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Triaxiality and the aligned hi4,, neutron orbitals in neutron-rich Zr and Mo isotopes
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Neutron-rich Zr and Mo isotopes were populated as fission fragments produced Bifke, f) fusion-
fission reaction. The level schemes of these nuclei have been extended beyond the first band crossing region,
which can be ascribed to thg 4, neutron pair alignment. The spin alignment and signature splitting for the
vhyy, Orbitals in term of triaxiality is addressed. The crossing frequency of the aligned bands in even Zr and
Mo isotopes can be reproduced well by calculations using the cranked shell model. Compared to the Zr
isotopes, band crossings in Mo isotopes shift to a lower rotational frequency due to the emerging importance
of the y degree of freedom. Within the framework of particle-rotor model, the difference in the signature
splitting observed for theh;1,, bands between the odd Zr and Mo isotopes can be attributed to the triaxial
degree of freedom in the Mo isotopes. The surprising shift of the band crossing to a higher rotational frequency
in %Mo is interpreted as a manifestation of the deformed subshell closiNe 64.
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I. INTRODUCTION vy-ray multidetector arrays, Gammasphere and Euroball. One
For neutron-richA~ 100 nuclei, the valence nucleons be- €xample is they degree of freedom in the Mo isotopes,
gin to fill the hyy, neutron andgg, proton orbitals. The Which is manifest by the observation of a spin-dependent
nuclear structure in this mass region is very sensitive to thiaxial deformation [13] and a harmonic two-phonon

occupancy level of these single-particle configurations,y"’ibrationa' motion[14,15. While the yrast bands of the Zr

which is illustrated by the rapid changes in nuclear spectro‘-'jmd Mo isotofpehs vl\éere e;tggded to_higher-spin sgatgs, thhe
scopic properties as a function of both neutron and protof ras(; states of the Ru a? " |sfptotp$s ;vere ex_tg_n ed to the
numbers. Manifestations are the sudden onset of quadrupof@nd Crossing regions for the first tinjé], providing an
deformation in the Sr and Zr isotopes, the emergjripgree opportunity to study the interplay between single-particle

of freedom in the Mo-Ru region, and the predicted prolate-and the collective degrees of freedom. At the same time,

S . . theoretical studies of the nuclear structure properties, not
to-oblate shape transition in the Pd isotopes. The divers Prop

) X Snly for the ground statefl—3] but also for the high-spin
phenomena of nuclear structure in these nuclei make them ates[2], have been made to try to understand systemati-
ideal testing ground for various theoretical moddls3). cally the microscopic origin of rich phenomena mentioned

Since the neutron-ricth~100 nuclei lie far from the8  eariier. Even though these nuclei had been studied exten-
stability, the identification of prompty rays from fission  sjvely, a comprehensive understanding of the nuclear struc-
fragments produced by fission is the main avenue to studyire aspect has not been made, especially, in the high-spin
nuclear structure of these nuclei. The first such experimentegion.

[4] was made by detecting the deexcitatiprays with a Nal Most of the previous experiments were performed using a
detector in coincidence with the detection of both fissionsource or target sufficiently thick to stop the recoiling fission
fragments, from &%°Cf fission source, using a pair of solid- fragments in order to avoid the Doppler broadening effect for
state detectors. Subsequently, the improvement in the resolthe observedy rays and to maximize the resulting energy
ing power of detected rays led to the identification of in- resolution and resolving power for the very densey tran-
teresting new phenomena. For example, the sudden onset sitions from hundreds of fission fragments. The disadvantage
quadrupole deformation betwedi+58 and 60 was observed of this approach is that simplification of the complexay

in Sr and Zr nucle[5], which is associated with the compe- spectrum cannot be made, and the origin of theys from
tition between the spherical shell gaps and the deformed suleither fission fragment cannot easily be established without
shell closure in the single-particle spectrum. The lowestrelying on the systematics of theray coincidence relation-
mass example of identical bands known in two neighboringship between the nucleus of interest and partner nuclei. In
even-even nuclei was found #¥Sr and°°Sr [6,7]. Other  addition, it has been established that these neutron-rich nu-
discoveries also include the unusual low-lying excited O clei have very significant quadrupole deformation with the
states in’®Sr and'®%Zr, which are interpreted as the evidence deformation parameteg ranging from 0.3 to 0.4, derived
for shape coexistencg8—10, and the evidence for the from the lifetime measurements. This results in higher-spin
emerging triaxial degree of freedom in the Mo-Ru isotopesstates having lifetimes on the order of the stopping times in
[11,12. the target of the recoiling excited nuclei, leading to an appre-

