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1 INTRODUCTION 

The c l a s s i c a l v i s ion of nuclear structure i s based on a rather naive 
p ic ture . Nuclei are made of only one type of r igid and structureless part i 
c l e : the nucléon. The interact ion between nucléons i s described in che 
framework of potential theory. In th is descript ion, the nucleon-nucleon 
interaction is due co meson exchange for distances larger than r - 0.8 fa . 
For smaller distances che nature of th i s interaction i s unknown. 

Until very recently the experimental probes of nuclear structure were 
not very accurate in the in ter ior of the nucleus. Only the e f fects of the 
long range part of the nucleon-nucleon Interaction were measured, which 
explains why such a simple descript ion was found quite sat i s factory : che 
d e t a i l s of the short range phenomena were simply ignored. What was not known 
was parametrized ! . . . I t was general ly f e l t Chat subnucleonic degrees of 
freedom played a paltry role in nuclear physics. It has been primarily che 
study of che interactions between nucléons and of chelr motion in a nucleus. 
I t has dissociated i t s e l f from the research on the elementary const i tuents , 
leaving this f i e ld to part ic l e physics . 

The mala argument jus t i fy ing this att i tude was that one needs a minimum 
of 300 MeV Co excite the nucléon to i t s f i r s t excited s t a t e , the A. It was 
then quite reasonable to expect that subnucleonic constituents did not play 
a role of much importance at the scale of nuclear physics . However the re
su l t s of these last ten years have shown tha t . th i s i s not true. The simplest 
and most fundamental observables such as binding energies , density d i s t r ibu
t ions , quadrupole e l ec t r i c and dipole magnetic moments cannot be explained 
quantitatively in the framework of a potential theory where subnucleonic 
degrees of freedom are el iminated. This s i tuation in nuclear physics i s very 
c lose to the one in which atomic physics found i t s e l f around 1945. Atomic 
physics was at chat time a well established f i e ld chac could have been con
sidered closed. The const i tuents of che hydrogen atom, che proton and the 
e lectron, were v e i l known. I t was well understood chat the electron and the 
proton exchanged photons, v i r tua l part ic les which oui y played a role in the 
shape of the Coulomb interact ion . Further refinements in the study of the 
hydrogen atom were not obviously necessary. Mevertherless che discovery of 
very small e f fects has been suf f i c i ent co produce a revolution in thi3 
f i e ld , opening the way co quantum electrodynamics. 



The important point is that it was not possible to explain such small ef
fects by taking into account only the presence of the electron and the pro
ton ; the presence of the carrier of the force, the photon, had to be taken 
into account explicitly. Nuclear physics is facing now a similar challenge. 
It is not the discovery of new constituents which is needed ; this has been 
done already by particle physics. One wants to understand the dynamics of 
their interactions and to build a real theory of nuclear physics. 

The central question is then : "What are the relevant degrees of free
dom for nuclear physics, nucléons and mesons or quarks and gluons ?". This 
is a very subtle question. One wants to achieve a description as fundamental 
as possible while preserving the features of simplicity required by a refi
ned theory. There is no absolute answer. One has to find the best suited 
description for the different facets of nuclear physics guided by experimen
tal data. The investigation of few nucléon systems has shown that by inclu
ding meson exchange effects a much better agreement between theory and expe
riment can be reached. But the strong couplings between extended particles 
make these calculations unreliable at short distances. One never knows for 
sure when to stop in a diagrammatic expansion l 7 ) . Even more troublesome is 
the problem of determining the coupling constants and the form factors nee
ded at each vertex. Today, it is not possible to really believe in the vali
dity of heavy meson exchanges between two nucléons. How could the substruc
ture of two nucléons remain intact when they overlap almost completely in a 
p-meson exchange ? 

At present one of the most active areas in theory is the attempt to 
link the quark and gluon description to the classical nucléon and meson 
picture. This task will require considerable theoretical development, be
cause a description based on quarks and gluons is perturbative only at very 
short distances (r < 0.1 fm) where quarks are asymptotically free. For dis
tances between 0.1 and 0.8 fm, one needs t: understand all the dynamics of 
the confinement of quarks and how they are linked to meson exchanges between 
nucléons. 

