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The first measurement of the 3?[6(’?, p)2H process was performed at the High Intensity ~-ray
Source (HIyS) facility at Triangle Universities Nuclear Laboratory (TUNL) using a circularly po-
larized, monoenergetic y-ray beam and a longitudinally polarized *He target. The spin-dependent
asymmetry and the contribution from the two-body photodisintegration to the >He Gerasimov-Drell-
Hearn integrand are extracted and compared with state-of-the-art three-nucleon system calculations
at the incident photon energy of 29 MeV. The data are in general agreement with the various theo-
retical predictions based on the Siegert theorem or on explicit inclusion of meson-exchange currents.

PACS numbers: 24.10.-i, 24.70.+s, 25.20.-x, 29.27.Hj, 29.40.Wk, 67.30.er

I. INTRODUCTION

The study of three-nucleon systems has been of funda-
mental importance to nuclear physics [1, 2], and essential
to the study of the partonic structure of the nuclei where
the *He and *H mirror nuclei are used to extract the ratio
of the inelastic structure functions, % [3]. A polarized
3He nucleus is often treated approximately as a polar-
ized neutron because its ground state is dominated by
the S—wave in which the spins of the two protons pair
off. Polarized *He targets have been used for decades
to extract the electromagnetic form factors [4-6] and the
spin structure functions [7, 8] of the neutron, and most
recently its three-dimensional structure and dynamics [9].
To extract the neutron information from 3He, corrections
for nuclear effects relying on the state-of-the-art three-
body calculations need to be applied. Theoretical calcu-
lations using Faddeev [10] and Alt-Grassberger-Sandhas
equations (AGS) [11] have been carried out for three-
body systems using a variety of nucleon-nucleon (NN)
potentials [12-14], and three-nucleon forces (3NFs) like
Urbana IX (UIX) [15] or CD Bonn + A [16]. It is im-
portant to test these calculations by experiments which
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are sensitive to the details of the three-body calculations
to help validate the treatment of nuclear effects in ex-
tracting information concerning the neutron by employ-
ing polarized 3He nuclei. Data from electrodisintegration
of polarized 3He [17] were used to test three-body cal-

culations [18], and more recently data from 3H e(¥,n)pp
channel at incident photon energies of 12.8, 14.7 and 16.5
MeV were reported [19-22].

Calculations for the two- and three-body photodisinte-
gration of *He with double polarizations have been car-
ried out by two groups. The calculations by Deltuva
et al. are based on the AGS version of Faddeev equa-
tions and employ the CD Bonn + A potential [16] taking
into account the corresponding single-baryon and meson-
exchange electromagnetic currents (MEC). In photo re-
actions, i.e., those with real photons, the currents deter-
mine the observables through electric and magnetic mul-
tipoles with the electric multipoles being more important
(except at very low energies). Furthermore, the electric
multipoles can be decomposed into lower- and higher-
order contributions with the former being the dominant
one. In the calculations the MEC are included using two
approaches: (i) calculating the most important MEC ex-
plicitly, however, without achieving a perfect consistency
between nuclear forces and currents; (ii) including the
dominant part of MEC for electric multipoles implicitly
via the Siegert theorem, and the remaining part of MEC
explicitly, thereby reducing the MEC-related uncertainty
by shifting it to less important terms. Furthermore, the



Siegert operator includes also relativistic single-nucleon
charge corrections. For these two reasons it is considered
as a more complete approach. In both approaches, the
results are obtained using the computational technology
of Ref. [23] and the proton-proton Coulomb force is taken
into account via the method of screening and renormal-
ization [24]. Skibiniski et al. solve the Faddeev equations
by using the AV18 potential [14] and the UIX 3NF [15]
with two approaches for MEC: (i) ”pion-in-flight” and
7seagull” terms — the two dominant components of MEC
— are taken into account explicitly [25]; (ii) the dominant
MEC contribution to electric multipoles is included im-
plicitly via the Siegert theorem, but only the nonrelativis-
tic single-nucleon current is considered explicitly. Their
results are obtained using the computational methods
described in Ref. [26]. Note that the approaches based
on explicit MEC by both groups have quite similar dy-
namic content, while in the case of Siegert approaches the
included currents are more different. For detailed discus-
sions of various approaches to electromagnetic current
operators see e.g. review papers [2] and [27].

