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ABSTRACT

A comparison of elastic electron-proton and positron-proton
scattering has been made at eight different values of 4-momentum
transfer squared, ranging from 0.20 to 5.0 (GeV/c)Z. The object of
the comparison is to determine whether the ratio (R) of the radiatively
corrected positron-proton cross section to the electron-proton cross
section differs measurably from 1.

An R # 1 result can be interpreted as being due to the two-photon
exchange contribution, since the interference between the first order
scattering amplitude and the two-photon exchange amplitude occurs with
opposite signs for electrons and positrons.

The data were obtained using positron and electron beams from the
Stanford Linear Accelerator at two energies. Comparisons were made at
4 GeV for scattering angles of 12.5, 20.0, 27.5, and 35.0 degrees, and
at 10 GeV for 2.6, 5.0, 12.5, and 15.0 degrees. The incident beam was
passed through a liquid hydrogen target and the scattered electrons de-
tected in either the SLAC 8-GeV/c or 20-GeV/c magnetic spectrometers.

The accuracy to which R was determined ranged from *1.6% for the
measurement at 4 GeV, 12.5° to %10.8% at 4 GeV, 35°. The measurements,
after radiative corrections, are consistent with R=1 within one stan-
dard error. Limits for the size of the two-photon amplitude and the

consequences of these limits on theoretical two-photon estimates, are

given.
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L INTRODUCTION

Electron-nucleon elastic scattering experiments to date have been
interpreted using the single photon exchange model (see Fig. 1). If
one assumes the electron behaves as a Dirac particle and one writes
the most general Hermitian expression consistent with Lorentz invari-
ance for the nucleon-photon vertex in Fig. 1, then the one-photon
model gives the following expression for the electron-nucleon scat-

tering cross section in laboratory coordinates:

(d<7> — Cuon Ge@)+TGu® | ¢ G2 (@) tarig

ast | + T
2 / 2
mf, E 20 r= -5
. = cos Y
where: JMOH ZEOSM?'% E. 2 9 4M2
and where:

q?: four-momentum transfer squared (q2<0 for spacelike qz)
E, = incident electron energy

E = scattered electron energy

@ = electron scattering angle

f; = classical electron radius = 2.82X10-13cm,

M = electron rest mass

M = nucleon rest mass

Gs(q’2>o GM(i‘) functions of q° only

This expression, known as the Rosenbluth formulal, has been widely
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FIGURE 1: One-Photon Model
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to Two-Photon Amplitude



used in the interpretation of electron-nucleon elastic scattering
data. The expressions Gy and Gy, called the electric and magnetic form
factors, respectively, are used to describe the electromagnetic
structure of nucleons and much importance has been given to the em-
pirical fits to GE and GM.

With the considerable interest in nucleon electromagnetic form
factors, a question arises - is the Rosenbluth formula correct? Is the
single photon exchange model valid in all kinematical regions for which
there is elastic e p data? It is possible that the one-photon exchange
term is insufficient, particularly in the high q2 region. It may be
necessary to include higher order terms, such as the two-photon ex-
change terms in Fig. 2.

Because of the additional vertices, one expects the two-photon
amplitude to be smaller than the single-photon amplitude by order
a=1/137. However, the two-photon amplitude may be larger because of
resonant enhancements. When two photons are exchanged we can have, in
addition to two single-photon vertices, resonances in the annihilation
channel or along the nucleon line as shown in Fig. 3. A discussion of
theoretical estimates of such contributions occurs in Chapter VI.

A two-photon term will alter the Rosenbluth expression for the .
scattering cross section but may do so in a manner that it is difficult
to determine from e p data alone. Whereas the Rosenbluth cross section

is of the form:
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the modified cross section including the two-photon contributions may
still be of this form, but with different a(qz) and b(qz). If so, it
can still be fitted with the Rosenbluth formula, but gives incorrect
values for the electromagnetic form factors.

Even if the two-photon terms result in some alteration in the cross
section from the single-photon form above, a significant departure from
the above behavior may occur only in kinematic regions where the cross
section is so low that a measurement of this deviation is difficult.
This in fact is predicted to occur by some theoretical estimates of the
elastic cross section with two-photon terms (this is discussed further
in Section B of Chapter VI).

A measure of the real part of the two-photon amplitude can be ob-
tained by comparing the cross sections for elastic scattering of posi-
trons off nucleons with that of electrons off nucleons. This is because
the interference between the single-photon term and the two-photon term
occurs with opposite signs for electrons and positrons. This can be
easily seen if one remembers the electron*-photon coupling is character-

ized by either +e for positrons or -e for electrons.

* The term "electron'" will be used to mean either electron or

positron except when a distinction is apparent from the context.



Looking at Fig. 4, if we call A=A'+C, then the electron-nucleon
and positron-nucleon cross sections are:
oo [ABIE aa O T [AsB
respectively. Therefore, the ratio of positron-nucleon and electron-nu-

cleon elastic cross sections becomes:

R.OF _ 1A AP (BT 2 Re(AB)
o~ [FA+B[? |Al2+ [B]Z~ 2 Re(A'B)
~ |+ 4 ﬂZe(y\¥B>

[ A2

Using the normal phase convention in which A is real, we have:

R & |+ 4ReB
A

The measurement of this quantity, R, was the object of this experiment.

