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1. Introduction 

The fundamental advantage of electron scattering experiments is the pos
sibility of mapping extremely accurately the spatial distribution of nu
clear charge and current densities even in the central region of nuclei. 
The technique of these experiments is in principle very simple. The 
reaction mechanism is well known, and one needs only to vary the momen
tum transfer to a given excited state of the nucleus to determine the 
structure of the transition. However, these experiments require very 
sophisticated equipment. A high incident energy is needed in order for 
the electrons to have a sufficiently small wavelength. Typically 500 
MeV enables one to determine the fluctuations of the charge densities 
due to the shell structure of nuclei. The cross sections are decrea
sing very rapidly at high momentum transfers (cross sections as small 
as 1Û" 3 7 cm^/sr must often be measured) so it is imperative that one 
use spectrometers of large solid angle and excellent background rejec
tion together with an energy resolution of 10~" in order to isolate the 
interesting inelastic transitions. 

The Saclay experimental facility has been designed to fulfill all of 
these requirements and to permit a full exploitation of the power of 
electron scattering. It has been continuously upgraded since the first 
results obtained in 1973. A modification of the beam transport system 
called STRADIVARIUS has transformed the spectrometer to operate in the 
energy loss mode with a considerable gain in beam intensity. The acce
lerator has just been modified to raise the incident energy to 720 MeV, 
which is essential for the study of mesonic degrees of freedom in light 
nuclei. The detection and the data acquisition system has also been 
considerably improved by the use of h vertical drift chambers and high 
speed computers. All these improvements have made it possible to cover 
recently a broad range of subjects from the few nucléon problem to the 
spectroscopy of heavy nuclei. 

In this talk, I would like to briefly review some recent electron scat
tering experiments at intermediate energies performed at the Saclay 



Linear Accelerator (AL3). I have selected here only a few examples 
which illustrate the development of this field and that are directly 
interprétable giving both qualitative and quantitative interpretation 
in a simple way. I will discuss first the definitive results of the 
measurements of the size of valence orbits by magnetic elastic elec
tron scattering. I will follow by an overview of the study of charge 
distributions in closed shell nuclei. These results are among the most 
stringent experimental tests of nuclear theory because they probe with
out .ambiguity the shape of nuclei. Then, I will show how the details 
of the transition densities of the first excited states of 
1 5 2Sm have been brought out by very high momentum transfer experiments. 
Finally, I will present the results of the investigation of mesonic 
degrees of freedom in deuterium and helium-3. 

2. The determination of the shape of valence orbits bv_his>h_mul_tip_olar-
ity_ magnetic elastic electron £Ç.§££e£ing_ 

For odd-even nuclei with a ground state angular momentum equal to the 
maximum angular momentum of all occupied shells, the magnetic form fac
tor is dominated at high momentum transfer by the highest magnetic mul
tipole. This is shown by a theoretical calculation in Fig. 1 by Campi 
and Sprung1). 

The different multipoles are shown as solid lines. The dashed line is 
the sum of all of the other multipoles. The M9 multipole dominates at 
high momentum transfer. This multipole has a unique feature : i' is due 
to the intrinsic magnetization of the unpaired nucléon because of angu
lar momentum coupling. So, it is a direct measurement of the radial 
density of the unpaired nucléon orbit. Our experiments have proved that 
it is the only multipole that can be isolated without polarization ex
periments. It has been determined by a combination of measurements at 
forward and backward angles provided that a sufficient incident energy 
is available to perform a longitudinal and transverse separation. The 
Saclay Linear Accelerator has been the perfect machine for this type of 
experiment. Its high incident energy, absence of background, good ener
gy resolution and the possibility to change the spectrometers angles 
quickly made possible a very accurate separation of the longitudinal 
and the transverse parts of the cross section. At 500 MeV, for momentum 
transfers q < 3 fm~' the longitudinal part due to charge scattering is 
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Figure 1 - The magnetic form factor of 8'Sr predicted by the mean field 
theory in the assumption that it is due to only a neutron go/2-

