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The polarization parameter P„ppp, the two-spin parameters D„p„p, I( pp„D p p, and D,pkp,

and the three-spin parameters M, p,„and M, pk„have been measured for pp elastic scattering
at 579 MeV between 34' and 118' center-of-mass scattering angle. The experiment was per-

formed at SIN using a polarized proton beam, a polarized butanol target, and a polarimeter
for the measurement of the polarization of the scattered proton. These data form the basis

for a complete experimental determination of the scattering amplitudes.

I. INTRODUCTION

A long-standing problem in physics has been to
find a coherent and workable theory which satisfac-
torily describes all the dynamical features of the N-
N interaction at medium energy. Much hope is
currently placed on the bag model' and in QCD. As
it is believed that nucleons are made of quarks and
gluons, one is entitled to demand that the whole
theory of nucleon forces should be derived from
these degrees of freedom. A thorough study of the
subject has been made (see detailed review in Ref. 2)
but available results are still uncertain. At present,
therefore, most information on the N Ninteractio-n
still comes from phenomenological parametrizations
of the experimental data, e.g. , phase-shift analysis
(PSA), dispersion relations, and potential models.
At medium energy, these approaches are not entirely
phenomenological, however, in that they also rely on
a certain number of theoretical elements: in the
Paris potential, for instance, the long- and
medium-range part is carefully derived from the
mesonic and isobaric degrees of freedom; only the
short-range part is parametrized in a phenomenolog-
ical form. Although the Paris potential gives an ex-
cellent fit to the data up to 425 MeV, PSA are still
most commonly and widely used up to 1 GeV.
Above the one-pion production threshold the prob-
lem becomes more complicated due to the opening
of the pp~ndand pp~nNN . (533N or P, &N ) chan-
nel. Abundant and complete experimental data are
becoming available on the two-body inelastic chan-
nel. Many theoretical works on single-pion produc-
tion based on multichannel calculation have been

published during the last three years, giving valuable
information on inelasticities but not being complete-
ly satisfactory. Of course the correct theory must
simultaneously explain the observables in all chan-
nels.

In such a situation, a purely experimental solution
to the elastic N-E problem exists in the so-called
"complete" experiment, i.e., the measurement of a
sufficient number of observables concerning the re-
action at a given energy and angle, such as to allow
a complete reconstruction of the amplitudes directly
from the data. For pp elastic scattering, this re-
quires ' the measurement of about 12 or more well
chosen observables (differential cross section, and,
e.g., polarization, spin correlations, etc.) out of a
possible 25 at each given angle and energy —a rela-
tively large task. The results, however, would pro-
vide unambiguous and completely model-
independent information on the scattering ampli-
tudes. They would also provide a rigorous test of
current and future theories of the N-N interaction as
well as providing fixed anchor points for many of
the phenomenological models currently in use.

We have performed such a "complete" experi-
ment for pp elastic scattering at 579 MeV and report
here on some of the measurements performed for
this purpose. The pp scattering amplitudes recon-
structed from these data have already been presented
between 66' c.m. and 90' c.m. in Ref. 9 and for
smaller angles down to 38' c.m. in Ref. 8. The data
set discussed here includes the polarization parame-
ter P„000, the two-spin parameters D„o„o, E„oo„,
D o 0 and D Okp and the three-spin parameters
M, o,„and M, ok„. The choice of these parameters
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was based on a detailed study of the requirements
for a complete experiment taking into account ex-
perimental feasibility as well as mathematical neces-
sity. For example, the three-spin parameters were
found to be necessary for an unambiguous recon-
struction of the amplitudes at 90' c.m. In addition,
these parameters had to be measured to within a cer-
tain precision in order to be useful. Typical statisti-
cal errors in these data were =+0.01 for P„pop,
+(0.01—0.02) for E„pp„, +(0.02—0.03) for the D,
and +0.05 for the M parameters.

