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-Abstract-

Nuclear Physics has now evolved from the study of the many nucléon pro

blem, to the study of the interplay of the degrees of freedom of such a com

plex system and the Internal degrees of freedom of each of Its hadronic con

stituents. Extensive studies of electronuclear reactions have allowed us to 

disentangle the basic mechanisms of the Interaction between two baryons in a 

nucleus. The pion exchange mechanism, which dominates at large distance has 

been singled out. The NA Interaction, which enter the description of the In

termediate range part, has been studied. Evidences for effects due to the 

quark structure of the nucléon have been found. But more systematic studies 

are needed to study them in details. 

During a long time the description of nuclei 1n terms of nucléons only 
was a powerful and economical way to understand their structure, their sym

metries and their Interactions. This simple description of the ground state 

and of the low-lying excited states of nuclei has been beautyfully checked 

by the systematic study of their electromagnetic properties. The measurement 

of elastic and Inelastic form factors at high momentum ', has made possible 

the accurate determination of the charge and the magnetization densities and 

has led to ' good knowledge of the shape of the nuclei. The analysis of quasi 

free electron scattering (when the outgoing electron Is detected in coinci

dence with the struck nucléon) has made possible the straightforward study 

of the shell strurture of nuclei . All these results have led to strong 

constraints on the self-consistent mean free field description of nuclei. 

However the use of probe of higher and higher energy, has forced us to 

go beyond this simple picture and to consider also the other degrees of free

dom in nuclei. On the one hand, the Increase of the momentum transferred to 

the nucleus allowed us to probe its spatial structure over distances compa

rable or smaller than the nucléon size, and to study the details of the nu-
deon-nucleon Interaction, or the nucléon deformation, in a nucleus. On the 

other hand, the increase of the available energy allowed us to create parti-
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d e s and to study their propagation in a nucleus. Among them the pion and 

A are of particular interest, since they are the basic ingredients of our modern 

understanding of the nucléon-nucléon interaction (Fig. 1). The pion is the 

lightest particle which can be created on a nucléon and it is responsible 
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Fig. t - I) The driving terms in the nucleon-nucleon interaction. They 
must be iterated to obtain the full T-matrix. At short range the six 
quarks may be nixed, and the quark interchange diagram represents the 
simplest perturbative mechanism. I!) When the electromagnetic probe in
teracts with the nucléon current In nuclei, gauge invariance requires 
also Its Interaction with the particles which are exchanged in the dri
ving terms. 

for the long-range part of the nucleon-nucleon force. The A 1s the first ex

cited state of the nucléon and appears naturally in the.description of the 

intermediate range part of the nucleon-nucleon interaction, when one of the 

nucléon (or both) 1s excited between the exchange of two correlated pions. 

Below the pion threshold virtual A's enter the description of the nucleon-

nucleon Interaction but close to this threshold the A can be created freely in 

a collision between two nucléons : the problems of the nucleon-nucleon in

teraction and the nucleon-A Interaction should be solved at the same time in 

a coupled channel formalism. Since the A is unstable the only way to study 

the NA channel 1s to create the A in a nucleus and let It interact with the 

neighbouring nudeons. At small distance the exchange of vector mesons 

(o and u) plays a role, but 1t Is also here that the quark structure of the 

nucléon 1s expected to play a role. The relative importance of this two mech

anisms, the double counting problem and the relevance of the description of 

the nucleus in term of quarks are still open questions. 



Therefore the nucleus has now become a powerful! laboratory to study 
che interactions between hadrons, and nuclear physics has smoothly evolved 
from the study of the many nucléon probeIra to the study of a new domain 
where both the properties of the many hadron system, and the internal prop
erties of each hadron are to be considered and are strongly interrelated. 

Such complex hadronic systems, can be made by smashing two nuclei 
against each other, or by strongly disturbing a nucleus with an high energy 
hadronic probe (proton, pion, e t c . ) . But the simplest and the cleanest 
way is to look at a nucleus with an electromagnetic probe. 

On the one hand the coupling of a (real or virtual) photon with a nu
clear system is well under control since it must satisfy the gauge invari
ance principle, and it is weak enough to be treated as a small perturbation. 
High energy electron beams are powerfull microscopes which allow us to get 
detailed "Snap shot" of a nucleus. For instance we shall see that the elec
tromagnetic probe has been the best tool to disentangle the long range part 
of the nucleon-nucleon interaction, which is mediated by the exchange of 
charged pion and the intermediate range part which is due to the exchange of 
two correlated pions of which the total charge is vanishing. 

