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A complete set ofrrd polarization observables, including polarization transfetrthelastic scattering have
been measured at backwards scattering angles for two pion energies below and @8,8)eresonance. 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.
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I. INTRODUCTION mentally, because it is a two-body reaction and theoretically,
. . because it can be described by only four complex helicit
In medmm—_energy physics theNN system has been of amplitudes, due to parity and tin)ge—re)\//ersal invaﬁance. For);
great interest in recent years, theoretically as well as eXperodel-independent amplitude reconstruction seven indepen-
mentally. The reaction channels can be calculated, at least ifent observables have to be measured. As yet, only five ob-
principle, exactly by relativistic Faddeev calculations makingseryables have been determined: the differential cross section
use of the well-known properties of theN andNN sub-  dq4/d(), the vector analyzing powsiT,;, and the tensor
systems. Meson-exchange theories may be tested in this fewnalyzing powersT o, T,;, and T,,, respectively the com-
body system, where pion absorption and emission play apined quantitiesr,;,7,,, and the tensor polarizatioty
important role. These processes are essential for the und¢p—10]. Further independent observables can only be ob-
standing of more complex nuclei. TRN-77NN system con-  tained by polarization transfer measurements in a double-

sists of several strongly interacting channels: scattering experiment.
Some of the already measured observables show system-
NN atic discrepancies to the theoretical predictions, mainly at
NN q large pion scattering angleg, ,>90° and pion energies
)T above theA (3,3) resonancg3,9]. Since different theoretical
7NN models[11-15 predict similar results, as long as the same

7N andNN subsystems are used, the origin of the deviations
Over the last decades, a number of theoretical modelbetween theory and experiment is not to be found in the
have been developed by various groups, describing the ditespective calculations, but either in the underlying two-body
ferent reaction channels of this system through a set ofhput or in a mechanism previously ignored by theoretical
coupled integral equationgl]. With the continuously in- approaches. Attempts to understand these discrepancies
creasing database it was possible to test the predictions @fith contributions of dibaryon resonances failgtb]. An-
these models in more detail. Among the different reactiorother effort has considered contributions from short-range
channels the elastied reaction is of special interest: experi- NA interactions. The parameters were determined by fitting
the available experimental data. The phenomenolodical
interaction was added in Born terms to the background few-
*Present address: Physikalisches Institut, Univerditibbingen,  body amplitudes, but only twdNA-scattering states were
D-72076 Tibingen, Germany. found to be importanf15]. The experimental data of the
"Present address: SAP AG, D-69185 Walldorf, Germany. differential cross section and the vector analyzing power
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were reproduced very well. However, when terms of highemutline of the relativistic three-body equations as a basis of a

order were included, it was shown that their influence is nomodel calculation is given in Sec. V. Finally the experimental

negligible, and they tend to cancel the effects obtained byesults are represented in Sec. VI and compared with the

adding theAN interaction only in Born termfg17]. predictions of the Faddeev calculations and two solutions of
In order to get a consistent theoretical description of allthe Virginia Tech Partial-Wave Analysis FacilitySAID)

reaction channels in theN-7NN system, the pion elastic analyses.

scattering channel has to be coupled to the pion absorption

channel via theP,; amplitude. Field theoretical consider- Il. FORMALISM

ations[3,14,1§ require a separation of the amplitude in a

pole and a nonpole part, where the single parts are large bEF‘ﬁ In the helicity formalism introduced by Jacob and Wick

3], elasticrd scattering is defined by four complex helic-
y amplitudes due to parity and time-reversal invariance.
The relations between observables and the helicity ampli-
tudes have been stated previougP,25. In order to give
&he connection to the experimental quantities, for easier ref-

apfd n((j)r;)potlﬁ p‘;irts are szﬁltg]‘ _Aﬂsoslatble S(()jI_Utt'on twtas erence and to clarify conventions and notations, we repeat
offered by the Jennings mechani$0]. Intermediate states some definitions and equatiofsee Sec. 1 in the Appendix

containing four particles t7wNN) were considered that The reaction parameters are labeled (targebil)

strongly suppress the pole part, but further calculations in'z(LM|L’M’). There are 16 linearly independent observ-

cluding tgrms of h!gher_ orders §howed that the degree °£b|es[24,2£‘j: the differential cross sectiato/d{(), one vec-
cancellation, especially in the region of the3,3) resonance, tor, three tensor polarizationigy, , and 20 polarization trans-

tended to compensate these effd@s]. The theoretical ap- fer coefficients(nine of them are linearly depend@nthe

_pro_ach_ of Jennings and co-workers can be understood as ?&Iowing polarization observables were accessible in our ex-
indication that the treatment of theNN system may be geriment at least as linear combinations:

incomplete, in particular processes containing four particle

the sum has to be small to reflect the experimental dat
However, the predictions of this improved model failed for
the tensor polarizatiotyy, respectively the tensor analyzing
power T,q, in contrast to Faddeev theories where the pol

in the intermediate state have to be considered. This is not it;;=—i(0011), t,,=(00/20),
included in conventionairNN theories because of the trun-

cation of the Hilbert space to a maximal number of pions. A t,y=—(0021), t,=(0022),

new theoretical approach by Kvinikhidze and Blankleider

should be able to describe these states consistiggly It is (111D +(1-1/1D), i(1120),

free from problems of renormalization, based on convolution ) ) _ _

integrals as well as a consistent four-dimensional relativistic (112D +i(1-1[21), (1122)+i(1-1[22),

description of thewrNN system. This could be a starting
point for new theoretical calculations with possible interest
ing aspects for medium-energy physics.

whereit;,t5,t51, @andt,, are the vector and tensor polar-
“izations following the Madison convention. The transforma-

tjon of the reaction parameters from the center-of-mass sys-

Si_nqe previously the discrepancies between theoreticah, i yhe laboratory system can be calculated from the
predictions and experimental data could not be resolved, 3xpressior{24]

model-independent approach would be very useful. To com-
plete the set of experiments needed for a model-independent L

amplitude reconstruction of the elasticd channel, at least (LM|L’M’)|ab=2 (LMIL"M")dyuy (= 0r), (1)
two polarization transfer observables have to be measured M

additionally. By polarizing the deuteron target and measuringvhere 6, is the deuteron recoil angle in the laboratory sys-
Fhe polarization of th_e_ recoil deuteron, 20 different, but noti. anddL’” , are Wigner rotation matrices. This formula
independent, quantities could be measured. A model- . MM .
dependent amplitude reconstructidig] have shown that the applies also for the transformation from the laboratory to the

measurement of polarization transfer observables with thgenter—of—mass system, with an additional sign change of the

target spin aligned perpendicular to the scattering plancraeco'I angle.

