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Abstract

Using the polarized electron beam and the out-of-plane capability of the SOS in
Hall C, we propose to measure the electron helicity asymmetry, A, for **C and ¢Q
(€, e'p) reactions over the quasielastic region at Q2 of 0.25, 0.6, and 1.0 (GeV/c)?.
The observable A, is related to the “fifth structure function”, which is primarily
sensitive to final state interactions and therefore to the p-N optical potential. We
request 480 hours of beam time for this study.



1 Introduction

1.1 Physics Motivation

The (&, €'p) cross section, corresponding to the reaction depicted in Figure 1 with po-
larized electrons and an unpolarized target, can be written in the one-photon exchange
approximation as [Bo85, Bo92|

do = domou(poofoo + p11f11 + por for €os dpq + p1-1 f1-1 €08 265 + hpfnfél Sin Ppq)
= Y +hA

where domg, is the cross section for scattering from a point charge, and ¢, is the azimuthal
reaction angle for the emitted proton as defined in Figure 1. The p;; are elements of the
lepton tensor, and the f;; are the nuclear structure functions, which contain all of the
information pertaining to the scatterer.

Each of the structure functions exhibits a different sensitivity to the underlying details
of the microscopic nuclear theory. Single arm measurements access only the transverse fy;
and longitudinal foo structure functions. Coincident cross sections without electron or
target polarization contain two additional interference structure functions, f;_, and fo,
which can be separated by multiple measurements at values of ¢,q on a cone centered on ¢.
A fifth structure function, fj;, can be observed if the incident electrons are longitudinally
polarized and out-of-plane detection is implemented.

Figure 1: The fifth structure function in A(e,e’p)B kinematics is in general non-zero only
when then knock-out proton is detected out of the scattering plane (sin ¢pq # 0).



The helicity dependent term in the cross section, which is proportional to fj,, can be
isolated with small systematic error through an asymmetry measurement:

_dog—do, A
B d0'+h +d0'_h B by

e

Note that A, vanishes in the electron scattering plane, where 8,, = 0 (parallel kinematics)
or sin ¢pq = 0. A, is insensitive to systematic uncertainties in the target thickness, charge
collection, and all spectrometer efficiencies because these quantities cancel in the ratio.
The fifth structure function can be determined from A. and an absolute measurement of
the unpolarized cross section, ¥.

. AY
fOl = hPJ‘ do
o1l Mott
for arises from the interference between two or more reaction amplitudes with differ-
ent phases. This constitutes a necessary condition for obtaining an imaginary component
in the transverse-longitudinal interference response. In the plane wave impulse approx-
imation [Bo85, Co87], the fifth structure function vanishes. In the case of quasi-elastic
proton knock-out kinematics, measurements of this observable are primarily sensitive to
the final state interactions (FSI) of the emitted proton. The interference between the dom-
inant knock-out amplitude and the rescattering (multistep) amplitude results in a non-zero
imaginary component in the transverse-longitudinal interference response.

A prediction [Bo85] of the coincidence cross sections for the py/; and py, states in
%0 at low @* versus the angle 6, above and below the electron scattering plane (or,
equivalently, for opposite electron helicities) is shown in Figure 2. These asymmetries are
totally The difference between the cross sections above and below the plane are entirely
due to the fj, term in the cross section. The solid line in the figure uses the bound state
wave function of Elton and Swift (ES) and the optical potential of Jackson and Abdul-Jalil
(JA), and the dashed line uses the wave function and optical potential of Giannini and
Ricco (GR). The asymmetry is more pronounced for the ES-JA combination than for the
GR one indicating the central role of the spin term in the final distortion.

While theoretical models have achieved a large degree of success in describing the
available data for these reactions, further progress requires a better understanding of FSI.
Distorted-wave impulse approximation calculations consistently overestimate the spectro-
scopic factors (shell occupancies) and additionally contain theoretical uncertainties of order
10% in the cross section resulting from the treatment of FSI [Be82). FSI complicate the
extraction of the spectroscopic factors and introduce significant model error to contribu-
tions from more subtle effects such as nucleon correlations {Bo91]. To further refine the
microscopic nuclear theory and quantify the role of effects such as meson exchange currents
(MEC) and isobar configurations (IC}, FSI must first be understood.

