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Proton-neutron pairing effects in medium and heavy mass nuclei
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The consistency of the BCS approach in treating proton-neutron pairing correlations is examined. General-
ized BCS transformations, which combine proton and neutron states, are used to extract the pairing gap
parameter. This procedure gives energy gains due to the inclusion of proton-neutron pairing correlations, but
the effect is found to be restricted to small values of the neutron extes¥). [S0556-2818@7)06708-3
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The study of pairing correlations in finite nuclei has been[2] the analogies exhibited by the features found in sche-
the subject of many efforts. For a review of the problem thematic model calculation$10,11] and by those of realistic
reader is referred to Goodman'’s review artidlgé Recently, shell-model calculations have been pointed out.
interest in the study of the interplay between different chan- Although the study ofon-pairing correlations is by now
nels of the pairing interaction has been renewed, particularlynore than 20 years old, some questions are still open, like
after the findings of Engedt al.[2] and Satula and Wy§8]  the dependence of these correlations on the neltopro-
about the balance between isovector and isoscalar compten) excess, the asymmetry between single-particle orbits,
nents of the interaction. The treatment of proton-neutrorand the symmetry breaking induced by the renormalization
pairing correlations was found to be relevant, also, for theof the pairing coupling constants. Also, the question of the
description of alpha-decdy] and double-beta-decay studies suitability of the BCS transformation to account for the mix-
[5,6]. ing between different pairing correlations is still open. While

Generalized gap equations have been obtained by Goodome authors have advocated in favor of9f others[7]
man[7] which includeT=0 andT=1 pairing correlations in have strongly opposed it, thus leaving a contradictory view
the description oN=2Z nuclei in thes-d shell. In the work  of the problem.
of [7] the need for a self-consistent HFB calculation was In the present work we concentrate on the calculation of
emphasized and the correspondence between this treatmguoton-neutron pairing correlations in time-reversed states
and the method of Goswani8] and Goswami and co- with J=0, which correspond to proton-proton, neutron-
workers[9] was established. Concerning the caseNefZ  neutron, and proton-neutréin=1 correlations. The resulting
nuclei, the approach ¢#] leads to an almost negligible con- T=1 pairing-contributions are computed in this subspace,
tribution of proton-neutron( T=1) correlations in time- where the breaking of the isospin symmetry is enforced by a
reversed orbitals. renormalization of the pairing coupling constant for unlike

The effect of proton-neutron pairing correlations in (proton-neutroppairs. We have performed generalized BCS
heavy-mass nuclei was studied by Delietral.[4] in dealing  transformations for several nuclei with increasing neutron
with the calculation of alpha-decay observables. In the worlexcess. The equations, on which the formalism is based,
of [4] the effect of proton-neutron pairing in tHe=1 chan-  were also solved for the case of a single-shell model space
nel was found to be of minor importance and it was showr{10,11]. By performing a boson expansion due to Evans and
that a renormalization of the proton-proton and neutronKrauss[12] the exact solution of the Hamiltonian in the
neutron pairing correlations could be used to account fosingle-shell basis is compared to the approximate BCS one.
proton-neutron pairing effects. A brief review of the formalism is presented in the fol-

At variance with the results ¢f7] and[4] the calculations lowing section, where the generalized BCS formalism and an
reported by Cheourt al. [5] and by Pantist al. [6] seem- exactly solvable model are introduced. We then discuss the
ingly assigned a major role to proton-neutron pairing effectgesults of the calculations, corresponding to various isotopes
in medium-mass and heavy-mass nuclei. The inclusion off the nuclei Ni, Zn, Ge, Se, Te, and Xe.

these correlations, accordingly [6] and[6], leads to dra- In the following, we shall briefly introduce the equations
matic changes in the matrix elements for two-neutrino andvhich we have solved to describe proton-neutfpn) pair-
neutrinoless modes of nuclear double-beta decay. ing correlations in time-reversed orbits. The formalism is

