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The first complete measurements of the angular distributions of the two-body deuteron photodisintegration
differential cross section at photon energies above 1.6 GeV were performed at the Thomas Jefferson National
Accelerator Facility. The results show a persistent forward-backward asymmetry up to E ␥ ⫽2.4 GeV, the
highest-energy measured in this experiment. The Hard Rescattering and the Quark-Gluon string models are in
fair agreement with the results.
DOI: 10.1103/PhysRevC.66.042201
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Among the many challenges facing nuclear physicists is
the characterization of nuclear reactions in the few GeV energy regime. Two primary schemes exist to describe nucleonnucleon interactions. The traditional approach involves
meson-baryon degrees of freedom. The second employs the
quark-gluon degrees of freedom of quantum chromodynamics 共QCD兲 to describe the underlying processes of nuclear
0556-2813/2002/66共4兲/042201共5兲/$20.00

reactions. For deuteron photodisintegration at incident photon energies above 1 GeV, the existing traditional mesonbaryon descriptions fail to describe the data 关1,2兴. This
breakdown may suggest that QCD degrees of freedom are
becoming more appropriate descriptors of the deuteron photodisintegration reaction in the range of a few GeV. The different models which have been developed to improve the

66 042201-1

©2002 The American Physical Society

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 66, 042201共R兲 共2002兲

E. C. SCHULTE et al.

understanding of this transition region predict very different
behaviors for the angular distribution of the differential cross
section at constant energy. This work is a presentation of new
high-energy measurements of the angular distribution of the
deuteron photodisintegration differential cross section. These
measurements are designed to probe the transition region
between traditional meson-exchange and perturbative QCD.
Deuteron photodisintegration, d( ␥ , p)n, is well suited for
studying nuclear reactions in the intermediate energy regime.
It is an exclusive reaction in which a large amount of momentum is imparted to the constituents 关3兴. The d( ␥ ,p)n
reaction also exhibits scaling at forward angles 关4 –7兴 consistent with the constituent counting rules 关8,9兴 at sufficiently
high incident photon energy. A transition region seems to
exist, however, where neither the traditional meson-exchange
models nor perturbative QCD 关10兴 describe the data well.
This work is a report on new data taken in this region,
1.6 GeV ⬍E ␥ ⬍2.4 GeV 共total center-of-mass energy
squared (s), 9.5ⱗsⱗ12.5 GeV2 ), which provide new information on the angular dependence of the d( ␥ , p)n differential cross section.
The highest-energy measurements of the d( ␥ , p)n differential cross section at backward angles which existed previously were performed only to E ␥ ⫽1.6 GeV 关7兴. In order to
extract a complete angular distribution, these measurements
were combined with forward angle data from independent
experiments. In addition, recent preliminary angular distributions are becoming available 关11兴 from Hall B at Jefferson
Lab.
Recently a new experiment, E99-008, was performed in
experimental hall A at Jefferson Lab 共JLab兲. Experiment
E99-008 was designed to continue the investigation of the
transition region between traditional meson exchange and
QCD. By employing the capability of the Hall A High Resolution Spectrometers 共HRS兲 to span a large angular range in
the laboratory (15°⬍  lab ⬍112° in E99-008兲, the measurements performed during experiment E99-008 cover both forward and backward angles in symmetric steps about  c.m.
⫽90°. Several models exist to describe the deuteron photodisintegration differential cross section 关12兴. They predict
one of two general features of the angular distribution at
constant energy, either symmetry or asymmetry about  c.m.
⫽90°.
The Asymptotic Meson Exchange model 共AMEC兲 extends the traditional meson exchange approach into the few
GeV energy region 关13–15兴. In AMEC the deuteron photodisintegration process is divided into a soft 共low-energy兲 portion and a hard 共high-energy兲 portion. The high-energy piece
of the process is then parametrized by a form factor 关13–15兴
consistent with the counting rule prescription of Gross and
Keister 关16兴 and normalized to data at E ␥ ⫽1 GeV 关13兴. The
form factor is evaluated in both the instant-form and lightfront relativistic formulations. While both formalisms produce asymmetric angular distributions about  c.m.⫽90°, the
light-front formalism gives a more reasonable description of
the data 关13兴.
Both the Reduced Nuclear Amplitudes 共RNA兲 model 关17兴
and the Quark Exchange model 关18兴, remove the composite
nature of the nucleons in the deuteron by dividing out the

