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ABSTRACT

We propose a study of the off-shell electron-proton vertex through a measurement
of the virtual Compton scattering cross section and polarization transfer coefficients in
the reaction 'H(€,e'p)y. Our proposed measurement will determine the dependence of
these observables both as a function of the four-momentum transfer, over the range of
0.28 to 1.00 (GeV/c)?, and as a function of invariant mass of the intermediate state in
the range of 938 to about 1150 MeV. The experiment exploits the 100 % duty factor
electron beam at CEBAF in combination with the proton polarimeter, which is presently
being developed for Hall A by a collaboration of the College of William and Mary, and
Rutgers University. The combined knowledge of electron and proton spin enables a precise
structure-function separation. The proposed experimental method allows a separation
with small systematic error, as for each such measurement only one electron beam energy
is used and the kinematical configuration is fixed.

Recent calculations using microscopic models for the nucleon predict that the form
factors of the off-shell proton differ significantly from the on-shell form factors. In addition]
a correct description of the vertex requires the existence of additional vertex operators and
associated form factors, beyond F{(Q?) and F;(Q?). The proposed experimental method
allows one to test models for the off-shell behavior under very clean circumstances. This
is in contrast to the situation for electron scattering from off-shell nucleons bound in
a nucleus, where one is faced with obscurance due to e.g. nuclear-structure, final-state
interaction and meson-exchange currents effects.

Using a separable model, we present estimates for the cross section and the polariza-
tion transfer coefficients, Dy, and Dy, including contributions from electron and proton
radiation, as well as the interference contribution. For the measurements probing the
dependence of the cross section as a function of the four-momentum transfer, we expect
better than 2 % statistical precision within 80 hours of beam time. [t is shown that the co-
efficients Dy and D, can be determined to an accuracy better than 0.03 within 350 hours
of beam time. This experiment requires forward electron scattering angles in order to
enhance the 'H(e,e'p)y cross section. The excellent resolution of the Hall A spectrometer

setup is necessary in order to cleanly select virtual Compton scattering events.
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I. Introduction

As one of the basic motivations for using electron scattering as a probe of hadronic
currents it is generally stated’? that the electromagnetic interaction is well understood
and precisely calculable from QED. This statement is certainly correct for the electron-
photon part of the interaction, but it does not apply at the same level of precision to the
photon-hadron coupling. Although the interaction of a virtual photon to a free nucleon
has been precisely measured in electron scattering, almost nothing is known about the
coupling of a virtual photon to a virtual nucleon, i.e. a nucleon off its mass shell. The
main difficulty is that a complete understanding of the dynamical structure of the nucleon
is required in order to calculate its off-shell electromagnetic interaction. (Presently, even
no field-theoretical model exists for the free nucleon which describes the measured Dirac
and Pauli form factors correctly). Therefore, it is common practice to use ad-hoc recipes®
which basically express the off-shell properties in termis of free nucleon information. This
was done when describing the electromagnetic interaction of a nucleon bound in a nucleus.

When a nucleon is embedded in a nucleus several interesting phenomena appear whicll
need to be understood. Firstly, the bound nucleon is necessarily off-shell and the uncer-
tainties discussed above directly apply to this case. Secondly, one faces the possibility of
genuine, density-dependent medium effects?, such as quark-exchange contributions®'® and
meson-exchange currents. Furthermore, the electromagnetic coupling to the bound nu-
cleon is dependent on the nuclear dynamics’ through the self-energy of the nucleon in the
nuclear medium. In the last decade, many experiments have been performed in kinematic
regimes where lepton scattering from a bound nucleon is expected to be the dominant
process. Large discrepancies are observed®~1? when these data are analyzed using current
operators based on the free nucleon observables. At the moment a conclusive explanation
of the observations is not available.

In this proposal we argue that one should first understand the treatment of the f{ull
off-shell electromagnetic vertex of a single nucleon, before considering any interpretation
of a bound nucleon. We therefore propose a study of the off-shell electron-proton vertex
through a measurement of virtual Compton (V') scattering, i.e. the reaction 'H(¢,'p)y.
Our proposed measurement will determine the scattering cross section and polarization
transfer coefficients. These observables will be measured both as a function of the four-
momentum transfer, over the range of 0.28 < Q% < 1.00 (GeV/c)?, and as a function of
invariant mass of the intermediate state in the range of 938 MeV < W < 1150 MeV.

