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Alignments and shape changes in77Se

G. D. Johns,* J. Döring, R. A. Kaye, G. N. Sylvan, and S. L. Tabor
Department of Physics, Florida State University, Tallahassee, Florida 32306

~Received 30 September 1996!

High-spin states in77Se were studied using the76Ge(a,3n) reaction at 40 MeV at the Florida State
University Tandem-LINAC facility. Promptg-g coincidences were observed using the Pitt-FSU detector
array. The positive- and negative-parity yrast bands were extended up to spins of~ 312

1! and~272
2!, respectively.

Spin assignments were made based on directional correlation of oriented nuclei ratios whenever possible. A
rich and complicated high-lying high-K negative-parity structure was also found. The positive-parity yrast
structure shows a change from large signature splitting at low spin to a more uniform level spacing at higher
spins, as has been seen in the heavierN543 isotones. Theoretically, this change is attributed to a shift from
oblate to triaxial shape due to the alignment of a pair ofg9/2 protons.@S0556-2813~97!04702-X#

PACS number~s!: 23.20.Lv, 25.55.2e, 27.50.1e, 29.30.Kv
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I. INTRODUCTION

Nuclei in the region of deformation with neutron and pr
ton numbers between 28 and 50 exhibit a wide range
shapes and are quite sensitive to the polarizing effect
individual nucleons. One of the best examples is theN543
isotones. The valence neutron has been shown@1# to drive
the shape of81Sr from oblate to moderately deformed prola
to highly deformed (b2;0.4! prolate, depending on the or
bital occupied. Additional quasiparticles~qp’s! drive the
nucleus to triaxial and even superdeformed@2# shapes.

A structural similarity is expected among the even-Z,
odd-N isotones since the same orbitals are available to
valence neutron. This is especially clear among theN543
isotones81Sr @1–4#, 79Kr @5–7#, and 83Zr @8–11#. There are
similar rotational bands in these nuclei built on the12

2

ground state and low-lying32
2, 5

2
2, 5

2
1, 7

2
1, and 11

2
1 levels.

The yrast band, based on ang9/2 configuration, is the mos
unique among these. Unlike the other bands, it shows la
signature splitting up to the212

1 state, after which the signa
ture splitting abruptly disappears andDI51 decays become
strong. At even higher spins, the signature splitting gradu
returns. Theoretically, theg9/2 quasineutron polarizes th
core to an oblate shape, leading to large signature splittin
low spins. After the first band crossing, twog9/2 quasiprotons
drive the nucleus to a triaxial shape and reduced signa
splitting. Above this, a gradual quasineutron alignment
turns the nucleus to an oblate shape with increased signa
splitting.

Since theN543 isotones exhibit such a close family r
semblance and changing particle numbers do affect sin
particle orbitals, it is instructive to explore other even-Z,
N543 isotones. Only limited information was available@12#
concerning the next lighterN543 isotone,77Se, prior to the
present work, but it did suggest some similarities with t
heavier isotones. In particular, strong decays were seen
7
2
1 band, which exhibited large signature splitting, but w
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not observed as high as the band-crossing region. A prel
nary level scheme@13# provided suggestions of a change
signature splitting around212

1, and a thermal neutron-captur
experiment@14#, as well as an (n,n8g) measurement@15#,
provided more information about the low-lying, low-sp
states. In addition, some lifetime information for states up
the 25

2
1 level at 4626 keV using the Doppler-shift attenuati

and recoil distance techniques was presented in confer
proceedings@16#.

Another reason to explore the structure of77Se above the
band-crossing region was to look for evidence of a hig
lying, high-K band. Such interesting structures have be
observed in a number of odd-Z nuclei @17#, but in only one
odd-N case,79Kr @5#. Such a structure has not been report
in the heavierN543 isotones, but77Se is a good candidat
because of its proximity to79Kr.

Although it would be preferable to investigate the hig
spin structure of 77Se using a heavy-ion reaction whic
would bring in more angular momentum, it is difficult t
populate this neutron-rich isotope adequately in heavy-
reactions. Use of the (a,3n) reaction at 40 MeV provided
more spin than an earlier (a,n) experiment at 14 MeV@12#,
but the major improvement in the present work was the
of a largerg-detector array.

II. EXPERIMENTAL TECHNIQUES

The Florida State University Tandem-LINAC facility wa
used to provide the 40 MeVa beam needed to produce th
76Ge(a,3n) fusion-evaporation reaction. A 0.5 mg/cm2

thick self-supporting target enriched to 94.6% in76Ge was
used in the experiment to investigate high-spin states
77Se.
The Pitt-FSU detector array@18# used in this experimen

consisted of eight Compton-suppressed high-purity Ge
tectors. Four of the Ge detectors were located at 90° rela
to the beam axis while the remaining four detectors w
placed at 145°. Energy calibrations were first determined
the 90° detectors using a152Eu source. Four strong lines i
77Se at 249.7, 331.0, 848.8, and 1079.2 keV were then u
to calibrate the 145° detectors and to monitor for gain sh
during the run.
s,
660 © 1997 The American Physical Society



55 661ALIGNMENTS AND SHAPE CHANGES IN77Se
FIG. 1. The level scheme of77Se as deduced from the present work.
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Approximately 15.53106 g-g coincidences were col
lected and then sorted@19# into a triangular array with 2500
channels on a side with a dispersion of 0.8 keV per chan
Coincidence spectra were obtained by gating on the trian
lar array and subtracting a fraction of the total projection
background correction. From these gates, the coincidenc
lationships,g-ray intensities, and energies were obtained a
used to deduce the level scheme.

The coincidence data were also sorted into a tw
dimensional square array. This array was constructed
sorting the 90° detector information onto one axis and
145° detector information onto the other axis. Gates fr
this array were used to determine multipolarities of t
g-ray transitions to assist in assigning spins by extract
directional correlation of oriented nuclei~DCO! ratios when-
ever possible according to

RDCO5
I g~at 145° gated bygG at 90°!

