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Proton-proton spin correlation measurements at 200 MeV with an internal target
in a storage ring
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Measurements of thepp spin correlation coefficientsAxx , Ayy , andAxz and analyzing powerAy for pp
elastic scattering at 197.8 MeV over the angular range 4.5°–17.5° have been carried out. The statistical
accuracy is approximately60.01 forAmn and60.004 forAy , while the corresponding scale factor uncertain-
ties are 2.4% and 1.3%, respectively. The experiment makes use of a polarized hydrogen gas target internal to
a proton storage ring~IUCF Cooler! and a circulating beam of polarized protons. The target polarization
(Q50.79) is switched in sign and in direction (x,y,z) every 2 s by reversing a weak guide field~about 0.3
mT!. The forward-scattered protons are detected in two sets of wire chambers and a scintillator, while recoil
protons are detected in coincidence with the forward protons by silicon strip detectors placed 5 cm from the
proton beam. The background rate from scattering by the walls of the target cell is (0.260.2)% of the good
event rate. Analysis methods and comparisons withpp potential models andpp partial wave analyses are
described.@S0556-2813~97!02402-3#

PACS number~s!: 13.75.Cs, 25.40.Cm, 24.70.1s, 29.25.Pj
fir
to
d

ng
u
t

,

g
ct

ro
i

th
at
th
an
k-
n,

v
th

ear

een
-
ea-
cu-
ut
as

-
ure-
ure-
han
s
scat-
tic

e
n
the
ture
red
ion
om-
pin
to

get
he
th-
of

the
s

I. INTRODUCTION

The purpose of the present paper is to describe the
use of an internal polarized hydrogen gas target in a pro
storage ring to measure spin correlation parameters an
report values ofAxx , Ayy , andAxz at 197.8 MeV proton
energy as a function of angle betweenu lab54.5° and 17.5°.

Physics with polarized gas targets internal to storage ri
is still in the beginning phase. Early experiments with de
terium targets in electron storage rings were carried ou
Novosibirsk@1,2#. A first measurement ofp- 3He spin corre-
lation with a 3HW e target@3# in the IUCF proton storage ring
or ‘‘Cooler,’’ and a feasibility test with a HW target in the
low-energy test storage ring in Heidelberg@4# are the only
prior uses of internal polarized targets in proton stora
rings. In all of these cases, the polarized atoms were inje
into an open-ended target cell~‘‘storage cell’’; see@5#! in
order to obtain a useful target thickness. Compared to3He, a
polarized hydrogen target is more difficult because the p
duction rate of polarized H by the atomic-beam method
considerably less than the production rate of3He by optical
pumping. Therefore, a smaller aperture was required for
hydrogen target to compensate for the lower production r
A small-aperture cell leads to additional constraints for
beam injection process, to a reduced machine accept
~and thus beam lifetime!, and raises concern about bac
ground from interactions with the cell walls. In additio
depolarization by collisions with the cell wall isa priori
much more likely for the proton in a H atom than for the
3He nucleus, because the proton in H can be depolarized
the hyperfine interaction if the electron depolarizes on
wall.
550556-2813/97/55~2!/597~17!/$10.00
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For the present experiment, a bombarding energy n
200 MeV was chosen because no previouspp spin correla-
tion measurements whatever have been reported betw
150 MeV and 300 MeV@6,7#. The goal of the present ex
periment was to develop methods that would allow a m
surement of spin correlation parameters to an overall ac
racy of60.02 or better for laboratory angles down to abo
4°. Materials used in conventional polarized targets, such
NH3 or butanol~C4H9OH!, contain a large fraction of ma
terial other than H, which in most cases prevents meas
ments at small angles. Thus, even above 300 MeV, meas
ments are generally limited to laboratory angles greater t
30°. However, in one case,pp scattering at laboratory angle
as small as 2.5° has been studied by detecting protons
tered from a thin solid polarized target, using a magne
spectrometer of very high resolution@8#.

A 197.8 MeV polarized proton beam for injection into th
Cooler was provided by the IUCF cyclotron. This injectio
energy was chosen to avoid the need for acceleration of
stored proton beam in the presence of the restrictive aper
of the storage cell target, since this would have requi
additional development work. Only recently has accelerat
of the beam in the presence of the target cell been acc
plished in connection with additional measurements of s
correlation parameters as a function of proton energy up
450 MeV @9#.

Since this is the first application of a hydrogen gas tar
to a spin correlation experiment, a significant fraction of t
paper is devoted to a description of the experimental me
ods that were developed. Section II presents an overview
the experimental arrangement. In Sec. III we present
method used to identifypp events from an extended ga
597 © 1997 The American Physical Society
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FIG. 1. Top view of the target and detector a
rangement. The atomic-beam source consists o
dissociator with a cooled nozzle~a!, a set of spin-
separation sixpole magnets~b!, and an rf transition
unit ~c! which is needed to select a single hyperfi
state. The atoms are injected into the target c
through the feed tube~d!. Silicon strip recoil detec-
tors ~e! are in coincidence with the forward detecto
~f!. The coils~g!, which provide a weak guide field
over the target, are combined with compensati
coils ~h! which reduce the effect of the guide field o
the proton closed orbit. Four scintillators~i! detect
protons nearu lab545°. Beam position monitors~j!
are placed upstream of the target.
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target, and Sec. IV discusses the methods used to deter
beam position and beam motion with respect to the detec
The results on the properties of the polarized gas target~tar-
get polarization, target thickness! are reported in Secs. V an
VII. The method of measuring and reversing the polarizat
of the stored beam is summarized in Sec. VI. Extraction
spin correlation parameters from the measured yields an
comparison of the results topp phase parameters are th
subjects of Secs. VIII and X. Estimates of systematic err
are given in Sec. IX, followed by an outlook for applicatio
of the new technique~Sec. XI!.

Here we report only the results of the most recent 1-w
run, in which about 43106 elasticpp events were observed
This measurement was preceded by several runs in which
techniques presented here were developed. While we do
report comparison of the final data with the preliminary me
surements, it is important to point out that exploratory resu
obtained under adverse conditions were in good agreem
with the final results.

II. EXPERIMENTAL ARRANGEMENT

A. Overview

The major components of the target and detectors
shown in Fig. 1. The arrangement consists of an atom
beam source which injects polarized H atoms into a tar
cell with thin Teflon walls. Scattered protons are detected
a forward detector, which operates in coincidence with rec
detectors surrounding the target cell. In addition, scatte
protons near 45° in the laboratory system were detected
four scintillators placed 90° apart in azimuthal anglef. The
45° detectors served as a convenient on-line monitor
beam and target polarization.

B. Source of polarized atoms

The atomic-beam source, which has been describe
Ref. @10#, selects atoms in a single hyperfine state~state 1,
mj511/2, mI511/2; see Ref.@11#! in order to achieve
ine
rs.

n
f
a

s

k

he
ot
-
s
nt

re
-
et
y
il
d
by

f

in

high target polarization in a weak magnetic field. Measu
ments of the atomic beam intensity prior to installation of t
source in the IUCF Cooler indicated that 3.131016 polarized
hydrogen atoms/s enter the 10 mm diameter entrance tub
the storage cell. For technical simplicity the target cell
operated near room temperature, even though it is well
tablished@12,4# that the target thickness can be increas
without loss of polarization by cooling the cell wall as low a
100 K. In the present application, a weak guide field~on the
order of 0.3 mT! over the target is used. A weak field has t
advantage that the direction and sign of the target polar
tion can readily be changed by switching the current in co
exterior to the target vacuum chamber. A field that is stro
compared to the critical field of the hyperfine interaction
H ~50.7 mT! would have the advantage that it permits the u
of two spin states~see Ref.@11#! with a corresponding in-
crease in target density, but such strong a field would ca

FIG. 2. View of target cell and silicon-strip recoil detectors. T
target cell is 254 mm long and has an aperture for the proton b
of 8 mm3 8 mm. The 4 cm3 6 cm recoil detectors have 28 strip
each of width 2.18 mm. The origin of the coordinate system is
the center of the target cell. The beam polarization is along
vertical 6y axis. The target polarization is alternating betwe
6x, 6y, and6z. The entrance tube for the H atoms is in th
~horizontal! x-z plane.
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55 599PROTON-PROTON SPIN CORRELATION MEASUREMENTS . . .
large perturbations of the proton closed orbit, and in addit
the magnets necessary to provide the field would imped
free view of the target by the detectors.