FSI are generally modeled using phenomenological optical potentials derived from
proton elastic scattering. Potentials chosen to reproduce elastic proton scattering describe
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Figure 2: Coincidence cross section as a function of ¢pq for the py/; and the ps/; hole in the

180(e,e’p)!N reaction. [Bo85). The solid line is ES-JA, and the dashed is GR (as defined
in the text).

only the asymptotic behavior of the knock-out proton in (e, €’p), while FSI are sensitive to
the component of the proton wave function inside the nucleus. The fifth structure function,
therefore, provides the observable of choice to test the theoretical treatment of FSI.

1.2 Measurement

We propose to inaugurate a program of out-of jlane measurements at CEBAF on a number
of nuclei. We propose to start this program with measurements on '°0 and 2C. It is
confirmed by our Bates experiment that tlhie :: c.<urement of the fifth structure function is
the simplest way to start such a program. We w10 attempt to expand this program to heavy
nuclei and the isolation of the fy_, interferriice structure function in the future depending
upon our experience with this first measurer:ent .t CEBAF and the performance achieved

by the out of plane facility in Hall C.

We propose to measure A, as a function of ¢, at Q% = 0.25, 0.6, and 1.0 (GeV/c)? in
quasi-elastic kinematics on "?C and '®0. Using tt. out-of-plane capability of the SOS-HMS
system [Do92], we will cover a range in 6, from U° 1o roughly 20° at each Q? point.



The count rates for both targets are quite favorable at each @* point. Given that angle
changes of the SOS comprise a substantial fraction of our requested time, it is sensible to
acquire data on both targets at each angle. A measurement of FSI through the fifth
structure function, together with a separation of the first four structure functions, will
severely constrain all theoretical models and enable a detailed examination of nucleon
correlations. As a doubly closed shell nucleus, oxygen provides an important test of shell
model calculations. The Pavia, Argon, and Illinois theoretical efforts will yield very precise
calculations on this system, and for that reason, 1®0 presents a particularly interesting case.
The carbon measurements will complement the large body of existing in-plane 2C(e, e'p)
data. From an experimental viewpoint, carbon is a very convenient target. With the
relatively large asymmetries and high count rates which are anticipated, we want to develop
the '*C fifth structure function measurement as a calibration standard for other nuclei.

We will investigate the Q* dependence of the fifth structure function at three points
using a single beam energy of 2 GeV. The 0.25 (GeV/c)? point was chosen to provide
continuity with the accessible Q? range at the Bates Laboratory and the measurements
using the Out Of Plane Spectrometers (OOPS). The 0.6 (GeV/c)? measurements will
complement the approved Hall A measurement [Lo89] on '®0, which will use the same Q?
and extract f1, for, and a linear combination of foo and f;_,. The experimental kinematics
allow us to extend the investigation of the Q? dependence of the fifth structure function
to 1.0 (GeV/c)? with count rates which are still quite reasonable.

2 Experimental Status

The first and only measurements of the fifth structure function occurred at Bates using the
12C(€, e'p) [Man93] and 2H(E, e'p) reactions in quasi-elastic kinematics. Figure 3 compares
the measured carbon asymmetries and structure functions with theoretical calculations by
Radici and Boffi for different optical potentials. Within each set, the inclusion of MEC and
IC (A only) produces only small variations. All the calculations have been corrected for
coulomb distortion of the incident electron [Gi76]. The curves show a strong dependence
of f, on the selection of an optical potential and a relative insensitivity to other effects.

All three optical potentials employed in Figure 3 are phenomenological models with
the Woods-Saxon radial shape. Each potential includes real and imaginary central terms
and a real spin-orbit component; the CK and S potentials additionally include an imaginary
spin-orbit contribution. The uncertainties of the two carbon points are primarily statistical.

These first fifth structure function data illustrate the potential of such measurements.
The '*C data were acquired in just 64 hours using a low duty factor (0.85%) machine and
a modest luminosity of less than 1 pA-g/cm?®. Typical trues to accidentals ratios were 1/2.
The low systematic error which is attainable with asymmetries is illustrated by the small
error bars on the point at 8,4 = 0% This was a systematic error check using a deuterium
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Figure 3: Preliminary results for the first fifth structure function measurement [Man93| are
compared to theoretical predictions in the impulse approximation (IA) for different optical
potentials with and without MEC and IC. CK denotes the optical potential of Comfort
and Karp [Ck80], S is that of Schwandt et al. [Sc82], and GR is the Giannini and Ricco
potential [Gi76].

target. By using higher luminosities with the high duty factor machine at CEBAF, much
higher precision measurements can be attained in a matter of hours.

