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Polarization transfer observables inpd elastic scattering
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A complete set ofpd polarization observables, including polarization transfer, inpd elastic scattering have
been measured at backwards scattering angles for two pion energies below and at theD(3,3) resonance. Our
results for the analyzing powers are in good agreement with the existing world dataset, while polarization
transfer observables have not been measured before. The experimental data are compared to relativistic Fad-
deev calculations and different Virginia Tech Partial-Wave Analysis Facility solutions, in the laboratory as well
as in the center-of-mass system.

DOI: 10.1103/PhysRevC.66.034003 PACS number~s!: 24.70.1s, 25.10.1s, 25.80.Dj
f
e
st
ng

fe
a
d

e
d

t

s
io
i-

lly,
ity
r a
en-
ob-

ction

ob-
ble-

tem-
at

l
e
ns

the
dy

cal
cies

ge
ing

w-
e
e
er
I. INTRODUCTION

In medium-energy physics thepNN system has been o
great interest in recent years, theoretically as well as exp
mentally. The reaction channels can be calculated, at lea
principle, exactly by relativistic Faddeev calculations maki
use of the well-known properties of thepN and NN sub-
systems. Meson-exchange theories may be tested in this
body system, where pion absorption and emission play
important role. These processes are essential for the un
standing of more complex nuclei. TheNN-pNN system con-
sists of several strongly interacting channels:

NN

pd J →H NN

pd

pNN

Over the last decades, a number of theoretical mod
have been developed by various groups, describing the
ferent reaction channels of this system through a se
coupled integral equations@1#. With the continuously in-
creasing database it was possible to test the prediction
these models in more detail. Among the different react
channels the elasticpd reaction is of special interest: exper

*Present address: Physikalisches Institut, Universita¨t Tübingen,
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mentally, because it is a two-body reaction and theoretica
because it can be described by only four complex helic
amplitudes, due to parity and time-reversal invariance. Fo
model-independent amplitude reconstruction seven indep
dent observables have to be measured. As yet, only five
servables have been determined: the differential cross se
ds/dV, the vector analyzing poweriT11, and the tensor
analyzing powersT20,T21, and T22, respectively the com-
bined quantitiest21,t22, and the tensor polarizationt20
@2–10#. Further independent observables can only be
tained by polarization transfer measurements in a dou
scattering experiment.

Some of the already measured observables show sys
atic discrepancies to the theoretical predictions, mainly
large pion scattering anglesuc.m..90° and pion energies
above theD(3,3) resonance@3,9#. Since different theoretica
models@11–15# predict similar results, as long as the sam
pN andNN subsystems are used, the origin of the deviatio
between theory and experiment is not to be found in
respective calculations, but either in the underlying two-bo
input or in a mechanism previously ignored by theoreti
approaches. Attempts to understand these discrepan
with contributions of dibaryon resonances failed@16#. An-
other effort has considered contributions from short-ran
ND interactions. The parameters were determined by fitt
the available experimental data. The phenomenologicalND
interaction was added in Born terms to the background fe
body amplitudes, but only twoND-scattering states wer
found to be important@15#. The experimental data of th
differential cross section and the vector analyzing pow
©2002 The American Physical Society03-1
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were reproduced very well. However, when terms of hig
order were included, it was shown that their influence is
negligible, and they tend to cancel the effects obtained
adding theDN interaction only in Born terms@17#.

In order to get a consistent theoretical description of
reaction channels in theNN-pNN system, the pion elastic
scattering channel has to be coupled to the pion absorp
channel via theP11 amplitude. Field theoretical conside
ations @3,14,18# require a separation of the amplitude in
pole and a nonpole part, where the single parts are large
the sum has to be small to reflect the experimental d
However, the predictions of this improved model failed f
the tensor polarizationt20, respectively the tensor analyzin
power T20, in contrast to Faddeev theories where the p
and nonpole parts are small@19#. A possible solution was
offered by the Jennings mechanism@20#. Intermediate states
containing four particles (ppNN) were considered tha
strongly suppress the pole part, but further calculations
cluding terms of higher orders showed that the degree
cancellation, especially in the region of theD~3,3! resonance,
tended to compensate these effects@21#. The theoretical ap-
proach of Jennings and co-workers can be understood a
indication that the treatment of thepNN system may be
incomplete, in particular processes containing four partic
in the intermediate state have to be considered. This is
included in conventionalpNN theories because of the trun
cation of the Hilbert space to a maximal number of pions
new theoretical approach by Kvinikhidze and Blankleid
should be able to describe these states consistently@22#. It is
free from problems of renormalization, based on convolut
integrals as well as a consistent four-dimensional relativi
description of thepNN system. This could be a startin
point for new theoretical calculations with possible intere
ing aspects for medium-energy physics.

Since previously the discrepancies between theore
predictions and experimental data could not be resolve
model-independent approach would be very useful. To co
plete the set of experiments needed for a model-indepen
amplitude reconstruction of the elasticpd channel, at leas
two polarization transfer observables have to be meas
additionally. By polarizing the deuteron target and measur
the polarization of the recoil deuteron, 20 different, but n
independent, quantities could be measured. A mo
dependent amplitude reconstruction@18# have shown that the
measurement of polarization transfer observables with
target spin aligned perpendicular to the scattering pl
should have a bigger impact on the helicity amplitud
than a parallel alignment. This and the availability of t
polarized target of previous experiments@3# has led to the
decision to determine the following four quantities:~11u11!
1~121u11!, i~11u20!, i~11u21!1i~121u21! and i~11u22!
1i~121u22!. Constraints on the experimental setup due
the target magnetic field enabled measurements at angle
tween uc.m.5100° and 140° at two incident pion energie
Ep5134 and 180 MeV, where the differential cross sectio
and analyzing powers had been measured previously.

Section II gives a brief introduction to the formalism
pd elastic scattering. The experimental setup is describe
Sec. III, the data reduction is explained in Sec. IV. A sh
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outline of the relativistic three-body equations as a basis
model calculation is given in Sec. V. Finally the experimen
results are represented in Sec. VI and compared with
predictions of the Faddeev calculations and two solutions
the Virginia Tech Partial-Wave Analysis Facility~SAID!
analyses.

II. FORMALISM

In the helicity formalism introduced by Jacob and Wic
@23#, elasticpd scattering is defined by four complex helic
ity amplitudes due to parity and time-reversal invarian
The relations between observables and the helicity am
tudes have been stated previously@24,25#. In order to give
the connection to the experimental quantities, for easier
erence and to clarify conventions and notations, we rep
some definitions and equations~see Sec. 1 in the Appendix!.
The reaction parameters are labeled (targeturecoil)
5(LM uL8M 8). There are 16 linearly independent obser
ables@24,25#: the differential cross sectionds/dV, one vec-
tor, three tensor polarizationstLM , and 20 polarization trans
fer coefficients~nine of them are linearly dependent!. The
following polarization observables were accessible in our
periment, at least as linear combinations:

i t 1152 i ~00u11!, t205~00u20!,

t2152~00u21!, t225~00u22!,

~11u11!1~121u11!, i ~11u20!,

i ~11u21!1 i ~121u21!, i ~11u22!1 i ~121u22!,

where i t 11,t20,t21, and t22 are the vector and tensor pola
izations following the Madison convention. The transform
tion of the reaction parameters from the center-of-mass
tem in the laboratory system can be calculated from
expression@24#

~LM uL8M 8! lab5(
M9

~LM uL8M 9!dM9M8
L8 ~2uR!, ~1!

whereuR is the deuteron recoil angle in the laboratory sy

tem anddM9M8
L8 are Wigner rotation matrices. This formul

applies also for the transformation from the laboratory to
center-of-mass system, with an additional sign change of
recoil angle.

