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ABSTRACT

We propose to measure the ratios Fy/Fy and Gg/G s in nuclei at low and
high Q2. The results, combined with concurrent high precision relative cross
section measurements, will determine for the first time the hard scattering
€p — ep scattering amplitude in nuclei. They will permit a high precision
determination of possible effects of color transparency with essentially no
model dependence. The low Q? results will provide a baseline for under-
standing the high Q? results. They will yield a measurement of Gg/Gy in
nuclei with small systematic error. These values wil! be compared with pre-
vious values determined by Rosenbluth separation which are decreased by
about 25% from free nucleon values.

The ratio of recoil proton polarization components P;/P, determines the
ratios of form factors, Gg/Ga and F;/F;. The cross sections can be used
to determine an A-dependent attenuation and an A-independent hard scat-
tering amplitude in nuclei. The absolute magnitude of each form factor is
determined from the ratio plus the scattering amplitude.

We propose to measure the (€&, e'p) reaction on 2C, ¥ Al, *®Fe, *Zr, and
197Au in quasifree kinematics at two values of the four-momentum transfer,
Q?. The first phase of these measurements will determine the ratios Gg/Ga
and F3/F, to 10% for each target with 1.6 GeV beam energy at Q* ~ 1
(GeV/c)?, in about two days of beam time per target. The second phase of
these measurements will determine the ratios F;/F to 10% and Gg/Gum to
14% for the lighter targets with 5.1 GeV beam energy at Q* = 4 (GeV/c)?,
in about one week of beam time per target. Relative cross sections will be
determined with a statistical precision much better than 1%, and systematic
uncertainties of typically 2 - 3%, for both kinematics. The Q? evolution of
the form factors will also be measured at additional kinematic points with
the lightest target, 2C.



1 Motivation

1.1 Introduction

We propose to use the (€, ¢'p) reaction to investigate basic properties of
protons in moderate and heavy mass nuclei. The physics issues of interest
are possible changes in the proton form factors in nuclei (now essentially
unknown}), proton propagation in nuclei (known with low precision), and the
Q? dependence of the form factors and proton propagation. We investigate
the ratio of proton form factors in the nucleus by measuring polarization
transfer. The ratio of the form factors is a fundamental property which can be
measured with high precision; it is crucial also in a sensitive search for color
transparency. We determine the nuclear attenuation by measuring precise
relative cross section data at the same time. Absolute cross section data will
then be used with the form factor ratio and nuclear attenuation to determine
the absolute magnitudes of the form factors (and thus the elementary effective
hard scattering cross section inside the nucleus).

At low Q?, we expect the form factors and attenuations to be essentially
separate issues. This experiment is related to earlier longitudinal / transverse
separations in *Fe(e, e') which found that the Coulomb sum rule still appears
quenched at Q* = 1 (GeV/c)?, and to longitudinal / transverse separations
in (e, ¢’p) that found a decrease of ~25% in the ratio Gg/G for Q? about
0.05 to 0.45 (GeV/c)?. (If one instead describes the proton structure in terms
of the Dirac and Pauli form factors, the ratio F3/F is enhanced x=33%.) At
high Q?, the attenuation issues include the possibility of color transparency
(CT). The form factor ratio allows a superior test for this phenomenon,

since, as we will discuss, CT effects should be much more noticeable in one



form factor than in the other. This is then a second generation CEBAF
CT experiment; it will provide compelling experimental evidence pro or con
due to the simultaneous measurement of form factors and attenuation. The
separation allows a check on whether it is appropriate to use the free ep

amplitude in a nucleus. The only evidence, at low Q?, suggests that it is not.

1.2 Discussion

The starting points for this investigation include two types of experi-
ments. The first type consists of measurements of proton attenuation in
nuclei in (e,e’p). The second type consists of measurements of the proton
form factors in nuclei, which have been extracted from longitudinal - trans-
verse separations in (e, ¢'p) measurements.

An investigation of color transparency (CT) has been carried out by the
SLAC NE18 collaboration.[1, 2] The first data reported were cross sections
for carbon with uncertainties of 8 - 10% for Q? in the range 1 - 7 (GeV/c)?.
The proton attenuation was consistent with being constant across this range
of Q?. Thus, it was concluded that no evidence for CT was seen. Since the
effects of CT are generally expected[l, 3, 4] to be no more than about 10%
for these kinematics, it is difficult to make a definitive conclusion either way.
Too, one must consider various nuclear effects and their energy dependence,
as will be discussed later.

Cross sections were also measured on Fe and Au targets, with uncertain-
ties of 8 — 22%, for Q? in the range 1 — 7 (GeV/c)?. They used the data on
all the targets to investigate the A dependence, and to determine an average
nuclear attenuation for all targets. Of course, since they assumed that the
ep amplitude in a nucleus was unchanged from its free value, the cross sec-
tion measured on one nucleus determines the attenuation cross section. The

use of multiple targets allowed a consistency check, and an improvement in



experimental systematic uncertainties. The attenuation was approximated
with a 1/op model. In this model they determined that the measured trans-
missions are consistent with a =30 mb absorption cross section, as compared
to the free pp and pn cross sections, which are each 2240 mb.

This overall difference is not surprising, even apart from uncertainty in
the actual value of the elementary ep cross section inside nuclei. Previous
transmission measurements(5, 6] at Q? x 0.3 (GeV/c)? showed an enhance-
ment of a factor of two over simple expectations, apparently resulting[7] from
nuclear effects including Pauli blocking, correlation holes, and the velocity
dependence of the interaction. The effective attenuation cross section was
about 12 mb, as compared to the free cross section of about 25 mb. This
shows how important it is in such studies to have a true signature of color
transparency, and not just transparency alone.

Investigations of the nucleon form factors in nuclei[8, 9, 10, 11] have used
Rosenbluth separations to determine that the ratio Gg/Gps is decreased by
about 25%, for Q? between about 0.05 and 0.45 (GeV/c)?. The data - see
Fig. 1 ~ are limited, but there is no evidence for any dependence on any
parameter. What to make of these data is unclear. As has been discussed
previously,[12] questions exist about reaction mechanism corrections to the
data — the form factor ratio is model dependent, and may be explained by
rescattering and other effects.[]13, 14, 15] Too, there exist estimates that, in
the nuclear medium, changes in the nucleon form factors should(16, 17, 18, 19,
20] and should not{21} be expected. If one accepts these data as evidence of
modifications to the proton form factor in nuclei, then it becomes unjustified
to use the free ep amplitude for ep scattering in a nucleus. It is necessary
to determine both the nuclear attenuation and the in-medium scattering
amplitude from the data itself.[22] This is one of the goals of the current
experiment, and justifies our plan to simultaneously measure cross sections

and polarizations.
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Figure 1: The ratio Gy /Gg extracted from (e, e’p) experiments. This is the
inverse of the ratio as discussed in the text.

