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1 Introduction

The form factors of the proton and neutron are fundamental properties of the nu-
cleon, and a critical testing ground for models based on QCD. A detailed knowledge
of these quantities is essential to our understanding of the electromagnetic response
functions of nuclei.

Our present knowledge of the neutron electric form factor is inadequate. The
slope of Gga(Q?) at ¢ = 0 is accurately known from neutron-electron scattering.
At higher Q% systematic errors are very large. There, Gz, has been extracted from
elastic e—d scattering, or inclusive quasielastic e—d scattering. In both cases removal
of the proton contribution requires information about the deuteron structure and
large uncertainties are introduced. Uncertainties in the theoretical description of
the deuteron (mostly from FSI and MEC contributions) have especially negative
consequences. As a result, Gg,, until very recently, was known with a systematic
error of about + 100 % . A new experiment at SACLAY(1] on e~ d elastic scattering
has improved the situation at Q* < 0.8; the resulting systematic errors are >~ 30
%. Serious doubts remain as a great deal of theoretical input on non-relativistic
deuteron structure, relativistic effects and MEC are needed to infer Gg, from elastic
e — d data. Figure 1 shows the best fits to the inferred Gg, obtained by different
models for the N-N interaction necessary to compute the deuteron structure. Such
uncertainties and ambiguities are unsatisfactory for a quantity as fundamental as
Ggn. With the experiment proposed here we will be able to determine G g, without
large theoretical corrections.

The large systematic errors in the past experiments result from two difficulties.

o For elastic e-d scattering the deuteron structure is very important: Accounting
for it introduces errors which are magnified with the subsequent subtraction
of the dominant proton contribution.

o For quasielastic e-d scattering, the longitudinal/transverse Rosenbluth sepa-
ration introduces large systematic errors for the small term (charge). Further-
more the necessary subtraction of the dominant proton contribution increases
the large systematic errors.

To improve this situation we need to study a reaction which is insensitive to the
deuteron structure, which avoids a subtraction of the proton contribution and which
avoids longitudinal/transverse Rosenbluth separation.

In this proposal we describe in detail an alternative way of extracting the Sachs
Coulomb form factor Gg,, by measuring the spin-dependent part of the elastic
e — n cross section. To this effect, we plan to detect quasi-elastically scattered
electrons from a longitudinally polarized beam incident on polarized deuterium nu-
clei in deuterated ammonia (N D;). The determination of the asymmetry in the
cross section for two opposite orientations of either polarization, yields the prod-
uct Ggn ' Gyn. In the remainder of the proposal we will review the exact relation
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Figure 1: Two parameter fits to data for G,y deduced from the Paris (solid), RSC
(dotied), Argonne V14 {dashed) and Nijmegen (dash-dotted) potentials. From Ref-
erence [1].

between Gg, and the experimental asymmetry, explore the kinematic region where
the method may be applied, and discuss the technical details of the polarized target,
the electron and the neutron detector systems, and the auxiliary devices involved.
An analysis of the estimated uncertainties as well as a relation of the count rates
and beam time request complete the proposal.

2 Proposed technique

Dombey{2] was the first to point out that the scattering of longitudinally polarized
leptons on polarized nucleon targets could be used to determine the form factors
of the nucleons. The procedure consists of measuring the part of the e — ¥ elastic
cross section that corresponds to the interference between the Coulomb and the
transverse components of the nucleon current. The measurement is carried out by
calculating the resulting asymmetry in the cross section when the beam or the target
polarization is reversed.

Following Donnelly and Raskin[3) we can express the inclusive e— N cross section
as a sum of an unpolarized part (L), that corresponds to the elastic cross section
do/dfl., and a polarized part {A), that is different from zero only when the beam
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Figure 2: Coordinate system for p{€, e’) with orientation of polarization axis shown.

is longitudinally polarized (helicity A): ?

o(h) =L + hA; h = tPicam. (1)
The asymmetry is then (4) <)
g(+)—-a(— A
= —_— L = 2
il oy Sl (2)

As stated above, I is just the elastic unpolarized free e — N cross section, and
specifically for neutrons it reads

E' G}, + TG}
2= ounp (S

E,

where Eo( E’) are the electron’s initial (final) energy, r = @Q*/4m2, m, is the neutron
mass, —Q? = ¢} is the square of the four- momentum transfer and Gg arn are the
neutron Coulomb and magnetic form factors. The polarized part A contains two
terms, associated with the possible directions of the target polarization. The full
expression is given below, with the kinematic factors and the nucleon form factors
both evaluated in the laboratory frame (the elastic recoil factor f7! reduces to E'/ E,
in the extreme relativistic limit):

+2rGly, tan?(6,/2)), (3)

’

=
A = =2 —
O'Moqu 1+71

* {\/1'(1 + {1 + ) tan?(8,./2)) cos 8* G}, + sin §* cos ¢'GE...GM,..} (4)

tan(f./2)

where 6* and ¢* are the laboratory angles of the ta.rge‘t polarization vector with ¢
along the u, direction and #, normal to the electron scattering plane. It is clear

1The longitudinal beam helicity is defined as parallel or opposite the beam momentum. See
Figure 2 for the definition of the reference frame.
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that to extract Ggn the target has to be polarized longitudinally (i.e. ¢* = 0) and
perpendicular to § (8" = 7/2). For this special condition, the asymmetry simplifies

to
A -2y {1 + r)tan(8./2)GgnGarn 5
T T Gh + r(1 - 2(1 + 1) tand(6./2))Ghy, (5)

This result was also obtained by Arnold et al.[4] who considered the measurement
of the polarization of the recoil neutron, instead of using a polarized target.

