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During more than ten years the beam qualities of the modern Electron 
Linear Accelerators have allowed us to undertake a systematic study of the 
electromagnetic properties of nuclei. The study of elastic and inelastic 
electron scattering has led to a good knowledge of the nuclear shapes : the 
measurements of the nuclear form factors at high momentum transfer has made 
possible the accurate determination of the charge and the magnetization den
sities. The analysis of quasi elastic electron scattering (where the out
going electron and the struck nucléon are detected in coincidence) has made 
possible the straightforward study of the shell structure of nuclei. To-day 
it is fair to say that the one-body properties of nuclei are well under con
trol. 

This is not the case for the two-body properties of nuclei, which are 
still not well known. For instance the two-body correlation functions in nu
clei have not yet been measured directly. They enter the analysis of the ve
ry inelastic electro-nuclear reactions, where high energy and momentum are 
transferred to the nucleus, and where several particles are emitted in the 
final state. For instance, the knowledge of the two-nucleon wave function, 
especially at short distance, is a basic ingredient of the calculation of 
the amplitude where a pion created at one nucléon rescatters or is absorbed 
by another. The study of these reactions has been systematically undertaken 
with moderate (2 %) duty factor electron accelerators. For more details, I 
refer to the talk of B. Frois 1 and to the talk which I gave last week at the 
INS Symposium2. This is nowadays a field of active research, where the pro
gresses are very fast and whose recent developments call for a new genera
tion of electron accelerators. Their energy should lie around (or above) 
2 GeV, and their duty factor should approach unity. They will allow us to 
study the fields of research which are listed in table 1. 

An energy higher than the vector and strange meson photo-production 
threshold makes it possible to study systematically their creation and their 
propagation, which is a necessary complement to the study of the creation 
and propagation of the scalar mesons. The high duty factor is essential to 
allow the detection in coincidence of all the decay products of such insta
ble particles, but allows also to use a tagged real photon beam which makes 
it possible to determine the limit at the real photon point of the electro-
nuclear reaction cross sections. The high duty factor allows also the sys
tematic study of the Hà interaction, which is a good example of the inter
play of the many-body nuclear degrees of freedom and of the internal degrees 
of freedom of hadrons . 

I have not enough time to review all these topics of which a comprehen
sive review can be found in a report on the prospects in this new field, 
which we recently prepared at Saclay3. I will rather concentrate myself on 
the two first topics, which will be the core of the research program for a 
2 GeV machine. 



E - : 2 GeV ; Duty factor : 100 

I . Short range correlations : quarks? 

I I . Baryon-baryon interaction at short distance, 

1. NN interaction 
2. Hà interaction 

IV. 

Table 1 Let me start summarizing what 

Physics program for 2 GeV and 100 S duty f h a v e }?™* a r ? d * * • * " " l * w e 

factor h a v e r e a c n e d during the last ten 
years 1 ' 2 on a typical example : 
the deuteron electro-desintegration 
near the threshold, when the elec
tron is scattered at 9e' = 155°. 
The exchange currents dominate the 
cross section, since the normal 
nucléon current contribution is 
strongly reduced by the destruct i 
ble interference, near q 2 % - .5 
(GeV/c) 2, between the amplitudes 
which involve respectively the S 
and D parts of the deuteron wave 
function. The experiment has been 
performed at Saclay1* up to q 2 ^ -
1. (GeV/c)2. In f i g . 1 the results 
are compared to the predictions 
of the most complete calculations 
[ re fs . 5 * 6 ] . I t is remarkable that 
such a model works so well fo r 
such high momentum transfers, since 
we are probing the short-range be-" 
havior of the two-nucleon system. 

To understand this s i tuat ion, le t me now consider the dominant mechanisms of 
the nucleon-nucleon interact ion. I t is very well described7 at large distan
ce by the pion exchange potential 
and at intermediate distances by 
the exchange of two correlated 
pions with a total isospin T=0 10-» s 

(which are often parametrized in ~ 
the OBE potent ia l 8 by the c meson). 

(e.e'N), (e.e'NN). 
(e.e'fhr}. „, 

3. AN and IN interaction : yN - {£:. 

. Scalar and vector meson electrooroduction. 

1. 3 and u> propagation in nuclei. 
2. Quark models of the nucléon. 
Complex muHi-quark states and hidden color 
components of the wave function. 

Tagged photon beams : real photon point. 

. Polarized beams and/or targets. 

1. Spin structure. 
2. Multipole analysis. 
3. Parity violation. 
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Fig. 1 - The deuteron electrodis-
integration cross section at Qet s 
155°, averaged over the first 3 
MeV above threshold. The high mo
mentum data have been obtained at 
Saclay*. The full line (broken 
line) curve takes (does not take) 
into account the meson exchange 
contribution. They have been com
puted in refs.*'6 with the Paris 
potential1. 

