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Shell-model influence in the rotational nucleus86Mo
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High-spin states in86Mo were studied by means of the fusion evaporation reaction58Ni( 32S,2p2n) 86Mo at
135 MeV beam energy. Charged-particle-gg and -ggg coincidences recorded with the early implementation
of theGAMMASPHEREarray and theMICROBALL charged-particle detection system were used to largely extend
the level scheme of theTz51 nucleus86Mo to a possible spin ofI524\ at 13 MeV excitation energy. The
excitation scheme is compared to neighboring nuclei. There is evidence for enhanced shell-model influence in
the 4 quasiparticle region (I512–16\). The observed (p51,a50) sequence at spinI>16\ appears to be
associated with a triaxial collective rotational band. This interpretation is supported by calculations within the
configuration-dependent shell-correction approach with the cranked Nilsson potential.
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PACS number~s!: 21.10.Re, 21.60.Cs, 23.20.Lv, 27.50.1e
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I. INTRODUCTION

The dividing line between well-deformed nuclei with ro
tational bands and less collective nuclei is rather sharp in
neutron deficient mass regionA'90 @1#. The nuclei with
N<44 exhibit rotational bands whereas the nuclei w
N>47 are less collective and can be adequately describe
terms of the shell model. TheN546 isotopes are considere
to be transitional nuclei, but are essentially described by
spherical shell model@2#. The shell-model structures are als
manifested in the so-called band terminating states in so
Sr isotopes@3,4#. In the transition region (N'45) quasipar-
ticle ~qp! alignment may strongly influence the collectivit
of excited states as has been observed in87Mo @5#. The mea-
sured collectivity in the 3 qp band exceeds that of the 1
states by a factor of about 6. However, theB(E2) strengths
in theN546 isotopes87Nb and 88Mo decrease by about a
factor of 4 after the first quasiparticle alignment@6,7#. With
such rapid changes in collectivity nearby, theN544 isotones
with Z.40 may exhibit rotational structures influenced b
single-particle excitations. Therefore, we have undertake
study of 86Mo. In this nucleus, proton and neutrong9/2 or-
bitals are filled in a similar way and their deformation
driving as well as shell-model effects could act in unison.
addition, residual neutron-proton interactions may play a s
nificant role in the structure of the isospinTz51 nucleus
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†Permanent address: Nuclear Research Center, Latvian Acad
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86Mo. Isospin was found to be important with respect
band crossing phenomena of nuclei close toN5Z @8#.

Recently, the powerful g-ray detector arrays
GAMMASPHEREandEUROGAM allowed the observation of the
predicted@9,10# superdeformed~SD! shell gaps for particle
number ofZ,N'44 @4#. Jin et al. @11# confirmed the large
quadrupole deformation of a SD band in the86Mo isotone
84Zr (N544, b250.53) with the residual Doppler shif
method. In 82Sr @12#, anotherN544 isotone of86Mo, two
SD bands have been observed.

Little information on excited states in86Mo was previ-
ously reported. Grosset al. @13# were able to identify a pos
sible 41→21→01 cascade for the first time via recoil-g
coincidences. The transition energies~568 and 761 keV! in-
dicate the beginning of a rotational band built upon a mo
erately deformed ground state in agreement with predicti
from Hartree-Fock cranking calculations@13#. Subsequently,
Mitarai et al. @14# reported two moreg rays ~933 and 972
keV! that extend the positive-parity yrast band. The pres
study aimed at extending the positive-parity yrast seque
beyond the band crossing region, establishing negative-pa
states, and possibly identifying superdeformed structures
the following section, details of the experiment and the n
level scheme will be presented. In Sec. III the new resu
will be compared with the level schemes of neighborin
well-established isotopes and isotones and the high-spin
will be compared with calculations using the Nilsso
Strutinsky cranking model.

