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How magic is the magic 68Ni nucleus?
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We calculate the low-lyingB(E2,0g.s.
1 →2f

1) distribution of strength in68Ni and other nickel isotopes using
several theoretical approaches. We find that in68Ni the calculatedB(E2) transition to the first 21 state
exhausts only a fraction of the low-lyingB(E2) strength, while the remainder of the low-lying strength is
mainly collected in the group of states lying above 4 MeV. This fragmentation is sensitive to the size of the
N540 gap. We argue that the small experimentalB(E2) value to the first 21 state is not a strong evidence for
the double-magic character of68Ni.
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The appearance of shell gaps associated with m
nucleon numbers is one of the cornerstones of nuclear s
ture. The presence of magic gaps allows one, for example
determine the single-particle energies and the residual in
action among valence nucleons, providing essential input
nuclear models. Magic gaps offer a natural way of perfor
ing truncations in microscopic many-body calculation
Magic nuclei also play an essential role in the two ma
nucleosynthesis networks (s and r processes! that produce
the majority of nuclides heavier than mass numberA;60.

The doubly magic character of68Ni (Z528, N540) was
suggested in the early 1980s@1,2# and tested experimentall
@3,4#. The proton numberZ528 in the nickel isotopes is
magic. In the neutrons, the sizable energy gap atN540 sepa-
rates thep f spherical shell from theg9/2 intruder orbit. How-
ever, this spherical subshell closure is not sufficiently large
stabilize the spherical shape when the residual interactio
taken into account.„Experimentally@5#, 80Zr (N5Z540)
behaves like a well-deformed rotor.… The current experimen
tal evidence about the double-magicity of68Ni is controver-
sial @6#. On the one hand,68Ni does not show a pronounce
irregularity in the two-neutron separation energies, as is
pected for a magic nucleus. On the other hand, the lowe
position of the 02

1 level, the slightly elevated energy of th
first 21 state, and the quite smallB(E2,0g.s.

1 →21
1) value are

often interpreted as indications for magicity. In fact, t
B(E2) to the first excited state in68Ni (280660e2 fm4 @4#!
is significantly smaller than that in the well-establish
double-magic nucleus56Ni (6206120e2 fm4 @7#!.

As discussed in Ref.@8#, the size of theN540 gap
strongly depends on the effective interaction used, an
dramatically influences the quadrupole collectivity of theN
540 nuclei. While there is much discussion in the literatu
about the weakening of shell effects in neutron-rich nuc
~e.g., the magic gapN528 seems to be eroded in drip-lin
systems; see Ref.@8#, and references quoted therein!, 68Ni
lies very far from the expected neutron drip line~expected to
be around 92Ni @9#! and one should probably not invok
‘‘exotic’’ explanations when discussing the stucture of th
neutron-rich nucleus.
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It is the aim of this paper to draw attention to the low
energyB(E2;0g.s.

1 →2 f
1) strength in 68Ni, which can hold

the key to the question whether this nucleus is magic or n
We will argue that the transition to the first excited 21 state
constitutes only a small part of the total low-energyB(E2)
strength and that theB(E2) strength distribution depend
sensitively on the size of theN540 shell gap.

To understand the structural difference between68Ni and
56Ni ~where the transition to the first 21 state exhausts mos
of the total low-energy strength!, we begin from qualitative
arguments based on a simple independent particle m
~IPM!. Proton configurations in both nuclei and the neutr
configuration in56Ni are identical and correspond to a clos
( f 7/2) shell. On the other hand, the neutrons in68Ni com-
pletely fill the (p f) shell. In 56Ni, the first excited 21 state
can be viewed as a symmetric superposition of identical~due
to isospin symmetry! proton and neutron particle-hole (p-h)
excitations, and it has a 1p-1h character. However, due to
parity change between (p f) and g9/2 orbits, the 21

1 state in
68Ni cannot have a 1p-1h neutron component@10#. As the
B(E2;0g.s.

1 →21
1) transition reflects a proton component

the wave function, it is reduced when the neutron amplitu
increases due to the pair scattering across theN540 gap.
Conversely, a smallerB(E2,0g.s.

1 →21
1) measured value in

68Ni than in 56Ni suggests that it is more favorable in68Ni to
excite the pair of neutrons into theg9/2 orbital than to excite
a single proton across the magicN528 gap. In addition, as
the proton configurations in the56Ni and 68Ni ground states
are the same, the IPM suggests that a noticeable 1p-1h pro-
ton strength in 68Ni should reside in low-energy excite
states.

