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The proton-neutron relativistic quasiparticle random-phase approxim@M+RQRPA is formulated in the
canonical single-nucleon basis of the relativistic Hartree-Bogoliubov model, for an effective Lagrangian char-
acterized by density-dependent meson-nucleon couplings. The model includes bothltlaedT=0 pairing
channels. Pair configurations formed from the fully or partially occupied states of positive energy in the Fermi
sea, and the empty negative-energy states from the Dirac sea, are included in PN-RQRPA configuration space.
The model is applied to the analysis of charge-exchange modes: isobaric analog resonances and Gamow-Teller

resonances.
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[. INTRODUCTION tion space includes also the Dirac sea of negative energy

states. The RHB+RQRPA approach has been tested in the

A consistent and unified treatment of mean-field and pairexample of multipole excitations of neutron rich oxygen iso-
ing correlations is crucial for a quantitative analysis oftopes, and the model has been employed in the analysis of
ground-state properties and multipole response of unstabl#)e evolution of the low-lying isovector dipole strength in Sn
weakly bound nuclei far from the line g8 stability. In Ref.  isotopes andN=82 isotones.
[1] we have formulated the relativistic quasiparticle random- ~Relativistic mean-field and RPA calculations based on ef-
phase approximationfRQRPA in the canonical single- fective Lagrangians with nonlinear meson self-interactions
nucleon basis of the relativistic Hartree-Bogoliubg¥HB) ~ Present not only a number of technical problems, but also the
model. The RHB model presents the relativistic extension O{descr[pnon_ of finite _nuclel obtamed_ with th?‘se effective in-
the Hartree-Fock-Bogoliubov framework, and it provides ateractions is not satisfactory, especially for isovector proper-

unified description of particle-holeoh) and particle-particle  1eS: AS an alternative, in a number of recent applications
(op) correlations. In this framework the ground state of amodels with density-dependent meson-nucleon vertex func-

. . ; S . tions have been used. Although the two classes of models are
nucleus can be written either in the quasiparticle basis as

. S ; &sentially based on the same microscopic structure, i.e., on
product of independent quasiparticle states, or in the CanonHensity-dependent interactions, the latter can be more di-

cal basis as a highly correlated BCS state. By definition, theg )y related to the underlying microscopic nuclear interac-
canonical basis diagonalizes the density matrix and it is aljons. Several recent analyses have shown that relativistic
ways localized. It describes both the bound states and thgffective interactions with explicit density dependence of the
positive-energy single-particle continuum. The formulationmeson-nucleon couplings provide an improved description
of the RQRPA in the canonical basis is particularly conve-of asymmetric nuclear matter, neutron matter and nuclei far
nient because, in order to describe transitions to low-lyingrom stability. In Ref.[2] we have extended the RHB model
excited states in weakly bound nuclei, the two-quasiparticleo include density-dependent meson-nucleon couplings. The
configuration space must include states with both nucleons iseffective Lagrangian is characterized by a phenomenological
the discrete bound levels, states with one nucleon in a boundensity dependence of tle », andp meson-nucleon vertex
level and one nucleon in the continuum, and also states witfunctions, adjusted to properties of nuclear matter and finite
both nucleons in the continuum. nuclei. It has been shown that, in comparison with standard

The relativistic QRPA of Ref[1] is fully self-consistent. relativistic mean-fieldRMF) effective interactions with non-
For the interaction in the particle-hole channel effectivelinear meson-exchange terms, the new density-dependent
Lagrangians with nonlinear meson self-interactions are usedaneson-nucleon force DD-MEL1 significantly improves the
and pairing correlations are described by the pairing part oflescription of asymmetric nuclear matter and of ground-state
the finite range Gogny interaction. Both in the ph and ppproperties ofN # Z nuclei. This is, of course, very important
channels, the same interactions are used in the RHB equésr the extension of RMF-based models to exotic nuclei far
tions that determine the canonical quasiparticle basis, and iflom g stability, and for applications in the field of nuclear
the matrix equations of the RQRPA. The RQRPA configura-astrophysics.
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In Ref.[3] the matrix equations of the relativistic random- the relativistic random-phase approximation in closed-shell
phase approximatio(RRPA) have been derived for an effec- nuclei. Experimental data on charge-exchange excitations in
tive Lagrangian characterized by density-dependent mesotight and medium-mass nuclei are very successfully repro-
nucleon couplings. The explicit density dependenceduced by large-scale shell-model calculations. However, as
introduces rearrangement terms in the residual two-body inthe number of valence nucleons increases, the dimension of
teraction, and their contribution is essential for a quantitativeshell-model configuration space becomes far too large for
description of excited states. lllustrative calculations of thepractical calculations. Shell-model calculations have been re-
isoscalar monopole, isovector dipole and isoscalar quadricently extended to the region gif-shell nuclei with A
pole response of%Pb, were performed in the fully self- =45-65. Experimental Gamow-Teller strength distributions
consistent RRPA framework based on effective interactionand nuclear-decay half-lives have been reproduddd].
with a phenomenological density dependence adjusted t®he GT response in medium-mass nuclei has also been suc-
nuclear matter and ground-state properties of spherical nweessfully described by shell-model Monte Carlo calculations
clei. (SMMC) [14].

In this work we extend the model developed in Réf, The proton-neutron quasiparticle random-phase approxi-
and formulate a proton-neutron relativistic QRPA in the ca-mation (PN-QRPA can be used to describe nuclei in mass
nonical single-nucleon basis of the RHB model. The proton+egions that are presently beyond the reach of the most so-
neutron RQRPA, with the density-dependent effective interphisticated shell-model calculations. The pioneering work of
action DD-MEZ1, will be employed in the analysis of nuclear Halbleib and Sorensefl5] was based on simple separable
spin and isospin excitations. forces. Further developments employed zero-range interac-

Collective spin and isospin excitations in atomic nucleitions with BCS-type pairing. Most studies of GT excitations
have been the subject of many experimental and theoreticlave been based on Skyrme interactift®-20. It has also
studies(for an extensive review see R¢d]). Nucleons with  been shown that the inclusion of particle-particle correlations
spin up and spin down can oscillate either in phésgn  in the QRPA residual interaction has an important effect in
scalarS=0 modeg or out of phasgspin vectorS=1 mode. the calculation ofs-decay rate$21-26.

