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States of seniority 3 and 5 in theN548 nucleus 87Y
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Excited states of the nucleus87Y were investigated via the reaction80Se(11B,4n) at 45 MeV.g rays were
detected with the six-detector array OSIRIS CUBE. The level scheme of87Y has been extended up toJp

533/2(2) at E'7 MeV. Mean lifetimes of eight levels have been deduced using the Doppler-shift-attenuation
method. The structure of87Y has been interpreted in terms of the shell model. The calculations performed in
the model spacep(0 f 5/2,1p3/2,1p1/2,0g9/2)n(1p1/2,0g9/2) well reproduce experimental excitation energies and
transition strengths in87Y, especially the largeB(M1) values of up to 1.8 W.u. between yrast states withJ
.21/2. Structural differences between87Y and the isotone85Rb are discussed on the basis of the shell-model
calculations.@S0556-2813~98!01306-5#

PACS number~s!: 21.10.Tg, 21.60.Cs, 23.20.2g, 27.50.1e
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I. INTRODUCTION

In our investigation of theN548 nuclei 83Br ~Z535!
and 85Rb ~Z537! a variety of structural phenomena has be
observed@1,2#. The yrast sequences of these nuclei disp
regular level spacings and weakly collectiveE2 transition
strengths ofB(E2)'15 Weisskopf units~W.u.! up to Jp

517/21. At higher spin positive-parity as well as negativ
parity states form multipletlikeDJ51 sequences including
strongM1 transition strengths of up toB(M1)' 1 W.u. In
shell-model calculations using the model spa
p(0 f 5/2,1p3/2,1p1/2,0g9/2)n(0g9/2,1p1/2) the weakly collec-
tive properties of the 9/21,13/21,17/21 states result from a
coherent superposition of many contributing components
cluding p( f p) and n0g9/2

22 excitations. The positive-parity
states with 21/21<Jp<33/21 are described as members
seniorityy53 andy55 multiplets arising from a recoupling
of the spins of the involvedp(0 f 5/2

211p3/2
210g9/2

1 ) and
n(0g9/2

22)8 orbitals. This recoupling generates the lar
B(M1) values@3#.

To extend the knowledge of the nuclear structure atN
548 to nuclei with larger proton numbers we have stud
the nucleus87Y ~Z539!. Excited states in this nucleus we
previously studied in the89Y( p,t) transfer reaction@4# and
via 85Rb(a,2n) @5# and 74Ge(18O,p4n) @6# reactions. In
those studies excited states up toE'4.6 MeV were ob-
served.

In the present work the level scheme of87Y has been
extended up toJp533/2(2) at E'7 MeV. Several level
placements and spin-parity assignments have been al
with respect to previous work. Mean lifetimes of eight leve
have been determined using the Doppler-shift-attenua
~DSA! method.

*Present address: Heyde1Partner, 01099 Dresden, Germany.
†Deceased.
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II. EXPERIMENTAL METHODS AND RESULTS

Excited states in87Y were populated via the reactio
80Se(11B,4n) at E545 MeV using the11B beam of the FN
tandem accelerator of the University of Cologne. The tar
consisted of a 2.3 mg cm22 thick layer of 80Se enriched to
99.1% on a gold backing of thickness 2.5 mg cm22. g rays
were detected with the six-detector array OSIRIS CUBE@7#.
Singles spectra were recorded in parallel withg-g coinci-
dences with the Cologne FERA analyzer@8#. A total of 3
3108 g-g coincidences was measured and sorted off-l
into Eg2Eg matrices for either all or selected detector co
binations. Coincidence spectra were extracted by set
gates on certain peak and background intervals in theEg –Eg
matrices using the codesESCL8R @9# and VS @10#. Examples
of background-corrected coincidence spectra are show
Fig. 1. Theg rays assigned to87Y on the basis of the presen
coincidence experiment are compiled in Table I.

A. Gamma-gamma directional correlations

In connection with the coincidence experiment the ana
sis of directional correlations of coincidentg rays emitted
from oriented states~DCO! was applied to deduce the mu
tipole order of theg rays and thus to derive multipole mixin
ratios and to assign spins to the emitting states. This met
is based on the formalism described in Refs.@11,12# and
discussed, e.g., in Ref.@13#. The DCO ratio is defined as
RDCO5W(u1 ,u2 ,f)/W(u2 ,u1 ,f), where the quantity
W(u1 ,u2 ,f) denotes the coincidence intensity of a tran
tion g2 measured in a detector at the angleu2 relative to the
beam, gated with a transitiong1 measured in a detector at th
angleu1. The quantityf is the angle between the two plane
opened by the respective target-detector axis and the b
axis. The intensityW(u2 ,u1 ,f) describes the reverse cas
arising from an exchange of the observation angles or of
gating and observed transition. A ratio ofRDCO51 is ob-
tained if the transitionsg1 andg2 are stretched transitions o
pure and equal multipole order.
2892 © 1998 The American Physical Society
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FIG. 1. Examples of background-correctedg-g coincidence spectra. Peaks marked with their energies are assigned to87Y. Peaks marked
with squares in the bottom graph belong to88Y.
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Experimental intensitiesW can be extracted fromEg –Eg
coincidence matrices of selected detector pairs. The six
detectors of the OSIRIS CUBE are placed at angles of 4
90°, and 135° to the beam direction, two at each angle. Us
the symmetry relation W(u1 ,u2 ,f)5W(180°2u1,180°
2u2 ,f) @14# there are eight detector pairs corresponding
u1545°, u2590°, f590°. Consequently, theg-g coinci-
dence events were sorted into eight separateEg –Eg matrices
that are related to each of these detector pairs. To reduc
influence of the energy dependence of the time signals on
g-g coincidence efficiency of the different detector pairs
wide time interval of 400 ns was used. Coincidence spe
were extracted by setting gates on certain peak and b
ground intervals in the (45°,90°) and the transpos
(90°,45°) matrices. These spectra were corrected for
energy-dependent efficiencies of the two detectors involv
To utilize the full statistics all eight spectra related to a c
tain peak or background gate at one angle combination w
added up. DCO ratios were then obtained from peak inte
ties in the background-corrected sum spectra.

