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The first spin-transfer experiment performed for thepdW→pWp reaction is described. Three spin-transfer
parameters for thisp-absorption process were determined,KLS

a , KSS
a , andKNN

a , which correspond to the

p-production parameters,KSL
p , KSS

p , andKNN
p , of the time-reversedpWp→dW p process. Each observable was

measured at a single angle for a number of energies spanning theD resonance of this system. The results are
compared with the predictions of published partial wave amplitude fits which are primarily based on existing
data for the time-reversedpp→dp reaction, and also with the predictions of two current theories. The failure
of these theories to describe the fundamental features of the data clearly demonstrates the need for further
theoretical work in this area.@S0556-2813~97!05401-0#

PACS number~s!: 24.70.1s, 13.75.Cs, 25.10.1s, 25.40.Qa
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I. INTRODUCTION

The study of few-body systems in nuclear physics h
provided most of the knowledge concerning the basic in
actions between the particles which constitute nuclei. An
portant example of a few-body reaction is theNN
NNp
process@1#, the simplest nuclear reaction involving produ
tion or absorption of a real pion. Interest in such proces
stems from the fundamental role played by the pion
nuclear interactions@2#. Understanding the absorption
production mechanism for real pions is a necessary pr
quisite to understanding the analogous process for vir
pions inside the nucleus. Further, this mechanism provid
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means to study the role of excited nucleons inside
nucleus since the absorption/production of a pion is f
quently coupled to aD, N* , etc. channel in the intermediat
state. In this paper we consider thepp
dp channel, a pro-
cess whose intermediate state is dominated by theND sys-
tem.

Of the accessible pion production/absorption chann
the pp
dp reaction is the simplest to study from both th
experimental and theoretical points of view. Experimenta
the fact that only two particles, each charged, are involved
the initial and final states, provides not only uncomplicat
particle detection but also useful two-body kinematical c
relations. Theoretically, the well understood structure of
deuteron enables a thorough treatment of both the initial
final two-particle states.

Several theoretical approaches to calculating
pp
dp reaction have been attempted. Although some c
culations are successful in describing certain features of
data, none are able to fully describe all of the available d
@1#. The failure of the various theoretical approaches is m
clearly seen in their poor description of the spin-depend
observables@1#. Despite the current difficulties, further im
provements to the theoretical understanding of this fun
mental reaction will clearly benefit from the extensive da
base which currently exists since it can be used to iden
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those processes which theory fails to adequately describ
In order to extract physical insight from the available da

two approaches have been commonly used to charact
the observables in the context of physically relevant para
eters. An expansion of thepp
dp observables in terms o
helicity amplitudes has the advantage of requiring only
complex amplitudes, all of which depend on angle as wel
energy@3#. An alternative approach involves a partial wa
expansion which capitalizes on the coupling of the spin a
angular momentum structure of the process and is thus
ticularly useful for identifying contributing reaction channe
@4#. Although this approach involves an ‘‘infinite’’ numbe
of partial wave amplitudes~PWA!, only those corresponding
to small angular momenta contribute significantly ne
threshold. As these amplitudes depend only on energy,
not angle, they are therefore particulary useful for compar
data characterizing different angular regions.

Prior to our experiment, several partial-wave fits to exi
ing pp
dp data had been performed@5–7#. Despite the
considerable variety of data available at that time, signific
uncertainties in the magnitudes and phases of some of
smaller amplitudes persisted. In fact, in order to obtain
unambiguous set of PWA’s, some authors resorted to imp
ing theoretical constraints on the fitting procedure@5# leading
to an undesirable theoretical bias in the extraction of th
amplitudes.

In order to resolve these difficulties in the fitting proc
dure, it was clear that additional observables were requi
particularly those with enhanced sensitivity to the sma
amplitudes. Emphasis was given to those observables de
dent on the spin of the deuteron, of which few existed. In t
regard, Blankleider and Afnan@4# showed that spin-transfe
observables are particularly sensitive to the smaller am
tudes, as they depend only on bilinear products of large
small amplitudes and are not dominated~as are some othe
observables! by terms containing the modulus squared
large amplitudes. It was also demonstrated empirically
Bugg @8# that spin-transfer data would be essential for
improved determination of some of these amplitudes. At t
time however, no values for such observables existed in
data base, due primarily to the technical difficulties asso
ated with such experiments. Only subsequently did tech
logical developments make such measurements feasible

Prior to the work described in this paper, four spi
transfer experiments had been carried out, all involving
pWp→dW p reaction. Three were performed at energies be
the D resonance@9–11# at Tp5 450–580 MeV and the
fourth at a single energy, 800 MeV@12#, above the reso-
nance. Although these experiments yielded high statist
precision with low background contamination~primarily due
to the quality of the proton beams and targets employe!,
they suffered from complications associated with the m
surement of the final state deuteron polarization. In parti
lar, those experiments involving polarimeters which reli
on deuteron-carbon scattering@9–11# are subject to the pos
sibility of large systematic errors due to the small values
the deuteron-carbon analyzing power involved. In fa
deuteron-carbon scattering is only marginally sensitive to
vector polarization of the deuteron and is virtually insen
tive to the tensor components of the deuteron in the ene
range associated with those experiments@13#. In addition,
.
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analysis of the results was complicated by the mixing of
deuteron spin components arising from the large relativi
boosts associated with the center-of-mass to lab transfor
tions involved.

In order to provide a new approach to the measuremen
these sensitive observables, we considered the possibilit
measuring spin-transfer observables of thepd→pp reaction,
a reaction linked to thepp→dp through the invariance o
strong interactions under time-reversal~an invariance which
is expected to hold to high precision@14#, and one which has
been verified experimentally to the level of a few percent
similar few-body systems@15#!. A spin-transfer measure

ment in thepdW→pWp direction has the following advantage
~1! A proven technique of proton polarimetry@16–18# is

available based on the large, well-known analyzing pow
of inclusive proton-carbon scattering.

~2! Polarized deuteron targets are readily available. W
such targets, significant vector polarizations (uPu;0.35)
with small but calculable @19# tensor polarization
(uPTu;0.1) can be readily obtained.

~3! The polarimeter system is ‘‘self-calibrating’’ whe
analyzing thepd→pWp reaction, using an unpolarized targe
For this case the protons have a polarization normal to
reaction plane with a valuePN equal to the well-known ana
lyzing powersAN0 of the time-reversed reaction.

~4! For this reaction, the fact that the center-of-mass s
tem is almost at rest in the lab is very useful, since the sm
relative velocity in the lab of the center-of-mass minimiz
the effect of the Lorentz boost on the polarization of t
proton. The lack of energy loss to the motion of the cent
of-mass also permitted us, at TRIUMF, to obtain data sp
ning theD resonance. Such an energy range would not h
been possible at TRIUMF if thepp→dp reaction had been
employed.

In this paper, the first measurement of spin-transfer
servables obtained in the pion absorption channel is
scribed. The experiment was also the first to study such
servables, using a single apparatus, over the whole en
range spanning theD resonance in thepp
dp system.
Since the systematic errors characterizing our experime
technique are very different from those of the other sp
transfer measurements, the new results provide an inde
dent consistency check of the various systematic errors
those data published at common energies.

Spin-transfer measurements in thepdW→pWp direction are
not without their own distinctive problems, however. The
include difficulties associated with the low fluxes typical
pion beams, background resulting from pions interact
with the additional complex nuclei contained within the p
larized deuterated butanol target, and precession of the
of the proton while traversing the magnetic field in the r
gion of the target.

The significantly lower reaction rates resulting from u
of pion beams, coupled with the low efficiency of the prot
polarimeter~which involves a ‘‘second nuclear scatter’’! in-
dicated that the experimental uncertainties would be limi
by the available statistics. Consequently, we chose to
form a single angle, high-statistics measurement, at sev
energies spanning theD resonance, for each spin-transf
observable. The most sensitive angular regions for the m
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55 21SPIN-TRANSFER MEASUREMENTS OF THEpdW→pWp . . .
surements were determined by examining the results o
variety of partial-wave fits to the existing data. These stud
indicated that it was unnecessary to measure each obser
over a wide angular range, because in most cases the s
of the angular dependence would be constrained by the o
observables in the data set, once the spin-transfer valu
some angle was determined.

The particular observables chosen for our measurem
were selected for their experimental viability as well as s
sitivity to the ambiguities in the amplitudes. The target w
designed so that it could be operated with the polariza
axis along any one of three Cartesian axes defined with
spect to the incident pion beam. These were along the b
direction, or longitudinal (L), two axes transverse to th
beam, up/down in the lab or normal (N), and right/left of the
beam, or sideways (S). Since simple proton-carbon polarim
eters only measure final state polarization components tr
verse to the direction of motion of the protons~sideways and
normal!, our measurements were restricted to the s
$KLS , KSS, andKNN%, where the first subscript refers to th
target polarization and the second to the proton. Parity c
servation forbids a transfer of spin between the in-plane
out-of-plane components@20#. The formal definition of these
axes is provided in Appendix B.

In order to enable comparison with the results of oth
measurements, our results are presented in a frame de
by the Madison convention@21#. In such a frame our spin
transfer results are further categorized in terms of a su
script, either ana or p depending on the time order of th
reaction under consideration: pion ‘‘a’’bsorption, pd→pp,
or ‘‘ p’’roduction, pp→dp. This convention also requires
reversal of the subscripts used to refer to the polariza
components of the target and scattered particles. Thus
example,KLS

a (pdW→pWp) becomesKSL
p (ppW→dW p).

This paper provides a complete description of the exp
ment, since subsequent to the earlier publication presen
preliminary results@22#, the analysis procedure has be
modified somewhat and all available data have now b
included. A description of the experimental setup, includ
the detectors, the polarized target, and data acquisition
tem is provided in Sec. II. Section III describes the analy
procedures used to extract the spin-transfer parameters
the experimental information, and Sec. IV contains a disc
sion of the uncertainties. Finally in Sec. V, the results
compared with existing PWA fits as well as with two the
retical predictions.

II. THE EXPERIMENT

The experiment was performed on the M-11 pion bea
line at TRIUMF. The beam profile at the target typically h
a horizontal width of 1.5 cm and vertical width of 1.0 c
~FWHM! @23#. The beam divergencies were typical
60.67° in the horizontal plane and63.2° in the vertical.
The pion rate was typically a few MHz. The experimen
layout is illustrated in Fig. 1.

A. The detectors

A two-arm detection system was used. The requirem
of coincidence detection of both of the outgoing protons s
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nificantly reduced the number of background events wh
would otherwise trigger the apparatus. The forward arm~A!
served as the polarimeter. The backward arm~B! was placed
at the appropriate conjugate angle defined by the two-b
pd→pp kinematics. The acceptance of the apparatus~deter-
mined by the size of the third wire chamber of arm A! was
approximately 40 msr, corresponding to an angular acc
tance of about63 degrees.

Each arm consisted of a combination of plastic scintil
tors and wire chambers. The scintillators provided the f
trigger information which was crucial for the event definitio
and timing, while the wire chambers contributed the posit
information required for the reconstruction of the proton t
jectories.

