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NUCIEONS IN NUCLEI (II) 

Jean-Marc LAGET 

Service de Physique Nucléaire - Haute Energie 
CEN Saclay, 91191 Gif-sur-Yvette Cedex, France 

This summary is a review of our understanding of nuclei in terms of hadrons 
exchanging mesons. "The open problems are : the determination of the high 
momentum components of nuclear systems, the role of the three-body forces 
and the nature of the short range correlations. The ways of studying these 
problems are discussed. 

1. INTRODUCTION 
The extensive study of nuclei with hadronic and electromagnetic probes has 

led us to an economical picture : they are made of nucléons which interact by 
exchanging mesons. While i t is fa i r to say that th is picture provides us with a 
good description of their stat ic properties and their structure at large dis
tances, we are s t i l l l e f t with the two following open questions : 
- What is the nature, and how can we study the effects, of the short range 

correlations 1n nuclei? 
- What is the size and what are the effects of the three-nucleon forces? 

Those are very old problems 1 ' 2 which are s t i l l unsolved. 
The reason is that the meson and A degrees of freedom dominate al l the 

attempts which have been made so far to study the short range behaviour of 
nuclei : the use of probes of increasing energy requires to take into account 
the deformation of the nucléon and to consider also the coupling with each 
mechanism which drives the nucleon-nucleor. force. For that reason, the t i t l e 
of this session could have been : baryons in nuclei ! 

While the study of these meson and A degrees of freedom in nuclei has been 
an important achievement of the last two decades, the major task of Nuclear 
Physics is now to go beyond and to study nuclei in kinematical regions where 
their effects are strongly suppressed or with probes to which they couple 
weakly. 

The session was organized around four main topics : 
- The determination of the high momentum components of the wave fuctions of 
the few-body systems was reveiwed by P. de Witt-Huberts and 0. 3eck. 



- it and A degrees of freedom In few-body systems were reveiwed by P.U. Sauer. 
- Three-body mechanisms in hadron induced reactions were reviewed by R. Fras-

car ia . 
- Correlations in nuclei were reviewed by 0. Benhar. 

Since I have already dealt recently with these topics in my recent talk at 
Fontevraud3and Dubna\ the *ollowing summary re 1 les heavily upon these reviews 
but includes also material borrowed from the oral presentations at Sei l lac . 

2. THE HIGH MOMENTUM COMPONENTS OF THE NUCLEAR WAVE FUNCTIONS 

Provided that f inal state interaction and meson exchange current effects are 
fu l ly taken into account, the analysis 5 of the (e ,e 'p) reactions, recently 
studied at S a c l a y 6 ' 7 and Amsterdam8 for small values of the four momenta of the 
virtual photon, has led to strong constraints on the D and 3He wave functions, 
up to momenta as large as 500 MeV/c. 

Fig. 1 beautifully i l lus t ra tes this point. I t summarizes the cross sec
tions of the D(e,e'p)n and 3 He(e,e 'p)d reactions which have been measured at 
S ^ c l a y 6 ' 7 during the past few years. The three kinematical settings have been 
chosen in such a way that the increase of the Mott cross section, when the 
electron scattering angle decreases, compensates the rapid f a l l - o f f of the 
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FIGURE I 
The cross sections of the D(e,e'p)n and 3He(e,e'p)<! reactions recently measured 
at Saclay 6» ' are plotted against the momentum of the undetected nuclear frag
ment. The electron scattering angle 9 and the energy u of the virtual photon 
are given for each kinematics. The dotted line curves are the impulse approxi
mation. The dashed line curves correspond to the plane wave treatment and in
clude the neutron exchange or the two-nucleon exchange graph. The dash- dotted 
line curves correspond to the distorted wave treatment. The full line curves 

include also the meson exchange contribution. 



nuclear wave function. These kinematics, which maximize the longitudinal com

ponent of the cross section, minimize the effects of meson exchange currents 

(MEC). Although the corrections to the impulse approximation ire s ignif icant 

and are necessary to reproduce the experiment, they do not dominate the cross 

section. Moreover, they are strongly constrained by gauge invariance, which 

links in a consistent way the wave functions of the i n i t i a l and f inal states 

and the various interaction effects. The agreement with the latest solution of 

the Faddeev equations obtained by the Hannover g*oup9, with the Paris poten

t i a l 1 0 , is almost perfect. 