It should be mentioned that the radiative corrections to e”p and
e+p elastic scattering are different, and will cause R to deviate from
1 even if ¢~ were equal to 0~ (this is discussed in defail in Section
E, part 1, in Chapter III). Therefore, in the discussion above, R is the
ratio of radiatively corrected cross sections.

In an experiment to measure R, the elimination of e+/e_ asymmetries
is of greatest importance. For this reason it is important to measure
the relative positron and electron incident energy and beam charge to
high accuracy. A shift in e+ to e incident energy or a difference in
the e’ and e~ collection efficiency in the beam charge monitors, will

result in R differing from 1 even if there is no two-photon contribu-.
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tion, This can also be caused by a relative shift in the direction of
the incident e* and e~ beam, as this will cause 0 to be at a differ-
ent angle from ¢~, Thus it is also necessary to maintain the incident
beam direction with considerable care, The control and measurement of
these quantities for this experiment are discussed in Chapter II.

The background present during a measurement of R will in general
be different for e* and e”, and unless eliminated, will alter R, In
this experiment the pion background presented the greatest problem
(as the pion contamination is greater for e* than for e”, cf. Section
D, Chapter III) and a large part of the detection apparatus was used
solely to discriminate between pions and electrons (Section F, Chapter
1I).

Previous experiments of R by other experimenter52 have dealt with
the q2 region below 1.5 (GeV/c)z. For the most part, their measurements
(which are shown in Fig. 67 in Chapter V) agree with R=1,

In this experiment, measurements of R were made out to a q2 of
5.0 (GeV/c)z. R was also measured for moderate q2 at smaller electron
scattering angles than previously explored., The results are given in

Chapter V.



ITI. EXPERIMENTAL METHOD

A. Summary

The positron and electron beams were made by passing an electron
beam, with energy about 5.5 GeV, into a 2.2-inch thick water-cooled
copper radiator positioned one-third of the way along the SLAC accele-
rator to form the beams for the experiment. In this way, for each data
point the positron and electron beams were similar with regard to
transverse phase space, energy spectrum and intensity. This technique
was important in minimizing the effects of possible systematic errors.

The full energy spread of the beams varied from 0.5% to 1.0%. To
increase intensity, the 1.0% width was used for most of the data. The
average intensity varied from 6 X 109 et/sec to 4 X 1011 ei/sec. The
incident beam direction was maintained to better than *0.1 mrad.

The beam charge was measured with a toroid current transformer
and a Faraday cup. Two thin-foil secondary emission monitors were also
used. The ratio of positron to electron charge measured by the toroid
differed from the ratio measured by the Faraday cup by ub to 1.5%.
Comparisons with the secondary emission monitors indicated that the
Faraday cup was more likely to be in error than the toroid. Various
arguments tend to support this conclusion, but the discrepancy is not
fully understood. As a consequence, the toroid was used as the stan-
dard for determining beam charge and a systematic error in R, equal to

the observed disagreement between Faraday cup and toroid,was assigned



for each data point.

The SLAC 8-GeV/c magnetic spectrometer was used to analyze par-
ticles scattered from a 27 cm diameter vertical cylinder of liquid
hydrogen. For the small angles (2.6°and 5.0°), the SLAC 20-GeV/c
spectrometer was used with a 7 cm diameter target. The solid angle
acceptances into these systems were approximately 0.8 msr and 0.06
msr, respectively,

The detection systems of both the 8-GeV/c spectrometer and the
20-GeV/c spectrometer were very similar in nature. Both systems con-
tained momentum (p) and angle (6) scintillation counter hodoscopes
and a total absorption shower counter for w-e discriminator. The
energy loss (dE/dX) in a counter positioned after .0.5 radiation
lengths of lead was used to improve the m-e discrimination for the
data at 35°. Pion contamination was reduced to less than 2% by re-
quiring the pulse heights in the shower and dE/dX counters to be
~ greater than certain minima.

An event, defined as anything that passed through the hodoscope
and/or produced a large pulse in the total absorption counter, was
logged on tape by a digital computer provided an earlier event had
not occured in the same beam pulse. The electronics in this experi-
ment was such that the the event logging rate was limited to a maxi-
mum of one event per beam pulse. The presence of numerous 'flags"
in the electrﬁnics allowed us to later select only events that have

passed through both the hodoscope and the total absorption



-10-

counter (we also required the dE/dX counter for the 35° data) in the
data analysis.

The ratio, R, of elastic e'p and e p elastic scattering cross
sections, was determined from the ratio of the number of e¥ and e~
counts normalized to beam charge, in select regions of the p and ©
hodoscopes. These counts were obtained by averaging over a series
of corrected measurements that alternated between positrons and
electrons. This minimized biases due to long term drifts,.