3 Experimental Apparatus

The impact of this experiment on laboratory facilities is modest. We will use the HMS
and SOS spectrometers in configurations which are compatible with their published ca-
pabilities, and we plan no modifications to the standard focal plane instrumentation for
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Figure 4: Limits to out-of-plane motion of the SOS as function of (Top) the angle between
the SOS and the beam line, and (Bottom) the angle between the SOS and HMS.

either spectrometer. We will use a waterfall target for our '°0 measurements of the type
planned for the approved 0 measurement [Lo89] in Hall A. The polarization, stability,
and current provided the electron source at CEBAF are adequate for our measurements.

3.1 Spectrometers

An enhancement to the design of the SO5 has added the means to move that spectrom-
eter out of plane [Do92]. The Hall C spectrunieter pair represents the only out-of-plane
capability using focusing spectrometers at ('I"H \}". The published resolution of the Hall C

magnetic spectrometers provides adequate 1mi~sing energy resolution for our measurements.

Several papers have been presented on the out-ol-plane capability of the SOS and
a physics program which takes advantage of this property [We92, Mac92, Wo92]. Fig-
ure 4 shows the restrictions on out-of-planc . peration [Wo92]. The carriages and front
quadrupoles for the HMS and SOS have been «tewigned so that these spectrometers can be
moved as close to each other and the beam line 4~ possible. The carriages are at different

elevations above the floor so that the simultaneous minimal angles with respect to the
beam line of the HMS and the SOS are 12.5° and 11° respectively. These small angles can
not be attained, however, if the SOS is out of plane. At small SOS angles, an out-of-plane
setting is precluded by the interference between the SOS carriage and the beam line. To



dp/p | Ap/p | 60 (mr) | 6¢ (mr) | AQ (msr)

HMS | 1073 | 10% 2 2 6.4

SOS | 1073 | 40% 2 2 9.0

Table 1: Resolutions and apertures of the HMS and SOS for point-to-point tunes in X and
Y.

allow the maximum out-of-plane capability of 20° which we desire for this experiment, the
SOS is restricted to angles in the scattering plane larger than 36° Furthermore, to avoid
obstructions between the out-of-plane SOS and the first quadrupole of the HMS, a relative
spectrometer angle of at least 66° must be maintained. Our kinematics, which are listed in
Table 2, satisfy all these constraints.

For the proposed range of Q?, electrons will be detected in the HMS and protons in
the SOS. Spectrometer tunes which are point-to-point in the transversion direction will be
used in order to maximize the angular acceptances. The resulting momentum resolutions
for the two spectrometers will conservatively be 1073, Table 1 summarizes the apertures
and momentum resolutions for this tune. The configuration of the HMS and SOS detector
packages will be the standard ones found in the CDR (Figure 5) [Cd90].

3.2 Target

We plan to use '2C target thicknesses of 100, 200, and 300 mg/cm? The 100 mg/cm?
target minimizes proton energy loss in the target for the 135 MeV protons at our lowest
@*. The thicker targets were chosen to increase counting rates at the higher Q2 points
while maintaining a missing energy resolution of approximately 2 MeV. The selection of
carbon targets is somewhat flexible and will be based upon the number of targets which is
compatible with the water fall target for the '*0Q measurements.

The 8O target requirement can be met with a vertically oriented flowing water tar-
get [Vo91]. This target is also required for an approved Hall A measurement [Lo89]. Qur
desired luminosity combines a target thickness of 300 mg/cm? with 30 xA beam intensity.
The target cylinder will be 0.3 cm diameter and have 2 micron (1.6 mg/cm?) thick Havar
walls. The total wall thickness will be less than 2% of the target thickness. The tensile
stress on the walls will be 15,000 psi; Havar has a yield strength of 300,000 psi. Tar-
get thickness fluctuations divide out of an asymmetry measurement. To extract the fifth
structure function with a normalized absolute measurement, the beam position must be
adequately monitored, since the thickness of a cylinder is position dependent. A position
stability of 300 microns will limit target length fluctuations to less than 1%.
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Figure 5: Schematic diagram of the standard HMS and SOS detector packages, which
satisfy the requirements of this experiment.

