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Spin-dependent cross sections from the three-body photodisintegration of 3He at incident
energies of 12.8 and 14.7 MeV
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The first measurement of the three-body photodisintegration of polarized 3He using a circularly polarized
photon beam has been performed at incident energies of 12.8 and 14.7 MeV. This measurement was carried out at
the high-intensity γ -ray source located at Triangle Universities Nuclear Laboratory. A high-pressure 3He target,
polarized via spin exchange optical pumping with alkali metals, was used in the experiment. The spin-dependent
double- and single-differential cross sections from �3He( �γ ,n)pp for laboratory angles varying from 30◦ to 165◦

are presented and compared with state-of-the-art three-body calculations. The data reveal the importance of
including the Coulomb interaction between protons in the three-body calculations.
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I. INTRODUCTION

3He has been used as an effective target to study the
neutron. Polarized 3He is particularly important as an effective
polarized neutron target because in the ground state the two
protons are predominantly in an S state in which their spins
cancel and the nuclear spin is carried by the unpaired neutron.
Recent experimental advances such as the availability of po-
larized beams and hyperpolarized 3He targets have allowed for
the extraction of spin-dependent neutron structure properties
such as the electromagnetic form factors [1–7] and the spin
structure functions [8–12]. Hyperpolarized 3He targets have
also been used in the search for a new spin-dependent force
between polarized neutrons and unpolarized nucleons [13]. An
important uncertainty in extracting the neutron information
from 3He is due to the nuclear corrections, which can only
be improved by testing theoretical calculations of three-body
systems by experiments such as polarized photodisintegration
of 3He.

State-of-the-art calculations for the three-body breakup
of 3He have been performed using the Faddeev [14] and
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Alt, Grassberger, and Sandhas (AGS) [15] equations. The
calculations by Deltuva et al. [16] are based on the AGS
equations and employ the coupled-channel extension of the
charge-dependent Bonn (CD Bonn) nucleon-nucleon (NN)
potential [17–19], including explicit excitation of a nucleon
into a �-isobar, called CD Bonn + �-isobar [20]. In the
three-nucleon (3N ) system the �-isobar excitation yields
effective 3N force and effective two-nucleon and 3N currents
that are mutually consistent [16]. In addition to single-baryon
and meson exchange electromagnetic currents, the relativistic
single-nucleon charge corrections (RC) are taken into account
[16]. The proton-proton Coulomb interaction is also included
using the method of screening and renormalization [21]. The
calculations by Skibiński et al. solve the Faddeev equations
by using the Argonne V18 (AV18) NN potential [22] and
the Urbana IX (UIX) 3N force [23], taking into account the
single-nucleon currents and the two most important meson
exchange currents, namely the seagull and pion-in-flight
terms [24].

In addition, Rozpȩdzik and collaborators [25] have car-
ried out calculations of the three-body photodisintegration
of 3He using chiral effective field theory [26] (χEFT) in
the Faddeev framework including the well-known one-pion
exchange contributions and the long-range two-pion exchange
parts of meson exchange currents at next-to-leading-order
derived with the method of unitary transformation [27]. The
results are compared with the calculations obtained with the
AV18 NN potential and the related exchange currents, and
good agreement is found between the two theories [25].
However, the uncertainties of χEFT are much larger compared
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to the uncertainties of the calculations based on AV18 and
neither approach includes the Coulomb force between the two
protons in 3N scattering states of 3He. These uncertainties
vote for inclusion of nuclear forces and currents in higher
orders of chiral expansion to describe the 3He photodisin-
tegration. Unfortunately, such calculations are not available;
thus we compare the results of this work only with the
calculations obtained based on the computational approach of
Refs. [16,24].

The experiment on the three-body photodisintegration of
3He is of further importance for the investigation of the
Gerasimov-Drell-Hearn (GDH) sum rule [28]. The GDH sum
rule relates the energy-weighted difference of the helicity-
dependent total photoabsorption cross sections for target spin
and photon helicity parallel and antiparallel to the anomalous
magnetic moment of the target (nuclei or nucleons). There
have been significant efforts to test the GDH sum rule on the
proton [29], neutron [30], and deuteron [31,32]. For the case of
3He, the relevant energy range is from the two-body breakup
threshold (∼5.5 MeV) up to ∼40 MeV. According to the theo-
retical calculations [16,24], this energy region dominates the
integrand of 3He below the pion production threshold [33]. The
calculations also show that the contribution from the three-
body breakup channel to the GDH integral is larger than that
from the two-body breakup. Therefore, the measurements of
the spin-dependent cross sections of �3He( �γ ,n)pp not only test
the dynamics underlying the modern three-body calculations
but also represent an important step towards the investigation
of the GDH sum rule when one combines the measurements
above the pion production threshold from other laboratories
[11,34] with our reported measurements below it [35] and
upcoming measurements of the two-body breakup channel.

II. THE EXPERIMENT

We report the first measurements of three-body photodisin-
tegration of 3He using a longitudinally polarized 3He target
and a circularly polarized γ -ray beam. Beam energies of
12.8 and 14.7 MeV were used. The experiment was carried
out at the high-intensity γ -ray source (HIγ S) at Triangle
Universities Nuclear Laboratory. The facility provided nearly
monoenergetic, ∼100% circularly polarized γ -ray beams [36].
The photon beam was collimated using a 12-mm-diameter
collimator resulting in beam energy spreads (�Eγ /Eγ ) of
∼3% at 12.8 MeV and ∼5% at 14.7 MeV. A high-pressure
3He cell was employed as a target and the neutrons from
the three-body breakup of 3He were detected using 16 liquid
scintillator detectors. The photon flux was monitored with a
D2O target and two additional liquid scintillator detectors. A
schematic view of the experimental apparatus including the
3He target system and optics support, the detectors, and the
D2O flux monitor is shown in Fig. 1.

The 3He target cell was a one-piece glassware made
of Pyrex glass consisting of two chambers: a spherical
pumping chamber 8.1 cm in diameter and a 39.3-cm-long and
2.9-cm-diameter cylindrical target chamber having entrance
and exit windows 250 μm thick. The two chambers were
connected through a 9.1-cm-long transfer tube which was
7.8 mm in diameter. All length measurements refer to the

FIG. 1. (Color online) Schematic of the experimental apparatus.
The movable target system (yellow [light gray]) that was used to
cycle between the 3He target and the N2 reference cell is surrounded
by 16 liquid scintillator detectors placed inside μ-metal tubes (gray).
The Helmholtz coils (red [dark gray]) provided the holding field. The
movable support of the optics that was employed to polarize the 3He
target and the D2O flux monitor can be seen in the bottom right corner
of the figure, next to the flux monitor.

inner dimensions of the target cell. A mixture of Rb and K
alkali-metals was inside the pumping chamber of the 3He
target cell. A circularly polarized light provided by one ∼60-W
Coherent DUO-FAP broadband and three VBG-locked Comet
∼30-W narrowband diode lasers was incident on the pumping
chamber. The pumping chamber was heated up to ∼473 K.
To circularly polarize the laser light, a set of optics was
used positioned downstream from the 3He target. The Rb
atoms were optically pumped and polarized, and they in
turn transferred their polarization to K atoms. Spin exchange
collisions between Rb, K, and 3He atoms transferred the
polarization to 3He nuclei through hyperfine interactions [37].
The filling density of 3He was 6.48 ± 0.1 amg.1 In addition to
the 3He gas, about 0.1 amg of N2 gas was in the target as a
buffer gas.

