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TRIUMF experiment 497 has measured the parity-violating longitudinal analyzing paier 5p elastic
scattering at 221.3 MeV incident proton energy. This comprehensive paper includes details of the corrections,
some of magnitude comparableAg itself, required to arrive at the final result. The largest correction was for
the effects of first moments of transverse polarization. The addition of the régeif,0.84+0.29 (stat.)
+0.17 (syst.)x 107, to the 5p parity-violation experimental data base greatly improves the experimental
constraints on the weak meson-nucleon coupling constaﬁ'l’tsand hPP and also has implications for the
interpretation of electron parity-violation experiments.
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[. INTRODUCTION It is important to have experimentally determined values
of the weak meson-nucleon couplings, as theoretical calcu-
This experiment determines the parity-violating longitudi- lations of their values are quite uncertain and the correct
nal analyzing powerA,=(c"—o )/(ct+07), in pp  Vvalues are helpful in the interpretation of the results of other
elastic scattering, where™ and o~ are the scattering cross parity-violation experiments. They are needed, for example,
sections for positive and negative helicity. The measurement$ calculations of the proton anapole momg#lk, one of the
were performed in transmission geometry, with beam energyadiative corrections to the electron-nucleon isovector axial
and detector geometries selected to ensure that parity mixingrm factor in experiments such as SAMPLH and & [8].
in the lowest order'S,-2P,, partial wave amplitude did not
contribute to the measured,, hence leaving a parity- Il. BACKGROUND
violating asymmetry arising almost entirely frotP,-'D, ) .
mixing [1]. This amplitude has not previously been studied | RIUMF E497[9], was first funded in 1988, and the re-
experimentally, and the possibility is unique to the energ;ﬂu'red new beam line was completed in 1994. A major effort

regime accessible with the TRIUMF cyclotron. The energy a0 understand and minimize ;ystematic error contributions
which the contribution taA, from the lowest ordetS,-3P, ~ Was then undertaken. Following many years of effort that

mixing vanishes is determined by the well known Strongresulted in the reduction of both the helicity-correlated beam

nuclear phase shifts. The scale factors multiplying this andnodulations Ax; and the sensitivitiesdA,/dx; to _these
other partial wave contributions are set by the weak interacodulations, the first significant dataset for E497 was ac-
. > L . . quired in February and March of 1997, with a statistical error
tion. pp parity-violation experiments determine these scaleOn A, of +0.5x 107, and most systematic errors at or be-
. , of =0. ,
f::gﬁ;sn eé(ﬂ?cr)gg{ea?t?gg 'Ilglwl\e/lec?nnetZ)s(turzfnfgﬁt \Q;eﬂ;tr:fsor]ow the 10 7 level. That result represented a major milestone
min grim il th, w “meson-nucleon ZIin n- for the experimen{10]. Data taking continued in 1998 and
eﬁpg_ ﬁo yhl ehz/f\?/%b ﬁso huc eon coupling fco 1999, the final reanalysis of all the data was completed in
stanth, "= (h,+h,+h;/6), where the superscripts refer to oy 5001711], and the result foA, was published12]. The
isospin changé¢3]. Precision results already obtained by thepresent paper presents detailed descriptions of the experi-
SIN group at 45 Me\{4] and the Bonn group at 13.6 MeV' ot ‘the data analysis and systematic error corrections, that
[5] determined essentially the suhfP+hfP, where hiP oo ot included in the papét2).
=h%+h! . with the addition of the TRIUMF result at 221.3
MeV, hPP andhfP are now determined separately for the first lIl. EXPERIMENTAL SETUP
time.
A. General
The principle of the experiment is straightforward. A lon-
*Deceased. gitudinally polarized proton beam is passed through a liquid
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LH2 TARGET

FIG. 1. Principle of the mea-
surement. A longitudinally polar-
ized proton beam was passed
through a liquid hydrogen target.
The beam current before and after
target was detected and the signals
were subtracted. The presence of a
component of the difference sig-
nal synchronized with spin flip in-
dicates a parity-violating depen-
dence of the transmission through
the target on the helicity of the in-
cident protons.

Transverse Field lon Chamber #1
(TRICT)

+ —
Lsubtroct common mode

To Synchronous
Detection

hydrogen target and the change in transmission when thghowing the sequencing of the control measurements within
spin of the incident protons is reversed is the parity-violatinga 200 ms, eight spin-state cycle.
signal. To measure this, the beam current before and after the Because of the importance of understanding systematic
liquid hydrogen target was measured and the signals werefrors in such an experiment, essentially all the pieces of
subtracted(Fig. 1). The spin state was then changed in aequipment, from the ion source to the beam dump, had to be
special pattern at 40 spin states per second and synchronot@nsidered integral parts of the parity experiment. Figure 2
detection was used to extract that component of the differshows the main subsystems of the experiment—the TRIUMF
ence signal that was synchronized with the spin flip. Unfor-optically pumped polarized ion sour¢®PPIS, the cyclo-
tunately, beam parameters other than spin changed when tki@n, the beam transport, and the specialized parity instru-
spin was flipped, and great pains had to be taken to measureentation[13]. A 5 A transversely polarized beam was
and correct for the false signals resulting from these untransported to the cyclotron through an50-m-long injec-
wanted helicity-correlated changes. Technical details of théion beam line. A 200-nA beam at 75%—-80% vertical polar-
systems required to do this will be described in detail in whatzation was extracted at 221.3 MeV. Spin precession through
follows, but an idea of the complexity can be obtained frompairs of solenoid and dipole magnets resulted in delivery of a
Fig. 2, identifying the major pieces of equipment, and Fig. 3 longitudinally polarized beam to the parity apparatus. There
were two complementary states of the spin transport, the

PHOTODETACHMENT LASER positive helicity” and “negative helicity” beam line tunes,

T ACCELERATION which transported spin up in the cyclotron into eithieror
— helicity at the parity apparatus.
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FIG. 2. General layout of the TRIUMF parity experiment.
(OPPIS—optically pumped polarized ion source; SOL—spin pre- FIG. 3. Sequence of events in one 200 ms, eight-state cycle.
cession solenoid; FCSM—ferrite cored steering magnet; IPM—Each state starts with a PPM scan. In the first two states of an octet,
intensity profile monitor; PPM—polarization profile monitor; PPM1 scans vertically, on the next two states, PPM1 scans horizon-
TRIC—transverse field ionization chamber tally. This four-state sequence is then repeated with PPM2.
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In the last section of the beam line, the longitudinally = To enable measurement of the sensitivity of the experi-
polarized beam first passed through a series of diagnostiment to coherent intensity modulation, provision was made
devices—two beam intensity profile monito(BPMs) and  at the ion source to produce an intentional, controlled, inten-
two transverse polarization profile monitdBPMs—before  sity modulation when desired. This was done using an aux-
reaching the LH (liquid hydrogen target, which was pre- iliary 18-W green argon laseSpectra Physics Inc., operat-
ceded and followed by transverse electric field, parallel platéng on all lines with most power at 514 nm and 488)nm
ionization chamber§TRICSs) to measure the target transmis- beam that co-propagated with the Hheam along the 30-m-
sion. A third IPM was located immediately in front of the long horizontal section of the injection beam line, neutraliz-

LH, target, inside the cryostat vacuum. ing through photodetachment a small fraction of the beam.
The photodetachment laser could be interrupted synchro-
B. Optically pumped ion source nously with the parity spin sequence, so that the beam cur-

rent in every other “spin off”(i.e., with the optical pumping
lasers blocked with a shutjedata taking cycle was modu-
lated at the 0.1% level.

