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Abstract

We propose to measure the differential cross section for photodisintegration of the deuteron at
CEBAF over a wide range of angles for energies from 0.5 to 1.5 GeV. The experiment combines
a well known probe, the photon, with exact nuclear wave functions to test models of the nucleus.
The experiments will provide basic data for testing detailed theories of nucleon structure and the
nucleon interaction without involving the complexities associated with heavier nuclei. By
examining the reaction for the range of energies and angles available with a tagged beam at
CEBAF, the experiment will explore new phenomena for nuclear physics. The experiment will
fun concurrently with PR-89.045, “Studies of Kaon Photoproduction on Deuterium”,



Photodisintegration

The photodisintegration of the deuteron is one of the most fundamental processes which can be
investigated in nuclear physics. The deuteron, being the simplest of all nuclear systems, has the
same importance for nuclear theory that the hydrogen atom has for atomic theory. At energies
below 1 GeV, experimental and theoretical studies of this reaction have given important
information about the wave function of the deuteron at small intemucleon distances. The reaction
is sensitive to contributions of various mechanisms such as meson exchange, the excitation of
isobars and relativistic effects. At energies above 1 GeV there is an expectation that the reaction
will enter a regime where quark effects will become important.

The proposed tagged beam at CEBAF will allow the study of this reaction at energies and angles
not available thus far. The experiment will test theoretical models of the deuteron from low
energies where pion exchange phenomena are dominant to high energies where quark
phenomena are expected to appear. The experiment will run concurrently with the approved ex-
periment “Studies of Kaon Photoproduction on Deuterium”, PR-89-045, which has an identical
target and detector configuration. The two experiments are completely compatible,

Real photons complement electron scattering experiments which explore the nucleus with virtual
photons. However there are a number of experiments for which the real photon probes the
nucleus in a domain which is not easily accessible by electrons. For example, deuteron
photodisintegration leads to two particle final states which simplifies the reconstruction of
kinematics for the reaction. Whereas photodisintegration is described by twelve helicity ampli-

tudes, electrodisintegration requires eighteen amplitudes and is more complicated for theoretical
analysis.

The photon has not been widely used as a nuclear probe because of the difficulties presented by
low-intensity and poor-duty-cycle beams and by the low cross sections for interaction in the
presence of large backgrounds. Much of the present photodisintegration data has been taken with
bremsstrahlung beams with which the determination of absolute cross sections is difficult
because of errors associated with the measurement of the flux and bremsstrahlung spectral
profile. CEBAF is unique in that the photon tagger and large acceptance of the CLAS detector
will allow measurements at small cross section over a broad energy range.



Experimental Measurements

A large body of data has accumulated for photodisintegration experiments up to 1 GeV. Results
have been reported with both bremsstrahlung beams and tagged photons.
Many measurements have been made for the reaction in the A resonance region. Differential
cross sections have been measured at Bonn'!), Tokyol2), Bates! and Frascatil*). Measurements of
asymmetries using polarized photons exist in this region for angles from 70° to 150°. Recoil
proton polarizations have been measured for three angles with energies from 200 MeV to 450

MeV at Stanford®®l, and for two angles in the energy range from 282 MeV to 405 MeV at
Bonn'®l,

At energies above the A resonance region, extensive measurements up to 600 MeV have been
*made at Tokyo of the differential cross section!?, recoil polarization!” and asymmetries using a
vector polarized deuterium target!®). Ching and Schaerf measured the photodisintegration of the
deuteron from 500 to 1000 MeV at center-of-mass angles from 70° to 130°.%, Measurements
have been reported at the California Institute of Technology!!® from 500 to 900 MeV and at
Lund!!!"! from 139 to 832 MeV. A polarized target was used at Bonn to measure the target
asymmetry at a photon energies of 450, 550 and 650 MeV and proton center-of-mass angles
from 23° to 155°.112) Measurements with polarized photonst!¥] were extended to higher energies
at Kharkov!'*13] and Rrevan!!é), The large value for the proton polarization was confirmed(!”! and
led to speculation about the existence of a dibaryon state.”] Measurements of the differential
cross section at 90° have been performed at SLAC in the energy range between 0.8 and 1.6 GeV;
the SLAC data is presented in Fig. 1."" In addition the SLAC experiment measured the cross
section for three to six angles at 780, 925, 1160 and 1330 MeV as shown in Fig. 2.1 Fumre
measurements in this energy range are planned at Bonn for energies up to 1 GeV with polarized
targets and polarized photons,’? and at SLAC for thres angles between 1.6 and 2.8 GeV.

