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Neutron-rich *¢9%Sr and °®°%r nuclei were populated as fission fragments produced by?ifé(a, f)
fusion-fission reaction. The yrast states of these nuclei have been extendee-8@¥itowhich is about & on
average beyond the previously known spin, by studying the pramays in coincidence with the detection of
both fission fragments. This extension allows the observation of yrast states with spins be/oind®®Sr and
97t evolving from vibrationlike states to rotationlike states. With an additional neutron, the yrast states with
excitation energies above600 keV in®’Sr and®zr 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 ratiodlef1 to Al=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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. INTRODUCTION identified in®’Sr and®*Zr, however the deformation was de-
termined only for the negative-parity bands with,

One notable feature among many diverse phenomena &f0.322) and 0.281), respectively.
nuclear structure for neutron-rich-A100 nuclei, where the The DPM is applicable for cases where the lifetimes of
valence nucleons begin to fill thep,, proton andh;y;, neu-  excited states in fission fragments are comparable to the
tron orbitals, is the sudden onset of quadrupole deformatiostopping time of these fragments in the thick target-backing
occurring in Sr and Zr isotopes with neutron numbier60.  material, which typically is about 1-3 [j36]. The disadvan-
This can be understood within the framework of shape coextage is that the resulting Doppler broadening of deexcited
istence[1], where two shapes with very different deforma- y-ray transitions, when observed in a 4letector array, lim-
tion coexist in these nuclei and swap their relative locationsts the study to excited states having lifetimes longer than or
between the ground and the excited state¥@t and°®Zr  comparable to the stopping time. In other words, it is an
[2]. The absolute magnitude of their deformation and mixingobstacle to observe higher-spin members of any given col-
has been the subject of many studies both experimentally ardctive band because their lifetimes could be shorter than the
theoretically[3-10. stopping time, due to the increasing transition energy and

Strongly deformed excited states with quadrupole deforrate. This shortcoming can be eliminated by using a thin
mation of 0.35< 8,<0.40 coexisting with the nearly spheri- target-backing materigl19-21], which allows both fission
cal ground states have been reported for Sr and Zr isotopes
with neutron number§l=58 and 59[11-15. This provides

convincing evidence for the interpretation of the sudden on- *“°[ 3 . 2 *Sr

set of quadrupole deformation in terms of shape coexistence 300 ¢ ©

for nuclei in this mass region. However, the results were | o g 8 3

challenged by the recent measuremid, which indicates & g 8 g -
that the well-defined strongly deformed excited configura- ' I [LI a’ A— z
tions do not exist in these nuclei and the onset of quadrupolé o AR L mﬂw Lt ilhs Q‘J B T

deformation is a gradual rather than a sudden process. Thig o
recent measurement was made by studyingtitay spec- g ol
troscopy of*®9’sr and®®°%r, produced by spontaneous fis- 4w}
sion of “Cm, using theeuroGAM2 array[17]. Medium spin s00 |
levels of presumed deformed structures in these nuclei were 5y |
identified using tripley coincidence data while their defor-

mations were derived from the lifetimes of excited states, ‘ T IR il LT
measured using the Doppler profile metH@dPM) [18]. De- o 200 300 400 5‘E°‘(>kev) 60 700 800 900
formations of 8,=0.252) and 0.222) were found for the '

quasirotational structures with spins above i# %°Sr and FIG. 1. Doppler-shift corrected promptray spectrum derived

%7r, respectively. Both positive- and negative-parity rota-from multiple double gates placed on prompt transitionsS@r
tional bands with excitation energy abowe500 keV were  (top) and in%zr (bottom.
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FIG. 2. Partial level scheme _c?_PSr with energies labeled in FIG. 3. Partial level scheme &fzr with energies labeled in
keV. The uncertainty on the transition energies-i$ keV. keV. The uncertainty on the transition energies=i$ keV.

fragments to recoil into the vacuum and to be detected ifional Laboratory. A 30Qug/cn? 23%U target on an
coincidence with the detection of deexcitatigrrays. Thus <30 ug/cm? carbon backing was bombarded with an
the Doppler shift of observeglrays can be corrected accord- peam atF,,,=30 MeV. Fission fragments were detected by

ing tO.the measured- fission kinematics. The adyantages Qﬁe Rochester #, h|gh|y Segmented heavy_ion detector ar-
this thin-target technique have been recognized in the spec-

troscopy of neutron-rich Zr and Mo isotopg&2], where the 550 . . . .

yrast states have been extended up=t®0% compared to s

~14# reached by the thick-target techniq[#8] even with Gates: 770 and 770 keV
an order of magnitude more statistics for the latter.