The wire chambers weremulti-wire delay-line drift cham-
bers ~MWDC’s! @24# which offered good spatial resolutio
over a large area with minimal associated electronics. E
chamber contained two independent wire planes, one to
vide the ‘‘x’’ and the other the ‘‘y’’ position information.
Anode and cathode wires were placed alternately along
plane with a separation of 4.06 mm. The anode wires of e
plane were connected to the delay line which was maintai
at a positive voltage of; 2.1 kV. The cathode wires wer
alternately connected to an ‘‘ODD’’ and ‘‘EVEN’’ bus and
were held at ground potential. The arrival times of the s
nals propagating to both ends of the anode delay line (tR ,
tL) as well as from the ODD cathode bus (tODD) were re-
corded. The start for the TDC’s was defined by the time
arrival of an event in scintillator S1A or S2A of arm A. From
the timing information, the ‘‘hit-wire,’’ drift distance~from
the hit-wire!, and chamber efficiency could be determin
@25#. The ‘‘left-right ambiguity’’ of the drift distance was
resolved using analog signals@25,26# which were also re-
corded from the cathode busses~ODD, EVEN!. Following

FIG. 1. Layout of experimental area~not to scale!. Si ~A/B! de-
note the scintillators and WCi the wire chambers. A typical trajec
tory for the final state protons is given by the long/short dash
arrows. The relative angles of the detector arms in this figure h
been modified for illustrative purposes. The actual values va
depending on the particular energy and configuration@28#.
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TABLE I. Target dimensions~depth3width3height!, material surrounding the target~including respec-
tive thickness in mg/cm2), and target angle~with respect to the pion beam! for the various configurations
employed.

Config. Target Container Shielding wall Targ. rot.
dimensions material materials angle

~mm3) ~mg/cm2) ~mg/cm2) ~deg!

KLS 10320320 Teflon~FEP! Cu, mylar, st. steel, Al 0
66 155, 18, 201, 452

KSS 20310320 Teflon~FEP! Cu, mylar, st. steel, Al 0
66 214, 18, 201, 452

KNN 19319314 Mylar Cu, mylar, Kapton, Al 12
49 182, 11, 36, 452
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runs during which the chamber spatial information was c
brated @27–29#, position resolutions of better than6200
mm were achieved@29#.

The wire chambers were grouped into sets of three. O
two wire chambers were required to define a linear traj
tory, but the redundancy of an additional chamber increa
the overall efficiency of a set since only 2 out of the 3 we
required to define a trajectory. The polarimeter arm~A! con-
tained both a set of large~60360 cm2) and a set of smal
~30330 cm2) chambers, whereas arm B contained only a
of small chambers. The wire chambers in each set were s
rated ~center-to-center! by 21.0 cm, and the separation b
tween the large and small sets of arm A was 42.0 cm~center-
to-center of the nearest chambers!. The carbon analyzer
situated at the midpoint between the large and small ch
bers of arm A, consisted of 30330 cm2 graphite sheets
(r51.7160.05 g/cm3) of 1 cm thickness. A number o
sheets were stacked along the longitudinal axis of the po
imeter producing a total thickness of 5 or 7 cm, depend
on the average proton energy for the run in question~the
specific choice for analyzer thickness is discussed in App
dix A!.

Pairs of scintillators were placed at each end of the se
wire chambers of arm B and at each end of the set of la
chambers of arm A~the first pair of scintillators was place
immediately after the carbon analyzer! as shown in Fig. 1. In
order to ensure freedom from geometric biases in acc
tance, care was taken to ensure that the scintillators w
placed symmetrically about the longitudinal axis of the w
chambers. In addition a third scintillator~S5A! was placed
behind~and overlapping! the last pair~S3A and S4A on arm
A. The common overlap of S5A provided a check of t
relative efficiencies of S3A and S4A and gave assurance
the detection probabilities were identical. This was import
since a relative difference in the efficiency of S3A and S
would result in a spatial dependence for the acceptance,
thus a bias in the polarization measurement~see Sec. III A!.

Additional detectors were included in the experiment
diagnostic purposes. To independently monitor variations
the pion beam flux ‘‘muon counters’’~two sets! were placed
at the exit of the M-11 beam channel to detect the mu
coming from those pions decaying in the beam-line, as w
as a ‘‘telescope array,’’ which pointed at the target, to mo
tor the scattered particles coming from the target region.
obtain additional information regarding positional shi
and/or broadening of the beam a fast in-beam wire cham
i-
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@30,31# was used. The approximate locations of these de
tors are illustrated in Fig. 1.

B. The polarized target

The polarized deuteron target@32# used in this experimen
had well-understood operational characteristics@19,33,34#. It
consisted of a dilution refrigerator, superconducting Hel
holtz coils, a microwave source for dynamic nuclear pol
ization, an NMR circuit for measuring the target polariz
tion, and the target material itself. This material consisted
95% deuterated butanol~C4D9OD! and 5% D2O, doped
with 631019 atoms/ml of deuterated EHBA-CrV complex. It
was frozen into beads of 1 mm diameter which were pla
in a rectangular plastic container which also supported
copper NMR coil. These beads and their container were
mersed in a bath of 94%4He and 6%3He, all of which were
enclosed in a cylindrical aluminium cup. Surrounding t
cup were several thin shielding walls used to provide h
and vacuum barriers. The nature of the material in th
walls as well as the dimensions of the target container va
depending on the target configuration employed. The
evant information is summarized in Table I.

The superconducting Helmholtz coils provided a 2.5
magnetic field which was uniform to 1 part in 104 over the
immediate target region. The dilution refrigerator maintain
the target temperature at a value of;1 K. The temperature
was monitored using two separate thermometers, both
which had been calibrated to 1% accuracy prior to the
periment@32#.

The deuterons were dynamically polarized using stand
microwave techniques@32# with the magnitude of the vecto
polarization obtained from NMR measurements@32,33#. The
target polarization was monitored continually and the av
age value written to the data tape for each interval of fi
minutes.

C. The data acquisition

The data acquisition system consisted of stand
CAMAC modules in a CAMAC crate together with a CE
Starburst ‘‘J-11’’ front-end preprocessor which was al
connected to a DEC PDP-11/34 computer through
CAMAC bus system. The J-11 executed predefined ta
when it received an EVENT interrupt from the hardwa
logic. This EVENT interrupt, generated by NIM logic mod
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ules, was produced whenever the scintillator signals satis
the following logical relationship:

EVENT5~S1B%S2B!(~S3B%S4B!(@~S1A

%S2A!(~S3A%S4A%S5A!#,

where Si ~A/B! represents a signal from the appropriate sc
tillator defined in Fig. 1,% is a logic OR and( a logic
AND.

One of the functions of the J-11 was to read the AD
TDC and scaler units contained in the CAMAC crate and
transfer this information to anevent bufferin its memory.
The J-11 also served as a first-level trigger, perform
simple calculations on the wire chamber trajectory inform
tion in order to reject ‘‘uninteresting’’ events before tran
ferring useful data in the event buffer to the PDP-11. T
PDP-11 wrote all data accepted by the J-11 to magnetic
and performed a rudimentary analysis~for on-line diagnostic
purposes! of a representative sample of the data.

D. The first-level trigger

The first-level trigger was implemented to reject sma
angle scattering events. Multiple Coulomb scattering do
nates the small-angle region of the proton-carbon scatte
distribution, yet contains essentially no polarization inform
tion. Therefore it was advantageous from the point of vi
of economy and dead-time reduction to reject as many
these events as possible at the front end of the data acq
tion system. Such rejection is a common feature of m
polarimeter systems of this kind@18,35#.

The J-11 preprocessor performed this small-angle re
tion by determining the scattering angle of the particle in
carbon analyzer using the hit wire information from the eq
distant chambers WC1, WC3, WC4, and WC6 of arm~A!.
The scattering angle calculation employed a small-angle
proximation in order to reduce computation time. Thex and
y angles were separately calculated:

ux;
Dx

Dz
uy;

Dy

Dz
.

In the case of theKLS and KSS measurements, the even
were rejected ifboth ux anduy were less than 6°. This pro
duced asquarecut in the (ux ,uy) plane. For the laterKNN
runs, however, a more efficientcircular cut was used:

u2;ux
21uy

2

with events rejected ifu2,(5°)2. The effects of such cuts
are shown in Fig. 2. A PDP-11 INTERRUPT was genera
for those events satisfying the relevant scattering angle
quirement. In order to avoid any possible biasing of the
cepted events, no additional constraints were imposed on
wire chamber data prior to writing the events to tape. A
result, a significant number of events accepted by the J
and subsequently written to tape were identified as ‘‘b
events’’ during the off-line analysis and thus rejected.

During each experimental run, a sample of events w
collected for which the J-11 preprocessing was disab
These data are dominated by the small-angle multiple s
tering events which possess no azimuthal asymmetry,
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thus they were used to check the relative chamber alignm
following techniques described in Sec. III.

III. DATA ANALYSIS

The extraction of the spin-transfer quantities involv
three levels of off-line analysis, with the output of one lev
used as the input to the next.

The first level of analysis was used to reconstruct
particle trajectories from the data files stored on magn
tape. Reliable trajectory determination required a care
alignment of the wire chambers. Such an alignment was p
formed in software using a large sample of proton trajec
ries. Each straight line trajectory could be defined in terms
two well-known position determinations, the first being t
center of the target, which was the mean vertex position
the whole sample of scattered protons~this point was also
chosen to be the origin of the analysis coordinate syste!.
The second point was obtained from the spatial coordina
of the trajectory in the fully illuminated WC3, whose abs
lute position with respect to the pion beam was well know
The absolute positions of WC1 and WC2 were then obtai

FIG. 2. Scattering angle distributions for data acquired with~a!
no J-11 cut,~b! a circular J-11 cut, and~c! a square J-11 cut.
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TABLE II. Definitions of scattering angles and kinematic variables of the laboratory ‘‘analysis fra

~see Fig. 3!: kWp,i , f ,B are the momenta of the incident pion, initial, and final proton trajectories in arm A
the proton of arm B, respectively.ŷ is vertically ‘‘up’’ in the laboratory (yI of Fig. 3!; n̂t is the normal to the
reaction plane at the deuteron target:n̂t5( k̂p3 k̂i)/uk̂puuk̂i u . n̂C is the normal to the scattering plane at th
carbon analyzer:n̂C5( k̂i3 k̂f)/uk̂i uuk̂f u.

Quantity Definition Quantity Definition

u target cos(utarget)5
k̂p• k̂i

uk̂puuk̂i u
uC cos(uC)5

k̂i•k̂f

uk̂iuuk̂fu

f target cos(ftarget)5n̂t• ŷ fC cos(fC)5n̂C•n̂t

sign off target sgn(@ ŷ3n̂t#• k̂p) sign offC sgn(@ n̂t3n̂C#• k̂i)

uA1uB cos(uA1uB)5
k̂i•k̂B

uk̂iuuk̂Bu
coplanarity cos(copl.)5

n̂t• k̂B

uk̂Bu
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by interpolating between the two known positions. Aft
aligning WC1,2,3, the crucial alignment of WC4,5,6 was a
complished using those proton events for which the fi
level trigger was disconnected. This provided a sample
events which was dominated by protons which had scatte
only minimally in the carbon. The average positions of t
proton hits in the latter chambers were compared with th
expected positions using the projections of the trajecto
determined from chambers WC1,2,3. As a check of this p
cedure, data were obtained during the experiment where
carbon analyzer was removed, allowing for a direct alig
ment. The two techniques were completely consistent.

