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Evidence for proton four-particle —four-hole intruder excitations in neutron deficient nuclei
in the Pb region
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The recent observation of low-lying collective bands built onifitruder states in the neutron-deficient Pb
region is discussed within the context of two-particle—two-hole and four-particle—four-hole proton excitations
across thez =382 proton shell closure.

PACS numbd(s): 21.60.Cs, 21.16:k

The recent development of recoil-decay-tagging techfigurations are handled as interacting particle and holedike
niques and heavy-ion-induced fusion-evaporation reactionand d bosons. Quite early31] a symmetry deriving from
has led to a wealth of data in nuclei that have neutron numtransforming particle into hole bosorer the other way
ber neaN= 104 and are situated in the Pb region. The largearound was suggested dsspin orintruder spin Its presence
body of experiments carried out over the last few years hakesulted inl-spin multiplets(formally analogous to isospin
shown ample evidence for unexpected new collective ban#nultiplets in light nuclei and some interesting realizations
structures in both the single-closed she# 82 Pb nuclei as  Of this symmetry were discussed in, e.g., the Sn re¢8a#
well as in the adjacent Hg, Pt, and Po nuclei below ancnd in the Pb regiop24,30. In the latter paper, difficulties

above the proton shell closure, respectivily-17. in bringing the Po intruder states in line with the correspond-

This rich variety of data points towards the presence ofn9 Hg intruder states showed up, indicating that this sym-

speifc parici-hle () exciaions across the ciosed =17 5 Y 10 be Moken 18 cenan S SUe
shell atZz=82. It is precisely the energy gap at the-82, b b P g

) of the complicated interacting system consisting of proton
N=126 closed shell of only approximately 3.5 MeV, com- P I ng sy ISAng o7 p

. . - particle-hole excitations and a large number of valence neu-
bined with a very large open neutron shiélling the 82-126 15 gutside of th&@=282,N=126 shell closure. Some sug-

orbitalg that enables the proton-neutron quadrupole-yestions for breaking of thespin classification label in, e.g.,
quadrupole force to lower the excitation energy ofine Hg nuclei were given before [20].
2p-2h,4p-4h, ..., configurations as much as to approach A straightforward argument for breaking thespin sym-
the ground statéfor the Pb and Hg nucleiand even cross it metry can come from mixing g-4h excitations across the
(for the Pt and possibly the Po nuclei }dd8,19. Because 7=82 closed shell with the lowest-lyingp22h excitations.
of the increased quadrupole collectivity associated with thesghe best way to study the importance qf-4h excitations is
p-h excitations, collective bands are observed on top of thgo use the method as discussed by Hegtlal.[33] in which
low-lying 0" intruder excitations. a shell-model basis was given to describe both the low en-
Calculations, making use of a deformed mean-field apergy and the mass dependence of the lowgsRRO ™" in-
proach that studies the possible equilibrium std#%-23,  truder states near closed shells. We now extend this method
have indicated the possibilities to produce rather close-lyingn order to describe both thep22h and 4p-4h intruder con-
oblate and prolate minima in the total energy surface for theigurations. An attempt has been carried out in this respect
Pb nuclei while approaching the neutron midshell region af34] but due to the lack of data no conclusive statements
N=104, next to the spherical ground-state configuration. Incould be made in one or another direction. The large amount
the Hg nuclei with a ground state corresponding to a slightlyof data that have become available at the neutron midshell
deformed oblate configuration, a second prolate configuraregion nearN=104 in the last few years has started the
tion is predicted, mimimizing its energy near midshelN ( present investigatior(See Fig. 1).
=104), whereas for the Pt nuclei, a crossing of both minima  The expression for the energy of a protop-4h intruder
is implied and the prolate deformed minimum becomes theonfiguration can be given as
lowest configuration at midshell. For the Po nuclei, the situ-
ation looks somewhat more complicatiggdf] with an oblate
minimum, approaching the spherical ground-state configura-
tion nearN=110, and a prolate minimum, becoming domi- Eintr.(4p-4h)=4(e,— €n) + AEy(4p-4h)
nant in the ground state for even lower neutron numbers. _ . )
Many-particle many-hole rip-nh) excitations cannot ABpairt ABq(4p-4h), @)
easily be incorporated in full large-scale shell-model studies
because of the extreme dimensions of the model spaces othere the various terms describe the unperturbed energy to
tained. Thesanp-nh excitations, however, can be handled create the #-4h configuration, a monopole correction due to
within an algebraic framework of the interacting bosona change in proton single-particle energy while changing the
model[25,26]. In this approach, explored in detail in a seriesneutron number, the pairing-energy correction because es-
of papers[27—30, both particle and hole shell-model con- sentially 0"-coupled pairs are formed, and the quadrupole
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FIG. 1. Systematics of the lowest Gstates in the even-even Pb
nuclei. The first excited 2 state is also given for reference. The 21
band members of the yrast structure are given in the mass region
184<A<190. The references are denoted in the introductory part
of the present paper.
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binding energy originating in the proton-neutron force, re- Neutron Number N
spectively. Starting from the expressions of the unperturbed o )

