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Abstract

Experimental results are presented for the pp elastic scattering single spin

observable Agon, = Ageon = AN = P, or the analyzing power, at 19 beam

T

kinetic energies between 1795 and 2235 MeV. The typical c.m. angular range
is 60—100°. The measurements were performed at Saturne IT with a vertically
polarized beam and target (transverse to the beam direction and scattering
plane), a magnetic spectrometer and a recoil detector, both instrumented with

multiwire proportional chambers, and beam polarimeters.
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1. INTRODUCTION

For decades, nucleon-nucleon elastic scattering and total cross section measurements
have been very important to test models of the strong interaction and to provide input to
calculations of proton scattering from nuclei. These experiments have progressed over time,
yielding improved statistical errors, a larger variety of spin observables, and a wider energy
range. These results have led to improved models of strong interactions at intermediate
energies. This paper provides final results for a portion of a large experimental program to
measure proton-proton elastic scattering spin observables up to a kinetic energy of 2.8 GeV
using the Saturne II accelerator at Saclay.

The analyzing power, Ay = P, was measured in this experiment using a polarized proton
beam that scattered from a polarized proton target. If the beam, target, forward scattered,
and recoil proton spin directions are denoted b, ¢, f, r, respectively, and if the spin observables

X are defined as Xy,5e = (b,¢; f,7), then the analyzing power is:

Ay = P = Apno = (N, 0,0,0)
_ do/dR1) — do/da(])
do [d(T) + do/dOU( 1)

The spin directions are defined as normal to the scattering plane or vertical (n or N), along
the beam direction or longitudinal (k or L), and in the scattering plane orthogonal to the
beam direction (s or § = N x L). If the spin is not measured or the proton is unpolarized,
the spin direction is denoted by a “o” or “0”. For identical beam and target particles,
Avono = Aooon, allowing the beam polarization to be determined if the target polarization
is known. The measured asymmetries were averaged over either the beam or the target
polarization states to obtain Ay. Values of the two-spin observable, A, = Axn = Cnw,
were measured at the same time as the results in this paper, and will be published separately.
The nucleon-nucleon formalism is described in further detail in Ref. {1).

The Ay results from the first part of this experiment are described here; the remainder

are presented in the accompanying paper [2]. A comparison to previously published data




and to phase shift predictions is made. Results at some beam energies were measured in
both parts of this experiment, and these are compared in Ref. [2]. In addition, the energy
dependence of Ay at two c.m. angles and of dAy/dé at a third angle 8 are shown in Ref.
[2]. These analyzing power data are important for deriving values of other spin observables
involving polarized proton beams, such as for proton scattering from hydrogen or nuclei. For
example, at the energies of these measurements, the beam polarization in an experiment is
usually determined by elastic scattering of the beam from a liquid hydrogen or CH; target
using known values of Ay.

The apparatus used in this experiment is described in Sec. II, and details of the data
analysis are given in Sec. III. The results are presented in Sec. IV and the accompanying
paper [2]; additional details can be found in Ref. [3]). Preliminary values from measurements
of Agonn Obtained at the same time as some of the data in this paper were described in Ref.
(4], however improved beam polarization values and cuts on the data have been employed

n the data analysis. Other results from these experiments are presented in Refs. [5-8].

II. EXPERIMENTAL APPARATUS

The experiment was performed with a polarized proton beam incident on a frozen-spin
polarized proton target during four run periods spread over a three year time span. The first
two run periods are described in this paper, and the last two in the accompanying paper [2).
Each run period was 10 - 14 days in duration, during which measurements were made at a
number of energies. Some changes were made to the apparatus for different run periods, as

described in the following subsections and Ref. [2].

A. Polarized Beam

The polarized beam was produced in an atomic beam-type polarized ion source, called
Hyperion [9-14]. The beam polarization direction was approximately horizontal sideways

after extraction from Hyperion. Two rf transition cavities were used for the proton beam in
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this source, giving four possible polarization states depending on whether each cavity was
on or off. These will be designated “0,” (off-off, state 1), “” (on-off, state 2), “+” (off-on,
state 3), and “0_" (on-on, state 4). The 0, and 0_ states were nominally unpolarized, +
was vertically up at the entrance to Saturne II, and - was vertically down. For run period I,
most of the data were collected with only the 4+ and - polarization states alternating each
beam pulse, but the first three energies also had the 0, state. For the other run periods,
usually all four polarization states were used, with the 0, and 0_ states used during half
the number of beam pulses as the + and - states in the pattern 04, -, +, 0_, -, +, 0, -,
+, 0, ...

A special set of measurements [15] of the Hyperion ion source performance was made
subsequent to the experiments described in this paper and in Ref. [2]. In addition to the
polarized beam, an unpolarized beam was required to determine the instrumental asymmetry
in a polarimeter. With this information, the polarizations of the individual Hyperion spin
states could be determined. It was shown that the 0, and + states were both “positively”
(contained more protons with spin 4+ than with spin -), and the 0_ and - states were
both “negatively” polarized. In addition, the magnitudes of the 0, and 0_ states were
equal, small, and nonzero, and of the + and - states were also equal in magnitude within
statistical errors. Finally, these results were found to be relatively insensitive to the ion
source operating conditions near the nominal values of rf power, hexapole current, and
electrostatic mirror voltage. Additional details are presented in Sec. III.B and in Ref. [15].

After the polarized ion source, the beam polarization was rotated into the vertical di-
rection by a solenoid. The beam was then accelerated in the Mimas booster ring and the
Saturne II accelerator. The beam polarization remained vertical, but was flipped 180° dur-
ing acceleration through each of several strong depolarizing resonances in Saturne II. Once
the beam particles attained the desired energy, their orbits were distorted and the particles
were slowly extracted via a septum magnet to the SD3 beamline center; see Fig. 1. The
vertical-field dipole magnets AE13 — AE43 were used to tune the beam successively onto the

beam profile monitors BP32 — BP34 and finally onto D1. These beam profile monitors were

5




removed remotely when the tuning was complete. The large bending magnet, Siréne, was
used to select the beam line either for the spectrometer SPES IV, a test beam area, or the
nucleon-nucleon experimental area. For a few energies in run period I, copper absorbers were
installed upstream of the AE13 magnet at a beam energy of 2240 MeV to slightly degrade
the beam energy. Such absorbers are not expected to depolarize the beam. This occurred
near an energy corresponding to a depolarizing resonance in the Saturne accelerator. The
beam intensity was kept significantly lower than the maximum available so as to prevent
rapid radiation damage to the polarized target material and to allow reasonable computer
live-time.

