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Abstract

Cross sections for deuteron photodisintegration have been mea-
sured between 1 and 4 GeV in a series of SLAC and TINAF exper-
iments. The behavior at 90° center of mass is consistent with con-
stituent counting rules; this observation is suggestive of quark sub-
structure effects in the reaction mechanism. At more forward angles,
the data are inconclusive as to the onset of this behavior.

There are currently two approved TINAF experiments aimed at
further investigation of this phenomenon. Experiment 96-003 was
given A- priority by PAC 11, and is now scheduled for Hall C for
this September 1997. It will measure cross sections at forward angles
for photon energies up to 5.5 GeV, to determine the onset of scaling.

This update of experiment 89-019 requests that its priority be
raised to A level, so that it may be run in a timely manner. The
airn is to measure the proton polarization, which is expected to van-
ish in the scaling regime. The greater sensitivity of the polarization
observables to small amplitudes in the reaction mechanism will put
strict constraints on the onset of scaling and on the underlying reac-
tion mechanism.

1 Introduction

This experiment, 89-019, was approved by the 1993 CEBAF PAC 7 and
subsequently given B priority. At that time, preliminary data for deuteron
photodisintegration above 2.0 GeV beam energy were available from SLAC
experiment NE-17; CEBAF experiment 89-012 was approved with A-priority,
but had not yet run in Hall C.

Preliminary data are now available from E89-012, and a new experiment,
96-003, has been approved with A- priority, to continue cross section mea-
surements to higher energies. It is appropriate at this time to request that the
PAC upgrade this proposal to the same priority, so that it may be scheduled
to run in a timely manner.

The importance of this polarization measurement to understanding the
underlying physics in deuteron photodisintegration is widely recognized. For



example, referring to this experiment, the DOE / NSF Nuclear Science Ad-
visory Committee, in its Nuclear Science: A Long Range Plan (February,
1996), wrote the following:

At higher energies, there is already evidence that
some behavior characteristic of hard QCD inter-
actions sets in when photons are used to decom-
pose a deuteron into a neutron and proton. Re-
cent results from SLAC for this reaction ... reveal
an energy dependence that agrees well with sim-
ple "counting rules” based on the total number
of point-like constituents {here, valence quarks
and the photon itself) participating in the in-
teraction. Future experiments at CEBAF will
provide crucial information on whether this be-
havior persists in polarization measurements.

In his Jefferson Laboratory portrait in Nuclear Physics News, Vol. 6, No. 4,
page 19, 1996, L. Cardman, TJNAF, discussing this experiment, wrote the

following:

It would also be interesting to test the predic-
tion of QCD that the polarization of the nucleon
emitted in this reaction goes to zero in the “true”
perturbative scaling regime. The polarization at
energies below 0.75 GeV, where data do exist, is
large. Measuring the polarization in the 1-4 GeV
region should provide additional insights into the
transition from nucleon to quark behavior.

In the following sections, we briefly review the physics of this experiment
and some experimental details.

2 Motivation

The focus of deuteron photodisintegration experiments at TINAF is whether
this basic nuclear reaction exhibits quark effects. These effects are manifested
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in, e.g., exclusive meson + baryon reactions in the GeV energy regime. One
observation([1] is that the energy dependence of reaction cross sections follows
the constituent counting rules:

— ~ 857" £(COSBerm), (1)

Here s and ¢t are Mandelstam variables, and n is the number of elementary
particles (quarks, photons, etc.) in the initial and final states of the reaction.
Another observation[2] is the Jarger cross sections measured for reactions that
can proceed via quark interchange, relative to those reactions that proceed
via gluon exchange or other mechanisms. This observation also points to the
difficulty inherent in hadronic reactions: one often finds in the quark picture
that there remain multiple distinct interfering reaction mechanisms, which
makes analysis difficult.

Deuteron photodisintegration is the best candidate for searching for such
phenomena in a nuclear experiment. The deuteron is the lightest, and, from
a theoretical standpoint, best understood nucleus. The photon is a relatively
well understood probe. Experimentally, the reaction is most accessible, since
an increase in the number of constituents in the reaction leads to a faster
fall in cross section with energy. Furthermore, the absorption of the photon
leads to large momentum transfers at relatively modest beam energies, as
compared to other reactions such as elastic electron deuteron scattering.[3]
Thus, one might expect to see the onset of quark phenomena at a lower
incident energy.

