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I. INTRODUCTION

In the last few years one of the most exciting phenomena in nuclear physics
has been the observation of the so-called giant multipole resonances. One
can define a Giant Multipole Resonance (GMR) as any nuclear state or group

of overlapping states which has the following properties:

i) It exhausts a large fraction of the energy-weighted sum rule (EWSR)
strength allowed for that multipole and type (isoscalar or isovector) of

excitation
ii) It appears in a systematic way in many nuclei
iii) It is concentrated in a relatively narrow energy region

Contrary to the resolved discrete low-lying ("bound") states (i. e. those
characterized by excitation energies of order 1 MeV) which depend on the
detailed shell structure of nuclei, the giant resonances, whose characteristic
energies are of order 10 MeV, have structure governed by gross or average
nuclear properties. These collective multipole states are then caracteristic

normal modes of nuclei.

Nowadays apart from the well known electric isovector giant dipole resonance,
recent experimental evidence has firmly established the existence of an
isoscalar giant quadrupole resonance over the whole periodic table. Moreover
there is some evidence for other electric resonances such as the isoscalar
monopole and octupole and the isovector quadrupole states as well as for the
magnetic dipole excitations. To identify these normal modes and elucidate

their properties is a fundamental task for the understanding of nuclei. It is of
special interest the identification of the giant magnetic dipole resonance

because it can supply a very accurate test of the spin-dependent part of the



effective nucleon-nucleon interaction and the giant monopole “"breathing"
or compressional mode from which one can directly extract the nuclear com-

pressibility which is very difficult to obtain otherwise.

12. 16, 90

In the present work all of these normal modes in the nuclei
208

c, 70, "7Ir

and Pb are investigated with the use of the zero-range density-dependent
Migdal force in framework of a new method which we have called Core-Coupling
Random-Pahse-Approximation (in short, Core-Coupling RPA). This method is
developed in section III. It is a special type of two particle - two hole
RPA approach which has two important advantages compared to the conventional
one: first we get more physical insight into the structure of giant multi-
pole resonances and secondly, we avoid the diagonalization of very large
matrices. The latter permit us to treat almost equally easily light, medium
and heavy nuclei. In this procedure the GMR's are described by means of
quasiparticle-quasihole excitations, i. e. in terms of conventional 1p-1lh
plus 2p-2h configurations. In order to properly situate our work in this
rapidly changing field, a short experimental and theoretical outlook is

presented in chapter II. The performance of the numerical calculations in

the Core-Coupling RPA theory is explained in detail in the fourth chapter.

In chapter V the (lp-1h + 2p-2h) description of the giant electric and i
magnetic multipole resonances is explicitly shown. In particular the loca-
tion and spreading widths of the resonances, their detailed wavefunctions,
the electromagnetic transition probabilities to the ground state, ... In
chapter VI we sum up the results of our work. The principal conclusion is
that we have developed a microscopic theory which, to a very large extent,
is able to describe with the same density-dependent nucleon-nucleon inter-
action, (1) the gross features of the low-lying and the intermediate

giant resonance energy region, e. g. the percentages of the EWSR Timits



depleted by the different types of multipole resonances in the closed-shell
nuclei, and (2) the detailed structure of the excited states existing in
both regions. Chapter VII and VIII contain appendices and references,

respectively.



11. EXPERIMENTAL AND THEORETICAL OUTLOOK

Ti11 this decade the only known GMR was the electric isovector giant dipole

resonance (GDR; 17, T = 1) whose excitation energy ranges from ~ 63 a"1/3 4y,

1/3

Tight nuclei to ~ 80 A” in medium and heavy nuclei. This resonance was
predicted theoretically by Migda11) and observed in photoabsorption cross-
sectionz'G) over the whole periodic table. It was found its width to vary
between 3 and 6 MeV. Phenomenological descriptions of this resonance were

25) and Steinwendel & Jensen26) as a collective

given by Goldhaber & Teller
oscillation of protons against neutrons. Microscopically wi1kinson?) proposed
first a description of the GDR in terms of the shell model; Brown & Bolster-
118) gave a qualitative description in terms of the schematic modelg) by
intoducing a (residual) particle-hole interaction. A realistic description

of the odd—parity states in closed-shell nuclei was given by Gillet et 33’10)
in the framework of the Random-Phase-Approximation. The decay width of the
GDR has been ca1cu1ated11_l7) by several authors in the continuum shell mo-
de?lg). It has been shown that the 1p-1h formalism is unable to reproduce

the observed fine structure of the GDR. Qualitative approaches have been

14) 17)

suggested by Gillet et al. and by Wang & Shakin in considering the

coupling of 1p-1h states with 2p-2h or 3p-3h configurations, respectively.

An isoscalar electric quadrupole (E2) resonance was predicted on quite gene-
18a) 19,20)

ral arguments by Blatt & Weisskopf and Bohr & Mottelson

who placed

1/3

it at an excitation energy of 58A~ MeV. From the experimental side, one

could also suspect the possible existence of giant resonances of multipolarity

other than E1. Table I shows the results from inelastic proton and alpha

21-24 . . . . . .
measurements ), which excite isoscalar transitions in a very selective

40 208

way, on the nuclei Ca and Pb in which the states of the entire "bound"

excitation region (i. e. excitation energies up to approximately the neutron



separation energy) are examined by means of their depletion of collective
multipole sum rule strengths. From this table one naturally infers that

a great part of the EWSR limits of different multipoles is to be found at
higher excitation energies. Because of approximate selection rules of multi-
pole operators between single-particle harmonic oscillator states one could
expect that his missing collective multipole strength is to be concentrated
in the giant resonance region, i. e. at excitation energies of the order of

10 Mev.

27-30)

Many inelastic electron and proton measurements as well as inelastic

31,32) 35,36) 4nd deuterons’) scattering and particle capture

helium-3 , alpha
reaction (x,y)38'43) have shown evidence of electric giant resonances other
than E1. In particular the existence of a new giant resonance, which is pre-

dominantly of T = 0 E2 character, seems now to be firmly established at an

1/3 24)

excitation energy of about 63 A~ in nuclei with A > 40. Its width ranges
from ~3 to 6 MeV and its excitation strength exhaust544) a major part (> 50 %)
of the isoscalar E2 EWSR. In Tighter nuclei the EZ strength seems to be spread
over a larger energy region (v10 MeV) what causes more difficulties for its

identificationo>>%279%)

The localization of the multipole collective strength other than El and E2 at

high excitation energies is still rudimentary. Two different groups in inelas-

tic electron56’57’58) and deuteronsg) scattering experiments seem to have
found evidence of an isoscalar monopole resonance at ~80 A'1/3 in 40Ca, 902r
208 60)

and Pb. At about the same energy, inelastic a-scattering measurements
have shown the existence of a new isoscalar resonance in addition to the well-
known GQR. The angular distribution of the new resonance is well described by

a L=20orlL =2 transfer although the L = 4 transfer is also not consistent.
Indirect evidence of isoscalar E4 and EO in the GQR region has been also given

61)

by comparing microscopic model calculations with hadron scattering measure-



ments. There is no systematic observation of a giant octupole resonance,

902r to 154

although in some (a,a') spectra in nuclei from SmaT=0E3 re-
sonance has been detected and seems to deplete 17 ~ 22 % of the isoscalar

E3 EWSR. Finally, two-step method352’62"66) have also been used to make re-
sonance predictions; they are based on microscopic analyses of nucleon scat-
tering to low-lying unnatural parity states (e. g. 2 levels) in which the

giant resonances are considered as doorway states.

Experimental evidence concerning magnetic excitations is shown up at back-

ward angles in the electron scattering spectra67‘68). Especially interesting

is the case of 208 69-73)

Pb where photoneutron polarization techniques and
measurements74) of directional correlations between particles inelastically
scattered and ground state y-decay have shown evidence that most of the M1
strength is located in two peaks between 7 and 8 MeV. The energy location of
these two peaks with respect to the neutron emission threshold (~7.38 MeV) is
a question which is nowadays stirring much controversy. From the theoretical

side, Vergados75)

predicted the existence of only one state which would ex-
haust almost all the ML strength. In 1973 Ring & Speth76) were able to pre-

dict the existence of two M1 peaks at almost the experimentally observed ex-

citation energies.

The present wark77) presents for the first time a theoretical qualitative

and quantitative explanation for the observed fine structure of the low-lying
Ml states. On the other hand, Speth et a7.78) have predicted the existence of
very collective Ml states at higher excitation energies in 208Pb but so far

no experimental evidence has supported them.

There are essentially three groups of microscopic theories which investigate

the structure of the giant multipole resonances in spherical nuclei. To the

first group belong the generator coordinate methods (GCM)79’193) the (adiabatic)



80-82) and the cranking approaches to the collec-

time~dependent Hartree-Fock
tive motionBO“gl). They essentially impose the collective nature of the sta-
tes from the very beginning; on the other hand the mixing of these states
with particle excitations is not treated, hence they say nothing about the
width of a collective state. The second class contains the random-phase-

76-77,83-39) and other shell model particle-hole calcula-

105-107,82)

approximation (RPA)

10H04) Finally there exist the so-called "sum-rule theories”

tions
which are very useful to expose systematic qualitative features of collective
excited states in an elegant and simple mathematical way and to establish
relations between the first two groups of theories above mentioned. However
they present the following deficiency: one has to suppose a resonance line-

shape in order to get the spread of the resonance.

The RPA theories appear to be the most complete and detailed method to in-
vestigate the collective giant multipole resonances. They have two important
merits: (1) the collectivity of excited states emerge from calculations and
(2) the spreading of the collective states is treated as arising from inter-
action with discrete particle, in general multiparticle, excitations (i. e.
the so-called spreading width) and with continuum particle excitations (i. e.
the decay width). The price one has to pay for that is the performance of at
times very large particle-hole calculations what causes serious technical

problems.

After the pioneering RPA calculations of Gillet et a1.10’14)

76-77,83-104,108)

,» many
others have followed to cover other spherical nuclei. Most
of the "bound" 1lp-1h RPA calculations are able to explain the position of
the giant electric resonances but not the width because either they do not
consider continuum single-particle states or, if yes, they discretized them.

208

Among them, those performed in Pb by Ring and Speth76’96) have revealed



to be specially successful in predicting the location of giant electric (see

.87

also the calculations of Bertsch and Tsai ))and magnetic resonances; they

109)

use the zero-range density-dependent force of Migdal with parameters

83) to reproduce various known moments and electromagnetic transi-

adjusted
tion probabilities between low-lying levels in the lead region. In these
calculations as well as in those performed by Krewald and Spethaq’go) in
other spherical nuclei all the single-particle states 2 fiw above and 2 fiw

below the Fermi surface were for the first time considered.

To get the width of the resonances, two types of extensions of these lp-lh
RPA calculations were undertaken. First the inclusion of the coupling of the
particles of the continuum with a proper treatment of this (i. e. no discre-

tization of single-particle continuum states) was performed by Krewald et

16,85,90)

al and by Bertsch et a?.gz). Continuum 1p-1h RPA calculations with

the additional improvement of selfconsistency has been done by Krewald et

| 108)

a and Liu and Giai93). These calculations give the decay width of the

giant resonances which results to be ~10 % of the total observed width as

was previously expected4’110).

It is then natural to think that the main part of the experimental width of
the giant multipole resonances is due to the broadening (spreading width)
caused by the coupling of 1lp-1lh excitations with more complex configurations,
e. g. like 2p-2h states. To get the spreading widths of GMR's is then neces-

sary the extension of the bound 1lp-1h RPA calculations to include 2p-2h con-

111-112)

figurations. The first 2p-2h calculations were performed in the

sixties but their aim was the description of the lTow-lying states of posi-

16

tive partiy states of “~0. Most recently and simultaneously with the present

(Ip-1n + 2p-2h) RPA work77’97"99> more sophisticated shell model calculations

IZC and 16

104)

with inclusion of 2p-2h states have been done in
enlOI,IOB) 16 40

0 by the Erlan-

g group and in ~°0 and "“Ca by the Tokio group with the purpose

of obtaining the spreading widths of GMR's.



IIT. THEORY

The usual Random-Phase-Approximation or to be more precise the "bound" 1lp-

1h RPA theoryl029%)

permits to calculate excitation energies and ground

state transition strengths, and gives a good and consistent description of
nuclear spectra in closed shell nuclei. In particular it satisfies sum rules,
and one is able at least in principle to separate out spurious excited
states; it also allows for the inclusion of correlations in the ground

state, i. e. a "diffused" Fermi surface, by the so-called "backward-going"
graphs. Different methods have been used to derive the RPA, namely the Green

96’147), the time-dependent Hartree-Fock theory148) (TDHF

149)

function formalism
theory), the equations-of-motion method and the so-called quasi-boson
approximation or method of linearized equations—of-motiong). The final RPA

equations are identical in all the four cases.

The Green function formalism gives more insight (see the recent review of

Speth et a1’96)

into the validity of the RPA approach. In particular it

clearly shows that the RPA amplitudes are the overlap integrals between the
excited states and a particle-hole pair a; 2, acting on the exact or corre-
lated ground state ("physical vacuum"). Therefore the RPA method especially
well describes those excited states with a strong transition probability to

the ground state. In the usual 1lp-lh RPAS)

» which is also called “first RPA",
the operator which, when acting on the correlated ground state, describes

an excited state of a nucleus is written down as follows

B = J {x(a) ata, - yla) ot am} (3.1)

X Yy
o s 1 1 1
mi m m m

+ . . . . .
where a creates a particle of angular momentum 3 with projection Mmoo and
a, creates a hole of angular momentum ji and projection -ms. The absence of

a particle of projection m, behaves like a particle with projection -m; . The
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symbol j stands for a set of all the quantum numbers necessary in specifying
the orbit, i. e. (n,1,j). The x's and y's are amplitudes which are determined

by requiring the operator to obey the relevant equations of motion.

A step further to the RPA approach is given in the so-called 2p-2h RPA. In
this theory the excitation operator, i. e. the operator supposed to describe
the excited states of nuclei, includes also mixing of 1p-1h and 2p-2h exci-

tations, 1. e.

Q" - L, B, + g; "o B B (3.2)
In this way the dimensions of the corresponding RPA matrix are raised by an
order of magnitude due to the inclusion of 2p-2h operators. This obliges to
make drastic truncations in the particle-hole space and therefore such cal-

149-151)

culations are hardly realistic.

In this section we develop a formulation of the (2p-2h) RPA which differs

much from the originally proposed by Sawicki et a]‘ISO)

and used with slight
modifications by other authorslsl’llz). Although the structure of the final
secular matrix is very similar. The purpose of the new formalism, which we
have called Core-Coupling Random-Phase-Approximation, is twofold. First we
want to have a simple physical picture as in the first RPA. On the

other hand we desire to reduce the dimensions of the second RPA secular
matrix by working directly with an expansion of the type (3.2) and a limited

set of excitation operators of a previous first RPA. To achieve this, one

supposes that the excited states of a nucleus are difined by the following

operator
+ + _ +
-l {xmi Xm X5 ™ Yoi X Xm} (3.3)
when acting on a correlated ground state {¢o>. The operators x; and x. create,
i

when acting on {¢O>, a "quasiparticle" or “"quasihole" state in the Landau-
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Migdal sense, i. e. they are defined as

+ + (m) o+ _+
Xy = Cm a. + ) Cav Ba a (3.4)
av
- (i) g*
x; = Cioa;+ gi Cou’ By 3y (3.5)

+ . . . i .
where a and a. are the usual and previously defined creation and annihilation

i
operators. The operator a; creates a particle state above the Fermi surface
(v > F) and a, creates a hole below the Fermi surface (p < F). The operator
B: is defined by (3.1). Following equation (3.4), a "quasiparticle" is a
“dressed" shell model particle, i. e. a single particle of the shell model
surrounded by a polarization cloud becuase it polarizes the core via its in-
teractions with the core particles. In other words one can say that a quasi-
particle is a single-particle which contains many 2p-1h admixtures. In an

analogous way one would define a quasihole as a single-hole in the sense of

the shell model but dressed with many 2h-1p admixtures.

From (3.3) one observes that the nucleus may be excited in two different
ways which take part simultaneously: by creating quasiparticle-quasihole
pairs and by distroying quasiparticle-quasihole pairs already present in the
ground state. Then the two-body correlations existing in the ground state
imply admixtures of excited 1p-1lh and 2p-Zh configurations in its wave-func-

tions.

The structure of this chapter is as follows. In section 1 the Hamiltonian,
i. e. the assumed residual interactions, is given. In section 2 the way of
determining quasiparticle states is shown and its creation operator, i. e.
(3.4), (3.5), is derived in extending the theory of finite Fermi systems of
Landau~Migda11’96). Section 3 is devoted to derive the equations of motion
of the excitation operator Q+ defined by (3.3). Finally in section 4 the
formulae necessary in computing the electromagnetic transition porbabi?ities

are found.
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I1I11.1. The Hamiltonian

In the second-quantized form the assumed full nuclear Hamiltonian is:

+ 1 +
H=H +V=17 ¢ a a,+% ) V a_a,a,a (3.6)
o] af af o 8 2 abys aBy8 B 748

+ . . vy
where a, a,are the already defined creation and annihilation operators

8
which obey the usual anticommutation rules

i

+ + +
@,a,]=a a,+a,a =38 ,
o o 4 o 83 [¢2

0144

[

+
[aa,aa,] [aa, a:.] =0

The symbol €08 denotes the sum of contributions from all single-particle

operators and the effective single-particle part of the residual interaction

V.

Moreover one should understand the antisymmetrized matrix ele-

ment VaByé of the residual interaction V as

Vagys = <ab|V]ys>

On the other hand we shall denote by |An> the exact eigenstates of a nucleus

with A nucleons and by Eﬁ the corresponding energy eigenvalues, i. e. so that
_ A
H |An> = E [An> (3.8)

The states |An> are assumed to be normalized, i. e. <An[An'> = 8 nt- In this
notation the ground state shall be symbolized by |A0>. The particle number A
will always refer to a closed shell nucleus; nuclei with a particle more or

less than a closed shell nucleus are referred to as A + 1 nuclei.
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II1.2. Determination of the Quasiparticle States

One of the fundaments of the Landau-Migdal finite Fermi systemsl’96) (in

short FFS theory) is the quasiparticle concept. In the original formulation
of this theory the coupling between the particle or hole with the collective
excitations of the core is neglected. In this section the FFS theory is ex-
tended to include the interaction between the simple quasiparticle states
and the core-excitations by the following method developed by Werner et
a}.152’153). This extension of the theory has the additional interest of
allowing the calculation of the distribution of single-particle or single-
hole strengths, as measured in stripping or pick-up reactions, over single-
particle states and states in which single-particle states are coupled to
core excitations, i. e. and 2p-lh or 2h-1p states. In this section as in
the other ones we only refer to spherical nuclei around closed shells where

pairing forces can be neglected.
6(1,2) = 7 <Ao|T{a(1)a"(2)}A0> (3.9)

where T denotes the time ordering operator and the arguments 1,2 include
space, spin and time coordinates. In the spectral representation obtained

by taking the Fourier transform of G(1.2), it turns out that

F“‘Wz(a) Ao
5 _ "1 Y2
Vlvz(w) = ) ) .

o ww+16 !
Particle states o Hole states

(3.10)

U

where the sums run over all states o and u of the A + 1 nucleus and the A - 1

nucleus respectively. The quantities Z&“) and Zi“) are defined as follows

2

i

| <A+ 1lala] |A0>|

(3.11)
}2

i

| <A- 1u|a_|A0>
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which are usually called single-particle strengths and single-hole strengths
of the state v. Besides the poles of the single-particle propagator locate at

the energies

o = EA+1 _ EA

o8 o 0
(3.12)

o = EA-—l _ EA

u u 0

where Eg refers to the ground state energy of the A-particle nucleus.

To calculate the quasiparticle propagator, one has to solve the equation of

motion of G or the Dyson equation
Gyp(w) = Go(0) + G)3(w) Myy(w) Gyplw) (3.13)

where the G?Z(w) represents the unperturbed single-particle propagator and
ng(w) is the mass operator or proper se}f~energy154) (of the quasiparticle)
which contains all Feynman graphs which cannot be separated into two pieces
by cutting a single-particle or single-hole line. Graphically this equation
is shown in figure 1 in which the thick line represents the exact propagator

612 and the weak line the unperturbed one.

154)

) . . ..
In the usual cases, 612’ G12 and M34 are all diagonal in the matrix in-

dices and the Dyson equation can be written down as:
0
6, () = 6(w) + 60 (u) M () 6 () (3.14)

Gg is conveniently chosen to be the propagator of a single-particle or single-
hole in a shell model potential. The operator Mv(m) contains only the effect

of the residual interactions. One can then write this equation as follows:
[w-T-Muw)] Gw) =1 (3.15)

which is equivalent to the following non-local Schrodinger equation
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2 >
Iy ]S N ) 6 (F) = ey e) ¢ () (3.16)

where the single-particle wave function ¢q(?) is determined by the requirement

¢ (0) = (3.17)

The mass operator can now be splitted into two parts
1
M) = M) + mB ) = v+ 1) (3.18)

where the first part is weakly energy dependent and corresponds to a non-local
single-particle potential Vo' In actual calculations it is taken into account
by a Woods-Saxon potential, the parameters of whichare determined by a least
square fit of the experimental energies of the single-particle states. The
second part is strongly energy dependent and comes from the polarization of
the core nucleus due to the motion of the odd particle. Since M(C)(w) may also
have weakly energy dependent contributions which are already accounted for in
V,» we have to take care of such double counting. It is avoided by changing

the potential in such a way that the dominant pole of G(w) falls at the ex-
perimentally detected energy.

Inserting (3.18) in equation (3.15) one gets:

fo-T=v, =m0 6u) = 1 (3.19)

whose solutions can be expressed in the form

z
6,(0) = =2+ R (o)

W™ e
vV

(3.20)

where e, and Zv are supposed to be the energy and single-particle strength

of the dominant pole. The latter can be obtained as follows:

am() ) -1
Z\) = { ---a—~..._\') m ] (321)
W=g

Y



The rest Rv(w) contains all the other poles of G(w). In the usual FFS theory
only one dominant pole is taken into account; its strength Zv and the rest
Rv(m) are considered by a renormalization of the effective interaction. But
here the poles other than the dominant one are obtained by solving the fol-

Towing non-linear eigenvalue problem
(T+V,) o (F) + [ dF - MV FE R 50) o (F) = (0) o, (F") (3.22)

which is equivalent to (3.19). The resulting wave functions are single-particle
wave functions for the states with small single-particle strength, i. e. for

the states corresponding to the "non-dominant" poles.

To go further it is necessary to make an ansatz for the mass operator M(C)(w).
For that we shall use the core-excitation model, often used in shell model

155). In this model the states of a (A+l)-particle nucleus which

calculations
give rise to large single-particle strengths are states where a single-particle
state is coupled to an excited state of the corresponding A nucleus. In our
formalism this means that the most important energy-dependent contributions

to M(C)(w) are those arisen from the coupling between the collective states

of the core nucleus and the one-quasiparticle states of neighbouring nuclei.
These are graphically shown in Figure 2a. The symbols attached to the lines
refer to the quantum numbers of the propagating states. In this graph the
straight line represents a single-nucleon propagator and the wriggly line a
core excitation, which is also shown on the right hand side of the figure as

a string of bubles, i. e. the usual microscopic representation of a core

excitation.

The matrix element of the mass operator corresponding to all graphs of the

type shown in Fig. 2a is as follows:
u;m)* usm

W v
M) () = 7 —2 2 (3.23)
VeV
1V2 - -

m
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where the sum runs over all Tow-lying collective states u of the core and

all quasiparticle states m. Here Qu and €, are the energy of the excited core
state and the one-quasiparticle energy respectively. The explicit form of the
vertex ysim which couples the quasiparticle |m> to the core excited configru-
ration [u> 8 |m> can be written down in terms of the particle-hole (ph)

interaction th and the ph-amplitudes X<“) of the core vibration |u> as

follows:

Ym oy Py (n) (3.24)

v Y VHIUA  HA

where th is the renormalized effective ph-interaction, which is parametri-

VR SHA
109)

zed by Migdal et al. by a density dependent contact force with the usual

spin and isospin dependence.

It is important to remark that once the ph-interaction has been chosen, no
further parameters are necessary in including the mentioned coupling with core
vibrations since the ph-amplitudes are obtained by solving the usual RPA
equation with the same force. In other words, the vertex y contains no free
parameters. Rigorously speaking one should use solutions of equation (3.22)

in the evaluation of y in order to be selfconsistent but the use of shell

model wave functions simplifies very much the whole procedure and is also

well justified as is shown in ref.lGO).

Although we always refer to quasiparticle states, i. e. states of the A+l
nucleus, the whole treatment is completely analogous for the quasihole states,

1. e. states of the A-1 nucleus; in this case the graph corresponding to Fig.
2a is shown in Fig. 2b.