The corrections play a more important role in the analysis 1 1 of the "*He(e, 

e'p)T reaction cross section recently measured at Amsterdam12. In f i g . 2 the 

nucléon momentum distr ibut ion has been extracted in the frame of the Plane Wave 

Impulse Approximation (PWIA) for two different kinematics : the f i r s t corres

ponds to a backward electron scatter ing angle (9 = 70.4*) and minimizes the 

contribution of the longitudinal (Coulomb) component of the cross section, 

whereas the second corresponds to a forward electron scattering angle (6 = 36°) 

and maximizes i t . Clearly the PWIA breaks down, and misses the experiments by 

one order of magnitude at the highest momentum ; ùut the microscopical calcula

tions of the various effects (see inset of f i g . 2) brings the theory close to 

, the experiment. The calculation 

uses the latest solution of the 

four-body problem obtained by 

the Urbana group 1 3 with the V14 

potential 1**, in the framework 

of the variational Monte-Carlo 

method. 
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FIGURE 2 
The momentum distr ibut ion of 
the proton as extracted in the 
PWIA analysis of the '•Hete, 
e'p)T react ion 1 2 in two d i f fe 
rent kinematics. I : 0^=72.5°; 
and I I : e e .=36* . I f the PWIA 
were val id, a l l the experimen
ta l points would have lay on 
the dashed curve, which is the 
< *+ He 1 pT > over lap i n t e g r a l 
obtained in the variational 
Monte-Carlo calculation repor
ted in ref. 13. The fu l l l ine 
curves include the various i n 
teraction effects depicted in 

the 1n»et. 
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Since the <1+Hel pT> overlap is a pure S-state, it exhibits a zero around 
o = 450 MeV/c : the interaction effects shift this minimum towards a lower 
momentum. This part of the momentum distribution is under study in an experi
ment recently performed at Saclay, the analysis of which is under way. 

The ^Hefe.e'plT reaction can also be analysed in the framework of the stan
dard optical model treatment 1 5 which can be compared to the diagrammatic me
thod. P. de Witt-Huberts showed that this approach8 does not account for the 
difference between the forward and the backward angle data, even if charge 
exchange rescattering mechanisms are taken into account by an isospin dependent 
term in the optical potential. Such charge exchange mechanisms are automatical
ly included in the diagrammatic approach by the antisymmetry of the initial 
and intermediate states (coupling of the photon to the neutron). 

As pointed out by 0. Beck, spin observables are expected to be a powerful 
tools to study in details those reaction mechanisms and more particularly final 
state interaction effects (FSI). For instance fig. 3 shows the predicted 1 6 

polarization of the proton emitted in the H2(e,e'p)n reaction : it is strictly 
zero in the plane wave (PW) treatment. 

To summarize, the wave 
functions of the few-body sys
tems have been determined by 
the analysis of the (e.e'p) 
reaction , up to 500 MeV/c for 
D and 3He and 300 MeV/c for 
"•He. The extension of such an 
analysis to higher momenta and 
shorter distances, calls for 
electron beams of higher ener
gies than those of the present 
generation of high intensity 
accelerators. Moreover, the 
separation of the transverse 
and longitudinal components of 
the cross section is the ne
cessary step to get rid of the 
exchange current contribution, 

to minimize the corrections, and to study more directly the wave functions in 
the longitudinal cross section. 

6cm (degrees) 

FIGURE 3 
The proton polarization in 
reaction. Dotted line : PW. 

included. 
the 2H(e,e'p)n 
Full line : FSI 
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3 PION AND A IN THE TWO-NUCLEON SYSTEM 

The two-nucleon system is the f i r s t place to cal i t '** basic mechanisms, 

which dominate pion and A production in nuclei, against ' experiment and the 

"exact" solution of the uNN three-body problem 1 7 . Two metho ; are widely used : 

the potential models and the diagrammatic approach. 

P. Sauer presented the general philosophy of his force model 1 8 , which is 

schematically depicted in f i g . 4. I t couples the NN and the Na channels and 

provides us with an unitary representation of the elastic and inelastic 

nucleon-nucleon channels. As shown in f i g . 5, the agreement with experiment is 

perfect in the pion production sector The extension of the model to the analy

sis of y-induced (or radiative capture) reactions is In progress. 
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Building blocks of the force model with A-lsobar and pion degrees of freedom. 
The Hermitian adjoint pieces corresponding to the process b and e are not shown. 
The A-1sobar is a bare part ic le . Process e y le ls the physical P 3 3 pion- nucléon 
resonance 1n the one-nucleon Hllbert space by I tera t ion . Process f stands for 
the nonresonant plon-nucleon Interaction. The extended force model acts in the 
1sosp1n-tr1plet part ia l waves only. In the Isospln-slnglet part ial waves the 
force model Is purely nucleonlc ; there the Paris p o t e n t i a l 1 0 1s used in actual 

calculations. 

