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Abstract. Proton knock-out is studied in a broad program in Hall A at Jefferson Lab. The first experiment
performed in Hall A studied the 16O(e, e′p) reaction. Since then proton knock-out experiments have studied
a variety of aspects of that reaction, from single-nucleon properties to its mechanism, such as final-state
interactions and two-body currents, in nuclei from 2H to 16O. In this review the accomplishments of this
program will be summarized and an outlook given of expected future results.

PACS. 25.30.Rw Electroproduction reactions – 24.70.+s Polarization phenomena in reactions

1 Introduction

Coincident electron-induced proton knock-out experi-
ments have long served as precision tools for the study of
the nuclear electromagnetic response. Cross-section data
have been used to test the mean-field model of protons
bound inside the nucleus and to study their wave func-
tion. For example, the extensive program at NIKHEF has
established that the spectroscopic factor, the integrated
single-particle strength, is quenched by 30–40% through-
out the periodic table. The missing strength is assumed to
have been shifted to high values of missing energy Em and
momentum pm through nucleon-nucleon correlations. Sep-
arated response functions have provided detailed informa-
tion on the various components of the reaction mechanism,
such as Final State Interactions (FSI), Meson-Exchange
Currents (MEC), Isobar Currents (IC) and the effects of
relativity.

Hall A at Jefferson Lab is equipped with a pair of
identical high-resolution spectrometers, which combine a
high momentum resolution (1.5 ·10−4) to a sizeable angu-
lar (6 msr) and momentum (±5%) acceptance. Detailed
information on the Hall A instrumentation is available in
ref. [1]. In conjunction with the beam properties out of the
CEBAF accelerator [2] (Emax ≈ 6 GeV, Imax ≈ 100 µA
and polarization ≥ 70%), this provides the perfect en-
vironment for a broad and in-depth program of (e, e′p)
studies. The high beam energy and luminosity make it
possible to cover large Q2, pm and Em ranges at a variety
of kinematics (parallel and perpendicular). Various nuclei
from 2H to 16O have been investigated.
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2 Formalism

The kinematics for the (e, e′p) reaction are shown in fig. 1.
The scattering plane is defined by the incoming electron,
kµ = (Ee,k), and the outgoing electron, k′µ = (E′

e,k
′).

The four-momentum of the virtual photon is given by
qµ = (ω,q) and the four-momentum of the outgoing
proton is given by p′µ = (Ep,p′). The four-momentum
square, Q2 = q2 − ω2, is defined such that Q2 is always
positive for electron scattering. The missing-momentum
vector is defined as pm = q − p′ and represents the mo-
mentum of the recoiling system. In polarization transfer
reactions (�e, e′�p ) the components of the polarization of
the knocked-out proton are defined relative to q in the
coordinate system indicated in the figure.

The form of the differential cross-section for (e, e′p) re-
actions in the one-photon exchange approximation with-
out polarization is

d6σ

dΩe′dEe′dΩp′dEp′
=
Epp

′

(2π)3
σMott[vTRT + vLRL

+vLTRLT cosφpq + vTTRTT cos 2φpq] , (1)

with φpq the angle between the plane defined by e and e′
and the plane defined by p′ and q, and σMott the Mott
cross-section,

σMott =
4α2E2

e′

Q4
cos2

θe
2
. (2)



424 The European Physical Journal A

k'

φpq

reaction plane

scattering plane

k
q

h

p'

θe
θpq

y

z

x

Fig. 1. A schematic of the kinematics for the (e, e′p) reaction.

The kinematics factors vL, vT , vLT ,and vTT are:

vL =
Q4

q4
, (3)

vT =
Q2

2q2
+ tan2(θe/2) , (4)

vLT =
Q2

q2

[
Q2

q2
+ tan2(θe/2)

]1/2

, and (5)

vTT =
Q2

2q2
. (6)

The response functions, RL, RT , RLT , RTT , can be
separated by a suitable choice of the kinematic param-
eters. In perpendicular in-plane kinematics with a fixed q
and ω, one can separate RT , RLT , and a combination of
the RL and RTT response functions, denoted as RL+TT .
One can also measure the cross-section asymmetry ALT

for a given q and ω. This asymmetry is defined as

ALT =
σ(φ = 180◦)− σ(φ = 0◦)
σ(φ = 180◦) + σ(φ = 0◦)