C. Target cell

A target cell ~‘‘storage cell’’! is used because the targ
thickness from a jet of polarized atoms is not sufficient
provide a reasonable count rate. The present target
shown schematically in Fig. 2, has an 8 mm3 8 mm square
cross section and a length of 25.4 cm. Polarized atoms
injected through a feed tube of diameter 10 mm and len
13 cm. The feed tube makes an angle of 60° to the pro
beam to avoid interference of the atomic-beam appar
with the detectors at forward angles. In the present case
use of a target cell increases the target thickness over th
a jet target by a factor of about 100. The main disadvant
of a target cell over a jet target is that the cell aperture
stricts the ring acceptance.

The proper choice of cell aperture is important. It can
shown @13# that the time-averaged luminosityl is roughly
proportional tot•dt• f r , wheret is the beam lifetime,dt the
target thickness, andf r the orbit frequency. A small cel
aperture increasesdt but reducest and vice versa, so tha
l has a maximum for some value ofdt , i.e., for a certain cell
aperture. The present choice of target aperture was base
measurements ofl for four different cell openings reporte
in Ref. @14#. Choosing a target aperture slightly larger th
that for optimuml reduces possible background from inte
action of the beam with the cell walls with little loss i
luminosity.

Inherent in the use of a storage cell target is the possib
of depolarization of the H atoms in wall collisions. Studies
wall depolarization as a function of wall temperature f
many different wall materials and wall coatings have be
reported in Ref.@12#. Aluminum walls coated with Teflon
were found to have excellent polarization retention fro
room temperature down to 100 K@15#. For the present mea
surements, a very thin wall was needed for low-ene
recoils to be detected, resulting in the choice of a 0
mg/cm2 self-supporting Teflon foil as wall material. The e
ergy loss in the foil for the 970 keV recoils associated w
the smallest forward-scattering angle is less than 100 k
The construction of the target cell and preparation of the t
Teflon foils are described in Refs.@16,17#.

D. Target guide field

The determination of spin correlation parameters requ
different orientations of the target polarization with resp
to beam momentum and beam polarization. An external fi
was applied along either the6x, 6y, or 6z direction ~see
Fig. 2 for coordinate system! by coils external to the vacuum
chamber. Compensation coils were added immediately
fore the target~Fig. 1! and 2 m downstream of the target
reduce the effect of the guide field on the proton closed or
The guide field varied by about 30% in magnitude~but not in
direction! along the central 12 cm of the target. Test me
surements were made with different guide fields betw
60.1 mT and62 mT. For too low a guide field, ambien
fields cause a decrease in the target polarization aver
over the active length of the target. On the other hand,
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unnecessarily large guide field is to be avoided to red
unwanted beam position modulations when the field is
versed. As a compromise, for the final measurements,
mean guide field over the active part of the cell~weighted by
the target density! was Bx50.25 mT, By50.33 mT, and
Bz50.60 mT. The ambient field at the center of the cell w
compensated by adding appropriate offset currents to
guide field currents. Measured values of target polarizat
are presented in Sec. VII.

E. Recoil detectors

Recoil protons were detected by eight silicon strip det
tors of dimension 4 cm3 6 cm each, placed 50 mm from th
beam axis~Fig. 2!. The detectors are positioned at azimuth
angles off5645° and6135° to permit clearance betwee
the detectors for the atomic-beam entrance tube, which i
the horizontal plane. It can be shown in general that
given beam and target polarization directions the informat
content of the measurements is invariant against rotation
the detector assembly about thez axis. For example, the
45° rotation inf employed here reduces the left-right asym
metry which results from the vector polarization of beam
target by a factor ofA2 compared to an arrangement wi
detectors in the horizontal and vertical planes, but the nu
ber of counts in the left or right detector pair is doubled, th
yielding identical statistical errors.

The recoil detectors were nominally 1 mm thick, total
depleted silicon strip detectors@18#. In practice, complete
depletion was rarely achieved because the applied vol
was limited by breakdown. The performance was improv
somewhat by using the first and last strips of each detecto
a guard ring and by cooling the entire target assembly
about 0 °C. Each detector had 26 active strips along
beam direction to provide information about thez coordinate
of the interaction. The detectors cover only about half of
length of the target. The part of the target viewed still cor
sponds to roughly 3/4 of the total target thickness beca
the target density drops linearly from a maximum at the c
center, where the feed tube enters, to practically zero a
ther end.

F. Forward detector

The forward-scattered protons exit the scattering cham
through a stainless steel window of 0.13 mm thickness, w
protons scattered near 45° exit through the 1 mm thick co
cal part of the chamber~Fig. 1!. The rms multiple scattering
angle in the two cases is 0.2° and 1.3°, respectively.

The forward detector consists of two planes of wire cha
bers @19# ~wire spacing 6.35 mm! and a plastic scintillator
segmented into eight elements. An aluminum plate 7.6
thick was placed in front of the 10 cm thick scintillator i
order to stop the protons in the scintillator. For a detai
description of the forward detector see Ref.@20#.

III. DATA ACQUISITION AND PROCESSING

A. Measuring cycle and data recorded

The beam is injected from the cyclotron into the Coo
for a given length of time~e.g., 300 s! or until a predeter-
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600 55W. HAEBERLI et al.
mined beam intensity has accumulated. Injection is follow
by a 765 s measuring cycle when the beam is available to
experiment.

The first and last few seconds of the measuring cycle
used to turn the wire chambers and target gas on and off.
remaining time is organized into 60 subcycles of 12 s ea
during which the target polarization direction is changed
ery 2 s~see Sec. II D!. A spin flipper~Sec. VI! reverses the
polarization of the stored proton beam after 10 subcycles
again after an additional 30 subcycles. At the end of a cy
data acquisition was stopped, the Cooler magnets were r
and additional beam was accumulated in the ring.

The recording of an event was triggered by either one
two conditions. The first type of event was a coinciden
between the forward scintillator and any of the silicon rec
detectors. The second type of event is a coincidence betw
either of the two upper and either of the two lower 4
detectors. The second signature included the opposite p
that are triggered bypp elastic scattering as well as adjace
pairs that can only occur with background (p,2p) reactions.

The event record for both types of triggers contained
energy and the time with respect to the occurrence of
trigger of all scintillators and silicon detectors. In additio
signals that provide the silicon strip position information,
well as the number of any of the 448 wires in the four w
chamber planes, were recorded. Also stored with each e
was the time of occurrence with respect to the cycle start
with respect to the beginning of the current target polari
tion subcycle, as well as a number of dc levels, for the c
rent in the guide field coils and logic levels signaling the s
of the beam polarization as well as the sign and direction
the target polarization.

The singles rates of all detectors, some coincidence ra
and a rate from a frequency-converted beam-current mon
were sent to scalers. The content of these scalers was
once a second, a rate was calculated, and displayed

FIG. 3. Energy lossEr in a recoil detector vs forward scatterin
angle u determined by the wire chambers. The solid and dot
lines indicate the areas of accepted events for wide and narrow
respectively. The dashed line shows the predicted relationship
tweenu andEr , based on the detector energy calibration witha
particles~Fig. 4!.
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function of the time from the start of a cycle. This inform
tion was used, for instance, to determine the dead time of
data acquisition system.

B. Conditions on accepted events

1. Recoil energy

The correlation between energy loss in the recoil detec
and forward angleu determined from the wire chambers
shown in Fig. 3. Foru,13° the recoil protons stop in th
detector, while for larger angles they pass through the de
tor. The large spread in pulse height for protons pass
through the detector is the result of incomplete depletion
the detector and variation of the resistivity of the detec
over its area.