Another interesting aspect concerning polarized pho-
todisintegration of 3He is related to the Gerasimov-Drell-
Hearn (GDH) sum rule [28]. The GDH sum rule relates
the energy-weighted difference of the spin-dependent to-
tal photoabsorption cross sections for target spin and
beam helicity parallel (") and anti-parallel (c4) to the
anomalous magnetic moment of the target (nuclei or nu-
cleons) as follows:

i dv 42«
ePH :/ (O’P—UA)7 =0 K28, (1)
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where v is the photon energy, vy, is the pion production
(two-body break-up) threshold on the nucleon (nucleus),
k is the anomalous magnetic moment, M is the mass and
S is the spin of the nucleon or the nucleus. In *He and
below the pion production threshold, only the two-body
and three-body photodisintegration channels contribute
to the GDH integral with calculations [23, 26] showing
that the three-body channel dominates the integrand.
The GDH integrand extracted from measurements of
3He(,n)pp channel at 12.8 and 14.7 MeV [19, 20] is
in good agreement with theoretical predictions of [23],
and the result at 16.5 MeV [21] is slightly more than one
standard deviation higher than the theory.

To fully test the theoretical predictions, not only mea-
surements at higher energies of the three-body break-up
channel will be useful. It is also important to test the
calculations of two-body breakup channel with double
polarizations. A spin-dependent study of 3[ e(¥,p)?H

reaction together with the 3H e(¥,n)pp channel will pro-
vide stringent tests of the modern three-body calcula-
tions, and also serve as an important step towards an
experimental test of the extended GDH sum rule on the
3He nucleus by combining inclusive electron scattering
measurements above the pion production threshold from
other laboratories [29].
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Experimentally the study of 3 e(¥,p)*H reaction is

more challenging than the 3[ e(¥,n)pp channel, espe-
cially at low energies due to the necessity of detect-
ing low-energy protons. Such protons are detected in a
high background environment from other breakup chan-
nels from various nuclear species contained in the He
target wall material. Furthermore, the predicted spin-

dependence in the 3[?6(*7, p)?H reaction cross section is
significantly smaller than that of the three-body channel.
As such the experimental study of the 3[ e(¥,p)*H chan-
nel lags behind the corresponding three-body channel.

II. THE EXPERIMENT

In this paper, we present the first measurement
of the 3He(,p)>H channel using a longitudinally-
polarized 3He target and the nearly monoenergetic,
~100% circularly-polarized 7-ray beam of HIyS facil-
ity [30] at v=29 MeV. The beam intensity on target was
1-3x107v/s having an energy spread of 5.0% (FWHM).
A 10.56 cm long CgDg cell and two BC-501A-based lig-
uid scintillator neutron detectors placed transverse to the
beam direction were utilized to measure the photon flux
by detecting the neutrons from the deuteron photodis-
integration process. The integrated photon flux was ex-
tracted based on the well-known cross sections [31-35].

The experimental apparatus used for this measurement
comprised two subsystems: the polarized 3He target and
the detector system. The 3He gas target was contained in
a one-piece Sol-Gel coated [36] Pyrex glassware, consist-
ing of a spherical pumping chamber 8.1 cm in diameter
and a cylindrical target chamber 39.6 cm long and 2.9
cm in diameter. The two chambers were connected by a
transfer tube 0.8 cm in diameter and 9.6 cm long. The
target chamber glass thickness was measured using two
independent methods, laser interferometry and an ultra-
sonic gauge, and it was found to vary from ~1.1 mm at
the center of the target chamber to ~1.4 mm towards the
beam entrance and exit windows. The target was filled
with 6.540.1 amg of *He.

The outgoing protons from the *He photodisintegra-
tions were detected by 72 fully depleted silicon surface
barrier detectors. The detectors were placed at the pro-
ton angles of 45°, 70°, 95° and 120° degrees (a total
of 18 detectors at each angle). Six aluminum hemi-
spheres were used to place the detectors ~10 cm away
from the center of the He target chamber having three
hemispheres on each side of the 3He cell target chamber
facing each other and creating effectively three smaller
target regions from which the protons originated. Each
hemisphere housed 12 detectors, 4 detectors in the hori-
zontal plane, 4 detectors above and 4 below the horizontal
plane covering for each plane all aforementioned angles.
Collimators with rectangular apertures of 2 cm x 0.4 cm
and a length of 3 cm were placed in front of the detectors.
The detector thicknesses ranged from 300 to 500 pum, and



their efficiency for detecting charged particles was 100%.

