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1. INTRODUCTION 

When one look at the total photoabsorption cross section by a nucleus at inter

mediate energy (let say , above the pion threshold) one is struck by two facts. 1 , 2 

On the one hand, it is dominated by the coupl ing of the incoming photon with the one-

nucleon and the two-nucleon currents, although strong final state interaction ef

fects strongly distort the shape of the spectra of the emitted particles, which are 

measured in inclusive experiments. On the other hand, it is roughly equal to the in

coherent sura of the free nucléon reaction cross sections, corrected for the effects 

of the Fermi motion and the binding of the nucleus inside the nucleus. 

This is a direct consequence of the nature of the electromagnetic probe at 

intermediate energy. On the one hand, the smallness of its wave length (as 

compared to the radius of the nucleus) makes it possible to safely ignore 

the fate of the struck constituents, which escape quickly the interaction 

volume : the inclusive electronuclear reactions tell us how the photon is 

absorbed by the constituents of the nucleus, whereas the exclusive reactions 

tell us how its energy is distributed in all the possible channels and allow us to 

study the final state interactions. On the other hand, the weakness of the 

electromagnetic interaction allows the photon to penetrate in the deep in

terior of the nucleus and to see all the nucléons, contrary to hadronic probes 

(such as the pion, for instance) which are strongly absorbed and see only 

the surface of the nucleus. 

These qualities of the electromagnetic probe provide us with a powerful 

tool to disentangle the absorption mechanisms in the entrance channel and 

the final state interactions in the exit channels. I have extensively des

cribed in Ref. 3 the consequences of this considerable advantage, which 

allows us, for the first time, to study in a clean way the short range be

havior of nuclear systems and to build the bridge between Nuclear and Par
ticle Physics. 

To-day, I will rather deal with the mechanisms which govern the absorp

tion of a virtual or real photon by a nucleus at intermediate energy. I will 

not enter into the technical details of the method of analysis which I am 

using : I nave fully described it elsewhere.' It is based on the non rela

tivists reduction of a few relevant diagrams, and it looks ^ery much like 

the methods which are currently used in analysing the reactions which occur 

at nigh energy between elementary hadrons. I will rather try, when it is 



possible» to compare i t to more conventional approaches, and I will try also 
to look for its limits. 

I t is particularily well suited to the study of the few body systems, but 
I have recently1 extended i t to the analysis of the electronuclear reactions 
induced on heavier nuclei. 

2. THE LIGHT NUCLEI 

Let me start summarizing what are the salient features in the electronu
clear reaction cross sections (more details can be found in Refs. 1,2). In 
Fig. 2, I have plotted the total positive pion photoproduction cross-sec
tion, 5 the total proton photoproduction cross sections and the total photo-
absorption cross section6 which have been measured at Bonn or Mainz.7 

The shift of the 1 2 C(Y, IT + ) reaction cross section, as compared to the free 
nucléon P ( Y . O reaction cross section, is due to the binding of the target 
nucléon. The spreading of the peak, the width of which is a direct conse
quence of the creation of the A resonance, is due to the Fermi motion of the 
target nucléon. A small correction, which is due to the true absorption of 
the pion and which never exceeds 20 U, helps to satisfactorily reproduce the 
data. 

Another channel contributes to the 1 2C(y,p) reaction cross section and to 
the total photoabsorption cross section. The pion, which is created at one 
nucléon, is reabsorbed by another, and two fast nucléons are emitted (dia
gram I I in Fig. 1). The photon couples directly to the two-body current, and 
the corresponding matrix element is directly linked to the two nucléon short 
range correlation function. Since it is not well known in a nucleus as com
plex as l 2 C , I have used an improved version of the Levinger quasideuteron 
model.3 At short distance the two-nucleon wave function is assumed to behave 
as the deuteron wave function, and the cross section is related to the deu-
teron photodisintegration cross section through 

* ' I " 2 *( P A- 2 ) J D W d?A-2 ( 1 3 

The momentum distribution of the center of mass of the active correlated 
neutron-proton pair, the number of which is NZ, is ̂ (P^.;)' ^ n e Integral, 
which runs over the three body phase space, guarantees the good threshold 
behavior of the l 2C(y,pn) reaction cross section. Furthermore, the binding 
of the two active nucléons is taken into account by the conservation of the 
energy and the momentum at each vertex in diagram II of Fig. 1. At high 
energy, when no kinematical cuts affect it, the cross section reduces to 



a = jf MZ <c D> (2) 

where <a Q> is a mean value of the deuteron photodisintegration cross section. 

