PHYSICAL REVIEW C, VOLUME 65, 034309

Highly deformed band structure in *'Co

W. Reviol, D. G. Sarantites, R. J. Charity, and V. Tomov
Chemistry Department, Washington University, St. Louis, Missouri 63130

J. Dobaczewski
Institute of Theoretical Physics, Warsaw University, Hoza 69, PL-00681 Warsaw, Poland

D. Rudolph
Department of Physics, Lund University, S-22100 Lund, Sweden

R. M. Clark, M. Cromaz, P. Fallon, and A. O. Macchiavelli
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

M. P. Carpenter and D. Seweryniak
Physics Division, Argonne National Laboratory, Argonne, lllinois 60439
(Received 7 September 2001; published 14 February)2002

Rotational bands have been found®fiCo using the?®Si(3?S,3p) reaction at 130 MeV. The bands, extending
the mass 60 region of large deformation downZte 27, are signature-partner sequences. Their quadrupole
moments are similar to those of bands in the neighboring nuclei. The features of the new bands are described
by Skyrme Hartree-Fock calculations favoring a configuration assignment with one neutron and one proton
excited in the respectivedl,, intruder orbital. An attempt to describe the magnetitl() properties of the
signature-partner structure is also presented.
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. INTRODUCTION ing the nucleus’Co. We have found in this nucleus a highly
deformed band structure consisting of two signature-partner
In recent years, considerable effort has been devoted tsequences. This finding extends the mass 60 region of defor-
explore the island of exotic shapes in the mass 60 regiormation below theZ= 28 shell gap. Furthermore, it represents
Rotational bands associated with a highly deformeg} ( one of the first cases for a band structure in an odd-mass
>0.3) or superdeformedd,~ 0.45) quadrupole shape have nucleus in the mass 60 regigthe previously known cases
been found there, specifically in isotopes of Zn, Cu, and Niare mostly even-even or odd-odd nugldihe band structure
(see, e.g., Refd.1-4]). The underlying configurations are in 5’Co is compared with results from the Skyrme Hartree-
explained by particle-hole excitations across MeZ=28  Fock calculations outlined in Reff7]. A preliminary account
shell gap in which the shape-drivilyo=41gg, intruder  Of the present work can be found in Rgg].
orbital plays a pivotal role. Remarkably, these band struc-

tures can be and have been approached with various models Il. EXPERIMENT AND DATA REDUCTION
(classical and Monte Carlo shell mod€g,5], Nilsson- _ _
Strutinsky and relativistic mean field approacHés, and The experiment was carried out at the Argonne Tandem

large-scale Hartree-Fock calculatiofig)) and a consistent Linac Accelerator System. High-spin states ifCo were
picture—the one mentioned above—has emerged. Since sepopulated in the’®Si(32S,3p) fusion-evaporation reaction at
eral theoretical approaches can be confronted with new exa beam energy of 130 MeV. The target enriched to 99% in
perimental data, this nuclear region is of broad interest for’®Si had a surface density of 0.5 mg/¢and was supported
both experimentalists and theorists. by a 1 mg/cnt Au layer facing the incoming beam. The

The rotational sequences in the mass 60 region serve alsays from the reaction were detected by the Gammasphere
as a contrast to those in the “traditional” regions of super-array [10], which contained 78 high-purity Ge detectors in
deformation at masses 80, 150, and 190 because of the dBGO Compton-suppression shields. The Hevimet collima-
currence of a so-called smooth band terminaf®nSuch an  tors were removed to obtaip-ray sum energy and fold in-
effect is expected in these relatively light nuclei, which haveformation per event. Thirty Ge-BGO modules of the six most
a smaller number of valence particles than the heavier nucléorward rings were replaced by a shell of 30 neutron detec-
and thus exhaust the angular momentum content of theiors[11]. The neutron shell served for the purpose of select-
single-particle configurations faster than the heavier nucleing one and two neutron evaporation channels and was used
(but still gradually. Interestingly, despite the expected lossfor the first time in Gammasphergl2]. The evaporated
of collectivity the bands remain well deformed over the en-charged particles were detected simultaneously with the 4
tire spin range. Csl-array Microbal[13]. The event trigger required the pres-

