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High-spin excitations in 92,93,94,95Zr
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The level structure of several Zr isotopes nearA594 (92,93,94,95Zr) has been studied in the fission of the
compound nucleus197Pb, formed in the24Mg1173Yb reaction atE(24Mg)5134.5 MeV. Sequences ofg-ray
transitions, observed in coincidence with known transitions in the complementary Mo fragments, have been
newly assigned to93,95Zr. The previously known level scheme of94Zr has been considerably extended to
higher excitations, and exhibits structural similarities to the level scheme of92Zr up to spin 10\. The level
schemes of93Zr and 95Zr can be generally interpreted as the coupling of ad5/2 neutron to the levels of92,94Zr
and 96Zr, respectively. The observed experimental states are compared with theoretical shell-model calcula-
tions.
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I. INTRODUCTION

The Zr isotopes between90Zr and 96Zr are expected to be
spherical with structural similarities that can be interpreted
terms of simple excitations across the subshell closure
Z540 andN550,56. On the other hand, the comparison
the relative excitations of certain states between these nu
can give information on the interplay between proton a
neutron excitations across these gaps.

Many properties of these nuclei, including energy spec
have been well reproduced in shell-model calculations us
a p@2p1/2,1g9/2#n@2d5/2,3s1/2# space@1#, which support the
picture of simple excitations across the subshells. A m
extended shell-model space, comprising thep1 f 5/2 and
p2p3/2 orbitals, has been used to reproduce better the m
sured B(E2) values for the first positive-parity states
92,94Zr @2#. More recently,g-factor measurements@3# have
confirmed the expected dominance of the neutron (2d5/2)

2

particle/hole configuration in the 21 and 41 states in
92Zr/94Zr, respectively. Calculations in a large shell-mod
space by Zhang, Wang, and Gu@4# support a 70–80 %
contribution of the 2d5/2 neutron configuration in thes
excitations. There have also been recent calculati
by Holt and co-workers, in a nontruncate
p@2p1/2,1g9/2#n@2d5/2,3s1/2,2d3/2,1g7/2,1h11/2# space @5#
with a fully realistic effective interaction, which predic
high-spin states.

It is difficult to study Zr isotopes withA.90 to moderate
and high spins because they are too close to the line of
bility to be readily populated in reactions that bring in hig
angular momentum. Alternatively, these isotopes can
studied via the promptg-ray spectroscopy of fission frag
ments following fusion reactions of much heavier nucl
Such methods have been used recently to collect informa
on high-spin states of nuclei near the line of stability@6#.
0556-2813/2002/65~4!/044303~7!/$20.00 65 0443
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Identification of high-spin excitations in Zr isotopes near t
line of stability is important to determine what extensions
the shell-model space are needed in this mass region.

In the present paper, excitations in92295Zr have been
studied as fission products from a fusion reaction that p
duced a197Pb compound nucleus of high spin and excitati
energy. This method enabled the use of coincidences w
transitions in the complementary Mo fragments to ass
transitions to 93,95Zr and construct level schemes up
;5 MeV excitation energy in the Zr isotopes. Extensions
the level schemes of92,94Zr to higher excitations were als
made.

II. EXPERIMENT

The 197Pb compound nucleus was formed in the24Mg
1173Yb reaction with a 134.5-MeV24Mg beam from the
88-Inch Cyclotron Facility at Lawrence Berkeley Nation
Laboratory. The target was 1 mg/cm2 in areal density and
consisted of isotopically enriched173Yb evaporated on a
7-mg/cm2 gold backing.

The Gammasphere array~92 Ge detectors! was used for
g-ray spectroscopy. A symmetrized, three-dimensio
(g-g-g) cube was constructed to investigate coincidence
lationships between theg-ray transitions. All previously
known @7# Zr isotopes, from92Zr to 98Zr, and Mo isotopes,
from 94Mo to 102Mo, were identified in the present analysi
Additional information on the experiment and the analysis
the data are given in Ref.@8#.