Of course, the actual neutron amplitude, hence theB(E2)
transition to the first 21 state, should be strongly affected b
the residual interaction. Therefore, to check the above I
scenario, we performed realistic calculations in three diff
ent theoretical models: the shell model Monte Ca
~SMMC!, the quasiparticle random-phase approximmat
~QRPA!, and a large-scale diagonalization shell model~SM!.
©2003 The American Physical Society14-1
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The SMMC approach allows the calculation of nucle
properties as thermal averages, employing the Hubb
Stratonovich transformation@11#. We performed SMMC
studies of the even-even nickel isotopes between56Ni and
78Ni in the complete (f p)(gds) configuration space for both
protons and neutrons. The single-particle energies were
rived from a Woods-Saxon potential appropriate for56Ni,
placing the important levels at excitation energies~in MeV!
of 4.3 (p3/2), 6.4 (f 5/2), 6.6 (p1/2), 9.0 (g9/2), 13.0 (d5/2)
relative to thef 7/2 orbital. We employed the same residu
interaction of the type pairing plus quadrupole as in R
@12#, which allowed us to avoid the sign problem in th
SMMC calculations@13#. We checked that our interactio
gives a reasonable description of the collective spectrum
64Ge and 64Ni, and that center-of-mass contaminations a
small and do not affect our results for quadrupole excitatio
The SMMC calculations were performed at temperatureT
50.33 MeV ~corresponding to 96Db ‘‘time slices’’!, which,
for even-even nuclei, is sufficiently low to cool the nucle
to the ground state. We checked this for68Ni and found
variations of the various quadrupole expectation values
less than 3% by slightly increasing the temperature toT
50.4 MeV. The Monte Carlo integrations used betwe
1000 and 4000 samples.

At low temperatures, the totalB(E2) strength obtained
in the SMMC approximates the expectatio
value ^0g.s.

1 uQ̂2u0g.s.
1 &5( f u^0g.s.

1 uQ̂u2 f
1&u2}( fB(E2;0g.s.

1

→2 f
1). Therefore, the total SMMC strength corresponds

the summed B(E2) strength to the excited 21 states within
the assumed configuration space. The quadrupole opera
defined byQ̂5epQ̂p1enQ̂n , with Q̂p(n)5( i r i

2Y2(u i ,f i);
the sum runs over all valence protons~neutrons!. The effec-
tive chargesep ,en account for coupling to the states outsi
our model space. We adopt in the following the stand
values ep51.5,en50.5 @14#. For the single-particle wave
functions, we adopt the harmonic oscillator states with
oscillator lengthb51.01A1/6 fm. The total SMMCB(E2)
strength is plotted in Fig. 1

60 70 80
A

0

0.05

0.10

0.15

B
(E

2)
 (e

2 b
2 )

Ni-isotopes
exp

SMMC

SMMC’

FIG. 1. Comparison of the total SMMCB(E2) values for even-
even nickel isotopes~solid circles! with the experimental
B(E2,0g.s.

1 →21
1) rates ~open circles, from Ref.@15#!. The solid

squares represent the SMMCB(E2) values obtained in the SM
MC’s variant of calculations in which all thegds single-particle
energies are shifted up by 1 MeV.
04431
r
d-

e-

l
f.

of
e
s.

f

n

o

r is

d

e

It follows the experimental transition rates rather close
up to 62Ni. For these nuclei, it is well known from electro
scattering experiments that most of theB(E2) strength re-
sides in the transition to the first 21 state ~see, e.g., Ref.
@16#!. For the isotopes approachingN540, SMMC predicts
a significantly larger totalB(E2) strength than observed i
the first transition. For68Ni, the calculated total strength
(;1250e2 fm4) is about five times greater than the me
sured transition to the first 21 state. This is consistent with
the fact that the centroid of the SMMCB(E2) strength, cal-
culated from the respective response function, lies
;5 MeV. This value is significantly higher than the ener
of the first 21 state and indicates that most of the calcula
SMMC B(E2) strength in68Ni resides in higher-lying states

In Refs. @4,10# it was pointed out that the neutrong9/2
orbital plays a major role atN540, thanks to cross-she
neutron pairing excitations. We confirm this finding. In o
SMMC study we find an average occupation number^n&
52.2 for neutrons in theg9/2 orbital ~and 0.22 in thed5/2
orbital which couples strongly tog9/2 by the quadrupole
force!. These numbers are significantly reduced~to 0.9 and
0.08, respectively! if one artificially shifts upwards all levels
of thegdsshell by 1 MeV, making theN540 gap larger~see
the SMMC’ variant of calculations in Fig. 1!. As a conse-
quence, the quadrupole moment of the neutron configura
gets reduced and the SMMCB(E2) value decreases. Al
though in this modified calculation the summedB(E2) value
is smaller for68Ni than in the neighboring nuclei, our calcu
lation still predicts most of the strength in excited states. I
also worth mentioning that the calculated variations ofQp

2

along the isotope chain are rather small. The smallest va
is obtained for56Ni, the largest for72Ni; however, the varia-
tion is less than 9%. This shows again@4# that the dominat-
ing variations in theB(E2) strength come from the neutron

While the SMMC approach allows for the calculation
the summed strength in large model spaces, it is not cap
of making detailed spectroscopic predictions. For this reas
we have also performed the QRPA and diagonalization sh
model calculations. Our QRPA calculations closely follo
the formalism described recently in Ref.@17#. As a residual
two-body interaction, we use the sum of an isoscalar and
isovector quadrupole force, and a quadrupole pairing fo
For the single-particle levels below theN (Z)582 shell gap.
we took those of the Woods-Saxon potential@18#, and the
unbound states were approximated by the Nilsson lev
@19#. Guided by the experimental data~cf. Ref. @20#!, the
energy of the 2p3/2 neutron state was shifted up by 1 Me
For the strength of the isoscalar quadrupole force,
adopted the self-consistent value multiplied by 0.8, and
the isovector force we tookxT5152123.8/A7/3 MeV/fm4.
The renormalization factors of the pairing gaps are 0.8~neu-
tron! and 0.9~proton!. The bare charges are used for calc
lation of B(E2), consistent with the large model space. T
results are shown in Fig. 2.

