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Abstract

We propose a systematic study of the 2H(e; e0p)n reaction over a

large region of the kinematic phase space. In parallel and anti-

parallel kinematics, a measurement of the cross section will be

made for �xed Q
2 over a large range of energy transfers extend-

ing from below to above the quasifree peak. Here the focus is on

the deuteron short-range structure, as FSI are expected to be min-

imized for these kinematics. In perpendicular kinematics on the

quasifree peak, an extraction of RLT will be done at three values of

Q
2. This response function is expected to be sensitive to relativis-

tic e�ects. These measurements will not only constrain models of

the deuteron structure and reaction mechanisms but will also pro-

vide vital input for heavier nuclei. The JLab/Hall A combination

are uniquely suited to such a study.

Hall Description Beam Days Energy Max. Current

A 2H(e; e0p)n 19 4.0 GeV 100 �A
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1 Overview of Goals

This experiment will study the 2H(e; e0p)n reaction over a broad range in kinematical
phase space. There are essentially two kinematical cuts (the various kinematic quantities
will be de�ned later):

� For parallel/anti-parallel kinematics (i.e. protons detected along the ~q vector), a
measurement of the cross section will be made spanning a large range of x both
above and below the quasifree peak. This measurement will be done at �xed beam
energy and electron scattering angle, varying the electron �nal energy, proton angle
and proton momentum. The kinematics at the x = 1 point will coincide with
the middle Q2 value for the perpendicular kinematics measurement (see below).
For parallel/anti-parallel (as opposed to perpendicular) kinematics, the e�ects of
Final State Interactions (FSI) are expected to be minimized, this allowing a clean
extraction of the deuteron short-range structure. Obtaining this information is
crucial not only for understanding the deuteron, but also as input on the NN
interaction dynamics in more complex nuclei.

� For perpendicular kinematics on the quasifree peak (x = 1), a measurement of the
cross section for protons on each side of the ~q vector will be made to separate
the interference response function, R

LT
. This will be done at three values of Q2.

This response function is expected to be sensitive to relativistic e�ects which should
become more important at higher Q2 and/or p

r
. As the deuteron is the simplest

\non-trivial" nucleus, it is the starting point for addressing such questions. Informa-
tion garnered from this study will serve as valuable input to relativistic calculations
for heavier systems.

2 Relation to and Status of Previous Proposal

The current proposal is based on and supercedes Hall A Experiment E94-004 which is
now under Jeopardy. There are three main di�erences to that proposal:

� The current proposal does not involve separation of R
L
and R

T
, but only R

LT
.

Extraction of the former requires multiple beam energies and electron angles and,
given the rapid variation of the deuteron momentum distribution, requires a high
degree of control of systematics. The current proposal is less technically challenging.

� The current proposal will extract R
LT

for three Q2 values instead of two, spanning
a larger range of Q2 and p

r
.

� The current proposal includes a measurement of the cross section in parallel/anti-
parallel kinematics over a large range of x, whereas the kinematics of E94-004 were
strictly quasielastic.

Experiment E94-004 was approved for 29 days with a B rating. In October of 1999,
that experiment received 3 calendar days of running for a preliminary measurement of
the cross section in perpendicular kinematics at Q2 = 0:66 (GeV/c)2 out to a recoil
momentum of 550 MeV/c. Measurements were made on only one side of ~q, so R

LT
could
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not be separated. The results of the analysis (carried out by P. Ulmer, one of the co-
spokespersons of this proposal) are shown in Figure 1. The agreement between the data
and the calculation of H. Arenh�ovel [1] is quite good. It can be seen that FSI e�ects are
quite large at the higher recoil momenta. More will be said of this in connection with the
current proposal.

Although E94-004, in its entirety, is quite technically challenging, this preliminary Oc-
tober run, which involved no R

L
/R

T
separations, had very similar technical requirements

and running conditions as the current proposal. The collaboration involved in the
current proposal has thus proven itself capable of carrying out and analyzing
this experiment.

3 Relation to other JLAB Experiments

This experiment is somewhat related to the 2H(e; e0p) Hall B experiment [2] which also
studies the high momentum structure of the deuteron. The kinematic coverage of that
experiment is naturally much broader than our proposal due to the large acceptance of the
CLAS. It extends from the elastic channel (i.e. np �nal state) through the resonance and
into the deep inelastic region, covering a broad range of Q2 and out-of-plane kinematics.
By the same token, that experiment will not obtain nearly as statistically precise data in
the kinematics which we plan to explore, especially at the higher internal momenta. The
uncertainty in the R

LT
response will be especially large, given that it must be determined

from a di�erence of two cross sections, each of which will have relatively large statistical
errors. The Hall B experiment is complementary to this proposal in that it involves de-
tection of protons moving in the backward direction relative to ~q . It, therefore, primarily
involves detection of a spectator proton with the neutron being the struck particle.

4 Kinematic De�nitions and Formalism

The kinematics for (e; e0p) are shown in Figure 2. The incident electron energy is e, the
scattered electron energy is e0, the ejectile (i.e. proton) momentum is p and the angle
between the proton and the momentum transfer, ~q , is �

pq
. The azimuthal angle between

the electron scattering plane and the hadronic plane (containing ~q , ~p and the momentum
of the recoiling nucleus, ~p

r
(the recoiling nucleus is a neutron in the case of 2H(e; e0p)n)) is

�
x
. For protons in the scattering plane and forward of ~q (i.e. between ~q and the incident

electron direction), �
x
= 0Æ and for protons backward of ~q, �

x
= 180Æ. One can also

de�ne �
cm

which is the proton angle relative to ~q in the rest frame of the �nal hadronic
system. In this proposal, protons emitted backward of ~q (�

x
= 180Æ) are assigned a

negative value of �
cm
. Other kinematic quantities referred to in this proposal are: �

e

(the electron scattering angle), �
p
(the proton angle relative to the beam), ! (the energy

transfer), Q2 = j~q j2 � !2 (the square of the four-momentum transfer), x (the Bjorken x
variable; x = Q2=(2m!) with m the proton mass) and y (related to the component of the
initial proton momentum along ~q ). Finally, the initial proton momentum, ~p

i
, is equal to

�~p
r
in Plane Wave Impulse Approximation (PWIA), but is not an observable quantity.
In the One Photon Exchange Approximation (OPEA), the unpolarized cross section

for 2H(e; e0p)n can be expressed in terms of four response functions [3], each of which
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Figure 1: 2H(e; e0p)n preliminary data from JLAB Hall A Experiment E94-004. The

data include a 10% systematic error which is expected to be reduced to 5% in the �nal

analysis. The various curves are from H. Arenh�ovel after acceptance averaging. The gap

in the spectrum is due to a physical obstruction which obscured the proton spectrometer's

view of the target for a certain range of angles. Unfortunately, this obstruction could not

be removed during this short, preliminary run.
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reects di�erent bilinear products of various components of the nuclear current :
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The more general case, including beam and recoil polarization has been worked out in
detail [4]. For the current case of a speci�c �nal state (i.e. �xed missing mass), the
response functions depend on ~q , !, and �

pq
(or equivalently �

cm
or p

r
). The v's are

known kinematic factors weighting the various virtual photon polarization states and �
M

is the Mott cross section. By varying the kinematics so as to keep the response functions
�xed, each may be separately determined. This proposal involves separating R

LT
which

is accomplished by selecting two kinematics, one with protons forward and the other with
protons backward of ~q . This changes the cos�

x
factor multiplying R

LT
from +1 to �1,

respectively so that the di�erence of cross sections gives, to within an overall factor, R
LT
.

Since R
LT

can be separated at �xed electron kinematics, it is technically less challenging
than separating R

L
and R

T
.

5 Physics Motivation

5.1 Importance of the Deuteron

The deuteron, as the only bound two-nucleon system represents the simplest manifestation
of the nuclear force. It therefore provides a benchmark in nuclear physics for one cannot
hope to understand complex nuclei without �rst understanding the deuteron.

Although the deuteron is a loosely bound system its high momentum structure is
strikingly similar to that of more complex nuclei [5]. Thus, measurement of high mo-
mentum components of the deuteron wave function can guide our understanding of the
correlation structure of complex nuclei. Beyond about 0.3 GeV/c recoil momentum, the
D-state component of the wave function is emphasized. A precise measurement in this
range would provide important constraints for nucleon-nucleon potentials. It should be
stressed, however, that the momentum distribution is not an observable and can only be
extracted in the context of a model. For example, �nal state interactions can signi�cantly
alter the momentum of the detected nucleon and therefore the inferred initial momentum.
Studies of the deuteron will also help to pin down these e�ects (see below) so that more
quantitative statements about the deuteron wave function can be made. This information
is important input for the understanding of the structure of more complex nuclei.

An example is the recently approved Hall A proposal to measure the 16O(e; e0p) reac-
tion [6] which is an update of an earlier Hall A measurement. The most modern relativis-
tic Distorted Wave Impulse Approximation (DWIA) calculations were quite successful in
reproducing the p-shell data from this earlier experiment and also showed evidence of dy-
namical relativistic e�ects in the left-right asymmetry (related to R

LT
) [7]. The new 16O

proposal plans to push the kinematics to higher recoil momenta to test whether or where
the single-particle DWIA model breaks down. Our 2H(e; e0p)n proposal also involves mea-
surements of R

LT
(and hence the left-right asymmetry) over a range of Q2 and p

r
to test

the validity of various relativistic treatments. As the deuteron is a simpler system, it
provides a natural starting point for testing such models. The information gleaned from
our experiment will be a critical component to interpreting this other experiment.
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Coincidence 2H(e; e0p)n reactions are particularly well suited to NN interaction stud-
ies. Below pion threshold, the �nal state is completely speci�ed. For example, Fabian and
Arenh�ovel have performed a nonrelativistic treatment of deuteron electrodistintegration
in (e; e0p) in which they examined the importance of interaction e�ects (Meson Exchange
Currents (MEC) and Isobar Con�gurations (IC)) over the kinematical phase space below
pion threshold [8]. O� the quasielastic peak they predict large changes in the cross section
(reecting mostly the transverse response, R

T
) due to the presence of these interaction

e�ects. In particular, at low momentum transfers and high np relative energies, they
expect large modi�cations from ICs. Conversely, at high momentum transfers and low np
relative energies, they expect large modi�cations from MECs. Therefore, by performing
systematic studies over a broad kinematical range, the role played by various interaction
e�ects can be quanti�ed. Further, at large values of Q2, relativistic e�ects should be
important. In fact, data at relatively low Q2 from NIKHEF already indicate the need for
a relativistic treatment in order to properly describe the R

LT
response function [9] [10].

