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Structures of the medium- to high-spin states in the doubly magic nutiBiisave been investigated
using the reactio®®Si(*°Ar, 2«) and they-ray spectrometer Gammasphere in conjunction withdthe
charged-particle detector array Microball. Two well-deformed rotational bands have been identified.
There is evidence that one of the bands, which is identical to a sequence in the odd-odd néighpor
partially decays via proton emission into the ground stat®?©b. Predictions of extensive large-scale
shell-model and cranked Hartree-Fock and Hartree-Fock-Bogolyubov calculations are compared with
the experimental data. [S0031-9007(99)09147-4]

PACS numbers: 21.10.Re, 21.60.—n, 23.20.Lv, 27.40.+z

Spectroscopic data from doubly magic nuclei and theiin 3'Ni [2]. Here we report on the observation of
nearest neighbors serve as sources and act as constraitvt® rotational bands in the self-conjugate doubly magic
on the parameter sets of the nuclear shell model, anducleus>*Ni. While one of the bands may be readily
consequently, define the effective nuclear interactiongxplained with four-particle—four-hole (4p-4h) excitations
[1]. The nuclei near’®Ni are of particular interest as within the pf space, the second band seems to involve
they are amenable to different microscopic theoreticaproton and neutron excitations into thgo/, orbital. It
treatments while studying the competition between singleis found to be nearly degenerate with the band®@u,
particle and collective excitations. The collective statesand partially decays via prompt proton emission into
around*°Ni involve multiparticle multihole excitations the ground state of°Co, hence establishing the first
across thev,Z = 28 shell gap from thelf;,, shell to  observation of such a decay from an even-even isotope.
the 2ps/, 1fss,, and 2p;,, orbits. Excitations to the Light ion induced reactions have been previously used
higher lying 1go/» orbit are necessary to explain the to study excited states if°Ni [1,11]. The yrast line
recently observed rotational bandsftCu [2] and®Zn  was followed up to 9.4 MeV excitation energy and
[3,4]. At high excitation energies, reaction studies havea tentative spin of/™ = 10" [1]. We investigated
revealed evidence for hyperdeformed resonances in thexcited states iA°Ni using the heavy-ion fusion reaction
>Ni compound [5]. BSi(°Ar, 2a). The 143 MeV*Ar beam was provided by

Large-scale shell-model calculations in the fufi con-  the 88-Inch Cyclotron at the Lawrence Berkeley National
figuration space have been successfully used to descrii@boratory. The target consisted 0b&2 mg/cn? layer
the collective structures of f7/, midshell nuclei [6,7]. of 99.1% enriched®®Si evaporated onto 8.9 mg/cn?

The multiparticle multihole states in nuclei n€&Ni pro-  Ta foil. The 82 Compton-suppressed Ge detectors of the
vide an excellent testing ground to confront the nucleaGammasphere array [12] were used to detect prompt
shell model with cluster models [8] and the approachesadiation. The different reaction residues were selected
based on the mean-field theory [2,3,9]. by detecting evaporated charged particles in4heCsl

Because of a low Coulomb barrier, proton emissionball Microball [13] and neutrons in 15 liquid scintillator
may compete withy decay of excited states of midmass neutron detectors. Details of the experiment can be found
neutron deficient nuclei. In fact, proton radioactivity wasin Refs. [2,14]. The partial cross section fiNi was
first discovered in the decay of tHE = 19/27 isomeric  estimated to be only,; = 0.02% corresponding to some
state in>3Co [10]. In a recent Letter we presented the200 ub fusion-evaporation cross section.
first observation of a prompt(< 3 ns) decay of avell- Coincidence, intensity balance, and summed energy re-
deformedexcited rotational band if®Cu via emission lations were used to deduce the level scheme illustrated
of monoenergetic protons into gpherical excited state in Fig. 1. The previously reported yrast sequence [1] was
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- 2022 / 7 FIG. 2. Gamma-ray spectra &fNi are shown deduced from
i 5351 vy matrices gated by twer particles [(a) and (b)], but asking
o 6 270'0+ / for one additional proton withE, ., = 3 MeV detected in
. rings 1—4 of Microball (c): Sums of the spectra in coincidence
shell model experiment with (a) the known [1] yrast transitions, and (b) members of

the rotational bands. The inset of (b) illustrates the high-
energy portion of the spectrum. (c) The sum of spectra gated
eby the 1201, 1572, and 1945 keV transitions. The inset shows
he proton center-of-mass energy sum spectrum employing the
'samey-ray gates in &alp-gatedE,-E, ., matrix. Peaks
are labeled by their energies in keV.