energy, the monopole and the quadrupole energy corrections, FIG. 2. The variation of the effective neutron numbgy,, for

a scaling with the number of particles and holes is obviousthe situation that the full shell for neutrons between 82 and 126 can
ie. be reduced to a single sh@ipproximation(a) in the texi. We also

show the cas¢approximation(b)] in which a subshell closure at

N=114 is taken int t.
AEy(4p-4h)=2AE,,(2p-2h). @ is taken into accoun

AEq(4p-4h) = 2AEq(2p-2h). @3) AEQ=2kAN;N,, ®)

For the pairing correction though, the Pauli effect causes @& which AN . denotes the number of pairs excited out of the
systematic lowering when increasing the number of pairs andlosed shell configuration aZ=82, i.e., AN,=2 for a
the ratio of the pairing energy gain for2 pairs over one 2p-2h excitation and 4 for a g-4h excitation, and with

pair becomes

Apair(nlz) n n 1 K:KO\/(QW_N‘IT)(QV_NV)’ (6)
Apar(D) ‘2( 29*0)’ @
the SUS3) quadrupole strength. To determine the latter, we

where() denotes the shell-model degeneracy. use both(a) the full 82-126 neutron shell as a single shell

We apply the above method to study the mass dependenedth degeneracy),=22 and(b) a subshell closure a
of the 2p-2h and 4p-4h intruder configurations from the =114. Indications for a possible subshell effect have been
neutron shell closure & =126 into the midshell region near studied by[35]. In this case we have to consider the intervals
N=104. We thereby start from values for the unperturbedi) N,=(N—82)/2 and(Q,=16 for N<98, (ii) N,=(126
particle-hole excitation energy at tile=82 closed shell, the —N)/2 and(),=22 for N>120, and(iii) a linear variation
pairing strength, and the monopole corrections as derived ifor N, from 8— 3 corresponding to a linear variation 6f,
detail before[33,34. This results in values for 4{— e;,) from 16— 22 for the interval 9&N=<120 (see also Fig. R
=13.3 MeV and a pairing energy gain af,,;,=3.75 MeV  Using the approximatioka), a value of the quadrupole cou-
when taking the proton degeneracy to be,=16. The pling strengthkg=—6 to —8 keV is needed to obtain the
monopole shift was deduced from the results in the variatiomight energy range for the®22h intruder excitations. How-
in the 1p-1h energy difference with the hole moving in the ever, the predicted lowering of the excitation energy towards
3sy, Or the A5, orbitals and the particle promoted into the midshell is much faster than what is experimentally ob-
1hg, orbital. served. Including the subshell effect ldt=114, values for