To obtain the reaction parameters in the Madison conv
tion, an additional sign factor has to be taken into accou

~LM uL8M 8!Mad5~21!L1M1M8~LM uL8M 8!. ~2!

For a complete determination of the four complex helic
amplitudes, except a common phase factor, at least se
independent observables have to be measured. So far,
five of them have been determined at several energies in
region of theD(3,3) resonance, namely the differential cro
section and four polarization observables. In principle, th
are two different experimental setups: a single-scattering
periment with a polarized deuteron target and a doub
scattering experiment, where the polarization states of
3-2
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outgoing deuterons have to be analyzed. In order to ob
further independent observables of thepd system, polariza-
tion transfer observables have to be measured, where
methods have to be combined (dW (p,p)dW ), which means the
measurement of the polarization states of the initial and fi
channel. The rescattered deuterons may have the follow
seven polarization components:

i t 11, i t 121 , t20, t21, t221 , t22, and t222 .

Several different polarization transfer coefficients could
determined, depending on the alignment of the target po
ization relative to the scattering plane.

A. The target polarization

The direction of the target magnetic field fixes the orie
tation of the deuteron spins in the target material. Their qu
tization axisSmay be parallel or antiparallel to the magne
field. Generally it does not correspond with thez axis of a
coordinate system according to the Madison convention@26#
~see Fig. 1!. The target magnetic field was aligned perpe
dicularly to the scattering plane. This choice has phys
@18# as well as technical advantages, all particles being
one plane. In this special case area590° andb50° ~spin
‘‘up’’ ! and b5180° ~spin ‘‘down’’ !, respectively. Therefore
t10 and t261 are zero.

t115t12157 iA3

2
pZ ,

t2052
1

2A2
pZZ , t225t22252A3

4
pZZ . ~3!

B. The polarization of the recoil deuterons

The polarization state of the recoil deuteron has been
termined by the reaction3He(dW ,p)4He. Due to parity invari-
ance this cross section can be written as

s~u!5s0~u!@112i t 11iT11~u!1t20T20~u!

12t21T21~u!12t22T22~u!#. ~4!

FIG. 1. The quantization axisSof the deuteron spins relating t
a coordinate system defined by the Madison convention.a is the
polar angle measured from thez axis, andb is measured from they
axis to the projection ofS in the xy plane.
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s0(u) is the cross section for unpolarized deuterons,tkq
are the polarization components of the incident deutero
and Tkq(u) are the analyzing powers of the reactio
3He(d,p)4He. The azimuthal dependence of the emitt
protons is expressed in the outgoing reactant helicity fra
which is obtained by a rotation of the projectile helici
frame @27#:

s~u,f!5s0~u,f!@112i t 11iT11~u!cosf1t20T20~u!

12t21T21~u!cosf12t22T22~u!cos 2f#. ~5!

Nine counter telescopes were mounted at three different s
tering anglesu50°,25°,45° and four azimuthal anglesf50°
~left!, 90° ~down!, 180°~right!, 270°~up!. The counting rates
are labeledL(u i),D(u i),R(u i), andU(u i), respectively (u i
P$25°,45°%), andN(0°) for the 0°detector.

There are two different methods to determine the po
ization states of the recoil deuterons:

~a! The ratio method uses proton counting rates at diff
ent polar and azimuthal angles.

~b! The absolute method needs the measurement of
incident recoil deuteronsNd . To identify these deuterons
more complicated experimental setup is needed.

The ratio and absolute methods are independent of e
other and therefore allow two independent determinations
the polarization states~see Sec. 2 in the Appendix!. The po-
larimeter has to be calibrated with unpolarized and polari
deuteron beams to obtain its efficiencies and analyzing p
ers@28#. The formulas for the absolute and the ratio meth
can be found in Ref.@28# and in the Appendix.

C. The polarization transfer parameters

The polarization transfer parameters (kquk8q8)Mad in the
Madison convention can be calculated from the target
recoil polarizationstkq and tk8q8 , respectively. The indices
0,6 indicate the target magnetic field direction, either unp
larized or aligned parallel and antiparallel to the scatter
plane:

tk8q8
6 s65s0F tk8q8

0
1(

k,q
tkq

6 ~kquk8q8!G . ~6!

Inserting Eqs.~3! yields

tk8q8
6 s65s0H tk8q8

0
7A3

2
pZi @~11uk8q8!1~121uk8q8!#

2
pZZ

2A2
F ~20uk8q8!

1A6

2
@~22uk8q8!1~222uk8q8!#G J . ~7!

Specific choices of the final statesk8q8 and either sub-
traction or addition of the two possibilities~spin parallel and
antiparallel! and using Eq.~2! gives:
3-3
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FIG. 2. Schematic diagram of the experimental setup of the double-scattering apparatus.
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~161u11!Mad

52
1

A3pZ
F ~ i t 11

1 1 i t 121
1 !s12~ i t 11

2 1 i t 121
2 !s2

2s0 G ,
i ~11u20!Mad52

1

A3pZ
F t20

1 s12t20
2 s2

2s0 G ,
i ~161u21!Mad5

1

A3pZ
F ~ t21

1 2t221
1 !s12~ t21

2 2t221
2 !s2

2s0 G ,
i ~161u22!Mad52

1

A3pZ
F ~ t22

1 1t222
1 !s12~ t22

2 1t222
2 !s2

2s0 G ,
~8!

with

~L6M uL8M 8!Mad5~LM uL8M 8!Mad1~L2M uL8M 8!Mad.

The connection to the observables in the cartesian fram
given in the Appendix.

III. EXPERIMENTAL SETUP

In order to determine polarization transfer observab
the polarization states in the initial and the final channel h
to be measured. This requires a polarized deuteron targe
a polarimeter to analyze the recoil deuterons in a dou
scattering experiment.

The measurements were performed at thepE1 channel of
the Paul Scherrer Institut~PSI! with the double-scattering
apparatus shown schematically in Fig. 2.

Since the pion rate was too high~approximately 5
3108 p1/s) to allow individual counting of pions, an ion
ization chamber was used to get absolute normalizat
Careful monitoring of the pion beam was required, especi
since the target was smaller than the beam spot, and s
shifts would have changed the luminosity of the reaction a
therefore the reaction rate. This was achieved by an a
tional luminosity monitor. The reactiond(p,p)p is insensi-
tive to the target polarization at a scattering angle ofuc.m.
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590°. Three scintillation counters were used for a coin
dence measurement of the outgoing protons, oneDE-DE
telescope at the left side (DEL andEL) and aDE counter at
the right side (ER). The pions were detected in coinciden
with the recoil deuterons using three 2 mm thick plastic sc
tillators with a total area of 4003300 mm2. Photomultipliers
were mounted on both ends of the scintillator panels a
allowed a crude position resolution. A quadrupole triplet w
placed between target and polarimeter to increase the ac
tance solid angle and to reduce background, mainly fr
protons.