One should emphasize that with the ansatz (3.23) for M(C)(w), the Pauli

Principle is certainly violated even in this Jowest order of particle-core

coupling. One reason is because the core excitation is usually calculated
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independently of the quasiparticle, hence the excited particle of the ph-
vibration cannot reach all states since some are already blocked by the addi-
tional particle. Another reason is the noninclusion of the exchange graphs
of Figure 3 and those graphs which arise because of the pp-ground state
correlations as shown in Figure 4. However these graphs contribute to M(C)(w)

156) and we have supposed that they cancelled one to an-

157)

with different signs
other; actually arguments have been already given in this direction.
Other diagrams which are neglected in M(C)(w} are all those of higher order
in particle-core coupling and which are schematically represented in Fig. 5.
In this figure the rectangle symbolizes "any" possible structrue except the
free propagation of the particle and core excitation, e. g. the diagrams
of Figures 6a and 6b. Here once the propagating particle has excited a core
vibration, the quasiparticle-plus~core excitation may polarize yet another
core mode. If the original core excitation disappears first, we obtain the

diagram of Figure 6a, but if the second excitation deexcites first we get

the nested diagram of Fig. 6b.

A11 these neglected contributions, i. e. diagrams of Fig. 3, 4 and 5, will

certainly influence the positions and residua of the secondary poles of the
propagators. Therefore we shall not be able to calculate detailed phenomena
of the A+l nuclei such as for example the suptuplet structure observed in

ZogBi which ariseslSs) from the coupling (1h9/2 * 37). However the neglec-
ted effects are supposed of little importance in our case since we want to
study the average distribution of the poles and their strengths as well as
the predominant structure of its corresponding wave functions. Attemptslsg)
to take into account a number of these neglected diagrams are being done but

no definitive conclusion has been achieved.

Taking into account that we work in the diagonal approximation as said before,

the mass operator (3.23) adopts the form:
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Yu;m‘Z
M) = ] ——o (3.25)

- - g
il w Qp -

Then the Dyson equation (3.19) we have to solve is as follows:

u;miz

|
{w-%‘\f ) o } G (w) =1 (3.26)
um m*ﬁzu*-em

v

where the symbol gv denotes the energy of the quasiparticie state for vanishing
quasiparticle-phonon coupling, i. e. when M(C)(w) = 0. However these energies
have no real physical meaning since they are adjusted in such a way that the
dominant poles of G(w), i. e. the poles with the larger residua, locate at

the experimental energies. This is done as follows:

|yH3m) 2

v A

€, eexp 3? - AP (3.27)
exp “u m

It is then clear that the solution of equation (3.26) is done iteratively.

It gives us the energy positions w of the poles of Gv(m)‘ Their residua are
to be obtained by equation (3.21) from the gradient of M(C)(w). Only one

pole is obtained by neglecting the mass operator. But when M(C)(w) + 0, the
structure of Gv(w) presents further poles due to the supplementary poles

from the own structure of the mass operator, what means that higher configura-
tions have been included. If it results that Gv(w) has a pole with a single-
particle strength (residuum) near to 1 and the other poles have small residua,

then we have the quasiparticle interpretation.

In our case we have considered those configurations coming from the graphs

of Figure 2, what means 2p-1h and 2h-1p configurations. Following Ring and

153
Werner ), we solve eq. (3.26) by diagonalizing the matrix
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n Hp3M Ho3My M3
v Y\) v Y\)
*u., 3l
1°71
Y, Qul-keml 0 0 0
*ipsm 3.28
Y, 2772 0 9“2 + € 0 0 ( )
2
0 0
*ysm :
LY res 0 o ..... Q +e
v e Mg

The solutions of the eigenvalue problem of this matrix corresponds to the
energies and wavefunctions of the problem of diagonalizing the nuclear Ha-
miltonian in the space formed by the quasiparticle state |v> and the coupled
states |u 8 m>. To be more precise, the space considered in our calculations
is that formed by |p = quasiparticle> + |2p-1lh> configurations if we study
the states of the A+l nucleus, |h = quasihole> + |2h-1p> configurations if
we are considering the states of the A-1 nucleus. One should not forget that

the exchange graphs of Fig. 3 are not taken into account.

The poles w, of Gv(w) are then the eigenvalues of the matrix (3.28) which
gives us the quasiparticle energies. The corresponding wavefunctions are
easily obtained and turn out to be as follows:

*ul;ml *uz;mz *ur;m
1, X , X s ey L (3.29)

The residua or the relative single-particle strengths are according to (3.21)

and (3.25):

2 - [1e g 0 ] (3.30)
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From (3.29) and after normalization to unity, one easily gets the wave

function of the quasiparticle of energy w, can be written down as follows:

v, = Vz£a5 > + 3% VZigj v 8 m> (3.31)

were 2&“) = {<v}wa>12 is given by (3.30) and Zi?% is defined by:

#1,Mm

(@) o _x  4la)
zu‘,m T w -0 =€ Zv (3.32)
v u m

One should note once again that because of the particle-core coupling of
Figure 2, the pure state |v> distributes its single-particle strength over

the mixed configurations Iva>, which have of course the same quantum numbers v.

[11.3. Equations of Motion

In this section the equations of motion of the Core-Coupling RPA will be de-
rived. Given the correlated ground state (physical vacuum) {¢O> of the nucleus
and the Hamiltonian H one can obtain an excited state |¥> of the nucleus of

the energy E by:

le> = Q" [ > (3.31)

o]

where the operator Q+ verifies the equation

Q'] = € o (3.32)

c . _ .
hoosing the ground state energy E0 =0, i. e. H {¢O> = E0 }¢O> = 0, one
sees that |v> is an eigenstate of H of the energy E. Since Q |4 > results
O
also to be the eigenstate of H with the energy -E, if we want [¢ > to be the
9]
ground state it must therefore be the vacuum for the Q-excitations, . e.

there must be no excitations created by Q+ present in the ground state. In
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other words it must satisfy
Ql¢>=0 (3.3:

In these cases, to solve exactly equation (3.32) is completely equivalent to
solving the Schrodinger equation H |y> = E |¥> for the corresponding states.
The complexity of the problem is not altered by the simple replacement of
the wave function ¥ by the operator Q+ which generates ¥ from the ground
state. Therefore we are obliged not only to solve (3.32) in an approximate
way but also to make an ansatz for the operator Q+ what implies a precise
specification of the excited states of the nucleus to be described. Here we
supposed that Q+ is defined by (3.3), i.e. it has the form

Q" - MEI {XMI  Xp~ Yur Xy XM} (3.34)
where X; and xp are operators which when operating on I¢O> create a quasipar-
ticle |M> and a quasihole |I> respectively. These concepts have been discussed

in the previous section, e. g. see (3.31). Their expressions are:

+_ c(a) 4t . clm,a) o+ 4

=Gy At g; Cav By By (3.35)
_ c(d) (i,d) o+

xp = G50 ay + 2; Co” ' By a, (3.36)

where the operator B: is defined by (3.1) and a; and a; have been already
defined in this chapter. More explicit expressions of Xg and Xy as well as of
their Hermitian conjugates are written down in Appendix VII.A. The subindex

M z (m,a) where m symbolizes the quantum numbers (nm, ]m’ jm) of a quasi-
particle (am > aF) and a specifies the precise piece of such quasiparticle;

one should remember at this point that the particle strength of the pure quasi-
particle state m is distributed into several states M = (m,a) due to the

particle-core coupling. In an analogous way I = (i,d) must be understood.
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One can easily note that with the ansatz (3.34) we shall be able to describe
only those excited (vibrational) states of the nucleus which can be described

by 1p-lh excitations plus 2p-2h exciations.

Inserting the operator Q+ (3.34) and the Hamiltonian (3.6) in eq. (3.32) we
shall obtain on the left hand side terms involving products of two a-opera-
tors, of four a-operators, ... up to terms involving products of eight such
operators; since the right-hand side of (3.32) includes "only" products of
six a's, eq. (3.32) cannot generally be satisfied by a Q+ of the form (3.34).
In fact this was to be expected since a transition from an exact ground state
to an exact excited state of a system of n-interacting fermions involves
generally all kp-kh excitations with k = 1, 2, 3, ... n. To satisfy (3.32)

we invoke here a further approximation, namely to neglect those normal pro-
ducts with eight a's. Furthermore all the terms which give rise to the
creation of 3p-3h excitations what is out of the scope of our theory. There-
fore in the 2p-2h RPA which we are considering here we neglect all the normal

products beyond those with four a-operators.

Taking this into account and operating as Sawickilso), the secular equation

of our second RPA is now obtained as follows:

el ]l o

with
A = ey - o)’ c(d)2 %N
Mg = Cemmep) Ol G377 Sy 8qy + <HM[ENI> (3.38)
BMI,NH = <MN{V}fH> (3.39)

Here we have adopted the following convention

<HM|ZINT> = <HMge|NI> - <HM[F]| IN> (3.40)
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<MNJV|TH> = <MN|V|IH> - <MN|V[HI> (3.41)

Note that Céa) and ng) are the single-particle strengths of the corresponding
quasiparticles M and I. Explicitly these matrix elements have the following

form:

1) anv1gs = cf?) e cled cld) o 5 apviitttes (3.42)

2)  The expression for the matrix elements <HM|X|NI> is written

symbolically as follows:

<HMI®|NI> = Ti1+ T2+ T (3.43)

where Tll’ le and T22 are terms involving matrix elements of the interaction
between 1p-lh states, between 1lp-1h and 2p-2h states and between 2p-2h con-
figurations respectively. Their corresponding expressions are explicitly as

follows:

2.a) 1y = cl@) (Pl cle) el g 5mdigvyg 5ities (3.44)

where J is the total angular momentum of the excited state that we are looking

for.

2.b) Ty, =

b d . -1, RS RS DTS PR
c(a) ( )c (c)y C(;1) I (a s(3p»d509) <, 3m;JL3ﬂ3m33i3(Ja)Ju1(gu1(3§)Jn;J>

-1 S RS |
+ C(a) (c C(d ) Cizb) I n(al <dp 30l 319,03, (3035759 (3.45)
avy, *V2 nyi, M1 11 1
1 1M1
s s R RS SO |
s C(b)C(C d) ) C(ma) g g ,Ja,gm)s(ghasm,J}<Jm13h1(3a)Jug(Jm)Jh I3 359>
@\32 2 1 1 1

(a)c(b)(d) 5 clhe) 5 (o) SIERE ;33 371505
+ e e Pl T D& 4s(J iy 3p)<dn m, 4( ), (Jh)J %335

au, M2 myi,
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where J +J
0 ) - e )
g(“)=(-1)ja+jb (@)~ yle) (3.46)
ab m4 . mq .
$(Jyadpede) = (-1)Ja+3b Je
2.c) T,,=

22

(b)¢(e) y ¢(ma) sy T Tl s(5,3550) -
b 02:)2 21215113(32 In)sUh any M1 3333 i

. »"'1 s . -"‘1‘ . ."'1 J
- <Jmlah1(da)3\)2(am)sh ,amama:%(a )3 1(J )

e cl@e® g elhe) oele) o5 0 g 5 el Tt s3p8,9) -
Aty o Mg da T gt et a5 313
s 414 1 3'3
G )i G0 d RS ds (9037 HE08 50
' Jm Ji ( o Ju Jh Jm’ ma1i o’Yu i’vn?
4 g 2 3 13 1
(3.47)
v el 1 ) 1 (%) 5(3, 20,53,)5(psdgsd) T 0 I 0 &i)l :
avy “Vom 1 1 1 1 V2 avy “Y1n 1 1

: 1
: <Jm1Jh CAER U 3Rt i Ha )i v B0 i3>

s C(a)C (d) ) C (hc) ) g(a (j J_»3p) y C Z ”n ) .
au, ) Mmyig Mgy 2 avq V1 nlll 1! 1

-1

. -1 -1, .. . |
e <o F ()3 TG R G (I )3 (3,)3573d>
m4 14 a’ h‘*m n1 it ey n’/vi

To understand the angular momentum coupling involved in these formulae, let

us "read" one state, for instance

it it

(3;)3,39>
M3™13 M1

]

It represents a 2p-2h state with a peculiar coupling scheme: the angular

momenta jm and jgl of a particle and a hole state respectively are coupled
3 3
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to the angular momentum Ja of a core excitation, which is itself coupled
1

1
couples finally with the angular momentum jn of a particle state producing

with the angular momentum j; of a hole state to form the value ji' This j,i

the total angular momentum of the excited states J in which we are interested.

In Appendix VII.B it is briefly shown tha Racah algebra formulae of the matrix

elements involved in expressions (3.44), (3.45) and (3.47).

Let us finally remark that the 2p-2h RPA theory, which at times is referred
to as Core-Coupling RPA for being more appropriate and pictorial, here pre-
sented has as a particular case the first RPA. One can note that if quasi-
particles and quasiholes are pure shell model particlies and holes respectively,

then

M

i
i

(m,a) » m H =z (hy,c) = h

it

Nz (n,b) »n I = (i,d) » i

2 2
Hence in particular Céa) = ng) = 1 and the equations (3.37) - (3.39) are
those of the usual 1lp-1lh RPAS).

IIT.4. Electromagnetic transition rates

After solving the secular matrix eigenvalue problem of the Core-coupling RPA
theory, one can use the eigenvectors thereby obtained to evaluate several ob-
servable physical quantities, e. g. the form factors of inelastic electron

scattering and transition probabilities of y-ray emission or absorption. The
latter shall be considered in this section. The reduced transition probabili-
ties for emission (or absorption) of a photon of given multipolarity (Asu)

is givenllz) in terms of the matrix element of the multipole operator in the

form:
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1 A
B(E or W3137Tg) = 77y SHIICIT (3.50)

with p specifying electric (p=o0) or magnetic (p=1) operator. Here we restrict
ourselves to consider transitions to and from the ground state. If we con-
sider transitions from the ground state ]¢O> z |o> to an excited state [J>,

a multipole of order » = J will be involved. In this case,

2

B(EA or MAa)+ = B(Ex or Ma; o+J) = <J{L3§p){¥o>

(3.51)

The final state |[J> is a (1lp-1lh+2p-2h) state of the form (3.31) - (3.34), i. e.
9> = {Xm 0 X~ Yur X1 XM} 0> (3.52)

with the quasiparticle operators x; and X1 given in (3.35) - (3.36). As already

pointed out, since electromagnetic transitions involve one-body operators (we

neglect here the two-body parts of the magnetic operator), i. e.
alp) - (p) +
y QZB <alig"le> a ag (3.53)

then only the 1p-lh components of (3.52) will contribute to (3.51). Therefore
the value of the <J}k&§p)l{0> matrix elementor transitions amplitude is given
by:

<] Pl [jo> = ) VLT

+ + +

Operating here and using the commutation relations (3.7) and the condition

(3.33), one can readily get (see for instance ref. 161, p. 192) that the

transition amplitudes are:

9| lPI 10> P {XMI P4y, < :«icgp);m} (3.54)

where as always M = (m,a) and [ = (i,d) denote quasiparticle and quasihole

respectively. CM and CI are the square roots of the single-particle strength
and the single-hole strength
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of the respective quasiparticle M and quasihole I. One should note that apart

from CM and CI’ this is the same expression as in the (1lp-1h) RPA.

The electromagnetic multipole moments of a nucleus which we need here have
the following forms (see e. g. Bohr & Motte]sonllz), p. 382-4):

Jz,go) = K(EN) = [ o(F) v Y (F) dr
(3.55)

w2 ) = iy [IRNFT) P Y () e

where p(?) and 3(?) are the nuclear and current densities. In the following,

YA = YAo will be used.

In the approximation which regards the nucleons of a nucleus as point particles
having a charge and a magnetic moment (i. e. by supposing free nucleons in the
nucleus), and neglecting relativistic effects, one can easily evaluate the
charge and current density and obtain the following simpler forms for the

multipole moments of the nucleus:

i by
M(EN) = %2: (1-<1) v (6504) (3.56a)
H(M) = =0y {—A% 9(1)[v(r)‘YX)]E+ u(‘)[v(r*v;\)]&’} (3.56b)
p- i
where the sums extend over all nucleons of the nucleus. Moreover the isospin

projection operator T4 = -1 for protons and +1 for neutronsllz). The values

of the constants g and u are

il

Hp = 2.793 for protons

iy =-1.913 for neutrons

g =1 and "

it

g=20 and u

The symbol mp denotes the proton mass, and My = eﬁ/Zmpc is the nuclear

magneton.
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However one knows that a nucleus is a system of interacting nucleons. They
are able to emit and absorb mesons such as pions, p-mesons, etc. In this
particle exchange is the origin of nuclear forces. Moreover it is the reason

J163) ¢

for the existence of currents, usually called "exchange currents
these particles flowing between nucleons. Since some of the bosons are
charged, the exchange currents can interact with an external electromagnetic
field. It is then clear that the densities p(?) and 3(?) differ from those
obtained with the assumption of nucleons to be free and which have been used
in going from (3.55) to (3.56). For electric multipole transitions the Sie-
gert theorem holds. This theorem allows the replacement of the nuclear cur-
rent density by the charge density, and eq. (3.56a) of electric multipole mo-
ments can be used. For the magnetic transitions no theorem of the Siegert-
type can be applied; then one has to use an effective magnetic operator which

corrects for the mesonic exchange currents and the correlations in the nuclear

wave-functions. Here we shall use the effective magnetic operator X(Mr) sug-
164) 96,164) 15 be

gested by Bauer et al. which has been proved by Speth et al.

very successful in predicting giant magnetic resonances and other electro-

magnetic properties in the lead region.

With this effective #(Mx) operator the relative importance of the mesonic ex-
change currents and the nuclear correlations of the wave function is investi-
gated in sections V.5-V.7 by studying the comparison of the experimentally observe
energies and B(Mr)+ values of the giant magnetfc resonances and those calcu-

lated in the framework of the Core-Coupling RPA theory.
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IV. NUMERICAL CALCULATION

The arrangement of this chapter is as follows. In the first section we give
a specific formulation of the different steps of a Core~-Coupling RPA calcu-
lTation. One observes that for obtaining numerical results in the procedure
developed in Chapter III, we have to make three choices, namely the single-
particle energies €, the single-particle wave functions mv(?) and the re-
sidual ph-interaction. Section 2 contains the single-particle basis and the
configuration space used in our calculations. In section 3 and 4 the form
and parameters of the effective particle-hole interaction and the effective

magnetic operator is shown.

IV.1. Specific Formulation

Roughly speaking, a Core-Coupling RPA calculation has two stages: the deter-
mination of the quasiparticle and quasihole states, and the solution of the

eigenvalue problem of the secular matrix (3.37) - (3.39).

In conventional notation the different steps to be done in our treatment for
calculating the quasiparticle energies and wave functions as outlined in

section III.2. are as follows:

1. Choice of the single-particle energies and wave functions. They were ge-
nerated from a Woods-Saxon well adjusted to reproduce correctly the known

experimental single-particle energies. Further information is given in the

next section.

2. Introduction of an effective interaction (in our case is the zero range
density-dependent Migdal force) and solution of the usual 1lp-1h RPA

equations in order to describe the core excitations as superposition of

1p-1h states.
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. Calculation of the particle-core coupling which is mathematically denoted

by the vertex y. Thus we have to calculate the matrix element

Vo= <oy usme

between the single-particle states |v> and the mixed 1p+ (2p~- 1h) or

lh+ (2h- 1p) configurations |u;m>. As shown in (3.24), to do that we only
need the effective ph-interaction and the 1p-lh wave functions of the
core excitations. Here an important choice has to be done, namely the
number of core vibrations to be taken into account. A careful study in

the closed-shell nuclei 12c, 16p, 40 208

0, “Ca, 9OZr and Pb has shown us that
as far as the spreading of the giant resonances is concerned, it is suf-
ficient to take into account the low-lying collective (1lp-1lh) core exci-
tations u. In table 10 the u-states considered in our (1lp-1h+2p2h) calcu-
lations in the different nuclei are shown. The convergence of the method
is carefully studied in 160 in investigating the influence of the inclu-
sion of high-lying core states in the structure of the giant E2 resonance.
It is shown that the qualitative structure remains but the quantitative

distribution of the E2 strength slightly changes.

. Splitting of quasiparticle states due to core polarization effects. For
each quasiparticle of quantum number v, one has to diagonalize the matrix
H,t v in the space of the functions |v> and |usm>, i. e. in the space of
{1p> and |2p-1h> states if one deals with a quasiparticle or in the space
of |lh> and |2h-1p> states in the case of a quasihole. H, 1s the shell-
model-1ike Hamiltonian discussed in point 1. In this way one obtains the
energies E, and wave functions ¥,» as given by (3.31), of a quasiparticle
state as well as the relative single-particle strength of its components.
The single-particle energies are taken in this stage in such a way that
the 2p-1h (or 2h-lp) state with the largest single-particle strength

agrees with the corresponding experimental single-particle energy.
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The second stage of a Core-Coupling RPA calculation has the following

three steps:

5. Calculation of the matrix elements Tll’ le and T22. As already indicated
by (3.44), (3.45) and (3.47) respectively, these matrix elements depend
on the <lp-1h|V|1p-1h> and <pp|V|pp> matrix elements and (see Appendix B)
of certain combinations of 6J-symbols. It turns out that all these 6J-

symbols belong to one of the following two types:

Ja Jc Jp J X Y
(4.1)
JB Ja Ja Ja JB Iq
1st. type 2nd. type

An estimation on the number of different 6J-symbols of these two types
needed in our (1lp-lh+2p-2h) RPA calculations (in which all the states 2fiw
above and 2fiw below the Fermi surface were taken into account) is given in

12. 16, 40 90 208

C, 70, “Ca, ""Ir and Pb. In order to save computing

Table 2 for
time and money we have calculated all of these 6J-symbols and stored them
on a tape or disk data set together with all the ph matrix elements and

pp-matrix elements which were previously calculated in step 2 in doing the

1p-1h RPA.

6. The Core-Coupling RPA secular matrix (3.37) is diagonalized and then the
eigenvalues Et (energies of the excited states of the nucleus) and their
corresponding wave functions (in the form of quasiparticle-quasihole am-
plitudes X's and Y's) are obtained. The way to make this diagonalization
is identical to that used in the usual (lp-1h) RPA and will not be here
described. An idea of the dimensions of the Core-Coupling RPA matrix in
our (2p-2h) calculations can be obtained by looking at Table 3 in which

the dimensions corresponding to some J" states of different spherical
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nuclei are explicitly given.

7. Finally the amplitudes X's and Y's are used to evaluate electromagnetic
transition rates B(EL) or B(ML) defined by (3.54), which are to be direct-
1y compared with the corresponding values experimentally observed for
instance in photonucleon experiments, in (a, a') scattering experiments,

etc.

IV.2. Single-particle énergies and wave functions

In our lp-lh+2p-2h calculations we use a configuration space which includes
all the single-particle states within two oscillator major shells above and
below the Fermi surface. The inclusion of the second major shell is especially
important for the description of positive parity states, see Figure 7. One
should remark that with all the states within 2fiw above and below the Fermi
surface, all the Ex (A=0, 1, 2) strength and all the M1 strength will be in-
cluded. For higher multipolarities some strength is missing especially in the
high-lying region in which states have ph-contributions coming also from
single-particle states out of our configuration space i. e. with energies
bigger than 2fw. For low-lying nuclear properties one can approximately cor-
rect these neglected configurations by renormalizing the ph-interaction. Then
the ph-interaction depends on the size of the configuration space which is
included in the numerical values of the force parameters (see section IV.3).
The single-particle wave functions were generated by solving the Schriédinger
equation with a real Woods-Saxon we11165) with parameters adjusted to repro-
duce correctly those single-particle energies which are known from experiment.

In the following, this is explained in a more detailed way.

The Woods-Saxon potential is defined165’166) by



_ 0 H.2 >->.14d 1
V(Y‘) = “""“"’“"“F:"R‘o*" + (”[7—}—6) VLS(Q'Q) *};'a-{; F”RLS + VC(Y') (4.2)
l+exp( 3 ) 1+exp( = )
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where Vo’ Ro and a, are the depth (VO < 0) of the central potential, its

radius (RO = rOA1/3; o is approximately constant over the whole periodic
system) and its diffusivity parameter. VLS’ RLS and o g are the corresponding

2 is the

values for the spin-orbit well. On the other hand (‘ﬁ/mc)2 = 2.0 fm
reduced Compton wave-length of the nucleon. The operator $ (§‘= L 372) and %

are given in units of h.

The term Vc(r) is the Coulomb potential of a spherical, uniform charge distri-

bution of the radius Rc =T A1/3 and is given by:
2
Ze .
- if r3 RC
Vc(r) = ) ) (4.3)
Bo(3-L) it raRr
c Rc

The eigenvalues and eigenfunctions of our single-particle potential are ob-
tained by expanding the Woods-Saxon wave functions in an oscillator basis
containing up to 8 oscillator states for each set of angular momentum numbers
%5 J. One can symbolically write
M
|23>s = mgl a,.(2,3) [meg>, (4.4)

Following Klemt168), the Woods-Saxon radial wave functions are expanded as

follows

M
Ry3(1) = 1 3p(13) rp(r) (4.5)

where the oscillator wave functions rnﬁ(r) are defined by:

2 2,2
gl = AR ()t VR e TR (4.6)

na r(n+e+ )b
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V=0 F(v+£4~%)v!(n~v~l)!

Convergence in expansion (4.4) or (4.5) is generally achieved for M = 5 or
at most M = 8. In our calculations we took up to M = 8 expansion coefficients.

With this methodl®8)

one gets not only the energies and wave functions for
the bound (E <0) single-particle states but also bound solutions e, ng(e,r)

for states with positive energies.

In this work the single-particle wave functions have also been obtained by

an alternative method due to Speth & Froebrichlﬁg)

in which the exact scat-
tering wave mgj(e’r) is first obtained by numerical integration of the
Schrodinger equation and then is expanded in harmonfc oscillator wave func-
tion with energy~-dependent expansion coefficients. The discretization is

done by averaging over the interval of the resonance, i. e.