Significant advances in the study of these neutron-ricttiable Doppler broadening, which suppresses the observation
nuclei have been made with the advent of large and efficiendf the higher-spin transitions.
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An alternative approach to the thick-target technique issuch asw particles, and it has long-term stability under high
the coupling of the techniques of coincident fission-producitounting rate. This detector has a geometric coverage for
detection with the detection of high-fol¢ rays using a scattering angles from 12° to 85° and 95° to 168° relative to
source or target on a thin backing. By detecting the fissiothe beam axis and an azimuthal angle totaling 280° out of
products, which recoil freely into vacuum, reconstruction of360°. A valid event required the detection of both fission
the fission kinematics, such as the determination of massdseagments and coincident rays. The fission fragment scat-
and velocity vectors for both fission fragments, can be madéering angles, and their time-of-flight difference, were re-
[16,17. This allows Doppler-shift corrections to be applied corded in addition to the-ray energies and coincident time.
to the observed rays, which eliminates the limitation to the A total of ~6x 10° p-p-y-y-y events were collected.
study of excited states with lifetimes longer than the stopping The masses and velocity vectors of the fission fragments
times of the fission fragments, imposed by the thick-sourcevere deduced from the measured angles of both fission frag-
or thick-target experiments. This, plus the ability to establishments and their time-of-flight difference, assuming the total
the identities ofy rays originating from either fission frag- kinetic energy is the same as that f8fPu spontaneous fis-
ment, significantly improves the sensitivity for studies of sion[27]. This assumption, that the prompt fission originates
neutron-rich nuclei. For example, in our earlier work using afrom the Pu-like compound nucleus, was supported by the
252Cf spontaneous fission sourdé7] and the>*8J(a, f)  observedy-ray cross correlation between the partner frag-
fusion-fission reactiofil8] (both the source and the target on ment pairs. The deduced mass distribution of the fission frag-
a thin backing, the ground-state band df“Mo was ex- ments, shown in Fig. 1, has a mass resolution of 12 mass
tended from spin 14 at 4.114 MeV to spin 20 at units, which reflects the time resolutios500 ps, plus the
7.282 MeV and th&™=2*, y~vibrational band from spin 0  achieved position resolution et1° in polar angle and 4.6°
at 3.004 MeV to spin 16at 5.591 MeV. The yrast sequences in azimuthal angle. The obtained resolutions are consistent
of the **?Ru and!*®Pd have been extended beyond the secwith prior CHICO performanc¢16,28—-31.
ond band crossing region which provided evidence of a pos- To increase the sensitivity in channel selection, mass-
sible transition of triaxial shape from prolate to oblate occur-gated events with three or highgrays were used to develop
ring in these nuclej18]. the level schemes of Zr and Mo isotopes. The additional

Here we present the results of a systematic study of theelectivity of mass reduces theray “background” of nuclei
high-spin states in neutron-rich Zr and Mo isotopes, whichthat are not of current interest, which enhances the ability to
were populated by thé&*8(q, f) fusion-fission reaction us- study nuclei produced with low yield or having weak transi-
ing the thin-target technique. The level schemes of neutrortion strengths. Doppler-shift correcteeray spectra gated by
rich Zr and Mo isotopes have been extended substantiallhe mass and the knowm-ray transitions in'®19%r are
both in spin and excitation energy. An analysis of the Zr andshown in Fig. 2. The resulting energy resolution is better
Mo isotopes in the framework of the cranked shell modelthan 1%, limited primarily by the finite size of Ge detector.
(CSM) [19] and the particle-rotor mod¢R0—27 have been Since the origin ofy rays from either fission fragment was
performed. Comparison of the experimental data with modegstablished, after the proper Doppler-shift corrections were
calculations confirms that thie;,,, neutron alignment is re- made, no sharpy-ray transitions from the partner Xe iso-
sponsible for the first band crossing in Zr isotopes, as well atopes are visible in these spectra. Thus the resultant spectra
in Mo isotopes, as described in a previous publicaf@®.  are clean and straightforward to interpret.