The foregoing analysis is valid for free nucleons, and it has been reinterpreted in
the case of neutrons in polarized nuclei. For the specific case of polarized deuterium
nuclei, the exclusive process involving the detection of the neutron after the electro-
disintegration can be similarly described[3] in an expression where the interference
between Gg, and G is contained in the polarized part.

The asymmetry for vector polarization of the deuteron in the orientation de-
scribed above has been computed by Arenhovel et al.[5] for s-wave deuterons in the
Born approximation, to be

Ap =

Al =24, (6)
3
where the \/2% factor comes from the definition of the deuteron polarization.
There are different ways to exploit polarization observables for a determination of
Gg-Gp. One can either use a polarized beam and target as discussed above, or one
can use a polarized beam and measure the polarization of the recoiling nucleon. In
practice, the measurement using a polarized beam and target involves determining
the experimental asymmetry

N, - N_ _ &o(+) - do(=)

— - = 14V
TN+ N Bo(+) + dBa(-) Pheam £y Aca (7)

€

which depends on the normalized numbers of counts for two opposite helicities, N,
and N., therefore implying that the statistical uncertainty is the dominant one.
The same expression obtains in the recoil polarimetry method, with the obvious
reinterpretation of P} as the analyzing power of the polarimeter, 4,; AY, is then
the polarization P, of the recoiling nucleon, and N, are the numbers of counts in
the up(down) segments of the polarimeter.

Our studies of these alternatives have led us to choose the polarized target tech-
nique. We have found that it allows us to measure Gz over a larger range of Q?
than the alternative, and it avoids the difficult problem of a new calibration of the
recoil polarimeter for every neutron energy (for every @?). In addition, the same
setup (target and detectors) can be used to check the experimental technique and
of the reaction mechanism, assumed to be quasi-free knockout by measuring Gg,
which is known over tBe Q? range we wish to study.

There are two different polarized targets which provide in effect polarized neu-
trons, polarized deuteron and polarized *He. We have chosen polarized deuteron,
as the theoretical description of the (e, e'n) process is on a much firmer footing. For
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the 2N-system the final state interaction can be treated exactly, while this is ques-
tionable for 4 = 3. The role of the D-state in the ground state wave function and
the contributions of MEC, are under better control. Accurate calculations are al-
ready available, while for A = 3 we are still speculating on the size of the effects. At
the same time, a deuteron target allows the experimental check on procedures and
reaction mechanism through the comparison of the d(e,e'n) and d(e, e'p) reactions.
Arenhdvel et al[5] have shown that, for the case of the deuteron, the uncertain-
ties introduced by the deuteron structure are very small if one concentrates on the
strength corresponding to quasielastic e — n scattering with neutrons of small initial
momentum, k < ky. For such kinematic conditions and for the special case of the
two-nucleon system, FSI can be accurately computed, and does not contribute sig-
nificantly to the systematic errors. The effects of MEC, which for A = 2, also can
be calculated with reasonable confidence, are small as well. Effects of both FSI and
MEC are much smaller than the statistical and systematical errors of the experiment
we propose.

To determine the region of Q? where the proposed technique may be most ef-
fective, the evaluation of a figure of merit (FOM) has become customary. In the
present case, the figure of merit is related to the time required to accumulate the
number of counts needed to determine the asymmetry to a given precision. This
number is proportional to the product of the square of the asymmetry times the
cross section, so the FOM is defined as

, do
FOM = A}, .
Obviously, this quantity depends on the choice of a model for Gg,.

Several models have been tried to describe the existing data, which extend, from
the photon point to @? = 0.8(GeV/c|>. Among those deserving special attention
are the so-called “dipole” model which uses the form Gg, = —7Gpn = —7TunGEp,
with Gg, = (1+Q?%/0.71)7%, in fact setting the Dirac form factor F,, to zero, in the
full expression for the Sachs form factor Gg, = Fi, — 7 Fy,; the phenomenological
parameterization of Galster et al.[6], Ggn = —TGumn/(1 + pr); and the models that
seek a connection between the value of of the form factors at low momentum transfer
and the asymptotic values of the Dirac and Pauli form factors Fy, and F, predicted
by perturbative QCD, in particular the one proposed by Gari and Krimpelmann(7].

In Figure 3 we present the Q? dependence of Gg,, in those three instances. It can
be seen that the dipole model is higher than the two others, and in fact it is an upper
bound to the experimental data. On the other hand, the Galster parameterization
(with the Feshbach-Lomon potential) gives a good fit for p = 5.6. We used these
two models, which cover a broad range of possible values for the Q* dependence of
GEn, to compute the FOM's, which are displayed in Figure 4. It is clear that the
scattered electron angle 8, has to be as forward as possible, while for a given 4.,
the FOM drops by a factor of ~ 100 (depending on the model) from its maximum
value, when Q? = 2.[GeV/c|®. This places a practical limit on the upper value of the

6



Gra

Q.15 —

0.10

0.05

. Galster, p= 0.8
—— Gari—Krumpelman ]

= = = Gg, Dipole

Gy, Dipole

l_llllL_L

0.00

2
Q* [Gev/e]®
Figure 3: @* dependence of G.n for three different models.

attainable momentum transfer, independent of other technical complications that
arise from the high kinetic energy of the recoil neutrons, and the opening of inelastic
(e,e'r) and (n,pr) channels. Therefore, in the present experiment, we will attempt
to extract G g, at four values of Q?, starting at about 0.5[GeV/c|?, up to 2.{GeV /c|?.