A. The polarized deuteron target

The target system consisted of two main component
superconducting Helmholtz coil supplying a field strength
B52.5 T with a homogeneity ofDB/B5331024 over the
target volume and a3He/4He dilution refrigerator with a
cooling power of approximately 1 mW at 100 mK integrat
in a single cryostat~see Fig. 3!. The 4He bath of the cryosta
was used for both cooling of the superconducting coils a
condensing the3He/4He mixture. Dynamic polarization o
the target material was produced by irradiating the tar
with microwaves of approximately 69.9 GHz~for positive
polarization! and 70.2 GHz~for negative polarization!. In-
version of the polarization did not involve therefore reve
ing the polarity of the magnetic field. The target mater
consisted of deuterated ammonia ND3, in the form of ap-
proximately 1 mm diameter chunks contained in a cylind
cal cell with 18 mm diameter and 18 mm height. The pa
magnetic radicals were created by irradiating the mate
under liquid argon at 90 K with electrons from the 20 Me
injection linac of the Bonn synchrotron. Compared with de
terated alcohols~for example propandiol!, ND3 and LiD
have a higher radiation resistance and a higher spin den
A test run, however, showed that the background from q
sifree deuteron scattering on6Li is much too high to separate
it exactly from the elasticpd scattering; therefore ND3 was
chosen as target material.

B. The deuteron polarimeter

The deuteron polarimeter was built by Gru¨ebleret al. @28#
and is divided in two main components: the scintillatio
3-4
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FIG. 3. Schematic view of the polarized deuteron target.
03400
counters to detect the protons from the3He(d,p) reaction
and a vacuum chamber containing a position-sensitive w
chamber, a scintillator and the3He-target cell~see Fig. 4!.

The 3He(dW ,p)4He reaction has many advantages, in partic
lar the highQ value of 18.4 MeV enabling a clear separatio
of the protons from background. The position of the incide
deuterons was determined by a wire chamber. This was
essary because the effective solid angle of the outgoing
ton detectors varies when the deuteron beam deviates
the symmetry axis of the polarimeter. Possible system
errors stemming from such an asymmetry were theref
eliminated.

The wire chamber was mounted in a pressure vesse
side the vacuum chamber in front of the second time-
flight detector~PAS detector! and the3He cell. The position-
sensitive zone was 38338 mm2 and therefore bigger than
the entrance window of the target cell. The counting wir
were made of 20mm thick tungsten wires, with a 2 mm
vertical and horizontal grid resolution. Entrance and e
windows consisted of a 100mm thin Mylar foil in order to
minimize the energy loss of the deuterons. The operatio
mixing was 89.1% argon, 10% isobutan, and 0.9% freon
voltage of24.4 kV was applied and the counting efficienc
was 80%. The signals were collected by delay-line read-
For the detection of the recoil deuterons the time of flig
~TOF! through the quadrupole triplet was measured by t
detectors~TOF, PAS! ~see Fig. 2!. They were also used fo
several other time-of-flight measurements.

The TOF detector was located in front of the vacuu
entrance window of the triplet and had a sensitive area
FIG. 4. Side view of the deuteron polarimeter@28#.
3-5
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200 mm2 and was 0.5 mm thick. The signals were read
through a 500 mm long light guide, in order to protect t
photomultiplier from influences of the target magnetic fie

The PAS detector was adjusted between the wire cham
and the entrance window of the3He cell, with a sensitive
area of 32 mm diameter. The effective length of the3He cell
was 15 mm and its entrance window had a diameter of
mm and was 0.2 mm thick. The exit window had a sha
such that the protons of various angles reach the detec
with the same energy; the thickness was 0.4 mm. Both w
made from a special aluminum alloy, Peruval-215.

In order to maximize the efficiency of the polarimeter, t
target was cooled down to 14 K, and the pressure of the3He
gas was 12 bar. The target temperature was monitored
three diodes and was read out together with the pressu
fixed time intervals. Several layers of thin aluminized Myl
foil guaranteed a thermal isolation of the cell. The vacu
chamber was evacuated to 1027 mbar to avoid condensatio
of residual gas on the target surface. For the determinatio
the polarization componentsi t 11,t20,t21, andt22 several pro-
ton detectors were mounted at different scattering (u) and
azimuthal~f! angles:

~1! at u50° one counter telescope with four scintillatio
detectors@P00~1.2 mm!, P09~1.2 mm!, P9~2 mm!, and P10
~15 mm!, consecutively in beam direction#;

~2! at u525° four scintillation counters, 12 mm thick, a
four different azimuthal angles@P1 ~f50°!, P2 ~f5180°!,
P3 ~f590°!, and P4~f5270°!#;

~3! at u545° four scintillation counters, 7.5 mm thick, a
four different azimuthal angles@P5 ~f50°!, P6 ~f5180°!,
P7 ~f590°!, and P8~f5270°!#.

TheDE counters@P0L ~left!, P0D ~down!, P0R ~right!,
andP0U ~up!# were 1 mm thick, each for twoE counters at
u525° and 45° and for one azimuthal angle. To ensure a
adjustment of the polarimeter, the whole frame was moun
on a transversal sliding system, which was additionally
tatable around the polarimeter axis.

Several components were changed compared to the o
nal design@28#: TheDE counter P00 was mounted atu50°.
Energy loss and straggling of the incoming deuterons w
reduced by a thinner entrance window of the3He cell ~0.2
mm!. This enabled also measurements at smaller pion s
tering angles. The resulting difference in the deuteron ene
to the calibration data@28# was considered by energy los
calculations and was included in the analysis. The alumin
absorbers and the solid state detector were removed.

C. The data acquisition

In this double-scattering experiment a background s
pression of 1 to 1026 had to be reached. This was necess
because of the large amount of background protons and
polarimeter efficiency of 1024.

Three different independent trigger systems were u
and each was read out from its own front end computer:

~i! The pp data acquisition for the luminosity monito
@d(p,p)p reaction#: The high rate of random coincidence
resulting from other (p,p) reactions and a possible contam
nation of the pion beam, were suppressed in the off-l
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analysis. A proton event was defined by a coincidenceDEL
3EL3ER . The corresponding timing window was 100 n
wide, ensuring an off-line selection of protons coming fro
the deuteron breakup reaction. The time-of-flight signal
tween the detectors on the left and right side and an a
tional random coincidence left/right coming from differen
successive beam bursts made an online monitoring of thepd
luminosity possible.

~ii ! The pd data acquisition to measures0 and s6, re-
spectively: A pion was defined by a coincidencepL(up)
3pR(up) or pL(mid)3pR(mid) or pL(down)
3pR(down), a deuteron by a coincidence TOF3PAS. For
events ‘‘pion-deuteron’’ an additional ‘‘p bit,’’ defined by the
kinematical coincidence between pion and deuteron, was
corded. To ensure a proper selection ofpd events time-of-
flight signals between pion detector/TOF, pion detector/PA
and TOF/PAS were used.