In the present work, the picture of particle-hole excita-ence of four or more Ge detectors in prompt coincidence
tions across the shell closure is investigated further by studywith each other and in anticoincidence with their suppressor
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shields or a minimum of two “clean” Ge detectors and a however, a lower limit estimate fdg2 transitions. At high
neutron detector. Under this condition, a total of about 70Gspins, the angular-distribution attenuation coefficients are
million events were collected during two days of running known to be considerably larger than those at low sfseg,
time. e.g., Ref[15], Fig. 5 and this increases thHeyo value up

In the off-line analysis, the-ray data were sorted accord- to 1.6. The valueRpco=0.8 for dipole transitions, on the
ing to individual detected exit channels. Gates were placedther hand, may be taken as a representative value for the
on the identified charged particléand/or neutrons Con-  bulk of dipole transitions, which are in this nuclear region
taminants in these gates resulting from particles that escaped1 in character and presumably contain an admixture but of
detection were sharply reduced by applying the total energunknown degree.
plane selection method of Rdfl4]. The Doppler-shift cor- A residual Doppler-shift analysigl6] was performed to
rection for they-ray energies was based on the velocity vec-obtain transition quadrupole moments for the level structures
tors of the recoiling nuclei which were reconstructed fromof interest. For this purpose, the channel seleatedy data
the momentum vectors of the compound nucleus and thevere sorted according to five different angle groups of the
evaporated particles detected.yAray energy dependent re- Gammasphere  array  with  average angles  of
coil velocity was applied to compensate for the slowing72.9°,90.0°, 107.1°, 127.2°, and 151.2° with respect to the
down of the recoils in the target, and, thus, further sharpebeam axis. Subsequently, fractional Doppler shif(s-) of
the energy spectra. Finallfz,-E, matrices ancE -E,-E,,  the crucialy-ray transitions were extracted.
cubes ofy-ray coincidence events were created.

The 3p evaporation channel was estimated to account for
about 12% of the total fusion cross section, representing one
of the strongest channels. In the 8hannel selected matrix,
only measurable contaminants from thp 4nd 3on chan- Figure 1 shows the main part of the level scheme for
nels were found. These remainders of contaminant exit charR’Co. The spin and parity assignments for the states up to the
nels were removed by subtracting the normalized portions ofirst 19/2" state are adopted from previous wdrk7]. The
background matrices gated by those contaminants. The nogpins for the higher-lying states are assigned on the basis of
malization factors used were 1.298p¢and 1.957 (®n),  the DCO analysis described above. In addition, assumed
indicating that the approximate efficiency for the detection ofthat levels decaying predominantly to known negative-parity
one proton and one neutron was 75% and 33%, respectivelievels have themselves negative parity. The transitions with
In order to simulate the reduced energy resolution in theenergies given in parentheses are tentatively placed due to
background matrices, the proper number of undetected patheir weakness or the presence of unresolved doublets or
ticles were excluded from the recoil correction procedure. muiltiplets.

The y-ray multipolarities were inferred from a directional ~ The level structure at low spin is very complex and prob-
correlation(DCO) analysis. The data from adjacent rings of ably reflects the many possibilities of single-particle excita-
Gammasphere were summed together to produce a channgins in this nucleug17]. Above spinl=25/2, however, a
selectedEil-Ez2 matrix with #; and 6, corresponding to band structure develops. This structure is formed by two se-
average detector angles of 142(Backward and 90.0° with  quences of electric quadrupol&Z) transitions, labeledh)
respect to the beam axis. An intensity ratio and (i), which are interlinked at the bottom. Sample coinci-

dence spectra for this structure are shown in Fig. 2. The

Ill. RESULTS

1P qatd? spectra in the two upper panels are obtained from sums of

B «/2(9 71 1 coincidence gates placed on in-band transitions. All band

RDco—Ioz(gateﬁl) @) members and the interband transitions are labeled by their
72 71

