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Abstract 

An approach is proposed for studying the spreading properties of the Gamow-Teller resonance 
(GTR) in heavy nuclei including the coupling to 2p2h configurations and the ground-state 
correlations beyond RPA. The GTR is generated by a proton p-neutron h (Trp-~h) phonon 
within the renormalized RPA. The second-order configuration mixing beyond RPA is realized 
by constructing two-phonon configurations, in which one of two intermediate phonon states is 
a ~rp-eh phonon. The numerical calculations are performed in the parent nuclei 9°Zr and 2°sPb 
making use of M3Y nucleon-nucleon interaction and the single-particle wave functions obtained 
in the standard harmonic oscillator potential. The single-particle energies around the Fermi surface 
are substituted with the empirical values or those given by a Woods-Saxon potential. The results 
obtained provide a reasonable account for recent experimental findings on the GTR in these nuclei. 
The extension of the present approach to highly excited (hot) nuclei is also provided. The GTR 
is found to be stable against temperatures up to T = 6 MeV. @ 1997 Elsevier Science B.V. 

PACS: 24.30.Cz; 21.10.Pc; 21.60.-n; 25.40.Kv 
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I. Introduct ion  

The giant Gamow-Teller  resonance (GTR) has been one of the interesting subjects 

of both experimental and theoretical investigations for more than thirty years. This 
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collective spin-isospin excitation was predicted in 1963 [ 1] to explain the hindrance 

of allowed unfavored fl decays. Its first experimental observation has been reported in 
1975 in the 9°Zr(p,n) reaction [2], which has been a powerful tool in the study of the 
GTR in heavy nuclei at intermediate energies. 

A measure of the total observed transition strength for the GTR is provided by the 

model-independent Ikeda sum rule [ 1 ]: S#_ - SB, = 3(N - Z) .  As the inverse fl-decay 
o-r+ is strongly hindered because of the Pauli principle, 3(N - Z)  should be nearly 
exhausted by the transition strength summed over all GT states in the daughter (Z  + 

1, N -  1) nucleus. However, until very recently (see below) experimental systematics 

over a wide range of the periodic table found only around 60% of the sum rule value 
on the average. This so-called quenching of the GTR is still an unresolved problem 
requiring further efforts in both theoretical and experimental studies. 

Already in the early 1970s Wilkinson [3] urged nuclear physicists to look at the 
super-allowed fl-decay rates of light nuclei with a valence nucleon or hole outside 
an LS doubly closed shell. It turns out that some of them, such as 39Ca ---+ 39K and 

41Sc ~ 41Ca, have been observed to be very much hindered down to 66% or 74% of 

their single-particle values [4]. If  they are squared, they amount only to 44% or 54% 
of their single-particle transition probabilities. In order to explain these quenchings, the 
importance of 2plh  configuration mixing has been pointed out [5]. However, after the 
quenching of the GTR was confirmed, another mechanism was proposed. This is the 

A(1232) isobar-hole admixtures in the nuclear wave function [6]. Theoretical studies 

have shown that this effect seems to be small in light and medium nuclei [7,8] or 
can be only of the order of 10,-~20% in heavy nuclei [9]. Instead of 2plh  admixtures 
the 2p2h-configuration mixing must be taken into account. If  this mechanism plays an 
important role, the missing GT strength 
below and beyond the GTR [9,10]. 

The first perturbative calculation of 

should be spread over the physical background 

the mixing of GT strength with 2p2h con- 
figurations at high excitation energies in 9°Zr has been performed by Bertsch and 
Hamamoto [ 11] who found that roughly 50% of the GT strength is shifted into the 

region of 10-45 MeV. The M3Y interaction including a tensor part was used in this 
calculation. Since the tensor force is of the longest range in the momentum space it may 
couple the l p l h  states to very high-lying 2p2h states, causing a more fragmentation of 

the strength toward higher excitation energies. The authors of Ref. [8] found that the 
effects of mixing of highly excited configurations through a tensor force is essential to 
explain the large reduction of the GT-type/3-decay matrix element in light nuclei. For 
medium and heavy nuclei this has been confirmed by the calculations in 4°Ca, 9°Zr, and 
2°spb by Dro2d2 et al. [ 12] within the projected second RPA (SRPA). These calcula- 

tions used a two-body interaction derived from a G-matrix with the HM3A version of 
the Bonn potential. The results show that the GTR in these nuclei has a long tail, which 
extends up to excitation energies of more than 50 MeV. Recently Udagawa et al. applied 
a continuum TDA approach including an empirical width of GTR via the imaginary part 
of the optical potential [ 13]. The results of their calculations in 2°8pb turned out to be 
close to those of  Drozd2 et al. [ 12]. 
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Meanwhile the fragmentation of the GTR in heavy nuclei has also been calculated 

by Kuzmin and Soloviev [ 14] within the framework of the quasiparticle-phonon model 

