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High-spin states if®o were studied by means of the fusion evaporation reacfibii( *2S,2p2n) Mo at
135 MeV beam energy. Charged-partiglg-and -yyy coincidences recorded with the early implementation
of the GAMMASPHERE array and theniCROBALL charged-particle detection system were used to largely extend
the level scheme of th€,=1 nucleus®Mo to a possible spin of=24% 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 £ 12—16#). The observed4= +,a=0) sequence at spir= 164 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.
[S0556-28186)03607-2

PACS numbgs): 21.10.Re, 21.60.Cs, 23.20.Lv, 27.5@

[. INTRODUCTION 8Mo. Isospin was found to be important with respect to
band crossing phenomena of nuclei closéNte Z [8].

The dividing line between well-deformed nuclei with ro- ~ Recently, the powerful y-ray detector arrays
tational bands and less collective nuclei is rather sharp in thEAMMASPHEREandEUROGAM allowed the observation of the
neutron deficient mass regioh~90 [1]. The nuclei with Predicted[9,10] superdeformedSD) shell gaps for particle
N=44 exhibit rotational bands whereas the nuclei withrlumber 0fZ,N~44[4]. Jin et al. [11] confirmed the large

N=47 are less collective and can be adequately described I%}lljadrupole deformation of @ SD band in tfio isotone

terms of the shell model. Thié=46 isotopes are considered mgtrhz()gl._l: gz's’rg fl_z?,'z\?ot\rgvgrhN t:h24 riessgtdounael (I)nge?\z)frtvsg i

to be transitional nuclei, but are essentially described by th&p ands have been observed.

spherical shell mod¢R]. The shell-model structures are also | jttle information on excited states if®Mo was previ-
manifested in the so-called band terminating states in somgysly reported. Grosst al.[13] were able to identify a pos-

Sr isotopeg3,4]. In the transition regionN~45) quasipar- sible 4" —2"—0" cascade for the first time via recoj-
ticle (gp) alignment may strongly influence the collectivity coincidences. The transition energi&8 and 761 keYin-

of excited states as has been observe¥{lto [5]. The mea- dicate the beginning of a rotational band built upon a mod-
sured collectivity in the 3 gp band exceeds that of the 1 qperately deformed ground state in agreement with predictions
states by a factor of about 6. However, B€E2) strengths from Hartree-Fock cranking calculatiofik3]. Subsequently,

in the N=46 isotopes®’Nb and Mo decrease by about a Mitarai et al. [14] reported two morey rays (933 and 972
factor of 4 after the first quasiparticle alignmd#t7]. With ~ keV) that extend the positive-parity yrast band. The present
such rapid changes in collectivity nearby, e 44 isotones ~ Study aimed at extending the positive-parity yrast sequence
with Z>40 may exhibit rotational structures influenced by Pe€yond the band crossing region, establishing negative-parity

single-particle excitations. Therefore, we have undertaken gtates, and possibly identifying superdeformed structures. In
study of ®Mo. In this nucleus, proton and neutrag,, or- the following section, details of the experiment and the new

bitals are filled in a similar way and their deformation- l€vel scheme will be presented. In Sec. Il the new results
driving as well as shell-model effects could act in unison. InWill be compared with the level schemes of neighboring,
addition, residual neutron-proton interactions may play a Sig\_/vell—estabhshed isotopes and isotones and the high-spin data

nificant role in the structure of the isospif,=1 nucleus Wil be compared with calculations using the Nilsson-
Strutinsky cranking model.

II. EXPERIMENT, DATA REDUCTION

Present address: Sektion Physik der Univerdilanchen, Am AND LEVEL SCHEME

Coulombwall 1, D-85748 Garching, Germany.
TPermanent address: Nuclear Research Center, Latvian Academy The experiment was performed at the 88-inch Cyclotron
of Sciences, LV-2169, Salaspils, Miera str. 31, Latvia. at the Lawrence Berkeley National Laboratory. The
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_______ TABLE I. The energies of excited states §fVlo, the transition
: 1777 energies and relative intensities of therays placed in the level
: scheme, the DCO ratios and the gate used to obtain them, and the

w90 & o7 spins and parities of the initial and final states of theays.
1523

Ex Ey Irel Ii7T l ;T

fan el (keV) (keV) (%) Roco Gate’ (h) (h)

566.64) 566.64) 100(3) 2+ 0*

e Io'sﬁlf) 1327.56) 760.95 1003) 1.049) A 4+ 27

] 21292) 15622)  4(1) 2+

. )@_ﬁ_%ﬁ : 2260.19) 932.66) 685 1058 B 6"  4°

o |5 | ar) 2717.712) 13901) 26(3) 0.6811) A 5(7) 4t

| 2059.413) 241.44) 133) 0628 B 6 50

3232.811) 972.47) 495) 0.9211) B 8t 6"

3306.38) 347.15 6(1) 06020 B 7))

