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Yrast superdeformed band in 59Cu
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High-spin states in59Cu were populated using the fusion-evaporation reactions28Si140Ca at a beam energy
of 125 MeV and 36Ar128Si at a beam energy of 143 MeV. The Gammasphere array in conjunction with
ancillary detector systems allowed for the identification of a superdeformed rotational band in59Cu, which was
firmly linked to low-spin yrast states. Using directional correlations of oriented states, a spin-parity assignment
of I p525/21 to the band head was possible. The average quadrupole moment of the band is measured to be
Qt5(2.2460.40) e b. The characteristics of the band are compared to neighboring nuclei and predictions of
different mean-field theories.

PACS number~s!: 21.60.Cs, 21.60.Jz, 23.20.Lv, 27.50.1e
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Superdeformation is by now a widespread phenome
across the nuclidic chart. Recently, superdeformed~SD! ro-
tational bands were discovered in the light massA;60 re-
gion. Following the first observation of a SD band in62Zn
@1#, highly and/or superdeformed bands have been obse
in a number of weakly populatedN5Z nuclei, namely56Ni
@2#, 58Cu @3#, and 60Zn @4#, and in theN5Z11 nucleus
61Zn @5#. The SD band in60Zn represents theN5Z530
‘‘doubly magic’’ superdeformed core of the mass region@4#.

The configurations of these bands have the leading c
ponentf 7/2

24
^ ( f p)4

^ g9/2
A–56 (A-56 is the number of nucleon

in excess of56Ni, f p denotes thef 5/2, p3/2, andp1/2 orbits!
with respect to the doubly magic56Ni N5Z528 spherical
core. According to comparisons between the experime
dynamic moments of inertiaJ(2) for several collective band
and theoretical predictions@6#, the quadrupole deformatio
of the bands increases with the number ofg9/2 particles in-
volved in their configuration. For theN5Z nucleus58Cu the
average quadrupole deformation of the band isb2'0.37@3#,
while it is b2'0.47 for the band in the doubly magic supe
deformedN5Z nucleus60Zn @4#.
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In N5Z nuclei the neutrons and protons occupy the sa
orbitals, which offers the possibility to investigate the pairi
correlations between them. The SD band in60Zn reveals a
band crossing at low frequencies@4# which may be explained
as a simultaneous alignment of two pairs ofg9/2 protons and
neutrons. Thus it may be expected that the proton alignm
remains at about the same frequency in the30

61Zn nucleus.
However, it has been found to be absent, which may be ta
as a sign for the presence ofT50 pairing in the60Zn band
@5#. Similarly, the presence or absence of a neutron ali
ment in 59Cu might shed more light into the question of th
role of T50 pair correlations inN5Z nuclei.

Another interesting aspect in the massA;60 region was
the first observation of a prompt discrete proton decay of
band in 58Cu into a spherical state in the daughter nucle
57Ni @3#. A second case was established in the decay-out
rotational band in56Ni into the ground state of55Co @2#.
Estimated energy relations between an expected excita
energy of a SD band in59Cu and potential daughter states
58Ni @7# makes59Cu a good candidate to search for this ne
exotic decay mode.

High-spin states in the residual nucleus59Cu were popu-
lated in two experiments performed at the 88-Inch Cyclotr
at Lawrence Berkeley National Laboratory. Experiment
used the fusion-evaporation reaction28Si140Ca at a beam
energy of 125 MeV. The 0.5 mg/cm2 thin self-supporting
40Ca target was enriched to 99.975%. The experime
setup consisted of the Gammasphere array@8#, at that time
comprising 83 Ge detectors. The array was operated in c
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FIG. 1. ~a! Proposed partial level scheme of59Cu. The energy labels are given in keV. The widths of the arrows are proportional t
relative intensities of theg rays.~b! Gamma-ray spectrum from experiment 2 generated by summing all double gates set on the tra
in band 1. Transitions known to belong to59Cu @11# and the new transitions from band 1 are labeled with their energies in keV. The
are also marked with filled squares.
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junction with the 4p charged-particle detector array M
croball @9# and 15 liquid scintillator neutron detectors.59Cu
represents the 2a1p reaction channel of the reaction provid
ing an experimental relative cross section ofs rel'5%. Ex-
periment 2 used the36Ar128Si reaction at a beam energy o
143 MeV. The experimental setup was very similar to t
one described above, and the details can be found, e.g
Ref. @10#. Here, 59Cu represents the 1a1p reaction channe
with an experimental relative cross section ofs rel'3%. For
both experiments, the events were sorted offline into vari
Eg projections,Eg-Eg matrices, andEg-Eg-Eg cubes subject
to appropriate evaporated particle conditions.