I g~at 90° gated bygG at 145°!
. ~1!

The DCO ratios for stretched electric quadrupole (E2) tran-
sitions are expected to have values close to 1, whileDI51
transitions can have values ranging from 0 to 2 depending
the multipole mixing ratiod when anE2 transition is used as
the gating transition. If theE2/M1 mixing ratio is small,
then the DCO ratio is expected@1# to be near 0.5. Similarly,
for stretchedE1 transitions, a DCO ratio of 0.5 is expecte
If a pureM1 transition is used as the gate, a value of 2
expected for stretchedE2 transitions while aDI51 transi-
tion gives a value near 1 if the mixing ratio is small.
l.
u-
r
re-
d

-
y
e

g

n

s

III. LEVEL SCHEME

The level scheme shown in Fig. 1 was deduced from
incidence spectra generated by gating on the triangular ar
Level and transition energies, spins, relative intensiti
branching ratios, and DCO ratios are given in Table I.

A. Yrast positive-parity band

The positive-paritya51
2 signature band was previousl

known up to the 2103 keV level@12# and has since bee
extended up to the 4626 keV level@13#. The present work
confirms these results and has extended this band up to
( 292

1) 5942 keV level. The signature-partner (a52 1
2! band

was known up to the 3246 keV level@13#. This band has
been confirmed and extended up to the (31

2
1) 6655 keV level

in the present work. A sequence ofDI51 transitions has
been added from the 3334 keV level up to the (29

2
1) 5942

keV level.
Evidence was found for high-lying transitions close

energy to the strong 849 and 1079 keV lines. An 847 k
g ray is clearly in coincidence with the 849 keV line, a
shown in Fig. 2. Similarly, a 1079 keV line appears in t
1079 keV gated spectrum. The placement of these high-ly
transitions is supported by the energy differences and
intensity patterns. For example, the 1079 keV line is cons
erably stronger relative to the 1230 keVg ray in gates such
as 1396 keV, which are in coincidence with both 1079 k
transitions, than in gates such as 1292 keV which excl
one 1079 keV transition. For the 847-849 keV doublet, b
the intensity and the centroid are gate dependent. The pl
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TABLE I. Energies, relative intensities, branching ratios~BR!, and DCO ratios for transitions in77Se.

Elev ~keV! Eg ~keV! I i
p I f

p
I g

a BR ~%! RDCO
b RDCO

c

161.9 161.9223~7!d 7/21 1/22 100
175.3 175.3053~15!d 9/21 1/22 100
238.8 238.8~2! 3/22 1/22 33.0~10! 100 0.84~10!
249.7 88.0~2! 5/22 7/21 43.3~10! 52~1! 0.84~12!

249.7~2! 5/22 1/22 40.0~10! 48~1! 0.95~12!
301.6 139.7~4! 5/21 7/21 6.0~20! 100 1.05~20!
439.1 200.4~2! 5/22 3/22 18.3~10! 41~2! 0.63~6! 0.92~8!

439.1~2! 5/22 1/22 26.4~10! 59~2! 0.99~6!

520.4 520.4~3! 3/22 1/22 8.0~25! 100
580.7 141.6~2! 7/22 5/22 1.2~6! 2~1! 0.58~10!

331.0~2! 7/22 5/22 35.0~10! 66~3! 1.25~8!

341.8~2! 7/22 3/22 3.8~9! 7~2! 1.06~16! 1.53~16!
405.4~3! 7/22 9/21 3.8~13! 7~2! 0.64~9!

418.9~2! 7/22 7/21 9.2~13! 18~2! 1.07~14!
796.5 494.7~3! 7/21 5/21 6.5~20! 42~11! 0.90~16!

621.2~4! 7/21 9/21 5.6~20! 36~11!
634.6~8! 7/21 7/21 3.4~20! 22~11!

807.9 368.6~2! 7/22 5/22 9.5~10! 54~4! 0.70~10! 1.06~8!

569.1~3! 7/22 3/22 8.1~10! 46~4! 1.02~12! 1.57~12!
824.0 303.6~3! 5/22 3/22 0.8~4! 15~7!

383.8~8! 5/22 5/22 2.1~6! 40~10! 0.83~20!
575.0~8! 5/22 5/22 1.0~5! 19~9!

585.1~3! 5/22 3/22 1.3~6! 26~10!
970.0 794.7~3! 11/21 9/21 20.0~13! 79~4! 1.04~14!

808.1~5! 11/21 7/21 5.4~13! 21~4! 2.62~50!
978.2 397.2~2! 9/22 7/22 5.7~9! 11~2! 1.24~18!

538.8~8! 9/22 5/22 5.2~9! 10~2!

728.5~2! 9/22 5/22 33.9~9! 64~3! 1.14~15!
802.9~2! 9/22 9/21 4.3~12! 8~2!

816.3~2! 9/22 7/21 3.9~12! 7~2!

1024.1 848.8~2! 13/21 9/21 100e 100 0.97~11!
1126.6 951.3~2! 11/21 9/21 14~3! 58~9! 0.65~14!

964.7~2! 11/21 7/21 10~3! 42~9! 0.99~24!
1172.2 364.2~4! 9/22 7/22 3.6~8! 18~3! 0.77~18! 1.14~12!

733.1~3! 9/22 5/22 16.5~12! 82~3! 1.08~8! 1.58~12!
1282.5 474.8~5! (7/22) 7/22 0.5~3! 29~17!

843.2~5! (7/22) 5/22 1.2~7! 71~17!
1351.2 179.3~3! 11/22 9/22 0.6~3! 2~1! 0.82~26!