(QPM) [15]. In the QPM one first solves the RPA to determine the collective ph 
(phonon) excitations. The 2p2h configuration mixing is realized via coupling to two- 
phonon states. This two-step procedure, which reduces largely the dimension of matrices 

under consideration, is one of advantages of this approach as compared to the SRPA 
[ 12]. The results of the calculations within the QPM, using the single-particle energies 

from the Woods-Saxon potential and the separable force as residual interaction, showed, 
however, that the GTR spreads only up to the excitation energies of around 30 MeV. 

Co16 et al. calculated spreading of GTR within the framework of a continuum TDA 

+ Hartree-Fock formalism with several types of Skyrme interaction [ 16]. In their 

calculations the lp 1 h-2p2h configuration mixing was simulated by coupling TDA states 
to low-lying collective vibration modes. The calculated energy for the main peak of the 

GTR is higher than the experimental value by about 2~4 MeV depending on the version 

of Skyrme interaction. The strength distribution was shown only in the localization of 
GTR within the interval around (18~24) MeV, where the strength amounts to 61~68% 
of the Ikeda sum rule. Both strength functions in Refs. [ 14,16] correspond to a width of 
GTR smaller by 18~20% as compared to the experimental value. In addition the results 
in Ref. [ 16] were found to be quite sensitive to the type of Skyrme interaction in use. 
Even though all theoretical models recover the Ikeda sum rule in the energy interval 
below 50~60 MeV, the amount of strength in the GTR region as well as the shape of 

the strength function itself vary noticeably depending on models. 

Recently high-resolution measurements for the proton decay from GTR in the 
2°spb(3He,t)2°8Bi reaction at E(3He) = 450 MeV [ 17] and for the differential cross- 

sections for the 9°Zr(p,n)9°Nb reaction at 295 MeV [18] were carried out at the 

Research Center for Nuclear Physics (RCNP) in Osaka. In particular, the authors of 
Ref. [ 18] were able to extract, for the first time, the L = 0 cross section in the contin- 
uum. It results in a long tail of GTR extending up to around 60 MeV, recovering the 
missing part of the GTR strength. These data also show clearly that the contribution 

from isobar-hole admixtures is less than 6% of the GTR sum rule. 
These new experimental results [ 17,18] have motivated the present work. We are 

going to try here an approach to the damping of GTR based on the coupling of the GTR 

excitations in the RPA to 2p2h configurations via two-phonon states. Even though the 
way of constructing the 2p2h configuration mixing is similar to the one within the QPM 
[ 15], the essential difference is in the use of a two-body residual interaction in the form 
of the M3Y effective nucleon-nucleon force in our approach instead of a separable one. 

Another improvement is that the effects of ground-state correlations beyond RPA and 
of the two-phonon backward processes are also included in our calculations. In contrast 
to the approach in Ref. [ 16], we shall couple 7"rp-uh configurations also to high-lying 
2p2h (two-phonon) states. Finally our formalism allows us to extend the numerical 

calculations to non-zero temperature case. 
The formalism of our approach is discussed in Section 2. The RPA-like equation 

for ph (phonon) excitations including the ground-state correlations beyond the usual 
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RPA is outlined in Section 2.1. The formalism for calculating the spreading of the GTR 
strength function after coupling ~rp-vh phonon states to two-phonon ones is presented 
in Section 2.2. The details and results of numerical calculations for the GTR in 9°Nb and 
2°8Bi are discussed in Section 3, where the comparison to the recent experimental data 
and the data given by the models in Refs. [ 12-14,16] is made. The paper is summarized 
in the last section. 

2. Formal ism 

2.1. Ground-state correlations beyond RPA 

The usual RPA violates the Pauli principle by treating ph creation B~h and annihilation 
Bph operators as ideal bosons. As a consequence RPA breaks down at a certain value of 
the interaction strength, where it yields imaginary values. A simple approach to correct 
for this deficiency has been proposed by Hara [19]. This induced the ground-state 
correlations beyond the RPA, which can be taken into account by solving a non-linear 
RPA-like equation. Recently an improvement of this method has been proposed in 
Ref. [21 ], where a higher accuracy in expansion series was achieved and realistic self- 
consistent calculations with Skyrme interaction were performed for the first time for 
lowest quadrupole and octupole states in heavy nuclei. In the present paper we would 
like to include this effect in the calculations of the GTR. As the detail of this method 
has been already discussed in Ref. [21], we outline it here only in brief. 