A similar advantage also is realized f&°'Sr and®®%%r
in our recent fusion-fission experiment with a thin target %°7
[22,24—-26, where the yrast states were extended up tog
~20h. With such an opportunity to observe the higher-spin g 2s0 - 1
members of yrast structure for these nuclei, the systematic;g
of the evolution of collective modes of motion can be studied

621
648

450

725

in terms of not only spin but also the proton and neutron 3 B
number in this rapidly shape-changing region. In this paper, 2 -
the yrast structure and, in particular, the imprint of the gradu- % ]
alness of the onset of quadrupole deformation on the yras {IMJULT\' WMM
structure are discussed. -50 : : - : :
500 600 700 800 900 1000 1100
E, (keV)
Il. EXPERIMENT

. o . FIG. 4. Doppler-shift corrected promptray spectrum derived
The present fusion-fission experiment was performed afrom a double gate placed on the same promypay energy, 770
the 88-in. cyclotron facility of the Lawrence Berkeley Na- keV, in %8zr.
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FIG. 5. Kinematic moment of inertia as a function of rotational o 0.0

frequency for the yrast states with spin aboveir °°Sr and®®zr
and for the ground-state bands isr and °%zr (bottom). The %G,
911.3, 1010.3, and 1104.6 key/rays were assigned, for the first

time, to the 9%4*)12‘*-, 16"—14*, and 18 —16" transitions, re- FIG. 6. RelativeB(E2) values in boldface for the low-lying
spectively, in™Sr from the present work. E-GOS plots for the yrast states ir?°sr derived from the present work. The data for the second
states in”°Sr and™Zr (top). and third 2 state are quoted from R€f6]. Excitation energies are

. L . . in keV.
ray, CHICO[21], in coincidence with the detection of deex- e

citation y rays using Gammasphere. This particle detector . ) _
has a geometric coverage for scattering angles from 12° tgn€ added selectivity, provided by this mass gate, reduces
85° and 95° to 168° relative to the beam axis and an azi_ghe “backgrpund"y rays of HUC|.€:I that are not of. current
muthal angle totaling 280° out of 360°. A valid event re- interest, wh|ch enhances the ab|I|ty.t.o study nuclei produced
quired the detection of both fission fragments and at leas{/ith low yield or having weak transition strengths. Doppler-
three coincidenty rays. Scattering angles of fission frag- SNift correctedy-ray spectra, gagged by the mass and the
ments and the time-of-flight difference between two frag-KNOWN y-ray transitions if°sr and™Zr, are shown in Fig. 1.
ments were recorded in addition to theray energies and The re_sultlng energy re_solutlon is better than 1%, limited
coincident time. A total of~6x 1CF p-p-y-y-y events were pr!marlly by the f|n|te_ size of_ the Ge detector. Smc_e the
collected. origin of y rays from either fission fragment was established,
Masses and velocity vectors of both fragments were de@ftér the proper Doppler-shift corrections were made, no
duced from the measured fission kinematics assuming th_%harpy—ray transitions from the partner fragments are VISIb'le
total kinetic energy is the same as that #Pu spontaneous " these spectra. The resultant spectra are clean and straight-
fission [27]. This assumption, that the prompt fission origi- forward to interpret.
nates from the Pu-like compound nucleus, was supported by
the observedy-ray cross correlation between the partner lll. RESULTS AND DISCUSSION
fragment pairs. The deduced mass distribution of the fission A %5r and %z
fragments has a mass resolution about 12 mass units, which '
reflects the time resolutiors500 ps, plus the position reso-  The spectroscopy ofSr and®zr, theN=58 isotones, has
lution of =1° in polar angle and 4.6° in azimuthal angle. Thebeen studied extensively in the past and the most recent re-
achieved resolutions are consistent with prior CHICO perforsults[16,23 were obtained by experiments measuring high-
mance[19,28-33. fold y-ray transitions for fission fragments produced by ei-
Mass-gated events with three or higher coincidemays  ther?*®Cm or2°%Cf fission sources. Partial level schemes for
were used to develop the level scheme®6fSr and®®%r.  these nuclei, deduced from the present work, are shown in

064312-3



WU et al. PHYSICAL REVIEW C 70, 064312(2004)