588.56) 1020 1.05299 B  7(7)  5()

10471)  5(2) 700 6"

35892) 13291) 112

37482) 7891 10(2) 1.12200 B  (87) 6

4153.413) 920.47)° 455 1.0811) B 10" 8%

41861) 879.96) 17(2) 1.0821) A (97) 7O

445Q2) 861(1) 5(2)

46602) 9121)  9(2) (107) (8")

FIG. 1. Proposed partial level scheme®%Ko. The energy la- 5166.415 10131) 42(4) 1.1014) A 12° 10°
bels are given in keV. The widths of the arrows are proportional t052551) 10691) 1502 (117) (97)
the relative intensities of the rays. Shown on the left-hand side are 56863) 10261)  8(1) (127) (10)
the calculated =8-16: shell-model states. 61952) 10281) 283) 1.05100 C 14" 12F
62722) 10171)  9(2) (137) (11)

58Nii(32S,2p2n) %Mo reaction at 135 MeV bombarding en- 63852) 12181) 152) 11028 C 14 12
ergy was used to populate excited state&o. The target 64102) 11551 5(2) (13,) (117)
consisted of a 99.7% highly enriched self-supportitiyi 67513 10712)  6(1) (147) (127)
foil of 210 wglcn? which was rotated 30° relative to the 68782  490.35 92 0481) C 1587 14
beam direction. The experimental setup consisted of the 6791 21 159 14
early implementation of theAmMMASPHERE array[15] com-  71162) 2411 51 0673) D 16" 15"
prising 36 Compton-suppressed Ge detectors, and the Wash- 9201)° 173 1.0811) B 16" 14°
ington UniversityMICROBALL [16], which is a 47 charged- 784Q04) 10832) 4(1) (167) (14)
particle detector array with 95 G3l) scintillators. The 79752) 11001)  6(2) 15+
event trigger required coincidences between three or more18q?2) 10641) 21(3) (18" 16"
Ge detectors. A total of 4:210° raw events were collected. 94673) 12871) 1002 (20") (18"
The events were sorted off-line in®,-E,, matrices subject 1099q3) 15232)  6(2) (22%) (20%)
to the appropriate charged-particle gates. The finah27674) 177720 21 (247) (22%)

2p-gated matrix had 4910° events, including contami-

nants of the strong reaction channéf&r+a2p, 8'Nb+
3p, and &Zr+4p which leaked through when am particle

or one or more protons were not detected. Successive sufPoublet structure.

traction of the higher fold charged-particle channels finally

%A, 567 keV;B, 567+761 keV;C, 567+761+933 keV; D, 933
+973+921 keV.

led to a “pure” 2pyy matrix with 4.3<10" events. This
matrix contained onlyy rays originating from®Mo+2p
(=10%), 8Mo-+2pn (=~ 60%), and ®Mo+2p2n (= 30%).

v-ray spectra gated with the 1390- and 242-keV transitions.
The 1390-keV transition carries most of theray flux from

the negative- to positive-parity states. The 242-keV transi-
8Mo [5] and Mo [17] are well known, thus allowing the tion is the connection between the two signature partners of
identification of possible doublet structures pfrays origi- the negative parity. In order to make use of triple coinci-
nating from 8Mo and one of those reaction channels. Coin-dences, a @-gated yyy cube and a secondp2gated yy
cidence, intensity, and summed energy relations were used toatrix were sorted. For the latter, the additional condition
deduce the greatly extended level scheme illustrated in Fig. that the double event be in coincidence with a thyrday at
and summarized in Table I. For example, Fi¢h)dllustrates 242, 347, 567, 761, 921, 933, 973, or 1390 keV was im-
the y-ray spectrum gated with the 567-keV 2> 0" transi-  posed. Figure @) is the sum of they-ray spectra gated with
tion, which shows a series of previously unknown lines inthe 933-, 973-, and 921-keV transition in this “triples” ma-
addition to the reported ones at 761, 933, and 972 ffere trix illustrating the positive-parity band. As will be seen later
973 keV). Similarly, Fig. 2a) represents the sum of the on, the location of the two low energy transitions at 490 and
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efficiency of the detectors at “30°”” and 90° were found to
()7 be equal within the 3% accuracy of the efficiency calibration.

i The DCO ratios obtained are given in Table | together with
the corresponding gates. In most cases gates were summed
up in order to improve statistics. This procedure does not
significantly affect the results as shown in a work by Ka-
badiyski etal. [18]. The expected DCO ratios are
Rpco= 1.0 for a stretche@?2 transition andR pco~0.5 for a
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1000 stretched dipole transition. Depending on the multipole mix-
> ing ratio 6(E2/M1) the DCO-ratio may differ from
‘% FQE)(:():: ().ES.

