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ABSTRACT 

A model for the description of particle emission after electro-excitation of a 

nucleus is developed. The coupling between the individual decay channels is 

treated within the framework of the continuum random-phase approximation. The 

interference terms between charge and current operators as well as the inter­

ference term between the two different transverse components of the current 

operator are included in the calculation. The model is applied to the proton 

decay of 160 and of 12C. The sensitivity of the angular distribution of the 

emitted particle to the presence of weak multipole strengths is analysed. Co­

incidence experiments are shown to be a selective tool to excite bound states 

embedded in the continuum. Quasi-free knock-out is found to start immediately 

above the· giant dipole resonance region. The analysis of the 12C(e,e'p)IIB 

data of Stanford exhibits clear effects due to the presence of monopole 

strength, even though no concentrated monopole resonance is present in the 

theory. 



TAßlE OF CONTENTS 

page 

INTRODUCTION 1 

CHAPTER 1: The Coincidence Cross Section 10 

CHAPTER 2: The Nuclear Model 19 

CHAPTER 3: Numerical Details 28 

CHAPTER 4: Application to 160 32 

a) Photoabsorption Cross Section 32 

b) Sensitivity of the Coincidence Cross Section 33 
to the Presence of Weak Multipole Modes 

c) Symmetry Sreaking Effects 37 

d) Energy and Momentum Dependence of the Coincidence 40 
Cross Section 

e) Effects of the Channel-to-Channel Coupling and 44 
Quasi-Free ßehaviour 

CHAPTER 5: Application to 12C 49 

CONCLUSIONS 54 

APPENDIX A: Continuum Fourier-Sessel RPA Formalism 57 

APPENDIX B: Single Particle Transition Matrix Elements 64 

ACKNOWLEDGMENTS 67 

REFERENCES 69 



TAßlE CAPTIONS 

TAßlES 

FIGURE CAPTIONS 

FIGURES 

page 

74 

75 

77 

84 



- 1 -

INTROOUCTION 

Giant resonances are excitation modes of the nucleus in which a large number 

of nucleons participates. These collective excitations of the nucleus are 

characterized by the following properties: 

i) They are a general feature of all nuclei, except the lightest ones, 

changing their form and width smoothly with the nucleon number A. 

ii) Their width is small compared with their excitation energy which is typi­

cally of the order of a few tens of MeV. 

iii) They exhaust a large fraction of the energy-weighted sum rule of the cor­

responding multipolarity. 

This last property is particularly important since the sum rules relate the 

strength distribution of the excited states integrated over all the excitation 

energies to some simple, experimentally detectable, ground state properties 

such as the proton and neutron number, the rms radius, etc. 

From the microscopic point of view giant resonances can be described as a su­

perposition of mainly one-particle one-hole (lp-lh) configurations (see Ref. 1 

for a review). Oue to this relatively simple structure, the investigation of 

giant resonances is very attractive since it can provide information about the 

excitation mechanism of the nucleus and in particular about the structure of 

the nucleon-nucleon interaction in the medium. 

In this context one has to point out that the only reliable values of the com­

pression modulus K of the finite nucleus, which is a fundamental property of 

the effective nucleon-nucleon interaction2), are extracted from the giant mo-
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nopole resonances3). In addition to that one has to remark the big interest 

provoked by the recently discovered spin-isospin collective mo des in (p,n) and 

(3He ,t) charge-exchange experiments4). These states are extremely sensitive to 

the details of the spin-isospin interaction and offer the possibility to in­

vestigate in detail the effects of one-boson exchange potential inside the nu­

cleus. 

Most of our knowledge about giant resonances is coming from one-arm experi­

ments, such as (p,pl), (a ',al) and (e,e l) (see Ref. 5). Obviously, these are 

the simplest experiments to perform, on the other hand, in this kind of exper­

iments, the presence of the physical background creates ambiguities which make 

it very hard to identify weak multipole modes. As a consequence, even in the 

case of strong resonances, the comparison with the energy-weighted sum rule 

strengths remains problematic. One may hope that using coincidence experi­

ments, in which the scattered particle is detected in coincidence with par­

ticles emitted from the nucleus, these problems will be reduced. 

In the giant resonance region, the first coincidence experiments6,7,8) have 

been performed to eliminate seeming discrepancies between strength distribu­

tions obtained from inelastic scattering and capture experiments respectively. 

This goal was largely achieved and, as additional results of these investiga­

tions, one obtained a convincing evidence for the existence of a compact giant 

quadrupole resonance in 160 8) and of a weak quadrupole resonance in 12C 9). 

Certainly the investigation of nuclear excitation modes which are not clearly 

identifiable in one-arm experiments, such as the isovector monopole and quad­

rupole resonances, constitutes only one part of the motivations to perform co­

incidence experiments. More recently the interest has shifted to the study of 

the decay of the collective state itself, i.e. to understand how the nucleus 
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dissipates the energy stored in this collective mode of excitation10 ). For ex­

ample, one would like to know up to which extent the nucleus decays via proton 

or neutron emission and under which circumstances more complicated configura­

tions possibly admixed to the giant resonances, such as (a ® 12C) + in the 
2 

case of giant quadrupole resonances in 160 11), contribute to the decay 

products. 

In this work we develop a model to describe the decay of the giant resonances 

via nucleon emission. 

Up to now, coincidence experiments in the giant resonance region have been 

performed mostly with hadrons which have the advantage, with respect to elec­

tro-magnetic probes, of a higher count rate. In effect, one of the main diffi­

culties in performing double coincidence experiments is due to the low count 

rate which can be estimated, assuming an isotropie emission of the decay prod­

uct, to be reduced by a factor of 100 to 1000 with respect to the count rate 

of the corresponding inclusive experiment. 

On the other hand, strongly interacting particles have a high multiple colli­

sion probability, and consequently the analysis of the experimental data has 

to deal with multi-step processes. In this context, however, one has to remark 

that in the intermediate energy region from 160 MeV to 400 MeV the nucleon-nu­

cleon interaction becomes relatively weak 12 ) and the reaction mechanism re-

duces mainly to one-step processes. 

The advantages offered by electro-scattering as compared with hadron scatter­

ing are well established: the interaction is precisely known and is weak 

enough, at least in comparison with low energy hadrons, to probe the nucleus 

without greatly,disturbfng its structure. 
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These remarks are also valid for photon scattering, but with electron scatter­

ing one has the possibility to change the momentum transfer for a fixed value 

of the excitation energy. 

The new generation of electron accelerators, such as the MAinzer Mlkroton13) 

operating since July 1983, and the new machines planned or being already under 

construction in Darmstadt, Frascati, Lund, Saclay, Amsterdam, Stanford, BATES, 

Charlottesville, Sendai 14 ), allows to overcome the problems implicit in the 

low count rates and in the small values of the electron scattering coincidence 

cross sections (of the order of 10-32 cm2 in the giant resonance region). The 

transition from the pulsed electron beam to high duty factor (reaching values 

around 100 ~) allows, using average beam intensity of few hundred of ~A, 63 ~A 

at MAMI, to work with reasonable count rates. Nowadays, with the improvement 

of the beam quality and of the detection equipment one can measure cross sec­

tions down to 10-38 cm 2 15) 

From the theoretical point of view the description of the electron-scattering 

coincidence experiments results to be easier to handle than the description of 

hadron induced decay since with strongly interacting projectiles one has to 

deal with important effects due to the absorption of the probe. Therefore we 

chose to apply our model to the description of (e,e'N) coincidence experi­

ments. One should remark, however, that our approach is general enough to be 

extended straightforwardly to describe hadron coincidence experiments. 

There are two extreme pictures describing particle emission induced by inelas­

tic scattering processes: 

(i) quasi-free knock-out, where the projectile interacts only with the emit­

ted particle, leaving the residual nucleus practically undisturbed, 
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(ii) resonant decay, where the nucleus is excited as a whole, vibrates and fi­

nal1y decays by emitting a partic1e. 

The validity of each of these two pictures is connected with the nuc1ear exci­

tation energy and the momentum transfer region under investigation. 

So far coincidence experiments with e1ectrons were performed mafnly in order 

to investigate the hole structure of the nuc1eus16 ,17,18). In order to mfni­

mize the effects of the col1ective degrees of freedom, these experiments have 

been performed for high va1ues of the nuc1ear excitatfon energy (- 150 MeV) 

and of the momentum transfer (- 2 fm-i). From the theoretical point of view 

models based on the quasi-free knock-out picture19 ,20,21,22,23) provide a suc­

cessfu1 analysis of these experiments. 

A proper description of the decay of the giant multipole resonances can be 

done on1y within the framework of the resonant decay picture, since giant mul­

tipole resonances are co11ective nuc1ear excitation modes. In all nuc1ei the 

giant multipole resonances are located above the partic1e emission threshold, 

therefore one of the essential decay mechanisms of these collective excita­

tions is particle emission. 

As an alternative to particle emission, the resonance can proceed towards the 

creation of a comp1icated compound system through a sequence of 2p-2h, 3p-3h, 

••• , np-nh states. The compound nucleus does not conserve memory about the ex­

citation mechanism and decays emitting particles in a statistical way. 

In heavy nuclei (A ) 40) this process predominates the direct emission from an 

early stage of the precompound hierarchyl0). This is due to the fact that 

charged partic1e emission is disfavoured by the increased Coulomb barrier and, 

in addition, the energy gap between the occupied and unoccupied sing1e-par-
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ticle states scales with A1/3, favouring the coupling to n-p n-h configura­

tions. 

Since the statistically emitted hadrons contaminate the information about the 

decay properties of the giant resonances, it is reasonable to start investiga­

tions of hadron emission in light nuclei, where direct emission is more rele-

vant. 

One should remark, however, that the study of giant resonances in heavy nuclei 

with coincidence techniques is not completely hopeless since the direct decay 

can be relevant enough to be investigated. For example, in arecent (a,a1n) 

experiment on a 208pb target24 ), a direct decay component of ~ 15 % was esti­

mated for the resonant strength in the monopole/quadrupole region. Further­

more, in the case of high-lying modes, such as the isovector multipole modes, 

the decay width certainly is an essential contribution of the ful1 width. 

The observation of an emitted hadron in coincidence with the scattered par­

ticle breaks the rotational symmetry of the nuclear final state with respect 

to rotations around the direction of the momentum transfer. This fact involves 

two important differences in comparison with the one-arm experiments where on­

ly the scattered particle is detected: 

i} all the multipole modes present at a specific excitation energy will in­

terfere, 

ii) if the nuclear excitation is induced by a vector operator, even the indi­

vidual components of the vector operator will interfere. 

The well-known reaction mechanism of electron scattering allows to take ful1 

advantage of the interference between the different vector components of the 
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transition operator. Only three components of the current are linearly inde­

pendent because of current conservation. Usually these are chosen to be the 

charge and the two transverse components of the current. The contribution of 

each of these components can be isolated in coincidence experiments by chang­

ing the detection angles. This fact leads to the possibility of a careful in­

vestigation of the structure of the current operator; in this context one 

should note that the spin currents are particularly sensitive to admixtures of 

subnuclear degrees of freedom, such as meson exchange currents or the 

~33(1232) isobaric resonance. 