The pp and hh pair operators can be expressed in terms of ph pair ones (Btph -- atpah) 
using the mapping procedure as in Ref. [20]: 

h p 

The many-body Hamiltonian is then approximated in terms of only ph pair operators 
Btph and Bph a s  

H = Ho + Hv, (2.2) 

where H0 is diagonalized in RPA, while Hv is responsible for the configuration mixing 
beyond RPA. The renormalized phonon operator, generating the collective ph excitation 
is introduced in RPA as: 

= Z_.., *"ph t~ph*-'ph -- Y~,hBph] • (2.3) 
oh 

The presence of the renormalization factor (Dph)-l/2 (nh > rip) in Eq. (2.3) preserves 
the boson nature of Q~ and Qv within the approximation 

(ol [Bph, n~,h, ]10) -- (0In'hi0) - (01n~pl0) - 6pp'ahh,Dph, (2.4) 

in such a way that the amplitudes Xph and Y~h still satisfy the RPA normalization and 
closure relations. The factor Oph characterizes the correlations beyond those, which are 
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already included in the RPA ground state 10). These ground-state correlations beyond 
RPA restore (up to second order in ph operators) the Pauli principle, which is violated 
when using B~h and Bph as ideal bosons. The expression for Dph has been derived in 
Ref. [21] more generally than the one in Ref. [19]. It can be extended further here 
to non-zero temperature T by replacing the average over the ground state (01 . . .  10) (at 
T = 0) with the one over the thermal equilibrium ensemble (T 4= 0): 

T r [ . . .  exp -H°/r ] 
(I.--1} = Tr exp_Ho/T (2.5) 

The final expression has the form 

Dph = 1 -- Z Dp,h[ (1 + Nu) (Yt~,h) 2 + N~(Xp,h) 2 ] 
ptt, 

-- Z Dph' [(1 + N~)(yp~,,) 2 + N,,(X;h,)2]. 
h¢~, 

(2.6) 

The phonon number N~ in Eq. (2.6) arises from the approximation 

(2.7) 

Eqs. (2.6) and (2.7) can be used to unify the quantal correlations in the ground state 
and the thermal fluctuations at non-zero temperature if we describe the phonon number 
N~ by the Bose-Einstein statistics at T 4 :0  as 

N~ = (e °'~/r - 1 )  - 1  , (2.8) 

with w~ being the energy of one-phonon excitation. At T = 0 the phonon number N,, 
vanishes and one recovers the equation for Dph in Ref. [21]. The case with Dph = I 
means no ground-state correlations beyond RPA. 

The RPA-like equation (renormalized by the factor Dph) has the same tbrm as 
the conventional one with the two-body interaction multiplied by (DphDp,h ,) t/2 (see 
Refs. [ 19,21] ). Because of Eq. (2.6) it becomes a non-linear equation with respect to 
the amplitude Y and must be solved self-consistently together with Eq. (2.6). Its solu- 
tion defines the energy w, and the amplitudes X and Y of the ph excitation generated 
by the phonon operator in Eq. (2.3). 

Specifying in Eq. (2.3) the p,, indices denoting proton particles and h, - neutron 
holes, we can define the charge-exchange 7rp-uh phonon (creation) operator Q~ as 

Q~ = ~ n - l / 2 r y u  , t  - Yt~h,Bp,h,] (2.9) ~ p . h .  t l~p~h~p~h~ 
p~rh~ 

The GT excitations are generated by acting operator Qt u on the ground state 10) of the 
even-even parent nucleus. The renormalized RPA-like equation for the charge-exchange 
excitations, generated by phonon operator 7rp-ph Q~ in Eq. (2.9), has the same form 
as the one for ph phonon excitations. Therefore we omit writing down it here. 
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2.2. Spreading of GTR due to mixing with two-phonon configurations 

The coupling of the charge-exchange 7rp-uh phonon excitations, generated by operator 
Qt in Eq. (2.9), to the ones caused by phonon {Qt, Q} operators in Eq. (2.3), is the 
second-order configuration mixing, which leads to the spreading (fragmentation) of the 
GTR in RPA. Our study later on will concern only the average quantities such as strength 
function, the energies, spreading properties. Hence we will work with the expectation 
values (01...10) (at T = 0) or (] . . .1) (T ~ 0) rather than with wave functions. 
This makes straightforward the extension of our formalism to non-zero temperature, 
where a pure ground state cannot be defined. In this general case the two-time Green 
function method [22,23] turns out to be a powerful tool in studying the damping 
of collective motion. This method has been applied within the QPM in calculating 
the EA (natural parity) transitions including giant resonances at zero as well as non- 
zero temperature [24]. The fragmentation of GTR in the present paper can be studied 
considering the following two-time Green functions, which describe 

