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ABSTRACT

I review the last (e,e'p) results from Saclay. They include searches for a possible
modification of the nucléon form factor when embeded in nuclear medium, this in 40Ca
and few body nuclei; and also studies of two body properties through the measurement
of high proton momenta in 3He and 4He. I conclude on the perspectives that the new
electron facilities might open on these topics.

1. Introduction
We are now at a time when a new generation of electron machines appears with higher
duty cycle (Bates, Mainz, Nikhef) and also higher energy (CEBAF). In order to guide
us in the use of these new machines it is certainly usefull to examine what has been
learned with the previous generation (Bates, Nikhef, Saclay), which questions have
been solved, which questions have been raised; this is clearly one of the aims of this
workshop. I will restrict myself here to Saclay ALS and mainly to the field of (e,e'p)
experiments.

I will consider two main topics. The first one is concerned by studies of the
basic electron-proton coupling inside the nucleus, by means of transverse longitudinal
separation in the quasi-elastic region and for low values of the recoil momentum.
Questions that are raised are: what is the origin of the observed T/L effect, is the
proton modified when embeded in nuclear medium? The second topic is concerned



by two-body properties of the nucleus, by means of the measurement of high proton
momenta. For this topic we were limited by the energy and the duty-cycle of the ALS,
this two-body properties studies are then prospective studies which will be completed
with the new generation of machines.

2. Experimental setup
The ALS is a 720 MeV linac with 0.5% duty cycle at this maximum energy. The
experiments I will describe here were performed using the two spectrometer setup of
HEl end station [I]. This setup is composed of the "600" spectrometer, of 10~3 mo-
mentum resolution, 40% momentum acceptance and 34° minimum angle with respect
to the beam, and the "900" spectrometer, of greater resolution (10~4) but smaller
(10%) momentum acceptance and 25° minimum angle. The detection package for
both spectrometers, which included proportional chambers, plastic scintillator trig-
ger counters, and freon gas Cerenkov counters at atmospheric pressure, enabled an
efficient rejection of pions in the electron arm. Two independent microprocessors read
out both the wire chamber and trigger counter event configurations.

The beam current was controlled by two non-intercepting toroid beam monitors
and a Faraday cup into which the beam was dumped. The difference in their readings,
typically 0.5%, set the accuracy of the charge collection. It was also essential to
monitor the position and direction of the beam at the target. A split-foil position
monitor close to the target controlled steering coils to guarantee a position stability
at the target to better than 0.5 mm.

Solid targets have been used together with liquid or gazeous cryogenics ones.
In the cryogenic case much attention was paid to the monitoring of the density. Tar-
get temperature and pressure were read out on-line continuously and the absolute
density was monitored repeatedly by measuring elastic cross sections. The fluid den-
sity decrease due to beam heating was monitored accurately by recording the proton
single yield at both low (0.5 ^A) and nominal beam currents. We were then able to
control with an accuracy of 2% the (product of) intrinsic detector efficiency, target
density, and solid angle.

3. The (e,e'p) reaction
Before reporting on our experimental work it might be useful to give a short descrip-
tion of (e,e'p) experiments [2]: several hundredths MeV electrons "quasi-elastically"
scatter off a given proton of the nucleus, and the outgoing proton is detected in coin-
cidence with the scattered electron. The missing energy of the reaction is correlated
to the binding energy of the proton, En, = M1. + Mp — MA, with Mr the mass of the
undetected recoil system, M^ the target nucleus mass, and Mp the proton mass. Fur-
thermore the recoil momentum is equal and opposite to the momentum of the proton



