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Neutron-rich 96,97Sr and 98,99Zr nuclei were populated as fission fragments produced by the238Usa , fd
fusion-fission reaction. The yrast states of these nuclei have been extended up to<20", which is about 6" on
average beyond the previously known spin, by studying the promptg rays in coincidence with the detection of
both fission fragments. This extension allows the observation of yrast states with spins beyond<4+ in 96Sr and
98Zr evolving from vibrationlike states to rotationlike states. With an additional neutron, the yrast states with
excitation energies above<600 keV in97Sr and99Zr have the characteristics of members of rotationlike bands
for both positive- and negative-parity states. However, their underlying single-particle configurations cannot be
determined uniquely by the measured intensity ratios ofDI=1 to DI=2 transitions because of possible con-
figuration mixing. The sharp variations in the yrast structure of these nuclei are discussed in terms of the
gradualness of the onset of quadrupole deformation.
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I. INTRODUCTION

One notable feature among many diverse phenomena of
nuclear structure for neutron-rich A,100 nuclei, where the
valence nucleons begin to fill theg9/2 proton andh11/2 neu-
tron orbitals, is the sudden onset of quadrupole deformation
occurring in Sr and Zr isotopes with neutron numberN=60.
This can be understood within the framework of shape coex-
istence[1], where two shapes with very different deforma-
tion coexist in these nuclei and swap their relative locations
between the ground and the excited states at98Sr and100Zr
[2]. The absolute magnitude of their deformation and mixing
has been the subject of many studies both experimentally and
theoretically[3–10].

Strongly deformed excited states with quadrupole defor-
mation of 0.35,b2,0.40 coexisting with the nearly spheri-
cal ground states have been reported for Sr and Zr isotopes
with neutron numbersN=58 and 59[11–15]. This provides
convincing evidence for the interpretation of the sudden on-
set of quadrupole deformation in terms of shape coexistence
for nuclei in this mass region. However, the results were
challenged by the recent measurement[16], which indicates
that the well-defined strongly deformed excited configura-
tions do not exist in these nuclei and the onset of quadrupole
deformation is a gradual rather than a sudden process. This
recent measurement was made by studying theg-ray spec-
troscopy of96,97Sr and98,99Zr, produced by spontaneous fis-
sion of248Cm, using theEUROGAM2 array[17]. Medium spin
levels of presumed deformed structures in these nuclei were
identified using triple-g coincidence data while their defor-
mations were derived from the lifetimes of excited states,
measured using the Doppler profile method(DPM) [18]. De-
formations ofb2=0.25s2d and 0.22(2) were found for the
quasirotational structures with spins above 4+ in 96Sr and
98Zr, respectively. Both positive- and negative-parity rota-
tional bands with excitation energy above<600 keV were

identified in97Sr and99Zr, however the deformation was de-
termined only for the negative-parity bands withb2
=0.32s2d and 0.28(1), respectively.

The DPM is applicable for cases where the lifetimes of
excited states in fission fragments are comparable to the
stopping time of these fragments in the thick target-backing
material, which typically is about 1–3 ps[16]. The disadvan-
tage is that the resulting Doppler broadening of deexcited
g-ray transitions, when observed in a 4p detector array, lim-
its the study to excited states having lifetimes longer than or
comparable to the stopping time. In other words, it is an
obstacle to observe higher-spin members of any given col-
lective band because their lifetimes could be shorter than the
stopping time, due to the increasing transition energy and
rate. This shortcoming can be eliminated by using a thin
target-backing material[19–21], which allows both fission

FIG. 1. Doppler-shift corrected promptg-ray spectrum derived
from multiple double gates placed on prompt transitions in96Sr
(top) and in99Zr (bottom).
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fragments to recoil into the vacuum and to be detected in
coincidence with the detection of deexcitationg rays. Thus
the Doppler shift of observedg rays can be corrected accord-
ing to the measured fission kinematics. The advantages of
this thin-target technique have been recognized in the spec-
troscopy of neutron-rich Zr and Mo isotopes[22], where the
yrast states have been extended up to<20" compared to
<14" reached by the thick-target technique[23] even with
an order of magnitude more statistics for the latter.

