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Abstract : The f i e ld of electromagnetic interactions on l ight nuclei i s reviewed 
through a discussion of a few topics for which new experimental results have 
been obtained since the 1979 Vancouver Conference. 

1. Introduction 

The f i e ld I an given the opportunity to review i s characterized by the unique 
poss ib i l i ty i t provides in nuclear physics, to reach a quantitative description 
starting from the elementary aspects of the forces between the constituents of 
the nucleus. The electromagnetic theory i s the most accurate theory valid on an 
extended scale of distances. On the other hand, few nucléon systems properties 
can be studied in the non r e l a t i v i s t i c conventional nuclear physics approach by 
solving exactly a Schrfldinger equation for the two-particle interaction. In so 
far as corrections to th i s conventional picture of the nucleus are negligible, 
electromagnetic interaction should give unambiguous answers on the nucleonic 
currents. The various complications to the simplified version of the nucleus a r i s ­
ing because of meson exchange currents, isobar components, r e l a t i v i s t i c correc­
t ions , three-body forces, multiquark admixtures wi l l modify the picture but l ight 
nuclei are s t i l l the only place where theory can deal quantitatively with these 
d i f f i c u l t i e s . 

Let us summarize brief ly the characteristics of the electromagnetic probe. 
Electron scattering i s described by the diagram on f i g . 1. Because of the small-
ness of the coupling constant the electron exchanges only one virtual photon with 
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Fig. 1. Single photon exchange Feyrman diagram. 
the low Z target. The virtual photon emission vertex is exactly known from QED. 
Recent measurements') of Bhaba scattering (e"e+ - e~e+) for sV2 up to 31.6 GeV 
have shown that one can parametrize the form factor of negative electrons by the 
expression 

2 2 2 2 P(q*) - l-qV(q "A ) 
with a value of th-s cut-off parameter A > 95 GeV. This establishes that electrons 
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are point-lite particles in their electromagnetic interactions down to a radius 
less than 10~1& cm. The choice of k' and 9 defir.es completely the virtual photon 
and determines the region in space (Axv l/<(?) and time (At "- 1/E excitation) 
which is explored in the interaction. For instance deep inelastic scattering at 
large transfer (both Q 2 and E excitation are large - Q2> 2GeV 2 ; K > 2 GeV - ) 
allows -resolving the quark substructure of the nucléons. Cn the other hand, elastic 
scattering (At = ») at large transfer (Q 2 = 8 (GeV/c)2 ) will be sensitive to aver­
age snail scale properties of the nucleus like the presence of exotic multiquark 
admixtures or density fluctuations. By reading the proce°dinçs of the previous 
ICDHEPANS one gets convinced that the time scale of the evolution of the subject 
I am discussing is much larger than the two-year interval which traditionally se­
parates two consecutive meetings. As an experimentalist my goal will be to up-date 
the state of *_ne investigation of scne topics for which ê>r experimental results 
have been obtained since the Vancouver Conference. I will discuss successively 
experiments which srphasize various aspects of the nuclear dynamics corresponding 
to incrc-àingly short distance investigation of the nucleus : the classical 
nuclei*; picture in quasi elastic(e,e'p;cu hie, the meson exchange currents correc­
tions in the electro-magnetic form factors of 3He, the propagation of A in nuclei 
through photon absorption in C and 0, and the relevance of quarks in the inter­
pretation of higi- energy elastic scattering on deuterium. lastly, I will sketch 
the possibilities opened by the availability of sources of polarized electrons 
and the recent progress in polarized targets as demonstrated in a polarized elec­
tron on polarized proton experiment. This survey is inevitably non exhaustive 
and I apologize in advance for the selection of experiments I present, which is 
biased more because of my deficiencies than by real prejudice. However I volunt­
arily left out of the discussion two subjects which would lose of their importance 
out of their general context : the observation of anomalies in the photoproduction 
on deuterium2), closely related to the existing evidence for dibaryons, and the 
experiments on the two body photodisintegratlan of ^He J) which have to be analyz­
ed within a general account on the possible violation of T invariance. 

2. Quasielastic (e,e'p) reaction on heliun-3 
The motivation of (e,e'p) proton knock-out reactions is the measurement of 

siigle particle properties of nuclei. Within the frame of the plane wave impulse 
approximation (îWIA) the cross section of the process sketched in fig. 2 can be 
factorized according to : 

da 
dk'dp' 

do (P' -
K - = - S(p,£) 

r*>. K is a kinematical factor, da * /dnei the elastic electron proton cross section 
including off-shell corrections, ana S(p%£) the spectral function which is the 
probability to find a proton of momentum p* and rénovai energy e in the initial 

Fig. 2. The (e,e'p) reaction 

http://defir.es


nucleus. fWIA describes the main features of the process but it is a simplifi­
cation of the more complex reality : the final state interaction (FSI) of the 
ejected proton with the residual nuclear state is sizeable evei in very light nu­
clei, mesonic exchange currents (MEC) and isobaric components (IC) in the nucleus 
wave function bring additional corrections. The factorization of the cross sec­
tion is no more valid and strictly speaking one cannot anymore extract the spectr­
al function fran the data. 

