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Experimental cross sections for the 3-body breakup 4He(e, e!p)X up to Pmiss = 0.632GeV/c
at xB = 1.24 and Q2 = 2(GeV/c)2 are reported. The data are compared to Relativistic Distorted
Wave Impulse Approximation(RDWIA) calculations for 4He(e, e!p)3H reactions. Significantly more
events in the triton mass region are measured for Pmiss > 0.45GeV/c than are predicted by the
theoretical model.

I. INTRODUCTION

Nucleon momentum distributions in atomic nuclei are
known to be governed by an average nuclear potential
plus additional nucleon-nucleon multi body interactions.
Momentum distributions below the Fermi momentum es-
sentially reflect the size of the ”box” in which the nu-
cleons are contained. One way to model this distribu-
tion is in the simplest limit of a cluster model where a
given nucleon interacts with the average potential of the
other nucleons. For momenta greater than the Fermi
momentum the cluster models of nuclear structure pro-
vide enhanced strength in the momentum distribution
by allowing nucleon-nucleon spatial distributions to be-
come shorter than the average nucleon-nucleon spacing.
Experimental access to proton momentum disributions
is possible through the missing momentum observable,
pm, in the A(e, e"p)X reaction, !pX = !pe # !pe" # !pp,

pm = |!pX |. Interpretation of cross sections "(pm) to
deduce nucleon momentum distributions requires the in-
clusion of final state interactions in the outgoing (e"pX)
system.
Microscopic nuclear structure calculations based on

realistic two and three body nucleon-nucleon calcula-
tions are available for low mass nuclei [1]. In the case

of 4He proton momentum distributions have been cal-
culated for proton-triton(pt) and deuteron-deuteron(dd)
clusters. Recent measurements of proton-nucleon coin-
cidences in the 4He(e, e"pN) reaction [2] have shown
strong correlations of back to back emission of nucleon
pairs for large missing momentum pm > 400 MeV/c.

Moreover, the increasing pair ratio #pp
#pn as a function

of pm > 400 MeV/c is interpreted as a sign that the
nucleon-nucleon interaction switches from the tensor in-
teraction to the strong repulsive short range interaction.
Besides nucleon-nucleon correlations the experiment also
obtained data on the pt final hadronic state.

" Corresponding author: kaniol@calstatela.edu

This paper provides experimental di!erential cross sec-

tions, d"5
d"pd"edEe

, over a range of missing momenta,

25 < pm < 632 MeV/c, based on the 4He(e, e"p)3N re-
action under the same kinematic conditions as the short
range correlation experiment [2], where 3N = 3H and X.

II. EXPERIMENTAL METHOD

A. Spectrometer settings

Experiments E07006 [2] and E08009 [3] at the Je!er-
son National Accelerator Facility ran in February, March
and April of 2011. Data for kinematic settings of 0.153
and 0.353 GeV/c missing momentum were obtained us-
ing electron beam currents between 47µA to 60µA, for
E08009. The details for E08009 are described in a the-
sis [3], [4]. In addition to these kinematic settings the
Short Rangle Correlation(SRC) [2] experiment also ob-
tained data at kinematic settings out to 0.632 GeV/c
missing momentum including the two body break up
channel p + triton. These higher missing momenta data
were collected using about 4 to 5 µA electron beam cur-
rents but su#cient accumulated charge was measured to
be able to extract cross sections beyond the original goal
set for E08009. Moreover, the large acceptances of the
Hall A spectrometers allowed for cross sections to be de-
termined across a larger missing momentum range than
the central value kinematic settings would suggest.
The electron spectrometer was fixed in angle and cen-

tral momentum while the proton spectrometer’s angles
and central momenta were changed. The electron arm
settings are in table I. The proton arm settings are in
table II.