. (7)

In parallel and anti-parallel kinematics, i.e. when the out-
going proton is in the direction of q, one can separate the
RL and RT response functions. In parallel kinematics pm

points in the opposite direction as q with xB < 1, while in
anti-parallel kinematics pm points in the same direction
as q with xB > 1, where

xB =
Q2

2Mω
(8)

is the Bjorken scaling variable. For xB > 1, the region in
ω between the quasi-elastic peak and the elastic peak is
being probed; while for xB < 1, the region in ω towards
the ∆-resonance is being probed. The region in ω between
the quasi-elastic peak and ∆-resonance is often referred to
as the dip region.

3 Many-body systems

The (e, e′p) reaction has been used for many decades to
test a mean-field description of a nucleus. The first ex-
periment carried out in Hall A at Jefferson Lab was E89-
003 [3], a study of 16O(e, e′p) at a constant value of the
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Fig. 2. Measured left-right asymmetry ALT and DWIA cal-
culations for knock-out from the 1p-shell. All curves are from
Udias [5]. The solid line is the fully relativistic calculation. The
densely dotted line is the calculation with only the bound-state
spinor distortion included, the loosely dotted line that with
only the scattered-state spinor distortion included. The dot-
dashed line is the calculation without any spinor distortion.
The error bars shown are the quadratic sum of the statistical
and systematic uncertainties.

four-momentum transfer squared Q2 of 0.8 (GeV/c)2 and
ω = 439 MeV. For pm ≤ 350 MeV/c, the response func-
tions RL+TT , RT and RLT were separated and ALT was
extracted for 1p-shell knock-out.

The ∼ 70 µA continuous electron beam with an en-
ergy of 2.4 GeV was scattered from a waterfall target
with three foils, each ∼ 130 mg/cm2 thick. The scat-
tered electrons and the knocked-out protons were detected
in coincidence in the two high-resolution spectrometers.
A missing-energy resolution of 0.9 MeV FWHM was ob-
tained. The angle of any tracked particle was determined
to 0.3 mrad, and its momentum with a relative accuracy
of 1.5 · 10−3. The absolute efficiency for the coincident
cross-section data was determined by comparing the elas-
tic hydrogen cross-section, obtained simultaneously from
the waterfall target, to the available world data.

The results for knock-out from the 1p-shell [4] have
been compared to full Relativistic Distorted Wave Impulse
Approximation (RDWIA) calculations by Udias [5]. In the
full RDWIA approach the Dirac equation was solved di-
rectly in configuration space. The Coulomb gauge, the
cc2 current operator, the NLSH mean-field bound-state
wave function [6] and the energy-dependent optical model
parametrization of Cooper et al. [7] were used. Simi-
lar calculations by Kelly [8] produced identical results.
The results for the asymmetry ALT are shown in fig. 2.
There is a large change in the slope of ALT evident at
pm ≈ 300 MeV/c. In Udias’ calculations the nucleon cur-
rent is computed with a fully relativistic operator. The
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Fig. 3. The cross-section measured at different outgoing-
proton angles as a function of missing energy, averaged over
the values measured at either side of q. The curves show the
single-particle strength calculated by Kelly [10] (solid curve,
only the s-shell is shown) and by Ryckebusch (dashed curve),
folded with the Lorentzian parametrization of Mahaux. The
dotted line shows the Ryckebusch calculation of the (e, e′pn)
and (e, e′pp) contributions to the (e, e′p) channel including
MEC and IC contributions and central correlations, while the
dot-dashed line also includes tensor correlations.

