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Abstract

We propose to measure the polarization transfer (P, and P}) and induced polarization
P, in the '°O(¢€, ¢'p) reaction at a Q* of 0.8 (GeV/c)?. Recent measurements have shown
that the full relativistic distorted wave impulse approximation model of Udias et al. could
become a “standard model” for the (e, €’p) reaction. The O(e, €'p) data from Jefferson
Lab experiment 89-003 gave evidence of the need for full relativistic calculations which
include dynamical enhancements of the negative energy components of the relativistic
wave functions (spinor distortions). The conclusion is based primarily on a comparison of
the measurements of Ay at high missing momentum with the predictions of the Udias
model. Because A7 is not sensitive to spinor distortions at low missing momentum, this
supplies only a limited test. The Udias calculations also provided a significantly improved
description of polarization transfer data for *He(¢&, ¢/p)*H. The remaining discrepancies
with the latter data provide a tantalizing indication of a possible modification of the
nucleon form factors, in agreement with the density dependent form factor modifications
predicted by a quark-gluon coupling (QMC) model of Lu et al. This finding needs to be
explored further in a heavier nucleus.

The %O(€, 'p) reaction provides both the denser nuclear environment and the sensi-
tivity to spinor distortion at low missing momentum, where the reaction mechanism is
better understood. Polarization observables are sensitive to the off-shell current operator
and thus provide an excellent probe of medium-dependent form factors. The high pre-
cision data for several states with very small overall errors will provide a benchmark for
comparison with theory.

The data of this experiment are a necessary complement to the cross section data E89-
003 and the recently approved E00-102; together, they will provide the most extensive
set of quasi-elastic electron scattering measurements on any complex nucleus. This mea-
surement will provide a stringent test of both the best relativistic model available and of
the QMC predictions for medium modification of the proton form factors. We request 27
days of beam time.



1. Physics Motivation

The high duty-factor, high polarization, and high current electron beams now avail-
able have made possible (e, €'p) coincidence and polarization transfer measurements of
unprecedented precision [1-6]. These new data allow much better tests of theoretical
models of reaction mechanisms, and combined with a careful choice of kinematics, will
allow one to isolate and study the many elements of models describing the reactions.
Several interesting results have emerged from these recent experiments. Gao et al. [1]
reported the first evidence of the need for full relativistic calculations, including distortion
of the negative energy components of the wave function (spinor distortions), as shown in
Fig. 1. Jones et al. [5] used polarization transfer to measure the Gg/G ratio for the pro-
ton with high precision and small systematic uncertainties, greatly improving on previous
data and giving the completely unexpected Q? dependence of this ratio. Similarly, the
first indication for a modification of the nucleon form factor in the nuclear medium using
polarization transfer on *He was reported by Dieterich et al. [3]. The result was consistent
with the prediction of a quark-meson coupling model (QMC) of Lu et al. [7], as shown in
Fig. 2; the preliminary results of E93-049 [4] confirm the Mainz measurement. The ratio
of the measured polarization transfer ratios from ‘He and 'H, R = (P./P!)u./(P./P))u,
are compared to calculations by Udias et al. [8-10]. The plane-wave calculation serves as
baseline. The full relativistic calculation predicts a reduced ratio, but cannot fully account
for the measurement. The inclusion of the density dependent nucleon form factors from
Lu et al. in the current operator leads the calculation at low Q? to good agreement with
the data. Note the expanded scale in Fig. 2, which demonstrates the remarkable precision
now available. Using the ratio cancels most systematic uncertainties of the experiment;
beam polarization, luminosity, and analyzing power of the polarimeter all cancel in the ra-
tio. Both Gao and Dieterich largely based their conclusions on the results of calculations
of Udias who has, the most complete fully relativistic calculation using the mean-field
approximation. However, his model does not yet include short range correlations (SRC),
meson exchange currents (MEC), and isobar configurations (IC). The most recent calcu-
lation including those effects is the non-relativistic model of Ryckebusch [11]. Gao and
Dieterich both estimated that the effects of SRC/IC/MEC were small. This estimate
could be checked with additional measurements over a broader kinematic range.

