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ABSTRACT

The charge and magnetic elastic form factors of the
neutron, G, (Q%) and G.(Q?), have been measured in the four-
momentum transfer range 1.75 < Q* < 4.00 (GeV/c)® using a
Rosenbluth separation. These measurements constitute part of
experiment NE11 which was performed at the End Station &
facilities at the Stanford Linear Accelerator Center in the
winter of 1989. The results show that G,,(Q*)/u./G,(Q*) is
consistent with unity, where u, is the neutron anomalous
magnetic moment, and G,(Q*) = (1.0 + Q*/0.71)"*, is the
empirical dipole formula. The results for (G.(Q%)/G,(Q%))* are
consistent with zero within errors.

The extraction of the neutron electromagnetic form
factors from deuterium cross sections is a model dependent
procedure because of the Fermi momentum of the bound nucleons.
In addition to the smeared quasielastic cross section, there
is an inelastic tail due to pion production which extends into
the quasielastic region. This tail is significant (15% at the
largest ©@* point) and must be subtracted to measure the
neutron form factors. An extensive study has been made on the

effect of the modeling of this tail on the measured form
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factors using different Fermi smearing models, off-mass-shell
corrections, and deuteron wave functions. The off-mass-shell-
effects were the 1largest, but still smaller than the
experimental error.

Comparisons were made with many theoretical models. There
is no single form factor model studied which was able to
describe the measured electromagnetic form factors of both the
neutron and proton.

Measurements were also obtained of the A(1232) resonance
transition form factors in the range 1.6 < Q* < 6.75 (GeV/c)2.
These data confirm that the observed fall-off of the
transition form factor is faster than that expected from

leading order perturbative QCD calculations.
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1. INTRODUCTION®

The first studies of the electromagnetic structure of the
nucleons using energetic electron beams as probes began in the
1950’s with the work by Hofstadter, et al ([1]{2]. The
experimental goal in these early experiments and in those that
followed was to understand how tha electromagnetic probe
interacts with the internal charge and current distributions
of the nucleons. The electromagnetic form factors are the
embodiment of these interactions. These form factors, G,(Q3)
and G,(Q*), which depend only on the four-momentum transfer
squared, are fundamental quantities, and the measured cross
section can be directly expressed in terms of them. If a
complete theory of hadron structure existed then these
quantities could be calculated. Since this is not the case,
and may never be, we must rely on experimental measurements
and approximate model calculations. The early experiments
measured the form factors for the proton in the four-momentum
transfer squared range 0.02 < Q* < 0.5 (GeV/c)? and the neutron
form factors in the range 0.02 < Q* < 0.3 (GeV/c)?. These first
glimpses into the nucleon structure also indicated that the
root-mean-square radius of the nucleons’ structure is around
0.80 fm and that the distribution of charge roughly drops off
exponentially in the radial direction.

The form factor measurements become increasingly
difficult at high Q® because the cross section falls as 1/Q“?
at high Q* and the counting rates drop correspondingly.
Experimental techniques have progressed greatly since the

early experiments, however, and success has been made in



2
extending the Q° range of these difficult measurements.
Electron-proton elastic cross section measurements [3] have
been made out to a Q* of 31 (GeV/c)?:. However, the cross
section depends on both the charge and magnetic form factors,
and separate measurements of these gquantities have only been
made out to a momentum transfer of 3.75 (GeV/c)? with errors
on the order of a few percent [41{5]16][7].
Similarly, the electron-neutron elastic cross sections have
been measured [8] out to a Q* of 10 (GeV/c)?, while the
neutron form factors have only been separately measured out to
a momentum transfer of 1.5 (GeV/c)? with large errors
[9](103(111[12}{13] The neutron measurement is more difficult
due to the lack of free neutron targets. This experiment was
designed to make precision measurements of the proton charge
and magnetic form factors [14)[15) out to a Q" of 8.8
(Gev/c)? and neutron form factors out to a Q7 of 4.0 (GeV/c)?.

1

e

e

P'=P+q

Figure 1.1: Feynman diagram for electron scattering
assuming single photon exchange.



3
The neutron form factors and their dependence on inelastic

cross section modeling will be presented here.

Electron-Nucleon Scattering Cross Sections and Form Factors

The loweét order Feynman diagram for the electron-
deuteron scattering process is shown in Figure 1.1. It is
zssumed that h=c=1 and the incident and scattered electron are
extreme relativistic. If, for the moment, it is also assumed
that the hit nucleon was originally at rest, then the four-
momentum vectors describing the scattering off of an

individual nucleon in the lab frame coordinates are given as:

E, E/ My My +Ey -E/
0 7 0 o] / 0
K = K. = P, = ;s Py= . (1.1)
*lo}” "* |E‘9in(®) |’ "* | o *71 -E’sin(®) |’
Eq E'cos(0) 0 E,-E’cos (8)

where E, is the incident electron energy, E’ is the scattered
electron energy, 8 is the scattering angle, and m, is the
nucleon mass. This process 1s characterized by two Lorentz

invariant scalars, the four-momentum transfer squared:
Q%=-g2=-(K-K')2=4EE'sin? (%), (1.2)
assuming that the electron mass can be neglected, and the

energy transfer,

Pq i
v=—2=E -E', .
Ty 0 (1.3)

The invariant mass of the final hadronic state of the hit

nucleon is given by W where

W2= (P+q)2=mf +2myv +q2. (1.4)
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In an elastic scattering process rrom a free nucleon
there are no longer two independent variables. By requiring
the final state to consist of a single nucleon in its ground
state it must be true that @* = 2m,v. The differential cross
section for the elastic scattering of a spin 1/2 electron off
of a spinless point nucleon, including the recoil of the hit
nucleon, and assuming single photon exchange is given by the

Mott cross section,

[
do afcos?(3)

(‘gﬁ)uoﬁ = Oporr =

; 2E, __ ' (1-5)
4E{sint (2} [1+=sin?(2}]
my 2
Nucleons are not point-like, however, and their structure is
described by form factors. The inclusion of this structure

results in the Rosenbluth cross section,

2 2 2 2
(da _ Gy (02) +1Gay (032) +2':G,fN(Qz)tan2(12’-) (1.6

dn/, om[ 1+7
where t = Q%°/4M,*, Gn(Q?) and G,{Q*) are the Sachs electric and
magnetic form factors, and N is replaced by p for the proton
and n for the neutron. The Sachs form factors are often
expressed in terms of the Dirac, F,{Q?), and the Pauli, F,(Q?),

form factors

Gy (Q3) =F 1 (Q%) +F (02, (1.7)

Gy (0%) =F g (D?) -1F (0% . (1.8)
In the limit of no nuclear recoil the form factors become the
Fourier transforms of the charge and magnetic moment
distributions of the nucleons. In the limit of Q* - 0 the

electric form factors are normalized to the total charge of



the proton and neutron,
Gpp {0) =1, Gg,(0) =0, (1.9)

and the magnetic form factors are normalized to the anomalous

magnetic moments,

Gy, (0) =p,=2.7330m, Gy, (0) =g,=-1.%913nm. (1.10)
Existing data are consistent with G,,(Q*) = 0 and the remaining
form factors can be approximated by an empirical dipole
formula,

Q%) Gy (0%
G 2 =____l.___-G 2 -E!]E_r- s
5 (Q?%) o 2 lz‘p(Q ) W, _l—_i_-lln (1.11)
1

F ———
(0.71)

where Q? must be in units of (GeV/c)’. The Rosenbluth cross
section is a function of angle and momentum transfer. By
measuring the cross section at different angles and the same
Q®, the individual form factors can be extracted. This is
called a "Rosenbluth separation".

If scattering takes place off of a nucleon contained in
a deuterium nucleus, the process can no longer be considered
elastic because the weak binding of the deuteron (2.225 MeV;
generally results in its electrodisintegration. However, since
the binding is weak the process is nearly elastic and is
called instead "quasielastic". A complication in using a
deuterium target is that it is no longer true that the nucleon
in the nucleus has no inherent motion. The nucleons are bouand
together in a confined space and by the uncertainty principle
have some nonzero momentum, called the Fermi momentum,

distributed between them. This produces a broadening or
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smearing of the measured cross sections because the kinematics
of the allowed final state depend on this variable quantity.
If we want to study scattering from the neutron then there is
an additional complication due to the significant contribution
to the cross section from duasielastic and inelastic
scattering from the proton. In the quasielastic region the
deuteron cross section is approximated fairly well by a Plane~-
wave Impulse Approximation (PWIA) calculation [16]){17]. The
inelastic region has contributions due to the production of
orie or more hadrons, the most dominant contribution in the
region of interest being the A(1236) resonance production. The
tail of the inelastic region can extend well into the
guasielastic region. A careful study and understanding of the
cross section modeling of these contributions is vital to
correctly extracting the neutron form factors fiom the
measured cross Sections. Sample model cross sections for
electron-deuterium scattering are shown in Figure 1.2. The
tutal expected cross section, excluding the small elastic
electron-deuterium contribution, has been broken into its
constituent contributions, the inelastic deuterium and the
quasielastic. The electron-proton elastic scattering model
cross section is also shown for comparison.

The inelastic electron-deuteron scattering cross section

is given by

d2e azcosz(%) o
= (W, (X, Q% +2W, (X, Q%) tan®*(2)), (2.12)
d0dE’ 4EZsint($) ' :

where x=Q*/2m,yy and W, and W, are the deuteron structure



1
.+ Quasielastic

- Inelastic

— Total

.- Proton elastic

do/d0dE’

il
wmm“" 4

Scattered electron cnergy, E’

Figure 1.2: Sample electron-deuterium scattering cross saction
model showing the quasielastic and inelastic contributions.
Also shown is the electron-proton elastic scattering cross
section for comparison to the quasielastic.

functions. We now define v’/ = v¥/Q* (7’ = v = Q¥/4m,® = previous
definition at the quasielastic peak) and express the structure
functions in terms of tiic transverse and longitudinal

virtual photoabsorption cross sections o, and o.:

K
W, (x,0%) = 4n2a°T(x’Q2)' (1.13)
2 2
Wz(xloz)= K_ (OT(X:Q )+0L(X,Q )], (1.14)
antal 14+¢/
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where, K, the equivalent energy needed for a real photon to
produce the same final mass state is given by

z2_tl
K:E_Z_Mﬁ_ (1.15)

T

The differential scattering cross section can now be expressed

d?e _ _gKE' 2 2 2
deE_I_____4K2Q2E(_—-1~e)[o.,(x,Q ) veo (x,0%], (1.16)

where ¢, the longitudinal polarization of the virtual photon

is defined as

B 1
€= T
1+2(1+ﬂ]tmﬁ(3)

(1.17)

In the impulse approximation the differential cross
section can be expressed in terms of a scaling function, F(y),

a phase factor, K,, and the elastic nucleon cross sections,

dg:;z, =[{%);(~§% J F}‘(’y” . (1.18)

The scaling variable, y, is egual in magnitude to the
longitudinal momentum of the struck nucleon relative to the
virtual photon direction. The total fermi momentum of the
struck nuclecn, in terms of the longitudinal and transverse

components, is given by
B2=Bf+Bi=yz+B?, (1.19)

and y is determined from the energy conservation equation

ED*M4=E’+JM;‘,‘+§2->\/M:+(§+§)2. (1.20)
F(y) is related to the integral over the deuteron wave
function. Various proposals have been made as to what is the

proper form of K,, and a study by Petratos [18] compares



-]
these different forms. A comparison of equations 1.16 and 1.18
using eguation 1.6 yields the following results valid at the

guasielastic peak,

0 (x,0%) - 4. FW) (6} (02) +65, (0%, (1.21)
Y
afo,QZ)=ﬁ%§E-E§%l(G§AQZ>+Gé(oﬂ). (1.22)

It is convenient for the analysis to define a reduced cross

section given by

__d?0 _47°Q?E(1-€)
UR

“Soar — sare O @f resi(x,0% . (1.23)

By plotting o, versus ¢ at a given @* it is simple to extract
o, and o, using a line fit to the data. Then by using values
for G, (Q*) and G, (Q’) which were also measured in this
experiment, and a model for F(y)/K,, G, (Q*) and G,,(Q*) can be

extracted.

Experimental Overview

Inclusive electron-deuteron scattering cross sections
were measured for the kinematic points given in Table 1.1.
Scattered electrons were concurrently measured by two
spectrometers at the Stanford Linear Accelerator Caenter (SLAC)
End Station A as shown in Figure 1.2. The 1.6 GeV/c
spectrometer was fixed at 90° ti:roughout the experiment and
the 8 GeV/c spectrometer position was varied between 90° and
13", For the deuterium cross section measurements the Nuclear
Physics Injector (NPI) was used to give an electron beam with

energies between 1.5 and 5.5 GeV and with average currents



1.6 GeV Spectrometer

Toroids

[

%uadrupole Magnets
e\ oy

-------- SLAC Electron Beam Dipole Magnets

B8 GeV Spectrometer

Figure 1.3: End station A experimental facility.
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Table 1.1: NE11 deuteron kinematic data points.
Q? E (GeV) | E’ (GeV) 0 € SPECT
1.75 1.511 0.578 90.0 | 0,250 | 8 & 1.6

1.968 1.035 55.2 | 0.550 8
2.407 1.474 41.1 |1 0.704 8
5.507 4.384 15.2 | 0.950 8
2.50 1.968 0.635 90.0 1 0.227 {8 & 1.6
2.407 1.075 58.8 | 0.479 8
2,837 1.504 45.0 | 0.630 8
5.507 4.167 19.0 {0,913 8
3.25 2.407 0.675 90.0 | 0.20€ 1.6
2.837 1.105 6l.2 | 0.426 8
5.507 3.768 22.8 10.864 8
4.00 2.837 0.705 90.0 | 0.190 1.6
5.507 3.223 26.9 | 0.805 8

between 0.1 and i0 pwA. For hydrogen inelastic cross section
measurements which will be discussed also, the maximum beam
energy used was 9.80 GeV and was attained using the NPI in the
snort pulse SLED (SLAC Energy Doubler) mode. The solid angle
of the 1.6 GeV/c spectrometer was increased to 8 msr for this
experiment by the addition of two gquadrupole magnets. The
detectors and electronics used for this experiment were
designed to measure electrons amidst a large background of
vions produced in inelastic gscattering reactions. These
measurements are all part cof the SLAC experiment NE1l. These

data were taken in January and February of 1989.
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2. APPARATUS

Electron Beam

Tran t an

Electron pulses provided by the NPI ([19]({20} were
accelerated through the final 600 meters of the 3000 meter
long linear accelerator ([21]. The nominal beam rate was
120 pulses per second (pps) with a typical beam pulse width of
1.6 us and a maximum peak current of around 60 mA. The beam
was transported to the experimental area, End Station A (ESA),
by the beam switchyard [22][23] via the "A-line",
Figure 2.1. The beam was controlled by beam operators at the
Main Jontrol Center (MCC) until reaching the final steering

magnets, Al0-Al3, at which point the experimenters assumed

control.
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Q' Quadrupole Magnels A: Slteering Magnets T Toroids

Figure 2.1: Beam transport system to End Station 3.

The energy of the beam was defined by bending magnets
B10~B17 and was monitored by a rotating flip-~coil located in
the nominal beam position of a dipole magnet which was nearly
identical to the eight bending magnets and was in series with

them. A second check on the beam energy was made with a
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precision current measuring shunt which was in series with the
bending magnets. This second method was somewhat less
reliable and was used only as a check. The energy spread was
defined by the adjustable slit SL10 and ranged from AE/E =
0.1% to 0.5% for this experiment. The slit designated as SL11l

was not used for this experiment.

Beam_Steering

The beam position and prcfile were checked in betweern
data taking runs by the automated insertion of two 2ZnS
fluorescent screens which were viewed by clcsed-circuit
television. During data collection the beam was monitored by
two resonant microwave cavities and two sets of secondery
emission wire arrays. The microwave cavities, located 52
meters upstream from the target, measured the horizontal and
vertical beam offsets by producing an RF resonant signal which
was proportional to the distance deviation from the central
axis when the beam passes through. One of the wire array sets
was located two meters upstream of the target and one was
located 0.95 meters downstream. Each set consisted of one
horizontal and one vertical plane with twenty-five 0.127 nm
thick aluminum wires. The wire spacing was 1.0 mm. The beam
monitoring system was controlled via a Digital Microvax II
computer. Using the cavities and the upstream wire arrays, the
Microvax also controlled small adjustments in the Al0-A13
steering magnets in order to keip the beam well-aligned.

The quality of the beam was monitored by two plastic

scintillators, each having a phototube. One was mounted along
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the beam pipe slightly upstream from the target and was used
to measure the beam halo or "bad spill". It was desirable to
keep this as small as possible. The other scintillator was
mounted about 10 meters from the targest and measured the time
structure of the beam or "good spill®. This structure was
kept as close as possible to a square wave. Both systems were
displayed via oscilloscopes which could be viewed by both MCC

and the experimenters in order to make beam adjustments.

{dal R

The total incident charge on the target was measured by
two separate and independent ferromagnetic toroidal charge
monitors [24][25] located -~10 meters upstream from the
target. When a charge pulse passed through the toroid a
magnetic field was induced inside the iron which in turn
induced a current in a wire which was looped several times
around the toroid. The signal was sent to an RC circuit, so
with the toroid acting as an inductor, the whole system acted
as an RLC circuit produciry a resonant signal with an
amplitude proportional to the total incident charge. The
toroidal charge monitoring system and calibration is discussed

in greater detail in appendix A.

Targets
The target assenbly system, Figure 2.2, consisted of long
and short target cells filled with liquid hydrogen and liguid
deuteritn and aluminum targets needed for background

subtraction. The cell lengths were 15 cm and 4 cm, and all
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Figure 2.2: Target assembly mount as seen from the 1.6
GeV spectrometer.

the liquid targets had a radius of 3.22 cm. The two aluminum
targets were constructed from a single 0.064 mn thick sheet of
aluminum as shown in Figure 2.2. This target was mounted at
45° relative to the beamline. The entire assembly mount was
remotely controlled by the computer to move up and down inside
the scattering chamber so that the desired target was along
the beamline. The beam entered the scattering chamber through
a 0.0254 cm thick aluminum membrane which separated the

beamline vacuum from the scattering chamber vacuum. A detailed
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table of target materials seen by the beam and scattered
electrons is given in Table 2.1.

The liquid target material was continuously circulated
through the targets by fan-like pumps. The circulation over
the entire length of the target was aided hy the presence of
baffle guides. The liguid was at a temperature of 21 K and was
pressurized to 2.0 atmospheres. Vapor pressure bulbs and
platinum resistors were located near the inlets and outlets of
the targets to nmonitor the target temperature and pressure
every 10 seconds. These measurements were converted to density

using cryogenic data [26][27] and precision calibration

Table 2.1: Thicknesses of target materials.

wame 'riaterial IThick. (cm)
Materials seen by beam

Wire arrays Aluminum 0.00400
Scatt. chamber membrane Aluminum 0.00254
Incap Al 5052 0.00762
Long hydrogen H, 14.988
Short hydrogen H, 2.996
Long deuterium D, 14.925
Short deuterium D, 4,006

Materials seen by all scattered electrons

Liquid target H, or D, 3.1940
Endcap Al 3004 0.01143
Cell wall Al 3004 0.01270
Insulation Mylar 0.00635

Materials seen by electrons scattered
into the 8 CeV spectrometer

Scatt. chamber exit windcw | Al 6061 0.03048
Air gap Air 16.00
Quadrupole window Mylar 0.03048

Materials seen by electrons scattered
into the 1.6 GeV spectrometer

Scatt. chamber exit window_1 Al 5052 I 0.00762
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measurements relating resistance to temperature. The average
densities over the experiment were 0.07055 gm/cm® for hydrogen
and 0.16937 gm/cm’ for deuterium. Comparisons were done on
electron and pion counting rates at different beam currents,
beam repetition rates, and target circulation rates to study
possible local boiling effects. No density fluctuations were

observed within the statistical accuracy of the measurements.

8 SeV Spectrometer and Detectors

The 8 GeV spectroneter [281[29], shown in Figure
2.3, consisted of three quadrupole focusing magnets and two
bending magnets which each bend 15°. The magnetic fields in
the guadrupoles were monitored every ten seconds by Hall
probes and the fields in the bending magnets were monitored by
nuclear magnetic resonance (NMR)} probes. During data runs the
NMR‘’s were read in the "out" position, meaning out of the
particle acceptance. Between runs the probes were inserted
into the uniform field regions and read manually. The
spectroneter central momemtum, E’, was then calculated fron

the relation [30}]:

E/(GeV) =0.41512- B+0.00050, (2.1)
where B is the magnetic field measured by the NMR probes in
kG. The offset used in this relation is small and has a
comparabte error of 0.00037. It accounts for background fields
such as the earth’s magnetic field. In back of the magnets
there was a lead-shielded hut containing the particle

detectors. The mannets and the detector package, sat on a
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frame which was moveable about the pivot. The motorized
movement of the spectrometer was remote~controlled to sit at
the desired scattering angle which was known to + 0.005°. This
spectrometer was capable of analyzing particles up to a

maximum momentum of 9 GeV/c.

Optical Properties

The 8 GeV/c spectrometer was designed for point-to-point
focusing in the vertical or bend plane and for line-~to-point
focusing in the horizontal or non-bend plane. Point-to~-point
means that particles scattered in the vertical plane with the
same momentum are focused to the same point at the momentum
focal plane located in the hut. Line~to-point means that
particles scattered in the horizontal plane with the same
scattering angle along the length of the target are focused to
thz same point at the theta focal plane.

The "central ray" of the optics refers to the trajectory
of a particle passing through the c>tical center of the
spectrometer magnets. The coordinate system used is relative
to this trajectory. The distance measured along the central
ray is denoted by Z, while the horizontal and vertical
distances measured relative to the central ray are X and Y
respectively. The other important coordinate quantities to
define are § which is the percent deviation of a particle’s
momentum from the spectrometer central momentum, 6 which is
the horizontal scattering angle at the target, and ¢ which is
the vertical scattering angle at the target. The first order

optical properties of the magnets are shown in Figure 2.4 and
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the position and orientation of the focal planes relative to
the wire chambers are shown in Figure 2.5. A study of the
optical properties of this magnetic spectrometer has been made

and the results are recently available {30}.

Cerenkov Counter

When a particle passes through a dielectric medium with
a velocity exceeding the velocity of light in that medium then
Cerenkov radiation is produced. The purpose of the threshold
Cerenko" counter is to separate electrons from a background of
lower velocity particles (predominantly pions). The Cerenkov
counter used in the 8 GeV spectrometer hut was 3.30 meters
long and had 0.41 mm thick type 2024 aluminum entrance and
exit windows. A spherical mirror, located 3.15 meters from the
entrance window, collected Cerenkov light and focused it onto
a phototube. The mirror was 6.4 mm thick aluminized lucite
with a coating of magnesium fluoride to prevent oxidation and
to enhance the reflection of ultraviolet and visible light.
The phototube was an RCA 8854 Jantacon phototube chosen for
its high gain and good efficiency. The phototube was coated
with a wavelength shifter to shift the ultraviolet light to
the visible range where the photocathode was most sensitive.
The gas used was nitrogen at 450 mm of Hg which has an index
of refraction of 1.000165 at a temperature of 18° C. This
translates to a threshold of 28 MeV/c for electrons and 7.5
GeV for pions. Because the spectrometer momentum was always
set lower than 7.5 GeV, pions could only produce signals

through the production of "knock-on" electrons in the entrance
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plate of the counter. These eleztrons can produce Cerenkov
radiation. The knock-on probability of a pion producing a
detectable electron increases with pion momentum and ranged

from 0.008% to 0.06% for this experiment.

Wire Chambers

Immediately following the &erenkov counter were ten
planes of multiwire proportional counters {31]. A chaxrged
particle passing through a chamber produced ionized atoms and
electrons in the gas which, because of the high voltage
applied, were accelerated and produced more ionization. The
result was an avalanche of particles which collected on the
nearest anode wire producing a signal proportional to the
original amount of ionization.

The 20 um anode diameter wires were made of gold plated
tungsten and were spaced at 2.0 mn intervals. The active
areas of the chambers were 35 cm by 93 cm. The P chambers,
which measured the particles’ momenta, had 176 anode wires and
the T chambers, which measured the scattering angle, had 480
anode wires. Because of the long wire length, a support wire
was necessary in each of the P chambers to prevent
electrostatic instabilities that could have impaired the
performance of the chamber. The support wire was made of
teflon coated beryllium and its presence produced a nearby
region where the field was depleted. The wires in the T
chambers were slanted at a 30° angle relative to the Y
direction in the hut. The cathode planes were made of 0.05 mm

thick aluminum coated mylar and sat 4.0 mm on either side of
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Figure 2.6: 8 GeV wire chambers indicating wire
orientation.

the anode wire planes. A high voltage of 3.6 kV was applied
for this experiment. The gas used, called "magic gas" was
composed of 65.75% argon, 30.00% isobutane ((CH,},CHCH,), 4.00%
dimethyl acetal formaldehyde (CH,(CH,).), and 0,25%
bromotrifluoromethane (CBrF,). This gas flowed continuously

through the chambers at a rate of 5 cc/minute.

Scintillators and Hodoscope

Plastic scintillators [32] are made from polymerized
styrene which has been infused with an organic scintillator
material such as anthracene or stilbene. A charged particle
passing through the material produces ionization which in turn
excites molecular states of the scintillator material. De-
excitation occurs in the form of fluorescence. It is emitted
isotropically about the particle trajectory in just a few
nanoseconds. Transparent light gquides made of lucite are
generally used to couple the scintillator to a phototube.

The positions of the three planes of scintillators and
the hodoscope are shown in Figure 2.5. The first plane, SF,

consisted of five 15.2 by 22.1 cm long strips which lay
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vertically and overlapped partially in the horizontal
direction. The SF’s had phototubes on the top end. The second
plane, SM, and the third plane, SR, consisted of three 16.5 by
114.3 cm long strips which lay horizontally. The SM‘s and the
SR’s had phototubes on both ends.

The hodoscope was 15.2 cm thick and was composed of four
planes, two segmented vertically and two horizontally. The
vertically segmented planes had five left and five right
scintillators which were 5.1 by 48.3 cm long and spaced 1.9 cm
apart. The planes were aligned so that the gaps in one plane
were covered in the other plane. The horizontally segmented
planes had eleven scintillators which were 5.1 by 36.2 cm long
and spaced 3.8 cm apart. These planes were also a’'igned so
that all gaps were covered. The phototubes used were Hamamatsu

R239 phototubes with a high voltage of 1800 Volts.

4 W unte

The purpose of the lead glass shower counter, shown in
Figure 2.7, was to measure the energy deposited by an incident
particle and to help in distinguishing between electrons and
pions. A highly energetic electron entering the counter will
interact with the material and produce both Cerenkov and
bremsstrahlung radiation. Tie bremsstrahlung photons can
convert into electron-positron pairs which can also interact
with the material producing, after several stages, a shower of
Cerenkov photons which are measured by the phototube. Pions
entering the counter can only produce an electromagnetic

shower by first undergoing a photon producing charge exchange
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Figure 2.7: Lead glass shower counter as
viewed from above.

interaction (7°p - #°n, 7° - 2y). The photons can pair-create
to produce the shower. Segmentation of the counter along the
direction of the particle path aids in pion discrimination
since a shower produced by a pion is more likely to occur
farther into the counter than an electron shower.

The 8 GeV srectrometer lead glass shower counter was
segmented into five layers with six to seven blocks in each
layer, The first layer, called the pre-radiator (PR) since
electrons have a high chance of showering here while pions do
not, contained six F-2 type Pb~glass blocks, each having a
thickness of 10.4 «n (3.22 radiation lengths). These blocks

were 32 cm tall, 15.8 cm wide, and had a refractive index of
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1.6200. The entire row was rotated 5.2° about the hut vertical
axlis to suppress the number of particles traveling through the
cracks between the blocks. The phototubes used were Anmcerex
XP2041 for all the blocks.

The next four layers of blocks were made of SF-5 type Pb-
glass and formed the total absorption counter (TA,TB,TC and
TD). This experiment did not use the last layer because the
most energetic electrons observed were well stopped by the TC
layer. The three rows used each contained seven blocks and had
a thickness of 14.6 cm (6.8 radiation lengths). The 'locks
were 40 cm tall, 14.9 cm wide and had a refractive iadex of
1.67z7. The TA row was the only row to have phctotubes placed
on the top and bottem of the blocks. This was to maximize the
light collection since most of the electron’s energy was lost
in this layer. For spectrometer momentum settings greater than
4.0 GeV 50 dB attenuators were used on the raw signals for the
TA, TB, and TC biocks to keep the signals from saturating the
electronics. Detailed information on the shower counter

calibration and performance is given in appendix B.

1.6 GeV Spectrometer and Detectors
The 1.6 GeV spectrometer, shown in Figure 2.8, consisted
of two 10Q18 quadrupole focusing magnets and one 90° dipole
bending magnet. The quadrupoles were 75 cm long each and were
mounted on this spectrometer for the first time in this
experiment. A fixed slit collimator located 28.8 cm from the
target and before the first quadrupole restric*ed the vertical

scattering angle of the electrons to be less than 120 mr
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Figure 2.8: The 1.6 GeV spectrometer.

relative to the central angle. The collimator was made from
lead and tungsten. The momentum of the dipole was monitored
with an NMR probe between all data taking runs. It was
inserted i.to the uniform field region remotely. The
spectrometer central momemtum, E’, was then calculated from

the relation:

E'(GeV) =0.075* B (2.2)

where B is the magnetic field measured by the NMR probe in kG.

The particle detectors were located in a shielded hut area
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above the dipole magnet. This spectrometer sat at a fixed

scattering angle of 90° for the entire experiment.

Optical Properties

With the quadrupole magnets in place, this spectrometer
was capable of analyzing particles up to a maximum momentum of
0.8 GeV/c (with no quads, the maximum momentum is 1.5 GeV/c).
Like the 8 GeV spectrometer, it was designed for point to
point focusing in the bend plane for particles of the same
momentum and for line to point focusing in the non-bend plane
for particles with the same scattering angle [23]. In order to
achieve the line to point focusing the dipole was designed
with slanted entrance and exit pole faces which effectively
produce quadrupole focusing in the horizontal plane. In order
to make the two focal planes coincide in the hut the dipole
was designed with three sextupole regions produced by curved
pole faces. The effect of the gquadrupole magnets, whose
magnetic fields were inadvertently set lower than desired, was
to shift the vertical focal plane by three meters. The
coordinate system used for this spectrometer 1s slightly
different from that of the B GeV spectrometer. The distance
measured along the central ray is still denoted by Z, but the
horizontal and vertical coordinates are switched. Y is the
horizontal posi.ion relative to the central ray and X is the
vertical position. The coordinate, §, is still the percent
deviation of a particle’s momentum from the spectrometer’s
central momentum, and 6 and ¢ are the horizontal and vertical

scattering angles. The optical focusing properties of the
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magnet are rshown in Figure 2.9 and the design focal plane,
located at Z ~ 9 m, relative to the hut detectors is indicated
in Figure 2.10. Note that in Figure 2.9, the horizontal plane

optics are focused at Z ~ 11.5 m instead of the design focal
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Figure 2.10: The 1.6 GeV spectrometer hut detectors as
seen from the direction of the target.
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plane. This is because the quadrupoles fields were
inadvectantly set slightly lower than desired during the

experiment.

Cerenkov Counter

The Cerenkov counter used in the 1.6 GeV spectrometer was
1.4 meters long, had a diameter of 1.1 meters, and had 0.041
cm thick entrance and exit windows made of 6061 type aluminum.
A 0.025 mm thick aluminized mylar mirror sat 1.2 meters from
the entrance and was tilted 28° about the X coordinate axis in
the hut in order to focus the light onto a spherical mirror.
The spherical mirror was made from machined lucite with nickel
and aluminum deposited on the surface to form the mirror and
a coating of magnesium fluoride to prevent oxidation and
improve on ultraviolet light reflection. The spherical mirror
was tilted 18" about the X coordinate axis and focused the
light onto a five inch diameter RCA 8854 quantacon phototube
which had been coated with a wavelength shifter. Mounted
around the phototube was a light cone made from aluminized
lucite needed to increase the light collection. The cone
extended 10.2 cm from the face of the phototube, had an angle
of 27°, and increased the area of light collection from a five
inch to an eight inch diameter circle. The mirrors were laser
aligned before this experiment to optimize the focusing onto
the phototube and light cone. The gas used was carbon dioxide
({CO,) at atmospheric pressure which has an index of refraction
of 1.00045 at room temperature. This translates to a threshold

of 17 MeV/c for electrons and 4.7 GeV/c for pions. A high
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voltage of 2650 Volts was applied to the phototube.

Drift Chambers

There were three drift chambers in the 1.6 GeV
spectrometer hut. Each drift chamber consisted of two X planes
and two Y planes and several layers of foil. A cross section
showing the wire configuration in one of the drift chambers is
shown in Figure 2.11. The entrance and exit foils in the
chambers were made of 0.076 mm thick aluminized mylar. Each
plane of wires was sandwiched between foils made of aluminized
kapton for a total of five kapton foils in each chamber. Field
shaping wires, needed to create a uniform electric field
around each anode, alternated every 1.0 cm with the anode
wires. The distance between anode wires in each plaie was 2.0
cm, but since the planes in a set were only 0.9 cm apart, they
were treated as one plane of wires with 1.0 cm wire spacing.
Each chamber had 62 X wires and 42 Y wires. A gas composed of
89.06% argon, 9.92% CO,, and 1.02% methane flowed continuously
through the chambers at a rate of 20 cc/minute.

When a charged particle goes through a drift chamber,
ionization is produced in the gas. The chambers were designed
so that the fields in the vicinity of a given wire are shaped
to produce a constant drift velocity for the ionization. Thus,
by measuring the drift times for pairs of wires which produce
signals the actual position that the particle traversed can be
measured. The anode wires were 0.2 mm in diameter and had a
high voltage applied of around 1850 Volts. The field shaping

wires were at a voltage of -500 Volts and the kapton foils
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Figure 2.11: Partial cross sectional view of a set of drift
chamber wire planes (either X or Y} indicating anode and
field shaping wires and kapton foils. The wire diameters
have been exaggerated in this view.

were Kept at ground.

Scintillators

There were four planes of scintillators in the 1.6 Gev
spectrometer hut. Two of these planes were segmented in X and
two were segmented in Y. The scintillators had lignt guides
and phototubes at both ends except for the upper layer of X
scintillators which only had phototubes at one end. There were
five lower X (XD’s), three lower Y (¥YD’'s), six upper X (XuU’s),
and four upper Y (YU’s) scintillators. The scintillators were
11 cm wide and were mounted to overlap slightly to prevent
cracks. The high voltages applied ranged from 1800 to 2200

Volts and RCA 8575 phototubes were used.

Lead Glass Shower Counter
The 1.6 GeV spectrometer lead glass shower counter was

segmented into two layers along the direction of particle
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traversal with fourteen blocks in each layer. The fourteen
blocks were placed in a 7x2 configuration. The first layer was
called PA and the second layer was called PB. The blocks were
made of SF-6 type Pb-~glass which has a refractive index of
1.8052 and measured 10 by 10 by 25 cm. The total radiation
length of the counter was 11.9 r.l. The second layer was
offset slightly in Y to prevent the particles from traveling
entirely through the crack and escaping detection. The
phototubes used were three inch Hamamatsu R1911 and the

applied voltages ranged from 1400 to 1900 Volts.