At shorter distances the exchange 
of vector mesons (p and u>) also 
plays a role. If the electromag
netic field couples with the nu
cléon current, the gauge invari
ance automatically requires the 
presence of the two graphs which 
correspond to the non resonant 
pion exchange currents (fig. 2). 
It is e^sy to be convinced if we 
remember that the nucléon Born 
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Fig. 2 - In the elementary yN •*• vN reaction amplitude only the sum of all the 
Born terms is gauge invariant, whereas the A creation amplitude alone is 
gauge invariant. II) When the pion is created on a nucléon bound in a .nu
cleus, each diagram contributes to the meson exchange amplitude. However the 
diagrams which correspond to the nucléon Born term are already included ir. 
the wave functions of the initial and the final states, and should be dis
regarded. Ill) These wave functions are obtained by iterating the driving 
terms in the- nucleon-nucleon interaction, and gauge invariance requires that, 
if the photon interacts with the nucléons, it interacts also with the ex
changed mesons which bind them together. 

terms, in the pion electroproduction operator, 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.9 for more 
details. Those amplitudes represent the minimum set which is required by 
gauge invariance. Of course we can add as many contributions as we wish pro
vided that they are independently gauge invariant and that they correspond 
to a physical mechanism : a good example is the resonant pion exchange am
plitude which is needed to analyse the reactions induced in the à energy 
range 2. 

Since the intermediate range part of the two nucléon interaction is due 
to the exchange of two pions of which the total charge is zero, it is not 
coupled to the electromagnetic field. This is the reason why the tail 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 D(e,e')pn 
reaction cross section (fig. 1) is so well reproduced at low momentum trans
fer (large distance). But we do not understand why the agreement is still so 
good at momentum as high as 1 (GeV/c) 2. In fact relativistic effects are 



expected to be important here : for instance the choice of G^(q 2) ref.6 in
stead of Fi(q2)fref.s]for the electromagnetic form factor which is used for 
the meson exchange currents leads to a strong disagreement with the Gi..a at 
1 GeV/c) 2. Moreover, one must correct here the simple picture of exchange 
currents, which I have just given, by using two additional refinements. 
S-nce the exchanged pion is very far from its mass shell, one must use a 
form factor at each pion baryon vertex, and consider also the p-meson ex
change mechanism. But, neither these form factors nor the coupling constants 
of the p-meson with the baryons are known precisely, and they must be de
termined in a phenomenological way 2 by fitting the largest body of data. It 
is very likely that those corrections, which help to go beyond the simple 
picture of point-like mesons and nucléons inside nuclei, hide more funda
mental mechanisms which involve subnuclear structure of those conventional 
constituents. 

These new degrees of freedom should show up more easily at higher mo
mentum transfer (shorter distances), and indeed a great deal of effort is 
underway to understand large momentum transfer nucleon-nucleon scattering 
H-ef. 1 0» 1 1]} and reactions between elementary hadrons 1 2 in the framework of 
the Dimensional Scaling Quark Interchange Model (fig. 3). This is the sim

plest of the perturbative diagrams 
one can imagine, and its study has 
led to a qualitative understanding 
of a large body of data. © NN. .NNl 
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Fig. 3-1) The Dimensional Scaling 
Quark Interchange Model for nucleon-
nucleon scattering. The soft scat
terings ,which insure the binding of 
each hadron, are represented by the 
blobs. The hard scattering is domi
nated by the Feymann diagram which 
permits the more economical sharing 
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 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 colli
sion between two elementary constituents occurs in a small volume, and leads 
to the emission of fast particles. It is possible to show that the asympto
tic behavior of the cross section is driven by the hard scattering amplitude 
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 interaction becomes weak at short distances. Therefore the 
dominant contribution is the simplest Feymann diagram where the momentum 
transfer is shared equally by each active constituent. Due to the scale in
variance of the basic interaction, there is no characteristic scale in the 
model and the only scale parameter is the total available energy •?, provided 



that it is much larger than the mass of any partiel? involved in the reac
tion. The asymptotic behavior of the cross section is given by this sim
plest Feynmann diagram 

£ ^ f ( t / s ) ,„ 
where s, t and u are the Mande!stam variables, and w/iere N = I n-2 is rela
ted 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 photo
production N=7, etc... It is remarkable that this very simple result is 
strongly supported by the analysis of the scattering between elementary ha-
drons at high energy and high momentum transfer10"1''. 