The exciting results of both Gao and Dieterich demand more extensive measurements
to unambiguously assess the effects of relativity and modification of the form factors. We
will demonstrate how this can be done with high precision measurements of polarization
transfer on '°0. Polarization measurements test different aspects of models than cross
section measurements do, and, since spin is intrinsically a relativistic phenomenon, one
expects polarization observables will provide the best test of relativistic models. For ex-
ample, the results of Gao are sensitive to spinor distortions only at rather high missing
momentum; polarization observables would allow a test of the Udias calculation at low
missing momentum. So, although the Udias model does a remarkably good job of explain-
ing the existing data, more stringent tests of the model need to be made, and significant
questions remain which can only be resolved with more data, and in particular with spin
transfer observables.
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Figure 1. Measured left-right asymmetry Ap7 for the 160(e, e'p) reaction at Q? = 0.8 (GeV/c)? along
with DWIA calculations from Kelly (dashed) [12] and Udias (all others) [9]; in particular a fully relativistic
calculation (solid) and calculations with no spinor distortions (dotted-dashed), only bound-state spinor
distortions (densely dotted), and only ejectile spinor distortions (loosely dotted) included. Figure taken
from Ref. [1].

e The existing °O data of R;p and Ap; are sensitive to distortions of the bound
state spinor, but insensitive to spinor distortions of the recoil particle. Spin transfer
observables are sensitive to recoil spinor distortions at low missing momentum,
where the reaction is better understood, and provide a much more complete test of
any model.

e The combination of Mainz and JLab data on “He at low Q? gives a statistically sig-
nificant deviation from calculations that do not include a form factor modification.
A confirmation of the *He result in another nucleus where the density dependence
of possible modifications can be studied by the knockout from different shells is
essential. The previous oxygen cross section measurements are insensitive to modi-
fications of the form factor, while spin observables are sensitive to modifications.

We are proposing here an experiment aimed at answering the above questions. Mea-
surements of polarization transfer on '°0O at a Q* of 0.8 (GeV/c)? would complement
the '°O(e, €'p) cross section data from E89-003 [15] and its proposed update, E00-102
[16], giving the most extensive set of measurements on any complex nucleus. We will
also provide high-precision data for the 1s;/; shell, which can be then compared to the



T T I T
12 -, A MAMI N
He ® JLab, preliminary
----- PWIA
L --- full i
< — full + QMC
=
o
m -
L A S o
o .
_ T " |
0.8 - - n
1 I 1 I 1
0 1 2 3
Q? (GeV?/c?)
Figure 2. Measured values of the double ratio of polarization transfer observables R =

(P./P)ye/(P./P!)u for the *He(€,e'p) reaction from Mainz [3] and, preliminary, JLab E93-049 [4].
The theoretical curves represent plane-wave calculations (dotted) and fully relativistic DWIA calcula-
tions (dashed and solid) from Udias. The solid line use a modified current operator in which nucleon
form factors depend upon local density as predicted by Lu et al. [7]; in their present form the latter
calculations are applicable for Q% < 1 (GeV/c)? [13]. Errors are dominated by statistical uncertainties.

existing results for *He. The previous polarization measurement on 90, E89-033 [14],
was a commissioning experiment and did not obtain sufficient statistical precision to help
decide these issues.

The measurements of the ratio of transfered polarizations and of the induced polariza-
tion for different states, for several values of both positive and negative missing momentum
with good statistical precision will play a key role in determining the need for relativity
in the standard nuclear model and the presence of medium modifications of nucleon prop-
erties. In addition, we will measure in a kinematic region dominated by single particle
knockout where the cross sections are large and theoretical uncertainties are expected
to be smallest. By using the ratio of transferred polarizations we also eliminate most
experimental systematic uncertainties. These points will be discussed in detail below.



2. Proposed measurement

2.1. Kinematics

We propose to measure the recoil polarization of the outgoing protons in the '*O(¢, ¢'p)
and 'H(¢, e'p) reaction at Q> = 0.8 (GeV/c)?>. We will use a beam energy of 2.4 GeV,
the same as E89-003 to make the closest comparison with the cross section measurement.
This beam energy also provides a balance between the count rate and the magnitude of
the transfered polarization. A beam energy as low as 1.6 GeV could be used without
a significant decrease of the relative uncertainty of the polarization transfer measure-
ment, although induced polarization uncertainties would increase. We will make two
measurements in quasi-perpendicular kinematics, with the emphasis on the single particle
knockout from the 1p;/; and 1ps/, states, and one in parallel kinematics at low missing
momentum, where the sensitivity to the 1s;/,-shell knockout is highest. The measure-
ments will concentrate on the region of small missing momentum and in quasi-elastic
(Q*/2m,, ~ w) kinematics, where theoretical uncertainties are expected to be smallest.
Figure 3 shows the reaction coordinate system. FElastic €p scattering data will also be
taken. In order to determine the polarization double ratio, R, the hydrogen ratio must be
determined with a statistical precision comparable to the oxygen ratio. By determining
the hydrogen polarization ratio with the same experimental setup as the oxygen ratio
systematic uncertainties in the spin transport can be largely eliminated. In addition the
hydrogen data can be used to determine the instrumental asymmetries in the polarime-
ter, which is needed to make a precise measurement of the induced polarization. Table
1 summarizes the proposed kinematics, values are given for the central setting, where FE
and E' are the incident and final electron beam energy, p, is the momentum of the recoil
proton, ¢, and 6, are the electron and proton angles relative to the beam axis, and Af,,
is the proton angle relative to the three momentum transfer axis.

