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CHAPTER I

INTRODUCTION AND OUTLINE

1. The atomic nucleus as an assembly of interacting particles

The subject of this thesis is the description o£ the structure

and excitations of atomic nuclei. The nucleus may be described in

terms of macroscopic models that consider the nucleus as a lusty of

matter, or in a more microscopic way, i.e. built up out of smaller

particles. We will follow the microscopic view and assume that the

nucleus consists of protons and neutrons (commonly referred to as

nucleons).

The interaction between nucleons is still not fully known. The

simplest and yet very successful model describes the interaction in

terms of exchanged mesons Llj. Witn such models one is able to

describe the nucleon-nucleon {.Hit) phase shifts and the properties

of the deuteron. The long range part of the interaction is caused

by the lightest meson, the pion. For the short range part one has

to introduce some heavier mesons, some of which have not been

observed as free particles (e.g. the a -meson). Although this is

one of the weak points of the approach we will consistently use the

successful parametrization of the NN interaction in terms of

exchanged mesons by the tlonn group L2J throughout the following.

One may imagine a more fundamental theory, in which the

nucleons are built up of quarks that interact by means of gluon

exchange forces. Such an approach, based on quantum chromodynaniics,



is still in its infancy and in its application to the nuc.eus poses

an even more complex many body problem than we will try to solve.

The possibility that certain signatures of other than nucleo-

nic constituents may show up in the form of A -excitations and

meson exchange currents [33 is not included in our methods. We

will, however, study some cases where it has been claimed that such

effects are visible. We will first study what the dynamic effects

of a consistent microscopic approach are for the description of

such excitations. In our view one should study this in detail for

all observables, before one is in a position to make clearcut

statements on subnucleonic degrees of freedom.

Non-relativistic quantum mechanics is used in all the applica-

tions described in this work. Lately it has become fashionable to

perform calculations in a relativistic framework [4j , but this

approach does not yet allow detailed nuclear structure studies.

Moreover its physical basis has been questioned L5j.

2. Hany-fermion systems

The nucleons are particles with spin 1/2 and obey the

Pauli-principle. Such particles follow Fermi-statistics and are

called fermions. Characteristic for a Fermi systen is the disconti-

nuity in the occupation number as a function of particle energy.

The energy value at which this dicontinuity takes place is called

the Fermi energy. The set of states with this energy is called the

Fermi surface.

Examples of many-fermion systems nay be found in various

scientific disciplines. Astronomy (supernovae, neutron stars),

chemistry (atoms), solid state physics (electron-gas, heavy fernion



systems) or condensed matter physics (liquid He) are fields where

much experimental and theoretical work has been done. In most

theories for Fermi systems one assumes the system to be infinite.

This then leads to the famous Landau-theory L6j. This theory makes

it possible to describe a stronyly interacting Fermi system as an

approximately ideal Fermi-gas. The theory describes the properties

in terms of quasi particles; these are excitations with the quantum

numbers of a single-particle state, that interact at the Fermi

surface. The relative state of two quasi particles at the Fermi

surface may be specified by one parameter e^ , which is the anyle

between their momenta. The interaction at the Fermi-surface may

then be parametrized with Landau-parameters F , F* etc as
A A

3 , p ) = *• Z ( F A
+ F ' A T - T + 3 - , 0 ' a + G ' 0 » a T - T

' l' 2 ~~r \ 1 2 1 2 1 2 1 2

The Landau parameters determine the occurrence of zero sound modes

(the giant resonances of infinite systems) and some of the

macroscopic properties, like the stability of the system. Starting

from the free NN interaction the Landau parameters may be calcula-

ted in infinite nuclear matter and provide a suitable parametriza-

tion to Study the residual quasi-particle interaction.

The nucleus differs from the other Fermi-systems in tne fact

that it is a finite system. This means that one has to work, at

least for bound states, with discrete quasi-particle states,

instead of with a continuum. The theory for finite systems may be

formulated in the spirit of the Landau theory for intinite systems

[7J• The physical ideas remain the same, but the actual formulation

should take into account the exact particle number or the discreti-



zation of the levels. The limitation of an interaction at the i'ermi

surface only is here insufficient. The interaction has not the form

(1), but the full complexity has to be taken into account. Moreover

it is energy dependent as discussed in section 5 and chapters III,

IV and V.

3. Treatment of the residual interaction

If the interaction is weak one may simply take the interaction

as it is and use it in a perturbation theoretic approach for the

description of a Fermi system. The nuclear force, however, is

strong. It can therefore not be used directly in nuclear structure

studies, as it will lead to instabilities and divergencies in a

perturbation expansion. Therefore one has to perform some kind of

presununation. In the nuclear many body problem one sums the series

of ladder diagrams in the so called Bethe-Goldstone equation LBJ-

This equation leads to the Brueckner G-matrix interaction. Such a

calculation is difficult to perform for a finite nucleus. In

infinite nuclear matter, howtver, it was shown that the G-raatrix

correlations may be written in the form of a meson exchange force,

like the NN-interaction. Such a G-matrix is the G ^ -interaction

[9], which was calculated from the Bonn-potential L2j. One of the

purposes of this thesis is to see whether it is possible to apply

this microscopic force in nuclear structure calculations. Our

calculations will show that it is indeed a good starting point.

4. Nuclear superfluidity

In infinite fermion systems a spectacular phase transition to

a superfluid state may occur. The BCS-formalism L1OJ describes such



a state by assuminy that the fermions are coupled in pairs that

wander without any friction through the medium. The couplmy is

caused by a sufficiently attractive force. Although, strictly

speaking, phase transitions are not possible in finite systems one

might try to see whether the formalism tor this coupling of

fermions may be used in finite nuclei. For open shell nuclei the

number-conserving BCS formalism is known as the broken-pair (BP)

model. Lll]-

In the BP-formalism one assumes that in the ground state all

fermions are coupled to pairs of total angular momentum zero. Tne

excitations in the BP-model are found by decoupling one pair and

diagonalizing in an assumed model space.

The BP model provides a good test as to whether the u -^

interaction is strong enough to account for the pairing that is

experimentally observed. Another test of the interaction provides

the description of collective states (phonons) in such a model.

These are strongly dependent on the residual interaction. The

results of the BP-model calculations for some finite nuclei are

presented in chapter II. There it is shown that the meson-exchange

force reproduces the gap in the low-energy spectrum ana gives a

good description of electromagnetic properties of the sewi-magic

nuclei 5aNi and Sr. (More results of this approach and a

comparison with recent data of (e,e') and (p,p') experiments may be

found in refs.[12J.)

5. Nuclear excitations and medium polarization

Instead of using a SchrOdinger many-body differential equation

it is also possible to use integral equations for certain quantum



mechanical objects. This approach of quantum mechanics is know

under the names of Green's function, propagator or Feynman-l>yson

formalism £13J. This method has the advantage that the observables

(excitation energies, transition densities) can be calculated

without making use of many body wave functions, that incorporate a

large amount of components that do not contribute to the measurable

quantities of e.g. (e,e') scattering experiments. Furthermore the

influence of the truncation of the Hilbert space may be examined

more conveniently in a Green's function formalism.

In finite nuclei the formalism can be written down most easily

for magic nuclei. In most applications one further uses the

RPA-method (.14j. An aj^plication of the KPA method with a realistic

meson-exchange force leads in heavy nuclei however to unstable

solutions. This is described in Chapter III, where we apply the RPA

method to the nucleus Ni. There it is also shown that the

instabilities are not to be attributed to the G $JM interaction, but

that they are caused by a deficiency of the KPA method. In the RPA

the propagation of the nucleons through the nuclear medium is

considered, but the propagation of the exchanged mesons through the

medium is neglected. The mesons are influenced as well by the

medium through which they propagate: therefore the interaction

between the nucleons, caused by the mesons, is also influenced.

This effect, that the medium modifies the interaction, is called

medium polarization. Cor the electron gas a similar phenomenon is

known as "screening" £15] (a word that we occasionally will use).

The formalism has also been worked out for nuclear matter L16J. and

a long time ago already for liquid He £17}.

In chapter III the formalism to include medium polarization in



a finite system is written down along the lines of refs.L18]> It

amounts to an extension of the RPA method with a new set of

equations for the residual interaction that has to be solved

selfconsistently. With this formalism we performed calculations for

Ni and Co. The convergency properties of the equations are

found to be quite yood. The inclusion of the medium polarization

opposes the creation of instabilities and stabilizes all the

collective particle-hole excitations.

Besides the stabilization the medium polarization corrections

turn out to give another interesting effect. The meson, when

exchanged, couples to the nucleons of the medium. In this way a

coupliny between lx̂ lh and 2p2h excitations is effectively introdu-

ced. The inclusion of medium polarization gives the possibility of

calculating such 2p2h states within the RPA framework. Especially

in the region where the density of 2p?h states is very large the

coupliny is very important. This is the case in the region of the

yiant resonances. We study such excitations in chapter IV, where we

consider the nucleus Ca. Both the energy and width of the giant

resonances are influenced by the coupling to the 2p2h excitations

and may be described surprisingly well by the nuclear matter

G-matrix.

In chapter V a comparison is made with the most precise

experimental information presently available on the low-lying

states in ^ca and *^Sc. The medium polarization is taken into

account in the same way as in the preceding chapter. It is shown

how the excitations in the even-even and the odd-odd nucleus are

coupled by the medium polarization corrections.' The transition

densities of the collective states show a typical surface peaked



form. The strength can only be accounted for if medium polarization

is included. The comparison with experiment of both eneryies and

transition strengths is quite satisfactory, keeping in mind that no

parameters have been adjusted.

6. Consistent treatment of the nuclear force and structure

The approach proposed in chapter III is far from complete. One

may think of extensions by means of the inclusion of more diagrams,

or the use of continuum states. Also other than magic nuclei should

be considered.

Apart from the method one may also improve on the single

particle aspects. In this thesis we simply took the properties

(energies, spectroscopic factors) of quasi-particles from the odd

nuclei and made some reasonable assumptions about levels not

observed experimentally. In principle one should calculate the

quasi-par tide properties also with a Green's function method,

including the coupling to the medium polarization. Such attempts

have been limited to the Hartree-i'ock approximation with phenomeno-

logical (Skyrme) forces Ll9!l> Especially the experimental effort to

measure related quantities in le,e'p) makes the improvement of

single particle properties a problem of great interest L2OJ. The

results of such an extension may be incorporated in the present

formalism to improve the description of the fragmentation of

excitation strength.

The numerical results presented would have been in better

agreement with the data if the Q I -interaction had been sligthly

stronger in the T=0 channels. A way to produce this is by assuming

a more realistic (continuous) single particle spectrum in the



calculation of the nuclear matter G-matrix L21J. The inclusion of

medium polarization in the G-matrix itself should also influence

the interaction [22]. In this way the collective RPA-modes will

influence the particle-particle interaction. Such improvements

could best be applied if one were to calculate the G-matrix from

the start in the finite nucleus that one wishes to consider.

The coupling of one-quasi-particle states and particle-par-

ticle interaction to the collective modes of the nucleus will lead

to a new self-consistency problem in which these three problems are

to be solved in one and the same scheme L23J.
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CHAPTER II
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Abstract: A (/-matrix, derived from a meson-exchange potential in nuclear matter, is applied to finite,
semi-magic nuclei. For the open shell the broken-pair model, which can accommodate many
single-particle levels, is used. The excitations of the closed shell are treated as particle-hole states.
Energy spectra and electromagnetic transition densities are calculated for ""Sr and 4*Ni. The
energies of the non-collective states are well described. Pairing correlations in the ground state
have almost the correct strength in a multishell model space. To improve the energies of the
collective 2* and 3~ states the inclusion of core-polarisation effects in the force is required. Transition
charge densities for collective states become strongly surface-peaked by core-polarisation effects,
as is observed in experiments. The effects of pairing correlations and core polarisation on the
magnetic form factor of the 3.486 MeV 1 * state in a8Sr are found to be important.

1. Introduction

The interaction between free nucleons can be represented as an exchange of
mesons. In the Bonn potential') physical mesons - the rho, omega, eta-meson and
the pion, as well as non-physical mesons were used, in particular the sigma-meson
that represents the isoscalar two-pion exchange. In order to use such a nucleon-
nucleon (NN) potential in nuclear-structure studies the first step one takes, because
of the strong repulsive core, is the construction of an appropriate G-matrix2). In
finite heavy nuclei such a calculation becomes quite complex. For that reason we
try to avoid the use of an explicitly calculated G-matrix, using instead a recently
proposed parametrization in terms of effective mesons that has been derived from
the G-matrix calculated for nuclear matter3). The operator structure greatly facili-
tates applications in nuclear-structure calculations.

As applications we have in mind especially the description of semi-magic nuclei.
These nuclei may be described in first approximation by a one-broken-pair (1 b.p.)
model4>5), which is almost as easy to deal with and equally successful as a particle-
hole description of magic nuclei such as 208Pb. The large class of semi-magic nuclei
allows a more systematic study of nuclear properties than the isolated magic nuclei

12



W. Hengeveld el al. / Broken-pair model

can provide. By employing a G-matrix in a space of many subshells we hope to
obtain more reliable results than in model spaces of only one major shell, where
one has to construct further renormalized operators A). In this paper we present
spectra and electromagnetic form factors for 58Ni and 8SSr as they were obtained
in a broken-pair model with the effective meson-exchange interaction of ref.3).

In sect. 2 we give a short account of the interaction we use in this paper. In sect. 3
we discuss the model space, the hamiltonian, and the interdependence between
them. We also discuss how serious the center-of-mass motion problem is within this
model. In sect. 4 energy spectra and (e, e') form factors are presented. Sect. 5 contains
a short summary and conclusions.

2. The interaction

The usual procedure in performing nuclear-structure calculations in heavy nuclei
is to use a simple phenomenological force. The parameters describing e.g. strength
and range may be adjusted to certain significant experimental data. In this paper
an attempt is made to incorporate the important features of interactions that are
adjusted to the NN scattering data. Such bare interactions are called realistic. The
basis of our work is the one-boson-exchange force of Holinde, Erkelenz and
Alzetta '). To make such an interaction suitable for nuclear-structure calculations
one should apply many-body perturbation theory and have some idea about which
diagrams to include and which not.

In this paper we will not directly deal with this many-body problem for a finite
nucleus, but instead follow a method suggested in ref.'). The dominant feature
which one wishes to treat first is the short-range repulsion in the NN interaction.
This repulsion is treated correctly in the free scattering case by constructing the
7"-matrix. In many-body theory this is achieved by constructing a similar integral
equation taking into account, however, the Pauli principle which allows only the
scattering into unoccupied intermediate states. Also the binding of occupied states
is included. This Bethe-Goldstone equation leads then to the well-known G or
reaction matrix.

The construction of a G-matrix, however, is technically more easily carried out
in the infinite nuclear-matter system. It was shown earlier3) that it is possible to
represent the short-range correlations of such a nuclear matter G-matrix by local
forces which are represented by effective meson exchanges with masses generally
larger than 700 MeV. Using a local representation also for the bare interaction one
obtains a simple effective force which gives correctly the same binding energy and
other quantities, like Landau parameters, as one obtains with the exact G-matrix.
This correspondence, which was established for nuclear matter, has been checked
also in an application to the finite nucleus I6O. It was found7) that even on the
level of RPA it is possible to obtain essentially equivalent results using the simple
local force or the 16O reaction matrix, calculated with the Fermi surface between
the lp and the Id shells, with both interactions originating from the same bare force.

13
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The explicit form of the local force which is used in this paper is

Gl
NM(k)=f(k)+f(k)n • r2 + g(k)a, • <j2 + g'(k)as • CT,T, • T,

rr2. (2.1)

As this is the operator form, both direct and exchange matrix elements must be
calculated. Therefore the interaction is sampled differently in an infinite system and
in a finite system. This is discussed in ref. 8) in connection with the microscopic
interpretation of the spin-isospin excitations. The functions / / ' etc. represent the
momentum-transfer dependence. The argument corresponds to the momentum the
mesons carry w h e n / / ' are represented as sums of Yukawa interactions. The essence
of this force is now contained in the fc-dependence which is different for each
spin-isospin operator. As shown in ref.7) delta-function corrections can be dis-
tributed arbitrarily without changing the final matrix elements of this operator. We
shall use here the G-matrix correlations which were calculated for a Fermi momen-
tum &F= 1.2 fm~' and an average starting energy a> = -74 MeV. This average density
is not unreasonable for the nuclei we consider here. Also the starting energy is not
too far from the average energy of a two-hole state in these nuclei. For this force
the functions// ' etc. have been displayed in fig. 2 of ref. 7). Since we intend to use
this force not only as a particle-hole force but also as a particle-particle force giving
rise to pairing we should be careful because double-counting might occur. In practice,
however, the most important pairing contributions come from near the Fermi energy.
Furthermore, the model space used does not contain contributions from the impor-
tant high-lying states which are summed in the Bethe-Goldstone equation. Therefore
we think that in our model space of 19 subshells this double-counting is not yet a
serious problem. No problems arise for the unpaired nucleons (protons in ^Ni and
neutrons in 88Sr) for which only the particle-hole force is operative. This part of
the interaction is predominantly responsible for core-polarisation effects in the
transition densities.

One should note that we have not included any density dependencev) since it
has been shown in ref.7) that one does not need this to obtain a G-interaction
which is equivalent to the I6O G-matrix. So keeping only the G-matrix as a first
approximation one may make explicit studies of higher-order effects which might
otherwise be obscured by a phenomenological treatment of the density dependence.
Therefore only a global correspondence between the density in nuclear matter and
in finite nuclei is made in the construction of the effective force.