This is the original Levinger formula.' The ratio j , between the Levinger 

factor L and the number of nucléons A, takes into account the difference 

between the nucleus and the deuteron volumes, and renormalizes the deuteron 

wave function in the nuclear volume. 

When only the exchange part (diagram II in Fig. 1) of the theoretical deu

teron photodisintegration cross section9 is retained, it is possible1 to fit 

the experimental data with an energy dependent Levinger factor (10<L<20). 

However, it should be realized 1 0 that this diagram interferes with the 

diagram lb in Fig. I, where the photon directly dissociates a correlated 

pair, without interacting with a virtual pion. This interference is capital 

to reproduce the elementary deuteron photodisintegration cross section.9 

It is very satisfactory that the Levinger factor L becomes roughly cons

tant when the complete theoretical deuteron cross section is used instead 

of its exchange part. The phase space integration and the good kinematical 

treatment of the binding effects in Eq.(l) allow to reproduce the total 

photoabsorption cross-section below the pion production threshold, contrary 

to the analyses 1 1' 1 2 which are based on the approximate £q.(2). Moreover, 

its value is L » 7 z 1, in good agreement with the theoretical value which 
was estimated thirty years ago by Levinger,3 and which is based on the ef

fective range theory of the nuclear forces. 

The same mechanisms are also responsible for the total absorption of a 

virtual photon by a nucleus, but a new mechanism becomes important : the 

quasi-free electron scattering. As an example, the cross section of elec

tron deep inelastic scattering on l 2 C is plotted in Fig. 3. It has been re

cently measured at Saclay. 1 3 Besides the pion electroproduction peak, which 

appears on the right of the figure for high values of the energy a of the 

virtual photon, the peak which appears at lower energy corresponds to the 

absorption of the virtual photon by a quasi-free nucléon nearly at rest in 

the nucleus (this is kinematically forbidden to a real photon). The top of 

the peak corresponds precisely to the energy of the elastic scattering of 

the incoming electron on a nucléon at rest, and the width is due to its 

Fermi motion in the nucleus. Between these two peaks, the contribution of 

the exchange currents (diagram II in Fig. 1) helps to reproduce the expe

riment. 

However, the situation is not as simple as in the case of real photon ab

sorption. When the contribution of the quasi-elastic peak is computed, the 



closure approximation is usually made. The one-particle one-hole diagram la, 
the two-particle two-hole diagram lb, and all the possible other diagrams 
are added incoherently. I f the available energy is high enough, this sum is 
equivalent to the one-nucleon contribution, since all those different final 
states form a complete basis. 

When the complete deuteron electrodisintegration cross section is used in 
the quasi-deuteron model, diagram lb is counted twice, since the coherent 
sum of diagram lb and I I is used, and since diagram lb is already contained 
in the quasi-elastic contribution. This is x>t the case for real photon ab
sorption, since the kinematics of diagrams la and lb requires a very large 
nucléon momentum in the nucleus : the one-tody current contributes only 
through the interference between diagrams lb and I I . 

There are two ways to overcome this double counting problem. The first 
one is to retain only the exchange part (diagram I I ) in the elementary deu
teron electrodisintegration cross section, but the price to pay is the need 
of an energy dependent Levinger factor (the same as in the real photon case) 
to simulate the interference between diagrams lb and I I : the curve in the 
upper part of Fig. 3 has been obtained with this recipe. The second way is 
to start with a cluster expansion of the target nucleus ground state wave 
function, and to compute its overlap with all the possible one-particle 
one-hole and multi-particle multi-hole states (not only those where the 
particles are free, but also those where they interact in the final state). 
This is a very ambitious program, and I am not sure that i t could be easily 
achieved in the case of a nucleus as complex as 1 2 C. 

However, this is possible in the case of the few body systems, which pro
vide us with the best laboratory to check our understanding of the basic 
mechanisms of the electronuclear reactions. 

3. THE FEW BODY SYSTEMS 

Their nuclear wave functions are well under control. Starting from a rea
l istic potential, which describes the scattering between two nucléons, i t 
is possible to solve numerically the two- and three-body problems, whereas 
the solution of the many-body nuclear problem relies heavily upon the con
cept of effective interaction. 