The nucleon-nucleon beam line is also shown in Fig. 1, and was capable of providing
proton beams with longitudinal (L), transverse horizontal (8), or transverse vertical (N)
spin directions at the target. It changed somewhat since previous pp scattering experiments
[16-20]. Located after Siréne was a 56 mm diameter steel collimator, the SD3 polarimeter
[21], and a beam stop, followed by the dipole magnet Alizé. Siréne was tuned using the
narrow target in the SD3 polarimeter by maximizing the detected scattered events, and
was checked with the beam profile monitor D3. Finally, the current in Alizé was set by
maximizing the scattered events detected from the polarized target and the narrow monitor
target immediately downstream of the polarized target. The beam profile monitor D8 was
used to confirm the Alizé setting. The dipole magnets Muguet, Bourrasque, and Simoun, and
the superconducting solencidal magnets, were required for operation of polarized neutron
beams and to produce longitudinally polarized proton beams; they were not used in these
experiments. Several small vertical steering magnets (DV, Lys, Iris) were frequently off or
were used to make very small vertical bends in the beam. The quadrupole magnet currents
were approximately scaled with beam momentum. The beam profile monitors D2 — D7, and
often D8, were removed remotely after the beam tuning,

The typical size of the beam at the profile monitor D8, near the polarized target, was
~ 20 mm in diameter, and the typical beam polarization was 0.6 — 0.8. The position of

the beam at the downstream polarimeter (Sec. I1.B) was measured at most energies in run
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periods III and IV, and was found to change by +2.0 cm. It is estimated that this change
corresponds to a variation in the incident beam angle at the polarized target of +3.1 mrad
or less. This variation could cause a systematic error in the c.m. angle, and would appear

as a zero crossing of P = A,on, at an angle different from 90°; see Sec. IILE.

B. Beam Polarimeters

Three relative beam polarimeters were used to monitor the vertical (N-type) and hori-
zontal (S-type) transverse components of the beam polarization. These were the SD3 po-
larimeter located near the Siréne magnet, the target-region or “anti-polarimeter” situated
2.50 m upstream of the polarized target, and the downstream or “Gatchina” polarimeter
whose target was 6.54 m downstream of the polarized target, described in detail in Ref. [2].
They measured the vertical, horizontal, and vertical components of the beam polarization,
respectively. The downstream polarimeter was partially installed and tested in run period
I1, but was fully operational only during run periods III and IV. Scaled quantities from these
polarimeters were used to monitor the beam polarization on-line and offline; see Sec. I11.B.

The SD3 polarimeter has been used for many past experiments and is described in detail
in Ref. [21]. Its target was either a carbon or CH; block, 2 mm wide, 15 mm high, and 5
mm thick along the beam direction; the width was somewhat narrower than the beam spot.
There were four arms in the horizontal plane with two scintillation counters in each arm. Two
arms, consisting of counters SP, and SP;, and SP; and SPs, were symmetrically located on
opposite sides of the nominal beam line to detect the forward scattered protons. They were
situated at laboratory angles of 13.9° for the measurements described in this paper. The
other two arms were also located on opposite sides of the beam, and contained scintillation
counters SPy and SPy, and SP; and SP;. These arms detected the recoil protons, and their
laboratory angles could be changed remotely. By adjusting the angles, these arms could
be positioned to be “on” or “off” pp elastic scattering kinematic conditions with respect

to the forward arms. The recoil angles of the polarimeter arms were not adjusted for each




energy, rather they remained fixed over a range of energies. At each energy during normal
data taking, both carbon and CH, target data were typically collected, each with “on”
and “off” kinematic recoil angles. Four-fold coincidences L, = SP, - SP, - SP; - SP, and
R. = SP;+SPg+ SP;- SPy were generated electronically and scaled. Accidental coincidences
were also scaled.

Another pair of symmetric arms viewed the SD3 polarimeter target vertically, and
consisted of scintillation counters PH,; and PH,, and PB; and PB,. The coincidences
PH = PH, -PH, and PB = PB, - PB; and their accidentals were also scaled. These quan-
tities were sensitive to any S-type component of the beam polarization, but were mainly
used for beam intensity monitoring.

The target-region polarimeter (see Fig. 2) consisted of six arms. Two vertical arms
were symmetrically located above and below the nominal beam line at ~ 13°, and detected
forward-scattered protons. They consisted of scintillation counters AV; and AV;, and AV;
and AVs. The corresponding conjugate arms contained a single scintillation counter each,
AV; and AV;. The other two arms were in the horizontal plane and corresponded to a
beam-left forward arm (AH,, AH,) and its conjugate recoil arm (AH3) on beam-right. The
dimensions of the counters and distances to the polarimeter target are given in Table I.
Double and triple coincidences and accidentals were generated with standard electronics
and scaled (AV; - AV; - AVj, ete.).

The target for the target-region polarimeter was 5 mm-thick plexiglass with transverse
dimensions much larger than the beam spot. Thus, the number of scattering events detected
by this polarimeter was not very sensitive to changes in beam position compared to the other
two polarimeters. No target changes were made during these experiments. However, manual
adjustments to the recoil arm angles were made occasionally, depending on the beam energy.
The main functions of the target-region polarimeter were: 1) to set the beam-line solenoid
currents to produce a 90° spin precession when a S-type beam was desired, and 2) to serve
as a beam-intensity monitor. For the second function, the relative insensitivity to beam

position changes was an advantage. The beam intensity normalization used the quantity
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AV = \/AV; - AVge, where the coincidence signals AV;; = AV, - AV; and AV = AV - AVq
were formed with standard electronics modules; accidentals were subtracted from these

coincidences before computing AV.

C. Polarized Target

The polarized proton target (PPT) used for these measurements is described in Refs.
[22,23]. It included a vertical dilution refrigerator, a superconducting polarizing solenoid, two
superconducting holding field magnets, a microwave system, a nuclear magnetic resonance
(NMR) system to measure the polarization, a data acquisition system to monitor the target
performance, and associated equipment. Data collected for the different target polarization
states were typically separated in time by periods of 3 - 40 hours. Changes in detector
performance over these periods could have led to false asymmetries. Therefore, considerable
effort was made to search for such changes in the data analysis; see Sec.IILE.

Microwaves were used to polarize the target material via the technique of dynamic nuclear
polarization {24]. The target material was located at the center of the highly uniform
2.5 T magnetic field of the polarizing solenoid, and was at a temperature about 0.3 K
during the polarization. After the polarizing process was complete, the microwaves were
turned off, and the target temperature reduced to as low as 40 mK, thus “freezing in” the
polarization, and initiating the frozen spin mode of the target’s operation. The field of one
of the holding magnets was then turned on and increased, while the polarizing solenoid field
was decreased, as described in Ref. [22]. The holding field at the target center was 0.33 T.
The holding magnets were located above or upstream of the target, and did not interfere
with the incoming beam. The polarizing solenoid was completely lowered from around the
target material before the beam was brought back into the experimental area.

The target material was located in a cylindrical container of Voltalef. For run period II,
the diameter was 20 mm and the length was 44 mm, while for the other three run periods

the width, height, and length were 40 mm X 49 mm X 35 mm, respectively. A mixture




of 95% pentanocl and 5% water, doped with EHBA - Cr¥, was used as the target material;
pentanol-1 (CH;@H:CH:CH;CH;OH) was used in run period II and the second part of run
period I, and pentanol-2 (CH;CH,CH,CHOHCH,) in the first part of run period L. Different
target materials were used in an attempt to maximize the target polarization while achieving
long polarization decay times. The materials were in the form of small (~ 2.0 mm) diameter
glassy beads, made by rapid freezing of liquid drops in liquid nitrogen. The bead diameters
varied from bead to bead by about +0.2 mm, with target filling factors 67 — 70%.