II. EXPERIMENT, DATA REDUCTION
AND LEVEL SCHEME

The experiment was performed at the 88-inch Cyclotr
at the Lawrence Berkeley National Laboratory. T
my
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118 54D. RUDOLPHet al.
58Ni~32S,2p2n)86Mo reaction at 135 MeV bombarding en
ergy was used to populate excited states in86Mo. The target
consisted of a 99.7% highly enriched self-supporting58Ni
foil of 210 mg/cm2 which was rotated 30° relative to th
beam direction. The experimental setup consisted of
early implementation of theGAMMASPHEREarray @15# com-
prising 36 Compton-suppressed Ge detectors, and the W
ington UniversityMICROBALL @16#, which is a 4p charged-
particle detector array with 95 CsI~Tl! scintillators. The
event trigger required coincidences between three or m
Ge detectors. A total of 4.23108 raw events were collected
The events were sorted off-line intoEg-Eg matrices subject
to the appropriate charged-particle gates. The fi
2p-gated matrix had 4.93108 events, including contami-
nants of the strong reaction channels84Zr1a2p, 87Nb1
3p, and 86Zr14p which leaked through when ana particle
or one or more protons were not detected. Successive
traction of the higher fold charged-particle channels fina
led to a ‘‘pure’’ 2pgg matrix with 4.33107 events. This
matrix contained onlyg rays originating from88Mo12p
~'10%!, 87Mo12pn (' 60%!, and 86Mo12p2n ~' 30%!.
87Mo @5# and 88Mo @17# are well known, thus allowing the
identification of possible doublet structures ofg rays origi-
nating from 86Mo and one of those reaction channels. Co
cidence, intensity, and summed energy relations were use
deduce the greatly extended level scheme illustrated in Fi
and summarized in Table I. For example, Fig. 2~b! illustrates
theg-ray spectrum gated with the 567-keV 21→ 01 transi-
tion, which shows a series of previously unknown lines
addition to the reported ones at 761, 933, and 972 keV~here
973 keV!. Similarly, Fig. 2~a! represents the sum of th

FIG. 1. Proposed partial level scheme of86Mo. The energy la-
bels are given in keV. The widths of the arrows are proportiona
the relative intensities of theg rays. Shown on the left-hand side ar
the calculatedI58–16\ shell-model states.
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g-ray spectra gated with the 1390- and 242-keV transition
The 1390-keV transition carries most of theg-ray flux from
the negative- to positive-parity states. The 242-keV tran
tion is the connection between the two signature partners
the negative parity. In order to make use of triple coinc
dences, a 2p-gatedggg cube and a second 2p-gatedgg
matrix were sorted. For the latter, the additional conditio
that the double event be in coincidence with a thirdg ray at
242, 347, 567, 761, 921, 933, 973, or 1390 keV was im
posed. Figure 2~c! is the sum of theg-ray spectra gated with
the 933-, 973-, and 921-keV transition in this ‘‘triples’’ ma
trix illustrating the positive-parity band. As will be seen late
on, the location of the two low energy transitions at 490 a

TABLE I. The energies of excited states in86Mo, the transition
energies and relative intensities of theg rays placed in the level
scheme, the DCO ratios and the gate used to obtain them, and
spins and parities of the initial and final states of theg rays.

Ex Eg I rel

RDCO

I i
p I f

p

~keV! ~keV! ~%! Gatea (\) (\)

566.6~4! 566.6~4! 100~3! 21 01

1327.5~6! 760.9~5! 100~3! 1.01~9! A 41 21

2129~2! 1562~2! 4~1! 21

2260.1~9! 932.6~6! 68~5! 1.05~8! B 61 41

2717.7~12! 1390~1! 26~3! 0.68~11! A 5(2) 41

2959.4~13! 241.7~4! 13~3! 0.62~8! B 6(2) 5(2)

3232.8~11! 972.7~7! 49~5! 0.92~11! B 81 61

3306.5~8! 347.1~5! 6~1! 0.60~20! B 7(2) 6(2)

588.5~6! 10~2! 1.05~29! B 7(2) 5(2)

1047~1! 5~2! 7(2) 61

3589~2! 1329~1! 11~2!

3748~2! 789~1! 10~2! 1.12~20! B (82) 6(2)

4153.4~13! 920.6~7!b 45~5! 1.08~11! B 101 81

4186~1! 879.9~6! 17~2! 1.08~21! A (92) 7(2)

4450~2! 861~1! 5~2!

4660~2! 912~1! 9~2! (102) (82)
5166.4~15! 1013~1! 42~4! 1.10~14! A 121 101

5255~1! 1069~1! 15~2! (112) (92)
5686~3! 1026~1! 8~1! (122) (102)
6195~2! 1028~1! 28~3! 1.05~10! C 141 121

6272~2! 1017~1! 9~2! (132) (112)
6385~2! 1218~1! 15~2! 1.10~28! C 142

1 121

6410~2! 1155~1! 5~2! (132
2) (112)

6757~3! 1071~2! 6~1! (142) (122)
6875~2! 490.3~5! 9~2! 0.48~11! C 15(1) 142

1

679~1! 2~1! 15(1) 141

7116~2! 241~1! 5~1! 0.67~31! D 161 15(1)

920~1!b 17~3! 1.08~11! B 161 141

7840~4! 1083~2! 4~1! (162) (142)
7975~2! 1100~1! 6~2! 15(1)

8180~2! 1064~1! 21~3! (181) 161

9467~3! 1287~1! 10~2! (201) (181)
10990~3! 1523~2! 6~2! (221) (201)
12767~4! 1777~2! 2~1! (241) (221)

aA, 567 keV;B, 5671761 keV;C, 56717611933 keV;D, 933
19731921 keV.
bDoublet structure.
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54 119SHELL-MODEL INFLUENCE IN THE ROTATIONAL . . .
241 keV~doublet with the 242-keV transition in the negativ
parity! is important in the understanding of the structure
86Mo. Figure 2~d! shows the spectrum gated with the 49
keV transition in the ‘‘triples’’ matrix. The transitions at 567
761, 921, 933, 973, 1013, and 1218 keV all have about
same intensity, whereas the 241-, 1064-, and 1100-keV t
sitions are present but with weaker intensities. Thus the
sition of the 490-keV transition is unambigously determine

