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Highly-deformed rotational bands were established™Ni using the “°Ca(®°Si, 2p2«)>°Ni reaction. Life-
time measurements indicate that transition quadrupole moments of two of these bands decrease as they
smoothly approach their maximum-spin states. The configurations of these bands as well as their band-
terminating features are discussed based on configuration-dependent cranked Nilsson-Strutinsky calculations.
These calculations indicate that, unlike similar bands observed previously in the region, the two bhis in
maintain significant collectivity at their=1,,, states.
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Recent experimental studies have established deformdugher spins and with added particle hole excitations, collec-
and superdeformed rotational bands in more than ten protortive rotation becomes possible and highly-deformed rota-
rich nuclei in the mas#~ 60 region. Such systematic ex- tional bands are observed. At even higher angular momen-
perimental data provide a good foundation for the undertum, these rotational bands exhaust the spin available in their
standing of nuclear collective rotation at large deformation inintrinsic configurations, and start approaching noncollective
this mass region, where most nuclei are spherical at lovgingle-particle states again. Such an evolution from highly-
spins and in their ground states. Among these nuclei, twaleformed collective to single-particle states in a single con-
even-even Zn isotopes were fouft,2] to have rotational figuration is indeed a unique laboratory for the study of the
bands exhibiting typical characteristics of a smooth transitiorinterplay between nuclear collective and single-particle mo-
from collective rotation to a noncollective maximal-spin tions.
state where all single-particle angular momenta are aligned High-spin states in*Ni were populated using the
along the nuclear symmetry axis. Such a transition, or the'°Ca(®°Si,2a2p) reaction at a beam energy of 130 MeV. The
“termination” of collective rotational bands, has also been 2°Si beam was provided by the 88-Inch Cyclotron at the
observed 3,4] in other mass regions. In this Rapid Commu- Lawrence Berkeley National Laboratory, and the target con-
nication, we report the observation of high-spin rotationalsisted of a layer of 0.5 mg/cimenriched “°Ca evaporated
bands in the odd nucleus®®Ni, which remain partially col- onto a layer of 2.5 mg/cmTa foil as backing. Prompj
lective when reaching thelr=1,,, states. Herel, .« is de-  rays were detected by the Gammasphgsé array. The
fined as the highest spin value allowed by the Pauli principleevaporated charged particles were detected by the 95-
for a given distribution of valence particles over the open element Csl detector array Microb@l], and the information
shells. obtained was used to select the reaction channel, as well as to

With three valence neutrons outside tRENi doubly  determine the velocity of the recoil for event-by-event Dop-
magic core,>Ni is spherical at low spins and the excited pler corrections. A total of about 39 million two-alpha and
states are best described as single-particle excitations. Awo-proton gatedyyy or higher-fold events were collected

from the experiment.
Four rotational bands were established®#Ni from the
*Current address: LANSCE-3, MS H855, Los Alamos National reaction-channel-selectedyy cube, and are shown in Fig. 1

Laboratory, Los Alamos, NM 87545. together with a partial level scheme of normally-deformed
TCurrent address: Defense Research Establishment OttawlND) low-spin states. All four bands were observed to be in
Ottawa, Ontario, Canada K1A 0Z4. coincidence with the knowfi7] low-spin transitions ir*°Ni.
fCurrent address: Dept. of Physics, State University of New YorkThe use of a finite-thickness target backing provided an easy
at Stony Brook, Stony Brook, NY 11794. way to differentiate fast- and slow-transitions, and quickly
SCurrent address: Department of Physics, University of Guelphled to the identification of deformed bands. The 2.5 mg/cm
Guelph, Ontario, Canada N1G 2W1. Ta backing slows down th&Ni ions from a maximum recoil
ICurrent address: Niels Bohr Institute, Blegdamsvej17, DK-velocity of v/c~0.040 to a final velocity(in vacuum of
2100 Copenhagert , enmark. v/c~0.027 within 0.3 picoseconds. The fagttransitions
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FIG. 2. (a—(c) Coincidence spectra obtained by summing all
FIG. 1. Level scheme of the four highly-deformed rotational Possible double gates in bands 1-3°ii, respectively.(d) Spec-
bands in®Ni established in the present study, together with se-rtum obtained by summing all clean gates in band 4. Triangles
lected low-spin transitions that were observed in coincidence witindicate members of the bands and circles indicate the low-spin ND

the rotational bands. transitions.