III. EXPERIMENTAL RESULTS

High-spin excitations in92Zr have been previously stud
ied in heavy-ion fusion-evaporation reactions and the le
scheme extended up to;8 MeV excitation energy@9–11#.
Additional states at low excitations are also known fro
©2002 The American Physical Society03-1
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FIG. 1. Level schemes of92Zr and 94Zr as obtained in the present paper. Transition and excitation energies are in keV. The widths
arrows are proportional to the intensities of the transitions.
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light-ion induced reactions andb-decay studies@11#. In the
present paper, only three new weak transitions have b
added, based on coincidence relations, to the level sch
displayed in Fig. 1~a!: the 471.3-keV (61→52), 559.6-keV
(61→42

1), and 1681.3-keV (181→161) transitions. With
the addition of the 471.3- and 559.6-keV transitions, the
04430
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excitation path in92Zr now resembles the one observed
94Zr. Although in the present data the 1463-keV (42

1→21
1)

transition in Fig. 1~a! could not be separated from the stron
1461.8-keV (61→41) transition, the placement of the 1463
keV transition had been previously established@7#.

The only levels established previously in93Zr were low-
3-2
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HIGH-SPIN EXCITATIONS IN 92,93,94,95Zr PHYSICAL REVIEW C 65 044303
spin states observed in light-ion induced reactions
b-decay studies@12#. Although transitions had been assign
to 93Zr in an earlier study of fission fragments following
heavy-ion fusion-evaporation reaction@13#, no levels were
established because of the limitedg-ray energy rangeEg
,2 MeV. The assignments of these transitions to93Zr are
confirmed in the present paper by coincidences with
fragments. The level scheme in Fig. 2 was constructed ba
on coincidence relations between93Zr transitions. The
present data provide information up toEg52.7 MeV. No
additional transition could be assigned to93Zr in the 2.0
MeV ,Eg,2.7 MeV region.

In 94Zr the levels below the 52 state at 2605 keV were
previously observed in light-ion reactions@14#. In the present
paper the yrast levels above this state were established u
;9 MeV in excitation energy, as shown in Fig. 1~b!. Of
particular interest are the (61), (81), (101), and (72)
states that can be directly compared to the correspon
states in92Zr and to theoretical shell-model calculations.

The low-spin levels in95Zr were established from light
ion induced reactions andb-decay studies@15#. Transitions
were assigned to95Zr in previous fission fragment studie
@13#. In the present paper these transitions were observe
coincidence with known transitions in Mo complementa
fragments and a comprehensive level scheme, based o
incidence relations and relative intensities, is proposed
Fig. 3.

The g-ray transitions assigned to93,94,95Zr are summa-
rized in Table I; intensities reported in Table I were not c
rected for internal conversion because of limited knowled
of the multipolarities. However, since the internal convers
coefficients, even for low-multipolarity, low-energy trans
tions, in Zr isotopes are small, this correction is not expec

FIG. 2. Level scheme assigned to93Zr in the present paper
Transition and excitation energies are in keV.
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to change significantly the intensities reported here. The p
sible exceptions are the 65.6-keV transition in93Zr and the
103.0-keV transition in95Zr. The intensities of the 774.3
and 1159.0-keV transitions of95Zr in Table I are equal
within error; hence, their placement in the level scheme
Fig. 3 could be interchanged. The intensities reported
Table I for transitions of95Zr are in general agreement wit
those quoted in Ref.@13#. However, there are significant dif
ferences between the intensities of the transitions of93Zr
observed in the present paper and those in Ref.@13#. Given
the limited details reported in Ref.@13#, a detailed compari-
son with the present results was not possible; therefore,
present measurements are adopted.

Spin and parity assignments of the new levels assigne
92–95Zr in the present paper are difficult to deduce becaus
the lack of directional correlation information for the fissio
products. However, the tentative spin assignments in Figs
2, and 3 are supported by a comparison with known state
the neighboring Zr isotopes, as well as the results of theo
ical shell-model calculations, as discussed below.

