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High-spin states in 'Se were populated via the fusion-evaporation reaction 'Cu(' O,npn)' Se at a
beam energy of 69 MeV. Several new levels were found in bands of both negative and positive parity.
The yrast band of 'Se shows evidence of shape coexistence at low spin. The results of cranked, de-
formed Woods-Saxon shell-model calculations with self-consistent pairing are compared to the data.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

Neutron deficient nuclei of mass A =70—80 are
characterized by shapes and other collective properties
which sensitively depend on proton number, neutron
number, and angular momentum. This dependence of
the collective properties has been associated with the
large gaps in the single-particle energy spectra calculated
with the use of realistic potentials. Calculations based on
the generalized Woods-Saxon potential (see, e.g., Na-
zarewicz et al. [1]) predict competing gaps at difterent
deformations for some nucleon numbers. This is particu-
larly true for the neutron-deficient selenium (Z=34) and
krypton (Z=36) isotopes, where the protons appear to
prefer an oblate shape but where neutron numbers of
38—42 favor a strongly deformed (/3=0.4) prolate shape.
The shape coexistence phenomena observed [2,3] in

' ~Se and 76, 78Kr refIect the competing shape driving
tendencies. The study of the high-spin behavior of the
neighboring odd nuclei can yield further insight into the
nature of the single-particle levels occupied and their
effect on the shape of the corresponding even-even core.

The N= 39 nucleus Se is therefore an interesting can-
didate for study, and here we report the results of a y-y
coincidence study of the high-spin behavior of this nu-
cleus. Previous work [4,5] established the existence of a
collective band built on the —', + ground state to spin
I"=—", + as well as several other positive-parity states.
Recent work by Seiffert et al. [6], using an (a, n y) reac-
tion, has considerably increased our knowledge of the
low-lying states in Se. In the present work, we have ex-
tended the ground-state band to a tentative —", +. In addi-
tion to the states of positive parity, a rotational band
built on a low-lying (25.7 keV) —,

' state was also estab-
lished by previous work to I = —", . Here, this band is
extended to a tentative level at —", . The results are inter-
preted within the framework of the cranking model and
compared to cranked Woods-Saxon-Strutinsky calcula-
tions with a fully self-consistent pairing interaction.

High-spin states in Se were populated utilizing the
fusion-evaporation reaction Cu( ' O,apn ) Se at 69
MeV. The ' 0 beam was obtained with three stage
operation of the University of Pittsburgh tandem ac-
celerator. Isotopically enriched (99.9%) Cu foils were
acquired with two stacked 0.5-mg/cm self-supporting
targets as well as with a 1.0-mg/cm foil backed with Au.
The gamma decay of the residual nucleus was observed
with the University of Pittsburgh multidetector array
consisting of six high-purity germanium (HPGe) detec-
tors with bismuth germanate (BGO) Compton suppres-
sion, and a sum-multiplicity spectrometer (SMS) consist-
ing of 14 independent BGO scintillation detectors. The
energies and relative timing of the HPGe and BGO sig-
nals were recorded on tape in event-by-event mode. An
event trigger was determined by requiring gammas in two
or more HPGe detectors and in two or more SMS ele-
ments. The latter requirement enhanced the decays from
high angular momentum states in the recorded data. Ap-
proximately 30X 10 events were collected with the self-
supporting targets and approximately 12X 10 with the
Au backed target. After gain matching (and correcting
for Doppler shifts in the self-supporting target data), all
possible HPGe coincidence pairs were histogrammed and
added to construct 2500X2500 channel coincidence ma-
trices.

III. RESULTS

Figures 1 —3 show typical gamma spectra obtained by
gating on the strongest transitions in each of the bands
observed in Se. Energy correlations, intensities, and
systematics were used to make tentative spin and parity
assignments. In addition, DCO [7] (directional correla-
tions from oriented nuclei) ratios were used to corro-
borate these assignments where statistics allowed such an
analysis. The DCO ratio RDCQ is given by
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FIG. 1. Gamma spectrum obtained by gating on known
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I (I~I —1)y

I (I~I —2)

Er(I~I —2) B(E2 I I —1)
E~(I~I—1) B(E2,I~I —2)

1+ . (2)
1

Q2

600—
I

400—

200—

+
OJ

I

+
CU

+
CU

I

+
CU

+
OJ

l

+ +
bJ CU

CD

I

+
M

PO
CU

I „~i i
i

II 'IIiIIIIPII 'Itg'ill i~!~~AI(i ~IIIAII~~-„~;iA

I. . . , I. . . , I. . . , I. . . , I

250 500 750 1000 )250 )500
Energy (keV )

