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Yrast superdeformed band in *°Cu
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High-spin states if°Cu were populated using the fusion-evaporation reactié®s+ “°Ca at a beam energy
of 125 MeV and®°Ar+2%Sj at a beam energy of 143 MeV. The Gammasphere array in conjunction with
ancillary detector systems allowed for the identification of a superdeformed rotational biaijrwhich was
firmly linked to low-spin yrast states. Using directional correlations of oriented states, a spin-parity assignment
of I™=25/2" to the band head was possible. The average quadrupole moment of the band is measured to be
Q:=(2.24+0.40) eb. The characteristics of the band are compared to neighboring nuclei and predictions of
different mean-field theories.

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

Superdeformation is by now a widespread phenomenon In N=Z nuclei the neutrons and protons occupy the same
across the nuclidic chart. Recently, superdeforrt®d) ro-  orbitals, which offers the possibility to investigate the pairing
tational bands were discovered in the light mass60 re-  correlations between them. The SD band®f#n reveals a
gion. Following the first observation of a SD band4fzn  band crossing at low frequenciged which may be explained
[1], highly and/or superdeformed bands have been observess a simultaneous alignment of two pairsgaf, protons and
in a number of weakly populate=Z nuclei, namely®®Ni neutrons. Thus it may be expected that the proton alignment
[2], *8Cu [3], and ®°Zn [4], and in theN=Z+1 nucleus remains at about the same frequency in §§&n nucleus.
®1Zn [5]. The SD band in®“Zn represents thél=Z=30  However, it has been found to be absent, which may be taken
“doubly magic” superdeformed core of the mass regidh  as a sign for the presence &0 pairing in the®%Zn band

The configurations of these bands have the leading conj5]. Similarly, the presence or absence of a neutron align-
ponentf;3® (fp)*®ge,-° (A-56 is the number of nucleons ment in 5°Cu might shed more light into the question of the
in excess of*®Ni, fp denotes thds,, ps,, andpy, orbits  role of T=0 pair correlations ilfN=Z nuclei.
with respect to the doubly magit®Ni N=Z=28 spherical Another interesting aspect in the mass 60 region was
core. According to comparisons between the experimentahe first observation of a prompt discrete proton decay of the
dynamic moments of inertia® for several collective bands band in 58Cu into a spherical state in the daughter nucleus
and theoretical prediction], the quadrupole deformation °’Ni [3]. A second case was established in the decay-out of a
of the bands increases with the numberggh particles in-  rotational band in®®Ni into the ground state oP°Co [2].
volved in their configuration. For thd=Z nucleus®®Cu the  Estimated energy relations between an expected excitation
average quadrupole deformation of the ban@js-0.37[3], energy of a SD band iR°Cu and potential daughter states in
while it is 8,~0.47 for the band in the doubly magic super- *Ni [7] makes®°Cu a good candidate to search for this new
deformedN=Z nucleus®Zzn [4]. exotic decay mode.

High-spin states in the residual nucletfCu were popu-
lated in two experiments performed at the 88-Inch Cyclotron
*Present address: Department of Physics, State University of Ne@t Lawrence Berkeley National Laboratory. Experiment 1
York at Stony Brook, Stony Brook, NY 11794. used the fusion-evaporation reactiéfsSi+“°Ca at a beam
'Present address: Tata Institute of Fundamental Research, Borenergy of 125 MeV. The 0.5 mg/dnthin self-supporting
bay 400 005, India. 40Ca target was enriched to 99.975%. The experimental
*present address: Niels Bohr Institute, DK-2100 Copenhagersetup consisted of the Gammasphere afBly at that time
Denmark. comprising 83 Ge detectors. The array was operated in con-
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FIG. 1. (a) Proposed partial level scheme ¥Cu. The energy labels are given in keV. The widths of the arrows are proportional to the
relative intensities of thes rays.(b) Gamma-ray spectrum from experiment 2 generated by summing all double gates set on the transitions
in band 1. Transitions known to belong ¥Cu[11] and the new transitions from band 1 are labeled with their energies in keV. The latter
are also marked with filled squares.

