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We have measured the spectroscopic quadrupole moment of the 6− isomeric state in 66Cu to be |Q s| =
18.6(12) efm2. This state results from a weak coupling of the π p3/2 and the νg9/2 orbitals, which lead
to sizable deformation at oblate and prolate shapes, correspondingly, in the 68Ni region. The interplay
between these two different deformation-driving orbitals is observed at N = 37 for the 6− state resulting
in a most probable oblate shape.

© 2010 Elsevier B.V. Open access under CC BY license.
1. Introduction

Nickel is the only element in nature which has three known
isotopes that are doubly magic nuclei (48Ni, 56Ni and 78Ni). The
common understanding is that a gradual change of the shape of
these nuclei appears between each two magic shells. Recently, the
nuclei in the vicinity of 68Ni were studied extensively since they
yield important information about the shell structure away of sta-
bility and the onset of deformation, based on the experimental
evidences from the 2+

1 excitation energies and their B(E2) tran-
sition rates [1,2]. For this region it has been predicted that where
nuclear deformation sets in, the magic numbers disappear, leading
to very localized effects as the sub-shell closure at N = 40 [3,4].
There are few experimental evidences for deformed shapes as in
66Fe [5] and shape changes from prolate in 55,57Cr [6] to oblate
at N = 35 for 59Cr [7,8]. According to theoretical predictions the
shape changes to prolate in 60,62Cr [9], is strongly deformed in
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64Cr [9], reduces deformation in the heavier Fe isotopes [10] and
favours the prolate form for 66Fe [9,11]. These facts suggest that
when two (or more) identical particles/holes are coupled to the
68Ni core, its stabilizing effect disappears. This leads to: (i) onset
of deformation, and hints of shape coexistence below Ni [12–14];
(ii) low-lying predominantly single-particle states in the Fe and
the neutron-rich Cu isotopes e.g. 69–71Cu from particle–hole ex-
citations across the Z = 28 gap [15]; (iii) collectivity in the nuclei
above Ni as e.g. 73Cu [16]. The intriguing character of the defor-
mation behaviour is a consequence of the interaction between the
g9/2 neutron particles and f7/2 proton holes, that leads to a (dra-
matic) lowering [9,13,17] of the νg9/2 orbital (or an effective rise
in the π f7/2 due to the tensor force in the pn interaction [18]).
Because of the νg9/2 lowering with increasing N , beyond 36, the
down-sloping ν[440]1/2+ and ν[431]3/2+ orbitals are more likely
to be occupied than the spherical orbitals. This generates a region
around N = 40 with an increased deformation, where the configu-
ration functions of the nuclear states involve proton holes in f7/2
and neutrons in g9/2 [5]. Magnetic moment measurements in 69Cu
and 63,65,67Ni isotopes [19,20] show considerable contributions of
excitations across the π f7/2 shell and hint for deviation from
sphericity only one hole away from 68Ni. A sizable quadrupole de-
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formation (β2 � 0.25) has been reported in β-decay studies of 67Co
[14] based on the observation of a prolate (1p–2h) proton intruder
(π [321]1/2−) first excited state. It is obtained by promoting one
proton particle from the π f7/2 into the π p3/2 orbital [14], a con-
figuration that is favoured also by the neutrons because of the
sharply down-sloping ν[440]1/2+ and ν[431]3/2+ orbitals. In this
region very few direct measurements on the nuclear deformation
were performed. Such are the studies on the quadrupole moments
in 63,65Cu [29,30] and 61mFe [22]. In the former ones, the main
contribution comes from a single proton in the π p3/2 orbital, cou-
pled to the semi-magic Ni core, leading to a sizable oblate shape.
The only experimental result from an odd neutron in the νg9/2 or-
bital is for the 61mFe(9/2+) isomer, revealing a large variation from
sphericity [22].

This Letter reports on the first direct determination of the nu-
clear deformation involving both, the π p3/2 and the νg9/2 orbitals
in this region by measuring the spectroscopic quadrupole moment
of the 6− isomeric state (Ex = 1154 keV, T1/2 = 595(20) ns) [23]
in 66Cu. In addition, it provides an important test for the experi-
mental methodology to study the quadrupole moments of nuclei,
aligned in a reaction of nucleon transfer.