Their simplicity also allows us to separately deal with all the most im
portant channels, without using the closure approximation as in heavier 
nuclei. 

A good example is shown in the lower part of Fig. 3, where the spectrum of 
the electrons inelastically scattered by 3He is plotted against the incoming 



virtual photon energy u>. I t has been measured at SLAC in Ref. 14 and the 
range of the mass of the virtual photon is roughly the same as in the Sad ay 
experiment13 : the incoming electron energy is higher but the scattering 
angle is smaller. In both experiments the shape of the electron spectrum is 
very similar and the physics is the same. However, the use of a good three-
body wave function (the solution" of the Fadeev equations in momentum space 
for the Reid potential 1 6) makes i t possible to compute separately the con
tributions of the two-body and the three-body break-up channels. They add up 
to give a fair agreement with the experiment. Between the quasi-elastic and 
the pion electroproduction peaks, the excess of the cross section is well 
accounted for by the tai l of the three-body break-up channel, which is main
ly due to the meson exchange mechanisms. Here I have not made the quasi-
deuteron assumption, since the correlated two-nucleon wave function is auto
matically contained in the complete three-body wave function. Moreover, I 
am able to completely take into account the effect of the interference bet
ween the meson exchange graphs and the graph where the virtual photon di
sintegrates a correlated nucléon pair : this was not possible in the case 
of the l 2C(e,e') reaction. 

At low energy, near the electrodisintegration threshold, the final state 
interactions strongly modify the shape of the electron spectrum, and help 
to get a good agreement with the data. Here the virtual photon interacts 
with a pair of nucléon strongly correlated in the final state. In the ana
lysis of the spectrum of the electrons scattered by l 2 C , those effects were 
implicitely taken into account by doing the closure approximation. This is 
a bad approximation when the available energy is not high enough to reach 
all the possible final states. This is the reason why the theory fails to 
reproduce the low energy side of the l 2 C quasi-elastic peak. 

However, the good agreement of this detailed model and the 3He data tells 
us that the basic mechanisms of the absorption of a photon by a nucleus are 
well under control, and gives us some confidence in the extension of this 
kind of analysis to heavier nuclei. 

No free parameters enter this description of the electronuclear reaction 
induced in the three-body systems. The operators are the same as those which 
I have extensively used to reproduce the two-body photodisintegration of the 
deuteron* and the pion photoproduction on fret nucléon2'1 7 ; the only change 
being the nuclear wave function. It is therefore ^ery important to check in 
details those one-body and two-body mechanisms in the few body systems, and 
to look at the exclusive cross sections in order to pin down each of the re
levant diagrams. Such a program is under way at the Sac!ay Electron Linac, 



and I will devote the remainder of my talk to present some highlights among 
the recent developments. 

However, before going into these details, let me compare my approach with 
the more popular A-hole model» which will also be discussed1' during this 
symposium. This is an elegant way to take unitarity into account. The in
coming photon is assumed to change a nucléon into its f irst exited state, 
the A resonance, which subsequently propagates in the nucleus. The binding 
of the nucléon and the A. are taken into account by assuming that they are 
moving in a mean nuclear potential, and unitarity demands that this A-hole 
state is strongly coupled to all the possible other channels. This coupling 
strongly affects the width and the position of the resonance (as compared 
to the free nucléon case) through the spreading potential, a sizeable part 
of which is due to the A-N * N-N transition : this is also a sizeable 
part of the exchange current contribution (diagram I I in Fig. 1) in my dia
grammatic approach. I t is here that the phenomenology enters both models. In 
the A-hole model, the spreading potential is usually empirically determined 
by fitting the cross section of pion elastic scattering by selected nuclei. 
In my calculation, I parametrize the exchange current contribution by the 
quasideuteron model, in which the Levinger factor is also determined in an 
empirical way. 