373.0~3! 11/22 9/22 2.4~8! 7~2! 1.22~20!
543.4~3! 11/22 7/22 1.3~8! 4~2! 1.52~33!
770.5~2! 11/22 7/22 29.0~11! 87~3! 1.36~15!

1616.3 443.9~3! 11/22 9/22 1.5~7! 18~8! 0.77~18!
808.4~4! 11/22 7/22 6.8~15! 82~8! 0.97~14! 1.57~12!

1620.8 824.3~7! (11/21) 7/21 8.0~20! 100
1721.9 595.3~3! 13/21 11/21 3.0~9! 15~4!

697.8~2! 13/21 13/21 2.3~9! 12~4! 0.78~18!
751.9~3! 13/21 11/21 14.3~13! 73~5! 1.17~14!

1886.3 535.3~5! 13/22 11/22 0.8~4! 3~1!

908.1~2! 13/22 9/22 25.2~12! 90~3! 1.08~13!
916.4~5! 13/22 11/21 2.0~8! 7~3!

2055.4 1031.3~3! 15/21 13/21 6.5~16! 52~9! 0.28~6!

1085.4~3! 15/21 11/21 6.0~16! 48~9! 1.15~25!
2091.8 475.2~4! 13/22 11/22 0.6~4! 4~3!

740.4~4! 13/22 11/22 1.3~7! 9~4! 0.92~16!
919.6~3! 13/22 9/22 13.1~8! 87~5! 1.10~10!
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TABLE I. ~Continued!.

Elev ~keV! Eg ~keV! I i
p I f

p
I g

a BR ~%! RDCO
b RDCO

c

2103.3 1079.2~2! 17/21 13/21 54.4~20! 100 1.01~6!g 2.29~30!g

2240.2 1113.6~2! 15/21 11/21 14.6~10! 82~6! 1.05~20!
1215.9~5! 15/21 13/21 3.2~12! 18~6! 0.38~10!

2263.6 377.3~5! 15/22 13/22 0.8~6! 3~2!

912.4~3! 15/22 11/22 25.0~15! 97~2! 1.32~16!
2580.1 959.3~7! (15/21) (11/21) 4.3~20! 100
2610.8 994.5~2! 15/22 11/22 4.1~14! 100 1.08~18!
2789.6 1067.7~2! 17/21 13/21 3.0~13! 100 2.93~50!
2818.0 1201.6~4! 15/22 11/22 2.2~11! 85~12! 1.14~28!

1466.8~8! 15/22 11/22 0.4~3! 15~12!
2863.9 977.6~4! 17/22 13/22 19.6~20! 100 1.23~12!
2868.9 777.1~5! (15/22) 13/22 1.0~6! 67~19!

1253.6~5! (15/22) 11/22 0.5~3! 33~19!
2966.2 102.7~7! 17/22 17/22 0.8~4! 16~7!

355.5~4! 17/22 15/22 0.7~4! 14~7!

702.6~2! 17/22 15/22 1.1~4! 22~7! 0.58~14!
874.8~5! 17/22 13/22 2.4~7! 48~10!

3014.4 922.2~5! 17/22 13/22 1.1~7! 10~6!

1128.1~5! 17/22 13/22 9.9~12! 90~6! 1.20~16!
3071.7 808.0~8! 17/22 15/22 1.5~10! 25~13!

979.9~2! 17/22 13/22 3.7~7! 63~12! 1.24~22!
1185.6~5! 17/22 13/22 0.7~4! 12~7!

3147.1 1055.3~3! 17/22 13/22 2.4~10! 100 0.92~15!
3201.1 332.2~5! 17/22 (15/22) 1.4~8! f 58~20! 0.53~8!

383.1~5! 17/22 15/22 1.0~6! 42~20! 0.49~12!
3245.5 1142.2~2! 19/21 17/21 4.2~6! 52~6! 0.36~6!

1190.1~2! 19/21 15/21 3.9~8! 48~6!

3264.6 1001.0~3! 19/22 15/22 10.1~10! 100 0.99~8!

3333.6 1230.3~2! 21/21 17/21 30.0~25! 100 1.07~8!

3403.6 202.5~4! 19/22 17/22 0.6~3! 8~4!

389.2~2! 19/22 17/22 3.1~7! 40~7! 0.58~10!
437.0~6! 19/22 17/22 1.1~5! 14~6!

539.6~3! 19/22 17/22 2.2~5! 29~6! 0.60~14!
1140.0~5! 19/22 15/22 0.7~3! 9~4!

3409.6 1169.4~3! 19/21 15/21 7.5~15! 100 1.00~20! 1.89~30!
3439.5 238.4~9! 19/22 17/22 1.5~10! f 21~12!

293~1! 19/22 17/22 0.8~4! 12~6!

425.3~8! 19/22 17/22 0.8~4! 12~6!

473.0~5! 19/22 17/22 1.1~6! 16~8!

575.0~2! 19/22 17/22 1.5~5! 22~7! 0.37~10!
1336.1~7! 19/22 17/21 1.2~7! 17~9!

3471.5 399.6~6! 19/22 17/22 0.5~3! 12~7!

607.6~6! 19/22 17/22 1.4~5! 34~11! 0.47~12!
860.7~3! 19/22 15/22 1.1~6! 27~12!
1208.8~8! 19/22 15/22 1.1~6! 27~12!

3641.8 1031~2! (19/22) 15/22 0.3~2! 100
3764.4 292.7~4! 21/22 19/22 2.1~15!f 16~10!

324.9~2! 21/22 19/22 2.7~9! 20~6! 0.53~18! 0.86~14!
360.8~2! 21/22 19/22 2.8~9! 21~6! 0.49~10!
499.8~2! 21/22 19/22 0.8~4! 6~3! 0.40~12!
616.9~5! 21/22 17/22 0.8~4! 6~3!