The connection between pairing and isospin symmetry irwell known and the details can be found 8] and in[9].
proton-rich nuclei was suggested by Engelal. [2]. In the  The starting pairing Hamiltonian is written as
work of [2] the T=1 channel of the pairing interaction has
been calculated in a senioritylike model and it was found that
there exists an interplay between like-particle and unlike-
particle components of the isovector pairing, nlarZ. In
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projection, and the isospin projection of the single-particleing the fulfillment of the number and gap equations. As

(s.p) state createdannihilated by the operatoa’(a); Gy pointed out in[7] the fact that one can find a solution does
are the coupling constants of the separable monopole pairingot uniquely determine a set of physical values for the pa-
interaction. rameters of thegn BCS transformation. In order to guarantee
The pn BCS transformations have been applied to thethe physical meaning of a solution we have calculated the
T=1 component of the Hamiltoniafi). values ofH, andH,y and checked the consistencytf; for
In analogy to the case of light-mafs=2Z) nuclei[7] the  each set of parameters andv. Physical solutions are re-
pn BCS transformatiof9] reads stricted only to those leading to the smallest valuélgfand
R ; to a vanishing value oH,,. In order to grasp the main
Cj1 Uyyj Uiy Vi Vag\ [ @p features of the solutions which are obtained by using the
ct Upy Upp Uy Voo al above-described formalism, we shall briefly introduce an ex-
2 = : : b ™| (2 actly solvable mode]10].
71 TV TV Uy Uiy || @jp The Hamiltonian of this solvable model corresponds to
P2 —vay Uz Uy Uz | ajy, the one-shell limit of Eq(1). The singlej basis includes two

) substates, herewith denoted by the indexand in this

where for simplicity we have denoted lfj) the full set of basis the Hamiltonial) reduces to
guantum numbers which are needed to define a s.p. orbit and
by (p) or (n) the corresponding isospin projections for pro-
tons and neutrons, respectively. The elemexnts andvjy ;
of this transformation are constrained by anticommutation
relations and the transformation is unitary. The above intro- The definition of the pair operators is given in[12].
duced 44 BCS matrix is just the limit of the generalized Together with the generators of the &Y group (isospin
(complex 8x8 transformation of Ref[7] for vanishing and the number operators, these pair operators form the al-
T=0 interactiong9]. gebra of the Sf@) group[10,11]. The solution of the Hamil-

After some algebra, the transformed Hamiltonian can beonian(3) can be obtained by using the techniques developed
written as the sum of a constant tertd ), a linear term in  long ago by Hetc{10] and more recently used by Engel
the generalized quasiparticle operatdrs {), and a pair cre- et al. [2]. An alternative way of solving this Hamiltonian
ation (annihilation term (H,g). The solutions for the coeffi- consists of transforming it to a boson basis, by following the
cients of thepn BCS transformation are obtained by impos- method introduced by Evans and Kra(i$g]. After expand-
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FIG. 1. Number of proton pairs\(,,), neutron pairs ), and proton-neutron paird\,,), as a function of the difference between the
number of neutrongN) and protong Z), for the exactly solvable model discussed in the text and the corresponding gaps.
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TABLE I. Values of the BCS pairing correlation enerpig,= TABLE Il. Same as Table |, for®4666870.7274%a wjth
Eo(A#0)—Eo(A=0)] for the isotopes 8062646687y The  G,,=G,,=16/A MeV andG,,=20/A MeV.
neutron-proton number differenc®l - Z) is given in the first col-

umn, and the values d&, without (G,,=0) and with (G,,#0) N—-Z E, (@ E, (b)
pn correlations are shown as ca&® and caseb), respectively.

The corresponding values of the adopted pairing coupling constants 0 —8.762 —14.738
are G,,=G,,= 20/A MeV, G,,=26/A MeV, respectively. 2 —8.673 —12.167
4 —7.386 —8.754
N-Z E, (@ Eo (b) 6 —4.099 —4.099
8 —4.404 —4.404
0 —4.198 —6.373 10 ~6.506 ~6.506
2 —5640 —7.028 12 —6.905 —6.905
4 —-6.331 —6.930
6 —6.348 —6.348
8 —5.956 —5.956 The results of the above-introduced formalism, for the

case of a singlg-shell (with 2 =10), are shown in Fig. 1. As
) . . ) described in the previous section, these are the expectation
ing the operators which appear in E@) in terms of boson values(Ny), (Ny), and(N,,,) of the operators given in Eq.