The spin vector, or spin-flip excitations can be of isoscalar Experimental data on unstable nuclei closeé\teZ line,

(S=1, T=0) or isovector(S=1, T=1) nature. These collec- that became available in recent studies with radioactive
tive modes provide direct information on the spin and spin-beams, have also renewed the interest in the role of proton-
isospin dependence of the effective nuclear interaction.  neutron pairing. In medium-heavy and heavy nuclei closer to

Especially interesting is the collective spin-isospin oscil-the line of 3 stability, the proton and neutron Fermi levels
lation with the excess neutrons coherently changing the diare located in different major shells, and therefore the con-
rection of their spins and isospins without changing theirtribution of proton-neutron pairing correlations to the
orbital motion—the Gamow-Teller resonan@@TR) J”=1".  ground-state binding is usually neglected. The low-lying GT
This collective mode was predicted already in 1968 but  strength responsible fg8-decay, however, involves proton-
it was only in 1975 that the first experimental indications of neutron particle-particle correlations and is sensitive to the
the GT resonance were observed(mn) charge-exchange T=0 pairing interaction. In Ref[26] S-decay rates for
reactions at intermediate energigg]. The detailed knowl- spherical neutron-richr-process waiting-point nuclei have
edge of GT strength distributions is essential for the underbeen calculated within a fully self-consistent QRPA, formu-
standing of nuclear reactions in the process of nucleosynthéated in the Hartree-Fock-Bogoliubov canonical single-
sis. In particular, the low-lying GT strength is directly related particle basis. It has been shown that the proton-neutron
to B-decay rates, as well as to the electron-capture procegsarticle-particle interaction has a pronounced effect on the
leading to the stellar collapse and supernovae explosion. lpalculated half-lives.
many nuclei all over the periodic table the GT strength dis-  Surprisingly little work has been reported on the descrip-
tribution, when measured in the excitation energy regiortion of charge-exchange excitations in finite nuclei in the
where the most pronounced GT peaks occur, is quenched lyamework of relativistic mean-field models. The first rela-
more than 20% when compared to a model independent sutivistic RPA calculations of isobaric analog resonanaf)
rule. Two physically different mechanisms had been sugand Gamow-Teller resonances have been performed only re-
gested as a possible explanation of the quenching of the totabntly in Refs.[27,2§. This analysis was, however, re-
GTR strength:(i) nuclear configuration mixing—the high- stricted to doubly closed-shell nuclei. A rather small configu-
lying 2p-2h states mix with the g-1h GT states and shift the ration space was used and, furthermore, configurations that
GT strength to high-energy region far beyond the resonanciaclude empty states from the negative-energy Dirac sea
[7-9); (i) the high-energyA-isobar—nucleon-hole configu- were neglected. In a very recent wofR9] it has been
rations(A-h) couple to the GT mode and remove part of theshown, on the other hand, that the inclusion of negative-
strength from the low-lying excitation spectryit0,11. Re-  energy Dirac sea states has a pronounced effect on the cal-
cent(p,n) scattering experiments have shown, however, thatulated Gamow-Teller sum rule. A more complete relativistic
only a small fraction of the GT quenching originates from RPA calculation of GT resonances in doubly closed-shell nu-
A-h transitions[12]. clei has been reported in Reff30]. The ground states of

The GT spin-flip isovector excitations and the relagd *%Ca,°%Zr, and?°%b were calculated in the RMF model with
decays have been theoretically investigated by employing: the NL3 effective interaction. The spin-isospin correlations
the shell-model approachji) the nonrelativistic proton- in the RRPA calculation of the GT response functions were
neutron quasiparticle random-phase approximation,(@njd induced by the isovector mesomsandp. In addition to the
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standard nonlinear NL3 effective interacti¢8l] with the  details of the RHB model, of the RQRPA formalism, and the
vector rho-nucleon coupling, the effective Lagrangian in-technicalities of the solution of the RQRPA equations in the
cluded the pseudo-vector pion-nucleon interaction. Althougltanonical basis, are given in R¢t]. In this section we only

in the relativistic mean-field description of the nuclearcollect those expressions which are specific for the PN-
ground state the direct one-pion contribution vanishes at thRQRPA. The model can be considered as a relativistic exten-
Hartree level because of parity conservation, the pion nevession of the fully-consistent proton-neutron QRPA formulated
theless plays an important role for excitations that involvein Ref. [26], and applied in an analysis @-decay rates of
spin degrees of freedom. Since it has a relatively small mass;process nuclei.

the pion mediates the effective nuclear interaction over large We consider transitions between the ground state of a
distances. The-h residual interaction withp- and -meson  spherical even-even parent nucleus and Xhexcited state
exchange has been extensively used in non-relativistic RPAf the corresponding odd-odd daughter nucleus. These tran-
calculations of charge-exchange excitatifd,33. Because sitions are induced by a charge-exchange opef&ltdr Tak-

of the derivative type of the pion-nucleon coupling, it is alsoing into account the rotational invariance of the nuclear sys-
necessary to include a zero-range Landau-Migdal term thaem, the quasiparticle pairs can be coupled to good angular
accounts for the contact part of the nucleon-nucleon interaanomentum and the matrix equations of the PN-RQRPA read
tion. The analysis of Ref[30] has shown that the RRPA

calculation with the NL3 effective interaction, the pseudo- Al B\ /XM 1 0 \/xM
vector pion-nucleon couplingm_ =138 MeV and ff,/47-r (B*J A*J)<Y}\J) = A(O _ 1><Y“>'
=0.08, and the Landau-Migdal force with the strength pa-
g’:;:;e(;?%h eO rﬁalrr? Fégorgggizgthseo?)t(ﬁ : rérq_errgtsa cl):: ;(r? (I;[Zg:, en The matricesA andB are defined in the canonical ba$g5]

907y, and 2%8pp.