As was argued by Naus et al.!*'}2, an opportunity to test our theoretical understanding

of the electromagnetic interaction of an off-shell nucleon, free from the above nuclear
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complications, is provided by electromagnetic two-step interactions on a free nucleon, such
as Compton scattering or pion electro- or photoproduction. The elastic scattering of real
photons provides less information than the experiment proposed here. The pion production
teaction involves also the structure of Fryn vertex and the coupling of the photon into
this vertex. VC scattering is the preferred process to start addressing the off-shell effects
in the electromagnetic interaction of a nucleon.

Several authors have recently investigated the electromagnetic interaction of an off
shell nucleon!! =4, They have found sizeable effects, with model dependent differences up
to 20 % even at moderate Q. Clearly the presence of these effects and model dependences
have significant implications for the electron scattering experiments planned at CEBAF. A
theoretical description of the VC reaction in terms of nucleons with an internal structure
must be able to describe the electromagnetic interaction of an off-shell nucleon.

Fig. 1.1 shows some lowest-order Feynman diagrams for the reaction eN — eN+.
They are made up of nucleon electromagnetic vertices, which we are interested in, and the
propagator of the intermediate off shell nucleon. These two building blocks are connected-
by the Ward-Takahashi identity!’. Not shown are the diagrams that cannot be reduced to
these elements, the irreducible diagrams: if the photon-nucleon vertex has structure, e.g.

due to a meson cloud, we must also couple the second photon into this vertex.

Figure 1.1. Feynman diagrams representing the Bethe-Heitler (a.b) and Virtual-Compton

{c,d) contributions to the reaction eN — eN~.

The photon denoted v* in Fig. 1.1 is virtual and represents the exchanged field quan-
tum in the interaction of the particle with the electromagnetic field (in lowest order in

the fine-structure constant). The other photon, denoted v, is real. The first two diagrams
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represent the dominant case where the photons are radiated by the incoming and out-
going electrons. These diagrams can be calculated to high precision using QED and are
termed Bethe-Heitler contributions. The other two diagrams (termed VC contributions)
can only be unambiguously calculated in the soft-photon limit, where the cross section
is independent of nucleon-structure ambiguities. In general they involve a sum over all
possible intermediate hadronic states. The calculation of the VC contribution requires a
realistic nucleon model to describe its dynamical behavior and must then also take into
account the propagation of intermediate nucleon resonances and other intermediate states.
We will show that the proposed reaction is a sensitive probe for this purpose. It may be
possible to obtain the required information from the interference of the Bethe-Heitler and
VC contributions.

In order to maximize the sensitivity* to the hadronic structure of the nucleon in the
reaction eN — eN+, one has to choose sufficiently large photon energies E. to get away
from the model independent low-energy predictions for this reaction and select photon
emission angles where radiation from the proton is dominant. The reaction allows mapping
the observables versus Q7 and the invariant mass of the intermediate hadronic state, givez;
by

w? = M*+2E(E, — p{) (1.1)

where pf is the component of the outgoing proton momentum along the photon direc-
tion. Note that W? > M?, so as E, increases the role of the Delta resonance becomes
increasingly important.

In section II a more detailed scientific justification will be given for the proposed ex-
periment. We will show that measurements of the VC process are feasible with a coincident
high-resolution magnetic spectrometers setup, and discuss the sensitivity of the 'H(€, ¢'p)y
reaction to off-shell effects in a separable model. Details about the experimental setup,
such as the proposed cryogenic target and the proton polarimeter, are given in section
III. Count rates and run time estimates for the proposed kinematical settings are given in

section I'V.

* An example of this is real Compton scattering where the leading corrections allow one

to measure nuclear polarizabilities.