To obtain these values of the four-momentum transfer, a combination of beam
energies and scattering angles must be chosen so as to maximize the FOM, within

the constraints of the CEBAF experimental halls, such as:

e Beam energy < 4.[GeV] (< 6.[GeV] in Hall C).

e Forward spectrometer angle ~ 15°.

¢ Electron final momentum in the range 0.5{GeV/c] to 4[GeV/c| (6[GeV/c] in

Hall C).

The table below gives a summary of the relevant quantities:

Table 1. Kinematic quantities

Q* Ey Ve lq] 8. 8, 98 T,
(GeV/c]? [GeV] [GeV] [GeV/c] MeV]
0.5 2.849 0.273 0.758 15° 61.6° 284° 268
1.0 3.880 0.553 1.143 16° 53.3° 36.7° 540
1.5 3.973 0.843 1.487  20° 46.0° 44.0° 819
2.0 4.020 1.142 1.818 24° 40.1° 49.9° 1107

The symbols in this table have been defined earlier, with the exception of v,
which is the electron energy loss at the quasielastic peak, including the average
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separation energy of the nucleon; #5 which is the direction of the target magnetic
field relative to the beam in the laboratory reference frame {main coordinate system},
and is perpendicular to §, corresponding to the values §* = 7/2,¢* = 0; and T}, is
the kinetic energy of the recoil neutrons in parallel kinematics (i.e. zero imitial
momentum).

The theoretical studies performed indicate clearly that J(é', e'n)p will provide o
clean determination of Gg, with small systematic errors. This is an important eri-
terton given the fact that past attempts to measure Ggn were all limited by systematic
errors in both ezperiment and, even more so, in the theoretical input necessary to
infer Ggn.

—

3 Simultaneous check of G, through d(€,€'p)

Both the experimental procedures and our understanding of the reaction mechanism,
can be checked by measuring with an identical setup used for d(€,¢'n) the reaction
d(€,¢e'p). At transfers Q* < 1(GeV/c)? the proton electric form factor is quite weil
known, and d(€,e’'p) can be used to verify those results.

A d{€,e'p) experiment is much easier than d{é,e'n): the e — p cross section is
much larger, the interference term Gg, - Garp is much larger due to the larger Ggp,
and the detection efficiency for the recoiling nucleon is large. Typically, the figure
of merit for d(€,e'p) is two orders of magnitude greater than J(c"', e'n). Runs on
d(&,e'p) therefore are very short, or can be performed in parallel to d(€,e'n) with a
proton detector of much smaller size.

A d'té', ¢'p) experiment is somewhat complicated by the fact that the proton exits
the target in a direction nearly perpendicular to the holding magnetic field of the
polarized target. This results in a significant vertical deflection of the proton, by up
to 20°. This deflection does not pose significant problems. A (small) recoil proton
detector can easily be placed out-of-plane for a simultaneous measurement of (e, e'n)
and {e,e'p). Alternatively, a short run with the neutron detector (which does not
need significant shielding) lifted out-of-plane can be performed.

To measure Gg, with this setup, the proton detector be placed in direct sight of
the target. Our experience with the (e, e'n) experiment at NIKHEF shows that this
is possible, provided the scintillators were shielded from the target with a few mm
of Pb. For Q* > 0.25 GeV/c? we have been able to run at NIKHEF with average
currents of >~ 10nA4 and a duty cycle of 1%. We will be in a much more favorable
situation at CEBAF, and even with a target that is significantly thicker than the
LD; target employed at NIKHEF.
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Figure 5: Schematic diagram of the main components of a polarized solid state
target.

4 Experimental Setup

4.1 Polarized Target

There have been significant advances in the development of polarized solid state
targets in the past few years(8]. The major breakthrough has been in the develop-
ment of polarization in NH3 and NDj, which have enhanced resistance to radiation
damage and a higher percentage of polarized nucleons. The targets are polarized
through the dynamic dipole-dipole interaction of the completely polarized radicals
(electrons) and the nucleus. This requires very low temperatures (&« 1 K) and very
high magnetic fields (2.5 - 5 Tesla). This large magnetic field is also of concern in
the detection of scattered particles (see section dealing with the compenstation of
the holding field late in this proposal). The basic principle of operation is to cool
the sample to low temperature (< 1° K) in a high magnetic field with RF power
supplied to the sample. A schematic diagram of the major components is shown in
Figure 5.

Some estimates have been made on the expected performance (see Table 2
below?) of the polarized targets in high power electron beams. These estimates

¥The luminosity has been reduced to correspond to the percentage of polarized H and D.
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are based upon existing systems, particularly the EMC apparatus used at CERN;
the heat extraction from the target is the major limitation and will require not only
a beam reduction, but a rapid movement (100 Hz) of the beam over the target area.

Table 2.‘Expected Polarized Target Performance.

Detail NH, ND;
Target Length 1.5ecm 1.5 cm
Temperature 10K 02K

Current 200 nA 10 nA

Luminosity 0%  3.10%
Vector Polarization 0.7 0.6
Tensor Polarization — 0.3

The University of Virginia group is about to submit a proposal for the construc-
tion of polarized NH; and NDj targets. An initial compliment of equipment for this
work has been acquired from funds supplied by the Commonwealth Center for Nu-
clear Physics; approximately $125,000 has already been committed. The University
is presently negotiating with a senior physicist with experience in spin physics to
lead the target development effort.