1.3 Color Transparency and the F, Form Factor

Our experimental goals include both a study of the ep scattering ampli-
tude in nuclei and the subsequent proton propagation through these nuclei.
Experimentally, these issues cannot be simply factorized and independently
investigated. Indeed, it has recently been suggested[23] that color trans-
parency will itself modify the observed nucleon form factors in nuclei. The
argument is as follows,

Helicity conservation is an approximate symmetry of quantum chromo-
dynamics (QCD), and should become exact in the limit m/E — 0. Since the
masses of the quarks are small, it is more generally expected to hold at the

quark level than at the nucleon level. The proton structure may be described



in terms of two form factors, the helicity conserving Dirac form factor, F,
and the helicity nonconserving Pauli form factor, £, - these are related to the
usual Sachs electric and magnetic form factors, as shown in Section 2.1. If
F; resulted from helicity flips of the quarks in the nucleon, it should be very
small compared to F;. A simple estimate[24] is that F, should be suppressed
relative to Fy by factors of m?/Q?, where m is an effective quark mass, plus
some unknown overall relative normalization, which we will assume to be
unity. With an effective quark mass m about the current quark mass, a few
MeV, we expect Q*F;/F, = m? ~= 10~%. Using a constituent quark mass, the
estimate is nearer 10~'. Experimentally it has been found[25] that the ratio
Q?*F,/F) is consistent with being constant and approximately unity for Q2
above about 2.5 — 3 (GeV/c)?. It appears ! that F;, is large relative to F\,
and thus F; probably does not arise from helicity flips at the quark level.

It is known from deep inelastic scattering that the spin of the valence
quarks constitutes only about 30% of the angular momentum of the nucleon -
the remainder is carried by gluons, sea quarks, and orbital angular momenta.
This makes plausible a suggestion[28, 29] that the proton F, form factor
results from relative orbital angular momentum between quarks in the proton
rather than from a quark helicity flip. The point is that one can add angular
momenta of 1 and g to get :E, pointed in the opposite direction. Thus, hadron
helicity is not conserved.

Let us now consider hard scattering of an electron from the proton. A
useful physical picture is that, as Q? increases, the virtual photon samples
smaller fractions of the spatial extent of the proton. Elastic scattering will
occur only when the proton valence quarks are spatially closer together at
higher Q?. For scattering proceeding via the F} form factor, the valence

quarks may have 0 transverse separation, leading to a small proton. For

'The 200 - 300 MeV quark mass used in diquark / constituent quark models[26, 27]
allows larger helicity violations, so that these models can reproduce the size of the F3 form
factor. The correctness of the explanation is open to question.



scattering proceeding via the F; form factor, however, the requirement of
an orbital angular momentum forces a transverse separation of the quarks.
Since L = 7 x p, r cannot go to 0. In effect, the “F,” proton has a larger
transverse size than the “F,” proton.

This difference has implications for hard scattering in a nucleus. The
simplest estimate one can make, based on this argument, is that one expects a
color transparency effect for Fy, but not for F3. That is, for hard ep scattering
in a nucleus in kinematics for which there is some CT effect, the “large F;
proton” is expected to be more attenuated by the required subsequent proton
propagation through the nucleus than is the “small F, proton™. The apparent
ratio one observes for F,/F) is reduced from that characteristic of the hard
ep scattering process in the nucleus. It is this change in the apparent ratio, a
change which is accentuated as A increases, which we will use as a signature
of possible color transparency. {Of course, correction for the difference in
attenuation in the two charnels would recover the true ratio of F,/F) in the
nucleus.] Thus CT would result in an apparent enhancement to the ratio
Gg/Gum, since Gg results from a difference between F, and F,, whereas Gy
results from a sum.

A simple numerical estimate of some possible effects on the polarizations
we measure, and the resulting apparent form factor ratios, is given in Ta-
ble CT.1 for a '?C target in the Q* = 4 (GeV/c)? kinematics. The column
labelled “free” gives predictions using a free form factor and the same atten-
uation for Fy and F,. The column labelled “FF” uses modified form factors
in the nucleus, estimated from [20]. The column labelled “CT" uses the free
form factors, but with different attenuation cross sections - 30 mb for F; as
suggested by NE18 data, but 15 mb for F) as suggested by color transparency
analyses. For ?C data, we expect to obtain about 3 — 4% uncertainties on
the form factor ratios, due to the extra statistics obtained with the normal-

ization target. Effects of the magnitudes suggested below will be observable.



The sizes of both the effects and the experimental uncertainties increase for

larger targets.

Table CT.1:

Estimate of some possible effects for this experiment.

“Effect | FF [(free) | CT

Apparent Q F,/F, | 1.14 | 0.96 | 0.88
Apparent Gg/Gpy | 0.28 | 0.36 | 0.40

P/ P 247 2311 -.35
P, 15 -.191 -.20
P, 0.61| 0.59]0.58

1.4 Unique Features

Some important features of this experiment, and differences from previous

proposals, include the following:

1. Polarization transfer data will determine the form factor ratios Gg/Gps
and F,/F) to typically 10-15%. These ratios will be determined at
low missing momentum, a region in which they are expected to be
insensitive to rescattering of the outgoing nucleon. We believe that
one must investigate polarization transfer to investigate more precisely

whether the free and in-medium ep amplitudes differ.

2. Experimentally, we determine the polarization transfers using both
signs of the electron helicity, thus removing false asymmetries asso-
ciated with the polarimeter. Taking the ratio of polarization com-
ponents approximately removes all systematic uncertainties associated
with polarimeter analyzing power and the beam polarization. The
largest remaining systematic uncertainty, spin transport through the

spectrometer, is small compared to statistical uncertainties.
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. Polarization transfer measurements require large numbers of counts,
allowing a concurrent determination of cross sections to the 0.1% level
statistically. Thus, cross section uncertainties are dominated by sys-

tematic uncertainties.

. To ensure very precise relative cross sections, for determination of the
proton attenuation, we will use a double target consisting of the nuclear
target of interest plus a thin normalization carbon foil located upstream
of the target. The foil will give better than 1% relative normalizations,
checking the product of spectrometer efficiencies and integrated beam
current. The largest remaining systematic uncertainties will be theoret-
ical corrections related to the limited phase space in missing momentum
and energy covered by the Hall A spectrometer system. The resulting
cross section precisions should be about five times better than those of

NEI8.[2]

. While precise polarization measurements require an integration over
missing momentum and missing energy, equivalent to the Fermi mo-
mentum and the orbital of the struck particle within the plane wave
impulse approximation, precise (= 1%) relative cross sections can be
determined for small bins in missing momentum and missing energy.
This results from the =10® counts needed for the polarization deter-
mination, plus the high precision of the Hall A spectrometers. Thus,
attenuation can be investigated as a function of orbital and Fermi mo-

mentum.

. Except for measurements on 'O at Q% =1 (GeV/c)?, all existing polar-
ization transfer proposals are on light nuclei. We believe it is important
to do this measurement on medium and heavy nuclei, to reduce any
possible A dependence effects other than attenuation, and to be able

to study binding energy and density dependent effects.



7. The Q* = 1 (GeV/c)? data will provide a baseline measurement for
which no color transparency effects are expected, and for which nuclear
effects such as meson exchange currents, isobar configurations, and
multinucleon currents are expected to be small. High count rates will
allow us to check the dependence of the observed polarizations on Fermi

momentum, nucleus, and nuclear orbital.

8. We also propose to measure the Q? evolution of the form factors on a
single target, '2C. Since the NN cross sections are roughly constant for
proton energies corresponding to Q? above 1.5 (GeV/c)?, these data
should, if there is no CT effect, reveal any Q? dependence to the form

factors in nuclei.

1.5 Five Targets

We have proposed to measure five targets as part of this experiment, as
a result of the following consideration. In any simple analytic A dependence
analysis, one has to consider four parameters: renormalization factors and
attenuation cross sections for each of the amplitudes £, and F;. It is desirable
to have more than four targets to determine these four parameters. The
errors in the determination of the four parameters can be estimated simply
as follows.

