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Abstract. Few-body systems provide a testing ground for models of the NN interaction, reaction mecha-
nisms and for models of nuclei. An overview of results of coincidence experiments on the deuteron, 3He
and 4He obtained in the last 20 years at MAMI and at other facilities, covering a wide range of momentum
and energy transfers, is presented.

PACS. 25.10.+s Nuclear reactions involving few nucleon systems – 25.30.-c Lepton-induced reactions –
25.30.Fj Inelastic electron scattering to continuum

1 Introduction

Few-body systems are ideal to investigate fundamental
problems in nuclear physics such as the ground state and
continuum wave functions, the importance of correlations
and the structure of the electromagnetic current operator.
In addition, interaction effects such as meson exchange
currents (MEC), and isobar configurations (IC) can be
studied. At large momentum transfers, one hopes to be
able to explore the transition from the regime where ob-
servables are best described by nucleon/meson degrees of
freedom to the regime where quark/gluon degrees of free-
dom are the most efficient, in describing the interaction.

The few-body systems presented here consist of the
deuteron and the 3He and 4He nuclei. They range from
a loosely bound system, such as the deuteron, to a very
tightly bound one such as 4He. In contrast to complex
nuclei, the structure of few-body systems can nowadays
be calculated with high precision using realistic nucleon-
nucleon interaction potentials. Very successful methods
for the calculation of bound and continuum state wave
functions include the solution of Faddeev-Yakubovsky [1]
equations, Variational Monte Carlo [2], and other Monte-
Carlo–based calculations [3,4].

Many laboratories have contributed to the study of
few-body systems in the last twenty years (in alphabet-
ical order): ALS (Saclay, France), ELSA (Bonn, Ger-
many), Jefferson Lab or JLAB (Newport News, VA,
USA), MAMI (Mainz, Germany), MIT-Bates (Middle-
ton, USA), NIKHEF (Amsterdam, The Netherlands), and
SLAC (Stanford, CA, USA). Recent electron accelerators
such as the Mainz Microtron and Jefferson Lab (CEBAF)
provide very high-intensity, continuous wave (CW) beams.
These have made coincidence experiments possible that
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Fig. 1. Various reaction mechanisms contributing to the
(e, e′N) reaction. Plane-wave impulse approximation (PWIA),
distorted-wave impulse approximation (FSI), meson exchange
currents (MEC) and isobar configurations (IC).

explore new, previously inaccessible kinematical regions
with very high statistical precision. I will therefore focus
on the study of few-body systems using knock-out reac-
tions such as (e, e′N) and (e, e′NN).

2 Short overview of the (e, e′N) reaction

Treating the incoming and scattered electrons as plane
waves, and applying the one-photon exchange approxima-
tion, the (e, e′p) reaction can be viewed schematically as
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Fig. 2. Geometry and kinematical variables for the (e, e′N)
reaction.

shown in fig. 1. In the case of the Plane-Wave Impulse Ap-
proximation (PWIA) the virtual photon is absorbed by a
bound nucleon having a certain initial momentum pi. The
struck proton subsequently leaves the nucleus with a final
momentum pf . The residual system may remain in its
ground or in an excited state and has a recoil momentum
pm. In the following, the term missing momentum will be
used synonymously with recoil momentum. Within PWIA
the following relation between initial and missing momen-
tum is valid: pm = −pi. The transferred energy ω is di-
vided between the kinetic energy of the ejected nucleon, its
separation energy, and the kinetic and, possibly, excitation
energy of the residual system. The missing momentum pm

and missing energy Em are defined as follows:

Momentum conservation : q = pf + pm ,
Energy conservation : Em = ω − Tp − Tr .

Here Tp is the kinetic energy of the ejected nucleon, and
Tr is the kinetic energy of the recoiling system, calculated
from pm under the assumption that the undetected (A-
1)-system remains in its ground state.

Figure 2 shows the electron scattering plane, defined
by the incoming and scattered electron momenta, and the
reaction plane, defined by the final nucleon momentum
and the momentum transfer. The cross section in the one
photon exchange limit can be written as [5,6,7]

d5σ

dωdΩedΩp

= σMott(vLRL + vTRT +

+ vLTRLT cosφ+ vTTRTT cos 2φ),

where Ri are the response functions containing matrix ele-
ments of the charge and current operators. These, in turn,
provide the nuclear structure information. The vi are kine-
matical factors depending on the electron kinematics only,
and σMott is the Mott cross section describing the scat-
tering of relativistic electrons by a point charge.