Obviously this target is a general purpose facility for CEBAF, useful for many
other experiments, including the Deformation of the A proposed by this collabo-
ration. However, the primary motivation for undertaking the construction of the
target is to measure Ggn.

4.1.1 Compensation for Target Holding Field Effects
When using a polarized target, the holding field deflects all charged particles entering

and exiting the target. For the d(&,e'n) case of interest, the holding field is in the
scattering plane, in the direction perpendicular to §. The field has a component
perpendicular to both the incident and scattered electron directions and results in
small, yet significant deflections. This deflection of the electrons is minimized by
performing the experiment at the highest incident energy (which corresponds to
the smallest angle) possible, which, at the same time, yields the greatest the figure
of merit for a fixed luminosity. For the energies and angles listed in Table 1, the
maximum deflection for the incident electron in traversing a target field of 0.8 T-m
is 2.8°, For the scattered electron the maximum deflection is less than 1.8°.

Unless compensated for the deflection of the incident and final electrons can be
troublesome. When the beam is defiected down, the scattering plane is tilted such

that ¢ points toward the floor. The angular position of § below the laboratory floor,
$q, is given by

. E
sin ¢y = ——sin ¢y
q9

where ¢; is the beam deflection angle. At high energies and small angles a small
incident beam deflection is magnified, resulting in a large deflection of ¢. For exam-
ple, at Q? = 0.5, % = 3.84 and ¢, = 10.5°. Since the scattered electron is deflected
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vertically as well, the scattering plane has a significant tilt with respect to the floor.
To detect the neutron along ¢ 10 meters from the target would require putting
the neutron detector almost 2 meters below horizontal. Further complications arise
since the angle of the spectrometer, 8, is different from the true scattering angle
when the beam is deflected. This difference between 8, and 4, is greatest in the
forward direction.

Therfore we have considered the possibility of compensating for the holding
field. The following scenario has been investigated. The incoming electrons are bent
vertically by a 2-magnet chicane. The holding field of the target brings them to the
target center. The scattered electrons are bent vertically into the horizontal plane
of the spectrometer. Since the target holding field bends vertically, electrons which
are scattered with an out of (horizontal) plane angle of >~ 1.5° arrive at the central
plane of the spectrometer. This results in an scattering plane that is tilted with
respect to the floor by only a degree.

The incident beam leaves the field of the target at small vertical angle, >~ 1.5°,
and must be bent back to reach the beam dump, some meters away. Space for this
chicane upstream of the target is available; no significant installation downstream
that could interfere with the spectrometer is needed. This leaves the target polar-
ization in the horizontal plane, and it does not require going out of the horizontal
plane with the neutron detector (given the vertical acceptance angle of HMS).

The 2-magnet chicane needs to have a bending power of typically 1.4 T-m per
magnet (2.8 T-m) with a pole gap of = 2 cm to allow for beam rastering. For a pole
width of ~ 8 cm the range of angles needed for the range Q* can be covered. The
resulting magnets are of modest size and pose minimal constraints in term of field
quality. These magnets would be very similar (if not identical) to the ones used in
the accelerator arcs.

The precession of the electron spin due to the effective beam deflection of 1-1.5°
before the target must be compensated at the polarized source.

4.2 Electron Spectrometer and Detection System

The HMS in Hall C or the HRS in Hall A have the necessary combination of mo-
mentum acceptance, resolution, and solid angle for this experiment. Only modest
energy resolution on the electron side is necessary as the neutron arm dominates
the overall determination of the missing energy. The large vertical acceptance of the
these spectrometers is an advantage when considering the deflection of the electrons
in the target field.

The detection package will consist of drift chambers for reconstruction of the
electron angles and momenta; for particle identification, a gas Cerenkov counter
and lead glass shower counters; and plastic scintillator hodoscopes for timing and
to help with muon rejection in the shower counter. The needs of this experiment
are well within the capabilities of the standard detection system planned for the
CEBAF electron spectrometers. In fact, the low rates we anticipate, will not pose

12



a problem to their rate handling capabilities.

4.3 Beam Polarimetry

The polarization of high energy electrons can be measured by exploiting the asym-
metry in electron electron scattering (Méller) and in the Compton scattering of
circularly polarized laser from the polarized electrons in the incident beam. CE-
BAF is planning to construct polarimeters of both types. For the high current halls
the backscattered laser technique is feasible. However, since the maximum current
handling capability of the solid state polarized targets is between 10 and 200 nA,
it may not be possible to use this method for this experiment, The laser electron
backscattering technique, which has a backscattering rate of 1 kHz/Watt/200uA(9],
would produce very low scattering rates with potentially serious background prob-
lems at these currents.

The alternative is to use a Moller polarimeter which have been used successfully
for low currents. Situated up stream of the target a Moller polarimeter consists of
of a polarized electron target, a septum magnet capable of deflecting the elastically
scattered electrons into identical C-magnets located on opposite sides of the beam
line. By detecting the incident electron and the scattered electrons in coincidence,
which at the peak of the Méler asymmetry (90° in the CM) have one half of the
incident beam energy, a nearly background free signal can be measured. The degree
of polarization of the beam is measured by reversing the electron polarization, and
for longitudinally polarized electrons a counting rate aymmetry is measured and
compared to the expected experimental value of

Au:g'PcB'PeT

For polarized iron targets PT = 0.08. The scattering rate will be about 10® Hz per
lzA. Experience at existing laboratories (Bates, Bonn, Mainz) gives us confidence
that the polarization of the beam can be determined to 3%.