B. Cryogenic target

The cryogenic target was 4He contained in an alu-
minum can of length 20 cm. The nominal temperature
of the gas was 20$ K at 199 psia. 4He enters and exits at
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incident beam energy 4.4506 GeV

electron spectrometer angle 20.3#

electron spectrometer momentum 3.602 GeV/c

Q2 2.0 (GeV/c)2

Bjorken xb 1.24

TABLE I. Electron spectrometer kinematic settings for
E08009.

Central Pmiss !p Central momentum

GeV/c degrees GeV/c

0.153 47.0 1.500

0.353 38.5 1.449

0.466 33.5 1.383

0.632 29.0 1.308

TABLE II. Proton spectrometer settings

the upstream end of the target. There is no outlet for the
fluid at the downstream end of the can. A determination
of target density along the beam path was possible by
comparing the normalized yield of scattered electrons at
47µA and 60µA beam currents to the yield at 4µA. Since
the electron spectrometer was held at a fixed momentum
and angle the electron spectrometer served as a density
monitor. For this target at a beam current of 4µA a com-
putational fluid dynamics(CFD) calculation [5] predicts
an average density drop of 2.3% from strictly thermody-
namic parameters. A comparison of the measured yield
at 4µA to the CFD calculation gives an uncertainty in
the target density dependence along the beam of 1.1%.
More detail for the treatment of the target density used
in the data analysis is available in [3] and [4].

III. DATA ANALYSIS

Data analysis is guided by the Monte Carlo simula-
tion(GEANT 3.2) of the transport of the incident elec-
tron, scattered electron and proton through the target
cell into the spectrometer apertures assuming a p + tri-
ton final hadronic state. The identification of the p +
triton final state is possible by calculating the missing
energy in the scattered electron + p state. The missing
energy is the kinetic energy carried o! by the undetected
system X in 4He(e, e"p)X reaction. A peak in the miss-
ing energy corresponding to the triton ground state mass
identifies the 4He(e, e"p)3H reaction, where mX = tri-
ton mass..

A. Radiative e!ects

Radiative e!ects, obtained from the GEANT simu-
lation including internal and external bremsstrahlung,
produce a broadening and a characteristic tail on the

FIG. 1. Missing energy spectrum for the pm = 0.353 GeV/c
kinematic setting, !p = 38.5#. Data in color, Simulation in
black.

missing energy spectrum. In practice the long target
introduces additional broadening beyond the intrinsic
point source resolution of the spectrometers. The
additional broadening is included in the simulation by a
Gaussian broadening of the momenta at the apertures
predicted from the simulation. This additional broaden-
ing typically is a factor of three to four bigger than the
resolution for the point source resolution. The amount
of Gaussian smearing needed is determined by the best
fit of a strong missing energy data peak such as at the
lowest missing momentum. An example of the fit is seen
in figure 1.

Radiative corrections to the cross section are deter-
mined from the simulation by comparing the number of
events in a 5 MeV window centered on the triton peak
to the total number of events in the simulation.

B. Missing momentum acceptance e"ciency

The wide momentum acceptance of the spectrometers
allows for a broad missing momentum acceptance.
In the simulation a vertex point in the gas target is
chosen and the hit points within the apertures of the
spectrometers for the outgoing electron and proton are
randomly selected. Each point within the spectrometers’
apertures has an equal probability of being selected.
This allows for the vertex angles of the electron and
proton to be determined. An energy for the outgoing
electron is chosen within the momentum acceptance of
the electron spectrometer. From the electron’s scatter-
ing angle the outgoing electron’s energy is adjusted for
internal bremsstrahlung. Three body kinematics for the
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parameters value for electron

and proton spectrometers

horizontal angle ±0.04 radians

vertical angle ±0.03 radians

vertex position ±8 cm

deviation from central momentum ±0.06 %

TABLE III. Cuts applied to the data for cross section deter-
minations.

4He(e, e"p)3H reaction allows for the proton’s vertex
momentum to be determined. The electron and proton
are followed from the vertex to the final hit points in the
spectrometers’ apertures. Thus complete information
about the location and momenta at the vertex and the
spectrometers’ apertures is known.