Assuming that one does not have a theoretical model for either the ep
amplitude in nuclei or for the recoil proton attenuation, then one can fit
the A dependence of the cross sections to determine both quantities. The

simplest model uses
J(A) = Zacpfattcn(A)g (1)

where (A} is the measured cross section, Z is the number of protons, o,

is the ep cross section in a nucleus, extrapolated to A = 1 and assumed to

10



be independent of nucleus, and f4.n(A) is the fraction of protons remaining
after attenuation. The simplest estimate for this attenuation uses spheres
of radius R ~ 1.24' fm and a constant density of p ~ 0.17 nucleons /
fm?, plus a A = 1/0p attenuation length. The integration can be performed
analytically to give[22]

Jatten(A) = E:..-3(132‘"' -1+ E:1:26"”" + E..'r: (2)

8 4 4

where £ = A/R. Use of more realistic nuclear densities is certainly possible,
and has been done for the NE18 analysis.[2] This simple model can also be
extended to include the form factor ratio data.

If either the ep cross section or the attenuation is taken to be some known
quantity, then the other can be reasonably well determined from existing
data. If one assumes the free ep cross section, the attenuation cross section is
determined to about 10 - 15% for the NE18 data.[2] If both parameters are fit,
then correlations between the two increase the uncertainties greatly and the
existing data yield large errors. We have refit the NE18 data with the simple
model described above, and find typical uncertainties to be about 20% for the
ep cross section in a nucleus and about 50% for the recoil proton attenuation
cross section. In fact, most of the data favor both an enhanced ep cross
section in nuclei and an attenuation cross section greater than the free ep
cross section, demonstrating both the correlations between these parameters,
and the fact that this simple model does not give a physically acceptable
result with these data.

We expect to achieve relative cross section uncertainties of about 3%, with
the uncertainty dominated by theoretical corrections. Pseudo-data with these
uncertainties were fit. The resulting uncertainties on the derived parameters

were:

1. Fixing 0.y, Oattenuation Was determined to 1.6%.

2. Fixing Oastenuations Tcp Was determined to 0.7%.

11



3. Allowing both to vary, 0., was determined to 5.1%, and &, enuation Was
determined to 12.6%.

4. Reducing the number of targets, Ny, to 3, as in NE18, the uncertain-
ties were observed to scale roughly as 1/,/ Ni,.

The error on the ep cross section can be reduced once the corrections for
attenuation have been made for each of the target nuclei. The uncertainty
in o,, cited above is large, since physically it is the uncertainty in the cross
section extrapolated to A = 1. The fit in the region of the data does not
change much if one increases both 0., and the attenuation, or decreases both.
This correlation increases the uncertainty in o.,. The ep cross section in any
of the individual nuclei measured is known better than o., as determined by
the fit, since the variations in o(A) are much smaller in the region of the data
than at A = 1. One can instead determine the ep cross section in a nucleus
by correcting each nuclear cross section for the attenuation, then averaging
the corrected cross section. This procedure yields the same value for the ep
cross section, but with uncertainties about three times better than those for
the parameter o, since the effect of the correlations in the extrapolation

has been removed.

1.6 Relation to Other Experiments

This experiment is complementary to a number of approved CEBAF ex-
periments. In general, it is distinct in that we tie together, and are able to
investigate, the issues of polarization transfer to study nucleon form factors
in the nucleus and A dependence measurements to study proton propagation
through the nucleus.

The structure of the free proton is studied through polarization transfer

with recoil proton polarization measurements in exp. 93-027 (C. F. Perdrisat,
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V. Punjabi, and M. K. Jones, spokespeople). Studies of the proton form fac-
tors in nuclei are approved for the deuteron in exp. 89-028 (J. M. Finn and
P. E. Ulmer, spokespeople), 4He in exp. 93-049 (J. F. J. van den Brand, Rolf
Ent, and P. E. Ulmer, spokespeople), and '%0 in exp. 89-033 (C. Glashausser,
C. C. Chang, S. Nanda, and J. W. van Orden, spokespeople). Too, a related
proposal(30] to this PAC studies polarization transfer on *He. The 160 ex-
periment is the only other study not on a few body system. A large fraction
of the interest in these approved experiments is the behavior of the recoil
polarization for large missing momenta, a region in which there is signif-
icant sensitivity to the model of the reaction mechanism. In the current
experiment, our interest is in avoiding this region. The *He experiment will
also take data at similar Q?, which can be considered in an analysis of A
dependence in this experiment.

Proton propagation through the nucleus is investigated by cross section
measurements in Hall C exp. 91-007 (R. Milner, spokesperson), and 91-013
(D. F. Geesaman, spokesperson). Induced recoil proton polarization, which
results from rescattering of the outgoing proton, is studied in Hall A exp.
91-006 (A. Saha, spokesperson). Experiment 91-013 will obtain some longi-
tudinal - transverse separation data for Q% = 1 and 2 (GeV/c)?; a comparison
with our data obtained by polarization transfer will be an interesting check

on the experimental techniques.

1.7 Summary

We propose to measure high precision polarization transfer ratios and cross
sections for reactions A(€,e¢’f). Our interests are the proton form factor in
nuclei and the rescattering of the struck proton, including the phenomenon of
color transparency at high Q2. We believe these issues cannot be separated,
and both must be investigated concurrently, as in this experiment, if one is

to understand these issues.
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A measurement of the A dependence at Q? = | (GeV/c)? provides an
excellent measurement of the form factors and nuclear transparency. Me-
son exchange currents, related nuclear effects, and color transparency effects
should be small or nonexistent in these kinematics. These high precision
data will test the polarization transfer technique. The proton nucleus in-
teraction has been extensively studied at this energy, and extensive related
1%O(e, ¢'p) measurements are planned, both with and without polarization.
A Q? dependence on '?C will then be used to investigate any energy / Q?
dependence of the form factors on '?C. Finally, an A dependence measure-
ment at Q® = 4 (GeV/c)? will allow additional testing of the form factors
and proton rescattering effects in kinematics where color transparency effects

may be detectable.

2 Background

In the following sections, we discuss in more detail the physics background
for this experiment. The discussion is divided into three sections, a discussion
on electron scattering from the free proton, a discussion of how the amplitude
is different for a bound proton, and a discussion of the propagation of the

struck proton through the nucleus.

2.1 Electron Scattering from the Free Proton

In elastic e-p scattering, the energies of the incident (E.) and scattered
(E.) electrons and the kinetic energy of the scattered proton (7,) are related

to the four-momentum transfer Q2 by:

0,
Q2 = 2Mp Tp =2 Mpw =2 Mp (E, - E:) = 4EeE: sin? (?) (3)

14



where M, is the proton mass and §, the scattering angle of the electron.

The differential cross section can be written[31, 32] as

do do GE' + TG%{ 2 2
e () e ).
or alternatively as
do do 2 2 2 2,2
de - (E)Ns. (F2+762F} + 21(Fy + kFy) tan(0,/2)),  (5)
where
2. .20
do E ofcost
B2 23 ®
¢ 4FE?sin 3

describes the scattering of an electron off a pointlike spinless particle (a is

the fine structure constant),
Kp=pip—1=279-1=179, (7)

T = Q*/4M?, (8)

and Gg is the Sachs electric form factor, Gas is the Sachs magnetic form
factor, F; is the helicity conserving Dirac form factor, and F; is the helicity
nonconserving Pauli form factor. The electric and magnetic form factors can
be related to the Pauli and Dirac form factors, assuming current conservation

and a free nucleon, as

GE = Fl - TNpF% (g)
GM.= F1+’ch2s (10)
Geg + Gy
FI_H_T, (11)
and c G
F =u_ 12
2=t 7) (12)
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The proton form factors can also be approximately characterized in terms of
the “dipole” form factor, Gp, as follows:

1 2
Go= (3 T OG- (13)
EM - Gg = Gp, (14)
Hyp
R, 1
14 pur 2_1+T‘GD' (15)

Note that these transformations given above do not mean that F; is ex-
actly the size one should expect, and consistent with quark helicity flip.
Gg(Q? = 0) = 1 is required by the charges of the quarks in the proton,
but Gpr(Q? = 0) = p, results from those charges and the wave function of
the nucleon. The size of F; depends on the scattering mechanism and the
nucleon wave function, and the details of this process could have led to a
physically smaller F; and a value of u, near 1, or a physically larger F; and
a value of u, very much larger than 2.79. These transformations do not of
themselves imply that F; is either large or small relative to F; (compared to
what one expects from quark helicity flip).