The measurements of deuteron photodisintegration in SLAC experiments
NES8 and NE17, and in TINAF experiment 89-012, have shown that cross
sections at 90° center of mass follow constituent counting rules. In Fig. 1,
these datal4] are shown multiplied by s'!, and the apparent flatness of the
cross sections is evident. In contrast, the 37° data shown do not cleanly
signal the onset of scaling. In Fig. 1, several theory curves include the meson—
exchange calculation of Lee(5] (solid line), the meson—exchange calculation of
Laget[6] (dash dotted line at lower energies), the reduced nuclear amplitude
analysis[7] (long dashed line), the asymptotic meson-exchange calculation
of Nagornyi[8] (short dashed line), and a quark-gluon string calculation([9]
(dash dotted line at higher energies).

Under the assumption that the data at 90° is a signature of the dominance
of leading order quark diagrams, these data have led to much discussion about
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Figure 1: Cross sections for deteron photodisintegration at center of mass
angles of 90° and 37°. The curves are described in the text.



what kinematic variable would be appropriate to characterize the onset of
scaling. The arrows in Fig. 1, for example, indicate the onset of the scaling
behavior at 90°, and the energy at 37° which has the same pr. The data
neither confirm nor rule out a flattening of the cross sections above this energy
at 37°. Additional constraints are needed. The aim of TINAF experiment 96-
003, which was approved by PAC 11 with A- priority, is to measure forward
angle cross sections. The characterization of the forward angle cross sections,
in particular the observation of a scaling threshold, should lead to a better
understanding of the underlying physics.

Previous measurements of exclusive reactions do not provide a clear guide
as to how to characterize the onset of scaling. For pp elastic scattering, it
was observed[10] for a number of scattering angles that the onset could be
characterized as requiring —t > 2.5 GeV? and s > 15 GeV2. In contrast,
meson photoproduction data from the proton show onset of scaling at all
measured angles at essentially the same photon energy. To be more precise,
angular distributions for several photoreactions have been compared for 4
GeV beam energy with a higher energy, 5 or 6 GeV.[1l1] Over the range
of common angles, about -0.5 < cosf < 0.5, the angular distributions are
consistent with s’do/dt being constant for each reaction. However, there is
no extensive set of excitation function data that allows a good determination
of the onset of this behavior.

The constituent counting rules for cross sections of exclusive reactions can
be derived as a consequence of perturbative QCD / QED. Two assumptions
here are that one can neglect the variations of the strong coupling constant,
and that nonleading order diagrams are negligible. Within this framework
one can also make some simple predictions for polarization observables. He-
licity conservation results both from the electromagnetic coupling, with which
spin flip is suppressed at high energies, and from neglect of transverse mo-
menta / size, which would lead to nonzero orbital angular momenta. Quark
and hadron helicity conservation is a well-known expectation for high energy
reactions, but it is essentially untested in the scaling regime. These type of
measurernents have been basically impossible in intermediate energy electro-
magnetic facilities until the construction of CEBAF. It is only now possible
due to the combination of several GeV and high intensity CW beam.

One can use parity and time reversal conservation to demonstrate that
for an unpolarized initial state of deuteron photodisintegration, the only pos-
sible final state polarization is an induced polarization normal to the reaction
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plane. Helicity conservation in the scaling regime results in the prediction
that the induced polarization vanishes. Predictions for polarization transfer,
leading to longitudinal and transverse spin components, are not so simple,
as the nucleon polarization depends on the wave function of the constituent
quarks. In general, one expects transverse polarization to be smaller than
longitudinal polarization by a factor of order v = E/m. For deuteron pho-
todisintegration, neither polarization transfer is expected to be large.[12]

These expectations from high energy theory contrast with what one ex-
pects from nuclear meson-baryon based theories. One can make general ar-
guments that the cross section predictions should be similar. This is based on
the observed and / or expected asymptotic behaviors of form factors, wave
functions, and matrix elements. However, no parameter-free extensions of
nuclear models into the GeV energy regime for deuteron photodisintegration
have actually followed this behavior.