This study supports the conclusion that the triaxial degree of

freedom plays an important role in the Mo isotopes while the lIl. RESULTS AND DISCUSSION
Zr isotopes still have a more axially symmetry shape. The _
deformed subshell closure &l=64 is manifest by the ob- A. Zr isotopes
served delayedy,,, neutron crossing in“Mo. Some of Partial level schemes of the neutron-rit49:102.1%7r de-
these results have been reported in REd4,23. duced from the present work are shown in Figs. 3-5, respec-
tively. The ground-state bands of these Zr isotopes were pre-
Il. EXPERIMENT viously established up to spins of 1412°, and §,

respectively, by Hotchkist al. [32] and Hamiltonet al. [7],

The present experiment was performed at the 88-in. cyusing spontaneous fission source$8Em and?>Cf with a
clotron facility of the Lawrence Berkeley National Labora- thick backing. In the present work, the ground-state bands of
tory by bombarding &% target with ana beam atE,,  100.10210% were extended to spin 2@t 7.615 MeV, 20 at
=30 MeV. Neutron-rich Zr and Mo isotopes were populated7.452 MeV, and 14 at 4.224 MeV, respectively.
as fission fragments produced by tRéU(a, f) fusion- The level schemes of the neutron-riéh10%r derived
fission reaction. A 30Qug/cn? 23U target on a=30 ug/cn?  from this work are shown in Figs. 6 and 7, respectively.
thickness carbon backing was used, allowing the fission fragkower-spin members of the ground-state band$%n'%%r,
ments to recoil out of the thin target into vacuum and to bewhich have different single-particle configurations, have
detected. The Rochestetrdhighly segmented heavy-ion de- been reported earligi7,32. The rotational band built on the
tector array CHIC(26] was used to detect the fission frag- 216.8 keV state if®Zr is assigned to have the same single-
ments in coincidence with the detection of at least three departicle configuration as the ground-state band%ir. All
excitation y rays using Gammasphere. CHICO is an idealthese bands have been extended substantially by the present
detector for such study since it is insensitive to light ions,work. For1%Zr, the 3/2[411] (ground-statgband has been
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Counts

extended from spin 23/2at 2.489 MeV to spin 39/2 at
6.507 MeV, while the 5/4532] band was extended from
spin 23/Z at 2.330 MeV to spin 39/2at 6.412 MeV. For
10377, the 5/2[532] (ground-statgband has been extended
from spin 19/2 at 1.473 MeV to spin 31/2at 4.028 MeV.

the rotational bands it?%19219% and in101.19% 55 a func-
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FIG. 1. The fission-fragment mass distribu-
tion deduced fron?t38U(q, f) fusion-fission reac-
tion (left) and with the gates on the"2>0* and
4% 2* transitions of'%%Zr (right).

supported by the gain in the spin alignmentef0#, similar
for both °%r and 1%%zr, using the Harris parameterg,
=3h%MeV and J,=30n*MeVS.

The band crossing phenomena#1°Zr have been stud-
ied using the cranked shell model by Skalskial. [2]. The

The high-spin states, extended by the present work, in thebserved gain in the spin alignments for these nuclei is well
neutron-rich Zr nuclei allow study of the band crossing phe+eproduced by the calculations assuming the first band cross-
nomena in these nuclei. Plots of the moments of inertia foing is caused by the aligneldh;,, neutron orbitals, but the

calculated crossing frequency=350 keV for 0%Zr is

tion of rotational frequency are shown in Figs. 8 and 9, re-=140 keV lower than the experimental value490 keV.
spectively. An upbending behavior is observed for theOur CSM calculations using a Woods-Saxon potertld]

ground-state bands of%10210%r as well as for the

for 10%Zr are presented in Fig. 10, where the quadrupole de-

3/2[411] band in1%Zr in these plots. The observed block- formation parameteB~0.39 was derived from the lifetime

ing effects for thehy,, orbitals(5/21532] band in 1°110%r

measuremenf33] and an axially symmetric shagde/=0°)