Table 1
Kinematics for the proposed 50 (€, e’p) and 'H(€, €'p) measurements.
Kin  Target Q? E E' 0. Dp 0, JAN/
(GeV/c)?2  (GeV) (GeV) (deg) (GeV/e) (deg) (deg)
A 160 0.8 2.442 2.003 —234 0.978 47.8 -5
B 160 0.8 2.442 2.003 —234 0.978 07.8 )
C 160, 'H 0.8 2.442 2.003 —234 0.978 52.8 0

In the following section we will discuss the predictions of the models of Udias and
Ryckebusch, and how the combination of measurements proposed will restrain the models
significantly more than existing measurements. The main issues we will address are: the
need for relativistic dynamical effects (spinor distortions) and medium modification of the
proton form factor, as predicted by Lu et al. The discussion will first deal with the p-shell
states, then with the s-state calculations afterward.



scattering plane
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Figure 3. Kinematics for the 10(e, e’p) reaction showing the electron scattering plane, the reaction plane
and two coordinate systems in which polarization of the protons is expressed.

2.2. Theoretical Expectations
2.2.1. Relativity

The full relativistic calculations of Udias et al. provide excellent descriptions of the left-
right asymmetry, A;r, and longitudinal-transverse interference response function, R,
for the 1p-shell knockout in °O(e, e'p) [1]. Relativistic dynamical effects are required to
describe the data. These effects are mainly visible at high missing momenta, where the
cross sections are small and several other nucleus related effects may play a role. Moreover
the investigation of the 1pz/s knockout at high missing momentum is complicated by
the presence of other states (2s1/2, 1ds/o, and 1dy/e, see e.g. Ref. [17]), which have a
total cross section about equal to that of the 1ps/, state at p, > 330 MeV/c. These
were unresolved in Ref. [1] and have to be accounted for. There is also an unexplained
statistically significant deviation in Ayr at a missing momentum of about 60 MeV/c.

Measurement of the polarization observables will determine the role of spinor distortions
at low missing momentum. Here, at the maximum of the cross section for p shell knockout,
the cross section contribution from unresolved states is minimal (as will be shown later
in Table 5) and the sensitivity to relativistic effects and the interpretation of the data
is cleaner. Figure 4 shows the ratio of the polarization transfer observables for proton
knockout from the 1p; 5 and 1p;/s states of '°0 as a function of missing momentum. All
calculations were done with the Udias code with the same input as in Ref. [1]. We plot the
fully relativistic result obtained with the ccl (dash-dotted) and cc2 (dashed) de Forest [18]
current operators and compare these with results where the negative-energy components
of the bound state and ejectile wave functions are projected out. The differences between
the full and projected calculations are due to the dynamical enhancement of the lower
components [9]. The effect of this is a reduction of the polarization ratio well within the
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Figure 4. Polarization ratio for proton knockout from the 1p;/, and 1ps,, states of 160 as a function of
missing momentum. Calculations are from Udias for the positive energy projection and full calculation,
and for the ccl and ¢c2 current operator. Sample data points with the anticipated errors for the proposed
experiment are shown on the full calculation using the cc2 current operator; data points with p,, < 0
correspond to kinematics A, data points with p,, > 0 to kinematics B.



experimental sensitivity. It was shown in [10] that the ccl current operator gives more
weight to the dynamical enhancement of the lower components than cc2. Experiment
89-003 found a slightly better description of their cross section data with the cc2 current
operator, whereas the analysis of the Mainz *He polarization data fit more to the ccl
operator, with its lower predictions of the polarization ratio. The problem of the off-shell
current operator can only be addressed in an attempt to consistently and simultaneously
describe the high precision data from cross section and polarization experiments.