The diagrammatic method was tay lored 1 9 for the analysis of y-induced reac

tions and reviewed in ref. 20. I ts extension to pion-induced react ions 2 1 leads 

to a reasonable agreement with the data, as shown in f i g . 6. 

Both methods lead to a good understanding of the experimental data. They 

provide us with a good tool to study reaction mechanisms in heavier nuclei. 
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FIGURE 4 
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FIGURE 5 
Observables for the pp -• it+d reaction at 578 MeV proton laboratory energy as a 
function of the pton c.m. angle. The prediction of the force model of f i g . 4 is 

compared to the existing data (see ref. 18) 
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FIGURE 6 
Observables for the pp • dn + reaction at 496 MeV proton laboratory energy as a 
function of the pion cm. angle. The prediction of the diagrammatic method is 

compared to the existing data (see ref . 21). 

4. THE pd CAPTURE REACTIONS 

We ire now in a good position to analyse reactions induced in the proton-
deuteron system, since we have determined the wave function of the three-body 
system, up to momenta of the order of 500 MeV/c, and since we have calibrated 
the one- and two-body operators. The experimental situation was reviewed by R. 
Frascaria. 

The channels which have been the most extensively studied are the pd * T t + 

{ref.22) and the pd •* 3Hey (ref.23) reactions. Fig. 7 represents the analysis 
( ret .22) of the exc i ta t ion function at e = 180',of the pd + 3Heu° reaction 
t i o n 2 l " 2 b . The relevant graphs are given in f i g . 8. The analysis 2 3 of the 90* 
excitation function of the >3He •* pd r eac t i on 2 6 * 3 2 is shown on f i g . 9. 

Due to large momentum transfers, the one-body mechanisms are strongly sup
pressed. Two-body mechanisms dominate the cross section and lead to a fa i r 
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FIGURE 7 
The excitation function of the pd + 3Hn° 
r e a c t i o n cross s e c t i o n 2 1 " 2 5 is p lot ted 
against the kinetic energy of the incoming 
proton. The fu l l l ine curve represents the 
result of the fu l l calculation, and inc lu
des the contribution of three- body mecha
nisms. They are not included in the dashed 
and dot-dashed l ine curves. Only the A-for-
mation term, in the two- body pion absorp
tion amplitude, is retained in the dot-

dashed l ine curve. 

la) (6) 

FIGURE 8 
The relevant graphs in the pd-*Tn+ 

reaction. I : the one- nucléon (a) 
and the two-nucleon (b) exchange 
graphs. I I : the two-body meson 
exchange graphs. I l l : the three-
body meson exchange graph. Graphs 
l ib and 11 lb come from the an t i -
symmetrization of the two-body 

meson capture amplitude. 

agreement with a large Kilk of 
experimental d a t a 2 0 ' 2 1 . While the 
unpolarized dif ferent ial cross 
sections ano spin observables are 
well reproduced at forward angles, 
strong deviations appear around 

90* and larger angles. For instance, at e = 90* the cross section of the pd • 
TT:+ and y3He • pd reactions are respectively underestimated by one order of 
magnitude and more than a factor two. This discrepancy is really s igni f icant, 
since the two-body matrix elements have been calibrated against the DU,p)p and 
D(y,p)n r e a c t i o n 2 0 ' 2 1 , and since we have seen that the three-body wave function 
has been checked in the same range of momenta. 