On the other hand, since it interacts weakly the photon is not absorbed 
at the nuclear surface, like hadronic probes as the pion for instance, and 
sees the entire volume of the nucleus. It is therefore possible to create an 
unstable particle, like the A, in the very center of the nucleus, and study 
its interaction in the final state. 

Since the topic of the conference is high energy electronuclear reac
tions, I will concentrate on these electromagnetic properties of nuclei, 
and I will try to show, with a few examples how their systematic study, over 
the last ten years has helped us to understand the various mechanisms of the 
interactions between two baryons. I will rather restrict myself to the few 
body systems. Their nuclear wave functions are well known and well under con
trol, and they provide us with the best laboratory to study in detail the 
basic mechanisms of photo-and electronuclear reactions. The case of heavier 

3-5) nuclei is very similar and is covered by other talks. 
The basic features of the absorption of a photon by a nuclei appear 

clearly in Fig. 2, where the spectrum of the electrons inelastically scat
tered at ô ô, * 8° on 'He is shown. The experimental data have been obtained 
at SLAC '. In spite of the high energy E. = 3.26 GeV, of the incoming elec
tron beam, the momentum transfer is small (the squared mass of the virtual 
photon varies little around q- » - .2 (GeV/c) z). The energy transfer is high 
enough to make it possible to excite the <l resonance, which is responsible 
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Fig. 2 - The spectrum of electrons inelastically scattered on 'He at 
e e« » 8°, when E- * 3.26 GeV jref.o)]. The energy of the virtual photon 
ta » I'V and Its squared mass q 2 are plotted on abscissa. 

for most of the pions which are electroproduced on a quasi-free nucléon (the 
pions created through the non resonant part of the electroproduction opera-

3 4) tor ' have also been taken into account). The range of momentum and energy 
transfer is really that which is 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 nuclei and are systemat
ically measured for the few-body systems '. 

Besides pion electroproduction on quasi-free nucléons, the incoming 
electron may also scatter elastically on a quasi-free nucléon. The top of the 
peak, which appears for small value of the energy w of the virtual photon, 
corresponds to the scattering of the electron on a nucléon at rest in the nu
cleus. Its width is due to the nucléon Fermi motion. The use of a good three-

81 body wave function (the solution ' of the Faddeev equations in momentum space 
for the Reid potential ')makes it possible to compute separately the contri
butions 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 is mainly due to the meson exchange mechanism : the pion (or 
the p) which is created at one nucléon is reabsorbed by an other, breaking up 
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F1g. 3 - The spectra of the pions emitted at 9* « 46.4°, when EY » 300 MeV, 
1n the dty.w+Jnn and p(Y»n+)n reactions are plotted against their momentum. 
They have been recently measured at Sad ay with the monochromatic photon 
beam. The theoretical cross section 1s drawn in the inset. It 1s folded 
with the experimental photon line shape, when i t 1s compared to the data. 
The final state Interaction effects are (are not) Included in the full 
(broken) curves. The comparison 1s absolute : the experiment and the theory 
have been normalized to the same number of Incoming photon and to the same 
target thickness. 

the residual nuclear system. I t 1s very similar to the well known quasi-deu-
teron mechanism ' , which 1s required to reproduce the same part of the spec-

3-5 7) 
trum of the electrons 1ne1ast1cally scattered by heavier nuclei * . But I 
would like to emphasize that, 1n the case of 'He, I have not used this as
sumption : the correlated two-nucleon wave function 1s automatically con-

8) talned In the realistic three-body wave function ' , and the operators are the 
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same as those which t have already used to reproduce the two-body photo- and 
electrodlsintegratlon of deuterium and the pion electroproduction on free 
nucléons . 

This spectrum is a good example of the interplay between the many body 
aspects (here the three-nucleon problem) and the internal degrees of freedom 
of the nucléon (the creaction and the propagation of real or virtual pions, 
the excitation of the A, e t c . ) . But this is an integrated quantity which 
tells us only how the photon is absorbed by the nucleus. To go further we 
must perform more exclusive experiments, in order to single out each channel 
(pion photoproduction, photodisintegration, etc..) and study the various as
pects of the nuclear dynamic. Before dealing with the case of virtual pion, 
let me start with the real pion photoproduction reactions. 