The absolute target polarization was determined by a comparison of the NMR signals in
the polarized state and when the target material was in thermal equilibrium near 1 K, as
measured by the current in two ruthenium oxide resistors, calibrated to +0.01 K [23]. The
thermal equilibrium measurements were made (with microwaves turned off) immediately
before the pentanol-2 runs and twice at the end of the pentanol-1 runs in period I, and at
both the beginning and end of run period II. The target polarization measurements were
usually performed before entering and after leaving the frozen spin mode of operation. (For
one case in run period I and another in run period II, the target polarization after the frozen
spin mode for one target state at 2035 and 2095 MeV could not be recorded because of
instrumental problems. This led to larger errors at these energies; see Sec. IILLE.} Initial
values of the proton target polarization before entering frozen spin mode were generally in the
range 0.65-0.85, and typical polarization decay times (1/e) while in frozen spin mode were
~ 400 hours. Target polarizations for a given run were calculated from the known starting
and ending times for the run, and the values and times when the polarization was measured,
assuming a uniform exponential decay. The estimated relative systematic uncertainty on the
absolute target polarization is 3%, primarily from the absolute temperature determination
during the thermal equilibrium measurements.

A solid CH, target, 20 mm in diameter by 10 mm along the beam, was located about
17 em downstream from the center of the polarized target in run periods II, III, and IV.
Elastic scattering events from this target provided useful checks of systematic errors in the

data, though the acceptance of the detectors was somewhat reduced compared to the events
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from the polarized target [6]. In run period I, a ®LiD or "LiH target of thickness 25 mm
was used instead of the CH, target. Events from these “monitor” targets were also used for

beam tuning, as described in Sec. IL.A.

D. Detectors

A top view of the experimental detectors is shown in Fig. 3. Particles scattered from
the PPT were detected by a two-arm array consisting of a magnetic spectrometer and a
carbon rescattering polarimeter. The spectrometer arm included two trigger scintillation
counters (TD1, TD), four multi-wire proportional chambers (MWPCs - C0, C1, C2, C3), a
large-aperture analyzing magnet (Goupillon), a scintillation counter hodoscope (SH) made
of twelve vertical counters, and a neutron counter array with 15 horizontal bars and four
associated charged particle veto counters. The polarimeter arm contained four trigger scin-
tillation counters (TG1, TG2, PCE1, PCE2), four MWPCs (Cl11, C12, C13, C14), a scintil-
lation counter hodoscope (WH) with six vertical counters, and an 8-cm-thick carbon block
for rescattering. Many details about the apparatus are given in {3,25,26].

Information about the MWPCs, such as the useful dimensions, number of instrumented
wires per plane, number of planes, wire spacing, and distances of the chamber centers from
the PPT are given in Table II. Most of these values are similar to the results in Table 1
of Ref. [26]. However, a new chamber CO with LeCroy PCOS3 readout was installed before
these spin measurements, and this required a modified distance to chamber C1. The chamber
CO was not fully functional in run period I, and its data were excluded from the analysis
for those runs; data from C0 were used in the other three run periods. Information from
the rescattering of protons in the carbon (7] was not used for the results given here, so data
from chambers C13 and C14 were ignored in the present analysis.

The center of the spectrometer magnet, Goupillon, was positioned 320 cm downstream
of the PPT. Its aperture was 150 cm horizontally and 60 cm vertically, and its maximum

field integral was 0.74 T-m. The magnetic spectrometer arm was nominally centered at
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32° lab from the beam for all measurements in this paper, and it was not moved from the
beginning of run period II until the end of run period IV, This precludes systematic shifts
in the measured laboratory angle due to alignment of the magnetic spectrometer.

The neutron counter array (NC) [26] in the spectrometer arm was used for triggering.
Each scintillator bar was viewed by two photomultipliers, and had dimensions 8 cm high,
3 m long, and 20 cm thick. The time of flight over the 6.6 m flight path from the PPT to
the neutron counters was recorded for each photomultiplier signal. The difference in times
between the signals from the two photomultipliers for each bar determined the horizontal
position where the particle hit the bar. Four large veto counters for charged particles were
located immediately upstream of the neutron counter array. Each veto counter was a plastic

scintillator viewed by a single photomultiplier.

E. Trigger Electronics

The experimental trigger was formed with information from scintillation counters and
hodoscopes, but not MWPCs. All photomultiplier signals were discriminated and trans-
formed into NIM signals, either by leading-edge or constant-fraction discriminators. The
signals from the discriminators, corresponding to the top and bottom photomultipliers for
each counter in the WH and SH hodoscopes, entered mean-timer circuits. The mean-timers
minimized timing variations caused by different positions in these counters where the inci-
dent particles hit. Logical ORs of the signals from the mean-timers were formed for all SH
hodoscope counters (3 SH) and all WH counters (¥ W H).

Two pretriggers were generated for these experiments. One provided the trigger for pp

elastic scattering events due to scattering in the polarized target, defined as
TPP=TD1-Y SH-TG1-Y WH,
and the other for events scattered in the C H, target downstream of the polarized target,

MPP———TDl-ZSH-TG2-ZWH.
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Note that the C'H, target was mounted directly to the TG2 scintillation counter. The
fraction of pretriggers corresponding to M PP was typically 5 — 15%, with the remainder
being T PP events.

The final or master trigger was a coincidence between an OR of the neutron counters,
and either TPP or MPP. Only one or two adjacent neutron bars were allowed to have
a signal for the master trigger. The master trigger signal: a) generated a BUSY signal to
prevent subsequent triggers until the readout was complete, b) made the gates to latch the
SH, WH, and pretrigger information, c) gave the common STOP signal for the TDCs, d)
formed the gate for the ADCs for the neutron counters, ) generated the latch signals for
the MWPCs, and f} initiated the event readout.

Many quantities were scaled, including various polarimeter coincidences and accidentals,
and signals in the trigger, such as TD1, ¥ SH, and TPP. The scalers were gated with
either the Saturne spill gate or with the spill gate inhibited by the computer BUSY signal.
The Saturne spill gate was started with a signal from the accelerator, and corresponded to
the beam extraction time. Some quantities were scaled with both gates in order to measure
the deadtime associated with the read-in of the data. Scaled quantities with the spill gate
plus the computer BUSY signal were used for beam normalization of the elastic scattering
data.

Further details of the trigger electronics are given in Refs. [3,25,26].

F. Data Acquisition System

During run period I, the data acquisition system consisted of a special CAMAC crate
controller {Controleur Auxiliaire de Chassis - CAC [27]). The CAC module was based on a
Motorola 68000 microprocessor, and read data from modules in a single CAMAGC crate. It
was used for event-by-event data acquisition, some histogramming, and on-line diagnostics.
An on-line computer, Isadora, read the individual events from the CAC and the scalers from

other CAMAC crates at the end of each spill, and wrote these data to 9-track magnetic tapes.
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This computer, home-built at Saclay and based on a Motorola 68010 chip, also displayed
the histograms, started and ended runs, and printed scaler data and the results of on-line
diagnostics of the chamber performance.