much larger than the transverse part due to magnetic scattering which 
is just a small correction. An angular distribution maps out the charge 
form factor. The situation is exactly the opposite at a scattering an
gle of 155 deg for incident energies E > 175 MeV. To map out the magne
tic form factor, the momentum transfer is changed by varying the inci
dent energy at this fixed angle. It was shown by Donnelly and Walecka2) 
that the interpretation of these magnetic scattering data from the 
highest multipole should be very easy because they could be in princi
ple directly related to the wave function of the valence nucléon. This 
was a simplified approach to the problem in the sense that it neglec
ted meson exchange current effects and configuration mixing. However, 
the most recent calculations by Mathiot and Desplanques3) have shown 
that the shape of the highest multipole of the magnetic form factor is 
not really changed by meson exchange corrections. The same thing is al
so true for configuration mixing which affects only the lower multipo-
les. This confirms that, as expected by Donnelly and Walecka, it is pos
sible to determine the shape of the valence orbit for both neutrons 
and protons by magnetic elastic electron scattering. Our group at Saclay 
has concentrated its efforts on the f?/; and g 9/ 2 shells which have 
been studied in great detail. We have studied the cases of "9Ti (f-/; 



neutron), '"V (t'7/1 proton), ''Sr (g?/2 neutron) and ''Nb (g;./; proton). 
For these nuclei, the elastic cross section at backward angle is domi
nated by magnetic scattering from the intrinsic magnetization of the 
unpaired nucléon in the momentum transfer region q > 1.7 fm - 1 partial 

results have been published 
I previously. It was only this 

year however that we have 
completed this work taking 
into account all the pos
sible sources of error, in 
particular, the effects of 
Coulomb corrections, meson 
exchange and configuration 
mixing. These results will 
be published soon by Piat-
chkov et al.*) so I will 
give here onlv the main re-
suits of this analysis. 

Fig. 2 and 3 show the magne
tic form factors for "*V and 
9 3 
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5 1, Figure 2 - The magnetic fora factor of = 'V. The curves are Hartree-Fock-
Bogolyubov calculations from Déchargé and Gogny. The dashed line is the 
total form factor. The solid lines are the different multipoles. The se

cond lobe of each multipole has been omitted for clarity. 

The data from the laboratories of Amsterdam11), Bates 1 2), Senda:.i3), 
and Saclay are in excellent agreement with each other. The high momen
tum transfer part which is determined by the Saclay experiment, is al
most a pure contribution from the M7 mullipole in V and from the M9 
multipole in 9 2Nb. The curves are theoretical calculations from Déchar
gé and Gogny5) assuming that the magnetization density is due entirely 
to the unpaired nucléon. These calculations use a self consistent ap
proach which includes pairing correlations between nucléons. The inte
raction Dl has been used. It is a density dependent effective interac
tion, which was especially designed by Gogny for the state of the art 
in mean field calculations. This interaction has been adjusted to the 



bulk properties of b0 and 
•'"Zr and to the pairing 
properties of Sn. It has 
a finite range in order to 
keep the full self-consis
tency of the calculation. 
With the same force, fur
ther extensions such as the 
inclusion of the effects of 
long range correlations due 
to one particle one hole 
excitations in the random 
phase approximation, or 
the treatment t>f dynamical 
correction are possible in 
the same self-consistent 
approach. In particular 
the pairing field is trea
ted in the Hartree-Fock-
3ogolyubov framework with 
the same force self-consis-
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Figure 3 - The magnetic form fact-r of 
9 2Nb. 

tency . Throughout this paper, we will denote this calculation as DDHFB 
(Density Dependent Hartree-Fock-Bogolyubov). 

It is striking to see how well this magnetic form factor is determined 
both experimentally and theoretically, when one realize* that a few 
years ago neither experimental data nor these refined self-consistent 
field calculations were available. It is in the intermediate momentum 
transfer region that a striking disagreement with the experimental data 
is observed. This is the region where configuration mixing plays a very 
important role. Recently, Donnelly anS Gokalp9) have investigated the 
effects of configuration mixing for all of these nuclei. Some of their 
results are shown in Fig. 4. The effect is negligible on the highest 
multipole for the most likely configuration mixings while it has always 
dramatic effects on the lower multipoles. Therefore measurements of the 
intermediate multipoles are one of the best tools to analyze configura
tion mixing because of these huge variations in the cross sections for 
different configurations. 