(1) the propagation of the ph phonon: 

G~;~,-'+ ( t - / )  = ( (a~( t) ; a~,( / )  ) ), (2.10) 

(2) the propagation of charge-exchange 7rp-uh phonon: 

- '+  t ~a;a' ( - t ') = ((Q,~(t); Qt,(t '))) ,  (2.11) 

(3) the mixing with two-phonon configurations: 

G~r~,~+ ( t - t') = ( ( Q#( t )Qr( t ) ; Qt~,(t'))), (2.12) 

and their backward processes described by e + ' + t t -  t') = ( (Qt( t )"  Qt ( t ' ) ) )  and Z:~ ~ ; O t  t \ ) 

G++'+tt-  t') =- ((Q~(t)Qt~(t);Qt~,(t'))). In Eqs. (2.10)-(2.12) the standard no- 
tation for the two-time Green function from Refs. [22,23] is used. We notice that in the 
2p2h configuration mixing described by Green function ~r_d + (t - t ~) in Eq. (2.12), 
the two-phonon configuration is constructed by one charge-exchange phonon Qt and 
one ph phonon Qt. The physical processes included in our approach can be depicted 

diagrammatically in Fig. 1. 
The set of equations for the Green functions in Eqs. (2.10)-  (2.12) and their backward 

processes is derived following the standard procedure in Ref. [23]. As the structure of 
ph and charge-exchange phonons is known after solving the renormalized RPA-like 
equations in the previous section, the Hamiltonian in Eq. (2.2) can be expressed in 
terms of phonon operators {Qt, Q} and {Qt, Q}. This makes the procedure of deriving 
the equation for Green functions straightforward. It results in a hierarchy of equations 
including higher-order Green functions as well. In order to close the set up to the 
functions defined above we use Eq. (2.7) to decouple, e.g. 

( (Q~Q~,Q~; Q~,) ) = Nu( ~ z , (  (Q~; Q~,) ) + 6~,~( (Q~, ; Q~,) ) ). (2.13) 
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Fig. 1. Graphs summarized in the present approach. A vertical dashed line terminated by two open circles 
denotes the two-body interaction renormalized by the ground-state correlations beyond RPA. 

As N~ vanishes at zero temperature, this decoupling means that, in the study of GTR 

built on top of the ground state, we neglect all mixing to configurations higher than two- 
phonon ones. On the other hand it secures coupling to all possible 2p2h configurations. 

The closed set of equations then undergoes the standard Fourier transformation to 
come to a complete set of equations for the Fourier images of the Green functions in 
Eqs. (2 .10)-(2.12)  and their backward process in the energy space ~/. Eliminating func- 
tions G - - '  + (r/) and G ++'+ (r/) by expressing them in terms of the functions G- '  ~ (r/I 
and ~+'+(r / ) ,  we finally obtain the set of the equations for the one-phonon propagators 
alone. This final set of equations for the propagation of p~-h,, phonon with energy 

can be presented in a matrix form as 

-13'  - A '  = r /  G+,+(r/)  . 

This looks formally like the SRPA equation [ 12] except that matrices A, 13, A'  and 
13' contain now the self-energy parts, which are functions of two-body matrix elements, 
the X and Y amplitudes, the ph and charge-exchange phonon energies co z, and ~ ,  
positive poles ~B + we (two-phonon forward processes), negative poles - (~ t~  + wz,) 
(two-phonon backward processes), and also the factor ( 1 + N~ + N r) coming from the 
decoupling in Eq. (2.13). The matrix elements of ,,4, A I, 13, and 131 are summarized in 

Appendix A. 
The excitation energy r / in  the parent nucleus is defined as the solution of a determi- 

nant equation, whose matrix form is 
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det I tH(r l )  I I - detll ( . 4  - ~Ta) - Z~(.4'  + ~,~) -~/3'11 = 0 .  ( 2 . 1 5 )  