After the wire chamber calibration it was then possible
determine reliable trajectories for use in the first part of
main analysis. The trajectories were used to determine
reaction angles and kinematic quantities listed in Table

FIG. 3. Definition of coordinate system and angles used
analysis.yI is vertically ‘‘up’’ in the lab, whereasyII of the carbon
scattering frame is parallel ton̂t of the target reaction frame~see
Table II!. The x̂ axis, not shown, is defined from theŷ and ẑ axes
by the ‘‘right-hand’’ rule: x̂5 ŷ3 ẑ.
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and illustrated in Fig. 3 as well as the reaction vertices
reaction vertex was defined to be the point midway betw
the closest points of approach of two conjugate trajector

This first part of the analysis also included application
cuts to the data to eliminate those events which failed
meet criteria characteristic of the freepd→pp reaction,
such as the following.

~1! Any ‘‘nonproton’’ event, identified by inadequate en
ergy loss in the thin scintillators of arm B~no such cut was
employed for the scintillators of arm A, in order to avoid
possible acceptance bias in the polarimeter event sampl!.

~2! Any event for which insufficient wire chamber infor
mation was available. At least 2 of 3 chambers had to ‘‘fir
for each set~see Table III!.

~3! Any event which failed vertex traceback criteria
either the deuteron target or the carbon analyzer. These
teria required each interaction vertex to lie within the reso
able confines of the associated target and also that the m
mum distance between the traceback vectors not exce
characteristic value~typically ,1 cm in carbon, and,5 cm
at the polarized target!. The latter ensured that, within th
limitations of resolution, the two trajectories indeed we
associated with the same vertex.

~4! Any event which failed the acceptance test in the p
larimeter. This test selected only those proton-carbon sca
ing events for which the azimuthally conjuga
‘‘ p-symmetric’’ event would have equal probability of de
tection@i.e., Acc(uC ,fC)5 Acc(uC ,fC1p)#, based on the
known geometric acceptance of the polarimeter. For e
event Acc was assigned either 0 or 1. Without such a res
tion, the polarization analysis could introduce false asymm
tries due to the finite acceptance of the apparatus@36#.

Typically 3–20 % of the original events on tape were r
maining in the data sample after the sum of these cuts w
applied, depending on the configuration, beam energy,
bon thickness, etc.@28#.

A. The polarization analysis

The function of the second analysis level was to extr
the scattering asymmetries from the distribution of the po

n
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and azimuthal angles$uC , fC% of the proton-carbon inter
action. The scattering distribution is characterized by the
lowing expression@36#:

I ~uC ,fC ,Ep!5I 0~uC ,Ep!@„11eS~uC ,Ep!sinfC

1eN~uC ,Ep!cosfC…#3Acc~uC ,fC!, ~1!

where I 0(uC ,Ep) is the angle and energy dependent unp
larized differential cross section,Ep is the proton kinetic
energy at the center of the carbon~determined from the rel-
evant two-body kinematics and the typical energy losse
the center of the analyzer!, and Acc(uC ,fC) is the geometric
acceptance of the polarimeter after the carbon analyzer
implied earlier,

Acc~uC ,fC!51

for all data surviving the acceptance test of the first leve
analysis.

The sideways/normal proton polarizations (PS/N8 )1 are re-
lated to the resulting asymmetry parameters using the kn
proton-carbon analyzing powersA(uC ,Ep) ~illustrated in
Fig. 4!:

PS852eS~uC ,Ep!/A~uC ,Ep!,

PN8 5eN~uC ,Ep!/A~uC ,Ep!, ~2!

where the minus sign results from the choice of the coo
nate system employed@36#. The efficient estimator metho
of Bessetet al. @36# was used for the determination o
eS(uC ,Ep). This approach involves a summation of the da
which are distributed over bins ofuC , fC , andEp , where
the contribution of each bin is weighted by its statistic
significance. Following Eq.~2!, the resulting distribution of
e(uC ,Ep) was normalized by the corresponding analyzi
power A(uC ,Ep) to obtain the polarization value in eac
$uC , Ep% bin. The values ofA(uC ,Ep) used were taken from
the parameterization of McNaughtonet al. @37# ~the choice
of this particular parameterization is discussed in Appen
A!. The polarization values obtained for each$uC ,Ep% bin
were then averaged~proton polarization is independent o
these quantities! to provide thesideways(PS8) and normal
(PN8 ) polarizations used later for the spin-transfer determi
tion. The polarizations of the background and foregrou
components of the data~their identification is discussed i
Sec. III B! were carried out separately.

The possible presence of undesirable systematic eff
was investigated by evaluating the polarization data~fore-

1Polarizations denoted with a prime (8) refer to the laboratory
components as determined by the polarimeter.

TABLE III. Typical wire chamber efficiencies for both indi
vidual and sets of chambers.

At least 2 of 3
Chambers Individual had fired in set

1,2,3 ; 80% ; 85%
4,5,6 ; 75% ; 80%
7,8,9 ; 92% ; 98%
l-
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ground and background separately! as a function of severa
independent quantities. In particular the possible system
dependence of the polarization on the following quantit
was monitored: carbon polar scattering angle (uC), deuteron
target scattering angles (u target, f target), and run number.

Typical functional dependencies of polarization with r
spect to these quantities are shown in Figs. 5~a!–5~d!.

B. Background contributions

The second level of analysis also provided the means
which the background contribution could be evaluated. T

FIG. 4. ~a! The energy dependence of proton-carbon analyz
powers~averaged over 5°<uC<19°). The solid line is due to the
parametrization of McNaughtonet al. @37# ~the one used in this
analysis!, and the dashed line due to Aprile-Giboniet al. @43#. Also
indicated by the dashed vertical lines are typical proton ene
ranges for each pion energy~denoted at top of plot! employed in the
KNN configuration. The asterisks (*) indicate the apparent value
the analyzing powers which we have obtained for the analyz
powers of the 5 cm thick analyzer~following the discussion of
Appendix A!. For proton energies of about 200 MeV are shown~b!
the angular dependence of the analyzing power@37#, and ~c! the
angular dependence of the scattering distribution, taken from
data.
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majority of the background events arose from two-body p
absorption on ‘‘quasideuterons’’ within the nuclei~such as
carbon or oxygen! present in the target material, reactio
which can also produce two protons in the final state~among
other possible final states!. These protons are energetical
similar to those from the freepd→pp reaction except tha
their kinematic relationships are greatly broadened due

FIG. 5. Examples of checks for systematic dependences in
polarization. The four plots~a!–~d! include only the ‘‘foreground’’
data, which correspond to events withr<r kin of plot ~e!. Plot ~e!
also depicts how the measured polarization changes from the s
angle region ofr @see Eq.~3!# which is dominated by foreground
events to the large-angle region ofr which contains solely back
ground events.
o
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both Fermi motion of the ‘‘quasideuteron’’ and to the fa
that momentum is transferred to other particles in the fi
state.

In the analysis of the freepd→pp data, two independen
kinematic variables were used to help distinguish the ba
ground contributions: the opening angle, (uA1uB), between
the final state protons; and thecoplanarity, or the extent to
which the initial and final state particles trajectories
within a common reaction plane. Both of these kinema
variables were calculated from the trajectory informati
~see Table II!. In the case of interactions with a free deuter
their values are completely determined by two-body kin
matics~within the resolution allowed by the wire chamber
multiple-scattering and magnetic field distortions!. The effect
of such a two-body final state correlation is illustrated in F
6. It was convenient to define a circle on the plot~the quan-
tities on both axes are expressed in degrees!, representing a
‘‘kinematic boundary’’ of radiusr kin . Acceptable events are
those for whichr<r kin , where

he

ll-

FIG. 6. Slicing technique used in background fits
coplanarity and opening angle (uA1uB) projections. For ex-
ample, only the data lying within the vertical box were used in t
coplanarity projection of Fig. 2 of Ref.@22#.
r5A@~uA1uB!2~uA1uB!#21@coplanarity2coplanarity#2 ~3!
eri-
uter-
s
ape.
re-
nd
ll

the
anduA1uB andcoplanarity are the positions of the peaks
these respective distributions. For each event, Eq.~3! deter-
mined the angular deviation from the two-body kinema
peak. By selecting those events with less than a partic
value of r kin , foreground events could be effectively disti
guished from background events. Since some backgro
events remained under the foreground peak, however, it
necessary to determine their relative numbers and chara
istic polarization value in order to assess their contribution
the true foreground polarization.

The distribution of the background under the kinema
f

ar

nd
as
er-
o

peak was largely determined by the acceptance of the exp
mental apparatus, as demonstrated by data from a nonde
ated butanol target.2 The background distribution from thi
target was found to be well described by a Gaussian sh
As a result, the shape of the background under the fo
ground peak~and hence the relative number of backgrou
events! could be obtained with confidence by fitting a

2The molecular structure of this target was identical to that of
regular target except that2H was replaced by1H.
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55 27SPIN-TRANSFER MEASUREMENTS OF THEpdW→pWp . . .
events in the tails (r.r kin) of the kinematic distribution to a
Gaussian shape, as was demonstrated in Fig. 2 of Ref.@22#.

Two separate one-dimensional fits were performed to
slices of data lying within the two elongated boxes shown
Fig. 6. For each fit, the relative amount of background
foreground within the kinematic radius was always cons
tent and small, typically less than 10%.

The measured polarizationPo is given in terms of the
polarization of the foreground eventsPf and of the back-
ground eventsPb by

Po5FPf1BPb , ~4!

whereF andB are the fractions of events withinr kin con-
sisting of foreground and background, respectively. Follo
ing the determination ofPb , from those events lying in the
tails of the kinematic distribution,Pf could be simply ex-
tracted from the data. Analysis of data from nondeutera
background runs demonstrated that the value of the pola

FIG. 7. Kinematical dependence of proton polarization for ba
ground events obtained using a nondeuterated butanol target
values at small kinematic radii are completely consistent with th
measured at large radii.
e
n
o
-
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d
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tion of the background events did not depend significantly
r kin , as illustrated in Fig. 7. The results obtained from th
analysis are also consistent with those of recent polariza
measurements arising from pion absorption on the quasid
teron within 3He @38# and 4He @39#. In the analysis ofPf in
Eq. ~4!, the uncertainty of the correction termBPb was domi-
nated by the error ofB which followed from the conserva
tively assigned 5% uncertainty applied to the determinat
of F.

C. Model dependent quantities

The third level of analysis involved extraction of the spi
transfer parameters. In order to relate these parameters t
polarization components measured at the polarimeter, it
necessary to consider a number of kinematic effects.

Although the trajectories of the incident pion beam a
outgoing proton beams were well determined experiment
outside the region of the target~resulting in the quantities
defined in Table II and Fig. 3!, the presence of the magnet
field associated with the polarized target altered the traje
ries in the neighbourhood of the target itself. As a res
quantities such as the reaction angle and scattering plane
to be inferred from the trajectory information distant fro
the target.

In addition, the direction of the proton polarization durin
its passage to the polarimeter changed as a result of
effects. First, in the rest frame of the proton, the magne
field of the target induced a Larmor precession of the pro
spin vector about an axis defined by the field direction. S
ond, because of the motion of the rest frame of the pro
through the lab~the frame in which the particle is observed!,
the observed spin direction differed from that in the re
frame by the ‘‘Wigner rotation’’ @4#. Both effects were
treated in terms of appropriate rotations of the polarizat
direction as is described in Appendix B.