6 2491.0 §
= 6303.6
og 97S 39/2
4 2e 20772 r
NO
NQ 2
4" v 2047.6 ° ag/p- 52091
3100 49228
+ 0
4~ v 18434 sgjo_ 344156 °
«©Q
o 12 o 310D ¥ 4218.1
2*+~o 1690.7
o0t 04 8632.1 %
ga 23/t =4 31044
. d N~
] 1222.7 24/2t4 227101 3 21127 R 26404
> 23/ ¢2558.0 % ——=2
19/2* 82345.5
w
~ © =
) 17/2%0+2009.0 19724 19047 1712 B1903.2
0 852.7 150+ 0 ¥ 1707.4 g ]
" ©
10 13/2y ¥1484.4 15/2-5’; 1382.113/27 @ | 13425
1 xS UTT g @ -
2 w026 g/2*®y 9919 11/2%4 o2 & 9463
+ N X _
7/2+4 52l eaz1 7/2 771.1< | 7138
3/2 585, 3/0” 644.7 5/2
1/2: 167.1
0.0
FIG. 8. Partial level scheme ofSr with energies labeled in
o 0.0 keV. The uncertainty on the transition energies=i$ keV.
98 770 keV y ray, are shown. This is in disagreement with the
Zr 7

results of Ref[16].

FIG. 7. RelativeB(E2) values in boldface for the low-lying The quadrupole deformation paramete;, increases
states in®8zr derived from the present work. The data for the sec-ffom a value between 0.22 and 0.25 for the excited deformed
ond 2 state and the second and thirtistate are quoted from Ref. Structure of**Sr and®®Zr [16] to a value between 0.32 and
[37]. Excitation energies are in keV. 0.35 for the ground state 8fSr and'°’zr [34]. Note that for

Ref.[16], the y-ray energy is nearly 4 keV off the peak value
Figs. 2 and 3 for®®Sr and °zr, respectively. Both level for the 12 — 10" transition in®°Sr and a questionablgray
schemes are complicated except for the yrast states wittlecay sequence was used fzr. The influence of these
spins above & where the development of deformation or discrepancies on the derived quadrupole deformation is un-
collective strength results in a noticeable band structure. Thenown. The deformation difference betwedl+58 andN
yrast states iff°Sr have been extended from spin‘1@ spin =60 isotones leaves the imprint illustrated in the lower part
18" at 7521.5 keV. The assigned*12 10' transition, 834.6 of Fig. 5, where the kinematic moment of inertia as a func-
keV, is nearly 4 keV lower than 838.5 keV assigned earliertion of rotational frequency is plotted. In contrast to the well-
[16]. The difference is attributed to a broad distribution of defined rotational bands observed®f$r and*®%r, the col-
this y-ray transition for the lattef16] because the lifetime of lective modes of motion ifi°Sr and®®zr have characteristics
the 12 state probably is comparable to the stopping time. that range between vibration and rotation; that is, the mo-

For %8Zr, the yrast states have been extended from spiments of inertia have a vibrationlike character for the yrast
16* to spin 20 at 8726.3 keV. However, the assigngday  states with spin up to T4and then saturate at a value close to
energies for both 14—12" and 16 — 14" transitions are the rigid-rotor limit for states with spin above 14T his tran-
systematically lower than those assigned earf28] by  sition happens at a rotational frequency close to the band
~1-2eV. Presumably, it is the same complication encounerossing frequency=500 keV observed ift°%Zr [22]. This
tered by the thick-target experiments, where an accuratevolution from vibrational to rotational structure as a func-
determination of the transition energy is difficult for the tion of spin also is manifest in the upper part of Fig. 5, where
excited state with the lifetime comparable to the stoppinghe ratio ofE(I —1-2)/I versus spir is plotted, that is, the
time. The proposed yrast sequence composedy ahys, so-called E-GOSE-Gamma Over Spincurve [35]. For a
834 - 770 - 770 - 725 keV, given in Reff23] is confirmed  vibrator, the value of this ratio gradually diminishes to zero
and illustrated in Fig. 4, where the feeding and the decaws the spin increases, while for an axially symmetric rotor it
transitions, correlated by a double gate placed on the san@pproaches a constani4/2J).
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TABLE I. Relative y-ray intensities for transitions i#f*°’Sr and®®°%r 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 E, (keV) This work Other worR
9%g,
6; —4; 673.6 1.267) 1.4214)
6; — 4, 491.2 1.00 1.00
427 1160.1 0.5() 0.6710)
452 468.8 1.00 1.00
4523 348.0 0.224) 0.429)
97gy
9/27 =712 175.2 1.8720) 0.8051)
9/27—5/2" 232.5 1.00 1.00
%87y
4727 620.7 1.00 1.00
4727 252.7 0.01@2) 0.05218)
2;—0;] 1222.7 1.00 1.00
2;—0; 370.0 0.0212) 0.0093), 0.0162)b
97y
9/2 712 188.5 1.489) 1.0Q18), 1.6449)°
9/2 -5/ 199.7 1.00 1.00
13/2 - 11/ 457.9 0.383)
13/2 —9/2 411.6 1.00
712t —5/2* 215.0 0.785) 0.5Q9)
7/2F—3/2* 407.4 1.00 1.00
9/2*—712" 256.6 0.6%4) 0.5613)
9/2*—5/2* 471.6 1.00 1.00
*Referencq16].
bReference[37].
‘Referencq15].