junction with the 47 charged-particle detector array Mi- the light-ion induced reaction®Ni(®He,pn) at E
croball[9] and 15 liquid scintillator neutron detectorCu ~ =15-27 MeV up to spin and parity"=17/2" at an exci-
represents the@1p reaction channel of the reaction provid- tation energyE,=5721 keV[11]. The main result of our
ing an experimental relative cross sectionogf~5%. EX-  charged-particle gategy- and yyy-coincidence analysis
periment 2 used thé&%Ar +?%Sj reaction at a beam energy of from the present experiments is the part of the level scheme
143 MeV. The experimental setup was very similar to theof >%Cu presented in Fig.(&). It focuses on the newly iden-
one described above, and the details can be found, e.g., tffied superdeformed rotational structufi@beled 1 on the
Ref.[10]. Here, *°Cu represents thedllp reaction channel |eft hand side, which extends the excitation schem&6u
with an experimental relative cross sectionogf~3%. For  up to|"=(57/2") at E,=31.96 MeV. Band 1 consists of
both experiments, the events were sorted offline into variougight intense transitions at 1433, 1600, 1900, 2242, 2611,
E, projectionsE -E, matrices, and ,-E -E ., cubes subject 3004, 3424, and 3827 keV. The spectrum in Figb)lis
to appropriate evaporated particle conditions. obtained by summing doublg gates set on the band mem-
Experiment 1 was the major source for the analysis obers in the kr1p-particle gated cube of experiment 2. The
*°Cu. The only sizable contamination in thex®p-gated |ast transition at 3827 keV was seen only in experiment 2 for
spectra originated from the leak through of theZb chan-  the reasons mentioned above. The band is linked to the low-
nel 58Ni (o,~9%) when one of the protons escaped detecspin normal deformed yrast states through several weak tran-
tion. We have eliminated this contamination in the analysissitions with typical energies in excess of 3 MeV.
by either doubley gating in the cube, or by subtracting iden-  Figure 2 shows two @1p-gated y-ray spectra obtained
tically y gated spectra obtained from ar2p-gated matrix. from experiment 1. The spectrum in Fig(a2is in coinci-
Experiment 2 provides very high-spin states fCu be-  dence with the 1314 keV line, which depopulates the 13354
cause there is one less evaporategarticle to take away keV state in band 1. The peaks at 2585 and 3924 keV link
excitation energy and angular momentum from the comband 1 into the band structures 2 and 3, which subsequently
pound system. However, the degree of contamination islecay mainly into the knowhll] negative-parity sequence
much higher because of the leak through of a number ofl. The spectrum in Fig.(B) is in coincidence with the 1433
other much stronger channels, e.ga2p (o,~33%) or keV line, which depopulates the same 13354 keV state in
la3p (0,e~9%). band 1. The peaks at 3262, 3231, 4717, and 4937 keV link
Previously, high-spin states if’Cu were reported using band 1 with the knowr{11] positive-parity states 5. The
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TABLE I. Gamma-ray energieg, and Rpcq ratios for band 1
and linking transitions irP°Cu.

E, (keV) Rpco E,(keV) Rpco E,(keV) Rpeo

2 1314  1.08100 1900  1.016) 2923  0.6%21)
g 1427  1.3837) 2242  0.98%) 3004  1.0210)
5 1433  09%5) 2585  0.265) 3231  1.1817)
@ ] 1600  1.046) 2611  1.168) 3262  0.9620)
5 200 {20 1788  0.587) 2891  0.4213) 4717  0.9227)
(8]

ury
o
o

110

Deviations for the latter may arise from quadrupole admix-

0 tures, i.e., nonzer6(E2/M 1) mixing ratios (M2 admixtures
2000 2400 2800 3200 3600 4000 4400 4800 into E1 dipoles are not likely The results for relevant tran-
E, (keV) sitions are summarized in Table I. The DCO ratios for tran-