The geometry of theGAMMASPHEREalso allowed the as-
signments of spins from the angular correlations of theg
rays. For this purpose, a matrix was constructed in whichg
events recorded at 90° were sorted against those record
17°, 31°, 37°, 143°, 149°, or 163° in coincidence with tw
protons detected inMICROBALL. The 30 Ge detectors at th
latter six angles were combined to provide a maximum
statistics. The cosines of the angles at 17°~163°!, 31° ~149°!,
and 37°~143°! average to the cosine of an angle at appro
mately 30° ~the angular distribution ofg rays following
heavy ion fusion evaporation reactions is symmetric w
respect to 90°). Pairs of gated spectra may be used to ob
directional correlations of oriented states~DCO ratios!, de-
fined as

RDCO~g1 ,g2!5
I ~g1 at 30°; gated withg2 at 90°!

I ~g1 at 90°; gated withg2 at 30°!
, ~1!

wheng2 is a stretchedE2 transition. The DCO ratios were
not corrected for detection efficiency because the rela

FIG. 2. Coincidence spectra of86Mo: ~a! sum of the spectra in
coincidence with the 242 and 1390 keV transitions in the ‘‘pur
2pgg matrix; ~b! spectrum gated with the 567 keV transition in th
‘‘pure’’ 2 pgg matrix; ~c! sum of the spectra in coincidence wit
the 921-, 933-, and 973-keV transitions in the ‘‘triples’’ 2pgg ma-
trix; and ~d! spectrum gated with the 490-keV transition in th
‘‘triples’’ 2 pgg matrix. The energy labels are given in keV.
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efficiency of the detectors at ‘‘30°’’ and 90° were found to
be equal within the 3% accuracy of the efficiency calibration
The DCO ratios obtained are given in Table I together wit
the corresponding gates. In most cases gates were summ
up in order to improve statistics. This procedure does n
significantly affect the results as shown in a work by Ka
badiyski et al. @18#. The expected DCO ratios are
RDCO51.0 for a stretchedE2 transition andRDCO'0.5 for a
stretched dipole transition. Depending on the multipole mix
ing ratio d(E2/M1) the DCO-ratio may differ from
RDCO50.5.

The level scheme in Fig. 1 is dominated by the positive
parity yrast structure. It consists of 12 consecutive stretch
E2 transitions. Up to the 7116 keV 161 state, the spin as-
signments are based on the DCO ratios in Table I. There
ter, the magnitude and the regular increase of theg-ray en-
ergies strongly suggests stretchedE2 character for these
transitions. According to their DCO ratios, the 490
@RDCO50.48(11)# and 241-keV @RDCO50.67(31)# transi-
tions have stretched dipole character or are consistent w
stretched dipole character, respectively. This allows, in pri
ciple, positive or negative parity for the 6875-keV level
However, negative parity is very unlikely as theE1 strength
of the 241-keV transition would be orders of magnitud
higher than usual with respect to the parallel 920-keVE2
transition. The positive-parity sequence extends to a tentat
241 state at an excitation energy of 12767 keV — the high
est excitation energy and spin observed so far for aTz51
nucleus. The doublet structure of the 921-keV 101→ 81 and
the 920-keV 161→ 141 transition was deduced from~a! a
self-coincidence in both the ‘‘pure’’ 2p-gated matrix and the
‘‘triples’’ matrix, ~b! the intensity relationships in spectra
gated with the 1028- and 1218-keV 141→ 121 transitions,
and ~c! the coincidences between the 1028-keV 141→ 121

and the 1064-keV 181→ 161 transition, which cannot be
explained by the weak 161→ 15(1)→ 141 bypass. This co-
incidence also provides a lower intensity limit for the 920
keV transition. The doublet complicated the determination
the level order between the 2260-keV 61 and the 5166-keV
121 states, because the 973-, 921-, and 1013-keV transitio
are almost equally strong. However, the inspection of rel
tive intensities in a series of gated spectra with transitio
below the 6195-keV 141 state provided enough evidence fo
the order presented in Fig. 1. The relative intensities of th
three transitions in Table I are consistent.