The whole picture has been beautifully surveyed in a systematical way by 
H. Arenhovel'*) for the (e,e'p) on deuterium. Initially, corrections to ÏWIA had 
been overlooked and underestimated leading to a puzzling 20 % discrepancy between 
theory and experiment5). Fig. 3 shows the satisfactory agresnent achieved by a 
recent calculation of Arer-hovel for the two different kinenatical conditions 
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Fig. 3. The (e,e'p) cross-section on deuterium') d a/dfledC2^3v as a function of 
the recoil momentum, is compared to a calculation by Arenhovel"). The dashed line 
is the PWÎA, the dash-dotted line is the Born approximation with final state in­
teraction. The solid line is the complete calculation including meson-exchange 
currents and isobaric components contributions. The two panels correspond to dif­

ferent kinematics : a) |<j| «• 450 MeV/c , b) ]cj| - 350 MeV/c 

used in the Saclay deuterium experiment*). The calculation includes FSI treatment 
taking into account partial waves up to L = 6, A components in the wave function 
and n, ui and p exchange currents. 

The 3He(e,e'p) coincidence experiments have been carried out at Kharkov ) 
and Saclay*). The two-body (e+^He » e'+p+d) and three-body (e+^He •» e'+p+p+n) 
channels are clearly separated in the Saclay experiment thanks to a 1.2 MeV 
energy resolution in the missing mass spectrum (fig. 4) ; results cover the mo­
mentum range out to 300 MeV/c and missing energies up to 90 MeV. The so called 
"perpendicular kinematics" situation (proton measured in the direction orthogonal 
to the transferred momentum) has been used. 

In the conventional picture of a non relativistic nucleus made of non 
composite nucléons interacting through a two-body potential , the spectral 
function cf 3He can be calculated exactly. Two such JWIA calculations 
are available, they use a Faddeev approach ) and a variational technique19) ; 
both utilize the RSC interaction ; their results essentially differ in the 
region of low monenta (p<100 IfeV/c) for which the variational wave function 
gives a too small contribution. The overall agreement with the effective 
momentum distributions extracted from the data prealablv corrected for radiative 
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Fig. 4. The missing energy spectrum in the Saclay He(e,e'p) experiment . The ex­
perimental points have been corrected for radiative effects. 

effects is satisfactory tethe two-body as well as in the three-body channels (fias. 
5 a) and 5 b) ) .However the high quality of the data certainly deserves a confront­
ation with more detailed calculations including all mentioned corrections : for 
instance the relative weight of two-body vs. three-body break-up is a quantity 
very sensitive to the three-body wave function but no meaningful comparison is 
presently possible. 

Clearly an extension of the data to higher momenta (p > 300 MeV/c) would be 
desirable in the region where inclusive quasi elastic scattering suggests a lack 
of high-momentum components in the three-body wave functions' '}. Since the siqnal 
to accidentals ratio is 0.3 for the 300 MeV/c measurement of the Sac lav exoeri-
ment, this would recuire in addition to higher electron energy, larger duty cvcle 
accelerators (presently Saclay is 1 % and Kharkov 0.05 t) and more performant 
detectors achieving a coincidence time resolution less than 1 ns. 

Measurenent of the four structure functions characterizing the te,e'p) 
cross section would necessitate nan coplanar experiments that none of the present­
ly available experimental set-ups allow. However by selecting the kinaratical 
conditions a separatior of transverse and longitudinal components of the inter­
action is possible 1 2), which could enhance meson exchange contributions relatively 
to single particle ones. 
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Fig. 5. The Saclay He momentum distribution1) corresponding to : a) the two-body 
break-up channel, b) the three-body break-up channel, ccmoared to predictions of 

DieperirJc et al.') (solid line) and Cioffi et al. 1 "3 (dashed line) 

3. The magnetic form factor of He 
The anomaly in the magnetic moment value of He has been for a long time one 

of the clear cut evidences for the existence of meson exchange currents. Low mo­
mentum transfer backward electron scattering experiments on ^He indicated that 
MHC dominated the one body contribution for Q 2 > 5 fm~2. This was shown to happen 
because of a strong destructive interference between the S and D components of 
the wave function in the single nucléon current matrix element, reducing signifi­
cantly the impulse approximation contribution. Owing to this peculiar situation 
the 3He magnetic form factor can be considered as a testing ground for MEC calcul­
ations. In this perspective Riska"7) has investigated the sensitivity of the over­
all prediction to the various ingredients entering the form factor calculation. 

