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Probing High Momentum Protons and Neutrons in Asymmetric Nuclei

M. Duer, O. Hen, Eli Piasetzky, H. Hakobyan, L.B. Weinstein, M. Braverman, E. Cohen, D. Higinbotham et al.
(CLAS Collaboration)

The atomic nucleus is one of the densest and most
complex quantum-mechanical systems in nature.
Nuclei account for nearly all the mass of the visible
universe. The properties of individual protons and
neutrons (nucleons) in nuclei can be studied by
scattering a high-energy particle from the nucleus and
detecting this particle after it scatters, often also
detecting an additional knocked-out proton. Electron
scattering experiments demonstrate that about 20% of
the nucleons in nuclei have momentum greater than
the nuclear Fermi momentum, Ay, and that this ‘high-
momentum tail’ is predominantly due to close-
proximity neutron-proton (np) pairs that interact via
a strong short-range force [1-11]. These np pairs were
measured directly in electron scattering experiments
from helium-4 and carbon [2, 4-6], but only inferred
in heavier nuclei [3]. We measured protons and, for
the first time, neutrons knocked out of medium to
heavy nuclei by high-energy electrons. We found that
the fraction of high-momentum protons increases
dramatically with the neutron excess, while the
fraction of high-momentum neutrons decreases
slightly. This indicates that protons move faster than
neutrons in neutron-rich nuclei, an effect that we call
momentum-sharing inversion. This effect is
surprising, since in the nuclear shell model protons
and neutrons obey Fermi statistics and independently
fill energy shells. Modern calculations also omit the
momentum-sharing inversion when they truncate the
contributions of high-momentum nucleons [12]. These
approximations work well for describing gross, low-
energy properties of nuclei. However, we need to
understand the nature of the high-momentum
distribution in asymmetric nuclei to study systems
such as neutron stars [13, 14] and the modification of
the internal structure of nucleons bound in nuclei [1,
15-16]. In particular, the neutron excess in neutron
stars should dramatically increase the average
momentum of the protons, which could have
significant implications for their cooling rate and
equation of state.

Since the 1950s, the nuclear shell model has been an
indispensable guide for understanding nuclei [17]. In this
model, nucleons move independently in well-defined
quantum orbits (shells) similarly to electrons in atoms.
The potential in which the nucleons move is the average
nuclear field created by their strong mutual interactions.
While successful in making many important predictions,
this textbook picture of the nucleus is quite incomplete:
electron scattering experiments in nuclei ranging from
lithium to lead measured only about 60%-70% of the
expected number of protons in each shell [18].

Modern superconducting accelerators, with high-energy,
high-intensity, and high-duty-factor, allow experiments
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that use scattering reactions to resolve the structure and
dynamics of individual nucleons and nucleon pairs in
nuclei. These experiments have shown that about 20% of
the nucleons in nuclei do not occupy a shell-model state;
they are instead coupled into short-lived correlated
nucleon-pairs with large relative momentum (Kieiaive > kr)
and small center-of-mass (CM) momentum (kcyr < k),
referred to as short-range correlated (SRC) pairs [1-11].
These pairs are entirely absent in the shell model
description of nuclei.

The dominant force between the nucleons in the SRC
pairs is tensor in nature [1]. This pair-wise interaction
acts predominantly on spin-1 np-SRC pairs, leading to a
predominance of np-SRC pairs over proton-proton (pp)
and neutron-neutron (nn) SRC pairs by a factor of about
20. This phenomenon is referred to as ‘“np-dominance”
[2-7].

Almost all high-momentum nucleons in nuclei belong to
an SRC pair. As the short-distance interaction between
nucleons in SRC pairs is very strong, the characteristics
of the resulting pairs are largely independent of the rest of
the nucleus. Thus the high-momentum tail has a
universal shape for all nuclei [1, 8-11, 19].

According to the shell model, adding neutrons to a
nucleus increases the average neutron momentum without
significantly affecting the average proton momentum.
However, if correlations are included, adding neutrons
could increase the number of np SRC pairs and hence the
number of high-momentum protons [3, 20-21].