Experiment 1 was the major source for the analysis
59Cu. The only sizable contamination in the 2a1p-gated
spectra originated from the leak through of the 2a2p chan-
nel 58Ni (s rel'9%) when one of the protons escaped det
tion. We have eliminated this contamination in the analy
by either doubleg gating in the cube, or by subtracting ide
tically g gated spectra obtained from a 2a2p-gated matrix.
Experiment 2 provides very high-spin states for59Cu be-
cause there is one less evaporateda-particle to take away
excitation energy and angular momentum from the co
pound system. However, the degree of contamination
much higher because of the leak through of a numbe
other much stronger channels, e.g., 1a2p (s rel'33%) or
1a3p (s rel'9%).

Previously, high-spin states in59Cu were reported using
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the light-ion induced reaction 58Ni( 3He,pn) at Elab
515–27 MeV up to spin and parityI p517/22 at an exci-
tation energyEx55721 keV @11#. The main result of our
charged-particle gatedgg- and ggg-coincidence analysis
from the present experiments is the part of the level sche
of 59Cu presented in Fig. 1~a!. It focuses on the newly iden
tified superdeformed rotational structure~labeled 1! on the
left hand side, which extends the excitation scheme of59Cu
up to I p5(57/21) at Ex531.96 MeV. Band 1 consists o
eight intense transitions at 1433, 1600, 1900, 2242, 26
3004, 3424, and 3827 keV. The spectrum in Fig. 1~b! is
obtained by summing doubleg gates set on the band mem
bers in the 1a1p-particle gated cube of experiment 2. Th
last transition at 3827 keV was seen only in experiment 2
the reasons mentioned above. The band is linked to the l
spin normal deformed yrast states through several weak t
sitions with typical energies in excess of 3 MeV.

Figure 2 shows two 2a1p-gatedg-ray spectra obtained
from experiment 1. The spectrum in Fig. 2~a! is in coinci-
dence with the 1314 keV line, which depopulates the 13 3
keV state in band 1. The peaks at 2585 and 3924 keV
band 1 into the band structures 2 and 3, which subseque
decay mainly into the known@11# negative-parity sequenc
4. The spectrum in Fig. 2~b! is in coincidence with the 1433
keV line, which depopulates the same 13 354 keV state
band 1. The peaks at 3262, 3231, 4717, and 4937 keV
band 1 with the known@11# positive-parity states 5. The
1-2
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peaks at 2462, 3109, 3803, and 3753 keV link band 1 a
with bands 2 and 3. Here, the 3924 keV line is also pres
because the 1433 keV line is a doublet with a 1436 keV l
which depopulates the 4099 keV 13/22 state in sequence 4

The linking transitions are very weak relative to the inte
sity of the in-band transitions of band 1. The intensity
band 1 relative to the 1399 keV ground-state transition
'30%. About half of this intensity is carried by the ob
served weak linking transitions. Yields ofg rays in coinci-
dence with the 1900 keV transition were used to search
the particle decay-out from band 1. Since the sum of
relative intensities of the ground-state transitions in t
spectrum accounts within uncertainties for the intensity
the in-band 1600 keV line, the possibility of prompt proto
decay from band 1 is weak. Though searched for, suc
decay could not be found in the data sets used in the pre
analysis.

