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Rotational bands with terminating properties in 59Ni

C.-H. Yu,1 C. Baktash,1 J. A. Cameron,2 M. Devlin,3,* J. Eberth,4 A. Galindo-Uribarri,1 D. S. Haslip,2,† D. R. LaFosse,3,‡

T. J. Lampman,2 I.-Y. Lee,5 F. Lerma,3 A. O. Macchiavelli,5 S. D. Paul,1,6 D. C. Radford,1 I. Ragnarsson,7

D. Rudolph,7 D. G. Sarantites,3 C. E. Svensson,2,§ J. C. Waddington,2 J. C. Wells,8 and J. N. Wilson2,i

1Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
2Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4M1

3Chemistry Department, Washington University, St. Louis, Missouri 63130
4Institut für Kernphysik, Universita¨t zu Köln, D-50937 Köln, Germany
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Highly-deformed rotational bands were established in59Ni using the 40Ca(29Si,2p2a)59Ni 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 bands in59Ni
maintain significant collectivity at theirI 5I max states.
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Recent experimental studies have established defor
and superdeformed rotational bands in more than ten pro
rich nuclei in the massA;60 region. Such systematic ex
perimental data provide a good foundation for the und
standing of nuclear collective rotation at large deformation
this mass region, where most nuclei are spherical at
spins and in their ground states. Among these nuclei,
even-even Zn isotopes were found@1,2# to have rotational
bands exhibiting typical characteristics of a smooth transit
from collective rotation to a noncollective maximal-sp
state where all single-particle angular momenta are alig
along the nuclear symmetry axis. Such a transition, or
‘‘termination’’ of collective rotational bands, has also be
observed@3,4# in other mass regions. In this Rapid Comm
nication, we report the observation of high-spin rotation
bands in the odd-A nucleus59Ni, which remain partially col-
lective when reaching theirI 5I max states. Here,I max is de-
fined as the highest spin value allowed by the Pauli princ
for a given distribution of valence particles over the opej
shells.

With three valence neutrons outside the56Ni doubly
magic core,59Ni is spherical at low spins and the excite
states are best described as single-particle excitations
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higher spins and with added particle hole excitations, coll
tive rotation becomes possible and highly-deformed ro
tional bands are observed. At even higher angular mom
tum, these rotational bands exhaust the spin available in t
intrinsic configurations, and start approaching noncollect
single-particle states again. Such an evolution from high
deformed collective to single-particle states in a single c
figuration is indeed a unique laboratory for the study of t
interplay between nuclear collective and single-particle m
tions.

High-spin states in 59Ni were populated using the
40Ca(29Si,2a2p) reaction at a beam energy of 130 MeV. Th
29Si beam was provided by the 88-Inch Cyclotron at t
Lawrence Berkeley National Laboratory, and the target c
sisted of a layer of 0.5 mg/cm2 enriched 40Ca evaporated
onto a layer of 2.5 mg/cm2 Ta foil as backing. Prompt-g
rays were detected by the Gammasphere@5# array. The
evaporated charged particles were detected by the
element CsI detector array Microball@6#, and the information
obtained was used to select the reaction channel, as well
determine the velocity of the recoil for event-by-event Do
pler corrections. A total of about 39 million two-alpha an
two-proton gatedggg or higher-fold events were collecte
from the experiment.

Four rotational bands were established in59Ni from the
reaction-channel-selectedggg cube, and are shown in Fig.
together with a partial level scheme of normally-deform
~ND! low-spin states. All four bands were observed to be
coincidence with the known@7# low-spin transitions in59Ni.
The use of a finite-thickness target backing provided an e
way to differentiate fast- and slow-g transitions, and quickly
led to the identification of deformed bands. The 2.5 mg/c2

Ta backing slows down the59Ni ions from a maximum recoil
velocity of v/c'0.040 to a final velocity~in vacuum! of
v/c'0.027 within 0.3 picoseconds. The fastg transitions

l

a,

k

,

-

©2002 The American Physical Society02-1



ne
in
ow
an

ed

e

in
s
s

c
d

nd
e
d

an

ec
s

n-
le

a
se
it

all

les
ND

d to

RAPID COMMUNICATIONS

C.-H. YU et al. PHYSICAL REVIEW C 65 061302~R!
associated with the deformed bands were emitted at
maximum recoil velocities, when the ions were traveling
the target and backing materials, whereas the slower, l
spin decays occurred while the ions were in vacuum
traveling at a constant speed ofv/c'0.027. Because of this
difference, theggg cube has Doppler corrections perform
at two recoil velocities. ForEg.1500 keV, we used
v rec/c50.040, which corresponds to fast decays of d
formed, rotational bands. ForEg,1500 keV, we used
v rec/c50.027, which corresponds to the decays of low-sp
spherical states. As a result, spectra show narrow peak
both fast and slow transitions with only a few exception
Samples of such spectra for the four deformed bands in59Ni
are shown in Figs. 2~a!–~d!.

