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Excited states in Y have been investigated via the Ni( Si,3pn) Y and Fe( Si,p2n) Y re-
actions using beams provided by the Florida State University Tandem-LINAC with energies of 95 to
135 MeV. Particle-p coincidences with a full-sphere charged-particle detector and an excitation curve
were used to assign p rays to Y. The Fe( Si,p2n) Y reaction at 95 MeV was used to measure
p-p coincidences with five Compton-suppressed Ge detectors, Lifetimes in the ns and ps ranges were
measured using direct timing and the Doppler-shift attenuation method. A level scheme with 39
states was constructed up to tentative spins and parities of (15 ) and (21+). In the positive-parity
yrast band a phase reversal was observed in the signature splitting at I = 105. The B(M1) strengths
in this band alternate with signature between about 0.1 and 1.0 p~. The B(E2) strengths of about
90 Weisskopf units are in good agreement with those predicted by Hartree-Fock-Bogolyubov calcu-
lations. Particle-rotor calculations indicate a prolate or triaxial core shape for the positive-parity
band.

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

I. INTRODUCTION

Nuclei in the A = 80 region show a rich variety of
structural behavior at high angular momenta. These ef-
fects have been attributed with a high degree of success
to the interplay between the Coriolis force, deformation,
and pairing. The shapes of nuclei in this region are soft
to the polarizing effects of rotation and quasiparticle (qp)
alignment. The same unique parity gsi2 orbital plays the
dominant role in high-spin phenomena for both neutron
and proton quasiparticles.

Odd-odd nuclei have not been studied as extensively
as their neighbors, but recent investigations of nearby
odd-odd isotopes, such as 7 Br[1], 7sBr[2], and soRb[3]
have shown a similar well developed rotational structure
starting above 0.5 MeV excitation energy. Although the
pairing of like particles is an important aspect of nuclear
structure at low excitation energy and qp alignment has
major effects on the behavior of rotational bands, much
less is known about the residual proton-neutron interac-
tion. The reversal of signature splitting which has been
observed at about a spin of 9h, in many odd-odd nuclei
was predicted [4] to result from the competition between

qp coupling and collective rotation. The exact spin at
which it occurs may depend on the p-n residual inter-
action. An alternating pattern in the B(MI) strengths
within a band has been reported for all types of nuclei
in the A —80 region, but seems most prevalent in the
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odd-odd ones. The effect has been attributed [5, 6] to
triaxiality in 1-qp bands, but its behavior in 2-qp bands
needs further investigation.

Prior to the present investigation experimental infor-
mation on the odd-odd nucleus s Y was very limited. A
half-life of 9.5 s had been measured [7, 8] for the ground
state, and a spin and parity of 1+ had been assigned [7, 9]
to the ground state based on allowed P decays to the low-
est 0+ and 2+ states in s2Sr. A preliminary level scheme
had been produced [10] from an earlier p-p coincidence
experiment. As this manuscript was being prepared we
learned of a preliminary report [11] on a new investiga-
tion of high-spin states in Y.

The present work involves the identification of transi-
tions in Y, the determination of the level scheme from
prompt p-p coincidences and directional correlation ra-
tios, and measurements of lifetimes in the ns and ps
ranges using direct timing and the Doppler-shift atten-
uation method. The observed band structures are com-
pared with those of neighboring K = 43 isotones and
Z = 39 isotopes and are discussed within the framework
of the cranking and particle-rotor models.

II. EXPERIMENTAL METHODS

Four experiments were performed to measure the prop-
erties of excited states in Y. To identify the p rays
associated with Y, an experimental excitation curve
was measured and compared with the results predicted
by statistical model calculations. Also, p-p coincidences
were measured with a phoswich charged-particle detec-
tor array to identify the reaction channel associated with
these p rays. A prompt p-p coincidence experiment was
performed to determine the level scheme of Y, direc-
tional correlation ratios, and ps lifetimes of high-spin
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states via the Doppler-shift attenuation method. Finally,
a delayed coincidence measurement was carried out to
determine ns lifetimes for isomers in the low-spin region.

A. Identificatio of 82Y

The fusion evaporation reaction ssNi( Si,3pn)szY was
used to obtain experimental cross sections for the exci-
tation curve. A beam of Si was accelerated to energies
of 95 to 135 MeV in 10 MeV increments by the Florida
State University Tandem-LINAC facility. The target was
natural Ni of which ssNi is 68% abundant. The target
had a thickness of about 500 pg/cm . A single bismuth
germanate (BGO) Compton-suppressed high purity Ge
(HPGe) detector was placed perpendicular to the beam
axis to detect p rays from the reaction. The computer
code PACE2 (projected angular-momentum coupled evap-
oration) [12j was used to calculate the cross sections for
the Si + Ni reaction.

Experimental cross sections were determined by addi-
tion of the intensities of ground state transitions multi-
plied by a normalization factor. To determine this fac-
tor, as many reaction products as possible were identi-
Ged. Their experimental cross sections were determined,
summed (excluding s Y) and then normalized to the
same percentage yield as pAcE2 predicted for the sum
of the same nuclei. These sums accounted for most of
the predicted total reaction yield. In cases where the
ground state transitions were obscured, other lines in the
same nucleus were used.