~iii ! The polarimeter data acquisition: The trigger log
was built up in analogy to thepd data acquisition, but addi
tionally a polarimeter event was demanded. A proton
tected in the polarimeter was defined by the following co
cidence: P003P093P93P10 ~u50°! or P0L3P1 or
P0L3P5 ~u525° and 45°,f50°! or P0R3P2 or P0R
3P6 ~u525° and 45°,f5180°! or P0D3P3 or P0D
3P7 ~u525° and 45°,f590°! or P0U3P4 or P0U3P8
~u525° and 45°,f5270°!.

IV. THE DATA RECONSTRUCTION

The data analysis included a series of one- and tw
dimensional software cuts. Although the thresholds and
high voltage of the photomultipliers were checked contin
ously during the experiment, the raw spectra were inspec
before the analysis to guarantee stable and constant co
tions. The luminosity of thepd reaction was monitored via
the rates of thed(p,p)p reaction and the ionization cham
ber. In the first data-taking period a relative value of t
target polarization was determined online by NMR and
absolute value was calculated, measuring the polarized
ferential cross section of the elasticpd scattering. During the
second data-taking period it was possible to obtain an ab
lute value of the deuteron polarization by measuring
NMR signal at thermal equilibrium. The polarization stat
of the rescattered deuterons were extracted from the spe
of the proton detectors in the polarimeter and the time-
flight spectra of the corresponding deuterons.

A. The beam monitor

The pion flux incidenting on the deuteron target w
monitored by detecting the two protons from thed(p,p)p
reaction in kinematic coincidence atuc.m.590°. To get rid of
the main part of the random events several software cuts
the time-of-flight and energy spectra of the three proton
tectors were performed. Figure 5 shows a three-dimensio
histogram of the energy losses in the detectorsDEL3ER
before and after this background subtraction. The 20 ns t
structure and the rate of the pion beam were responsible
the large number of background events. Constructing po
3-6
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FIG. 5. Three dimensional energy loss spectra of the luminosity monitor (DEL3ER) without ~left! and with ~right! background
reduction.
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gons on the two-dimensional projections of this histogr
and the corresponding proton spectraDEL3EL and EL
3ER , defining the protons, enabled an effective backgrou
reduction. The obtained breakup events were normalize
the primary beam intensity on the ionization chamber. R
with slightly varying luminosity were not used for the dete
mination of the deuteron target polarization.

B. The target polarization

The target polarization was monitored by measuring
NMR absorption signal every 5 min. There was a slight d
crease of the target polarization during each data run, po
bly due to beam heating effects. The absolute value of
polarization can be deduced directly from

pZ~dyn!5
A~dyn!

A~TE!
pZ~TE!,

wherepZ(TE) is the value of the target polarization at the
mal equilibrium, given by the Boltzmann distribution,A(TE)
and A(dyn) are the areas under the NMR signal at therm
equilibrium and dynamically polarized, respectively. Since
is very difficult to measure the NMR signal of deuterat
ammonia (ND3) at thermal equilibrium, the deuteron pola
ization was determined independently by measuring the r
tive pd elastic cross section. The dynamic polarizati
pZ(dyn) was determined in the second data-taking per
from the ratio of the areasA(dyn)/A(TE) andpZ(TE). Both
measurements agree very well. The target polarization de
mined via the NMR measurement waspZ(dyn)5A(dyn)
3(4.06060.193)31026, the measurement of the relativ
differential cross section resulted inpZ(dyn)5A(dyn)
3(3.91260.162)31026.

To use the method mentioned above the differential cr
section forpd elastic scattering with polarized and unpola
ized deuteron target had to be measured, no absolute nor
ization was required. The pions and deuterons were dete
in kinematical coincidence. Their counting rate was de
mined from the energy loss and time-of-flight signals of o
of the pion detectors and the TOF and PAS detectors.
main contribution of background events arose from rand
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coincidences, due to the time structure of the beam, and f
other reaction mechanisms, for example elastic scattering
He and 3He breakup. The final analysis was performed
two steps. Cuts on the prompt peaks in the time-of-flig
spectra enabled the separation of events which had the ‘‘r
timing.’’ Finally, polygons were constructed around thepd
elastic events identified in two-dimensional spectra of
deuteron time-of-flight versus energy loss in the TOF a
PAS detectors. By normalizing the number of these event
the incoming beam intensity, one obtains the relativepd
cross section (s6 is the differential cross section for positiv
and negative polarizationpZ , s0 for zero polarization!:

s65s0S 16A3iT11pZ
62A3

2
t22pZZ

6 D .

The angular distribution of the analyzing poweriT11 has
been measured in former experiments over the full ang
range with small errors@3,4,6#. These values were taken t
determine the target polarization:

pZ5
1

A3iT11

s12s2

2s0 ,

pZZ522A423pZ
2.

The results of the polarization measurement at different p
energiesTp and center-of-mass scattering anglesuc.m. are
listed in Table I.pZ and pZZ are the averaged values of th
vector and tensor polarization, respectively.DpZ and DpZZ
include both statistical and systematic errors. The main c
tribution results from the experimental uncertaintyD iT11
coming from literature.

C. The deuteron polarization

The polarization states of the recoil deuteron beam w
determined using the3He(dW ,p)4He reaction and detecting
the outgoing protons atu50°,25°,45° andf50°,90°,180°,
270°. The selection of3He(d,p)4He events in the presenc
of a large background was a critical factor in the analys
For incident deuteron energies 16 MeV<Ed<30 MeV
3-7
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TABLE I. Vector (pZ) and tensor polarization (pZZ) of the ND3 target during the experiment.

Tp5134 MeV Tp5 180 MeV Tp5180 MeV Tp5180 MeV
up,c.m.5136° up,c.m.5108° up,c.m.5108° up,c.m.5127°

pZ
1 0.26460.010 0.26760.010 0.22560.011 0.27760.010

pZ
2 0.23760.010 0.21960.010 0.19560.009 0.24160.010

pZ 0.25160.010 0.24360.010 0.21560.007 0.25960.010
pZZ 0.047860.0039 0.044860.0037 0.035060.0023 0.051060.0040
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the corresponding protons were stopped in theE detectors of
the DE-E telescopes. These events were separated f
background protons and deuterons with higher energy
constructing polygons on the two-dimensional pulse hei
spectraDE versusE. Software filters assured an associat
incoming deuteron from elasticpd scattering. The determi
nation of these deuterons was done similarly to thepd cross
section~previous subsection!. Nevertheless, the deuteron ra
appearing in the time-of-flight spectra was strongly su
pressed because of the polarimeter efficiency of 1024 and the
trigger condition that particles had to reach one of theE
detectors of the polarimeter. Deuterons and protons that
enough kinetic energy to be detected in the polarimeter
separated by their time of flight~see Fig. 6!. Accidental co-
incidences induced by protons of the following beam bu
were excluded by the electronics setup and by building
ference spectra of the TDCs.