For protons that stop in the detector the recoil pulse he
can be predicted provided the absolute energy calibratio
each recoil detector is known. The calibration is provided
241Am a sources which are installed permanently near e
detector. Since thea particles produce no coincidences, th
calibration required the recording of events~‘‘singles’’ !
which were only registered in the silicon detectors. An e
ample of such a spectrum taken in the presence of b
through the H target is shown in Fig. 4. The detector g
calibration is reproducible to 0.5% and shows no measura
dependence on magnetic guide field or on count rate. I
interesting to note that the singles rate in the recoil detec
is quite low in spite of the presence of the beam in the tar
cell. The 10 Hz rate ofa-pulses is more than a factor 1
greater than the rate ofpp events and background with th
same deposited energy~Fig. 4!. Thus the fear that the circu
lating beam only 5 cm away from the silicon detectors wou
produce a large background turned out to be unfound

d
ts,
e-

FIG. 4. Pulse height spectrum of a silicon strip recoil detecto
the presence of a proton beam though the polarized H target.
peak is caused bya particles from a 10-Hz241Am source perma-
nently mounted near the detector. The counts away from thea peak
are frompp scattering and background. The spectrum illustrates
low singles rate in a dector near the circulating beam. The curv
a Gaussian of width 80 keV, superimposed upon an expone
background.
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55 601PROTON-PROTON SPIN CORRELATION MEASUREMENTS . . .
even in the absence of a coincidence requirement. On
other hand, high detector rates during filling of the ring a
of concern because of possible radiation damage to the re
detectors. Radiation damage was reduced by placing a b
blocker in the straight section immediately after injectio
The blocker had the purpose of attenuating protons wh
during injection, enter the ring but are outside the ph
space acceptance. The position of the blocker is adju
such that, without affecting the beam lifetime, the count r
in the silicon detectors is as small as possible.

In Fig. 3, the predicted recoil pulse height vsu is repre-
sented by the dashed curve. The calculation takes into
count the energy loss in the cell wall. The excellent agr
ment indicates that foru,13° the scattering angle can b
determined from the recoil pulse height alone. The rms
viation betweenu determined by the forward detector and
the recoil detector pulse height is 0.2°, which is accoun
for primarily by multiple scattering in the exit window of th
target chamber. Below 4° the deviation increases beca
the forward protons pass through the inner wire suppor
the first wire chamber. While the scattering angle can
principle be determined from the recoil pulse height rat
than the forward detector, no useful data were obtained
u,4° because the silicon pulse height was too small to
separated cleanly from detector noise.

For most events, thez coordinate of the vertex could b
determined from the silicon position spectrum since only o
strip ~or two adjacent strips! fired. In cases where the pos
tion signal was ambiguous, the position was assumed to b
the center of the detector and a position uncertainty equa
half the length of the detector was assigned.

2. Identification of pp events

The first wire chamber was 50 cm from the target cen
the second one 95 cm. Detection of the forward particle
the two wire chamber planes permits determination of
scattering angleu and the azimuthal anglef. If a cluster of

FIG. 5. Distribution ofx2 for a sample of 105 coincident events
between recoil detectors and forward detectors. Thex2 measured
the quality of agreement between five coordinates per event d
mined by the detectors and the three coordinates: scattering a
u, azimuthal anglef, and thez coordinate of the vertex.
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wires ~up to four adjacent wires! fired in a given wire plane,
the coordinate of the track was determined from the centr
of the cluster. Clusters with more than four wires were
nored. The analysis of each event made use of up to
coordinates~four wire chamber coordinates and thez posi-
tion of the silicon strip that fired! to determine three param
etersu, f, and thez coordinate of the vertex by a leas
squares fit. An example of a typicalx2 distribution for events
which satisfy the recoil pulse height criterion~wide cut in
Fig. 3! is shown in Fig. 5. The expected distribution for tw
degrees of freedom is an exponential. In calculatingx2, the
assumed variance in wire chamber coordinates was 3 m
i.e., half the wire spacing. The slope of the straight line

er-
gle

FIG. 6. Distribution of forward protons vs coordinates in th
second wire chamber, as seen in the beam direction, in coincid
with the recoil detectors. The four lobes correspond to the f
recoil detectors. In the data analysis, events are accepted inf
interval of618° aboutf5645°, 6135°.

FIG. 7. Number of counts vsf for pulses in coincidence with
one recoil detector. The events shown are selected to be insid
wide gate of Fig. 3 and to satisfy the criterionx2.6 for the forward
track. The small fraction of counts outside thef interval defined by
the detector illustrates the absence of noncoplanar events
background such as (p,2p) reactions in the cell wall.
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602 55W. HAEBERLI et al.
Fig. 5 is steeper than expected. The measured slope indi
that the actual uncertainty with which a wire chamber de
mines a track position is62.0 mm.

Events in the range 3,x2,20 were found to give fina
results forAmn that are statistically consistent with the even
with x2,3. In the final analysis, events withx2,6
~;98% of all events! were accepted.

For about 10% of events there was more than one clu
of wires that fired in one of the wire chambers. After eva
ating all possibilities, the track with the smallestx2 was
accepted. The same applies to events when more than
silicon detector fired.

Figure 6 shows the hit pattern of protons in the seco
wire chamber in coincidence with the recoil detectors, a
Fig. 7 shows the number of counts vsf for a single recoil
detector. For Figs. 6 and 7 the range inf is given by the size
of the recoil detectors. To be considered a validpp event a
condition is imposed that the recoil and forward tracks are
opposite sides, and that the azimuth is in a618° interval
with respect to the central valuesf5645°, 6135°. Thus
the software cut and not the boundaries of the recoil de
tors determines thef range.

IV. DETECTOR GEOMETRY
WITH RESPECT TO THE BEAM

Because thepp events are overdetermined, the data the
selves can be used to find the positions of the detectors
precisely. The distance between the two wire chambers
be measured directly, but the distance to the center of
target cell in the vacuum chamber~and thus to the recoi
detectors! is determined in the following way: All of the
proton tracks measured by the wire chambers in a given
are projected back onto anxy plane at thez coordinate of
each vertex, as determined by the recoil detectors. An
ample of the resulting pattern is shown in Fig. 8. The cal
lation is repeated for different assumed distances betw
wire chambers and target center. The distance that prod

FIG. 8. Hit pattern in the plane perpendicular to the vert
Based on the positions in the two wire chamber planes, each tra
projected back onto anx-y plane at the locationz determined from
thez position of the recoil strip and from the scattering angleu. The
spread in the hit pattern reflects the finite resolution of the w
chambers rather than the beam size.
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the smallest spread in the hit pattern then yields the ta
position relative to the wire chambers to60.7 mm.

Hit patterns, like the one shown in Fig. 8, were used
detect misalignment of the beam relative to the wire cha
bers. This misalignment is removed by a corresponding s
ware adjustment of the transverse wire chamber posit
Figure 9 shows that the misalignment varies with time a
result of drifts in beam position. The statistical error in t
position of the centroid of the hit pattern for each run
about60.1 mm. Note that the beam motion~Fig. 9! during a
1 week run is small compared to the 8 mm cell aperture. T
largest change in beam position is of the order 1 mm an
associated with retuning the accelerators after a power
ure.

Shifts in beam angle with respect to the symmetry axis
the wire chambers were also determined off line. For a giv
track, the scattering angle can be determined either from
wire chamber coordinates or from the pulse height in
recoil detectors, provided the recoils stop in the detectors.
angular offset of the beam with respect to the wire chamb
reflects itself in a disparity between these two angle m
sures. By analyzing a large number of events and exploi
the redundancy arising from multiple recoil detectors, t
beam angle offset could be determined to an accuracy
60.05°, including estimated systematic errors.

At the beginning of a running period, the beam was ce
tered with respect to the cell by measuring the beam lifeti
as a function of beam position, using deflectors in the ring
displace the beam. In order to increase the sensitivity of
beam lifetime to beam position, N2 was added in anothe
part of the ring to increase beam heating. By recording
beam lifetime vs beam displacement the center of the
was established. The position of the cell wall shown in Fig
is based on such measurements. Since the cell has no re
position adjustment, the available range of deflection was
always sufficient to reach the center of the cell. The posit
of the cell wall with respect to the beam is subject to abou
mm uncertainty, which, however, is of no consequence
the measurements.