Electron scattering experiments are playing a fundamental role in this 
investigation of the different degrees of freedom found both in nuclear and 
particle physics. Electrons are point particles and their Interactions with 
nuclear constituents are fully understood in terms of a genuine theory. They 
probe all the details of the charge and current distributions throughout the 
entire nuclear volume. The spatial resolution can be easily adjusted to the 
scale of the processes that have to be studied ; it is directly related to 
the energy of the incident electrons. For energies of the order of 10 GeV 
available at SLAC, electrons have a spatial resolution ir» 0.1 fm, enabling 
them to probe quark distributions. For energies of the order of 500 MeV the 
wavelength of the Incident electrons is much larger and their spatial reso
lution is of the order of 0.8 fm. This is ideal for probing nucléon distri
butions, since their fluctuations are limited by the spatial extension of 
the nucléon itself, which is of the same order of magnitude. These two ex
treme scales of distances are being extensively studied. The high energy 
scale is investigated by particle physics while the low energy scale is the 
domain of nuclear physics. But in between there is almost a desert. The main 
reason for this is that particle physics does not need good energy resolu
tion while it is imperative for nuclear physics. Energy resolutions between 
100 KeV and 1 MeV are crucial for the study of nuclear processes at small 
excitation energies. 

The different domains of investigation are schematically illustrated In 
figure 1, which gives idea of the nuclear response to electromagnetic, 
probes as a^function oi ..ne energy transfer v and the four momentum transfer 
Q 2 • q - v*. The v axis fQ2 • 0) corresponds to total photon absorption. 
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Figure 1 : The nuclear response function to photons and leptons. The compa
rison between lepton scattering from a heavy nucleus and the 
proton shows the effect of the nuclear medium on the nucléon. 

This is a purely transverse excitation dominated by the giant resonance 
belov the pion threshold and by the A excitation. Electron scattering is 
the exchange of a virtual photon, so the momentum and the energy transfer 
can be varied independently. This enables one to map out nuclear form fac
tors by fixing the energy transfer to excite a given state and varying the 
momentum transfer. By selecting the kinematic conditions one can also vary 
the polarization of the virtual photons, and separate the longitudinal and 
transverse components of the nuclear response fonction. Figure 1 includes a 
comparison of electron scattering for a heavy nucleus ard the proton. 
Elastic scattering from the proton corresponds to quasi-elastic scattering 
in a heavy nucleus. This shows in the nost straightforward way the effects 
of the nuclear medium on the nucléon. In particular the effect of Fermi 
motion is found in the Doppler broadening of the quasi-elastic peak. 

This schematic figure shows also that the region of interest for parti
cle physics (Q2 •*• • and v •*• •) is very different from the region of interest 
for nuclear physics. In particular the EMC effect, which is a difference in 
the scaling behavior observed in iron and deuterium by the European Muon 
Collaboration, may not have such a direct link with processes relevant for 
nuclear physics. This is still an open question and is discussed at this 
conference by ?. Close. 

The experiments carried out with electrons can divided into two catego
ries, inclusive and exclusive experiments. In inclusive experiments the 
final state of the nucleus is not known ; one detects simply the spectrum of 
scattered electrons. Thi3 is thf case for quasi-elastic scattering, which 
corresponds to an integration over all the possible final states of a nu
cleus. In exclusive experiments the final nuclear state is determined. For 
elastic two-body scattering the measurement of the scattered electron energy 
is sufficient, since the excitation energy of the recoiling nucleus is de
termined. 

When there are aore than two scattered particies one must perfora coîn-



cidence experiments to determine the final nuclear state. Because of the 
poor duty cycle of electron accelerators coïncidence experiments have been 
quite limited and most of our knowledge comes from single arm electron 
scattering. 

I will discuss a few examples of the research carried out by electron 
scattering in order to elucidate the relevant degrees of freedom for nuclear 
physics. I shall consider first quasielastic scattering from 3He which gives 
some insight into the properties of the nucléon in the nuclear medium. I 
shall then present examples of measurements of meson exchange currents. 
Finally I shall discuss the present status of our understanding of shorter 
range effects. 