Figure 4 - The effect of configuration mixing in "*9Ti as calculated by 
Donnelly and Gokalp9). 

It is important to note that a difference in occupation probability of 
the valence shell will affect only the amplitude of the highest multi-
pole and not its shape. This is due to the very high multipolarity con
sidered. Any configuration mixing will correspond to a lower multipola
rity whose shape will change, but the higher multipolarity stands iso
lated from the others at high momentum transfer. It will be scaled by a 
normalization factor but not by a change of shape. 

The comparison of our experimental data to the predictions of different 
mean field calculations is shown in Fig. 5. 
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Figure 5 - Comparison of the high multipole magnetic data from Saclay 
and Hartree-Fock-Calculations. 

Differences between experiment and theory can be characterized by two 
features : the overall normalization of the predictions relative to ex
periment and the shape of the magnetic form factor in the region of the 
highest multipole. As we have shown in th*: previous paragraph the dif
ference in amplitude of tae magnetic fcrm factor is related to the oc
cupation probability in the valence shell. It does not contain any in
formation on the radial extension of the valence orbit. It is the shape 
of the magnetic form factor which is a measure of the size of the va-



c> •"< r c. \- ̂  ' vfc function. One? of the very nice features of this method is 
tr.at electrons are probing the wave function inside of the nucleus and 
not in the tail of the distribution or just by an integral property. 
This is whv it is this comoarison in a space which is the most meaninc-

- — 
ful because there is no model assumption. However, these results are 
impossible to interpret in configuration space, so a fit to these data has 
been made with Woods-Saxon wave functions. A comparison of the results 
for '*9Ti and 5 1V is shown in Fig. 6. 
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Figure 6 - Comparison of the Woods-Saxon wave functions that fit the ma
gnetic data of ^'Ti and S 1 V to Hartree-Fock Wave functions. 

It is clear that the theoretical calculations predict radii that are too 
large for the valence wave functions. Fig. 7 is a comparison of the ra
dii derived from these experiments to the ones calculated by Campi1)» 
Negele6) and Dechargé-Gogny5). 

The predictions of the DME of Negele is 5 7. higher in the f7/2 shell 
while it is 4 % higher in the g9/: shell. The calculations of Déchargé 
and Gogny are in much better agreement for all the nuclei. The agree
ment with these DDHFB calculations is very striking because it demons-



Figure 7 - Percentage difference of the radii of the valence orbits pre
dicted different Hatree-Fock calculations to the experimental radii de
termined by magnetic elastic electron scattering. The shaded area cor

responds to the experimental uncertainty. 

trates that the mean field theory is able to reproduce accurately nu
clear wave functions. The remaining disagreement is of the order of 1 %, 
but it is significant because it corresponds to much larger effects in 
momentum space, as much as 50 Z in magnetic cross sections. It is a mea
sure of the effects which have not been fully taken into account such 
as the particle vibration coupling and meson exchange corrections. One 
obtains a slightly better agreement with the inclusion of meson exchan
ge corrections. This is shown in the following table which summarizes 
our results. 

Table 1 

Nucleus Orbit 
Valence rad ius (fis) 

Nucleus Orbit DME DDHF DDHFB ws WS + MEC 

A ?Ti "?/2 4.210 4.124 4.068 3.986(51) 4.042(56 

51v "?/2 4.246 4.140 4.107 4.007(48) 4.063(53) 

8 7Sr g9/2 4.946 4.880 4.832 4.756(72) 4.823(76) 