4.4 Neutron Detector

Quasi-elastic scattering events from the neutron will be identified by detecting the
recoil neutron in coincidence with the scattered electron. The neutron detector will
consist of an array of scintillators which will form a continuous wall, The size of the
neutron detector will be determined by two factors:

1. The solid angle required to match the electron spectrometer solid angle and
contain the Fermi-broadened neutron peak corresponding to the quasi-elastic
electron peak.

2. The neutron flight path necessary to obtain the required energy resolution to
separate the 'quasi-elastic’ recoiling neutron from background events.

13
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To determine the required solid angle which will match the electron spectrometer
solid angle we performed a Monte Carlo calculation to simulate the quasielastic
d(e, e'n)p process. The neutron initial momentum was assumed to follow the nucleon
momentum distribution in the deuteron. The spectrometer solid angle was assumed
to be about 7 msr with a momentum bite acceptance of Ap/p = £10%. We show
in Figure 6 the neutron angular phase space in the scattering plane (A®,) and
out of the scattering plane (A®,) for an incident electron energy E. = 4 GeV and
electron scattering angle 8, = 20° corresponding to @Q? = 1.53(GeV/c)®. As can
be seen in Figure 6, the recoil neutron peak is contained within A®, =~ £80 mr
and A®, =~ +150 mr. Thus a neutron detector spanning 48 msr will contain most
(85%)of the quasielastic peak. _

There are three major sources of non-quasielastic, background (e, e'n) events;

1. Coincidence events originating from the nitrogen in the polarized target.
2. Charge exchange reactions (discussed later).
3. Coincidence events originating from the process e+p — €' + 7+ n.

The first two can be determined by measuring the N (e, ¢'n) reaction under the same
conditions, or by a careful measurement of the nitrogen quasielastic peak (which
extends beyond the deuteron peak) and subtracted from the deuteron quasielastic
events (see Section 5).

To estimate the neutron energy resolution required to separate the quasielastic
events from the w-production events we simulated by a Monte Carlo calculation
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Figure 7: Energy phase space distibutions at 4 GeV and 20°.

the energy phase spaces of the two processes. We show in Figure 7 the energy
phase space distributions for both processes for the same kinematical conditions
(for which the neutron kinetic energy is the highest in our proposed experiment and
thus requires the longest flight path). The vertical bars in Figure 7 correspond to
AE, = 60 MeV which can be obtajned for this nentron kinetic energy (850 MeV)
with a 10 m flight path and 0.5 ns timing resolution.

It should be noted that the quasielastic cross section is about equal to that of
the T production cross section. However, while the neutron detector covers the
entire quasi elastic phase space, only a fraction of the phase space of the neutrons
originating from -production processes will be covered by the neutron detector, thus
eliminating the major part of the background. Using a Monte Carlo simulation, we
estimated that the electron-neutron coincidence requirement with the given neutron
detector will cut the double differential cross section to less than 5%, for events
originating from either the deuteron or the nitrogen. For the N D, molecule, the
effective coincidence e-n background cross section will be about 15% of the deuteron
quasi-free background. The energy spectrum of these electrons is shown in Figure 8
with that of the quasi-free process. The smallness of this background ensures that the
energy resolution obtainable with the neutron detector in this configuration should
suffice to separate the deuteron quasielastic events from the m-production events.
This is further demonstrated in Figure 9 where the energy spectrum of neutrons
from the quasielastic and pion production processes in coincidence with electrons
of 3.045 < F < 3.065 GeV is shown, The horizontal bar represents the expected
neutron energy resolution. The situation improves for events of higher scattered
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Figure 8: Electron energy spectrum for deuterium in coincidence with neutrons.
The large peak is from quasielastic events, the small peak for reactions involving
pions.

electron energy (toward the center of the quasielastic peak) where the neutrons are
of lower energy.

The required neutron detector will be about 1.6x3 m? in size. The detector will
consist of 1.5 x 0.1 m? scintillator bars 10 cm thick, a total thickness of 30 ecm
which will yield about 40% neutron detection efficiency. The University of Virginia
is presently constructing a similar neutron detector 1.6 x 1.6 m?, 20 cm thick, with
similar scintillating units. This detector will be redesigned for this experiment using
the existing hardware (which comprises more than half of the required detector).
The estimated cost for the additional hardware required for the neutron detector is
$300,000.

5 Corrections and Systematic Effects

5.1 Scattering from *N

Due to the limited energy resolution, ~ 60 MeV, it will not be possible to separate
e-D and e-N quasielastic scattering via the missing energy in (e, e'n). This does not
pose a significant problem, however. Figure 10 shows a typical inclusive electron
spectrum which reveals in the total spectrum the effect of the narrow deuteron
quasielastic peak summed with the wider YV quasielastic peak. A cut on scattered
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Figure 9: Neutron energy spectrum for electrons of 3.045 < £ < 3.065.

electron energy that selects 2/3 of the deuterium quasielastic peak (shown as the
vertical dot-dash lines in Figures 10 and 11) has a contamination of 50% from
N({e,e') under the peak. The shape of *N(e,e') under the deuteror quasielastic
peak need not be be measured separately. The asymmetry measurement results in
an increased counting rate for particular spin orientation of target and beam. The
effect of the nitrogen contamination is a requirement to take better statistics.