Mixing ratios d were deduced from a comparison of th
experimental DCO ratios with theoretical values calcula
e
°,
g

o

the
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d
e
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-
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d

for certain initial and final spins as a function of arctand with
the computer codeKORREL @15#. In these calculations the
knowledge of the widths of the Gaussian distribution as
sumed for the population of the magnetic substates of
incompletely aligned state with spinJi is necessary. Since
this quantity could not be determined from the experimen
spin-dependent variation ofs/Ji has been taken into accoun
within the range ofs/Ji'0.2820.32 that was empirically
proved for compound nucleus reactions@16#. DCO ratios and
mixing ratios obtained for transitions in87Y are listed in
Table I. The experimental DCO ratios of three transitions
smaller than the smallest values predicted by the calc
tions, so that no mixing ratio could be derived from th
comparison. Possible reasons for this discrepancy migh
that assumptions used in the calculations are not valid
these transitions, or that the transitions are contaminated.
some transitions considered to have multipolarityE1 nonva-
nishing mixing ratios have been deduced. Since largeM2
admixtures are unlikely, the absoluted values may be close
to their lower margins of error. These are smaller than
corresponding toM2 admixtures of less than 1%.



2894 57R. SCHWENGNERet al.
TABLE I. g transitions assigned to87Y.

Eg
a I g

b RDCO
c Eg

GATE d d e sl f Ji
p g Jf

p h Ei
i

~keV! ~keV! ~keV!

27.0 17/22 15/22 2676
107.5 4.0~4! j 0.24~6! m 1024 (E1) 29/2(2) 27/2(1) 5935
142.2 0.7~2! j 0.68~26! 1024 M1/E2 23/2(2) 21/2(2) 3909
159.8 6.0~3! 0.59~3! 1024 0.25~15! M1/E2 19/21 21/21 2988
169.9 13.3~6! j 0.59~6! 1024 –0.15~25! M1 15/22 13/22 2650
174.9 10.4~6! j 0.59~3! 1024 –0.20~12! M1 29/2(2) 27/2(2) 5935

0.92~7! 962
247.9 3.4~3! j 0.97~5! 1024 0.19~11! (E1) 17/22 17/21 2676
264.3 0.7~1! j 0.64~7! 399 –0.20~20! (E1) 27/2(2) 25/21 5760
285.4 5.5~3! 0.96~7! 1024 0.07~28! M1 17/22 17/22 2962

1.42~12! 962
309.1 17~2! j 0.62~2! 1024 –0.08~8! M1 17/22 15/22 2676

0.90~3! 962
312.3 2.2~2! j 0.52~8! 1024 –0.4~3! M1/E2 17/22 15/22 2962
331.7 0.4~1! j 27/2(1) 25/21 5827
364.1 3.9~3! 0.61~6! 1024 –0.15~20! M1 21/2(2) 19/2(2) 3767
380.8 234~10! 9/21 1/22 381
399.0 100~2! 1.01~2! 1024 E2 21/21 17/21 2828
439.7 0.8~2! j 0.73~4! n 1024 0.10~10! n M1 27/2(2) 25/2(2) 5760
440.9 3.8~3! j (M1) 19/2(2) 17/22 3403
441.1 3.0~3! j (M1) 13/22 (11/22) 2480
481.1 14~2! j,k 0.65~10! 1024 –0.10~15! M1 33/2(2) 31/2(2) 7017
486.4 41~3! j,k 0.60~6! 1024 –0.16~20! M1 25/21 23/21 4040
506.4 3.3~2! j 23/2(2) 19/2(2) 3909
531.5 0.5~2! j 27/2(2) 25/2(2) 5760
558.7 2.1~2! j 19/21 17/21 2988
569.0 1.3~3! j 25/21 25/21 4610
601.0 29~2! j,k 0.76~6! 399 0.14~14! M1 31/2(2) 29/2(2) 6536
615.0 2.2~4! j 29/2(2) 25/2(2) 5935
633.3 4.7~5! j (11/22) 13/21 2038
646.0 8.3~6! j 0.53~6! 1024 –0.5~4! (E1) 29/2(2) 27/21 5935
678.8 11~2! j,k 0.32~2! m 399 M1/E2 27/21 25/21 5289
706.3 4.6~5! 29/2(2) 25/2(2) 5935
725.8 59~5! j,k 0.59~6! 399 –0.20~22! M1 23/21 21/21 3554
726.4 7.5~6! 0.70~5! 962 0.09~11! (M1) 19/2(2) 17/22 3403
770.5 6.2~7! 0.58~5! 1024 –0.19~17! (M1) 19/2(2) 17/22 3446
793.5 6.6~4! 5/22 1/22 794
835.8 1.0~1! j 5/22 1629
888.2 11.7~6! 13/22 11/21 2480
940.1 0.9~1! j 0.52~6! 1024 –0.8~5! M1/E2 25/21 23/21 5496
962.3 18.2~9! 0.65~2! 1024 0.03~7! E1 15/22 13/21 2367
974.5 0.7~1! (9/22) 5/22 1768
1011.4 2.4~10! 0.9~5! 1024 (E1) 23/2(2) 23/21 4565
1023.6 159~19! l 1.01~4! o 13/21 9/21 1405
1023.6 129~7! j 1024 E2 17/21 13/21 2429
1040.2 0.3~1! j (13/22) (9/22) 2808
1056.8 12~3! j,k 0.70~8! 1024 0.04~18! M1 25/21 23/21 4610
1090.6 2.6~3! j 1.49~20! 962 E2 21/2(2) 17/22 3767
1117.6 5.9~4! 1.02~7! 1024 E2 23/2(2) 19/2(2) 4565

1.40~10! 962
1161.7 1.8~2! 23/2(2) 19/2(2) 4565
1189.1 1.4~2! 0.87~18! 399 (E1) 25/2(2) 25/21 5229
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TABLE I. ~Continued!.