Experiment 89-012 has been approved by CEBAF for a measurement at three angles from 1.5 to
4.0 GeV in Hall C.

The reverse reaction has been studied by radiative capture measurements with polarized neutron
fluxes in the energy range 100<E,, <600 MeV at the Indiana University Cyclotron Facility!?!! and

at TRIUMF 2, An experiment at KEK has received conditional approval, pending successful
acceleration of deuterons, for & measurement of n,p capture at center-of-mass energies from (.5
to 1.5 GeV and center-of-mass photon angles from 90° to 160°.1%!
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The experimental situation has been summarized by Cameron:124

“Major disparities between varlous measurements of the same observable are often present;
however, in many cases the mote recent measurements of cross sections yleld absolute values that
are consistent to better than 20%..... The recent measurement of many observables in deuteron

photodisintegration at nfwoo MeV has shown that models incorporating two dibaryon

resonatices, first introduced to explain the proton polarization, fail to reproduce the more extensive
data set. Attempts to understand the underlying hard-scatiering continuum have been initiated, and
make apparent the need for data at higher energies.”

The past history of these measurements indicates that great care is required to determine the
cross section to better than 5%. We propose to begin a program that will extend the data set to
higher energies and a wider angular range with instrumentation that will minimize systematic
errors. The program would eventually include the use of polatized beams, polarived targets and
polarimeters for measuring the polarization of the recoil proton and neutron,

Theory

The subject of deuteron photodisintegration has received considerable attention from theorists.
Pfeil has calculated the differential cross section at high energies using an isobar mode! and
Feynman graph techniques,!*! while Leidemann and Arenhovel have calculated the cross
sections up to { GeV with a coupled channel approach.2) These and other calculations achieve
somne agreement with experiment but more work will be needed before the reaction is
understood. Inclusion of NNx final state interactions is expected to give better agreement.

There are two energy regions of special interest--around 700 MeV where resonances have been
found in polarization data and above I GeV where QCD effects may be seen.

Resonance Phenomena

Several experiments have reported resonance effects in experiments between 500 and 800 MeV.
Ogawa et al calculated the proton polarization for two models, & covariant model and a phenom-
enological model, in this energy range. (27 Diagrams for the reaction are shown in Fig. 3; the
Borm terms are given in Fig. 3a and 3b and the isobar resonarice term for the A(1236) and
N*(1470) are given in Fig. 3c. The covariant model is an extension of conventional diagrammat-
ic techniques for the computation of Bom terms and isobar excitations. This model has large
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ambiguities since the YNN* coupling strengths for higher nucleon and delta resonances are not
well known. The phenomenological model uses helicity amplitudes for real YN — N* - Nt
processes and is more easily extended to higher energies. '

The results of calculations are shown in Fig. 4 which compares the theoretical models with
polarization measurements. They find that, although their models give satisfactory agreement
with the differential cross section data, none of the modeis give a satisfactory fit to the
polarization data. In order to fit the polarization data, they suggest that the models should include
a resonance term such as a dibaryon. '