2 The level scheme in Fig. 1 is dominated by the positive-

parity yrast structure. It consists of 12 consecutive stretched
E2 transitions. Up to the 7116 keV 16state, the spin as-
signments are based on the DCO ratios in Table I. Thereaf-
ter, the magnitude and the regular increase of+hay en-
ergies strongly suggests stretche@ character for these
transitions. According to their DCO ratios, the 490-
[Rpco=0.48(11) and 241-keV[Rpco=0.67(31) transi-
tions have stretched dipole character or are consistent with
stretched dipole character, respectively. This allows, in prin-
. ciple, positive or negative parity for the 6875-keV level.
1500 However, negative parity is very unlikely as tBd strength
of the 241-keV transition would be orders of magnitude
FIG. 2. Coincidence spectra 8Mo: (a) sum of the spectra in h'ghefr_ than usual _V_V'th res_peCt to the parallel 920-ke¥ .
coincidence with the 242 and 1390 keV transitions in the “pure” traDSItlon. The pOSIt_Ive_—parlty sequence extends to a tent_atlve
2pyy matrix; (b) spectrum gated with the 567 keV transition in the 24 State at an excitation energy of 12767 keV — the high-
“pure” 2 pyy matrix; (c) sum of the spectra in coincidence with €St excitation energy and spin observed so far fdr, a1
the 921-, 933-, and 973-keV transitions in the “triplesp2y ma- nucleus. The doublet structure of the 921-keV 10 8" and
trix; and (d) spectrum gated with the 490-keV transition in the the 920-keV 16 — 14" transition was deduced froita) a
“triples” 2 pyy matrix. The energy labels are given in keV. self-coincidence in both the “pure” 2-gated matrix and the
“triples” matrix, (b) the intensity relationships in spectra
241 keV(doublet with the 242-keV transition in the negative gated with the 1028- and 1218-keV 14> 12" transitions,
parity) is important in the understanding of the structure ofand(c) the coincidences between the 1028-keV 14 12"
8Mo. Figure 2d) shows the spectrum gated with the 490-and the 1064-keV 18— 16" transition, which cannot be
keV transition in the “triples” matrix. The transitions at 567, explained by the weak 16— 15™)— 14" bypass. This co-
761, 921, 933, 973, 1013, and 1218 keV all have about théncidence also provides a lower intensity limit for the 920-
same intensity, whereas the 241-, 1064-, and 1100-keV trarkeV transition. The doublet complicated the determination of
sitions are present but with weaker intensities. Thus the pothe level order between the 2260-keV énd the 5166-keV
sition of the 490-keV transition is unambigously determined.12" states, because the 973-, 921-, and 1013-keV transitions
The geometry of the&sAMMASPHERE also allowed the as- are almost equally strong. However, the inspection of rela-
signments of spins from the angular correlations of the tive intensities in a series of gated spectra with transitions
rays. For this purpose, a matrix was constructed in which below the 6195-keV 14 state provided enough evidence for
events recorded at 90° were sorted against those recordedthe order presented in Fig. 1. The relative intensities of the
17°, 31°, 37°, 143°, 149°, or 163° in coincidence with two three transitions in Table | are consistent.
protons detected iMICROBALL. The 30 Ge detectors at the A specific feature in the®®Mo decay scheme is the
latter six angles were combined to provide a maximum ofAl=1, 16"— 15")— 14] cascade which carries about
statistics. The cosines of the angles at (I83°), 31°(1499,  25% of they-ray flux out of the 7116-keV 1B state. In the
and 37°(1439) average to the cosine of an angle at approxi-case of a rotating even-even nucleus in At¢80—-90 region
mately 30° (the angular distribution ofy rays following  the decay down the positive-parity yrast cascade consists ex-
heavy ion fusion evaporation reactions is symmetric withclusively of stretchedE2 transitions, e.g., irf?Zr [19] or
respect to 90°). Pairs of gated spectra may be used to obtaltzr [11]. However, intense 16— 15— 14" sequences
directional correlations of oriented statd3CO ratio, de-  have been observed in the heavi&t=46) even-even Zr,
fined as Mo, and Ru isotope$20,17,2]. The 861- and 1329-keV
) transitions feeding the 2260-keV 6state might depopulate
Rocof - |(y1 at 30°; gated witly, at 90°) (1) theyrare 10" and 8" states. However, the transitions are too
Deol Y1 Y2/ 7 1, at 90°; gated witly, at 30°)’ weak to deduce spin assignments from the present experi-
ment. The transition at 1254 keV, which can be clearly seen
when v, is a stretchedE2 transition. The DCO ratios were in Fig. 2(c), most probably also belongs ®Mo but could
not corrected for detection efficiency because the relativeot be placed in the level scheme due to lack of statistics.
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FIG. 3. Comparison of the positive-parity yrast levels %Zr = L " ]
(T,=1, N=42) [19], *Zr (T,=2, N=44) [1,11], **Mo (T,=1, X 50 f o 1
— 88, — —_ 90, —_ —_ [ ]
N=44), %Mo (T,=2,N=46) [17], and**Ru (T,=1,N=46) [21]. — I‘ij\u—'mﬂ-cr'\-/l ]
I 1 [D i I 1 1 1 I
The DCO ratio of the 1390-keV transition is consistent 02 04 06 08 10 12
with a Al=1 transition with a vanishing mixing rati@. ho (MeV)
Thus it is most likely the parity changing™5— 4* transi- @0
tion. The tentative assignment is based on the analogy with
the neighboring even-even nuclgn most cases, the main 35+ A () |
flux from the negative- to positive-parity states is carried by - Kb
a 5" — 4% transition of about 1.0-1.5 MeYThe spin as- ”> 30r T/ o T
signments of the 2959-keV(6) and 3307-keV 7) states < /05’99”’9‘@\\9
arise from the DCO ratios of the 242- and 347-keV and the =B Jolii 1
observed parallel 589-keV transition. Beyond, the magnitude ;5 20l O\./, ‘%/O |
of the y-ray energies and the excitation pattern again favor =~ %\A;O‘"o O¥Zr (-,1)
E2 character. The placement of the 912-keV transit@ose 15L 0 %Mo (-,1) *%7e(-0)
to the 915-keV 4 — 2" transition in the strongest reaction %Mo (-,0) 2 8Mo (-,1)
channel®zr) and the 1069/1071-keV doublet was possible I e as 1o
only by using the p-gatedyyy cube. Superdeformed struc- ' ’ ) : ' '
ho MeV)