If one neglects the interaction of the outgoing nucleon
with the recoiling system, one obtains the plane-wave im-
pulse approximation (PWIA) which permits a factoriza-
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Fig. 3. D(e, e′p)n cross section measured at MAMI [11] com-
pared to calculations by H. Arenhövel [13].

tion of the (e, e′N) cross section into an elementary (off-
shell) electron nucleon cross section [8] and the spectral
function describing the probability of finding a nucleon
with a given initial momentum and missing energy. In-
tegrating the spectral function over the missing energy
leads to the momentum distribution. Final state interac-
tions (FSI), MEC, and IC remove this simple relation and
therefore pi 6= −pm (fig. 1).

3 Studies of the deuteron

Early (e, e′p) experiments were limited in luminosity by
the duty factor of the available electron accelerators. Cross
sections could be measured for large missing momenta
(pm ≈ 0.5 (GeV/c)) only at relatively small momentum
transfer (Q2 ≈ 0.1 (GeV/c)2) or for large Q2 only at rel-
atively small (pm < 0.2 (GeV/c)).

Experiments have been carried out at all facilities men-
tioned above. More recent experiments, carried out in the
last ten years, benefited from the availability of high duty
cycle beams at Jefferson Lab, MAMI, NIKHEF(AmPS),
and at MIT-Bates(SHR). In general, the various exper-
iments can be separated into those that explored the
D(e, e′p)n cross section over a large range of missing mo-
menta and those that extracted individual response func-
tions.

3.1 Cross section measurements at low Q2

These experiments explored the D(e, e′p)n cross section
over a wide range of missing momenta at small to medium
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Fig. 4. Ratio of experiment to theory for low missing mo-
menta. Data points: blue diamonds [11], red squares [14], vi-
olet circles [12], turquoise triangles down [9], green triangles
left [15], orange triangles up [16].

momentum transfers [9,10,11,12]. The focus of these mea-
surements was the exploration of the momentum distribu-
tion within the plane-wave impulse approximation. It has
been found, however, that with increasing recoil momen-
tum FSI and, related to the corresponding energy transfer,
MEC and IC contributions increase dramatically. Figure 3
shows the D(e, e′p)n cross section measured at MAMI [11]
and H. Arenhövel’s calculation that includes FSI, MEC,
and IC [13]. One can see that the cross section is well re-
produced up to pm = 350MeV/c. At higher pm there are
significant discrepancies between experiment and theory.
This occurs in a kinematical region where large virtual
delta excitation contributions are expected.

Since many experiments have measured the D(e, e′p)n
cross section at missing momenta below 300MeV/c it is in-
teresting to compare how well these results agree with each
other in order to learn how accurately the D(e, e′p)n reac-
tion is known experimentally. As the various experiments
have been carried out at different kinematical settings, I
used Arenhövels calculation [13] as a reference to take into
account FSI. MEC and IC are also included, however they
tend to contribute less than FSI. The result is shown in
fig. 4 where the ratio between the experimental and the
theoretical cross sections is shown. It is interesting to note
that the various experiments agree quite well among each
other, while the experimental cross sections seem to be
systematically smaller than the calculated cross sections
by about 10%. The reason for this discrepancy needs fur-
ther investigation but one has to keep in mind that most
experiments quote systematic errors around 5%.

3.2 Structure function separations

Experiments to extract various response functions of the
D(e, e′p)n reaction have been carried out at most elec-
tron accelerators. The major results of these experiments
will be presented below. In general, all published re-
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Fig. 5. Comparison of RL (f00),RT (f11) measurements to
one another and theory. Left: Ratio (in %) of the experimental
response functions from Saclay [14] and Bates [15] to the cal-
culation by H. Arenhövel [19], [20]. Right: Response functions
from NIKHEF [17,18] and Bates [15].

sponse function separations have been limited to miss-
ing momenta below 200MeV/c. RL and RT have been
determined at NIKHEF [17,18], Saclay [14], and at MIT-
Bates [15].

