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The first spin-transfer experiment performed for thé—>f)p reaction is described. Three spin-transfer
parameters for thisr-absorption process were determinédfg, K&g, and K§y, which correspond to the
m-production parameters® , KB, andKR,, of the time-reversegp—dm process. Each observable was
measured at a single angle for a number of energies spanning thgonance of this system. The results are
compared with the predictions of published partial wave amplitude fits which are primarily based on existing
data for the time-reverseup— d7 reaction, and also with the predictions of two current theories. The failure
of these theories to describe the fundamental features of the data clearly demonstrates the need for further
theoretical work in this areqdS0556-28187)05401-Q

PACS numbses): 24.70+s, 13.75.Cs, 25.18s, 25.40.Qa

I. INTRODUCTION means to study the role of excited nucleons inside the
nucleus since the absorption/production of a pion is fre-
The study of few-body systems in nuclear physics hagjuently coupled to @&, N*, etc. channel in the intermediate
provided most of the knowledge concerning the basic interstate. In this paper we consider thp=d= channel, a pro-
actions between the particles which constitute nuclei. An imcess whose intermediate state is dominated byNhesys-
portant example of a few-body reaction is tNeN=NN=  tem.
procesq 1], the simplest nuclear reaction involving produc-  Of the accessible pion production/absorption channels,
tion or absorption of a real pion. Interest in such processethe pp=d reaction is the simplest to study from both the
stems from the fundamental role played by the pion inexperimental and theoretical points of view. Experimentally,
nuclear interactions[2]. Understanding the absorption/ the fact that only two particles, each charged, are involved in
production mechanism for real pions is a necessary prerehe initial and final states, provides not only uncomplicated
quisite to understanding the analogous process for virtugbarticle detection but also useful two-body kinematical cor-
pions inside the nucleus. Further, this mechanism provides elations. Theoretically, the well understood structure of the
deuteron enables a thorough treatment of both the initial and
final two-particle states.
*Present address: Eberline Instruments GmbH, Postfach 1628, Several theoretical approaches to calculating the

91006 Erlangen, Germany. pp=dar reaction have been attempted. Although some cal-
"Present address: Laboratory for Nuclear Science, M.I.T., Cameulations are successful in describing certain features of the
bridge, MA 02147. data, none are able to fully describe all of the available data
*present address: School of Physics, Univ. of Melbourne[1]. The failure of the various theoretical approaches is most
Parkville, Victoria 3052, Australia. clearly seen in their poor description of the spin-dependent
Spresent address: Chemische Werke Bayer, Leverkusen, Gepbservablegl]. Despite the current difficulties, further im-
many. provements to the theoretical understanding of this funda-
'Present address: IPP/ETH ah, PSI, 5232 Villigen, Switzer- mental reaction will clearly benefit from the extensive data
land. base which currently exists since it can be used to identify
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those processes which theory fails to adequately describe. analysis of the results was complicated by the mixing of the
In order to extract physical insight from the available datadeuteron spin components arising from the large relativistic
two approaches have been commonly used to characteribmosts associated with the center-of-mass to lab transforma-
the observables in the context of physically relevant paramtions involved.
eters. An expansion of thep=ds observables in terms of In order to provide a new approach to the measurement of
helicity amplitudes has the advantage of requiring only sixthese sensitive observables, we considered the possibility of
complex amplitudes, all of which depend on angle as well agneasuring spin-transfer observables of ttte— p p reaction,
energy[3]. An alternative approach involves a partial wave a reaction linked to thpp—d through the invariance of
expansion which capitalizes on the coupling of the spin andtrong interactions under time-reversah invariance which
angular momentum structure of the process and is thus pajs expected to hold to high precisiph4], and one which has
ticularly useful for identifying contributing reaction channels peen verified experimentally to the level of a few percent in

[‘E' Although this approach involves an “infinite” number gimijar few-body system§15]). A spin-transfer measure-
of partial wave amplitudet?WA), only those corresponding ment in therr&—>5p direction has the following advantages.

to small angular momenta contribute significantly near . . .
threshold. As these amplitudes depend only on energy, and (1) A proven technique of proton polarimetf$6-1§ is

not angle, they are therefore particulary useful for comparingvailable based on the large, well-known analyzing powers

data characterizing different angular regions. of inclusive proton-carbon scattering. . _ _
Prior to our experiment, several partial-wave fits to exist- (2) Polarized deuteron targets are readily available. With

ing pp=d data had been performd&—7]. Despite the such targets, significant vector polarizationlsPlﬁQ.S@
considerable variety of data available at that time, significanVith ~ small - but  calculable [19] tensor polarization
uncertainties in the magnitudes and phases of some of tH&Pt|~0.1) can be readily obtained. o

smaller amplitudes persisted. In fact, in order to obtain an (3) The polarimeter system is “self-calibrating” when
unambiguous set of PWA'’s, some authors resorted to imposnalyzing therd— pp reaction, using an unpolarized target.
ing theoretical constraints on the fitting procedikleading  For this case the protons have a polarization normal to the
to an undesirable theoretical bias in the extraction of theireaction plane with a value,, equal to the well-known ana-
amplitudes. lyzing powersAyq of the time-reversed reaction.

In order to resolve these difficulties in the fitting proce-  (4) For this reaction, the fact that the center-of-mass sys-
dure, it was clear that additional observables were requiredgm is almost at rest in the lab is very useful, since the small
particularly those with enhanced sensitivity to the smallerrelative velocity in the lab of the center-of-mass minimizes
amplitudes. Emphasis was given to those observables depetite effect of the Lorentz boost on the polarization of the
dent on the spin of the deuteron, of which few existed. In thisproton. The lack of energy loss to the motion of the center-
regard, Blankleider and Afnaj#] showed that spin-transfer of-mass also permitted us, at TRIUMF, to obtain data span-
observables are particularly sensitive to the smaller amplining theA resonance. Such an energy range would not have
tudes, as they depend only on bilinear products of large andeen possible at TRIUMF if thpp—d reaction had been
small amplitudes and are not dominated are some other employed.
observables by terms containing the modulus squared of In this paper, the first measurement of spin-transfer ob-
large amplitudes. It was also demonstrated empirically byservables obtained in the pion absorption channel is de-
Bugg [8] that spin-transfer data would be essential for anscribed. The experiment was also the first to study such ob-
improved determination of some of these amplitudes. At thaservables, using a single apparatus, over the whole energy
time however, no values for such observables existed in theange spanning thé resonance in th@p=dm system.
data base, due primarily to the technical difficulties associSince the systematic errors characterizing our experimental
ated with such experiments. Only subsequently did technaechnique are very different from those of the other spin-
logical developments make such measurements feasible. transfer measurements, the new results provide an indepen-

Prior to the work described in this paper, four spin-dent consistency check of the various systematic errors for
transfer experiments had been carried out, all involving théhose data published at common energies.

pp—dm reaction. Three were performed at energies below Spin-transfer measurements in théli—>5p direction are

the A resonance[9-11] at T,= 450-580 MeV and the not without their own distinctive problems, however. These
fourth at a single energy, 800 MeM2], above the reso- include difficulties associated with the low fluxes typical of
nance. Although these experiments yielded high statisticgbion beams, background resulting from pions interacting
precision with low background contaminatigorimarily due  with the additional complex nuclei contained within the po-
to the quality of the proton beams and targets emplpyed larized deuterated butanol target, and precession of the spin
they suffered from complications associated with the meaef the proton while traversing the magnetic field in the re-
surement of the final state deuteron polarization. In particugion of the target.

lar, those experiments involving polarimeters which relied The significantly lower reaction rates resulting from use
on deuteron-carbon scatterif@—11] are subject to the pos- of pion beams, coupled with the low efficiency of the proton
sibility of large systematic errors due to the small values ofpolarimeter(which involves a “second nuclear scatterih-

the deuteron-carbon analyzing power involved. In fact,dicated that the experimental uncertainties would be limited
deuteron-carbon scattering is only marginally sensitive to théy the available statistics. Consequently, we chose to per-
vector polarization of the deuteron and is virtually insensi-form a single angle, high-statistics measurement, at several
tive to the tensor components of the deuteron in the energgnergies spanning tha resonance, for each spin-transfer
range associated with those experime[®8]. In addition, observable. The most sensitive angular regions for the mea-
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variety of partial-wave fits to the existing data. These studies

some angle was determined.

axis along any one of three Cartesian axes defined with re-

eters only measure final state polarization components trans- SAB\

servation forbids a transfer of spin between the in-plane angl . o scintillators and Wiahe wire chambers. A typical trajec-

by the Madison conventiof21]. In such a frame our spin-

reversal of the subscripts used to refer to the polarization;d— pp kinematics. The acceptance of the apparétieser-

preliminary results[22], the analysis procedure has beentors and wire chambers. The scintillators provided the fast

procedures used to extract the spin-transfer parameters from The wire chambers wemaulti-wire delay-line drift cham-
Anode and cathode wires were placed alternately along the

II. THE EXPERIMENT
a horizontal width of 1.5 cm and vertical width of 1.0 cm were held at ground potential. The arrival times of the sig-
the timing information, the “hit-wire,” drift distancéfrom

surements were determined by examining the results of a
indicated that it was unnecessary to measure each observable Telescope Array
over a wide angular range, because in most cases the shape /
of the angular dependence would be constrained by the other :
observables in the data set, once the spin-transfer value at % Arm A
The particular observables chosen for our measurements '
were selected for their experimental viability as well as sen- Z
sitivity to the ambiguities in the amplitudes. The target was e ; Carbon
designed so that it could be operated with the polarization o
spect to the incident pion beam. These were along the beam
direction, or longitudinal i), two axes transverse to the
beam, up/down in the lab or normall}, and right/left of the
beam, or sidewaysS). Since simple proton-carbon polarim-
verse to the direction of motion of the protofssdeways and 2
norma), our measurements were restricted to the set: p
{Ki s, Kss, andKyy}, where the first subscript refers to the
target polarization and the second to the proton. Parity con- FIG. 1. Layout of experimental ardaot to scale. Si(A/B) de-
out—of-plane'componen{QO].'The formal definition of these tory for the final state protons is given by the long/short dashed
axes is provided in Appendix B ) arrows. The relative angles of the detector arms in this figure have
In order to enable comparison with the results of othefyeen mogified for illustrative purposes. The actual values varied
measurements, our results are presented in a frame defmggpending on the particular energy and configurafs].
transfer results are further categorized in terms of a supekificantly reduced the number of background events which
script, either ara or p depending on the time order of the would otherwise trigger the apparatus. The forward &
reaction under consideration: piora*"bsorption, 7d—pp,  served as the polarimeter. The backward &&nhwas placed
or “p"roduction, pp—da. This convention also requires a at the appropriate conjugate angle defined by the two-body
components ofatheétarget and scatteriad E)articles. Thus, fehined by the size of the third wire chamber of arm was
example K¢(7wd— pp) becomeK?® (pp—dm). approximately 40 msr, corresponding to an angular accep-
This paper provides a complete description of the experitance of aboutt 3 degrees.
ment, since subsequent to the earlier publication presenting Each arm consisted of a combination of plastic scintilla-
modified somewhat and all available data have now beetrigger information which was crucial for the event definition
included. A description of the experimental setup, includingand timing, while the wire chambers contributed the position
the detectors, the polarized target, and data acquisition sysformation required for the reconstruction of the proton tra-
tem is provided in Sec. Il. Section Il describes the analysigectories.
the experimental information, and Sec. IV contains a discusbers (MWDC's) [24] which offered good spatial resolution
sion of the uncertainties. Finally in Sec. V, the results areover a large area with minimal associated electronics. Each
compared with existing PWA fits as well as with two theo- chamber contained two independent wire planes, one to pro-
retical predictions. vide the “x” and the other the ¥ position information.
plane with a separation of 4.06 mm. The anode wires of each
plane were connected to the delay line which was maintained
The experiment was performed on the M-11 pion beamat a positive voltage of- 2.1 kV. The cathode wires were
line at TRIUMF. The beam profile at the target typically had alternately connected to an “ODD” and “EVEN” bus and
(FWHM) [23]. The beam divergencies were typically nals propagating to both ends of the anode delay lipe (
+0.67° in the horizontal plane antt3.2° in the vertical. t) as well as from the ODD cathode butp) were re-
The pion rate was typically a few MHz. The experimental corded. The start for the TDC'’s was defined by the time of
layout is illustrated in Fig. 1. arrival of an event in scintillator S1A or S2A of arm A. From
the hit-wirg, and chamber efficiency could be determined
[25]. The “left-right ambiguity” of the drift distance was
A two-arm detection system was used. The requirementesolved using analog signal25,26 which were also re-
of coincidence detection of both of the outgoing protons sig-corded from the cathode buss&3DD, EVEN). Following

A. The detectors



22 A. FELTHAM et al. 55

TABLE I. Target dimensiongdepthx widthX heigh), material surrounding the targéncluding respec-
tive thickness in mg/crf), and target angléwith respect to the pion beanfor the various configurations

employed.
Config. Target Container Shielding wall Targ. rot.
dimensions material materials angle
(mm3) (mglcn?) (mglcn?) (deg
Kis 10X 20x 20 Teflon(FEP Cu, mylar, st. steel, Al 0
66 155, 18, 201, 452
Kss 20X 10x 20 Teflon(FEP Cu, mylar, st. steel, Al 0
66 214, 18, 201, 452
KnN 19x19x14 Mylar Cu, mylar, Kapton, Al 12
49 182, 11, 36, 452

runs during which the chamber spatial information was cali{30,31] was used. The approximate locations of these detec-
brated[27—-29, position resolutions of better tham200 tors are illustrated in Fig. 1.
um were achieved29].