However, the A-hole model does not treat consistently the non resonant 
Bom terms in the elementary operator.1 7 They dominate near threshold and 
they represent half of the charged pion photoproduction cross section* at 
the resonance, with which they strongly interfere (see Fig. 12 in Ref. 2). 
In the diagrammatic method they are automatically taken into account in the 
elementary operator. z ' 1 7 In the A-hole model, they are often ignored/* or 
added by hand19 in the framework of the quasideuteron model!. I t is impor
tant to realize that these non resonant Born terms are responsible for the 
non resonant meson exchange currents which dominate the total photoabsorp
tion cross section below the pion production threshold, 

Nevertheless, both approaches deal with the same physics and should lead 
to roughly the same results, although the phenomenology is not introduced in 
the same way. But I believe that the extension to heavy nuclei of the dia
grammatic approach, which has been built to deal with the few body systems, 
is the most economical way to reproduce the basic mechanisms which govern 
the absorption of a photon by a nucleus. 



4. THE NUCLEON 

The pion photo» and electro-production reactions on a nucléon are descri
bed in a very economical way by few diagrams : the non resonant Born terms 
and the resonant A creation amplitude. This model17 and its applications in 
nuclear physics have been fully described in Ref. 4 in the case of real pho
ton induced reactions. 

Its extension to the virtual photon case is straightforward, and some exam
ples have already been given in Ref. 2. All the terms proportional to ke 
should also be taken into account, and the relevant electromagnetic form 
factors must be used at each vertex. I have assumed that the proton, the 
pion and the axial form factors are the same, and I have parametrized them by 
the dipole f i t to the proton fora factor. This is a good approximation at 
low momentum transfer and preserves the gauge invariance. The N-& transition 
form factor is defined as follows 

%<«'> - Fd1p.C2> " I 1 • fl <3> 

where F.. (q 2) is the nucléon dipole form factor and q 2 * :*>2-k2 is the vir
tual photon squared mass. 

The inclusive cross section of the p(e,e') reaction is related to the longitu
dinal a. and the transverse a-j- virtual photo:absorption cross sections through 

a g ç - f v x [crT • £ a L ] (4) 

where i~v is the flux of virtual photons and z its degree of longitudinal po
larization. These two cross sections have been separated in several experi
ments performed at Bonn and OESY, and are well accounted for by the model 
(Figs. 2 and 3 in Ref. 2). 

When the pion is detected in coincidence with the electron, two more terms 
appear : the interference between the two possible transverse components and 
the interference between the longitudinal and the transverse components. The 
cross section of the exclusive reaction p(e,e'T) is 

3y measuring the azimuthal â dependence of the cross section, these inter
ference terms have been determined in an experiment performed at Bonn.15 As 
i t can be seen in Fig. 4,the model leads to a fair agreement with the data. 



Experimental studies of the p(e,e'ir°) reaction are fewer, but the model sa
tisfactorily reproduces the existing results. 

Therefore, this extension of the Blomqvist-Laget model to the virtual photon 
case is good enough to be safely used when dealing with pion electroproduc-
tion reaction on nuclei, in the kinematical domain defined by 0<Q-M<5OO MeV 
and 0 < q 2 < 1 (GeV/c)2(being Q the total cm. energy of the ir-N pair). 

5. THE DEUTERON 

This elementary operator has been widely used to analyse pion photoproduc
tion reactions induced by a bremsstrahlung beam on deuterium, and I refer to 
Ref. 4 for a more complete discussion. 

To-day, I would like to concentrate on recent developments which have been 
made possible by the quality of the new Saclay "monochromatic" photon beam. 
I t is obtained by positron in flight annihilation in an hydrogen radiator, 
and the contribution of the bremsstrahlung tail is substracted by repeating 
the measurement with a copper radiator. Since the shape of the bremsstrah
lung spectra are not the same for the two radiators, a small undershoot ap
pears 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 Fi\j. 5, 
where its shape has been determined by the measurement of the D(y ,*"•") reac
tion cross section. 

This -monochromatic'' photon beam has been used to determine the spectra of 
the pions emitted at a given angle in the d(y,?r+}nn reaction. A typical 
spectrum is shown in the upper part of Fig. 5. 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 » ^ + ) . which is depicted in 
the bottom of the Fig. 5. Its width is due to the Fermi motion of the target 
nucléon. The peak, which appears at the high momentum end-point of the pi on 
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, i t reproduces fairly well the 
deuterium data. 

These measurements of inclusive pion spectra are a useful complement to 
the studies of more exclusive reactions (coincidence experiments), which I 
have extensively discussed in Ref. 4. Their extension to heavier nuclei, 
and more particularly to the three-body system, is underway at Saclay. 