2. Experimental technique

The 66Cu nuclei were produced in a (d, p) reaction by a pulsed
6 MeV 2H beam (pulse width of � 2 ns, repetition rate of 5 μs and
mean intensity of about 0.4 nA (∼2 × 109 p/s)) on a Cu2O target
at the Tandem-ALTO facility of Orsay. The spin alignment of the
isomers of interest was obtained in the transfer reaction. At the
same time the target was used as a host providing an electric field
gradient (EFG) for the quadrupole interaction. It was prepared from
99.0(1)% purity polycrystalline cuprous oxide powder under a pres-
sure of ∼100 MPa, which is well below the phase-change thresh-
old of 10 GPa [24] to assure no affect on the crystalline struc-
ture. The resulted target thickness is of ∼700 μm with a density
of ∼5.4 g/cm3. The detection set-up consisted of 8 HPGe single
crystal detectors, placed at a distance of ∼10 cm from the target,
resulting in a total detection efficiency of about 5% at 1.3 MeV.
Time–γ correlations were recorded in the 2.5 MeV energy and
5 μs time range. The later were triggered by γ s and stopped by the
beam pulsing. The time resolution of the Ge detectors was of the
order of 15 ns. Six of the detectors were positioned in a horizontal
plane at ±30◦ , ±90◦ , ±150◦ with respect to the beam direction,
while the other two were placed top/bottom at ±90◦ with respect
to the horizontal plane.

The perturbed angular distribution with quadrupole interac-
tions for a polycrystalline host can be expressed by:

W (θ, t) =
∑

k

Ak BkGkk(t)Pk
(
cos(θ)

)
, (1)

where Ak are the angular distribution coefficients dependent on
the multipolarity of the observed radiation, Bk are the orienta-
tion coefficients, that depend on amount of spin-alignment of the
isomeric ensemble, Gkk are perturbation factors dependent on the
EFG, the crystalline structure of the host and the spin of the inves-
tigated state, and Pk(cos(θ)) are the Legendre polynomials [25].
Note that this expression is valid for any detector, placed at an an-
gle θ with respect to the alignment axis, and independent of the
angle φ or of its horizontal or vertical placement. The Gkk factors
are connected to the skn coefficients, associated to the transitions
between magnetic sub-states induced by the quadrupole interac-
tion by:

Gkk =
∑

skn cos(nw0t), (2)

n>0
where for aligned nuclei only even k values are considered [26].
Thus, W (θ, t) simplifies to the main contributions of A2,4, B2,4 and
G22,44.

The Time Dependent Perturbed Angular Distribution (TDPAD)
technique was used to observe the change in the γ -ray angular
distribution W (θ, t) [27,26]. Its maximum could be observed for
detectors at θ = 0◦ and minimum for detectors at θ = 90◦ with re-
spect to the symmetry axis of the spin-alignment which in this
case coincides with the beam axis. An R(t) function was con-
structed using the γ -ray intensities of detectors at different angles:

R(t) = W (30◦, t) − εW (90◦, t)

W (30◦, t) + εW (90◦, t)
, (3)

where ε is an efficiency normalization factor. We note that in this
case, the detectors were positioned at 30◦ instead of 0◦ which co-
incides with the beam axis. This lead to a reduction of the R(t)
amplitude of about 28%.

The experimental R(t) function was further used for the de-
termination of the quadrupole coupling constant, νQ (called often
only a quadrupole frequency), directly related to the spectroscopic
quadrupole moment, Q s , of the isomeric state:

νQ = e Q s V zz/h, (4)

where V zz is the principal component of the EFG at the nuclear
site. The observed quadrupole frequency, w0, is related to the os-
cillation (quadrupole) frequency, ν0

Q , as w0 = 2πν0
Q which itself is

related to the quadrupole coupling constant as following:

ν0
Q = 3iνQ

4I(2I − 1)
, (5)

where i = 1 for integer spin, I , and i = 2 for half-integer I . Note
that V zz does not depend on the isotope but only on its atomic
number. Thus, knowing V zz for an element in a particular material,
one can perform measurements of the quadrupole interaction for
all of its isotopes.