The three body kinematical and geometrical limita-
tions for particles arriving at the hit points within the
apertures are correctly calculated by GEANT and thus
allows the missing momentum, !pm = !p1 # !p2 # !pp to be
calculated. In the analysis we bin | !pm| into 50 MeV/c
bins. We define the missing momentum acceptance fac-
tor, f(pm), for a bin of missing momentum centered
around pm as

f(pm) =
n(pm)

!
n(pm)

. (1)

where n(pm) is the number of triton events in the
missing momentum bin centered on pm and

!
n(pm)

is the total number of triton events over all missing
momenta for the particular proton kinematic setting.
The same Gaussian broadening used for the simulation
fit in figure 1 is used to generate the values of pm needed
to calculate f(pm).

Cuts on the data are given in table III.
Experimental cross sections are given in table IV.

IV. RESULTS

A. Comparison of data to theoretical predictions

Experimental di!erential cross sections are compared
to relativistic distorted wave impulse approximation cal-
culations of the Madrid theory group [6], [7], [8], [9].

The 4He ground state is described with realistic nucleon-
nucleon interactions using the adiabatic hyper-spherical
expansion method [8]. Nucleons are described by the
Dirac equation with scalar and vector(S-V) potentials.
The outgoing proton wave function is obtained by solv-
ing the Dirac equation with a S-V optical potential fitted
to proton scattering on 3H.
Vertex values of the incident electron’s momentum at

various positions within the target and the momenta of

FIG. 2. E08009 Data in green compared to full Madrid theo-
retical calculations in black. Squares are for the 153 MeV/c
setting, circles are for 353 MeV/c setting, inverted triangles
are for the 466 MeV/c setting and triangles are for the 632
MeV/c setting.

FIG. 3. E08009 Data in green compared to EMA Madrid the-
oretical calculations in black. Squares are for the 153 MeV/c
setting, circles are for 353 MeV/c setting, inverted triangles
are for the 466 MeV/c setting and triangles are for the 632
MeV/c setting.

the scattered electron and ejected proton were provided
to the Madrid theory group for calculation of the cross
section at each event vertex in the GEANT simulation.
The GEANT simulation also contains the detected
electron and proton momenta at the spectrometers’
apertures. In this way the vertex cross section can be
associated with the missing momentum at the apertures.
The GEANT simulation includes external and internal
bremsstrahlung. Theoretical cross sections integrated
over the experimental acceptances for the full Madrid
treatment and using the e!ective momentum approxi-
mation(EMA) treatment are in tables V and VI. Plots
of the data for the two theoretical treatments are shown
in figures 2 and 3.
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Pmiss 153 353 466 632

(MeV/c) !p = 47# !p = 38.5# !p = 33.5# !p = 29#

25 (3.38± 0.52)

75 (1.13± 0.17)

125 (3.13± 0.48)! 10$1

175 (7.18± 1.1)! 10$2

225 (1.44± 0.22)! 10$2 (4.40± 0.14)! 10$3

275 (3.06± 0.57)! 10$3 (1.27± 0.03)! 10$3

325 (6.11± 0.14)! 10$4

375 (3.57± 0.88)! 10$4

425 (1.44± 0.59)! 10$4 (6.59± 2.7)! 10$4

475 (3.22± 0.89)! 10$4

525 (1.68± 0.45)! 10$4

575 (0.91± 0.43)! 10$4

632 (3.7± 2.3)! 10$5

TABLE IV. Experimental di!erential cross sections, d!5

d!pd!edEe
, for 4He(e, e!p)3H from E08009, for di!erent kinematical

settings given by the proton spectrometer central angle. Units are nb/sr2/MeV .