D. Extraction of spin-transfer observables

As shown in Appendix B, the desired spin-transfer o
servables are related to the experimentally determined q
tities by the following expressions:

-
he
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KLS5
2

3

1

pd

~D1PS8
12D2PS8

2!2~D1PN8
12D2PN8

2!~ f S / f N!

gS2gN~ f S / f N!

1

~R11!
, ~5!

KSS5
2

3

1

pd^sing&

~D1PS8
12D2PS8

2!2~D1PN8
12D2PN8

2!~ f S / f N!

gS2gN~ f S / f N!

1

~R11!
, ~6!

KNN5
2

3

1

pd^cosg&

~D1PN8
12D2PN8

2!2~D1PS8
12D2PS8

2!~gN /gS!

f N2 f S~gN /gS!

1

~R11!
, ~7!

where PS/N8 6 are the polarization components~sideways/normal! measured at the polarimeter andD6 @from Eq. ~B5!#
represents the spin-dependent part of the differential cross section. The6 superscripts describe the direction of the deute
polarization with respect to the direction of the magnetic field at the target, with1 being parallel to the field~i.e., a ‘‘positive’’
deuteron polarization!. pd is the magnitude of the negative deuteron polarization andR5upd

1u/upd
2u. The quantitiesf S,N and

gS,N @defined by Eq.~B6!# for the proton andg for the deuteron relate the respective polarizations in the center-of-m
‘‘analysis frame’’ to the values measured in the laboratory frame~as discussed in Appendix B!. In a similar manner, the
polarization observablePN can be extracted:
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PN5
~D1PN8

11D2PN8
2!2~D1PS8

11D2PS8
2!~gN /gS!2~3/2!~R21!pd'KNN@ f N2 f S~gN /gS!#22SN12~gN /gS!SS

2@ f N2 f S~gN /gS!#
, ~8!

TABLE IV. Spin-transfer results forpdW→pWp in accordance to the Madison frame. The errors given
include statistical errors characterizing the measurement of the proton polarization in the polarimeter together
with the statistical and systematic errors associated with the measurement of the deuteron polarization. The
results denoted by † were obtained using a 5 cm thick analyzer. They have been extracted using the
renormalized proton polarizations as discussed in Appendix A.

Tp uanalysis KLS
a uanalysis KSS

a uanalysis KNN
a

~MeV! ~deg! ~deg! ~deg!

105 3363 -0.12260.041 N.A. N.A. 4363 0.14860.059†

145 3463 -0.14760.041 7462 0.21860.055 3963 0.08760.073†

180 3463 -0.26860.027 7563 0.17460.041 3763 0.18660.050
205 3463 -0.25660.048 7563 0.23960.042 3663 0.14960.051
255 3563 -0.23860.057 7663 0.30160.053 3563 0.06960.104
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wherepd' is the component of the deuteron polarization
thogonal to the reaction plane.

Included in the expressions leading up to Eqs.~5!–~8!
~Appendix B! were the possibilities of instrumental bias
denoted bySS/N , biases which could result in the appearan
of a nonzero proton polarization where none was expec
These bias terms occur only in Eq.~8!; in Eqs.~5!–~7!, such
systematic contributions cancel because the calculations
volve differences between results with opposite deuteron
larizations. The fact that these systematic error terms do
pear in the expression forPN @Eq. ~8!# provides an
opportunity to assess the size of such errors, through a c
parison of the value ofPN to the well-known analyzing pow
ersAN0 @40# of the inverse reaction.

After extraction the observables themselves were s
jected to two transformations. The first converted the d
from the center-of-mass ‘‘analysis frame’’ to the conve
tional Madison frame@21# using straightforward rotation
@28#. The values for the spin-transfer parameters@obtained
from Eqs. ~5!–~7!#, expressed in this frame, are listed
Table IV for the various energies and configurations stud
in the experiment. The second transformation@20# ~based on
the coordinate systems shown in Fig. 8! enable the results to
be expressed in terms of the time-reversedpp→dp reaction.
The latter transformation was useful for comparing our d
with the results of other spin-transfer experiments, as wel
for making the comparison betweenPN andAN0. The spin-
transfer values are presented in this frame later in the rep
Table V summarizes the impact of both transformations
the observables.

Table VI summarizes the values ofPN obtained using Eq.
~8!, together with the corresponding values ofAN0 from the
pWp→dp reaction~obtained using an energy and angle d
pendent parameterization of the existing data@41#!. The er-
rors provided forPN are statistical only as the intention o
this table is to indicate the size of possible systematic err
The errors for the expected value ofAN0 reflect a 4% uncer-
tainty, typical for many of the measurements of this obse
able @40#. In general there is very good agreement betwe
-

e
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o-
p-

m-

b-
ta
-

d

a
s

rt.
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the measured normal polarization and the value expe
from AN0, and thus there is no evidence of a significant co
tribution from the systematic error terms@SS/N in Eq. ~8!#.

A notable exception, however, is observed for theKNN
configuration at the two lowest pion beam energ
(Tp5105 and 145 MeV!. In this case the values ofPN are
found to be significantly higher than the expected values.
is discussed in Appendix A, this discrepancy is attributed
the fact that, unique to these data, a thinner, 5 cm analy
was employed, and that the published proton-carbon ana
ing powers are not adequate for the analysis of these da

IV. SYSTEMATIC UNCERTAINTIES

Three types of systematic errors were investigated: p
sible time-dependent shifts in the properties of the appara
measurement errors which scale with the magnitude of
proton polarization, and possible polarimeter asymme
‘‘bias’’ which is independent of the magnitude of proto
polarization.

The first item pertains to possible time-dependent chan
in the apparatus which include variations in the magnitude
the deuteron polarization to ‘‘drifts’’ of the polarimeter ele
tronics. These effects could conceivably lead to the deve
ment of an instrumental bias.

Time variations in the polarization of the deuteron targ
resulting from changes in the target temperature, the de
ing of the polarizing microwave frequency, etc. we
handled by monitoring the target polarization continuou
with the average value for every five minute interval bei
stored on magnetic tape. The average polarization for a
set was obtained by weighting each ‘‘five minute’’ polariz
tion sample by the number of events accumulated over
period ~as recorded by the scalers!. The error on the mean
was determined appropriately. The magnitude of the va
tions in the deuteron polarization throughout a run set w
typically less than 0.02. Runs in which a rapid depolarizat
of the target occurred~which happened only rarely! were
excluded from further analysis. The final uncertainty quo
for the value of the average deuteron polarization include
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55 29SPIN-TRANSFER MEASUREMENTS OF THEpdW→pWp . . .
relative 6% instrumental uncertainty associated with
NMR measurement of the target polarization@42#.

To handle the possibility of electronic drifts such
changes in the gains of the signal amplifiers or shifts in
threshold levels of discriminators, etc., the software calib
tion was performed for each run set~a set consisted of con
secutive runs between changes in beam energy or targe
larization!, or even more frequently if a component of th
apparatus was changed. In addition, on-line and off-line
agnostics were employed to indicate the onset of such s
in the performance of the electronics. In order to ident
such time-dependent effects within a run set, the proton
larization was calculated and plotted on a run-by-run ba
Figure 5~d! is a typical time-dependent plot of this kind. N
evidence of a significant drift was observed in any of the
tests. In addition, selected run sets were repeated se
days after their first measurement. All pairs of such ‘‘ear

TABLE V. Transformation of Cartesian spin-transfer obse
ables between the analysis, Madison, and time-reversed Mad
coordinate systems. Note that the polarizationPN becomes an ana
lyzing powerAN0 and that the subscripts ofKLS

a andKSL
p are re-

versed. All quantities are in the center-of-mass frame. The an
u, corresponds touanalysisof Fig. 8.

pdW→pWp ppW→dW p
Analysis frame ⇔ Madison frame ⇔ Madison frame

KLS(u) 5 KLS
a (p2u) 5 2KSL

p (p2u)
KSS(u) 5 2KSS

a (p2u) 5 2KSS
p (p2u)

KNN(u) 5 KNN
a (p2u) 5 KNN

p (p2u)
PN(u) 5 PN(p2u) 5 AN0(up)

FIG. 8. Comparison of the Madison coordinate systems for

time-reversed reactions:pdW→pWp and ppW→dW p. In the Madison
convention, the direction of the positiveẑ axis is defined by the
momenta of those particles whose spins are measured. For
particle whose spin is determined the positive directions of thex-
y-z axes in the Madison frame~corresponding toS-N-L) are illus-
trated.
e
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late’’ results were found to be in good agreement, again
dicating the absence of any significant time-dependent
fects.

The second class of systematic uncertainties are th
which scale with the magnitude of the polarization bei
measured. Such an error could be associated with an in
rect calibration of the apparatus. An obvious example is t
of the measurement of the proton polarizationP, in the po-
larimeter, which is inferred from the scattering asymme
e in terms of the analyzing powerA (P5e/A). In this case
the inferred polarization is proportional to the measur
asymmetry, with a proportionality constant (1/A) which it-
self is subject to uncertainty. Two sources of error for t
analyzing power were considered. One was the uncerta
in the determination of the proton energy at the center of
carbon, resulting in an error in the analyzing power due
the energy dependence of this parameter@significant at lower
proton energies, see Fig. 4~a!#. The other also takes into ac
count the possibility that the specific values for the analyz
powers~obtained by other workers@37#! might not be appli-
cable for our polarimeter because, for example, of the dep
dence of the inclusive proton-carbon analyzing powers
detector parameters such as discriminator thresholds, de
tor positions, etc.

The proton energies were inferred on the basis of the
cident pion energy together with two-body kinematics as d
cussed earlier. Errors in the proton energy could thus a
from uncertainties in the pion beam position and energy
well as uncertainty in the detector positions. In this rega
the location of both detector arms with respect to the p
beam was known to better than 0.5 degrees and the m

on

e,

TABLE VI. Comparison of measured normal proton polariz
tion PN at the target with the expected values obtained from a

rameterization ofAN0 data for thepWp→dp reaction@41#. The er-
rors associated withAN0 represent typical values appropriate
such measurements. Only the statistical errors are listed forPN . The
results denoted by † were obtained using a 5 cmthick analyzer.
These values were obtained using the published proton-carbon
lyzing powers. The scattering angles for which these data w
obtained are the same as those listed in Table IV for each con
ration and beam energy.

Configuration Pion Expected Measured
energy value value

AN0 PN

KLS 105 0.22560.009 0.22460.021
145 0.39960.016 0.43760.024
180 0.44060.018 0.42060.016
205 0.38860.016 0.38560.021
255 0.28060.011 0.31460.028

KSS 145 0.37660.015 0.38460.025
180 0.41660.017 0.41560.020
205 0.35260.014 0.35260.020
255 0.18960.008 0.19560.027

KNN 105 0.23760.009 0.29460.026†

145 0.42660.017 0.49860.029†

180 0.45560.018 0.46660.026
205 0.39460.016 0.40660.023
255 0.28860.012 0.29860.046

e

ch
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TABLE VII. Nominal pion beam energy, the true mean beam energy~including energy loss to the cente
of the target!, the corresponding mean proton energy taken from two-body kinematics~including energy loss
to the center of the analyzer! together with the expected spread in proton energy distribution. The
column lists the possible error in proton-carbon analyzing powers resulting from uncertainties in the re
energy.