IV. DISCUSSION

The resemblance between the levels in92Zr and 94Zr up
to spin 10\ in Fig. 1 is striking, which suggests that simila
orbitals are involved. The dominant neutron (d5/2)

2 particle/
hole parentage of the 01, 21, and 41 states in 92Zr/94Zr,
respectively, has been experimentally established by m
surement of theg factors of these states@3# and is supported
by shell-model calculations@4,5#.

A large gap is expected between the first 41 and 61

FIG. 3. Level scheme assigned to95Zr in the present paper
Transition and excitation energies are in keV.
3-3
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TABLE I. Energies and relative intensities of transitions assigned to93,94,95Zr.

93Zr 94Zr 95Zr
Energya Intensity Energya Intensity Energya Intensity
~keV! ~per thousand! ~keV! ~per thousand! ~keV! ~per thousand!

65.6 250~100! b 145.7 19~3! 103.0 202~80! b

111.2 360~70! 152.3 66~15! 115.9 [1000
115.4 162~50! 202.3 85~20! 177.9 104~40!

214.8 41~5! 313.6 88~20! 208.1 302~60!

274.9 530~70! 333.1 101~30! 229.4 710~50!

325.7 369~60! 364.9 112~30! 240.8 276~50!

391.6 126~30! 489.2 560~90! 270.7 131~30!

503.4 203~40! 537.2 70~20! 425.3 102~30!

646.9 60~5! 550.6 581~80! 556.2 193~50!

705.0 191~50! 629.3 17~3! 561.4 240~60!

949.8 [1000 683.3 58~10! 603.6 241~40!

1333.9 155~30! 736.8 54~10! 607.5 242~80!

1424.1 382~50! 782.0 21~4! 774.3 68~20!

1823.8 54~10! 812.5 391~80! 815.4 158~30!

837.4 276~50! 836.8 220~40!

847.7 354~60! 877.0 129~30!

860 ,10 1045.3 161~30!

918.7 [1000 1056.4 60~10!

1011.6 99~30! 1159.0 62~20!

1135.5 287~50! 1676.3 800~100!
1188.8 ,15 1792.3 90~30!

1194.4 80~20!

1410.8 351~50!

1672.9 15~3!

aThe uncertainties of theg-ray energies vary from 0.2 to 0.4 keV for the strong transitions and from 0.6 to 0.8 keV for the weakest
bMost likely the 65.6-keV transition is ofM1 or E1 character; internal conversion correction forM1 multipolarity could increase its
intensity by a factor of;1.5. The 103.0-keV transition is likely ofE2 multipolarity, because no crossover transitions bypassing the 3
and/or 4058-keV levels were observed. In this case the correction for internal conversion would approximately double the intensity
in Table I, which supports its placement below the 4058-keV level in Fig. 3.
is

ta
n

e
-

in
ls

he

a-

s

s

k
e

ith
tly

he

e

at
tios
states, as previously observed in92Zr @9#, due to the energy
needed to excite a pair of protons from the 2p1/2 to the 1g9/2

orbitals to form the (pg9/2)61,81
2 states. The same gap

present in94Zr. The (61) and (81) states that originate from
this proton excitation are pushed to slightly higher exci
tions in 94Zr compared to92Zr. The energy spacings betwee
the 81, 101, and 121 states in92Zr are analogous to thos
between the 01, 21, and 41 states, supporting the interpre
tation of these excitations as the coupling of thed5/2 neutron
pair to two g9/2 protons. A similar structure is observed
94Zr up to the (101) state. However, none of the leve
above this state in94Zr is a good candidate for a 121 state,
which corresponds to full alignment of the spins of t
nucleons that form thep(g9/2)

2n(d5/2)
2 configuration. Based

on the energy systematics of the 61 to 101 states, the 121

state in94Zr would be about 150–350 keV higher in excit
tion than the 4947-keV 121 state in 92Zr. In contrast, the
sequence of levels above the (101) state in 94Zr is entirely
different from the corresponding ones in92Zr, which sug-
gests excitations of a different nature.