The used combination of software and hardware filt
ensured a clear separation of protons from the3He(d,p)
reaction and the large number of background events. T
technique was additionally checked by background tar
runs, replacing ND3 with NH3 and in the polarimeter3He
with 4He. A typical spectrum~foreground! of the time of
flight versus energy loss in theE detectors is shown in Fig. 7
left, the background spectrum with4He in the polarimeter
target cell in Fig. 7 right. The deuteron beam profiles fro
the wire chamber were checked for unfiltered and filte
events. Together with the polarimeter efficienciesr (u i) and
analyzing powersiT11,T20,T21, andT22 the polarization of
the recoil deuteron beam could be determined with the r
and the absolute method.
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V. THEORY

The following theoretical predictions were obtained wi
the formalism developed in Ref.@29# in which the relativistic
Faddeev equations are solved applying the spectator
mass-shell approximation. In this formalism one uses as
put the nucleon-nucleon1S0 , 3S1, and 3D1 channels and the
pion-nucleonS11, S31, P11, P13, P31, andP33 channels in
a full three-body calculation. In addition, all pion-nucleonD,
F, and G waves are taken into account in thepd→pd
single-scattering term.

A. Relativistic three-body equations

We start with the Bethe-Salpeter equation for three p
ticles such that it sums all diagrams in which two partic
interact in all possible ways while the third particle acts
spectator~that is we neglect three-body forces!. This equa-
tion, for the case when particles 2 and 3 are initially formi
a bound state and particle 1 is free, can be written in Fadd
form as

Ti5~12d i1!t i1
1

~2p!4(
j Þ i

E d4kj8t iGjGkTj , ~9!

whereTi is the sum of all the diagrams in which particlesj
andk interact while particlei acts as spectator.t i is the scat-
tering amplitude of the pairjk, that is, the sum of all the
possible diagrams where particlesj and k are in the initial
and final state with particlei as spectator. We show this equ
tions in diagrammatic form in Fig. 8.
FIG. 6. Two-dimensional spectrum of time-of-flight difference between TOF and PAS detector~horizontal axis! and pulse height in the
TOF ~left! and PAS detector~right! ~vertical axis!, for Tp5180 MeV anduc.m.5108°.
3-8
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FIG. 7. Two-dimensional
spectrum of time-of-flight be-
tween TOF and PAS detector ve
sus pulse height ofE counters in
the polarimeter atu545°, contain-
ing all filters, left: with 3He and
right: with 4He in the polarimeter
target cell, forTp5180 MeV and
uc.m.5108°.
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In order to obtain three-dimensional integral equatio
we integrate over the fourth component ofkj8 by closing the
contour from below in the complexkj 08 plane and by assum

ing that only the pole inGj at kj 08 5AkW j
821mj

22 i e[v j8
2 i e contributes to the integral@19#. Thus, Eq.~9! becomes a
three-dimensional integral equation

Ti5~12d i1!t i2
i

~2p!3 (
j Þ i

(
n j8

E 1

2v j8
dkW j8t i ukW j8n j8&

3^kW j8n j8uGkTj , ~10!

whereukW j8n j8& is a single-particle plain-wave state of mome

tum kW j8 and helicityn j8 .

B. Partial-wave decomposition

We will consider the integral equations of the previo
subsection in the three-body center-of-mass frame define

kW i1kW j1kW k50W . ~11!

The three particles have spins and isospinssi , sj , sk and
t i , t j , tk , such thatkW i , kW j , kW k and n i , n j , nk are the
03400
,

by

momenta and helicities of the three particles measured in
three-body center-of-mass frame defined by Eq.~11!. Then,
as shown in Ref.@29#, the partial-wave basis states are of t
form

uqipi ;a i&[uqipi ;n iJMliSi j imi I it i IM I&, ~12!

whereqi is the magnitude of the relative three-momentu
between particlei and the center of mass of the pairjk
measured in the three-body center-of-mass frame andpi is
the magnitude of the relative three-momentum between
ticles j and k measured in the two-body center-of-ma
frame. n i , J, and M are the helicity of particlei, the total
angular momentum of the system, and its third compon
respectively.l i andSi are the orbital angular momentum an
spin of the pair jk while j i and mi are the total angular
momentum and helicity of the pairjk. Finally, I i , t i , I, and
MI are the isospin of the pairjk, the isospin of particlei, the
total isospin of the system, and its third component, resp
tively.

As it has been shown in Ref.@29#, with the basis states
~12! the three-body integral equation takes the partial-wa
form
^qipi ;a i uTi uf0&5~12d i1!^qipi ;a i ut i uf0&2
i

~2p!3 (
j Þ i

(
a i8

(
a j

3E v~pi8!

Wi~pi8qi8!

pi8
2dpi8qi8

2dqi8

2v i~qi8!2v j~pi8!2vk~pi8!

v~pj !

Wj~pjqj !

3
pj

2dpjqj
2dqj

2v j~qj !2vk~pj !2v i~pj !
^qipi ;a i ut i uqi8pi8 ;a i8&3^qi8pi8 ;a i8uqj pj ;a j&G0~kk8!^qj pj ;a j uTj uf0&, ~13!
tial
l

.

where

v i~k!5~mi
21k2!1/2, ~14!

v~pi !5v j~pi !1vk~pi !, ~15!

Wi~qipi !5@v2~pi !1qi
2#1/2. ~16!
For the deuteron wave function that appears in the ini
stateuf0& and in the final statêf0u we used the Paris mode
@31# as described in Ref.@29# while the recoupling coeffi-
cients^qi8pi8 ;a i8uqj pj ;a j& were described in detail in Refs
@29,30#.

C. Two-body amplitudes

The pion-nucleon scattering amplitudet i taken between
partial-wave states~12! has the form
3-9
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G. SUFTet al. PHYSICAL REVIEW C 66, 034003 ~2002!
^qipi ;a i ut i uqi8pi8 ;a i8&

5dn in i8
dJJ8dMM8d l i l i8

dSiSi8
d j i j i8

dmimi8
d I i I i8

d II 8dMI MI8

32v i~qi !
1

qi
2 d~qi2qi8!^pi ut i

l i j i I i~si !upi8&, ~17!

where

si5S1M222AS~M21qi
2! ~18!

is the invariant mass squared of the two-body subsystem
S is the invariant mass squared of the three-body system

We have parametrized the off-shell partial-wave pio
nucleont matrices that appear in Eq.~17! as

^pi ut i
l i j i I i~si !upi8&5S pi

p0
D l i

g~pi ,p0!^p0ut i
l i j i I i~si !up0&

3S pi8

p0
D l i

g~pi8 ,p0!, ~19!

wherep0 is the on-shell momentum given by

p0
25

@si2~M1m!2#@si2~M2m!2#

4si
, ~20!

and the form factorg(pi ,p0) was taken to be

g~pi ,p0!5
L21p0

2

L21pi
2 , ~21!

with the cutoff parameter

L5600 MeV/c. ~22!

For the on-shell partial-wave pion-nucleont matrices
^p0ut i

l i j i I i(si)up0& in the physical regionsi.(M1m)2 we

FIG. 8. Diagrammatic form of Eq.~9!.

TABLE II. Values of the polarization t20(lab) at Tp

5134 MeV, up,c.m.5136° determined with absolute and rat
method. The relations fort20(u) and t20(B10),t20(B20),t20(B21) are
stated in the Appendix.