sitions in band 1 are consistent with stretched quadrupole
FIG. 2. Two high-energy portions of-ray spectra from experi- character. To establish the spin and the parity of the 13354
ment 1. They are gated by twe particles and one proton detected keV state in band 1, several decay paths of that state can be
in Microball. Part(a) is in coincidence with the 1314 keV transition fg|lowed into states with known spin and parfty/1].
and highlights the two linking transitions at 2585 and 3924 keV.  The |ast known positive-parity™=17/2" state in band 5
Part(b) is in coincidence with the 1433 keV transition and shows at 5426 keV is connected with band 1 via, e.g., the 3231 and
the linking transitions connecting the 11921 keV 25/vel in 3545 Kay [ines. The DCO ratios for these two transitions are
band 1 with states in the first minimum. Squares indicate that th%onsistent with stretcheB2 character, suggesting a 25/2
respective transitions belong to band 1. assignment to the 11921 keV state. The DCO ratio of the
. 1433 keV in-band line indicatds2 character. This suggests
p?t?]kz atd24262, 31§9|'-|3803t’han§9315k3 \I;eIV I|r_1k bland 1 alsgpin and parity 29/2 for the 13354 keV state. The spins
\k’)\" an tf] 1‘1';3 k Vel_re, he doubl ? 'tlﬂe |i4a3séokp:??en§1/2 of the 8115 keV state in band 2 and the 8728 keV state
ecause the eviine Is a doublet with a €V %1 pand 3 can be inferred from DCO ratios in Table | and the
which d_epc_quIates _t_he 4099 keV 13/2tate In sequence 4. apparent “coupled-band” structures, i.e., strahb=1 tran-

. The I|nk|r_19 transitions are very weak relative to the INteN-gjtions along with parallel quadrupoles. The DCO ratios of
sity of the in-band transitions of band 1. The intensity Ofthe 1788, 2891, and 2923 keV lines connecting bands 2 and
band 1 relative to the 1399 keV ground-state transition is3 with se'quenc,e 4 are consistent with pure stretched 1
~30%. AbOUt. half of th|§ .|ntenS|fcy is carried .by the .Ob' character. Because of their relatively high energy this hints
served vyeak linking transitions. .Y|elds of rays in coinci- towards anEl rather thanM1 assignment, since for the
;:ihence Vt\{'tlh tge 1900 It<er trart1)5|tlgnlwzr.e us?g to searcfh t];]oratter a significanE2 admixture can be expected. Moreover,

€ particie decay-out from band 1. sInce the sum ot ey, 8758 Lev state in band 3 is connected to the known 5426
relative intensities of the ground-state transitions in tha eV 17/2" state in band 5 with a singlg ray of 3302 keV

spectrum accounts within uncertainties for the intensity o his and more evidence from other combinations leads to a
the in-band 1600 keV line, the possibility of prompt proton ositive-parity assignment to bands 2 and 3. The multipole

decay from band 1 is wgak. Though searcheq for, such gharacter of the 2585 keV line, which connects the 12 040
decay .COUId not be found in the data sets used in the prese%v state in band 1 with the 9456 keV 23/3tate in band 3,
analysis. is clearly of mixedE2/M 1 type(see Table)l Therefore, the

The assignment of the multlpolarmes eray transitions dspin and parity of the level at 12040 keV is 25/and thus
requires the use of directional correlations from oriente

states(DCO ratios. For this purpose, we have grouped theconﬂrm; the previous 2972a§3|gpment to the 13354 keV
: . . e state, since the 1314 keV line is also BR character. It
Ge detectors in Gammasphere into two “pseudo”-rings la-

beled 30°(15 detectors at 142.6°, 1483, and 162.7°) angitil ! R 8 S U TR R RRER € e
83° (25 detectors at 79.2°, 80.7°, 90.0°, 99.3°, and 100.8°) " 19 g

o .~ scheme puts further constraints to the spin and parity assign-
[10]. A 2a1p-gatedy-y matrix with y rays detected at 30 ents.