.
is

e

FIG. 9. Beam motion during a 1-week run. Each dot cor
sponds to the average beam position during a run of typically
duration. Note that the changes in beam position are small c
pared to the 8-mm cell aperture. The relatively large change~1
mm! in beam position are associated with retuning the acceler
after a power failure or other major changes in beam tuning. In
right-hand figure, the position of the cell walls relative to the be
is indicated.
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V. BEAM CURRENT, TARGET THICKNESS,
LUMINOSITY, AND COUNT RATE

The proton beam was accelerated in the IUCF cyclotr
extracted, and kick-injected into the Cooler. The accumu
tion rate of injected and stored beams was in the ra
10–30mA/min. At the end of the cycle, additional beam w
injected to add to the already existing beam in the ring, le
ing to stored beam currents of up to 300mA. The beam
lifetime was typically 20–30 min, depending on vacuu
conditions and tuning of the ring. However, under given co
ditions, the beam lifetime was independent of the presenc
polarized H in the target.

The thickness of the polarized target was determined
comparing thepp count rate with that for an unpolarize
H2 target whose thickness was known from the H2 flow rate
into the center of the cell and the gas conductance of the
The result,dt53.131013 H/cm2, is in good agreement with
the thickness expected from absolute measurements o
atomic-beam flux prior to installation of the target
dt5(3.560.3)31013 H/cm2. The target thickness varie
less than 10% during the 1 week run. The part of the tar
viewed by the detectors has a thickness of about 2.231013

H/cm2.
One would expect the target thickness to be invariant

der changes in sign and direction of target polarization. T
relative target thickness is measured accurately by com
ing the total number of counts in all detectors, summed o
both beam spin states. Earlier runs showed up to a 2
variation of target thickness when the guide field in thex
direction was reversed. The reason was that the stray
from the guide field coils affected the field in the rf transitio
unit which rejects one of the hyperfine states in the atom
beam source. The stray field changed the transition proba
ity and thus the target density as well as the magnitude of
target polarization. After the addition of a compensation c
prior to the final measurements, no variation in target thi
ness was detectable at the level of 0.3%. This implies
within this accuracy the efficiency of the rf transition is i
dependent of guide field. For an unpolarized target, chan
in direction and sign of the guide field had no measura
effect.

The observed number ofpp events normalized to the in
tegrated proton charge passing through the target is a
63104 counts/C. Under best conditions, 106 pp elastic scat-
tering events were accumulated in 1 day. This correspond
an average luminosity of 2.531028 s21 cm22.

VI. BEAM POLARIZATION AND SPIN FLIPPER

Polarized protons were produced by an atomic-bea
polarized ion source@21#. Rather than changing the sign o
polarization at the ion source by switching between two d
ferent rf transition units, a spin flipper was used to reve
the spin of the stored beam. The principal advantage of
spin flipper is that the average luminosity of the experim
is increased since rather than discarding the beam at the
of a cycle additional particles of the same spin direction
added to the beam remaining in the ring. The spin flip
principle had been tested previously at IUCF by Caus
et al. @22#, but had not been used for data acquisition. A h
reliability of the flipper is important, because if one flip
,
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missed the experiment falls out of step. Recovery of the
formation would still be possible off line, since there
enough statistical accuracy between flips to confirm that
sign of polarization has reversed, but would be tedious.
each cycle the beam polarization was flipped twice, timed
such a way that about the same luminosity for spin up a
spin down was obtained~Sec. III A!. About 500 sign
changes were carried out in a 1-week run; all were succ
ful. The flipping efficiency was (97.160.3)%. The slight
loss in beam polarization for each flip is more than offset
the large increase in average luminosity. The operation of
flipper is described in more detail in Ref.@23#.

The beam polarization was continuously monitored
part of the spin correlation measurements. The determina
of beam and target polarization in terms of the detec
yields is discussed in Sec. VIII. As described in more de
below ~see Sec. VIII D!, the calibration of beam and targe
polarization is based on a previous absolute calibration of
analyzing power inpp scattering at 183.1 MeV@24#. Under
normal running conditions, the beam polarization measu
in the ring was consistent with the polarization measured
the injection beam line. However, after interruptions caus
by equipment failures, the beam stored in the ring was of
found to be unpolarized, the depolarization being caused
the close vicinity of an intrinsic depolarizing resonance
the present beam energy. Polarization could be restored
adjusting the tune. Once established, the polarization
mained constant within statistics~about 0.03! from run to
run.

In order to determine the spin correlation coefficients,
average of the product of beam and target polarizat
^PQ& is required. This is different from the product of th
measured̂ P& and ^Q&, if both quantities change signifi
cantly with time. For the present measurements, target
beam polarizations were sufficiently constant to be able
sum counts for all runs in the analysis.

Beam polarizations were evaluated separately for
three different directions of magnetic guide field over t
target. The results indicate that the guide field has no ef

FIG. 10. Variation of target polarization during the most rece
1-week run. Gaps are caused by accelerator failures. The va
shown areQ51/2(Qx1Qy).
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TABLE I. Summary of target polarization for different guide field directions. The results are averag
measurements taken during a 1-week run. The uncertainties are statistical and do not include the
polarization calibration error of about 1.3%. As a check, the measurement was also carried out with
larized H2 in the target cell.

Guide field direction
Target Target pol. Bx By Bz

HW Qx 0.78560.005 0.00860.005 0.00660.005

HW Qy 20.00660.005 0.79660.005 20.00860.005

H2 Qx 20.00360.006 20.00560.006 0.00060.006
H2 Qy 0.00260.006 20.00260.006 20.00360.006
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on either the magnitude or direction of the beam polari
tion. From experiments in which for the last part of ea
cycle unpolarized H2 gas was injected into the target ce
rather than polarized H, it was determined that the prese
of target polarization has no effect on beam polarization
has been predicted@25# and observed@26# that passage of the
beam through a polarized target causes a slow chang
beam polarization, but these effects are too small to be
evant in the present experiment.

VII. TARGET POLARIZATION

The degree of polarization in thex and y directions
(Qx , Qy) is determined from the asymmetry in count ra
associated with reversal of the target polarization~see Sec.
VIII !. No deterioration of target polarization~radiation dam-
age to the cell walls! was observed during the recent 1-we
run ~Fig. 10! nor in any of the previous runs. Table I show
that the target polarization is equal in magnitude independ
of the guide field direction (Qx5Qy) and that the polariza
tion component orthogonal to the desired direction is sm
Without the availability of longitudinal beam polarization th
longitudinal target polarization (Qz) cannot be measured d
rectly. In the analysis,Qz is taken as the average ofQx and
Qy .

It is important to test if spurious effects might be intr
duced by reversal of the guide field, such as effects cau

FIG. 11. Target polarizationQ as a function of position along
the target cell. The atomic beam enters the cell atz50. The open
circles refer toQx , the solid dots toQy . The components ofQx ,
Qy transverse to the intended target polarization directions are
shown.
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by small changes in beam position or beam angle. Resu
obtained with an~unpolarized! H2 target, which were alter-
nated with the polarized-target measurements, are a
shown in Table I. For all guide fields, the results are consi
tent with zero.