Eg
a I g

b RDCO
c Eg

GATE d d e sl f Ji
p g Jf

p h Ei
i

~keV! ~keV! ~keV!

1195.6 5.7~4! j 1.45~13! 962 (E2) 27/2(2) 23/2(2) 5760
1209.9 26.6~12! 11/21 9/21 1591
1214.9 0.9~1! j 5/22 2008
1217.4 5.9~8! j 0.45~4! 1024 –1.0~3! M1/E2 27/2(1) 25/21 5827
1249.0 1.3~2! j 0.21~4! m 1024 M1/E2 27/21 25/21 5289
1319.4 1.8~2! j 0.75~11! 1024 0.14~22! M1 25/2(2) 23/2(2) 5229

1.17~16! 962
1553.0 3.5~5! j,k 1.37~15! 962 (E2) 25/2(2) 21/2(2) 5320
1568.2 2.1~3! 1.99~23! 160 (E2) 23/21 19/21 4556
1656.8 2.3~2! (11/22) 9/21 2038
1675.1 1.0~1! 0.56~9! 1024 –0.27~27! (E1) 25/2(2) 23/21 5229
1720.0 5.4~6! 0.61~3! 1024 –0.14~10! (E1) 27/2(2) 25/21 5760
1727.6 1.3~4! 23/21 21/21 4556
1735.8 2.3~3! j 27/21 23/21 5289
1782.4 10~2! j,k 1.03~13! 1024 E2 25/21 21/21 4610
1787.8 2.6~4! 27/2(1) 25/21 5827
1942.2 1.1~1! 0.43~6! 1024 –0.8~3! M1/E2 25/21 23/21 5496

aTransition energy. The error is in the range of~0.1–0.5! keV.
bRelative intensity of theg ray normalized toI g5100 of the 21/21

1→17/21
1 transition at 399.0 keV. This value represents the quantityA0

of the expressionW(u)5A0@11A2P2(cosu)# and was deduced from intensities in singles spectra measured atu545° and 90°. If the
transition might be influenced by other lines the intensity was deduced from coincidence spectra~see j!.
cDCO ratioRDCO5W(90°,45°,90°)/W(45°,90°,90°).
dEnergy of the gating transition used for the determination of the DCO ratio.
eMixing ratio d5^Jf iM̂ (l52)iJi&/^Jf iM̂ (l51)iJi& deduced from the DCO ratio. The sign ofd is chosen such that it is consistent wi
the sign ofd values deduced from angular distribution coefficients@19#. In the case of more than one solution the smaller absoluted value
is given. The error includes the error of the DCO ratio and a certain variation of the widths/Ji ~see Sec. II A!.
fMultipolarity compatible with the DCO ratio and the deexcitation mode. The notationM1/E2 is given, if theE2 admixture derived from
the meand value is greater than 5%.
gSpin and parity of the initial state.
hSpin and parity of the final state.
iEnergy of the initial state.
jIntensity deduced from coincidence spectra includingg-g coincidence events of all detector pairs.
kDoppler-shifted portion of the intensity taken into account.
lThis value is the difference between the intensity of the unresolved doublet and the intensity of the 17/21→13/21 transition obtained from
coincidence spectra.
mThis value is smaller than the minimum value predicted by the calculations~see Sec. II A!. A mixing ratio could not be derived.
nCombined value derived for the 439.7-440.9-441.1 keV triplet.
oCombined value derived for the 1023.6 keV doublet.
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B. Lifetimes

Mean lifetimes were determined from Doppler shifts ofg
rays observed in coincidence spectra at angles of 45°
135° to the beam direction using the DSA method. Th
coincidence spectra were extracted from twoEg –Eg matri-
ces containing coincidence events of all Ge detector p
that include one detector at 45° or 135°, respectively. T
lifetimes were deduced from a comparison of experimen
with calculated line shapes. The velocity distributions of t
emitting nuclei were calculated with a Monte Carlo co
taking into account reactions at different depths in the tar
the kinematics of the reaction and the slowing down a
deflection of the recoils@17#. For the slowing down the cros
sections given in Ref.@18# were used with correction factor
of f e50.9 and f n50.7 for the electronic and nuclear sto
ping powers, respectively@1#. The sidefeeding times wer
nd
e

rs
e
l

e

t,
d

neglected for excitation energies above 11 MeV. This va
represents roughly the maximum excitation energy of
final nucleus E* 5E

11B

CM
1Q24En with a value of Q5

218.4 MeV and a mean energy of the emitted neutrons
En'2.5 MeV. With decreasing excitation energy an increa
of the sidefeeding times according totsf5(112E/MeV)
30.03 ps wasassumed@1#. Examples of the line-shap
analysis are shown in Fig. 2. The lifetimes obtained from t
analysis are given in Table II.

III. THE LEVEL SCHEME OF 87Y

The level scheme of87Y deduced from the present exper
ment is shown in Fig. 3. It results from theg-g coincidence
relations and theg-ray intensities. The spin and parity a
signments are based on DCO ratios of theg rays as well as
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FIG. 2. Examples of the line-shape analysis using the DSA method. Lifetimes were deduced from a joint fit of calculated to expe
line shapes at the complementary observation angles of 45° and 135°. Feeding corrections are included. The values of energies, lif
their errors are results of the presented fits.
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on deexcitation modes and lifetimes. Extensions and a
ations of the level scheme with respect to previous work
discussed in the following section.

