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Abstract. We propose a microscopic model to study the core-polarization effects of giant resonances on 
the transition densities of open-shell nuclei. We use the Hartree-Fock-RPA method for the 
calculation of the single-particle wave functions and the response function of the giant resonances. 
Particle-vibration coupling is applied to take into account the core polarization effect on the valence 
many-body wave functions. We apply our model to the quadrupole transitions in the several 
medium-heavy nuclei. Valence many-body wave functions are calculated with the generalized 
seniority scheme and with the shell model. Results for the proton and neutron effective charges 
and the Coulomb form factors for the N = 82 isotones and for “%n and “‘Pd are presented and 
discussed. The effective coupling hamiltonian is determined by the Skyrme interaction SGII which 
is used also in the HF and RPA calculations. The calculated core polarization charges show some 
state dependence% The average theoretical values are Se, = 0.4-0.5 and se, = 0.6-0.7 compared to 
typical empirical values of 6e, = 0.6 and 6e, = 1.2. 

1. Introduction 

Recent progress in electron scattering experiments has given us precise information 
about the transition densities and current densities of collective states of nuclei over 
a wide region of the mass table ‘). These data are especially useful for distinguishing 
the validities of various nuclear models. Transition amplitudes to low-excited states 
in light nuclei have been calculated by using the shell model 2-4) and the random 
phase approximation ‘). While these models can describe fairly well the excitation 
energies of collective states, the theoretical transition strengths are usually much 
smaller than the experimental ones (typically a factor of 4 in the sd-shell nuclei). 
Empirically this has been taken care of by introducing “effective charges” for protons 
and neutrons. In light nuclei, their magnitudes have been qualitatively understood 
by the coherent mixing of the Ip-lh giant resonances into the low-lying states 6-8). This 
is often referred to as the core-polarization effect. 
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A microscopic model has recently been applied to the study of the core polarization 

effect on the transition and current densities of the single-particle configurations “). 
This model consists of two parts. First, the spherical single-particle wave functions 
are calculated by the self-consistent Hartree-Fock (HF) method and the strength 
distributions of the giant resonances are calculated by the RPA method. Then, the 
core polarization effect on the single-particle electromagnetic transition amplitude 
is evaluated using the particle-vibration coupling model 6)_ In our model, the key 
and the only ingredient for all of the calculations is a unified nuclear effective 
interaction. The hamiltonian for the particle-vibration coupling is the same Skyrme- 
type interaction as used in the HF and RPA calculations. We used the parameter 
set SGII ‘) which was designed to successfully reproduce many of the ground-state 
and giant-resonance-state properties of the closed-shell nuclei over a wide mass 
region. Previous work on the calculations of core-polarization effects have used 
finite-range two-body interactions ‘) or schematic two-body interactions lo). Our 
model successfully describes not only the absolute magnitude of the E2 and E4 
core-polarization charges determined empirically for the sd-shell configurations but 
also the q-dependence of the electron scattering Coulomb form factors ‘*ll). 

In medium-heavy nuclei, many ~eoreti~al models have been used to describe the 
transition densities of the low-lying collective excitations; the shell-model 12), the 
RPA 13) and the interacting boson model (IBM) 14.) While each model is fairly 
successful in reproducing the energy spectra of those nuclei, the theoretical transition 
strengths are again much smaller than the experimental ones (since the IBM model 
is a macroscopic phenomenological model, we cannot calculate the absolute magni- 
tude of the transition strength within that model. However, microscopic calculations 
which try to justify the IBM mapping also require effective charges in order to 
obtain quantitative agreement with the experimental transition strengths ‘“)), In 
general, the empirical E2 effective charges for medium-heavy nuclei (Se, = 6e, 11) 
are much larger than those of light nuclei (se, = se,., = 0.4). Although the origin of 
the effective charge in medium-heavy nuclei has been studied in the macroscopic 
mode16), much remains to be understood at the microscopic level. In this paper, 
we will study the E2 core-polarization charges and C2 form factors of medium-heavy 
nuclei based on a fully microscopic model. 

We adopt the generalized seniority scheme in order to calculate identical particle 
many-body wave functions in medium-heavy nuclei 15,16). The configuration space 
for this calculation is limited to several single-particle states (usually within Olio) 
around the Fermi surface. In some nuclei, we will compare results of the generalized 
seniority scheme with large-scale shell-model calculations carried out with a 
phenomenological effective interaction “). The core polarization for the many-body 
wave functions is taken into account by an extension of the single-panicle-vibration 
coupling model I’). The generalized seniority scheme and shell-model calculations 
are described in sect. 2. The formulation for the core polarization of the many-body 
wave function is given in sect. 3. The numerical results for the N = 82 isotones and 
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the Sn isotopes are discussed in sects. 4.1-4.3. As an example of a mixed proton- 
neutron system, we have carried out calculations for ‘r”Pd within the framework of 
IBA-2, these results are discussed in sect. 4.4. The summary is given in sect. 5. 