The simplest is the D(y,n±)NN reaction of which the study has been made 
possible by the quality of the new Saclay "monochromatic" photon beam. It is 
obtained by positron in flight annihilation in an hydrogen radiator, and the 
contribution of the bremsstrahlung tall is subtracted by repeating the mea
surement with a copper radiator. Since the shape of the bremsstrahlung spec
tra are not the same for the two radiators, a small undershoot appears on the 
low energy side of the annihilation peak, which is got by the subtraction 
procedure. This is clearly apparent in the lower part of Fig. 3, where its 
shape has been determined by the measurement of the p(y,n±) reaction cross 
section1 ZK 

This "monochromatic" photon beam has been 
used to determine the spectra of the pions emit
ted at a given angle in the d(y,w+)nn reac
tion '. A typical spectrum is shown in the up
per part of Fig. 3. The broad peak is due the 
pion photoproduction on a quasi-free nucléon. 
Its top corresponds precisely to the kinematics 
of the free nucléon reaction p(y,Tt*), which is 
depicted in the bottom of the Fig. 3. Its width 
is due to the Fermi motion of thertarget nucléon. 

Fig. 4 - The ratio of the cross sections of 
the reactions y0 + n-pp and yD * **"" as mea
sured at Tokyo'4) (open circles) and Saclay'2) 
(full squares). The dashed line curve is the 
ratio of the free nucléon cross sections. 
Paull principle and Fermi motion effects are 
taken Into account in the dash-dotted line 
curve. The full line curve takes also into 
account the nudeon-nucleon final state inter
action. 
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The peak, which appears at the high momentum end-point of the pion 
spectrum, is due to the strong s-wave interaction between the two nucléons 
which recoil here with a vanishing relative kinematical energy. When the 
theoretical cross section , which is drawn in the inset, is folded with 
the shape of the "monochromatic" photon spectrum, it reproduces fairly well 
the deuterium data. 

The integral of the pion spectrum over the pion momentum is close to 
the value of the free nucléon cross section and the determination of the 
ir~/n+ ratio on deuterium has. been widely used to determine the cross section 
of the n(y,n-)pelementary reaction. However the nuclear structure effects, 
(Fermi-motion, Pauli principle,final state interactions) modify the ratio of 
the free nucléon cross section by 10 to 20 % and help to reproduce the deu-

13) cerium data . This is clearly apparent in Fig. 4, which shows also that the 
12) 

n+/n- ratio deduced from the Saclay measurement supports earlier measure
ments which have been obtained by the photon difference method with a bad 
energy resolution (AEy * 30 MeV). 

The extension of these measurements to heavier nuclei, and more particu
larly to the three body system, 1s underway at Saclay. They are a useful 
complement to the study of more exclusive reactions (coincidence experiments), 
which I have extensively discussed in réfs.13 and 15. Today I would like 
only to recall that in these experiments the kinematics is completely determi
ned, and that each dominant term in the multiple scattering series has been 
singled out by looking for its singularities. This multiple scattering series 
converges quickly and is well under control, since the particles propagate near 
their mass shell, and there are no free parameters. The calculation relies 
heavily upon the free nucléon cross sections and the deuteron wave function, 
which are independently determined by other experiments It reproduces a wide 
bulk of experimental data which have been obtained at Saclay, and two devia
tions only remain today. They appear in Fig. 5 near the NA threshold (where 
the mass of the irNN system is « 3 » 2170 MeV) and 30 MeV above, (« 3 * 2250 MeV), 
They might be due to the part of the NA interaction which does not reduce to 
a sequential two-body scattering of the constituents of the A, and which 
looks like the nucteon-nucleon interaction (and is due to the exchange of vir
tual mesons). A coupled treatment of the NN and Ni channels in the K-matrix 
approximation, leads to a good account for the structure which exists near 
the NA threshold, as well ?s the resonant behavior of nucléon-nucléon D^ 
phase shift' 3 , 1 5'. But today the structure near W- « 2250 MeV is still unex
plained. This kind of experiment offers the best way to study the Ni inter
action by creating the A in a clean way with the electromagnetic prooe but 
is at the limit of the capability of the present generation of electron 
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Fig. 5 - The relative excess, with respect to the predictions of the quasi 
free mechanism, of the cross section of the reaction d(y,pir)p as measured 
at Saclay'3). The pion and one of the two protons were detected in coinci
dence, in such a way that the mass Q and the momentum of the undetected 
proton are kept constant. The abscissa is the angle 82 o f t n e undetected 
proton. The full line curves include all the leading pion and nucléon re-
scattering graphs. The dashed line curves show the effects of the part of 
the NA interaction which does not reduce to the multiple scattering of the 
a constituents (see refs. 1 3 and , 5 ) for a detailed discussion). 

accelerators. Its development calls for a CM machine : a systematic study of 

this coincidence experiment will allow us to make a full partial-wave analy

sis of the final Na system. 