A 20.2-G magnetic holding field was provided to define
the 3He spin direction by a pair of Helmholtz coils ∼170 cm
in diameter. The nuclear magnetic resonance–adiabatic fast
passage technique [38] (NMR-AFP) was employed to measure
the polarization of 3He target. This technique was calibrated
daily using electron paramagnetic resonance (EPR) [39]. The
polarization using the EPR measurement can be determined as
in Ref. [40]:

Ppc = 2�νEPR

2 × 2μ0

3
dνEPR
dB

κμ3Henpc

(1)

where Ppc is the polarization of the pumping chamber, �νEPR

is the EPR frequency shift in kHz, dνEPR
dB

= 0.47 + 7.38 ×
10−4B (MHz) [41] with B being the holding field magnitude,
μ0 is the permeability of vacuum, μ3He is the magnetic moment
of 3He, and npc is the number density of 3He in the pumping
chamber. The constant κ = 4.52 + 0.00934Tpc [39], where
T pc is the pumping chamber temperature. κ is related to

1An amagat is the number density of an ideal gas at 0 ◦C and
1 atmosphere: 1 amg = 2.6894 × 1019 atoms/cm3.
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the spin-exchange cross section and is independent of 3He
polarization. Ptc, the polarization of the target chamber, is
given by [42] Ptc = Ppc × dtc

dtc+�tc
, where dtc is the diffusion

rate from the target chamber to the pumping chamber and �tc is
the relaxation rate of 3He in the target chamber. Both diffusion
and relaxation rates were measured to be ∼1/50 min and
∼1/50 h, respectively. Ptc was found to be ∼1.5% (relative)
less than Ppc, and varied between 38% and 43%. A more
detailed description of the polarized 3He target can be found
in Refs. [40,42]. The NMR-AFP, employed to measure the
polarization of 3He target during the experiment, normally
resulted in a minor depolarization of the cell on the order
of absolute 1%. Since the cell was constantly polarized, the
polarization could recover after ∼1 h. The polarization of
the target was flipped every 15 min, which was found to
be sufficient to reduce systematic uncertainties due to target
polarization drift to a negligible level. The helicity of the
beam was flipped only once towards the end of the experiment
because it took a significant amount of time.

A reference cell identical to the target chamber of the 3He
cell and filled with only 0.1 amg of N2 gas was employed for
measuring the backgrounds. Although Rb and K can leak into
the transfer tube and the target chamber during spin exchange
optical pumping [37], they immediately condense on the cell
walls due to the temperature gradient. The temperature of the
target chamber was measured during the experiment and did
not exceed ∼300 K. The alkali-metal number densities in the
target chamber can be calculated based on the vapor pressure
curves given in Ref. [43] and were found to be ∼1010 and
109 cm−3 for Rb and K, respectively. Given the very low
alkali-metal number densities, the measured photo-neutron
cross sections of Rb [44,45], and K [46,47], and the integrated
photon flux during the experiment, the neutron background
from the alkali-metals in the target chamber was found to be
negligible.

To reduce systematic uncertainties, the 3He target and the
N2 reference cell were switched frequently with the help of
an integrated stepper motor connected with a jack placed
under the 3He target apparatus. Another stepper motor was
used to move the set of optics vertically following the 3He
target movement. In this way, the 3He target was polarized
continuously throughout the experiment.

The neutrons from the three-body photodisintegration of
3He were detected using 16 liquid scintillator detectors. Each
of the neutron detectors consists of a cylindrical cell 12.7 cm
in diameter and 5.1 cm long filled with BC-501A [48] organic
scintillating liquid coupled to a photomultiplier tube. The
detectors were placed 1 m away from the center of the target
at laboratory angles 30◦, 45◦, 75◦, 90◦, 105◦, 135◦, 150◦, and
165◦. The photomultiplier tubes were inside μ-metal shields
to protect the photomultiplier tubes from the magnetic field of
the Helmholtz coils.

A cylindrical D2O cell, 4.74 cm long and 4.08 cm in
diameter, along with two neutron detectors was employed as a
γ -ray flux monitor. The setup was positioned downstream of
the target and the detectors were placed at 90◦ on either side and
50 cm away of the D2O target. The detectors counted neutrons
from the 2H(γ ,n)p reaction. The integrated photon flux, Nγ ,

was calculated based on the well-known total cross sections
[49,50] and angular distributions [51] of the neutrons produced
by deuteron photodisintegration. A detailed description of the
extraction of the photon flux using the D2O monitor can be
found in Refs. [52,53]. The photon intensity throughout the
experiment was ∼1–2 × 108γ /s.

III. DATA ANALYSIS

The pulse height (PH), the time-of-flight (TOF), and the
pulse shape discrimination (PSD) parameter between photons
and neutrons were recorded for each event in terms of analog-
to-digital converter (ADC), time-to-digital converter (TDC),
and PSD channels. The calibration of the ADC channels to PH
was performed using a 137Cs source, which emits a single γ -ray
at the energy of 662 keV. Source runs were taken several times
per day to ensure the stability of the detectors. The location of
the 137Cs Compton edge together with the ADC pedestal (the
channel readout when no signal is present) were used to convert
the ADC channels to PH. A detailed description of the PH
calibration can be found in Refs. [52,53]. The PH thresholds
for the primary detectors and the detectors used as the D2O
flux monitor were 5

16× and 1 × the cesium edge location,
respectively. The efficiency changes rapidly as a function of
neutron energy below 1.5 MeV and varies from ∼36% at
∼2 MeV to ∼31% at the maximum expected neutron energy of
∼5 MeV. Since the efficiency changes rapidly below 1.5 MeV,
we report cross sections only for neutrons above this energy.