II. Physics Motivation

2.1. Iniroduction

The general expression for scattering off a nucleon with both initial and final nuclear
momenta off-shell was first given by Bincer!®. In V( scattering, only one of the nucleons
at the electromagnetic vertex is off shell, i.e. the ‘half off shell’ vertex is involved. If the
final nucleon is taken off-shell, the general expression for the half-off-shell vertex!! is

&N—FT+NM~JV“
2

*(p -+-+ ;wq ++

(eny — Fy }W+M”) 2.1)

_ 1 - i vq
+A (p )(Fl +7.H- + 2“1‘/[ FZ * +Q# q

where e is the elementary charge en is the nucleon charge operator in isotopic-spin space,
and ., = (1/2)[v,4,7.]- F'° ’(¢*, M?,W?) are functions depending on the photon mo-
mentum ¢* and on the invariant masses M and W of the i incoming and outgoing nucleor
with momenta p and p', respectively. The operators A* and A project upon positive or
negative energy states of mass W. When operating on a free nucleon spinor*, u(p), one
has A*u(p) = u(p) and A~ u(p) = 0. We have shown equation (2.1) here in its reduced
form imposing gauge invariance as expressed through the Ward-Takahashi identity!5.
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Figure 2.1. Feynman diagrams for the photon-nucleon vertex to order g*.

It is seen that four form factors, dependent on two scalars (Q* = —~¢* and W?),
are needed for a complete description of the half-off shell vertex. For the on-shell matrix
element one easily sees that £ *(Q2, M2, M?) and F*(Q?, M?, M?) become the Dirac

* For a bound nucleon the operators A* and A~ follow from the nuclear dynamics.
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and Pauli form factors F1(Q?) and Fy(Q?), respectively. In addition it can be shown!®
that at the photon point one has F,i"'(O, M?,W?) = ey, while there is no such constraint
on the form factors F;‘H'. It is clear that in general the off-shell interaction cannot be
extrapolated from the on-shell case and a dynamical model of the nucleon is required in
order to calculate FET(Q?, M?, W?) and FEH(Q?, M?, W?).

To study aspects of the electromagnetic interaction of an off-shell nucleon, Naus and
Koch!!!? evaluated these form factors occuring in Eq. (2.1) by using a pion and nucleon
field coupled through the pseudoscalar interaction, L.yy = —ig¥vysT - ¢. This well-
known field-theoretical model is known to be renormalizable. The electromagnetic vertex

was calculated up to order eg?. Feynman diagrams of this order are shown in Fig. 2.1.
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Figure 2.2. The form factors F, and F- as function of Q* = -q*. Solid curve, W = M;
dashed, W = 800 MeV; dot-dashed, W = 700 MeV.



10 . 1.6[
L c-s Wm 5
—— W= 233 PS — Wa 225
105?‘ ...... N 470 T 5k . W= 470 P3 1
o . -..= W= 705 o —= W 705
X --- Wwi003 a) | I === W=1005
) '°5|'-~w-ln7a (a) = Lar _ . wal070 (a)
"ﬂ' uc" F
= 104 w d
< 0 < 13
£ qpak e T N
Z R e T x 12t
S t/‘ : 2
= mo(, _______ :.:i- 1] fm T T
i R b L romerm e S S S m s T e
093[ - 1 10
036! oo TERTERT I
‘ 03
0 0z 04 08 08 10 12 14 0 0z 04 06 Q8 0 12 14
2 L]
q* [ Gev | q® [ Cev3}
110 18
e Wm & L <= W= §
4 e We v — Ww 238 pV
108+ . :_ f% -P. .- 15¢ ... Wwm 470 1
g‘ -.-= W= 703 PR e ; - :-1222
T W8 lallgnm Lo L 4 T lwlion (b) |
" ’,._;,.-’/I_'._,. BT :.E: L
S R &
~ e
g w02 e e 1 )
E o (b) &
x £ u’
T 100k =
e ST L o
098} T~
Q96 - gliccczca
0 a2 a4 06 Q8 10 12 14 090 02 04 06 QB 10 12 14
q* [ GaV'] q' [ Gev*]

Figure 2.3. The ratio of the proton rescaled half-off-shell form factor and the on-shelil
form factor as calculated for pseudoscalar (PS) and pseudovector (PV) coupling.