Figure 5 shows a comparison of the various results
for overlapping kinematics. The left panel shows the ra-
tio to H. Arenhövels calculation [19,20]. The longitudi-
nal response has been found to deviate up to 20% from
the calculation depending on the missing momentum. The
transverse response, depending on the missing momen-
tum, deviates up to 10%. For missing momenta below
50MeV/c the longitudinal response has been found to be
about 20% smaller than the calculation in both, the Saclay
and the Bates experiments. The transverse response has
been found to be about 4% smaller than the calculation
for the Saclay data and in agreement (within the error
bars) for the Bates experiment. In contrast the longitudi-
nal response found at NIKHEF is much larger than the
MIT-Bates result, while the transverse responses are in
agreement.

At MAMI RL and RT have been extracted for missing
momenta up to 350MeV/c [21]. An example of the result
of this experiment is shown in fig. 6.

Unfortunately at small recoil momenta problems with
the target lead to uncertainties in determining the abso-
lute cross section making it impossible to compare the
results to the low pm results discussed above.

To summarize, the experimental knowledge of RL and
RT is limited to low recoil momenta and there are dis-
agreements among different experiments and also when
compared to modern calculations. Currently there exists
no experimental program to address these problems.

The response function RLT is sensitive to relativistic
contributions to the electromagnetic current operator [22]
and FSI and has the advantage that it is particularly
easy to extract. This is due to the fact that the elec-
tron kinematics are fixed and only the proton scattering
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Fig. 6. Result of a RL-RT separation at MAMI [21] for miss-
ing momenta up to 350MeV/c at a momentum transfer of
450MeV/c. Calculations are by H. Arenhövel [20] (PWBA: no
FSI but scattering off the neutron and observing the recoiling
proton has been included).
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Fig. 7. Left: an overview of measurements of ALT from var-
ious experiments [25] where 0.15 ≤ Q2 ≤ 0.22 (GeV/c)2.
Calculations are from H. Arenhövel et al. [26] (dash-dot:
N+MEC+IC, solid: N+MEC+IC+RC) and from E. Hummel
et al. [27] (dashed: PWBA), the dotted curve corresponds to
PWIA (σcc1). 0.15 to 0.22. Right: Determination of ALT at
MAMI for Q2 = 0.33 (GeV/c)2 [23]. The calculation is by
H. Arenhövel [20] including FSI, MEC, IC and Relativistic
corrections (RC).

angle is changed (in the electron scattering plane) in such
a way, that the reaction plane varies between φ = 0◦ and
φ = 180◦ (see fig. 2). The cross section difference obtained
from these two measurements is then proportional to RLT .
A quantity closely related to RLT is the “left-right” asym-
metry

ALT =
σ

180
◦ − σ

0
◦

σ
180

◦ + σ
0
◦

and has the additional advantage that the absolute cross
section normalization cancels in the ratio. An overview of
experimental results is shown in fig. 7 together with the
result of a determination of ALT at MAMI [23]. Other
recent ALT measurements have been published in refer-
ences [16] and [24].

A determination of RTT requires proton detection out
of the electron scattering plane. This has been achieved
at MIT-Bates using the Out-Of-Plane (OOPS) spectrom-
eter [24] system and at NIKHEF [28] using the HADRON
detectors. For an overview of results see [25].

An additional response function, R′

LT , can be obtained
using out-of-plane detection of the proton and measuring
the helicity dependence of the cross section with polarized
electrons. This has been carried out at MIT-Bates [29]
using OOPS.

3.3 Cross section measurements at high Q2

D(e, e′p)n cross sections have been obtained at SLAC for
high Q2 but low recoil momenta (pm < 0.2GeV/c) [30].
Recently, experiments have been carried out at Jefferson
Lab in Hall A (experiment E01-020) as well as in Hall B
using CLAS (experiment E94-019). The goal of the Hall
A experiment is to test the Generalized Eikonal Approx-
imation (GEA) description of FSI [31] in the D(e, e′p)n
reaction while the goal of the Hall B experiment is to
use the GEA description of the D(e, e′p)n reaction in
the search for evidence of color transparency. Within the
GEA, FSI are described by a series of small-angle scatter-
ings of the outgoing nucleon. This approximation, which
is typically valid for nucleon energies of 1GeV and above,
has been successfully applied in high-energy nucleon scat-
tering. However it has never been tested for the D(e, e′p)n
reaction. Another goal of the Hall A experiment is the
determination RLT for missing momenta up to 0.5GeV/c
where relativistic effects are expected to be very large and
RLT is sensitive to details of the current operator.