sorted on one_axis and 830 on the other axis was created. The experimental dynamic moments of inextf® for the
From this matrix DCO-ratioRpco Were extracted12] bands in%8Cu [3], 5°Cu, 6°Zn [1], and 61Zn [5] are com-

. _ . pared in Fig. 8). The splitting ofJ® at low spin in >°Cu
(v, at30°; gated withy, at 83°) (1)  corresponds to the two branches of the SD band via the 1314
I(y; at83°; gated withy, at 30°) - keV and 1433 keV transitions. At a rotational frequency of
hw~1.0 MeV an irregularity is present in th&zn band,
Known stretchedE2 transitions were used for gating. For which can be explained in terms of a band crossing due to
observed stretchefll =2 transitionsRpco= 1.0 is expected, the simultaneous alignment of pairsgy, neutrons and pro-
while pure stretched\I=1 transitions reveaRpco~0.6.  tons. However, the expected proton alignmentsj@gn and

Rpco(30-83 =
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compared with the predictions of the different models for
this configuration. They are in excellent agreement with ex-
13 perimental values. The general decreasé®ftowards high
spin can probably be related to the limited angular momen-
FIG. 3. Part(a) shows the experimental dynamic moments of tum content of the underlying single-particle configuration
inertia for the bands iféCu, 5°Cu, %°zn, and %'zn, and partb)  [6]. The band in>*Cu approaches the maximum spin value
compares the band i?PCu to several theoretical predictions. Cor- | max=65/2%, which can be created from the seven valence
respondingly, partc) and (d) illustrate the effective alignments particles and four holes. A »=0.8 MeV, the calculated
relative to the band irféCu. angular momenta equal 17.8HF), 16.7 (CRMF), and
15.4 4 (CNS), and should be compared to the experimental
the neutron alignment if°Cuy,, are not observed at this value of 15.%. The CNS method gives excellent agreement
frequency. The 1433 keV branch of the bandgu leads to ~ with data. However, the other two approches show an ex-
the steep increase df? in Figs. 3a) and (b), which may  cesses of spin which may be required when the standlard
indicate a band crossing &tw~0.6 MeV. Hence, the ex- =1 pairing correlations are taken into account. These corre-
pected alignments in the oddneighbors of°%Zn are either lations should yield a larger decrease of the calculated spin
absent, or they occur at considerably lower frequencies. Sucdf *°Cu than that of*®Cu, thus leading to a decrease of the
a delay of band crossing frequency in an even-even nuclewglculated effective alignment.
can be a sign of additional neutron-proton correlations In Fig. 3(c), the experimental effective alignmentg; of
[13,14. the yrast SD bands iR°Cu, %%Zn, and ®'zn with respect to
Another possible explanation is a change in deformationthe *Cu band are shown. Atw~1.4 MeV, the magnitude
the importance of which can be illustrated by an exampleof the alignment for the bands increases nicely with the num-
from A~150 region. The yrast SD band in the even-evenber of gg, particles involved in their configurations. The
nucleus'®%Gd shows two irregularities, which have been ex-alignment measures the effect of additional particles and the
plained in terms of consecutive neutron and proton align<onfiguration of the band if°Cu should contain one more
ments[15]. In the yrast SD band of the oddl-neighbor  neutron in they, orbital than®8Cu, and one proton less than
151T the paired proton band crossing is blocked by an ad®°Zn. Figure 3d) compares the effective alignment between
ditional proton in thei 5, Orbit, but experiment reveals that the **Cu and>®Cu bands with the predictions. The fact that
the neutron band crossing is substantially quenched as wekll theoretical methods provide an excellent description of
This suggests that at superdeformation the properties of thiée data strongly supports the present interpretation.
paired band crossing strongly depend both on the configura- Band 1 clearly has all characteristics to represent the yrast
tion and deformatioi16]. In a simple picture, however, the SD band in>°Cu. To prove that the transitions belong to
smooth increase of deformation when going fréfCu via  such a highly collective structure we employed the fractional
60zn (see below towards 'Zn [5] would reveal a band Doppler shift method20]. The measure# () values for the
crossing in at least one of the oddnuclei, if deformation ~ SD transitions are shown in Fig(&. The average quadru-
were the only factor influencing the crossing frequency.  pole momentQ, of band 1 was determined in exactly the
Theoretical calculations foP°Cu have been performed same manner as fd°zZn [4] and °°Zn [1], because the data
with the cranked relativistic mean-fielCRMF) theory[16]  originates from the same experimdsee Refs[1,4] for de-
using the NL3 interactiofi17], the configuration-dependent tails). Band 1 is best fit byQ,=2.24+0.40 eb in the spin
cranked Nilsson-StrutinskfCNS) approach[6], and the range 29/2—-49/24. The 1433 keV transition was excluded
cranked Hartree-FockHF) method[18] based on the SLy4 from the simulation due to its doublet structure. For the SD
force [19]. None of these calculations include pairing, andband in ®°zZn the value between spin 14 and 28Qs=2.75
thus are realistic only at relatively high spins. They all indi- =0.45 eb [4]. The errors combine the statistical uncertain-
cate that the configuratiomd?74* ([21,27 in the notation of  ties with estimated uncertainties in the stopping powers,
Ref.[6]) is yrast in the spin range of interest. while the statistical errors amount to onty0.20 eb and
In Fig. 3b), the experimental(® of the SD band®®Cuis  +0.25 eb for the bands irP°®Cu and ®°zn, respectively.

