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PERSPECTIVES DANS L'ETUDE DES REACTIONS ELECTRONUCLEAIRES TRES INELASTIQUES 

J.M. Laget 
jFh-ii/SEj CZ3 5<22lzy, 2Z131 Zif-sur-Yvezze Cedex, Francs 

Résumé : La physique nucléaire a atteint un domaine frontière où Ton ne peut 

plus considérer comme inertes les constituants habituels (mésons et nu

cléons) du noyau : i l faut tenir compte aussi de leur structure interne. 

Après avoir montré comment l'étude des noyaux, au moyen de la sonde élec- » 

tromagnétique, a permis de résoudre et de c la r i f i e r un certain nombre de 

problèmes, on montre dans quelles conditions ces degrés de l iberté inter

nes peuvent apparaître dans les réactions électronucléaires et dans quel

le mesure l'étude des systèmes hadroniques complexes 4 des distances très 

courtes est un complément essentiel I Tâtude des collisions entre les ha-

drons élémentaires quand l'impulsion transférée est très grande. 

PROSPECTS IN THE STUDY OF VERY INELASTIC ELECTRGNUCLEAR REACTIONS 

J.M. Laget 
JFh-iï/SE, -21V Scelzy, 31131 Sifsur-ï'jez-ze Cedzx, Frznce 

Abstract : Nuclear physics has reached a frontier where i t is not possible to 

consider the classical constituents (mesons and nucléons) as inert objects : 

i t is necessary to take also into account their internal structure. After 

having shown how the study of nuclei, with the electromagnetic probe, has 

made i t possible to solve and clar i fy some problems, i t is shown unuer 

what conditions these internal degrees of freedom can show up i r the stu

dy of electronuclear reactions, and to what extent the study of complex 

hadronic systems at short distance is an essential complement to the stu

dy of high momentum scattering between elementary hadrons. 
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The beam qualities of the modern Electron Linear Accelerators (Linacs) have been a considera

ble improvement and have made possible systematic studies of the electromagnetic properties of nu

cle i . The high duty cycle, which was increased by one order of magnitude (1 X instead of 0.1 *) and 

the high intensity (up to 300 uA) were the necessary conditions to measure very small cross sections 

and to perform coincidence experiments, which were very hard, or impossible, to achieve with the 

preceding generation of electron accelerators. 

During more than ten years, the study of elastic and inelastic electron scattering has led to 

a iood knowledge of the nuclear shapes : the measurement of the nuclear form factors at high momen

tum transfer has nadc possible the accurate determination of the charge and the magnetization den

sities. The analysis of quasi-elastic electron scattering (where the outgoing electron and the 

struck nucléon are detected in coincidence) has made possible the straightforward study of the 

shell structure of nuclei. 

I will not deal here with these topics, since I believe that every nuclear physicist knows how 

they have led to very strong constraints on the mean field description of nuclei, and since excel

lent reviews [1] already exist. 

I will rather deal with another topic which is less familiar, but where the progresses are 

very fast and whose recent developments call for a new generation of electron accelerators. I t has 

to do with the interface between nuclear physics and particle physics. On the one hand,nucléons are 

not inert objects : their excited states are a necessary ingredient in the modern theories of the 

interaction between two baryons, and are responsible for subtle nuclear effects. On the other hand 

their internal degrees of freedom are expected to play a major role during the hard scatterings 

which sometimes occur between two nucléons bound in a nucleus, and which generate the short range 

part of the nuclear wave functions. 

Throughout this talk, I will follow three basic ideas : 

• The size of the volume where each relevant mechanism occurs. 

• The search for rare phenomena by looking for kinematical domains wnere the mechanisms, which 

usually dominate the cross section, are strongly reduced. 

• The complementarity between the study of nuclei with the electromagnetic probe and the hadronic 

probes. 

I will restrict myself to the few-body systems. Their nuclear wave functions are well known and 

well under control, and they provide us with the best laboratory to test in detail the basic me

chanisms of photo- and electronudear'reactions. I have already discussed elsewhere [2,3] the case 

of heavier nuclei. 



Let ne begin by recalling what are the salient features of the interaction of a photon and 

the simplest baryonic system : the nucléon. As an example, the vp - mr* reaction cross section is 

depicted in f ig. 1. The creation in the s-channel of a few baryonic resonances leads to strong va

riation in the cross section, whereas the Born teres are responsible for-he large background which 

varies slowly with energy and dominates near the pion threshold. In contrast to pion elastic scat

tering, this non resonant background is as important as the creation of the baryonic resonances. 

Aaong then the A(1236) clearly appears near Ev * 300 MeV, but the resonances with higher nasses 

(E ».. 500-700 Me») contribute l i t t l e . 
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This i(1236) resonance also 

appears in the total photo-absor-

pion cross section on deuterium 

which is depicted in f ig. 2. Sin

ce the deuterium is a composite 

object, there is an additional 

channel where no pions are emit

ted. I t is dominant below the 

pion threshold, but represents 

only 5 3 of the total cross 

section near E i 300 MeV and va-
Y 

nishes above. In this channel the 

pion photoproduction reactions 

also manifest themselves : a vir

tual pion is created at one nu

cléon and reabsorbed by the other. 

Below the pion threshold the Bom 

terms can be safely extrapolated, since they are constrained by the gauge Invariance (as we shall 

see later) : they lead to the so-called meson exchange current contributions which account for a 

sizeable part of the yO » pn reaction cross section. The shoulder between E » 200 MeV and E, * 300 

MeV is due to the creation at one nucléon of the A(1236), of which the decaying pion is reabsorbed 

by the other nucléon. Since this virtual pion is far from its mass shell, the pion propagator and 

the form factors appearing at each plon-baryon vertex considerably reduce the corresponding ampli

tude : here, real pion photoproduction dominates the total cross section. The upper curve in f ig . 2 

has been obtained by folding the free proton and neutron cross sections with the momentum distribu

tion of the target nucléon and by taking also into account the antisymmetry of the wave function of 

• '.•» two nucléons emitted 1n the yO * NNir reactions. 