The deuteron is a valuable tool not only for what it can tell us about the nuclear
force but also as a source of neutrons. Lacking pure neutron targets, the deuteron with
its relatively loose binding is often chosen for studies of the structure of the neutron.
Measurements of elastic electron scattering from deuterium have been used extensively
in order to extract the long sought after and poorly known neutron electric form factor,
G
En
. There is also considerable interest in 2H(~e; e0~n )p polarization transfer measurements

since various calculations predict that at small recoil momentum the observable of inter-
est is sensitive to G

En
[11] but relatively insensitive to NN interaction e�ects and to the

deuteron wavefunction [12]. All of the above neutron studies rely on the assumption that
nuclear corrections for the deuteron are either small or well understood. It is therefore
vitally important to these measurements that this assumption be thoroughly tested. Un-
derstanding the deuteron is also important for measurements employing deuterium targets
to determine the spin structure function of the neutron.

Finally, by studying the very short distance structure of the deuteron, one may de-
termine whether or to what extent the description of nuclei in terms of nucleon/meson
degrees of freedom must be supplemented by inclusion of explicit quark e�ects. This issue
is of fundamental importance to nuclear physics.

5.2 Overview of Existing Data on 2H(e; e0
p)n

The large body of data on the 2H(e; e0p)n reaction serves as further testament to the
importance of this reaction in nuclear physics. However, only with JLAB's unique com-
bination of energy, current, duty factor and control of systematics (achievable in Hall A)
can a truly systematic study be undertaken. This is especially true if one wishes to un-
derstand the short-distance structure of the deuteron where one needs both high energies
and high luminosity/duty factor.

The short range structure of the deuteron is best revealed by measuring very high
recoil momenta in 2H(e; e0p)n. Further, separations of the cross section into the various
response functions allow one to exploit the sensitivity inherent in various interferences of
components of the nuclear current. There is a substantial body of data on this reaction,
including unseparated cross sections [13, 14, 15, 16] as well as separations of the various
response functions [9, 17, 18, 19, 20, 21, 22, 23, 24]. Further, several experiments involving
measurement of the ejected proton polarization have been carried out at Bates [25, 26, 27].
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For the cross section measurements, limitations in energy of the various facilities
(Bates/Saclay/NIKHEF/Mainz) have frustrated attempts to access the short distance
structure of the deuteron [14, 16]. This limitation necessarily forces measurement of very
high recoil momenta to energy transfers far above the quasielastic peak. Thus, for the
Turck-Chieze and high recoil Blomqvist data, the kinematics were in the delta-region
where lack of knowledge of the reaction mechanism make it diÆcult to deduce aspects of
the deuteron structure. Although this limitation is not shared by SLAC, limitations in
current and duty factor restrict the range of recoil momenta there as well. Although the
Mainz [16] measurement sampled recoils up to 928 MeV/c, the kinematics actually imply
that the bulk of the cross section arises from interaction with the neutron, leaving the
detected proton as a spectator. Within this proton spectator picture, the actual internal
momentum probed in this process is not the recoil momentum, but the momentum of the
detected proton (� 670 MeV/c). Further, since the kinematics were in the delta-region
of the inclusive (e; e0) spectrum, the inclusion of virtual nucleon excitations was required
to obtain agreement with the data. In contrast, at JLAB one can examine large recoil
momenta at or even below quasifree kinematics, making the extraction of the deuteron
structure less model-dependent. It is stressed that JLAB is the only facility in the
world where such a study can be undertaken. This experiment would exploit this
unique opportunity.

The d(e; e0p)n separation experiments have revealed gaps in our understanding. Var-
ious calculations have diÆculty reproducing both R

L
and R

T
[18, 20, 22]. The R

LT

response and related A
�
asymmetry indicate the need for relativistic treatments [9, 19,

20, 21] but problems still exist in reproducing the data. Again, JLAB provides the kine-
matic exibility to perform these separations over a broad range of recoil momenta and
momentum transfers. Here, we focus on a separation of R

LT
as it is less technically

demanding than separations of R
L
and R

T
.

5.3 Motivation for Parallel/Anti-Parallel Kinematics

In order to unravel the deuteron short-distance structure, one must either select kine-
matics which minimize reaction e�ects or correctly account for such e�ects. One of the
main obstructions is FSI (see Figure 1). FSI can change the cross section at high recoil
momenta by an order of magnitude or more. These large e�ects result from strength at
low initial proton momentum, p

i
, appearing at higher inferred p

i
due to np rescattering

in the �nal state. Such e�ects are likely to be large in perpendicular kinematics, but can
be substantially reduced in parallel/anti-parallel kinematics. A simple picture illustrates
this and is shown in Figure 3. Here, it's assumed that the rescattering mostly results in
a change of the proton angle and not its energy. In this case, rescattering can lead to
a larger inferred initial momentum for perpendicular kinematics, whereas for parallel or
anti-parallel kinematics, rescattering can only produce a smaller initial momentum. Thus,
within this highly oversimpli�ed picture, for the parallel and anti-parallel cases one does
not get feeding from smaller initial momentum, in contrast to the case for perpendicular
kinematics. Naturally, one needs to go beyond this and perform a real calculation. The
results of Arenh�ovel's calculation are shown in Table 1 for the middleQ2 kinematics of this
proposal. Here, \FSI/PWBA" refers to his calculation including FSI e�ects compared to
the one without (Plane Wave Born Approximation). It is seen that rescattering gives an
enhancement factor of 14 for the highest recoil momentum measured, compared to only
2.5 for the anti-parallel kinematics case. The conclusion: the high recoil momentum

9



p
r

FSI/PWBA FSI/PWBA

MeV/c ? Kin Anti-k Kin

160 0.7 0.9

270 1.2 0.9

440 8.0 1.4

600 14 2.5

Table 1: Comparison of e�ects of FSI for perpendicular kinematics vs. anti-parallel

kinematics for the middle Q2 kinematics. The column labeled \FSI/PWBA" is the ratio

of Arenh�ovel's calculation including FSI to his PWBA calculation. The comparison is

made for �
x
= 0Æ in perpendicular kinematics and for x > 1 in anti-parallel kinematics.

The ratios are given for roughly comparable recoil momenta (�rst column) for the two

measurements.

spectrum in parallel/anti-parallel kinematics is much more connected to the
deuteron short-distance structure than in perpendicular kinematics.

For the \anti-parallel" kinematics measurements (i.e. the ones below the quasifree
peak), the momentum transfer was chosen to be suÆciently large in order to avoid signi�-
cant contribution of the \spectator diagram" where the neutron is struck and the spectator
proton is detected. Figure 4 illustrates this. In the left panel, the proton, initially moving
opposite to ~q absorbs the momentum transfer leading to the �nal state shown (the neu-
tron, as a spectator, simply keeps the momentum it had initially). The right panel shows
the situation where the neutron receives ~q and the proton is a spectator. For the situa-
tion shown, the proton spectator diagram corresponds to low proton initial momentum,
~p
i
, but high recoil momentum, ~p

r
(~p

r
is the just the neutron �nal state momentum).

High ~p
r
does not, therefore, necessarily correspond to high internal (i.e. initial) proton

momentum, and, in fact, the proton spectator diagram would dominate the cross section
in this case. However, if one selects a momentum transfer more than twice the largest
recoil momentum, this situation cannot arise since the proton spectator diagram will in-
volve an initial momentum larger than that for the neutron spectator diagram. Thus, for
our anti-parallel kinematics, we have chosen a momentum transfer which is more than
twice as large as the highest recoil momentum sampled. The anti-parallel kinematics then
corresponds to the virtual photon essentially reversing the direction of the struck proton
(see Figure 5). The point at which the proton's initial momentum is equal to ~q=2 would
then correspond to a �nal state where the neutron and proton are moving in the same
direction with equal momentum. This corresponds to threshold electro-disintegration. To
avoid this kinematics and the relatively large FSI which would result, ~q had to be chosen
somewhat above twice the highest sampled recoil momentum.

Due to the lower bound on Q2 from the above arguments and due to the fact that
at even higher Q2, calculations of FSI, etc. become more unreliable and counting rates
become more problematic, the measurements in parallel/anti-parallel kinematics will focus
on the middle Q2 value. They will span values of x above and below the quasifree peak
for �xed beam energy and electron scattering angle. Although FSI are expected to be
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relatively smaller for parallel/anti-parallel kinematics, one must still account for these and
other reaction e�ects. The precision of the data gathered here would be adequate to clearly
quantify the importance of these e�ects. This is illustrated in Figures 6 and 7 which show
calculations of the cross section by Arenh�ovel [28] for a sample of the kinematics which
would be measured. (The labeling of the various panels corresponds with the kinematics
tables given below. \PY 4" and \PY 2" correspond to +y, i.e. energy transfers above
the quasifree peak. \q2 00" is for y = 0 (i.e. on top of the quasifree peak or at x = 1;
this point is the same as the zero recoil momentum point of the middle Q2 perpendicular
kinematics measurement). Finally \NY 2" and \NY 4" correspond to �y, i.e. energy
transfers below the quasifree peak.)

5.4 Motivation for Perpendicular Kinematics

Here, the focus would be on extraction of the R
LT

response function. This response
is expected to be sensitive to relativistic e�ects. Although covariant calculations have
been performed for elastic 2H(e; e0) [29] and for 2H(e; e0p)n [30], they always involve some
simplifying assumptions. It is necessary to test these assumptions.

Recent calculations of Jeschonnek, Donnelly and Van Orden [31, 32] suggest that
the bulk of the relativistic e�ects may be in the nucleon current operator, as opposed
to the nuclear dynamics. They obtained good agreement between a manifestly covariant
calculation involving the Gross equation [29] and a calculation using a nonrelativistic
wave function and a relativistic nucleon current operator. In contrast, a calculation with
a nonrelativistic wave function and current operator drastically failed to reproduce the
results of the covariant calculation. This highlights the importance of doing a proper
relativistic treatment. Further, if, indeed, the relativistic e�ects are mostly in the current
operator, they can be incorporated for heavier nuclei using the same approach. Due to
its more tractable nature, the deuteron provides a testing ground for such an approach.