1

J 11 11
In Ref. [34] we have calculated the GTR and IAR for a Agnprnr = Hop Onne + Hipy Sppr + (UpnUp vy
sequence of even-even Sn target nuclei by using the frame- phJ
work of the relativistic Hartree-Bogoliubov model plus + UpUnU prUn/) Vg + (UpUnUps Unye

proton-neutron quasiparticle random-phase approximation.

The calculation reproduces the experimental data on ground-

state properties, as well as the excitation energies of the is-
ovector excitations. It has been shown that the isotopic de- B’
pendence of the energy spacings between the GTR and IAR ~pnp'n’
provides direct information on the evolution of neutron skin
thickness along the Sn isotopic chain. A new method has

been suggested for determining the difference between the .
radii of the neutron and proton density distributions along arl1€r€P, P’, andn, n" denote proton and neutron quasiparticle

. . . . . H - h - _
isotopic chain, based on measurement of the excitation enef@nonical states, respectively™ is the proton-neutron
gies of the GTR relative to the IAR. particle-hole residual interaction, am#® is the correspond-

This work presents a much more detailed analysis 0f'ng.particle-parti.cle inte_raction. The canonical bagis diago-
charge-exchange modes, both for doubly closed-shell and fd1alizes the density matrix and the occupation amplituges
open-shell nuclei. In Sec. Il we introduce the formalism. The@re the corresponding eigenvalues. The canonical basis, how-
matrix equations of the proton-neutron relativistic QRPA are€Ver, does not diagonalize the Dirac single-nucleon mean-
formulated in the canonical basis of the RHB model forfield Hamiltonianhy and the pairing field\, and therefore
spherical nuclei. In Sec. IIl the RHB+RQRPA model is em- the off-diagonal matrix elements,\, andH_;, appear in Eq.
ployed in illustrative calculations of charge-exchange collec(2):
tive modes: isobaric analog resonances and Gamow-Teller

resonances. Section IV contains the conclusions. 1 _
HKKI - (uKuK/ - UKUK’)hKK/ - (uKUK/ + UKUK’)AKK" (3)

ppJ

+ 00V Un) Vopngn s

hJ

_ jn/—jnr+d P
- (_ 1)Jp In (upvnvp,un, + Upunup/Unr)Vpp/nn/

J
= (UpUnv oy + 00U Un )VoRS, 2)

II. PROTON-NEUTRON RELATIVISTIC QUASIPARTICLE

A A .
RANDOM-PHASE APPROXIMATION For each energ,, X* andY* in Eq. (2) denote the corre

sponding forward- and backward-going QRPA amplitudes,

In Ref. [1] we have derived the RQRPA from the time- respectively. The total strength for the transition between the
dependent RHB model in the limit of small amplitude oscil- ground state of the even-evéN,Z) nucleus and the excited
lations. The full RQRPA equations are rather complicatedstate of the odd-oddN+1,Z-1) or (N-1,Z+1) nucleus,
and it is considerably simpler to solve these equations in thinduced by the operatdPM, reads
canonical basis, in which the relativistic Hartree-Bogoliubov
wave functions can be expressed in the form of BCS-like
wave functions. In this case one needs only the matrix ele-
mentsvﬁf,m of the residual ph interaction, and the matrix

elementsVP?, . of the pairing pp interaction, as well as The discrete strength distribution is folded by the Lorentzian
certain combinations of the occupation facters v,. The  function

+ 2
Byy= |2 < pITlIn> (Xyupon + (= D*Yhowpun) |~ (4)
pn
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1 r/2 f2
= (5 m, =138.0 MeV, -~ =0.08. (12)

REy = 2B E, )2+ (1122 e

The derivative type of the pion-nucleon coupling necessitates
the inclusion of the zero-range Landau-Migdal term, which
accounts for the contact part of the nucleon-nucleon interac-

In the illustrative calculations included in the following sec-
tions, the choice for the width of the Lorentzian function is
1 MeV.

tion
The spin-isospin dependent interaction terms are gener- (2
ated by thep- and m-meson exchang_e. Because_ of parity V(;,,:g’<—”) P73 - 301~ 1), (12)
conservation, the one-pion direct contribution vanishes in the -

mean-field calculation of a nuclear ground state. Its inclusion . , . .
o . X o .~ with the parameteg’ =0.6 adjusted to reproduce experi-
is important, however, in calculations of excitations that in-

volve spin and isospin degrees of freedom. The particle holénental data on the GTR excitation energies.
X . o s ) With respect to the RHB calculation of the ground state of
residual interaction in the PN-RQRPA is derived from the ! b uad grou

. ) an even-even nucleus, the charge-exchange channel includes
Lagrangian density the additional one-pion exchange contribution. The PN-
; RQRPA model is fully consistent: the same interactions, both
it — _ gl 2 T =~ in the particle-hole and particle-particle channels, are used in
Lorvp == 907 uth mwm’swﬁ“ww' (©) the RI-[l)B equation that d%termings the canonical quasiparticle
basis, and in the PN-RQRPA equati@. In both channels
Vectors in isospin space are denoted by arrows, and boldfagge same strength parameters of the interactions are used in
symbols will indicate vectors in ordinary three-dimensionalthe RHB and RQRPA calculations.
space. The two-quasiparticle configuration space includes states
The coupling between thp meson and the nucleon is with both nucleons in the discrete bound levels, states with
assumed to be a vertex function of the vector dengjty one nucleon in the bound levels and one nucleon in the con-
:\W with j,=¢y,¢. In Ref.[3] it has been shown that tinuum, and also states with both nucleons in the continuum.
the explicit density dependence of the meson-nucleon couh addition to the configurations built from two-quasiparticle
plings introduces additional rearrangement terms in the restates of positive energy, the RQRPA configuration space
sidual two-body interaction of the RRPA, and that their con-contains pair-configurations formed from the fully or par-
tribution is essential for a quantitative description of excitedtially occupied states of positive energy and the empty
states. However, since the rearrangement terms include ti@gative-energy states from the Dirac sea. As will be shown
corresponding isoscalar ground-state densities, it is easy 10 the following section, the inclusion of configurations built
see that they are absent in the charge exchange channel, di@m occupied positive-energy states and empty negative-

the residual two-body interaction reads energy states is essential for the consistency of the model.
Nuclear properties calculated with the RHB plus RQRPA