693.1~3! 21/22 17/22 0.5~3! 4~2!

900.5~6! 21/22 17/22 3.6~10! 27~7!

3864.5 530.9~2! 21/21 21/21 3.6~11! 80~10! 0.85~15! 1.72~35!
619.0~4! 21/21 19/21 0.9~5! 20~10! 1.03~30!
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TABLE I. ~Continued!.

Elev ~keV! Eg ~keV! I i
p I f

p
I g

a BR ~%! RDCO
b RDCO

c

3880.0 476.2~4! 21/22 19/22 0.7~4! 16~10!

1016.1~4! 21/22 17/22 3.8~18! 84~10! 1.09~25!

3885.1 1095.5~4! (21/21) 17/21 1.1~6! 46~17!

1781.7~4! (21/21) 17/21 1.3~5! 54~17!

3988.2 973.8~8! (21/22) 17/22 0.5~3! 100

4180.0 315.6~2! 23/21 21/21 1.1~6! 13~8! 0.49~9!

846.8~9! 23/21 21/21 6.0~30!f 72~12! 0.84~5!g

934.8~3! 23/21 19/21 1.3~6! 15~8!

4301.1 536.7~2! 23/22 21/22 2.3~5! 53~8! 0.68~14!

1037.0~2! 23/22 19/22 2.0~5! 47~8! 1.10~24!

4320.7 556.3~3! 23/22 21/22 1.9~5! 59~11!

1056.1~3! 23/22 19/22 1.3~5! 41~11! 1.21~24!

4391.6 1127~2! (23/22) 19/22 2.5~10! 100

4531.7 1198.1~3! (23/21) 21/21 0.8~4! 73~17!

1286.3~4! (23/21) 19/21 0.3~2! 27~17!

4625.7 445.3~7! 25/21 23/21 0.6~4! 8~6!

1292.1~3! 25/21 21/21 6.8~30! 92~6! 0.93~14!

4670.5 1260.9~6! (23/21) 19/21 1.1~5! 100

4846.6 525.9~3! (25/22) 23/22 1.2~5! 60~16!

1082.1~9! (25/22) 21/22 0.8~4! 40~16!

4862.1 236.4~3! 25/21 25/21 1.2~6! 18~8! 1.51~45!

682.0~3! 25/21 23/21 4.1~8!f 60~9! 0.55~10!g

997.8~7! 25/21 21/21 0.5~3! 7~4!

1528.5~4! 25/21 21/21 1.0~6! 15~8!

5001.0 1121~2! (25/22) 21/22 1.6~7! 100

5258.7 633.0~3! 27/21 25/21 3.2~8! 76~12! 0.48~8!

1078.8~7! 27/21 23/21 1.0~6!f 24~12! 1.01~6!g 2.29~30!g

5583 1192~2! (27/22) (23/22) 0.4~6! 100

5942 682~2! ~29/21) 27/21 1.0~7!f 32~18! 0.55~10!g

1316~2! ~29/21) 25/21 2.1~9! 68~18!

6655 1396~2! (31/21) 27/21 2.1~10! 100

aIntensities determined from triangular array.
bDCO ratio determined fromE2 gate.
cDCO ratio determined fromDI51 gate.
dNot observed. Taken from Ref.@14#.
eNormalization.
fIntensity estimate due to strong doublet.
gDCO ratio of the doublet.
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dependent intensity variations.

Spin assignments to the new levels are based on the D
ratios determined from gates on bothDI51 andDI52 tran-
sitions. The DCO ratio of the 849 keV line in the 1292 ke
gate, which excludes the 847 keV line, is close to unity.
other gates, the DCO ratio of the 847-849 keV doublet var
below unity in a pattern consistent with about 0.5 for the 8
keV decay and unity for the 849 keV line. The DCO rati
for the 1079 keV doublet were close to unity in allDI52
gates, consistent with a value of 1.0 for both transitio
Separate DCO ratios could not be determined for the
682 keV transitions. Since the252

1→ 23
2

1 decay is consider-
ably stronger than the (292

1)→ 27
2

1 decay, the measure
-
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DCO ratio of 0.55~10! is believed to represent mainly that o
the former transition.

B. Other positive-parity bands

A second positive-parity structure was known up to t
2790 keV level@13#, although no spin assignments above t
( 132

1) 1722 keV level were given. The two signature partne
were extended up to the (232

1) 4671 keV and the (212
1) 3885

keV levels. Spin assignments were made up to the19
2

1 3410
keV level based on several DCO values as shown in Tab
Tentative assignments were made for the top two sta
based on systematics.
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55 665ALIGNMENTS AND SHAPE CHANGES IN77Se
Another positive-parity structure was known@14# up to
the 7

2
1 797 keV level. This has been confirmed in the prese

work and extended up to the (15
2

1) 2580 keV level by the
addition of two new transitions. Tentative spin assignmen
were made based on systematics.

C. Lowest negative-parity band

The a51 1
2 signature of the yrast negative-parity ban

was previously known@12# up to the (132
2) 1886 keV level.

FIG. 2. Portion of a background-corrected spectrum in coinc
dence with the 849 keV transition in the yrast positive-parity ban
t

ts
Honuseket al. @13# extended this signature up to the 388
keV ( 212

2) level. The signature partner band was known@13#
up to the (192

2) 3265 keV level. The present work has co
firmed these results and extended thea51 1

2 signature band
up to the 5001 keV (252

2) level and thea52 1
2 band up to

the 5583 keV (272
2) level. A sum of coincidence spectra i

this band is shown in Fig. 3 to illustrate the data. Spin

i-
.