and the evidence of no blocking for the spin alignment of thewas assumed. The predicted band crossing due tithe
ds, orbitals (3/2'[411] bangd in °1Zr suggest that the band neutron alignment at the rotational frequene00 keV is

crossings for the ground-state bands!®f°Zr can be as-

considerably lower than that of tlig,, proton alignment and

cribed to the alignment of 5, neutron pair. This is further is very close to the experimental value f4#°Zr. Similar
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FIG. 2. Doppler-shift corrected spectra with
gates on the mas$90<A<115 and known
y-ray transitions in'°%Zr (top) and °Zr (bot-
tom). The labeled transitions arAl=2 transi-
tions.
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FIG. 3. Partial level scheme df%Zr. Energies are in keV.
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has been established by Duretlal.[34,35 and Hamiltonet

al. [36]. Three more new levels were added to this band in
the present work. This two-quasiparticle band was assumed
to have then5/2[422] ® w5/27[303] configuration withK™
=5/2" by Hamilton et al. [36], while Durell et al. [35] as-
sumed it has th@9/2[404] ® v3/2"[411] configuration with
K7™=6*. The K™=5" state also can be formed by the
15[532]® v5/2[413] configuration. However, since the
hy1/» neutron orbitals are involved in the alignment of the
ground-state band, a similar alignment observed in this ex-
cited band(see Fig. 8 implies that ther5/2[532] configu-
ration does not play a role in its wave functions. The rota-
tional band built on either 5/2422] or 5/27[303] proton
configuration has been identified 1A-1°Nb and %1% nu-

clei while the rotational band built on the 9[204] neutron
configuration has been identified recentlyfZr [37]. The
calculated |(gk—0r)/Qo Vvalue for the v9/2°[404]

® v3/2'[411] configuration is 0.1@&b)™' assuming g
-0.255 [37] and -0.14 [38] for the 9/2[404] and
3/2[411] neutron configurations, respectively. Te value

for the latter configuration is based on the assumption that
the first 3/2 state in'°%1%Ru is due to the 3/2411] neutron
configuration.gg=0.22 was taken to be equal to thdactor

of the first 2 state in'%%Zr [38]. The|(gx—9r)/Qq| value for

the w5/2°[422] ® w5/27[303] configuration was calculated to
be 0.16e b)~! by Hotchkiset al. [32]. Our measured value,
0.121)(e b)™%, for the |(gk—gr)/Qy| is consistent with the
calculated value of 0.18b)™! for the »9/2'[404]

® v3/2'[411] configuration which thus favors such an as-

results were also obtained f&1%Zr. It supports the interpre- signment.
tation that the alignment dfi;;,, neutron orbitals is respon-
sible for the first band crossing in the neutron-rich Zr iso-addition to the ground-state band, were identified‘3zr.
topes. The difference in the predicted crossing frequencyne is theK™=4" band with the intrinsic excitation energy
between our calculations and the ones made by Sketski
[2] results mainly from the=30% stronger pairing strength band, labeled ban@) in Fig. 4, with the intrinsic excitation
used in the former, and partly from the different quadrupoleenergy of 1660.1 keY7]. TheK"=4" band was extended to
deformation parameter usefl=0.39 in the former compared spin 10 by the present work and was assumed to have the

to 0.30

for the latter.

The rotational band built on the 2259.8 keV statdqtzr
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Two rotational bands built on two-quasiparticle states, in

of 1821.9 keV[34-34 and the other is the possibk™=5"

15/27[532] ® v3/2*[411] configuration by Durelket al. [35].
This is supported by the agreement between the calculated
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104 identified y rays could be the transitions for the unnatural-
Zr parity partner states of the barga), which is labeled as band
(b) in Fig. 4. There are three low-lying single-neutron con-
figurations, 5/2[532], 5/2'[413], and 3/2[411], that are lo-
cated within 310 keV of each other Mo [39] and could
be relevant to the two-quasiparticle configuration of bands
14" 4223.9 (@ and (b) in %2Zr. The two-quasineutron configuration,

* 5/27[532)® 3/2'[411], has been identified as the underlying
single-particle structure for th&k”=4" band at 1821.9 keV
in 19%Zr as mentioned earlier. ThK™=5" formed by the
two-quasineutron  configuration, 5[532]®5/2[413],
1014.2 could be the underlying single-particle structure for the
bands(a) and (b) with the intrinsic excitation energy of
1660.1 keV. A similar band structure to baaj was identi-
fied in isotone!®Mo, and more discussion of this assigned
10" 3209.7 two-quasineutron configuration is given later.