Recently the old Stanford data") reaching the first diffraction minimum 
have been superseded by the low transfer high accuracy MIT data 1 5). However an 
extension of the measurements to higher Q 2 was desirable in order to study how 
reliable were MEC calculations in predicting such distinctive experimental fea­
tures as the position and si2e of the secondary maximum. The new Saclay measure­
ments1 ") cover the ntmentum transfer region going beyond the secondary maximum 
out to Q2 » 32 fer-2. The upgraded energy of the Saclay linac was essential in 
this experiment which used a 700 MeV incident electron beam ; the high intensity 
(up to 40 uA average current) allowed measuring cross-c actions as low as 10~38 an2/sr. 

In fig. 6 the data are compared to a calculation of Bornais et al. 1*). Owing 
to the considerable "corrections" to the one-body contribution, the agreement 
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Fig. 6. The He aagnetic form factor. Experimental data fron^I^^, 5) and Saclay1") 
are compared to calculations from B. Bornais et al. " ) . 

with the data is satisfying, it proves that MEE calculations are now under con­
trol throughout the momentum transfer region experimentally studied. The calcul­
ation is part of a complete investigation by these authors of the electromagnetic 
form factors of 3He and 3H ; this is Important in view of the requirement of ex­
plaining the whole set of 3-oody nuclei properties within the same coherent frame. 
The three-body Paddeev Grenoble wave-function for the Reid soft core potential is 
used ; a detailed estimation of the exchange processes for n ,s and u mesons is 
made which includes form factors to account for the spatial extension structure 
of the meson-nucleon vertices. Understanding MEE contributions in the magnetic 
form factor is a prerequisite for their investigation in the charge form factor 
where they appear as corrections of relativistic order 1/M2 and where their theo­
retical foundation is much less firmly established. The ^He charge form factor 
calculation by the same authors displayed in fig. 7 is in general agreement with 
the trend of the experimental data for Q < 6 fm"1, however it underestimates the 
experimental result*, below the first minimum. The pair NN processes for n,p and u 
exchange are essential in reproducing the data in the region of the secondary 
maximum ; they can be considered as part of the relativistic corrections since 
they naturally appear in a relativistic impulse approximation treatment. Many 
uncertainties still exist ; let us point out especially the insufficient know­
ledge of the nucléon form factors which plagues the interpretation of nuclei form 
factors for Q > 4 fm - 1. 
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Fig. 7. The 3He charge form factor. Data points from ref.*')canpared to a calcul­
ation of R. Bornais e t a l . 1 ' ) . One-body density (dashed line), total (solid l ine). 

Kajduk et a l . 1 7 ) have Investigated in a detailed way the effect of the A iso­
bar components (IC) In the three nucléon bound state properties and especially 
in the electromagnetic form factors. The IC give rise to a three-body force in 
addition to specific MEC currents. The A contributions (fig. 8) are evaluated 
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Pig. 8. One-body diagrans involving a A isobar explicitly present in the wave-
function. 

using a wave function solution of the Faddeev equation which includes the single A con­
figurations generated nonperturbativelybya realistic transition potential. In the 
case of the magnetic forai factor al l A contributions are shown to cancel out up to 
Q2«25 fjn"2 ; however large n and o pair current exchange corrections improve signi­
ficantly the agreement with the data ; other important exchange corrections are 
In the process of being calculated 1*). Of special interest for the JHe charge 



forai factor are the non Matjmal i contributions which correspond to a bound nu­
cléon deformation decreasing the density at the center of the nucleus. A recent 
evaluation17) of these contributions gives a result nuch too snail to explain the 
features of the secondary maximum in variance with a previous estimate reported 
at the Vancouver Conference1"). In fact diagonal A contributions cancel the non-
diagonal A contributions in the seocidary maximum region and the only net effect 
is caused by the polarization of the purely nuclecnic components induced by the 
presence of the A isobar. 

Summarizing, within the uncertainties we quoted, the corrections to the con­
ventional nucleus picture in a non relativistic frame , seem by and large tr> 
account for the nain features cf the 3He magnetic fcrm factor up to Q 2 = 35 5a - 2. 
There are still difficulties in reproducing the charge form factor and the large 
number of theoretical ingredients involved makes difficult to clearly ascertain 
each soecific correction. 

4. Phctonuclear and electrcnuclear reactions on light nuclei in the A resonance 
region. 

Pion photcproduction on nucléons is known to be dominated by the A (1226) re­
sonance ; its amplitude is well described by a resonant Ml contribution in addition 
to Born tents. Photon induced reactions en deuterium in the région of the A 
resonance have been extensively studied these last years both experimentally and 
theoretically 2 0 ) . Mast of the experimental features have been reproduced by a 
model in which one considers in addition to the quasi-free process the various 
pion-nucleon and nucleon-nucleon rescatterings. Usually processes up to order 2 
in this multiple scattering series are sufficient to account for the data. The 
few unexplained experimental facts have been considered either as manifestation 
of genuine AN scattering effects or as aa indication of the existence of exotic 
dibaryonic states. In view of the overall success of the model it seems very 
appealing to extend the method to the interpretation of photoreaction data on 
heavier nuclei. However effects like the coherent propagation of the A in the 
nucleus can render the multiple scattering series very slow to converge. It may 
thus become more convenient to solve for the A resonating part of the process, 
the eigenvalue problem of the haniltonian of a system of (A-l) nucléons and one 
A 21). in this frame the reaction amplitude for the resonance mechanism reads 

U "V 

where Fy(u,q) describes the excitation by virtual photon (u,q) of the eigenmode 
y, of energy e u, which propagates and eventually decays with emission of particle 
x, with nunentiin k, according to the matrix element rç(kx). Inclusive react ions 
(total, virtual or real photon absorption) will essentially study the excitation 
properties of the resonant amplitude, whereas exclusive reactions (photoproduction 
of pions and nucléons) will give information on the decay features of these reso­
nances. 