FIG. 3. Portion of a background-corrected sum coinciden
spectrum gated on the 771, 908, and 912 keV transitions in
lowest negative-parity band.
FIG. 4. Comparison of the yrast positive-parity bands in77Se, 79Kr @5–7#, 81Sr @1–4#, and 83Zr @8–11#. The 19
2

1 state is not known in
81Sr.
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signments of the112
2 through21

2
2 levels were made based o

DCO values close to unity for deexcitingDI52 transitions.
The DI51 sequence was extended up to the15

2
2 2264

keV level. The large DCO ratios for theseDI51 decays are
consistent with previously measured angular distributio
@12,16# and imply largeE2/M1 mixing ratios of 0.5–1.0.
These mixing and branching ratios and the measured
times of 49~9! and 1.0~4! ps @16# for the levels at 581 and
978 keV, respectively, show that theM1 strengths are very
weak in this band@B(M1! ; 0.01 Weisskopf units~W.u.!#,
while the E2 strengths are considerably enhanced@B(E2!
;100 W.u.#. Two new transitions at 803 and 916 keV whic
decay to the positive-parity yrast structure were also fou
In addition, three new transitions were placed which deca
the 1

2
2 band.

D. Other negative-parity bands

The ground-state band was previously known@13# up to
the 2611 keV15

2
2 level. The present work confirmed thes

results and extended the structure up to a tentative 3642
( 192

2) level. DCO values close to unity forDI52 transitions
were used to make spin assignments for the11

2
2 through

17
2

2 states. TheDI51 branching and DCO ratios indicat
that theM1 strengths are more normal in this band, that
an order of magnitude or more higher than in the5

2
2 band.

Some candidates for a high-lying high-K negative-parity
structure were identified@13# previously at excitation ener
gies of 3014 and 3404 keV. No spin assignments were giv
This work has confirmed these states and added 11 new
with numerous deexciting transitions to both negative-pa
structures and to the positive-parity yrast band. Many
these lines can be seen in Fig. 3.

A low-lying structure consisting of the 520 and 824 ke
levels was reported in Ref.@14#. These levels were confirme
in the present work and one additional (7

2
2) level at 1283

keV has been added.

IV. DISCUSSION

A. Positive-parity bands

One of the most striking features of the level scheme
77Se is the abrupt change of signature splitting in the yr
positive-parity band at the212

1 levels. As shown in Fig. 4, a
similar change has been seen in the heavierN543 isotones
79Kr @5–7#, 81Sr @1–4#, and 83Zr @8–11#. This behavior ap-
pears to be a characteristic of theN543 isotones. As will be
discussed below, it seems to result from a shape cha
caused by ag9/2 quasiproton alignment. It is interesting th
the 1qp band can be observed somewhat past the poi
which it ceases to be yrast.

A cranked-shell-model analysis is quite useful in study
the rotational properties of these bands. As was done
79Kr @6#, the lower 212

1 state was used since it is connect
to the other members of the band by electric quadrup
transitions, whereas the upper212

1 state is not. This allows
the entire positive-parity sequence to be treated as a con
ous structure. An effectiveK value of 52 was employed to
facilitate comparisons with the otherN543 isotones.

A comparison of the kinematic moments of inertiaJ(1)

versus rotational frequency for the yrast positive-parity ba
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in 77Se, 79Kr @5–7#, 81Sr @1–4#, and 83Zr @8–11# is shown in
Fig. 5. In general, an overall similarity can be seen. T
favoreda51 1

2 signature shows a sharp upbend at a ro
tional frequency of about\v'0.55 MeV. This upbend has
been interpreted as the alignment of a pair ofg9/2 quasipro-
tons at the 21

2
1 level, leading to the 3qp configuratio

ng9/2^ pg9/2
2 . This band crossing appears to become shar

with increasing mass. Thea52 1
2 signature shows a shar

backbend at about the same rotational frequency.
The experimental Routhian curves are plotted versus

tational frequency for the isotones in Fig. 6. To allow com
parisons with otherN543 nuclei, the same reference rot
parameters were used in this analysis as were used in o
analyses @1,5,6#, J0511\2/MeV and J150\3/MeV4. A
qualitatively similar signature splitting pattern can be se
Large signature splitting is prevalent before the first crossi
but after theg9/2 quasiproton alignment, the signature spl
ting vanishes. For the nuclei which are known to high
spins, a return of large signature splitting is also seen
higher frequencies.

The deformed Woods-Saxon cranking model@20# was
used to calculate shape and deformation in77Se. A monopole
pairing force was used in the cranking calculations. T
Routhians were calculated for a range of shape parame
b2 and g and minimized with respect to the hexadecap
deformationb4. Figure 7 shows three total Routhian surfa

FIG. 5. Kinematic moments of inertiaJ(1) versus rotational fre-
quency \v for the positive-parity yrast bands in83Zr @8–11#,
81Sr @1–4#, 79Kr @5–7#, and 77Se. Thea52

1
2 curve for 81Sr is

broken because the192
1 state has not been experimentally locate
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55 667ALIGNMENTS AND SHAPE CHANGES IN77Se
~TRS! plots for the favored signature of the positive-par
yrast band in77Se.

For a rotational frequency ofv50.30 MeV/\, which lies
below the first band crossing, a near-oblate sh
(g'250°) is predicted with a deformation of aboutb2'
0.22. This shape gives rise to the large signature split
seen experimentally, as it also does in the heavierN543
isotones.

After the first crossing, at a rotational frequency ofv5
0.60 MeV/\, the deformation has increased somewhat
b2'0.28. The shape has also shifted to a triaxial shape w
g'230°, leading to reduced signature splitting. At an ev
higher rotational frequency,v50.80 MeV/\, the shape is
predicted to remain triaxial with a somewhat lower deform
tion of b2'0.22, unlike the case in79Kr where a return to an
oblate shape is predicted to lead to increased signature s
ting. This theoretical prediction for77Se differs substantially
from that for the heavierN543 isotones. An experimenta
test would be very interesting, but it is difficult to produc
77Se with sufficient angular momentum, due to its inacce
bility to heavy-ion reactions.