In the ion source, 9 W of 795-nm laser light was used to
optically pump a rubidium vapor whose polarization was ul-
timately transferred to the protons of the Hheam. The po-
larization was reversed using small tilting etalons to make
rapid frequency adjustments to the two pumping lasers to
match either ther™ or ¢~ component of the rubidiund, 1. Beam transport
transition; the two are separated by 93.5 GHz. No macro-
scopic electric or magnetic fields were altered. This mini-

C. Cyclotron and beam line

After extraction from OPPIS, the H beam passed

through a Wien filter that was tuned to produce vertical po-

mized helicity-correlated _chqnges n accelerate_d beam P33rization at the entrance to the cyclotron. The injection line
rameters other than polarization. This was very important Yrom the ion source to the cyclotron used electrostatic ele-

th? success of t.h.e experiment. The ion source 1S the UItImaur%ents and was magnetically shielded from the fringe field of
origin of all helicity-correlated modulations, and the more

the cyclotron. Instabilities in the polarized ion source, beam

the unwante_d modulatlons_could be reduced at the source ﬂlﬁe power supplies, and mechanical vibrations of the whole
less corrections were required later. The extracted beam cur-

r-. - ..
) . injector building structure, cause the beam position at the
rent required by the experiment was not la(g@0 nA) so, to ) g P

ot . ! injection point to fluctuate. These fluctuations are converted
reduce unwanted helicity-correlated modulations, it was pos;

ible t ii ¢ of the OPPIS intensity i turn f to energy and current modulations of the accelerated beam.
sibie to sacrifice most of the INtensity n Tt 1orrpese were significantly reduced by a position stabilization

beam quality. For example, the rf bunchers in the InJecuonfeedback system installed in the vertical section of the injec-

beam line, which enhance the cyclotron transmissign by %on beam ling 18]. The system was based on two split plate
factor of 5, also amplify the coherent energy modulations b eam position monitors, with correction voltages applied to

two orders of magnitude, and could not be used during theectrostatic steering plates. About 50% of the beam was lost
parity experiment. High-current OPPIS developmgM— o he split-plates, but the result was a significant improve-
16] for high-energy accelerators proceeded at the same tiM@ent in the beam stability and a reduction in noise. The
as development of the TRIUMF source and contributedsampling rate of the integrated current feedback amplifier
greatly to the parity-violation experiment. was 1 kHz, so spin-flip correlated position modulations pro-
The polarization of the rubidium vapor was monitored duced in the source at 40 Hz were also reduced by the posi-
and controlled on line by observing the Faraday rotation ofion stabilization system.
light from an additional 100-mW, TiS probe laser that emit-  After injection into the cyclotron, the beam was acceler-
ted 780.8 nm light—close to thB, transition of rubidium. ated to 221.3 MeV in the cyclotron and was extracted by a
The polarization of the linearly polarized probe laser lightthin stripping foil. Various stripping foil designs were tried,
rotated through an angle proportional to the rubidium vapobut most of the data were taken with a 2.5 mm wide
polarization. The Faraday measurements also provided corx26 mm high<5 mg/cnf thick, pyrolytic graphite foil.
firmation of the helicity state of OPPIS. The Faraday rotationThis foil was mounted in a special “bow-saw” shaped holder
signal was encoded as a frequency to prevent helicitythat supported the foil from both ends to prevent curling.
correlated signals from being present in the electronics rack$:ollowing extraction from the cyclotron, the proton polariza-
Details of the OPPIS Faraday rotation system are describetibn vector was precessed through~63° in the first sole-
elsewherd 17]. noid, 88.61° in the first (40°) dipolet ~87° in the second
Every effort was made to tune OPPIS for minimum inten-solenoid, and 26.58° in the final (12°) dipole, resulting in a
sity change on spin flip. The main technique used to do thigongitudinally polarized beam that was transported to the
was to keep the rubidium polarization, as measured by thearity apparatus. The sign of the solenoid rotation was cho-
Faraday rotation, close to 100% and with the two spin statesen depending on the desired helicity of the tune and the
matched to better tham 0.5%. It was not possible to elimi- exact solenoid strengths were fine tuned empirically to pro-
nate helicity-correlated current modulation completely, butduce pure longitudinal polarization in the presence of the
under normal data taking conditions, helicity-correlated curcyclotron fringe field. In contrast with systems using only
rent modulationsAl/I=(1"—17)/(I"+17) of a few parts one solenoid and one dipole, which can produce longitudinal
in 10° were routinely achieved. polarization only at one energy, the TRIUMF system is ca-
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TABLE |. Beam energy measurements made during the thregure of 1 MeV from the energy for which the'$,-°P,)
running periods. The uncertainties shown are statistical only. Thegntribution integrated to zero caused this mixing to contrib-
absolute calibration of the BEM is known to ke0.23 MeV. ute only~10’9 to A,. Theoretical calculations ok, based
on total cross section, and which assume no energy loss in

Running period Beam energiteV) the target, show the'§,->P,) zero at 225 MeV, where the
1997 221.36:0.03 1S, and 3Py, strong phase shifts are equal and oppd<ig.
1998 221.50.1 According to the Monte Carlo simulation, this theoretiéal
1999 221.30.1 at 225 MeV should be compared to the TRIUME multi-
plied by 1.02:0.02.

pable of producing longitudinal polarization at any proton D. Specialized instrumentation
energy up to 500 MeV19].

Ideally, the beam transport should produce an achromatic 1. General

waist downstream of the Ljtarget, to minimize the effect Very strict constraints had to be imposed on the incident
of first moments of transverse polarization, which are thdongitudinally polarized beam to limit both random and
dominant source of systematic error in this experiment, aelicity-correlated modulations of the beam intensity, energy,
they couple to the large~0.3) parity allowed transverse horizontal(x) and vertical(y) position and direction, beam-
analyzing poweA, . The rotation of phase space introducedwidth (o, andoy), transverse polarizatiorP{ andP,), and
by the superconducting solenoid magnets was approximateljtst moments of transverse polarizatiofx P,) and(yPy)).
compensated for by rotating the quadrupole doublet beforghe approach followed was to design the experimental appa-
the final 12° bend by 37.4° and the quadrupole triplet fol-ratus for minimum sensitivity to beam property variations, to
lowing the bend by 17.2°. To reverse the spin direction at thenonitor helicity-correlated beam properties during data tak-
parity target relative to the spin in the cyclotron, the direc-ing, and to correct the data for all significant helicity-
tions of the solenoidal fields and the signs of the quadrupoleorrelated effects. A program of auxiliary calibration mea-
rotations were reversed. In principle, that should have beesurements was interwoven in the regular data taking cycle in
all that was required. In practice, small adjustments to somerder to establish the sensitivity of the apparatus to all mea-
quadrupole and steering magnets were necessary, but empisdrable systematic effects under data taking conditions.
cal tunes were developed that kept these changes very small The custom-built parity instrumentation occupied ap-
(1%—-2%. proximately the last 10 m of the beam line, between the last
Between the second solenoid magnet and the final 12guadrupole magnet and the west wall in the TRIUMF proton
bend, where the polarization of the beam has both a longituRall (beam line #/2). Transverse field parallel plate ion
dinal and a sideways component, a four branch polarimetathambers TRIC1 and TRIC2 measured the beam current in-
[20] was used to measure the transverse polarization compeident on and transmitted through the target. The parity-
nents at regular intervals. Since the angle of the polarizationiolation signal was derived from the helicity-correlated ana-
vector is known at this location, the absolute beam polarizatog signal difference between the beam currents measured by
tion could be determined. Once the beam passed the finghe two TRICs. Upstream of the target were two PPMs to
dipole magnet, the polarization was longitudinal and themeasure the distributions of transverse polarizat®x)
PPMs determined the small transverse components. The upnd P,(y) across the beam. The three IPMs measured the
stream polarimeter was also used, with purely vertically pointensity distribution of beam current inandy. Two of the
larized beam, to check the absolute calibration of the PPM9PMs were coupled to a pair of fast ferrite cored steering
Just after the upstream polarimeter, a beam energy monmagnetsFCSMS that locked the beam path on the desired
tor (BEM) [21] was available to measure the energy of theaxis through the equipment.
proton beam. The BEM achieves a statistical precision of
+20 keV in=~1 h. The absolute calibration is known to be 2. Intensity profile monitors

+230 keV[22]. The(BEM) target could not be inserted dur- _ o

ing normal data taking, so periodic BEM measures were _Thg IPM S|gnals_ were based on secondary emission from
made lo check the beam energy. Table | summarizes g7 TS5 T SR CIEROTC TR RS ron
beam energy measurements. is described in Ref$24,25). For IPM1 and IPM2 the nickel
strips were 3um thick, 1.5 mm wide, and spaced 2.0 mm
center to center. In IPM3, the nickel strips were A thick,

The beam energy of 221.3 MeV at the target entrance wag.5 mm wide, and spaced 3.0 mm center to center. Each IPM
chosen so that the'$,->Py) contribution would be zero contained a vertical and a horizontal harp with 31 strips per
when the acceptance of the detectors and the energy loss larp. IPM1 also contained an aluminum normalization foil
the target was taken into account. This was done using that provided a beam current signal to the liquid hydrogen
Monte Carlo program that simulated the experiment usingarget controller. The 31 signals from the strips of each of the
detailed target and detector geometries, and including thsix planes were individually amplified and digitized to pro-
energy dependence of the stropgp phase shifts. It was vide the beam intensity profiles in each spin state. Hardware
found that the beam energy was not overly critical; a deparbeam centroid evaluators delivered signals proportional to

2. Beam energy
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distribution of transverse polarization across the beam profile
was generated. The two PPMs were operated with a 180°
angular mismatch, producing eight equally spaced profiles in
1/5 s, or 40 profiles per secon(This is also the spin-flip
rate—see Fig. 3.

