values. Indeed, the lowest favored

gs~z Routhian (solid curve) is lowest at p —40'. For
the unfavored gsy2 Routhian (dotted line) the deforma-
tion dependence is very weak and the corresponding ro-
tational band is expected to follow the deformation of
the core. On the other hand, the aligned g9~2 protons
are expected to drive the system towards positive values
of p [34, 40).

Examples of the calculated total Routhian surfaces
(TRS) in the (Pz, p) plane for the yrast configurations
A(or=+, n = zi), B(7r=+, n = —2), andF(sr=-, n = —,')
are shown in Fig. 15. The grid points at each (P2, p)
value were minimized with respect to the hexadecapole
deformation parameter P4. The rotational frequencies
chosen, 5~=0.3 and 0.6 MeV, correspond to the situa-
tion before and after the gsyz proton alignment. The
TRS for configuration E(m= , cr = —~)—isqualitatively

TABLE IV. Transition quadrupole moment
] Q& ]

comparisons (b,J = 2 transitions).

n =+-1
2 9+

213+
217+

221+
2
2S+
2
29+
233+
237+
241+
2
45+
2

J7Tf
5+

213+
217+
2
21+
2
2S+
2
29+
233+
2
37+
241+
2

sSe (eb)

1.1(2)'
2 83+0»d—0.15

2.78+'"—0.25
2.18+—0.22
2 55+0.30—0.22

&2.15

7rKr (eb)'

2.0
2 01+0.24

—0.18
2 52+0.74—0.39
2.82+'"—0.24

2.82+ '
—0.27

2.64+-0,18
62+0.21-0.15

2 17+0.34
—0.23

&1.8

r9Sr (eb)b

3 21+0.30-0.27
3.48+"'0.31
2.68+—0.15
1.78+0.24

—0.18
&2.0

1
2 11+ 7+

2 215+ 11+
2 2
19 + 15+
2 2
23+ 19+
2 2
27+ 23+
2 231+ 27+
2 2
35+ 31+
2 2

2.20+0.25
—0.19

10+0.24—0.18
8g+0.18

—0.14
&1.53

2.88+—0.25
2 14+0.26—0.19

4g+0.19
—0.13

1 83+0.22
—0.16

2 44+0.30—0.22
&2.1

3 31+0.29
—0.26

&2.4

'Reference [47].
Reference [48].

'Reference [13].
Reference [20].
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similar to that of Il, and, therefore, is not shown in Fig.
15.

As expected, the lowest gsis neutron excitation drives
rsSe towards negative values of p. At the rotational fre-
quency hem=0. 3 MeV the favored band A has a clearly

FIG. 12. Transition quadrupole moments for the BI=2
transitions in the positive-parity band, inferred from the
measured lifetimes. The lines represent theoretical values
as discussed in the text. The solid line corresponds to the
A(n = + 2) configuration and the dashed line corresponds to
B(n = —-', ).

defined minimum at P2 = 0.26 and p=—33'. For the un-
favored band B the corresponding TRS is very p soft and
there are two minima very close in energy; i.e. , the near-
oblate minimum with P2 = 0.23 and p =—54', and the
triaxial minimum with P2 = 0.29 and p =—23'. One can
thus conclude that at frequencies below the first band
crossing the positive-parity bands can be associated with
strongly triaxial shapes with p(0.

The situation changes markedly after the ggi~ pro-
ton alignment, which takes place at bio 0.52 MeV and

0.4 MeV for the p —30' and p 30' configurations,
respectively.

At fuu=0. 6 MeV the absolute minimum of the three-
quasiparticle band vgs/q(A)vr(gsiq) has P2 = 0.30 and

p =—27, i.e. , it is fairly close to the minimum of the
one-quasiparticle band A. The secondary minimum at

27' is about 0.2 MeV higher in energy. According to
the calculations this minimum becomes yrast at h~)0.63
MeV, i.e. , after decoupling of the second gs/s neutron
pair (BC crossing). For the three-quasiparticle band
vgsiq(B)n (gs/q) the scenario is slightly different. Here,
the proton alignment has a more dramatic effect due to
the insensitivity of excitation B to p. It is seen from Fig.
15 that at ho=0.6 MeV the absolute minimum of con-
figuration B can be associated with a positive value of

28'. The secondary minimum with negative p —26'
lies 0.3 MeV higher in energy. The actual shape tran-
sition is predicted at her 0.4 MeV, i.e. , just after the
proton alignment at the p)0 shape.