energies in keV. A spectrum gated by the 731 keV interband
transition is presented in the bottom panel, confirming the
was introduced for the analyzed transitign, where the reported coupling of band#) and (i) as well as their main
peak areas obtained for, at ¢; and 6, were corrected for decay-out branchE,=2347 and 2799 ke) The 2292 keV
the relative efficiencies of the detectors at these angle posiransition in band(i) is a member of a multipletwith the
tions. For the gating transitioty;, only peaks of stretched strongest component being the 2290 keV I7213/2
quadrupole character were considered. The type of each tratransition. Its placement as a band member is reasonable
sition was restricted to either stretched dipdiél( orE1) or  because gates on bafidl transitions enhance a 2292 key
quadrupole E2) radiation or the appropriale2+M1 mix-  ray considerably as compared to the coincidence spectra
ing of these multipolarities. The shortcomings of this methodgated by bandh) transitions.
are its inability to determine the degree of mixing and the Figure 3 shows the DCO ratios according to expression
disadvantage th&2 and nonstretched dipol&(=0) tran- (1) for transitions in°’Co. The distinction between stretched
sitions are practically indistinguishable. E2 transitions and dipole or mixed transitions is made by
For transitions of known multipolarity between low-spin means of th&Rp o reference value obtained f&2 low-spin
states in®®Ni (a nucleus with a significant population in the transitions in a neighboring nucletsf. Sec. 1). The transi-
present experimentit was found thaRpco=0.8 if v, isa  tions of the high-spin band structure are highlighted by tri-
stretched and rather pure dipole transition &yto=1.1if  angles, while for the majority of the transitions another set of
v, andy, are of theE2 type. The reference value of 1.1 is, symbols(circles is used. The dipole character of all inter-
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FIG. 1. Partial level scheme foYCo showing the high-spin band structu¢l) and (i), and the level sequences fed by this struct(fie,
and(g). Transitions are labeled by thejrray energies in keV; typical uncertainties are 1-2 keV. The arrow widths represent the relative
intensities of the transitions. The question mark below the 25andhead” state indicates that the decay of this level has not been
observed. Two lower-lying states with spin and parity 23&hd 25/27), respectively, are also labeled by their excitation energies in MeV
to ease the description of the scheme.

band transitions and tH&2 character of most of the in-band 10 could be extracted either. The spin assignments for its
transitions are firmly established from the DCO ratios. Forinitial and final state are determined by the multipolarities of
the highest band members the multipolarity cannot be detethe two transitions witte =630 and 731 keV which bypass
mined from the present data because of the weak intensitiége 1361 keV transition. The interband transitions are pro-
involved. Nevertheless, their assignments are likely becausgosed to be oM 1 type, by analogy with band structures in
of the rotational-like character of these sequences. For th&Zn [4] and %°Zn [18]. Consequently, the bands) and (i)
lowest in-band transition, witk,=1361 keV, no DCO ra- are viewed as signature-partner bands.
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A general observation from Fig. 3 is that a number ofparity change. However, the parity assignments for the struc-
transitions between spherical states wjthray energies of ture (f) are considered to be less certain than those for the
about 1000—-2000 keV are admixtures, i.e.,E#/M1 type rest of the level scheme and therefore are given in parenthe-
with a spin changé | = 1. For example, the 1058, 1608, and ses.

1898 keV transitions belong to this category. The spin-parity |n one case, the relative population of levels has been
assignment of 21/2 for the initial state of the 1058 keV ysed to assign spins to the lower-lying states rather than the
transition is supported by the presence of a wegk 1404,  available multipolarity information: The 2799 and 2250 keV
3048 keV sequence bypassing the yrast transitions of leve} rays are proposed to HE2/M1 (Al=1) transitions, re-
structure(g). These twoy rays are proposed to H€2 tran-  sylting in a spin-parity assignment of 23/2or their initial
sitions leading to the maximum spin change, whereBRe state at 9.776 MeV. The valuRpco=1.341(68) for the
assignment for the 1404 keV transition is consistent with they799 transition favors a2 or aAl=0 assignment and
lower limit estimate folRpco Shown in Fig. 3no DCO ratio  rules out arE1 assignment, whereas no DCO ratio could be
could be measured for the 3048 keWray). The proposed measured for the 2250 keV transition. However, if the spin of
absence of any parity change in the level scheme of Fig. 1 ithe 9.776 MeV level would be one unit higher than the value
a particularly safe assumption for the structure labeépd proposedi.e., for anE2 assignmentthen the state would be
For the other structures, no reason is found to consider grast. This scenario would be inconsistent with the level
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FIG. 3. DCO ratios as described in the text verstiy energy. . I i (b)
Dipole and quadrupole transitions are represented by open ani o 2 J .
filled symbols, respectively. For the 1404 keV transition, only a ;:
lower limit estimate is given. The straight lines indicate Bg-o S .
reference values obtained for dipole dB# low-spin transitions in = 'r v % ]
a neighboring nucleus. The latter value represents a minimum value
for E2 transitions(see text ol 0 Yy
23 27 31 35 39 43
scheme since the 10.074 MeV state at spin 25/2 in the leve 2 2 2 2 2 2
structure(f), which decays by the 797 and 1667 keV transi- Spin (7)
tions, is more strongly populated than the 9.776 MeV level. o N N
A decay of the 9.776 MeV level byAl=0 transitions is FIG. 4. (a) Relative intensities of yrast and near-yrast transitions