Figure 1 shows a graph of experimental yields versus
laboratory energy, and PACE2 predictions for various nu-
clei produced in the Si + Ni reaction. The intensities
of the lines attributed to Y follow the trends predicted
for that nucleus quite well and dier substantially from
the predictions for si Y and ssY. The curves for s Y (3pn
evaporation) and s Sr (4p) are quite similar but the tran-
sitions in Sr are well known, and no coincidences have
been seen between the suggested Y lines and the many
known ones in Sr. The fact that these lines occur in
both the ssNi(zsSi, 3pn) and MFe( sSi,p2n) reactions in
which s Y is predicted to be one of the dominant prod-
ucts lends weight to the argument that these lines belong
to Y. The existence of several ns isomers, as discussed
below, provides further evidence that these p-decay se-
quences occur in an odd-odd nucleus.

Charged-particle-p coincidence measurements were
also used to provide an elemental identification for the
p-decay sequence. The MFe( sSi,p2n) reaction was used
for this experiment. The Si ions were obtained from the
4.67% abundance in a natural Si sample in the Cs sputter
source and accelerated to 95 MeV using the FSU Tandem
Van de Graaff Superconducting LINAC facility. The 20
mg/cmz natural Fe target (92'%%uo ssFe) stopped the beam
and residual nuclei, but did not stop evaporation pro-
tons above 4 MeV. One Compton-suppressed Ge detec-
tor was used in coincidence with a 10-segment fast-slow
plastic phoswich scintillator which covered most of the
full sphere. For each coincidence event E, LE, and tim-
ing information was digitized and written to tape for all
segments along with the Ge energy signal. In the off-line

analysis, two-dimensional gates were set for the proton
region in each of the E —AE planes, and the p spectrum
was gated according to the number of protons detected in
that event. Portions of the one- and two-proton spectra
are shown in Fig. 2. Some of the strongest lines in the
decay sequence above the isomer are seen clearly in the lp
spectrum, but not in the 2p spectrum. This proves that
the decay sequence discussed below is associated with one
proton evaporation from the Zr compound nucleus and
hence with a Y isotope. Although the charged particle
evaporation information does not determine the neutron
number, the excitation curve discussed above assigned a
mass of 82 to the same decay sequence. Together these
provide a firm assignment to Y.

B. Prompt p-p coincidence measurements

An array of five BGO Compton-suppressed HPGe de-
tectors was used in the p-p coincidence experiment. Two
of these detectors were placed at 30 from the beam axis,
and the rest at 90'. The Fe( Si,p2n)s Y at 95 MeV
was also used in this experiment. The beam was pro-
vided by the FSU Tandem-Superconducting LINAC fa-
cility, and a 78 mg/cm natural Fe (92'%%uo ssFe) target
was used. At this energy, production of szY represented
about 10% of the 10s twofold coincidences written to
tape.
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FIG. 1. Experimental and theoretical percentages of to-
tal yield versus beam energy (lab) for the bombardment of

Si ions on a Ni target. Lines (points) represent the pre-
dicted (measured) percent of total yield. Error bars on the
experimental points are smaller than the symbol size.
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FIG. 2. A portion of the p spectra in coincidence with one
or two protons detected in the full-sphere phoswich detector.

The data were sorted oK-line into two arrays: a 90'-
90' triangular array, and a 30'-90' square array with a
dispersion 0.8 keVjchannel. To better resolve low en-
ergy multiplets, coincidences from all the detectors were
also sorted into a 0.5 keV/channel triangular array. Co-

FIG. 4. Portions of the p spectra in coincidence with the
171 and 837 keV transitions.

incidences in the 30'-90' array were used to deduce life-
times via the Doppler-shift attenuation method (see Sec.
IVA. ), and to determine directional correlation of ori-
ented states (DCO) ratios.

The existence of a long-lived isomer (over 30 ns) for the
507 keV level (see Fig. 3) was inferred from this coinci-
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TABLE I. Energies, branching ratios (R~), DCO ratios, and multipolarities for transitions in
82Y

Er.sv (&eV)

142.1
250.0

313.4

336.8

400.7

401.8

405.0
472.5
506.7
510.8
585.0

594.4
676.9

717.5
750.3

817.1

955.8

1145.5

1162.1

1271.0

1283.5

1505.6
1556.2

1588.0

1686.1

1957.8

1962.4
2059.9

2377.9
2600.7

I7C

2+
2+

4
5
6+
5

(6 )

(6+)
(6 )

(6 )

(7 )

(7 )

(8 )
(9+)

10+

11+

(9 )
(10 )

(10 )
(11 )

I7T
.f

1.+
1+
2+
1+
2+
2+
1+
2+
3+
3+
2+
3+
3+
3+
4
4+
4
5
5
4+
5
6+
5

(6 )
4
6+
6+
7+

(6 )
5
5
7+

(6-)
(6 )
5
6+
8+
7+
5

(6 )
(6 )
(7 )
8+
7+

(6 )
6+

(6-)
(8+)
7+
9+
8+

(7 )
8+
10+
9+

(7 )
(8 )
9+

(8 )
(9 )

E~ (keV)

142.1(2)
250.1(1)
107.7(3)
313.5(3)
63.4(3)

171.1(2)
336.9(1)
194.5(1)
87.2(2)
64.0(2)

258.7(1)
65.0(3)
88.5(2)
68.2(3)
67.5(3)

106.0(3)
109.0(1)
112.4(2)

74.2(2)
193.7(l)
166.2(2)
170.7(2)
204.1(1)
91.1(1)

275.4(1)
210.8(l)
243.6(1)
32.8b

140.0(2)
306.6(2)
344.5(3)
238.1(2)
279.0(2)
370.3(2)
445.1(1)
449.6(2)
395.2(2)
428.0(2)
651.5(2)
576.8(2)
593.9(3)
315.3(2)
532.3(2)
565.2(2)
690.8(4)
776.7(3)
688.5(3)
273.1(2)
838.2(5)
442.4(3)
837.7(4)
730.3(3)
936.2(3)
369.9(2)
812.1(5)
800.3(3)
788.7(4)
914.5(3)
872.3(4)
914.6(4)