Contrary to real photoproduction reactions, the analysis of virtual pion 

photoproduction reactions Is not parameter free. 

Although the method of calculation of the pion absorption graph and the 

pion rescattering graph is the same, the virtual pion which is reabsorbed is 
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highly off Its mass shell, and the free pion photoproduction operator, as 
well as the pion absorption operator, should be corrected. Two ways are usu
ally followed to overcome this difficulty. 

On the one hand, since it 1s far off-shell, the exchanged pion is sensi
tive to the finite size of the nucléon, and I have used at each pion-baryon 
vertex a monopole form factor 

F,U») * ; - » ; 

» ; - < : 

where q* is the squared mass of the virtual pion. 

E| (MeVI 

Fig. 6 - The excitation function, at 0^ » 90°, of the d(y,p)n reaction is 
plotted against the Incoming photon energy EL. The high energy experimental 
points have been obtained at Bonnie), At low energy the references can be 
found in ref.11). The dotted and dashed curves correspond to the plane-
wave calculation without and with the exchange current contribution respec
tively. The full curve Includes also the neutron-proton final state Inter
action. 

On the other hand, other virtual mesons can also be emitted and reabsor
bed. Among them the p-meson exchange diagram plays an Important role (in which 
case I use a dipole p-baryon form factor with a cut-off mass equal to two time 
the nucléon mass). 

I have determined the values of the cut-off mass A. and of the ratio 
G*/G2 between the square of the rho- and the pion-baryon coupling constants 
by fitting ' the 90* excitation function of the d(y,p) reaction cross section 
(Fig. 6). It turns out that, in this reaction, the p-exchahge mechanism 1s 
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negligible below the pion production threshold, and only affects signifi

cantly the A-N * N-N transition in the resonance region, It is therefore 

possible to separately determine the cut-off mass Aff= 1 GeV at low energy 

and the ratio 6 2/6* » 1.3 in the A region. They lie in the range of the un-
P IT 

certainties of the currently accepted values. 

This model also provides us with a good representation of the angular 

distributions. As an example, the proton angular distributions at E =80MeV 

and E « 260 MeV ère plotted in Fig. 7. They appear to be different from 

those shown in Ref. 11, where a wrong sign was used in Eq.(6). When this 

sign is corrected the pathological forward backward asymmetry disappears and 

the model decently fits the data 1 6'. 

Fig. 7 - The angular distributions of the 
protons emitted in the (d(y,p)n reaction 
when E Y * 80 HeV and E y'* 260 MeV. The 
experimental points, as well as the mean
ing of the curves, are the same as in 
Fig. 6. 

These final state interactions also 

help to reproduce the deuteron electrodi-

sintegratlon cross section recently mea

sured at Saclay '. The calculation ' is 

a stralghforward extension, to the virtu

al photon case, of the analysis of the 

deuteron photodlslntegratlon '. 

Therefore I have built one-body and 

two-body operators which allow me to ac-

curatly reproduce the cross section of 
most of the reactions Induced on the nu

cléon and the deuteron by real and virtu

al photons. I am now in a good position 

to use them in a more complex nuclear 

system : the JHe nucleus. 

The only change 1s the nuclear wave 
a) 

function ', and there are no free parame

ters. The total two-body photodisintegra-

tion cross section of 'He is plotted in 

Fig. 8, together with the total photodl

slntegratlon cross section of deuteron. In both case the contribution of the exchange current is essential to reproduce the data 
11,16,18) The angular 

distribution of the proton measured at E. * 240 MeV is plotted in Fig. 9. 
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wave part of the active deuteron is also Important 
into account in the two-body operator). 

Fig. 8 - The integrated cross sec
tions of the two-body photodisinte-
gration of the deuteron and the 'He 
nucleus are plotted against the en
ergy of the incoming photon. The 
high energy data points have been 
recently measured at Bonnl6J8). 
The meaning of each curve is ex
plained in the insets. 