V(r1,12) = im(BY)1(BY,) 29, o(r)19,L oy (r2)ID,(r 1,1 2) model depend on the choice of the effective RMF Lagrang-
(2 ian in the ph channel, as well as on the treatment of pairing

| == | 733,V (Z,V,)D (ry,1). 7 correlations. In this work, for the RHB calculation of ground
(mﬁ) 7172( ! l)( 2V2)Dx(r2,r2 @ states and in the ph channel of the residual interaction, we

use the density-dependent effective interaction DD-MEL. In

D, denotes the meson propagator Ref. [2] the RHB model with the density-dependent interac-
tion DD-MEL1 in the ph channel, and with the finite range
1 e Mpmlraral Gogny interaction D1S in the pp channel, has been tested in
Dp(w)zﬂm’ ®) the analysis of the equations of state for symmetric and
asymmetric nuclear matter, and of ground-state properties of
and the Sn and Pb isotopic chains. It has been shown that, as
compared to standard nonlinear relativistic mean-field effec-
o 0 tive forces, the interaction DD-ME1 has better isovector
P (0 0_)_ (9) properties and therefore provides an improved description of

asymmetric nuclear matter, neutron matter and nuclei far

For the p-meson coupling we adopt the functional form from stability.

used in the DD-ME1 density-dependent effective interaction !N the pp channel of the RHB model we have used a
[2] phenomenological pairing interaction, the pairing part of the

Gogny force,

95(Py) = 9y(psadexi - a,(x - 1)], (10) VPP(1,2) = glrai- fz)/Mi]z(\/\/i +B,P” - H,P"= M,P°P"),
i=1,2
where x=p,/psa, and pgy; denotes the saturation vector (13)
nucleon density in symmetric nuclear matter. For the
pseudovector pion-nucleon coupling we use the standard valvith the set D1936] for the parameterg;, W;, B;, H;, and
ues M;(i=1,2). This force has been very carefully adjusted to the
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pairing properties of finite nuclei all over the periodic table. & T T 1 /T T T T 0TI
In particular, the basic advantage of the Gogny force is the | | %l 1 | l e I I G 1
finite range, which automatically guarantees a proper cutoff s T 25 -
in momentum space. In the present analysis we will also use | - 1

the Gogny interaction in th&=1 pp channel of the PN-
RQRPA. For theT=0 proton-neutron pairing interaction in
open shell nuclei we employ a similar interaction: a short-
range repulsive Gaussian combined with a weaker longer:
range attractive Gaussian,

IS
T
|

| 20 -

415 -

R (1/MeV)
w
|

110 —

N
T
|

2 2| =
24,22 1 1 _
Vip= = Vo2 gig ZHiTls s 1-0, (14) L 1, sk i
=1 B 7]

2 ; - — ; 1 . I d i Ll A L
WhereH_S:lyT=0 prOJect§ onto states W't_ﬁ__l andT=0. This . % 5 10 15 20% 5 1015202530 0 5 10 15 20 25 30
interaction was used in the nonrelativistic QRPA calculation E (MeV) E (MeV) E (MeV)

[26] of B-decay rates for spherical neutron-rickprocess o o _
waiting-point nuclei. As it was done in R4R6], we take the FIG. 1. PN-RQRPAJ™=0" strength distributions. The excita-

tions of the isobaric analog resonances are compared with experi-

rangesu;=1.2 fm and u,=0.7 fm of the two Gaussians
ges iy M2 mental datathick arrowg for #8Ca [37], °%Zr [12,38, and 2°%Pb

from the Gogny interactioril3), and choose the relative

strengthsg; =1 andg,=-2 so that the force is repulsive at [39].
small distances. The only remaining free parameter,is
the overall strength. Ss-(F)=N-2Z. (16)

The proton-neutron relativistic QRPA provides a natural
framework for the description of spin and isospin excitations
in open-shell nuclei. In Fig. 2 we plot the calculated IAR
A. The isobaric analog resonance excitation energies for the sequence of even-even Sn target
puclei withA=108-132. Theesult of fully self-consistent

The IAR presents the simplest charge-exchange excitatio i
mode, detected already forty years ago in experiments oﬁHB plus proton-neutron .RQRPA calculathns are shown
n comparison with experimental data obtained in a sys-

low-energy proton elastic scattering from heavy nuclei. The . dv of the(*H h h .
observed resonances were at energies consistent with the fgmatic study of the(*He.t) charge-exchange reaction

terpretation that they were isobaric analog states in the conf2Ver the entire range of stable Sn isotopé€]. The cal-
pound nucleus. One of the important characteristics of afulateéd values reproduce the empirical mass dependence

IAR is its narrow width. This is because it has the samef the IAR excitation energies, and we also notice a very

isospin as the parent state, while the neighboring states ha@0d agreement with available experimental data. For the

the isospin of the ground state of the daughter nucleus, i.eNuclel withA=112-124 the largest difference between the

they differ in isospin by one unit. This means that they will theoretical and experimental IAR excitation energies is
couple only weakly with the IAR. ~200 keV. For the Smuclei with A=108-132, inFigs. 3

As a first test of our PN-RQRPA model, we calculate the@nd 4 we display the corresponding theoretical strength

IAR strength functions, i.e., the distribution 8f=0". The
Fermi transition operator reads