The master clock for sequencing the whole experiment,
including helicity changes, was derived from 2500-line opti-
cal encoders mounted on the PPM drive shafts. Each shaft
encoder produced two 2500 cycles per revolution square
waves in phase quadrature, permitting the direction of rota-
tion to be determined from whether one signal was high or
low at the positive going transition of the other. By recording
both the rising and falling edges of both quadrature signals,
the PPM control electronics obtained an effective resolution
of 4 2500=10 000 lines. The rotation of the two PPMs was
synchronized by electronic gearing using position informa-
tion provided by the shaft encoders. During steady state ro-
tation at 5 rps, the servo system was able to control the angle
between the two PPMs t&t 3 mrad, corresponding to one-
third of the 1.6 mm target blade thickness at the location of
the proton beam.

FIG. 4. Method of scanning the Ghblades through the beam. 4. Liquid hydrogen target

The blades measure&l.6 mnt in cross section and extend 85 mm The LH, target had a flask 0.10 m in diameter and 0.40 m
beyond the holders. Each PPM has two horizontally scanning anFon The tar ?et scattered 4% .of the beam. It was im .or-
two vertically scanning blades. This figure shows a blade at th?an?.that the ?Nil’]dOWS on theo hvdrogen voilume be flgt and
middle of a vertical scan. . ydrog .
parallel to prevent motion of the proton beam from creating
, ) . . intensity noise. The hydrogen was contained by.2B-thick
the beam centroids. Corresponding correction signals wergiinjess steel windows. Upstream and downstream of these
used to drive feedback loops to the pair of horizontal andpsjge the vacuum vessel were two helium filled chambers,
vert!cal fast F_CSM$F|g. 2. Th|§ qllowed the' beam intensity 51 mm thick on the upstream side and 10 mm thick on the
profile centroids to be kept withit 1 xm with a dc offset  gownstream side, ensuring that the inner windows were flat.
less than 5Qqum from the desired axis. Sensitivities t0 The outer windows of the helium cells were 50R-thick
helicity-correlated position and size modulations were detergiainjess steel. The cryostat vacuum vessel was sealed with
mined with the beam unpolarized and with enhanced mOdUZS-,um-thick copper windows.
Iat!ons introduced using the fast FCSMs synchronized to the Although a thick target is desirable from the standpoint of
Spin sequence. increasing the signal, it was also very important that the tails
of the beam profile be well contained in the 36050 mn¥t
3. Polarization profile monitors aperture of the detectors; beam blow-up due to multiple Cou-

The PPMs are described in detail in RigZ6]. Each PPM  10mb scattering limited the target flask length, as well as the
has four high density polyethylene (GH blades, 5 thickness of various entrance and exit windows and the

% 1.6 mn? in cross section. The blades were mounted orfhickness of the upstream IPM foils. With the target full, the

wheels rotating at 5 rps, and were scanned through the bealf@m Size increased from4 mm (o of projected profilgat
as shown in Fig. 4, two blades scanning vertically throughthe center of the upstream detector to 15 mm at the center of

the beam and two blades scanning horizontally. The figurd€ downstream detector, and 22 mm by its exit.
shows one blade in the middle of a vertical scan. Protons, R@pid circulation(S L/s) of the LH, reduced density gra-

elastically scattered from hydrogen in the blades were dedi€nts and prevented boiling. A feedback loop using fast and
tected by sets of forward and recoil scintillator telescopesS/OW heaters controlled the target temperature. The fast
the geometry of which was set to select orﬂ elastic heater responded to a beam current signal from IRSKC.

9 y . P : Il D 2) and kept the heat load essentially constant when the
events at 17.5° laboratory angle, near the maximum in th

. . . X eam current changed. The slow heater made fine adjust-
parity allowed analyzing poweh, . During vertlpal scans Egjjents to hold the Lkl temperature at 19.3 K to within
the up-down asymmetry was measured and during horlzont 4 0.2 K over a several week data taking period.
scans the left-right asymmetry was measured. Information
from each blade was stored in 80 time bins of @ each,
for a total time window of 6.4 ms per blade. As the radius of
rotation is 215 mm, this corresponds to (6.4/2003}2 Each TRIC(a smaller earlier version is described in Ref.
X(215) mm=43 mm centered on the nominal beam axis.[27]) consisted of a cylindrical enclosure filled with 750 L of

From the up-down or left-right asymmetry in each bin, aultrahigh purity hydrogen gas at a pressure of about 150 Torr,

5. Transverse field ionization chambers
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and contained an upper cathode plate operated &tkV, e 25 ms (+ or = helicity) .
and a grounded lower signal plate. The TRICs also contained ___ .
field shaping electrodes plus guard rings to ensure a uniform 64 me—sle——— V6o s -
sense region, 150 mm wigtel50 mm high< 600 mm long PPM TRIC & IPM