The PWBA model of refs. [31, 32] has been applied to the kinematics of this proposal
and results for the highest and lowest Q2 kinematics are shown in Figures 8, 9, 10 and 11.
In addition, for the middleQ2 kinematics, the Jeschonnek et al: calculations are compared
to calculations of Arenh�ovel [28] in Figures 12, 13 and 14. The main conclusions to draw
from this large mass of curves are:

� The di�erences between the non-relativistic and relativistic calculations for R
LT

are
extremely large, even at the lowest Q2. Both the Jeschonnek and the Arenh�ovel
calculations show this.

� The di�erences between the relativistic Arenh�ovel and Jeschonnek calculations are
signi�cant. This is seen in Figure 13.

� The D-state becomes very important for the higher values of �
cm
. Thus, the R

LT

can provide constraints on the D-state and hence the NN tensor force.

6 Kinematics

The kinematics for the low, middle and high Q2 R
LT

measurements in perpendicular
kinematics are given in Tables 2, 3 and 4 respectively. The coincidence rates for proton
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Kinematics Q2 j~q j x �
cm

p
r

e0 p �
p

(GeV/c)2 GeV/c deg GeV/c GeV GeV/c deg

q1 00 0.688 0.908 0.991 0 0 3.630 0.908 �59.87

q1 b1 0.688 0.908 0.991 �20 0.145 3.630 0.892 �69.04

q1 b2 0.688 0.908 0.991 �40 0.288 3.630 0.845 �78.29

q1 b3 0.688 0.908 0.991 �60 0.426 3.630 0.770 �87.72

q1 b4 0.688 0.908 0.991 �80 0.556 3.630 0.672 �97.40

q1 f1 0.688 0.908 0.991 +20 0.145 3.630 0.892 �50.71

q1 f2 0.688 0.908 0.991 +40 0.288 3.630 0.845 �41.45

q1 f3 0.688 0.908 0.991 +60 0.426 3.630 0.770 �32.02

Table 2: Kinematics for the low Q2 measurement. The beam energy is �xed at 4.0 GeV

and the electron scattering angle is �xed at 12.50Æ. Measurements q1 b1{q1 b4 have

proton angles backward of ~q and �
cm

is assigned a negative value in these cases. R
LT

would be extracted using q1 b1{q1 b3 and q1 f1{q1 f3.

spectrometer settings forward of ~q are typically signi�cantly smaller than for settings
backward of ~q . This mainly stems from the asymmetrical way in which the ~q vector is
populated (the Mott cross section decreases with increasing scattering angle which implies
that the event population favors ~q backward of its central value). Therefore, for the two
lower Q2 settings, an asymmetric range of proton settings about ~q results. Only the
overlapping range of j�

cm
j will be used to extract R

LT
.

Table 3 also lists the kinematics of the parallel/anti-parallel kinematics measurements,
which includes an overlapping point with the middle Q2 perpendicular kinematic mea-
surement (\q2 00"). Only the cross sections will be measured in parallel/anti-parallel
kinematics with no separations of the response functions.

7 Experimental Equipment

This experiment would use the standard Hall A setup, including the high resolution
spectrometer pair. The 6 msr collimators would be used for both spectrometers. The
standard detection systems including scintillator stack, VDCs and Particle ID counters
(Aerogel �Cerenkov in the proton arm and gas �Cerenkov + shower counter in the electron
arm) would be needed. The PID requirements of this experiment are quite modest.

Targets include the 15 cm liquid deuterium cryogenic target, the 15 cm liquid hydrogen
target for calibration of the cross section and for kinematic de�nition and a thin carbon
foil for spectrometer pointing studies.

Unpolarized beam of 100 �A maximum current is needed along with the standard
beam rastering and monitoring equipment. The entire experiment would run at a �xed
beam energy of 4 GeV.
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Kinematics Q2 j~q j x �
cm

p
r

e0 p �
p

(GeV/c)2 GeV/c deg GeV/c GeV GeV/c deg

PY 4 1.185 2.246 0.321 0 0.409 2.035 2.655 �19.84

PY 3 1.333 2.065 0.415 0 0.345 2.888 2.410 �24.54

PY 2 1.481 1.899 0.541 0 0.264 2.542 2.163 �30.09

PY 1 1.628 1.755 0.721 0 0.155 2.796 1.910 �36.64

q2 00 1.776 1.637 0.995 0 0 3.049 1.637 �44.24

q2 b1 1.776 1.637 0.995 �10 0.117 3.049 1.629 �48.32

q2 b2 1.776 1.637 0.995 �20 0.234 3.049 1.604 �52.42

q2 b3 1.776 1.637 0.995 �30 0.351 3.049 1.564 �56.56

q2 b4 1.776 1.637 0.995 �40 0.470 3.049 1.508 �60.77

q2 b5 1.776 1.637 0.995 �50 0.589 3.049 1.439 �65.06

q2 f1 1.776 1.637 0.995 +10 0.117 3.049 1.629 �40.16

q2 f2 1.776 1.637 0.995 +20 0.234 3.049 1.604 �36.05

q2 f3 1.776 1.637 0.995 +30 0.351 3.049 1.564 �31.91

q2 f4 1.776 1.637 0.995 +40 0.470 3.049 1.508 �27.70

NY 1 1.827 1.604 1.128 0 0.072 3.137 1.532 �47.12

NY 2 1.879 1.575 1.292 0 0.160 3.225 1.415 �50.11

NY 3 1.930 1.550 1.497 0 0.274 3.313 1.276 �53.21

NY 4 1.981 1.530 1.763 0 0.443 3.401 1.087 �56.39

Table 3: Kinematics for the middle Q2 measurement. The beam energy is �xed at 4.0

GeV and the electron scattering angle is �xed at 22.00Æ. Measurements q2 b1{q2 b5

have proton angles backward of ~q and �
cm

is assigned a negative value in these cases.

Measurements PY 1{PY 4 are for positive y (x < 1) and measurements NY 1{NY 4 are

for negative y (x > 1). R
LT

would be extracted using q2 b1{q2 b4 and q2 f1{q2 f4.
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Figure 2: Kinematics for (e; e0p). See the text for details.

Kinematics Q2 j~q j x �
cm

p
r

e0 p �
p

(GeV/c)2 GeV/c deg GeV/c GeV GeV/c deg

q3 00 3.262 2.511 0.996 0 0 2.255 2.511 �31.00

q3 b1 3.262 2.511 0.996 �10 0.158 2.255 2.497 �34.61

q3 b2 3.262 2.511 0.996 �20 0.319 2.255 2.455 �38.24

q3 b3 3.262 2.511 0.996 �25 0.400 2.255 2.424 �40.08

q3 f1 3.262 2.511 0.996 +10 0.158 2.255 2.497 �27.39

q3 f2 3.262 2.511 0.996 +20 0.319 2.255 2.455 �23.76

q3 f3 3.262 2.511 0.996 +25 0.400 2.255 2.424 �21.92

Table 4: Kinematics for the high Q2 measurement. The beam energy is �xed at 4.0

GeV and the electron scattering angle is �xed at 35.00Æ. Measurements q3 b1{q3 b3 have

proton angles backward of ~q and �
cm

is assigned a negative value in these cases. R
LT

would be extracted using q3 b1{q3 b3 and q3 f1{q3 f3.
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Figure 3: Rescattering cartoons. The measured values of the proton momentum (p) and

momentum transfer (q) are shown by the solid arrows. The inferred value of the proton

initial momentum is then p
i
. However, the measured value of p can arise from a \true"

value, p0 (dashed arrow) which then changes to p by rescattering. The actual value of the

initial momentum is then p0
i
(dashed arrow). The situation is shown for \perpendicular",

parallel and anti-parallel kinematics. (Perpendicular kinematics refers to the case where

the initial momentum and ~q are roughly at right angles. More precisely, it corresponds

to �xed ~q and !.) The perpendicular kinematic case is shown only for the undesirable

situation where low initial momentum feeds high recoil momentum (the reverse is also

possible).
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q

n
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q

pilow
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p’ n’

Final State

p

Figure 4: The proton and neutron are labeled p and n respectively. The struck particle

in each case is circled. The �nal state momenta are indicated with primes. The left

panel shows the situation when the proton is struck and the neutron is the spectator

and vice versa for the right panel. Both situations lead to the same �nal state and

are therefore experimentally indistinguishable. This illustrates that the proton spectator

diagram, which corresponds to low initial momentum, can feed high p
r
.

q- pi y<0 x>1,: p
i

q y>0 x<1,:

q pi q pi

ppn n
p

p

p

pn n

Figure 5: The left panel shows anti-parallel kinematics and the right shows parallel kine-

matics. In both cases it's assumed that the proton is struck so that ~p
i
+ ~q = ~p . For

illustrative purposes the left panel shows the situation for threshold breakup where the

proton and neutron move o� together with equal momenta. In this case, where j~q j = 2j~p
i
j,

the virtual photon e�ectively reverses the proton momentum leading to a small energy

transfer (compared with the right panel).
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PY_4PY_4PY_4 PY_2PY_2PY_2

q2_00q2_00q2_00 NY_2NY_2NY_2

NY_4NY_4NY_4

Figure 6: Calculations of the cross section for 2H(e; e0p)n by Arenh�ovel for a sample of

the parallel/anti-parallel kinematics measurements (see the text for explanation of the

labels of each panel). The dashed curve is PWBA, the dotted curve includes relativistic

corrections, the dot-dashed curve includes also FSI and the solid curve is the full result

which includes also MEC and IC. Reading from left to right and then down the page,

the energy transfer monotonically decreases. The sharp structures on the wings of the

spectra result from singularities in the proton CoM to Lab solid angle Jacobian.
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Figure 7: The ratio of each of Arenh�ovel's curves shown in Figure 6 to the full result.