* One common feature among all the rotational bands built
on the two-quasiparticle configurations for both even Zr and
Mo isotopes is that the kinematic moment of inertia is nearly
independent of the rotational frequency and approaches the
894.4 rigid-rotor limit. This phenomenon is closely related to the
weak pairing correlations in these neutron-rich nuclei, which
has been addressed by Duretl al. [35] based on the ob-
10+ 2315.3 served bandhead excitation energies of rotational bands built

: on the two-quasineutron excitation #%19%Zr.

B. Mo isotopes

765.1

In the earlier study with 8*%Cm source, the ground-state
bands in the neutron-rick?:1041%6.1%10 were established up
8" 1550.2 to spins of 8, 12%, 10%, and 10, respectively, as well as the
y-vibrational bands int®1%1%10 up to spins of 10, 8,
and 9, respectively[14,15,32. The ground-state bands of
624.4 these Mo isotopes were further extended to spins 6f 14,

) 14, and 12, respectively, by the work of Hamiltoet al. [7]
. using a®>2Cf source. In our earlier work with a thifP°Cf
6 925.8 source, these Mo isotopes have been observed up to spin 14
at 4.503 MeV, 20 at 7.283 MeV, 18 at 6.500 MeV, and
16" at 5.347 MeV, respectively, for the ground-state bands

473.7 [17]. The level diagrams fof0%194106.10810 based on the
4" 452 1 present work agree with those previous results and are
showed in Figs. 11-14, respectively. One new level was
., 3122 added to each of the ground-state bands%°Mo. The
2 139.9 y-vibrational bands int*1%1%10 were extended to spin
0" 139. 0.0 18" at 6.624 MeV, 18 at 6.867 MeV, and 11 at
3.338 MeV, respectively. The previously established rota-
FIG. 5. Partial level scheme df“Zr. Energies are in keV. tional bands built on the two-phonopvibrational states in

1041010 [14,15 were confirmed by the present work. Four
|(gk—9r)/Qql value, 0.1%2)(e b)™2, and the previously mea- new states were added to the two-phonevibrational band
sured value, 0.14)(e b)™* [35]. Both of these values also in 1°Mo.
are in good agreement with our measured ratio of The level schemes of the neutron-ri¢#*1951%0 de-
0.161)(e b)™%. rived from this work are shown in Figs. 15-17, respectively.

The band(a) in 1°%Zr, which couples strongly to the The yrast sequences 6f*'°Mo extended into the band
ground-state band[7], was extended to spin 15at  crossing region were reported in our earlier publicafi@8j.
5.156 MeV by the present work. A new set of coincident In the present work with four times more statistics compared
transitions, 532.3, 669.3, 791.5, and 902.8 keV, was obto our earlier work using the same fusion-fission reaction, the
served by setting a summed gate on the 151.8, 326.5, ar&i2'[411] (ground-stateband in'%Mo was extended from
485.6 keV transitions in coincidence with 968.7 keV transi-spin 31/Z at 4.215 MeV to spin 39/2at 6.309 MeV and the
tion. From the systematics of transition energies, those newlglecoupled 5/4532] band was extended from spin 35/at
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4.983 MeV to spin 39/2at 6.149 MeV. Forr%Mo, two ex-  dence between the known 246.9 keV and 150.0 ketvan-
cited states with energies at 246.9 keV and 396.9 keV, resitions, new coincideny transitions of 265.4, 415.4, 538.8,
spectively, were reported previously in tgedecay study of and 658.5 keV were observed. The 3411] band shown in
100\b. The 246.9 keV level is the favored candidate for theFig. 16 was constructed by relying on the systematics of
state with the 3/4411] configuration suggested by Lherson- energy and intensity of the above coincidentays. For the
neauet al.[39] based on the systematic study of the levels in5/2[532] (ground-statg band in **Mo, a correction was
the 1015y, 1037r, and %Mo isotones. This also is assumed by Made to our earlier report on the excitation energy of the
Liang et al. [40]. The population of these two excited statesState with spin 33/2 The correct excitation energy is

were observed in the present work. By requiring the coinci#743.8 keV. . o
The level scheme of°’Mo is very complex and difficult