R~ ('Fo)

100
75(2)
25(2)
29.2(8)
28.8(8)
42.0(14)
37.0(5)
63.0(5)
65.3(9)
29.1(9)
5.4(5)

33.2(9)
66.8(9)
100
100
100
100

30(5)
69(5)
100

26(3)
32(4)
20(3)

2.5(3)
18(3)
100

65(2)
35(2)
28(6)
22(7)
49(9)

7.5(9)
13(2)
15.6(13)
47(3)
16.0(13)
97.0(5)
3.0(5)

50(10)
50(10)
91.8(6)
8.2(6)

14.2(11)
41(1)

3.8(11)
40(2)
100

11(7)
88(7)
12.9(8)
87.1(8)
85.1(6)
14.9(6)
51.6(8)
48.4(8)
100

85(2)
14(2)
100
100

+DCO

0.62(3)
1.1(1)

0.4(l)

0.94(8)

0.5(2)
1.0(1)
1.0(2)

0.4(2)
0.9(1)

0.98(9)
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TABLE I. (Continued)

EL,av (keV)

2649.0

2968.3

3023,5
3672.7
4139.4
4882.8
5452.5

6910
8510

(12 )
(13 )
15+

(» )
(17+)
(19+)
(21+)

f
10+
ll+
12+
11+

(1o )
(» )
13+

(13 )
15+

(»+)
(19+)

E~ (keV)

1061.0(4)
691.1(9)
319.4(4)

1010.4(5)
963.6(9)

1072.0(9)
i i7i. i(7)
1210.1(9)
i3i3.i(5)
1458(1)
1600(1)

R~ (%)

82.7(8)
17.3(8)
26.1(8)
73.9(8)
100
100
100
100
100
100
100

+DCO

1.2(1)
0.4(l)
0.6(l)
1.2(1)

1.3(4)
0.84(8)

Branching ratio inferred from intensity balance.
Energy inferred from level energies.

dence data. The intensity of the 142 keV ground state
transition changes dramatically for all gates taken above
and below the 507 keV level. For gates above, the 244
keV and 211 keV transitions are strongest [see Fig. 4(a)],
and for gates below 507 keV of excitation, the intensity
of the 142 keV line is greatly enhanced [see Fig. 4(b)].
These changes in relative intensity are characteristic of an
isomer pushing some fraction of the transition intensity
outside the 100 ns time window for prompt coincidences.

Gates on suspected E2 transitions were employed to
measure the DCO ratios for states above the 507 keV
isomer. The E2 nature of the gating transitions was ver-
ified by examining the DCO ratios of those transitions in
other likely E2 gates. The results are tabulated in Table
I together with p-ray energies and branching ratios. A
loss of alignment appears to occur at the 507 keV level
due to its long mean lifetime, since the DCO ratios below
it are all close to unity.

C. Delayed coincidence measurements

Because of the evidence for nanosecond isomers dis-
cussed above, two delayed coincidence measurements
were performed using the Si + Fe reaction. In the
first experiment, a time-to-amplitude converter (TAC)
was started by a low energy photon spectrometer (LEPS)
and stopped with either of two 75 mm x 75 mm NaI(T1)
detectors. Energies from the LEPS and time differences
in a 1 ps range from the TAC were written to tape and
subsequently sorted into a 2500 x 512 channel array. This
data was used to determine the ns lifetimes. In the second
experiment, a Compton-suppressed coaxial HPGe detec-
tor replaced the two NaI(T1) detectors and HPGe-LEPS-
TAC coincidences were recorded on 8 mm tape and sorted
oK-line. The statistics in the second experiment were
not adequate to deduce further timing information, but
prompt and delayed p-p coincidence matrices constructed
from the data did provide an independent verification of
the low-lying part of the level scheme aided by the higher
energy resolution of the LEPS detector.

The TAC dispersion was measured by use of the 20.618
ns beam bursts of the FSU Superconducting LINAC.
These beam bursts provided an excellent calibration of
the system since the frequency of the rf signal of the
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FIG. 5. The sum of p spectra in coincidence with a num-
ber of transitions in the positive-parity band.

LINAC system is known to a very high degree of pre-
cision. The beam bursts themselves appeared as small
microstructure in the random coincidences of the TAC
spectrum. They were particularly clear in a gate on
the 847 keV 2+ —+ 0+ transition in Fe which is very
strong in singles and appears in the coincidence arrays
mostly because of random coincidences. The beam burst
structure appears only in the random coincidences and
had little effect on the true coincidences. To prove that
this microstructure came from the LINAC, a radioactive
source test was performed in which this structure did not
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appear. In addition, this dispersion agreed within uncer-
tainties with that measured by inserting a known delay
into the stop signal. A discussion of lifetimes obtained
by this method is given in Sec. IVB.

III. LEVEL SCHEME AND PROPERTIES OF 8~Y

A I evel. sch.erne of sz Y

No excited states were known in s Y from P-decay
studies. We have assumed that the most intense p ray at
142 keV decays directly to the 1+ ground state. The low
excitation region was not expected to exhibit the simph-
fying structure of rotational bands, and the existence of
close-lying multiplets such as the five transitions between
63.4 and 68.2 keV also complicated the construction of
the level scheme. On the basis of prompt and delayed
coincidences, the level and decay scheme shown in Fig. 3
was constructed.