Fig. 2.2 shows the predictions for the various structure functions for several off-
shell situations. The figure shows that effects up to 30 % are observed for moderate
Q*. In addition, the magnitude of these effects are predicted to increase with increasing
@*. The calculations correspond to situations encountered in (e,e'p) reactions. In virtual
Compton scattering the invariant mass of the intermediate state has W > M. Tiemeijer
and Tjon'? calculated off-shell effects for this situation using the one-pion loop corrections
to the vector-meson dominance model. Considering both pseudoscalar and pseudovector
interactions for the pion-nucleon coupling they found significant effects (up to 10 % at
Q? = 1 (GeV/c)?) in the form factors. We show their results in Fig. 2.3.

With respect to quasi-free scattering, we would like to note that while the half-off-shell
vertex (corresponding to F; o(Q?, W2, M?)) is encountered in PWIA, in DWIA the full of-
shell vertex {corresponding to Fy 2{Q?, W?2,1V'2)) needs to be considered. In principle, this

situation holds for the extensive set of inclusive scattering, especially y-scaling, and (e,e'p)
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measurements. Calculations by Tiemeijer and Tjon show that the off-shell variations are

larger for the full off-shell vertex. The same observation was made by Naus et al.'Z.

[n summary, the magnitude of the off-shell effects on the form factors and consequently
scattering cross sections are predicted to be sizable. In commonly used prescriptions®, for
example in o}, such effects are not included and the comparison of different ‘cc-recipes’
gives no valid estimate for the size of the off-shell effects. If the off-shell effects are of the
magnitude as predicted in the above discussed microscopic models of the nucleon, then this
will have significant consequences for intermediate-energy electron scattering experiments
planned at CEBAF. Here, we discuss a possible study of these off-shell effects using virtual

Conipton scattering as a probe.

2.2. Formalism

The experiment involves the measurement of the cross section and the three compo-
nents of the proton polarization after being scattered by the incident longitudinally polar-
ized electron. The coordinate system used in describing the (€, ¢'p) reaction is outlined in

Fig. 2.4. 4

Figure 2.4. The coordinate system and the various kinematical quantities. ko (ko) is
the energy of the incident (scattered) electron. h is the incident electron helicity and
q2 —_ Qz + wz.

The unit vectors n, 1 and t, are defined by choosing | parallel to the proton momentum,
n=(qx1)/|q x1}and t = n x |, the projection of the spin unit vector onto these basis

vectors can be defined as:

Sn=n-sh, Si=1-sp, and §; =t sh. (2.2)
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The normal component, pg, is helicity independent and vanishes for elastic electron-
proton scattering. The transverse component of the recoil polarization, Py, which is located

in the scattering plane is related to the electron beam helicity, h, as:

P, = hDy. (2.3)
The longitudinal component is given by:

p. = hDy. (2.4)

We will measure the polarization transfer coefficients for the reaction 'H(£, e'p)y in off-shell
kinematics as function of W? and Q2. They are directly sensitive to the nucleon structure
as can be easily shown for the on-shell limit corresponding to elastic electron-proton scat-
tering. Here, the polarization transfer coefficients D, and D;; can be expressed!” in terms

of the nucleon form factors Gg and Gpy:
LoDy = -2+/(7(1 + 7)GApGrtand, /2
k!
LDy = otk V(71 + 7)G2,tan?8, /2 (2.57

mp

Io = G5 + 7G%[1 + 2(1 + 7)tan?4,/2},

here 7 = Q%/4m,. Note that also a ratio Rp can be formed from the proton polarization
components p, and p, which, in the limit Q2 — 0 and W — M, is directly related™* to the

magnetic moment of the free proton.

The spin vector of the proton is measured in the polarimeter after it is momentum
analyzed in the 4 GeV/c proton spectrometer. Contrary to both the normal and the
longitudinal spin components, the sideways component does not precess {in first order)
in the magnetic field of the spectrometer. The polarimeter coordinate system is defined
as follows: X axis is along the momentum dispersion direction, Y axis is normal to the
bend plane and Z axis is along the proton momentum. The polarization components after

precession by an angle x through the 4 GeV/c proton spectrometer are given by:
PX = pycosy + plsiny
PY = p, (2.6)

Pz = —pysiny + p.cosy.