_ etA M [e+a
95 = £_ o(e,r)de = ) f“&amlj(e’r)dg LEAES (4.8)

A m=1
As a last step one has to normalize the resulting continuum single-particle
states and ortogonalize together with the bound wave functions. As single-
particle energy one takes the resonance energy. Both discretization procedures
give almost the same results for the Towest continuum single-particle states.
However both are not very much adequate when the partial wave @Qj(s,r) does
not show resonance structure, i. e. when its width is very broad such as for

example the 99/2~wave or p3/2 and p1/2 waves in 160.

The parameters of the Woods-Saxon potential were adjusted by fitting experi-

mental single-particle energies of the odd-mass nuclei in the neighbourhood

of nuclei we are interested in, i. e. 12C, 160, 4OCa, QOZr, 208

Pb. The
parameters used in our calculations are shown in Table 4. Contrary to the cal-

culations done by other authors, here the same potential is used for all
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partial waves.

The difference of the particle energies and the hole energies is defined168)

by

€n ™ €5 = [Em(Ae-l)- EG(A)] - [Eo(A)"Ei(A'l)] = w +ug+ A (4.9)
where W and w; are the single-particle and single-hole energies measured
from the ground state of the given nucleus and Ay = My T M is the difference

between the chemical potentials. For 208

Pb e. g. one obtains Aup = §.232 MeV
for neutrons. The single-particle energies used in our calculations are shown

in Tables 5, 6 and 7.

IV.3. Form and Parameters of the effective interaction

In our calculations the Migdal's ansatzl) for the density-dependent effective

interaction is used:
FP(1,2) = C (¥ P, ) [F(0)4F' (0)71-7,4G(0)31°0,40" (0)(31-0,) (1170} (4.10)
(1,2) = Coslry-ry)1f(e)+f (o)1 1ptg(p)o;-0p*g 1792)(71° 75 :

where the parameters f, f', g, g' are dimensionless parameters which depend

on the center of mass coordinate r in the following way
Flo) = F(F) = F& 4+ (F'" - F¥y o) (4.11)

o(?) being the density distribution of the nucleus, which is here approximated

by a Fermi function, i. e.

> 1
= (4.12)
etf) 1+exp (ﬁiig)

where R and a are approximately equal to the nuclear radius and the diffuseness
parameter respectively. F& and F'" denote the parameter sets outside and in-

side the nucleus respectively. With the assumption (4.11) one interpolates
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between the interaction inside the nucleus and the interaction outside the
nucleus which may be different in principle. For convenience the following

combination of parameters will be used.

fpp = fnn f+f gpp =9y~

it

§
s
s
[{a]

(4.13)

1

fpn = Top f-f 9on = np T

{
(o]

1
[fe]

It turns out76’83) that only the parameters f and f' are different inside and
outside the nucleus whereas g and g' do not show practically any density de-
pendence. The way that parameters influence the properties of the excited
states of nuclei depend on the spin and isospin part of the wave function;
this is explicitly written down in Table 7.1 of the review of the theory of

finite Fermi systems by Speth et a1.%6)

The constant CO is usually taken as follows:

d
C, = 1/(£)e=ep (4.14)

where the donominator is the density of states at the Fermi surface, i.e. the
number of states per unit energy and unit volume, which is related to the

effective mass of the nucleons in the following way:

2m*k
dn - F_ 16 2
(agdgng v i B (4.15)

7
ep being the Fermi constant. Because of the different single-particle poten-
tials for protons and neutrons, the density distributions (4.12) of protons
and neutrons will have slightly different radii. The parameters of the Migdal
interaction have been very carefully adjusted76’83’171) in the lead region to
reproduce correctly electromagnetic properties such as excitation energies
and transition probabilities, isotope shifts and moments. Thus this force
seems to be appropriate for the calcylation of electric and magnetic excita-

tions in the intermediate energy or giant resonance region. The force parameters
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f's and g's are given in Table 8. The diffuseness parameter has been taken171)
to be the same for protons and neutrons. The interpolation radii Rpp, Rrm

and Rp vary with the nucleus mass A; R ?~{R n). Together with the
strength of the force CO (in units of fm3 MeV), they are shown in Table 9.
The radii R and the parameter CO are adjusted in each nucleus to obtain as
good as possible the location and the B(EL) value of the low-lying strongest

collective excitation, i. e. 3 in 208,

One should remark that the parameters of the force depend on the configura-
tion space and of the single-particle model used. The latter was already
discussed in section IV.2. In all our (1lp-1h)- and (2p-2h)-RPA calculations

two oscillator shells above and below the Fermi surface have been used.

IV.4. Form and Parameters of the effective magnetic operator

In our (1lp-1h)- and (2p-2h)-RPA calculations both the bare (Schmidt) magnetic
operators defined by (3.56b) and the following effective magnetic operator

have been used:

A ) - ?”“ ! {’5:321 3(1)( Brly )]“m(‘!)[v(r ! )]UJ’ Vi wrleglv99),e ;\1}

(4.16)
where T3 is the z-component of the isospin vector (T3= -1 for protons). On
the other hand the effective values 5 and ¥ are defined by:
g =1 W= (l-g ) +u £
9 7 4 7 gzp "p T Hp S n s
(4.17)
g =¢ W= B+ up(1-¢. )
n . n P s, 0

where My and uy, are given in (3.57).

In our calculations the following set of parameters for (4.16) - (4.17) is

used in all the nuclei:
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i

-0.119 3 g, = 0.113
p p n (4.18)

-0.031 0.0723 fm2

&Y
H

Caat
il

=
i

With these values and the expressions (3.57) and (4.17), one gets

A n free
=1.11 = 2.2 = 0.8

gp 9 Dp 6 Ho 0.8092 up

N N _ free

9, = 0.031 by = 1.38 o = 0.7213 M

where Mg is the nuclear magneton (uo = ﬁe/Zmpc).
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V. RESULTS AND DISCUSSION

V.1. Giant electric resonances in 160

a) Quasiparticle states in the oxygen region. As pointed out in chapter III

and section IV.1, once the single-particle model (see Table 2 and section
IV.2) and the effective interaction (see Table 8 and section IV.3) have
been chosen the first thing to do in the Core-Coupling RPA approach is to
solve the 2p-1lh or 2h-1p problem, i. e. to calculate the distribution of
the single-particle strength of the gquasiparticle and/or quasihole states
according to expressions (3.31) or (3.35)- (3.36). Equation (3.35) shows
that the amount of 2p-1h admixtures increases with the number of core
states a which are to be coupled with the single-particle degrees of free-

160 take into account as o core states the

dom v. Qur calculations in
strongest collective Tow-lying 3~ (6.13 MeV) state, the 1  (13.10 MeV)
state and the 2~ (12.53 MeV) state. Further inclusion of other (1p-1h)

core excited states is studied later on.

Due to the (37, 17, 27 )-core-coupling, the sd-shell quasiparticle states
of 17F created by X;, eq. (3.35), in putting a proton on the said orbits
in 16O core, remain almostunsplitted 5/2+ at -0.60 MeV with 95 % of the
single-particle strength (SPS in short), 3/2% at 4.54 MeV with 92 % of the
corresponding SPS and 1/2+ at -0.10 MeV with 93 % of SPS. The missing
pieces have been pushed up at high energies (~20 MeV). However the quasi-
particle states 7/2° and 5/2  are very much fragmented as shown in Figure
8. In this figure one finds that the unperturbed f7/2 single-particle
strength (left side) is splitted in several parts from 4.8- to 18.8 MeV
with the centroid at 14.4 MeV; the locations, the relative strength and
the detailed structure of the calculated 7/2 peaks are given in Table 11.

Therein one notices three main 7/2  states at 4.8 MeV (19.8 %), 11.6 MeV

(11 %) and 15.5 MeV (53 %).
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The f5/2 single-particle strength is also fragmented into several states
(see Fig. 8 and Table 12) ranging from 5.4- to 19.2 MeV with centroid at
17.347 MeV. There are four main 5/2° peaks at 5.48 MeV (11.8 %), 11.2 MeV
(9.4 %), 18.9 MeV (52.4 %) and 19.2 MeV (16.7 %). A similar splitting is
shown in Tables 13 and 14 for the corresponding quasiparticie states in
170. In both nuclei the calculated 7/2° and 5/2° single-particle strength
distribution compares nicely with that observed in proton polarized mea-

surements!/8) (17 179) (17

F case) and in neutron cross sections 0 case). At
times as it occurs for f7/2 in 17F, we get almost exactly the location of
peaks and percentages of SPS. However our 5/2 centroid is perhaps 2 or

179)

3 MeV too high according to Fowler et al. experiments.

It is interesting to remark that in all the proton and neutron 7/2  and
5/2" resonances with a relatively strong single-particle strength (% 7 %),

the dominant 2p-1lh admixtures are those from 3 X 1d5/2 and 3 x 1d3/2.

Giant Quadrupole and Giant Hexadecapole Resonances. The distribution of

quadrupole (E2) strength and of hexadecapole (E4) strength obtained in our
(1p-1h) RPA and (2p-2h) Core-Coupling RPA calculations are shown in Figu-
re 9. In the upper part the (1lp-lh) RPA calculations show a giant T = 0

E2 resonance at 23.1 MeV, whose main ph components are (f7/2 X pg}z) and
(f5/2 X pi}z), and a giant T = 1 E2 peak at 43.1 MeV in which (d5/2 X 151}2)
is the main ph contribution. As we have already seen above, the (37,27, 1)
core coupling causes a strong fragmentation of the single-particle states
7/2" and 5/2° but leaves the d5/2 state unaffected. Therefore we expect

that the inclusion of the corresponding 2p-2h configurations will produce

a strong fragmentation of the isoscalar (lp-1h) giant quadrupole resonance

(in short GQR). This is seen in the lower part of the figure and is examined

and compared with various recent experiments in Table 17. Nice agreement is
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found everywhere except with the 15N(p,yo) and the (e,e') experiments.
The discrepancy with the former experiment is most likely due to the fact
that this reaction does not permit direct excitation in the f7/2 channel,

15N. Therefore what Hanna et a1.40) ob-

owing to the initial P1/2 hole in
serve in their (p,yo) experiments might be only the (f5/2 X pi}z) contri-
butions. In this respect the (p,yo) experiment gives us the possibility
to excite selectively these especial components of the GQR. The too low
EWSR fraction reported by (e,e') experiments is probab1y44) due to the
difficulty 1in substracting the GQR from the GDR. Finally the difference
between the two (a,a') measurements is coming from the fact that Kndpfle
et aT.SO) assume the whole structure from 15- to -28 MeV as a single E2

50)

bump; the better resolution of Harakeh et al. permits to distinguish

multipolarities other than 2°, hence reducing the fraction of T = 0 E2

2 fm4 MeV according to our calculations) to

EWSR Timit (which is 2087.4 e
be exhausted. There is always some ambiguity in extracting the B(E2) va-
Tues; it comes from (a) the substraction of the background and (b) the
collective model analysis in DWBA calculations. Therefore one should make
large error bars on the experimental sum rules extracted from (u«,a') re-

actions. On the other hand one should remember that the sum rules are de-

fined for electromagnetic operators.

In the T = 0 GQR region, i. e. between 16 and 28 MeV, one gets theoreti-
cally three main E2 peaks which exhaust 55 % of the T = 0 EWSR whose ener-
gies and wave functions are explicitly written down in Table 18. One can
observe that the two main components of the lower E2 peak wave functions
are the proton and neutron (3~ x d5/2)5/2~ X pi}z excitations, and the
intermediate peak at 20.66 MeV has a main component of its core coupling

- -1 . .
RPA wave function the proton and neutron (3 x d5/2)7/2~ X P32 excitations.
In the case of the third E2 peak at 27.5 MeV there are not dominant (lp-lh+
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2p-2h) components in its wave function but many of them of comparable

strengths.

The experimentally observed 2" levels at 6.92, 11.52 and 13.1 MeV, which
carry an appreciable fraction (~20 %) of the sum rule strength, are not
described in our calculation because they have important admixtures of
4p-4h excitationslgl). These higher configurations are presumable also
responsible for a larger fragmentation of the isoscalar E2 resonance in
the interval between 16 and 28 MeV compared with the present results. This
would further improve the agreement with the exprimental data, see Table

17.

The position of the isovector GQR remains unchanged at 43 MeV but its
B(EZ2) value is slightly reduced. We also find that ~8 % of the T = 0 EWSR
falls over the 30- to 35- MeV region and 33 % of the T =0+ T = 1 EWSR
is exhausted between 30 and 40 MeV.

On the right hand side of Figure 9 we observe that the giant isoscalar
(1p-1h) E4 resonance at 25.5 MeV is very much fragmented, although keeping
the main strength at 21.3 MeV. We find that ~30 % of the isoscalar E4 EWSR

6 2 .8

(this 1imit is 0.55 % 10~ e“ fm~ MeV as shown in Table 16).

Giant Resonances other than E2 and E4. The (1p-1h+2p-2h) monopole, dipole

and quadrupole resonances of the core-coupling RPA theory are compared

with those given by the first (1p-1h) approach in Figures 10, 11 and 12
respectively. In Fig. 10 one observes that the inclusion of the 2p-2h con-
figurations produces a fragmentation of the giant isoscalar (1p-1h) EO
resonance (also called breathing mode) at 27.3 MeV into three T = 0 states,
keeping the main strength at practically the same location which exhaust
99 % of the J¢ (T = 0) sun rule (see Appendix VII.C and Table 16). Taking

into account that the main ph-components of this peak are p3/2 - 195}2
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and p1/2~lp1}2, one expects that the inclusion of further 2p-2h configura-
tions and especially the inclusion of the continuum will spread out the EO
strength on a large energy interval since the states p3/2 and pl/z arelcg)
pure scattering wave, i.e. they have no resonance character. The other two

T=0 EQ peaks are located at 24.8 MeV and 26.7 MeV, depleting 7.4 % and 10.2 %
of the Zg (T = 0) sum rule respectively. Some experimental evidence seems to

49) for the existence

have been found in (a,a') experiment by Harakeh et al.
of a 0" state at 23.85 MeV which exhausts ~4.8 % of the sum rule. The giant

T =1 (1p~-1h) EO resonance at 43.9 MeV is almost unaffected by the inclusion
of the 2p-2h configurations; it depletes 78 % of the Zg (T = 1) sum rule.
However if one would include the 2p-2h configurations coming from the coupling
of the highlying core excitations with the single-particle degrees of freedom,
the isovector EO resonance completely fragments. This is valid for the
resonances of any multipolarity lying at high energies. The energy of the

breathing mode has also been calculated in the GCM approach79’193).

In Figure 11 the (1p-lh) and (2p-2h) E1l resonances are shown. We obtain three
main (2p-2h) E1 peaks at ~14 MeV, 21 MeV and 26.6 MeV which deplete 2.9 %,

"84 % and 5.9 % of the classical dipole sum rule respectively. The location

of the E1 peaks differs from the experimental 22.3 and 24 MeV; this is an
intrinsic fact of the Migdal force as pointed out by Speth et a1.96). The

fact that the (lp-lh) GDR is not affected by the inclusion of 2p-2h configura-
tions seems to indicate that the experimental E1 strength distribution into
the said two peaks is due to the coupling of more complex (e.g. 3p-3h)
configurations and/or to the consideration of some fundamental part (e.g.

the tensor force, ...) in the density-dependent interaction.

The octupole resonances are shown in Figure 12. The main effect of the
inclusion of (2p-2h) states is the shifting and fragmentation of T=20
(1p-1h) E3 peak at 44.9 MeV and the T = 1 (lp-1h) peak at 57.2 MeV peak.

Part of the strength of the latter peak has been pushed up by 5 MeV
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and half of the strength of the former one has been pushed down at 35.5 MeV.
The lowest (1lp-1h) T = 0 E3 state at 6.29 MeV reduces slightly its B(E3)
value and exhausts 23 % of the Zg (T = 0) sum rule. From the inclusion of
the continuum (escape width) we expect that the resonance at about 35 MeV is

distributed over a wide range of energy. See also ref. 62.

Summary and Convergence. In Table 19 there are shown the percentages of

various sum rules depleted by the resonances EO, E2, E3 and E4 in the 12-to-
30 MeV region according to our core-coupling RPA calculations already
mentioned in Figures 9 - 12. The E3 and E4 sum rules are those given in

Table 16. The corresponding EWSR limits for EO and E2 are taken directly from
the calculations since in our configuration space (2fiw above and below Fermi
surface) all the possibilities to create such states are included; these

values are as follows:

T=0+T=1 EO EWSR = 4995 % fm® MeV
T=0 EO EWSR = 2398.5 e° fm" MeV
T=0+T=1 E2 EWSR = 4501 2 fm" Mev
T=0 E2 EWSR = 2087.4 e fu* Mev

We find that 4.1 % of the isoscalar + isovector E3 EWSR is exhausted in the
16-t0-20 MeV, and 4.7 % of the 28 (T = 0) is depleted between 22 and 26 MeV.
Both facts strongly support some evidence of E3 strength detected by (a,a')
scattering measurements of Harakeh et a}.dg) in such regions. Furthermore we
find that ~55 % of the J& (T = 0) sum rule falls between 30 and 55 MeV, what
would nicely agree with the recent semidirect reaction analysis of the Jiilich-
Hamburg-Grenoble co]?aboration64) but disagrees with the original predictions

of ref. 62. However the inclusion of the continuum would broaden the E3

strength, especially at high energies.
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Finally we should remark that for a consistent (2p-2h) RPA approach one
cannot describe the low-lying positive parity core-states because these

states as said before are built up by higher np-nh (n > 2) configurations.

The convergence of our method, i.e. the dependence of the results of the
Core-Coupling RPA on the number of core states, is studied in Fiaure 13b,

¢ where we have considered much larger bases and calculated the distribu-
tion of the E2 strength. In part (a) the (2p-2h) E2 states of Fig. 9 are
shown again. In part (b) the additional 3~ core state at 13.25 MeV was in-
cluded. In part (c) the basis was still more enlarged by taking into account
two further core states, namely 1 at 12.44 MeV and 2 at 12.97 MeV. All

of these states are known to be fairly well described by the 1lp-1h RPA.
Looking at Fig. 13, one observes that the strength distribution in the
isoscalar GQR region remains practically unchanged, i. e. there are always
three main peaks exhausting the same portion of the T = 0 E2 EWSR strength.
The only appreciable change is the fragmentation of the high-lying iso-
vector E2 peak at ~43 MeV into three pieces. The strength remains however

in the same energy region.

12

V.2. Giant electric resonances in ~“C

In this nucleus the two strongest core excited states are by fdr 27 at
4.44 MeV and 3~ at 9.64 MeV. The coupling of these two core excitations
with single-particle states will produce the quasiparticle states (3.35)
and the subsequent 2p-2h configurations included in (3.31; 3.34). In the
following we show the spreading width of the giant electric multipole re-
sonances in 12(: caused by the influence of such 2p-2h states and compare

the results with recently available (a,a') scattering measurements.
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a) Giant quadrupole and hexadecapole resonances

The E2 and E4 states in 12C obtained in our calculations are presented in
Figure 14. In the upper part the 1lp-lh calculations show a strong isoscalar
E2 resonance at 25 MeV and an isovector one at 31.4 MeV. Both resonances
have as main particle-hole components the pairs 2p1/2'1p£}2 and 1f7/2-1p§}2.
Owing to the (2+, 37) core coupling the unperturbed f7/2 state strongly
fragments by shifting up more than 50 % of its single-particle strength in
an interval of ~15 MeV. Consequently we have to expect that the inclusion
of the 2p-2h stateswill give rise to a large fragmentation of the (lp-1h)

GQR. This is seen in the lower part of the figure and is examined in terms

of percentages of sum rules in Table 20.

We find that all the E2 states between 15 and 26 MeV, except the narrow

one at 15 MeV, are purely isoscalar and deplete 13 % of the T = 0 E2 EWSR
lTimit. We also observe two concentrations of E2 strength in the 30-to-40 MeV
region and in the 45-to-55 MeV energy region exhausting 32 % and 25 % of
the (T =0+ T = 1) E2 EWSR strength respectively. In the GQR region two
main isoscalar narrow peaks at 24 MeV and at 30.7 MeV jump out. Whereas

the first one contains many p-h configurations none of which is dominant,
the second peak has a large component of the (f7/2—p§}2) configuration
where the quasiparticle f7/2 state contains 35 % of the single-particle
state. Consequently the second peak at 30.7 MeV depends strongly on the

“unperturbed” energy a(f7/2) which is not known experimentally.

These results are in agreement with the (aya') scattering measurements at
150 MeV of Knopfle et a1.*®) which have found 12.9 % of T = 0 E2 EWSR be-
tween 18.3 MeV and 26.2 MeV; we find 13.2 % in such a region. The indirect
analysis of E2 strength from 12C(p,p‘), see ref. 52, and 118(3,y), see ref.
182, data gave >30 % of the T = 0 E2 EWSR. Our calculations also disagree
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with the percentage of 30 to 50 % reported by (d,d'),see ref. 54, and

(a,a'), see ref. 53, measurements to be localized in a broad peak near

27 MeV. Rather our calculations confirm the observations in 12

183) 53)

C (asa')

spectra at 104 MeV and at 96 MeV of a gross structure peak in such
a region, of which only a fraction has a E2 character. As seen also in
Table 20 and discussed below, that structure would have an important con-
tribution of T = 0 E4 nature which might also be the peak at 29.2 MeV
(whose angular distribution has no E2 character) found in (a,a') experi-

ments at 172 MeV by the Jiilich grouplzg).

16)

According to the continuum shell model calculations of Birkholz™ "/, the

inclusion of the continuum in our approach would lead us to a better

46)

agreement with Knopfle et al. ~/, e. g. our E2 strength would be slightly

more spread so that a small fraction (2 %) falls between 15 and 18 MeV.

Concerning the E4 resonances, we observe that the inciusion of 2p-2Zh con-
figurations produces a strong fragmentation of the two big (1p-1h) T =0
states and a huge shifting of the (lp-1lh) isovector strength from 40 MeV
up to the region around 50 MeV. The distribution of the E4 strength is
examined in terms of sum rules in the last column of Table 20. One should
remark that the EWSR limits Zi and Zz (T = 0) were evaluated (see Appen-
dix VII.C) with the assumption of a uniform ground state distribution of
radius R = 1.2 A”1/3. As shown in Appendix VII.D, these limits are ~25 %
of the real (T =0+ T =1) E4 EWSR and T = 0 E4 EWSR respectively. Taken
into account this fact we find ~5 % of the isoscalar sum rule in the 26.5-
t0-30 MeV and ~4 % between 30 and 35 MeV. On the other hand we also observe
~11.5 % of the isoscalar + isovector sum rule strength between 30 and 40

MeV, and 10 % in the 45-to-50 MeV range.



- 48 -

b) Giant monopole and octupole resonances

The EO states found in our calculations are shown in Figure 16 and are
analysed in terms of sum rules in the first column of Table 20. The in-
clusion of the 2p-2h states fragments the giant isoscalar (lp-1h) EO
resonance (often called breathing mode) located at 27.6 MeV in two pieces

2 Mev,

so that ~2 % of the T = 0 EO EWSR 1imit (this value, 1556 e
emerges directly from the calculations) falls in the GQR region and ~74 %
of that strength is depleted between 30 and 35 MeV. Experimentally there

12

is so far no detection of the breathing mode in "“C. Recent GCM calcula-

80)

tions with Skyrme forces locate the EO resonance at ~34.7 MeV although

they do not calculate the strength.

The distribution of E3 strength is shown in Figure 15 and is analysed in
the third column of Table 20 in terms of sum rules. We should say that the
values Eg and Zg (T = 0) are +63 % of the total isoscalar + isovector E3
EWSR and of the isoscalar E3 EWSR strengths respectively. We find that the
2p-2h configurations push an important fraction of the (Ip-1h) T = 0 E3
strength located between 12 and 20 MeV up to higher energeis in the 30-to-
45 MeV region. However ~2 % of the T = 0 E3 sum rule remains between 15
and 18 MeV. A concentration of 15 % of isoscalar strength is found to
occur between 35 and 45 MeV. The latter corroborates indirect evidence
found in analyses of inelastic nucleon scatteringsz) to low-lying nuclear
states. In inelastic (p,p') and (ay0") measurement5184) E3 states at 18.35
MeV, 20.57 MeV and 21.65 have been proposed. However only the second state

which is of isovector character seems to be firmly established.

Finally in Figure 17 the influence of the 2p-2h configurations on the 1p-1lh
El states is shown. The giant (1p-1h) T = 1 E1 resonance is splitted by

shifting 50 % of its strength to higher energies. A concentration of iso-
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vector dipole strength is found between 25 and 40 MeV. In the 15-to-25
MeV region three main T = 1 E1 peaks show up at 17.5, 20.3 and 24.4 MeV
exhausting 7.2, 35 and 8 % of the classical dipole sum rule. The same
arguments as in case of dipole states in oxygen can be given to explain
the disagreement with the experimental isovector dipole resonancesll6’6)

at ~23.5 MeV and 25.5 MeV.

90

V.3. Giant electric resonances in “"Zr

As said before the configuration space of our lp-1lh and 2p-2h calculations

contains all the single-particle states within 2fiw above and below the

90

Fermi surface. The single-particle energies of ““Zr are shown in Table 6.