A specific feature in the86Mo decay scheme is the
DI51, 161→ 15(1)→ 142

1 cascade which carries abou
25% of theg-ray flux out of the 7116-keV 161 state. In the
case of a rotating even-even nucleus in theA'80–90 region
the decay down the positive-parity yrast cascade consists
clusively of stretchedE2 transitions, e.g., in82Zr @19# or
84Zr @11#. However, intense 161→ 15(1)→ 141 sequences
have been observed in the heavier (N>46) even-even Zr,
Mo, and Ru isotopes@20,17,21#. The 861- and 1329-keV
transitions feeding the 2260-keV 61 state might depopulate
the yrare 101 and 81 states. However, the transitions are to
weak to deduce spin assignments from the present exp
ment. The transition at 1254 keV, which can be clearly se
in Fig. 2~c!, most probably also belongs to86Mo but could
not be placed in the level scheme due to lack of statistics
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120 54D. RUDOLPHet al.
The DCO ratio of the 1390-keV transition is consiste
with a DI51 transition with a vanishing mixing ratiod.
Thus it is most likely the parity changing 52→ 41 transi-
tion. The tentative assignment is based on the analogy w
the neighboring even-even nuclei~In most cases, the main
flux from the negative- to positive-parity states is carried b
a 52→ 41 transition of about 1.0–1.5 MeV.! The spin as-
signments of the 2959-keV 6(2) and 3307-keV 7(2) states
arise from the DCO ratios of the 242- and 347-keV and t
observed parallel 589-keV transition. Beyond, the magnitu
of the g-ray energies and the excitation pattern again fav
E2 character. The placement of the 912-keV transition~close
to the 915-keV 41→ 21 transition in the strongest reaction
channel86Zr! and the 1069/1071-keV doublet was possib
only by using the 2p-gatedggg cube. Superdeformed struc
tures were not observed for86Mo in the present experiment

III. DISCUSSION

A. Systematics and shell-model influence

In Fig. 3, the positive-parity yrast sequence of86Mo is
compared to those in the even-even neighbors82Zr @19#,
84Zr @1,11#, 88Mo @17#, and 90Ru @21# up to spinIp5201.
The two lighter Zr isotopes were interpreted in terms of r
tational bands, whereas the twoN546 isotones reveal typi-
cal features of transitional nuclei. The states up to the fi
alignment of a brokeng9/2 proton or neutron pair, i.e., spin
I58, are consistent with the rotation of a weakly deforme
ground state (b2'0.1–0.2!. Thereafter, the structure of thes
isotopes is dominated by the shell-model states, although
hancedB(E2) strengths have been observed@2#. The simi-
larity of the 86Mo yrast sequence to its isotone84Zr is strik-
ing ~see also Fig. 4!. This suggests a collective approach fo
the interpretation of86Mo. However, the correspondence o
the 161→ 15(1)→ 142

1 DI51 cascade to theN546 nuclei
points to an enhanced shell-model influence in that part
the level scheme.

To study this influence in some detail, a shell-model ca
culation based on a set of empirical two-body matri
elements@22# was performed. Using88Sr as the core, the
configuration space consisted of only the 2p1/2 and 1g9/2

FIG. 3. Comparison of the positive-parity yrast levels of82Zr
(Tz51, N542) @19#, 84Zr (Tz52, N544) @1,11#, 86Mo (Tz51,
N544), 88Mo (Tz52,N546) @17#, and90Ru (Tz51,N546) @21#.
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orbitals for protons and neutrons. Effective charge
(ẽp51.72 and ẽn51.44) and effectiveg factors „gl(p)
50.97,gs(p)54.70,gl(n)50.13, andgs(n)523.24… were
used to describe the transition rates. This parametrizati
~GF-1 as labeled and presented in detail in Ref.@2#! was
found to describeA'90 nuclei withN>46 very well. The
main result is that due to the strong interaction between ne
trons and protons moving in nearly identicalg9/2 orbits, the
141, 151, and 161 states lie comparatively low in energy.
The latter are predicted to contain mainly the seniorit
v54 partitions @p(g9/2)8

2
^ n(g9/2)8

22#15 ~48%! and
@p(g9/2)8

2
^ n(g9/2)8

22#16 ~78%! with completely aligned neu-
tron and proton subconfigurations in either case. This allow
for a strongM1 transition between these states. The pr
dicted g-ray energies are 389 keV (161→ 151) and 452
keV (151→ 141), reasonably close to the observed 241 an
490 keV. The calculated positive-parity yrast levels ar
shown on the left-hand side in Fig. 1~SM!. They are nor-
malized to the energy of the 7116-keV 161 state.