tures were not observed f8fMo in the present experiment.

FIG. 4. Kinematic (#Y) and dynamic {?) moments of iner-

lll. DISCUSSION tia for the positive-parity yrast structures #&r [1,11] and ®Mo.

A. Systematics and shell-model influence orbitals for protons and neutrons. Effective charges
In Fig. 3, the positive-parity yrast sequence ¥Mo is (e,=1.72 ande,=1.44) and effectiveg factors (g,(m)
compared to those in the even-even neighb®&r [19], =0.97,9,(7)=4.70,9,(v)=0.13, andys(v) = — 3.24) were

847r [1,11], Mo [17], and *®Ru[21] up to spinl™=20".  used to describe the transition rates. This parametrization
The two lighter Zr isotopes were interpreted in terms of ro-(GF-1 as labeled and presented in detail in R&]) was
tational bands, whereas the twb=46 isotones reveal typi- found to describéA~90 nuclei withN=46 very well. The
cal features of transitional nuclei. The states up to the firstnain result is that due to the strong interaction between neu-
alignment of a brokemyg,, proton or neutron pair, i.e., spin trons and protons moving in nearly identicgj, orbits, the
| =8, are consistent with the rotation of a weakly deformed14™, 15", and 16" states lie comparatively low in energy.
ground state 8,~0.1—0.2. Thereafter, the structure of these The latter are predicted to contain mainly the seniority
isotopes is dominated by the shell-model states, although em=4  partitions [w(g9,2)§® v(gg,z)gz]l5 (48% and
hancedB(E2) strengths have been obsenf@d The simi- [ 7(go)a® ¥(Je)g 2116 (78%) with completely aligned neu-
larity of the Mo yrast sequence to its isotofézr is strik-  tron and proton subconfigurations in either case. This allows
ing (see also Fig. ¥ This suggests a collective approach for for a strongM1 transition between these states. The pre-
the interpretation of®o. However, the correspondence of dicted y-ray energies are 389 keV (16 15') and 452
the 16" — 15— 14 Al=1 cascade to thBl=46 nuclei keV (15" — 14"), reasonably close to the observed 241 and
points to an enhanced shell-model influence in that part 090 keV. The calculated positive-parity yrast levels are
the level scheme. shown on the left-hand side in Fig. (BM). They are nor-

To study this influence in some detail, a shell-model cal-malized to the energy of the 7116-keV "16tate.
culation based on a set of empirical two-body matrix- The following additional remarks concerning the possible
elements[22] was performed. Using®Sr as the core, the interplay between collective and shell-model states in the 4
configuration space consisted of only the,2 and 1gg, qp region of ®Wo may be made. The predictetut not
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observedl 12" shell-model state lies only 164 keV below the 12

predicted 14 shell-model state. This small transition energy ' o ' ' b
and the difference in the configurations of the initial and final 10 - T O—p__ 4
states would lead to a predicted isomeric” 1ghell-model e
state: 7y, 147) =80 ns. The decay of the J4state(if as- 8 |- -

sociated with the 14 shell-model stafeinto the 12" collec-

tive yrast state would then be competitive, as possibly ob- I~ 6 - 7
served with the 1218 keV 34— 12" transition. Perhaps the g

best observable regarding shell-model influence in this part 4T x §TT¢ (+,1/2) ]
of the level scheme is the lifetime of the 6385 ke\ 1state. L 0 %Mo (_; 0) i
If shell-model admixtures to its wave function were present, .//“] * 55Nb (+ ’1/2)

its lifetime should amount to at least several picoseconds ol m—8_0O 34 ’
(correponding to a stopped peak in a Doppler-shift attenua- "7 (+,0)

tion lifetime experimentas compared to subpicosecond life- 2 S
times of states located at similar excitation energies within 0.2 04 0.6 08 10 12
rotational bands of neighboring nuclécorresponding to ho MeV)
Doppler-shifted and -broadened line shapétss interesting

to note that in the latest work on®zr [11] a FIG. 5. Quasiparticle alignmerit of the positive-parity yrast