The 0 index indicates either an unpolarized initial
proton or a final proton whose polarization is not
analyzed. The laboratory-frame-of-reference axes
attached to the incident, scattered, and recoil pro-
tons themselves are shown in Fig. 1. Note that the
fixed laboratory frame of the apparatus, on the oth-
er hand, is defined by the axes (X,Y,Z), where Z
corresponds to the direction of the incident beam
and Y to the vertically downward direction. The az-
imuthal angle of scattering, P, is then defined as

II. PRINCIPLE OF THE EXPERIMENT

scattered
recoil
beam
target

The parameters reported in this paper were deter-
mined by a measurement of the polarization of the
outgoing scattered proton resulting from the elastic
scattering of a polarized beam on a polarized target.

The notation used for these spin-dependent
parameters, X~;k, is developed in Ref. 10. The in-
dices refer to the polarization directions of the in-
cident and scattered proton, i.e.,

p along (O, s', n, k')
q along (0, s",n, k")
i along (0, s,n, k)
k along (0, s,n, k)

cosP=n Y and sing= Xn,—

i.e., the angle between the normal to the pp scatter-
ing plane and the vertical axis in the laboratory. At
P =0, n coincides with Y.

A. Determination of the spin-dependent parameters

In such an experiment, the component of
scattered-proton polarization measured along some
axis p can be shown to be

~pooo+Q~Ps) &po o+g(P~)kapok+ g(Pb) (Pi)k~pok'
i,k

1+g(Ps );App;p+ g(P, )kA oook+ g(Ps )((P, )kA ppk
i,k

(2)

where the indices i and k run over (O,s,n, k), and Ps
and P, are the beam and target polarizations. Table
I shows explicitly the transverse components of the

oil" proton

final polarization along n and s ' for a target polari-
zation along n and for the three possible beam-
polarization orientations (this corresponds to our ex-
perimental situation with azimuthal scattering angle
/=0 and with the polarized target field neglected;
the more complicated expressions for nonzero P are
given later in Sec. VB). Note that the number of

/
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/
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/
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TABLE I. Scattered-proton polarization for the three
beam states.

S

" proton

FIG. 1. Laboratory frames attached to the incident,
scattered, and recoil protons.
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Eq. (3) then becomes
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dQc

=&c(8c)[1+3c(8c)P„cosgc

—Wc(8c)P, singe],
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FIG. 2. Experimental setup viewed from top
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e„(8c)=&c(8c)&, ,

e' (8C)= —Ac(8c}P;,

which are the two asymmetries governing the distri-
bution. With a knowledge of Ac, P„and P; can be
fitted and determined as described before. With
these measurements in view, therefore, the carbon
analyzing power in the energy-angle range appropri-
ate to the outgoing proton were measured in a previ-
ous experiment. ' '

III. EXPERIMENTAL APPARATUS
AND TECHNIQUE

In this section we will present a brief summary of
the experimental setup. A complete description may
be found in Ref. 14 for those who desire more detail.

A. The polarized proton beam

These measurements were carried out at the SIN
PM1 beam line using, in part, the "scattered" polar-
ized proton beam, and, in part, the "accelerated"
beam. In the "scattered-beam" mode, polarized pro-
tons were produced by an 8' scattering of the main
unpolarized beam from an 8-mm-thick Be target
just before injection into the PM1 channel. The po-
larization obtained was measured' at

~
Pb

~

=0.4165+0.0043 with the spin vector point-
ing vertically downward. To change the direction of
this vector, a combination of two superconducting
solenoids sandwiching the last deflection was used
to precess the proton spins. Orientations in the
transverse (X} and longitudinal (Z) directions, as
well as complete spin flips were accomplished in this
manner.

While the majority of the data were taken with
this beam, a small fraction was also taken in the
"accelerated-beam" mode. Here, polarized protons
were produced by a "ground-state atomic-beam"
source and accelerated to full energy by the SIN cy-
clotron. Much higher polarizations, typically on the
order of 0.8 were obtained; however, a constant
monitoring of this polarization was necessary. This
was performed by a small CH2 polarimeter located
in the beam channel. Periodic spin flips could also
be performed directly at the ion source allowing a
better control of systematic errors. Reorientation of
the polarization vector, however, was performed in
the same manner as for the scattered-beam mode.
Typical intensities for these measurements were a
few 10 protons/sec.