02 06 10 14 18 02 06 10 14
hiw({MeV) ‘ho(MeV)
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Figure 4b) shows the ratio of predicted transitional quad- show an excellent agreement with the experimental values,
rupole moments betweetCu and®°Zn versus angular mo- including absolute and relative quadrupole moments, and
mentum. The calculations are performed with the same modhus confirm the configuration assignment. The investigation
els as mentioned earlier. The gray square indicates the ratigf >°Cu did not reveal the expected neutron alignment
between experimental average quadrupole moment®@&r  present in®Zn atAw~1.0 MeV. Like in the odd-neutron
and *Zn. This isRq=Q((**Cu)/Q(°Zn)=0.81+0.10, de-  neighbor®'zn, it is either absent or shifted to lower frequen-
termined in the angular momentum interviak15-27%.  cjes, This effect may be attributed to neutron-proton correla-
The predicted values fdRq are lying around~0.8, and the  tjons, possibly influenced by the considerable change of de-
experimental uncertainties are clearly too large to allow for Formation, and calls for more detailed theoretical

discriminative test of the models. investigations. No prompt proton decay from the SD band in
In conclusion, the level scheme 6fCu was greatly en-  soc | \vas found in the present data sets

larged, including the identification of the yrast superde-
formed band. Linking transitions connecting this band to the
low-spin normal deformed yrast states were observed. Using We are thankful for the excellent support at LBNL. This
DCO ratios, we have assigned the multipole character to sevesearch was supported by the Swedish NSRC, the Polish
eral linking transitions, and subsequently a spin and parity o€CSR (KBN No. 2 PO3B 040 1% the Canadian NSERC, the

| ™=25/2" to the SD band head if’Cu at 11 921 keV. This German BMBF06-OK-668, and the U.S. DOEGrant Nos.

is the second case in the ma&s-60 region for which the DE-FG02-96ER40963UT), DE-FG05-88ER40406WU),

spin and parity of the SD band was firmly established. Theand DE-AC03-76SFO098LBNL)]. ORNL is managed by
J moment of inertia and the effective alignmegg for the  Lockheed Martin Energy Research Corp. for the U.S. DOE
9Cu band were compared to those of bands in neighboringnder Contract No. DE-AC05-960R22464. A.V.A. ac-
nuclei. Successive patterns suggest4dw4! configuration knowledges support from the Alexander von Humboldt
of the SD band in®°Cu. Different theoretical calculations Foundation.
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