The labeling of the curves is the same as in Figure 6. The projected data are shown

with 5% uncertainties per bin, which is an estimate of the systematic error. The statis-

tical uncertainties per bin are smaller than this 5% and are, in most cases, negligible in

comparison.
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Figure 8: Calculations based on the PWBA code of Jeschonnek et al: for jR
LT
j for

the lowest Q2 measurement of this proposal. The solid line is for the Argonne V18

wavefunction, the dashed line is for the Bonn wavefunction, the dotted line is for the

CD-Bonn wavefunction, and the dot-dashed line is for the non-relativistic calculation.
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Figure 9: The ratio of each of the curves of Figure 8 (lowest Q2 setting) to the Argonne

V18 result. The curves labels are the same as for Figure 8. The projected data for this

proposal are shown with 5% uncertainties in the cross sections which is an estimate of

the overall systematic error. The statistical errors per bin are smaller than this 5% and,

in most cases, negligible in comparison.
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Figure 10: Same as Figure 8 except for the highest Q2 kinematics.
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Figure 11: Same as Figure 9 except for the highest Q2 kinematics.
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Figure 12: Upper panel: Calculations of Arenh�ovel for the middle Q2 kinematics. The

dashed curve is PWBA, the dotted curve includes relativistic corrections, the dot-dashed

curve includes also FSI and the solid curve is the full result which includes also MEC and

IC. Lower panel: Calculations based on the PWBA code of Jeschonnek et al: The solid

curve uses the Argonne V18 wavefunction, the dashed curve uses the Bonn wavefunction,

and the dotted curve is the non-relativistic result.
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Figure 13: Calculation of Arenh�ovel and calculations based on the PWBA code of Jeschon-

nek et al: for the middle Q2 kinematics. The solid curve is the Jeschonnek result using

the Argonne V18 wavefunction, the dashed curve uses the Bonn wavefunction, the aster-

isks are the non-relativistic result, the dotted curve is the result of Arenh�ovel's PWBA

calculation with relativistic corrections using the Bonn wavefunction and the dot-dashed

curve is Arenh�ovel's non-relativistic result. The curves have each been normalized to the

Argonne V18 curve. The projected data are shown with an overall 5% error per bin in

the cross sections.
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Figure 14: Calculations of Arenh�ovel for the middle Q2 kinematics. The dashed curve is

the PWBA calculation and the dotted curve includes relativistic corrections. The dot-

dashed curve includes also FSI and the solid line is the full result including also MEC

and IC. Each curve has been normalized to the full result. The projected data are shown

with an overall 5% error per bin in the cross sections.
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Kinematics Beam Current (e; e0) (e; ��) (e; p) (e; �+)

�A KHz KHz KHz KHz

q1 00 15 115 4 11 7

q1 b1 60 427 14 2 23

q1 b2 60 410 14 1 18

q1 b3 60 397 13 1 9

q1 b4 60 403 13 2 8

q1 f1 30 258 9 71 16

q1 f2 20 193 7 72 13

q1 f3 10 113 4 54 8

Table 5: Singles rates for the low Q2 measurement.

8 Single-Arm Rates

Single-arm background rates for (e; e0) were calculated with the computer code QFSV and
for (e; p), (e; �+) and (e; ��) with the electro-production code EPC, both of Lightbody and
O'Connell [33]. These codes were embedded in the (e; e0p) Monte Carlo code, MCEEP [34],
allowing the single-arm cross sections to be folded with the acceptance of the respective
spectrometer. The results are shown in Tables 5, 6 and 7. The beam current was selected
to keep the single-arm rates below 500 KHz per arm. The rates are not atypical of Hall
A experiments and should pose no problems.

9 Coincidence Rates

The coincidence rates were calculated with the (e; e0p) Monte Carlo code, MCEEP [34]
using the PWBA model of Jeschonnek and the Argonne V18 wave function radiatively
folded within MCEEP. This code has been used extensively to model experiments and
compare data to folded theoretical calculations. The rates are given in Tables 8, 9 and
10.

Details of the various table entries follow:

� DAQ Rate: This is the total data acquisition rate which includes real coincidences
and accidental coincidences within an 80 ns timing gate. The accidentals rates are
based on products of the singles rates in each arm and include contributions from
(e; e0) and (e; ��) in the electron arm and from (e; p) and (e; �+) in the proton arm.

� Coin Rate: This is the real coincidence rate including radiative e�ects. The radia-
tive tail was cut on missing mass (�

m
< 10 MeV; about 8 MeV above the breakup

threshold). This cut is necessary, since, otherwise, radiative e�ects can cause sub-
stantial feeding from low recoil momentum to high, heavily biasing the spectrum.
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Kinematics Beam Current (e; e0) (e; ��) (e; p) (e; �+)

�A KHz KHz KHz KHz

PY 4 60 27 54 241 56

PY 3 60 29 52 223 52

PY 2 70 26 58 233 54

PY 1 80 18 60 224 55

q2 00 100 14 28 101 58

q2 b1 100 13 27 1 27

q2 b2 100 12 25 1 1

q2 b3 100 12 24 1 <1

q2 b4 100 11 23 1 <1

q2 b5 100 11 22 1 <1

q2 f1 100 15 30 266 64

q2 f2 100 15 32 311 70

q2 f3 100 16 33 353 74

q2 f4 35 6 12 140 28

NY 1 100 10 11 46 54

NY 2 100 5 2 18 51

NY 3 100 1 <1 11 48

NY 4 100 <1 <1 36 45

Table 6: Singles rates for the middle Q2 measurement.
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Kinematics Beam Current (e; e0) (e; ��) (e; p) (e; �+)

�A KHz KHz KHz KHz

q3 00 100 <1 27 113 21

q3 b1 100 <1 27 1 <1

q3 b2 100 <1 25 <1 <1

q3 b3 100 <1 25 <1 <1

q3 f1 100 <1 29 297 69

q3 f2 100 <1 29 330 77

q3 f3 100 <1 30 345 79

Table 7: Singles rates for the high Q2 measurement.

Kinematics Beam Curr. DAQ Rate Coin Rate S:N Time Err

�A KHz Hz hours %

q1 00 15 0.18E+01 0.16E+04 0.13E+05 0.98E-02 2.0

q1 b1 60 0.11E+01 0.28E+03 0.33E+04 0.55E-01 2.0

q1 b2 60 0.68E+00 0.19E+02 0.31E+03 0.78E+00 2.0

q1 b3 60 0.35E+00 0.47E+01 0.65E+02 0.31E+01 2.0

q1 b4 60 0.34E+00 0.18E+01 0.19E+02 0.81E+01 2.0

q1 f1 30 0.20E+01 0.12E+03 0.69E+02 0.14E+00 2.0

q1 f2 20 0.14E+01 0.28E+01 0.25E+01 0.76E+01 2.0

q1 f3 10 0.58E+00 0.24E+00 0.54E+00 0.27E+02 5.0

Total 47

Table 8: Coincidence rates for the low Q2 measurement. Times correspond to the given

statistical uncertainties per 20 MeV/c bin in p
r
.
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Kinematics Beam Curr. DAQ Rate Coin Rate S:N Time Err

�A KHz Hz hours %

PY 4 60 0.19E+01 0.30E+00 0.67E+00 0.21E+02 5.0

PY 3 60 0.18E+01 0.68E+00 0.14E+01 0.18E+02 3.0

PY 2 70 0.19E+01 0.29E+01 0.64E+01 0.64E+01 2.0

PY 1 80 0.18E+01 0.41E+02 0.13E+03 0.39E+00 2.0

q2 00 100 0.15E+01 0.93E+03 0.71E+04 0.17E-01 2.0

q2 b1 100 0.25E+00 0.16E+03 0.16E+06 0.86E-01 2.0

q2 b2 100 0.14E-01 0.98E+01 0.11E+05 0.14E+01 2.0

q2 b3 100 0.33E-02 0.15E+01 0.19E+04 0.40E+01 3.0

q2 b4 100 0.21E-02 0.52E+00 0.71E+03 0.42E+01 5.0

q2 b5 100 0.17E-02 0.24E+00 0.35E+03 0.91E+01 5.0

q2 f1 100 0.13E+01 0.12E+03 0.35E+03 0.13E+00 2.0

q2 f2 100 0.14E+01 0.44E+01 0.11E+02 0.38E+01 2.0

q2 f3 100 0.17E+01 0.39E+00 0.89E+00 0.38E+02 3.0

q2 f4 35 0.24E+00 0.31E-01 0.51E+00 0.52E+02 10.0

NY 1 100 0.71E+00 0.54E+03 0.10E+05 0.27E-01 2.0

NY 2 100 0.11E+00 0.71E+02 0.60E+04 0.19E+00 2.0

NY 3 100 0.72E-02 0.30E+01 0.14E+04 0.45E+01 2.0

NY 4 100 0.38E-03 0.14E+00 0.67E+03 0.16E+02 5.0

Total 179

Table 9: Coincidence rates for the middle Q2 measurement. Times correspond to the

given statistical uncertainties per 20 MeV/c bin in p
r
.

29



Kinematics Beam Curr. DAQ Rate Coin Rate S:N Time Err

�A KHz Hz hours %

q3 00 100 0.37E+00 0.72E+02 0.16E+05 0.20E+00 2.0

q3 b1 100 0.11E-01 0.97E+01 0.40E+06 0.14E+01 2.0

q3 b2 100 0.12E-02 0.22E+00 0.14E+05 0.96E+01 5.0

q3 b3 100 0.95E-03 0.69E-01 0.44E+04 0.31E+02 5.0

q3 f1 100 0.85E+00 0.66E+01 0.63E+03 0.22E+01 2.0

q3 f2 100 0.97E+00 0.96E-01 0.82E+01 0.28E+02 5.0

q3 f3 100 0.10E+01 0.24E-01 0.19E+01 0.77E+02 7.0

Total 150

Table 10: Coincidence rates for the high Q2 measurement. Times correspond to the given

statistical uncertainties per 20 MeV/c bin in p
r
.

� S:N: This is the signal-to-noise ratio (i.e. the reals rate divided by the accidentals
rate into a 5 ns timing window). Here, the accidentals rates include only (e; e0) in the
electron arm and (e; p) in the proton arm since particle ID will almost completely
remove the other backgrounds. Further, it's assumed that accidentals are reduced
by a factor of 5 from requiring a consistent vertex from both spectrometers and
another factor of 10 from a missing mass cut.

� Time: The acquisition times are for the quoted statistical errors. They include
computer deadtime of 10% per KHz data acquisition rate as well as an overall 30%
ineÆciency factor. This 30% ineÆciency is based on experience from Experiment
E94-004 and reects anticipated acceptance cuts to eliminate the relatively poorly
understood edges as well as VDC hit multiplicity cuts to deal with multiple track
events (especially important at the higher singles rates). (The radiative losses have
already been included in the coincidence rates.)