The most intense p decay sequence passes through the
106 keV transition. A sum coincidence spectrum of de-
cays in this sequence is shown in Fig. 5. The differences
in coincidence strength above and below this isomer (Fig.
4) helped to place the decays in the level scheme. A tran-
sition between the closely spaced 750 and 718 keV levels
could not be seen in any gate, but was inferred from the
strong coincidences between the 395 and 211 keV lines.
A 33 keV p ray would have not have been visible in the
Compton-suppressed Ge detectors because it was below
the energy threshold and the probability for internal con-
version is expected to be greater than for p decay. Above
750 keV of excitation energy, the yrast band of the level
scheme takes on the appearance of a good rotor and could
be observed up to an energy of 8510 keV.

The strongest line in the second major decay sequence
is at 109 keV (5 ~ 4 ). A loss of coincidence intensity
above and below this transition indicates the existence
of another isomer. As will be shown in Sec. IVB, the
long-lived state is the 401.9 keV 4 level into which the
109 keV transition feeds. The states in the 109 keV decay
sequence are much weaker in intensity than those in the
106 keV sequence. Some transition energies in the 109
keV sequence are very close to others in the main decay
sequence, such as the 370.3 keV ( 7 ~ 6 ) and the 369.9
keV (ll+ ~ 10+ ) transitions. Fortunately, coincidence
spectra for these two are quite dissimilar, thus ruling out
the possibility of the p rays being the same. When the
gates are not dissimilar, such as in the case of the 838.2
keV (9+ ~ 8+ ) transition and the 837.7 keV (10+ —+

8+) transition, then intensity arguments were used to
discern between these energies. A regular rotation-like
level sequence appears above the 677 keV state and was
observed up to a level at 4883 keV. Spin assignments for
these states are discussed in the following subsection.

A third decay sequence involves the 68.2 and 67.5 keV
transitions which are in cascade. Gates on the 204 and
279 keV p rays show a prominent line at 68 keV. Upon
closer inspection, a gate on the low energy part of this
68 keV line gives a peak near 68 keV but slightly higher
in energy. A gate on the high energy part of the 68 keV
line also returns a peak near 68 keV but somewhat lower
in energy.

The level scheme of s~Y contains four ns isomers: three
lie at very similar energies of 401, 402, and 405 keV and
the other directly above the 401 keV level at 507 keV.
The lifetime measurements are discussed in Sec. IVB.
Fortunately, these isomers are not long lived enough to
cause a complete break in the coincidence data.

The preliminary report [11]of another investigation of
~Y using the NORDBALL detector system shows a level

scheme in good agreement with the present one. The only
difference is the placement of the 7+ level, whose posi-
tion in the present level scheme is well fixed by connect-
ing transitions. The NORDBALL experiment appears to
have emphasized the high-spin structure and their level
scheme extends to higher spins for the four bands re-

ported, but low-spin states are not shown.

B. Spin assignments for ~Y

Spin assignments can be made with reasonable cer-
tainty for most of the states in Y. First the spin and
parity of the ground state (gs) have been firmly estab-
lished as 1+ by two independent observations [7, 9] of
allowed szY P decay branches to both the 0+ and 2+
states of 8~Sr. Decay patterns and measured lifetime val-
ues or limits helped to determine the spins and parities
of low-lying states, but the loss of alignment due to long-
lived isomers precluded the use of angular distribution
and correlation techniques for these states. Moreover,
systematic comparisons with nearby odd-odd nuclei pro-
vided additional evidence about their spins and parities.

Above the low-lying states, several rotational bands
appear. The one most strongly populated, which can be
observed to the highest levels, is clearly the yrast band.
The highest intrinsic spin available by far comes from
the unique parity gsyz orbital, so that the yrast band at
medium spins in odd-odd A —80 nuclei is always based
on a (vgsgz Cavrgsyz) configuration. This fact and the great
similarity between this band and positive-parity bands
in other odd-odd nuclei (see Sec. V A) strongly suggests
positive parity for the yrast band in sz Y. A detailed com-
parison shows that rotation-hke level spacing begins with
the 8+ state. This and the DCO value for the 244 keV
transition establishes I = 6+ for the 507 keV state.

The following discussion shows that the 6+ assignment
to the 507 keV state is consistent with the ground state
spin and observed decay patterns and lifetimes. The
measured long lifetime [~ = 212(10) ns] for the 507 keV
level would imply for the 106 keV decay a reasonable
Z2 strength of 6.8(3) Weisskopf units (W.u. ), but an un-
acceptably large M2 strength of 334(16) W.u. While a
possible Ml strength of 1.1 x 10 W.u. or El strength
of 2 x 10 W.u. cannot be completely ruled out, they
are very unlikely because other decay paths would then
be available.

The reasoning above gives an assignment of 4+ to the
400.7 keV level, which itself has a mean lifetime of 16(4)
ns (see Sec. IV). This lifetime is too short for any decay
multipolarity higher than 1 for its low energy 64.0 and
87.2 keV decay branches. El decay for these branches
is ruled out because it would lead to spin-parity assign-
ments of 3 to the 337 or 313 keV states and subsequent
M2 decays to the 1+ gs. The lifetimes of the 313 and
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TABLE II. Mean lifetimes in Y measured by direct timing and by the Doppler-shift attenua-

tion method, along with transition strengths B(M1) or B(E2) and transition quadrupole moments

I,
4+

4
6+
11+

12+
13+
15+
17+

(19+)
(11-)
(13-)
(15 )

El,~v (keV)

400.7

401.8

405.0
506.7

1957.8

2649.0
2968.3
4139.4
5452.5

6910
2600.7
3672.7
4882.8

E~ (keV)