The analysis reported here was motivated by the quest to
directly observe and quantify the relative number of
protons and neutrons in the high momentum tails of
neutron-rich nuclei [20]. For the first time, we
simultaneously measured electron-induced quasi-elastic
(QE) knockout of protons and neutrons from medium and
heavy nuclei, using the A(e,e’p) and A(e,e’n) reactions,
respectively. The simultaneous measurement of both
proton and neutron knockout is the unique feature of this
work that allows us to directly compare their properties
using minimal assumptions. Data from these
measurements perform four functions: (1) quantifying the
relative fractions of high-momentum protons and
neutrons, (2) showing that adding neutrons to the nucleus
increases the fraction of high-momentum protons, (3)
helping confirm the np-SRC dominance of the high-
momentum tail in medium and heavy nuclei, and (4)
supporting momentum-sharing inversion in heavy nuclei.
The data presented here were collected in 2004 in Hall-B
of the Thomas Jefferson National Accelerator Facility
(Jefferson Lab) in Virginia, USA to study various
reactions [22-23]. The experiment used a 5.014 GeV
electron beam incident on deuterium, carbon, aluminum,
iron, and lead targets, and the CEBAF Large Acceptance
Spectrometer (CLAS) [24] to detect the scattered electron
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Fig 1 | The CLAS Spectrometer. Inset: the almost
spherical CLAS. The electron beam travels along the
gray pipe, hitting a target near the center of the
spectrometer. Main image: Two segments of CLAS.
Electrons traveling with energies up to 6 billion electron
volts hit nuclei, knocking out individual protons and
neutrons. The momenta of the scattered electrons and
knocked-out protons are reconstructed by analyzing their
trajectories as they bend in a toroidal magnetic field. The
neutron momenta are deduced from their time of flight
until they interact with the electromagnetic calorimeter.

and any associated hadrons knocked out during the
interaction (see Fig. 1). CLAS used a toroidal magnetic
field and six independent sets of drift chambers, time-of-
flight scintillation counters, Cherenkov counters, and
electromagnetic calorimeters, covering scattering angles
from about 8° to 140° for charged-particle identification
and trajectory reconstruction. The neutrons were
identified by observing interactions in the forward
electromagnetic calorimeters (covering about 8° to 45°)
with no associated charged-particle tracks in the drift
chambers. The angle- and momentum-dependent neutron
detection efficiency and momentum reconstruction
resolution were measured simultaneously using the
d(e,e' pr"7 n) reaction [25]. The experiment recorded all

events with a scattered electron detected in both the
electromagnetic calorimeter and the Cherenkov counter,
along with any other particles. This feature allowed us to
re-analyze the data as part of the Jefferson Lab data-
mining initiative to study a wide range of new
phenomena not considered in the original experimental
proposals [3, 26-27].

High-energy electrons scatter from the nucleus by
transferring a single virtual photon, carrying momentum
g and energy w. In QE scattering, this momentum
transfer is absorbed by a nucleon with initial momentum
p;. If the nucleon does not rescatter as it leaves the
nucleus, then it will emerge with momentum py = p; +
q. Thus, we can reconstruct the approximate initial
momentum of the nucleon from the missing momentum,
the difference between the detected nucleon momentum
and the transferred momentum: P, =Py —4 .

Similarly, the excitation energy of the residual (A-1)
nucleus is related to the missing energy, Emiss = @ — T,
where Ty is the nucleon’s kinetic energy.
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In this analysis, we studied (e,e’p) and (e,e’n) QE
knockout event samples measured in two kinematical
regions, corresponding to electron scattering off high-
initial-momentum (p; > kr) nucleons, presumably from an
SRC pair, or from low-initial-momentum (p; < kg)
nucleons, presumably from shell model states.

Using these event samples, we derived both the ratio of
A(e,e’n)/A(e,e’p) events for each setting and the double
ratio of high-momentum (SRC) to low-momentum
(shell-model) nucleons in nuclei relative to carbon,
[A(e,eN)mign /  A(e,e’'N)ow] /  [*C(e,’N)migh /
2C(e,e’N)Low]. Here N refers to either protons or
neutrons, and A stands for either aluminum, iron, or lead.
The double-ratio is simply an estimator for the increased
fraction of SRC nucleons in an asymmetric nucleus
compared to carbon. We use carbon as a reference since
it is a well-studied, medium-mass, symmetric nucleus
and has similar average density to the other measured
nuclei. In addition, forming cross-section ratios relative
to carbon also significantly reduces the effects of
detector acceptance and efficiency corrections [25].

For each kinematical setting, we used the same selection
criteria on the detected scattered electron and associated
knocked-out nucleon (proton or neutron) to select QE
A(e,e’p) and A(e.e’n) events. The extraction of
equivalent (e,e’p) and (e,e’n) event samples required
determining the common angular region for detecting
both protons and neutrons, correcting for the neutron and
proton detection efficiencies, and accounting for the
different momentum resolutions. The latter was a
significant challenge as, being neutral particles, neutrons
do not interact in the tracking system. Thus, their
momentum must be inferred from the time difference
between the electron scattering in the target and the
neutron detection in the calorimeter, leading to about 10 -
15% momentum resolution for the detected neutrons [25].
Proton momenta were determined to an uncertainty of
about 1% from the curvature of their trajectories in the
CLAS magnetic field.