The following additional remarks concerning the possib
interplay between collective and shell-model states in the
qp region of 86Mo may be made. The predicted~but not

FIG. 4. Kinematic (J(1)) and dynamic (J(2)) moments of iner-
tia for the positive-parity yrast structures of84Zr @1,11# and 86Mo.



n

u

i

f

t

a

n

-
t
-

of

e
rst
t

e

ts
f
me
d-
e

In

u-

g-
as
ty
e

ex-

54 121SHELL-MODEL INFLUENCE IN THE ROTATIONAL . . .
observed! 121 shell-model state lies only 164 keV below th
predicted 141 shell-model state. This small transition energ
and the difference in the configurations of the initial and fin
states would lead to a predicted isomeric 141 shell-model
state:t theo(14

1)580 ns. The decay of the 142
1 state~if as-

sociated with the 141 shell-model state! into the 121 collec-
tive yrast state would then be competitive, as possibly o
served with the 1218 keV 142

1→ 121 transition. Perhaps the
best observable regarding shell-model influence in this p
of the level scheme is the lifetime of the 6385 keV 142

1 state.
If shell-model admixtures to its wave function were prese
its lifetime should amount to at least several picosecon
~correponding to a stopped peak in a Doppler-shift atten
tion lifetime experiment! as compared to subpicosecond life
times of states located at similar excitation energies with
rotational bands of neighboring nuclei~corresponding to
Doppler-shifted and -broadened line shapes!. It is interesting
to note that in the latest work on84Zr @11# a
171→ 151→ 142

1→ 121 cascade was observed with sim
lar transition energies as in86Mo. However, the correspond-
ing 161→ 151 transition was not reported. The energy di
ference between the calculated 161 and 81 states amounts
to 3.1 MeV, as compared to 3.5 MeV between the expe
mental 161 state and the 3589 keV state. Hence, the o
served levels at 3589 and 4450 keV might be associated w
shell-model states.

The shell-model calculation yields a branchin
ratio b5b1(16

1→ 151)/b2(16
1→ 141)57.3 and, as ex-

pected, overestimates theDI51 branch (b5[l(M1;
161→151)1l(E2;161→151)]/[ l(E2; 161→141)
1lcoll(E2;16

1→141!# with l representing the partial de-
cay widths!. To reproduce the measured branching ra
bexpt50.29(9

14), an additional collectiveE2 strength of
B(E2;161→ 141)coll'1700 e2 fm4 would be necessary.
This suggests a mixed character for the 7116-keV 161 state.
Assuming an axially deformed prolate rotor, the addition
collective strength corresponds to a deformation
«2'0.24 («2 is approximately equal to 0.94b2). This is in
good agreement with the total Routhian surface~TRS! map
deduced in Ref.@13# using a Hartree-Fock-Bogolyubov
cranking calculation with a nonaxial Woods-Saxon potenti
The authors reported a spherical ground state and a tria
minimum in the«2-g plane at~0.25,230°) at a rotational
frequency of\v'0.3 MeV which is only 160 keV above the
spherical minimum. A cranking calculation using the Struti
sky method and the modified harmonic oscillator potent
provides similar results@23#: a minimum in the TRS map at
(«250.25,g5232°) for the ground state configuration. Kir
chuk et al. @24# calculated the ground state deformation
«2'0.1 with an axially symmetric Hartree-Fock
Bogolyubov calculation. The calculations within the cranke
Nilsson-Strutinsky model~see Sec. III B! indicate the defor-
mation«250.22,g5249° for the yrastI5161 state.

Figures 4~a! and 4~b! show the kinematic and dynamic
moments of inertia for the positive-parity yrast structures
86Mo and 84Zr @1,11#. In Fig. 5 the alignmenti with respect
to a reference rotor with the Harris parametrization@25#
(J0 ,J1 ,i 0)5~20\/MeV,0,-4\) is illustrated for 86Mo and
84Zr and their odd-Z N544 isotones85Nb @26# and 87Tc
@27#. The Harris parameters are based on the nearly cons
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and equal moments of inertia of84Zr after the two band
crossings@see Fig. 4~b!#. Both 86Mo and 84Zr show their first
steep back- and upbend at a rotational frequency
\v50.48 MeV. By means of a transient fieldg-factor mea-
surement in84Zr, Mountford et al. @28# demonstrated that
the aligning particles of this crossing areg9/2 protons. The
identity in the crossing frequency and the amount of th
alignment strongly suggest the same nature for the fi
crossing in 86Mo. This interpretation is also in agreemen
with an investigation of yrast and yrare 81 states in even-
even nuclei in theA580–90 region. In the more collective
region withN<44 the predicted and/or observedg factors of
the yrast 81 states are positive, indicatingg9/2 proton align-
ment taking place first. In contrast, the more shell-model-lik
nuclei withN>46 provide negativeg factors for the yrast 81

states@29#.
The second band crossing in86Mo at \v50.51 MeV

immediately follows the first one. In84Zr, it is delayed to
\v50.60 MeV. For both nuclei, the total alignment amoun
to about 10\, consistent with the breaking of two pairs o
g9/2 nucleons. After the crossings, both isotopes assu
similar dynamic and kinematic moments of inertia. The od
A isotone85Nb reveals only one upbend at exactly the sam
frequency as the second crossing in86Mo. The amount of
alignment is about half of that of the even-even nuclei.
85Nb, the firstg9/2 proton alignment is Pauli-blocked due to
the unpaired proton. Hence, Grosset al. @26# suggested the
upbend to reflect a neutrong9/2 quasiparticle alignment, con-
sistent with the interpretation of the86Mo band.