The interference between modes with different multipolarity may be used to 

identify weak multipole strengths. In coincidence experiments the contribution 

to the cross section of ,these weak excitation modes is enhanced by the inter­

ference with stronger multipoles and m~ lead to measurable effects in the an­

gular distribution of the decay products. 

The requirements for our model aiming to describe the electron-scattering co­

incidence processes in the giant resonance region can be summarized as fol­

lows. First, since giant resonances are collective modes, the model should in­

clude the coupling between the different decay channels. Second, the model 

should describe properly the nuclear excitation in the continuum. At a given 

excitation energy, the angular distribution of the emitted particle is very 

sensitive to the strength of a multipole mode. Since modes of different multi­

polarities overlap in the continuum, a correct description of the width of the 

giant resonances is called fore A third requirement is the inclusion of all 

the interference terms between the different components of the electro-magnet­

ic transition operators. Even though for forward scattering angles of the 

electron the dominant contribution to the cross section is due to the charge 
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term, one needs the current transition densities in order to understand the 

asymmetries in the angular distribution of the emitted hadron. Clearly, with­

out current operators, one would forgo the possibility of investigating the 

effects of magnetic modes. 

The nuclear excitation model used in the present work considers the superposi­

tion of all those Ip-lh configurations which can contribute at a given momen­

turn transfer and includes the channel-to-channel coupling by solving the con­

tinuum random-phase-approximation for each multipole mode. 

This model takes into account only one part of the width of a multipole reso­

nance, the so-called escape width rt generated by the width of the continuum 

single particle waves. The so-called spreading width r+, originated by the 

splitting of the single particle states due to the coupling to collective nu­

clear vibrations, is not considered in our model. 

This model is expected to work reasonably well in light nuclei, where the es­

cape width is larger than the spreading width. For more detailed questions, of 

course, the inclusion of at least all 2p-2h degrees of freedom is indispens­

able. One should remark, however, that at present a combined treatment of both 

2p-2h effects and single particle continuum is not even available for a single 

resonance with definite multipolarity. 

Since this is the first work where the four terms of the coincidence cross 

section are evaluated starting from a microscopic description of the nuclear 

excitation, a first question we studied qualitatively concerns the relative 

magnitude of the different terms, especially the charge/current interference 

term as compared to the current/current interference term. 
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Second, we explored the sensitivity of the angular distribution of the emitted 

particle to the presence of weak multipole strength. 

As a third point we investigated the selectivity of the tool in exciting the 

different nuclear mo des for a fixed value of the nuclear excitation energy. 

This has been done both by changing the value of the momentum transfer and se­

lecting the energy of the emitted particle. 

A further important problem we studied is how rapidly the effects of the chan­

nel-to-channel coupling vanish with increasing excitation energy. 

In the last part of this work we applied our model to analyse the experimental 

data of Calarco et al. 25 ) for the reaction 12C(e,e'po)11S. Up to now these are 

the only data available of an electron-scattering coincidence experiment per­

formed to analyse the decay of giant resonances. The results are promising and 

new experiments performed on 208pb 26) and 28Si 27) targets have to be ana­

lysed; other experiments are already planned in Mainz28 ). 
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CHAPTER 1 

The Coincidence Cross Section 

In this chapter we derive the coincidence cross section formula expressing the 

nuclear final state in terms of multipole excitations of the nucleus. First we 

define the notations employed in this work. We work in natural units (~=c=l) 

and we adopt the conventions of.Ref. 29. 

The initial and final electron four-momenta are ki = (ei,ti ) and kf = (ef,tf ), 

respectively, and we assume the ultra-relativistic approximation me=O. 

The four-momentum transfer is defined as 

(l) 

The scattering angle of the electron is denoted by ~e (see Fig. 2). We work in 

the laboratory frame. The z-axis is chosen along the direction of the momentum 

transfer and the y-axis coincides with ~ = tf
x t i • With this choice, the scat­

tering plane, defined by Rf and Ri , is the x,z plane. 

The direction of the emitted particle momentum p is determined by two angles: 

the angle ~ between the z-axis and p, which runs from 0 to n, and the angle 

~ between P and its projection on the Xl plane, which varies between 0 and 

21t. 

The interaction between the electron and the electromagnetic field of the nu­

cleus is described by the exchange of one virtual photon. Following Refs. 30 

and 31, we consider the electron wave functions to be plane waves. Then the 

cross section is given by: 
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(2) 

where an average over the initial states and a sum over the final ones is un­

derstood. In eq. (2) we used the notation: 

(3) 

In the expression of the coincidence cross sections given by eq. (2)s all the 

information about the nucleus is contained in the nuclear currents J (q) which 
lJ 

are defi ned as: 

(4) 

Here fWi) and I~k) are the initial and final states of the nuclear system and ,. 
J (r) is the one-body electro-magnetic operator. The scalar component of this 

lJ 
. A + 

operator corresponds to the nuclear charge density per), while the vector com-

" + ponent is the nuclear current density J(r). Meson-exchange currents are neg-

lected throughout this work. 

Current conservation 

q JIJ = 0 
IJ 

(5) 

implies that, in spherical coordinates, for the particular choice of the quan­

tization axis (Z//q)s the electromagnetic field of the nucleus can be de­

scribed by three components: two transverse ones, J+ generated by the current -
operators and one longitudinal s Jo generated by the charge operator30 ). For 
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nuclei with ground state angular momentum zero, the cross section, eq. (2), 

simpl i fi es to: 

(6) 

The V coefficients of eq. (6) do not contain any information about the nucle­

uso They are defined as 

(7) 

Eq. (6) has been obtained simply from kinematical considerations without mak­

ing any assumption about the excitation mechanism of the nucleus. For this 

reason it has the same form as the coincidence cross section formula for radi­

ative decay processes, (e,e'y)32), and as the cross section of the deuterium 

electro-disintegration33 ,34,3S). The kinematic governing of all these pro-

ces ses is the same. 

At this stage, a model for the nuclear excited states enters. We restrict our 

work to doubly-magic nuclei. Here, the average nuclear potential has spherical 

shape and generates a set of bound single-particle states characterized by the 
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total angular momentum jp and the energy €p. Since the excitation energy of 

the nucleus is known by measuring the scattered electron, E=€i-ef=-w, and the 

energy €p of the emitted particle is available in a coincidence experiment, 

the energy of the residual nucleus is known. 

Within our model, the angular momentum land the parity wI of the rest nucleus 

correspond to the angular momentum and the parity of the shell model hole 

state in the target nucleus, and the energy of the residual nucleus is identi-

fied with the energy of the hole state €h=€p-E. Asymptotically, the nuclear 

final state, at the excitation energy E 1s composed of the wave function of . 

•• ~2 • the emitted nucleon 'i'{p.rha ' described by the momentum p, the spin 1/2 and 

its projection a on the z-axis, and of the wave function ~(ri-rA_1;€h;ImI) of 

the rest nucleus with spin land projection on the quantization axis mI: 

{8l 

The parity w
I 

of the residual nucleus has not been written down explic1tly for 

convenience. The total energy of the system has been denoted by E. Asymptotic­

ally it is the sum of the energies of the emitted particle and of the residual 

nucleus. 

In the absence of the nuclear f1eld, the wave funct10n 'i' of the emitted nucle­

on would reduce to a plane wave. In the present context, however, the interac­

tion of the emitted particle with the residual nucleus introduces phase shifts 

which are obtained by solving the Schrödinger equation for a nuclear central 

potential. 

Expanding the asymptotic wave function 1n multipoles one obtains 
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(9) 

where ut(pr} is the solution of the radial Sehrödinger equation, ~ and ~ indi-
-+- -+-eate the angles defining the direetions of the veetors p and rand Yn is the 

"",ll 

spherieal harmonie. Coupling first the orbital angular momentum t and the spin 

of the nueleon to the total angular momentum j, and seeond, eoupling this an­

gular momentum j with the angular momentum I of the residual nueleus to a to­

tal angular momentum J of the target nueleus, one obtains: 

(lO) 

where we defined 

(11 ) 

with Yjt(~} indieating the spin spherieal harmonies36 }. The wave funetion 

IE,J,M,n;(Ijt;P» deseribes a system of A nueleons with angular momentum J, 

with projeetion M on the quantization axis, parity n and energy E having one 

partiele in a eontinuum wave of orbital angular momentum t and total angular 

momentum j. The total angular. momentum of the eorresponding residual nueleus 

is denoted by I. Note that the parity n is determined by the parity nI of the 

residual nueleus and by the orbital angular momentum t of the eontinuum wave. 
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At this stage it has to be pointed out that the multipole expansion of the nu­

clear final state with one emitted and one detected particle given by eq. (10) 

is completely general. Any nuclear model which describes the emission and de­

tection of a nucleon has to be formulated in such a way that its final state 

coincides asymptotically with the multipole expansion (10). A model indepen­

dent expression for the transition densities can be obtained by using the mul­

tipole expansion of the asymptotic state eq. (10) in order to evaluate the ex­

pectation of the nuclear current operator eq. (4). With our choice of the 

quantization axis (z//q), the nuclear current, eq. (4), becomes: 

L (_nR.+J y R.\.I (P)<R.\.I1J2 a) jm>(jmlmI I J-Tl) 
R.jJ 
\.Im 

/I 

.(E,J,1r;(IjR.;p}uW (q)IO) Tl 

(12) 

where Tl can have the values !1 and 0 and indfcates the different components of 

the electromagnetic transition densitfes. 

" The longitudinal component of the W operator in eq. (12) is related to the nu-

clear charge density. Explicitly it reads: 

(13) 

where jJ indicates the spherical Sessel function. The definftion of the trans­

verse components, related with the current, is: 

(14) 

where [J] means (2J+1) 1/2 , and we have defined; 
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(15) 

with YJ,~,1(?) indicating the vector spherical harmonics36 ). The expression of 

" + " + the charge, p(r), and current, J(r), operators is given in Appendix B. 

In Born approximation, the cross section (6) involves products of the compo­

nents of the transition currents which read explicitly: 

J J+ = ~ L I) (E,J,'Ir;(R.jI;p)IIW RO) 
n n

l 
p R.jJ'Ir R. I j i' J I 'Ir I n 

<OIlW~, nE,J ' ,'Ir I ;(R.ljl I;p» (16) 

· L 
Oln I 

A( J 0 0 JO 0 J I I 0 0 I JO 1 0m 10 I 0 p) 
,'Ir,~" ,'Ir,~, ,0, I' ,n," , 

where A is a product of Clebsh-Gordan coefficients and spherical harmonics: 

A(J 00 JOoJI 1 0 0 1 JOlo m 10 lop) 
,'Ir,~" ,'Ir,~, ,0, I' ,n,n , 

(17) 

The coefficient defined in eq. (17) exhibits manifestly the difference between 

coincidence and one-arm experiments. In one-arm experiments, as widely dis­

cussed by de Forest and Walecka30 ), one assumes that the nucleus makes a tran-

sition between states of definite angular momenta. 
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Since the longitudinal and the transverse components of the electromagnetic 

field carry different angular momenta along the direction of the transferred 
+ momentum q (0 and ±1 respectively), they cannot interfere; otherwise they 

would lead to different final nuclear states. In the case of coincidence ex­

periments, however, since the momentum p of the emitted particle is detected, 

the nuclear final state is not any more an eigenstate of the angular momentum 

of the target nucleus. Therefore the same final state is reached through dif­

ferent multipole excitations, which consequently are interfering with each 

other. It is clear that in this situation no constraint concerning the inter­

ference between the different components of the electro-magnetic field is 

present. 