87.2
64.0

258.7
65.0
88.5
68.2

106.0
812.1
369.9

1061.0
1010.4
1171.1
1313.1

1458
914.6

1072.0
1210.1

+exp (ps)

15(4)'
17(4)'

373(47)'
4oo(24)'
51(3)'

212(10)'
0.5(1)
0.8(2)
0.41(5)
0.34(4)
O. 19(2)
0.12(2)

&0.3
0.45(7)
0.24(3)

&0.38

7'ace (ps)

16(4)'

387(36)'

51(3)'
212(10)'

0.60(15)

0.41(5)
O.34(4)
O. 19(2)
0.12(2)

&0.3
0.45(7)
O.24(3)

(0,38

B(E2) (W.u. )

0.0015+4
0.0017+55 d

0.087+3

6.8+3
88+—18

58+
80+11—8
g2+11—9
82+16—12
& 20

134+25
114 +

& 40

Qg (eb)

+4

22 +',

5 +2
+2
+2

&1.1
34 +',
2g +2

&1.7

Measured using the Doppler-shift attenuation method, unless indicated otherwise.

1 7V.u. = 21.2 e2 fm .
'In units of ns, measured by direct timing.

B(M1) in W.u.

squares Gt to the slope. For a more complex decay such
as the mother-daughter decay of the 400.7 keV state, a
theoretical line shape was formed by fitting the formula

(Ai —A2)
(1)

for the activity or decay rate of level 2, A2(t), to the TAC
spectrum. Since Eq. (1) (which assumes no other feeding
path to level 2) is symmetric with respect to the decay
constants A~ and A~ for levels 1 and 2, it was fortunate
that a gate could be made on the 106 kev transition to
obtain its lifetime and decay constant A&. The values of
A2 were then varied to best fit the experimental decay
curve for the 400.7 keV level. To check for systematic
error, the lifetime of the 6+ state in Rb, whose decay
transition also appears in the data array was remeasured
to be 20 + 2 ns, which agrees well with the published
value of 20 + 3 ns [16]. Examples of the fits are shown
in Fig. 7 and the lifetimes determined are tabulated in
Table II.

Lifetimes of 150 and 260 ns are indicated for the 507
and 402 keV states in the NORDBALL level scheme of
s2Y [11]. If these represent half-lives, then the corre-
sponding mean lifetimes of 216 and 375 ns would be
in good agreement with the values determined in the
present work.

103-

102 =

106.0 keV
g = 212 (10) ns

10o

O
C3

500

100 200 300

300—

200

100

'0 100 200 300

Channel

400 — 87.2 keV
zl = 212 (10) ns
z2 —16 (4) ns

400

400

V'. DISCUSSIGN
A. 8~Y in relation to neighboring nuclei

A direct comparison of the yrast bands of 8 Y, Rb
[3], and s4Nb[17] is shown in Fig. 8. Since all the spins
for s4Nb in Ref. [17] are shown relative to unknown band-

FIG. 7. Examples of the time spectra in coincidence with
the 106.0 (top) and 87.2 keV (bottom) transitions. Note that
time increases toward the left and a logarithmic scale was
used for the ordinate in the top graph. The curves represent
a single lifetime of 212 ns on top and a cascade of 212 and 16
ns on the bottom.
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, , 337, {8+)
„295

(6 )

"Nb (Band A)

FIG. 8. Comparison of the level schemes
for the yrast bands of the odd-odd N = 43
isotones. Spins and parities have been ten-
tatively assigned to Nb as discussed in the
text.

head values, we have proposed tentative spins and pari-
ties on the basis of systematics. First, band "A" in the
s4Nb level scheme is proposed to be yrast because it was
observed to the highest spins. Like all other yrast bands
in odd-odd A = 80 nuclei it would then have positive par-
ity. In Fig. 8, both Rb and Y have 8+ ~ 6+ transi-
tion energies less than 300 keV and 10+ —+ 8+ transition
energies of about 850 keV. If one examines Nb, the
transition between J and the unnamed state has an en-
ergy below 300 keV, and the energy of the 1+2 —+ J tran-
sition is about 850 keV. These correspondences strongly
suggest that J is 8h„ the value adopted for this compar-
ative analysis. Note that the 631 keV transition shown
in band A of the level scheme of Ref. [17] as a dashed
line would be a very unlikely AI = 3 decay under these
assumptions and has been omitted from Fig. 8.

As can be seen from Fig. 8, the positive-parity band in
s2Y is rather similar to those of its neighboring odd-odd
isotones. The transition energies are close to those in
s4Nb and a little smaller than those in soRb. The signa-
ture splitting seems to increase somewhat with increasing
Z. The 7+ state is nearly degenerate with the 8+ level
and lies slightly higher in Rb and slightly lower in Y
and has not been observed in Nb.

Band "B" in the s4Nb level scheme [17] most likely has
negative parity. There is an ambiguity of 1h, in comparing
its spins with those of its neighbors. For the analysis, we
have chosen a value of K = 5 which gives the same phase
of signature splitting as in the adjacent odd-odd isotones
(see Sec. V B).Note that the spins of all the a = —states
being compared have some degree of uncertainty.