B. Detector layout

A schematic diagram of the detector layout is
shown in Fig. 2. The beam intensity was monitored

by a small scintillation-counter telescope which
detected the number of protons scattered from a 5-
mm-thick polyethylene target located in the beam.
This number was used for the subtraction of back-
ground events measured with a dummy target. The
position and profile of the beam were also moni-
tored by two small multiwire proportional chambers
(MWPC's) designed for high intensity.

The scattered and recoil protons emerging from
the polarized proton target (PPT) were detected by
two X-Y telescopes each consisting of three mul-
tiwire proportional chambers and a scintillation
counter. Each telescope was mounted on a movable
platform which could be rotated about the target
axis as to allow easy access to different angular
ranges.

To measure the spin polarization of the scattered

proton, a polarimeter was mounted directly behind
the "scattered" proton telescope. This consisted of a
series of carbon plates followed directly by four
MWPC's. By adding or removing plates, the thick-
ness of this carbon target could be varied from 1 to
7 cm so as to allow an optimization with respect to
the energy of the scattered proton. In order to en-
sure a good efficiency for detecting scatterings from
the carbon, four chambers were used.

This setup covered with a single detector-arm po-
sition an angular acceptance of b,8, =+16' and
b,/=+10' for the first scattering.

For the second scattering, events falling in 8&
cones up to the full opening of interest (20' lab} were
accepted within 58, =+10'. For larger angles
8, the 8C cones were reduced linearly to about 12'
lab at 50, =+16'. These measurements between
118' c.m. and 34' c.m. were taken with three dif-
ferent arm positions at 104' c.m. , 80' c.m. , and 48'
c.m. , corresponding to 41', 30' and 16' lab for the
"scattered" arm.

1. Chambe~ alignment

The MWPC's in each of the two telescopes were
aligned with the aid of the proton beam and three
scintillation counters carefully positioned along the
theoretical beam line. Each telescope was placed in
the beam defined by these counters and the positions
of the beam profile in each of the chambers relative
to two reference chambers measured. If the dis-
placement was greater than 1 mm, the chamber was
physically repositioned. Any remaining displace-
ments were then recorded on a disk file and used to
correct the measured coordinates during data ac-
quisition.

For the polarimeter, misalignments were more
crucial, however, because of the false asymmetries
which they can produce. To eventually correct for
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this possibihty, special data were taken during the
acquisition. This is described in Sec. IV A.

C. The polarized proton target (PPT)

The polarized target consisted of frozen beads of
butanol CHz(CHz)zCHzOH immersed in liquid 'He
at a temperature of 0.5' K. This sample was placed
in a vertical magnetic field of 25 kG and polarized
by the method of dynamic nuclear orientation. The
polarization was monitored continuously by a NMR
technique, with typical values of P, being about
40—60 %. This target is the same as that used in a
previous measurement' and we refer the reader
there for further details.

In order to take into account background reac-
tions occurring on the C, He, and 0 atoms in the
PPT, measurements were taken with a dummy tar-
get consisting of a copper cylinder of the same size,
filled with carbon grains of a few millimeters diame-
ter immersed in liquid He. The relative amounts of
carbon and He were adjusted so as to give the same
ratio of C+ 0 to He as in the butanol target. Oxy-
gen, here, was counted as an extra carbon atom.
The total number of atoms in this dummy target,
however, was greater than that in the PPT by a fac-
tor =1.5. Background data from these measure-

ments were therefore normalized by this factor as
well as by the total number of incident particles.

To facilitate the background measurements, the
dummy target was mounted directly underneath the
butanol cavity to form a two-stage PPT. Either cav-

ity couM then be placed into the beam by simply
sliding the supporting central stem up or down in
the cryostat. Of course during this operation, the
cryostat itself and the coils for the magnetic field
were kept untouched.