Configuration Nominal True pion Energy Proton energy Analyzing
beam at target at carbon power
energy ~MeV! ~MeV! uncertainty
~MeV! and and ~relative!

energy spread energy spread ~%!

(6 MeV! (6 MeV!

KLS 105 104.364.2 126.363.3 4.5
145 144.265.5 162.364.3 2.5
180 179.066.5 192.365.1 0.8
205 203.767.2 213.665.7 0.3
255 250.368.6 253.066.9 1.9

KSS 145 143.365.5 122.163.2 4.6
180 178.266.5 145.463.8 3.5
205 202.967.2 161.464.1 2.5
255 249.668.6 190.464.8 0.7

KNN 105 103.764.2 129.863.3 4.0
145 143.761.6 166.361.3 0.7
180 178.762.0 190.061.6 0.3
205 203.361.4 212.061.1 0.1
255 246.768.6 250.566.7 1.8
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value of the pion beam energy was very stable and know
better than 1%@23#. The pion beam was also characterize
however, by a momentum and angular spread@i.e.,
Dp/p;5% ~FWTM!,3 Dux;60.67°,Duy;63.2°# leading
to a concomitant spread in the energy of the outgoing p
tons. Although the expected values of the proton energ
used in the analysis were based on the central energy o
pion beam, the actual mean value of the proton energy
tribution might be expected to be somewhat different due
the strong energy dependence of thepd→pp cross section.
This systematic uncertainty in the average proton ene
would therefore affect the determination of the proto
carbon analyzing powers. The impact of such an error on
analyzing powers is related to the range of energies invol
@see Fig. 4~a!#, with the largest effect occurring at the lowe
pion energies and largest polarimeter angle position~that for
whichKSSwas measured!. Table VII lists the average proto
energies at the center of the carbon analyzer~each value
includes the energy losses in the target material and carb!,
the approximate proton energy spreads,dE ~due to the pion
energy spread!, and the resultant uncertainties in the analy
ing power„DA/A5@1/̂ A(E)&(DA/DE)3dE… of the polar-
imeter, whereDA/DE was taken from the slope of theA
versusE curve @such as that in Fig. 4~a!#. The inclusion of
this error in the analysis was a conservative attempt to
clude an uncertainty related to the energy dependence o
proton-carbon analyzing powers. This contribution is like
an overestimate since, to first order, the influence on

3For theKNN runs atTp5 145 MeV, 180 MeV, and 205 MeV
Dp/p was;1.5%.
to
,

-
s
he
s-
o

y
-
e
d

n

-

-
he

e

average value should be minimal. In any case, it was fo
that the inclusion of these uncertainties did not contrib
significantly to the uncertainty in the final spin-transfer r
sults since the measurements were limited primarily by s
tistics.

In order to verify that the published values of the proto
carbon analyzing powers used here were appropriate to
scribe our polarimeter, and that no significant energ
dependent errors remained unidentified, protons of kno
polarization were produced and detected in the polarime
These protons, originating from thepd→pp reaction where
an unpolarized deuteron target was employed, had a po
izationnormal to the reaction plane with a valuePN equal to
the analyzing powerAN0 of the time-reversedppW→dp re-
action. The value ofAN0 is well known over the entire kine
matic range relevant to our experiment. In the case of
unpolarized deuteron targetPN was determined using a re
duced form of Eq.~B6!, where the sideways and longitudin
components at the target (PS and PL) are necessarily zero
andPN5 PN :

PN5
PN8 2SN

f N
. ~9!

Due to the considerable time required for each meas
ment it was not possible to obtain such unpolarized tar
data for all energies of each configuration. However,
same observablePN could also be extracted, using Eq.~8!,
from the data obtained with the polarized target. This mad
possible to check the polarimeter for each specific sp
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TABLE VIII. The measured normal polarization of the protons produced from an unpolarized deu
target compared with the expected values fromAN0. Also listed with each measurement is the average ene
of the protons at the center of the carbon indicating the energy region over which this systematic che
performed. The results denoted by † were obtained using a 5 cmthick analyzer. They were obtained using th
published analyzing power parameterizations.

Configuration Nominal pion Expected Measured Average
beam energy value value proton energy

~MeV! ~from AN0) (PN) ~MeV!

KLS 205 0.38860.016 0.42860.038 213.6
KSS 205 0.35260.014 0.32560.076 161.4
KNN 105 0.23760.009 0.29660.033† 130.1
KNN 145 0.42660.017 0.48560.037† 166.2
KNN 255 0.28860.012 0.24560.059 250.4
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transfer configuration and at each energy without the
pense of additional measurements.

The values forPN obtained from the unpolarized@Eq. ~9!#
as well as the polarized target~Eq. ~8!# are listed in Table VI
and Table VIII, respectively. In general, the results obtain
for PN in both tables are in good agreement with the e
pected results inferred fromAN0 @41#. These results provide
independent confirmation of the validity of the publish
proton-carbon analyzing powers over the range of proton
ergies relevant to our experiment.

A consistent exception to the good agreement are the
obtained using the 5 cm thick carbon analyzer. For th
data, both for polarized and unpolarized deuteron targets
values of PN obtained were significantly higher than e
pected. As discussed in Appendix A, this discrepancy is
tributed to the failure of the published parameterizations
describe the analyzing powers for a 5 cmanalyzer in this
proton energy range. It thus represents a systematic erro
the second type described here. It was possible, howeve
correct for this scale error using the knowledge ofAN0 in a
manner which is described in Appendix A.

The lack of statistical precision in our measureme
made it impossible to distinguish between the small diff
ences of published proton-carbon analyzing power par
eterizations available to our polarimeter. To reflect a poss
error which might arise if our choice of parameterization w
not the most appropriate one, a suitable systematic error
tribution was included in the uncertainty analysis. The s
of this contribution was determined by the relative differen
between two recent analyzing power calibrations@37,43#. Al-
though this contribution to the overall uncertainty is small
does tend to be more significant at the lower proton energ
as indicated in Table IX.

The third class of systematic errors are thoseindependent
of the magnitude of the polarization. For example, such
error would arise if there were a bias in the apparatus wh
introduced an artificial asymmetry to the measurements
our case, such a bias would manifest itself as a system
shift in the scattering asymmetry,e. Three types of artificial
asymmetry were considered. The first was a possible m
alignment of the wire chambers which would result in
angular bias for the trajectory reconstruction and thus an
correct calculation of scattering angles and corresponding
nematical characteristics. The second was a possible sp
dependence of the detection efficiency within the MWDC
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or scintillators for particles which scatter in the latter half
the polarimeter, a dependence which would, if ignored, le
to the generation of erroneous values ofe. The final artificial
asymmetry considered was a possible acceptance bias d
the front-end data selection of the J-11 preprocessor.

Wire chamber misalignments were corrected by the s

TABLE IX. Summary of systematic errors included in the err
analysis. Also listed are the average magnitudes of the vector
larization of the target, and their uncertainty.

Config. Nominal Target Anal. power Anal. power
beam polarization uncertainty uncertainty
energy and arising from due to

sign error in parameterization
proton energy

~MeV! ~%! ~%!

KLS 105 10.28960.017 4.5 5.0
20.37660.022

145 10.28160.018 2.5 2.0
20.35260.027

180 10.29360.018 0.8 2.0
20.40160.024

205 10.28860.017 0.3 2.0
20.38960.044

255 10.28860.018 1.9 2.0
20.38360.033

KSS 145 10.32960.028 4.6 5.0
20.37860.040

180 10.34060.020 3.5 2.0
20.38260.033

205 10.32860.020 2.5 2.0
20.39460.034

255 10.33760.023 0.7 2.0
20.39460.024

KNN 105 10.28460.020 4.0 5.0
20.28560.019

145 10.29360.018 0.7 2.0
20.28660.018

180 10.31360.025 0.3 2.0
20.36460.022

205 10.28260.021 0.1 2.0
20.33460.020

255 10.28860.018 0.9 2.0
20.28960.018
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ware calibration~discussed in Sec. III!. As a result the cham
bers were aligned to the extent permitted by their spa
resolution ~typically better than 200mm!. Nonetheless an
additional analysis was performed, upon completion of
wire chamber calibration, to check the resulting alignme
This check involved searching for a dependence on the
muthal scattering angle for those events which had exp
enced little or no scattering in the carbon analyz
(uC<3°). For these small-angle events, the proton-carb
analyzing power should be zero since such scattering
dominated by the Coulomb interaction. The possibility
deviations from a flat azimuthal distribution due to instr
mental effects was tested by fitting the following function
the small angle scattering data:

f ~f!5A1Bcosf1Csinf, ~10!

with A, B, andC as variable parameters. In this equati
@which is basically Eq.~1!# the standard small angle asym
metries (e) are given byeN5B/A, and eS5C/A. In this
analysis these asymmetries were always consistent with z
within a typical statistical precision of 0.01–0.02. This rea
firmed that the chambers were indeed well aligned.

The possibility of asymmetries introduced as a result
spatial inefficiencies in the polarimeter is more difficult
identify, so steps had to be taken to reduce the likelihood
their occurrence. The detectors of particular concern w
those locatedafter the carbon analyzer in the polarimete
Unfortunately, the large wire chambers following the carb
were the least efficient of all the chambers employed~see
Table III!. In order to check for the possibility of spatiall
dependent asymmetries, searches were carried out to te
systematic deviations between the proton polarizations
culated for events lying in different spatial regions of t
polarimeter. A systematic effect of this kind in fact was o
served@28# when the polarization was calculated as a fun
tion of the target scattering angles (u target,f target). It was
caused by a small gap between the scintillators S1A and
which immediately followed the carbon analyzer. As illu
trated in Figs. 5~a! and 5~b! this problem was eliminated b
including the existence of the gap in the acceptance func
@defined in Eq.~1!#. This procedure did result, however, in
small reduction in the available statistics.

The use of a J-11 preprocessor to select only large a
scattering events could also lead to the introduction of fa
asymmetries in the angular region close to the edge of
cut. Such effects could arise from the coarse position res
tion characteristic of the on-line software~which did not use
drift time information!, as well as from the correspondin
uncertainties in the chamber calibration employed by the
line software used to reconstruct the trajectories. The in
ence of the J-11 cut on the asymmetries for small scatte
angles is illustrated in Fig. 9 where the polarization is plot
as a function ofuC . This problem was removed by imple
menting an off-line cut onuC ~which was greater than th
value used for the on-line cut! to remove those events lyin
near the edge of the J-11 cut~typically uC,8°).

V. DISCUSSION

The contributions of the various systematic errors d
cussed in the previous section are listed in Table IX. T
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largest contributions are those associated with uncertain
in the proton-carbon analyzing powers. These arise from
uncertainty in the proton energy at the center of the analy
combined with the strong energy dependence of the ana
ing powers ~particularly at low proton energies!, together
with the question of the applicability to the analysis of o
polarimeter data of the particular analyzing power para
eterization employed. Since both types of error were alw
dominated by the statistical errors associated with the m
surement of the proton polarization, there was no evidenc
suggest a significant systematic bias in the results. In f
with the exception of those data obtained with a 5 cmthick
analyzer~see Appendix A!, a quantitative verification of the
methods used in this analysis is provided by the agreem
between the normal polarizationPN obtained in this experi-
ment and theAN0 values characterizing the inverse reacti
~Table VI!. For the data obtained with the 7 cm thick an
lyzer, no systematic bias is evident.