The same features hold also in trie case of very Inelastic scattering of electrons on nuclei. 

The electron radiates a virtual photon which 1s reabsorbed by the nucleus, and the mechanisms are 

basically the same as those which dominate the absorption of a real photon. However, two new 

100 200 300 COO 500 600 700 300 900 
EfrlMeV! 

Fig. 1 - Tht arott-teotion of the yp * if* reaction. The reto-
nanctt are labelled by their quantum mmbert (mata, ieotpin I, 
spin J and orbital angular momentum L) a» ^2Xt2j- Set ref.[Zl). 
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?ig. 2 - In the louer part the arott section of tht tuo-body photodisinttgration of ths deuterium 
is compared to the calculation of ref.[3\. in the 'upper part tht total photo-absorption cross sec
tion on deuterium is compared to the sum of the yn and vp elementary cross sections corrected by the 

Fermi motion efftcts. Bet rtf.[Zl\. 

degrees of freedom are available. On the one hand,the possibility of varying the four momentum 

transfer (its square is the squared mass, q 2 » w2 - fc2, of the virtual photon) allows us to map 

out the form factors of the relevant mechanisms. On the other hand,the additional longitudinal po

larization of the virtual photon makes i t possible to single out the mechanisms which couple in a 

different way to its transverse polarization (which is the only possibility for a real photon). 

A typical spectrum of electrons inelastically scattered on 'He is shown in f ig. 3. The expe

rimental data have been obtained at SLAC. In spite of the high energy, E. * 3.26 GeV, of the in

coming electron beam, the momentum transfer is siull (the squared mass of the virtual photon va

ries l i t t l e around q 2 » - .2 (GevVc)2). The energy transfer is high enough to make i t possible to 

excite the & resonance, which is responsible for most of the pions which are electroproduced on a 

quasi-free nucléon (the pions created through the non resonant part of the electroproduction ope

rator [2,3] have also been taken into account). The range of momentum and energy transfer is real

ly that which 1s already allowed by the present generation of high intensity electron machines 

(such as the Saclay linac for instance) : such spectra have already been obtained for heavier nu

clei and will soon be measured for the few-body systems [4] , 

besides pion electroproduction on quasi-free nucléons, the incoming electron may also scatter 

eUstically on a quasi-free nucléon. The top of the peak, which appears for '.'.mall value of the 
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Fig. i - Thé speetnm of electron ineiaatiaally scattered on iHe at 9-» =• $'', when i_ - 3. "6 ZeV 
[23]. The energy of the 'tirtual photon u = E-E' and it» squared mats q* are plotted on ibsczaaa. 

energy j of the virtual photon, corresponds to the scattering of the electron on a nucléon at rest 

in the nucleus. Its width is due to the nucléon Fermi motion. The use of a good three-body wave 

function (the solution [5] of the Faddeev equations in momentum space for the Reid potential [6]} 

makes i t possible to compute separately the contributions of the two-body and the three-body break

up channels. They add up to give a fair agreement with the experimental data. Between the quasi-

elastic scattering and the quasi-free pion electroproduction peaks, the excess of the cross section 

Is well accounted for by the tail of the three-body break-up channel, which 1s mainly due to the 

meson exchange mechanism : the pion (or the o) which is created at one nucléon is reabsorbed by an 

other, breaking up the residual nuclear system. I t is very similar to the well known quasi-deuteron 

mechanism [7] , which is required to reproduce the same part of the spectrum of the electrons ine-

1ast1cal1y scattered by heavier nuclei [2-4]. 3ut I would like to emphasize that, in the case of 

'He, I have not used this assumption : the correlated two-nucleon wave function is automatically 

contained in the realistic three-body wave function [5] , and the operators are the same as those 

which I have already used to reproduce the two-body photo- and electrodlsintegration of deuterium 

[8] and the pion electroproduction on frn* nucléons [2] . The good agreement between this model and 

the data tells us that the basic mechanisms of the absorption of a virtual photon by a nucleus ara 

well under control, and gives us some confidence on the extension of this kind of analysis to hea

vier nuclei (2,31. 

These exchange currents contribute only (in lowest order in an expansion in 1/m) to the trans

verse part of the electronuclear cross sections, and they appear clearly in the reactions induced 



1 
by real photons. In f ig . 4, I coopère the total cross sections of the two-body photodisintegration 

of the deuteron and 'He. The coupling of the electromagnetic field with the nucléon current alone 

does not allow us to reproduce the data. Here again, this good agreeaent has been oade possible on

ly by the use of a good operator (the sane in both reactions] and a realistic three-body wave func

tion. 

The range of nucléon moaen-

ta, inside 'He, which is reached 

in this experiment, is the sane 

as the range of nucléon moaerca 

which is probed in the measure

ment of the magnetic form fac

tor of 'He recently completed 

at Saclay [9] . As can be seen 

in f ig . 5, meson exchange me

chanisms are essential to give 

a fair agreement between the da

ta and the most up-to-date the

ory [10]. However the details 

of the meson exchange mechanisms 

are quite different ( f ig . 6). In 

the 'He(y.p)0 reaction, both high 

momentum and high energy are 

transferred to the nuclei : be-
100 200 300 COO 

sides the non resonant meson ex- Ej 'MeV) 

change contributions (which cor

respond to the Born terms Of the cig. 4 - The energy 'xuriation of the D(y,p)n and z'ne lHe(y,p>2 
reaction*. Above Sy - 200 HeV the data have been obtained v. 

elementary pion electroproduc- 3onn \V\. The références for the lau energy data ace riven in 
ref.lS]' The toy energy lHe data some from ref.{-3\. 

tion operator [2]), the resonant 

meson exchange amplitudes (which are due to the excitation of the .1(1236) resonance) contribute a l 

so. In the 'He magnetic form factor measurement, no energy is transferred to the nuclear system, 

Sfid the dominant contribution comes from the non resonant meson exchange currents. 