A similar advantage also is realized for96,97Sr and98,99Zr
in our recent fusion-fission experiment with a thin target
[22,24–26], where the yrast states were extended up to
<20". With such an opportunity to observe the higher-spin
members of yrast structure for these nuclei, the systematics
of the evolution of collective modes of motion can be studied
in terms of not only spin but also the proton and neutron
number in this rapidly shape-changing region. In this paper,
the yrast structure and, in particular, the imprint of the gradu-
alness of the onset of quadrupole deformation on the yrast
structure are discussed.

II. EXPERIMENT

The present fusion-fission experiment was performed at
the 88-in. cyclotron facility of the Lawrence Berkeley Na-

tional Laboratory. A 300mg/cm2 238U target on an
<30 mg/cm2 carbon backing was bombarded with ana
beam atElab=30 MeV. Fission fragments were detected by
the Rochester 4p, highly segmented heavy-ion detector ar-

FIG. 2. Partial level scheme of96Sr with energies labeled in
keV. The uncertainty on the transition energies is<1 keV.

FIG. 3. Partial level scheme of98Zr with energies labeled in
keV. The uncertainty on the transition energies is<1 keV.

FIG. 4. Doppler-shift corrected promptg-ray spectrum derived
from a double gate placed on the same promptg-ray energy, 770
keV, in 98Zr.
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ray, CHICO[21], in coincidence with the detection of deex-
citation g rays using Gammasphere. This particle detector
has a geometric coverage for scattering angles from 12° to
85° and 95° to 168° relative to the beam axis and an azi-
muthal angle totaling 280° out of 360°. A valid event re-
quired the detection of both fission fragments and at least
three coincidentg rays. Scattering angles of fission frag-
ments and the time-of-flight difference between two frag-
ments were recorded in addition to theg-ray energies and
coincident time. A total of<63108 p-p-g-g-g events were
collected.

Masses and velocity vectors of both fragments were de-
duced from the measured fission kinematics assuming the
total kinetic energy is the same as that for240Pu spontaneous
fission [27]. This assumption, that the prompt fission origi-
nates from the Pu-like compound nucleus, was supported by
the observedg-ray cross correlation between the partner
fragment pairs. The deduced mass distribution of the fission
fragments has a mass resolution about 12 mass units, which
reflects the time resolution,<500 ps, plus the position reso-
lution of <1° in polar angle and 4.6° in azimuthal angle. The
achieved resolutions are consistent with prior CHICO perfor-
mance[19,28–33].

Mass-gated events with three or higher coincidentg rays
were used to develop the level schemes of96,97Sr and98,99Zr.

The added selectivity, provided by this mass gate, reduces
the “background”g rays of nuclei that are not of current
interest, which enhances the ability to study nuclei produced
with low yield or having weak transition strengths. Doppler-
shift correctedg-ray spectra, gated by the mass and the
knowng-ray transitions in96Sr and99Zr, are shown in Fig. 1.
The resulting energy resolution is better than 1%, limited
primarily by the finite size of the Ge detector. Since the
origin of g rays from either fission fragment was established,
after the proper Doppler-shift corrections were made, no
sharpg-ray transitions from the partner fragments are visible
in these spectra. The resultant spectra are clean and straight-
forward to interpret.