This system was replaced before run period II by a Sun Sparcl card in a VME crate
running VxWorks data acquisition software, and a Sun SparcStation 14+ computer. The new
system had more than double the data acquisition rate of the earlier system. The data were
transferred from the Sparcl card to the Sun computer, and then to 8 mm Exabyte magnetic
tapes. Scaler and diagnostic data were also saved to disk. The on-line software allowed
extensive monitoring of hardware performance, which had been limited in the older system
by available memory and the difficulty of programming the CAC. For both data acquisition
computers, the typical live-time was maintained between 30 — 60%.

The data from all run periods were eventually copied to 8 mm Exabyte magnetic tapes
for later analysis. The data formats were similar from the two data acquisition systems, but
one block of variable length was written per spill in run period I, and two fixed-length blocks
of data were written in run period II. However, problems were encountered with how some
of the information was written to tape. As a consequence, considerable effort was required
to recover and/or repair the badly-written raw data. Eventually about 95 and 83% of the
data from run periods I and II, respectively, were recovered. The total raw data recovered
for these run periods corresponded to approximately 3 x 107 events for each period, and 6

and 9 Gbytes, respectively.

III. DATA ANALYSIS

The data analysis occurred semi-independently in two separate locations, Saclay and Ar-
gonne. Much of the off-line analysis software was in common, but there were also important
differences. The results of the two analyses are combined for the final values presented, and
the quoted uncertainties contain a contribution from the difference between the two sets

of values. In both cases, equations for the observed yields of elastic scattering events were
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solved for the spin observables Ay and A,,..,. The two analyses used somewhat different
cuts, and had different sensitivities for some types of systematic errors. However, the good
agreement of the derived Ay = Aopno = Auoon values suggests these systematic effects are
generally small. Some additional details may be found in Refs. [3,25].

There were several steps in the data analysis. The first step analyzed the scaler values
read at the end of each spill. Spills with bad or unusual experimental conditions or without
beam were identified and removed with cuts. In some cases, problems with the signals
being scaled or with the operation of the scalers were uncovered; no cuts were made for
these conditions unless these scaled quantities were crucial for the determination of Ay. In
general, the two semi-independent analyses used somewhat different cuts. A special case
of the scaler analysis was the evaluation of polarimeter scaler data. Various asymmetries
and ratios were computed, and this information was used in the evaluation of the elastic
scattering data.

The next step dealt with the elastic scattering events. The scintillator hodoscope, neutron
counter, and MWPC data were decoded to give the positions of the particle tracks. One
of the two analyses searched extensively for changes in relative efficiencies for hodoscope
and neutron counters, wire chamber planes, and individual wires. Also, searches were made
for changes in the distribution of the number of times wires were hit as a function of the
polarized beam state. Based on this information, cuts to remove counters, individual wires,
or wire chamber planes were determined. The other analysis did less extensive studies, but
also removed data from certain trigger counters or wire chamber planes with similar types
of cuts at some energies.

After the removal of information from certain counters, wires, or wire planes, and of
spills by the preceeding cuts, the remaining data were analyzed. Particle positions in the
MWPCs and trajectories were computed. The momentum of the particle in the magnetic
spectrometer arm and other kinematic quantities were calculated. Cuts were made to remove
non-elastic events. The remaining backgrounds and the number of elastic scattering events

were then estimated. The software for this last step was nearly identical for the two data
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analyses, but again the individual cuts within each analysis varied.

The final step took the number of elastic events for each of the polarized beam and
target states and derived the spin observables as a function of the c.m. angle. Two slightly
different schemes were used to determine the spin observables and to search for any remaining

hardware problems in the data.

A. Scaler Data

The first step in the data analysis was to read the scaler information from the data
tapes. Histograms and plots as a function of spill number (i.e. time) were generated for
scaler quantities per spill or ratios of two scalers. The goal was to search for and eliminate
spills where sizeable changes occurred in experimental conditions. This would keep the
efficiencies of the apparatus as constant as possible at each energy, reducing the effects of
certain types of systematic errors. For example, at times sizeable changes in beam intensity,
beam position, computer live-time, or trigger rate from some scintillation counters were
observed.

The plots and histograms for all runs at each energy were visually inspected. From this
information, cuts on the data were then determined, and all events within spills that failed
at least one of these cuts were eliminated from the later stages of the data analysis. As much
as possible, the applied cuts were identical for both polarized target states at each energy.
These cuts typically rejected less than 5% of all spills for both target states and all four
beam polarization states at an energy. Some cuts were applied at only one or two energies,
in response to specific hardware problems.

Examples of plots and histograms with cuts at some energies included: a) the relative
beam intensity at the SD3 polarimeter, v/PH - PB, or near the polarized target, AV; b}
the trigger rates, such as TPP/AV and TPP/Y SH; c) the computer live-time from the
ratio of scaler values with the two gates; d) the horizontal beam position or beam angle at

the SD3 polarimeter from SPy,/S Pss, where the coincidence signals SP;, = SP, - SP; and
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S Psg = SP; - SPg were generated electronically; and e) the vertical beam position or beam
angle at the target-region polarimeter, AV;5/AV;6. Other histograms and plots included
ratios such as SH;/ Y. SH or WH;/ ¥ WH as a function of spill number.

This step in the data analysis went very quickly because of the small fraction of the data
on the tapes that the scaler values represented. However, it was quite tmportant to minimize
systematic errors that could be introduced by different detector inefficiencies during runs for
the two polarized target states at each energy. Also, some scaler ratios were very sensitive
to changes in the beam tune; some of these changes could have caused systematic errors in

the data. Such systematic errors will be discussed further in Sec. IIL.E.

B. Polarimeter

Scaler data from the polarimeters were analyzed independently of the elastic scattering
measurements. The results of the polarimeter analysis yielded two important constraints
that applied to the elastic analysis, as described further in Sec. IIL.D. One result is that
the relative magnitudes of the four beam polarization states are consistent with being con-
stant, independent of energy and time. Based on this result, it will be assumed in further
analysis that this is the case. The other type of constraint is the value of the ratio of these
polarizations for the two target polarization periods at each energy.

One of the most important results was derived from the scalers for the two pairs of left
and right arms of the SD3 polarimeter. The input data included the four-fold coincidences
L= S5P, -5P,-SP;-5P;and R, = SP; - SP; - SP; - SP;s and the associated accidentals
Loce = SP1-SPy - (SPy - SPy)gat and Ryoe = SPy - SPy - (SP; - S Pg )4 as described in Sec.
II.B. These scalers were enabled by the Saturne spill gate, and were read after each spill.

For each experimental run of 1-2 hours duration, the polarimeter scalers were summed
and the accidentals subtracted, giving eight quantities (L,, La, L3, L4, Ry, R2, R3, R,) for the
four beam polarization states and the left and right polarimeter coincidences. In some runs,

there were only three or two polarization states, with either the “0_” or both the “0+” and
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“0_" states missing.
It was assumed that there was no beam position change at the polarimeter target corre-
lated with the beam polarization state. Such motion was not expected, and was found to be

less than 0.1 mm (unmeasurably small) in a test at one energy. Then the eight quantities

can be written as:

L1:L0+:B1'C'dQL‘(1+P}_'AL),

Ry =Roy =B,-C-dQg-(1~ P, - Ap),

Ly=L_=B;-C-dQ-(1- P, - Ayp),
RzzR_IB;'C'dQR‘(]-"'PZ'AR)!