2. Microscopic calculations of the valence many-body wave functions 

2.1. THE GENERALIZED SENIORITY SCHEME 

The dominant problem in shell-model calculations for medium and heavy nuclei 
is the large size of the configuration spaces. Even if calculations are restricted to 
semi-closed shell nuclei, for which only one kind of particle is active, the dimensions 
of the configuration spaces are easily of the order of several thousands or more for 
the 5=2 state near the middle of the shell. In order to simplify the calculation, 
Talmi r5) proposed a model which is a generalization of the seniority scheme (the 
so-called generalized seniority scheme) and this model has been useful for describing 
semi-magic nuclei. 

First we will briefly describe the generalized seniority scheme as used in the 
present calculation 16). Let us consider a state of two particles with J = 0 distributed 
over several j-orbits. Such a state can be obtained by operating with the creation 
operator 

S+=C ffjs+j, (1) 

j 

with 

s, = c (-y’-ma;&i’_, (2) 
m 

on the closed shell, which acts as a vacuum. The S+j operator creates a J = 0 state 
in the j’ configuration. It is one of the quasi-spin operators, and is a generator of 
the SU(2) Lie algebra, together with 

S-j = (S+j)+ ) (3) 

SZj=$[i;j-i(2j+1)]=$(fij-R), (4) 

where i?j is the number operator. The different irreducible representations can be 
labeled with the quasi-spin and its z component, S,, or alternately with the seniority 
v and n the number of particles in the orbit. The two sets of labels are related via 

s=;(n-0) and s,=;(n-n). (5) 

The seniority quantum number thus measures the number of unpaired particles in 
the j-orbit. In the case of a multi-j shell, with arbitrary coefficients LYE, the S+ operator 
defined in eq. (1) cannot be combined with its adjoint, 

S_ = C CyjS-j (6) 
j 
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to generate an SU(2) algebra. The direct contact with an underlying group symmetry 
is thus lost. This causes complications in deriving reduction formulae for one- and 
two-body matrix elements. 

The absence of a group symmetry prevents the introduction of a good quantum 
number, but it is still possible to introduce a label, v, the generalized seniority for 
the states. In analogy to seniority, it is defined according to the following prescription. 
First, a state with the seniority v = 0 is defined by 

I_?% = 0, J = 0) = S,NJO)/K, (7) 

where J” implies a state with n particles in a multi-j shell configuration, N =$n 
and K is a normalization factor. The state with Y = 2 can be defined as 

lj”rJ = 2, J) = s,N-lJJ?T)/K’. (8) 

Notice that in the case of a multi-j shell we can construct a J=O state with the 
seniority Y = 2 by choosing (i_“O) perpendicular to the state S+lO). Following a similar 
orthogonalization procedure one can construct states with higher seniority. An 
iterative procedure is used to obtain the aj [ref. ‘“)I. Given the aj, the state with 
J # 0 can be obtained by diagonalizing the hamiltonian in a v = 2 configuration 
space. This generalized seniority basis offers an extremely powerful scheme for 
truncating the model space. For example, in the N = 82 isotones “), the maximum 
matrix to be diagonalized is only 9 x 9 in the J = 2 case. In spite of the extremely 
small basis, the results yield a good approximation to the full shell-model calcula- 
tion 17), for the energy levels and as we shall see later also for the E2 form factors. 
In principle, one could readjust the ‘Yj for each J, but this has not been attempted. 
The hamiltonian for the generalized seniority model calculations consisted of a 
modified surface-3 interaction with an enhanced quadrupole component 17*18) plus 
the single-particle energies given in table 1. 

2.2. SHELL-MODEL CALCULATIONS FOR THE N=82 ISOTONES 

Shell-model calculations for N = 82 isotones with mass numbers A = 133-148 
were carried out in the g7,2-d5,2-s1,2-d~,2-hll/2 orbit space ‘*). In order to constrain 
the state dimensionalities to less than 10 000 a truncation scheme was adopted which 
restricted the basis vectors to those which contained no more than four hllj2 particles 
and which had seniorities no greater than 4. This truncation yields a reduction of 
approximately two orders of magnitude in the dimensions of states in the region of 
A = 144. The effective Hamiltonian was determined by a least-squares fit of the 
well-determined combinations of two-body matrix elements to experimental energy- 
level data in the A = 133-148 region. The initial values of the hamiltonian were 
calculated from a surface-delta parametrization. 