III. RESULTS AND DISCUSSION

A. 96Sr and 98Zr

The spectroscopy of96Sr and98Zr, theN=58 isotones, has
been studied extensively in the past and the most recent re-
sults [16,23] were obtained by experiments measuring high-
fold g-ray transitions for fission fragments produced by ei-
ther 248Cm or 252Cf fission sources. Partial level schemes for
these nuclei, deduced from the present work, are shown in

FIG. 5. Kinematic moment of inertia as a function of rotational
frequency for the yrast states with spin above 4+ in 96Sr and98Zr
and for the ground-state bands in98Sr and 100Zr (bottom). The
911.3, 1010.3, and 1104.6 keVg rays were assigned, for the first
time, to the 14+→12+, 16+→14+, and 18+→16+ transitions, re-
spectively, in98Sr from the present work. E-GOS plots for the yrast
states in96Sr and98Zr (top).

FIG. 6. RelativeBsE2d values in boldface for the low-lying
states in96Sr derived from the present work. The data for the second
and third 2+ state are quoted from Ref.[36]. Excitation energies are
in keV.
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Figs. 2 and 3 for96Sr and 98Zr, respectively. Both level
schemes are complicated except for the yrast states with
spins above 4+, where the development of deformation or
collective strength results in a noticeable band structure. The
yrast states in96Sr have been extended from spin 12+ to spin
18+ at 7521.5 keV. The assigned 12+→10+ transition, 834.6
keV, is nearly 4 keV lower than 838.5 keV assigned earlier
[16]. The difference is attributed to a broad distribution of
this g-ray transition for the latter[16] because the lifetime of
the 12+ state probably is comparable to the stopping time.

For 98Zr, the yrast states have been extended from spin
16+ to spin 20+ at 8726.3 keV. However, the assignedg-ray
energies for both 14+→12+ and 16+→14+ transitions are
systematically lower than those assigned earlier[23] by
<1–2eV. Presumably, it is the same complication encoun-
tered by the thick-target experiments, where an accurate
determination of the transition energy is difficult for the
excited state with the lifetime comparable to the stopping
time. The proposed yrast sequence composed ofg rays,
834 - 770 - 770 - 725 keV, given in Ref.[23] is confirmed
and illustrated in Fig. 4, where the feeding and the decay
transitions, correlated by a double gate placed on the same

770 keVg ray, are shown. This is in disagreement with the
results of Ref.[16].

The quadrupole deformation parameter,b2, increases
from a value between 0.22 and 0.25 for the excited deformed
structure of96Sr and98Zr [16] to a value between 0.32 and
0.35 for the ground state of96Sr and100Zr [34]. Note that for
Ref. [16], theg-ray energy is nearly 4 keV off the peak value
for the 12+→10+ transition in96Sr and a questionableg-ray
decay sequence was used in98Zr. The influence of these
discrepancies on the derived quadrupole deformation is un-
known. The deformation difference betweenN=58 andN
=60 isotones leaves the imprint illustrated in the lower part
of Fig. 5, where the kinematic moment of inertia as a func-
tion of rotational frequency is plotted. In contrast to the well-
defined rotational bands observed in98Sr and100Zr, the col-
lective modes of motion in96Sr and98Zr have characteristics
that range between vibration and rotation; that is, the mo-
ments of inertia have a vibrationlike character for the yrast
states with spin up to 14+ and then saturate at a value close to
the rigid-rotor limit for states with spin above 14+. This tran-
sition happens at a rotational frequency close to the band
crossing frequency<500 keV observed in100Zr [22]. This
evolution from vibrational to rotational structure as a func-
tion of spin also is manifest in the upper part of Fig. 5, where
the ratio ofEgsI → I −2d / I versus spinI is plotted, that is, the
so-called E-GOS(E-Gamma Over Spin) curve [35]. For a
vibrator, the value of this ratio gradually diminishes to zero
as the spin increases, while for an axially symmetric rotor it
approaches a constant, 4s"2/2Jd.

FIG. 7. RelativeBsE2d values in boldface for the low-lying
states in98Zr derived from the present work. The data for the sec-
ond 2+ state and the second and third 4+ state are quoted from Ref.
[37]. Excitation energies are in keV.