(1)
La:L+=B3-C'dQL'(1+P3'AL))

Rs:R+IB3'C'JQR'(1_P3'AH)!

L4:L0_=B4'C'dQL'(1—P4'AL),

R4:Ro_=B4'C'dﬂﬂ'(1+P4'AR).

The integrated beam intensity for each beam polarization state j is B;, the products of
eﬂ'ectivg solid angle times efficiency are represented by df; and d{lg, and the polarimeter
analyzing powers are Ay and Ag. The polarizations (after extraction of the beam from
Saturne II) for each state i are P;, and the cross section and target thickness are contained
in the constant C. The values of P; are all expected to be positive (or negative if an odd
number of strong depolarizing resonances were crossed during acceleration), based on details
of the ion source operation. Typically, Py, P ~ 0.6 — 0.9 and Ap, Ag ~ 0.1 — 0.3 for these
experiments.

The quantities in Egs. (1) can be combined in various ways to derive information on the

parameters. For the case of only two beam polarization states (-, + = 2,3) with nearly equal
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integrated beam intensity and polarization magnitudes (B2 ~ B3, P, ~ P;), the following

expressions can be determined:

i
€23 = E'(P2+P3)'A+O(€3)

_ VLaRy — /LaRy
VLiRs + /LR’

523:2'(BQ+B3)°C'(£Q+0(63)

= Ly + Ry + L3 + Rs,
Bs — B 1
€B3z = B:+B: +§'(P2+P3)'A‘5A+O(Ea)
_ VLR - VLR,
vVLIsRs + \/Lsz’
1 3
6{]23=En+§-(P3-P2)'A+O(E )
_ VL - J/EaRs
vL:Ls + \/RzRa,

(2b)

(2c)

(2d)

where A and df) are the left-right averages, A = (AL + Ag)/2 and dQ = (dQ; + dQR)/2.

Physically, €23 is the mean beam polarization multiplied by the average polarimeter analyzing

power, 5y is related to the spin-averaged count rate, €pa; is dominated by the asymmetry

in beam intensity, and €nzs is primarily the asymmetry in the product of polarimeter solid

angle and detection efficiency. The following small quantities are presumed to be all about

the same order of magnitude (¢):

P A,

€4 = (AL — Ar)/(AL + An),

en = (dQ — dQR)/(dQy + dQg),
(Bs = By)/(Bs + Ba),

(Ps — P2)/(Ps + Pp).
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It should be noted that the sum of the polarization magnitudes (Py + P3) always occurs as a
product with the average analyzing power 4. The difference (Ps — P3} - A occurs only with
€q, the asymmetry in the effective solid angle and efficiency for the two arms. Thus, it is
not possible to determine P, and Py separately without independent knowledge of eg.

The addition of another beam polarization state does not allow the separate determina-
tion of €4, €q, or the difference (P; — P;), either. For example, the new information allows

calculation of:

(P + P)- A+ O(é%),

_1
€1 = 5
812 =2.C- dQ{(Bl + Bg) + 4. (EA + Gn) . (31P1 — Bsz)} + 0(63).

For this experiment, 2B; ~ B,, B; because the “0+” state was run only about half the
number of spills as the + or - beam polarization states. In addition, P, < P;, P, leading to
the extra term in Sy,. All other expressions, such as €13, S13, €B12, €q13, etc. can be written

in terms of Eqgs. (2), €21, and Sy;. In particular, to order €,

€13 = €23 — €n
1

S(P—P)- A+ 0()

€n1z = €23 — €13,
€013 = €n23 + €21,
S13 = S12 + Saa - (€Baa + €23 - €n2a),
€p12 = (313 — S23)/ 512 — €21+ €nz,
€pa1 — (523 - 512)/513 — €13 * Q13-
A similar situation applies for the case when the fourth beam polarization state is added;

again the differences (P3 ~ P,) and (P, — P,) cannot be determined independently of eq.

However, the ratios of the sums of polarizations could be found. The quantities:
Rizy = en/e3a >~ (Por + P_)/(Py + P_),
Razq = €saf€an >~ (Py + Po_ )/ (P + P.), (3)
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Riaas = e51/€23 >~ (Pos + Py_}/(Py + P.),

were computed for all runs (all four run periods) when the polarimeter arms were located at
the proper angles to detect pp elastic scattering events, except the 800 MeV runs which had
large asymmetries due to the large analyzing power 4. Both carbon and CH, polarimeter
target data from different runs were included. The weighted averages and x2/Npr values
are given in Table III. It can be seen that all three ratios are nearly constant, independent
of beam energy. Also, Ry234 is small and is reasonably consistent with (Ri2a + Razq — 1.0- =
(0.072 + 0.033)), as expected from Eq. (3).

In addition, the ratios of sums of polarizations, R;s3 = Rjas = R within statistical €rrors,

or
P0++P_:P++Pn_. (4)

On the basis of this analysis and the results in Table ITI, R will be taken to be a constant

(R = 0.536 =+ 0.002), and from Eq. (3),

Py=R-P,+(R—-1)-P_,

(5)
Po=R-P.+(R-1)-P,.

The constancy of the three ratios in Eqgs. (3) can be achieved for a variety of accelerator and
polarized ion source conditions if the ratios of the four beam polarizations (P; : Py : Py : Py)
= (Pos : P_: P, : Py_) were always fixed. The four polarizations would be multiplied by a
different constant at different times as the ion source polarization varied or the accelerator
depolarization changed. Also, Eqgs. (5) indicate that if both P, and P_ are multiplied by a
constant, then Py, and Fp_ will also be multiplied by the same constant in order to keep
Ri23 and KRjaq fixed. Although the data are consistent with the ratio of the four beam
polarizations being constant, there are other possibilities. These other possibilities have a

changing ratio P_/P, with Po; and P,_ satisfying Egs. (5),
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P_ P_
P()+:P_:P+:P0_:[R-}—(R_l)._}:P_
+

o] % fmenen ]

Py
or the four polarizations would need to satisfy conditions that are less likely physically. Thus
the ratio of the four beam polarizations will be assumed to be constant.

Finally, the ratio of the P; (or P,, etc.) polarization at two different time periods will
be given by the corresponding ratio of €;3 values if the polarimeter and beam conditions
remain unchanged. This follows from the assumption of constant ratios of the four beam
polarizations at each energy. Usually these two periods were close in time, so the assumption
of fixed beam conditions is reasonable. (However, in some cases during run period I, changes
may have occurred.) Corrections to the data were applied in the Saclay analysis when the
ratio of es3 values indicated somewhat different average beam polarizations for the two
target polarization periods, in an attempt to reduce systematic errors in the data from such
changes.