On the negative-parity side two 132 states are observed,
one of which might represent a seniorityv54 completely
aligned shell-model state, with either one proton or one ne
tron occupying thep1/2 shell. However, the existence of both
signatures with almost no signature splitting strongly su
gests mainly rotational excitation for the negative parities
well. Although the transition energies of the negative-pari
states in the neighboring transitional and shell-model-lik
nuclei ~e.g., 88Mo, Ref. @17#! are also around 1 MeV and
nearly equally spaced, the odd-spin states are favored in

FIG. 5. Quasiparticle alignmenti of the positive-parity yrast
structures of theN544 isotones84Zr @1,11#, 85Nb @26#, 86Mo, and
87Tc @27#.
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citation energy. Figure 4~c! illustrates the kinematic mo-
ments of inertia for the negative-parity structures in86Mo
and compares them to the negative-parity rotational band
theN544 isotone84Zr @1,11# and the shell-model-like odd
spin sequence in theZ542 isotope 88Mo @17#. The final
three data points of88Mo correspond to the 192, 212, and
232 states. Since the 192→ 172 E2 transition was not ob-
served and the 212→ 192 E2 transition was found to be
much weaker than the accompanying twoDI51 transitions
@17#, the connections in Fig. 4~c! are dotted. ThoseDI51
transitions on top of the sequence in conjunction with
abnormally large sudden increase and saturation value
J(1) @see Fig. 4~c! disagrees with the interpretation of a ro
tational band. In fact, transition energies@17# and probabili-
ties @2# are well reproduced by shell-model calculations. O
the other hand, the bands in84Zr show a gradual alignmen
of some 6\ at a rotational frequency of\v'0.45 MeV. This
is consistent with the alignment of ag9/2 pair of nucleons and
the moments of inertia saturate at values similar to
positive-parity yrast band in that nucleus@see Fig. 4~a!#. The
behavior of the bands in86Mo lies in between these two
examples. The beginning of an upbend around\v50.5
MeV can be seen, but the lack of experimental data at h
spins prohibits a definitive conclusion of whether the ban
have mainly shell-model character~like 88Mo! or represent
rotational bands~like 84Zr!.

B. Cranked Nilsson-Strutinsky calculations

The nuclei in the neutron-deficientA'80–90 mass region
undergo drastic changes in deformation as function of n
tron and proton number@30#. For example, the nuclei with
N'44 are expected to beg soft @13,23#. This suggests the
existence of triaxial collective bands in the yrast or ne
yrast region of86Mo at high spin. At large enough spin, thi
picture can become even richer by termination of differe
bands.

In the present work, the configuration-dependent sh
correction approach with the cranked Nilsson potential@31#
is employed for detailed investigation of the high-spin sta
in 86Mo. This approach allows us to consider the collecti
and terminating bands on the same footing. Pairing corr
tions are neglected in the present calculations. Because
standard set of Nilsson potential parameters@31# does not
reproduce correctly the relative position ofg9/2, f 5/2, and
p1/2 spherical states in this mass region@32#, we use the
parameter set adjusted for86Zr @33#. Since pairing correla-
tions are neglected, our calculations can be considered
realistic at high spin, sayI>15\. This means that when
comparing experiment and theory, one should not use a
lute energies relative to the ground state. Instead, the rele
values are the energies measured relative to some high-
state. One should also note that, with approximations wh
are negligible at small deformation, the cranked Nilss
Hamiltonian is diagonalized in the present calculations. Af
the diagonalization, however, it is generally possible to ch
acterize each orbital as being dominated by onej shell and
this j shell ~e.g.,g9/2, f 5/2, or p1/2) is then used to get an
instructive label for different orbitals.

The results of calculations are compared with experim
tal data in Fig. 6~a!. The configurations are summarized
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Table II and will be refered to with bold arabic numbers in
the text. The shape trajectories in the«2 ,g plane for configu-
rations 1–6 are shown in Fig. 6~b!. All calculated bands
terminate in noncollective oblate shapes (g560° or
g52120°). In configuration1 with a closed40

80Zr 40 core,
p(g9/2)8

2
^ n(g9/2)12

4 , the maximum available spin is
Imax520\. Higher spin states with (p51,a50) can be
obtained, for example, by excitation of two protons from th