Electronics

8 GeV Electronics

The raw signals from the detectors were sent to fast
electronics modules located in the ESA counting house via
heliax cables for important trigger components and by coaxial
cables for other components. The electronics implemented
commercially available NIM and CAMAC modules. The raw lead
glass phototube signals, PR‘’s and TAD’s, and the scintillator
phototube signals, SF‘s and SM’s, were fed into separate
linear fan-out units which produced input signals for the
analog to digital converters (ADC’s) and the discriminators.
The ADC’s recorded pulse height information, and the
discriminators provided logic signals for trigger formation,
latches, scalers, and time to digital converter (TDC) stop
gates. The raw PR and TAD signals were also summed before
being sent to a discriminator for use in the trigger

electronics. The SF discriminator signals were all sent to the
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same logical OR, and the SM discriminator signals were sent to
a logic OR after the signals from the same scintillator but
different phototubes, had been time averaged. The
discriminator settings for signals important to the trigger

are given in Table 2.2,

Table 2.2: Discriminator threshold settings.
signal & SF SM PR TAD
Disc (mV) 30 40 40 60 60

A simplified schematic drawing of the 8 GeV electronics
is shown in Figure 2.12. The trigger was designed to maintain
a high electron detection efficiency while giving good
background pion rejection. The first level of the trigger had
three components, the El1-Hi, El~Lo, and PION. El~Hi regquired
three out of the four signals &K, PRSUM, TADSUM, SM_OR. This
combination worked well at higher momenta to detect electrons
and discriminate against pions. At lower momenta, when the
electron shower can be completely contained in the PR layer,
El~Hi loses efficiency. Thus, El-Lo, which always required a
&K signal, was used for increased efficiency at the lower
momenta. In addition, El-lLo reguired two out of the three
signals PRSUM, SF_OR, and SM_OR. The PION component reguired
both the SF_OR and the SM_OR signals and was used to monitor
the pion background. This trigger was efficient at measuring
any charged particle passing through including electrons.

Next, the PION signal was prescaled by a factor which
ranged from 2* to 2 for this experiment. The prescale factor

was chosen so that sufficient pions were detected for analysis
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and study of detector performance, but not so many that the
electron measurement was hindered. The El-Hi and El-Lo signals
entered a logical OR to form the El-20 signal which had a
width of 20 ns. Also formed at this stage were E1-40, El-60,
and E1-80 which were the same as E1-20, but they had widths of
40, 60 and 80 ns respectively. These electronics were included
for measuring electronics deadtime. additional electronics for
the deadtime measurement included the PTC-20, PTC-40, PTC-60,
and PTC~80 signals where PTC was a colincidence signal formed
from the PR, TAD and € signals. The number indicates the gate
width and the signals are counted by scalers. E1-20, and
PION_PRESC entered the PRETRIG logical unit along with RANDOM.
RANDOM was a random pulse generated approximately every ten
seconds to monitor the pedestal levels of the ADC electronics
and to examine the noise levels in the multiwire proportional
chambers. PRETRIG required one of these three signals along
with a beam gate which signaled the presence of the beam. Due
to limitat.ons on the rate at which the computer could log
event information, it was necessary to restrict the trigger
rate to once per beam pulse. This was the purpose of the gate
generator 1located between PRE-TRIG and TRIG. The gate
generator allowed only the first PRE-TRIG signal through by
creating a gate lasting longer than the beam pulse which
masked further PRE-TRIG signals. Once TRIG, the final trigger,
was formed it was used to send an interrupt signal to the
computer to indicate that the electronics information should
be read and logged. TRIG was also used for the TDC start

pulses, the gates on the ADC’s and the reset signals for the
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latches.

There was also additional electronics not shown in Figure
2.12. The multiwire proportional chamber signals were read
whenever a TRIG signal was formed. Readout cards were mounted
on the charcers themselves. Each card could handle a group of
eight wires and contained amplifiers and dual one shot delays
for a total delay of 900 ns. These delayed signals were
latched if a trigger was formed and were read out serially by
a CAMAC wire chamber readout module which processed the data
for logging onto magnetic tape. There was a limit of 64 wire
groups which could be stored per trigger. The electronics also
included many scalers such as those needed to calculate
deadtime and one-per-pulse corrections which are discussed in
the next chapter, and coincidence modules for monitoring

accidental coincidences between various trigger components.

1.6 \'4

The raw PA and PB were first sent to amplifiers. The
amplifier outputs were sent to ADC’s, and then in groups of
four, the signals were sent to fan in/cut modules. The output
of the fan in/out were sent to a discrimirator, which produced
logic inputs for the TDC’s and scalerz, and to another fan
in/out module where all the signals in a given layer were
combined. The PA combined signal was sent to two
discriminators with high and low discriminator thresholds
giving PA_HI and PA_LO. The PA and the PB signal were fanned
in together and sent to a discriminator to form the SH signal,

and the PB was sent to a discriminator to form the PB signal.
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The drift chamber wire signals were processea separately
for each individual wire. Each signal was first fed irto a
discriminator to widen the pulse and then to a gate and delay
circuit designed to reduce spurious noise in the chambers. The
signals were delayed about 400 ns. and then gated with a
trigger induced 400 ns. gate to produ‘e the wire chamber TDC
starts., The trigger forms the TDC stop.

The scintillator signals were sent directly to
discriminators which produced TDC inputs and inputs to logical
OR units for combining the signals Zn a given layer of
scintillators. These signals are called XDOR, YDOR, XUOR, and
YUOR. XDOR and YDOR formed the SD signal, and XUOR and YUOR
formed the SU signal through logical AND modules. Also, the SC
signal was formed by requiring three out of the XDOR, YDOR,
XUOR, and YDOR signals. The discriminator threshold settings

for important trigger components are shown in Table 2.3.

Table 2.3: Discriminator threshold settings.
Signal & PALO | PAHI PB SH
Disc (mV) 100 280 550 150 750

A simplified trigger electronics diagram is shown in
Figure 2.13. Like the 8 GeV trigger, the 1.6 CeV trigger was
designed for high electron detection efficiency and good pion
rejection while allowing a controlled sample of pions to
generate a trigger. The trigger components were similar to
those in the 8 GeV electronics. El_Hi regquired PA, SH, and SC
to all be true. El~Lo required CK, and two out of three of the

PA, SU, and SD signals. PION required S5C and NO_CK and was
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Figure 2.13: 1.6 GeV spectrometer trigger electronics
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prescaled by a factor ranging from 2* to 2 forming the
PION_PRESC signal. EL-20 was formed from an OR of El-Hi and
E1-T » and PRETRIG required the beam gate and ocne out of E1-20,
PION_PRESC, and RANDOM which was the same random trigger used
for the 8 GeV electronics. TRIG was formed from the PRETRIG
output using a gate generator to restrict the triggers to one
per beam pulse similarly to the 8 GeV electronics. TRIG
signaled the computer to read the electronics and generated
TDC start signals, ADC gates and latch gates, and the common
stop Tor the drift wire chamber TDC's.

Additional electronics not shown in Figure 2.13 included
many scalers such as those needed to calculate important
corrections like deadtime and one-per-pulse corrections which
are discussed in detail in the next chapter. Also, there were
several coincidence modules used to monitor random

coincidences between key trigger components.

Data Acquisition

Electronics data were interfaced to a PDP-11 computer for
each event via CAMAC electronics and were read every time a
trigger interrupt was sent. The PDP transferred the
information to a VAX 11/780 computer for magnetic tape logging
and for an online sampling analysis of the events. The online
analysis was very important for diagnostic testing of most
aspects of the experiment. The VAX was also responsible for
monitoring at a sampling rate of every ten seconds such
quantities as target temperature measurements, magnet

currents and high voltages. A link between the VAX and McC
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Figure 2.14: Data acquisition system

provided important information on the beam energy and the slit

setting.

toroids,

The microvax computer controlled beam steering,

and monitored the cavities and wire arrays. It

transferred this information to the VAX for tape logging. A

schematic diagram of the data acquisition system is shown in

Figure 2.14.
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3. DATA ANALYSIS
Introduction

The experimental data, as stored on magnetic tape, were
divided into many "runs" which differed in kinematic settings
and the target type. Generally, several runs made up a
kinematic point and targets were routinely rotated. The data
analysis, from the raw data stored on magnetic tapes to the
final results, consisted of several distinct stages as shown
in Figure 3.1. The purpose of the first stage, PASS 0, was to
rewrite the magnetic tapes so as to exclude bad or aborted
runs and to remove any useless data. During this condensing
process, a large data file was created to store important
checkpoint information for each run. A checkpoint was a
subdivision of a data run defined to be three minutes of real
running time. If a problem occurred within a checkpoint, the
checkpoint could be eliminated rather than the entire run.
Also, a checkpoint could be eliminated for one spectrometer‘s
data and not the other’s. A careful study of possible
checkpoint problems was made taking into consideration such
things as magnet stability, beam steering, scaler counting
rates, etc... When a bad checkpoint was found a flag in the
data file was set accordingly so that the checkpoint was not
included in the subsequent analysis.

The second stage (PASS 1) included event selection,
tracking, detector performance studies and spectrometer optics
studies. During this stage a new data file was created
containing events histogrammed in reconstructed 6§ and 6 at the

target for each run. As discussed earlier, § is defined to be
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1.Create run ~Run _data table |
Dala table ==  Checkpoint

2.Condense tapes Elimination

Raw Dala

Tape Condensed $

tape
PASS 1 ANALYSIS

Event data Non—event data
1. Find tracks. 1. Efficiencies
2. Separate electron and 2. Accumulate shower

pion events. info for e— & uW's.
3. Purge multiple tracks. 3. Accumulate sums &
4. Reconstruct target avg's for toroids,

coordinates. scalers, target
5. Histogram in Ap/p and 6. densily, etc...

i 4
|Run summary data file]
) 4

PASS 2 ANALYSIS ]
1. E, E', and O corrections o data.
2. Toroid data analyzed.
3. Target density and efficiency corrections.
4. Pion contributions subtracted.
5. Combine runs of identical kinematics.

[Kinematic point summary data file|
1 d

PASS 3 ANALYSIS
1. Calculate cross sections for each kinematic pt.
2. Correct data to nominal kinematlics & combine.
3. Subtract Al and e+ and apply radiative corr.
4. Exiract form factors using Quasielastic and

inelastic modeling.

Figure 3.1: Flow chart showing the stages of the data
analysis.
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the percent deviation of the particle’s momentum from the
spectrometer central momentum, and 6 is the horizontal
scattering angle at the target. Histograms were saved for both
electrons and pions and for several different cuts on the
vertical scattering angle. Also stored in this data file were
shower counter energy spectra corresponding to each of the
saved 6-0 histograms, Ceresnkov ADC spectra, efficiency
information, scalers, and toroid and beam steering
information. At this point all data were stored on the
computer hard disk and magnetic tapes were no longer
necessary.

In the third stage, PASS 2, runs of identical kinematics
and target were combined. Pion contributions to the electron
spectra were calculated and subtracted, incident charge on the
target was calculated with all the necessary corrections, all
energy, momentum, and scattering angle corrections were made,
and target density corrections were made. A new data file was
saved for each spectrometer. The data files contained, for
each kinematic point, the summed 6~8 histograms still saved
for several vertical angle cuts, kinematic information, and
the necessary corrections for conversion to cross section.

The final stage of the analysis, PASS 3, converted the
data into cross sections, do/dldW?, using the spectrometer
acceptance function and the corrections saved in PASS 2. W? is
the missing final mass state of the hit nucleon which, after
correcting for the slight 8 dependence is equivalent to E’,
the scattered electron energy. Kinematic points which slightly

overlapped were corrected to the same kinematics and were
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combined. Aluminum and positron contributions were subtracted
and radiative corrections were applied. The analysis then
split into the inelastic and the quasielastic analysis. The
goal of the inelastic analysis was to study and fit the
hydrogen inelastic data and to determine the contribution of
the ijnelastic tail at the deuteron quasielastic peak by
smearing tne hydrogen fits with models. The quasielastic
analysis involved understanding the shape of the peak due to
smearing effects, making relativistic corrections and

extracting the form factors.

8 GeV Event Analysis

Tracking

The track finding procedure [15] was similar for both the
P-type and T-type chambers which were discussed earlier.
Tracks in the vertical direction were found with the P-type
chambers and those in the horizontal direction were found with
the T-type chambers. Adjacent wires which fired in a chamber
were treated as a group. The "hit" position in a given chamber
was defined as the centroid of the group randomized by one
wire spacing, +0.5 mm. The tracking algorithm looped over
pairs of chambers. If both chambers in the pair contained hits
a line was defined and the remaining chambers were checked for
hits passing through the same track. Final tracks were found
by doing a linear least squares fit including all chambers
with hits. These tracks required at least three P-type and
three T-type chambers and at least seven chambers total. In

the event that multiple tracks were found purging was done
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based on the shower energy for the tracks, the reconstructed
target coordinates, XPLANE cuts, the hodoscope, the number of
total chambers in the fit, and the chi-square of the fit.
XPLANE was a guantity defined by the X and dX coordinates in
the hut, where dX is the name given to dX/dZ or the horizontal
angle in the hut. Similarly, the quantity dY is really dY/dz
or ti:: vertical angle in the hut. The XPLANE distribution for
many events was very sharply peaked around zero if the
particle track rays pointed back to the target. This quantity
was cClosely related to the reconstructed target position along
the length of the target.

The tracking efficiency for electrons was measured using
a clean sample of electrons which was obtained by requiring a
Cerenkov signal above an ADC value of 50, and by requiring the
energy deposited in the lead glass shower counter (normalized
to the particle momentum as measured by tracking) to be
between 1.0 and 1.7. This high cut on the deposited energy
helped insure that the calculation was for electrons and not
pions. Also, the efficiency calculation required that at least
one and no more than three scintillators fired in the
vertically segmented hodoscope and also in the horizontally
segmented hodoscope. Edge scintillators were not included in
this requirement to avoid using tracks which skimmed along the
wire chamber edges and generally did not reconstruct to the
target well. The measured efficiency was 0.9991. Kinematic
guantities at the target were reconstructed from each event
measurecd in the hut using the spectrometer reverse matrix

coefficients given in Table 3.1 assuming that X and Y are in
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Table 3.1: First and second order reverse TRANSPORT
coefficients for the B GeV spectrometer giving target
coordinates, x,0,p, and é in terms of hut coordinates
at the focal plane. OFX and CFDX are momentum
dependent offsets given by:
OFX = -0.6832 + 0.0017]E.’}| + 0.0044|E."}?,
OFDX = -0.8019 - 0.0025‘13:" + 0.0049|E=’|’, where E.’
is the spectrometer central mnomentum.
x (cm) 6 (mr) ¢ (mr) & (%)
X (cm)+OFX 4.88079 0.20871
dX (mr)+OFDX -4.57703 0.0081s
Y (cm) -0.03381 | -0.33793
dy (mr) ~-0.92823 | 0.00028
X-X 0.00297 0.00011
X.-dx -0.00572 | =0.00023
X-Y 0.00924 0.01547
X.-4ay 0.00062 0.00015
dx.dx 0.00269 0.00014
dx.y -0.00436 | ~0.01471
dx.dy -0.00071 | -0.00017
Y-¥ -0.00516 0.00017
Y-dy -0.00050 0.00136
dy-dy -0.00002

cm and dX and dY are in mr. Target coordinates are obtained by
multiplying the hut coordinates by the coefficients in Table
3.1 and summing over the nonzero contributions where a blank
spot in the table means the coefficient is gzero. These
coefficients were obtained from a TRANSPORT [34] model
which was tuned to agree with measurements of the forward
matrix elements made using a floating wire technique [30].
Since only four gquantities were measured by the wire chambers
and there are five target coordinates (x,y,0,¢,6), it was
necessary to assume that the particle originated from the
central beam axis in the vertical direction in order to obtain
a one-to~one correspondence. That is, no distribution in
reconstructed y was allowed. This is a reasonable assumption

given that the beam spot size in the vertical direction was
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only on the order of three millimeters.

ect

nd _pion

Once a single good track was found in the wire chambers,

the event was required to satisfy several criteria as listed

here to be called an "electron":

1.

The track must have been inside the good fiducial
region defined by the active area of the hut
detectors which was limited by the size of the lead
glass shower counter.

The Cerenkov ADC signal must have been higher than 50
channels.

The track shower energy normalized to the momentum of
the particle track must have been greater than 0.7.
The reconstructed kinematic quantities must have been
within the acceptance of the spectrometer defined as:

{ap/p| < 3.6%, [A8| < 6.4 mr, and [A¢| < 28 mr.

"pion” events were also defined and were required to satisfy

the following criteria:

1.

The event was required to satisfy both criteria 1 and
4 of the electron definition.

There must not have been a Cerenkov ADC signal ahove
the pedestal.

The normalized track shower enerqy must have been less
than 0.6.

The normalized track shower energy seen in the first
layer of blocks, PR, must have been less than 0.2.

The pion latch in the electronics must have been set.
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This latch should have been set for any particle which
passed through the spectrometer since it depended on
scintillator signals only. It was needed to
discriminate against random events, and to get the
correct pion prescaling factor.
The electron and pion events were histogrammed separately in
reconstructed O and § = Ap/p where the 0 bins were 0.8 mr.

wide and the § bins were 0.2% wide.

Shower Enerqy

Electron and pion events can be distinguished from each
other by looking at the normalized energy deposited in the
shower counter. Raw ADC signals with pedestals subtracted were
converted into energy for each block using the shower block
calibration data as discussed in detail in Appendix B. The
energy for each track was then calculated by summing over the
energy of the blocks through which the track passed as well as
adjacent blocks. Adjacent blocks were included to capture
possible light leakage due to the transverse spread of the
shower in the lead glass blocks. The layer of TC blocks was
only included in this sum for spectrometer momenta greater
than 4.0 GeV/c. The energy was then normalized by dividing by
the measured particle momentum as defined by the measured hut
coordinate, Y, and the leading order reconstruction
coefficient (See Table 3.1).

A typical shower spectrum for a deuterium target is shown
ir Figure 3.2 indicating the same shower energy spectrum for

those events which did not fire the Cerenkov counter and for
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Figure 3.2: (a): Typical shower spectrum for the 8 GeV
spectrometer shower counter requiring a track found in the
wire chambers. (b): Same shower Spectrum as in (a) except
with the additional requirement of getting a ferenkov ADC
signal above 50.

those events which had a Cerenkov ADC cut ahove 50. Bath
spectra required that a track was found. The first spectrum
contains a large pion contribution and thus shows the shower
counter response to pions. The second shows that requiring the
Cerenkov signal greatly reduces the pions in the spectrum, but
leaves the large electron peak at a normalized shower energy
of 1.0 intact. The average FWHM energy resolution of the
shower counter was = 17.5%//E’, and its efficiency for
detecting electrons above the shower cut of 0.7 was 99.4%.

This efficiency was measured on a run-by-run basis by
calculating the percentage of shower events above the cut of
0.7 for a clean electron sample. This electron sample was
obtained by requiring “electron" criteria 1, 2, and 4 defined
earlier with the additicnal restrictions that only one track

must have been found from the wire chambers (no track
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purging), at least nine ¢of the ten chambers must have fired,
and the quantity XPLANE defined in the tracking section was
required to be within cuts of # 15.0 cm. A plot of the points
used in the efficiency calculation are shown in Figure 3.3.
These data are for hydrogen target runs with the ratio of pion
to electron rates less than 1.0. This cut on r/e ratio was
necessary because a large background of pions can skew the

measurement of the electron efficiency. The efficiency from
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Figure 3.3: Calculated electron detection efficiencies for
the 8 GeV spectrometer shower counter using hydrogen target
runs where the ratio of pion to electron counting rates was
less than 1.0.
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the data in Figure 3.3 was calculated using an error weighted

average.

Cerenkov Counter

Typical Cerenkov ADC spectra for electrons and pions are
shown in Figure 3.4 for scattering from a hydrogen target, a
Poisson curve was calculated for the electron spectrum using
an average or 6.8 photoelectrons. The pion spectrum clearly
shows a single photoelectron peak just to the right of the
pedestal peak (which was truncated to emphasize the pisn
events). The position of the pion peak motivated using an ADC
cut of 50 channels for improved electron identification.

A calculation of the efficiency was done using the
Poisson fit and computing the fractic il area above the ADC
cut of 50. This calculation yielded an efficiency of 98.9%.
The measvred efficiency for detecting ¢ “ectrons above this ADC
cut of 50 was found to be 99.0% which is in very good
agreemsnt with the calculated efficiency. The measured
efficiency was calculated using an electron sample wnich
required “electron" criteria 1 and 4 (see P. 50), the quantity
XPLANE was required to be within cuts of * 15.0 cm, and the
normalized track shower energy was reguired to be greater than
1.0. This high shower cut was made to eliminate background
pions from the pion tail and thus, to ensure a good electron
sample. Figure 3.5 shows the measured efficiencies versus the
ratio of pion to electron rates. These data points include
hydrogen and deuterium target runs. The line shown is an error

weighted fit to the data which yields the measured efficiency
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Figure 3.4: 8 GeV spectrometer Cerenkov counter ADC spectra
for electrons and pions. A Poisson crrve was calculated for
the electron spectrum using an averaga of 6.8
photoelectrons. The small pion peak corresponds to one
photoelectron.
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Figure 3.5: Run-by-run electron detection efficiencies
versus /e ratio for hydrogen and deuterium targets. A fit
to the data is also shown which yields the measured overall

efficiency at x/e = 0,0.

when extrapolated to a »/e ratio of zero. A study wes made of

the X and Y hut position dependence of the efficiency. No

significant position dependence was found.

: ] .
Pion subtraction was necessary to account for the small,

but non-negligible probability of a pion event which fired the
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Cerenkov counter and gave a normalized shower energy signal
above the cut of 0.7. It was necessary to save shower spectra
corresponding to the electron and pion definitions given
earlier excluding the cuts on the shower energies. The pion
peak in the pion spectrum was scaled down to the pion peak in
the electron spectrum to obtain a scale factor using the sum
of all the pion counts in the vicinity of the pion peak. The
fraction of pion events above the cut was calculated from the
pion spectrum. By multiplying this fraction by the scale
factor we obtained the fraction of pion events above the cut
in the electron spectrum. Since it was not known which of the
electron §-8 bins contained pions, the subtraction was done
evenly on a bin by bin basis. Each bin of the pion -6
histogram was multiplied by the fraction of pions above the
electron cut and was subtracted bin by bin from the electron
histogram. This produced a non-integer number of counts in
each bin. This correction was calculated for each kinematic
point, first summing the pion spectra for all the runs
contained in the point. The largest corrections found were
0.075% for the hydrogen targets and 0.15% for the deuterium

targets.

cfici ] . 3 .

A summary of the detector efficiencies discussed in the
previous sections is given in Table 3.2. The total efficiency
for detecting electrons was found by multiplying these
individual efficiencies together since they were uncorrelated.

The electronic dead time correction was calculated using
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Table 3.2: Summary of important efficiencies for
analysis of the 8 GeV spectrometer data.

tracking | shower | Cerenkov | electron

efficiency 0.9991 0.9941 0.9904 0.9837

the scaler rates of a coincidence of PR, TAD and ¢ (PTC) where
the scaler inputs differed in their gate width. Gate widths of
40, 60 and 80 ns were used, while the 20 ns gate width scaler
was discarded due to double pulsing. The EL-20, EL-40, EL-60,
and EL-80 scalers which were alsc meant for calculating the
deadtime were not used because both EL-20 and EL-40 were
double pulsing. A linear extrapolation to a gate width of 0 ns
was done to give the scaler rate corresponding to no dead
time. This scaler rate was divided by the 40 ns scaler rate to
obtain the dead time correction. This correction ranged from
1.000 to 1.009 for this experiment.

The sample fraction was needed for a few runs where the
computer failed to save all the events which should have been
recorded. It was calculated from the ratio of the trigger
scaler to the software event counter. For most runs these
counters were the same. In the worst case the sample fraction
correction reached 1.0058.

The one per pulse correction accounted for the inability
of the computer to save more than one event per beam pulse.
After each computer trigger occurred, a trigger veto pulse was
created lasting the length of the beam pulse. This pulse was
put in coincidence with the PTC~40 pulse and summed by the

PTC~40V scaler. The one per pulse correction was defined to be
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the ratio of the PTC-40 scaler to the PTC-40V scaler. For a
few runs where the PTC-40 scaler counts were low, a similar
calculation was used with the less restrictive EL-40 and the
EL-40V scalers. EL-40 was formed from an OR of EL-HI and EL-LO
triggers and had a pulse width of 40 ns. This correction was
small for the majority of runs, but for some very high rate
runs became as large as 1.2. A Poisson calculation was also
done to obtain the expected correction using the average
number of triggers (PRETRIG) per beam spill. The agreement
with the measured correction was good. The two quantities

typically agreed to 0.2%.

8 GeV Acceptance Function

The acceptance function of a magnetic spectrometer
describes the momentum dependence of the solid angle for the
cross sections being measured. It is a function of the
horizontal and vertical scattering angles, 0 and p, and of the
momentum deviation from the spectrometer central momentum, §.
Generally, the acceptance function is also a function of
target length, but the data presented here was all taken with
the long 15 cm targets so the target length dependence was not

an issue.

Monte Carlo model

The purpose of the Monte Carlo program was to produce an
acceptance function by simulating the physical properties of
the spectrometer. Scattered electron events were generated at

the target and transported to the hut area to determine which
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particles made it all the way through. The interaction point
inside the target was chosen randomly in x and y assuming the
beam falls off as a Gaussian distribution and randomly along
the length of the target, z. The scattering parameters 6§, 0,
and ¢ are also randomly generated within the desired limits.

Assuming the spectrometer momentum was set to 8.0 GeV,
the particles were transported through the spectrometer using
several sets of forward TRANSPORT coefficients. Each set of
coefficients transported the particles to a certain point
along the spectrometer such that an aperture check could be
done. The choice of spectrometer momentum of 8.0 GeV was made
because multiple scattering effects are small. A correction
for the momentum dependence of multiple scattering was applied
separately and will be discussed. Any particle hitting an
aperture anywhere along the way was assumed lost. Particles
which reached the spectrometer hut were transported through
the detectors, taking into account multiple scattering effects
due to passing through materials along the way, such as the
ferenkov counter windows and gas. Particle positions found at
each wire chamber were randomly adjusted within the expected
resolution of the wire chambers, o, = 2.3 mm and 0, = 1.0 mm,
and a line was fit to these coordinates to simulate the data
tracking algorithm and produce coordinates at the focal plane.
The fidu-<ial cut used in the data analysis was checked and the
events were reconstructed at the target using the same reverse
TRANSPORT coefficients used in the data analysis. These events
were then histogrammed in 6, 8, and ¢ bins.

The acceptance function was calculated in each bin by
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taking the ratio of the number of particles in the
reconstructed event histogram to the original number of
generated particles and normalizing to the size ¢f each bin.
The acceptance function was then integrated over g using four
different ¢ cuts corresponding to those used in the data
analysis. This gave four reduced acceptance functions. A 3-D
surface plot of the reduced acceptance function with the
largest v cut, -28.0 < ¢ < +28.0 mr, is shown in Figure 3.6.
Projections of these acceptance functions on the § and B axes

are shown in Figure 3.7 for all four ¢ cuts. As the p cut
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Figure 3.6: 8 GeV spectrometer acceptance vs. § and 8 for
¢ < |28.0| mr and for a target length of 15 cm. Acceptance
was normalized to 1.0 where 1.0 in & glven §=0 bin means
all particles originating from this bin made it to the
hut.
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Figure 3.7: 8 GeV spectrometar acceptance function projected

against the &§ and 8 axes. The acceptance is normalized in

each bin to 1.0, and four curves are shown, one for each ¢

cut.
becomes more narrow the function approaches that of "perfect"
or flat acceptance.

In addition to calculating the acceptance function, the

Monte Carlo also calculated several corrections. During the
integration over g process, the root mean square value for ¢

was calculated for each 6-8 bin and for each p range. This

quantity was used to correct the horizontal scattering angle,
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B, for each bin to the nominal scattering angle. This
correction was small, and never exceeded 0.25%. The Monte
carlo also calculates two corrections to the acceptance
function. One correction is for the momentum dependence of the
multiple scattering effect and one is for the change in
effective target length as the spectrometer rotates about the
pivot. At high momenta the effect on the acceptance function
due to multiple scattering of the particles is small compared
to that at low momenta. This is a bin by bin correction which
basically widens the distribution in 8, ¢, and §, and for low
momenta averages around 2.0%. The target length correction is
necessary because at forward angles the target length as seen
by the spectrometer is smaller than the true target length.
This is also a bin by bin correction. The average correction
can be approximated by the expression 1.0 - 10™*(Tsin®)? which
at 90° and at a full target length, T, of 15 cm is equal to

0.25%.

Acceptance vs. data studies

It is very important to test for compatibility between
the acceptance function and the measured data. One way to do
this is to make sure the calculated cross sections agree for
each of the ¢ cut ranges. The cross section calculation will
be discussed in greater detail later in this chapter. Figure
3.8 shows three plots of cross section ratios, ¢cutl/wcutz,
pcutl/pcut3, and pcutl/ecut4, where pcutl < |28,0|, pcut2 <
}24.0), pcutd < |20.0|/, and pcut4 < |10.0|. Each pcut is in

mr. The points on these plots are cross sections summed over
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8 GeV cross section ratios
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Figqure 3.8: Ratio plots of summed cross sections. From top to

bottom: ¢cutl/ecut2, gcutl/pcuti, and pcutl /pcutd, where pcutl
is the largest cut, and pcut4 is the smallest cut.

the kinematic point which is denoted by momentum and the error
bars shown are statistical. The points were observed to lie
along the line where the ratio is equal to 1.0 within the
total expected errors on the cross sections. A similar check
with similar results was also done with the proton elastic
cross section data.

another way to check the acceptance function is to take
small spectrometer momentum steps within the same kinematic

point and verify that the cross section spectra agree in the
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overlapping regions. Figure 3.9 is a sample overlap spectrum
for the point: E = 5.507 GeV and Q* = 2.50 (GeV/c)? where E’
was set as 4.001, 4.167, and 4.334 GeV. It can be seen that

the overlap is guite good.

Finally, a check on the acceptance was also made with the
proton elastic cross section data to make sure that the
acceptance function had no significant @ dependence relative

to the model cross section. A study was made of the elastic

8 GeV Overlapping cross sections
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Figure 3,9: Cross section overlap spectrum for the 8 Gev
spectrometer with E = 5.507 GeV and Q° = 2.50 (GeV/c)?. Data
was measured at spectrometer momenta which differed by

several percent.
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cross section versus theta. This cross section was normalized
to the total cross section summed over all 8. Since all the
appropriate 6 corrections were applied to these cross section,
there should be no theta significant dependence unless there
is a problem with the acceptance function. The results of this

study showed that there was no significant theta dependence.

1.6 GeV Event Analysis
Tracking

In order to analyze the tracking event data, it was
necessary to calibrate the drift chamber TDC’s, line up the
drift time spactra for each TDC channel using drift time
offsets, and line up the sum time spectra for adjacent wires
using sum time offsets. Each TDC channel was carefully
calibrated at the end of this experiment using a pulser-
generated random trigger to generate both the start and the
stop pulses of the TDC’s with known delays for the stop signal
using various length cables. All cable time delays were double
checked using a pulser and an oscilloscope. The TDC signals
were read by the computer for each delay and a fit was done to
convert the TDC signal to real time from start to stop for
each TDC channel.

The next step was to align the drift time spectra for
each wire. Drift chamber TDC data was read, converted to time,
and histogrammed for each wire. The start signal for the TDC’s
during the experiment was formed from the wire signals while
the stops were formed from the trigger. Sample drift time

spectra for a single run are shown for each chamber in Figure
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Figure 3.10: Sample drift time spectra summed over all wires
in each chamber. Vertical lines indicate drift distances of
1.0 cm (left side) and 0.0 cm (right side).

3.10 using deuterium target data. Each spectrum was summed
over all wires where the individual wire spectra had already
been aligned at the arbitrarily chosen point of 370.0 ns.
Ideally, these spectra s-nuld have a square wave distribution,
but distortions of the field near and far from the wires can
produce nonlinearities. The "two-step" distribution indicates
that the drift velocities were scmewhat greater for hits
occurring within the nearest 0.5 cm of an anode wire. The
edges of this spectrum are indicated by vertical lines and
correspond to distances from the wire of 0.0 and 1.0 cm. The

line on the right is the 0.0 cm line, and this was the point
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used to align the individual wire drift spectra.

The 0.0 cm edge for the individual wire drift time
spectrum was found by looking at data points in the vicinity
of the edge and finding an edge point such that the slope of
the liae going through the points was maximized. An offset was
defined such that the edges lined up at 370.0 ns. A drift
velocity of 0.005 cm/ns corresponded to a typical drift
spectrum width of 200 ns and a wire spacing of 1.0 cm. Figure
3.11 shows a plot of drift time offsets versus wire number for
wire chamber X1. The change in offsets from the odd/eve:. wire
Planes is evident as well as a shift corresponding to a change
in TDC modules at wire number 33. It was necessary to find

four such sets of offsets to cover the entire experiment due

X1 chamber drift time offsets
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Figure 3.11: One set of drift time offsets for wire chamber
X1.
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to various changes in running conditions. Due to the fjeld
nonlinearities mentioned above there was some uncertainty as
to the true time w. dth of these spectra. To help account for
this it was necessary to define offsets for the sum time peaks
of adja:ent wires.

once the dri!c times had been corrected for ocffsets the
sum time spectra were accumulated for pairs of adjacent wires
which fired. A peak was formed near the desired sum time of
200.0 ns. Sample sum time peaks for a single run are shown in
Figure 3.12 for each chamber. These spectra include sum times

for all pairs where the sum time offsets had already beep
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Figure 3.12: Sample sum time spectra for each chamber and
for all pairs of wires in the 1.6 GeV spectrometer drift

chambers.
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applied, and a cut was applied to exclude the sum if the
difference in drift times was less than 16.0 ns {See Figure
3.13 and associated discussion). It should be noted that
chamber Y2 looks particularly bad compared to the other
chambers for this run because for this run the wires in
chamber Y2 were exhibiting a large amount of cross talk. The
cross talk problem varied in severity from chamber~to~chamber
and from run-to-run and will be discussed in detail short.ly.
Sum time offset corrections were found so that the peaks for
individual pairs were all aligned at 200.0 ns. The width of
this peak is indicative of the chamber tracking resolution
when a pair of wires fired. Clearly, the X chamber resolution
is worse than the Y chatber resolution. The measured
resolution can be improved for the X chambers by correcting
for the change in expected sum time for large angle tracks
because of the 0.9 cm separation between the even and odd wire
planes. Figure 3.13 shows the same sum time spectra given in
Figure 3.12 for the X chambers with these corrections applied.
Table 3.3 shows the resolutions of the chambers calculated
from these spectra. The X1 chamber resolution was worse than
the others because the field shaping wires were not able to
hold the proper high voltage and it had to be lowered. The
overall chamber resolutions were somewhat larger than these
numbers because these do not account for the resolution
degradation when only a single wire was used to define a hit
position.