FIG. 1. Proposed partial level schemes ¥Ni and *Cu
(right-hand side). The energy labels are given in keV. Th
widths of the arrows are proportional to the relative intensitie
of they rays. Tentative transitions and levels are dashed. O
the left-hand side, the energy levels arising from 6p-6h shell
model calculations in the f model space are shown.

confirmed. In addition, yrare8() and (10™) states were ergies, they are likely candidates for the lower-spin band
identified, and the yrast sequence was extended beyomdembers. The branching ratio of the 1201 keV transi-
I = 12 i, the maximum possible spin for 2p-2h excita- tion is 34(4)%. Although the 846 keV transition is clearly
tions in thepf shell-model space. Spin and parity as-visible in Fig. 2(b), it is marked tentative because a con-
signments are based on directional correlations of orientethmination arising from the ground-state 849 keV transi-
states (DCO ratios), angular distributions from singles protion of the 3« evaporation channeéfFe cannot be fully
jections at different Ge-detector angles, and on the regwexcluded. Most interestingly, however, in the spectrum
lar increase ofy-ray energies in the rotational bands [14]. gated with the 1201 keV transitiony-decay-out inten-
Except for the 6327 keV level, our assignments agree witlsity is missing. Summed yields of the (tentative) 846
those in Ref. [11]. The angular characteristics for bothand 2083 keV transitions, the 1326 and 3727 keV tran-
the 976 and 3626 keV transitions are consistent with &itions, or the 2701 and 5351 keV ground-state transitions
stretchedE2 radiation [14], and reject the suggest®d  account for only 52(9)% of the yield of the 1572 keV
assignment for the 6327 keV level [11]. transition. There are three possible explanations: The
Figure 2(a) shows the sum of spectra gated with twdevel at 9736 keV (i) is an isomeric state with= 10 ns,
alphas and the 2701, 1224, 1392, 2639, and 1463 ke\{i) decays through several unobserved weakranches,
transitions that deexcite the spherical state®Mi. Fig-  or (iii) decays via (prompt) proton emission into the
ure 2(b) provides the sum of spectra gated with the 976ground state of>Co. The first explanation is unlikely
1326, 1572, 1627, and 1657 keV transitions. Next to thdecause the tentative ray of 846 keV indicates the con-
transitions in the two rotational bands and the 2701 keMinuation of band 2 (with a partial half-life of about 1 ps).
ground-state transition, the high-energyays linking the  The second possibility can be ruled out because decays
deformed states into the spherical states are clearly visibleom other low-spin states [11] have not been seen.
in the inset of Fig. 2(b). The angular distribution of the As inferred from the masses [17], the binding-energy
1627 keV interband transition is consistent with that ofdifference of *Ni and >Co is 7.165(11) MeV. This
a stretched dipole. Employing the residual Doppler shifimplies Q, = 2.571(12) MeV for the proton branch.
method [15] an average transition quadrupole moment caHowever, its verification is more complicated than in the
be estimated for band 2 which is similar to that of the ro-*Cu case because of (i) less statistics, (ii) a worse signal
tational band in®Cu(Q, ~ 2 eb) [2]. The latter is also to noise ratio (no neutron gating), and (i) no potential
displayed in Fig. 1. Further details of the analysis can be&oincidence withy rays in the daughter nucleus (only the
found in Refs. [14,16]. ground state o Co can be expected to be populated). To
Spectra gated with the 1572, 1945, and 2318 keV transearch for evidence of this proton decay, we investigated
sitions in band 2 indicate the presence of transitions a& yy matrix gated by twoa particles and one proton,
1201 and 846 keV [cf. Fig. 2(b)]. According to their en- with and without an additional energy restriction for the