deemed to be unlikely for a state located rather high in th@S @ function of initial spin(b) Branching ratios ,(M1)/1,(E2)
rsus spin for the interband and in-band transitions of bahyds

level scheme. In addition to the arguments presented abov¥S™s
it should be mentioned that only the spin 23/2 assignment fo?nd(')'
the state at 9.776 MeV is consistent with the spin assign-
ments made for the 2347 keV decay-out transition and thévestigation, they-ray events associated witiCo and**Fe
other (weakej decay-out branches for the high-spin bands.have been “mixed” and a combined set of triples coinci-
Among those branches is tiig,= 1344, 2292 keV sequence dence data has been analyzed using a double-gating proce-
for which DCO ratios are measured. dure with a gating transitiotor a list of gating transitionsn

The decay intensity of the signature-partner band€@o  each nucleus. No evidence for coincidence relationships be-
is spread over several pathways linking them with both théween transitions of ban¢th) or band(i) in *’Co and yrast
level structuregf) and(g), the latter one being favored. The transitions in%®Fe has been found in this analysis. However,
observed decay-out transitions accountfe80% of the in- because of limited statistics the presence of a weak proton-
tensity of the bands. As indicated in Fig. 1, the decay of thedecay branch corresponding t620% of the intensity of the
weakly populated 25/2 “bandhead” state is not observed. bands cannot be ruled out. The high-spin band structure in
Therefore, it is important to ensure that in the present leveP’Co is considered to be well linked to the low-spin part of
scheme no significant transitions are missing and the followthe level scheme.
ing check of the spin assignments is in order. The collective character of bandk) and (i) is inferred

Figure 4a) shows the intensity patterns of the yrast se-from their average transition quadrupole moments measured
guences over a large spin range. Indeed, the crossing of thesdth the thin-target Doppler-shift attenuation methiddb].
patterns(between spins 27/2 and 29/@ supportive for the Figure 5 shows the fractional Doppler shift§r) for each
sequence ofy-ray transitions near the yrast line and their band and, for comparison, some transitions between lower-
corresponding spin assignments. The branching ratio for thepin stateg1058, 1104, 1690, 2290, 2347, 2799, and 3155
decay intensity of the signature-partner band between intekeV). The highest band members for whi¢h(7) values
band M1) and in-band E2) transitions is shown in Fig. could be extracted are the 45/2:41/2° (band h and
4(b). Conclusions from this pattern are drawn in Sec. IV. 47/2°—43/2" (band ) transitions. The fitted curves are cal-

The possibility of a proton decay near the bottom of theculated using the side feeding model of Ref9], the mea-
5’Co bands, similar to the case of, e.8°Cu[2], has been sured intensity profiles of bands) and(i), and for the slow-
also investigated and the result is negative. For this particulang down in the target the stopping powers provided by the
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E, (keV) with the Skyrme SLY4[23] effective interaction, and no
pairing (see Ref[7] for detailg. The configuration assign-
FIG. 5. Fractional shiftF(r) as a function ofy-ray energy. ment proposed for thé’Co high-spin bands is guided Ity
Triangles represent the data for the high-spin bands, and circles tharity considerationgji) quadrupole momentsiji) configu-
data for some representative low-spin transitions in the same specation crossings judged by, e.g., the behavior ofIffé mo-
tral range. Calculated (7) curves with different value); are  ment of inertia as a function of rotational frequency, &ivd
shown for comparison. The dashed curves among them represegdegeneracy of the signature-partner configurations. The con-
1o deviations from the best fit for the high-spin bands. F{e)  figurations are described by the notatidi#8, wheren andp
curve for 0.2eb in the bottom panel is calculated using a slightly gre the numbers of occupi@th=4 unique parity Routhians
larger spin range than for the other curves. originating from the i, intruder orbital. The remaining

