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D—V 
ELECTRON SCATTERING AMD FEW NUCLEON SYSTEMS 

^ 

B. Frols 

DPh-N/»E, CEN Saciay, 9119» Gif-sur-Yvette Cedex, France 

Recent results obtained by electron scattering in the few-nucleon systems 
(A £ 4) are presented. In particular, new experimental data have measured 
the tensor polarization T î 0 . the magnetic form factor B(q 2) and the elec-
trodisintégrât ion of deuterium. A brief overview of the experimental situa
tion is given together with a status of the theoretical interpretation. 
'Me charge and magnetic form factors are discussed. New theoretical results 
indicate that three body forces improve considerably the saturation proper
ties of 'He, "He and nuclear matter, but are not able to reconcile experi
ment and theory for the charge form factors of 'He and *He. Calculations of 
meson exchange effects with different theoretical approaches bring the theo
ry into reasonable agreement with the experimental charge and magnetic form 
factors of 'He. 
Recent results of the measurements-of -the-fap *«d three body i)reak-«p of-
'Ito are discussed. 

1. INTRODUCTION 

The structure of few nucléons systems is of particular Interest for a quan

titative understanding of the nature of elementary interactions between nuclear 

constituents. Even the simplest properties of few-nucleon systems such as 

their binding energies, density distributions, quadrupole and magnetic moments 

cannot be accurately determined b> considering only the Interactions between 

nucléons in the framework of a potential theory. 

We are now in a situation very close to the one of atomic physics after the 

discovery of the Lamb shift, thirty five years ago. At that time, an interac

tion between charges was no longer sufficient to describe such a small effect. 

The modification of the field due to the presence of photons was needed to 

build a theory. To-day, nuclear physics is In a similar situatlcn. The Inter

action between nucléons is not sufficient to build a theory. One has nowstrik-

1ng experimental evidence of the presence of meson exchanges, such as a factor 

of 10 enhancement In electrodislntegration of deuterium or in the magnetic 

form factor of 'He. Similar observations have also been made with photodisin-

tegration experiments. But, the difficulty of the meson theory 1s that the 

strong couplings involved make the calculations of short range processes very 

difficult. This explains why for a long time nuclear physics has progressed in 

a phenomenologica.l way without much reference to the meson theory. This situa

tion 1s now changing rapidly. At distances r^lfmthe experimental observations 

have firmly established the mesonic exchange nature of the nucleon-nucleon In-



teraction, but the short range part, r < 0.8 fin is out of the reach of meson 
theory. *is is precisely the region which is relatively easy to describe 
within the quark picture of nuclear forces. Quark theory being valid only on a 
scale of small distances would then provide a theory just where the meson de
scription is no longer tractable. Quark models are now in a rather primi
tive state and any argumentation is very speculative. Gut, there is now an 
urgent need for unambiguous informations on the processes occuring at small in-
ternucleon distances, between 0.1 and 1 fm in the few nucléons systems. 

High energy electrons are by far the best tool to study these processes. 
They interact with any charge or current In the nucleus by the exchange of a 
virtual photon which penetrate in the nucleus, ».. ansferring any required amount 
of energy or momentum transfer selected by adjustment of experimental kinemat-
ical conditions. 

The reaction mechanism is fully interprétable In a quantitative way because 
the total charge and current are conserved during the reaction. 

The virtual photon will "see" the spatial distribution of the nuclear charge 
and magnetization by mapping out their form factors. The only requirement will 
be that the photon has a sufficiently small wavelength matched to the size of 
the spatial fluctuations that one wants to study : 

1 5 Approximately : q * - j -

where Ar expressed In fm 1s the size of the spatial fluctuations to be observed 
and q (in fm" ) is the value of the four momentum transferred to the nucleus 
by the virtual photon. 

A charged meson exchange will be "seen" by the photons as an enhancement or 
a decrease of the form factors at specific momentum transfers. For example, the 
plonic pair current dominates the magnetic form factor of 'He in the momentum 
range 3 < q 2 < 10 fm"2. 

By selecting carefuly the klnematlcal conditions, one can separate by a com
bination of measurements the longitudinal and the transverse form factors. 

In this talk, 1 will give a very brief overview of the developments in the 
field of electron scattering during essentially the last two years. A large 
number of experimental data have become recently available stimulating a great 
theoretical activity. It Is obvious that In 30 minutes, I cannot make an ex
tensive review of all the work done recently in this field. So, the main empha
sis of my talk will be to discuss what we have learned from these data and the 
present limitations of their interpretations. 