Ill. CHARGE-EXCHANGE COLLECTIVE MODES
OF EXCITATIONS

5T 777

A
©—© DD-ME1
=S as 38
i=1

In Fig. 1 we display the PN-RRPA response to the operators "*°[” -

(15) for “8Ca, °°zr, and 2%%Pb. The strength distributions = | 1
are dominated by a single IAR peak, which corresponds tos ;55| _
a coherent superposition offp—vh (or proton-neutron
2qp) excitations. The calculated excitation energies I
(evaluated with respect to the ground state of the paren 1301
nucleug are compared with the corresponding experimen- L ]
tal values(thick arrowg from (p,n) scattering data for L
48Ca [37], °%2r [12,38), and 2°%Pb [39]. The agreement 108 112 116 120 124 128 182
between the PN-RRPA and experimental data is indeed

very good. We have also verified that the calculated FIG. 2. RHB plus proton-neutron RQRPA results for the iso-
strength distributions exhaust the Fermi nonenergyaric analog resonances of the sequence of even-even Sn target
weighted sum rule nuclei. The experimental data are from Rgf0].
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gies of the target nucleus and ttig+1,N-1) daughter
nucleus. As one would expect, the effect gradually weak-
ens as the closed shell Ht=82 is approached. The effect
of the proton-neutron residual pairing on the IAR strength
distributions in lighter Sn isotopes witA=<114 is more
dramatic. Without the contribution of the pp channel to
the proton-neutron residual interaction, the response func-
tion is fragmented and it does not display the experimen-
tally observed single narrow resonance. Only with the in-
clusion of proton-neutron pairing a single collective state
is obtained.

The mechanism through which the PN-RQRPA builds the
IAR in Sn isotopes is illustrated in Fig. 5 fdf%Sn, 114Sn,
and!?%Sn. The figure displays the discrete QRPA spectra for
the following three cases. In the panels on the left we plot the
spectra calculated without any pairing interaction, either in

calculation of the ground state, or in the residual proton-
neutron interaction. It is immediately clear why the three
particular examples were selected. Without pairing, dhe
neutron orbital is fully occupied in the ground state'8iSn,
distribution functions. To illustrate the importance of atheg,,, and theds, orbitals are fully occupied in the ground
consistent treatment of pairing correlations, in addition tostate of!1“Sn, and for'?°Sn all the neutron orbitals in the
the response functions calculated with the fully self-shellN=50-82 are occupied, excelpt,,,. For all three nu-
consistent RHB plus proton-neutron RQRPA, we also dis<lei the response function to the Fermi operaid) displays
play the strength functions obtained without including thea single peak at the excitation energy very close to the ex-
proton-neutron residual pairing interaction. Proton-perimental position of the IAR. The distribution of neutron-
neutron pairing, of course, does not contribute in the RHBto-proton RPA amplitudes is shown next to each major peak.
calculation of the ground states. The dashed curves areor example, in the case &¥Sn 99% of the strength results
calculated by including only the ph channel of the from the transitionv g;;,— 7 g7/, Whereas fot?°Sn 98% of
RQRPA residual interaction. In both casésolid and the strength is distributed between the four orbitals occupied
dashed curvgsT=1 neutron-neutron pairing has been in- py the neutrons in the&N\=50—82 shell. In the next step
cluded in the RHB calculations of the ground-states of Snymiddle panels in Fig. bwe include the Gogny neutron-
target nuclei. The results shown in Figs. 3 and 4 clearlyheutron pairing in the RHB calculation of the ground states,
illustrate the pronounced effect that=1 proton-neutron and as a result all th&d=50—82 neutron orbitals acquire
pairing correlations have on the calculated IAR. Withoutfinite occupation probabilities. The pp channel, however, is
proton-neutron pairing the calculated IAR excitation ener-not allowed to contribute to the QRPA matrix elements of the
gies for nuclei withA=116 are simply too high. The at- proton-neutron residual interaction. In this case the QRPA
tractive proton-neutron pairing interaction redistributesspectra become fragmented#¥Sn and*'“Sn. Considerable
the strength between various QRPA components, and lowstrength is transferred to states which correspond to transi-
ers the calculated excitation energy to the value whichions from neutron orbitals with low occupation probabili-
corresponds to the difference between the Coulomb enesies: s, andh,,,,. For the most pronounced peaks we have

FIG. 3. PN-RQRPAI™=0" strength distributions for even-even
Sn target nuclei withPA=108-118. For description see text.

included the distribution of neutron-to-proton QRPA ampli-

16——T1 T ] T ] tudes.The fragmentation does not occutd’sn where, as a
%12- A Lﬂ'ﬁfs:ﬁm_- 7 result of ground-state pairing correlations, all thie50-82
§ 8- ¥ ] . neutron orbitals have considerable occupation probabilities.
T 4 ] . In 12°Sn we notice only a redistribution of QRPA amplitudes

0 S S in favor of higher-lying orbitals, and consequently the repul-
~ 16 rr ] ' LI sive particle-hole residual interaction shifts the IAR to higher
3" ] 3 energy. For the two nuclei from the lower half of tine
z® p 7] =50-82 neutron shell, the ph residual interaction fragments
w4 | e | N the QRPA spectra and effectively precludes the formation of

23 the IAR. The panels on the right-hand side of Fig. 5 display
< 161 ' N ' A the result obtained by fully-consistent PN-RQRPA calcula-
2 12f 3 3 tions, including ther =1 proton-neutron pairing channel: the
= iz E ] strength has been collected in a single peak—the IAR. We

oL L, 11 ot L] notice that with respect to the ca&® without any pairing

5 10 1§(Me§)° % % 10 1§(Me\7)0 » 30 correlations, the IAR strength has been redistributed among

the neutron-to-proton QRPA amplitudes, reflecting the occu-

FIG. 4. Same as in Fig. 3, for even-even Sn target nuclei withpation of higher-lying neutron orbitals in the parent nucleus.

A=120-130.