The information from the measurements reported in Ref. [15] (see Sec. IL.A) can be
incorporated with the results above. These later measurements are expected to apply to the
present experiments since it has been shown that the polarimeter ratios are consistent with
being constant over a period of several years. As a result, the ratios are expected to obey

the relations:
Poy  P.: Py : P~ = 0.072 : 1.000 : 1.000 : 0.072. (6)

Recall the P; are all expected to be positive or all to be negative due to the form of Egs. (1).
The 0.072 values in Eq. (6) are from Eqs. (5) and the adopted value of R, and are consistent
with the data reported in Ref. [15]. The results for the spin observables are not very sensitive
to the value of R. Note that it was possible to obtain individual beam polarizations in [15],
but not in this experiment, since the unpolarized ion source added a fifth polarization state

with a value known to be zero, or equivalently it allowed determination of eq.

22




C. Scattering Data

The analysis of the scattering data occurred in three stages. The first stage searched
for changes in efficiency of trigger counters, wire chambers, or neutron counters within runs
at each energy that could not be detected from scaler data alone. If such changes were
found, the counter, wire, or wire chamber plane information was subsequently eliminated
for all runs, beam, and target polarization states for that data set. Alternately, all data
from certain spills were removed when hardware problems prevented readout of some wire
chamber planes or when a high voltage power supply tripped off for a short time. The
second stage analyzed the data in the spills that passed the scaler cuts, and for the detector
information passing the detector cuts. The wire chamber data were decoded, particle posi-
tions in chambers calculated, and kinematic quantities such as scattering angles and particle
momenta were computed. Cuts on some of the kinematic quantities were applied, and the
data were binned as a function of scattering angle. The third stage estimated remaining
backgrounds, extracted the number of elastic scattering events for each beam and target
state, and computed the spin observables as a function of angle. This is described in detail
in Sec. II1.D.

The first pass through the scattering data occurred mainly in the Argonne analysis.
A number of quantities related to detector efficiencies were plotted as a function of spill
number or of polarization state. The fraction of events for each trigger hodoscope counter
(SH;, WH‘) and neutron counter were computed for each spill and displayed as a function
of spill number. At times, a counter would exhibit a changing fraction, such as SHy/ 3 SH.
In addition, histograms of the number of times each hodoscope and neutron counter were hit
were accumulated for events identified as pp-elastic scatters and also for all events recorded.
These histograms were generated for each run, for each target polarization state, and for
each beam polarization state. Changes in the fraction of events for each scintillation counter
could be identified. In these cases, all events (both target and all four beam polarization

states) having a signal in a counter with changing efficiency were eliminated from the next
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pass through the data in order to minimize systematic errors.

The MWPC data were also decoded in this stage. Histograms of the number of times
each wire had a signal were made for each beam polarization state. These were compared
to search for wires whose fraction changed outside statistical fluctuations. Typically a few
wires were “noisy” in each MWPC plane, and often these wires were cut out because of their
changing fractions. These isolated noisy wires were usually the only wires removed from the
analysis.

Two-dimensional histograms of chamber positions were also generated. Some electronics
problems were uncovered with the data in these plots. In addition, a region in chamber
C1 was discovered that had a lower relative efficiency than the surrounding regions. It was
a roughly circular region with diameter approximately 4 cm (from a previous experiment
where the beam passed through this chamber). There was a concern that this region as
a whole might be exhibiting changes in relative efficiency with time, especially during run
periods III and IV. As a result, all events in this region were eliminated for all energies
during those run periods, but not during the first two periods.

Finally, the relative efficiency for each MWPC plane was computed for each spill and
plotted as a function of spill number. This relative efficiency was computed by finding the
fraction of events with a signal on at least one wire in the plane. One hardware problem in run
period II caused the relative efficiency to oscillate with time in a few planes. This problem
was traced to missing information in the chamber plane identification code in the raw data.
Fortunately, this problem occurred for only a couple of energies, and some of the data
could be recovered. Another condition was also found where the MWPC relative efficiencies
dropped to zero in some spills, but beam was present and the scalers were not gated off. This
condition could result in improper beam normalizations and false asymmetries in the data.
Such spills were cut out of the analysis, in addition to those removed by the scaler cuts.
Finally, problems with the wire chamber gas were observed in the relative efficiency plots
before this was discovered on-line. As a result, data from sizeable regions of some planes,

or whole wire planes at times, needed to be removed from the analysis at a few energies.
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The second stage dealing with the scattering data was nearly identical for the two sep-
arate analyses. First, the events corresponding to spills that failed scaler cuts or that were
determined to be bad from the preceeding pass were removed. The beam intensity monitor
and polarization scaler values corresponding to those spills were not added to the sums for
the run.

The scintillation counter hodoscope and neutron counter array data were processed next.
Events were rejected if they did not have a unique counter in both the WH and SH ho-
doscopes, except for some early data in run period I. In the Argonne analysis, a weak cut
on the correlation of the WH and SH counters was made to eliminate events that would
clearly fail the elastic scattering cuts. This was done to reduce the computer processing
time. In the Saclay analysis, cuts were applied to the recorded timing information for the
SH and neutron counters from T'D1, and for the W H counters from TG1 and TG2. These
cuts also eliminated some of the non-elastic events.

The analysis of the MWPC information followed. Raw data words were ignored that
corresponded to individual wires or wire planes that had been identified as bad in the
previous stage of the analysis. The remaining wire chamber data were converted to spatial
positions. The coordinates of the “hits” in the chambers were processed by tracking software,
unless there was too little information to define a track, in which case the event was rejected.
Thus, at least two of the three planes had to have good hits in chambers C3, C11, and
C12, and sufficient information had to be available in C0, C1, and C2 to define a line.
Furthermore, data from three or four planes within C0, or three planes within each of the
other chambers, had to be consistent to some tolerance set by the software.

The tracking software first fit a straight line through the points in chambers C1 and
C2 for run period I, and in C0, C1, and C2 for run period II. All combinations of multiple
hits in each chamber plane were considered, and the fitted line with the minimum x? was
chosen; see Fig. 4. The line was then projected to chamber C3, located behind the Goupillon
bending magnet, and compared to the observed hits. A coarse cut on the difference between

the measured and predicted C3 positions was made. The momentum of the track was then
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computed. Finally, a straight line was fit to the hits in chambers C11 and C12.

The fitted lines from the two arms were projected to the target region to obtain the
points at the distance of closest approach. The midpoint of the line segment connecting
the two points was assigned to be the interaction pomnt. Cuts were applied to the three
coordinates of the interaction point and the distance of closest approach, as shown in Fig.
5. The polarized and the small unpolarized targets are clearly visible in the z-distribution.

The angles from the two fitted lines were corrected for the polarized target magnetic field
(8L for the polarimeter arm and fg for the magnetic spectrometer arm). The difference ép
of the measured momentum in the magnetic spectrometer and the value expected for elastic
scattering from fr was computed and a cut applied. Similarly, the difference §§ between
the measured §g and the expected value from 4;, assuming elastic scattering was calculated
and a cut also made. These two differences and typical cuts are shown in Fig. 6. The c.m.
angle for each event was computed from the corrected laboratory angle in the magnetic
spectrometer arm, dp.