As in the case of pion exchange mechanisms, gauçe 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 has been applied to the analysis1- of the structure 
function A(q 2) of the deuteron, which has been measured at SLAC Jj-ef.11"] up 
to jq2( ^ 6 (GeV/c) 2. 

. The virtual photon interacts with one of the quark lines when two quarks 
are interchanged between the two nucléons (fig. 3). Its momentum is shared 
between each of the two nucléons which remains a bound system of quarks in 
the initial and the final states : the six quarks are only mixed during a 
small fraction of the time. Therefore the deuteron form factor is propor
tional to the square of the nucléon form factor taken at the value q 2/4 of 
the transferred four momentum. Furthermore the scale invariance of the basic 
interaction leads to a strong constraint on the matrix element which behaves 
as 
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where the additional denominator is the struck quark propagator. This parti
cularly simple form comes from the approximate calculation of the multi-loop 
integral. This model leads to a fair agreement of the deuteron structure 
function for momenta as low as 1 (GeV/c) 2. This is apparent in fig. 4, where 
the experimental values11* of the deuteron form factor Frj(q ) have been di
vided by the right hand side of eq.(2). I would like to emphasize that the 
same kind of analysis also leads to a good agreement with the pion and the 
nucléon form factors. It is remarkable that the same value B 2 - .235 GeV 2 can 
be used to fit these three form factors. 

Therefore we are using two extreme descriptions of nucletr matter, each 
of them being well suited to a limiting case. 

On the one hand, we have learnt during the last few years, that a basic 
theory of strong interactions can be built starting with colored quarks and 
gluons : Quantum Chromo-Dynamics, of which the fundamental property is as
ymptotic 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 |q2| >, 1 (GeV/c) 2, 
and which probe distances smaller than .1 to .3 fm) in the framework of a 



first order perturbative treatment. The Dimensional Scaling Quark Interchan
ge Model is one of the successful examples. 

Fig. 4 - Tne deuteron 
factor F (a1) = 

*orm 
v'Aiq1) is 

divided by the right hand 
side of eq.(2J. The high 
momentum data have been_ 
obtained at SLAC \ref.l "J.' • I * 
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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 ex
change of the lightest 
meson, the pion. The 
smallness of its mass makes it 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 hypo-
thes i s. 

Between these two domains, which are strongly constrained by two basic 
hypotheses (PCAC and DSQIM), lies the "Gordian knot" : the confinement me
chanisms of quarks inside the elementary hadrons and the nuclei. Its under
standing is a considerable challenge both for theorists and experimentalists. 
It 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 free particles, as well as the study of the short range 
part of the nuclear systems. It is here that nuclear physics provides us 
with an invaluable tool. 

On the one hand, it allows us to study the interaction of a given probe 
with the constituents of the nucleus, in kinematical conditions which differ 
strongly from the scattering between free particles (in which case certain 
situations are kinematically forbidden). In the classical description of 
nuclei, in terms of mesons and nucléons, it is possible to reach "off-shell" 
effects, which are parametrized by an effective potential. We know how the 
systematic study of the spectroscopic 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, it is pos
sible to study the short range 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 multiquark states, of which the color symmetry is not the 
sane as the symmetry of a simple superposition 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 
elementary hadrons (nucléons, mesons, etc.) : it leads to additional con
straints in the problem of the quark confinement. 

In other words, Nuclear Physics has reached the frontier, where it is 
not yet possible to neglect the "molecular effects", in which the nucléons 
are not too much deformed and where they exchange mesons, but where it is 
already necessary to take also into account their internal structure 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 nu
clear 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 scat
tering the possibility of varying independently the energy transfer, the 
momentum transfer and the polarization of the virtual photon makes it pos
sible 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. It is 
also possible to reach very high momentum transfers and to get rid of the 
multiple scattering of the probe (which always occurs for hadronic pro
jectiles). This is' the best way to study mechanisms which occur at short 
distances, and which lead to strongly correlated particles in the final sta
te. But the corresponding experiments are also difficult, since they require 
the detection of several particles in coincidence, and correspond to small 
transition rates. 

An energy of 2 GeV and a duty factor close to 100 % allow to achieve 
this goal. The high duty factor makes it possible to perform easily the 
coincidence experiments : they are the only way to disentangle the various 
reaction channels, and to single out the mechanisms which are sensitive to 
short range effects. The energy is high enough to make possible the separa
tion between the longitudinal and the transverse part of the cross section, 
and to study the spatial behavior of the nuclear transitions at distances 
as small as .2 fm over the energy range where the A-resonance is created. 
This is the transition domain between two extreme pictures of the nuclear 
matter. 