10000—

O~ sooo—

I
CU

0)
I

I

CU

Nb) Ne&
IA

I I
CU N Ix N

I
I I

C4 bJ
CFl

lA

I I

I
I cn
N~ I

I

AJ

Al
lA

I

I

CU

I I

CU

I I

OJ bl

h-

I I
hJ

I

I
iN N

N

I
AJ

I
I
cu

tA
CU

itj~i+'~"WW
250 500 750 1 OO

Energy (keV)
0 1250

FIG. 3. Gamma spectrum obtained by gating on known

negative-parity transitions.

FIG. 2. Gamma spectrum obtained by gating on known
positive-parity, negative signature transitions in Se.

In the strong-coupling limit, valid for the negative-parity
band in Se, the B (E2) ratio in Eq. (2) is given by [9]

B (E2,I~I —1) 2(2I —1)K
B (E2,I I 2) (I—+1)[(I—1)'—X']

Values for 5 deduced in this way from the measured
branching ratios are given in Table I and are consistent
with those from previous work [10,11]. A decay scheme
based on the present as well as previous work [4,5,10] is
shown in Fig. 4. For some time, there was considerable
uncertainty in the spin assignments for the positive-parity
ground state and the negative-parity isomeric state. The
systematics of the P+ decay and the decay by electron
capture of these states into states in As were compatible
with the I"assignments of —,'+ and —,

' or —', + and —', for
the ground state and the isomeric state [12—14]. Intensi-
ty arguments suggested that the isomeric state decays
about 27% of the time into the ground state in Se, but
no y rays were observed. Konijn et al. [15] established in
an internal-conversion —y-coincidence experiment that
the isomeric state decays to the ground state via a single
E3 conversion-electron transition with an energy of 25.7
keV, thus establishing the isomeric state at an excitation
energy of 25.7 keV. To our knowledge the only published
experiment determining the spin of the ground state has
been carried out by Berkes, Hassani, and Massaq [16].
That experiment is based on separate determinations of
the magnetic moment (by nuclear orientation) and the g
factor (by magnetic resonance on oriented nuclei). The
result is I,=—'„and thus establishes with fair confidence
the spin and parity of the ground state and the isomeric
state as —',

+ and —,', respectively. A recent redetermina-
tion of the g factor by Nishimura, Ohya, and Mutsuro
[17] is in excellent agreement with the result of Ref. [16].

In the present study, we observe no transitions con-
necting states of opposite parity. In the negative-parity
band, both AI=1 transitions between states of opposite
signature and AI=2 crossover transitions were observed
to high spin. Based on the systematics of gamma intensi-
ties in gated spectra, we suggest that the observed
a=+1, a= —

—,
' states are a rotational sequence and pos-
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TABLE I. Transitions in Se. Assignments based on sys-
tematics are denoted by an asterisk.

(keV)

125 ~ 1

295.4

(299)

299.0

354.1

373

375

430.6

449.9

(472)

490.4

517.3

572.7

578.0

653.8

674.3

703.9

742.5

747.9

823.0
856.9

864

880.6

891 ~ 8

947.9

971.6
999.4

1008.0

1009.0

1041.7

1043.8

1063.0

1148.9

1156.9

1206

1214.4

1249.9

1265

1307

1378.1

1381

I; ~If"
5 — 3—
2 2
7+ 9+
2 2

9 — 7—
2 2
7 — 5—
2 2

13 — 11—
2 2

11 — 9—
2 2

17 — 15—
2 2

15 — 13—
2 2

2 2

21 — 19—+
2 2

19 — 17—
2 2

23 — 17—
2 2

25 — 23—
2 2
9 — 5—
2 2

11 — 7—
2 2
11 — 7—
2 2

23 + 21 +
2 2

13 — 9—
2 2

15 — ll—
2 2

19 + 17 +
2 2

15 + 11 +
2 2

17 — 13—
2 2

15 + 13 +
2 2

19 — 15—
2 2

13+ 9+
2 2
11+ 9+
2 2

21 — 17—
2 2
19 + 15 +
2 2

23 + 19 +
2 2
17 + 13 +
2 2

23 — 19—
2 2

25 — 21—
2 2

21 + 17 +
2 2

27 — 23—
2 2

25 + 21 +
2 2

29 + 25 +
2 2

29 — 25—
2 2

31 — 27—
2 2

33 + 29 +
2 2
33 — 29—
2 2

100.0(26)