When the emitted particle is not detected, an integration over the momentum p 
of the emitted particle has to be performed in eq. (6). Because of the orthog­

onality properties of the spherical harmonics and of the Clebsh-Gordan coeffi­

cients, the coefficient defined in eq. (17) reduces to Kronecker deltas and 

consequently, only the diagonal terms in eq. (16) survive. In this way, the 

one-arm electron scattering cross section is retrieved. 

The information about the angular distribution of the emitted particles is 

fully contained in the product of the two spherical harmonics of eq. (17). It 

appears clear that the dependence from the angle p between the direction of 

the emitted particle and the scattering plane is present only when n*n', i.e. 

only in the interference terms land S of eq. (6). Since 

OS) 

and 
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the charge-current interference term depends on cos p only, whereas the cur­

rent-current interference term depends on cos2 p. 

One has to remark that, since the associate Legendre polynomials P~{x) for x=1 

differ from zero only when ~=O, for17;=o and ~=n, both the charge-current and 

thecurrent-current interference term vanish, as well as one expected because 

in these situations the angle~p is not defined. 

Now eq. (6) can be rewritten as: 

with obvious meaning of the W coefficients. This is the expression of the co­

incidence cross section as it is known from the work of de Forest31 ). One has 

to note that this author defined the V coefficients in a different way. The 

relation between the two different definitions of the V coefficients can be 

found in Ref. 37. 
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CHAPTER 2 

The Nuclear Model 

The multipole expansion eq. (lO) of the nuclearfinal state requires a model 

for the excitation modes IE,J,M,w;(I,t,j;PJ> which describes a system of A nu­

cleons characterized by the excitation energy E, the total angular momentum J 

and parity w with at least one particle in the continuum. 

The boundary conditions have to be chosen such that there is precisely one 

outgoing partial wave with total angular momentum j and orbital angular momen­

tum t, coupled to a residual nucleus with total angular momentum I. The momen­

tum p of the outgoing particle is determined by the difference between the to­

tal excitation energy E and the energy of the residual nucleus. 

In the present approach, the nuclear excited states are described within the 

continuum Random Phase Approximation by coherent superpositions of all one­

particle one-hole (lp-lh) excitations relevant for a given range of excitation 

energies and momenta transfers: 

(21) 

In eq. (2l) the excitation energy has been denoted by E and the multipolarity 

of the mode has been associated with total angular momentum J and parity n. 

The projection quantum number M is never written down explicitly. 
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In the present model, all decay channels c are uniquely characterized by the 

quantum numbers of the particle p and of the hole state h involved which com­

pletely defines the state of the residual nucleus: 

(22) 

For convenience, also those configurations consisting of abound particle 

state and a hole state are abbreviated by c and it is understood that the in-

tegration over the particle energy reduces to a summation in this case. 

Note that, at a given excitation energy E above the emission particle thresh­

old one has, in general, a set of degenerate wave functions because several 

channels c may be open for a particle emission. In eq. (21), the boundary con­

ditions are such that the decay channel c is the only asymptotically outgoing 

channel. 

In eq. (21) the particle and hole creation operators are represented by a;(e) 

and bh and follow the anticommutation rules 

(23) 

The continuum RPA equations are briefly summarized in Appendix A. 

Next we have to determine the expansion coefficients Xc,c' and Yc,c'. This is 

done in two steps: first, one solves the continuum RPA equations with boundary 

conditions which are easy to implement, second, one constructs the nuclear fi-

nal state which is adequate for the physical process under consideration by 
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making a suitable linear combination of the previous wave functions. The con­

tinuum RPA equations are: 

+ u~ Cl (E,EI)YC Cl (E,J,~;EI)] = 0 
, 0' 

(24) 

The expression of the v and u matrix elements is given in Appendix A. 

From the first of eqs. (24) it appears clear that the ~c c amplitudes have a 
0' 

pole for E=E+Eh• In order to treat this pole, we made the ansatz 

(25) 

In eq. (25) P means the Cauchyls principal part distribution and Ace I is a 

constant which has to be determined from the asymptotic conditions. Using the 

ansatz (25) for the X land Y I coefficfents, the RPA equatfons (24) can c ,c c ,c 
be re-written as: 
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Cc c·(E,J,1t;e') 
Cc c(E,J,1t;e) + I J dei [v~J,c.(e,e') 0'. 

0' C' e -eh·+E 

B c.(E,J,1t;e') 
*J Co' 

+ u c, c .( e, e ') --e-'I'""--e-
h
-. -'-E--- ] - -

(26) 

Eqs. (26) form a system of N linearly independent equations, where N is the 

number of the open channels. If no channe1 is open all the terms on the right 

hand side of eqs. (26) are zero and the system becomes homongeneous. In this 

case the system has solutions different from the trivial one on1y if the de­

terminant of the coefficients vanishes. The va1ues of the excitation energy E, 

for which the determinant becomes zero, are the discrete resonance energies of 

the nuc1eus. 

For any va1ue of the excitation energy E above the continuum thresho1d, which 

is the case we are interested in, the system has a1ways N 1inear1y independent 

solutions. These solutions are, of course, determined by the va1ue imposed to 

the known terms Ac,c" As is shown in Appendix A, a convenient choice is: 

ö c,c' (27) 

The solutions /W(E,J, 1tVc obtained using the choice (27) for the Ac,c' coeffi­

cients have to be matched with the adequate boundary conditions. 



- 23 -

Sinee the boundwave funetions vanish for r~, only the eontinuum X ,ampli­e,e 
tudes eontribute asymptotieally, therefore in eoordinate spaee one has: 

1& 

where Q~ indieates the surfaee funetion 39 ) 

(29) 

In eq. (28) we indieate the solution of the redueed radial Sehrödinger equa­

tion for a partiele seattered by a spherieal potential; its asymptotie behav-

iour is: 

(30) 

where X refers to the sum of the nuelear and Coulomb phase-shifts and p is the 

momentum assoeiated with the energy e of the partiele. 

Using the ansatz (25) for the Xe,e' eoeffieients with the ehoiee (27) of the 

Ae,e' known terms, the asymptotie expression of the nuelear final state ean be 

written as 38): 

eont l 1& 

'
~(E J +r)l' r1... ~ {6 ,sin(pr - ~ 1& + Xc' )QJe , (A-l,t) ~ ,,1&; '/e ~ Lee , e' , 

(31) 

l J1& 
+ 1& B ,(E,J,1&;e' )eos(pr - !- 1& + Xc' )Oe' (A-l,~)) e,e 

Defining the ineoming and outgoing waves as: 
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R. 
-i(pr -! 1r) 1r 

+ n~ (A-1, r) Ic(p,r) - e 

R. (32) 
i(pr -! 1r) 1r 

+ n~ (A-1, r) °c(p,r) - e 

Eq. (31) can be re-written as: 

(33) 

The nuc1ear final state corresponding to the emission of one partic1e, eq. 

(10), is characterized by the presence of on1y one partic1e in an outgoing 

channe1. This can be achieved by making a linear combination of the states of 

eq. ( 33) as fo 11 ows : 

IE,J,1r;{ci) = L 
c'open 

-ix. 
e c (34 ) 

Here 1 indicates the unit matrix. Exp1icit1y, the asymptotic expansion of eq. 

(11) reads: 

(35) 

with the R matrix defined as: 
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-iX 
R d = e c L [1+i~B(E,J,~;ef)]-1f c, f c, 

(36) 

If the partic1e-ho1e interaction vanishes the matrix of the B coefficients be­

comes zero, then the channe1-to-channel coup1ing is suppressed and the quasi­

free scattering limit is retrieved. 

Whereas in inc1usive experiments, where the emitted partic1e is not detected, 

one has to sum over all the possib1e states of the residual nuc1eus, in the 

present situation on1y those decay channe1s contribute which 1eave the residu­

al nuc1eus in adefinite state with angular momentum I. In our model this 

state is the hole state h. 

Using the exp1icit representation eq. (34) for the final nuc1ear state to cal­

cu1ate the product of two components of the transition current J J+ 1 , one has 
Tl Tl 

to eva1uate terms 1ike: 

Using the properties of hermiticity and symmetry of the matrix of the B coef­

ficients, with the he1p of some algebra it is possible to show that the ex-

pression (37) is equa1 to: 

-i(X -x I) 2 2 1 [ 2 2]-1 
e c c {[I + ~ B]- I + ~ B c',d' c,d 

(38) 
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Defining two new quantities: 

N(E,J,1t;c;Tl} 

and (39) 

P(E,J,1t;c;Tl} t (0 ..... ( }) t [ 2 2]-1 - ~ nWTln~ E,J,1t d lf 1+1t B d,f Bf,C 

the product of two components of the transition current eq. (16) explicitly 

reads: 

+ [N(E,J ,1t;c;Tl)N (E,J' ,1t' ;c' ;Tl') 

(40) 

x I A(J,1t;J. j ;J',1t';J. ,j ,;C1,mI ,I;Tl,Tl';p) 
mC1 ce ce 

I 

The transition matrix elements between the ground state and the excited state 

Ilf(E,J,1t»c is reduced to sums over one-boQy matrix elements as follows: 
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e<~(E,J,1t)IIW 110) = L [Xe ,e , (E,J,1t)(p ' nW",nh ') 
Tl e'=[p',h'] 'I 

(bound) 

(41 ) 

B ,(E,J,1t;e: ' ) 
+ L [p f de:I e,e , <pl(e:I)nw Rh ') 

e'=[p',h ' ] e: -Eh,-E Tl 

J+j ,-jh I C I (E,J ,1t;e: I) 
+ (-) p f de:I e,e. <h'RW Ipl(e: I»] 

e: -e:h,+E Tl 

The explieit expression of the single partiele transition matrix elements 

(pllW nh> for the different eleetro-magnetie operators 1s g1ven in Appendix B. 
Tl 
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CHAPTER 3 

Numerical Details 

The single-particle wave functions have been generated using a Saxon-Woods po­

tential of the form: 

V(r) 

(42) 

where m
n 

is the pion mass and Vc(r) is the Coulomb potential 

Ze
2 

[3-(r/R )2] 
2Rc c 

(43) 
Ze2 

r 

created by a uniform charge distribution of radius Rc' 

In 160 the parameters of the potential (see Table 1) have been fixed fitting 

the experimental single-particle energies in the vicinity of the Fermi level. 

In Table 2 we compare the bound single-particle energies obtained using this 

parametrization of the Saxon-Woods potential with the experimental values de­

duced from the level schemes of the neighbouring nuclei 40 ). This Saxon-Woods 

potential gives an rms charge radius of 2.69 fm close to the experimental 

one41 ) of 2.73!0.025 fm. 

Though 12C is soft against nuclear deformation, a spherical approximation to 

the ground state of 12C was employed, since the occupied.Nilsson orbits show 
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no level crossing with the unoccupied ones, at least for deformation parame­

ters less than ß = 0.3 42,43). 