The coplanarity (8¢ = ¢z + ¢r — 180°) was also calculated; see Fig. 6. For the Saclay
analysis, counts from two separate regions in the coplanarity distribution were determined
for each c.m. angle. One region included counts from the elastic scattering peak plus
background, whereas the other region was from the “wings” of the coplanarity distribution.
The number of elastic scattering events was then estimated from the difference of these
counts. For the Argonne analysis, the background shape summed over all c.m. angles was
estimated from the sum of two Gaussians fit to the coplararity distribution in the wings,
away from the peak (|64 ~ 3—15°). A fit with a single Gaussian was found to be inadequate.
The coplanarity distributions were then recorded for each c.m. angle, and the background
shape was normalized to the counts in the wings at each angle. Finally, the number of
elastic events was determined in the elastic peak after subtraction of the background. The
number of events surviving all cuts was similar for the two analyses, except for cases where
a particular counter, wire, or wire chamber plane was removed from the Argonne analysis.

The full reconstruction efficiency for the accepted elastic events was about 7 % of the triggers
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at 2.0 GeV, and dropped with increasing energy down to 2.6 % at 2.8 GeV.

D. Determination of the Spin Observable 4,,., = Aooon

The observed numbers of elastic scattering events for a particular beam energy and c.m.
angle were normalized to the relative beam intensity, AV, for each state to give n;;. The
subscript ¢ corresponds to the target polarization state, and 7 to the beam polarization state.

The rormalized counts are expected to obey the following relations:

yo4 = CoN[L + PosAcono + Pry Accon + Pos Pry Aconn]

- = CoN[1 = P_Aoono + Pry Avoon — P—Pr Avonn]

iy = CoN[1 + Py Aono + Pry Avoon + Py Pry Aconn)

nio- = CoN[1 — Po_ Avono + Pr+ Acoon — Po— Pry Avonn] (7)
oy = N[1 + PoyAoono — Pr—Aooom — Pos Pr— Aoonn]

n_. = N[l — P_Aomo — Pr_Avoon + P Pr_ Aoonn]

n_t = N{1 + Py Asono — Pr-Aooon — Py Pr_ Avorn]

Nn_g- = N[]. - Po_Am - PT—Aooon + PU_PT_.AM,,_].

These equations are written so that all quantities P; and Pr; for the beam and target
polarizations are expected to be positive values. The normalization N contains the cross
section, solid angle, target length, efficiencies for AV and the spectrometer detectors, etc. It
is assumed that the efficiencies change slowly compared to beam polarization state changes,
or time scales of order seconds. However, the parameter Cy allows for efficiency changes
between target polarization state changes, or typically time scales of hours.

In Egs. (7), the measured quantities include the eight yields, n;;, and the two target
polarizations, Pr, and Pr_. The unknown quantities include Co, N, Apono, Avoon, Aconn,
and the four beam polarizations (P, P_, P,, P,_). The beam and target polarizations are

independent of c.m. angle, while all other variables are angle dependent. In order to reduce




the number of unknowns, the relationship in Eq. (6) will be assumed to hold; see Sec. II1.B.
Therefore, only the magnitude Pg = P, = P_ must be determined.

The system of equations above, Egs. (7), is neither linear nor independent. In fact, it
can be shown that the normalized counts n;; are connected by four independent relations,

which can be expressed as ratios Ry

n + nio-

Rl = “'——m+0+ +0 = ]. (Sa')
'n++ + 'n.+_

R, = M=o+ TR0 (8b)
n_+ + n__ .
n _ _n_ -

Ry = m0+7 thy N4 + 0 Nooy —1 (8¢)
LA CO Nl o (NI SN o (FYIFR

R = Poynyn o+ Ponjorn_y 4+ Pingosn__

4

Foynoyn__ + Ponyin oy + Piny_n_op

=1. (84)

The relations for R, and R, follow from Eqgs. (4) and (7), and are a consequence of the
operation of the polarized ion source. The results in Eqs. (8¢c) and (8d) for Ry and R,
are completely general, and involve only three of the four beam polarization states (here
P,, P_, and Fy,). Similar equations could be written in terms of a different set of three
polarizations, for example omitting Py, instead of P,_. For this experiment, Egs. (5) and
(6) can be used to rewrite Eq. (8d) as

Ry = (2R-1)nyn_y +nyo4n g + nyporn_ -1 9)
(2R —1)nyin__ +nypn op + 04 n_o4 ‘

There were only two beam polarization states for most of run period I, so the R, could
not be evaluated. The values of R, - R4 for run period II, and of Ry and R, for the few
energies with three beam polarization states in run period I are given in Table IV. These
values are all consistent with 1.0, as expected, and they provide a limit on the size of certain
systematic errors. The value of R4 computed from Eq. (9) and given in Table IV tests not
only the consistency of the data, but also is a check on Egs. (5) and (6). Note each entry
in Table IV is an average over all c.m. angles at that energy. There is a similar table in the
accompanying paper {Ref. [2]), and again the four ratios R, are consistent with 1.0.

Two methods were used to derive the physics parameters as functions of c.m. angle. The

existence of the four relations in Eqgs. (8) among the eight measured yields n;; in Egs. (7)
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allows only four unknowns to be determined at each angle. However, there are six quantities
remaining, namely Py, Co, N, Aooon, Avono, a0d Agonn. Thus, additional constraints must
be applied.

In one method, Cy was assumed to be independent of c.m. angle, similar to Pg. This
would be true if all detector efficiencies were constant, except perhaps for the AV counters
that normalized the beam intensity, or the TD1 or TG1 counters that were part of the
experimental trigger. The Saclay analysis used this approach, varying Co and Pp until
Acoon = Acono Within errors over the whole angular range. Six relations were considered, the

four forn,_,niy,n__,n_4 in Egs. (7), and:

Mo+ + Typ— = CON[2 + (P0+ - PD—)Aoarw + 2PT+AOOO‘H + (P0+ - Pﬂ—)PT+Aoonn]
- 2CON{1 + PT+Aooon]
n_0s + o= = N2+ (Por — Po-)Aoomo — 2Pr— Asoon — (Por — Po-)Pr_ Avoms]

= 2N{1 — Pr_ Aopon).

At most energies Cy was close to or identically equal to 1.00. As noted in Sec. ITI.B, different
beam polarizations were used forn, _,n,4 and forn__,n_, at six energies (1955, 2015, 2035
1, 2075, 2135, and 2155 MeV - 2035 I is from run period I). The ratio of beam polarizations
during the two target polarization periods at each energy was set equal to the corresponding
ratio of ez3 values from the SD3 polarimeter; see Eq. (2a). The final A,,, values from the
Saclay analysis were approximately the average, (Aocon + Aoons)/2, at each angle.

In the second method, it was assumed that Agpon = Agome for each angle, but C, was
left to vary with angle. Any points where Cy changed outside errors would signal an angle
dependent efficiency change. This method was the first step in the Argonne analysis. A
value of Pg was assumed, and the values of Cy, Ay, and A,,., were determined at each
angle by a x* procedure using all eight relations in Egs. (7). The beam polarization was
then found by minimizing the sum of the x? values at each angle. Fig. 7 shows the results
at one energy and two run periods, one with a constant Cy and the other with a varying

Co. In many cases, the cause of the change in C, was identified with a particular detector
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element, such as a hodoscope counter or MWPC wires. The complete analysis was then
repeated with a cut to remove the offending element. In the remaining cases, the angles
with the different Cy values were excluded.