Total absorption photonuclear cross-sections for light nuclei in the A «region 
can be measured by different methods. We will sketch briefly their main charac­
teristics in order to emphasize the originality of the recent Bonn measurements22) 
which have provided as with a wealth of exclusive and inclusive data on nuclei 
ranging from He to Pb. 
1. In the attenuation method used by the Mainz group2 3 ) , the attenuation caused 
by a thick target is determined by the target in target out ratio of the photon 
spectrum measured in a Compton spectrometer. The total absorption is corrected 
frcm the calculated electronic absorption to get the nuclear absorption crass-
section. Measurements utilizing this method are limited by the ratio of nuclear 
to electrcmagnetlc cross sections which varies approximately like 1/Z and by the 
theoretical uncertainties in the calculation of the electronic cross-section. 
With the present Mainz accelerator duty cycle measurements for nuclei heavier 



than carbon are almost impossible. 
2. Jfeasurements of deep inelastic electron scattering in the A region when extra­
polated to the photon point (C 2* 0) yield the total phctoabsorption cress section. 
The cross sections have to be corrected from radiative effects (both elastic and 
inelastic) and for the quasi elastic contribution ; these corrections indues 
uncertainties which grow with the nucleus charge and depend on the kinematical 
conditions. Extrapolation to the photon point requires determination of the double 
differential electron scattering cross section at different lew values of the 
transfer momentum. Results using this method have been obtained for a few nuclei 
including H, D, C and Al. 2 < > ) . 
3. m the high-energy method, used by the Bern group 2 2), one takes advantage of 
the difference in the angular distributions of the forward peaked electromagnetic 
cross section and the almost isotropic nuclear cross section. Tagged brensstrahlung 
photons are used ; the nadronlc aounters surrounding the target detect and ident­
ify charged pions and protons and a shower counter vetoes the electranaçnetic 
events (see fig. 9). Double differential cross sections are measured in the 
angular region going from 20* to 140*, and the energy thresholds for pions and 
protons are respectively 40 MeV and 53 MeV. m order to deduce the total absorp­
tion nuclear cross section from these data, corrections oust be applied to ac­
count for the energy threshold and finite solid angle of the hadronic counter as 
well as for the non-detected neutral channels. An intranuclear cascade computer 
code determines in the case of the Bonn experiment that the ratio of observed 
to total events grows approximately from 0.4 to 0.8 in light nuclei (Be, C, 0) 
when photon energy varies from 200 MeV to 400 MeV. 

Fig. 9. The Bonn experimental set-up for measurement of photoemission of charged 
pions and protons23) 

Data obtained on Be using methods 1 and 3 are in perfect agresnent within 
the experimental errors (see fig. 10). On the other hand the old deep inelastic 
electron scattering data of Kharkov on C strongly disagree with the recent Bonn 
neasurenents : Kharkov cross sections are 100 % Larger at 200 MeV and 25 % larger 
at 400 MeV ; this conflicting situation should certainly be an incentive for new 
electron scattering measurements especially to test the extrapolation procedure 
at the photon point. 
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Fig. 10. Total hadronic Be cross section. Data are from réf. 22 and réf. 23. 
In fig. 11 we show a sarcle of the carton Bonn data 2 5) and acnoare them to 

the predictions of Laget*'). The proton spectrum (fig. 11 a) ) exhibits a two 
peak structure : the lower energy peak corresponds to quasi-free pion pnotopro-
ductlon kinematics whereas the high energy peak is associated to a quasi-deuteron 
process. The quasi deuteroncontribution compares reasonably well, after correct* 
ing for proton absorption (damping by a factor 0.8), to an estimation (solid 
line) which is a variation of the Levinger quasi-deuteron model, c « L NZ/A OQ : 
the cross section is proportional to the number of neutron proton pairs in the 
nucleus, and to the p and ir meson exchange part of the deuteron photodisintegr-
ation cross section ; the factor L A accounts for the difference in density of a 
neutron proton pair in nucleus A as compared to deuterium ; the value L » 10 is 
suggested by photoabsorption data below pion threshold. The dashed line is the 
contribution of the quasi free pion photoproduction. 

The pion spectrum (fig. 11 b) ) displays a bump connected to single pion 
qiasifree photoproduction (dashed line); the size and the shape of this contrib­
ution are well reproduced by taking into account the quasi elastic scattering of 
the emitted pion with the residual nucleus by means of an optical potential (solid 
line). The lew inergy part cf the 5pectr.ro can be associated to inelastically 
scattered pions. 