The existence of a dibaryon resonance is controversial, The first suggestion of their presence in
'expcriment came from an analysis of the Ap invariant mass distribution by Dahl{?*! and the
discovery of a 'D, state® in an NN partial-wave analyses by Amdt!™), At one time the dibaryon
was thought to beé a 6-quark state, but it is now regarded as a resonance in an NA or =NN inter-
mediate state. A recent result of Shypit et al claims to have conclusively ruled out any broad
dibaryon resonances in the NN D, ’F, and 3P, waves with masses between about 2100 and
2250 MeV.1*1 However Hidaka, after reviewing the work of Shypit, states that their conclusion
was based on an unfounded assumption that the branching ratio of the dibaryon to NA is large.[)

Whatever the outcome of the dibaryon controversy, the problem here is to understand the reso-
nance-like behavior in the NN system observed in photodisintegration.

QCD Predictions

There are three predictions by QCD for photodisintegration cross sections. These predictions
describe the magnitude of the helicity amplitudes, the momentum dependence of the differential
cross section and the magnitude of a reduced nuclear amplitude.

Helici litud

QCD predicts that at high energies where perturbation theo.'ry is valid, the helicity of the nucleons
should be conserved. Amplitudes which do not conserve helicity should be suppressed by a

power of u%/p,2 where 1 is a hadronic scale parameter and p. is the transverse momentum, 132/

Since only three of the twelve helicity amplitudes describing the process conserve helicity, this
prediction could be studied in spin experiments which study the energy dependence of the nucle-
on’s helicity amplitudes.

* Dibaryon states are represented by the notation S+ where S in the total spin, L is the orbita] angular mo-
mentum and J the total angular momentum,
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Constituent Counting Rules
The differential cross section for an exclusive process at fixed center-of-mass angle, by the rules

of constituent counting, should approach the form do/dt = 1/s*2 where n is the total number of
elementary fields."! For the present case with four nucleons and a photon, n = 13, 50 the quanti-

ty s!! doy/dt should apptoach # constant as the energy increases.

Reduced nuclear amplitude

Photodisintegration of the deuteron has been evaluated by Brodsky and Hiller using a model to
account for nucleon structure in nuclear scattering aimplitudes; consistent with quantum

chromodynamics and covariance.”?) The differential cross section is written as
do 1

-~ -~ l
"5y RO 0
where
a =(p,~4p, )
and the nucleon elastic form factor is approximated by the dipole formula
FN(F )=

S |
1-—2t

0.71Gev’)
The remaining function £(6,,) is defined by Brodsky and Hiller as the reduced nuclear scatter-

ing amplitude. This amplitude tends to remove the fall-off of the cross section due to the intemnal
degrees of freedom of the nucleons, Using this model and nommalizing the cross section to the
data of Ching and Schaerf,!%) one obtains the cross sections plotted in Fig. 5.

Summary

The SLAC data is consistent with quark counting rules which predict an 8-t dependence for the
cross section. The comparison with the data, presented in Fig. 6, suggests the onset of quark
‘effects in the nucleus for energies above 1 GeV, The Brodsky-Hitler model is in somewhat poor
agreement with the results at higher energy, but this model is not ruled out by these data. Isgur
and Smith warn that some care should be used when applying perturbative QCD in this energy
domain *! In a consideration of deuteron electrodisintegration, Carlson and Gross find that,
whereas the results of QCD and classical nuclear physics can be similar for differential cross sec-
tions, the predictions for individual helicity amplitudes can be dramatically different.(?s) The

study of helicity amplitudes by spin measurements should be equally important in seeing QCD
effects in photodisintegration.
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Proposed Experiment

The configuration for the measurement with the CLAS detector is shown in Fig. 7. It is expect-
ed that the data acquisition system will be able to accept all events triggered by a charged parti-
cle in the scintillation counters. Therefore the data for both the present experiment and the
Yd—KX experiment can be collected simultaneously.

The differential cross section can be measured by identifying the proton from the reaction since
this is a two body interaction and the beam energy will be known to 3 MeV by the tagging
counters. The CLAS will have an angular acceptance which will extend from 8° to 140°. If
necessary the associated neutron can be counted in the scintillation counters with an efficiency of
5% and in shower counters which will cover forward angles to 45° and to 90° in one sector. The
shower counters will have an efficiency for neutrons of 50%.