particles occupy negative-parity Routhians, and hence the
codeTRIM [20]. The best fits are obtained for transition quad-total parity of the3’Co configurations isr= —(—1)"*"P.

rupole moment®,=1.9°3% eb and 1.95% eb for bands

(h) and (i), respectively. The quoted errors representeca 1 [ rTroTrTTTrTTT T ]
deviation from the best fit but exclude the systematic errors_ BLA 4 oo T "‘\\[530]1/2+
associated with the stopping powers which are smaller. & [ 3yie A <=z NESH -
The transition quadrupole moments measured for bandg _9_{3,%(1)}?‘%;/ .................................... %8 -
(h) and (i) are significantly larger than th®, values appro- & a0 s e o
priate for the set of lower-spin transitions, which are also-E [ {345ms./ v ]
given in Fig. 5. TheQ, value of 1.9eb corresponds to a 5 -11p .../ .
quadrupole deformatiop,=0.39 for an axial shape. How- & | 14401172 - B2z -
ever, the deformation is rathg,>0.39 since the deformed g ﬁ,g,g%ég:
shape is expected to be somewhat triaxial with a positives '13'[32’}1}&\ ---------------- o ]
value of they parameter, as mentioned in the following sec- 5 - {32112}5/% kb e
tion. For example, by taking=5° one obtaing,=0.41. It = P B2 |
is also interesting to notice that tkgg values for the bands in P TR R SRR
5’Co are comparable with those measured for the high-spirs7c, 04 08 12 16 = 20
bands in neighboring Ni and Cu nuclei, e.g., i [3,21] 277730 Rotational Frequency [MeV]

and *8Cu[2]. In summary, the new bands MCo represent a

. FIG. 7. Neutron single-particle Routhians calculated for the
highly deformed shape of th&/Co nucleus. gep

44 configuration in%"Co (N=30). For the negative parity, all
states corresponding to the Routhians below the29 gap are
IV. DISCUSSION occupied, while the 30th neutron occupies th@03]7/2(—i)
Routhian at low frequencies and th&10]1/2(—i) Routhian at high
Properties of the high-spin bands ¥Co are compared frequencies. The latter one is, as indicated in the figure} at
with results of the cranked Hartree-Fo@KF) calculations =2 MeV dominated by th¢321]1/2(—i) Nilsson state.
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5700 04 08 12 16 = 20 configurations in°’Co. The Nilsson labels shown at the left repre-
27730 Rotational Frequency [MeV] sent the dominating components of the HF wave functions calcu-

lated at low frequencies; these can be different at high frequencies
(cf. Figs. 6 and Y. At the bottom, the discussed configurations are
also given in the notation of Rdf6]. The arrows indicate the cross-
ings of the Routhians discussed in the text.

FIG. 8. Proton single-particle Routhians calculated for th¢°4
configuration in%’Co (Z=27). For the negative parity, nearly all
states corresponding to the Routhians below Ze28 gap are
occupied. The only exceptions are the holes in [tB21]1/2(—i)
Routhian at low frequencies and tf&12]5/2(—i) Routhian at high
frequencies. The latter one is Aw=2 MeV dominated by the
[330]1/2(—i) Nilsson state.