Our spin-transfer results, listed in Table X, have be
transformed to the inverseppW→dW p reaction following the
prescription given in Table V. The errors quoted in Table
include statistical as well as all relevant systematic erro
Our results forKNN

p at Tp5783 MeV can be compared with
the measurement of Turpinet al. @12# (Tp;800 MeV! in
Fig. 10. SinceKNN is asymmetric about 90°~c.m.! @44#, it is
clear that the two sets of data are completely consistent.
fortunately it is impossible to make a direct comparison w
other spin-transfer data@9–11#, since the other results ar
complicated by the boost from center-of-mass to the lab
thus contain a mixture of several spin-transfer parameter

It is possible, however, to compare our results indirec
to the existing data through the predictions of PWA fi
which have included the other data in their fit@5,44# ~i.e., fits
based on data which include the energies:Tp5 500, 580, and
800 MeV!. As seen in Fig. 11, no significant discrepancy
observed at these energies.

The impact of these new spin-transfer data on the de

FIG. 9. The dependence of the measured proton polarization
the polar scattering angle in the carbon. As a constant valu
expected, the systematic shift seen at smaller angles illustrate
impact of bias introduced by the J-11 preprocessor. The ev
below 7° degrees were removed by an on-line cut whereas
off-line cut removed those events scattered by angles less than
indicated by the dashed line.
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TABLE X. Spin-transfer results for theppW→dW p reaction~center-of-mass frame! in accordance with the
Madison convention~Table V!. The angles listed correspond to center-of-mass angles, whereas the p
energies~lab! are those which are equivalent to the pion energy of column 3 of Table VII for the t
reversed process. The results quoted here include both statistical and all systematic errors~added in quadra-
ture!. The results denoted by a † were obtained using a 5 cmthick analyzer. They were extracted using th
renormalized proton polarizations as discussed in Appendix A.

Tp udeut. KSL
p Tp udeut. KSS

p Tp udeut. KNN
p

~MeV! ~deg! ~MeV! ~deg! ~MeV! ~deg!

500 14763 0.12260.042 N.A. N.A. N.A. 497 13763 0.14860.060†

578 14663 0.14760.041 577 10662 0.21860.057 577 14163 0.08760.073†

648 14663 0.26860.028 646 10563 0.17460.042 647 14363 0.18660.050
697 14663 0.25660.048 696 10563 0.23960.043 697 14463 0.14960.051
791 14563 0.23860.057 789 10463 0.30160.053 783 14563 0.06960.104
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mination of the partial wave amplitudes characterizing
pp→dp reaction can be demonstrated by comparing the
sults of a PWA fit to a data base which excludes our data
a fit for which our new data have been included. It is possi
in fact to make such a comparison among the PWA’s ex
ing in the literature, in that the work of Arndtet al. @44# has
included our results and the work of Bugget al. @5# did not
include our results in their respective data bases~there are
also other differences between the two databases empl
as new data were released in the meantime!. Figure 11
shows, for all three observables, the energy dependenc
our data together with the corresponding predictions of th
published PWA’s. Both PWA predictions are generally
good agreement with each other despite small systematic
ferences, thus indicating that the existing data now prov
adequate constraints for the PWA fits. Moreover, the ag
ment demonstrates that the theoretical assumptions mad
Bugget al. in their work @5# were justified.

FIG. 10. Comparison of the Turpin data@12# taken atTp5 800
MeV (h) with the value ofKNN

p obtained in this experiment ob
tained at the equivalent ofTp5 783 MeV (d). The solid line rep-
resents the predictions of Arndtet al. @44# and the dashed line thos
of Bugg et al. @5# at comparable lab energy (Tp5 800 MeV! and
center-of-mass angles.
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Although our new data have not had a significant imp
on the form of the amplitudes, it is interesting to note that
far as the energy dependence of the spin-transfer quantiti
concerned, the fit for which our data were not availab
~Bugg et al. @5#! is systematically somewhat better at d
scribing our data than the fit which includes our data~Arndt
et al. @44#!. This is particularly true forKNN

p , where Arndt
et al.are systematically higher than Bugget al.and our data,
an observation which is supported at 800 MeV by the data
Turpin et al. @12# as shown in Fig. 10. This systematic di
crepancy suggests an inconsistency between the spin-tra
data and other more precise data which have had a gre
influence on the overall shape of the amplitudes~observables
measured using thepp→dp process tend to be of highe
precision and are usually obtained for a large number
angular bins!.

A noteworthy difference between our data and both PW
predictions is seen in the energy dependence of the obs
ableKSS

p particularly betweenTp5 580 MeV andTp5 700
MeV. In this energy range considerably less spin-depend

FIG. 11. The spin-transfer observables~expressed in the

ppW→dW p Madison frame! as a function of proton lab energy. Th
curves have the same identity as those in Fig. 10.
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34 55A. FELTHAM et al.
data exist, compared to the other energies, and in partic
no other spin-transfer data. Since this range spans the pe
the D resonance, the observed structure may be signa
some aspect of the behavior of the amplitudes in the reg
of this resonance which is not predicted by the existing fi

In Fig. 12, our spin-transfer data are compared with
predictions of two current theoretical calculations@45,46#.
Although it is well known that none of the existing calcul
tions adequately describe the spin-dependent observa
(AN0 is a notable example! it is interesting to compare thei
predictions to our measurements as well. As seen in Fig.
neither of them yield the observed energy dependence o
spin-transfer observables. However, the work of Niskan
@46# does a good job of predicting the observed energy
pendence ofKSL

p at the angles relevant to our experime
whereas the calculation of Blankleider does a better job w
KNN
p . It is interesting to note that both theories fail in the

prediction ofKSS
p , even as far as sign is concerned. Th

difficulty with KSS
p , also noted above with the PWA fits, ma

indicate a particular sensitivity of this observable to poo
understood details of the reaction.

It is difficult to conclude from such a comparison th
exact nature of the theoretical failings, since the observa
involved depend so sensitively on the magnitudes and r
tive phases of a number of amplitudes. It is clear though
our basic theoretical understanding of this fundamental re
tion is still too primitive. There have been, however, rece
developments that do warrant watching. These include
work of Blankleider and Kvinihidze@47# who are attempting
to extend the treatment of thepNN system in a way which is
intended to resolve some of the outstanding problems a
ciated with conventional unitary models. In addition, N
kanen has had some success at predicting the related pro
np→dp° ~near threshold!, through the inclusion of heavy
meson exchange in his calculation@48#. It would be interest-
ing to see if such contributions also play a role in the reg
of theD for pp
dp. Certainly these as well as future the

FIG. 12. Our new spin-transfer data are compared with
predictions of two theoretical models. The solid line is that
Blankleider@45# and the dashed line is Niskanen’s@46#.
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retical works will benefit from the reliable PWA’s currentl
available. In this respect, it is increasingly pertinent to co
pare theoretical predictions with the specific amplitud
rather than the data themselves. Such an approach ha
ready been followed, for example, in the work of Matsuyam
and Lee@49#.

In summary, this paper demonstrates that spin-tran
measurements performed with thepdW→pWp reaction offer a
viable approach for studying this fundamental pi
absorption/production channel. The advantages of using
reaction over the more conventional pion production chan
arise from the availability of good polarized deuteron targ
and the well established technique of proton-carbon polar
etry. This technique also provides the capability of verifyi
the absence of a significant systematic error contribut
through the comparison of the measured normal polariza
PN with the well-known analyzing powerAN0 of the
ppW→dp process. The limitation of the impact of our data o
the determination of the PWA’s is due primarily to the st
tistical precision as compared to the other data existing in
database.

In order to overcome the statistical limitations encou
tered in this work, future experiments employing this tec
nique would benefit from: the increased pion beam inten
ties now available at some of the meson facilities@50#; recent
developments in polarized deuteron target technology@51#
which make it possible to routinely achieve deuteron pol
izations in excess of 40% using target volumes considera
larger than that which we employed; and the availability
new materials~such as ND3) which provide an improved
ratio of deuterons to other nuclei as compared with the
tanol used in this experiment, thus making it possible to
duce the number of background events accepted.

Finally, future experiments of this kind could improv
their precision through a better knowledge of the thickn
dependence of the proton-carbon analyzing powers. We h
obtained evidence that for some of the lower proton energ
higher analyzing powers can be obtained using analy
thicknesses different from those studied previously@37,43#.
Further studies of this kind would be useful for choosing
optimal thickness of analyzer~‘‘Figure of Merit’’ !, thus per-
mitting a more efficient use of the system. Data of this ki
are currently available for higher proton energies@13#.
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APPENDIX A

It is common practice in polarimetry experiments to fir
calibrate the polarimeter in order to determine the appro
ate analyzing powers which characterize the system. In
case, however, it was unnecessary to perform an exten
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55 35SPIN-TRANSFER MEASUREMENTS OF THEpdW→pWp . . .
calibration of this kind because of the existence in the lite
ture of high-quality parametrizations of analyzing power d
obtained for polarimeters very similar to the one we us
Nonetheless our experiment did contain a self-calibrat
feature, namely the polarization of the outgoing protons
an unpolarized deuteron target. This is equal to the w
known analyzing powerAN0 of the time-reversedpWp→dp
reaction, and thus could be used to verify that the polarim
behaved as expected. This appendix discusses some im
tant features of the analyzing power parametrizations de
oped by other workers in this field, in the context of o
polarimeter.

We focus on two recently published parametrizatio
@37,43# appropriate to our system. They differ slightly, b
not by an amount which the statistical precision of our m
surement could discern. Of these, we chose to employ
parametrization of McNaughtonet al. @37# because of the
similarity between the two polarimeters. In particular, th
polarimeter~JANUS! @18# also employed multiwire delay
line drift chambers for trajectory determination and had sim
lar locations for the triggering scintillators. The efficiency
all these detectors is affected by the energy and multipli
of the final state particles which in turn can influence t
acceptance of particular events. This is an important con
eration since inclusive proton-carbon scattering produ
events characterized by many different kinds of final sta
events resulting from both elastic and nonelastic proces
Each process provides a different contribution to the ove
average analyzing power.

In the case of theKLS andKSSmeasurements as well a
the three highest energies of theKNNmeasurement~all of the
data which were obtained with a 7 cmthick carbon ana-
lyzer!, use of the McNaughton parametrization provided e
cellent agreement between the values ofPN , measured for
the pd→pWp reaction, and those expected from publish
values ofAN0 which characterizes the inverse reaction~see
Sec. III D!. For the two lowest energies (Tp5105, 145
MeV! used in theKNN measurements, however, a 5 cmthick
carbon analyzer was used in order to reduce the energy
of the protons in the carbon, thereby increasing the effec
analyzing powers which are strongly energy dependen
these energies. Interestingly, for the data taken with thi
cm thick analyzer, both the parametrization of McNaugh
et al. @37#, and that of Aprile-Giboniet al. @43#, yielded re-
sults forPN which were significantly higher than the corr
sponding values expected fromAN0, as illustrated in Fig. 13.
This suggests that the proton-carbon analyzing powers
taining to the 5 cm thick analyzer, in the proton energy
gion appropriate to these measurements~see Table VII!, are
in fact greater than the values indicated by the publis
parametrizations.