Here we first calculate the distribution of the single-hole strength due

to the admixtures of the six low-lying core excited states shown in Table
10, namely the states 2% (2.186 MeV), 37 (2.749 MeV), 4~ (2.736 MeV), 4"
(3.077 MeV), 51 (2.319 MeV) and 5, (3.975 MeV). In the fonowiﬁg we show
the fragmentation of the lp-lh giant resonances induced by the 2p-2h confi-

gurations which are yielded by the 2h-1p admixtures according to eq. (3.31;

3.34).

Giant monopole and quadrupole resonances

The EO states obtained in our (1lp-1h) RPA and. (2p-2h) Core-Coupling RPA
calculations are shown in Figure 18 and analysed in terms of sum rules in
the first column of Table 21. In the upper part of Figure 18 we find two
giant (lp-1h) isoscalar peaks at ~15 MeV and a stronger T = 0 state at
20.7 MeV. The summed strength at ~15 MeV is larger than that at 20.7 MeV.
A giant 1p-1h T = 1 resonance is located at 132 MeV. The (1p-1lh) state
at 28.5 MeV has a strong mixture of isoscalar and isovector characters.

As shown in the lower part of the figure, the inclusion of 2p-2h
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configurations strongly fragments all the three isoscalar resonances
and slightly splits the giant isovector state, whereas the T=0+ T =1

state at 28.5 MeV remains unchanged.

Below 25 MeV we observe three concentrations of isoscalar EO strength.
The first one is centered around 14.7 MeV with a width of 4 MeV ard ex-
hausting 36 % of the T = 0 EO EWSR strength (this sum rule was taken di-

2 fm4

rectly from the calculations: it is 33185 e MeV). Secondly we find
8.7 % of this sum rule to be depleted between 17.5 and 20 MeV. Finally
inqthe 20-t0-22.5 MeV region 42.5 % of this isoscalar EO sum rule is ex-
hausted; this fraction of EQ strength has its centroid at 21.25 MeV with
a width of 2 MeV. Above 25 MeV we find that 8.1 % of the T = 0 EO sum rule
is depleted between 25 and 30 MeV. (The strong peak at 28.2 MeV was con-
sidered T # 0 although it has a certain amount of isoscalar character.)
From an experimental point of view two groups have proposed the existence
of a large amount of monopole strength at ~17 MeV, i. e. at the energy of
the giant dipole resonance. Whereas Marty et a].IZO) observes 13 to 27 %
of the monopole sum rule at (17.5 + 0.5) MeV from inelastic deuteron and
a-scattering experiments, the Tohoku group28’56) suggests from inelastic

(e,e') measurements the existence of an EQ peak with a width of 4 MeV

which would deplete 91.1 % of our T = 0 EO EWSR Timit (the value they take

for this limit is 28000 e2 fm4 MeV). This strength value depends very

sensitively first upon the way the GDR cross section is substracted (Tori-
56

Zuka et al. ) used the Goldhaber and Teller model for the GDR transition

density) and secondly upon the way of substracting the background44).

A further experimental uncertainty emanates from distinguishing between

EQ and E2 character.

T

In our calculations half of the strength of the first

= 0 EO peak falls in the same energy range, i. e. between 12.5 and 15 MeV,

than the Giant Quadrupole resonance (see later on). Furthermore 8.7 % of
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the T = 0 EO strength lies down between 17.5 and 20 MeV, i. e. in the same
place as 22.0 % of the T = 0 E2 EWSR strength is exhausted. It is then
natural to infer that the experimental monopole proposal should be regarded

as tentative and they need of further corroboration.

From the first column of Table 21, one can also get information about the
distribution of the isovector monopole strength. The (T = 0+ T = 1) EO

2 fm4 MeV. We find

EWSR given by our calculations turns out to be 64057 e
that ~10 % of the T = 1 EO EWSR is exhausted in each of the following energy
intervals: 15 MeV - 17.5 MeV, 17.5 - 22.5 and 22.5 -~ 25 MeV. The other 2/3
of the isovector strength is found to be exhausted by equal amount in the

25-t0-30 MeV and in the 30-to-35 MeV regions.

Figure 19 shows the E2 states obtained in our calculations. One can observe
that the inclusion of the 2p-2h configurations produces a strong splitting
of the giant isoscalar (1p-1h) E2 resonance at 13.3 MeV and the (1lp-1h)

E2 state at 19.2 MeV. Contrary to this the giant (1p-1lh) EZ resonance at
26 MeV is practically unaffected. Two concentrations of isoscalar EZ
strength are found. One has the centroid at 13.6 MeV with a width of ~2.5
MeV, exhausting ~47 % of the T = 0 E2 EWSR 1imit (the value of this limit
is 36472.5 e2 fm4 MeV from tﬁe calculations). Also 22 % of this sum rule

strength appears to be located between 17.5 and 20 MeV.

The first experimental location of E2 strength in 902r was done in inelastic
(e;e') experiments by the Tohoku group’®) at 14 MeV exhausting (38.3 + 11.6) %
of our T = 0 E2 EWSR strength (This group uses an isoscalar E2 sum rule equal
to 24900 e fm® MeV; respect to this limit, the 14 MeV E2 peak would exhaust
56 + 17 %). Later (a,a') scattering measurements done by Youngblood et 31'35)

have located the isoscalar GQR at (14.5 + 0.2) MeV with a width of 4 MeV

depleting (54 + 15) % of the isoscalar sum rule. Recent new inelastic electron
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scattering experiments of the same group at Tohoku University56) have shown
the appearance of additional (EO or E2, or EO + E2) strength between 10 and
20 MeV. If the assumption of this additional strength to be EO is made,
then 91 % of our T = 0 EO EWSR is exhausted. But if that strength is E2,
these authors found 33 % and 43.5 % of our T = 0 EWSR to be depleted in
the 10-to-15 MeV and in the 15-t0-20 MeV energy regions respectively. If
the latter were the case these (e,e') results would be almost reproduced
by our calculations what would imply a real splitting of the T = 0 GQR.
Most likely the additional strength found by Torizuka et al.sﬁ) has both
EQ and E2 character (also suggested by our calculations; see Table 21), what
would mean a slight reduction of their estimated E2 strength fractions;

this would give rise to closer agreement with our values.

Regarding the T = 1 GQR, the only experimental observation in 902r comes
from inelastic (e,e') scattering experiments doen by the Tohoku groupss)
who finds it at 26 MeV with a width of 7 MeV exhausting 73 % of the iso-
vector E2 sum rule strength. In our calculations 26 % of that strength is

depeleted between 17.5 and 22.5 MeV, and ~74 % is exhausted in the 22.5-to-
35 MeV energy region.

Giant dipole resonances

The E1 states obtained in our (1p-lh) RPA and Core-Coupling RPA calculations
is shown in Figure 20. The inclusion of the 2p-2h states produces a large
fragmentation of the strongest 1p-1h E1 resonance located at 12.66 MeV

and a comparatively small reduction of the strength of the (1lp-1h) peak

at v16 MeV. One can say that the 2p-2h configurations move the (1p-lh) GDR

up to the energy region ( 16.5 MeV) where it has been experimentally ob-
served.



- 53 -

The distribution of El strength is examined in the first column of Table 22

1) = 14.8 . O e fm® MeV

i

in terms of the classical dipole sum rule Z? (T

- 329 €2 fm® MeV and in terms of the (T = 0 + T

i

1) E1 EWSR which emanate

2 fm2 MeV. We obtain two

from the claculations and whose value is 377.4 e
main concentrations of El1 strength: between 10 and 15 MeV, and between 15
and 20 MeV. In these energy regions 69.6 % and 52.2 % of the classical di-
ple sum rule are exhausted respectively. Besides we find 9.5 % of that
strength in the 5-to-10 MeV energy range and around 3 % between 20 and 25
MeV. Altogether we find that the classical dipole sum rule is overexhausted
between 5 and 30 MeV. This is also found in another similar (2p-2h) calcu-

lation by Soloviev et a].185) whose percentages of the sum rules exhausted

in the different energy subintervals are very similar to ours.

Experimentally it is well known the energy of the GDR peak at ~16.7 MeV
from photoneutron reactionslls) and from inelastic electron scattering ex-
Periment356). The latter have also given estimations (using the Goldhaber
& Teller model) of the fractions of the dipole sum rule depleted in the
different intervals of the energy spectrum; they find (14.5 + 9.6) %,
(22.5 + 3.0) %, (49 + 4) % and (13.7 + 7.0) % of the classical dipole sum
rule 2§ (T = 1) in the following energy regions: (6-10 MeV), (10-15 MeV),

. . 56
(15-20 MeV) and (20-30 MeV) respectively. In their paper Torizuka et al. )

use the value 264 e2 fmz MeV as the El sum rule, hence the percentages ex-
hausted in the different energy intervals are different. Bearing in mind
the uncertainties (already said) inherent to the extraction of these num-
bers from experiments, one observes that one also gets experimentally two
concentrations of El strength between 10 and 15 MeV, and between 15 and 20
MeV. However the relative percentage of the sum rule in these two intervals

is the inverse situation as in the (2p-2h) calculations.
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¢) Giant Octupole Resonances

The 3~ states calculated in the (1p-1h) RPA and the Core-Coupling RPA
approaches are shown in Figure 21 and discussed in terms of sum rules in
the second column of Table 22. Let us first describe the gross features

of the octupole states in the whole spectrum, i. e. between 0 and 45 MeV,
then we shall analyse in detail the Tow-lying energy region, i. e. between

0 and 9 MeV, from which most recent data are availab]elQZ)*

In the upper part of Figure 21, the (lp-1h) RPA results show above 5 MeV
the existence of two narrow T = 0 E3 peaks at 6.1 MeV and 28.2 MeV re-
spectively, and an isovector resonance peaked at 29.7 MeV. Besides there
are essentially three concentrations of E3 strengthof T=0and T =1
character between 7 and 14 MeV, between 16 and 19 MeV and in the 32-to-37
MeV energy region. The inclusion of the 2p-2h configurations does not
modify very much this landscape; it produces the fragmentation into three
pieces of the two narrow isoscalar peaks although their entroids remain
at the same energy. On the other hand the well-known and strong low-lying
37 state (experimentally at ~2.75 MeV) only reduces slightly its strength.
The (2p-2h) octupole strength is analysed in terms of sum rules in Table
22. We should remember once again that the sum rules Zg and Zg (T =0)
were calculated (see Appendix VII.C) with the assumption of a uniform
ground state distribution with radius R = 1.2 A+1/3 fm. These sum rules
are, see Appendix VII.D, 75.7 % of the total (T=0+T=1)E3and T=0

E3 sum rules respectively; these 1imits turn out to be 4.6 * 106 and

6 2 .4 . .
2.05 % 107 e° fm" MeV again respectively. These values exactly coincide

with those estimated by Liu and Browngg) in using Hartree-Fock ground

states; see Table 3 of ref. 89. We find that 21 % of the T = 0 E3 strength

is exhausted below 10 MeV. In the 10-to-15 MeV and in the 15-to-20 MeV
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energy region it is also found ~6 % and 3 % of that isoscalar limit. At
higher energies we find two concentrations of isoscalar strength between
25 and 30 MeV and between 30 and 35 MeV where 32 % and ~18.5 % of the T =
0 E3 1imit are depleted respectively. On the other hand we find that the
T =1 E3 strength is distributed in a very similar way as the isoscalar

strength.

To the best of our information the only published experimental results
concerning the distribution of E3 strength above 10 MeV of excitation ener-
gy are those of Torizuka et a].56) in inelastic (e,e') scattering experi-
ments. These authors decompose the "background” in the electron spectra

into several multipole (L =1, 2, 3, 4, 5, 6) components. However one should
point out that their results must be regarded as tentative due to consi-
derable uncertainties in such analyses. They have found in the 10-to-15

MeV and in the 15-to0-20 MeV energy regions ~20 % and ~12 % of our T = 0 E3

EWSR strength respectively.

Let us now discuss the low-lying E3 region, i. e. the energy region below
10 MeV. Youngblood et a1.142) have observed what they called a Low-lying
Energy Octupole Resonance (LEOR) centered around =32 A“1/3 = 7.2 MeV ex~
hausting +19 % of the isoscalar E3 sum rule which they estimate to be

S0 = 1.75 % 106 e2 fm4 MeV (they assume a ground state distribution of
the radius R = 1.123 A3 - 5.033 fm). In Table 23 a comparison between

experimental resu1t555’142’186), the (1p-1h) RPA and the (2p-2h) Core-
Coupling RPA calculations and two different Continuum (1p-1h) RPA calcula-

tions is made. For the sake of clarity we have used in this table the sum

rule SO.

We first observe that the lowest 3~ state reduces its strength from 20.5 %

of So to 17.8 E of S0 due to the inclusion of 2p-2h configurations. The
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latter value is still far from 7.1 % which is observed by Youngblood et
a}.142) but practically coincides with the value 17.0 % obtained from
electromagnetic measurement3186). Between this state and 9 MeV we find
threee isoscalar E3 states exhausting 6.4 % of So and two isovector sta-
tes at 8.08 MeV and 8.47 MeV. A1l of these five states fragment very much
with the inclusion of 2p-2h configurations giving rise to six T = 0 E3
states and four T = 1 states of smaller B(E3) value. The six isoscalar
states locate practically at the same positions of the six 37 levels ob-

served by Youngblood et a1.142)

in the region between 3 and 9 MeV. Our
(1p~1h+2p-2h) calculations also coincide with these authors (a) in loca-
ting the main peak at 5.6 MeV and (b) in exhausting approximately the same
fraction of S0 below 9 MeV. Indeed this group of Texas A & M University
finds 23 % of So without inclusion of what they called "high energy tail"
and 26 % of So if one includes this ambiguous term. In the same energy
region we find 24.5 % of SO and 26 % of S0 if we would assume the T =1

E3 states of that region to have isoscalar character. However our calcu-
lations distribute the E3 strength below 9 MeV in a different manner as
these authors observe in their measurements: (1) they assign 7.1 % to the
Towest 3~ state whereas our calculations find 17.8 % in agreement with
electromagnetic measurementslSs). (2) They assign ~19 % to the LEOR where-

as our calculations locate ~8.2 %. (3) They locate the controid of LEOR

~-1/3
at 32 A / = 7.14 MeV, whereas our calculations find it at 6.55 MeV =
29 A7Y/3,

The inclusion of the continuum in our (1p-1h+2p-2h) calculations would

certainly be very useful to solve this disagreement. However the only two

available continuum (1p-1h) RPA calcu]ation5108’87) are very much different

in locating the E3 strength below 9 MeV as one can observe in the two last
columns of Table 23,
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d) Higher multipole resonances

The 47 and 5~ resonances calculated in the (1p-1h) RPA and in the Core-
Coupling RPA approaches are shown in Figures 22 and 23 respectively and
are analysed in terms of sum rules in Table 22. In the upper part of
Fig. 22 one observes the existence of a giant (lp-lh) T = 0 hexadecapole
resonance at 11.6 MeV which exhausts 32 % of the Zi (T = 0) sum rule
strength or 21 % of the "real" T = 0 E4 EWSR (see Appendix VI.D; therein
one can extract that the EZ(T = 0) is +65.8 % of the total T = 0 E4 EWSR

which turns out to be 1.17 * 108 e2 fm8

MeV). Besides two narrow (1p-1h)
peaks at 17.87 and 18.35 MeV jump out; both are of isovector nature al-
though the second one has some admixtures of T = O character. The inclu-
sion of 2p-2h configurations reduce the strength of the (1lp-1h) giant E4
resonance by fragmenting it into several pieces; now its strength exhaust

13.5 % of the T = 0 E4 sum rule.

From the third column of Table 22 we also see that ~16.5 % of this strength
is depleted between 10 and 12.5 MeV, and 27.7 % falls in the 10-to-15 MeV
energy region. Furthermore 4.2 % and 6 % of such an isoscalar sum rule
1imit 1ie down between 15 and 20 MeV, and between 20 and 25 MeV. Looking

at Tables 21 and 22 one can remark that much of the isoscalar strength of
multipolarity L = 0, 1, 2, 4 (and in a lower amount the L = 3) is exhausted

in the 10-to-15 MeV region, and especially between 12.5 MeV and 15 MeV.

The influence of the mixing of 2p-2h states on the (1p-1h) E5 resonances
is shown in Figure 23. The main effect is the strongfragmentation under-
gone by the giant narrow T = 0 peak at 7.3 MeV and by the giant (lp-1h)
isovector resonance located at 21.1 MeV. According to the arguments given
in Appendix VII.D, only 757 % of the total T =0+ T = 1 E5 EWSR strength

is exhausted in our E5 spectrum. As discussed previously, this is due to
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the fact that in our calculations those ph-contributions from states dis-
tant from the Fermi surface by more than 2fiw, are not taken into account;
these contributions are important in the description of resonances of

multipolarity L » 3.

208P

V.4, Giant electric resonances in b

The energies of the single-particle states 2hw above and below the Fermi
surface are shown in Table 7. The core excitations taken into account in
our calculations are written down in Table 10; they are practically all

the firmly established low-1ying states which are well described by the
(1p-1h) RPA approach. The coupling of these core excited states with the
single-hole states causes a large amount of 2h-1p admixtures which, as seen

in equations (3.31) and (3.34), give rise to a huge number of 2p-2h confi-

gurations.

In this section we shall show the influence of these 2p-2h states on the
well known giant (1p-1h) electric resonances. The latter were first cal-

culated by Ring & Speth76) and later by Krewald & Speth84), Bertsch &

.87 .
Tsai ) and Liu & Brown89). The (1p-1h) calculations done in 208Pb have

been recently reviewed by Speth et a}.gﬁ); see this review for other

references.

Giant monopole and quadrupole resonances

The EO and E2 resonances calculated in the (1p-1h) RPA and in the Core-

Coupling RPA theories are shown in Figures 24 and 25 respectively, and

are analysed in terms of sum rules in Table 24. In the upper part of Fi-

gure 24 one observes a giant (Ip=1h) T = 0 EO peak at 15 MeV exhausting

69.2 % of the T = 0 EO EWSR (whose value is 86545 e2 fm4 MeF from the



- 59 «

calculations) and two narrow isovector peaks at 18.2 MeV and 21.8 MeV of
comparable strength. The inclusion of the 2p-2h configurations completely
fragments the T = 1 peak at 18.2 MeV although its centroid remains prac-
tically at the same place. The breathing mode at ~15 MeV splits into se-
veral pieces but 55.4 % of the T = 0 EO strength remains in the 14-to-16
MeV region. We also find ~8 % of that isoscalar sum rule between 10 and

12 MeV, and ~18.7 % between 12 and 14 MeV. Above the compressional or brea-
thing mode we observe ~18 % of the isoscalar EO Timit in the 16-to-20 MeV
interval. Further details about the distribution of EO strength can be

seen in the first column of Table 24. In particular we find 26.8 % of the

2 et MeV from the calcula-

T=0+T-=1EO0EWSR (whose value is 189130 e~ fm
tions) to be exhausted in the 20-to-22 MeV energy interval. However this
strength lies down in fact at the 21.76 MeV peak which is of pure isovector

nature.

Regarding the E2 states one can observe from Figure 25 and the second

column of Table 24 that the main features which the inclusion of 2p-2h
.‘.

configurations produced in the landscape of (1lp-2h) 2 resonances are as

follows:

1. The giant (lp-1h) T=0 E2 resonance at v11.2 MeV strongly fragments

giving rise to a redistribution of its strength between 8 and 14 MeV.

. 2 . 4
We find 18.6 % of the T = 0 E2 EWSR (whose value is 76598 e~ fm" MeV

from the calculations) in the 8-to-10 MeV, 56.5 % between 10 and 12
MeV and 31 % between 12 and 14 MeV. This structure is discussed more

in detail in the paragraph V.4.C in which a comparison with experiments

is also done.

2. The giant isovector (1lp-1lh) E2 resonance at 16.7 MeV is no longer con-

centrated in a narrow peak but is distributed between 16 and 17 MeV.
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In the 16-to-18 MeV region we find 23.8 % of the T = 0 + T = 1 E2 EWSR
(whose value 174280 82 fm4 MeV is from the calculations) to be depleted.

3. The Tow-lying E2 states are almost unaffected. We find that ~22 7% of
the T = 0 E2 EWSR falls down below 8 MeV. For the sake of comparison
with other authors we have written down in the last column of Table 24
the fractions of the Eg (T = 0) sum rule (calculated according to a
radius R=1.2 A1/3 for the ground state distribution assumed to be
uniform) which are exhausted in several energy intervals of the 2t

spectrum.

b) Higher Multipole Resonances

In this subsection the E3, E4 and E5 resonances obtained in the first RPA
and in the Core-Coupling RPA approaches will be presented. The octupole
resonances are shown in Figure 26 and analysed in terms of sum rules in
Table 26. From the figure we observe that the inclusion of 2p-2h excitations
reduces the strength of all the (1p-1h) E3 peaks by giving rise to many
states of small B(E3) value. The attention is drawn to the following point:
fragmentation undergone by four states localized between 20.1 and 20.6

MeV. They have a mixed isovector-plus-isoscalar character. Their strength
is spreadout due to the 2p-2h coupling in a range of ~3 MeV although the
centroid is Tocated around 20.4 MeV. We find that 24.6 % of the T = 0 +

T =1 E3 EWSR (whose value is 1.57 % 107 e2 fm6 MeV; this is the exact
isoscalar + isovector sum rule estimated according to Appendix VII.D) is
exhausted between 20 and 22 MeV. In this interval we also find that 25 %
of the T = 0 E3 EWSR; the value of this sum rule, which is 0.62 # 107 62 fmé

MeV, has been estimated according to Appendix VII.D.

The E4 states obtained in our 1p-1lh and 2p-2h calculations are shown in
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Figure 27. Here one observes that all the (1p-1h) E4 states get reduced
their strength with the inclusion of the interaction of 2p-2h excitations.
The main feature of the 47 spectrum is the large fragmentation undergone

by the giant isoscalar (lp-lh) E4 resonance at 11.5 MeV. We find that where-
as in the (1p-1h) calculation 27 % of the "exact" T = 0 E4 EWSR (0.452 *
10° e® fm° MeV; Appendix VII.D) is exhaused between 11 and 12 MeV, in the
(1p-1h+2p-2h) calculation "only" ~16.8 % remain in that interval. The main
part of the missing strength is pushed downwards: 3.5 % and 4.2 % locate

in the 9-to-10 MeV and in the 8-to-9 MeV regions respectively as it is
shownin the last column of Table 25. On the other hand it is interesting

to remark that the lowest 4* state at ~4.7 MeV exhausts 6.6 % of the T = 0
E4 EWSR and in the 5-to-8 MeV region ~11 % of that strength is depleted.

The (1p-1h) and (1p-1h+2p-2h) E5 states are shown in Figure 28. We observe
that especially all the states in the 10-to-20 MeV are very much fragmented
due to the inclusion of 2p-2h configurations. Many states of comparable B(E5)
value exist in that interval. A substantial part of E5 strength has also

been pushed up at energies above 20 MeV.

Fine Structure in the GQR region

Here the GQR region, i. e. between 8 and 15 MeV, is examined in detail by
evaluating the percentages of the isoscalar EWSR corresponding to the multi-
polarities EO, E2 and E4. The results are shown in Table 25. It turns out
that the mixing of the 2p-2h configurations is the main responsible for

. . . 29,120,35,
the fine structure recently observed in a variety of experiments

122-124,57)  [ndeed we find the follwing features:

1. EO strength.
About half of the isoscalar EO sum rule is depleted between 14 and 15 MeV

with a centroid at 14.2 MeV. A fraction of 16.8 % falls down in the 13-to-
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14 MeV region with a centroid at 13.3 MeV. Between 11 and 12 MeV we find

8.9 % of that isoscalar sum rule centered around 11.8 MeV. Overall speaking,
the inclusion of 2p-2h excitations reduces the portion of the isoscalar

EO sum rule to be exhausted in the GQR region from 91.9 % to 78.1 %. Further-
more the (lp-1h) T = 0 EO centroid is pushed down from 14.4 MeV (= 85.3

1/3

A3y 1613.7 Mev, i e. 281 AT Mev,

2. E2 strength.

Here the fragmentation undergone by the giant (lp-1lh) T = 0 E2 resonance
is clearly shown. First we find 18.5 % of the isoscalar E2 sum rule to be
depleted in the 9-to-10 MeV interval with the centroid at 9.7 MeV (= 57.5
A‘1/3). In this energy region we observe four relatively important peaks

at 9.31, 9.76, 9.84 and 9.97 MeV exhausting 1.3, 3.0, 5.6 and 5.4 % of the
sum rule respectively. Secondly 53.5 % of the T = O EWSR Ties down between
11 and 12 MeV with the centroid at 11.4 MeV (= 67.6 A'1/3); the strongest
peak of this interval locates at 11.1 MeV (= 66 A_1/3) and exhaust 17.3 %
of the sum rule. In this energy region there are also five additional nar-
row peaks located at 10.67, 11.01, 11.28, 11.54 and 11.76 MeV exhausting
1.6, 6.0, 10.2, 8.5 and 5.4 % of the T = 0 EWSR strength respectively.
Finally a third important fraction (29.7 %) of the sum rule is found to

fall down between 12 and 13 MeV with the centroid at 12.14 Mev (= 72 A”Y/3).
In this interval the strongest peak is at 12.44 MeV (= 73.7 A"1/3) and ex-

haust 14.3 % of the sum rule. There are also three additional peaks in

this interval, namely at 12.09, 12.11 and 12.50 MeV depleting 3.1, 2.5
and 7.3 % of the T = 0 E2 EWSR Tlimit.