TOF is defined as the time that it takes a neutron to
travel from the center of the target to the detector. The TDC
calibration was performed using two additional targets. The
targets were an aluminum rod 12.7 mm in diameter positioned
with its axis vertically with respect to the beam and a D2O
target 50.3 ± 0.9 mm in length and 31.8 ± 0.1 mm in diameter
placed at the center of the detector array. Spectra were obtained
from the detection of γ rays scattered from the aluminum
rod. The centroid-timing value of these γ rays, TDCγ , was
the zero point of the TDC calibration. The formula used for
the TOF calibration was TOF = TDCcal × (TDC − TDCγ ) +
d/c, where TDCcal is the conversion factor of the TDC
channels to nanoseconds, d is the distance from the center
of the target to the detector, and c is the speed of light. The
addition of the d/c factor was necessary in order to account for
the fact that it takes d/c ns for a γ ray to travel from the center
of the target to the detector. To find the TDCcal factor, the
TDC neutron spectra acquired from the D2O target were used
together with the results of a d(γ,n)p GEANT4 simulation. The
TDCcal factor was given by (TOFn − TOFγ )/(TDCn − TDCγ )
where TDCn is the centroid value of the neutron peak at the
TDC spectra and TOFn (TOFγ ) is the simulated TOF that it
takes for a neutron (γ ray) to reach the detector. The TDCcal

was calculated for each detector, individually. Once the TDCcal

was found for one incident photon energy, no further tun-
ing was required for the other incident energy. The extracted
TOF for each event was used to reconstruct the outgoing

neutron energy, En(TOF) = mn/
√

1 − ( d
TOF×c

)2 − mn with
mn being the neutron mass, assuming the neutrons originate
from the center of the target.
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FIG. 2. (Color online) A PSD vs PH spectrum for a detector
placed at 90◦. The data were acquired at Eγ = 14.7 MeV. The neutron
events are well separated from the γ -ray events. The PH cut location
is indicated by the long-dashed line.

Apart from the neutrons, the liquid scintillator detectors are
capable of detecting γ rays. The detector signals (neutrons or
photons) were processed through the commercially available
MPD-4 modules manufactured by Mesytec [54]. Each MPD-
4 module generates an adjustable PSD parameter which
can discriminate neutrons from photons. Larger PSD values
correspond to neutrons while smaller values are from γ rays.
The PSD spectra remained uncalibrated and different PSD
thresholds were applied to each detector.

To identify the neutrons events and discard the γ -ray events,
we utilized the correlations between the PH, PSD, and TOF
parameters. Initially, a TOF cut at 20 ns was applied to
the data in order to reject the γ ray events that arrived at
∼3.3 ns(= d/c). After that, the correlation between the PSD
and PH was utilized. Figure 2 shows the two-dimensional
histogram of PSD plotted versus PH for events that were
collected at the incident photon energy of 14.7 MeV. A
hardware threshold was applied at the PSD around channel
1000 to eliminate most of the incident γ rays. The neutron
events are located at the right of the histogram and they can be
very well separated from the γ rays located at the left of the
histogram. The long-dashed line indicates the PH cut location.
All the events identified as neutrons and located above the PH
cut were kept.

The detected neutron events originated from the reaction
under study ( �3He( �γ ,n)pp) and from other (γ ,n) reactions with
various elements contained in the Pyrex glass, the air, and the
N2 inside the 3He target. The Pyrex glass is composed of
elements (as percentage of weight) such as oxygen (54%),
silicon (37.7%), boron (4.0%), sodium (2.8%), and aluminum
(1.1%). Other elements may also be contained with smaller
than 1% contributions to the total composition. O and Si,
which are the main components of Pyrex glass, do not undergo
(γ ,n) reaction at the energies of our present experiment. B, Al,
Na, and N inside the 3He target cell and in the air undergo
(γ ,n) reaction with cross sections, which are in general lower
at 12.8 MeV and higher at 14.7 MeV. In order to measure
and subtract the overall background neutron yield, a N2-only
reference cell was employed. The cuts applied to the N2
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FIG. 3. The TOF spectra of 3He target in comparison to the N2

reference cell target normalized to the same flux for a detector placed
at 90◦. The data were acquired at Eγ = 14.7 MeV.

reference cell data were the same as in the 3He target case.
Figure 3 shows the neutron counts acquired from the 3He target
cell compared to the N2-only reference cell normalized to the
same number of photons for a detector placed at a laboratory
angle of 90◦ at an γ -ray beam energy of 14.7 MeV.

The neutrons from the three-body breakup of 3He detected
at 90◦ are expected to have a maximum energy of ∼4.7 MeV.
This energy corresponds to a TOF of ∼33 ns as can be seen
in Fig. 3. The long tail of the 3He target TOF spectrum,
which extends up to 80 ns, corresponds to neutrons with
lower energies. Neutrons with TOF higher than ∼68 ns (or
equivalently with En lower than ∼1.5 MeV) were not included
in the analysis.

IV. RESULTS AND DISCUSSION

Neutron energy spectra for the 3He and N2 targets were
generated based on the extracted TOF for each incident
photon energy and detector angle. The energy spectra of the
3He and N2 targets were normalized to their corresponding
integrated photon flux and the neutron background subtracted
yield (3He neutron events/Nγ ) of 3He at the ith energy bin

was calculated as Y
P/A
i = Y

P/A,3He
i − Y

N2
i , where Y

P/A,3He
i

and Y
N2
i are the measured yields of 3He and N2 cells. The

background subtracted yields were combined and the yields
for parallel and antiparallel spin-helicity states were extracted
as Y

P/A
i,ext = 1

2 [YP
i (1 ± 1

PtcPb
) + YA

i (1 ∓ 1
PtcPb

)], where Ptc and
Pb are the target and the beam polarization, respectively. The
double-differential cross section was defined as

d3σP/A

d	dEn

= Y
P/A
i,ext

ε
syst
i �	�ENt

(2)

where ε
syst
i is the system efficiency accounting for both the

intrinsic efficiency of the neutron detector and the neutron
multiple scattering effect calculated at the ith energy bin,
�	 is the acceptance from the 40-cm-long target to the
neutron detector, �E is the width of the neutron energy
bin, and Nt is the 3He target thickness determined to be
(8.4 ± 0.1) × 1021 atoms/cm2. The system efficiencies ε

syst
i

were calculated as a function of En using a GEANT4 simulation
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FIG. 4. (Color online) Experimental spin-dependent double-differential cross sections for both parallel (two top rows) and antiparallel (two
bottom rows) spin-helicity states as a function of the neutron energy, En, at Eγ = 12.8 MeV. They are compared with the calculations of
Deltuva et al. (solid curve) and Skibiński et al. (dashed curve). The neutron energy bin width is 0.2 MeV. The band at the bottom of each
histogram shows the combined systematic uncertainties.

of the experiment and the light-output response of the neutron
detectors that was determined in Ref. [55].