The quadrupole oscillation frequencies, ν0
Q , of 63Cu and 65Cu in

Cu2O were determined in an NQR measurement as 26.001(14) MHz
and 24.069(14) MHz (at 295 K) [28], respectively. Q s of 63Cu(3/2−)

ground state (g.s.) is known from an optical spectroscopy measure-
ment as Q s = −21.1(4) efm2 [29] and from a muon X-ray hyper-
fine structure measurement as |Q s| = 22.0(15) efm2 [30]. Thus,
we adopt a value of Q s = −21.2(4) efm2. For the 65Cu(3/2−)g.s.

the reported value amounts to Q s = −19.5(4) efm2 [29]. Know-
ing ν0

Q and Q s , we determined V zz of Cu in Cu2O from 63Cu as

V zz = 101.5(19) × 1020 V/m2 and from 65Cu as V zz = 102.1(21) ×
1020 V/m2. Therefore, for the strength of the EFG we adopt a value
of V zz = 101.8(14) × 1020 V/m2. It is in agreement with the value
deduced in [31] using the same methodology, however not taken
as a reference, as in that work Q s(

63Cu,3/2−) without a Stern-
heimer correction has been used [29].

The form of the R(t) function depends whether the nuclei are
implanted in a single or a polycrystal. In the unit cell of Cu2O there
are four different Cu atoms with the EFG along the four indistin-
guishable [111] directions forming a polycrystalline structure [32].
Each of these axes is at about 54.7◦ with respect to the principle
axes. As there is no selective implantation into one of these, the
experimental perturbation function in the polycrystal is a superpo-
sition (ensemble) of the four different single crystals. This results
in an undefined (random) orientation of V zz , with well-defined TD-
PAD pattern. Therefore, a normal integration is possible for a Q s

measurement. The sign of Q s cannot be determined experimen-
tally, if a spin-aligned ensemble is used. In order to measure the
sign, one needs a spin-polarized ensemble and well-defined direc-
tion (and sign) of the EFG [33,34].
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3. Experimental results

The 6− isomeric state of interest in 66Cu with T1/2 = 595(20) ns
was observed in a 65Cu(d, p) reaction [23], to decay by five γ -
ray transitions, as shown in Fig. 1(a). The spin/parity (Iπ ) of
the state was assigned by measuring its magnetic moment (μ =
+1.038(3) n.m.) [23]. It was well explained by additive coupling of
the μπ(3/2−) and μν(9/2−), taken from neighbouring odd–even
and even–odd nuclei, suggesting (π p3/2 ⊗ νg9/2)6− configuration.

A typical delayed and background-subtracted γ -ray spectrum
from the current data set is displayed in Fig. 1(b) where we clearly
observe four of the known isomeric transitions: 563, 316, 186
and 89 keV. The multipolarities of these γ -rays were suggested
to be predominantly 6−(M2)4+(M1)3+(M1)2+(M1)1+ [23]. The
time spectrum, shown in Fig. 1(c), represents the data from all

Fig. 1. The decay scheme of the 6− isomer in 66Cu (a) and a typical delayed and
background-subtracted γ -ray spectrum (b), where all observed isomeric transitions
are indicated with asterisks. Sum-up background-subtracted time spectrum (in a
logarithmic scale) for all observed transitions with its fit (c).
four isomeric transitions detected in all detectors, fitted with a
single decay component after a constant background is subtracted.
The experimentally obtained isomeric half-life T1/2 = 601(30) ns
includes statistical uncertainties of the fits for each transition sep-
arately, and is in a very good agreement with [23].

GEANT simulation [35] was performed using a realistic set-
up in the actual experimental geometry. The angular distribution
W (θ, t) was simulated following the formalism in [26,25]. The R(t)
function was constructed from the combination of detectors at 30◦
and at 90◦ with respect to the beam axis using Eq. (3). Therefore,
the sum-up spectrum of all detectors represents the combination
of all placed at ±30◦ and at ±150◦ with respect to those placed
horizontally and vertically at ±90◦ . The result for the 563 keV
(M2) transition is presented in Fig. 2(a) and fitted with a theoreti-
cal curve. It includes the calculated A2, A4, B2 and B4 parameters
in accordance with [23] and the experimental oscillation frequency.

