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How magic is the magic ®®Ni nucleus?
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We calculate the low-lyin@(E2,0,—2;") distribution of strength irP®Ni and other nickel isotopes using
several theoretical approaches. We find that®iNi the calculatedB(E2) transition to the first 2 state
exhausts only a fraction of the low-lyinB(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
N=40 gap. We argue that the small experimeB&E?2) value to the first 2 state is not a strong evidence for
the double-magic character 6¥Ni.
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The appearance of shell gaps associated with magic It is the aim of this paper to draw attention to the low-
nucleon numbers is one of the cornerstones of nuclear strugnergy B(E2§Og+_sﬁ2f+) strength in ®8Ni, which can hold
ture. The presence of magic gaps allows one, for example, te key to the question whether this nucleus is magic or not.

determine the single-particle energies and the residual inte{ye | argue that the transition to the first excited 2tate

action among valence nucleons, providing essential input fo : )
nuclear models. Magic gaps offer a natural way of perform—&msmmes only a small part of the total low-ene3(E2)

ing truncations in microscopic many-body calculations.St€Ngth and that th&(E2) strength distribution depends
Magic nuclei also play an essential role in the two majorS€nsitively on the size of thid =40 shell gap. _
nuc|eosynthesis networks (andr process@sthat produce To understand the structural difference betw&8\i and
the majority of nuclides heavier than mass numher60. ®®Ni (where the transition to the first"2state exhausts most
The doubly magic character §fNi (Z=28, N=40) was  of the total low-energy strengthwe begin from qualitative
suggested in the early 1980k,2] and tested experimentally arguments based on a simple independent particle model
[3,4]. The proton numbeZ=28 in the nickel isotopes is (IPM). Proton configurations in both nuclei and the neutron
magic. In the neutrons, the sizable energy galatl0 sepa-  configuration in®Ni are identical and correspond to a closed
rates th_epf spherical shell from thgg,?intruder p(bit. How- (f,) shell. On the other hand, the neutrons%iNi com-
ever, _thls spherlcal_subshell closure is not s_uff|C|e_ntIy Iarge tc_bletely fill the (pf) shell. In 5Ni, the first excited 2 state
stabll|;e the spherical sha_pe when the goesmual interaction isy pe viewed as a symmetric superposition of identibak
taken Into account(Experimentally[S], Zr (N:ZZ_4O) to isospin symmetryproton and neutron particle-holg@-h)
beha\(es like a well-deformed rotc)rThe current experimen- excitations, and it has a 1p-1h character. However, due to the
tal evidence about the double-magicity ®Ni is controver- itv ch bet d bits, the 2 state |
sial [6]. On the one hand®®Ni does not show a pronounced Rary change be weerpf) andgg, orbits, the 2 state in
irregularity in the two-neutron separation energies, as is ex- W cannot have a g-1h neutron componeritl0]. As the
pected for a magic nucleus. On the other hand, the lowereB(E2;0gs—21) transition reflects a proton component in
position of the § level, the slightly elevated energy of the f[he wave function, it is rgduced When the neutron amplitude
first 2* state, and the quite smaBI(EZ,Og_S_—>21+) value are increases due to the pair sc+atter|rlg acrossNke40 gap.
often interpreted as indications for magicity. In fact, the Conversely, a smalleB(E2,0;s—2;) measured value in
B(E2) to the first excited state ifENi (280=60e? fm*[4])  °®Ni than in *°Ni suggests that it is more favorable {Ni to
is significantly smaller than that in the well-establishedexcite the pair of neutrons into thg, orbital than to excite
double-magic nucleus®Ni (620+ 120e? fm* [7]). a single proton across the magdie=28 gap. In addition, as
As discussed in Ref[8], the size of theN=40 gap the proton configurations in the®Ni and ®®Ni ground states
strongly depends on the effective interaction used, and iare the same, the IPM suggests that a noticeapié i pro-
dramatically influences the quadrupole collectivity of the ton strength in®Ni should reside in low-energy excited
=40 nuclei. While there is much discussion in the literaturestates.
about the weakening of shell effects in neutron-rich nuclei Of course, the actual neutron amplitude, henceBe2)
(e.g., the magic gapl=28 seems to be eroded in drip-line transition to the first 2 state, should be strongly affected by
systems; see Ref8], and references quoted thergifi®Ni the residual interaction. Therefore, to check the above IPM
lies very far from the expected neutron drip liexpected to  scenario, we performed realistic calculations in three differ-
be around®Ni [9]) and one should probably not invoke ent theoretical models: the shell model Monte Carlo
“exotic” explanations when discussing the stucture of this(SMMC), the quasiparticle random-phase approximmation
neutron-rich nucleus. (QRPA), and a large-scale diagonalization shell ma&i).
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It follows the experimental transition rates rather closely
up to ®Ni. For these nuclei, it is well known from electron
scattering experiments that most of tBEE2) strength re-
sides in the transition to the first*2state (see, e.g., Ref.
[16]). For the isotopes approachimdi=40, SMMC predicts
a significantly larger totaB(E2) strength than observed in
the first transition. For®®Ni, the calculated total strength
(~125@2 fm*) is about five times greater than the mea-
sured transition to the first2state. This is consistent with
the fact that the centroid of the SMMB(E2) strength, cal-
culated from the respective response function, lies at
60 70 80 ~5 MeV. This value is significantly higher than the energy
of the first 2" state and indicates that most of the calculated
SMMC B(E2) strength in®Ni resides in higher-lying states.