The meson double scattering mechanism, depicted in f i g . 8 for the pd -• 
3He*° channel and in f i g . 10 for the y3He -» pd channel, accounts for a large 
part of the disagreement between the theory and the experiment. When the momen-
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FIGURE 9 
The excitation functions, at [9 p ]ç.m. = 90*, of the d(y,p)n reaction 2 0» 2 8 and 
the 3He(y,p)d reaction 2 6 " 3 2 are plottêdagalnst the incoming photon energy. The 
momentum of the outgoing deuteron is also plotted as abscissa. The dotted-line 
curve Is the contribution of the one-body mechanisms alone. The dashed-line 
curve includes also the two-body mechanisms. The full Une curve takes also 
into account the meson double scattering mechanisms. Its contribution is the 

dash-dotted Une curve. 

turn transfer increases, its contribution becomes more Important than the con

tribution of the two-body mechanisms. First, i t is more likely to be shared 

between three rather than two nucléons. Second, one of the exchanged pion is 

very close to Its mass shell (on its mass shell above the pion threshold), and 

the corresponding triangular singularity enhances this three-body amplitude. 

The most spectacular evidence for this meson double-scattering mechanism 

is provided by the analysis3 3 of the 180* excitation function of the pd * 3Heri 

(ref.24), which Is depicted in f ig. 11. Due to tre larger momentum transfer and 

to the smallness of the nNN coupling constant, the one-body and two-body mecha

nisms are more suppressed than in the pd -» Tit+ reaction. The meson double-

scattering mechanism alone is able to reproduce both the shape and the magni

tude of the cross section. 

Contrary to the pd + Tu' and the pd •» 3Hen reactions, the y3He * pd reac

tion has the advantadge to be opened below the pion production threshold. Here 
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FIGURE 10 
The three-body exchange currents in the y3He * pd reaction. I : The meson double 
scattering mechanisms is decomposed into i t s two dominant parts. I I : The two 

relevant graphs which do not reduce to a sequential meson scattering. 

both mesons are off shell and this meson double scattering is a prototype of a 
three-body exchange current, which is related via gauge invariance to the cor
responding part of the three nucléon force. The amplitude has the same expres
sion as above threshold, where only on shell elementary amplitudes enter the 
calculation. Therefore the excitation function, shown in f i g . 9, offers us the 
opportunity to start from a kinematical domain where the calculation is founded 
on solid ground, and to extrapolate below the pion threshold where the usual 
problems, due to the vir tual nature of the exchanged mesons (form factors, 
heavy mesons), come into the game. 

I t should also be noted that, due to the strong suppression of pion ab
sorption by T = 1 nucléon pairs, only pion absorption by T = 0 pairs has to be 
considered. Since the total isospin of the pd channel is 1/2, the formation of 
the A is forbidden at the f i r s t pion scattering or production vertex. On the 
one hand, this double scattering mechanism provides us with a powerful f i l t e r 
to create and to study the behaviour of other resonances than the L in nuclei. 
On the other hand, only the Born terms are relevant at low energy in the 
pd -• 3Hey reaction, and the dominant graphs are the pion photoelectric and con
tact terms shown in f i g . 10. They are really three-nucleon exchange currents 
which are linked to a given part of the three-body forces. 

The agreement with the pd radiative capture data is not as good as in the 
analysis of the pd + Tu+ reaction. Presumably this is a hint that other mecha-

T=o 
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FIGURE 11 
The exc i ta t ion funct ion 2 1 * of the pd * 3HeTi reaction at 9 = 180* is plotted 
against the proton kinetic energy in the top part of the f igure. The f u l l l ine 
curve takes into account both the s and d part of the wave function of the 
nucléon which interacts with the n« The dashed l ine curve includes only the 
s-wave. The arrows indicate the location of the resonance which dominates the 
elementary n"p + n̂ reaction, the total cross-section of which is plotted in 
the bottom part of the figure against the incoming proton momentum. The scale 
is chosen in such a way that the nn invariant mass is the same as i t s mean 
value in dHe. The contribution of :he S u and P n waves are also plotted 

separately. 
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nisms, which do not occur in meson induced reactions, must be considered in 
photon induced reactions. Two examples are depicted in f->'g. 10 (diagram I I ) . It 
is well known that p exchange contributes significantly to the nN S-wave scat
tering amp 'ojdes. While the coupling of the photon to the pion is accounted 
for by diagram lb, the direct coupling to the exchanged p, diagram l ib, must 
also be considered, especially near the pion threshold and below. I t is also 
well known19 that two-pion photoproduction proceeds primarily through the emis
sion of a uA system in a relative S-wave. When these two pions are virtual 
(diagram Ha) the amplitude extrapolates smoothly below the uA threshold, and 
the corresponding three-body exchange current might interfer with the meson 
double scattering amplitude. 