Before we could conclude that the knowledge of the a
lyzing powers for 5 cm thick analyzers at lower energies
not well established, the possibility of systematic errors
fecting our system had to be considered. Use of argum
such as those discussed in Sec. IV enabled us to rule ou
presence of time and spatial dependencies in our meas
ment. Moreover, the possibility of an asymmetry bias co
be eliminated for two reasons. On the one hand, the effec
such a bias should be evident in all the data, regardless o
beam energy, since the same apparatus was used throu
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the experiment. On the other, such a bias@SS/N in Eq. ~B15!#
would be twice as significant for the values ofPN obtained
from the analysis of polarized deuteron target data as c
pared to those obtained from an unpolarized target. In fac
disagreement is observed between the results obtained
the polarized and unpolarized targets~compare Tables VI
and VIII!.

The observation of this systematic discrepancy associ
with the data obtained using the thinner analyzer promp
an examination of the reliability of the analyzing power p
rametrizations employed in the analysis of data taken wit
5 cm analyzer. Such parametrizations are purported to
independent of the carbon thickness, with the only dep
dence being on the scattering angle and the proton energ
the center of the carbon@37,43#. Indeed both parametriza
tions mentioned here resulted from data sets obtained
analyzer thicknesses ranging from 3 to 13 cm. For the cas
the 5 cm analyzer, however, there are no published data
proton energies as low as those produced in our 5 cm a
lyzer measurements. The nearest example was obtaine
Aprile-Giboni et al. @43# at Tp5187 MeV ~roughly 20 MeV
higher energy than our highest 5 cm data, see Table V!.
Although these data do not appear to be significantly hig
than their published parametrization, it is interesting that
authors report this particular data set to be in poor statist
agreement, and thus have omitted the set from their fitt
work. It should also be noted that their paper@43# comments
on the sensitivity of the analyzing powers to the thickness
the analyzer at proton energies belowTp5170 MeV. This is
in fact the region where our measurements were perform

The lack of pertinent published data obtained with a 5 cm
analyzer, as well as the observation particular to our ow
cm analyzer data of a systematic deviation of the measu
polarizationPN from its expected value, reinforce the co
clusion that the published analyzing power parametrizati

FIG. 13. For data obtained from a polarized deuteron target,
measured polarizationPN ~solid points! is compared with the ex-
pected value obtained from the analyzing powerAN0 ~open points!.
The solidn points correspond to data taken with the 5 cm thi
analyzer. All values ofPN shown were obtained using the analyzin
power parameterization of McNaughtonet al. @37#. The upper hori-
zontal scale refers to the lab energy of the protons forAN0

(pWp→dp) whereas the lower scale refers to the lab pion be

energy forPN (pd→pWp).
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are not reliable for the analysis of our lower-ener
(Tp,170 MeV! proton data obtained with a 5 cmanalyzer.
In our experiment, however, the availability of thePN data
obtained from an unpolarized deuteron target meant th
reliable means to ‘‘recalibrate’’ the proton polarization w
available. Such data were available for both data sets w
the 5 cm analyzer was employed (KNN at Tp5105, 145
MeV!.

The recalibration was carried out employing the stand
relationship between the polarization and the measured s
tering asymmetry@Eq. ~2!#. First of all it was assumed tha
the ‘‘true’’ analyzing power distributionAtrue(uC ,Ep) had
the same relative energy and angular dependencies as th
the parametrizationAparam. ~an assumption which is sup
ported by the lack of observation of any such trends in
polarization plots of the kind shown in Fig. 5 for these 5 c
data!. In this case the two distributions can be trivially r
lated through a multiplicative factor:Aparam.(uC ,Ep)
5RAA

true(uC ,Ep). The true polarizationPS/N8 ~true! can thus
be obtained by multiplying the measured polarizati
PS/N8 ~measured! @from Eq. ~2!# by this same factor.

To obtain the factorRA , the polarization results obtaine
from the unpolarized deuteron target were exploited@see Eq.
~9!#. For these data the true value of the normal polarizat
PN8 ~true! can be equated toAN0 of the time-reversed proces
since this corresponds to the result one would expect if
correct analyzing power distribution were in fact know
Thus,

P8~ true!5AN05S PN8 ~measured!2SN
f N

D 3RA , ~A1!

where for theKNN configuration,f N;1 andSN;0 and so,
RA5AN0/PN8 (measured). Since the distribution of even
with respect to the proton energies and angles~required for
the analyzing powers! is essentially independent of the p
larization state of target, it is possible to apply this correct
@obtained through Eq.~A1!#, at a given pion beam energy, t
the data obtained using the polarized target. The scale fa
RA , would also apply to the correction of the sideways p
larizationPS8 however for theKNN configuration this com-
ponent did not contribute significantly.

In Table XI the values obtained forRA are listed at the
two energies for which the 5 cm analyzer was used. A
consistency check forRA , this correction procedure was ap
plied to the case of the data obtained from the polari
target and a corrected value forPN was extracted@Eq. ~8!#.

TABLE XI. List of renormalization valuesRA ~obtained from
the unpolarized target data! used in the evaluation of theKNN data
which were obtained using a 5 cmthick analyzer. Also listed are the
reevaluated results forPN ~obtained from the polarized target dat
and to be compared with Table VI! and the expected value from
AN0.

Tp ^Tp& RA PN AN0

~MeV! ~MeV!

105 130 0.8060.10 0.23560.029 0.23760.009
145 166 0.8860.08 0.43760.037 0.42660.017
a

re

d
at-

t of

e

n

e
.

n
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-

a
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As can be seen in the last two columns of Table XI, excell
agreement withAN0 is now obtained with the polarized tar
get data. This demonstrates consistency between all of o
cm analyzer data.

The correction factorRA was subsequently used to corre
the measured proton polarizations, employed in the dete
nation of theKNN values listed in Tables IV and X for pion
beam energies ofTp5105 and 145 MeV. The use of th
corrected proton polarization values in Eq.~7! resulted in a
net decrease in the extracted spin-transfer values of 20%
12%, respectively, for theTp5105 and 145 MeV data sets
This procedure also increased the errors attributed toKNN at
these energies due to the experimental uncertainty in the
termination ofRA (;10%!.

In summary, our observation of a thickness dependenc
the proton-carbon analyzing powers for proton energ
Tp,170 MeV, confirms the earlier observation of Aprile
Giboni et al. @43# concerning the existence of such a depe
dence in this energy region. Quantitatively we find that t
correct values for the analyzing powers appropriate to ou
cm thick analyzer are 10–20 % larger than those expec
from current parametrizations of proton-carbon analyz
powers@see Fig. 4~a! for a comparison#. This is in contrast to
the situation for our data taken with the 7 cm thick analyz
where the existing parametrizations work well. The appar
increase in the 5 cm analyzing powers over the parametr
tions ~obtained from measurements which employed b
thicker and thinner analyzers! could arise as a result of th
reduced multiple small-angle scattering~which tends to wash
out polarization information! when compared with the
thicker carbon data, while retaining the ability to filter o
the lower energy inelastic events which contribute a sma
asymmetry@43# ~thinner analyzer data would include mo
of such low asymmetry events!. Our data in fact suggest tha
any future measurements of proton polarization in the ene
region: Tp,170 MeV should consider use of 5 cm thic
carbon because of the significant improvement in the ana
ing power which results. This should be accompanied, ho
ever, by a careful calibration of the analyzing powers for t
5 cm thick carbon, as very little relevant information is cu
rently available at these energies in the literature.

APPENDIX B

In this appendix the algebra employed to extract the s
observables from the experimental data is reviewed. For
discussion all quantities listed, unless otherwise indica
are expressed in a coordinate system referred to as
center-of-mass ‘‘analysis frame’’~COMAF!. This frame is
the center-of-mass equivalent to the lab ‘‘analysis fram
described in Fig. 3 except that in this case the momenta
expressed in the center-of-mass~these variables are given th
superscript *). The axes of the COMAF are defined in ter
of the kinematic variables in the following manner:

L[ k̂p* , N[ k̂p*3 k̂p* , S[N3L.

The COMAF is essentially that to which the standard Ma
son convention@21# applies, except for the definition of th
longitudinal axisL. In the Madison convention theL axis is
defined by the momentum of the polarized particle, in t
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case the deuteron~thus for the Madison frame
L5 k̂d*52 k̂p* ). The transformations between these frames
the relavent observables are given in Table V.

In the COMAF the proton polarizations (PS andPN) at
the target can be related to the vector (pS , pN , pL) and
-
-
lle
s

-

or
a
th
th
a

so
l

f
tensor (pNL , pSN, pSL , pLL , pSS2pNN) polarization com-
ponents of the deuteron and the physics of the reaction
terms of the spin-transfer (K), analyzing power (P̄), and
polarization (PN) terms, as well as the polar scattering ang
u @52#:
suppressed
of-plane
jections of

,

PS~u!5
I o~u!

I ~u,f! F32 pLKLS~u!1
3

2
pSKSS~u!1

2

3
pNLK ~NL!S~u!1

2

3
pSNK ~SN!S~u!G , ~B1!

PN~u!5
I o~u!

I ~u! FPN~u!1
3

2
pNKNN~u!1

1

2
pLLK ~LL !N~u!1

2

3
pSLK ~SL!N~u!1

1

6
~pSS2pNN!@K ~SS!N~u!2K ~NN!N~u!#G , ~B2!

whereI (u) is the polarized differential cross section:

I ~u!5I o~u!F11
3

2
pNPN~u!1

pLL
2
PLL~u!1

2

3
pSLPSL~u!1

1

6
~pSS2pNN!@PSS~u!2PNN~u!#G ~B3!

andI o(u) is the unpolarized cross section. These expressions also contain an azimuthal dependence which has been
in the above, a dependence which varies with the particular orientation of the target polarization and the out-
acceptance of the apparatus. Since the latter is small, this azimuthal dependence is accounted for by appropriate pro
the deuteron polarization components, a procedure which is described in the paragraphs which follow.

The relationship between the Cartesian components of the deuteron polarization and the magnitudes of its vectorupu, and
tensor,upTu, values are given in terms of the COMAF kinematic variables by the following@52#:

pL5upucosb, pNL5
3

2
upTusinbcosbcosg,

pS52upusinbsing, pSN52
3

2
upTusin2bsingcosg,

pN5upusinbcosg, pSL52
3

2
upTusinbcosbsing,

pLL5
1

2
upTu~3cos2b21!, ~pSS2pNN!52

3

2
upTusin2bcos2g, ~B4!
ly
a
ge,

st
ata
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where the upTu is related to upu by @19#:
upTu522A423upu2 , so forupu;0.35 a value ofupTu;0.1 is
obtained.b is the angle betweenk̂p* and the deuteron polar
ization vector,p̂* ~in all casesp̂* was parallel to the direc
tion of polarization in the lab since both were either para
or orthogonal to the direction of boost between the frame!,
andg is the angle betweenp̂*3 k̂p* and the ‘‘S’’ axis. In this
experiment the value ofb was constrained to be 0° for lon
gitudinal (L) and 90° for transverse (S,N) target polariza-
tions. The angleg depended on the direction of the vect
polarization as well as the directions of the initial and fin
state particle momenta, quantities which are affected by
magnetic field of the target and the finite acceptance of
detectors. These effects are treated in detail later in this
pendix.

In this experiment, the values ofb and the typical range
of g were such that the only non-negligible deuteron ten
component@Eq. ~B4!# waspLL , together with an additiona
contribution from (pSS2pNN) for the case of theKNN con-
l

l
e
e
p-

r

figuration. The other tensor components of Eq.~B4! did not
play a role in our measurements.