B. Cranking model analysis

The rotational bands in Y have been analyzed in
the framework of the cranking model 18], along with
the nearby N = 43 isotones solb and s~'Nb and Z = 39

, isotopes ( Y [19] and ssY [20]).
The kinematic moments of inertia J( ) for the yrast

band in s~Y are compared with those of neighboring iso-
tones (isotopes in the top (bottom) part of Fig. 9. The
behavior of J( for the three isotones is quite similar, as
might be expected from Fig. 8. The values are some-

40—

30—

20—

)
10

40—

80Rbn 0
80Rb ex=1

Y u=0 & Nb n=0
%8 Y cx=]

I

I

I
I

I

I

30—

20—

10
0

81Y ex=1~2 +82Y O=Q ~ Y ex=1/2
81Y cx ) j2 ~82Y m=1 ~83Y cx

I I I I i I i I I I I I I I t I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

&co (MeV)

I

0.9

FIG. 9. The kinematic moments of inertia J for the
yrast bands of Y and neighboring nuclei. The odd-odd N
= 43 isotones, Rb, Y, and Nb, are compared in the top
part of the figure and the Z = 39 isotopes ' ' Y in the
bottom. The lowest frequency point for both Rb and Y
is ofI'-scale.
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times rather high at low frequencies, but become quite
constant above 0.4 MeV/h where they lie in the range of
20 to 25 h /MeV —approximately the rigid rotor value.
A similar behavior can be seen in the neighboring odd
A isotopes whose moments of inertia also tend to satu-
rate in the 20 to 25 5 /MeV range in agreement with a
recent survey [21]. One difference is an alignment in the
yrast band of sY at M —0.45 MeV which is presumably
blocked by the odd neutron in s2Y.

The experimental Routhians for Y and its neighbor-
ing isotones are compared in Fig. 10 for both the lowest
positive- and negative-parity bands. The Harris parame-

2terization for the core reference energy (Jo = 14 h /MeV
and Ji = 6 5 /MeV ) was taken from that used previ-
ously for 7sKr [22]. The signature splitting clearly in-
creases with increasing Z in the bands of both parities,
and a signature inversion occurs at the lowest frequency
in the positive-parity band.

Another quantity which shows the degree of signa-
ture splitting without a Harris parametrization is (EI-
EI i)/2I This ex. pression is graphed as a function of I in
Fig. 11 for the N = 43 isotones, 7sBr [23], soRb, s2Y, and
4Nb. For a perfect rotor with no signature splitting, this

quantity has a constant value of h /29, while signature
splitting gives rise to an alternating pattern. All of these
curves exhibit signature splitting with a magnitude gen-
erally increasing with increasing Z, as described above. A
careful examination of the positive-parity graphs shows
that the phase of the alternations reverses between 95

and 105 for s Y and between 10h and lib for soRb. Such
an inversion in the signature splitting has also been seen
in "4Br [1], 7sBr [2], and s4Y [24]. Calculations using a
2-qp plus-rotor model [4] have attributed the inversion to
a change from excitation modes involving both qp align-
ment and collective rotation at low spins to rotation only
at high spins. The change is predicted to occur at 9h,
the maximum spin available from two different gs/2 qp,
in the non-interacting approximation. Interactions be-
tween the two qp may be responsible for the small shift
observed in the inversion point.

The alternations in the three negative-parity bands
shown in Fig. 11 have the same phase above 7h, but
opposite to that of the positive-parity bands. That is,
the odd spin states are lower in energy or favored in the
positive-parity bands, as expected theoretically, but the
even spin states are favored in the negative-parity bands.
However, one should remember that the spin assignments
are less firm in the negative-parity bands of s Rb and
2Y and those of Nb were determined on the basis of

consistency with the other two. There may be a phase
change between 7h and 8h in Rb, but only the 55 point
is anomalous in Y and regular alternations continue to
the lowest observed spin in Nb.

In conclusion, the cranking model analysis shows a con-
sistent pattern among the odd-odd N = 43 isotones in
both the lowest positive- and negative-parity bands. In
signature splitting and other properties Y lies between
soRb and s4Nb
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FIG. 10. Experimental Routhians for the odd-odd N =
43 isotones Rb, Y, and Nb for the positive (top) and
negative (bottom) parity bands. In both graphs the ordinate
scale on the right applies to Rb and the scale on the left to
the other two nuclei. The Harris parameters used are Jp =14
h /MeV and Ji = 6 h /MeV .

Spin of Initial State

FIG. ll. Graph of the quantity (EI —EI i)/2I as a func-
tion of I for the odd-odd N = 43 isotones Br, Rb, Y
and Nb for the positive (top) and negative (bottom) parity
bands. Data are available only for the positive-parity band of
78Br
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C. 'Transition strengths and moments

The adopted lifetimes given in Table II were used to
determine the electric quadrupole transition strengths
B(E2). These values, which are also listed in Table II,
show a considerable collective enhancement of 50 to 120
W.u. The transition quadrupole moments Qq were in-
ferred from the B(E2) values using the rotational model
and are included in Table II.

Magnetic dipole transition strengths are sensitive to
such parameters as triaxiality, signature splitting, and qp
alignment. A number of AI = 1 decays are seen in the
yrast band, and their Ml values are displayed in Fig. 12
in two ways. The B(Ml)/B(E2) ratios inferred from the
AI = 1 to AI = 2 branching ratios are shown on top.
These values are based on a quadrupole-dipole mixing
ratio of zero, which is approximately the value obtained
from the DCO ratio of the 11+ ~ 10+ transition (6 =
0.02 + 0.20). In any event the B(M1) values vary with
6' as 1/(1+ P) and are rather insensitive to b' as long as
it is small.

Since the B(E2) values usually change slowly and
smoothly in a rotational band (except near band cross-
ings), the large alternations seen in the graph are most
likely due to changes in the Ml strengths. This is con-
Grmed by the behavior of the directly measured M1
strengths in the lower part of Fig. 12. The solid
points based on lifetimes measured in the present work

10

show large oscillations and reach values of more than 1
W.u. For completeness estimated B(M1) values (assum-
ing constant Qq moments) are shown for the two lowest
transitions whose lifetimes are too long to be measured
by the DSAM.