With this space and interaction, energies of the experimentally established states 
in 134-146 are reproduced up to excitation energies of about 3 MeV in the even-mass 
systems and to 2 MeV in the odd-mass systems, with reproduction of high-spin 
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TABLE 1 

Single particle energies used in the present calculations 

5 

N=82 
cp (MeV) 

“‘%n and “‘Pd 

E, (MeV) Q, (MeV) 

lh II,2 2.16 2.4 
3s 112 2.99 1.5 
2dm 2.69 2.0 
2dw 0.96 -0.5 6.48 
l&,2 0.00 0.0 7.48 

l&?/2 1.60 
2P,,2 1.56 
2P,/, 0.20 
G/z 0.00 

states continuing to higher excitation energies. The single-nucleon spectroscopic 
factors calculated with these wave functions are in excellent agreement with 
measured values for each of the orbits. In particular, the experimental evidence for 
increasing occupation of the h11,2 orbit as A = 146 is approached is reproduced. 

We show in fig. 1 the calculated excitation energies of 2+ states of the N = 82 
isotones from the generalized seniority scheme and from the shell model together 
with the experimental data. In general, both calculations reproduce the excitation 
energies of first 2+ states. The shell-model results show slightly better agreement 
with experiment for the 2: and 2: states than the generalized seniority scheme 
results. The transition strengths for these states will be discussed in sect. 4.1. 

3. The core-polarization effect on many-body wave function 

We have proposed a prescription to improve the shell-model wave function in 
the framework of a microscopic theory ‘I). Perturbation theory is applied to take 
into account the effects of the particle-hole giant resonances on the low-lying states. 
The effect can be regarded as a polarization of the core protons by the valence 
protons and neutrons through the proton-proton and proton-neutron two-body 
interactions. The perturbed single-particle wave function is given by; 

(9) 

where o is the excitation energy of the giant resonance including both the discrete 
and continuum states. With this modified wave function, the reduced matrix element 
for the one-body operator is modified to be 

~all~ll~)=~~ll~ll~)+C ~~~,/~~Z,,-~~~1~~ph~~~~ll~ll~~l~~~+~~1’2, (10) 
0.a 



6 H. Sagawa et al. / Core polarization 

MSU-85-194 

3 

2 

2 
r 

w” 
I 

0 

25-..._ 

25 -.* 
: 

2+2-- ,.- :tim_.- 
25- . . . . __/- 

2;-*..._. _..- 2+ 2-“..___m_ 

.-...__ 2+ -___---.- 
.q_._*-.___ 

2: _..* I 

o+_____-____ o+___ .___ __ o+- _.___ __- 

GSS SM EXP GSS SM EXP GSS SM EXP 

‘34Te 136% ‘3%0 

3- 2+- 3 ***. 

23-I 

. ;~=:~~~:~~= 2+---‘.& 

2;-...;*_,..- 

**m___ 

2- 

z E _ 2y_-__.--___ 27-e . .-.. *._ 2+_,“-‘.._ , 

w* 

I- 

OL ~+~~_~~~__~ o+-._.--___- o+-._.- ._._ J 
GSS SM EXP GSS SM EXP GSS SM EXP 

‘40Ce ‘42Nd ‘%im 

Fig. 1. The energy spectra of N = 82 isotones calculated by the generalized seniority scheme and the 
shell model. The experimental data are taken from ref. 19). 

where E,@ = E, - .Q. The reduced matrix element for the valence many-body wave 
function can be expressed in the form, 

(11) 

where the states Jr and Ji are provided by the calculation of the generalized seniority 
scheme model (or the shell-model calculations) and CJf,Ji(a, p) are the structure 
factors (one-body transition densities) given by these calculations. The modified 
transition matrix element for the many-body wave functions is given by inserting 
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(c?IIT*IIj) in eq. (11) in place of ((~ll+~ll/3): 

<&II t 114) = C CJf,Ji(cus PM4 II ?* II b> * %B 
(12) 

Note that the perturbed amplitudes in eqs. (10) and (12) take into account not only 
the first-order perturbation term but also the higher-order RPA corrections 6*20). 

4. Results 

4.1. CORE-POLARIZATION CHARGES FOR THE N = 82 ISOTONES 

First we will discuss our results for the proton and neutron core-polarization 
charges due to the coupling to the giant resonances in the vicinity of 2 = 62 and 
N = 82. The calculated strength distribution of the isoscalar (IS) and isovector (IV) 
giant resonances in ‘“Sm are shown in fig. 2. The RPA response function was solved 
in coordinate space, taking into account the particle-escape width for a l”Srn core *I). 
The iV = 82 core is assumed to be a good closed-shell. The occupation probabilities 
of the protons in the five active orbits, determined from the result of the generalized 
seniority scheme calculations, are N(lg.,,*) = 6.79, N(2d,,,) = 3.16, N(2d,,,) = 0.24, 
N(3s1J = 0.06 and N( lh,1,2) = 1.75, respectively. We used the Skyrme interaction 
SGII ‘) for the HF and RPA response calculations. 