The calculated excitation energies, as we have shown in Fig.
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dy >0, 12% | .
0 f———-————t ri ':1 R :1 + ———— Nt FIG. 5. PN-RQRPAJ™=0" discrete spectra
12>y 45% G7>0y, 19% ! for 1085n, 11450 and'2%Sn. The panels on the left
121 “4Sn G207 59% - dyp>dy, 16% 808, 1% L 9715287 46% d lculati f d with .
T dgp>dgy 34% dgyr>0g,, 15% d,,>0,, 26% correspond to calculations performed without in-
< st T dond g5 N Proe™Neen 539 211/2’?11(;;6%- cluding pairing correlationsT=1 Gogny pairing
327 Vg 09 70 - % P . .
@ 4 G207 25% [ | 9r>9n2 22% v ™% is included in the RHB calculations of ground
dyy->0s 6% I Nz 202 1% states in the middle panels. The panels on the
e e e P T T NI P right-hand side display the results obtained by
L Tg g 319 T . ] fully-consistent PN-RQRPA calculations, includ-

16 _m 1L r917/2 ->g':/2 oo 19,559, 38% ] X yh B Q o h |
T, Sn 005 M% dmz e ? Ogy>0s, 26% ing theT=1 proton-neutron pairing channel.
= r dg>ds,29% T 52> 0srp <170 Ty 152 ]
o 8f dg,>d,, 19% o d,>dg, 13% 14,0, 13% .

al 8,5>8,,9% | 8.,>8,,6% I815>816% ]

1

5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 30
E (MeV) E (MeV) E (MeV)

2, are in very good agreement with the experimental data 0f39,41,42. Although the residual interaction has been ad-
the IAR in Sn nuclei[40]. The total effect is, of course, justed to reproduce the GTR excitation energyi#Pb, we
simply a consequence of the fact that the pairing interactiomotice a very good agreement with experiment also*fea

is isospin invariant, and therefore commutes with the Fermnd*°Zr. The adjusted value af’ in general depends on the
operator(15). However, the results shown in Figs. 3-5 illus- choice of the RMF effective interaction. In the RRPA calcu-
trate the importance of a consistent treatment of pairing corlation with the NL1[43] effective interaction of Ref{27],
relations by including an isospin invariant pairing interactionthe GTR excitation energies dfCa, °°Zr, and **®b were

in the description of the ground state and the dynamics obest reproduced by’ =0.7, whereas approximately the same
IAR in N# Z nuclei. quality of agreement with experimental data was obtained in

Ref. [30] by using the NL3[31] effective interaction and
g'=0.6. By using a set of density-dependent RMF effective
B. The Gamow-Teller resonance interactions from Ref[3] we have verified that, in general,

The Gamow-Teller resonance represents a coherent supdh€re is a correlation between the value of the nuclear asym-
position of high-lyingd™=1* proton-particle—neutron-hole Metry energy at saturatiom, and the value of’ adjusted to
configurations of maximum collectivity associated with "eproduce the GTR. In order to reproduce the experimental

charge-exchange excitations of neutrons from orbitals wittfXcitation energy of the GTR, effective interactions with
1 higher values o, generally require higher values gf.

j=1+3 into proton orbitals withjzl—%. The GT operator - sve
Gamow-Teller states calculated in relativistic models have

reads
A recently attracted considerable attentif20,30,44,45 In
T(;I:ZET:- (17) 14_'|'|' '_16'|'|'|'|'|'70_'|'|'|'|'|'_
i=1 | Pca | 1 & | { el el [

The calculated GT strength distributions f§€a, °°Zr, and L
2%%pph are shown in Fig. 6. In addition to the high-energy 1o
GT resonance—a collective superposition of direct spin- - L |
flip (j=1+3—j=I-3) transitions, the response functions $ 8- . a0l .
display a concentration of strength in the low-energy tail. § - 18r ]
The transitions in the low-energy region correspond tox € 1 | 1%r ]
core-polarization(j=1+2 —j=1+3), and back spin-flip(j ' i '
:I—%Hj:H%) neutron-hole—proton-particle excitations.
As in the calculation of the IAR, the effective RMF inter-
action is DD-MEL. In addition, the standard values have
been used for the parameters of the pion-nucleon interactiol \ R , MO
Lagrangianm_=138 MeV andfi/4w.=0.08, and the param- 0 5 E(Lfev)ﬁ 20 05 ‘g(;fe\f)o 2530 0 5 12(;,"56\/2)0 25 30
eter of the zero-range Landau-Migdal forgé=0.55 has
been adjusted to reproduce the excitation energy of the GT F|G. 6. Gamow-Teller strength distributions féiCa, °zr, and
resonance irf%Pb. The calculated resonances are shown %%, PN-RQRPA results are shown in comparison with experi-
comparison with experimental datghick arrowsg for the  mental datgthick arrowg for the GTR excitation energies ftfCa
GTR excitation energies iffCa[37], °%Zr [12,3§, and?°%®b  [37], 9%2r [12,3§, and2°%Pb[39,41,42.

50 - -

— 20 -

— | 110 -
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T FIG. 8. The PN-RQRPA strength distribution of discrele
0 N T Y T =1" GT states. The panel on the right-hand side contains the posi-
0 10 20 30 40 50 60 tive energymp—vh strength. The left panel displays the negative

E (MeV) energy spectrum built fromra— vh transitions.

FIG. 7. The running sum of the GTR strength #¥Pb. The  Fig. 7). The corresponding discrete GT spectrum is shown
dashed line corresponds to a PN-RRPA calculation with onlyin Fig. 8. Two regions of excitation energies are shown.
positive-energy ph configurations. For the calculation denoted byrhe panel on the right-hand side contains the positive en-
the solid line the RRPA space contains configurations formed frorrérgy mp—-rh strength, with a pronounced Gamow-Teller
occupied states in the Fermi sea and empty negative-energy statﬁéak at~19 MeV. Theleft panel displays the negative
in the Dirac sea. The total sum of the GT strength is compared t%nergy spectrum built fromre— vh transitions(« denotes
the model independent lkeda sum rudiotted line. a negative energy stateEven though these transitions are

_ _ . o much weaker than the GTR, there are many of them and
particular, it has been shown that in a relativistic RPA calcutheir overall sum represents the strength missing in the
lation the total GT strength in the nucleon sector is reducegositive energy sector. Similar results for the GTR sum
by =12% in nuclear matter, and 6% in finite nuclei ryle are also obtained fd®Ca and®zr.