(right se} rotational frequencies. The wave functions change
with frequency because of the strong Coriolis mixing. The
agreement between calculated and measured quadrupole mo-
The bands in®’Co have most likely negative parity, see ments(Fig. 6) indicates that the present calculations provide

Fig. 1. Therefore, the discussion is restricted to the lowes® 900d description for the bands MCo.

negative-parity configurations, that is, only intruder configu- Since the high-spin sequen;gsﬁﬁ:o.for.m a signature-
rations of the 449 and 44 types are considered. The Partner structure, and the positive-parity intruder states are

negative-parity configurations without intruder contentC@lculated to be strongly split in energy, the observed bands

(494 are ruled out by the large transition quadrupole mo-Must correspond to occupying the lowest-lying pair of
ments measured, and those withep are unlikely in a Negative-parity signature-pariner states. In the case of the
nucleus withN=7 + 3. 414% configuration, the two bands are due to the occupation

The measure®, values do not allow one to distinguish

also between the two intruder configurations. This is shown S ' ' ' ' ' ' |
alsh 4| 57Co - 58Cu
in Fig. 6 where the measured avera@e values and the
transition quadrupole moments calculated for tHd%and

ol i[s
which anF () value could be extracted. The largest differ- 424°
ence between the theoretical curves is in the spin range ne¢ @ -2} T

441 configurations as a function of spin are compared with
the bandhead but the present measurement is not sensitive : EXP ) : : HF+SLy4 '————-—

Relative alignment

each other. The spin range shown for e§ghvalue is situ-
ated between the bandhead and the highest band member f

such a difference nor to a noticeable reduction of the quad-
rupole moment at very high spin. The calculations also show 29}

)

a slowmigration of the nuclear shape into the nonaxial, non- >
collective sector with increasing spin and rotational fre- £ 45}
quency. For example, for the'4! configuration, they de- S

formation parameter is calculated to increase from 3° at the{ 10l

bandhead to 26° at the top of the structure in an exponentia 57.-C0 % “*
fashion. They values for the 44° configuration are overall 5L, . . . .
smaller. In the following paragraphs we try to reach a con- 0.5 1.0 1.5 0.5 1.0 1.5

clusion as to which of the two options {4° or 4'4%) is
most suitable to describe the bands®iCo.

Figures 7 and 18 show the neutron single-particle fFig 19, Relative spin alignments between the bandS’@o
Routhians for the #4* configuration and the proton single- anq Sécy, (top) and dynamic moments of inertia for the bands in
particle Routhians for the 24° configuration, respectively. 57cq (bottom as a function of rotational frequency. Data obtained
These energy levels are labeled by standard Nilsson quantufidm experiment(left) are compared with the results of the HF
numbers and a sign¥() representing the signature quantum +SLY4 calculations(right). For ther =+i band, the experimental
numberr = +i. Given in the figures are the dominant com- values ofJ® are repeated in the bottom right paitsiars to ease
ponents of the HF wave functions at Id¥eft sep and high  the comparison.

Rotational frequency (MeV)
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FIG. 11. Relative energies between the high-spin bandédo iy X 7
and ®8Cu as a function of spin. Experimentghlculated values are I R i S 424" _
shown at left(right). ‘ M 7
0 1 L 1 L 1 1 1 1 ]
of one of they[303]7/2(*i) states by the 30th neutrd@4]. 255 2—2? 333 357 4—21
At the same time, the pair of protons is put in the Spin ()
[ 321]1/2(+i) states and kept there in the entire range of
rotational ~ frequencies. Around iw=1.3 MeV, the FIG. 12.B(M1) values versus initial spin for the high-spin band

v[303]7/2(—1i) Routhian is crossed by theg{310]1/2(—i)  structure in®"Co extracted from measured quantities and compari-
state. This perturbs one of the signature-partner bdth#s son with model curves based on théo-Frauendorf formalism.
one for ther=+i signaturg, and leads to a bump in the Filled and open triangles represent the data for bahgsnd (i),
correspondin@(z) moment of inertia, see below. respectively. The asterisk indicates a weighted average for these
In the case of the 4° configuration, the two signature- data. The dotteddash-dottefimodel curves represent the calcula-
partner bands are obtained by putting the 27th proton in on#ions for the 44* (424°) configuration.
of the #[312]5/2(+i) states. Aroundiw=0.9 MeV, the
[ 312]5/2(—1) Routhian is crossed by the[ 321]1/2(—1)
level, which also gives a bump in ti{#? moment.
Therefore, in°’Co one has two natural candidate configu-
rations in which crossings occur in the=+i bands. The