* One finds that Rp = —ﬁﬁfm% = %?EL, where Rp does not involve knowledge
of the electron polarization, and again the last equality is only true for elastic ep scattering.
The systematic error in this ratio is expected to be small as only the accuracy of the incident

and scattered electron energies, the scattering angle, and the spin precession angle enter.
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The precession angle is given by:

-2

X = gTwﬂs, (2.7)

where g is the gyromagnetic ratio of the proton (5.586), v is the Lorentz factor and 25 is

the total bend angle in the proton spectrometer (for the central ray g = 45°).

The focal-plane polarimeter determines therefore p_. and a combination of longitudinal
and normal components, p), and pg. The normal component will be separated from p/, using

its independence of the electron helicity. In the on-shell limit p is expected to be zero.

2.3. Estimates for the Cross Section and Polarization Transfer Coefficients

To gain insight in the sensitivity of the VC scattering process to the nucleon structure,
we extended the formalism by Mo and Tsai'® to coincidence (e,e'p) reactions'?. The

treatment of order e? contributions to the virtual-photon correction involving the strong

interaction is similar to that of Mo and Tsai. -
T T T [ T T T T l T 1 T H I ] 1
106 — —
f— et}
= -

PN o P
N
.

Figure 2.5. Angular distribution of radiated events for kinematics 3. The various lines
denote the é,, (dotted), é., (dashed). and é,, (solid} contributions.

The formalism includes the complete half off-shell coupling as given by expression (2.1)

which allows a study of the dependence on various models of the nucleon. In addition, the
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sensitivity to negative energy states, which was already recognized by Drell more than forty
years ago®®, can be investigated. The model contains the approximation of separability

which allows for only nucleon intermediate states.

00100 T L] T
\. ..... SOFT ¥y

0 0050 e
o ] R = MM
ut : — o= F)°7 = 2My /M eF,""
< )
Q.

0.0010 r >

0.0005 N T

0.0001 . '

-30 -100 - 150
8, (DEG)

Figure 2.8. Probability distribution for the emission of photons of 100 MeV energy in
the reaction ' Hfe,e'p). The various lines denote different nucleon models. as described in

the text. A beam energy of 2.51 GeV and an electron scattering angle of 12.5° is assumed.

Fig. 2.5 shows the angular distributions calculated for kinematics 3 (see section 4.1)
in the soft-photon limit. The total radiative effects have been divided into three parts,
one solely due to electron radiation (4., ), one due to the contribution from electron-proton
interference (., ), and one due to the contribution from direct proton radiation {é,,) only.
It is seen that the radiation from the proton is dominant for photon angles less than -80°.
Next, we have applied our model to the measurement of the reaction ep — epy at low
Q?, corresponding to kinematics 1 discussed in section 4.1. Fig. 2.6 shows the probability,
P(©,, E,), for photon emission for a kinematics with £ (E') = 2.51 (2.36) GeV and Q?
= 0.28 (GeV/c)? and for E, of 100 MeV. The radiated cross section is defined as

do _ da'er) |

i0..dE,d0, = dan, .0 95 (2.8)

where o!¢P! indicates the electron-proton cross section without any radiation. The dotted

curve in Fig. 2.6 shows the result in the soft-photon limit, while the solid curve assumes
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Figure 2.7. Polarization transfer coefficients Dy and Dy versus photon angle. For a

discussion of the various curves see the text.

F;% equal to Fj'* (and F{t equal to F'™). The other curves assume a W and Q*
dependerice estimated from the predictions of the one-pion loop model of Ref. 11, and
only differ in the relative normalization of F; ¥(Q? = 0) to F;'*(Q? = 0). The dashed
curve assumes a relative normalization of x ;HM: as given by Ref. 11, whereas the dotdashed

curve assuines a relative normalization of = fnﬂ
L 4

as derived from dispersion relations??. The
figure shows that in this kinematic region one is sensitive to the unconstrained form factor
F; 7 which measure the anomalous magnetic moment of an off-shell proton. Fig. 2.7
shows the polarization transfer coefficients calculated for the same kinematics. It is seen
that the asymmetries are sizable and the sensitivity to hadronic structure effects is large.