The peak positions for the sum time spectra were

calculated using just the data greater than half the peak



71

Wire Chamber X1 Wire Chamber X2 Wire Chamber X3
2500
00 A
']
p 1500 LN}
8 :
[ ]
1000 : \
500 s
%mmmmmmm %0 30 100150200250300350 %wmmmmmm
Cocrcected sum time (as) Correctad sum tiase (20) Correcsed sem dme (ns)

Figure 3.13: X chamber sum time spectra corrected for track
angle dependence of sum times. Compare to figure 3.12.

Table 3.3: Drift chamber resolutions for good

pairs

X1 X2 X3 Y1l Y2 Y3
g (mm) 1.9 1.4 1.5 0.7 1.2 0.7
g_corr (mm) (1.4 {1.0 {1.0

height in order to stay away from the large tails. Typical sum
time offsets are shown in figure 3.14 for wire chamber X1 with
different symbols used to designate whether an even or an odd
numbered wire was on the left side of the pair. The two sets
of symbols balance around an offset of 10.0 ns. A set of sum
time offsets was calculated for each set of drift time offsets
needed.

After applying the drift time offsets and the sum time

offsets for each event, cuts on allowed drift and sum times

were used to reduce noise and random signals in the chambers.
The drift time cuts used were 140.0 < drift time < 400.0 ns.
The cuts on the sum times varied with each chamber due to

differences in tracking resolution and are given in Table 3.4.
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X1 chamber sum time offsets
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Figure 3.14: One set of sum time offsets for wire chamber
X1. Open diamonds correspond to left even wire + right odd
wire. Filled diamonds correspond to left odd wire + right
even wire assuming wires are ordered from left to right.

Table 3.4: Drift chamber sum time cuts used in tracking
algorithm

X1 X2 X3 Y1l Y2 Y3
Lo cut (ns) 120.0 |120.0 | 120.0 | 140.0 | 140.0 | 150.0
Hi cut (ns) 300.0 | 280.0 | 280.0 | 250.0 | 280.0 | 250.0

The behavior of these drift chambers during the
experiment was less than satisfactory. There were many noisy
wires, and there was cross talk between wires. This made for
a very difficult analysis. Apparently the cross talk problem
was because the wires were coated with a layer of residue
which was possibly due to usihg a bad gas mixture in the

chambers. The cross talk problem varied in its severity over
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the chamber itself and over time. Typically, a real hit would
occur within ~ 1 to 2 mm of an anode wire, causing that wire
to fire. Adjacent wires which were susceptible to cross talk
would produce a similar signal often masking the real signal
from being recorded for the wire which should have formed a
good pair. Figure 3.15 indicates the severity of this problem.
This figure shows a plot of drift time differences between
adjacent wires for the same run used to obtain the sum time
spectra in Figure 3.12. It was summed over all pairs of wires
which fired in each wire plane. Ideally, these distributions

should be uniform, but the large peaks near 7.0 are due to
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Figure 3.15: Drift time difference plots for each chamber
and for all pairs of wires in the 1.6 GeV spectrometer drift
chambers.
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cross talk, Note that chamber Y2 did not behave this poorily
for all runs, and that these plots include all pairs of wires
which fired in the chambers. The tracking algorithm was
designed to not use possible crass talk events if an event
could be found that did not exhibit the cross talk behavior.

One very important feature used in the tracking program
was that of hodoscope masking. "Hodoscope" refers to the
collection of scintillators contained within the 1.6 GeVv
spectrometer detector package. The goal of the hodoscope

masking was to block from tracking consideration any wires

XU Scmtlllators
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Figure 3.16: Schematic showing hodoscope masking for the
1.6 GeV spectrometer detectors. The shaded scintillators
are the opes which "fired” and the shaded regions of the
wire chambers indicate the "allowed" wire regions.

A
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which did not intersect the "allowed" range defined by the
scintillators which fired. A schematic of this concept is
shown in Figure 3.16 where the shaded scintillators indicate
which scintillators fired and the shaded regions shown on the
drift chambers are the "allowed" wire regions. Note that the
actual "allowed" regions were slightly larger than those
indicated in figure 3.16 to allow for particle posilion
deviations due to multiple scattering. Also, if sultiple
scintillators fired, the "allowed® regions were widened
accordingly. Hodoscope masking was extremely successful in
rejecting useless wire chamber information and in decreasing
the amount of conputer time needed to analyze the data.
However, in the unlikely event that no scintillator fired,
the hodoscope masking was not used. Also, if not enough wires
were found to form a track in the first pass of the tracking
algorithm, a second pass was made with the hodoscope masking
turned off.

The next step was to calculate all the "hit” positions in
each chamber. A "good" pair was defined to be a pair of
adjacent wires firing which had a good sum time within the sum
time cuts (see Table 3.4). The drift times were converted into
drift distances which were combined to calculate a hit
position between the two wires. The error on the position for
track fitting purposes was defined to be 0.1 cm. An "OK" pair
was invented to smooth out bumpy tracking coordinate
distributions due to wire cross talk. An "OK" pair was
defined if a "good" pair could not be found, and if two

adjacent wircs had si:s ar and small drift uistances. The hit
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position used by the tracking fits was found by randomizing
between the two wire positions, and the error was defined to
be 0.5 cm. If neither a "good% or "ok" pair could be defined
then the wire position was used as the hit position, and the
error was defined to be that wire’s measur:d drift distance
since the hit could have occurred on either side of the wire.

Once all the possible hit positions were defined, the
tracking algorithm calculated the likely track candidates. For
X and Y coordinates separately, the two chambers with the
least number of hit positions were considered. Tracks formed
by hit positions in these chambers were extrapolated to the
third chamber, and only hit positions within 4.0 cm of these
positions were considered. This cut down on unnecessary
calculations for unlikely track candidates. If the third
chamber contained no hitg in the desired range then a two-
chamber track was defined. Otherwise three-chamber tracks were
f---d by doing an error weighted linear fit to the hit
positions. A track was also required to have at least one pair
of hits, where "good"” pairs took precedence over "OK" pairs.
If a track was found with two or three pairs then all
subsequent tracks found were required to contain at least as
many pairs. Also, tracks found must have been within the
detector fiducial region of the spectrometer and must have
originated within the vacuum tank exit aperture at the top of
the magnet.

Track purging was performed if multiple tracks had been
found based on several criteria. If some of the tracks passed

a given criterion then they were kept. If no tracks passed the
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criterion then no purging was done. These criteria included

(in the order of purging):

1.

7.

Tracks below a normalized shower track energy of 0.6
were purged.

Tracks pointing more than 2.0 cm away from a
scintillator hit position were purged. The
scintillator hit positions were calculated for the
scintillators with tubes at both ends using the
phototube timing information. The resolution for the
scintillator hit postitions was ~ 2«4 cm.

Tracks giving reconstructed target coordinates outside
the spectrometer acceptance were purged.

Tracks defined by less than the total number of
chambers were purged.

Tracks were purged based on the total number of wire
pairs used in the fits.

Tracks havinc a corrected large angle sum time for the
X chambers outside cuts were purged (see Figure 3.13).
The cuts Were 20.0 to 30.0 ns tighter than those given
in Table 3.4.

Tracks were purged based on the chi-square of the fit.

1f more than one track still remained at this point then one

was chosen at random.

The tracking efficiency for electrons Wwas measured using

a clean sample of electrons. This sample was obtained bv

requiring the Cerenkov ADC signal to be above 25, the total

normalized shower energy in the lead glass shower counter to

be above 0.6, the normalized shower energy in the first layer
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of the lead glass counter to be above 0.5, and exactly one
scintillator per scintillator plane firing. Also, these
scintillators were required to be aligned spatially such that
a track originating from the target could have passed through
all of them. This measured efficiency was 0.9932.

Kinemati~ gquantities at the target were reconstructed
from each event measured in the hut using the spectrometer
reverse matrix coefficients given in Table 3.5. These
coefficients were obtained by fitting Monte Carlo generated
rays which passed through the spectrometer, where X and ¥ in
the hut were in cm and dX and dY were in mr. The quantities dx
and dY are really dX/dZ ané d¥/dZ where 2 is the direction of
the central ray through the spectrometcw. The Monte Carlo
program will be discussed in greater detail 1later. The
reconstruction coefficients included second and third order
coefficients. The input rays for the reconstruction fit
constrained |y| < 7.2 cm, |§| < 5.0 %, |8] < 40.C mr, and |e|
< 90.0 mr. Also, these rays could originate apy'. .ere wizhin a
beam height |x| < 0.25 cm. The average deviations bLe:ween the
original rays and the fit were calculated to be 0.05 cm in y,
0.02 % in &, 0.48 mr in @, and 0.34 mr in . Similarly to the
8 GeV spectrometer reconstruction coefficients, for fitting
purposes it was assumed that the particle originated from the

central beam axis in the vertical direction.

i pion identificati

Once an event was indicated by the trigger and a track

had been found, the event had to be identified. An "electron*
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Table 3.5: First, second and third order reverse
transport coefficients for the 1.6 GeV spectrometer
giving target coordinates y, 8, v, and § in terms of hut
coordinates. For example, y at the target is obtained by:
y = 0.804 + 0.247E-2%X - 0,782E-3%dX + 0.381l*Y......

y (cm) 8 (mr) @ (mr) § (%)

1 0.804E+0 ~0.829E+1 0.527E+1 -0.467E-1

X 0.247E~2 0.271E-2 0.189E+1 0.226E+0
dx -0.782E-3 0.287E-2 -0.119E+1 0.450E~-2

Y 0.381E+0 0.208E+1 0.147E-3 -0.631E-3
dy -0.375E+0 0.577E+0 0.154E-2 0.156E~3
X-X -0.180E-4 0.113E-3 | -0.257E-1 0.853E-3
X-dx 0.425E-5 | -0.232E-4 0.126E-1 0.615E-4
X-Y 0.103E-1 -0.492E-1 0.544E-3 -0.638E~5
X.ay -0.301E-2 0.166E-1 -0.316E-3 0.184E~5
dax.dx 0.703E-6 | =0.775E~5 | -0.792E-3 | -0.201E-4
dax-y 0.712E-3 ~-0.470E-2 -0.129E-3 0.239E-5
dx-ay -0.366E-3 0.147E-2 0.795E-4 ~0.260E~6
Y. Y 0.130E-3 ~-0.126E-2 -0.283E-2 0.113E-2
Y-dy -0.145E-3 0.141E-2 0.527E~2 -0.116E-2
dy-dy 0.458E-4 | -0.495E-3 | -0.161E-2 0.331E-3
X-X-X -0.921E-5 0.300E-4 -0.140E-3 0.312E-4
X-X-ax 0.560E-5 | -0.210E~4 0.160E~3 | -0.224E-4
X-X-¥ 0.176E-3 | =0.379E-3 0.248E-5 0.338E-5
X-X-4ay ~0.248E-4 -~0.702E-4 0.329E-5 -0.150E-5
X -dX-dx ~0.149E~5 0.514E-5 -0.498E-4 0.552E=-5
X-dX-¥ -0.306E-4 -0.177E-3 0.129E-5 ~-0.178E-8
X-dx-ay -0.940E-5 0.169E-3 0.526E-5 0.638E-6
XYY -0.955E-5 0.669E-5 0.103E~3 0.236E~4
X-Y-dy -0.320E-5 0.316E~4 | ~-0.246E-3 | -D.164E-4
X-dY-dy -0.514E~6 ~0.262E~6 0.875E~4 0.199E-5
dX-dX.dx 0.145E-6 | ~0.499E~6 0.335E-5 | =0.434E-6
dX-dX.y -0.637E-5 0.857E-4 ~0.108E-5 0.272E-6
dx-dx-dy 0.498E-5 | -0.436E=4 ) -0.122E-6 | -0.700E=7
dx-Y-y 0.312E-5 [ -0.241E-4 |-0.211E-3 [ -0.466E-5
dx-Y-dy -0.229E-5 0.949E-5 0.272E-3 0.364E-5
dx-4y-dy 0.138E-6 -0.217E-5 -0.8.5E-4 -0.654E~(,
Y. vy 0.385E-5 -0.166E-5 -0.32FE-4 0.943E-6

event was required to satisfy the “sllowing criteria:
1. The Cerenkov ADC signal must have been above the cut

of 25 channels.

2. The normalized track shower energy must have been

above the cut of 0.6.
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3. The reconstructed kinematic quantities must have been
within the defined acceptance of the spectrometer:

§ = |Ap/p| < 4.0%, |48] < 40 mr, and [A¢| < 120 mr.

A "pion" event was required to satisfy the following criteria:
1. Reguirement 3 of the electron definition.
2. The pior. prescaler latch in the electronics must have
been set.
3. The normalized track shower energy must have bzen
below the cut of 0.6.
4. The Cerenkov ADC signal must have been below the cut
of 25 channels.
The electron and pion events were separately histogrammed in
reconstructed @ and ¢ where the 6 bins were 4.0 mr wide and
the 4 bins were 0.4% wide. For both electrons and pions, four
different histograms were saved corresponding to four
different y cut ranges: @CUTL = |@| £ 120.0 mr, ¢CUT2 = |} <
100.0 mr, ¢CUT3 = |p| < 80.0 mr, and ¢CUT4 = |¢]| < 60.0 =,
Corrections foy pions mis-identified as electrons were carried
out in the same manner as they were for the 8 GeV data’

discussed earlier.

Shower energy

Pedestal subtracted ADC signals from the shower counter
phototubes were converted into energy for each block using the

shower block calibration data. The total normalized energy
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deposited in the block could then be calculated from

<\ (ADC.,-PED;,) C;; <% (ADC;g-~PEDg) C;y
5 .

st
E:u:‘

ih=1 -4 iB=1 Pc

14 14
= Z EnCia+ Z E;sCisp
&1

iA=1

(3.1)

where P. was the central momentum of the spectrometer, A
refers to the lower (PA) layer, B refers to the upper (PB)
layer, C,, and C,, are the calibration coefficients, E;, and E,,
are the individual normalized block energies, and the sums
extend over the fourteen blocks in each layer.

The blocks were calibrated using data taken with the
deuterium target. "he energy of each block was normalized to
the spactrometer momentum, and the block coefficients were
preset to reasonable values for the first iteration of the
coefficient calculation. The block in the PA layer containing
more than half of the totai PA energy was called the primary
block. If the track found in the tracking routine pointed to
this block and to the block immediately above it in the PB
layer then both were included in the shower coefficient
calculations. For tracks pointing to block j, the
multiplicative corrections to the coefficients for the blocks
were calculated by minimizing, for many events, the chi-square
quantity:

X3= ¥ (1-X,,CyE - X55CsEye) % (3.2)
eVeILS
where X,, and X,, are corrections to the calibration

coefficients, and j ranges from 1 to 1l4. This calibration
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process works because the total normalized energy deposited in
the shower counter is 1.0, The coefficient calculation was an
iterative process. When the block energies were being
calculated correctly then the least-square corrections to the
coefficients were consistent with 1.0 within errors.
Coefficient calculations were done at several spectrometer
momenta, but because of the small momentum range in the
spectrometer, no significant momentum dependence to the
coefficients was found.

once the coefficients were found, the energy for each
track was calculated by summing over block energies found for
blocks through which the track shower passed as well as for
blocks which were within 3.0 cm of the track path. A typical
shower spectrum for a deuterium target is shown in Figure 3.17
whers the shower energy has been normalized to the momentum of
the spectrcmeter. The first plot shows a shower spectrum which
required only that a track must have been found. The second
spectrum alsc required a Cerenkov ADC signal above a channel
cut of 25. The ability to discriminate against pions with the
Cerenkov ADC signal is apparent. The bump which appears in the
low energy tail region of the electron peak in the first
spectrum is due to pions which lost enough energy in the PA
layer of the lead glass shower counter to produce an EL-LO
trigger in the electronics. The other pions in the spectrum
have been suppressed by the prescaling of the pion triggers,
and so the pion tail due to the EL~LO trigger appears
enhanced.

The average FWHM energy resolution of the shower counter
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Figure 3.17: (a): Typical spectrum for the 1.6 Gev
spectrometer shower counter requiring a track found'in the
wire chambers. (b): Same shower spectrum as in (a) with the

additional requirement of having a Cerenkov ADC signal above
25,

was x~ 12.9%//E’ where E‘ is in GeV. The shower counter
efficiency for detecting electrons above the shower cut of 0.6
was 98.0%. This efficiency was measured by ca’culating the
percentage of ele=tron events detected which produced a shower
energy above the cut of 0.6 for a clean electron sample. This
sample was obtained by requiring "electron” criteria 1 and 3
defined earlier with the additional restrictions that the
reconstructed target length, y, be within the limits -11.0 <
¥y < 9.0, and the scintillators which fired were required to be
aligned spatially such that a track could have passed through
them. The asymmetric cuts on y were consistent with the
observed measured distribution. A plot of the points used to
calculate the efficiency versus the electron to pion rate are
shown in Figure 3.18. The line shown i= an error weighted fit

to the data which yields the measured efficiency when



84

1.6 GeV Shower Counter Efficiency
1

0.9 t %o

08}
071
06

iciency

0.5 g

Eff
—0—
L& ]
HH
AR macw T O~

0'4 G arare | ESPEETPETS B "

x/e
Figure 3.18: Measured electron detection efficiencies for
tre 1.6 GeV spectrometer shower counter using hydrogen and

deuterium target runs. A fit to the data yields the measured
overall efficiency at #/e = 0.0.

extrapolated to a ¥/e ratio of zero. The efficiency was also
calculated from a Gaussian distribution centered at 1.0 using
the above resolution and cut of 0.6. The result was consistent
with 100%. This large difference from the measured efficiency
indicates that the inefficiency of the detector is mostly due
to electrons slipping through cracks between the lead glass
blocks and to leakage out the back, and is not due to the

shower energy cut.
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Cerenkov Counter
Figure 3.19 shows a typical Cerenkov ADC spectrum from
data taken with a hydrogen target. A Poisson fit to the data
indicates an average of 7.8 pheotoelectrons detected for a
typical event. The pion ADC spectra shows no significant
counts above the pedestal of the ADC. The measured efficiency

for detecting electrons above an ADC cut of 25 was 99.9%. The

1.6 GeV Cerenkov spectrum
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Figure 3.19: 1.6 GeV spectrometer Cerenkov counter spectrum

with a Poisson curve calculated using an average of 7.8
photoelectrons.
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electron sample used to determine this efficiency was obtained
by requiring "electron® criteria 1 and 2 as well as requiring
that the reconstructed target length, y, and the scintillators
satisfy the same conditions given above for the shower
efficiency calculation. Also, the normalized track energy
deposited in the PA layer was required to be above 0.35. A

plot of the points used in the efficiency calculation are

1.6 GeV Cerenkov Efficiency

S
=

Efficiency
g
~1

e
in

03 g
1 10 100 1000
n/e

Figure 3.20: Run-by-run electron detection efficiencies
versus m/e ratio for hydrogen and deuterium targets. A fit
to the data is also shown which yields the measured overall
efficiency at 7/e equal to zero.
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shown in Figure 3,20 versus the ratio of pion to electron
rates. These data are for both hydrogen and deuterium target
runs. The line shown is an error weighted fit to the data
which yields the measured efficiency when extrapolated to a
n/e ratio of zero. The efficiency was also calculated using
the Poisson fit to the data and the ADC cut of 25. This
calculation yielded an efficiency of 99.96% which is in very

good agreement with the measured value.

Efficiency, Electronic, and Computer Correction

A summary of the detector efficiencies discussed in the
previous sections is given in Table 3.6. The total efficiency
for detecting electrons was found by multiplying these
individual efficiencies together since they are uncorrelated.

The electronic dead time correction was calculated using

scaler rates CAB40, CAB60, and CAB80 where CAB refers to a

Table 3.6: Summary of important efficiencies for
analysis of the 1.6 GeV spectrometer data.

tracking | shower | Cerenkov | electron

efficiency 0.9932 0.9803 0.9992 0.9729

coincidence output of the Cerenkov signal, PAlo and PB
signals, and the number refers to the coincidence circuit
output width in nanoseconds. PAlo and PB were discriminator
signals produced after first summing over the lead glass block
signals in the first layer (PA) and the second layer (PB). The
CAB20 scaler was not used to calculate this correction becuause

of double pulsing. CAB20 double pulsed because the Cerenkov
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signal was double pulsing, and the PAlo and PB signals were
long enough such that CAB20 also double pulsed. A linear
extrapolation to a gate width of 0.0 ns was done to give the
scaler rate corresponding to no deadtime. This scaler rate was
divided by the CAB40 scaler to obtain the dead time
correction. This was a small correction ranging from 1.000 to
1.003 for this experiment.

The sample fraction correction was needed to correct a
few runs where the computer failed to record all of the events
on tape. It was calculated from the ratio of the trigger
scaler to the software event counter. With the exception of
one run, this correction ranged from 1.000 to 1.004. The worst
run, which was bad for the data in both spectrometers, had a
sample fraction correction of 1.043.

The one per pulse correction was needed because the
computer was unable to save more than one event per beam
pulse, but more than one event could actually occur. Similarly
to the 8 GeV electronics, when a trigger occurred a veto pulse
was created which lasted the length of the beam pulse. This
pulse was put into coincidence with the CAB40 pulse and
counted by the CAB40OV scaler. Thus, this scaler counted the
number of beam pulses where a CAB coincidence occurred. The
CAB40 scaler counted the number of times a CAB coincidence
occurred regardless of the number of beam pulses. The one per
pulse correction was given by the scaler ratio of
CAB40/CAB40V. For a few runs where the CAB40 scaler counts
were low, the less restrictive EL40 and EL40V scalers were

used in a similar calculation where EL tas the electron
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trigger formed by an OR of ELLO and ELHI (See electronics
diagram, Figure 2.13). This correction was as high as 1.113

for some of the high rate runs.

1.6 GeV Acceptance Function
Monte Carlo model

The purpose of the Monte Carlo program for the 1.6 GeV
spectrometer was three-fold. Firstly, it simulated the elastic
scattering process at the target and the physical properties
of the spectrometer in order to compare with real elastic
measurements made from hydrogen targets. This feature enabled
us to ascertain that the spectrometer was being modelled
properly. Secondly, it produced an acceptance function for use
in the data analysis programs. Thirdly, it produced
reconstruction coefficients used for reconstructing target
coordinates from hut coordinates.

The elastic scattering portion of the Monte Carlo program
was given the four-momentum transfer, Q7 the central
scattering angle, 6, and the desired number of successful
events, defined as generated events making it through the
spectrometer without hitting any apertures. The central
incident energy was calculated from these inputs. Electron
events were randomly generated about the central energy, the
target length, the beam height and width, and the vertical and
horizontal scattering angles using input information on the
allowed ranges for each of these quantities. The generated
particle in the beam was transported to the interaction point

taking into account multiple scattering, ionization energy
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losses, and radiative energy losses in all materials traversed
along the way. The generated particle’s scattering energy was
calculated for an elastic interaction, and the particle was
transported to the hut by ray tracing through the optical
system. Again, multiple scattering, ionization energy losses,
and radiative energy losses were taken into account for all
materials traversed by the scattered particle. Any particles
which failed to pass through all apertures along the way were
thrown out.

Events which made it through to the hut were saved and
could be directly compared to measured data. A comparison of
Monte Carlo data and real data was done at three different
kinematic points. This comparison failed to agree wuntil
important improvements were made to the Monte Carlo model. One
such improvement was the development of an elaborate ray trace
model through the quadrupole and dipole magnets. This replaced
an old transport model which did not allow for many aperture
checks and did not take into account field distortions of the
dipole magnet at its entrance due to the presence of the
guadrupole mirror plate, and at its exit due to the presence
of an iron plate used to hold shielding and to protect the
detector stack from the fringe fields. A ray trace model
through the quadrupoles was developed from fits made to field
gradient measurements which were taken for a previous
experiment. A ray trace model for the dipole was developed
from old wire float data [35) and from fringe field
calculations using TOSCA code [36] for the entrance and

POISSON code [37] for the exit region. These field



91
calgulations were checked against a limited set af €ringe
fi1eld measurements taken before this experiment.

Another important improvement was a recalibration of the
guadrupole power supplies after the experiment. It turned out
that the true currents of the quadrupoles were lower than the
setpoint currents. Q1 was set 1.07% low and Q2 was set 1.75%
low. The fact that these currents were set improperly caused
the vertical focal plane of the spectrometer to shift by 2 and
1/2 meters. This is evident in figure 2.9 where it can be seen
that the vertical focal plane occurs at 2 = 2 m. and the
horizontal focal plane occurs at Z = 11.5 m.

Another important improvement was the result of recent
survey measurements made in an attempt to reconcile problems
we were having with the Monte Carlo program. These survey
measurements indicated a misalignment between the quadrupole
and dipole central axes of ~ 3.2 mr. Once this problem was
fixed the elastic Monte Carlo data agreed reasonably well with
the real measured data. A sample plot will be shown in the
next section.

The acceptance function for the 1.6 GeV spectrometer was
also calculated in the Monte Carlo program. Bins for §, 6, and
p were defined in the input file as well as the number of
events to generate per bin. The § and 6 bins corresponded to
the same binning used for data storage. In addition, there
were twelve ¢ bins of width 20 mr for a total phi range of
-120 mr < @ < 120 mr. Events vere randomly generated within
each bin and randomly along the target length and beam height.

Each event was transported through the spectrometer using the
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ray trace model.

There were many aperture checks along the way, especially
inside the gquadrupoles. During the installation of the
quadrupoles the vacuum pipe was compressed in one direction to
make the pipe compatible with the dipole magnet’s rectangular
vacuum pipe. This made the round pipe become more and more
ellipsoidal as it neared the dipole. Careful survey
measurements were made and ellipsoidal fits done at many steps
along the pipe. These fits defined the apertures inside the
pipe. Events were thrown out that did not pass entirely
through all apertures.

Events reaching the hut area were transported through the
detectors. The coordinates were corrected for multiple
scattering effects in each detector layer traversed, and
detector apertures were checked. The particle positions found
at each drift chamber were randomly adjusted within the
average wire chamber resolution, and a track was found by
fitting these coordinates to simulate the data tracking
algorithm. The final hut coordinates were defined by
intersecting the track at the focal plane. The events were
reconstructed at the target using reconstruction coefficients
and were rebinned in 6, €&, and .

The acceptance function was calculated by taking the
ratio of the number of particles in each reconstructed §, 6,
and ¢ bin to the original number of generated particles and
normalizing to the size of each bin. The acceptance function
was integrated over ¢ using four different ¢ cuts

corresponding to the same ones used in the data analysis. This
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resulted in four reduced acceptance functions. These were not
the final acceptance functions, however. Similar'y to the 8
GeV spectrometer acceptance functions test, the elastic cross
section data was used to study the 0 dependence of the
acceptance function. The idea is to study the cross section as
a function of 6 normalized to the total cross section. All 6
dependent corrections are made beforehand so this distribution
should be flat as a function of 6. If it is not flat then the
8 dependence of the acceptance function must be wrong. This
was the case with the 1.6 GeV spectrometer acceptance
functions. Attempts were made to solve this problem in the
Monte Carlo program, but they were unsuccessful.

It was decided to create a new corrected acceptance
function using the old acceptance function described above,
the measured data, and model cross sections. For each set of
deuterium data taken in the 1.6 GeV spectrometer, ratios of
measured to expected counts were calculated on a §-8 bin-by-
bin basis. Expected counts were calculated using model cross
sections, the old acceptance function, radiative corrections,
resolution corrections, and the factor C,, which is defined
later (Eg. 3.4) in this chapter. See the discussion in the raw
cross section calculation section and the resolution
correction to see how this was done. Note that for this
calculation, however, that a model cross section is converted
to expected counts whereas the cross sectiocn calculation
converts measured counts into measured cross sections. This
ratio was calculated for each §-8 bin.

The next step was to combine sets of data within each @*
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point. There were generally three to four sets of data taken
for each Q* point which differed in the spectrometer central
momentum setting (See Figure 3.28 in the next section for an
example of the data sets combined). These sets of data were
combined in each é6-8 bin using an error weighted average
Next, the ratio functions were normalized at each Q* such that
the error weighted average over a.l 6§-6 bins yielded 1.0.

Finally, the four normalized ratio functions were then
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Figure 3.21: Elastic normalized cross section plots showing
the B dependence for the o0ld and the new, corrected
acceptance function. There should be no dependence sirce all
the 0 corrections have been applied to the cross secticns.
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cambined in gquadrature by an error weighted average in each
bin to produce one final function used for correcting the old
acceptance function. The correction was applied
multiplicatively on a bin-by-bin basis. Figure 3.21 shows a
plot of the elastic normalized cross sections as a function of
0 for before and after applying this new correction. The ola
acceptance clearly shows an unacceptable 8 dependence, while
most of this dependence has been resmoved, as desired, for the
corrected acceptance.

Figure 3.22 shows a 3-L surface plot of the raduced

acceptance function with the largest v cut, p < |120.0] mr.
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Figure 3.22: 1.6 GeV spectrometer acceptance vs. é§ and 9 for
~120<9p<120 mr and for a shielded 15 cm target. 2cceptance in
each bin is normalized to be 1.0 it all generated particles
originating from the bin make it all the way through to the

hut.
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This plot has been normalized so that perfect acceptance in a
given bin is 1.0. Projections of these accepfance functions ohn
the § and 0 axes are shown in figure 3.23 for all four ¢ cuts,
The plot versus § used 6 cuts of *48 mr, and the plot versusg
0 used § cuts of +4.0%. It is interesting to note that the
normalized acceptances in Figures 3.22 and 3.23 are at their
maximum around 0.4 to 0.5 instead of 1.0. This is due to the
very strong correiation between scattering angle and hit
target position. For a given scattering angle only hits from
a limited region of the target can make it through the
spectrometer. This Y-8 correlation is shown in Figure 3.24
along with the §-¢ correlation. These are scatter plots
showing the correlation in particle coordinates for particles

which made it all the way through the spectrometer.
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Figure 3.23: 1.6 GeV spectrometer acceptance function for
all ¢ cuts projected against the § and ©® axes. The
acceptance is normalized in each § or 6 bin to be 1.0 for
perfect acceptance.
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Another important job that the Monte Carlo performed was

to produce a set of reconstruction coefficients whici
reconstructed the target coordinates of the event from the
measured coordinates in the hut. A data set was generated
using two events in each &, 0, and ¢ bin. The events which
made it through the spectrometer had corresponding coordinates
in the hut. A fit was done to this data to produce offsets,
first, second, and third order coefficients as shown in Table
3.5. Only data which is within specified limits on the
reconstructed coordinates was included in the fit., These
limits were given in the discussion accompanying Table 3.5. A
few third order coefficients were left out because the
coefficients found from the fit were large and compensa®ing.
That is, they had a tendency to cancel each other out, but any
errors in the measured hut coordinates did rot cancel and were

magnified since the coefficients were large.

Acceptance vs. dat u

Several tests were done to insure compatibility bestween
the Monte Carlo output and the measured data. As mentioned
earlier comparisons were done between elastic data taken with
the hydrogen target and the Monte Carlo data. Plots for the
kinematic point E = 1.511 GeV are shown in Figure 3.24. This
figure shows two surface plots showing the elastic stripe in
the hut coordinates x and y. The top plot is measured data and
the bottom plot is Monte Carlo generated data. The two data
sets agree well for the most part. The real data is slightly

more peaked in the central region, but the Monte Carlo data
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Figure 3.25: Surface plots showing the elastic stripe in the
hut for electron scattering off of protons. The top plot is
measured data. The bottom plot is Monte Carlo data. Both
sets of data are for the kinematic point, E=1.511 GeV,
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has a somewhat wider distribution. The number of events in the
two plots is the same.

Another test is to make sure that the measured deuterium
cross sections are in agreement for each of the ¢ cut ranges.
Figure 3.26 shows cross section ratio plots for the largest ¢
cut data divided by the three smaller ¢ cut sets of data.
These comparisons are independent of any model cross sections.

The cross sections for each ¢ cut are integrated over the same

1.6 GeV cross section ratios
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Figure 3.26: Ratio plots of summed cross sections.
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range of W?. The kinematic points are denoted by momentum and
the error bars shown are statistical. The points should
intersect the ratio = 1.0 line. It can be seen that the ratios
are reasonably close to this line. Figure 3.27 shows a plot of
measured deuterium data and Monte Carlo data versus ¢. The
Monte Carlo data were normalized to the measured data so that
both had the same number of total counts. The cuts on 8 were
* 32 mr, and the cuts on § were * 3.6%. The agreement between
the data and the Monte Carlo ¢ dependence is quite good.
Additional tests were done to verify that the ¢ dependence of

the data was modelled properly by the Monte Cario. These tests
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Figure 3.27: Counts versus ¢ are shown for a Qeuterium
target data run and for Monte cCarlo generated inelastic

data.




102
include studying ratios of cross sections at different v cuts
versus § and 6. These tests were particularly useful in
spotting problem areas while the Monte Carlo program was in

the tuning stage.
Another test for the acceptance function is to compare
the cross section spectra for data taken at slightly different

momenta. If the acceptance function is good then good overlap

1.6 GeV Overlapping cross sections
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Figure 3.28: Deuterium cross section overlap spectrum for
the 1.6 GeV spectrometer with E = 1.968 GeV and Q* = 2.50
(GeV/c)?. Data was measured at spectrometer momenta which
differed by several percent.
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between the spectra should be observed. A sample overlap plot
for deuterium data is shown in Figure 3.28 for the kinematic
point: E = 1.968 GeV and Q* = 2.50 (GeV/c)?. The different data
sets correspond to central momenta of 0.584, 0.635, and 0.660
GeV/c. The cross sections shown have no radiative corrections
applied, nor has there been any subtractions for the aluminum
and hydrogen contributions. Overlapping data were taken at
most of the kinematic points measured to make sure the
acceptance function worked well at all momenta.

For each W?* bin which had multiple data points
contributing, ratios were calculated of the individual cross
sections to the total cross section at that point. These
ratios were combined using an error weighted average. The
ratios were combined in three different regions corresponding
to low x, medium x, and high x, where x is the Bjorken scaling
variable defined as Q°/2M,v. A value of x egual to 1
corresponds to elastic scattering, and this was assigned to
the medium X category. Note that low x corresponds to high W2.
An average over all the kinematic points yielded: ratio(low
x)/ratio(med x) = 0.993 * 0.007 and ratio(high x)/ratio(med x)
= 0.997 ¥ 0.006. The fact that these are consistent with one
is a quantitative verification that the overlap between the

different momentum data sets is gquite good.