The sequence of positive-parity yrast states built on
9/21 isomeric state~t519.3 h! has been known up to th
25/21 state at 4040 keV from Ref.@5#. In that work a
(27/21) state deexciting via a 174.9 keV transition to t
25/21 yrast state was proposed. We do not confirm t
placement of the 174.9 keV transition and consider the s
r-
e

e

s
te

at 5289 keV as the27/21 yrast state that populates th
23/21 and 25/21 yrast states via 1735.8 and 1249.0 ke
transitions, respectively. Above the27/21 state we tenta-
tively propose a change of the parity within the sequence
yrast states that is discussed below.

In Refs. @5,6# a cascade of 159.8 and 107.5 keV tran
tions was placed on top of the21/21 state and assignment
of 23/21 and 25/21 were made for the corresponding leve
at 2988 and 3094 keV, respectively, which would be yr
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states in that case. However, this is not consistent with
small intensities of the 159.8 and 107.5 keV transitions co
pared with those of the 725.8 and 486.4 keV transitions
exciting the23/21 and 25/21 states at 3554 and 4040 keV
respectively. Moreover, the states at 2988 and 3094 keV
not fit the systematic behavior of23/21 and 25/21 yrast
states in the chain ofN548 isotones@1#. Therefore, we pro-
pose spin and parity19/21 for the 2988 keV level. This
assignment is compatible with the DCO ratio of the 159
keV transition and is supported by the observation of a 55
keV transition depopulating the state at 2988 keV to
17/21 yrast state. We do not confirm the placement of
107.5 keV transition on top of the 2988 keV level as given
Refs. @5,6#. Instead, we infer23/21 and 25/21 states at
4556 and 5496 keV, respectively, from the observation o
cascade of transitions at 1568.2 and 940.1 keV as well a
1727.6 and 1942.2 keV transitions in the present experim

The 1056.8 keV transition deexciting a level at 4610 k

TABLE II. Mean lifetimes of states in87Y.

Ei ~keV! a Eg ~keV! b t ~ps! c

3554 725.8 0.12~3!

4040 486.4 0.25~6!

4610 1056.8 0.18~5!

5289 678.8 0.14~4!

5760 1720.0 . 3
5935 646.0 2.6~5!

6536 601.0 0.26~5!

7017 481.1 0.16~4!

aLevel energy.
bEnergy of theg ray used for the line-shape analysis in connect
with the DSA method.
cMean lifetime. The error in parentheses includes the statistica
ror, uncertainties of feeding times and feeding intensities and a 1
uncertainty of the nuclear and electronic stopping power.
e
-
-

o

8
.7
e
e

a
of
t.

has been known from previous work@5#. We have observed
two further transitions depopulating this level and a 678
keV transition feeding it from the27/21 yrast state. Based
on DCO ratios and the short lifetime we assign spin a
parity 25/21 to the 4610 keV level. On top of this we hav
found a27/2(1) state at 5827 keV. The previously know
107.5 keV transition~see above discussion! is found to popu-
late this state.

The cascade of 888.2, 169.9, 312.3, 440.9, and 364.1
transitions on top of the11/21 state at 1591 keV was al
ready observed in Ref.@5#. The levels at 2480 and 2962 ke
were considered to correspond to levels at 2486 and 2
keV, respectively, identified in the89Y( p,t) study @4#. In
that work negative parity was inferred from a distorted-wa
Born approximation analysis for those levels. Based on
assumption negative parity has been proposed also for
2650 keV level and tentatively for the 3403 and 3767 k
levels@20#. We have observed a 1553.0 keV transition on t
of this sequence and suggest the assignment25/2(2) for the
level at 5320 keV. The assignment of negative parity for
states at 3767 and 5320 keV is supported by their deexc
tion via DJ52 transitions: in the case of a parity chan
these would have the rather unlikely multipolarityM2. The
levels at 2367, 2676, and 3446 keV have been known fr
Ref. @5#. In that work a 27.0 keV transition linking the 267
with the 2650 keV level was introduced. We confirm th
existence of such a transition indirectly by the observation
coincidences of the 169.9 and 770.5 keV transitions. T
levels at 2367 and 2676 keV were also considered to co
spond to negative-parity states found in the89Y( p,t) study
@4#. We found further levels at 3909, 4565, and 5229 k
where negative parity is tentatively assumed, too.

In the present study we have discovered the yrast st
with J529/2, 31/2, and 33/2 at 5935, 6536, and 7017 ke
respectively. The previously known 174.9 keV transiti
~see above! is found in the present experiment to depopula
the yrast state withJ529/2 to a state withJ527/2 at 5760

r-
%

FIG. 3. Level scheme of87Y deduced from the present experiment.
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keV. We propose tentatively negative parity for all the
states: if they had positive parity, strengths ofB(M2)'140
W.u. andB(M2)'900 W.u. would result from the presen
lifetime measurements for the 1195.6 keV transition deex
ing the J527/2 state at 5760 keV and for the 615.0 a
706.3 keV transitions deexciting theJ529/2 state, respec
tively. SuchM2 strengths can be excluded as they are up
three orders of magnitude greater than values expecte
this mass region@21#. However, the assignment of negativ
parity includes one exceptional transition strength, t
Whereas usual strengths ofB(E1),631024 W.u. are de-
duced from the present lifetime measurements for the 26
and 1720.0 keV transitions depopulating the27/2(2) state
and the 646.0 keV transition deexciting the29/2(2) state,
the 107.5 keV transition linking the29/2(2) and 27/22

(1)

states has a strength ofB(E1)5231022 W.u. This value
exceeds the largest values compiled for this mass regio
Ref. @21# by a factor of about 30, but is only by a factor o
about 8 larger thanE1 transition strengths observed in th
isotope89Y @22,23#. This problem could be solved by assum
ing multipolarityM1/E2 for the 107.5 keV transition. In this
case the level at 5827 keV would have negative parity
the 1217.4 and 1787.8 keV transitions would beE1 transi-
tions. Since transition strengths of these transitions could
be deduced, this assumption cannot be excluded. Howe
the deexcitation modes of the 5827 keV level may supp
the assignment of positive parity.