2 PROPERTIES OF THE NUCLEON IN THE NUCLEAR MEDIUM 

One of the rost basic issues is to determine whether the properties 
of the nucléon are modified in the nuclear medium. Electron-nudeon scatter
ing has determined che free nucléon form factor ; the difficulty is in find
ing an experiment which tell us unambiguously whether the nucléon has the 
same form factor in a nucleus. Inclusive scattering from 3He has been car
ried out at SLAC by Day et al* *) over a wide range of incident energies. As 
a function of the momentum transfer each response function in the quasi-
elastic region has a different shape and amplitude. However a universal 

shape is obtained 2 ) if one uses the variable y defined by y • i \ 1 sug-
»q« 

gested by West 3 ) . This variable is the component of the momentum of the 
knocked out nucléon parallel to the momentum transfer q. This universal 
function is shown in figure 2 compared with the prediction of a standard 
modern three-body calculation. There is a significant lack of strength in 
the high momentum region. One of the intriguing aspects of this experimental 
result is that none of the three-body calculations based on a nucléon pic
ture, produce a universal function. Firner and Vary **) have proposed an 
interpretation of this discrepancy in terms of quarks cluster in 3He. 

One of the most interesting aspects of this result is that, after di
vision by the free nucléon form factor all the experimental data lie on a 
universal curve, Sick 5 ) has shown recently that a 15 % increase in the 
nucléon radius prevents the data from lying on a universal curve. This indi
cates that the nucléon radius in 3He is the same as the radius of a free 
nucléon. This is compatible with the predictions of Jaffe et al. 6) and 
Celenza et al. 7) but it would be crucial to check if this result is observed 
for heavier nuclei. In 5 6Fe for example, the nucléon size is predicted to 
increase by 15 Z by the modification due to the nuclear medium. Some measu
rements will be carried out at SLAC in the near future. 

The excess of strengh observed experimentally in the high momentum 
region has been discussed recently by Wallace 3 ) . Final state interactions 
must be taken into account when che struck nucléon has a low energy but chey 
are not sufficient to explain the disagreement with theory. Laget ') obtains 
good agreement for low momentum transfers Q 2 » 0.2 (GeV/c)2 when final state 
interactions are included ; however for high momentum transfers there is 
still a large discrepancy. 

Experimental information on the nucléon momentum distribution in 3He 
has also been obtained by measuring 3He (e, e'p) cross-sections 1 0 ) . These 
data are reasonably well reproduced by the calculation of Lagec 9 ) . There
fore the problem lie be more likely in the break-down of the theoretical 
description for very high momentum transfer, Chan In che nucléon momentum 
distribution itself. A further check of the validity of che understanding of 
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Figure 2 : Y-scaling function 2 ) for JHe in the quasi-elastic region. A 
universal function is observed for the experimental data measured 
at SLAC *) when the free nucléon form factor is used to calculate 
F(y). The dashed curve is the theoretical prediction of a stan
dard three-body calculation. 

the reaction mechanisms in the region of low momentum transfer is also 
found in the reasonable agreement between experiment and theory for the 3He 
(e,e') longitudinal and transverse response function ^ ) and for the 3Ee 
(e,e'd) reaction ^). 

3 THE PRESENCE OF MESONS 

Mesonic degrees of freedom are eliminated in the classical description 
of nuclear physics. They determine the shape of the nucleon-nucleon in
teraction but their presence is merely implicit. However, charged mesons 
carry an electromagnetic current which must be taken into account explicitly 
in magnetic isovector transitions at the same order as nucleonic currents in 
order to satisfy gauge invariance. 

Recently meson-exchange currents have been isolated quantitatively with 
great accuracy in deuterium, tritium and 3He. This has been accomplished by 
measuring the electrodisincegration of deuterium at threshold for angles 
near 180*, and the tri-nucleon magnetic fora factors. For these three cases 
there is strong destructive interference of the nuclear currents, resulting 
in minima in the cross-sections in regions where the contribution of meson-
exchange currents, is very important. Therefore, the different meson ex
change currents can be Isolated by varying the aomentum transferred to the 
nucleus. 
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The electrodisintegration at 
threshold is the inverse of the 
radiative capture of thermal neu
trons by protons, where a 10 7. 
discrepancy between experiment ana 
theory was explained by Riska and 
Brown u ) as evidence for the 
presence of pion exchange cur
rents. This interpretation has 
been confirmed by a series of 
electrodisintegration experiments 
lt*) performed at Stanford, Mainz 
and Saclay. Figure 4 is a compari
son of the experimental results 
with the theoretical predictions 
of Mathiot 1 5 ) . In the region of 
momentum transfer in the vicinity 
of 12 fm~2 the nucleonic contrib
ution (N) vanishes. To a very good 
approximation the cross section is 
due entirely to the pionic current 
up to 16 fm~2. When the momentum 
transfer increases, the sum of the 
nucleonic and pionic currents 
(N + H) vanishes in its turn, and 
at 25 fa"2 the cross section is 