The normal component of the induced polarization P, is identically zero assuming one-
photon exchange and no FSI between the ejected nucleon and the residual system. Hence,
any observed deviation from zero is an indication of FSI. Moreover, model assumptions
on optical potentials are constrained through F,. The induced polarization is predicted
to be substantial and shows sensitivity to relativistic effects. For the 1ps/, shell, shown
in Fig. 5, and p,, < 0 there are small Gordon ambiguities and a very clear separation
of the fully relativistic calculation results from the projected ones is seen. The induced
polarization is insensitive to possible medium modifications of the nucleon form factors.
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Figure 5. The induced polarization P, for the '®O(€,e'p)'®N(1ps/») reaction at Q* = 0.8 (GeV/c)%.
Calculations are from Udias for the positive energy projection and full calculation, and for the ccl and

cc2 current operator. Sample data points with the anticipated errors for the proposed experiment are
shown on the full calculation using the cc2 current operator.

2.2.2. Two-body currents

Two-body contributions may complicate the interpretation of double polarization ob-
servables in terms of medium dependent nucleon form factors. The very good description



of the O(e, €'p) cross section data [1] with the Udias full relativistic DWIA calculation,
which does not include MEC and IC contributions, was interpreted as evidence that these
contributions are not important up to p,, of 345 MeV/c.

Although two-body current effects are not well studied in finite nuclei, the latest cal-
culations of Ryckebusch [11] do indicate that MEC and IC will have a measurable effect
on spin observables, and that the effects will be measurably different for different angu-
lar momentum states. Figure 6 shows the polarization transfer ratio for 1p;/, and 1ps/;
knockout predicted by Ryckebusch, normalized to a calculation not including two-body
effects. The striking feature is that the combined effect of MEC and IC is predicted to be
very large (nearly 20%) in the 1ps/, state and for negative missing momentum, but not
the 1p;/,. Within this model, a substantial deviation from the DWIA calculation only for
this region would be a clear signature of MEC+IC effects. The group of Udias is work-
ing to include the MEC and IC into the full relativistic calculation [20]. The proposed
measurement will provide a benchmark for future improvements in these models.

This is another excellent example of how by looking at the same polarization observable
in different nuclear states, and at positive and negative recoil momentum, we are able to
distinguish between the various contributing physical processes.

2.2.3. Medium modification of proton form factor

There have been numerous predictions that the proton form factor will be modified
by the nuclear medium [7,21-24]. Previous measurements of cross sections have limited
the change to a few percent for the magnetic form factor and about 10% for the electric
form factor [17,25-31]. The predicted modifications in most models are consistent with
the existing data. However, the form factor of a bound nucleon is not directly observ-
able; it must be inferred from calculations which predict how a modification of the form
factor will affect measurable quantities such as cross sections or polarizations. The ratio
of the polarization transfer observables are particularly sensitive to a possible medium
modification. This can be seen from electron-nucleon scattering, where there exists a
direct relationship between the ratio of the electro-magnetic form factors, G /Gy, and
the polarization components [32]:

Gg P, E+FE
GM N Pz 2mN
This relationship is only approximately correct for electron scattering from a bound nu-
cleon; one must calculate the expected polarization ratio in the context of some model.
Taking full advantage of the constraints on models by E89-003 and after understanding
possible two-body effects in the reaction with the help of the polarization data, an obser-
vation of further deviations of the data from the full calculation would point to medium
modifications of the proton form factor.

Figure 7 shows the polarization double ratio predicted by the full calculation including
the medium modified form factors by Lu et al. relative to the ratio predicted by the full
calculation employing the free form factor. The medium modification was included by
replacing the free form factors in the current operator by medium modified ones. The
expected effect is density dependent and therefore significantly different between the p-
shell and s-shell knockout, as will be shown later. This variation (5% to 12%) provides
much tighter constraints to investigate medium effects than the single s-shell knockout

tan(6/2) (1)
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Figure 6. Polarization ratio (P./P!) for the 160(€,e'p) reaction at Q> = 0.8 (GeV/c)? relative to the
ratio (P!/P!)™ when solely one-body currents are retained in the calculation; The dotted curve shows
the result for the impulse approximation; in the dashed curve MEC effects are also included, and the solid
curve represents the full calculation including also IC. Theoretical results are by Ryckebusch Ref. [11,19].
Sample data points with anticipated errors for the proposed experiment are shown.
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al. [7] (solid). Sample data points with the anticipated errors for the proposed experiment are shown on
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in *He. The effect of QMC is to lower the ratio in all states and for both positive and
negative missing momentum.