should have a bigger impact on the helicity amplitudes,. To obtaln_t_he reaction parameters In the Mapllson COI’IVEI?I-
) : S tion, an additional sign factor has to be taken into account:
than a parallel alignment. This and the availability of the

polarized target of previous experimen has led to the (LM|L’M"yMad= (— 1)L+MEM" (| MIL"M") 2
decision to determine the following four quantitie4d|11) '
+(1-112), i(1220), i(1Y21)+i(1-12) and i(1122)  For a complete determination of the four complex helicity
+i(1—-1/22). Constraints on the experimental setup due toamplitudes, except a common phase factor, at least seven
the target magnetic field enabled measurements at angles liadependent observables have to be measured. So far, only
tween 6. ,,=100° and 140° at two incident pion energies, five of them have been determined at several energies in the
E.=134 and 180 MeV, where the differential cross sectiongegion of theA (3,3) resonance, namely the differential cross
and analyzing powers had been measured previously. section and four polarization observables. In principle, there
Section Il gives a brief introduction to the formalism of are two different experimental setups: a single-scattering ex-
7rd elastic scattering. The experimental setup is described iperiment with a polarized deuteron target and a double-
Sec. I, the data reduction is explained in Sec. IV. A shortscattering experiment, where the polarization states of the
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ao(0) is the cross section for unpolarized deuterofs,
are the polarization components of the incident deuterons,
X and T,4(#) are the analyzing powers of the reaction
/ 3He(d,p)*He. The azimuthal dependence of the emitted
protons is expressed in the outgoing reactant helicity frame
B which is obtained by a rotation of the projectile helicity
frame[27]:

0(0,0)=00(0,d)[ 1+ 2it14iT11(0)COSP+ 10T 50 6)

FIG. 1. The quantization axiS of the deuteron spins relating to +2t51To1(0)cosp + 2t,,THy( #)cos 26].  (5)
a coordinate system defined by the Madison conventiois the
polar angle measured from texis, andg is measured from thg  Nine counter telescopes were mounted at three different scat-
axis to the projection o8in the xy plane. tering angles¥=0°,25°,45° and four azimuthal angles=0°

(left), 90° (down), 180°(right), 270° (up). The counting rates

outgoing deuterons have to be analyzed. In order to obtaiare labeled_(6;),D(6,),R(6;), andU(86;), respectively 0
further independent observables of thd system, polariza- {25°,45%), andN(0°) for the 0°detector.
tion transfer observables have to be measured, where both There are two different methods to determine the polar-

methods have to be combined(¢r,7)d), which means the ization states of the recoil deuterons: _
measurement of the polarization states of the initial and final (&) The ratio method uses proton counting rates at differ-

channel. The rescattered deuterons may have the followingnt polar and azimuthal angles.
seven polarization components: (b) The absolute method needs the measurement of the

incident recoil deuteronbly. To identify these deuterons a
more complicated experimental setup is needed.

The ratio and absolute methods are independent of each
other and therefore allow two independent determinations of
Several different polarization transfer coefficients could begne polarization stateee Sec. 2 in the AppendixThe po-
determined, depending on the alignment of the target polafzrimeter has to be calibrated with unpolarized and polarized

ityy, ity—g, too, tor, ta—g, top, and tp_p.

ization relative to the scattering plane. deuteron beams to obtain its efficiencies and analyzing pow-
ers[28]. The formulas for the absolute and the ratio method
A. The target polarization can be found in Ref.28] and in the Appendix.

The direction of the target magnetic field fixes the orien- o
tation of the deuteron spins in the target material. Their quan- C. The polarization transfer parameters
tization axisSmay be parallel or antiparallel to the magnetic ~ The polarization transfer parameteisg(k’q’)"2 in the
field. Generally it does not correspond with th@xis of a  Madison convention can be calculated from the target and
coordinate system according to the Madison converf@8h  recoil polarizationst,, andt,,, respectively. The indices
(see Fig. 1 The target magnetic field was aligned perpen-0,+ indicate the target magnetic field direction, either unpo-
dicularly to the scattering plane. This choice has physicalarized or aligned parallel and antiparallel to the scattering
[18] as well as technical advantages, all particles being irplane:
one plane. In this special case are90° and 8=0° (spin
“up” ) and B=180° (spin “down”), respectively. Therefore
typ andt,. ; are zero.

* * _ 0 * [

tqurU =0 tqur+k2’q tkq(kq“( q ) . (6)
3 . .

ty=t, ;=i \[gpz, Inserting Eqs(3) yields

+ + — 3 H I~ '~/
1 3 tk,q,UZGO[tE,q,+ \[zpzl[(lllk q')+(1-1lk'q")]
to=— ﬁpzz’ o=ty o=~ \/;pzz- ©)

Pzz ,
- ﬁ[(zdk q’)
B. The polarization of the recoil deuterons
The polarization state of the recoil deuteron has been de- \/6 . .

termined by the reactioAHe(d, p)*He. Due to parity invari- + E[(Zzlk a’)+(2=2lk'a)] (- @)
ance this cross section can be written as

0(0)=0o(0)[ 1+ 2it 11 T11(0) +togTo0( 0) Specific chqi_ces of the final stqtd_xsq’ and either sub-

traction or addition of the two possibilitigspin parallel and
+2t51T51(0) + 2t 5T o5 0)]. (4) antiparalle] and using Eq(2) gives:
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FIG. 2. Schematic diagram of the experimental setup of the double-scattering apparatus.

(1= 1|11)’\’Iad =90°. Three scintillation counters were used for a coinci-
dence measurement of the outgoing protons, AfeAE
telescope at the left sidé\E, andE,) and aAE counter at

' the right side Eg). The pions were detected in coincidence

with the recoil deuterons using three 2 mm thick plastic scin-
tillators with a total area of 400300 mnf. Photomultipliers
were mounted on both ends of the scintillator panels and
allowed a crude position resolution. A quadrupole triplet was
placed between target and polarimeter to increase the accep-
tance solid angle and to reduce background, mainly from

' protons.
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1 A. The polarized deuteron target

\Epz

(t;2+t;,2)a+ —(typtty y)o
200

i(1+1[22)M= — : The target system consisted of two main components: a
®) superconducting Helmholtz coil supplying a field strength of
B=2.5 T with a homogeneity oAB/B=3x10"* over the
with target volume and &@He/*He dilution refrigerator with a
cooling power of approximately 1 mW at 100 mK integrated
(L=M|L'M " )Mad= (| M|L'M " )Mady (L —M|L' M )Mad, in a single cryostatsee Fig. 3. The “He bath of the cryostat
was used for both cooling of the superconducting coils and
The connection to the observables in the cartesian frame gondensing the’He/*He mixture. Dynamic polarization of
given in the Appendix. the target material was produced by irradiating the target
with microwaves of approximately 69.9 GH#or positive
polarization and 70.2 GHz(for negative polarization In-
lll. EXPERIMENTAL SETUP version of the polarization did not involve therefore revers-

In order to determine polarization transfer observablesing the polarity of the magnetic field. The target material
the polarization states in the initial and the final channel havé&onsisted of deuterated ammonia §Dn the form of ap-

to be measured. This requires a polarized deuteron target afgoximately 1 mm diameter chunks contained in a cylindri-
a polarimeter to analyze the recoil deuterons in a double€@! Cell with 18 mm diameter and 18 mm height. The para-
scattering experiment, magnetic _rad|cals were crea_lted by irradiating the material
The measurements were performed at#fiel channel of  UNder liquid argon at 90 K with electrons from the 20 MeV
the Paul Scherrer InstitutPS) with the double-scattering injection linac of the Bonn synchrotron._Compared W'th deu-
apparatus shown schematically in Fig. 2. terated e_llcohols(f(_)r _examp_le propandig| ND3 and_ LiD :
Since the pion rate was too highapproximately 5 have a higher radiation resistance and a higher spin density.
X 10° 7*/s) to allow individual counting of pions, an ion- A test run, however, showed_ t_hat the background from qua-
ization chamber was used to get absolute normalizationSlfree deuteron scattermg Gihi is mu.ch _too high to separate
Careful monitoring of the pion beam was required, especiall;}t exactly from the elaSt.'Ole scattering; therefore NDwas
since the target was smaller than the beam spot, and Sme(ﬂposen as target material.
shifts would have changed the luminosity of the reaction and
therefore the reaction rate. This was achieved by an addi-
tional luminosity monitor. The reactiod(,p)p is insensi- The deuteron polarimeter was built by @hleret al.[28]

tive to the target polarization at a scattering angledgf,,  and is divided in two main components: the scintillation

B. The deuteron polarimeter
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FIG. 3. Schematic view of the polarized deuteron target.
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counters to detect the protons from tAele(d,p) reaction
and a vacuum chamber containing a position-sensitive wire
chamber, a scintillator and th&éHe-target cell(see Fig. 4.