between the parallel electrodes. Highdow-energy spalla-

;:Sgtup;ggﬁgt?n ftrﬁemSithe Ichaml;er windows C%n C?}EUSQ (Ijarge FIG. 5. The timing of detector readout intervals within one spin
gnal, so the entrance and exit win OW3tate. The initial 0.8 ms allows for ion source settling time. The
were located=900 m_m from the Penter t_o prevent Spa"at_'on 6.4-ms PPM interval corresponds to a 43-mm scan centered on the
pr_Oduc_ts from e'nterlng the active region. Other COnSIderbeam axis. The TRIC interval was 1/60 s to eliminate sensitivity to
ations in the design of the TRICs were noise due to delta ra¥s i, or harmonics of 60 Hz.
(6-ray) production and ion pair recombination. Recombina-
tion is reduced by lower gas pressure and higher voltag&ollowing the same ¢ ——+—++—) or (—++—+——
both of which reduce the space charge density in the active-) pattern. The initial spin state of each supercycle was
volume. In practice, compromises must be made because teosen at random. In the frequency domain, this switching
high a voltage causes increased noise from corona discharg@ttern contains odd multiples of 5 Hz, with the largest har-
and low pressure reduces the desired sighabys are elec- monic content at 15-Hz. The data acquisition produced on-
trons produced by collisions of the protons with the detectoline values for the amplitude and phase of the dominant 15
gas. Thed-ray signal is noisy, and the major contribution to Hz component. This was derived from a 16 spin-state cycle.
this signal is fromg-rays at large angles. The transverseThe 64 spin-state supercycle gave the option of using more
dimension of the ion chamber was a trade off between advanced digital filtering schemes on the difference signal,
small transverse size which would minimiZeray noise and but these were only used during early development runs.
a large transverse dimension which accepts all the beam. Theventy percent of the data were taken with all the spin-
150-mm transverse dimension was the smallest that gave dlipping equipment running, but with the pumping lasers
acceptably low sensitivity to beam size modulation based ollocked with a shutter to guarantee zero polarization. In ad-
simulations. The main signal from the proton beam increasegition, as mentioned earlier, half of these spin off data were
with the length of the active region. This was limited by the taken with an artificially enhanced intensity modulation syn-
available space in the beam line; 600 mm was the longesthronized with the spin flip.
practical length. As shown in Fig. 5, each 25-ms spin state was divided
The noise in the ion chamber signals has two incoherenihto polarization measuring and asymmetry measuring inter-
contributions—shot noise from the statistical nature of thevals. Following a short dead time to allow the mechanical
proton beam and noise contributed by the chamber itself. Thetalons which change the ion source spin-state time to stabi-
noise figurea expresses the chamber noise as a fraction ofize, was a 6.4-ms window during which one of the eight
the shot noise. When the difference between the upstreatiiades of the scanning polarimeters passed through the beam.
and downstream chambers is taken, most of the shot noisthe TRIC and IPM signals were then integrated over exactly
contribution disappears because, except for the 4% scatterdd60 s to eliminate sensitivity to 60 Hz or harmonics of 60
by the target, each upstream proton also passes through thiz. The dead interval at the end of each state was intended
downstream chamber. The chamber noise, on the other hanals a buffer to absorb any timing jitter due to imperfect rota-
does not cancel, and the running time is dominated by chantion speed of the PPMs. As it turned out, the timing jitter was
ber noise. In this experiment the counting time wag5 less than 0.1 ms and this buffer zone was more than
times that which would have been expected from countingadequate.
statistics alone. The fact that the run time was dominated by The minimum dataset for which a full set of helicity-
chamber noise resulted in the seemingly paradoxical resutiorrelated beam properties could be extracted was a 0.4 s
that better precision was obtained by lowering the beam curtevent pair” corresponding to two full 360° rotations of the
rent, because this reduced the detector noise figure. In a sePMs, as this gave both spin states for each PPM blade.
ries of test runs at progressively reduced beam currents, the As noted in the ion source section, the spin state was
A, distribution became narrower unt+100 nA. The 200 transmitted as a frequency to prevent coupling the spin-flip
nA selected for running was a compromise between lowesignal into the data acquisition. The effectiveness of this iso-
current for better precision oA, and higher current for bet- lation was checked by running the complete data acquisition
ter precision from the PPMs, whiakerelimited by counting  system including the ion source, but with detector signals
statistics. supplied by a battery. Falge, from electronic cross talk was
found to be less thanx10~°, an upper limit determined by
IV. DATA ACQUISITION the statistics_, of the tegtross talk was probably Ie)ss_
The rotation speed of the PPMs is locked to a signal de-
The data were taken ig s (200 mg cycles, each cycle rived from the zero crossing of the 60-Hz ac line. Since 0.2 s
consisting of eightjs s (25 m9 spin states arranged in the taken for one PPM rotation is exactly 12 cycles of the 60-Hz
pattern +——-+—++-) or (—++—+——+). This line, one would expect a given PPM blade to always pass
pattern makes the result insensitive to linear or quadratithrough the beam at the same phase of the ac line. To prevent
drifts. The cycles were further arranged in an eight cy6#  this, a small controlled phase slip was introduced. The rate of
spin statg “supercycle,” with the starting state of each cycle slip was programmable. For data taking it was set for one
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complete cycle of the 60-Hz line in 18 min. Although the  TABLE Il. Summary of data reduction cuts. Except for the
phase of one PPM relative to the other is “quantized” by thebeam intensity, the center of the acceptance window for each pa-
finite resolution of the encoders, the angular frequency ofameter is the measured centroid of that beam parameter’s distribu-
rotation is not, and in principle can be locked to a squaréion; T.he hard cuts are wide enough to include at least four standard
wave of any frequency. In practice, roundoff error in the deviations.

motor control computer limited the choices of the reference

frequency. The 18 min for 360° of slip corresponded to onePeam parameter Acceptance window
of the acceptable values. Neutral axisx,y +0.3 mm

In addition to the regular data taking runs, many dedicategition + 30 (soft)
control measurements were made to measure the sensitivigy;q +1.0 mm

of the apparatus to helicity-correlated beam properties, spes
cifically: position, size, intensity, transverse polarization, an
energy modulation at the ion source.

kew +0.2 mm
dlntensity 196-204 nA
Intrinsic moments +3.0 mm

V. THE DATA
used to determine the sensitivity to intrinsic polarization mo-
ments, which was the dominant systematic error correction,
The parity data used in the final analysis were acquiredequired consistent and stable beam conditions—in particu-
during three major data taking periods—February-Marchar, the ratio of beam sizes at IPM1/IPM2 and the ratio of
1997, July-August 1998, and May-June 1999. The data weritrinsic polarization moments at PPM1/PPM2 must be con-
recorded as a series of “runs” o1 h each. Statistics for stant over the data sample used to determine the sensitivities,
the combined set are the following: or the method is invalid.
(a) 3.8 X 1P event pairs(b) 375 runs in positive beam It is important to emphasize that no data cuts were applied
line helicity, (c) 368 runs in negative beam line helicity) to the parity-violating asymmetrs, itself. The ultimate test
80 position modulation runge) 81 size modulation rungf) of the consistency and validity of the data analysis and cor-
40 energy modulation runs, arig) 109 neutral axis scans. rections procedure is the quality of the corrected dataset
The runs were grouped into 23 sets, a new set beinghown in Fig. 6. The top panel in Fig. 6 shows the results for
started following each retune of the beam lifusually in-  the reduced dataset, before corrections were made for sys-
volving a reversal of the helicity at the parity apparatus relatematic errors. The bottom panel shows the corrected results

A. Raw dataset

tive to the ion source from which the finalA, was obtained. This corrected dataset
was subjected to a regression analysis in which residual sen-
B. Reduced dataset sitivities to helicity-correlated beam parameters were ex-

plored. No statistically significant residual sensitivities were
®ound, lending confidence to the interpretation of the results.

optimum beam conditiongquiet beam, good longitudinal peaiis of the corrections procedure are given in the follow-
polarization, low transverse polarization, low first momentsing sections

of transverse polarization, beam on axis, stable position and
size, low intensity modulationand to stop data taking to
correct the beam and cyclotron tune when these conditions
were not met. Nevertheless, some data were recorded for Sources of error can be divided into those that are related
which conditions were not ideal. The raw data sample waso the beam helicity and those that are not. Beam property
therefore subjected to data quality cuts prior to inclusion inchanges that are synchronized with spin ftipoherent” or
the final analysis. “helicity-correlated” changescan shift the centroid of the
The data quality cuts were conservatively chosen to ena, distribution and cause a false signal of parity-violation.
sure that corrections to the reduced dataset based on criticghanges that are not helicity-correlated, such as detector
helicity-correlated beam parameters would be consistenioise and random variation in beam properties, do not bias
with sensitivities measured in ancillary calibration experi-the result, but they increase the run time required to reach a
ments. The data quality cuts first eliminated 46 data runs fogiven precision.
which the TRIC difference signal was anomalously noisy,
indicating unstable beam conditions. They also eliminated
any data for which diagnostic monitor outputs could be con-
sidered spurious. The cuts used are summarized in Table Il. The ultimate limit to the statistical precision of the experi-
There were both “hard cuts” at a fixed value of beam pa-ment was set by the counting statistics of the scattered pro-
rameter and “soft cuts” at= 3o from the mean value. The tons. For a target scattering 4% of the 200-nA beam, the rate
entire data reduction process reduced the size of the total sef scattered protons is 50 GHz, which would make it pos-
by 30%, but significantly improved the quality of the data sible to measuréd, to +0.2x10 7 in 20 h if individual
sample.x? for the uncorrected data of the 23 sets went fromscattered protons could be counted. However, 50 GHz was
11.3 per degree of freedom before the cuts were made to 5t60 high for direct counting, and so current mode detection
after the cuts. It is important to emphasize that the approactvas used. As noted already in the ion chamber section, the

During data taking every effort was made to maintain th

VI. SOURCES OF ERROR

A. Random changes
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L e B VIl. CORRECTION FOR SYSTEMATIC ERRORS
0 : Uncorrected ] The effects of modulations in beam intensity, position,
81 } 1 X" =548 i size, transverse polarization, and energy were considered.
6 { } 3 { 7 Measurements made early in the experimental program
4r 3 } } 8 revealed significant correlations between beam parameters.
< 2+ 1 { { { } { } } 1 Fpr example, horizontal and vertical be_am motion are often
~~ O - } : f highly correlated. To be sure of extracting the correct sensi-
T L } f g } ] tivities, separate control measurements were made in which
_a L { ‘ : b each beam property in turn was artificially modulated, and
6L 097 1998 ; 1990 7 thf—} effect on appareift, was recorded. Thg SenSItI.V.ItI.e.S ob-
N R R tained by this mgthod were consistent with sensitivities ex-
0 4 8 12 . 20 o4 tracted by multilinear regression using the naturallvar|at|on
Set of beam parameters. Most importantly, the regression analy-
sis showed no significant sensitivity foroducts of beam
1 : : : _ : modulations, so the fals&, was the sum of the contributions
I : ! . of the individual coherent modulations.
10 r . Corrected 7]