The data and calculations show the same missing mo-
menta dependence on the measured or calculated cross
section as a function of kinematic setting. Even though
the same magnitude of pm is reached for di!erent pro-
ton angles the cross section does not simply factor into a
function of pm. Good fits between the Madrid calcula-
tion and the data go out to about 420 MeV/c in missing
momentum. Data and theory exhibit a break in the slope
of the cross section between 300 and 400 MeV/c. In a re-
cent calculation [1] of the proton momentum distribution

in 4He a break in the momentum slope is predicted in
this missing momentum range. The origin of this break
in the slope appears to be due to the triton+proton clus-
ter distribution [1] exhibiting a deep minimum in the
proton momentum distribution at about 453 MeV/c.

V. DISCUSSION

The data that are actually measured in this experi-
ment are the three momenta of the outgoing proton and
electron. The full experiment is 4He(e, e"p)X. Using
the known momentum of the initial state we deduce the
missing momentum of the residual hadronic stateX. The
theoretical analysis of the data here is limited to a specific
exit channel, X = 3H. However, considering the theo-
retical cluster contributions to the proton momenta [1] in
4He, shown in figure 4, the contribution of the pt cluster
to the proton momentum distribution is expected to be
negligible above about pm = 250 MeV/c.
From figure 4 the high proton momentum is attributed

to the repulsive nucleon-nucleon core [1]. The measure-
ments of [2] are consistent with the NN short range force
becoming repulsive. However, it is counter intuitive and

FIG. 4. Proton momentum density taken from [1] website
showing contributions to the proton momentum density from
the tp and dd cluster.

in disagreement with theoretical expectations [1] that

tritons should be ejected from 4He along with protons
emerging from short range encounters.

The fact that we observe events in the triton region
out to 632 MeV/c involves processes beyond the impulse
approximation. Final state interactions of the outgoing
proton may take a proton knocked out of a pt cluster ini-
tially at a low value of pp to appear as if its momentum at
the vertex was pm. This is accounted for to some extent
by the optical potential treatment of the final pt unbound
state. We see good agreement between the theory and
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Pmiss 153 353 466 632

(MeV/c) !p = 47# !p = 38.5# !p = 33.5# !p = 29#

12.5 2.20585 0 0 0

37.5 1.82871 0 0 0

62.5 1.31389 0 0 0

87.5 0.851553 0 0 0

112.5 0.506994 0 0 0

137.5 0.26989 0 0 0

162.5 0.131086 0 0 0

187.5 0.0598725 0 0 0

212.5 0.0258303 0.0191822 0 0

237.5 0.010439 0.0067236 0 0

262.5 0.00395091 0.00220872 0 0

287.5 0.00137024 0.000668576 0 0

312.5 0.000490056 0.000357781 0 0

337.5 0.000185816 0.000309488 0 0

362.5 9.30929e-05 0.00026867 0 0

387.5 5.63916e-05 0.000207743 0 0

412.5 0 0.000141879 0.000528339 0

437.5 0 8.3657e-05 0.000340153 0

462.5 0 4.80785e-05 0.000222462 0

487.5 0 2.73925e-05 0.000126155 0.0002206

512.5 0 1.54183e-05 6.54197e-05 0.0001491

537.5 0 9.47828e-06 2.97952e-05 8.585e-05

562.5 0 0 1.28925e-05 4.4e-05

587.5 0 0 5.07677e-06 1.977e-05

612.5 0 0 2.00828e-06 7.741e-06

637.5 0 0 8.3571e-07 2.834e-06

TABLE V. Madrid full theoretical cross sections integrated
over the experimental acceptances for 4He(e, e!p)3H for
E08009, for di!erent kinematical settings given by the pro-
ton spectrometer central angle. Units are nb/sr2/MeV .

data in figure 2 up to about pm = 420 MeV/c. Beyond
about 450 MeV/c in Pmiss substantially more triton re-
gion events are measured than our theory predicts. The
ratio of experimental cross section to theoretical predic-
tion is shown in figure 5.

In this case tritons emitted at high pm may be a signa-
ture of other reactions allowing the three nucleon cluster
to emerge as a bound or quasi bound state. Since the
kinematics for the electron were chosen for xb = 1.24,
protons in more intimate interactions with neighbors
than quasi-elastic conditions(xb % 1) may favor other
reactions leading to three nucleon clusters exiting in the
missing energy region associated with the triton. Por-
tions of the missing energy spectrum in the triton energy
range are shown in figures 6, 7, 8 and 9.