The second step in the Argonne analysis occurred after the Cp values for the remaining
angles appeared to be constant. A procedure very similar to the Saclay analysis was used
to determine Agon. and Agonn, except that all eight relations in Eqs. (7) were used.

The Saclay and Argonne values for A.,, were then combined. The value of An was
chosen to be the unweighted average of A, results at each angle, since these quantities are
not statistically independent. The error was assigned to be the smaller statistical error in
quadrature with half the difference between the two A, values. This procedure provides
an estimate of the systematic errors associated with the different analysis methods and cuts.
For most points, this estimated systematic error was smaller that the statistical uncertainty.

The final values are given in Table V and Figs. 8§ - 12.

E. Systematic Errors

There are several types of systematic errors for this experiment. One type is associated
with the knowledge of the absolute beam and target polarizations. This relative error is
in common to all points at a particular energy and run period. It was computed from the
estimated relative error on the target polarization (+3%) and the corresponding variation
in Agon., and is quoted in Table V. The systematic errors are larger than for the target
polarization alone, because Acon, = (Aoono + Aooon)/2, and the results for A,omo require
knowledge of the derived beam polarization. Furthermore, at 2035 II (run period II) and
2095 [ MeV, the estimated relative errors were increased to compensate for the fact that the
target polarization was not measured after the elastics data were collected for one target
state; see Sec. I1.C.

A second type of systematic error is caused by the methods to estimate backgrounds

under the elastic peak in Fig. 6. These are included in the quoted errors in Table V as
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a contribution from the difference in A,.m. results at each angle between the Saclay and
Argonne analyses; see Sec. IIL.D. Then the total error on A, is given by three contributions
in quadrature: a) the combined statistical error and estimate of systematic uncertainty for
determining backgrounds, b) the relative error times A, corresponding to uncertainties in
the absolute beam and target polarizations, and ¢) the additive systematic error due to the

uncertainty in the value of Cj in common to all points in a data set:
(6Aoon)2 = (JAM.,ltat)z + (Aoon. X ‘Trel)z + (dadd)z-

The relative and additive systematic errors (oo and oaqq, respectively) for each data set are
given in Table V.

A third source of systematic error may be caused by changes in detector efficiency with
time, especially between the two polarized target states at each energy. Data collection with
+ and — target polarizations often were interrupted by periods of several to many hours,
particularly during run period I. Detector gains could drift and efficiencies change in these

periods between data collection. For example, when Cy = 1 and Pr, = Pr_ = Pr, then

from Egs. (7)

A _ 1 N4 +n_+—n+_ - T__.
coon PTn+++n._+ +n+_.+n__.

A change in detection efficiency in the elastic scattering apparatus, so that
n?s =0t x (1+e.)
n‘f’; =7t x (1 + ¢,)
ob tru
nll =nl" x (1 —¢)

nob: . ntrue % (1 _ 63),

corresponding to an efficiency asymmetry e,, would then give
Ao = Al 4 e /Py

Similarly, a change in the efficiency of the beam intensity monitor AV would give
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obs true
Aoocm = Aoom - Eb/PT1

where ¢, is the monitor efficiency asymmetry, similar to €, above. In both cases, a shift in
the values of A,,, would be caused.

This type of systematic error can be tested by evaluating Aoen. at 90° c.m., where the
value should be zero by the generalized Pauli principle [1]. The measured results within the
range 90 + 5° were fit by a straight line; see Table VI. Since the data collection occurred
in the pattern (Ey, Pr.), (Ei1, Pr_), (Ez, Pr.), (Ea, Pry), (Es, Pr.), ... for most of the
run periods, a slow change in an efficiency would be expected to yield both positive and
negative values of Agon (90°). The results suggest that the systematic errors are no larger
than 0.03, and possibly much smaller. For example, the Aoon.(90°) results from Table VI
are seen to be consistent with a slightly negative value averaging over all energies. It is
concluded that there might have been a small error (0.3 — 0.4°) in the measured laboratory
angle, or about (—0.5 +0.2)° in the c.m. angle, for all energies. This is consistent with the
estimated uncertainty in the absolute angle of 40.18° lab. Note that the results from Table

VI are plotted in Fig. 9 in Ref. [2], where these conclusions are reinforced.

IV. RESULTS

The An = Agon. results for run periods I and II are given in Figs. 8 - 12 and Table
V. A total of 19 different beam kinetic energies and 442 different points are included. Of
the 21 data sets, four (1795, 1845, 2035 II, and 2095 II) were collected in the second run
period, while the remaining sets were from run period I. At two beam energies, 2035 and
2095 MeV, there were repeated measurements. The figures show good agreement for the
two run periods.

These new experimental data are also compared to previous results [18,28-34] in this
angular and energy range in Figs. 8 - 12. Most of the data are in reasonably good agreement.
The measurements at 1793-1796 MeV of Perrot et al. [18], 1958 MeV of Albrow et al. [28],
1967 MeV of Bell et al. {31], and 2205 MeV of Makdisi et al. [32] agree well with the data in
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this paper over the whole angular range, and of Miller et al. [29] at 2205 MeV except pethaps
at the largest angles. Several of the existing data sets seem somewhat low near 70° c.m. but
agree elsewhere. These include the measurements of Parry et al. [30] at 1967 MeV and 2138
MeV, and Perrot et al. [18] at 2093-2096 MeV. Two points of Diebold et al. [33] at 2205
MeV are shown. The Neal and Longo [34] data at 2240 MeV are considerably below the
results from this paper. A global analysis of pp analyzing power data for It < 0.7 GeV?/c?
was performed some time ago [35]. This analysis studied the ZGS beam polarimeters, and
it concluded that the data of Refs. [30,33] should be renormalized upward by 15% and 10%,
respectively, and of Ref. [31] should be renormalized downward by 8%:; no changes were
suggested for Refs. [28,20,34]. These suggested changes would improve the agreement with
the new data from this paper.

Two recent phase shift analyses (PSA) have been performed in the range of the mea-
surements reported in this paper. The Saclay-Geneva PSA (36] occurs at four energies (1.8,
2.1, 2.4, and 2.7 GeV) using previous data and the present results near these energies. The
Arndt et al. PSA [37] has recently been extended from 1.6 to 2.5 GeV, and includes all the
data from this paper. The two PSA predictions are compared to data at 1795 and 2095 MeV
in Figs. 8 and 10, and the Arndt et al. predictions at a selection of other energies are given
in Figs. 8 - 12. Quite good agreement occurs at all energies, because the presenf results are
in the two PSA data bases, and also agree well with previous measurements near 1.8 and
2.1 GeV. The present data and results from [5-7) improve the direct reconstruction of the
pp scattering amplitudes at the four energies 1.8, 2.1, 2.4, and 2.7 GeV [36].

The large number of new data points from this paper, in an energy region that was
previously covered only sparsely, will make a significant contribution to the knowledge of
the nucleon-nucleon elastic scattering amplitudes. Considerable care was taken to minimize
systematic errors in these measurements from changes in detector efficiencies or operating

conditions.
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