effect of spinor distortions on ALT is evident from the
curves in which the enhancement of the lower components
is artificially removed. Clearly, a fully relativistic calcu-
lation is required to reproduce the slope change in ALT

observed at high pm values.
Figure 3 shows the cross-section [9] measured up to Em

values of 120 MeV as a function of pm. At the lowest pm
value (50 MeV/c) a wide peak is evident at Em ≈ 40 MeV,
due predominantly to knock-out of 1s1/2 protons. This
peak decreases with increasing pm and has disappeared
beneath a flat background for pm ≥ 200 MeV/c. The con-
tinuum knock-out results have been compared to single-
particle knock-out calculations by Kelly [10]. These DWIA
calculations used a relativized Schrödinger equation and
spread the cross-section (normalized by a factor of 0.73)
over Em using a Lorentzian parametrization. At small
pm this model describes the data well, but at larger pm
the DWIA cross-section is much smaller than the data.
Figure 3 also shows the results of (e, e′pn) and (e, e′pp)

calculations by Ryckebusch [11] in a Hartree-Fock frame-
work. In his calculations FSI effects were neglected, but
MEC, IC and tensor correlations were included. The flat
cross-section observed is confirmed by Ryckebusch, but
at approximately half the observed strength, with the
main contribution coming from two-body currents. Rycke-
busch’ calculations shown in the figure strongly overesti-
mate knock-out from the valence orbits at higher pm. In
more recent calculations he has replaced the rescattering
optical potential by the Glauber multiple-scattering the-
ory, an approach better suited to the higher proton mo-
menta in the JLab experiments. Preliminary results yield
agreement with the data over the complete experimental
Em and pm ranges.

A follow-up experiment, E00-102 [12], was completed a
year ago. Cross-section measurements and response func-
tion separations were performed at the same Q2 value as
E89-003 (0.8 (GeV/c)2). For small Em values a pm range
from −500 MeV/c to +750 MeV/c was studied, while for
Em up to 170 MeV data were taken at pm values between
70 and 350 MeV/c.

4 Few-body systems

The 2H(e, e′p)n reaction is ideal to investigate the short-
range structure of the (NN) interaction, which determines
the high-momentum components of the deuteron wave
function. The first experiment to study those aspects was
E94-004 [13], which measured the cross-section on roughly
the quasi-elastic peak at Q2 = 0.665 (GeV/c)2. The miss-
ing energy pm was varied from 0 to 500 MeV/c by chang-
ing the proton angle. Since the electron kinematics were
kept fixed, the electron spectrometer was used to monitor
the product of target density and detector dead time. The
total systematic uncertainty in the absolute cross-section
was estimated to be less than 10%.

The data [14] were compared to calculations by Ritz et
al. [15], which included relativistic contributions of leading
order in pm to the kinematic boost of the wave function
and to the nucleon current. The Bonn (NN) potential and
dipole nucleon form factors were used. The full calculation
is in good agreement with the data for pm ≥ 400 MeV/c,
where FSI and IC effects contribute up to 100%. However,
at smaller pm values the calculations undershoot the data
by up to 20%.

To investigate the origin of this discrepancy, experi-
ment E01-020 [16] was carried out this year. In this exper-
iment the 2H(e, e′p) cross-section was measured and the
RLT response function separated for pm up to 500 MeV/c
at three Q2 values of 0.8, 2.1 and 3.5 (GeV/c)2. At con-
stant pm values of 200, 400 and 500 MeV/c the cross-
section has been measured as a function of the angle of
the recoiling neutron with respect to q between 20◦ and
150◦. This corresponds to a range in xB between 0.7 and
1.5, which allows a detailed study of FSI effects. Mea-
surements at a small pm value of 50 MeV/c will serve as
normalization, since FSI, MEC and IC effects are expected
to be small there.
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Fig. 4. Preliminary results for the 3He(e, e′p)d cross-section
as a function of pm. The curves show the latest calculation by
Laget [18] together with a PWIA one by Salme [20].

In the E89-044 experiment [17] on 3He different kine-
matic regions were studied, each focusing on a particular
aspect of the nuclear structure or of the reaction mecha-
nism. In constant (q = 1.5 GeV/c, ω = 0.845 GeV) kine-
matics the single-nucleon structure of 3He was studied up
to pm = 1 GeV/c. The response functions RL+TT , RT and
RLT were separated up to pm = 550 MeV/c. To investi-
gate the Q-dependence of the reaction mechanism, the
RL and RT structure functions were separated in paral-
lel kinematics up to 3 GeV/c, for pm = 0 MeV/c and for
pm = ±300 MeV/c at Q = 1 and 2 GeV/c. In the contin-
uum region a full in-plane separation of RL and RT was
performed to search for correlated nucleon pairs.