3. Model for the semi-magic nuclei

3.1. BROKEN-PAIR MODEL SPACE

In our calculation we shall take into account both protons and neutrons. In the
semi-magic nuclei that we wish to describe, we shall take a closed shell for one type
of particle. For the particles in the open shell (the neutrons in 5xNi and the protons
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in 88Sr) we shall use the broken-pair formalism45). For these particles first the
collective J = 0 pairs are constructed by determining the coefficients of the two-
particle creation operator

nlj

This is the same operator as in BCS theory, where <bni, = vnillunXn but here the
coefficients are determined by minimizing the energy of the state with good particle
number 2p:

,(n <)(SV|0>r;|0>. (3.2)
P ' \ nlj I

This leads to a set of coupled equations which are analogous to the gap equations
in the BCS theory45). We assume that the 0b.p. state (3.2) is a good description
of the open shell in the ground state. The excited states are then obtained by replacing
one S-pair by a pair with the desired quantum numbers J". This reads, for J" # 0 \

\J*) = I ^ ( f l l a l V r ^ J O ) , (3.3)
as*

where the symbols a and b denote sets of quantum numbers na, la, ja and nh, lb,
jb- A certain ordering is assumed such that one does not have both X'ab and XJ

ha,
as this would yield a redundant representation of (3.3) by the mixing coefficients
XJ

ah of the broken-pair configurations. The calculation of the matrix elements of
such states is most conveniently performed by employing the technique of the
number-projected BCS states. Detailed expressions for the hamiltonian matrix
elements may be found in ref.l0). The excited states for the magic shell are taken
to be simple particle-hole excitations. In order to calculate transition densities we
need matrix elements of the following type:

(r*0+\\{alad)
K\\V2p) = -dJucUjUcvAXJ

cJ + (-)>- '^JXdc)L
2l"2(cd). (3.4)

The projection sums L"(ab), which ensure number conservation, are defined in
ref.10). In order to deal with a normalised 0 b.p. state the eqs. (3.2) and (3.4) have
to be multiplied oy a factor ( L 2 T ' / 2 .

It may seem arbitrary that we deal with pairing correlations which extend beyond
one major shell for the valence particles, whereas pairing is neglected for the other
kind of particles which form the closed major shell. The reason is that pair excitation
from one major shell to the other can produce only a very small pairing gap and
the occupation numbers of all orbitals differ very little from one or zero. We have
actually performed such calculations with pairing for both kinds of particles but
found that the change in the results is negligible. For the particles in the open shell
the inclusion of pairing correlations beyond one major shell is important because
now the contributions to the energy gap from higher and lower major shells add
up coherently to that of the valence shells. As a consequence one obtains a more
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diffuse distribution of pairs over the valence shells, a larger gap in the spectrum,
and a more compressed spectrum in the odd nuclei4).

3.2. SINGLE-PARTICLE ENERGIES

The excitation energies and wave functions of the lowest excited states in semi-
magic nuclei depend sensitively on the relative single-particle energies of the orbits
near the Fermi energy. Therefore we choose these energies such that the adjacent
odd spectra are represented as well as possible. As we approximate the ground state
of the even nucleus as a 0 b.p. state (3.2), the lowest states in the odd nuclei are
represented by the unbroken pair states

\nljm) = alIJmT;\O) (3.5)

for the nucleus with one particle more, or the same state with p - I instead of p for
the nucleus with one particle less than the even nucleus. So for the single-particle
energies in 58Ni we consider 57Ni and 59Ni and for those in *sSr we consider the
levels in 87Rb and 89Y. A systematic procedure to extract single-particle energies
from the odd nuclei has been discussed in refs. 4 " ) .

As mentioned in the previous subsection the pairing gap becomes stronger in
large model spaces. So the spectra of the odd nuclei would then become more
compressed, if we keep the same single-particle energies as were obtained in a
smaller model space. Therefore it is necessary to fit the single-particle energies to
the odd nuclei for each size of the model space. The changes in the single-particle
energies and in the occupation of the valence orbits are shown in table 1 for ?sNi
and in table 2 for 88Sr.

T A B L E 1

5"Ni single-panicle energies and occupation probabilities

19 subshells 5 subshells

f

Ig,/ , +5.00
2 p l / 2 +0.90
2p 3 / 2 +0.00
lf5/2 +0.30
lf7y, -6.20

P-occ

0.008
0.106
0.319
0.118
0.971

F

+5.00
+0.98
+0.00
+0.52
-6 .20

P-occ

0.003
0.090
O.37X
0.075
0.995

The energies near the Fermi surface were chosen to reproduce the
quasiparticle energies in adjacent odd nuclei. Only the neutron single-
particle energies, derived from "Ni and *"Ni are listed for model spaces
with 19 and with 5 subshells. The corresponding occupation probabilities
are also listed. Single-particle energies for the I p up to the 3p shells are
taken at — 2hto up to +2ha>, with haj = 41A ' \
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TABLK 2

Proton single-particle energies and occupation probabilities in ""Sr

n!

2P, :
2p, ,

If,.,

If-,.-,

19

+0.10
-1.00
-3.60
-4.00
-8.30

subshells

P-occ

0.125
0.331
0.865
0.889

0.983

5

F

-0.10
-1.20
-3.40
-3.90
-8.30

subshells

P-occ

0.038
0.177
0.904
0.946
0.995

The proton single-particle energies, derived from *''V and * Rb, are
listed for model spaces with 19 and with 5 subshellv See further caption
of table 1.

For levels far away from the Fermi energy the single-particle energies were chosen
by adopting a spacing of 41A ' ' MeV [ref. '-)] between the centroids of the major
shells. This corresponds to a harmonic-oscillator well with a length parameter b of
2.00 fm in the case of -*Ni and 2.12 fm in the case of ssSr. These values of b have
been used also in the calculation of the interaction matrix elements, for which the
method of ref. u ) was used. An additional spin-orbit splitting of the single-particle
energies far from the Fermi surface has negligible influence on the final results.

3.}. fF.NTF.R-OF-MA.SS MOTION

In shell-model spaces larger than one major shell spurious centre-of-mass (cm.)
excitations may enter. In principle one may deal with this problem by constructing
a model space which is orthogonalized to the cm. excitation. In practice this is a
rather cumbersome procedure already when applied to particle-hole models for the
magic nuclei. In the broken-pair model this treatment would become even more
complicated, because already the 0b.p. state suffers from a small amount of cm.
excitation. In order to get a feeling of h e large these amounts of cm. excitations
are in the various states which result from our calculation, we computed the
expectation value of the operator that counts the number of cm. motion quanta l4)

K.m.= I ZlZk (3.6)
k - I

with the creation operator for a cm. quantum

Zl= ' {Pk +imA*>Xk), ' (3.7)
\l2hmAto

where PK and Xk are the cm. momentum and coordinate. In table 3 we list the
expectation values of the operator (3.6) for a number of I b.p. states which we
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y

5 shells
19 shells

or
0.00006
0.011

TABLE 3

Center-of-mass motion contributions

2t 2J

0.00006 0.00006
0.013 0.011

2.;

0.00006
0.012

1,

0.45376
0.490

1,

0.00412
0.415

Listed are the expectation values for the operator (3.6) which counts the number of cm. excitation
quanta. Results for 58Ni are given for a model space with 5 and with 19 subshells.

obtained for 58Ni. In a small model space of 5 subshells these numbers are small.
As expected the values are larger in the large model space of 19 subshells. But also
in this model space the numbers are still small. Only the lowest two 1" states in a
large model space share almost equally a cm. excitation character. We shall therefore
ignore these states in the following. One may notice that the content of cm. motion
is about the same in the excited states as in the ground state. This indicates that it
is mainly due to the distribution of the S-pairs. Therefore we believe that the effect
of cm. admixtures on the calculated states and transitions is very small and that
there is no urgent need to make corrections for this.

4. Results

4.1. ENERGY SPECTRA

As a first test of the effective interaction we calculated the 1 b.p. excitation spectra
in model spaces of different sizes and compared with experimental data. In consider-
ing the results one should keep in mind that the interaction is obtained from the
free NN interaction and the single-particle energies from the odd nuclei, so the
description of the even nuclei is then free of adjustable parameters. Results for *sNi
are shown in fig. 1. In this figure the absolute energy scales are chosen such that
the average of the ground-state energies of 57Ni and 59Ni is the common reference
point of calculated and experimental energies. In this way the effect of the interaction
betv°en the particles (of the broken pair) is most transparently exhibited. One
may notice that in a model space of 5 subshells only, the pairing gap is much too
small, but the relative energy of the excited states comes out quite well. The pairing
correlation energy in the ground state is considerably improved in a model space
of 19 subshells, though it seems still a bit too small. The correlation energy in the
lowest 2+ state, however, appears to have become too large.

These features reflect a general property of the G-matrix, as one may notice from
fig. 2 where the 19 subshell calculation for K8Sr is shown as another example. Besides
the slightly too weak pairing and the too large correlation energy in the collective
2+ and 3~ states, no other unexpected discrepancies between the calculated and
experimental spectra are found. The results for the non-collective states are at least
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Fig. I. Energy spectrum of 5*Ni calculated with the G-malrix operator or ref.') in a broken-pair model.
The experimental levels are taken from ref.15). The single-particle energies used in the calculations are
listed in table 1 for orbits near the Fermi surface. Those of the other orbits were chosen by assuming

an energy spacing of 4 M " " J MeV between the major shells.

comparable to the best ones that have been obtained with simple phenomenological
interactions with a few free parameters.

Of course some states, like the third 0+ state and the second 2+ state (indicated
by a cross in fig. 1) are missing from the calculation, but these states have probably
strong two-phonon components l5) and consequently require an extension to 2 b.p.
states. This extension becomes too cumbersome in a model space of 19 subshells.
From 2 b.p. calculations in a small model space l8) with simple phenomenological
forces one knows that not only an extra 0+, 2+, 4+ "two-phonon" state may appear,
but also that the lowest excited 0+ state is systematically lowered in energy by
admixtures of 2 b.p. states. This effect would just improve our results here.

We conclude that the results shown in figs. 1 and 2 are surprisingly good in view
of the fact that no adjustment of the G-matrix interaction was made. Therefore it
seems worthwhile to consider further improvements. The slightly too weak pairing
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t
-1.0 -

-2.0

Fig. 2. Energy spectrum of s8Sr calculated with the G-matrix operator of ref. ') in a broken-pair model.
The experimental levels are taken from refs. I 6 J 7). Single-particle energies used in the calculations are
listed in table 2 for orbits near the Fermi surface. Those of the other orbits were chosen such that an

energy spacing of 4l/4~' /3 MeV between the major shells is adopted.

is a feature that our interaction has in common with a G-matrix as calculated-for
a finite nucleus like I8O [ref.l9)]. It is well known that diagrams of the type shown
in fig. 3a contribute to the effective particle-particle interaction in such a way that
a desired lowering of the ground state may be obtained. Diagrams of the type shown
in fig. 3b contribute to the effective particle-hole interaction, reducing the correlation
energy of the 2+ and 3" states. It is the proton-neutron particle-hole force which
is entirely responsible for the too strong lowering of the 2* and 3~ states because
all the small admixtures of the higher configurations are essentially of particle-hole
type. Indeed it has been shown in nuclear matter that the Landau parameter Fo,
which corresponds to the interaction for natural-parity states in finite nuclei, is
reduced considerably by diagrams of the type in fig. 3b [ref.20)]. So we think that
it would be of interest to try to include diagrams of the types shown in figs. 3a and
3b in an effective interaction operator, by calculating them explicitly.
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Fig. 3. Diagrams not included in the calculation of the G-matrix that was used as an effective interaction
in the calculations. Contributions represented by diagram (a) are expected to increase the effective
particle-particle force, while "screening contributions" represented by diagram (b) will weaken the

effective particle-hole force.

4.2. ELECTROMAGNETIC FORM FACTORS

Electromagnetic properties provide a more sensitive test of the nuclear structure
calculations than just the energy spectra. Especially the electromagnetic form factors
obtained by (e, e") experiments provide detailed information. From these form
factors one can derive transition densities and currents. In plane-wave Born approxi-
mation the transition charge density is the Fourier-Bessel transform of the measured
Coulomb form factor

p'Lir)
2 I T (qr)Fl(q)q2dq. (4.1)

A more precise method to extract the transition charge density from the form factor
makes use of the DWBA formalism. This method is described extensively in ref.2I).
We shall compare our calculated transition densities with the experimental transition
densities which have been obtained by this more precise analysis. The usual pro-
cedure to calculate transition densities is to use Woods-Saxon wave functions as
single-particle wave functions. The explicit values of the Woods-Saxon well were
chosen as in ref. ") for 5lfNi and as in ref. ~) for KXSr. As typical examples we shall
present a few transition densities of collective 2* as well as non-collective 2*
excitations, and the magnetic form factor of the 1+ state in 88Sr, of which it has
been suggested that it may contain indications for virtual excitation of the A-
isobar 23~25). In our calculation the free charges and g-factors will be used. So the
calculation has nc adjustable parameters.

In fig. 4 we show the result for the transition charge density of the 1.454 MeV 2\
state in S8Ni. In a small model space of 5 subshells for protons and neutrons, only
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Q015
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0.005 -

t

Fig. 4. The transition charge density for the 1.454 MeV 2* level in 58Ni. The dotted curve represents the
result of a calculation within a model space of 19 subshells. The dashed curve was obtained in a space

of 19 subshells. No effective charges are used. The experimental curve is from ref. -').

a few small proton particle-hole components are present in the wave function of
the 2* state. Consequently the result, shown by the dotted curve, is much too small
compared with the experimentally observed surface peak. Enlargement of the model
space to 5 major shells (19 subshells) gives a larger amount of proton configurations
in the wave function. All these proton contributions add up coherently and give the
correct surface-peaked form of the transition density. Also the absolute strength of
the peak is calculated rather well.

In 88Sr the protons are the valence shell particles. This means that for the 1.836 MeV
2\ state one finds already a sizable transition charge density for a calculation in
the small model space, as can be seen from the dotted curve in fig. 5. However, '
also in this case the strong surface peak is not reproduced unless the model space
is extended to several major shells, as shown in fig. S by the dashed curve. One may
notice that, especially in the small model space, one has too much structure of the
transition density in the inner region. This is caused by a too dominant (2p3/2,2p, / :)
configuration, which is suppressed by the increasing collectivity of the state in a
large model space.

One may notice that for the 2f in 88Sr, as in the case of 58Ni, the surface peak
has about the right strength. Note that this surface-peaking is achieved without
adding any density dependence to the force. This in contrast to phenomenological
forces thai have an explicit dependence, like the Skyrme force and the SDI, and
thereby artificially promote a surface-peaked transition density. In our case only a
global correspondence between the average density of the nuclei and nuclear matter
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Fig. 5. The transition charge density for the 1.836 MeV 2* level in "KSr. See further the caption to fig.
4. The experimental curve is from ref. • 6 ) .

was assumed. Without invoking effective charges we find roughly the correct excita-
tion strength both for 5tlNi, where the neutrons form the open shell, and for xsSr,
where the protons are the active particles.

As an example of a non-collective excitation the transition charge density for the
3.215 MeV 2\ state in ""Sr is plotted in fig. 6. Here the effect of the core polarisation

0.005

t
8.0

Fig. 6. The transition charge density for the 3.215 MeV 2* level in "*Sr. The dashed curve represents a
calculation with 19 subshells. The experimental curve is from ref.2t>).
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is very small and the transition density is mainly determined by the contributions
from the small model space. It appears that this and many other 1 b.p. states can
be well described without an effective charge.

Magnetic transitions, especially of 1+ states, have received recently quite some
interest because the form factors may exhibit influences of the A- resonance 27~29).
In 58Ni we calculated two 1+ states with B(Ml) values 0.0016 and 0.0010/iN and
energies comparable with the observed states at 2.902 MeV and 3.594 MeV respec-
tively. These numbers are so small because of the highly destructive interference of
the forward- and backward-going amplitudes, eq. (3.4). Moreover the first state is
a /-forbidden transition. A measurement of their form factors will be quite difficult.
Indeed they have hardly been observed in (e, e') [ref.30)]. The (p, p') experiments l5)
confirm the calculated structure of these states. Therefore we present only the DWBA
form factor of the 3.486 MeV 1+ state in 88Sr, for which a B(M1) value of (0.92±
0.15)/U-N has been measured31). This form factor has been measured for a large
momentum range. The simplest possible description of the 1+ state is a pure
(2pJ/2»2pi/2) particle-hole excitation. For this the B(Ml) value is 6 .5>N and the
form factor is given by the dotted line in fig. 7. A large reduction by a constant
factor is caused by pairing correlations, as is shown by the dashed line in fig. 7.
This line indicates the contribution from the (2p3/2,2p, /2) broken-pair configuration
only and gives a fl(Ml) value of 1.78>*N- This reduction is due to destructive
interference of (2pj/2,2p,/2) and (2pT/2,2p3/2) terms; eq. (3.4). If the pairing
correlations would be so strong that the 2p3/2 and 2p, /2 orbits were equally occupied
in the ground state, then the excitation strength would be zero. So a correct
description of the pairing correlations is essential for this case. In view of our earlier

10

oi

JjLiO-*
7ao
3 -5
j. 10

e8Sr(e,G')
1 +3.486 MeV

3O

Fig. 7. The DWBA form factor of the 3.486 MeV l+ state in *8Sr. The dotted line represents the result
for a pure single-particle (2p^,'2,2p1/2) configuration. The dashed curve shows the effect of the inclusion
of pairing. The full curve shows the result of a calculation that includes both pairing and core polarisation.