� Err: The statistical uncertainty per 20 MeV/c bin in p
r
. Each measurement com-

prises roughly 15 of these bins. The statistical uncertainty includes contributions
from the accidentals within the coincidence resolving time (assumed here to be 5
ns).

The beam times were optimized within the following constraints:

� S:N � 0.5

� DAQ Rate � 2 KHz

� Single-arm Rates per arm � 500 KHz

� Beam Current � 100 �A
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Item Beam hours

Acquisition - low Q2 47

Acquisition - middle Q2 179

Acquisition - high Q2 150
1H(e; e0p) calibrations 3

Alignment 1H(e; e0p) + sieve 12

Angle/�eld changes (32) 16

Pointing measurements 16

BCM calibrations 4

Arc+ep Energy Measurements 8

Harp scans 4

Target boiling curve 2

White spectrum scans 8

Total (hours) 449

Total (days) 19

Table 11: Beam time summary.

10 Systematic and Statistical Uncertainties

We estimate the overall systematic error in the cross sections to be roughly 5%. This
estimate is based largely on experience from the October 1999 2H(e; e0p)n run and related
calibration measurements. There, the predominant sources of uncertainty were found
to be the determination of the spectrometer central angles [35] and calibration of the
spectrometer solid angle. The former is important due to the strong kinematic variation
of the 2H(e; e0p)n cross section. Both of these uncertainties will be minimized by making
calibration measurements with the liquid hydrogen target.

The statistical uncertainties per bin given in the rate tables are usually signi�cantly
less than 5%. This allows a precise determination of the shape of the cross section within
a kinematic setting since the systematic error mainly results in an overall shift of the
entire spectrum. Further, the relatively small statistical errors allow investigation of the
systematics for a variety of cuts.

11 Beam Time Summary

The beam time summary is given in Table 11. The acquisition time is roughly 16 days
and the overhead/calibration time is roughly 3 days for a total of 19 days.
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Abstract

This proposal aims at a quantitative study of the dynamics of Final State Interac-

tions, Meson Exchange Currents and Isobaric Currents in the electro-disintegration of

the deuteron in order to investigate the short range structure of this few body system.

The D(e,e0p)n reaction will be studied by measuring the coincidence cross section for

Q2 -values of 1.0, 2.5, and 4.0 (GeV/c)2 and recoil momenta values (pmiss ) between 0.2

and 0.5 GeV/c. A complete angular distribution of the recoiling neutron with respect

to the virtual photon will be obtained for each combination of �xed pmiss and Q
2 .



1 Introduction

The understanding of the short-range structure of the bound two-nucleon system - the

deuteron, is of fundamental importance for the advancement of the theory of nuclear matter

at short distances. To probe the short-range properties of the deuteron one has to investigate

con�gurations where the two nucleons come very close together and are essentially strongly

overlapping. The basic problem is to what extent these con�gurations can be described in

terms of two nucleons with high initial relative momenta (Fermi momenta). Traditionally

three classes of reactions are used to study the high momentum part of the deuteron wave

function: elastic scattering, inclusive and exclusive electro-disintegration reactions.

Elastic electron-deuteron scattering at large transfered 4-momentum Q2, being sensitive

to the high momentum component of the deuteron wave function, probes the integrated

characteristics of the wave function via the deuteron form-factors. The analysis of the recent

experimental data [1] showed that, at presently available energies, it is practically impossible

to discriminate between di�erent theoretical approaches [2] used to calculate the deuteron

elastic form-factor A(Q2). The main problem is the lack of an independent determination of

the deuteron wave function at large nucleon momenta (i.e. short distances).

Inclusive, inelastic (e; e0) reactions provide a more direct way of probing high momentum

components of the deuteron especially at high Q2 and in the x � 1 regime [3]. In this regime

the measured cross section is sensitive to the longitudinal component of the deuteron momen-

tum distribution with respect to the virtual photon momentum ~q . However the impossibility

to isolate inelastic (nucleon) contributions (growing with Q2) and �nal state interactions at

large x (see e.g. [4, 5, 6]), preclude a direct access to the deuteron wave function at short

inter-nucleon distances (although the high-momentum component is certainly important in

this kinematics).

The most direct way of studying high nucleon momenta is to investigate the quasi-elastic

electro-disintegration of the deuteron via the D(e,e0p)n reaction at high missing momenta

pmiss . Within the Plane Wave Impulse Approximation (PWIA) pmiss corresponds to the

initial momentum of the target nucleon before the interaction. Thus the strategy in these

studies is to probe the cross section at pmiss values as large as possible. However, depend-

ing on the selected kinematics, these studies can be overwhelmed by inelastic (meson and

�-isobar) channels. This has been con�rmed by early experiments at low/intermediate en-

ergies of scattered electrons [7]. Also more recent experiments [8] at slightly higher energies

and momentum transfers found that in the regime of large pmiss medium/long range (soft)

two-body currents such as meson-exchange currents and isobar contributions signi�cantly

dominate the cross section. In general, to suppress processes due to large inter-nucleon dis-

tances and to enhance contributions of reaction mechanisms which probe the short-distance

structure of the deuteron, the transfered momentum in the reaction should typically be larger
than 1 GeV/c.

This experiment proposes to measure the coincidence cross section for the electro-disinte-

gration of the deuteron

e+ d! e0 + p+ n (1)

at four momentum transfers of Q2 = 1.0, 2.5 and 4.0 (GeV/c)2 and missing momenta of
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pmiss = 0.2, 0.4 and 0.5 GeV/c. These measurements will be carried out in quasi-elastic

kinematics for which we use the notations: q=(q0; ~q) for the 4-momentum of the virtual

photon (Q2 = q2 � q20), and pd=(md;~0) and pf=(Ef ; ~pf) for the target deuteron and the

detected nucleon 4-momenta respectively. For each value of Q2 and pmiss the angle of the

recoiling neutron, with respect to the momentum transfer, will be varied to build a complete

angular distribution of the di�erential cross section over the full available phase space. As

shown in the following sections, this will provide the necessary experimental information on

the D(e,e0p)n reaction at high Q2, covering both x < 1 and x > 1 regions, to allow us to

address the problems of:

� the Final State Interactions (FSI) between knock-out and recoil nucleon,

� the Meson-exchange Currents (MEC) and Isobar Current (IC) contributions,

� and the dynamics of the bound two nucleon system.

The quantitative understanding of these processes is the inescapable preliminary step towards
the study of the Short Range NN Correlations (SRC) in the deuteron and the eventual
manifestation of non-nucleonic/quark-gluon degrees of freedom in this nucleus.

2 Physics Motivations

A comprehensive program of experimental studies of high Q2 electro-disintegration of the

deuteron will have a signi�cant impact on our understanding of the structure of the NN

interaction at short-distances. Measurements of the D(e,e0p)n cross section in a wide range

of missing momenta, recoil nucleon angles, and the virtuality of the exchanged photon will

allow us to eventually disentangle the di�erent processes contributing to this reaction that

are currently discussed in the literature.

2.1 Final State Interactions

Within PWIA, the out-going nucleon does not interact with the residual system after the

interaction with the virtual photon. However in the kinematic region where one expects to

have an enhanced contribution from SRC one may also expect a substantial contribution

from FSI between the knock-out and the spectator nucleon. The main e�ect introduced

by FSI is that the nucleon momentum (say ~pmiss), carried by the bound nucleon before

the interaction with the electron, is not the same as the one measured in the experiment

~pmiss = ~pf � ~q. As a result one can not be con�dent that the condition of large pmiss ,

automatically guarantees that high momentum components in the ground state wave function

of the deuteron are measured. In all previous D(e,e0p)n experiments at large pmiss the FSI

were a major contributor to the overall cross section and therefore substantially overshadowed

SRC.

With increasing energies, the situation changes qualitatively. At large angular momenta,

FSI are dominated by the pn re-scattering and then become strongly anisotropic with respect

3



to the direction of ~q . The maximal re-scattering happens in directions almost transverse

to ~q . Consequently, FSI contribute much less for parallel and anti-parallel kinematics and

can be treated there as a correction. However this phenomenon has still to be observed
experimentally for the D(e,e0p)n reaction.
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Figure 1: The angular dependence of R, the ratio of the D(e,e0p)n cross section calculated

including PWIA and FSI terms to the cross section which includes PWIA term only: GEA

(solid line) and according to the conventional Glauber approximation (dashed line).

The dominance of large angular momenta allows to apply eikonal approximations in

calculating FSI. A well known example of the eikonal approximation of FSI is the Glauber

approximation [9]. However the latter was derived for cases where one can neglect the motion

of bound nucleons in the nucleus. For the D(e,e0p)n reaction at large missing momenta, the

eikonal approximation was generalized (GEA) in order to account for �nite values of nucleon

momenta [10, 11]. Fig. 1 represents the ratios of the calculated cross sections that include

FSI to the one within PWIA only. The ratios are shown for di�erent values of recoil momenta

as a function of the angle between the recoiling nucleon and ~q . The calculations here are

carried out within the conventional Glauber approximation and the generalized Glauber

approximation (GEA). It is shown that while being similar at small values of pmiss the

predictions substantially diverge at larger pmiss values.

The eikonal approximation is expected to become decreasingly valid for smaller energies.

Indeed, when the center of mass energy of the �nal pn system decreases, the relative momenta

in the pn system become small and the eikonal approximation should break down to let place

to an intermediate energy regime. However, it is not clear at which Q2-value the transition

between these two regimes takes place. Data from an experiment on nucleon propagation in

the A(e,e'p)X reaction [12, 13] indicates that this transition happens already at 1 (GeV/c)2.

However these data are taken for small values of pmiss � 200 MeV/c and it is quite likely that

this transition depends on pmiss , especially for the x � 1 kinematics (�prq < 90Æ in Fig. 1).