associated with the deformed bands were emitted at near 0 )(7,1):“7/1 at 30°, gatedonyz,ys atany 6)_
I(y, at 83°, gatedony,,ys; atany )

. . .. . . . o
maximum recoil velocities, when the ions were traveling in 1(83°)

the target and backing materials, whereas the slower, lowlfigure 3a) shows these ATDC ratios for clean, strong tran-

spin decays occurred while the ions were in vacuum an%itions in bands 1-4, as well as for some ND dipole

tr_aveling at a constant speedwfc~0.027. Bgcause of this (squares and quadrupoldopen circles transitions at low
difference, theyyvy cube has Doppler corrections performed

at two recoil velocities. ForE,>1500 keV, we used T T T A B L
Urec/C=0.040, which corresponds to fast decays of de- 35 -‘:mggi‘;‘f;“pde @ IR ‘ga"g;:
formed, rotational bands. FoE,<1500 keV, we used [ o Band 1 1 > M Band3 |
vrec/c=0.027, which corresponds to the decays of low-spin, - ®Band 2 [ se7akevl B F vBand 4 |
spherical states. As a result, spectra show narrow peaks fcQ o[+ g::gz 14 ! 18 i ]
both fast and slow transitions with only a few exceptions. g - ;4,£ ué { 1 £l . __}-.‘.; ]
Samples of such spectra for the four deformed bandShimn ¢y [ & ; ’;["Al. [] ¢ roa R 1
are shown in Figs. (@)—(d). E ol . 1‘11 Il - "_*‘g [ 3 " ]

In order to extract information ory-ray multipolarities, <t ~[ ] £ skt ]
data were summed up from the 30 most forward and back- oo i e 1 [ & )
ward detectorgat 17.3°, 31.7°, 37.4°, 142.6°, 148.3°, and I ‘; o288 kev] i ]
162.7°), and the 30 detectors near 9af 79.2°, 80.7°, 90°, 0.5 17askeV 4 oF .
99.3°, and 100.8°) to form two groups labeled as “30°” and 5 7000 2000 3000 000 2000 3000
“83°," respectively. (The labels represent the effective E , (keV)

angles corresponding to the averaged cosines of the two de-

tecotor groups. For each band, a 30°-versus-all and an g, 3. (a) Averaged triple directional correlatigTDC) ratios
83°-versus-all matrix were created while requiring a third  measured for clean, strong transitions in bands 1—4, compared to

ray being a transition in this ban@detected at any angle  those of the knowii7] E2 (open circles and dipole(squares ND
From these matrices, information of averaged triple directransitions at low spins(b) Intensities of the four bands ifNi

tional correlationATDC) was obtained by extracting ratios measured relative to that of the 339-keV ND transitien100) at
defined as low spin.
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spin. For all the measurable in-band transitions, their ATDC . T T 20
1.0 | ®#band1 (8