nucleon form factors from the scattering amplitude. This reduces the deuteron to a composite object of two pointlike
nucleons each of which carries one-half of the total deuteron
momentum. Using the dipole formula for the form factors
关19兴,
F N 共 t̂ i 兲 ⫽
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where C is a normalizing constant 共chosen to match the data
at  c.m.⫽90°) and t̂ i is the momentum transferred to nucleon
i, the differential cross section from RNA can be calculated
by
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In Eq. 共2兲 f (  c.m.) is a function which describes the angular
distribution of the differential cross section and P T is the
transverse momentum of the outgoing proton 关17兴. Brodsky
and Hiller propose a method for describing f 2 (  c.m.) by modeling deuteron photodisintegration as the photodisintegration
of a polarized meson. This reduces the problem to a quarkantiquark interaction. Keeping only the lowest order QCD
diagrams yields a function which is dependent on cos2(c.m.)
关17兴. As including this model for f 2 (  c.m.) does not improve
the RNA description of the data, f 2 (  c.m.) is left a constant.
This method 共RNA兲, because of the nature of the form factors, predicts a symmetric angular distribution for the differential cross section, at a given photon energy.
The Quark-Gluon String 共QGS兲 model 关20,21兴 is a nonperturbative technique which can be applied to calculate the
deuteron photodisintegration differential cross section. In
this model the deuteron photodisintegration scattering amplitude is found using a planar diagram describing ‘‘the exchange of three valance quarks in the t channel with any
number of gluon exchanges between them’’ 关20兴. This produces a scattering amplitude which is identified with the
nuclear Regge pole and a residue which is normalized to
previous data at  c.m.⫽36°. By using nonlinear Regge trajectories of logarithmic form the QGS model reasonably describes the energy dependence of the deuteron photodisintegration differential cross section. In order to describe the
angular dependence, two cases were studied. In the first case,
the assumption is made that only isovector photons are dominant in the deuteron photodisintegration process. This produces a symmetric angular distribution for the differential
cross section. The second case includes an interference between isovector and isoscalar photons in the deuteron photodisintegration amplitude. Including the interference term results in an asymmetric angular distribution 关20,21兴.
The Hard Rescattering model 共HRM兲 关22兴, uses a deuteron wave function to describe the long-range behavior of
the deuteron. In HRM the photon couples directly to a quark
in a nucleon. This results in the interchange of two quarks
between the nucleons and the exchange of a hard gluon.
High-energy, large-angle neutron-proton scattering data are
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FIG. 1. Reconstructed photon energy spectra after the
background-subtraction procedure described in the text has been
applied. These spectra are from data taken at a beam energy of
2.5 GeV at center-of-mass angles of  c.m.⫽37° 共top panel兲,
 c.m.⫽90° 共center panel兲, and  c.m.⫽143° 共bottom panel兲. The patterned area denotes the region from which the differential cross
section was measured.

extrapolated to the appropriate momentum transfer and used
to parametrize the quark interchange and gluon exchange.
HRM uses a momentum dependent normalization factor determined by previous deuteron photodisintegration data
taken at  c.m.⫽90°. This normalization is kept for all HRM
predictions 关22,23兴.
Jefferson Lab experiment E99-008 was performed in Hall
A at the Continuous Electron Beam Accelerator Facility. This
experiment used the beam-left High Resolution Spectrometer

