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4LPSC, Université Joseph Fourier, CNRS/IN2P3, INPG, Grenoble, France

5Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA
6University of Maryland, College Park, Maryland 20742, USA
7Temple University, Philadelphia, Pennsylvania 19122, USA

8College of William and Mary, Williamsburg, Virginia 23187, USA
9INFN, Sezione Sanita and Istituto Superiore di Sanita, Laboratorio di Fisica, I-00161 Rome, Italy

10Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854, USA
11Old Dominion University, Norfolk, Virginia 23529, USA

12Physics Department, Faculty of Science, Cairo University, Giza 12613, Egypt
13University of Massachusetts Amherst, Amherst, Massachusetts 01003, USA
14Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

15University of Virginia, Charlottesville, Virginia 22901, USA
16Kent State University, Kent, Ohio 44242, USA

17Hampton University, Hampton, Viginia 23668, USA
18University of Tel Aviv, Tel Aviv 69978, Israel

19Norfolk State University, Norfolk, Virginia 23504, USA
20Department of Physics, Khalifa University of Science, Technology, and Research, Sharjah, United Arab Emirates

21Ohio University, Athens, Ohio 45701, USA
22University of Illinois, Urbana Champaign, Illinois 61820, USA

23The University of New Hampshire, Durham, New Hampshire 03824, USA
(Received 22 July 2011; published 19 December 2011)

The 2Hðe; e0pÞn cross section at a momentum transfer of 3:5 ðGeV=cÞ2 was measured over a

kinematical range that made it possible to study this reaction for a set of fixed missing momenta as a

function of the neutron recoil angle �nq and to extract missing momentum distributions for fixed values of

�nq up to 0:55 GeV=c. In the region of 35� � �nq � 45� recent calculations, which predict that final-state

interactions are small, agree reasonably well with the experimental data. Therefore, these experimental

reduced cross sections provide direct access to the high momentum component of the deuteron

momentum distribution in exclusive deuteron electrodisintegration.

DOI: 10.1103/PhysRevLett.107.262501 PACS numbers: 25.30.Fj, 25.60.Gc

The understanding of the short-range structure of the
deuteron is of fundamental importance for the advancement
of our understanding of nuclear matter at small distances.
To probe the short-range properties of the deuteron, one
has to investigate configurations where the two nucleons
come very close together and are strongly overlapping. The
basic problem is to what extent these configurations can be

described simply in terms of two nucleons with high initial
relative momenta. The ultimate quantity to be investigated
in this case is the high momentum component of the deu-
teron wave function. Traditionally, three classes of reac-
tions are used to study the high momentum part of the
deuteron wave function: elastic scattering and inclusive
and exclusive electrodisintegration reactions.
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Elastic electron-deuteron scattering probes the inte-
grated characteristics of the wave function via the deuteron
form factors. At large four-momentum transfer, �Q2, the
scattering becomes sensitive to the high momentum com-
ponent of the deuteron wave function. The analysis of
experimental data [1] showed that, at presently available
energies, it is practically impossible to discriminate be-
tween different theoretical approaches [2,3] used to calcu-
late the deuteron elastic form factor AðQ2Þ. One needs
additional constraints on the deuteron wave function at
short distances.

Inclusive, quasielastic ðe; e0Þ reactions provide another
way of probing high momentum components of the deu-
teron, especially at highQ2 and in the xB � 1 region [4–6],
where xB ¼ Q2=2M� (with M as the nucleon mass and �
as the energy of the virtual photon) is the Bjorken scaling
variable. In this regime, the cross section depends on an
integral of the deuteron momentum distribution, with the
longitudinal nucleon momentum component (with respect
to the virtual photon momentum ~q) as the lower limit.
However, the difficulties of ensuring small contributions
from inelastic processes (growing with Q2) and final-state
interactions (FSIs) at large xB (see, e.g., [7,8]) reduce the
sensitivity to the deuteron wave function at short internu-
cleon 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 quasielastic electrodisintegration of
the deuteron via the 2Hðe; e0pÞn reaction at high missing
momenta (the momentum of the recoiling neutron) ~pm ¼
~q� ~pf, where ~pf is the momentum of the outgoing, ob-