2.2.4. Proton knockout from the s-shell

As we have shown above, p-shell knockout alone should be sufficient to resolve the
physics questions discussed in the introduction. In principle, s-shell knockout provides
the best test for density dependence of the form factor. Ryckebusch also predicts large
effects from MEC/IC in the s-shell. However, interpretation of the results relies on being
able to isolate the single particle knockout component in the higher missing energy region.
Thus, we will use missing energy only up to 40 MeV, and missing momentum below 100
MeV/c, where we expect the reaction to be dominated by single particle knockout, as
shown by the calculations of Kelly, reported in Ref. [2]. Because the predicted effects on
the polarization are so large, as shown in Fig. 8, s-shell knockout will provide an important
consistency test.
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Figure 8. The same calculations as in Fig. 6 but for knockout from the 1s;/; orbit. Sample data points
with anticipated errors for the proposed experiment are shown.
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3. Apparatus

3.1. Overview

The experiment is proposed for Hall A at Jefferson Lab. The experiment will make
use of the two large solid angle high resolution spectrometers (HRS). An incident 75%
polarized electron beam with beam currents up to 80 pyA and energy of 2442 MeV will
be used. With the exception of a liquid oxygen target, the proposed experiment will
only employ the usual Hall A equipment. Both spectrometers will be equipped with their
standard detector systems.

3.2. The liquid '°O target

Previous oxygen experiments have used a waterfall target. Our desired statistical accu-
racy demands a higher luminosity than is available with the current waterfall target if we
are to keep the running time reasonable. Assuming the beam current is limited to about
80 pA, an increase of the target thickness is the only way to gain luminosity. Equally
important, the hydrogen content of the waterfall target makes measurements in the pro-
posed parallel kinematics impractical. We therefore propose to build a new liquid oxygen
target. The target we are proposing is of cylindrical shape with the beam crossing the
target on a diameter. This robust design offers the advantage of construction simplicity;
its fabrication is straightforward. Some of its characteristics are summarized in Table 2,
in part inspired by properties of the existing *He high pressure cryogenic gas target. The
transverse flow of the liquid oxygen through the whole target volume maximizes flow ve-
locity through the beam region and cooling of the target walls. Running a thick, liquid
cryogenic target with high beam currents raises technical, safety, and data-analysis issues
which we will address in the following.

Table 2

Characteristics of the planned liquid oxygen target
Nitrogen boiling point 77.36 K
Oxygen boiling point 90.18 K
Oxygen melting point 54.75 K
Density of liquid oxygen 1.141 g/cm3
Oxygen radiation length 32.24 g/cm?
Cell diameter 2.0 cm
Cell wall thickness 0.033 cm
Target thickness 2.28 g/cm?
Dissipated power ~ 500 W for a 80 uA beam

a) Technical issues. The power dissipated in the '°O target is 500 W for a 80 pA
beam. Since oxygen has a higher boiling point than nitrogen there is no technical
concern in providing the necessary cooling power. A LN2 cooling line will have to



14

be made. We are not very sensitive to boiling effects; they reduce the luminosity,
but we are not sensitive to the absolute luminosity. Liquid hydrogen targets have
been successfully run at JLab with equally high currents for some years and oxygen
presents fewer cooling problems. The higher density of oxygen will require different
fans for circulation than the ones used for hydrogen.

Safety issues.

The target has a thickness of 7% in terms of radiation length and a tolerable radia-
tion load similar to that of E00-003 with its 10% radiation length 2°*Pb target and
50 pA.

Data analysis issues.

With a target length of 2 cm the entry and exit windows of the target cell will be
fully visible within the spectrometer acceptances. The vertex resolution of the spec-
trometers is not high enough to separate out completely scattering events from
the windows without reducing the usable target length to an unacceptable low
level. Assuming a total entry plus exit window thickness of 0.17 mm, the rate
coming from the aluminum windows relative to oxygen scatterers is approximately

(Zpx[A)2ia/(Zpr]/A)iso and is less than 2%.

