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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 fol10wing 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 10w-lying (libound ll
) 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 
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effective nucleon-nucleon interaction and the giant monopole IIbreathing" 

or compressional mode from which one can directly extract the nuclear com­

pressibility which is very difficult to obtain otherwise. 

In the present work all of these normal modes in the nuclei 12C, 160, 90Zr 

and 208pb are investigated with the use of the zero-range density-dependent 

Migdal force in framework of a ne\lJ method which we have called Core-Coupling 

Random-Pahse-Approximation (in short, Core-Coupling RPA). This method ;s 

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 

quasi rticle-quasihole excitations, i. e. in terms of conventional 1p-lh 

plus configurations. In order to properly situate our work in this 

dly changing field, a short experimental and theoretical outlook is 

in chapter II. The performance of the numer;cal calculations in 

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

In v (1 Ih + ) description of the giant electric and 

magnetic mul pole resonances is expli tly shown. In particular the loca-

tion s ng wi 

gnetic 

resonances, their detailed wavefunctions, 

tion 

we sum up the resul 

lities to the ground state, ... In 

our work. The principal conclusion is 

c theory which, to a very large extent, ve a 

is e wi the same density-dependent nucleon-nucleon inter-

ac on, 1) grass res the low-lying and the intermediate 

giant resonance energy on, e. g. the percentages of the EWSR limits 
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depleted by the different types of mul pole resonances in the closed-shel1 

nuclei, and (2) the detailed structure of the excited states existing in 

both regions. Chapter VII and VIII contain appendices and references, 

respectively. 
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11. MENTAL ANO CAL OUTLOOK 