An interesting question is the impact of three-nucleon
forces, Vijk, at high pm. Vijk are known to increase

the binding energy of nuclei [10] so they would be nat-
ural actors in the formation of bound tritons or closely

Pmiss 153 353 466 632

(MeV/c) !p = 47# !p = 38.5# !p = 33.5# !p = 29#

12.5 0 0 0 0

37.5 2.681 0 0 0

62.5 1.916 0 0 0

87.5 1.235 0 0 0

112.5 0.729652 0 0 0

137.5 0.383898 0 0 0

162.5 0.183412 0 0 0

187.5 0.0815901 0.0903122 0 0

212.5 0.0338215 0.0362774 0 0

237.5 0.0128213 0.0129471 0 0

262.5 0.00443289 0.0039332 0 0

287.5 0.00136237 0.000998639 0 0

312.5 0.000431068 0.000342315 0 0

337.5 0.000170451 0.000264277 0 0

362.5 0.000112972 0.00024869 0 0

387.5 8.81671e-05 0.00020829 0 0

412.5 0 0.000154708 0.000455009 0

437.5 0 9.85333e-05 0.000308199 0

462.5 0 6.48162e-05 0.000206383 0

487.5 0 4.26083e-05 0.000120555 0.0001778

512.5 0 0 6.4348e-05 0.0001215

537.5 0 0 3.03616e-05 7.084e-05

562.5 0 0 1.35952e-05 3.702e-05

587.5 0 0 5.52707e-06 1.717e-05

612.5 0 0 2.25103e-06 7.01e-06

637.5 0 0 9.48271e-07 2.695e-06

TABLE VI. Madrid EMA theoretical cross sections inte-
grated over the experimental acceptances for 4He(e, e!p)3H
for E08009, for di!erent kinematical settings given by the
proton spectrometer central angle. Units are nb/sr2/MeV .

FIG. 5. Ratio of the experimental cross section to the theoret-
ical Madrid cross section versus missing momentum. Squares
are for the 153 MeV/c setting, circles are for 353 MeV/c set-
ting, inverted triangles are for the 466 MeV/c setting and
triangles are for the 632 MeV/c setting.



7

FIG. 6. Missing energy region up to 50 MeV of excitation in
4He(e, e!p)X for Pmiss = 632MeV/c. The three arrows point
to the expected locations of hadronic states X=(t), X=(n,d)
and X=(p,n,n).

FIG. 7. Missing energy region up to 50 MeV of excitation in
4He(e, e!p)X for Pmiss = 575MeV/c. The three arrows point
to the expected locations of hadronic states X=(t), X=(n,d)
and X=(p,n,n).

bound three nucleon groups among the outgoing hadronic
channels, X, at high missing momentum. The principal
sources of data to help refine models of possible three-
nucleon interactions are binding energies of ground and
excited states of A < 8 nuclei and point proton charge
distributions [10]. However, these data are not extensive
enough unambiguosly to select a particular set of param-
eters or models for Vijk and other observables are needed

as discussed in [10] [11].
More extensive and detailed data in the three nucleon

triton mass region and the existence of microscopic calcu-

FIG. 8. Missing energy region up to 50 MeV of excitation in
4He(e, e!p)X forPmiss = 525MeV/c. The three arrows point
to the expected locations of hadronic states X=(t), X=(n,d)
and X=(p,n,n).

FIG. 9. Missing energy region up to 50 MeV of excitation in
4He(e, e!p)X forPmiss = 475MeV/c. The three arrows point
to the expected locations of hadronic states X=(t), X=(n,d)
and X=(p,n,n).

lations for these nuclei opens the possibility of exploiting
the A(e, e"pt)X reactions as additional observables for
developing models of three-nucleon interactions.
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