FIG. 8. Partial level scheme of97Sr with energies labeled in
keV. The uncertainty on the transition energies is<1 keV.
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Another interesting observation is for the decay of excited
states below the yrast 6+ state. The relativeBsE2d values for
these transitions are given in Figs. 6 and 7 for96Sr and98Zr,
respectively. They are derived from the decayg-ray branch-
ing ratios, which are determined, in turn, from the gated
spectrum with the gates set on the appropriate feeding tran-
sitions and are listed in Table I together with those from
other work. The 6+ state at 2466.2 keV in96Sr decays to the
first and second 4+ states at 1792.6 and 1975.0 keV, respec-
tively, with a relativeBsE2d strength of 0.26 to 1.00, which
is an indication of mixing between these two 4+ states. The
1792.6 keV 4+state decays mainly to the first 2+ state at
814.9 keV while the 1975.0 keV 4+ state decays to the sec-
ond and third 2+ states at 1506.2 and 1627.0 keV, respec-
tively, with nearly identicalBsE2d strength. This could imply
a <50/50 mixing for the second and third 2+ states. Their
similar transitionBsE2d ratios to the ground state and the
first 2+ state are consistent with this mixing scenario. Note
that the relativeg-ray branching ratio, given in Ref.[16], for
the transition of the second 4+ state to the third 2+ state is
nearly a factor of 2 higher than the present measurement.

Significant mixing between the first and second 2+ states
at 1222.7 and 1590.7 keV, respectively, in98Zr is suggested

based on their similar feeding and decay patterns. They are
both fed by the first 4+ state at 1843.4 keV with aBsE2d
strength<45% of the total to the first 2+ state and with the
remaining strength to the second 2+ state. This is consistent
with their similar transitionBsE2d ratios to the ground state
and the second 0+ state at 852.7 keV. Note that the relative
g-ray branching ratio, given in Ref.[16], for the transition of
the first 4+ state to the second 2+ state is nearly a factor of 4
higher than the present measurement[37].

Shape coexistence, particularly the excited deformed
structure, in96Sr and98Zr has been discussed extensively in
Ref. [16]. Contrary to the earlier finding[11,13] of the exis-
tence of strongly deformed excited 0+ states, moderately de-
formed excited configurations were identified for the
medium-spin yrast states by the work of Ref.[16]. It is still
possible, however, that a strongly deformed excited 0+ state
coexists with a weakly deformed 0+ (ground) state in these
nuclei. The considerable softness of shape degrees of free-
dom, pointed out by the calculation of Ref.[38], may lead to
a significant mixing between the excited 2+ states of these
two shapes. Note that the mixing for the weakly deformed
shape happens to be a two-phonon state in96Sr and a one-
phonon state in98Zr. A resulting moderately deformed shape

TABLE I. Relativeg-ray intensities for transitions in96,97Sr and98,99Zr The statistical error is quoted for
the measued relative intensity in this work and the systematic error could be up to 30% for the weak
branches.

Relative intensity

Transition Eg skeVd This work Other worka

96Sr

61
+→41

+ 673.6 1.26(7) 1.42(14)

61
+→42

+ 491.2 1.00 1.00

42
+→21

+ 1160.1 0.50(3) 0.67(10)

42
+→22

+ 468.8 1.00 1.00

42
+→23

+ 348.0 0.22(4) 0.42(9)
97Sr

9/2−→7/2− 175.2 1.87(20) 0.80(51)

9/2−→5/2− 232.5 1.00 1.00
98Zr

41
+→21

+ 620.7 1.00 1.00

41
+→22

+ 252.7 0.014(2) 0.052(18)

21
+→01

+ 1222.7 1.00 1.00

21
+→02

+ 370.0 0.021(2) 0.009(3), 0.016(2)b

99Zr

9/2−→7/2− 188.5 1.43(9) 1.00(18), 1.64(49)c

9/2−→5/2− 199.7 1.00 1.00

13/2−→11/2− 457.9 0.38(3)

13/2−→9/2− 411.6 1.00

7/2+→5/2+ 215.0 0.73(5) 0.50(9)

7/2+→3/2+ 407.4 1.00 1.00

9/2+→7/2+ 256.6 0.65(4) 0.56(13)

9/2+→5/2+ 471.6 1.00 1.00

aReference[16].
bReference[37].
cReference[15].
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from this mixing was identified to be the yrast structure for
excited states with spin above 4+ for both nuclei. Obviously,
this scenario requires further study both experimentally and
theoretically.