A comparison [10] of calculations carried out within the medium energy approach [14], in
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which the pn �nal state was calculated by summing all states with angular momenta l � 7,

and the GEA, indicates that for the case of larger pmiss the transition happens already at

Q2 � 1 (GeV/c)2. This is con�rmed by the diagrammatic approach of Laget [15], which deals

with interaction e�ects (FSI, MEC, IC) without kinematical approximations. The kinematics

is relativistic, and the full angular dependency of the elementary operator is kept in the loop

integrals. Only positive energy components of the wave functions are retained, and are

parametrized by solution of the Lippman-Schwinger equation for the Paris Potential (the

argument of the bound state wave function is the relativistic momentum of the spectator

nucleon). The elementary electromagnetic operator is expanded in power of p=m, up to

and including term in (p=m)4 [16]. Instead of the partial expansion of the nucleon-nucleon

scattering amplitude [15, 16], the model is extended to high energy by parameterizing the

scattering amplitude as / �NN exp (bt), with the experimental values of �NN and b [17, 18].

Fig. 2 shows that the peak in the FSI occurs at the same place as in the GEA treatment. It is

a straight forward consequence of unitarity, as its maximum occurs when on-shell scattering

is maximized in the FSI loop integral at x = Q2=2m� = 1.

Figure 2: The angular dependence of the ratio of the D(e,e0p)n cross section calculated within

di�erent approaches to the cross section including PWIA term only: factorized PWIA+FSI

(solid lines) and unfactorized PWIA+FSI (dashed lines).

Finally, a measurement of the D(e,e0p)n cross section as a function of the angle of the

recoiling nucleon will indicate those regions where FSI can be factorized from the initial

�N interaction. These regions are very important for isolating the physics related to the

�N interaction (EMC type phenomena) from the one related to the physics of the NN

interaction at large Q2 � 4 (GeV/c)2 (Color Transparency). An advantage of the deuteron

is that unfactorized calculations can be realized in a straightforward way depending upon

certain assumptions on the structure of NN interaction. One such calculation based on the

conventional Glauber approximation [19] has been carried out in Ref. [20]. A quantitative

estimate of the e�ects of factorization has been performed in the framework of Laget's

5



0 50 100 150 200
Θnq

0.5

1

1.5

2

2.5

σ RE
SC

AT
 / σ

PW
IA

 M. Sargsian (GEA)
 J.M. Laget (pn off−shell)
 S. Jeschonnek (Glauber)
 J.M. Laget (pn on−shell)

pm = 0.4 GeV/c

E = 5.4 GeV, Q
2
 = 4.0 (GeV/c)

2
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approach. As demonstrated in Fig. 2, they are not important and do not alter signi�cantly

the shape and the magnitude of the rescattering peak. On the other hand, the scattered

proton can be o�-shell. Contrary to the on-shell part, this part of the rescattering amplitude

is model dependent, since it depends on the half-o�-shell pn scattering amplitude which

is poorly known in the GeV energy range. However, as can be seen in Fig. 2 the o�-shell

rescattering contribution does not a�ect the height of the FSI peak (it vanishes here), while it

slightly broadens its tails. Fig. 3 compares the three di�erent approaches. When o�-shell pn

rescattering is allowed, the Laget approach is very similar to the GEA. In the following only

the iron clad on-shell rescattering has been retained in Laget's approach. The measurements

of the D(e,e0p)n cross section at pmiss � 0.4 GeV/c will be able to provide important new

information about these issues.

This experiment proposes to address these problems by measuring, for several Q2 and

recoil angles, a ratio like

R(Q2; �prq) =
�(pm = 0:2; 0:4; 0:5)

�(pref:m = 0:05)
(2)

which is the ratio of the cross section at given pmiss to the cross section at a small reference

missing momentum for which the PWIA is valid. The study of the �prq dependence of such

a ratio at �xed Q2 will allow to isolate FSI e�ects and investigate the factorization of the

FSI and the �N interaction. An important goal of these measurements will be to con�rm

the theoretical expectation that FSI are generally suppressed in parallel and anti-parallel

kinematics compared to perpendicular kinematics. The experimental veri�cation of this

prediction is very important since it might open a window to directly probe contributions of

SRC to the nucleons wave function.
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2.2 Meson Exchange Currents and Isobar Contributions

Experimental D(e,e0p)n data at low Q2 demonstrated that with increasing pmiss MEC and

IC become dominant, making it virtually impossible to extract information on short-range

NN correlations. The calculation of MEC and IC at high Q2 is very complicated since the
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Figure 4: Q2 dependence of the ratio R (Eq. 2) for pmiss =0.2�0.4 GeV/c and �prq = 20�70Æ.

virtuality of the exchanged mesons greatly exceeds their masses. However it is possible to

estimate the Q2 -dependence of these contributions based on the analysis of the correspond-

ing Feynman diagrams. Theoretically one expects that the MEC contribution will decrease

with increasing Q2. Indeed it can be shown that MEC diagrams have an additional � 1=Q2

dependence compared to the diagrams where the electron scatters from a nucleon. This

suppression comes from two major factors. Firstly, because at the considered kinematics the

knocked-out nucleon is fast and takes almost the entire momentum of the virtual photon q,

the exchanged meson propagator is proportional to (1+Q2=m2
meson

). Secondly, an additional

Q2 dependence comes from the NN �meson form-factor � (1 +Q2=�2). Thus the overall

additional dependence as compared to PWIA diagram is [21]

1

(Q2 +m2
meson

)
�MNN(Q

2) /

 
1

(Q2 +m2
meson

)

1

(1 +Q2=�2)2

!
(3)

wheremmeson � 0:71 and �2 � 0:8�1 (GeV/c)2 1. Thus one expects that MEC contributions

will be strongly suppressed as soon as Q2 � m2
meson

and � � 1 (GeV/c)2. As can be seen

in Fig. 4 the Q2 dependence of the ratio R (Eq. 2) including FSI is very weak. This is

con�rmed by another estimate performed in Laget's approach (Fig. 5). At low Q2, MEC

and IC contribution is not negligible, as the invariant mass of the np system spans the

baryonic resonance regime. Their contribution is clearly suppressed at higher Q2. Note also

1We assume here that di�erent meson-nucleon vertecies have a similar dependence on Q2 . Assuming the

dipole dependence on Q2 corresponds to neglecting the size of a meson as compared to the size of a baryon

(for large Q2 quark counting rules lead to �MNN (Q
2) � 1

Q6 ). We also use restrictions on the Q2 -dependence

of the �NN vertex from measurements of the antiquark distribution in nucleons [22].
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that the MEC seem to be enhanced in the region of �prq > 90Æ which is covered by the

proposed experiment. This is the region which is closely connected to the kinematics of

the large angle  + D ! pn experiment where the MEC picture seems to break down at

Q2 values �1 (GeV/c)2. In addition, the MEC contribution in the region of maximum FSI

is shown to be small, making the projected measurement of FSI increasingly reliable.

Figure 5: The angular dependence of R, the ratio of the D(e,e0p)n cross section calculated

within di�erent approaches to the cross section including PWIA term only: PWIA+FSI only

(dashed curves), PWIA+FSI+MEC+IC (full curves).

Hence getting complementary data sensitive to MEC e�ects for large momentum trans-

fers is very interesting. One may expect that in the long run such measurements would

permit to discriminate between meson exchange [23] and quark exchange pictures [24] of

large angle emission of nucleon pairs. To estimate the IC contribution, we observe that the

x < 1 and x > 1 regions at the same pmiss have di�erent contributions from intermediate �

excitations. In this case the amplitude of the IC contribution is proportional to:

 D

 
pmt; pmz �

M2
� �M2

N

2q

!
; (4)

where pmt and pmz are the transverse and longitudinal components of the measured missing

momentum. This equation shows that one can expect more IC contributions in the x < 1

region than in the x > 1 since in that case pmz �
M

2

�
�M

2

N

2q
< pmz. Thus a combined study of

the cross section at constant pmiss but di�erent x regions will be sensitive to IC contributions

in the overall cross section.

2.3 The Dynamics of Deeply Bound Nucleons

Once the contributions due to SRC are isolated, by deconvoluting from FSI+MEC+IC con-

tributions, the fundamental question that remains is the dynamics of the electromagnetic

interaction of deeply bound nucleons in SRC. The investigation of the cross section in near
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parallel x < 1 and anti-parallel x > 1 kinematics, where FSI are expected to be a correction,

as discussed above, will yield important information about the structure of vacuum uctu-

ations. The problem here is that, with increasing missing momentum in nuclei the relative

contribution of vacuum diagrams also increases. By vacuum diagrams one means the process

where the virtual photon splits into a N�N pair (Fig. 6). The �N is subsequently absorbed by

the nucleus, yielding the same �nal hadronic state, that the direct knock-out process would

have produced. To solve this known theoretical problem, a number of theoretical prescrip-

p

n DD
p

p
p

p

n

IA NN

Figure 6: Impulse approximation (IA) and vacuum diagrams (N�N) diagrams for the electro-

disintegration of the deuteron

tions have been developed [25, 26]. One of the methods is the development of the Light

Cone (LC) dynamics of nuclei, where the contribution of vacuum diagrams are e�ectively

calculated in the LC reference frame [25]. As a result in this case (similar to the high energy

scattering in QCD) the LC nuclear wave function of the nucleus which emerges [25, 27, 28],

depends on the variables pm+=p
+
D
� � and pmt. In the approximation when the deuteron is

described as a two nucleon system there is an unambiguous connection between the LC and

the non-relativistic wave function. In this case the LC wave function essentially depends

only on the invariant mass of the two-nucleon system [25]. If mesonic degrees of freedom

are included in the deuteron wave function, it depends on the two independent variables

�, and pmt, and can be explicitly calculated within particular models (see e.g. [29]). The

overall cross section of the D(e,e0p)n reaction is then the convolution of the o�-pm�-shell

�N cross section and the LC deuteron wave function. Another description of the deeply

bound nucleon is the virtual nucleon approximation [30], where the virtuality of the nucleon

has been introduced while in the laboratory frame. In this case the PWIA cross section is

expressed through a non-relativistic deuteron wave function and an o�-energy(Em)-shell 
�N

cross section. In the Laget's approach, an expansion in power of p=m is used, and no LC

correction is made on the argument of the nuclear wave function. Up to Q2 ' 2.5 (GeV/c)2,

this prescription is similar to the popular de Forest's one but it di�ers above. Today, there

are many di�erent approaches on how to treat the interaction of an electron with a bound

nucleon at large Q2 . A dedicated measurement is mandatory to provide us with a guide in
this matter. Fig. 7 compares the cross sections calculated with the LC and virtual nucleon

approximations. It shows that for small recoil angles the two approaches predict very sim-

ilar cross sections. This should therefore allow us to directly measure the deuteron wave

function. As an example Fig. 8 shows cross sections calculated using wave functions based

on the Paris and the Bonn potentials. It is very important that these comparisons will be

done at �xed values of Q2 which will enable us to isolate the e�ects related to the modi-
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Figure 8: The D(e,e0p)n cross section for �prq = 20Æ calculated within the virtual nucleon

and the light cone approach.