The spin exchange optical pumping technique [37] was
used to polarize 3He target. A small quantity of Rb and
K mixture was placed inside the pumping chamber which
was heated to 196 C°. A circularly-polarized 794.8 nm
laser light incident on the pumping chamber polarized
Rb atoms which in turn transferred their polarization to
3He nuclei through spin-exchange collisions between Rb-
K, Rb-*He and K-*He. A small quantity of Ny (0.1 amg)
was added into the cell as a buffer gas to improve the op-
tical pumping efficiency. A pair of Helmholtz coils ~170
cm in diameter providing a 20 G magnetic field was used
to define the direction of the *He nuclear polarization.
The spin of the target was flipped every 15 min. The
nuclear magnetic resonance-adiabatic fast passage [38]
calibrated by the electron paramagnetic resonance tech-
nique [39] was employed to measure the absolute target
polarization. While a polarization over 40% from target
named "SPOT” was achieved in the three-body photo-
disintegration experiment [19, 20] and a 35% polariza-
tion in a follow-up experiment [21], for this two-body
breakup measurement the polarization of the target was
measured to be 33% for the initial run period (~40% of
the beam time) and 22% for the final runs (~60% of the
beam time) due to some hardware failure during the ex-
periment. More details about this target can be found
in [22, 40, 41].
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FIG. 1: (Color online) A view of the experimental apparatus
(not to scale). The movable target system, moving up and
down to cycle between the 3He cell and the N reference cell
for performing signal and background measurements is sur-
rounded by 72 silicon surface barrier detectors. Half of the
detector system (three hemispheres supporting 36 detectors
shown here for clarity) and the *He cell can be seen at the
top right. The lead wall placed in front of the targets and the
detector system can be seen at the left. The movable support
of the laser system used to polarize He can be seen next to
the CgDg flux monitor at the right.

A Ns-only reference cell with the same dimensions as

those of the He target chamber was filled with the same
amount of Ny gas and placed right-below the 3He target
to measure backgrounds. In addition to Ng, backgrounds
were mainly originated from the entrance and exit win-
dows of the target chamber, which were suppressed by
the collimators mounted in front of the detectors, and
from its side-wall. A lead wall with a 16 mm aperture
allowing for the y-beam to pass was placed in front of the
targets and the detector system to attenuate the beam
halo and reduce background from the side-wall and the
electron background from Compton scattering. Figure 1
shows a schematic view of the experimental apparatus
including the polarized ®He target subsystem, the 72 de-
tector subsystem and the CgDg flux monitor.

IIT. DATA ANALYSIS AND RESULTS

Two quantities were recorded for each event, the inci-
dent charged particle energy (E,) and the relative time
of flight (TOF') between the silicon detectors and the RF
signal of the beam. A two-dimensional cut was applied
to the energy plotted against the relative TOF and used
to select the protons from the 3He cell. The same cuts
were applied to the data taken with the Ny reference
cell to subtract the proton background from other pro-
cesses. Figure 2 shows the two-dimensional histogram of
the TOF plotted versus the E,. The protons from the
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FIG. 2: (Color online) The TOF versus Ep spectrum for a
detector at 95°. The protons were chosen by applying a two-
dimensional cut indicated by a red curve and are well sepa-
rated from the electrons.

competing 37 e(¥, p)pn reaction could not be subtracted
using the Ny reference cell. A GEANT4 [42] simula-
tion using the measured glass thicknesses of the target
chamber, taking into account all the physical volumes
surrounding the *He cell, the detector technical charac-
teristics and responses has shown that no protons from
the three-body photodisintegration of 3He can make it
into the detectors.



After selecting the protons, the spin-dependent asym-
metry for each detector can be formed as

1 YP—-Yvy4

= 2
PP YF +YA 2)

where P, and P; are the beam and target polariza-
tion, respectively, and YF/4 are the integrated normal-
ized yields (proton counts/integrated photon flux) with
YP/A = yP/A He _ y N being the measured yield from
the He cell after the subtraction of the No reference
cell background yield for both parallel and anti-parallel
states. Although the uneven glass thickness of the >He
target chamber affected the proton yields for each detec-
tor, it did not affect the asymmetry as was shown by the
GEANT4 simulation of the experiment. This allowed
the calculation of the asymmetry for each angle as the
weighted average of the asymmetries of all 18 detectors
at this angle. By forming the asymmetry for each de-
tector, many systematic uncertainties including those as-
sociated with the solid angle and the detector efficiency
were cancelled. Still, there were two remaining contri-
butions to the systematic uncertainty namely the target
polarization of 4.2% and the beam polarization of 1.0%
that resulted in an overall relative systematic uncertainty
of 4.3%.
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FIG. 3: (Color online) Measured spin-dependent asymmetry
including statistical and systematic uncertainties compared
with the calculations of Deltuva et al. [23] and Skibiriski et
al. [26] at v=29 MeV.