In Refs.[4,10] it was pointed out that the neutragy,
orbital plays a major role aN=40, thanks to cross-shell
neutron pairing excitations. We confirm this finding. In our
SMMC study we find an average occupation numbey
=2.2 for neutrons in theg, orbital (and 0.22 in thedg,
orbital which couples strongly tge, by the quadrupole
) force). These numbers are significantly redudéal 0.9 and

The SMMC approach allows the calculation of nuclearg og, respectivelyif one artificially shifts upwards all levels
properties as thermal averages, employing the Hubbardsf thegdsshell by 1 MeV, making thél=40 gap largetsee
Stratonovich transformatiori11]. We performed SMMC  the SMMC' variant of calculations in Fig.)1As a conse-
studies of the even-even nickel isotopes betw&®i and  quence, the quadrupole moment of the neutron configuration
"®Ni in the complete {p)(gds) configuration space for both gets reduced and the SMMB(E2) value decreases. Al-
protons and neutrons. The single-particle energies were denough in this modified calculation the sumnB¢E2) value
rived from a Woods-Saxon potential appropriate fNi, is smaller for®nNi than in the neighboring nuclei, our calcu-
placing the important levels at excitation energiesMeV)  |ation still predicts most of the strength in excited states. It is
of 4.3 (P3), 6.4 (f5r2), 6.6 (P1/2), 9.0 @or), 13.0 @s2)  also worth mentioning that the calculated variation
relative to thef;, orbital. We employed the same residual 5o the isotope chain are rather small. The smallest value
interaction of the type pairing plus quadrupole as in Refs gptained forSNi, the largest for’?Ni; however, the varia-
[12], which allowed us to avoid the sign problem in the jon is jess than 9%. This shows agyif that the dominat-
SMMC calculations[13]. We checked that our interaction ing variations in théB(E2) strength come from the neutrons.
gives a reasonable description of the collective spectrum of “\y/ile the SMMC approach allows for the calculation of
®¥Ge and*Ni, and that center-of-mass contaminations aréhe symmed strength in large model spaces, it is not capable
small and do not affe_ct our results for quadrupole excitationsg¢ making detailed spectroscopic predictions. For this reason,
The SMMC calculations were performed at temperaflire e have also performed the QRPA and diagonalization shell-
=0.33 MeV (corresponding to 963 “time slices”), which,  mnodel calculations. Our QRPA calculations closely follow
for even-even nuclei, is sufficiently low to cool the nucleusihe formalism described recently in REL7]. As a residual
to the ground state. We checked this i and found  two-body interaction, we use the sum of an isoscalar and an
variations of the various quadrupole expectation values Ofsgyector quadrupole force, and a quadrupole pairing force.
less than 3% by slightly increasing the temperatureTto oy the single-particle levels below the(Z) =82 shell gap.
=0.4 MeV. The Monte Carlo integrations used betweenye took those of the Woods-Saxon potenfia8], and the
1000 and 4000 samples. unbound states were approximated by the Nilsson levels
At low temperatures, the totdd(E2) strength obtained [19]. Guided by the experimental dataf. Ref. [20]), the
in the SMMC  approximates the  expectation energy of the Py, neutron state was shifted up by 1 MeV.
value (045/Q%045)=2¢(04|Q|2{ )|[>x=(B(E2;0;5  For the strength of the isoscalar quadrupole force, we
—2{). Therefore, the total SMMC strength corresponds toadopted the self-consistent value multiplied by 0.8, and for
the summed BE2) strength to the excited2states within  the isovector force we tookr—,=—123.8A"* MeV/fm*,
the assumed configuration space. The quadrupole operator Tfie renormalization factors of the pairing gaps are(@e-
defined byQ=e,Q,+e,Qn, with Qpm==r2Y,(6;,6); tron) and 0.9(proton). The bare charges are used for calcu-
the sum runs over all valence protofmeutrons. The effec- lation of B(E2), co.n3|s'tent with the large model space. The
tive charges, e, account for coupling to the states outside results are shown in Fig. 2.
our model space. We adopt in the following the standard Our calcula_t|on§ nl<_:ejly reprodl_Jce thg observed trend of
values e,=1.5,=0.5 [14]. For the single-particle wave the E21+ energies in Ni isotopes, including the pronounced
functions, we adopt the harmonic oscillator states with thaise at °®Ni and ®Ni. The QRPA calculations also give a
oscillator lengthb=1.01A"® fm. The total SMMCB(E2)  reasonable description of tH&(E2,0;—27) values, with
strength is plotted in Fig. 1 the maximum aroundNi and the strong decrease towards