ratios show stretched-quadrupole characteristics. This agree | @ band 2 —3 0% CNScale.
with the assumption that the observed four bands are cas [ ;f ,/’/
cades ofE2 transitions. 0.0
Among the four established bands, band 1 is the mosi
strongly populated, see Fig(l8. The spectrum obtained by . [
summing all possible double gates in this band is shown in*- o8 r
Fig. 2@, and it shows that it is in coincidence with the
low-spin ND transitions in°*Ni. The previous study7] of
*Ni had established the highest positive-parity state to be
the 17/2" level at 5251 keV. Our study firmly added the
2878-keV transition on top of this level. Measured ATDC
ratio shows that the 2878-keV transition has a stretchec
qguadrupole character. Therefore, the spin and parity of the
8129-keV level were determined to be 21/2Coincidence
spectra indicate that bands 1 and 2 decay to low-spin N
states through the 2878- and 796-keV transitions. Intensit
and coincidence relationships also suggest that the final lev
of the 1767-keV transition in band 1 is most likely the same,
as the 21/2 level at 8129 keV. However, there is a small
possibility that unobserved weak, multipath connecting tranf11] (corrected according to R€fL2]). The simulations used
sitions may exist between band 1 and the 8129-keV levela time step of 0.7 fs and produced 5000 histories. Side feed-
Because of this uncertainty, the spins and parity of band 1 aregs were modeled by a two-level rotational sequence into
placed in parentheses in Fig. 1. each state with the san@, and J® values as the band.
Band 2 is only slightly weaker than band 1. A coincidenceUncertainties associated with these assumptions and those
spectrum obtained by summing all combinations of doublewith stopping powers are not included in the final results, but
gates in band 2 is shown in Fig(t). A major portion of this  are expected to be smaller than the shown errors. Additional
band decays into the initial state of the 1767-keV transitiorerrors include a possible uncertainty in the average initial
in band 1 through the 1745-keV transition. Most of the re-recoil velocity used for simulating thE . curves. Because
maining intensity then decays into the final state of the 1767the Microball has a larget-particle detection efficiency at
keV transition via a 2288-ke\y ray. ATDC ratios show that forward angles, the recorded data may have an average initial
both 1745- and 2288-keV transitions have dipole characterrecoil velocity that is smaller than if the Microball’s effi-
istics. The spins of band 2 are, therefore, assigned based a@iency were isotropic, as assumed during the simulation. Al-
this as well as the spins assigned to band 1. In addition tthough this systematic error could not be accurately cor-
strong connections to the positive-parity, 2878-, 796-keVrected for the present data set, it is estimated to be smaller
low-spin branch, band 2 is also weakly in coincidence withthan the error bars shown in Fig(aj.
the low-spin 806- and 582-keV ND transitions. Connecting Figure 4a) shows that when comparing the experimental
transitions to this branch, however, could not be establishedlata to simulatedF ; curves, it is difficult to extract a single
Bands 3 and 4 are weaker than bands 1 and 2. Althougl), value for each band, especially for band 2. In other words,
no connecting transitions could be established between bandse deformation of these two bands changes gradually as a
3 and 4 and the low-spin ND states #Ni, the clean and  function of spin. For band 1, th@, decreases from 1.5 eb
strong coincidences between these two bands and the lows ~1.1 eb. For band 2, the decrease is more dramatic,
spin ND states leave very little doubt that they belong toranging fromQ,~2.0 to~1.1 eb. More discussions on the
9Ni. Figures 2c) and(d) illustrate such coincidences. ATDC decrease of deformation in bands 1 and 2 are presented in
ratios measured for bands 3 and 4 show that transitions isnsuing paragraphs.
these bands are stretched quadrupole transitions. Spins andLifetimes could not be extracted for bands 3 and 4 due to
parities of these two bands, however, could not be estaltheir weak intensities. However, data show that transitions in
lished. these two bands have a similar time scale as those of bands 1
To estimate the deformation associated with the deformeend 2. In other words, they are much faster transitions than
bands, the centroid-shift Doppler attenuation meth®®]  the low-spin ND transitions.
was used to measure the averaged transition quadrupole mo- To understand the observed four rotational band®i,
ments,Q;, for the more intensely populated bands 1 and 2configuration-dependent cranked Nilsson-Struting@NS)
Using the technique described in R€i8,9], the relative ve-  calculations[13] were carried out and compared to experi-
locity of the recoils,F,=v(E,)/vmax, Were extracted and mental data. These calculations do not include pairing.
shown in Fig. 4a) together with calculationgv (E,) is the  Therefore, they are realistic at high spins, but also give quali-
average recoil velocity at the time whén, is emitted, and tative descriptions for lower-spin states. The ground state of
Umax IS the maximum recoil velocity for thed@p reaction  °Ni can be viewed as thé®Ni core plus three valence neu-
channel] The calculated curves were produced by thee-  trons occupying the s,ps, orbitals. Deformed, higher-spin
SHAPE program[10] and used the stopping powers in Ref. configurations are formed by making particle excitations into

[20,01]

04 .