The thickness of the target will cause the energy loss to be smeared out over 6-8
MeV. However, the location of the scatter is known to about 2 mm. By correcting
for the energy loss, a resolution of better than 2 MeV can be obtained, well below
that needed to separate the 1p;/, from the 1ps/, state.
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4. Count Rate and Running Time Estimates

4.1. Count rate estimates

The '®O(e, €'p) cross sections have been estimated with response functions from the
fully relativistic DWIA code of Udias. The calculations used the same input as in Ref. [1].
These include the EDAIO optical model of Cooper et al. [33], NLSH bound-state wave
functions [34], the Coulomb gauge, and the cc2 off-shell current operator. The response
functions were used in the latest version of the Monte Carlo code for electro-nuclear
coincidence experiments (MCEEP) [35] to calculate the cross section averaged over the
experimental acceptance. Table 3 gives an overview of the N-states included in the
estimates, these are the prominent 1p; /5 and 1p3/2 hole states and the (251/2, 1d5/2) doublet
which will not be separable from the 1ps/, state. The 1s;/,-state lies in the continuum.
Its missing energy distribution was estimated by spreading the cross section using the
Lorentzian shape of Ref. [36]. This is the dominant part of the cross section at low
missing momentum. For p,, > 200 MeV/c the cross section is dominated by a flat cross
section contribution which is not attributed to single-nucleon knockout [2]. This additional
strength was neglected in the cross section estimates for this proposed measurement which
has an average p,, of about 70 MeV/c for the s-shell knockout.

Table 3
States of N included in the estimation of the cross section and polarization observables for the °0(€, €'p)
reaction along with excitation energy in N and spectroscopic factors.

State E, (MeV) S Ref.
1p1 2 0.00 0.73 1]
1ds)» 5.27 0.090 [37]
2512 5.30 0.034 [37]
1ps o 6.32 0.71 1]
151/ ~ 28 0.73 2]

Count rates were calculated from the °O(e, 'p) and 'H(e, €'p) cross sections using the
MCEEP model of the Hall A HRS spectrometers with their open collimator configuration.
Radiative effects and the energy loss in the targets were taken into account. Table 4
summarizes the count rate estimates for oxygen. The hydrogen rate will be limited by
the data acquisition system; we assume a rate of 1800 events per second.

The data will be analyzed in three missing mass bins where the single proton knockout
from the 1p;/, 1ps/2 and 1s;/5 shells dominates. The missing mass resolution of about 2
MeV does not allow for a separation of less dominant states. These and the radiative tail
from low lying states establish a background contribution to the dominant strength in the
respective missing mass bin. These contributions were included in the cross section and
polarization estimates. Figure 10 illustrates this and shows the estimated missing mass
distribution for parallel kinematics. The total event distribution (solid curve) is shown
along with three differently hatched areas corresponding to the knockout from the three
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Table 4
Anticipated (e,e’p) cross sections and coincidence rate for the three proposed kinematical setting with
Q? = 0.8 (GeV/c)? assuming an %0 target density of 2.28 g/cm? and electron beam current of 80 pA.

!

Cross section Rate

Kin (nb/MeV /sr?) (1/s)
Ipijs (25,1d)  1psjs 1sie | Ipiyp (2s,1d)  1psjs  1siy2 | total
A 1.23 0.09 1.96 1.28 117 8 176 116 417
B 1.74 0.13 2.97 1.32 155 12 265 119 051
C 1.44 0.19 2.04 2.36 130 18 181 213 542

different shells. The bars on top indicate regions where the contribution of the knockout
from the respective shell is larger than the summed contribution of the others, region (3)
is restricted to a maximum missing mass of 40 MeV. The considered energy ranges and
the expected background are given in Table 5. It shows that the yield contribution from
the unresolved (2s, 1d) doublet is negligible.

Table 5

Missing mass regions. Estimations of yield contributions include energy resolution and radiative tail.
Note, no p,, < 100 MeV/c cut is applied here for the s-shell, its inclusion would reduce background
contributions in this region (3) by about a third.