The recoil proton has no polarization if the electron beam is unpolarized.
The longitudinal (in the § direction) component P, and the transverse (in
scattering plane) component P, are zero due to parity invariance. The normal
component (perpendicular to the scattering plane) P, is zero for the proton
or for a nuclear target, in the plane-wave impulse approximation. However
one expects P, to be generally nonzero on a nuclear target.

The polarization transfer components for the proton can be written[34,

33, 35] most simply in terms of the electric and magnetic form factors as

follows:
IPy = —2h\/7(7 + 1)GgGptan(8/2), {16)
and ,
IyP, = hé;}—& (7 + 1)G3, tan?(8/2), (17)
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where I is the combination of form factors from the cross section expression
above, and h is the beam helicity. In fact, each of the polarizations actually
depends only the the ratio of form factors, as can be seen by carrying out
the divisions indicated above. Using Rg = Gg/Gax, we can rewrite I, as:

RG+

Iy =G> ( + 27 tan(6/2)). (18)

Carrying out the divisions, we obtain:

—2h\/7(7 + 1)Rg tan(6/2)

t = Rt (19)
&2 4 2r tan?(4/2)
and g
hiet2e + 1) tan?(6/2
P - (7 + 1) tan?(0/ )- (20)

“1: + 27 tan?(8/2)

While each polarization transfer depends only on the ratio of form factors,
using these expressions to determine the form factor ratio allows significant
systematic uncertainties related to knowledge of absolute beam polarization
and analyzing power of the proton polarimeter. One can instead take the ra-
tio of polarization components, so that these systematic uncertainties cancel.

After rearranging, one finds:

Rg = & (E. + E;)sin(x)ta.n(()/Z).

P M, (21)

Here, the added factor of sin(x) explicitly gives the first order spin preces-
sion effects on P; as the protons pass through the magnetic spectrometer.
Essentially all systematic uncertainties cancel in the expression above. The
ratio of form factors does not depend on beam helicity or polarimeter ana-
lyzing power - although these quantities will affect the uncertainty on the
ratio. The kinematic and spin precession factors are known quite precisely

— as shown in Section 3.4. Thus, the relative uncertainty in the form factor
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ratio is essentially equal to the relative uncertainty in the polarization com-
ponents. The equations presented above, converted to neutron parameters,
also provide the basis for the measurement of the neutron electric form factor
through recoil polarization in CEBAF exp. 93-038 (R. Madey, spokesperson).

The ratio of Pauli to Dirac form factors can be written as

B 1-Gg/Gy
Rr = 5 = T Galtn) (22)

The relative uncertainty on this ratio is of similar size to that on the ratio of
electric to magnetic form factors - see Section 3.4.

The form factors discussed above have been extracted over varying ranges
of Q2. Because of the kinematic enhancement of the magnetic over the elec-
tric form factor by a factor of 7, the cross section becomes nearly all mag-
netic for four momentum transfers above several (GeV/c)?. The magnetic
form factor has been extracted[36, 37] to Q% = 31 (GeV/c)?, but the electric
form factor has been extracted[25] only to several (GeV/c)?, and with per-
haps 20% systematic uncertainties. The same kinematic factor enhances F;
relative to F}, but since F; falls off as asymptotically Q~¢ instead of Q4 the
relative contribution of these two form factors to the cross section is more
nearly constant than in the case of magnetic and electric form factors. The
Dirac and Pauli form factors have been extracted over the same range as the

electric form factor.

2.2 Electron Scattering from a Bound Proton

In the discussion above, we have suggested two possible differences be-
tween scattering of an electron from a free proton and from a bound proton,
that the individual form factors and the overall cross section might change.
There are a number of aspects to this problem; we might consider these to

approximately divide into two categories, changes to the structure of the pro-

18



ton in the nucleus, and additional amplitudes explicitly involving multiple
nucleons. In this section, we will consider some possible mechanisms that
affect the scattering vertex.

One might expect in general that there should be a change in the scat-
tering amplitude, since the binding of the nucleon in the nucleus changes
its mass, and thus its wave function. Estimates have been made in both
quark([17, 20, 38] and relativistic nuclear[16, 18] models. These calculations
indicate large effects are possible, but the calculations are certainly not defini-
tive,

Since the electron scatters from a proton in the nucleus, it is formally
incorrect to use the on-shell form factors for the free proton; one should
instead use the 6 half-off-shell form factors to describe the process. These
form factors are not as well understood theoretically as the free form factors,
but have been investigated in some physical models. (Experimental analyses
commonly uses off-shell extrapolations{39] with the on-shell form factors.)
Some recent work(40, 41] has estimated the off-shell form factor corrections
using one pion and one kaon loops. For (e,¢’) reactions, the main effect of
the off-shell form factors is a reduction of perhaps 20% in both the longitu-
dinal and transverse responses near ¢ = 0.5 GeV/c. The reduction factor is
about A independent for the calculated nuclei. We show in Fig. 2 data and
calculations{41] for longitudinal and transverse response functions in 12C and
?3U. Comparison between calculations and data for each response function
in the two nuclei are similar. The calculations reproduce the factor of a15
increase in strength from '2C to U, which agrees with ratio of protons
for the two nuclei. While one expects about two-thirds of the nucleons to
be within 1 fm of the surface of '?C, but only one-third of the nucleons to
be within 1 fm of the surface of 238U, the ratio of transverse to longitudi-
nal strengths is the same in the two nuclei. This ratio is roughly 1.5 in the

calculations, and 2 in the data, for each nucleus.

19



Ry(Mev™")

Re(MeV~")

0.0150 0.25
0.0125 < o0.20
0.0100 > 0.15
0.0075 3 -
0.0050 = 010
0.0025 0.05
0.0000 0-00 lllIllllIIlllIllllIl Ll
0 005 01 015 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25 0.3
w(GeV) w(GeV)
0.025 0.5
o [}
0.020 - 08 2% T 04
: o ~ 0 '> §§*
0.015 [ A 4 03 Ko T
3 5 o 3

0.010 £ & 02 N

0.005 [~ o, \ 0.1

0-000 :u L IlllllllLIIl]llILll 0_0

0 006 0.1 015 0.2 025 0 0.05 0.1 0.156 0.2 0.25 0.3
{GeV) w(GeV)
lzc 238U

Figure 2: Longitudinal and transverse response functions in *C and 23U,
from [41]. The dotted curves use on-shell form factors; the solid curves use
off-shell form factors. Longitudinal and transverse response functions in ?C
and 38U, from [41]. The dotted curves use on-shell form factors; the solid
curves use off-shell form factors.