D. The electronic system and logic

The system shown in Fig. 2 was CAMAC con-
trolled by a PDP 11/20 computer which managed
and coordinated system operations during data ac-
quisition. Besides the actual data taking, this in-
cluded a periodic monitoring of the operational
parameters of the system, such as the MWPC and
photomultiplier voltages, current in the solenoid,
etc.

Triggering of the detection system was produced
by the coincidence Ye Z, which indicated a possible
scattering event on the PPT. This signal was used
to set the system BUsY and initiate memorization
and coding of the MWPC information. Since the
probability for a proton to undergo a double scatter-
ing is very low ( 10 ), an event selection had to be
performed. This was done by sending the informa-

tion to a special hardware central unit (CU) which
counted the number of hits in each MWPC plane
and, based on the slopes of the trajectories, decided
if a second scattering on the carbon had occurred
Furthermore, to facilitate event reconstruction, the
CU made certain that there was one and only one
single hit in two out of three planes (or in two out of
four in the rear polarimeter telescope) per coordinate
and telescope. Events failing to meet this require-
ment were immediately rejected and the system
reset. Typical decision times for this CU unit were
on the order of 5 @sec. If the event was accepted,
the CU issued a LAM signal to the PDP 11/20
which then transferred the MWPC information to a
specially made minicomputer DPNC 811 with 56-
kbyte capacity for event reconstruction. Typical
transfer times were =1 msec/event.

The DPNC 811 had a performance equivalent to
that of a PDP 11/45 and was entirely dedicated to
event reconstruction and the storage of data. This
procedure is described in the next section. To speed
up event reconstruction, two DPNC 811's were used
in parallel during the actual experiment. The re-
gistered event was then sent to whichever of the two
DPNC 811's was free at the moment.

IV. DATA ACQUISITION

A. Types of events

The data for this measurement were accumulated
over two separate periods of about one month each.
In each case, essentially three types of data were tak-
en.

1. Double-scattering events

Double-scattering events were accumulated for 22
angular bins in 8, between 34' and 118'. To cover
this range three arm positions were used with some
overlap. The azimuthal P range accepted in all three
cases was +10'. Data were taken for the beam and
target configurations, Pb(+X, +Z) and P, (+Y) and
in some cases Pb(+Y) and P, =O. About 20X10
events per 8, bin per beam-target condition were
taken.

2. Background data

Background data taken with the dummy target
were accumulated alternatively with the butanol
runs. About —, of the running time was spent on
this phase.

3. Straight-through events

In addition to the above data, unscattered
"straight-through" events in the polarimeter with
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and without the carbon target were periodically ac-
cumulated to be used in the off-line analysis for
correcting chamber misalignments. The straight-
through events without carbon target were accumu-
lated in separate dedicated runs several times during
a run period. The straight-through events, with car-
bon however, were taken alternatively with the
double-scattering data during a run. The data-
acquisition program spent about 20% of the time on
the accumulation of these data.

B. On-line event reconstruction

To diminish dead time and magnetic tape wasted
on recording bad events, a fast on-line reconstruc-
tion procedure was used as an event filter. Only
events which passed through a series of loose cuts
placed on these reconstructed parameters were then
recorded on magnetic tape for later analysis off-line.
The same reconstruction procedure was then used
but with more stringent cuts.

The on-line reconstruction consisted of two dis-
tinct parts: (1) the reconstruction of the pp scatter-
ing parameters and (2} the reconstruction of the car-
bon analyzing scattering in the polarimeter. For
each part, a different method had to be used.

The total time for both the first and second recon-
structions was on the order of 5 msec. To speed up
processing, two DPNC 811 were used in parallel al-

lowing a total of about 300 events/sec to be treated.
Of these, only about 8%%uo (=25/sec) were finally ac-
cepted and stored in the magnetic tape.