The wire chambers were grouped into sets of three. Only B. The polarized target
two wire chambers were required to define a linear trajec- ) . i
tory, but the redundancy of an additional chamber increased | N€ polarized deuteron tarde2] used in this experiment
the overall efficiency of a set since only 2 out of the 3 wereh@d well-understood operational characteristic33,34. It
required to define a trajectory. The polarimeter a4 con- ~ consisted of a dilution refrigerator, superconducting Helm-
tained both a set of large0x 60 cn?) and a set of small holtz coils, a microwave source for dynamic nuclear polar-
(30x 30 cm?) chambers, whereas arm B contained only a setzation, an NMR circuit for measuring the target polariza-
of small chambers. The wire chambers in each set were sepﬁon, and the target material itself. This material consisted of
rated (center-to-centerby 21.0 cm, and the separation be- 95% deuterated butandC,D4OD) and 5% D,O, doped
tween the large and small sets of arm A was 42.0(cemter-  with 6 10'° atoms/ml of deuterated EHBA-Crcomplex. It
to-center of the nearest chamber¥he carbon analyzer, was frozen into beads of 1 mm diameter which were placed
situated at the midpoint between the large and small chamin a rectangular plastic container which also supported the
bers of arm A, consisted of 3030 cn? graphite sheets copper NMR coil. These beads and their container were im-
(p=1.71x£0.05 g/cn?) of 1 cm thickness. A number of mersed in a bath of 94%He and 6%3He, all of which were
sheets were stacked along the longitudinal axis of the polafenclosed in a cylindrical aluminium cup. Surrounding the
imeter producing a total thickness of 5 or 7 cm, depending:yp were several thin shielding walls used to provide heat
on the average proton energy for the run in questie  ang vacuum barriers. The nature of the material in these
specific choice for analyzer thickness is discussed in Appenyis as well as the dimensions of the target container varied

dix A). . i )
g - epending on the target configuration employed. The rel-
Pairs of scintillators were placed at each end of the set Ozvant information is summarized in Table I.

wire chambers of arm B and "?‘t each' end of the set of large The superconducting Helmholtz coils provided a 2.5 T
chambers of arm Athe first pair of scintillators was placed magnetic field which was uniform to 1 part in 1@ver the

immediately after the carbon analyyes sh_own_ In F|g_. 1.1n immediate target region. The dilution refrigerator maintained
order to ensure freedom from geometric biases in accefe target temperature at a value-efl K. The temperature
\Was monitored using two separate thermometers, both of
which had been calibrated to 1% accuracy prior to the ex-
periment[32].

The deuterons were dynamically polarized using standard
microwave techniquel832] with the magnitude of the vector
Yolarization obtained from NMR measuremef88,33. The
arget polarization was monitored continually and the aver-
age value written to the data tape for each interval of five

inutes.

placed symmetrically about the longitudinal axis of the wire
chambers. In addition a third scintillat¢85A) was placed
behind(and overlappingthe last paifS3A and S4A on arm
A. The common overlap of S5A provided a check of the
relative efficiencies of S3A and S4A and gave assurance th
the detection probabilities were identical. This was importan
since a relative difference in the efficiency of S3A and S4A
would result in a spatial dependence for the acceptance, a
thus a bias in the polarization measuremgete Sec. Il A.
Additional detectors were included in the experiment for
diagnostic purposes. To independently monitor variations in
the pion beam flux “muon counters(two set$ were placed The data acquisition system consisted of standard
at the exit of the M-11 beam channel to detect the muon€AMAC modules in a CAMAC crate together with a CES
coming from those pions decaying in the beam-line, as welStarburst “J-11" front-end preprocessor which was also
as a “telescope array,” which pointed at the target, to moni-connected to a DEC PDP-11/34 computer through the
tor the scattered particles coming from the target region. T&€AMAC bus system. The J-11 executed predefined tasks
obtain additional information regarding positional shifts when it received an EVENT interrupt from the hardware
and/or broadening of the beam a fast in-beam wire chambdogic. This EVENT interrupt, generated by NIM logic mod-

C. The data acquisition



55 SPIN-TRANSFER MEASUREMENTS OF THE-aaﬁp ce 23

ules, was produced whenever the scintillator signals satisfied

the following logical relationship: 2007 | I '
EVENT=(S1B® S2B)O(S3B® S4B)O[(S1A
100 ' L
®S2A)O(S3A®SAA® SEA) ], :
where $(A/B) represents a signal from the appropriate scin- 01 r (a)
tillator defined in Fig. 1,& is a logic OR and® a logic
AND. 1004 |

One of the functions of the J-11 was to read the ADC,
TDC and scaler units contained in the CAMAC crate and to
transfer this information to aevent bufferin its memory. —200 -+
The J-11 also served as a first-level trigger, performing
simple calculations on the wire chamber trajectory informa-

100 ¢+

tion in order to reject “uninteresting” events before trans- ™

ferring useful data in the event buffer to the PDP-11. The o©

PDP-11 wrote all data accepted by the J-11 to magnetic tape’c od

and performed a rudimentary analyéier on-line diagnostic =] t

purposepof a representative sample of the data. ~ =
S 100

D. The first-level trigger
The first-level trigger was implemented to reject small- —200

angle scattering events. Multiple Coulomb scattering domi-
nates the small-angle region of the proton-carbon scattering
distribution, yet contains essentially no polarization informa-
tion. Therefore it was advantageous from the point of view .
of economy and dead-time reduction to reject as many of o
these events as possible at the front end of the data acquisi- '
tion system. Such rejection is a common feature of most B
polarimeter systems of this kirld.8,35. 1004 7
The J-11 preprocessor performed this small-angle rejec- fa
tion by determining the scattering angle of the particle in the SIS PRSI
carbon analyzer using the hit wire information from the equi-  ~“"_ 75 0o o o 200
distant chambers WC1, WC3, WC4, and WC6 of a). 8, (10 deg)
The scattering angle calculation employed a small-angle ap-
proximation in order to reduce computation time. Bhand
y angles were separately calculated:

AX Ay
~-— O~—.
Az Y Az thus they were used to check the relative chamber alignment,

following techniques described in Sec. Ill.
In the case of the&K 5 and Kgg measurements, the events

FIG. 2. Scattering angle distributions for data acquired \éh
no J-11 cut(b) a circular J-11 cut, an¢c) a square J-11 cut.

Ox

were rejected iboth 6, and 6, were less than 6°. This pro- IIl. DATA ANALYSIS
duced asquarecut in the @y, 0,) plane. For the lateKyy
runs, however, a more efficienircular cut was used: The extraction of the spin-transfer quantities involved
s o 5 three levels of off-line analysis, with the output of one level
O~ 05+ 0y used as the input to the next.

The first level of analysis was used to reconstruct the
with events rejected i#2<(5°)2. The effects of such cuts particle trajectories from the data files stored on magnetic
are shown in Fig. 2. A PDP-11 INTERRUPT was generatedape. Reliable trajectory determination required a careful
for those events satisfying the relevant scattering angle realignment of the wire chambers. Such an alignment was per-
quirement. In order to avoid any possible biasing of the acformed in software using a large sample of proton trajecto-
cepted events, no additional constraints were imposed on thés. Each straight line trajectory could be defined in terms of
wire chamber data prior to writing the events to tape. As awo well-known position determinations, the first being the
result, a significant number of events accepted by the J-1denter of the target, which was the mean vertex position of
and subsequently written to tape were identified as “badhe whole sample of scattered protoftlis point was also
events” during the off-line analysis and thus rejected. chosen to be the origin of the analysis coordinate system

During each experimental run, a sample of events wa3he second point was obtained from the spatial coordinates
collected for which the J-11 preprocessing was disabledof the trajectory in the fully illuminated WC3, whose abso-
These data are dominated by the small-angle multiple scatute position with respect to the pion beam was well known.
tering events which possess no azimuthal asymmetry, antihe absolute positions of WC1 and WC2 were then obtained
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TABLE II. Definitions of scattering angles and kinematic variables of the laboratory “analysis frame”
(see Fig. 3 IZWM,B are the momenta of the incident pion, initial, and final proton trajectories in arm A and
the proton of arm B, respectively.is vertically “up” in the laboratory ¢' of Fig. 3; A, is the normal to the
reaction plane at the deuteron targgg= (kX k;)/|k,|[ki| . h¢ is the normal to the scattering plane at the
carbon analyzemc= (k; X k;)/|ki| [Ks|.

Quantity Definition Quantity Definition
) o) = ) 60 ko-ki
Ccos = CcOos =——
O el © < Tl
¢target Cos@targea = ﬁtg’ bc COS@C):ﬁC'ﬁt
sign of drarger sgn(yxn.-k,) sign of ¢¢ sgn( X ] ki)
ik . A Ke
Op+ Og CcosS@pt+Og)==—+ coplanarity cos(copls —
lkil|Kgl |kl

by interpolating between the two known positions. Afterand illustrated in Fig. 3 as well as the reaction vertices. A
aligning WC1,2,3, the crucial alignment of WC4,5,6 was ac-reaction vertex was defined to be the point midway between
complished using those proton events for which the firstthe closest points of approach of two conjugate trajectories.
level trigger was disconnected. This provided a sample of This first part of the analysis also included application of
events which was dominated by protons which had scattereglits to the data to eliminate those events which failed to
only minimally in the carbon. The average positions of themeet criteria characteristic of the freed—pp reaction,
proton hits in the latter chambers were compared with theigch as the following.

expected positions using the projections of the trajectories (1) Any “nonproton” event, identified by inadequate en-

determined from chambers WC1,2,3. As a check of this prog,qy 955 in the thin scintillators of arm o such cut was

I"lﬁﬂployed for the scintillators of arm A, in order to avoid a

carbon analyzer was removed, allowing for a direct allgn'possible acceptance bias in the polarimeter event sample

ment. The two techniques were completely consistent. (2) Any event for which insufficient wire chamber infor-

After the wire chamber calibration it was then possible tomation was available. At least 2 of 3 chambers had to “fire”
determine reliable trajectories for use in the first part of the :

main analysis. The trajectories were used to determine thfé)r each setsee Tabl_e 1. _ .
reaction angles and kinematic quantities listed in Table Il (3) Any event which failed vertex traceback criteria at _
either the deuteron target or the carbon analyzer. These cri-
teria required each interaction vertex to lie within the resolv-
able confines of the associated target and also that the mini-
mum distance between the traceback vectors not exceed a
characteristic valuétypically <1 cm in carbon, ané<5 cm
at the polarized targetThe latter ensured that, within the
limitations of resolution, the two trajectories indeed were
associated with the same vertex.