2. ELASTIC ELECTRON SCATTERING FROM DEUTERIUM 
The unpolarized cross section for elastic electron deuterium cross section 



I I 
ft given by the expression 

d£ . M . [A(q*) • B(q')tan* f] 
Hott 

where A(q') and B(q 7) are relativistically invariant structure functions of 

deuterium related to F V FM' the charge, quadrupole and magnetic form fac

tors of deuterium. A(q 2) is well determined experimentally up to very large 

2 

momentum transfers and Is one of the evidences that one has reached quark de

grees of freedom. The interpretation of the comparison between theory and ex-

périment has been called the "Gordian knot" by Garl and Hyuga . The theoretical 

uncertainties are large. One has to treat correctly a relativistic problem up 

to the order - at least, where baryon resonances and isoscalar meson exchange 

processes such as n, p, u> and p, *, Y "Mist be taken into account properly. On 

top of these difficulties, the Insufficient knowledge of the neutron charge 

form factor prevent definitive conclusions. From the experimental point of view 

a separation of the contributions of the charge and quadrupole form factors 

would be extremely useful to shed some light on this problem. An experiment is 

being carried ou'c at Bates laboratory using an unpolarlzed beam of electrons 

scattered from an unpolarlzed deuterium target with the detection of the pola

rization of recoil deuterons to measure the tensor polarization l i t . 

T 2 0 1s independent of the nucléon form factors. In principle this Is an ide

al experiment to separate the charge and quadrupole form factors of deuterium. 

But It 1s more sensitive to the meson-exchange currents than to the details of 

the nucleon-nucleon potentials. Figure 1 presents the calculation of Haftel, 

Mathelitsch and Z1ngl for three different well known potentials. The differ

ence 1s very small without MEC and 1t turns out to be even smaller with the in

clusion of MEC. 

Preliminary data measured by Schulze et al. at MIT-Bates laboratory are 

shown on figure 2 together with three theoretical predictions. The data are 1n 

excellent agreement with the Paris potential, while they are Inconsistent with 

the other two separable potentials. 

An Interesting experiment which is not planned for the moment anywhere, be

cause of Its great difficulty, Is the scattering of polarized electrons by a po

larized deuterium target. Cheung and woloshyn have made recently some calcula

tions showing a great sensitivity to the neutron form factor. With the present 

polarized targets this experiment seems very difficult, but there Is no reason 

to exclude this possibility. 

The lack of sensitivity of Tj» to the percentage of 0 state Pp Is unfortu

nate, because It 1s a measure of the tensor force component of the nucléon nu

cléon Interaction. Even if It is not directly a physical observable, P n is well 
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FIGURE 1 
Deuterium tensor polarization T20. cal
culated for three different potentials 
by Haftel, MathelUscb and Zingl3. Only 
the pair current has been taken into 
account 1n the calculation. 

FIGURE 2 
Deuterium tensor polarization Tj»f 

The experimental data are prelimi
nary results from Schulze et 5 al. 

defined 1n terms of the potentials used In nuclear calculations. So it is of 
fundamental Importance to find experiments that are sensitive to P p since it 
would give a measure of the difference between various realistic models. This 
problem has been discussed In particular by Lomon and also by Allen and 
Fiedeldey9 from the point of view of elastic electron scattering from deuterium. 
Their conclusions show that due to the absence of knowledge of the neutron form 
factor and because of theoretical uncertainties. It is clear that one cannot 
make a discrimination between potentials without some ambiguity. However, the 
magnetic form factor F M which Is related to the structure function B(q') by 
B(q') * i n(n*D Fj (q J) Is less sensitive to the neutron form factor than 
A(q*). Furthermore, F„ is very sensitive to Pp. Lomon 8 finds a factor 2 between 
the magnetic form factors at q* » 26 fm"' predicted by the potentials FL 1 
(P 0 » 4.67 1) and FL 15 (P p « 7.55 * ) , while neglecting G £ N would make only a 
10 % difference between the theoretical predictions for these two potentials. 
Meson exchanges are playing an Important role at such momentum transfers, but 



in a naïve expectation one would not expect a dramatic difference between the 

MEC calculated for different potentials. So precise measurements of the magnet

ic form factor should be sensitive to different nucleon-nucleon potentials. 
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FIGURE 3 
11 The magnetic form factor F M predicted by Gari . The impulse 

approximation (IMP) is shoPn together with the contribution of 
IT and pno meson exchange . The sum of the impulse approximation 
and the meson exchange is shown for two values of the p cou
pling constant 0.38(OLD) and 0.56(NEW). 