Alternating B(M1) values have recently been recog-
nized in a number of A = 80 nuclei [25] in 1-qp or 2-qp
bands. Among other odd-odd nuclei, they have been re-
ported for 7 Br [1] and can be inferred from intensity
tables in papers on 7sBr [2] and 7sRb [26]. In 1-qp bands
they have been observed in the N = 41 isotones TsSe [5]
and 77Kr [27, 28] and interpreted in terms of triaxiality
in the particle-rotor model [6]. There have also been two
recent observations of alternating M1 strengths at high
excitation in even-even s4Sr [29] and Zr [30], where the
effect has been attributed to a doublet structure in the
interacting boson approximation.

D. Hartree-Fock-Bogolyubov cranking calculations

The Woods-Saxon cranking model of Nazarewicz et at.
[31) was used to calculate total Routhian surfaces for szY.
The rotation was treated by means of the cranking ap-
proximation with a monopole type of pairing force. More
information about the calculation is given in Refs. [13]
and [32].

In Fig. 13 there are four total Routhian surfaces [33]
(TRS) in the (P2, p) plane. At each grid point, the
Routhian was minimized with respect to the hexade-
capole deformation P4. For all four plots, the predicted
P2 deformation lies between 0.2 and 0.3 with p between
—30' (triaxial) and —52' ( near oblate). The quasipar-
ticle labeling scheme of Ref. [34] has been used. Lower
(upper) case letters are used for the proton (neutron)
configuration. For example the aA configuration shown
in the top two graphs in Fig. 13 involves the lowest pos-
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FIG. 12. Graphs of the B(M1) strengths and B(M1)/
B(E2) ratios as a function of the spin of the initial state for
the positive-parity band of Y. Open symbols are used for
the two points in the lower graph based on estimated, rather
than measured, lifetimes. Error bars not shown for any closed
symbol are smaller than the symbol size.
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FIG. 13. Samples of total Routhian surfaces (with pair-
ing) in the (P2,p) polar coordinate plane for Y for two rota-
tional frequencies. The frequencies and quasiparticle config-
urations are indicated in the inset boxes.
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itive parity, signature n = +2, proton and neutron or-
bitals for an overall positive parity and signature n = l.
These plots are characteristic of the TRS for all frequen-
cies in this configuration. The value of Pq = 0.23 with

p = —32 means that this is a triaxial nuclear shape with
a moderate deformation. At hu = 0.682 MeV, the TRS
is somewhat p soft with an additional local minimum at
P2 ——0.15 and p = 45'. For the bA configuration which
corresponds to positive parity with total signature o. = 0,
we see a very similar TRS plot with a slightly more oblate
shape (p ——40'). This conFiguration seems also rather
p soft. Finally, the deformation for the fA configuration
(the negative parity counterpart to the aA configuration)
is similar to the other TRS but with a nearly oblate shape
(W= —52 ).

The Qr, values calculated from the TRS deformations
for these bands are rather similar, with an average value
of about 2.5 eb. The predicted Qi values vary little
with frequency and generally agree well with the data,
although both points for the negative-parity band are
somewhat higher than the calculated ones.

different values of p. No attenuation of the Coriolis
interaction is included. For the prolate shape, a pro-
nounced staggering with the odd spins favored is present
for I & 10 or so, and the phase of the staggering changes
around I = 9, in rough agreement with the experimental
data. This basic feature is found for all the shapes consid-
ered, even the oblate. The calculated neutron Fermi level
is near the middle of the g9~2 shell and is closest to the
A = 5/2 orbital for both the prolate and oblate shapes,
while the proton Fermi level is below the gggq shell and is
closest to the 0 = 3/2 orbital for the prolate shape and
the 0 = 7/2 orbital for the oblate shape. In all cases, the
calculated wave functions are very mixed in the strong
coupling basis, with the largest component about 15%
(amplitude squared) for I = 10. Attenuating the Cori-
olis interaction (() produces only modest improvement,
as illustrated for the prolate shape in Fig. 14(b).

The B(E2;I ~ I —2) and B(M1;I —+ I —1) tran-

50 ——

E. Particle-rotor madel calculations
740—
0'

In order to explore the observed behavior of the
positive-parity band in greater detail, calculations have
been made with the 2-qp plus triaxial rotor model de-
scribed in Ref. [35]. In this approach, the 2-qp + rotor
Hamiltonian is diagonalized numerically in a strong cou-
pling basis built from selected proton and neutron Nilsson
orbitals. The modified oscillator potential is used for the
deformed mean field and the "standard" z and p, param-
eters of Ref. [36] are adopted here, but with the proton
parameters for N = 3, 4 used for both the protons and
neutrons. This choice gives a very similar ordering and
structure of Nilsson orbitals as the Woods-Saxon poten-
tial [31]. The positive-parity band is described in terms
of positive-parity proton and neutron Nilsson orbitals,
i.e. , essentially the vrgggq (3 vg9yq configuration, although
small components from other spherical orbitals are in-
cluded. Calculations were made with the quadrupole de-
formation parameter e = 0.23 and a variety of p values
ranging from 0' (prolate shape) to 60' (oblate). These p
values correspond to the collective sector —60' & p & 0'
in the TRS; however, note that a single core shape is used
for all states in the particle-rotor model. The pairing gap
and Fermi level are derived from the BCS treatment of
pairing, and the core moments of inertia are calculated
from the deformation parameters and the pairing gaps
with the method of Ref. [37]. For example, at the pro-
late shape, this gave pairing gaps of 1.285 MeV (Ei )
and 1.208 MeV (Aiv) and a core 2+ energy of 389 keV.
No proton-neutron residual interaction was used. The
intrinsic core E2 moments Qo and Q2 were calculated
microscopically, and the effective g, factors for the odd
proton and neutron were taken as 70Fo of the free values,
and gR was estimated as Z/A.