(4) Any event which failed the acceptance test in the po-
larimeter. This test selected only those proton-carbon scatter-
" —————7_ carbon scattering ing events_ for which the azimuthally _c_:onjugate

t Ri “ ar-symmetric” event would have equal probability of de-
tection[i.e., Acc(f¢c,pc)= Acc(bc,pc+ )], based on the
known geometric acceptance of the polarimeter. For each
6. (0,) event Acc was assigned either 0 or 1. Without such a restric-
__________________ 1 tion, the polarization analysis could introduce false asymme-
w z tries due to the finite acceptance of the apparf@6s

X Typically 3—20 % of the original events on tape were re-
maining in the data sample after the sum of these cuts were
applied, depending on the configuration, beam energy, car-
bon thickness, etd28].

normal to
scattering plane

target scattering

FIG. 3. Definition of coordinate system and angles used in
analysisy' is vertically “up” in the lab, whereag'' of the carbon
scattering frame is parallel t, of the target reaction framesee
Table Il). TheX axis, not shown, is defined from theandz axes The function of the second analysis level was to extract
by the “right-hand” rule:X=yxz. the scattering asymmetries from the distribution of the polar

A. The polarization analysis
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TABLE Ill. Typical wire chamber efficiencies for both indi-

vidual and sets of chambers. 06 105 ,145 180 ,205 27:’5 T, (MeV)
At least 2 of 3 5 o5 4
Chambers Individual had fired in set 5 ‘
1,2,3 ~ 80% ~ 85% 204
45,6 ~ 75% ~ 80% 2 s
7,8,9 ~ 92% ~ 98% g
NIRRT
and azimuthal angle§fc, ¢¢} of the proton-carbon inter- 0.1 J : . || I
action. The scattering distribution is characterized by the fol- " roton éi‘;rgy AN Czjfltre o j\‘;‘)’
lowing expressior36]: , , ,
1(0c,dc Ep)=1o(0c,Ep)[(1+ eg(Oc,Ep)singc 06 4 Tp= 200 MeV i
+ EN( 0C ,Ep)CO&ﬁc)] X ACC( HC , (ﬁc), (1) "
o 05 -
. 5
wherely(6c,Ep) is the angle and energy dependent unpo- £ (b)
larized differential cross sectiork, is the proton kinetic @ 04 - L
energy at the center of the carb@etermined from the rel- g
evant two-body kinematics and the typical energy losses to & 43 | L
the center of the analyzeand Acc@c, ¢¢) is the geometric =
acceptance of the polarimeter after the carbon analyzer. As I , ,
implied earlier, | '
Aco( e, bo) =1 a T,= 200 MeV
for all data surviving the acceptance test of the first level of 1000 i
analysis. E (c)
The sideways/normal proton polarizatiori%’s,(,\,)l are re- &
lated to the resulting asymmetry parameters using the known 1001 i
proton-carbon analyzing powems(6c,Ep) (illustrated in
Fig. 4):
Ps=—es(0c,Ep)/A(6c .Ep), °3 5 10 5 20

ecarbon (deg)

Plr\l:EN( GCIED)/A( 0C1Ep)! (2)

where the minus sign results from the choice of the coordi- FIG- 4. (@ The energy dependence of proton-carbon analyzing
nate system employef@6]. The efficient estimator method POWers(averaged over 526c<19°). The solid line is due to the
of Bessetet al. [36] was used for the determination of Paramefrization of McNaughtoet al. [37] (the one used in this
€s(0c,Ep). This approach involves a summation of the data’gne_ﬂys@, and the dashed line o_lue to Apr'le'G'b@'al'[A'g]' Also
which are distributed over bins @i, ¢¢, andE,, where indicated by the _dashed vertical lines are typical proto_n energy
the contribution of each bin is v&e,igh(;éd by |![Js statistical o200 for each pion energyenoted at top of ploemployed in the

A . . P Kyn configuration. The asterisks (*) indicate the apparent values of
significance. Following Eq(2), the resulting distribution of the analyzing powers which we have obtained for the analyzing

€(6c ,Ep) was normalized by the corresponding analyzingpowers of the 5 cm thick analyzefollowing the discussion of
power A(6c,E;) to obtain the polarization value in each appendix A). For proton energies of about 200 MeV are shain
{0c, Ep} bin. The values oA(6¢,Ep) used were taken from  the angular dependence of the analyzing pof@, and (c) the

the parameterization of McNaughtet al. [37] (the choice angular dependence of the scattering distribution, taken from our
of this particular parameterization is discussed in Appendixiata.

A). The polarization values obtained for eajh ,E,} bin

were then average(proton polarization is independent of ground and background separajels a function of several

these quantitigsto provide thesideways(Pg) andnormal  independent quantities. In particular the possible systematic

(Py) polarizations used later for the spin-transfer determinadependence of the polarization on the following quantities

tion. The polarizations of the background and foregroundvas monitored: carbon polar scattering angig)( deuteron

components of the datdheir identification is discussed in target scattering angle®ger, Prarged. and run number.

Sec. Il B) were carried out separately. Typical functional dependencies of polarization with re-
The possible presence of undesirable systematic effectspect to these quantities are shown in Figs)-55(d).

was investigated by evaluating the polarization ddtae-

B. Background contributions

Polarizations denoted with a primé)(refer to the laboratory The second level of analysis also provided the means by
components as determined by the polarimeter. which the background contribution could be evaluated. The
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1.00-+L 'l T T B B B | 0A+6B <deg)
0.751 r
T.= 255 MeV & gs0. ‘ I FIG. 6. Slicing technique used in background fits of
Kﬂ Confi % ol coplanarity and opening angle f,+ 6g) projections. For ex-
Ls g. § o,zs—% HT{ 4_}_F’ ample, only the data lying within the vertical box were used in the
g 00 " coplanarity projection of Fig. 2 of Ref22].
§—0.25— ‘ = r
£ —0.504 Background | i i .
& ors. . | both Fermi motion of the “quasideuteron” and to the fact
o ‘/ ko (o that momentum is transferred to other particles in the final
BCREEPRTEREE Y state.
r (deg) In the analysis of the freed— pp data, two independent

kinematic variables were used to help distinguish the back-
Ground contributions: the opening angl@ (- 6g), between
the final state protons; and te®planarity, or the extent to
M\_/hich the initial and final state particles trajectories lie
within a common reaction plane. Both of these kinematic
variables were calculated from the trajectory information
(see Table . In the case of interactions with a free deuteron
their values are completely determined by two-body kine-
majority of the background events arose from two-body pionmatics(within the resolution allowed by the wire chambers,
absorption on “quasideuterons” within the nucl@uch as multiple-scattering and magnetic field distortipriBhe effect
carbon or oxygenpresent in the target material, reactions of such a two-body final state correlation is illustrated in Fig.
which can also produce two protons in the final staimong 6. It was convenient to define a circle on the plitie quan-
other possible final statesThese protons are energetically tities on both axes are expressed in degreepresenting a
similar to those from the freerd— pp reaction except that “kinematic boundary” of radiug ,. Acceptable events are
their kinematic relationships are greatly broadened due tthose for whichr <r,, where

FIG. 5. Examples of checks for systematic dependences in th
polarization. The four plot¢a)—(d) include only the “foreground”
data, which correspond to events witksr ;, of plot (e). Plot (e)
also depicts how the measured polarization changes from the sma
angle region ofr [see Eq.(3)] which is dominated by foreground
events to the large-angle region ofwhich contains solely back-
ground events.

r= \/[( Oa+ 0g) — (O4+ 05) ]2+ [ coplanarity-coplanarity? 3

and @, + 0z andcoplanarity are the positions of the peaks of peak was largely determined by the acceptance of the experi-
these respective distributions. For each event,(Bydeter-  mental apparatus, as demonstrated by data from a nondeuter-
mined the angular deviation from the two-body kinematicated butanol targét.The background distribution from this
peak. By selecting those events with less than a particulaarget was found to be well described by a Gaussian shape.
value ofr,, foreground events could be effectively distin- As a result, the shape of the background under the fore-
guished from background events. Since some backgrounground peakand hence the relative number of background
events remained under the foreground peak, however, it wagvents could be obtained with confidence by fitting all
necessary to determine their relative numbers and character-
istic polarization value in order to assess their contribution to
the true foreground polarization. 2The molecular structure of this target was identical to that of the
The distribution of the background under the kinematicregular target except thdH was replaced byH.
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Normal Polarization tion of the background events did not depend significantly on
ldn, as illustrated in Fig. 7. The results obtained from this
analysis are also consistent with those of recent polarization

,_

1.00

7] ? % i measurements arising from pion absorption on the quasideu-
£ oso{ &| L teron within 3He [38] and *He [39]. In the analysis of; in
'43 Eq. (4), the uncertainty of the correction tefdR, was domi-
Sosqlyio., g PE.r nated by the error oB which followed from the conserva-
g I+ 19597 1 ? . \ . . L
& 000 L tively assigned 5% uncertainty applied to the determination
e of F.
o 025 -
% 050 .. | C. Model dependent quantities
& “ The third level of analysis involved extraction of the spin-
—075 4 B transfer parameters. In order to relate these parameters to the
2100 A polarization components measured at the p(_)larimeter, it was
0123456789101 necessary to consider a number of kinematic effects.
kinematics radius (deg) Although the trajectories of the incident pion beam and

outgoing proton beams were well determined experimentally

FIG. 7. Kinematical dependence of proton polarization for back-outside the region of the targétesulting in the quantities
ground events obtained using a nondeuterated butanol target. Thiefined in Table Il and Fig.)3the presence of the magnetic
values at small kinematic radii are completely consistent with thosdield associated with the polarized target altered the trajecto-
measured at large radii. ries in the neighbourhood of the target itself. As a result,

guantities such as the reaction angle and scattering plane had
events in the tailsr(>r,) of the kinematic distribution to a to be inferred from the trajectory information distant from
Gaussian shape, as was demonstrated in Fig. 2 of[R&f.  the target.

Two separate one-dimensional fits were performed to the In addition, the direction of the proton polarization during
slices of data lying within the two elongated boxes shown inits passage to the polarimeter changed as a result of two
Fig. 6. For each fit, the relative amount of background toeffects. First, in the rest frame of the proton, the magnetic
foreground within the kinematic radius was always consisfield of the target induced a Larmor precession of the proton
tent and small, typically less than 10%. spin vector about an axis defined by the field direction. Sec-

The measured polarizatioR, is given in terms of the ond, because of the motion of the rest frame of the proton
polarization of the foreground even and of the back- through the lakithe frame in which the particle is obseryed
ground event$}, by the observed spin direction differed from that in the rest

frame by the “Wigner rotation” [4]. Both effects were
Po=FP+BR, (4)  treated in terms of appropriate rotations of the polarization

whereF and B are the fractions of events withing, con- direction as is described in Appendix B.

sisting of foreground and background, respectively. Follow-
ing the determination oR,, from those events lying in the
tails of the kinematic distributionP; could be simply ex- As shown in Appendix B, the desired spin-transfer ob-
tracted from the data. Analysis of data from nondeuteratedervables are related to the experimentally determined quan-
background runs demonstrated that the value of the polarizaities by the following expressions:

D. Extraction of spin-transfer observables

2 1 (DTPL —D PL)—(D*PLt—D Py )(fs/fy) 1

K e==— , 5

-3 py gs—On(fs/fn) (R+1) ©

K _E 1 (D+P’S+—D7P'Sf)—(D+P,'\‘+—Dfp,'\f)(fS/fN) 1 ®
5573 py(siny) gs—an(fs/fy) (R+1)’

2 1 (DTP{"=D Py )—(D"Ps" =D Pg )(gn/gs) 1 @

Kan 3 pg(cosy) fn—Tfs(On/9s) (R+1)’
where Pg,~ are the polarization componentsideways/normal measured at the polarimeter amd™ [from Eq. (B5)]
represents the spin-dependent part of the differential cross section: Buperscripts describe the direction of the deuteron
polarization with respect to the direction of the magnetic field at the target,witeing parallel to the field.e., a “positive”
deuteron polarization py is the magnitude of the negative deuteron polarization Radp |/|p4|. The quantitiesfg \ and
gs [defined by Eq.(B6)] for the proton andy for the deuteron relate the respective polarizations in the center-of-mass
“analysis frame” to the values measured in the laboratory fraae discussed in Appendix)BIn a similar manner, the
polarization observabl®,, can be extracted:



28 A. FELTHAM et al. 55

TABLE IV. Spin-transfer results fom-aﬂﬁp in accordance to the Madison frame. The errors given
include statistical errors characterizing the measurement of the proton polarization in the polarimeter together
with the statistical and systematic errors associated with the measurement of the deuteron polarization. The
results denoted by t were obtained gsia 5 cmthick analyzer. They have been extracted using the
renormalized proton polarizations as discussed in Appendix A.