FIG. 6. ~a! Calculated level energies for various configuration
of positive parity and signaturea50 in the yrast region of86Mo.
The energies are given relative to a smooth liquid-drop express
(\2/2Jrig)I (I11), where the moment of inertia parameter is
(\2/2Jrig)50.0193 MeV. Noncollective states (g560° or
g52120°) are encircled. The observed (p51,a50) sequence is
shown by large solid symbols and a solid line. Configuration6 is
shown by a solid line and open circles. Other calculated configur
tions ~ 1, 2-3, 4, and5! are shown by dotted lines and the solid
circles, open squares, solid squares, and open triangles, res
tively. Configurations2-3 are shown by one line because low-j
p1/2 and f 5/2 orbitals are mixed strongly. This line corresponds t
the lowest in energy solution within the group of configuration
p@(g9/2)12

4 (N53)X
22#121X^ n(g9/2)12

4 . ~b! Shape trajectories in the
«2 ,g plane for configurations1–6. The same symbols as in~a! are
used to indicate the calculated configurations. The deformati
points are given in steps of 2\. The initial spin is 6\ for all con-
figurations except for configuration5 whose shape trajectory is
shown fromI510\.
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N53 shell into theg9/2 orbitals. The maximum spin for con-
figurations 2 and 3 of positive parity and signature
a50 which can be obtained in this way is eithe
Imax524\ (p@(g9/2)12

4 (p1/2)0
22#12^ n(g9/2)12

4 ), Imax526\
(p@(g9/2)12

4 (p1/2)20.5
21 ( f 5/2)2.5

21#14^ n(g9/2)12
4 ), or Imax528\

(p@(g9/2)12
4 ( f 5/2)4

22#16^ n(g9/2)12
4 ) depending on the distribu-

tion of proton holes in the Nilsson orbitals dominated b
p1/2 and f 5/2 components, respectively. An alternative poss
bility involves the excitation of one proton and one neutro
~configuration4! across the sphericalZ540 andN540 shell
gaps.

If, in addition to the two protons, two neutrons are als
excited across the spherical shell gap at particle number
the energy will, of course, become higher for spherical sha
and not much spin is gained because theng9/2 subshell is
almost half-filled. The configuration6 which is formed
(p@(g9/2)12

4 ( f 5/2)4
22#16^ n@(g9/2)12

6 ( f 5/2)4
22#16) is however

still of great interest because it can gain a lot of energy
acquiring a triaxially deformed shape. The calculations su
gest that the collective band formed in this way becom
energetically competitive in a large spin range, and it can
considered as the most probable candidate for the obse
(p51,a50) sequence.

In the calculations, configuration1, which is only slightly
collective and terminates atI520\, is lowest for spins
I518,20\. However, this configuration cannot be assigne
to the observed (p51,a50) sequence which shows a
smoothJ(2) for spinsI516224\. The small collectivity of
configuration1 @see Fig. 6~b!# is one possible reason why i
was not observed. Another possibility is that configuration2
should be associated with the observed (p51,a50) yrast
sequence. It is calculated only'3002400 keV above con-
figuration6 at I516\ and it is lowest atI524\. The highest
spin I524\ observed in the (p51,a50) yrast sequence of
86Mo is equal to the terminating spin of this configuration.
is more collective than configuration1 @see Fig. 6~b!# and
less collective than configuration6. Configuration2 repro-
duces qualitatively the drop of experimental energies relat
to a rigid rotor reference. However, the downslope with i
creasing spin of the (E2ERLD) curve is overestimated in the
calculations.

Configuration6 has the largest collectivity among the
configurations calculated in the yrast and near-yrast region
I>14\ @see Figs. 6~a! and 6~b!#. Moreover, the relative en-
ergy values shown by the slope of the experimen
(E2ERLD) curve in Fig. 6~a! is reproduced reasonably wel

TABLE II. Suggested configurations at the band termination
the near-yrast structures in86Mo with parity and signature quantum
number~1,0!.