9 3Kb 1 8
P 

g9/2 5.047 4.954 4.931 4.897(58) 4.946(64) 
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About ten years age, a rsajor advance was achieved by nuclear theorists 
with the introduction of a density dependence in the nucléon-nucléon 
interaction. This has cured one of the major difficulties associated 
with the short range repulsion in the NTN interaction. Mean field theo
ries are now correctly predicting the saturation properties of nuclei, 
and the average shapes of nuclear charge distributions are also well 
reproduced. It is only in the interior of the nucleus that significant 
differences between and theory and experiment are to be found. A re
liable comparison in the nuclear interior requires form factors measu
red up to q • 3.5 fm - 1. Such experiments have been carried out a Sa-
clay by Cavedon et al.7) for "''Ca, ̂ Ca, 5 8Ni, 1 I 6Sn, 1 2 l ,Sn and 2 0 6Pb. 
The cross sections decrease by a factor of 10 i 0 in this range of momen
tum transfer*. 

Fig. 8 shows the charge densities deduced by a simultaneous fit to elas
tic electron scattering and muonic X-ray data 6). The experimental un
certainty in the density which is of the order of 1 % is represented by 
the shaded area in the figure. It should be noted that the experimental 
uncertainty in the density is imperceptible. This comes from the combi
nation of very precise muonic X-ray measurements, which fix the abso
lute normalization, and also very precise elastic electron scattering 
measurements over a variation of 10 decades in cross section. A 1 % un
certainty in configuration space does not mean that all the experimen
tal cross sections are determined to 1 %. The correlation is much more 
indirect and requires a deeper look into Fourier analysis. A very good 
example was provided by Negele and Riska ) with their estimation of the 
meson exchange corrections. They have shown that these corrections were 
of the order of 0.5 % in the charge density for the nuclei from u°Ca to 
* o ePb. However, in momentum space, this could account for 30 % changes 
in the cross section at some values of the momentum transfer. 

It is reassuring that measurements at different laboratories, and rea-
nalysis of these data by various world experts are yielding the same 
results. 

The dashed curves in Fig. 8 correspond to the calculations of Déchargé 
and Gogny") described in the previous section. In the case of ' C 5Pb and 
L uCa, Déchargé and Gogny have taken into account the effect of ground 
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Figure 8 - The solid lines are the experimental charge densities of the 
ground state of u CCa, 5 êNi, 1 1 6Sn, 1 2 l ,Sn, 2 0 8Pb. The dashed lines are 
Hartree-Fock-Bogolyubov calculations from Déchargé and Gogny. The dotted 
lines are the same calculations including the effect of ground state 

correlations. 

state correlations which are represented by dotted lines. These correla
tions correspond to particle hole excitations calculated in the frame
work of the RPA in a self-consistent way with the same fin^e range 
force. 

Some systematic trends can be extracted from the comparison of the the
oretical and experimental charge densities. The theory predicts too much 
structure,, except in the case of "°Ca where the inclusion of ground sta
te correlations has considerably improved the shape of the theoretical 
density. However, there is a lack of balance in the distribution of the 
charge in the nucleus. There is not enough charge in the center of 1,°Ca 
while there is £00 much charge in the center of 2 0 6P T>. 
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Heretofore, high--r.or..e:ituc transfer experiments have beer, restricted to 
the study of spherical nuclei, because the high bean- energy and good 
energy resolution required for the study of deformed nuclei were not 
simultaneously available at any laboratory. Precise data for the ground 
state rotational transition charge densities for deforced nuclei car. be 
expected to provide further tests of microscopic theories as these den
sities are sensitive to the intrinsic shape of these nuclei. 

A series of new experiments has been perforated at Saclay recently en 
the isotopes of samarium. I will report here the results of Phan et 
al. l c) in which the form factors of the ground state rotational band of 
* 5 2Sm have been measured to a momentum transfer of 3 farT" using an in
cident beam energy of 500 MeV. The energy resolution available was 
DE/E = 10""*. Cross sections have been measured a factor 100 smaller than 
previously measured for a deformed nucleus. 

Tne analysis of these data together with the data from the earlier, 
lower momentum transfer measurements at NBS 1"), Mainz* 5) and Saclay'°) 
has been performed using the high accuracy DWBA code developed at Mainz 
by Andresen et al.*"). The resulting fits to the experimental form fac
tors are shown together with the data and the predictions of a density 
dependent calculation by Girod et al.*') in Fig. 9. 