Another interesting observation is for the decay of excitecbased on their similar feeding and decay patterns. They are
states below the yrast &tate. The relativ8(E2) values for  both fed by the first 4 state at 1843.4 keV with 8(E2)
these transitions are given in Figs. 6 and 7¥8r and®®zr,  strength=45% of the total to the first2state and with the
respectively. They are derived from the degayay branch- remaining strength to the secondl &ate. This is consistent
ing ratios, which are determined, in turn, from the gatedwith their similar transitionB(E2) ratios to the ground state
spectrum with the gates set on the appropriate feeding trarand the second*Ostate at 852.7 keV. Note that the relative
sitions and are listed in Table | together with those fromy-ray branching ratio, given in Reff16], for the transition of
other work. The & state at 2466.2 keV if°Sr decays to the the first 4 state to the second &tate is nearly a factor of 4
first and second 4states at 1792.6 and 1975.0 keV, respec-higher than the present measuremi@m.
tively, with a relativeB(E2) strength of 0.26 to 1.00, which Shape coexistence, particularly the excited deformed
is an indication of mixing between these twd gtates. The structure, in®®Sr and®®Zr has been discussed extensively in
1792.6 keV 4state decays mainly to the first” Ztate at Ref.[16]. Contrary to the earlier findinffL1,13 of the exis-
814.9 keV while the 1975.0 keV*4state decays to the sec- tence of strongly deformed excited 6tates, moderately de-
ond and third 2 states at 1506.2 and 1627.0 keV, respecformed excited configurations were identified for the
tively, with nearly identicaB(E2) strength. This could imply medium-spin yrast states by the work of REf6]. It is still
a =50/50 mixing for the second and third 2tates. Their possible, however, that a strongly deformed excitédtate
similar transitionB(E2) ratios to the ground state and the coexists with a weakly deformed' @ground state in these
first 2" state are consistent with this mixing scenario. Notenuclei. The considerable softness of shape degrees of free-
that the relativey-ray branching ratio, given in Ref16], for ~ dom, pointed out by the calculation of R¢38], may lead to
the transition of the second' 4tate to the third 2state is  a significant mixing between the excited &tates of these
nearly a factor of 2 higher than the present measurement. two shapes. Note that the mixing for the weakly deformed

Significant mixing between the first and secorfdstates  shape happens to be a two-phonon stat&®81 and a one-
at 1222.7 and 1590.7 keV, respectively*f@r is suggested phonon state iff®Zr. A resulting moderately deformed shape
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TABLE Il. Comparison of theB(M1)/B(E2) 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’i8r and ®*Zr. Pure M1 was assumed for thal=1

transitions.
N E, (keV) B(M1)B(E2)(ug/€?b?)
Initial
state E, (keV) Al=1 Al=2 Experiment Calculation
sy
Configuration
1/27[550] 3/27[541] 5/27[532]
9/2” 946.3 175.2 232.5 0.1687) 0.123 0.54 1.69
9%,
r
Configuration
1/27[550] 3/27[541] 5/27[532]
9/2” 867.1 188.5 199.7 0.043) 0.110 0.56 1.86
13/ 1278.7 457.9 411.6 0.083 0.104 0.47 1.10
Configuration
3/2'411] 3/2'422]
712 1065.4 215.0 407.4 0.89 1.46 0.115
9/2* 1322.0 256.6 471.6 0.62 1.09 0.086

from spin 21/2 to spin 31/2 at 4922.8 keV for the curs at the rotational frequency500 keV for the Zr iso-
positive-parity band. Fof®Zr, the excited states have been topes[22], implies the underlying single-particle configura-
extended from spin 27/2to spin 39/2 at 6565.7 keV for tion is related toh;;, neutron orbitals. However, th&

the negative-parity band and from spin 2148 spin 29/2 quantum number cannot be determined uniquely from the
at 5039.2 keV for the positive-parity band. comparison oB(M1)/B(E2) ratios between the data and the