The total cross section for IT* emission (fig. 11 c)) has a shape which 
differs frcm the free nucléon cross section (dotted line) : the energy shift and 
the broadening of the resonance are attributed to the binding and to the Fermi 
motion of the nucléons. Including these effects in a distorted wave impulse 
approximation (dashed line) and correcting for true absorption of pions, Laget 
almost reproduces the measured cross section. 

The total cross section for proton emission (fig. 11 d)) is compared to the 
incoherent sum (solid line) of quasifree photoproduction pit9 and pr~ (dashed 
line) and exchange quasi-deuteron cross section (dotted line). 

The total photDabsorption cross section (fig. 11 e» is then compared to the in­
coherent sum (solid line) of pion photoproduction »r*, if-, T-) (dashed line) and exchan­
ge contributions approximated by the quasi-deuteron model (dotted line). In view of 
the simplicity of this semi-phenomenological model the resulting cross section 
describes surprisingly well the general shape and size of the experimental data. 
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Fig. 11. Photoprcduction on 1%: the experimental 9onn data 22) are compared to 
calculations of Laget*') (symbols are explained in the text). 

In fig. 12 the 0 total photoabsorption cross section ) is compared to a 
detailed calculation of WelseandOset 2 7) who used the alternative approach of the 
A-hole microscopic model to describe the resonant part of the process. The total 
photoabsorption cross section is related through to optical theorem to the imagi­
nary part of the forward photon elastic scattering amplitude. The coherent mul­
tiple scattering of pions is mediated by a one-pion exchange 3-hole interaction ; 
however the authors observe that the coherent fomard propagation of photopro-
duced pions is strongly suppressed because of the transverse nature of YNI coupl­
ing. The A-hole states width and position are thus only moderately modified from 
the free c'ecay properties and this mainly because of binding effects and Fermi 
motion. Corrections associated to the & propagation in the nucleus medium 'Pauli 
blocking and true absorption Nû - NN) produce a net slight broadening of £-bole 
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statcs. ïhe non resonant parts of the c o s s section (Socn photacradur=ica o c El 
quasi eVeuteroruhawa baar. added incoherently ta the resonant part. 

m conclusion, va could say that the lack of coherence of the l st--nanaf-on 
in piotDabsorption ««plains the sucness of the seâ-ohencnnoloçicai rrxJei of 
Lacet which describes the pnuuess in ten» cf one-body and a*c--3oey currants in 
the nucleus. 
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16„ Pig . 12. Tbcal * 0 photoabsorption cross - sec t ion . Data fro» raf. 22 ara cox-pared 
to a cal f i l iat ion by Osat and H e l s e 2 7 ) . Lower points are tha «assured cross sect ion 
for «mission of charged par t i c l e s ; higher points ara tha extrapolated to ta l ab­

sorption cross s e c t i o n . 

Oeep Inelastic* inclusive electron scattering i n tha A region i s a reaction 
analogous t o photon absorption : instead o f real photons tha nucleus absorbs 
v irtual photons. Measurements at forward angles and aonenfesa transfers ' 
0 2 - 0 .2 - 0 . 4 (GeV/e) 2 showed no deviations fro» a model describing the process 
as an incoherent superposition of single nucléon procassas**). 

In fig. 13 we present the results of a Saclay experiment on 12„ it ) for com­
parable snaentua transfer but for a scattering angle of MS*. The dip predicted 
by an 1ny.il se approximation betuven tha quasi elasflr and tha quasi free pion 
production i s f i l led by an extra contribution, m addition «a observe that tha 
resonance peak i s shifted and broadened as in the case of real photoabsorpticn. 

The inelastic electron scattering cross section can be &rmirX is. usrs of 
the two response functions %,(Q2,J) and Sr(Q2v<') corresponding respectively to 
the longitudinal and to the transverse cancanent of the exchanged virtual photon, 
which contain the information on the structura of the target 
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Masonic exchange current contributions are nainly induced by rxa* averse photons ; 
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12„ Fig. 13. C(e,e') differential cross section as a function of the excitation 
energy u at backward angle. Data from Saclay 2 1) are compared to a calculation by 
Laget ' * ) . Quasi elastic (dash-dot), quasi free pion electroproâuction (dash), 

exchange contribution (dot) and total (solid line). 
they will preferentially show up for large scattering angle experiments. He com­
pare the Saclay data to a calculation by laget : < ) using essentially the same in­
gredients than in the case of photoabsorption ; the dip between the quasi e.l astir 
and the quasi free pion production is filled by the meson exchange contributions 
approximated in the quasi-deuteronmodeLKlingenbeck and Huber : l) give an alterna­
tive interpretation of the general trend of the expérimental data in terms of the 
excitation of A* resonances. 