T‘n' Hanalysis Kﬁs Hanalysis K%s aanalysis KKIIN
(MeV) (deg (deg (deg
105 33t3 -0.122+0.041 N.A. N.A. 433 0.148+0.059
145 34+3 -0.1470.041 742 0.218+0.055 3933 0.087:0.073
180 34+3 -0.268-0.027 75-3 0.174+0.041 373 0.186+0.050
205 34+3 -0.256-0.048 75-3 0.239+0.042 36:3 0.149+0.051
255 353 -0.238£0.057 76-3 0.301+0.053 353 0.069+0.104

_(DPY"+D Py )—(D"Pg"+D " Pg ) (gn/9s) — (3/2(R—1)pg; KNl fn—Fs(On/9s)]— 28 +2(gn/9s)Ss

Py 2[fy—Tfs(an/gs)] ®

wherepy, is the component of the deuteron polarization or-the measured normal polarization and the value expected
thogonal to the reaction plane. from Ayg, and thus there is no evidence of a significant con-
Included in the expressions leading up to E¢®—(8)  tribution from the systematic error termiSgy in Eq. (8)].

(Appendix B were the possibilities of instrumental biases A notable exception, however, is observed for gy
denoted bySy, biases which could result in the appearanceconfiguration at the two lowest pion beam energies
of a nonzero proton polarization where none was expectedT»=105 and 145 MeY. In this case the values & are
These bias terms occur only in E&); in Egs.(5)—(7), such four_ld to be significantly_ higher_ tha_n the expec_ted vz_alues. As
systematic contributions cancel because the calculations i discussed in Appendix A, this discrepancy is attributed to
volve differences between results with opposite deuteron pdh€ fact that, unique to these data, a thinner, 5 cm analyzer

larizations. The fact that these systematic error terms do agY@S €émployed, and that the published proton-carbon analyz-
pear in the expression foPy [Eq. (8)] provides an ing powers are not adequate for the analysis of these data.

opportunity to assess the size of such errors, through a com-
parison of the value dPy to the well-known analyzing pow- IV. SYSTEMATIC UNCERTAINTIES

ersAyo [40] of the inverse reaction. Three types of systematic errors were investigated: pos-
~ After extraction the observables themselves were subgjp|e ime-dependent shifts in the properties of the apparatus,
jected to two transformations. The first converted the datgheasurement errors which scale with the magnitude of the
from the center-of-mass “analysis frame” to the conven-yoton polarization, and possible polarimeter asymmetry
tional Madison frame[21] using straightforward rotations «pizs” which is independent of the magnitude of proton
[28]. The values for the spin-transfer parametgbtained polarization.

from Egs. (5-(7)], expressed in this frame, are listed in ' Thg first item pertains to possible time-dependent changes
_Table v for_the various energies and configurations studiegy, the apparatus which include variations in the magnitude of
in the experiment. The second transformafia@] (based on  {he deuteron polarization to “drifts” of the polarimeter elec-

the coordinate systems shown in Fig.ehable the results to onjcs. These effects could conceivably lead to the develop-
be expressed in terms of the time-reverp@d-d reaction.  ment of an instrumental bias.

The latter transformation was useful for comparing our data Tjme variations in the polarization of the deuteron target,
with the. results of otherl spin-transfer experiments, as \_/veII aesulting from changes in the target temperature, the detun-
for making the comparison betwedy andAyo. The spin-  jng of the polarizing microwave frequency, etc. were
transfer values are presented in this frame later in th_e reporkandled by monitoring the target polarization continuously
Table V summarizes the impact of both transformations oRyjth the average value for every five minute interval being
the observables. _ _ stored on magnetic tape. The average polarization for a run
Table VI summarizes the values Bf; obtained using Eq. set was obtained by weighting each “five minute” polariza-
(8), together with the corresponding valuesAx, from the  tion sample by the number of events accumulated over that
pp—dm reaction(obtained using an energy and angle de-period (as recorded by the scaler§he error on the mean
pendent parameterization of the existing data]). The er- was determined appropriately. The magnitude of the varia-
rors provided forP,, are statistical only as the intention of tions in the deuteron polarization throughout a run set was
this table is to indicate the size of possible systematic errorgypically less than 0.02. Runs in which a rapid depolarization
The errors for the expected value &f, reflect a 4% uncer- of the target occurredwhich happened only rarelywere
tainty, typical for many of the measurements of this observ-excluded from further analysis. The final uncertainty quoted
able[40]. In general there is very good agreement betweertfior the value of the average deuteron polarization included a
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TABLE VI. Comparison of measured normal proton polariza-
tion Py at the target with the expected values obtained from a pa-
rameterization ofAyy data for the|5p—>d7r reaction[41]. The er-
rors associated witlAy, represent typical values appropriate to

such measurements. Only the statistical errors are liste®,folr he
results denoted by T were obtained gs@m 5 cmthick analyzer.
These values were obtained using the published proton-carbon ana-
lyzing powers. The scattering angles for which these data were
obtained are the same as those listed in Table IV for each configu-
ration and beam energy.
T Configuration Pion Expected Measured
energy value value
eanalysis @y f,’ z Ano Py
P l Kis 105 0.225-0.009 0.224-0.021
Ovtadison d 1 % 145 03990016  0.43%0.024
<Z 180 0.44(:0.018 0.426:0.016
205 0.388-0.016 0.3850.021
pf; = C_1)7T 255 0.28@-0.011 0.314-0.028
Kss 145 0.376-0.015 0.384-0.025
FIG. 8. Comparison of the Madison coordinate systems for the 180 0.416-0.017 0.41%0.020
. . PR s = . 205 0.352-0.014 0.352-0.020
tlme-re\{ersed rea.ctlorjsn-dﬂpp and.plpzﬂd.w.. In thg Madison 255 0.18% 0.008 0195 0.027
convention, the direction of the positie axis is defined by the
momenta of those particles whose spins are measured. For ealfﬁ“\' 105 0.2320.009 0.294:0.026
particle whose spin is determined the positive directions ofxthe 145 0.426-0.017 0.4980.029
y-z axes in the Madison fram@orresponding t&-N-L) are illus- 180 0.455-0.018 0.466-0.026
trated. 205 0.3940.016 0.406:0.023
255 0.288-0.012 0.2980.046

relative 6% instrumental uncertainty associated with the
NMR measurement of the target polarizatiei2].

To handle the possibility of electronic drifts such as
changes in the gains of the signal amplifiers or shifts in th
threshold levels of discriminators, etc., the software calibra-

tion Y[\il\?s Peﬂrfogm:ﬂt/j fonr eﬁcg runia(ekt)se:ncorr:&rsted rOI c;on; W_hich scale with the magnitude of the polarization being
Seculive runs between changes €am energy or targeél pol. asured. Such an error could be associated with an incor-

fr'Z:rt;SS’ \(/)vragvcehnar?q%r; T;eggzir:itg/n 'fo?]_ﬁg?g%gegﬁf_ﬁ:]éhgi rect calibration of the apparatus. An obvious example is that
bp ged. ' of the measurement of the proton polarizat®nin the po-

agnostics were employed to indicatg the onset of su.ch sr.mctI?‘irimeter which is inferred from the scattering asymmetry
in the performance of the electronics. In order to |dent|fy6 in terms of the analyzing powek (P= e/A). In this case

su<_:h t_lme-dependent effects within a run set, the proton PO%he inferred polarization is proportional to the measured
larization was calculated and plotted on a run-by-run basis

Figure 8d) is a typical time-dependent plot of this kind. No asymmetry, with a proportionality constant £&3/which it-

2 A ) : self is subject to uncertainty. Two sources of error for the
evidence of a significant drift was observed in any of these . ) .

o analyzing power were considered. One was the uncertainty
tests. In addition, selected run sets were repeated several

days after their first measurement. All pairs of such “early/m the determinati(_)n of the proton energy at the center of the
' carbon, resulting in an error in the analyzing power due to
TABLE V. Transformation of Cartesian spin-transfer observ- the energy d?penden?f of th'iﬁararﬁggrmcait at.lower
ables between the analysis, Madison, and time-reversed Madisorl){omn energlels,.;,ee ig(ad]. e_Qt er also takes into aC,'
coordinate systems. Note that the polarizatftop becomes an ana- count the p0§5|blllty that the specific Va'l,les for the a”a'YZ'”g
lyzing powerAy, and that the subscripts &2 and K, are re- powers(obtained by other workef$7]) might not be appli-

versed. All quantities are in the center-of-mass frame. The angl&;able for our polarimeter because, for example, of the depen-
6, corresponds t@naysisOf Fig. 8. dence of the inclusive proton-carbon analyzing powers on

detector parameters such as discriminator thresholds, detec-

late” results were found to be in good agreement, again in-
dicating the absence of any significant time-dependent ef-
ects.

The second class of systematic uncertainties are those

7d—pp pp—dm tor positions, etc. ' . .
Analysis frame < Madison frame ¢ Madison frame The proton energies were inferred on the basis of the in-
cident pion energy together with two-body kinematics as dis-
Kis(6) = Kig(m—6) —KE& (7m—0) cussed earlier. Errors in the proton energy could thus arise
Ksd6) = —K&(m—6) = —KB{m—6) from uncertainties in the pion beam position and energy as
Knn(6) = K&n(T— 6) = KRn(m—6) well as uncertainty in the detector positions. In this regard,
Py(6) = Py(7— 6) = Ano(6.,) the location of both detector arms with respect to the pion

beam was known to better than 0.5 degrees and the mean
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TABLE VII. Nominal pion beam energy, the true mean beam enérgiuding energy loss to the center
of the targe}, the corresponding mean proton energy taken from two-body kinentatatading energy loss
to the center of the analyzetogether with the expected spread in proton energy distribution. The final
column lists the possible error in proton-carbon analyzing powers resulting from uncertainties in the reaction

energy.
Configuration Nominal True pion Energy Proton energy Analyzing
beam at target at carbon power
energy (MeV) (MeV) uncertainty
(MeV) and and (relative
energy spread energy spread (%)
(= MeV) (= MeV)
Kis 105 104.3-4.2 126.3-3.3 4.5
145 144.2:5.5 162.3-4.3 25
180 179.:6.5 192.3:5.1 0.8
205 203.%7.2 213.6:5.7 0.3
255 250.3-8.6 253.0-6.9 1.9
Kss 145 143.35.5 122.13.2 4.6
180 178.2:6.5 145.4-3.8 35
205 202.%7.2 161.4-4.1 25
255 249.6-:8.6 190.4-4.8 0.7
Knn 105 103.74.2 129.8-3.3 4.0
145 143.71.6 166.3-1.3 0.7
180 178.7%#2.0 190.6-:1.6 0.3
205 203.3x14 212.6-1.1 0.1
255 246.7-8.6 250.5-6.7 1.8

value of the pion beam energy was very stable and known taverage value should be minimal. In any case, it was found
better than 1%423]. The pion beam was also characterized,that the inclusion of these uncertainties did not contribute
however, by a momentum and angular sprefice., significantly to the uncertainty in the final spin-transfer re-
Ap/p~5% (FWTM),® A6,~+0.67°,A 6,~=*3.2°] leading  sults since the measurements were limited primarily by sta-
to a concomitant spread in the energy of the outgoing protistics.

tons. Although the expected values of the proton energies In order to verify that the published values of the proton-
used in the analysis were based on the central energy of thrbon analyzing powers used here were appropriate to de
pion beam, the actual mean value of the proton energy disscribe our polarimeter, and that no significant energy-
tribution might be expected to be somewhat different due talependent errors remained unidentified, protons of known
the strong energy dependence of thé— pp cross section. polarization were produced and detected in the polarimeter.
This systematic uncertainty in the average proton energyrhese protons, originating from thed— pp reaction where
would therefore affect the determination of the proton-an unpolarized deuteron target was employed, had a polar-
carbon analyzing powers. The impact of such an error on theationnormalto the reaction plane with a vali&, equal to
analyzing powers is related to the range of energies involveghe analyzing poweAy, of the time-reversegyp— dar re-

[see Fig. 48)], with the largest effect occurring at the lowest action. The value oAy, is well known over the entire kine-
pion energies and largest polarimeter angle positibat for  matic range relevant to our experiment. In the case of an
which Ksswas measurgdTable VIl lists the average proton ynpolarized deuteron targ%, was determined using a re-
energies at the center of the carbon analy@ch value  duced form of Eq(B6), where the sideways and longitudinal

includes the energy losses in the target material and carborcomponents at the targeP§¢ and P,) are necessarily zero
the approximate proton energy spreadls, (due to the pion gnd Pv= Py

energy spread and the resultant uncertainties in the analyz-

ing power(AA/A=[1/A(E))(AA/AE) X SE) of the polar-

imeter, whereAA/AE was taken from the slope of th& Py— SN

versuskE curve[such as that in Fig.(@]. The inclusion of Pv= fy ©)

this error in the analysis was a conservative attempt to in-

clude an uncertainty related to the energy dependence of the

proton-carbon analyzing powers. This contribution is likely Due to the considerable time required for each measure-

an overestimate since, to first order, the influence on thenent it was not possible to obtain such unpolarized target
data for all energies of each configuration. However, the
same observabl®) could also be extracted, using E®),

SFor theKyy runs atT.= 145 MeV, 180 MeV, and 205 MeV from the data obtained with the polarized target. This made it
Ap/p was~1.5%. possible to check the polarimeter for each specific spin-
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TABLE VIII. The measured normal polarization of the protons produced from an unpolarized deuteron
target compared with the expected values fibgg. Also listed with each measurement is the average energy
of the protons at the center of the carbon indicating the energy region over which this systematic check was
performed. The results denoted by T were obtainedyusid cmthick analyzer. They were obtained using the
published analyzing power parameterizations.