Preliminary results for the cross-section in the two-
body reaction channel are shown in fig. 4 in forward per-
pendicular kinematics. The most recent calculations by
Laget [18] yield an excellent description of the data up to
pm = 750 MeV/c. Laget’s calculations are based on the di-
agrammatic method which he has developed for the anal-
ysis of photo- and electro-production of the three-nucleon
system [19]. The kinematics and the phase space are rela-
tivistic, while the energy and momentum are conserved at
each vertex. For the 3He and 2H wave functions solutions
of the Faddeev equations for the Hannover 18 three-body
and the Paris two-body potentials, respectively, are used.
A complete set of two-body matrix elements includes both
possible isospin states and the charge-exchange mecha-
nism. The meson scattering amplitude relates the 3He
three-body break-up and the subsequent 2H recombina-
tion matrix elements. The half off-shell nucleon-nucleon
rescattering amplitude was originally expanded in terms
of partial waves up to and including D-waves. Recently,
Laget has introduced the Glauber multiple-scattering the-
ory, in which the FSI are calculated directly from the
elementary nucleon-nucleon scattering amplitudes, better
suited for the higher proton momenta of the present exper-
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Fig. 5. Preliminary ALT data for 3He as a function of pm.
The curves show the latest calculation by Laget [18] along with
preliminary results from Udias [5] and a PWIA calculation by
Salme [20].

iments. The total nucleon-nucleon scattering cross-section
has a minimum at a proton kinetic energy Tp ≈ 200 MeV,
then rises and reaches a plateau for Tp ≥ 800 MeV. For
50 ≤ pm ≤ 200 MeV/c, there is good agreement between
the data and both PWIA calculations [18,20] and the
DWIA calculation [18]. At pm ≤ 50 MeV/c the data ex-
ceed the calculations by similar amounts as for 2H. At the
highest pm values the measured cross-section is up to an
order of magnitude larger than the calculated one.

The preliminary results for ALT are shown in fig. 5.
The curves represent the same calculations by Laget,
shown in the previous figure, as well as the preliminary
results of Udias [5]. Both the RDWIA and the RPWIA cal-
culations used a mean-field approximation. Udias is work-
ing on the inclusion of realistic three-body wave functions
in his code. At intermediate pm values, ALT is sensitive
to relativistic effects, while at the highest pm values FSI
effects dominate.

A variety of realistic models [21,22] predict a sharp
minimum in the spectral function of 4He at a missing-
momentum value pm ≈ 400 MeV/c, which is directly at-
tributed to short-range calculations. Similar calculations
for 3He do not show a sharp minimum, but that is due to
the d-state component in the 3He wave function. In prac-
tice the minimum for 4He can easily be filled by reaction
mechanism effects [18,22] at lower Q2 values. An earlier
experiment at NIKHEF [23] indeed failed to observe such
a minimum at a constant (q = 400 MeV/c, ω = 215 MeV)
kinematics. At such perpendicular kinematics FSI effects
are predicted to obscure the minimum.

Experiment E97-111 [24] ran two years ago, designed
to resolve the issues of the predicted minimum and of re-
action mechanism effects. Three kinematics were selected,
all covering the pm range of the minimum: a constant
(q ≈ 1 GeV/c, ω ≈ 500 MeV) kinematics at a much larger
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Q2 value than that of the NIKHEF [23] experiment (0.11
(GeV/c)2) and two parallel kinematics at Q2 values of 0.8
and 1.9 (GeV/c)2. The analysis is still in progress, but
an on-line analysis showed no indication of a minimum.

In a recently approved experiment, E01-108 [25], a de-
tailed study will be made of the 4He(e, e′p)τ reaction at
high Q2 values in kinematics similar to those of the E89-
044 experiment. Laget [18] has extended his diagrammatic
approach to 4He, so that the results of E01-108 will serve
as a benchmark test of his calculations.