Our calculations nicely reproduce the observed trend
the E2

1
1 energies in Ni isotopes, including the pronounc

rise at 56Ni and 68Ni. The QRPA calculations also give
reasonable description of theB(E2,0g.s.

1 →21
1) values, with

the maximum around62Ni and the strong decrease towar
4-2
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68Ni. For 56Ni and 68Ni, the calculation predicts aB(E2)
value of 580 and 220e2 fm4, respectively, which agree
fairly well with experiment. The structure of the lowest 21

QRPA phonon in68Ni is dominated by neutrons~90%!. Im-
portantly, our QRPA calculations confirm that most of t
low-lying B(E2) strength in 68Ni resides in excited 21

states, in contrast to56Ni, where the low-lying B(E2)
strength is exhausted by the transition to the first 21 state.
These arguments are demonstrated again in Fig. 2, w
displays the summedB(E2) strength~filled squares! and in
Fig. 3, which shows the predicted low-energyB(E2)
strength distribution. It is seen that as one approacheN
540, there is a gradual shift of theB(E2) strength to the
group of excited states around 4 MeV.

For 68Ni, the QRPA calculations predict the excited 21

state at 4.4 MeV which is predominantly the 1p-1h f7/2
→p3/2 proton excitation. TheB(E2) rate to this state is al
most as large as that for the lowest 21 state.

Finally, our arguments have been tested and confirme
large-scale diagonalization shell-model calculations of
low-energyB(E2) strength distribution in66,68Ni. We adopt
the same valence space and the effective interactionf pg
employed in Ref.@4#. This valence space consists of a48Ca
core~more precisely, a40Ca core with eightf 7/2 frozen neu-
trons!, the f 7/2, p3/2, p1/2, andf 5/2 active orbitals for protons
and thep3/2, p1/2, f 5/2, andg9/2 active orbitals for neutrons
The SM calculations describe well the behavior of the1
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FIG. 2. ~a! Comparison of the QRPAE2
1
1 energies,~b! summed

B(E2) strength~filled squares!, and B(E2,0g.s.
1 →21

1) values with
the experimental data. The summedB(E2) strength includes all the
transitions up to an excitation energy of 9 MeV.
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energies andB(E2) rates for the Ni isotopes ranging from
N528 toN540 @4#. TheB(E2) strength distribution shown
in Fig. 4 has been calculated at a truncation level wh
considered up to a total of seven particle excitations from
f 7/2 orbital to the upperf p shell for protons and from the
upper f p shell to theg9/2 orbital for neutrons. For68Ni, the
calculation predicts aB(E2;0g.s.

1 →21
1) value of about

280e2 fm4, which nicely agrees with the experimental valu
However, the transition to the first 21 state exhausts only th
smaller fraction of the total shell-modelB(E2) strength,
which we calculate as 900e2 fm4. Most of the calculated
strength resides at excitation energies around 5–6 MeV.
wave function of the 21

1 state involves mainly (2p-2h) neu-
tron excitations; the proton configuration is a mixture
0p-0h (50%), 1p-1h (25%), and 2p-2h (20%) compo-
nents. The SM68Ni ground state corresponds to a close
shell configuation plus a 35% admixture of 2p-2h neutron
excitations. The excited 21 state at 5.6 MeV carrying the
largeB(E2) strength has a large 1p-1h proton component.
The results for66Ni nicely confirm the QRPA prediction: the
transition strength is gradually shifted from the first excit
state to higher-lying 21 states as one approachesN540.

In summary, we have performed microscopic calculatio
of the B(E2) strength distribution in68Ni, and in other
even-even nickel isotopes. Our main finding is that a sign
cant portion of the low-lyingB(E2) strength in68Ni resides
t-
6

04431
h
e

.

he

f

-

s

-

in excited states above 4 MeV, and that the small obser
B(E2,0g.s.

1 →21
1) value is not necessarily an argument for

shell closure atN540, but it simply reflects the fact that th
lowest 21 state in68Ni is primarily a neutron excitation~cf.
Ref. @17# for a similar discussion for136Te). In fact, we
argue that this transition rate is quite sensitive to the ene
splitting betweenf p shell andg9/2 orbital, and that its small-
ness might indeed be an indication for a rather small g
Most of the low-lyingB(E2) strength is predicted to resid
in excited states; those carrying the largestB(E2) rates can
be associated with proton excitations. This may have so
consequences for the interpretation of the intermedia
energy Coulomb excitation data. Further experimental inv
tigations, including theg-factor measurement in68Ni, are
certainly called for.
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