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

(MeV) (from Ayo) (Pa) (MeV)

Kis 205 0.388-0.016 0.428:0.038 213.6

Kss 205 0.352-0.014 0.325:0.076 161.4

Knn 105 0.237-0.009 0.296-0.033 130.1

Knn 145 0.426-0.017 0.48% 0.037 166.2

Knn 255 0.288-0.012 0.245:0.059 250.4

transfer configuration and at each energy without the exer scintillators for particles which scatter in the latter half of

pense of additional measurements. the polarimeter, a dependence which would, if ignored, lead
The values folPy, obtained from the unpolarizdéqg. (9)] to the generation of erroneous valuescof he final artificial

as well as the polarized targgq. (8)] are listed in Table VI asymmetry considered was a possible acceptance bias due to

and Table VIII, respectively. In general, the results obtainedhe front-end data selection of the J-11 preprocessor.

for Py in both tables are in good agreement with the ex- Wire chamber misalignments were corrected by the soft-

pected results inferred froy, [41]. These results provide

independent confirmation of the validity of the published 1ag|E |x. Summary of systematic errors included in the error
proton-carbon analyzing powers over the range of proton engnaysis. Also listed are the average magnitudes of the vector po-

ergies relevant to our experiment.

larization of the target, and their uncertainty.

A consistent exception to the good agreement are the data

obtained using the 5 cm thick carbon analyzer. For thes€onfig. Nominal

data, both for polarized and unpolarized deuteron targets, the
values of Py, obtained were significantly higher than ex-
pected. As discussed in Appendix A, this discrepancy is at-
tributed to the failure of the published parameterizations to
describe the analyzing powersrfa 5 cmanalyzer in this

proton energy range. It thus represents a systematic error RfLS
the second type described here. It was possible, however, to
correct for this scale error using the knowledgeAqf, in a
manner which is described in Appendix A.

The lack of statistical precision in our measurements
made it impossible to distinguish between the small differ-
ences of published proton-carbon analyzing power param-
eterizations available to our polarimeter. To reflect a possible
error which might arise if our choice of parameterization was
not the most appropriate one, a suitable systematic error con-
tribution was included in the uncertainty analysis. The sizeKss
of this contribution was determined by the relative difference
between two recent analyzing power calibratipig,43. Al-
though this contribution to the overall uncertainty is small, it
does tend to be more significant at the lower proton energies,
as indicated in Table IX.

The third class of systematic errors are thosiependent
of the magnitude of the polarization. For example, such an
error would arise if there were a bias in the apparatus whicfn
introduced an artificial asymmetry to the measurements. In
our case, such a bias would manifest itself as a systematic
shift in the scattering asymmetry, Three types of artificial
asymmetry were considered. The first was a possible mis-
alignment of the wire chambers which would result in an
angular bias for the trajectory reconstruction and thus an in-
correct calculation of scattering angles and corresponding ki-
nematical characteristics. The second was a possible spatial

Target Anal. power  Anal. power
beam polarization uncertainty uncertainty
energy and arising from due to
sign error in parameterization
proton energy
(MeV) (%) (%)
105 +0.289+0.017 45 5.0
—0.376+0.022
145 +0.281+0.018 25 2.0
—0.352£0.027
180 +0.293+0.018 0.8 2.0
—0.401+0.024
205 +0.288+0.017 0.3 2.0
—0.389+0.044
255 +0.288£0.018 1.9 2.0
—0.383+0.033
145 +0.329:0.028 4.6 5.0
—0.378+-0.040
180 +0.340+0.020 35 2.0
—0.382+0.033
205 +0.328+0.020 25 2.0
—0.394+-0.034
255 +0.337£0.023 0.7 2.0
—0.394+0.024
105 +0.284+0.020 4.0 5.0
—0.285+-0.019
145 +0.293+0.018 0.7 2.0
—0.286+0.018
180 +0.313+0.025 0.3 2.0
—0.364+0.022
205 +0.282+0.021 0.1 2.0
—0.334+0.020
255 +0.288:0.018 0.9 2.0
—0.289+-0.018

dependence of the detection efficiency within the MWDC'’s
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ware calibratior(discussed in Sec. )l As a result the cham-

bers were aligned to the extent permitted by their spatial oo
resolution (typically better than 20Qum). Nonetheless an .
additional analysis was performed, upon completion of the
wire chamber calibration, to check the resulting alignment.
This check involved searching for a dependence on the azi- -
muthal scattering angle for those events which had experi-
enced little or no scattering in the carbon analyzer
(0c=<3°). Forthese small-angle events, the proton-carbon
analyzing power should be zero since such scattering is
dominated by the Coulomb interaction. The possibility of i %
deviations from a flat azimuthal distribution due to instru-

mental effects was tested by fitting the following function to —1006 T T '

the small angle scattering data: 8 0B w6820
g g ' QCarbon (deg)

Polarization
o
()
o)
i
s
T

f(¢)=A+Bcosp+ Csing, (10
. . . . FIG. 9. The dependence of the measured proton polarization on
with A, B, andC as variable parameters. In this equationy,e nojar scattering angle in the carbon. As a constant value is
[which is basically Eq(1)] the standard small angle asym- gypected, the systematic shift seen at smaller angles illustrates the
metries €) are given byey=B/A, and es=C/A. In this  impact of bias introduced by the J-11 preprocessor. The events
anaIySiS these asymmetries were alwayS consistent with Zerpelow 7° degrees were removed by an on-line cut whereas the
within a typical statistical precision of 0.01-0.02. This reaf- off-line cut removed those events scattered by angles less than that
firmed that the chambers were indeed well aligned. indicated by the dashed line.

The possibility of asymmetries introduced as a result of
spatial inefficiencies in the polarimeter is more difficult to
identify, so steps had to be taken to reduce the likelihood OE
their occurrence. The detectors of particular concern wer
those locatedafter the carbon analyzer in the polarimeter.
Unfortunately, the large wire chambers following the carbon
were the least efficient of all the chambers employsee
Table IIl). In order to check for the possibility of spatially

rgest contributions are those associated with uncertainties
the proton-carbon analyzing powers. These arise from the
Encertainty in the proton energy at the center of the analyzer
combined with the strong energy dependence of the analyz-
ing powers (particularly at low proton energigstogether
with the question of the applicability to the analysis of our

dependent asymmetries, searches were carried out to test 1p olarimeter data of the particular analyzing power param-
P . ymm ' o Yerization employed. Since both types of error were always
systematic deviations between the proton polarizations cal;

culated for events Ivina in different soatial regions of thedominated by the statistical errors associated with the mea-
; ying spatal reg surement of the proton polarization, there was no evidence to
polarimeter. A systematic effect of this kind in fact was ob-

rved[28] when th larization W lculated fun suggest a significant systematic bias in the results. In fact,
serve en the polarization was calculated as a N~ iy e exception of those data obtainedhwit 5 cmthick
tion of the target scattering angle®{gen Prarged - It Was

rget nalyzer(see Appendix A a quantitative verification of the
cagseq by a §mal| gap between the scintillators S1A an_d S2 ethods used in this analysis is provided by the agreement
which immediately followed the carbon analyzer. As illus-

i . e between the normal polarizatid? obtained in this experi-
};itlﬁglihng 'i:%li?;gggfgg ttr:]ésggg?;emevgiggglr:giﬂntzioment and theA, values characterizing the inverse reaction
[defined in Eq(1)]. This procedure did result, however, in a '(1Table V). For the data obtained with the 7 cm thick ana-

A ; L lyzer, no systematic bias is evident.

small reduction in the available statistics. Our spin-transfer results, listed in Table X, have been

The use of a J-11 preprocessor to select only large angle . S : T
scattering events could also lead to the introduction of fals&r@nsformed to the inverspp—dar reaction following the
asymmetries in the angular region close to the edge of thigrescription given in Table V. The errors quoted in .Table X
cut. Such effects could arise from the coarse position resoldnclude statistical as well as all relevant systematic errors.
tion characteristic of the on-line softwafehich did not use  OUr results ok at T, =783 MeV can be compared with
drift time information, as well as from the corresponding the measurement of Turpiet al. [12] (T,~800 MeV) in
uncertainties in the chamber calibration employed by the onEig. 10. SinceKyy is asymmetric about 90c.m,) [44], it is
line software used to reconstruct the trajectories. The influclear that the two sets of data are completely consistent. Un-
ence of the J-11 cut on the asymmetries for small scatterinfprtunately it is impossible to make a direct comparison with
angles is illustrated in Fig. 9 where the polarization is plottedother spin-transfer date9—11], since the other results are
as a function ofdc. This problem was removed by imple- complicated by the boost from center-of-mass to the lab and
menting an off-line cut ord. (which was greater than the thus contain a mixture of several spin-transfer parameters.

value used for the on-line C)Jto remove those events |y|ng It is pOSSib|e, hOWeVer, to compare our results indirectly
near the edge of the J-11 ciypically 6.<8°). to the existing data through the predictions of PWA fits

which have included the other data in theiffit44] (i.e., fits

based on data which include the energigs:= 500, 580, and

800 MeV). As seen in Fig. 11, no significant discrepancy is
The contributions of the various systematic errors dis-observed at these energies.

cussed in the previous section are listed in Table IX. The The impact of these new spin-transfer data on the deter-

V. DISCUSSION
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TABLE X. Spin-transfer results for thp [3%&77' reaction(center-of-mass framén accordance with the
Madison conventiofTable V). The angles listed correspond to center-of-mass angles, whereas the proton
energies(lab) are those which are equivalent to the pion energy of column 3 of Table VII for the time-
reversed process. The results quoted here include both statistical and all systemati@ededsn quadra-
ture). The results denoted by a T were obtained gisirb cmthick analyzer. They were extracted using the
renormalized proton polarizations as discussed in Appendix A.