‘44Stn 

:: :: 
:: : : :. :: 
1: ;: 

.: 
:. 

: .: 

20 

E, (MeVl 

Fig. 2. RPA strength distributions for the isoscalar and isovector quadrupole operators in ‘?Sm. The 
solid curve shows the result of the isoscalar operator, while the dashed curve corresponds to the isovector 

case. For the purpose of presentation the IS response is averaged over a gaussian shape with a width 
of 0.5 MeV. The calculated decay width of the IS response are 0.0 MeV and 0.1 MeV for the states at 

E, = 5.2 MeV and 12.6 MeV, respectively. No averaging was done for the IV response. 
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The isoscalar giant resonance has dominant peaks at 5.2 MeV and 12.6 MeV which 
exhaust, respectively, 8% and 79% of the energy-weighted sum rule. The isovector 
giant resonance is spread out in the energy region E, = 20-30 MeV. The transition 
strengths in this energy region exhaust 77% of the IV energy-weighted sum rule. 
The isoscalar response has some transition strength in the energy region Ex= 

2-3 MeV (not shown in fig. 2), but they are discarded from the core polarization 
calculations since they are mainly due to the excitations within the Ohw configuration 
space which are already included in the shell-model and the seniority-scheme 
calculations. 

Fig. 3 shows the transition densities of the IS and IV giant resonances. The IS 
transition densities show surface peaks at 6 fm similar to the Tassie-type transition 
density “). The density function of the state at E, = 5.2 MeV changes sign and has 
a minimum at about 4 fm, while the density function of the state at J!& = 12.6 MeV 
does not change sign but has a small shoulder in the interior. Similar radial 
dependences of the IS densities have been found for 208Pb [ref. 23)J. The IV transition 
densities of the state at E, = 23.3 MeV show a peak at r = 4.5 fm, which is 1.5 fm 
smaller than the location of the peaks for the IS states. While the shapes for the 
two IV states on the high energy side at E, = 23.3 MeV and 24.8 MeV have some 
similarities to the IS shapes, the state at E,= 19.3 MeV has a typical volume-type 

transition density which looks completely different from those of the IS states. 

‘44SKl 
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Fig. 3. The transition densities of IS and IV giant quadrupote states. 

The calculated isoscalar and isovector core-polarization charges are given in table 
2. The core-polarization charges for protons and neutrons are given by 

Se, = &e( IS) - Se( IV) , 

se,=se(IS)+Se(IV). (13) 
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TABLE 2 

9 

Isoscalar and isovector E2 core polarization charges of single particle proton transitions in the vicinity 

of ‘“Sm 

a B 
B(E2)s.p. Se(B) Se(E) Se(IV) 
( e2 . fm4) ‘“Sm core “*Sn core ‘“Sm core 

1g,/z !&J/2 15.9 0.527 (0.192) 0.548 0.168 

1g7/2 2d,,, 4.8 0.836 (0.338) 0.860 0.143 

1g7/2 2d,,, 15.1 0.794 (0.318) 0.818 0.145 

2d,,z 2d,,, 61.5 0.600 (0.223) 0.624 0.141 

2d,,z 2d3/, 26.1 0.601 (0.224) 0.626 0.140 

2d,,, 3s l/2 161.2 0.617 (0.233) 0.641 0.125 

2d,/z 2d3/, 63.2 0.600 (0.224) 0.627 0.139 

3- /z 2d3/, 54.9 0.620 (0.235) 0.645 0.123 

lh II/2 lh 11/T! 105.5 0.628 (0.238) 0.650 0.159 

The values in brackets in the fifth $olumn are obtained from the IS state at E, = 5.2 MeV. The B(E2),,,, 
value is defined by B(E2),,,, = ((a )( Tzll p)lz/(2j, + 1) with the charges e(?r) = 1. 

The Fe(IS) value is several times larger than the Se(IV) value reflecting the fact of 
larger and lower-energy isoscalar transition strengths relative to the isovector ones. 
There is some state dependence for the IS core-polarization charges, with values 
ranging from Se = 0.5 to 0.8. The IV values are more constant. Compared to the 
values of Se in the sd-shell nuclei “) the isoscalar 6e for Sm region is somewhat 
larger because of the low-energy Oho type giant resonance at E, = 5.2 MeV. The 
main configurations of this 5.2 MeV state are the (lg9,Z+ lg,J and (lggj2+ 2d,,,) 
particle-hole (ph) neutron excitations which are outside of the shell-model configur- 
ation space. The IS core-polarization charges due to the state at E, = 5.2 MeV are 
given in the fifth column in table 2 with brackets. This state contributes about 40% 
to the core-polarization charge. The core-polarization charge due to the 2ho-type 
excitation is about Ge(IS) = 0.40 which is about 10% larger than that of the sd-shell. 
The Se(IV) are similar to those for the sd-shell. 