Target Density
Energy was deposited in the 1ligquid targets when the
electron beam was passing through. This energy caused a

temperature increase and a density decrease. The temperature
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and pressure were monitored by platinum resistors and vapor
pressure bulbs which were place at both the entrance and exit
regions of the liguid target material into the target cell.
The platinum resistors were calibrated bhefore this experiment
and a fit was done to the calibration data in order to
determine the temperature from the measured resistance. The
best fit found was a second-order polynomial fit to the
logarithm of the resistance. The vapor pressure bulbs were
converted to temperature using cryogenic data [26]. The
densities were then calculated from the temperature also using
cryogenic data ([27], and then average densities were
calculated. A summary of the data used is given in Table 3.7.
1t should be noted that the hydrogen density point at 23 X is
not real because at 2 atm H, is a gas. This number was
estimated in order to constrain the fits to the data. The
temperature fit to the bulb pressure data was a second-order
polvnomial fit to (Bulb pressure - 6.982), and the density

data fit was a second-order polynomial fit to (T-T,) where

Table 3.7: Summary of cryogenic data used to

extract liquid target densities.

Temperature | Bulb Pressure | H, Density | D, Density

(K) (psi) (gm/cm?) (gm/cm’)

18 6.982 0.07339
19 9.886 0.07234 0.1733
20 13.550 0.07124 0.1712
21 18.120 0.07005 0.1690
22 23.670 0.06878 0.1667
23 30.406 0.06742 0.1644
24 0.1618
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reference temperatures, T,, of 18 and 19 were used for the
hydrogen and deuterium fits respectively.

The average densities calculated for individual
checkpoints within a run were combined to an average, weighted
by the toroid charge measured for each checkpoint. A& plot
showing the ratio of these checkpoint averaged densities for
the vapor pressure bulbs relative to the platinum resistors is
shown in Figure 3.29 for the long deuterium target for data

taken with and without the beam incident on the target. The

Long deuterium target density ratio
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Figure 3.29: Ratio of average densities measured by the
vapor pressure bulbs to those from the platinum resistors.
Data is for the long deuterium target only, and data with
and without beam incident on target are shown.
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vapor pressure bulbs were consistently 0.2% lower than the
resistor densities. The density used in the cross section
calculation was an average of these two numbers.

The average density wversus run number for the long
deuterium target is shown in Figure 3.30. Different symbols
indicate whether the beam was incident on this target for that
particular run. The average density for runs with the beam on
the targets was 0.16937 gm/cm® which was 0.26% lower than the
average density when the beam was not on the target. Also, the

density was observed to vary linearly with beam current.
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Figure 3.30: Average density for the long deuterium target
versus run number. Different symbols are used to designate
whether the beam was incident on the target or not.
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It is believed that the circulation of liquid target material
was fast enough such that the local density (near the beam)
was not significantly different from the average measured
density. Tests were done during the experiment to study count
rate as a function of circulation speed to verify that the
chosen circulation speed was sufficiently high. Studies were
also made using measured particle counting rates as a function
of beam current and beam repetition rate to look for possible
local boiling effects in the target. The results were

consistent with no boiling.

Energy Calibration

The constraint that the elastic electron-proton cross
section peak must sit at W’ = M;*, is a useful way to calibrate
the incident and final electron energies. If the measured
elastic peaks [15] do not sit at M,* then the position can be
corrected by changing the incident energy, E, the spectrometer
momentum setting, E’, the spectrometer angle setting, 6, or
any combination of the above. For the 8 GeV spectrometer,
survey and wire float [30] measurements indicate that the
error on Ef was +* 0.05% and on 8 was *0.1 mr. The point-to-
point error on the beam energy was +0.05%. The elastic peak
analysis showed that to align the peaks properly, shifts, on
the average, would be needed of 0.04% in E’, 0.4 mr in 8, or
0.09% in E. The shift necessary in 8 was way outside the
uncertainty so this was ruled out. Since the necessary shift
in E’ was well-within the tolerance, it was decided to apply

an overall shift of 0.04% to all E’. The W? peaks were then
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aligned on the average, but there wa< still some scatter. This
scatter was removed, and the individual peaks were aligned by
applying the appropriate corrections on a point~by-point basis
to E.

For the 1.6 GeV spectrometer the error on 8 was *1.0 mr.
The beam energy corrections made for the 8 GeV spactrometer
data were also applied for the 1.6 GeV data. An additional
average correction of 0.09% was applied to all E’ values to

align the 1.6 GeV W? peaks.

Combining Runs

The data taken for a given target, spectrometer, and ¢
cut, were combined in two separate steps. First, runs within
a kinematic point were combined, and second, kinematic points
taken at the same beam energy and scattering angle, but
different momentum settings were combined. The latter was not
done until after the cross sections had been calculated, and
will be discussed in more detail in the next section. For runs
within a kinematic point, the §-8 histograms tor electrons
were summed bin-by-pin. At this point the pior subtiraction was
perforred. Run guantities which were needed for calculating
Cross sections (see the discussion in the next section) were

combined together in the factor C,, where

c. = dfcq§csfcﬁf' (3.3)
Run Ninc'Np

Cse is the cead time correction, C,, is the one per pulse

correction, C,, is the sample fraction correction, C... is the
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electron efficiency correction, N,,. is the number of electrons
incident cn the target, and N, is the number of target
particles per cm?’. N, is defined as N,pL/A where N, is
Avogadro’s number, p is the target density in gm/cm®, L is the
target iength in cm, and A is the atomic mass of the target in
atocmic mass units. The C,, gquantities were combined for each
run to produce the corresponding guantity for the kinematic

point, Cy,,:

1.0

—_——,

s

CR\m

Ken = (3.4)

where the sum was over all runs cortained in the kinematic
point. C,,, was used to convert counts into cross section for

cach kinematic point in a later step to be discussed.

Raw Cross Section Calculation
This sectiorn discusses the process of converting the -8
histograms, the reducea acceptance functions, and the quantity
Cu» to the deuterium differential cross sections, do/dadw?.
Note that at a constant value of A, dg/dA4E’ is equivalent to
do/dadw?. The following steps were followed to calculate these
cross sections corrected to a central scattering angle for
each kinematic point,@,:
1. The relation, W = M* + 2M (E-E’) - 4EE’sin’*(6/2) was used
to create a mapping between each é~0 bin and each W* bin.
Note that the W? bin edges will cross the §~6 plane
diagonally. Assuming a total é-0 plane area of 1.0

the mapping gives the fractional area contributed from
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each §6-8 bin to each W? bin. Since § and 6 were
calculated relative to central values, this mapping had
to be calculated for each kinematic point. The mapping
function is F(I,,I,,I,), where I,, I,, and I, are the
binning indices for the §, 6, and W* bins respectively.
The sum of F over all indices yields 1.0. Note that the
§-8 bins were believed to be small enough such that they
could be treated as uniform. That is, no weighting was
done to take into account the possibility of cross
section variation within a given 6-6 bin.

Counts for each W? bin, N,(I,), were accumulated from
counts in each é-8 bin, N(I,,I,) by the formula:

Ny (1) =¥ Y N(I5,Ig) 'F (I, Ig, Iy (3.5)

T, To

An acceptance function for the N, spectrum, A,, was
the next quantity to calculate, but various corrections
should be discussed first (items 3-6).

The units of the acceptance function as calculated by the
Mcnte Carlo programs were in msr-%. This was converted to

msr-dw? by multiplying by C.(I,) = (QE’/dé} - (dW?/dE’):
P .
Cy(Ig) =(TD%)(2M,+4EKsm2(e(Ia)/z), (3.6)

where P, was the spectrometer central momentum, E, was the
average beam energy for the kinematic point, and 8(I,) is
the value of B corresponding to each 6 bin.

The calculated acceptance function had no cross sect on

dependence built into it. However, the cross sectiun
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varied enough over the §-8 plane to warrant a bin-by-bin
correction of the acceptance so that it varied
accordingly with that of the data. This correction was
achieved by the function ¢, (I,,I,,I,) which is merely a
ratio of deuterium model cross sections. This function is

given by:

dQdw?
( dio
and

[ d’o (E,E’(Is),B(Is)))
, (3.7)

C {1y, o, I =

-Z(E,E'(I,,,ex),ex))

where E‘(I,,68¢) is the momentum corresponding to the W?
bin indexed by I, and the central scattering angle for
the kinematic point, 6,. This correction also corrects
all bins to the central scattering angle. The calculation
of the model cross sections will be discussed in greater
detail later.

Generally, there were several kinematic points which had
similar, but not exact, kinematics, and it was desirable
to correct all of these points to the same nominal
kinematics in order to combine them. This correction was
achieved by the function C,(I,) which is also a ratio of

deuterium model cross sections.

dig
———(E, E/(I,,,ax).aﬂ
(L) = (d“dwz , (3.8)

d?o
_dW(ENOM +E ,(IH ’ 6 Nom) 0 Nom))

where FE,,. was the nominal beam energy, and 6,,. was the
nominal scattering angle. Note the cancellation which

occurs when C, and , are multiplied together.
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6. Radiative corrections which will be discussed in greater
detail in Appendix C, were calculated as a function of W?
and 6. The 8 dependence of the corrections was taken into
account by the function RGC,(I,,I,) which is a ratio of the
radiative correction at the nominal scattering angle to
the radiative correction corresponding to a given 6 bin.

RC (B o I,))

RC(B(Ty), Iy " (3.9)

RCy(Ig, I,) =

7. The corrected acceptance function versus W? can now be
expressed:
AT =Y Y A(T,, Ty) F(Iy, Ty, Iy “Cy{Tp) (3.10)

Iy Iy
'C: (Ia, Ie, Iu) 'Cz (Iw) 'RCB<IB, Iu) 1]

where A(I,,I,) is the acceptance function generated

from the Monte Carlo.
8. Finally, the cross section and the statistical error on

the cross section were calculated:

d?e (1.) = Ny (L) ‘Cyin
daaw® Py (L) (3.11)
5[ g% (L. = Jﬁw(lws'cxin.
dQdwz " )

It should be noted that similar calculations were done
for the data measured with the long hydrogen target and the
long aluminum target. However, since it was not as important
to keep the errors on these guantities small as it was for the
deuterium cross sections, not as much care was taken in
applying the corrections during the conversion process. No 9

dependence to the radiative corrections was applied, and the
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cross section dependence correction, C,, only corrected for
the 8 and not the momentum dependence since it was more
important. It should also be. noted that this calculation was
done separately for data at each of the four ¢ cuts.

The next step was to combine the data with different
central momentum settings which had been corrected to the same
nominal kinematics. Figure 3.9 and Figure 3.27 are sample
plots from each spectrometer showing the overlap of these data
sets before they had been combined together. The data points
contributing to a single W? bin were combined using an error
weighted average. This averaging process was performed for
each W? bin, thus producing a single spectrum of raw cross

Sections at each kinematic point.

Aluminum Background subtraction

For the 8 GeV spectrometer measured data it was necessary
ta subtract the contribution to the cross section due to
Scattering from the aluminum incap and endcap. The aluminum
background for the cross sections measured in the 1.6 GeV
Spectrometer was negligible due to the presence of the
tungsten shields. The measured aluminum cross section was
Scaled by the amount of aluminum seen in the aluminum targets
divided by the amount of aluminum seen in the liquid targets,
and was corrected for the difference in densities used to
calculate the liquid target cross sections and the aluminum
cross sections. In other words, the liquid target cross
sections (with aluminum contributions) were calculated using

the liquid target density while the aluminum cross sections
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wer.. calculated using the aluminum density. It was necessary
to account for this in the subtraction. The resulting quantity
was then subtracted from the liquid target cross sections on

a bin-by-bin basis.

=0Lm(measured)-omf(:AL)*LEQL), (3.12)

0. = d?o
LIo ™ "¢ .3
dafxdw? liq liq

where p,, is the density of aluminum in gm/cm®, p,,, was the
density of the liquid target in gm/cm’, t, was the thickness
of aluminum seen by the beam in the liquid targets in cm, and
t,,, was the thickness of the liquid target in cm. The average
aluminum contribution to the deuterium cross sections was 2.0%

and to the inelastic hydrogen cross sections was 6.0%.

Pair Production Background subtraction

There was a contribution to the measured cross sections
due to electron-positron pair production taking place at the
target. The photons producing the pair prcduction originated
primarily from x° decay. The magnitude of this contribution
was measured by reversing the polarities of the magnets and
measuring the positron cross sections. The largest pair
production contributions to the deuterium cross section
occurred at a beam energy of 2.837 GeV for both spectrometers.
The contribution was 0.5% for the 8 GeV spectrometer data and
was 2.3% for the 1.6 GeV spectrometer data where the average
was done over W:. Note that this is the largest measured
contribution and that most of the data had a small or

negligible contribution from pair production.
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Hydrogen Contamination of Target sw .raction

It was clear from the measured cross sections that there

was some amount of hydrogen contamination in the deuterium
target because of the presence of an obvious bump at the
guasielastic peak due to elastic electron-proton scattering.
The target material was analyzed in its gaseous state and a
contamination of 2.5% was measured. This, however, was too
large to properly account for the bump observed in the data.
This discrepancy was not resolved, but it is believed that the
contamination percentage could be different when the target is
in the 1ligquid state because of the difference in the
condensation temperatures of hydrogen and deuterium. The
amount of contamination was calculated by varying the
contamination factor and minimizing the x* of the ratio of the
cross section data to the model as compared to the average
ratio. The best fit occurred for a contamination factor of
0.85% by weight. The calculated factor was used for the
subsegquent subtraction of the hydrogen contamination in the
deuterium target. It should be noted that the central angle
radiative corrections were applied after all the target

contamination subtractions took place.

Resolution Unfolding
Ionization energy losses, multiple scattering,
spectrometer optics, the spread in the beam energy, and diata
binning 1limitations are all determining factors in the
electron momentum resolution. The smearing of the cross

sections due to this resolution was corrected using a Gaussian
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shaped resolution function. A correction factor was calculated
for each kinematic point as a function of W? by taking the
ratio of the model deuterium cross sections (no resolution
effects) to the same model cross section which had been
convoluted with the resolution function. This correction
factor was applied to the measured cross section. The
resolutions (o) used in the resolution function were measured
by fitting a Gaussian peak to the de-radiated elastic e-p
cross section peaks which were also measured in this
experiment [15]. The measured resolutions ranged from 0.014 to
0.023 GeV® for the 8 GeV data and from 0.019 to 0.031 GeV? for
the 1.6 GeV data (measured in W?* units). The resolutions can
also be estimated by summing in quadrature the expected
contributions from each of the factors listed above. However,
since elastic e-p data were measured at each of the desired
guasielastic e~-d points, this calculation was only used as a

check that the measured values were reasonable.

1.6 GeV Spectrometer Normalization

Since the 1.6 GeV spectrometer’s solid angle was much
less well known than that of the 8 GeV spectrometer [30), a
si- ;le overall normalization factor was applied to all the 1.6
G2V cross section measurements. A study was made on a W* bin-
by-bin basis to determine whether the normalization varied
over the momentum acceptance range of the 1.6 GeV
spectrometer. For three Q* points and at all W? where there
were at least two 8 GeV data points, the reduced cross

sections, for the 8 GeV data only, were fit versus epsilon.
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These fits were extrapolated to the epsilon of the 1.6 Gev
data and a normalization factor was calculated by taking the
ratio of the fit cross sections to the 1.6 measured cross
sections. No W? dependence to the normalization was found
within errors. The average normalization was calculated for

each of the three Q* points. There was not enough 8 Gev data

1.6 GeV Normalization
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Figure 3.31: 1.6 Gev normalization plotted versus W? for
three Q° points. No significant variation over W* is seen so
the applied normalization was found using an error weighted
average.
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to normalize at the Q* = 4.0 (GeV/c)? point. Within errors the
normalization did not vary with ¢@*, so an overall
normalization factor was found by doing a weighted average.
The result for the overall normalization was 1.012 * 0.010.
Figure 3.31 shows plots of the normalizations versus W* at

each ©Q* point where the normalization was studied.

Proton Inelastic Data

There are two important reasons for measuring the proton
inelastic cross section in the region of the A resonance.
First, these measurements are necessary in order to help
develop a good model of the inelastic contribution to the
quasielastic deuterium cross section. This is crucial to a
precision measurement of the neutron form factors at large @?
where the tail contribution is significant. Second, there is
a need for data on baryon excitation cross sections anc
transition form factors, especially at large Q*, in order to
test existing theories and models. The following tables
summarize the measured inelastic electron-proton cross
sections and their errors. A discussion on the errors is given

in Chapter 4.



Table 3.8:

E =5.507 and @ = 15.146" .

Proton inelastic cross sections at
Cross section and
error units are in (nb/{sr-GeV?).

w? Rad. do /dndaw? tStat. *Total

(GeV?) corr. error error

1.165 2.097 1.4.5+00 0.40E+00 | 0.40E+00
1.195 1.794 1.82E+00 0.36E+00 | 0.37E+00
1.225 1.690 2.37E+00 0.37E+00 | 0.37E+00
1.255 1.636 3.84E+00 0.41E+00 | 0.41E+00
1.285 1.602 6.00E+00 0.44E+00 | 0.45E+00
1.315 1.580 7.78E+00 0.46E+00 | 0.49E+00
1.345 1.565 1.06E+01 0.51E+00 | 0.55E+00
1.375 1.552 1.42E+01 0.57E+00 | 0.63E+00
1.405 1.539 1.86E+01 0.62E+00 | 0.72E+0Q0
1.435 1.519 2.45E+01 0.70E+00 | 0.84E+00
1.465 1.487 2.79E+01 0.73E+00 | 0.91E+00
1.495 1.443 2.97E+D1 D.75E+D0 | D.94E+DD
1.525 1.391 2.88E+01 0./4E+00 | 0.93E+00
1.555 1,338 2,61E+01 | 0.73E+00 | 0.88E+00
1.585 1.291 2.46E+01 0.74E+00 | 0.87E+00
1.615 1.253 2.24E+01 0.75E+00 | 0.87E+00
1.645 1.225 2,23E+01 0.83E+00 } 0.94E+00
1.675 1.204 2.17E+01 0.98E+00 | 0.11E+01
1.70%5 1.190 2.04E+01 0,12E+01 | 0.13E+01
1.735 1.181 2.33E+01 { 0.21E+01 { 0.22E+01

Table 3.9:

Proton inelasgic cross sections at
E = 5.507 and 8 = 15.981 . Cross section and
error units are in (nb/(sr-GeV?).

w? Rad. | do/dadw? +Stat. +Total
(GeV?) corr. error error
1.160 1.956 1.51E-01 0.46E-01 | 0.46E-01
1.200 1.781 3.30E-01 0.44E-01 | 0.45E-01
1.240 1.668 5.83E-01 0.47E-01 | 0.48E-01
1.280 1.613 8.02E-01 0.50E-01 | 0.53E~01
1.320 1.582 1.20E+00 0.57E-01 | 0.62E-01
1.360 1.563 1.91E+00 0.70E-01 | 0.79E-01
1.400 1.545 2.88E+400 0.82E-01 | 0.99E~01
1.440 1.519 3.71E+00 0.91E-01 | 0.12E+00
1.480 1.473 4.42E+Q0 0.98E-01 | 0.13E+00
1.520 1.409 4 .55E+00 0.10E+00 | 0.13E+00
1.560 1.434 4.37E+00 0.10E+00 | 0.12E+00
1.600 1.290 3.92E+00 0.10E+00 | 0.13E+00
1.640 1.253 3.81E+00 0.12E+00 | 0,14E+00
1.68C 1.230 3.68E+00 0.15E+00 §{ 0,16E+00
1.720 1.217 3.59E+00 | 0.21E+00 | 0.23E+00
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Table 3.10: Proton inelastic cross sections at
E = 5.507 and 6 = 22.805°. Cross section and
error units are in (nb/(sr-GeV?).

W? Rad. do/dadw? | tStat. +Total

(GeV?) Corr. error error
1.175 1.971 3.66E~-02 | 0.87E-02 | 0.87E-02
1.225 1.696 9.61E~02 { 0.85E-02 | 0.87E-02
1.275 1.614 1.68E-01 | 0.98E-02 | 0.10E~01

1.325 1.574 2.70E-01 | 0.12E-01 | 0.13E-01
1.375 1.550 4.88E~01 | 0.17E-01 | 0.19E-01
1.425 1.525 7.30E-01 | 0.20E~01 | 0.24E-01
1.475 1.477 9.43E-01 | 0.22E-01 | 0.28E-01
1.525 1.4G2 9.76E-01 | 0.23E-01 | 0.29E-01
1.575 1.329 9.73E-01 | 0,24E~01 | 0.30E-01
1.625 1.279 8.82E-01 | 0.25E-01 | 0.31E-01
1.675 1.251 9.64E-01 | 0.34E-01 | 0.39E-01
1.725 1.237 9.00E-01 | 0.51E-01 | 0.54E-01
1.778 1.233 9.96E~01 | 0.23E+00 | 0.23E+00

Table 3.11: Proton inelastic cross sections at
E = 5.507 and B = 26.823°. Cross section and
error units are in (nb/(sr-GeV?).

W? Rad. do /dQdw? tStat. tTotal
(GeV?) corr. error error

1.175 1.961 1.10E-02 | 0.28E-02 | 0.28E~-02
1.225 1.689 2.66E~02 0.26E~02 | 0.27E-02
1.275 1.606 4.13E-02 0.28E-02 | 0.29E-02
1.325 1.565 7.43E-02 | 0.34E-02 | 0.37E-02
1.375 1.540 1.23E-01 | 0.39E-02 | 0.46E-02
1.425 1.516 1.80E-01 0.46E-02 | 0.57E-02
1.475 1.470 2.41E-01 | 0.52E-02 | 0.69E-02
1.525 1.400 2,57E~01 | 0.54E-02 | 0.73E~02
1.57% 1.333 2.63E~01 0.57E-02 { 0.76E-02
1.625 1.289 2.61E-01 [ 0.64E-02 | 0.81E-02
1.675 1.264 2.68E-01 |} 0.82E-02 | 0.97E-02
1,725 1.252 2.67E-01 | 0.12E-01 | 0.13E-01
1.775 1,246 2.45E-01 | 0.41E-01 | 0.41E-01
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Table 3.12: Proton inelastic cross sections at
E = 9.300 and ® = 13.248°. Cross section and
error units are in (nb/(sr.Gev?).

W2 Rag. do /dndw? +Stat. +Total
(Gev?) corr. error error

1.175 2.102 8.58E-02 | 0.25E-01 | 0.25E-01
1.225 1.804 1.76E-01 | 0.24E-01 | 0.24E-01
1.275 1.716 2.95E-01 | 0.25E-01 | 0.26E~-01
1.325 1.671 4.67E-01 | 0.28E~-01 | 0.29E-01
1.375 1.645 7.82E-01 0.36E-01 | 0.39E-01
1.425 1.619 1.15E+00 { 0.42E-01 | 0.47E~01
1.475 1.570 1.46E+00 | 0.49E-01 | 0.57E~01
1.525 1.497 1.47E+00 | 0.54E-01 | 0.61E-01
1.575 1.427 1.42E+00 | 0.60E~0Ol | 0.66E-01
1.625 1.382 1.37E+00 | 0.69E-01 | 0.74E-01
1.675 1.357 1.49E+00 | 0.91E~01 | 0.95E-D1
1.725 1.345 1.34E+00 | 0.14E+00 | 0.14E+00

Table 3.13: Proton inelastic cross sections at
E =9.800 and B8 = 15.367°. Cross section and
error units are in (nb/(sr-Gev?).

w? Rad. tStat. *Total
(GeV?) Corr. do /dnaw? error error

1.188 1.986 3.05E~02 | 0.73E~02 | 0.73E-02
1.262 1.741 6.85E-02 } 0.74E-02 j 0.7SE-0D2
1.337 1.668 1.35E-01 | 0.89E-02 | 0.93E-02
1.412 1.630 2.23E-01 | 0.11E-01 | 0.12E-01
1.488 1.561 3.36E-01 | 0.14E-01 §{ 0.16E~0Q1
1.563 1.459 3.92E-01 | 0.17E-01 | 0.19E~-01
1.637 1.399 3.90E-01 0.22E-01 | 0.23E-01
1.713 1.375 3.82E-01 { 0.33E-01 | 0.33E~-01
1.787 1.364 4.77E-01 0.16E+00 | 0.16E+00

Table 3.14: Proton inelastic cross sections at
E = 9.800 and # = 17.516". Cross section and
error units are in (nb/(sr-Gev?).

w2 Rad. do /dndw? +Stat. +Total
(GeV?) Corr. error error

1.188 1.993 6.85E-03 | 0.25E-02 | 0.25E-02
1.262 1.743 2.85E-02 | 0.28E-02 | 0.28E-02
1.337 1.666 4.18E-02 | 0.32E-02 | 0.33E-02
1.412 1.626 7.74E-02 | 0.415-02 | 0.44E-02
1.488 1.561 1.00E-01 | 0.50E~-02 | 0.54E-02
1.563 1.47Q 1.15E-01 | 0.61E-02 | 0.65E-02
1.637 1.414 1.25E-01 0.80E-02 | 0.83E-02
1.713 1.394 1.21E-01 | 0.12E-01 | 0.12E~01
1.787 1.382 1.25E~01 | 0.39E-01 | 0.3%E-01
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Table 3.15: Proton inelastic cross sections at
E = 9.800 and O = 19.753". Cross section and
error units are in (nb/{sr-Gev?).

w2 Rad. do /dndw? +Stat. *Total
(GeV?) corr. error error

1.262 1.992 1.09E-02 | 0.18E-02 | 0.18E~-02
1.337 1.739 1.28E-02 | 0.19E~02 | 0.19E-02
1.412 1.660 2.01E-02 0.24E~02 | 0.24E-02
1.487 1.617 3.57E~-02 0.33E-02 | 0.33E~02
1.563 1.557 3.37E-02 | 0.35E-02 | 0.36E-02
1.637 1.476 4.20E-02 0.49E-02 | 0.49E~02
1.713 1.429 4.77E-02 | 0.73E-02 | 0.73E~02
1.787 1.407 5.39E-02 | 0.16E-0. " 0.16E-01

Proton Inelastic Model

The inelastic model was actually a fit to the measured
hydrogen cross section data, where the fit coefficients had a
polynomial Q® dependence. In order to constrain and improve
the fits to the measured data, additional data were also
considerecd. All inclusive electron scattering resonance region
data measured up until the mid 1970’s were evaluated and
parameterized by Brasse, et al. [38] This parameterization
was used to generate cross sections which were used in the fit
at two low values of Q*, 1.0 and 1.3 GeV/c. Higher Q° data were
included from SLAC experiment E133 [39]. These data were
in the range 2.4 £ Q? £ 9.8 (GeV/c)?. The components of the fit
included a nonresonant background contribution as well as
resonant contributions from the three lowest lying nucleon
rosonances. Details on this fit will be given after a
background discussion on helicity amplitudes for A(1232)

electroproduction.
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The term helicity refers to the projection of a
particle’s spin along its direction of motion. It can be shown [40]
that helicity is conserved in a vector interaction. Since
photon and gluon exchange are both vector irnteractions
helicity is conserved in the limit that the quark masses can
be neglected. Perturbative QCD [41] asserts that at very
high Q? this translates into hadron helicity conservation as
well, Thus, it is convenient to use helicity amplitudes when
studying nucleon rescnance production in order to test PQCD.
There zare three independent helicity amplitudes (sometimes
called helicity form factors) for electromagnetic N-4
transitions. Using the same notation as Carlson [42],
G.(Q*) is the helicity conserving amplitude, G,(Q?) corresponds
to one unit of helicity change, and G_(Q?) corresponds tc two
units of helicity change. G, is the dominant amplitude since
each unit of helicity change results in a damping of the
amplitude by a factor o(m/Q) [42], where m is some mass scale.
These damping factors can be established by analyzing the
lowest order Feynman diagrams contributing to the N-A
transition. Vainshtein and 2Zakharov [43] have given rules
for simply analyzing these diagrams within the quark model,
assuming that the quark helicities are conserved.

It is very common to see the helicity amplitudes in terms
of A,,,(Q%) and A,,,(Q°) which contribute to only the transverse
virtual photoabsorption cross section. Thus, they are called
the transverse helicity amplitudes. The total inelastic
electron-proton inclusive scattering cioss section can be

written as a sum over transverse and longitudinal components
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as shown earlier in Eq. 1.16. For the A(1232) resonance:

M,
AL(QY) e | —2- G (0}, A3(Q%=e|—P=G (0%,  (3.13)
H ME-M2 H Mi-M;

where e is electron charge. The other helicity amplitude,

Go(Q*), only contributes to the longitudinal cross section.
Existing resonance cross section measurements (including these
data) are consistent with the longitudinal contribution being
zerc. This is in contrast to the nonresonant cross section
which has a non-negligible longitudinal contribution. To
simplify the following formulae, the quantity A (Q?) is defined

to be

2
+

IAs (0%) |2=( 2). (3.14)

A1 (0?) A3 (03)
2 2

Transition form factors are defined in terms of the
helicity amplitudes. Stoler (44] defines a dimensionless

transition form factor, F,(Q%):

, 2
[Fa(@?) 2= 411“‘ ——;f (M3 -M2) | A, (02) |2 (3.15)

Another common representation of the transition form factor is
G, (Q*) [45] which is the magnetic dipole transition form
factor for A(1232) excitation. G,*(Q?) is related to the
transverse helicity amplitudes by the formula:

1 ME-m?

ama y24+Q2 1ag(e® |2, (3.16)

[Ga (@)=

where v is fixed at the A resonance peak for a given Q*.
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The differential scattering cross section was defined in
Eg. 1.16 in terms of the transverse and longitudinal virtual
photoabsorption cross sections. The transverse virtual
photoabsorption cross section of the A(1232) resonance can be
related to the transverse helicity amplitudes using a
relativistic Breit-Wigner formula, as in the work by
Stoler [46],

pMiT, T,

A Q) |7, (3.17)
<w2—u,:)2+m‘,r)2| o

Opp =

where the Kkinematic factor, B, has been corrected from the
formula given in the Stoler paper. The correct expression for

the A resonance is given by:

- 2V:M=[KA_KA] (3.18)
MT,\KK

The partial widths are defined:

3]
. .2 2 ]2 -2 2
1'-'=1"A_PL PratX%) Pﬁr'AL Ka X7 (3.19)
Pial| Paiex? ' RITENE

where a value of 120 MeV was used for I, and the total width,
[ was set equal to I, since the only decay channel for the
A(1232) resonance is single pion emission. The photon width
contribution to I' was neglected. The quantities K and K" are
given by the expressions:

2_ M2 z2_wm2
WM e WM (3.20)

=, 2W

K and K* are the equivalent energies of a real photon which,
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when absorbed by a proton, produce a final mass state, W, in
the laboratory and in the center of mass frames respectively.
K and K° evaluated at W = M, are denoted by K, and K,
respectively. The pion momentum in the center of mass system
of the proton-pion decay state is given by

W2 +M2-M2

Sw ¢ Paa=Pr(M,). (3.21)

Py (W) =

The quantity, X, is a fit parameter which determines the mass
variation of the resonance widths [47]. Photoproduction
data fits [48] yield a value for X of 0.160 GeV for the
4(1232) resonance. The results are fairly insensitive to this
parameter, but a x* best-fit to all the data yielded a value
of 0.148 GeV. Eguations 3.17 to 3.21 were used in the cross
section fitting procedure to accuunt for the A(1232) resonance
contribution. The transition form factors were then extracted
from the fit.

The new NE1l data only extended just past the A(1232)
resonance, while the Brasse and E133 cross sections clearly
had contributions from at least two higher mass state
resonances. In order to do a global fit to the entire set of
data, two higher mass state resonances were modeled using the

simpler nonrelativistic Breit-Wigner formula:

ag,=A.(Q%) L
1 4 1

The index, i = 2 or 3 denotes the second or third resonance
and I', and M, are the widths and masses of the resonance. The

coefficients, A,, are fitting parameters. The more complicated
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relativistic Breit-Wigner formula was not used because tne
transition form factors from these data and for these
resonances have been studied previously [46]. Also, the
analysis is considerably more complicated due to multiple
decay channels, and we were only interested in fitting the
total cross section in this region in order to develop a model
cross seciion. The nonrelativistic Breit-Wigner formula was
sufficient for this purpose. The first of the two included
higher resonances was the §,,(1535) which is the prominent
resonance in this region for the Q° range of the data. The
second resonance was the F,;(1680) which is known to be
dominant at lower Q°. The masses were allowed to vary co
obtain the best x*® agreement with the data. The mass found for
the S,,(1535) was 1.504 GeV, The best mass for the F,(1680)
resonance varied with Q?, however, indicating that perhaps
other resonances are contributing in this region at high Q3.
A Q*-dependent mass was allowed, therefore, of tre form
M = 1.680(1 + a-Q?/1000) where the parameter a was varied to
find the best fit value of 2.28. Resonance widths of 71 and 95
MeV were used for the S,,(1535) and the F,;(1680) respectively.

The large nonresonant background contribution to the
transverse cross section was included using a fit with the
following polynomial-like form [49]:

1

3 -1
0,=Y C.(W-W,) 2 (3.23)

nsi

where C,(Q*) are fit parameters and W,, = M, + M, is the pion

production threshold. This form gives the correct behavior at
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pion production threshold. The nonresonant background
contribution to the longitudinal cross section was assumed to
be proportional to the transverse portion with the usual
parameter R = 0d,./0.. A value of R = 0.15 was assumed. Figure
3.32 shows a sample of some of the data used in the fits and
the relative contributions from each of the components
discussed above. Note that the error bars on the generatea
Brasse data have been artificially inflated so that these data
do not overwhelm the fitting.

The global fit to the data was found by allowing the
coefficients from each of the contributions to have a Q?
dependence. These fit coefficients were |F,|* from Egs. 3.15
and 3.17, A, and A, from Eq. 3.22, and C,, C;, and C, from Eqg.
3.23. A third-order polynomial Q° dependence was used for all
the coefficients except for |F,|? which used a fourth-order
polynomial. The results of the fit are given in Table 3.16 and
are expected to be valid over the Q* range 1-10 (GeV/c)?. Using
these coefficients and the formulae given above, the proton
transverse virtual photoabsorption cross section is obtained

in units of ub and normalized to the dipole form factor

Table 3.16: Results from global fit to the proton
inelastic cross section data. Each coefficient has a
polynomial dependence in Q°.

1.0 Q Q4 Q° Q*

|F.|2 1.44E+1 | =3.52E+0 3.84E-1 [ -2.31E-2 5.92E~4
A 9.97E+0 1.05E+1 6.72E+0 | =4.61E-1
2 5.15E+1 | -7.05E+1 4.11E+1 | -2.72E+0

3.57E+2 2.29E+3 2.22E+2 | ~1.86E+1
~7.30E+3 9.74E+2 2.91E+3 | =2,42E+2
4.44E+3 5.89E+3 | -7.34E+3 5.98E+2

»
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Figure 3.32: Sample transverse virtual photon cross
sections, one from each data set. Curves indicate
nonresonant, resonant and total cross sections from the
global data fit.
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squared, (G,(Q*))® = 1.0/(1.0 + Q*/0.71)*. The longitudinal
resonant component is obtained using R = ¢,/0; = 0, while the
longitudinal nonresonant component is obtained using R = ¢g,/0,
= 0.15. The model proton inelastic cross sections is then
obtained by multiplying the components by (G,(Q*))’ and by

using Eq. 1.16.