Tp edeut. KgL Tp edeut. Kgs Tp Gdeut. KﬁN
(MeV) (deg (MeV)  (deg (MeV)  (deg
500 1473 0.122:0.042 N.A. N.A. N.A. 497 133 0.148:0.060
578 1463 0.1470.041 577 1062 0.218:0.057 577 14¥3 0.087:0.073
648 1463 0.268:0.028 646 1053 0.174-0.042 647 1433 0.186+0.050
697 1463 0.256+0.048 696 1053 0.239:0.043 697 1443 0.149-0.051
791 1453 0.238:0.057 789 1043 0.30x:0.053 783 1453 0.069:0.104

mination of the partial wave amplitudes characterizing the Although our new data have not had a significant impact
pp—da reaction can be demonstrated by comparing the reen the form of the amplitudes, it is interesting to note that as
sults of a PWA fit to a data base which excludes our data, téar as the energy dependence of the spin-transfer quantities is
a fit for which our new data have been included. It is possibleconcerned, the fit for which our data were not available
in fact to make such a comparison among the PWA's exist{Bugg et al. [5]) is systematically somewhat better at de-
ing in the literature, in that the work of Arndt al.[44] has  scribing our data than the fit which includes our dgaandt
included our results and the work of Buggal. [5] did not et al. [44]). This is particularly true folKR,, where Arndt
include our results in their respective data ba@hsre are et al. are systematically higher than Bugtal. and our data,
also other differences between the two databases employegh observation which is supported at 800 MeV by the data of
as new data were released in the meantinkégure 11  Turpin et al. [12] as shown in Fig. 10. This systematic dis-
shows, for all three observables, the energy dependence efepancy suggests an inconsistency between the spin-transfer
our data together with the corresponding predictions of thesdata and other more precise data which have had a greater
published PWA’s. Both PWA predictions are generally ininfluence on the overall shape of the amplitué@sservables
good agreement with each other despite small systematic dieasured using thpp—d process tend to be of higher
ferences, thus indicating that the existing data now providgrecision and are usually obtained for a large number of
adequate constraints for the PWA fits. Moreover, the agreeangular bink
ment demonstrates that the theoretical assumptions made by A noteworthy difference between our data and both PWA
Bugget al. in their work [5] were justified. predictions is seen in the energy dependence of the observ-
ableK§g particularly betweerT,= 580 MeV andT,= 700
MeV. In this energy range considerably less spin-dependent

02

0.1

=02 T T T T I 3034
0 I 60 9% 120 B0 180
edeut. (deg)

T T T T
400 500 600 700 800 900

FIG. 10. Comparison of the Turpin d&th2] taken afT,= 800 Proton Lab Energy (MeV)

MeV (O) with the value ofK}, obtained in this experiment ob-
tained at the equivalent df,= 783 MeV (@). The solid line rep-
resents the predictions of Arndt al.[44] and the dashed line those
of Bugg et al. [5] at comparable lab energy (= 800 MeV) and
center-of-mass angles.

FIG. 11. The spin-transfer observablésxpressed in the

pp—dm Madison framg as a function of proton lab energy. The
curves have the same identity as those in Fig. 10.
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retical works will benefit from the reliable PWA'’s currently

= available. In this respect, it is increasingly pertinent to com-
0.3+ N T B pare theoretical predictions with the specific amplitudes
L2027 | { B rather than the data themselves. Such an approach has al-
o 014 N { B ready been followed, for example, in the work of Matsuyama
0.0 ~7 and Lee[49].
\' 1 I | In summary, this paper demonstrates that spin-transfer
8; ] { i i i measurements performed with thﬂﬁ—>f>p reaction offer a
I t viable approach for studying this fundamental pion
a " 0.1 =
<00 _ absorption/production channel. The advantages of using this
014 T _— L reaction over the more conventional pion production channel
| | } } arise from the availability of good polarized deuteron targets
0.3 1 R /T B and the well established technique of proton-carbon polarim-
A %21 ] <~ i etry. This technique also provides the capability of verifying
< 00 the absence of a _slgmﬂcant systematic error contrl_butl_on
014 N through the comparison of the measured normal polarization
: : : : Py with the well-known analyzing powerA,, of the
400 500 600 700 800 900 pp—d process. The limitation of the impact of our data on
Proton Lab Energy (MeV) the determination of the PWA's is due primarily to the sta-

tistical precision as compared to the other data existing in the

FIG. 12. Our new spin-transfer data are compared with thegatabase.
predictions of two theoretical models. The solid line is that of In order to overcome the statistical limitations encoun-
Blankleider[45] and the dashed line is Niskanei45]. tered in this work, future experiments employing this tech-
nique would benefit from: the increased pion beam intensi-

data exist, compared to the other energies, and in particulq(ZS now available at some of the meson facilifigg]: recent

no other spin-transfer data. Since this range spans thg peqk& velopments in polarized deuteron target technolgy

the A resonance, the obs_erved structure may _be mgnal_mg,hich make it possible to routinely achieve deuteron polar-

some aspect of the b_eh?"'or of the_ amplitudes in _th(_e r€3I0f ations in excess of 40% using target volumes considerably

of this resonance which is not predicted by the existing fitSy, ger than that which we employed: and the availability of
In Fig. 12, our spin-transfer data are compared with theneW materials(such as NR) which provide an improved

pred|ct|on§ .Of two current theoretical calculgt|p[%,46|_ ratio of deuterons to other nuclei as compared with the bu-
Although it is well known that none of the existing calcula- ;.o used in this experiment, thus making it possible to re-

tions adequately describe the spin-dependent observablaace the number of background events accepted
(Ao is a notable examplet is interesting to compare their — gina)1y  future experiments of this kind could improve

predictions to our measurements as well. As seen in Fig. L2heir precision through a better knowledge of the thickness

[46] does a good job of predicting the observed energy depgher analyzing powers can be obtained using analyzer
pendence oKg, at the angles relevant to our experiment, ihicknesses different from those studied previoydy,43.
whereas the calculation of Blankleider does a better job withkrther studies of this kind would be useful for choosing an
KRn- It is interesting to note that both theories fail in their optimal thickness of analyzétFigure of Merit” ), thus per-
prediction of K§s, even as far as sign is concerned. Thismitting a more efficient use of the system. Data of this kind
difficulty with K&, also noted above with the PWA fits, may are currently available for higher proton enerdi8].
indicate a particular sensitivity of this observable to poorly
unde_rstoqd_ details of the reaction. _ ACKNOWLEDGMENTS

It is difficult to conclude from such a comparison the
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intended to resolve some of the outstanding problems asso-

ciated with conventional unitary models. In addition, Nis-
L. APPENDIX A
kanen has had some success at predicting the related process,
np—ds° (near threshold through the inclusion of heavy It is common practice in polarimetry experiments to first

meson exchange in his calculatipt8]. It would be interest- calibrate the polarimeter in order to determine the appropri-
ing to see if such contributions also play a role in the regionate analyzing powers which characterize the system. In our
of the A for pp=d. Certainly these as well as future theo- case, however, it was unnecessary to perform an extensive
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calibration of this kind because of the existence in the litera-

ture of high-quality parametrizations of analyzing power data © 490 570 850 730 T"g éMev)

obtained for polarimeters very similar to the one we used. 0.6 ' ' '

Nonetheless our experiment did contain a self-calibrating

feature, namely the polarization of the outgoing protons for 051 } % i

an unpolarized deuteron target. This is equal to the well- - 04 i " i

known analyzing poweAy, of the time-reversegp—d= <

reaction, and thus could be used to verify that the polarimeter T 03 i ;-

behaved as expected. This appendix discusses some impor- !

tant features of the analyzing power parametrizations devel- 0 o2 1° -

oped by other workers in this field, in the context of our

polarimeter. 0.1 B
We focus on two recently published parametrizations

[37,43 appropriate to our system. They differ slightly, but

0.0 T T T
100 140 180 220 260

not by an amount which the statistical precision of our mea- Nominal Pion Energy (MeV)

surement could discern. Of these, we chose to employ the

parametrization of McNaughtoat al. [37] because of the [, 13, For data obtained from a polarized deuteron target, the
similarity between the two polarimeters. In particular, their measured polarizatioR) (solid points is compared with the ex-
polarimeter(JANUS) [18] also employed multiwire delay- pected value obtained from the analyzing powgg (open points

line drift chambers for trajectory determination and had simi-The solid A points correspond to data taken with the 5 cm thick
lar locations for the triggering scintillators. The efficiency of analyzer. All values oP, shown were obtained using the analyzing
all these detectors is affected by the energy and multiplicitypower parameterization of McNaughtenal.[37]. The upper hori-

of the final state particles which in turn can influence thezontal scale refers to the lab energy of the protons A
acceptance of particular events. This is an important considpp—d=) whereas the lower scale refers to the lab pion beam
eration since inclusive proton-carbon scattering producegnergy forp, (7d— pp).

events characterized by many different kinds of final states,

events resulting frqm both_elastlc and non_elastlc processefe experiment. On the other, such a Hi&gy in Eq. (B15)]
Each process prowdes a different contribution to the overal,,o,1d be twice as significant for the values B obtained
average analyzing power. from the analysis of polarized deuteron target data as com-
In the case of th&, s andKssmeasurements as well as pared to those obtained from an unpolarized target. In fact no
the three highest energies of tigy measurementall of the  gisagreement is observed between the results obtained for
data which were obtained wiita 7 cmthlck_ carbon.ana— the polarized and unpolarized targétompare Tables VI
lyzer), use of the McNaughton parametrization provided ex-5nq VIII).
cellent agreement between the valuesPi, measured for  The observation of this systematic discrepancy associated
the wd— pp reaction, and those expected from publishedwith the data obtained using the thinner analyzer prompted
values ofAyo which characterizes the inverse reactisee an examination of the reliability of the analyzing power pa-
Sec. IlI D). For the two lowest energiesT({=105, 145 rametrizations employed in the analysis of data taken with a
MeV) used in theKy measurements, however5 cmthick 5 cm analyzer. Such parametrizations are purported to be
carbon analyzer was used in order to reduce the energy logsdependent of the carbon thickness, with the only depen-
of the protons in the carbon, thereby increasing the effectivelence being on the scattering angle and the proton energy at
analyzing powers which are strongly energy dependent ahe center of the carbof87,43. Indeed both parametriza-
these energies. Interestingly, for the data taken with this %ions mentioned here resulted from data sets obtained with
cm thick analyzer, both the parametrization of McNaughtonanalyzer thicknesses ranging from 3 to 13 cm. For the case of
et al. [37], and that of Aprile-Gibonkt al. [43], yielded re- the 5 cm analyzer, however, there are no published data for
sults for Py, which were significantly higher than the corre- proton energies as low as those produced in our 5 cm ana-
sponding values expected froftyg, as illustrated in Fig. 13. lyzer measurements. The nearest example was obtained by
This suggests that the proton-carbon analyzing powers peAprile-Giboni et al. [43] at T,=187 MeV (roughly 20 MeV
taining to the 5 cm thick analyzer, in the proton energy re-higher energy than our highest 5 cm data, see Table. VII
gion appropriate to these measuremdree Table VII, are  Although these data do not appear to be significantly higher
in fact greater than the values indicated by the publishedhan their published parametrization, it is interesting that the
parametrizations. authors report this particular data set to be in poor statistical
Before we could conclude that the knowledge of the anaagreement, and thus have omitted the set from their fitting
lyzing powers for 5 cm thick analyzers at lower energies iswork. It should also be noted that their papé8] comments
not well established, the possibility of systematic errors af-on the sensitivity of the analyzing powers to the thickness of
fecting our system had to be considered. Use of argumentsie analyzer at proton energies beldy=170 MeV. This is
such as those discussed in Sec. IV enabled us to rule out ttie fact the region where our measurements were performed.
presence of time and spatial dependencies in our measure- The lack of pertinent published data obtainedwat5 cm
ment. Moreover, the possibility of an asymmetry bias couldanalyzer, as well as the observation particular to our own 5
be eliminated for two reasons. On the one hand, the effect afm analyzer data of a systematic deviation of the measured
such a bias should be evident in all the data, regardless of thgolarization P, from its expected value, reinforce the con-
beam energy, since the same apparatus was used throughalusion that the published analyzing power parametrizations
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TABLE XI. List of renormalization valueR, (obtained from  As can be seen in the last two columns of Table XI, excellent
the unpolarized target datased in the evaluation of théyy data  agreement withAy, is now obtained with the polarized tar-
which were obtained usina 5 cmthick analyzer. Also listed are the  get data. This demonstrates consistency between all of our 5
reevaluated results fd?, (obtained from the polarized target data, cm analyzer data.

and to be compared with Table Vand the expected value from  The correction factoR, was subsequently used to correct

Ano- the measured proton polarizations, employed in the determi-
nation of theKyy values listed in Tables IV and X for pion
Ta (Tp) Ra Py Ano beam energies of =105 and 145 MeV. The use of the
(Mev)  (MeV) corrected proton polarization values in E@) resulted in a
105 130 0.86:0.10 0.2350.029 0.2370.009 net decrease in the extracted spin-transfer values of 20% and
145 166 0.880.08 0.43720.037 0.426:0.017 12%, respectively, for th& =105 and 145 MeV data sets.