In fig. 4, we show typical single-particle transition densities with and without the 
core-polarization corrections. In all cases, the core polarization increases the transi- 
tion densities at the surface, but does not change the interior much. In the cases of 

the (lg,,,-,2d,,J and (lg7,2 + 2d,,,) transitions, the surface and the interior parts 
strongly cancel for the transition strength. Since the core-polarization affects only 
the surface part of the transition density, the transition strengths for these cases are 
more enhanced by the core polarization than the transitions with no sign change. 
This is the origin of the state dependence of the IS core polarization charge. 

We have discarded the RPA strengths below 3 MeV from the core-polarization 
calculations discussed above. However, this procedure is not completely justified 
since some ph wave functions of Oho-type giant resonance at 5.2 MeV might be 
mixed with the states below 3 MeV. In order to discuss this point more quantitatively, 
we performed RPA calculations for the IS quadrupole giant resonances in 13’Sn 
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Fig. 4. The transition densities of single particle transitions in the vicinity of ‘%3m. The solid and dashed 

curves correspond to the case with and without core polarization, respectively. 

assuming an N = 82 and 2 = 50 core. In this case there is no transition strength 

below 3 MeV. Two collective states are found at the excitation energies at 4.4 MeV 

and 13.0 MeV with the transition strengths B(E2) = 894 e2 - fm4 and 2148 e2 * fm4, 

respectively. These states exhaust 11% and 78% of the energy-weighted sum rule 

values, while the 2+ states at E, = 5.2 MeV and 12.6 MeV in ‘*Sm exhaust 8% and 

79% of the sum-rule value. The transition densities of the corresponding states are 

also found to have similar radial dependences. In table 2 we give the IS core- 

polarization charges calculated with eq. (10) for ?Jrn and ‘32Sn. In both cases, the 

core-polarization charges show almost same state dependence and the values in 

132Sn are slightly larger than those of ‘44Sm. These results can be easily understood 
since two giant resonances on both nuclei have similar excitation energies and 

transition densities. 

4.2. C2 FORM FACTORS FOR THE N =82 ISOTONES 

The transition densities for the nine even-even nuclei from A = 134 to A = 150 

are shown in figs. 5-7 for three lowest 2+ states calculated by the generalized seniority 

scheme. The Coulomb (C2) form factors for four of these nuclei are also shown in 
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0 4 8 0 C 8 0 4 8 12 

{fm) 
Fig. 5. The transition densities far the first three 2+ states in ‘34Te, ‘36Xe and ‘38Ba. The solid and dashed 

curves correspond to the case with and without core polarization, respectively. 

fig, 8. The core polarization, in general, enhances the surface peak of the transition 
density irrespective of the shape of the valence transition density. 

It is interesting to note that at the beginning of the shell the transition densities 
show a shape typical of the harmonic vibrator model “1. Namely, the first 2’ has 
a strong surface peak and the second one has two peaks with a sign change between 
the surface and the interior. The third 2+ stakes show two peaks but with the same 
signs, However, this collective prediction is gradually violated in the heavier mass 
systems. Namely, the first 2+ state in “*Ba has a shoulder around 3 fm. This shoulder 
grows up gradually in the middle of the shell and becomes comparable to the surface 
peak in ‘42Nd and ‘&Srn. We notice also that the smalf dip around 1 fm becomes 
larger as a function of proton number. 

In comparison with fig. 4, we can see that the first 2+ state is dominated by the 
lg,,l configuration at the beginning of the shell. At around A= 140, the shoulder 
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Fig. 6. The transition densities for the first three 2+ states in ‘?e, 14’Nd and ‘“Sm. The solid and 

dashed curves correspond to the case with and without core polarization, respectively. 

of the surface can be attributed to the amplitude of the 2d,,, configuration. A large 
dip at the very interior of the transition densities for the 2: states in fig. 7 is due 
to the amplitude of the 3~ configuration. 

At the beginning of the shell the two peaks of the second 2+ state have almost 
the same magnitude. The surface peak becomes smaller for increasing the mass 
number and disappears in 14’Ce. After that, the surface peak reappears again. The 
third 2+ states can be classified into three categories. Namely, the third 2+ states of 
the first three nuclei in fig. 5 have two peaks with same sign, while the next three 
nuclei in fig. 6 show two peaks with opposite sign. On the other hand, the last three 
nuclei in fig. 7 have one dominant peak at around r = 2 fm. 