A large gap in energy between the 41 and 52 states is
also observed in90Zr @7# and 92Zr, since the 52 state in-
04430
-

cludes a proton (g9/2p1/2) excitation@9#. The 52 state in94Zr
is the analog of the 52 states in 90Zr @7# and 92Zr. The
spacing between the 52 and (72) states in94Zr is similar to
the spacing between the 01 and 21 states in this isotope, a
is also the case for the 52 and 72 states in92Zr and 90Zr.
These spacings suggest that the 72 states in all three isotope
arise from the coupling of thed5/2 neutron pair to the
p(g9/2p1/2) configuration.

The spin assignments for93Zr are suggested by a wea
coupling of the valenced5/2 neutron to the excitations in th
92,94Zr cores, as displayed in Fig. 4. The 5/21 ground state
and (9/21) state at 950 keV can be readily associated w
the 01 and 21 states of the cores, which are predominan
@4# (nd5/2)

2 configurations. Similarly, the proposed (17/21
1)

and (21/21
1) states can be associated with coupling of t

valenced5/2 neutron to the 61 and 81 (pg9/2)
2 states of the

core. The decay pattern of the 61
1 state in92Zr to lower-lying

52, 41
1 , and 42

1 states is similar to that observed for th
(17/21

1) state, which suggests a (15/22) assignment for the
2485-keV level and (13/21) assignments for the states
1655 and 2774 keV. However, the reduced branching ra
3-4
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HIGH-SPIN EXCITATIONS IN 92,93,94,95Zr PHYSICAL REVIEW C 65 044303
~i.e., taking into account the energy dependence of the t
sition probability! for the decay of the 61

1 state in 92Zr and
the (17/21

1) state in93Zr are different. This is not unexpecte
since the 41 state in the core is predominantly (nd5/2)

2,
while the 13/21

1 state in93Zr must include components of th
41 core state outside of the (nd5/2)

2 configuration, since a
13/21 state cannot be generated from (nd5/2)

3. This could
explain the higher excitation energy of the (13/21

1) state in
93Zr compared to the 41

1 states in92,94Zr. That the energy of
the proposed (13/22

1) state in93Zr is also higher than the 42
1

states in the cores also suggests that core components ou
of (nd5/2)

2 are important in this excitation in93Zr. The pro-
posed (11/22) state at 2374 keV could be associated with
2363~10!-keV, 9/22,11/22 state observed previously i
light-ion transfer reactions@12#.

95Zr has only one neutron less than the subshell closur
Z540 andN556. Hence, the low-lying states are expect
to originate from the coupling of ad5/2 neutron hole to the
levels of the96Zr core. However, the lack of directional co
relations of theg rays makes even tentative spin-parity a
signments difficult. The coupling of thed5/2 neutron hole to
the 01,21,32 levels of the96Zr core is a likely assignmen
only for the 5/21, (9/21), and (11/22) states, respectively
of 95Zr. The proposed (11/22) state at 2022 keV could b
the 9/22,11/22 state at 2025 keV previously observed
light-ion transfer reactions@15# as a candidate fornh11/2
strength.

Shell-model calculations for all Zr isotopes discussed
the present paper have been carried out by Gloeckner us

FIG. 4. Comparison between the excitations in92,93,94Zr.
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p@p1/2,g9/2#n@d5/2,s1/2# space@1#, as well as Holt and co-
workers@5# using a larger neutrons1/2d5/2g7/2h11/2 space with
realistic effective interactions, which provide predictions f
high-spin states in these nuclei. At the time when these
culation were performed, high-spin states were only kno
in 91Zr and 92Zr for a direct comparison to the calculation
@1,5,9#. In general, the comparison to the experimental en
gies showed that these calculations succeed in reprodu
the positive-parity states, while underestimating the exc
tion of the negative-parity states. This comparison can
pursued further with many high-spin states established
93Zr, 94Zr, and 95Zr isotopes in the present paper.