• _ entirely due to short-range ef
fects. However, there is a consi-

Y-scaling function for 3He. derable difference between the two 
The experimental data mea- momentum transfer regions. In the 
sured at SLAC 1 ) do not region of 16 fm"2 all the theore-
produce a universal function tical approaches 1 6 ) give the same 
when the nucléon size is in- results ; there is no sensitivity 
creased by 10 Z. From Sick 5 ) to the details of the potential or 

the hadronic form factor. This is 
the most striking evidence that we understand theoretically pion exchange 
between nucléons. In contrast to this result, the region of momentum trans
fer around Q 2 - 25 j.m" ' is extremely sensitive to all the theoretical hypo
theses and it is impossible to achieve a definitive interpretation. One can 
get excellent agreement with experiment using different combinations of 
processes depending strongly on coupling constants and form factors that 
cannot be extracted from experiment without ambiguity. Figure 4b shows as 
for example the full calculation of Mathioc including the contributions of 
nucléons, pions, p-mesons and A, where a HUN form factor with a cut-off mass 
A » 1.2 Getf was been used (this form factor reflects the spatial extension 
of the coupling of the pion to the nucléon). The same calculation, ignoring 
this IINN fora factor and the presence of p-mesons and the à, give compar
able agreement co the experimental data. This- is a remarkable paradox ; it 
seems that all the short range effects tend to cancel each other, and that 
the only significant contribution is due to the current of a pointlike 
pion. 

Thus, the cross section up to 30 fm"2 can be explained just by the 
presence of nucléons and pions with a pointlike coupling. It is the "chiral 
filter" discussed by Sho 1 7 ) at the previous Teiluride conference. Ex
perimental data at that time covered a smaller aomencum range, up co 18 
fa"2. It is quite surprising that this "chiral filter" effect is valid up co 
30 fa"2 and it appears very unlikely chat this ts a aere coincidence. The 
obvious question is then "what happens at higher q ?". We have to wait for 
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Figure 4 : Deuterium electrodisintegration cross section at threshold. The 
experimental data l k ) are compared to calculations by Mathiot 
1 5 ). This figure compares the- purely nucleonic contribution (N) 
to the total contribution of nucléons and mesons. The "soft 
pions" curve represents the contribution of nucléons and pions in 
a pointlike coupling (Fnjm " *•)• 

higher energy electron accelerators for nuclear physics. This is an 
experiment where an incident energy of more than L GeV is needed, a final 
«resolution of about 1 MeV must be achieved, and cross sections of the order 
10~ 3 9 cm2/sr must be measured. The Saclay experiment was stopped at 30 fm"2 

because of the maximum energy of 700 MeV available at Saclay. There is no 
choice now ; in order to understand short range processes a new generation 
of electron accelerators is needed. 

A very similar situation is found in the magnetic form factor of the 
tri-nucleon system, 3 H and 3He. As in the case of the electrodisintegration 
at threshold, these form factors are measured at angles near 180", where the 
virtual photons have the transverse polarization needed to study an Ml iso-
vector transition. The form factors hava been measured at Stanford, MIT-
Bates laboratory and Saclay. Figure 5 is a comparison of the experimental 
data 1 3 ~ 2 8 ) «ich the calculation of the Hannover group (Strueve et al.) 1 9 ) . 
The Saclay tritium data of Juster et al. L a ) are completely new and 3hould 
be considered preliminary results. Deuterium is a self conjugate nucleus, so 
what we learn from the 3H/3He comparison is tha validity of our nucléon and 
pion picture under charge symmetry. The agreement between the experimental 
data and the theoretical predictions of Strueve is almost perfect, confirm
ing that we understand the pion exchange in the three-body system as well as 
in the two-body system. 

The agreement with the experimental data is obtained by using the Dirac 
form factor ? ; for the aucleon, while the use of the Sachs form factor gives 
a large discrepancy. The difference between these two fora factors ?, and 
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Figure 5 : The tri-nucleon magnetic form factors* The experimental data 
18-26-28) a r e compared to the theoretical predictions of the 
Hannover group by Strueve et al. 1 9 ) . The Saclay Tritium data by 
Juster et al. i a ) are preliminary. 

Gg is of relativistic order. It is clear that at very high momentum transfer 
a fully relativistic treatment will be needed to reach a complete under
standing of this effect. 