They dominate also the deuteron electrodisintegration near threshold, when the electron 1s 

scattered at 9e> » 155", since the normal nucléon current contribution is strongly reduced by the 

destructive interference, near q 2 -u - .5 (GeV/c) 2 , between the amplitudes which involve respecti

vely the S and 0 parts of the deuteron wave function. The experiment has been performed at Saclay 

[11] up to q 2 •v - .8 (GeV/c) 2 . The results are compared In f i g . 7 to the predictions of the most 

complete calculation [ 1 2 ] . I t is remarkable that such a model works so well for such high momentum 

transfers, since we are probing the short-range behavior of the two-nucleon system. To understand 
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this situation, let ne now consider the dominant «ech.*nisas of the nucléon-nucléon interaction. 

3He (e,e') 

o BATE3 
• SACLAY 
- NUCLEON ONLY 
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EXCHANGE 

q' (fnf<) 

Fig. S - The (squared) magnetic form factor of l3e. Tke low momentum and the high rnomentum data 
have been respectively obtained at Sate» and Sac'uzy (gee ref.13]). The full (dashed) our-je zakes 
(does not take) into account the meson exchange contributions [10], 
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Fig. 3 - The relayant xtescn 
exchange diagrams in zhe 'He 
(y,p) reaction ind zhe -raqnezia 
form factor of 'He. The -jymbol 
3 stands for zhe ion resonant 
3orn terms of zhe elementary 
operator, •jhiah ire not impli
citly included in -,'r.e nuclear 
'jave f'Mzations. 

I t is very well described [13] 

at large distance by the pion 

exchange potential and at in

termediate distances by the ex

change of two correlated pions 

with a total isospin T«0 (which 



are often parametrized in the QBE potential [14j 

by the a meson). At shorter distances the ex

change of vector mesons (9 and u) also plays a 

role. I f the electromagnetic field couples with 

the nucléon current, the gauge invariance auto

matically requires the presence of the two 

graphs which correspond to the non resonant 

pion exchange currents ( f ig . 8 ) . I t is easy to 

be convinced i f we remember that the nucléon 

3om terms, in the pion electroproduction ope

rator, are not gauge invariant alone, but that 

only the sum of all the Born terms (including 

the contact term and the pion photoelectric 

term) is gauge invariant. I refer to ref.(81 

for more details. Those amplitudes represent 

the minimum set which is required by gauge in

variance. Of course we can add as many contri

butions as we wish provided that they are in

dependently gauge invariant and that they cor

respond to a physical mechanism : a good exam

ple is the resonant pion exchange amplitude 

which is needed to analyze the reactions in

duced in the A energy range (see figs. 3 and 

«) . 

Since the intermediate range part of the two nucléon interaction is due to the exchange of 

two pions of which the total charge 1s zero, i t is not coupled to the electromagnetic f ield. This 

is the reason why the tal l of the one pion exchange graph dominates even at high momentum transfer. 

This one pion exchange amplitude is strongly constrained by a second fundamental principle : 

the Partially Conserved Axial Current hypothesis, which leads to the low energy theorems which fix 

the magnitude of the pion exchange amplitude in many reactions. However these theorems hold only 

at low energy and low momentum transfer. Therefore we understand why the magnetic form factor of 

'He ( f ig. 5) and the 0(e,e')pn reaction cross section ( f ig . 7) are so well reproduced at low mo

mentum transfer (large distance), but we do not understand why the agreement is st i l l so good at 

momentum as high as 1 (GeV/c)*. In fact one must correct here the simple picture of exchange cur

rents, which I have just given, by using two additional refinements. Since the exchanged pion is 

very far from its mass shell, one must use a form factor at each pion baryon vertex, and cons Her 

also the p-meson exchange mechanism. But, neither these form factors nor the coupling constants of 

the o-meson with the baryons are known precisely, and they must be determined in a phenomenological 
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Fig. 7 - The deuteron electrodisintsgration cross 
seu^lon « 8 , 1 = 155", averaged over the first 3 
UeV above threefold. The high momentum data have 
been obtained at Saalay 111]. The full line (bro
ken line) curve takes (does not zake) into account 
the meson exchange contribution. Theu have been 
computed in ref.[12] uith the Paris potential [121 



way by f i t t ing the largest body of data. I t is very likely that those corrections, which help to go 

beyond the simple picture of point-like mesons and nucléons inside nuclei, hide nore fundamental 

mechanisms which involve subnuclear structure of those conventional constituents. 
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Fig. 3 - In tht elementary yll - ittf reaction amplitude only th* sun of all tht Born terms it gauge 
invariant, whereas tht i creation amplitude alone it gauge invariant. Ill </hen the pion is created 
on a nucléon bound in a nucleus, each diagram contributes to the meson exchange amplitude. However 
the diagrams which correspond to the nucléon 3orn term are already included in she -Java functions 
of the initial and the final states, and should be disregarded. Ill) These wave functions are ob
tained by iterating the driring terms in the nucleon-nucleon interaction, and gauge invariance re-
quirtt that, if the photon interacts with the nucléons, it interacts also with the exchanged mesons 
which bind them together. 