23 Resonance Transition F acto

The A4(1232) resonance transition form factors wwere
extracted from fits to the cross section data using the
formulae given in the last section for each individual §? data
point. The NE11 data did not include contributions from the
higher mass state resonances. The results are shown in Figure
3.33 and in Table 3.17. The form factors have been normalized
to Fo.. Which is egual to 3.0*G, where G, is the dipole form
factor defined earlier. The factor of 3.0 is the effective
magnetic moment of the A resonance. Also included on this plot
is the global Q? fit to the form factors as given in Table
3.16, a prediction from a diquark model [50] developed by

Kroll, schirmann, and Schweiger, and asymptotic predictions

Table 3.17: NE11 A(1232) transition form factor results
normalized to Fp..,., = 3.0/(1.0 + Q*/0.71)>.

Q* (GeV/c)? | F,(Q%)/Foipeia | 2{Stat. error) | #(Total error)
1.640 1.13 0.036 0.042
2.343 0.99 0.035 0.040
3,046 0.90 0.039 0.043
3.749 0.75 0.040 0.044
3.859 0.89 0.064 0.066
4.824 0.60 0.114 0.115
5,789 0.45 0.158 0.160
6.754 0.66 0.192 0.192
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A(1232) Transition Form Factox
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Figure 3.33: A(1232) transition form factors extracted
from data fits at each Q® point. Comparison to the diguark

model of Kroll, et al ([51], is shown, as well as the
global Q* fit.

due to cCarlson and Poor [42][51] using different nucleon
distribution amplitudes (GS, KS, CZ, see below) for the N-A
transition calculation.

A distribution amplitude is the momentum-space wave
function which has been integrated over the transverse
momenta. The helicity amplitude predictions of cCarlson and
Poor were found using nucleon distripution amplitudes from
Chernyak and 2Zhitnitsky (C2Z) {521, King and Sachrajda (KS)
53], and Gari and Stefanis (GS) {54], and QCD sum rule
constraints on the moments of the distribution amplitude for
the A(1232) resonance.

The asymptotic predictions from Carlson and Poor are

actually only for the dominant transverse helicity amplitude,



A,,2(Q*), and are given by:

0.02 Gev®/2 (czl52])
0°a,,, (0% |=70.03 GeV®/? (KS[53])
0.17 Gev™? (GS[54])

(3.24)

In order to compare with F,(Q*), some assumption must be made

about the contribution from A,,.(Q*). Perturbative QCD predicts

that a,,,(Q?) falls as 1/Q* and A,,(Q%) falls as 1/Q%*, but this

has not been established experimentally. The points shown in

Figure 3.33 were calculated at the Q® shown assuming that the

contribution from A,,,(Q*) could be neglected.

The diguark model was originally developed to study the

elastic electromagnetic nucleon form factors, but has recently

been extended to study the 4(1232) transition form factors as

well [55]. The formula for the virtual photon transverse

cross section in this model is given hy:

0, 2"“’( Al(Qz)2+A3(Qz)2]
T PAmA 2z Kl
z ., - 2 202 2¢n2
2 (o 0% (mymmy) (h.(o ) , h¥?)
Fam, 2m, (ms -my) 9
1
h.(Q%) =Cp/6 ~58 PE2 fax,dy,0% (v,) 95 (x,)
omy ]
A2
fra (52 kP (9% + 2290 pr g2y
171

[y +yy) ~xy(1-x) -y

1
h_(Q%) =Cl,f6‘-:-”—2f‘,?f ‘fdxldyldv’ (y)$5(x,)
my 0

(Bmi a, (B FyP (DY) e (6%

- Fy*l (02)

Q:’ (1_x1) (1—)’1) XY,

(K% (1ex,) (Ley,) +2K (%,~y,) - (1-%,) (1-y) ],

(3.286)
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The diquark model is discussed in more detail in Chapter 4 in
the discussion on nucleon form factor models. All of the above

variables are defined in this discussion with the exception of

f4=y2 £, ¢*(x)=BPpH(x)[1.0-5.15x+5,45%3], (3.27)
where B is just the normalization for the distribution
amplitude function used in the model.

It can be concluded that the A(1232) transition form
factor falls off more rapidly with increasing Q* than the
nucleon form factor and also more rapidly than the transition
form factors for the S,(1535) and the F,,(1680) resonances as
analyzed by Stoler [46]. Plots showing the proton form factors
as measured in this experiment will be given later this
chapter. The implications of the observed fall-off are not
entirely clear, but this is not the prediction of leading-
order pQCD which is that F,/Fppa. — constant at large Q°. A
multipole analysis for photoproduction cross section data in
the A(1232) region at Q* below 0.45 (GeV/c)* has been done
{56]. In this region, pQCD is not expected to be wvalid.
The results show that A(1232) production is primarily a spin-
flip transition, and that the 2,6,(Q°) helicity amplitude is
dominant. It is possible that at the higher @* of this
experiment, the A,,.(<') amplitude is still dominating over the
A,,, amplitude, which would explain the fall-off of F,/Fupoe

with increasing Q3.
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Quasielastic Cross Section Model

The neutron form factor extraction procedure is model
dependent. In order to correctly extract these quantities the
guasielastic cross section model should be able to adequately
model the shape of the quasielastic peak. The deuterium
quasielastic cross section model used in this analysis was
based on a simplified version of the theoretical
nonrelativistic PWIA model due to McGee ([17]1{57] and
Durand [16][58]. Starting with this model as given by
Bartel, et al. {597, only the terms which were
proportional to u?(k) and w?(k) were kept. The quantities u and
w are the s-state and d-state momentum-space amplitudes of the
deuteron wave function, and k is the laboratory momentum of
the spectator nucleon in the impulse approximation. The result

is given by

d20 M E 2 (1) +w? (k) ] kdk
2 B ran [ . (3.28)

dQdE’ 2q g’ o ,kz*Ms

where q is the magnitude of the vector three-momentum carried

by the interacting photon, E’ corresponds to elastic
scattering given the incident energy, E, and the scattering
angle, 8, and 0(E,0) and 0,(E,8) are the nucleon elastic cross
sections as given by the Rosenbluth formula, Eg. 1.6. The
quantities k,,, and k., are the minimum and maximum allowed
values for the longitudinal Fermi momentum carried by the

struck nucleon relative to the photon direction as determined
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by the energy conservation formula:

E+My=E'+MZ+kZ +yW’+ (k+q)?, (3.29)

where W is the final mass state of the hit nucleon. A reduced

cross section can now be defined by:

2
e{1+1)) d?ld‘;:':’ (3.30)
€ .
a,= y =[RT*—,RL]'
tuHoc: v
where 7/ = v3/Q*, € was defined in Egq. 1.17 and O,,. Wwas

defined in Eq. 1.5. The transverse and longitudinal
components, R, and R, can be calculated using Egs. 1.6, 3.27,

and 3.29 yielding the expressions:

2 Fna
R (E,0%) =§§§(G§p(02> +Gl (o) [ YK kdk

Ko (k2+ME

2 Kaax
R (E/,07%) = %%{Ggp (0%) +Gi () | Mol kdk

Kun yk24M2

Note that a study comparing the full McGee PWIA model to the

(3.31)

simplified model described above show < 2 % differences in the
peak region [66]. The wave function, ¥*(k) = u*(k) + w*(k), in
this study was parameterized using three different
nonrelativistic nucleon-nucleon potentials, Paris (60],
Bonn [61], and the Reid soft core [62] potentials.
These wave functions are similar and only start to
significantly disagree for the less probable high momentum
components which correspond to the short range part of the
nucleon-nucleon interaction [63]. These high momentum

components only contribute to the tail regions of the
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quasielastic cross section, and thus do not have a big effect
on this model calculation. However, the inelastic tail which
contributes in the quasielastic peak region can be sensitive
to these high momentum components. Results from a study on
this possibility will be discussed in the next section.

Also included in this model was a relativistic correction
using calculations by Keister :64] based on a light-cone
dynamics formulation [65]. The effect of this correction
on the final extracted form factors was well within the
calpulated errors. Arosther relativistic correction dye to
Gross is currently under investigation, but preliminary tests
indicate that this correction also has a small effect on the
final form factors.

Corrections were not made for final state interactiomns
(FSI) and meson exchange currents (MEC) because the necessary
theoretical calculations have not been done for the kinematics
of this experiment. A careful study of these contributions to
the form factors should become available as the calculations
are finished [v6]. Calculations by Laget [67]1[68]
and Arenhovel [691[701} were presented by Petratos
[71) for backward angle elactron-deuterium cross sections in
the range 0.75 < Q* < 2.57 (GeV/c)?. These calculations include
FSI and MEC effects and clearly indicate that these effects
are minimal a* the quasielastic peak, but can be large in the
tail regions. The efrfects due to FSI are expected to decrease
with increasing Q> (17], and they should affect the
longitudinal and transverse components of the cross section by

about the same amount (See Egq. 2.30). To first order the
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effects dua to MEC only contribute to the transverse component
of the cross section [67] and thus only affect the meuasured
value of G,,(Q%). The magnitude of this correction is not well
known, but the effect increases as W* increases from tne
quasielastic peak region into the "dip" recion which is
located between the quasielastic peak and the A(1232)

resonance.

Fermi Smearing Models

The term "“smearing" refers to the effect on measured
cross sections due to the Fermi motion of nucleons within a
nucleus compared to the cross sections measurea off o»f free
nucleons. There are sever:' different formalisms available
on how this smearing process should be carried out. Several
different approaches will be presented here and compared with
one another. The formulae presented will be in terms of the
inelastic structure functions, W, and W,, which were defined
in Chapter 1. These formulae give the smeared model structure
functions for the proton only {denoted by superscript p).
After all the smearing methods are presented a discussion will
be given on how the deuteron inelastic cross section is round
from these smeared proton structure functions. The unsmeared
proton inelastic structure functions for all methods were
obtained from the proton inelastic model which was dis.ussed
earlier in this chapter.

The first smearing model is a simple and guick smearing
method based on the simple McGee~Durand representation of the

quasielastic cross section and was developed bv P. Bosted
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[72]. Any good smearing model should be able to adequately
reproduce the guasielastic cross section by assuming a delta
function elastic peak at W = M, as the input to the smearing
formula. This model goes one step further. If the cross
section formula given in Eq. 3.28 represents the Fermi
smearing of a delta function proton elastic peak at W = M,
then the inelastic smeared cross section at a given kinematic
point can be obtained by replacing the elastic¢ cross section
portion of Eq. 3.28 with an integration over the inelastic
proton cross section (a sum over the smeared contributions
from many delta functions at the desired kinematic point). The
formula feor this smearing method in terms of the structure
function, W,, is given by the expression:
Weax M

2 Kpax
Wi (v.0%) = [ WP 0% 2w [0 I (3.32)
kain

W 2 1/k2+Mp

nin

The lower limit of the W integration was defined by the pion
production threshold, W,, = M, + M,. The upper integration
limit was chosen to be sufficiently large such that the
smeared contributions from that cutoff point were negligible
for the largest W bin where the smeared cross section was

needed. This smearing formula assumes a normalization:
[ rxdk=1. (3.33)

This smearing method is quick because the integrand from
tihe integral over k is independent of kinematics {the limits
of inteqration are not). The integral from k., = 0.0 to k,,, =

X, can be evaluated at many values of k, giving a function,
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I(k.). The smearing formula is then effectively reduced to a
single integration where the integral over K is reduced to the
factor I(k.,) - I(k.,). Note that this smearing method only
involves one smearing formula whereas the following models all
have two smearing formulae. The assumption was made for this
first model that the ratio o,/0, for the smeared cross sections
was constant, just as this ratio was assumed constant for the
proton model cross sections.
The second smearing model uses the formalism of Atwood-
West [73] as given by Bodek, et al. {74], and includes
off-mass-shell effect modifications. This approach is based on
an incoherent impulse approximation which assumes that only
one of the two nucleons participates in the interaction and
the two nucleons have no additional interactions between them.
The other nucleon, referred to as the spectator, is on the
mass shell and is unaffected by the interaction. The
interacting nucleon is initially off mass shell, but is
brought back oh to the mass shell with the absorption of the
virtual photon. The kinematics of the smearing formulae are

given in the laboratory frame where,

g=(0,0,q,,v) = virtual photon 4-momentum,
py=(0,0,0,My) = deuteron 4-momentum,
p.= (p,,P,.P,,E,) = spectator nucleon 4-momentum,

p={-D,,My-E,) = interacting nucleon 4-~momontum, (3.34)

p.=yD: +D3

transverse nucleon momentum,

9]
kel
iy

+

X
L

u

spectator nucleon total energy.
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The smearing formulae are given in terms of the inelastic

structure functions W, and W,:

2
WP(¥,07) +Wf(¥,07) iM‘; a'p,

P

2 2 5
e (_) . pios
mvig, JA V) amiqd

where W, and W, in the integrands are the proton off-mass-shell

W (v, Q%) = [92(B)

(3.35)

WS (¥,0%)d’p,

Waan (v, Q%) =f'<|’2 (B)

structure functions. These will be discussed in more detail

shortly. The remaining kinematic factors are defined:

=2 ({(Mg~Eg) v +Daas),

W2= (p+q) 2= (My~E,)2-pZ2+2M v/ -Q%, (3.36)
W2-M7+Q?

M,

The wave functions considered are the same as those used for

the quasielastic modelling. The normalization assumed is:
f¢2(5)d3p=1 (3.37)

The third, fourth, and fifth smearing models are all due
to Sargsyan, Frankfurt, and Strikman [75]1[76]. The
thirgd method calculates the smearing formulae using the
impulse approximation in terms of light-cone guantum mechanics
and its associated light-cone variables. Note that the
structure function, F, in the original formula of the
Sargsyan, Frankfurt, and Strikman paper ([75] has been
converted to W, using the relation F,(v,Q*) = vW,(v,Q?), and a

typographical error in this same formula has been corrected.
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The formulae are given by:

D 2 ik ZM'D Pro 2 P 2 kf 3
Wy (v,Q >=f¢2(k)-—w1 (¥,02) +WP(¥,0%) —* [d°k,
aMy 2M§
. } 'a_¥? in? z 3.38
Why (v, 0%) =fw3(k)]{(l+cosﬁ)‘(a+ s _“q) , sin ‘f’k‘} (3.38)
! Qc M5

My e 2y 43
ZMpawz (V,0%)d’k,

where it is important to note that the integration variable,
k, is not the same integration variable, p, given in smear
model 2. The variables k and a are light cone variables, and

the spectator four-momentum is defined in terms of them:
k3
ppgpet——']
YME +k?
—~ (3.39)
E5=szs+M:

Bo=(-k,, —kz,Es—Mn(Egﬁp .

a=1+

where the vector k = (k,, k., K,}, ki = ki + k%, and (2 -~ a}/2 is
defined to he the fraction of the deuteron momentum carried by
the spectator nucleon in the frame where the deuteron momentum

is infinite. The remaining kinematic factors are defined:

. 2 v-
51n26=-g_-, a, = et

as N M, '
2 2.2\
v,:___Q'(pd—ps) =1 (v+q3)———-¢Md+ v-ay) {ﬁ- ke +Mp )J
M, M, 4 My 2 2-¢ (3.40)
w2= (q+pd—ps)2=-‘—2!-M§—(Zfa)(kf+M§)+2Mpv’+M§—Qz.

_We-Mp.o2

V¥ =
oM,
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The variables g and p, are defined the same as in Eq. 3.34,
and the wave function normalization is given by Eq. 3.37.
The fourth smearing model involves a slight modification
of smearing model 3 to account for a possible "EMC effect" in
the deuteron at large x, where x, the Bjorken variable, is
defined to be Q*/(2M,v). The “EMC effect” is basically a
measured observation that the properties of loosely bound and
tightly bound nucleons diffar [77311781{791. This
smearing model uses an EMC correction found using a quark
color charge screening model ([80]. This is not the only
model which can explain the EMC effect. The EMC correction
factor is given by n(x,k). This correction multiplies the free
nucleon structure functions which appear in Eg. 3.38 to
convert them to bound nucleon structure functions. The form of

the correction is given by:

1 x<0.3
x-0,3
- ~pyf X3 . 3.41
ni{x,k) 1+ (8(k) 1)(}‘0_0.3) 0.3 sx <X, ( )
& (k) X>%,~0.6-0,7
where:
K2 *
1
2( + =€y 1.42
R N (3.42)
8(k) =1+ AL, ’

€, is the binding energy of the deuteron, and AE, is the
characteristic excitation energy of a nucleon inside the
nucleus. Since isospin is conserved and the isospin of the
deutercn is zero, this quantity is expected [80] to be on the

order of 2(M, - M,) -~ (M.(1440) - M,) = 0.6-0.8 GeV. The
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results are fairly insensitive to the chrice of AE,. A value
of 0.6 was used.

The fifth and last smearing model [75) is the same as
model 2, discussed above, except that a correction has been
made on the normalization of the deuteron wave function based
on baryon charge conservation (81]. This correction factar
multiplies the integrand= in Eq. 3;35, and is given by N(p}:

2
N(p):, (3.43)

My

In smearing models 2-5, the input structure functions in
the integrands, W, and W,, should be the proton off-mass shell
structure functions. However, it is not clear how the on-shell
and the off-shell structure functions are related, and
different prescriptions have been suggested. The use of
different off-shell structure functionz may help in estimating
systematic uncertainties in the smeared model cross sections.
The simplest representation is to naively set the off-shell

and on-shell structure functions equal to each other:

WP (9, 0%) loge-sners =W (¥,0%) lon-shern v (3.44)

WP (9,02 [ogt-snens =W (V. 02) lon-snors
where Q' is not affected by the Fermi motion since it is
completely determined by the electron kinematics, and v is the
energy as dictated by conservation of energy such that the
nucleon is brought back on-mass~shell upcn absorption of the
photon. The approximation of no off~shell correction implies

that the interacting nucleon is not far off the mass shell
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which is presumably true for the weakly bound deuteron system.
A possible off-shell correction is discussed in the
reference, Bodek, et al. {74}. The 1longitudinal virtual
photoabsorption cross section for the deuteron, 0., is
expressed in terms of the smeared proton and neutron structure
functions, and the limit is taken as @ -~ 0. According to
gauge invariance g,, must vanish in this limit. This is
equivalent to requiring that the photoabsorption cross
sections for real and virtual photons are the same at Q? = O.
The smeared neutron structure functions can be obtained from
the smeared proton structure function formulae by replacing W,°
and W, by W, and W,” respectively, and the deuteron structure
function is taken to be the sum of the smeared proton and
neutron structure functions. The relationship between the
structure functions and the transverse and longitudinal

virtual photoabsorption cross sections is given by:

X

nle

UT(V:QZ) .

W (v, 0% =
4

K 2 2
”2‘”'02’=m(oivz ){mv'oﬂ +0.(v,09)].

where K is the same as that given earlier in Eg. 3.20. It can
be shown [741(82] that in the limit as Q* -~ 0 a physical
result can only be achieved if an off-shell correction is
applied such as:

WPV, 0% lore-cners =W (¥50%) lon_shers +
(3.45)

2
. v
Wi V,09) Jott-she1s ’(7] WP (¥,0%) |0n-shel1'

or:


http://loi-sh.ii

145
2
F(S 0O2 | WP(¥,02)
WAV, 0%) Joes-shenr = ™M 9,07 |on-sher. - (3.46)

wgp (V. Qz) fogf.sheu =w2p (G' Qz) 'On—shell 4

or some linear combination of these two corrections. The
kinematic variables used in the above equations were defined
in Eq. 3.36.

There is some ambiguity in the above off-sghell
corrections, and there is no reason why the off-shell
carrection should not have a Q* dependence. Kusho and
Moravczik [83)] have identified a possible set of off-shell
structure functions as:

W2 (F.0%) lage-sheas = Wi (¥,0%) lon-sher1+
(3.47)

- ¥2+0? v
We(¥,0%) Joff-shel.l:(;,—z:—gz)wzp(ylgz) lon-ahety -

This off-shell correction to the W, structure function is
equivalent to assuming that there is no off-shell correction
applied to the transverse and longitudinal photoabsorption
Cross sections, g, and d,. This is generally assumed to be true
for hadronic scattering and has been carried over to electron
scattering. This off-shell correction is also completely
concistent with the constraint mentioned above that o, - 0 as
©* - 0, and there are no ambiguities. The effect on the
smeared model cross sections and to the extracted neutron form
factors due to these various off-shell corrections will be

investigated and discussed later.
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Deuterium Inelastic Cross Section Model

The inelastic ceuterium cross section model was formed
using the above smearing models and the proton inelastic cross
section model discussed earlier, For fitting purposes the
resonant and nonresonant contributions to the structure
functions in the smearing formulae were treated separately.
The resonant component consisted of the sum over the
contributing resonance cross sections which was dominated by
the A(1232) in the region of interest, and the nonresonant
background component was modeled using Eq. 3.23. W, and W, used
in the integrands of the smearing formulae were calculated
using Eq. 3.45 where the ratio a./0, for the nonresonant
component was parameterized by R, = 0.15, and for the resonant
component was parameterized by R, = 0.0. After the smearing
process was performed the smeared proton longitudinal and
transverse cross sections for the resonant and nonresonant
components were extracted, again using Eq. 3.45.

The single most important assumption made in the fitting
procedure was that the shape of the smeared neutron cCross
sections is the same as that of the smeared proton cCross
sections for each of the cross section components. Thus, the
deuterium cross section data was fit using only the smeared
proton cross sections components as input, and the
coefficients found give information on the neutron
contribution to the deuterium cross section, or equivalently
information on the ratio of 5,/0, for each of the cross section
components. The quantity R, was assumed to be zero for the

smeared structure functions in all of the smearing models.
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Smearing models 2-4 were capable of calculating this quantity,
but testing indicated that it wus negligible for this
experiment’s kinematics. For smearing model i, since only one
smearing formula was used, R, for the smeared structure
functions was assumed to remain constant, and the same value
of R, = 0.15 that was used for the proton nonresonant
inelastic cross sections was also used for the smeared proton
cross sections. The other smearing models, however, predicted

non-constant values for R, in the vicinity of the guasielastic

or/or Model Cross Section Ratios

0.18

| P = 4.0 (GeV/c)?
0.14 ~ '/.,'*p"-';' i Jbpp—
- i 7
2 A
J i a
© 01 7%
] - 5 //I
-4 47
] ‘; /i
0:% 7; /","
%
smeared proton

0.02 ~ ' '
0608 1 1214 16 1.8 2 2224

W2 (GeV?)

Figure 3.34: Predicted values for R = 0,/0,; (nonresonant) for
each of the five smearing models for the smeared proton
cross sections. The models predict some shape dependence to
R at low W%,
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peak. Figure 3.34 shows a sample plot of R = R,, for each of
the five smearing models, with the Paris deuteron wave
function and with the off-shell correction given in Eqg.3.47
for the smeared proton structure functions. It is clear that
the R curves approach a constant at large W for a fixed @
which is consistent with deep-inelastic electron scattering
cross section measurements (84]. It is also clear that the
smearing models predicts a suppression of the inelastic
longitudinal cross section in the vicinity of the quasielastic
peak.

A global Q* fit to all of the inelastic deuterium data
was done in conjunction with the form factor fits which will
be discussed in the next section, assuming that the total
deuterium cross section is just the sum of the guasielastic
and inelastic contributions, 0, = G4 .. + O4.,- The fit to o,

was done with two parameters:

0101 =Cprr (07 +€07) + C 07, {3.48)
where o,” and 0, are the transverse and longitudinal
nonresonant contributions to the smeared proton cross section,
and g, is the resonant contributions to the smeared proton
transverse cross section. The fit coefficients are ¢, and C,.
Figures 3.35 and 3.36 show sample deuterium reduced cross
section plots from each spectrometer (See Eg. 3.30 for the
reduced cross section definition). These plots also show the
contributions resulting from fits to the data for the
quasielastic cross section, the inelastic cross section, and

the total deuterium crcss section. The fitting method

L'
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8 GeV Reduced Cross Sections
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Figure 3.35: Sample 8 GeV spectrometer deuterium reduced
cross section data with cross section fits broken up into
the quasielastic and inelastic contributions. The data is
normalized to the dipole form factor squared.
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1.6 GeV Reduced Cross Sections
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Figure 3.36: Sample 1.6 GeV spectrometer deuterium reduced
cross section data with cross sections fits broken up into
the gquasielastic and inelastic contributions. The data is
normalized to the dipole form factor squared.
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corresponds to area method I which is described in the next
chapter. The inelastic model used for these fits used smearing
model 3 with the off-mass-shell correction given by Eg. 3.47

and the Paris deuteron wave function.

0,/0, ratios in the A(1232) region

It was mentioned earlier that the neutron and proton
cross sections were assumed to have the same shape in w2, If
is also assumed that o,,, = o, + 0,, where ¢, and 0, are the
proton a .3 neutron smeared cross sections, then the ratio of
neutron to proton cross sections, 0¢,/0, can be estimated for
each of the inelastic contributions from the fit coefficjents.,
For example, (0,/6,)™, the ratio for the nonresonant cross

sections, is estimated from C,, - 1 (compare i4.3.48 with the

Table 3.18: Estimated ratios of o,/0, for the inelastic
resonant and nonresonant cross section compcnants from
fits to measured deuterium cross sections using variocus
Smearing models, off-mass-st 211 corrections in the
Smearing models, and deuteron wave function
parameterizations. I,, = 1,5 indicates the smearing model
used, I, = 3.44, 3.45, 3.47 refers to the eguation
number where the off-mass-shell corrections were
defined. I, = P, B, or R refers to the Paris, Bonn, and
Reid deuteron wave functions. Errors are statistical.

Lon Loer Tur (0./0,)"™ (9n/0,)"
1 none P 0.54 £+ 0.04 |1.34 * 9,03
2 3.47 P 0.39 + 0.04 |1.11 = 0,03
3 3.47 P 0.34 £+ 0.04 |]1.10 + 0.03
4 3.47 P 0.44 £ 0.04 11.15 + 0.03
5 3.47 P 0.37 + 0.04 {1.20 + 0,03
3 3.44 P 0.33 + 0.04 11.07 + 0,03
3 3.45 P 0.33 £ 0.04 {1.13 + 0.03
3 3.47 B 0.34 £+ G.04 11.07 + 0,03
3 3.47 R 0.33 £ 0.04]1.12 * 0,03
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expression for o, given above). Table 3.18 summarizes these
guantities as calculated from the fit coefficients under a
variety of mocdel assumptions. Figure 3.37 shows previous
measurements made of the ratio o,/0, for the resonance
contribution to the inelastic cross section at the A(1232)
resonance [49]. Note that the new measurements shown in Table
3.18 are the result to fitting the data at all @Q?, assuming
that the Q* dependence is small. These new results are
slightly higher than the previous measurements shown in Figure
3.37. This could be due to combining all the Q° data for the

new results into a single fit parameter, or it could be do

0n/0p at A(1232) Resonance

1.2
1.1

0.9

on/0p
e

—o-

0.8

L

AR e

0.7

A

0.6 i -
0 025 05 075 1 125 15

Q@ [(GeV /ey
Figure 3.37: Previous data [49] showing o,/0, for the

resonance component of the inelastic cross sections at the
A{1232) resonance.
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to differences in the models used to extract the two sets of
results, or the ratio might really have a Q° dependence. Also,
the result using smear model 1 is far off from the other
models which could be because this method is only a crude
approximation to the other smearing methods. A study of the
possible Q* dependence to these ratios is currently under

investigation.

Deuterium model cross section ratios

Ly

EQ’ = 4,00 (GeV/c)

—Model 1

-Model 2
- Model 3
-~ Model 4
--Model 5

0.1

Inelastic/Total

Je— @ = 175 (GeV/ey

0.01

i Quasielastic peak position
A |

USSR RS SR U S S S |

1 12 14 16
W2 (GeV?)

Figure 3.3B: Ratio of inelastic to total deuterium model
cross sections at the two extreme kinematic points of this
experiment for all five smearing models. B was set to 20.0°
for both sets of calculations.
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Inelastic model comparisons
Figures 3.38, 3.39, and 3.40 show plots of the model

deuterium inelastic cross sections divided by the total model
cross sections for each of the model assumptions given in
Table 3.18. Figure 3.38 shows the cross section ratios for
each smearing model, using the off-shell correction given in
Egq. 3.47 and the Paris deuteron wave function, for two
kinematic spectra, both of which were calculated at 6 = 20.0°.

Figure 3.39 shows the cross section ratios for three different

Deuterium Cross Section Ratios
For Different Off-Shell Corrections

~—Correction 1
-Correction 2
L | .- Correction 3

™77

Inelastic/total

Y
[ #" ¢ Quasielastic peak position
el ) .
04 0.6 0.8 1 1.2

W2 (GeV?)
Figure 3.39: Ratio of inelastic to total deuterium mode.
cross sections at Q° = 4.0 (GeV/c)® for three possible off-

shell corrections. Corrections 1, 2, and 3 correspond to
definitions given by Egs. 3.47, 3.44 and 3.45.
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Deuterium Cross Section Ratios
For Different Deuterium Wavefunctions

—Paris
-Bonn
--Reid

Inelastic/total

0.1 >

. P/
i ‘ Quaasielnstic peak position
0.4 0.6 0.8 1 12

W (GeV?)
Figure 3.40: Ratio of inelastic to total deuterium model

cross sections evaluated at Q* = 4.0 (GeV/c)? using three
different deuterium wave function parameterizations.

off-mass-shell corrections using smearing model 3 and the
Paris deuteron wave function evaluated at Q* = 4.0 (GeV/c)? and
® = 20.0°. Figure 3.40 shows the cross section ratios for the
Paris, Bonn, and Reid deuteron wave functions, using smear
model 3 and the off-shell correction given in Eq. 3.47 and
also evaluated at Q> = 4.0 (GeV/c)? and 6 = 20.0°.

It can be seen from Figures 3.38-3.40 that once the fits
to the deuterium cross sections have been done, the resultant
model deuterium cross sections are very similar and only start
to significantly diverge at low W? where the inelastic cross

section is very small compared to the quasielastic cross
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section. This indicates that the different inelastic modeling
should not give appreciably different results for the

measurement of the neutron charge and magnetic form factors.
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4: FORM FACTORS
Form Factor Models

There are several formalisms which have been used and
developed over the years which attempt to understand the
nucleon form factors using physical principles. Some of these
"models" involve free parameters which are fit to existing
data. The types of models can be broken up into six
categories. These categories involve calculations based on:

1. Vector Meson Dominance (VMD).

2. Perturbative Quantum ChromoDynamics (pQCD).

2. Hybrid combinations of the above two categories.

4. Dimensional scaling and QCD sum rules.

5. Constituent gquark and digquark models.

6. Lattice gauge QCD (low Q?)

There are several different sets of form factor
definitions. The isoscalar and isovector nucleon form factors,
F*® and F™, are combined to form the Dirac, (F,), and Pauli,

(F,}, nuclean form factors:

Fip(03) = 2 (FI(0%) +F{'(0%)).,
F, . (02) =%(Ffs(Q2) -FE(Q?) ., oy
Fip(07) = 3 (xgFI5(0%) +x,FFY (02)), )
F, (0% =% (K F35(02) -k, FE(0%)),

where x, and x, are linear combinations of the proton and
neutron anomalous magnetic moments (defined in chapter 1).
They are given by x.=g,-#,~1 = 3.706 and k.=, t4,~1 = =0.120.

The Dirac and Pauli form factors can then be combined to form
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the familiar Sachs proton and neutron form factors:

Gup (Q2) =F,,(0?) +sz_(02) ,
G, (0%) =F,, (%) - ‘; F,p (07),
Gy (Q%) =F 1 (%) +F,, (Q%),

am* (4.2)
2y - 2y _ 0% F. 2
Gea(02) <Fin (@) - -2 F,(07) .

Vector Meson Dominance Models

The VMD models/fits have generally been used at low Q?
and involve a superposition of photon couplings to various
vector mesons (J* = 17). The vector mesons can be divided into
two categories depending on their isospin. The isoscalar, or
isospin singlet, vector mesons and their observed higher mass
states (masses in parentheses are in MeV) [85) are the
w(782), w’(1390), w©’’(1600), (1020) and the not-well-
established p’(1680) state. The isovector, or isospin
triplet, vector mesons and the higher mass states are the
p(768), p’(1450), and p”*(1700).

The form factor describing the photon-nucleon interaction
via vector meson coupling is written as the product of a meson
propagator term and a meson-nucleon form factor:

Foam{0?)

e (4.2)
My+Q°

F(Q%) =
where M, is the vector meson mass. The 1.0/(M* + Q*) factor is
commonly called a "pole" term whereas this factor sguared is
called a "dipole", such as in the dipole representation of the
neutron and proton form factors. The VMD models which will be

discussed were developed in the 1970’s before many of the
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higher mass meson states were observed experimentally. Thus,
expected higher mass state contributions to the form factors
were often included using best-f.t parameterization. Some of
the most successful and popular VMD models are discussed here
and are used for comparisons with the measured data. In
general, the fits are done simultaneously to all four nucleon
form factors using all data available at the time the fit was
done. Figure 4.1 shows a schematic of the direct photon-
nucleon interaction and the photon-nucleon interaction via an
intermediary vector meson.

The VMD model by Iachello, Jackson, and Lande (8é6]
(IJL) is a five-parameter fit which allows both vector and
tensor crupling of the vector mesons. The functional form of
the fit is given by:

F«XS(QZ)=9(Q2)-(1-B ~-By) +B Mo +P i
1 ‘ @ (] uuQ ‘Mof'Q

MZ+81M
F&¥ (0% =g (@2)[(1-B,) +B, o+ 8TgMy/ ]

(MZ+Q2) + (4MZ+Q2)T,a (0% /M, |’

Ig _ - M«f _Mﬁi_
F.7{0Q?) —9(02) (Nv a.)E:Q_Z+¢.bd:+QZ ’

(4.4)
M, < 8T M, /n
S (MZ+0%) + (aMZ+04)T,a (0%) /M,

F¥(02) =g (Q2)|x

where M represents various meson masses. The function g(Q?) is

an intrinsic nucleon form factor,

1

(o} [ p——
907 = o

(4.5)
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Figure 4.1: Diagram of the nucleon-photon interaction wvia
a direct interaction and by a vector meson coupling.

The function a(Q?) is used to account for the finite width of

the p meson, I', = 112 MeV, and is given by:

5.2 aM7+Q* M4M:+QZ+J65 (4.6)
a (Q?) - o 1 TR .

A fit to the available data in 1973 yielded the following

parameter values:
¥=0.25(CeV/c) 2,

8,=0.672, B,=1.102, (4.7)
B,=0.112, @,=-0.052,

where the B and o parameters represent a product of the
coupling constants at the yV vertex and at the VNN vertex.
Note that the factors x, and x, have been absorbed into the
isoscalar and iscvector form factors as shown in Eg. 4.1.