In order to extract information ong-ray multipolarities,
data were summed up from the 30 most forward and ba
ward detectors~at 17.3°, 31.7°, 37.4°, 142.6°, 148.3°, an
162.7°), and the 30 detectors near 90°~at 79.2°, 80.7°, 90°,
99.3°, and 100.8°) to form two groups labeled as ‘‘30°’’ a
‘‘83°,’’ respectively. ~The labels represent the effectiv
angles corresponding to the averaged cosines of the two
tector groups.! For each band, a 30°-versus-all and
83°-versus-all matrix were created while requiring a thirdg
ray being a transition in this band~detected at any angle!.
From these matrices, information of averaged triple dir
tional correlations~ATDC! was obtained by extracting ratio
defined as

FIG. 1. Level scheme of the four highly-deformed rotation
bands in 59Ni established in the present study, together with
lected low-spin transitions that were observed in coincidence w
the rotational bands.
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I ~30°!

I ~83°!
~g1!5

I ~g1 at 30°, gated ong2 ,g3 at any u!

I ~g1 at 83°, gated ong2 ,g3 at any u!
.

Figure 3~a! shows these ATDC ratios for clean, strong tra
sitions in bands 1–4, as well as for some ND dipo
~squares! and quadrupole~open circles! transitions at low

l
-
h

FIG. 2. ~a!–~c! Coincidence spectra obtained by summing
possible double gates in bands 1–3 in59Ni, respectively.~d! Spec-
trum obtained by summing all clean gates in band 4. Triang
indicate members of the bands and circles indicate the low-spin
transitions.

FIG. 3. ~a! Averaged triple directional correlation~ATDC! ratios
measured for clean, strong transitions in bands 1–4, compare
those of the known@7# E2 ~open circles! and dipole~squares! ND
transitions at low spins.~b! Intensities of the four bands in59Ni
measured relative to that of the 339-keV ND transition ([100) at
low spin.
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spin. For all the measurable in-band transitions, their AT
ratios show stretched-quadrupole characteristics. This ag
with the assumption that the observed four bands are
cades ofE2 transitions.

Among the four established bands, band 1 is the m
strongly populated, see Fig. 3~b!. The spectrum obtained b
summing all possible double gates in this band is shown
Fig. 2~a!, and it shows that it is in coincidence with th
low-spin ND transitions in59Ni. The previous study@7# of
59Ni had established the highest positive-parity state to
the 17/21 level at 5251 keV. Our study firmly added th
2878-keV transition on top of this level. Measured ATD
ratio shows that the 2878-keV transition has a stretc
quadrupole character. Therefore, the spin and parity of
8129-keV level were determined to be 21/21. Coincidence
spectra indicate that bands 1 and 2 decay to low-spin
states through the 2878- and 796-keV transitions. Inten
and coincidence relationships also suggest that the final l
of the 1767-keV transition in band 1 is most likely the sam
as the 21/21 level at 8129 keV. However, there is a sma
possibility that unobserved weak, multipath connecting tr
sitions may exist between band 1 and the 8129-keV le
Because of this uncertainty, the spins and parity of band 1
placed in parentheses in Fig. 1.

Band 2 is only slightly weaker than band 1. A coinciden
spectrum obtained by summing all combinations of dou
gates in band 2 is shown in Fig. 2~b!. A major portion of this
band decays into the initial state of the 1767-keV transit
in band 1 through the 1745-keV transition. Most of the
maining intensity then decays into the final state of the 17
keV transition via a 2288-keVg ray. ATDC ratios show that
both 1745- and 2288-keV transitions have dipole charac
istics. The spins of band 2 are, therefore, assigned base
this as well as the spins assigned to band 1. In addition
strong connections to the positive-parity, 2878-, 796-k
low-spin branch, band 2 is also weakly in coincidence w
the low-spin 806- and 582-keV ND transitions. Connecti
transitions to this branch, however, could not be establish

Bands 3 and 4 are weaker than bands 1 and 2. Altho
no connecting transitions could be established between b
3 and 4 and the low-spin ND states in59Ni, the clean and
strong coincidences between these two bands and the
spin ND states leave very little doubt that they belong
59Ni. Figures 2~c! and~d! illustrate such coincidences. ATDC
ratios measured for bands 3 and 4 show that transition
these bands are stretched quadrupole transitions. Spins
parities of these two bands, however, could not be es
lished.