�cation of the deeply bound nucleon's quark-gluon wave function (similar as in EMC-type

e�ects). The pmiss dependence of the ratio of the D(e,e
0p)n cross section in parallel (x > 1)

and anti-parallel (x < 1) kinematics measured at lower and higher values of Q2 will test the

form-factor modi�cation of deeply bound nucleons.

3 A Look Into the Future

Upon the quantitative understanding of the role of FSI, MEC, and IC in the electro-disintegra-
tion of the deuteron, one can start to address the important question of quark-gluon degrees
of freedom in the deuteron.

The following projects may be part of a future experimental program, however, the

proposed experiment might allow us �rst glimpses of these physics issues.
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3.1 Onset of Quark-Gluon Degrees of Freedom

Upon veri�cation of the smallness of FSI in (near) parallel and anti-parallel kinematics, the

measurements of the cross section at larger values of pmiss (up to 700 MeV/c), where one

expects that the two nucleon picture of the nucleon may still be valid, allows to study the

nature of the core of the NN interaction. It is well known that the wave function of the

deuteron diverges substantially in the region where the large repulsion of the NN interaction

becomes important when calculated using di�erent parameterizations of the NN potential.

One of the reasons for this is that the current models do not �t phase-shifts in the region

TN � 300 MeV were meson production is allowed and which is very important for the

calculation of the deuteron wave function for k � 0.5 GeV/c.

The high Q2 domain and the x > 1 region allow to explore the very large missing

momenta region where we expect that the nucleonic picture of the deuteron will break down.

The onset of quark degrees of freedom will be dominated by quark-interchange mechanisms

in short range interactions. Although it is impossible at this point to predict the absolute

values of such contributions, the scenario for a di�erent number of quark exchanges will

provide di�erent deuteron momentum distributions.

Extending the cross section measurement to the region of high and very high missing mo-

mentum (pmiss > 700 MeV/c) will allow to reach the region where quark-exchange diagrams

play a dominant role in SRC in the deuteron.

3.2 Quark-Gluon Structure of Deeply Bound Nucleons

Experiments of inclusive Deep Inelastic (DIS) electron scattering from nuclei demonstrated

the modi�cation of the nucleon quark-parton density as compared to that of the free nucleon

(the EMC e�ect [31]). This e�ect unambiguously demonstrated that nuclei can not be

described merely as a collection of unmodi�ed nucleons. Moreover the proportionality of the

EMC e�ect to the nuclear density was an indication that the modi�cation of the quark-parton

structure of nucleons depends on how strong nucleons are bound in a nucleus. Although

the e�ect is observed in the DIS region, one should expect a similar modi�cation for the

elastic form-factors of bound nucleons. However, inclusive data alone will not allow one

to conclusively check the existence of EMC type phenomena for the elastic form factors.

One problem is that with the increase of Q2, inelastic channels dominate the inclusive cross

section and are thus obscuring elastic contributions [6].

One mechanism of the bound nucleon's form-factor modi�cation is described in the color

screening model [32, 33], where at suÆciently high values ofQ2 � Q2
0 (Q

2
0 �2-3 (GeV/c)

2) the

nucleon form-factor becomes sensitive to quark correlations. In this regime the bound nucleon

will have suppressed quark correlations as compared to the free nucleon. The reason of such

a suppression is the color-screening between quark-correlations which tends to minimize the

nuclear binding. In this model the bound nucleon form-factor in the regime of scattering o�

a small size con�guration is suppressed by a factor f :

f = 1

�"
1 +

(k2 +mN �D)

mN�E

#2
(5)
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where �E � mN��mN � 600 MeV and k is the spectator momentum. This factor strongly

depends on k and hence could be tested in the discussed process. Note here that some

indications of such an e�ect were found [34] in the x > 1, Q2 � 4 (GeV/c)2 kinematics for

the SLAC x > 1 data. In parallel and anti-parallel kinematics where FSI are small, one can

search for the possible bound nucleon modi�cations, by measuring the pmiss dependence of

the ratio of two D(e,e0p)n cross sections measured at the same ~pm but di�erent values of Q2

(Q2
2 � Q2

0 and Q
2
1 � Q2

0).

4 Experimental Program

As a �rst step into the investigation of the D(e,e0p)n reaction at large values of Q2 we will

measure the D(e,e0p)n cross section at the following values forQ2 : 1.0, 2.5 and 4.0 (GeV/c)2.

At each momentum transfer the D(e,e0p)n cross section will be measured for the recoil mo-

menta pmiss = 0.2, 0.4 and 0.5 GeV/c. Keeping the recoil momentum constant, the an-

gle of the recoiling neutron with respect to ~q will be varied. For pmiss =0.2 GeV/c and

pmiss =0.4 GeV/c the recoil angle will be varied between in the domains 20Æ - 150Æ and

20Æ - 110Æ respectively. This corresponds to a variation in x-Bjorken between typically 0.7

and 1.5. This variation of the neutron angle allows us to study in detail the e�ect of �nal

state interactions as has been outlined in the previous sections. Small recoil momentum of

the order of 50 MeV/c will be measured as a normalization measurement since at these val-

ues contributions of FSI, MEC and IC are small. This has been con�rmed by measurements

at much lower Q2 values [8, 12, 35].

As can be seen in Fig. 9 at pmiss =0.2 GeV/c, FSI reduce the cross section by approx-

imately a factor of two at a neutron angle around 70Æ while at pmiss =0.4 GeV/c the cross

section is enhanced by a factor of about 2.5 and even larger at higher missing momenta.

It is the goal of this experiment to measure this behavior qualitatively and quantitatively

for various Q2 -values. We will measure the cross section in a bin of missing momentum of

� 20 MeV/c and in a bin of �nq = �5Æ for the recoil angle (the angle between the recoil-

ing neutron and the momentum transfer) with an expected statistical precision of 5 %. In

the region of the large cross section enhancement, data will be taken in �nq-steps of 10
Æ .

This should permit us to extract the location and the strength of this structure for various

momentum transfers.

Fig. 10, 11 and 12 show the calculated cross sections with and without FSI e�ects. The

points with error bars indicate the projected experimental data including statistical errors.

Since no previous experiment has been carried out in these regimes the �gures also show

the projected data if PWIA were valid. For both projections the same amount of beam

time has been assumed. It is important to note that at the lowest Q2 value of 1.0 (GeV/c)2

the eikonal approach is not expected to be valid for neutron angles below 60Æ and missing

momenta of 0.2 GeV/c, 0.4 GeV/c, and 0.5 GeV/c, since the proton momenta are still well

below 1 GeV/c in these cases. This limit has been marked with a dashed vertical line on

each relevant graph.

The measurements at pmiss =0.5 GeV/c are of a more exploratory nature. The e�ects

due to FSI in perpendicular kinematics are predicted to be even larger than for 0.4 GeV/c.
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Due to the reduced cross section we will therefore measure those with a statistical precision
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Figure 9: The ratio between the D(e,e0p)n cross section calculated including FSI and PWIA

for Q2 =4 (GeV/c)2. The Calculations are by S. Jeschonnek, J.M. Laget, and M. Sargsian.

The points with error bars indicate the projected experimental data.

of 7.5 %. This will reduce the necessary beam time considerably and still provide an excellent

measurement.

The detailed kinematics can be found in Tab. 1, 2, 3, 4, 5, 6, 7, 8 and 9. At Q2 =4 (GeV/c)2

the hadron and the electron arm will have to be interchanged in order to allow the measure-

ment of the high proton momenta for the large recoil angles. The detector systems however

will not have to be interchanged since both spectrometers have a gas Cherenkov detector.
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Figure 10: The D(e,e0p)n cross section for pmiss =0.2 GeV/c as a function of the recoil angle

(�nq) and for various Q
2 values. Note that for small neutron angles and at Q2 = 1.0 (GeV/c)2

the eikonal approximation breaks down. (i.e. curves left of the dashed vertical line illustrate

this point)
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Figure 11: The D(e,e0p)n cross section for pmiss =0.4 GeV/c as a function of the recoil angle

(�nq) and for various Q
2 values. Note that for small neutron angles and at Q2 = 1.0 (GeV/c)2

the eikonal approximation breaks down. (i.e. curves left of the dashed vertical line illustrate

this point)
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Figure 12: The D(e,e0p)n cross section for pmiss =0.5 GeV/c as a function of the recoil angle

(�nq) and for various Q
2 values. Note that for small neutron angles and at Q2 = 1.0 (GeV/c)2

the eikonal approximation breaks down. (i.e. curves left of the dashed vertical line illustrate

this point)

16



�nq Ef �e Pp �p
20 3.95 13.91 0.88 67.21

40 3.91 13.98 0.94 68.74

60 3.85 14.09 1.02 67.71

70 3.81 14.16 1.07 66.33

80 3.77 14.23 1.12 64.48

90 3.73 14.31 1.18 62.25

110 3.64 14.49 1.29 57.12

130 3.55 14.67 1.4 51.75

150 3.48 14.82 1.48 46.87

Table 1: Kinematics for Einc = 4:32 GeV/c,Q2 =1.0 (GeV/c)2, pmiss =0.2 GeV/c

�nq Ef �e Pp �p
20 3.30 24.19 1.70 48.09

40 3.23 24.44 1.77 48.25

60 3.13 24.85 1.89 46.76

70 3.06 25.12 1.96 45.46

80 2.99 25.43 2.04 43.86

90 2.91 25.77 2.13 42.02

110 2.74 26.56 2.31 37.94

130 2.58 27.41 2.49 33.82

150 2.44 28.16 2.63 30.23

Table 2: Kinematics for Einc = 4:32 GeV/c,Q2 =2.5 (GeV/c)2, pmiss =0.2 GeV/c

�nq Ef �e Pp �p
20 3.71 25.83 2.43 39.66

40 3.62 26.15 2.53 39.44

60 3.47 26.70 2.68 37.88

70 3.38 27.07 2.78 36.66

80 3.28 27.49 2.89 35.20

90 3.17 27.98 3.00 33.56

110 2.93 29.11 3.25 29.99

130 2.70 30.39 3.50 26.44

150 2.50 31.57 3.70 23.40

Table 3: Kinematics for Einc = 5:4 GeV/c, Q2 =4.0 (GeV/c)2, pmiss =0.2 GeV/c
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�nq Ef �e Pp �p
20 4.01 13.79 0.68 77.72