served proton. Within the plane wave impulse approxima-
tion (PWIA),� ~pm 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 pm values as
large as possible. However, depending on the selected
kinematics, these studies can be overwhelmed by FSIs
where the outgoing proton interacts with the recoiling
neutron, or by processes where the virtual photon couples
to the exchanged meson (MEC) or where the nucleon is
excited to an intermediate � state (IC). The dominance of
FSI, MEC, and IC has seriously affected previous experi-
ments at Q2 < 1 ðGeV=cÞ2 [9–13] leading to the overall
conclusion that these experiments do not provide good
constraints on the high momentum components of the
deuteron wave function.

The conditionQ2 � 1 ðGeV=cÞ2 is necessary in order to
enhance contributions of reaction mechanisms which
probe the short-range structure of the deuteron and to
suppress competing long-range processes for the
following reasons: (i) the MEC contribution should be
suppressed by an additional factor of ð1þQ2=�Þ�4 with
� ¼ 0:8� 1 ðGeV=cÞ2, as compared to the quasielastic
contribution [14,15]; (ii) the large Q2 limit should allow
one to probe the wave function in the x > 1 region which is

far from the inelastic threshold, thereby suppressing IC
contributions; and (iii) final-state interactions of the out-
going nucleon should follow the eikonal dynamics, with a
strong angular anisotropy dominating mainly in transverse
directions. This situation generated a multitude of theoreti-
cal studies of the 2Hðe; e0pÞn reaction in the high Q2

regime [14,16–26]. The PWIA results of calculations de-
scribed in Refs. [14,18,21,24,26] differ at larger pm due to
differences in the wave functions and in details of the off-
shell electron nucleon interaction used, but all predict
small FSI contributions (10–20%) for 35� � �nq � 45�.
We report new 2Hðe; e0pÞn cross sections measured at

high momentum transfer for well-defined kinematic set-
tings. The wide range in missing momenta and neutron
recoil angles allows one for the first time to access the high
momentum components of the deuteron momentum distri-
bution and probe the validity of current models of the
reaction dynamics. The kinematic region covered overlaps
with a recent 2Hðe; e0pÞn experiment performed using the
CEBAF Large Acceptance Spectrometer (CLAS) at
Jefferson Lab [27], which concluded that FSI and IC are
dominating the momentum distribution except for pm <
0:1 GeV=c or �nq > 110�. However, to obtain reasonable

statistical precision, the data were integrated over the full
�nq range for the momentum distributions and over a large

pm range for the angular distributions, in contrast to the
data presented below.
At a fixed Q2 ¼ 3:5 ðGeV=cÞ2, the 2Hðe; e0pÞn cross

section was measured for specific missing momenta pm ¼
0:1; 0:2; 0:4; 0:5 GeV=c, while the angle �nq of the recoil-

ing neutron with respect to ~q was varied. �nq is also

referred to hereafter as the recoil angle. For pm ¼
0:4; 0:5 GeV=c, the largest recoil angles accessible were
limited by the maximum momentum that the proton spec-
trometer was able to detect (3:1 GeV=c). Keeping pm and
Q2 constant required the energy transfer, the electron
scattering angle, the proton final momentum, and the pro-
ton direction to be adjusted accordingly for each value of
�nq. As the energy transfer and recoil angle changed, xB
changed as well between 0.78 and 1.52, with large xB
values corresponding to small recoil angles.
The experiment was carried out using the two high-