12 Fig. 14, Die transverse (a)) and longitudinal (b)) response functions of C at 
Q 2 • 0.16 (GeV/c)2 as a function of the excitation energy u. Data from ref. 2*) 
are compared to a calculation by Laget 2 < ) . Quasi elastic (dash-dot), quasi free 
pion electroproâuction (dash), exchange contribution (dot) and total (solid line), 

By measuring the cross section at different angles a separation of the lon­
gitudinal and transverse response functions has been achieved. The two response 



functions are displayed in fig. 14 where they are plotted as a function of the ex­
citation energy ui for Q 2 = 0.16 (GeV/c) 2. Meson exchange currents scarcely contri­
bute to the longitudinal response function which can be thus used to study short 
range properties of the nuclear wave function. Unfortunately because longitudinal 
elecLtupia^urtlon cross section is much snaller than the transverse one, its know­
ledge requires difficult experiments as witnessed by the size of the error bars. 
On the other hand the transverse response function is useful for the investigation 
of MEC. 

5. Inclusive eD scattering at Q 2 = 8(GeV/c) 2 

The transition from the classical model of a nucleus made of nucléons, amend­
ed by the introduction of mesonic exchange currents and isobaric components, to 
the quark and gluon picture of the nucleus is certainly one of the most important 
problems we are presently facing, lb investigate this issue we must identify 
nuclear properties which require in order to be explained the explicit consider­
ation of the quark degrees of freedom of the nucléon. In that respect high energy 
electron scattering measurements on light nuclei performed at S U C by the American 
University Group are apparently the most promising and relevant experiments. 
Arnold et al.*') present new inelastic data In the threshold region for deuterium, 
hie and 4He. , 

In the case of deuterium preliminary results extend to Q 2 »8(GeV/c) the ex­
plored momentum transfer region (see fig. 15). 

In terms of the G o inelastic structure functions W I ( Q 2 , W ) and W2(Q 2,W) the 
inelastic cross section for electron scattering at angle 9 may be written : 

* [a$ [W2<Q2'W> - aVoAw) t g 2 6/2] d W i d o j ^ -

where Q and W are the squared quadritransifer and the invariant mass of the final 
hadrcnic state. , 

2 For elastic scattering, using the two elastic structure functions A(Q ) and 
B(Q ) the cross section reads : 

do (àa 
dfl [m C A ( Q 2 ) + B ( Q 2 ) ^/â-

5 At forward angles, it is essentially the structure functions A(Q ) and 
W.fQ^W) which are measured. -

Using their previous lower Q data 3 0) the authors were able to show that the 
inelastic to elastic structure function ratio is almost independent of Q 2 at fixed 
missing mass W for Q 2 > 2 (GeV/c) 2 and »•*£ < 200 MeV 

W 2(Q 2,W) 
A(Q 2) 

C{1 iW 2). (1) 

Such a connection is also predicted by a parton model analysis of the thre­
shold region 1 1). 

From the Inelastic threshold data values of the elastic structure function 
AfQ 2) were deluged using relation (1) at Q 2 • 6(GeV/c) 2 (where previous measu­
rements yielded only an upper limit of A) and at Q 2 - 8(GeV/c)2. in view of the 
comparison with theoretical models these two indirectly determined new data points 
are extremely incortant since they reach the expected demain of validity of scal­
ing models C*»Mg. A detailed caparison of these experimental results with the 
various existing models is beyond the scope of this review (and the ability of the 
speaker) ; I will limit myself to sketch some of the calculations which are the 
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Fig. 15. Elastic scattering structure function "A for deuterium. Data from ref . 2 ' ) 
(* deduced data, * previous data) are compared to calculations of Arnold et a l . 1 2 ) 
(dash), Brodsxy et a l . ' 1 ) - quark interchange model - (dash-dot) and M. Cnentob35) 

- T » 2 - (solid l ine) . 

most representative of the different approaches adoptai by the theorists. 
Clearly a fully relativistic treatment is a must at these very high momenta. 

The recent analysis of Arnold et al.") is made in a language familiar to nuclear 
physicists ; the relativistic impulse approximation contribution is calculated 
using a four component wave-function which includes negative energy nuclem states. 
various wave functions corresponding to different nucléon nucléon potentials were 
used. All results underestimate the structure function A, they predict a quicker 
fall off than the one exhibited by the data. This would imply that meson exchange 
contributions should dominate at high Or. Since pair current terms are automatic­
ally included in RIA, other exchange currents should govern the process ; piry 
contributions are expected to be very large at high Q* but no relativistic evalu­
ation of MEC is presently available. Let us note that in a contribution to this 
Conference, Bhalerac and Gurvitz'3) attribute the failure to reproduce the data 
to the use made by Arnold et al. of the so-called Gross prescription according to 
which the spectator nucléon is set on-shell. By relaxing this condition and allow­
ing both nucléons to be on-shell with equal probability they obtain a perfect 
agreement with the experimental values. This conflicting situation can be solved 
by more elaborate calculations using expansions of the Bethe Salpeter equation. 