The experimental R(t) function for the 563 keV transition, con-
structed in the same way from all Ge detectors, is shown in
Fig. 2(b). It contains similar statistics obtained in about 5 days
of measuring time. The experimental data is fitted with the same
theoretical curve as the simulation. All parameters are taken in
accordance to their theoretical values as deduced using the low-
est multipole and assuming no mixing for A2,4, and using γ -
ray deorientation coefficients for B2,4. The resulting experimen-
tal frequency, after a full minimization procedure, amounts to
w0 = 3.26(16) MHz. The 316 and 186 keV transitions with M1
multipolarity can be summed-up as their A2 B2 products, taking
into account the respective deorientation coefficients, are iden-
tical. They result in the R(t) spectrum shown in Fig. 2(c) with
w0 = 3.28(19) MHz. Note that this R(t) function has an oppo-
site phase due to the difference in the multipolarity, resulting in
a sign change in A2. The amplitudes for the 563 keV and the
316 + 186 keV transitions amount to 5.0(6)% and 3.0(6)%, respec-
tively, taking into account the correction for the detector geometry.
These are in a good agreement with [23] and the orientation pro-
duced in the (d, p) reaction using a polycrystalline host to observe
the quadrupole interaction.
Fig. 2. GEANT simulation (a) compared to the experimental R(t) function (b) for the 563 keV (M2) transition and the sum-up (c) of the 316 and 186 keV (M1) transitions.
Fast-Fourier transform on the data is shown for the simulation (d), the M2 (e) and sum-up M1 (f) γ rays.
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A fast-Fourier transform (FFT) was performed on the simulated
(Fig. 2(d)) and experimental (Fig. 2(e), (f)) R(t) functions for a time
window of about 2 μs. Note that the perturbation factors G22, G44,
dependent on the quadrupole interaction and spin, result in differ-
ent multiples nw0 of the oscillation frequency w0 with a different
amplitude αn . The strongest of them for the present case are for
n = 4, 5, 7, 9, 11, 12, 16, as identified in the FFT on the simulated
data (Fig. 2(d)), matching those obtained from the FFT of the ex-
periment. The uncertainty in w0 from these analyses is taken into
account in the final value. It results to w0 = 3.27(20) MHz, cor-
responding to a quadrupole coupling constant νQ = 45.8(28) MHz
and an oscillation period T0 = 1.92(12) μs (oscillation quadrupole
frequency ν0

Q = 0.521(32) MHz). Taking into account the exper-

imental V zz from 63,65Cu in Cu2O (see Section 2) and the experi-
mental νQ , using Eq. (4), for 66mCu(6−) a spectroscopic quadrupole
moment of |Q s| = 18.6(12) efm2 is obtained. Note that using the
respective νQ from the earlier known ν0

Q of 63,65Cu in Cu2O (see
Section 2) and the relation:
∣∣∣∣

Q s(
66Cu,6−)

Q s(63,65Cu,3/2−)

∣∣∣∣ =
∣∣∣∣

νQ (66Cu,6−)

νQ (63,65Cu,3/2−)

∣∣∣∣, (6)

for the |Q s(
66Cu,6−)| a value of 18.67(119) efm2 is obtained us-

ing 63Cu, in a perfect agreement with the value of 18.55(114) efm2,
obtained using 65Cu. The resulting weighted mean of 18.6(12) efm2,
that is the same as obtained using the EFG above, is the final result
of our measurement.

4. Discussion

The 9/2+ isomers are identified in several isotopic chains (Cr,
Fe, Ni, Zn, Ge) of nuclei around 68Ni and their magnetic moment
measurements [21] show a predominantly νg9/2 configuration. The
only quadrupole moment measurement on such state was per-
formed on 61mFe(9/2+) (Ex = 861 keV, T1/2 = 239(5) ns) [22],
with a single neutron in the νg9/2 orbit. The authors reported
|Q s| = 41(6) efm2 and were uncertain on the sign of the deforma-
tion β2 = −0.21 or β2 = +0.24, as according to mean-field based
calculations, using the finite-range Gogny force [22], Iπ = 9/2+
can be formed from either K π = 1/2+ or K π = 9/2+ band-heads.
In a follow-up study of 61mFe, several high-spin states were re-
ported from the band build on the top of the 9/2+ isomer [36]
and successfully reproduced in the scope of the particle-triaxial-
rotor model with β2 = +0.24 (K π = 1/2+ and Q 0 = +115 efm2),
thus fixing a prolate shape. On the other hand, the measured
quadrupole moment Q s(3/2−)g.s. = −19.5(4) efm2 for 65Cu [29]
corresponds to an oblate shape with β2 = −0.171(12) [37,21].
The experimental magnetic moment of this state [21] indicates
that the main contribution in its wave function is from a va-
lence proton in the π p3/2 orbital, occupying either π [321]1/2
or π [312]3/2. Therefore, our Q s measurement of the 66mCu(6+)

state with a (π p3/2 ⊗ νg9/2) configuration [23] provides an ex-
cellent case to study the interplay between the deformation-
driving forces of these two orbitals, knowing Q s(π p3/2) and
Q s(νg9/2).