3.3 Polarized Beam

The polarized electron source to be used in experiments at CEBAF is under development
by a group led by Larry Cardman [Car93]. The source is expected to be able to deliver
up to 200 pA with a polarization of 0.49. Stabilities of the current and polarization over
helicity flips are expected to be better than 10™° and thus exceed our requirements by
several orders of magnitude. We estimate polarized source down time to be no more than
1 hour in 24 hours.



Q° (GeV/c)* | 8, (deg) | 8, (deg) | w(MeV) [ ¢ (MeV/c)
0.25 15.0 67.6 135.4 522.3
0.62 25.0 55.2 332.9 833.5
1.04 35.0 45.4 556.5 1142.0

Table 2: Our proposed quasi-elastic kinematics for a 2 GeV beam energy.

The beam polarization will be monitored with a Mpiler polarimeter. We assume that
this will be a fully supported feature of Hall C. A conservative estimate of the measurement
error of the polarization is £5%. The highest precision used for our count rate estimates
does not exceed about 5% in the quantity §A./A., where we have used projections of A,
from our Pavia collaborators.

4 Kinematics

We plan to map the fifth structure function in quasi-elastic kinematics versus the angle
f.q between the momentum transfer vector and the knock-out proton at an azimuthal
angle of ¢,q=90° A. must vanish in parallel kinematics (8,4=0°, and this will provide a
systematic error check. Table 2 shows our electron kinematics and the angle of the proton
spectrometer in the scattering plane.

Identification of the final state is through the missing energy, which is defined as the
energy transfer minus the final state kinetic energies. This, then, is just the proton binding
energy plus the excitation of the residual nucleus.

E.=E~-E ~T,-T,

where E, is the beam energy, E, is the energy of the scattered electron, T, is the proton
kinetic energy, and T, is the kinetic energy of the recoil daughter nucleus. The largest
contributions to the missing energy resolution are the intrinsic spectrometer momentum
resolutions and the energy loss of protons in the target. The spectrometers together define
a missing energy resolution of slightly better than 2 MeV. The energy loss of protons in
the target is largest at the smallest Q2 point, and for a given target thickness, this effect
is relatively more important in the carbon target than the waterfall target for geometrical
reasons. With our selection of target thicknesses, we have limited the proton energy loss
in the target to less than 2 MeV, and thus we expect a missing energy resolution of this
order.

5 Count Rate Estimates

The coincidence cross sections have been calculated using a program of Boffi, Giusti, and
Pacati which has been slightly modified to work at higher energies. The single arm electron

10
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Figure 6: The carbon cross section and asymmetry used for count rate calculations are
plotted versus 0,4 at Q%= 0.25 GeV?.

Polarization = 40% Duty Factor = 100.0%
Target Thickness = 100.0-300.0 mg/cm? Window Thickness = 1.6 mg/cm?
Q. = 6.4 msr AP, = 5%-10%
Q, = 9.0 msr AP, = 40%
Coincidence Window = 2 ns Beam current = 30uA

Table 3: Count rate parameters.

and proton counting rates are calculated using the cross section codes from Lightbody and
O’Connell {Li88]. Figure 6 shows a sample cross section and asymmetry calculation for
carbon at the lowest (J? point.

Table 3 shows our count rate parameters. The solid angles are 6.4 msr for the electron
spectrometer (HMS) and 9.0 msr for the the proton spectrometer (SOS). A 40 % polarized
beam with a duty factor of 100% is assumed.