Two additional positive-parity bands with bandhead sp
of 5

2
1 and 11

2
1 at 302 and 1127 keV, respectively, were se

in 77Se. Analogs of both of these bands were seen in79Kr
@5#, and the (52

1) and (72
1) levels reported at 203 and 61

FIG. 6. Experimental Routhianse8 as a function of rotationa
frequency\v for the yrast positive-parity states in83Zr @8–11#,
81Sr @1–4#, 79Kr @5–7#, and 77Se. Harris parameter
J0511\2/MeV andJ150\3/MeV4 were used for the reference ro
tor. The Routhians for81Sr, 79Kr, and 77Se have been shifted dow
by 22, 24, and26 MeV, respectively.
e
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keV in 81Sr @4# may represent the beginning of a band ana
gous to the52

1 band in 77Se. A configuration ofn@422# 52 has
been assigned to this bandhead@1# in 81Sr.

A particle-plus-triaxial-rotor model calculation was pe
formed to see how well the three 1qp positive-parity ban
could be reproduced with a single shape. The codesGAMPN,

FIG. 7. Total Routhian surfaces in the (b2,g) polar coordinate
plane for thea51

1
2 signature positive-parity states in77Se. The

separation between contour lines is 200 keV. In these graphs
lective rotation for prolate and oblate shapes occurs atg50° and
260°, respectively.
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668 55JOHNS, DÖRING, KAYE, SYLVAN, AND TABOR
ASYRMO, andPROBAMO @21,22# were used with standard pa
rameters@23# for the modified harmonic oscillator potentia
The shape parameters used (e2520.20, g511.3°, and
e450.027) correspond to the Woods-Saxon shape par
eters at the minimum in the TRS calculations for\v50.30
MeV. Since the predicted shape is nearly oblate, the ca
lation was based on a small degree of triaxiality away fr
an oblate shape, rather than a large deviation from a pro
shape. A constant moment of inertia corresponding to a1

energy of 320 keV was used for the rotating core. Althou
this is smaller than the observed value of 559 keV in76Se,
the 21 energy in the light even-even Se isotopes is known
be significantly larger than what would be implied by t
spacing of the higher-spin states due to shape coexist
@24,25#.

Calculations were made previously@21# for 77Se using the
same rotation-particle-coupling~RPC! codes. These calcula
tions, performed before theoretical shape predictions w
available, used the shape parameterse250.29,g530°, and
e450 and a moment of inertia corresponding to a 21 energy
in the core of 600 keV for both the positive- and negativ
parity bands. A comparison between these calculations
the present ones indicates the degree of parameter de
dence.

The energy levels predicted by the rotation-partic
coupling model are compared with the observed ones in
8. The theoretical states connected by largeB(E2) strengths
were grouped into bands. The72

1 bandhead is correctly pre
dicted below the52

1 bandhead. The energies of the states
the 7

2
1 band are reproduced reasonably well, although

degree of signature splitting is somewhat underpredic
The earlier RPC calculations@21# also give a reasonable re
production of the band, but overpredict the degree of sig
ture splitting. Thus the agreement in signature splitting co
probably be improved by varying the triaxiality parame
g, but no attempt was made to vary the RPC parameters
the data.

FIG. 8. A comparison of levels predicted by rotation-partic
coupling calculations with observed positive-parity levels. T
shape and moment of inertia parameters weree2520.20,
g511.3°,e450.027, andE215320 keV.
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At this shape the next predicted band is based on a5
2

1

state. For comparison, the experimentally observed decay
quence ending on the 302 keV52

1 level is shown, although it
is by no means clear that the experimental and theore
structures correspond. A correspondence would be m
likely if the 797 keV state had spin92 rather than

7
2, since the

predicted large signature splitting would strongly fav
population of thea51 1

2 band. However, the spin assign
ment of 72 for the 302 keV state appears rather strong beca
it is based on both the DCO ratio observed here for the de
line and on the population of this state in the neutron capt
experiment@14# which strongly favored low-spin states.

The third band predicted theoretically is built on a92
1

bandhead. This is compared with the third experimenta
observed band in Fig. 8, but the agreement is not very go
The predicted band lies too high, shows too much signa
splitting, and starts with a92

1 state for which no experimen
tal counterpart is known. This may indicate that the11

2
1 band

is based on a completely different shape.

B. Negative-parity bands

Three negative-parity bandheads lie at relatively low e
citation energies. The12

2 bandhead forms the ground state
77Se, while the52

2 band is yrast and most strongly populat
among the negative-parity states, and the3

2
2 state lies high-

est and is the most weakly populated. Exactly the same s
ation occurs in theN543 isotones79Kr @5#, 81Sr @4#, and

FIG. 9. Kinematic moments of inertiaJ(1) versus rotational fre-
quency \v for the lowest negative-parity yrast bands in83Zr
@8–11#, 81Sr @1–4#, 79Kr @5–7#, and 77Se.
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55 669ALIGNMENTS AND SHAPE CHANGES IN77Se
83Zr @9,11#. These three bandheads have been interpreted@1#
to represent the configurationsn@301# 12, n@303# 52, and
n@301# 32, respectively, all of which are predicted to lie rel
tively low in energy at a moderately deformed prolate sha
(b250.3!.

As mentioned earlier, theM1 strengths are abnormall
low in the 5

2
2 band, but relatively normal in the12

2 ground-
state band. This is also true in79Kr, where the difference ha
been attributed@7# to the single-particle configurations. Th
neutron gyromagnetic ratios were calculated to begK51/25
2.44 and gK55/250.49 for pure Nilssonn@301# 12 and
n@303# 52 states, respectively. Since the gyromagnetic ratio
collective rotation,gR'Z/A50.46, andM1 strengths are
proportional to the differencegK2gR , a near cancellation
occurs in the5

2
2 band, but not for the12

2 structure. This
result is also confirmed by the RPC calculations discus
below.