The 5/22 state at 794 keV has been known from previo
work @5#. We found two levels at 1768 and 2808 keV form
ing a sequence with the 5/22 state. In addition, two levels a
1629 and 2008 keV feeding the 5/22 state are proposed.

IV. SHELL-MODEL INTERPRETATION

The nucleus87Y has one proton above the level gap
Z538 and two neutron holes in theN550 shell. The level
structure of this nucleus displays characteristics of fe
particle excitations in a nearly spherical nucleus: the le
sequences are multipletlike and comprise only weak or
E2 but strongM1 transitions. The interpretation of thes
structures within the framework of the shell model is p
sented in the following.

A. Shell-model calculations

Shell-model studies of nuclei withN548 andZ.38 have
mainly been carried out so far in a restricted model sp
generated out of the 1p1/2 and 0g9/2 orbitals for protons as
well as neutrons@24–28# and with empirical effective inter-
actions@24,29,30#. Most of the levels with low or moderat
spin in the nuclei 86Sr, 87Y, 88Zr, 89Nb, and 90Mo
@24,27,28,31# could be described within that model spac
However, excitations of 0f 5/2 or 1p3/2 protons may contrib-
ute to the configurations of high-spin states as observe
the present study.

The model space used in our calculations includes
active proton orbitalsp(0 f 5/2,1p3/2,1p1/2,0g9/2) and neutron
orbitals n(1p1/2,0g9/2) relative to a hypothetic66Ni core.
Since an empirical Hamiltonian for this model space is
available up to now, various empirical Hamiltonians ha
been combined with results of schematic nuclear interact
t-
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applying the surfaced interaction. Details of this procedur
are described in Refs.@32,33#. The effective interaction in
the proton shells was taken from Ref.@34#. In that work the
residual interaction and the single-particle energies of
proton orbitals were deduced from a least-squares fit to
experimental level energies inN550 nuclei with mass num-
bers between 82 and 96. The data given in Ref.@24# have
been used for the proton-neutron interaction between
p(1p1/2,0g9/2) and then(1p1/2,0g9/2) orbitals. These data
were derived from an iterative fit to 95 experimental lev
energies ofN548, 49, and 50 nuclei. The matrix elements
the neutron-neutron interaction of then(1p1/2,0g9/2) orbitals
have been assumed to be equal to the isospinT51 compo-
nent of the proton-neutron interaction given in Ref.@24#. For
the (p0 f 5/2,n0g9/2) residual interaction the matrix elemen
proposed in Ref.@35# have been used.

The single-particle energies relative to the66Ni core have
been derived from the single-particle energies of the pro
orbitals given in Ref.@34# with respect to the78Ni core and
from the neutron single-hole energies of the 1p1/2,0g9/2

orbitals @24#. The transformation of these single-partic
energies to those relative to the66Ni core has been per
formed@36# on the basis of the effective residual interactio
given above. The obtained values aree f 5/2

p 529.106 MeV,

ep3/2

p 529.033 MeV, ep1/2

p 524.715 MeV, eg9/2

p 520.346

MeV, ep1/2

n 527.834 MeV, eg9/2

n 526.749 MeV. These

single-particle energies and the corresponding values for
strengths of the residual interactions have been used to
culate level energies as well asM1 and E2 transition
strengths. For the latter, effectiveg factors ofgs

eff50.7gs
free

and effective charges ofep51.72e,en51.44e @37#, respec-
tively, have been applied.

The nucleus87Y has 11 protons and 10 neutrons in th
considered configuration space. To make the calculati
feasible a truncation of the occupation numbers has b
applied: at least one but at most four protons are allowed
occupy the (1p1/2,0g9/2) subshell. Two of the neutrons ar
assumed to occupy the 1p1/2 orbital while the remaining
eight appear in the 0g9/2 orbital. With these restrictions a
configuration space with dimensions smaller than 9200
been obtained. The calculations were carried out with
codeRITSSCHIL @38#.

To investigate structural differences between states in87Y
and in the isotone85Rb we have carried out shell-mode
calculations for the latter nucleus, too. The nucleus85Rb has
37 protons, i.e., one proton hole in the (0f 5/2,1p3/2) subshell.
In the calculations the truncation of the number of exci
tions in thep(1p1/2,0g9/2) subshell has been chosen so th
it is compatible with the calculations for87Y, i.e., a maxi-
mum of three or four protons is allowed to occupy this su
shell for positive-parity or negative-parity states, resp
tively.

B. Results

Calculated level energies of states in87Y are compared
with experimental ones in Fig. 4. The main configurations
the shell-model states are listed in Table III; experimen
and calculated transition strengths are compiled in Table
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FIG. 4. Comparison of experimental with calculated level en
gies of states in87Y. Spins are given as 2J.
It can be seen that the calculated level energies and trans
strengths are in good agreement with the experiment.

The positive-parity yrast states with 9/2<J<25/2 are
characterized by the coupling of one 0g9/2 proton to the two
neutron holes in the 0g9/2 orbital. The sequence of the ex
perimental yrast states, in particular that of the 11/21

1 , 13/21
1

and the 19/21
1 , 21/21

1 states, is reproduced in the calcul
tions. Moreover, the calculatedB(E2) andB(M1) values of
the transitions deexciting the 21/21

1 , 23/21
1 , 25/21

1 , and
25/22

1 states are consistent with the experimental ones~see
Table IV!. To create a 27/21 state the breakup of a pair o
nucleons is necessary. In the main configuration of
27/21

1 , 29/21
1 , and 31/21

1 states a pair of 0f 5/2 protons is
broken and one proton lifted to the 1p1/2 orbital. This struc-
tural change from seniorityy53 to y55 above the25/21

1

states reflects in a relatively large spacing and a sm
B(M1) transition strength between the25/21

1 and 27/21
1

states, both found in the calculation as well as in the exp
ment ~see Fig. 4 and Table IV!. The creation of a33/21

state requires the breakup of an additional pair of nucleo
The main configuration of thisy57 state is dominated by
two 0f 5/2 proton holes and three protons in the 0g9/2 orbital,
coupled to the two 0g9/2 neutron holes.