In Fig. 5, the experimentally observed states of94Zr are
compared to the theoretical calculations of Refs.@1,5#. The
yrast positive-parity states up to~61) are reproduced very
well by the calculations of Ref.@1#. In particular, the ob-
served (61) state lies exactly where predicted. The (81) and
(101) states, as well as all negative-parity states, are un
estimated by the calculations, although the spacing betw
the (81) and (101) states is reproduced. In contrast, ess
tially all of the excitations are underpredicted by the calc
lations of Ref.@5# that used a realistic effective interactio
including the spacing between the (81) and (101) states.

In Fig. 6 the experimentally observed states of93,95Zr, for

FIG. 5. Comparison between94Zr states observed experimen
tally in the present paper and theoretical shell-model prediction
Ref. @1#, Fig. 6, and Ref.@5#.
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N. FOTIADESet al. PHYSICAL REVIEW C 65 044303
which tentative spin-parity assignments have been propo
are compared to the theoretical calculations of Ref.@5#. For
93Zr the agreement between experiment and theory is c
parable to that for the94Zr core, except for the 13/21

1 state in
93Zr, which is grossly overpredicted. Unfortunately, the th
oretical predictions for95Zr above 2 MeV can provide no
guidance in proposing tentative spin-parity values to the l
els displayed in Fig. 3. The spins and parities need to
determined for the extensive level schemes deduced
93,95Zr before additional comparison between theory and
periment would be fruitful.

Finally, we would like to highlight the high excitation
energies and angular momenta to which the92Zr and 94Zr
isotopes have been observed in this study. The observatio
a (181) state at more than 9 MeV excitation energy in t
fission fragment92Zr is quite unusual. Studies of fission frag
ments produced in fusion-evaporation reactions typically

FIG. 6. Comparison between93,95Zr states observed experimen
tally in the present paper and theoretical shell-model predicti
@5#.
.
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low up to spin;14\ and up to;6 MeV excitation energy
to be populated in a fission fragment~see, for example, Refs
@13,16#!. Of course, the population of high-spin states d
pends strongly on the particular reaction and the fission
compound nucleus.

V. SUMMARY

In conclusion, Zr isotopes near stability, produced as fr
ments following fission of a compound197Pb nucleus popu-
lated in a fusion-evaporation reaction, have been studied
to high-spin and excitation energy.g-ray transitions have
been assigned to93Zr and 95Zr based on coincidences wit
known transitions in the complementary fission fragment M
isotopes. Level schemes up to;4.5 MeV excitation energy
have been constructed for these isotopes. The previo
known level schemes of92Zr and 94Zr have been enriched
and extended to higher excitations. The similarities in
levels of 92Zr and 94Zr up to ;3.5 MeV excitation energy
are striking. The states in93Zr up to the same energy can b
interpreted as originating from the coupling of the oddd5/2
neutron to the levels of92Zr and 94Zr. The states in95Zr up
to ;2 MeV excitation energy can also be interpreted as
coupling of the oddd5/2 neutron hole to the levels of the96Zr
core. The observed experimental states are compared
theoretical shell-model calculations with a truncated sp
and empirical effective interactions@1# and a nontruncated
space with a realistic effective interaction@5#. The calcula-
tions of Ref. @1# are able to reproduce well the excitatio
energies of the positive-parity states in94Zr, but underesti-
mate the energies of the negative-parity states. In cont
the calculations of Ref.@5#, which have been extended t
high spin, predict spectra for92,94Zr, which are compressed
compared to the data, except at high spin where the ag
ment between experiment and theory is improved. While
excitation spectrum for93Zr is predicted@5# to be com-
pressed compared to the data, the agreement between ex
ment and theory for the lowest levels in95Zr is surprisingly
good. With the identification of high-spin states in the
92,93,94,95Zr, theseZ540 isotopes with 50,N,56, which
should be amenable to shell-model calculations, continu
provide a challenge for theoretical interpretation.
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