The meson exchange current 1n deuterium are isoscalar for elastic scattering, 

which implies that they arc already relativistlc corrections of order -^ and 

•\ . Gari and Hyuga have derived the expressions of the n, p, w and p n y 

exchanges. Figure 3 shows a new calculation of Gari 1 1 for the Reld soft core po

tential (P D » 6.47 Ï) where he has redone the calculation of reference 10, In

creasing the pirr coupling constant from 0.38 to 0.56 because of an improvement 

in the experimental determination of the decay of the p meson p •*• it + y per

formed by Berg et al. . At low momentum transfers, the meson exchanges have a 

small effect. The pity and the pionic pair term are of equal magnitude. When the 

momentum transfer increases, the contribution of the pny Increases also and it 

is the dominant contribution for q* > 30 fm" . The Impulse approximation con

tribution drops at 40 fm" , mainly because of the shape of the nucléon form 

factor of lachello, Jackson and Lande used in this calculation. So, the region 

q 2 > 40 fm"2 would be extremely interesting to measure, but It is at present 



not feasible with existing electron accelerators, Ihp separation of tf(q") 
from Afq1") requires measurements at Icckward angles as close as possible* to 
180°, because of the factor tan* *. At sucn large scattering angle one has t 
separate B(q') from the electrodisintegration of dpiiterinm, which is relativ 
ly difficult at high incident energy. To have a large count rafp. liquid tar 
gets must be used with a large thickness, limiting quickly the experimental 
resolution to unacceptable values. At forward angles B(q 2) has a negligible 
contribution and in the cross section observed the electrodisintegration is 
negligible, so the measurement of A(q") is much easier. 
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FIGURE 4 
The structure function B(q') of deuterium predicted 
by Gar11». 

Up to now the maximum momentum transfer measured for B(q 7) was 15 fm , 
while only one upper limit was determined' for q* - 26 fm"*. New measurements 
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have been recently done by Parker, Peterson et al. at Bates laboratory in the 
region 1.6 fin < q* < 10.52 fm~2, and by Auffret et al. between 
5 < q 2 < 26 fm at Saclay. The results of both groups are preliminary, they 
agree fairly well with each other and with previously existing data. Figure 4 
gives a comparison of these new data with the calculation of Gari" f o r t h e R e 1 d " 
soft-core potential. The experimental data are In good agreement with this cal
culation. The impulse approximation prediction at this momentum transfer is a 
factor 3 smaller, while the pirf represents 50 % of the cross section. The ex
perimental uncertainty is of the order of 20 X, for q 2 = 26 fm"2. One has real
ly to wait the final analysis of these data to make definitive conclusions. 
Nevertherless, It seems that the theoretical prediction Is on the right track, 
and that the isoscaiar meson exchanges are correctly estimated, since, the same 
calculation explains also reasonably A(q 2) up to even much higher momentum 
transfers. 

3. ELECTRODISINTEGRATION OF DEUTERIUM AT THRESHOLD 
In the previous discussion, meson exchanges have a slowly Increasing contri

bution but they represent at 26 fm - 2 only 65 % of the cross section. This is 
certainly no longer a simple correction, but compared to the experimental and 
theoretical uncertainties, it will be difficult to make quantitatively a very 
accurate estimate or the various contributions. A major difficulty Is the ^ 
order of the correction; one should in principle make the same correction for 
the wave function of the deuteron to be consistent. The situation is completely 
different for the electrodisintegration cross section at threshold and backward 
angle. This is an HI transition, where the meson exchanges are of isovector na
ture and of the order i they are constrained by low-energy theorems, and one 
expects to have a much better theoretical control of the processes involved. 

This reaction 1s the Inverse of the radiative capture of thermal neutrons : 
n • p •*• d • y 

Without meson exchange the theory shows a 10 X disagreement with the experi
mental result. In 1972 Riska and Brown have explained this difference by a 
one pion exchange. This was the first time that an electromagnetic process was 
used to show the existence of a virtual pion exchanged between two nucléons. 
But, the electrodisintegration of deuterium is much more Interesting. Hockert 

18 and al. have shown in 1973 that there Is a strong interference between the 
'D,-*S and 'S-'S transitions.In the region of the minimum of the nuclear con
tribution q 2 -v 11 fm* 2, the meson exchange currents are a factor 10 larger than 
the nuclear contribution. The cross section at 155° Is dominated by the ex
change of one pion, the pion current and the pair current. Recently a detailed 



Investigation of the electrodlsintegration cross section at threshold has "been ' 

done by Leidemann and Arenhbvel 1 9. and by Mathiot 2 0. I will not discuss these 

calculations here but 1 would like to mention the main elements which play an 

important role in the calculations. 
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FIGURE 5 FIGURE 6 

The electrodlslntegratlon cross section of deuterium calculated 
with the Paris potential for E np • 1.5 MeV. The comparison with 
the experimental data Is indicative since the data correspond 
to integration between 0 and 3 MeV. The effects of the it, p, û 
meson exchange currents are shown. The form factor F v has been 
used. Figure 6 Indicates the variation of the cross section as 
a function of the TTNN hadronic form factor. 