In calculating the neutron number dependence of thecy=—11to—12keV result when fitting to the experimental
2p-2h and 4p-4h intruder 0" configurations we furthermore 2p-2h and 4p-4h 0" intruder excitation energies in the Pb
determine the quadrupole energy contribution using theauclei. The quadrupole strength derived in this way con-
SU(3) expression given if33], i.e., forms with independent IBM model calculatiof36,37).
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FIG. 4. The mass dependence of the-2h (full line) and the
4p-4h (dashed lingshell-model intruder configurations. The quad-

FIG. 3. The mass dependence for the-2h (full line) and the
4p-4h (dashed lingsshell-model intruder configurations. The pre- N h | - K h
cise parameters describing these curves are discussed in the teQ_fPOle strength is fixed by the value %’ _12_ eV. The open
The filled (open circles denote the experimentally detected circles denote the observed lowest excitéddlate in the even-even
03 (03) states in the Pb isotopé8,6,d), and the crosses are de- Po nuclei, possibly becoming the ground staté%fPo, the crosses
duced via rotational band extrapolatiof,=Eq+Al(l +1) indicate the values of the unperturbed intruder energy as obtained in
+BI2(1+1)? from the band structure observe)él in the midshell re-& two-state mixing calculatiof24]. The filled circles give the ex-

citation energy for the first excited intruder” Gstate in the even-
even Hg nuclei, the stars indicate values obtained via rotational

gion Pb nuclei.
extrapolationE,=Eq+Al(1 + 1)+ BI?(1+1)2,

In Figs. 3 and 4, we compare the results for bofi+2h
and 4p-4h 0" intruder configurations as derived for the Pb ) _ _
and for the Po and Hg nuclei. Using the value mf= together W|th_ the ground—ban_d for the Os nuclei and the in-
—11keV, a very good reproduction is obtained for the masdruder band in the Po nuclei. However, one can apply the
dependence of the lowest Gstate; in order to reproduce the -SPin concept here with only limited succes]. Nazare-
second group of 0 states as g-4h intruder configurations a WicZ has also indicated the possibility of mixing with more
S||ght|y |arger value of—11.7 keV is needed. So, in F|g 3, Complicated 4)'4h excitations as a pOSSibIe eXplanation for
the results for these two slightly differert, values are in- deviations from a pure multiplet structur20]. In this figure,
corporated. We do not have a good understanding of théhe systematics clearly favor gp44h interpretation as the

need to have slight variation$%): it may possibly come major component.
from the fact that the above shell-model approach and espe- The above comparison sits within a schematic approach to
cially the SU3) form of the quadrupole proton-neutron in- study the mass dependence qi-2h,4p-4h, ..., intruder
teraction is still rather schematic, or from the fact that theexcitations across closed shells. It is clear that the results
two different types of intruder configurations are derived inpresented here are to be interpreted within this context. Still,
an independent way, whereas mixing will appear when theyhe specific mass dependence for different types of excita-
approach each other in the midshell region. We have nowions, i.e., 2-2h vs 4p-4h with the latter rising very steeply
also applied the method to the Po nudigge Fig. 4 where a in energy when moving away from midshell, conforms with
single ko= —12 keV value has been usednd the results total potential energy studies in this mass redi2d,24,44.
seem to support af22h interpretation for the behavior of We furthermore obtain the clear and robust result that in the
the lowest excited 0 state in these nuclei. There has beenmidshell region neaN =104 one can find both types of ex-
quite some debate over the character of this stateitations, i.e., $-2h and 4p-4h, coming quite close in en-

[3,13,24,38—4B but the most recent experimental resultsergy. It is precisely the close presence of the intruders that
seem to support the idea of an intrudey-2h character. will modify the ideal intruden-spin symmetry concept.

We have also displayed the results for the Hgiftruder Because large-scale shell-model calculations do not easily
band for which thep-h character is not firm on the basis of allow us to incorporate thesep-nh excitations in a straight-

forward way, a better understanding should come from ap-

present-day experiments. In case of p2h interpretation
propriate but realistic truncations to such a shell-model

this Hg band would be a member of &r 3/2 multiplet,
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