The general physical arrangement of the apparatus for this ex-

periment is shown in Fig. 5.
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B. Positron Source

Both the positrons and electrons were generated using the positron
radiator3 of the Stanford Linear Accelerator Center., The radiator was
a water cooled 2.25 inch (3.8 r.l.) thick copper block (see Fig. 6)
positioned one third the length of the accelerator from the electron
- gun,

Electrons accelerated to about 5.5 GeV were passed through the
copper block to produce a shower of low energy electrons and positrons.
After drifting a short distance, the electrons and positrons were
passed through a tapered solenoid whose axial field gradient was small
enough that the magnetic flux enclosed by a spiraling particle was an
adiabatic invariant. The éecreasing axial field of the tapered solenoid
(B, ,.=18.2 KG, Bmin=2’4 KG, length=25 inches) reduced the transverse

max-

momentum at the expense of increasing the beam radius. This can be seen

betow: Brzz const. = B&) = r(ZZ)Z
B&) r(z)?
2 where:
V=~@"—=> Ef_:C‘OnS‘t_ . _
but 48 B = radius of orbit
B(z) - [Z}a Pt= transverse momentum
\ — T 1

B(ZZ> B_(Zga
2
ReY _ vEz)Y _ BE)
F%~(2;f. Yﬁ(él)z E?(E&)
However, since the radius of the beam emerging from the radiator was

very small, this increased radius was not detrimental and was more than
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compensated by the increased transmission due to the lower transverse:
momentum,

The beam then passed through a long (25 feet) uniform field (B =
2.4 KG) solenoid where it was held together and accelerated through
two 10 foot sections of disk loaded waveguide. The uniform solenoid
allowed the particles to reach a high enough energy that finite spaced
quadrupoles could be used to continue the focusing. The spacing of the
quadrupoles (S-1 to S-13 in Fig. 7) was proportional to the particle
energy in order to maintain a constant admittance. The reason for such
a spacing is intuitively clear if one remembers the transverse momen-
tum, Pt’ stays constant. Thus as the electron energy increases, the
transverse velocity vt=Pt/moY decreases. Therefore the distance % =

Z,-z7 an on-axis particle at z, can travel before hitting the accele-

rator wall is: P(zl)+P(22) ma Where:
g = S
2m Pt a = radius of the
accelerator beam
a pipe
= E
av
8 2Ptc

These specially placed quadrupoles were continued until the needed
quadrupole spacing was‘equal to the spacing of a standard accelerator
sector, which has a quadrupole doublet at the end of each sector.

In the case of positron-proton scatiering, the RF from the klys-

trons before the radiator is approximately* 180° out of phase with

*The positrons emerging from the radiator are nonrelativistic and
slip slightly in phase.
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that after the radiator. Thus, except for those electrons that have
slipped in phase by 1800, only the positrons are accelerated and the
electrons are decelerated. To remove the phage slipped electrons, the
beam was passed through an RF deflector4 and a magnet, positioned just
before the first quadrupole lens. The phase of the RF deflector (Oper-
ated in the HEM11 mode) was such that both electron and positron
bunches were deflected in the same direction with the magnetic field
direction chosen so that only the positrons were deflected back. The
electrons, which have received two impulses in the same direction,
were deflected into the wall about 10 feet downstream,

In the case of electron-proton scattering, the klystrons are not
phase shifted 180° and the RF deflector-magnet combination is chosen
so as to deflect the phase slipped positron bunches into the wall
while maintaining the electron beam. This electron beam was used in-
stead of the direct electron beam in order to have comparable positron
and electron beams, with regard to transverse phase space, energy
spectrum and intensity.

The optical system beginning at the radiator enabled us to pro-
duée beams with the 5 to 15 MeV electrons and positrons emerging from
the radiator.The yield (ratio of positron current in the experimental
area, with a full energy width of 1%, to incident electron current into
the radiator) was ~1/2%. The maximum beam power into the radiator was

75 KW and the beam intensity at the target varied from 1.18 X 1010/sec

to 3.87 X 1010/sec for e* and 6.09 X 10%/sec to 4.27 X 101%/sec for o,
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C. Beam Switchyard

After the particles. from the positron source were accelerated to
the desired energy, the beam was deflected into the "A" line (see Fig.
8) of the beam switchyard, where a further deflection and a passage
through collimators allowed only those particles with energy in the
range EO—AEO/Z, E,+AEy/2 to be transmitted to the experimental area.
This latter energy selection was important as the energy spectrum of
the beam incident to the switchyard was very broad (full width ;1%%
AEG/E,) whereas the desired full width of the energy spectrum in the

experimental area was ¥1%AEy/E,. Thus the switchyard was used as a

o°
magnetic spectrometer to select the energy and energy spectrum of the
experimental beam.

A 180° rotation flux loop5 (flip coil) was used to sample the
magnetic field inside a reference magnet identical to the energy de-
fining magnets, and whose current line was connected in series with
the energy defining magnets. The measurement was used by a computer to
set the energy acceptance of the switchyard.

Because of the long path length between the switchyard bending
magnets and the energy defining collimator, there is a possibility of
the earth's magnetic field causing an energy shift in the positron
beam relative to the electron beam. This has been explored in detail in
Appendix A where it is shown to have a negligible effect on Ej.