To summarize, meson double scattering appears to be a capital ingredient 
of the cross section of the 3He(y,p)d reaction at high momentum transfer. How
ever, i t cannot alone reproduce all the data, and other three-body exchange 
currents must be considered before any definite conclusion can be reached. All 
these different mechanisms must be singled out and extensively studied. The 
flexibil ity of the three-body kinematics of the 3He(y,2p)n or the 3He(e,e'2p)n 
reactions will provides us with the way to achieve this goal and to avoid the 
calculation of a nine fold integral. 

5.THE THREE-BODY FORCES 

The spectrum of the protons emitted at a given angle in the semi-exclusive 
3He (y.p)np reaction exhibits two peaks (f ig. 12). The f i rst is located in the 
high momentum part. Its top corresponds to the disintegration of a pn pair at 
rest in 3He, and its width 1s due to the Fermi motion of this pair : the cor
responding model31* leads to a fair agreement with the Saclay experiment35. The 
second is located at lower proton momentum and is dominated by the three-body 
mechanism (f ig. 13). The Final State Interaction (FSI) effects are also taken 
Into account, Dut do not affect significantly this picture. Such a spectrum 
allows to disentangle the two- and the three-body mechanisms. However the 
three-nucleon mechanism Is dominant above the pion production threshold, and 
its contribution 1s overwhelmed by the contribution of the 3He(r,pn)uNN reac
tion. Therefore a second nucléon must be detected in coincidence, and the 
3He(y,pp) reaction presents several advar.tadges over the 3He(Y,pn) reaction. 
Cont'-ary to the 3He(r (pn) reaction, two-body mechanisms are strongly suppressed 
in the JHe(yt2p) reaction, or the transverse part of the 3He'*, e'2p) reaction, 
because (1) a pp pair has no dipole moments to couple wu,., (1i) the charged 
exchange currents are vanishing, and ( i l l ) the formation of the A as an inter
mediate state 1s forbidden (since the J n = l + pA+ S-wave cannot decay in the pD 
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FIGURE 12 
The spectrum of the proton emitted at 9 D = 23" in the reaction 3He( Y,p)pn when 
the energy of the incoming photon is I = 280 MeV, is plotted against its mo
mentum. The peak located at high momentum corresponds to the disintegration of 
a pn pair almot at rest in 3He (dashed line curve), and is well determined by 
tne experiment 3 5. The peak at lower momentum is due to the three-body mecha
nisms (full line curve). The arrow indicates the pion production threshold. 

(a) lb) 
FIGURE 13 

The meson double scattering graph in the 3He(y, 2p)n reaction is expressed in 
terms of the two most important parts : the absorption of a positive (a) or a 

neutral (b) pion by a T = 0 neutron proton pair. 
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channel). When the spectator neutron is at rest, the cross section of the 3He-
(y,2p)n reaction does not exceed 1 % of the cross section of the 3He(>, pn)p 
reaction (fig. 14). The calculation is fully described in refs. 34, 38, and 
beautifully checked by the recent Saclay experiment 3 6. One of the detected 
proton is assumed to be emitted at e = 75*, with respect to the incoming pho
ton, in the center of mass frame of the active pair. In the pp channel, the 
background is due to all the graphs due to final state interactions or corres
ponding to pion reabsorption 1s a pn active pair. It does not include the pion 
reabsorption graph in a pp pair, which dominates the (Y. pp) cross section n. 

> 
OJ 

S 10*1 

a. 

10" 

3He U.pnlp 
0^75° 

Background 

Ht (t,pp)n 

200 300 400 
E^(MeV) 

FIGURE 14 
The photodislntegratlon cross section of the pn pair (upper part), and the pp 
pair dower part) at rest in 3He. The full line curves include three-body me

chanisms, which are not included in the dashed line curves (see text). 

F1g. 15 shows the relative Importance of the two- and three-body mecha
nisms (f ig. 13) in the 3He(Y,pn) and 3He(y,pp) reactions. The reduced cross 
section do/da dn 1s directly related to the measured cross section (being J the 
Jacoblan) : 
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FIGURE 15 
The reduced cross sections of the 3He(>,pn)p and the 3He(y,2p)n reactions are 
plotted against the momentum of the undetected nucléon. The dotted and dash 
dotted lines represent the contributions of the two-body mechanisms, without 
and with f inal state interactions respectively. The dashed lines include the 
three-body graph when a n + is abscrbed by a np pair. The f u l l lines include 

also the absorption of a n° by a np pair. 