The choice of electromagnetic form factor for the nucléon has a considerable 

effect. In principle the continuity equation requires using QÏ in place of F.. 

The vertex form factors wNN and pNN have also a strong influence on the shape 

of the theoretical predictions. Leidemann and Arenhovel have made a quantita

tive estimate directly comparable to the experiment by calculating the elec-

trodisintegratlon cross section integrated over 3 MeV. They have also included 

different multipoles, Mathiot has calculated only the value of the cross sec

tion at E « 1.5 MeV which Is reasonably close to the average value integrated 

over 3 MeV. He estimates this approximation to be better than 10 1 at 6 fm" 

which Is sufficient for a discussion of the main effects observed. But he keeps 

only the transition to the *So state, which creates a minimum going to zero In 

the cross section, while Leidemann and Arenhovel will fill this minimum by 



the contribution of other multipoles. Both calculations find an equally good 
20-23 -* -2 

agreement with the existing data up to q* a 10 fm . But at 18 fm , the 

calculation of Mathiot gives a much better agreement with the data than the one 

of Leidemann and Arenhovel. Figure b is the prediction of Mathiot together with 

21 

the data of Bernheimet al. . Though the comparison is not quantitatively accu

rate, because it is not integrated over 3 MeV, the difference Is estimated to 

be invisible on such a small plot in a logarithmic scale. Without MEC, the cross 

section is much too small, with ir one gets closer to the experimental result. The 

addition of the p makes the cross section too large. The effectof the û is to 
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FIGURE 7 
Electrodisintegratlon cross section at threshold Integrated 
for Enp between 0 and 3 MeV. The data are from reference 
25. The theoretical calculations are from Leideman and 
Arenhovel'9. The curve N does not Include MEC, while T includes 
the MEC for the Paris potential, the dashed line is the same 
calculation with GEN • 0- The form factor GE has been used. 
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ly good bring the theory close to the experimental data. Mathiot has chosen F, contrary 

2 " to Leidemann and Arenhovel. He does not predict a minimum before 31 fin . But 
his calculation shows one of the effect of one of the most important theoreti
cal uncertainty. By taking different values of the nNN form factor which Hathiot 
relates to a nucléon size, the minimum of the form factor is shifted from 
20 fnT to q 2 ^ 37 fnf (figure 6) . The value R = 0.48 fm which gives a rea
sonable agreement with the data corresponds to A = 1.2S GeV, where A is the 
mass scale parameter defined by : 

*™ A 2 • k* 
ii 

This very large effect of the TINN form factor is at present the largest phe-
nomenological adjustment of the theory. 21-24 Figure 7 shows the existing data with the latest data taken by Clemens 
and ai. at Saclay up to 26 fm , together with the prediction of Leidemann and 
Arenhbvel, with the form factor 6^ for the nucléon. 

Mathiot and Riska have Investigated recently this ambiguity In the choice of 
Gr and F . They have explained that while the continuity equation needs G* 
there are additional purely transverse it and p meson exchange currents for Ml 
transitions.They demonstrate that for observables that depend only on the trans
verse part of the pion and p meson exchange current, a correction arises which 
can be taken into account by replacing the form factor G f by F in the nucléon 
electromagnetic current. In other words the pion and the rho currents requires 
G E while *he pair terms require F%. 

On figure 7 the dashed line is the Paris potential prediction without the 
neutron form factor. It Is interesting to see such a large effect, but one would 
need the same calculation with F^ instead of G^ before reaching a definitive 
conclusion. 

From these results, one sees that a reasonable agreement can be reached be
tween experiment and theory when a form factor is used for the TINN vertex. How
ever this form factor is adjusted to reproduce the data and is not known from 
a fundamental point of view. 