Because a small shift in angle of the incident beam would produce

a sizable shift in the counting rate, care was exercised in maintaining
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the beam direction. Referring to Fig. 8, final beam steering was
accomplished by first centering the beam on a retractable zinc sulfide
screen (TC20) 164.7 feet upstream of the target, using steering dipoles
A10 and All, and then using magnets Al2 and B28, immediately before
TC20, to center the beam on a thin zinc sulfide screen (RS2) 15.2 feet
upstream of the target. Since Al2 and B28 were close to TC20, this de-
fined two points over a 150-foot baseline. The beam path was slightly
curved between the two points because of the earth's field. Since the
curvature was in the opposite direction for electrons as for positrons,
a systematic correction had to be applied for it.

During data collection, the screen TC20 was removed but RS2 and a
similar screen, RS1 (see Fig. 8), were left in as a continuous monitor
of the steering and shape of the beam.

Both RS1 and RS2 consisted of a ZnS coated aluminum foil stretched
between two pneumatically driven rollers, so that a fresh portion of
the screen could be rolled into the beam whenever the screen become

darkened. All screens were viewed with closed circuit television.



-20-

D. Target

The liquid hydrogen targets6

used in this experiment were of the
condensation type. The liquid hydrogen in the target cell was main-
tained about 15 psi above atmospheric pressure so that its boiling
point was about 23°K, The cell was maintained at ~20°K. by placing it
in contact with a copper plate which in turn was in contact with a
large reservoir of liquid hydrogen. Heat deposited by the beam caused
the warm hydrogen to rise and be cooled by the copper interface,

A simplified diagram of the hydrogen target construction is
shown in Fig. 9. The reservoir, with its attached target cell and
dummy cell, could be raised and lowered by means of an air piston.
With the reservoir fully lowered, the beam passed through the target
cell filled with liquid hydrogen. With the reservoir in the middle
position (uppermost position with moveable stop in Fig. 9 in), the
beam passed through a similar target cell that was empty of liquid
hydrogen. When the reservoir was in its uppermost position (moveable
stop in Fig. 9 out), the beam missed both cells, In this experiment
the dummy cell was inserted in the beam for studying backgrounds.

Acoustic and differential temperature measurements were performed
on such targets with average electron currents up to 17 microamps, and
the indications were that the corrections for bubbling in the liquid
hydrogen were small for currents below 1 microamp. Since the average
beam current in this experiment was less than 0,06 microamps, the cor-

rections are expected to be negligible for this data. This was checked
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by seeing whether or not the experimental cross section changed when
the beam intensity was varied from 42 nanoamps to 9 nanoamps. The
cross section was observed to change by less than 1%, the statistical
uncertainty in the measurements. From pressure measurements the in-
ferred liquid hydrogen density in the targets was 0.07035 grams/cms.
The diameters of the target cells used in this experiment were
27.56 cm and 7.016 cm. The 27.56 cm target was used for all the &ata
with 6% 12.5°, At the time the small angle data (652.60 and 5.0%) was

takes, the existing target was the 7.016 cm one.
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E. Beam Charge Monitors

The primary standard for determining the beam charge was a toroid
current transformer. A Faraday cup was used as a secondary standard.
Two thin-foil secondary emission monitors were also used to measure
the beam charge over short periods to provide a running check on the
toroid and Faraday cup.

The physical locations of the monitors during the collection of
the large (6 312.50) and small (6 55.00) angle data are shown in Fig.

10 and Fig. 11, respectively.

1. Toroid

The toroid beam charge monitor operates in a straightforward
manner. A pulsed electron or positron beam passing through the center
of the toroid (see Fig. 12) induces a current in the windings of the
toroid, where the induced voltage is proportional to the rate of change
of beam current. Hence, for a fixed beam pulse length, the induced
voltage is proportional to the beam current. By electronically inte-
grating this current, we can obtain a measure of the total beam charge
over any particular period.

The toroid transformer’/used in this experiment is shown in Fig.
12, It consisted of two separate transformers, each made up of four
1/2 inch thick ferrite rings, wound with 48 turns of insulated copper
wire. Each toroid was surrounded by an electrically insulated aluminum

case that acted both as a Faraday shield and a physical support. Only
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one of the toroids was used to integrate the charge. The other toroid
served as an intensity monitor and provided a signal for a video dis-
play of the beam structure as a function of time, The beam aperture of
the toroid was 3 inches.

The linearity and reproducibility of the toroid was nominally
better than 0.1%., However, the reliability of the monitor decreased
for small beam currents due to the existence of drift currents in the
electronics of the charge integrator. The drift currents were generally
around 0,05 nanoamps. Since most of the data was taken with average
beam currents around 40 nanoamps, the drift corrections were small,
Only the 655° data were taken with average beam currents as low as 1
nanoamp, and for this data the Faraday cup was used as the monitor.

The relative charge integration efficiency for electrons versus
positrons was measured by injecting pulses into a test winding on the
toroid, with and without the toroid output leads reversed. The toroid
asymmetry was also checked directly with positron and electron beams.

In all cases the asymmetry was found to be less than 0.2%.