Since we are measuring discrete state excitations, the kinematics are over-determined.
For the calculation of the trues rate, the electron momentum bite is the minimum of the
actual spectrometer bite and the kinematically determined matching bite. The three bites
used in count rate calculations for the true coincidence rate were determined from a Monte
Carlo simulation for '2C(e, €’p) and are 5%, 10%, and 10% at Q? equal to 0.25, 0.60, and 1.0
(GeV/c)?, respectively. For the calculation of accidentals, we can simulate the efficiency
of a missing energy cut by using the proton momentum bite which corresponds to our

11



Opq (deg) *C pa/2 (Hrs) 2C P32 (T/A) || "*O p1yz (Hrs) °0 P12 (T/A)
0 0.8 11 1.1 2
2 0.5 2.9 0.4 5
4 0.3 6.0 0.3 11
8 0.1 13.2 0.2 20
12 0.1 15.9 0.2 15
16 0.2 25.3 0.4 7
20 0.2 15.5 1.2 2
Total Hrs. 22x2 =44 38x2=176
Angle Change 30.0
Mgller, Calibration || 6.0
Contingency 10.0
[ Total Hrs; [ 58.0 | | | |

Table 4: Fifth structure function run scenario for Q% = 0.25 (GeV/c)? points. Time is
chosen to obtain §A, of £0.2% .

missing energy resolution via the transformation ép=éE./3,. The proton arm resolution
for accidental coincidence rejection is less than 1% in all cases.

Three different thickness of 2C targets have been used in these rate estimates. For the
Q®= 0.25 (GeV/c)? run, the target thickness will be reduced to 100 mg/cm? to minimize
proton energy loss in the target and to increase the signal to noise ratio. As energy loss
becomes less important at higher proton momenta, we used thicker targets of 200 and 300
mg/cm? at .6 and 1.0 (GeV/c)?, respectively.

We assume a beam current of 30 pA except at the lowest )2 for 10, where the current
is reduced to 10 pA to obtain a reasonable signal to noise ratio.

6 Beam Request

The estimated running time for both 2C and '®0 are tabulated in the Tables 4, 5, and
6. The total estimated beam time to execute the proposed experiment is 480 hours. The
hours given in these tables are required beam time to obtain an error in the experimental
asymmetry of 0.2 % for Q?= 0.25 and 0.6 (GeV/c)?. An asymmetry error of 0.5 % will be
obtained at Q%= 1.0 (GeV/c)?. We have multiplied the beam hours by two to subdivide
the electron spectrometer momentum bite. The time required for angle changes in not
insubstantial. Six hours are required to change the out-of-plane angle from 0 to 20 ° and
somewhat less time is needed for smaller angle changes.

12



pa (deg) G psja (H1s) | °C pyza (T/A) | 0 puza (Hrs) [0 puza (T/A)
0 3.9 86 8
2 1.3 77 3.0 32
4 0.5 193 1.2 80
8 0.4 250 0.9 120
12 0.7 161 1.8 57
16 2.3 48 6.9 15
20 12.9 8 38.8 2
Total Hrs. 22.0x 2 = 44.0 52.6 x 2 = 105.2
Angle Change 30.0
Magller, Calibration || 30.0
Contingency 30.0

| Total Hrs: || 239.2 || |

Table 5: Fifth structure function run scenario for Q% = 0.6 (GeV/c)? points. Time is
chosen to obtain §A. of £0.2% .

Opq (deg) *“C payq (Hrs) '2C paja (T/A) 0 pi/2 (Hrs) 0 P2 (T/A)
0 6.8 61
2 0.6 733 1.2 483
4 0.3 1890 0.5 980
8 0.3 1455 0.8 494
12 1.3 354 3.8 376
16 11.8 39 30.2 3
Total Hrs. 21.1 x 2 = 42.2 3550 x2="710
Angle Change 30.0
Mgller, Calibration || 20.0
Contingency 20.0

{ Total Hrs; | 183.2 | ’

Table 6: Fifth structure function run scenario for Q% = 1.0 (GeV/c)? points. Time is
chosen to obtain 6 A, of +0.5%.

7 Summary

The high energy, high duty factor accelerator at CEBAF will increase the precision of elec.
tron scattering coincidence measurements. Under these new circumstances, measurements
can become more exclusive. In particular, the fifth structure function can be measured
in a variety of reactions using the out of plane capability of the SOS spectrometer. A
large body of (e, e'p) data exists on a variety of nuclei, yet the interpretation of this data
within microscopic models is hampered by the theoretical ambiguity in the role of final
state interactions. The fifth structure function asymmetry is a consequence of FSI and can
be measured with small systematic error. The size of the asymmetries are relatively large

13



(5-10%) and the count rates are reasonable. We propose measurements at three different
Q7% on '®0 and '?C. We request 480 hours of beam time for this study.
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