Intuitively, one might expect effects to be dependent on the binding en-
ergy of the proton, and on the local density of the nucleus near the proton.
This might lead to differences for different orbits in a nucleus, and to a grad-
ual A dependence from the decreasing fraction of surface nucleons. Since no
orbital dependence was seen in the Gz /Gy ratio extracted from the (e, e’p)
data, and no A dependence was seen in the calculations mentioned above,
any such dependences would appear to be very weak. If this is the case,
one expects the polarization transfer ratio P;/P, and the ep cross section to
also be A independent, and characteristic of an in-medium, rather than free,

scattering amplitude, at least for the medium and heavy mass nuclei of this
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experiment. This is important since any A dependence could be absorbed
into an attenuation cross section, yielding misleading results. Too, this ar-
gues against the use of very light nuclei, for which A dependence effects
could be much larger. In the (e,e’) reaction, the cross section per nucleon
is roughly consistent with no A dependence - this is related to the missing
strength in the Coulomb sum rule being similar for all these medium and
heavy nuclei at the same, lower Q?, less than about 1 (GeV/c)?. For the He
isotopes, the sum rule appears to generally be missing less strength for the
same momentum transfer.

Meson exchange currents (MEC), and closely related two-nucleon currents
and isobar configurations, are also expected to have effects, especially at
smaller Q?. Schiavella[42] has suggested that the enhancement of magnetic
to electric form factors at low Q? is consistent with what one expects from
meson-exchange / two-body currents. We expect that the importance of
MEC should decrease with increasing Q2, due to a faster falloff by at least a
factor[43] of Q*, from the #NN and yn# vertices, plus the pion propagator,
as opposed to the single YNN vertex. If MEC lead to a 20% effect at Q?
near (.25 (GeV/c)?, the effect should be no more than a few percent by Q2
= 1 (GeV/c)?. This size effect would be difficult to observe. Too, MEC and
isobar configurations make little difference in calculated (€&, ¢'p) polarization
transfer observables at low missing momentum, as shown for the deuteron
by Arenhovel[44] and for **He by Laget[30, 45] at low Q.

2.3 Proton Propagation through the Nucleus

2.3.1 Low Energy Proton Propagation

Proton propagation in nuclei is an important consideration in all (e, ¢'p) re-
actions. It has been directly studied[5, 6] through the ratio of integrated
cross sections for A(e,e’p) to the cross section for A(e, e’). The main obser-

vation of this experiment(5, 6] was that for protons with kinetic energies of
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about 100 to 180 MeV, the apparent attenuation corresponded to a mean
free path in nuclei of about 5 fm, as opposed to the 2.4 fm one might ex-
pect from a 1/op approximation. It is apparent that nuclear effects such as
Pauli blocking and correlations exist that can modify the attenuation from
what one expects in a naive approach. These effects have been included in a
theoretical explanation(7] of the data by Pandharipandhe and Pieper (PP);
distorted wave calculations[46] also approximately reproduce the data. It is
possible that the interesting theoretical elements in the PP calculation are
effectively included in the distorted wave calculation through the use of an
effective interaction that fits nucleon nucleus scattering.

We have made a quick estimate of the size of the Pauli blocking effect
by using pp cross sections calculated from the phase shifts of Arndt and
collaborators.[47] We integrated the angular distributions to find what frac-
tion corresponded to a recoil proton with momentum less than 300 MeV/c,
and considered that fraction to be Pauli blocked. The Pauli blocking esti-
mate was 40% at 150 MeV, 18% at 500 MeV, 14% at 1000 MeV, 12% at 1500
MeV, and 10% at 2000 MeV. In terms of four momentum transfer in (e,e’'p)
reactions, these energies correspond to Q? =~ 0.3, 1, 2, 3, and 4 (GeV/c)2
Thus, Pauli blocking should be a smaller effect in the current experiment
than in the lower energy data, and should not be a strong function of energy
at higher energies.

A second element is the correlation hole. If one views nucleons as point
particles, then the short range repulsion leads to a hole in the nuclear density
near any nucleon. If one were to plot the density of the nucleus in the rest
frame of a particular nucleon, there would be a correlation hole of radius
about 1 fm, surrounded by a constant density of about 0.17 nucleons / fm?,
decreasing slowly to 0 as one reaches the nuclear surface. Thus, a struck
nucleon can propagate freely some distance before it can interact. Of course,

the finite sizes of nucleons will to some extent fill in the correlation hole and
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decrease this effect. In PP, the correlation hole leads to a =~ 20% increase
of the nuclear transparency. The correlation hole in effect increases trans-
parency by making all nuclei a little smaller. The low Q? points will test

these ideas with better precision than existing data.

2.3.2 High Energy Proton Propagation

It is well known that color transparency (CT) predicts a reduction at large
momentum transfer of the strong interactions of a hadron traversing nuclear
media. The original arguments for the existence of CT were developed in
the context of perturbative QCD [48]. This effect can also be produced in
models based on non-perturbative QCD processes. [49] At present there are
only two experiments which have attempted to see CT effects, by measuring
changes in the absorption of hadrons as a function of the momentum transfer
to the struck nucleon (Q?).

The first experiment, by Carrol et al[50] at Brookhaven National Labo-
ratory, simultaneously measured rates from A(p,2p) and H(p,2p) reactions.
This experiment showed evidence of CT at values of Q% ~ 3 - 8 (GeV/c)?, but
the transparency decreased at higher values of Q% ~ 8 - 11 (GeV/c)?. While
Ralston and Pire [51] have explained this effect in terms of a process which
interferes with the free nucleon-nucleon amplitude, but which is suppressed
in the nuclear media, there is ambiguity as to how these results should be
interpreted in terms of CT. The other experiment was discussed in the Mo-
tivation, Section 1.2; it was performed at SLAC by the NE18 collaboration
via the A(e, €'p) reaction on D, C, Fe, and Au targets.[1, 2] This experiment
found no significant rise in CT for any of the nuclei studied over a Q? range
of ~ 1 -7 (GeV/c)?. The present experiment measures cross sections with
precision improved to a factor of about five better than NE18, in addition to

measuring the form factor ratio.



3 Experimental Details

Our experimental measurements include both polarization transfer and
cross sections. Polarization transfer has been described in Section 2.1 above.
To measure cross sections, we will run with a proton spectrometer trigger that
requires particles to pass only through the front pair of scintillators; the rear
scintillator will also be read out. Front wire chamber, Cerenkov detector,
and polarimeter information are also available. By not requiring the rear
scintillator, which is equivalent to putting the polarimeter in the trigger, we
can obtain absolute cross sections while retaining all good polarimeter events
at the expense of a slightly higher data rate. This setup is possible because
the experiment is not rate limited.

The targets proposed for this experiment, 2C, 2" Al, *6Fe, ®Zr, and %A v,
give a wide range of A with approximately equal steps in log(A), as is de-
sirable when exponential or power law behaviors are expected. Too, these
materials all are available as solid targets with high melting points and high

isotopic purities.

3.1 Kinematics

We propose to obtain A dependence data in two kinematic settings, at Q2
= 1 and 4 (GeV/c)?, and additional Q? dependence data on '*C at 2, 3, and
5 (GeV/c)?>. We have generally chosen beam energies consistent with 4 or
6 GeV operation of the accelerator and scattering angles that minimize the
derived form factor uncertainties for fixed experimental beam time. For all
kinematics but the Q? = 4 (GeV/c)? point, this gives a figure of merit within
about 10% of optimal, and eases potential scheduling conflicts. For the Q?