2. Faraday Cup

The Faraday cup is essentially an insulated charge collector,
constructed so as to stop a beam entirely and thus be able to collect
and measure all the beam's charge. The Faraday cup in this experiment
was connected to a Cary Model 31 integrator, which continuously

transferred charge collected in the Faraday cup to high precision
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capacitors. By this procedure, the potential of the Faraday cup was
maintained constant and the problem of charge leakage was transferred
from the Faraday cup to the controlled environment of the integrator
capacitors. To minimize charge leakage in these capacitors, the charge
was never allowed to accumulate beyond 3 X 10~8 Coulombs (using a 10_6
farad capacitor) before the capacitors were zeroed.

The construction of the Faraday cup8 is shown in Fig. 13. The
Faraday cup placed 72 radiation lengths of material into the beam line
and had a radius equal to 46 radiation lengths of material. The hole
in the center of the lead block of the cup (Fig. 13) and the carbon
plug at the bottom of the hole were to minimize charge losses due to
backward-going shower electrons and backward secondary electrons. The
entrance window was placed at the front of a long snout to prevent
secondary electrons emitted from the window from entering the cup.
Additional discrimination against secondary electrons was provided by
permanent magnets that produced a field of greater than 250 gauss in
a three-inch long region near the entrance of the snout. The field was
sufficient to prevent electrons with energies below V1.5 MeV from
getting into the cup. A copper, instead of lead, core was used in the
center of the cup to enable the cup to absorb more power without
damage.

The nominal operating pressure inside the cup was about 10—6 torr.,
At this pressure, the production and collection of ions in the gas

inside the Faraday cup should have affected the charge collection
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accuracy by less than *0.1%.

Test58 carried out using electrons with energies from 200 MeV to
15 GeV indicate the absolute charge collection efficiency of the
Faraday cup to be (100.0+0.2)% over this range. The difference in
‘efficiency between electrons and positrons was thought to be less than

t0.1% at the energies of this experiment.



=TT

3. Secondary Emission Monitors

The secondary emission monitor (SEM) is very similar to an ion
chamber except that there are no ions. Like an ion chamber, the SEM
consists of a series of parallel plates, orientated perpendicular to
the beam (see Fig., 14), with alternate plates at a high potential
with respect to the remaining plates. However, unlike an ion chamber,
the plates are placed in a vacuum so that ion formation between the
plates is negligible,

When an electron (or positron) beam passes through the plates,
secondary electrons are emitted into the regions between the plates,
The strong electric field between the plates will cause the secondary
electrons to go to the positive (i.e.,, least negative) plates, where
the charge is integrated to give a measure of the beam charge.

Unlike ion chambers, which are sensitive to changes in gas den-
sity and ion saturation, the SEM suffers from none of this since it
operates in a vacuum., However, one problem does exist with SEM's, The
efficiency for the formation of secondary electrons at any given point
in the SEM decreases with time because of thermal effects where the
beam passes through. This phenomenon was minimized in our SEM's by
having both SEM's continually moving in a sinusoidal manner perpen-
dicular to the beam. In this way, the beam did not remain at any spot
of the SEM for more than an instant,

Two '"wobbling'" SEM's were used in this experiment.
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One SEM had a 6 inch diameter useful aperture and consisted of
seven collector foils between eight high voltage foils., Each foil con~
sisted of 0,0002 inch aluminum which had &SOOR of gold evaporated on
both sides. The gap between plates was 1/2 inch. The collector and
high voltage foils were isolated electrically by grounded guard rings.
The complete SEM with its windows placed 0.0047 radiation lengths of
material into the beam line. The vacuum of this device was typically
10“7 mm Hg. The charge collection efficiency of this SEM during this
experiment was 58%,

The other SEM had a useful aperture of 4 inches (diameter) and
consisted of three collector foils between four high voltage foils,
Each foil consisted of 0.00025 inch aluminum that had been evaporated
on both sides with 5008 of gold., The gap between plates was 1/4 inch.
As in the 6 inch SEM, the collector and high voltage plates were elec-
trically isolated by grounded guard rings. The complete SEM placed
0.0033 radiation lengths of material into the beam., The device was
typically run with a vacuum of 10_6 mm Hg. The charge collection

efficiency of this SEM during this experiment was 26%.
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4., Discrepancy Between Faraday Cup and Toroid

Although separate measurements of the e’/e” asymmetry in the
monitor efficiencies indicate it to be less than 0.2%, the apparent
asymmetry during the experiment was greater than this. The ratio of
beam charge measured by the toroid (QTor) over that measured by the
Faraday cup (QFC) differed by about 1.5% between positrons and
electrons., In all cases: (QFC/QTor)_ z (QFC/QTor)+.

This may be explained by the different locations of the toroid
and Faraday cup. The toroid was ~22 feet upstream of the target where-
as the Faraday cup was. v30 feet downstream of the target., Electrons
passing through material after the toroid,bremsstrahlung and produce
a cone of low energy gammas about the central beam line. Some of these
photons will hit the walls around the snout of the Faraday cup (see
Fig. 13) and the resulting Compton collisions in the walls may knock
electrons into the charge collecting cup inside. This would add to the
electron charge and subtract from the positron charge and explain the
asymmetry observed.