The assignment of the multipolarities ofg-ray transitions
requires the use of directional correlations from orien
states~DCO ratios!. For this purpose, we have grouped t
Ge detectors in Gammasphere into two ‘‘pseudo’’-rings
beled 30°~15 detectors at 142.6°, 148.3°, and 162.7°) a
83° ~25 detectors at 79.2°, 80.7°, 90.0°, 99.3°, and 100.
@10#. A 2a1p-gatedg-g matrix with g rays detected at 30°
sorted on one axis and 83° on the other axis was crea
From this matrix DCO-ratiosRDCO were extracted@12#

RDCO~30–83!5
I ~g1 at 30°; gated withg2 at 83°!

I ~g1 at 83°; gated withg2 at 30°!
. ~1!

Known stretchedE2 transitions were used for gating. Fo
observed stretchedDI 52 transitionsRDCO51.0 is expected,
while pure stretchedDI 51 transitions revealRDCO;0.6.

FIG. 2. Two high-energy portions ofg-ray spectra from experi-
ment 1. They are gated by twoa particles and one proton detecte
in Microball. Part~a! is in coincidence with the 1314 keV transitio
and highlights the two linking transitions at 2585 and 3924 ke
Part ~b! is in coincidence with the 1433 keV transition and sho
the linking transitions connecting the 11 921 keV 25/21 level in
band 1 with states in the first minimum. Squares indicate that
respective transitions belong to band 1.
05130
o
nt
e

-
f
s

r
e
t
f

a
nt

d

-
d
)

d.

Deviations for the latter may arise from quadrupole adm
tures, i.e., nonzerod(E2/M1) mixing ratios (M2 admixtures
into E1 dipoles are not likely!. The results for relevant tran
sitions are summarized in Table I. The DCO ratios for tra
sitions in band 1 are consistent with stretched quadrup
character. To establish the spin and the parity of the 13
keV state in band 1, several decay paths of that state ca
followed into states with known spin and parity@11#.

The last known positive-parityI p517/21 state in band 5
at 5426 keV is connected with band 1 via, e.g., the 3231
3262 keV lines. The DCO ratios for these two transitions
consistent with stretchedE2 character, suggesting a 25/21

assignment to the 11 921 keV state. The DCO ratio of
1433 keV in-band line indicatesE2 character. This suggest
spin and parity 29/21 for the 13 354 keV state. The spin
21/2 of the 8115 keV state in band 2 and the 8728 keV s
in band 3 can be inferred from DCO ratios in Table I and t
apparent ‘‘coupled-band’’ structures, i.e., strongDI 51 tran-
sitions along with parallel quadrupoles. The DCO ratios
the 1788, 2891, and 2923 keV lines connecting bands 2
3 with sequence 4 are consistent with pure stretchedDI 51
character. Because of their relatively high energy this hi
towards anE1 rather thanM1 assignment, since for th
latter a significantE2 admixture can be expected. Moreove
the 8728 keV state in band 3 is connected to the known 5
keV 17/21 state in band 5 with a singleg ray of 3302 keV.
This and more evidence from other combinations leads
positive-parity assignment to bands 2 and 3. The multip
character of the 2585 keV line, which connects the 12 0
keV state in band 1 with the 9456 keV 23/21 state in band 3,
is clearly of mixedE2/M1 type~see Table I!. Therefore, the
spin and parity of the level at 12 040 keV is 25/21 and thus
confirms the previous 29/21 assignment to the 13 354 keV
state, since the 1314 keV line is also ofE2 character. It
should finally be noted that the large number of observ
linking connections and interleaving transitions in the lev
scheme puts further constraints to the spin and parity ass
ments.