when compared to the lkeda sum riifg For the case of open-shell nuclei we will compare the
. . PN-RQRPA results with experimental data on Gamow-Teller
(S(fr - S§+) =3(N-2), (18 resonances obtained from (8He t)Sb charge-exchange re-

actions[40]. The GT strength distribution ih*¥Sn is shown
where )" denotes the total sum of Gamow-Teller strengthin Fig. 9. Direct spin-flip transitiondj=1+% — mj=1-3)
for the 8* transition. The reduction has been attributed to thedominate the high-energy region above 10 MeV. The low-
effect of Dirac sea negative-energy states, i.e., the missingnergy tail of the strength distribution corresponds to core-
part of the sum rule is taken by particle-hole excitationspolarization(Vj=Ii%—>7rj=|i%), and back spin-fligvj =
formed from ground-state configurations of occupied states%—mrj:H%) transitions.
in the Fermi sea and empty negative-energy states in the The solid curve in Fig. 9 has been calculated without
Dirac sea. The effect is illustrated in Fig. 7, where we displayincluding theT=0 proton-neutron pairing in the RQRPA re-
the running sum of GTR strength fé?®Pb. The horizontal sidual interaction. The resulting high-energy GT strength dis-
dotted line corresponds to the valuéN3-Z)=132 of the plays pronounced fragmentation. This fragmentation, how-
Ikeda sum rule. The solid and dashed lines correspondgver, is not induced by coupling topz2h configurations
the values of the GTR sum calculated frome o the  (notincluded in the present version of the RQRPAther it
excitation energy denoted on the abscissa. The big jump iis caused by the splitting between differeuit configura-
the calculated GTR sum occurs, of course, when the maitions. GTR configuration splittingan appearance of two or
GTR peak at=19 MeV is included. The RRPA calculation more collective bumps with comparable intensities in the
represented by the dashed line includes only positive enGTR strength functionwas investigated in Ref46] in the
ergy ph configurations. Even extending the sum up tdframework of the shell optical model. For Sn nuclei, in par-
60 MeV, thetotal sum amounts only te=122,that is 8% ticular, this effect was predicted to occur as the valence neu-
less than the lkeda sum rule. The total sum ruld-3Z) is  tron start to occupy the level with the highgsin the shell
exhausted by the calculated GT strength only when the-hi12. The configuration splitting was attributed to the fact
relativistic RPA/QRPA space contains ph excitationsthat the unperturbed energies of tiigg7.,)(1gs,) ™ and
formed from ground-state configurations of the fully or (1hg,)(1h};,,)" configurations are almost degenerate. The
partially occupied states of positive energy, and the emptyesidual interaction removes this degeneracy and, as a result,
negative-energy states from the Dirac dsalid line in  the main GT component separates in two distinct peaks. The
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FIG. 9. The Gamow-Teller strength distributioniSn, calcu- FIG. 10. RHB plus proton-neutron RQRPA results for the en-

lated for different values of the strength parameter of tk® pair- €'y Spacings between the Gamow-Teller resonances and the re-
ing interaction(14). The insert displays the corresponding calcu- SPective isobaric analog resonances for the sequence of even-even
lated centroids of the direct spin-flip GT strength. 112-12%5n target nuclei. The experimental data are from 4.

ever, part of the strength associated with direct spin-flip tran-

ground-state pairing correlations have a strong influence ositions is concentrated at10 MeV. Another interesting re-
the occupation of thelt,, level, and therefore the energy syt is that the centroid of the GT strength composed of
spacing between the two peaks will dependTenl pairing.  gjrect spin-flip transitions(vj:I+%—>7-rjzl—%) practically
For 11%Sn the calculated splitting of the GTR was 2.6 MeV does not depend on the strength of 0 proton-neutron
[46]. Subsequently, the fragmentation and splitting of thepy residual interaction. This is shown in the insert of Fig. 9,
GTR in Sn nuclei was experimentally investigated in Ref.\yhere we plot the calculated centroid of the direct spin-flip
[40]. The theoretically predicted configuration splitting of the GT strength, as function of the strength paramaterSince
main GT component, however, could not be observed, sincge could not use experimental data on the GTR centroid to
the total widths of the resonances of 5-6 MeV exceed thejyst the strength of tHE=0 pairing channel, the following
predicted splitting. The splitting of the main GT componentjystrative calculations have been performed witf,
shown in Fig. (solid line) of =3 MeV is in agreement with  — 250 MeV.
the result of Ref[46]. In addition, we find a third direct In a recent PN-RQRPA calculatidi34] we have shown
spin-flip component in the region above 10 MeV, predomi-that the isotopic dependence of the energy spacings between
nately based on the configuratié®ds,,)(2dz ;). the GTR and IAR provides direct information on the evolu-