11 this decade the only known GMR was the 
~~~~~~~~~~~~~ 

resonance (GOR; ,T = I) whose excitation energy ranges from 63 A-1/ 3 in 

light nuclei to 80 1/3 in medium and heavy nucl . This resonance was 

predicted theoretically by Migdal 1) and observed in photoabsorption cross-

on2-6) over the whole periodic table. It was found its width to vary 

between 3 and 6 MeV. Phenomenological descriptions of this resonance were 

given by Goldhaber & Tel1er25 ) and Steinwendel & Jensen26 ) as a collective 

oscillation of protons against neutrons. Microscopical1y Wilkinson7) proposed 

rst a description of the GDR in terms of the shell model; Brown & Bolster-

1i8) gave a qualitative description in terms of the schematic mode1 9 ) by 

intoducing a (residual) particle-hole interaction. A realistic description 

of the odd-parity states in closed-shel1 nuclei was given by Gil1et et al. 10} 

in the framework of the Random-Phase-Approximation. The decay width of the 

GDR has been calculatedll - 17 ) by several authors in the continuum shell mo­

del ) It has been shown that the 1p-1h formalism is unable to reproduce 

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

sugges by l1et et al,14) and by Wang & Shakin17 ) in considering the 

coupling Ip-lh states with 2p-2h or 3p-3h configurations, respectively. 

------------------~--~----~~------~ 
was predicted on quite gene-

it an exci 

could so 

exci on 

by Blatt & Weisskopfl8a )and Bohr & ~'10ttelson19,20) who placed 

on energy of 58A- MeV. From the experimental side, one 

the possible existence of giant resonances of multipolarity 

e I shows the results from inelastic proton and alpha 

), which excite isoscalar transitions in a very selective 

ei 40Ca and 208pb in which the states of the entire "bound" 

ion (i. e. excitation energies up to approximately the neutron 
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separation energy) are examined by means of their depletion of collective 

multipole sum rule strengths. From this table one natural1y infers that 

a great part of the EWSR limits of different multipoles is to be found at 

higher excitation energies. Because of approximate seleetion rules of multi­

pole operators between single-partiele harmonie oseillator states one could 

expect that his missing colleetive multipole strength is to be coneentrated 

in the giant resonance region, i. e. at exeitation energies of the order of 

10 MeV. 

Many inelastie eleetron27- 30 ) and proton measurements as wel1 as inelastic 

helium-3 31,32}, alpha35 ,36) and deuteron37 ) scattering and particle eapture 

reaction (x,y)38-43) have shown evidence of eleetric giant resonances other 

than EI. In partieular the existence of a new giant resonanee, whieh is pre­

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

exeitation energy of about ~63 A- 1/ 3 in nuelei with A > 40. Its width ranges24 ) 

from ~3 to 6 MeV and its exeitation strength exhausts44 ) a major part (> 50 %) 

of the isoscalar E2 EWSR. In lighter nuclei the E2 strength seems to be spread 

over a larger energy region (~10 MeV) what causes more difficulties for its 

identification35 ,45-55). 

The localization of the multipole eol1eetive strength other than EI and E2 at 

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

tic electron56 ,57,58) and deuteron59 ) scattering experiments seem to have 

found evidenee of an isoscalar monopole resonance at ~80 A- 1/ 3 in 40Ca , 90Zr 

and 208pb . At about the same energy, inelastie a-scattering measurements60 ) 

have shown the existence of a new isoscalar resonanee in addition to the wel1-

known GQR. The angular distribution of the new resonance is wel1 described by 

a L = 0 or L = 2 transfer although the L = 4 transfer is also not consistent. 

Indirect evidenee of isoscalar E4 and EO in the GQR region has been also given 

by comparing mieroscopie model ealculations61 ) with hadron seattering measure-
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is no c on a a e resonance, 

though in some ( , ') s in nucl from a T ::::: 0 re-

sonance been detected and seems to the i sosca lar 

ßJSR. nally, two-s ) have also been to make re-

sonance predi ions; are based on croscopic analyses of nucleon scat-

n9 to 10w-lying unnatural parity (e. g. levels) in which the 

ant resonances are eons; as doorway states. 

mental evidenee concerning 1s shown up at back-

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

is the case of 208pb where photoneutron polari ion techniques69- 73 } and 

measurements74 ) of directional correlations between particles inelastically 

scattered and ground state y-decay have shown evidence that most of the MI 

strength is located in two peaks between 7 and 8 MeV. The energy location of 

two peaks with respect to the neutron emission threshold (~7.38 MeV) is 

a ques on whieh is nowadays stirring much controversy. From the theoretical 

si ,Vergados75 ) predicted the existence of only one state which would ex­

hau almost all the MI strength. In 1973 Ring & Speth76 ) were able to pre­

di the existenee of two MI peaks at almost the experimental1y observed ex-

ci on es. 

work7
?) presents for the first time a theoretical qualitative 

ve anation for the observed fine structure of the 10w-lying 

s other hand, Speth et al. 78 ) have predicted the existenee of 

very collee ve states at higher excitation energies in 208pb but so far 

no has supported them. 

__ .......,:g"--.....t-________ ~_.:...l_.....:c ___ t....;.he.;..o:..:r_i.....:e;.:.s wh ich i n ves t i ga te 

e resonances in spherical nucl . To the 

rst coordi methods (GCM}79,1 ) the (adiabatie) 
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time-dependent Hartree-Fock80-82 ) and the cranking approaches to the collec­

tive motion80-81 ). They essentially impose the col1ective 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

approximation (RPA)76-77,83-99) and other shel1 model particle-hole calcula­

tions10H04). Final1y there exist the so-called "sum-rule theori es" 105-107 ,82) 

which are very useful to expose systematic qualitative features of col1ective 

excited states in an elegant and simple mathematical way and to establish 

relations between the first two groups of theories above mentioned. However 

they p'resent the fo 11 ow; ng defi ci ency: one has to suppose a resonance 1 i ne­

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 col1ective giant multipole resonances. They have two important 

merits: (1) the col1ectivity of excited states emerge from calculations and 

(2) the spreading of the col1ective 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 Gil1et et al. 10,14), many 

others76- 77 ,83-104,108) have fol10wed to cover other spherical nuclei. Most 

of the "bound" 1p-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. 

Among them, those performed in 208pb by Ring and Speth76 ,96) have revealed 



s ially succes in 1 on c (see 

so ions c resonances; 

use 

us ) i-

on probabili es low-l 1 ion. 

cu as well as in ld and Speth84 ,90) in 

a11 2 ~w above and 2 ~w 

were me dered. 

resonances) two types extensions of these Ip-lh 

cula ons were undertaken. rst the inclusion of the coupling of the 

cles of the continuum with a proper treatment this (i. e. no discre-

single-part; e continuum states) was performed by Krewald et 

,90) and by Bertsch a1. 92 ). Continuum Ip-lh RPA calculations with 

the a itional improvement of selfconsistency has been done by Krewald et 

1 ) and Liu and Gia;93). These calculation5 give the decay width of the 

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

was previously expected4,110) . 

It i5 

ca 

e. g. 

think that the main part of the experimental width of 

e resonances ;s due to the broadening (spreading width) 

ing of 1 1h excitations with more complex configurations, 

s get the spreading widths of GMR's i5 then neces-

on bound 1p-1h RPA ealeul ons to inelude 2p-2h con-

r aim was 

caleulations11 112) were performed in the 

description the low-lying of pos;-

. Most y and simultaneously with the present 

) more sophi cated shel1 model calculations 

done in and 160 by the an-

Tokio ) group with the purpose 

I s. 
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111. THEORY 

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

1h RPA theorylO,95) 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-cal1ed "backward-going" 

graphs. Different methods have been used to derive the RPA, namely the Green 

function formalism96 ,147), the time-dependent Hartree-Fock theory148) (TDHF 

theory), the equations-of-motion method 149 ) and the so-called quasi-boson 

approximation or method of linearized equations-of-motion8). 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 al. 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 at a2 acting on the exact or corre­

lated ground state C'physical vacuum ll
). Therefore the RPA method especially 

well describes those excited states with a strong transition probability to 

the ground state. In the usual 1p-1h RPA8), which is also called IIfirst RPA II , 

the operator which, when acting on the correlated ground state, describes 

an excited state of a nucleus is written down as follows 

+ where am creates a particle of angular momentum jm with projection mm' and 

(3.1) 

ai creates a hole of angular momentum ji and projection -mi' The absence of 

a particle of projection mi behaves like a particle with projection -mi' The 
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symbol j stands for a set of all the quantum numbers necessary in specifying 

the orbit, i. e. (n,l,j). The XIS and y's are amplitudes wh; 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-cal1ed 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 Ip-lh and 2p-2h exci-

tations, i. e. 

+ \' + + B + L n 1 B B, 
Cl ClA Cl/\ Cl /\ 

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 ca1-

cul ons149-151) are hardly realistic. 

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

(3.2) 

the original1y proposed by Sawicki et a1. 150) and used with slight 

modi ons by other authors I51 ,112). Although the structure of the final 

ar x is very similar. The purpose of the new formalism, which we 

cal1ed Core-Coupling Random-Phase-Approximation, is twofold. First we 

want to ve a s e physical picture as in the first RPA. On the 

hand we desire to reduce the dimensions of the second RPA secular 

x working directly with an expansion of the type (3.2) and a limited 

of exci 

supposes 

operator 

when 

when ac 

on operators a previous first RPA. To achieve this, one 

t the excited states of a nucleus are difined by the fol10wing 

Q+ = I, {xm1, Xm+ Xl' - Y • x: X } m, 1 m m1 
(3.3) 

on a correlated ground state I . The operators x+ and x. create, 
m 1 

on I , a "quasiparticl or IIquasihole" state in the Landau-
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Migdal sense, i. e. they are defined as 

x + = e a + + I e(m) B+ a + 
m m m av a v (3.4 ) 

av 

(3.5) 

where a~ and a; are the usual and previously defined creation and annihilation 

operators. The operator a; creates a particle state above the Fermi surface 

(v > F) and a creates a hole below the Fermi surface (~ < F). The operator 
~ . 

B+ is defined by (3.1). Following equation (3.4), a "quasiparticle" is a 
a 

IIdressed" shell model partic1e, i. e. a single partic1e of the shell model 

surrounded by a polarization cloud becuase it polarizes the core via its in­

teractions with the co re 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 shel1 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-1h and 2p-2h configurations in its wave-func-

tions. 

The structure of this chapter is as follows. In section 1 the Hamilton;an, 

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-Migdal 1,96). Section 3 is devoted to derive the equations of motion 

of the excitation operator Q+ defined by (3.3). Final1y in section 4 the 

formulae necessary in computing the electromagnetic transition porbabilities 

are found. 
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an 

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

H=H +V== I o 
+ + ~ \' V a+ a+ a a 

aa aß L l.. aßyo a ß 0 y 
aßyo 

where ) aß are the already defined creation and annihilation operators 

which obey the usual anticommutation rules 

+ + 
== aal + a I a == 0 I a a a a aa 

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

(3.6) 

(3.7) 

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

V. 

Moreover one should understand the antisymmetrized matrix ele-

ment of the residual interaction V as 

v == aßyo 

On the other hand we shal1 denote by IAn> the exact eigenstates of a nucleus 

with A nucleons and by E~ the corresponding energy eigenvalues, i. e. so that 

The 

notation 

H IAn> == EA IAn> n (3.8) 

lAn> are assumed to be normalized, i. e. <AnIAn'> == 0nn" In this 

ground state shal1 be syrnbolized by IAO>. The particle number A 

will always refer to a closed shel1 nucleus; nuclei with a particle more or 

less than a closed shel1 nucleus are referred to as A ± 1 nuclei. 
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111.2. Determinat on of the 

One of the fundaments of the Landau-Migdal ni Fermi systems 1 , ) (in 

short FFS theory) is the quasipa cle concept. In the or; nal formulation 

of this theory the coupling between the particle or hole with the coll ve 

excitations of the core is neglected. In this section the theory is ex-

tended to include the interaction between the simple quasiparticle tes 

and the core-excitations by the fol1owing method developed by Werner et 

al. 152 ,153). This extension of the theory has the additional interest of 

al10wing the calculation of the distribution of single-particle or single­

holestrengths, 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-1h or 2h-1p states. In this section as in 

the other ones we on1y refer to spherical nuclei around closed shel1s where 

pairing forces can be neglected. 

G(1,2) = + <AoIT{a(1)a+(2)} AO> 

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 

-------- + I 
a w- +;0 \l 

Parti cl e states Hole states 

(3.9) 

(3.10) 

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

nucleus respectively. The quantities Z(a) and (ll) are defined as follows 
\l 

( a) = I <A + 1a AO> 2 

(3.11) 

-lJ; 
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which are usual1y cal1ed single-particle strengths and single-hole strengths 

of the state v. Besides the poles of the single-particle propagator 10cate at 

the energies 

= EA-1 _ EA 
Jl 0 

where E~ 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 

(3.12) 

(3.13) 

where the G~2(w) represents the unperturbed single-particle propagator and 

~134(w) is the mass operator or proper self-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. Graphical1y this equation 

is shown in figure 1 in which the thick line represents the exact propagator 

G12 and the weak line the unperturbed one. 

o 154) In the usual cases, G12 , G12 and M34 are all diagonal in the matrix in-

dices and the Dyson equation can be written down as: 

GO is conveniently chosen to be the propagator of a single-parti e or single­
v 

hole in a shel1 model potential. The operator Mv ( ) contains on1y the effect 

of the residual interactions. One can then write this equation as fol1ows: 

-T-M(w)] G(w) = 1 (3.15) 

which is equivalent to the fol10wing non-1ocal Schrödinger equation 
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(3.16) 

where the single-particle wave function ~ (r) is determined by the requirement 
Ci 

E: (w) :::: W 
Ci 

mass operator can now be splitted into two parts 

(3.17) 

(3.18) 

where the first part is weakly energy dependent and corresponds to a non-local 

singl cle potential Vo' In actual calculations it is taken into account 

I 

a Woods-Saxon potential, the parameters of whichare determined by aleast 

t experimental energies of the single-particle states. The 

is strongly energy dependent and comes from the polarization of 

core eus due to the motion of the odd particle. Since M(c)(w) may also 

weakly energy dependent contributions which are already accounted for in 

care of double counting. It is avoided by changing 

potenti in such a way that the dominant pole of G(w) falls at the ex-

11y 

(3. in equation (3.15) one gets: 

- T - V - ~1( c) 
o G(w) :::: 1 (3.19) 

whose solut can in the form 

( ) :::: -- + R (w) 
v (3.20) 

where and are supposed to the energy and single-particle strength 

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

c) (w) 
:::: r (3.21) 



The rest R (w) contains all the other poles of 
\) 

). In the usual FFS theory 

on1y one dominant pole is taken into account; i strength and the rest 

R (w) are considered by a renormalization of the effective interaction. But 
\) 

here the poles other than the dominant one are obtained by solving the fol-

lowing non-linear eigenvalue problem 

I ) (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 shal1 use the core-excitation model, often used in shell model 

calculations155). In this model the states of a (A+1)-particle nucleus which 

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 col1ective 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 gure as 

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

excita on. 

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

type shown in g. 2a is as fol10ws: 
( 

M(c) (w) = r 
\)1\)2 l1m w -

(3.23) 
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where the sum runs over all low-lying col1ective states ~ of the core and 

all quasiparticle states m. Here Q~ and €m are the energy of the excited core 

state and the one-quasiparticle energy respectively. The explicit form of the 

vertex ;m which couples the quasiparticle Im> to the core excited configru­

ration u> 9 Im> can be written down in terms of the particle-hole (ph) 

interaction FPh and the ph-amplitudes X(~) of the co re vibration I~> as 

follows: 

(3.24) 

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

by Migdal et a1. 109 ) by a density dependent contact force with the usual 

n 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 nce the ph-amplitudes are obtained by solving the usual RPA 

equation wi same force. In other words, the vertex y contains no free 

parameters. Rigorously speaking one should use solutions of equation (3.22) 

in the eval on of y in order be selfconsistent but the use of shell 

model wave functions simpli es very much the whole procedure and is also 

wel1 j as is shown in ref. 160). 

Al we always to quasiparticle states, i. e. states of the A+l 

nucleus, 

i. e. 

whole treatment is completely analogous for the quasihole states, 

of the A-1 nucleus; in this case the graph corresponding to Fig. 

is shown in Fig. 2b. 

One should 

ple 1S 

size that with the ansatz (3.23) for M(c)(w}, the Pauli 

inly violated even in this lowest order of particle-core 

coupli . One reason is because the core excitation is usually calculated 
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independently of the quasiparticle, hence the excited particle 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) 

with different 5;gns156 ) and we have supposed that they cancel1ed one to an­

other; actual1y arguments have been already given157 ) 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 g. 5. 

In this figure the rectangle symbolizes "any ll 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 ~xcitation deexcites first we get 

the nested diagram of Fig. 6b. 

All 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 shal1 not be able to calculate detailed phenomena 

of the A±l nuclei such as for example the suptuplet structure observed in 

209B; which arises158 ) from the coupling (1h9/ 2 * 3-). 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 wel1 as 

the predominant structure of its corresponding wave functions. Attempts ) 

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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2 

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

- I 
;m,2 1 

_ € J G\I ( w) = 1 

m 11m w-

(3.25) 

(3.26) 

where the symbol ~ denotes the energy of the quasiparticle state for vanishing 

quasiparticle-phonon coupling, i. e. when M(c)(w) = O. 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: 

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 G (w). Their residua are 
\I 

to be obtained by equation (3.21) from the gradient of ~1(c)(w). Only one 

pole ;s obtained by neglecting the mass operator. But when M(c){w) + 0, the 