These new degrees of freedom should show up more easily at higher momentum transfer (shorter 

distances), and indeed a great deal of effort is underway to understand large momentum transfer 

nucleon-nucleon scattering [15,161 and reactions 

between elementary hadrons C171 in the framework 

of the Dimensional Scaling Quark Interchange Mo

del ( f ig . 9) . This is the simplestof the pertuba-

tive diagrams one can imagine, and its study has 

led to a qualitative understanding of a large bo

dy of data. 
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Hg. 9-1) The dimensional Scaling iuark Inter
change Model for nucleon-nucleon scattering. The 
toft scattering, which insure she binding of each 
hadron, are represented by the blobs. The hard 
scattering is dominated by the reymann diagram 
which permits the more economical shoring of the 
momentum transfer between each active constituents 
The quarks with dot are very far off shell. II! 
The Dimensional Scaling Quark Interchange Model 
for the deuteron form factor. 



The basic assumption is that it is possible to factorize the soft and the hard scattering me
chanisms which occur between the constituents of two interacting baryons. For instance, the evolution 
of a system of two nucléons is dominated by repeated soft interactions which insure the cohesion of 
each of them, but it happens that, during a very short time, a very hard collision between two ele
mentary constituents occurs in a small volume, and leads to the emission of fast particles. It is 
possible to show that the asymptotic behavior of the cross section is driven by the hard scattering am
plitude and is not at all modified by the soft scatterings which only fix the overall normalization. 

This hard scattering can be safely treated in a perturbative way, since the quark-quark inte
raction becomes weak at short distances. Therefore the dominant contribution is the simplest Feynmann 
diagram where the momentum transfer is shared equally by each active constituent. Due to the scale 
invariance of the basic interaction, there is no characteristic scale in the model and the only 
scale parameter is the total available energy J%, provided that it is much larger than the mass of 
any particle involved in the reaction. The asymptotic behavior of the cross section is given by 
this simplest Feynmann diagram 

3 ! - T T ^ / S ) w 

where s, t and u are the Mandelstam variables, and where M * Z n-l is related to the number n of 

the active constituents (this is also the number of external legs in the hard scattering amplitude). 

For elastic nucleon-nucleon scattering N»10, for elastic meson-nucleon scattering N«8, for pion 

photoproduction N«7, etc. I t is remarkable that this very simple result is strongly supported by 

the analysis of the scattering between elementary hadrons at high energy and high momentum trans

fer [15-17]. 

As in the case of pion exchange mechanisms, gauge invariance requires that the electromagnetic 

probe sees and interacts with the quarks which are moving from one nucléon to another, during the 

scattering process. Here also, any evidence for the effects of the subnuclear degrees of freedom 

in the electromagnetic properties of nuclei should lead to strong constraints on the short 

range behavior of the baryon-baryon interaction. For Instance the same kind of model ;>as been ap

plied to the analysis [18] of the structure function A(qz) of the deuteron, which has been measured 

at SLAC [19] up to |q*| *.. 6 (GeV/c)1. 

The virtual photon interacts with one of the quark lines when two quarks are interchanged 

between the two nucléons (f ig. 9) . Its momentum is shared between each of the two nucléons which 

r«mains a bound system of quarks in the initial and the final states : the six quarks are only mi

xed during a small fraction of the time. Therefore the deuteron form factor is proportional to the 

square of the nucléon form factor taken at the value q :/4 of the transferred four momentum. Further

more the scale invariance of the basic interaction leads to a strong constraint on the matrix ele

ment which behaves as 

VX{?) . FD(q') ^ \ . (2) 
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where the additional denominator is the struck quark propagator. This particularly simple form 

comes from the approximate calculation of the multi-loop integral. This model leads to a fair agree

ment of the deuteron structure function for momenta as low as 1 (GeV/c)2. This is apparent in f ig . 

10, where the experimental values [19] of the deuteron form factor F a(q*) h a v e been divided by the 

right hand side of eq.(2). I would 

like to emphasize that the same kind ° * 5 

of analysis also leads to a good 

agreement with the pion and the nu

cléon form factors. I t is remarkable 

that the same value 3* > -235 GeV2 

can be used to f i t these three form 

factors. 

Therefore we are using two ex

treme descriptions of nuclear mat

ter, each of them being well suited 

to a limiting case. 

On the one hand, we have learnt 

during the last few years, that a 
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Fig. 10 - The deuteron firm fixator F(ql) - l/Afq1) is divided 
by the -right hand 3ide if eq.'2). The high -nomentum iota ha
ve been obtained at S LAC [13]. 

basic theory of strong interactions can be built starting with colored quarks and gluons : Quantum 

Chromo-Dynamics, of which the fundamental property is asymptotic freedom. The rapid decrease of the 

effective coupling between quarks, when their relative distance decreases, makes it possible to 

analyze high momentum transfer reactions (which involve momenta jq 2; i l (GeV/c) , and which probe 

distances smaller than .1 to .3 fm) in the framework of a f irst order perturbative treatment. The 

Dimensional Scaling Quark Interchange Model is one of the successful examples. 

On the other hand, this treatment Is not at all valid at low energy, since the coupling be

comes too high. However the reaction mechanisms are dominated by the exchange of the lightest me

son, the pion. The smallness of its mass makes i t possible to use the low energy theorems : they 

are based on the approximate chiral symmetry of strong interactions, which is often expressed as 

the Partially Conserved Axial Current hypothesis. 

Between these two domains, which are strongly constrained by two basic hypotheses (PCAC and 

OSQIM), lies the "Gordian knot" : the confinement mechanisms of quarks inside the elementary ha-

drons and the nuclei. Its understanding is a considerable challenge both for theorists and experi

mentalists. I t is very likely that the solution of this problem will be the result of systematic 

studies Involving all the possible approaches : the study of the reactions between fret particles, 

as well as the study of the short range part of the nuclear systems. I t is here that nuclear phy

sics provides us with an invaluable tool. 