Overall speaking the inclusion of Zp-2h excitations first reduces the por-

tion of the isoscalar quadrupole sum rule to be exhausted between 8 MeV

and 15 MeV from 115.4 % to 96.5 %. On the other hand the centroid comes

down from 11.3 MeV (= 67 A™'/3) t0 10.2 Mev (= g0.4 p “1/3).
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3. E4 strength.

We observe in this case two main points. First the existence of 8 % of

the isoscalar E4 EWSR between 9 and 10 MeV. Secondly the depletion of 16.8 %
of that sum rule in the 11-to-12 MeV interval. In the whole GQR energy re-
gion we find that 31.6 % of the isoscalar sum rule is exhausted with the

centroid located at 10.3 MeV.

From an experimental point of view, it has been firmly established the ex-

1/3 MeV in both electron and

44)

istence of a broad isoscalar GQR at 63 A~
hadron scattering (see typical spectra in Bertrand and Youngblood et

a].35% exhausting more than 50 % of the isoscalar E2 sum rule. Its width
is not so well established varying from 3 to 6 MeV with different experi-

ments,

A pronounced fine structrue previously believed to have EQ nature was ob-
served at 8.9 MeV by (e,e') reaction experimentszg). However very recently
it has been proved in inelastic proton scatteringlz3) the existence of a
resonance at 56 A”Y/3 mev (= 9.4 MeV) whose angular distribution is well
described for an E2 or E3 excitation, but not for an EO excitation. Further-
more it was seen123) that if that resonance is E2, then it exhausts 16 %

of the T = 0 E2 sum rule. This is in a fair agreement with our (1p-1h+2p-2h)

calculations.

From inelastic electron57) and deuteronlgo) scattering experiments it has
been suggested the existence of an isoscalar monopole resonance at ~13.5
MeV. More recently inelastic 120 MeV a-scattering experiments60) have ob-
served an isoscalar resonance at ~13.9 MeV with a width of n2.5 MeV; the
angular distribution of this resonance seem to be well described by an
EO or an E2 assignment although it is not inconsistent with an E4 charac-

ter. If would exhaust 100 %, 50 % or 17 % of the corresponding isoscalar
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E0, E2 or E4 sum rules respectively.

Finally there is some evidence for an L = 4 resonance in the GQR region

61)

which has been provided by comparing microscopic-model calculations

with measurements in 208Pb. In such calculations the (1p-lh) RPA wave

76)

functions of Ring & Speth were used.

V.5. Magnetic dipole states in closed-shell nuclei

In recent years evidence (see Faggs7)) has been found for the existence
of Giant Magnetic Dipole Resonances throughout the nuclei comparable in

universality to the well-known E1 Resonance. They are conspicously absent

16 4

for a few light doubly closed-shell nuclei such as 4He, OCa (only

0 and
a few, very weak Ml bevels are presented here). Since the operator for M1
transitions is mostly isovector and mostly a spin operator, Ml states en-
joy a relatively unique position for probing the spin and isospin charac-
teristics of the nucleus. Furthermore from a comparison of the calculated
and experimentally observed distributions of the M1 strength one can get

accurate information (see Speth14o)) about the spin-dependent part of the

residual interaction, i. e. about the parameters 9% and go of eq. (4.10)
and (4,13).

The origin of the giant Ml resonances lies in the spin-flip configurations

-1
[ﬁj> zj<}1+ (5.1)

of the excited states corresponding to an excitation through Ofiw. Here we

denote j_ = & -1/2 and J, =% +1/2. For the p- and sd-shell nuclei, (5.1)

involves the configurations

-1
Pa/ns -1
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respectively. In 902r in which the 2p-1f shell and the 199/2 neutron are
filled, the ground state M1 transition strength will reside exclusively

in the neutron axcitation

-1 (n)
[99/2 97/2]1+
In ZOSPb the M1 strength will be concentrated in states built upon the

excitations

-1 (p) -1 , (n)

[ihll/Z - 1h9/2]1+ and [1113/2 - 1111/2]1+
Due to the presence of the residual two-body interaction, these two con-
figurations in 2OSPb will mix. Vergados75) and Ring & Speth76) have shown
in (1p-1h) calculations that most of the M1 strength is depleted between 7
and 8 MeV in only one state (the former author) and in two states (the lat-
ter). The inclusion of the 2p-2h states fragments the M1 strength as pointed
out by Lee & Pittell44). We have done a careful investigation about the
fragmentation due to the mixing of 2p-2h confiqurations of the (1p-1h) M1
strength in 2OBPb (subsection V.5.a), in 902r (subsection V.5.b) and in

light ruclei (see subsection V.5.c) by using the Core Coupong RPA theory.

Ml strength in 208Pb and the spin dependent part of the residual interaction

The magnetic properties of nuclei depend only on the spin-dependent part of

the particle-hole interaction, i. e.

Fop(oea') o g, 5:3" + g, (5+6')(7+7") (5.2)

Here we shall use the parameters contained in Table 8, i. e.

9 = 0.575 and gé = 0.725 (5.3)

Therefore the spin-dependent proton-proton and proton-neutron interactions

(4.13) will have the values
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i

gpp = 90 + gg) 1.30 (5°4)

9 ' = -0.15

§
W
[w]
i
o]
o
it

pn -
Using these values for the p-h interaction and the expressions (4.16-4.19)
for the effective magnetic operator, Ring and Speth76) in (1p-1h) RPA
calculations predicted two states of comparable strength and separated

out by 0.8 MeV. Similar calculations done by Vergades75) (using Kuo-Brown
matrix elements) found only one T = 1 Ml resonance at 7.5 MeV which takes
the bulk of M1 strength and one isoscalar Ml resonance at 5.5 MeV. This
author uses a particle-hole interaction such that the spin-isospin exchange
part (gé) is much larger than the purely spin exchange contribution (go),
and takes into account the bare magnetic operator. The comparison between
the M1 results of both (1lp-1h) calculations and experiment70’74) (although
the results of this are still very unclear) is done in Table 27. Therein
one can observe that the present available experiment seems to favour

approximately equal values for 9% and gé, i. e. a small difference for

gpn *

The (1lp-1h) structure of the two M1 states is of the form:

1t - -1 . -1

The dependence on gpn of the energies, B(Ml) values and wave functions of
the two (1p-1lh) states is givenlBS) in Table 28. If 95 > 9y the upper Ml
state has a stronger transition probability than the lower one since in

that case the proton amplitude Ap and the neutron amplitude An add cohe-

rently. If gé <9, the situation is inversed.

Our purpose here is to investigate how the distribution of the (1p-1h) Ml

: 7
strength of Ring and Speth’®) (heretoforth to be referred as RS) is affected
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with the inclusion of the (2p-2h) configurations. First we shall use the
effective magnetic operator of these authors (see section IV.4). The re-
sults are shown in Figure 29. Part a contains the (lp-1h) 1% states of

RS. Part b shows the splitting of these states due to the (2p-2h) confi-
guration which comes from the lowest 3~ core coupling. In part ¢ a much
larger amount of 2p-2h states coming from the coupling of the fragmented
single-hole states, due to seven low-lying core excitations (see Table 10),

with the single-particle degrees of freedom is taken into account.

From figure 29a and b one sees that the strength of the upper (lp-1h) Ml
Tevel at 8.31 MeV is reduced by half giving rise to two additional strong
1" levels about 1 MeV and 1.8 MeV higher in energy. With the inclusion of
many more 2p-2h states, this structure changes qualitatively: the two new
Ml levels redistribute their strength among many levels in the 8-to-11 MeV
region. The explicit energies and transition probabilities of the (2p-2h)
M1 resonances are given in the first column of Table 29. In this table

the variation of the (2p-2h) M1 levels with the renormalization constant

= £ of the effective magnetic operator (see section Iv.4) is

S
n

F’sggs

also shown.

From figure 29a and c one observes that the sum of the Ml strength (16.7 ug)
of the two (1p-1h) levels has been redistributed due to the inclusion of
2p-2h states, the main features being as follows: (1) the strongest Ml
state reduces its strength by half and its energy is Towered by 610 keV,
(2) the energy difference between the two Targest states remains (800 keV),

and (3) about 50 % of the (1lp-lh) Ml strength is distributed among many

states of small, comparable strength in the 8-to-11 MeV region.

Let us now perform the same (2p-2h) RPA calculations but with the bare

magnetic operator, i. e. with the operator (4.16)-(4.19) in with » = Egp =
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£ =¢_ = 0. The obtained results are shown in Figure 30. For the

g =
n Sp Sn

sake of comparison we have also included in this figure the (1p-1h) RPA
calculations of RS with effective M1 operator (part a) and with bare Ml
operator (part b). In part ¢ only the Towest 3" core coupling is taken
into account, whereas in part d the whole amount of 2p-2h configurations
coming from the coupling of the seven low-lying core excitations of Table
10 has been considered. Since now we are using the bare Ml operator, the
two (1p-1h) 1* states have stronger B(M1) values: both sum 33 “g~ Roughly
speaking the inclusion of 2p-2h configurations produces the fragmentation
of this strength in the same way as previously discussed in the calcula-
tions with an effective M1 operator. However there are some differences:
(1) the upper strong (lp-1h) M1 level at 8.31 MeV strongly reduces its
strength, half of which is exhausted by two narrow and very close levels
of similar strength at 7.85 MeV and 7.93 MeV; the other half is pushed up

to higher energies. (2) about 30 % of the (1lp-1h) M1 strength lies down in
the 8-to-11 MeV interval.

From figure 30a and 30d, one observes that, if we add up the two states
near 8 MeV, the distribution of M1 strength obtained in the (1p-1h) RPA
calculations by Ring & Speth in using an effective M1 operator is very si-
milar to that obtained here in our (2p-2h) RPA calculations with the bare
M1 operator. This might perhaps be an indication that the main contribu-
tions to the effective operator are of 2p-2h character. However one should

bear in mind that also the meson-exhange currents might produce an enhance-

ment of the transition probability.

In order to check the stability of the splitting just below 8 MeV, we have

performed calculations with different values of g
p

b and g pe First we have

p

= 1.30 and given to the spin-dependent part of

the proton-neutron interaction g
pn

maintained the valye gpp

the following small positive values:
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+0.02, +0.05 and +0.10. The corresponding results are shown in Figure 31
and in the three last columns of Table 30. A surprising phenomenon is

the disappearance of the splitting of the strong state at ~7.9 MeV. This
effect can be understood by looking at the wave functions of the two split-

ted states. For gpn = 0 the 7.85 MeV level 1is predominantly a lp-1lh neu-

) -1 i ,

tron state (111/2 - 113/2), whereas the dominant structure of the 7.93

. - -1 -1
MeV state is of the form (51 8 w351/2)11/2—81dh9/2 p1usa1dh9/Zdeh11/2
admixture of 0.2 in amplitude. A finite proton-neutron interaction gives
rise to a mixture of the two states. The lp-lh M1 components of the two
states add coherently in the upper state'ifgpn*<0 (go < gg) and destructi-
vely if 9on > 0 (go > gé). For small positive 9on they nearly cancel each
other. The structure of the 7.10 MeV level is predominantly wlhg/z 8

nl whereas the levels between 8 and 11 MeV are of 2p-2Zh character

-1
h1/2
with small 1p-lh admixtures. The higher states in Figures 30 and 31 are
due to 2hw excitations; the collectivity of these Ml levels has been re-

cently studied by Speth et al.’c).

In Table 30 the comparison with experiment is also made. With the most

recent available measurements, our (2p-2h) calculations are in qualita-

tive agreement. Below 8 MeV both experiment and calculations find the Ml

strength mainly concentrated in two peaks at ~7 MeV and ~8 MeV, i. e. one

peak below the neutron emission threshold (7.38 MeV) and the other above

it. Above 8 MeV both experiment and theory locate about 30 to 40 % (of

the strength below 8 MeV) distributed in many levels in the 8-to-11 MeV

interval. From table 30 one would say that the present experimental data

seem to favour a small positive Ion value (95 < go). However one should

bear in mind that (1) the experimental results are still unclear and (2)

we are using in our calculations a zero-range force. The finite-range cha-

racter of the residual interaction (which js mainly due to one-m exchange)
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reduce5189) the gé parameter, hence it might bring gpn to change the sign,

pp
From second and third column of Table 31 one observes that changing gpp

Secondly let us now keep fixed gpn = -0.15 and vary the parameter g__.

from 1.30 to 1.10, the splitting of the (2p-2h) Ml state at around 7.9 MeV
disappears, what proves that peak to be unstable and "artificious". In all
the (2p-2h) calculations of Table 31 the bare M1 operator has been used.

The present experimental results were included for comparison.

90

Ml resonances in ““Zr

Here we present the M1 states found in the (2p-2h) RPA calculations. We
shall use the value gpn = +0.10 as one could infer from the comparison be-
tween experimental and theoretical results in the previous section. All the
hole states 2hw below the Fermi surface are in a first step splitted due

to the coupling of six low-lying core excitations (see Table 10). The
(1p-1h) RPA and (2p-2h) RPA results are shown in Figure 31 and Table 33.

We observe only one (1p-1h) 17 Tevel at 9.8 MeV with B(M1)+ value of 5.44
Mo (if we use the effective magnetic operator, see section IV.4) or 11.11
My if we use the bare magnetic operator. Its structure is exclusively

built up by the particle-hole (gé}z - 97/2) excitation.

Due to the coupling of core excitations the single-hole state 99,7 splits

weakly as shown in Table 32, the main strength (90.75 %) remain at the ex-

perimental energy -11.75 MeV. There are other three relatively important
pieces at -14.66 MeV (with 3.17 %
MeV (2.94 4

of the single-hole strength), at -19.81

). Many other fragmented 99,7 pieces (those beyond 20 MeV are

not written down) with very small strengths also appear.

As a consequence of the splitting of this hole state one also expects frag-

mentation of the (1p-1h) MI resonance due to the inclusion of the (2p-2h)
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configurations. The bare M1 operator has been used. This is seen in the
lower part of Figure 32 where we mainly notice four narrow peaks of re-
latively important B(M1) value, and many other 1* states with very small
strengths. The energies of all these states and the wave functions of the
four strongest ones are shown in Table 33. One observes that the (1lp-1h)
M1 strength (~11.1 ng) is now distributed between 9 and 16 MeV. Although
its centroid is 10.4 MeV, the strongest M1 level is at 9.47 MeV (~42.4
A'I/B), j. e. 330 keV below its initial (1p-1h) position. It is also inter-
esting to remark from Tables 32 and 33 that the reduction of the strength
undergone by the (1p-1h) M1 resonance and the structure of the two other
strongest M1 states at 10.5 and 11.1 MeV are mainly due to the following
admixtures

+ +
197/, x (27 x 1gg,5) and 1g7/p X (47 x 194/,)

From an experimental point of view the situation of the M1 strength is un-
clear. There are indications (see FaggG?)) of a certain amount of Ml strength

between 7.5 MeV and 10.5 MeV peaked at about 9 MeV. On the other hand recent

inelastic electron scattering of TorizukaGB) have also shown the existence
of a large bump at 9 MeV in which several isovector magnetic multipole
resonances are superposed.

12

M1 resonances in ~“C

. . IZC
In Figure 33 the (1lp-lh) and (2p-2h) RPA calculations of MI states in

are shown. In all of these calculations the{parameter gpp = 1.30 has been

. 208
used. As suggested by the study of Ml states in Pb, we have used the

value gpn = -0.15 in those calculations with the effective magnetic opera-

tor, and gpn = +0.10 in those with the bare M1 operator. From this figure

we observe that (1) the amount of M1 strength is increased by using the

bare M1 operator, what has already been seen in lead and zirconium. (2)
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the (2p-2h) states pushes down the strongest Ml level to the experimentally
observed energy (~15.1 MeV) and fragments it by creating a narrow state at
n23.7 MeV and locating a portion of its strength in the 45-to-55 MeV region;
no experimental information about magnetic resonances above 16 MeV is ap-
parently available. Below 16 MeV the calculations are in qualitative agree-

67)

ment with experiment in which two M1 peaks are known. They are located

at 12.7 MeV and 15.1 MeV with B(M1) values of 0.0444 ug and 2.79 Ug respec-

tively.

In Figure 34 both 2p-2h RPA calculations with gpn = -0.15 and effective Ml

H

operator (picture upstairs), and with gpn +0.10 and bare M1 ooperator
(picture downstairs) are compared. The overall structure of Ml strength is
the same in both pictures, the only difference being the smaller amount of
strength upstairs due to the distinct magnetic operator. As a conclusion
we would say that the coupling of low-lying core excitations other than 2%

(4.44 MeV) and 37 (9.61 MeV) might have to be included in order to get a

closer comparison with experiment.

V.6. Magnetic quadrupole states in closed-shell nuclei

The existence of giant M2 resonances is experimentally not well established.

The (1p-1h) RPA calculations of Ring & Speth76) predicted a giant M2 reso-

.2 .
nance at ~7.5 MeV in 08Pb. This has been corroborated to a large extent

. 146 . .
by Lindgren et al. ) using 180° inelastic electron scattering. Other in-

dications of giant M2 states have been given by Torizuka68) %0

Zr. In

paragraph a we observe the influence of 2p-2h configurations on the (1p-1h)
M2 results of RS

in

76
). Furthermore we present here (1p-1h) and (2p~2h) RPA

calculations of M2 states in 902r (paragraph b), in 160 (paragraph c¢) and

in 12C (paragraph d).
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208

Giant M2 resonances in Pb

In figure 35 the effect of including the 2p-2h states on the (lp-1h) M2

76) is shown. We observe that the M2 resonance

resonances of Ring & Speth
at 7.2 MeV reduces its strength (B(M2) = 38 BN(MZ); see Table 15 to know
the Weisskopf units) by fragmenting it in several peaks in the 7-to-9 MeV
region. The strongest peak remains however at the same energy with B(M2) =
26.8 BW(MZ). The influence of the 2p-2h configurations on the whole (1lp-1h)
M2 spectrum is shown in Table 34. A reduction of the strength in the 7-to-8
MeV interval and an enhancement in the 8-to-9 MeV and in the 10-to-11 MeV

regions are found.

If one uses the parameter Ion = +0.10 and the bare magnetic operator, the
qualitative distributionof the (2p-2h) M2 strength does not change. Then
three main peaks appear. The strongest one is at 7.5 MeV with B(M2) = 30

B, (M2). The other two are located at 8.65 MeV with B(M2) = 7.45 B, (M2),

W
and at 9.19 MeV with B(M2) = 3.5 B, (M2).

90

Giant M2 resonances in ~ Zr

In figure 36 the M2 resonances obtained in the (1p-1h) RPA and in the
(2p-2h) RPA calculations are shown. Comparing the picture at the top with
that at the bottom one observes that the qualitative structure is very
similar. Two strongest M2 states jump out at 13.1 MeV and 14.3 MeV (see
bottom picture), having together B(M2) = 13.5 BW(MZ). Essentially three
concentrations of the strength are shown: between 8 and 11 MeV, between

11 and 15 MeV and in the 15-to-20 MeV region.

Giant M2 resonances in light nuclei

Let us first discuss the M2 states in -00. The (1p-1h) RPA and (2p-2h) RPA

results are shown in figures 37 and 38. A qualitative change in the distri-
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bution of the (1p-1h) M2 strength is found. The energies and strengths of
those M2 resonances with a transition probability larger than one Weiss-

kopf unit are shown in Table 35.

The calculated M2 states in 12

C in the (lp-1h) RPA and (2p-2h) RPA approaches
are shown in figures 39 and 40. Again the qualitative distribution of M2
strength is changed. Around half of the strength is pushed up to higher
energies (mainly between 35 and 55 MeV) due to the inclusion of 2p-2h con-
figurations. In figure 40 the comparison between two different 2p-2h calcu-
lations is made; in the picture at the top the effective M2 operator and

on = -0.15 have been used. In both calculations three main peaks appear
between 13 and 18 MeV.

V.7. Higher magnetic multipole resonances in closed-shell nuclei

First the calculated M3 and M4 resonances shall be discussed. These states
of 902r are calculated in the (1lp-1h) RPA and (2p-2h) RPA approaches and
shown in Figures 41 and 42 respectively. Using the bare magnetic operator
and the parameter Ion = 0.10, the (2p-2h) calculations show that the bulk
of the M3 strength lies down in the 15-to-30 MeV interval. Below 15 MeV
only two M3 states with a reliable transition probability are found: one

s Tocated at ~8 MeV and 13.6 MeV with B(M3) values of 6.57 Bw(MB) and
4.60 BW(M3) respectively (see Table 15 for the Weisskopf units).

The (2p-2h) M4 calculations at bottom of figure 42 shows that the M4

strength is distributed almost uniformly in the whole spectrum except a

huge concentration in the 30-to-35 MeV region. Below 15 MeV we find a

_ 7 2.6 C e .
total B(M4) = 1.89 # 10 uo fm”, which is distributed as follows: 20.2

Bw(M4) is depleted by two narrow peaks below 5 MeV, 54.7 BN(M4) lies
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down between 5 and 10 MeV, and the rest, i. e. 73.7 BN(Md), is comparted

by many states of comparable strength in the 10-to-15 MeV interval.

16 calculated in the (1p-1h)

In Figures 43 and 44 the M3 resonances in
RPA and (2p-2h) RPA theories are shown. In the former approach the total
strength is located in the 30-to-45 MeV region. With the inclusion of
(2p-2h) configurations, although the bulk of the strength remains between
35 and 45 MeV, there is a substantial portion which is pushed up in an
interval of 20 MeV. On the other hand we also find two relatively important
peaks slightly above 15 MeV of excitation energy. The M4 resonances in 160
of the (1p-1h) and (2p-2h) calculations are shown in Figures 45 and 46.

The (1p-1h) M4 strength is concentrated in two energy regions, namely
between 20 and 25 MeV and between 40 and 60 MeV. Therefore there exists

an empty gap of ~20 MeV. This gap is to a large extent filled up with the

inclusion of 2p-2h configurations. In figure 46 two different 2p-2h calcu-

lations are shown; in the picture upstairs the effective magnetic operator

(see section IV.4) and the parameter g,, = -0.15 have been used. In the

picture downstairs the bare M4 operator and Ion +0.10 were taken into

account. The qualitative structure in both pictures is the same but the

states upstairs have a small B(M4) value due to the effectiveness of the

magnetic operatur.

The M3 states in 12C are shown in Figures 47 and 48. Here the large shift
up to higher energies (also observed in 160) undergone by the (1p-1h)

magnetic octupole resonances due to the inclusion of (2p-2h) configura-

tions is more pronounced. In both 2p-2h calculations with effective magne-

tic operator and Ipn * -0.15 (top of figure 48) and with bare M3 operator

and gpn = +0.10 (bottom of figure 48), we find the strength located at

30 MeV and at 50 MeV. In between these two energies we find many other

M3 states of comparable, small transition probability. The M3 resonances
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in 12C are presented in Figures 49 and 50. Here the gap (~30 MeV) existing
between the two locations of (1lp-1h) M4 strength is bigger and sharper
than in 160. As in this case the (2p-2h) configurations produce a frag-
mentation of the two narrow (1lp-lh) resonances by filling that gap and

Tocating a large portion of strength at higher energies, mainly between

65 and 75 MeV.

Important experimental evidence on the higher giant magnetic multipoles
is being obtained by radiative pion capturelgs) and inelastic electron
68)

scattering at backward angles /. However the evidence on M2 resonances

is not extensive enough throughout the periodic table to provide for a
systematic description of its location and strength. The evidence on

higher magnetic multipoles is even less developed.
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VI. SUMMARY AND CONCLUSION

Here we have developed the Core-Coupling Random-Phase-Approximation. In this
theory one solves the secular eigenvalue problem obtained from the closed sys-

tem of linearized equations of motion for the 1p-1h operators and 2p-2h opera-

12. 16, 90 d 208

tors. The spectra of the closed-shell nuclei ““C, ~°0, ~"Zr an Pb are investi-

gated in the framework of the new theory by using the density-dependent, zero-
range Migdal interaction. The low-lying collective states and the giant reso-
nances are microscopically described in a simple and pictorial way, namely
by means of quasiparticle-quasihole excitations (e. g. in terms of the con-

ventional 1p-1lh plus 2p-2h excitations).

Although the single-particle configuration space of our calculations contains
two major oscillator shells above and below the Fermi surface, our method is
able to deal almost equally easily with 1ight, medium and heavy nuclei.

Main points of our work are as follows:

12 16

C and "0, and very

i) The broadening of the Giant Quadrupole Resonance in
probably in all the light nuclei (A < 30), is due to the fragmentation of

the f resonance since the narrow part of the GQR is mainly built up by

7/2
-1

the f7/2 X p3/2 ‘

bute only to a broad background, since the (theoretical) widths of the

configuration. The other possible configurations contri-

i - i resonances are very large.
f5/09 P3/ and py/p single-particle

In heavier nuclei (A > 30) this situation changes because other channels

than the f7/2 show also a narrow width. In that case one obtains the

normal situation of a coherent superposition of many 1p-1h configurations.

i 1 1ts in 160 ob-
11) A natural explanation of the different experimental resu

tained with (p,v,), (3He,3He') and (a,a') reactions is given. In the

-1 i i annot be excited
first experiment the (narrow) f;,5 X P35 configuration ¢
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. 3, 3. '
via the P1/2 hole. On the other hand, in the (“He,"He') and (a,0') ex-

-1 . .
periments also the (narrow) f?/z X P37 component is excited.

iii) The fine structure of the giant quadrupole resonance (GQR) can be roughly

explained within our approach. Qualitative agreement with the present
available experiments is obtained. In light nuclei an appreciable fraction
of the E4 sum rule strength is here found to be concentrated in the same
region as the GQR. In ZOBPb several narrow peaks of EO, E2 and E4 multi-
polarities are found to be superimposed on the broad GQR peak. This one
should bear in mind if one tries to deduce quantitatively B(E2) strength
from inelastic hadron scattering experiments and in comparing the sum

rule fraction of the GQR obtained by different experimental methods.