18 When Hockert et al. obtained a reasonable agreement between their theoret-
24 -* 

ical calculation and the experimental data of Rand et al. up to 10 fm , it 
was a break-through. For the first time a large effect of the pion exchange 
could be measured unambiguously, because it was by chance the only relevant con
tribution. The purely nucleonlc transition is cancelled at relatively low mo
mentum transfer because of a destructive interference between the 3S, - *S 0and 



the 3Di - X S 0 transitions. This is quite in contrast with the magnetic form 
factor of deuterium where the purely nucleonic contribution vanishes only at 
35 fm" and has not yet been seen because of the absence of a suitable elec
tron beam of at least 1.5 GeV. In 1973 the pion exchange was the only "short 
range" interaction visible experimentally. It was sufficient to consider only 
a pion exchange between point nucléons to reproduce fairly accurately the ex
perimental data. Today, the experimental situation is completely different, 
much shorter range interactions are observed, typically between 0.3 and 1 fm. 
One is getting the benefits of twenty years of technical developments for mea
suring small cross sections. The new electrodisintegratlon data of Clemens et 

25 -39 
al. are typical. A cross section as small as 2.5 10 cm'/sr has been mea
sured with 30 X accuracy at q* = 26 fm" . Figure 5 shows that In this momentum 
range, the cross section is probably entirely due to the p meson exchange con
tribution. The situation is now exactly the opposite of the region measured by 

24 -> 
Rand et al. up to 10 fm where the p meson-exchange and the A currents are 
almost cancelled by the effect of the finite size in which the i»NN interaction 
takes place. 

These results emphasize the importance of studying such an isovector magnet
ic transition. The various currents which contribute to the cross section have 
strong destructive Interferences which occur successively at different momentm 
transfers. So measurements at specific momentum transfers single out the differ
ent contributions of the meson exchanges. Electron scattering 1s here just a 
microscope which looks at an object with larger and larger magnification. With 
the very high momentum transfers measured recently the short range part of the 
nucléon-nucléon Interaction Is now the major part of the effects observed. 

u 

> 
4. d(e,e'p)n and d(y,p)n I 

Another, very Interesting aspect of the electrodisintegratlon of deuterium ~ 
Is the measurement In coincidence of the electron and the proton which has been °-

27 *"" 
discussed In great detail by ArenhBver recently. Following his notation, the <j_ 
d(e,e'p)n cross section 1s a function of the longitudinal (L) and transverse 
(T) cross sections. 

- — " (o, + a* + o.~ cos * _ • o T T cos A ) 
dk'dne,d(Tp L T LT np TT np 

where * is the angle between the plane defined by the momenta of the proton 
and the neutron, and the plane defined by the momenta of the Incoming and out* 
going electron. In the Impulse approximation, the differential cross section 
can be factoHzed Into an elementary cross section and a spectral function 
which Is directly the energy and momentum distribution of the bound proton. 



If such a factorization were possible, the momentum distribution of [UP pro 
ton in deuterium could be extracted directly, qiving a possibility of PVAIIM-

ting the S/D ratio, but Arenhovel has shown that the factorization is not bot
ter than 20 %, and therefore a very crude approximation. 

Throe experiments have been carried out recently at Saclay for different fci-
28 29 nematlcs * which are Indicated below : 

Saclay kinematics for d(e,e'p)n 

(H*V/c) 

Proton 
ftuftmptum 
(tvv/.c) 

500 395 59 4S0 51 5-175 

500 35J • M 350 114 155-375 

S60 3C0 Z5 279 179 300-500 

Figure 8 gives the momentum distribution p(p) for the Reid soft core poten-
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FIGURE 8 
The momentum distribution of 
deuterium calculated by 
r\renh{>veJ27 with the Reid soft 
core potential. This is not the 
result of an impulse approxima
tion, but of an unfolding of 
the experimental cross sections 
of Bernhelm et al.28 for meson 
exchange currents and final 
state interactions. No renormal-
Izatlon of either the calcula
tion or the data is needed. 
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28 
tial up to 300 MeV/c. The experimental data are in excellent agreement with 

the calculation of Arenhovel where the final state interaction and meson ex

change effects have been unfolded point by point. This is a much nicer way to 

plot experimental data, but the experimental information is modified by correc

tions which depend on the model used. For the kinematic region of the experi

mental results shown on figure 7, the final state interactions and the meson 

exchange corrections are probably well known enough to enable such unfolding 

procedure. However, it is preferable to make directly a comparison of the ex

perimental cross section to the theory, giving up the idea of extracting unam

biguously a momentum distribution. 
29 

Figure 9 shows the latest results from Saclay together with the theoreti-
27 

cal prediction for the Reid soft core potential. The curve labelled (N) has 

been obtained by taking only the meson exchange contributions for electric tran

sitions by using Siegert's theorem. The curve labeled N • MEC • 1C includes me

son-exchange and isobar currents and final state n-p interactions. The curve BA 

corresponds to the Born approximation, and agrees poorly with the data. 