To estimate the deformation associated with the deform
bands, the centroid-shift Doppler attenuation method@8,9#
was used to measure the averaged transition quadrupole
ments,Qt , for the more intensely populated bands 1 and
Using the technique described in Refs.@8,9#, the relative ve-
locity of the recoils,Ft5v(Eg)/vmax, were extracted and
shown in Fig. 4~a! together with calculations.@v(Eg) is the
average recoil velocity at the time whenEg is emitted, and
vmax is the maximum recoil velocity for the 2a2p reaction
channel.# The calculated curves were produced by theLINE-

SHAPE program@10# and used the stopping powers in Re
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@11# ~corrected according to Ref.@12#!. The simulations used
a time step of 0.7 fs and produced 5000 histories. Side fe
ings were modeled by a two-level rotational sequence i
each state with the sameQt and J(2) values as the band
Uncertainties associated with these assumptions and t
with stopping powers are not included in the final results,
are expected to be smaller than the shown errors. Additio
errors include a possible uncertainty in the average ini
recoil velocity used for simulating theFt curves. Because
the Microball has a largera-particle detection efficiency a
forward angles, the recorded data may have an average in
recoil velocity that is smaller than if the Microball’s effi
ciency were isotropic, as assumed during the simulation.
though this systematic error could not be accurately c
rected for the present data set, it is estimated to be sm
than the error bars shown in Fig. 4~a!.

Figure 4~a! shows that when comparing the experimen
data to simulatedFt curves, it is difficult to extract a single
Qt value for each band, especially for band 2. In other wor
the deformation of these two bands changes gradually
function of spin. For band 1, theQt decreases from;1.5 eb
to ;1.1 eb. For band 2, the decrease is more drama
ranging fromQt;2.0 to;1.1 eb. More discussions on the
decrease of deformation in bands 1 and 2 are presente
ensuing paragraphs.

Lifetimes could not be extracted for bands 3 and 4 due
their weak intensities. However, data show that transition
these two bands have a similar time scale as those of ban
and 2. In other words, they are much faster transitions t
the low-spin ND transitions.

To understand the observed four rotational bands in59Ni,
configuration-dependent cranked Nilsson-Strutinsky~CNS!
calculations@13# were carried out and compared to expe
mental data. These calculations do not include pairi
Therefore, they are realistic at high spins, but also give qu
tative descriptions for lower-spin states. The ground state
59Ni can be viewed as the56Ni core plus three valence neu
trons occupying thef 5/2p3/2 orbitals. Deformed, higher-spin
configurations are formed by making particle excitations in

FIG. 4. ~a! Experimental ~filled symbols! and calculated
~curves! values ofFt as a function ofEg for band 1 and band 2.~b!
Qt values obtained from CNS calculations for the@20,01# and
@21,01# (a521/2) configurations assigned to bands 1 and 2,
spectively.
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the deformation-drivingg9/2 orbitals and generating holes i
the f 7/2 orbitals. In the following discussion, configuration
are labeled as@p1p2,n1n2#, which denotesp1 (n1) number
of f 7/2 proton ~neutron! holes andp2 (n2) number ofg9/2
proton~neutron! particles. Thus the ground state in59Ni has
the @00,00# configuration.

For spin values ofI 521/2 to 29/2\, CNS calculations
show that the yrast or near yrast high-spin configuration
@20,01#. This corresponds to two proton holes generated
the f 7/2 orbitals and one neutron excited from thef 5/2p3/2
states to the deformation-drivingg9/2 orbital. Such a configu-
ration is the best candidate for the observed deformed b
1. Figure 5 shows that the calculated energy pattern for
configuration agrees with that of the observed band 1 rea
ably well.

At higher spins (I 529/2 to 37/2\), the @21,01# configu-
ration becomes yrast. This corresponds to two proton h
in the f 7/2 orbitals, plus one proton and one neutron exci
to the deformation-drivingg9/2 orbitals. The experimentally
observed bands 2 and 3 are the most likely candidates fo
two signatures of this configuration. Calculated energy p
terns for this configuration qualitatively describe the expe

FIG. 5. Energies @relative to a liquid-drop expressio
0.03615I (I 11)# for observed~upper panel! and calculated~lower
panel! bands in59Ni. Positive- and negative parities are drawn
full and dashed lines, respectively. Closed and open symbols re
senta51/2 and21/2 states, respectively. The observed band 4
drawn with two alternative spin assignments. Calculated alig
states are indicated by large open circles and states which re
collective atI 5I max by large open squares. The calculated ban
with no experimental data are drawn with thin lines. The abso
normalization between the observed and calculated states is
trary.
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mental energies of bands 2 and 3, see Fig. 5~for this figure,
the experimental band head of band 3 was assumed to b
MeV!. Based on this assignment, both bands 2 and 3
have negative parity, and the 1745- and 2288-keV conn
ing transition would beE1 transitions, which is consisten
with their experimentally measured dipole characteristics