before the scattering: p = - p r in Plane Wave Impulse Approximation (PVVIA). In the
first Born approximation (i.e. one photon exchange) the six fold differential cross sec-
tion for the scattering of unpolarized electrons can be decomposed according to the he-
licity state of the virtual photon: ds<r = T(T + eL + eTTcos 2a + yJe{e+l)TL cos a),
where T is the flux of virtual photons with a proportion e of longitudinally polarized
photons. When parallel kinematics are chosen (outgoing proton momentum p ' par-
allel to momentum transfer q) the interference term3 TT and TL vanish and only
the transverse (T) and the longitudinal (L) terms remain. Then with a forward elec-
tron scattering angle 9t< (large e) and a backward one (small e) one can perform
an experimental separation of T and L (Rosenbluth separation). In PWIA, T (or
L,...) is the product of Tp (or Lp,...) which encompasses the elementary off-shell
electron proton cross-section, times the spectral function SPWIA(Em, pr) of the bound
proton, i.e. the probability to find this proton with momentum p r and binding energy
E7n. Such factorization is only valid when the effects of Final State Interaction (FSI)
and Meson Exchange Current (MEC) are neglected. Nevertheless it is convenient
to express the experimental results in terms of an "experimental spectral function"
denned by the following equation: dVE X P = T(TP + el" + .. .)Sexp. The T,L,TT,TL
structure remains with FSI and MEC and one can define longitudinal and transverse
experimental spectral functions: Texp = T^T*", Lexp = LPSLXP, . . . . In our analysis we
have chosen the De Forest's "ccl" prescription [3] for the calculation of Tp and Lp

because it is both relativistic and gauge invariant.

4. Electron-proton coupling inside the nucleus
Longitudinal and transverse terms correspond to coulomb and magnetic couplings
respectively. Their different sensitivities to the various facets of the reaction impose
more severe constraints on theory than cross section measurements alone. When such
decompositions were achieved for thr inclusive (e,e') reaction in the early 1980's, they
revealed unsuspected disagreements between theory and data. Previously, the cross
sections of the quasi-elastic peak had been quite well reproduced by a simple Fermi
gas model. What was now found — for all but the very lightest nuclei 2H, 3H, 3He
— was a quenching of the observed longitudinal response which attained 50% for
208Pb [4]. A related effect was the observation of anomalously small longitudinal to
transverse response function ratios in the quasi-elastic region. Various explanations of
these effects have been proposed [5], among which the "swollen nucléon" hypothesis,
i.e. a modification of the nucléon form factors when embeded in nuclear matter. This
hypothesis was proposed at the same time as an explanation for the EMC effect.
Yet, firm conclusions about nucléon modifications horn inclusive (e,e') quasi-elastic
reactions are hindered by the existence of inelastic channels involving multi-nucleon
and/or pion emission. A more detailed picture is afforded by the coincidence (e,e'p)
reaction, where the ability to kinematically determine the recoil ("missing") mass
allows one to identify and reject these high inelasticities. Moreover one can select



protons of a given initial momentum. The Q2-dependence of the experimental spectral
function at a given p r , after corrections for reaction mechanism effects, will reflect
the Q2-dependence of the bound proton form factor.

40Ca was chosen for the first transverse longitudinal (e,e'p) separation for
mainly two reasons, a large T/L effect was seen in (e,e') experiments for this nu-
cleus and also a thin solid target was simpler for a first experiment. This experiment
[6] showed a reduction of the longitudinal response relative to the transverse one, but
the Q2-dependence of the experimental spectral function did not indicate any modifi-
cation of the form factors. However, the correction of reaction mechanism effects for
a medium weight nucleus such as 40Ca can only be made using an optical potential.

So the necessity appeared to perform experiments on few-body systems for
which microscopic calculation of the initial and final many-body states exist. 4He
was a good candidate because it is the simplest nucleus having a binding energy and
a density commensurate with heavier nuclei. Yet 4He is a relatively simple structure,
and realistic calculations of its wave function have become feasible [7, 8], although
the final continuum state of the 4He(e,e'p) reaction can still be only approximated.
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Figure 1- The "He experimental transverse spectral function, S%" versus the quadntransfer
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Figure 1 shows the experimental t ^ s ve r s e spectral function, S ? ' for a fixed
recoil momentum p r = 90 MeV/c. Corrections have been applied for FSI and MEC and
also for charge exchange processes [9]. One can see that there is no Qz-dependence
within the experimental error, which means no modification of the magnetic form
factor inside nuclear medium. As an illustration we have drawn what would be
expected if the magnetic radius was enlarged by 10%. This is clearly not the case.