The VMD model by Blatnik and Zovko [87] (BZ) includes
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photon couplings with the three ground state vector mesons and
with three higher mass states p’,p’’,and w’. There are four
free parameters which are related to the coupling constants.
This model uses the asymptotic form factor constraint that
QG(Q°) - 0.0 as Q* - o, where G(Q?) is any one of the Sachs
form factors. The functional form for the form factors is

given by:
1____ 2p B 2
G (R = [3 M (p®+2M%b )]R Q2
_- 2M?b V) RV(Q?),
3-frmannre
1

GH(QZ) _[_ B‘%bBQZ]RB(QZ)

t%w"—%b"oz]ﬂ(o’), (4.8)

2 2 2
R%(02) ={ T 2){ L 2] b 2]'
m,+Q% f mg +0° { mg,+0

2 z 2
RV (QZ) - mp mp, mEu ,
m?+Q? m‘f‘,+Q2 m:,,+Q2

where M is the nucleon mass and the + and - signs correspond

to proton and neutron form factors respectively. The
guantities u* and u* were fixed at ~0.060 and 1.853
respectively in order to give the correct values for the form
factors in the 1limit as Q* - 0. The mass of the p’’ was
assuned to be 1.5 GeV. The best fit parameters were
determined to be:

my=1.14 GeV, m,=1.18 GeV,

) v » (4.9)
5=-0.91 GeV'?, bV=-1.10 GeV'%,
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The VMD model by Héhler et al. ([88] is from their

fit, 8.2, one of the many fits attempted. This VMD model gives
the expected asymptotic large Q° dependence for the Pauli form
factor (@), but not for the Dirac form factor (Q-°)
indicating that it may only be moderately successful at
describing the form factors at an intermediate Q*. This
asymptotic dependence is discussed in greater detail in the
next section. The functional form for the form factors is
basically a sum over a product of pole-terms for each vector

meson included. This form factor function is given by:

v . . a (v/
FI(02) = iﬁi_lw FI(0?) =FIV*P(Q2?) + -; ), (4.10)
v m§+Q2 ' mvl"‘Qz
where the p meson terms are given by:
02 \*
0.955+0.090[1+ )
ZFiw-p (02?) = 0.355
1+ 005236
) (4,11)
(%)
5.335+0.962|1+
= 0.268
2F7 P (02) = 0°
1+
0.603

A discussion on why the typical pole~term formula was not used
for the p meson is also given by this reference. This fit was
chosen over the other fite in the paper because it had the
best overall yx?/n agreement with the data. There were a total
of four isovector and three isoscalar vector mesons. These
mesons included p, w, and ¢ as well as a higher mass state
isoscalar meson which is arbitrarily labeled as V=3, and three

higher mass state isovector mesons which are labeled V’=1,2
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and 3. There are a total of 16 different free parameters for

this fit :

a,(V=w) =0.71, a,(Vv=¢)=-0.64, a,(v=3)=-0.13

a,(V=w) =-0.11, a,(v=¢)=0.13, a,(V=3)=-0.02
a,(v/=1)=0.05, a,(V/=2)=-0.52, a,{Vv/=3)=0.28 (4.12)
a,(v/=1)=-1.99, a,(V/=2)=0.20, a,(Vv/=3)=0.19
m(v=3)=1,80 GeVv, m(V’=1) =1.21 GeV,

m(V/=2) =2.45 GeV, m(V/=3)=2,95 GeV.

Perturbative Quantum Chromodynamics

Calculations, at present, using pQACD [89]1[90]
alone, have had only limited success at predicting form
factors in the intermediate Q* range since only leading order
calculations have been made. The problem is complicated by the
fact that the results are sensitive to the form chosen for the
distribution amplitude (DA) for the guark momenta in the
nucleons. These calculations do, however, predict the form
factor asymptotic behavior at large Q° where difficult-to-
calculate second order terms can be neglected. These
predictions serve as useful constraints on other types of
models which have been formulated. The calculations predict

that G, for both nucleons should behave as:

2
LIM Gy (. %) =Const--"_‘(%—)(1ntoz/A2))“"“,
a 2 (4.13)
ax ﬁ‘_‘ll_'znrluvorl

=" BIno?/A% ' 3

where @,(Q%) is the strong running coupling constant, A ~ 200
MeV is the QCD scale parameter, and N, ... is the number of
contributing quark flavors. The kinematics of this experiment

are below heavy quark production thresheolds so n ~ 3. Assuminr
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isospin s ymmetry the calculations also predict that the ratio
Gun(Q7) /Gy, (Q°) - ~2/3, and that the helicity-nonconserving
term, F., should be suppressed by a factor of Q° compared to
the helicity-conserving term, F,, Thus, the ratio Q?F,/F,~

constant at large Q°.

Hybrid VMD-pQOCD model

The VMD models are generally used to fit the form factor
data in the low Q? region. The hybrid form factor model of
Gari and Krimpelmann [91] (GK) attempts to describe the
intermediate @’ region by choosing a functional f..m for the
form factors which gives the expected Q* behavior at both high

and low Q2. The chosen form for the medel is given by:

FITin2y,

2
5 mg g S
Fio(Q?) = _____‘-‘.(1-_"]
’ {mfwoz £o £,

-- (QZ) = __mp__:_gﬂ 9(1—&] F,E'CD(QZ) ’
my+Q* £

fn p
(4.14)
x F;%(Q?) = as “g“ +x, “g") FS° (Q2),
+Q2
%, FiV(0?) J my Pg’ (x - Pg’ rEP (02,
|mZe0
where the QCD form facto. are parameterized by:
2 2 2
FE (%) = ,Aﬂ Aﬂ, , FEP(0%) =F, (Qz)[ . {4.15)
Ai+0%) AL+ B? VAZ.G*

and the logarithmic dependence of the strong coupling constant
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is reflected in the variable:

Q%o A+0f
2
0= A‘”"—. (4.16)
2

A, is the approximate scale of the nucleon wavefunction, A, is
the scale where the meson dynamics dominate, and A,, is the
scale where the quark dynamics dominate. The seven parameters

used for the fit in this model are given by

Sff—"=o.377, Zo g.411, k,=6.62, k,=0.163,

£ (4.17)

P W
A,=0.795 GeV, A,=2.27 GeV, Agp=0.29 Gev,

Dimensional scaling and QCD Sum rules

Dimensional scaling is a simple, yet seemingly effective,
method for predicting the asymptotic Q2 behavior for two-body
scattering processes, by merely counting the number of bound
constituent point-like particles in the hadrons [92]. The
basic dimensional scaling prediction is that for an exclusive
scattering process

ﬂ - 2""f _9_2 4.18
(dQZ)AB-cD s { P ). ( )

where s is the square of the center of mass energy, and n is
the total number of leptons, photons, or quarks carrying part

of the momentum in the initial and final states, and f is a
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function of the ratio Q?/s. For elastic and quasielastic
electron-nucleon scattering, the initial and final states
consist of an electron and a nucleon composed of three valence
quarks. Thus, for this scattering process, n = &, and for a
fixed value of Q¥/s

(—d",) -6~ (Q%) "6 ~0"12, (4.19)
dQ* /oy-en

It can also be shown, using the Rosenbluth formula, that for
large G* where F, dominates

2 z
(—d—"] B9 (4.20)
sz eN-eN Q‘

Thus, dimensional scaling predicts that F,(Q?) - Q* which is
very similar to the pQCD prediction aside from the logarithmic
term due to the running of the strong coupling constant.

QCD sum rule techniques as developed by Shifman,
Vainshtein, and Zakharov {93] have proven to be effective
tools for studying nonperturbative properties of hadrons such
as masses, coupling constants, resonance widths, etc. This
method is employed by Radyushkin [94] (RAD) as another
approach to calculating the nucleon form factors. This model
uses QCD sum rules in order to fix the parameters of the
nucleon soft wavefunctions, and only considers the simplest
nonperturbative Feynman diagram contribution to the form
factor (i.e. no hard gluon exchange diagrams). A justification

for the assumption that this diagram is dominant at moderate
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values of Q° is discussed in this reference.

The neutron form factor formulas are:

g %o

T o b ]
(ZEd e, Ql(l 2_' eu;zedz"%)) (4.21)

Cup, (0?) = (2n)‘A2 f fdsq-~(l- < >,

where the corresponding proton form factors can be obtained by

interchanging e, and e,. The functions o, 2z, and i, are:

0=5,+5,+02,

= Jo?-
z=yo?-4ss,, (4.22)

2 sg
Y lzemt’
and e, = 2/3, and e, = -1/3. The quantity s, was fixed at

2.3 (GeV/c)?.

nsti n

Constituent quarks differ from the point-like small mass
guarks in pQOCD in that they have mass which is ~ M./3, and
they have an extended spatial structure due to the presence of
a pionic cloud. This spatial structure translates into the
need for quark form factors in the constituent quark models at
high Q*. The relativistic constituent-quark model of Chung and
Coester [95] is expected to be valid for Q* up to 3 to 6
(GeV/c)? in calculating nucleon form factors. The main

parameters used were the confinement scale, 1/a, and the
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constituent quark mass, m,, and a Gaussian wave function
shape. This preliminary, simplified model, achieved reascnably
good results in the Q2 range of interest provided that the
constituent quark mass was chosen around 0.24 GeV which is
smaller than the conventionally used value of M./3. The curves
used to compare with this experiment’s data were obtained
directly from the creators of this model. They correspond to
using an m, of 0.24 GeV and a value for a of 0.635 GeV. The
wave function used in this calculation was a spatially

symmetric function given by

N /@) {2)
) = —L—"e 127, (4.23)

where N(m,/a) is a dimensionless factor resulting from the

normalization condition and
M=y ymi+gs . (4.24)

The sum extends over the three constituent quarks and m and q
represent the constituent quark masses and three-momenta
respectively.

A fairly recent model due to Kroll et al ([50].
investigates the electromagnetic nucleon form factors within
the framework of the diquark model. This model attempts to
describe the form factors at moderate values of Q°, assuming
that the diquarks can be treated as quasi-elementary nucleon
constituents. In the limit of large Q* this model approaches
that of a pure quark hard scattering model such as the schemes

suggested by Brodsky and Lepage [90] or cChernyak and
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Zhitnitsky {96]. This model incorporates the distribution
amplitudes (DA) of baryons in terms of quarks and diquarks,
with the diquark form factors chosen to ensure the proper
asymptotic limit, and a perturbative approach to treating the
gluon and photon coupling to the quarks. The formulae in the
original publication were later corrected [97). These

corrected neutron form factor formulae are given by

G (02) =ch-"{f§ .

} = G2 .
fdx ay.bs(y,) {@d “x‘;’ Fd» (Qz)+eud.f_;_£yg_)_1=‘s‘“ (%) by (x,)
2 1r1

*Cr 47: fvfdxidY1¢v(Y1)( (eq+26,) & (0% nyFy® (§%) + (2egqveg)

_a (BY)
173

Fon(0?) =

Fi® (@) (1 +3,) (1+y,) + 22y, ¢ (1+xv)2-4)])¢v(x1).

“_(9_) (1+x) B¢ (57

.25

79 mmv.z.dxldyld’v(h) {4(ey+2ey)

A2
+(2€49+€44) 200 . 9 (g¥) 2¥ 2Ry {1-%,7,) ~x,¥, )y (x,) s
XY m

(4.25)
where the corresponding proton form factors are obtained by
interchanging the guark charges, e, and e, and by replacing x,
by k,. The digquark total charge (for an up-down pair) is
denoted by e,, and m, and x, are the mass and anomalous
magnetic moment of the vector (spin 1) diquark. The momentum
carried by the gquark is denoted by x, and y,, while the

momentum fraction carried by the diquark is denoted by
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X, =1=-x,andy,=1-Y,. C = 4/3 is the color factor and

©2=x2y202; QZ=X1Y1Q2~ (4.26)
The isoscalar (S) and isovector (V) three and four-point

diquark form factors are parameterized by the ejquations:

2 Qz 2
PVBY 28,00 2, R (00 =8, (0% 2],
s"QZ Qv+ Q*°
(4.27)
2 2 3
P (04) =agh (07 —2—, Fi* (0% =av6v‘92’($—. ,
Qf+02 Qv +0*
where
2
___a_s(_c:_)_ 0220¢w)
GS(V)(Q2)= as(Qs(V)) (4-28)
1 0% <Q¢wm
Using the distribution amplitude given by
2 MZ
s (x;) =, (x,) =AX,x;exp "bz[—“;\(g-' *’X—D)
P (4.29)

b
Jbs @ (x)ax=1,
Q

with constituent quark and diquark masses my; = 0.330 GeV, and

m, = 0.580 GeV yields the following "best-fit" parameters:

02=3.22 GeV?, 07=1.58 GeV?,
f5=66,1 MeV, fv=120-2 MeV, (4.30)

x,=1.16, ag=a,=0.286.

This particular fit corresponds to the solid curves given in
the original paper [50]. Another fit using a different

distribution amplitude was also studied.
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Form Factor Extraction

Peak Method

A "peak" method of form factor extraction is so-~named
because only a small region in the vicinity of the
guasielastic peak is included in the analysis. This method has
the advantage of being much less sensitive to the quasielastic
model shape. It has the disadvantage of being s tist.cs
limited since much of the measured cross section is excluded.

To use this method we first subtracted off the inelastic
contribution as calculated by the inelastic cross section
model from the measured deuterium cross sections. This left
the quasielastic cross section which was converted to the
reduced form, o,;(data) (Eg. 3.30). The model reduced
quasielastic cross section, o,(model), was calculated using
model form factors. G, (Q°) was obtained using the form factor
model of Gari and Krimpelmann [98] which was discussed
earlier in this chapter. G, (Q°) and G,,(Q°) were modeled using
the dipole formula, and G,,(Q°) was set to zero. It will be
shown that these model form factors represent those that were
measured in this experiment fairly well. Starting with model
form factors close to the final results reduces possible
second-order corrections to the fitting procedure. Both
oy(data) and o,(model) were functions of Q® and W!. The ratio
of o,(data) to o,(model) was averaged using error weighted
averaging to give R,,. using data within a defined range in W?
about the guasielastic peak region. R,.. was then corrected

for the model form factor dependence (see Eg. 3.30) to yield
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the easured form factors:

{G{&(Qi) +Gia (0%) + S(Gh Q%) +G§n(o’))]lmmuzed
T
(4.31)

=Rpea.{c~§p<02) +Gi Q%) +§(G§p<oﬂ) +Gén<92))]lm-.

The next step was to do a linear fi* in € to the remaining
data and then to subtract the measured proton form factors
{15] in order to extract G,,(Q*) and G (Q?). This extraction
method was done for several different choices of W' ranges
about the quasielastic peak to check for consistency. Results
will be presented for the largest range investigated which had
the smallest statistical error. This range was 0.70 < W’ < 1.8
(Gev)2, Results for the these fits versus € are shown in
Figure 4.2 for all four @° points. The data shown is
normalized to the dipole form factor sguared, Gy’. The X per
degree of freedom for the fits at Q* = 1.75, 2.50, and 3.25
{GeV/c)® was 0.99, 0.32 and 2.8 respectively. The fourth ¢?
point only had two data points in the linear fit so no x* per

degree of freedom was calculated.

Area th

An "area" method of extraction is so-named because all of
the quasielastic cross section data is used to extract the
form factors as opposed to just a region of the measured data.
This particular area method is a least~sguares simultaneous
fit to all spectra at a given Q*. There were four parameters
in this fit. Two of the parameters were the desired form

factors summed in guadrature, (G’ + Gw?) and (Gg’ + G.*), and
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Figure 4.2: The linear fits to these data yielded (5,.°(Q%)
+ G, (Q7)) /77 (slope) and (G,*(Q%) + Gw’(Q%)) (intercept).
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the other two parameters corresponded to the fitting
parameters described earlier for the deuterium inelastic cross
section. The reduced cross section, og,, had contributions from
the neutron and proton guisielastic and the proton and neutron
smeared inelastic cross sections. A least squares fit was done

for all data points at a given Q? using the expression:

(4.32)

2
XZ:[O;?:-(CTF(E"QZ) ‘C'—%F(El'Qz) +Cp, (o7 +€OL) +C:°'rl')

where F(E’,Q*?) is the remainders of Eg. 3.31 after the form
factors have been divided out so that they can be determined
by the fit coefficients. The term F was also multiplied by the
square of the dipole form factor, G,*(Q°) = 1.0/(1.0 + Q*/0.71)*
so that the form factors obteined Zrom the fit coefficients

were normalized to the dipole form factor:

2 Kax
3% E  wi(k) kdk} (4.33)

2q E’km /'_—kz+M:

The terms o0,", ¢, 0, are the compo..~nts of the model
L

F(E’,Q2) =G£(Q

inelastic c¢ross sections given in Eg. 3.4¢ and in the
accompanying discussion. The coefficients found from the fit
to the data then yielded the sum of the square of the form
factors:

(G2,(02) +G&, (02)) c - (GE,(Q?) +G&,(03))
L= .

B (4.34)
GZ(0?) G2 (0%

C.=

The coefficients for the inelastic contribution were discussed
earlier. The proton form factors were subtracted off using the

measured proton form factors from this experiment [15]. Sample
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- plots of reduced cross sections were shown in the last chapter
in Figures 3.35 and 3.36 showing the results of these fits for
some of the kinematic spectra. Smearing model 3 was used for
the inelastic modeling. The y per degree of freedom for these
fits were not good. For the four Q* points, 1.75, 2.50, 3.25,
and 4.00 (GeV/c)® the calculated x per degree of freedom for
the fits was 4.2, 2.6, 2.0, 2.1 . The poor quality of the fits
is due to not having the models produce the correct cross
section shape. Most of the problem is believed to be due to
not iuncluding effects in the modeling due to meson exchange
currents which can be significant away from the quasielastic

peak region.

Area Method I3

This first step in this method was to extract the
longitudinal and transverse components of the reduced cross
section spectra as defined by Eq. 3.30, R, and R;, fcr each sect
of Q? data. Then, separate fits were done to each spectrum in
order to obtain the form factors. The separation of R, and R,
was done on a kin-by-bin basis in W?. For a given W’ bin and
a given Q* there were from two to four data points with
differing incident energy and scatt:ving angle (see summary
table of kinematic points given in Table 1.1).

Since AQ/Q* ~ AW?/E, the values for Q? varied over the W2
range with the variation being the largest at the large angle
kinematic points where the incident energy, E, is small for a
given Q*. Note that the nominal value of Q® was only true at

W = Ml. In order to separate the longitudinal and transverse
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cross sections it was necessary to correct each contributing
data point in the W® bin to the same Q° value. To do this it
was decided to correct each data point such that the @
variation over W? for a given spectra corresponded to that of
the arbitrarily chosen kinematic point of 20.0°. Note that if
0.0° had been chosen then Q* would not vary at all over W2.

To clarify this correction the steps invelved will be
discussed briefly. First, a suming elastic scattering from a
nucleon, an incident energy, Epon(Q2.a,;0,,=20.07), was
calculated. Second, the scattering energy, E’(W?,E,..0;) was
calculated. Third, a new @ value was calculated,
Q2 Epon,E? ,8.5). It was this factor, Q3,,, to which the data
points at a given W? bin were corrected. The correction to the
data was achieved by multiplying the data point by the ratio
of two model cross sections. The numerator was the deuterium
mudel reduced cross section defined by the kinematics W*, Qi.,
and 0,,..- The dencninator was the model cross section defined
by the kinematics W?, E, and 6,,., where E was the true
incident beam energy, and B,, was tne true scattering angle.
The c¢orrection factors were always 1.0 at the gquasielastic
peak and ranged from 0.0 to 1.1 at the highest and lowest W?
bins for the large angle data where these corrections were the
largest.

After all the data points in a W* bin were corrected, a
linear, error weighted, fit was done versus e/r’ (see Eq.
3.30). The intercept of the fit gave R.(W?,Q%) while the slope
gave R.(W?,Q%), The results of these separations are given in

Tables 4.1-4.4 and in Figures 4.3-4.4.
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Once R.(W?,0%) and R.(W?,0°) were ext-acted, the form

factors were found by performing two least square fits to the

data in a similar manner as was done in the last extraction
method discussed. The quantities minimized were:

2=|R —CF(E’,QZ) +Cinel(on:+oz) 2’
XT [-r (T T T 'r)] (4.35)

xi=[R, -(C,F(E’, Q%) + i al")]*,
These quantities were minimized for all the data points within
a given Q*. The fit coefficients, C; and C., for the
quasielastic components yielded the form factors as shown in
Eg. 4.34 for the previous method. Similarly, the proton form

factors were then subtracted to yield the neutron results.

Takle 4.1: Extracted transverse and longitudinal
deuterium reduced cross section components for Q = 1.75
(GeV/c)?® at the quasielastic peak and 8 = 20.0°. ERR1l and
ERR2 are the statistical and the statistical plus
systematic errors respectively. W* is in GeV? and R;, R,
and the errors are in units 1/GeV. Overall y* per degree
of freedom = 1.58.

w2 R, ERR1, ERR2, R ERR1, ERR2,
0.715 6.19 0.24 0.28 0.12 0.33 0.35
0.745 8.17 0.19 0.27 0.38 0.28 0.33
0.775 10.44 0.16 0.29 0.42 0.25 0.34
0.805 12.75 0.15 0.33 1.50 0.26 0.38
0.835 15.27 0.14 0.38 1.81 0.26 0.43
0.865 17.11 0.23 0.45 2.20 0.41 0.55
0.895 17.29 0.30 0.48 2.39 0.49 0.59
0.925 16.31 0.14 0.40 2.28 0.27 0.45
0.955 14.61 0.13 0.37 1.87 0.24 0.40
0.985 11.90 0.17 0.34 1.82 0.26 0.38
1.015 9.89 0.23 0.33 1.51 0.32 0.38
1.045 8.55 0.12 0.24 0.94 0.21 0.28
1.375 7.48 0.13 0.22 0.63 0.21 0.26
1.105 6.39 0.13 0.20 0.85 0.21 0.2%
1.135 6.18 0.12 0.18 0.27 0.19 0.23
1.165 5.72 0.14 0.19 0.62 0.22 0.25
1.195 6.16 0.15 0.21 0.01 0.24 0.27
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Table 4.2: Same as Table 4.1 except that @

= 2.50

(GeV/c)2 at the quasielastic peak and 8 = 20.0°. Overall

x> per degree of freedom = 0.96.

w2 R, ERR1, ERR2, R, ERR1, ERR2,
0.520 2.40 0.28 0.29 0.16 0.33 0.34
0.560 3.00 0.21 0,22 0.32 0.26 0.27
0.600 3.83 0.19 0.21 0.51 0.24 0.25
0.640 5,14 0.18 0.22 .71 0.24 0.27
0.680 7.32 0.17 0.25 0.21 0.24 0.29
0.720 9.72 0.19 .0.30 0.09 0.27 0.34
0.760 12.82 0.19 0.35 0.35 0.28 0.40
0.800 15.97 0.19 0.42 0.23 0.30 0.46
0.840 18.10 0.21 0.47 1.36 0.34 0.52
0.880 19.41 0.43 0.62 1.58 0.71 0.83
0.920 19.71 0.25 0.51 0.72 0.40 0.58
0.960 17.29 0.23 0.46 1.68 0.35 0.51
1.000 14.62 0.24 0.41 1.90 0.34 0.47
1.040 12.84 0.24 0.39 1.13 0.32 0.43
1.080 11.01 0.25 0.37 1.09 0.31 0.40
1.120 10.10 0.27 0.36 0.64 0.34 0.40
1.160 9.46 0.23 0.32 0.47 0.29 0.36
1.200 9.44 0.23 0.32 0.81 0.30 0.37
1.240 10.13 0.26 0.35 0.52 0.35 0.41

Tablz 4.3: Same as Table 4.1 except that Q* = 3.25
(GeV/c)2 at the guasielastic peak and 6 = 20.0°. Overall

4> per degree of freedom = 1.22.

W R, ERRl, | ERRZ, R, ERR1, | ERR2,
0.475 | 3.21 | 0.62 0.62 |-0.11 0.80 0.81
0.525 | 4.26 | 0.55 0.56 | -0.30 0.70 0.70
0.575 5.54 | 0.51 0.52 0.00 0.65 0.66
0.625 | 7.18 | 0.38 0.42 0.27 0.51 0.54
0.675 | 9.59 | 0.32 0.40 0.59 0.47 0.52
0.725 | 12.36 | 0.29 0.42 1.16 0.47 0.56
0.775 | 16.24 | 0.28 0.48 0.60 0.49 0.62
c.825 | 19.28 | 0.31 0.55 0.74 0.53 0.69
0.875 | 20.60 | 0.47 0.69 2.37 0.86 1.00
0.925 | 20.38 | 0.32 0.59 2.20 0.54 0.73
0.975 | 18.95 | 0.32 0.55 1.79 0.51 0.68
1.025 | 17.20 | 0.28 0.50 1.62 0.44 0.60
1.075 | 14.52 | 0.31 0.48 1.77 0.45 0.58
1.125 | 13,10 | 0.34 0.47 1.97 0.47 0.57
1.175 | 13.11 | 0.37 0.49 1.30 0.51 0.60
1.225 | 13.47 | 0.40 0.51 0.84 0.56 0.64
1.275 | 14.41 | 0.40 0.52 0.86 0.60 0.68
1.325 | 15.66 | 0.42 0.56 0.91 0.69 0.78

| 2.375 | 16.84 | 0.51 0.64 2.18 0.79 0.89
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Table 4.4: Same as Table 4.1 except that Q* = 4.00
(Gev/c)2 at the quasielastic peak and 8= 20.0°.
w2 R; ERR1., ERR2, R, ERR1, ERR2,
0.475 5.32 0.55 0.57 -1.89 0.82 0.83
0.525 6.39 0.50 0.53 -0.81 0.73 0.74
0.575 7.76 0.44 0.48 ~0.47 0.65 0.68
0.625 10.06 0.41 0.49 -0.66 0.62 0.67
0.675 11.35 0.44 6.53 1.27 0.66 0.73
0.725 14.73 0.45 0.59 1.17 0.70 0.80
0.775 18.25 0.44 0.64 0.27 0.70 0.85
0.825 20.75 0.45 0.70 0.31 0.73 0.91
0.875 22.17 0.59 0.82 0.86 1.07 1.22
0.925 22.52 0.49 0.76 1.70 0.80 1.00
0.975 21.23 0.46 0.71 2.03 0.72 0.92
1.025 19.69 0.48 0.69 1.80 0.72 0.89
1.075 17.98 0.47 0.65 1.90 0.69 0.84
1.125 16.12 0.49 0.64 2.78 0.72 0.84
1.175 16.49 0.49 0.64 1.90 0.72 0.85
1.225 17.02 0.62 0.75 1.07 0.89 3.99
1.275 16.88 0.64 0.78 2.97 0.96 1.07
1.325 20.14 0.68 0.85 -0.18 1.07 1.19
1.375 22.35 0.70 0.90 -0.52 1.15 1.29
1.425 23.54 0.80 1.00 1.08 1.29 1.43
1.475 24.04 0.92 1.11 3.89 1.45 1.60

As can been seen in Figures 4.3 and 4.4, the fits to R" are
guite good while the fits to R, are not nearly as good because
of the scatter in the data points. It is ™melieved that the
problems se>n in the R, plots (Negative data points and non-
smooth behavior) is due to uncertainty in the 1.6 GeV optics
(and thus acceptance function ana reconstruction
coefficients). A great deal of time and effort went into
solving these problems with only limited success. The large
errors in the peak region are due to errors on the hydrogen
contamination subtraction. The inelastic contribution to the
R, plot for Q* of 1.75 (GeV/c)? is so small that it is not

visible on the plot.
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Figure 4.3: Extracted R, deuterium cross section at all four Q* points. Fits found during
the form factor extraction process are also shown. EIrors are statistical only.
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Proton Results

The use of the proton form factors for extracting the
neutron form factors from the deuterium cross sections has
been mentioned several times. The proton form factors which
have been measured in this experiment [14][15] and were used
in the deuterium cross section analysis are shown in Figures
4.5 and 4.6. Also shown on these plots are many curves as
calculated from various form factor models which were
discussed in the previous section. It is clear that for

Gy, (Q%), the best curve which describes the data is that of
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Figure 4.5: Proton magnetic form factors. Old and new data
points are shown as well as results from many model/fits.
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Gari and Kriimpelmann [98] while for G, (Q®) the VMD model by
Héhler, et al., [88] works well, and the results are not far
off from the dipole form factor representation. However, since
many of the models are really fits to the low Q° data, it is
quite possible that many of the other models could be made to
agree with the new results by just refitting the model

parameters.



Form Factor Results
Final values for G, (0?)/G,(Q*)/4, and (G, (Q%)/G,(Q%))? are
shown in Figures 4.7 and 4.8. The quantities which were
actually measured were the form factor squared. Since G,? is
small, it is possible to get negative results which are
consistent with zero within the errors. This is the reason for
not taking the square root of the quantity (G, (Q%)/G.(Q%))2.

The inner error bars in Figures 4.7 and 4.8 indicate the total
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Figure 4.7: Results for the neutron xagnetic form factor
measurements for one choice of the inelastic model. aAlsc
shown are old measurements and model predictions from the
various models discussed in the text.
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Figure 4.8: Results for the neutron charge form factor
measurements for one choice of the inelastic model. Also
shown are old measurements and model predictions from the
various models discussed in the text.
statistical uncertainty and the outer error bars are the
statistical plus systematic errors. No modeling errors were
included in these error bars. A discussion of the experimental
errors will be given in the next section. The data in Figures
4.7 and 4.8 were extracted using the Paris potential, smearing
model 3 and the off-mass-shell correction given by Eq. 3.47.

The area method I was used tco extract the form factors. Also

shown in these figures are many model form factor curves. The
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corresponding curves for the proton form factors were given
earlier.

Basically, the results for G,.(Q%)/G.(Q%)/u, are consistent
with 1.0 which means that the empirical dipole formula is a
good representation of the neutron magnetic form factor out to
a Q* of 4.0 (GeV/c})?*. Previous measurements which are also
shown in Figure 4.7 are consistent with the new measurements
as well. There are, however, no model form factor curves which
can describe these new measurements which indicates that more
work 1is needed on form factor (and nuclear structure)
modeling. It is possible that some of the existing models
could be made to fit the data by adjusting some of the fit
parameters. This remains to be seen. Note the improvement on
the errors for the new form factor measuirements as compared to
the old measurements.

The new results for (Gg(Q%)/G,(Q*))* are consistent with
zero within the errors on the measurement as are the previous
measurements at lower Q*. There are several model curves which
are consistent with these new measurements, such as the IJL
curve [86], BZ [87), Hoéhler [88), and Rad [94]). Refer back to
the first section in this chapter for more information on
these models. Note, however, that there are several curves
which predict a large G, at large Q°*. This is equivalent to
saying that F,, goes to zero at large Q* instead of G,, (See Eq.
4.2). The new measurements clearly rule out this possibility
for the ©Q* range of the measurements. Note again the
improvement on the errors for the new form factor measurements

as compared to the old measurements.
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Figure 4.9 shows a plot of the ratio G, /Gy, using the
measured form factors from this experiment. The error bars are
statistical plus systematic. As mentioned earlier in the
discussion on perturbative QCD, pQCD predicts that this ratio
should go as -2/3 at large Q*. The new data is in agreement
with this prediction which is shown as a straight line over
all Q*. Note, however, that additional peoints are included

which were calculated using G, = #.*G, and G,, from the
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Figure 4.9: Ratio plots of measured Gy, /Gw. The pQCD
prediction is shown as a straight line, and the results at
higher Q° are shown assuming that G.. continues to agree with
the dipole,



188
measurements in this experiment. It is clear that if the
neutron magnetic form factor continues to agree with the
dipole form factor at larger Q° then the pQCD prediction
doesn’t work. Otherwise, if the pQCD prediction is correct
then G, must begin to decrease with increasing Q? at roughly
the same rate as the proton magnetic form factor fall-off.

Results for G.(Q)/Go(Q*)/t, using the Paris potential,
smearing model 3 and the off-mass-shell correction given by
Eg. 3.47 for all three extraction methods are given in Table
4.5, The corresponding results for (G.,(Q*)/G,(Q*))> are given
in Table 4.6. Note that the guasielastic model used was the
same for all these results and was discussed in Chapter 3.
Tables 4.7-4.10 shows the extracted form factors with
different model assumptions and for all three extraction
methods. Each table is for a different Q* point. The variation
in these numbers is indicative of the error in the form
factors due to the inelastic modeling. A similar study has
been done [66] on the effect on the form factors due to the

guasielastic modeling.



Table 4.5: Results fOr G = Gu(Q?)/G.(Q%)/]p.] with statistical error, sa1,
and total error S2 given. Results are shown for each of the three

extraction methods. @ is in (GeV/c)®.

Peak method

Area method I

Area method II

o* G 51 52 G S1 S2 G 51 52

1,75 ) 1.064 0.013 0.026 } 1.056 0.027 | 6.041 1.044 0.025 ) 0.053
2.50 [ 1.024 0.010 0.028 | 1.002 0.017 | 0.037 1.007 0,012 | 0.051
3.25}0.959 0.019 0.037 | 0.960 0.731 | 0.050 0.968 0.025 | 0.059
4.00 | 0.934 0.031 0.050 | 0.930 0.9047 | D.062 0.942 0.032 | 0.063

Table 4.6: Results for € = {G,,(Q%)/G,(Q*))? with statistical error, 51, and
total error Sz given. Results are shown for each of the three extraction

methods. Q° is in (Gev/e)2.

Peak method

Area method I

Area metheod I1IX

'S G S1 s2 G 51 52 G S1. s2
1.75 | -0.167 | 0,077 |o0.157 | -0.167 | 0.074 |0.117 |-0.076 | 0.065 | 0.070
2.50 | -0.189 | 0.082 |o0.222 | ~0.076 | ©.074 [0.141 |-0.167 | 0.047 | 0,104
3,25 0.084 )0.177 §0.352 | 0.148 }0.153 } 0.251 0.298 } 0.123 | 0.185
4.00 | 0.110 |0.322 {0.515| 0.198 jo0.268 | 0.356 0.341 | 0.308 [ 0.325

68T



Table 4.7: Results for the neutron charge and magnetic form factor for

2 =1.75 (GeV/c)? using various smearing models, off-mass-shell

corrections in the smearing models, deuteron wave function
parameterizations, and extraction methods. I, = 1,5 indicates the
smearing model used, I, = 3.44, 3.45, 3.47 refers to the equatian

number where the off-mass-shell corrections were defined.

R refers to the Paris, Bonn, and Reid deuteron wave functions.

I.. = P, B, or

Peak Method Area Method 1 Area Method II
Tow | Tore | Tue | Gun/Go/bin | (Gen/Gn)? | Gun/Gof/bn | (Gen/Go)® | Gun/Go/Bn | {Gen/Gn)?
1 3.47 P 1.068 -0.171 1.063 ~0.167 1.048 ~0.076
2 3.47 P 1.068 -0.168 1.061 ~0.165 1.049 ~0.076
3 3.47 14 1.064 ~0.167 1.056 ~0.167 1.044 ~0.076
4 3.47 14 1.069 -0.168 1.063 =0.162 1.050 ~0.076
5 3.47 14 1.067 ~0.168 1.089 -0.167 1.047 ~0.076
3 3.44 b4 1.061 ~0.169 1.055 -0.176 1.042 ~0.078
k] 3.45 P 1.066 -0.166 1.057 =0.160 1.046 ~0.074
3 3.47 B 1.056 -0.176 1.048 -0.181 1.037 ~0.083
3 3.47 R 1.067 -0.163 1.058 -D.152 1.046 ~-0.073
Range of 0.013 a.013 0.015 0.029 0.013 0.010
deviation
Statistical 0.026 0.157 0.041 0.117 0.053 0.070
+ Systemutic
error

06T



Table 4.8: Results for the neutron charge and magnetic form factor.
This table is the same as Table 4.7 except Q® =2.50 (GeV/c)?.