structure of G (w) presents further poles due to the supplementary poles 
\I 

(3.27) 

from the own structure of the mass operator, what means that higher configura­

tions have been included. If it results that G (w) has a pole with a single-
\I 

particle strength (residuum) near to 1 and the other poles have small residua, 

then we have the quasiparticle interpretation. 

In our ca se we have considered those configurations coming from the graphs 

of gure 2, what means 2p-lh and 2h-1p configurations. Fol10wing Ring and 

werner
153

), we solve eq. (3.26) by diagonalizing the matrix 
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1J1 ;m2 1J2;m2 lJr;ms 
y\) y\) y\) 

*lJ 1;m1 n y\) +E: 
lJ1 m1 

0 0 0 

*1J 2;m2 
0 0 0 

(3.28) 
y\) n +s 

lJ2 m2 

0 0 

l *lJ 'm r' s 
0 0 y\) n +s 

lJr ms 

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 I\» and the coupled 

states IlJ Q m>. To be more precise, the space considered in our calculations 

is that formed by Ip = quasiparticle> + 12p-1h> configurations if we study 

the states of the A+1 nucleus, Ih quasihole> + !2h-1p> configurations if 

we are considering the states of the A-l nucleus. One should not forget that 

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

The poles w of G (w) are then the eigenvalues of the matrix (3.28) which 
a. \) 

gives us the quasiparticle energies. The corresponding wavefunctions are 

easily obtained and turn out to be as follows: 

« •• , 

*1J 'm 1 r' s 

- € ms 
(3.29) 

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

and (3.25): 
. 2 

[ 
_ _ h~_,m_1 ~J-l 

= 1 + L 
lJm 

(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: 
a 

\tIere Z(a} = l<vl'Y >1 2 is given by (3.30) and Z(~m) is defined by: 
v a ~, 

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 

(3.31) 

(3.32) 

the mixed configurations I'Y >, which have of course the same quantum numbers v. 
a 

111.3. 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) I~ > of the nucleus 
o 

and the Hamiltonian Hone can obtain an excited state I'Y> of the nucleus of 

the energy E by: 

where the operator Q+ verifies the equation 

Choosing the ground state energy Eo = 0, i. e. H I~ > = E I~ > = 0, one 
000 

sees that I'Y> is an eigenstate of H of the energy E. Since Q I~ > results 
o 

(3.31) 

(3.32) 

also to be the eigenstate of H with the energy -E if we want I~ > to be the , 0 

ground state it must therefore be the vacuum for the Q-excitations, i. e. 

there must be no excitations created by Q+ present in the ground state. In 



- 21 -

other words it must satisfy 

Q I > = 0 (3.3: 

In these cases, to solve exactly equation (3.32) is completely equivalent to 

solving the Schrödinger equation H I~> = E l~> 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 prec;se 

specif;cation of the excited states of the nucleus to be described. Here we 

supposed that Q+ ;s defined by (3.3), i.e. it has the form 

(3.34) 

+ where xM and XI are operators which when operating on > create a quasi par-

ticle IM> and a quasihole 11> respectively. These concepts have been discussed 

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

(3.35) 

(3.36) 

where the operator S: is defined by (3.1) and a; and ai have been already 
+ defined in this chapter. More explicit expressions of XM and XI as well as of 

their Hermitian conjugates are written down in Appendix VII.A. The subindex 

M = (m,a) where m symbolizes the quantum numbers (nm' 1m, ) of a quasi­

particle (em > EF) and 2 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 

shal1 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 lI onlyll products of 

six als, 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 als. 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 he re we neglect all the normal 

products beyond those with four a-operators. 

Taking this into account and operating as Sawicki 150), the secular equation 

of our second RPA is now obtained as follows: 

with 

we have adopted the fol1owing convention 

<HMI'de1 N1 <HMj::1e1 NI> - <HM!de1 IN> 

(3.37) 

(3.38) 

(3.39) 

(3.40) 



<MN VlrH> = <MN V IH> - VHI> (3.41) 

Note that c~a)2 and C~d)2 are the single-particle strengths corresponding 

quasiparticles M and I. Explicitly these x elements have the fol1owing 

form: 

1) 

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

symbolical1y as follows: 

<HM NI> = 1 + T12 + T22 

(3.42) 

(3.43) 

where T11 , T12 and T22 are terms involving matrix elements of the interaction 

between 1p-lh states, between 1p-1h and 2p-2h states and between 2p-2h con­

figurations respectively. Their corresponding expressions are explicitly as 

follows: 

2.a) (3.44) 

where J is the total angular momentum of the excited state that we are 100king 

for. 

J
" -1 

i 

(3.45) 
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where 

(3.46) 

2.c) T22 = 

C(b)C(c) I c(ma) I t,;{Ct
h
) s(j ,J ,j )s(jh,jm,J) I C(id) I. n~Ct{ s(jn,jpJ) • 

n h Ct\J 2 m h m1 1 \J2 Ct m CtiJ CtiJl m 1 3 3 
Ct\J 2 1 1 1 3 3 

• <j j-h1(J)j (jm)j-h1;Jldeljm j"il(JCt)j~l(ji)jn;J> 
m1 1 Ct \J2 3 3 "'1 

(3.47) 

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

us "readll one state, for instance 

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

momenta j and j:l a particle and a hole state respectively are coupled m3 13 
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to the angular momentum J of a core excitation, which is i f coupled 
a 

with the angular momentum j-l of a hole state to form the value j .. This j. 
~l 1 1 

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

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 final1y 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 ca se the first RPA. One can note that if quasi­

particles and quasiholes are pure shell model particles and holes respectively, 

then 

M - (m,a) + m H (h,c) + h 

N (n,b) + n I (i,d) + i 

2 2 
Hence in particular C(a) = C{d) = 1 and the equations (3.37) - (3.39) are m 1 

those of the usual Ip-lh RPA8). 

111.4. 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 (A,~) 

is given l12 ) in terms of the matrix element of the multipole operator in the 

form: 
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2 
B(EA or MA;I i f} = ..,....,..--...,.-1 <I f IvKiP) I! I i I (3.50) 

with p specifying electric (p = 0) or magnetic (p = 1) operator. Here we restriet 

ourselves to consider transitions to and from the ground state. If we con­

sider transitions from the ground state 1$ > = 10> to an excited state IJ>~ 
o 

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

(3.51) 

The final state IJ> is a (lp-1h+2p-2h) state of the form (3.31) - (3.34), i. e. 

IJ> = JI {XM1 X~ xI - YMI xi XM} 10> (3.52) 

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

pointed out~ since e1ectromagnetic transitions involve one-body operators (we 

neglect here the two-body parts of the magnetic operator), i. e. 

(3.53) 

then only the Ip-lh components of (3.52) will contribute to (3.51). Therefore 

the value of the <JIIJc~p)IIO> matrix elementortransitions amplitude ;s given 

by: 

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: 

(3.54) 

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

respectively. CM and CI are the square roots of the single-particle strength 

and the ng1 e 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 (lp-lh) RPA. 

The electromagnetic multipole moments of a nucleus which we need here have 

the following forms (see e. g. Bohr & Mottelsonl12 ), p. 382-4): 

..,k(l) 
A 

(3.55) 

-+ -t- -+ where p(r) and J(r) are the nuclear and current densities. In the following, 

VA = VAo will be used. 

In the approximation which regards the nucleons of a nucleus as point particles 

having acharge 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 fol1owing simpler forms for the 

multipole moments of the nucleus: 

(3.56a) 

(3.56b) 

where the sums extend over all nucleons of the nucleus. Moreover the isospin 

projection operator "3 = -1 for protons and +1 for neutrons l12 ). The values 

of the constants 9 and ~ are 

9 = 1 

9 = 0 

and 

and 

~ = 11 = 2.793 p 

~ = ~n =-1.913 

The symbol mp denotes the proton mass, and 

magneton. 

for protons 

for neutrons 

= efi/2mpc is the nuclear 
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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 

for the existence of currents, usual1y called "exchange currents n163 ), of 

these particles flowing between nucleons. Since some of the bosons are 

charged, the exchange currents can interact with an external electromagnetic 

d. It is then clear that the densities p(~) and J(~) 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 used. For the magnetic transitions no theorem of the Siegert-

type can be applied; then one has to use an effective magnetic operator which 

for the mesonic exchange currents and the correlations in the nuclear 

wave-functions. Here we shal1 use the effective magnetic operator)4MA) sug-

gested by Bauer a1. 164 ) which has been proved by Speth et a1 ,96,164) to be 

very successful in predicting giant magnetic resonances and other electro­

magnetic properties in the lead region. 

Wi thi s 

change 

ga ted in 

ve .Al(MA) operator the relative importance of the mesonic ex­

and the nuclear correlations of the wave function ;s invest;-

ions V.5-V.7 studying the comparison of the experimentally observel 

energies and B(MA)t values of the giant magnetic 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 fol1ows. In the first section we give 

a specific formulation of the different steps of a Core-Coupling RPA calcu­

lation. One observes that for obtaining numerical resul in the procedure 

developed in Chapter 111, we have to make three choices, namely the single-
~ 

(r) and the re-particle energies E , the single-particle wave functions v 

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.I. 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 111.2. are as fol1ows: 

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 Ip-Ih RPA 

equations in order to describe the core excitations as superposition of 

Ip-Ih states. 
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3. Calculation of the particle-core coupling which is cally denoted 

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

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

1h+ (2h-1p) configurations Ij.J;m>. As shown in (3.24), to do that we only 

need the effective ph-interaction and the 1p-1h 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-shel1 nuclei 12C, 160, 40Ca , 90Zr and 208pb 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 col1ective (1p-1h) core exci­

tations j.J. In table 10 the j.J-states considered in our (1p-1h+2p2h) calcu­

lations in the different nuclei are shown. The convergence of the method 

;s careful1y 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. 

4. Splitting of quasiparticle states due to core polarization effects. For 

each quasiparticle of quantum number v, one has to diagonalize the matrix 

Ho + y in the space of the functions I v> and I j.J ;m>, i. e. in the space of 

11p> and j2p-1h> states if one deals with a quasiparticle or in the space 

of 11 and 2h-1p> states in the case of a quasihole. H is the shell-
o 

model-1ike Hamiltonian discussed in point 1. In this way one obtains the 

energies and wave functions ,as given by (3.31), of a quasiparticle 

as wel1 as the relative single-particle strength of its components. 

The si cle energies are taken in this stage in such a way that 

the 2p-1h (ar 2h-lp) state with the largest single-particle strength 

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 T11 , T12 and T22 . As already indicated 

by (3.44), (3.45) and (3.47) respectively, these matrix elements depend 

on the <lp-1hIV!lp-1h> and <ppIV!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 fol10wing two types: 

{ ja 
je :p } 

{ :a 
X 

:d } (4.1) 
Je ja Je a 

1st. type 2nd. type 

An estimation on the number of different 6J-symbols of these two types 

needed in our (lp-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 

Table 2 for 12C, 160, 40Ca , 90Zr and 208pb . In order to save computing 

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 

Ip-lh 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 XIS and Y·s) are obtained. The way to make this diagonalization 

is identical to that used in the usual (lp-lh) 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 100king at Table 3 in which 

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

7. Final1y the amplitudes XiS and Y's are used to evaluate electromagnetic 

transition rates B(EL) or B(ML) defined by (3.54), which are to be direct­

ly compared with the corresponding values experimentally observed for 

instance in photonucleon experiments, in (a, a'l scattering experiments, 

etc. 

IV.2. Sin91e-particle ener9ies and wave functions 

In our 1p-1h+2p-2h calculations we use a configuration space which includes 

all the single-particle states within two oscillator major shel1s 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 (A=O, 1, 2) strength and all the M1 strength will be in-

uded. For higher multipolarities some strength is missing especial1y 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 ~w. For low-lying nuclear properties one can approximately cor­

reet these negleeted 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 Schrödinger 

equation with areal Woods-Saxon we11 165) with parameters adjusted to repro­

duee correctly those single-particle energies which are known from experiment. 

In the fol1owing, this is explained in a more detailed way. 

The Woods-Saxon potential is defined165 ,166) by 
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1 d 1 -----=-- + V(r) = ---~ (r) -r 
l+exp --

where Vo' Ro and ao are the depth (Vo < 0) of the central potent; ,its 

radius (Ro = roA
l/3 ; ro is approximately constant over the whole periodic 

(4.2) 

system) and its diffusivity parameter. VLS ' RLS and are the corresponding 

values for the spin-orbit wel1. On the other hand (~/mc)2 = 2.0 is the 
-+ reduced Compton wave-length of the nucleon. The operator s =~ 

-+ ) and Q, 

are given in units of~. 

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

bution of the radius Re = rc Al/3 and is given by: 

Ze2 
- r if r ~ R c 

if 

(4.3) 

The eigenvalues and eigenfunctions of our single-particle potential are ob­

tained by expanding the Woods-Saxon wave functions in an oscil1ator basis 

containing up to 8 oscil1ator states for each set of angular momentum numbers 

Q" j. One can symbolical1y write 

M 
>WS = ar{Q"j) 

m= 

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

follows 

where the oscil1ator wave functions rnQ,(r) are defined by: 

r (r) = 
nt 

(4.4) 

(4.5) 

(4.6) 
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(4.7) 

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 method168 ) one gets not only the energies and wave functions for 

the bound (E < 0) single-partic1e states but also bound solutions e;, ql9"j(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 & Froebrich169) in which the exact scat­

tering wave ql~j(E,r) is first obtained by numerical integration of the 

Schrödinger equation and then is expanded in harmonie oscil1ator wave func­

tion with energy-dependent expansion coefficients. The discretization is 

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

E+Ö 

= f ql(e:,r)de: 
e:- Ö 

M 
= I 

m=1 
(4.8) 

As a last step one has to normalize the resulting continuum single-particle 

states and ortogonalize together with the bound wave functions. As single­

parti e energy one takes the resonance energy. 80th discretization procedures 

give almost same resul for the lowest continuum single-particle states. 

However both are not very much adequate when the partial wave ql9"j(c,r) does 

not show resonance structure, i. e. when its width is very broad such as for 

example the g9/2-wave or P3/2 and P1/2 waves in 160. 

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

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

of nucl we are interested in, i. e. 12C, 160, 40Ca , 90Zr , 208pb . 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 



partial waves. 

The difference of the particle energies and hole ies is ned ) 

by 

(4.9) 

where tum and are the single-particle and single-hole 

from the ground state of the given nucleus = is 

between the chemical potentials. For 208pb e. g. one obtains 

for neutrons. The single-particle energies used in our cal 

in Tables 5, 6 and 7. 

IV.3. Form and of the effective interaction 

es measured 

di 

= 4. ~1eV 

ons are shown 

In our calculations the Migdal 's ansatz 1) for the density-dependent ;ve 

interaction is used: 

(4. ) 

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

on the center of mass coordinate r in the fol10wing way 

(4.11) 

-+ p(r) being the density distribution of the nucleus, which is mated 

by a Fermi function, i. e. 

(4. 

where Rand aare approximately equal to the nuclear radius and s 

. ex in parameter respectlvely. Fand F denote parameter in-

side the nucleus respectively. With the assumption (4.11) one i 



between the interaction inside nucl eus and 

nucleus which may be different in principle. 

combination of parameters will be used. 

== f + f' 

; on 

convenience 1 

== 9 + gl 

(4.13) 

f == f == f - f' pn np == 9 == 9 - gl np 

It turns out76 ,83) that only the parameters fand f' are different inside and 

outsi the nucleus whereas 9 and gl 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 ble 7.1 of the review of the theory of 

fin; Fermi systems by Speth et a1. 96 ). 

The constant Co is usual1y taken as follows: 

(4.14) 

where 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 

ve rnass of the nucleons in the following way: 

'* 2m kF 16 
==~== 

1'1 TI 

(4.15) 

being Fermi constant. Because of the different single-particle poten-

als protons and neutrons, the density distributions (4.12) of protons 

and neutrons will have slightly different radi;. The parameters of the Migdal 

interaction have been very careful1y adjusted76 ,83,171) in the lead region to 

reproduce y el c properties such as excitation energies 

es, isotope shi and moments. Thus this force 

seems a calculation of electric and c excita .. 

ons in i or ant resonance region. parameters 
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fis and gis are given in Table 8. The diffuseness parameter has been taken171 ) 

to be the same for protons and neutrons. The interpolation radi; R ,R pp nn 
and Rpn vary with the nucl eus mass A; R :::: ~ (R + R ). Together with the pn ~ pp nn 
strength of the force Co (in units of fm3 MeV), they are shown in Table 9. 

The radi; Rand 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 

col1ective excitation, i. e. 3- in 208pb . 

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 (lp-1h)- and (2p-2h)-RPA calculations 

two oscil1ator shells above and below the Fermi surface have been used. 

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

In our (lp-lh)- and (2p-2h)-RPA calculations both the bare (Schmidt) magnetic 

operators defined by (3.56b) and the following effective magnetic operator 

have been used: 

where T 3 i s the z-component of the i sospi n vector (T 3 :::: -1 for protons). On 

the other hand the effective values 9 and ~ are defined by: 

'V 
gp :::: 1 - I;; 

'V 
9 :::: I;; 

n D 
Jt.n 

R- p 

where up and un are given in (3.57). 

In our calculations the fol1owing set of parameters for (4.16) - (4.17) is 

used in all the nuclei: 

(4.17) 



F;~ ::: -0.119 
p 

~t ::: -0.031 
n 
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F; ::: F; ::: 0.113 
sp sn 

-2 
It ::: 0.0723 fm 

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

~ ~~ 
~p ::: 2.26 ~o ::: 0.8092 ~p 

::: -0.031 ~ free 
~n ::: 1.38 ~o ::: 0.7213 ~n 

where is the nuclear magneton (~o ::: ~e/2mpc). 

( 4.18) 



V. RESULTS AND DISCUSSION 

V.l. Giant electric 

and section IV.l, once the si ng1 e- e 

IV.2) and the effective i on see 

been chosen the first thing to do in 

solve the 2p-lh or 2h-lp problem, i. e. 

the single-particle strength of the i 

according to expressions (3.31) or (3. )- (3. ). 

that the amount of 2p-lh admixtures increases 

a which are to be coupled wi 

dom v. Our calcula ons in 160 take i 

strongest col1ective low-lying (6. 

si e-

state and the (12. MeV) state. i us ion 

core excited states is studied 1 on. 

Due to the (3-, 1 , 2-)-core-coupling, 

of 17F created . (3.35), in 
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corresponding SPS and 1/2+ 