= 4 (GeV/c)? measurement, we request = 5.1 GeV beam energy, since this
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requires about 30% less beam time than use of a standard beam energy, such
as 4.8 or 6.0 GeV, and since we require about a month of beam time for this
A dependence measurement.

Optimization considerations include the following. Singles electron count
rates for fixed Q? are greatest with the highest beam energies, due to the
angle dependence of the Mott cross section. However, in measuring coinci-
dences for (e, e'p) with two identical spectrometers, one must also consider
kinematic matching. A very forward angle electron leads to a backward an-
gle proton that subtends a much larger solid angle in the laboratory. At
lower beam energies, two factors improve the experimental figure of merit.
First, the electron and proton can have the same scattering angle and mo-
mentum, leading to nearly 100% kinematic matching of the spectrometers.
Second, the larger electron angle leads to larger proton polarization, from the
tan(#) kinematic factors in the polarization formulae. The interplay between
these factors leads to a broad maximum in the figure of merit, centered near
the point of best kinematic matching between the spectrometers. Detailed

kinematics are given in Table EX.1.

Table EX.1 :

Quasifree kinematics for the proposed measurements.
Quantity [Kinl|Kin2|Kin3|Kin4|Kin5

Q* (GeV/c)* 1 2 3 4 5
E, (GeV) 1.6 3.2 4.0 5.06 6.0
. (°) 450 314 325| 301 | 289
E! (GeV) 1.07| 213 240) 293 | 3.34
6, (°) 41.7 389 33.1]| 30.2| 27.7
p, (GeV) 113 | 177 236| 2.92| 3.8
T, (GeV) 0.533 | 1.066 | 1.599 | 2.132 | 2.664

P ——
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3.2 Count Rates

Count rates from a liquid hydrogen target may be simply estimated using
the dipole form factor parameterization. These estimates are given in Table
EX.2, below. Luminosity for a 10 ¢m target and a 100 A beam current
would be 2.6x10%/cm?s. Detection efficiency is assumed to be 100%. The
kinematic matching factor given is the ratio of the solid angle of the proton
spectrometer with the solid angle of recoil protons corresponding to electrons
in the electron arm. The coincidence rate includes this factor.

Table EX.2 :
Estimated count rates for a hydrogen target and Fermi motion effects for

nuclei.

Quantity | Kin 1 [ Kin 2 | Kin 3 | Kin 4 [ Kin 5

kinernatic matching (%) 87 67 96 99 92

'H count rate (coinc./s) 8410 | 1410 367 134 50
OFermi () 48| 96| 73| 59| 49
% Fermi cone accepted 79{ 139] 21.3] 30.1
PFermi accepted (MeV/c total) 96 128 158 188

We anticipate that the lower Q? portion of the experiment would run
relatively early in Hall A with 100 zA current and 45% polarization. Kin
4 and 5 measurements require beam energies above 4 GeV, and could run
separately and much later. For these measurements, we plan to take advan-
tage of anticipated source improvements. We will use the high polarization
source to supply 36 #A current at 80% polarization to Hall A, while a second
source is supplying beam to the other two halls. While the figure of merit
only improves by about 12%, the reduced beam current reduces backgrounds,
radiation production in the Hall, and allows the use of thicker targets.

The 3% of a radiation length target is a limit based on calculations that

allows no more than about 100 watts of beam power to miss the beam dump.
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Of course, the actual operating limit for Hall A will have to be proven during
development. The decrease of multiple scattering with beam momentum
allows thicker targets at higher energies. Also, with the high polarization
source, one can use thicker targets with the reduced beam current to obtain
the same beam power missing the dump. The larger polarization would
improve the experimental figure of merit almost a factor of 4 for constant
luminosity. The limit on luminosity may depend on power deposition at the
target. To ensure some safety margin, and to keep radiative corrections from
becoming large, we propose to run the higher Q? points with targets with
twice the thickness, 6 % of a radiation length - this is similar to the total
target thickness requested in Hall A experiments with a photon radiator.[52]
We plan to investigate the feasibility of using a thicker target.

Our nuclear count rates are estimated relative to the hydrogen rates given
above. For a nuclear target, there are four effects that decrease the count

rate compared to hydrogen.

1. Fermi motion. Estimates are given in Table EX.2, and this issue is

discussed further below.

2. Proton attenuation in the nucleus. Estimates are based on the NE18
data at higher Q2, and are given in Table EX.3.

3. Decrease in number of protons in the target, at constant areal density.
This results from the increasing fraction of neutrons in heavy nuclei.

Proton fractions are given in Table EX.3

4. Decrease in areal density, to keep target thickness at 3% of a radiation
length - the Hall A design limit. The areal densities of the targets are
given in Table EX.3.

Table EX.2 gives an estimate for the size of the Fermi cone, based on the

momentum of a free recoiling proton and a Fermi momentum of 0.3 GeV/c.

27



Assuming that the protons are “uniformly” distributed into a cone of this
size, one can make a simple estimate of the effects of Fermi motion on the
count rate, also given in Table EX.2. The estimate is the ratio of solid angle
subtended by the spectrometer to solid angle subtended by the Fermi cone.
The Fermi momentum distribution is not, of course, uniform, but depends
on the orbital of the struck nucleon. We have also presented in Table EX.2
an estimate of the region of Fermi momentum with full acceptance for the
spectrometer system in each kinematics, based on the horizontal angular ac-
ceptance of the spectrometers - this corresponds to perpendicular kinematics.
Since we run with the spectrometers about matched, the full Fermi momen-
tum acceptance i3 about twice the width given in Table EX.2. More precise
estimates of Fermi motion effects, using nuclear wave functions within the
code MCEEP, are underway.

While for the higher Q? point much of the Fermi cone is largely contained
within the spectrometer acceptance, we desire at lower Q% to measure at a
number of angles so that the orbital and recoil momentum dependence of the
polarization observables may be mapped out.

The Fermi motion does not make running coincidences on nuclear targets
better if one moves the electron either more forward (higher beam energy)
or more backward (lower beam energy). In the first case, the 0° protons
relative to § are more spread out, so the missing momentum acceptance be-
comes broader, but with a narrower region of full acceptance. Count rates
are higher, polarizations are lower, and at the higher Q? points less of the
acceptance is useful. In the second case, the 0° protons relative to ¢ are
brought together and only appear in a limited portion of the proton arm
acceptance. The full width of the missing momentum acceptance becomes
less, and the peak acceptance is increased. count rates decrease, while polar-
ization increases. More spectrometer settings could be needed to cover the

full range of the missing momentum acceptance desired.
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All of the effects are A dependent, and act to decrease count rates for
the heavier targets. Final count rate estimates for the various targets and

kinematics are presented in Section 3.5.

Table EX.3 :

Kinematics-independent factors for nuclear count rates.

Target | transmission | protons | areal density*® | net factor

(%) (%) | (g/cm?) | (fa/fren)

'H 1.00 1.00 0.70 1.0
12¢ 0.63 0.50 1.28 0.58
AL 0.50 0.48 0.72 0.25
5Fe 0.40 0.50 0.42 0.12
0Zr 0.33 0.44 0.30 0.063

197 Au 0.25 0.40 0.20 | 0.029

* With 3% of a radiation length targets for A > 1.

3.3 Cross Sections

In this experiment, we will measure cross sections and polarizations at
the same time. Measurement of absolute cross sections are difficult, in that

one must understand the following:

1. Radiative corrections: This is a fairly well-understood theoretical prob-

lem. Resulting uncertainties should be of order 1%.