294 340 420 500 |ïP|(M*V/c) 

i—r 

213.1 

FIGURE 9 
New results of d(e.e'p)n from 
Saclay experimented. 
E « 179 MeV. A contributions 

p are Important for this 
knematical condition. 

Below 

while 

The p1 

liable. 

The large effect off the meson exchanges seen in figure 9 comes almost exclu

sively from a-r. An interesting feature of this kinematic region 1s the large 

effect of the û. 

The dependence on the potential used in the calculation 1s rather small, 

though for the higher momentum part the Paris potential or the De Toureil Sprung 

potential give a very slightly better agreement. 

A di f ferent theoretical approach has been fol lowed by Laget who has extended to 

virtual photons calculations carried out initially for real photons. This method 



i 
is based on the non-relativist1c reduction of the Feynman diagrams such as the 
ones shown in the insert of figure 10. 
The calculations are In excellent agreement with a large number of experimental 
data for processes involving virtual and real pions. In these calculations, the 

33 nNN form factor and the p coupling constant were determined by a fit to the 
photodisintegration cross section at a scattering angle of 90° for energies 
between 100 and 500 MeV. Figure 10 shows the excellent description of the ex-

32 perimental data by the mechanisms assumed by Laget. The recent Bonn data in 
the A region are 1n very good agreement with this calculation. 

700 100 
l | ttlfVI 

d(y,p)n at 90 e 
FIGURE 10 

Below the pion threshold the cross section does not depend on the p exchange, 
while the AN -*• NN transition is strongly modified in the A region (E -v 300MeV) 
The pion and the p exchanges are decoupled which make their determination re
liable. The values fitting the photodisintegration data at 90° are Afl - 1 GeV 
and G 2/G 2 - 1.3. Once these two values have been adjusted, the photo and the p ' ii 
electrodislntegratlon cross sections are determined without any further assump
tion. The predictions for the angular distributions of the photodisintegra
tion of deuterium and 'He are in excellent agreement with the experimental data, 
the ele-*rodisintegrat1on Is also well reproduced. With 300 MeV photons one can 
see large effects in the A region while a much larger energy is required for 
electrons for coincidence experiments to map out the q,u plane. 

5. ELASTIC ELECTRON SCATTERING FROM 'He AND »H 
From a theoretical point of view, the wave functions obtained either by three 

body calculations in (r) space and in {q} space, are now in good agreement with 



l-lf 

each other. However these calculations fail completely to explain the form 
factors of 'He measured by electron scattering. It is clear that there are 
other effects. Very recently, the effects of three body forces and meson ex
changes have been calculated, and the situation appears much clearer than at 
the previous few body conference. 

Elastic electron scattering measures the structure functions A(q') and 
B(q') just as in the case of deuterium. Since the ground state of 'He has a I 
spin the only form factors which contribute to A(q 3) are the charge and the 
magnetic form factor. The structure function A(q 2) of 'He has been determined 
up to q* = 80 fnf*. The magnetic part in A(q 3) for very large q is not 
known, but predicted to be Important. The magnetic form factor has been 

ig _i 
measured recently by Cavedon et al. but only up to 32 fm , which means that 
It is impossible now to correct A(q 2) for magnetic scattering and to extract 

-I IK 
the charge form factor for q > 32 fm . The calculation of Katayama 3 

Is in good agreement for q' > 65 fm" . The major problem is in the region 
15 fm* £ q $ 65 fm" . This discrepancy is found with all the potentials and 
all the existing numerical methods used to solve the three body bound state 42 problem. Sick has shown at the Graz conference that admitting that 
A(q 2) = Fi n(q 2) and with meson exchange corrections, an Inverse Fourier trans
form would determine a hole 1n the charge distribution of 'He. A considerable 
theoretical effort has been to calculate the effects of a three body force. 43 Blomelburg and GIBckle have carefully evaluated the convergence of the cal-44 culation for the binding energy of 'H with the Tucson three body force. They 
start from the Faddeev equations In a partial wave decomposition, getting the 
triton wavefunction from a five channel solution with the Re1d potential. Their 
conclusions are that the main corrections to the binding energy comes from 
channel 1 and 2. With eighteen partial waves they get a negligible result of 
-0.158 MeV additional attraction. But their striking result Is the lack of con
vergence of the result. It Is clear that even with eighteen partial waves, the 
final result 1s not yet reached. This 1s probably caused by the angular depen
dence of the three body force which makes partial wave expansions converge 
very slowly. The main conclusion 1s that three-body force results obtained 
with Faddeev calculations have not reached the reliability of the calculations 
with two body forces. , 