pieces have been pushed up 

parti cl e and 

-0.10 MeV wi 

gh 

are 

8. In this gure one nds that 
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The f5/ 2 single-particle strength is also fragmented several 

(see Fig. 8 and Table 12) ranging from 5.4- to .2 MeV with id 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 lar spli ng is 

shown in Tables 13 and 14 for the corresponding quasiparticle 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

surements178) (17F case) and in neutron cross sections179 ) (170 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 

3 MeV too high according to Fowler et a1. 179 ) 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-1h admixtures are those from 3- x Id5/ 2 and 3- x 1d3/ 2. 

b) Giant Quadrupole and Giant Hexadecapole Resonances. The distribution of 

quadrupole (E2) strength and of hexadecapole (E4) strength obtained in our 

(lp-lh) RPA and (2p-2h) Core-Coupling RPA calculations are shown in Figu­

re 9. In the upper part the (1p-1h) RPA calculations show a giant T = 0 

resonance at 23.1 MeV, whose main ph components are (f7/ 2 x P3;2) and 

(f5/ 2 x pi;2)' and a giant T = 1 E2 peak at 43.1 MeV in which (d5/ 2 x 1s1;2) 

is the main ph contribution. As we have already seen above, the (3-, 2-, 1-) 

core coupling causes a strong fragmentation of the single-particle states 

7/2- and 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 (1p-lh) 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 lSN(p, ) and the (e,e 1
) 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, 

owing to the initial P1/2 hole in lSN. Therefore what Hanna et ,40) ob-

. h -1 . serve ln t eir (p'Yo) experiments might be only the (fS/ 2 x P1/2) contrl-

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 l
) experiments is probably44) due to the 

difficulty in substracting the GQR from the GDR. Finally the difference 

between the two (a,a l ) measurements is coming from the fact that Knöpfle 

et a1. S0 ) assume the whole structure from lS- to -28 MeV as a single 

bump; the better resolution of Harakeh et al. 50 ) permits to distinguish 

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

EWSR limit (which is 2087.4 e2 fm4 MeV according to our calculations) to 

be exhausted. There is always some ambigu;ty in extracting the B(E2) va­

lues; 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 ( ,al) 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

cal1y 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;2 excitations, and the 

intermediate peak at 20.66 MeV has a main component of its core coupling 

RPA wave function the proton and neutron (3- x dS/ 2)7/2- x P);2 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 

strengths. 

them ra e 

The experimental1y observed levels at 6.92, 11. and .1 MeV, eh 

earry an appreeiable fraction (~20 ) of the sum rule , are not 

described in our calculation because they have important admixtures 

4p-4h excitations I91 ). These higher configurations are presumable also 

responsible for a larger fragmentation of the isoscalar resonanee in 

the interval between 16 and 28 MeV compared with the present resul . 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(E2) 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 

(lp-lh) E4 resonance at 25.5 MeV ;s very much fragmented, although keeping 

the main strength at 21.3 MeV. We find that ~30 of the isoscalar E4 EWSR 

(this limit is 0.55 * 106 e2 fm8 MeV as shown in Table 16). 

c) Giant The (1p-1h+2p-2h) monopole, dipole 

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

with given by the first (1p-1h) approach in Figures 10, 11 and 12 

res vely. In g. 10 one observes that the inclusion of the 2p-2h con-

fi tions produces a fragmentation of the giant isoscalar (1p-lh) EO 

resonance (also cal1ed breathing mode) at 27.3 MeV into three T = 0 states, 

ng main strength cal1y the same location which exhaust 

(T 0) sum rule (see Appendix VII.C and Table 16). Taking 

i main ph-components of this kare P3/2 - 1P3;2 
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and Pl/2-IPi}2' one expects that the inclusion of further 2h gura-

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 PI/2 are108) 

pure scattering wave, i.e. they have no resonance character. The other two 

T=O EO peaks are located at 24.8 MeV and 26.7 MeV, depl ng 7.4 and 10.2 

of the Lb (T = O) sum rule respectively. Some experimental evidence seems 

have been found in (a,a') experiment by Harakeh et a1. 49 ) for the existence 

of a 0+ state at 23.85 MeV which exhausts ~.8 of the sum rule. The giant 

T = 1 (Ip-lh) EO resonance at 43.9 MeV is almost unaffected by the inclusion 

of the 2p-2h configurations; it depletes 78 % of the Lb (T = I) 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 (lp-Ih) and (2p-2h) EI resonances are shown. We obtain three 

main (2p-2h) EI peaks at ~14 MeV, 21 MeV and 26.6 MeV which depl 2.9 

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

of the EI 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 al. 96 ). 

fact that the (lp-lh) GOR is not affected by the inclusion of 2p-2h configura­

tions seems to indicate that the experimental EI 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 the 

inclusion of (2p-2h) states is the shifting and fragmentation of T = 0 

(Ip-lh) E3 peak at 44.9 MeV and the T = 1 (Ip-lh) peak at .2 MeV peak. 

Part of the strength of the latter peak has been pushed up by MeV 
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and half of the strength of the former one has been pushed down at 35.5 MeV. 

The lowest (lp-1h) T = 0 E3 state at 6.29 MeV reduces slightly its B(E3) 

value and exhausts ~23 % of the 2~ (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. 

c) ~~~-=~-=-=~~_. 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 calcul ions since in our configuration space (2fiw above and below Fermi 

surface) all the possibili es to create such states are included; these 

values are as follows: 

T = 0 + T = 1 EO EWSR = 4995 e2 fm4 MeV 

T = 0 EO EWSR = 2398.5 e2 fm4 MeV 

T = 0 + T = 1 EWSR = 4501 e2 fm4 MeV 

T = 0 EWSR = 2087.4 e2 fm4 MeV 

We find that 4.1 of the isoscalar + isovector EWSR is exhausted in the 

20 MeV. and 4.7 % of the (T = O) is depleted between 22 and 26 MeV. 

Both facts strongly support some evidence of E3 strength detected by (a,a f
) 

ing measurements of Harakeh al. 49 ) in such regions. Furthermore we 

find that % of the I~ (T = 0) sum rule falls between 30 and 55 MeV. what 

would nicely agree with the recent semidirect reaction analysis of the Jülich­

Hamburg-Grenoble col1aboration64 ) but disagrees with the original predictions 

of . However the inclusion of the continuum would broaden the 

, especial1y high energies. 
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) 

core-s 

Final1y we should remark that for a consi 

cannot describe the 10w-lying positive 

states as said before are built up by hi np-nh (n 2) 

The convergence of our method~ i.e. the dependence the resul 

one 

ions. 

Core-Coupling RPA on the number of core states, is studied in 13b, 

c where we have considered much larger bases and the bu-

tion of the E2 strength. In part (a) the (2p-2h) states Fig. 9 are 

shown again. In part (b) the additional 3- core state 

cluded. In part (c) the basis was still more enlarged by 

two further core states, namely 1- at 12.44 MeV and at 12. 

was in-

. All 

of these states are known to be fairly wel1 described by the RPA. 

Looking at Fig. 13, one observes that the strength bution in 

isoscalar GQR region remains practical1y unchanged, i. e. 

three main peaks exhausting the same portion of the T = 0 s 

The on1y appreciable change is the fragmentation of the hi yi i so-

vector E2 peak at ~43 MeV into three pieces. The strength remains however 

in the same energy region. 

V.2. 

In this nucleus the two strongest core excited states are fir 

4.44 MeV and 3- at 9.64 MeV. The coupling core exci ons 

with single-particle states will produce the quasi cle (3. ) 

and the subsequent 2p-2h configurations included in (3. In 

fol10wing we show spreading width of the giant el c e re-

sonances in 12C caused by the influence of such 2p-2h s 

the results with reeently available ( , I) sea ng 
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The and E4 states in 12C obtained in our calculations are presented in 

gure 14 In the upper part the Ip-1h calculations show a strong isoscalar 

resonance 25 MeV and an isovector one at 31.4 MeV. 80th resonances 
. -1 -1 

have as main particle-hole components the palrs 2P1/2-1P1/2 and 1f7/ 2- 1P3/2' 

Owing the (2+, ) core coupling the unperturbed f7/ 2 state strongly 

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 2p-2h states will give rise to a large fragmentation of the (lp-1h) 

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

of percentages of sum rules in Table 20. 

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

one 15 MeV, are purely isoscalar and deplete 13 % of the T = 0 E2 EWSR 

t. We also observe two concentrations of E2 strength in the 30-to-40 MeV 

ion and in 45-to-55 MeV energy region exhausting 32 % and 25 % of 

(T = 0 + T :: 1) EWSR strength respectively. In the GQR region two 

main i ar narrow peaks at MeV and at 30.7 MeV jump out. Whereas 

one contains many h configurations none ofwhich is dominant, 

the k has a 1 component of the (f7/ 2-P3;2) configuration 

where quasi cle 2 state contains 35 % of the single-particle 

s Consequently the second peak at 30.7 MeV depends strongly on the 
11 11 (f7/ 2) which is not known experimental1y. 

resul are in agreement with the (a,a l
) scattering measurements at 

1 MeV of Knöpfle al. 46 ) which have found 12.9 % of T = 0 E2 EWSR be-

.3 MeV and 26.2 MeV; we find 13.2 % in such a region. The indirect 

f 12C( I) 11 -+ rom p,p, see ref. 52, and B(p,r), see ref. 

, da of the T 0 EWSR. Our calculations also disagree 
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with the percentage of 30 to 50 reported by (d,d'),see 

(a,a'), see ref. 53, measurements to be 1 i 

27 MeV. Rather our calculations confirm the 

spectra at 104 MeV 183 ) and at 96 MeV53 ) of a 

a region, of which only a fraction has a 

Table 20 and discussed below, that 

tribution of T = 0 E4 nature which might also 

(whose angular distribution has no character) 

ments at 172 MeV by the Jülich groupl ) 

in a 

seen 

an i 

k at 

found in ( , f 

According to the continuum shel1 model calculations Birkholz 

inclusion of the continuum in our approach would us to a 

agreement with Knöpfle et a1. 46 ), e. g. our would 

more spread so that a small fraction ( ) falls 15 

Concerning the E4 resonances, we observe that the inclusion of 

figurations produces a strong fragmentation of the two big ( 

states and a huge shifting of the (lp-lh) isovector 

up to the region around 50 MeV. The distribution of 

examined in terms of sum rules in the last column of Table 

k near 

I ) 

k in 

so in 

con-

.2 

) , the 

y 

con-

) T = 0 

i5 

d 

remark that the EWSR limits I~ and (T = 0) were uated (see 

dix VII.C) with the assumption of a uniform 

radius R = 1.2 A- 1/ 3. As shown in Appendix 1.0, 

s 

of the real (T = 0 + T = 1) E4 EWSR and T = 0 EWSR 

into account this fact we find of the isoscalar su~ rule in 

ta-30 MeV and between 30 and 35 MeV. On other hand we 

~11.5 of the isoscalar + isavectar sum rule 

MeV, and ~10 in the 45-to- MeV range. 
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b) Giant monopole and octupole resonances 

The EO states found in our calculations are shown in Fi and are 

analysed in terms of sum rules in the first column of Table . The in-

clusion the 2p-2h states fragments the ant isoscalar ( ) 

resonance (often called breathing mode) located at 27.6 MeV in two pieces 

so that ~2 % of the T = 0 EO EWSR limit (this value, 1556 e2 MeV, 

directly from the calculations) falls in the GQR region and 

that strength is depleted between 30 and 35 MeV. Experimentally there 

is so far no detection of the breathing mode in 12C. Recent GCM calcula­

tions80 ) with Skyrme forces locate the EO resonance at ~34.7 MeV although 

do not calculate the strength. 

distribution of E3 strength is shown in Figure 15 and is analysed in 

the rd column of Table 20 in terms of sum rules. We should say that the 

values and (1 = 0) are ~63 % of the total isoscalar + isovector E3 

EWSR of the isoscalar E3 EWSR strengths respectively. We find that the 

configurations push an important fraction of the (1p-1h) 1 = 0 

strength 10cated between 12 and 20 MeV up to higher energeis ;n the 30-to-

MeV on. However of the T = 0 E3 sum rule remains between 15 

A concentration of of isoscalar strength is found to 

Occur and 45 MeV. The latter corroborates indirect evidence 

found in anal of inelastic nucleon scattering52 ) to 10w-lying nuclear 

. In inelastic (p,p') and (a,a') measurements 184 ) E3 states at 18.35 

MeV, and 21. have been proposed. However only the second state 

which is of isovector character seems to be firmly established. 

nal1y in gure 17 the influence of the 2p-2h configurations on the 1p-lh 

is shown. gant (1p-lh) T = 1 EI resonance is splitted by 
shi n9 i to higher es. A on of iso-
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vector dipole strength is found between 25 and 40 MeV. In the 15-

MeV region three main T = 1 EI peaks show up at 17.5, 20.3 and .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 resonances I16 ,6) 

at ~23.5 MeV and 25.5 MeV. 

V.3. Giant electric resonances in 90Zr 

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

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

Fermi surface. The single-particle energies of 90Zr 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), 3- (2.749 MeV), 4- (2.736 MeV), 4+ 

(3.077 MeV), 5i (2.319 MeV) and 52 (3.975 MeV). In the fol1owing we show 

the fragmentation of the Ip-lh giant resonances induced by the 2p-2h confi­

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

3.34). 

a) Giant monopole and quadrupole resonances 

The EO states obtained in our (lp-lh) 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 we nd two 

giant (lp-lh) 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 g;ant Ip-lh T = 1 resonance is located at MeV. The (lp-lh) s 

at 28.5 MeV has a strong mixture of isoscalar and isovector 

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 

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. 

fi one is centered around 14.7 MeV with a width of 4 MeV :lr:d ex-

of the T = 0 EO EWSR strength (this sum rule was taken di­

from the calculations: it is 33185 e2 fm4 MeV). Secondly we find 

8.7 this sum rule to be depleted between 17.5 and 20 MeV. Finally 

in the 20- .5 MeV region 42.5 % of this isoscalar EO sum rule is ex-

hausted; this fraction of EO 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 between 25 and 30 MeV. (The strong peak at 28.2 MeV was con-

s T + 0 though it has a certain amount of isoscalar character.) 

an experimental point view two groups have proposed the existence 

a 1 amount of monopole strength at ~17 MeV, i. e. at the energy of 

(e,e' ) 

e resonance. Whereas Marty et a1. 120) observes 13 to 27 % 

e sum rule 

ments, 

exi 

(17.5 0.5) MeV from inelastic deuteron and 

Tohoku group28,56) suggests from inelastic 

an EO peak with a width of 4 MeV 

our T = 0 EWSR limit (the value they take 

MeV). This strength value depends very 

sensi y rst upon the GDR cross section is substracted (Tori­

dhaber and Teller model for the GDR transition 

A 

T 0 

than 

al . the 

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

mental uncertainty emanates from distinguishing between 

character. In our calculations half of the strength of the first 

a 

k falls in the same energy range, i. e. between 12.5 and 15 MeV, 

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 same 

place as 22,0 % of the T = 0 E2 EWSR strength is exhausted. It is 

natural to infer that the experimental monopole should regarded 

as tentative and they need of further corroboration. 

of the isovector strength is found to be exhausted by equal amount in 

25-to-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 i ng 

of the giant isoscalar (lp-1h) E2 resonance at 13.3 MeV and the (1 Ih) 

E2 state at 19.2 MeV. Contrary to this the giant (lp-lh) resonance at 

~26 MeV is practical1y unaffected. Two concentrations isoscalar 

strength are found. One has the centroid at 13.6 MeV with a width of .5 

MeV, exhausting ~47 % of the T = 0 E2 EWSR limit (the value of s 1 t 

is 36472.5 e2 fm4 MeV from the calculations). Also 22 s sum e 

strength appears to be located between 17.5 and 20 MeV. 

The first experimental location of E2 strength in 90Zr was done in i c 

(e,e') experiments by the Tohoku group28) at 14 MeV exhausti ( .3 11.6) 

of our T = 0 E2 EWSR strength (This group uses an isoscalar sum e 

to 24900 e2 fm4 MeV; respect to this limit, 14 MeV would 

56 ± 17 %). Later (a,a') scattering measurements done by Youngblood al. 

have located the isoscalar GQR at (14.5 0.2) MeV wi a width 4 MeV 

1 

) 

depleting (54 ± 15) of the isoscalar sum rule. new i c electron 
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scattering experiments of the same group at Tohoku University56) have shown 

the appearance of additional (EO or E~ 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 , 

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-to-20 MeV energy regions respectively. If 

the latter were the case these (e,e l
) 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. 56 ) has both 

EOand 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 90Zr comes 

from inelastic (e,e') scattering experiments doen by the Tohoku group56) 

who nds it at 26 MeV with a width of ~7 MeV exhausting 73 % of the iso-

vector sum rule strength. In our calculations ~26 % of that strength is 

eted between 17.5 and 22.5 MeV, and ~74 % is exhausted in the 22.5-to­

MeV energy region. 

sta obtained in our (lp-lh) RPA and Core-Coupling RPA calculations 

is shown in gure 20. The inclusion of the 2p-2h states produces a large 

fragmentation of the strongest Ip-lh EI resonance located at 12.66 MeV 

and a comparatively smal1 reduction of the strength of the (lp-lh) peak 

at MeV. One can say that the 2p-2h configurations move the (lp-lh) GOR 

up to the energy region ( 16.5 MeV) where it has been experimental1y ob­

served. 
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The distribution of EI strength is examined in the first column of 

in terms of the classical dipole sum rule 1 (T = 1) 

~ 329 e2 fm2 MeV and in terms of the (T = 0 + T = 1) 

= 14.8 • NZ 

e 
2 

fm MeV 

EWSR which emanate 

from the claculations and whose value is 377.4 e2 fm2 MeV. We obtain two 

main concentrations of EI strength: between 10 and MeV, and between 

and 20 MeV. In these energy regions 69.6 and 52.2 of the classi di-

ple sum rule are exhausted respectively. Besides we find 9.5 of that 

strength in the 5-to-l0 MeV energy range and around 3 between 20 and 

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 al. 185) whose percentages of the sum rules exhausted 

in the different energy subintervals are very similar to ours. 

Experimental1y it is wel1 known the energy of the GDR peak at ~16.7 MeV 

from photoneutron reactions l16 ) and from inelastic electron scattering ex­

periments56 ). 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 L~ (T = 1) in the following energy regions: (6-10 MeV), ( MeV), 

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

) 

use the value 264 e2 fm2 MeV as the EI 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 num-

bers from experiments, one observes that one also gets experimental1y two 

concentrations of EI 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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states calculated in the (lp-1h) RPA and the Core-Coupling RPA 

approaches are shown in Figure 21 and discussed in terms of sum rules in 

second column of Table 22. Let us first describe the gross features 

the octupole states in the whole spectrum, i. e. between 0 and 45 MeV, 

then we shal1 analyse in detail the low-lying energy region, i. e. between 

o 9 MeV, from which most recent data are available142 ). 

In the upper part of Figure 21, the (lp-lh) RPA results show above 5 MeV 

the existence of two narrow T = 0 E3 peaks at 6.1 MeV and 28.2 MeV re-

vely, and an isovector resonance peaked at 29.7 MeV. Besides there 

are al1y three concentrations of E3 strength of T = 0 and T = 1 

between 7 and 14 MeV, between 16 and 19 MeV and in the 32-to-37 