The experimental splitting between the bound P3/2 and Pl/2 levels is 14.0 MeV 

for protons and 13.8 MeV for neutrons. This splitting cannot be reproduced by 

spin-orbit forces of Saxon-Woods potentials developed for spherical nuclei 44 ). 

Therefore we extrapolated the Saxon-Woods parameters from other spherical nu­

clei and chose the spin-orbit strength such as to reproduce the splitting be­

tween ~he dS/2-d3/2 continuum waves (see Table 1). 

In both nuclei, 12C and 160, the same Saxon-Woods potential used to generate 

the bound single-particle wave functions was also used to generate the contin­

uous ones. This was done by solving the Schrödinger equation for positive en­

ergy eigenvalues up to 400 MeV. 

In each of the two nuclei under consideration, the model space used in the 

continuum RPA computations was composed by all the bound states and by the 

continuous ones up to the jlS/2' j13/2 waves for both, protons and neutrons, 

giving a total number of 30 partial waves. 

For 160 the continuum RPA equations have been solved using the experimental 

values of the bound single particle energies given in Table 2. 

Also in the computations performed in 12C we used the experimental single par­

ticle energies (see Table 3) with the exception of the 1Pl/2 states. The huge 

energy gap between occupied and unoccupied levels.in 12C is probably due to 

deformation effects, then, to be consistent with our spherical approximation, 

we changed the energies of the 1Pl/2 states in order to reproduce the energy 

gap given by the spherical Saxon-Woods potential. The values of the single 

particle energies of the 1Pl/2 states we used in the continuum RPA equations 
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are -13.5 MeV and -16.24 MeV respectively for protons and neutrons. We found, 

however, that in our calculations the electro-scattering coincidence cross 

section is not sensitive to the 1P1/2 bound levels. 

The residual particle-hole interaction used is the zero-range density depen­

dent Landau-Migdal force 

(44) 

where the density dependence is given by 

(45) 

p( r) 1 
= Tl +~e~x~pT"'«r-r:-_""R "1"'") Jr:a'"T") 

with R indicating the interpolation radius. The values of the force parame­

ters, given in Table 5, have been chosen following Ref. 45. Note that this 

parametrization of the force has been fixed by fitting excitation energies, 

transition rates, electric and magnetic moments as well as isotope shifts in 

the lead region. 

For the application to 12C and 160 we modified only the value of the overall 

constant Co and, of course, the interpolation radius R which scales with A1/ 3• 

In 160 the overall constant Co has been fixed by reproducing the lowest col­

lective 3- excited state at 6.13 MeV (see Table 5). The value of 193.0 MeV fm3 

used for the force constant Co in 12C was extrapolated fr~m Oxygen. With this 

value of Co' within the present model, the first excited 2+ state in 12C is 

found at 5.74 MeV, while experimentally it comes at 4.44 MeV, and the first 3-
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state is obtained at 11.99 MeV, which has to be compared with the experimental 

value of 9.64 MeV. 

Following the criteria discussed in Ref. 46, we used 15 Fourier-Bessel expan­

sion coefficients in order to ensure the numerical stability of the method. 
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CHAPTER 4 

Application to 160 

160 is one of the best studied nuclei, from the experimental as well as from 

the theoretical point of view. Since the lp-lh continuum RPA gives a rather 

successful description of the excited states of this nucleus47 ), 160 is an 

ideal case to test the validity of our model and to probe the possibilities 

offered by coincidence electron-scattering experiments to investigate the de­

cay of giant resonances. 

a) Photoabsorption Cross Section 

In Fig. 3 the theoretical total photoabsorption cross section, obtained in­

cluding the contribution of the 1-, 2+, 3- multipole modes is shown as a func­

tion of the excitation energy. The experimental data are taken from Ahrens et 

al. 48 ). As expected in a configuration space limited to lp-lh excitations, the 

magnitude of the cross section is overestimated by roughly a factor 2 in the 

vicinity of the dipole resonance, and correspondingly, the width of the reso­

nance is underestimated. 

Since the total photoabsorption cross section is practically sensitive only to 

the electric dipole excitation (in the energy range up to 40 MeV the 1- con­

tributes 97.1 % to the total cross section), in Fig. 3 only the validity of 

the 1- solution of the continuum RPA has been tested. 

The same underestimation of the spreading width and overestimation of the res­

onance peak applies to all other multipole modes as well, of course. These 
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problems would be cured to a large extent by the inclusion of 2p-2h degrees of 

freedom, which so far were included only in calculations with a discretized 

continuum49 ). 

The fact that the peak energy of the dipole resonance is 1.2 MeV larger than 

the experimental one m~ be traced back to the value of the parameter f~ which 

determines the strength of the isospin-flip. The value of f~ was fixed in Ref. 

45 such as to reproduce the excitation energy of the dipole resonance of 

208pb • This value of f~ produces a symmetry energy of ß = 53 MeV 2), which is 

almost a factor of 2 larger than the bulk symmetry energy50) and of the value 

of 27.6 MeV obtained starting from a one-boson exchange potential by Nakayama 

et al. 51 ). This discrepancy led Brown, Dehesa and Speth to surmise that the 

large excitation energy of the giant dipole mode is due to the influence of 

2p-2h degrees of freedom52 ), which the fitted value of f~ takes effectively 

into account. Since the density of 2p-2h states is larger in 208pb as compared 

to 160, the value of f~ = 1.5 overestimates the 2p-2h effects in 160, and con­

sequently produces a too repulsive interaction. 

b) Sensitivity of the Coincidence Cross Section to the Presence of Weak 
Multipole Modes 

One of the motivations to perform coincidence experiments in the giant reso­

nance region is given by the possibility to explore the distribution of multi­

pole strength which is too weak to produce clear signatures in a one-arm ex­

periment. In this chapter, we want to investigate in a quantitative way to 

which extent modes of large multipolarity influence the coincidence cross sec-

tion. 



- 34 -

A rough estimate whether a multipole mode of angular momentum J contributes to 

the coincidence cross section at a fixed momentum transfer q may be obtained 

as follows: if the nucleus is considered to be a homogeneous sphere of radius 

R, the overlap of the component jJ(qr) of the virtual photon wave function 

with the nucleus will vanish for very large multipolarities. 

Demanding that the value of the Bessel function at the edge of the nucleus be 

less than 0.01 for all multipolarities larger than a cut-off multipolarity 

Jcut' one is led to the condition: 

J 
(~R) cut (0.01 
( J t+1)!! cu 

(46) 

Here the Bessel function has been approximated by the first term of the as­

cending expansion. Using R = 1.2 A1/3 as a reasonable approximation for the 

nuclear radius, for q = 0.5 fm-1 the cut-off Jcut results to be about 4, while 

for q = 1 fm-1 one obtains Jcut ~ 5. 

In Figs. 4, 5 and 6 we display the coincidence cross sections for the reaction 

160(e,e'po)15N. The kinematical conditions are arranged such as to cover mo­

mentum transfers between q = 0.6 fm-1 and q = 1.2 fm-I. The cross sections are 

shown as a function of the proton scattering angle~. The values 00(~(1800 

correspond to fp = 00, while the values 1800(~(3600 correspond to 9Pp = 1800• 

Recall that in the present choice of the coordinate system, a direct knock-out 

process would favour particle emission in the direction ~ = 1800• In Fig. 4, 

the energy of the incident electron is E. = 100 MeV, while the excitation en-
1 

ergy of the nucleus is E = 23 MeV corresponding to the maximum of the dipole 

resonance. The electron scattering angle Of~ = 900 gives amomenturn transfer 

q = 0.64 fm-I. 
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According to the estimate, eq. (46), one would expect that multipolarities 

larger than J=4 are clearly negligible. Indeed, the actual calculation shows 

that already the multipole modes with J=4 (full line in Fig. 4a) give only a 

tiny correction to the cross section calculated with the modes JW = 0+, 1- and 

2+ alone (dashed line). With increasing momentum transfer the importance of 

multipole modes with larger angular momentum increases, of course. At a back­

ward angle ~ = 1650 of the electron, the momentum transfer has increased to 

q = 0.89 fm-1, Fig. 4b. Now the multipole modes JW = 0+, 1- and 2+ produce on­

ly almost half of the cross section (dashed line), while clearly the multipole 

modes up to J=4 contribute the other half of the cross section (solid line). 

Note that multipole modes with J~4 do not produce any sensitive change in Fig. 

4 as expected from eq. (46). 

At the nuclear excitation energy of E = 40 MeV, Fig. 5, one is sensitive only 

to the high energy tail of the giant dipole resonance. Here one would expect 

that coincidence experiments might provide information about the distribution 

of strength of larger multipolarities. Indeed at~ = 900 which corresponds to 

a momentum transfer of 0.54 fm-1, Fig. 5a, the multipolarities up to J=4 (con­

tinuous line) enhance the cross section computed with JW = 0+, 1- and 2+ alone 

by roughly 40 '" at the forward angl e t1p = 1800• 

Multipolarities beyond J=5 produce negligible effects in agreement with eq. 

(46) (dotted line). At ~ = 1650, Fig. Sb, the effects of the larger multipo­

.larities come out even more clearly, but the relatively large momentum trans­

fer of q = 0.8 fm-1 implfes cross sections which are at the limit of what can 

probably be detected experimentally. In order to check the performance of the 

cut-off condit10n, eq. (46), we pushed the momentum transfer up to 

q = 1.16 fm-1 in Fig. 6. The nuclear exc1tat10n energy of 40 MeV is in a tran-
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sition region between strong channel-to-channel coupling of the giant resonan­

ces and the quasi-free scattering. The angular distribution of the emitted 

proton should predominantly be determined by the Fourier transformation of a 

P1/2-ho1e state. Indeed, a minimum in the cross section at~p =1800 is seen 

which is characteristic of a p-wave. As expected from eq. (46), multipolari­

ties up to J=5 (dashed line) have to be included in order to bring out this 

effect. 

The search for monopole strength has been one of the exciting topics in the 

study of giant resonances because of the connection with the nuclear compres­

sion modulus. In light nuclei it is too fragmented to be unambiguously identi­

fied with one-arm experiments. We applied our modelto look for characteristic 

signatures of the monopole mode in 160• 

In order to minimize the overwhelming presence of the giant dipole resonance 

we choose the excitation energy E = 20 MeV which lies in a minimum of the the­

oretical photoabsorption cross section (see Fig. 3). When searching for weak 

multipole modes one has to find a compromise between two objectives: first one 

would like to choose the momentum transfer which is optimal for the excitation 

of the weak mode, second the momentum transfer should be as small as possible 

in order to have reasonably large cross sections. 

The optimal response of the nucleus to the electric monopole excitation re­

sults to be at q = 0.6 fm-1 in the present investigation. 