All models predict the same asymmetry in the limit 8, — 0. The asymmetry is greatly

12



varying around #, = —30°. In this region the interference between the Bethe-Heitler and
VC contributions is dominant. The results clearly indicate the sensitivity to the nucleon
model used in the calculations.

13



I1I. The Experiment

3.1 Introduction

The experiment can be carried out at the CEBAF electron-scattering facility using
the Hall A spectrometers. An incident electron beam with 100 % duty factor and an
energy of 2.5 - 4.0 GeV allows measurements at four-momentum transfer values Q? =
0.28, 0.56, and 1.00 (GeV/c)?. The dependence of the cross section can be mapped out
as a function of the photon energy up to a value of 150 MeV. The (e,e'y) reaction can be
identified by detecting the scattered electron in coincidence with the proton. This requires
the use of the high-resolution spectrometers available in Hall A in order to guarantee a
precise reconstruction of the photon kinematics. The anticipated missing-energy resolution

is estimated at approximately 1 MeV,

The coincidence detection efficiency can be calibrated with the reaction H(e,e'p).
The total coincidence yield can be corrected for accidentals and weighed by the detection
volume calculated with a Monte Carlo simulation, taking the angular acceptance of the
spectrometers as a function of the vertex position into account. During the actual exper-
iment the coincidence yield as a function of the incident electron beam position can be

used as a check on the mutual alignment of the spectrometers, beam and target cell.

3.2 The Cryogenic Target

A cryogenic target is being developed by the Hall A collaboration. The LH; target
will operate at 20 K and a pressure of 3 atm, necessary in order to suppress macro bubble
formation. A description of the target system can be found in reference??. The target
cells will have a length of 10 ¢m and can operate with beam currents up to 150 pA. The
design value for the maximum cooling power amounts 1 kW. For the present experiment we
assume a beam current of 100 A and consequently a moderate level of power dissipation.

—2.-1

The resulting luminosity amounts to 2.6 x 10%® e~ atoms em™?s

3.3 Virtual-Compton Scattering Effects.

Experimentally, the reaction eV — €N+ can be best approached by detecting a scat-
tered electron in coincidence with a proton using high-resolution magnetic spectrometers,
under construction in Hall A at CEBAF.

The measurement is complicated due to the fact that an abundance of photons will be
radiated by the incoming and scattered electrons. This will lead to radiation tails in the

missing-energy and momentum plane, defined by £,, = w — Ep+ M and pr, = ¢ p'. Fig.

14



Figure 3.1. Not-unfolded spectral function for the reaction 'H(e,e'p), where the two
radiative tails due to radiation of the electron before and after the interaction can be
observed. The sign of pm is + (-) in case the angle of py,, with respect to the incident
electron, is < (>) tanf/2.

3.1 demonstrates this effect with the data recently obtained by the NE-18 collaboration?23
at SLAC for the reaction 'H(e,e'p), for an incident (scattered) electron energy of 2.015
(1.400) GeV and consequently Q? = 1.15 (GeV/c)®. The tails due to radiation of the
incident and scattered electrons are readily observed.

The angular distribution of the count rate is shown in Fig. 3.2. For the data the
photon angle has been reconstructed from the measured Pm- The invariant mass of the
photons can be reconstructed from the kinematics and was in the range -0.01 < W,? <
0.002 GeV?. Thus, VC events are well separated from the pion production contributions.
A cut has been applied to select only photons with Ey > 40 MeV, resulting in a range of
invariant mass of the intermediate hadronic state of M < W <1060 MeV. It is seen that
the radiation is dominant in the direction of the initial and final electrons, where narrow

peaks are seen in accordance with the peaking approximation??.

In Fig. 3.3. we show the number of radiated events in the interval —60° < 4., < —20°

15
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Figure 3.2. Angular distribution of radiated events obtained at NE-18 for E, > 40 MeV.

obtained at NE-18 versus the cut-off energy E,. The solid (dashed) curve shows the
prediction in the soft-photon limit for Bethe-Heitler and VC contributions (Bethe-Heitler
only). The agreement between data and prediction of the number of counts when proton
radiation is included clearly demonstratesthe experimental viability of the technique even
with the 2 x10~* duty factor available at the SLAC end-station. However. the number of

counts in this regime is too low to allow for a meaningful study of the nucleon structure.