Actually this experiment set a limit of 3% on a possible modification of the magnetic
radius (at 1 a). The results for S"p are not as precise; however they indicate no
modification of the radius at the level of 10%.

Figure 2.c shows the ratio S f ^ / S ^ ; all the measured recoil momenta are
presented altogether (p r= 0, 90 and 190 MeV/c). The average value is about 0.6,
well below the PWIA expectation of 1. FSI, MEC and charge exchange corrections
[9] bring the ratio closer to one. However for q<0.5 GeV/c, even the corrected ratios
lie between 0.7 and 0.9. For q above 0.6 GeV/c, the data points are less precise due
to the weakness of the longitudinal response. The ratios, although still low, have a
trend to move toward unity at high q.
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Figure 2: The ratio of the longitudinal to the transverse experimental spectral functions for
2H, 3He and 4He.

It then appeared very interesting to perform (e,e'p) separation on 2H and 3He
and to compare them to 4He. These two nuclei represent a kind of calibration, because
they are supposed to be "exactly" calculable (one can solve the two or three body
problem). Moreover they are low density and loosely bound systems, therefore we



expect nuclear medium effects to be small. Figure 2.a and 2.b show S ^ / S " " ratio for
2H [10] and 3He [11] respectively. Very little T/L effect is observed (Se

L
xp/S^p ratio is

close to one). Actually, if we disregard the data below q=450 MeV/c for which sizeable
FSI is expected, the average ratio is 0.97 for both 2H and 3He. More generally a fair
agreement is observed between the data and the theoretical calculation for these two
experiments. This contrast with 4He case for which a substantial discrepancy pertains.
The question is still open, whether this is a problem of still unperfect calculation of
reaction mechanism or a more fundamental problem, like a modification of the nucléon
embeded in nuclear medium.

5. Two-body properties
The Indépendant Particle Shell Model gives a very succesfull description of nuclei.
However this is only a first order description since the nucléons are not fully indé-
pendant, we know that there exist nucleon-nucleon correlations in the nuclear wave
function. Much theoretical effort was involved to the study of two-body properties,
yet there is little experimental information available on these properties. Here I would
like to present a highly promising way to investigate this problem, which is to use
(e,e'p) reaction to measure high proton momenta, which are believed to be generated
by correlations.

Let us consider the process in which an electron scatters on a proton belonging
to a pair of close interacting nucléons [12, 131. In their center of mass, these nucléons
have large equal and opposite momenta, ana in a first approximation we neglect the
momentum of the pair relative to the remaining nucléons. The knocked out proton is
detected in coincidence with the scattered electron, while the other nucléon of the pair
moves off the nucleus with the recoil momentum of the reaction, p r ; the remaining A-2
"spectator" nucléons remain at rest. These A-2 nucléons together with the undetected
nucléon of the correlated pair constitute the recoiling system, whose mass is:

U2
T = [ M A . , + v / M l + p? ] 2 - Pr

2 (1)

This expression shows that the recoil mass Mr, and consequently the missing energy
En, = M1. -r Mp - MA, are only functions of the recoil momentum (M^_2 is the mass
of the A-2 spectator nucléon system and M,v is the mass of the second nucléon of
the pair). Then, In this first approximation and for a given p r , the contribution
of this process to the continuum missing energy spectrum of the (e,e'p) reaction
should appear as a discrete peak! However, if we now consider the momentum of the
interacting pair relative to the rest of the nucleus, the discrete peak will acquire a
width; the continuum will show a peak around the previously fixed value of missing
energy. The width of this N-N peak will reflect the (initial) momentum distribution
of the pair relative to the rest of the nucleus. Its amplitude will reflect the relative
wave function of the two nucléons and the integral over the continuum will give the
momentum distribution of the proton in the pair.