The predicted behavior of the sr=+ bands in rsSe is
consistent with the observed alignment pattern shown in
Figs. 8 and 9, namely, with the following:

(i) The large signature splitting between the gsi2 bands
before the proton crossing is characteristic of triaxial
shape with a large negative value of p, cf. Fig. 14. (ii)
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FIG. 13. Transition quadrupole moments for the BI=2
transitions in the negative-parity band, inferred from the
measured lifetimes. The lines represent theoretical values
as discussed in the text. The solid line corresponds to the
E(n = +2) configuration and the dashed line corresponds to
E(n = —~).

FIG. 14. One-quasiparticle Routhians for neutrons calcu-
lated at a frequency (0.3 MeV) slightly below the first proton
band crossing. They are shown as a function of the triaxi-
ality parameter p for constant values of P2=0.28 and P4=0.
The following line convention is used: (s'=+, n = 2), solid;
(m=+, n = —2), dotted; (s=—,n = 2), dash-dotted; (s'=
n = —2i), dashed.
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The very early sharp crossing in the unfavored gage band
at her 0.48 MeV can be explained in terms of a shape
change from the p(0' configuration to the p)0' config-
uration induced by the decoupling of gsy2 protons. The
gradual alignment in the favored gay' band at h~ 0.55
MeV does not involve any dramatic shape change; i.e., it
can be associated with the large-interaction band cross-
ing at the p —30' configuration. The actual shape tran-
sition within the favored band is predicted to occur later,
at hu)0. 63 MeV, i.e., very close to the point where
the present experimental data end. (iii) According to
the calculations, at high rotational frequencies, hu)0. 65
MeV, both sr=+ bands are built upon the p 30' shape.
One should, therefore, expect a crossing between the
two ggy2 signatures, i.e., a signature inversion, see Fig.
14. (iv) Both the decrease in the signature splitting be-
tween the gs~2 Routhians and the increase in the pro-
ton crossing frequency with proton number reBect the
shape transition from the strongly triaxial shapes in Se
(Pq 0.28, p —30') through slightly triaxial shapes in
77Kr ($2~0.34, p —8', Ref. [46]) towards well-deformed
near-axial shapes (p —5') in 7sSr (P2 0.37, p O', Refs.
[48, 53]). (For the deformation dependence of the gsi2
crossing frequency, see [54].)

The gay' bands in r Se [7] look fairly similar to the gsi2
bands in rsSe found in this study; i.e. , after the proton
alignment the strongly decoupled structure changes to a
more coupled band with reduced signature splitting. Also
there is about a 100 keV shift in the proton crossing fre-
quency for difFerent signature partners. In fact, our TRS
calculations predict rather similar alignment patterns in
7sSe and rsSe.

The TRS plots for the lowest (m=—,n = 2i) configura-
tion in rsSe are shown in the right portion of Fig. 15. At
low frequencies (i.e., before the proton crossing) the equi-
librium deformation of the (—,-) band I" increases grad-
ually from Pq 0.30, p —11' ha=0) to P2 0.33, p
15' (ha=0.4 MeV) —reflecting the normal centrifugal
stretching of the core. For the (—,—2i) band E the de-

Q& ——(2/v 3)Q&(p = 0') cos(p + 30').

The value for Qq(p=0') is given by [23, 57]

(6)

where rp=1.2 fm. The calculated equilibrium deforma-
tion of the average field, Pz, must be scaled to give the
resulting charge distribution deformation P2. It has been
shown [57, 58] that for the Woods-Saxon potential used
in this study

p2~ = l.lpga. (7)

formation behavior is similar. The calculations place the
n =

2 Routhian below the o, = —
~ signature partner,

in agreement with experimental data; see Fig. 11. The
signature splitting increases steadily from Ae =80 keV at
hz=0. 2 MeV to Ae'=160 keV at ha=0. 4 MeV. Slightly
above ha=0. 41 MeV a transition towards triaxial shapes
with p 30' takes place, see Fig. 15. This crossing has an
origin similar to the one in the sr=+, e = —

2 band, i.e. ,

caused by the alignment of a g9g2 proton pair. For the
three-quasiparticle negative-parity band the calculations
predict signature inversion; i.e. , the cr = —

z Routhian E
lies lower in energy than its signature partner F. This
behavior is consistent with the pattern displayed in Fig.
14.