The experimental points were taken from ref.M).
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observation that we still have a slightly too small pairing energy, the reduction by
pairing might even be a bit stronger than shown in fig. 7. The full line indicates the
result of a calculation in a 19-subshell model space. The reduction of the fl(Ml)
value to 1.38/UN is /nainly caused by the admixture of the proton (lgv/2, Ig7/;)
configuration. One may notice that the core polarisation also reduces the form factor
further, and that this reduction is momentum dependent. This reduction is caused
by many small admixtures in the wave function. In fact it is strongest in the region
where also the effect of a virtual excitation of the J-isobar is believed to show up
most clearly " ) . This result suggests that the peculiar shape of the observed form
factor may be largely due to core-polarisation effects, although there is still a
discrepancy between our calculation and experiment.

This discrepancy for small momentum transfers in the form factor and for the
B(M\) value amounts to roughly 50% for the 19-subshell calculation. This should
be compared with a 100% overestimate in the case of the small model space. A
study of the convergence when the model space is extended further lies outside the
scope of the present paper. We do not expect, however, a large additional change
of the results because it has been shown '") that with realistic forces, including
exchange terms, better convergence is obtained than with IT- and p-exchange forces
plus exchange terms simulated by a 8-function-type g' interaction. One may further
improve the nuclear-structure calculation by including also the effect of ground-state
correlations other than pairing, which is already well treated. This may be done by
a RPA approach or by taking 2 b.p. admixtures [both low- lx) and high-lying '""')]
into account. This may further reduce the transition strength.

Before discussing other than purely nucleonic degrees of freedom ~5), we intend
to improve the nuclear-structure description, also for other states and nuclei, in
order to gain more confidence that the nucleonic aspects are well treated. Systematic
improvement of the effective interaction should be persued at the same time.

5. Summary and conclusions

We have investigated the applicability of a recently proposed realistic meson-
exchange force in broken-pair calculations for semi-magic nuclei. A few results for
58Ni and 8sSr were shown as examples. In sect. 3 we gave a short presentation of
the model and discussed the dependence of single-particle energies on the size of
the model space. We have also shown that the influence of center-of-mass motion,
which may occur in a multishell space, is negligible in the broken-pair wave functions
for the low-lying states. In sect. 4 the calculated spectra for 58Ni and KSSr were shown
to have almost the correct pairing gap, provided that many sub.shells are included
in the model space. Only a small amount of extra pairing seems to be needed. This
might be achieved by the inclusion of core-polarisation contributions of the type
shown in fig. 3a. The excitation spectra are well reproduced. Only the collective 2*
and 3" states become somewhat too low in energy. This indicates that such typical
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collective states require a more elaborate treatment, e.g. the inclusion of polarisation
effects as depicted in fig. 3b. The transition charge densities of the collective states,
as measured in (e, e') experiments, show the surface character of these excitations.
This character can only be described in a multishell model space. The excitation
strength is rather well reproduced for a nucleus with an open proton as well as for
one with an open neutron shell without invoking effective charges. Also in magnetic
transitions the contribution of core polarisation is not negligible. Because of its
^-dependence, it cannot be simulated with a ^-independent effective g, or g, factor,
as was illustrated for the 3.486 MeV state in 88Sr. In our present result the amount
of pairing and core polarisation is not enough to rule out a discrepancy that may
reveal the effect of virtual delta excitation. However, before making a more firm
statement about the role of non-nucleonic degrees of freedom, a more complete
study of all known levels should be performed. In view of the nice results obtained
with this meson-exchange interaction it seems worthwhile to improve it by inclusion
of higher-order effects.
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the Stichting voor Fundamenteel Onderzoek der Materie (FOM) which is financially
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Abstract: The standard random-phase approximation for finite systems is extended by including the
effect of the exchange of the RPA phonons in the residual interaction selfconsistently. It is shown
that this particle-hole interaction is strongly energy dependent due to the presence of poles
corresponding to 2p2h (and more complex) excitations. The RPA eigenvalue problem with this
energy-dependent residual interaction also provides solutions for these predominantly 2p2h-likc
.slates. In addition a modified normalization condition is obtained.

This new scheme is applied to s<1Ni (iflCo) in a large (up to lhw) configuration .space using a
residual interaction of G-matrix type. It is shown that the lowest 2 eigenvalue, which in the
standard RPA becomes imaginary, is stabilized when the selfconsistent screening is taken into
account. Another feature observed is the splitting of the Ml strength as an example of lplh and
2p2h mixing.

1. Introduction

The interaction between free nucleons can be described with meson-exchange
models'). These models mostly incorporate a set of physical mesons, like e.g. the
pion, the mass and interaction strength of which can be deduced from other
experimental information than the nucleon-nucleon (NN) interaction data. In ad-
dition some non-physical mesons, like the o-meson. must be added in order to
describe the (NN) scattering data properly. This meson-exchange model gives a clear
physical picture, although the non-physical mesons should rather be interpreted in
terms of two-pion exchange processes, like in the Paris potential"), or even more
fundamentally the whole interaction process must be described on the level of QCD.

For a long time now. one has tried to incorporate elements of this free NN
interaction in nuclear structure calculations3). Recently, explicit use has been made
of the pion and the rho-meson exchange potentials to describe magnetic properties
of nuclear excitations4"8). The remaining part of the interaction was then repre-
sented by a spin-isospin-dependent delta force with a strength parameter g'. the
numerical value of which is still a subject of discussion9). An approach in which all
meson exchanges of the NN potential are retained explicitly has been proposed
recently10). In this approach one starts, as a first approximation to the effective
interaction, by calculating the G-matrix in nuclear matter. The novel feature is that

a Present address: TRIUMF. 4004 Wesbrook Mall. Vancouver. HC. Canada V6T2A3.
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the G-matrix is now represented again, to a good approximation, by an effective
meson-exchange potential. This implies that the short-range correlations, which are
treated in the calculation of the (/-matrix, may be simulated by the exchange of
additional, relatively heavy, effective mesons. Such an operator structure of the
G-matrix greatly facilitates its application in nuclear structure calculations. The
approach proved to be quite successful in both nuclear matter1(>) and in finite
nucleil1"13).

An aspect of the effective interaction which is not dealt with in the calculation of
the G-matrix is the coupling of the exchanged mesons to the collective excitations of
the nuclear medium. By the polarization of this medium the meson propagators
become modified and the resulting effective interaction between the nucleons is the
exchange of "dressed" mesons. In principle the problem has to be solved selfconsis-
tently. because the collective excitations which cause the "dressing" of the meson
propagators should be computed with the exchange of such "dressed" mesons as an
effective interaction. In finite nuclei these "mesons" correspond to the excited states
(phonons) of the system: they therefore can have a very small "mass". One might
therefore expect that the inclusion of these effects has a substantiaMnTTuence. This
idea is also supported by semimicroscopic calculations of this kind u ) . In this paper
we will study the effect of phonon exchange on the effective interaction in finite
nuclei by extending the particle-hole (lplh) RPA. The microscopic phonon exchange
in the crossed channel will then be treated selfconsistently.

Medium polarization effects on the effective interaction are known to be essential
to obtain a stable solution for nuclear matter. Without them the Landau parameter
fj, would violate the stability condition (Fo < —1.0) and the system would be
unstable against scalar-isoscalar particle-hole excitationsl5). Medium effects are also
necessary to obtain Landau parameters which satisfy the proper sum rules'6"11*).
One may expect the polarization effects to be important in finite nuclei too. as it is
well known that the application of the G-matrix overestimates the collectivity of
certain excited states in heavy nuclei. In RPA calculations one may even obtain
imaginary excitation energies1920).

A consistent way to treat the self-screening of the effective interaction has been
given by Wu 2 1 " ) . Similar ideas and development can be found in refs. "-'"•-•'•-•»). [n

refs. 2 1 ~) a set of non-linear equations is derived for the polarization (ph) propa-
gator and the irreducible interaction. In the simplest approximation one obtains the
well-known RPA equations, but the method provides a systematic prescription to
improve on these. It is this technique that we will apply to finite nuclei. The
formalism is presented in sect. 2.

This method allows us to treat the mixing of the lplh- and 2p2h-like excitations
without increasing the dimensions of the RPA matrices. This is contrary to the
"second" RPA of ref.:5), where 2p2h states are explicitly considered. A drawback of
that method is the large size of the matrices to be diagonalized. while the approach
does not provide the systematic improvement of the polarization propagator that we
shall obtain with the method presented here. As a first application of the method, we
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have performed calculations for the doubly-closed-shell nucleus 56Ni. where the
T=\ states can be interpreted as the levels of 56Co. Although this nucleus is not
stable and no scattering data can be obtained, it is the lightest of the doubly-closed
shell nuclei in which one of the spin-orbit partners (lf7 /2) in a major shell is
occupied and the other subshells are not. As a consequence there is a collective 2 *
ph state in addition to a collective 3 ~ state. The screening mechanism can therefore
be well investigated, since in a previous investigation12) on 5tlNi t«>o collective 2"
and 3~ states were found. Moreover for 56Ni a clean separation between isoscalar
and isovector excitations can be made, which simplifies the analysis of the screening
effects. In addition it has been shown in ref.12) that for Ni isotopes a sufficiently
large configuration space can be handled, which is necessary to obtain converged
results. A discussion of the configuration space and the residual interaction can be
found in sect. 3.

Various steps in the iteration procedure are discussed in sect. 4. There the
possibility of computing, with the extended RPA equations, also states of predomi-
nantly 2p2h or more complicated nature is demonstrated. In sect. 5 we consider the
effect of the present approach on electric and magnetic formfactors. Sect. 6 contains
a short summary and conclusions.

2. Selfconsistent RPA equations with medium polarisation effects

The purpose of this chapter is to present the formalism needed to obtain the
selfconsistent RPA equations. Starting from the exact polarization propagator (or ph
propagator) we will derive a manageable system of equations relating the polariza-
tion propagator and the irreducible interaction in a selfconsistent way. Although in
practice one must make certain approximations in the calculations, we emphasize the
general validity of the method as it is based on the formal perturbation expansion of
the polarization propagator. In subsect. 2.1 we will discuss this polarization propa-
gator. Subsect. 2.2 is then devoted to the usual RPA eigenvalue problem empha-
sizing our interpretation of the zero-order approximation to the polarization
propagator. In subsect. 2.3 the lowest-order screening correction term to the effective
ph interaction is discussed. This formalism is generalized in subsect. 2.4 to include
the full polarization propagator correction in the screening of the residual interac-
tion.

2.1. THE POLARIZATION PROPAGATOR

The essential information about one-body nuclear excitations that we are inter-
ested in is contained in the polarization propagator. It is defined -6) as

(2.1)
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Here the operators af (hT) denote particle (hole) creation operators. The labels 1. 2.
3 and 4 denote a complete set of single-particle quantum numbers given in a
convenient basis which is discussed below. The operator T represents the time-order-
ing operator, and |^0) the exact ground state of the nuclear hamiltonian H.

H=Tk+V. (2.2)

where

Tk=L(>\'\j)»>, (2.3)
'/

is the kinetic energy operator, and

Z()yiaiak (2.4)
tiki

is the NN interaction.
Performing the Fourier transform of eq. (2.1) and inserting a complete set of

eigenstates of H one obtains the well-known Lehmann representation:

where angular momenta and isospin are coupled to the conserved total angular
momentum and isospin. respectively. The summation is over the complete set of
excited states of the system. The symbol Ej'T denotes the excitation energy, i.e. the
absolute energy of state (nJT) minus the energy of the ground state £„. The isospin
quantum number T has a similar function to the angular momentum J. Whenever it
cannot cause misunderstanding we shall drop this extra index from the formulas.
One defines

,,\{">l)M<) (2.6)

with \^/n) one of the excited states of the system, and

r / i . , - ( " I ) " ' ' " ' JX*.j- (2.7)

From the Lehmann representation (2.5) of the polarization propagator one can infer
that the poles of eq. (2.1) correspond to the energies of excited states of the system.
whereas the residues at the poles contain the corresponding transition amplitudes for
transitions from the ground state to these excited states.

2.2. PERTURBATION EXPANSION AND THE RPA EIGENVALUE PROBLEM

In performing the perturbation expansion for 17. one can first group together
those diagrams which are "non-interacting" (see fig. la). They originate from all
possible contractions where the quantum numbers 1 with 3 and 2 with 4 are
connected. Summing these diagrams one obtains the product of two exact single-par-
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+ • • • • •

a) b) c) d)

Fig. 1. The (ph) ladder series for (he polarization propagaior given bv cq. (2.12). The iviggh line
represents the direct plus the exchange contribution of the local G-operator ( i l , M . This series leads to the
standard RPA equations. The first term (a) in the expansion for / / , , u 7< u ) i-. / / [ , ,j , ( u ) . cf. cq.v (2 4).
(2.10). The second term (b) corresponds to a product of two II' and one antixvmmetrized f/-n;atri\

element, etc.

tide Green functions integrated over their relative energy:

/
dw'
—g 1 3 ( t t ' -M«)g42(u ' - {u) . <2.8)

where the superscript / denotes "free" in the sense of independent propagation of
single-particle lines. Using the Lehmann representation for the single-particle Green
function one can then integrate eq. (2.8):

(2.9)

In the actual calculation we will then use the experimental energies £„•* ' and Ej ' '
of the known "single-particle" states in the A ± 1 nuclei. Furthermore we will
assume that IV is diagonal in a simple harmonic-oscillator basis and that all
spectroscopic factors in eq. (2.9) may be taken equal to one. This approximation
may be improved by explicit calculation of the one-body propagator, but it should
be good enough to study the relevance of the screening effect for the ph propagator
which is the main subject of this paper. The approximation implies that the "free"
propagator (2.9), which includes all single-particle binding effects however, is written
as

0(eF - C | ) ( fr)
(2.10)

w - ( e , - e : ) + /T) o} + U , - E : ) -IT]
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where f, denote experimental energy differences E;4 *' — £() or £„ — £,"*"l depend-
ing on whether we deal with a "particle" or a "hole" state, respectively. We have
further defined e? = Eo

4 ~' - £ 0 and e? = £„ - £,;•"'. where £,,. E,f ' ' and £0
4 '

are the ground-state energies of the relevant nuclei with A. A + 1 or A - 1 particles.
In principle the exact polarization propagator (2.1) may be computed by the

standard many-body perturbation techniques26). The bare NN interaction V. eq.
(2.4), is so strong at short distances, however, that first a partial summation of the
particle-particle interaction terms must be performed. The result of such a partial
summation, known as the Brueckner (7-matrix. is then much better behaved and
more suitable to be used in a perturbation expansion of the propagator (2.1). We
shall adopt a local representation of the G-matrix [G'NM of ref."')] as a sufficiently
realistic first approximation for our purpose. Since we intend to develop a scheme in
which our starting residual interaction (C-matrix) will be extended to include the
energy dependence associated with the exchange of microscopic RPA phonons we
employ for the inhomogeneous RPA equation the following expression:

£ n{2A2. j(u)Kl25,h j( w ) / 7 5 6 ,4
5.ft

(2.11)

Here the usual distinction26) is made between contributions which are generated by
eq. (2.11), i.e. reducible ones and those which are irreducible and must be included
in the residual interaction K(u).

As a first approximation one may consider only the local 6-matrix Gl;M. i.e.
Kl2 56 ^(w) = {12 ~'•/1G|MM156"'./). This corresponds to the summation of the series
of diagrams depicted in fig. 1. This represents the so-called (ph) ladder approxima-
tion:

n12.34: j(u) = Sl.lS1.4nll.\l.j(°i)

+ Ln[2A2,J{»)(\2 [J\Gl
ss1]56 ' / ) / ! ,< , .„ . , («) . (2.12)

5.6

The matrix element (12~1J|G'NM|56 ~lJ) includes both the direct and the exchange
contribution and is represented by a wiggly line in the figures. Restricting oneself to
this set of ladder diagrams for the calculation of FIl2 34.7(to), one may find its poles
from the homogenuouj part of eq. (2.12). Multiplying eq. (2.12) by u — E" and
taking the limit u -• £,", one obtains the usual RPA eigenvalue problem since the
contribution from the inhomogenuous term vanishes in this limit. This derivation is
only valid in a discrete basis and cannot be applied to infinite systems or even for
continuum states of a finite system. The RPA eigenvalue equation has the following
form:

A B\[X;

B' A']\Yf -Yj"
(2.13)
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with

A = (epi- e.^J^+ip^JlG^pih^j) . (2.14a)

( ) (2.14b)

^i-l)" " " ~ \ (2.14c)

B' =(h1pllJ\G^M\pih-A
lj)(-\)l^'^"''\ (2.14d)

In the usual RPA calculations the matrices A and A' and the matrices B and B' are
taken to be the same. So one assumes the particle-hole and the hole-particle
interaction matrix elements to be identical. This results from time-reversal symmetry
of the residual interaction. When we extend the residual interaction with screening
terms this symmetry will be lost. The amplitudes X and Y have to be normalized by
a condition that can be derived from the inhomogenuous equation (2.12):

Z \ Y"* X" — Y"* Y" 1\Apih-,.JApxh,.J 'l,,p,.Jlh,p{.j\
Pl'

The minus sign on the right-hand side applies for the negative-energy solutions of
eq. (2.13).