2. Target thicknesses: This experiment uses solid targets, for which the
thickness can be determined precisely. Too, all targets proposed have
have high melting points and good conductivity, so beam heating effects
should be small. Resulting uncertainties should be of order 1%.

3. Beam currents: The precision with which absolute integrated current

can be measured should improve at Hall A as a function of time. It
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is currently believed that relative current will be available at the 103
level at turn on from cavity monitors, but absolute current may only

be known to several per cent.

. Spectrometer solid angles and efficiencies: These will probably be de-
termined to no better than a few percent in initial calibrations, but
systematics are a concern with any individual method. In this experi-
ment, since we use the same spectrometer settings for all targets, the
relative solid angles and efficiencies are of more concern. Since rates
are generally low, and the distribution of events across the spectrome-
ter acceptance is roughly A independent, we believe that this relative
determination can be checked to be better than 1%.

. Nuclear wave function corrections: We do not with our spectrome-
ter settings integrate over all possible missing momenta and energies.
Thus, we need to use a model for the cross section dependence on these
quantities to correct for transmission effects that are merely artifacts
of the experimental acceptance. The uncertainties on these corrections

will be typically a few per cent.

Since this experiment uses solid targets, and for the Q? = 1 (GeV/c)?

measurements correspond to proton energies near 500 MeV (see Polarimetry,

below), we believe the lower Q? part of the experiment is suitable for early

running in Hall A if the relative cross sections can be very well determined.

Then, if more precise absolute cross sections are needed, these can be deter-

mined later by a single absolute measurement on carbon, for which the count

rates are high. The main questions for early running in Hall A for the rela-

tive cross sections are how well one will actually know the integrated beam

current and spectrometer performance. We believe that these quantities will

be sufficiently known for very accurate relative measurements.

We propose here a procedure to ensure that the relative cross sections
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during the experiment are precisely determined. It is important to note that
for these polarization measurements we require typically of order 10® counts,
and use targets of thickness 3% of a radiation length. Since the spectrometers
are designed to give 1 mm resolution (o) in transverse position at the target,
we propose to use a double target at all times, consisting of the target of
interest at the pivot point, and a thin (= 0.1% of a radiation length, similar
to the thickness of the end window on the cryotarget) normalization carbon or
aluminum foil located about 2 cm upstream from the pivot. Radiative effects
from this thin foil will be minimal. This scheme requires a special target
ladder, which we will construct if necessary. The spectrometer angle range
in this experiment varies from about 30° to 45°, so the apparent separation of
the thin foil form the target is in the range of 10 - 15 &, for each spectrometer.
Because carbon gives the highest count rate, the minimum number of counts
we expect to obtain from the thin foil is about 30,000, when it is used with
the carbon target at the pivot. Nearly 10 counts will be obtained when used
with the gold target. This should allow the product of relative luminosity
and efficiency to be determined to better than 1%, and will also increase
the amount of data collected on carbon by about an order of magnitude,

decreasing uncertainties by a factor of three.

3.4 Polarimetry

The focal plane polarimeter is being built by Rutgers and William &
Mary, with support from the National Science Foundation. It consists of
wire chambers and a large carbon analyzer. The wire chambers are used to
track the proton trajectory into and out of the analyzer. Polarized protons
scatter from the analyzer with an azimuthal asymmetry, for which the size of
the asymmetry is determined by the proton polarization and the analyzing

power of the carbon analyzer. Several similar polarimeters at intermediate
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energy hadron facilities have been calibrated[53| for kinetic energies up to
800 MeV; these data show that all polarimeters share essentially the same
calibration. The POMME polarimeter at Saclay has been calibrated[54] up to
2.4 GeV kinetic energy, and provides the basis for the estimated polarimeter
performance in this experiment. The polarimeter analyzing power will be
calibrated on site at CEBAF as part of experiment 93-027 (C. F. Perdrisat,
V. Punjabi, and M. K. Jones, spokespeople).

The angular distribution of protons scattering from the polarimeter is

given by:
d—"(o 4) = do (6) x (1 + AcP, cos(¢) + AcPlsin(4)).  (23)
dQ N’ dQo " ‘

The interesting range of scattering angle is usually from about 5° to 20°. For

these angles, the analyzing power and scattering probability are large, but

multiple scattering contributions are small. An angle-averaged analyzing

power and integrated probability of scattering in the interesting angle range

are given in Table EX 4.

The angular distribution may be Fourier analyzed to determine the trans-
verse and normal components of polarizations in the focal plane. These
components are different from the components at the target, due to spin pre-
cession effects. In a lowest order view, the proton trajectory bends entirely
in a vertical plane due to the horizontal magnetic field of the spectrometer
dipole. The transverse spin component, being parallel to the field, is unaf-
fected. The longitudinal and normal spin components rotate into each other.

Thus, the normal component of polarization in the focal plane is given by:
P, = cos(x)P, + sin(x) P, (24)
where the spin precession angle x is given by:

=5 o (25)
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Here w = 45° is the bend angle of the spectrometer for central rays, v =
E/M, is the usual Lorentz factor, and the numerical value of (g — 2)/2 is
1.79. Spin precession angles are also given in Table EX.4.

Spin transport uncertainties are worst at the Q* = 5 kinematics, since
the spin precession is closest to rotating the longitudinal component back to
longitudinal for this energy proton. We can estimate the change in calculated

P, for small changes in spin precession x as
A(P)/ P = —A(x) cot(x)- (26)

Percentage uncertainties in spin precession resulting from a 1 mr systematic
uncertainty in angle determination - ultimate angular determination should
be about 0.5 mr - are given in Table EX.4. Uncertainties during early running
may be several mr in angle, leading to systematic uncertainties on the form
factor ratios of perhaps 1%. This expected systematic uncertainty is small
compared to the expected 10% statistical uncertainty.

The uncertainty in the polarizations determined by the Fourier analysis
is given by:

AP (27)

™
T 2AchVeN
Here the beam helicity h has been explicitly included, since we are actually
interested in the polarization transfer coefficients, which are equivalent to the
polarizations obtained if the beam helicity is 1. The factor € is the polarimeter
“efficiency. Since the same uncertainty applies to both components of the

polarization, we can express the relative uncertainty on the form factor ratio

Re = Gg/Gp as:
ARg [T 1
Rl R %)

The uncertainty on the form factor ratio, B = F,/F}, is found by differen-

tiating the expression relating the ratios Rg and Rp from Section 2.1. We
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obtain:

ARF — ARG x (( —RG(I +T) ) (29)

Rr  Rg T+ Rg)(1 - Rg)
The percentage uncertainties on Rp are about equal to and 70% as large
as those on Rg for the A dependence data at Q* = I and 4 {GeV/c)?,
respectively.

Polarization observables can be estimated for the proton by using the
dipole form factor parameterizations. These estimates are in Table EX.4.
For nuclear targets, it is expected that polarization transfer observables are
approrimately equal to those for the free proton, for all orbitals, as long as
the recoil momentum is somewhat smaller than the Fermi momentum, less
than about 200 MeV/c. We will experimentally check the validity of this
statement on the nuclear targets at the lower Q? point, for which beam time
requirements are much smaller.

The polarization components are given for a beam polarization of 100%.
The actual beam helicity, expected to be 45%, does not affect the ratio of
longitudinal to transverse components, but does change the uncertainties,
as indicated above. The normal component of the polarization is 0 for a
proton target, but is nonzero and dependent on the orbital and the Fermi
momentum for nuclear targets. The orbital dependence of P, does not affect
our proposed measurement, since the distribution of events among various
orbits is unchanged when the beam helicity is reversed.