resolution spectrometers in Hall A at Jefferson Lab at an
electron beam momentum of 5:008 GeV=c. The left arm
detected the electrons and the right arm the ejected protons.
The deuterium target consisted of a 15 cm long cylinder
filled with liquid deuterium and was part of the Hall A
cryogenic target system [28]. An identical target cell filled
with liquid hydrogen was used for calibration and to deter-
mine the coincidence efficiency. The electron beam was
rastered over an area of 2� 2 mm2, and the liquids were
continuously circulated in order to minimize density varia-
tions due to boiling. We found a typical reduction of the
effective deuteron target thickness due to boiling by a factor
of 0:94� 0:02 for an average current of 100 �A. The
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cross sectionswere corrected for detector inefficiencies on a
run-by-run basis and for an overall coincidence efficiency,
determined from the measured 1Hðe; e0Þ elastic cross sec-
tion, which was found to be 96:4� 2 percent of the pub-
lished value from the fit of Table I in Ref. [29]. The
systematic error due to uncertainties in the measured kine-
matic variables was calculated for each data bin and added
quadratically to the statistical error. An overall error of
4:5%was added to take into account errors in beam energy,
beam charge measurements, detector efficiencies, target
thickness, and target boiling corrections.

The spectrometer detection systems in the two arms
were very similar: vertical drift chambers were used for
tracking, and two scintillation counter planes (S1=S2)
following the vertical drift chambers provided timing and
trigger signals. In addition, the electron arm was equipped
with a gas Čerenkov detector for electron=�� discrimina-
tion. We found that the gas Čerenkov detector was suffi-
cient for the �� rejection in this experiment. At this large
momentum transfer and at the large xB kinematics, the ��
background was not a concern. A detailed description of
the spectrometer systems and the target system can be
found in Ref. [28]. The momentum acceptance used for
both spectrometers was set by software to � ¼ �p=p0 ¼
�4%, where p0 is the central momentum of the
spectrometer.

The solid angle of each spectrometer was defined by
software cuts at the entrance of the first quadrupole mag-
net. In addition, a second, global cut on the multidimen-
sional acceptance of each spectrometer was applied by
means of R functions [30]. The phase space acceptance
was calculated using the Hall A Monte Carlo code MCEEP

[31]. The extracted cross sections were radiatively cor-
rected using the Monte Carlo code SIMC [32,33], where
the yield was estimated with a theoretical calculation by
J.M. Laget [24] that included final-state interactions and
reproduced the experimental yield quite well.

Several spectrometer settings contributed to a full angu-
lar distribution, and the condition of constant Q2 and
constant pm was maintained for the central setting only.
Within the phase space acceptance defined by the two
spectrometers, the kinematic variables varied slightly
around their central values as a function of the angle �nq.

This led to variations of the experimental cross section as a
function of �nq that were independent of reaction mecha-

nism effects. In order to reduce these variations, the ex-
perimental cross section was divided by the PWIA cross
section �PWIA ¼ nPðpmÞk�CC1, where k is a kinematic
factor, nPðpmÞ refers to the Paris momentum distribution,
and �CC1 is the de Forest off-shell cross section [34]
calculated using the form factor parametrization from
Table I of Ref. [29]. Theoretical cross sections were calcu-
lated using the averaged kinematics determined for each
bin in �nq, included bin center corrections, and were di-

vided by the same PWIA cross section as the experimental

ones. The resulting ratios Rð�nqÞ ¼ �exp=�PWIA were then

averaged for overlapping �nq bins, and the resulting angu-

lar distributions are shown in Fig. 1.
The angular distribution shown in Fig. 1(a) for missing

momentum pm ¼ 0:2� 0:02 GeV=c shows a clear reduc-
tion of R for �nq around 75

�ðxB � 1Þ. For missing momen-

tum pm ¼ 0:4� 0:02 GeV=c [Fig. 1(b)] and pm ¼ 0:5�
0:02 GeV=c [Fig. 1(c)], R shows a peak at around 75� with
a maximal value of �1:6 and �2:5, respectively. The
dependence of R on �nq reflects the angular dependence