17— 15" — 14; — 12" cascade was observed with simi- structures of thé\=44 isotones*Zr [1,11], ®Nb [26], Mo, and
lar transition energies as i#Mo. However, the correspond- °'Tc [27].
ing 16" — 15" transition was not reported. The energy dif-
ference between the calculated 1@nd 8" states amounts and equal moments of inertia d¥'Zr after the two band
to 3.1 MeV, as compared to 3.5 MeV between the expericrossinggsee Fig. 40)]. Both Mo and 8%zr show their first
mental 16" state and the 3589 keV state. Hence, the obsteep back- and upbend at a rotational frequency of
served levels at 3589 and 4450 keV might be associated withw=0.48 MeV. By means of a transient fiegdfactor mea-
shell-model states. surement in®Zr, Mountford et al. [28] demonstrated that
The shell-model calculation vyields a branching the aligning particles of this crossing agg, protons. The
ratio b=b,(16"— 15")/b,(16"— 147)=7.3 and, as ex- identity in the crossing frequency and the amount of the
pected, overestimates thé&l=1 branch b=[A(M1; alignment strongly suggest the same nature for the first
16" —15%)+\(E2;16"—15")]/[\(E2; 16" —14")  crossing in®Mo. This interpretation is also in agreement
+Aeoi(E2;16"—147)] with \ representing the partial de- with an investigation of yrast and yrare"8states in even-
cay widthg. To reproduce the measured branching ratioeven nuclei in theA=80-90 region. In the more collective
Dexp= 0.29G%, an additional collectiveE2 strength of region withN<44 the predicted and/or observgdactors of
B(E2;16"— 14%),,~1700 & fm* would be necessary. the yrast 8 states are positive, indicatirgy, proton align-
This suggests a mixed character for the 7116-keV $6ate. ment taking place first. In contrast, the more shell-model-like
Assuming an axially deformed prolate rotor, the additionalnuclei withN=46 provide negative factors for the yrast 8
collective strength corresponds to a deformation ofstateq29].
£,~0.24 (g, is approximately equal to 0.84). This is in The second band crossing #Mo at 2w=0.51 MeV
good agreement with the total Routhian surf4€RS) map  immediately follows the first one. I§%zr, it is delayed to
deduced in Ref.[13] using a Hartree-Fock-Bogolyubov #w=0.60 MeV. For both nuclei, the total alignment amounts
cranking calculation with a nonaxial Woods-Saxon potentialto about 1@, consistent with the breaking of two pairs of
The authors reported a spherical ground state and a triaxigly, nucleons. After the crossings, both isotopes assume
minimum in thee,-y plane at(0.25-30°) at a rotational similar dynamic and kinematic moments of inertia. The odd-
frequency ofi w~0.3 MeV which is only 160 keV above the A isotone®Nb reveals only one upbend at exactly the same
spherical minimum. A cranking calculation using the Strutin-frequency as the second crossing%Mo. The amount of
sky method and the modified harmonic oscillator potentialalignment is about half of that of the even-even nuclei. In
provides similar result23]: a minimum in the TRS map at 8°Nb, the firstge, proton alignment is Pauli-blocked due to
(e5,=0.25,y=—32°) for the ground state configuration. Kir- the unpaired proton. Hence, Grossal. [26] suggested the
chuk et al. [24] calculated the ground state deformation toupbend to reflect a neutragy,, quasiparticle alignment, con-
e,~0.1 with an axially symmetric Hartree-Fock- sistent with the interpretation of th&Mo band.
Bogolyubov calculation. The calculations within the cranked On the negative-parity side two I3states are observed,
Nilsson-Strutinsky mode(see Sec. Il B indicate the defor- one of which might represent a seniority=4 completely
matione,=0.22,y= —49° for the yrasi =16" state. aligned shell-model state, with either one proton or one neu-
Figures 4a) and 4b) show the kinematic and dynamic tron occupying the,,, shell. However, the existence of both
moments of inertia for the positive-parity yrast structures insignatures with almost no signature splitting strongly sug-
8Mo and 8zr [1,11]. In Fig. 5 the alignmeni with respect  gests mainly rotational excitation for the negative parities as
to a reference rotor with the Harris parametrizati@b] well. Although the transition energies of the negative-parity
(Jo,T1si0)=(20n/MeV,0,-41) is illustrated for Mo and  states in the neighboring transitional and shell-model-like
847r and their oddZ N=44 isotones®Nb [26] and ®Tc  nuclei (e.g., ®Mo, Ref.[17]) are also around 1 MeV and
[27]. The Harris parameters are based on the nearly constanearly equally spaced, the odd-spin states are favored in ex-
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citation energy. Figure (4) illustrates the kinematic mo- Y —
ments of inertia for the negative-parity structures®iMo ! '“‘3';. Wy (a) Y ‘ 3
and compares them to the negative-parity rotational bands in 5, ‘ HE
the N=44 isotone®Zr [1,11] and the shell-model-like odd- S 20 PR
spin sequence in th&=42 isotope %Mo [17]. The final é ®:]
three data points of®Mo correspond to the 19 21°, and =10 NG
23" states. Since the 19— 17~ E2 transition was not ob- §
served and the 21— 19 E2 transition was found to be 2 00 3
much weaker than the accompanying twb=1 transitions S ' 3
[17], the connections in Fig.(d) are dotted. Thosa&l=1 | 3
transitions on top of the sequence in conjunction with an M-10 E
abnormally large sudden increase and saturation value of E
JY [see Fig. 4c) disagrees with the interpretation of a ro- DY) A B R -
tational band. In fact, transition energigls’] and probabili- 0.0 10.0 20.0 30.0
ties[2] are well reproduced by shell-model calculations. On Angular momentum (h)