The experimental dynamic moments of inertiaJ(2) for the
bands in 58Cu @3#, 59Cu, 60Zn @1#, and 61Zn @5# are com-
pared in Fig. 3~a!. The splitting ofJ(2) at low spin in 59Cu
corresponds to the two branches of the SD band via the 1
keV and 1433 keV transitions. At a rotational frequency
\v'1.0 MeV an irregularity is present in the60Zn band,
which can be explained in terms of a band crossing due
the simultaneous alignment of pairs ofg9/2 neutrons and pro-
tons. However, the expected proton alignment in30

61Zn and

.

e

TABLE I. Gamma-ray energiesEg andRDCO ratios for band 1
and linking transitions in59Cu.

Eg ~keV! RDCO Eg ~keV! RDCO Eg ~keV! RDCO

1314 1.03~10! 1900 1.01~6! 2923 0.65~21!

1427 1.38~37! 2242 0.93~6! 3004 1.02~10!

1433 0.95~5! 2585 0.26~5! 3231 1.13~17!

1600 1.04~6! 2611 1.16~8! 3262 0.96~20!

1788 0.53~7! 2891 0.42~13! 4717 0.92~27!
1-3



s

u
le
n

on
pl
e
x

gn

ad
t
e
t

ur
e

d

t

nd
i-

for
ex-

en-
on
ue
ce

tal
nt
ex-
rd
rre-
pin
e

m-
e
the

e
n
en
at
of

rast
to
nal

-
e

d
D

in-
rs,

o

r-
s

a
-
e
ional

RAPID COMMUNICATIONS

C. ANDREOIU et al. PHYSICAL REVIEW C 62 051301~R!
the neutron alignment in59Cu30, are not observed at thi
frequency. The 1433 keV branch of the band in59Cu leads to
the steep increase ofJ(2) in Figs. 3~a! and ~b!, which may
indicate a band crossing at\v'0.6 MeV. Hence, the ex-
pected alignments in the odd-A neighbors of60Zn are either
absent, or they occur at considerably lower frequencies. S
a delay of band crossing frequency in an even-even nuc
can be a sign of additional neutron-proton correlatio
@13,14#.

Another possible explanation is a change in deformati
the importance of which can be illustrated by an exam
from A'150 region. The yrast SD band in the even-ev
nucleus150Gd shows two irregularities, which have been e
plained in terms of consecutive neutron and proton ali
ments @15#. In the yrast SD band of the odd-A neighbor
151Tb the paired proton band crossing is blocked by an
ditional proton in thei 13/2 orbit, but experiment reveals tha
the neutron band crossing is substantially quenched as w
This suggests that at superdeformation the properties of
paired band crossing strongly depend both on the config
tion and deformation@16#. In a simple picture, however, th
smooth increase of deformation when going from59Cu via
60Zn ~see below! towards 61Zn @5# would reveal a band
crossing in at least one of the odd-A nuclei, if deformation
were the only factor influencing the crossing frequency.

Theoretical calculations for59Cu have been performe
with the cranked relativistic mean-field~CRMF! theory @16#
using the NL3 interaction@17#, the configuration-dependen
cranked Nilsson-Strutinsky~CNS! approach@6#, and the
cranked Hartree-Fock~HF! method@18# based on the SLy4
force @19#. None of these calculations include pairing, a
thus are realistic only at relatively high spins. They all ind
cate that the configurationn42p41 ~@21,22# in the notation of
Ref. @6#! is yrast in the spin range of interest.

In Fig. 3~b!, the experimentalJ(2) of the SD band59Cu is

FIG. 3. Part~a! shows the experimental dynamic moments
inertia for the bands in58Cu, 59Cu, 60Zn, and 61Zn, and part~b!
compares the band in59Cu to several theoretical predictions. Co
respondingly, parts~c! and ~d! illustrate the effective alignment
relative to the band in58Cu.
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compared with the predictions of the different models
this configuration. They are in excellent agreement with
perimental values. The general decrease ofJ(2) towards high
spin can probably be related to the limited angular mom
tum content of the underlying single-particle configurati
@6#. The band in59Cu approaches the maximum spin val
I max565/2\, which can be created from the seven valen
particles and four holes. At\v50.8 MeV, the calculated
angular momenta equal 17.2~HF!, 16.7 ~CRMF!, and
15.4 \ ~CNS!, and should be compared to the experimen
value of 15.5\. The CNS method gives excellent agreeme
with data. However, the other two approches show an
cesses of spin which may be required when the standaT
51 pairing correlations are taken into account. These co
lations should yield a larger decrease of the calculated s
of 59Cu than that of58Cu, thus leading to a decrease of th
calculated effective alignment.