This interpretation is also in agreement with comparisons made
with two secondary emission monitors. Tests at 4 GeV between the two
secondary emission monitors indicated the Faraday cup collection
efficiency was asymmetric by ~1%.

Because of this, we used the toroid as the primary standard for
measuring the beam charge. However, the discrepancy between (QFC/QTor)+

and (QFC/Q

) 1is not well understood and a systematic error in R
Toxr” - . >
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equal to the observed disagreement between (QFC/QTor)+ and (QFC/QTOT)_

for each data point, was assigned for the monitor uncertainty.



=56

F. Spectrometers

Two magnetic spectrometers, each with its own set of detectors
and electronics, were used in this experiment (see Fig. 15 and Fig.
16) . Because of its large solid angle acceptance, the SLAC 8-GeV/c
spectrometer9 was used to collect most of the data (6 312.5o data).
The SLAC 20-GeV/c spectrometerlo, with a much smaller solid angle
acceptance, was used fof the ©=2.6° and 5.0° data, where the elas-

tically scattered electron momenta were greater than 9.6 GeV/c.

1. 8-GeV/c Spectrometer System

a. General

The 8-GeV/c spectrometer consisted of 2 quadrupoles, followed by
2 bending magnets, followed by another quadrupole. The optics of the
system was such that particles were deflected in the vertical direc-
tion, and focusing from the center of the target to the focal planes
was parallel-to-point in the horizontal plane and point-to-point in
the vertical plane. This type of focusing was used to enable two
orthogonal counter arrays to increase the momentum (p) and angle (6)
resolution. The physical positioning of the magnets and their thin
lens equivalents are shown in Fig. 15 and Fig. 17,

At the horizontal focal plane (6-focal plane) a 55 element
scintillation-counter hodoscope was used to provide a scattering angle
resolution of #0.15 mrad. The vertical focal plane'(p—focal plane),

which was tilted at a 15° angle to the central ray to minimize chro-
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Vertical Plane

Horizontal Plane

FIGURE 17: Thin Lens Equivalents
of the 8-GeV/c Spectrometer
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matic aberrations, contained a 41-element scintillation-counter hodo-
scope to provide a momentum resolution of *0.05% Ap/p.

The solid angle acceptance into a given region of the 9-p hodo-
scope plane has been studied by both optics tests and counter mea-
surements using the elastic peak as a probe; in addition,.theoretical
calculations have been made. The results of these studies agree well

with the following empirical fit to the azimuthal angular acceptance

(84) :
AP (#:8)= (59 - 0.47%)(1 - 0.04§2)

Where: t# = scattering angle relative to the center of the
©-hodoscope, in milliradians.
i, 8,

@ = scattering angle
ﬂ%(é-é) in mrad
¢ = angle corresponding
to the center of
the 6-hodoscope

(S= momentum position relative to the center of the

p-hodoscope, in %Ap/p.
Y 8

S: lOZ(P’l?:)
P

Since the total 6-acceptance of the hodoscope was 15.6 mrad, using this

scattered momentum
momentum correspond-
ing to the center of
the hodoscope

i

P
P

expression for A¢ we obtain the total solid angle acceptance for §=0
to be 0.76 msr.

The overall characteristics of the 8-GeV/c spectrometer are shown
in Table I.

For a given scattering angle and momentum, transport calculations
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CHARACTERISTIC 8-GeV/c 20-GeV/c
Spectrometer |Spectrometer
Maximum Momentum 8 GeV/c 20 GeV/c

Momentum (p) Resolution

+0.05% ap/p

+0.05% ap/p

Scattering Angle (6) Resolution +0,15 mrad | *0.13 mrad
Solid Angle (AQ) Acceptance 0.77 msr 0.058 msr
Total p Acceptance 4.0% 3.5%

Total 6 Acceptance 15.6 mrad 7.5‘mrad
Total Azimuthal Angular Acceptance 59 mrad 4 mrad
Distance from target to 6-focus 21,5 m. 42,5 m,
Distance from target to p-focus 22.0 m, 43.0 m.

TABLE I.

Overall Characteristics
of 8-GeV/c and 20-GeV/c
Spectrometers as used in

This Experiment
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indicate that the solid angle acceptance is constant for horizontal
beam displacements (xo), perpendicular to the central axis of the
spectrometer, up to *10 cm. Since the largest target used in this
experiment was 27,56 cm in diameter and the largest scattering angle
was 350, the greatest X encountered was i(27.56/2)sin(35°)=t7.9 cm.
Hence solid angle variation with longitudinal scattering position in
the target should not be a problem.