The GEA predicts a characteristic dependence of the
strength of FSI on the angle of the recoiling neutron with
respect to the momentum transfer and on the value of the
missing momentum. For angles around 80◦ FSI effects are
predicted to be maximal. For pm = 0.2GeV/c a reduction
of the cross section by about 30–40% is predicted and for
pm = 0.4GeV/c and pm = 0.5GeV/c an increase of the
cross section by more than a factor of two is predicted. The
location of the extremum of the rescattering contributions
give additional information about the details of the rescat-
tering process such as the importance of the Fermi motion
of the bound nucleons.

In order to address these questions in Hall A, the
D(e, e′p)n cross section has been measured for Q2 =
0.8, 2.1 and 3.5 (GeV/c)2 and missing momenta between
pm = 0 and pm = 0.5GeV/c. A very preliminary result is
shown in fig. 8 where the observed yield is compared to a
Monte Carlo calculation using the PWIA for the cross sec-
tion. Clearly the predicted angular dependence has been
observed. A detailed analysis is currently in progress.
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Fig. 8. Preliminary ratio of the measured yield to the cal-
culated one using PWIA for the D(e, e′p)n reaction at Q2 =
3.5 (GeV/c)2. Data for pm = 0.5 (GeV/c) show a strong en-
hancement of the cross section at about 70◦ while the data for
pm = 0.2 (GeV/c) show a reduction at a similar angle. The
bars indicate the uncertainty from the preliminary status of
the analysis. The final errors will be of the order of 10%. The
calculation by J. M. Laget [32] reproduces the trend of the data
quite well down to angles of about 40◦. The behavior of the
data at angles below 40◦ is unexpected but given the status if
the analysis no further conclusions can be drawn at this time.

4 3He and 4He studies

The breakup of the 3,4He nuclei can lead to a 2-body fi-
nal state like in the deuteron or it can lead to a 3- and
even 4-body final state for 3He and 4He, respectively. Only
recently, with the advent of high computing power and ef-
ficient computational techniques, can the continuum final
state be calculated accurately. These nuclei are the sim-
plest systems in which to study short range correlations.

4.1 Low Q2 experiments

Similar to deuterium, early (e, e′p) experiments on 3He
and 4He explored the cross section with the goal to ob-
tain information on the momentum distribution [33,34].
The same problems as described in section 3.1 are en-
countered here. In addition to examining the momentum
distribution one has also studied the missing-energy spec-
trum. Early experiments on 3He by Marchand et al. [33]
showed a structure in the missing energy spectrum that
is shifting with increasing recoil momentum in agreement
with the kinematics of scattering off a nucleon pair. After
the absorption of the virtual photon by one member of the
pair, the struck nucleon is observed and the other partner
of the pair recoils with the negative initial momentum of
the struck nucleon.

To investigate the nucleon knock-out reaction in de-
tail on these nuclei, a high-precision measurement of the
(e, e′p) cross section for 3,4He has been carried out at
MAMI. The goal was to determine the longitudinal and
the transverse response in parallel kinematics close to the
quasi-free peak and for missing energies up to 70MeV/c.

Fig. 9. The missing energy spectrum for the 3He(e, e′p) re-
action on the quasi-free peak. The 2-body breakup peak is
clearly separated from the 3-body continuum. All strength
above about 25MeV is entirely due to the radiative tail [38].

Fig. 10. The asymmetry ALT and the response function RLT

measured at MAMI for the 4He(e, e′p)3H reaction [39] together
with calculations with and without the inclusion of MEC [40].

Results of these measurements can be found in refer-
ences [35,36]. As an example, fig. 9 shows the missing
energy spectrum obtained on the quasi-free peak. No ad-
ditional strength can be observed above a missing energy
of about 25MeV and the dependence of the cross section
on the polarization of the virtual photon is the same as
the one within PWIA. Hence, besides an overall reduction
of the experimental cross section that is most likely due
to FSI, no additional effects have been observed. By con-
trast, an RL/RT separation carried out at Saclay [37] for
missing momenta above 250MeV/c found very large de-
viations of the data from the calculations for the 2-body
breakup, even when FSI and MEC are included.