The meson exchange contribution is 
very important and the cross section 
is very sensitive to the details of 
the model. For instance the fit to 

18—20) 
the experimental data ' is si
gnificantly improved when the d-wave 
part of the deuteron, which is emit
ted in the meson exchange diagram, 
is also taken into account (the d-

but it is always taken 
It) 

Fig. 9 - The angular distribution of the 
protons emitted in the 1He(y,p)d reaction 
when E y = 240 MeV. The experiments have 
been performed at Bonnl8), Saclay'9) and 
TRIUMF20). The dashed curve corresponds 
to the Born approximation. The dash-dot
ted curve includes the meson exchange 
contributions, where only the s-wave part 
of the final deuteron is retained. Its d-
wave part is included in the full line. 

It is only the use of a good, and 
realistic, three-body wave function and 
of good elementary operators which al
lows such a good fit. Had I used a more 
phenomenological three-body wave func
tion (as a cluster representation which 

21 ) fits the three-body form factor ' for 
instance) the disagreement between the 
theory and the experiment would have 
been catastrophic. 

The extension of this calculation to 
the two-body electrodisintegration chan
nel is also straighforward. As in the 
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deuteron case, the final state Interactions 1n the emitted p-d pair as well 

as the meson exchange contribution help to accurately reproduce the data 
2?) 

(Fig. 10), which have been recently obtained at Sad ay . 

.01 
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Fig. 10 - The variation of the He(e,e'p)0 reaction cross section, re
cently measured at Saclay??), with the momentum of the final deuteron. 

I have also analysed, with the same methods, the three-body break-up 

channel, and, here again, the agreement between the theory and the experi

ment ' 1s satisfactory. 

The same mechanism dominates also the electromagnetic form factor of 

the few body systems. As an example Fig. 11 shows the magnetic form factor 

of tye, which has been recently measured at Saclay"' up to |q2| » 32 fm" 

(|q2| > 1 (GeV/c)*). These data overlap nicely with the low momentum data 

which have been obtained at Bates . It Is clear that the meson exchange 

mechanisms are essential to obtain a fair agreement between the data and 

the most up-to-date theory '. The Ingredients of this calculation are the 

same as of these which enter my calculation of the photo and electrodisln-

tegratlon of the few-body systems. A realistic three-body wave function 

1s used,a cut-off mass of the plon-baryon vertex Is of the order A ^ I G e V , 

and the p-baryon coupling constants are comparable. 

It Is very nice and appealing that, with the same set of parameters, 

this approach provides us with a consistent picture of a wide variety of 

experimental data. They represent the cleanest way to disentangle the long 
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Fig. 11 - The (squared) mag
netic form factor of 'He. The 
low momentum and the high mo
mentum data have been respec
tively obtained at Bates 2 4/ 
and SaclayZ3). The full 
(dashed) curve takes (does not 
take) into account the meson 
exchange contributions^). 

range mechanism of the nucléon-
nucléon force, which is due to 
the exchange of charged pions, 
and the other mechanisms, which 
are due to the exchange of neu
tral object, such as the two 
pion exchange mechanism which 
dominates the intermediate-
range part. In fact two strong 
constraints, the gauge invari

ance principle and the Partially Conserved Axial Current (PCAC) hypothesis, 
fixe in an unambiguous way the pion exchange matrix elements at low momentum 
transfer : this picture Is very reliable when the momentum transfer is smaller 
than |q*| % .3(6eV/c)2 and the energy transfer does not exceed 500 MeV. 

However we may ask ourselves why such an approach works so wall for mo
mentum transfer as high as 1 (GeV/c) 2. On the one hand, 1t is basically non-
re1at1vist1c:only the first term of an expansion in power of 1/m is retained 
In each elementary operator, and non-relatlvlstlc wave functions are used. 
At 1 (GeV/c) 2 a full relat1v1st1c calculation is badly needed. On the other 

t hand, for a momentum transfer around 1 (GeV/cr, distance as small as .2fm 
are probed, and the quark structure of nucléons should show up. In fact two 
parameters, the cut-off mass Aff and p-baryon coupling constant, have been 
adjusted to fit the experiments. It is very likely that this procedure hides 
more fundamental mechanisms. For instance the use of a wNN form factor is a 
way to go beyond the description of a nucleus In term of point structure nu
cléons, and to take into account their finite size. The cut-off mass of 
A^» 1 GeV, which 1s needed to reproduce the data, correspond to a core ra
dius of the nucléon of approximately .5fm, very close to the "little 