The calculated energy splitting (EI —EI i)/2I is
shown in Fig. 14(a), with difFerent curves drawn for
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FIG. 14. Graphs of the quantity (Ei Er i)/2I as a func--

tion of I calculated in the particle-rotor model. All the curves
are calculated with a quadrupole deformation of e = 0.23.
The top graph shows the dependence on the triaxiality pa-
rameter p with no attenuation of the Coriolis term (( = 1.0).
The bottom graph shows the effect of attenuating the Coriolis
term by varying the parameter g in the case of prolate shape

(p = 0 ). The experimental data points are shown on the
bottom graph for comparison. The lines connecting the data
points are drawn to guide the eye and do not represent any
theoretical calculation.
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FIG. 15. Comparisons of (a) electric quadrupole and

(b) magnetic dipole transition strengths calculated in the
particle-rotor model with the measured quantities. The calcu-
lations display the variation with the triaxiality parameter p,
holding the magnitude of the deformation constant at e = 0.23
with no attenuation of the Coriolis coupling ($ = 1.0).

sition strengths calculated for the different values of p
are shown in Fig. 15. These correspond to the states
of Fig. 14(a). The general magnitude of the calculated
B(E2) values agrees rather well with the data for the pro-
late shape but not for the oblate, for which the intrinsic
quadrupole moment is smaller in magnitude (Qo = +2.33
b and Qo = —1.84 b, respectively). Note that the ob-
served staggering in the B(E2) values is obtained for a
"prolatish" triaxial shape, with p = 25'. Also, the exper-
imental B(M1) strengths are well described in the calcu-
lations with either a prolate shape or "prolatish" shape,
except for the point at I = 13. Again the oblate shape is
clearly ruled out by the calculations, although the same
phase of the staggering occurs for oblate as well as pro-
late shape. It is interesting to note that the contributions
to the Ml transition rate from the odd proton and the
odd neutron oscillate in phase for all these calculations,
but that the odd neutron gives the larger contribution
for the prolate case while the odd proton gives the larger
contribution in the oblate case. The calculated B(M1)
values are very large (approximately 1.7@~) for I = 8
and p = 40' or 60' and are not shown on the graph.
Finally, negative E2jM1 mixing ratios are obtained for
all shapes considered here, so agreement with the data

for this sign cannot be taken as conclusive evidence of a
prolate shape as was proposed for s4Y [24]. In particular,
the calculated mixing ratio for the 11+ ~ 10+ transition
is negative but small enough in magnitude that it agrees
with the data within error bars for prolate, oblate, and
triaxial shapes.

Thus, qualitative agreement with the experimental
positive-parity band is obtained for prolate or "prolatish"
triaxial shapes. The observed energy splitting includ-
ing the change of phase at low spins is qualitatively
reproduced, while the strong staggering in the B(M1)
strengths is very well described. The observed stagger-
ing in the B(E2) values suggests a triaxial core shape,
with p = 25'. These results agree qualitatively with the
TRS calculations. Finally, preliminary calculations in-

cluding a residual interaction do not seem to give any
essential changes or improvements.

VI. SUMMARY

In-beam p-ray techniques have been used to iden-
tify and study excited states in Y. Transitions in

Y were identified by a comparison between the mea-
sured excitation curve and statistical model predictions
and by detecting the evaporated charged particles in
a segmented full-sphere phoswich scintillator. Prompt
and delayed p-p coincidences were measured using the
s Fe( Si,p2n) Y reaction. Positive- and negative-parity
rotational bands were observed up to tentative spins and
parities of (21+) and (15 ). DCO ratios were used to
determine the spins of high-lying states, while those of
low-lying states were determined from transition prob-
abilities and systematic. considerations. The mean life-
times of a number of states were determined using the
Doppler-shift attenuation method, and the lifetimes of
four ns isomers were measured by direct timing.

A positive-parity band has been identified in Y which
is very similar to those in the odd-odd N = 43 iso-
tones 8 Rb and Nb. A cranked shell model analysis
revealed that the kinematic moments of inertia in this
band become rather constant at approximately the rigid
body value of (20 to 25)h jMeV above a frequency of
0.4 MeV jh, in agreement with the neighboring isotones.
All three isotones show a similar signature splitting
pattern whose magnitude increases with increasing Z.
The energy splitting exhibits a phase inversion at about
10' which has been attributed to a transition from par-
ticle realignment to collective rotation in other odd-odd
nuclei. Another type of signature splitting was seen in
the B(M1) strengths which alternate in magnitude by a
factor of 10.

A more weakly populated negative-parity band was
also seen in Y and is similar to those in the neigh-
boring odd-odd isotones. The signature splitting in this
band is opposite to that in the positive-parity band.

Hartree-Fock-Bogolyubov cranking calculations pre-
dict a moderately deformed (P2 = 0.25) triaxial shape
for the positive-parity band and an almost oblate shape
of similar deformation for the negative-parity band. The
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transition quadrupole moments Qt implied by these
shapes are close to those inferred from the measured life-
times.

Two-quasiparticle plus rotor calculations for the
positive-parity band indicate that the observed energy
splittings and B(M1) and B(E2) strengths are consis-
tent with a prolate or "prolatish" triaxial core shape.
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