For the sensitivity calibrations made by varying one pa-
rameter at a time, measurements were made using modula-
tions of different size and sign. The false asymmetry was

8 : Xx,? = 1.08 1

6 T : j

4 r ] 5 linear in the modulation, passing through zero at zero modu-
2 \ RTINS

O {

< 2F { I } { { } } ; { ] lation. To determine thg sensitivities used.for data reduction,
> 0 I l % : { ! i ‘ { 1 large values of modulation were used to give accurate results
— 9 [ i 1 ; } } i in a short time. To determine the sensitivity to first moments
4 [ ‘ N of transverse polarization, which gave the largest false asym-
s L 1997 : 1998 ; 099 4 metry, much larger transverse polarlzat!ons were u;ed for
P S P DA calibration than were present in the parity beam. This was
0 4 8 12 16 20 24 justifiable because false asymmetries must be linear in polar-

Set ization, and the use of large polarizations allowed the dis-

placements needed for the calibration to be reduced. The

FIG. 6. E497 results before and after correction. The data argheasured false asymmetry was linear in polarization
divided into 23 sets of alternating beam line tune. The top pane

shows the results after beam quality cuts, but before the data were
corrected for systematic errors. The bottom panel shows the data
after correction. The error bars in the bottom panel are slightly
larger due to uncertainties in the corrections. As the energy of the beam was 27 MeV lower at TRIC2
than at TRIC1, the TRIC2 gas pressure was lowered relative
counting time was dominated by detector noise. Other ranto TRIC1 to equalize ion chamber currents. A hardware gain
dom variations in beam properties such as intensity and pd2" the TRICL signal was then adjusted to minimize
sition also contributed noise and further increased the re€ommon-mode noise in the amplified difference signal,

quired run time. It proved to be a net advantage to devot&ooox(l?_g!l) which was digiti_zed, wherg_ i_s the hard-
significant beam development time to producing quietware gain;g is very close to unity. The helicity-correlated
stable. beam ‘part of the difference, which should be proportional&p,

nevertheless, contains a coherent current modulation compo-

nent due to imperfect common-mode rejection arising from

gain mismatch and nonlinearity of the ion chambers. If the
The approach to minimizing and correcting for the falsecurrent signal from TRIC2 isl; =al;[1-S(1=P,A,)]

A, signal due to helicity-correlated beam property changeghen, expressing the difference in current for the two helicity

was as follows. states ag; =1,+ 81, one can define an “analog asymme-
(a) Careful design and operation of the TRIUMF optically try”

pumped polarized ion source and cyclotron made it possible

oment.

A. Coherent intensity modulation (CIM )

B. Helicity-correlated changes

to change the spin direction with very little effect on the (=gl =, —gly)

other beam propertiegb) The design of the parity equip- €a™ 21,

ment and the operating conditions of the experiment were da\ 8l

carefully chosen to minimize the sensitivity to helicity- _ B dajoly
correlated changegc) Calibration runs determined the sen- = SabAt|aT nglllel I’ @

sitivity to helicity-correlated modulations(d) The beam

properties were continuously monitored during data takingvhereSis the nuclear scattering probability in the L karget
so the actual helicity-correlated changes were known, an@S=0.04) andT=1-S. The quantitya is a function of
appropriate corrections were applied. TRIC1 and TRIC2 gas gains, and is nominally equal {©; 1/
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1.0 T . . TABLE Ill. Average sensitivities to coherent intensity modula-
% tion. The sensitivities are determined from all CIM data with
|A1/1]=0.06%.
X 05 | —
> Sensitivity
< Set (107 7/%) CIM events
0.0 1997 3619 83636
< 1998 138-8 106 520
2 1999 73:11 90955
—05 s
<
cated CIM runs used to reset the subtractor box, the sensi-

-10 1 : ‘ tivity to CIM was also measured during data taking. Periods
—4 T (W;tb 0 ' of enhanced0.1% coherent intensity modulation were in-
terleaved with the main data. A typical sensitivity was
FIG. 7. A scan of the subtractor box settings taken during theA!?'Se=(1.6x 10~%)(1,—200)(61/1), wherel, is the beam
July 1998 running period. The plot shows the sensitivity to CIM ascurrent in nanoamperes. Table Il shows the average sensi-
a function of the subtractor box dc level. The dc level is a sensitivetivities to coherent intensity modulation for the different run-

indication of the setting of the fine gain control; a fractional gain ning periods and Fig. 8 shows a histogram of the sensitivities
change of 10* causes a shift of 0.7 V in the dc level. This particu- for a typical (~1 h) run.

lar scan gave an ideal dc level ef1.9 V for zero sensitivity to

CIM.
B. Coherent position modulation

it was adjusted with TRIC2 gas pressure. The hardware gain Coherent position modulation was measured by two of the
g was set by zeroing the false parity signal when the beanthree IPMs. During the 1997 running period, IPM1 and
current was modulated by the photodetachment laser. BePM3 were used because their separation was greater and, all
cause of the nonlinearity terng, must be reset if the beam €lse being equal, position control should have been better.
current changes. Unfortunately, IPM3 picked up noise from the liquid hydro-

A beam current stabilization System was imp|emente@en target circulation fan, so for the 1998 and 1999 data,
which restricted beam current excursions to the range 206°M1 and IPM2, located 1.8 m apart along the beam line,
+2 nA[18]. The current stabilization system took a currentWere used. Using two IPMs permits measuring both tilts and
signal from the upstream ionization chami@RIC1) and parallel shifts of the beam. The measured coherent modula-
fed a correction voltage to an electrostatic quadrupole len§ons are shown in Tables IV and V. The sensitivity to beam
just upstream of a set of slits in the injection line. The injec-Motion was measured in separate control measurements dur-
tion line was tuned with a slight excess of current so that, at'd which the beam position was modulated in a variety of
the set point, about 10% of the beam was skimmed by th&ays using the FCSMs.
slits. To exclude coupling of current modulation to position ~ The false analyzing power arising from helicity-correlated
and energy modulations, the sampling rate was s{evs ~ beam position was parametrized as
Hz), much slower than the spin-flip rate of 40 Hz. The active
range of the current stabilization loop was quite low 40 T T 1
(£10%) to avoid correcting drifts caused by large excur-
sions of cyclotron tune. The current loop operation was a
sensitive indicator of cyclotron stability, and operators made 30
adjustments to the cyclotron tune when necessary. Even un-
der conditions of constant beam current, periodic adjust-,,
ments ofg were needed to compensate for small drifts in the € 5 |-
ion chamber gains. The setting for best common-mode rejec
tion was checked periodically by turning on the photodetach- r
ment laser, creating a+0.1%) coherent intensity modula-
tion, and performing a scan of subtractor box settings. The
results of such a calibration are shown in Fig. 7. Because the 3
difference signal was multiplied by 1000, the dc level was a 0 oo g
sensitive indication of the setting of the hardware fine gain. A _10 5 0 5
fractional change of 10* in the hardware fine gain caused a A /(AL/D) (107*/%)
dc shift of 0.7 V in the subtractor box output. ‘

During data taking, CIM was measured continuously by  F|G. 8. CIM data for a typidal h run. The plot shows a histo-
the ion chambe(TRIC1) upstream of the target. As noted in gram of the sensitivity tasl/I. Data have been excluded for which
Sec. Il B, this was normally less than a few parts ir?.10 |§1/1|<0.06%. The mean is 0.23 and the standard deviation 2.6, in
Because the sensitivity to CIM changed between the dedianits of (10 %/%).

10

|
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TABLE IV. Summary of position and size modulation for the 1997 dataset. These data used IPM3 for fast
position control. Changing the Wien filter sets the spin direction in the cyclotron relative to the ion source and
the beam line sets the helicity at the parity apparatus relative to the cyclotron.