on. The inclusion of the 2p-2h configurations does not 

modi much this landscape; it produces the fragmentation into three 

were cal 

ground s 

are, see 

two narrow isoscalar peaks although their entroids remain 

On other hand the well-known and strong low-lying 

.75 MeV) only reduces slightly its strength. 

is analysed in terms of sum rules in Table 

once again that the sum rules L~ and I~ (T = 0) 

(see Appendix VII,C) with the assumption of a uniform 

ibution wi radius R = 1.2 A+1/ 3 fm. These sum rules 

ix VII.D, .7 of the total (T = 0 + T = 1) E3 and T = 0 

sum rules vely; these limits turn out to be 4.6 * 106 and 

2. * fm
4 

MeV aga;n res vely. These values exactly coincide 

wi mated by liu and Brown89 ) in using Hartree-Fock ground 

S see Table 3 of . 89. We find that 21 of the T = 0 strength 

1S exhausted ow 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 that isoscalar 1i t. At 

higher energies we find two concentrations of isoscalar 

25 and 30 MeV and between 30 and 35 MeV where and 

o E3 limit are depleted respectively. On the other hand we that 

T = 1 E3 strength is distributed in a very s lar way es 

strength. 

isoscalar 

To the best of our information the only published experimental resul 

concerning the distribution of E3 strength above 10 MeV 

gy are those of Torizuka et al. 56 ) in inelastic (e ') 

tion ener-

ng experi-

ments. These authors decompose the "background" in the electron 

into several multipole (L = 1, 2, 3, 4, 5, 6) components. 

point out that their results must be regarded as tentative 

one should 

con5i-

derable uncertainties in such analyses. They have found in the 10-to­

MeV and in the 15-to-20 MeV energy regions ~20 and 2 of our T 0 

EWSR strength respectively. 

Let us now discuss the low-lying E3 region, i. e. the on below 

10 MeV. Youngblood et al. 142 ) have observed what they call a Low-lying 

Energy Octupole Resonance (LEOR) centered around A = 7.2 

hausting ~19 % of the isoscalar E3 5um rule which they estima 

So ~ 1.75 * 106 e2 fm4 MeV (they assume a ground di 

the radius R ~ 1.123 A1/ 3 = 5.033 fm). In Table a 

experimental results56 ,142,186), the (1 Ih) RPA and the 

Coupling RPA calculations and two different Continuum ( 

tions is made. For the sake of clarity we have 

We first observe that the lowest 3- state reduces i 

of S to 17.8 E of S due to the i usion of 2p-2h o 0 

in is e 

ons. 

ex-

a-

sum 

.5 
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latter value is still far from 7.1 % which is observed by Youngblood et 

al. 142 ) but practically coincides with the value 17.0 % obtained from 

186) . V f· d electromagnetic measurements . Between th1S state and 9 Me we 1n 

threee isoscalar E3 states exhausting 6.4 % of So and two isovector sta­

tes at 8.08 MeV and 8.47 MeV. All 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 10cate practically at the same positions of the six 3- levels ob­

served by Youngblood et al. 142 ) in the region between 3 and 9 MeV. Our 

(1 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 So below 9 MeV. Indeed this group of Texas A & M University 

finds 23 of So without inclusion of what they called IIhigh energy tailll 

and of So if one includes this ambiguous term. In the same energy 

region we find 24.5 of So and 26 % of So if we would assume the T = 1 

of that region to have isoscalar character. However our calcu-

1 ons distribute the E3 strength below 9 MeV in a different manner as 

authors observe in their measurements: (1) they assign 7.1 % to the 

state whereas our calculations find 17.8 % in agreement with 

electromagnetic measurements 186 ). (2) They assign ~19 % to the LEOR where­

as our calcul ons locate .2 . (3) They locate the controid of LEOR 

A- = 7.14 MeV, whereas our calculations find it at 6.55 MeV ~ 

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

nly be very useful ta salve this disagreement. However the only two 

available continuum (lp-lh) RPA calculations108 ,87) are very much different 

in locating the E3 strength below 9 MeV as one can observe in the two last 

columns of Table 
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+ The 4 and resonances calculated in the (lp- ) RPA and in the 

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 I: (T = 0) sum rule 

strength or 21 % of the "real" T = 0 E4 EWSR (see Appendix VI.D; therein 

one can extract that the I:(T = 0) is ~65.8 % of the total T = 0 EWSR 

which turns out to be 1.17 * 108 e2 fm8 MeV). Besides two narrow Ih) 

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 = 0 character. The inclu­

s;on of 2p-2h configurations reduce the strength of the (lp-1h) giant E4 

resonance by fragmenting it into several pieces; now i 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- MeV 

energy region. Furthermore 4.2 % and ~6 % of such an isoscalar sum rule 

limit lie down between 15 and 20 MeV, and between 20 and 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 10wer amount the L = 3) is exhausted 

in the 10-to-15 MeV region, and especial1y between 12.5 MeV and MeV. 

The influence of the mixing of 2p-2h states on the (lp-lh) 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 (1 Ih) 

isovector resonance located at 21.1 MeV. According to the arguments given 

in Appendix VII.D, only ~57 % of the total T = 0 + T = 1 EWSR 

is exhausted in our E5 spectrum. As discussed previously, is is due 
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the fact that in our calculations those ph-contributions from states dis­

from the Fermi surface by more than 2fiw, are not taken into account; 

contributions are important in the description of resonances of 

mul polarity L ~ 3. 

The ies of the single-particle states 2fiw above and below the Fermi 

surface are shown in Table 7. The core excitations taken into ac count in 

our cal ations are written down in Table 10; they are practical1y all 

y ished low-lying states which are wel1 described by the 

( Ih) RPA approach. The coupling of these core excited states with the 

e- e causes a large amount of 2h-lp admixtures which, as seen 

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

ans. 

In 15 on we 1 show the influence of these 2p-2h states on the 

1 

a 

(1 1h) 

& 

u & 

revi 

) 

c resonances. The latter were first cal­

by Krewald & Speth84 ), Bertsch & 

1h) calculations done in 208pb have 

a1. 96 ); see this review for other 

calculated in the (lp-lh) RPA and in the Core­

RPA theories are shown in gures 24 and 25 respectively, and 

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

a giant (1 Ih) T = 0 EO peak at 15 MeV exhausting 

T = 0 EO EWSR (whose value ;5 86545 e2 fm4 MeF from the 

one 

.2 
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calculations) and two narrow isovector peaks .2 .8 

comparable strength. The inclusion of the 2p-2h confi ons 

fragments the T = 1 peak at 18.2 MeV although its centroid remains 

tically at the same place. The breathing mode at MeV i i 

veral pieces but ~55.4 % of the T = 0 EO strength remains in 

MeV region. We also find ~8 % of that isoscalar sum rule between 

12 MeV, and ~18. 7 % between 12 and 14 MeV. Above the "'"m,,,, " .. " 

thing mode we observe ~18 % of the isoscalar 1 i tin 

interval . Further details about the distribution of strength can 

seen in the first column of Table 24. In pa cular we nd .8 

T = 0 + T = 1 EO EWSR (whose value is 189130 

tions) to be exhausted in the 20-to-22 MeV energy interval. 

strength lies down in fact at the 21.76 MeV peak which is 

nature. 

Regarding the E2 states one can observe from gure and 

i 

y 

se-

a-

s 

column of Table 24 that the main features which the inclusion 
+ configurations produced in the landscape of (lp-2h) 2 resonances are as 

follows: 

1. The giant (lp-lh) T=O E2 resonance at 1.2 y 

giving rise to aredistribution of its strength 8 

We find 18.6 of the T = 0 EWSR (whose value is 

from the calculations) in the 8-to-10 , 56.5 

MeV and 31 % between 12 and 14 MeV. This s is more 

in detail in the paragraph V.4.C in wh; a son 

is also done. 

2. The giant isovector (lp-1h) E2 resonance .7 1S no 1 con-

centrated in a narrow peak but is di buted 
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In the 16-to-18 MeV region we find 23.8 % of the T = 0 + T = 1 EWSR 

(whose value 174280 e2 fm4 MeV is from the calculations) to be depleted. 

3. The low-lying E2 states are almost unaffected. We find that ~22 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 

fractions of the I~ (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 2+ 

spectrum. 

s subsection the E3, E4 and resonances obtained in the first RPA 

in the Core-Coupling RPA approaches will be presented. The octupole 

resonances are shown in Figure 26 and analysed in terms of sum rules ;n 

e From the gure we observe that the inclusion of 2p-2h excitations 

strength of all the (lp-lh) E3 peaks by giving rise to many 

S of smal1 8( ) value. The attention is drawn to the following point: 

tion undergone by four states localized between 20.1 and 20.6 

ve a xed isovector-plus-isoscalar character. Their strength 
is out to the 2p-2h coupling in a range of ~3 MeV although the 

id is located around 20.4 MeV. We find that 24.6 % of the T = 0 + 

T = 1 (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 MeV. In this interval we also find that ~25 % 

of the T 0 EWSR; the value of this sum rule, which is 0.62 * 107 e2 fm6 

MeV, s been mated according to Appendix VII.D. 

The 
obtained in our Ip-lh and 2p-2h calculations are shown in 
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Figure 27. Here one observes that all the (lp-lh) sta 

their strength with the inclusion of the interaction of excitations. 

The main feature of the 4+ spectrum is the large fragmentation undergone 

by the giant isoscalar (1p-1h) E4 resonance at 11.5 MeV. We find that where-

as in the (lp-lh) calculation ~27 % of the "exact" T = 0 E4 EWSR • 

109 e2 fm8 MeV; Appendix VII.D) is exhaused between 11 and MeV~ 

(lp-lh+2p-2h) calculation "only" ~16.8 remain in that interval. main 

part of the missing strength is pushed downwards: 3.5 and 4.2 locate 

in the 9-to-lO MeV and in the 8-to-9 MeV regions respec vely 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 T = 0 

E4 EWSR and in the 5-to-8 MeV region 1 % of that strength is eted. 

The (1p-lh) and (lp-lh+2p-2h) E5 states are shown in Figure 28. observe 

that especial1y all the states in the 10-to-20 MeV are very much gmented 

due to the inclusion of 2p-2h configurations. Many states of comparable B( 

value exist in that interval . A substantial part of strength has also 

been pushed up at energies above 20 MeV. 

c) Fine Structure in the GQR region 

Here the GQR region, i. e. between 8 and 15 MeV, is examined in 11 by 

evaluating the percentages of the isoscalar EWSR corresponding to t -

polarities EO, E2 and E4. The resul are shown in Table It 

that the mixing of the 2p-2h configurations is the main 

the fine structure recently observed in a variety of 

122-124,57). Indeed we find the follwing features: 

1. EO strength. 

,1 

About half of the isoscalar EO sum rule is depleted between 14 1 

with a centroid at 14.2 MeV. A fraction of .8 falls in 1 
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14 MeV region with a centroid at 13.3 ~1eV. Between 11 and we 

8.9 % of that isoscalar sum rule centered around 11.8 MeV. Overall s king, 

the inclusion of 2p-2h excitations reduces the portion of isoscalar 

EO sum rule to be exhausted in the GQR region from 91.9 to 78.1 

more the (lp-1h) T = 0 EO centroid is pushed down from .4 MeV ( 

-1/3 . -1/3 A ) to 13.7 MeV, 1. e. ~81 A MeV. 

2. strength. 

Further-

.3 

Here the fragmentation undergone by the giant (lp-1h) T = 0 E2 resonance 

is early 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 

9. , 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 = 0 EWSR lies down between 

11 and 12 MeV with the centroid at 11.4 MeV (~ 67.6 A- 1/ 3); the strongest 

peak 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. 

nallya third important fraction (29.7 ) of the sum rule is found to 

11 down between 12 and 13 MeV with the centroid at 12.14 MeV (~ 72 A- 1/ 3). 

In this interval the strongest peak is at 12.44 MeV ( 73.7 A- 1/ 3) and ex-

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

is interval , namely at 12.09, 12.11 and 12.50 MeV depleting 3.1, 2.5 

a 7.3 the T = 0 E2 EWSR limit. 

1 s king the inclusion of 2p-2h excitations rst reduces the por-

on 

and 15 

down 

isoscalar quadrupole sum rule to be exhausted between 8 MeV 

1 .4 to 

11. 3 MeV {~ 67 

.5 . On the other hand the centroid comes 

1/3) to 10.2 MeV ( 60.4 A -1/3). 



- 63 -

3. E4 strength. 

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

istence of a broad isoscalar GQR at ~63 A- 1/ 3 MeV in both electron and 

hadron scattering (see typical spectra in Bertrand44 ) and Youngblood et 

al:5)) 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 EO nature was ob­

served at ~8.9 MeV by (e,e l
) reaction experiments29 ). However very recently 

it has been proved in inelastic proton scattering123 ) the existence of a 

resonance at ~56 A- 1/ 3 MeV (~ 9.4 MeV) whose angular distribution is wel1 

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 (lp-1h+2p-2h) 

calculations. 

From inelastic electron57 ) and deuteron120) scattering experiments it 

been suggested the existence of an isoscalar monopole resonance at ~13.5 

M V 
. .' t 60) h b e . More recently inelastlc 120 MeV a-scatterlng experlmen s ave 0 -

served an isoscalar resonance at ~13.9 MeV with a width of .5 MeV; the 

angular distribution of this resonance seem to be wel1 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 



- 64 -

EO, E2 or E4 sum rules respectively. 

nal1y there is some evidence for an L = 4 resonance in ion 

.. . d 161 ) which has been provided by comparlng mlcroscoplc-mo e ans 

with measurements in 208pb . In such calcul ans the (lp-) wave 

functians of Ring & Speth76 ) were used. 

V.5. Magnetic dipole states in clased-shel1 nuclei 

In recent years evidence (see Pagg67 » has been found for the existence 

of Giant Magnetic Dipole Resonances throughout the nuclei comparable in 

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

for a few light doubly closed-shel1 nuclei such as 4He , 160 and 40Ca (only 

a few, very weak MI bevels are presented here). Since the operator for MI 

transitions i5 mostly isovector and mostly a spin operator, MI states en­

joy a relatively unique position for probing the spin and isospin charac­

teristics of the nucleus. Purthermore from a comparison of the calculated 

and experimental1y observed distributions of the MI strength one can get 

accurate information (see Speth I40 )) about the spin-dependent part of the 

residual interaction, i. e. about the parameters 9 and 9 of eq. (4.10) 
o 0 

and (4.13). 

origin of the giant MI resonances lies in the spin-flip configurations 

-1 
!L 

> J 1+ (5.1) 

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

j< = ~ -1/2 and j = + 1/2. Por the and sd-shell nucl ,(5.1) 
involves confi gurations 

and 
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respectively. In 90Zr in which the 2p-lf shell d h an t e 199/2 neutron are 

fil1ed, the ground state MI transition strength will reside exclusively 

in the neutron axcitation 

[
-1 ](n) 

g9/2 g7/2 1+ 

In 208pb the MI strength will be concentrated in states built upon the 

excitations 

and 

Oue to the presence of the residual two-body interaction, these two con­

figurations in 208pb will mix. Vergados75 ) and Ring & Speth76 ) have shown 

in (lp-lh) calculations that most of the MI 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 MI strength as pointed 

out by Lee & Pittel I44 ). We have done a careful investigation about the 

fragmentation due to the mixing öf 2p-2h confi~urations of the (lp-lh) ~1 

strength in 208pb (subsection V.5.a), in 90Zr (subsection V.5.b) and in 

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

a) MI 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. 

(5.2) 

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

9 = 0.575 and gl = 0.725 o 0 
(5.3) 

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

(4.13 ) will have the values 
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gPP = go + g~ = 1.30 (5.4) 

gpn = go - g~ = -0.15 

Using these values for the p-h interaction and the expressions (4.16-4.19) 

the ve magnetic operator, Ring and Speth76 ) in (lp-lh) RPA 

cul ons predicted two states of comparable strength and separated 

by 0.8 MeV. Similar calculations done by Vergades75 ) (using Kuo-Brown 

x elements) found only one T = 1 MI resonance at 7.5 MeV which takes 

k MI strength and one isoscalar MI resonance at 5.5 MeV. This 

uses a particle-hole interaction such that the spin-isospin exchange 

(g~) is much larger than the purely spin exchange contribution (go)' 

and takes into account the bare magnetic operator. The comparison between 

results both (lp-lh) calculations and experiment70 ,74) (although 

ts of s are still very unclear) is done in Table 27. Therein 

one can that the present available experiment seems to favour 

equal values for 9
0 

and g~, i. e. a small difference for 

( Ih) of the two states is of the form: 

on 9Pn of the energies, B(Ml) values and wave functions of 

two (1 Ih) s is given188 ) in Table 28. If I h 90 > 9
0

, t e upper MI 

te s a stronger transi on probability than the lower one since in 

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

rently. If g~ go the tuation is inversed. 

Dur purpose 15 to investigate how the distribution of the (lp-lh) MI 

strength of Ring and Speth76
) (heretoforth to be referred as RS) is affected 
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with the inclusion of the (2p-2h) configurations. Fi 

effective magnetic operator of these authors (see 

we shal1 use 

on IV.4). 

sults are shown in Figure 29. Part ~ contains the (lp-Ih) states 

re-

RS. Part b shows the splitting of these states due to the ( ) confi-

guration which comes from the lowest 3- core coupling. In part c a 

larger amount of 2p-2h states coming from the coupling of the fragmented 

single-hole states, due to seven low-lying core excitations (see 

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

e ), 

From 'figure 29a and b one sees that the strength of the upper (lp-lh) MI 

level at 8.31 MeV is reduced by half giving rise to two 

1+ levels about 1 MeV and 1.8 MeV higher in energy. With 

tional strong 

i usion 

many more 2p-2h states, this structure changes qualitatively: the two new 

MI levels redistribute their strength among many levels in 

region. The explicit energies and transition probabili es 

11 

MI resonances are given in the first column of Table 29. In this table 

the variation of the (2p-2h) MI levels with the renormali on 

~ :::: ~ of the effective magnetic operator (see section IV.4) is 
sp sn 

also shown. 

From figure 29a and c one observes that the sum of the MI strength ( .7 

of the two (Ip-Ih) levels has been redistributed due to the i usion 

2p-2h states, the main features being as follows: (1) 

state reduces its strength by half and i energy is 1 

(2) the energy difference between the two largest 

and (3) about 50 of the (lp-1h) MI strength is distributed 

states of small, comparable strength in the 11 MeV on. 

Let us now perform the same (2p-2h) RPA calcul ons 

magnetic operator, i. e. with the operator (4.16 )-(4. ) in :::: 
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= ~ = ~ = O. The obtained resul are shown in 
sp sn . ' . 

sake of comparison we have also lncluded 1n th1S 

calculations of RS with effective MI operator (part a) and 

operator (part b). In part c only the lowest 3- eore eoupli 

into account, whereas in part d the whole amount of 2p­

coming from the coupling of the seven low-lying eore exei 

15 

ons 

the 

) RPA 

re Ml 

ons 

Table 

10 has been considered. Sinee now we are using the bare MI operator, 

two (lp-lh) 1+ states have stronger B(Ml) values: both sum 33 . Roughly 

speaking the inclusion of 2p-2h eonfigurations produces the fragmentation 

of this strength in the same way as previously discussed in the caleula­

tions with an effective MI operator. However there are some differences: 

(1) the upper strong (lp-lh) MI level at 8.31 MeV strongly reduces its 

strength, half of whieh is exhausted by two narrow and very elose 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 (Ip-lh) MI strength lies down in 

the 8-to-ll MeV interval. 