The 3He(&,p)“He reaction has many advantages, in particu-
lar the highQ value of 18.4 MeV enabling a clear separation
of the protons from background. The position of the incident
deuterons was determined by a wire chamber. This was nec-
essary because the effective solid angle of the outgoing pro-
ton detectors varies when the deuteron beam deviates from
the symmetry axis of the polarimeter. Possible systematic
errors stemming from such an asymmetry were therefore
eliminated.

The wire chamber was mounted in a pressure vessel in-
side the vacuum chamber in front of the second time-of-
flight detector(PAS detectorand the®He cell. The position-
sensitive zone was 3838 mnt and therefore bigger than
the entrance window of the target cell. The counting wires
were made of 20um thick tungsten wires, with a 2 mm
vertical and horizontal grid resolution. Entrance and exit
windows consisted of a 10Qm thin Mylar foil in order to
minimize the energy loss of the deuterons. The operational
mixing was 89.1% argon, 10% isobutan, and 0.9% freon. A
voltage of—4.4 kV was applied and the counting efficiency
was 80%. The signals were collected by delay-line read-out.
For the detection of the recoil deuterons the time of flight
(TOF) through the quadrupole triplet was measured by two
detectors(TOF, PAS (see Fig. 2 They were also used for
several other time-of-flight measurements.

The TOF detector was located in front of the vacuum
entrance window of the triplet and had a sensitive area of

Proton Telescopes {NE I02A)

E-Detector 7.5mm (45°)
-Detector LOmm (45°, 22°)

7 E-Detector 12.0mm (22%

aptolun ’

4 ﬁ | E-Detector ISmm
4 (0°)

Cu /§
N
A
Steel
:’ z {
N1 %
7 ¥ N
NNAN A

Mylar

7
Z

l Pressure Vessel

AE -Detectors
1.271.2/2.0mm (0

| #74)

o e o e |
Ay I 23 4 Scm

FIG. 4. Side view of the deuteron polarimefes].
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200 mnt and was 0.5 mm thick. The signals were read outanalysis. A proton event was defined by a coincidef&g
through a 500 mm long light guide, in order to protect theXE, XEg. The corresponding timing window was 100 ns
photomultiplier from influences of the target magnetic field. wide, ensuring an off-line selection of protons coming from
The PAS detector was adjusted between the wire chambéhe deuteron breakup reaction. The time-of-flight signal be-
and the entrance window of th#He cell, with a sensitive tween the detectors on the left and right side and an addi-
area of 32 mm diameter. The effective length of fitée cell  tional random coincidence left/right coming from different,
was 15 mm and its entrance window had a diameter of 38uccessive beam bursts made an online monitoring ofrthe
mm and was 0.2 mm thick. The exit window had a shapduminosity possible. L .
such that the protons of various angles reach the detectors (i) The md data acquisition to measure, and o™, re-
with the same energy: the thickness was 0.4 mm. Both wergPectively: A pion was defined by a coincideneg (up)
made from a special aluminum alloy, Peruval-215. Xmg(up) or m (mid)Xmg(mid) —or - (down)
In order to maximize the efficiency of the polarimeter, the x WR(d?Wn)’ a deuter’f)n by a 90|nC|‘Ejen(ie TRPAS. For
target was cooled down to 14 K, and the pressure ofthe events _plon-d_eut_eron an add|t|ona_lq-r bit,” defined by the
gas was 12 bar. The target temperature was monitored Wit]ﬁlnemancal coincidence between pion and deuteron, was re-

three diodes and was read out together with the pressure ﬁg)rgted_. Tolergs%;/e a prppe(rj Stelefm/)_lr_]gg eyent(js ?mte-c;fl;AS
fixed time intervals. Several layers of thin aluminized Mylar 'ght signals between pion detector » plon detector '

foil guaranteed a thermal isolation of the cell. The vacuumand...TOF/PAS were used. o . .
(i) The polarimeter data acquisition: The trigger logic

chamber was evacuated to TOmbar to avoid condensation built up in anal to thed dat isition. but addi
of residual gas on the target surface. For the determination as built up In analody 1o therd data acquisition, but add-
lonally a polarimeter event was demanded. A proton de-

the polarization componenit; 1,t,q,t51, andt,, several pro- . : . ) )
. . tected in the polarimeter was defined by the following coin-
ton detectors were mounted at different scatteriy gnd cidence: POOX PO9X P9X P10 (9=0°) or POLXP1 or

azimuthal(¢) angles: o or_no
(1) at #=0° one counter telescope with four scintillation POL X PS5 (00225 and°45 ¢=0°) or PORXP2 or POR
detectorgPOO(L.2 mm), PO9(1.2 mm), P9(2 mm), and P10 < P8 (#=25° and 45%=1809 or PODxP3 or POD
(15 mm), consecutively in beam directigin X P7 (09:25 a?d 45%=907) or POUxP4 or POUX P8
(2) at 6=25° four scintillation counters, 12 mm thick, at (6=25° and 45%=270°).

four different azimuthal anglegP1 (¢=0°), P2 (=180,
P3(4=90°, and P4(¢=2709]; IV. THE DATA RECONSTRUCTION

3 at 6=45° fpur scintillation counters, 7.5 mm thick, at  The data analysis included a series of one- and two-
four different azimuthal anglegP5 (¢=0°), P6 (=180,  gimensional software cuts. Although the thresholds and the
P7(#=90°), and P8(¢=2709]. ) high voltage of the photomultipliers were checked continu-

The AE counterd POL (left), POD (down), POR (right),  oysly during the experiment, the raw spectra were inspected
andPOU (up)] were 1 mm thick, each for tw counters at  pefore the analysis to guarantee stable and constant condi-

=25 and 45° and for one azimuthal angle. To ensure a fasjons. The luminosity of therd reaction was monitored via
adjustment of the polarimeter, the whole frame was mountege rates of thel(,p)p reaction and the ionization cham-

on a transversal sliding system, which was additionally roer. | the first data-taking period a relative value of the
tatable around the polarimeter axis. _target polarization was determined online by NMR and its
Several components were changed compared to the origipsolyte value was calculated, measuring the polarized dif-
nal desigr(28]: The AE counter POO was mounted @0°.  terential cross section of the elastid scattering. During the
Energy loss and straggling of the incoming deuterons wergecong data-taking period it was possible to obtain an abso-
reduced by a thinner entrance window of thee cell (0.2 |yte value of the deuteron polarization by measuring the
mm). This enabled also measurements at smaller pion scajy\mR signal at thermal equilibrium. The polarization states
tering angles. The resulting difference in the deuteron energy {he rescattered deuterons were extracted from the spectra

to the calibration dat428] was considered by energy 0SS of the proton detectors in the polarimeter and the time-of-
calculations and was included in the analysis. The alumlnunﬂight spectra of the corresponding deuterons.

absorbers and the solid state detector were removed.