271 bag" radius . If this were the reality, the problem of quarks 1n nuclei 
would reduce to the understanding of the various nucléon form factors. But 
1f the bag radius is of the order of l.fm, as in other current models , 
the cut-off mass is only Aff *v 600 MeV, and the pion exchange mechanisms are 
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strongly suppressed:room is left, even at low momentum transfer for more com
plex mechanisms where the quarks of two distinct nucléons are mixed togeth
er . An other criticism to this standard model has to do with the p-ex-
change mechanism , which occurs at ^ery short distance and might simulate 
more subtle mechanisms which involve the quark degrees of freedom of the nu
cléons. 

Fig. 12 - The low energy part of the spec
tra of the electrons inelastically scat
tered by 'He, when q 2 * - .2 (GeV/c) 2 and 
q* « - t. (GeV/c) 2, are plotted, on a log
arithmic scale, against the energy of the 
virtual photon. The arrows correspond re
spectively to the elastic scattering of 
the electron on a free proton or a free 
deuteron at rest. The broken curve takes 
only into account the quasi-elastic scat
tering of the electron on a nucléon. The 
full curve takes also into account the 
quasi-elastic scattering on a nucléon pair 
and the p-d rescattering for the two-body 
break-up channel, and the nucléon-nucléon 
rescattering 1n the active pair for the 
three-body channel. 
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It is always possible to play the 
game of adjusting the parameters entering 
the meson exchange matrix elements and to 
add new mechanisms. But, in order to have 
strong evidence of the quark degrees of 
freedom in nuclei, we must first look for 
experiments which cannot be reproduced by 
varying the free parameters of this stan
dard picture of nuclei in terms of meson 
and nucléons. To my knowledge, the best 
evidence of the breakdown of this approach 
occurs in the analysis of the low energy 
side of the quasi elastic electron scattering in a nucleus at high momentum 
transfer. 

In Fig. 12, I have plotted on a logarithmic scale, the low energy part 
of the quasi-elastic peak, which is seen in the 'He(e,e') reaction , for 
two values of the squared mass of the virtual photon : q* * - .2 (GsV/c) 2 

(as in Fig. 2) and q 2 « - 1 . (GeV/c) 2. The arrows indicate the kinematics of 
the elastic scattering of the electron on a nucléon pair at rest : respecti
vely -q2/2m and -q2/4m. 

a 



The pure quasi-elastic mechanism, where the virtual photon interacts 
with one nucléon and where the two others are spectators, is unable to repro
duce its low energy part. The final state interaction effects, which corre
spond to the interaction of the virtual photon with a correlated nucléon pair, 
improves dramatically the agreement between the model and data, although a 
factor two is still missing when q* % - 1 (GeV/c)*. The reason is simple : 
this active pair is almost at rest in *He and the corresponding amplitude is 
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 in Ref. . 
The same disagreement occurs also in the 0(e,e') reaction near q* »l (GeV/c)*, 
and it is remarkable that the theoretical and the experimental ratio between 
the JHe(e,e') and D(e.e') cross sections are the same . Two consequences 
immediately follow : in that energy and momentum range, the JHe(e,e') cross 
section is dominated by the two-nucleon mechanisms, and the source of the di
sagreement 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 range has also been probed in 

17 221 coincidence experiments which have recently been performed at Saclay ' . 
We have seen in Fig. 10 that the same model leads to a good agreement, pro
vided that the final state effects are also taken into account. Had I used 

311 
the modified momentum distribution of Ref. , which fits the 3He(e,e') reac
tion cross section at low energy and high momentum transfer, the disagreement 
would have been catastrophic. 

The main difference between the two experiments is the low value, 
q' - - .078 (GeV/c)2 (as compared to 1 (GeV7c)*)of the mass of the virtual 
photon in the Saclay experiment. At the top of the quasi-free peak the nu
cléons 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 de
formed and polarized by the proximity of the others. The free nucléon elec
tromagnetic form factors are not a good description of their structure and a 
full description of the two-nucleon in terms of its quark constituents must 
be used. However those effects occur only at short distance and only appear 
when the wave length of the virtual photon is small enough to resolve them : 
this is the case around |q'| « 1. (GeV/c)* but not below |q'| * .2 (GeV/c)*. 