We performed calculations with an energy of the incoming electron Ei = 100 MeV 

changing the scattering angle ~ of the electron in order to modify the values 

of the momentum transfer. 
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At ~ = 900 corresponding to a momentum transfer of 0.63 fm-I the coincidence 

cross section turns out to be less than 3 nb/{MeV 2sr2 ). In Fig. 7 we therefore 

di sp 1 ay the resu 1 ts for the scatteri ng angl es '8e = 400 and ~ = 600 • In both 

figures the full lines represent the result obtained including all the multi­

pole modes up to J=4 and the dashed lines are showing the results obtained 

leaving out the monopole mode. In both cases the presence of the monopole 

strongly modifies the shape of the angular distribution with a pronounced en­

hancement at backward angle ~ = 00 • 

At ~ = 400 the coincidence cross section at ~ = 00 reaches a value of 

16 nb/(MeV 2 sr2 ). Even though probably ft has to be reduced by roughly a factor 

2 because of 2p-2h effects, this order of magnitude of the cross section is 

accessible experimentally. 

c) Symmetry Breaking Effects 

The reflection symmetry 

(47) 

is broken by the charge-current interference term, denoted with I in eq. (20), 

which depends explicitly on cos~p. Qualitatively, the relative importance of 

the four individual terms may be inferred from the kinematical coefficients 

Ve, V
T

, VI and V
s 

{eq. (7» which are displayed as a function of the electron 

scattering angle in Fig. 8 for an incoming electron energy of €i = 100 MeV and 

energy loss of 23 MeV. The coefficients VI and Vs which are absent in a one­

arm experiment roughly follow the charge coefficient Ve concerning magnitude 
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and shape. Attre = 1800 , however, the charge-current interference term VI van­

ishes much more slowly than the charge-charge term Vc and the current-current 

term VI. 

Collective states of natural parity, in general display large charge transi­

tion densities, whereas the corresponding current densities are comparatively 

much more smaller. 

The individual contributions of the four interference terms to the coincidence 

cross section, at the theoretical peak energy of 23 MeV of the giant dipole 

resonance, are shown as a function of the proton angle~ for the electron 

scattering angle~= 900 (Fig. 9) and19;= 1650 (Fig. 10). At~= 900 the 

coincidence cross section is clearly dominated by the charge-charge term, 

while at ~ =1650 , the current-current term starts to become the most impor­

tant one, as one would expect from one-arm electron scattering experiments and 

the behaviour of the kinematical coefficients displayed in Fig. 8. 

The contribution due to the interference between the components J+ and J_ of 

the transverse current is almost negligible both at ~ = 900 and in particular 

at fJ:.. = 1650 • e 

On the other hand, the charge-current interference term produces a contribu­

tion to the coincidence cross section which leads to a clearly recognizable 

breaking of the reflection symmetry (47) in Figs. 4, 5, 6. Consequently, the 

charge-current interference term should not be left out in any analysis of co­

incidence experiments. 

The fact that the forward-backward symmetry 

da(l9p'} (48) 
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may be broken in coincidence experiments if two multipole modes of opposite 

parity overlap is generally referred to as a Bohr theorem53 ). 

In our model this fact can easily be seen because the angular distribution of 

the emitted partic1e is completely determined by the product of the two 

spherical harmonics of eq. (17). Then, taking out the dependence from the an­

gle ~p' which is explicitly taken into account in eq. (20), one has to consid­

er the product between two factors of this kind: 

(49) 

where pi is the Legendre polynomial and ~=-a-mI-~1 following the notation of 

eq. (17). 

Using the effective ~ defined between 0 and 2~, (recall that this simplifies 

the plotting of the angular distribution), one finds the relation: 

(50) 

Then the forward-backward symmetry is related with: 

(51) 

where land II are the orbital quantum numbers of the emitted particle. Be­

cause one detects a particle coming from a fixed hole state with orbital angu-

lar momentum l the phase of eq. (51) becomes 
h 



- 40 -

(52) 

where n and n l are, by definition, the parities of the nuclear excited states. 

It is clear now that the phase of eq. (51) is equal to one only if the two nu­

clear excited states have the same parity. 

d) Energy and Momentum Dependence of the Coincidence Cross Section 

In Fig. 11 we show the coincidence cross section for the reaction 

160(e,e'po)15N as a function both of the nuclear excitation energy and of the 

angle of the emitted proton. This calculation has been performed keeping fixed 

the energy of the incoming electron at €i = 100 MeV and the scattering angle 

at~e = 900 • The nuclear excitation energy was changed by varying the energy 

of the detected electron in steps of 0.25 MeV. Because of this energy varia­

tion the value of the momentum transfer varies from q = 0.66 fm-1 to 0.61 fm-1 

as one goes from the particle emission threshold to E = 40 MeV. The proton, 

knocked-out from the 1P1/2 bound level, is detected in the scattering plane. 

All the multipole excitation modes up to J=4 are included. 

In Fig. 11 one can distinguish three regions: a first one, starting at the 

particle emission threshold and going up to about 22 MeV, is characterized by 

the presence of sharp resonances, a second region containing the huge bump of 

the giant resonances, and, after that, a third region in which the angular 

distribution of the emitted particle is mainly concentrated in the direction 

of the transferred momentum. 
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At the peak energy of E = 23.5 MeV the strong forward-backward asymmetry pre­

sented by the angular distribution of the emitted particle is a clear signa­

ture of the presence of large interference terms between the electric dipole 

and quadrupole excitation modes. 

Within the present model, the peak of the electric quadrupole resonance lies 

at 23.5 MeV excitation energy, see Fig. 12, while experimentally54,8) the cen­

troid energy of the resonance is known to be at ~ 21 MeV. This discrepancy has 

to be ascribed to our choice of the Saxon-Woods potential which gives a too 

high resonance energy for the continuum proton and neutron f7/ 2 waves. Recall 

that the coupling of the f7/ 2 partial wave with the P3/2 hole states generates 

the particle-hole configuration with the largest contribution to the isoscalar 

giant quadrupole55 ). 

Note, however, that the present model produces a large overlap between the 

electric giant dipole and quadrupole resonances (compare Fig. 12 with Fig. 3), 

as it is known experimentally. The strong effects of the interference between 

dipole and quadrupole modes appear clearly in Fig. 13 where the angular dis­

tribution at the excitation energy of E = 23.5 MeV of Fig. 11 (full line) is 

compared with the result of calculations performed leaving out the 2+ (dashed 

line) and 1- (dotted line). In both calculations the forward-backward symmetry 

is rather well conserved, as well as one expects in the case that the angular 

distribution is strongly dominated only by one isolated resonance. In forward 

direction, ir
p 

= 1800 , the values of the cross section given by the calcula­

tions performed without 2+ and 1- are respectively 10.2 and 28.1 nb/(MeV 2sr2
). 

Since at this angle, ~ = 1800 , the value of the coincidence cross section 

computed.including all the multipole modes is 59.3 nb/(MeV 2sr2
), one concludes 

that the interference between 1- and 2+ gives a constructive contribution re-
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sulting in an enhancement of about 55 % of the incoherent sum of the two con-

tributions. 

The relative importance of the two modes can be changed by changing the value 

of the momentum transfer. In Fig. 14 the momentum dependence of the individual 

contribution of the dipole and quadrupole modes to the 160(e,e'po)15N cross 

section at the proton angle~ = 1800 and at the excitation energy 

E = 23.5 MeV is shown. The value of the angle of the scattered electron was 

kept fixed at ~ = 900 • The value of the transferred momentum was changed by 

changing the energy of the incoming electron. 

From Fig. 14 one can see that for the momentum transfer q = 0.63 fm-i, which 

is the value of the momentum transfer involved in the calculations of Fig. 13, 

the contributions of the 1- and 2+ resonances to the coincidence cross section 

have the same order of magnitude. This fact originates the big effects of the 

interference between the two multipole modes we have shown in Fig. 13. In­

creasing the momentum transfer, the influence of the dipole resonance is re­

duced. Since, in 160, multipole modes of multipolarity larger than 2+ are no 

longer expected to form energetically concentrated resonances, one may study 

predominantly the strength distribution of the quadrupole resonance by in­

creasing the value of the momentum transfer. 

Fig. 15 shows the result of a computation analogous to the one of Fig. 11 

where, to probe the momentum region going from q = 1.15 fm-1 to q = 1.23 fm-1, 

we have increased the energy €i of the incoming electron at 180 MeV keeping 

the same value of the scattering angle ~ = 900 • In this calculation the sta­

bility of the angular distribution was obtained inserting all the positive and 

negative multipole modes up to J=6. 
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In Fig. 15, at the peak energy of E = 23.5 MeV, the angular distribution of 

the emitted particle presents a rather well conserved forward-backward symme­

try which indicates the presence of ane multipole excitatian mode which 

strongly dominates all the ather anes. The sensitivity of the angular distri­

bution of the emitted particle at the peak energy E = 23.5 MeV to the electric 

quadrupole and dipole excitation modes is analysed in Fig. 16. There the re­

sult of the calculation of Fig. 15 (full line) is compared with the results of 

the calculations performed without 2+ (dashed line) and without 1- (dotted 

line). Fig. 16 clearly shows that, at q = 1.2 fm-1, the electric quadrupole 

excitation gives the main contributian to the coincidence cross section, while 

the presence of the electric dipole and of the other multipole modes generates 

a weak breaking of the forward-backward symmetry. 

If one compares Fig. 11 with Fig. 15 one can see that in the region before the 

giant resonance bump a lot of the structure present at low momentum transfer 

disappears at high q. The sharp resonance at E = 19MeV, however, 15 present in 

both cases. 

The solution of the continuum RPA equations for the 3- multipole resonance 

shows a sharp peak at 19 MeV (see Fig. 17) and in effect we found that the 

sharp bump at E = 19 MeV in the 160{e,e'po)15N cross section is due to the ex­

citation af the electric octupole mode (see Fig. 18). This state mainly con­

sists of a 1d5/ 2 particle coupled with a 1P3/2 hole state55 ). Even though this 

state has no dominant components in the single-particle continuum, the cou­

pling with the continuum is sufficiently strong to rnake this state accessible 

to investigations with coincidence techniques. This state may be identified 

with the isovector 3- state found experimentally at 19.21 MeV excitation ener­

gy in pick-up reaction with a 170 target56 ,57). 
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The large selectivity of the coincidence electron scattering experiments is 

demonstrated in Fig. 16 where the kinematic conditions of Fig. 15 have been 

deep, i.e. the energy of the incoming electron is Ei = 180 MeV and the scat­

tering angle of the electron is ~e = 900 , but the residual nucleus is left in 

the P312 state. 

The sharp bump at the excitation energy E = 20MeV, dominated by the current 

transition density (see Fig. 20), is due to the excitation of the 4- state 

(see Fig. 21). This 4- state, in our model is practically composed only by the 

(1d5/2, lP372) particle-hole configurations; the coupling with the 1P1/2 hole 

state is so weak that, in the 160(e,elpo)15N reaction of Fig. 15 no 4- state 

was seen. 

Experimentally56,58,59) one finds four peaks of multipolarity 4- in the 18-19 

MeV region. Our approach gives two 4- peaks, one isovector, the other isosca­

lar. In Fig. 16 they are not resolved because we used an energy resolution of 

0.25 MeV. The additional splitting in the other two peaks is probably due to 

the coupling with 3p-3h configurations, as widely discussed by Barker et 

al .60) • 

e) Effects of the Channel-to-Channel Coupling and Quasi-Free Behaviour 

In Figs. 11, 15 and 19, at energies above the giant dipole resonance, particle 

emission is predominantly concentrated along the direction of the momentum 

transfer. The question immediately arises, whether a quasi-free knock-out 

process already takes place at the comparatively low excitation energies 

starting at about 30 MeV. Since the present model contains the quasi-free 
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scattering as a limiting case when the particle-hole interaction vanishes, the 

problem can be tackled by comparing two calculations performed with and with­

out residual interaction. 