3.4 The focal-plane proton polarimeter

The focal-plane proton polarimeter for the 4+ GeV/c proton spectrometer in Hall A

is being developed by the Hall A collaboration. A full description of this polarimeter
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Figure 3.3. Number of radiated events in the interval —60° < 8y < =20° obtained at
NE-18 versus the cut-off energy E.. The solid (dashed) curve shows the prediction in the
soft-photon limit for Bethe-Heitler and VC contributions (Bethe-Heitler only).

can be found elsewhere??. The design is based on existing technology and is similar to
polarimeters already in use at LAMPF, IUCF, TRIUMF, and SATURNE. The design uses

a graphite analyzer preceeded and followed by a series of straw drift chambers.
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IV. Count-Rate and Running-Time Estimates

4.1 Kinematics

The kinematics are given in Table 1 and are chosen such as to determine the depen-
dence of the observables as a function of the four-momentum transfer, over the range of 0.28
to 1.00 (GeV/c)?. In each setting the dependence on the invariant mass of the intermediate
state will be measured from 938 to about 1150 MeV. The polarimeter only determines p’,
and a combination of pg and p’,. The latter two contributions can be separated through

the use of the electron helicity.

4.2 Count Rate Estimates

For count-rate estimates we have assumed the following spectrometer acceptances: 10
% in momentum and a solid angle of 7.8 msr. As both spectrometers will see the total
length (10 cm) of the extended target, a target thickness of 0.7 g:em™? has been used in
the estimates. -

Coincidence rates are given in Table 2, assuming an average current of 100 zA. We
have selected only photons emitted by the 6,, contribution in a certain missing-energy
interval in our count-rate estimates. Here, we have integrated over a photon angular range
of about A@ = 60°. A similar integration range was assumed for the out-of-plane angle ¢,
and a flat response as a function of that angle.

For the Q% = 0.28 and 0.56 (GeV/c)? kinematics, it is possible to obtain a 2% sta-
tistical error, for a bin of 10 MeV bin in photon energy and 10° in photon angle, within
20 hours of beam time. A 3% statistical error, in a similar bin for the Q? = 1 (GeV/c)?
kinematics, requires 40 hours of beam time. A total amount of 130 hours of beam time
seemns appropriate for a first unpolarized measurement. This estimate includes checkout
and calibration of the experimental setup.

Next we estimate the running-time required for a measurement of the polarization
transfer coefficients. To calculate the statistical precision only those coincidence events
which scatter usefully in the focal-plane polarimeter should he considered. The cross
section for scattering a polarized electron from an unpolarized proton followed by a second

scattering of the outgoing polarized proton from an analyzer is {for parallel kinematics):
o =og[l +p Ay sing; + (pgcosx + p.sinx )4, cosd,], (4.1)

where ¢, is the azimuthal angle of the secondary scattering, 4, is the analyzing power, oy

is the unpolarized cross section and x is the precession angle in the proton spectrometer.
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By measuring the ¢, distribution in the polarimeter one can disentangle the polarization
contponent p, from the other polarization component, which is a combination of pg and

p.- The statistical uncertainty in either polarization component is:

I 1
Ap; = — —_—, 2
PR, VN 4.2)

where A, is the analyzing power averaged over an angular cone for which 4, is substantially
different from zero, f is the fraction of events that scatter into this cone and N is the total
number of events detected in the spectrometer focal plane.

Shown in Table 3 are the assumed polarimeter parameters for each kinematics. Table
4 shows the run times. For the longitudinal polarization of the incident electrons we assume

40 %.

4.3 Beam Time Request

The total beam time required is 480 hours, including 50 hours for setting up and
testing the experimental apparatus (see Table 5). The proposed measurements will give
an accurate experimental value of the polarization transfer coefficients with a statistical
uncertainty better than 0.03, 0.02, and 0.03, for Q% of 0.28, 0.56, and 1.00 (GeV/c)?,
respectively. The estimate of this uncertainty is partly dependent on the model used to

estimate the cross section and polarization transfer coefficients for the 'H(&, ¢’ p)v reaction.