共HRSL兲 to detect recoil protons from the deuteron photodisintegration reaction. The photons were generated by passing
high-energy electrons (E beam ⫽1.670, 1.950, and 2.499
GeV兲 through a 6% radiation-length copper target. The resultant bremsstrahlung photons, and residual electrons, then
irradiated a liquid hydrogen or deuterium target 15 cm long.
The HRSL was chosen for this experiment because of its
reasonably
large
solid
angle
(⌬⍀⬇5 msr, ␦  c.m.
⫽⫾28 mr), reasonable momentum acceptance ( ␦ ⫽
⫾4.5%), and ability to achieve the large laboratory angles
(  lab ⬇112°) needed in this experiment. The recoil protons
were tracked using the HRSL pair of vertical drift chambers.
The trigger was formed by a coincidence of the two planes of
scintillator hodoscope, provided in the detector package.
A complete angular distribution, with data at angles symmetric about  c.m.⫽90°, was recorded at each of three incident photon energies. Data were recorded in one of four
configurations: 共i兲 deuterium target, radiator in; 共ii兲 deuterium target, radiator out; 共iii兲 hydrogen target, radiator in;
and 共iv兲 hydrogen target, radiator out. Data taken with the
radiator out were used to subtract events caused by electrodisintegration of the deuteron by residual electrons which
impinged upon the target. The hydrogen data were used to
help understand and subtract background.
By conservation of energy and momentum, incident photon energy E ␥ spectra were reconstructed 共for example
Fig. 1兲. From these spectra the protons necessary to extract
the differential cross section were selected. In order to assure
the protons used in the measurement were from the two-body
reaction 关 ␥ (d,p)n 兴 , only those protons which were produced
near the bremsstrahlung endpoint were used in the analysis.
A target length cut was placed on the data for those settings
at forward angles where the aluminum target end-caps could
be viewed. This provided for the elimination of background
events from the target end-caps.
Even after elimination of the aluminum target end-caps,
some background events remained, especially at large centerof-mass angles. Background was observed as events which

TABLE I. Center-of-mass cross sections for Jefferson Lab experiment E99-008. The errors shown are first
statistical followed by systematic error. Measurements were not made for  c.m.⫽26° at 1.9 and 2.4 GeV, due
to spectrometer limitations. At  c.m.⫽127° at 2.4 GeV, a support post for the target chamber obscured the
target making the data unusable.

1.6 GeV

 c.m.

26.6°
30.3°
37.4°
53.6°
70.7°
90.8°
110.7°
127.6°
143.5°

冉 冊

d
nb
d⍀c.m. sr

19.2⫾0.2⫾1.2
14.6⫾0.3⫾0.9
8.72⫾0.18⫾0.52
4.33⫾0.07⫾0.26
3.35⫾0.07⫾0.20
2.58⫾0.13⫾0.18
2.47⫾0.13⫾0.18
3.02⫾0.12⫾0.21
4.42⫾0.24⫾0.51

Angular distribution cross sections
1.9 GeV
 c.m.
d
nb
d⍀c.m.
30.3°
37.4°
53.5°
70.6°
90.7°
110.6°
127.0°
142.3°

冉 冊
sr

6.36⫾0.08⫾0.38
4.02⫾0.04⫾0.24
1.93⫾0.04⫾0.12
1.72⫾0.01⫾0.10
1.08⫾0.02⫾0.08
1.01⫾0.03⫾0.07
1.10⫾0.09⫾0.08
1.20⫾0.16⫾0.14
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2.4 GeV

 c.m.

冉 冊

d
nb
d⍀c.m. sr

30.4°
37.3°
53.4°
70.5°
90.6°
110.5°

1.73⫾0.03⫾0.10
0.89⫾0.02⫾0.05
0.47⫾0.01⫾0.03
0.32⫾0.01⫾0.02
0.18⫾0.02⫾0.01
0.23⫾0.03⫾0.02

143.4°

0.44⫾0.07⫾0.05
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FIG. 2. s 11d  /dt for d( ␥ ,p)n at 共a兲 E ␥ ⫽1.6 GeV, 共b兲
E ␥ ⫽1.9 GeV, and 共c兲 E ␥ ⫽2.4 GeV. Error limits shown are both
statistical and total on JLab and SLAC NE17 data. Errors on SLAC
NE8 data are statistical only. Theory curves are discussed in the text
共the prediction 关23兴 from HRM is preliminary兲. The present data are
the solid diamonds. Previous data are 共circles兲 JLab E89-012 关6兴,
共triangles兲 SLAC NE17 关4兴, and 共squares兲 SLAC NE8 关7兴.