On the ont hand, i t allows us to study the interaction of a given probe with the constituents 

of the nucleus, in kinematica! conditions which differ strongly from the scattering between frtt 



particles (in which case certain situations are kinematically forbidden). In the classical des

cription of nuclei, in terms of mesons and nucléons, i t is possible to reach "off-shell" effects, 

which are parametrized by an effective potential. We know how the systematic study of the spectros

copic properties of nuclei has led us to refine our understanding of the nucleon-nucleon potential 

(more precisely to make a choice between different phase-shift equivalent potentials). In the more 

modern description of nuclei, in terms of quarks and gluons, i t is possible to study the short ran

ge mechanisms. They involve high momenta, both for the target constituents and for the strongly 

correlated particles which are emitted. 

On the other hand, it provides us with a unique possibility for studying the hidden color mul-

tiquark states, of which the color symmetry is not the same as the symmetry of a simple superposi

tion of ordinary elementary hadron states (qqq or qq"). Such states should contribute predominantly 

to the high momentum component of the nuclear wave functions. Their amplitude is expected to be 

small. But any evidence for these states, and any experimental study of their properties would be 

of great help for our understanding of the two-body as well as the many-body nuclear problem. 

I think that the study of the short range behavior of complex nuclear systems enlarges the 

domain of the dynamics which is accessible by the study of the element;^ hadrons (nucléons, me

sons, etc.) : i t leads to additional constraints in the problem of the quark confinement. 

In other words, Nuclear Physics has reached the frontier, where i t is not yet possible to ne

glect the "molecular effects", in which the nucléons are not too much deformed and where they ex

change mesons, but where it is already necessary to take also into account their interna! struc

ture and degrees of freedom. 

We are therefore led to ask ourselves a few fundamental questions : 

- How can we build a bridge between these two extreme descriptions of nuclear matter? 

- What are precisely the domains where each of them is valid? 

- Is there a domain where they overlap or where they are equivalent? 

Electron beams are a powerful tool to answer them. In electron scattering the possibility of 

varying independently the energy transfer, the momentum transfer and the polarization of the vir

tual photon makes i t possible to study systematically the different parts of the nuclear dynamics. 

The use of real or virtual photon beams is a very efficient way to look for very excited states and 

to study their form factors and their shapes. I t is also possible to reach very high momentum trans

fers and to get rid of the multiple scattering of the probe (which always occurs for hadronic pro

jecti les). This is the best way to study mechanisms which occur at short distances, and which lead 

to strongly correlated particles in the final state. 8ut the corresponding experiments are also dif

f icult , since they require the detection of several particles in coincidence, and correspond to 

small transition rates. New experimental facilities are therefore necessary. 

The beam qualities of the modern electron linacs (at Saclay, Bates, and more recently at Ams

terdam) were a considerable improvement of those of the preceding generation. Let me now review 

what would be the best characteristics of a new machine which would allow us to answer the questions 
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we have asked ourselves. They represent a compromise between the kinematical and dynamical requi

rements, and the smallness of the cross sections which we want to measure. 

Its maximum energy should l ie between 2 and 4 GeV. I will discuss later the choice of the up

per bound, which is related to the counting rates. Let me begin by discussing the choice of the 

lower bound. 

In f ig. 11, I have summarized, on an energy-momentum (W,q2) diagram, the different domains 

which I have just discussed. The abscissa is the energy available in the center of mass of two par

ticles emitted from a nucleus, and I have shown some characteristic thresholds : pion-emission, 

I-resonance creation, the energy where the JF,(NN) partial wave exhibits a resonant behavior, and 

the K and o meson thresholds. The 

1.5 squared mass of the virtual photon is 

plotted on ordinate. The kinematical 

domain already studied at the Sad ay 

Linac is located in the corner at the 

upper left . The real photon beam has 

made possible the study of reactions 

along the axis of abscissa up to 

W-Zm ~i 400 MeV. Elastic and inelastic 

electron scatterings have made i t pos

sible to study the domain which lies 

very close to the axis of ordinates up 

to !q 2 ! * .7 (GeV/c)'. I t has also 

been possible to disentangle the 'on-

gitudinal and the transverse response 

functions in the range 0 < jq J | s .2 

(GeV/c)2 and 0 < W-2m s 200 MeV. 

The two other parts in this dia
gram are those where the quark struc
ture of hadrontc systems shows up. In 

Hg. 11 - The limit of the kinematiaal domain uhere the se

paration, betueen the transverse '^tvansJ and the langisu- the lower right corner (W-2m > 1 GeV 
iinal (Oiona.) P*1*' °f in* inelastic electron scattering 
Tpoa8-eect".on, is allowed for three choices of the maximum and ;q2j > I (GeV/c)2), the deep ine-
snergy of the machine. 

lastlc electron scattering on hydrogen 

and deuterium [20] has led to the f i rst evidence of the Asymptotic Freedom of quarks (or partons) 

inside hadrons at short distances. In the lower lef t corner (0 $ W-2m i .2 GeV and ;q2j > 1 

(GeV/c) 2), the measurement of the form factors and the electrodlsintegration cross sections, near 

the threshold of the few-body systems have made i t possible to begin the study of the pre-asympto-

t1c regime where the size of the nucléon s t i l l plays a role, but where their internal structure 

must also be taken Into account. However these measurements, which have only been performed at one 
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angle (3 , » 3°), have not made i t possible to determine the longitudinal and the transverse part 

of the corresponding cross sections. 

To achieving this goal i t is necessary to measure the cross section at two angles of the scat

tered electron, in such * way that the variation of the polarization t of the virtual photon is 

high enough to determine accurately the slope of the Rosenbiuth plot (see the equation in fig. II). 