The good agreement between the theory and the experiment, e.g. Fig. 5, is 
not onTy a measure of the accuracy of the measurements which can be performed 



mtith the modern intermediate energy photon beams, but also a check of the 

ability of this diagrammatic method to accurately reproduce a wide bulk of 

experimental data.1* It is worthwhile to point out that there are no free pa

rameters. The calculation relies heavily upon the free nucléon cross section 

and the deuteron wave function which are independently determined by the ana

lysis of other reactions. 

Contrary to these real photoproduction reactions, the analysis of virtual 

pion photoproduction reactions is not parameter free. 

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

pion rescattering graph IIlb in Fig. 1 is the same, the virtual pion which 

is reabsorbed is highly off its mass shell, and the free pion photoproduc

tion operator, as well as the pion absorption operator, should be correc

ted. Two ways are usually followed to overcome this difficulty. 

On the one hand, since it is 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 

A * ' < 
F^> ' 7T7 ( 5 ) 
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where qi. is the squared mass of the virtual pion. 
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 times the nucléon mass). 

I have determined the values of the cut-off mass A_ and of the ratio 
G*/G£ between the square of the rho- and the pion-baryon coupling constants 
by fitting 9 the 90° excitation function of the d(y,p) reaction cross-section 
(Fig. 6). It turns out that, in this reaction, the p-exchange mechanism is 
negligible below the pion production threshold, and only affects signifi-
quantly the d-N -» N-N transition in the resonance region. It is therefore 
possible to separately determine the cut-off mass A * 1 GeV at low energy 
and the ratio G*/G* « 1.3 in the & region. They lie in the range of the un
certainties of the currently accepted values. 

This model also provides us with a good representation of the angular dis
tributions. As an example, the proton angular distributions at £, » 30 MeV 
and £, » 260 MeV are plotted in Fig. 7. They appear to be different from 
those shown in Ref. 9, 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. 2 1 



1 
The most striking feature is that i t f its also the forward cross section 

at low energy, in agreement with a recent calculation by Hwang et a l . , 2 2 but 
in disagreement with conventional calculations.23 However, this forward pho
todisintegration cross section is very sensitive to the details of the model, 
and a definite conclusion cal 1 s for more refinements in my model : particu
larly the inclusion of higher nucléon-nucléon partial waves in the neutron-
proton rescattering diagram (so far I have only retained here the correspon
ding s-waves). 

These final state interactions also help to reproduce the deuteron elec-
trodisintegration cross section recently measured at Saclay,2" and which is 
plotted in Fig. 8. The calculation is a straightforward extension, to the 
virtual photon case, of the analysis of the deuteron photodisintegration.9 

Therefore I have built one-body and two-body operators which allow me to 
accuratly reproduce the cross section of most of the reactions induced on 
the nucléon and the deuteron by real and virtual photons. I am now in a good 
position to use them in a more complex nuclear system : the 3He nucleus. 

6. THE THREE BODY SYSTEM 

As I said before, the only change is the nuclear wave function,1 5 and there 
are no free parameters. The total two-body photodisintegration cross section 
of 3He is plotted in Fig. 9, together with the total photodisintegration 
cross section of deuteron. In both case the contribution of the exchange 
current is essential to reproduce the data . 9 ' 2 S The angular distribution of 
the proton measured at E » 240 MeV is plotted in Fig. 10. The meson exchan
ge contribution is very important and the cross section is very sensitive to 
the details of the model. For instance the f i t to the experimental data 2 5 " 2 7 

is significantly improved when the d-wave part of the deuteron, which is 
emitted in the meson exchange diagram, is also taken into account (the d-wave 
part of the active deuteron is also important,9 but i t is always taken into 
account in the two-body operator). 

I t is only the use of a good, and realistic, three-body wave function and 
of good elementary operators which allows such a good f i t . Had I used a more 
phenomenological three-body wave function (as a cluster representation which 
fits the three-body form factor 2 3 for instance) the disagreement between the 
theory and the experiment would have been catastrophic. 