This procedure also increased the errors attributddy\jg at
these energies due to the experimental uncertainty in the de-
are not reliable for the analysis of our lower-energytermination ofRs (~10%).
(T,<170 MeV) proton data obtained wita 5 cmanalyzer. In summary, our observation of a thickness dependence in
In our experiment, however, the availability of tiRg data  the proton-carbon analyzing powers for proton energies
obtained from an unpolarized deuteron target meant that &,<170 MeV, confirms the earlier observation of Aprile-
reliable means to “recalibrate” the proton polarization was Giboni et al.[43] concerning the existence of such a depen-
available. Such data were available for both data sets whe@ence in this energy region. Quantitatively we find that the
the 5 cm analyzer was employed(y at T,=105, 145 correct values for the analyzing powers appropriate to our 5
MeV). cm thick analyzer are 10—20 % larger than those expected
The recalibration was carried out employing the standardrom current parametrizations of proton-carbon analyzing
relationship between the polarization and the measured scatowers[see Fig. 4a) for a comparisoh This is in contrast to
tering asymmetrfEq. (2)]. First of all it was assumed that the situation for our data taken with the 7 cm thick analyzer,
the “true” analyzing power distributiorA™ 6¢,E,) had where the existing parametrizations work well. The apparent
the same relative energy and angular dependencies as thatig¢rease in the 5 cm analyzing powers over the parametriza-
the parametrizatiorAP22™ (an assumption which is sup- tions (obtained from measurements which employed both
ported by the lack of observation of any such trends in thdhicker and thinner analyzersould arise as a result of the
polarization plots of the kind shown in Fig. 5 for these 5 cmreduced multiple small-angle scatterifvghich tends to wash
data. In this case the two distributions can be trivially re- Out polarization information when compared with the
lated through a multiplicative factor:AP*™(4. E ) thicker carbon data, while retaining the ability to filter out
=RAA™( 0 ,E,). The true polarizatioPyy(true) can thus the lower energy inelastic events which contribute a smaller
be obtained by multiplying the measured p0|arizationasymmetry[43] (thinner analyzer data v_vould include more
PL,(measureti[from Eq.(2)] by this same factor. of such low asymmetry eventOur data in faqt suggest that
To obtain the factoR,, the polarization results obtained any future measurements of proton polarization in the energy

from the unpolarized deuteron target were explofet Eq. €9i0n: Tp<<170 MeV should consider use of 5 cm thick

(9)]. For these data the true value of the normal polarizatior?arbon because of the S|gn|f|cant Improvement in the analyz-
P/ (true) can be equated @y, of the time-reversed process, ing power which results. This should be accompanied, how-

since this corresponds to the result one would expect if thgver, by a careful calibration of the analyzing powers for the

correct analyzing power distribution were in fact known. cm th'Ck. carbon, as very "“'? re!evant |_nformat|on IS cur
Thus rently available at these energies in the literature.

Py (measuref— Sy APPENDIX B

fi

P’(true)=Anp= )XRA, (A1)

In this appendix the algebra employed to extract the spin
observables from the experimental data is reviewed. For this
where for theKy configuration,fy~1 andSy~0 and so, discussion all quantities listed, unless otherwise indicated,
Ra=Ano/ P{(measured). Since the distribution of eventsare expressed in a coordinate system referred to as the
with respect to the proton energies and angteguired for ~ center-of-mass “analysis frame{COMAF). This frame is
the analyzing poweljsis essentially independent of the po- the center-of-mass equivalent to the lab “analysis frame”
larization state of target, it is possible to apply this correctiondescribed in Fig. 3 except that in this case the momenta are
[obtained through EqA1)], at a given pion beam energy, to expressed in the center-of-ma#sese variables are given the
the data obtained using the polarized target. The scale factosuperscript *). The axes of the COMAF are defined in terms
R, would also apply to the correction of the sideways po_Of the kinematic variables in the following manner:
larization Pg however for theKyy configuration this com- . .
ponent did not contribute significantly. L=k}, N=kjxky, S=NXL.

In Table XI the values obtained fdR, are listed at the
two energies for which the 5 cm analyzer was used. As &he COMAF is essentially that to which the standard Madi-
consistency check fdR,, this correction procedure was ap- son conventiof21] applies, except for the definition of the
plied to the case of the data obtained from the polarizedongitudinal axisL. In the Madison convention the axis is
target and a corrected value fBx, was extractedEg. (8)]. defined by the momentum of the polarized particle, in this
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case the deuteron(thus for the Madison frame: tensor py., Psn: Psi, PLL» Pss—Pnn) Polarization com-
L=k*= —k*) The transformations between these frames ofponents of the deuteron and the physics of the reaction, in
the relavent observables are given in Table V. terms of the spin-transferk(), analyzing power P), and

In the COMAF the proton polarization®g and Py) at  polarization @) terms, as well as the polar scattering angle
the target can be related to the vect@( py, p) and 6 [52]:

o( 9) 3 2 2
Ps(0)= m[z pPKLs(O)+ 5 > 5PsKsd 0)+ 3 3 PniKinps(0) + 5 3 PsnK(sns( D) |, (B1)
1o(6) 3 1 2
Pn(O)=——+ 1(0) [PA/(G)+2pNKNN(0)+ PLLKLon(0) + 3pSLK SL)N(9)+ (pss P [Kisgn(#) —K NN)N(H)]} (B2)
wherel (6) is the polarized differential cross section:
3 PLL 2 —— 1
1(0)=1,(6)| 1+ EpNPN(e) +7PLL( 0)+ §DSLPSL( )+ g(pss_ Pnn)[Psd 6) —Pun(6) ] (B3)

andl ,(6) is the unpolarized cross section. These expressions also contain an azimuthal dependence which has been suppresse
in the above, a dependence which varies with the particular orientation of the target polarization and the out-of-plane
acceptance of the apparatus. Since the latter is small, this azimuthal dependence is accounted for by appropriate projections of
the deuteron polarization components, a procedure which is described in the paragraphs which follow.

The relationship between the Cartesian components of the deuteron polarization and the magnitudes of ifs|vaaitbr,
tensor,|pr|, values are given in terms of the COMAF kinematic variables by the folloyt

3 .
pL=|p|cosB, pNL:§|pT|S|nBCOSGCOS}’a
o 3 . .
ps=—plsingsiny, psy="3|pr|sir?Bsinycosy,
. 3 . .
pu=Iplsingoosy, psi= — o|prlsingoossiny

1 3 ,
pLL:§|pT|(3CO§ﬂ_ 1), (Pss—Pnn)=— §|p-|-|Sln2,800827, (B4)

where the |py| is related to |p| by [19]: figuration. The other tensor components of B84) did not
|pr|=2—4-3[p[?, so for|p| ~0.35 a value ofpr|~0.1is  play a role in our measurements. .
obtained,g is the angle betweek® and the deuteron polar- !N Eq. (B3) the terms in square brackets varied only
ization vector,p* (in all casesh* was parallel to the direc- slightly over the limited acceptance of the detector. As a
tion of polarization in the lab since both were either paraIIeIrGSUIt their contribution was replaced by a weighted average,

or orthogonal to the direction of boost between the fra)mes o that

andy is the angle betweep* X k; and the ‘S” axis. In this

experiment the value g8 was constrained to be 0° for lon- (1(8,8,7))=10(8)xD. (B5)

gitudinal (L) and 90° for transverseS(N) target polariza-

tions. The angley depended on the direction of the vector The values of the ana|yzing powers used in Bﬁ) (for the

polarization as well as the directions of the initial and fina'determination ofD) were those predicted from the best

state particle momenta, quantities which are affected by thewA description of the reaction available at the time of data

magnetic field of the target and the finite acceptance of thenalysis[5]. The vector analyzing poweP{) was well de-

detectors. These effects are treated in detail later in this apermined by the PWA's due to the considerable high quality

pendix. data[53] existing in the data base. For the tensor analyzing
In this experiment, the values ¢f and the typical range powers, however, no measurements exist- 2% statistical

of y were such that the only non-negligible deuteron tensoand ~4% systematic uncertainty has been estimafgdas

componen{Eq. (B4)] wasp,, , together with an additional applicable to these quantities, since they are highly con-

contribution from ps<—pnn) for the case of thdyy con-  strained by existing spin-correlation data. However, in this
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analysis, a more conservative 6% overall relative uncertaintyS, or L depending on the configuratipor normal (N) to
was assigned to these quantities. the reaction plane, respectively. For generality, a simplified
The proton polarizations measured in the laboratory framepin-transfer coefficient) was introducedwith the factor
at the polarimetetsee Fig. 3 are related to the correspond- of 2 absorbeil Its single subscript represents the direction of
ing COMAF proton polarizations produced at the tar@®t  the relevant proton spin component produced by the particu-
the md— pp reaction through the following expressions:  lar spin-transfer from the specific deuteron spjnaof L)
involved. No transfer of spin occurs between the normal
Py =fuPn+OnPs +hyPl+ Sy, (N) deuteron polarization and the sideways or longitudinal
proton polarizatior(or vice versa because of parity conser-
vation[20].
In principle, the contribution of spin-transfer from the
deuteron tensor terms should be included. However, the val-

Pl,\j_:fNPﬁ_l—gNPg_l—hNPl?—}_SN!

Pt =fsPy+0gsPs +hsP| +Ss, ues of the tensor spin-transfer coefficients are not known
experimentally and are poorly defined by the existing PWA
P =fgPy+9sPs +hsP| +Ss. (B6) fits. Fortunately, neglect of these terms could be justified for

the following reasons: first, their contribution is weighted by
Here the superscript- denotes the direction of deuteron the typically small deuteron tensor polarizatiors@.10 [as
vector polarizatior(its natural “positive” polarization being given in Egs.(B1) and(B2)]; and second, since the signs of
denoted ast), the primed () quantitiesPy 5 are the labo- the non-negligible tensor componentdp,, and
ratory polarization components measured at the polarimetetpss—pnn)] remain unchanged when the deuteron vector
and the unprimedPy, | s are the(COMAF) proton polariza- ~ polarization is reversefsee Eqs(B4)], such terms can be
tions at the targdifrom Eqgs.(B1) and(B2)]. The coefficients grouped with the systematic error terrSgy of Eq. (B6),
f,, g;, andh; represent the couplingshe net effect of all and treated as described below.

spin rotationsR;) between theN, S, L center-of-mass com- The result of inserting relation®7) into (B6) is

ponents at the target and thth (i € N,S) polarimeter com-

ponent in the lab: D P "= fn(Py+ Rpg Ky) +gnRpg K s+ hyRpg K+ Sy,
fi={[I;RyINj-1, D™ Py~ =Tfn(Pax—PaiKn) — gnPaiKs— hapg KL+ Sy,
gi={[I;R; IS}, D" Pg"=fg(Py+Rpg Kn) +9sRpgKs+hsRpg K+ Ss,

D™ Pg™ =fg(Py—paiKn) — 9spgKs— hspg K + Ss.
These spin coupling coefficients were determined by inte- (B8)
grating, over the proton paths, the BMT equaticitel] For convenience, the magnitude of each deuteron polariza-

which describe the lncremental (_:hange in the spin d'.reCt'orfion is expressed in terms of the magnitude of the negative
of a proton as a result of its motion in the magnetic field of olarization,|pg |:
i Md |-

the target. The coefficients also include the effect of &

Wigner rotation[4] of the spin components for the boost a . B

(which is small due to the large mass of the deuteron in the pa=Ipa| and |pg|=Rl|pg|=Rpq

initial state from the COMAF to the lab frame where the ) o o

BMT equations were utilized. EquatiofB6) also include anq the_: signs of the deuteron polarizations are indicated ex-

quantitiesSyy which represent possible instrumental asym-Plicitly in Eq. (B8). _ o _

metries due to the polarimeter, which could yield systematic The terms involving théy; coupling coefficients were dis-

biases independent of the sign of the vector polarization. "egarded since these coefficients were about two orders of
The dependence, in the COMAF, of the proton polariza-nagnitude smaller than the correspondingand g; coeffi-

tion on the polarization of the deuterpas described by Eqs. cients(implying little coupling between the longitudinal po-

(B1) and (B2)] was introduced to expressiof6) after the larization at the target and the transverse components at the
following convenient simplifications: polarimetey. Although this results in four equations involv-

ing the five unknown quantitieBy,, Kg, Ky, Sy, andSs,

p: extraction of the quantities of interest is straightforward.