Absolute Ratio

t20(0°) 20.59260.107 t20(B10) 20.71361.044
t20(25°) 20.57060.158 t20(B20) 20.55360.250
t20(45°) 20.63660.209 t20(B21) 20.48960.355
total 20.59360.081 total 20.53260.204
03400
nd

-

used the values of the Virginia Polytechnic Institute Gro
@32#, obtained through the SAID dial-in system. In the u
physical region 0,si,(M1m)2 we used the partial-wave
amplitudes obtained from the application of fixed-t disper-
sion relations and crossing symmetry@33#. The pion-nucleon
P11 amplitude which is responsible for the contribution
pion absorption was treated following the prescription
Ref. @19#.

The nucleon-nucleon scattering amplitudet i taken be-
tween partial-wave states~12! is of the same form as that o
Eq. ~17!, except that there is an additional term proportion
to d l i ,l i62 that takes into account the coupling between
3S1 and 3D1 channels. For the nucleon-nucleon partial-wa

t matrices^pi ut i

l i l i8 j i I i(si)upi8& we used separable models th
are consistent with the deuteron wave function as given
Ref. @34#.

VI. RESULTS

A. Polarizations and analyzing powers

The polarizations were measured with an unpolariz
ND3 target using the experimental setup outlined in Sec.
Unpolarized target runs had to be done during the exp
ment to be independent of the difficult measurement of
ND3 polarization at thermal equilibrium. Since the polarim
eter was designed for the simultaneous use of the abso
and ratio method@28#, the polarizations were calculated u
ing both~see Sec. II B and Ref.@28#!. The tensor componen
t20 is determined threefold for each method. These values
listed exemplarily in Table II for the incident pion energ
Tp5134 MeV at up,c.m.5136°, showing excellent agree
ment of the data. The componentt20 can be determined usin
the ratio method by three relations@ t20(B10),t20(B20), and
t20(B21) which are given in the Appendix#, but only two are
independent@28#; therefore its error is always larger than b
the determination with the absolute method~see Table II!.
All measured polarization components determined with
absolute method are listed in Table III. The uncertaint
quoted include the statistical error resulting from the cou
ing rate statistics as well as systematic errors, coming
example from the polarimeter calibration@28#. Since our re-
sults for i t 11(lab)5 iT11(c.m.)5 iT11 were obtained by a
double-scattering experiment the counting rate statistic
small compared to single-scattering experiments and th
fore the stated errors are large. Since the transformatio
the observables from the laboratory system in the center
mass system involves all three tensor polarization com
nents~see Sec. II! the further presented results were det
mined with the absolute method in order to reduce the e
bars.

The analyzing powers were determined by the trans
mation of the polarizations measured in the laboratory s
tem to the center-of-mass system~see Sec. II!. Therefore we
have been able to determineT20(c.m.)5T20, T21(c.m.)
5T21, T22(c.m.)5T22 and the combined quantitiest21 and
t22,
3-10
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TABLE III. Measured polarization components determined with the absolute method. The uncerta
quoted are the statistical as well as the systematic errors.

Tp5134 MeV Tp5180 MeV Tp5180 MeV
up,c.m.5136° up,c.m.5108° up,c.m.5127°

T20(lab)5t20(lab) 20.59360.081 20.53460.049 20.62760.083
T21(lab)52t21(lab) 20.13560.154 20.13160.109 20.30760.206
T22(lab)5t22(lab) 0.14660.225 20.41560.148 0.17060.236
T20(c.m.) 20.32160.153 20.28060.144 20.09860.218
T21(c.m.) 20.40360.139 20.15460.083 20.55960.161
T22(c.m.) 0.03560.216 20.51960.133 20.04660.228
t21(c.m.) 20.45160.179 20.47160.110 20.60260.202
t22(c.m.) 20.09660.225 20.63360.146 20.08660.245
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T201T22.

Previously the polarizationst21(lab) andt22(lab) and their
corresponding analyzing powersT21(c.m.) and T22(c.m.)
were only accessible via results from different experime
or using model calculations. Our results of the tensor ana
ing powers are listed in Table III. The results fort20(lab) and
T20 at pion energies of 134 MeV and 180 MeV are shown
Fig. 9 together with data from former experiments. The d
from Refs. @5,7,8# are from double-scattering experimen
while the data from Ref.@9# are obtained by a single
scattering experiment. Smithet al. used model calculation
for the componentsT21 and T22, to obtain t20(lab)
03400
s
z-

a
,

5 f (T20,T21,T22). There is clearly good agreement at th
two pion energies between the projected tensor polarizat
and analyzing powers of this experiment and previously p
lished data. The predictions of the partial-wave analysis
SAID are based on different databases. The SM94 solu
@35# includes elasticpd data while the C500 solution@36#
results from a combined analysis of the reactionspp←pp,
pd←pp, andpd←pp. The solid line is the result of phase
shift calculations with SAID using the SM94 solution for th
elasticpd channel@35#. In Fig. 10 we present our new dat
~open circles! for t21 andt22 together with earlier data from
single-scattering experiments at TRIUMF and PSI. These
periments used a tensor polarized deuteron target meas
the polarized and unpolarizedpd cross section to obtaint21
andt22 while our data were obtained by measuring the te
sor polarizations of the recoil deuteron with a doub
scattering apparatus.t21 was measured by Smithet al. @9#
~solid squares!, t22 by Ottermannet al. @6# ~open squares!,
ts from

FIG. 9. t20 andT20 in comparison with previous data. The solid triangles are from Refs.@5,8#, the solid diamonds are from Ref.@7#, and

the solid squares are from Ref.@9#. The data points obtained by this experiment are shown as open circles. The solid line are resul
SAID phase-shift analyses~SM94! @35#.
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FIG. 10. t21 andt22 ~open circles! in comparison with previous data. The solid squares represent previouslyt21 data of Smithet al. @9#.
The open squares show results of Ref.@6#, the solid triangles of Ref.@3#. The solid line are results from SAID phase-shift analyses~SM94!
@35#.
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and Wessleret al. @3# ~solid triangles!. For our data the
quoted uncertainties include both statistical as well as s
tematic errors, while the data of Wessleret al. disregard the
systematic error which was stated to be 8%@3#. The solid
line represents the SAID SM94 solution@35#.

As mentioned before the polarization compone
t21(lab), t22(lab), respectively, and the analyzing powe
T21, T22, were measured up to now only via the combin
quantitiest21 and t22. Therefore a direct comparison wit
former experimental results is not possible. Our measu
ments are shown in Fig. 11 together with results of the F
deev calculations~solid line! outlined in Sec. V and results o
phase-shift calculations~SAID!, with the SM94 solutionpd
elastic~short dashed line! @35# and the C500 solution of the
coupled channelsd(p,p)d,p(p,p)p and d(p,p)p ~long
dashed line! @36#. No major discrepancies exist between t
three theoretical results, and also the experimental data
reproduced satisfactorily.