The fragmentation of the Ml resoannces due to the admixtures of (2p-2h)
configurations have been calculated. The qualitative structure of the
1p-1h calculation of Ring & Speth76) remains but about 30 % of the M1
strength is shifted to higher energies and is distributed over many le-
vels between 8 and 11 MeV. In addition we have shown that the M1 strength
distribution of the main peaks depends very sensitively on the spin-de-
pendent proton-neutron interaction. The comparison of our results with
the present experimental data seems to favor a small positive gpn value
(9, < d,)- To this paint we should point out that a zero-range force

has been used in our calculations. One can not exclude a slight influ-

189 o
ence ) of the finite-range character of nuclear forces on the parameter

gpn‘

Predictions about the splitting of the low-lying giant M1 resonance in
90Z d L
r and about the strength distribution of higher magnetic multipole

resonances in this and other closed-shel] nuclei are made.
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In summary we have investigated the giant electric and magnetic multipole
resonances achieving a qualitative and in some cases nearly quantitative
agreement with recent experiments. We have shown the spreading width of the
giant multipole resonances to be mainly produced by the 2p-2h configurations
which comes from the coupling of the low-lying core excitations with the single-
particle degrees of freedom. Our approach is also able to give the percentages
of the sum rule strength of the different types of multipole resonances de-

pleted in the giant resonance region, and the microscopic structure of the

excited states existing in that region.
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yI11. APPENDICES

VII.A. Explicit form of quasiparticle and quasihole operators

The quasiparticle operators are:

it

v () (ma) YR - yle) et 1 a*
o ot aéz vy mzhl {[Xmﬁ% my2ny)a, ™ Ymy g’ }m

a o +
"= (b) a, + X Co (nb) 2 [ glzl (azlail)Ju‘ Y£121 (a:1aﬂ1)da} ° a“1}n

AN T
ap ULy
The guasihole operators are:
_ ol (id) W) (o (8 @ta ]
Xy = C a; + C (a_ a. ) Y (a; a_ ) a_
! m% "1 mE‘t mylg myTigid, mgiy Uizt T v
1 33
- ¢cle) (hc) {[‘(a) * _yle) gt
xy = Cp et c L (a_ a. ) Y UL (a; a ) 8 a
" " aéz W2 myi, (L7414 Mg g'da Malg e Mol T valy

Here M = (m,a), N = (n,b), H

H

(h,c) and I = (i,d). Moreover the subscripts

My Ny My Moy My My, vy, vy Are reserved for particle states, i. e. single-
particle states above the Fermi energy, and i, h, hl, il, i3, i&, Hys Mo

are reserved for hole states, i. e. single-particle states below the Fermi
energy. The term "Fermi energy" is used rather loosely here. It is to be under-
stood as that energy such that, if all particles occupied the lowest-possible

single-particle states, all states below the Fermi energy would be occupied

and all states above it would be empty.

VII.B. Formulae of Racah Algebra

. 112,8,192 . .
We define ) the antisymmetric 1p-1h and 2p-2h states in second quanti-

zation as follows:
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i35 taMs = T <dymyd,mmo M (<) T2 at a4 (B.1)

192 ¢ mm, 1"1¥27"2 3qmy 23, %o
“1-1, v s o L C . )
1317357 (93535 (d ) 30M> = 015034 <3ymmy 3oy |9 My > <3 gmadmy [J M >

‘ mymomamgMpM,
j-m 3 (B.2)
171 2 4 +
< MJIM [ IM>(-1 (-1) a. a. lo >
gl 1) Jqmy dqn 3y im0
where
= (14—6j j )“1/2 and éj j is zero unless state 31’ which
1Y2 192

is defined by (nlzljl), is equal to state jz.

In order to put our peculiar coupling scheme in the form (B.2) one should use

the following recoupling formula:

J+ =3 =J. ~ " o~ A

S S -1, o PTbTC53335 .

3335 (9 )3 (9034 39> = 1 (-) o8 h"p
JhJ
p
Jo Jd_Jd Jo J. d - .

b Yp Ysl fYbp Yp B} 110095 5 (0 )30>

{jc d@ ja} {J jd In ¥Jd T ( h)JaJc( p)

where J is defined by J =/23¥1

In the following we show the 1p-1h matrix elements, the (1p-1h)-(2p-2Zh) matrix

elements and the 2p-2h matrix elements used in our calculations.

1. One particle-One hole matrix elements

1

i 5L e - T
<Ja3b ’Jlgehcjd 3d> = (gja ng) SJaJC Jde

¥ » +
Jp I, J } (-1 )J *Jb Jc Jd < J VG Jb’J >

-1 (23'+1) {Jd 3

Ji

. article contri-
The first term on the right-hand side is the (diagonal) single-p B

i i tion, i. e. <j.J I,JIVIJ g 397
bution and the second the pure particle-hole interactiofn b
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2. {One particle-One hole)-(Two particle-Two hole) matrix elements
(. -”1(J ). (J }n'l.JMiaﬂo’-lj*-JM> - C 4,C +_C +_C
Jadp W l3cWWgldg 3 I a3 172 73 "4

where Cl’ CZ’ C3 and 04 are given as follows:

Jo+j+i+d o3y 3
C. = {‘1) cvd Vb SG 41 'd b .
1 ac o B {d N JB
Jp 3¢ I
T @) {30 ) gL o
Jh h iy 3, Ju d*b™h a’b"h Jadc
J +J-3, +] +1 Jdy g
b AR A
C, = (-1) © oueddg gJ Jidg( 1) N {{b Ig Jp} .
In p e Ja 9
Jy J4 9 Jy J.
b d h} { b e h}(- . .
. . <3 4dnsdn VLG 30 sd, > 6.,
TV CAE R N A LG M Jada
J ++j =3 +2], +1 TR
Cy= (-1) @ “dTeTb o9 llog2, {?b Ja Jp} )
ab o8 Jp P Je Ja Ja

IVI3.d 3d >

© <J g 8. v 84 1
N e PN N

J +J+j, - -j'-
C, = (-1) o Jb JC Ja JB

. R j J J L3N »
Odbdadﬁ z {-b -8 Jp} A {Ja ?d Jp} *
JP Je J; o JB Jp J

V3.3 30>

* <drasd 5. .
avd ¢
p avc’p Jbe

3. {Two particle-Two hole)-(Two particle-Two hole) matrix elements
ol 90360033 mB 5510 )3 (a5
a’b “asvel¥gldg s Jadb (9,03 (35)347 50m> =

= (es +e. =g, -¢ Ja
Ja JC i j dbﬂacﬁdxb;ﬁarcaﬁ. 8. L, 8. 8. .6 8 .
d b Jald Ipdp Jady II¢ 9,9, 0000
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T

+D, + D, + E.

1 2 i2p 0

The terms Dy, D, and {E;» i=1, ... , 16} are given as follows:

J +J'-3, -3, +2]
bIptedg & 4 4
D, = (-1) * ° 33300, o0 16, ci8s i e
1 a'Bagracta’c J.J. J.dc

SR I I B o do o
3, P Ve Ja 9 Ub IRV LRSI R

© Igdp3InVigipds’

J +J'-] ~j'+2]
- /o1y @ avevYe b 5 o5, .
Dy = (-1) Jada%db%d"b* 83,43 2apin 9,0

Lo

e (o d, d jrogrod
. v P32 /b "B Tp ¢ Ya “pl .. Crn
g () J {‘ j Ja} {ja JB J&} <JaJCJpW“aJcJP>

1 1

AA A A AZ . ™ » ' * 4
- '3 3 8. 8. 0 o 1K vl e
1 " %b%c%d'b %a'c’ Yalatsde Gabsgaach % <Jg 35¥1V13g

N . * 2 Y
e L G W e )
y Jé J J Ja JB ‘]a o

E

Jg J3 g4 a Ja@ Wg Ja
JoA4J +j 4]+ non A
- (-1 ¢ vYa“bVd K L Y
Ep = (1) odb%acd'b %a’c' Yatlats %3 4dLicde

. ' J Y
- <J’“l“j -J lvx ‘I-l"od > e Z ?2 {Ja L’-;B Y'} {\?a 2 } {J? 3! "}
b a’ ¢4 Jd Ja’ o Y jc Jd Ja Jd JC JB JB Ja Jd

2(Jp+3l-3.) NPV
- b Ya vc¢ ) 1
E3 = -(- %4b%ac’d'b'%a‘c’ JaJaJSJB
1 ;! [} J J X - NS AP
P da Y 20 da Ky e b xpvigy e
SO TR g gy ay o TaTemd e

Ja Yo X Je Jd 8 B

jb+jd+jc+ja+d
-.1) Udboacodgblgatcl
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) . i 3., Y J J Y X J vy
i, J. X - -1, 2 [Ja 4 d Ya
a2 b ¢ } ~1. ;XVJ, J‘;X)XY {-, ' :}{ ' : }
; % {J 3. <% JsXIVI3yTa, ) Ja 9y S0 u

; Iy
g Ja a 8 Ja
AR NP NBER PR LY A a AL ~1. -1,
a b Ya Yc 1t R Lt ETTIRY
Eg=-(-) O4b%acd'b'%a’c’ Yatplale 6JdeSJCJC<Jd Ja3da VI3 35500
i3 , 3y
R L R
Y Ja JS Ja JB Ja Jd) WUp J¢ Yg
AIC AT APE A IS . n o n
a vbvecvd PJ e 8L L 8. . .
Eg = - (-1) %db%ac®d'b'%a'c’ Yolpla 63d3b63c35
J J'J J J'd
s o o o ~1. 'i"l't.
» N . & ' ‘4 ;J Vi Q‘J>
{Jd J8 JC} {JS 3q JC} Jp Ja ai g I3,
J +Jb+ié+jg A a a
E,=-(-1) 2 04 0ac0q h Oarpr 9 05030 8. L8 L,
7 db ac d'b'"a'c’ “a"g a"B Jpdg JaJC
{J& Ja J } {J& Ja J } -1 } | -1
. . . . P RS T DT N A R B A
38 NFIRVS RN JB 3, d Y¢c’a b Ya “a
NPRARCABER BEN TR
. i a vbvecvd c CEIRE
Eg = (-1) %4b%acd'b'%a'c’ Yudadads Jgipta al

]

‘ Z 2 {jb ?C X } {J J; X } {J J& X
X JB Ja Ja Ja Je 3q e g J
2(3+i~3l) A oa

By = - (-1) PR %db%c’d'b'%a'c' JoIolg?

. {%C %8 J?} 7 %2 {% Y {%, ?& X } <G v s

Ja b Ja X Ja g J Je J4q Jé d “a’ d

10° 7 ('I}Ja+Jb+Ja+Jb db%cd'b'%a'ct 85 193 109 g9 '
ac Jgdg Jch uda Jsdg

E

S .
3y, aa,daivin AISTE

C
1 Y398 9dbacd b9yt 6jbjgdjajééd J
O O

-

TR0 3 ey
Ko He Ja 90 Up gy ayf Fa IcKIVIag i
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E,p, = = (-1) O 0 041110 JJ ) 6. 16. .0 8 .
12 [ ) ) ] ] ¥
db"ac’d'b'"a'c' Taa Jgdg 9da JBJB

jé jc J ~1. L1,
’ { ; Jz} <Jp 339, IVIay T3>

JB Je
J +j6+j‘+j +J
E - - C C b 35 A!A‘ -
13 = (1) %4b%ac%d'b %a'c’ Yale%a’s %3y %3,
JoJ
. 4 8 C ~1. . -t"]--!.
RSP I BRI

E ?2 {jc jb Y } {jb jC Y } {X J Y }
Y Ja J Ja X JB JB Ja 4

23! Jotj +il+d) .
E == (.‘l) a —1 b ¢ a b o o Tyt T 001 J J i ‘S- ~;5- -gé y ¢
14 (-1) dbac™d'b'"a'c’ Tata’ "Jud4 Jadc Jng
jb Ja Ju _ -1,
{JB i J&} + <Jp I3V 3ady
2j J i tip+i Aaa
= C a 'b vb Yc 3 %" e
Eig = (-1) © (-1) 04%2c%d"b % ¢’ Yadp%%8 55,31%0 !
bvd “ava
o (dn JL X j. o Jr X J J X 1. -1.,
DER AN F i, 5 0 b <dgtigKIva ek
X 8 Ja Y o ) Ue Jd 8
J I It A
E = o o d'¥c' Vb vYc t Y S ,

.7 82 {jc Jp X | {JC Jp |
@ ST IR JY 0 F TR M

In actual calculations some of these sixteen E components vani
In reality there are

sh due to the

delta functions and others are equal among themselves.

only four independent terms which correspond to some configuration-diagona!

matrix element where neither the holes nor the particles are in equivalent

orbits.



- 86 -

VII.C. Single-Particle Estimates and Sum Rules

Two measures can be used for characterizing an excitation as a collective ex-
citation: either by comparison of its transition strength, i. e. its B(EL)
or B(ML) value, with the single particle (also called Weisskopf) estimate or
by expressing its transition strength in terms of a theoretical limit for

the strength, a so-called sum rule.

112)

Let us first consider the first measure. The single-particle estimate or

Weisskopf unit for electromagnetic transition strengths, provided by the inter-
action operator rL YLM for an excitation of a spin-zero nucleus to a state

with spin L is given by the reduced transition probabilities

BM(EL)+ (2L4%1)(f%§)2(1‘2 A1/3 2L eZ 2L

i
1

fm

B (EL304L) ) (c.1

i

_ 10 - -
By (ML)t = B (ML30o1) = 20 (2141)(Bp)P(1.2 A/3)22 |2 gy2l-2

'l 0

i

for electric and magnetic excitations respectively. Here R is the nuclear

radius and Mo = eﬁ/Zmpc is the nuclear magneton; it turns out that ug =
0.01589 MeV fm.

An excitation is generally considered collective if its transition strength

B(EL)+ .
BéTE%Tf > 10 (c.2

W values for various excitations of closed shell nuclei are given
in Table 15.

verifies that

Weisskopf B

Le us now deal with the second way of identifying a collective excitation,

namely by looking at the sum rules. One can speak about a Giant Resonance

when a fair fraction of the sum rule strength is localized at a certain ex-
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citation energy or in a narrow excitation energy interval. Particularly use-
ful, because they are almost model-independent, is a linearly energy-weighted
sum-rule (EWSR) for the electric multipole operator (3.56a) for a nucleus of

A nucleons, i. e.

e

Qo = HEN) = 5 (1-e{1) rh Y (8000) (c.3)

i~
et

1

As already pointed out, T3 = -1 for protons and +1 for neutrons. For electric

transitions the sum rules are usually defined as
7P -7 E, B, (EL)* C.4
L™ "k Tk (€-4)

where the summation runs over all excited states k of the same multipolarity,

and B, (EL)+ is the usual reduced transition probability, i. e.

k

2
By (EL)+ = B (EL;0-L) = % I<k,LM}QpLMIO;OO>] (C.5)

Here it is assumed the ground state to have spin zero and located at E = O.
Some authors define the Bk(EL) value with respect to the operator szo by
BF(EL)+ = |<k,LM|Q, |0;005]° (C.6)
k 1% E XpLo !

Due to the fact that in spherical nuclei (see Table 1 as an example) the per-

centage of EWSR 1imits exhausted by the 2L~po1e excitation of bound states is

in general less than 20 %, except L = 3 in some nuclei where such percentage

is between 30 and 40 %, some authors180) argued that T » T transitions are

mostly dominated by collective motions in which the neutron and proton matter

move together. Hence the proton operator QpLM is effectively separated out

into two parts as follows:
(C.7)

. nl0 1
Uiy = QpL& * QéL&

with
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1(3831 = %Z (1 --('[gi))) Y'% YLM(eT@i) (C.Sa)
1
ég:g? 2 - %2 (Té‘) - ('rgi)>) Y‘i_;: YLM(Q <p ) (C-8b)
1

where the average <r§i)> is taken to be (N-Z)/A. Here Qéi& is assumed to act
on isoscalar, i. e. AT = 0, transitions and Qéi& on isovector, i.e. |aT| =

transitions.

According to (C.4) and (C.5), the corresponding isoscalar and isovector EWSR

1imits for L > 1 are respectively as follows:

P 22 2
- IS fi 27 2L-2 \
gL (T=0) = g B IV (eLyr = B8 L ae)® B P (C.9%!
P ) (1V) p2e? 2 12 A ,
ZL (T=1) = E E, By /(EL)t = g— L (2L+1) <70 (C.%.
where m is the nucleon mass (1mpc2 = 938.256 MeV; 1fic = 197.32 MeV fm) and
the average of r2L~2 is taken over the ground state ground proton distribution.
<r > = 3
[ olr) d°r

The total sum rule for isoscalar and isovector excitations shall be then the

sum of these two parts, i. e.

P p 22
J =] (T=0+T=1)= gw L (2l+1)2 7 <22, (.10

E:%E (T=0)=«%X (T =1) (c.11
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Therefore for N = Z nuclei we have
L (T=0)=] (T=1) =31 (C.11b)

Assuming an uniform ground state distribution of radius R, one gets

2L-2 3 2L-2

<r > = a5 R (C.12)

(One can always define an equivalent uniform radius R which gives the same

2L-2

value of <r > as the trye density; this R will depend on L). With (C.11),

equations (C.9) and (C.10) adopt the form:

P 2 2 2

I (T=0) =3 () L 2 (C.13a)
L wim T
P 2.2

L (T=1) = Me | (o) B RO (C.13b)
PP 2,2 )

L=l (T=0+T=1)- Me | (o) 7 RO (C.13¢)

L

Here 352/8wm = 4.9534 MeV . fmz

At this point one should remark that by using the definition B¥(EL) (C.6) in-

Stead of B(EL) in (C.5), one gets the following sum rules:

P p
SL (T=0) = 7%1T'EL (T=0) (C.14a)
5P - P (C.14b)
L(T=1): - XL (TzO) .
Po P L 5P ri0aTe1 (C.14c)
SLES (T=0+T=1)=ppl (T=0+T=1) | :
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For the sake of comparison with experimental data, we shall take in our cal-

1/3 fm, unless we say the opposite.

culations the sum rules ) with R=1.2 A
Such values are exp?icit1; shown in Table 16. However one should here mention
that the sum rules calculated with uniform mass distribution are only between
~20 % and 93 % of those calculated with Hartree-Fock ground states for multi-

poles L < 1, as shown by Liu and Browngg).

For the monopole excitations we shall use the operator

Qg = %g (1 - {1 o2 (C.15)

19)

and one gets the corresponding isoscalar (IS), isovector (IV) and IS + IV

EWSR Timits as follows:

p k2.2 2
L (T=0) - e I42 (C.16a)
P 2.2

2
EO (T=1=-2e N 2 (C.16b)
P P 2 2
E‘O = 20 (T =0+ 7T = 1) = Zﬁme Z <~;Z> (C,16C}

Conventionally the electric dipole sum rule is expressed in terms of the classi-

cal sum rule. Taken into account the center of mass, the electric dipole opera-

19)

tor is

g = £ - (]) _Ze
plv =7 L (1= 03 ) vy vy 7L Y

N . n
e x g p Yam () - e<% % o Yoy (1)) (c.17)

and the dipole sum rule results to be as follows:
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2.2
(- = ] & BE - e M. 148N e? el wev (c.18)

In Table 16 we also show the values of monopole sum rules by assuming an uni-

form ground state distribution (;:?> =‘% Rz; R=1.2 Al/3 fm) and the classi-

cal sum rule (C.18).

For the sake of completeness and also to facilitate discussion of Chapter V,
in the following we mention similar sum rules used by other people (see recent

review of Satchler24)). They define the isoscalar (T = 0) and isovector (T = 1)

operators by

i) L
Youn = ] rs ¥ (60,)  and Q= i {1 ek e50,) (€.19)

There is a simple relation between these operators and the proton operator (C.3)

and the neutron operator QnLM’ namely:

1 1 .
Qouwm =7 Qo = Qs Qun =71 Qo * Quuwd (€.20)

By using the operators (C.19), the definition (C.5) for the reduced transition

probability and a similar relation (C.4), one can get the following sum rules

for L > 1
2.2 5L=7
zéo) - Zfl) - ﬁﬂﬁ L (2L+l)2 A <r 5
(€.21)

2.2 i
I U IS Qmﬁw L(zL+1)? A <

and for L = 0

E Z(I) 2ﬁ;ez A ;;?;
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For the sake of comparison with experimental data, we shall take in our cal-
P

1/3

culations the sum rules ) with R=1.2 A fm, unless we say the opposite.

L
Such values are explicitly shown in Table 16. However one should here mention
that the sum rules calculated with uniform mass distribution are only between
~20 % and 93 % of those calculated with Hartree-Fock ground states for multi-

poles L <1, as shown by Liu and Brownsg).

For the monopole excitations we shall use the operator
$1 -1y (C.15)
1

and one getslg) the corresponding isoscalar (IS), isovector (IV) and IS + IV

EWSR Timits as follows:

P : 2.2 52

2h
(=0 - e Lot (C.162)
P 2.2
}:0 (T=1) = Zﬁme %Z— <;‘2-> (C.16b)
P P 2.2
ZO = ZO (T=0+T=1) = Zﬁme Z <—Y:Z> (C.16C)

Conventionally the electric dipole sum rule is expressed in terms of the classi-

cal sum rule. Taken into account the center of mass, the electric dipole opera-

19)

tor is

- & - (1) Ze
1w ‘2”12(1 3 )”iym“”ﬂ“;‘"iym

= N & Z
ex g ' V1M (rp) -ex g Mo You (1)) (c.17)

and the dipole sum rule results to be as follows:
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2 2
-1 - )£y B(EL) = Fe No14.882 &2 il wev (C.18)

In Table 16 we also show the values of monopole sum rules by assuming an uni-

3 52 1/3

form ground state distribution (;;Z> = £ R®; R=1.2A fm) and the classi-

cal sum rule (C.18).

For the sake of completeness and also to facilitate discussion of Chapter V,
in the following we mention similar sum rules used by other people (see recent
review of Satchlerzq)). They define the isoscalar (T = 0) and isovector (T = 1)

operators by

(1)

L 1
1 i

There is a simple relation between these operators and the proton operator (C.3)

and the neutron operator QnLM’ namely:

1 1
Uum =7 Qouw = Qs Qum =7 L Qouw * Q) (C.20)

By using the operators (C.19), the definition (C.5) for the reduced transition

probability and a similar relation (C.4), one can get the following sum rules

for L » 1

2 2
50 = 30 By (2141)? 2 SIER

(C.21)

2

2 72
RN

L(2L+1)% A <r?7%s

and for L = 0

2.2 i
280) - Eél) - Zﬁme A <rcs
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5 - 1O+ gfb) - g@:;f A (C.22)

The comparison of (C.21) and (C.22) with (C.13) and (C.16) gives rise to the

following relations valid for L 3 O:

10 =& -0 (c.2%)
(1) A% P 3b
B el (M=) (C.23b)
I o= —2{3 Zi (C.23c)
Further explanations and references about sum rules can be found in Satch!erza),

O'ConnelTISI), Halbert et a?.sl) and Bohr & Mottelsonlg).

VII.D. Total Energy-Weighted-Sum-Rules of EL, L > 2, resonances

The configuration space in our calculations takes into account all the single-
particle states within 2hw above and below Fermi surface. Therefore the total

EWSR limits for the O+, 17 and 2% states emerge directly from the calculations
since practically all the possible particle-hole excitations which contribute

to those States are within such a configuration space. However this is not

the case for the E3, E4 and E5 resonances which we are interested in. For the

sake of a proper comparison with experimental measurements it is important to

have a "realistic estimate" of the total EWSR strength of these resonances.

To get such an estimate we first take the total (T = 0 + T = 1) E2 EWSR, to

be denoted by 82, and evaluate an equivalent radius R for the uniform ground

state distribution by using equation (C.13a). It turns out that
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S
(3g75%g~2)1/2 fm

where 82 is given in units of e2 fm4 MeV.

With this radius and using again for L > 3 the equation (C.13a), one has
that the total (T = 0 + T = 1) EL sum rule is given in terms of S2 as

follows:

S
2 L-1 2 . 2L

The total isoscalar and isovector EL sum rules would then have the following

expressions
2 S,
L-1 2 gl
S (T =0)=4.9534 L (2L+1) (zg“sﬁz”z> MeV
Nz, S2 -l 2.2l
S_ (T =1) =4.9534 L (2L+1) - ( )=t e fmT Mev

Finally Tet's write down what fraction of these sum rules is taken in the

EUSR J7; L = 3, 4, 5, evaluated with R = 1.2 al/3 and given in Table 16. One

¢an readily obtain

P
Z _
L (71 .329 A2/3)3_ 1. L33

]

The same relation maintains for isoscalar and jsovector EL EWSR strengths. For

P .
12C for which 52 = 3565 e2 fm4 MeV, the value {4 is only ~25 % of

the total (T = 0 + T = 1) E4 EWSR strength S,.

instance in
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Table 2:

Table 3:

Table 4:

Table 5:

Table 6:
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TABLE CAPTIONS

Percentages of isoscalar EWSR multipole strength depleted by

208Pb.

exciting "bound" states of 4OCa and
Number of different 6J-symbols needed in our (2p-2h) calculations

12. 16 208

0, 902r and Pb. The angular momenta of all

in the nuclei "°C,

the states within 2hw above and below Fermi surface are included.