X F(PQ)+ (P—Pp}=xp+D(P —Pp)
BP Po

(8)

where Xp=F(Pp) are the central coordinates and

D, the constant matrix of first derivatives i}F/BP
evaluated at Pp. If we now define the "reduced"
coordinates and parameters, x =(X—Xp} and

p = (P—Pp}, Eq. (7) can be rewritten as

x=Dp . (9)

This may now be used for event reconstruction by
substituting in the measured x. Equation (9) then
becomes a system of overdetermined equations
(since there are more MWPC coordinates than
parameters to be reconstructed} for p. This may be
inverted by a least-squares method to give the
"reconstruction" matrix, R,

p =(D'G D) 'D'Gx =R x (10)

where the function F essentially describes the trajec-
tory of the particles through the target and detection
systems. The exact form of F thus depends on the
particles involved, the geometry of the apparatus,
the presence of absorbing materials, magnetic fields,
etc., and is, in general, a rather complicated func-
tion. Over a limited range of scattering angles, how-

ever, F can be approximated by a first-order expan-
sion about some central parameter value Po, i.e.,

1. Reconstruction of the first scattering on the PPT

For each scattering event on the PPT, the coordi-
nates of the scattering vertex x„, y„and z„ the
center-of-mass polar and azimuthal scattering angles

8, m and P, and the vertically projected slope a„of
the incident proton were reconstructed from the
MWPC coordinates of the scattered and recoil tele-

scopes using a matrix technique which we will only
summarize here. For a more detailed description,
the reader is referred to Ref. 16. These MWPC
coordinates were obtained from the recorded tracks
after subtraction of offsets due to chamber displace-
ments and an alignment test for each coordinate in

the two telescopes.
Basically, the method consists of linearizing the

relation between the MWPC coordinates and the
scattering parameters. Grouping the corrected
M%PC coordinates into a vector X and the reac-

tion parameters (i.e., the scattering angles, vertex,
etc.},into a vector P, this relation is

X=F(P), (7)

where D' is the transpose of the matrix D. In this
procedure, we have also added a weight matrix G,
which is equal to the inverse of the covariance ma-
trix of the measured MWPC coordinates. This con-
stant matrix essentially accounts for the finite
resolving power of the detection apparatus. Event
reconstruction with Eq. (10) is thus reduced to a
very simple (and fast) multiplication of the recorded
MWPC coordinates by a constant matrix R.

In these experiments, the matrices D, 6, and R
were all calculated beforehand on a CDC 170 com-

puter using a tracking program which determined in
detail the trajectories of the protons as they passed
through the detection system. The weight matrix 6
was calculated taking into account the spatial reso-
lution of the MWPC's (=0.6 mm), the dispersion in

the incident beam momentum (0.325', 6 MeV/c)
and multiple scattering in the system. From this,
the resulting overall angular resolution of the system
was found to be about 1' for the c.m. scattering an-

gle 8, . All these matrices information were then
loaded into the memories of the DPNC 811 for use

by the on-line reconstruction program during data
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FIG. 3. Sample histograms for the pp elastic scattering.

acquisition. The necessity of preparing these ma-
trices before the actual measurement also proved to
be particularly advantageous since it also allowed a
preview of certain characteristics of system perfor-
mance, for example, the resolution and acceptance.

In order to judge the quality of reconstruction, a
"goodness-of-fit" parameter S could also be calcu-
lated for each event by taking the difference between

.the measured MWPC coordinates X and the
"theoretical" MWPC coordinates x, as determined
from the reconstruction parameters p =8x, i.e.,

S =(x—x„)'G(x—x,),
where x„=Dp =D R x. If x has a Gaussian-type
distribution (which proved to be the case in this ex-

periment), then, it can be shown that S follows a g
distribution with, in our case, six degrees of free-
dom. This allows a statistical decision to be made
and thus a means of rejecting background or other
bad events.