Mean-field Hartree–Fock–Bogoliubov (HFB) calculations in ax-
ial symmetry were performed with the D1N Gogny force [38] and
the blocking procedure, as used to describe 61mFe(9/2+) [22]. In
the present case, the blocking was applied for protons and neu-
trons simultaneously. In the case of axial symmetry, the π p3/2
configuration leads to two possible blocked states for K π

p = 1/2−
and K π

p = 3/2− , while for νg9/2 five different blocked states with
K π

n = 1/2+ , 3/2+ , 5/2+ , 7/2+ and 9/2+ are conceivable. There-
fore, ten pn blocking configurations are considered: K π = |K π

n −
K π

p | being degenerated in energy with K π = |K π
n + K π

p |. For each
configuration, constrained HFB calculations on the quadrupole de-
formation were performed, and extended beyond mean-field using
the generator coordinate method within the Gaussian-overlap ap-
proximation for one degree of freedom [39]. The calculated excita-
tion energies of the ten possible states (π p3/2 ⊗νg9/2) as functions
of their Q 20p are shown in Fig. 3(a), together with the two pos-
sible g.s. configurations (π p3/2 ⊗ νp1/2). As it can be seen, both
prolate and oblate shapes can be expected. However, we should
stress that all these states result from the coupling of protons and
neutrons with the same deformation. This coupling is the lowest in
energy. Note that the current approach allows to predict the col-
lective intrinsic-charge quadrupole moment, Q 20p , related to Q s

for each K π through the following equation:

Q s = 3(Kπ )2 − I(I + 1)

(I + 1)(2I + 3)
Q 20p. (7)

Consequently, the ten energy configurations with double values of
K lead to twenty Q s values. In the following, only eight of them
(with the four lowest excitation energies) are considered, namely
with K π = 3−,6− , K π = 2−,5− , K π = 0−,1− and K π = 1−,2− . In
Fig. 3(b) calculated and experimental Q s are presented for 61mFe
and 65,66mCu. Note that, as identified [22,36], for 61mFe(9/2+) only
K π = 1/2+ is considered, while for 65Cu, K π of the π p3/2 state
Fig. 3. Excitation energies and Q 20p (a) of the predicted isomeric (solid lines) and ground (dashed lines) states in 66Cu. Experimental Q s (b) for 61mFe(9/2−), 65Cu(3/2−)

and 66mCu(6−) (full circles) are compared to the theory for oblate (full squares) and prolate (empty squares) shapes. The theoretical predictions are labelled with their Kπ

value. Note that the two K π = 1− configurations have the same Q s value.



320 R.L. Lozeva et al. / Physics Letters B 694 (2011) 316–321
might be K π = 1/2− or K π = 3/2− . The theoretical predictions
for a K π = 3/2− g.s. result in Q s = −11 efm2 (with β2 = −0.11),
while the K π = 1/2− state is calculated at Ex = 763 keV with a
Q s = −8 efm2 (β2 = +0.08). Although both reach the experimen-
tal Q s , Iπ = 3/2− at minimal (g.s.) energy is constructed on the
K π = 3/2− band-head. The two possible values of the Q s for the
isomeric 66mCu(6−) state are plotted in the figure and covered by
the expanded theoretical predictions. As can be seen in Fig. 3(a),
the first negative parity K π = 3−,6− degenerate states are good
isomer candidates. However, the comparison of the experimental
and theoretical Q s values excludes the K π = 6− state, as shown in
Fig. 3(b). Several other possibilities lie in the range of the experi-
mental result with different excitation energies. The K π = 2−,5−
pair is predicted higher in energy and should easily decay to
the low-lying K π = 3−,6− states. On the prolate side, even if
K π = 0−,1− and K π = 1−,2− will be delayed by the difference
in deformation, they cannot generate a low-energy Iπ = 6− state
due to the small K values.