A variational method does not have this problem and gives an exact upper 
bound to the birding energy of the nucleus. The recent results of Carlson, 
Pandharlpande and Wlrlnga (CPW) and Wlrlnga have been obtained with reli
able many body techniques. A comparison of the saturation properties of 'H, 
"He and nuclear matter shows that If a three-body force Is the only missing 
ingredient It should provide a 1.5 MeV attraction In 'H a 5.4 MeV attraction 
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tial . This means that there must be two parts In the three-body force an at
tractive one and a repulsive to decrease the binding energy of nuclear matter. 
In a first attempt to reconcile the theory with the experimental data of Afq 7) 
Carlsr- and Pandharlpande have shown that the three-body force that would give 
a fit to the data of the charge form factor of 'He would underhind nuclear 
matter by 10 MeV which is completely unacceptable. An excellent agreement for 
the binding energies and the chat ge radii is found with a three-body force in 
which the attractive part is the Tucson two pion exchange, while the short 
range part has a phenomenologlcal shape with two parameters. 

These results show that major improvements are obtained in the saturation 
properties. Furthermore, the Coulomb energy found theoretically».700 keV leaves 
very little to be explained by nuclear charge asymmetry. Nevertheless it 
should be noted that these improvements based only on a three-body force are 
not completely satisfactory because fcMe Is now overbound by \ 1 MeV. The charge 
form factor of *Ue and "lie are still not quantitatively explained by the Ar-

gonne or the Urbana V potentials with three-body interactions. 
A recent calculation by Hadjimichael, Bornais, Goulard has proposed an ex

planation in terms of both a three-body force and meson exchange currents. 
54 The calculation has been made with the wave functions of the Grenoble group . 

m 

The agreement obtained is impressive up to 40 fm" . (Figure 11) The charge 
radii are equal to 1.92 fm (Mle) and 1.71 fm ('H) 1n very close agreement to 

« ' T — I — i — | — r - i 1—r 
3H« 

. IA*MEC 
wtth 3 body terct 

FIGURE II 
'Me charge form factor calculated 
with two body and three-body forces 
Meson exchange currents have also 
been included in this calculation 50 



the most recent values 'He(1.935Ï0.O30 Dunn et a l . 4 0 ; 1.958 ± 0.018Ottermann 9 

and '11(1.67 ± 0.05 Beck et al. . The major source of uncertainty is corning 

from the fact that MEC are of relativistic order (t/M 2). Nevertheless this 

calculation shows that MFC are likely to explain much of the disagreement between 

theory and experiment for the charge form factor of 'He. The results of Strueve, 

Hajduk and Sauer including also relativistic corrections of the single nu

cléon charge the nucléon A transition charge and the pion sea-gull process to 

the order 1/M1, also is in much better agreement with the experimental data. 

FIGURE 12 
Mle charge form factor in a model where 
the pair current is calculated with a 
quark model by Beyer et a 1.52 

FIGURE 13 
'He magnetic form factor. The 
experimental data are compared 
to purely nudeonic contribu
tion (dashed line and the cal
culations of Hadjimichael etal.(a) 
and Riska (b). 

52 An Interesting new approach has been followed by Beyer et al.*"" where the 

pair current is evaluated within a quark constituent model. Again the ampli

tude of the second maximum can be fairly well reproduced. (Figure 12) These 

different results show that the 'He obtained with modern potentials are proba

bly fairly accurate but the problems left are all concerning the short distance 
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M 
in 

30 

interactions both in the two body force and in the three-body force. 
In the magnetic form factor of }He and 3H,MEC can be calculated in a much 

more reliable way. They are of order (1/M) because it is an Ml magnetic iso-
vector transition exactly as in the case of the electrodisintegration of deu-

40 
terium at threshold. The new data of Dunn et al. at MIT-Bates, have determi
ned the magnetic form factor at 6 - 160° for momentum transfers between 0,7 and 

-2 39 
11 fm while the data of Cavedon et al. have been measured at 6 = 155° be-
tween 7 and 32 fm at Saclay. In the overlapping region there is an excellent 
agreement between the two experiments. Because of the change of sign of the 
form factor, the location of the minimum is well determined around 18 fm 
The data have been corrected for the charge contribution Coulomb distortion by 39 a phase shift analysis which has been described by Cavedon et al. so the data 
are really representing a form factor and can be directly compared to theoreti
cal calculations. Figure 13 shows the comparison of the experimental data to a 

53 calculation by Riska with a phenomenological wave function and the calcula-
54 tion of Hadjimichael, Bornais.Goulard with the wave functions of the Grenoble 

group . The agreement at momentum transfer lower than 15 fm~ is very good, 
but at high momentum transfer it is very difficult to disentangle the origin of 

50 the disagreement for Hadjimichael et al. while for Riska it Is probably only 
an Incorrect behaviour of the wave function at high q. The cross section at 
q 2 = 7.5 fm"2 is coming only from meson exchange currents. The dominant contri
butions at low q Is the pair current, at higher momentum transfer around 
q 2 % 30 fm" the pair current cancels the A current and there is considerable 
interference between the different diagrams. 