The uncertainties in target polarizations in Table I do no
include a 1.3% absolute calibration uncertainty~see Sec.
VIII D !. Even if this added uncertainty is taken into accoun
the target polarization is significantly lower than the value o
Q50.87 expected from the calculated spin-rejection facto
of the atomic-beam source and the measured transition pr
ability of the rf transition unit@16#. Since the target polariza-
tion is monitored continuously, the difference is of no con
sequence to the actual measurement. A possible explana
for the roughly 10% shortfall in target polarization could b
depolarization of H atoms in wall collisions, in which case
the target polarization would show a dependence onz, since
the target atoms near the center of the target have in
average suffered fewer wall collisions than those that ha
diffused away from the center of the cell. Thez dependence
of the target polarization, deduced frompp scattering events
originating at differentz positions, is shown in Fig. 11. No
z dependence inQ is observed. The results indicate that th

so

FIG. 12. Target polarization componentsQx andQy as a func-
tion of time over a 12-s cycle. The results are based on left-rig
and up-down count rate ratios measured with the polarized H tar
relative to the corresponding ratios measured with H2 in the target
cell. Fromt58.0 to 12.0 the target is polarized in thez direction.
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depolarization probability per wall collision is less tha
231024. It is interesting to note that in the earlier test
polarized H target cells in the storage ring in Heidelberg@4#,
the same 10% discrepancy between expected and mea
polarization was observed.

The target polarization was reversed every 2 s and was
cycled betweenQx , Qy , andQz in a 12-s subcycle. The ris
time of the target polarization was measured by binning
counts in 20-ms bins and calculating the polarization
each bin. Figure 12 shows that the polarization rise time
less than 50 ms. The rise time of the guide field is limited
eddy currents induced in the walls of the scattering cham
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and in the aluminum frames on which the guide field co
are wound. To assure that the target polarization has rea
the full value, the first 100 ms of data after a change in
guide field are rejected.

VIII. DETERMINATION
OF SPIN CORRELATION COEFFICIENTS

A. Definitions and description of the problem

The differential cross sections for a polarized beam on a
polarized target in units of the unpolarized cross sections0
is given by
s/s0511@~py1qy!cosf2~px1qx!sinf#Ay1@~pxqz1pzqx!cosf1~pyqz1pzqy!sinf#Axz

1~pxqx1pyqy!~cos
2fAxx1sin2fAyy!1~pxqy1pyqx!sinfcosf~Axx2Ayy!1pzqzAzz. ~1!
d
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Here,px,y,z andqx,y,z are the components of the polarizatio
vector for beam and target, respectively, in a frame wh
z points along the beam,y upwards andx5y3z, andf is
the azimuthal angle as defined in Fig. 6. The analyz
powerAy and the spin correlation coefficientsAmn are func-
tions of the scattering angleu.

As explained earlier, data were obtained in sequence,
the target polarized along all three coordinate axes. For e
target direction, both beam and target polarizations al
(1) or opposite (2) to the respective coordinate axis we
used, resulting in the following sequence of four polarizat
states: (1,1), (1,2), (2,1), (2,2), where the first sign
refers to the beam, and the second to the target. We l
these four states with the indexk(k51, . . . ,4). For the mo-
ment, we assume thatpy56Py , qx56Qx , etc., i.e., that
sign reversal does not affect the magnitude of the polar
tion ~denoted by capital letters!. Possible small difference
between1 and 2 polarizations will be discussed late
Thus, each term in Eq.~1! contains the magnitude of pola
ization of beam (P) or target (Q) or both, and a sign facto
m. The sign factors for the four polarization states, and
terms that contain only P aremP,k5(1,1,2,2),
mQ,k5(1,2,1,2) for terms with onlyQ, and finally, for
terms that contain bothP andQ, mPQ,k5(1,2,2,1).

Data were acquired in four intervals of azimuthal ang
~of the forward proton!. These intervals are centered
f15(45°,245°,2135°,135°) where the indexi labels the
respective quadrant (i51, . . .,4), and theanglef is defined
in Fig. 6. Data within a range off i6Df are accepted. A
range ofDf518° was chosen such that the associated
coils were entirely within thef acceptance of the silicon
detectors~solid lines in Fig. 6!.

The trigonometric functions off in Eq. ~1!, when aver-
aged over thef acceptanceDf, have the same magnitud
for all four f i , namely, u^sin(fi)&u5u^cos(fi)&u5c1,
u^sin2(fi)&u5u^cos2(fi)&u51/2, and u^sin(fi)cos(fi)&u5c2,

wherec15(A2/2)sin(Df)/Df andc25
1
2 sin(2Df)/2Df. The

signsn of these functions, however, are different for the fo
quadrants (i51, . . . ,4): For terms with sinf, we obtain
e
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ns,i5(1,2,2,1), and for terms with cosf,
nc,i5(1,1,2,2), with the obvious extension to combine
functions, e.g.,ns,c5ns•nc . Possible small deviations of th
centroid of the truef acceptances from the ideal valuesf i
will be discussed later.

Given these definitions we can now rewrite Eq.~1! to
represent the differential cross section measured with a
cific polarization state~indexk) with the detector at a given
azimuth~index i ). Since only vertical beam polarization wa
used in this experiment, we setPx5Pz50; however, the
possibility of small nonvertical components is not exclud
and will be discussed below. For a sideways polarized ta
~only terms withQx enter!, Eq. ~1! then becomes

s ik /s0511@nc,imP,k#c1PyAy2@ns,imQ,k#c1QxAy

1@nsc,imPQ,k#c2PyQx~Axx2Ayy!. ~2!

Similarly, for a vertically polarized target,

s ik /s0511@nc,imP,k#c1PyAy2@nc,imQ,k#c1QyAy

1@nss,imPQ,k#
1

2
PyQy~Axx1Ayy!, ~3!

and, finally, with longitudinal target polarization we have

s ik /s0511@nc,imP,k#c1PyAy1@ns,imPQ,k#c1PyQzAxz .
~4!

Each of these equations represents a set of 16 comb
tions of polarization statek and azimuthf i . These combi-
nations differ only in the sign factors@n•m# appearing in
front of the polarization terms. These ‘‘sign matrices’’ a
characteristic for the term with which they are associat
and using the definitions given above, it is easy to der
them. For instance,
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@nc,imP,k#5S 1 1 2 2

1 1 2 2

2 2 1 1

2 2 1 1

D . ~5!

To explain this further, let us evaluate the cross sect
measured in the quadrant centered atf545° ~use i51),
with beam polarization pointing ‘‘up’’ and target polariza
tion to the left@use Eq.~2! andk51#. We find

s11/s0511c1PyAy2c1QxAy1c2PyQx~Axx2Ayy!.
~6!

For the other three polarization states (k52, . . . ,4) three
more equations result, differing only by the signs. If t
cross sectionss1k were actually known, it is easy to see th
the resulting four equations can be used to deduce the q
tities PyAy , QxAy , andPyQx(Axx2Ayy) by simply adding
thes1k with the appropriate signs. By introducing a calibr
tion for Ay at one angle~see Sec. VIII D!, the analyzing
power and the spin correlation parameters can be deduc
all angles.

So far, only one detector azimuth has been used.
same procedure can be applied to the other three dete
locations. This additional information is used to determ
the luminosities for the polarization components and diff
ences in magnitude between1 and2 polarization, as will
be shown in the following.

B. Observed yields: diagonal scaling

In this experiment we measure the yields in each of f
quadrantsi and each of four polarization statesk, i.e., 16
numbersYik in all. Such a set of 16 yields is obtained fo
each scattering angle intervalDu and each of the three pos
sible target directions. Let us denote the efficiency of
detector in thei th quadrant bye ik and the luminosity accu
mulated with a given polarization state bylk . The measured
yieldsYik then become

Yik5e i•~s ik!•lk . ~7!

If the detector efficiencies are the same in all quadrants,
if the integrated luminosity in all four polarization states
the same, the ratio between any twos ik is known, and it is
easy to see that the quantitiesP•Ay , Q•Ay , and
P•Q•Amn can be calculated by making use of the know
sign with which they appear in the cross section@Eqs. ~2!–
~4%#. In a real experiment the efficienciese i and luminosities
lk are never exactly the same, even though an effort
made to make them as similar as possible.