Two types of systematic uncertainties were identified in this
experiment: the bin-dependent uncertainties and the overall
normalization uncertainties. The bin-dependent systematic
uncertainties were in principle asymmetric and arose from
the uncertainty associated with the PH cut location. In order to
study the PH cut contribution to the overall systematic uncer-
tainty, the PH cut location was varied and the corresponding
double-differential cross sections were extracted. The PH cut
location was changed by 0.01 to 0.02 MeV determined by
the uncertainty at the cesium edge depending on the detector.
The systematic uncertainty due to the PH cut was defined
as the difference between the nominal double-differential cross
sections and the cross sections obtained after the change
of the PH cut location. The contribution of the systematic
uncertainty arisen by the PH cut to the overall systematic
uncertainty varied from ∼2% to ∼10% depending on the

detector angle with a maximum of ∼20% at 165◦. The
normalization systematic uncertainties were symmetric and
affected only the magnitude of the double-differential cross
sections but not the shape of the distributions. The major
sources of the normalization uncertainties were ε

syst
i (2.8%)

[55,56], Nt (1.3%) in which the main contributor was the
uncertainty in the temperature of the 3He cell, and �	 (2%),
which was determined by the uncertainty of distance from the
center of the target to the face of the detectors. The uncertainty
of the integrated photon flux (5.7%) was dominated by the
uncertainties of D2O photodisintegration cross sections (4.0%
at 12.8 MeV and 4.6% at 14.7 MeV) [49,50], the efficiency
of neutron detectors (2.8%), the solid angle (1%), and the
thickness of the D2O target (0.6%). The systematic uncertainty
of Ptc was 2.2%. The main contributors to the systematic
uncertainty of the target polarization were the uncertainty of
the constant κ (1.5%), the number density npc (1.1%), and
the derivative dνEPR

dB
(0.16%). The photon beam polarization
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FIG. 5. (Color online) As in Fig. 4 at Eγ = 14.7 MeV.

(P b) and its systematic uncertainty were determined by Rusev
[57], based on data taken right before our experiment. The
beam polarization was found to be consistent with 100%
with a systematic uncertainty of 3% for both normal and
reversed beam helicity states. Since the beam polarization
was not measured during our experiment, we assigned a
5% systematic uncertainty for Pb to be on the conservative
side.

Figures 4 and 5 show the spin-dependent double-differential
cross sections obtained at incident photon energies of 12.8
and 14.7 MeV respectively for both spin-helicity states as a
function of the outgoing neutron energy and laboratory angles.
The solid and dashed curves are the GEANT4 simulation results
using the calculations provided by Deltuva et al. and Skibiński
et al. as cross section inputs. The band in each panel shows
the overall systematic uncertainties combined in quadrature.

The experimental results are described better by the
calculations of Deltuva et al. at 45–105◦ neutron angles. More
specifically, the data favor the location of the high-energy
neutron peak predicted by Deltuva et al. as well as the sharp
decrease of the energy distributions predicted by both groups.

At 30◦, 135◦, 150◦, and 165◦, the results do not appear to have
any discriminating power between the calculations, although
the magnitudes and the shapes of the distributions are in
general agreement with both calculations. This is due to two
reasons: First, the calculations do not differ significantly at
the far forward and backward angles and thus the limited
statistics do not discriminate between the predictions; second,
the finite-geometry effect resulting from the long target is
significant and so the reconstructed energies based on the
TOF appear to be higher compared to the actual energies
predicted by the kinematics. This results in the spread of the
neutron counts to a wider energy region and the consequent
smearing of the distributions. However, the spin-dependent
double-differential cross sections are overall larger in the
parallel than those in the antiparallel spin-helicity state as
predicted by the calculations for both incident photon energies
and all neutron scattering angles.

To correct the observed cross sections for the acceptance
effect resulting from the finite length of the 3He target and
the dimensions of the detector, a further analysis of the
data was necessary. First, a conversion of the reconstructed
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FIG. 6. (Color online) Spin-dependent double-differential cross sections corrected for the acceptance effect, for parallel (two top rows) and
antiparallel (two bottom rows) spin-helicity states as a function of the neutron energy, En, compared with the calculations based on Ref. [16]
(solid curve) and Ref. [24] (dashed curve) at the incident photon energy of 12.8 MeV. The neutron energy bin width is 0.2 MeV. The band at
the bottom of each histogram shows the combined systematic uncertainties.

energies to actual neutron energies took place for all exper-
imental distributions using a two-dimensional map. The two
dimensions of the map are the reconstructed energy based
on the TOF, En(TOF) and the actual neutron energy, En.
Each map element represents the probability of a neutron
event with observed En(TOF), having an actual neutron energy
En. The experimental cross section distributions with respect
to En(TOF) are multiplied by the map elements bin by bin
and the results are projected onto the En axis. The resulting
cross sections are further multiplied by the corresponding ratio
of the cross sections of Ref. [16] to the GEANT4 simulation
results for the extended target using as cross section inputs
the calculations provided by the same group. The calculations
of Ref. [16] are chosen to perform the acceptance correction
since they are in good agreement at all angles and for both
incident photon energies with the experimental distributions.
Figures 6 and 7 show the spin-dependent double-differential
cross sections corrected for the finite geometry effect at

the incident photon energies of 12.8 and 14.7 MeV. While
the statistical fluctuations of the distributions with respect
to En(TOF) are obvious mainly in the far forward and
backward angles due to the spread of the neutron counts to
a wider reconstructed energy region, the fluctuations of the
distributions with respect to En are smoothed out since the
neutrons concentrate in a much smaller actual energy region.

A good agreement between the data and the calculations
of Ref. [16] can be seen for all neutron scattering angles,
incident photon energies, and both target spin and beam
helicity states. Although at the incident photon energy of 12.8
MeV similar agreement is observed for most of the angles,
the amplitudes of the experimental distributions appear to be
systematically higher than the calculations of Ref. [16] at 135◦,
150◦, and 165◦ neutron angles. A good agreement between
the double-differential cross sections of the unpolarized three-
body breakup of 3He and the calculations of Ref. [16] is
also reported in Ref. [52]. Apart from the data presented in
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FIG. 7. (Color online) As in Fig. 6 but for the incident photon energy of 14.7 MeV.

Ref. [52], only one other measurement [58] provided data
on double-differential cross sections and none of the other
measurements prior to our experiment used polarized photon
beam and a polarized 3He target.