diagram in Fig.. 9 summarize_s }he occupa;[)ions of ?ingleindicates the superiority of the4! configurations in de-
particle states in both scenarios’@4 and #4°). The dis- scribing the bands iF’Co. For the plot in Fig. 11, the ex-

cussed crossings of Routhians are highlighted by armowge imental relative energies have been increased by 3 MeV,

shown in the diagram. to put them at the same level as the HF results. That is, the
In order to evaluate further the level of agreement be-

h h ical i d th . %bsolute energies of the bands 9fCo are not well repro-
tween the two theoretical scenarios and the experimentyq by the HF calculations, but the comparison in Fig. 11
data, we compare in Figs. 10 and 11 the following param

th d and calculatd for57C is meaningful for the spin dependence of the relative ener-
eters: the measured and calcula moments for~Co gies. In this respect, Figs. 10 and 11 consistently favor a
versus rotational frequency, the correspondmg.spms_wnh rezig1 configuration assignment for the signature-partner
spect to the superdeformed band 3#Cu (relative align- bands in5Co

men), and, separately, the relative energies between the lev- Finallv. theM 1 properties of the two high-spin bands in
els in the®’Co and®8Cu bands. The superdeformed band in s nat, propert wo igh-spl I

58Cy [2.25] is ch “rof o i Co are discussed. From the branching ratios of Fig) 4
abszr[wt,inﬂtlrﬁsc sct)rsuirt]uarlz Zsr?nzzggt?d’ S'n(;e“?lggg?zm)s and thg_ transition energieé?n MeV), reo!uced transition
behavior. However, to facilitate the con¥parisons twowartifi probability B(M 1)/B(E2) ratios for the spin states near the

) - y . “bottom of the structure can be extracted according to an ex-
cial transitions of 3641 and 4128 keV are added to it at th g

ression given in Ref.26]:

top, thus covering the frequency range of tHE€o bands. ep g 126]
The values for the relative alignment, shown in the top

panels of Fig. 10, are reproduced by thet# configuration,

more closely approached by the bump of @& moment
calculated for the #4! configuration than that obtained for
the 4°4° configuration.

The trend for the relative energies, shown in Fig. 11, also

5
while those obtained for the?4° case are too small by about ~ B(M1) _ _ 16m 1,(M1) EJ(E2) (u2le?h?).
two units. It should be pointed out that predictions for the  B(E2) 5 1,(E2) E3(M1)
relative alignment are fairly robust, because they mainly de- 2

pend on the occupations of theyd, intruder orbitals that

carry most of the alignmerj7]. As shown at the bottom of

Fig. 10, the experimentai® moment of the = +i band in  Here it is assumed that the quadrupole and dipole transitions
5’Co exhibits an irregularity arounlo=1.2 MeV indica- are pure[ §(E2/M1)=0]. Expression(2) together with the
tive of a configuration crossing. This crossing frequency isSB(E2) values for the states of interest provide a set of
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B(M1) values(in units of the nuclear magnetom). The  errors are large, this observation might only represent a con-
B(E2) values used in this procedure are calculated accordsistency check for the two most reasonable configuration as-
ing to the collective expressidi27] with a constant quadru- signments selected before. However, it is remarkable that
pole moment of 1.@b from experiment and the appropriate with a rather simple model and a reasonable choice of mostly
Clebsch-Gordan coefficients for the states in the band assuronstant parameters the calcula®EM 1) values are close
ing a K quantum number of 5/2. Notice that theBE¢E2) to experiment.

values are associated with errors from a proper propagation somewhat speculative, the mismatch between the model
of error from the measureQ, values. curves for the 34! configuration and the smaB(M1)

In Fig. 12, the obtained®(M1) values are shown as a \jye at spin 33/2, i.e., near the configuration crossing, might
function of the |n|_t|al spin. Most of.the uncertainties are o que to the consta; value or/andgr, factor. Indeed, at
large. The uncertainty for the dat_a pom_t at spin 29/2 is doml'the crossingQ; is expected to be somewhat reduced due to a
nated by the error for the branching ratio, while the errors for

. . . . hange in th re properties. At th me tigre,might
the other points are determined mainly by the erroRin Ce(zregaese singect(\)/vg r?e(L)JFt)reonEé)srbitals zreS acro?ssir%@@ Igor
Due to the large uncertainties a spin dependence of th