The E2 Coulomb form factors of several N = 82 isotones are shown in fig. 8. The 
first 2+ state always has a dominant peak at a momentum transfer of q = 0.5 fm-’ 
and the second peak is about 2 orders of magnitude smaller than the first one. 
Information about the difference in the radial shape of the transition density for 
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Fig. 7. The transition densities for the first three 2+ states in ltiGd, 148Dy and “‘Er. The solid and 

dashed curves correspond to the case with and without core polarization, respectively. 

the 2: state might be obtained from the magnitudes of the second and the third 
peaks in fig. 8. For the second and third 2+ states, the first and the second peaks 
in the form factors are more similar in magnitude. Clearly the detailed q-dependence 
of the experimental form factor, especially at q = l-2 fm-‘, is needed in order to 
distinguish between the different types of the transition densities which are shown 
in figs. 5-7. 

We have also studied the transition densities of N = 82 isotones using the shell- 
model wave functions. Some results obtained with the shell-model wave function 
are shown in figs. 9 and 10 in comparison with those of the generalized seniority 
scheme. In general, the two calculations show quite similar results for the transition 
densities and the B(E2) values. For nuclei with A = 134-140, the B(E2) values of 
the first 2+ states are very similar (see fig. 11). There are appreciable differences in 
the transition strengths and densities between the two calculations in the cases of 
l”Srn and 146Gd. For ‘%m (see fig. 10) the shape of the transition densities are 
very similar to each other, however the generalized seniority scheme result is 
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Fig. 8. The Coulomb form factor for the first three 2+ states in ‘?e, 13sBa, 14’Nd and ‘46Gd. The solid 
and dashed curves correspond to the case with and without core polarization, respectively. The center-of- 
mass correction was taken into account in the harmonic oscillator approximationz6), while the nucleon 

finite size corrections were incorporated in the dipole approximation *5). 

somewhat larger in magnitude than that of the shell model. B(E2) values for the 

second 2+ states are also very similar for A = 134-142 with the exception of 13’Ba. 

This difference in 13*Ba is clearly seen in the surface part of the transition density 
as is shown in fig. 9. The B(E2) values from the shell-model calculation in fig. 11 

show a kink at ‘%m similar to the experimental values, while the results of the 
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Fig. 11. The 0:+2: B(E2) values for the N =82 isotones. The calculated results are obtained by the 

generalized seniority scheme (triangles) and the shell model (squares) with core polarization. The results 

of the generalized seniority scheme without core polarization (filled circles) are also plotted. The data 

(open circles with error bars) are taken from ref. *s). 

generalized seniority scheme show a nearly linear increase in the B(E2) values with 

respect to the mass number. 

The calculations which include core polarization greatly improve the agreement 

with the experimental B(E2) values as shown in fig. 11. However, our results are 

still lo-20% smaller than the experimental ones. This difference should not change 

the general character of the transition density since it is small in terms of an increase 

in the effective charge, 0.05-0.1. Experimental information on the longitudinal form 

factor to the first 2+ states as well as to the second and the third 2+ states is needed 

for a complete test of our model. It would also be interesting to have experimental 

information on the B(E2) value to the 2: state in 146Gd where the shell model and 

the generalized scheme give an appreciable difference. 

In the generalized seniority model, the reduction formulae of the transition 

strength can be expressed in terms of a Clebsch-Gordan coefficient “): 

=&(f(~-vi),l(n-~), l~O~4(~-vf)~~(n-n))2 

X/(n =2udlll.i’(E2)llln=2yi)12. (14) 
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The n-dependence of the B(E2) value from the first 2+ state (v = 2) to the ground 
state (Y = 0) is thus given by 

B(E2; 0+ + 2+) 0~ (0 -$n)$r (15) 

and the n-dependence of the B(E2) value from the first 4+ state (Y = 2) to the first 
2+ state is proportional to 

B(E~;~:+~;)+F-R)~, (16) 
where n is the number of the particles outside of the 2 = 50 core. When both 2 = 50 
and 2 = 64 are considered as good closed-shells, R = 7. Eq. (15) shows that the 
B(E2; O+ + 2:) has a maximum in the middle of the shell and decreases at the 
beginning and the end of the shell. The B(E2) values in fig. 11 obtained by 
microscopic models follows this simple formula at the beginning of the shell. The 
kink in the B(E2) value at ‘?Srn certainly suggests the sub-shell closure of 2 = 64 
in the shell-model calculation and the experiment. The B(E2; 4: + 2:) values calcu- 
lated by the generalized seniority scheme are shown in fig. 12 together with some 
experimental data. The rapid decrease of the B(E2) implies that the wave functions 
of the 4: states are dominated by seniority v = 2. 