the other hand, the bands fzr show a gradual alignment
of some @ at a rotational frequency dfw~0.45 MeV. This
is consistent with the alignment ofgg,, pair of nucleons and

the moments of inertia saturate at values similar to the 0.10
positive-parity yrast band in that nuclelsee Fig. 4a)]. The y
behavior of the bands i¥®Mo lies in between these two 005
examples. The beginning of an upbend around=0.5 e

MeV can be seen, but the lack of experimental data at high P

spins prohibits a definitive conclusion of whether the bands Z 0.00
have mainly shell-model charactéike 8Mo) or represent g
rotational bandslike 84zr). S 05 4

B. Cranked Nilsson-Strutinsky calculations 0.10

The nuclei in the neutron-deficieAt~80—-90 mass region
undergo drastic changes in deformation as function of neu-
tron and proton numbd:30]. For example, the nuclei with
N=~44 are expected to be soft [13,23. This suggests the
existence of triaxial collective bands in the yrast or near- . . ) )

. 36 . . . . FIG. 6. (a) Calculated level energies for various configurations
yTaSt region of*"Mo at high S_pln. At large ?no.th Sp"?’ this of positive parity and signature=0 in the yrast region of®Mo.
picture can become even richer by termination of dlfferentThe energies are given relative to a smooth liquid-drop expression
bands. . . (h2/2j,ig)l(l+1), where the moment of inertia parameter is

In the present worl_<, the conflguratl(_)n-dependent She”(hzlzjrig):o.oms MeV. Noncollective states y&60° or
correction approach with the cranked Nilsson poter@ﬂs&]] y=—120°) are encircled. The observest£ +,a=0) sequence is
is employed for detailed investigation of the high-spin stateshown by large solid symbols and a solid line. Configuratiois
in ®Mo. This approach allows us to consider the collectiveshown by a solid line and open circles. Other calculated configura-
and terminating bands on the same footing. Pairing correlagons ( 1, 2-3, 4, and5) are shown by dotted lines and the solid
tions are neglected in the present calculations. Because th&cles, open squares, solid squares, and open triangles, respec-
standard set of Nilsson potential paramet8$] does not tively. Configurations2-3 are shown by one line because Igw-
reproduce correctly the relative position g§,,, fs», and  py andfs, orbitals are mixed strongly. This line corresponds to
P> spherical states in this mass regif#2], we use the the lowest in energy solution within the group of configurations
parameter set adjusted f8fZr [33]. Since pairing correla- 7 (9o 1(N=3)x *l12:x® ¥(do/)1- (b) Shape trajectories in the
tions are neglected, our calculations can be considered &s. plane for configurationd—6. The same symbols as {a) are
realistic at high spin, say=15%. This means that when usgd to ind_icate_ the calculated cpr_1f_igurat_ior_13. The deformation
comparing experiment and theory, one should not use abs@ints are given in steps ofi2 The initial spin is @ for all con--
lute energies relative to the ground state. Instead, the relevafigurations except for configuratiof whose shape trajectory is
values are the energies measured relative to some high-spiAoWn from! =10%.
state. One should also note that, with approximations which
are neg||g|b|e at small deformation, the cranked Ni|ssonTa.b|e Il and will be refered to with bold arabic numbers in
Hamiltonian is diagonalized in the present calculations. Aftetthe text. The shape trajectories in tig y plane for configu-
the diagonalization, however, it is generally possible to chartations 1-6 are shown in Fig. @). All calculated bands
acterize each orbital as being dominated by prehell and  terminate in noncollective oblate shapesy=(60° or
this j shell (€.9.,ggs2, fss OF P1sp) is then used to get an ¥=—120°). In configurationl with a closed30Zr 4 core,
instructive label for different orbitals. m(dor)3® ¥(go) 1o, the maximum available spin is