It is useful to compare the calculations with exper-
imentally determined quantities such as transition mo-
ments to test our understanding of the microscopic struc-
ture of 7sSe at high spins. Clearly, since the TRS plots
indicate large triaxiality for Se, axial symmetry can-
not be assumed for the direct calculation of Pq from the
quadrupole moments. The transition quadrupole mo-
ments for triaxial nuclei can be calculated [55, 56) using
the expression valid in the limit of large angular momen-
tum:
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The results are shown in Figs. 12 and 13 along with
the experimentally determined points discussed earlier.
When making the comparison between experiment and
theory one has to bear in mind that (i) expression (5)
is valid in the limit of large angular momentum, i.e.,
the comparison at lowest spina is not meaningful, and
(ii) band-mixing effects are ignored; i.e. , the calculated
curves refiect the pure geometry of the nuclear shape and
the mixing amplitudes are ignored. The latter means
that the calculated values should be taken as upper the-
oretical limits.

The two upper theoretical lines in Fig. 12 correspond
to the more collective g9y2 structures with p —30'. The
smaller theoretical Qq values correspond to the configu-
rations with p around +20'. The positive-parity band
experimental points lie somewhat in between these two
lines but seem more consistent with the more collective
structure, especially in light of remark (ii) above. The
1628 and 2596 keV levels may correspond to the p = 20'
configuration, but this could not be tested experimen-
tally, since lifetime measurements could not be made for
them.

The negative-parity band comparison is shown in Fig.
13. The upper two theoretical lines correspond to a con-
figuration with p around —20' and the bottom two corre-
spond to p ranging from +17' to +42'. Unfortunately,
clear experimental evidence supporting the more collec-
tive configuration is not available since more lifetimes
could not be measured. The open triangle corresponds
to the 898 keV transition and the top and bottom shaded
triangles correspond to the 935 and 966 keV transitions,
respectively. These experimental points correspond to
the frequency region of the band crossing between one-
quasiparticle (p(0) and three-quasiparticle (p)0) struc-
tures and actually lie in between the theoretical predic-
tions. Ft has to be mentioned that feeding corrections are
expected to raise experimental q& values somewhat.

Table V contains the experimental values of 6e', Eq.
(1), and b B(M1), Eq. (2) extracted for the gsIz bands in
7sSe, 77Kr, and 7s Sr. Only a limited range of spina is cov-
ered because there are substantial uncertainties involved
in extrapolating the Routhians in the unfavored bands

to lower spins and in determining the signature splitting
in the band crossing region at higher spins. Some life-
times are also not known. These values can be compared
with the predictions of a particle-rotor model presented
by the authors of Ref. [45] as a function of a dimen-
sionless parameter A/e (i.e. , a normalized Fermi level).
Since the calculations of Ref. [45] were carried out for a
j =

2 shell, we performed a scaling of A/e to the case of

j =
&
—assuming a quadratic dependence of single par-

ticle levels on A. Such a scaling puts the 0 =
&

orbital
at A/z= —0.25, and the 0 =

~ orbital at A/x=0. 5. For
neutron number N = 41 the single particle diagram sug-
gests that the Fermi level lies slightly above the [422]z~
Nilsson state; thus A/x=0 is a good approximation.

The first observation that can be made is that both
be' and b,B(M1) are expected [45] to increase with de-
creasing p from 0' towards —30'. This trend is consistent
with the data: the lowest values of he' and AB(M1) are
found in 7sSr which is expected to lie closest to the pro-
late axis, and the largest values are found for 7sSe which
is predicted to be triaxial.

For 7sSe the values of b,e' and b,B(M1) are close to
each other and are around 1.8. The closeness of Ae'
and AB(Ml) might suggest an axial shape with p 0'.
However, at A/z 0 the p=0' diagram in Fig. 6 of Ref.
[45] suggests much smaller values, around 0.2. On the
other hand, their p=—25' diagram (Fig. 9) shows that
just around A/r=0 both ratios, Eqs. (1) and (2), are
equal and are about 1.8 —in agreement with the data.