A trigger for an event will be a proton count in one of the scintillators. Aftera trigger has been
received, the wire chambers can be examined to record the trajectory of the track of the proton
and verify that the trigger is associated with a two-body final state. The neutron counters could
be used for a more positive event identification if accidental rates are high such as when
measuring the reaction at high energies, at backward angles or when using polarized targets, A
trigger for an event would then be a count in a tagging counter and counts in the neutron and
proton counters.

The kinetic enetgy of the proton and neutron for different photon energies is plotted in Fig. 8.
For the angular rarige of the CLAS, the experiment must detect protons with energies from 0.1
GeV to 1.3 GeV. The higher eéncrgy protons are produced only at extreme forward angles; the

kinetic energy of the proton for high energy photons falls off rapidly with increasing angle to an
energy less than 0.8 GeV at 60°.

We propose to use 1.6 GeV electrons in the tagﬁe_r with the tagging interval extending from 30%
to 95% of the full beam energy. Thus the photon energy will vary from 0.5 GeV to 1.5 GeV,
The count rate can be estimated as follows:
Tagged Beam Intensity = 107/sec for full tagged beam
= 10%/sec for 100 MeV energy bin

Target Thickness = $ cm of liquid deuterium (0.8 gm/cm?)
Solid Angle = 9 sr



Table 1. Predicted rates in 100 MeV wide photon energy bins with no neutron-counter-
coincidence requirement.
Energy . do/dfd ' Rate Rate in 20° bin |
QeV nb/sr sta/hr cts/hr

0.55 700 5440 780
0.65 450 3500 500
0.75 200 1555 220
0.85 130 1010 144
0.95 80 622 89
1.05 3Q 233 33
1.15 20 155 22
1.25 10 78 11
1.35 6 47 : 7
1.45 4 31 4

If the cross section is 2 nb/sr, then
Rate=(105/s6c)(2 nb/st)(9 &r)(0.24 at/barn)
=16 events/(hour-100 MeV energy bin)  (no neutron counter)
Rates predicted by the Brodsky differential cross section (Fig. 5) are given in Table I. The count
rate calculation assumes that the differential cross section has no angular dependence and the in-
cident photon flux is the same for all entergies. Since the cross section decreases with increasing
energy, the maximum energy achievable in the experiment will depend on background rates.

Statistical and S icE
The goal of the experiment is to collect enough data to give a statistical error comparable to the
systematic error. An estimate of the systematic error can bé obtained from a recent measurement
of the photodisintegration of 4I-le at 67 MeV which used a tagged beam with a large acceptance
detector.1%) While the energy of this experiment is much lower than that of the present proposal,
the measurement techniques are similar and should provide some insight as to what systematic
errors can be expected at CEBAF, The principle uncertainties in this expetiment were due to the
photon beam flux (19%), detector efficiency (2%), gcometric acceptance (2%) and background

subtraction (2%) for a total systematic error of 3.6%. The time requested for the present pro-
posal will give a statistical etror of about 2%,




Ot . .
There are several inelastic channels with large cross sections which will produce a high rate of
protons in the counter system:

" y4+d on+p4n°

—Sptp+n
Sn+p+n’+n’

Cnt+pintew
—Sp+p+n+n°

Each of these reactions can be separated from the direct channel by the fact that they produce a
proton which has less energy than the proton in the two-body final state. For example, the ener-

gy difference of a proton in the direct channel and the npn® channel for a 1.5 GeV photon varies
between 70 MeV at 20° and 30 Mev at 150°. ‘The proton energy at 150° for a 1.5 GeV photon is
about 300 MeV. Thus with an energy resolution of 2% in the imagnetic analysis of momentum,

the proton energy will be measured to an accuracy of 6 MeV and can be easily resolved from the
inelastic channel.