2878 keV

1 1 é 1 1

700 1700 2700 115 155
E, (keV) Spin (7)

19.5

FIG. 4. (a) Experimental (filled symbols and calculated
curves values ofF . as a function ok, for band 1 and band 2b)
. values obtained from CNS calculations for tf20,01 and
1,01] (= —1/2) configurations assigned to bands 1 and 2, re-
spectively.
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FIG. 6. Calculated shape trajectories for {i28,01] (squares
and[21,0] (open and closed trianglesonfigurations assigned to
the observed bands 1 to 3.

] mental energies of bands 2 and 3, see Fi@fob this figure,
F ¢ ] the experimental band head of band 3 was assumed to be 9.3
-3F 7 [00,00] CNScalc. MeV). Based on this assignment, both bands 2 and 3 will
— P S have negative parity, and the 1745- and 2288-keV connect-
0 10 20 30 i iti Id beE1 transitions, which is consistent
Spin (f) ing transition wou ; ist
with their experimentally measured dipole characteristics.
FIG. 5. Energies [relative to a liquid-drop expression For bands 1 t,o, 3, the most' |nterest!ng fe'atl.,lre |s'the|r
0.03615(1 +1)] for observedupper pangland calculatedlower change of_ collectivity as a function of spin. This is partially
pane) bands in®Ni. Positive- and negative parities are drawn in 'eflected in the energy plot shown in Figiah where all
full and dashed lines, respectively. Closed and open symbols reprédrée bands show a smooth upbend towards the observed
senta=1/2 and— 1/2 states, respectively. The observed band 4 ishighest spins. Such a phenomenon has been observed in,
drawn with two alternative spin assignments. Calculated aligne-g.,®*Zn[1] and ®?Zn[2], and has been interpreted in terms
states are indicated by large open circles and states which remafif “smoothly-terminating bands.” Such bands are collective
collective atl=1,,,, by large open squares. The calculated bandsat low spins but gradually become less collective and termi-
with no experimental data are drawn with thin lines. The absolutenate in a noncollective particle-holeerminating state at the
normalization between the observed and calculated states is arbinaximal spin. In the case 6PNi, CNS calculations of shape
trary. trajectories(Fig. 6) show that thg20,01] (assigned to band
1) and both signatures of tH&1,01] (assigned to bands 2

the deformation-drivingyg, orbitals and generating holes in @nd 3 configurations are triaxial, with quadrupole deforma-
the f,,, orbitals. In the following discussion, configurations tion €, decreasing and increasing as a function of spin.
are labeled agp1p2,n1n2], which denotepl (n1) number  This results in a decreasing,, as observed in the experi-
of f;,, proton (neutron holes andp2 (n2) number ofgy,  Ment. Measure®,’s shown in Fig. 41a} agree with this trend
proton (neutron particles. Thus the ground state 3Ni has ~ for both bands 1 and 2. For comparis@ys for the[20,0]]
the [00,00 configuration. and[21,01] _(a=—1/2) configurations as_S|gned to bands 1
For spin values of =21/2 to 29/, CNS calculations 2and 2 obtained from the CNS calculatiofisased on the
show that the yrast or near yrast high-spin configuration ignicroscopic density distribution described in Rif4]) are
[20,01]. This corresponds to two proton holes generated irShown in Fig. 4b). The calculated),’s qualitatively repro-
the f4, orbitals and one neutron excited from tfig,ps» duce the experimental res_ults_ of a larger aver@géor band
states to the deformation-drivirgy,, orbital. Such a configu- 2 than for band 1. Quantitatively, however, calcula@ds
ration is the best candidate for the observed deformed bar@f€ Smaller than experimental values, especially for band 2.
1. Figure 5 shows that the calculated energy pattern for this The [20,01] configuration assigned to band 1 has the
configuration agrees with that of the observed band 1 reasorz(f772s (P12 52 2@ (Parfs)5(der) s Structure (super-
ably well. scriptions denote particle or hole numbers, and subscriptions
At higher spins (=29/2 to 37/24), the[21,0]] configu-  denote corresponding maximum spins in various subshells
ration becomes yrast. This corresponds to two proton hole§hus the maximal spin for band 1 1$,5=6+4+4+4.5
in the f,, orbitals, plus one proton and one neutron excited=37/2". Similarly, the[21,01] («= —1/2) configuration as-
to the deformation-drivingye), orbitals. The experimentally signed to band 2 has ther(f;2)g “(Paafs2) 3.4 45
observed bands 2 and 3 are the most likely candidates for the v(pajfs2)5(9e) 3 s Structure and results in a maximal spin
two signatures of this configuration. Calculated energy patof |,,,=6+2.5+4.5+4+4.5=43/2". Experimentally, the
terns for this configuration qualitatively describe the experi-tentatively assigned spins for these bands indicate that these