All the data available for scattering from the ground state and the 
first excited state of * S 2Sm are compatible when relative normalizations 
of less than 10 * are included in the analysis. Previous data from our 
group had observed a disagreement with the NBS data for the 4* in the 
very low q region. Our new high resolution data confirm the NBS results 
agreeing with the Mainz data. An unresolved contaminant is suspected to 
be at the origin of this discrepancy. The charge density for the ground 
state and the transition charge densities of the first excited states 
2* and U* are shown in Fig. 10. The shaded area corresponds to the expe
rimental data with the DWBA code HADES. The shape of these densities is 
now extremely well determined even at small radii. The damping observed 
for the ground state is also observed for the excited states. The mar
ked oscillations predicted by the theory are not compatible with the 
experimental result. 
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Figure 9 - Comparison of the experi
mental cross sections for the ground 
state and the first two excited sta
tes of 1 5 2Sm to the predictions of 
Girod et al. 1 7). 

R (FM) 

Figure 10 - 1 5 2Sm experimental 
charge density for the ground 
state and for the transitions 
to the first excited state 2 + 

and the second excited state 4 +. The dashed area corresponds to the ex
perimental uncertainties, the solid curve is a density dependent Har-
tree-Fock-Bogolyubov calculation from Girod et al.1 ). 



1. J^t_determination of meson exchange currents in li?,ht nuclei 

The importance of non nucleonic degrees of freedoni has been continuous
ly increasing in nuclear physics over the past few years. We are now 
very eager to describe nuclei in the most fundamental way possible per
haps just in terms of quarks in a net too distant future. The most fun
damental problem remains the exact knowledge of the nucleon-nucleon in
teraction. We know that the long range part of the interaction is well 
described by the exchange of one pion. We know also the intermediate 
part which is a two pion exchange. But, when it comes to the short ran
ge part we do not know so much about it. Furthermore inside a nucleus 
our picture of the NN interaction could be modified by the p-esence of 
other nucléons and the existence for example of three body forces. 

To investigate the short range behaviour of the nucléon nucléon inte
raction in nuclei, we need a probe that maps out details of the order 
of less than 0.5 fm with a very well defined mechanism which inter
acts weakly with the nuclear density. These are exactly the qualities 
of 2 GeV electrons and this explains why one would like to build an ac
celerator in this energy range. With electrons limited to 700 MeV we 
simply cannot see quark degrees of freedom. But, we are in a perfect si
tuation to investigate the structure of mesonic exchange currents in the 
most precise, quantitative and unambiguous way. 

The electrodisintegration of deuterium at very small np energies and the 
magnetic elastic form factor of 3He are ideal cases to study this pro
blem. One of the unique advantages of these two cases is the existence 
of strong destructive interference in the purely nucleonic contribution. 
So meson exchange effects are the predominant contributions to the cross 
section at backward angles over a very large interval of momentum trans
fer. Furthermore they are first order terns because of their isovector 
nature. This means that they are not contaminated by higher order terms 
like relativistic corrections. This contrasts completely with charge 
form factors where meson exchange corrections are isoscalar and of se
cond order, exactly of the same order as relativistic corrections. 

5.1. Electrodisintegration of deuterium 

This is a case which has been very well known for a long time. Be
cause of the interference of the 3D- JS and ^-'S transitions, the one 
body form factor has a deep minimum around q2 z 12 fn"2 . The meson 
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exchange effects are increasing with œorrienturc transfer and are a factor 
of 10 higher than the one body contribution in this region for ener
gies of the np system lower than 3 MeV. This is shown in the Fig. 11 
where the d(e,e')np break up cross section is shown as a function of the 
energy of the np system at an incident energy of 410 MeV and a scatte

ring angle of 155°. The cur
ves are calculations from 
Arenhovel18) . The dashed 
curve labeled N is the one 
body part which is the pure
ly nucleonic contribution. 
Most of the cross section 
comes from the effects of 
pion exchange currents labe
led TT-MEC (long dashed cur
ve) . The dash dot curve in
cludes also the effects of 
isobar configuration (IC) 
in the calculation of the 
cross section with TT-MEC. 
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Figure 11 - Different con
tributions to the electro-
disintegration of deuterium 
calculated by Arenhovel18). 