C. The data acquisition A. The beam monitor

In this double-scattering experiment a background sup- The pion flux incidenting on the deuteron target was
pression of 1 to 10° had to be reached. This was necessarymonitored by detecting the two protons from thémr,p)p
because of the large amount of background protons and theaction in kinematic coincidence é¢,,=90°. To get rid of
polarimeter efficiency of 10, the main part of the random events several software cuts on

Three different independent trigger systems were usethe time-of-flight and energy spectra of the three proton de-
and each was read out from its own front end computer: tectors were performed. Figure 5 shows a three-dimensional

(i) The pp data acquisition for the luminosity monitor histogram of the energy losses in the detectdis X Eg
[d(,p)p reaction]: The high rate of random coincidences, before and after this background subtraction. The 20 ns time
resulting from other £, p) reactions and a possible contami- structure and the rate of the pion beam were responsible for
nation of the pion beam, were suppressed in the off-linghe large number of background events. Constructing poly-
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protons protons

detector AE

detector AE foharnals]

[channels]

detector ER
[channels]

detector ER
[channels]

FIG. 5. Three dimensional energy loss spectra of the luminosity monité, K Eg) without (left) and with (right) background
reduction.

gons on the two-dimensional projections of this histogramcoincidences, due to the time structure of the beam, and from
and the corresponding proton specthd, XE, and E, other reaction mechanisms, for example elastic scattering on
X Eg, defining the protons, enabled an effective backgroundde and ®He breakup. The final analysis was performed in
reduction. The obtained breakup events were normalized ttwo steps. Cuts on the prompt peaks in the time-of-flight
the primary beam intensity on the ionization chamber. Runspectra enabled the separation of events which had the “right
with slightly varying luminosity were not used for the deter- timing.” Finally, polygons were constructed around thel

mination of the deuteron target polarization. elastic events identified in two-dimensional spectra of the
deuteron time-of-flight versus energy loss in the TOF and
B. The target polarization PAS detectors. By normalizing the number of these events to

The target polarization was monitored by measurin th(—:JEhe incoming beam intensity, one obtains the relative
NMR absc?r tign sianal everv 5 min. There )\:vas a sl h? de_cross sectiond™ is the differential cross section for positive
P 9 y : 9 and negative polarizatiopz, ¢° for zero polarization

crease of the target polarization during each data run, possi-
. + 3 +
1% 3iTyp; — \[szzpzz
A(dyn)

bly due to beam heating effects. The absolute value of the
polarization can be deduced directly from o =0°
pz(dyn)= ————pz(TE), The angular distribution of the analyzing powidr,; has
A(TE) been measured in former experiments over the full angular
range with small error§3,4,6. These values were taken to
wherep(TE) is the value of the target polarization at ther- determine the target polarization:
mal equilibrium, given by the Boltzmann distributioh(TE)

and A(dyn) are the areas under the NMR signal at thermal _ 1 o'-o"
equilibrium and dynamically polarized, respectively. Since it Pz= \/giTn 209 '
is very difficult to measure the NMR signal of deuterated
ammonia (NR) at thermal equilibrium, the deuteron polar-

(ND) q P pz7=2—J4—3p2.

ization was determined independently by measuring the rela-

tive wd elastic cross section. The dynamic polarizationThe results of the polarization measurement at different pion
from the ratio of the area&(dyn)/A(TE) andpz(TE). Both  jisteq in Table 1.p, and p,, are the averaged values of the
m_easurements agree very well. The target polarization detefitor and tensor polarization, respectivelyp, and Ap,,
mined via the NMR measurement w@s(dyn)=A(dyn)  jnciude both statistical and systematic errors. The main con-

_6 .
%(4.060£0.193)x10 7, the measurement of the relative iy tion results from the experimental uncertainiyT ,,
differential cross section resulted ipz(dyn)=A(dyn) coming from literature.

X(3.912+0.162)x 107 6.
To use the method mentioned above the differential cross
section forzrd elastic scattering with polarized and unpolar-
ized deuteron target had to be measured, no absolute normal- The polarization states of the recoil deuteron beam were
ization was required. The pions and deuterons were detectetbtermined using théHe(d,p)*He reaction and detecting
in kinematical coincidence. Their counting rate was deterthe outgoing protons a#=0°,25°45° and¢$=0°,90°,180°,
mined from the energy loss and time-of-flight signals of one270°. The selection ofHe(d,p)*He events in the presence
of the pion detectors and the TOF and PAS detectors. Thef a large background was a critical factor in the analysis.
main contribution of background events arose from randontor incident deuteron energies 16 Me¥E <30 MeV

C. The deuteron polarization
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TABLE I. Vector (pz) and tensor polarizationp;;) of the ND; target during the experiment.

T,=134 MeV T,= 180 MeV T,=180 MeV T,=180 MeV
07cm=136° 0 7,cm=108° 0 7,cm=108° 07, cm=127°
ps 0.264+0.010 0.267%0.010 0.225:0.011 0.27%0.010
ps 0.237+0.010 0.21%0.010 0.195:0.009 0.2410.010
Pz 0.251+0.010 0.24%0.010 0.215:0.007 0.25%0.010
Pzz 0.0478-0.0039 0.044&0.0037 0.0356:0.0023 0.0516:0.0040
the corresponding protons were stopped inEhgetectors of V. THEORY

the AE-E telescopes. These events were separated from
background protons and deuterons with higher energy b
constructing polygons on the two-dimensional pulse heigh
spectraAE versusE. Software filters assured an associated
incoming deuteron from elastied scattering. The determi-
nation of these deuterons was done similarly tottecross
section(previous subsectionNevertheless, the deuteron rate
appearing in the time-of-flight spectra was strongly sup
pressed because of the polarimeter efficiency 6f*land the
trigger condition that particles had to reach one of Ehe
detectors of the polarimeter. Deuterons and protons that had

enough kinetic energy to be detected in the polarimeter are A. Relativistic three-body equations
separated by their time of flighisee Fig. 8 Accidental co- We start with the Bethe-Salpeter equation for three par-
incidences induced by protons of the following beam bursttiCI

were excluded by the electronics setup and by building dif- es such that it sums all diagrams in which two particles
y P y 9 MBnteract in all possible ways while the third particle acts as
ference spectra of the TDCs.