If one wishes to include more diagrams in the irreducible interaction Kl2 UJ.
 s e e

below, one obtains interactions which depend on the energy w. One may then derive
from the homogenuous part of (2.11), again the equations (2.13). with Gl

SM replaced
by K(u). Due to the dependence of K on the excitation energy, these solutions
depend on the energy w and therefore this energy must coincide with one of the
eigenvalues of the diagonalization to obtain a seifconsistent solution with a physical
meaning. How this may be done will be shown in subsect. 4.1. The normalization
condition, again to be derived from the inhomogenuous equations, now becomes

E | v«* y« v"* V" I i : .34:y<«)

[ \
(2.16)

where E}' is the energy of the excited state. If the interaction is independent of w.
the derivative vanishes and one recovers the usual RPA normalization (2.15). Note
that the summation over the quantum numbers 1. 2, 3 and 4 in eq. (2.16) runs over
both ph and hp combinations, therefore the V-amplitudes are implicitly included in
the new term. The simplest way to derive eq. (2.16) is to expand the polarization
propagator (eq. (2.11)) in the neighbourhood of a pole E". keeping the smooth
non-pole contribution. Using the homogenuous equation (2.13) one then arrives at
eq. (2.16) after a few straightforward manipulations.
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23. INCLUSION OF THE LOWEST-ORDER SCREENING TERM IN RPA

The RPA equations (2.13) have been applied for variety of magic nuclei with
many different interactions. When they are solved with a (7-matrix as an effective
interaction one finds in heavy nuclei1920) that certain types of excitation, e.g. 3".
become so collective that they acquire imaginary eigenenergies. This reflects a
solution which does not correspond to an oscillation around a stable minimum, but
rather a motion of growing amplitude away from the supposed minimum. As soon as
such strong correlation effects are found one n.ay wonder about the effect of other
diagrams not included in the RPA series (fig. 1). These could have large effects as
well and restore the stability of the minimum.

Indeed a series of diagrams which can be considered as exchange terms of the
RPA series in fig. 1 will, by their nature, oppose the correlations caused by the RPA
series. These diagrams are shown in fig. 2. All of these diagrams are related to a
certain term of the series depicted in fig. 1 and can be obtained from them by an
exchange operation of either incoming or outgoing lines. Note that this holds
starting from diagram (c) in fig. 1 which corresponds to the first diagram in fig. 2.
Indeed one can simply argue that in the case of coherence of the RPA series the
exchange series will acquire also this coherence through the exchange of this RPA
series. It is therefore natural to include these exchange-type diagrams in the residual
interaction so that at least on the level of the RPA series the corresponding exchange
series (fig. 2) is included. How this can be extended to include the full selfcon-
sistency is discussed in subsect. 2.4. Here we concentrate on the first correction term
which is the starting point for this extension. This first term of the exchange series is
once again represented in fig. 3 where all the energy variables are shown. In this
section we derive the explicit form of the corresponding residual interaction to be
included in addition to the G-matrix. Writing down the expression for this first term

Fig. 2. A ".cries of exchange diagrams neglected in the <ph) ladder approximation to the polarization
propagator. Inclusion of this series should give solutions that ohe\ the Pauli principle better, e.g. the first

term of this series corresponds to the exchange or diagram <ci in fig. 1.
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Fig. 3. The lowest-order term of the exchange series a* .shown in fig. 2. Integration over the internal
energy variables u , . u>-> and u5 leads toeqs. <2.21a-d).

one obtains for its contribution to the polarization propagator

X £(12 ,34 ; 7|13.24; J') £ ( l 3 " ' . 7 ' | C N M | 5 6 l . J')
J' 5.6

- J-). (2.17)

Here the integration over the energy variable w3 has already been performed. The
single-particle propagator g(u>) is defined in the usual way. As discussed in subsect.
2.1 we approximate the exact s.p. propagator by a diagonal representation in a
harmonic-oscillator basis, taking however the experimental energies of the A ± 1
systems. In this approximation one obtains

(ea-e;) 6(eF-ea)
ga(«) : (2.18)

W - £„ + IJj U-£a-ITt

In eq. (2.17) one has to perform a recoupling of angular momenta and isospins.
introducing isospin again explicitly one obtains for this transformation bracket
(12,34; 7|13.24; J') =

) r * T' " ' / 2 r > * J * J'

Performing the energy integrations in eq. (2.17) one obtains

J
r). ,2.. , ,

(« ) . (2.20)
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The interaction Vs(u). where the superscript S stands for screening has the
following form:

= £(12.34; J|13.24: J')

+17]

- ( E| - £4 ) - ( <U ~

(2.21a)

£ (12 .34 ; y |13.24:y')

, 'J'\G'SM\h2p4

- ( e , - £ _ , ) - ( E , - e j
(2.21b)

(2.21c)

< 2 2 1 d >

For eq. (2.21a) the explicit time ordering is shown in fig. 4. Note that these diagrams
can be interpreted as Goldstone diagrams with w ¥= 0. with corresponding energy
denominators.

One can now add the first-order screening terms to the G-matrix in the inhomo-
genuous RPA equation, giving

<2-22>
5.6

Clearly Vs(u) plays here the role of a part of the irreducible interaction. In the
formulas (2.13) G'NM must be replaced by G^M + V*(u). and this residual interac-
tion should be treated as energy dependent. This is an important difference from
earlier work, where screening effects were also included but without taking into
account the energy dependence properly J~3).

Several remarks are in order here: The first observation to be made is that the
extended A- and A'-matrices in eq. (2.13) now contain pole contributions which
correspond to 2p2h excitations. We shall utilize this property- to calculate typical
2p2h states without extending the dimensions of the RPA matrices. Another
important point to notice is that the residual ph interaction by definition is strongly
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u j - ( e 1 - e 4 ) - ( e 5 - e6)

Fig. 4. Explicit time-ordering for the lowest-order screening contribution to the RPA (-matrix (cq.
(2.2Iu)). Note that in this .screening interaction there appear pole contribution.-! due 10 2p2h intermediate

states.

energy dependent (contains poles), which affects the low-lying spectra (see sect. 4).
From eqs. (2.21b) and (2.21d) it is also clear that the backward-going terms contain
no energy dependence. In the Goldstone diagram language they correspond to the
generalized time-ordering contributions27) which in this formalism are treated
automatically. By solving eq. (2.22) one calculates besides the series shown in fig. 1
and the diagram of fig. 3 also diagrams with one extra "bubble in a bubble". Some
examples are shown in fig. 5. In subsect. 4.1 we will show how this works out in
practice.

Note that the energy-dependent normalization condition, eq. (2.12). should be
used. With the explicit expression for KS(<J) given above, it becomes

V1 f %"* x t i _ Y"* y " 1 = 4 - 1

dVs(u)

«*)=/;)'

X * ,
/

Y" (2.23)
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Fig. 5. Typical diagrams generated by inclusion of the lowest-order screening contribution in the residual
interaction. The " bubbles" appear because of the energy-dependent term in eq. (2.22).

The derivatives can be calculated from the analytical expressions given in eqs.
(2.21 a-d). No mixing of the X- and K-amplitudes occurs. For most states the
derivative is very small: there are. however, some exceptions where it is important, as
we shall see in sect. 5.

2.4. EXTENSION TO SELFCONSISTENT RPA

In subsect. 2.3 the lowest-order screening contribution was considered. To obtain
the whole series shown in fig. 2, one can use again eq. (2.17) but now replace
nl65f>.j(ul - w2) by the polarization propagator of eq. (2.12) as shown in fig. 1.
Again the set of energy-dependent RPA equations should be solved, but now instead
of eqs. (2.21a-b) one must use the expressions

J'

X
56.7X

• + •

(2.24a)

2.34:7113.24:7')

X I (/>I*3~'-''|GNM|56 '•/')
56.7X

C y«* Y" V ' I * V" •.
/ y . A56.J'A1X.J' "bS.J-'m.J- |

[„ -U,-t2)-E;. -(*,-«,)-£•;./

x(78-1J'\Gl
yM\h2p4

lJ'). (2.24b)

39



W. Hengeveld et at. / Set)'-consistent medium polarization

K

TT

Fig. 6. The set of coupled equations 10 be solved selfconsistentlv. This is the graphical representation of
eq. (2.11) combined with eqs. (2.24a-b).

Eqs. (2.21c-d) still hold. Eqs. (2.24a-b) can be found by combining (2.5) with (2.17).
replacing n'5656.j(u) by I756 7li.j(u), and performing the energy integrations.

Clearly this procedure can be iterated to the point of selfconsistency. i.e. until,
using the solutions of the energy-dependent eigenvalue problem in eq. (2.17). one
obtains again the same solutions of the eigenvalue problem in the next step. An
interesting observation is that the energy denominators in the screening terms now
contain an unperturbed ph energy plus an RPA energy. In the case of attraction
these denominators can therefore be considerably smaller than those with unper-
turbed 2p2h energies, eqs. (2.21).

After convergence is obtained, one has in practice solved the set of coupled
non-linear equations as depicted in fig. 6. These equations correspond to those of
Wu21) who derived them using the time representation of the polarization propa-
gator. For nuclear matter these eqs. were considered in ref.24). An important point
to notice is that by this iterative procedure one now obeys the Pauli principle,
contrary to the usual RPA. It should be noted that the selfconsistency of the
polarization propagator, discussed on the level of RPA here, must not be confused
with the problem of obtaining selfconsistent (as far as the energy is concerned)
eigenvalues E" to the w-dependent eigenvalue equation; i.e. to fulfill u = E'j.

In practice this system of equations has been solved iteratively inserting the
solutions for the energies and transition amplitudes of the first-order problem,
subsect. 2.2, into the interaction (eq. (2.24)). Subsequently we obtain a new and
different solution of the equations with this new interaction. With this we compute
again a new interaction, etc. The convergence of this procedure will be investigated.
Of course one may also start this iteration procedure with the first-order screening
correction eq. (2.21) added to the G\iM from the beginning. This procedure is very
useful if the RPA with the Gl

NM leads to imaginary eigenvalues. Both procedures
should converge to the same results, since after convergence the same diagrams are
included. We shall compare the results of both procedures in subsect. 4.3.
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3. The configuration space and the residual interaction

The RPA equations can be solved in large model spaces. In this paper we have
considered a maximum configuration space of Ihw, which starts from the first s-shell
upwards. It has been shown that such a model space is large enough to give the
essential core-polarization contributions in the Ni isotopes12) calculated with the
broken-pair model29).

The single-particle energies are taken as much as possible from experimental
information, as discussed in sect. 2. In this case we deduce them from the spectrum
of 57Ni and the binding energy of 55Ni. The binding energies of 55Co and 57Cu give
essentially the same hole energy for the lf7/2 shell. This leads, for states near the
Fermi energy, to the numbers in table 1. For the unmentioned shells we adopted an
energy spacing of Aw = 41,4"1/3 [ref.3<))], which is 10.4 MeV for the nucleus 36Ni.

The effective interaction is based on a local representation of the meson-exchange
potential by the Bonn group31). We used the G-matrix as parametrized in ref."') for
nuclear matter with a Fermi momentum of 1.2 fm~' and a starting energy of —74.0
MeV. This G-matrix was denoted by G:

NM. The explicit energy dependence of the
C?-matrix is neglected; only an average starting energy is adopted. This should be of
little influence on the results of the present work as the energy dependence of the
G-matrix is weak") and we consider a small range of excitation energy, up to 15
MeV. The energy dependence which is important in the present study, that of the
screening terms in the residual interaction, is much stronger as it is caused by nearby
2p2h and more complex states.

Adopting the G-matrix operator of ref.ll)) we have only a global density corre-
spondence between the density for which it was computed and the average nuclear
density. In ref.'1) it has been shown that this is a good approximation to the
G-matrix which ought to be calculated for the considered nucleus, i.e. with a proper
Fermi distribution etc. Furthermore it has been shown12) that an explicit density

TABLE 1

The adopted single-panicle energies for shells near the Fermi energy as (hey were obtained
from the neighbouring odd nuclei 5 7 Ni . 5 5 Ni. " C o and "Cu

n I / eA [MeV)

1 f ! - 6 . 2

1 f J -0 .77

2 p I -O.(H)

2 p 1 -1.11

I g ] ^5.0

The single-particle energies for protons and neutrons were assumed to be the same in order to keep a
clean separation between 7"= 1 and 7"=0 spectra. Listed are the energies relative to that of the 2pi ,
orbit. Only these relative values are relevant for the present calculations.
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dependence32-33) is not necessary to obtain correct surface properties for nuclear
excitations.

The matrix elements of the G[,M interaction were calculated in a harmonic-oscilla-
tor basis, using an extension of the method described in ref.6). The adopted value
for the size parameter b = 2.00 fm corresponds to the aforementioned hu = 41/1 ~1/3.
This choice is the same as in ref.l2).

4. Computational procedures and results

4.1. RPA WITH SCREENING TO LOWEST ORDER

In order to recall the main motivation why screening corrections are expected to
be important, we present first the results of a standard RPA calculation with the
Gl

NM interaction. First we study the dependence on the size of the model space. For
this purpose we consider the energies of the low-lying collective states, that are most
sensitive to it. These results are listed in table 2. In principle one should extend the
model space until convergence is obtained for all the excitation energies. In the
upper half of table 2 the results of the standard RPA using the G-matrix G'NM are
displayed. One observes that the 2 + excitation energy becomes imaginary for the
Ihu calculation. Also the 3" is rather sensitive to the configuration space, whereas
the 4 + and 6+ are less sensitive. We should mention that the energies of the other

TABLE 2

Energies of 7"= 0 natural-parity states in " N i for model .spaces of different sizes

5 subshells
Shu
Ihu

5 subshells
Shu
Ihu

2*

5.090
1.492
im.

5.609
4.629
4.574

3"

10.359
4.072
3.252

10.445
6.739
6.311

J"

O-matrtx

1st order

4 '

5.765
4.978
4.864

5.939
5.582
5.491

6

6.3(X)
5.594
5.526

6.704
6.479
6.534

In the upper part of the table the (/-matrix G'NM of ref."') was used as a residual interaction. In the
lower part the first-order screening correction of this interaction is applied. In the first row the results for
a configuration space of lf7/;. lti/2.2PJ,*, 2p 1 / ; and lg v . , orbits are displayed (5 subshcllsi. The other
calculations refer to Shu and Ihu spaces around the Fermi energy. A starting energy of u = 5.0 McV is
used for the calculation of the first-order screening terms. The energy of the 2 * becomes imaginary in the
standard RPA approximation using C'NM as the residual interaction. All energies are in McV.

42



W. Hengeveld el al. / Self-consistent medium polarization

t

7n

6.0

=.0

4.0

3.0

2.0

10

0

4 *

3 *

1+

RPA
5nu>

5 *

6 *

4 +

3 "

2 *

0 *

A = 56
T = 0

— 1 + - 3 *

5 3 +

2*

0 *

ITERATED
RESULT

'•<-?*)

7* ^~'% +

0* 4 »

2'

EXP 5 6Ni
[

Fig. 7. Energy spectrum of the 7" = 0 states in 56Ni calculated with the 6"-matrix interaction 0"!^, of
ref.'") and the single-particle energies as listed in table 1. The first spectrum is obtained with the standard
RPA method. The next one is the result of the selfconsistent RPA method after three iteration steps for

the RPA propagator. The experimental levels were taken from rcf.s.t4).

low-lying excited states, as shown in fig. 7, are all essentially converged in a model
space of Shu.

If we include the screening terms to lowest order (see also table 2). this picture
becomes somewhat different. The first observation is that the stability of the 2 ' state
is restored; moreover the extension from 5Aw to 7/»« leads only to a small decrease
in energy. The 3" excitation is still lowered somewhat but almost no change is
observed for the other states. Note that also the 4+ and 6* states are influenced by
the screening. These results have motivated us to limit the extended calculation to
the 5hu space. All results which are discussed below correspond to this configura-
tion space.

The results for the T= 0 states of 56Ni in a 5hu model space are displayed in fig.
7. As expected the collective 2+ and 3 " states come too low in energy as compared
with experiment. The G-matrix interaction has pushed these -states downward by
typically 5 MeV from their unperturbed energies. Such very large RPA correlation
energies have also been found by other authors who used a G-matrix-type interac-
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tion20-35) or more schematic forces36). These extreme results are due to the inade-
quacy of the RPA however. Indeed, the large correlation energy is achieved by
summing the diagrams of fig. 1, whereas the corresponding exchange terms shown in
fig. 2 are neglected in RPA. One observes from table 2 that already inclusion of only
the lowest-order screening diagram in the extended RPA, as depicted in fig. 3 and
given in the eqs. (2.21a-d), reduces the correlation energies considerably.