operators and introducing the states (5). As shown in this figure, the proton-neutron pair correla-
tions are strongly dependent on the difference between the
_ 1 number of neutrons and protons, as pointed out2ih For
|sneNpN,) = . : i
Jny! (Np—s—ngp!(N,—s—ny)! N=Z the expectation values are similar but a strong suppres-
e (NS (NS 1012 sion of the number opn pairs is obtained, even for a rela-
xbf”fbp( p=STN) bn( n=STNoR)y, (4)  tively small value of the differenc®l—Z (N—Z=2). For

values of N—2Z>4) the number opn pairs saturates. This
wheres represents the seniority of the irreducible represenfesult seemingly suggests that a renormalization of the other
tation of Sg4) [10] and the matrix elements of the Hamil- channelg pp andnn) can be introduced in order to include
tonian(3) are calculated. proton-neutron pairing interactions, as dond4h
Following the method of2] one can estimate the number  Concerning the question of the persistence of this trend in
of like-particle pairs (neutron-neutron and proton-proton a realistic case, with open shells both for neutrons and pro-
pairg and unlike-particle pairgproton-neutron paijsby  tons, we shall discuss next the results of freBCS trans-

computing the expectation value of the operators formation, for several medium and heavy mass nuclei. The
; R ; single-particle basis used in the calculations corresponds to
Nop=AprApns  Npp=ApAp,  Npn=ApA,. (5  an effective harmonic oscillator central potential, with Nils-
_ _ son single-particle energies. For each of the considered cases
The corresponding gap parameters are given by the coefficients of the BCS transformation have been deter-
mined self-consistently. Each solution was then used to com-
Anp=GpnV(Npn),  App=GppV(Npp), pute the value of the pairing correlation energy. The results
corresponding to isotopes of Zn and Ge are shown in Tables
Ann=GnnV{Nnn), (6 landll
In the calculations, the coupling constant fon pairing
respectively. channels differs from the coupling constant used for proton-
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FIG. 2. Self-consistent proton-neutron pairing gap,, as a FIG. 3. Self-consistent proton-neutron pairing gap,, as a

function of (N—2Z), for the isotopes of Ni and with function of (N—2Z), for the isotopes of Se and with
Gpp=Gpp=24/A MeV andG,,=28/A MeV. Gpn=Gpp=16/A MeV andG,,=20/A MeV.
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proton and neutron-neutron pairing correlations. This is amesults of this treatment show thgtn pairing in time-
important fact because the pure like-partigeoton-proton  reversed orbits does not seriously affect the properties of
and neutron-neutrgnsolution always dominates if then ~ medium mass nuclei, except for very low values of the neu-
coupling is not renormalized. tron excessN—Z. However, no gain in energy is obtained
As seen in these tables, the energy gain dugrt@airing  for heavy mass nucléiTe, Xe). These results, for the nuclei
correlations vanishes for values f- Z>4. For the cases of which we have Considered’ are similar to the ones corre-
the isotopes of Te and Xe no energy gain has been obtainagonding to the exactly solvable model [@]. The consis-
by includingpn pairing correlations. . _ tency of the present approach was tested by using a boson
The values oy, for some of the nuclei considered, are gypansion technique. The agreement between the results of
shown in Figs. 2 and 3. The similarities between the result$,] anq the present ones, for a restricted configuration space,
of the exactly solvable modeFig. 1) and the realistic cases was shown based on the results obtained by using this boson
are evident. This is in agreement with the findings of REfS'expansion method. The effects of asymmetries in the proton
[2-4) nz%nd neutron single-particle energies and the breaking of the

In contrast to the results shown in Figs. 1-3, the treatme L spin svmmetry. by renormalization of the counling con-
of [5] leads to a completely different conclusion about the pin Sy Y, by coupiing
stantsG,,,,, Gpp, andGy,, as well as a comparison between

importance ofpn pairing correlations. The method used by :
[5] mixes upT=0 andT=1 channels of the interaction and BCS and shell-model results are studied 18].

fixes the proton-neutron pairing gap. The solutions which are
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