The differences between the two calculations are dominated
by the proton-proton Coulomb force that is included only in
Ref. [16]. Figure 8 shows a comparison between calculations
with various combinations of ingredients for the unpolarized
case at the incident photon energy of 14.7 MeV and neutron
scattering angle of 90◦. Results of Ref. [24] (short-dashed
curve) are very similar to the dotted curve, which includes only
the CD Bonn NN potential and the relativistic single-nucleon
charge corrections. The magnitude of the distribution changes
significantly once the Coulomb force between the protons is
taken into account (long-dashed dotted curve). A shift of the
high energy peak towards the lower outgoing neutron energies
is also observed. The inclusion of �-isobar (solid curve) only
slightly reduces the magnitude of the cross sections.

Although the Coulomb force plays a major role in de-
termining the magnitude of the cross sections, it does not
explain the difference observed between the spin-helicity

states. This effect is due to the relativistic single-nucleon
charge corrections and the inclusion of �-isobar as already
found in Ref. [16]. Figure 9 shows the double-differential cross
section distributions with (solid curve) and without (dashed
curve) relativistic single-nucleon charge corrections for each
spin-helicity state with all other ingredients being the same.
About 2/3 of the overall difference between the spin-helicity
states is from the relativistic single-nucleon charge corrections
and 1/3 is from the inclusion of the �-isobar excitation.

The partial single-differential cross sections for En >
1.5 MeV were extracted by integrating the corrected double-
differential cross section distributions over the outgoing
neutron energy. The unmeasured part of the distributions was
taken to be equal to the average of the calculated cross sections
of Refs. [16,24] for En below 1.5 MeV. For the incident energy
of 12.8 MeV (14.7 MeV), the unmeasured part accounted for
the 30% (18%) of the total single-differential cross sections at
75◦, 90◦, and 105◦ to 47% (26%) and 66% (50%) for the far
backward angles at 150◦ and 165◦, respectively. However, the
difference between the calculations was small, as can be seen in
Fig. 8, and only varied from 1 to 8% depending on the incident
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FIG. 8. (Color online) The double-differential cross section as
a function of the outgoing neutron energy for the unpolarized
three-body photodisintegration of 3He at Eγ = 14.7 MeV and neutron
scattering angle of 90◦. The short-dashed (black) curve is the
calculation from Ref. [24] including AV18 + UIX + seagull + pion-
in-flight-terms. The second group of calculations from Ref. [16] are
(from top to bottom) dotted (green online) curve, CD Bonn + RC;
long-dashed dotted (red online) curve (nearly invisible behind the
solid curve), CD Bonn + RC + Coulomb force; and solid (blue
online) curve, CD Bonn + �-isobar + RC + Coulomb force.

photon energy, the spin-helicity state, and the scattering angle.
This introduced an additional systematic uncertainty to the
single-differential cross sections of no more than 4%.

Figures 10 and 11 show the spin-dependent single-
differential cross sections for parallel (filled squares) and
antiparallel (open squares) spin-helicity states at Eγ of 12.8
and 14.7 MeV in comparison with both calculations. The
cross section data are in general agreement in all angles
with the calculations based on Ref. [16]. The results of
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FIG. 9. (Color online) The double-differential cross sections of
the three-body photodisintegration of 3He as a function of the outgo-
ing neutron energy for both parallel (two top curves) and antiparallel
(two bottom curves) spin-helicity states at Eγ = 14.7 MeV and
neutron scattering angle of 90◦. The calculations from Ref. [16] are
solid (blue online) curves, CD Bonn + �-isobar + RC + Coulomb;
and long-dashed (black) curves, CD Bonn + RC + Coulomb force.
The CD Bonn + Coulomb force alone do not have any significant
contribution to the difference of the cross sections between the
spin-helicity states, and the corresponding curves—if plotted—would
be in the middle of the long-dashed curves.
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FIG. 10. (Color online) Spin-dependent single-differential cross
sections for parallel (filled squares) and antiparallel (open squares)
spin-helicity states with statistical and systematic uncertainties as
a function of the neutron scattering angle, θlab at Eγ = 12.8 MeV.
The data are compared with the calculations based on Ref. [16] (red
[gray] curves) and Ref. [24] (black curves). The solid and the long-
dashed curves are the calculations for the parallel and antiparallel
spin-helicity states, respectively. (The statistical uncertainties in most
of the angles are small and cannot be seen in the figure.)

the spin-dependent single-differential cross sections for both
incident energies are given in Tables I and II. While the
statistical uncertainties vary from less than 1% to ∼3% for
both incident photon energies, the systematic uncertainties
range from ∼7% to more than ∼20% (165◦).

Legendre polynomials up to the 4th order were used to fit
the differential cross sections acquired for each spin-helicity
state at both incident photon energies. The fitted curves were
integrated over the angle and the total cross sections were
extracted for both energies and the two spin-helicity states.
The systematic uncertainties of the total cross sections were
determined by varying the differential cross sections from
the central values by plus or minus the overall systematic
uncertainties that can be seen in Tables I and II and then
performing the fit. The systematic uncertainty of the total cross
sections was taken as half of the difference between these
two integrals of the new fits. The spin-dependent total cross
sections and the first data concerning the contributions from
the three-body breakup channel to the GDH integrand were
presented in Ref. [35]. The extracted spin-dependent cross
sections were averaged and the total unpolarized cross sections
were calculated for each incident photon energy. Figure 12
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FIG. 11. (Color online) As in Fig. 10 at Eγ = 14.7 MeV.
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TABLE I. The spin-dependent single-differential cross sections
and their statistical and systematic uncertainties, respectively, as a
function of the neutron scattering angle at Eγ = 12.8 MeV.

Angle dσP /d	(μb/sr) dσA/d	(μb/sr)

30◦ 40.2 ± 1.3 ± 5.7 35.8 ± 1.5 ± 4.8
45◦ 60.4 ± 1.3 ± 6.2 51.2 ± 1.5 ± 5.5
75◦ 99.0 ± 0.9 ± 7.8 88.8 ± 0.9 ± 6.7
90◦ 100.8 ± 1.0 ± 7.9 88.7 ± 1.0 ± 6.7
105◦ 90.6 ± 0.9 ± 7.3 79.9 ± 0.9 ± 6.0
135◦ 54.0 ± 1.4 ± 6.6 48.8 ± 1.4 ± 5.6
150◦ 31.9 ± 1.0 ± 4.7 29.8 ± 1.0 ± 3.8
165◦ 15.7 ± 1.0 ± 3.9 14.5 ± 1.0 ± 4.1

shows the total cross sections from the present experiment
together with all data up to 30 MeV. The results are in very
good agreement with the most recently published data (filled
stars) by an unpolarized 3He target at the same incident photon
energies [52]. The data were also compared with the total
cross section calculations from Ref. [16] (solid curve) and Ref.
[24] (dash-dotted curve) and a good agreement was observed
again with the results based on the computational approach of
Ref. [16].