Lowest-order screening corrections have been computed in the past319) mainly to
renormalize the particle-particle interaction, by employing certain approximations
for the energy denominators that occur in eqs. (2.21). A difficulty is that one needs
in these energy denominators the eigenenergies EH that are the solutions of these
RPA equations. So these have to be computed selfconsistently. In order to make the
computational procedure not too cumbersome we invoked a graphical method. This
is exposed for the 2+ states in fig. 8. One chooses a few values of u in the energy
range where the excitation energies are expected to be found, e.g. u = 5. 7, 8. 10
MeV. The expressions (2.21) are smooth functions of w as long as one stays below
the 2p2h poles which occur above 10 MeV. Therefore the solutions £,,(w) are also

-16

Fig. 8. The u-dependence of the energies of the 2~ stales obtained from the RPA equation with the
inclusion of lowest-order screening. Both positive- and negative-energy solutions are shown. Only the

selfconsistent solutions, lying on the line u — £. have a physical meaning.
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6.2
1.492
4.629

4.60
5.223
2.701

3"

10.4
4.072
6.739

6.95
7.X5K

(5.399)

4 "

6.2
4.97X

5.5S2
5.59

5.692
3.924

6 '

6.97
5.594
6.479

6.51
6.633

(5.316)

W. Hengeveld et al. / Self-consistent medium polarization

TABLE 3

Energies of (T = 0) natural-parity states in '6Ni with and without first-order screening in various approximations

no interaction
O-matrix c!y,M

"on-shell"
experiment

The calculations were performed for a Shu space using eq. (2.22). The experimental results are taken from
refs.14). All energies are in MeV. The brackets indicate that the spin assignment is uncertain. The indication s.c. in
the fourth row means that the input energy variable in the effective interaction equals the output eigenvalue for each
state listed. For further explanation see text.

varying smoothly with u as indicated by the curves in fig. 8. The true solutions of eq.
(2.22) are the selfconsistent ones £„(«) = u. which are found where the straight line
E= u crosses the curve £„(«). Using this graph, one needs computations for only a
few values of « in order to obtain the lowest excited states with a few keV accuracy.
By inspection of eq. (2.21d) one may notice that the symmetry- between positive- and
negative-energy solutions, which is typical for RPA. is lost. From fig. 8 one may
notice that this symmetry is actually conserved for the selfconsistent solutions
£ , , (u )=« , however. The point is that the negative-energy solutions have to be
computed with negative values of u.

One may notice from table 3 that already with to = 5 MeV as a first guess the
lowest-order screening effect is rather accurately reproduced. This accuracy is much
better than what is obtained by neglecting the energy dependence of the interaction
when taking an average energy denominator23") or "on-shell" values for each
matrix elementw). In the latter case one approximates the starting energy by

It appears that such an approximation systematically overestimates the screening
effect (cf. table 3). This happens because remote shells contribute appreciably to the
RPA correlation energy of collective states and especially for these states the
"on-sheJI" approximation implies too small energy denominators in eq. (2.21).
Concerning the energy dependence of the residual interaction, one may argue that
the folded-diagram expansion leads to an energy-independent interaction-19"*"). This
formulation is quite complex and has been worked out only for the case of two or
three valence particles and applied to calculate the effective sd-model space interac-
tion4142). However, although it seems a complication, the energy dependence of the
interaction is also an advantage as predominantly 2p2h or even more complex
excitations can be obtained with the RPA equations.
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4.2. TREATMENT OF 2p2h EXCITATIONS

By inspection of (2.21) one may notice that the extension of the RPA with
screening introduces new poles, viz. those in the screening terms of the interaction.
These poles occur at 2p2h energies. Therefore, when the extended RPA equation
(2.22) is iterated, it contains also poles near the 2p2h energies, which lead to extra
solutions of the RPA eigenvalue equations.

As an illustration of how this works out in practice we show the relatively simple
case of the 7" = 1 + states. In fig. 9 the energy dependence of the eigenvalues £„( u)
is displayed for the RPA equations with the lowest-order screening diagram in-
cluded. In the same way as for the 2+ states (fig. 8) one can determine the
seifconsistent energies by the crossing of the curve £„(«) with the line E-u. For
the lowest states there is again the smooth variation with to. When one approaches
the 2p2h pole, however, the effective interaction matrix elements, which include the
screening term, become very strong, i.e. infinite at the 2p2h energy. As a conse-
quence the eigenvalues £„(«) become quite different from the unperturbed lplh
energies. This is expressed by the steep rise of the curves in fig. 9, when u
approaches the lowest unperturbed 2p2h energy of 12.97 MeV. This energy corre-
sponds to the lplh energy of the (lf5/2,lff/2) 1 + state plus the "exchanged"

&

t

13

Fig. 9. The u-dependence of the eigenvalues of the 1' .states, calculated with only the lowcM-ordcr
screening term. Note that a new solution appears at 12.70 MeV. which cannot be found by (he standard

(Iplh) RPA method. Such a state has predominantly a 2p2h character.

46



W. Hengeveld el at. / Self-consistent medium polarization

TABLE 4

Calculated 1 * energies and fl( Ml) values in 5<1Ni

r
1 •

i •

1

T

0
I
I

r = o

6.97
6.97

Energy [MeVJ

RPA

5.613
9.319

RPA + scr

7.02
9.86

12.70

K = 0

O.23S
2X.9

«(M1)[^]

RPA

0.155
25.4

RPA + scr

0.170
18.9
5.0

The columns labeled by RPA + scr display the results when first-order screening (using eq. (2.22)1 i>
included.

(2p3/-,. If7/7) ph energy. Due to this steep rise of the curves there appears another
crossing point with the line E = w, i.e. another solution of the RPA equation with
(lowest-order) screening. The resulting energies are given in table 4. One observes
that also the energy of T = 1 states can be influenced by the screening contributions.

Because of the steep rise of the curves one has to perform the computations for a
narrower grid of energies in this region, in order to get precise values for the true
solutions. The picture becomes actually a bit clumsy when one wishes to compute all
the selfconsistent solutions in the region of the 2p2h energies. Nevertheless, it can be
done. Full iteration of the screening diagrams to all orders will lead in principle also
to 3p3h and more complex poles. In practice most of the solutions which lie on a
very steeply rising curve En(u) are not very interesting, because the excitation
amplitudes for such states become very small, due to the normalization condition
(2.23). This makes their observation in scattering experiments unlikely. The 1 * states
discussed in this section turn out to be an exception. Their electromagnetic proper-
ties are discussed in sect. 5.

4.3. ITERATION TO INFINITE ORDER; CONVERGENCE PROPERTIES

In tables 2 and 3 it was shown that the lowest-order correction has a large effect
on the energies of the collective states in particular. We shall now iterate the
screening of the RPA to higher order. This means that we shall use. instead of the
lowest-order screening contribution only (fig. 3), the complete set of exchange
diagrams, as depicted in fig. 2, to calculate the effective energy-dependent interac-
tion. This will give a different polarization propagator, which in turn can be used to
calculate again a more complete interaction. By continuing such a process one
effectively calculates all diagrams with " bubbles in bubbles in bubbles in. . .". An
example of a diagram that is taken into account in this way is shown in fig. 10.
Finally the eigenvalues of this selfconsistent RPA should be the same as the energies
that are used to calculate the screening contributions. This extra selfconsistency
condition makes the procedure rather complicated. Therefore we have made three
approximations which we will discuss first.
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Fig. 10. Example of a diagram included in the polarization propagator when one solves the set of coupled
equations depicted in fig. 6. The nesting of the "bubbles" originates from the iteration of the RPA

solutions. The diagram shown is generated after two iteration steps.

The first approximation was that we neglected from the propagator, which is
inserted into the equations for the effective interaction, all the contributions which
are of more complex nature than lplh. This saves the enormous effort of computing
all the 2p2h selfconsistent solutions. Moreover, as we have argued in the previous
subsection, such states have small excitation amplitudes (the numerators in eq.
(2.24)). Therefore, as a first approximation, we neglected them. The price one has to
pay is that the final solution of the propagator will not contain 3p3h-like states.
These, however, are expected to have even smaller transition amplitudes than the
2p2h states.

The second, further, approximation is inspired by the observation that in figs. 8
and 9 the energies £„(«) of the low-lying lplh states vary little with u in the energy
range w = 0.0 to 10.0 MeV. This variation is largest for the 2* energy in fig. 7 which
varies by about 500 keV. We will use this small variation of EJu) with u to avoid
the determination of the selfconsistent energies at each step of the iteration. The
procedure is that a certain value of « is chosen and for each « all solutions E,,{ u)
(which are therefore not selfconsistent) are inserted in the screening terms to iterate
the equation for the propagator to all orders. The solutions £„(«) of this iterated
equation may now be plotted as in fig. 8. Finally the crossing with the line £ = w
yields the "selfconsistent" solutions. We have tested this procedure by comparison
with the exact calculation for a space of 5 subshells. It was found that the error is
comparable to that introduced by using the graphical method.

A third problem for which we have adopted an approximate method is the
removal of the spurious center-of-mass motion. Only the lowest 1" T = 0 state is
appreciably affected by this spuriosity12). As an exact removal of this spuriosity is
difficult we have adopted the same procedure as in ref.41), viz. the lowest 1 \ with
imaginary £„(«), was discarded from the propagator.
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TABLE 5

Energies of 7~= 0 natural-parity stales as calculated in three iteration steps of the RPA propagator

G-malrix
1
2
3

1st order
1
2
3

phonons

r

1.492
4.069
4.250
4.271

4.629
4.291

4.282
4.278

2.747

3"

4.072
6.507

6.446
6.470

6.739
6.471

6.476
6.473

5.256

r
4'

4.978
5.465
5.493
5.492

5.5K2
5.494

5.492

5.492

5.317

6*

5.594
6.362
6.364

6.362

6.479
6.359

6.362

6.361

6.136

A starting energy of u = 5.0 MeV was used for the calculation of screening terms. The result of two
different series, one starting with the G-matrix interaction and the other staiting after inclusion of the
lowest-order screening term, are listed in the upper and lower part of the table, respectively. The bottom
line refers to an approximation where only a few collective states were used to calculate the .screening of
the interaction (see text). All energies are in MeV.

In order to show how the scheme described in subsect. 2.4 works out in practice,
we show again results for the low-lying 7* = 0 states. For these states the effect of the
interaction was very strong, and lack of convergence might cause troubles. That no
such problems arise can be seen in table 5. Here the results after every iteration step
for these states are listed. The top line shows the result of the RPA calculation with
only the G-matrix. These results were discussed in subsect. 4.1. In the next lines the
results of the further iteration steps are given. The effect of the first step is the
largest and opposes the RPA correlations. The effect is mainly due to the lowest-order
term, which gives approximately the full effect. One observes that the results
converge very rapidly. Each correction by the next iteration step is smaller than the
preceeding one. This can be expected, since in every next step only higher-order
diagrams are added. A reasonable accuracy is obtained for these states after three
iteration steps.

In the same table we also show, for the same starting energy, the results if one
starts the iteration with the G-matrix plus the lowest-order screening term. One
notices that this series converges equally fast and to the same values. This procedure
is helpful when one encounters imaginary solutions with the G-matrix alone. The
results obtained after three iteration steps will be called the "iterated" result in the
following.

Since the number of states that have to be iterated in the effective interaction is
rather large, one might hope that only a few give the main contribution to the
screening effect. To check this we computed the matrix elements, using only the
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states that come below 10.0 MeV. These states, which represent only 5% of the total
number of states, contribute about 50% of the total screening effect. This is not such
a surprise since for these states the energy denominators are small, and among them
there are a few very collective ones. Nevertheless the other 50% is still missing and
has to be attributed to high-lying strength.

4.4. COMPARISON WITH EXPERIMENT

The results of the standard RPA and of the present approach including the
screening to all orders, are compared with the experimental spectra for the T=Q
states in fig. 7 and for the T=\ states in fig. 11. As noted before the correlation
energy of the 2 + and 3", T = Q states is drastically reduced by the screening.
Therefore it is now unlikely that their excitation energies could become imaginary
for other realistic forces or by a further increase of the model space. The effect of
screening on the non-collective levels is small, typically a hundred keV. One may
notice from fig. 7 that the relative splitting of the excited F = 0 states is well
reproduced. The observation that the solutions of the selfconsistent RPA with the
C-matrix interaction Gl

NM do not come down enough in energy (especially for 2*)
points out that in fact this input interaction was not even attractive enough. A
reason for this may be that this G-matrix interaction was calculated with a free-par-
ticle spectrum. A continuous choice43) would make this interaction more attractive.

t
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Fig 11. Energy spectrum of the 7"= 1 states in A = 56 nuclei. The experimental levels were taken from
refs. •'•*).
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The influence of the screening effect on the T= 1 energies is typically a hundred
keV. In fig. 11 we have plotted also the states of 56Co, which are the analogues of the
T=\ states in 56Ni, because the experimental information on the latter is rather
scarce. One observes that the relative spectrum of the 7 = 1 states is already rather
well reproduced with the standard RPA calculation. This is in agreement with the
calculation of refs.9U) for "O. One can see in fig. 11 that the splitting of the levels
is somewhat enlarged by the screening effect, which means an improvement when
compared to the experimental 56Co spectrum.

In 56Co also several 1 + states have been observed at relatively low excitation
energy 34). This agrees with our result, cf. table 4, that 2p2h states show up rather
close to the lplh states. However our lowest 1+ state is higher than the observed
ones. This indicates that 2p2h poles should occur at lower energies when the method
is further extended by the inclusion of other types of diagrams for the irreducible
interaction K(u).

5. Transition charge and current densities

In this section we consider the effect of screening on the transition amplitudes
from the ground state to the excited states of the spectrum. These are the quantities
of interest for the description of scattering data. Here we consider (e, e') scattering,
for which one may deduce from the experimental cross sections, by a Fourier-Bessel
analysis, the transition densities

{<K)jM0)- (5-1)
12

The quantity pl/(r) contains the single-particle wave functions of the orbits 1 and 2,
as defined in ref.44). We calculated (e,e') transition charge densities and currents
with Woods-Saxon wave functions. The parameters of the single-particle potential
well were taken the same as in earlier calculations12) on 5KNi.

The computation of these densities for 56Ni may not seem relevant at first sight, as
the nucleus is unstable. It is suitable to study the effect of screening in the
calculations, however. Moreover the results are relevant for the other Ni isotopes,
because the transition charge density densities for the low-lying collective s u s
consist essentially of core-polarization contributions of the 56Ni core. This was
found in large-model-space calculations for 58Ni and is also indicated by the
experimental transition densities for the 2,+ states in the A =5x-62Ni isotopes, which
are roughly equal in size and shape. Their surface-peaked shape appears to be
similar to the one computed here for S6Ni. The same phenomenon has also been
demonstrated nicely for the J* = 3" states in the Pb isotopes45).

The transition densities for the 2f state in S6Ni with and without screening are
compared in fig. 12. A distinction is made between two aspects of the reduction of
the standard RPA transition density due to screening. Firstly the effective
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Fig. 12. The transition density for the low-lying 7"= 0. J" = 2 * state. The dashed line is the result of ihe
RPA calculation with the G-matrix interaction GJMM. The dotted line shows the effect of the weakening of
the interaction by the screening effect. The full line gives the effect of the derivative in the normalization

condition (2.23) and is a measure of the mixing of this slate with more complex 2p2h states.

particle-hole interaction becomes weaker and consequently the mixing of the lplh
amplitudes becomes less. This effect can be seen if one applies the usual normal-
ization condition (2.15). One may notice, by inspection of the dotted line in fig. 12,
that this gives already a reduction of about 50%. In addition there is the effect of the
energy-dependent term in the normalization condition (2.23), which reflects a
sharing of excitation strength with 2p2h states. This term gives an overall reduction
of only 5%, because of the rather large separation of the 2,+ and the 2p2h states. This
gives the full line in fig. 12.

The lowest 1 + states in 56Ni are dominated by the (Iff/,, lfs/2> configuration.
This configuration is also the main content of the 1 + state at 10.23 MeV in 4XCa.
This state has been the subject of speculations that subnucleonic degrees of freedom
might show up here7*-46). In order to identify such effects in the experimental (e,e')
form factors one has to make sure that the nuclear structure in terms of nucleon
degrees of freedom is sufficiently well treated. We think it is relevant to treat
core-polarization and 2p2h states on the same footing with one realistic interaction.
The influence of the screening effect on the magnetic form factors is illustrated in
fig. 13, for the 1+ , T = 0 state, which is calculated at 7.02 MeV excitation energy,
with first-order screening (see table 4). The form factors of the 1 *. T = 1 states,
calculated at 9.86 and 12.70 MeV, are displayed in fig. 14.
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Fig. 13. The PWBA (e.e') form factor for the lowest 1 ' state. This is a 7"=0 slate and consequently
rather weakly excited. The full line represents the result for a pure (1 f7,',. 1 f5. •, t T = 0 configuration. The
dashed line indicates the effect of the core polarization calculated in RPA. with the C-matrix interaction.
The dotted line shows the result after inclusion of the screening effect. Note the (/-dependence of this

effect.

For the T = 0 state one observes from fig. 13 that RPA correlations reduce the
form factor as compared to that of a pure (Iff/,. 1 f5/T) configuration, by roughly a
constant factor, up to the second maximum. This reduction factor may also be read
off from the 2?(M1) values in table 4. which are proportional to the slope of the form
factor for q-*Q. As the screening of the particle-hole force reduces the RPA
correlations, one expects that the screening effect restores partly the strength of the
pure lp lh configurations. This is indeed the case for low q, but one may notice that
screening produces a further reduction of the form factor at the second maximum.
This illustrates what may happen when the effective particle-hole force becomes
explicitly energy dependent. The contribution from remote shells, which is more
important at high q, is affected differently from that of nearby shells, which
dominate at low q. It is clear that RPA calculations with a C-matrix overestimate the
reduction by core polarization at low q for this state.