In case of 208Pb, two possibilities are shown which correspond to

the inclusion or not of the neutron particle state 1k17/2‘

Typical dimensions of the core-coupling RPA matrix corresponding

to different spherical nuclei.

Parameters of the Woods-Saxon potential, defined by (4.2-4.3), of
the nuclei 160, 4OCa, 902r and 208Pb. It is used 's = "Ls and the

reduced Coulomb radius re = 1.25 fm. The parameters were adjusted

by fitting correctly the experimental single-particle energies

near the Fermi surface.

Single-particle energies used in our (1p-1h) and (2p-2h} RPA

calculations in the nucled 120, 160. As far as possible they were

m experiment. The rest of them was determined from the

taken fro

Woods-Saxon well of Table 4,

Single-particle energies in our (1p-1h) and (2p-2h) RPA calculations

in the nucleus 9OZr. Those not taken from experiment were

calculated by using the Woods-Saxon potential of Table 4.



Table 7:

Table 8:

Table 9:

Table 10:

Table 11:
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Single-particle energies in our (1p-1h) and (2p-2h) RPA calculations
in 208Pb. The states of first shell above and below the Fermi
energy are from experiment. The rest of them was calculated by using

the Woods-Saxon potential of Table 4.

Parameters of the Migdal effective interaction used in our (lp-1h)

and (2p-2h) RPA calculations.

Strength of the Migdal force and interpolation radii Rnn and Rpp
used in our (1lp-1lh) and (2p-2h) RPA calculations. The radius

Ron = (Rop*Ro)/2.

Low-lying (1p-1h) core excitations (which cause the splitting of
quasiparticle and quasihole states) taken into account in our

12. 16, 90 208

(2p-2h) calculations in the nuclei 0, ""Ir and

cC, Pb.

Calculated quasiparticle 7/2° states of 17F. Only those states with
single-particle strength (SPS) > 1 % are shown. In the wave functions
we have only written down the 2p-1h components whose contribution

is in absolute values bigger than 0.050. To interpret the table one

should remember eq. (3.31), e.g. the first state would be as follows:

1£57)5E=4.83 Wev>

]
]

v 0.1983}f7/2> - 0.824]3 xd5/2>

H
i

0.324|3 XS /9% = 0.093]3 xd3/2>

0.067| 3"xgg >
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17

Table 12: Calculated quasiparticle states 5/2° of “'F. See comments in the

description of Table 11.

17

Table 13: Calculated quasiparticle states 7/2 of ~'0. See comments in the

description of Table 11.

17

Table 14: Calculated quasiparticle states 5/2° of ~'0. See comments in the

description of Table 11.

Table 15: Electric and magnetic Weisskopf units for electromagnetic

transition probabilities of various excitations (L < 5) in the

12 6, 40 90 208

0, “Ca, ~ZIr and Pb. See Appendix

¢, !
I . . 2. 2L
VII.C for definitions. The B(EL) values are given in @ fm~~ and

the B(ML) values in ugfmZL'z.

closed-shell nuclei

Table 16:  Monopole sum rules (in units e’ MeV), classical dipole sum

rule and higher (L = 2,3,4,5) electric energy-weighted sum rules
. 12, 16, 40
(in units ezfmZL MeV) of the closed-shell nuclei 1 ¢, ~0, “Ca,

QOZr and 208Pb. Equations (C.13), (C.16) and (C.18) were used.

The groundstate was assumed to have a uniform distribution with

radius R = 1.2 AL/3,

Table 17:  Comparison of E2 strength in percentages of the T=0 E2 EWSR with

. .16 ’ =V E B, (E,L)+
various recent experiments 1in 0. The sum rule is Sth g K k( )

= 2087.4 ezfm4 MeV. This value emerges directly from the

calculations and is to a very good approximation the total T=0 E2

EWSR 1imit.
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16

Table 18: Main isoscalar E2 resonances in the region from 16-28 MeV in °0.

The main quasiparticle components of their corresponding core-
coupling (2p-2h) RPA wave functions are shown. Specially in the
state at 27.508 MeV there are several other components of

comparable contribution. For instance in the notation (féi% X pi}z)p,

the single-particlie state féig refers to the state 5/2° of number 3
in Table 12.

Table 19:  Percentages of various sum rules exhausted by resonances EO, E2, E3

160, The E3 and E4 EWSR limits are taken from Table 16.

and E4 in
The EO and E2 EWSR values are taken from the calculation since in
our configuration space (2hw above and below Fermi surface) are

included all the possibilities to create such states; the values are

i
i

4995 eZfnt MeV; T=0 EO EWSR = 2398.5 e’fm’ MeV

4501 e2fm* MeV; T=0 E2 EWSR = 2087.4 e’fm” MeV.

(T=0+T=1)EO EWSR
(T=0+T=1)E2 EWSR

i
it

Table 20:  Same as in Table 19 but in 2C. The values for EO and E2 EWSR are

as follows:

2952 e2fm® MeV; T=0 EO EWSR = 1556 e2fm® MeV
3565 ¢

T=0+T=1 EO EWSR

H
it

T=0+T=1 E2 EWSR

i
i

fm® MeV; T=0 E2 EWSR = 1728 e2fm® MeV

02 the other hand one should bear in mind that the sum rules 23
23 (T=0), 5 and X T=0) were evaluated with R = 1.2 A1/3; they are
in fact Iower bounds of the corresponding total sum rules. See

Appendix VII.D and further explanations in text (section V.2).



Table 21:

Table 22:

Table 23:

Table 24:

Table 25:
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Monopole and quadrupole resonances (obtained in our Ip-lh+2p-~Z2h
calculations) in 902r in terms of sum rules. The EO and E2 EWSR

strengths are as follows:

2, 4 4

64057 e fm

il
H

33185 efm" MeV

36472.5 e2fm’ MeV

T=0+T=1 EQ EWSR MeV; T=0 EQO EWSR

4

]

65863 e2fm* MeV; T=0 E2 EWSR

T=0+T=1 E2 EWSR

i

902r

Distribution of Ex, x = 1,3,4 strength in examined in

percentages of the EX sum rules listed in Table 16.

Low-1ying octupole resonances (obtained in our 1p-1h+2p-2h
calculations) in 902r. For the sake of clarity in comparing with
experimental results, the following value of the T=0 E2 sum rule

is used: S, = 1.75 x 106 ezfm4 MeV, which corresponds to a ground

state with uniform charge distribution of radius R = 1.123 AI/B fm.

Monopole and quadrupole resonances (obtained in our 1p-1h+2p~2h

calculations) in ZOBPb in terms of sum rules. The EO and EZ EWSR

limits are taken directly from the calculations. Their values are:
86545 e2fm' MeV
4

#

189130 e’fm* MeV; T=0 EO EWSR

it

T=0+T=1 EO EWSR

76598 eZfm” MeV.

it

it

T=0+T=1 E2 EWSR = 174280 ezfm4 MeV; T=0 E2 EWSR

Distribution of the isoscalar Ex (X = 0,2,4) strength in the GQR

region, i.e. between 8 and 15 MeV, obtained in the {1p-1h) RPA and

(1p-1h+2p-2h) RPA calculations in 208pb‘ The exact values (which

see caption of Figure 24} of

emerge directly from the calculations;
the T=0 E4 EWSR

T=0 E2 EWSR have been used. For

we have used the value 4.52 x 108 ezme MeV; this value is a good
4 EWSR and

e Appendix VII.D) of the exact ispscalar E

the T=0 EO EWSR and

estimation (se

P -
it is ~ 60.5 % of the ZQ(T”O} Timit.



Table 26:

Table 27:

Table 28:

Table 29:

Table 30:

Table 31:
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Distribution of E3 strength in Zogpb in terms of sum rules. The

values of these are, according to Appendix VII.D, as follows:

T=0+T=1 E3 EWSR = 1.57 x 107 e2fm® Mev

T=0 E3 EWSR = 0.62 x 107 efm® MeV

Experimental results and theoretical (1lp-1h) predictions for the

208

M1l states in Pb.

Variation of the energies, B(Ml) values and the amplitudes Ap and!%
of the wave functions (see eq. (5.5)) of the two (lp-lh) Ml states

208Pb with the spin-dependent part gpn of the proton-neutron

in
interaction. The parameter gpp = 1.30. The effective M1 operator

discussed in section IV.4 was used here.

Variation of the Ml levels calculated in the core-coupling RPA
theory with the renormalization constant gs of the effective

magnetic operator (see section IV.4). The parameters Ipp 1.30

and gpn = =0.15 are used.

Experimental results and (2p-2h) RPA calculations of M1 levels in

208Pb
- The parameter 9pp = 1:30. Bare (Schmidt) magnetic operator

has been used. The coupling of seven Tow-lying core excitations

(see Table 10) was taken into account.

Experimental results and (2p-2h) RPA calculations of M1 resonances
in 208y g '
- several pairs of (Qpp, gpn) parameters have been used.

Bare Ml operator is ysed. The coupling of seven low-lying core

excitations (see Table 10) was taken into account.



Table 32:

Table 33:

Table 34:

Table 35:
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Fragmentation of the strength of the single-hole state 199/2 in

9 . .
OZr due to the coupling of six tow-1ying core excitations (see

Table 10).

Calculated M1 states in 2p-2h RPA calculations in 297r. Bare

op = 1.30 and gpn = +0.10.

The coupling of six low-lying core excitations (see Table 10) has

Ml operator was used. The parameters g

been taken into account.

Comparison between the (lp-1h) RPA results of Ring & Speth with
our (2p-2h) RPA calculations of M2 resonances in»zOBPb. In both

cases 9op = 1.30 and Ion = -0.15 and the effective M2 operator

have been used.

Magnetic quadrupole resonances in 150 with transition probability

bigger than one Weisskopf unit calculated in the (1p-1h) RPA and

(2p-2h) RPA approaches. The parameter gpp = 1.30.
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Table 1
Multipole
Nucleus
0 1 2 3 4 5 6 7 8
40
Ca 0 0 14 38 7 11 1 0.2 0
2085, O O 20 47 14 3 3 2 1
Table 2
Nucleus 6J-Symbols of 1st type| 6J-Symbols of 2nd type
1
éc 600 500
900 1220 710
2O§r 5985 7976
208Pb (up to j=15/2) 10524 17148
Pb (up to j=17/2) 17027 25706
Table 3
Nucleus J" state Core-Coupling RPA dimension
16 +
. 60 2 85
0 4t
90 56
Ir 1+
90 179
Ir 2**“
902r \ 176
208 4 176
Pb 1" 169
208Pb o+ 182
208Pb 4+

191




Table 4

Parameters of Woods-Saxon Well

Nucleus | Charge V, (MeV] r [fm] a, [fm] Vig MeV] | r o [fm] a g [fm] b [fm]
16 p ~-52.88 3.0828 0.53 5.533 3.0828 0.53 1.639
0
n -53.14 3.0828 0.53 5.186 3.0828 0.53 1.639
40 P -55.81 4.10 0.53 6.675 4.10 0.53 1.80
Ca
n -55.50 4.10 0.53 7.154 4.10 0.53 1.80
90 p -57.29 5.736 0.802 7.211 5.736 1.00 2.05
Ir
n -48 .84 5.647 0.765 11.909 5.697 1.00 2.05
p ~60.40 7.46 0.790 7.446 7.2 0.59 2.44
ZOBPb
| n -47.58 7.20 0.660 5.640 6.96 0.64 2.44

- €1 -
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Table 5: Single-Particle Energies (Mev) in 12C and 0
12C 16O

Orbit Proton Neutron Proton Neutron
151/ -34.80 -38.80 -40.00 -42.00
1p3,, -14.80 -17.00 -18.43 -21.80
Py | 19 4 |ocizlo 10
1ds /5 1.60 -0.88 -0.60 -4.15
251/ 1.15 -1.55 -0.10 -3.27
1d3 /5 5.84 3.00 -----f_?f__-____,i-?f-__
1f5 /5 15.00 11.00 15.50 12.50
15 /o 21.50 19.60 18.90 15.50
2p3,7 19.20 17.00 16.00 14.50
2015 20.50 18.80 19.50 16.20
199/, 27.60 27.00
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Table 6: Single-Particle Energies (MeV) in 902r
90,..

Orbit Proton Neutron
1d5/2 -30.21 -37.46
1d3/2 -27.19 -34.67
251/2 -23.69 -31.98
1f7/2 -17.57 -24.32
1f5/2 -12.61 -19.42
2p3/2 -9.47 -17.62
291/2 -7.91 -15.89
1995 T -11.53
24, 150 R
1, , -0.48 -4.44
351/ -0.01 -5.77
243/, 0.18 -
hy1/2 2.76 -3
2f7/2 5.40 -0.26
3p3/2 5.70 0.40
3p1/2 6.60 0.89
2f5/2 8.70 4.67
1“9/2 9.91 8.13

iy 11.40 3.96
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Table 7: Single-Particle Energies (MeV) in 208Pb

208,
Orbit Protons Neutrons
%52 -20.802
5,2 -18.866
232 -16.669
217 -15.851
1997 -15.281
197/2 ~11.508 20,750
245/ -9.708 1515
Ih11/2 -9.375 16 560
23,7 -8.385 17 303
331/2 ““““““““““ Zg-@?ﬁ’: ____________ -17.187
Ihg, 23.802 1o, 786
2172 2,902 o1
Litsse -2.193 s 010
2f5/2 20.980 ot
3P3/2 -0.686 5 a8
3172 -0.162 e
299/2 3.547 | TTTTTTTTTTC :é--é-t-}::; ----------
M1172 3.930 -3.165
Nis/2 4.666 -2.521
355 6.212 .
297/2 6.741 -1.450
0 7513 -1.404
12 10.271 3 672
4s1/2 -1.911
W’ 2.939
i 3.046
" 3.813
3sr2 :

4.068
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Table 8
fm fin £8X ex in _ ex in _ ex
pp pn pp fon 9p = 9pp 9pn = Ipn
0.400 -0.264 -1.700 -2.640 1.300 -0.15
Table 9
Nucleus | RPA calculation |ep (MeV)| R, (fm) | r, (fm) Rpp s a
12¢ 1p-1h 42.50 2.47 1.08 | 2.47 | 1.08 | 0.53
1p-1h+2p-2h 45.50 " ! " ! !
6 1p-1h 43.00 2.80 1.11 | 2.80 | 1.11 | 0.53
1p-1h+2p-2h 40.00 " " " " !
07y Ip - 1h 39.00 | 5.30 | 1.19 |5.160| 1.15 | 0.60
1p-1h+2p-2h " " ) " " "
208py, 1p-1h 23937 | 7.04 | 1.18 |6.80 | 1.15 | 0.60
1p-1h+2p-2h y y ! " n "
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Table 10
(1p-1h) RPA Theory Experiment
Nucleus J"
Energy (MeV) B(EX or MA)+ Energy B(Ex or My)+
(2P or 12?77
12, * 4.49 115.84 4.44
- 12.00 475.36 9.64
- 6.292 1593.71 6.13 1490+701)
16 | - 13.373 1.15 12.53
- 13.225 0.02 13.10
2t 3.977 209 2.186
5 2.894 0.37x10% 2.319
90, |4 3.319 0.41x10° 2.736
3" 3.041 0.12x10° 2.749
4t 4.139 0.16x10° 3.077
5 4.405 0.16x108 3.975
3" 2.622 544%10° 2 614 (540+30)x10°
5 3.359 319x10° 3.190 (462+55)x10°
o 4 3.611 0.97x10° 3.470
o |5 3.827 277%10° 3.710 330x10°
4+ 4.208 0.17x10° 3.960
2! 4.459 3199 4.080 2920(2)
4 4.674 785x10% 4.320 1287x10"

(1) See inelastic electron scattering experiments of ref.

(2) See ref. 187

177

s



Table 11: Calculated Quasiparticle 7/2  States of 17F
Wave Function
No.| Energy | SPS (%) 3 xd 37xs 37xd 17xd 2"xd 2 xd 37xg
(MeV) 5/2 1/2 3/2 5/2 5/2 3/2 9/2

1 4.83 19.83 -0.824 -0.324 -0.093 0 0 0 ~-0.067
2 7.49 1.05 0.417 -0.902 -0.034 0 0 "0 0
31 11.59 11.05 0.228 0.182 -0.868 -0.126 -0.167 -0.053 -0.065
4 ) 12.94 2.13 -0.079 -0.059 -0.295 0.164 0.924 0 0
51 13.50 2.42 -0.077 -0.057 -0.181 0.929 -0.260 0 0
6 | 15.50 52.97 -0.278 -0.198 -0.337 -0.300 -0.219 0.266 0.173
7 { 18.87 6.02 -0.068 0 -0.056 0 0 -0.960 0.071

- 61T -



Table 12: Calculated Quasiparticle 5/2° States of

17F

Wave Function

No. %g:;?y %gf 3xdg,, | 3TXsy, | 3Txdy, I'xdy p | 27xdgp | 274y, | 37xgq,
1| 5.47 11.84 | 0.851 0.362 0.150 "0 "0 "0 0
2| 7.42 1.32 | -0.437 0.888 0.071 "0 0 "0 "0
3| 11.17 9.44 | -0.198 -0.211 0.897 "0 0.110 "0 "0
4 | 18.55 5.70 | 0.058 0.052 0.110 -0.065 "0 -0.957 "0
5 | 18.90 52.37 | -0.173 -0.153 -0.316 0.471 | -0.084 -0.276 0.114
6 | 19.22 16.71 | -0.095 -0.084 -0.170 -0.879 "0 ~0.076 0.066

- 0el -



Table 13: Calculated Quasiparticle 7/2  States of 174
Wave Function
No. | Energy SPS - - - - - - -
(MeV) (%) 3xdg o | 3 %81, 3xdgp| 1xdg,) 2 xdg o | 2 xd35 | 3 Xgg 5

1 1.28 20.54 0.836 0.289 0.083 0 0 0 0.053
2 4.64 2.24 -0.400 0.902 0 0 0 0 0
3 8.59 6.99 0.181 0.177 -0.922 -0.074 -0.091 0 0
4 10.19 0.99 -0.052 0 -0.120 0.982 -0.070 0 0
5 12.50 64 .62 -0.318 -0.258 -0.328 -0.162 -0.104 0.133 0.149
6 15.46 1.47 0 0 8] 0 0 0.991 0

- 1et -



Table 14: Calculated Quasiparticle 5/2° States of
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170

Wave Function
No. | Energy SPS - - - - -
(MeV) (%) 3 xd5/2 3 XS1 /2 3 xd3/2 1 xd3/2 2 xd3/2
1 1.77 | 14.53 0.851 0.323 0.152 "0 0
2 4.52 2.59 0.427 -0.884 -0.103 "0 "0
3 8.11 7.81 0.193 0.252 -0.903 "0 -0.067
4 | 15.39 6.04 0.067 0.065 0.111 -0.109 -0.951
5 | 15.50 | 54.75 | -0.202 -0.196 -0.329 0.399 -0.050
6 | 16.08 | 12.94 | -0.094 -0.090 -0.147 -0.910 0
Table 15: Weisskopf Units for B(EL or ML) Values
Nucleus
12, 16, 40, 90, 208p,,
B (EL or ML)+
B, (E1)+ 1.0137  1.2279 2.2617 3.8835 6.7884
B, (E2)+ 8.16 11.97 40.63 119.79 366.05
B, (E3)t 59.88 | 106.45 665.32 3368.00 17990.38
B, (E4)4 426.87 | 919.44 10584.90 92011.14 8.59%10°
B, (E5)+ 3015.10 | 7866.90 1.67x10° 2.49x10° 4.06x107
By, (M1)+ 5.37 5.37 5.37 5.37 5.37
By (M2)+ 43.25 52.39 96.50 165.70 289.64
B, (M3)+ 317.34 | 465.71 1580.17 4658.89 14222.22
B, (M4
 (M8) 4 2262.44 | 4022.22 | 25133.88 1.27%10° | 6.80x10°
By (M54
(M5) 15979.76 [34414.40 | 3.96x10° 3.40x108 | 3.220107




Table 16: Sum Rules
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12

40

90

208

Nucleus c 160 Ca 7r Pb
EWSR
P 2255.2 3642.5 16774.5 57606.0 2.06x10°
P (1=0) 1127.6 1821.3 8387.2 25602.6 0.81x10°
P(T=1) 1127.6 1821.3 8387.2 32003.3 1.25x10°
20(T=1) 44 .4 57.6 148.0 328.9 735.2
) 2243.2 3623.0 16685. 3 57300.0 2.05x10°
2D (T=0) 1121.6 1811.5 8342.6 25466.7 0.81x10°
5B (T=1) 1121.6 1811.5 8342.6 31833.3 1.24x10°
p 5 6 7
) 35555. 1 69570.0 5.90%10 3.48x10 2.18x10
22 (T=0) 17777.5 34785.0 2.95%10° | 1.55x10° 0.86x107
sh(T=1) 17777.5 34785.0 2.95x10° | 1.93x10° 1.32x10’
5 6 71 1724108 1.89x10°
Iy 4.6x10 1.1x10 1.70x10 : : .
8
P(1=0) | 2.3x10° | 0.55x10° | 0.85x10’ 0'77*108 0‘74”109
P(r-1) | 2.3a0° | 0.55x10° | 0.0’ | OO 1.14x10
1
D 5300105 | 1526107 | 4.38x10® | 7.62x10° | 1.46x10"
1
1R (T=0) 2 65x10° | 0.76x107 | 2.19x108 | 3.39x10° 0.57%10
8 11
P (1=1) 2 65x10° | 0.76x107 | 2.19%10 4.23x10° 0.88x10
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.16
Table 17: Distribution of E2 Strength in 0
E{-E, (MeV) Sexp (%) Reaction Sth (%)
16-26 40*30 (a,a')® 55
17-28 75 (*e, e )P 63
15-28 67125 (a0’ )Z 83
30 (PsYo)
20‘30 {21 (e,e(?)e 62
a) Hanna et al. See ref. 40
b) Moalem et . al. See ref. 48
c) Knopfle et al. See ref. 50
d) Harakeh et al. See ref. 49

Hotta et al. See ref. 47




Table 18: Main T=0 E2 Peaks in the Giant Resonance Region in

160

Quasiparticle-quasihole components of the core-coupling RPA wave function
Energy - -
1), -1 1), -1 (5) -1 (3)yp-1 (1) (3),,-1 -1
(MeV) {(£4)2xp375), (F8) 2007700 p| (F572%012)p| (F572%P1/2)p | (F 1503900l (530003700 | (£ 73010 | (£ w0170,
16.152 -0.2103 -0.6497 0. 0. 0.1833 0. -0.6322 -0.1024
20.664 0.5708 0. 0.1185 0.2126 -0.4188 0.1444 -0.2886 0.1586
27.508 -0.2620 0. 0.2661 0. 0.2360 0.3503 0. 0.3204

- 621 -
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Table 19: Distribution of the Ex (A=0,2,3,4) Strength in ~°0
Ex EO E2 E3 E4
Energy % % % % % % % %
Interval
(MeV) T=0+T=1 EWSR | T=0 EWSR | (T=0+T=1)EWSR | T=0 EWSR xg 25 (T=0) zg £h (T=0)
12-16 - - 3.2 3.4 - -
16-20 - - 10.4 21.9 4.1 - 3.6 7.2
20-22 - - 14.8 31.9 - - 8.0 16.0
22-26 2.9 5.6 2.7 n1.0 4.7 5.9 5.2 6.8
26-28 36.0 75.0 13.4 28.5 - - 6.9 13.3
28-30 - - 2.8 1.3 - - 1.8 0.
30-35 10.5 20.7 13.0 7.8 1.4 2.8 4.7 7.9
35-40 14.4 15.0 20.0 - 13.3 | 26.6 27.1 4.8
40-45 28.5 - 14.6 2.9 2.2 2.5 -
45-55 1Ll - 6.5 n1.0 25.2 | 23.0 5.8
55-75 1.3 - - - 19.0 - 0.5

- 921 -



Table 20: Distribution of Ex (A=0,2,3,4) Strength in 12C
Ex EO E2 E3 E4
Eneray g % % % % % % %
Interval
(MeV) T=0+T=1 EWSR | T=0 EWSR | T=0+T=1 EWSR | T=0 EWSR zg £5(1=0) = £h(T=0)
11-15 - - - - 1.5 - - -
15-18 - - 3.4 0 1.4 2.9 - -
18-26.5 0.9 1.8 9.8 13.2 3.1 - 3.6 -
26.5-30 - - 1.3 2.7 0.5 1.0 10.3 21.0
30-35 39.7 74.4 23.8 16.6 1.9 1.6 21.7 15.0
35-40 8.4 - 8.3 7.1 7.3 11.5 | 24.6 11.4
40-45 0.6 - 0.9 0.8 6.1 12.3 1.4 -
45-50 34.3 18.9 16.2 10.6 3.6 6.5 | 38.0 6.5
50-55 - - 8.9 3.3 4.4 2.7 10.0 -
55-65 8.9 5.4 9.7 10.1 3.9 2.1
65-75 4.1 - 2.7 0.9 8.6 9.7