1 have chosen the two extreme values e « .75 and e * .25, in such a way that the lever arm is Ac « 

.5. The former and the latter values correspond respectively to scattering angles close to 3 , * 30° 

and 9 , * 90". 

I have plotted in fig. II the limit where this separation is possible for three choices of the 

maximum energy of the machine : E. » 700 MeV, which corresponds to the energy of the Saclay linac 

(and of the 3ates linac when its energy is doubled), E. * 1.4 GeV and E_ • 2 GeV. Those are the full 

line curves which correspond to e » .75 (and forward electron angle). Of course it is possible to 

reach higher momentum transfer at larger angle, but the advantage of the photon polarization is 

los : the broken line curve represents the limit beyond which this polarization is c < .25 for a 

2 GeV machine. 

It is clear that, if we want to reach ; new domain in the study of the nuclear matter and 

build up a bridge between the conventional description of nuclei in terms of mesons and nucléons 

and the more appealing description in terms of quarks and gluons, we must increase the energy of 

the electron beam to at least 2 GeV. For instance, while a machine with a maximum energy of 1.4 

GeV would permit us to extend significantly the region which is presently studied with electron 

Hnacs(as shown in fig. 11), i t would not permit the access to the region in which quark ami 

gluon effects first appear. 

The second characteristic of this new machine is its high duty factor : a C.W. beam is abso

lutely necessary to perform the coincidence experiments which will allow us to have the kinematics 

completely jnder control. In fig. 12, I show the spectrum of the electrons Inelastically scattered 

by 'He where the square of the mass of the virtual photon is close to q2 -<- - 1. (GeV/c)J. Again 

this experiment has been performed at SUC [29], and again the model based upon realistic wave 

functions and operators does a good job, even at such a hi<jh momentum transfer. However this agree

ment is not surprising : this inclusive cross section reduces, in first approximation, to the inco

herent sum of the elementary frnt nucléon cross sections, corrected for Fermi motion and binding 

effects. The low momentum (large distance) components of the nuclear wave function dominate the qua

si free pion peak and dominate near the top of the quasi-elastic peak. 

To go further, we must reduce significantly this trivial background and study the tails of the 

quasi-elastic peak, which involve large momentum components of the nuclear wave function. I will 

discuss later its low energy side. Let me begin with U» mgh energy side, which 1s overwhelmed by 

the quasi-free pion peak. I will not discuss here the physics which underlies the study of the 

A(t,e'ir)X reactions. I have dealt with 1t elsewhere [21,22], in the case of real photons : the ex

tension to virtual photons 1s obvious. I will restrict myself to the study o' the channels where no 
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pions are emitted. The way to single them out of the quasi-free pion peak is to perform the coinci

dence experiments A(e,e'p) or A(e,e'2N). 

> 

N 
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a. 
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\ 3He ie.e'plnpj 
[8p]tB=6(f ; W==2070 MeV I 

qr*=-.3 IGeV/c)2 .£=.25 | 

p (GeV/c) 

?ig. 13 - The spectrum of the proton emitted in coincidence uith the electron in the reaction *He 
(e,e'?)X. The kinematics i-, indicated in :he inset. The true (full line curves) and accidental (bro
ken line curves) coincidence rates are computed for selected conditions which are explained in text. 

As an example, I have plotted in f ig . 13 a typical spectrum of the protons emitted at a fixed 

angle, in the reaction IHe(e,e'p)X, when the squared mass of the virtual photon is q 1 » - .3 

(GeV/c)1, its polarization e * .25 and where the total energy available in the correlated active 

part is U » 2070 MeV. The top of the peak which lies in the high momentum part of the spectrum cor

responds to the electrodisintegratlon of a correlated proton-neutron pair at rest in 'He. Its width 

is due to the Fermi motion of this pair. The peak which appears at lower momenta corresponds to the 

proton which recoils with a pion electroproduced on a quasi fret nucléon. Its amplitude is small, 

since we are working near the pion threshold, and I t is always very well separated from the two nu

cléon peak. I have not shown, in this spectrum, the ray «hlch corresponds to the two-body electro-

disintegration of JHe : i t should l ie just above the high momentum end point of the two nucléon 

peak, but its magnitude is strongly suppressed at this high momentum transfer. 

The counting rates have been estimated for a target thickness x * 100 mg/cm1, momentum bins 

A£' • Ap * 20 MeV/c (to allow a good determination of the shape of the peak) and three combinations 



of the beam intensity and the solid angles of the «electors. The first choice of the values of the 

solid ancles corresponds to the magnetic spectrometers which already exist at the Saclay linac. 

The second choice (an * 20 msr) corresponds to more recent spectrometers. The two choices of the in

tensity (10 and 100 uA) correspond to reasonable bounds : above 100 uA the heating of the target 

becomes important, below 10 uA the counting rate may become too small. 

The single arm cross sections, which are needed to estimate the accidental counting rates, 

have been determined by integrating numerically the exclusive cross sections (of all the possible 

channels) over the non measured momenta. I have chosen a resolving tim * 5 ns. This is the width 

at the base of the time-of-flight peak : i t is roughly three times the ful l width at half maximum, 

which could be currently reduced to 1.5 ns. 

I t is clear from this study that this experiment is very hard to perform with a 1 » duty fac

tor machine. Even with a C.W. machine the rate of accidental coincidences limits the intensity of 

the electron beam to a few tens of microamperes. The reason is that we want to determine .he lon

gitudinal part of the cross section, which only represents about one tenth of the total and the le

vel of accidentals should not exceed i t . 