The J'= 1+ , T= 1 excitation strength is also reduced by the RPA correlations,
but it remains quite strong, as shown by the B(Ml) values in table 4. In this case
screening produces a further overall reduction of the form factor, although RPA
correlations within the lplh space are weakened. This happens because part of the
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Fig. 14. The PWBA (e,e') form factors of the T= 1. I" = 1 * slate;,. The full line represents the result of
the RPA calculation. The dashed line is obtained after inclusion of the screening. The dotted line indicates
the form factor of the second calculated T= 1. J" = 1 * state, which is predominantly 2p2h character.

This state receives about 20% of the strength due to mixing with the 1 pi h configurations.

strength is now distributed over 2p2h states. This means that the extra term in the
normalization condition (2.23) plays a crucial role here. The second J" = 1 ', T = 1
state which we calculate (too high) at 12.7 MeV takes about 20% of this strength as is
illustrated by the similarity of the two form factors shown in fig. 14.

Because the screening effect worked out so differently for the 1 ~, T= 0 and the
1 + , T=l states, we shall not draw conclusions from the 56Ni calculations for the
case of 4ttCa. One may conclude, however, that the effect of the screening does
depend on the specific nature of the states and that sharing of strength between
lp lh and more complex states may be computed, in principle, by the present
technique.

6. Summary and outlook

The purpose of this paper was to study aspects of a selfconsistent treatment of the
particle-hole force which goes beyond the standard RPA. In addition to the standard
RPA series (fig. 1) the generalized exchange series has been considered (fig. 2), which
is important for two reasons. Firstly by its nature this series of so-called "screening"
diagrams makes the residual particle-hole force for low-lying states weaker. This is
necessary because RPA calculations with realistic forces such as the G-matrix. yield
too strong correlations for these states, sometimes resulting in solutions with
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imaginary excitation energies. The second interesting feature of the exchange series
is that mixing of lplh and 2p2h states can be obtained without extension of the
dimensions of the lplh RPA matrices. Therefore also excitations of states which
have predominantly 2p2h nature may be described by this method. This is a
consequence of the energy dependence of the particle-hole interaction, when screen-
ing diagrams are included. This screening was extended to a selfconsistent RPA
scheme in which one has to solve a set of coupled questions for the irreducible
particle-hole interaction and the polarization propagator. This scheme is diagram-
matically represented in fig. 6 and discussed in sect. 2. A manageable iteration
procedure was developed, which was shown to converge rapidly.

The method was applied to the nuclei 56Ni and 56Co. Single-particle energies were
taken as much as possible from experimental information. For the interaction we
took a parametrized form of the G-matrix of a meson-exchange potential. As
expected, this G-matrix, when applied in a standard RPA calculation, yielded too
large correlation energies for isoscalar natural-parity states. Inclusion of the lowest-
order screening correction only resulted in well-behaved solutions. These solutions
could most easily be obtained by invoking a simple graphical method. For the
inclusion of higher-order screening contributions, typically three iteration steps were
sufficient to obtain full selfconsistency of particle-hole force and polarization
propagator. In this way energy levels in 56Ni and 56Co could be rather well
reproduced by a calculation which is essentially parameter-free.

The 2p2h states appear in most heavy nuclei often already at excitation energies of
roughly twice the one-phonon energy. The present formalism yields the possibility of
calculating energies and excitation amplitudes for these states rather easily, as far as
they appear in the low-energy spectrum. For 56Ni the energies of these states still
come out rather high compared to experimental information in this mass region.

In sect. 5 it was shown that the core-polarization contribution to the transition
densities of the 2+ states in the Ni isotopes became much smaller by the inclusion of
screening contributions as compared to the overestimation of the transition strength
using only the G-matrix. In some cases an extra reduction of the excitation strength
may occur when it is shared with 2p2h states. For magnetic T = 0 transitions the
same type of effects were found as for the electric transitions. For the 7 = 1
magnetic transitions the dominating effect was the redistribution of strength into
2p2h states.

Summarizing, one may conclude that a procedure to improve systematically on
the RPA approach has been established. The inclusion of the screening effect
introduces a reduction of the RPA correlations. It yields an energy-dependent
effective interaction with which the RPA method provides also energies and excita-
tion amplitudes for 2p2h and more complex states. The reduction of the RPA
correlation energy for the low-lying collective excitations ensures the stability of the
ground state (of magic nuclei) with respect to particle-hole excitations. As the
procedure seems basically sound and tractable, one may think of further improve-
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ments. One might e.g. consider other sets of diagrams, not yet contained in the
RPA + screening series. Also a study of this phonon exchange on the particle-par-
ticle interaction might be interesting.

The authors wish to thank Prof. E. Boeker for useful discussions and a careful
reading of the manuscript. This work was part of the research program of the
Stichting voor Fundamenteel Onderzoek der Materie (FOM) which is financially
supported by the Nederlandse Organisatie voor Zuiver Wetenschappelijk Onderzoek
(ZWO).
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Abstract;

The effect of dynamic medium polarization on the properties of

giant resonances is illustrated for the case of A=48 nuclei. This

polarization, which incorporates the coupling of lplh and 2p2h

excitations in RPA, causes in general an upward shift in energy and

a fragmentation of the strength of the resonances. These properties

lead to a good description of the GQR, the GDR, the GTR and the IAS

with the same realistic force that reproduces the low-energy

states. This success is traced back to the correct energy dependen-

ce of the force when medium polarization is included. A large

fragmentation of the monopole strength is calculated, which is in

accord with the non-observation of the GMh in light nuclei.
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Giant Resonances can be described microscopically within the

framework of the random phase approximation (KPA). The residual

interactions that one employs usually contain one or more phenome-

nological parameters which are used to fit the known energies

[1,2]. For the description of these resonances a method to compute

strength functions directly has also been applied [3,4], These

methods approximately take into account the coupling of the

lplh states to the 2p2h states. In ref.[4] the position and the

width of several resonances were computed in Tamm—Dancoff approxima-

tion. Problems are that artificial widths were introduced to

simulate the continuum and the damping of the 2p2h propagation and

that for technical reasons the coupling to 2p2h configurations

could only be computed with a zero-ranye force. The inclusion of

RPA correlations could so far be performed only in an approximate

way [5].

Here we il lustrate an alternative method, which is based on

the Feynman diagram expansion of the polarization propagator, and

which takes the form of KPA with an energy-dependent effective

particle-hole (ph) interaction. Details of this method are presen-

ted elsewhere [6]. The essential features of this extension of the

ph-interaction are the following. Firstly this scheme assures in an

infinite system the fulfillment of the Pauli principle sumrules

[7]. Secondly i t provides the natural feedback of the collectivity

by introducing the exchange of these modes into the residual

interaction [8,9]. Thirdly i t accounts for the coupling of lplh to

2p2h states and i t is therefore in principle able to describe the

fragmentation of strength. To investigate this last feature we have

performed calculations in this new scheme for the giant resonances
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in 4 8 Ca. Besides the usual electric resonances one can for this

nucleus also study the charge exchange modes. Another purpose of

this note is to study the quality of the microscopic residual

interaction GNM , proposed in ref . [10] , for the calculation of

giant resonances. This G-raatrix type residual interaction derived

from a Bonn—potential [11] overestimates the collectivity in

isoscalar natural parity states [12], but this deficiency is cured

when screening i s included [6] .

As an example we give the lowest-order contribution Vs to the

proton-neutron (ph) residual interaction, which is added to the

G-matrix interaction GNM in the HPA A-matrix, see also f i g . l :

1 2

I < 12,34; J I 13,24; J'> .
J1

Y P ) J< ' Gm ' Vh1 J> * * Vh1 J' ' Gm I \ \ [ J" >

cm ' "h^1 JI > < \ V Jt

v IT. o - (e"
pa p

i

( l )
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a)

TT

b) C)

Figure 1.

The lowest order diagrams considered in this paper. The wiggly

line represents the direct plus the exchange contribution of the

local G-operator GNM of ref .[10]. One may distinguish three types:

a) the contribution to the proton neutron ph force, eq . ( l ) ; b)

other diagrams needed for the calculation of the even-even nuclei;

c) the diagrams used for the description of the odd-odd nuclei.

Note that only the contributions to the RPA A-matrix are displayed,

the other contributions can be easily obtained from the results of

re f . [6] .
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where < 12,34; J| 13,24; J'> is a recoupling coefficient [6]. Note

that (1) depends on the excitation energy u> . For the computation

of a certain excited state, the value of u in eq.(l) should

coincide with the computed excitation energy, i.e. with one of the

eigenvalues which are obtained from diagonalizing the RPA matrices:

E n' J = to . (2)
exc K '

This selfconsistency requirement v/as discussed in ref. [6] as well

as the selfconsistency requirement on the residual interaction,

viz. that the exchanged ph-excitations in the effective force of

eq. (1) , should correspond to the solutions of the KPA equations. An

iteration procedure to reach this aim was studied in ref . [6] , A

fast convergence was found showing that the lowest order diagram

already provides a good approximation to the final result . As the

application of the method is somewhat more cumbersome in the GK

region than for the well isolated low-energy s ta tes , we shall limit

ourselves here to this lowest order diagram of f ig . l . besides the

full RPA treatment, another difference with refs.[3-5] is that we

interpret the particle and hole lines in the diagrams as 4uasipar-

t ic le lines and, following the argumentation of ref . [6] , deduce the

ph-energies from the experimental energies of the adjacent odd

nuclei, 4 7 / 4 9Ca, 47K and 4 9Sc. The fragmentation of the single-

particle strength is neglected and the total strength is taken

equal to one in order not to complicate the picture too much.

The single-particle energies are similar to those given in

ref.[13] except for the proton gap, which is 0.40 MeV larger than

adopted in ref.[13], but is in accordance with the binding energy

of 47K (B=-400.118 MeV) as quoted in ref.[14J. A 5fcfl harmonic
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Table 1.

Calculated 2 + energ ies and B(E2) values in

E

3

9

11

RPA

(MeV)

. 9 3

. 0 2

. 4 1

B(E2)

123.

188.

320.

.4

.2

,2

KPA+scr.

IS (MeV)

4.70

9.54

14.00

( w=5.0)

B(1S2)

4 0 .

3 3 ,

438.

. 5

,4

,6

HPA+scr.(

E(MeV)

3.39

9.29

16.74

u-14.5)

b(L2)

8 . 0

12.6

283.7

The columns labeled by RPA+scr.( w=5.0 or to =14.5) d i sp lay the

r e s u l t s when f i r s t order medium p o l a r i z a t i o n ( e q . ( l ) ) i s included,

and a s t a r t i n g eneryy u>=5.0 MeV or w=14.5 MeV i s taken. The B(E2)

values in un i t s e fm were ca lcu la t ed with a proper energy

dependent normal iza t ion condi t ion as discussed in r e f . [ 6 ] .
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oscil lator model space, with oscillator parameter b=2.0 fro, was

adopted. This is sufficient to reach good convergence, as shown in

ref. [6] .

A typical i l lustration of the energy dependence of the

effective interaction is shown in table 1 for Jn=2+ states. The

standard RPA calculation with the GNM interaction yields a

strongly collective state at an excitation energy of about 11.0

MeV. This Giant Quadrupole Resonance is a superposition of 2fifi

excitations (2tif2 «21MeV) . So i t s correlation energy is about 10

MeV. Experimentally the GQR has been observed around 18 MeV

[ref .15] . This strong coherence i s also found for low-lying natural

parity states (2+,3~) in RPA calculations with a G-matrix inter-

action [12]. It often yields unstable solutions with imaginary

excitation energies. This instabil ity disappears when medium pola-

rization i s included. A similar stabilazation of the Landau

parameter F0 i s observed when this method is applied in nuclear

matter [16], Also the correlation energy of the calculated GQK is

strongly reduced by this screening effect on the ph-interaction, as

shown in the second column of table 1. Here the residual interac-

tion was computed with an energy to =5.0 MeV in e q . ( l ) , which i s

appropriate for the low-lying states. The selfconsistency require-

ment, eq.(2) , implies however that the GQR should be computed with

a much larger value for to . I n the third column of table l the

ph-force was computed with w=14.5 MeV and i t i s seen that the GQR

is shifted further upwards. So one should repeat the calculation

with s t i l l larger values of w to find the selfconsistent result

which agrees quite well with the experimental value. It is

therefore essential to treat this strong energy dependence of the
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residual interaction. Since the low-lying collective modes corre-

spond to scalar isoscalar excitations, the contribution from ex-

changing these phonons is the same for all spin isospin quantum

numbers. One can therefore expect that the influence of the medium

polarization is similar in all channels.

A practical problem may arise however. The medium polarization

contribution to the effective force is a singular function of to

i t has poles at the 2p2h excitation energies, cf. ey. (1). In the

energy range between 9 and 20 MeV tttere are many 2p2h energies.

Consequently the solutions of the RPA equations vary wildly near

each pole, as illustrated in fig.2a for the relatively simple case

of the Gamov-Teller Resonance (GTR). Close to each pole one finds

the selfconsistent solutions, which are predominantly 2p2h excita-

tions and carry only a small fraction of the strength. In this way

the strengths of the giant resonances, which are situated in the

region of the 2p2h excitations, are fragmented over a large number

of states. So the inclusion of the medium polarization in the

effective force may yield fine structure of the resonances within

the RPA approach and provides information on the spreading width.

Because a very accurate determination of the energy and

strength of each of these many weak states is not very relevant, we

have adopted a practical approximation which reduces the computati-

onal work and makes i t easier to find the selfconsistent solutions.

This approximation consists of grouping together the 2p2h energies

(the poles of the effective interaction) out of bins of 2.0 MeV

wide. Smaller intervals can be taken, but the determination of the

poles then becomes computationally more involved. One then obtains

the results shown in fig.2b for the GTR. With this approximate

65



Figure 2.

The (^-dependence of the energies of the l (T=l) states (GTK)

that are obtained from the RPA equation with the inclusion of

medium polarization. Only positive energy solutions are shown. Only

selfconsistent solutions, lying on the line E T ' J = u (encirkled),
6XC

have a physical meaning. The left part of the figure presents the

results obtained with the energy denominators of eq. (1) . The

vertical lines indicate further poles, where Vs(u) has sinyulari-

ties and the figure becomes quite complicated. The right figure

shows results of the same method but with approximate energy

denominators in eq.(l), as discussed in the text.
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method the results shown in fig.3 have been calculated. This

approximation hardly influences the results for the low-energy

spectrum. We emphasize that by this approximate procedure the

general features of the response are still correctly calculated and

only the precise excitation energies of each of the weak states are

discarded.

The results with inclusion of the medium polarization are

displayed in fig.3 for the GQR, the Giant Dipole Resonance (GDK),

the Giant Monopole Resonance (GMR), the charge exchange excitation

with Jn=l+, i.e. the GTR, and Jn=0+, i.e. the Isobar Analogue

State {IAS). The standard RPA results are also shown for compari-

son. One observes the beneficial effect of including the screening

terms. The GQR is fragmented and pushed up to about 16.0 MeV,

slightly lower than experiment. A lower state occurs already at 9.4

MeV where some weak L=2 states have been observed recently [17].

The spreading of the strength is also roughly consistent

with the observed experimental width of 3.3 MeV as quoted in

ref.[15]. Me observe about 30% of the classical E2 energy weighted

sumrule between 13 and 19 MeV.

The main peak of the GDR is pushed up from lnQs5l0.4 MeV to

about 14 MeV by the RPA correlations only. The inclusion of the

screening matrix elements pushes the main concentration of strength

to about 17 MeV, somewhat lower than the experimental findings on

40Ca [18], 51V [19] and what is expected from systematics [1]. The

coupling to the 2p2h excitations also increases the fragmentation,

leading to a spreading of strength between 12 and 20 MeV. This

shows that one can dynamically push the GDR to higher energies than

is possible in the usual RPA. It will therefore be interesting to
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Figure 3.

The strength distributions of the Giant Resonances as calcula-

ted in the RPA approach (dashed lines) and with the inclusion of

the medium polarization (full l ines) . For all calculations average

energy denominators were used in eq. (1) except for f ) . Displayed

are: a) the GQR in 48Ca, b) the GDR in 48Ca in RPA and c) with the

inclusion of screening, d) the GMR in 48Ca (only the result with

medium polarization is shown, because the RPA yields an imaginary

eigenvalue), e) the GTR in 48Sc and f) the IAS in 48Sc. In e) and

f) the energies are given relative to the 6+ groundstate of 4£>sc,

which i s calculated within the present approach at 5.4 heV with

respect to 4^Ca and is hardly influenced by the screening teri&s.
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see whether this mechanism can resolve the problem how to reconcile

the symmetry energy and the position of the GDR in 208Pb [20] .

The lowest 0+ state acquires an imaginary eigenvalue using

only the G* residual interaction, consistent with other calcula-

tions with G-matrix type interactions [12] . Inclusion of medium

polarization in the residual interaction restores s t a b i l i t y again.

The GMK turns out to be strongly fragmented in our ca lculat ion . In

l ight nuclei no concentrated monopole strength has been observed up

to now. Monopole strength i s however found fragmented into many

s ta te s below the GQK [21] . This i s also found in our calculat ion,

although the strength of the lowest 0+ i s expected to be more

fragmented experimentally.

