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Introduction

Short Range Correlated pairs (SRC) of nucleons have high rela ve

momentum and low center-of-mass momentum. Most SRC pairs

contain a neutron and a proton, but few studies use direct neutron

detec on. In neutron-rich nuclei, the minority protons move faster than

neutrons [1]. Low momentum nucleons have the same isospin

distribu on as the target nucleus. High momentum nucleons are nearly

evenly split between neutrons and protons, indica ng np dominance of

SRC pairs. So far, np dominance in proton-rich nuclei is unexamined.

Here we extend the measurement of (e, e′n)/(e, e′p) to 3He and
compare with Monte Carlo simula ons.

Neutron Detection in CLAS

Experiment: e2a in Hall B in 1999, with a 4.4 GeV electron beam on 3He, 4He, and C targets
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Probing high-momentum protons and neutrons in 
neutron-rich nuclei
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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 
nucleons (protons and neutrons) in nuclei can be probed by 
scattering a high-energy particle from the nucleus and detecting this 
particle after it scatters, often also detecting an additional knocked-
out proton. Analysis of electron- and proton-scattering experiments 
suggests that some nucleons in nuclei form close-proximity 
neutron–proton pairs1–12 with high nucleon momentum, greater 
than the nuclear Fermi momentum. However, how excess neutrons 
in neutron-rich nuclei form such close-proximity pairs remains 
unclear. Here we measure protons and, for the first time, neutrons 
knocked out of medium-to-heavy nuclei by high-energy electrons 
and show that the fraction of high-momentum protons increases 
markedly with the neutron excess in the nucleus, whereas the 
fraction of high-momentum neutrons decreases slightly. This effect 
is surprising because in the classical nuclear shell model, protons 
and neutrons obey Fermi statistics, have little correlation and mostly 
fill independent energy shells. These high-momentum nucleons 
in neutron-rich nuclei are important for understanding nuclear 
parton distribution functions!(the partial momentum distribution 
of the constituents of the nucleon) and changes in the quark 

distributions of nucleons bound in nuclei (the EMC effect)1,13,14. 
They are also relevant for the interpretation of neutrino-oscillation 
measurements15 and understanding of neutron-rich systems such 
as neutron stars3,16.

Since the 1950s, the independent-particle shell model has been an 
indispensable guide for understanding nuclei17. In this model, nucleons 
move independently in well defined quantum orbits (shells) with low 
momentum, k (k < kF, where kF is the Fermi momentum), similarly 
to electrons in atoms. The potential in which the nucleons move is 
the average nuclear field created by their mutual strong interactions. 
Although successful in making many important predictions, such as 
shell closures and the spins and parities of nuclear ground and excited 
states, this textbook picture of the nucleus is incomplete: electron- 
scattering experiments in nuclei ranging from lithium to lead measured 
only about 60%–70% of the expected number of protons in each shell18. 
Newer shell-model-type calculations include the effects of long-range 
correlations, increasing this fraction to about 80%19.

Modern superconducting accelerators—with high energy, high 
intensity and high duty factor—enable experiments that use scattering 
reactions to resolve the structure and dynamics of individual nucleons 
and nucleon pairs in nuclei. The resolving power of a measurement is 
determined by its momentum transfer, and its interpretation relies on 

*A list of authors and their affiliations appears at the end of the paper.

Fig. 1 | CLAS spectrometer. Two segments of the CLAS spectrometer. 
Electrons travelling with energies of up to 6 GeV hit nuclei, knocking 
out individual protons and neutrons. The momenta of the scattered 
electrons and knocked-out protons are reconstructed by analysing 
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. Inset, the almost-spherical CLAS. The 
electron beam travels along the grey pipe, hitting a target near the centre of 
the spectrometer.
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A neutron interacts with a proton in the calorimeter, causing the proton to sca er and leave an

energy deposi on. Unlike a proton, the neutron does not leave a charged par cle track [1].

Fast Monte Carlo Simulations

We use a fast Monte Carlo simula on of 3He based on 3-body spectral func ons [2]. Wemodel

the CLAS acceptance using acceptance maps. The generator produces quasielas c sca ering

events according to a plane-wave impulse approxima on (PWIA) cross sec on

d6σ
dΩedEedΩNdEN

= |~pN |ENσeNSN (Em, ~pm), (1)

where Ωe and Ee are the solid angle and energy of the sca ered electron, respec vely; ΩN , ~pN ,

and EN are the solid angle, momentum, and energy of the knocked out nucleon, respec vely;

σeN is the electron-nucleon sca ering cross sec on [3]; and SN is the spectral func on.
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Figure 1. e2a acceptance map for 2 GeV/c protons
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Figure 2. Proton spectral func on

Comparing Neutrons and Protons

Neutrons have worse momentum resolu on than protons. We find new op mal cuts for neutrons

and ar ficially smear the protonmomenta tomatch the neutron resolu on, applying the same cuts

to both species.

We determine the op mal cuts for neutrons by tes ng a range of new cuts for protons, minimizing

the difference between the number of protons that pass the ideal proton cuts but fail the new

cuts (false nega ves) and those that fail the original cuts but pass the new cuts (false posi ves).

LowMomentum High Momentum

−0.05 < y < 0.2 xB > 1.2
0.9 < ν < 1.6 GeV 0.62 < p/q < 1.1

θpq < 7◦ θpq < 25◦

The table above shows ideal low and high momentum proton cuts, which diminish the effect of

final state interac ons [4]. We normalize the n/p ra os to the electron-neutron & electron-proton

cross sec ons σn and σp.

Optimization of Event Selection Criteria

The momentum-dependent cuts which must be modified are the missing mass Mmiss and missing

momentum pmiss for SRCs, and the missing energy Emiss and pmiss for lowmomentum nucleons.

new cut here!

High Momentum LowMomentum

Cut Variable p n, smeared p Cut Variable p n, smeared p

Mmiss (GeV/c
2) 1.1 1.13 Emiss (GeV) 0.08 0.265

pmiss (GeV/c) 0.3 0.32 pmiss (GeV/c) 0.22 0.265

Neutron Detection Efficiency

We measure and correct for the neutron efficiency using 3He(e, e′ppn) and 3He(e, e′ppπ+π−n).
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Results

Our results (solid) are compared to Duer’s study (empty) [1]. High momentum ra os are ma-

genta circles, and low momentum ra os are green squares. The simula on results are in blue.

LowMomentum States

As expected, (e, e′n)/(e, e′p) is approximately N/Z , indica ng that knocked-out lowmomentum

neutrons and protons appear with the same isospin distribu on as the target nucleus.

High Momentum States

Neutrons do speed up in proton-rich nuclei, but not as much as expected, since (e, e′n)/(e, e′p)
is lower than unity. This suggests that np dominance breaks down for 3He, possibly due to an

inability to describe small nuclei in terms of many-body mean field and SRC descrip ons.

Simula on Quality

The consistency between the calcula ons and data show a remarkable understanding of the

three-body dynamics of 3He as expressed in the spectral func ons.
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