We have made the estimate above using the inclusive (e, e’) system onily. When
cutting events on the detection of the recoil neutron, (see Figure 11) the "N con-
tribution is reduced by an additional factor such that is constitutes 25% at low Q?
to less than 35% at high momentum transfers.

In the V Dj target the /¥ also will be partially polarized. The unpaired neutron
in N also will contribute to the asymmetry. The *N quasielastic peak will show
an asymmetry. Following the analysis of the EMC experiment[10}, we estimate that
this will constitute a 5% correction to the experimental asymmetry. This effect
introduced by the YN can be measured directly by measuring the asymmetry in
the wings of the YN quasielastic peak, whose shape is known from scattering from
any N target. This works because the asymmetry should be constant across the
quasielastic peak and any corrections should be calculable.

As an additional check we are investigating the possibility of depoiarizing the
nitrogen by saturation with microwave power at very low temperatures as has been
described in Ref. 11. This would allow actual measurements to be made at very low
currents to confirm the nitrogen asymmetry contribution.
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Figure 10: Inclusive quasielastic electron spectrum showing the narrow quasielastic
deuteron peak on top of the much broader quasielastic nitrogen peak. The vertical
dash-dot lines indicate the region of the spectrum which would be used to determine
the asymmetry.

5.2 Charge exchange reactions

Not all events identified as a coincidence between an electron and a neutron neces-
sarily correspond to the (e,e’n) process. The reaction (e, e'p), followed by charge
exchange (p,n) can produce events of similar signature.

Two types of charge exchange processes occur:

o Charge exchange within the nucleus that produced the (e,e'p) reaction
e Charge exchange in the rest of the target.

The former process cannot be distinguished experimentally from (e,e’n). For
the special case of the deuteron, the contribution of their process can be calculated
accurately, and already is included in Arenhovel’s calculation of FSI. It’s effect is
very small. Charge exchange in the NV Dj,-target falls under two categories:

¢ (e, e'p) on nitrogen, followed by (p,n) on nitrogen or deuterium. These events
have the (¢ — n) energy and angle correlation of quasielastic scattering from
nitrogen. They are automatically subtracted out when removing the wide
nitrogen quasielastic peak from the narrow deuteron quasielastic peak.

e (e,e'p) on deuterium, following by (p,n) in *N or 2H. These events have the
angular correlation of the genuine (e,e'n) peak, and must be removed via a
calculated correction.
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Figure 11: Electron Spectrum cut on detection of recoil neutron.

We have calculated their contribution to the measured assymetry assuming a
target thickness of about 1 g/cm? and using the known asymmetries for (¢, e'p) and
cross sections, and measured (p,n) cross section at 0°. At Q? = 0.5 GeV/c? (1.5) we
find a relative change of 4 of 5.3 x 1073(3.5 x 10~3), which is negligible in comparison
with other systematic errors.

5.3 Uncertainties in Gj,(Q?)

All the presently proposed methods to determine Gg, rely on a measurement of the
interference term Ggp - Gppn. From this term, Gg, can be extracted to an accuracy
that amounts at best to the one of our knowledge on Gpn(Q@?).

At the present time, the magnetic form factor Gy, is known to an accuracy
of typically 10% . While individual experiments have claimed significantly smaller
uncertainties, the difference between experiments is of that order. This obviously
could limit the accuracy of the Gg, we wish to measure.

The present collaboration is actively involved in an experiment on d(e,e'n) at
NIKHEF (89-E2) and PSI that will improve the accuracy of Gan to the = 2% level,
for momentum transfers near 2 fr~1. For the higher-q? region, this experiment will
be extended as soon as the ~ 800MeV cw facilties at NIKHEF and Mainz will be
operative. By the time Gg,-data will be available, much more accurate Gy, data
will have been measured.

We note that these Garn experiments also provide the present collaboration with
much experience on (e,e’n) and the difficulties encountered with such detectors in
the environment of an intense electron beam.
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6 Estimate of Uncertainties

As it was mentioned earlier, the target asymmetry A}, is related to the experimental
asymmetry thruough

£ 1

Ard = R! (Pb = pbenm, Pt = Pd ). (8)

The uncertainty §AY, can therefore be expressed as

V2 2 2 2
G N PR
Aed € Db Pl
which is a valid expansion since these uncertainties are uncorrelated. From ¢ =
(N, — N_)/(N, + N_), one can obtain the exact expression §c = 2,/N, N_/(N, +

N_)% which can be approximated as e = 1/V'N, for the usual case of small ¢
(implying N, = N_ = N/2). Therefore

V2 2 3
() - - (2) (2 oo
ed caPs PPN Py P,
It is expected that at CEBAF the beam polarization will be measured with an
accuracy of better than 5%, as it has been done at other laboratories(l11]. We
expect the situation to improve such that we have used 3% in our estimates. The
target polarization has been determined to +3% in current designs.