Cross sections have also been obtained for the 3-
body breakup region. Again no additional dependence on
the virtual photon polarization has been found beyond
PWIA [36].

For the 2-body breakup of 4He the interference re-
sponse function, RLT has been extracted at MAMI [39]
for missing momenta from 150MeV/c up to 300MeV/c
at a momentum transfer Q2 ≈ 0.33 (GeV/c)2. The results
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Fig. 11. Left: The cross section for the 2-body breakup of 3He
for Q2 = 1.55 (GeV/c)2 [42] (pm < 0 corresponds to φ = 0◦

and pm > 0 corresponds to φ = 180◦) Right: the extracted
ALT ratio. The calculations are Glauber-based by J.M. Laget
(see [42]).

have been compared to calculations by R. Schiavilla et

al. [40,41], which show the need for MEC to improve the
agreement with the experiment (fig. 10).

4.2 High-Q2 experiments

A detailed study of the 3,4He electrodisintegration in
quasi-free kinematics has been performed in Hall A at
Jefferson Lab. The (e, e′p) cross section has been mea-
sured in parallel kinematics to allow for a RL/RT separa-
tion and in perpendicular kinematics in order to determine
the ALT asymmetry. The energy and 3-momentum trans-
fers have been kept constant at ω = 0.84 (GeV) and at
q = 1.502 (GeV/c) (Q2 = 1.55 (GeV/c)2) and cross sec-
tions have been measured up to pm = 1GeV/c. At these
large momentum and energy transfers Glauber based cal-
culations are expected to be valid.

In fig. 11 the experimental cross sections for the 2-body
breakup are shown. Negative values of pm correspond to
cross sections measured at φ = 0◦ while positive pm-values
are cross sections measured at φ = 180◦. Full Glauber-
based calculations with modern 3-body wave functions
from realistic potentials provide an excellent descrip-
tion of the experimental data up to missing momenta of
150MeV/c. The same calculations give a good description
of the observed cross sections up to missing momenta of
750MeV/c. Some deviations between experiment and the
calculation can be observed for φ = 0◦ between 250 and
500MeV/c. It is also evident that FSI play a major role
for recoil momenta above 300MeV/c. In Laget’s calcula-
tion MEC and IC are found to contribute at most ≈ 25%
which is in agreement with the expectation that these con-
tributions diminish with increasing momentum transfer.

Another recent Glauber-based calculation by R. Schi-
avilla et al. [43], where the full spin and isospin dependence
of the underlying NN amplitudes is retained, reproduces
the experimental 2-body breakup cross section very well
(fig. 12). Rescattering effects have been found to be im-
portant over the full range of recoil momenta studied and,
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Fig. 13. The cross section for the 2-body breakup of 3He for
Q2 = 1.55 (GeV/c)2 [42] compared to a calculation by Kap-
tari et al. [44].

especially, double rescattering is important to improve the
agreement between experiment and theory for recoil mo-
menta above 750MeV/c.

A third calculation by Kaptari et al. [44], based on
GEA, can also reproduce the measured cross sections up to
pm = 700MeV/c reasonably well. In this calculation MEC
and IC contributions have not been included (fig. 13). This
again supports the expectation that with increasing mo-
mentum transfer, MEC and IC contributions to the cross
section decrease.

In addition to 2-body breakup, the 3-body breakup
reaction has also been observed at missing energies up to
a 140MeV [45]. As in the Saclay experiment at low mo-
mentum transfer, a broad bump has been observed whose
location shifts to increasing missing energy with increas-
ing missing momentum (fig. 14). The peak location is kine-
matically in agreement with the breakup of a nucleon pair.
The observed nucleon momentum is the sum of the mo-
mentum transfer and the initial momentum in the pair and
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Fig. 14. Missing energy spectra for the 3-body beakup of 3He
in Hall A at JLAB [45], the kinematics is the same as in ref-
erence [42]. The arrows indicate the expected location of the
peak for the breakup of a nucleon pair. The width is a conse-
quence of the center-of-mass motion of the pair. The solid line
includes FSI and MEC. The calculations are by J.M. Laget
(see [45]).

the recoiling nucleon is the partner. The third nucleon in
helium is a spectator.