From figure 30a and 30d, one observes that, if we add up the two states 

near 8 MeV, the distribution of MI strength obtained in the (lp-Ih) RPA 

calculations by Ring & Speth in using an effective MI operator is very si-

lar that obtained he re in our (2p-2h) RPA calculations wi the bare 

MI operator. This might perhaps be an indication that the main eontribu­

ons to the effective operator are of 2p-2h character. However one should 

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

ment of transi on probability. 

In to the stability of the splitting just below 8 MeV, we have 
performed ca 1 ons wi different values of 9pp and 9

pn 
Fi we 

mai = 1. and given to the 

i fo 11 owi sma 11 i ve values: 
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+0.02, +0. 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 100king at the wave functions of the two spli 

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

t ( . -1 ron state 1 11/ 2 - ;13/2)' whereas the dominant structure of the 7.93 

MV' - -1 1 e state 1S of the form (51 Q 1i3s1/ 2)U/2- Q 1Tlh9/ 2 plus a 1Tlh9/ 2 x 1i1hl112 
admixture 0.2 in amplitude. A finite proton-neutron interaction gives 

rise to a mixture of the two states. The Ip-lh MI components of the two 

states add coherently in the upper state i f 9pn < 0 (90 < g~) and destructi­

vely if 9pn > 0 (9
0 

> g~). For smal1 positive gpn they nearly cancel each 

other. The structure of the 7.10 MeV level is predominantly 1ilh9/ 2 Q 

-1 rrlh 11/
2 

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

with smal1 Ip-lh admixtures. The higher states in Figures 30 and 31 are 

due to lOw excitations; the col1ectivity of these MI levels has been re­

cently studied by Speth et al. 78 ). 

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 MI 

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-ll MeV 

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

seem to favour a small positive 9 value (gI< 9 ). However one should pn 0 0 

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

we are usin9 in our calculations a zero-range force. The nite-range cha­

racter of the residual interaction (which is mainly due to one-1i exchange) 
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reduces189 ) the g~ parameters hence it might bring 9pn the sign. 

Secondly let us now keep fixed g = -0.15 and vary the pn 
From second and third column of Table 31 one observes changing gPP 

from 1.30 to 1.10, the splitting of the (2p-2h) MI state 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 MI operator has been used. 

The present experimental results were included for comparison. 

Here we present the MI states found in the (2p-2h) RPA calculations. We 

shall use the value 9 = +0.10 as one could infer from the comparison be­pn 

tween experimental and theoretical results in the previous section. All the 

hole states 2nw below the Fermi surface are in a first step splitted due 

the coupling of six low-lying core excitations (see Table 10). The 

(lp-1h) RPA and (2p-2h) RPA results are shown in Figure 31 and Table 33. 
+ We observe on1y one (lp-1h) 1 level at ~9.8 MeV with B(M1)+ value of 5.44 

2 
~o (if we use the effective magnetic operator, see section IV.4) or 11.11 

if we use the bare magnetic operator. Its structure is exclusively 

lt up by the particle-hole (99)2 - 97/2) excitation. 

Oue to the coupling of core excitations the single-hole state 99/2 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 -14. MeV (with 3.17 of the single-hole strength), at -19.81 

MeV (2.94 Many other fragmented g9/2 pieces (those beyond 20 MeV are 

not written down) with very smal1 strengths also appear. 

As a consequence of the splitting this hole state one also ex frag-
mentation the (I 1h) MI due to inclusion of the (2p-2h) 
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configurations. The bare MI operator has been used. This ;s seen in the 

lower part of Figure 32 where we mainly notice four narrow peaks of re­

latively important B{Ml) 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 (lp-lh) 

MI strength (~11.1 ~~) is now distributed between 9 and 16 MeV. Although 

its centroid is 10.4 MeV, the strongest MI level ;s at 9.47 MeV (~42.4 

A- 1/ 3), i. e. 330 keV below its initial (lp-lh) position. It is also inter­

esting to remark from Tables 32 and 33 that the reduction of the strength 

undergone by the (lp-lh) MI resonance and the structure of the two other 

strongest MI states at 10.5 and 11.1 MeV are mainly due to the fol1owing 

admixtures 

and 

From an experimental point of view the situation of the MI strength is un­

clear. There are indications (see Fagg67 » of a certain amount of MI strength 

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

inelastic electron scattering of Torizuka68 ) have also shown the existence 

of a large bump at ~9 MeV in which several isovector magnetic multipole 

resonances are superposed. 

c) MI resonances in 12C 

In Figure 33 the (lp-lh) and (2p-2h) RPA calculations of MI states in I2C 

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

used. As suggested by the study of MI states in 208pb , we have used the 

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

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

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

bare MI operator, what has already been seen in lead and zirconium. (2) 
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the (2p-2h) states pushes down the strongest MI level to the experimental1y 

observed energy (~15.1 MeV) and fragments it by creating a narrow state at 

.7 MeV and 10cating a portion of its strength in the 45-to-55 MeV region; 

no experimental information about magnetic resonances above 16 MeV 1S ap­

parently available. Below 16 MeV the calculations are in qualitative agree­

with experiment67 ) in which two MI peaks are known. They are located 

at 2 2 .7 MeV and 15.1 MeV with B(M1) values of 0.0444 ~o and 2.79 ~o respec-

vely. 

In gure 34 both 2p-2h RPA calculations with gpn = -0.15 and effective MI 

operator (picture upstairs),and with gpn = +0.10 and bare MI ooperator 

(picture downstairs) are compared. The overall structure of MI strength is 

same in both pictures, the only difference being the smal1er amount of 

strength upstairs due to the distinct magnetic operator. As a conclusion 

we would say that the coupling of 10w-lying core excitations other than 2+ 

(4. MeV) and (9.61 MeV) might have to be included in order to get a 

oser son with experiment. 

of giant M2 resonances is experimental1y not well established. 

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

nance .5 MeV in 208pb . is has been corroborated to a large extent 

Lindgre al 146) . 18 0 . . 
n . uSlng 0 lnelastlc electron scattering. Other in-

ions giant M2 states have been given by Torizuka68 ) in 90Zr . In 

~ we observe the influence of 2p-2h configurations on the (lp-lh) 
) 
. Furthermore we present here (lp-lh) and (2p-2h) RPA 

ons sta in 90Zr (paragraph b), in 160 (paragraph c) and 

M2 resul 

in (paragra d). 
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a) Giant M2 resonances in 208pb 

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

resonances of Ring & Speth76 ) is shown. We observe that the M2 resonance 

at 7.2 MeV reduces its strength (B(M2) ~ 38 BW(M2); 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(M2). The influence of the 2p-2h configurations on the whole ( lh) 

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 9 = +0.10 and the bare magnetic operator, the pn 
qualitative distributionofthe (2p-2h) M2 strength does not change. Then 

three main peaks appear. The strongest one is at 7.5 MeV wi B(M2} = 30 

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

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

b} Giant M2 resonances in 90Zr 

In figure 36 the M2 resonances obtained in the (lp-lh) 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(M2). Essential1y 

concentrations of the strength are shown: between 8 and 11 MeV, between 

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

c) Giant M2 resonances in light nuclei 

Let us first discuss the M2 states in 160. The (lp-lh) RPA (2p-2h) 

results are shown in figures 37 and 38. A quali ve change in dis 
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bution of the (lp-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 12C in the (lp-1h) RPA and (2p-2h) RPA approaches 

are shown in figures 39 and 40. Again the qualitative distribution of M2 

is changed. Around half of the strength is pushed up to higher 

es (mainly between 35 and 55 MeV) due to the inclusion of 2p-2h con­

ons. In figure 40 the comparison between two different 2p-2h calcu-

1 ons 1S made; in the picture at the top the effective M2 operator and 

gpn = -0. have been used. In both calculations three main peaks appear 

two 

is loca 

4. 

s 

B( 

13 and 18 MeV. 

are cal a 

M3 and M4 resonances shal1 be discussed. These states 

in the ( 1h) RPA and (2p-2h) RPA approaches and 

s 

at 

41 respectively. Using the bare magnetic operator 

9pn = 0.10, the (2p-2h) calculations show that the bulk 

lies down in the 15-to-30 MeV interval. Below 15 MeV 

with a iable transition probability are found: one 

MeV and 13.6 MeV with B(M3) values of 6.57 B
W

(M3) and 

(see Table 15 for the Weisskopf units). 

) M4 calculations bottom of figure 42 shows that the M4 

is distributed almost uniformly in the whole spectrum except a 

on in MeV region. Below 15 MeV we find a 

* fm
6

, which is distributed as follows: 20.2 
) is 

by two narrow peaks below 5 MeV, 54.7 B
W

{M4) lies 
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down between 5 and 10 MeV, and the rest, i. e. 73.7 BW(M4), 1s 

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

In Figures 43 and 44 the M3 resonances in 160 calculated in the (1 ) 

RPA and (2p-2h) RPA theories are shown. In the former approach 

strength is located in the 30-to-45 MeV region. With the i usion 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 sl,ghtly above 15 MeV of excitation energy. The M4 resonances in 160 

of the (lp-lh) and (2p-2h) calculations are shown in Figures 45 and 46. 

The (lp-lh) M4 strength is concentrated in two energy regions, 

between 20 and 25 MeV and between 40 and 60 MeV. Therefore 

an empty gap of ~20 MeV. This gap is to a large extent fil1 

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

lations are shown; in the picture upstairs the effective magnetic 

(see section IV.4) and the parameter gpn = -0. have been 

picture downstairs the bare M4 operator and 9pn = +0.10 were 

account. The qualitative structure in both pictures is the same 

. In 

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

magnetic operatur. 

The M3 states in 12C are shown in Figures 47 and 48. Here 1 

up to higher energies (also observed in 160) undergone by { 

magnetic octupole resonances due to the inclusion ( 

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

tic operator and 9 = -0.15 (top of figure 48) and 
pn 

and gpn = +0.10 (bottom of figure 48), we nd 

~30 MeV and at ~50 MeV. In between these two energies we ma 

M3 states of comparable, smal1 transition probability. 

th 

calcu-

into 
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in are presented in Figures 49 and 50. Here the gap (~30 MeV) existing 

between the two 10cations of (lp-1h) M4 strength is bigger and sharper 

than in 160. As in this case the (2p-2h) configurations produce a frag-

tion of the two narrow (lp-1h) resonances by filling that gap and 

1 ng a large portion of strength at higher energies, mainly between 

65 and MeV. 

Important experimental evidence on the higher giant magnetic multipoles 

is ng obtained by radiative pion capture190) and inelastic electron 

ng at backward ang1es68 ), However the evidence on M2 resonances 

1S not extensive enough throughout the periodic table to provide for a 

c ption of its location and strength. The evidence on 

c mul poles is even less developed. 
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. SUMMARY AND CONCLUSION 

Here we have developed the Core-Coupling Random-Phase-Approxima on. In is 

theory one solves the secular eigenvalue problem obtained 

tem of linearized equations of motion for the Ip-lh operators 

tors. The spectra of the closed-shel1 nuclei 1 ,160, are inves -

gated in the framework of the new theory by using the dens; , zero-

range Migdal interaction. The low-lying col1ective s and gi reso-

nances are microscopical1y described in a simple and pictorial way, y 

by means of quasiparticle-quasihole excitations (e. g. in con-

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

Although the single-particle configuration space of our calcula ons ins 

two major oscil1ator shel1s above and below the Fermi , our 

able to deal almost equal1y easily with light, medium and heavy nuclei. 

Main points of our work are as fol1ows: 

i) The broadening of the Giant Quadrupole Resonance in 

probably in all the light nuclei (A S 30), is due 

the f
7

/ 2 resonance since the narrow part of the GQR 1S mai 

the f 7/ 2 x P3;2 configuration. The other possible 

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

fS/ 2' P3/2 and Pl/2 single-particle resonances are 

In heavier nuclei (A > 30) this situation 

than the f
7
/ 2 show also a narrow width. In 

normal situation of a coherent superposition of 

ii) A natural explanation of the different 

tained with (p,yo)' (3He ,3He ,) and 

first experiment the (narrow) f7/ 2 x 

case one 

1 

is 

exci 

f 
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via the Pl/2 hole. On the other hand, in the (3He,3He') and (a,a
l

) ex­

periments also the (narrow) f1/ 2 x P3;Z component is excited. 

11i) 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 

E4 sum rule strength is here found to be concentrated in the same 

region as the GQR. In 208pb several narrow peaks of EO, E2 and E4 multi­

polari es 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 

inelastic hadron scattering experiments and in comparing the sum 

rule on of the GQR obtained by different experimental methods. 

iv) fragmentation of the Ml resoannces due to the admixtures of (2p-2h) 

v) 

gurations have been calculated. The qualitative structure of the 

cal ation Ring & Speth16 ) remains but about 30 % of the MI 

is shifted to higher energies and is distributed over many le-

s between 8 and 11 MeV. In addition we have shown that the MI strength 

di bution of the main peaks depends very sensitivelyon the spin-de-

proton-neutron interaction. The comparison of our results with 

experimental data seems to favor a small positive gpn value 

). To this int we should point out that a zero-range force 

in our calculations. One can not exclude a slight influ­

) of the ni range character of nuclear forces on the parameter 

ons splitting of the low-lying giant MI resonance in 

about the strength distribution of higher magnetic multipole 

in this and other closed-shell nuclei are made. 
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In summary we have invest;gated 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. Dur 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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VI L APPENDICES 

VII.A. Explicit form of quasiparticle and quasihole operators 

The quasi hole operators are: 

Here M (m,a), N (n,b), H ~ (h,c) and I (i,d). Moreover the subscripts 

m, n, ,m2, m3, m4, v2' vI are reserved for particle states, i. e. single-

particle above the Fermi energy, and i, h, h1, ;1' i 3, ;4' ~1' ~2 

are for hole states, i. e. single-particle states below the Fermi 

energy. 11 Fermi energyll is used rather loosely here. It is to be under-

stood as that energy such that, if all particles occupied the lowest-possible 

singl rticle states, all states below the Fermi energy would be occupied 

and all above it would be empty. 

We def ' 12,8,192) th t' '1 . 
1 e an 1 symmetnc p-1h and 2p-2h states ; n second quantl-

on as f 0 11 ows : 
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(B.1) 

where 

is zero unless state j1' which 

In order to put our peeuliar eoupling seheme in the form (B.2) one should use 

the fol10wing reeoupling formula: 

-1 1 J +J P - j b - j e A A A A 

Ijajb (Ja)je(Js)jd ;J> = JL
J 

(-) a JaJSJhJ p • 

h P 

~~ ~~} Ijdljbl(Jh)jajc(Jp);J> 

where J is defined by 

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

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

1. One partiele-One hole matrix elements 

.. -1 I I -1 <JaJb ;J'Je j jd ;J> = (8. -8· ) 0J' J' 0J' j -
e Ja Jb a e b d 

{
j ja J} j +jb+je+jd 

- L (2J'+1).b J' (-1) a 
J' Jd je 

J' .JIIV j j .JI> 
a d' e b' 

The first term on the right-hand side is the (diagonal) single-partiele 
-1 

bution and the seeond the pure partiele-hole interaetion, i. e. b 
v j -1 

d 
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2. (One particle-One hole)-(Two particle-Two hole) matrix elements 

where Cl' C2, C3 and C4 are given as fol1ows: 

b' 

-j' a 

3. (Two pa cle-Two hole)-(Two particle-Two hole) matrix elements 

= ( 
'e,e. ,,0. ,,0 11: 11: ;: 

J J J J j j'Vj j,uJ JIVJ J' 
d d b b a a e C a a 8 ß 
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The terms 01' 02 and {Ei' ;=1, ... , 16} are given as fol1ows: 

A A " A \' "2 .-1. X!V!'1-1.! 
EI =lJöblJaelJd'b,lJa'e' J J'J J' o. ,,0' " • LX <Jd Ja; Jd Ja 

aaS S JbJb JeJe X 

2Y "2 {X J Y} {X J Y} .{jb je Y} {jb je Y 
• ~ (-) Y J s ja jd Je j~ jd J s ja Ja JS j~ , 

j +j +jb +jd+J 
E2 = (-1) e a IJdblJaelJd'b,lJa'e' JaJSJ~Jß OjdjbOjcj~ • 

{jb j~ JI 
I x2 {~ 

J 
~ß} {~~ 

J x} _ I 

a} a a 
Je <jd ;X V 

" 
J' ja J • X Je jd Jd S a 

jb+jd+j +ja+J 3 J J'3' • 
E4 = (-1) e IJdblJaclJd'b,lJa'e' 

I a ß a ß b 

J 



I x 

:: -(-

I 
y 

. I 
x 

Ell 

:: - (-1 

-( 

j 
:: (-I) 

(-1) 

c J 

a jb 

2(jb +ja 

2 
X 

j 
::: - (-I) 

jd 
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y } {x J Y 
J J I j I ! 

ß ß a 

I ) 

°dboacod'b ' ' c I J JIJ J' 0, 'I 

cj~ 
• 0'. 0'. B ß JbJb 

I 

) J 
JI 

X } 
J {j~ 0'. .-1. . 1-1., 

a jd jd Je <Jd Ja;X!VIJd Jc;X> 

I 

b 
'bi 'ei 0j jlOj j10J J10J JI • 

dd ce 0'.0'. ß ß 

'bi 'ei 
a 

X 

J c;X V I·X> 
c' 



- 85 -

{
jb je J

1

} 1 1 
J' 'I Ja <jb- ja;J 1V1jb'- j'J > 

ß Je a a e a 

E13 = 
je+jb+j'+jb+J 

(-1) e 
A '" A '" 

O'dbO'aeO'd'b'O'a'e' J J J'J' O. • I 6. . I • a ß a ß JbJd JeJa 

. p2 {Js je X 
JI} <jd1ja;XIVljb-1j~;X> 

X Jb j~ a 

I y2 {~e jb ~ } {~b je y X J Y 

J~} {Je jd} y Ja Je J ja a 

e 

J a}. J' -lJ• • J I I V I . 1-1 . I J I 

J ' < b' Jb J > a e a a a 

In aetual ealeulations some of these sixteen E eomponents vanish 

delta funetions and others are equal among themselves. In reality there are 

only four independent terms whieh eorrespond to some eonfi on-di 

matrix element where neither the holes nor the parti es are in equ; 

orbits. 
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Two measures can be used for characterizing an excitation as a col1ective ex-

on: by comparison of its transition strength, i. e. its B(EL} 

or B(Ml) value, with the ngle particle (also cal1ed Weisskopf) estimate or 

ing i transition strength in terms of a theoretical limit for 

, a so-called sum rule. 

consider the rst measure. The single-particle estimate l12 ), or 

t for ectromagnetic transition strengths, provided by the inter-

on rl YlM for an excitation of a spin-zero nucleus to astate 

wi s n l is ven by the reduced transition probabilities 

o. 

An 

es 

S5 

in e 

us now 

y 

} = (C.! 

c and c excitations respectively. Here R is the nuclear 

= efi/2mpc is the nuclear magneton; it turns out that ~~ = 

on is 1 considered collective if its transition strength 

10 {c.2 

ues ous tations of closed shell nuclei are given 

looking 

ir 

the 

the 

on of 

way of identifying a col1ective excitation, 

sum rules. One can speak about a Giant Resonance 

sum rule strength is 10calized 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-wei 

sum-rule (EWSR) for the electric multipole operator (3.56a) for a nucleus 

A nucleons, i. e. 

As already pointed out, l3 = -1 for protons and +1 for neutrons. For el c 

transitions the sum rules are usually defined as 

where the summation runs over all excited states k of the same multipolari 

and Bk(El)t is the usual reduced transition probability, i. e. 

(C.4 ) 

, 

(C. 5) 

Here it is assumed the ground state to have spin zero and 10cated at Eo = O. 

Some authors define the Bk(El} value with respect to the operator 

(C.6) 