; : this configuration, a better fit to the data is therefore conceiv-
B(M1) values is not apparent. A weighted average for the ' . . .
(M1) bp 9 9 ble. On the other hand, assuming that there is no spin de-

B(M1) values for all spins is also shown as an asterisk irf _ .
Fig. 12 for further comparison with model predictions. pendence in th&(M1) values we may compare a weighted

In order to calculate th# 1 transition matrix elements, a 2verage of thg: datdrig. 12, asteriskwith the model curves.
formula based on the geometric model by raa and Then, the 44° configuration appears to be in closer agree-

Frauendorf28] is introduced: ment with the data.
3 2
B(M1)=o— 12 (9k,~9r) 1- l—zKa— Tla V. SUMMARY AND CONCLUSIONS
5 The presence of two rotational bandsSfCo is reported
B 5 S (g —gR)i (1?) 3) and their features were described in detail. Average transition
| 3 9,7 9R)p o quadrupole moments were measured for these bands which

show that the nuclear shape at high spin is highly deformed

This formula is a straightforward extension of the cited(8,>0.39). The deformation of the bands #Co is com-
model which allows to perfqrm a _summation of the magneticparable with those of the bands in the neighboring Ni and Co
moments for the “deformation alignedindex ) and “ro-  nuclei. However, the newly observed bands fCo are
tation aligned”(index 8) components of a multiparticle mul-  signature-partner sequences.
tihole configuration. _ _ The features of the rotational bands ¥Co were com-

The definitions of the parameters in H8) and their cor-  hared with results from Skyrme Hartree-Fock calculations.
responding values are the following: For the bandhead stat&,g calculations favor a4t or 424° configuration assign-
K=2,K, with K, being theK quantum numbers for the any for the signature-partner structure, involving in either
individual single-particle angular momenta. The parameters. < o 3o, intruder orbitals. Among these two options

|aand|5 are the components o_f the |nd|vu_:iual smgle—partlclethe A4 configuration matches the aligned spia& mo-
spins along the rotational axis and their values are taken

from the HE calculations. The valuesfor the “deformation ments of inertia, and excitation energies relative to a refer-
aligned”  orbitals ([303]'7/2 and [3125/2) are small ence versus the spin best and is therefore preferred.
(<0.24) and values at a low frequencf ¢ =0.1 MeV) are . The measuredgt_m(_)ments a_n_d th&(M1) valu_es for the
taken and kept constant over the entire spin range. The a”gﬁ_lgnature-partner.Imkmg transitions were conS|de0red as an-
ments iz for the “rotation aligned” orbitals ([440]1/2, other means to distinguish between thet4 and 424 con-
[310]1/2, and[321]1/2) are large and values;(l) are used. figurations. However, the experimental uncertainties of these
In the present approachy is the only parameter that de- quantities are too large to favor conclusively one of the two
pends on the spin. Thgfactorsgy andg; for the “defor-  intruder configurations. Nevertheless, the discussion of
mation aligned” and “rotation aligned” orbitals are taken B(M1) values in the present paper is the first attempt to
from a strong coupling limit estimate and from the Schmidtfjescrlbe the magnetic properties of signature-partner bands
value[29], respectively. The factor for the collective rota- N the mass 60 region. Using a formula based on theabe
tion is taken agr=Z/A. For simplicity, the signature split- Frauendorf formalism and parameter values partially taken
ting dependent “second order” ternl (Ae'/fiw [28]) has  from the Hartree-Fock calculations, the model curves for the
been omitted in Eq(3). 441 and £4° configurations are roughly in agreement with
The results for th&(M1) values calculated for the'4*  the data. .
and £4° configurations are shown in Fig. 12 as the horizon-  In conclusion, with the newly observed bands°iCo the
tal lines. The discontinuity at spin 33/2 reflects the configu-imit of the mass 60 region of deformation is shifted below
ration change(crossing discussed abovécf. Fig. 9. The  the Z=28 shell gap. A consistent picture for particle-hole
model estimates for both configurations are in the samexcitations across this gap involving thggl orbital is ob-
range with the data. Given the fact that the experimentatained.
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