Calculations by J. M. Laget [46] show that FSI within
the active nucleon pair contribute strongly to the observed
structure while final state interactions between the pair
nucleons and the spectator nucleon seem to be much less
important. Integrating over missing energy and dividing
by the electron-nucleon cross section [8] results in the
(PWIA) effective momentum distribution for the 3-body
breakup. This can then be compared to the effective mo-
mentum distribution from the 2-body breakup channel.
The result is shown in fig. 15. With increasing recoil mo-
menta the momentum distribution is dominated by the
3-body breakup process. However at this point one can-
not experimentally distinguish contributions due to FSI
within the nucleon pair from contributions of shortrange
correlations. Maybe separated response functions will give
more information to address this question.

4.3 Search for short-range correlations in 3He

The detection of nucleon pairs should allow one to
study nucleon correlations in a direct way. These triple-

Fig. 15. Proton effective momentum distributions in 3He ex-
tracted from the 3-body breakup reaction (open circles) com-
pared to the 2-body contribution (triangles) [45]. The integra-
tion in missing energy ranges from threshold up to 140MeV.
Calculations are by J. M. Laget [46,32].

coincidence experiments can only be carried out with CW
electron beams. 3He(e, e′NN) experiments have been car-
ried out at NIKHEF with the pulse stretcher ring AmPS,
at MAMI and at Jefferson Lab. Again, one of the fun-
damental problems is to isolate the various reaction pro-
cesses that can lead to the emission of nucleon pairs in
addition to initial state correlations. The most prominent
processes are final state interactions and 2-body currents
such as MEC and IC. In an experiment carried out at
NIKHEF [47,48], 3He(e, e′pp)n cross sections were mea-
sured for momentum transfers around 400MeV/c and at
an energy transfer of about 220MeV. The experimental
results were compared to continuum Faddeev calculations
performed with various modern potentials including one-
and two-body currents. The relative momenta of pair nu-
cleons was between 500 and 800MeV/c. It was found that
calculations performed with only a one-body hadronic cur-
rent operator show a fair agreement with the data for small
missing (neutron) momenta. This can be interpreted as a
direct knock-out of a proton pair. With increasing miss-
ing momentum, contributions from MEC and IC also in-
crease. FSI between the pair nucleons depend on the rel-
ative emission angle. Decreasing relative emission angle
leads to increasing FSI.

At MAMI 3He(e, e′pn)p cross sections have been mea-
sured and are currently being analyzed.

Another study of the 3He(e, e′pp)n reaction has been
carried out with CLAS at Jefferson Lab [49]. Via a Daliz-
plot of the kinetic energies of the observed nucleons di-
vided by the energy transfer, various reaction mechanisms
could be selected. The location where both nucleons have
the smallest energy fraction corresponds to the process
where the virtual photon is absorbed by the uncorrelated
nucleon. The observed (small energy fraction) nucleons are
then the pair nucleons. This interpretation is supported by
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Fig. 16. a) Dalitz plot for the lab frame Tp1/ω versus Tp2/ω
for events with pN > 0.25GeV/c [49]. b) The cosine of the
p-p lab frame opening angle. Open circles for events with small
proton momenta (Tp < 0.2 ·ω) and closed circles show all data.
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Fig. 17. Definition of polarization variables for (e, e′N) polar-
ization transfer experiments. e represents the polarized elec-
tron beam, e′ the scattered electron and θe the electron scatter-
ing angle. q the virtual photon, pf the final nucleon momentum
and P ′

x, P
′

y, P
′

z the polarization of the ejected nucleon.

the relative angular distribution of the observed nucleon
pair that shows a pronounced peak at 180◦ (in the Lab
frame) corresponding to nucleon emission back-to-back
(fig. 16). As before [47,48] one finds strong FSI within
the nucleon pair and only small contributions due to two-
body currents and rescattering of the struck nucleon with
the pair.