B. 97Sr and 99Zr

The spectroscopy of97Sr and 99Zr, the N=59 isotones,
also has been studied extensively in the past and the most

recent results were reported in Ref.[16]. Partial level
schemes of these nuclei deduced from the present work are
shown in Figs. 8 and 9 for97Sr and99Zr, respectively. The
excited states of98Sr have been extended from spin 27/2− to
spin 39/2− at 6303.6 keV for the negative-parity band and

FIG. 9. Partial level scheme of99Zr with energies labeled in
keV. The uncertainty on the transition energies is<1 keV.

FIG. 10. Kinematic moment of inertia as a function of rotational
frequency for the negative-parity yrast states having excitation en-
ergies above<600 keV in97Sr and99Zr.

FIG. 11. Kinematic moment of inertia as a function of rotational
frequency for the positive-parity yrast states having excitation en-
ergies above<600 keV in97Sr and99Zr.

FIG. 12. Level schemes of rotational bands built on the
9/2+f404g neutron configuration in97Sr and99Zr. Energies are in
keV and the uncertainty on the transition energies is<1 keV.
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from spin 21/2+ to spin 31/2+ at 4922.8 keV for the
positive-parity band. For99Zr, the excited states have been
extended from spin 27/2− to spin 39/2− at 6565.7 keV for
the negative-parity band and from spin 21/2+ to spin 29/2+

at 5039.2 keV for the positive-parity band.
For the negative-parity band, the quadrupole deformation,

b2, was determined to be 0.32 and 0.28 for97Sr and99Zr,
respectively[16]. The moments of inertia for these bands,
with the excitation energy above<600 keV, plotted as a
function of rotational frequency are given in Fig. 10. A
unique feature shown in this figure is that the moment of
inertia is nearly constant for rotational frequency beyond
<200 keV. The nonobservation of band crossing, which oc-

curs at the rotational frequency<500 keV for the Zr iso-
topes[22], implies the underlying single-particle configura-
tion is related toh11/2 neutron orbitals. However, theK
quantum number cannot be determined uniquely from the
comparison ofBsM1d /BsE2d ratios between the data and the
calculated values for various single-particle configurations,
which are listed in Table II. The calculated values were ob-
tained using thegK derived from Ref.[39] and gR=0.2mN
[40]. The experimental values were obtained from the mea-
suredg-ray branching ratios between theDI=1 and DI=2
transitions, which are listed in Table I. One possible expla-
nation for the observedBsM1d /BsE2d ratios is configuration
mixing among theh11/2 orbitals due to the Coriolis coupling.
Note that since theK quantum number cannot be determined
uniquely, pureM1 was assumed for theDI=1 transitions in
deriving the experimentalBsM1d /BsE2d ratios andK=3/2
was assumed for calculating the moments of inertia, shown
in Fig. 10.

For the positive-parity band, the moments of inertia for
states with excitation energies above<600 keV, plotted as a
function of rotational frequency, are shown in Fig. 11 for
both nuclei. In contrast to the similar moments of inertia for
the negative-parity bands, the moments of inertia for the
positive-parity bands in97Sr and99Zr have a different depen-
dence on rotational frequency. This is a consequence of the
difference in the underlying single-particle configuration. It
is likely that the positive-parity band in99Zr has significant
components of both the 3/2+f411g and 3/2+f422g neutron
orbitals as derived from the observedBsM1d /BsE2d ratios,
which are listed in Table II. These neutron orbitals cross each
other as the quadrupole deformation increases and will have
considerable mixing nearb2 <0.20 according to the calcu-
lation given by, for example, Ref.[41]. The difference in

FIG. 13. Kinematic moment of inertia as a function of rotational
frequency for then9/2+f404g rotational bands in97Sr and99Zr.