Peak Method

Area Methud I

Area Method I1

Taa Tore | Yo { Cun/Cof/bbu | {GendCy)? | Ca/Cofliy | {Cen/God® | Gun/Colthn | 1Gen/Gn)?
1 3.47 P 1.033 -0.195 1.012 -0.057 1.016 ~0.195
2 |3.47] P 1.032 -0.187 1.010 -0.060 1.0i6 ~-3.170
3 3.47 P 1.024 -0.189 1.002 -0.076 1.007 ~0.167
4 3.47 P 1.034 -0.187 1.012 ~0.052 1.017 =-0.171
5 3.47 P 1.029 -0.137 1.007 =0.067 1.013 -0.169
3 3.44 P 1.021 -0.202 1.000 ~0.104 1.005 -0.195
3 3.45 P 1.026 -0.183 1.002 -0.062 1.009 ~0.152
k) 3.47 B 1.017 -0.198 0.995 -0.088 1.001 -0.178
3 3.47 R 1.027 ~0.186 1.004 -0.063 1.010 =0.159

Range of 0.017 0.019 0.017 0.052 ¢.016 0.043
deviation
Statistical 0.028 0.222 0.037 0.141 0,051 0.104
+ Systematic
error
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Table 4.9: Results for the neutron charge and magnetic focp factor. This
table is the same as Table 4.7 except Q? =3.25 (GeV/c)?.

Peak Method

Area Method I

Area Method II

L. Toee | Toe | Gun/Gofthy | (Gen/Go)® | Gua/Go/tin | (Gen/Ga)? | Gu/So/Bs | {Gen/Gp)?
1 3.47 P 0.976 0.U61 0.981 0.153 0.986 0.256
2 3.47 P 0,972 0.082 0.976 0.162 0.983 0.293
3 3.47 P 0.959 0.084 0.960 0.148 0.968 0,298
4 3.47 P 0.976 0.082 0.979 0.173 0.986 0.293
5 3.47 P 0.968 0,083 0.970 0.154 0.978 0.295%
3 3.44 P 0.955 0.059 0,959 0.096 0.965 0.251
3 3.45 P 0.961 0.096 0.961 0.171 0.970 0.324
3 3.47 B 0.996 0.074 0.958 0.13§ 0.966 0.280
3 3.47 R 0.361 G,.089 0.960 0.158 0.969 0.310

Range of 0.021 0.037 0.023 0.077 0.021 0.073
deviation
Statistical 0.037 0.352 0.050 0.251 0.059 0.185

+ Systematic

Brror

ZeT



Table 4.10: Results for the neutron charge and magnetic form factor.
This table is the same as Table 4.7 except @ =4.00 (GeV/c).

Peak Method

Area Method I

Area Method IT

I Torr | Tur | Gun/Go/tin | (Gen/Go)* | Gun/Gp/By | (Gen/Gp)’ | Guo/Gn/tha | (Gea/Go)?
1 13.47) @ 0.959 0.072 0.960 0.186 0.970 0.265
2 [1.47]| P 0.953 0.107 0.9513 0.209 0.964 0.318
3 |3.47| P 0.934 0.110 0.930 0.198 0.942 0.341
4 [3.47| P 0.959 0.106 0.960 0.221 0.970 0.335
5 [3.47| P 0.946 D.108 0.944 0.202 0.956 0.339
3 [3.44] P 0.529 0.066 0.929 0.121 0.938 0.252
3 [1.45| P 0.936 0.128 0.931 0.231 0.944 0.386
3 {3.47| B 0.936 0.098 0.935 0.179 0.946 0.315
3 {3.47| R 0.933 0.117 0.926 0.212 0.939 0.364

Range of 0.030 0.051 0.034 0.110 0.032 0.134
deviation
statistical 0.050 0.515 0.062 0.356 0,063 0.325

+ Systematic

error

€67
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Errors

The types of errors which contributed to the final
experimental results can be broken up into two categories,
statistical and systematic uncertainties. This experiment was
designed to have as small as possible statistical errors given
a reasonable amount of experimental running time. The
systematic errors can also be broken up into two sub-
categories, namely point-to-point errors and absolute errors.
Point-to-point errors are those which can vary from run-to-run
or at different kinematics (such as beam energy fluctuations).

Absolute errors are those which are the sane for all data. A

Table 4.1: Summary of systematic uncertainties =nd their
approximate effect on the cross section error (g) and the
neutron form factor errors at Q° =4.0 (GeV/c)*. The
lahels 8 and 1.6 refer to either the 8 GeV spectrometer
or the 1.6 GeV spectrometer.

Quantity Error |Ac/o AG,,,/Co/ln | A(Gpn/Gp)°®

Incident Energy 0.05% 0.35% { 0.010 0.054

0, . 0.05° [0.2% | o0.005 0.015

. 0.005° |0.15% | 0.001 0.011
Incident charge 0.15% 0.15% | 0.004 0.023
Target density 0.15% (0.15% | 0.004 0.023
Efficiency 0.25% (0.25% | 0.007 0.038

rRad. corrections 0.5% 0.5% 0.014 0.076
1.6 Acceptance(E’) 0.5% 0.5% 0.011 0.038
1.6 Acceptance(0) 0.5% 0.5% 0.011 0.038
8 pcceptance (BE’)Y 0.2% 0.2% Q.00 2.01%

8 Acceptance (9) 0.2% 0.2% 0.001 5,003
Al. subtracticn 8 0.1% 0.1% 0.001 0.008
Total Point-to-point 8 0.77% | 0.026 0.122
Total point-to-point 1.6 1.02%

Incident charge 0.5% 0.5% 0.008 0.001

Target density 0.85% 0.85% | 0.014 0.002
Target length 0.2% 0.2% 0.003 0.000

Rad. Corrections 1.0% 1.0% 0.017 0.003
Overall Acceptance 1.0% 1.0% 0.017 0.003
1.6 Normalization 1.0% 1.0% |0.022 0.075
Total Absolute errors 2.0% 0.036 0.075
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summary of the major sources of errors is given in Table 4.1
and in the following discussion. In addition to these errors,
the errors in the proton subtraction were also propagated

through.

Error summary:

i. Incident beam energy: The point-to-point error on the
incident beam energy was obtained from the observed scatter in
energy needed to align the elastic peak positions at W* = M;?
as determined by the elastic peak analysis {15]. The effect on
the cross section was calculated for each data point using a
model cross section evaluated with different beam energies but

constant W.

2. Scattering angle: The uncertainty was based on the accuracy
of the measured beam incident angle as given by the wire
arrays and cavity monitors, and on the uncertainty in the
survey of the spectrometers and the wire chambers. The effect
on the cross section was calculated for each data point using
a model cross section evaluated with different scattering

angles but constant W*.

3. Incident charge: The absolute error on the toroid charge
measurement was obtained from a calibration against
measurements made with a Faraday cup [39]. The point-to-point
systematic error was obtained from the observed run-by-run
fluctuation in the two toroid measurements relative to each

other (see appendix A).
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4. Target density: The absolute error on the target density
was calculated based on several contributing factors. The
error on the bulb pressure measurements was -~0.3%, and the
resistance measurements were good to ~0.2% [99]. The
conversion from pressure to temperature had an error of 0.5%
due to uncertainty in the cryogenic data [26][27). The error
in the conversion from resistance to temperature was unknown,
but believed to be small, so an estimated error of 0.5% was
used. The conversion from temperature to density had an error
of 0.6%. Summing these error in quadrature for each
measurement and averaging since the bulb pressure and
resistance density measurements were averaged gives an
absolute error on the density measurement of 0.85%. The
point-to-point error was obtained from the observed run-to-run

fluctuations in the different measurement methods.

5. Target 1length: The target 1length uncertainty due to
uncertainty in the amount of shrinkage due to temperature

effects was estimated to be 0.2%.

6. Efficiency: The electron detection efficiency was estiuated
by calculating the various detector efficiencies with slightly
different assumptions. The main concerns were efficiency
dependence on tracking and the possible variation of
efficiency with changing counting rates. Also the efficiency

can change with m/e -.atios.
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7. Radiative corrections: The dominant uncertainty in the
absolute radiative corrections was due to neglecting the two-
photon exchange contribution which is suppressed by a factor
a = 1/137. There were additional uncertainties due to higher
order processes and using the peaking approximation. Aan
absolute error of 1.0 was assigned, and a point-to-point error

of 0.5%.

8. Acceptance: absolute and point-to-point acceptance errors
for the 8 GeV spectrometer were obtained from the wire float
measurement of the optics {30] and from studies of the
effective target length dependence of the acceptance. Point-
to-point errors for the 1.6 GeV spectrometer acceptance was

estimated from quadrupole saturatien studies.

9. 1.6 Gev normalization: The error on the normalization was
calculated along with the normalization factor wusing
statistical error weighted averaging over all W? bins where
1.6 data existed along with at least two 8 GeV data points.

This procedure was discussed in greater detail earlier.

The point-to-point systematic errors on the form factors
were calculated by summing the statistical and point-to-point
sytematic errors in quadrature and then refitting the data.
The resultant error calculated by the fitting routine was
called the statistical plus point-to-point error. The absolute
errors were then combined in quadrature to give the total

error (excluding modeling errors). Since the 1.6 GeV data was
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compined with the & GeV data, the 1.6 normalizetion was

treated as a point-to-point error in the error analysis,

conclusions

Results have been presented for new measurements of the
A(1232) transition form factor, measurements for the extracted
transverse and longitudinal deuterium cross section
components, R.(W?,Q?) and R, (W?,Q*), and measurements of the
neutron elastic electromagnetic form factors which were
extracted from the data under a variety of model assumptions.

The A(1232) transition form factor measurements verified
previous measurements. The fall-off of the form factor with
inCreasing Q* was observed to fall faster than that expected
from pQCD, although the fall~off of the proton elastic form
factor, G,,, and of the higher resonance, S, do have the
predicted pQcD fall-off with Q2.

The measurements of the deuterium transverse and
longitudinal components were presented for the range 1.7%5 < Q2
> 4,0 (GeV/c)?. These results are independent of deuterium
cross section modeling. As better models are dev:oped for the
quasielastic cross section and/or the inelastic cross section
model the neutron form factors can be re-extracted from the R,
and R, results.

The form factors were extracted from the deuterium cross
section data using three different extraction methods. Three
methods were used as a check that the form factors were being
calaulated properly. The different extraction methods agree

very well as expected.
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In comparing the form factor results for both the proton
and the neutron, one thing is very clear. Namely, there is not
a single model shown which can adequately describe all four
nucleon forim factors. However, since most of these models
involve free parameters which were fit to lower Q* data, it is
guite likely that the parameters could be adjusted to give
better fits. It remains tao be seen whether one of these models
can be adjusted to describe the measurements for all the form
factors.

The results for G,, are consistent with the dipole form
factor representation, and in fact, there is no model shown in
Figure 4.7 which passes through these data. The results for G,
are consistent with zero. This is an important result because
some models predict an increasing G,, with increasiny ¢2. At
least at the Q® of these measurements this does not seem to be
the case, and this result should be used to ccnstrain all
existing and future models. If G, continues to be consistent
with zero at high @ then existing deuterium cross section
measurements out to Q* = 10.0 (GeV/c)* [8] can be used to
extract information on G, at these ligher Q°.

A study has been made of the extracted form factor
results under several different assumptions pertaining to the
inelastic model. Assuming that these results are indicative
of the systemati~ error due to the inelastic model, one could
conclude that the systematic error due to the smearing models
is small compared to the "total" systematic error. The term
"total" means statistical plus systematic errors (no modeling

errors). The systematic error due to different off-shell
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corrections is small for G,,, but for G at large Q* is ~ half
of the "total" systematic error. The systematic error due to
different deuterium wave functions is liarger than that due to
smearing models but smaller than that due to off_shell
corrections.

In conclusion, these difficult measurements have produced
very interesting results and will serve a very useful purpose
in the development of nuclear structure theory and in the
understanding of the strong interaction. éince no theoretical
model] was able to reproduce all the nucleon form factors,
additional theoretical work is needed to explain these new
results. This experiment has nearly pushed to the experimental
high Q* limit the extraction of the nucleon form factors using
a Rosenbluth separation. Now, experimentalists must turn to
different techniques if more information is to be learned

about the nucleon elastic charge and magnetic form factor.
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APPENDIX A: TOROIDS

The toroidal charge monitors, or toroids, in the End
Station A were composed of iron rings which encircled the beam
pipe. They were located a few meters upstream from the target
area. When the beam current passed through a toroid a magnetic
field was induced inside the iron. This field induced a
current in a wire which was looped several times around the
toroid. The torcid winding was placed in parallel with a
capacitor to produce a resonant signal when the charged
electron pulse passed through the core. This resonant signal
passed through a nearby pre~amplifier and was then carried to
the counting house where it was branched to the “old" and the
"new"” readout systems. Both of these readout systems were used
for this experiment as a consistency check. However, the old
system performance began to deteriorate and proved unreliable
towards the end of the experiment. The actual data from the
0ld readout system were only used for a few early runs when
the Microvax was not running, and thus the new readout system
was not working.

The old readout system began with a three stage
amplifier. Each stage could amplify by one, three or ten. The
signal next entered a circuit which sampled the pulse just
beyond the second peak of the resonance and produced a sguare
wave pulse with the same amplitude as the sampled point. This
square wave was converted to an ADC signal which was

proportional to the charge in the beam pulse. These signals



202
were continuously accumulated and were read by the Vax and the
Microvax computers periodically.

The new readout system began with a solid state amplifier
equipped with a divide by three attenuator to produce gains of
i, 173, 10, 10/3, 100, 100/3, 1000, and 1000/3. The amplified
signal was integrated over one half-period of the signal and
then converted to an ADC signal which was proportional to the
charge in the beam pulse. The ADC signals were accumulated by
the Microvax computer. Figure A.1 shows the toroid readout and

calibration systenms.

Calibration

Each toroid had its own independent calibration system.
The main component of this system was a capacitor of known
capacitance. For one of the toroids, the capacitance, Cl, was
given by 21.80 nF, and for the other toroid C2 was given by
21.99 nF. Both capacitances were measured to 0.1%. The
capacitor was charged to a known voltage, V, set by a digital-
to-analog converter, or DAC. The DAC voltage had been
calibrated to be correct to 0.1%. The capacitor was then
discharged through a single turn winding around the toroid,
thus acting like a beam pulse of known charge, Q = CV. An
attenuator circuit located near the toroids was set by the
Microvax computer to attenuate by 1, 10, or 100. This allowed
for simulating large and small beam charge pulses. The
resultant rescnant signal produced in the toroid circuitry was
handled in the normal manner for both the old and the new

systems. Periodically, a maxi-calibration was done which
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Figure A.l: Toroid data acquisition and calibration systen.
Each toroid has its own independent and identical system.

consisted of calibrating at several different gains,
attenuator values, and DAC voltages. This was done to monitor
any changes in the system which might have occurred such as
temperature effects, gain drifts, and timing changes. also, a

mini-calibration was done before every run at a single gain,
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attenuator, and DAC voltage setting corresponding to what was
needed for the beam currents at that time. These calibration
data were used to correct the measured beam charge on a run by

run basis.

Corrections

Several corrections were needed to the measured toroid
real data and calibration data. Corrections for the new toroid
readout system were made for attenuation, the nonlinear
response of the toroids, and timing. Corrections fcir t..2 old
toroid readout system were made for beam repetition rate
dzpendence, and ADC drifts.

The attenuation correction was done for calibrations
which used the divide by ten attenuator because the
attenuation was not exactly egqual to 10 (the divide by 100
attenuator was never used for normal running conditions). The
correction, using the maxi-calibration data, was found by

averaging the ratio of calibration data:

.. _ (cAL(Attenuator=1, DAC voltage=1) (a.1)

“+% {CAL (Attenuator = 10, DAC voltage=10) '

The DAC voltage was changed with the attenuator to produce
what should be the same calibration pulse. The corrections for
the twe toroids were small but on the same order as the error
on the toruid measurement, 0.9985 and 0.9994.

The nonli,=arity correction accounted for the small
nonlinear response of the toroids with changing DAC voltage.
Figure A.2 shows a typical plot including the fit for this

nonlinearity calculated from the maxi-calibration data.
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Linearity correction for gain = 3
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Figure A.2: Sample plot showing the toroid nonlinearity
correction as a function of DAC voltage.

The calibration data in this plot were normalized to the mini-
calibration data taken at a gain of 3. To calculate the
linearity correction, an average equivalent DAC voltage must
first be calculated for the measured beam charge data. This
equivalent voltage was the DAC voltage needed to reproduce the
average beam pulse charge. The linearity correction was
calculated from the fit to the data shown in figure A.2. It
multiplied the mini-calibratio~ data. These corrections never
exceed 0.2% for this experiment.

The timing correction was the biggest correction applied
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to the toroid data. The new toroid readout system involved
integrating over a portion of the toroid resonant signal. The
start and stop to the integration were triggered by the beam
gate. If the beam pulse position changed in time relative to
the beam gate then a different result would be obtained for
the signal integration. The timing correction takes this into
account. Figure A.3 shows a typical timing correction plot

calculated from the ratio of the calibration data at different

Timing correction for gain = 1
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Figure A.3: Typical timing correction plot. Calibration
coefficients versus the time shift from the nominal time
between the beam gate and the beam pulse is normalized tc
the calibration coefficient at the nominal tiwe.
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time delays to the calibration data at the nominal timing. The
timing was calculated from the event scaler histogram which
was accumulated during data taking. The event scaler measured
the time between the beam gate and the event trigger using a
scaler to count pulse generator clock counts between the
timing start and stop. A histogram of many events outlined the
shape of the beam pulse since the event trigger could occur
anywhere in time along the pulse. The timing correction for

this experiment was as low as 0.985 for a few runs.

New toroids ratio
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Figure A.4: Ratio of corrected new toroid reading
measurements for the two independent toroids versus run
nunber over the entire experiment.
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Overall, the performance from the new toroid readout was

very good. Figure A.4 shows a plot of ratios of the two toroiad
measurements with the new toroid readout systems. The measured
charge value used was the average between these independent

charge measurements, and it had an error - *0,2%.

It was discovered in the middle of this experiment that

the old toroid readout was exhibiting a dependence on the beam

Gain = 3
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Figure A.5: Calibration data normalized to the 60 pulses-
per~second rate calibration data. The different sloped lines
ccrrespond to different DAC voltages. The lines become less
sloped as the DAC voltage is increased.
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repetition rate. Some investigation indicated that the problem
was occurring in the module which samples the toroid resonant
signal. An increase in repetition rate somehow produced a
negative DC offset in the sampling module which lowered the
measurement of the toroid charge. The repetition rate
correction for the old toroids which was needed to take this
effect into account had an ADC readout dependence as well as
the repetition rate dependence. Special maxi-calibration data
was taken at repetition rates of 30, 60, and 120 pulses-per-
second and at several DAC voltages and gain settings. Figure
A.5 shows a plot for a gain = 3 of these measurements
normalized to the 60 pulses-per-second point. Data at the same
DAC voltage are connected by lines. Linear fits to the data at
the same DAC voltage were found, and the DAC voltages were
converted to their eguivalent ADC readings. Fits to the slopes
versus ADC were found as shown in Figure A.6. To apply the
correction for a given run, the average measured ADC reading
was calculated and a slope was calculated from the fit. Using
this line which passes through 1.0 at 60 pulses-per-second,
the correction was calculated by interpolating to the actual
repetition rate for the run. This correction ranged from 2.0%
to 2.5% for the few runs where the old toroid readout was
necessary.

The last correction to discuss is the ADC linearity
correction for the old readout system. This correction was
similar to the nonlinearity correction found for the new
toroid readout. Figure A.7 shows a plot of the nonlinear

response of the calibration with ADC value. The average ADC
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Figure A.6: Plot and fit to slopes found from data in Figure
A.5 versus ADC.

value for each run was calculated and the calibration
coefficients were corrected using the fit shown in figure a.7.
This correction was fairly constant for the few runs of
interest, and had a value of ~ 0.7%.

As mentioned earlier, the old toroid readout behavior was
only good in the first part of the experiment. Note that the
first run of the experiment was run number 125. The old
readout system for Toroid 1 completely died after - run 200,

and the performance of the old readout system for Toroid 2
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Figure A.7: Sample plot of toroid calibration coefficients

normalized to the mini-calibration data versus ADC and the

fit used for calculating the correction.
slowly deteriorated over time. Figure A.8 shows two plots
which give strong indication that is satisfactory to use the
old toroid readings for a few runs. The top plot is a ratio of
measurements from the new and the old readout systems for the
same toroid, toroid 1. The agreement is reasonably good. The
bottom plot shows the ratio of measurements from the old

toroid readout for toroids 1 and 2. The open circles are the

runs where the new readouts were not available. Again, the
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Figure A.8: Top: plot of new toroid over old toroid reading
for the same toroid. Bottom: Ratio of old toroid readouts.
The open circles are the data for the old toroid when the
new toroid data was unavailable.

agreement is good, and the torcid readings look reliable for
this range of runs. The absolute error on the toroidal charge
measurement was found to 0.5% from a cross calibration

measurement made using a Faraday cup [39].
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APPENDIX B: 8 GEV SHOWER COUNTER CALIBRATION

The calibration of the shower counter blocks was a very
important component of the shower energy calculation process.
The desire was to find coefficients for each block which would
convert the pedestal-subtracted ADC pulse height to the energy
deposited by the particle in that block. Two different shower
energies were needed. SHSUM was the sum over 2zall computed
energies in all blocks. It was used for calculating the
tracking efficiency for electrons since a pion leaves
considerably less energy than an electron. SHTRK was the sum
over all block energies through which a track passed or passed
near. It was used for identifying electrons and pions. It
should be noted that in the following discussion the term
“track” will be loosely used to describe the avalanche of
shower particles created in the lead glass array for a single
particle passing through.

Before the calibration coefficients could be calculated
it was necessary to correct the measurad energy versus Y, the
vertical direction. There was a decrease in the measured
energy for hits far from the phototube as compared to hits
near the phototube. This is indicated in Figure B.1 for a PR
block and a TA block. The PR blocks had phototubes only at the
top, or at +Y, while the TA blocks had phototubes at both ends
whose outputs were summed. For the Y dependence calculation a
constant, but approximately correct, block coefficient was

used to calculate the energy. The energy data in Figure B.1
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Figure B.1l: Sample plots showing the vertical dependence of
the measured energy in a block from each of the first two
layers in the shower counter.
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have been normalized to the highest measured energy. &
polynomial fit to the vertical Y position, FIT = A + BY + CY?,
was done to these normalized data. The fits were then used in
the subseqguent data analysis to correct the measured energy to

the nomipal value depending on the Y position of the particle
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track as determined by the tracking code. This was done by
multiplying the measured energy by 1.0/FIT(Y). Note that Y
corrections were not done for the TC blocks because low
statistics did not allow for obtaining good fits.

Now, in order to calculate the block coefficients, blocks
were grouped together in six sets corresponding to the six PR
blocks. The TA, TB, (and TC for momenta above 4.0 GeV). Blocks

included in each group were the ones which could contain some

P|®

(ravs)

Electron

{ TAU6

geee

Figure B.2: Shaded blocks indicate those which could contain
some shower energy contribution due to a track hitting block
PR3 at a point near the center of the block.
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of the shower energy for any track which passed near the
center of the corresponding PR block. One such group is shown
in Figure B.2 for PR block #3. Testing was done by looking at
many individual events to verify that the track energy for
tracks hitting within the central limits of the hit PR block
was contained within that block’s corresponding group. The
central limits were defined to be the central 70% of the block
or 11.1 cm out of a total width of 15.8 cm. Each group
contained one PR block, two TA blocks, two TB blocks, (and twc
TC blocks when these blocks were needed).

The energy deposited in block i contained in group j for
a single particle track was given by:

(ADC(i,3) -PED(i,3)) *C,y (i, 3)
Ptrk ’

Eqxfi.j)=

where C_,, was the calibration coefficient for the block, and
P:,, wWas the particle momentum as determined from the wire
chamber tracking data. The initial values for C., Wwere
arbitrarily chosen at reasonable values and the final values
were determined by iterating the calibration procedure. Since
a given group completely contained the tracks which hit in the
designated area, the coefficients were found by minimizing,

for many =vents, the chi_sguare guantity:
x2(3)=(1.0-Y c(i, i) By (i,3))2 B.2
i

where j is an index of the hit PR blocks, the sum over i loops
over all blocks contained in a group, and the fit

coefficients, ¢, were the multiplicative corrections to the
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block coefficients. It should be noted for the TA layer there
were two coefficients for each block because there were two
phototubes. The two coefficients found were not the same, and
there was evidence that the response of some of the tubes was
changing over the course of the experiment. The gquantity E,,,
for a TA block was shared between the two phototube
contributions. As mentioned above, the least square fit was an
iterative procedure, and when good block coefficients were
being used the fit coefficients, ¢, were found to be
consistent with 1.0 within errors.

It should be noted that some blocks, because of the way
the block groups were defined, could belong to two different
groups. These blocks thus had two different block coefficients
found which may or may not have been the same. It is possible
for a piece of lead glass to have different responses in
different regions due to radiation damage. A block shared by
two groups probably only has tracks passing through a certain
region of the block for a given group.

The block coefficients as determined for each group were
used to define the shower quantity SHTRK depending on which PR
block was hit as defined by tracking. If a track passed
outside the central region defined earlier, then the PR block
energy for the adjacent block was also added in to SHTRK. The
contributions from the adjacent blocks in the second, third,
and fourth layers for these cases was small, and were not
included because it was desirable to discriminate between
multiple particle events by including as few blocks as

possible in the SHTRK calculation. The quantity SHTRK was
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calculated for each track found by the tracking programs.
Average block coefficients were found by averaging the
coefficients for the blocks which belonged to two groups.
These coefficients were needed to calculate the shower
quantity SHSUM which was independent of tracking, and thus the
group coefficients were not applicable.
In order to obtain good calibration over the entire
experiment, sets of different Y corrections and block
coefficients were found at many momenta. Tests were done to

eliminate as many of these sets as possible by using the
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Figure B.3: Measured resolution of the 8 GeV spectromster
shower counter as a function of spectrometer momentum.
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calibration from one data set on another data set and checking
the degradation of shower resolution. It was found that four
sets of coefficients was sufficient to minimize the overall
resoclution. The momentum ranges which the final sets covered
were: 0.578 < E/ < 1.095, 1.095 < EY < 2.3985, 2.395 < Ef <
3.995, and 3.995 < E’ < 7.7, here E’ was the spectrometer
momentum in Gev.

The measured SHTRK resolution for this detector was
consistent with results achieved in previous experiments.
Figure B.3 shows a plot of these resolutions calculated from
a Gaussian Fit to the SHTRK peak. The resclution as scaled by
E’ gets worse at high momentum as expected. The average FWHM

resolution for the entire experiment was 17.5%//E’.
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APPENDIX C: RADIATIVE CORRECTIONS

The cross section formulas used for this experiment’s
data, such as the Rosenbluth cross section, assume that th:
only contributing process to the cross section is that of
single photon exchange, or the Born approximation. This is the
l~west order contributing process in a, the fine structure
constant. There are, however, higher order electromagnetic
processes in a which also contribute to the measured cross
sections. The purpose of the radiative corrections was to
correct the measured cross sections for most of these higher
order processes. Radiative corrections were necessary for the
aluminum cross sections used for the target endcap
subtraction, for the proton inelastic cross sections used for
formulating the proton inelastic model, and for the deuterium
cross sections from which the neutron form factors were
extracted. The radiative corrections for the proton inelastic
data also included the subtraction of the proton elastic
radiative tail.

In order to calculate radiative corrections and the
procon radiative tail a good target model was necessary as
well as cross section models for deuterium, elastic and
inelastic hydrogen, and aluminum. The deuterium and the
hydrogen inelas*ic models are discussed in great detail in the
main text since they =are also used for the form factor
extraction. The remaining models will be discussed here as
well as an in~depth summary of the formulas used for the

radiative corrections.
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Target Model

The purpose of the target model was to calculate the
amount of material traversed by the electrons before and after
scattering at any interaction point along the target length.
A computer program which modeled the target was given the
interaction point in the target for an electron scattering
event and the desired scattering angle, and for the liquid
targets, returned the radiation lengths traversed for the
aluminum and the target materials separately. A summary of the
target materials is given in Table 2.1 and Figure 2.2 shows
the target assembly. The incap, or entrance region, for each
liquid target was stamped out of a flat sheet of aluminum. The
radius of curvature of the incap was 5.019 cm, and the depth
of the curve was 0.528 cm for a central beam particle as
indicated in Figure C.l, This figure shows a top view of a
long liguid target. The incap dimensions for each of the four

liguid targets was assumed to be the same. The endcap shape

4.5 cm

1
t-i-’B.SZB cn

S 15 ow

6.44 cnm

Figure C.1: Bird‘’s eye view of a short target indicating
important dimensions.
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was measured and fit by an elliptical curve. The curve used
for the inner target surface had semi-axes of 1.270 and 3.219
cm. The endcap in the region where the endcap meets the wall
varied in thickness. To account for this thickness variation
the outer target endcap surface was modeled using thickness
measurements with three different elliptical fits depending on

the point of exit of the scattered electron. A

Table C.1l: Elliptical fits used for
modelling outer endcap region.
Intersection pt. Semi-minor | Semi-major
along major axis axis (cm) axis (cm)
(cm}

r < |2.20] 1.2780 3.2290
J2.20]< r < J2.95] 1.2766 3.2344

r > [2.95] 1.2710 3.2443

summary of these ellipse fits is given in Table C.l. The
endcap dimensions for each of the four liquid targets was
assumed to be the same. The quantities determined by the
target model were TB,,, and TB,, (B for before scattering) and
TA,,, and TA, (A for after scattering) in units of radiation
length. The total radiation length for before and after
scattering is given by TB = TB,,, + TB,,, TA = TA,, + TA,,, and

T.. = TB + TA.

Proton Elastic Cross Section Model
The proton elastic cross section model used for the
calculation of the elastic radiative tail was a simple
Rosenbluth formula which used input form factors. The form

factors used were consistent with the values measured in this
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experiment. G, (Q*) followed the dipole form and G,(Q?%)

followed the fit of Gari and Krimpelmann [84].

Aluminum Cross Section Model

Aluminum cross section calculations due to Liuti [99]
were used for creating the model aluminum cross section. These
model cross sections were in good agreement with the measured
data in this experiment [66]. The calculations [100] included
a gquasielastic contribution calculated using a plane wave
impulse approximation with 1light cone dynamics, and an
inelastic contribution calculated by convoluting the spectral
funct'on for aluminum with the nucleon structure functions.
These calculations also include two-nucleon correlations. The
cross section model used merely interpolated between the

calculated cross sections points.

Radiative Corrections
The higher order radiative processes in a can be broken up
into two main categories. These categories are listed below
along with their contributing processes.
1. Internal effects are those which occur during the
scattering process.

A. Internal bremsstrahlung refars to the emission of
photons in the field of the nucleus auring the
scattering process. Only electron bremsstrahlung effects
were taken into account for these calculations.

B. Vacuum polarization refers to the production and

annihilation of a particle-antiparticle pair from
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the photon propagator. Loops considered include
electron, muon, tau, and quark pairs where five types of
quarks were included (The top quark was neglected).

C. Vertex processes refer to the emission and absorption of
a secondary photon about the vertex at which the
exchanged photon is emitted or absorbed.

D. Multiple photon exchange refers to processes involving
the exchange of more than one photon.

E. Soft multiple photon emission refers to the emission of
many very low energy photons during the scattering
process.

External processes are those which occur either before or

after the scattering process takes place and involve

Vacuum polarization Electron vertex Nucleus vertex

= = oS =t

Internal Two-photon
bremsstrahlung exchange

C.2: Feynman diagrams for the 1lowest order radiative
processes contributing to the measured cross sections.



interactions with other nuclei.

A. External bremsstrahlung refers to the emission of
photons from the incident or scattered electron in the
target material.

B. Ionization energy losses refer to the electron energy
lost due to ion producing interactions in the medium
traversed.

Figure C.2 gives a schematic of the most important of the
internal processes. The formalism used for the calculation of
radiative corrections was that of Mo and Tsai [101]
r102] with several improvements and corrections as noted
by Walker [103]. Walker’s corrections were for elastic
radiative corrections, but much of this was carried over to
the quasielastic and inelastic radiative corrections presented
here. The process of calculating the radiative corrections is
an iterative procedure. After each iteration, the data were
fit and the input models were adjusted accordingly. The
iterations continued wuntil the radiative corrections
converaged. All radiative corrections were lumped togzther in
a single correction, RC, defined:

o (E E')

RC= .,
o (E,E")

(C.1)

where o(E,E’) is the calculated unradiated differential cross
section (model cross section) and o,(E,E’) is the calculated
radiated cross section. RC multiplied the data which were
basically the measured radiated cross sections in order to

obtain the measured unradiated cross section. RC was
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calculated for each kinematic point as a function of W* (which
is equivalent to E‘) and for several values of 6 within each
spectrometer’s acceptance.

The internal bremsstrahlung effect was modeled using the
method of equivalent radiators. One radiator was effectively
placed before the scattering vertex and one after, and each of

the equivalent radiators was assigned a thickness

2
1r{§z -1)], v.2)

= @
Tza"(_bT{)

which is in units of radiation lengths and where

- -2/3
1n(il194%Z /) . C.3)
1n(184.152°1/3)

4 147+1 - -1
b=—J = .1527-1/2 ) =
3ll+ 9( +ﬂy1nu84 152 -1/3)) 1

N

Z is the atomic number of the target material and M, is the
electron mass. The amounts of radiator material before and
after scattering are now defined to be TB,, = TB + T,, and

Theq = TA + Tye-

The complete formula used to calculated the radigted

cross section in the peaking approximation is given by

bTh
ny -j RO PRl A it £ ‘ 2 1
os (2,5 =28 (?> (1 —.—(l_bTm)A)o(B,E YF02, Ty

E-RA
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where

/ ] ! Iy
(E-¢) __(E-&) ,__(e-ED ,_ (e-E}
ER E E E’
(M_-2Esin? (%))
Re—2 T2, E=154.2T__ X, (GeV),
(M, -2E'sin?(2)) A

r=

v

{c.5)

and M, is the proton mass, A is the atomic mass, X, is the unit
radiation length of the target material, and £ is the Landau
straggling parameter for the ionization energy loss
contributions. A is an integration parameter needed because
the integrals are improper. If A is chosen according to the
directions given by Tsai then the calculation should be
independent. of 4. The terms containing the function ¢ in the
g.(E,E’) calculation represent the effects due to
premsstrahlung. The shape of the bremsstrahlung distribution

is given by [104]

&ly) =4arl | (%-%yﬂ'z)[Zz(Lud—f (az)) +ZL, )+

(C.6)
%(1—3') (22+2)7,
where f is the Coulomb correctior,
13
£(aZ) =1.202 («Z)2-1.0360 (a2)4+ 2:008(8Z)° = (¢ 4
1+ (@2)?

and r, was defined such that ¢(0) was normalized to 1.0. For
Z = 1, the parameter l,,, wWwas 5.310 and L’_,, was 6.144, while
for 2 = 13, L, was 4.361 and L’,,, was 5.375. The guantities

E... and E’_,, in the integration limits are the kinematically

sin

alloved extremes for the interaction to take place due to
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energy conservation:

- ME' o o MEB (c.8)
= 2 — pax = . .
M,-2E sin? (?)