Wien filter + Wien filter —
Beam line + - + -
Ay, (nm) 119+49 —137+43 —101+59 8+48
Agy, (nm) 65+ 79 —156+76 —-110+118 —45+91
A oy, (nm) 126-44 —212+44 —36x+54 41+ 45
Aa'y3 (nm) 81+75 —200£72 —54+116 —11+84
Ax; (nm) 5+33 19+28 —34+40 38+ 36
Axz (nm) —30+34 —40+34 10+ 46 4+37
Ay, (nm) —46+26 89+ 27 -7+33 —10x27
Ay (nm) —27+36 —12+33 24+ 55 —78+43
AXy+AX, AX;—AX, trol measurements in which the beam size was intentionally
=| 75 | (@Xat bt Cx)+(T) (dyXq modulated by driving the FCSMs as quadrupoles.
The false analyzing power due to beam size modulation
Ay, +Ay, was expressed as
+eX,+fy )+ — (ayy1+byy,+cy)
AA,= ax(rxlA ox, Tt ﬂXO'XZA oy, T ayaylA oy, t ﬂyoyzA Ty,
Ay,—A (€)
+(¥)(dyy1+eyyz+fy>, @

where o is the rms beam size ando is the helicity-
correlated change in beam size. As with position modulation,
where Ax and Ay are the horizontal and vertical helicity- the parameters were extracted from a fit to the calibration
correlated beam motiorx andy are the beam position and data. Because the quadrupole configuration of the FCSMs
the 1 and 2 subscripts refer to IPM1 and IPM2. The parameaused the beam to be steered somewhat when the size was
etersa—f were extracted from a fit to the calibration data. modulated, correction for position modulation had to be in-
Details may be found in Ref11]. Figure 9 shows the results cluded in the fit. Figure 10 shows the results of a fit to a
of such a fit. The abscissa shows the false asymmetry preseries of size modulation calibration runs.

dicted using Eq(2) with the fitted parameters and the ordi-
nate shows the false asymmetry actually measured with the

. | D. Transverse polarization
calibration data.

If the proton spin is not perfectly longitudinal, the small
transverse component will reverse with helicity. This can
couple to the relatively large~0.3) parity allowed analyz-
power to cause a false parity-violating signal. Figure 11

C. Coherent beam size modulation

Coherent beam size modulation was also measured by tHag
two IPMs, and the observed values are listed in Tables IV

and V. The sensitivity to beam size was determined by con- 10 ' ‘ ' ' ‘
e P
TABLE V. Summary of position and size modulation for the g . | W |
1998 and 1999 datasets. IPM2 was used for fast position feedback,g ’
replacing IPM3. The Wien filter was for all these data, producing > -
spin up in the cyclotron. The beam line rotates this+toor — < -
helicity at the parity apparatus. s 0.0 ,
o -
Beam line: + - 5 ,
=-05 o -
Aoy, (nm) —17+38 0+35 ‘o e
A"Xz (nm) 8+8 —35+7
A(Tyl (nm) —-6+37 1+35 10 L I I
Aay, (Nm) 17 —375 -0 05 0t Fitted vale 0 "
Ax; (nm) 1+14 —1*+6
AX, (nm) 711 —-9=+5 FIG. 9. Calibration of sensitivity to coherent position modula-
Ay, (nm) 17+11 3+8 tion. The abscissa shows the false asymmetry based on sensitivities
Ay, (nm) 16+10 2+7 extracted from calibration runs and the ordinate shows the asymme-

try actually measured.
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FIG. 10. Calibration of sensitivity to coherent size modulation. ~ FIG. 12. A horizontal neutral axis scan. A vertically polarized
The abscissa shows the false asymmetry based on sensitivities éx¢am @,=0.76) was scanned horizontally and the sensitivit{}o
tracted from calibration runs and the ordinate shows the asymmetrlotted as a function ok projected to the “magi” ( z location
actually measured. where the falséd, does not depend on anglé beam withx,;

=—2.7 mm was found to produce no false signal from vertical
uses a pencil beam with a vertical transverse polarization tgolarization components.
illustrate the mechanism. Because the parity allowed analyz-

ing power is positive, slightly more beam will be scattered toyne first moment for a ray is proportional to the distance of
the left in the positive helicity state, and to the right in the o ray from the zero axis and varies linearly with distance
negative hglicity state. If the beam passes through the centgqong the beam, changing sign where the ray crosses zero,
(neutral axig of the detector, as shown in the left-hand panel,ihe first moment for a particle beam will vary linearly with
the response will be the same for both helicity states and ngjstance along the beam. A real beam can have a substantial

false effect arises. If, on the other hand, as shown in thgs; moment of transverse polarization even if the net trans-
right-hand panel, the beam does not pass through the cent@grse polarization is zero. In the example of Fig. 11, the

of the deteptor, more signal will be recorded in one _he“CityverticaI polarization could be “up” on the right side of the
state than in the other. To a very good approximation, thcam and “down” on the left side.

effect is found to be proportional to the size of the transverse 14 getermine the first moment sensitivities, test runs were
component multiplied by the distance the beam is off centemade with pure vertical and pure horizontal polarization. By
at the detector—i.e., to thirst moment(x)(Py) of trans-  scanning the vertically polarized beam horizontally it was
verse polarization at the detector. - . possible to generate known momenrits)(P,), and by scan-

_ In a field-free region, a real p_artlcle beam of finite extentnmg the horizontally polarized beam vertically known
is made up of a bundle of straight rays such as the penckly><PX> moments could be generated. Although in principle

beam in this example. The first moment for the beam is thghe first moments must be known at the two detectors, be-
linear sum of the first moments of the individual rays. Since5,,se first moments vary linearly with distance along the

beam line, knowledge of the first momentsaaty two loca-
[ tions is sufficient.
: B The transverse polarization profiles were measured by the
\ | |detector sensitive o polarization profile monitor§PPMs in Fig. 2 located
volume \ | volume 1.8 . .
| .8 m apart along the beam line and, for convenience, the
|
|

| \
\
L R L

detector sensitive

first moment sensitivities were expressed in terms of the sen-

sitivities at the PPMs. The first moment scans also defined

+ the beam trajectory for which there was zero sensitivity to

average transverse polarization. Such a trajectory was re-

ferred to as golarization neutral axisPolarization neutral

scatterer scatterer axes were determined in both the horizontal and vertical di-
| rections and, during data taking, the beam was held on this

! |

| |

| |

neutral axis by the servo system. Figure 12 shows an ex-
ample of a horizontal neutral axis scan. Another consequence
of the linear behavior of the first moments with distazde
the presence of a “magie” downstream of TRIC2.Any
FIG. 11. The effect of transverse components of polarizationb€am with zero first moment at thiswill cause no false
The combination of a transverse polarization component with £ffects. Also notice that the measurements shown in Fig. 12
beam displacement from the neutral axis will cause a false signal ggonfirm the linear relation between first moment and
parity violation. false A, .
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TABLE VI. Fitted first moment sensitivities from the neutral axis scans.

Sensitivity (10°7) Feb97 Julos May99

a;(um 1) 1.91+0.03 1.85-0.01 1.83-0.02
a,(um™?) —2.47+0.01 —2.47+0.01 —2.44+0.01
(—ayy*—ayys? —0.55+0.01 —1.15+0.01 —0.26+0.01
by(um™1) —1.51+0.03 —1.49+0.01 —1.49+0.02
by(em™1) 2.02+0.04 2.006:0.01 1.98-0.01
(—byx)2—b,x53) 1.31+0.03 —0.35+-0.01 0.506:0.01
X 1.17 1.96 2.05