3764



VOLUME 82, NUMBER 19 PHYSICAL REVIEW LETTERS 10 My 1999

proton E,.m. <3 MeV). This energy limit reduced the shell-model and the mean-field calculations. In the
the yields of transitions iny-gated spectra belonging shell model it has a dominant 4p-4h character (with re-
to the 2al1p channel®Co to 4(1)% as compared to spect to the spherical closed core ¥Ni) and the in-
the yields deduced from the “nonrestrictezir 1 p-gated  trinsic quadrupole moment df.3 ¢ b at low spins which
spectra. However, the yields of transitions of th&li  becomes~0.8 eb at/ = 12/. As seen in Figs. 1 and
band 2 remained essentialipchanged83(15)% are still  3(b), the calculated energies agree well with data, although
observed. Figure 2(c) shows the sum of spectra gated closer examination indicates that the experimental exci-
by the 1201, 1572, and 1945 keV transitions in thetation energies follow the rotational law more closely than
“restricted” 2a 1 p-gated matrix. This spectrum clearly the theoretical ones. This can be attributed to the neces-
indicates the presence of a prompt proton decay into theary truncation of the shell-model space.
ground stateof >>Co, because transitions froMCo are In the mean-field calculations, band 1 can be ascribed to
absent. Because of the mentioned intensity relations, thie 4°4° configuration with respect to a closeéformed
band cannot have an identical partnefi@o either. The core of *Ni. Following Refs. [2,14], we label the de-
inset of Fig. 2(c) illustrates the sum of proton center-formed configurations by the number&ndp of neutrons
of-mass energy spectra in coincidence with the 1201and protons occupying thkgg,» N = 4 intruder levels,
1572, and 1945 keV transitions from2av1p-gatedE, i.e.,4"4? . The relevant occupied and empty single-particle
vs E,.m Mmatrix. Though less evident thal#Cu [2],  Routhians are indicated in Fig. 3(a). At the calculated
there is a peaklike structure visible at 2.5(1) MeV havingequilibrium deformations, there appear two large shell gaps
a FWHM of 0.8(1) MeV. Finally, the ratick of yields at particle numbers 24 and 28. F¥Ni, the hole states
of transitions in the band in spectra gated with the 120Jre the[321]1/2 and[312]5/2 Nilsson orbitals. The first
and 1572 keV transitions in the restrict@dv1p- and N = 4 orbital,[440]1/2, and thg303]7/2 extruder level
the 2a-gated matrices was determined, providiRg=  appear just above th€,Z = 28 gap. Hence, all the cal-
0.45(7) and 0.16(3), respectively. Taking into account culated deformed bands iNi involve four 1£;/, holes.
the loss of yield by the cut in proton energy, the 78(1)%According to the shell structure of Fig. 3(a), there should
proton detection efficiency, and the branching ratio ofbe eight bands involving on®" = 4 intruder and sixteen
the 1201 keV transition, these numbers are consistenrt'4! bands. In the following, we concentrate on the low-
with a 49(14)% proton branch out of the 9736 keV stateest bands belonging to these families.
(cf. Ref. [16]).

A theoretical description of excited states ¥tNi re-
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crease of the configuration space. Therefore, to describe g_ o]

deformed bands, we employed the cranked Hartree-Fock (© , [fcuard] o

(HF) [20] and Hartree-Fock-Bogolyubov (HFB) [21] meth- 04080 ey 2 1 0408 0 ey 2 1

ods with the Skyrme interaction SLy4 [22]. In the HFB

calculations, a zero-range density-dependent pairing fordelG. 3. Properties of deformed bands ¥Ni according to

has been used, and the particle-number fluctuations ha{se cranked HF+ SLy4 model. (a) Schematic diagram of

been considered usina the Lipkin-Nogami prescrintion. single-particle configurations corresponding to the calculated

g p gami p p deformed minima (equilibrium quadrupole momentsfiat =

The results of the shell-model calculations are plotted on MeV are indicated). Thes#, r) quantum numbers of single-

the left-hand side of Fig. 1. The results for the sphericaparticle Routhians areH, —i)—solid line; (—, i)—dotted line;

states agree nicely with the observed yrast and yrare statds:. —i)—dashed line. (b) Energies of the'4", 4°4!, and
Also, the predicted®(E2; 2" — 0%) = 130 ¢ fm* agrees 4'4' bands compared to the shell-model calculations (SM) and

well with the experimental value af20(24) e? fm* [23]. g;( ﬁ’ﬁgmgné?lbgi%ﬁoilaggdzgp 4(1C)ir? ?alf\]lflagﬁg ?ﬁ/g ﬁTbergﬁan ents

(We used the standard isoscalar effective charget in 8Cu. (d) Relative alignments,., = I(**Ni) — I(*Cu), for
e, = 2.) Deformed band 1 can be described by bothdeformed bands iffNi.
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The energies of collective bands iNi are shown in  a 4p-4h excitatiowithin the pf shell. The second band,
Fig. 3(b). The band head of tH84° configuration agrees however, is expected to involve particles in thgg/»
nicely with the excitation energy of band 1, but its angularorbit, which is supported by its similar behavior to the
momentum alignment is too large. This can be attributedand in°®*Cu. However, the best scenario for this band
to pairing correlations absent in the HF model. Indeedijs based on one proton promoted to thg,, orbit, while
in the HFB calculations pairing correlations in this banda neutron and a proton occupies this orbit>#Cu. In
are large. Unfortunately, they also lead to a spuriousddition, a discrete 50% prompt proton decay branch into
mixing between spherical and deformed minima, and théhe ground state of Co in the decay out of the 9736 keV
4°4° band becomes unstable with respect to deformatiostate is observed, constituting the first case of this decay
changes in the HFB calculations. mode in an even-even isotope.
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