The other curves shown in Fig. @otted, dashed, and tjon of neutron skin-thickness along the Sn isotopic chain. It
dot-dasheylhave been calculated with the inclusion of the has been suggested that the difference between the radii of
T=0 proton-neutron pairingl4) in the RQRPA residual in-  the neutron and proton density distributions along an isotopic
teraction. In Ref[26] the overall strength paramet®t of  chain, could be determined from the measurement of the
the interaction was adjusted to measured half-lives ogxcitation energies of the GTR relative to the IAR. The cal-
neutron-rich nuclei in regions wherreprocess path comes cylation of Ref.[34], however, was performed with the NL3
closest to the valley of stability/y=230 MeV nearN=50 re|ativistic mean-field effective interaction. Although NL3
andV,=170 MeV nealN=82. In the present analysis, how- has become a standard in RMF calculations, like many other
ever, B-decay half-lives are not calculated and we could nothon-linear meson-exchange effective interactions it has a
adjustVo in this way. The GT strength functions shown in high nuclear matter asymmetry energy, and consequently it
Fig. 9 have been calculated fop=200, 250, and 300 MeV, predicts rather large values for neutron density distribution
respectively. As one would expect, the inclusioflef0 pair-  radii. Here we repeat the calculation using the DD-ME1 ef-
ing has a strong influence on the low-lying tail of the GT fective interaction. Among other ground-state nuclear prop-
distribution, i.e., on the region that contributes godecay.  erties, the parameters of DD-ME1 have also been adjusted to
Here, however, we are concerned with the main GT compOexperimental data on differences between radii of neutron
nent. An important effect that we notice is the disappearancgng proton distributions.
of configuration splitting between the two high-energy peaks. |n Fig. 10 we display the calculated differences between
This happens because tfie0 pairing interaction does not the centroids of the direct spin-flip GT strength and the re-
affect configurations based on ttigg,,) orbital (fully occu-  spective isobaric analog resonances for the sequence of even-
pied), whereas it lowers configurations based(thy;,;) and  even Sn target nuclei. Fok=112-124 the results of RHB
(2dz,) (partially occupiegl Our calculation therefore shows plus PN-RQRPA calculatioDD-ME1 density-dependent
that theT=0 proton-neutron pairing strongly reduces the pre-effective interaction, Gogny=1 pairing, T=0 pairing inter-
dicted configuration splitting of the main high-energy GT action (14) with V,=250 MeV, the Landau-Migdal param-
component. In addition to the main GTR=afl6 MeV, how-  eter g’'=0.55, are compared with experimental ddi0].
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The calculated energy spacings are in very good agreemer 4 - T - T T T -
with the experimental values. As it has been emphasized ir L
Ref. [34], the energy difference between the GTR and the
IAS reflects the magnitude of the effective spin-orbit poten-
tial. Many relativistic mean-field calculations have shown
that the magnitude of the spin-orbit potential is considerably
reduced in neutron-rich nucl¢#47], and a corresponding in-
crease of the neutron skin has been predicted. In Fig. 11 th
calculated and experimental energy spacings between th
GTR and IAS are plotted as a function of the calculated
differences between the rms radii of the neutron and protor
density distributions of even-even Sn isotopeagper panel
Notice the uniform dependence of the energy difference be-
tween the GTR and IAS on the size of the neutron-skin. This
means that, in principle, the value of-r, can be directly
determined from the theoretical curve for a given value of
Est—Eas- In the lower panel the calculated differences be-
tween neutron and proton rms radii are compared with avail- 4 5,
able experimental daf{@8]. The agreement between theoret- = L
ical and experimental values suggests that the neutron-ski=_ ¢ 15
thickness can be determined from the measurement of thi’e L
excitation energies of the GTR relative to IAS. 0.10—
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IV. CONCLUDING REMARKS AND OUTLOOK L
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In this second part of the work on the RQRPA, we have 110 112 114 116 118 120 122 124 126

formulated the proton-neutron RQRPA in the canonical A
single-nucleon basis of the RHB model, for an effective La- FIG. 11. The proton-neutron RQRPA and experime[8] dif-
grangian characterl_zed by de”S'tV'depe’?def‘t meson-nuqlzjgrences between the excitation energies of the GTR and IAR, as a
Coupllr_lgs. The paSIC.ad\./amagef of working |n. the Can.omc unction of the calculated differences between the rms radii of the
basis ,'S that,_S|_nce It d'agon‘?‘l'zes the dens'ty matrix, th eutron and proton density distributions of even-even Sn isotopes
canonical basis is always localized and so it can be used bo pper panél In the lower panel the calculated differenaes r

for bound states and for the positive energy single-particle, compared with experimental dd¢s]. P
continuum. This is especially important in the description of

low-lying excited states and giant resonances in weakly

bound nuclei far from stability. From the practical point of gne|l nuclei and for open shell nuclei. The importance of a

view, it is also considerably simpler to solve the RQRPA ., sistent treatment of pairing correlations has been demon-

equations in the canonical basis, in which the relativisticStrated in the example of IAR and GTR in Sn isotopes

Hartree-Bogoliubov wave functions can be expressed in the In addition to the IA and GT fw excitations, the(p,n)

form of BCS-like wave functions. ¢ h | id for th llecti in-fli diool
The inclusion of relativistic effective interactions with ex- Spectra show clear eV.' e_nce or the C.O e.c Ive spin-lip dipole
ngl,S: 1) lhw excitation and spin-flip quadrupoléL

plicit density dependence of the meson-nucleon coupling ot Y
provides an improved description of asymmetric nuclear2+S= 1) 2hw excitation. The broad>10 M?V) spin-flip
matter, nuclear ground-states and properties of excited statedipole and quadrupole resonances can be interpreted as su-
especially in nuclei far from stability. The PN-RQRPA model Perpositions of three collective modes with spin-padfy
includes both theT=1 andT=0 pairing channels, and the =07, 17, 27, andJ"=1%, 2%, 3", respectively. It has not yet
model space contains pair configurations formed from théeen possible to experimentally resolve these resonances into
fully or partially occupied states of positive energy in the the different angular momentum components. Recently it has
Fermi sea, and the empty negative-energy states from theeen suggested that experimental data on charge-exchange
Dirac sea. It has been shown that the inclusion of configuraspin-dipole resonances can be used to extract information
tions built from occupied positive-energy states and emptyabout neutron-skin thickness in neutron-rich nuclei.
negative-energy states is essential in order to satisfy model The PN-RQRPA will be applied to the study of spin-
independent sum rules. multipole charge-exchange modes. An interesting question is
The proton-neutron relativistic QRPA provides a naturalwhether such a self-consistent approach, which starts from
framework for the description of spin and isospin excitationsthe description of the nuclear ground-state, can simulta-
In this work the model has been applied to the analysis oheously reproduce the dynamics of these high-lying and, in
charge-exchange modes: isobaric analog resonances amwny cases, only weakly collective states. Another important
Gamow-Teller resonances. A very good agreement with extopic will be the calculation of3-decay rates in semimagic
perimental data has been obtained, both for doubly-closedeutron-rich nuclei. These nuclei are particularly important
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