The used combination of software and hardware filter spectatorthat is we neglect three-body forge3his equa-

ensured a clear separation of protons from fke(d,p) suon, for the case when particles 2 and 3 are initially forming

. .a bound state and particle 1 is free, can be written in Faddeev
reaction and the large number of background events. Thi P

The following theoretical predictions were obtained with
he formalism developed in RgR29] in which the relativistic
addeev equations are solved applying the spectator-on-

mass-shell approximation. In this formalism one uses as in-

put the nucleon-nucleohS,, 3S,, and®D; channels and the

pion-nucleonS;;, Sz;, P11, P13, P31, andP3; channels in

a full three-body calculation. In addition, all pion-nuclebn

F, and G waves are taken into account in thed— 7d
single-scattering term.

technique was additionally checked by background target fm as
runs, replacing NB with NH; and in the polarimeteFHe 1
with “He. A typical spectrum(foreground of the time of Ti=(1=-8)t+ (27)4; d*ktG;GT;, (9

flight versus energy loss in tHedetectors is shown in Fig. 7
left, the background spectrum witfHe in the polarimeter
target cell in Fig. 7 right. The deuteron beam profiles fromwhereT; is the sum of all the diagrams in which particles
the wire chamber were checked for unfiltered and filterecandk interact while particle acts as spectatdr. is the scat-
events. Together with the polarimeter efficienci€¢s;) and tering amplitude of the paijk, that is, the sum of all the
analyzing powersT ;1,Tog,T1, andT,, the polarization of possible diagrams where particlegnd k are in the initial
the recoil deuteron beam could be determined with the rati@and final state with particleas spectator. We show this equa-
and the absolute method. tions in diagrammatic form in Fig. 8.

AE TOF AE PAS

| >
i | - v:nfast

deuterons

deuterons
3He(d.p)

e

fast
protons

.

‘deuterons
- 3He(d,p)

time of flight time of flight

FIG. 6. Two-dimensional spectrum of time-of-flight difference between TOF and PAS detbotaontal axi$ and pulse height in the
TOF (left) and PAS detectofright) (vertical axig, for T,.=180 MeV andé, ,,=108°.

034003-8



POLARIZATION TRANSFER OBSERVABLES IN7d . . . PHYSICAL REVIEW C 66, 034003 (2002

aE_dtp)n

FIG. 7. Two-dimensional
spectrum of time-of-flight be-
tween TOF and PAS detector ver-
sus pulse height oE counters in
the polarimeter ab=45°, contain-
ing all filters, left: with *He and
right: with *He in the polarimeter
target cell, forT,,=180 MeV and
0c.m=108°.

time- of-flight time- of-flight

In order to obtain three-dimensional integral equationsmomenta and helicities of the three particles measured in the
we integrate over the fourth componentkdfby closing the  three-body center-of-mass frame defined by €d). Then,
contour from below in the comple, plane and by assum- as shown in Refl29], the partial-wave basis states are of the

form
ing that only the pole inG; at kj,= kj 2+ m’—ie=o|
—i € contributes to the integral9]. Thus, Eq.(9) becomes a
three-dimensional integral equation lgipisa)=aipi; »IMLESjimili7IM,), (12
Ti=(1=ati- (2 2m)?3 ;. ; dk tlkj v whereq; is the magnitude of the relative three-momentum
between particleé and the center of mass of the pak
><<|ZJ! v/ |GT;, (100 measured in the three-body center-of-mass frame prid

the magnitude of the relative three-momentum between par-
where|K; v/) is a single-particle plain-wave state of momen-ficles j and k measured in the two-body center-of-mass
W, C frame. v;, J, andM are the helicity of particle, the total
tumkj and helicityv; . ; :
angular momentum of the system, and its third component,
respectivelyl; andS; are the orbital angular momentum and
spin of the pairjk while j; and m; are the total angular
We will consider the integral equations of the previousmomentum and helicity of the pajk. Finally, I;, =, I, and
subsection in the three-body center-of-mass frame defined by, are the isospin of the pajk, the isospin of particlg the
o total isospin of the system, and its third component, respec-
ki + k] + kk: 0. (11) tlvely
. . _ _ As it has been shown in Reff29], with the basis states
The three particles have spins and isosginss;, sqand (12 the three-body integral equation takes the partial-wave
Tiy Tjy Tks such thatki, kJ, kk and Vi, Vj, Vg are the form

B. Partial-wave decomposition

Z z o(p) p/?dp/q/*dgy o(p;j)
I Wi(pia;) Zwi(qi’)zwj(pil)zwk(pi,)Wj(quj)

(qp,,al|T|¢0) (1- 5,1)<qp|,a||t|¢o> (2 )3

mdgmd%
ij(q])zwk(pj)2w|(pj)

(aipi; ailtilai pf ;e ) X(aip ;i |ajpj; a;)Go(k){(Qjpj s | Tj| o), (13)

where For the deuteron wave function that appears in the initial
state| ¢o) and in the final statés,| we used the Paris model
[31] as described in Ref29] while the recoupling coeffi-

— 2 2\1/2
w;i(K) = (mi+ k5™ (14 cients(q; p/ ;a/|q;p; ; ;) were described in detail in Refs.
[29,3
o(Pi) = w;(P)+ @i, (19 C. Two-body amplitudes
) 2 The pion-nucleon scattering amplitudetaken between
Wi(qipi) =[w?(py) +g21Y2 (160 partial-wave state&l2) has the form
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— — 23 —— i — 23
T(Ti 1=\d_1+zyk]-rj |

j#Ei T

FIG. 8. Diagrammatic form of E(9).
(qipi;ailtilaip ;af)
= §vivi’5JJ'5MM'5Iili’ 5S|Si’5jiji’5mimi’5lili’6ll’§M|M|’
1 ’ lifili ’
szi(Qi)?a(qi_qi Mpilt, M (s)p ), (17
|
where

si=S+M?—-2,S(M?+q?) (18

PHYSICAL REVIEW C 66, 034003 (2002

used the values of the Virginia Polytechnic Institute Group
[32], obtained through the SAID dial-in system. In the un-
physical region & s,<(M+ u)? we used the partial-wave
amplitudes obtained from the application of fixedisper-
sion relations and crossing symme(Ba]. The pion-nucleon
P, amplitude which is responsible for the contribution of
pion absorption was treated following the prescription of
Ref.[19].

The nucleon-nucleon scattering amplitutjetaken be-
tween partial-wave stat€4?2) is of the same form as that of
Eq. (17), except that there is an additional term proportional
o &y 1+2 that takes into account the coupling between the

33, and ®D; channels. For the nucleon-nucleon partial-wave
t matrices(pilt:"i“'i(si)|pi’> we used separable models that

are consistent with the deuteron wave function as given in
Ref. [34].

is the invariant mass squared of the two-body subsystem and

Sis the invariant mass squared of the three-body system.

VI. RESULTS

We have parametrized the off-shell partial-wave pion-

nucleont matrices that appear in E¢L7) as

Al )
&) a(p; apo)<po|t:”ili(3i)|po>

1ililice Y p!y =
(pilt""'(s)Ip) o

!

a(p;{ ,Po), (19

Po

X

wherep, is the on-shell momentum given by

pzz[Si—(M +w)?llsi— (M= w)?]

and the form factog(p; ,pg) was taken to be
A%+ p
g(pi.pPo) = AT (21
with the cutoff parameter
A =600 MeVlc. (22

For the on-shell partial-wave pion-nucleoh matrices
(polt:i“'i(si)|po> in the physical regions,>(M+ u)? we

TABLE Il. Values of the polarizationt,y(lab) at T,
=134 MeV, 0, .n=136° determined with absolute and ratio
method. The relations fdn( ) andt,o(B1g),too(Baog)too(Bo1) are
stated in the Appendix.