It is instructive to compare the rotational properties
these negative-parity bands in77Se with the analogous struc
tures in the heavierN543 isotones. The kinematic momen
of inertia J(1) and quasiparticle Routhian curves determin
from a cranked-shell-model analysis for the52

2 bands are
shown in Figs. 9 and 10, respectively. An effectiveK value
of 5

2 and a common set of Harris parameters
J0511\2/MeV and J150\3/MeV4 for the reference rotor

FIG. 10. Experimental Routhianse8 as a function of rotationa
frequency\v for the lowest negative-parity states in83Zr @8–11#,
81Sr @1–4#, 79Kr @5–7#, and 77Se. Harris parameter
J0511\2/MeV andJ150\3/MeV4 were used for the reference ro
tor. The Routhians for81Sr, 79Kr, and 77Se have been shifted dow
by 21, 22, and23 MeV, respectively.
e

r

d

f
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were used for the nuclei. A strong family resemblance can
seen.

An upbend inJ(1) around\v'0.5 MeV in all the nuclei
shown in Fig. 9 indicates a quasiparticle alignment. Ag9/2
quasiproton alignment was suggested for79Kr @5# based on
the similar crossing frequency observed in the yrast ba
There is some evidence for the beginning of a second cr
ing at \v'0.6 MeV in thea52 1

2 signatures of77Se and
83Zr. Since there is no Pauli blocking of the first neutron
proton alignments in these negative-parity bands, the neu
and proton alignments can be close in frequency.

The Routhians in Fig. 10 show that the signature splitt
is much smaller than in the yrast positive-parity band and
the opposite sign; i.e., thea52 1

2 signature is energetically
favored. The splitting starts at nearly 0, increases to ab
50–100 keV, and then decreases again at the first alignm
except for 83Zr.

The kinematic moments of inertia in the somewhat le
explored1

2
2 bands are compared in Fig. 11. Evidence can

seen in all four isotones for an alignment, or the beginnin
of one, around or below a rotational frequency of 0.5 Me
\. In most cases, the rise appears to be sharper in
a52 1

2 signature.
An interesting pattern can be seen in the Routhians

this band, shown in Fig. 12. In83Zr, thea52 1
2 signature is

energetically favored, as in the52
2 band, and the separatio

is also in the range of 50–100 keV. With decreasingZ, the

FIG. 11. Kinematic moments of inertiaJ(1) versus rotational
frequency\v for the negative-parity ground state bands in83Zr
@8–11#, 81Sr @1–4#, 79Kr @5–7#, and 77Se.



of
ng

e

d

a
a
o

o

ve
v
e

Fig.

ably
the
w-
ay

o
e of

a-
the

ly
i-

n
re-

ed

l

s
-
n

in

670 55JOHNS, DÖRING, KAYE, SYLVAN, AND TABOR
energy of thea52 1
2 signature increases relative to that

thea51 1
2 signature. This leads to lower signature splitti

in 81Sr, almost none in79Kr, and reversed splitting, with the
a51 1

2 signature favored, in77Se.
A TRS graph typical for the 1qp negative-parity structur

is shown in Fig. 13~a!. The graph shows considerableg soft-
ness with minima at three quite differentg values. The mini-
mum at (b2 ,g)5~0.26,22°) is close to the shape identifie
for the 5

2
2 band in79Kr @5#. This positiveg value reproduces

the experimental observation that thea52 1
2 signature is

energetically favored in the52
2 band. The (b2 ,g)5~0.27,

230°) minimum may be identified with the12
2 band. This

shape would imply an energetically favoreda51 1
2 signa-

ture in agreement with experiment. The variation of sign
ture splitting in the1

2
2 band could be accounted for by

decrease in theg deformation parameter from positive t
negative values with decreasingZ ~see Fig. 13 of Ref.@5#!.

An RPC calculation was also performed for a shape c
responding to that predicted by the TRS, i.e.,e250.26,
g523.2°, and e450.023. The moment of inertia
(E215320 keV! was the same as that used for the positi
parity calculations. No parameters were varied to impro
agreement with experiment. The calculated states w
grouped into bands based on the predictedE2 decay

FIG. 12. Experimental Routhianse8 as a function of rotationa
frequency\v for the ground state negative-parity bands in83Zr
@8–11#, 81Sr @1–4#, 79Kr @5–7#, and 77Se. Harris parameter
J0511\2/MeV andJ150\3/MeV4 were used for the reference ro
tor. The Routhians for81Sr, 79Kr, and 77Se have been shifted dow
by 21, 22, and23 MeV, respectively.
s

-

r-

-
e
re

strengths and are compared with the observed bands in
14.

The negative-parity structures are reproduced reason
well. The 1

2
2 bandhead is predicted somewhat above

5
2

2 bandhead, but the opposite is true experimentally. Ho
ever, this is only a question of a few hundred keV and m
be sensitive to the triaxiality parameterg. In fact the earlier
RPC calculations@21# with different shape parameters d
predict the correct ordering of the bandheads. The degre
signature splitting is predicted well for the52

2 band, but not
for the 1

2
2 or 3

2
2 bands. In comparison, the earlier calcul

tions predict the degree of signature splitting better in
1
2

2 band than in the52
2 band.