312 4028.0 108 to interpret. In the earlier study by Hotchkes al. [32], no
Zr spin and parity was assigned to the low-lying levels. By de-
termining the total internal conversion coefficients for sev-
979.5 eral low-energy transitions, from the intensity balance in and
~ out of a level, and studying their systematics, Hwanal.
2r2 3048.5 [41] have assigned the tentative spins and parities to the lev-
els in 1Mo and grouped them into the ground-state band
852.0 and the rotational bands built on the 5/232] and 5/2[413]
230" 2196.5 neutron configurations. In this work, all these rotational
1/ 1914.0 bands were observed and extended to higher-spin states. The
723.9 5/2"[413] band was extended from spin 19/2t 1.588 MeV
1o 1473.3 702.3 to spin 31/2 at 4.196 MeV and the 5/§532] band was
1700 12117 extended from spin 2372at 2.242 MeV to spin 35/2 at
589.7 5.053 MeV. The decouple@round-statgband built on the
15/2 883.6, 552.7 h,1/» neutron configuration was extended from spin 2342
454.5 182", 659.0 1.798 MeV to spin 35/2at 4.511 MeV.
LA< _ 4019 Plots of the moments of inertia as a function of rotational
20~ 31941 1o, Y2 257 1 521 frequency for the ground-state bands'3-194196.1%10 are
52 T 00 shown in Fig. 18. Such plots for the rotational bands in
5/2” [532] 103,105.10f10 are shown in Fig. 19. An upbending behavior

was observed in all the ground-state band&’6#°+106.1%10

FIG. 7. Partial level scheme 3f3Zr. Energies are in keV. and the 3/2[411] band in1®Mo, which is similar to that of
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the Zr isotopes. Beyond the band crossings, the kinematioeutrons based on the observed alignment in thé[314]
moments of inertia for%21041%/0 are close to each other band of'%3o and blocking effect in the 5/2532] band of
and approach the rigid-rotor limit. The observed band cross'®Mo. This is further supported by the gains in the spin
ing in 1931%\o, which has been discussed in our recent pub-alignment of~10# for 1921941915 using the Harris param-
lication [23], can be attributed to the alignment of a giaig,  eters.7,=34%MeV and 7, =45*/MeV?.

40 . . . ; : 20 -
101 + ] [
Zr &8 32 [411] 15 o
35 | BB 527 [532) . ] C
Lo -
230 | . 05 - C
= ] "
- % 0.0 1 T
25 1 2 ] r
§ 05 . -
= B L
20 . . . . ‘ . 3 ] s
0 0.1 0.2 0.3 04 05 06 07 F 10 3 -
40 . . . . . ° 1 r
5 15 o L
g ] n
103. = - L
Zr § 1 r
BB 57 [532 _ L
35 | G—Fl [632] b & 1.0 ] .
_ 0.5 - -
P .\.\I%.——‘I’—’. ] C
v 30 | 1 ] L
E D\B\E\E‘ 00 1 V
= ] r
25 |- i 05 a
10 I —=

20 . . . . ‘ . 0.0 0.1 02 03 0.4 0.6 0.7

0 0.1 02 0.3 0.4 05 06 0.7 hw [MeV]

ho [MeV]
FIG. 10. Cranked shell model calculations f#zr. (m, a):

FIG. 9. The kinematic moment of inertia as a function of the solid =+, +1/2), dotted £+, -1/2), dash-dotted &, +1/2), and
rotational frequency for the rotational bands'#zr (top) and1%%zr  dashed -, -1/2). The parameters used we@=0.39, 8,=0.00,
(bottom). y=0°.
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102
Mo

(14" 62009

969.7 (15) 57628

(129 y 5231.2 907.8

966.5 ) a55
867.1 a 1-4855.0

(10°) v 4364.1
7488 879.2 (110 y4051.3 FIG. 11. Partial level scheme éfMo. Ener-

(8" 36153 12 3623.4 683.6 gies are in keV.