Trigget rates due to inelastic channels

The inelastic channel will be & more serious problem for those events produced by untagged pho-
tons with energies above the tagged photon energy. For example, if the primary electron beam
energy is 1.6 GeV and the highest tagged photon has an energy of 1.5 GeV, the photons between
1.5 GeV and 1.6 Gev will produce high-energy protons in the inelastic channel which will con-
tribute to the spectrum by accidental coincidences. The singles rate associated with this reaction
can be estimated as follows: |

Untdgged photon intensity = 4x105/sec
Differential cross section= 1 {b/sr
Target thickness = 4.8x10%? at/cm?

Singles rate=(4x10¢/8ec)(10-% cm?/st)(9 s:1(2.4x10%3 at/cm?)
=0/sec :

The associated accidental rate can be calculated assuming a 2 ns resolving time between the scin-
tillator trigger counters and the focal plane counters of the the tagger:



Accidental rate =(9/sec) 107/sec)(2x10‘9 sec)
= 612/hour

Since the reaction is a three body reaction, these protons will be spread out in énergy and and ap-
pear as a continuum beneath the peak for the two-body process. However the rate is high and
should be reduced if possible. Two steps would help: 1) a veto counter at the end of the focal
plane to count electrons produced by photons at the upper end of the bremsstrahlung spectrum
and 2) the inclusion in the event trigger of a counter immediately surrounding the target.

A second concem is the large cross sections for the three-body processes which will produce a
high rate of pions in the trigger counter. The rate can be estimated as follows:

Beam intensity =107/sec

Total cross section= 300 pub

Target thickness = 2.4x10?? at/cm?

Singles rate=(10"/sec)(300x10-% cm2)(9/4r sr)(2.4x10%3 at/cm?)

=515/sec

Although these events can be separated from the two-body reaction by momentum and time-of-
flight analysis, they will create a high trigger rate that the processing of events would be
impeded. On-line analysis with data from the wire chambers and tagging system should reduce
this rate to about 100/sec before data is written for later analysis. Then 500 hours of running will
produce 1.8x10% events for off-line analysis.

A missing mass plot, comparing the event rate for different channels in the reaction, is given in
Fig, 8. The plot shows the detector response at forward angles for the energy bin extending from |
1.4 to 1.5 GeV. The pn final state is clearly distinguished from the competing reactions.

Summary
We request 500 hours for a measurement of the differential cross section over the energy range
from 0.5 to 1.5 GeV. In this time we expect that data at the lower end of the energy range will
have 2% statistics (neglecting background) accumulated in an angular bin of 5°and an energy bin

of 5 MeV. The higher end of the energy range will have a statistical error of 2% for a 20°, 100
MeV energy bin.
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Figure 1. SLAC data: Comparison of SLAC data (solid points) with eatlier data and with meson
exchange ealculation (solid line). -
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Figute 3. Feynman diagrams for the covariant analysis of deuteron phiotodisintegration. (a) deuteron-pole term, (b)
nucleon-pole term, (c) resonance term,
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Figure 4. Proton polarization for the center-of-mass angle around 90°. Cutves are the results of the theoretical cal-
culations. The dot-dashed curve is from a covariant asunlysis whereas the solid curve and dashed curves are from a
phenomenoclogical analysis.
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Figure 5. Differential cross section for deuteron photodisintegration
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Figure 6. Compatison of SLAC data to quark model prediction: a) Croes section data illustrating g1t dependence
for data above | GeV, The solid curve represents a meson-exchange calculation while the dashed line represents an
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7 d 2 n p Kinematics
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Figure 8. Reaction kinemutics fot deuteron photodisintegration: The solid line gives the proton kinetic energy as a

funcﬂmofpmm.khtdiﬂemnlmldemmotouwgiu. 'lhdnlndlinegimﬂ)eneuuonkineticenergyu
a function of proton angle for different incident photon energies.
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