Region Missing mass Kin Yield contribution (%)
(MeV) 1p1/2 (2s,1d) 1ps/2 Ls1/2
(1) 2545 A 99 1 0 0
B 99 1 0 0
2) 5.0 — 20.0 A 14 3 83 0
B 12 3 85 0
(3) 26.5 — 40.0 C 7 1 12 80

Single rates from the (e, €'), (e,77), (e,p) or (e,7~) reaction cause accidental coinci-
dences which are a source of background for *O(e, €'p). The single rates were estimated
with the MCEEP code and its implementation of the routines of Lightbody and O’Connell
[38] and are listed in Table 6. The coincidence time resolution is about 1 ns. The antici-
pated accidental coincidence rates within that time are also given in Table 6 and are small
compared with the true coincidence rates listed in Table 4, and most will be eliminated
after applying kinematical cuts. The total anticipated trigger-rate for the three measure-
ments on oxygen, assuming a trigger coincidence time of 50 ns is given in Table 7 along
with the respective estimated data acquisition dead time. This dead time was applied for
the estimate of the required beam time.
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Table 6
Anticipated single and accidental coincidence rates for the three proposed kinematical settings with

Q? = 0.8 (GeV/c)? assuming a 160 target density of 2.28 g/cm? and electron beam current of 80 uA.
The accidental rate is given for a coincidence time resolution of AT =1 ns.

Background single rates

(10%/s)

Kin (e,¢€) (e,m7) (e,p) (e,mT)
A 95 20 220 40
B 95 20 32 35
C 95 20 132 38

Accidental coincidence rates (A7 =1 ns)

(1/s)

K (ep)  (ednt)  (erp)  (er )
A 20.9 3.8 4.4 0.8
B 3.0 3.3 0.6 0.7
C 12.5 3.6 2.6 0.8
Table 7

Anticipated total trigger rate and data acquisition dead time. The total trigger rates include true and
accidental coincidences assuming a coincidence time of 50 ns for the three proposed kinematical settings
with Q% = 0.8 (GeV/c)? and a '60 target density of 2.28 g/cm? and electron beam current of 80 uA.

Kin Rate (1/s) Dead time (%)
A 1920 20
B 950 10

C 1540 15




18

Counts / Channel

40

Missing Mass (MeV)

60 80

Figure 10. Monte Carlo simulation of the ®O(e, ¢’p) missing mass distribution for the proposed kinematics
C at Q% = 0.8 (GeV/c)?. The bars labeled (1), (2), and (3) indicate the regions corresponding to mainly
1p1/2, 1p3 2 and 1sy /o shell knockout, respectively.

4.2. Polarization predictions

The cross section weighted polarization observables were estimated with the MCEEP
code and Udias response functions. The acceptance averaged polarization components
were expressed in the (z,y, z) basis, where Z is along the three momentum transfer and g
is normal to the electron scattering plane, and & = ¢ x 2, see Fig. 3. The background from
lower lying states in each of the three missing momentum regions was properly taken into
account in the estimation. Figure 11 shows the small dilution effect of the background on
the polarization double ratio. The dashed curves assume a pure, single-shell contribution
in each region. The solid curves have background contributions included. For the first
region, where only 1p;/, knockout occurs, both curves overlap. In the yield maximum
the largest effect is seen for the 1ps/; region at negative missing momentum where the
polarization double ratio is decreased by 1.5%.

The absolute statistical uncertainties in the two accessible polarization components in
the polarimeter frame, Py, and P;"" are

1 2
AP = — |~ 2
Ac ENU ( )

where A, is the analyzing power averaged over an angular cone for which A, is substan-
tially different than zero, € is the number of events which scatter into this cone and N
is the total number of events detected in the spectrometer focal plane. The polarizations
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Figure 11. Estimations of the °O to hydrogen polarization double ratio using the Udias full calculation.
The dashed lines show the predictions for the three different hole states; the solid lines include the diluting
effects of the background in the three different missing mass regions.

in the polarimeter basis are linear functions of the proton’s polarization components at
the target. The relationship is given by a rotation which takes into account the change of
coordinate system and the proton spin precession in the spectrometer’s magnetic fields.
For the estimation of the expected statistical uncertainties on the polarization observables
a simplified spin transport was used

PP" = P,cosx + hP]sinx (3)
P = WP, (4)

Here h is the electron beam polarization. The precession angle x through the spectrometer

gy — 2
= p2 v Qg (5)

X

is expressed in terms of the Lorentz factor 7, the proton g-factor, and the net bend angle
of the trajectory through the spectrometer (25 = 45°. Table 8 summarizes the assumed
polarimeter and spin transport parameters.
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Table 8
Assumed polarimeter- and spin transport parameters. the values of A. and € are taken from [39].