As it turns out, there is a method to treat the diago
matricese1 andlk in Eq. ~7! as unknowns, in addition to th
matrix s ik of interest. This is possible, because we kn
something about the sums of rows and columns ofs ik /s0.
For instance, the row sum~over k) is always 4, since all
polarization terms cancel. Likewise, it is also clear that
sum ~over i ) of all the elements in the first two column
(k51,2) equals the sum of the last two columns (k53,4).
The task is then to find diagonal matrices (e1)

21 and
(lk)

21 in such a way that (e1)
21Yik(lk)

21 results in a ma-
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trix with these conditions on the row and column sums. T
problem is known to mathematicians as ‘‘diagonal scaling
If none of the matrices involved has negative elements
solution exists, is unique, and can be found by an itera
algorithm that has been developed for this purpose. A rev
of the mathematical aspects of this problem and its m
applications in transportation, accounting, image conditi
ing, etc., can be found in Refs.@27,28#, and references men
tioned therein. It is interesting to note that the so-cal
‘‘cross-ratio’’ method, which is often used when determinin
the analyzing power from a measurement with spin up a
down with symmetric left and right detectors, is complete
equivalent to diagonal scaling~in this case with 232 matri-
ces!.

Application of diagonal scaling, in our case, yields
value for three ratios of detector efficiencies and values
the relative luminosity with positive and negative beam a
target polarizations, respectively. Together with the ove
normalization of the yield matrix this uses up 6 of the
experimentally determined yieldsYik . The remaining 10
numbers determine the ‘‘scaled’’ matrixs ik /s0. It can be
demonstrated easily that individual terms contributing
s ik can be collected by choosing an appropriate array
signs,r ik with elements11 or 21 @an example is given in
Eq. ~5!# and then summing over all elementsr ik•s ik
( i ,k51, . . . ,4). Notsurprisingly, there are exactly 10 non
trivial different ways to choose an arrayr ik .

At this stage, for each scattering angle binDu, there are
30 experimental quantities resulting from the complete m
surement with all three target polarization directions. Six
these yieldPy•Ay , Qx•Ay , Qy•Ay , Py•(Qx1Qy)•Axx ,
Py•(Qx•Qy)•Ayy , andPy•Qy•Axz . Using a calibration for
Ay at one angle~see Sec. VIII D!, the analyzing power and
the spin correlation parameters reported here follow.

The remaining 22 quantities were used to deduce in
mation on the departure of our experiment from an ‘‘idea
measurement. For instance, it is possible that the polariza
vector of beam or target did not end up exactly in the dir
tion of the coordinate axes. This could result in small ‘‘u
wanted’’ components of beam or target polarization~see
Table I!. Furthermore, when a polarization is reversed it
possible that the magnitude or direction is slightly differe
The latter results in additional ‘‘nonflipping’’ componen
that are unaffected by a polarization reversal. In the pres
analysis these spurious polarization components are ta
into account to first order. Terms that contain the produc
two small components are negligible and are thus omitte

The analysis method described here has been comp
numerically to the alternative method of deducing the o
servables from a nonlinear least-squares fit where the in
dients in a theoretical expression for the yields are varied
fit the measured yieldsYik . The two methods have bee
shown to agree. The advantage of the diagonal sca
method lies in its transparency and in the fact that it provid
a framework in which the importance of suspected syste
atic effects can be studied.

C. Corrections

The experiment was designed such that the azimu
acceptance was centered at the four anglesf i
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FIG. 13. Ay andAmn vs angle, compared topp
calculations. References for the calculated curves
found in Table IV.
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5(45°,245°,2135°,135°) and the analysis method a
sumes that this is exactly true. At the larger scattering ang
however, the uneven outer rim of the forward detector s
tem caused a slight nonuniformity of the azimuthal acc
tance. The departure of the actual centroid azimuth from
canonical values was determined by averaging the meas
f, event by event. The effect of this centroid shift on t
data was estimated using simulated yields, and a correc
was applied to the data~the change of anyAmn was always
less than 0.001!.

For a given angle bin, 1° wide, the measuredAmn is
weighted according to the angular dependence of the c
section within that angle bin, and the measurement is no
the exact center of the bin. Our final values forAmn are
quoted for the bin center. The applied corrections were of
order of 0.002 and were calculated from the observable
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predicted by a VPI phase shift analysis~solution C200@29#!.

D. Absolute normalization

The experiment determines three separate relative ang
distributions of the analyzing power, namely,PyAy(u),
QxAy(u), andQyAy(u). These were combined into a sing
relative angular distributionkAy(u) by renormalizing two of
them to the third such as to minimize the rms deviation
tween them and then forming the weighted mean of the th
values at each angle.

As a next step, the scale factork was determined by draw
ing a smooth curve throughkAy(u) and matching the curve
at one particular angle (u lab58.64°) to an absolute calibra
tion point. The smooth curve was obtained from a six
order polynomial expansion ofkAy(u) about 8.64° whose
TABLE II. Analyzing power Ay and spin correlation coefficientsAmn . In addition to the statistical
uncertainties shown, the results are subject to a scale factor uncertainty of61.3% forAy and62.4% for
Amn .

u lab ~deg! Ay Axx Ayy Axz

4.5 0.127360.0062 20.255260.0216 0.006960.0216 20.048360.0210
5.5 0.179760.0046 0.474560.0152 20.174060.0150 20.112060.0145
6.5 0.191660.0040 20.602660.0138 20.232660.0136 20.139560.0130
7.5 0.209260.0036 20.578160.0127 20.215260.0125 20.180660.0120
8.5 0.225660.0034 20.549960.0118 20.166160.0116 20.235660.0112
9.5 0.239760.0032 20.513860.0111 20.079260.0108 20.273460.0105
10.5 0.254560.0030 20.476360.0105 0.010060.0103 20.337660.0101
11.5 0.270760.0029 20.457260.0100 0.108760.0098 20.348360.0097
12.5 0.273660.0028 20.449360.0097 0.179860.0095 20.405460.0094
13.5 0.287260.0027 20.434860.0094 0.267360.0093 20.437560.0091
14.5 0.295360.0026 20.438360.0092 0.336160.0091 20.463560.0089
15.5 0.302760.0026 20.431960.0091 0.420260.0091 20.515260.0089
16.5 0.299960.0027 20.448160.0097 0.488760.0097 20.510460.0094
17.5 0.313460.0038 20.453060.0132 0.559660.0133 20.525160.0128
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coefficients were adjusted for best fit to the data. The rela
uncertainty of the interpolated value at 8.64° is found to
0.94%. Had a fifth-order or a seventh-order polynomial be
used instead, the value at 8.64° would have remained
same, but the quality of fit (x2) would have been slightly
worse.

An absolute measurement of thepp analyzing power is
available at a nearby energy~183.1 MeV!, which has an
accuracy of 0.80%@Ay~8.64°, 183.1 MeV!50.212260.0017;
see Ref.@24##. This value was extrapolated to the prese
energy by comparing the ratio@Ay(8.64°, 197.8 MeV!#/
@Ay(8.64°, 183.1 MeV!# for different pp potential models
and for differentpp partial-wave analyses. The references
the calculations are listed in Table IV. While different the
ries differ significantly in the predicted values ofAy , the
ratios between the values ofAy at the two energies are near
model independent. The mean value of the ratio
R51.080460.0039. Adding this 0.36% uncertainty to th
uncertainty of the primary calibration point yields our se
ondary calibration point

Ay~8.64°,197.8 MeV!50.229360.0020. ~8!

If we take into account in addition the 0.94% uncertain
of the interpolated measurements at 8.64°, the overall
calibration uncertainty in the determination ofAy is 61.3%.
Figure 13 and Table II show the resulting values ofAy(u)
with their statistical errors.

The knownAy(u) were used to determine the weighte
means ofPy , Qx , and Qy from the measured values o
PyAy(u), QxAy(u), andQyAy(u). SinceQx andQy were
consistent~see Table I!, the target polarization for all thre
guide fields was assumed to be given by the arithmetic m
of the two values.

The scale factor uncertainties for theAmn were calculated
from the scale uncertainty ofP•Q, taking into account error
correlations. Since the uncertainty of the calibration po
Eq. ~8! of Ay enters twice, once forP and once forQ, the
normalization error is larger for theAmn than forAy . The
values of theAmn in Table II have a scale factor uncertain
of 62.4%.
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The statistical error for each entry in Table II was calc
lated directly from the uncertainty of the raw yields, by var
ing the number of counts one by one and calculating
change in the final result as the rms value of the individ
changes.