In Fig. 22 the full line represents the angular distribution of the emitted 

particle of Fig. 11 at the peak energy of E = 23.5 MeV. In the same figure the 

dashed line represents the result of the calculation performed switching off 

the residual interaction. The large difference between the two calculations of 

Fig. 22 is not astonishing since they have been performed at the peak energy 

of the giant resonance, where collective degrees of freedom are fundamental 

ingredients of the nuclear excitation mechanism. 

In an extreme quasi-free scattering picture, where the wave function of the 

emitted particle is considered to be a plane wave, and the nucleus is de­

scribed in the Independent Particle Shell Model, the angular distribution of 

the emitted particle results to be proportional to the Fourier transformation 

of the hole wave function61 ): 

(53) 

The dashed line of Fig. 22 shows the characteristic angular distribution of a 

particle knocked-out from a p-shell, when the quasi-free kinematical condi-

tions are fulfilled. 

There are two reasons why the cross section calculated without residual inter­

action is not exactly zero at {rp = 1800 , as one would expect from eq. (53). 

The first reason is due to the fact that in the kinematic conditions of Fig. 

22 the magnitude of momentum transfer q is not exactly equal to the magnitude 

of the momentum P of the emitted particle. 
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The second reason has a more generalorigin. Even though the p-h interaction 

is zero, the emitted particle is still interacting with the residual nucleus 

through the central Saxon-Woods potential. This breaks the simple picture 

leading to eq. (7) since the wave function of the emitted particle is not any 

more a plane wave. 

In Figs. 23 and 24 we compare the results of calculations performed with (full 

line) and without (dashed line) residual jnteraction for the nuclear excita­

tion energy E = 40 MeV. The two calculations of Figs. 23 and 24 have been per­

formed for two different values of the energy of the incoming electron. 

The kinematic conditions of Fig. 23, where the same value of the incoming 

electron energy Ei = 100 MeV of Fig. 22 is kept, allowed a minimum value of 

p-q of 0.6 fm-1• This means that only the external tail of the Fourier trans­

formation (53) is probed, and the two bumps of the dashed line of Fig. 22 

merge in Fig. 23 in a unique bump peaked around ~ =1800 • 

On the other hand, in Fig. 24 the kinematic conditions have been fixed such 
+ + as p = q and the angular distributions show the characteristic p-wave behav-

iour. The asymmetry between the two peaks of the angular distribution is due 

to the cosfp dependence of the charge-current interference term (see eq. 

(20». The position of these two peaks around p-q = 0.45 fm- 1 is in good 

agreement with the experimental momentum distribution of the 1P1/2 hole state 

obtained from knock-out coincidence experiments performed at much higher val­

ues of the nuclear excitation energy18) (E ~ 150 MeV). 

The interesting feature of Figs. 23 and 24 consists in the fact that the angu­

lar distributions calculated with (full lines) and without (dashed lines) par­

ticle-hole interaction have a rather similar shape and they differ only in the 
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magnitude. This remark can lead to the conc1usion that in this region all the 

multipole modes are excited with approximate1y the same strength, and the on1y 

effect of the residual interaction is on the overall magnitude of the cross 

section. 

To investigate quantitative1y this question we compared the va1ues obtained 

integrating the coincidence cross section, ca1cu1ated with and without residu­

al p-h interaction, over the angle ~ of the emitted partic1e. 

In Fig. 25 we show, for two different va1ues of the energy of the incoming 

e1ectron, Ei = 100 MeV and Ei = 180 MeV, the dependence of the integrated co­

incidence cross sections from the nuc1ear excitation energies. In Fig. 25 the 

fu11 1ines represent the resu1ts of the ca1cu1ations performed inc1uding the 

residual interaction and the dashed 1ines have been computed without residual 

interaction. 

The first remark which arises from the analysis of Fig. 25 is that the par­

tic1e-ho1e interaction shifts strengths from the high energy region into the 

giant resonance region, as it has been a1ready pointed out by Ba1ashov62 ). The 

difference between the ca1cu1ations performed with and without residual inter­

action is more pronounced in Fig. 25b where higher va1ues of the momentum 

transfer are probed. This is probab1y a consequence of the fact that we are 

using a zero range p-h interaction. In effect, more rea1istic nuc1eon-nuc1eon 

interactions51 ), based on the one-boson exchange picture, decrease for high 

va1ues of the transferred momentum. In Fig. 25b the effects of the p-h inter­

action are probab1y overestimatedsince under the kinematic conditions in­

vo1ved (q _ 1.2 fm-1) the 10ng range terms of the residual interaction start 

to become important. The percentage of the charge term contribution to the in­

tegrated cross section of Fig. 25 is given in Tab1e 6. 
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For both energies of the incoming electron~ Ei = 100 MeV and Ei = 180 MeV, the 

calculations performed using the p-h interaction show that the importance of 

the charge term decreases with the increasing of the energy. In the giant res­

onance region the charge term is responsible for about 90 % of the integrated 

coincidence cross section, while at the excitation energy E = 40MeV the con­

tribution of the charge term amounts to 82.8 % and 76.5 % respectively for 

Ei = 100 MeV and Ei = 180 MeV. 

One has to remark that, since the charge-current interference term is mirror 

anti symmetri c, I(~) = -I(-~), as discussed in section c) of this chapter, 

its contribution to the integrated cross section is exactly zero. It is inter­

esting to note that, in Table 6, the results of the calculations performed 

without residual interaction present the same behaviour with respect to the 

calculations performed using the p-h interaction. In both cases, for E. = 100 , 
MeV and Ei = 180 MeV, the charge term contribution is underestimated in the 

giant resonance region and overestimated at the excitation energy E = 40 MeV. 

This result seems to indicate that, in the giant resonance region, collective 

degrees of freedom are enhancing the role of the nuclear excitation mechanisms 

connected with the charge operator, while with the increasing of the energy 

the situation changes and the collectivity of the nuclear excitation results 

to be contained in the excitation terms generated by the nuclear current. 
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CHAPTER 5 

Application to 12C 

The nucleus 12C is not one of the ideal cases to investigate with nuclear mod­

els like RPA based on a spherical approximation of the nucleus. Deformation 

effects are known to be important in the description of the ground state of 

this nucleus43 ). In spite of this, the possibility to compare the results of 

our calculations directly with experimental data25 ), the only data of this 

kind available up to now, makes the application of our model to the descrip­

tion of the decay of 12C worth-while. 

In Fig. 26 the photoabsorption cross section for the dipole resonance is com­

pared with the experimental data of Ahrens et al. 48 ) as acheck of our model. 

The peak of the theoretical dipole strength is found 1.5 MeV below the experi­

mental peak at 22.5 MeV. As expected in a 1p-1h approximation, the magnitude 

of the cross section is overestimated roughly by a factor two, while the width 

is underestimated. Explicit inclusion of 2p-2h effects is expected to improve 

the agreement with the experimental data49 ). Since the dominant features of 

the dipole strength are reproduced, we feel encouraged to apply our model to 

the (e,e'p) data of Calarco et al. 25 ). 

The comparison between the result of our calculations and the data of Calarco 

is shown in Fig. 27. Note that all the theoretical energies are shifted up by 

1.5 MeV in order to compensate for the discrepancy between the experimental 

and the theoretical peak of the photoabsorption crosS section. Since the theo­

retical angular distributions overshoot the experimental data, and at present 

we are interested in the shape of the angular distribution of the emitted par­

ticle, we determined a scaling factor of A = 0.4 in order to facilitate the 
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comparison between the theoretical and experimental angular distribution at 

the peak energy of 22.47 MeV of the dipole resonance. At all the other excita­

tion energies, the comparison was made using the same scaling factor. 

The first result obtained is that the model is able to reproduce the relative 

magnitudes of the coincidence cross sections at all experimentally investi­

gated excitation energies. The scaling factor effectively takes into account 

effects of 2p-2h configurations and branching to decay modes other than proton 

or neutron emission. 

In Fig. 27 the solid lines include all multipolarities of both positive and 

negative parity up to J=4, larger multipolarities were found to be negligible. 

The shape of the experimental angular distribution at the peak of the giant 

dipole resonance (22.47 MeV) is essentially preserved at 21.65 MeV and 22.98 

MeV; this confirms the dominant influence of this excitation mode in the ener­

gy interval considered, as expected from the photoabsorption cross section. In 

the present version of the model, the width of the dipole resonance is under­

estimated, and consequently, the dipole-like decay pattern is only qualita­

tively reproduced at 22.98 MeV and not at all at 21.65 MeV. Clearly the in­

clusion of 2p-2h effects into continuum calculations would improve this situa­

tion. 

On the other hand, at low energies, not only the relative magnitudes but also 

the shapes of the cross sections are very wel1 reproduced. The strong forward­

backward asymmetry striking in the angular distribution at E = 19.28, 19.92 

and 20.63 MeV is a clear signature of the presence of positive parity strength 

interfering with the tail of the giant dipole resonance. 



- 51 -

Ca1arco et a1. 25 ) suggested that in addition to the 2+ strength (found in 

(aa')9)), also 0+ strength might be present at 20.63 MeV. In order to demon­

strate the effects of 0+ strength, we repeated the calculation without mono­

pole strength (dashed line). A surprisingly large influence of the 0+ strength 

is found: without monopole strength aseries of bumps in both forward and 

backward direction is found between 19.28 and 20.63 MeV, while only the in­

clusion of the monopole is able to reproduce the 1arge experimental bumps in 

backward direction. 

The large effect of the monopole strength at 20.63 MeV does not imply that the 

monopole is a concentrated resonance. The omission of monopole strength con­

tinues to have a large effect on the relative magnitude of the cross section 

up to 22.98 MeV, even though there are no obvious effects on the shape of the 

cross section. 

In Fig. 28 the exhaustion of the energy weighted sum rule is shown for the mo­

nopole, the dipole and the quadrupole strength. The sum rule exhaustion has 

been calculated using the classical energy weighted sum rule 

(54) 

where aJ is the photoabsorption cross section for a nuclear excitation to a 
y 

state /f> with angular momentum J, and QJ is the electric multipole operator. 

Using the 10ng wave approximation the multipole operator is expressed as: 

(55) 
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Then, supposing that the potential term of the nuclear Hamiltonian commutes 

with QJM' one obtains: 

L E l<flQ 10>\2 =~2 J(2J+1)2 L <i\r2J -21 i) 
f f JM ~ 4n i 

(56) 

where with li) we indicate the single particle states of the nuclear ground 

state. Since the Landau-Migdal interaction we used as p-h interaction contains 

isospin dependent terms, the potential part of the nuclear Hamiltonian does 

not commute with the operator QJM' For this reason in Fig. 28 the curves re­

presenting the sum rule exhaustion of 1- and 2+ are overshooting the 100 % of 

the sum rule value calculated with eq. (56). In Fig. 28 the full curve of the 

0+ remains below the 100 % of the sum rule value since the monopole excitation 

is practically only isoscalar, i.e. it is not sensitive to the isospin depen­

dent terms of the Landau-Migdal interaction. 