+

+446.é 4+584'0 741, 2&1_845.8
+ 295. ]

The band crossing phenomenon in the Mo isotopes wasch Mo isotopes. Introducing the triaxial deformation for the
studied within the framework of the cranked shell modelMo isotopes in the CSM calculations does lower the crossing
[19], an example is shown in Fig. 20, where the calculationfrequency for theh,,,, neutron alignment relative to that for
for 1Mo was made using the quadrupole deformation pathe Zr isotopes despite the fact that they have very similar
rameter, 3~0.33 [42], and a triaxial shape withy=-19°  quadrupole deformation.

[15]. The predicted crossing frequency for thg,, neutron According to both the experimental observation and the
alignment is significantly lower than that for tlyg,, proton  theoretical calculationf2], 1*“Mo and'°Mo have very simi-
alignment and is in reasonable agreement with the observddr quadrupole ang deformations. Therefore, it is surprising

crossing frequency. It provides a complementary confirmato find that the rate of the spin alignment and the crossing
tion for the cause of the first band crossings in the neutronfrequency between these two isotopes are quite different,

104MO

1172.0 18 66242
(1 6284.7 N
18y 61111 17" (6021.1)
1015.5 + 5688.5
(15 6.2 1051.5 16
18" v 50596 15" 5063.2
(1 9093 045.0 14" 4624.6 FIG. 12. Partial level scheme &f4Mo. Ener-
4183.1 gies are in keV.
_ 8038 37649
(11 + 35861 33952
689.3 3004.1
2682.3
e 561.8 2 2325.9 — 23728
- 421.2 1883.8 2036.4
E==3 1724.2
1475.4
1214
1028
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106 16" 5346.8 108
Mo Mo
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1000.5
11604 18" 6867.4
X 14" 4346.3
18 6500.4 - 6392.3)
1087.§ 16" 5766.8 945.6
16" 5412.8 N
18y 4128 45 5307.3 .
1051.5 14" 4751.4 - 45075
) 1845975 10 2949.8
14 ¢ 43613 13* 4290.0 872.0
+ 10" 2528.7 9" 2523.7
092.9 12 3809.6 1 35836
12 3368.4 11* 3367.7 g* 2170.3
776.3
10° 2049.8 .
898.3 9 y 28784 . 7t 1816.6
, R 8 1752.4
10" . 2470.1 g 2557.3 8 25207 ) 1
7 2200.0 6 S08.3
783.5 6" 1910.2 661.9 5" 1232.0
8 | 5 1657.4 6 1090.9 R
4 1434.8 4 979.1
o 654.3 527.6 3" 783.0
4 563.4 2" 586.5
& 5108
. 370.8
o+ 350.5 2 ! 192.6
o~ 71q Q- 192 0.0
FIG. 13. Partial level scheme 8f®o. Energies are in keV. FIG. 14. Partial level scheme 6®o. Energies are in keV.

which can be seen in Fig. 18. This disparity in the observedn the 2548.2 keV state, shown in Fig. 11, was tentatively
quantities is most likely due to the deformed subshell closur@ssigned to hav™=4* because of the unique decay pattern
effect at neutron number 64 fdf®Mo, which was predicted of its bandhead. It decays not only to thé §tate of the
by Skalskiet al.[2]. The same calculations predicted that theground-state band but also to thé state of the excited™
transitional nucleus'®Mo is very soft and the isotopes band at 696.1 keV. The three close-lying single-neutron con-
104.106.1%f10 have well-defined triaxial ground-state minima. figurations 5/2[532], 5/2'[413], and 3/2[411], mentioned
The similarity of the observed, moment betweert®Mo  earlier, could be relevant to the discussion of the underlying
and ‘*Mo indicates that the spin-alignment rate and thewwo-quasiparticle excitation of this rotational band. The pos-
crossing frequency are insensitive to the softness of thgjple two-quasiparticle candidate is tH€=4* state formed
shape degrees of freedom for a quadrupole deformation. by the two-quasineutron 5/13]® 3/2'[411] configura-