In summary, a measurement of the virtual Compton scattering cross section in the
reaction 'H(e,e'p)y allows a precise study of the off-shell electron-proton vertex. The
dependence of the cross section can be measured both as a function of the four-momentum
transfer, over the range of 0.28 to 1.00 (GeV/c)?, and as a function of invariant mass of
the intermediate state in the range of 938 to about 1150 MeV. We have shown that this
allows for precise tests of microscopic models for the nucleon.

The experimental technique will have sensitivity to new structure functions, beyond
Fi(Q?) and F3(Q?*), which are required for a correct description of the off-shell vertex.
The proposed experimental method allows measurement of the off-shell behavior, free from
obscurance due to nuclear-structure, final-state interaction and meson-exchange currents

effects.
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Table 1. Kinematics for ' H{e,e p)vy experiment. The settings given correspond to central

(e.p) elastic scattering kinematics.

Kin E Q2. E' p' 8. 8,
| GeV | [(GeV/e)? ] [ GeV | [ GeV/c ] [ degr | ( degr ]
1 2.51 0.28 2.36 0.55 12.50 -68.06
2 3.60 0.56 3.30 0.81 12.50 -62.09
3 4.00 1.00 3.47 1.14 15.47 -54.44

Table 2. Estimated coincidence counting rates for the proposed kinematics; integrated

over a photon angular range of about A0°.

Kin Q? E, Ne
[(GeV/e)? | [ MeV ] [ Hz |
1 0.28 20 - 50 108
1 0.28 50 - 100 80
2 0.56 2050 15
2 0.56 50 - 100 33
2 0.56 100 - 150 20
3 1.00 20 - 50 10
3 1.00 50 - 100 i
3 1.00 100 - 150 4
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Table 3. Assumed polarimeter parameters. The quoted polarization components corre-

spond to the on-shell case.

Kin Anal. thickness A f Dy, Dy,
[cm ]

1 3 0.34 0.006 0.10 0.10

2 10 0.47 0.04 0.15 0.12

3 25 0.32 0.15 0.20 0.15

Table 4. Estimate for the required beam time for the polarized (unpolarized) measure-

ments.
Kin E Q? Time
[ GeV | [ (Gev/e)? | | Hours |
1 2.51 0.28 150 (20)
2 3.60 0.56 100 (20)
3 4.00 1.00 100 (40)

Table 5, Beam time request.

Time [hours]

Setup and Checkout 50
Data Acquisition 430
TOTAL 480
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HAZARD IDENTIFICATION CHECKLIST

CEBAF Experiment:

Date: /4/4’/ Y, 929

Check all items for which there is an anticipated need—do not dheck items that are part
of the CEBAF standard experiment (HRSE, HRSH, CLAS, HMS, SOS in standard
configurations).

Cryogenics
beamline magnets
analysis magnets
target

drift chambers
other

K

Electrical Equipment
cryo/electrical devices
capacitor banks

high voitage

exposed equipment

Radioactive/Hazardous Materials
List any radioactive or hazadorous/
toxic materials planned for use:

Pressure Vessels (cegf )

2 ¢ inside diameter
operating pressure
window material
window thickness

Flammable Gas or Liquids Other Target Materials
(incl. target) ___ Beryllium (Be)
type: L // 2 Lithium (L.i)
flow rate Mercury (Hg)
capacity: Lead (Pb)
—_ Tungsten (W) -
_ Uranium ()
___ Other (list below)

Vacuum Vessels Radioactive Sources Large Mech. Structure/System
inside diameter permanent installation lifting devices
. oOperating pressure temporary use motion controllers
window material type: scaffolding or elevated
window thickness strength: platforms
other
Lasers Hazardous Materials Notes:
type: - cyanide plating materials
wattage: _scintillation oil {from)
class: ____ PCBs
___  methane
Installation ___ TMAE
permanent . TEA
temporary ——__ photographic developers
__other (list below)
Use
calibration

alignment