While the dipole strength is exhausted within an energy interval of approxi­

mately 10 MeV, a very broad monopole strength distribution is found which 

needs an energy interval of at least 20 MeV to exhaust its sum rule. A large 

width of the monopole strength is due to the fact that the monopole mode is 

predominantly given by the excitation of the P3/2 hole to the P3/2 partial 

wave, which does not show any resonant behaviour in 12C• Nevertheless, in the 

energy region between 19 and 20.5 MeV, the monopole strength and the dipole 

strength are comparable, which causes large interference effects. Beyond 20.5 

MeV, the dipole strength is much larger than the monopole strength, and there­

fore, the interference effects are overwhelmed by the huge dipole resonance. 

The quadrupole strength extends between 20 and 50 MeV. The quadrupole strength 

in 12C is mainly formed by a coupling of the P3/2 hole with the f7/ 2 partial 
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wave which exhibits no resonance. This agrees qualitatively with the experi­

mental results obtained in a-scattering9) and elastic photon scattering63 ). 

The present model appears to leave relatively small probabilities for decay 

modes other than nucleon decay. Since the presence of 2p-2h configurations in 

a discretized calculation49 ) reduces the dipole strength by a factor 0.5, 

while a factor A = 0.4 was necessary to reproduce the magnitude of all (e,e1p) 

cross sections between 19.28 and 22.98 MeV, a rough estimate for the branching 

ratio to nucleon decay channel is 90 %. Indeed, Calarco et al. 25 ) found a 

branching ratio to a-particles of less than 10 %. In the analysis of a-induced 

decay of 12C, mainly a-particles were emitted8). Since the a-particle does not 

excite the isovector dipole resonance, a possible explanation is that the di­

pole mainly decays via nucleon emission, while only the quadrupole resonance 

decays predominantly via a-emission. 

As a last remark we would like to point out that the data of Calarco et ale 

were taken at q = 0.4 fm-1 while, within our model, the maximum response for 

the monopole excitation is found at q = 0.75 fm-I. 
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CONCLUSIONS 

In this work we developed a model describing the nucleon emission induced by 

electro-scattering processes in terms of multipole excitation of the nucleus. 

In the present version of the model these nuclear modes are treated within the 

1p-1h continuum RPA framework. 

Our model is particularly suitable to describe coincidence knock-out processes 

(e,eIN) in the energy region of the giant resonances, but it can be used also 

in the quasi-free scattering region. In contrast to the work of Bala­

shov62 ,64,65) all the four terms of the coincidence cross section, eq. (20), 

were taken into account in the calculations, which is necessary in order to 

have a realistic description of the angular distributions of the emitted par­

ticles. 

Studying the electro-excitation of 160 it was found that, in the giant reso-

nance region, the interference term between the two transverse components of 

the current density, J+ and J_, gives a negligible contribution to the cross 

section. The charge-current interference, however, is usually fairly large and 

has to be included in order to understand the breaking of the reflection sym­

metry around the axis defined by the momentum transfer. 

The model has been extensively applied to the description of the decay of the 

electro-excited 160 and it has been used to analyse the (e,elp) experimental 

data of Calarco et al. 25 ) in 12C• 

Our results show that electron scattering coincidence experiments are a suit­

able tool to investigate weak multipole excitation modes. The interference be-
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tween modes of different multipolarity enhances the presence of weak modes 

which, in the one-arm experiments, are hidden in the background. 

The angular distribution presented by Calarco's data in 12C exhibits clear ef­

fects due to the presence of monopole strength, even though the solution of 

the continuum RPA equations does not show presence of an energetically concen­

trated monopole resonance. In this context our model has been used to show 

that the presence of monopole strength can be identified in 160 most clearly 

in the excitation energy region around 20 MeV, since here it can interfere 

wfth the begfnnfng tafl of the dipole resonance. Even though the angular dfs­

tribution of the emitted particle is extremely sensitive to the presence of 

weak multipole modes, no evident signature of electric octupole excitation was 

found in 160• 

Another feature of the electron scatterfng cofncidence processes, which has 

been pofnted out by our calculation, is the high selectivity of the (e,e'p) 

reaction in exciting sharp states embedded fn the continuum. We showed, for 

example, that in 160 the 4- state emerges very clearly only when the proton 

coming from the P3/2 bound level is detected. 

Within the present model, in 160, for energies above the giant resonance re­

gion the quasi-free knock-out process starts to take place. In this energy re­

gion the major effect of the channel-to-channel coupling consists in an over­

all reduction of the cross sectfon, while the shape of the angular distribu­

tion, which favours particle emission in the direction of the momentum trans­

fer, does not differ from the one obtained without channel-to-channel cou-

pling. 



- 56 -

A comparison between the results of our model and of the quasi-free approach 

with the experimental data available in the quasi-elastic region could be used 

to investigate the microscopic origin of the optical potential used in the 

quasi-free approach. Specifically it would be interesting to know up to which 

extent the channel-to-channel coupling included in our model is able to ex­

plain the asymmetry in the angular distribution of the reduced cross section 

found in the (e,e1p) experiments of Sacl ay18}. So far this asymmetry has been 

explained in the quasi-free approach with the presence of an imaginary term in 

the spin-orbit part of the nuclear central potential which is at least partly 

contained in the present coupled-channel approach. This kind of investigations 

requires the use of a more reliable p-h interaction which takes into account 

the finite-range terms of the nucleon-nucleon interaction. 

From the discussion of the results we have presented it appears clear that the 

strongest approximation of our model consists in restricting the description 

of the nuclear excited states to a superposition of Ip-lh configurations. The 

approximations made to describe the electron-nucleus interaction (one-photon 

exchange, plane wave Born approximation, electromagnetic operators not includ­

ing sub-nucleonic degrees of freedom, etc.) are orders of magnitude smaller. 

For a more accurate analysis of the experimental data, the evaluation of the 

spreading width generated by the 2p-2h degrees of freedom becomes fundamental. 
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APPENDIX A 

In this Appendix we briefly sketch the method used to solve the continuum RPA 

equations. We work with a set of single particle wave functions defined as 

(Al) 

and in the following we shall indicate with j the angular part of the wave 

functfon. The matrix elements of eq. (26) we have to solve are defined as: 

J+j +j I [jp jh J

K

1 = L (-) h p (2K+l) 
K jpl jh' 

(A2) 

(A3) 

where IjpjhK) fs the product of the two single particle wave functions coupled 

to the angular momentum K. Usfng the zero range Landau-Migdal partfcle-hole 

fnteractfon (37) to compute the matrix elements (A2)-(A3) one arrives to ex-

press eq. (26) as: 

cont 
B (E J .) + \ vJ 

I ( €, € I ) Ac Cl IS ( € 1_ €h I -E) 
co,c~(p,h) ,,~,€ ~I. C,C 0' 

(A4) 
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where we have defined a sealar transition density P and a spin transition e 

density oe as follows: 

Pe (E,J,1f;r) 
o 

Oe (E,J,1f,R.;r) 
o 

(A5) 

For simplieity, in eq. (A4) we eonsider only the Fand G eoeffieients. The ad­

ditional isospin dependenee of FI and GI ean be ineluded easily. 

Inserting eqs. (A4) in (A5) one obtains 
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(A6) 

where we used the definitions: 

(A7) 

r FJ ,1( )FJ ,1
1

( ) 

_ l· ph e: , r ph e:, r 1 1+ 1 I = L f de: E + (-) ph e:-e:h-

with 

(A8) 

The two terms Wand Q of eq. (A6) are the known terms containing Aph and they 

are defi ned as: 
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(Ag) 

Since the p and a terms defined in (A6) contain the information about the B 

coefficients of eq. (A5) we solve directly eqs. (A6) by expanding in Fourier­

Bessel series46 ). 

We make the following expansions: 

J M J t 
Ht(r,r1) = L H' j (q r) jJ{q"r1) 

uv uv J).J v 
(AIO) 
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M 
= L Q~ jJ(qllr) 

11=1 t'" t'" 

where M is the number of the expansion coefficients. 

Now defining two new quantities 

(All ) 

S = f drr2 jJ (q r) G J (q r) 
Tl 11 Tl J 11 

and inserting (A10) in (A6) one obtains: 

(A12) 

Specializing eqs. (A12) for protons (p) and neutrons (n) and cons1der1ng that 

for natural parity states l=J we wr1te 1n matrix form: 
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Hn,J Snn 

un,J,J Snp 

C,p 
P 

c,n 
p 

c,J,n 
o 

--

where writing GL HL,J U·,JJ we dropped a common index J. 

For unnatural parity states C!J=O and l=J±l then the system of equations to 

solve is: 

Up,J+I,J-1 SPP ur,J+I,J-1spn ~c ,J.I,p WC,J+l,p 

Un,J+l,J+lsnp (Un ,J+I,J+lsnn+l) un,J+I,J-1snp Un,J+l,J-1snn .,Ci,J+l,n wt ,J+l.n 

--
Up,J-I,J+ISpp Up,J-I,J+1Spp (Up,J-I,J-1SPP+l) up,J-l,J-1spn .,c,J-l,p wc,J-l,p 

Un,J-l,J-1snp un ,J -I,J .lsnn Un,J-l,J-1snp .,c,J-l,n wc,J-l,n 

(A14) 

To obtain the Band C coefficients of eq. (A5) from the solutions of (A13) and 

(A14) one has to ealeulate: 

- - l l 
-Cl J.1V 

C-C ,(E') 
e,e - - 2 l 

't' IlV 

(A15) 
[(:-)Joc' ,J(E') Tn ' pc,-c'+(_)J+l FC',J,JCe:) s't't' aC,J,'t:] 

J.1 J.1V v J.1 JlV v 

(A13 ) 
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for natural parity states and 

B~,C,(e:') 

C~,CI{e:I) c,J+l,T 1 

a v (A16) 

for unnatural parity states, where the index T runs over protons and neutrons. 
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APPENDIX B 

In this Appendix, we give the expressions for the single particle transition 

matrix elements of eq. (34). The basis of the single particle states has been 

defined in (Al) and we shall use the notation: 

(B1) 

We assume that the electromagnetic operators are local and that the electro­

magnetic field interacts with one nucleon at once. The charge operator is de­

fined as 

(B2) 

where '3=1 for protons and '3(i)=-1 for neutrons. 

The current operator is defined as sum of convection and magnetization cur­

rent: 

(B3) 

where 

(B4) 

and 

(B5) 
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with m the nucleon mass and ~p = 2.79, ~n = -1.91. We give he re the expression 

of the reduced single particle matrix elements of the Wo and S operators de­

fi ned in eqs. (13) and (15): 

(B6) 

(B7) 
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[

(XP-Xh)(Xp+Xh+1) J d 2. ( ) Rp(r)Rh(r) 
IJ rr JJ-1 qr -"--r~-

- IJ J drr2jJ_l(qrl[Rp(rl ~r Rh(rl-Rh(rl ~r Rp(rl1} 

where x = (_),t+j+ 1/2 (j+ 1J2). 
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TAßlE CAPTIONS 

Table 1: Parameters of the Saxon-Woods potential of eq. (42) for 12C and 160• 

Note that we used aSO=a and RSO=Rc=Ro• 

Table 2: Energies in MeV of the bound single particle levels of 160• The ex­

perimental values have been taken from the level scheme of the neigh­

bouring nuclei 40 ). 