Although a general agreement between the two models
and most of the experimental data can be seen in Fig. 12 for
incident photon energy below 15 MeV, a serious discrepancy
can be observed above 15 MeV between the data of Refs. [60]
(open circles) and [61] (open squares), and the theoretical
predictions. This discrepancy leads to the need for more precise
data at the energy region above 15 MeV using preferably
monochromatic photon energy beams such as the one used
at the HIγ S facility. However, the performance of similar
experiments on the �3He( �γ ,n)pp reaction at higher energies
has to deal with the problem of neutron backgrounds. All
glass target cells of polarized 3He consist of elements that
undergo (γ , n) reactions with cross sections higher or much
higher than the cross sections of the reaction of interest. A
detailed study of the backgrounds has shown that the same
experimental technique described in this paper can be applied
to the detection of neutrons up to incident photon energy of
16.5 MeV. Beyond this energy the contribution of oxygen in
the air and in the glass to the neutron background becomes
important. A possible solution to this background problem
would require the detection of one of the protons and the

TABLE II. As in Table I at Eγ = 14.7 MeV.

Angle dσP /d	(μb/sr) dσA/d	(μb/sr)

30◦ 43.3 ± 1.5 ± 5.6 32.6 ± 1.9 ± 5.0
45◦ 60.0 ± 1.5 ± 6.4 59.2 ± 1.5 ± 6.7
75◦ 118.0 ± 1.0 ± 8.8 99.1 ± 1.1 ± 7.3
90◦ 118.4 ± 1.1 ± 8.8 105.3 ± 1.1 ± 7.7
105◦ 105.4 ± 1.0 ± 8.1 92.2 ± 1.0 ± 7.2
135◦ 57.6 ± 1.8 ± 7.4 52.3 ± 1.8 ± 7.6
150◦ 36.0 ± 1.0 ± 4.8 30.6 ± 1.0 ± 4.3
165◦ 16.0 ± 0.9 ± 4.0 13.9 ± 1.0 ± 3.2
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FIG. 12. (Color online) All currently available total cross section
data for the 3He(γ,n)pp reaction up to 30 MeV: Ref. [59] (open
diamonds), Ref. [60] (open circles), Ref. [61] (open squares),
Ref. [58] (open crosses), Ref. [62] (open upward triangles), Ref.
[63] (filled downward triangles), Ref. [52] (filled stars), Ref. [53]
(filled upward triangle), and present data (filled circles) in comparison
with two calculations based on Ref. [16] (solid curve) and Ref. [24]
(dash-dotted curve) theories. In the insert, the data of Ref. [52], which
are hidden behind the results of the present work, are shown and
compared with the theories. Very good agreement is found between
the present results, the data of Ref. [52], and the calculations of
Ref. [16].

neutron from the 3He(γ,n)pp reaction in coincidence. An
experiment on �3He( �γ ,p)d is currently being designed and will
use a system of silicon surface barrier detectors for the proton
detection, which can be used for the three-body coincidence
measurement.

V. SUMMARY AND CONCLUSIONS

We have carried out the first measurement of the three-body
breakup of polarized 3He with circularly polarized photons at
the incident photon energies of 12.8 and 14.7 MeV. The spin-
dependent double- and single-differential cross sections were
extracted and compared with the state-of-the-art three-body
calculations provided by Deltuva et al. and Skibiński et al. The
experimental results are described better by the calculations
based on the computational approach of Ref. [16]. This leads to
the conclusion that the inclusion of the proton-proton Coulomb
repulsion in the calculations is important for the correct
prediction of the magnitude and shape of the cross sections
from the �3He( �γ ,n)pp reaction. The relativistic single-nucleon
charge corrections together with the �-isobar excitation play
an important role in the correct estimation of the difference
between the spin-helicity-dependent cross sections. Precision
experiments and measurements of new observables involving
3N systems will allow for further testing of these calculations.
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[55] D. E. González Trotter, F. Salinas Meneses, W. Tornow, A. S.
Crowell, C. R. Howell, D. Schmidt, and R. L. Walter, Nucl.
Instr. Meth. A 599, 234 (2009).