- 21 -



Table 21: Distribution of EO and E2 Strength in

- 128 -

902r

Ex EO E2

Energy % % % %
Interval

(MeV) (T=0+T=1) EWSR T=0 EWSR (T=0+T=1) EWSR T=0 EWSR

0- 5 - - 1 1.8

5-10 - - 0.5 0.8

10-12.5 - - 0.3 0.6
12.5-15 10.2 19.7 26.4 47.7

15-17.5 13.5 16.3 3.6 0.8
17.5-20 7.1 8.7 20.2 22.0

20-22.5 25.4 42.5 3.9 -
22.5-25 6.7 2.6 4.0 -

25-30 20.1 8.1 24.6 0.5

30-35 15.5 - 4.7 -




Table 22: Distribution of Ex, A=1,3,4,5 Strength in 20

Ir
EA . El E3 E4
Energy % % % % % %
Interval
(MeV) (T=0+T=1) EWSR |  z§(T=1) 29 28(1=0) o 20 (T=0)
0-5 - - 9.0 20.2 0.3 0.8
5-10 8.2 9.5 4.7 7.8 1.1 2.5
10-15 60.6 69.6 8.4 7.6 19.2 42.1
15-20 45.4 52.2 5.1 3.9 16.6 6.4
20-25 2.6 3.0 0.8 1.3 13.0 8.9
25-30 - 0.2 19.3 42.3 7.0 2.7
30-35 - - 16.8 24.6 4.0 0.9
35-40 - - 10.1 0.8 - -
40-45 - - 0.8 1.2

- 621 -



Table 23: Low-Lying Octupole Resonances in

902r

- 0€T -

Present work Youngblood grouplaz) Krewald et a1.108)gertsch & Tsais’)
(1p-1h) RPA (1p~-1h+2p-2h) RPA Inelastic (o,a') exp Continuum (1p-1h) RPA
E (MeV) B(E3)+ | % 3 B(E3)+| % | E | B(E)+ | % |E | B(E3)*| % |E [B(E3)+ | %
(eefm6) So
2.85 1.26x10° | 20.5] 3.28 0.95x10° |17.8]2.750.45x10°] 7.1 |3.0/1.2x10%| 20.6 [2.6 |0.94x10° |14.0
5.44 0.33x10% | 1.0
5.59 0.69x10% | 2.215.60/0.12x10%| 3.8
6.14 0.17x10° | 6.0] 6.24 0.13x10% | 0.5]6.3610.71x10%] 2.5 16.2]2.0x10% 7.1
6.47 0.47x10% | 1.7)6.70]0.84x10% 3.2
6.98(T=1) 0. 10x10% | 0.4
7.06 0.06x10%| 0.2] 7.06 0.19x10% | 0.8 A7 11.21x10° | 48.5
7.37 0.03x10% | 0.1} 7.39/0.77x10%| 3.3
7.83 0.04x10%| 0.2] 7.87 0.08x10% | 0.4]8.19]0.64x10% 3.0
8.08{T=1) | 0.03x10%| o0.1] 8.35(TV)]0.0ax10* | 0.2
8.47(T=1) | 0.20x10% | 1.4] 8.8a(T*1) 0.01x10% | 0.1
8.85(T=1) 0. 15x10% | 0.4
\0-9 & 1.47x10° | 28.4] 0-9 1.10x10° | 26.q 0-9 | 0.87x10°] 23.0 | 0-9| 1.4x10° n27.7 0-9 2.15x10% 62.5




Table 24: Distribution of EO and E2 Strength in

208

Pb

EO

£2

Energy % % % % %
Interval

(MeV) T=0+T=1 EWSR T=0 EWSR T=0+T=1 EWSR T=0 EWSR Eg(T=O)
0- 5 - . 7.4 16.9 16.0
5- g i - 4.7 5.6 5.3
8-10 0.1 0.1 8.1 18.6 17.6
10-12 3.2 7.8 24.7 56.5 53.5
12-14 9.3 18.7 15.2 31.0 29.3
14-16 25.6 55.4 5.1 0.4 0.4
16-18 12.4 12.2 23.8 - -
18-20 16.4 5.7 0.4 0.4
20-22 26.8 0.2 - . .
22-32 4.0 -

- 1€1 -



Table 25: Distribution of T=0 EXx, 2=0,2,4 Strength in the GQR Region, i.e. between 8 and 15 MeV, in

% % of T=0 EO EWSR % of T=0 E2 EWSR % of T=0 E4 EWSR
Energy (MeV) 1p-1h 1p-1h+2p-2h 1p-1h 1p-1h+2p-2h 1p-1h 1p-1h+2p-2h
8- 9 - - - 0.1 0.6 4.2
9-10 - 0.1 - 18.5 1.2 3.5
10-11 0.2 0.8 1.7 3.1 - 0.1
11-12 6.1 8.9 111.2 53.5 27.2 16.8
12-13 - 1.7 0.6 29.7 5.3 1.6
13-14 16.4 16.8 1.5 1.3 3.3 5.4
14-15 69.2 50.8 0.4 0.3 0.4 -
8-15 91.9 % 78.1 % 115.4 % 96.5 % 38 % 31.6 %
Centroid 14.4 MeV 13.7 MeV 11.3 MeV 10.2 MeV 11.6 MeV 10.3 MeV

- ¢El -
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Table 26: Distribution of E3 Strength in 208pp

Energy Interval % %
(MeV) T=04T=1 E3 EWSR T=0 E3 EWSR
0- 5 8.3 20.7
5- 8 3.7 2.4
8-10 4.3 0.1

10-12 2.2 0.2
12-14 3.7 5.4
14-16 2.4 0.3
16-18 2.6 0.1
18-20 6.4 -
20-22 24.6 25.3
22-25 0.4 0.5
25-30 2.1 0.5
Table 27: M1 Resonances in 208Pb. Comparison between (1lp-1h) Theories and
Experiment
2
Energy (MeV) B(MI)*(uy)
5.45 1.2
75) )
Vergados
o 7.52 48.07
7.50 5.68
. 76)
Ring & Speth 8,31 11.00
16.8
Ex eriment70’74) 70
P 7.99 10.0




Table 28: Variation of (lp-lh) MI States with gP"

Lower 17 Upper 1t
gP" ,
E (MeV) | B(MI)#(u2) A, A E (MeV) B(Ml)f(ug) A, Al
-0.90 6.46 0.83 0.80 -0.61 9.04 13.89 0.62 0.80
-0.50 7.10 1.74 0.86 -0.52 8.63 13.96 0.53 0.86
-0.15 7.50 5.68 0.97 -0.26 8.31 11.00 0.26 0.97
-0.10 7.53 6.99 0.99 -0.18 8.29 9.84 0.19 0.99
-0.05 7.55 8.86 1.00 -0.08 8.27 8.15 0.08 1.00
0.00 7.56 10.23 1.00 0 8.26 6.92 0 1.00
0.20 7.46 15.60 0.95 0.32 8.35 2.24 | -0.33 0.96
0.30 7.35 17.00 0.92 0.42 8.43 1.22 | -0.42 0.91
0.40 7.23 17.93 0.88 0.48 8.52 0.69 | -0.48 0.89
0.50 7.10 18.66 0.86 0.52 8.63 0.40 | -0.53 0.86
0.90 6.46 21.10 0.80 0.61 9.04 0.04 | -0.62 0.80

- PEl -



Table 29: Variation of M1 Resonances with gs

- 135 -

31}

& = SS in the (2p-2h) RPA
n

calculations. The parameters gpp = 1.30 and gpn = -0.15 are used.
B(ML) (1)
Energy (MeV)
g, = 0.113} 0.090| 0.050 0.000| -0.010{ -0.020{ -0.030
6.90 3.74 4.21 5.11 6.34 6.61 6.88 7.15
7.51 0.11 0.12 0.14 0.16 0.17 0.17 0.18
7.70 4.94 5.76 7.33 9.57 10.05 10.54 11.05
7.99 0.35 0.40 0.50 0.81 0.66 0.68 0.71
8.38 0.41 0.48 0.62 1.86 0.86 0.90 0.94
8.93 1.07 1.21 1.48 1.44 1.94 2.02 2.10
9.21 0.83 0.94 1.14 1.60 1.50 - 1.56 1.63
9.55 0.82 0.95 1.22 0.42 1.68 1.76 1.85
9.65 0.23 0.27 0.33 0.71 0.43 0.45 0.47
9.82 0.36 0.42 0.54 0.24 0.74 0.78 0.82
9.97 0.14 0.16 0.19 0.33 0.25 0.27 0.28
10.10 0.17 0.20 0.25 0.25 0.35 0.37 0.38
10.24 0.14 0.16 0.19 0.17 0.26 0.27 0.28
10.40 0.32 0.36 0.13 0.56 0.59 0.61 0.63
10.54 0.21 0.25 0.45 0.42 0.44 0.46 0.48
10.65 0.82 0.93 0.32 1.43 1.48 1.55 1.61
10.84 1.35 1.57 1.14 2.61 2.74 2.87 3.01
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Table 30: Comparison between experimental results and (2p-2h) RPA calculations
of 1% states in 208Pb. Bare M1 operator is used. The parameter

9pp = 1.30.
Experiment pgheory I ggeﬁry 11 Tgioiy ITI gge?ry v
g =-0.15 g =+0.02} ¢g"" = +0.05 g’ = +0.10
E B(gl)* E BM)Y E  BML)Y E  B(MI)A E  B(M)
(MeV)  (uy)

7.062)  16.8 |7.107 6.33| 7.131 9.58|7.129 10.42 | 7.121 12.05
7.250 0.75| 7.256 2.18|7.255 2.29 | 7.253 2.29

7.475 0.0 | 7.475 0.17|7.475 0.19| 7.475 0.21

7.853  5.08 | 7.863 9.10|7.862 9.03| 7.858 8.19

7.909 0.01| 7.909 0.34|7.909 0.09 | 7.909 0.02

7.927 0.45| 7.910 0.17|7.912 0.03| 7.920 0.08

7.99®) 10,0 |7.933 5.47| 7.927 0.02|7.927 o0.02 | 7.928 0.0
7.940 0.03| 8.102 0.608.102 0.50 | 8.103 0.37

8.106 1.49 | 8.303 0.45|8.303 0.43 | 8.303 0.42

8.228) 1.21:0.038.303 0.54 | 8.402 0.49|8.402 0.45 | 8.403 0.38
8.367°) 0.93:0.048.404 0.80 | 8.601 0.27 |8.601 0.26 | 8.601 0.28
8.604°) 1.35:0.04 8.601 0.33 | 8.771 0.21]8.770 0.20 | 8.771 0.18
8.694") 1.23:0.088.771 0.26 | 8.835 0.19 |8.835 0.1 8.835 0.16
9.008") 1.56:0.078.835 0.21 | 8.841 0.43 | 8 841 0.42 | 8.841 0.41
9.142) 1.39:0.318.881 0.55 | 9.281 .29 9.281 0.29 | 9.282 0.29
9.299°) 0.84:0.16 9.281 0.30 | 9.651 1.38 |9 gc1 1.36 | 9.651 1.32
9.652 1.51| 9.983 0.22]9.983 0.22 | 9.983 0.22

10.197  0.41 |10.197 0.42 §0.197 0.42 |10.197 0.42

10.302  0.44 110.302  0.42 10.302 0.41 |10.302 0.40

10.481  0.17 10.481 0.17 00.481 0.18 |10.481 0.18

10.496  0.11 |10.496 0.14 §0.496 0.15 |10.496 0.15

10.593  1.00 [10.593 1.03 §0.593 1.04 |10.593 1.04

10.768  0.33 110.770  0.71 10.769 0.78 |10.769 0.87

10.858  2.89 110.853 1.9 §0.853 1.81 |10.855 1.54

3) Ref. 74)

b) Ref. 73)




Table 31: Experimental results and several (2p-2h) RPA calculations of M1 resonances in

has been used.

208

Pb. Bare M1 operator

Experiment Theory
gPP-1.30; ¢P"=-0.15 | ¢PP=1.10; gP"=-0.15 | ¢PP-1.10; gP"=-0.20 | gPP=1.10; ¢P"=+0.10
2
E (MeV)  B(WL)*(,) E B(M1)4 E B(ML)+ E B(M1)+ E B(M1)+
7 06%) 16.8 7.107 6.33 6.939 7.90 6.909 4.90 6.962 18.09
7.250 0.75 7.237 0.08 6.912 1.65 7.238 0.50
7.475 0.04 7.236 0.03 7.473  0.14
7.99P) 10.0 7.853 5.08 7.666 13.77 7.680 13.73 7.654  8.68
7.909 0.01 7.903 1.84 7.907 1.90 7.900  0.36
7.927 0.45 7.909 0.03 7.909 0.49
7.933 5.47
7.940 0.03
8.106 1.49 8.095 0.89 8.097 1.07 8.094  0.38
8.2-9.5°) g.5:0.5 | 8.2-9.5 3.00 | 8.2-9.5 2.29 8.2-9.5 2.45 8.2-9.5  1.67
9.5-11.0  7.00 | 9.5-11.0  7.05 9.5-11.0  7.27 9.5-11.0  6.03
) Ref. 74) b) Ref. 73

- LET -



Table 32: Strength distribution and wave function of the single-hole state 199/2 in

9OZr‘.

Single-particle

Wave function

99/2

Notation Energy (MeV) strength (%)
9$)) -11.75 90.75 -0.9526|1gq,>-0.1641|3"x2p ,,>-0.1938| 2" x1g >
957 -14.66 3.17 0.1779] 19y ,,>-0.9791| 2x1gq >

97) -15.48 0.83 0.0913| 1g,,,>-0.9934|4"x1gg >

Iy -18.08 0.43 0.0656] 19 ,,>-0.9954|57x2p, ;>

95>) -19.13 0.11 0.0337| 19y ,>-0.9932|57x2p5 >

95) ~19.68 0.27 0.0515] 19 ,>-0.4845|37x2p, ,>+0.8721|57x2p, >
() -19.81 2.94 0.1714|1g,,,>-0.8464|37x2p5 ,>-0.4869|57x2p, />

- 8¢1 -



Table 33: Energies and wave functions of the calculated (2p-2h) M1l states in 50

Ir
Energy (MeV) | B(ML)1(ud) Wave function
9.467 5.81 -0.8790[197/2x1g§}%]«0.4683[197/2x19§§%]-0.1155[1g7/2xlg§§%3
10.521 3.11 +o.4310[197/2xlg§}%3-0.8653[1g7/2x1gé§%]+o.2560[197/2x1g§§%]
11.123 1.15 -0.2201[197/2x1g§}%]+o.1739[;97/2x19§§%j+0.9591[197/2x1g§§%]
13.659 0.13 -0.9983[1g; p%(57X2Py /) g %]
14.689 0.02
15.250 0.02
15.504 0.82 +0.9772| a7 %193} +0. 1474 1g; ,x1g{5) |
16.341 0.03
17.366 0.04
17.811 0.07
19.973 0.02
20.486 0.01
26.113 0.02
28.170 0.02

- BET -
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208

Table 34: Distribution of M2 strength in Pb
Energy (1p-1h) RPA (2p-2h) RPA
Interval >
(MeV) BM2)+(uin®) | B(M2)/B,(M2) | B(M2)t(ugfn®) | B(M2)/By(M2)
0- 7 413 1.43 408 1.41
7- 8 11618 40.11 9115 31.47
8- 9 1084 3.74 1980 6.84
1261
9-10 1565 5.40 4.35
10-11 1385 4.78 2218 7.66
11-12 219 0.76 1174 4.05
12-13 90 0.31 368 1.27
13-15 1933 6.67 1851 6.39
15-18 2005 6.92 1763 6.09
18-30 90 0.31 140 0.48
Table 35: Strongest M2 peaks in 160
Effectiv : = - Bare M2 operator;
ective M2 operator; gpn 0.15 gpn +0.10
(1p-1h) RPA (2p-2h) RPA (2p-2h) RPA
E (MeV) B(MZ)/B,(M2) | E (MeV) | B(M2)/B,(M2) | E (MeV) B(M2) /B, (M2
M“"
13.48 1.38
17.92 2.29 17.86 3.58
21.07 1.43 20.90 10.31
22.83 6.42 21.45 5.28 24.72 2.18
25.35 3.45 25.04 1.97
40.27 1.29
M




Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:
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FIGURE CAPTIONS

Dyson equation for a single-nucleon Green function. The thick line
represents the exact propagator, the thin Tine the unperturbed

propagator and M the mass operator.

The quasiparticle-core excitation coupling which approximates the
mass operator Mc(w) in our calculations. On the Teft hand side the
straight line represents a single-nucleon Green function and the

wriggly Tine a core excitation. On the right hand side the string

“of bubbles shows the usual microscopic RPA description of the

core-excitation. In part b the quasihole-core excitation taken

into account in our calculations is shown.
Exchange graphs corresponding to Figures Z.a and 2.b respectively.

Selfenergy graphs which contribute to Mc(w) if pp-ground state

correlations were properly considered. They are neglected in our

calculations.

Higher order self-energy graphs neglected in our approach. The
rectangle symbolizes any possible structure except the free

propagation of the particle and of the core-excitation.

Higher order corrections to Mc(w) as defined in (3.23). There are
two diagrams of the type shown in Figure 5. Once the propagating
particle has excited a core vibration, the quasiparticle-plus-core
excitation may virtually excite yet another core mode. If the

original core excitation disappears first we obtain the diagram



Fig. 7:

Fig. 8:

Fig. 9:

Fig. 10:

Fig. 11:
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(a). But if the second excitation deexcites first, we get the

nested diagram (b).

Particle-hole contribution of the two shells above and below the
Fermi energy. Here the term "Fermi energy" is used rather loosely.
It is to be understood as that energy such that, if all particles
occupied the lowest possible single-particle states, all states
below the Fermi energy would be occupied and all states above it

would be empty.

The left side of the Figure shows the unperturbed single-particle

17

position of the Tast proton in “'F. The right-hand side gives the

splitting of the f7/2 and f5/2 strength due to the coupling of the
collective 3° (6.13 MeV) and the 2° (12.53 MeV) and 1~ (13.10 MeV)

16

states of the core nucleus “~0 with the single-particle degrees

of freedom.

Quadrupole and hexadecapole resonances calculated in the (1p-1h)

RPA and in the (2p-2h) core-coupling RPA theory. In this

calculation the core excitations 37, 17 and 27 were considered.

16

Monopole resonances in “°0 calculated in the (1p-1h) RPA and in

the (2p-2h) core-coupling RPA theory. In this calculation

the core excitations 37, 17, 27 were taken into account.

Dipole resonances in 6 calculated in the (1p-1h) RPA and in the

(2p~-2h) Core~-coupling RPA theory. In this calculation the

core excitations 37, 17 and 27 were taken into account.



Fig. 12:
Fig. 13:
Fig. 14:
Fig. 15:
Fig. 16:
Fig. 17:
Fig. 18:
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16

Octupole resonances in "0 calculated in the (Ip-1h) RPA and in

the (2p-2h) core-coupling RPA theory. In this calculation

the core excitations 37, 1~ and 2~ were taken into account.

Distribution of the E2 strength in 160 obtained in the core-coupling
RPA approach by using: (a) the (3;, 2;, 11) core excitations,

(b) the (31 2] 35) core excitations, (c) the (3‘1‘ 2] 1] 3, 2 15)
core excited states. Further explanation is given in the text

(section V.1).

Quadrupole and hexadecapole resonances in 126 calculated in the
(1p-1h) RPA and in the core-coupling RPA theories. The lTow-lying
strongly collective 2* (4.44 MeV) and 3~ (9.64 MeV) core excitations

were taken into account in our (1lp-lh+2p-2h) calculations.

Octupole resonances in 12C. See caption of Figure 14 for further

information.

Monopole resonances in 1ZC. See caption of Figure 14 for further

information.

Dipole resonances in 12(3. See caption of Figure 14 for further
information.
Monopole resonances in 902r calculated in the (lp-1h) RPA and in

the core-coupling RPA theories. Six low-lying core excitations

(see Table 10) were taken into account in our (1p-1h+2p-2h)

calculations.
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Quadrupole resonances 1in QOZr. See caption of Figure 18 for

further details,

Dipole resonances in 902r. See caption of Figure 18 for further

details.

Octupole resonances in 9OZr. See caption of Figure 18 for further

details.

Hexadecapole resonances in 902?. See caption of Figure 18 for

further details.

90

Distribution of the 25-p019 strength in “"Zr. See caption of

Figure 18 for further details.

208

Monopole resonances in Pb. Seven low-lying core excitations

(see Table 10) were taken into account in our calculations.

208

Quadrupole resonances in Pb. See caption of Figure 24.

208

Octupole resonances in Pb. See caption of Figure 24.

208

Hexadecapole resonances in Pb. See caption of Figure 24.

E5 resonances in 208Pb. See caption of Figure 24.

Magnetic dipole states in 208Pb calculated in the (1p-1h) RPA
and in the (2p-2h) RPA theories. In part b only the lowest 3~
core coupling was considered. In part ¢ seven low-lying core

excitations (see Table 10) were taken into account in our

calculations.
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In parts a and b the (1p-1h) RPA 11 states in 208Pb with effective
and bare M1 operator are respectively shown. Pictures ¢ and d
correspond to (2p-2h) RPA calculations with the bare M1 operator.
In part c only the Towest 3™ core-coupling is considered. In part d
the coupling of seven core excitations (see Table 10) is taken

into account. In all these calculations Iop * 1.30 and gpn = =0.15.

Two particle-two hole RPA calculations in 208Pb with different
small positive gpn. The bare magnetic operator and the parameter

gpp = 1.30 have been used. Here the coupling of seven core excitations

(see Table 10) has been taken into account.

One particle-one hole RPA and (2p-2h) RPA calculations of Ml states

in 902#. In all the calculations gpp = 1.30. In the 2p-2h calculations
the coupling of six low-lying core excitations (see Table 10) was

taken into account.

12

One particle-one hole and 2p-2h RPA calculations of Ml states in "°C,

The parameter gpp = 1.30. In the 2p-2h calculations the coupling of
the collective 27 (4.44 MeV) and 37 (9.61 MeV) core excitations has

been taken into account,

Two particle-two hole RPA calculations of Ml states in izﬂ, In

picture at the top the effective Ml operator and gpn = -0.15 are
used. In picture at the bottom the bare magnetic operator and

- = 1.30.
gpn = +0.10 have been used. In both cases gpp
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Magnetic quadrupole states in 208Pb calculated in the (1lp-1h) RPA
and in the (2p-2h) RPA. In the latter seven low-lying core excitations
(see Table 10) were taken into account. Effective magnetic operator

and the parameters gpp = 1.30 and gpn = -0.15 have been used.

Magnetic quadrupole resonances in 902r calculated in the (1lp-1h) RPA
and in the (2p-2h) RPA. In the latter the coupling of six low-lying
core excitations (see Table 10) was taken into account. The parameter

gpp = 1.30.

16

Magnetic quadrupole resonances in ~~0 calculated in the (1p-1h) RPA

-

and in the (2p-2h) RPA. The latter takes into account the (37,1,2)

core coupling. The parameter gpp = 1.30.

Two different (2p-2h) RPA calculations of the M2 states in 160. In

both g__ = 1.30. For the picture at the top the effective magnetic

PP

operator and gpn = -0.15 were used. In both calculations the

coupling of the (37, 17, 27) core excitations was taken into account.

12

Magnetic quadrupole resonances in ““C calculated in the (1p-1lh) RPA

and in the (2p-2h) RPA. In the latter the coupling of the low-lying

. - + . .
collective (3, 27) core excitations was taken into account. The

parameter gpp = 1.30.

Two different 2p-2h RPA calculations of M2 states in 12C. In both
- Lt
the (3, 27) core coupling was used, and the parameter 9Ip 1.30.

The picture at the top was calculated with the effective magnetic

operator and with gpn = =0,15,
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M3 resonances in 902r calculated in the (1lp-1h) RPA and in the
(2p-2h) RPA. In the latter the coupling of six low-lying core

excitations (see Table 10) was taken into account. Always gpp = 1.30.
The same as in caption of Figure 41 but for M4 resonances.

M3 resonances in 160 calculated in the (lp-1h) RPA and in the
(2p-2h) RPA. In the latter the (37, 17, 27) core coupling was

considered. Always 9pp = 1.30.

(2p-2h) M3 resonances in 169, The (37, 17, 27) core coupling was
taken into account in both (2p-2h) RPA calculations. Always

gpp = 1.30. In the picture at the top the effective M3 operator

and the parameter gpn = =0.15 were used.
The same as in caption of Figure 43 but for M4 resonances.
The same as in caption of Figure 44 but for M4 resonances.

M3 resonances in 126 calculated in the (1p-1h) RPA and in the
(2p-2h) RPA. In the latter the coupling of the low-lying collective

(2+, 37) core excitations was taken into account. Always Ipp = 1.30.

(2p-2h) M3 resonances in 126. The coupling of (2+, 37) core
excitations was considered. Always gpp = 1.30. In picture at the

top the effective M3 operator was taken into account and the

paramter 9pn = -0.15.

The same as in caption of Figure 47 but for M4 resonances.

The same as in caption of Figure 48 but for M4 resonances.
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