The GTR i s strongly fragmented in agreement with experiment

[22-24] . This fragmentation arises again from the coupling to

2p2h exci tat ions and should be compared with the two peaks one

obtains in the usual RPA, which exhaust 99% of the GTK suiurule

3(N-Z). The main strength i s pushed upwards by several heV as in

the case of the GQR. We also observe that with th i s method one can

get a similar fragmentation as in shel l model calculations [22] . In

contrast to such calculat ions we observe only 80% of the GTK

sumrule in the region up to 18.0 MeV, because here we allow the

mixing to higher lying 2p2h s t a t e s . This should be compared to the

experimentally observed 50-70% of r e f . [ 2 4 ] .

It i s well known that the IAS i s a very narrow resonance. This

re f l ec t s isospin conservation. For the calculation of th i s s tate we

did not have to use the approximate energy denominators for the

2p2h s t a t e s . Again the medium polarization yie lds an upward s h i f t .

A similar effect was noted in r e f . [ 4 ] . The IAS absorbs 99 % of the
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Fermi transition strength (N-Z) in the standard RPA. The isospin

violation due to the nonequality of the proton and neutron

single-particle energies is of l i t t l e influence. More relevant is

the isospin violation of the effective interaction, which occurs

because of the different occupation of the proton and neutron

shel ls , viz . the lf7/2 shell . From figs. lb one can read off that

the effective ph-force is no longer isospin invariant:

(3 )

As a consequence of this we find that in RPA with medium

polarization the IAS absorbs only 96 % of the total Fermi strength

N-Z.

Summarizing, we have demonstrated that Giant Resonances may be

described with a realistic force without adjusting any parameters.

The energy dependent contribution of the medium polarization to the

effective interaction is crucial to describe low-energy excitations

and giant resonances with the same RPA method. The energy-depen-

dence is not only important to describe the excitation energies but

it also produces fragmentation of the Giant Resonances. Although

good agreement with experiment is found, a somewhat more attractive

G-matrix would improve the agreement consistently.
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CHAPTER V

EXCITATIONS IN A=*8 NUCLEI

W.Hengeveld and K.Allaart

Natuurkundig Laboratoriurn, Vrije Universiteit, De Boelelaan 1081
1081HV Amsterdam, The Netherlands.

and

W.H.Dickhoff

TRIUMF, 4004 Wesbrook Mall,
Vancouver, B.C., Canada V6T2A3

Abstract :

Properties of A=48 nuclei are computed with an interaction

deduced from the NN scattering data without introduction of any

additional parameters. The role of medium polarization is illustra-

ted for spectra and (e,e') formfactors. It is shown how medium

polarization induces a coupling between excitations in even-even

and in the adjacent odd-odd nuclei.

Our results for the energy spectra and transition densities of

4 8 Ca, 48Sc and 4 8 K reproduce the data as good as RPA-calculations

with more phenomenological, energy-independent interactions. The

(nucleonic) medium polarization is found to play only a minor role

in the quenching of the Ml excitation strength in this nucleus.
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48Recently the nucleus Ca has been the subject of experimental

investigations with electrons [lj as we:1 as with protons L2,3J.

Both RPA and shell model calculations were used for the interpreta-

tion of the data. Shell model calculations have the drawback that

the set of valence orbits is usually too small to account for

collective phenomena in which core polarization plays an important

role. RPA calculations, on the other hand, may be performed in a

large valence space, but they usually do not include the coupling

between lplh and more complex excitations in a satisfactory manner

(if at all). In RPA as well as in the shell model, one introduces a

few parameters in the effective NN-interaction, which are fitted to

reproduce the data.

In ref.[4] we introduced a computational procedure which may

be considered as an improvement of the RPA. It is based on the

Feynman diagram expansion of the particle-hole (ph) propagator [5]

which, in a certain approximation amounts to a RPA calculation with

medium polarization effects included in the effective ph-force.

Figure 1.

The Role of excitations in the odd-odd nuclei in the effective

proton-neutron matrix elements of the even-even nuclei. The wiggly

line represents the direct plus the exchange contribution of the

local G-operator G j™ .
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The diagram depicted in fig.l represents an effective contri-

bution to the ph-interaction which mixes proton ph with neutron ph

configurations. This effective interaction is due to the exchange

of a ph-excitation and is strongly energy dependent. In this way

the coupling between lplh and 2p2h excitations is taken into

account, without introducing the 2p2h states explicitly; these

enter only through the effective interaction.

From fig.l one may notice also that the exchanged excitations

are of proton-particle neutron-hole ( * p»
 v

h ) nature. As a conse-

quence one must describe excitations of t h e even-even nucleus 4 8 C a
48 48

simultaneously with states of the odd-odd nuclei fac an<J K. Tne

explicit expression for the extra contribution V( u ) to tnis

effective ph-interaction matrix element reads as:

p h

3 if

< '2,34;J | 13,24;

% J ' ' Gm ' *•

YZ+1,N-1 Z+1,N-1
5,6,n,J A7,8,n,J

a, -JS
n, J1

yZ-l,N+l y Z-,
6,5,m,J 8,7,m,J

Em,J
.v J

orThe summation n(m) is over all excited states E ' (

E ~ '. ) of the nucleus M_, A. ( " A). These energies in
m, j « J. w+i.

the adjacent odd-odd nuclei are calculated simultaneously from the
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•nQ ,
 v, )--RPA equations. The ( '"p # v, )-transition amplitudes

12/n,J ' 1 2 j

and

3 +3 ~J
Y ' = (-1) <m,Z-l,N+l| ((b ( v )a [IT ))\Z,S> (3)

2 1,KI,J 2 1 j

may be obtained as solutions of these RPA equations and may be used

to discuss states excited in (n,p) or (p,n) reactions. According to

the diagram of fig. 1 the strong excitations in the odd-odd nuclei

(GTR,IAS) have an important influence on the energies of the states

in the even-even nucleus. The matrix elements of the ( ir , v i-KtA
P h

are in turn dependent on the excitations in the even-even nucleus.

Together they form a more complex set of coupled equations than for

the case of the N=Z nuclei, that was already considered in ref.£4],

but the physical concept is the same.

Calculations were performed in a 5fi fi model space. The G .,

interaction of ref.[6], which is a local representation of the

nuclear matter G-matrix, based on the HEA meson exchange force [7],

was taken as an effective interaction. The matrix elements were

calculated in a harmonic oscillator basis. Single particle energies

were taken from the adjacent odd nuclei. In this letter we will

limit ourselves to the lowest order diagrams contribution of

eq.(l), i.e. the propagator n in fig.i ±s replaced by the free ph

propagator n . in ref.[3] it was shown that this already gives the

main part of the polarization effect. In ref-LBj we used the same

procedure to describe the giant resonances of the A=48 nuclei.

The effect of the medium polarization is most striking for the
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Figure 2.
4-H I

Energy spectra of Ca calculated with the interaction G
of

ref.[6]. The first spectrum of 48Ca was obtained with the standard

RPA method. In the next one the lowest order medium polarization

correction is included. The experimental levels were taken from

refs.[1,113.
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48,

Figure 3.

Energy spectra of '"Sc, calculated with the same methods as

fig.2. The experimental levels were taken from refs.L2,ll].
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collective 3 ̂  state, which acquires a much too low energy in the

standard RPA. This happens for all realistic U-matrix interactions

[4,9] and is related to the violation of the stability condition

F <-1.0 in nuclear matter L10]|. After inclusion of the medium
0

polarization diagram the energy of the 3^ state has a reasonable

value, as shown in the spectrum of fig.2. Also for the 2 state

there is an appreciable effect. Other states are less influenced.

The spectrum is at least of the same quality as that of the earlier

RPA calculations with a fitted interaction £l].

While in the 2"' and 3± states of 48Ca 'che interaction is

effectively reduced by the medium polarization, this polarization

may induce an increase of the effective interaction in other

states. This is nicely illustrated by the ( *f7/2, v f7/2 ) multi-

plet in Sc, as shown in fig.3. The splitting of this multiplet is

very sensitive to the details of the interaction and is reproduced
T 4ft

very well by the G^ -force. Also for K we found the correct

groundstate J =2 "value.

As our parameter-free calculation yields quite reasonable

spectra, we consider also the electromagnetic formfactors which

have been measured recently and for which some discrepancies with a

standard RPA calculation were found LlJ- In fig.4 we show the

transition densities of the low-lying 2 ̂  and 3 -^ states. As one

may see from the full lines, the proton transition densities of

these levels are overestimated by a factor of two in the standard

RPA approach. The effect of medium polarization, however, is to

reduce the transition densities, yielding the dashed lines in

fig.4. Note that both charge transition densities, which are

sensitive to the strength of the residual interaction, agree rather
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Figure 4.

n +

Transition densities for the low lying J =2 , and J =3i

states. The full line is the result of the RPA calculation with the

G-matrix interaction G „ . The dashed line shows the effect of the

weakening of the interaction by the screening effect. The experi-

mental proton transition density was extracted from the formfactor

in ref.Ll].
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well with the experimental data, although no strength parameters

were fitted. The peaks on the surface caused by the core polariza-

tion are slightly too small. For the transition currents, which are

not shown here, we find in RPA the same discrepancies as in

ref.[l]. For these observables the medium polarization does not

improve the agreement with experiment, but yields only uinor

changes. Also shown in fig.4. are the neutron transition densities

about which one may obtain information from (p,p*) scattering data

[12]. One may notice that the neutron transition density of the 3 i

state has the same surface peaked form and strength as the proton

density, stressing the T=0 character of this state. The neutron

transition densities of the 2 * state on the other hand is quite

different from the proton density, due to a large ( ̂  2p3/ri,

v If7/2 ) component- So a collective model formfactor does not

apply here. An experimental confirmation of those formfactors

should be interesting.
Table 1.

48Calculated 1+,energies and B(M1) values in Ca

V=0

RPA

RPA + m.p.

Energy (MeV)

8.80

9.75

10.23

15.20

15.40

15.70

16.50

B(M1) (M 2 )

11.94

9.58

9.77

0.00039

0.00040

0.00052

0.00039
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Fragmentation of excitation strength, especially for the 8~

states, was also considered in ref.[l] as an experimental feature

that is not reproduced in RPA. It was supposed that this fragmenta-

tion is simply a consequence of the fragmentation of the lf7/2 and

lg9/2 particle strength. We would like to point out that also the

coupling between lplh and 2p2h excitations as depicted in fig.l

contributes to the fragmentation of the one body excitation

strength. This is the dominant mechanism for the fragmentation of

48 48the Giant Resonances in Ca and Sc. We find, however, that for

the 8 "state this effect amounts to only a few percent. So in this

case indeed the fragmentation of the single particle strength is

likely the main effect.

An interesting case to study the fragmentation of the excita-

tion strength is the well known 1+ state at 10.23 MeV in 48Ca. Core

polarization alone is insufficient to account for the quenching of
2

the B(M1) value to 5.3 y j,[ref.l3]. This conclusion holds true if

the G* interaction is used in a RPA calculation. The result is
NM

listed in table 1. The effect of core polarization contributions is

qualitatively the same as that found by Harting et al. [ref.14],

who used a delta force with strength parameter g'. In fig.5 one may

see that the RPA formfactor shows a small decrease of the strength

and a shift of the position of the minimum to lower q-values as

compared to the pure ( v f5/2,v f7/2 ) configuration. The effect of

the medium polarization is to increase the energy of the strongest

state to 10.25 MeV. Other authors [15] also found this upward shift

due to the coupling to the 2p2h states, for which they employed

only a delta-force. As a consequence they obtained a drastic

reduction of the Ml strength. That such a strong reduction is
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Figure 5.

The DWBA (e,e') formfactor for the 10.25 MeV 1+ state. The
-1

dotted line represents the result for a pure ( v f5/2,v f7/2 )

configuration. The full line indicates the effect of the core

polarization, calculated in RPA with the G-matrix interaction. The

dashed line show? the result after inclusion of the screening

effect. Woods-Saxon wave parameters were choosen as in ref-Ll4j.

The experimental data are from ref.L13J.
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<2ff (fnrT
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essentially due to the poor delta interaction used and therefore

unrealistic, is shown by our result. With a realistic G-matrix,

which accounts fully for the q-dependence of the interaction we

find only a small fragmentation effect of this coupling to 2p2h

states, cf. table 1. Also the influence on the Ml formfactor was

very small. A larger effect was assumed in the elaborate study of

the A -hole effects [14], on the basis of the second order

core-polarization calculations of refs. C16], which include certain

correlations that are not yet considered in the present treatment.

Summarizing, we have shown how the approach of ref.[4J may be

applied in a sligthly modified form to N^Z nuclei, provided one

also considers the odd-odd nuclei. The spectra of all A=48 could be

described satisfactory. Although the medium polarization effects on

the most collective states was appreciable and in agreement with

the data. The Ml transition strength is not yet well described.

This discrepancy could possibly be explained by a proper treatment

of the ground-state correlations of particle-particle type This

goes beyond the present calculation of the G-matrix in that the

occupation of single particle levels should be allowed to be

different from 0 (1) for the single-particle (-hole) states. The ph

induced groundstate correlations considered here are clearly not

sufficient to describe the reduction of the Ml strength.

The authors wish to thank Prof.E.Boeker for useful dis-

cussions. This work was part of the research program of the

Stichting voor Fundamenteel Onderzoek der Materie (POM) which is

financially supported by the Nederlandse Organisatie voor Zuiver

Wetenschappelijk Onderzoek (ZWO).
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APPENDIX A

In this appendix the formulae for the calculation of the

interaction matrix elements (m.e.) used in chapters II, III, IV and

V are given in some detail. The procedure followed is essentially

the same as presented in appendices A and C of ref.[lj. Other

formulae for the calculation of meson exchange forces in a shell

model basis can be found in ref.[23

1. Conventions and notations

The m.e. used in this thesis are all calculated in a harmonic

oscillator (h.o.) basis. The wave functions (w.f.) in such a basis

are given by

- •

< r | n l j m m > = u ( r ) z <1 m 1/2 m | j m >
fc nlj mx m s

 l

i1 Y (f) 11/2 m > |l/2 m,.> . (1.1)
1 aij s

Where the radial w.f. is dependent on the h.o. parameter b and is

defined in ref.[3]. The Interaction GNM of which we have to

calculate the m.e. is given as

GNM ( q ) = f {q) + f' (q>) T 'T + 9 (q) V C 2

+9' (q)YCT
2V

T2 + h (q> S12 + h< (q) S12 T *T2 U' 2 )

where q is the relative momentum (l/2(p - P2) and we have made use

of the Tensor operator

-» -•
0 *'q a2«q

S., = 3 - a -a (1.3)
2 1 2

g
The particle hole (ph) m.e. we have to calculate are
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- 1 T -1

< 1,2 J M T M Tl G ^ M I 3,4 J M T M > (1.4)

where 1,2 etc. denote a set of quantum numbers (n ,1 ,s , j , m. ).
1 1 1 1 ri

Both direct and exchange m.e. have to be calculated. In chapter II

also the particle-particle (pp) m.e. are needed (see section 5) The

notation used in the formulation of the broken pair (BP) model

differs somewhat from the one adopted in this work. The relation is

easily given by (see also section 2):

G(1,2,3,4,J) = < v v J I G N M lv..v J > (1.5.1)

-1 -1
F(l,2,3,4,J,"T=0") = < " . T j| GI | V

3'
v
4
 J > (1.5.2)

ii 7 -i

F(1,2,3,4,J,"T=1") = < " , , " J I G ™ I \ , * J > (1.5.3)
1 2 3 4

2. Isospin

Only the m.e. used in chapter III are given in the isospin

formalism. It is however possible to calculate the proton (if ) and

neutron ( v ) m.e. from the isospin m.e. in order to perform the

calculations of the other chapters. The relevant formulae for the

ph brackets are

-1 -1 -1
I * , * > = 1/2(11,2 ,T=1,MT=O> + |1,2 ,T=O.J^,=O>) (2.1.1)

-1 -1 - 1

| v , v > =1/2(11,2 ,T=O,MT=O> - |1,2 ,T=1,MT=O>) (2.1.2)

-1 -1
I w , V > = - |1,2 ,T=1,MT=1> (2.1.3)

1 2 T

-1 -1
I v . T2> = |1,2 ,T=1,MT=-1> (2.1.4)

Assuming charge independence (independence from the isospin quantum

number M ) one now easily derives



<7r i r " 1 l G J M I W
3 TT4> = 1 / 2 ( < 1 , 2 , T = 1 | G J M | 3 , 4 " ^ T = 1 >

- 1 , - 1
+ < 1 , 2 , T = O | G m l 3 , 4 , T = 0 > ) ( 2 . 2 . 1 )

< l r i r " 1 | G W M I V V ' 1 > = 1 / 2 ( < l / 2 , T = 0 | G 1 | 3 , 4 , T = 0 >

1 2 w w 3 4 NM
-1 I -1

- <1,2 ,T=ll G N MI 3,4 ,T=1>) {2.2.2}

For the description of the odd-odd nuclei in chapters IV and V one

needs

< 1 T V " X ! G M M ^ V " l > " ^ 1 r " 1 ' G K T M
| 7 r ' *

t 2 NM 3 4 1 2 NM 3 4

- <7r 7r~X| G j W |V v " 1 > ( 2 . 3 )
1 2 4 3.