Fig. 12 is a comparison of 
\J I * W -» 

these theoretical predictions 
to the new Saclay data from Bernheim et al. 1 9). 
A calculation by Sommer20) finds a much better agreement at high momen
tum transfer by including also the effects of the p meson, however this 
is very model dependent. The important feature of these results is 
that at low momentum transfer, the agreement of the data with theory is 
excellent. This can be attributed to the validity of the chiral symme
try. MEC at low momentum transfer are well predicted because most of 
their effect are due to the part usually called soft-pion terras (be
cause they vanish at q=0). 



figure 11! - Experimental cross 
sections for the electrodisin-
tegration of deuterium inte
grated up to E n p - 3 MeV. The 
curves are theoretical calcu
lations of Arenhovel ) . 

But a surprising feature of 
these MEC is that the soft 
pions terms are sufficient 
alone to explain most of the 
cross section up to rather 
high momentum transfers. Rho 
and Bftwn interpret this re
sult as an indication that a 
repulsion-induced anticorre-
lation suppress the correc
tions to the soft pion limit 
[Ref. 1 1)]. 

5.2. The "He magnetic form 
factor 

This experiment has been the 
first in our laboratory which has used an incident beam energy of 700 
MeV. This has been crucial to map out the diffraction minimum of the 
'He magnetic form factor (Fig. 13). 

The 3Ke magnetic form factor had been previously determined for q2 £ 16 
fm~2 with an accuracy insufficient for locating the position of the 
first diffraction minimum 2 2). The new data of Cavedon et al. 2 3) deter-
mine the position of the minimum to be in the vicinity of q. =18 fm , 
while a new experiment at Bates has improved the accuracy of the data 
at lower momentum transfer21*). 

For 3-body calculations with realistic forces using only the impulse ap
proximation the minimum is predicted to occur at q2 « 8 fm~2. The re
sults of such a calculation by the Grenoble group25) are shown by the 
dashed line on the Fig. 6. 

Brandenburg et al. 2 6) and Harper et al. 2 7) have shown that the impulse 
approximation is not sufficient to account for the experimental results. 
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Figure 13 - The magnetic form factor of 3He. The dashed curve is the pu
rely nucleonic component. The solid line includes the effect of meson ex

change currents by Bornais,Goulard and Hadjimichael. 

Barroso and Hadjimichael28) have shown that meson exchange corrections 
(MEC) were able to bring the calculations into much better agreement 
with the experimental data available at the time, but their calculation 
fails to reproduce the location of the diffraction minimum as determi
ned by the present experiment. A crucial feature in the calculation of 
the magnetic form factor was found to be the strong destructive inter
ference between the S and D matrix element of the single nucléon opera
tors. This effect shifts the position of the diffraction minimum to 
subtantially lower momentum transfers than would be predicted by a pure 
S-S calculation. These features make the 3He magnetic form factor uni-



cufcly suited for a detailed study of the S-D i nt«.-rf trcnct effect and of 
tir.e r.cscr. exchange currents. 

The calculation of Barroso and Hadjimichael has been repeated by Bor
nais, Goulard and Hadjimichael 2 5) using the more realistic wave func
tions of th.i Grenoble group. Their preliminary result is shown as the 
solid line in the Fig. 6. It is in excellent agreement with the new da
ta up to the region of the diffraction minimum. Riska 3 0) has recently 
investigated the effects of p meson exchange on the magnetic form fac
tor of He and found them to be small. The good agreement between the 
data and the calculation of Bornais, Goulard and lîadjimichael confirms 
that meson exchange effects at small momentum transfer are understood 
to order p/n» as in the electrodisintegration of deuterium. At higher mo
mentum transfer, the situation is not so clear. 
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