51 55 
Similar agreements are obtained by Strueve et al. and Maize and Kim , but 

their calculations differ in the choice of electromagnetic or hadronic form fac
tor. In particular Maize and Kim have discussed the effect of the neutron form 
factor. The agreement obtained at low q shows that we understand well the n ex
change. At higher momentum transfer, the situation will require a deeper analy
sis and will be an excellent testing ground for the description of short range 
processes. 

An accurate comparison between 'He and 'H is needed. In the charge form fac
tor, meson exchange currents are expected to cancel even at high momentum trans-

52 -
fer. However, in the quark model of Beyer et al. for the pair current (TINN) 
there is no such cancellation, the quark pair effect is nearly equal and addi
tive for both nuclei. 

I 

6. »Me (e.e'p) 
The electrodisintegration of 'He by means of the (e,e'p) reaction has been 

studied recently by Jans et al. 6 6 up to 20 MeV. 



Figure 14 
JHe(e,e'p). The experi
mental data have been 
measured jy Jans et 
31* 

The measurements have been made for two Mnematical regions in which the pro
ton momentum varies approximately between 20 and 290 MeV. Meson exchanges and 
final state interactions are important and do not allow a direct extraction 
of the proton momentum distribution. Figure 14 shows the results of Jans et 
al» 5 6 together with the calcultations of Laget 3 1. Laget has used the same mo
mentum function to calculate the 'He(e,e') cross section of Day et a l . 5 8 at 
3.26 GeV and 7.26 GeV. A good agreement 1s obtained for the 3.26 Gev data* 
while at 7.26 GeV there Is a significant deviation. Sick et al. 5 9 have shown 
that for Inclusive JHe(e,e') data between 0.5 and 14 GeV electron energy, a 
clear y scaling Is observed assuming that electrons have been scattered off 
nucléons only. This shows that up to momentum tranfers of q'^ 1.5 (GeV/c) a the 
concept of nucleonk constituents 1s a relevant one. The large deviation ob
served between the experimental result and the theoretical calculation forF(y) 
shows that there are some important theoretical problems at such high momentum 
transfers.(Figure 15). F(y) can be directly related to the momentum distribu
tion of the nucléon, y being the component of the nucléon momentum parallel to 
q. Final state Interactions are too small to explain the large deviations in 
the region of high momentum transfers. If Is obvious that some important effect 
Is missing 1n the present calcultations. An Increase of the momentum space den
sity at large momentum seems to be needed 1n particular. However, there Is at 
oresent no really satisfactory theoretical Interpretation of these data. 

7. CONCLUSION 
Electron scattering experiments have measured recently Important effects of 
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effects of 

interactions at very small distances. Meson exchange currents are playing an 
Important role, but the phenomenological adjustment of the hadronic form fac
tor does not allow at present an unambiguous Interpretation. The merit of this 
pheno.nenologlcal approach 1s that a wide variety of processes involving either 
virtual or real photons 1s well described, using exactly the same hadronic 
form factors and the same values of the meson coupling constants. 

The real problem is now to derive these quantities from a fundamental point 
of view and not to extract them by a fit to the experimental data. It is hoped 
that quark models will be a better theoretical description. The p-meson ex
change, for example, is a short range interaction occuring at about 0.3 fm 
where nucléons are strongly overlapping. At such short distances the concept 
of p exchange might not be an appropriate one. It might be possible to use al
ready a description based on an Interaction between six quarks. Hybrid models 
are now Investigated and are discussed by Gerry Miller at this conference. 

26 Mssllnger has already used such a model for the calculation of the magnetic 
form factor of deuterium and the electrodlslntegratlon at threshold. At large 
distances two nucléons are considered, while at short distances the dynamical 
aspects are described by a system of six quarks. Such models are only in their 
Infancy, and they are only qualitative at present, but their concept 1s attrac
tive and It 1s clear that they will be Improved In a near future. 
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