061302-4



RAPID COMMUNICATIONS

ROTATIONAL BANDS WITH TERMINATING . .. PHYSICAL REVIEW C 65 061302R)

I nax States have been observed. Calculations also show thetin. A possible candidate is tfi21,22 configuration, which
atl=l,.x these bands are triaxial with~45°, instead of corresponds to an additional neutron excited to dhg or-
reaching the noncollective oblate shapey6£60°. There- bital and two neutron holes generated in fhg orbital com-
fore, substantial collectivity remains even for thésel ., ~ Pared to bands 2 and 3. Such a configuration has a signifi-

states. In most previous experimental studies of terminatingantly larger deformation and it does not terminate. Figure 5
properties of rotational bands, the state$=at ., Were un- shows that based on this assignment, the calculated energies

derstood as corresponding to the nuclear angular momen ive the best fi} to the experimentally observed Qnergies of.
being fully aligned along the symmetry axis of a noncollec- and 4, assuming that th‘? observed states are given the spin
tive oblate shape=60°). In 5°Ni the bands are reminis- range ofl=27/2—47/2 with a band head energy of 13.8

cent of rotational bands at large deformation in a pure oscil—'vIev [open circles in Fig. @], or |=29/2-49/2 with a

. : -~ band head energy of 15 Me)élosed circles in Fig. ®)].
lator, which never terminate bec_au_se of strong Coupllng? To summarize, four highly-deformed rotational bands
between theN shells[15,16. In a similar manner, the cou-

; " were established in°Ni. Based on CNS calculations, three
2'9'”9 between thd 7, subshell and otheIN—S sub_shells " of the four bands were interpreted as reaching their maximal-

Ni causes these bands to be partla[ly coI_Ieptwe at_lthe spin states with active particles distributed over the,
;I.Eﬁ Etlates. Because Olf these couplings, 't.'ﬁ pgz@_ble lt?pg,z,fw) andgg, subshells. Unlike most bands of this type

uild 1=1max states at a lower energy cost with additional ,,,50eq previously, calculations indicate that these bands in
small spin contributions from the core, befoge the spin VeCs9\i have substantial collectivity at the=1,,, States. Such
tors fromactive particles are fully aligned. If°Ni, e.g., the a phenomenon represents one of the first cases where par-

f712 neutron subshell is fully occupied by eight neutrons, but, .y cojlectivemaximal-spin states have been observed.
it gives a small yet important contribution to the total spin at

the | =1,.« State. The above features have been previously Oak Ridge National Laboratory is managed by UT-

discussed in thé& =80 region[17], although corresponding Battelle, LLC, for the U.S. DOE under Contract No. DE-

rotational bands have not been observed experimentally taC05-000R22725. This work was also supported by the

their | =1 ,,,, States. Our study of°Ni represents one of the U.S. DOE [Contract Nos. DE-AC05-760R000&3RISE

first two experimental cases where these partially collectiveand DE-FG05-88ER40408/U)], the Natural Science and

| =1 .« States have been identifie@Gimilar effects have re- Engineering Research Council of Canada, the German

cently been observeld 8] in *°Cu,) BMBF (Contract No. 060k958 and the Swedish Research
The configuration assignment for band 4 is more uncerCouncil.
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