of final-state interactions at high Q2 and is in agreement
with the measurement of Ref. [27] for missing momenta
0:4 � pm � 0:6 GeV=c.
The strong angular dependence indicates that the struck

proton is energetic enough that its interaction with the

FIG. 1 (color online). The ratio Rð�nqÞ ¼ �exp=�PWIA.
(a) pm ¼ 0:2 GeV=c, (b) pm ¼ 0:4 GeV=c, and
(c) pm ¼ 0:5 GeV=c. (i) Solid (purple) lines denote MS
[14,18,26] using the CD-Bonn potential; (ii) short-dashed
(green) lines denote JML [24], while dashed–double-dotted
(black) lines denote JML with MEC and IC; and (iii) long-
dashed (pink) lines denote JVO [21]. Insets: RFSI ¼ �FSI=�

th
PWIA

for 35� � �nq � 45�.

PRL 107, 262501 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

23 DECEMBER 2011

262501-3



recoiling, slow neutron is in the eikonal or geometric
regime, where it is well-known that the slow particle
recoils almost in a perpendicular direction with respect to
the fast particle. As a consequence, there exist regions in
recoil angles where FSIs contribute minimally to the cross
section, allowing for increased sensitivity to the momen-
tum distribution of the proton in the ground-state wave
function. Note that, at low energies, the angular distribu-
tion of the rescattering process is considerably more iso-
tropic, making it impossible to isolate regions with
minimal FSI contribution.

Three different theoretical calculations were obtained:
(1) a calculation by M. Sargsian [14,18,26], referred to as
MS below, using the charge-dependent Bonn (CD-Bonn)
or the Paris potentials; (2) cross sections from J.M. Laget’s
model [24], referred to as JML, using the Paris potential;
and (3) results from the model of Jeschonnek and
Van Orden [21], which will be labeled JVO below. The
relativistically covariant calculation of JVO is currently
limited to small recoil angles.

The model predictions of R ¼ �calc=�PWIA are com-
pared to experimental data in Fig. 1. For small missing
momenta (pm < 0:2GeV=c) and �nq < 30�, all calcula-

tions agree with each other within 20%. For larger angles
and especially larger missing momenta, deviations be-
tween the experiment and the calculations and between
the different calculations themselves are considerably
larger. For pm ¼ 0:4 and 0:5 GeV=c, MS correctly de-
scribes the rise of R with �nq but predicts a faster falloff

after the maximum than is observed. JML predicts a
considerably wider rescattering peak. Including MEC
and � excitation improves the agreement considerably at

pm ¼ 0:4; 0:5 GeV=c [Fig. 1(c)] but worsens the agree-
ment for pm ¼ 0:2 GeV=c [Fig. 1(a)]. The value of the
maximum agrees with the experiment for both calcula-
tions. For pm ¼ 0:4; 0:5 GeV=c and �nq < 50�, MS and

JVO describe the data considerably better than JML, ex-
cluding MEC and � contributions. The ratio RFSI ¼
�FSI=�

th
PWIA, where �FSI is a calculated cross section in-

cluding FSI and �th
PWIA is the corresponding PWIA cross

section, demonstrates that all calculations show relatively
small contributions of FSI for 35� < �nq < 45� (insets in

Fig. 1). For 0:2 � pm � 0:5 GeV=c, on average MS pre-
dicts between �18% and �5% FSI, JML between �9%
and þ5% FSI, and JVO between �12% and �16% FSI.
This indicates a kinematic region where the cross section is
dominated by PWIA and should therefore reflect directly
the deuteron momentum distribution.
We extracted the 2Hðe; e0pÞn cross section for three sets

of fixed angles �nq with a bin width of �5�. For each of

these three recoil angles, we determined the cross section
as a function of missing momentum and calculated the
reduced cross section �red ¼ �exp=ðk�CC1Þ using the

same form factor as previously (Table I in Ref. [29]). We
included all spectrometer settings that contributed to the
same (pm, �nq) bin and determined the averaged, reduced

cross section as well as the averaged kinematics. The
theoretical cross sections have been treated the same way
as the experimental ones. The resulting experimental mo-
mentum distributions are shown in Fig. 2.
The results for �nq ¼ 75� [Fig. 2(c)] show a behavior

of reduced 2Hðe; e0pÞn deuteron cross sections as a
function of missing momentum typical to the situation in
which the process is dominated by FSI. As the FSI