Because of the large ¢-acceptance (59 mrad at the center of the
8-p hodoscope), electrons scattering at an angle 6 relative to the
incident beam do not necessarily enter a definite 6-hodoscope bin.
This can Ee easily seen by referring to Fig. 18. In Fig. 18 the actual
scattering angle is 6, but because of the finite ¢ angle, the event
falls into the 6-hodoscope bin corresponding to an angle 6', However,
since the ¢-acceptance is the same for e’ aﬁd e”, such an effect does

not affect our determination of R.

b. Monitoring the Spectrometer Fields

The bending magnets in the 8-GeV/c spectrometer were monitored
continuously in two ways. An on-line SDS 9300 digital comﬁuter con-
tinuously monitored the current supplied to the magnets (including
the quadrupoles) by comparing the voltages read across shunts to a
standard table of voltages corresponding to the particular momentum
setting. A deviation in any of the voltages by *0.2 millivolts would
cause the computer to signal the operator. .In addition to this current

monitoring, a nuclear magnetic resonance (NMR) probe was placed in
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each of the two bending magnets. The resonant frequencies of the HZ’

Li., and D2 samples in the probe extended over a wide enough range that

7
a direct measurement of the magnetic fields was possible for all set-
tings used in this experiment. The control panel and readout for the

NMR were remotely located in the counting house and thus allowed us

to monitor the bending magnet fields throughout the data collection.

c. Spectrometer Detectors

The detection system in the 8-GeV/c spectrometer consisted of a
hodoscope and a pion-electron discriminator.

The hodoscope consisted of the p and 6 counter arrays previously
mentioned, as well as a set of 5 trigger counters at the very front of
the hodoscope and 5 trigger counters at the rear. The geometry of the
hodoscope is shown in Fig. 19.

Because of the close proximity of the p-hodoscope phototubes, the
positioning of the p-hodoscope scintillators was facilitated by the use
of flexible epoxy joints between the scintillators and the phototubes.
Conventional hard epoxy joints were used to attach the scintillator in
all other counters.

The scintillator material was NE102 in all cases and the photo-
tubes were RCA 7767's for the p-counters, RCA 6199's for the 6-counters,
and RCA 8575's for the trigger counters.

The m-e discriminator is shown in Fig. 20. The only portion of the
m-e discriminator used in this experiment was the total absorption (TA)

shower counter and one dE/dX counter.
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The total absorption counter was made up of 16 lead-lucite slabs,
which put 18 radiation lengths of material in the écattered particleé
path. The lucite was viewed by 64 phototubes whose outputs were lin-
early combined into a single output. The 18 radiation lengths were
sufficient to cause an electron or positron to shower and lose almost
all its energy and thus create a large output pulse - but not for a
heavier mass pion.

Thus a discrimination between pions and electrons was made by
requiring the TA pulse height to be greater than some minimum.

The dE/dX counter used was (dE/dX)1 in Fig., 20, which was a
combination of three 1215/g2X1231/62X1/£/ scintillators placed behind
a 0.5 r.l. thick lead sheet (labelled "initial radiator' in Fig. 20).
An incoming electron has a high probability of showering in the initial
radiator and sending two or more electrons (or positrons) through the
dE/dX counter, whereas the probability of a pion doing this is very
small. Thus a further discrimination between pions and electrons can
be made by-requiring the dE/dX pulse height to be greater than some

minimum,

d. 8-GeV/c Electronics

As we mentioned at the beginning of this chapter (Section A), the
electronics limited the event logging rate‘to a maximum of one event
per pulse. The electronics was also used to transfer information re-
garding coincidences between coﬁnters and blocks of counters, pulse

heights, and various counting rates (scalers) onto magnetic tape. This
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enabled us to apply more stringent electronic conditions (e.g.
requiring more coincidences to be satisfied than were required for
data logging) during the data analysis. Details of how the electronics
performed these functions will now be described.

An overall block schematic of the electronics for the 8-GeV/c
system, as used in this experiment, is shown in Fig. 21.

The anode from each hodoscope photomultiplier was connected to
a particular discriminator-coincidence circuit-discriminator (DCD)
chain as shown in the lower part of Fig. 21. The DCD unit is func-
tionally a discriminator with a fast gate and was utilized in the
following manner,

An event, defined by a coincidence between the front and rear
trigger counters (FT and RT in Fig. 21) and/or a large pulse in the
TA counter, caused the toggle in Fig. 21 to switch to a '"'set' state,
As the toggle transfered to the set state, a 40 nsec wide pulse was
sent to the master fan (see Fig. 21) where it was fanned out so as to
appear at each of the coincidence circuit inputs of the DCD's. If a
signal appeared at the front discriminator of a DCD chain during the
40 nsec period when this was applied, an output appeared from the
coincidence circuit, which triggered the rear discriminator in the
DCD chain. The outputs from the DCD's were stored in the fast buffer
(see Fig. 21), where it was later read into the computer,

Once the toggle was in a "set'" state, it would not respond to any

further signals at the set input until a pulse was applied to the
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toggle input labelled ''reset'" in Fig. 21. Thus the event rate was
limited to a maximum of one per pulse.

At the same time that a 40 nsec pulse was generated along the
master fan, a second output from the toggle was used to generate a
wider pulse which opened the linear gates (see Fig. 21) for 60 nsec,
allowing pulses from the TA and dE/dX counters to pass into their
respective pulse height analyzers.

Scalers were attached to various points in the electronics (in-
dicated by <::> in Fig. 21) to monitor rates. In addition, DCD units
of the type mentioned above, were attached to various spare outputs in
the electronics (indicated by in Fié. 21). A signal at one of
these outputs caused a particular binary bit in the fast buffer to be
set, which was later read into the computer (and stored on tape) as an
"electronic flag."