Absolute Ratio
t50(0°) —0.592+0.107 too(B1g) —0.713+1.044
t50(25°) —0.570+0.158 to0(Bag) —0.553+0.250
t,0(45°) —0.636:0.209  t,o(Byy) —0.489+0.355
total —0.593+0.081 total —0.532+0.204

A. Polarizations and analyzing powers

The polarizations were measured with an unpolarized
NDj target using the experimental setup outlined in Sec. IV.
Unpolarized target runs had to be done during the experi-
ment to be independent of the difficult measurement of the
ND; polarization at thermal equilibrium. Since the polarim-
eter was designed for the simultaneous use of the absolute
and ratio method28], the polarizations were calculated us-
ing both(see Sec. Il B and Ref28]). The tensor component
t,o is determined threefold for each method. These values are
listed exemplarily in Table Il for the incident pion energy
T,=134 MeV at 0, .n=136°, showing excellent agree-
ment of the data. The compondpg can be determined using
the ratio method by three relatiofis,o(B1g),too(B2g), and
to0(B21) which are given in the Appendjxbut only two are
independenf28]; therefore its error is always larger than by
the determination with the absolute meth@de Table I
All measured polarization components determined with the
absolute method are listed in Table Ill. The uncertainties
guoted include the statistical error resulting from the count-
ing rate statistics as well as systematic errors, coming for
example from the polarimeter calibratip®8]. Since our re-
sults for ityy(lab)=iT4(c.m.)=iT,; were obtained by a
double-scattering experiment the counting rate statistic is
small compared to single-scattering experiments and there-
fore the stated errors are large. Since the transformation of
the observables from the laboratory system in the center-of-
mass system involves all three tensor polarization compo-
nents(see Sec. )l the further presented results were deter-
mined with the absolute method in order to reduce the error
bars.

The analyzing powers were determined by the transfor-
mation of the polarizations measured in the laboratory sys-
tem to the center-of-mass systésee Sec. )| Therefore we
have been able to determing,y(c.m.)=Tyy, Tyi(C.M.)
=Ty, Toy(c.m.)=T,, and the combined quantities; and

T22s
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TABLE Ill. Measured polarization components determined with the absolute method. The uncertainties
quoted are the statistical as well as the systematic errors.

T,=134 MeV T,=180 MeV T,=180 MeV
0 cm=136° 0+ cm=108° 07 cm=127°
T,o(lab)=t,(lab) —0.593+0.081 —0.534+0.049 —0.627+0.083
T,y(lab)= — t,(lab) —0.135+0.154 ~0.131+0.109 —0.307+0.206
T,(lab)=t,,(lab) 0.146-0.225 —0.415-0.148 0.176:0.236
To(c.m.) ~0.321+0.153 ~0.280+0.144 ~0.098+0.218
Ty(c.m.) —0.403£0.139 —0.154+0.083 —0.559£0.161
To(c.m.) 0.0350.216 ~0.519+0.133 —0.046+0.228
Ty(C.m.) —0.451+0.179 —0.471+0.110 —0.602+0.202
7p(C.M.) —0.096+0.225 —0.633+0.146 —0.086+0.245
1 \F 1 =f(T,0,T51,T29). There is clearly good agreement at the
Ta=5 \ glaot Tat 5722, two pion energies between the projected tensor polarizations

and analyzing powers of this experiment and previously pub-
lished data. The predictions of the partial-wave analysis of
;o \/ET YT SAID are based on different databases. The SM94 solution
22 6 20" 22 [35] includes elasticrd data while the C500 solutiof86]
) o _ results from a combined analysis of the reactipms—pp,
Previously the polarizatiorts,(lab) andt,;(lab) and their 4. pp, and=d«— pp. The solid line is the result of phase-
corresponding analyzing powerByy(c.m.) and To)(C.m.)  shift calculations with SAID using the SM94 solution for the
were only accessible via results from different experiments|asticwd channel[35]. In Fig. 10 we present our new data
or using model calculations. Our results of the tensor analyztopen circle} for ,; and r,, together with earlier data from
ing powers are listed in Table Ill. The results fgg(lab) and  single-scattering experiments at TRIUMF and PSI. These ex-
T, at pion energies of 134 MeV and 180 MeV are shown inperiments used a tensor polarized deuteron target measuring
Fig. 9 together with data from former experiments. The datahe polarized and unpolarizedd cross section to obtain,;
from Refs.[5,7,8 are from double-scattering experiments, and ,, while our data were obtained by measuring the ten-
while the data from Ref[9] are obtained by a single- sor polarizations of the recoil deuteron with a double-
scattering experiment. Smitkt al. used model calculations scattering apparatus,; was measured by Smitét al. [9]
for the componentsT,; and T,,, to obtain ty(lab)  (solid squares 7,, by Ottermannet al. [6] (open squares

tzo tZO
0 \/A 0 \/A
& A
i i3
i A
14+ 14 *
134 MeV 180 MeV
-2 + + + } -2 : : + +
0 40 80 120 160 0 40 80 120 160
Be.m.(deg.) Be.m.(deg.)
Ty T
0 /\ 0 /\ e I
L]
A4 A4 *
134 MeV 180 MeV
-2 : : : : -2 : : :
0 40 80 120 40 80 120

160 0 160
Bc.m.(deg.) Bc.m.(deg.)
FIG. 9. t,g and T, in comparison with previous data. The solid triangles are from R8f8], the solid diamonds are from Réf], and

the solid squares are from R¢8]. The data points obtained by this experiment are shown as open circles. The solid line are results from
SAID phase-shift analysg$SM94) [35].
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T2 T21
o /'\ o v/-\ -
0.5 T 0.5 T # *
, 134 MeV ’ 180 MeV . .
"o 40 80 120 160 0 40 80 120 160
c.m.(deg.) Bc.m.(deg.)
T22 T22

1 I
piia oy

A {
134 MeV ) )
0 4.0 8.0 150

180 MeV . .
160 0 40 80 120 160
Bc.m.(deg.) Bc.m.(deg.)

FIG. 10. 7, and 7,, (open circlegin comparison with previous data. The solid squares represent previgysiata of Smithet al.[9].
The open squares show results of Rél, the solid triangles of Ref3]. The solid line are results from SAID phase-shift analy&¥94)
[35].

-1.5

-1.5

and Wessleret al. [3] (solid triangle$. For our data the quadrupole triplet and wag)(lab)=+5.5°. For 6, .m.
quoted uncertainties include both statistical as well as sys=108° atT_=180 MeV the data points were extracted from

systematic error which was stated to be §3% The solid  gxcellent agreement.