The response is calculated by inverting the matrix H( r / ) .  The strength function is 
proportional to the imaginary part of the response at complex energy with the factor 
- 1 / o r .  A technique has been developed in Ref. [ 15 ] for calculating the strength function, 
using the matrix inversion by Cramer's rule without finding the solutions of Eq. (2.15). 
This yields the strength function in the form 

l{~ii,(--l)i+i'j~ii'(gl"Fizl)~I~icI~i' } S(rl) = --Im , (2.16) 
¢r det ] ]H( r /+  iA)11 

where Mii' is the minor of the determinant det I I / - / ( r /+ ia)  II and ~i is the matrix element 
of the GT transition from the ground state to the one generated by charge-exchange 
phonons. The finite A plays the role of a smearing parameter in calculating the strength 
function. It can also account for coupling of 2p2h states to even more complicated 
configurations. In realistic calculations, to avoid spurious results, A is usually chosen to 
be sufficiently small such as the lowest moments of the strength function are insensitive 
to its actual value [12]. The overall procedure in the present formalism makes it 
physically equivalent to the extended RPA (ERPA) developed by Takayanagi et al. 
in Ref. [25], which is a generalization of the projected SRPA in Ref. [ 12]. In both 
our approach and ERPA the two-phonon (or 2p2h) configurations are projected onto 
the one-phonon ( l p l h )  space including second-order correlation effects such as two- 
phonon backward processes. The calculations in both approaches can be carried out by 
coupling to many two-phonon (2p2h) configurations including those in the region of 
high-excitation energy. The ERPA was applied so far only to the calculations of M1 
transitions [26] and the Coulomb sum rule in 4°Ca [27]. On the other hand, the two- 
step procedure in our approach, which uses the ph and charge-exchange phonons of the 
renormalized RPA to form the 2p2h configurations, makes the numerical calculations 
more feasible for heavy nuclei. 

The kth moment, the energy centroid E, the EWSR and the spreading width /,~ of 
the resonance distribution are calculated from the strength function S07) as 

(a) the kth moment 

E2 

El 

(b) the energy centroid E and the EWSR: 

(2.17) 

v/m2 / ,1 = ~oo - ( ~ ) 2 .  (2 .19)  

(c) the spreading width F i :  

= --,ml EWSR = ml, (2.18) 
mo 
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Table 1 
Average quantities extracted from the strength distribution of GTR in 9°Nb. The amounts of strength summed 
up in three energy intervals (i) below (< E<), (ii) between (E<,E>) and (iii) above (> E>) the GTR 
location are denoted as S<, SG'rR, and S>, respectively. The percentage of strength with respect to the lkeda 
sum rule is given in parentheses. The centroid energy E and spreading width F 1 are calculated in the interval 
(E<, E> ) with E< = 12 MeV, E> = 22 MeV. (A): results including two-phonon backward processes; (B): 
results neglecting these backward processes 

(MeV) I q (MeV) S< SGTR S> 

a) A = 1 MeV A 16.81 2.41 2.75 (9.17%) 19.06 (63.53%) 9.00 (30%) 
B 16.81 2.41 2.68 (8.93%) 19.08 (63.60%) 8.997 (29.99%) 

b) A=2 MeV A 16.86 2.52 3.63 (12.1%) 16.45 (54.83%) 10.01 (33.37%) 
B 16.86 2.52 3.58 (l 1.93%) 16.47 (54.9%) 9.99 (33.30%) 

3. Results 

We have calculated the f l_-strength distribution in 9°Nb and 2°8Bi by coupling p~ - h,, 

phonon excitations to natural parity EA ~ (for 2°8Bi) and unnatural parity M,~ ~ phonon 

excitations (for  9°Nb) with a = 1 ~ 5. All  the one-phonon states with energy below 

40 MeV and two-phonon states with energy up to 60 MeV are included. The calculations 

in 2°8Bi use the single-particle energies defined in the standard oscil lator potential.  The 

levels around the Fermi surface are replaced, however, with the empirical values. For 

the calculations in 9°Nb the information about the empirical single particle levels is not 

complete,  so the single-particle spectrum defined from a Woods-Saxon  potential [28] 

is used around the Fermi surface. We adopt the M3Y nucleon-nucleon force as effective 

interaction, whose parameters are given in Refs. [ 11,26]. The matrix elements of  M3Y 

interaction and RPA were calculated using some subroutines from the program code of  

Ref. [26] .  
The effects of  ground-state correlations beyond RPA are found to be negligible in both 

nuclei ( the factor Dph is very close to 1 ). The calculated GTR strength functions for 

9°Nb and 2°8Bi are shown in Figs. 2 and 3, respectively. The results were obtained with 

d = 1 MeV, but our check has shown that the value of  lowest moments of  the strength 

function is rather stable against varying d from 0.1 MeV up to 2 MeV (see Table I ). 