TABLE II. Comparison of theBsM1d /BsE2d ratio between the experimental values derived from the
present work and the calculated ones using the rotational model with the single-particle configurations
specified for both positive and negative states in97Sr and 99Zr. Pure M1 was assumed for theDI=1
transitions.

Initial
state

Eg skeVd BsM1dBsE2dsmN
2 /e2b2d

Ex skeVd DI=1 DI=2 Experiment Calculation

97Sr

Configuration

1/2−f550g 3/2−f541g 5/2−f532g
9/2− 946.3 175.2 232.5 0.163(17) 0.123 0.54 1.69

99Zr

Configuration

1/2−f550g 3/2−f541g 5/2−f532g
9/2− 867.1 188.5 199.7 0.047(3) 0.110 0.56 1.86

13/2− 1278.7 457.9 411.6 0.033(3) 0.104 0.47 1.10

Configuration

3/2+f411g 3/2+f422g
7/2+ 1065.4 215.0 407.4 0.57(4) 1.46 0.115

9/2+ 1322.0 256.6 471.6 0.62(4) 1.09 0.086
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appearance of the moments of inertia for the positive-parity
bands between these isotones may be a manifestation of a
difference in the quadrupole deformation, which results in a
different underlying single-particle composition of these neu-
tron orbitals.

A strongly deformed band built on theKp=9/2+ isomer
with an excitation energy at 1038.8 keV in99Zr has been
reported recently[42]. This isomer corresponds to the
9/2+f404g neutron excitation withT1/2=54s10d ns. A similar
band has been reported for97Sr [43]. The 9/2+ isomer has an
excitation energy at 829.8 keV withT1/2=265s27d ns. These
isomer bands remain rather unmixed and have a quadrupole
deformation,b2, near 0.4[42,43]. Both bands were observed
in this work and their level schemes are given in Fig. 12.
Their moments of inertia plotted as a function of rotational
frequency are shown in Fig. 13. The excited states have been
extended from spin 17/2+ to spin 23/2+ at 2947.6 keV for
97Sr and from spin 17/2+ to spin 27/2+ at 4091.0 keV for
99Zr. The moment of inertia has a very similar appearance for
these two isomer bands and increases slightly as the rota-
tional frequency increases.

IV. SUMMARY

The spectroscopy of neutron-rich96,97Sr and98,99Zr has
been studied by means of the promptg rays emitted from
fission fragments, produced by the238Usa , fd fusion-fission

reaction. With the increasing selectivity and sensitivity of the
g-ray spectroscopy for these nuclei studied using the
g-fission-fragment coincident technique, their level schemes
were extended up to<20", which, on average, is<6" above
the previously known spin and nearly double the known ex-
citation energy. This extension allowed the observation of a
sharp variation in the yrast structure of these nuclei despite
the fact that their quadrupole deformation changes gradually.
For example, the evolution of collective motion from vibra-
tionlike to rotationlike with an increase in spin was observed
for a moderately deformed shape in96Sr and98Zr. With an
additional pair of neutrons, an increase in deformation occurs
and well-defined rotational bands were observed in both98Sr
and 100Zr. The observed disparity in the dependence of the
moment of inertia on the rotational frequency for the
positive-parity band between97Sr and99Zr could be the re-
sult of deformation-dependent configuration mixing between
the 3/2+f411g and 3/2+f422g neutron orbitals. The strongly
deformed and relatively unmixed 9/2+f404g band in theN
=59 isotones has a rather weak dependence of the moment of
inertia on the rotational frequency.
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