d3< = J d2C (1) 
dp j d2 j dQ 2 dQj djn 

I f the neutron is assumed to be a spectator, and i f i t moves in a relative 
S-state with respect to the active proton pair, this reduced cross section is 
basically the product of i t s momentum distr ibut ion and the cross section of the 
disintegration of a pp pair (see 1 9 for instance). The mass of the detected 
nucléon pair and the angle of the proton, measured in the cm. frame of this 
pair with respect to the direction of the incoming photon in the Lab system, 
are kept constant respectively at the values W = 2160 MeV and [ 9 i ] c m

 = 9 0 ° * 
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The reduced cross section is plotted against the momentum of the undetected 
nucléon which is emitted at a = 45* 1n the lab frame. The plane wave cross 
section e-hibits the variation of its momentum distribution, and the rise 
around 5C0 MeV/c comes from the antisymmetry of the outgoing three nucléons. At 
high momentum transfer, final state interactions become important, but the 
cross section is dominated by the three-body mechanisms. In the 3He(y.pn) chan
nel, the flattening of the cross section above 200 MeV/c, at the level of 1 % 
of the peak corresponding to the disintegration of a pn pair at rest, is con
sistent with a recent study37 of pion capture by 3He. In the 3He(Y, 2p) chan
nel, two-body mechanisms are suppressed by two orders of magnitude and the 
cross section is entirely driven by the three-body mechanisms. As expected * + 

capture followed by the emission of two protons dominates the (y,2p) channel, 
whereas n° capture leading to the emission of a pn pair dominates the (y.pn) 
channel. 

This kinematics has been deliberately chosen in such a way to maximize the 
kinematlcal domain where the f i rst pion propagates on shell and to enhance the 
effect of the triangular singularity. Indeed, the three-body mechanism domi
nates the cross section 1n a small part of the phase space. I t is maximized 
when the neutron is emitted at 45" with a momentum around 300 MeV/c. This cor
responds to the most likely kinematics of the recoil nucléon in pion photopro
duction on a nucléon at rest. This characteristic behaviour of the cross sec
tion should be used to single out and study the three-body mechanisms, in a 
domain where the calculation is basically free of parameters. Since i t depends 
only on the low momentum part of the three-body wave function and on shell 
elementary amplitudes which are calibrated independently. Such a measurement 
has been performed recently at Saclay, and Its on line analysis exhibits such a 
behaviour. 

The next step consists of going far from the singularity in such a way that 
both mesons travel off shell. This graph can st i l l be viewed as a virtual meson 
rescattering, but also as a genuine three-body meson exchange current, which in 
turn is linked to the corresponding three-body forces. An example is given 1n 
ref. 38 : here the three-body effects are sizeable when the available energy is 
roughly shared by the three- nucléons. Now, the calculation heavily depends on 
the way the elementary amplitudes are extrapolated off-shell. While pion baryon 
form factor must be considered in the pion photoproduction and scattering am
plitudes, the size of the corresponding cut-off mass is s t i l l an open problem 
in three-body forces2. While the description of S-wave pion nucléon scattering 
in terms of experimental phase shifts, or scattering lengths, is excellent on 
shell, i t might not be accurate enough to extrapolate below threshold, and a 
more microscopic treatment, based on a low energy theorems, should be used 
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instead. Finally, pion absorption on T = 1 pairs, as well as other three-body 
mechanisms (f ig. 10), which do not reduce to a meson sequential scattering, 
should also be considered. 

All those problems are open, and the extension to the 3He(e,e'2p)n reaction 
is expected to provide us with a way to disentangle all these mechanisms. Be
sides the flexibil ity of the three-body kinematics, this channel offers us the 
possibility of measuring transition form factors and to take advantage of a 
new degree of freedom : the variation of the four momenta of the virtual pho
ton. I t addition, the longitudinal cross section is directly linked to the 
short range nucléon correlations, and is the best place to study them. 

6.THE TWO NUCLEON CORRELATIONS 

The transverse cross section of the 3He(e,e'2p) reaction is strongly sup
pressed for the same reason as the cross section of the 3He(y, 2p) reaction. 
Charged meson exchange currents and A-formation mechanisms do not contribute at 
al l to the longitudinal cross section. This 1s the best place to study in de
tails the two-body correlations provided that final state interactions are 
carefully taken into account39. 