In analyzing the effect of first momentsxtrinsic first ~ PPML1 first moment, then the two false effects would cancel,
moments,(x)(Py) and (y)(Py), caused by a beam which and theeffectivesensitivity to first moments would be zero.
has some net transverse polarization and whose centroid This would correspond to a beam whose first moment of
displaced from the neutral axis, were treated separately frorttansverse polarization goes through zero at the madiy
intrinsic first moments{xPy) and(yP,), which do not de- adjusting the beam convergence, an attempt was made to
pend on the position of the beam, but rather arise from th@chieve this magic moment ratio between PPM1 and PPM2.
distribution of components within the beam. By holding the Unfortunately, the ability of the PPMs to measure this ratio
beam on the polarization neutral axis it was possible to virto sufficient precision in a reasonable amount of time was
tually eliminate corrections foextrinsic first moments.In-  very limited, so the cancellation was not perfect and the re-
trinsic first moments, on the other hand, are independent o$idual, effective, first moment sensitivity had to be extracted
beam position, arise in the cyclotron and beam line, and werfom the data. This could be done either by regressing the

very hard to control. first moment ratio from the data and using the sensitivities
The false asymmetry arising from extrinsic and intrinsic measured in the neutral axis scans or by regressing the cor-
first moments can be written relation of A, with average first moment directly from the
na na data. The two methods agreed with each other, but the latter
AA=(Pylai;((y1)—y1")  +ax((y2)—yz") method produced the smallest statistical spread and was the
method used to correct the data.
+(POIb1((x1)—x7%)  +ha((x2) —x3%)]
+a(yPy; +ay(yP,), E. Energy modulation
+by(XPy),; +by(XPy)s, 4) Since the beam energy in the downstream TRIC was on

average 27 MeV lower than in the upstream TRIC due to
energy loss in the target, helicity-correlated energy modula-
where the first two lines are the contribution fragtrinsic  tion caused a systematic error due to the nonlinear energy
first moments and the second two lines are the COﬂtribUtiO@lependence of the proton beam energy loss in the hydrogen
from intrinsic first moments. Note that the first moment sen-gas of the TRICs. The sensitivity to coherent energy modu-
sitivities, a,, a,, by, andb,, are identical for intrinsic and |ations was determined using an rf accelerating cavity placed
extrinsic moments. upstream of IPM1 in the beam line. The measured sensitivity
The results of the neutral axis scans are shown in Tablef falseA,, (2.9+0.3)x 10 8 eV™1, was in excellent agree-
VI. The quantities a;y7®—a,y5%) and (—b;x7?—bx5%)  ment with predictions based on the variation of stopping
depend on what axig andy are measured from. They are power with energy.
zero ifxy, Y1, Xo, andy, are measured relative to the neutral  Energy modulation of the extracted beam was caused by
axis. One notes that the sensitivities to first moments are vergosition modulations of the radial intensity distribution at the
consistent from run period to run period. In units of 10 stripping foil; this converted radial position modulation of
um~1 the sensitivity tqy)(P,) is 1.8 at PPM1 andé-2.5at  the injected beam to energy modulation of the extracted
PPM2. The sensitivity tgx)(P,) is —1.5 at PPM1 and 2.0 beam. The primary coherent energy modulation produced in
at PPM2. the source was converted to position modulation in the injec-
There were no magnetic elements after the first PPM, stion beam line and then back to energy modulation at the
the first moments of transverse polarization varied linearlyextraction foil. Direct measurements using a magnetic spec-
with position along the beam line. Furthermore, for a fixedtrometer (1.2 m dispersionin another beam lind4B) at
setting of the upstream beam line magnets, the first momenBRIUMF showed the energy modulation of the extracted
at PPM1 and PPM2 tended to scale together so that, overteeam to be~100 to 200 times greater than the energy modu-
wide range of first moments, thmtio of first moments at lation at OPPIS. During the parity runs this direct measure
PPM1 and PPM2 had a constant value. Since the neutral ax¢gould not be made, but frequent measures of energy modu-
scans showed that the first moment sensitivity at PPM1 wakation at OPPIS and ofdA,/dE,,,is were made. The
of opposite sign to, and 75% of the magnitude of, that adA,/dE, ;s sensitivity was measured by applying a square
PPM2, if the PPM2 first moment were always 75% of thewave voltage of 0.5 V amplitude to the electrically isolated
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TABLE VII. Settings of the Wien filter and beam line for the 23 systematic errors, including energy modulation, were small.
datasets. Care was taken to balance the amount of data taken in the
two beam line helicities so that if some fal&g from energy
modulation was present, it would tend to cancel in the final

Set, (Wien filter, beam ling

1,(+,+) 9,(+,—-) 17,(+,+) weighted average. Information on the energy modulation at
2,(+,-) 10,(+,+) 18,(+,—) the ion source and the sensitivity to this modulation was used
3,(+,+) 11,(+,—) 19,(+,+) to include the effects of uncorrected energy modulation in
4,(+,-) 12,(+,+) 20,(+,-) the error budget, as described in more detail in the following
5.(+,+) 13,(+,-) 21,(+,+) section.

6,(—,+) 14,(+,4+) 22,(+,-)

7.(-,-) 15,(+,-) 23,(+,+) VIll. METHOD OF APPLYING THE CORRECTIONS

8,(+,+) 16,(+,+)

The falseA, arising from a given coherent modulation
was found by multiplying the measured modulation by the
sodium ionizer in OPPIS. TheskA, /dE, s runs were then  sensitivity to that modulation. Uncertainties from the vari-
corrected for all known systematic errofdominated by ance of the corrected, distribution are referred to as “sta-
di/1), and it was assumed that the residual falsearose tistical.” The uncertainty quoted is the standard error in the
from energy modulation of the extracted beam. The residuainean of theA, distribution. Uncertainties irA, resulting
falseA, was proportional to the energy modulation applied atfrom uncertainties in the sensitivities are referred to as “sys-
the source. A comparison of the measudbd,/dE,,,is to  tematic” because an incorrect sensitivity will cause a system-
the dA,/dE measured in the beam line with the rf cavity atic shift in the mean of thé, distribution. These errors are,
(Sec. VII B indicated that the cyclotron amplifiedE, s ~ however, statistical in nature, as they arose from statistical
by a factor of about 130, in agreement with the magnetiauncertainties in the knowledge of the sensitivities to the vari-
spectrometer measurements. ous coherent modulations.

The primary energy modulation caused by the optical Table VIII summarizes the overall corrections to the par-
pumping lasers was measured by using an electrostatic beaty data. To produce the 23 correctéd distributions shown
energy analyzer in the polarized source and an intensity prdn Fig. 6, the following procedure was followed.
file monitor with 16 collector strips 2.5 mm wide, and with (1) The data in each set were grouped into bundles of
3.0 mm spacing to measure beam position modulation downt0 000 event pairs per bundle.
stream of the steering analyzing plates. The monitor was (2) Each bundle was corrected according to the observed
mounted on a remotely controlled swinging arm. Two mea-coherent modulationgexcept position and sizefor that
surements of coherent position modulation for the right andundle, giving a corrected, for each bundle. The variance
left monitor positions allowed separation of the energy andf correctedA, values in a set determined an error bar for
position modulation components of the OPPIS beam. An acthat set. This is reported as the statistical uncertainty. No
curacy of 0.2 meV could be achieved in 10 min of integra-corrections were made for position and size, because the net
tion time. The modulation magnitudes were quite sensitive ta@orrection was consistent with zero and when the corrections
the pumping laser asymmetry between the two polarizationvere applied it was found that they slightigcreasedthe
states; after careful laser tuning, the coherent energy moduesidual correlations of\, with position and size, as well as
lation was reduced to 1-2 meV and the coherent positioiincreasing the variance of the correctégddistribution.
modulation to the 20-nm level. (3) The uncertainties in the nil correction for position and

Although the frequent measurement oAE and size modulation were added in quadrature to each of the 23
dA,/dE,,pis helped to set limits on the falg, from energy  sets. This is included in what is reported in Table VIII as
modulation of the extracted proton beam, it is significant thasystematic uncertainty.
the energy modulation of the extracted proton beam could (4) The uncertainties resulting from uncertainties in the
not be measured directly at the parity apparatus. To cancefarious sensitivities were added in quadrature to the corre-
the effects of energy modulation, use was made of the facgponding data. The uncertainties in the sensitivities are inde-
that when the beam line helicity is reversed, the effects opendent of what is accounted for in st&), so it is justified
true A, reverse, but the effects of energy modulation do notto add them in quadrature to obtain the total error bar on
This is because energy modulation can only arise in the ioeach of the corrected, for the 23 sets. This uncertainty is
source and cyclotron. The magnets used to rotate the spalso included in the systematic uncertainty in Table VIII.
from up to positive helicity or up to negative helicity are  (5) The A, reported is the weighted mean of the 23
downstream of all sources of energy modulation and do notlatasets with a weight &fr2, whereerr is the “total”
affect the beam energy. Data were generally taken with aluncertainty, not including energy modulation. The error
ternating beam line helicity, and during the 1997 run datébars shown in the bottom panel of Fig. 6 are these total
were also taken with the Wien filter reversed, an independenincertainties.
method of reversing the proton beam helicity relative to the (6) As mentioned earlier, the correction for extracted en-
ion source. The Wien filter and beam line settings are deergy modulation was complicated by the fact that no direct
tailed in Table VII. Thaty? for the 23 sets is only 1.08 measurement of energy modulation could be made in the
following corrections, shows that the effects of uncorrectedparity beam line. The energy modulation sensitivities de-
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TABLE VIII. Overall corrections for systematic errors. The table shows the average value of each
coherent modulation, the net correction made for this modulation, and the uncertainty resulting from applying

the correction.