The method as described up to now is valid, of
course, only as long as the linear approximation in
Eq. (8) holds. In practice, the angular range of in-

terest in these measurements was somewhat larger
than the range of validity of Eq. (8), so that non-
negligible "nonlinearities" Ii.e., errors due to the
negligence of higher, nonlinear terms in Eq. (8)]
would occur in the event reconstruction, especially
for events far from the central parameters. This
problem could be solved, however, by readjusting the
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FIG. 4. Sample histograms from polarimeter processing.

measured coordinates with a correction, b, x. These
corrections were computed by the generation pro-
gram in tabular form as a function of the recon-
structed 8, , and P„, and loaded into the DPNC
811 along with the matrices. A first reconstruction
was then made with the raw "MWPC" coordinates
which provided the 8, , and P„values. The
correction was then "looked up,

" applied to the
measured coordinates which were then passed
through the reconstruction a second time to give the
corrected reconstructed parameters. If the event fell
outside the range of the table being a bit larger than
our measured range, the event was immediately re-
jected. This criterion, in fact, proved to be quite
powerful accounting for about 30% of the rejec-
tions.

In addition, to the above matrices, a list of cuts on

p was also loaded into the DPNC 811 and supplied
to the on-line reconstruction program for use in re-
jecting events. These cuts were kept relatively large
so as to ensure acceptance of all good events.
Roughly 30% of all events were accepted with these
limits. The accepted data were recorded on magnet-
ic tape for off-line analysis where more stringent
cuts were used. In addition, the matrix-
reconstructed information was put to further use by
storing it in the DPNC 811 memory in the form of

histograms. This provided a set of "control" histo-
grams which could be displayed at any time during
the acquisition together with further information
about the system's performance. This allowed an
immediate and very complete monitoring of the run-

ning acquisition. Figure 3 shows some typical ex-
amples. The vertex distributions are resolved to
within a few mm and are stable to within =2 mm.
Examples of 8, m, P, and S per degree of freedom
are also shown. Note the resemblance of S2 to a
true+ .

Missing and Spurious Tracks. In order for the
matrix method to work, each event must have a full
set of MWPC coordinates X. During an actual ex-
perirnent, of course, this is not always the case, since
missing or extra spurious tracks occasionally occur
due to the inefficiencies of the MWPC's. In this ex-

periment, only one missing or spurious track per
projection in each telescope could be tolerated and
still allow an event reconstruction. In such a case,
the missing coordinate was generated by extrapola-
tion of the straight line formed by connecting the
two recorded tracks. In the reconstruction this was
taken into account by reducing the degrees of free-
dom accordingly. In the case of spurious tracks, the
two recorded coordinates were tested for alignment
with the other tracks and the best one taken.
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FIG. 5. Double scattering with magnetic field.

2. Reconstruction of the analyzing scattering on carbon

Because of the large angular range of interest
(pc=0~2m') for the analyzing scattering on carbon,
a matrix technique could not be used for this part of
the reconstruction. Instead, a more conventional
on-line method was employed. This proceeded as
follows.

(1) The incident track on the carbon analyzing
target was first reconstructed from the MWPC coor-
dinates X.

(2) The scattered track was then tested for recon-
structibility by checking the alignment of the four
MWPC coordinates. A X with respect to the best-
fitting straight line was calculated and a cut was ap-
plied (see vertical line in Fig. 4).

(3) Next, the polar scattering angle 8c was calcu-
lated. Events whose 8c was too small (8C&5') or
too large to allow acceptance of a full cone in 1()c by
the polarimeter were rejected. In Fig. 4 one notices
for angles below 5' a suppression of events due to
the central decision unit (CU). But this unit was not
100% efficient as it was not able to calculate the
scattering angle when inefficiencies or parasites oc-
curred in two out of the three first chambers in the
rear telescope.

(4) The squared distance of closest approach be-

tween the incident and scattered tracks, d, was then
calculated. All events with d & 15 mm were reject-
ed.

(5) The scattering-vertex coordinate zc in the car-
bon was calculated. Figure 4 shows a typical histo-
gram of this parameter. One can vaguely discern
the carbon plates which indicates a resolution of a
few mm. All events, of course, were restricted to
the carbon region.

(6) Finally, the azimuthal scattering angle Pc was
calculated (see Fig. 4). The computed asymmetries
(integrated over 8C) gave an immediate check of the
beam-polarization direction, i.e., to detect a solenoid
failure.