The 1/22 ground state contains mainly one 1p1/2 proton.
Its coupling to the two 0g9/2 neutron holes predominates i
the lowest-lying negative-parity states with 3/2<J<17/2 ex-
cept for the 5/22 and 7/22 states which are described by

-

TABLE III. Main components of wave functions of states in87Y.

Jp Configurationa y b A c Jp Configurationa y b A c

9/21
1 p0g9/2

1 n(0g9/2
22)

0
1 49 1/21

2 p1p1/2
1 n(0g9/2

22)
0

1 80
11/21

1 p0g9/2
1 n(0g9/2

22)
2

3 31 3/21
2 p1p1/2

1 n(0g9/2
22)

2
3 43

13/21
1 p0g9/2

1 n(0g9/2
22)

2
3 49 p1p3/2

21 n(0g9/2
22)

0
1 31

15/21
1 p0g9/2

1 n(0g9/2
22)

4
3 26 5/21

2 p@0 f 5/2
21(0g9/2

2 )
0
# n(0g9/2

22)
0

1 20
17/21

1 p0g9/2
1 n(0g9/2

22)
4

3 41 7/21
2 p@0 f 5/2

21(0g9/2
2 )

0
# n(0g9/2

22)
2

3 21
19/21

1 p0g9/2
1 n(0g9/2

22)
8

3 45 9/21
2 p1p1/2

1 n(0g9/2
22)

4
3 62

21/21
1 p0g9/2

1 n(0g9/2
22)

8
3 43 11/21

2 p1p1/2
1 n(0g9/2

22)
6

3 74
23/21

1 p0g9/2
1 n(0g9/2

22)
8

3 57 13/21
2 p1p1/2

1 n(0g9/2
22)

6
3 78

23/22
1 p@1p3/2

211p1/2
1 0g9/2

1 #11/2 n(0g9/2
22)

8
5 30 13/22

2 p@0 f 5/2
21(0g9/2

2 )
6
# n(0g9/2

22)
0

3 24
25/21

1 p0g9/2
1 n(0g9/2

22)
8

3 55 15/21
2 p1p1/2

1 n(0g9/2
22)

8
3 80

25/22
1 p@1p3/2

211p1/2
1 0g9/2

1 #
13/2

n(0g9/2
22)

8
5 25 15/22

2 p@0 f 5/2
21(0g9/2

2 )
6
# n(0g9/2

22)
0

3 11
p@1p3/2

211p1/2
1 0g9/2

1 #
11/2

n(0g9/2
22)

8
5 22 17/21

2 p1p1/2
1 n(0g9/2

22)
8

3 81
25/23

1 p@0 f 5/2
211p1/2

1 0g9/2
1 #

13/2
n(0g9/2

22)
8

5 33 17/22
2 p@0 f 5/2

21(0g9/2
2 )

8
# n(0g9/2

22)
0

3 30
27/21

1 p@0 f 5/2
211p1/2

1 0g9/2
1 #

13/2
n(0g9/2

22)
8

5 42 19/21
2 p@0 f 5/2

21(0g9/2
2 )

8
# n(0g9/2

22)
0

3 33
27/22

1 p@1p3/2
211p1/2

1 0g9/2
1 #

13/2
n(0g9/2

22)
8

5 38 19/22
2 p@1p3/2

21(1p1/2
2 )

0
# n(0g9/2

22)
8

3 60
p@1p3/2

211p1/2
1 0g9/2

1 #
11/2

n(0g9/2
22)

8
5 25 21/21

2 p@0 f 5/2
21(0g9/2

2 )
0
# n(0g9/2

22)
8

3 31
29/21

1 p@0 f 5/2
211p1/2

1 0g9/2
1 #

13/2
n(0g9/2

22)
8

5 48 23/21
2 p@0 f 5/2

21(0g9/2
2 )

8
#

19/2
n(0g9/2

22)
2

5 30
p@0 f 5/2

211p1/2
1 0g9/2

1 #
15/2

n(0g9/2
22)

8
5 23 23/22

2 p@1p3/2
21(0g9/2

2 )
6
#

11/2
n(0g9/2

22)
6

5 6
31/21

1 p@0 f 5/2
211p1/2

1 0g9/2
1 #

15/2
n(0g9/2

22)
8

5 73 25/21
2 p@0 f 5/2

21(0g9/2
2 )

2
#

9/2
n(0g9/2

22)
8

5 50
33/21

1 p@(0 f 5/2
22)

2
(0g9/2

3 )
21/2

#
25/2

n(0g9/2
22)

4
7 13 25/22

2 p@0 f 5/2
21(0g9/2

2 )
8
#

17/2
n(0g9/2

22)
4

5 18
27/21

2 p@0 f 5/2
21(0g9/2

2 )
8
#

17/2
n(0g9/2

22)
8

5 22
29/21

2 p@0 f 5/2
21(0g9/2

2 )
4
#

13/2
n(0g9/2

22)
8

5 19
31/21

2 p@0 f 5/2
21(0g9/2

2 )
8
#

17/2
n(0g9/2

22)
8

5 22
33/21

2 p@0 f 5/2
21(0g9/2

2 )
6
#

17/2
n(0g9/2

22)
8

5 39

aMain contribution to the wave function. The second strongest contribution is given if it is greater than 20%.
bSeniority.
cAmount of the contribution in percent.
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proton hole in the 0f 5/2 orbital. In the main configuration o
the lowest-lying negative-parity states with 19/2<J<33/2
the unpaired proton occupies the 0g9/2 orbital. In addition, a
0 f 5/2 proton pair is broken and one proton lifted to the 0g9/2
orbital. These three active protons couple to the two 0g9/2
neutron holes. The individual states are created by a re
pling of the spins of the involved nucleons~see Table III!.
This recoupling causes largeB(M1) strengths especially fo
the transitions between the29/21

2 , 31/21
2 , and 33/21

2 states
which are compatible with the experimental values~see
Table IV!.