Property Average value 1aA,
(correction

Auncorrecteq -7y 1.68+0.29(stat.)

y* P, (um) -0.1+0.0 —0.01+0.01
X* P, (um) —-0.1+0.0 0.01£0.03
(yP,)(em) 1.1+0.4 0.110.01
(xPy)(um) —2.1+0.4 0.54-0.06
Al/l1(ppm) 151 0.19+0.02
Position+ size 0+0.10
AE (meV at OPPI$ 7-15 0.0:0.12
Electronic crosstalk 0:00.04

Total 0.84+0.17(syst.)
ASOT(1077) 0.84+0.29(stat.)- 0.17(syst.)
X%(23set9 1.08

pended on the beam line tune, so the distribution of meals,-*p, zero crossing energynd the most precise results at
sured OPPIS energy modulation values a,/dE,,nis  13.6 MeV[5] and 45 MeV[4]. Theoretical predictions foh,
sensitivities was examined for a given beam line tune, and om several models are shown. The model of Driscoll and
correction and a “worst case” uncertainty in the correctionMiller [29] is based on the Bonn potential to represent the
were estimated. strong N-N interaction, together with the weak meson-
Net corrections were calculated for energy modulation omucleon coupling constants as given by Desplanques, Dono-
a year by year basis. 1998 and 1999 required two correctionghue, and HolsteitDDH) [2]. The prediction of Igbal and
each, one for each beam line helicity. 1997 needed four comNiskanen[30] has aA isobar contribution added to the
rections, as two Wien filter settings were used. Finally, all thepriscoll and Miller model on a sen@d-hocbasis. The the-
energy modulation corrections were combined and one coretical prediction of Driscoll and Meissnf31] is based on
rection was applied to the fin#, . a self-consistent calculation, with both weak and strong ver-
The energy modulation correction shown in Table VIl is tex functions obtained with a chiral soliton model. Finally,
the net effect of energy modulation over the three runs. Theéhe quark model calculation of Grach and Shmatik82]
net correction was zero. The0.12 uncertainty comes from takes explicit account of quark degrees of freedom. None of
the quadrature sum of the uncertainty in energy modulatiofhese predictions are in good agreement with the data, al-

plus the uncertainty in the energy modulation sensitivitiesthough they all have similar shapes due to the energy depen-
This was not included in the individual error bars for the 23dence of the strong interaction.

A, numbers because the energy modulation was not known
well enough. As a result, the reducgd of 1.08 for the 23
sets is larger than it really should be if the energy modulation
uncertainty was determined individually for each of the 23
sets and included in the individual set by set error bars.

T T T T [ T T T T [ T T T T [ T T T T

I Driscoll and Miller

3 | Grach and Shmatkov =~ — — — — — _
[ Igbal and Niskanen ~—  =-=-ccceceeeeee-

[~ Driscoll and Meissner ~ —-=-=-=-=-="~ - =

[ Carlson, hiavilla et al. -

IX. RESULTS

The overall result foA, from the 23 sets is summarized
in Table VIII. After correcting for systematic errors, the lon-
gitudinal analyzing power is found to be\,=[0.84
+0.29(stat.}-0.17(syst.] X107 at 221.3 MeV incident
proton energy and the target and detector geometry of this I
experiment. Correcting for finite geometry and target thick-  _4 L v vees™ 00 0 0 b0 s
ness(see Sec. lll C 2and combining the errors in quadra- 0 50 100 150 200 250
ture, givesA,=0.86+0.35 at 225 MeV for comparison with Energy (MeV)

theoretical calculatlons FIG. 13. Theoretical predictions fok, and the most precise

Parity violation i mpp scattering has already attracted con-experimental data at 13.6 MetBonn), 45 MeV (PS), and 221
siderable theoretical interest, and many calculation®\pf MeV (TRIUMF). The solid curve shows the results obtained by
have been madf28-32. These calculations are shown in Carlsonet al. by adjusting the weak coupling constants for the best
Fig. 13 together with the TRIUMF resultorrected to the fit to the experimental data.
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30 pared to the DDH “best guess” values dffP=—155
x 10 " andhPP=—3.0x 10" ’. The solid curve in Fig. 13 is
20 r - calculated using the Carlsat al. adjusted couplings.
The reduction in the experimentally allowed range for
10 F - weak meson-nucleon coupling constants also has implica-
g tions for the analysis of electroweak radiative corrections in
< ok i backward angle parity-violating electron scattering. By com-
o bining back angle electron scattering data for hydrog9j
—10 |k 4 and deuteriuni7], the SAMPLE Collaboration was able to
extract values for both the isovector ax&N form factor,
—20 . Ga(T=1), and the strange magnetic form fact@y, at a
momentum transfeQ?=0.1 (GeVk)?. Their valueG4(T
~30 R R =1)=+0.22+0.45+0.39 differs significantly from the
—60 =90 =40 =30 —20 —10 0 10 20 30 value G(T=1)=—0.83+0.26 arrived at by Zhet al. [6]
10" h by applying one quark and many quapkoton anapole mo-

FIG. 14. Present constraints on the weak meson-nucleon cour-nem) radiative corrections to the well known nucleon axial

. pp .
plings based on the experimental data and recent calculations bcsharge _as measured in neutrgndecay. hp ente_rs In the_
Carlsonet al. [28]. The bands are the constraints imposed by dif-CaICUIat'on of the proton anapole moment, but its contribu-

ferent experiment¢Bonn 13.6 MeV, dashed; PSI 45 MeV, solid; tion is small and one would require) = — 180x 107 to
TRIUMF 221 MeV, dottedl The filled square and dotted rectangle bring the value up to the-0.22 of the SAMPLE measure-
are the DDH *“best guess” and “reasonable range,” respectively.ment. Such a value ch‘gp is now clearly ruled out by thpp
Also shown are the 68% and 90% C.L. contours. parity-violation data.

A major source of uncertainty in these calculations is the X. CONCLUSION
value of the weak meson-nucleon couplings. Starting with
the work of DDH[2], many theoretical calculations of these
guantities were madg33-3§ but theoretical uncertainties
remained large. Until the TRIUMF experiment, the coupling
constants were very poorly constrained by experiment.

The parity-violating analyzing poweA, in 5p elastic
scattering has been measured at 221.3 MeV incident proton
energy. The result constrains theoretical calculation&,dh

an energy region not previously covered experimentally. In

Figure 14 shows the limits on the weak meson—nucleoﬁhe case of meson exchange calculations, it constrains prin-
couplingshl’;” and hPP now imposed by the low-energy re- cipally the value of the wealp meson-nucleon coupling

sults[4,5] and the present TRIUMF result. The error bandsh,’ . but, when the low-energgp data are included, strong
are based on a calculation by Carlsenal. [28] assuming constraints are placed on the acceptable values of fth

the Argonnev ;5 (AV-18) potential[37], the Bonn 200¢CD-  andh®”. This result has implications for the interpretation of
Bonn) [38] strong interaction coupling constants, and includ-other experiments. For example, it rules out incorrect values
ing all partial waves up tal=8. Although the TRIUMF of these couplings as an explanation for the disagreement
measurement is not sensitiveAg from SP mixing, and the  between the SAMPLE isovector axial form factor redatt
contribution fromPD mixing contains nchPP contribution, ~ and the calculation of Zhet al. [6].

there is soméPP dependence arising from the higher partial
wave mixings. The net result is that the acceptable band

defined by the TRIUMF measurement is almost orthogonal This work was supported in part by the Natural Sciences
to that defined by the low-energy measurements, and greatiyhnd Engineering Research Council of Canada, the U.S. De-
reduces the acceptable ranges of bgffi andhf®. Adjust-  partment of Energy, and the Russia-North America Scientific
ing these coupling constants for the best fit to fedata,  Collaboration Program; TRIUMF receives federal funding
including the TRIUMF 221-MeV point, Carlsost al. [28]  via a contribution agreement through the National Research
estimate hPP=—22.3x10"" and h}P=5.17<10"7, com-  Council of Canada.
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