There is an interesting difference in the moment of inertiajq, * £or the rotational band built on the 2458.6 keV state
for the 5/2[532] band between the odd Zr and Mo ISOtOpeS'the transition energies and the decay pattern to the ground-

The moments of inertia for different signatures cross eac'%tate band are similar to those of tk&=5- band in both

other at the rotational frequeney500 keV for the Mo iso- 1027 and 1%\l Therefore, it was tentatively assigned to

topes, which is shown in Fig. 19 but not in the Zr isotopes R . .
(see Fig. 9. This phenomenon was studied under the frame-have K7=5 V_V'th _the twojquas_lneutron 57532].
work of particle-rotor mode[20-22. The calculations to- ®5/2'[413] configuration. Confirmation of these assign-

gether with the experimental data f&Zr and %Mo are ~ Ments certainly requires more experimental spectroscopic in-
shown in Fig. 21, where the signature splitting as a functiorformation and theoretical study.
of spin is plotted. The trend of signature spliting is very In '*Mo, the rotational band built on the 1883.8 keV
sensitive to they degree of freedom. Assuming=0°, the state has been identified earligh5,43. Three more levels
calculations reproduce the trends of the data very well fowere added to this band by the present work. The two-
1017y hut not for'%Mo. Only with appreciabley deformation  quasiproton 5/2422]®5/27[303] configuration was sug-
values can the calculations reproduce the trends of the exgested to be the underlying single-particle configuration of
perimental data for%Mo. The difference in the signature this rotational band43]. However, their decay pattern, such
splitting for the 5/2[532] band between the odd Zr and Mo as theAl =1 intraband transition, is very close to that of band
isotopes could be a manifestation of thelegree of freedom. (@) in 1%2Zr, which was built on the two-quasiparticle excita-
Two rotational bands besides the ground-state band wetéon with the ¥5/27[532] ® v5/2*[413] configuration. A quali-
observed int®Mo for the first time. The rotational band built tative measure of the octupole strength in this band was
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FIG. 15. Partial level scheme éf3o. Ener-
gies are in keV.

made by measuring tHel strength to the ground-state band. tios. This ratio was measured to be Q3¥x 10°® fm=2 for
From the intensity ratios between the interband and the inthe 1"=7" state, which is about an order of magnitude

traband transitions if®Mo, one has a measure of tiEl
strength from theB(E1, 1" — (I+1)*)/B(E2,1"— (1-2)) ra-

) 105
30/2" 60753 Mo
1181.4
35/2° 448939 _
332" 47438
10713 1049.6
1/2° 22. _
3127 438226

,2729.8
(232 22750
118833 658.5
(1929 416165

, 538.8
(152 310777

1124154 eep3

"y 6230
. 57%] 2653 296.9

5/27 [632] 3/2" [411]

FIG. 16. Partial level scheme éf™Mo. Energies are in keV.

smaller than that for the octupole deforméé!*Ba isotopes
[7,44)], indicating weaker octupole correlation.

IV. SUMMARY

The rotational bands in neutron-rich Zr and Mo isotopes,
which were populated by th&U(a, f) fusion-fission reac-
tion, have been studied systematically. With a thin target, the
deexcitationy rays were detected by Gammasphere in coin-
cidence with the detection of both fission fragments by
CHICO. This technique allowed Doppler-shift corrections to
be applied for the observed rays. Via such methods, the
level schemes of neutron-rich Zr and Mo isotopes have been
extended substantially both in spin and excitation energy,
and beyond the first band crossing region. The newly ac-
quired knowledge from the odd Zr and Mo isotopes makes it
possible to identify the quasiparticle configuration respon-
sible for the observed band crossing. The blocking effects for
the vhy4/, bands in the odd Zr and Mo isotopes indicate that
the hy1/» neutron alignment is responsible for the first band
crossings in the even Zr and Mo isotopes, which is consistent
with the prediction of the cranked shell model calculations.
The deformed subshell closure ldt64 is manifest by the
delayed band crossing for the aligned,, neutron orbitals in
108\jo. The similarity of the observed, moment between
102\10 and %Mo indicates that the spin-alignment rate and
crossing frequency are insensitive to the softness of the
shape degrees of freedom. Study of the high-spin state be-
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