In the case of NDj targets, the nitrogen also acquires a degree of polarization,
so the experimental asymmetry becomes

1 +o'@

_ v

= mhaly (L)), (1)
where o' = Py/Pp is the ratio of the neutron’s polarization to the deuteron’s,

and B’ = d*0en/dde—p = fnNn/(Nnvp, — Nn) is the ratio of the nitrogen to
deuterium cross sections, which can be expressed in terms of the number of counts
for the ammonia target Nyp,, the counts for nitrogen Ny and a normalization factor
fnv = Lp,tp,/(Lntn), which combines the luminosities and counting times for each
target. The asymmetry An(= AY,) has been assumed to be the same for quasifree
neutrons in either nuclei. The resulting correction factor has been estimated using
expected values for o’ and 8’ was computed from spectra similar to those shown in
Figures 10 and 11 for each value of Q?. The magnitude of a’ is estimated to be 50%,
and A’ ranges from = 0.18 at low Q? to ~ 0.21 at high momentum transfer, leading
to correction factors of 0.94 to 0.91 for &.

The resulting expression for §AY, involves two additional terms, corrsponding to
the uncertainties in a’ and 3. However, §c’ is multiplied by a factor (84),/8¢’)
that reduces it to the order of 1%, and thus it can be neglected relative to the other
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Figure 12: A, as a function of Q? for three models and three angles.

terms. For 3, we find the usual =~ 1/\/-1‘7 dependence, which in this case means
N = Nyp, counts, resulting in §3'/3’ < 1% as well, so the original expression for
§AY, remains valid.

The magnitude of 64, is determined by the requirement that it should allow to
discriminate among the various models for Gz,, and it has to be consistent with the
lower limits imposed by the uncertainties 6py, § P.. Moreover, it should not represent
an unreasonably large number of counts.

From Figure 12 it can be seen that to distinguish, for example, between the
Galster parametrization and the Gari-Kriimpelmann (G-K) model in the kinematic
region of interest, §AY; has to be of the order of ~ 8 x 10~2 at the low Q? points,
to ~ 0.04 on the high momentum transfer side, for a four standard deviation (or
better) separation between data points. On this basis, and taking as reference the
G-K model, Table 3 illustrates the magnitude of the expected uncertainties in the
asymmetry AY,, the experimental asymmetry ¢ and the number of counts needed for
the desired level of precision. (N.B. We have made these estimates for a fixed solid
angle for the neutron detector. The situation may be improved if we allow that the
neutron detector can be moved closer to the target at low @3, thereby intercepting
a greater fraction of the neutron quasielastic peak.)

In this table, the values of N were computed using the following additional as-
sumptions: py = 0.4%3%, P, = 0.5+3%. (It is clearly an advantage to work towards
developing a low current source with P, > 1 for this experiment.) Moreover, we used
the full expression for the experimental asymmetry, including corrections for the ni-
trogen contribution and its polarization, namely

e Vo= N. _(N{p, —~ N§) - (Nyp, — Ny)
Ny +N_ (Nyp, ~ N3)+(Nyp, — N§)’

(12)
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where the symbols have been defined earlier. The uncertainty in ¢ is then

5 2\/N363N+ + N2§IN_
£= (No+ N_)? ’

(13)

with the caveat that 82N, = Ny, + Ng, since the errors are additive. If we
define a = Ny /Nf;, 8 = Nj;/Nip, and ¥ = Nyp,/Nyp,, we can express both ¢ and
§e in terms of N p, alone, and since the asymmetry is always small, Nyp, = ¥/2,
where ¥V is the total required number of counts. The resulting expressions are

= 1-F-—v+aB
T 1-G4+7v-aB

(14)

and

8  [(y-aB)(1+8)+(y+aB)1-8)
(be/e)? |(1-B-v+aB) (1 ~-B+7—ab)
Values for o, and v at each Q* were estimated from the same spectra used to
compute 3', and using as reference the asymmetry predicted by the G-K model.

N = (15)

Table 3. Counts, FOM’s and expected uncertainties
Q? 8, SAY,JAY, be/e N gg_g%
[GeV/c]?
0.5 15° 9.3% 8.2% 1.43 x 108 1
1.0 15° 12.9% 12.1% 5.53 x 10° 0.23
1.5 20° 11.6% 10.8% 1.76 x 10° 0.06
2.0 25° 12.3% 11.5% 8.2 x 10* 0.02

This value for should be compared with the much simpler expression that is used
when no contamination is present

L 1
(PoPeASeje) ~ (pPOAL)

N = (16)

where the approximate equality obtains if we take §AY;/AY, = §e/e. We note that
the minimum uncertainty in A}, is restricted by the combined uncertainties in py, £,
which in the present case amount to ~ 4%.

To obtain Ggn from the asymmetry, we have to solve the expression for A,
(Equation 5) for the ratio Gg,/Garn. Since the different models predict that as
Q? increases, this ratio approaches and even exceeds 1 { Ggn = Gmn at Q* =
4m2[GeV/c|? in the dipole and G-K models), it is inaccurate to neglect the term
(GEn/Gun)? in the Q? range of the present proposal. The result is that we have a
quadratic equation for Gg, that can be written as

(@):f(na,) (Gsn

2
o o GM,.) +g(r,8.) =0, (17)
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where f(r,d.) = 2,/r(1 + 7)tan(4./2), and g(r.6.) = 7(1 + 2(1 + 7)tan?(4,/2)).