The extension of this calculation to the two-body electrodisintegration 
channel is also straightforward. As in the deuteron case, the final state in
teractions in the emitted p-d pair as well as the meson exchange contribu
tion help to accurately ,eproduce the data (Fig. 11), which have been recen
tly ubtained at Sac!ay.29 



I have also analysed, with the same methods, the three-body break-up chan
nel, and, here again, the agreement between the theory and the experiment29 

is satisfactory. 
These final state interaction effects dominate the cross sections near the 

electrodisintegration threshold. In Fig. 12, I have plotted on a logarithmic 
scale, the low energy part of the quasi-elastic peak, which is seen in the 
3He(e,e') reaction,1" for two values of the squared mass of the virtual pho
ton : q 2 = - .2 (GeV/c)2 (as in Fig. 3) and q 2 » - 1. (GeV/c)2. The arrows 
indicate the kinematics of the elastic scattering of the electron on a nu
cléon or a nucléon pair at rest : respectively -q2/2m and -q2/4m. I t is 
clearly apparent that the nucléon high momentum components which are probed 
when a virtual photon interacts with a single nucléon, in that low energy 
part of the quasi-elastic peak, are hidden by the quasi-free scattering of 
the electron on a deuteron or a correlated nucléon pair almost at rest in 
3He. Just above threshold the strong s-wave p-d interaction considerably en
hances the theoretical cross section. 

This model reproduces fairly well the low momentum transfer data (q 2 » 
- .2 (GeV/c)2), but fails to reproduce the high momentum transfer data (q 2 » 
- 1. (GeV/c)2). This is the hint that we are reaching its limits and that we 
must go beyond this description of the electronuclear reactions in terms of 
point like nucléons and mesons. I have recently examined the prospects of 
this new field in Ref. 3 : a more complete discussion, which lies outside 
the subject of my talk, can be found there. 

7. CONCLUSIONS 

In this talk I have tried to show how powerful and economical is the des
cription of the electronuclear reactions in terms of few relevant diagrams. 
This method is well suited to analyse the reactions which are induced in the 
few body systems, but its extension to heavier nuclei makes i t possible to 
disentangle each dominant mechanism. 

I t leads to a remarkable agreement with a large amount of experimental da
ta in the energy-momentum domain which is roughly defined by 0< W-2M< 500 MeV 
and 0 < -q 2 < .2 (GeV/c)2 (being W the invariant mass of two active nucléons 
in a nuclei). For higher momentum (q2 » - 1. (GeV/c)2), the model should be 
improved. Obviously, a covariant (relativistic) description of high momentum 
transfer reactions should be built, and the direct coupling of the incoming 
photon with the more fundamental constituents (the quarks) should seriously 
be taken into account. I t is very likely that these subnuclear degrees of 
freedom already play a role even in the analysis of low momentum transfer 



electronuclear reactions, but are hidden by the phenomenology of the current 

models. The origin and the nature of the various meson-baryon form-factors, 

as well as the relevance of the concept of heavy meson exchange at short 

distance, must be understood at this more fundamental level. 

Let me close by emphasizing that the diagrammatic method is a promising way 

to make the bridge between the non relat ivist ic nuclear physics and the re-

la t iv is t ic particle physics. The non relat iv ist ic reduction of the various 