For 7"Kr the extracted average values of 6e' and

AB(M1) are around 1.6 and 0.8, respectively. Again,
they are fairly close to the predictions by Hagemann and
Hamamoto at p=—15' (their Fig. 8), i.e. , 1.5 and 0.8.
This value of p is only slightly smaller than predicted by
calculations [46].

The data for 7sSr are less conclusive due to a rather
large error bar for the only experimental point available.
Nevertheless, one can say that the experimental result is
not consistent with the purely axial shape but with small
negative value of p.

At higher spins, above the proton crossing, the B(M1)

TABLE V. A comparison of the signature splitting in the Routhians Ae' and in the magnetic dipole transition strengths
b B(M1). The two quantities are defined in Eqs. (1) and (2) in the text. Also listed are the values used for h~ and b,e' in Eq.
(1). The former is the frequency calculated for the I;„;q~ I;„;t,—2 transition in the favored band. To determine the signature
splitting Ae at this frequency, a quadratic fit was used to interpolate the Routhian in the unfavored band between nearby
points. The difFerence between the values obtained by the quadratic and a linear interpolation was used as an estimate of the
uncertainty in Ae'.

Nucleus

"Se
"Se

linit

13+
217+
2

0.387
0.480

Ae'

0.319(19)
0.324(4)

Ae'

1.96(2)
1.85(1)

AB(M1)

1.70(18)
1.58(13)

Kr
Kr

13+
2

1.V+
2

0.328
0.434

0.175(14)
0.213(6)

1.66(7)
1.58(3)

0.61(43)
1.09(23)

"Sr 13+
2 0.308 0.103(13) 1.20(12) 0.74(35)
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rates are reduced as well as their signature splitting. Part
of this reduction can be explained in terms of the shape
transition towards positive values of p. However, another
factor that can be responsible for the quenching of the
B(M1) strength is that the three-quasiparticle bands are
expected to have different deformations, at least in the
frequency region directly following the proton alignment
in the unfavored band.

VI. SUMMARY

The lowest positive- and negative-parity rotational
bands in 7sSe have been studied following their produc-
tion in the ssCo( sF,2pn) reaction. The bands were ex-

tended to ( z ) and z, and the unfavored signature vr

=+ band has been identifie and extended to z . Spins
were assigned or confirmed based on directional correla-
tion ratios. Mean lifetimes for 11 states were measured
using the Doppler-shift attenuation method.

A cranking model analysis revealed considerable simi-
larity among the N = 41 isotones 7sSe, 77Kr, and 7sSr.
A new band crossing in the vr = + band, due to the align-
ment of a pair of protons, has been found in "sSe. The
sharpness of this crossing exhibits a signature dependence
similar to that seen in the other isotones, and the sharp-
ness of the alignment increases with decreasing proton
number. The cranking analysis also indicated that the
data for 7sSe do not currently extend beyond the region
of the band crossing. The onset of a band crossing was
also discovered in the 7r = —band, along with two other
transitions which may be another band crossing or the
continuation of the one-quasiparticle band.

Transition quadrupole moments extracted from life-
time measurements indicate a large deformation for 7sSe,
with ]Qt] around 2.8—2.2 eb for o. = +z. B(M1)
strengths were also extracted and seen to exhibit a stag-
gering effect dependent on signature splitting. The stag-

gering of B(M1) strengths in sSe is similar to but larger
than that for Kr, due to a larger signature splitting in
75Se.

The data were analyzed using a Woods-Saxon-
Bogolyubov cranking model. The results show that at
low spins the yrast structure of " Se is consistent with
a triaxial shape with a deformation p —30'. The align-
ment of a ggy2 proton pair triggers a shape change to-
wards less collective triaxial configurations with p 30'.
The anomalous signature splitting in the ggyq band is
explained in terms of different deformations for the two
signatures. This phenomenon is similar to the one dis-
cussed previously in 7sRb [39] where neutron alignment
causes the shape change from near-prolate to near-oblate
shapes. In 7sSe, however, it is the gay' proton alignment
that triggers a shape change in the opposite direction,
i.e. , from negative to positive values of p. At high spins
the calculations predict signature inversion in both sr=+
and m= —yrast structures.

The experimental signature splitting in B(M1) values
and Routhians was analyzed using the method suggested
by Hagemann and Hamamoto [45]. The data suggest tri-
axial deformations for 7sSe and they are consistent with a
transition towards prolate shapes with increased proton
number.
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