4.3. C2 FORM FACTORS FOR THE Sn ISOTOPES 

The calculated core polarization charges in the vicinity of “‘Sn are listed in table 
3. The IS and IV quadrupole states are calculated assuming Z = 50 and N = 66 as 
a closed core. The state dependences of the Se values for the neutrons in table 3 
are similar to those for protons in table 1. However, the average values of Se in 
table 3 are about 20% smaller than those of table 2 (15% for Ge(IS) and 25% for 

MSU-86.143 
200- 

> 

3 IOO- 

;; 
w 
m 

50- 

4; -92; 

Fig. 12. The 4:+ 2: B(E2) values for the N = 82 isotones. The calculated results are obtained by the 
generalized scheme (triangles) and the shell model (squares) with core polarization. The data (open 

circles with error bars) are taken from ref. 29). 
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TABLE 3 

Isoscalar and isovector E2 core polarization charges of single-particle 
transitions in the vicinity of “%n 

(Y 
3(E2),,. 

P (er . fm4) 6e (IS) Se (IV) 

Y 1g7/2 k&/2 60.11 0.504 0.130 
2ds/a l&/2 3.32 0.703 0.106 
2d,,2 b3/2 34.81 0.670 0.106 
2d,/2 2ds/, 51.26 0.520 0.108 
2d,/, 2d,/, 15.05 0.517 0.106 
3s r/r 2d,,2 47.38 0.518 0.092 
24/z 2d,,a 55.97 0.513 0.104 
3s r/z 2d,,2 49.96 0.515 0.089 
lh 11/z lh 11/a 83.61 0.574 0.122 

rr qf2 If,,, 42.62 0.446 0.139 
2PW2 Ifs/2 5.51 0.664 0.124 
2P,/2 Ifs/2 20.83 0.643 0.125 
2P,/z 2P,/2 35.55 0.563 0.134 
2PU2 2PW 35.81 0.562 0.134 
k/2 &9/z 67.31 0.548 0.131 
1g7/2 lss/2 4.70 0.533 0.129 
2ds,r 1g9/2 31.57 0.706 0.106 
1g7/2 1g7/2 63.93 0.516 0.127 
2ds/, 1g7/2 3.59 0.696 0.102 
2d,z 2dsiz 61.55 0.506 0.103 

The B(E2),,,, value is defined by E(EZ),,,, = /(aI ?#)12/(2ja + 1) with the 
changes e(lr) = e(v) = 1. 

Se(IV)). For the “%n case, the average neutron core polarization charge is Se, = 0.65, 
and the average proton core polarization charge is 6e,=0.44. 

We have studied three 2+ states in ‘%n. The wave functions were obtained from 
the generalized seniority scheme calculations using the modified surface-d interac- 
tion with an enhanced quadrupole component “*18) and the single particle energies 
from table 1. The transition density of the first 2+ states at E, = 1.38 MeV is shown 
in fig. 13. Since shell-model amplitudes for the proton configurations for these states 
vanish, the transition densities are determined only by the core polarization and 
show similar surface peaks to the IS giant resonances (see fig. 3). The calculated 
B(E2) value for the first 2+ state in “‘Sn is 616.8 e* - fm4. This experimental value 
corresponds to an empirical effective charge of Se, = 1.2. The experimental B(E2) 
value is larger, 2120 f 250 ez - fm4. The Coulomb form factor for the first 2+ state is 
shown in fig. 14 in comparison with the experimental data. 

4.4. C2 FORM FACTORS FOR “‘Pd 

As an example of the application of our model to more complicated nuclei, in 
which both protons and neutrons are active, we will discuss the 2+ states in “‘Pd. 
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Fig. 13. The transition density for 2+ states in ‘%n. The solid and dashed curves correspond to the 
case with and without core polarization, respectively. 
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The many-body wave functions are obtained in two steps. First the generalized 
seniority scheme is used to calculate the proton and neutron bosons separately as 
is described in sect. 3. These results are then combined with the results of IBA-2 
~lculations to yield the observed transition density. The approach is similar to that 
used first by Dieperink 31) to predict the transition densities in “‘Nd. 

In the IBA model the E2 transition operator can be written as 

TE2=~*(S:dh+d:Sh)(2)+Bh(d:d~)f2f, A=v,r. 

In the calculation of E2 transition amplitudes, the coefficients (Y,+ and & are taken 
as constants, where ru, plays the role of the neutron (proton) boson effective charges 
and M = /3JaA is a parameter that enters also in the description of the IBA-2 
hamiltonian. For the calculation of transition densities this approach is generalized, 
and LY,, and Pn are considered to be a function of r, i.e. 