”ni\ rep:r?;ﬁtr']:; g(‘je Sbél‘(?r eSMt?fa S%gr;ﬁas;.t'on component The polarization states of the recoil deuteron beam were
S ! : fization = € Smeasured in the laboratory system and therefore we could
tT21(Ia$), t2(lab), respecéuvely, and thel an_alyrz]mg pot‘)’\_’er‘:’jobtain the polarization transfer observables in this system.
21 t't2'2’ were rgeasu[reh up; to nov(\j/_onty via the com '.r:ﬁ Model calculations and the results of the SAID phase-shift
?our?nnelrliihélriarl: en7t-<2312I. resSIrtz ci);enit 'rgscsigloem?l;'rs?:e\gs'ureqnalyses are normally predicted in the center-of-mass frame.
P i PO X As a consequence, the two systems have to be transformed
ments are shown in Fig. 11 together with results of the Fad- h th i ) in Sec. I onlv the ob ble (1
deev calculationgsolid line) outlined in Sec. V and results of ' € equaftions given In Sec. 1, only the obsetvabie (
phase-shift calculationéSAID), with the SM94 solutionrd = 1/1Dian= (1% 1|11}, is unchanged. Since again all three
elastic(short dashed line[35] and the C500 solution of the Observablesi(11/20),i(1+1[21), andi(1+1[22), are re-
coupled channelgd(#,7)d,p(p,p)p and d(=,p)p (long quired for the transformation, the errors of the measured
dashed ling[36]. No major discrepancies exist between theduantities are smaller in the laboratory frame. On the other

three theoretical results, and also the experimental data afdde, the influence of the helicity amplitudes should be more
reproduced satisfactorily. visible in the center-of-mass system. In Fig. 12 the data

points are compared to Faddeev calculations and SAID re-
sults in the laboratory system, in Fig. 13 in the center-of-
mass system. All quantities are according to the Madison
Using a polarized deuteron target with known polarizationconvention, which includes an additional sign fadteee Eq.
and measuring the polarization states of the recoil deutero(®)]. This sign factor was not taken into account in our pre-
beam enable us to determine four polarization transfer obvious publication[37]. Therefore the polarization transfer
servables at two different pion energids,=134 MeV, observables were not stated according to the Madison con-
0.m=136°, and T,=180 MeV, 6.,=108° and 6.,, vention. Additionally the theoretical Faddeev calculations
=127°. The results are summarized in Table 1V. The uncerand the SAID predictions were shown in the center-of-mass
tainties include the statistical errors as well as systematisystem while the experimental results were shown in the
errors resulting from target and beam polarization measurdaboratory system. The solid line in Figs. 12 and 13 repre-
ments. The latter are small compared to the statistical errorsents the results from Faddeev calculatitsee Sec. ¥ The
All values are determined using the absolute method followshort dashed line gives again the output from the SM94
ing the same reasons outlined above. The precision of thBAID solution[35] and the long dashed line from the C500
scattering angle is limited by the angular acceptance of th&AID solution[36]. So far, our results are not included in

B. Polarization transfer observables
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t21 t21

134 MeV 180 MeV

0 40 80 120 1g0 0 40 80 120 180
cm.(deg.)

134 MeV 180 MeV
-1.5 T T T T -1.5 T T T T
0 40 80 120 160 0 40 80 120 160
Oc.m.(deg.) Oc.m.(deg.)
T21 T21
"—---*-F‘--'~ I"- -.-1“‘\&
= | ==X
=3 ‘.
-0.5 -0.5 —
134 MeV 180 MeV
-1.5 T T T T -1.5 T T T T
0 40 80 120 160 0 40 80 120 160

134 MeV 180 MeV
. . . . .5 . . . .
0 40 80 120 160 0 40 80 120 160

Oc.m.(deg.) Oc.m.(deg.)

FIG. 11. The tensor polarization componetyglab) t,,(lab) and the tensor analyzing powérs;, T,, (squarescompared to Faddeev
calculations(solid line) and different SAID solutions. The short dashed lines are results from the SM94 sdkiastic rd-channel [35];
the long dashed lines are from the C500 solufiooupled channeld36]. All observables are according to the Madison convention.

these databases. The overall good agreement of SM94 amdhstic wd scattering below and at th&(3,3) resonance, at
C500 with the measured polarization transfer observables irbackwards angles. The single scattering observables are in
dicates the consistency of these new data with former polaigood agreement with the existing world dataset as well as

ization and analyzing power measurements. The largest dgyith the SAID predictions SM94 and C500. Polarization
viation between Faddeev calculations and experimentgl,sfer has not been measured before.

results appears for the observab{é120) at 180 MeV in
the forward region, while the results of the phase-shift analy;[iO
ses agree quite well.

There are still deviations between the theoretical predic-
ns and experimental data, which also become visible in
the helicity amplitudes. A model-independent helicity ampli-
tude analysis has finally become possible, at least for two
energies at discrete angles, because the required dataset has
We have measured for the first time a complete set ofiow been completed and, even more, overdetermined. Be-
polarization observables, including polarization transfer, inyond that, this dataset is free of systematic errors resulting

VII. CONCLUSION
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G. SUFTet al.
TABLE IV. Measured polarization transfer observables in the laboratory and center-of-mass system.
T,=134 MeV T,=180 MeV T,=180 MeV
0 cm=136° 0 cm=108° 0 em=127°
(1112)+(1—1|11)(lab) —0.453+0.472 —0.744+0.309 —0.506£0.490
i(1120)(lab) 0.23%0.119 0.6030.065 0.1353:0.109
i(1221)+i(1—1|21)(lab) —0.005+0.433 0.5520.271 —0.256+0.488
i1(1122)+i(1—1|22)(lab) 0.342-0.620 0.3730.334 0.0990.585
(1111)+(1—1]11)(c.m.) —0.453+0.472 —0.744+0.309 —0.506+0.490
i(1120)(c.m.) 0.215:0.216 0.6910.176 —0.019£0.261
i(1121)+i(1—1]|21)(c.m.) —0.089t0.391 —0.355-0.195 —0.246£0.390
i(1122)+i(1—1]|22)(c.m.) 0.361%0.595 0.30#0.306 0.2240.562

from different experimental setups or different deuteron tarSM94 nor in C500. For SM94 we are expecting an improve-
get materials. ment of the predictions since the database is relatively small.
The polarization transfer observables and additionally thelherefore the data should have an impact on the predictions
polarizations and analyzing powers determined in this exof the amplitudes. For the solution C500 the influence should
periment are not included in the SAID databases, neither ilbe smaller since the other channels, especially the elaptic
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FIG. 12. The polarization transfer observableguares in the laboratory system compared to Faddeev calculatisokd line) and
different SAID solutions. The short dashed lines are results from the SM94 sofatasticmd channe) [35]; the long dashed lines are from

the C500 solutior{coupled channeld36]. All observables are according to the Madison convention.
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FIG. 13. The polarization transfer observablsguaresin the center-of-mass system compared to Faddeev calculdsolid lineg and

different SAID solutions. The short dashed lines are results from the SM94 sofatamticmd channel [35]; the long dashed lines are from

the C500 solutior{coupled channelqd36]. All observables are according to the Madison convention.

channel, have been examined in more detail than the elastic
7d channel. Nevertheless, our dataset should enable us to
impose some restrictions for the predicted amplitudes.
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=33 with 3 =2|A|*+4|B|*+2|C|?+|D|?,

it;;=—i(0011)=— \6ImB*(A—C+D)]/3,

tz=(00120) = V2(|A*+[C|*~ B[~ |D[*)/%,

ty=—(0021)= — J6RgB* (A—C—D)]/3,
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t,,= (0022 = V3(2R4A*C) — |B|))/3,
(11]11)=3(Re A*D)+|B|?)/%,
(11]1-1)=3(—ReC*D)+|B|?)/%,
i(11/20)= — 3Im[B* (A—C—2D)]/3,
i(1121)=—3Im(A*D)/3,
i(112-1)=-3Im(C*D)/3,
i(11]22)=32Im(B*A)/3,
i(112—-2)=—32Im(B*C)/3.. (A1)

Application of Eq.(1) to the observables of E¢AL) leads to
the following expressions:

srlab__ _ silab_ ;-c.m.
Ty =—ity =T,

3coshr—1__
T 20

3 3
2 \[5 sin I COSORTS]"+ \[5 S ORTE

3
= —tlab= — \/; sin 6 cosORTSS"

+(2c0€0g— 1) TS+ sin Og CosORTS,™,

lab__ 4lab__
T20 - t20 -

1 /3
=t LS sty

1+ cos by
—sinfg cosORTS ™+ S

i(1£1]11) =11 21|21,

_ 3cogor—1.
|(11|20)Iab:T| (11|20)c.m.