Kin P A, € h X

A-C 978 (MeV/c)  0.364  0.082  75%  116.5°

4.3. Systematic uncertainties

The estimate of systematic uncertainties in the determination of the polarization observ-
ables and the polarization ratio is based on the experiences from other Hall A polarimeter
experiments. The main systematic uncertainty is the determination of the spin transport
of the proton in the spectrometer. Radiative effects are expected to be of order 1% [40].
For experiment 93-027 [5] the estimated systematic uncertainties on the polarization ratio
(PL/P!) for settings close to the proposed ones were than 0.02. The analysis of the MAMI
1He(¢, ¢'p) experiment showed that the systematic uncertainties on the polarization dou-
ble ratio are largely decreased if the oxygen and hydrogen polarization ratio is measured
within the same experiment and setting [3]. We expect systematic uncertainties on the
polarization double ratio to be much smaller than the anticipated statistical uncertainties.

Experiment 89-019 estimated systematic uncertainties on the polarization transfer ob-
servables P, and P! for proton momenta relevant for this proposal to be in the range 0.01
— 0.03, for the induced polarization P, about 0.03. The determination of P, is mainly
limited by the knowledge of false asymmetries. The much higher statistics of the pro-
posed measurement allow for further systematic studies and a decrease of the systematic
uncertainties appears likely.

4.4. Study of the experimental sensitivity

We have shown that polarization transfer is sensitive to: spinor distortions, choice
of current operator, MEC/IC, and medium modifications of the nucleon form factor.
Each of these affects the two p-shells differently and has a different missing momentum
dependence. The combination of both states and missing momenta provides much more
stringent constraints on the models than a single point. The s-shell knockout will provide
additional constraints.

We can demonstrate our ability to disentangle the various effects quantitatively in the
following way. In Fig. 12, we show a sample of a x? fit to sample data, generated for the
positive and negative kinematical settings and two missing momentum bins per setting;
only the 1p;/, and 1ps/, knockout were considered. The full relativistic calculation with
cc2 current operator and wave function and optical potential as in Ref. [1] has been chosen
as reference model. Then the expectation values of x? per degree of freedom (d.o.f.) were
calculated for different model assumptions assuming the reference calculation data and
its projected standard deviations. (Thus, we expect a x?/d.o.f. of unity for the reference
model). The different calculations compared in Fig. 12 used the positive energy projection
(1-8), the full calculation (9-16) and the full calculation including medium modification of
the nucleon form factor (17-24). Odd numbers refer to calculations using the ccl current
operator, even numbers refer to cc2. In each group the same combination of two different
bound-state wave functions and two different optical potentials were used, which are the
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Figure 12. Experimental sensitivity for a separate analysis of the expected 1p;,» and 1ps,, data and a
ten day running time at both positive and negative missing momentum. The expectation values of x?
per degree of freedom for different models are shown in logarithmic scale assuming the full calculation
with ec2 current operator as reference. Calculations used the positive energy projection (1-8), the full
calculation (9-16) and the full calculation including medium modification of the nucleon form factor
(17-24). Odd numbers refer to calculations using the ccl current operator, even numbers refer to cc2. In
each group the same combination of two different bound state wave functions and two different optical
potentials were used. The dashed line indicates a 4.6% confidence level, the dotted line 0.2%.
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NLSH wave function used in Ref. [1] and a more recent version, fine-tuned by Udias to
reproduce the low-p experiments of Leuschner et al. [37], and the EDAIO and EDAD2
optical potential of Cooper et al. [33]. Figure 12 also demonstrates the insensitivity of
the polarization ratio to the particular choice of wave function and optical potential. For
example, note the similarity of the x?/d.o.f. for models 10, 12, 14, and 16.

4.5. Beam time request

Our beam time request is based on the goal of distinguishing the three considered
calculations (projected, fully relativistic, and fully relativistic including medium modified
form factors) for different combinations of current operators, bound-state wave functions
and optical potentials using the polarization transfer data for each of the two p-shell
states separately on a confidence level corresponding to at least 20; the dashed lines in
Fig. 12. This results in a request of 10 days of beam time at kinematics A (p,, < 0) and
10 days at kinematics B (p,, > 0). The larger effects in the s-shell knockout make a 4
day measurement in the parallel kinematics C sufficient.

A two day measurement with hydrogen provides sufficient statistical precision to deter-
mine the hydrogen polarization ratio comparable to the statistical precision of the oxygen
measurement, and to make a detailed study of instrumental asymmetries.

Our beam time request is thus 27 days. The breakdown is shown in Table 9.

Table 9

Beam-time request
Purpose Kin Time (days)
Production data on 60 A 10
Production data on '¢O B 10
Production data on 6O C 4
Production data on 'H C
Mpgller measurements, setup 1
Total 27
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