From the point of view of the dimensional scaling quark model (DSQQ 3 ' ) 
based on the relevance of the quark compositeness of the nucleus, the form factor 
A has an asymptotic behaviour fe ^ {Q*)~*. This law reflects that, for high mo-



centum transfers, binding corrections can be neglected. In order to leave intact 
the deuterium nucleus, the momentum transfer should be equipartitioned among the 
six constituent quarks. The amplitude for transferring to each constituent the mo­
mentum Q/6 is 03/(0/6) ̂  where o s is the QCD coupling constant. TEe scaling-expected 
by the OSQM is apparently observed to occur for Q 2 » 3(OeV/c)2. Let us not however 
that DSQM predicts only the asymptotic fall off power !.aw and not the normaliz­
ation of A(Q2) which would require knowledge of the amplitudes of the various 
short lived multiquark components admixed to the two nucléon component. This 
limitation is somewhat unsatisfactory since no prediction is made about the onset 
of sealino. - — -

QCD predicts in addition to the nucleonic and isobaric components of the 
deuterium wave function, "hidden color" states which correspond to two color-octet 
three-quark clusters, the overall state being a color singlet56) . In terms of the 
6 valence quarks 

|D> * a| (uud) l c(ddu) l c> + b| (uud) ̂  (ddu) 8 c > 

•»c| (uuu) l c(ddd) l c> + d| .uuu) ̂  (ddâ) ^ . 

According to the color nature of the state the dominant scattering mechanism 
is different. Since nucléons cannot exchange one single gluon, the quark inter­
change model is relevant for the part of the wave function corresponding to two 
color singlet three quark clusters, whereas the democratic chain model is perti­
nent for the color octets three-quark clusters (fig. 16). The preasymptotic scal­
ing law differs according to the involved mechanism. The data tend to favor the 
quark interchange prediction ; the expression 

VQ2/^ 
0 l-HTM 

with Cb » 0.15 and m » 0.28 GeV 2, reproduces the data from Q s 0.7 (GeV/c) to 
Q 2 » a(GeV/c^_(c^sh^tted_^urye in_?i9« l 5 ) • 

A nucléon parton approach suggested by Schmidt and Blankenbecler •J *> considers pheno-
menological constructs in the infinite momentum frame which should join smoothly 
to the nuclear non relativistic wave function allowing standard normalisation of 
the charge form factor at 0 2 " 0. Chantob") incorporates to this treatment the 
spin degrees of freedom which increase the number of predicted quantities. The 
results are very sensitive to the postulated binding forces characterized by the 
power index T (T » 1 scalar meson exchange, T * 2,3 vector meson exchange with 
and without form factor at the vertices). The case T * 3 which has an alternative 
interpretation in terms of a three valence-quark structure of the nucléon consi­
derably underestimates the form factor A at large Q 2 ; on the other hand the T - 2 
prediction reproduces the elastic scattering data eit to 8(GeV/c)2 without any 
arbitrary normalization. This would tend to suggest that the quark degrees of 
freedom are not yet relevant in this transfer region loi that binding corrections 
to a different asymptotic law could simulate the ( O 2 ) ' 1 0 behaviour in the pre­
asymptotic region. However the same T » 2 wave friction gives too small predic­
tions for the inelastic structure function vw 2, indicating that we cannot reach 
for tl.j moment definite conclusions. Let us note that as for the case of the 3He 
charge form factor, there are important uncertainties induced by the insufficient 
kncwledoe we have_çf_the nucléon electric form factors at hiqh momentum transfer. 

Lastly, allowing percentages of six quark admixtures in the deuteron wave 
function induces large contributions on the elastic form factor at high C 2 which 
could be used to revelate these exotic components'7). 
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. ig . 16. Possible mechanists contributing to the deuteron elastic form factor for 
large Q2. (a) democratic chain, (b) quark interchange. 

6. Polarized electron scattering on polarized protons 

I will present now an experiment which may be is slightly out of the domain 
covered by this Conference. However, I think that i t i s important to us because 
i t demonstrates that sane experiments involving polarization are presently feas­
ible thus opening the field of spin nuclear physics with the electromagnetic 
probe. This potentiality has been made reality by the advent of polarized electron 
sources and by the progress on polarized targets which both rely on advanced tech­
niques in condensed matter and atomic physics. The Yale group experiment3*) at 
SLAC utilized the Peggy I ") polarized electron source which i s based on the 
principle of photoionization of aligned °Li atons. The polarization of the elec­
tron beam was 80 % and the intensity was typically 60 uA. Peggy I was preferred 
to the Peggy II source, based on the photcemission from a semi conductor 
(Ga As) illuminated by polarized light, which was utilized for the parity-
violation experiment ) (polarization : 40 t , intensity : several hundreds of nA), 
because of the radiation damage produced on the proton polarized target by the 
high beam intensity. The problem of finding radiation resistant materials for 
polarized targets i s central to the development of polarized experiments. The 
butanol-porphyrexide polarized "proton'' target operating on the principle of dy­
namic nuclear polarization had a l /a depolarizing dose of 3 * 10*4 e/cm2 ; i t 
required annealing every three hours and subsequent repolarization. This severe 
limitation i s presently being surmounted : recent experiments at SLAC " l ) have 
shown that the radiation damage to aimcnia 'NHj) i s significantly less than for 
butanol (1/e depolarizing dose larger than 10" e/an 2). For a discussion on 
recent progress achieved on polarized electron sources and polarized targets we 
refer to the Proceedings of the Lausanne Symposium on polarization''2). 