For bands 1 to 3, the most interesting feature is th
change of collectivity as a function of spin. This is partial
reflected in the energy plot shown in Fig. 5~a!, where all
three bands show a smooth upbend towards the obse
highest spins. Such a phenomenon has been observe
e.g., 64Zn @1# and 62Zn @2#, and has been interpreted in term
of ‘‘smoothly-terminating bands.’’ Such bands are collecti
at low spins but gradually become less collective and ter
nate in a noncollective particle-hole~terminating! state at the
maximal spin. In the case of59Ni, CNS calculations of shape
trajectories~Fig. 6! show that the@20,01# ~assigned to band
1! and both signatures of the@21,01# ~assigned to bands 2
and 3! configurations are triaxial, with quadrupole deform
tion e2 decreasing andg increasing as a function of spin
This results in a decreasingQt , as observed in the exper
ment. MeasuredQt’s shown in Fig. 4~a! agree with this trend
for both bands 1 and 2. For comparison,Qt’s for the @20,01#
and @21,01# (a521/2) configurations assigned to bands
and 2 obtained from the CNS calculations~based on the
microscopic density distribution described in Ref.@14#! are
shown in Fig. 4~b!. The calculatedQt’s qualitatively repro-
duce the experimental results of a larger averageQt for band
2 than for band 1. Quantitatively, however, calculatedQt’s
are smaller than experimental values, especially for band

The @20,01# configuration assigned to band 1 has t
p( f 7/2)6

22(p3/2f 5/2)4
2

^ n(p3/2f 5/2)4
2(g9/2)4.5

1 structure ~super-
scriptions denote particle or hole numbers, and subscript
denote corresponding maximum spins in various subshe!.
Thus the maximal spin for band 1 isI max56141414.5
537/21. Similarly, the@21,01# (a521/2) configuration as-
signed to band 2 has thep( f 7/2)6

22(p3/2f 5/2)2.5
1 (g9/2)4.5

1

^ n(p3/2f 5/2)4
2(g9/2)4.5

1 structure and results in a maximal sp
of I max5612.514.51414.5543/22. Experimentally, the
tentatively assigned spins for these bands indicate that t

re-
s
d
ain
s
e
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FIG. 6. Calculated shape trajectories for the@20,01# ~squares!
and @21,01# ~open and closed triangles! configurations assigned to
the observed bands 1 to 3.
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I max states have been observed. Calculations also show
at I 5I max, these bands are triaxial withg;45°, instead of
reaching the noncollective oblate shape ofg560°. There-
fore, substantial collectivity remains even for theseI 5I max
states. In most previous experimental studies of termina
properties of rotational bands, the states atI 5I max were un-
derstood as corresponding to the nuclear angular mom
being fully aligned along the symmetry axis of a noncolle
tive oblate shape (g560°). In 59Ni the bands are reminis
cent of rotational bands at large deformation in a pure os
lator, which never terminate because of strong coupli
between theN shells@15,16#. In a similar manner, the cou
pling between thef 7/2 subshell and otherN53 subshells in
59Ni causes these bands to be partially collective at thI
5I max states. Because of these couplings, it is possible
build I 5I max states at a lower energy cost with addition
small spin contributions from the core, before the spin v
tors fromactive particles are fully aligned. In59Ni, e.g., the
f 7/2 neutron subshell is fully occupied by eight neutrons, b
it gives a small yet important contribution to the total spin
the I 5I max state. The above features have been previou
discussed in theA580 region@17#, although corresponding
rotational bands have not been observed experimentall
their I 5I max states. Our study of59Ni represents one of the
first two experimental cases where these partially collec
I 5I max states have been identified.~Similar effects have re-
cently been observed@18# in 59Cu.!

The configuration assignment for band 4 is more unc
A

ion
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tain. A possible candidate is the@21,22# configuration, which
corresponds to an additional neutron excited to theg9/2 or-
bital and two neutron holes generated in thef 7/2 orbital com-
pared to bands 2 and 3. Such a configuration has a sig
cantly larger deformation and it does not terminate. Figur
shows that based on this assignment, the calculated ene
give the best fit to the experimentally observed energies
band 4, assuming that the observed states are given the
range of I 527/2247/2 with a band head energy of 13
MeV @open circles in Fig. 5~a!#, or I 529/2249/2 with a
band head energy of 15 MeV@closed circles in Fig. 5~a!#.

To summarize, four highly-deformed rotational ban
were established in59Ni. Based on CNS calculations, thre
of the four bands were interpreted as reaching their maxim
spin states with active particles distributed over thef 7/2,
(p3/2, f 5/2) andg9/2 subshells. Unlike most bands of this typ
observed previously, calculations indicate that these band
59Ni have substantial collectivity at theI 5I max states. Such
a phenomenon represents one of the first cases where
tially collectivemaximal-spin states have been observed.
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