The matrix elements in this expression can readily be calculated from the IBA-2 
wave functions, and are the same as those that enter into the calculation of E2 
transitions. The boson densities cy ( P) and /3(r) can be calculated from the microscopic 
structure of the s- and d-bosons, which in turn are defined via the equivalence 
relations 

IsN-id) - s,N-‘D(o) = li”2NW = 2, J = 2)) 

where the lowest J = 2 state corresponds to the d-boson. We can therefore now write 

These matrix elements can be calculated following the procedure given in sect. 3. 
We have applied this procedure to “‘Pd where extensive electron scattering data 

are available 33). In the IBA calculation we used the parameters given in ref. 32). 
The calculations with bare charges give the B(E2) values 445 e2 * fm4 for the 2: 
state, 25.6 e* * fm4 for the 2: state and 1.71 e* - fm4 for the 2: state, while the 
experimental values are B,,,(E2) = 9100*600 ez + fm4 (for 2:) and 134*24 e2 * fm4 
(for 2:) [ref. ““)I. The B(E2),,, for 2: state is not yet reported. The B(E2) values 
are increased by the core-polarization effect to be 3620 e2 * fm4 (for 2:), 189 e2 - fm4 
(for 2:) and 5.21 e2 - fm4 (for 2:). We note that the contribution which arises from 
the polarization of the core protons by the valence neutrons accounts for about half 
of the total transition matrix element. 

The transition densities and the Coulomb form factors of these 2+ states are 
shown in figs. 15 and 16. The core polarization increases the transition density of 
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Fig. 15. The transition densities for 2+ states in ““Pd. The solid and dashed curves correspond to the 
case with and without core polarization, respectively. 

the 2: state in the surface region by almost a factor of three, but the interior part 
changes very little. This increase of the surface peak creates a difference of a factor 
of eight between the calculated B(E2) values with and without core polarizations. 
The Coulomb form factor for the first 2+ state is also enhanced almost an order of 
magnitude compared to the result without the core polarizations. The positions of 
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Fig. 16. The Coulomb form factors for 2+ states in “‘Pd The solid and dashed curves correspond to . 
the case with and without core polarization, respectively. The data are taken from ref. 32). 

three peaks and the minima are well-reproduced by the calculation having the core 
polarizations. However, the absolute magnitudes of the calculated form factor is 
still smaller than the experimental ones. For the second 2+ state, the core polarization 
increases the surface peak again and decreases the height of interior peak. On the 
other hand, the surface peak of the third 2+ state changes sign due to the coupling 
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to the giant resonances, while the interior is not changed. The calculated form factor 
for the second 2+ state is very close to the experimental data in absolute magnitude 
at the first peak, but the peak positions are slightly shifted. The form factor for the 
third 2+ state is also shown in fig. 16, but it is difficult to compare with the data 
because of the poor statistics of the data. 

5. Summary 

We have studied the effect of core-polarization on the electric quadrupole transi- 
tions in medium-heavy nuclei. The self-consistent HF and RPA methods were used 
for calculations of the single-particle wave functions and the response functions of 
IS and IV giant resonances. All calculations made use of the Skyrme-type interaction 
SGII. We calculated the many-body wave functions by using the generalized seniority 
scheme with the surface-b interaction. The results of the large-scale shell-model 
calculations with phenomenological two-body matrix elements were also discussed 
in the case of the N = 82 isotones. For the matrix elements involved in the multi- 
particle transitions we obtained average IS and IV effective charges 6e(IS) = 0.6 
and Ge(IV) ~0.1. 

The transition densities of the 2+ states of N = 82 isotones show a typical feature 
of the harmonic vibration at the beginning of the shell. However this picture is 
modified in the nuclei A > 140 because of the appreciable contributions of the 2d,,, 
and 3~ configurations to the first 2+ state. The B(E2) values of N = 82 isotones 
are increased by the core-polarization effects typically by a factor of two, but are 
still lo-20% smaller than the experimental values. The calculated B(E2) values 
based on the shell-model wave functions show a kink at “?Sm in agreement with 
the experimental data, suggesting a sub-shell closure at 2 = 64; while the generalized 
seniority scheme gives a linear increase of the B(E2) values. We showed in fig. 8 
the Coulomb form factors of several N = 82 isotones. Experimental data for these 
transitions are needed. 

The quadrupole transitions in lr6Sn and “‘Pd were also studied by using the same 
microscopic model. In ‘?Sn, the transition strength is entirely determined by the 
core-polarization charges due to the proton-neutron interaction between the valence 
neutrons and the protons in the core. The B(E2) value of the first 2+ state in “‘Pd 
has almost equal contributions from neutron and proton amplitudes and is enhanced 
by the core polarization by a factor of about 10. However, in both cases, the 
experimental data are still 2-3 times larger than our calculated values. Our micro- 
scopic description of these transitions thus is still incomplete. We speculate that the 
problem may be associated with the splitting of the “Aho = 0” E2 mode into two 
parts; (1) the low-lying state around E, = 1.5 MeV and (2) the high-lying state which 
we calculate to be at about E, = 5 MeV for N = 82 and Sn and to have B(E2) (0 + 2) 
values at 840 ez * fm4 and 420 e2 * fm4, respectively. Perhaps in reality these two 
states are mixed differently than in our calculations. In this regard, it would be 
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interesting to have an experimental confirmation of the E2 strength expected in the 
region of E, = 5 MeV. 
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