Due to the fact that in spherical nuclei (see Table 1 as an example) 

centage of EWSR limits exhausted by the 2l -pole excitation of bound is 

in general less than 20 %, except l = 3 in some nuclei where such 

is between 30 and 40 %, some authors180) argued that T ~ T transitions are 

mostly dominated by collective motions in which the neutron and 

move together. Hence the proton operator QplM is effectively 

into two parts as fol10ws: 

Q = Q(O) + Q(1} 
plM plM plM 

with 
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( , ) L 
Q 0) ::: e L (1 - 1 » r,' YLM(8,' 

pLM i 

Q(I) ::: _ e I ( i)_ 
pLM ' 

1 

, ) L 
1 » r. YLM(e,~.} 

1 1 1 

(C.8a) 

(C.8b) 

where the average <1~i» is taken to be (N-Z)/A. Here Q~~~ is assumed to act 

on i ar, i. e. t.T ::: 0, transitions and Q~t~ on isovector, i.e. It.TI ::: 1, 

transitions. 

According to (C.4) and (C.5), the corresponding isoscalar and isovector EWSR 

limi for L > 1 are respectively as fol1ows: 

p 
(T ::: 0) 

p 
(T ::: 1) 

2 2 2 
L B(IS}(EL)+ ::: ~ e L (2L+l)2 ~ 
k k 1f1Tiil M 

2 2 
} E B(IV)(EL)+::: ~ e L (2L+l)2 NZ 
k k k ~ A 

where m is the nucleon mass (ImpC
2 ::: 938.256 MeV; l~c ::: 197.32 MeV fm) and 

(C.9a; 

the average of r2L- 2 is taken over the ground state ground proton distribution. 

::: ---.............. ...----

The total sum rule for isoscalar and isovector excitations shal1 be then the 

sum two parts, i. e. 

p p 
112 2 2 (T ::: 0 + T ::: 1)::: e L (2L+l) Z 

One can notice that 

P A P A P 
L ::: 7 (T::: 0) ::: N (T ::: 1) 
L 

2L-2 <r > (c.lD) 

{C.ll 
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Therefore for N :: Z nucl ei we have 

p P 1 P 
I (T:: 0) :: I (T:: 1) ::: "2" I 
L L L 

(C.l1b) 

Assuming an uniform ground state distribution of radius R, one gets 

2L-2 3 2L 2 
<r >:: 2L+f R - (C.12) 

(One can always define an equ;valent uniform radius R which gives the same 

value of <r2L- 2> as the true density; this R will depend on L). With (C.ll), 

equations (C.9) and (C.lO) adopt the form: 

p 3fl2e2 2 
R2L-2 I (T :: 0) :: S L (2L+l) ~ 

L '!Tm 
(C.13a) 

p 3ft2e2 
(2L+l) ~ R2L-2 I (T :: 1) :: S L 

L '!Tm 
(C.13b) 

p p ').t'.2e2 2L 2 
I = I (T:: 0 + T :: 1) :: ~ä'!Tm L (2l+1) Z R -
L l 

(C.13c) 

Here 3fl2 /8 '!Tm :: 4.9534 MeV. fm2 . 

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 1 P 
SL (T :: 0) ::"2"L+T I (T:: 0) 

l 

(C.14a) 

P 1 P 
SL (T :: 1) :: "2"[+I L

l 
(T :: O) (L14b) 

p sr sr ( T :: 0 + T ::: 1) :: ~+r LL (T :: 0 + T :: 1) (C.14c) 
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of comparison with experimental data, we shall take ;n our cal­
p 

sum rules with R ::: 1.2 A1/ 3 fm, unless we say the opposite. 

ues are explicitly shown in Table 16. However one should here mention 

that the sum rules calculated with uniform mass distribution are on1y between 

and of those calculated with Hartree-Fock ground states for multi-

es L 1, as shown by Liu and Brown89 ). 

monopole excitations we shal1 use the operator 

QpOO ::: i ~ (1 - i)) r? 
1 (C.15 ) 

and one 

EWSR 1i 

p 

1 

) the corresponding isoscalar (IS), isovector (IV) and IS + IV 

as follows: 

(T :: 0) ( C.16a) 

p 
:: 1) NZ 

(C.16b) m 

p 
(T :: 0 + T :: 1) :: -----:......... Z 

m (C.16c) 

onally the 

sum rule. 

) is 

~ ? (l -
1 

N 
e A L rp Y 

P 

di e sum 

ectric dipole sum rule is expressed in terms of the class;­

into account the center of mass, the electric dipole opera-

~i)) Y1M - I r. Y1M 
i 1 

(r ) -
P 

e Z 
An YIM (rn) (C. 

e resul as follows: 

) 
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Ii (T :: 1) 
%2 2 NZ NZ 2 :: L Ek Bk(E1)t:: e l\:: 14.8 l\ e2 fm MeV 

k 
(C. ) 

In Table 16 we also show the values of monopole sum rules by assuming an 
2 3 2 1/3 . form ground state distribution «r > :: ~ R ; R :: 1.2 A fm) and the classl-

ca 1 s um ru 1 e (C. 18) . 

For the sake of completeness and also to facilitate discussion of Chapter V, 

in the fol1owing 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 

and (C.19) 

There is a simple relation between these operators and the proton operator (C.3) 

and the neutron operator QnLM' namely: 

(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 fol1owing sum rules 

for L > 1 

(C.21) 

and for L :: 0 
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For the sake of comparison with experimental data, we shal1 take in our cal­
p 

culations the sum rules I with R = 1.2 A1/ 3 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 u and Brown89 ). 

For the monopole excitations we shal1 use the operator 

_ e (i) 2 
QpOO - 2 ~ (1 - '3 ) r i 

1 
(C .15) 

and one gets19) the corresponding isoscalar (IS), isovector (IV) and IS + IV 

EWSR limits as fol1ows: 

p 
2·f/e2 Z2 ~ I (T = 0) = A <r > 

0 m (C .16a) 

p 
21i2e2 NZ -Z I (T = 1) = A <r > 

0 m (C.16b) 

p p 
21i2e2 -Z I I (T = 0 + T = 1) = m Z <r > 

0 0 
(C .16c) 

Conventional1y 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-

t 19) . or 1 s 

(C .17) 

and the dipole sum rule resul to be as fol1ows: 
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( C.18) 

In Table 16 we also show the values of monopole sum rules by assum;ng an uni-
L 3 2 1/3 . form ground state distribution «r > = ~ R ; R = 1.2 A fm) and the classl-

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 

and (C.19) 

There is a simple relation between these operators and the proton operator (C.3) 

and the neutron operator QnLM' namely: 

(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 

(C.21) 

and for L = 0 



::: 

10wing 

0) 

1) ::: 

- 92 -

(C.22) 

son of (C.21) and (C.22) with (C.13) and (C.16) gives rise to the 

ons valid for L ~ 0: 

2 (T ::: 0) (C.23a) 

(T :: 1) (C. 23b) 

(C.23c) 

ons and references about sum rules can be found in Satchler24
), 

0' 1 I}, Halbert et al. 61 ) and Bohr & Mottelson19 ). 

The 

since 

S3 a 

dis 

in our calculations takes into account all the single­

wi in and below Fermi surface. Therefore the total 

emerge directly from the calculations 

cally a11 sible particle-hole excitations which contribute 

are wi in 

and 

comparison wi 

c ma 

an we 

by , and eval 

bu on by using 

a configuration space. However this is not 

resonances which we are interested in. For the 

mental measurements it is important to 

the total EWSR strength of these resonances. 

take the total (T :: 0 + T :: 1) E2 EWSR, to 

ivalent radius R for the uniform ground 

on (C.13a). It turns out that 
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52 1/2 
R = {49.534 z} fm 

where 52 i5 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 52 as 

follows: 

52 L-1 2 2L 
SL = 4.9534 L (2L+1) Z (49.534 L) e fm MeV 

The total isoscalar and isovector EL sum rules would then have the following 

expressions 

Z2 52 L-l 2 2L 
SL (T = 0) = 4.9534 L (2L+1) lr (49.534 z) e fm MeV 

NZ 52 L-1 2 2L 
SL (T = 1) = 4.9534 L (2L+l) lr (49.534 z) e fm MeV 

Final1y let's write down what fraction of these sum rules is taken in 

EWSR Ir; L = 3, 4,5, evaluated with R = 1.2 Al/3 and given in Table 16. 

can readily obtain 

The same relation maintains for isoscalar and isovector EWSR 

instance in l2C for which 5 = 3565 e2 fm4 MeV, the value is Y 
2 

the total (T = 0 + T = 1) E4 EW5R strength S4' 
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Table 2: 

Table 3: 

Table 4: 

Table 5: 

Table 6: 
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TAßLE CAPTIONS 

Percentages of isoscalar EWSR multipole strength depleted 

exciting "bound" states of 40Ca and 208pb . 

Number of different 6J-symbols needed in our (2p-2h) calcul ions 

in the nuclei 12C, 160, 90Zr and 208pb . The angular momenta of all 

the states within 2fiw above and below Fermi surface are included. 

In case of 208pb , two possibilities are shown which correspond 

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. ,3, 

the nuclei 160, 40Ca , 90Zr and 208pb . It is used ro = 

reduced Coulomb radius r = 1.25 fm. The parameters were 
c 

by fitting correctly the experimental single-part; e energies 

near the Fermi surface. 

Single-particle energies used in our (lp-1h) 

calculations in the nuclei 12C, 160. As far as possible were 

taken from experiment. The rest of them was determi 

Woods-Saxon wel1 of Table 4. 

Single-particle energies in our (lp-lh) and (2p-2h) 

in the nucleus 90Zr • Those not taken from 

calculated by using the Woods-Saxon potential 

cal ions 

were 

e . 



Table 7: 
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Single-part;cle energies in our (lp-1h) and (2p-2h) RPA calculations 

in 208pb . The states of firstshell above and below the Fermi 

energy are from experiment. The rest of them was calculated by using 

the Woods-Saxon potential of Table 4. 

e 8: Parameters of the Migdal effective interaction used in our (lp-1h) 

and (2p-2h) RPA calculations. 

e 9: Strength of the Migdal force and interpolation radii Rnn and Rpp 

used in our (lp-1h) and (2p-2h) RPA calculations. The radius 

Rpn = {Rpp+Rnn }/2. 

e 10: Low-lying (lp-1h) core excitations (which cause the splitting of 

quasiparticle and quasihole states) taken into account in our 

(2p-2h) calculations in the nuclei 12C, 160, 90Zr and 208pb . 

Table 11: Calculated quasiparticle 7/2- states of 17F. On1y those states with 

ngle-particle strength (SPS) ~ 1 % are shown. In the wave functions 

we have on1y written down the 2p-lh components whose contribution 

is in absolute values bigger than 0.050. Ta interpret the table one 

should remember eq. (3.31), e.g. the first state would be as followS: 
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Table 12: Calculated quasiparticle states 5/2- of 17F. See comments in 

ription of Table 11. 

Table 13: Calculated quas;particle states 7/2- of 170. See comments in 

description of Table 11. 

Table 14: Calculated quasiparticle states 5/2- of 170. See comments in 

description of Table 11. 

Table 15: ectric and magnetic Weisskopf units for electromagnetic 

transition probabilities of various excitations (L S 5) in the 

closed-shel1 nuclei 12C, 160, 40Ca , 90Zr and 208pb . ix 

VII.C fordefinitions. The B(EL} values are given in 
2 2L-2 

the B(ML) values in ~ofm . 

Table 16: Monopole sum rules (in units e2fm4 MeV), classical dipole sum 

rule and higher (L = 2,3,4,5) electric energy-weighted sum es 

(in units e2fm2L MeV) of the closed-shel1 nuclei 12C, 160, 40Ca , 

90Zr and 208pb . Equations (C.13), (C.16) and (C.18) were 

The groundstate was assumed to have a uniform di on 

radius R = 1.2 A1/ 3. 

Table 17: Comparison of E2 strength in percentages of the 

various recent experiments in 160. The sum rule is 

= 2087.4 e2fm4 MeV. This value emerges directly 

calculations and is to a very good approximation 

EWSR limit. 

1 

[,L} 



le 19: 

e 
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Main isoscalar E2 resonances in the region from 16-28 MeV in 160. 

main quasiparticle components of their corresponding core­

ing (2p-2h) RPA wave functions are shown. Specially in the 

at .508 MeV there are several other components of 

comparable contribution. For instance in the notation {f~~~ x pi;2)P' 

single-particle state f~~~ refers to the state 5/2- of number 3 

in e 

and 

of various sum rules exhausted by resonances EO, E2, E3 

in 160. The E3 and E4 EWSR limits are taken from Table 16. 

EO and EWSR values are taken from the calculation since in 

our configuration space (2hw above and below Fermi surface) are 

incl all the possibilities to create such states; the values are 

)EO EWSR = 4995 e2fm4 MeV; T=O EO EWSR = 2398.5 e2fm4 MeV 

1) EWSR = 4501 e2fm4 MeV; T=O E2 EWSR = 2087.4 e2fm4 MeV. 

as in e 19 but in 12C. The values for EO and E2 EWSR are 

as follows: 

On 

1 EWSR e2fm4 MeV; T=O EO EWSR = 1556 e2fm4 MeV 

e2fm4 MeV; T=O E2 EWSR = 1728 e2fm4 MeV 

o 
other hand one should bear in mind that the sum rules L3' 

) were evaluated with R = 1.2 A1/ 3; they are 

lower bounds 

ix VII.D a 

the corresponding total sum rules. See 

explanations in text (section V.2). 
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Table 21: Monopole and quadrupole resonances (obtained in our Ip-

calculations) in 90Zr in terms of sum rules. The and 

strengths are as follows: 

T=O+T=l EO EWSR = 64057 e2fm4 MeV; EO EWSR ::: 

T=O+T=l E2 EWSR = 65863 e2fm4 MeV; T=O E2 EWSR ::: .5 

Table 22: Distribution of EA, A = 1,3,4 strength in 90Zr examined in 

percentages of the EA sum rules listed in Table 16. 

Table 23: Low-lying octupole resonances (obtained in our 1 

calculations) in 90Zr . far the sake of cla ty in campari 

MeV 

experimental results, the fol1owing value of the sum e 

is used: So = 1.75 x 106 e2fm4 MeV, which carresponds a 

state with uniform charge distribution of radius R 1. 

Table 24: Monopole and quadrupole resonances (obtained in our 1p-l 

calculations) in 208pb in terms of SUfi rules. The 

limits are taken directly from the calculations. 

T=O+T=l EO EWSR = 189130 e2fm4 MeV; T=O EO EWSR ::: 

T=O+T=l E2 EWSR = 174280 e2fm4 MeV; T=O ::: 

Table 25: Distribution of the isoscalar (A = 0,2,4) 

region, i.e. between 8 and 15 MeV, obtained in 

1
. . 208pb (lp-1h+2p-2h) RPA calcu atlons 1n . 

emerge directly from the calculations; see 

the T=O EO EWSR and T=O E2 EWSR have 

( ) 

va 1 ues 

8 
we have used the value 4.52 x 10 

s value 

estimation (see Appendix VII.D) of 
p 

it is ~ 60.5 of the L (T=O) 1 t. 
4 

i sosca lar 

ues are: 



Table 26: 
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Distribution of E3 strength in 208pb in terms of sum rules. The 

values of these are, according to Appendix VII.D, as follows: 

T=O+T=l E3 EWSR = 1.57 x 107 e2fm6 MeV 

T=O E3 EWSR = 0.62 x 107 e2fm6 MeV 

Table 27: Experimental results and theoretical (1p-1h) predi ions for the 

MI states in 208pb . 

Table 28: Variation of the energies, B(M1) values and the amplitudes Ap and An 

of the wave functions (see eq. (5.5)) of the two (lp-1h) MI states 

in 208pb with the spin-dependent part gpn of the proton-neutron 

interaction. The parameter gPP = 1.30. The effective MI operator 

discussed in section IV.4 was used here. 

Table 29: Variation of the MI levels calculated in the core-coupling RPA 

theory with the renormalization constant of the effective 

magnetic operator (see section IV.4). The parameters gPP = 1.30 

and gpn = -0.15 are used. 

Table 30: Experimental results and (2p-2h) RPA calculations of MI levels in 
208 

Pb. The parameter gPP = 1.30. Bare (Schmidt) magnetic operator 

has been used. The coupling of seven low-lying core excitations 

(see Table 10) was taken into account. 

Table 31: Experimental results and (2p-2h) RPA calculations of M1 resonances 
. 208pb 1n . Several pairs of (gPP' gpn) parameters have been used. 

Bare MI operator is used. The coupling of seven low-lying core 

excitations (see Table 10) was taken inta account. 



Table 

Table 
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on of the strength of the single-hole state Ig in 
9/2 90 

Zr due to the coupling of six 10w-lying core excitations (see 

Table 10). 

Calcul MI states in 2p-2h RPA calculations in 90Zr . Bare 

MI operator was used. The parameters gPP = 1.30 and gpn = 10. 

The coupling of six low-lying core excitations (see Table 10) has 

been ken into account. 

Table 34: Comparison between the (Ip-lh) RPA results of Ring & Speth with 

our (2p-2h) RPA calculations of M2 resonances in· 208Pb. In both 

cases gPP = 1.30 and 9pn = -0.15 and the effective M2 operator 

have been used. 

Table 35: Magnetic quadrupole resonances in 160 with transition probability 

bigger than one Weisskopf unit calculated in the (lp-lh) RPA and 

(2p-2h) RPA approaches. The parameter 9pp = 1.30. 
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Table 1 

Multipole 
leus 

0 1 2 3 4 5 6 7 8 

"Uo "UO 14 38 7 11 1 0.2 "Uo 
208pb "Uo "UO 20 47 14 3 3 2 1 

ble 2 

Nucleus 6J-Symbols of 1st type 6J-Symbols of 2nd type 

12C 600 500 
160 1220 710 
90Zr 5985 7976 
208pb (up to j 5/2) 10524 17148 
208pb (up to j=17/2) 17027 25706 

Table 3 

Nucleus TI J state Core-Coupling RPA dimension 
160 2+ 85 160 4+ 56 90Zr 1+ 179 

176 
4+ 176 
1+ 169 
2+ 182 
4+ 

191 



Table 4 Parameters of Woods-Saxon Wel1 

Nucleus Charge Vo r 

160 
P -52.88 3.0828 

n -53.14 3.0828 

40Ca 
p -55.81 4.10 

I n -55.50 4.10 

90Zr 
p -57.29 5.736 

n -48.84 5.647 

P -60.40 7.46 
208pb n -47.58 7.20 

L 

ao VlS 

0.53 5.533 

0.53 5.186 

0.53 6.675 

0.53 7.154 

0.802 7.211 

0.765 11. 909 

0.790 7.446 

0.660 5.640 

r lS 

3.0828 

3.0828 

4.10 

4.10 

5.736 

5.697 

7.2 

6.96 

alS 

0.53 

0,53 

0.53 

0.53 

1.00 

1.00 

0.59 

0.64 

b 

1.639 

1.639 

1.80 

1.80 

2.05 

2.05 

2.44 

2.44 

I-' 
I-' 
W 
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Table 5: Single-Particle Energies (MeV) in 12C and 160 

12C 
160 

Orbit Proton Neutron Proton Neutron 

151/ 2 -34.80 -38.80 -40.00 -42.00 

1P3/2 -14.80 -17.00 -18.43 1.80 

1P1/2 -1.94 -4.95 -12.10 -15.70 
-----------------------

1d5/ 2 1.60 -0.88 -0.60 -4.15 

1/2 1.15 -1.55 -0.10 -3.27 

Id3/ 2 5.84 3.00 4.54 1.57 
~-----------------------

1f7/ 2 15.00 11.00 15.50 12.50 

If5/ 2 21.50 19.60 18.90 15.50 

2P3/2 19.20 17.00 16.00 14.50 

2Pl/2 20.50 18.80 19.50 16.20 

Ig9/ 2 27.60 27.00 
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Table 6: Single-Particle Energie5 (MeV) in 90Zr 

90Zr 

Orbit Proton Neutron 

IdS/ 2 -30.21 -37.46 

1d3/ 2 
-27.19 -34.67 

25 1/ 2 -23.69 -31.98 

If7/ 2 
-17.57 -24.32 

IfS/ 2 
-12.61 -19.42 

2P3/2 -9.47 -17 .62 

2P1/2 -7.91 -15.89 
~----------------------------

Ig9/ 2 
-4.91 -11.53 

------------------------- '. 
2dS/ 2 

-1.54 -7.20 

197/ 2 
-0.48 -4.44 

351/ 2 
-0.01 -5.77 

2d3/ 2 
0.18 -4.59 

1hll / 2 
2.76 -3.31 

2f7/2 5.40 -0.26 

3P3/2 5.70 0.40 

3Pl/2 
6.60 0.89 

2fS/2 8.70 4.67 

1h9/ 2 
9.91 8. 

1i 13/ 2 
11.40 3.96 

'-
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. (MeV) ,'n 208pb e 7: ngle-Particle Energles 

Orbit 

1hll / 2 
2d3/ 2 

/2 
1h9/ 2 

li 

3d 

Protons 

-20.802 

-18.866 
-16.669 

-15.851 

-15.281 

-11.508 
-9.708 
-9.375 

-8.385 
-8.034 ----------------------------
-3.802 
-2.902 

-2.193 

-0.980 
-0.686 

-0.162 
3.547 
3.930 
4.666 

6.212 
6.741 

7.513 

10.271 

Neutrons 

-20.750 

-19.190 

-16.552 

-17.393 

-17.187 

-10.786 

-9.717 

-9.010 

-7.947 

-8.275 

-7.377 -----------------------------
-3.943 

-3.165 

-2.521 

-2.377 

-1.450 

-1.404 

3.672 

-1.911 

2.939 

3.046 

3.813 

4.068 
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Tab 1 e 8 

fin fin fex fex in ex gin 
pp pn pp pn 9pp :: 9pp pn 

0.400 -0.264 -1.700 -2.640 1.300 

Table 9 

Nucleus RPA calculation sF (MeV) Rnn (fm) ro ( ) Rpp r a 
0 

12C 1p-1h 42.50 2.47 1.08 2 1. 

1p-1h+2p-2h 45.50 11 11 11 11 l! 

160 1p-1h 43.00 2.80 1.11 2.80 1.11 O. 

Ip-1h+2p-2h 40.00 11 11 11 11 

'-

90Zr Ip - Ih 39.00 5.360 1.19 5.160 1. 

11 11 11 11 11 

1p-1h+2p-2h 

208pb Ip-lh 39.37 7.04 1.18 6.80 1.15 0, 

11 11 JI 11 

Ip-lh+2p-2h 
11 



e 10 

Nucleus 

1 

160 

208pb 

(1 ) 

(2) 

4+ 

-4 

i 
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(lp-1h) RPA Theory Experiment I , 

Energy (MeV) B(EA or M.\)t Energy B(EA or M.\)t 
( 2f 2.\ 2f 2.\-2) e m or l1

0 
m 

4.49 115.84 4.44 

.00 475.36 9.64 

6.292 1593.71 6.13 1490±70(1) 

13.373 1.15 12.53 
13.225 0.02 13.10 

3.977 209 2.186 
2.894 0.37*108 2.319 
3.319 0.4b106 2.736 
3.041 0.12*106 2.749 
4.139 0.16*106 3.077 
4.405 0.16d08 3.975 

2.622 544dat) 2.614 (540±30}*10
j 

3.359 319d06 3.190 (462±55) d0
6 

3.611 0.97*106 3.470 
3.827 277*.106 

3.710 330d06 

4.208 0.17}ü06 
3.960 

4.459 3199 4.080 2920(2) 
4.674 785d04 

4.320 1287d04 

ic electron scattering experiments of ref. 177 



eil: Calculated Quasiparticle 7/2- States of 17F 

No. Energy SPS (%) 3-xdS/ 2 3-xSl /2 3-xd3/ 2 
(r~eV) 

1 4.83 19.83 -0.824 -0.324 -0.093 

2 7.49 1.05 0.417 -0.902 -0.034 

3 11.S9 11.0S 0.228 0.182 -0.868 

4 12.94 2.13 -0.079 -0.059 -0.295 

5 13.S0 2.42 -0.077 -0.OS7 -0.181 

6 .50 52.97 -0.278 -0.198 -0.337 

7 18.87 6.02 -0.068 rvO -0.056 
"- ~ 

Wave Function 

CxdS/ 2 2-xdS/ 2 

"VO "VO 

"VO "VO 

-0.126 -0.167 

0.164 0.924 

0.929 -0.260 

-0.300 -0.219 

rvO "VO 

2-xd3/ 2 

"Vo 

"Vo 

-0.053 

"VO 

"VO 

0.266 

-0.960 

3-xg9/ 2 

-0.067 

"VO 

-0.065 

"VO 

"Vo 

0.173 

0.071 

..... ..... 
1.0 



e 12: Calcul rticle States 

No. Energy SPS 
xd5/ 2 3-xS l / 2 (MeV) ( ) 

1 5.47 11.84 0.851 0.362 

2 7.42 1.32 -0.437 0.888 

3 11.17 9.44 -0.198 -0.211 

4 18.55 5.70 0.058 0.052 

5 18.90 .37 -0.173 -0.153 

6 19.22 16.71 -0.095 -0.084 

17F 

Wave Function 

3-xd3/ 2 1-xd3/ 2 

0.150 '\JO 

0.071 '\JO 

0.897 '\JO 

0.110 -0.065 

-0.316 0.47l 