As an example fig. 16 represents the variation of the cross section, in a 
coplanar kinematics, against the four momenta of the virtual photon, just at 
the pion production threshold. The meson exchange effects are negligible, ex
cept near the photon point (q 2 = 0) where the longitudinal cross section va
nishes. Clearly 4 GeV is needed to measure this transition form factor up to 
| q 2 | = 1 (GeV/c)2 and to start studying the short range behaviour of the corre
lation between two nucléons. I refer the reader to ref. 39 for a more detailed 
discussion of this topics. 

The role of correlations 1n heavier nuclei is s t i l l an open problem. No 
calculations of correlated wave functions have been performed in nuclei heavier 
than '•He, with the notable exception of infin'te nuclear matter. 

0. Benhar reviewed the latest progresses made in the calculation of the 
nucléon spectral function n(k) 1n infinite nuclear matter1*0, when two nucléons 
correlations are taken Into account. Fig. 17 clearly shows that they are res
ponsible for the high momentum components of the nucléon momentum distribution, 
and involve also high values of the removal energy. 

Reactions which involve large energy tranfers, like the (e,e'p) reaction in 
the continuum or the (e,e'2p) reaction, will be the test tools although final 
state interaction effects will be more Important and more difficult to handle 
than in the few-body systems. 
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FIGURE 16 
The total reduced cross section of the 3He(e,e'2p) reaction is plotted against 
the four momenta of the virtual photon. The energy of the incoming electron is 
also given on abscissa. The solid line curve includes the meson exchange cur

rent contribution. The dashed line curve does not. 

7.CONCLUSION 

To summarize, we have reached a good understanding of intermediate energy 
reactions induced in the few-body systems, in terms of complex combinations of 
elementary processes which can be independently singled out and checked by a 
suitable choice of the kinematics and the probe. 

There is no need to introduce expl ic i t * the quark degrees of freedom. The 
most economical, and consistent, picture relies on the description of each 
baryon as a small core, of radius 0.5 fm, surrounded by a meson cloud, which is 
polarized by the v ic in i ty of other baryons. 

In that framework, few body systems provide us with a powerful! laboratory 
to study the long and intermediate range part of the nucléon dynamics : 
- The wave functions of the few-body systems have been determined up to 500 
MeV/c, in the analysis of the (e.e'p) reactions. They agree with the latest 
solutions of the three- and four-body problems, when real is t ic potentials, as 
the Paris or the V l l t ones, ire used. 
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FIGURE '7 
Removal energy integral of the variational nucléon spectral function in nuclear 
matter, obtained using state independent Jastrow correlations. The solid line 
represents the contribution c ming from the one-hole part, which is given by 
N-j (k ) of ref .40. The dotted lines marked with open diamonds, squares and cir
cles refer to the background contribution integrated up to 100 MeV, 300 MeV and 
infinity, respectively. The dashed line is the full variational momentum dis

tribution evaluated in ref.40. 

- Two-body meson exchange mechanisms dominate the low and intennediate momentum 
transfer part of the cross sections, and are reasonably well under control. 
- Three body mechanisms dominate the high momentum transfer part of the pd 
capture reaction cross sections. They allow the momentum transfer to be shared 
between all the nucléons, and they provide us with a powerful f i l te r to create 
and to study the propagation of resonances with higher masses than the A one. 

What should we do now? 
Obviously, we must get rid of the meson cloud, and single out those mecha

nisms which directly reveal the quark substructure of the baryon core. 
In my opinion, three ways are open : 



- The study of the (e,e'2p) reaction appears to be the most direct way to dis

entangle the short range two-body correlations (in the Coulomb part of the 

cross section) which «ay strongly depend on the quark structure of the core and 

three-body mechanisms (in the transverse part) which are closely linked, via 

gauge invariance, to three-body forces in the nuclear wave function. 

- The systematic determination and the study of spin observables, in hadron 

induced reactions, allow us to perform a complete partial wave analysis and to 

pin down small amplitudes or Interferences between quark and meson degrees of 

freedom. 

- The study of the behaviour of strange baryon in a nucleus provides us with a 

useful tag to identify the mechanisms which drive the short range interaction 

between two baryons, since the core of strange baryons is expected to be larger 

that the core of non strange baryons. 

While a part of this program can already be undertaken at the present few 

GeV proton accelerators (as Saturne for Instance), Its complete achievement 

calls for a 4 GeV C.W. electron machine. 
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