Thus, one separates out the components by reversing the spin of the
beam, which reverses the direction of P, and P;, but not of P,. One then
extracts P, from the difference in measured normal spin at the focal plane
with the beam helicity reversed. Determining P, and P, by reversing the
beam helicity removes any focal plane polarimeter false asymmelries and any
normal polarization component at the target. There are still systematic un-
certainties associated with the beam polarization flip and the recoil proton

spin transport, both of which are expected to be small. The data for P, are
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not the focus of this experiment, but as P, arises from rescattering of the
outgoing proton, these data will be available for analysis and should provide

a check on the extracted attenuation cross section.

Table EX.4 :

Polarization observables for a proton target, for h = 1.

Quantity Kinl | Kin2|Kin3| Kin4{ Kin 5
Polarimeter efficiency (%) 16 20 33 44 47
Polarimeter Ac 0331 020f 0.13] 0.10{ 0.10
P, 0.548 | 0.507 | 0.581 | 0.546 | 0.613
P, -333 | -.227| -210| -.186 ) -.171
P, 0.000 | 0.000 | 0.000 [ 0.000 [ 0.000
spin precession x (°) 227 309 391 473 555
P! -399 | -394 0300 0.502 | -.163
AP, [Ax (%/mr) 0.093 | -0.065 | 0.166 | -0.042 | 0.373

3.5 Beam Time Request and Schedule

Estimated count rates, total times, and expected uncertainties for the
ratios of form factors Gg/Gys and F,/F) are given in Tables EX.5 and EX.6
for the measurements of A dependence, and in Table EX.7 for the measure-
ments of Q? dependence on *C. At Q% = 1 (GeV/c)?, 1.1x10% counts lead to
an uncertainty on the polarization components of +0.025, and uncertainties
of about 10% on the ratios F;/F, and Gg/Gun. At Q® = 4 (GeV/c)?, due
to the lower analyzing power of the polarimeter, but the higher polarization
assumed for the beam, 1.5x10°® counts lead to an uncertainty on the polar-
ization components of +0.024, and uncertainties of about 10% on the ratio
F3/ F) and 14% on the ratio Gg/Gym-

For the nuclear targets at Q*> = 1 (5) (MeV/c)?, the spectrometer ac-
ceptance corresponds to a total acceptance in Fermi momentum for perpen-
dicular kinematics of about 60 (190) MeV/c. This is the region with full
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acceptance; the tails of the acceptance span a region about twice as large.
At Q* = 1 (GeV/c)?, we will measure at least two recoil proton angles on
each target so that the polarization may be mapped out over the region of
missing momentum from 0 to 200 MeV/C. For the 2C target, we will take
four kinematic settings and run each for twice as long, so that the recoil

momentum acceptance may be binned finer and studied over a wider range.
Table EX.5 :

Count rates and times at Q* = 1 (GeV/c)®. In all cases, expected uncer-
tainties are £0.025 for the measured polarization, leading to an uncertainty
of +9.8% for the ratio of Gg/Gyy, and of £10.0% for the ratio of Fy/Fy, at

each angle setting.

Target | Data rate | Time | Number of | Total beam time
(Hz) | (Hrs) Angles (Hrs)

TH 8410.0 | 0.04 0 0"

12 105.0 3.0 8 24

7Al 45.0 7. 2 14

$Fe 22.4 14. 2 28

07 11.4 26. 2 52
197Ay 5.2 59. 2 118
Total 236
Overhead 28

* 'H count rates are presented for comparison only; we do not propose to

measure 1H,

For the A dependence at Q* = 4 (GeV/c)?, ouly a single kinematic setting
is needed because of the missing momentum acceptance of the spectrometers,
a 160 MeV/c range of missing momentum with full acceptance, and a 320
MeV/c range over which there is some acceptance. The decrease in count
rates from the drop in the form factors with Q* makes 10% measurements

for all targets very expensive in beam time. Our time estimates and the
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resulting uncertainties are shown in Table EX.6. As a result, we relax the
statistical requirements somewhat for the heavier targets.

Table EX.6 :
Count rates and times for Q* = 4 (GeV/c)? kinematics. For the heavier

targets, statistics are reduced and uncertainties are increased as indicated.

Target | Data rate | Time | Uncertainty [ Uncertainty | Uncertainty

(Hz) | (Hrs) P (%) | Ge/Gu (R) | F/F (%)

H 483 (1 94 2.4 14, 10.

12C 7.86 58 2.4 14. 10.

77Al 341 | 133 2.4 14. 10.

5Fe 1.64 123 3.6 20. 15.

90Zr 0.86 133 4.8 28. 20.

197 Au 0.40 | 284 4.8 28. 20.
Total 731
Overhead 28

* 'H count rates are presented for comparison only; we do not propose to
measure 'H.

Rates and times for the study of the Q? evolution of the form factors on
'2C are given in Table EX.7. Times include two kinematic settings for Q? =
2 and 3 (GeV/c)?, to provide coverage of a range of Fermi momenta. Rates
are for a 6 % of a radiation length target for Kin 4 and 5.

Table EX.T :
Summary of count rates and times for '?C at all Q?. The Kin 1 and Kin 4
settings are part of the A dependence measurements, times ar in Tables
EX.5 and EX.6. Statistical precision is 10% for the ratio F,/F}, except for

an increase to 15% for Kin 5.
Quantity | Kin 1 | Kin 2 | Kin 3 | Kin 4 | Kin 5

Q? (GeV/c)? 1 2
12C rate (Hz) | 105 42
Time (hours) - 38
Overhead time (hours) - 9

37



We plan to run the experiment in two stages. The first stage will en-
compass all data points requiring 4 GeV beam energy or less, and include
Q*=1,2 and 3 (GeV/c)? points. Our beam time request is for 10.0 days
of beam at 1.6 GeV, 1.5 days of beam at 3.2 GeV, and 5.0 days of beam
at 4.0 GeV, for a total of 16.5 days. We estimate overhead to be 24 hours
for initial setup of targets and equipment, 8 hours for each of the two beam
energy / spectrometer momentum changes, and about 1 hour for each of the
28 data points to select target and set spectrometer angles, and to check
beam polarization, This leads to a request for 3 days of overhead time. We
emphasize that this portion of the Mmeasurement is very appropriate for early
running at CEBAF Hall A.

In the second phase of the experiment, we will obtain the data for beam
energies greater than 4 GeV, corresponding to the Q% = 4 and 5 (GeV/c)?
points. We request 30.5 days of beam at 5.06 GeV, and 3.5 days of beam at
6.0 GeV, for a total of 34 days. Estimated overhead is 24 hours for initial
setup of targets and equipment, 8 hours for the beam energy / spectrometer
momentum change, and about 1 hour for each of the 6 data points. A few
additional hours might be needed for extra beam polarization checks. This
leads to a request for 1.5 days of overhead time.
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Appendix 1

Individuals participating in this collaboration:

A. Afanasev, F. T. Baker, L. Bimbot, E. J. Brash, W. Bertozzi,

J. Calarco, J. P. Chen, D. Dale, J. E. Ducret, J. M. Finn,

V. Ganenko, A. Gasparian, S. Gilad, R. Gilman, A. Glamazdin,

C. Glashausser, V. Gorbenko, C. Howell, M. Jones, G. Kumbartzki,
R. Michaels, S. Nanda, C. F. Perdrisat, V. Punjabi, R. Ransome,
P. M. Rutt, A. Saha, A. Sarty, P. Sorokin, P. E. Ulmer,

A. Voskanian, L. Weinstein, J.-C. Yang
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