were reconstructed at kinematically forbidden energies in the
photon energy spectra 共energies where the reconstructed E␥
is greater than the end-point energy兲. These events seemed to
have two causes, photoprotons from internal aluminum target
components, and protons produced in multistep processes.
Multistep processes account for up to 20% of the background
at large angles. Further background suppression is achieved
by scaling the hydrogen data to match the deuterium data in
kinematically forbidden regions and subtracting the scaled
hydrogen spectra from the deuterium spectra. This is done
for both the radiator in and radiator out data. The radiator out
data, modified by an energy-dependent factor which compensates for the presence of the bremsstrahlung radiator, is used
to eliminate events caused by electroproduction. Background
accounted for 30% of the events collected in data taken at
angles ⭐90° in the center of mass. In the worst case 共data
taken at  c.m.⬇143°), background events accounted for
more than 80% of the events taken. High background rates at
large backward angles can be attributed to processes such as
multistep interactions involving two target deuterons or proton production from aluminum components of the target cell.
Also, the cross sections in the laboratory are quite small at
backward angles, which makes the measurements more challenging.
Proper normalization of the background-subtracted photo-

proton yield was necessary for extraction of the differential
cross section. The normalization parameters consisted of the
total number of real bremsstrahlung photons which impinged
upon the target, the solid angle subtended by the HRSL, the
target length, and other corrections, such as proton absorption through the target-spectrometer system and tracking efficiency. The real photon number was calculated using the
method of Matthews and Owens for thick targets, and was
accurate to 3% 关24兴. The HRS solid angle was studied by
Monte Carlo simulation. The Monte Carlo was tested against
p(e,e ⬘ )p scattering data and the agreement was better than
3%. Other corrections applied to the data included ⱗ9% for
proton absorption in the target cryogen and spectrometerdetector package, ⬇1% was applied for tracking efficiency,
and an estimate of ⬇1% for electronics dead time.
The total systematic error was estimated to be ⱗ12%.
Uncertainties in the beam current, beam energy, target
length, and photon energy reconstruction were ⱗ1.5% in the
center-of-mass differential cross section. Error assigned to
the background subtraction gave the dominant contribution,
⬇10% in the worst case, to the total systematic error. All
other errors including solid angle determination and real
bremsstrahlung calculations contributed the remaining
ⱗ5.5%. The final center-of-mass differential cross sections
are presented in Table I.
Shown in Fig. 2 are the present data at E ␥ ⫽1.6 GeV,
1.9 GeV, and 2.4 GeV plotted as s 11d  /dt to remove the
energy dependence for comparison to previous data. The
present data are in good agreement with previous data. While
the data show both forward and backward peaking, a persistent forward-backward asymmetry is present in the data
up to the highest-energy measured in this experiment
(E ␥ ⫽2.4 GeV). This asymmetry is not well described by the
prediction of the AMEC model 关13,14兴, the solid curve in
Fig. 2, in which the photon couples directly to one of the
nucleons. The RNA 共long-dashed curve in Fig. 2兲 and quark
exchange model 关17,18兴 in which the photon couples to an
exchange particle, however, predict a symmetric angular distribution about  c.m.⫽90°, clearly not described by the data.
The two remaining models, QGS 关20,21兴 共short-dashed
line in Fig. 2兲 and HRM 关22,23兴 共short-long dashed curve in
Fig. 2兲, also provide predictions about the angular distribution of the d( ␥ ,p)n differential cross section. QGS, the
Regge phenomenological model, reproduces the differential
cross sections fairly well. Both the magnitude and forwardbackward asymmetry are reasonably well described. Preliminary calculations from HRM are presented in Fig. 2 关23兴.
Like QGS, HRM also describes the data reasonably well,
both in magnitude and forward-backward asymmetry.
The data presented in this work are the first complete
high-energy angular distribution measurements of the deuteron photodisintegration differential cross section. During
Jefferson Lab experiment E99-008, data were recorded
at center-of-mass angles symmetrically spaced about
 c.m.⫽90°, with additional forward angle data taken at
 c.m.⫽30°. The data present a persistent forward-backward
asymmetry, described fairly well by the QGS and HRM
models. The asymmetry is still apparent up to the highest
energy measured during this experiment, E ␥ ⫽2.4 GeV.
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