This is explained in fig. 5 where I have summarized, on an energy-
momentum (W,q*) diagram, the different domains which I have just discussed. 
The abscissa is the energy available in the center of mass of two particles 
emitted from a nucleus, and I have shown some characteristic thresholds : 
pion-emission, A-resonance creation, the energy where the 3F 3(NN) partial 
wave exhibits a resonant behavior, and the K and p meson thresholds. The 
squared mass of the virtual photon is plotted on ordinate. The kinematical 
domain already studied at the Saclay Linac is located in the corner at the 
upper left. The real photon beam2 has made possible the study of reactions 
along the axis of abscissa up to W-2m *v 400 MeV. Elastic and inelastic elec
tron scatterings1 have made it possible to study the domain which lies very 
close to the axis of ordinates up to |q2| ^ .7 (GeV/c) 2. It has also been 
possible 1 5 to disentangle the longitudinal and the transverse response func
tions in the range 0 < |q2| < .3 (GeV/c) 2 and 0 i W-2m i 200 MeV. 

The two other parts in this diagram are those where the quark structure 
of hadronic systems shows up. In the lower right comer (W-2m > 1 GeV and 



«.rw-Mo (Ctv) | q 2 | > 1 (GeV/c) 2), the deep 
inelastic electron scat
tering on hydrogen and deu
terium 1 6 has led to the f i r s t 
evidence of the Asymptotic 
Freedom of quarks (or par-
tons) inside hadrons at 
short distances. In the lower 
l e f t corner (0 é W-2m « .2 
GeV and | q 2 | > 1 (GeV/c) 2), 
the measurement of the form 
factors and the electro-
disintegration cross sec
t ions, near the threshold of 
the few-body systems have 
made i t possible to begin 
the study of the pre-asymp-
tot ic regime where the size 
of the nucléon s t i l l plays 
a ro le , but where the i r i n 
ternal structure must also 
be taken into account. How
ever these measurements, 
which have only been perfor
med at one angle ( 6 e ' = 8° ) , 
have not made i t possible to 
determine the longitudinal 
and the transverse part of 

« , . . , T » . . , * t n e corresponding cross 
?ig. i - The Ivmt of the kinematzcat, domain sections. 
where the separation, between the transverse 
(°trans. ) an^ ^ne longitudinal (oiong, ) part 
of the inelastic electron scattering cross section, is allowed for three 
choices of the maximum energy of the machine. 
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To achieving this goal it is necessary to measure the cross section at 
two angles of the scattered electron, in such a way that the variation of 
the polarization e of the virtual photon is high enough to determine accu
rately the slope of the Rosenbluth plot (see the equation in fig. 5). I have 
chosen the two extreme values 6e> - 40° and e e. * 90°. The former and the 
latter values correspond respectively to polarization close to ef 0 r #=.75 an 
£bac. = *25» i n s u c n a w a y that the lever arm in Ae = .5. 

I have plotted in fig. 5 the limit where this separation is possible 
for three choices of the maximum energy of the machine : E. « 720 MeV, which 
corresponds to the energy of the Sac!ay linac (and of the Bates linac when 
its energy is doubled), E_ * 1.5 GeV and E. » 2 GeV. Those are the full line 
curves which correspond to e * .75 (and forward electron angle). 

An energy between 1.5 and 2 GeV makes it possible to go beyond a quali
tative threshold in the study of nuclear matter and to completely study the 
transition between the domain where the nucléons and the mesons are its ba
sic constituents and the domain where these are the quarks and gluons. 

However the precise value of this threshold is not absolute, since it 
follows our choice of a comfortable value of the lever arm Ae * £for."£bac.» 
and of the extreme values of the photon polarization. With a slightly diffe
rent choice (working at larger electron angle) the study of this transition 



regime could be pursued further in the (W,q2) plane. This possibility de
pends in fact on the actual value of the cross section, and especially on 
the relative importance of its transverse and longitudinal parts. It has al
ready been exploited at Saclay 1 5, where this separation has already been 
performed in a part of the (W,q£) plane larger than the domain strickly al
lowed by the curve which corresponds to ee> = 40 c and E_ = 720 MeV in fig. 5. 

The first stage of the Saclay proposal17 will precisely allow us to 
cover this kinematical domain, and tc study it completely by performing coin
cidence experiments. It is proposed to increase the energy of the Linac from 
720 MeV to 1.7 GeV at the expense of the present duty factor, and to add 
a stretcher ring in order to achieve a duty factor close to unity. The beam 
intensity will be of the order of 100 uA. 

This ring is designed in such a way to leave open the possibility to 
increasing the energy of the Linac up to 3.3 GeV by one recirculation. This 
second stage will allow us to enter directly the domain where the descrip
tion of the nuclear matter in terms of quarks is the most economical. 
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