024002-11

http://dx.doi.org/10.1103/PhysRevC.50.R546
http://dx.doi.org/10.1103/PhysRevC.50.R546
http://dx.doi.org/10.1103/PhysRevC.50.R546
http://dx.doi.org/10.1103/PhysRevC.50.R546
http://dx.doi.org/10.1103/PhysRevLett.85.2900
http://dx.doi.org/10.1103/PhysRevLett.85.2900
http://dx.doi.org/10.1103/PhysRevLett.85.2900
http://dx.doi.org/10.1103/PhysRevLett.85.2900
http://dx.doi.org/10.1016/0370-2693(94)90718-8
http://dx.doi.org/10.1016/0370-2693(94)90718-8
http://dx.doi.org/10.1016/0370-2693(94)90718-8
http://dx.doi.org/10.1016/0370-2693(94)90718-8
http://dx.doi.org/10.1007/s100500050351
http://dx.doi.org/10.1007/s100500050351
http://dx.doi.org/10.1007/s100500050351
http://dx.doi.org/10.1007/s100500050351
http://dx.doi.org/10.1103/PhysRevLett.83.4257
http://dx.doi.org/10.1103/PhysRevLett.83.4257
http://dx.doi.org/10.1103/PhysRevLett.83.4257
http://dx.doi.org/10.1103/PhysRevLett.83.4257
http://dx.doi.org/10.1016/S0370-2693(03)00725-1
http://dx.doi.org/10.1016/S0370-2693(03)00725-1
http://dx.doi.org/10.1016/S0370-2693(03)00725-1
http://dx.doi.org/10.1016/S0370-2693(03)00725-1
http://dx.doi.org/10.1103/PhysRevLett.105.262302
http://dx.doi.org/10.1103/PhysRevLett.105.262302
http://dx.doi.org/10.1103/PhysRevLett.105.262302
http://dx.doi.org/10.1103/PhysRevLett.105.262302
http://dx.doi.org/10.1103/PhysRevD.54.6620
http://dx.doi.org/10.1103/PhysRevD.54.6620
http://dx.doi.org/10.1103/PhysRevD.54.6620
http://dx.doi.org/10.1103/PhysRevD.54.6620
http://dx.doi.org/10.1103/PhysRevLett.79.26
http://dx.doi.org/10.1103/PhysRevLett.79.26
http://dx.doi.org/10.1103/PhysRevLett.79.26
http://dx.doi.org/10.1103/PhysRevLett.79.26
http://dx.doi.org/10.1016/S0370-2693(97)00611-4
http://dx.doi.org/10.1016/S0370-2693(97)00611-4
http://dx.doi.org/10.1016/S0370-2693(97)00611-4
http://dx.doi.org/10.1016/S0370-2693(97)00611-4
http://dx.doi.org/10.1103/PhysRevLett.89.242301
http://dx.doi.org/10.1103/PhysRevLett.89.242301
http://dx.doi.org/10.1103/PhysRevLett.89.242301
http://dx.doi.org/10.1103/PhysRevLett.89.242301
http://dx.doi.org/10.1103/PhysRevLett.107.072003
http://dx.doi.org/10.1103/PhysRevLett.107.072003
http://dx.doi.org/10.1103/PhysRevLett.107.072003
http://dx.doi.org/10.1103/PhysRevLett.107.072003
http://dx.doi.org/10.1103/PhysRevD.87.011105
http://dx.doi.org/10.1103/PhysRevD.87.011105
http://dx.doi.org/10.1103/PhysRevD.87.011105
http://dx.doi.org/10.1103/PhysRevD.87.011105
http://dx.doi.org/10.1016/0550-3213(67)90016-8
http://dx.doi.org/10.1016/0550-3213(67)90016-8
http://dx.doi.org/10.1016/0550-3213(67)90016-8
http://dx.doi.org/10.1016/0550-3213(67)90016-8
http://dx.doi.org/10.1103/PhysRevC.69.034004
http://dx.doi.org/10.1103/PhysRevC.69.034004
http://dx.doi.org/10.1103/PhysRevC.69.034004
http://dx.doi.org/10.1103/PhysRevC.69.034004
http://dx.doi.org/10.1103/PhysRevC.71.054005
http://dx.doi.org/10.1103/PhysRevC.71.054005
http://dx.doi.org/10.1103/PhysRevC.71.054005
http://dx.doi.org/10.1103/PhysRevC.71.054005
http://dx.doi.org/10.1103/PhysRevC.72.054004
http://dx.doi.org/10.1103/PhysRevC.72.054004
http://dx.doi.org/10.1103/PhysRevC.72.054004
http://dx.doi.org/10.1103/PhysRevC.80.064004
http://dx.doi.org/10.1103/PhysRevC.80.064004
http://dx.doi.org/10.1103/PhysRevC.80.064004
http://dx.doi.org/10.1103/PhysRevC.49.2950
http://dx.doi.org/10.1103/PhysRevC.49.2950
http://dx.doi.org/10.1103/PhysRevC.49.2950
http://dx.doi.org/10.1103/PhysRevC.49.2950
http://dx.doi.org/10.1103/PhysRevC.51.38
http://dx.doi.org/10.1103/PhysRevC.51.38
http://dx.doi.org/10.1103/PhysRevC.51.38
http://dx.doi.org/10.1103/PhysRevC.51.38
http://dx.doi.org/10.1103/PhysRevC.53.R1483
http://dx.doi.org/10.1103/PhysRevC.53.R1483
http://dx.doi.org/10.1103/PhysRevC.53.R1483
http://dx.doi.org/10.1103/PhysRevC.53.R1483
http://dx.doi.org/10.1103/PhysRevC.68.024005
http://dx.doi.org/10.1103/PhysRevC.68.024005
http://dx.doi.org/10.1103/PhysRevC.68.024005
http://dx.doi.org/10.1103/PhysRevC.68.024005
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171203
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171203
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171203
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171203
http://dx.doi.org/10.1016/j.physrep.2005.04.005
http://dx.doi.org/10.1016/j.physrep.2005.04.005
http://dx.doi.org/10.1016/j.physrep.2005.04.005
http://dx.doi.org/10.1016/j.physrep.2005.04.005
http://dx.doi.org/10.1016/0375-9474(83)90336-6
http://dx.doi.org/10.1016/0375-9474(83)90336-6
http://dx.doi.org/10.1016/0375-9474(83)90336-6
http://dx.doi.org/10.1016/0375-9474(83)90336-6
http://dx.doi.org/10.1103/PhysRevC.67.054001
http://dx.doi.org/10.1103/PhysRevC.67.054001
http://dx.doi.org/10.1103/PhysRevC.67.054001
http://dx.doi.org/10.1103/PhysRevC.67.054001
http://dx.doi.org/10.1103/PhysRevC.72.044002
http://dx.doi.org/10.1103/PhysRevC.72.044002
http://dx.doi.org/10.1103/PhysRevC.72.044002
http://dx.doi.org/10.1103/PhysRevC.72.044002
http://dx.doi.org/10.1103/PhysRevC.83.064004
http://dx.doi.org/10.1103/PhysRevC.83.064004
http://dx.doi.org/10.1103/PhysRevC.83.064004
http://dx.doi.org/10.1103/PhysRevC.83.064004
http://dx.doi.org/10.1016/0370-2693(92)90099-P
http://dx.doi.org/10.1016/0370-2693(92)90099-P
http://dx.doi.org/10.1016/0370-2693(92)90099-P
http://dx.doi.org/10.1016/0370-2693(92)90099-P
http://dx.doi.org/10.1103/PhysRevC.80.045502
http://dx.doi.org/10.1103/PhysRevC.80.045502
http://dx.doi.org/10.1103/PhysRevC.80.045502
http://dx.doi.org/10.1103/PhysRevC.80.045502
http://dx.doi.org/10.1103/PhysRevLett.16.908
http://dx.doi.org/10.1103/PhysRevLett.16.908
http://dx.doi.org/10.1103/PhysRevLett.16.908
http://dx.doi.org/10.1103/PhysRevLett.16.908
http://dx.doi.org/10.1103/PhysRevLett.93.032003
http://dx.doi.org/10.1103/PhysRevLett.93.032003
http://dx.doi.org/10.1103/PhysRevLett.93.032003
http://dx.doi.org/10.1103/PhysRevLett.93.032003
http://dx.doi.org/10.1103/PhysRevLett.94.162001
http://dx.doi.org/10.1103/PhysRevLett.94.162001
http://dx.doi.org/10.1103/PhysRevLett.94.162001
http://dx.doi.org/10.1103/PhysRevLett.94.162001
http://dx.doi.org/10.1016/j.physletb.2009.01.061
http://dx.doi.org/10.1016/j.physletb.2009.01.061
http://dx.doi.org/10.1016/j.physletb.2009.01.061
http://dx.doi.org/10.1016/j.physletb.2009.01.061
http://dx.doi.org/10.1103/PhysRevC.77.044005
http://dx.doi.org/10.1103/PhysRevC.77.044005
http://dx.doi.org/10.1103/PhysRevC.77.044005
http://dx.doi.org/10.1103/PhysRevC.77.044005
http://dx.doi.org/10.1016/j.physletb.2013.04.057
http://dx.doi.org/10.1016/j.physletb.2013.04.057
http://dx.doi.org/10.1016/j.physletb.2013.04.057
http://dx.doi.org/10.1016/j.physletb.2013.04.057
http://dx.doi.org/10.1103/PhysRevLett.110.202501
http://dx.doi.org/10.1103/PhysRevLett.110.202501
http://dx.doi.org/10.1103/PhysRevLett.110.202501
http://dx.doi.org/10.1103/PhysRevLett.110.202501
http://dx.doi.org/10.1016/j.ppnp.2008.07.001
http://dx.doi.org/10.1016/j.ppnp.2008.07.001
http://dx.doi.org/10.1016/j.ppnp.2008.07.001
http://dx.doi.org/10.1016/j.ppnp.2008.07.001
http://dx.doi.org/10.1103/RevModPhys.44.169
http://dx.doi.org/10.1103/RevModPhys.44.169
http://dx.doi.org/10.1103/RevModPhys.44.169
http://dx.doi.org/10.1103/RevModPhys.44.169
http://dx.doi.org/10.1103/PhysRevA.47.468
http://dx.doi.org/10.1103/PhysRevA.47.468
http://dx.doi.org/10.1103/PhysRevA.47.468
http://dx.doi.org/10.1103/PhysRevA.47.468
http://dx.doi.org/10.1103/PhysRevA.58.3004
http://dx.doi.org/10.1103/PhysRevA.58.3004
http://dx.doi.org/10.1103/PhysRevA.58.3004
http://dx.doi.org/10.1103/PhysRevA.58.3004
http://dx.doi.org/10.1016/j.nima.2007.08.243
http://dx.doi.org/10.1016/j.nima.2007.08.243
http://dx.doi.org/10.1016/j.nima.2007.08.243
http://dx.doi.org/10.1016/j.nima.2007.08.243
http://dx.doi.org/10.1140/epja/i2010-10932-0
http://dx.doi.org/10.1140/epja/i2010-10932-0
http://dx.doi.org/10.1140/epja/i2010-10932-0
http://dx.doi.org/10.1140/epja/i2010-10932-0
http://dx.doi.org/10.1016/0375-9474(71)90454-4
http://dx.doi.org/10.1016/0375-9474(71)90454-4
http://dx.doi.org/10.1016/0375-9474(71)90454-4
http://dx.doi.org/10.1016/0375-9474(71)90454-4
http://dx.doi.org/10.1016/0375-9474(74)90774-X
http://dx.doi.org/10.1016/0375-9474(74)90774-X
http://dx.doi.org/10.1016/0375-9474(74)90774-X
http://dx.doi.org/10.1016/0375-9474(74)90774-X
http://dx.doi.org/10.1016/0375-9474(71)90026-1
http://dx.doi.org/10.1016/0375-9474(71)90026-1
http://dx.doi.org/10.1016/0375-9474(71)90026-1
http://dx.doi.org/10.1016/0375-9474(71)90026-1
http://dx.doi.org/10.1103/PhysRevLett.57.1542
http://dx.doi.org/10.1103/PhysRevLett.57.1542
http://dx.doi.org/10.1103/PhysRevLett.57.1542
http://dx.doi.org/10.1103/PhysRevLett.57.1542
http://dx.doi.org/10.1103/PhysRevC.32.1825
http://dx.doi.org/10.1103/PhysRevC.32.1825
http://dx.doi.org/10.1103/PhysRevC.32.1825
http://dx.doi.org/10.1103/PhysRevC.32.1825
http://dx.doi.org/10.1103/PhysRevC.83.034003
http://dx.doi.org/10.1103/PhysRevC.83.034003
http://dx.doi.org/10.1103/PhysRevC.83.034003
http://dx.doi.org/10.1103/PhysRevC.83.034003
http://www.mesytec.com/datasheets/MPD-4.pdf
http://dx.doi.org/10.1016/j.nima.2008.10.036
http://dx.doi.org/10.1016/j.nima.2008.10.036
http://dx.doi.org/10.1016/j.nima.2008.10.036
http://dx.doi.org/10.1016/j.nima.2008.10.036