The measured spin-dependent asymmetries as a func-
tion of the proton scattering angle, 8;,;, at v=29 MeV are
shown in fig. 3 including statistical and systematic un-
certainties added in quadrature. The data are compared
with the two sets of theoretical calculations provided by
Deltuva et al. [23] and Skibinski et al. [26]. Although
the calculations based on the Siegert theorem with rela-
tivistic charge corrections are considered to be more com-

plete, the overall shape of the experimental results seem
to be described better by the calculations taking into ac-
count the MEC explicitly. However, one can not reach a
definitive conclusion as to which theoretical calculation
is favored by the asymmetry data given the overall un-
certainties.

By combining the measured asymmetry, the known an-
gular distribution of the unpolarized differential cross sec-
tions [43] and the total cross sections [44, 45] at 29 MeV,
one can extract the spin-dependent differential cross sec-
tions. Second order Legendre polynomials are used to
fit the spin-dependent differential cross sections and the
fitting curves are integrated over the angle to extract the
spin-dependent total cross sections and the GDH inte-
grand.

TABLE I: The extracted spin-dependent total cross sections,
o and o4, and the contributions from the two-body photo-
disintegration to *He GDH integrand, (¢© —o*) /v compared

with theoretical predictions.

o (pb) o (ub) (" —o®)/v (fm®)

This work 277432 276430 (0.07+2.77)x 102
Deltuva et al. (MEC) 305 306 -6.8x107*
Deltuva et al. (Siegert) 309 336 -1.84x1072
Skibiriski et al. (MEC) 303 299 2.72x1073
Skibiiski et al. (Siegert) 295 310 -1.02x1072

Table I summarizes the extracted spin-dependent to-
tal cross sections and the contribution from the two-body
photodisintegration to the *He GDH integrand in com-
parison to the two sets of calculations from Deltuva et
al. [23] and Skibinski et al. [26]. The reported uncertain-
ties include the statistical and systematic uncertainties of
the current asymmetry measurement and the uncertain-
ties associated with the known angular distribution [43]
and the total cross sections [44, 45]. The extracted spin-
dependent total cross sections are slightly smaller in mag-
nitude but within ~1-0 from the calculations. As ex-
pected based on the asymmetry results, the extracted
GDH integrand seems to favor the explicit MEC-based
calculations.

Fig. 4 shows the contributions from two-body photo-
disintegration to the 3He GDH integrand together with
the two sets of predictions from Deltuva et al. [23] and
Skibinski et al. [26] as a function of the incident photon
energy. In the same figure the past measurements of the
contributions from the three-body photodisintegration to
the 3He GDH integrand together with the predictions
from Refs. [23] and [26] are shown for comparison. The
dominance of the three-body over the two-body photo-
disintegration contribution to the GDH integrand might
be explained by the much larger total three-body cross
sections than that of the two-body channel in this en-
ergy range. Noteworthy, the best description of two- and
three-body data is given by different calculations, based
either on explicit MEC or Siegert with relativistic charge



corrections, respectively.
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FIG. 4: (Color online) The extracted GDH integrand of

8F e(7,p)*H (blue square) plotted together with the results

from 3 He(¥,n)pp (red circles) [19-22] including statistical and
systematic uncertainties compared with the calculations of
Deltuva et al. [23] and Skibiriski et al. [26].

IV. SUMMARY AND CONCLUSIONS

In this paper, we report the first measurement of the
double polarized 3H e(¥,p)?H reaction. It is remarkable
to note that the new data and the previous data on
the three-body channel support the theoretical predic-

tions of the dominance of the 3H e(¥,n)pp channel over
the 3He(¥,p)?H channel in the contribution to the *He

GDH integrand below pion production threshold. Pro-
viding additional data for the observables sensitive to the
details of exchange currents is important in view of fu-
ture analysis with chiral currents. These additional data,
when combined with data from three-body photodisinte-
gration and data above pion production threshold from
other laboratories, will directly test the theoretical cal-
culations and the 3He GDH sum rule predictions. On
the theory front, supplementing the used currents with
terms allowing to fulfill the continuity equation should
significantly improve agreement between the predictions
presented in this paper. The ongoing efforts to construct
such complete electromagnetic currents consistent with
the chiral interaction give hope for future studies of the
influence of the current conservation breaking on photo-
disintegration observables.
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