IX. SYSTEMATIC ERRORS

A. Background

Even with the thin-walled target cell used here, the m
of the wall is about 109 times larger than the mass of th
polarized H target itself, so that one has to address the
sibility of background caused by interaction of beam ha
with the cell walls or with other material near the target. T
requirement that a forward track be in coincidence with
recoil detector in the opposite quadrant suppresses the b
ground to a large extent. However, quasifree scattering
protons from the cell walls, which contain C and F, may
some cases be indistinguishable from freepp scattering in
the target gas. It thus seemed important to carry out a n
ber of tests to place an upper limit on background.

~a! 4He target: removal of the H target gas reduces be
heating and thus affects the properties of the circulat
beam. In this test, beam heating was provided by admit
He to the target cell. The resulting distribution of events
compared to the events with H in the left two frames of F
14. Using the same analysis for the He target as for the
target but excluding events near the He locus, one finds~nor-
malized to 1 C of charge passing through the target! 62 000
events for the polarized H target compared to 396pp-like
events for the He target. The corresponding background
of 0.6% is presumably an upper limit, because some of
background seen with He could in fact be caused by resid
H in the target or by (p,2p) reactions on He.

~b! Empty target: beam heating was introduced by a2
jet target in another straight section of the ring. The cor
sponding spectra~right-hand side of Fig. 14! clearly show
traces of residual gas; i.e., most background events appe
be caused byp-p or p-He scattering, depending on what g
was previously used as target. In addition, the analyz
power for thepp-like events agrees within statistics with th
g.
e

In
us
FIG. 14. Forward-scattering angleu vs recoil en-
ergy for H target~a! and He target~c!. Correspond-
ing empty-target runs are shown on the right~b!, ~d!.
For the empty target runs, a N2 target in another
straight section of the ring provided beam heatin
The background run for He was separated in tim
from the He run by four other empty-target runs.
both empty-target runs, residual gas from previo
He and H runs is clearly visible.
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FIG. 15. Comparison of runs with H target@pp
events, frames ~a! and ~b!] and N2 target
@background events, frames ~c! and
~d!]. All events shown are coincident events asso
ated with one particular recoil detecto
(f5245°618°). On the left, forward angleu vs
recoil pulse height, on the rightf vs u.
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of free pp scattering. The fraction ofpp-like events with
empty target compared topp events with polarized H targe
is 1.0% for background runs following H runs. These eve
have the same analyzing powers as goodpp events and are
thought to be caused primarily by residual gas rather t
background.

~c! Noncoplanarity: even tighter limits on background c
be obtained by noting that the forward and recoil partic
from background events, such as (p,px) reactions on C or F
in the cell walls, are in general not coplanar, contrary to f
pp scattering. To study the characteristics of backgrou
events, N2 gas was admitted to the target cell, on the
sumption that the incident proton energy~200 MeV! is high
enough that the specific nuclear structure of the nucleus
ducing the background is not important. For the measu
ments with the polarized H target~top two frames of Fig.
15!, potential background events are events which are
side thepp locus in the left-hand graph or outside the prop
f range~‘‘noncoplanar event’’! in the right-hand graph. The
fraction of noncoplanar to coplanar events is 0.0039 for
H target and 1.2 for the N2 target. If we assume that th
background events with H in the target have the same c
acteristics as the events observed with N2, the fraction of
coplanar background events for H is thus 0.3%. Howev
about 1/3 of these events are rejected by the condition
good events must have the correct recoil energy for a gi
scattering angle.

A conservative final estimate for background
(0.260.2)%.

TABLE III. Amplitudes of beam position and beam ang
changes caused by reversal of the guide field over the target.

X-guide field Y-guide field Z-guide field

Position modulation inmm

x 2764 22264 2464
y 1164 2164 2565

Angle modulation inmrad

x tilt 20649 31649 235649
y tilt 101649 221649 29649
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B. Beam motion associated with guide field reversal

Even though the guide field over the target is weak~Sec.
II D !, changes in beam position and beam angle associ
with reversal of the guide field must be considered, sin
they can cause small changes in count rates that contam
the polarization-dependent changes in count rates. An
modulation associated with guide field reversal~i.e., target
polarization reversal!, for instance, would cause a modul
tion in scattering angle and thus a modulation in count r
that is indistinguishable from an asymmetry caused by a
get analyzing power. Thus, one way that modulations
beam angle and beam position would manifest themse
would be to cause an apparent target polarization for un
larized H2 in the target cell. That these effects are small
shown by the absence of spurious target polarization in r
with unpolarized H2 ~see Table I!. However, closer limits on
beam modulations and their effects on the spin correla
parameters were determined as follows: Section IV show
how the beam position relative to the wire chambers w
determined from the forward track and the recoil detec
signal. The same methods were used to study beam mo
associated with guide field reversal, by sorting the data
cording to guide field currents. Values for the amplitude
position and angle modulations are listed in Table III.

The effects of these beam modulations on the measu
spin correlation parameters were estimated by Monte C
calculations, which produced simulated yields as a funct
of u for all four quadrants inf. These simulated yields
changed as the beam position or angle was changed. We
forced the same changes on the actual data yields in
appropriate spin states. By analyzing these modified yie
we could deduce the effect on theAmn results. Since the
effects were quite small, beam position modulations of
mm, 1.0 mm, and 2.0 mm and angle modulations of 0.
~1.75 mrad! were simulated. The effects of position chang
were found to be proportional to the displacement, as
pected. For the beam displacements given in Table III,
maximum change in anyAmn scales to 1.331024 and is
therefore neglected. Similarly, the maximum change in a
Amn due to the 0.1° angle modulation was found to
0.0015. Scaling this to the 0.15 mrad maximum modulat
from Table III gives an effect of the same negligible mag
tude.
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TABLE IV. Comparison between the data of Table II and different partial-wave and potential-m
analyses. An overall scale factork for Ay andk2 for Amn was allowed. Thex

2 summed over the 14 dat
points of the angular distribution is given for each observable. Also given is the sum of thex2 for all
observables and the overallx2 per degree of freedom.

x2 ~14 angles!
Type of analysis Ref. k Ay Axx Ayy Axz Sum x2/NDOF

C200 @29# 0.9902 27.7 17.0 6.9 23.1 74.7 1.36
SM94 Partial @7# 0.9887 52.4 52.5 29.9 52.1 186.9 3.40
VZ40 wave @7# 0.9978 38.3 206.0 136.8 42.1 423.2 7.69
FA95 analysis @30# 0.9906 41.7 50.7 61.3 41.0 194.8 3.54
VV40 @30# 0.9954 38.4 52.4 44.0 22.4 157.2 2.86
NJM PWA @31# 0.9933 34.9 28.6 63.9 24.4 151.8 2.76

Paris @32# 0.9957 99.1 178.7 115.9 114.1 508.7 9.25
Bonn @33# 0.9945 57.4 199.9 385.8 57.6 700.7 12.74
CD-Bonn @34# 0.9880 40.8 20.9 11.7 21.7 95.1 1.73
NJM93 Potential @35# 1.0091 120.1 17.0 96.1 54.2 287.4 5.23
NJM I models @35# 0.9909 39.4 13.3 16.5 13.9 83.1 1.51
NJM II @35# 0.9906 43.3 15.9 33.2 17.4 109.8 2.00
AV18 @36# 0.9895 63.7 46.0 72.5 22.7 204.9 3.73
Reid93 @35# 0.9929 34.5 30.4 40.7 20.5 126.1 2.29
w
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C. Other systematic errors

As stated in Sec. IV above, the average beam position
seen to change during the course of this experiment, but
actual position was determined for every run and accoun
for in the calculation of scattering angles andAmn’s. How-
ever, the uncertainty in this position, estimated
60.1-mm, could also be a source of systematic error. T
effect was evaluated by the same Monte Carlo method
scribed above, except that the beam displacements were
synchronized with polarization reversals. The result of a 0
mm error in the transverse beam position was found to
less than 531024 in anyAmn . Similarly, the60.05° uncer-
tainty in the absolute beam angle corresponds to a chang
as
he
d

t
is
e-
not
-
e

of

at most 831024 in anyAmn . Both of these systematic error
are negligible compared to the normalization uncertainty