Between beam pulses, the fast buffer and the pulse height analyzer
address registers were read by the on-line computer and the counter,
pulse height and electronic flag information was transferred onto mag-
netic tape.

A separate data channel of the computer was used to sample oc-
casional events and to do some on-line analysis. The size of the sample
depended on the data rate as priority was given to the data logging.
The on-line analysis included line printer and scope displays showing
population distributions versus counter location, pulse height, missing

mass of the undetected particles, position in the 6-p hodoscope plane,
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as well as provided a continually revised estimate of the elastic
cross section deduced from the sampling. Examples of the type of
on-line scope displays are shown in Fig. 22,

The pulse height analyzers were Nuclear Data model 23-4, 128
channel analyzers. The DCD units were specially built Chronetics mo-
del 121A's, All other discriminators were model 120's., The dual input
AND/OR units were Chronetics model 103's. The active fan-ins (the
4-fold fan-ins in Fig. 21) were Chronetics model 118's and the active
fan-outs (fan-outs with 4 outputs in Fig. 21) were Chronetics model
108's. The passive fan-ins as used in the dE/dX counters and the last
four fan-ins for the TA were Chronetics model 118 transformer fans.

The remaining TA fan-ins were Chronetics model 44R resistive fan-ins.
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2. 20-GeV/c Spectrometer System

a. General

The 20-GeV/c spectrometer,as used for this experiment, was simi-
lar to the 8-GeV/c spectrometer. The_spectrometer consisted of four
bending magnets, four quadrupoles and three sextupoles, physically
arranged as shown in Fig. 16. As in the 8-GeV/c system, the optics
are arranged so that particles are deflected in the vertical direc-
tion with point-to-point focusing in the vertical plane and parallel-
to-point focusing in the horizontal plane. The thin lens equivalents
of the magnets are shown in Fig. 23.

A 32-element scintillation counter hodoscope was placed in the
horizontal (6-measuring) focal plane to provide an angular resolution
of #0.13 mrad. In the vertical (p-measuring) focal plane a 40-element
scintillation counter hodoscope was used to provide a momentum reso-
lution of #0.05% Ap/p. As in the 8-GeV/c system, the p-focal plane
was tilted (at a 43° angle with respect to the central ray) to mini-
mize chromatic aberrations.

The azimuthal angular acceptance (A¢) was limited to v*3.9 mrads
by tungsten slits placed near the entrance window to the spectrometer.
Thus, 6-¢ mixing of the kind described earlier was even less than in
the 8-GeV/c system.

The overall characteristics of the 20-GeV/c spectrometer are

shown in Table I.
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b. Monitoring the Spectrometer Fields

The magnets in the 20-GeV/c spectrometer were monitored only by
checking the current supplied to the magnets. As in the 8-GeV/c system,
the on-line SDS 9300 computer monitored the current by reading the
shunt voltages and comparing them to a standard table of voltages cor-
responding to that momentum setting. A deviation in any voltage by

+0.2 millivolts would cause the computer to signal the operator.

c. Spectrometer Detectors

The detection system in the 20-GeV/c spectrometer, as used in this
experiment, consisted of only a hodoscope and a total absorption coun-
o

The hodoscope consisted of the 6 and p hodoscope arrays described
earlier, as well as three trigger counters (see Fig. 24). The first
two trigger counters werein front of both 6 and p hodoscopes and the
last trigger counter was just behind the p-hodoscope.

The construction of the counters in the 20-GeV/c system was si-
milar to those in the 8-GeV/c system. The scintillator material was
NE102 in all cases and the phototubes were RCA 7767's for the 6 and p
counters, and RCA 8575's for the trigger counters.

The total absorption counter in the 20-GeV/c spectrometer con-
sisted of a lead-scintillator sandwich made up of 8.76 r,1. of lead

and 16 scintillators (see Fig. 24).
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d., 20-GeV/c Electronics

The electronics for the 20-GeV/c system, as used for this ex-
periment, was very similar to that of the 8-GeV/c system. A block
schematic of the 20-GeV/c electronics is shown in Fig., 25, Except for
the absence of a dE/dX counter and the use of three trigger counters
instead of two, the electronics was identical,

The mode of operation was completely analogous to the 8-GeV/c
system, An event, defined by a coincidence between three trigger coun-
ters (TR1, TR2 and TR3 in Fig. 25) and/or a large pulse in the TA
counter, caused the toggle to switch to a '"set' state., As the toggle
transferred to the set state, a 40 nsec wide pulse was sent to the
master fan where it was distributed to the fast gate inputs of the
DCD's, thus enabling the fast buffer to store information giving the
location of the counters that fired during the 40 nsec. A separate
fan was used to provide the fast gate input signals for the DCD's act-
ing as electronic flags (see Fig. 25).

As in the 8-GeV/c system, the toggle remained in a ''set'" position
and was unresponsive to further ''set'" pulses, until it was reset just
prior to the next beam pulse. Thus again the event rate was limited to
a maximum of one per beam pulse,

As in the 8-GeV/c system, a 60 nsec wide pulse was generated at
the same time as the 40 nsec pulse was, and was used to open the
linear gate connecting the total absorption counter to the pulse

height analyzer.
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