Note, however, that such a correlation between th missing energy and the recoil
momentum can also be generated by FSI. Actually only the amplitude of the phe-
nomenon will allow to rule out this hypothesis: If this amplitude is compatible with a
proton momentum distribution in a pair (e.g. the deuteron momentum distribution)
then it is much too large to be ascribed to FSI.
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This picture was succesfully tested at Saclay on both 3He [14] and 4He [15].
The expected N-N peak was observed at the predicted value of the missing energy.
This is illustrated on figure 3, in the case of 4He, We have indicated by an arrow the
position where a peak is expected if the cross section is actually dominated by the
process of scattering on a pair of close interacting nucléons. For points 4-6 (pr > 350
MeV/c), a peak appears and fair agreement is observed between the predicted N-N
peak and the centroid of the experimental strength. For points 2 and 3 there is less
structure, a likely explanation is that for this not so high recoil momentum (pr *
300 MeV/c) the process of scattering on a pair is not dominant. Other contributions
to the strength fill in the low missing energy part of the spectrum and change the
expected peak into a plateau.
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Figure 3: Radiatively corrected experimental cross section of the 4He(e,e'p)X reaction versus
missing energy. The arrow indicates where the N-N peak is expected. The curves are the result of
a microscopic calculation based on a diagrammatic expansion of the cross section [9].



In figure 4 we compare the continuum momentum distributions in 4He [15] and
3He [14, 16] with the (total) momentum distribution in 2H [17, 18]. Note that in our
comparison 4He and 3He momentum distribution have been divided by the number of
pairs in isospin state T=O, i.e. 3 in 4He and 3/2 in 3He. For high recoil momenta, the
three distributions appear very close. This feature validates the hypothesis that the
cross section is generated by scattering of close interacting nucléons and not by FSI
and it indicates that the wave function of two close interacting nucléons is only little
affected by the nuclear medium, even in the case of the relatively dense 4He nucleus.
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Figure 4: Momentum distribution after corrections for extra PWIA reaction mechanisms and
normalized to the number of T=I p-n pairs: the continuum of 4He and 3He are presented together
with the 2bbu of deuterium.

However due to limited beam energy, these experiments had to be performed
in the so called "dip" region which, in an inclusive spectrum, lies between the quasi
elastic peak and the delta peak; i.e. in a region where the contribution of MEC is
important. Then we decided to perform a T/L separation of the 3He(e,e'p) cross
section in this kinematic region, since this provides us with a powerfull test of our
understanding of the reaction mechanism. However, due to very low counting rates we
were limited at a not so high recoil momentum of 260 MeV/c. Figure 5 shows the very
large difference that we have observed between the T and L responses (a factor 6 on the
integral!). A diagramatic calculation with RSC-Faddeev wave function is also shown,
it slightly overestimate the longitudinal and strongly underestimate the transverse.
However if Argonne variational wave function is used then the calculation clearly
overestimate the longitudinal and slightly underestimate the transverse. Note that
the ratio of the integral of the transverse response to the integral of the longitudinal
one is mostly indépendant of the wave function; we measure 0.175 ±0.046, ±0.049 for
a theoretical prediction of 0.43. This raises a fundamental question, which response to
use to extract a momentum distribution? One may consider the longitudinal response
as more reliable since it is less sensitive to reaction mechanism effects. Nevertheless
one needs the two responses to be reproduced simultaneously before being able to
extract a reliable momentum distribution.
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Figure 5: Longitudinal and transverse 3He experimental spectral functions together with a diagra-
matic calculation [9].

6. Conclusion
The new facilities will open new perspectives on the topics I have evoked. The
possibility to perform T/L separation at higher values of the momentum transfer,
at CEBAF, will be crucial to elucidate the question of a possible modification of at
least the electric form factor and actually there are some indications from SLAC (e,e')
separation .hat the L/T ratio might come back to one at higher Q2 [19]. Large duty
cycle will enable a systematic study of the large momentum components of nuclei and
higher energy will allow to perform T/L separations in the quasi-elastic region and
for really high recoil momentum.
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