So tar the effects of the quark degrees of freedom of complex nuclear 
systems have been treated in a perturbative way, by taking advantage of the 
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snallness of the Interaction between two quarks at very short distance and 
therefore at high momentum. The basic assumption 1s that it is possible to 
factorize the soft and the hard scattering mechanisms 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 quarks occurs in a small volume, and 
leads to the emission of fast particles. The asymptotic behavior of the cross 
section is therefore driven by the hard scattering amplitude and is not modi
fied by the soft scatterings which only fixe the overall normalization. 

The dominant contribution to the hard scattering is given by the sim
plest Feynmann diagram where the transferred momentum is equally shared be
tween each of the active quark. It is remarkable that this simple picture is 
strongly supported by the analysis of the scattering between elementary ha-

33-351 drons at high energy and high momentum transfer . 
As in the case of pion exchange mechanism, gauge invariance requires that 

the electromagnetic probe sees and interacts with the quarks which are moving 
from one nucléon to an other, during the hard scattering process. Therefore 
any evidence for the effects of the subnuclear degrees of freedom in electro-
nuclear reactions should lead to strong constraints on the short range behav
ior of the baryon-baryon interaction. For instance this game has been played 
In the analysis ' of the structure function /l(q') of the deuteron, which has 
been measured at SLAC 3 7 ) up to |q*| -v 6 (GeV/c)*. 

The virtual photon interacts with one of the quark lines when two quarks 
are interchanged between the two nucléons (see Fig. 1). Its momentum is shared 
between each of the two nucléons which remains a bound system of quarks in 
the initial and final states : the six quarks are only mixed during a small 
fraction of the time. Therefore the deuteron form factor is proportional to 

Majl » FQ(q2) <v FÎ (q»/J 
•q* • f *» 

(1) 

where F N is the nucléon form factor and 0 2 1s related to the mean transverse 
momentum of the exchanged quarks. As can be seen in Fig. 13, this model leads 
to a fair agreement with the experimental deuteron structure function, even 
at momentum as low as 1 (GeV/c)'. This is surprising since this model has been 
tailored to analyse reaction at very high momentum transfer (perturbative ap
proach). As in the case of pion exchange mechanisms, It works far outside its 
range of validity. 
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vided by the right 
hand side of eq.(1). 
The high momentum 
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Therefore It turns out that we have two ways of dealing with nuclear 

reactions at high Momentum transfers, and we must now understand to what ex

tent they are compatible, what is the relatioship between themselves and how 

do they match together. 

Obviously the systematic studies of electronuclear reaction at high mo

mentum transfer (at short distance) 1s, and will be, of great help, and I 

have tried to show, in this talk, how the electromagnetic probe has allowed 

us to disentangle the basic mechanisms of the interaction between two ba-

ryons. 

Real pion photo-and electroproductlon reactions are well under control, 

since the pion is created and propagates near Its mass shell. Their study 

offer the best way to determine the Nû Interaction, which enters as a basic 

ingredient in the description of the Intermediate-range part of the nucleon-
nucleon interaction. Their developments call for a CW machine, with an energy 
between 1 and 2 GeV. 

The analysis of virtual pion photo-and electroproduction reactions is 

based on solid ground only at low energy and low momentum transfer, where 

the dominant meson exchange amplitudes are strongly constrained by gauge in

variance and the PCAC hypothesis. So far it has provided us with the best 

way to single out the one-boson exchange part of the nucleon-nucleon inter

action (which dominates at long distance) from the two-boson exchange part 

(which dominates at Intermediate distance). However the extension of this 
model to high momentum transfer relies heavily upon phenomenology. The meson 

exchange currents contribute even at short distance, but the adjustment of 

the irNN form factor and the p-baryon coupling constants may hide more fun

damental mechanisms, where the quark degress of freedom of the nucléon are 

to be considered. 
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The future of Electronuclear Physics is therefore to disentangle these 

quark exchange mechanisms, which occur at short distance, and the meson ex

change mechanisms which dominate at large distance, but still contribute at 

short distance. The electromagnetic probe provides us with the best way to 

achieve this goal, since it allows us to separately determine the transverse 

parts (which are dominated by pion exchange mechanisms) and the longitudinal 

parts of the electronuclear cross sections (where the pion exchange mecha

nisms contribute little, and which are more sensitive to the short range cor

relations) at momentum transfers around 1 (GeV/c) 1. Such a program calls for 
32 381 

a CW machine with a nominal energy around 2 GeV ' . 
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