This separation is more diff icult , in the case of coincidence experiments, than in a single 

arm experiment. Besides the transverse and the longitudinal parts, two more interference terms ap

pear in the expression for the full cross section : 

dae A p d P ' rv p^p * £ âyfc +'•cos2» â y p • c o s* [ / f i e { K * 1 } dtypj < 3 ) 

where r v is the flux of the virtual photon, s its polarization and * the azimuthal angle between 

the electron scattering plane and the plane which contains the detected proton and the incoming 

electron. Of these four cross sections, only the longitudinal one is free of meson exchange contri

butions (in the lowest order in 1/m). The three others involve different combinations of the am

plitudes corresponding to the normal nucléon currents and to the meson exchange currents. Their se

paration would lead to strong constraints on both currents, but the determination of the longitudi

nal cross section is the best way to get rid of the mechanisms which are responsible for the long 

range part of the two nucteon current, and to reach more directly its short range part, which has 

to do in one way or another with the quarK structure of the nucléon. 

This is a considerable challenge for experimentalists, since i t requires non coplanar geome

tries, where the azintuthal angular distribution of the scattered electron should be measured, be

sides its polar angular distribution. I t is very likely that large solid angle detectors and "4ir" 

detectors will be of great help for performing such experiments, especially i f we remember that we 

will look at rare processes. Although nobody knows how such detectors will behave In the vicinity 

of an Intense electron beam, they deserve a careful study [23j. 

The snaUness of the longitudinal cross section, which we want to measure, leads to another 

limit in the (W,q2) diagram : the limit due to the counting rate. 



In fig. 14 the curves correspond to 50 counts/hour for the area under the two-nucleon peak in 

f ig. 13, and for two values of the angle of the detected proton : after 20 hours the statistical 

accuracy of ^ 3 5 is high enough to determine the longitudinal part (of course systemtic uncer

tainties should be decreased below that level). They correspond to the measurement at backward 

angle of the scattered electron (s « .25 and 3 = 90' ) . This limit, overlaps the kineaatical limit 

(which corresponds to forward angle 3 e > \ 30° and e « .75) where the separation between the trans

verse and the longitudinal parts is allowed by a 2 GeV machine. The counting rate a t the forward 

angle (e » .75) is higher (by a factor three to four) and allows for the determination of the snape 

of the peak. 

We may now ask ourselves how we can increase these small counting rates. Twoways are possible. 
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Fig. 14 - ~'n» broken line curve* are the limite, in the !*,q*i plane ef fig. 11, of the domain -j'nere 
the counting pate is larger than SO sounte/hour for the area under the tuo nualeon peak in fig. 12. 

The f irst one 1s to perform several measurements at the same time, by Increasing significantly 

the acceptance of the counters and using a "4*" detector. But the problems associated with its sen

sitivity to the large electromagnetic background must be solved [23]. 

The second way is to Increase again the energy of the accelerator, and reach the same Mnema-

tlcal domain in the (W,qJ) plane, but at smaller electron scattering angle (and larger values of c). 



However the gain will only be significant for the most forward angle measurements, in which the 

counting rate is already the highest. The experiment wi 11 s t i l l be limited by the smallness of the 

counting rate at the backward angle, which does not vary significantly with a small variation of 

the polarization around e * .25 ( i f we want to keep the lever arm larger than de * .5 in the Rosen-

bluth plot). I t is worth while to recall that the virtual photon flux factor 

r . * E ' ' - ! l a M -» ' ' - ' l rat 

behaves as ( l -c )~ l when u and q i are fixed (and therefore J * t-V and k are also kept constant) 

and when * « £. I t increases strongly when s approaches unity, but varies smoothly around t * .25. 

I t is also possible to argue that the increase of the energy would allow us to cover a wider 

domain in the (W2,q) plane for the same choice s • .75 and £ » .25 of the polarization. However 

the cross sections are decreasing quickly when the squared mass of the virtual photon increases, 

and the small ness of the counting rate will hardly allow us to increase significantly the size of 

the kinematical domain where the transverse and longitudinal separation is possible (see f ig . 14). 

A higher energy would only be interesting to perform coincidence experiments where this separation 

is not made, or where i t is made in worse conditions, by using a smaller lever arm Ac. 

Therefore I think that a good compromise between all those constraints which I have just dis

cussed is to choose a C.W. machine with a maximum energy between 2 and 4 GeV. Its intensity should 

be high enough to allow the study of small transitions, but is limited by the accidental counting 

rate in the coincidence experiments : i t should l i e between 10 to 50 uA (effectively available on 

the target). 

To dose let me come back to the low energy side of the quasi-elastic peak, where the elec

tron scatters on nucléons moving inside 'He with high momentum and far from their mass shell : this 

kinematical region is forbidden in the scattering of electrons on free nucléons. This part of the 

spectrum of the electrons inelastically scattered at e f t , * 8" on 'He, 1s plotted on a logarithmic 

scale in f ig. 15, for the two values of the energy I. » 7.26 GeV and E. • 3.26 GeV which we have 

already chosen in figs. 3 and 12. The pure quasi-elastic mechanism, where the virtual photon inte

racts with one nucléon and where the two others are spectators, is unable to reproduce its low 

energy part. The final state interaction effects, which correspond to the Interaction of the vir

tual photon with a correlated nucléon pair, improves dramatically the agreement between the model 

and the data, although a factor two is s t i l l missing when q 1 *• - 1 (GeV/c)2. The reason is simple : 

this active pair is almost at rest in 'He and the corresponding amplitude 1s sensitive to the low 

momentum components of the wave function. Just near threshold the strong low energy p-D scattering 

dominates the spectrum. 