The calculated strength function in 9°Nb agrees better with the experimental one up to 

40 MeV (Fig.  2a) as compared to the results in Ref. [ 12] (dotted curve).  At higher 

excitation energy the calculated results underpredict the experimental tail [ 18]. Despite 

the overall reasonable agreement with the data in Fig. 2a, some discrepancy still remains 

between the theoretical curve and the experimental histogram. This is not surprising as 

our formalism includes only the coupling to 2p2h configurations. Recent works on the 

GTR in medium mass nuclei (e.g. 54Fe and 56Fe) have shown that a full p f  shell 

calculation is important  in order to reproduce the quenching factor of  the Gamow-Tel ler  

strength [29] .  The calculations with the quasiparticle RPA including 2p2h configuration 

mixing in the ground state by Auerbach et al. [30] also concluded that higher-order 

correlations may significantly enlarge the quenching factor. In the present calculations it 



728 Nguyen Dinh Dang et al./Nuclear Physics A 621 (1997) 719-735 

~> 

0") 

(a) 

"7 
> 

CO 

(b) 

10 

a 

8 

6 

4 

0 
0 

! 

beyond the scale 

10 

I I ! I 

9°Nb (a): A = 1 MeV 

20 30 40 50 60 

10 

8 

6 

4 

! 

beyond the scale 

q, MeV 

I I I I 

9°Nb ( b ) : A = 2 M e V  

0 
0 10 20 30 40 50 60 

q, MeV 
Fig. 2. Strength function of GTR in 9°Nb. Energies are measured with respect to the ground state of '~)Zr. The 
experimental strength distribution from Ref. [ 18] is shown by the histogram. Impulses show the RPA results. 
Dotted curves refer to the results of Ref. [ 12] while solid curves represent our results. Results obtained with 
d = 1 MeV are shown in (a),  while (b) corresponds to those obtained with /t = 2 MeV. 
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Fig. 3. Strength function of GTR in 2°SBi. Energies are measured with respect to the ground state of 2~)spb. 
Impulses show the RPA results. The dotted curve refers to the results of Ref. [ 12] while solid curves represent 
our results (A = I MeV). 

is worth noticing that the experimental strength function in Ref. [ 18 ] can be reproduced 

quite well by doubling the smearing parameter d to 2 MeV. This may serve as a good 
evidence on the importance of mixing with configurations more complicated than 2p2h 
in 9°Nb (Fig. 2b). We also coupled the charge-exchange phonons, which generate the 
Gamow-Teller transitions in 9°Nb within the renormalized RPA, to the ph phonon states 

of natural parity. The change is found to be negligible as compared to the case with 

coupling to ph phonon states of unnatural parity. Concerning the experimental strength 
function for the GTR in 2°SBi, it is not available at present. Wakasa et al. [18] have 
performed the extensive measurement of the differential cross sections at angles 0lab 

between 0 ° and 15 ° with about 1.2 ° steps and of the polarization transfer DNN at angles 
0lab = 0 ° ,  4 °, 7 °, and 10 ° for the 2°8Pb(p,n) reaction at Tp = 295 MeV. They found 
that the polarization transfer DNN is very sensitive to the multipolarities J ' .  This made 

the multipole analysis much more complicate as one has to perform it not only with 
differential cross sections but also with polarization transfer observables at finite angles. 

The main peak of the GTR strength function in 2°9Bi (Fig. 3) is located at 16.6 MeV 
compared to the experimental value 19.2 MeV [ 17]. The oscillator levels far above the 
Fermi surface is obviously the reason for this deviation. As a matter of fact an energy of 
GTR closer to the experimental value was achieved by reducing the standard oscillator 
strength by 4,-~5%. By doing so, we also improves the similarity between our results 
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Table 2 
Average quantities extracted from the strength distribution of GTR in 2°8Bi. Notation is the same as in Table 1 
with E< = 8 MeV, E> = 25 MeV 

(MeV) 1 "1 (MeV) S< SGTR S> 

A 15.43 3.87 9.62 (7.3%) 75.32 (57.1%) 50.26 (38.1%) 
B 15.28 3.85 10.73 (8.1%) 63.97 (48.5%) 62.14 (47.1%) 

and the ones of Refs. [ 12,13]. However, we would like to keep the standard parameters 

of the potential and effective interaction unchanged throughout all calculations. The 

coupling to 2p2h states spreads the GTR up to around 60 MeV. The sum rule has been 

examined in three energy intervals: i) below the GTR location, ii) in the GTR location 

and iii) above it. The results are summarized in Tables 1 and 2, where the calculated 

values of the spreading width E L and the energy centroid E of the GTR in the resonance 

location are also shown. In the GTR region in 2°8Bi (Table 2) the integrated strength 

amounts to 57% of the Ikeda sum rule compared to 60-1-15% found in experiments [ 17]. 