For the c a l c u l a t i o n of the pp m.e. one uses

| T 7T > = |1 ,2,T=1,M =1> ( 2 . 4 . 1 )
1 2 T

| v v > = |1,2,T=1,M =-l> ( 2 . 4 . 2 )
•L 2 T

3. Direct matrix elements

The direct (D) m.e. of G 1 is given by
NM

<1,2 , J M,TM | 4 | 3 , 4 , J H , T 1 L > = 4 II S, j j ] j l l l l
1 ^ (D) L,L" 1 2 3 4 1 2 3 4

( | 3 1 / 2 j

( 2 S + 1 ) 4 ) l 2 l / 2 j 2 i l 4 l / 2 j 4 ( i )

L S J ' * L ' S * J

1 1 L
1 2

0 0 0

90



1234 1234

+ , G 1234 + G, 1234
LL ' T O L L <

J 1/2 / /
+ (-) (30) (21'+1) |l L1 J /L L' 2

) L 1 2 i \ 0 0 0

1234 r

with

f 2 12 34
dq q R (q) R (q) f(q) .

J L r '

1234 f 2 12
F = dq q R (q) R (q) f(q) . (3.2.1)

LL' J L L1

And similar formulae for the other quantities. The integrals may be

evaluated numerically for each type of interaction. In the next

section we will consider some special cases for f(q), g(q) etc.

Furthermore we defined the formfactor

R X (q) = [ dr r u (r) u (r) j (qr) . (3.3)
L J 1 2 L

4. Analytical expressions

Up to here no assumption was made concerning the shape of the

radial w.f. The integrals may thus be evaluated numerically for any

spherically symmetric basis. If one takes h.o. w.f. one obtains the

following expressions / \2

12 / \ L n n "(**"') L + 1 / 2 / \

R L "k \ A l 2 7 \ k 2 nl e L n ( 7 /
with l 2 V '

, T (n ) r (n )

(l/2+n+l) r (i/2+n +1 )
1 1 2 2

91



and

n n . / v 1 + 2
a 1 2 / n +1+1/2 \ / n +1 +1/2 \ (-) (4.2.2)

K • K - I 1 1 \ I 2 2 j
1 2 VV1!-*! / \ W k 2 / klJ V

and

2n = 2k +2k + 1 + 1 - L ( 4 . 2 . 3 )
1 2 i 2

The G-matrix c o r r e l a t i o n s f ( q ) , g(q) e t c . from (1 .2 ) are g iven in

r e f s . [ l ] and [ 4 ] as sums of Yukawa p o t e n t i a l s .

C i
f(q)= ^ (4.3)

The actual values for C . and M^ are tabulated in refs.[lj and i.4].

The quantities F f""4 may be found by a numerical integration over

q. In the case of the h.o. w.f. one may calculate the quantities

p 1234 explicitly. Using (3.4) and (3.1) and considering one
L,tL'

Yukawa potential with mass M and strength 1 only

Y(q)= * (4.31)

one obtains the following expression

12 34 n n , n , n .
F = I A A a 1 2 a 3 4 n l n ' l

L ' L > 12 34 k i k 2 k 3 k 4
k k k k l J

1 2 3 4 y u k

r a n n1 j ( k ) (4.4)
L m m *

m m'

with the following definitions

M = M b (4.5.1)

2
and

92



(4.5.2)

(4.5.3)

2 n ' = k + k + l + l - L '
3

2k= L + L' + 2m + 2m

as well as

I (k) = 1 / 2
b \ 21 - 2 k +1

1 M T(k+l/2) (-)

s ~2 - s-]/21 k
(1- $(V2 M ) ) - I (-) (2 M ) r(l/2+s)j • (4.6.1)

)
Simple checks can be made by comparing with f(q)=lj one may then

use:

6 k +1 ./

I (k) = T (i/2+k)/2 / 2 (4.6.2)

or with f(q)= 1/q2

I M = 0 ( k ) = r (b/2) T(k-l/2)/2 / ^ T . (4.6.3)

Care should be taken in applying formula (4.5.1) since the error

function $ (sometimes called erf (refs.[5,63)) is very diffi-

cult to evaluate and not very precise for large arguments on the

standard computers. In this case one better uses a formula to

calculate the semi-convergent series described in chapter 5 of

ref.[5] (especially ex.(5.11.4)).

5. Transformations

The total anti-symmetric m.e. is found by adding to the direct

m.e. the exchange (EX) contribution. This contribution may be

calculated explicitly, but it is simplest to find it from the

exchange transformation, used extensively in chapter III to calcu-

late screening m.e.:
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- 1 T - 1

< 1,2 Jl G^M 13,4 J> L <12,34;J|13,24;J">
(EX) J'

-1 2 -1
< 1,3 J'l G I 2'4 J>> (5-D

(D)
The p.p m.e. can be found by performing a Pandya transformation

< 1,2 Jl G £ K |3,4 J> = £ <12,34;J|14,23;J'>
J'

- 1 I -1

< 1,4 J'I G yM I 2,3 J"> (5.2)

where we introduced the coupling-coefficient

<12,34;JT|14,23;J'T'>= -(2J'+1)(2T'+1)

1/2 T (5.3)

By applying the isospin transformation (2.3) one may calculate the

p.p. m.e. used in the B.P.model.
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APPENDIX B

In this appendix the formulae for the calculation of medium

polarization in N?*Z nuclei are presented in some detail. The

physical concept has been discussed extensively in chapter III, ana

will not be repeated here. The steps one has to take in the

derivation are also the same, which means that we will not discuss

these either. First we will present the formulae for the applicati-

on of the RPA formalism in odd-odd nuclei, since this is not a

standard method. Then only those matrix elements (m.e.) which

couple odd-odd and even-even nuclei will be given. The other m.e.

one needs, are trivial.

1^ £ TT , v. ) RPA for odd-odd nuclei

The object we start with is the two particle propagator, as in

chapter III, but now explicitly the proton (IT) or neutron (v)

indices are added;

= < N , z | T [ b v ( t )aw ( t)a^ ( t ' )b^ <t')] |N,Z> (1.1)
i & J * 2 1 3 4

This propagator is written in to -space, with the appropriate

coupling of the angular momenta, as

*Z+1,N-1 YZ+1,N-1
A l ,2 ,n ,J A3,4pn,J

- _ • * • ' + inn, J

y Z-l ,N+l y*Z-l ,N+l
2 , l ,m,J 4,3,m,J

- Z (1.2)

The quant i t i e s X and Y in e q . ( 1 . 2 ) have been defined in chapter V.
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Furthermore E^~ j / N + 1 = E - E Q ' N , with E^'N the groundstate

of the nucleus ^A and E m j an excited state in ^ ^

Similar definitions hold for E^ +j' N~ 1 . The (ir ,v,)-RPA equa-

tions without screening may be derived from

.-1

The free propagator is given as
5V6 3V4,J

(1.3)

< 0" ( ei" E2 ) - in

_TT(V)
The quantities eV"' etc. without index TT<V) ) have been defined

in chapter III. One may generalize by taking EY = E? + 1' N -E Z' N for

particles and e? = E Z' N - E^~1'Nfor the holes. The fermi energies

are defined by e*'77 = Eg + 1' N - Eg'N . by multiplying (1.3)

with (w-En j' ) one arrives at a set of equations for the

excitation energies of the nucleus

equations are now given as

z+i . These (IT ,vh)-RPA

with

A

A1,

X.

XZ+1,N-1
n,J

• XZ+1,N-1

_YZ+1,N-1
(1.5)

(1.6.1)

(1.6.2)

A1 ,1
(1.6.3)
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(1.6.4)

By multiplying (1.3) with (to+Ef~*'N+1) one arrives at

B \
h4 P3' m' J

_ m,J

Z-l,N+l

,m,J

(1.7)

This means that the same set of equations applies for the nucleus

One has to calculate the excitations or two

nuclei simultaneously. The positive solutions apply to CT1'IA and

Z-l,

Z+l
N-r

the negative to N + 1 A "

One should be very careful with these equations since the

unperturbed energies of eq(1.6)are not necessarily the same for the

A and the A1 matrix. In all our calculations the unperturbed

energies were adjusted in such a way that the lowest unperturbed

energy of the A and A' matrix were the same. Since the G ™ -

interaction in the T=l channnel is mostly repulsive, the energies

of the two odd-odd nuclei may be distinguished in a clear way. The

energies for one nucleus are negative whereas tor the other they

are positive. This has a consequence for the calculation of the

m.p. corrections, since these have to be calculated at both the

positive and the negative energy selfconsistently. If we include

m.p. we have to calculate the properties of three nuclei simultane-

ously (see also chapter V). The equations for this will be

discussed next.

2. Screening m.e.

The m.e. to calculate the screening are derived as in chapter
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III. we will only give the matrix-elements for the inclusion of the

screening till infinite order. The m.e for the lowest order

corrections may be derived simply by taking X12X,4 = 6 6, .

Y21Y43 = 6h1h3
6p2p4

 a n d ̂ J' 1 1" 1 = EPj-eh2 '
 T h i s m ay b e checked

by comparing egs.(1) of chapter IV and V.

First we discuss the m.e. necessary for the calculation of the

proton-neutron correlations, that have not been written down in

chapters IV and V. In chapter V the formula for the A-inatrix was

already given. The equation for the B-matrix is given as

v l 2 3

£ <12,34;J |13,24;J '> Z <ir v"1 , J1 | GjL | i r v " 1 ,J" >

YZ+1,N-1 VZ+1,N-1 VZ-1,N+1 v Z-1,N+1
A 5 , 6 , n , J f A 7 , 8 , n , j ' I 6 , 5 , m , j ' l c 8,7,m,Jn

Furthermore for A1 and B'

< * * , J | V M | Vj
1 2,

ir ir. ,J | V(-w) | vn v. i , J > (2.1.3)
P2

 n j P4 n3

= (_)J1+J2+J3+J4 <Tr TT" 1^ I V | v. v' 1,^ . (2.1.4)
P2

 ni «4 p3

The quantities in (2.1.2) have been defined in chapter V and

above. Note that the matrix elements of the even-even nucleus are

dependent on the excitation energies and amplitudes in the nuclei

N_jA and N + 1A . So one has a set of equations for 3 nuclei
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simultaneously.

The m.e. for the proton-proton and neutron-neutron m.e. are

only dependent on excitations in even-even nuclei. The m.e. may be

calculated from the formula's given in chapter III by simply

assuming that the summations are over both proton and neutron

configurations.

The m.e. for the inclusion of screening in the odd-odd nuclei

is

< VvJ|v(w)'' V v J *
=5,<12,34;J |13,24;J '> Z <*p ^ . J ' I ^ ' >

*h 5'!'n'J l'l'n>
* A 0 ' rt T *

Furthermore for A' and B1

( 2 . 2 . 1 )

and for the B matrix

< IT v7l rJ I V I IT. v - 1 , J > -D h ' ' h DF l 2 3 F 4

- 1 T - 1

=r <12 ,34;J |13 ,24;J '> Z <TT ^ ,J« I GL, I 5 6 ,J '>
J 5 6 7 8 P l n3 NM

XZ,N Z,N VZ,N „ Z N

*l

(_)J1+J2+J3+J4 <Vp TT'S
^ 1
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P2 V ' h4 P3
The energies E 'j are the excitation energies of the nucleus
Z

JJA. They may be obtained from a usual RPA calculation. These will

also give the transition densities X and Y. The m.e. on the riyth

hand side of (2.2.3) and (2.2.4) may be obtained from (2.2.1) and

(2.2.2) by changing the indices (IT) and (v)
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SAMENVATTING

. ; Dit proefschrift gaat over de structuur en excitaties van

eindige kernen. Om deze te beschrijven gaan we uit van een

microscopisch beeld en nemen aan dat de kern bestaat uit nucleonen

• (protonen en neutronen). De sterke wisselwerking tussen de nu-

cleonen wordt veroorzaakt door de uitwisseling van mesonen. In

oneindig uitgestrekte kernmaterie is het mogelijk het sterk afsto-

tende korte dracht gedeelte van de interactie te elimineren, zonder

dat men het mesonruil plaatje behoeft op te geven. Een van de

punten van dit proefschrift is te onderzoeken of en hoe zo'n

mesonruil kracht kan worden gebruikt bij berekeningen aan eindige

kernen.

Allereerst onderzoeken we of een mesonruil kracht sterk genoeg

is om deeltjes te koppelen in paren. V/e hanteren het gebroken paar

model, dat speciaal is ontwikkeld om de paring te kunnen beschrij-

ven. Niet alleen blijkt de kracht aantrekkend genoeg om als

paarkracht te dienen, maar ook is het mogelijk om excitaties

(ontkoppelde of gebroken paren) van de kern te beschrijven.

Indien men probeert collectieve excitaties met een mesonruil

interactie te beschrijven krijgt men instabiele oplossingen. Hoofd-

' stuk III laat zien wat er gebeurt als men binnen een standaard

X deeltje-gat model probeert collectieve toestanden uit te rekenen.

;V De excitaties van het veeldeeltjes systeem krijgen een energie

L lager dan die van de grondtoestand. Dit komt, doordat alleen de

ï; propagatie van de nucleonen in de kern wordt meegenomen en de

: invloed van het kern medium op de uitgewisselde mesonen wordt

/ veronachtzaamd. Als ook de invloed van het medium op de mesonen
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wordt meegenomen zal de interactie tussen de nucleonen (veroorzaakt

door de mesonen) worden gemodificeerd. Als de kernkracht wordt

beinvloed door het medium spreekt men van mediumpolarisatie. Met

een uitgebreid voorbeeld wordt aangetoond dat mediumpolarisatie de

interactie energieafhankelijk maakt en de vorming van instabiele

oplossingen tegengaat.

Doordat het uitgewisselde meson koppelt aan de nucleonen in

het medium kunnen op deze manier toestanden, waarin meer deeltjes

en gaten een rol spelen, worden bestudeerd. We berekenen de energie

en de breedte van reuzenresonanties op deze manier en bespreken de

invloed van de mediumpolarisatie op deze excitaties. Daarnaast

vergelijken we voor kernen met 48 deeltjes de resultaten van de

gepresenteerde methode met enkele recente experimentele gegevens.

Onze conclusies zijn dat mesonruil krachten goed toepasbaar

zijn bij berekeningen aan eindige kernen, mits mediumpolarisatie op

een correcte manier in rekening wordt gebracht. Het gebruikte

formalisme levert in principe de mogelijkheid om zelfs zeer

complexe excitaties van de kern te beschrijven, zonder fenomeno-

logische, aan het experiment aan te passen, parameters in te

voeren.

102



VRIJE UNIVERSITEIT TE AMSTERDAM

MESON-EXCHANGE FORCES AND MEDIUM
POLARIZATION IN FINITE NUCLEI

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van
doctor in de wiskunde en natuurwetenschappen

aan de Vrije Universiteit te Amsterdam,
op gezag van de rector magnificus dr. P.J.D. Drenth,
hoogleraar in de faculteit der sociale wetenschappen,

in het openbaar te verdedigen
op donderdag 1 mei 1986 te 15.30 uur

in het hoofdgebouw der universiteit,
De Boelelaan 1105

door

WILLEM HENGEVELD

geboren te Woubrugge

Free University Press
Amsterdam 1986



Promotor : prof. dr. E. Boeker
Copromotor: dr. K. Allaart
Referent : dr. W.H. Dickhoff

b

I



STELLINGEN

1. De berekening van de incompressibiliteit van kernmaterie door

Brown en Osnes wekt de indruk dat de auteurs meer geleid werden

door een gewenste verklaring van het ontstaansproces van superno-

vae dan door het streven naar een consistente, volledige en

correcte beschrijving.

G.E.Brown and E-Osnes, Phys.Lett. 159B (1985) 223

2. De door Kuo et al- geïntroduceerde "gevouwen diagram" methode is

nodeloos ingewikkeld en gaat voorbij aan enkele interessante

toepassingen van expliciet energie afhankelijke interacties.

T.T.S.Kuo,S.Y.Lee and K.F.Ratcliff, Nucl.Phys.A176 (1971) 65

3. De uitgebreide studie van het delta-gat effect in eindige kernen

van Härting et al. toont slechts aan dat de Ml vormfactoren van

Calcium en Strontium met twee parameters aan te passen zijn.

A.Härting, W.Weise and M.Kohno, Nucl.Phys. A420 (1984) 399

4. De extra paarkrachten, die Jensen en Miranda naast een Skyrme

kracht met 15 parameters nodig hebben, duiden op een verkeerd

gekozen Hubert ruimte.

A.S.Jensen en A.Miranda, Nucl.Phys. A449 (1986) 331

5. Verdere verhoging van de efficiency van communicatienetwerken kan

het eenvoudigst verkregen worden bij de eindgebruiker.

6. Het vermogen het gewelddadige karakter van de menselijke werke-

lijkheid te ontkennen is een kenmerk van geestelijke volksgezond-

heid.

Willem, Lust en strijd (De Harmonie, 1985, Amsterdam)



7. Alhoewel de zogenaamde alternatieve samenlevingsvormen middels

allerlei regelgeving worden bevorderd, is het religieus huwelijk

nog steeds slechts dan mogelijk, indien het voorafgegaan wordt

door het burgerlijk huwelijk. Dit huwelijksverband wordt zelfs

strafrechtelijk gesanctioneerd. Een zodanig onderscheid is ontoe-

laatbaar.

Artikel 68, boek I, Burgerlijk Wetboek,

iuncto artikel 4.4.9, Wetboek van Strafrecht

8. De vanzelfsprekendheid waarmee promovendi geacht worden als

vrijwilliger hun wetenschappelijk werk af te ronden dient be-

schouwd te worden als misbruik van de sociale verzekeringen. Het

op deze wijze putten uit de "vierde geldstroom" door de weten-

schappelijke wereld is ongewenst.
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