It is also very difficult for nuclear theories to predict zero polarization.
The interference between each resonant amplitude and the background Born
amplitude leads to negative spikes in predictions[6, 13] of the induced polar-
ization for photon energies from a few hundred MeV to 1.6 GeV - see Fig. 2.
Couplings to higher mass resonances are not as well understood, but reso-
nances with relatively large couplings to the yp and yn systems are known,
and should be generally expected to lead to large polarizations.

If the polarizations we propose to measure are found to be consistent with
0, it would be a striking confirmation of the picture of reactions in the GeV
regime proceeding via the underlying quark degrees of freedom. If instead we
see the resonance structure expected from nuclear calculations, our data lead
to the question of why the cross sections agree so much better with asymp-
totic expectations than with actual nuclear theories. Other possibilities exist;
smaller amplitudes do exist in the quark picture, but one would not expect
them to lead to resonance structures in the data. While the data may be
sufficient to provide a reliable conclusion of the underlying physics, our main
goal must be to provide good quality data to spur theoretical efforts.

To summarize, polarization observables provide an additional test of the
onset of scaling phenomena, and can help to elucidate the deuteron photo-
disintegration reaction mechanism in the GeV energy regime. To run this
experiment in a timely manner, so that we may better understand the im-
plications of the cross section data we have taken, we request an A level
priority, as was given to the cross section experiments, to allow scheduling.

7



0.0 # 4 + 44—

o Tokyn
O Kharkov

o= 05 — # # e Projected data
- + + x Stanford R

H i 1 L I | L I i

0.3 0.5 0.7 1 2 3
Ey (GeV)

Figure 2: Recoil proton polarization data for deuteron photodisintegration
at 90° center of mass. Calculations qualitatively reproduce the resonance
structures seen in the data.

This increase in priority is justified both by the additional cross section data
we have taken and are about to take, as well as by the successfull commis-
sioning of the Hall A spectrometers, including in particular the focal plane
polarimeter in the hadron arm.

3 Experimental Details

The current experiment was approved by the CEBAF PAC with B priority
in 1993. The 18 days of approved beam time were to measure an excitation
function for recoil polarization at 90° center of mass, for beam energies from
0.8 to 2.4 GeV, including the nonstandard energies of 1.2 and 2.0 GeV. We
expect that accelerator operation above 4 GeV will be started before the
experiment runs, and that some of our nonstandard energies may become
standard ones. For the purposes of this proposal, it is more important to
have kinematic points spaced over a wide range of beam energies than to
have the exact energies proposed herein. Thus, if the standard accelerator



energies change from 800 MeV up to 1000 or 1100 MeV, we may be able
to change our beam energies slightly and appropriately, to ease scheduling
difficulties without compromising our physics goals. We would not however
make an effort to measure much above 2.4 GeV beam energy, as unfavorable
spin transport and rapidly decreasing cross sections make higher energy data
very time consuming.

The basic experimental technique is as follows. The electron beam strikes
a radiator, producing a 0° bremsstrahlung photon beam with maximum en-
ergy essentially equal to the electron kinetic energy. The target, located
downstream of the radiator, is irradiated by both the photons and unscat-
tered electrons. Qutgoing protons from the photodisintegration are detected
in the Hall A HRS hadron spectrometer.

The Hall A spectrometers have been successfully commissioned by the
collaboration with elastic scattering of 845 MeV electrons. In addition, there
are measurements of singles protons, of (e,e'p) coincidences, and of (e, ¢')
at beam energies of 1.6 and 2.4 GeV. In general, the observed spectrometer
perfomances are consistent with expectations:

e momentum resolution &p/p ~ few x 10~ (FWHM), over a momentum
range of ~ +£4.5%

e angular resolutions of order 1 mr, dominated by multiple scattering in
windows for low energies

e horizontal target acceptance of several cm — this is not yet well mapped
out at the edges, as only foil targets and the multi- “foil” waterfall target
have been used — and

e spectrometer solid angle of about 6.5 msr for a point target.