Computer dead time causes a systematic error if the t
ger rate depends on beam or target spin orientation. A
nificant change in count rate (66%! was observed when
Qy was reversed, as expected since the total cross sectio
parallel and antiparallel target and beam spin differs. T
number of pulses lost was determined by comparing the t
ger rate read on a scaler to the number of events proce
by the computer. The average change in dead time w
Qy is reversed was found to be 0.2%. The dead-time cor
tion is nearly angle independent and changed the value
Axx andAyy by 0.002.
nt

es
n
es
FIG. 16. Comparison between data and differe
models of thepp interaction. In order to display
small differences more clearly, reference valu
Aref, calculated from the C200 phase shift solutio
@see Ref.@29#!, are subtracted. For other referenc
to the calculated curves, see Table IV.
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Other systematic error sources which were conside
showed negligible effects. The magnetic guide field over
target cell as well as the ambient external field changes a
the cell, so that the direction of target polarization may ha
a small dependence onz. The effect on the measuredAmn is
less than 231023 and was neglected. The actual measu
orientations of the average target and beam polarizat
with respect to the desired directions are taken into acco
in the analysis.

X. COMPARISON TO THEORY

In this section we compare the new results to predicti
based onpp partial-wave analyses and onpp potential mod-
els. While a large number ofpp calculations exist in the
literature, here we limit ourselves to papers published dur
the last three years. An exception is made forpp potential
model calculations, where we also compare to the most
quently cited earlier potentials, such as the Paris poten
and the Bonn potential, which have been important
nuclear structure or three-body calculations.

Since many of the calculations give quite similar resu
the small differences can be displayed more clearly by s
tracting reference valuesAref(u). The choice of this refer-
ence is arbitrary and irrelevant to the conclusions. Here,
choose as reference a partial-wave analysis by the VPI g
@29# called C200, which is simply a phenomenological fit
all previouspp data between 175 MeV and 225 MeV. Th
C200 solution imposes a requirement of continuity of ph
shifts with neighboring energy intervals, but other than t
is relatively devoid of theoretical input.

In comparing the present measurements with calculatio
we take into account that the measurements have an ov
normalization uncertainty. Thus in each case, the meas
ments were scaled by normalization factorsk and k2 for
Ay andAmn , respectively, until best agreement with the c
culation is reached. The scale factor for theAmn is the square
of the scale factor forAy because theAmn involve beam and
target polarization. Table IV lists the values ofk and the
quality of agreement (x2) between measurements and calc
lations for different theories. In all cases, the requiredk is
compatible with the normalization error discussed in S
VIII D.

Among the partial-wave analyses, best agreement is fo
for the C200 solution mentioned above. Of the analy
which are based on allpp andnp data and which cover a
wide range of energies, the Nijmegen partial-wave analy
~0–350 MeV! is of particular interest because it gives
excellent representation of thepp andnp data over this en-
ergy range, with ax2/NDOF of 1.08 @31#. The analysis as-
sumes that charge independence is broken. The agree
with the present results is good, except thatAyy deviates
significantly from the measurements~see also Fig. 16!. Of
the many analyses published by the VPI group, Table IV l
four recent calculations. Solution SM94 is a VPI energ
dependent partial-wave analysis ofnp and pp data for the
range 1–1600 MeV. The updated version of the same an
sis ~FA95! gives the same quality of fit. However, for th
more limited energy range of 1–400 MeV, the new vers
~VV40! is much improved over the previous one~VZ40!.

The potential models listed in Table IV include the wide
d
e
ng
e

d
ns
nt

s

g

e-
al
n

,
b-

e
up

e
t

s,
all
e-

-

-

.

nd
s

is

ent

s
-

ly-

n

used Paris potential@32# and the Bonn full model potentia
@33#. Neither represents the new data very well. Better agr
ment is found for the updated Nijmegen soft-core poten
NJM93 @35# which is a conventional meson-exchange pote
tial. However, based on our limited data, we confirm t
conclusion that none of the conventional meson-excha
potentials can compete in quality with the Nijmegen parti
wave analysis. The Nijm I and Nijm II potentials are a
tempts to improve the agreement with data by slightly a
justing the potential for each particular partial wave. For o
data, these adjusted potentials give much better agreem
in the case of Nijm I nearly equal to the best partial-wa
analysis. A similar, excellent fit is obtained with the ne
CD-Bonn potential@34#. This potential is based on the Bon
full potential @33#, but small adjustments were allowed
each partial wave for the parameters that govern the co
lated multiple-pion exchange. The calculation labeled AV
refers to the Argonne potential@36#, with charge indepen-
dence breaking. This potential has been fit directly to
Nijmegenpp andnp scattering parameters and the deuter
binding energy in the energy range 0–350 MeV. While th
potential gives a good fit to all previousnp and pp data
(x2/NDOF51.08), it does not agree well with the prese
values ofAyy ~Fig. 16!. The Reid potential~RID93, Table
IV ! discussed in the recent Nijmegen paper@35# is an up-
dated Reid-like potential, based on the original Reid pot
tial of 1968. The excellent agreement with our data~see also
Fig. 16! is consistent with the remark in Ref.@35# that this
potential provides as good a fit to thepp data set as the
Nijmegen partial-wave analysis.

The most noteworthy conclusion of these comparison
that our limited data set at one energy very closely mirr
the agreement or disagreement of the different theories w
the world data set of all types ofNN data.

XI. CONCLUSIONS

A polarized hydrogen target was formed by injecting p
larized atoms into a T-shaped cell with an aperture of 8 m
3 8 mm through which the circulating polarized beam of t
IUCF proton storage ring~Cooler! passed. Elastic scatterin
events in the angular range 4.5°–17.5° could be detected
of background by recording coincidences between forwa
scattered protons and recoils. One of the great advantag
this method compared to the use of conventional solid targ
containing polarized H is the lack of target contaminants a
the ease with which the target atoms can be manipulate
sign and direction of polarization on a time scale of seco
rather than hours. ThusAy and the spin correlation param
etersAxx ,Ayy , andAxz could be measured at the same tim
In addition, the absence of large magnets near the ta
permitted measurements at all angles at the same time
spite of the small target thickness viewed by the detec
(2.231013 polarized H/cm2), the data presented here we
accumulated in 1 week, including beam tuning and overhe
No deterioration of target polarization was observed o
this time period. The circulating beam intensity and thus
event rate were improved by storing the circulating beam
about 2 h, and replenishing the intensity by periodically
jecting additional beam. The sign of polarization of th
stored beam was flipped periodically with suitable rf fiel
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~spin flipper!. We conclude that precision measurements
the spin dependence even at forward angles can be m
essentially free of background, with this technique.

For absolute calibration, the present measurements of
correlation parametersAmn , and analyzing powerAy at
197.8 MeV, made use of a previous, accurate analyz
power measurement at a nearby energy~183.1 MeV!. The
measurements were compared to differentpp partial-wave
analyses and a number ofNN potential models. These pa
rametrizations are typically based on a few thousand ob
vations ofpp andnp scattering over a wide range of ene
gies, usually 0–350 MeV or 0–1.6 GeV. We find fa
agreement with those calculations that give a good fit to
global data set and poor agreement with those that do
However, inclusion of the new data in these global analy
should lead to some refinement of the phase shifts since
database previously contained no accurate spin correla
data between 100 MeV and 300 MeV.

In view of the successful completion of this experime
the measurements are being extended in angle all the wa
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uc.m.590° and in energy from the present energy to 4
MeV. In addition, spin precessors are being readied to pe
not only the transverse beam polarization used here, but
longitudinal beam polarization. Completion of this next sta
of experiments is expected to provide a significant enhan
ment of thepp database. The new polarized beam and tar
capabilities will pave the way for studies of spin-spin effec
in pion production.
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