diagrams, which I am using, is a way to get rid of the negative energy com

ponents of the nuclear wave functions. I t can be shown" that these amplitu

des reduce to the conventional nuclear physics amplitudes, provided that the 

nuclear vertex form-factors are identified with the momentum space nuclear 

wave functions. These negative energy components are also suppressed i f the 

covariant amplitudes are computed in the Inf ini te Momentum Frame, which is 

a method currently used to analyse very high momentum transfer reactions in 

term of the fundamental constituents of the nuclear matter. 3 0 

I really think that Nuclear Physicists will gain a lot in learning and 

adapting the methods which are currently used at high energy by Particle 

Physicists. But I also believe that their expertise to deal with the many-body 

problem wil l be of great help to go beyond the perturbative treatment of the 

reactions induced by very energetic particles, and to shed-more light on the 

ultimate structure of nuclear matter. 
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F1g. 1 - The relevant diagrams in the analysis of electronuclear reactions 
on light nuclei at intermediate energy. I : tin» one-body current contribu
tion (quasi-elastic scattering) is split into its different parts according 
to the number of particles in the final state. I I : the meson exchange dia
gram. I l l : the quasi-free pion electroproductlon diagram and the pion res-
catterlng diagram. 
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Fig. 2 - The pion photoproduction, the proton photoproduction and the total 
photoabsorption cross sections. 5" 7 The dash-dotted line corresponds to the 
fr^ê nucléon cross section. The dashed line corresponds to the pion photo
production channel (in the ( Y . * + ) cross section the ful l line is obtained 
when true absorption effects are taken into account). The dotted line cor
responds to the meson exchange contribution. 
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Fig. 3 - The spectra of the electrons inelastically scattered on l 2 C , when 
EY » 620 MeV and d « 60° inRef. 13, and on 3He, when EY » 3.26 GeV and 9 » 8° 
in Ref. 14, are plotted against the energy m of the virtual photon. The da
shed line corresponds to the pion electroproduction channel. The dash-dotted 
line corresponds to the quasi-elastic electron scattering. The dotted line 
corresponds to the three-body break-up channel : in l 2 C only the meson ex
change currents (diagram I I in Fig. 1) are taken into account, in 3He they 
interfere with the diagram lb where a correlated nucléon pair is directly 
disintegrated by the virtual photon. 
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Fig. 4 - The excitation function, at 3^ • 25°, of the reaction p(e,e' T + ) is 
plotted against the invariant mass Q of the emitted TT-N pa i r . 2 0 The squared 
four momentum transfer is q 2 » - .3 (GeV/c) 2. The sum of the longitudinal 
and the transverse cross sections and the transverse-longitudinal interfe
rence cross section are shown separately. 
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F1g. 5 - The spectra of the pions emitted at e^ » 46.4°, when E« « 300 MeV, 
1n the d(y»ff+)nn 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 is folded with 
the experimental photon Une shape, when i t is compared to the data. The f i 
nal 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. 
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F1g. 6 - The excitation function, at 9 t * 90°, of the d(y,p)n reaction is 
plotted against the incoming photon energy Ey. The high energy experimental 
points have been obtained at Bonn.21 At low energy the references can be 
found in Ref. 9. 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 interac
tion. 
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Fig. 7 - The angular distributions of the protons emitted 1n the d(y,p)n 
reaction when £y « 80 MeV and £ Y » 260 MeV. The experimental points, as well 
as the meaning of the curves, are the same as in Fig. 6. 



I 
w 

-izf 
100 ̂ ***^ 

- IZ • id" 
% X X - IZ-^-id 

?" 

* 

V 

X> X-

— 

1 0le,e'p)n 

• 
E =500 MeV 
E'=395 MeV 

•»x^ 

• E,=95° 

_ _ l _ 1 1_ I 1 L _ . ! _ . ! 1 l _ . l 1 i I J 1 _1_ 

50 100 150 
P„ (MeV) 

Fig. 8 - The angular distribution of the protons emitted in the d(e,e'p)n 
reaction, when E * 500 MeV, E' » 395 MeV and 8. * 59°, is plotted against 
the momentum p n of the recoiling neutron. The cashed curve corresponds to 
the Born approximation. The neutron-proton final state interactions are in
cluded in the dash-dotted curve. The meson exchange current contributions 
are included in the fu l l curve. The experiment has bean recently performed 
at Saclay.2* 
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Fig. 9 - The integrated cross sections of the two-body photodisintegration 
of the deuteron and the 3He nucleus are plotted against the energy of the 
incoming photon. The high energy data points have been recently measured at 
Sonn. 2 1 ' 2 3 The meaning of each curve is explained in the Insets. 
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Fig. 10 - The angular distribution of the protons emitted in the 3He(y,p]d 
reaction when Ey » 240 MeV. The experiments have been performed at Bonn,-5 

Sad ay 2 5 and TRIUMF.27 The dashed curve corresponds to the Born approxima
t ion. The dash-dotted 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 fu l l l ine. 
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Fig. 11 - The variation of the 3He(e,e'p)d and the 3He(e,e'p)pn reaction 
cross sections, recently measured at Saclay,2* is plotted against the momen
tum of the recoiling system. 
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Fig. 12 - The low energy part of the spectra of the electrons inelastlcally 
scattered by 3He, when q2 - - .2 (GeV/c)z and q2 - - 1. (GeV/c)2, are plot
ted, on a logarithmic scale, against the energy of the virtual photon. The 
arrows correspond respectively 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 scattering 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 nucleon-
nucleon rescattering in the active pair for the three-body channel. 