The tail in the energy region above the GTR amounts to 38% of the Ikeda sum rule, 

while there is 7.3% of the sum rule distributed in the lower-energy region (i). The 

spreading width F 1 is 3.87 MeV compared to the experimental value 3.72 MeV. For 

9°Nb (Table 1 ) we found around 30% of the Ikeda sum rule in the region of excitation 

energies higher than 22 MeV compared to around 40% extracted for the first time in 

experiments [ 18]. We argue that the nature of the continuum in this energy region still 
remains an open question, requiring further measurements. The spreading width and the 

energy centroid of the GTR in 9°Nb are F 1 -~ 2.4 MeV and E ~_ 16.8 MeV, respectively. 

The experimental values for these quantities are not available upon the writing of the 

present paper. The calculated total/3_ strength of GTR up to more than 60 MeV amounts 

to around 103% of the Ikeda sum rule in both nuclei. This is in agreement with the 

empirical observation on the contribution of the/3+ transitions of around 1.7 ± 0.2% of 

the GTR sum rule. Inclusion of two-phonon backward processes made the GTR more 

collective in the resonance region. These effects are better seen in 2°8Bi (see Table 2). 

Further study with different choices of the residual interaction is highly desirable to see 
whether these effects interfere constructively or destructively with the damping of GTR. 

A test by switching off the tensor part of the M3Y interaction confirms that the tensor 
part is responsible for pushing the GTR distribution up to higher energy with a long 

high-lying tail [8,12]. Our calculations and those in Refs. [ 11,12] show that the use 

of a non-separable interaction including the tensor force in calculating the lpl  h-2p2h  

configuration mixing is decisive in achieving an adequate GTR strength distribution up 

to excitation energies of 60 MeV. For a comparison, we refer to Refs. [ 14,16] (Fig. 4). 
The authors of Ref. [ 14] adopted a separable force whose parameters were adjusted from 

nucleus to nucleus to reproduce the lowest and resonance energies found in experiments. 
The GTR strength below 30 MeV in their calculations already exhausts the Ikeda sum 
rule (dotted curves in Fig. 4). The GTR in 2°8Bi calculated in Ref. [ 16] is concentrated 

in a narrow region around ( 18,-~24 MeV). The energy of the main peak of the GTR is 
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Fig. 4. Strength function of GTR in 9°Nb (a) and 2°8Bi (b) (solid curve) in comparison with Refs. 1141 
(dotted curve) and 1161 (dashed curve). 
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Table 3 
Average quantities extracted from the strength distribution of GTR in 2°8Bi at several temperature. Notation 
is the same as in Tables 1 and 2 

T (MeV) E (MeV) F -t (MeV) S< SGTR S> 

0 15.43 3.87 9.62 (7.3%) 75.32 (57.1%) 50.26 (38.1%) 
2 15.33 3.91 9.71 (7.4%) 75.78 (57.4%) 45.13 (34.2%) 
4 15.37 3.93 9.33 (7.1%) 79.36 (60.1%) 49.24 (37.3%) 
6 15.15 3.91 11.34 (8.6%) 87.47 (66.3%) 45.25 (32.0%) 
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Fig. 5. Strength function of GTR in 2°8Bi at several temperatures. Notation of curves is given in the figure. 

higher than the experimental  value by 2 ~ 4  MeV depending on the type of  the Skyrme 

interaction in use. (The dashed curve in Fig. 4b corresponds to the results obtained in 

Ref. [ 16] using the SIII force.) There is no indication in Ref. [ 16] on how the rest 

of  the sum rule is distributed beyond the GTR. Both approaches in Refs. [ 14,16] give 

a GTR spreading width in 2°8Bi, which is narrower than the experimental findings by 

around 20%. 

We also performed the calculations of  the GTR strength function at several temper- 

atures up to T = 6 MeV. The results of  calculations in 2°8Bi are displayed in Fig. 5. 