-0.170 -0.879 

2-xd5/ 2 xd3/ 2 

'\JO '\JO 

'\JO '\JO 

0.110 '\JO 

'\JO -0.957 

-0.084 -0.276 

'\JO -0.076 

3-xg9/ 2 

'\JO 

'\JO 

'\JO 

'\JO 

0.114 

0.066 

...... 
N 
o 



e 13: Calculated Quasiparticle 7/2- States of 170 

No. Energy SPS 3-xd5/ 2 3-xS l / 2 3-xd3/ 2 (MeV) (%) 

1 1.28 20.54 0.836 0.289 0.083 

2 4.64 2.24 -0.400 0.902 0 

3 8.59 6.99 0.181 0.177 -0.922 

4 10.19 0.99 -0.052 0 -0.120 

5 12.50 64.62 -0.318 -0.258 -0.328 

6 15.46 1.47 0 0 0 
.... L ... L_. 

Wave Function 

CxdS/ 2 2-xd5/2 

0 0 

0 0 

-0.074 -0.091 

0.982 -0.070 

-0.162 -0.104 

0 0 

2-xd3/ 2 

0 

0 

0 

0 

0.133 

0.991 
-

3-xg9/ 2 

0.053 

0 

0 

0 

0.149 

0 
-

...... 
N ...... 
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- f 170 Table 14: Calculated Quasiparticle 5/2 States 0 

Wave Function 

No. Energy SPS 3-Xd5/ 2 3-XS 1/ 2 3-xd3/ 2 1-xd3/ 2 2-xd3/ 2 (MeV) (%) 

1 1.77 14.53 0.851 0.323 0.152 'VO 'VO 

2 4.52 2.59 0.427 -0.884 -0.103 'VO 'VO 

3 8.11 7.81 0.193 0.252 -0.903 'VO -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 'VO 

Table 15: Weisskopf Units for B{EL or ML) Values 

Nucleus 12C 160 40Ca 90Zr 208pb 
BW{ or ML)t 

BW(El )t 1.0137 1.2279 2.2617 3.8835 6.7884 

BW(E2)t 8.16 11.97 40.63 119.79 366.05 

BW( )t 59.88 106.45 665.32 3368.00 17990.38 

BW(E4)t 426.87 919.44 10584.90 92011.14 8.59dO 5 

BW{ )t 3015.10 7866.90 1.67)(105 2.49)(106 4.06dO 7 

BW(Ml}t 5.37 5.37 5.37 5.37 5.37 
BW(M2)t 43.25 52.39 96.50 165.70 289.64 
BW(M3) 317.34 465.71 1580.17 4658.89 14222.22 
BW(M4)t 2262.44 4022.22 25138.88 1.27)(105 6.80)(10 5 

BW(M5)t 15979.76 34414.40 3.96)(105 
3.44)(106 3.22dO 7 
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Table 16: Sum Rules 

~ 
12C 160 40Ca 90Zr 208pb 

EWSR 

rP 
0 

2255.2 3642.5 16774.5 57606.0 2.06d05 

rP(T=O) 
0 

1127.6 1821.3 8387.2 25602.6 0.8b105 

r~(T=l) 1127.6 1821.3 8387.2 32003.3 1.25d05 

ri( 1) 44.4 57.6 148.0 328.9 735.2 

r P 
2 2243.2 3623.0 16685.3 57300.0 2.05d05 

r~(T=O) 1121.6 1811.5 8342.6 25466.7 0.8b105 

r~( 1) 1121.6 1811.5 8342.6 31833.3 1. 24d05 

r P 
3 35555.1 69570.0 5.90x105 3.48d06 2.18d07 

L~(T=O) 17777.5 34785.0 2.95x105 1. 55dO 6 0.86}(107 

r P( 3 1) 17777.5 34785.0 2.95,ü05 1. 93>t106 1. 32d07 

r P 4.6d05 1.b106 7 1.72d08 1. 89}(109 1. 70)t10 
4 

0.77d08 0.74>t109 
L~(T=O) 2.3d05 0.55d06 7 0.85x10 

r~(T=1) 5 0.55d06 0.85}(107 O.96d08 1. 14d09 
2.3dO 

r P 5.30)tlO6 1. 52d07 4.38)t108 7.62d09 1. 46>t1011 
5 

r~(T=O) 2.65d06 0.76d07 2. 19}(108 3.39d09 0.57dOll 

E~(T=1) 6 0.76d07 8 
4.23d09 0.88dOll 

2.65dO 2. 19)t1O 
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e stribution of E2 Strength in 160 

(MeV) Sexp (%) Reaction Sth (%) 

40+20 a 55 -10 (Ci"Ci,') 

1 75 (3He , 3He I ) b 63 

1 67±25 (Ci"Ci, I ) c 83 

{30 
d 

(P'Y9)e 62 21 (e,e ) 

a) Hanna al. See ref. 40 

b) Moalem al. See ref. 48 

c) Knöpfl e et al. See ref. 50 

d) Harakeh a1. See ref. 49 

e) al. See ref. 47 



Table 18: Main E2 Peaks in Giant Resonance Region in 160 

e components of the core-coupling RPA wave function 

Energy t (1) -1 (1) (5) -1 (3) -1 (1) -1 (3) -1 (1) -1 (5)-1 
(MeV) (f7 / 2XP3/2)p (fS/ 2xP 1/2)p (f5/ 2xP l )p (f5/2xP1/2)p (f7/ 2xP3/2)n (f7/ 2xP3/2)n {f5/2xP1/2)n (f5/ 2xP1/2)n 

.152 -0.2103 -0.6497 'Vo. rvO. 0.1833 'VO. -0.6322 -0.1024 

20.664 0.5708 rvO. 0.1185 0.2126 -0.4188 0.1444 -0.2886 0.1586 

27.508 -0.2620 O. 1 . 0.2360 I 0.3503 I rvO. 0.3204 
I-' 
N 
<.TI 



e ribution ( ,2,3,4) Strength in 160 

~ EO E2 

Energy % % 
Interval 

(MeV) T=0+T=1 EWSR T=O EWSR (T=O+T=l)EWSR T=O EWSR 

16 - .. 

16-20 .. .. 10.4 21.9 

20-22 - - 14.8 31.9 

22-26 2.9 5.6 2.7 ",,1.0 

26-28 36.0 75.0 13.4 28.5 

28-30 - .. 2.8 1.3 

30-35 10.5 20.7 13.0 7.8 

35-40 14.4 15.0 20.0 .. 

40-45 28.5 .. 14.6 2.9 

45-55 ",,1.1 - 6.5 ",,1.0 

55-75 ",,1.3 - .. -

E3 

% % 

EP 
3 E~(T=O) 

3.2 3.4 

4.1 .. 

.. .. 

4.7 5.9 

- .. 

.. -
1.4 2.8 

13.3 ",,26.6 

2.2 2.5 

25.2 23.0 

19.0 -

E4 

% 

EP 
4 

-
3.6 

8.0 

5.2 

6.9 

1.8 

4.7 

27.1 

.. 

5.8 

rvO.5 

% 

L:~(T=O) 

.. 

7.2 

16.0 

6.8 

13.3 

O. 

7.9 

.8 

...... 
N 
Ol 



Table 20: Distri on of EA (A=0~2,3,4) Strength in 12C 

~ EO E2 

Energy % % % 
Interva 1 

(MeV) T=O+T=l EWSR T=O EWSR T=O+T=l EWSR 

11-15 - - -

15-18 - - 3.4 

18-26.5 0.9 1.8 9.8 

26.5-30 - - 1.3 

30-35 39.7 74.4 23.8 

35-40 8.4 - 8.3 

40-45 0.6 - 0.9 

45-50 34.3 18.9 16.2 

50-55 - - 8.9 

8.9 5.4 9.7 

4.1 - 2.7 

E3 

% % 

T=O EWSR L:P 
3 

- 1.5 

0 1.4 

13.2 3.1 

2.7 0.5 

16.6 1.9 

7.1 7.3 

0.8 6.1 

10.6 3.6 

3.3 4.4 

10.1 3.9 

0.9 8.6 

% % 

L:~ (T=O) L:P 
4 

- -
2.9 -

- 3.6 

1.0 10.3 

1.6 21.7 

11.5 24.6 

12.3 1.4 

6.5 38.0 

2.7 10.0 

2.1 

"'9.7 

E4 

% 

L:~ (T=O) 

-
-
-

21.0 

15.0 

11.4 

-
6.5 

-

...... 
N 
........ 
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Table 21: Distribution of EO and E2 Strength in 90Zr 

~ EO 

Energy % % % % 
Interval 

(MeV) (T=O+T=l) EWSR T=O EWSR (T=O+T=l) EWSR T=O EWSR 

0- 5 - - 1 1.8 

5-10 - - 0.5 0.8 

10-12.5 - - 0.3 0.6 

12. 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 -

I 
25-30 20.1 8.1 24.6 0.5 

30-35 15.5 - 4.7 -, 



Table 22: Distribution of EA, 1,3,4,5 Strength in 90Zr 

i~ EI 

Energy % % % 
Interval 

(MeV) (T=O+T=l) EWSR r~( 1) rP 
3 

0-5 - - 9.0 

5-10 8.2 9.5 4.7 

10-15 60.6 69.6 8.4 

15-20 45.4 52.2 5.1 

20-25 2.6 3.0 0.8 

25-30 - 0.2 19.3 

30-35 - - 16.8 

35-40 - - 10.1 

40-45 - - 0.8 

E3 

% % 

E~(T=O) EP 
4 

20.2 0.3 

7.8 LI 

7.6 19.2 

3.9 16.6 

1.3 13.0 

42.3 7.0 

24.6 4.0 

0.8 -
1.2 

E4 

-

% 

E~(T=O) 

0.8 

2.5 

42.1 

6.4 

8.9 

2.7 

0.9 

-

..... 
N 
~ 



e le nces in 

work 

(1 1h) (lp-1h+2p-2h) RPA 

E (MeV) B( )t E B(E3)+ 
(e2fm6) So 

2.85 1.26xl05 20.5 3.28 0.95x105 

5.44 0.33xl04 

5.59 0.69xl04 

6.14 0.17x105 6.0 6.24 0.13xl04 

6.47 0.47xl04 

6.98(T=1) 0.lOx104 

7.06 0.06xl04 0.2 7.06 0.19xl04 

7.37 0.03x104 

7.83 0.04x104 0.2 7.87 0.08x104 

8.08(T=1) 0.03x104 0.1 8.35(T=1) 0.04x104 

8.47(T=1) 0.29x104 1.4 8.84(T=1) 0.01x104 

8.85(T=1) 0.15x104 

lO-9 1. 47xl05 28.4 0-9 1.10xl05 

~oUi 

nela 

% E 

17.8 2.75 

1.0 

2.2 5.60 

0.5 6.36 

1.7 6.70 

0.4 

0.8 

0.1 7.39 

0.4 8.19 

0.2 

0.1 

O.~ 

26.e 0-9 

ood ) Krewald et al. 10B Bertsch & Tsa ) 

i c ( ,a I ) :p Continuum (1 1h) RPA 

B(E3)+ E B( )t E B(E3)+ 

0.45x105 7.1 3.0 1.2x105 20.6 2.6 0.94xl05 14.0 

0.12xl05 3.8 

0.71x104 2.5 6,2 2,Ox104 7.1 

0.84xl04 3.2 

",7 1.21x105 48.5 

0.77x104 3.3 

0.64x104 3.0 

0.87x105 23.0 0-9 1.4x105 ",27. I 0-9 2 .15x105 "'62.5 
~~ ~-~~._-- --.--... --.- ... ----.--~ .. -~-~~-- .. --.... ------.--.~.----_ .. _.~._- -~----.- .... _ ...... _-.~--.--........ k__ 

I-' 
W 
o 



Table 24: Distribution of EO and E2 Strength in 208pb 

Energy % Interval 
(MeV) T=0+T=1 EWSR T=O EWSR T=O+T=l EWSR T=O EWSR E~(T=O) 

0- 5 7.4 16.9 16.0 
5- 8 4.7 5.6 5.3 
8-10 0.1 0.1 8.1 18.6 17.6 I-" 

w 
I-" 

10-12 I 3.2 7.8 24.7 56.5 53.5 
12-14 9.3 18.7 15.2 31.0 29.3 

.6 55.4 5.1 0.4 0.4 

.4 .2 23.8 

.4 5.7 0.4 0.4 2.4 

.8 0.2 

4.0 



e ion of 

~ of 

Energy (MeV) Ip-lh 

8- 9 -
9-10 -

10-11 0.2 

1 12 6.1 

12-13 -
13-14 16.4 

14-15 69.2 

8-15 91.9 % 

Centroid 14.4 MeV 
--

,2,4 Strength in Regi on, i. e. 

EO EWSR % of T=O E2 EWSR 

Ip-lh+2p-2h Ip-lh Ip-lh+2p-2h 

- - 0.1 

0.1 - 18.5 

0.8 1.7 3.1 

8.9 111. 2 53.5 

1.7 0.6 29.7 

16.8 1.5 1.3 

50.8 0.4 0.3 

78.1 % 115.4 % 96.5 

13.7 MeV 11.3 MeV 10.2 MeV 
',-, , - . ,,-- ----,-

8 , in 

% of T=O E4 EWSR 

Ip-lh Ip-lh+2p-2h 
c 

0.6 4.2 

1.2 3.5 

- 0.1 

27.2 16.8 

5.3 1.6 

3.3 5.4 

0.4 -
38 % 31.6 % 

11.6 MeV 10.3 MeV 

I-' 
W 
N 
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Table 26: Distribution of E3 Strength in 208pb 

Energy Interval % % 
(MeV) T=O+T=l E3 EWSR T=O 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: MI Resonances in 208pb . Comparison between (lp-lh) Theories 
Experiment 

Energy (MeV) B )t ) 

Vergados75 ) 
5.45 1.2 

48. 7.52 

7.50 5. 
Ring & Speth76 ) 

8.31 11.00 

7.06 8 
. 70 74) Expenment ' 

7.99 10.0 



e 28: ation of (lp-1h) States 

lower 1 + 
gpn 

E (MeV) B(M1)t(11~) A p 

-0.90 6.46 0.83 0.80 

-0.50 7.10 1. 74 0.86 

-0.15 7.50 5.68 0.97 

-0.10 7.53 6.99 0.99 

-0.05 7.55 8.86 1.00 

0.00 7.56 10.23 1.00 

0.20 7.46 15.60 0.95 -
0.30 7.35 17.00 0.92 

0.40 7.23 17.93 0.88 

0.50 7.10 18.66 0.86 

0.90 6.46 21.10 0.80 

An E (MeV) 

-0.61 9.04 

-0.52 8.63 

-0.26 8.31 

-0.18 8.29 

-0.08 8.27 

0 8.26 

0.32 8.35 

0.42 8.43 

0.48 8.52 

0.52 8.63 

0.61 9.04 

Upper 1+ 

B(M1)t(11~) Ap 

13.89 0.62 

13.96 0.53 

11.00 0.26 

9.84 0.19 

8.15 0.08 

6.92 0 

2.24 -0.33 

1.22 -0.42 

0.69 -0.48 

0.40 -0.53 

0.04 -0.62 

An 

0.80 

0.86 

0.97 

0.99 

1.00 

1.00 

0.96 

0.91 

0.89 

0.86 

0.80 

...... 
w 
.;:.. 
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Table 29: Variation of MI Resonances with ~s = ~s = ~ in the (2p-2h) RPA 
P sn 

calculations. The parameters 9 p = 1.30 and 9 = -0.15 are used. p pn 

B(M1)t(l-l~) 
Energy (MeV) 

~s = 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. 1. 

9.55 0.82 0.95 1.22 0.42 1.68 1. 1. 

9.65 0.23 0.27 0.33 0.71 0.43 0.45 

9.82 0.36 0.42 0.54 0.24 0.74 O. 0.82 

9.97 0.14 0.16 O. 0.33 O. 0.27 

10.10 0.17 0.20 0.25 O. 0.35 0 

10.24 0.14 0.16 0.19 O. 0.26 O. O. 

10.40 0.32 0.36 0.13 0.56 0.59 0.61 O. 

10.54 0.21 0.25 0.45 0.42 0.44 0.46 O. 

10.65 0.82 0.93 0.32 1.43 1. 1. 1. 

10.84 1.35 1.57 1.14 2.61 2.74 2. 3. 
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Table 30: Comparison between experimental results and (2p-2h) RPA calculations 
of 1+ states in 208pb. Bare MI operator 1s used. The parameter 

9 ::: 1.30. pp 

Theory 1 Theory 11 Theory III Theory IV Experiment 
gpn ::: -0.15 gpn ::: +0.02 gpn ::: +0.05 gpn == +0.10 

E B(Ml)t E B(M1)+ E B(M1)t E B(M1)t E B(M1)t 2 (MeV) (llo) 

7.06a} 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 0.04 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 

7.99b) 10.0 7.933 5.47 7.927 0.02 7.927 0.02 7.928 0.04 
7.940 0.03 8.102 0.60 8.102 0.50 8.103 0.37 
8.106 1.49 8.303 0.45 8.303 0.43 8.303 0.42 

8.228b) 1.21±0.0~ 8.303 0.54 8.402 0.49 8.402 0.45 8.403 0.38 
8.367b) 0.93±0.0~ 8.404 0.80 8.601 0.27 8.601 0.26 8.601 0.24 

b) )~ 8.601 0.33 8.771 0.21 8.770 0.20 8.771 0.18 8.604 1.35±0.0 
b) 

8.771 0.26 8.835 0.19 8.835 0.16 8.694 1.23±0.OS 8.835 0.18 
9.008b) 1.56±0.07 8.835 0.21 8.841 0.43 8.841 0.42 8.841 0.41 

b) 
8.841 0.55 9.281 0.29 9.142 1.39±0.31 0.29 9.281 0.29 9.282 b) 
9.281 0.30 9.651 1.32 9.299 0.84±0.1E 1.38 9.651 1.36 9.651 
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 10.302 0.42 0.302 0.41 10.302 0.40 
10.481 0.17 10.481 0.17 0.481 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 10.770 0.71 0.769 0.78 10.769 0.87 
10.858 2.89 10.853 1.99 0.853 1.81 10.855 1.54 

a) Ref. 74) b) Ref. 73) 
-



Table 31: Experimental results and several (2p-2h) RPA calculations of MI resonances in 208pb . Bare MI operator 

has been used. 



e 32: distri 

Notation Ener9Y (MeV) 

(1) 
99/2 -11. 75 

9(2) 
9/2 -14.66 

(3) 
99/2 -15.48 

9(4) 
9/2 -18.08 
(5 ) 

99/2 -19.13 

(6 ) 
99/2 -19.68 

(7) 
99/2 -19.81 

~~, . 

on wave 

Si n91e-particle 
stren9th (%) 

90.75 

3.17 

0.83 

0.43 

0.11 

0.27 

2.94 

ion of the si e state 199/2 in 90Zr . 

Wave function 

-0. 9526 1 199/2>-0.16411 3-X2P3/2>-0. 19381 2+x199/2> 

0. 1779 1 199/2>-0.979112+X199/2> 
+ 

0.09131199/2>-0.9934/4 x199/2> 

0.06561 199/2>-0.995415-x2Pl/2> 

0.03371 199/2>-0.9932!5-x2P3/2> 

0.OSlSI199/2>-0.484SI3-x2P3/2>+0.8721!S-x2P1/2> 

0.17141 199/2>-0.84641 3-x2P3/2>-0.48691 S-x2P1/2> 
.~._~-_ .. _ .. ~-- ~ ----

...... 
w 
00 



e 33: Energies 

Energy (MeV) 

9.467 

10.521 

11.123 

13.659 

14.689 

15.250 

15.504 

16.341 

• 366 

. 973 

.... A.3 

wave functions of the calculated (2p-2h) MI states in 90Zr 

B(M1)t Wave function 

5.81 
(1) (2) (3) 

-0.8790 [197 /2x199/2] -0.4683 [197 j2xlg9/ 2] -0.1155 [197 /2x199/2] 

3.11 
(I) (2) (3) 

+0.4310[197/2x199/2]-0.8653[197/2x199/2]+0.2560[197/2x199/ 2] 

1.15 
(1) (2) (3) 

-0.2201 [197 /2x199/2]+0.1739 [197 j2x199/2] +0. 9591 [lg7/ 2x199/ 2] 

0.13 -0.9983[197/2x( x2P1/2)9/2+] 

0.02 

0.02 

O. 
(7) (6) 

.9772 197/2x199/21+0.14741197/2x199/2 

O. 

O . 

O . 

O. 

O . 

O. 

..... 
W 
1..0 
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e bution of M2 strength in 208pb 

(lp-lh) RPA (2p-2h) RPA 
I 

(MeV) B(M2)t(11~fm2) B(M2)/BW(M2) B(M2)t(11~fm2) B(M2)/BW(M2) 

0- 7 413 1.43 408 1.41 

8 11618 40.11 9115 31.47 

9 1084 3.74 1980 6.84 

9- 1565 5.40 1261 4.35 

10-11 1385 4.78 2218 7.66 

11- 219 0.76 1174 4.05 
90 0.31 368 1.27 

15 1933 6.67 1851 6.39 
1 2005 6.92 1763 6.09 

90 0.31 140 0.48 

Table Strongest M2 peaks in 160 

ve M2 operator; 9 = -0.15 Bare M2 operator; 
pn 9 = +0.10 pn 

( 1 1h) RPA (2p-2h) RPA (2p-2h) RPA 

E ( ) B( )/BW(M2) E (MeV) B{M2)/BW(M2) E (MeV) B (M2 )/BW(M2 

13.48 1.38 

17.92 2.29 17.86 3.58 

21.07 1.43 20.90 10.31 

. 6. 21.45 5.28 24.72 2.18 

. 3.45 .04 1.27 

40.27 1.29 -



Fi g. 1: 

Fig. 2: 

Fig. 3: 

Fig. 4: 

Fig. 5: 

Fig. 6: 
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FIGURE CAPTI 

Dyson equation for a single-nucleon Green function. thick line 

represents the exact propagator, the thin line 

propagator and M the mass operator. 

unperturbed 

The quasiparticle-core excitation coupling wh; approx 

mass operator MC(w) in our calculations. On the left hand 

straight line represents a single-nucleon Green function 

\'Iriggly 1 ine a core excitation. On the ght hand side 

of bubbles shows the usual microscopic RPA 

core-excitation. In part b the quasihole-core exci 

into account in our calculations is shown. 

Exchange graphs corresponding to gures 2.a and 2.b 

Selfenergy graphs which contribute 

co ations were properly considered. 

calculations. 

Higher order f-energy 

rectangle symbolizes any possible 

propagation of the particle and of 

Higher order corrections to MC
( as 

two diagrams of the type shown in 

are 

in our 

core-exci 

in 

particle has excited a core vibra on, 

excitation may virtually exci yet another core 

original core excitation disappears we 

on. 

) . 

cl 

in 

in our 

y. 



Fig. 7: 

Fig. 8: 

Fig. 9: 

Fig. 10: 

Fig. 11: 
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(a). But if the second excitation deexcites rst, we the 

nested diagram (b). 

Particle-hole contribution of the two shel1s 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 

position of the last proton in 17F. 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) 

states of the core nucleus 160 with the single-particle degrees 

of freedom. 

Quadrupole and hexadecapole resonances calculated in the (lp-1h) 

RPA and in the (2p-2h) core-coupling RPA theory. In this 

calculation the core excitations 3-,1- and 2- were considered. 

Monopole resonances in 160 calculated in the (lp-1h) RPA and in 

the (2p-2h) core-coupling RPA theory. In this calculation 

the core excitations 3-, 1-, 2- were taken into account. 

Dipole resonances in 160 calculated in the (lp-1h) RPA and in the 

(2p-2h) core-coupling RPA theory. In this calculation the 

core excitations 3-, 1- and 2- were taken into account. 



Fig. 12: 

Fig. 13: 

Fig. 14: 

Fig. 15: 

Fig. 16: 

Fig. 17: 

Fig. 18: 
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Octupole resonances in 160 calculated in tne (lp-lh) RPA and in 

the (2p-2h) core-coupling RPA theory. In this calculation 

the co re excitations 3-, 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 (31, 21, li) core excitations, 

(b) the (31 2i li 32) core excitations, (c) the (31 2i li 22 12) 
core excited states. Further explanation is given in the text 

(section V.l). 

Quadrupole and hexadecapole resonances in 12C calculated in the 

(lp-lh) RPA and in the core-coupling RPA theories. The low-lying 

strongly col1ective 2+ (4.44 MeV) and 3- (9.64 MeV) core excitations 

were taken into account in our (lp-lh+2p-2h) calculations. 

Octupole resonances in 12C. See caption of Figure 14 for further 

information. 

Monopole resonances in 12C. See caption of gure 14 further 

information. 

Dipole resonances in 12C. See caption of Figure 14 for 

information. 

Monopole resonances in 90Zr calculated in the (lp-lh) RPA in 

the core-coupling RPA theories. Six low-lying core exci ans 

(see Table 10) were taken into account in our (lp-lh+2p-2h) 

calculations. 
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90 . f F' e resonances in Zr. See captlon 0 1 18 for 

11 s, 

90 S . f F' e resonances in Zr. ee captlon 0 19ure for further 

i 1 s . 

e resonances in 90Zr . See caption of Figure 18 for further 

11 s. 

e resonances in 90Zr . See caption of gure 18 for 

i1 s. 

ibution of the 25-pOlp strength in 90Zr . See caption 

Fi re rther details. 

e resonances in 208pb . Seven low-lying core excitations 

see Table 10) were taken into account in our calculations. 

le resonances in 208pb . See caption of Figure 24. 

e resonances in 208pb . See caption of Figure 24. 

pole resonances in 208pb . See caption of Figure 24. 

es . 208pb S . . r onances 1n . ee captlon of Flgure 24. 

ic 

n the 

e in 208pb calculated in the (lp-lh) RPA 

) RPA theories. In part b only the lowest 

core 11 was considered. In part c seven low-lying core 

exci tions (see e 10) were taken into account in our 

cal ations. 



Fig. 30: 

Fig.31: 

Fig. 32: 

Fig. 

Fig, 34: 
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In parts a and b the (1 Ih) RPA states in 

and bare MI operator are respectively shown. P 

correspond to (2p-2h) RPA calcul ions with 

In part C only the lowest core-coupli 

the coupling of seven core excitations (see 

into account. In all these cula ons gPP = 1. 

Two particle-two hole RPA calcul ions in 

smal1 positive 9pn ' The bare magnetic 

gPP = 1.30 have been used. 

(see Table 10) has been taken 

le-one hole RPA and 
. 90Z 1n r. a11 cal at 

the six low-

taken i 

e 

Two 

pi 

. In pi 

.10 been 

core 

a 

re 

cases 

. In 

ons 

wi ve 

c d 

MI 

d 

seven tore exc ans 



g. 35: 

Fig. 36: 

Fig. 37: 

Fig. 38: 

Fig. 39: 

Fig. 40: 
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Magnetic quadrupole states in 208pb calculated in the (lp-lh) 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. 

Magnet;c quadrupole resonances in 90Zr calculated in the (lp-lh) RPA 

and in the (2p-2h) RPA. In the latter the coupling of six low-lying 

co re excitations (see Table 10) was taken into account. The parameter 

gPP = 1.30. 

Magnetic quadrupole resonances in 160 calculated in the (lp-lh) RPA 

and in the (2p-2h) RPA. The latter takes into account the (3-, 1-,2-) 

core coupling. The parameter gPP = 1.30. 

Two different (2p-2h) RPA calculations of the M2 states in 160. In 

both gPP = 1.30. For the picture at the top the effective magnetic 

operator and gpn = -0.15 were used. In both calculations the 

coupling of the (3-, 1-, 2-) core excitations was taken into account. 

Magnetic quadrupole resonances in 12C calculated in the (lp-lh) RPA 

and in the (2p-2h) RPA. In the latter the coupling of the low-lying 

col1ective (3-, 2+) core excitations was taken into account. The 

parameter gPP = 1.30. 

Two different 2p-2h RPA calculations of M2 states in 12C. In both 

the ,2+) core coupling was used, and the parameter gPP = 1.30. 

The picture at the top was calculated with the effective magnetic 

operator and with 9 = -0.15. pn 



Fig. 41: 

Fig. 

Fig. 43: 

Fig. 44: 

Fig. 45: 

Fig. 46: 

Fig. 47: 

Fig. 48: 

Fig. 49: 

Fig. 50: 
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M3 resonances in 90Zr calculated in the (lp-lh) 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 9 = 1.30. pp 

The same as in caption of Figure 41 but for M4 resonances. 

M3 resonances in 160 calculated in the (lp-lh) RPA and in the 

(2p-2h) RPA. In the latter the (3-, ,2-) core coupling was 

considered. Always gPP = 1.30. 

(2p-2h) M3 resonances in 160. The (3-, 1-, 2-) 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 capt;on of Figure 43 but for M4 resonances. 

The same as in caption of Figure 44 but for M4 resonances. 

M3 resonances in 12C calculated in the (lp-lh) RPA and in the 

(2p-2h) RPA. In the latter the coupling of the low- n9 col1 ve 

(2+, 3-) core excitations was taken into account. Always 9pp 1.30. 

(2p-2h) M3 resonances in 12C. The coupling of ( ) core 

excitations was considered. Always 9pp = 1.30. In picture at 

top the effective M3 operator was taken into 

paramter 9pn = -0.15. 

and the 

The same as in caption of Figure 47 but for M4 resonances. 

The same as in caption of gure 48 but for M4 resonances. 
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