B. Polarization transfer observables

Using a polarized deuteron target with known polarizat
and measuring the polarization states of the recoil deute
beam enable us to determine four polarization transfer
servables at two different pion energiesTp5134 MeV,
uc.m.5136°, and Tp5180 MeV, uc.m.5108° and uc.m.
5127°. The results are summarized in Table IV. The unc
tainties include the statistical errors as well as system
errors resulting from target and beam polarization meas
ments. The latter are small compared to the statistical err
All values are determined using the absolute method follo
ing the same reasons outlined above. The precision of
scattering angle is limited by the angular acceptance of
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quadrupole triplet and wasu(lab)565.5°. For up,c.m.

5108° atTp5180 MeV the data points were extracted fro
two different data-taking periods and both datasets are
excellent agreement.

The polarization states of the recoil deuteron beam w
measured in the laboratory system and therefore we co
obtain the polarization transfer observables in this syst
Model calculations and the results of the SAID phase-s
analyses are normally predicted in the center-of-mass fra
As a consequence, the two systems have to be transfor
with the equations given in Sec. II; only the observable
61u11)lab5(161u11)c.m. is unchanged. Since again all thre
observables,i (11u20),i (161u21), and i (161u22), are re-
quired for the transformation, the errors of the measu
quantities are smaller in the laboratory frame. On the ot
side, the influence of the helicity amplitudes should be m
visible in the center-of-mass system. In Fig. 12 the d
points are compared to Faddeev calculations and SAID
sults in the laboratory system, in Fig. 13 in the center-
mass system. All quantities are according to the Madis
convention, which includes an additional sign factor@see Eq.
~2!#. This sign factor was not taken into account in our p
vious publication@37#. Therefore the polarization transfe
observables were not stated according to the Madison c
vention. Additionally the theoretical Faddeev calculatio
and the SAID predictions were shown in the center-of-m
system while the experimental results were shown in
laboratory system. The solid line in Figs. 12 and 13 rep
sents the results from Faddeev calculations~see Sec. V!. The
short dashed line gives again the output from the SM
SAID solution @35# and the long dashed line from the C50
SAID solution @36#. So far, our results are not included
3-12
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FIG. 11. The tensor polarization componentst21(lab),t22(lab) and the tensor analyzing powersT21,T22 ~squares! compared to Faddeev
calculations~solid line! and different SAID solutions. The short dashed lines are results from the SM94 solution~elasticpd-channel! @35#;
the long dashed lines are from the C500 solution~coupled channels! @36#. All observables are according to the Madison convention.
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these databases. The overall good agreement of SM94
C500 with the measured polarization transfer observables
dicates the consistency of these new data with former po
ization and analyzing power measurements. The largest
viation between Faddeev calculations and experime
results appears for the observablei (11u20) at 180 MeV in
the forward region, while the results of the phase-shift ana
ses agree quite well.

VII. CONCLUSION

We have measured for the first time a complete set
polarization observables, including polarization transfer,
03400
nd
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f
n

elasticpd scattering below and at theD(3,3) resonance, a
backwards angles. The single scattering observables a
good agreement with the existing world dataset as well
with the SAID predictions SM94 and C500. Polarizatio
transfer has not been measured before.

There are still deviations between the theoretical pred
tions and experimental data, which also become visible
the helicity amplitudes. A model-independent helicity amp
tude analysis has finally become possible, at least for
energies at discrete angles, because the required datase
now been completed and, even more, overdetermined.
yond that, this dataset is free of systematic errors resul
3-13
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TABLE IV. Measured polarization transfer observables in the laboratory and center-of-mass syste

Tp5134 MeV Tp5180 MeV Tp5180 MeV
up,c.m.5136° up,c.m.5108° up,c.m.5127°

(11u11)1(121u11)(lab) 20.45360.472 20.74460.309 20.50660.490
i (11u20)(lab) 0.23960.119 0.60360.065 0.13560.109
i (11u21)1 i (121u21)(lab) 20.00560.433 0.55260.271 20.25660.488
i (11u22)1 i (121u22)(lab) 0.34260.620 0.37360.334 0.09960.585
(11u11)1(121u11)(c.m.) 20.45360.472 20.74460.309 20.50660.490
i (11u20)(c.m.) 0.21560.216 0.69160.176 20.01960.261
i (11u21)1 i (121u21)(c.m.) 20.08960.391 20.35560.195 20.24660.390
i (11u22)1 i (121u22)(c.m.) 0.36160.595 0.30160.306 0.22460.562
a

th
ex
r

e-
all.

ions
uld
from different experimental setups or different deuteron t
get materials.

The polarization transfer observables and additionally
polarizations and analyzing powers determined in this
periment are not included in the SAID databases, neithe
03400
r-

e
-

in

SM94 nor in C500. For SM94 we are expecting an improv
ment of the predictions since the database is relatively sm
Therefore the data should have an impact on the predict
of the amplitudes. For the solution C500 the influence sho
be smaller since the other channels, especially the elasticpp
FIG. 12. The polarization transfer observables~squares! in the laboratory system compared to Faddeev calculations~solid line! and
different SAID solutions. The short dashed lines are results from the SM94 solution~elasticpd channel! @35#; the long dashed lines are from
the C500 solution~coupled channels! @36#. All observables are according to the Madison convention.
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FIG. 13. The polarization transfer observables~squares! in the center-of-mass system compared to Faddeev calculations~solid lines! and
different SAID solutions. The short dashed lines are results from the SM94 solution~elasticpd channel! @35#; the long dashed lines are from
the C500 solution~coupled channels! @36#. All observables are according to the Madison convention.
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in
channel, have been examined in more detail than the ela
pd channel. Nevertheless, our dataset should enable u
impose some restrictions for the predicted amplitudes.
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APPENDIX

1. Formalism and conventions

The observables forpd elastic scattering are expressed
terms of helicity amplitudes as@24#

ds

dV
5 1

3 Swith S52uAu214uBu212uCu21uDu2,

i t 1152 i ~00u11!52A6Im@B* ~A2C1D !#/S,

t205~00u20!5A2~ uAu21uCu22uBu22uDu2!/S,

t2152~00u21!52A6Re@B* ~A2C2D !#/S,
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t225~00u22!5A3~2Re~A* C!2uBu2!/S,

~11u11!53~Re~A* D !1uBu2!/S,

~11u121!53~2Re~C* D !1uBu2!/S,

i ~11u20!52A3Im@B* ~A2C22D !#/S,

i ~11u21!523Im~A* D !/S,

i ~11u221!523Im~C* D !/S,

i ~11u22!53A2Im~B* A!/S,

i ~11u222!523A2Im~B* C!/S. ~A1!

Application of Eq.~1! to the observables of Eq.~A1! leads to
the following expressions:

iT11
lab52 i t 11

lab5 iT11
c.m.,

T20
lab5t20

lab5
3 cos2uR21

2
T20

c.m.

12A3

2
sinuR cosuRT21

c.m.1A3

2
sin2uRT22

c.m.,

T21
lab52t21

lab52A3

2
sinuR cosuRT20

c.m.

1~2cos2uR21!T21
c.m.1sinuR cosuRT22

c.m.,

T22
lab5t22

lab5
1

2
A3

2
sin2uRT20

c.m.