The solutions are

_ J vy 2
Gm,z—g%gﬁ(ltql—4g(%?)). (18)

By substituting in this expression the asymmetry predicted by a given model, it is
seen that the negative root reproduces Ggn. Therefore we can write

~ A%
Gen =C(1 - R); C=—?f§-%—’2, R——-Jl—tlg(fi;—d). (19)

The purpose of this exercise is to obtain an expression for §Gg,, based on the usual
expansion for the uncertainties

8Gg, \’ 8GE. \*
ZG n = n 62 n n 52 v ,

) E (BGMn) GM + (BA:’,} Aed (20)
where the uncertanities 67,68, have been neglected given their very small relatjve
magnitudes.

After the appropriate substitutions are made, we find that
8Gen\’  [6Gua\®  [6AY\? !
) _(ZZMm) ———A;" c? (1 - -1-) — (21)
Gen Gumn M R/ Gi,

This equation contains the effects of both the uncertainty in G, as well as the
Propagation of the uncertainty in the asymmetry.

The table below shows that for the § A}, considered earlier, there is a significant
effect on Gg,. The uncertainty in Gy, was taken to be 5%, combining our present
knowledge of this quantity at the Q? values of this proposal, with the precision
expected from the ongoing measurements of Gatn at NIKHEF- K and SLAC's NPAS
experiment NE-11.

Table 4. Expected uncertainties in Gg,°

Q? 8. SAL/AY, 6GEg./Gg. 6Ggn/Gy, (6G gn/ G gy )Galster

[GeV/c]?
0.5 15° 9.3% 12.9.% 8.8% 16.8%
1.0 15°  12.9% 21.9% 12.5% 29.1%
1.5 20° 11.6% 24.8% 14.5% 30.3%
2.0 25° 12.3% 32.3% 18.2% 36.2%

3We have shown two values for 6Gg, /Gg, (based on G-K). The first set is for the conservative
case of py = 0.4, the second (with an * for P =0.9)
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7 Count Rates and Beam Time Request

On the basis of the estimated numbers of counts presented in the previous section,
we have computed the required counting times, displayed in the table below. To
compute the rates, we have substituted in the expression for R,

d*o

R= dQ.dE'd0,

AQAE'AQ, Lo, (22)
values for d*a/(dQ.dE'dS2,) computed for the case of quasifree neutrons (p, = ¢),
as discussed in the works of Arenhovel et al.[5], Cheung and Woloshyn[12], Donnelly
and Raskin{3}, and Dmitrasinovic and Gross{13].

The additional factors in R are:

o AQ,. = 6.4 [mstl, for the Hall C High Momentum Spectrometer.

A, > 48 (msr|, for a 3 m by 1.5 m neutron detector placed at 10 m or less
from the target (10 m for @* > 1.5[GeV/cj?).

AE' ~ 120 [MeV|, corresponding to about £2% of the central momentum of
the electron spectrometer.

£ (luminosity) = 5.6 x 10%, for a 10 nA current, equivalent to 6.2 x 10%°
electrons/s, and a target density of 3 x 10%%[cm~?| polarizable neutrons for a
1.5 cm long target.

n > 30%, the neutron detector efficiency (30% at Q* > 1.5GeV/c]?).

Table 5. Counting rates and times

07 N  &Po Rt AK(£2%) E
(GeV/c]? x10° —B— Hz hours [MeV/c] [GeV]
0.5 14.3 80.8 4.3 925 103 2.576
1.0 5.53 22,6 1.55 99.0 133 3.327
1.5 3.06 56  0.36 235.2 125 3.130
2.0 1.50 1.75 0.10 400.0 115 2.878

In addition, we plan to take measurements on N H; and N; targets, to measure
Gg, and to correct for backgrounds and systematic effects. The time requirements
for these are as follows:

N Hj: since the hydrogen polarization Py > 0.8, the number of counts needed
would be 4 times smaller. Furthermore, the cross section for e — p scattering is 2.5 to
3.5 times larger than for e — n reactions, so the the counting times are reduced by a
combined factor of ~ 14 at low @2 to ~ 10 at high momentum transfer. Moreover, it
should be mentioned that a higher beam current (~ 100 nA) may be used, since the
N H, target can achieve its rated polarization at higher temperatures. In summary,
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a request for beam time for the Gg, measurement equal to 20% of the Gg, time is
being made.

N;: The measurements on a nitrogen target will be used to extract the back-
grounds from the total quasielastic peaks, determining in this way the ratio 3 =
Ny/Nyp, discussed earlier, in a model independent way. From the ratios of num-
bers of counts Ny and Nyp, used in the previous section, we would require 50 hours
of beam time at significantly higher currents for this measurement.

Considerable time will be spent in beam polarization studies. The destructive
Moller scattering technique does not allow data taking during polarization monitor-
ing. To determine the beam polarization to 3% over long periods will require many
short measurements. These hours are lumped together with target maintenance and
calibration in the category of contigency for the experiment.

Summary of request

Data taking 825 hours

N H; runs 110 hours

Ny runs 50 hours
Subtotal 995 hours
Contingency(1/3) 330 hours
Total 1325 hours

8 Committments of Participants

The University of Virginia together with support from the University of Basel will
assume the responsibility for the design and construction of the polarized targets and
the neutron detector. The target is expected to require 1.1M$ of equipment. Ap-
proximately one-half of the required neutron detector is being assembled at Virginia
for initial experiments at the LEGS facility at Brookhaven An additional $300,000
will be required. The University of Virginia has supplied $125,000 towards equip-
ment for the target and a request has been made for an additional $200,000 over the
next two years. The University of Virginia will supply 9 FTE, including a senior
physicist, to complete the target construction.
The University of Basel will contribute $100,000 to the project.
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