The E2/M1 mixing ratiosd from the RPC calculations
for theDI51 transitions in the12

2 and5
2

2 bands are listed in
Table II. These values ofd are based on the theoretical
predictedB(E2) andB(M1) strengths and on the exper
mentally observedg-ray energies. Most of those in the12

2

band are relatively low (0.1<d<0.3) and would imply DCO
ratios around12, in general agreement with experiment. O
the other hand, large, mostly negative, mixing ratios are p
dicted for theDI51 transitions in the52

2 band. These are
qualitatively consistent with the large DCO ratios observ
in this band. The predictedB(E2) strengths are similar in the

FIG. 13. Total Routhian surfaces in the (b2 ,g) polar coordinate
plane for the~a! lowest negative-parity configuration and~b! other
negative-parity states in77Se. The distance between contour lines
250 keV.
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55 671ALIGNMENTS AND SHAPE CHANGES IN77Se
two bands. The differences in the DCO ratios arise mai
from the predicted differences in theB(M1) strengths,
which are much weaker in the52

2 band due to the near can
cellation between the single-particle and rotational magn
moments. The cancellation is extremely close for the 3
keV transition, leading to the large positive predicted mixi
ratio. Slight changes in the calculation might reduce the c
cellation and give a value ofd more like that of the higher
transitions.

C. High-lying high-K structure

A complex of high-lying negative-parity states starting
2818 keV can be seen in Fig 1. Most are likely to repres
3qp configurations since the first crossings occur in the o
bands at about this excitation energy.DI51 transitions are
much more common thanDI52 decays among these state
Similar states have been seen in the isotone79Kr @5# and in a
number of odd-Z nuclei @17#, but never in such large num
bers.

FIG. 14. A comparison of levels predicted by rotation-partic
coupling calculations with observed negative-parity levels. T
shape and moment of inertia parameters weree250.26,g523.2°,
e450.023, andE215320 keV.

TABLE II. B(E2)/B(M1) mixing ratiosd from particle-rotor
model calculations.

Band Eg ~keV! I i
p→I f

p d

1
2

2 239 3
2

2→ 1
2

2 0.26
200 5

2
2→ 3

2
2 0.23

369 7
2

2→ 5
2

2 0.10
364 9

2
2→ 7

2
2 0.27

444 11
2

2→ 9
2

2 0.55
5
2

2 331 7
2

2→ 5
2

2 72
397 9

2
2→ 7

2
2 26.9

373 11
2

2→ 9
2

2 23.6
535 13

2
2→ 11

2
2 22.6

377 15
2

2→ 13
2

2 21.5
y

ic
1

n-

t
t
er

.

SomeDI51 decay sequences from this complex have
been selected for comparison with the possibly analogous
structure in 79Kr and are shown in Fig. 15. The sequence
shown in the middle resembles that in79Kr the best, but the
left sequence shows that there are other candidates. Note also
that the same212

2 level is shared in the two77Se decay
sequences and the sequences above or below this level could
be exchanged.

Three-quasiparticle configurations of the generic form
p@ f p# ^ pg9/2^ ng9/2 ~for an odd-N nucleus! have been pro-
posed for such sequences in other nuclei. The predicted
shape for such a configuration, shown in Fig. 13~b!, is
(b2 ,g)5~0.27,44°), which is close to the noncollective
g560° axis. The172

2 structure in79Kr has been associated
@5# with a noncollective oblate shape with the configuration
p@(g9/2)9/21 ^ (p3/2% f 5/2)3/22#62 ^ n(g9/2)5/21 as the band-
head. This differs from the 3qp configurations formed after a
pair alignment in the lower negative- or positive-parity
bands, which aren@ f p# ^ pg9/2^ pg9/2 and ng9/2^ pg9/2
^ pg9/2, respectively. Perhaps the multitude of states ob-
served in77Se arises from the different combinations of Nils-
son orbitals available. Deformed shell-model calculations in
the Br isotopes@26# have shown that one specific configura-
tion usually lies lower in energy, but perhaps a near degen-
eracy occurs in77Se.

V. SUMMARY

High-spin states in77Se were populated using the76Ge
(a,3n) reaction and theirg decays were observed with the
Pitt-FSU detector array. The positive-parity yrast structure
was extended up to the 6655 keV (31

2
1) level and the lowest

negative-parity band was extended up to the 5583 keV
~ 272

2) level. Spin assignments were made using the measured
DCO ratios.

This work clarifies how the structure of77Se compares
with that of the heavierN543 isotones79Kr, 81Sr, and
83Zr. A strong similarity was seen in the positive-parity yrast
band. The large signature splitting present at low spins al-
most vanishes above the first band crossing at a rotational

e

FIG. 15. Comparison of negative-parity 3qp band structures in
77Se and79Kr @5,6#.
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672 55JOHNS, DÖRING, KAYE, SYLVAN, AND TABOR
frequency of\v' 0.5 MeV. Theoretically, the character o
the band changes because of a change in shape driven b
pair of alignedg9/2 quasiprotons. Two other positive-parit
structures in77Se built on5

2
1 and 11

2
1 bandheads also hav

close analogs in the heavier isotones.
The 1

2
2 ground-state band and the more strongly po

lated 5
2

2 band in 77Se show many similarities with the co
responding bands in the heavier isotones. The very w
M1 transitions in the52

2 band appear to result from a ne
cancellation between the magnetic moments due to collec
rotation and to the@303# 52 neutron. The opposite sign of th
signature splitting between the12

2 and 5
2

2 bands is probably
due to differences in the triaxiality shape parameterg for
these well-deformed (b2'0.29! bands.

A complex of negative-parity states withI> 15
2 andEx>

2.8 MeV was observed in77Se. Such a complex feature
B
.

er

.

. 7

,

.
a-

.

L.
z,

y,

a,

.

h,
the

-

ak

ve

unique among theN543 isotones and nearbyf -p-g shell
nuclei, although single decay sequences of mainlyDI51
transitions have been reported in79Kr and a number of odd-
Z nuclei. The states may be based on 3qp configuration
the general formp@ f p# ^ pg9/2^ ng9/2 involving noncollec-
tive rotation of an oblate shape.
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