When a proton configuration for odd–even nuclei and a neutron
configuration for even–odd ones occur near the same deforma-
tion, the corresponding pn coupling configuration of the odd–odd
neighbours leads to a lower energy state for given orbitals. In
the opposite case, one of the isospin configurations imposes to
the other ones its shape. Therefore, the pn coupling configura-
tion is higher in energy. According to that, the calculations predict
(K π

p = 3/2− ⊗ K π
n = 9/2+) to be the most probable isomer candi-

date, resulting in (oblate ⊗ oblate) K π = 3− state (β2 = −0.18),
that is in agreement with the experimental spectrum and Q s

value. For this state the negative intinsic Q 20p and oblate defor-
mation correspond to a positive Q s , as can be seen in Fig. 3(b). We
can exclude the higher-lying K π = 2−,5− states that are obtained
with the improbable K π

n = 7/2+ . On the other hand, K π = 0−,1−
and K π = 1−,2− (prolate ⊗ prolate) contain the coupling of the
K π

p = 1/2− with K π
n = 1/2+ and 3/2+ , respectively, which are

with an opposite deformation.
Note that breaking the time-reversal symmetry to improve the

theoretical predictions will lead to energy degeneracy of the pair
states with practically unchanged Q 20p and respectively Q s val-
ues. Even if the self-consistent calculation leads to two different
(energy-deformation) curves, the minima of each energy state will
appear at very close Q value compared to the present descrip-
tion [40]. Although the excitation energies might increase by few
hundred keV, for example the degeneracy for the K π = 3− and
the K π = 6− states will be such that K π = 3− is expected be-
low the K π = 6− because it minimizes the symmetry breaking. As
the 65Cu(3/2−) is best reproduced by K π

p = 3/2− (oblate) and as-

suming that the 6− isomer is a νg9/2 excitation on the 65Cu g.s.,
the K π = 3− state, with an oblate shape would be constructed
either from K π

n = 9/2+ (oblate) that is most probable in energy
or from K π

n = 1/2+ (prolate), that is not energetically favoured.
Therefore, this implies that in the newly created pn coupled state
the protons contribute mainly to oblate shapes. The neutrons, with
five different projected K π

n from prolate to oblate, are responsi-
ble for a fast change in this deformation. It is interesting to note,
that the neutrons excited to the sdg shell couple to the pf pro-
tons [9,12] due to the same νg9/2 orbital, that drives to different
deformations single-particle states in 61mFe37(9/2+) (prolate) and
66mCu37(6−) (most probably oblate), and is predicted for collec-
tive states in 66Fe40(2+) and 64Cr40(2+) [9] to turn the shape
into prolate. In our particular case, the proton–neutron coupling
with the same (oblate) deformation is favoured. However, one can-
not exclude a completely opposite behaviour in the neighbouring
neutron rich odd–odd nuclei without more calculations and com-
parison to the heavier systems where the orbital mixing is much
severe.
5. Summary

In this work we have measured for the first time |Q s| of the
6− isomeric state in 66Cu. It is the first measurement where an
experimental Q s is obtained using a polycrystalline host with an
EFG and is the first Q s study of a μs isomer in a Cu isotope. This
gives not only an experimental methodology to study the whole
Cu chain by quadrupole moment measurements of excited states,
but also to provide valuable input for the studies in the Ni vicinity.
The experimental result reveals an interesting interplay between
two different deformation-driving orbitals and suggests that the
coupling of deformations of the same type is the most probable
scenario. This is in agreement with the mean-field formalism with
time reversal symmetry, which have been performed for an odd–
odd nucleus. It predicts a positive Q s sign for an oblate shape,
that corresponds to a negative Q 20p value. The present formal-
ism applied with time reversal symmetry breaking will provide
new results on excitation energy with degeneracy. Moreover, in an
adapted QRPA approach for odd–odd systems, the correlations that
can be included for the g.s. will allow for a better treatment of the
isomeric states. Further experimental work e.g. on the sign and the
g.s. Q s using e.g. polarized beams or on the rotational band build
on the top of the isomer as well as on other odd–odd nuclei is es-
sential to increase the theoretical predictive power and elucidate
the evolution of deformation.
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