The results of calculations are compared with experiment,,,=204. Higher spin states with#{=+,a«=0) can be
tal data in Fig. €a). The configurations are summarized in obtained, for example, by excitation of two protons from the

000 005 010 015 020 0.25
g, cos (Y+30°)



54 SHELL-MODEL INFLUENCE IN THE ROTATIONAL ... 123

TABLE II. Suggested configqrationg at the pand termination of ghgve this spin. The kinematic?(l)) and dynamic (7(2))
the near-yrast structures fiMo with parity and signature quantum moments of inertia of the observed sequence are rather
number(+,0). smooth functions of the rotational frequency 7atb=0.5
MeV (see Fig. 4 which indicates that there is no change of
the configuration along the yrastr& +,a=0) sequence at
spins abovd =16#. Furthermore, the dynamic moment of
inertia 7?) of the observed sequence/f’~1742/MeV at
(90D 32 FsiP12) 251170 V[ (Gor) T2 F52) 25115 fi0=0.6 Me\./) |s_appri)X|mate2Iy one_half.Of the .kmematlc
3 5 6 % moment of inertia {AY)~30%%/MeV), which indicates a
T (dor) 1 F512) 4 “116® V[ (902 1 F512) 4 “116 | . . S . L
1 —3 1 4 arge single-particle contribution typical for this kind of ter-
[ (9or2) 1A F512P1/2) 4 5(N11/9 551 22® (G 12 g
3 =2 1 minating bandgsee for example Ref34]). The calculated
[ (9o 104 P12 o “(N11/2)5 5]16® 2) 1) ) ;
(G A Dan) 2 1 1 values of /t2), and %), for configuration6 are close to the
02 1A P12 o (9720572 3 5(N11/9 5 5120 ) : .
experimental ones dw=0.6 MeV. In the calculations, this
configuration shows rather smooth deformation changes
N=3 shell into thegy, orbitals. The maximum spin for con- through the ¢,,7) plane with increasing spifisee Fig.
figurations 2 and 3 of positive parity and signature gp)]. For example, the calculated equilibrium deformation is
a=0 which can tzle obtalzned in thlf way is either £,=0.24, y=—55° atl= 6f ande,=0.22,y=—49° at
Imax=24h  (7[(9921AP12d0 1129 ¥(9oid12), Ima=26f | =16#. Finally, this configuration terminates in an unfa-
(m{(90) 1A P1) "o f52)25114® ¥(Gor) 1D, OF lmax=28%  vored way at spin 1=32% and deformation
(7[(9e2) 1A F512) 2 *116® ¥(Gor) 1) depending on the distribu- ,=0.025,=—120° (noncollective rotation around the
tion of proton holes in the Nilsson orbitals dominated byprolate symmetry axjs However, configuratiol cannot be
p1» andfs, components, respectively. An alternative possi-fully ruled out from consideration because it is not known to
bility involves the excitation of one proton and one neutronwhat extent the present parametrization of Nilsson potential
(configurationd) across the spheric@l=40 andN=40 shell  is optimized for the mass region under study. If the charge
gaps. quadrupole moments were measured, it should help to dis-
If, in addition to the two protons, two neutrons are alsotinguish between these two possibilities.
excited across the spherical shell gap at particle number 40, All of the above-mentioned features which exist both in
the energy will, of course, become higher for spherical shapexperiment and in the calculations for configurati®rare
and not much spin is gained because thR,, subshell is similar to the ones typical for unfavored termination of the
almost half-filled. The configuratior6 which is formed rotational bands in the nuclei neighboring t&°Sb[34,35.
(7] (9912 1o F52) 2 2116® [ (9012 5o f5i) 5 2110) i however In these bands, the high energy cost for building the last few
still of great interest because it can gain a lot of energy byspin units before termination is mainly connected with pro-
acquiring a triaxially deformed shape. The calculations sugton holes in theyy, orbitals. In comparison with these bands,
gest that the collective band formed in this way becomesvhich are obtained by excitation of protons across the
energetically competitive in a large spin range, and it can bephericalZ=50 shell gap, configuratioé of %Mo is ob-
considered as the most probable candidate for the observégined by excitation of two neutrons and two protons across
(7m=+,a=0) sequence. the sphericaZ =40 andN =40 shell gaps, where the proton
In the calculations, configuratiahy which is only slightly — and neutron holes in thgs,, subshell play a similar role as
collective and terminates dt=20#, is lowest for spins the proton gg, holes in the terminating bands of the
| =18,20:. However, this configuration cannot be assignedA~110 mass region.
to the observed t=+,a=0) sequence which shows a  All yrast or near-yrast states up to spis 32 are formed
smooth/?) for spins| = 16— 24#. The small collectivity of by proton and neutron excitations across the spherical
configurationl [see Fig. @)] is one possible reason why it Z=40 andN=40 shell gapgsee Fig. 6a)]. Higher spin
was not observed. Another possibility is that configurafion states can be obtained by excitation of particles into the
should be associated with the observed=(+,a=0) yrast  hyy (Or g0, 050 Subshell across the sphericat 50 and
sequence. It is calculated omy300—400 keV above con- N=50 shell gapgsee configurationg and 8 in Fig. 6a)].
figuration6 atl = 16% and it is lowest at =24#. The highest The energy cost per spin unit abole 324 is however quite
spinl = 24# observed in the4= +,a=0) yrast sequence of high. This result is consistent with conclusions of R&g].
8Mo is equal to the terminating spin of this configuration. It In comparison with theN~Z~45 nuclei studied in Ref.
is more collective than configuratioh [see Fig. 60)] and  [32], the energy cost per spin unit increases significantly at a
less collective than configuratioh Configuration2 repro-  spin value which is 12 units larger than the maximum spin
duces qualitatively the drop of experimental energies relativgl =20#) which can be achieved in the valence space of
to a rigid rotor reference. However, the downslope with in-#Mo. This is because only two valence protons reside in the
creasing spin of the— Eg,p) curve is overestimated in the g, Subshell in the valence configuration dr=42. For ex-
calculations. ample, the excitation of one proton frofg, to g, increases
Configuration6 has the largest collectivity among the the available spin by 5 spin units i#fMo, while a similar
configurations calculated in the yrast and near-yrast region axcitation for aZ= 45 nucleus gives only two additional spin
| =14# [see Figs. @) and Gb)]. Moreover, the relative en- units. With increasing proton number, such an excitation will
ergy values shown by the slope of the experimentalgive a smaller or even negative contribution to the maximum
(E—ERg.p) curve in Fig. &a) is reproduced reasonably well spin, because thgy,, subshell will be more than half-filled.