Ea M, ~2Esin?(2)

Finally, the function F(Q?,Tiw.) is expressed as

F(Q*. Ty,.) =1.0+0.5772bT:Dt—0.66(bTw,_)z—Ea’—r{ln(—E%)} -
(C.9)
2
2 % -0 (cos? ()| + Buac * Buercens

where the Spence function, #(x), is defined as

x «
tb(x):{'_’-ﬁ!-}—‘—yidy. (c.10)
o

The contribution from vacuum polarization for producing

a particle and anti-particle of mass M is given by

2a 5 M2 (1 2M 4M?2 4M
Byac (M) === 9+F 3 3——34|1+ o7 1'{4M2 Q ]]

Vacuum polarization contributions were calculated for

electron, muon, and tau loops,

BITEEONLB ac (M) + B guc (M) + 8, (M) . (C.12)
The vacuum polarization contributions due to quarks was
obtained using the parameterization given by the TASSO
collahoration [105] which is wvalid for 1.0 £ Q £ 64.0

(GeV/e)*:

332k 5 (0, 001512 +0.0028221n(1 +1.21803)) (C.13)

Vac
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The non-divergent contribution from the electron vertex

diagram is given by

2a 3 Q?
6wna=jrrl+?lﬁzﬁ).

The divergent, infrared terms (terms which are evaluated in

(C.14)

the limit as the photon 4-momentum approaches 0 and exhibit a
logarithmic divergence) from this process and others can be
shown to cancel [102]. The observable contribution from the
nucleus vertex diagram was assumed to be negligible. It should
be noted that contributions due to two-photon exchange were
not included in the radiative corrections. This is probably
the biggest source of error in the corrections.

The 6-dependence of the radiative corrections for each
spectrometer is shown in figure C.3. These sample plots show
the radiative corrections plotted against the P acceptance of
each of the spectrometers and are normalized to the central
scattering angle. The 6 dependence was quite significant for
the 1.6 GeV spectrometer because of the large 6 acceptance.
The sudden change in the correction at large 6 for the 1.6 GeV
spectrometer is due to the presence of the tungsten shields
and the strong correlation between detected particle’s
scattering angle and the position of its interaction point

within the target.

Proton Radiative Tail
The proton elastic radiative tail extends from the

elastic peak region into the inelastic, or pion production
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Figure C.3: The 8 dependence of the radiative corrections
for each spectrometer plotted against each spectrometer’s 6
acceptance.

region., This contribution must be calculated and subtracted in
order to study the inelastic data. A study was alsc made of
the radiative tail from the elastic deuterium peak. This tail
tends to rise again after its initial descent from the elastic
peak and can become significant in the deep inelastic region.

However, this tail was found to be completely negligible for
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the kinematic region corresponding to the data measured in
this experiment.

The proton elastic radiative tail was calculated using
the formula, which is exact to lowest order in o, due to Tsai
[102]. The quantities s, p and k refer to the four-momenta of
the incident and scattered electron and the photon
respectively. The guantities ¢ and p, are the four momenta of
the initial and final target particle states. This formula was
calculated in the coordinate system where u= s+t-p = k+p, is
along the z-axis and s and p are in the x~z plane. This choice
was made to simplify the azimuthal angle integration. 6, is

the angle between u and k. The cross section formula for the

tail is:
1
d2¢ «? EI ZMpQ d(COSek) 2.
B LB =252 TS rie2,T,,
anae’ st Zm EJ 04 (u,- |T|cosby) 0% Teoc)
(W, (Q?) *T1 (cos®,) + W,(Q?) ‘T2 (cosb,)),
_ 2
T1(cos8,) = ame[zE<E/+m)+Q_z]-i'2E'(E—m)+Q—ZJ-2+
x3 2 y3 2

11 R ) e
2v(;--;){m§(s-p-w-) + (s p)}(2EE’- (s P} +w(E—E’))]+

2 !
(2 -i)[mu 2 (g m”ﬁiﬂ_ﬁ_ u_]
X y 2 X y

!
T2(cosﬁk)=[i%~—j%Jm§(2m§+Q2)+4+
x y

(—x"'— -%)(u(swp) (s'p-2m2) +2s-p+2m?-02?}.
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where o,, 1s the fiist terr appearing in Eq. C.4, and the

remaining kinematic variables are defined by:

us=s+t-p=pg+k, u,=E+M,-E’, Jd|=yui-u?,

W= _L?_L . u?=2mZ+Mi-2(s'p) +2M_(E-E"),
2\ u, - [dfcosh, P 4

0?=2mZ-2{sp) -2w (E-E’) +20|d|caosh,
a=w{E’'- [P]cosB cosb,), a'=w(E-[§|cosB cosB,),

Sicose - I5 -
cosep=_]§iE°ISTJBL, rosB , = 18| =[Blcost

Ia !

v=(i, —i), x=ya?-b?, y=ya’?-b?,.
a a

_ 1 E .: _ E .
cosBk-m[Es:Lan 113!51n(“5

The guantities W,(Q?) and W,(Q%) are the structure functions
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Figure C.4: Sample inelastic hydrogen plot showing the effect

of the radiative tail subtraction. These data were taken at E
= 5.507 GeV and Q* = 1.75 (gevV/c)?>.
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for the proton in the elastic limit (eguivalent to form
factors). The radiative tail from the deuteron elastic peak is
calculated with the same formula using W,(Q*) and W.(Q?)} for
the deuteron. Figure C.4 shows a sample inelastic hydroger,
cross spectrum before and after the subtraction of the elastic
radiative tail. Tt is clear that the cross sections which have
had the tail subtracted clearly fall to zero, as expected, at

the pion threshold of W = 1.15 GeV?,
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APPENDIX D: DEUTERIUM CROSS SECTIONS

All of the following tables contain results for the
meas red deuterium cross sections as a function of W?. Cross
section and errors are in nb/sr/GeV?. ERR1 is the statistical
error, ERR2 1is the totalv error, and R, is the applied

radiative correction.

Table D.1: 8 GeV spectrcmeter data
Q> = 1.750 (Gev/c)?, E = 1.511 GeV, TH = 90.067°.

W do /dnaw? ERR1 ERR2 R.

0.775 1.65E~01 0.80E-02 0.86E-02 1.280
0.805 2.06E-01 0.54E-02 0.66E-02 1.270
0.835 2.58E-01 0.56E-02 0.74E=~02 1.251
¢.865 2.99E-01 0.64E-02 0.86E-02 1.219

0.895 2.99E-01 0.67E-02 0.87E-22 1.176
0.925 2.94E-01 0.57E-02 0.80E~02 1.122
0.955 2.82E-01 0.60E-02 0.80E-02 1.056

0.985 2.02E-01 0.10E-01 0.11E-01 0.988
1.0i5 1.96E-01 0.12E~01 0.12E-01 0.922
1.045 1.59E-01 0.77E-02 0.82E-02 0.861
1.075 1.55E-01 0.70E-02 0.76E-02 0.810
1.105 1.34E-01 0.63E-02 0.67E-02 0.773
1.135 1.25E-01 0.62E-02 0.66E-02 0.753
1.165 1.29E-01 0.68E-02 0.72E-02 0.752
1.195 1.19E-01 0.12E-01 0.12E-01 0.768
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Table D.2: 8 GeV spectrometer data
Q* = 1.750 (GeV/c)?, E = 1.968 GeV, TH = 55.209°.

w? do/dngw? ERR1 ERR2 R.
0.565 1.06E~01 0.23E-01 0.23E-01 1.334
0.595 1.03E~01 0.52E-02 0,56E-02 1.337
0.625 1.38E~01 0.42E-02 0,49E-02 1.339
0.655 1.79E~01 0.44E-02 0.56E-02 1.341
0.685 2.41E~01 0.50E-02 0.67E=02 1.342
0.715% 3.09E~01 0.52E-02 0,77E-02 1.343
0.745 4.24E~-01 0.58E-02 0.98E-02 1.341
0.775 5.59E~01 0.67E-02 0.12E-01 1.337
0.805 7.17E~01 0.77E-02 0.16E-01 1.327
3.835 8.66E~01 0.8B9E-02 0,19E-01 1.307
0.8685 9.79E~01 0.15E-01 0,24E-01 1.274
0.895 1.01E+00 0.22E-01 0.29E-01 1.229
0.925 9.83E~01 0.18E-01 0.26E-01 1.174
0.955 8.67E~01 0.21E-01 0.27E-01 1.107
0.985 6.49E~01 0.41E-01 0.43E-01 1.039
1.015 6.41E~-01 0.17E-01 0.21E-01 0.973
1.045 5.33E~01 0.11E-01 0.15E-01 0.914
1.075 4.39E~01 0.96E-02 0.13E-01 0.865
1.105 3.89E~D1 0.87E-D2 0.11E-01 0.831
1.135 3.68E~01 0.83E-02 0.11E-01 0.814
1.165 3.63E~-01 0.85E-02 0.11E-01 0.817
1.195 3.80E-01 0.91E-02 0,12E~01 0.838
1.225 3.98E~01 0.11E-01 0.13E-01 0.872
1.258% 4.57E~01 0.27E-01 0.28E-01 0.914
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Table D.3:
Q* = 1.750 (GeV/c)?, E

8 GeV spectrometer data
= 2.407 GeV, TH = 41.111°.

W2 do/dndw? ERR1 ERR2 R.
7.475 9,03E-02 0.13E-01  0.13E-01  1.370
0.505 1.17E-01  0.10E-01 0.10E-01  1.373
0.535 1,30E-01 0.93E-02 0.96E-02  1.377
0.565 1.79E-01 0.10E-01 0.11E-01  1.380
0.595 2.22E-01 0.11E-01 0.12E-01  1.382
0.625 3.09E-01 0.13E-01 0.14E-01  1.384
0.655 3.80E-01 0.14E-01 0.16E-01  1.386
0.685 5.07E-01 0.16E-01  0.1BE-01  1.387
0.715 6.73E-01  0.13E-01 0.18E-01  1.388
0.745 9,10E-01 0.12E-01 0.21E-01  1.386
0.775 1.17E+00 0.13E-01 0.25E-01  1.381
0.805 1.50E+00 0.14E-01 0.32E-01  1.370
0.835 1.78E+00 0.16E-01  0.37E-01  1.350
0.865 2.05E+00 0.25E-01 0.46E-01  1.315
0.895 2.10E+00 0.31E-01 0.51E-01  1.269
0.925 1.99E+00 0.17E-01  0.41E-01  1.213
0.955 1.79E+00 0.16E-01 0.37E-01  1.146
0.985 1.S1E+00 0.15E-01 0.32E-01  1.078
1.015 1.26E+00 0.15E-01 0,28E-01  1.013
1.045 1.05E+00 0.24E-01  0.31E-01  0.955
1.075 9.41E-01 0.43E-01 0.47E-01  0.908
1.105 8.57E-01 0.22E-01 0.27E-01  0.875
1.135 7.69E-01 0.17E-01 0.23E-01  0.859
1.165 7.31E-01 0.16E-01 0.21E-01  0.863
1.195 7.17E-01  0.16E-01 0.21E-01  0.883
1.225 7.68E-01  0.16E-01  0.22E-01  0.918
1.255 8.89E-01 0.18E-01 0.25E-01  0.959
1.285 9.92E-01  0.20E-01 0.27E-01  1.002
1.315 1.12E+00 0.22E-01  0.31E-01  1.041
1.345 1.30E+00 0.26E-01 0.36E-01  1.074
1.375 1.55E+00 0.40E~01 0.49E-01  1.098
1.405 1.66E+00  0.12E+00  0.13E+00  1.114
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Table D.4: 8 GeV spectrometer data
Q* = 1.750 (GeV/c)?, E = 5.507 GeV, TH = 15.146".

w? da /dadw® ERR1 ERR2 R.
0.355 4.62E-01 0.10E+00 0.11E+00 1.520
0.385 4.74E-01 0,78E-01 0.79E-01 1,525
0.415 5.65E~01 0.64E-01 0.65E-D1 1.531
0.445 8.65E-01 0.68E-01 0.70E-01 1.536
0.475 9.39E-01 0.,65E-01 0.6BE-D1 1.541
0.505 1.20E+00 0.64E-01 0.6BE-01 1.546
0.535 1.59E+00 0.71E-01 0.77E-01 1.550
0.565 2.12E+00 0.78E-01 0,88E~01 1.553
0.595 2.61E+00 0.88E-01 0.10E+00 1.556
0.625 3.32E+00 0.97E-01 0.12E+400 1.559
0.655 4.42E+00 0.11E+00 0.14E+00 1.561
0.685 5.62E+00 0.12E+00 0.16E+00 1.562
0.715 7 .62E+00 0,14E+00 0.20E+00 1.562
0.745 1.02E+01 0.16E+00 0.25E+00 1.560
0.775 1.27E+01 0.18E+00 0.30E+00 1.554
0.805 1.68E+401 0,218+00 0.38E+00 1.541
0.835 2.06E+01 0.23E+Q0 0.46E+00 1.516
0.865 2.32E+01 0.35E+Q0 Q.55E+00 1.478
0.895 2.36E+01 0.36E+00 0.58E+00 1.422
0.925 2.25E+01 Q.258+00 0.50E+00 1.358
0,955 1.99E+01 0.21E+00 0.43E+00 1.283
0.985 1.64E+01 0.18E+00 0,.36E+00 1.207
1.015 1.35E+01 G.16E+00 0.30E+00 1.138
1.045 1.13E+01 0.14E+00 0,26E+00 1.072
1.075 9.70E+00 0.13E+00 Q.22E+00 1.021
1.105 8.61E+00Q 0.13E+00 0.21E+00 0.987
1.135 7.67E400 0.13E+00 0.20E+00 0.972
1.165 7.54E+00 0.14E+00 0.20E+00 0.977
1.195 7.48E+00 0.16E+00 0.21E+00 1.001
1.225 7.57E+00 0.19E+00 0.23E+00 1.039
1.255 2.51E+00 0.20E+00 0.26E+00 1.084
1.285 9.45E+00 0.,21E+00 0.28E+00 1.130
1.315 1.06E+01 0.23E+00 0.31E+00 1.173
1.345 1.17E+01 0.25E+00 0.33E+00 1.208
1.375 1.26E+01 0.26E+00 0.36E+00 1.23%
1.405 1.45E+01 0.29E+00 0.40E+00 1.253
1.435 1.54E+01 0.30E+00 0.42E+0Q0 l.262
1.465 1.69E+01 0.32E+00 Q.46E+00 1.263
1.495 1.77E+01 0.33E+00 0.47E+00 1.257
1.525 1,79E+01 0.34E+00 0.43E+00 1.246
1.555 1.82E+01 0.36E+00 0.50E+00 1.232
1.585 1.89E+01 0.38E+00 0.53E+00 1.215
1.615 1.81E+01 0.42E+00 0.55E+00 1.197
1.645 1.87E+01 0.52E+00 0.63E+00 1.17%
1.675 1.84E+01 0.68E+00 0.76E+00 1.163
1.705 1.65E+01 0.11E+0i 0.11E+01 1.148
1.735 1.49E+01 0.47E+01 0.47E+01 1.135
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Table D.5: 8 GeV spectrometer data
= 1.968 GeV, TH = 89.949°.

Q* = 2.500 (GeV/c)?, E

w? do/dndw? ERR1 ERR2 R
0.720 3.00E-02 0.51E-02 0.51E-02  1.268
0.760 3.72E-02  0.26E-02  0.27E-02  1.262
0.800 4.29F-02 0.25E-02 0.27E-02  1.249
0.840 4.65E-02 0.25E-02 0.27E-02  1.220
0.880 5.67E-02 0.30E-02 0.32E-02  1.180
0.920 5.64E-02 0.28E-02 0.30E-02  1.129
0.960 5.89E-02 0.31E-02 0.33E-02  1.071
1.000  3.45E-02  0.43E-02  0.43E-02  0.997

Table D.6: 8 GeV spectrometer data

Q> = 2.500 (GeV/c)?, E

= 2.407 GeV,

TH = 58.883".

W2 do /dadw? ERR1 ERR2 R,
0.680 4.25E-02 0.60E-02 0.60E-02 1.320
0.720 7.17E-02 0.22E-02 0.26E-02 1.318
0.760 1.00E-01 0.19E-02 D.27E-02 1.312
0.800 1.25E-01 0.20E-02 0.31E-02 1.298
0.840 1.49E-01 0.21E-02 0.35E-02 1.269
0.880 1.59E-01 0.38E-02 0.49E-02 1.229
0.920 1.64E-01 0.22E-02 0.38E-02 1.180
0.960 1.51E-01 0.21E-02 0.35E-02 1.125
1.000 1.35E-01 0.22E-02 0.33E-02 1.056
1.040 1.15E-01 0.34E~02 0.41E-02 0.995
1.080 1.09E-01 0.65E-02 0.68E-02 0.946
1.120 9.20E-02 0.34E-02 0.38E-02 0.916
1.160 8.59E-02 0.30E~02 0.34E-02 0.906
1.200 9.33E-02 0.30E-02 0.35E-02 0.916
1.240 9.41E~02 0.30E-02 0.35E-0D2 0.942
1,280 1.05E-~01 0.33E-02 0.39E-02 0.974
1.320 1.25E-01 0.39E-02 0.45E-02 1.007
1.360 1.46E-01 0.51E-D2 0.58E-02 1.034
1.400 1.85E-01 0.15E-01 0.16E-01 1.053
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Table D.7: 8 GeV spectrometer data
Q* = 2.500 {GeV/c)?, E = 2.837 GeV, TH = 44.994°. .
w? do /dndw? ERR1 ERR2 R,
0.440 2.19E-02 0.76E-02 0.76E-02 1.34;_7
0.480 2.34E-02 0.31E-02 0.31E-02 1,350
0.520 3.61E~02 0.29E-02 0.30E~-02 1.353
0.560 4.94E-02 0.32E-02 0.33E-02 1.356
0.600 6.2BE-02 0.35E-02 0.37E-02 1.359
0.640 8.10E-02 0.39E-02 0.42E-02 1.361
0.680 1.16E-01 0.34E=-02 0.41E-02 1.361
0.720 1.52E-01 0.31E-02 0.42E-02 1.359
0.760 2.04E-01 0.33E~02 0.50E~02 1,353
0.800  2.54E-01 0.36E~02 0.60E-02 1.339
0.840 3.02E-01 0.39E-02 0.69E~02 1.308
0.880  3.32E-01 0.72E-02 0.95E=02 1.267
0.920  3.32E-01 0.458-p2  D.77E-D2 1.217
0,960 3.05E-01 0.42E~-02 0.71E-02 1.161
1.000 2.62E-01 0.42E-02 0.65E=02 1.091
1.040 2.32E-01 0.44E-02 0.62E-02 1.031
1.080 2.01E-01 0.75E-02 0.84E=-02 0.983
1.120 1.98E-01 0.12E-01 0.12E-01 0.953
1.160 1.76E=-01 0.70E-02 0.78E-02 0.945
1.200 1.82E-01 0.64E-02 0.73E~02 0.957
1.240 1.88E~01 0.64E-02 0.73E-02 0.984
1.280 2.08E-01 0.67E-02 0.78E-02 1.017
1.320  2.41E-01 0.74E-02 0.87E-02 1.050
1.360 2.65E-01 0.80E-02 0.95E-02 1.078
1.400 3.27E-O1 0.94E-02 0.11E-01 1.097
1.440 3.57E-01 ©0.11E-01 0.13E-01 1.106
1.480 4.09E-01 0.21E-01 0.228~01 1.107
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Table D.8: 8 GeV spectrometer data
Q* = 2.500 {GeV/c)?, E = 5.507 GeV, TH = 18.981".

W2 do /dadw? ERR1 ERR2 R.
0.080 1.68E-02 0.67E-02 0.67E-02 1.451
0.120 2.57E-02 0.62E-02 0.62E-02 1.456
0.1¢0 5.47E-02 0.74E-02 0.75E-02 1.462
0.200 6.71E-02 0.75E-02 0.76E-02 1.468
0.240 S.30E-02 0.67E-02 0.68E-02 1.474
0.280 7.36E-02 0.78E-02  0.80E-02 1.480
0.320 1.12E-01 0.91E~02 0.93E-02 1.486

0.360 1.30E-01 0.97E~02 0.10E-01 1.491
0.400 1.55E-01 0.10E-01 0.11E-01 1.496

0.440 1.92E-01 0.11E-01 0.11E-01 1.500
0.480 2.53E-01 0.10E-01 0.11E-01 1.504
0.520 3.49E-01 0.11E-01 0.12E~-01 1.507
g.560 4.50E-01 G.121E-C1 G.14E-C1 1.510

0.600 5.88E-01 0.11E-01 0.16E-01 1.513
0.640 8.01E-01 0.12E-01 0.20E-01 1.515

0.680 1.04E+00 0.14E-01 0.24E-01 1.516
0.720 1.35E+400 0.16E-01 0.30E-01 1.513
0.760 1.81E+00 0.18E-01 0.39E-01 1.505
0.800 2,24E+00 0.21E-01 0.48E-01 1.489

0.840 2.69E+00 0.24E-01 0.57E-01 1.452
0.880 2.91E+00 0.52E~01 0.76E-01 1.406
0.920 2,84E+00 0.27E-01 0.61E-01 1.349
0.960 2.63E+00 0.22E-01 0.55E-01 1,284
1.000 2.29E+00 0.19E-01 0.48E~01 1.211
1.040 1.94E+00 0.17E-01 0.41E-01 1.145
1.080 1.68E+00 0.15E-01 0.35E-01 1.095
1.120 1.50E+00 0.15E-01 0.32E~-01 1.065
1.160 1.39E+00 0.14E-01 0.30E-01 1.058
1.200 1.43E+00 0.16E-01 0.31E-01 1.073
1.240 1.50E+00 0.19E-01 0.34E-01 1.102
1.280 1.64E+00 0.22E-01 0.38E-01 1.139
1.320 1.80E+R0 0.29E~01 O.44E-01 1,275
1.360 2.07E+00 0.31E-01 0.50E-01 1.205
1.400 2.23E4+00 0.34E-01 0.54E~01 1.225
1.440 2.41E+00 0.36E-01 0.58E-01 1.236
1.480 2.65E+00 0.38E-01 0.63E-01 1.237
1.520 2.8BE+00 0.41E~01 0.69E-01 1.232
1.560 2,.99E+00 0.45E-01 0.72E-01 1.221
1.800 3.10E+00 0.52E-01 0.79E-01 1.207
1.640 3.18E+00 0.66E~01 0.89E-01 1.192
1.680 3.21E+00 0.97E-01 0.11E+00 1.179
1.720 2.85E+00 0.22E+00 0.22E+00 1.167
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Table D.9: 8 GeV spectrometer data
Q* = 3.250 (GeV/c)?, E = 2.837 GeV, TH = 61.206".

w2 do /dOdw? ENR1 ERR2 R,

0.475 4.35E-03 0.76E~03 0.77E-03 1.293
0.525 6.66E-03 0.71E~03  0.72E-03 1.297
0.575 8.41E-03 0.73E~03  0.75E~-03 1.300
0.625 1.16E-02 0.83E~p03  0.86E~D3 1.301
0.675 1.79E-02 0.78E~03  0.85E~03 1.301
£0.725 2.32E-02 0.56E~03  0.79E-03 1.296
¢.775 2.98E-02 0.69E-03  0.89E-03 1,285
0.825 3.65E-02 0.76E~23  0.10BE~02 1.254
0.875 4.05E-02 0.11E~02 0.13E-02 1.215
0.925 3.99E-02 0.88E~03  0.12E~02 1.168
0.975 3.95E-02 0.87E-03  0.11BE-02 1.137
1.025 3.50E-02 0.90E-03 0.11E-02 1.052
1.075 3.26E-02 0.16E-02 0.17E-02 1.000
1.125 2.99E~02 0.21E-02 0.22E-02 0.967
1.175 2.67E-02 0.12E-02 0.13E-02 0.956
1.225 3.03E-02 0.12E-02  0.13E-02 0.966
1.275 3.,20E-02 0.13E-02 0.14E-02 0.987
1.325 3.68E-02 0.13E~C2  0.15E-02 1.013
1.375 4.30E-02 0.15E-02 0.17E-02 1.034
1.425 5.00E-02 O0.18E-02  0.20E-02 1.048
1.475 5.88E-02 0.33E-02 0.34E-02 1.052
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Table D.10: 8 GeV spectrometer data
Q® = 3.250 (GeV/c)?, E = 5.507 GeV, TH = 22.805°.

w? do /dRdw? ERR1 ERR2 R.

0.425 6.56E-02 0.11E-01 0.11E-01 1.461
0.475 7.46E~02 0.55E-02 0.56E-02 1.465
0.525 9,51E-02 0.43E-02 0.47E-02 1.468
0.575 1.32E-01 0.41E-02 0.48E-02 1.471
0.625 1.77E-01 0.42E-02 0.54E-02 1.472
0.675 2.41E-01 0.46E-02 0.65E-02 1.471
0.725 3.20E-01 0.52E-02 0.80E-02 1.466
0.775 4.01E-01 0.57E~-02 0.95E~02 1.452

0.825 4.81E-01 0.62E-02 0.11E~01 1.416
0.875 5.51E-01 0.11E-01 0.15E-01 1.371
0.925 5.47E-01 0.64E~02 0.12E~01 1.319
0.975 5.03E-01 0.55E-02 0.11E-01 1.264
1.025 4.60E-01 0.50E-02 0.10E-01 1.195

1.075 3.98E-01 0.45E-02 0.8BE-02- 1.143
1.125 3.69E-01 0.44E-02 0.82E-02 1.111
1.175 3.,57E-01 0.45E-02 0.81E-02 1.104

1.225 3.57E-01 0.51E-02 0.84E-02 1.118
1.275 3.83E-01 0.61E-02 0.95E-G2 1.144
1.325 4.14E-01 0.75E~02 0.11E-01 1.172
1.375 4.77E-01 0.87E-02 G.13E-01 1.196
1.425 5.27E~01 0.94E-02 0.14E-01 1.211
1.475 5.95E-01 0.10E-01 0.15E-01 1.26

1.525 6.48E-01 0.11E-01 0.17E-01 1.2.-4
1.575 6.73E-01 0.13E-01 0.18E-01 1.207
1.625 ?7.22E-01 0.16E~-01 0.21E-01 1.197
1.675 7.18E-01 0.23E-01 0.27E-01 1.187
1.725 7.55E-01 0.55E-01 0.56E-01 1.179
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Table D.11: 8 GeV spectrometer data
Q* = 4.000 (GeV/c)?, E = 5.507 GeV, TH = 26.823"°.

W2 do /dndw? ERR1 ERR2 R.

0.425 1.87E-02 0.32E-02 0.32E-02 1.426
0.475 1.98E-02 0.16E-02 0.16E~-02 1.429
0.525 3.01E-02 0.13E-02 0.14E-02 1.432
0.575 3.91E-02 0.12E-02 0.14E-02 1.433
0.625 5.06E-02 0.12E-02 0D.15E-02 1.434
0.675 6.60E-02 0.13E-02 0.18E~-02 1.431
0.725 8.41E-02 0.14E-02 0.21E-02 1.423
0.775 9.97E~0Q2 0.15E-02 0.24E-02 1.412
0.825 1.14E-01 0.16E-02 0.27E-C2 1.372
0.875 1.25E-01 0.27E-02 0.36E-02 1.335
0.925 1.32E-01 0.18E~02 0.31E-02 1.296
0.975 1.27E-01 0.15E-02 0.29E-02 1.257
1.025 1.18E-01 0.14E~02 0.26E~02 1.207
1.075 1.10E-01 0.13E-~02 0.25E~02 1.165
1.125 1.04E-01 0.13E-02 0.24E-02 1.139
1.175 1.03E-01 0.14E-02 0.24E-02 1.128
1.225 1.03E-01 0.15E~02 Q.25E-02 1.134
1.275 1.11E-01 0.19E~02 0.28E-02 1.148
1.325 1.17E-01 0.23E~02 0.32E-02 1.166
1.375 1.29E-01 0.27E~02 0.36E-02 1.182
1.425 1.45E-01 0.29E~02 0.40E-02 1.194
1.475 1.62E-01 0.32E~02 0.44E-02 1.200
1.525 1.70E=-01 0.34E~02 0.47E-02 1.200
1.575 1.89E-~D1 0.40E~02 0.54E-0D2 1.197
1.625 1.95E-01 0.49E~02 0.62E-02 1.193
1.675 2.14E-01 0.74E~02 0.84E-02 1.187
1.725 2.11E-01 0.16E~01 0.16E-01 1.183
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Table D.12: 1.6 GeV spectrometer data
Q* = 1.750 (GeV/c)?, E = 1.511 GeV, TH = 90.00°.

W do/dndw? ERR1 ERR2 R,
0.715 1.01E-01 0.40E-02 0.45E-02 1.254
0.745 1.29E-01 0.23E-02 0.34E-02 1.253
0.775 1.65E-01 0.19E-02 0.38E-02 1.249
0.805 2.11E-01 0.17E-02 0.45E-02 1.240
0.835 2.59E-01 D.16E-02 0.54E~02 1.223
0.865 2.98E-01 0.29E-02 0.66E-02 1.193
0.895 3.15E-01 0.42E-02 0.76E-02 1.152
0.925 3.01E-01 0.17E-02 0.62E~02 1.102
0.955 2.74E-01 0.16E-02 0.57E-02 1.039
0.985 2.30E-01 D0.23E~-02 0.51E~-02 0.974
1.015 1.91E-01 D0.36E-02 0.52E~02 0.910
1.045 1.67E-01 0.18E-02 0.38E-02 0.851
1.075 1.48E-01 0.20E-02 0.36E-D2 0.802
1.105 1.29E-01 0.21E-02 0.33E-02 0.765
1.135 1.24E-01 0.18E-02 0.30E-02 0.745
1.165 1.17E-01 0.,22E-02 0.32E-02 0.743
1.195 1.28E-01 0.23E-02 0.34E-02 0.758

Table D.13:

Q* = 2,500 (GeV/c)?, E

1.6 GeV spectrometer data
= 1.968 GeV, TH = 90.00°.

W do/dndw? ERR1 ERR2 R,
0.520 6.11E-03  0.55E-03 0.56E-03  1.228
0.560  7.59E-03  0.40E-03  0.42E-03 1,231
0.600 9.87E-03  0.35E-03  0.40E-03  1.234
0.640 1.35E-02 0.34E-03  0.43E-03  1.236
0.680 1.B8E-02 0.33E-03  0.50E-03  1.237
0.720 2.52E-02  0.38E-03  0.63E-03  1.236
0.760 3.39E-02 0.38E-03 0.78E-02  1.231
0.800 4.32E-02 0.39E-03 0.95E-03  1.219
0.840 5.11E-02 0.45E-03 0.11E-02  1.192
0.880 5.66E-02 0.97E-03  0,15E-02  1.155
0.920 5.85E-02 0.59E-03 0.13E-02  1.106
0.960 5.33E-02 0.57E-03  0.12E-02  1.051
1.000 4.65E-02 0.62E-03 0.11E-02  0.981
1.040  4.12E-02 0.60E-03 0.10E-02  0.917
1.080 3.60E-02 0.61E-03  0.94E-03  0.865
1,120  3.34E-02 0.72E-03  0.98E-03  0.830
1.160 3.20E-02 0.61E-03 0.88E-03  0.815
1.200 3.26E-02 0.64E-03  0.91E-03  0.821
1,240 3.66E-02 0.76E-03  0.11E-02  0.843
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Table D.14: 1.6 GeV spectrometer data

Q=

Table D.15: 1.6 GeV spectrometer data

Q* = 3.250 (GeV/c)?, E = 2.407 GeV, TH = 90.00".
W2 do /dndw? ERR1 ERR2 R,
0.475 2.22E-03 0.34E-03  0.34E~03 1.209
0.525 2.61E~03 0.31E-03  0.31E-03 1.212

0.575 3.58E-03 0.27E-03 0.28E-03 1.215
0.625 4.52E~03 0.18E-03 0.21E-03 1.218
0.675 6.01E-03 0.16E-03 0.20E-03 1.218
0.725 7.97E-03 0.14E-03 0.21E-03 1.214
0.775 1.06E-02 0.14E-03 0.25E-03 1.204
0.825 1.30E-02 0.16E-03 0.31E-03 1.175
0.875 1.46E~02 0.25E-03 0.39E-03 1.138
0.925 1.50E-02 0.18E-03 0.35E-03 1.092
0.975 1.41E-02 0.19E-03 0.34E-03 1.041
1.025 1.33E-02 0.16E-03 0.31E-03 0.975
1.075 1.15E-02 0.19E-03 0.29E-Q3 0.920
1.125 1.06E-02 0.20E-03 0.29E-03 0.882
1.175 1.10E-02 0.24E-03 0.33E-03 0.866
1.225 1.13E-02 0.28E-03 0.36E-03 0.870
1.275 1.26E-02 0.28E-03 0.38E-03 0.887
1.325 1.42E-02 0.31E~03 0.42E-03 0.909
1.375 1.60E-02 0.39E-03 0.50E-03 0.928

4.000 (GeV/c)?, E = 2.837 GeV, TH = 90.00°.

w? do /d:1dw? ERR1 ERR2 R.

0.375 5.02E-04 0.87E-04 0.87E-04 1.186
0.425 7.30E-04 0.81E-04 0.82E~-04 1.190
0.475 9.22E-04 0.76E~04 0.78E-04 1.194
0.525 1.18E-03 0.70E-04 0.74E-04 1.197
0.575 1.46E-03 0.62E-04 0.68E-04 1.200
0.625 1.92E-03 0.60E-04 0.71E-04 1.201
0.675 2.29E-03 0.64E-04 0.79E-04 1.200
0.725 3.01E-03 0.68E-04 0.90E-04 1.194
a.775 3.76E-03 0.68E-04 0.10E-03 1.185

0.825 4.39E-03 0.71E-04 0.11E-03 1.151
0.875 4.84E-03 0.95E-04 0.14E-03 1.119
0.925 5.10E-03 0.82E-04 0.13E-03 1.082
0.975 4.95E-03 0.79E-04 0.13E~03 1.044

1.025 4.70E-03 0.85E-04 0.13E-03 0.994
1.075 4.40E-03 0.85E-04 0.12E-03 0.948
1.125 4.07E-03 0.92E-04 0.12E-03 0.915
1.175 4.22E-03 0.93E-04 0.13E-03 0.897
1.225 4.43E-03 0.12E~03 0.15E~03 0.893
1.275 4.61E-03 0.13E-03 0.16E-03 0.900
1.325 5.51E-03 0.14E-03 0.18E-03 0.912
1.375 6.28E-03 0.15E-03 0.20E-03 0.924
1.425 6.92E-03 0.18E-03 0.23E-03 0.932
1.475 7.45E-03 0.22E-03 0.26E-03 0.935
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