3.9(13)

12.5(11)

27.7(21)

12.4(48)

0.61(24)

0.18(3)

1.04(6)

4.5(5)

7.5(6)

0.17(24)

0.19(5)

2.7(3) 0.11(6)

9.1(5)

4.1(3)

2.6(14)

31.9(12)

28.8(31)

8.7(25)

14.4(10)

31.1(26)

28.7(22)

5.7(9)

13.9(25)

31.4(25)

7.4(14)

19.9(17)

42.1(33)

10.1(10)

12.0(12)

0.15(4)

0.07(3)

0.055(55)

0.08(5)

0.15(11)

0.43(31)

47.2(38)

6.4(10)

5.1(9)

29.6(26)

16.2(27)

11.9(20)

9.6(21)

R Dco E/M A,

0.60(20) E2/M1
E2/M1

0.60(20) E2/M 1*

0.55(36) E2/M1
0.49(13) E2/M1
0.32(12) E2/M1

0.33(23) E2/M 1

0.87(42) E2/M 1*

E2/M 1*

E2/M 1*

E2/M 1*

E2/M 1*

E2/M1
1.00(26)

0.96(41) E2
E2*

E2/M 1*

0.74(40) E2
E2

E2/M 1*

0.68(21) E2
E2/M1

1.20(52) E2
E2*

E2/M1

1.00(25) E2

E2*
0.59(20) E2*

E2)tc

E2)tc

E2*
E2+

sibly constitute the signature partner to the ground-state
sequence, as shown in Fig. 4. However, the proposed
m. =+1, a= —

—,
' states were populated with too little in-

tensity to perform the DCO analysis, so their spin and
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FIG. 4. Decay scheme for" Se based on the present and pre-
vious work. The — isomeric state is at an excitation energy of
25.7 keV (see text).

parity assignments remain tentative.
Experimental total Routhians are plotted in Fig. 5.

The negative-parity band exhibits negligible signature
splitting up to the highest spins observed, typical for the
strongly coupled negative-parity rotational bands ob-
served in neighboring isotones [4,10,18,19,20]. By con-
trast, the positive-parity states display large signature
splitting, with the —', + state lying above the —', + ground
state.

Plots of I, and 2") vs ))ice for each set of parity and sig-
nature quantum numbers are shown in Figs. 6 and 7. In
the ground-state band, 2' ' rises rapidly with increasing
%co until I= —", , where it begins to flatten. This suggests a
possible transition from vibration-like behavior to rota-
tionlike behavior near spin —", . The 971 keV ( —",

+~—', +)
transition is of higher energy than any 2+ —+0+ or analo-
gous b,I=2 transition to the ground state known in this
region, again suggesting a vibrational structure. The
plots for the negative-parity sequences, on the other
hand, indicate good rotational behavior.

0
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CD
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FICs. 5. Experimentally determined total Routhians for the
decay sequences observed in ' Se.

IV. DISCUSSION

A. General features

Experimentally, the effects of shape coexistence have
been well established [21,22] in the neighboring ' Se
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even-even nuclei. Until recently it was thought that the
coexistence occurred between a vibrational band built on
a nearly spherical oblate state and a we11-deformed pro-
late rotational band. A recent study by Cottle et al. [23]
suggests that, in Se, the coexisting bands are both built
on well-deformed states. The efFect of an odd nucleon
added to a shape-coexistent even-even core is not well un-
derstood. In some cases, such as in Br, the odd nucleon
has been found to polarize the core, thus stabilizing one
of the shapes [24—27] and quenching the coexistence.