40 3.94 13.93 0.81 80.85

60 3.82 14.15 0.98 77.00

70 3.74 14.29 1.09 73.16

80 3.65 14.47 1.20 68.45

90 3.55 14.66 1.32 63.16

110 3.33 15.16 1.59 51.81

Table 4: Kinematics for Einc = 4:32 GeV/c,Q2 =1.0 (GeV/c)2, pmiss =0.4 GeV/c

�nq Ef �e Pp �p
20 3.47 23.58 1.43 55.99

40 3.34 24.02 1.57 56.43

60 3.14 24.80 1.81 52.85

70 3.00 25.35 1.96 49.80

80 2.85 26.04 2.13 46.12

90 2.68 26.89 2.32 41.98

110 2.26 29.31 2.76 33.04

Table 5: Kinematics for Einc = 4:32 GeV/c,Q2 =2.5 (GeV/c)2, pmiss =0.4 GeV/c

�nq Ef �e Pp �p
20 3.96 24.97 2.09 46.51

40 3.80 25.52 2.27 46.15

60 3.52 26.52 2.57 42.69

70 3.34 27.25 2.76 39.96

80 3.12 28.18 2.99 36.72

90 2.88 29.39 3.24 33.11

110 2.29 33.08 3.86 25.28

Table 6: Kinematics for Einc = 5:4 GeV/c, Q2 =4.0 (GeV/c)2, pmiss =0.4 GeV/c
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�nq Ef �e Pp �p
20 4.02 13.79 0.60 82.98

40 3.92 13.96 0.76 86.30

60 3.77 14.24 0.99 79.95

70 3.66 14.44 1.13 74.48

80 3.55 14.68 1.28 68.06

90 3.41 14.96 1.44 61.06

110 3.08 15.77 1.83 46.48

Table 7: Kinematics for Einc = 4:32 GeV/c,Q2 =1.0 (GeV/c)2, pmiss =0.5 GeV/c

�nq Ef �e Pp �p
20 3.52 23.41 1.32 59.41

40 3.36 23.95 1.50 59.91

70 2.93 25.67 1.99 50.79

90 2.49 27.91 2.47 40.44

Table 8: Kinematics for Einc = 4:32 GeV/c,Q2 =2.5 (GeV/c)2, pmiss =0.5 GeV/c

�nq Ef �e Pp �p
20 4.04 24.71 1.95 49.41

40 3.84 25.37 2.18 48.95

70 3.26 27.57 2.80 40.70

90 2.64 30.69 3.44 31.70

Table 9: Kinematics for Einc = 5:4 GeV/c, Q2 =4.0 (GeV/c)2, pmiss =0.5 GeV/c

5 Count-Rates

The coincidence count-rates have been estimated using the Hall-A monte-carlo program

MCEEP [36]. We have used a momentum acceptance of �4:5% and an angular acceptance

of �� = �30 mr and �� = �65 mr. Cuts in the recoil angle, and the missing momentum

have been de�ned as mentioned above. No cuts have been applied to Q2 . A 15 cm liquid

deuterium target and a current of 100�A have been assumed, which results in a luminosity

of L = 4:7�1038 cm2 � sec�1. The results of these estimates are shown in Tab. 10, 11 and 12.

Singles rates have been estimated using the programs QFS and EPC and have been

averaged over the acceptances. The accidental rates (Tab. 13) in a missing mass range from

-5 MeV to 10 MeV have been estimated using a coincidence time window of 5 ns and a phase

space volume, calculated using MCEEP. For accidental events one can de�ne an e�ective

cross section as follows:

�acc = L��ep�ee

where � is the coincidence time, L is the luminosity and �ep and �ee are the inclusive proton

and electron cross sections respectively. The accidentals cross section is a six-fold di�erential
cross section in the electron and proton solid angles and the electron and proton momenta.
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�nq Q2 =1.0 (GeV/c)2 Q2 =2.5 (GeV/c)2 Q2 =4.0 (GeV/c)2

20 3800 740 124

40 4000 840 175

60 6000 960 120

70 4780 870 150

80 5800 670 180

90 11600 830 155

110 12800 1320 200

130 30500 1200 170

150 27000 1070 120

Table 10: Counts per hour and bin for pmiss =0.2 GeV/c.

�nq Q2 =1.0 (GeV/c)2 Q2 =2.5 (GeV/c)2 Q2 =4.0 (GeV/c)2

20 360 68 15

40 530 110 24

60 810 200 36

70 1130 280 52

80 2680 190 36

90 3000 150 24

110 3230 96 11

Table 11: Counts per hour and bin for pmiss =0.4 GeV/c.

�nq Q2 =1.0 (GeV/c)2 Q2 =2.5 (GeV/c)2 Q2 =4.0 (GeV/c)2

20 130 37 9

40 390 86 17

60 1260

70 1330 250 45

80 1150

90 1590 96 15

110 1860

Table 12: Counts per hour and bin for pmiss =0.5 GeV/c.
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pmiss (GeV/c) �nq Q2 =1.0 Q2 =2.5 Q2 =4.0

0.2 40 8 0.01 4�10�4

0.2 70 192 0.2 5.�10�3

0.2 110 16 0.12 1.1�10�2

0.4 40 9 4�10�3 3�10�5

0.4 70 40 0.4 1.6�10�2

0.4 110 30 0.3 4�10�2

0.5 40 142 5�10�3

0.5 70 73 0.5

0.5 100 31 0.4

Table 13: Accidental counts per hour and bin estimated using QFS and EPC. The signal to

noise ratio for all settings is above 10 with the exception of pmiss =0.5 GeV/c and �nq = 40Æ

where it is around 3. This setting is quite close to the deuteron threshold and QFS is not

expected to be valid. (all Q2 in (GeV/c)2

Proton and electron singles rates are well within the capabilities of the spectrometer de-

tector systems. The resulting signal to noise ratio is generally large and we do not anticipate

any background problems.

The Pion rates are generally well below the singles rates for electron and protons. In

the electron arm, pions will be rejected with the Cherenkov detector. For the majority of

kinematic settings pions in the hadron arm can be rejected using time-of-ight measure-

ments since the momenta involved are below 3.5 GeV/c and the corresponding time-of-ight

di�erence between pions and protons is � 2:9 ns. Above 3.5 GeV/c an aerogel Cherenkov

detector will be used.

6 Beam Time Request

We plan to measure a total of 63 di�erent kinematical settings. Table 14 shows the summary

of the requested beam time. The beam time on target required to achieve the necessary

statistics includes the following items:

� Time to check the spectrometer pointing.

� Time for target changes.

� Measurements on the dummy target cell.

� Time for �eld changes.

� 4 hours for elastic scattering at each values of Q2 .

� A factor of 1.3 has been applied to account for radiative losses.

The time allocations for the various items above are from experience gained in the experi-

ments E89-044 and E97-111 when all systems were working smoothly. We have not included
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time for changes of the spectrometer polarity since this depends on the run plan. Also no

eÆciency factor for Hall A has been taken into account.

Q2 (GeV/c)2 pmiss (GeV/c) Data Taking Overhead Subtotal

1.0 0.2 5.9 21.3 27.2

0.4 7.7 15.9 23.6

0.5 8.1 17.8 25.9

2.5 0.2 5.8 21.3 27.1

0.4 28.6 13.9 42.5

0.5 12.2 8.2 20.4

4.0 0.2 31.3 21.3 52.6

0.4 164.3 13.9 178.2

0.5 60.6 8.2 68.8

Optics Commissioning 16

Target Commissioning 16

TOTAL 498.3

Table 14: Beam Time Overview
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A Relation to Experiment E94-004

The goal of experiment E94-004 is to determine the individual response functions RL ,

RT and RLT of the D(e,e0p)n reaction in quasi free kinematics (x = 1). One set of mea-

surements aims at determining the RLT response function for Q2 =0.81 (GeV/c)2 and for

recoil momenta up to 0.5 GeV/c. A set of data at Q2 =2.1 (GeV/c)2 will be used to deter-

mine RLT for pmiss values of 0.1,0.2 and 0.3 GeV/c. In addition the Q2 dependence of the

RL and the RT response function at pmiss =0 (GeV/c) will be determined.

The proposed experiment di�ers from this experiment in the following main points:

� We are NOT proposing to determine individual response functions.

� The goal of the proposed experiment is to measure the D(e,e0p)n cross section at con-
stant pmiss and Q2 values but at various angles of the recoiling nucleon with respect

to ~q .

� We want to determine theQ2 -dependence of these angular distributions between Q2 =

1 (GeV/c)2 and Q2 = 4: (GeV/c)2.

� The selection of the pmiss values in the proposed experiment has been driven by the

expected rescattering behavior in the np system. It is therefore crucial that these

pmiss values are measured.

The data expected from experiment E94-004 at Q2 =0.8 (GeV/c)2 could only provide

one point in the angular distribution at low Q2 for pmiss =0.2,0.4 and 0.5 GeV/c and at

Q2 =2. (GeV/c)2 one point in the angular distribution for pmiss =0.2 GeV/c.

B Relation to Experiment E94-102

This experiment studies the d(e; e0p)X reaction, detecting the recoiling proton. The range

in x studied lies between x = 1 and x = 0:2. The focus of this experiment is inelastic

scattering o� the neutron. Due to statistical limitations, this experiment does not allow the

�ne binning in the relevant kinematical variables as proposed in this experiment. In contrast

the proposed experiment will provide valuable data for the interpretation of the experimental

results of E94-102.

C Relation to Experiment E94-019

This experiment measures the e; e0p reaction on a series of nuclei including the deuteron

using CLAS. The focus of this experiment is to determine the Q2 dependence of the nuclear

transparency using rescattering. Due to statistical limitations, this experiment does not

measure angular distributions. The proposed experiment will provide complementary data

which will form a baseline for a clear interpretation of the transparency phenomenon { the

subject of E94-019.
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