The FPP working group, composed of Rutgers, William and Mary, Nor-
folk State University, Regina, and Georgia, has commissioned the focal plane
polarimeter (FPP). We have demonstrated small false asymmetries, and mea-
sured polarizations from elastic &p — €'p that are consistent with calculations
including the measured proton form factors, beam polarization, and spin
transport. So far, essentially all work has been done with ~430 MeV pro-
tons, as our focus has been the needs of the first FPP experiment, E89-033.
We will study additional proton energies, and make more detailed studies



of spin transport, when we shift focus to the G} measurements of E93-027,
currently scheduled for spring 1998.

The only nonstandard piece of equipment is the radiator used to gener-
ate the bremsstrahlung beam. The radiator mechanism will have several foil
thicknesses; we plan to use a Cu foil 6% of a radiation length thick, corre-
sponding to ~1 mm thickness; the same thickness was used at SLAC and
in Hall C. The radiator will be mounted on the rotisserie table inside the
scattering chamber, with the radiator about 35 ¢m upstream from the pivot,
well out of view of the spectrometer.

While our primary goal is the measurement of proton polarization, we
will also pay attention to systematics so that precise cross sections may be
measured. The statistics obtained in the polarization measurement will allow
each data point to be subdidivided into at least 10 bins with 1% statistical
uncertainties. Since the relative cross sections have small systematic uncer-
tainties, these data will also provide a statistically precise check of the 51!
dependence, although only over the limited range of each data point.

The radiator does contribute to background in the Hall both through
increased production of low energy neutrons and increased production of
high energy pions that can penetrate thick shielding. Based on estimates[14]
of backgrounds at 4 GeV from these processes, the radiator will contribute
perhaps a few kHz of singles rate to each scintillator in the detector stack,
leading to almost no triggers. Our experience in previous measurements is
that the 902, data are clean; background problems of different sorts have
been seen in both the most backward and the most forward angles.

The total amount of energy deposited in the Hall is also limited. Esti-
mates have been made by G. Stapleton of TINAF for the experiment.[15] In
the worst kinematic point, we are close to the average annually allowed rate
— that is, if we ran this data point for an entire year, the emitted background
rate is estimated to be equal to the allowed limits. Averaged over the entire
experiment, the rate is about an order of magnitude lower.

The Hall A cryotarget is based on the Hall C cryotarget, and should have
similar performance. While the Hall A target is still under construction,
operational experience in Hall C includes regular, stable running at currents
of 100 pA during E94-018, the tgo experiment. In this experiment we plan
to run currents no higher than 20 pA.

In the kinematics of this experiment, real background through the mag-
netic channel of the spectrometer is also not a problem. Because of the high
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energy of the emitted protons, single step background processes give lower
momentum particles. Two-step background = are known to be small at these
angles and energies — they tend to increase relative to photoprotons as one
goes to larger angles. Experimentally, one assumes two body kinematics to
reconstruct the incident photon energy from the measured scattered proton
momentum and angle. One cuts out events corresponding to photon ener-
gies below possible m production threshold, and to events that appear to be
above the bremsstrahlung endpoint. Based on our experience in these kine-
matics, we expect to obtain no net cross section above the endpoint, after
appropriate empty target / radiator out subtractions have been made.

Spin transport is an important issue in use of the focal plane polarime-
ter. The estimates in this proposal use only a simple dipole approximation.
The FPP working group has now worked extensively on this issue, focussing
mainly on the needs of E89-033 to measure ~430 MeV protons, but also con-
sidering the more stringent needs of the G% experiment. We have consistent
calculations using a raytracing code, SNAKE, written by Pascal Vernin, and
using the matrix formulation of the code COSY.