=—d”KL, (B7) By taking differences between the pairs of E(B8), Py
x as well asSy and Ss are eliminated, and thus

+ P./\/'ip;iKN +
Pi=—p. — Ps

+

p:
=—dHKS, PC

whereD.. is the common denominator term defined by Eq. . o

(B5). For reasons discussed below, the terms dependent onP ™ Pn™ —D Py~ =fn(R+1)pg Kn+gn(R+1)pgKs,
spin-transfer from the deuteron tensor polarization compo-

nents_ were ignored. As before, the supers_cripts indicate D" Ps'—D P& =fg(R+1)pg Kn+9s(R+ 1)pgKs.

the sign of the deuteron vector polarization, whereas the

symbolspy andpgy, represent the magnitudes of the compo-

nents of the deuteron vector polarization in the reaction planérom these, the pertinent parameters are readily obtained:
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(D+P'S+—Dfplsf)—(DJrP,’\ﬁ—Dfp,’\lf)(fS/fN) 1
gs—an(fs/fn) (R+1)’

Kspg= (B10)

similarly,

(DTPy =D Py )—(D"Ps"=D " Pg )(gn/gs) 1
fn—fs(gn/Qs) (R+1)"

KnPaL = (B11)

An important feature of EqQ4B10) and(B11) is the absence g was fixed (3=90°) and the effects described here were
of the systematic error termSgy (which also include con- simply characterized by the anglein Eq. (B4).

tributions from tensor spin transfeiSuch a cancellation oc- The value ofy was determined by projecting the fixed
curs for those systematic errors which are instrumental inarget polarization onto appropriate axes for each of many
nature and constant in time. possible trajectory bins, spanning the acceptance of the po-

rameters it was necessary to determine, for each EXPENMERs-h of the transverse axes was then obtained by We|ght|ng

tal configuration, the values of the deuteron polarizationy,e nroiection associated with each trajectory bin by the rela-
components appearing on the left-hand side of BBS1) 0 humber of events for that bitas obtained from the

and (B10). These components are defined by the angles datg. In the case of th&yy configuration, the result was a

andy of Eq. (B4). ' . slight reduction of the normal polarization by a factor
In the case of th&, 5 configuration, the target was polar- .

. . o ; ({cosy)~0.99. No orthogonal component was introduced

ized along an axis parallel to the incident pion beam,lthe ! o . ;

axis. Since the pion trajectory was parallel to the mr:lgneti(:‘:"nce th? net deuteron polarization projected or}to the side-

field of the target and thus undeflected by it, the deuterof/&Ys axis of the COMAF cancelled Wh.en averaging over the

spins had a pure longitudinal projectio3€0°) in the polarimeter acceptance. For tHg s configuration, hovyever,

COMAF. the acceptance was such that there was a substantial net pro-
For the transversely polarized targets associated with thi€ction onto the normal axis(¢osy)~0.15. Thus, in addi-

KssandK yy configurations, however, the appropriéteand  tion to a slightly reduced magnitude of the sideways polar-

S axes were, in generanot parallel to the fixed direction of ization ((siny)~0.98, a small normal-to-normal spin-

the deuteron polarization set by the target field directiontransfer component was introduced in the COMAF. In the

This complication had two sources: the bending of both theanalysis, however, this term was not considered since

incident pion and emerging proton trajectories in the mag4{cosy) was small andyy was expected to be near zero in

netic field; as well as the fact that theandS axes, depend- the angular region applicable to théss configuration

ing as they did on the direction &f , varied due to the finite  (~90° c.m).

acceptance of the polarimeter. This had two consequences: a On this basis, Eqs(B10) and (B11) could be readily

reduction in the projection of the deuteron polarization alongadapted to the specific quantities of interest. Using Egfb),

the axis of interest; and the possible introduction of an or{B2), and (B7), and with the following substitutions into

thogonal deuteron polarization component which could re£gs. (B10) and (B11): for K s: pg=pg and K=K s,

sult in other spin-transfer contributions. Since the bending ofor Kgs:  pg=pg(siny) and Ke=3Kgs, for Kyn:

the pion trajectory by the magnetic field occurred in a planepy, = pg(cosy) and Ky= 3Ky We obtain for theK, g con-

which was orthogonal to the polarization vector, the value offiguration

21 (DTPLF—D P ) —(DYP,T—D P, )(f/f 1
KLS:__( S s )—( N n ) (Fs/fy) | (B12
3 Pg gs—On(fs/fn) (R+1)

for the Kgg configuration

2 1 (D'PL —D PL)—(D'PL =D P )(fs/fy) 1

Kss=75 —= : B13
5573 py(siny) gs—In(fs/fn) (R+1) (B13)
and for theKyy configuration
2 1 D*P,T—D P, )—(D"Pst—D P4~ / 1
( N N ) ( s s )(9n/9s) (B14)

Kyn== .
NN""3 py(cosy) fn—fs(gn/gs) (R+1)

The quantityP,- can also be extracted from the experimental data. Addition of the pairs of(B8s.(ignoring terms
involving h;) yields
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DP"+D Py =fN[2Py+(R—1)pg, Kn]+gn(R—1)pgKs+ 28y,
DPL +D Py = 2P+ (R—1)pg K]+ gs(R—1)pgKs+2Ss.

Py is thus given by

3
(D+Pl,\l++D_Pl,\l_)_(D+P,S++D_P,S_)(gN/gS)_E(R_1)deKNN[fN_ fs(gn/9s) ] —285y+2(gn/9s)Ss

Py= 2[fy—Tfs(gn/99)] ,(315)

whereKyy is obtained from Eq(B14). Unlike the situation for EqQ¥B10) and(B11) the expression foP,, does contain the
systematic error termsyy andSs. However, since the value &% is already accurately known from existing analyzing power
data (Anp), comparison of values extracted from our experiment, using(B#j5), with the known analyzing power data
provides useful information concerning the possible existence of systematic errors in our experimental arrangement.

[1] H. Garcilazo and T. MitzutanizNN Systemg¢World Scien- Reactionsedited by H. H. Barschall and W. Haebglniver-
tific, Singapore, 1990 sity of Wisconsin Press, Madison, WI, 1971
[2] T. Ericson and W. WeiseRions and Nucle(Oxford Univer-  [22] A. Felthamet al., Phys. Rev. Lett66, 2573(1991).
sity Press, Oxford, England, 1988 [23] TRIUMF Users Handbook, 1987, second éanpublishedl
[3] F. Foroughi, J. Phys. @, 1345(1982. [24] C. L. Morris, H. A. Theissen, and G. W. Hoffman, IEEE
[4] B. Blankleider and I. R. Afnan, Phys. Rev.31, 1380(1985 Trans. Nucl. SciNS-251), 141(1978.
[5] D. V. Bugg, A. Hasan, and R. L. Shypit, Nucl. Phys477, [25] R. Henderson, O. Hausser, K. Hicks, C. Gunther, W. Faszer,
546 (1988. R. Sawafta, and N. Poppe, Nucl. Instrum. Methods Phys. Res.
[6] 1. 1. Strakovskii, A. V. Kravtsov, and M. G. Ryskin, Yad. Fiz. A 254, 61 (1987.
40, 429 (1984. [26] A. H. Walenta, Nucl. Instrum. Methodk51, 461 (1978.
[7]1 N. Hiroshige, W. Watari, and M. Yonezawa, Prog. Theor.[27] L. G. Atencio, J. F. Amann, R. L. Boudrie, and C. L. Morris,
Phys.72, 1146(1984). Nucl. Instrum. Method4.87, 381 (1982).
(8] D. V. Bugg, Nucl. PhysA437, 534(1985. [28] A. Feltham, Ph.D. thesis, University of British Columbia,
[9] G. Cantaleet al, Helv. Phys. Acta60, 398 (1987. 1992.
[10] D. A. Hutcheonet al, Nucl. Phys.A503, 649 (1989. [29] M. M. Pavan, Master's thesis, University of British Columbia,
[11] R. Abegget al., Nucl. Phys.A539, 573(1992. 1990.

[12] S. E. Turpinet al, in The Proceedings of the Tenth Interna- [30] R. Hendersoret al, IEEE Trans. Nucl. Sci34, 528(1987.
tional Conference on Few-Body Problems in Physesited  31) g Hendersoret al, IEEE Trans. Nucl. Sci35, 477 (1988.
by B. Zeltnltz(EIseV|er, New York, 1984 Vol. 2, p. 189. [32] G. D. Wait and D. C. Healey, E331 internal report, TRIUMF
[13] B. Boninet al, Nucl. Instrum. Methods Phys. Res.288 389 (unpublishest

(1990. . N
[14] P. Herczeg, inSymmetries and Fundamental Interactions in [33] G. D. Wait, J. V. Cresswell, P. P. J. Delheij, M. Hayden, D. C.
Healey, and G. Waters, Helv. Phys. A&8, 788(1986.

Nuclei edited by W. C. Haxton and E. M. Henldiorld .
Scientific, Singapore, 1995p. 89. [34] G. R. Smithet al, Nucl. Instrum. Methods Phys. Res. 254,

[15] R. G. SachsThe Physics of Time Revergdhe University of 263 (1987).
Chicago Press, Chicago, 1987 [35] D. Bessetet al., Nucl. Instrum. Method4.84, 365 (1981).
[16] G. Waterset al, Nucl. Instrum. Methodd53 401 (1978. [36] D. Besset, B. Favier, L. G. Greeniaus, R. Hess, C. Lechanoine,

[17] D. Besset, Q. H. Do, B. Favier, L. G. Greeniaus, R. Hess, C.  D- Rapin, and D. W. Werren, Nucl. Instrum. Methdt86, 515
Lechanoine, D. Rapin, D. W. Werren, and C. Weddigen, Nucl.  (1979.
Instrum. Methodsl66, 379 (1979. [37] M. W. McNaughtonet al,, Nucl. Instrum. Methods Phys. Res.
[18] R. D. Ransome, S. J. Greene, C. L. Hollas, B. E. Bonner, M. A 241, 435(1985.
W. McNaughton, C. L. Morris, and H. A. Thiessen, Nucl. [38] S. MayTal-Becket al,, Phys. Rev. Lett68, 3012(1992.

Instrum. Method<201, 309 (1982. [39] J. Aclanderet al, Phys. Lett. B300, 19 (1993.

[19] G. D. Waitet al, in The 8th International Symposium on High [40] A. Saha, K. K. Seth, D. Kielczewska, S. Iversen, M. Kaletka,
Energy Spin Physicedited by K. Heller, AIP Conf. Proc. No. D. Barlow, and D. Smith, Phys. Rev. Leg1, 759 (1983.
187, (AIP, New York, 1988, p. 1260. [41] P. Walden(private communication

[20] M. Simonius, inTheory of Polarization Measurements, Ob- [42] R. A. Abegget al,, Nucl. Instrum. Methods Phys. Res.396,
servables, Amplitudes and Symmetridited by D. Fick, Lec- 432 (199)).
ture Notes in Physics Vol. 3QSpringer-Verlag, Berlin, 1994  [43] E. Aprile-Giboni, R. Hausammann, E. Heer, R. Hess, C.
p. 38. Lechanoine-Leluc, W. Leo, S. Morenzoni, Y. Onel, and D.

[21] Madison Convention, irfPolarization Phenomena in Nuclear Rapin, Nucl. Instrum. Method215, 147 (1983.



55 SPIN-TRANSFER MEASUREMENTS OF THE-aaﬁp ce 41

[44] R. A. Arndt, I. I. Strakovsky, R. L. Workman, and D. V. Bugg, South Africa, 1995, edited by J. C. CornéiWorld Scientific,

Phys. Rev. (48, 1926(1994). Singapore, 1996
[45] B. Blankleider(private communication [51] W. Meyer, inThe 11th International Symposium on High En-
[46] J. Niskanen(private communication ergy Spin Physicedited by K. Heller and S. Smith, AIP Conf.
[47] B. Blankleider and A. N. Kvinikhidze, Few-Body Syst. Suppl. Proc. No. 343 AIP, New York, 1995, p. 495.

7, 294 (1994. [52] G. Gammel, P. Keaton Jr., and G. Ohls@w)arization Phe-
[48] J. A. Niskanen Phys. Rev. @9, 1285(1994. nomenon in Nuclear Reactiofigniversity of Wisconsin Press,
[49] A. Matsuyama and T.-S. H. Lee, Nucl. PhyA526, 547 Madison, WI, 197}, p. 411.

(1991). [53] G. R. Smithet al, Phys. Rev. C30, 980(1984).

[50] U. Schryberet al, in Proceedings of the 14th International [54] V. Bargmann, L. Michel, and V. L. Telegdi, Phys. Rev. Lé&t.
Conference on Cyclotrons and their Applicatip@ape Town, 435(1959.