What follows is intended to give some insight in the kind of new information 
polarized experiments can produce. For instance inelastic electron sober ing of 
longitudinally polarized electrons off polarized protons allows investigating two 
new spin dependent structure functions G1(v,Q2) and G-(v,Q2). 



Ihe quantity measured by the Vale group experiment at SIAC is the asvnnetry 

A = 

2 2 
dW f + " S 5 S 1 * * M ' E - E , c o s S ) G x(v,Q 2) - Q 2G 2(v,Q 2) 

àôdf1 ++ + dSdE* 
W2(v,Q2) + 2 t g 2 | w i ( v , Q 2 ) 

for deep inelastic inclusive scattering for protons polarized parallel or antipa-
ra l l e l to the incident electron longitudinal polarization. The kinematical range 
3.5 < (T< 10 (GeV/c)^ and 2 < w < 5 GeV was covered. 

Because of the 10° forward angle kinematical condition, the quantity essen­
t i a l ly measured i s the transverse asynmeary 

*1 
al/2 ~ J 3/2 . - Q 2 G 2 * * * ! 
T T 

°l /2 + a 3/2 
W, 

for photoabsorption of circularly polarized photons into states with J2 = 1/2 
and J2 » 3/2 (Y+ + ?+ • ain ; Y+ + P+ * 0^/2). Lite Wj and W2, <Z\ ana G2 scale 
for high Q 2 so that Ai(v,0>) « A 1 (x) where x is the Bjorken scaling variable 
x = Q2/2MvJ. l 

Hi a simple quarx-parton interpretation the absorbed virtual photon will ne­
cessarily flip the soin of the quark for angular momentum conservation-, Y t + q+ - qt 
or Y+ + q+ * q+ ; Y +q + and Y*q» cannot interact. 

The two transverse cross sections are expressed as 

ff3/2 * r < * i f î ( x ) 

CTi/2 "- li£lix) 

where q. is the charge of quark of flavor i, f.(x) and f^(x) the probability of 
finding the quark i which carries momentum xP^xeon «it*1 helicily antiparallel 
or parallel to the proton helicity. 

The simplest wave function of a three s-wave valence quarks proton predicts 

yielding 

*u 9 u ? <W t 

4 
? ~ 5 • * 

f l 21 
9 " 9 5 

* 4 
9 5 + 9 * * 5 + ? 

" 9 

4-* 

The preliminary data displayed in fig. 17 do not seen to support this simple 
view, they indicate that A becomes large for large x suggesting that in this re­
gion the spin of the nucléon is carried by the valence quark which carries also 
the entire momentum of the nucléon. 

Elastic scattering and scattering in the resonance region of 6.4 GeV longi­
tudinally polarized electrons off polarized protons were also measured. For ins­
tance the elastic scattering asyimetry reads 

»-'%!*•$ [¥• »-« «» 2 f ] )Hr3Wwi j -1 



Fig. 17. Deep inelastic asymnetry Al as a function of the Bjorken variable x. The 
data from ref.1*) are compared to theoretical predictions using a symmetrical 
valence-quark model**) of the proton (solid line), and an unsytnmetrical model*') 
in which the entire spin of the nucléon is carried by a single quark in the limit 

x * 1 (dash-dot). 

in which T « Q /4M2 and G_(Q) and (1.(0 ) are the electric and magnetic form fac­
tors of the proton. 

In principle A can be used to measure the electric form factor of the proton 
in the region Q 2 >2 GeV 2 where G E is insufficiently known but present low counting 
rates prevent us from reaching this goal ; it however allowed determining in a 
previous experiInent*,) the sign of G E / % which is positive as already indicated 
by the hyperfine structure of hydrogen. An equivalent method for polarised elastic 
electron scattering has been recently explored by Arnold et al.**), these authors 
propose measuring the recoil polarization by means of a second scattering in or­
der to avoid the difficulties inherent to polarized targets. They calculated 
counting rates of polarization transfer experiments on hydrogen and deuterium, 
intended for a determination of the nucléon electric form factors and for the 
separation of quadrupole and charge form factors of deuterium. 

Summarizing, polarized elastic scattering would help measuring through inter­
ference terms electric form factors otherwise difficult to reach, and separating 
form factors for J » 1 nuclei ; quasi elastic polarized scattering would give 
insight in the nucleus spin structure. We can thus reasonably hope that by enlarg­
ing the number of accessible nuclear properties spin effects should offer new ways 
of probing theoretical models in greater detail. 
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