In the simple dipole approximation, the proton spin precesses about the
dipole B field lines as the proton passes through the magnet. With a hor-
izontal B field, leading to a vertical bend, the (horizontal) transverse spin
component is unchanged, but the (horizontal} longitudinal component and
the (vertical) normal component rotate by an angle

x="2 5 2. (2)
Here Q is the bend angle of the spectrometer, and v = E/m is the Lorentz
factor. Generally one measures a mixture of the longitudinal and normal
components in the focal plane. In this experiment, we know P, = P, = 0,
and the focal plane and target polarizations are related by:

ipl ¢ t
Pgocap ane _ Pnarge X COSX (3)

For our higher energy points at 902, spin precession changes the direction
of the protons polarization by almost 180° - see Table 1 below - so that
the magnitude of the polarization is essentially as large at the focal plane as
at the target. Our more detailed calculations indicate that there will be a
mixing of the normal component into a small transverse sideways component,
which will be about an order of magnitude smaller.
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The FPP measures normal and transverse spin components through the
spin-orbit contribution to proton scattering from carbon. Assuming P; = 0,
the protcn scatters in the carbon block of the FPP with an angular distribu-
tion shape I,(©)[1+ P,A(©)cos(¢)], where I,(©) is the unpolarized angular
distribution, A, is the analyzing power of carbon, and ¢ is the azimuthal
angle. The useful range in scattering angle © is about 5° to 20°, for which
A, =~ 0.5 near 0.2 GeV kinetic energy, and falls slowly with energy.

4 Time Estimates

Qur cournt rate estimates for d(y, p)n use the measured cross sections or inter-
polations assuming the constituent counting rules. We assume a 15 cm (2.25
g/cm?) liquid deuterium target, with a spectrometer y-target acceptance of
10 cm. For a point target, the solid angle is about 6 msr; for the extended
target, we assume the solid angle averages to 4 msr. The beam current is 20
pA. The photon flux is calculated for a 6% radiator. We also put in a particle
detection / tracking efficiency of 80%. Polarimeter efficiency and analyzing
power hzs been estimated from the POMME data.{16]

Systematic uncertainties on the polarization are about 0.025 from false
asymmetries, 0.01 from the analyzing power calibration, and 0.01 from spin
transport through the spectrometer, leading to a total systematic uncertainty
of 0.03. Since the spin transport causes the polarization at the target and in
the focal plane to be about equal in magnitude for much of our kinematics,
these uncertainties also apply to the polarization at the target. We gener-
ally aim for a statistical uncertainty of about 0.05, larger but close to the
systematic uncertainty. Thus, the final uncertainties will generally be 0.05
statistical + 0.03 systematic. We will spend at least one day at each beam
energy. This will result in reduced statistical uncertainties with the 6% radi-
ator, or alternatively finer binning with the same uncertainties, and will also
give us 2 chance to take data with a 3% radiator as a check of systematics.

The resulting time estimates are shown in Table 1. The run time given is
the time needed to achieve uncertainties of £0.05, assuming no background.
Empty target and radiator out subtractions require additional time. The days
given are the total times we plan to spend at each energy, and include time
for the background measurements. The extra time at lower energies will also
allow checkout of the system, and studies of systematics. We do not explicity
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request any time for beam energy changes, as it is difficult to estimate what
time will be required after another year of operational experience with the
accelerator. Angle / magnet changes should require 1 — 2 hours, and will
take place at the same time that we are requesting beam energy changes.

Table 1: Count rate estimate summary.

E ) p, rate Ac x counts run days
GeV deg. GeV/c Haz deg. time

0.8 65.5 0.94 200 0.40 114 379,000 0.5 1
1.2 60.7 1.21 25 0.27 131 223,000 2.5 1
1.6 57.0 1.45 5 0.23 148 150,000 9 2
2.0 54.0 1.68 1 020 165 135,000 36 4
2.4 51.5 1.91 0.3 0.17 183 162,000 155 10
Total 18

5 Collaboration Background and Responsi-
bilities

The membership of this collaboration includes many of the key individuals
from the SLAC NE8 and NE17 experiments, as well as from TJNAF E89-
012 and E91-003. It also includes many individuals from within the Hall
A collaboration, including the Hall A staff physicists and the Rutgers Uni-
versity group, which was one of the two leading institutions in the design,
construction, and commissioning of the polarimeter. The experiment was
accepted into the Hall A collaboration. The collaboration has expertise in
this physics, in the running of standard Hall A equipment, and in the use of
the polarimeter. The Rutgers group is assuming responsibility for fabrication
of the radiator, which will be designed and installed jointly with TJNAF.
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