These final state Interaction effects prevent us here from extracting the high momentum part 

of the three-body wave function as was done 1n ref.[24], As can be seen 1n f ig . 16 the same disa

greement occurs also 1n the 0(e,e') reaction near q 1 « - 1 (GeV/c)2, and 1t 1s remarkable that the 
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?iç. :S - The low energy pert of the spectra, * j 
already shoun in figs. 3 and 12, ave s lot ted - j 
cm a logarithmic 3cale. The arrow» correspond 
to elastic scattering of electrons on free 
proton snd deuteron at rest. The broken lint JQ-
curues take only into account the zuasi-elas-
tis scattering of electron on nucléon. The * 
full line curves take also into account the ~ t 

quasi-elastic scattering en nucléon pair, " " 
2nd the p-0 rescattering for the sjo-body > f 
breck-'JS channel, and the nucleon-nucleon r i0-*|_ 
rescattaring in the active pair for the three- >T f 
body channel. ^ t 

3He(e.e') 

E-=7.26 QeV 

8=8° 

< q l > — U G t V / c l 2 

theoretical and the experimental ratio between cf V 

the JHe(e,e") and O(e.e') cross sections are « " r 

the same. Two consequences immediately fol
low : in that energy and momentum range, the 
5He(e,e') cross section is dominated by the 
two-nucleon mechanisms, and the source of the 
disagreement between the deuterium data or 
the 'He data and the model is the same. 

It does not come from a lack of knowledge 
of the high momentum components in the wave 
function, since the same momentum r?nge has 
also been probed in coincidence experiments 
which have recently been performed at Saclay 
[25,26]. As can be seen in fig. 17, the same 
model leads to a good agreement, provided 
that the final state effects are also taken 
into account. Had I used the modified momen
tum distribution of ref.[24], which fits the 
JHe(e.e') reaction cross section at low ener- "J* 

•o 

gy and high momentum transfer, the disagree

ment would have been catastrophic. 

The main difference between the two expe

riments is the low value, q 2 «- .078 (GeV/c)2 

(as compared to 1 (GeV/c)') of the mass of 
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the virtual photon in the Saclay experiment. At the top of the quasi-free peak the nucléons are 

close to their mass shell and their on-shell electromagnetic form factor gives a good account of 

their internal structure. Far away from the quasi-free peak, they are highly off their mass shell, 

each of them being deformed and polarized by the proximity of the others. The frte nucléon elec

tromagnetic form factors are not a good description of their structure and a full description of 

the two-nucleon system in terms of its quark constituents must be used. However those effects 



t r 1,1 i • - - i - -
• ' ! 

c 
r 

0 (e.e) ! i 

A - £-=7.302 GtV ] 

i 

A y V 
1 8,.=8' ! . 

i 

A 
to-î 

% 
-_ 2 <q l>—UGtV/ciy i 

i m % 
-_ 

i 
i 

_, »• * — X '• 
w 1 

V •i* i 
i 

i«r*L •Y 4 
v - • •• 
A * • // 1 a. r • .X 

r , ' / 

f f fr0/ 
2"1- £/ -
b f r < / 

•O r i r 

w 

i<r*f. 

î 
1 

(.77 321 2S7 207 T*S 12» 67 

-

P^ (MeV/c) 

200 300 100 
uMMeV) 

! 

OVHtfc.t'l] 

(TtO (e.e'll 

< q 2 > ~ 1 . (GeV/c) 2 

8 f .s8 0 

200 too u(MeV) 

occur only ** short distance and only appear 

when the wave length of the virtual photon is 

S M I I enough to resolve then : this is the 

case around |q ' | * 1. (GeV/c)1 but not below 

H-l .2 (GeV/c) 1. 

Fig. IS - a) The lou energy part of the spec
trum of the electron inelastically scattered 
at 3° on deuteron, vhrnn j * *. - 1 (GeY/c). The 
values of the nucléon momenta p<» uhich is in
volved in the reaction, are also plotted on 
abscissa. b> The ratio of the cross-section of 
the lUe(e,s') and Ole,»') reactions tear a* = 
- 1 (GeV/a)z. 

From all those examples, which I have dis

cussed, the conventional description of nuclei 

in terms of nucléons and mesons seems to be 

valid when the squared mass of the virtual pho

ton is iq*| < .5 (GeV/c)2 and the nucléon mo

mentum inside the target is pN < .5 GeV. However 

the origin of the hadronic form factors and of 

the meson-baryon coupling constants which en

ter this game and which are determined in a 

phenomenological way must be understood. 

Beyond these limits the subnuclear degrees 

of freedom must be taken into account, and a 

re la t iv is ts (covariant) analysis should be 

used. A serious attempt in that direction is 

the Dimensional Scaling quark Interchange Mo

del, which seems to lead to good agreement 

above |q 2i 5 1 (GeV/c)2. However the practical 

results of the calculation are s t i l l qualita

tive. This is not only due to the difficulties associated with the many-body nature of the problem, 

but also to the lack of knowledge of the basic ingredients (as tht quark momentum distribution In

side a nucléon, for instance). Therefore a lot of effort has to be made, both on the theoretical 

and the experimental side, to push this approach to the same level of sophistication as the more 

recent meson exchange current calculations. 

On the theoretical side, we have two extreme descriptions of nuclear matter, each of them 

being strongly constrained by a fundamental hypothesis (PCAC or Dimensional Scaling), but having 

also their own problems. Th«y must be solved, and an unified description of nuclei must be sought. 
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On the experimental side, a C'A. machine with a moderate energy (E. -v 1 GeV) will allow us to 

perform the coincidence experiments, which are not possible with the present generation of high in

tensity (but low duty factor) accelerators. It will help us to study In greater details the pheno

menology of meson exchange currents and two-nucleon correlations. 8ut the only way to study the ef

fects of the subnuclear degrees of freedom on the nuclear structure, which may lead also to strong 

constraints on the hadron dynamics, is to have a C.W. electron machine with a maximum energy bet

ween 2 and 4 GeV. 
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