The calculation of B(E1) values is not possible in
the present model space. However, in a previous sh
model study of the isotope89Y, neutron excitations
over the N550 shell gap into then0h11/2 orbital were
considered that cause allowedE1 transitions @23#. To
test whether the experimentalB(E1) values of up to
1023 W.u. between states withJ>21/2 in 89Y can be
reproduced by such single-particle transitions, calculati
were carried out using a restricted model space w
configurations of the typep@(0 f 5/2)

62n(1p1/20g9/2)
11n#

n@(0g9/2)
92n(1d5/2)(0h11/1)

n# with n5 0, 1. The two-body
matrix elements including then1d5/2 and n0h11/2 orbitals

TABLE IV. Experimental and calculated transition strengths
87Y.

Eg Ji
p Jf

p sl B(sl)EXP
a B(sl)SM

b

~keV! ~W.u.! ~W.u.!

399.0 21/21
1 17/21

1 E2 4.5~3! c 6.2
725.8 23/21

1 21/21
1 M1 0.6920.14

10.23 1.23
486.4 25/21

1 23/21
1 M1 1.1020.21

10.35 0.87
1782.4 25/22

1 21/21
1 E2 4.721.9

13.5 4.6
1056.8 25/22

1 23/21
1 M1 0.0820.03

10.04 0.04
569.0 25/22

1 25/21
1 M1 0.0520.02

10.03 0.02
1735.8 27/21

1 23/21
1 E2 2.521.0

12.0 0.23
1249.0 27/21

1 25/21
1 M1 0.01020.004

10.009 431024

678.8 27/21
1 25/22

1 M1 0.5520.16
10.27 0.14

1195.6 27/21
2 23/22

2 E2 ,2.4 0.3
531.5 27/21

2 25/21
2 M1 ,0.004 0.07

439.7 27/21
2 25/22

2 M1 ,0.01 0.03
1720.0 27/21

2 25/21
1 E1 ,231025

264.3 27/21
2 25/23

1 E1 ,631024

706.3 29/21
2 25/21

2 E2 12.023.6
15.2 5.0

615.0 29/21
2 25/22

2 E2 11.424.1
16.1 4.0

174.9 29/21
2 27/21

2 M1 0.7920.20
10.29 1.12

646.0 29/21
2 27/21

1 E1 (1.720.3
11.0)31024

107.5 29/21
2 27/22

1 E1 0.02020.006
10.009

601.0 31/21
2 29/21

2 M1 0.5620.09
10.14 1.40

481.1 33/21
2 31/21

2 M1 1.7820.35
10.60 1.41

aExperimental reduced transition strengths derived from the l
times given in Table II and from the intensities in Table I.E2
admixtures of less than 5% are neglected. Weisskopf units ar
W.u.(M1)51.79 mN

2 ; 1 W.u.(E1)51.27 e2 fm2; 1 W.u.(E2)
522.90 e2 fm4.
bCalculated reduced transition strengths in Weisskopf units. Va
of gs

eff50.7gs
free and ep51.72e,en51.44e have been used for th

B(M1) andB(E2) values, respectively.
cValue taken from Ref.@6#.
u-

ll-

s
h

were calculated applying the surfaced interaction. These cal-
culations have shown that 1% contributions of the config
ration n@(0g9/2)

22(1d5/2)(0h11/2)# to the negative-parity
states causeE1 transition strengths in the order of magnitu
of the experimental ones.

An interesting phenomenon of the yrast sequence in87Y
is the change of the parity atJ527/2 that has not been ob
served in the lighterN548 nuclei. In the neighboring odd
mass isotone85Rb the yrast sequence includes states of po
tive parity up to J533/2 @1–3#, while states of negative
parity have been found up toJ521/2 only. As can be seen in
Fig. 4 the shell-model calculations for87Y predict the
negative-parity states withJ>29/2 to be the yrast state
which corresponds to the experimental findings.

To investigate structural differences between the i
tones 87Y and 85Rb we have compared the results of t
shell-model calculations for these nuclei. Calculated lowe
lying positive-parity states in85Rb and 87Y are shown in
Fig. 5. The states are graphed relative to the 9/1

1

states which include mainly the configuration
p@(0 f 5/2

22)
0
0g9/2

1 #n(0g9/2
22)

0
in 85Rb andp0g9/2

1 n(0g9/2
22)

0
in

87Y. These configurations predominate also in t
11/21

1 , . . . , 25/21
1 states in the respective nucleus. T

main component of the27/21
1 , . . . , 33/21

1 states in85Rb
is p@0 f 5/2

211p3/2
210g9/2

1 #n(0g9/2
22)

8
. Thus, all states up toJp

533/21 in that nucleus can be created by lifting one prot
from the (0f 5/2,1p3/2) subshell to the 0g9/2 orbital. Com-
pared with that, the27/21

1 , . . . , 31/21
1 states in87Y in-

clude two protons occupying orbitals above the subshell c
sure atZ538 ~see Table III! which may result in excitation
energies higher than those of the correspond

-

1

s

FIG. 5. Lowest-lying positive-parity shell-model states in85Rb
and 87Y relative to the 9/21

1 state. Spins are given as 2J. The
numbers at the arrows are reduced transition strengths in W.u.M1
and E2 transitions are marked with filled and open arrow hea
respectively.
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states in85Rb. Since the configuration predominating in t
27/21

1 , . . . , 31/21
1 states in87Y is exhausted atJ531/2,

the creation of a33/21 state requires even the change fro
the y55 to ay57 configuration~see Table III! that leads to
a relatively large gap and a smallB(M1) value between the
31/21

1 and 33/21
1 states in87Y ~see Fig. 5!.