In Fig. 3~c!, the experimental effective alignmentsi e f f of
the yrast SD bands in59Cu, 60Zn, and 61Zn with respect to
the 58Cu band are shown. At\v'1.4 MeV, the magnitude
of the alignment for the bands increases nicely with the nu
ber of g9/2 particles involved in their configurations. Th
alignment measures the effect of additional particles and
configuration of the band in59Cu should contain one mor
neutron in theg9/2 orbital than58Cu, and one proton less tha
60Zn. Figure 3~d! compares the effective alignment betwe
the 59Cu and 58Cu bands with the predictions. The fact th
all theoretical methods provide an excellent description
the data strongly supports the present interpretation.

Band 1 clearly has all characteristics to represent the y
SD band in 59Cu. To prove that the transitions belong
such a highly collective structure we employed the fractio
Doppler shift method@20#. The measuredF(t) values for the
SD transitions are shown in Fig. 4~a!. The average quadru
pole momentQt of band 1 was determined in exactly th
same manner as for60Zn @4# and 62Zn @1#, because the data
originates from the same experiment~see Refs.@1,4# for de-
tails!. Band 1 is best fit byQt52.2460.40 e b in the spin
range 29/2–49/2\. The 1433 keV transition was exclude
from the simulation due to its doublet structure. For the S
band in 60Zn the value between spin 14 and 28 isQt52.75
60.45 e b @4#. The errors combine the statistical uncerta
ties with estimated uncertainties in the stopping powe
while the statistical errors amount to only60.20 e b and
60.25 eb for the bands in59Cu and 60Zn, respectively.

f

FIG. 4. ~a! Fractional Doppler shifts measured for band 1 as
function of g-ray energy.~b! Ratio of predicted transitional quad
rupole moments of59Cu and60Zn versus angular momentum. Th
grey square marks the ratio of the measured average transit
quadrupole moments.
1-4
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Figure 4~b! shows the ratio of predicted transitional qua
rupole moments between59Cu and60Zn versus angular mo
mentum. The calculations are performed with the same m
els as mentioned earlier. The gray square indicates the
between experimental average quadrupole moments for59Cu
and 60Zn. This isRQ5Qt(

59Cu)/Qt(
60Zn)50.8160.10, de-

termined in the angular momentum intervalI'15–27\.
The predicted values forRQ are lying around'0.8, and the
experimental uncertainties are clearly too large to allow fo
discriminative test of the models.

In conclusion, the level scheme of59Cu was greatly en-
larged, including the identification of the yrast superd
formed band. Linking transitions connecting this band to
low-spin normal deformed yrast states were observed. U
DCO ratios, we have assigned the multipole character to
eral linking transitions, and subsequently a spin and parity
I p525/21 to the SD band head in59Cu at 11 921 keV. This
is the second case in the massA;60 region for which the
spin and parity of the SD band was firmly established. T
J(2) moment of inertia and the effective alignmenti eff for the
59Cu band were compared to those of bands in neighbo
nuclei. Successive patterns suggest an42p41 configuration
of the SD band in59Cu. Different theoretical calculation
A

cl.
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show an excellent agreement with the experimental valu
including absolute and relative quadrupole moments,
thus confirm the configuration assignment. The investigat
of 59Cu did not reveal the expected neutron alignme
present in60Zn at \v'1.0 MeV. Like in the odd-neutron
neighbor61Zn, it is either absent or shifted to lower freque
cies. This effect may be attributed to neutron-proton corre
tions, possibly influenced by the considerable change of
formation, and calls for more detailed theoretic
investigations. No prompt proton decay from the SD band
59Cu was found in the present data sets.
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