The values of  the integrated strength, the centroid energy and the spreading width are 

summarized in Table 3. The strength in the GTR region in 2°8Bi increases less than 10% 

at T = 6 MeV while it decreases accordingly in the higher-energy tail. The spreading 
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width F * is broadened by less than 2%. The centroid energy in the interval ii) moves 

downward by less than 300 keV (at T = 6 MeV). Our calculations also show that the 

temperature dependence of the strength function of GTR in 9°Nb is negligible. 

4. Conclusions 

We have proposed a microscopic approach for the calculations of l p l h - 2 p 2 h  config- 
uration mixing in the GTR. There are no free parameters in the present approach. The 

advantages of the present approaches as compared to other models developed so far [ 1 1- 

13,15,16] can be summarized as follows. The present approach is a non-perturbative one. 
where the ground-state correlations beyond RPA and the two-phonon backward processes 

are properly taken into account. Adopting the M3Y interaction, this approach includes 
the coupling to low- as well as high-lying two-phonon configurations up to 60 MeV. 

The combination of empirical single-particle levels or the levels from a Woods-Saxon 
potential with those from a standard harmonic oscillator potential allows us to simulate 

effectively the influence of the region of high excitation energy in the continuum. Last 
but not least, the two-time Green function method used in our formalism makes its 

extension to non-zero temperature natural. 
The results of our calculations for 9°Nb and 2°8Bi show that the present tbrmalism 

can provide a good account for recent experimental findings on the spreading properties 

of these nuclei. Our results reconfirm that one may not need recoursing to A isobar-hole 

admixtures for an explanation of the GTR quenching. This statement is also supported by 
the recent empirical observation [ 18]. Our results show that the effect of ground-state 

correlations beyond RPA is negligible for the GTR, while the two-phonon backward 
processes do influence, although slightly, its collectivity. Therefore it is quantitatively 

safe to put Dph = 1 in further numerical calculations of GTR avoiding the procedure of 
solving self-consistently a set of non-linear equations. We also found that the GTR is 

rather stable against temperature up to T = 6 MeV. 
In order to explore further the predictability of our approach it would be interesting to 

extend the present formalism to the study of unstable doubly closed-shell and neutron- 
rich nuclei such as ~32Sn. The decay measurements of these nuclei, including the decay 
into the isobaric analog and Gamow-Teller states, are now becoming possible with the 
RI Beam Factory project at the RIKEN Accelarator Facility [31]. This may serve as a 

subject in our forthcoming study. 
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Appendix A. Matrix elements in calculations of strength funetion 

In this appendix we give the explicit form of the matrix elements of ,A, .A I, B and B I 
in Eqs. (2.14) and (2.15). They are 

Aa¢ = ~,~8,~( + Z ( 1  +N#  + N r) 
3r 

B , ~ ; = Z ( 1  + N / 3 + N  v) 
3r 

× { V~(a'[V~((--~) +--V2' ( f l)  ] - [V~ + W~ (fl)  ]V~(~) - -~3 - to, ~1 + -~3 + °a3, , (A.2) 

,/['~¢ = W~8,~- + Z ( 1  +N3  + N,) 
Or 

× {[V~ + V~(fl)][V~3(()rl - --oo3 - to, + VZ(fl) ] r/V/~(ce) V~(() } +  ~3 + co, , (A.3) 

B' :  = y ] ( 1  + N a  + U,) 
/3, 

x {[V~+V~(fl)]V~(()rl - --tol3 - to, _ V~(a)[V~(()+V~(fl)]}71 + -~3 + toy . (1.4) 

A Greek index denotes a pair of phonon number i and its angular momentum J with par- 
ity ¢r, e.g. ce _= J~'i. The quantity N stands for the occupation number of charge-exchange 
phonon with energy ~. The vertex function V~(ce) contains the matrix elements of the 
two-body interaction. Its general form is 

V~ ( oO = (OI Q3HvtQtr ® Qt]3[0), (A.5) 

where [Qv t ® Qt~] 3 denotes the tensor product. The expression of V~(a) in terms of the 
amplitudes X and Y for the fl_-transitions of GTR is identical to the one in the QPM up 
to the reduced matrix elements of the two-body interaction including angular-momentum 
coupling in the case of spherical nuclei. Therefore we refer the reader to the monograph 
in Ref. [ 15] and references therein for further details. 

Matrices ,4', B and/3' in Eq. (2.14) arise due to the backward processes described 
by the Green functions G+'+ and G ++'+. If the backward processes are neglected one 
recovers from Eq. (2.15) at T = 0 the determinant equation in the QPM [ 14]" 

det ( r / -  ~,~)8,~¢-- ~3, Vc~(cr---~)V3(sr)r/- ~3 - to, =0. (A.6) 
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