A comparison of lowest-lying negative-parity states
85Rb and 87Y is given in Fig. 6. The states are displaye
relative to the21/21

2 state that has a similar structure co
cerning the active nucleons in both nucle
p(0 f 5/2

21)n(0g9/2
22)

8
in 85Rb andp@0 f 5/2

21(0g9/2
2 )

0
#n(0g9/2

22)
8

in 87Y. To generate higher spin in85Rb it is necessary to
break a proton pair and lift one proton to the 1p1/2 orbital.
Consequently, the23/21

2 and 25/21
2 states are characterize

by the configurationp@0 f 5/2
211p3/2

211p1/2
1 #n(0g9/2

22)
8

, which is

exhausted atJ5 25/2. The creation of even higher spin
requires therefore the excitation of two protons fro
the (0f 5/2,1p3/2) subshell into the high-j 0g9/2 orbital.
The main components of the27/21

2 , . . . , 33/21
2 states

are then of the typep@(0 f 5/2
22)

2
1p3/2

21(0g9/2
2 )

8
#n(0g9/2

22)
8

or

FIG. 6. Lowest-lying negative-parity shell-model states in85Rb
and 87Y relative to the 21/21

2 state. Spins are given as 2J. The
numbers at the arrows are reduced transition strengths in W.u.M1
and E2 transitions are marked with filled and open arrow hea
respectively.
o,

o,

-

p@0 f 5/2
21(1p3/2

22)
0
(0g9/2

2 )
8
#n(0g9/2

22)
8

. The situation in 87Y

is quite different. Here, the configuration of the21/21
2

state remains the main component also in
23/21

2 , . . . , 33/21
2 states which are generated by reco

pling the spins of the involved proton orbitals~see Table III!.
This means that all states up to33/21

2 in 87Y involve the
unpaired proton in an 0g9/2 orbital and only one further pro
ton is lifted from the 0f 5/2 to the 0g9/2 orbital. This is ener-
getically more favorable than to create27/21

2 , . . . , 33/21
2

states in 85Rb which requires to lift two protons over th
shell gap atZ5 38 into the 0g9/2 orbital. Thus, the excitation
energies of the27/21

2 , . . . , 33/21
2 states in85Rb are up to

2 MeV higher than those of the corresponding states in87Y
as can be seen in Fig. 6.

This comparison has shown that the different location
the unpaired proton, belowZ538 in 85Rb and aboveZ538
in 87Y, causes remarkable differences in the structure
these nuclei and, hence, in excitation energies and trans
strengths. These differences may explain the experime
result that in 85Rb the positive-parity states are yrast up
J533/2, while in 87Y the negative-parity states become e
ergetically favored aboveJ527/2.

V. CONCLUSIONS

In the present study excited states of theN548
nucleus 87Y have been identified up toJ533/2 at E'7
MeV with techniques of in-beamg-ray spectroscopy. Mean
lifetimes of eight levels have been deduced. She
model calculations performed in the model spa
p(0 f 5/2,1p3/2,1p1/2,0g9/2)n(1p1/2,0g9/2) describe the major-
ity of the observed high-spin states on the basis ofy5 3 and
y5 5 configurations. Especially the large experimen
B(M1) values of transitions between high-spin states w
J>21/2 are well reproduced. They result from a recoupli
of the spins of the involved proton and neutron orbitals.
comparison of shell-model wave functions of states in87Y
with those of corresponding states in the isotone85Rb ex-
plains differences between the experimentally found le
structures of these nuclei.
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@28# A. Bödeker, K. P. Lieb, C. J. Gross, M. K. Kabadiyski, D

Rudolph, M. Weiszflog, J. Eberth, H. Grawe, J. Heese, a
K.-H. Maier, Phys. Rev. C48, 1617~1993!.

@29# D. H. Gloeckner, M. H. MacFarlane, R. D. Lawson, and F.
D. Serduke, Phys. Lett.40B, 597 ~1972!.

@30# F. J. D. Serduke, R. D. Lawson, and D. H. Gloeckner, Nu
Phys.A256, 45 ~1976!.

@31# M. K. Kabadiyski, F. Cristancho, C. J. Gross, A. Jungclaus,
P. Lieb, D. Rudolph, H. Grawe, J. Heese, K.-H. Maier,
Eberth, S. Skoda, W.-T. Chou, and E. K. Warburton, Z. Ph
A 343, 165 ~1992!.

@32# G. Winter, R. Schwengner, J. Reif, H. Prade, L. Funke,
Wirowski, N. Nicolay, A. Dewald, P. von Brentano, H. Graw
and R. Schubart, Phys. Rev. C48, 1010~1993!.

@33# G. Winter, R. Schwengner, J. Reif, H. Prade, J. Do¨ring, R.
Wirowski, N. Nicolay, P. von Brentano, H. Grawe, and R
Schubart, Phys. Rev. C49, 2427~1994!.

@34# X. Ji and B. H. Wildenthal, Phys. Rev. C37, 1256~1988!.
@35# P. C. Li, W. W. Daehnick, S. K. Saha, J. D. Brown, and R.

Kouzes, Nucl. Phys.A469, 393 ~1987!.
@36# J. Blomqvist and L. Rydstro¨m, Phys. Scr.31, 31 ~1985!.
@37# D. H. Gloeckner and F. J. D. Serduke, Nucl. Phys.A220, 477

~1974!.
@38# D. Zwarts, Comput. Phys. Commun.38, 365 ~1985!.