4 SHORT RANGE I1>JTERACTI0NS 

In magnetic Ml isovector transitions chiral symmetry seems to filter 
out short range interactions. To measure their effects one needs to study 
processes where the pion current vanishes, such as the magnetic form factor 
of deuterium and the charge form factors of the tri-nucleon systems. These 
are all isoscalar transitions and to first order the pion current vanishes. 

The magnetic form factor of deuterium is shown in figure 6. À complete 
discussion can be found in the recent paper by Auffret et al. 2 1 ) Briefly, a 
non relativistic calculation 2 2 ) taking into account meson-exchange currents 
is able to reproduce the experimental data, while relativistic calculations 
2 3 ) , a priori more reliable, are off by very large factors. It is worthwhile 
noting that the relativistic calculations include only the Z graph pion 
exchange. Riska 2 h ) has shown recently that this pair current is largely 
cancelled by a model independent two body term related to the spin orbit 
part of the N-N potential. The pyx diagram is also neglected in the relati
vistic calculations, while it is included in the non reiativistic calcula
tions and has a large effect. 
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This shows that one has to 
be very careful with rela-
tivistic dynamics for these 
high-momentum-transfer 
processes, A major theore
tical effort is needed 
before one can really un
derstand these short range 
effects. However, there is 
an important conclusion 
which has been reached 
recently by Sitarski and 
Lomon " ) from the analysis 
of these data. They find 
that the AA components in 
deuterium must be smaller 
than 0.5 2, in order to be 
compatible both with the 
value of the magnetic mo
ment and with the behavior 
of the magnetic form fac
tor. 

The tri-nucleon charge 
form factors offer a unique 
opportunity to test our 
understanding of short-
range interactions. The 
comparison between Tritium 
and Helium 3 enables one to 
disentangle their isocalar 
and isovector components. À 
basic problem has been 
found in the second dif
fraction maximum of 3He 2 6 ) 
2 6 ). It is impossible to 
reproduce the experimencal 
data without introducing 
non-nucleonic degrees of ge 
freedom. Recent calcul
ations have used different 

The magnetic form factor of deute
rium 2 i ) . RSC is the Reid-Soft-Core 
prediction without meson exchange 
currents. The non relativistic ap
proach gives a good agreement with approaches. Hadjimichael et 
the experimental data. The rela- al. 2 7) and Hajduk et al. 2 0) 
tivistic approach 2 3 ) is too low by include meson exchange 
an order of magnitude at 30 fm"2. currents coupled to nu

cléons. Beyer et al. 2 9 ) 
calculate the pion pair 

current with a constituent quark model. Hoodboy and Klsslinger 3 0 ) use a 
hybrid description of nucléons and quark clusters where the pion current is 
heavily suppressed. À quark cluster model is also used by Coon, Finer and 
Vary 3 1 ) . All these calculations reproduce the experimental data for 3He. 
The new tritium data 1 3 ) measured recently at Saclay are a direct test of 
these calculations. The prediction that meson exchange currents tend to 
cancel in tritium is not compatible with the experimental data» The dis
crepancy with the impulse approximation is of the same order both in 3He and 
3H. This is compatible with the predictions of the quark models. Such models 
are only in their infancy. They are certainly too primitive to allow any 
definitive conclusions, but their predictions are closer to the experimental 
form factor of 3H, and further refinement of these aodels would be of great 
interest. 
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Figure 7 : The tri-nucleon charge form factors. The experimental data 
18-26-28 j a r e c o m p a r e { i t 0 c n e theoretical predictions of the 
Hannover group by Hajduk et al. The Saclay Tritium data by Juster 
et al. i a ) should b* considered as preliminary. 

CONCLUSIONS 

The description of nuclear structure In terms of nucléons and mesons 
works extremely well up to momentum transfers Q 2 * 16 fm"2. The electrode-
sintegration of deuterium at threshold and the tri-nucleon form factors show 
that the pion description is extremely well understood. Shorter range ef
fects are much more difficult to interpret. The comparison between the char
ge form factors of 3Ee and 3 H reveals a fundamental difference between the 
calculations done up to new in a meson exchange description with those using 
quark models. This is the first time that such a difference is observed and 
it would be of great interest to analyze this difference in details. 

The future of these investigations with electron scattering experiments 
is very exciting. Much more will be learned from coincidence and polariza
tion experiments with the new generation of 100 % duty cycle accelerators 
which are planned all over the world. This will be crucial to the under
standing of the short range part of nuclear interactions and is almost a 
virgin territory. 
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