5 Polarization transfer

Polarization transfer in the (�e, e′�p ) reaction on a proton
target provides a direct measure of the ratio of the charge
and magnetization form factors of the proton [26]. When
studied on a nuclear target, the polarization transfer ob-
servables are sensitive to the form factor ratio of a proton
embedded in the nuclear medium.

In experiment E89-033 [27] polarization transfer was
measured in the reaction 16O(�e, e′�p )15N, the first such
measurement in a nucleus other than deuterium. It was the
first experiment to use a polarized beam at Jefferson Lab
and to use the Focal-Plane Polarimeter (FPP) [28] in Hall
A. Electrons from the CEBAF accelerator of energy 2.45
GeV and of longitudinal polarization about 30% were scat-
tered from the same waterfall target as described in sect. 3.
Protons with a fixed central momentum of 973 MeV/c
were detected in the focal-plane array of the hadron
spectrometer in coincidence with electrons. Measurements
were made in quasi-perpendicular kinematics, correspond-
ing to central pm values of 85 and 140 MeV/c. The pm
resolution was sufficient to easily separate the p1/2 ground
state from the strongly excited p3/2-state at 6.32 MeV. In
the continuum, a broad peak was observed corresponding
mainly to knock-out of protons from the s1/2-shell.

The polarization of the knocked-out protons resulted
in asymmetric azimuthal distributions after scattering in
the (carbon) analyzer of the FPP. These distributions,
in combination with the beam helicity information, were
analyzed to yield the longitudinal and transverse polariza-
tion components of the knocked-out protons. Results [29]
for the two bound states and for the unbound s1/2-state
were compared to a variety of calculations by Kelly and
Udias. The statistical error ranges between 15 and 30%,
while the systematic error on the individual polarization
components is about 6%, mainly due to the uncertainty in
the beam polarization. Within the experimental errors all
DWIA calculations agree with the data. The relativistic
effects on the recoil polarization clearly are small in this
pm range. Also the effects of MEC and IC are predicted
by various authors to scatter over the same range as the
DWIA calculations do.

Four years later a second polarization transfer exper-
iment was carried out in Hall A, E93-049 [30], this time
on 4He. The quality of the polarized beam had increased
significantly over that period, with the polarization now
up to 70% at a current of up to 70 µA. The new experi-
ment measured the polarization transfer and the induced

Q2     [GeV/c]2

Fig. 6. The super-ratio R/RPWIA for the reaction
4He(
e, e′
p )3H as a function of Q2. The dashed curve shows the
results of the RDWIA calculation of Udias [5]. The dot-dashed
curve represents the result of Laget’s full calculation, including
two-body currents [18]. The solid curve shows the result of in-
cluding medium modifications as predicted by a quark-meson
coupling model [32] in Udias’ RDWIA calculations.

polarization coefficients over the range of Q2 from 0.5 to
2.6 (GeV/c)2 and over a range of pm from 0 to 240 MeV/c.
Thanks to the improved quality of the polarized beam, the
statistical error now ranged from 4 to 10% with a system-
atic error of less than 2% in the ratio of the transverse
and longitudinal polarization components (P ′

x/P
′
z) [31]. A

ratio R is then defined as

R =
(P ′

x/P
′
z)4He

(P ′
x/P

′
z)1H

, (9)

and compared to RDWIA calculations by Udias, averaged
over the instrumental acceptance (fig. 6).

At Q2 = 0.5 and 1.0 (GeV/c)2 plane-wave calculations
overestimate the data by ∼ 10%, while the RDWIA calcu-
lations yield a ∼ 3% smaller value for R. Lu et al. [32] have
predicted a sizeable effect of the nuclear medium on this
polarization ratio in a quark-meson coupling model, with
the largest effect predicted on the magnetic form fator.
Similar effects have been calculated by Frank et al. [33] in
a light-cone constituent-quark model. Indeed, including
the predictions of Lu in the RDWIA calculation results in
an excellent agreement with the data. The induced polar-
ization Py was also extracted from the data. Py is iden-
tically zero in the absence of FSI effects and thus con-
stitutes an excellent test of the validity of the calculated
FSI corrections. Indeed, the calculated values of Py are in
good agreement with the data. In summary, the results of
experiment E93-049 provide strong evidence for medium
modification of the proton form factor ratio.
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