For the negative-parity band, the quadrupole deformationgalpulated _value_s for various single-particle configurations,
B,, was determined to be 0.32 and 0.28 8®r and®%zr,  Which are listed in Table II. The calculated values were ob-
respectively[16]. The moments of inertia for these bands, tained using thegx derived from Ref.[39] and gr=0.2uy
with the excitation energy above-600 keV, plotted as a [40]. The experimental values were obtained from the mea-
function of rotational frequency are given in Fig. 10. A Suredy-ray branching ratios between tid=1 and Al=2
unique feature shown in this figure is that the moment ofiransitions, which are listed in Table I. One possible expla-
inertia is nearly constant for rotational frequency beyondnation for the observeB(M1)/B(E2) ratios is configuration
~200 keV. The nonobservation of band crossing, which ocmixing among theh,,;, orbitals due to the Coriolis coupling.

Note that since th& quantum number cannot be determined

35 : : : uniquely, pureM1 was assumed for th&l=1 transitions in
deriving the experimentaB(M1)/B(E2) 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 abow®€00 keV, plotted as a
function of rotational frequency, are shown in Fig. 11 for
sr *zr both nuclei. In contrast to the similar moments of inertia for
the negative-parity bands, the moments of inertia for the
positive-parity bands if’Sr and®zr 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 i*Zr has significant

components of both the 3¥211] and 3/2[422] neutron

20 . . . orbitals as derived from the observ@dM1)/B(E2) ratios,
04 02 oMV 04 %5 which are listed in Table Il. These neutron orbitals cross each
other as the quadrupole deformation increases and will have

FIG. 13. Kinematic moment of inertia as a function of rotational considerable mixing negB, =~0.20 according to the calcu-
frequency for thev9/2'[404] rotational bands ifi’Sr and*°zr. lation given by, for example, Ref41]. The difference in

30

I/ MeV]

»n
0
T
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appearance of the moments of inertia for the positive-parityeaction. With the increasing selectivity and sensitivity of the
bands between these isotones may be a manifestation ofjaray spectroscopy for these nuclei studied using the
difference in the quadrupole deformation, which results in ay-fission-fragment coincident technique, their level schemes
different underlying single-particle composition of these neu-were extended up te20%4, which, on average, is-6% above
tron orbitals. the previously known spin and nearly double the known ex-
A strongly deformed band built on tH€™=9/2" isomer citation energy. This extension allowed the observation of a
with an excitation energy at 1038.8 keV izr has been sharp variation in the yrast structure of these nuclei despite
reported recently[42]. This isomer corresponds to the the fact that their quadrupole deformation changes gradually.
9/2'[404] neutron excitation withil;,,=54(10) ns. A similar ~ For example, the evolution of collective motion from vibra-
band has been reported f6r[43]. The 9/2 isomer has an tionlike to rotationlike with an increase in spin was observed
excitation energy at 829.8 keV wiff,,,=26527) ns. These for a moderately deformed shape 9t8r and®3zr. With an
isomer bands remain rather unmixed and have a quadrupo#glditional pair of neutrons, an increase in deformation occurs
deformation,3,, near 0.442,43. Both bands were observed and well-defined rotational bands were observed in 8%h
in this work and their level schemes are given in Fig. 12.and *°Zr. The observed disparity in the dependence of the
Their moments of inertia plotted as a function of rotationalmoment of inertia on the rotational frequency for the
frequency are shown in Fig. 13. The excited states have begrositive-parity band betweetSr and®*Zr could be the re-
extended from spin 17/2to spin 23/2 at 2947.6 keV for sult of deformation-dependent configuration mixing between
%Sy and from spin 17/2to spin 27/2 at 4091.0 keV for the 3/2[411] and 3/2[422] neutron orbitals. The strongly
997r. The moment of inertia has a very similar appearance fodeformed and relatively unmixed 971204] band in theN
these two isomer bands and increases slightly as the rota59 isotones has a rather weak dependence of the moment of
tional frequency increases. inertia on the rotational frequency.
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