(99)5® (Yo 12

[ (o) 1P 120 *112® (Do) 1
(o) 1A F52) 5 116 V(Do) 12

(9o 304 59281132 Y[ (9o 324 F5i2) 22 15

O ~NO O WNBP
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IV. SUMMARY course, cannot reproduce the regularity of the rotational pat-

The present charged-particiey and coincidence tern throughout the yrast cascade. Therefore we conclude
P ged-p vy _that some shell-model seniority=4 admixtures might con-

experiment has extended the four previously known levels in

; ; +
8Mo by some 20 new levels up to 13 MeV excitation energytrt'btUte btot ttr;]et\;\;]avetfuntctlor%%wof .thE ;4 1|;5 ,fan:j t_l@ |
and probable spih™=24". The combination of a powerful states but that the structure Oivio 1S basically of rotationa

. nature. Clearly, lifetime m rements are n r
y-detector array such asAMMASPHERE and a selective de- ature. Clearly, lifetime measurements are necessary to test

vice such asMICROBALL to separate the various reaction this interpretation.
channels has demonstrated the potential for detailed spec-
troscopy of weakly populated nuclei close kb=Z. Mo

reveals itself as a rotational nucleus. The kinematic and dy-

namic moments of inertia and the aligment pattem of the Oak R|dge National Laboratory is managed by Lockheed
positive-parity yrast band are very similar to those of itspartin Energy Research Corp. for the U.S. Department of
deformedN =44 isotones®'Zr and ®*Nb rather than to the Energy under Contract No. DE-AC05-960R22464. This re-
transitional nucleu§®Mo. The rotational character of a mod- search was supported by an appointment to the Oak Ridge
erately deformed, triaxial o,~0.20-0.25, y~—30°-509  National Laboratory Postdoctoral Research Associates Pro-
shape of the positive-parity yrast band Mo is also sug- gram administered jointly by the Oak Ridge Institute for Sci-
gested by cranked shell-model calculations for low spinence and Education and Oak Ridge National Laboratory.
(Refs.[13,23) as well as high-spin statépresent work At This work was also supported in part by the U.S. Department
high spins the experimental data is reproduced best with 8f Energy under Contract Nos. DE-AC05-760R00033
7 (9o 1o f52) 2 1162 Y[ (90 5 f5)2 “l16  configuration  (ORISB, DE-AC03-76SFO009&(LBNL), and Grant No.
which terminates in an unfavored way at spin32h, eight DE-FG05-88ER40406WU) and by the National Science
units of spin higher than observed. However,Ad=1 Foundation under Grant No. PHY-921008ESU and
16" — 15" — 145 cascade was observed which does not fitSwedish Natural Science Research Council. A.V.A. and I.R.
into the picture of a purely rotational nucleus. Simple shell-are grateful for financial support from the Crafoord Founda-
model calculations can account for that phenomenon but, dion and the Royal Swedish Academy of Sciences.
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