In Eq. ~B3! the terms in square brackets varied on
slightly over the limited acceptance of the detector. As
result their contribution was replaced by a weighted avera
D, so that

^I ~u,b,g!&5I o~u!3D. ~B5!

The values of the analyzing powers used in Eq.~B3! ~for the
determination ofD) were those predicted from the be
PWA description of the reaction available at the time of d
analysis@5#. The vector analyzing power (PN) was well de-
termined by the PWA’s due to the considerable high qua
data@53# existing in the data base. For the tensor analyz
powers, however, no measurements exist. A;2% statistical
and;4% systematic uncertainty has been estimated@5# as
applicable to these quantities, since they are highly c
strained by existing spin-correlation data. However, in t
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analysis, a more conservative 6% overall relative uncerta
was assigned to these quantities.

The proton polarizations measured in the laboratory fra
at the polarimeter~see Fig. 3! are related to the correspond
ing COMAF proton polarizations produced at the target~by
thepd→pp reaction! through the following expressions:

PN8
15 f NPN

11gNPS
11hNPL

11SN ,

PN8
25 f NPN

21gNPS
21hNPL

21SN ,

PS8
15 f SPN

11gSPS
11hSPL

11SS ,

PS8
25 f SPN

21gSPS
21hSPL

21SS . ~B6!

Here the superscript6 denotes the direction of deutero
vector polarization~its natural ‘‘positive’’ polarization being
denoted as1), the primed (8) quantitiesPN,S8 are the labo-
ratory polarization components measured at the polarime
and the unprimedPN,L,S are the~COMAF! proton polariza-
tions at the target@from Eqs.~B1! and~B2!#. The coefficients
f i , gi , andhi represent the couplings~the net effect of all
spin rotations,Rj ) between theN, S, L center-of-mass com
ponents at the target and thei th (iPN,S) polarimeter com-
ponent in the lab:

f i5$@P jRj #N̂%• î ,

gi5$@P jRj #Ŝ%• î ,

hi5$@P jRj #L̂%• î .

These spin coupling coefficients were determined by in
grating, over the proton paths, the BMT equations@54#
which describe the incremental change in the spin direc
of a proton as a result of its motion in the magnetic field
the target. The coefficients also include the effect o
Wigner rotation@4# of the spin components for the boo
~which is small due to the large mass of the deuteron in
initial state! from the COMAF to the lab frame where th
BMT equations were utilized. Equation~B6! also include
quantitiesSS/N which represent possible instrumental asy
metries due to the polarimeter, which could yield systema
biases independent of the sign of the vector polarization

The dependence, in the COMAF, of the proton polari
tion on the polarization of the deuteron@as described by Eqs
~B1! and ~B2!# was introduced to expressions~B6! after the
following convenient simplifications:

PN
65

PN6pd'
6 KN

D6
, PS

65
pdi

6

D6
KS , PL

65
pdi

6

D6
KL , ~B7!

whereD6 is the common denominator term defined by E
~B5!. For reasons discussed below, the terms dependen
spin-transfer from the deuteron tensor polarization com
nents were ignored. As before, the6 superscripts indicate
the sign of the deuteron vector polarization, whereas
symbolspdi andpd' represent the magnitudes of the comp
nents of the deuteron vector polarization in the reaction pl
ty

e

r,

-

n
f
a

e

-
ic

-

.
on
-

e
-
e

(S, or L depending on the configuration! or normal (N) to
the reaction plane, respectively. For generality, a simplifi
spin-transfer coefficient (K) was introduced~with the factor
of 3

2 absorbed!. Its single subscript represents the direction
the relevant proton spin component produced by the part
lar spin-transfer from the specific deuteron spin (i or ')
involved. No transfer of spin occurs between the norm
(N) deuteron polarization and the sideways or longitudi
proton polarization~or vice versa! because of parity conser
vation @20#.

In principle, the contribution of spin-transfer from th
deuteron tensor terms should be included. However, the
ues of the tensor spin-transfer coefficients are not kno
experimentally and are poorly defined by the existing PW
fits. Fortunately, neglect of these terms could be justified
the following reasons: first, their contribution is weighted
the typically small deuteron tensor polarizations (,0.10! @as
given in Eqs.~B1! and~B2!#; and second, since the signs
the non-negligible tensor components@pLL and
(pSS2pNN)# remain unchanged when the deuteron vec
polarization is reversed@see Eqs.~B4!#, such terms can be
grouped with the systematic error termsSS/N of Eq. ~B6!,
and treated as described below.

The result of inserting relations~B7! into ~B6! is

D1PN8
15 f N~PN1Rpd'KN!1gNRpdiKS1hNRpdiKL1SN ,

D2PN8
25 f N~PN2pd'KN!2gNpdiKS2hNpdiKL1SN ,

D1PS8
15 f S~PN1Rpd'KN!1gSRpdiKS1hSRpdiKL1SS ,

D2PS8
25 f S~PN2pd'KN!2gSpdiKS2hSpdiKL1SS .

~B8!

For convenience, the magnitude of each deuteron polar
tion is expressed in terms of the magnitude of the nega
polarization,upd

2u:

pd5upd
2u and upd

1u5Rupd
2u5Rpd

and the signs of the deuteron polarizations are indicated
plicitly in Eq. ~B8!.

The terms involving thehi coupling coefficients were dis
regarded since these coefficients were about two order
magnitude smaller than the correspondingf i and gi coeffi-
cients~implying little coupling between the longitudinal po
larization at the target and the transverse components a
polarimeter!. Although this results in four equations involv
ing the five unknown quantitiesPN , KS , KN , SN , andSS ,
extraction of the quantities of interest is straightforward.

By taking differences between the pairs of Eqs.~B8!, PN
as well asSN andSS are eliminated, and thus

D1PN8
12D2PN8

25 f N~R11!pd'KN1gN~R11!pdiKS ,

D1PS8
12D2PS8

25 f S~R11!pd'KN1gS~R11!pdiKS .
~B9!

From these, the pertinent parameters are readily obtaine
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KSpdi5
~D1PS8

12D2PS8
2!2~D1PN8

12D2PN8
2!~ f S / f N!

gS2gN~ f S / f N!

1

~R11!
, ~B10!

similarly,

KNpd'5
~D1PN8

12D2PN8
2!2~D1PS8

12D2PS8
2!~gN /gS!

f N2 f S~gN /gS!

1

~R11!
. ~B11!
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An important feature of Eqs.~B10! and~B11! is the absence
of the systematic error termsSS/N ~which also include con-
tributions from tensor spin transfer!. Such a cancellation oc
curs for those systematic errors which are instrumenta
nature and constant in time.

Finally, in order to extract the specific spin-transfer p
rameters it was necessary to determine, for each experim
tal configuration, the values of the deuteron polarizat
components appearing on the left-hand side of Eqs.~B11!
and ~B10!. These components are defined by the angleb
andg of Eq. ~B4!.

In the case of theKLS configuration, the target was pola
ized along an axis parallel to the incident pion beam, thL
axis. Since the pion trajectory was parallel to the magn
field of the target and thus undeflected by it, the deute
spins had a pure longitudinal projection (b50°) in the
COMAF.

For the transversely polarized targets associated with
KSSandKNN configurations, however, the appropriateN and
S axes were, in general,not parallel to the fixed direction o
the deuteron polarization set by the target field directi
This complication had two sources: the bending of both
incident pion and emerging proton trajectories in the m
netic field; as well as the fact that theN andS axes, depend-
ing as they did on the direction ofk̂p* , varied due to the finite
acceptance of the polarimeter. This had two consequenc
reduction in the projection of the deuteron polarization alo
the axis of interest; and the possible introduction of an
thogonal deuteron polarization component which could
sult in other spin-transfer contributions. Since the bending
the pion trajectory by the magnetic field occurred in a pla
which was orthogonal to the polarization vector, the value
in

-
n-
n

ic
n

e

.
e
-

: a
g
-
-
f
e
f

b was fixed (b590°) and the effects described here we
simply characterized by the angleg in Eq. ~B4!.

The value ofg was determined by projecting the fixe
target polarization onto appropriate axes for each of m
possible trajectory bins, spanning the acceptance of the
larimeter. An average projection,^cosg& and ^sing&, onto
each of the transverse axes was then obtained by weigh
the projection associated with each trajectory bin by the re
tive number of events for that bin~as obtained from the
data!. In the case of theKNN configuration, the result was
slight reduction of the normal polarization by a fact
(^cosg&;0.99!. No orthogonal component was introduce
since the net deuteron polarization projected onto the s
ways axis of the COMAF cancelled when averaging over
polarimeter acceptance. For theKSSconfiguration, however,
the acceptance was such that there was a substantial ne
jection onto the normal axis (^cosg&;0.15!. Thus, in addi-
tion to a slightly reduced magnitude of the sideways pol
ization (̂ sing&;0.98!, a small normal-to-normal spin
transfer component was introduced in the COMAF. In t
analysis, however, this term was not considered si
^cosg& was small andKNN was expected to be near zero
the angular region applicable to theKSS configuration
(;90° c.m.!.

On this basis, Eqs.~B10! and ~B11! could be readily
adapted to the specific quantities of interest. Using Eqs.~B1!,
~B2!, and ~B7!, and with the following substitutions into
Eqs. ~B10! and ~B11!: for KLS : pdi⇒pd and KS⇒ 3

2KLS ,
for KSS: pdi⇒pd^sing& and KS⇒ 3

2KSS, for KNN :
pd'⇒pd^cosg& andKN⇒ 3

2KNN we obtain for theKLS con-
figuration
KLS5
2

3

1

pd

~D1PS8
12D2PS8

2!2~D1PN8
12D2PN8

2!~ f S / f N!

gS2gN~ f S / f N!

1

~R11!
, ~B12!

for theKSS configuration

KSS5
2

3

1

pd^sing&

~D1PS8
12D2PS8

2!2~D1PN8
12D2PN8

2!~ f S / f N!

gS2gN~ f S / f N!

1

~R11!
, ~B13!

and for theKNN configuration

KNN5
2

3

1

pd^cosg&

~D1PN8
12D2PN8

2!2~D1PS8
12D2PS8

2!~gN /gS!

f N2 f S~gN /gS!

1

~R11!
. ~B14!

The quantityPN can also be extracted from the experimental data. Addition of the pairs of Eqs.~B8! ~ignoring terms
involving hi) yields
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D1PN8
11D2PN8

25 f N@2PN1~R21!pd'KN#1gN~R21!pdiKS12SN ,
D1PS8

11D2PS8
25 f S@2PN1~R21!pd'KN#1gS~R21!pdiKS12SS .

PN is thus given by

PN5

~D1PN8
11D2PN8

2!2~D1PS8
11D2PS8

2!~gN /gS!2
3

2
~R21!pd'KNN@ f N2 f S~gN /gS!#22SN12~gN /gS!SS

2@ f N2 f S~gN /gS!#
,

~B15!

whereKNN is obtained from Eq.~B14!. Unlike the situation for Eqs.~B10! and~B11! the expression forPN does contain the
systematic error terms,SN andSS . However, since the value ofPN is already accurately known from existing analyzing pow
data (AN0), comparison of values extracted from our experiment, using Eq.~B15!, with the known analyzing power dat
provides useful information concerning the possible existence of systematic errors in our experimental arrangement
.
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