2sinuR cosuRT21
c.m.1

11cos2uR

2
T22

c.m.,

i ~161u11! lab5 i ~161u11!c.m.,

i ~11u20! lab5
3 cos2uR21

2
i ~11u20!c.m.

2A3

2
sinuR cosuRi ~161u21!c.m.

1
1

2
A3

2
sin2uRi ~161u22!c.m.,

i ~161u21! lab5A6sinuR cosuRi ~11u20!c.m.

1~2 cos2uR21!i ~161u21!c.m.

2sinuR cosuRi ~161u22!c.m.,
03400
i ~161u22! lab5A3

2
sin2uRi ~11u20!c.m.1sinuR cosuRi ~1

61u21!c.m.1
11cos2uR

2
i ~161u22!c.m.,

~A2!

where

i ~161uL8M 8!5 i ~11uL8M 8!1 i ~121uL8M 8!.

The polarization transfer observables choosing a Ca
sian coordinate system are

Ky
y85

1

3pZ
Fpy8

1 s12py8
2 s2

s0 G ,

Ky
x8z85

1

3pZ
Fpx8z8

1 s12px8z8
2 s2

s0 G ,

Ky
x8x85

1

3pZ
Fpx8x8

1 s12px8x8
2 s2

s0 G ,

Ky
y8y85

1

3pZ
Fpy8y8

1 s12py8y8
2 s2

s0 G ,

Ky
z8z85

1

3pZ
Fpz8z8

1 s12pz8z8
2 s2

s0 G ,

with

Ky
x8x81Ky

y8y81Ky
z8z850.

They are related to the spherical observables by

~11u11!Mad1~121u11!Mad52
3

2
Ky

y8 ,

i ~11u20!Mad52A 3

2A2
Ky

z8z8 ,

i ~11u21!Mad1 i ~121u21!Mad52Ky
x8z8 ,

i ~11u22!Mad1 i ~121u22!Mad52
1

2
~Ky

x8x82Ky
y8y8!.

2. The polarization of the deuterons

The deuteron polarimeter measures the number of pro
emitted in the scattering anglesu50°,25°,45° and in the
azimuthal anglesf50°,90°,180°,270°. The correspondin
counting rates are labeledL(u i),D(u i),R(u i),U(u i) (u i
P$25°,45°%) and N(0°) for the 0° detector. The counting
rates in the polarimeter detectors can be calculated u
Eq. ~5!:
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L~u i !5s0@112i t 11iT11~u i !1t20T20~u i !12t21T21~u i !

12t22T22~u i !#,

R~u i !5s0@122i t 11iT11~u i !1t20T20~u i !22t21T21~u i !

12t22T22~u i !#,

D~u i !5s0@11t20T20~u i !22t22T22~u i !#,

U~u i !5s0@11t20T20~u i !22t22T22~u i !#,

N~0°!5s0@11t20T20~0°!#. ~A3!

a. The absolute method

The following asymmetries and count rates have to
defined to determine the deuteron polarizationu i
P$25°,45°%):

A1~u i !5L~u i !2R~u i !54s0@ i t 11iT11~u i !1t21T21~u i !#,

A2~u i !5@L~u i !1R~u i !#2@U~u i !1D~u i !#58s0t22T22~u i !,

N~u i !5L~u i !1R~u i !1U~u i !1D~u i !

54s0@11t20T20~u i !#,

N~0°!5s0@11t20T20~0°!#.

Additionally, the number of deuteronsNd incident on the
3He cell is required. The polarimeter efficienciesr (u) are
defined by

r 0~u!5
N0~u!

Nd
0 , r ~u!5

N~u!

Nd
, uP$0°,25°,45°%;

r 0(u) are the polarimeter efficiencies with unpolarized de
teron beam, resulting from an independent polarimeter c
bration. The tensor componentt20 can be determined three
fold:

t20~u!5
1

T20~u! S r ~u!

r 0~u!
21D , uP$0°,25°,45°%;

t22 is calculated independently from the counting rates in
detectors atu i525° andu i545°:

t22~u i !5
1

T22~u i !

A2~u i !

2r 0~u i !Nd

it 11 and t21 are resulting from the left-right asymmetry:

i t 115
1

Nd

A1~25°!T21~45°!

r 0~25°!
2

A1~45°!T21~25°!

r 0~45°!

iT11~25°!T21~45°!2 iT11~45°!T21~25°!
,

03400
e

-
li-

e

t2152
1

Nd

A1~25°!iT11~45°!

r 0~25°!
2

A1~45°!iT11~25°!

r 0~45°!

iT11~25°!T21~45°!2 iT11~45°!T21~25°!
.

b. The ratio method

In analogy to the absolute method asymmetries are
fined, but only the ratio of the counting rates at differe
scattering and azimuthal angles are regarded. Therefore
number of incoming deuterons is not required.

B105
N~25°!

N~0°!
54

I 0~25°!@11t20T20~25°!#

I 0~0°!@12t20T20~0°!#
,

B205
N~45°!

N~0°!
54

I 0~45°!@11t20T20~45°!#

I 0~0°!@12t20T20~0°!#
,

B215
N~45°!

N~25°!
5

I 0~45°!@11t20T20~45°!#

I 0~25°!@12t20T20~25°!#
,

B1~u i !5
L~u i !2R~u i !

N~u i !
5

i t 11iT11~u i !1t21T21~u i !

11t20T20~u i !
,

B2~u i !5
@L~u i !1R~u i !#2@U~u i !1D~u i !#

N~u i !

52
t22T22~u i !

11t20T20~u i !
.

The ratiosB10,B20, andB21 are linearly dependent, becaus
B205B10B21. Three values oft20 can be determined, bu
only two of them are linearly independent:

t20~B10!5
~B10/B10

0 !21

T20~25°!2~B10/B10
0 !T20~0°!

,

t20~B20!5
~B20/B20

0 !21

T20~45°!2~B20/B20
0 !T20~0°!

,

t20~B21!5
~B21/B21

0 !21

T20~45°!2~B21/B21
0 !T20~25°!

.

The subscript zero denotes ratios coming from the polar
eter calibration, with

B10
0 5

r 0~25°!

r 0~0°!
, B20

0 5
r 0~45°!

r 0~0°!
, B21

0 5
r 0~45°!

r 0~25°!
;

The two values oft22 are calculated from independent coun
ing rates at different scattering angles (u i525°,45°) in the
polarimeter.i t 11 andt21 result from the left-right asymmetry

t22~u i !5
B2~u i !

2T22~u i !
@11t20T20~u i !#,
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i t 115
B1~25°!T21~45°!@11t20T20~25°!#

iT11~25°!T21~45°!2 iT11~45°!T21~25°!

2
B1~45°!T21~25°!@11t20T20~45°!#

iT11~25°!T21~45°!2 iT11~45°!T21~25°!
,

P
d

R

.
G.

S
d

u
s

ett
B.
so

W
.A

ll,
u-
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ho

.
,
.

.
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.J.
u-

ll,
.J

03400
t2152
B1~25°!iT11~45°!@11t20T20~25°!#

iT11~25°!T21~45°!2 iT11~45°!T21~25°!

1
B1~45°!iT11~25°!@11t20T20~45°!#

iT11~25°!T21~45°!2 iT11~45°!T21~25°!
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