3
- \[E Sinfg cosORi (11|21 m.

1 /3 . .
+ 5V3 SiIPORI(1+1]22) ¢ .,

i(1%1]|21) = 65Nk cosORi(1120)¢ m.
+(2 cog0g—1)i(1+1|21) ¢ m.

—Sinfg cosOri(1£1|22) .,
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3
i (1i 1| 22)Iab: \[z SIHZHRI (11| ZO)Cm+ Sin 0R COSHRi (1

1+coShy.
— (1122,

(A2)
where
i(1=1L'M)=i(1YL'M")+i(1—-1|L'M").

The polarization transfer observables choosing a Carte-
sian coordinate system are

+ - _
;1 |pyo—p,o
KY=— | *— 2
y 3pz O'O '
I N _ R
KX,Z/— 1 pxrzlo- _per,O'
y 3pz_ 0'0 _,
S 4 _ o
KX’X’— 1 pxrxro- _pxrxro-
y 3pz_ 0'0 _,
S N _ -
'y = L (Pyy @ TRy
y _3pz_ 0'0 ’
S . _ -
KZ/Z,—L pz/zla' _pZ/Z/(T
y 3pz_ O'O ’

with
X!X! y!y! Z!Z! _
Ky +Ky + Ky =0.
They are related to the spherical observables by

3
(172" (1 - 11nMed= - 5Ky,

3 15!
i(1220)M=— | — KZ'7,
2\2

i(11|21)Mad+ i(1— 1|21)Mad: _ K;'z’ ,

l Iy ! Iy!
(1229 i(1-1[22) M0 — S(KJ X —KyY).

2. The polarization of the deuterons

The deuteron polarimeter measures the number of protons
emitted in the scattering angles=0°,25°,45° and in the
azimuthal anglegh=0°,90°,180°,270°. The corresponding
counting rates are labeled(6,),D(6;),R(6,),U(6;) (6
€{25°,45%) and N(0°) for the 0°detector. The counting
rates in the polarimeter detectors can be calculated using

Eq. (5):
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L(60;) =00l 1+ 2it 14 T11(6;) +tooT oo 0;) + 2t51T21( 6) Aq1(25°)IT12(45%)  Aq(45°)iT14(25°)

0 o 0 )
+ 2t T2 6)], t21=—i. re(25°) T (45°) |
Ng iT12(25°) T21(45°) —iT11(45°) T2(25°)

R(6) =00l 1—2it11iT11(6;) +to0T20( 6;) = 2t21T24( 6;)
+ 2t oA 0i) 1,

b. The ratio method

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

D(6;)= ool 1+1ty0T 20( 0) = 2t 55T 25 6;) 1,

U(6;)= ool 1+ta0T 20( 0;) — 2toT25( 6)) ],
O N(25°)  10(25°)[1+150T 2o(25°) ]
N(O°)=0’0[1+t20T20(0°)]. (A3) BlO_ N(oo) - IO(OO)[l_tZOTZO(OO)] '

a. The absolute method N(45°) B 1o(45°)[1+ty0T 20(45°)]

The following asymmetries and count rates have to be Bao= N(0°) 1o(0°)[1—tyT20(0°)]
defined to determine the deuteron polarizatiord; (
e{25°,45%):

N(45°) o 45°)[1+1t50T »¢(45°) ]
0

BZ:L: o\ o ’
N(25)  19(25°)[1—tygT2q(25°)]
A1(0;)=L(6)—R(0;)=400[it11i T11(0;) + 121 T21(6)], e

L(6)—R(6;) it15iT13(6;)+ 12T 54(6;)
N(o) 1+1to0T20(61) ’

A(0)=[L(6)+R(6;)]—[U(6)+D(0)]=80ot,T,i8), B1(0)=

N(8)=L(6)+R(6)+U(6)+D(6) [L(6)+R(8)1-[U(6)+D(8)]
=40o[1+1ta0T20(0) ], Ba(6)= N(6))

N(0°)=0g[1+10T2o(0°)]. — _taaT2al 60)
1+to0T20(05)
Additionally, the number of deuteroms, incident on the
3He cell is required. The polarimeter efficiencie®) are  The ratiosB,4,B,, andB,, are linearly dependent, because
defined by B,o=B19B,1. Three values ot,, can be determined, but
only two of them are linearly independent:

N© N
ro(6)= N(Oe), r(e):,\(l—e), 6e{0°,25°,45%; oo Bag) = (B1o/Bip—1
‘ ‘ 0 Tal25°) = (Bao/BIg) T2o(0°)°

ro(6) are the polarimeter efficiencies with unpolarized deu-

teron beam, resulting from an independent polarimeter cali- oo Bag) = (B2o/B3) —1
]E)rle(ljtlon. The tensor componety, can be determined three- 20052007 T (45°) — (Bo/BYy) T20(0°)
old:
(B,,/BY)—1
1 r(e) o o . t20(821): o == 0 o\ "
t20(0)=— 0__1 y 06{0 ,25 ,45}, T20(45 )_(821/821)T20(25 )
Tao(0) \ 17(0)

ty, is calculated independently from the counting rates in the 1'® Subscript zero denotes ratios coming from the polarim-

detectors a®;=25° and¢;=45°: eter calibration, with

0 o 0 o 0 o
1 Ay(6) 0:r(25) 0:r(45) 0:r(45)_
t22( ai): T22( 0|) 2r0§0i)Nd BlO rO(oo) ' BZO rO(oo) ' BZl r0(250) ’

The two values of,, are calculated from independent count-
ing rates at different scattering angleg € 25°,45°) in the
polarimeterit,; andt,, result from the left-right asymmetry:

it,; andt,, are resulting from the left-right asymmetry:

A1(25°)T5(45%)  Aq(45°)T5(25°)
1 r’(25°) ro(45°) _ Ba(f) ‘
1 N, 12259 To1(45°) — IT11(45°) Tor(25°) el )= 57, L T2l )
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_ B1(25%) T,1(45°)[ 1 +1t50T5((25°)]
M iT 4(25°) T5y(45°) —iT 14(45°) Ty 25°)

~ Bu(45°)T2(25°%)[ 1 +1p0T 2o(45°)]
IT12(25%)T21(45°) —iT15(45%) T2y(25°)

it
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o Ba(25)iTyy(459)[ 1157525
2T T14(25%) T54(45°) —iT11(45°) Toy(25°)

B1(45°)iT14(25°)[1+1t50T 20(45°)]
iT12(25%)T21(45°) —iT15(45%) T5(25°)
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