We accounted for this momentum resolution difference
by: (1) selecting the desired A(e,e’p) events in high- and
low-momentum kinematics, (2) “smearing” the proton
momentum for each event using the measured neutron
momentum resolution, and (3) using unsmeared and
smeared A(e,e’p) event samples to study bin migration
effects and optimize the event selection criteria. This
allowed us to produce a smeared event sample with as
many of the ‘original’ A(e,e’p) events as possible (i.e.
high selection efficiency), and as few other events as
possible (i.e. high purity). We used the smeared proton
momenta in the final selection of A(e,e’p) events for
consistency with the A(e,e’n) analysis. The final event
selection criteria are detailed below.
Low-initial-momentum events are characterized by low
missing energy and low missing momentum (Eis < 80-
90 MeV; and Ppiss = |Pmiss] < 250 MeV/e) [25].
Because the neutron resolution was not good enough to
select these events directly, we developed a set of
alternative constraints to select the same events by using



the detected electron momentum and the knocked-out
nucleon angle, which were unaffected by the neutron
momentum resolution [25]. We optimized these
constraints using the unsmeared and smeared protons so
that the final event sample contains about 90% of the
desired sample with about 15% contamination, resulting
in about 5% more events in our sample. We assumed
cross section corrections of about 5%, which caused a
less than 1% correction to ratios between different
nuclei. We assumed systematic uncertainties equal to the
corrections, see Supplementary Material for details.
Similarly, we selected the high-initial-momentum events
in two steps. We first selected QE events with a leading
nucleon by cutting on the energy and momentum
transfer and requiring that the outgoing nucleon be
emitted with most of the transferred momentum in the
general direction of the momentum transfer. We then
selected high-initial-momentum events by requiring
large missing momentum (py,iss > 300 MeV/c). These
selection criteria ensured that the electron interacted
with a single high-initial-momentum proton or neutron
in the nucleus [3, 27]. We then optimized the nucleon-
momentum dependent cuts using the smeared and
unsmeared protons. This gave us a final event sample
with 85% of the desired sample and about 15%
contamination, resulting in about the same number of
events. We corrected for this when extracting the cross-
section ratios. The procedures for the extraction of cross-
section ratios and their associated systematic uncertainties
from the measured event yields are detailed in the
supplementary materials [25].

To verify the neutron detection efficiency, detector
acceptance corrections, and event selection method, we
extracted the carbon neutron-to-proton reduced cross-
section ratio for both high and low initial nucleon
momenta: ['*C(e,e’n)/ g,,] / ['*C(e,e’p)/0,] (i.e. measured
cross-sections scaled by the known elastic electron-proton
o, and electron-neutron g, cross-sections). Figure 2
shows these two measured cross-section ratios are
consistent with unity, as expected for a symmetric
nucleus. This shows that in both high- and low-initial-
momentum kinematics we have restricted the reaction
mechanisms to primarily QE

scattering and have correctly accounted for the various
detector-related effects.

For the other measured nuclei, the (e,e’n)/(e,e’p) low-
momentum  reduced  cross-section  ratios = grow
approximately as N/Z, as expected from simple nucleon
counting. However, the (e,e’n)/(e,e’p) high-momentum
ratios are consistent with unity for all measured nuclei,
see Fig. 2.

The struck nucleons could reinteract as they emerged
from the nucleus. Such an effect would cause the number
of detected outgoing nucleons to decrease and modify the
angles and momenta of the knocked-out nucleons. The
decrease in the measured cross section would be nearly
identical for protons and neutrons and thus, any effects
should cancel when forming cross-section ratios [25].
Since rescattering changes the event kinematics, some of
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Fig 2 | The relative abundances of high- and low-
initial-momentum neutrons and protons. [A(e,e’n)/ g, ]
/" [A(e,e’p)/a,] reduced cross-section ratio for low-
momentum (green circles) and high-momentum (purple
triangles) events. The initial nucleon momenta
corresponding to each type of event are illustrated in the
inset. The lines show the simple N/Z expectation for low-
momentum nucleons and the np-dominance expectation
(i.e., ratio = 1) for high-momentum nucleons. The inner
error bars are statistical while the outer ones include both
statistical and systematic uncertainties [25].

the events with high measured p,,;;s could have
originated from electron scattering from a low-initial-
momentum nucleon, which then rescattered, increasing
Pmiss- If the high-initial-momentum (high-p,iss)
nucleons were caused by electron scattering from the
more-numerous low-initial-momentum nucleons followed
by nucleon rescattering, then the high-momentum
(e,e’'n)/(e,e’p) ratio would show the same N/Z
dependence as the low-momentum ratio. As the high-
momentum (e,e’n)/(e,e’p) ratio is independent of A,
nucleon-rescattering effects must be small.