A Nilsson diagram calculated using a deformed
Woods-Saxon potential is shown in Fig. 8. For iV=39,
the lowest positive-parity neutron orbital is predicted to
have Q= —,

' or —,
' for axially symmetric prolate shapes, and

0= —', for axially symmetric oblate shapes, although
strong mixing among the g9/p Nilsson orbitals is expected
for near-spherical or triaxial shapes. The ground-state
spin value of —', might therefore suggest that the nucleus is
oblate and that the ground-state band is built on the
Nilsson [404]—, orbital. Another possibility is that the
ground-state band is a decoupled band built on the even-
even core. The results of a least-squares fit of the
positive-parity level energies to the rotational model ex-
pression for a decoupled band [9]

P4 = minimum Zo = 36 No =40

'' 3/2—

.. S/2--

.. 1/2+

5/2+

is shown in Fig. 9. The parameters giving the best fit are
2=26. 1 keV, 31=18.8 keV, which gives a decoupling
parameter a =A, /A=0. 72, slightly smaller than the
value expected for a pure decoupled band built on a
K =0+ core. The discrepancy between the fit and the
experimental data for the lower members of the band
might be an indication of shape coexistence between rota-
tional and vibrational structures. In Fig. 10 the —,'+ band
in Se is compared to the ground-state bands of Se and

Se. It can be seen that the level spacings between the
a = + —,

' states in Se are comparable to the spacings
found in the even-even nuclei. This again suggests that
the ground-state band in Se is decoupled.

While strong evidence [28] exists for A= —,'collective
oblate bands in ' 'Se, the large signature splitting dis-
played by the positive-parity states in Se does not sup-
port such an interpretation in this nucleus. Collective
bands built on high 0 orbitals in well-deformed, axially
symmetric nuclei should be subject to little mixing with
the 0=—,

' orbital responsible for signature splitting. Be-
cause of the triaxial and/or vibrational nature of the
positive-parity band in Se, an intermediate value of
E=—', was chosen to construct the plots shown in Figs.
5 —7.

It is interesting to note that in contrast to the situation
in Se, the ground state of the neighboring isotone Kr

25.0

22.5—

I I 1

)
I I I I

I
I I I I

i
I I I I

[
I I

E -)5-

' 7/2—

' 3/2—

' i/2-

20.0—

17.5

15.0

12.5

,e - 1,-1/2

,e - -1,-1/2

I I I I I I I I I

—0.6 —0.4 -0.2 0 0.2 0.4 0.6
QUADRUPOT I DEFORMATION

10.0
0

I

0.2
l

0.4 O.e)

5(o (MeV)

I

0.8

FIG. 7. Kinematic moment of inertia 2"' as a function of Ace.

FIG. 8. Nilsson diagram for neutrons calculated with a de-
formed Woods-Saxon potential. Positive-parity orbitals are in-
dicated by solid lines, negative-parity by dashed lines. Under-
lined numbers in the gaps indicate the number of nucleons need-
ed to fill the orbitals.
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FIG. 9. Comparison of experimental levels to the results of a
least-squares fit of Eq. (2). The coefficients from the fit are listed
at the top of the figure.

is —, and the rotational sequence built on it has been in-

terpreted [18—20] successfully in terms of a Nilsson
[422]—,

' quasiparticle strongly coupled to a deformed
(P=0.4) core. Therefore, it appears that the addition of
two protons to Se has a dramatic effect on the shape. It
can be seen in the Nilsson diagram (Fig. 8) that for
Z=34, the nucleus will in general prefer less deformed
shapes than for Z=36, making the [422P orbital una-

vailable to the odd neutron.
Rotational bands of negative parity with a structure

similar to that observed in Se are common to many nu-
clei [4,10,19,20] of this region. These bands have general-
ly been interpreted as collective rotations built on a
pure Nilsson configuration of [301]—,

' . Doppler-shift-
attenuation lifetime measurements [5,8] in Se, which
show strong collective transition between the states in the

sequence and those of the —,
' sequence [with

B(E2)=60—70 single-particle units], support this inter-
pretation. The strong cascade (b,I=1) transitions we ob-
serve to high spins lend further support. It should be
noted, however, that in Se the —', and —,

' states were
assigned different Nilsson configurations [29] ([303]—,

for the latter) on the basis of spectroscopic factors from
transfer reactions.

B. Interpretation

In order to better understand the nature of the single-
particle orbitals and the shape of Se, model calculations
using a cranked Woods-Saxon potential and Strutinsky
shell correction were performed. As a first step, total en-
ergy surfaces, calculated without any pairing correlation,
were produced for several spin values. (See Winchell
et al. [20] and references quoted therein for a description
of these calculations). The minimum energy on these sur-
faces was found at deformation parameters P2=0.380,
y = —2' for the positive-parity band. Using these shape
parameters, calculations were carried out including
monopole pairing. The version of the code used treats
pairing at all values of co self-consistently until the pairing
gap drops to a preset value, at which point the pairing
gap is kept constant. In Fig. 11 the experimentally deter-
mined ground band moment of inertia is compared to the