G. LASKARIS et al. PHYSICAL REVIEW C 89, 024002 (2014)

[56] H. R. Setze et al., Phys. Lett. B 388, 229 (1996).
[57] G. Rusev et al. (private communication).
[58] A. N. Gorbunov, in Photonuclear and Photomesic Processes,

edited by D. V. Skobel’tsyn (Consultants Bureau, New York,
1974), Vol. 71, pp. 1–117.

[59] A. N. Gorbunov and A. T. Varfolomeev, Phys. Lett. 11, 137
(1964).

[60] H. M. Gerstenberg and J. S. O’Connell, Phys. Rev. 144, 834
(1966).

[61] B. L. Berman, S. C. Fultz, and P. F. Yergi, Phys. Rev. C 10, 2221
(1974).

[62] D. D. Faul, B. L. Berman, P. Meyer, and D. L. Olson, Phys. Rev.
C 24, 849 (1981).

[63] S. Naito et al., Phys. Rev. C 73, 034003 (2006).

024002-12

http://dx.doi.org/10.1016/S0370-2693(96)01069-6
http://dx.doi.org/10.1016/S0370-2693(96)01069-6
http://dx.doi.org/10.1016/S0370-2693(96)01069-6
http://dx.doi.org/10.1016/S0370-2693(96)01069-6
http://dx.doi.org/10.1016/0031-9163(64)90645-6
http://dx.doi.org/10.1016/0031-9163(64)90645-6
http://dx.doi.org/10.1016/0031-9163(64)90645-6
http://dx.doi.org/10.1016/0031-9163(64)90645-6
http://dx.doi.org/10.1103/PhysRev.144.834
http://dx.doi.org/10.1103/PhysRev.144.834
http://dx.doi.org/10.1103/PhysRev.144.834
http://dx.doi.org/10.1103/PhysRev.144.834
http://dx.doi.org/10.1103/PhysRevC.10.2221
http://dx.doi.org/10.1103/PhysRevC.10.2221
http://dx.doi.org/10.1103/PhysRevC.10.2221
http://dx.doi.org/10.1103/PhysRevC.10.2221
http://dx.doi.org/10.1103/PhysRevC.24.849
http://dx.doi.org/10.1103/PhysRevC.24.849
http://dx.doi.org/10.1103/PhysRevC.24.849
http://dx.doi.org/10.1103/PhysRevC.24.849
http://dx.doi.org/10.1103/PhysRevC.73.034003
http://dx.doi.org/10.1103/PhysRevC.73.034003
http://dx.doi.org/10.1103/PhysRevC.73.034003
http://dx.doi.org/10.1103/PhysRevC.73.034003