Thus, these data indicate that there are equal numbers of
high-initial-momentum protons and neutrons in
asymmetric nuclei, even though these nuclei contain up to
50% more neutrons than protons. This observation is
consistent with high-momentum nucleons belonging
primarily to np-SRC pairs, even in neutron rich nuclei
[20]. This number equality implies a greater fraction of
high-initial-momentum protons. For example, if 20% [1]
of the 208 nucleons in lead-208 are at high-initial-
momentum, then these consist of 21 protons and 21
neutrons. This corresponds to a high-momentum proton
fraction of 21/82 ~ 25% and a corresponding neutron
fraction of only 21/126 ~ 17%.

In order to quantify the relative fraction of high-
momentum protons and neutrons in the different nuclei
with minimal experimental and theoretical uncertainties,
we extracted the double ratio of (e,e’N) high-initial-
momentum to low-initial-momentum events for nucleus
A relative to carbon for both protons and neutrons. We
find that the fraction of high-initial-momentum protons
increases by about 50% from carbon to lead (see Fig. 3).
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Fig 3 | Relative high-momentum fractions for
neutrons and protons. Red circles: The double ratio
of the number of (e,e’p) high-momentum proton events
to low-momentum proton events for nucleus A relative
to carbon. The inner error bars are statistical while the
outer ones include both statistical and systematic
uncertainties. Red bands: the prediction of the
phenomenological np-dominance model [25]. Blue
squares and bands: the same for neutron events. The
inset demonstrates how adding neutrons increases the
fraction of protons in the high momentum tail. The red
line at N/Z and the blue line at 1 are drawn to guide the
eye.

Moreover, the corresponding fraction of high-initial-
momentum neutrons seems to decrease by about 10%.
Nucleon-rescattering should increase in larger nuclei and
should affect protons and neutrons equally. Since, unlike
the protons, the neutron ratio decreases with A, this also
rules out significant nucleon rescattering effects.

To determine whether the observed high-initial-
momentum proton fraction is large enough to make the
average kinetic energy of protons larger than that of
neutrons in heavy neutron-rich nuclei, we compared it to
a simple phenomenological (i.e. experiment-based) np-
dominance model [3, 20] that uses the mean-field
momentum distributions from one of three different
models at low momentum (k < kr) and a deuteron-like
high-momentum tail, scaled by the measured fraction of
high-momentum nucleons in nuclei [25]. The model
predictions for the relative fractions of high-momentum
nucleons agree with the data, increasing our confidence in
the model, see Fig. 3. This model also predicts a neutron-
to-proton average kinetic energy ratio (<EN",>/<Ekin>)
that decreases with neutron excess, reaching 0.8 for lead
[3, 20-21, 25]. The data therefore present a first direct
experimental indication that on average protons move
faster than neutrons in neutron-rich nuclei.

The surprising fact that increasing the number of neutrons
in a nucleus increases the fraction of high-initial-
momentum protons, predicted by [20] and calculated by
[3, 21], has several broad implications. Neutron stars
contain about 5 to 10% protons and electrons in their
central layers [28]. Our work implies that the extreme
neutron excess in a neutron star would dramatically
increase the average momentum of the small minority of
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protons. This disproportionately large effect could have
significant implications for the cooling rate and equation
of state of neutron stars [13 ,14] and thus needs to be
addressed in realistic descriptions of these systems.

There is evidence that the high-momentum nucleons
associated with SRC pairs are responsible for the EMC
effect, the change in the quark distribution of nucleons
bound in nuclei [1, 15]. The EMC effect may result from
temporary high-density fluctuations in the nucleus in
which the internal structure of the affected nucleons is
briefly modified [1]. If this mechanism indeed occurs,
then the higher-momentum minority protons in neutron-
rich nuclei should be more modified than the neutrons.
Observing such increased modification of the proton
structure in neutron rich nuclei could shed new light on
the currently unknown origin of these modifications.
Furthermore, the existence of short range correlated pairs
in nuclei and their np dominance in heavy nuclei has
significant implications in many areas of nuclear physics,
including nuclear correlation functions and the double
beta decay rate of nuclei [29], the nature of the repulsive
core of the nucleon-nucleon interaction [4], and our
understanding of neutrino-nucleus interactions [30].
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