FIG. 1. Comparison of the total SMMB(E2) values for even-
even nickel isotopes(solid circles with the experimental
B(E2,0,,—2;) rates (open circles, from Ref[15]). The solid
squares represent the SMMEBIE2) values obtained in the SM-
MC'’s variant of calculations in which all thgds single-particle
energies are shifted up by 1 MeV.
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FIG. 2. (a) Comparison of the QRPEZI energies(b) summed
B(E2) strength(filled squares andB(E2,04,—2;) values with FIG. 3. Distribution of the low-energyB(E2;0,,—2/)

the experimental data. The sumnig(E?2) strength includes all the  strength for even-even Ni isotopes calculated in the QRPA method.
transitions up to an excitation energy of 9 MeV.

®8Ni. For °®Ni and ®Ni, the calculation predicts 8(E2)
value of 580 and 228 fm* respectively, which agrees
fairly well with experiment. The structure of the lowest 2
QRPA phonon in®Ni is dominated by neutron®0%). Im- 0.04- 66Ni
portantly, our QRPA calculations confirm that most of the

low-lying B(E2) strength in ®®Ni resides in excited 2
states, in contrast t@®Ni, where the low-lying B(E2)

strength is exhausted by the transition to the first2ate. & 0.02
These arguments are demonstrated again in Fig. 2, which &2
displays the summeB(E2) strength(filled squaresand in 2
Fig. 3, which shows the predicted low-enerd3(E2) }L’:
strength distribution. It is seen that as one approad¥es 1 0L, ! .,|| L | T .
=40, there is a gradual shift of th®(E2) strength to the Y 0 5 10 15
group of excited states around 4 MeV. &
For 8Ni, the QRPA calculations predict the excited 2 % 0.04

state at 4.4 MeV which is predominantly the-1h f,
— Pgjp proton excitation. Thé3(E2) rate to this state is al-
most as large as that for the lowest 3tate.

Finally, our arguments have been tested and confirmed in 0.02-
large-scale diagonalization shell-model calculations of the
low-energyB(E2) strength distribution irf®Ni. We adopt
the same valence space and the effective interadtfmm

employed in Ref[4]. This valence space consists of%Ca ol — 1 4 .| | I R,
core(more precisely, #°Ca core with eighf -, frozen neu- 0 5 10 15
trons, thef,;,, psp, P12, andfs, active orbitals for protons

and thepg,, P12, fs2, andgg, active orbitals for neutrons. FIG. 4. Distribution of theB(E2;04.—2{) strength in®®®Ni

The SM calculations describe well the behavior of the 2 calculated in the diagonalization shell model.
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energies and(E2) rates for the Ni isotopes ranging from in excited states above 4 MeV, and that the small observed
N=28 toN=40[4]. TheB(E2) strength distribution shown B(E2,Og*_sa21+) value is not necessarily an argument for a
in Fig. 4 has been calculated at a truncation level whictshell closure aN=40, but it simply reflects the fact that the
considered up to a total of seven particle excitations from théowest 2 state in®®Ni is primarily a neutron excitatiokcf.

f-, orbital to the upperfp shell for protons and from the Ref. [17] for a similar discussion for*Te). In fact, we

upperfp shell to thegg, orbital for neutrons. Fof®Ni, the
calculation predicts aB(E2;0,,—2;) value of about

argue that this transition rate is quite sensitive to the energy
splitting betweerf p shell andgg,, orbital, and that its small-

28022 fm*, which nicely agrees with the experimental value. €SS might indeed be an indication for a rather small gap.

However, the transition to the first'2state exhausts only the

smaller fraction of the total shell-modd&(E2) strength,

which we calculate as 9@ fm*. Most of the calculated
strength resides at excitation energies around 5—6 MeV. Th

wave function of the 2 state involves mainly (@-2h) neu-

tron excitations; the proton configuration is a mixture of

0p-0h (50%), 1p-1h (25%), and D-2h (20%) compo-

nents. The SM®Ni ground state corresponds to a closed-

shell configuation plus a 35% admixture op-2h neutron

Most of the low-lyingB(E2) strength is predicted to reside
in excited states; those carrying the largB§E2) rates can

be associated with proton excitations. This may have some
gonsequences for the interpretation of the intermediate-
energy Coulomb excitation data. Further experimental inves-
tigations, including theg-factor measurement if¥®Ni, are
certainly called for.
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