Table 3: The same as Table 2 for 12C• 

Table 4: Parameters of the landau-Migdal density dependent p-h interaction 

used in the present work. This parametrization of the force has been 

taken from Ref. 45. 

Table 5: Values of the force constant Co' interpolation radius Rand diffuse­

ness a used for 12C and 160 (see eq. (45)). 

Table 6: Contribution, in percentage, of the charge term of eq. (20) to the 

integrated cross sections of Fig. 25. 
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rAßLE 1 

Vo (MeV) R (fm) ao (fm) VSO (MeV) 

12C 
protons 62.0 2.86 0.57 3.20 

neutrons 60.0 2.86 0.57 3.15 

160 
protons 52.5 3.2 0.53 7.0 

neutrons 52.5 3.2 0.53 6.54 

rAßLE 2 

160 
protons neutrons 

exp s.w. exp s.w. 

p 2s1/2 -0.10 -0.86 -3.27 -3.95 

1d5/ 2 -0.60 -3.71 -4.14 -6.88 

1P1/2 -12.11 -12.67 -15.65 -16.66 
h 1P3/2 -18.44 -16.84 -21.81 -20.54 

lSl/2 -29.81 -34.00 

rAßLE 3 

12C 
protons neutrons 

exp. S.W. exp. W.S. 

1d5/2 -1.10 -3.54 

2s1/2 -1.86 -3.31 

1P1/2 -1.94 -15.14 -4.96 -17.34 

1P3/2 -15.96 -17.45 -18.72 -19.61 

1s1/2 -33.13 -36.2 



0.20 

E (MeV) 

25 
30 
35 
40 

-2.45 

193.019 
253.531 

e:. = 
1 

no p-h int. 

81.8 
90.1 
88.8 
85.6 
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TAßlE 4 

f~xt 9 9
1 

1.50 1.50 0.55 0.70 

TAßlE 5 

interp. radius R (fm) diffuseness (fm) 

2.46 

2.71 

TAßlE 6 

100 MeV 

with p-h int. 

92.1 
89.8 
89.0 
82.8 

0.60 

0.60 

e:i = 180 MeV 

no p-h int. with p-h 

77.7 91.0 
82.7 84.9 
82.4 85.8 
81.3 76.5 

int. 
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FIGURE CAPTIONS 

Fig. 1: One photon-exchange diagram for the process (e,e'N). 

Fig. 2: Geometry of the (e,e'N) process. The initial and final electron mo­

menta are denoted Ri and Rf respectively, while p represents the mo­

mentum of the emitted partic1e forming an anglec(l p with the scatter­

ing plane fixed by the two vectors ki and ~f. 

Flg. 3: Energy dependence of the total photo-absorption cross section com­

pared with the experimental data of Ahrens et al. 48 ). The theoretical 

curve has been computed including the 1-,2+,3- multipole excitation 

modes. Note that the electric dipole gives a contribution of 97.1 % 

to the total cross section up to an excitation energy of 40 MeV. 

Fig. 4: Sensitivity of the angular distribution of the emitted particle to 

the presence of large multipole excitation modes. The detected proton 

is coming from the 1P1/2 bound state. The dashed lines have been cal­

culated including the 0+,1-,2+ excitation modes, the full curves with 

all the positive and negative multipole excitations up to J=4. The 

contributlons of higher order multipoles do not produce any sensitive 

difference in the figure. Note that, for our choice of the reference 

system, a direct knock-out reaction would have maximal cross section 

for ~ = 1800 • The value of the momentum transfer js 0.64 fm- 1 for 

Fig. a and 0.89 fm-1 for Fig. b. 
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Fig. 5: The same as Fig. 4 but for a nuclear excitation energy of 40 MeV. 

Full and dashed lines have the same meaning as in Fig. 4, the dotted 

lines represent the result of a computation performed including all 

the modes up to J=6. Note that for~e = 1650 the emitted particle an­

gular distribution starts to be sensitive to the higher multipole ex­

citation modes. The value of the momentum transfer is 0.59 fm-1 in a) 

and 0.80 fm-1 in b). 

Fig. 6: The same as Fig. 5 but for a different value of the incoming electron 

energy. The emitted proton is coming from the 1Pl/2 state. The full 

curve represents the result of the calculation performed using all 

the multipole excitation modes up to J=4, the dashed curve up to J=5 

and the dotted one up to J=6. In this case the shape of the angular 

distribution of the emitted particle is deeply modified by the pres­

ence of multipoles with angular momentum higher than J=4. The value 

of the momentum transfer is 1.16 fm-I. 

Fig. 7: Sensitivity of the angular distribution of the emitted proton for the 

reaction 160(e,elpo}15N, to the presence of monopole strength. In 

both figures the full lines have been calculated using all the posi­

tive and negative multipole modes up to J=4. The dashed lines repre­

sent the results of the calculations performed leaving out the 0+ ex­

citation mode. The values of the transfer momentum are q = 0.33 fm-1 

in Fig. a and q = 0.46 gfm-1 in Fig. b respectively. 
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Fig. 8: Dependence of the four kinematical factors defined in eq. (7) from 

the angle of the scattered electron under the kinematical conditions 

of Fig. 4. 

Fig. 9: Contribution of the four tenns of the coincidence cross section of 

eq. (20) to the angular distribution of the emitted particle under 

the kinematical conditions of Fig. 4a. The contributions of the cur-

rent and current-current interference terms are enhanced by a factor 

30. While all the terms are symmetrie under arefleetion around 

~ = 1800 , the charge-current term is antisymmetrie because of its 

cosfp dependence which changes sign for ~ larger than 180°. The 

breaking of the reflection symmetry in the total emitted particle an-

gular distribution is given by the presence of the charge-current in-

terference term. 

Fig. 10: The same as Fig. 9 but for a higher value of the angle of the scat-

tered electron. In this plot the current-current interference term 

has been enhanced 100 times. Note that the dominant contribution here 

is given by the current term. 

Fig. 11: The angular distribution of the emitted particle as a function of the 

excitation energy of the nucleus for fixed values of the incoming 

electron energy Ei = 100 MeV and of the scattering angle ~ = 900 • 

The emitted particle, coming from the 1P1/2 state, is detected in the 

scattering plane. The calculation has been performed including all 

the positive and negative multipole modes up to J=4. The values of 

the momentum transfer are going from 0.61 fm-1 up to 0.66 fm-I. 
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Fig. 12: Contribution of the 2+ multipole excitation mode to the total photo­

absorption cross section shown in Fig. 3. 

Fig. 13: Emitted particle angular distribution at the peak energy 23.5 MeV. 

The full line is the angular distribution of the calculation of Fig. 

11. The dashed line has been computed without the 2+ excitation mode 

and the dotted line without the 1-. 

Fig. 14: Momentum distribution of electric dipole and quadrupole excitations 

at the peak energy of 23.5 MeV for a proton emitted from 1Pl/2 bound 

level. The value of the momentum transfer was changed modifying the 

incoming electron energy. 

Fig. 15: The same as Fig. 11 but for a different value of the incoming elec­

tron energy € •• The computation has been performed including all the 
1 

positive and negative multipole modes up to J=6. The range of the mo-

mentum transfer values covered by the computation is 

1.15<q<1.23 fm-I. This figure is plotted in the same scale as used in 

Fig. 11. 

Fig. 16: Angular distribution of the emitted particle at the peak energy 

E = 23.5 MeV under the kinematic conditions of Fig. 15. The full line 

is the angular distribution of the calculation of Fig. 15. The dashed 

line has been computed without the 2+ excitation mode and the dotted 

line without the 1- mode. The rather good forward (tt = 1800 ) back­

ward (~ = 00 ) symmetry of the full line is a signature of the fact 

that at this momentum transfer, q = 1.2 fm-I, the contribution of the 
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electric dipole fs rather small and the resonance is built up practi­

cally by the 2+ mode alone. 

Fig. 17: Contribution of the 3- excftation mode to the total photoabsorption 

cross section of Fig. 3. 

Fig. 18: The full line is the angular distribution of the calculation of Fig. 

15 at the excitation energy E = 19 MeV. The dashed line has been cal­

culated wlthout the 3- excitation mode. 

Fig. 19: The same as Flg. 15 but for the detection of the proton coming from 

the 1P3/2 state. 

Fig. 20: Contribution of the four terms of the coincidence cross section to 

the angular distribution of the emitted particle of Fig. 19 at the 

excftatfon energy E = 20 MeV. The fact that the current term strongly 

dominates the others is a possible indication of the presence of mag­

netic states. Note that inthe figure the charge term has been en­

hanced 20 times. 

Fig. 21: Comparison between the angular distribution of the emitted particle 

of Fig. 19 at E = 20 MeV (full line) and the result of the computa­

tion performed without the 4- multipole excitation mode (dashed 

line). 

Fig. 22: The full line is the angular distribution of the emitted particle of 

Fig. 11 at the peak energy of the giant resonance. The dashed line is 
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the result of an analogous computation performed switching off the 

particle-hole interaction to simulate the quasi-free scattering ap­

proach. The dashed line has the characteristic behaviour of the Fou­

rier transformation of the 1Pl/2 hole state. The value of the momen­

turn of the emitted proton p is 0.74 fm-I and the value of the 

transfer momentum q is 0.64 fm-1• 

Fig. 23: The same as Fig. 22 but for the excitation energy E = 40 MeV. Under 

this kinematic conditions the momentum of the emitted proton is 

p = 1.16 fm-1 and the transfer momentum value q is 0.59 fm-I. 

Fig. 24: The same as Fig. 23 but for an incoming electron energy of 180 MeV. 

In this case the stability of the cross section was reached including 

all the multipole positive and negative modes up to J=6. The values 

of p and q under these kinematic conditions are roughly equal 

(1.16 fm-l) and the characteristic shape given by the 1P1/2 hole is 

present. The asymmetry between the two bumps is given by the cos~p 

dependence of the charge-current interference term. 

Fig. 25: The coincidence cross section for the reaction 160(e,e'po)15N inte­

grated over the angle ~ of the emitted particle is shown as a func­

tion of the nuclear excitation energy E. The dash.ed lines present the 

results of the computations performed without p-h interaction and the 

continuous lines show the results of the calculations with p-h inter­

action included. In a) the two curves have been computed under the 

kinematic conditions of Fig. 11, and in b) under the kinematic condi­

tions of Fig. 15. 
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Fig. 26: The photoabsorption cross section of 12C by Ahrens et al. 48 ) is com­

pared with the 1- solution of the continuum random-phase-approxima­

tion. 

Fig. 27: The experimental double differential cross section by Calarco et 

al. 25 ) is compared with the result of our theoretical calculation. 

The full lines represent the result of the calculation performed in­

cluding all positive and· negative parity states up to J=4. The dashed 

lines represent the result of the calculation performed without mono­

pole strength. Note that all the theoretical energies have been 

shifted up by 1.5 MeV and the magnitudes of all theoretical cross 

sections are scaled by a factor A = 0.4. 

Fig. 28: The exhaustion of the energy-weighted sum rule as a function of the 

excitation energy for monopole (full line), dipole (dashed line), and 

quadrupole (dotted line) strength. 
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