1 p(g9/2)8
2

^ n(g9/2)12
4

2 p@(g9/2)12
4 (p1/2)0

22#12^ n(g9/2)12
4

3 p@(g9/2)12
4 ( f 5/2)4

22#16^ n(g9/2)12
4

4 p@(g9/2)10.5
3 ( f 5/2)2.5

21#13^ n@(g9/2)12.5
5 ( f 5/2)2.5

21#15
5 p@(g9/2)12.5

5 ( f 5/2p1/2)4.5
23#17^ n@(g9/2)12.5

5 ( f 5/2)2.5
21#15

6 p@(g9/2)12
4 ( f 5/2)4

22#16^ n@(g9/2)12
6 ( f 5/2)4

22#16
7 p@(g9/2)12

4 ( f 5/2p1/2)4.5
23(h11/2)5.5

1 #22^ n(g9/2)12
4

8 p@(g9/2)10.5
3 (p1/2)0

22(h11/2)5.5
1 #16^

n@(g9/2)12
4 (p1/2)0

22(g7/2d5/2)2.5
1 (h11/2)5.5

1 #20
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above this spin. The kinematic (J(1)) and dynamic (J(2))
moments of inertia of the observed sequence are rat
smooth functions of the rotational frequency at\v>0.5
MeV ~see Fig. 4! which indicates that there is no change o
the configuration along the yrast (p51,a50) sequence at
spins aboveI516\. Furthermore, the dynamic moment o
inertia J(2) of the observed sequence (J(2)'17\2/MeV at
\v>0.6 MeV! is approximately one-half of the kinematic
moment of inertia (J(1)'30\2/MeV!, which indicates a
large single-particle contribution typical for this kind of ter
minating bands~see for example Ref.@34#!. The calculated
values ofJtheo(2) andJtheo(1) for configuration6 are close to the
experimental ones at\v>0.6 MeV. In the calculations, this
configuration shows rather smooth deformation chang
through the («2 ,g) plane with increasing spin@see Fig.
6~b!#. For example, the calculated equilibrium deformation
«250.24, g5255° at I5 6\ and «250.22,g5249° at
I516\. Finally, this configuration terminates in an unfa
vored way at spin I532\ and deformation
«250.025,g52120° ~noncollective rotation around the
prolate symmetry axis!. However, configuration2 cannot be
fully ruled out from consideration because it is not known t
what extent the present parametrization of Nilsson potent
is optimized for the mass region under study. If the char
quadrupole moments were measured, it should help to d
tinguish between these two possibilities.

All of the above-mentioned features which exist both i
experiment and in the calculations for configuration6 are
similar to the ones typical for unfavored termination of th
rotational bands in the nuclei neighboring to109Sb @34,35#.
In these bands, the high energy cost for building the last fe
spin units before termination is mainly connected with pro
ton holes in theg9/2 orbitals. In comparison with these bands
which are obtained by excitation of protons across th
sphericalZ550 shell gap, configuration6 of 86Mo is ob-
tained by excitation of two neutrons and two protons acro
the sphericalZ540 andN540 shell gaps, where the proton
and neutron holes in thef 5/2 subshell play a similar role as
the proton g9/2 holes in the terminating bands of the
A'110 mass region.

All yrast or near-yrast states up to spinI532\ are formed
by proton and neutron excitations across the spheri
Z540 andN540 shell gaps@see Fig. 6~a!#. Higher spin
states can be obtained by excitation of particles into t
h11/2 ~or g7/2, d5/2) subshell across the sphericalZ550 and
N550 shell gaps@see configurations7 and8 in Fig. 6~a!#.
The energy cost per spin unit aboveI532\ is however quite
high. This result is consistent with conclusions of Ref.@32#.
In comparison with theN'Z'45 nuclei studied in Ref.
@32#, the energy cost per spin unit increases significantly a
spin value which is 12 units larger than the maximum sp
(I520\) which can be achieved in the valence space
86Mo. This is because only two valence protons reside in t
g9/2 subshell in the valence configuration forZ542. For ex-
ample, the excitation of one proton fromf 5/2 to g9/2 increases
the available spin by 5 spin units in86Mo, while a similar
excitation for aZ545 nucleus gives only two additional spin
units. With increasing proton number, such an excitation w
give a smaller or even negative contribution to the maximu
spin, because theg9/2 subshell will be more than half-filled.

of
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IV. SUMMARY

The present charged-particle-gg and -ggg coincidence
experiment has extended the four previously known levels
86Mo by some 20 new levels up to 13 MeV excitation energ
and probable spinIp5241. The combination of a powerful
g-detector array such asGAMMASPHERE and a selective de-
vice such asMICROBALL to separate the various reactio
channels has demonstrated the potential for detailed sp
troscopy of weakly populated nuclei close toN5Z. 86Mo
reveals itself as a rotational nucleus. The kinematic and d
namic moments of inertia and the aligment pattern of t
positive-parity yrast band are very similar to those of i
deformedN544 isotones84Zr and 85Nb rather than to the
transitional nucleus88Mo. The rotational character of a mod
erately deformed, triaxial («2'0.20–0.25,g'230°–50°!
shape of the positive-parity yrast band of86Mo is also sug-
gested by cranked shell-model calculations for low sp
~Refs.@13,23#! as well as high-spin states~present work!. At
high spins the experimental data is reproduced best with
p@(g9/2)12

4 ( f 5/2)4
22#16^ n@(g9/2)12

6 ( f 5/2)4
22#16 configuration

which terminates in an unfavored way at spinI532\, eight
units of spin higher than observed. However, aDI51
161→ 151→ 142

1 cascade was observed which does not
into the picture of a purely rotational nucleus. Simple she
model calculations can account for that phenomenon but,
in
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y-
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-

in

a
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ll-
of

course, cannot reproduce the regularity of the rotational pa
tern throughout the yrast cascade. Therefore we conclud
that some shell-model seniorityv54 admixtures might con-
tribute to the wave functions of the 142

1, 151, and 161

states but that the structure of86Mo is basically of rotational
nature. Clearly, lifetime measurements are necessary to te
this interpretation.
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