7
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FIG. 11. Experimental versus calculated moments of inertia.
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shows the result of the calculations. The dashed and dot-dashed
lines show, respectively, the neutron and proton contributions
to the calculated value.
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moment of inertia given by the calculations. This com-
parison is used to adjust the pairing strength parameters
G„,„, and G„, , for further calculations. With the excep-
tion of the lowest point, corresponding to the —"+ to —'+

2 2

transition, it was possible to obtain a good fit to the data.
Quasiparticle Routhians calculated with the same de-

formation parameters are shown in Fig. 12. The signa-
ture splitting between the lowest two neutron Routhians,
which have positive parity, is considerably less than that
seen experimentally in the ground-state band. In addi-
tion, the experimentally observed signature inversion is
not seen here. The lowest negative-parity neutron
Routhians in Fig. 12 are in somewhat better agreement
with the experimental negative-parity Routhians, where
little or no signature splitting is observed.

Total Routhian surfaces (TRS's) for Se were pro-
duced by performing self-consistent pairing calculations
for 255 points on the (Pz, y) plane at several values of an-
gular frequency cu. The Routhians were minimized at
each point with respect to the deformation parameter P4.
Surfaces corresponding to four values of co are shown in
Fig. 13. In calculating these surfaces, it was required
that the odd neutron occupy the lowest +=+1,a=+ —,

'

quasiparticle state. The surface corresponding to
Ace=0.0 MeV shows a great deal of gamma softness, with
shallow minima occurring on both the oblate and prolate
axes. At Ace=0.4 MeV, the surface is still quite gamma
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soft, but there exist a number of fairly well-defined mini-
ma all within about 100 keV of each other. The situation
here is somewhat different than seen in the calculatio f

74
ions o

Cottle et al. [23] for Se, in that a nearly spherical, ob-
late minimum is predicted for Se. This minimum is in-
dicated by an open square in the figure. The main
difference between the calculations of Ref. [23] and our
own calculations is in the treatment of pairing. Refer-
ence [23] treats pairing self-consistently only at co=0,
while we treat it self-consistently at all values of co. Our
procedure leads to an increase in the pairing strength of
12% and 13% for neutrons and protons, respectively.
Using our procedure to calculate total Routhian surfaces
in Se, we obtain qualitative agreement with the results
of Ref. [23] with regard to the positions of the minima.
Thus the differences between the surfaces for Se and

Se result from the addition of a single neutron and not
from differences in the calculations. At higher frequen-
cies the degree of gamma softness lessens, until, at
co=0.8 MeV, there are just two minima left. These

occur near the prolate axis (open circle) and at a deforma-
tion corresponding to a less collective triaxial shape (open
triangle).

On the basis of the calculations, it seems likely that

shape coexistence plays an important role in the structure
of Se at low spins. In particular, the existence of a
near-spherical, oblate minimum at low angular frequen-
cies might indicate a mixing between bands based on vi-
brational and rotational excitations, as has been suggest-
ed for Se and for O' Kr

TRS's calculated for negative-parity states are shown
in Fig. 14. These are similar to the surfaces shown in Fig.
13 in that the gamma softness occurring at low angular
frequency gradually lessens at higher values of %co. One
important difference is that the oblate minimum found on
the positive-parity surface at fico=0.4 MeV does not
occur for the negative-parity case (the contour near
P2= . , y =60' indicates a local maximum). Therefore
the se surfaces agree with the experimental observation that
the negative-parity band has a more rotational character
than the positive-parity band.

V. SUMMARY AND CONCLUSIONS

Several new states were added to the h' h-
73

e ig -spin spec-
trum of Se, including a proposed (vr, a)=(+1,——,') ro-
tational sequence. Fits to both a decoupled rotor formula
and cranked shell-model calculations 'th ' ' ' d'-wi pairing indi-
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cate that the character ground-state band is not that of a
good rotor at low spins. Calculated total Routhian sur-
faces indicate a great deal of gamma softness and a num-
ber of competing minima for this nucleus, especially for
the ground-state band. This is remarkably different from
the N= 39 nucleus Kr, for which the ground-state band
was well described by the cranking model. In addition, it
is dissimilar to the nucleus Br, in which the odd proton,
added to the even-even Se core, removes the shape
coexistence effect. In general, the negative-parity band in

Se is well explained in terms of an odd particle coupled
to a deformed rotating core.
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