FIG. 2 (color online). The reduced cross section �redðpmÞ as a function of missing momentum pm is shown in (a)–(c) for �nq ¼ 35�,
45�, and 75�, respectively, with a bin width of �5�. CD-Bonn potential: short-dashed (blue) lines with PWIA, solid (blue) lines with
FSI. Paris potential: dash-dotted (green) lines with PWIA, long-dashed (green) lines with FSI. The PWIA results are identical for all
angles. All calculations are from the MS model [14,18,26].
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contribution is dominated by smaller initial momenta of
the struck proton than the observed pm, the reduced cross
section exhibits a ‘‘flattening’’ (smaller falloff with pm) for
pm > 0:3 GeV=c. This flattening has been observed in all
previous measurements in which the cross section was
dominated by FSI, such as in Ref. [12], where the
2Hðe; e0pÞn cross section was measured at lower Q2

(� 0:6 GeV2) and xB � 1, or as in Ref. [10], measured at
much lower energies and xB < 1, where, in addition to FSI,
the cross section was dominated also by MEC and IC
contributions.

In Fig. 2, the experimental reduced cross sections are
compared to a calculation by M. Sargsian with wave
functions from the CD-Bonn and the Paris potentials. For
the CD-Bonn potential, the PWIA results are shown as
short-dashed (blue) curves and the FSI results as solid
(blue) lines. For the Paris potential, the PWIA results are
shown as dash-dotted (green) curves and the FSI results as
long-dashed (green) lines. Both calculations at �nq ¼ 75�

including FSI agree quite well with the measurement. The
PWIA calculations cannot reproduce the data for pm >
0:1 GeV=c, and, for pm > 0:45 GeV=c, the two calcula-
tions increasingly deviate from each other.

Because of the observed, strong angular anisotropy of
high energy FSI (Fig. 1), one can select recoil angles where
FSIs are minimal. For example, in Figs. 2(a) and 2(b), at
�nq ¼ 35� and �nq ¼ 45�, the reduced cross sections dis-

play a qualitatively different behavior as a function of pm.
The falloff is considerably steeper for pm > 0:3 GeV=c
and follows closely the general shape of the deuteron
wave function in momentum space, reflecting the
diminishing probability of finding a struck proton
with a large initial momentum in the ground-state wave
function of the deuteron. At small �nq, the calculated

cross sections with FSI differ much less from the PWIA
results and are sensitive to the type of nucleon-nucleon
potential used for pm > 0:45 GeV=c, further confirming
the fact that the reduced cross section in this case reflects
closely the underlying momentum distribution of the
deuteron.

We measured 2Hðe; e0pÞn cross sections at a momentum
transfer of 3:5ðGeV=cÞ2 over a kinematical range that
allowed us to study this reaction for a set of fixed missing
momenta as a function of the neutron recoil angle �nq. We

experimentally confirmed the validity of the generalized
eikonal approximation, which predicted a strong angular
dependence of FSI contributions and kinematic regions
where FSI contributions are small.

The small kinematic bin size made it possible for
the first time to determine missing momentum distributions
for several, fixed values of the neutron recoil angle, �nq,

and to observe a qualitative change in their shape. With
decreasing �nq, the momentum distributions change from

the typical form found in previous experiments to a shape
that follows more closely the trend of the deuteron wave

function in momentum space. This transition is consistent
with decreasing FSI contributions and gives us for the
first time a direct access to the high momentum component
of the deuteron momentum distribution. We find that,
within the MS model, the calculations using the CD-
Bonn potential are in best agreement with the data.
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