5 Polarization transfer experiments

Spin degrees of freedom open up a new, large set of observ-
ables that make it possible to address a variety of differ-
ent questions in nuclear physics. Spin observables lead to
interference terms between different reaction amplitudes.
This in turn makes it possible to study very small am-
plitudes when their effect is enhanced by a large one. An
important application of this is the determination of the
nucleon form factors where polarized electrons are scat-
tered off an unpolarized target and the polarization of the
struck nucleon is determined in a polarimeter [50].

For the (−→e , e′
−→
N ) reaction on a free nucleon one obtains

(see fig. 17)

GE

GM

= −
P ′

x

P ′
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·
(Ei + Ef )

2M
tan θe/2 ,

Fig. 18. Polarization transfer experiments on 4He from
Mainz [55] and JLAB [56]. The best agreement is obtained for a
modified nucleon form factor within the quark-meson coupling
model [57,58].

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Q2 [(GeV/c)2]

0.80

0.85

0.90

0.95

1.00

1.05

(P
x
/P

z
)/(

P
x
/P

z
) P

W
IA

4He EXP
1H  EXP
OPT(no CH�EX)
OPT
OPT+MEC

Fig. 19. Comparison of the 4He polarization transfer exper-
iment [56] and the calculation by Schiavilla et al. [59]. No
nucleon form factor modifications have been included. OPT:
Only one-body currents included and p3H FSI described by
an optical potential with and without (no CH-EX) charge ex-
change. OPT+MEC: Full optical potential including one- and
two-body currents. The error bars in the calculation are due
to the Monte Carlo method used and are similar for all calcu-
lations shown.

where GE and GM are the electric and magnetic Sachs
form factors, P ′

x and P ′

z are the nucleon polarization, Ei

and Ef the incident and scattered (or final) electron en-
ergy, M the nucleon mass and θe the electron scattering
angle.

This method has been used extensively to determine
the neutron form factor and the high-Q2 behavior of the
ratio of the electric to the magnetic form factor of the
proton [51,52,53,54] (see contributions by D. Rohe and
M. Ostrick). The same process can also be measured in
nuclei. Experiments carried out at MAMI [55] and at
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JLAB [56] on 4He showed that the ratio

R =
(P ′

x/P
′

z)He

(P ′

x/P
′

z)H

is reduced by about 10% (fig. 18). Some calculations based
on the quark meson coupling model [57,58] suggest a pos-
sible modification of the nucleon form factors inside nuclei
to account for this observation. Another calculation by
Schiavilla et al. [59] uses realistic wave functions for the
bound state that include correlation effects. One- and two-
body currents are included and spin and isospin depen-
dences in the final state interaction including charge ex-
change have been taken into account. The calculation can
reproduce the experimental data without the need of form
factor modifications as can be seen in fig. 19. New high-
precision experiments on 4He are planned at Jefferson Lab
in Hall A to improve and extend the available data.

6 Summary and conclusion

In the last 20 years much progress has been made in the
knowledge of the structure of few-body systems. The avail-
ability of high quality CW beams made it possible to mea-
sure coincidence cross sections over a wide range of kine-
matical variables which were inaccessible before. In paral-
lel, theoretical progress together with increasing compu-
tational power has resulted in sophisticated models that
agree very well with the data.

Coincidence data on 3He have enjoyed a lot of atten-
tion and the analysis of recent data taken at Jefferson
Lab is still in progress. The importance of a detailed un-
derstanding of final state interactions, MEC, and IC is
crucial in order to extract information on the short-range
structure of light nuclei.

While many new single-arm data on the deuteron have
been obtained, available coincidence data and especially
the lack of new, high-precision response function determi-
nations are disappointing.

Triple coincidence experiments on the He nuclei are
expected to provide new data on the structure of corre-
lations. However, these experiments are very complex to
carry out, analyze, and interpret. Several experiments are
being currently analyzed at MAMI and JLAB. The (up-
graded ) Mainz Microtron will continue to play a leading
role in nuclear physics.

I would like to thank H. Arenhövel, H. Backe, D. Drechsel,
J. Friedrich, K-H. Kaiser and Th. Walcher for making MAMI
such a success, for their contributions to our field and for giving
me the opportunity to carry out research at MAMI. I wish you
all the best in the future. This work was supported in part by
the Department of Energy, DOE grant DE-FG02-99ER41065.
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