A rejection at any stage of this procedure, of
course, halted all further processing of the event in
order to save time. The largest rejections occurred
at level (3) where =60% of the events failed to pass.
The overall acceptance of the polarimeter recon-
struction was =20%.

V. DATA ANALYSI3

&n the off-line analysis, events were passed once
more through the matrix reconstruction program
but with more stringent cuts and after having
corrected the measured MWPC coordinates for
misalignments in the M%PC's. These global dis-
placements have been evaluated using the straight-
through events recorded without carbon target.
Choosing two reference chambers and assuming per-
fectly parallel wires with equal spacing in each
plane, these data allowed the determination of one
transverse displacement, ~ or hF, the longitudinal
displacement hZ, and the rotational misalignments
hP», b,P„, and hPz about the I, F, and Z axes,
respectively. These corrections were then applied
directly to the raw MWPC coordinates before recon-
struction. Accepted events were accumulated into
sums (see Sec. V A 2) in order to find the transverse
scattered-proton polarizations from which the spin-
dependent parameters are extracted (see Sec. VB).
The overall angular range at the PPT scattering was
divided into five bins in azimuthal angle P, eight
bins in 8, , and two bins in S .

A. Evaluation of the scattered-proton polarization

This evaluation, however, was complicated by
several factors: (1) the effect of the magnetic field of
the PPT, (2) instrumental asymmetries due to
chamber misalignments, and (3) contaminating
background reactions. The treatment of these ef-
fects is discussed below.
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1. Effect of the PPT magnetic field

The 25-kG magnetic field of the polarized target
perturbed the spin polarization measurements in two
ways: (1) by precessing the proton spin and (2) by
deflecting the proton trajectories. Figure 5 shows
the situation schematically for the case /=0, i.e.
(F~ ~n), the deflection due to the magnetic field be-

ing greatly magnified. The incoming proton is
slightly deflected and its spin precessed in the first
half of the field. Assuming the reaction takes place
at the target center, the polarization P of the scat-
tered proton can be expressed in the (s ', n, k ') frame
as

P =P, s '+P„n+Pk k ' . (12)

Since the PPT magnetic field precesses P by a rota-
tion R, after the field this polarization becomes

RP=P, Rs '+P„Rn+Pk Rk ' . (13)

Letting k, be the direction of the scattered
proton after the magnetic field, we note that neither
k ' nor Rk ' is parallel to k, since the magnetic rota-
tion for a trajectory is different from that for a po-
larization. Since the second scattering on carbon
can only determine the transverse polarization of the

proton, it is necessary to choose two orthogonal axes
s, and n, perpendicular to k, for the definition of
Pc (see Sec. IIB):

cosmic ——n, nc, singe ———s, .nc (14)

with the normal to the pC scattering plane given by

nc =(k, X kc)I
I k, )& kc

I
(15)

The measured polarization components will then be

RP sg ——Pg Rs ' sg+P„Rn sg+PkRk 'sg,
(16)

P'~a =~s'Rs ')la + nRn '~a +Pk Rk ')ta

in order to have the projection Rs 'n, =0 in Eq.
(i6).

The relative fractions of P;, P„, and Pk analyzed are
thus determined by the projections, Rs 's„
Rs 'n„. . . , etc., which, in general, depend on the
scattering angles, 8, and P as well as on the
choice of the analyzing axes s, and n, . A good
choice for the s, and n, axes is

n, parallel to k, XRs',
(17)

sg ng Xkg

TABLE II. Results for pp elastic scattering at 579 MeV for spin-dependent parameters D~,o, D~ko, M~„, and M~k„.
Numerical values for the mixing angle co are given in last column. Quoted errors are purely statistical.

0, (deg)

34
38
42
46
50
54
58
62
66
70
74
78
82
86
90
94
90
94
98

102
106
110
114
118

D~go

0.614+0.035
0.657+0.028
0.666+0.027
0.650+0.026
0.691%0.025
0.662+0.024
0.638+0.023
0.640+0.024
0.613+0.026
0.555+0.024
0.568+0.023
0.558+0.023
0.484+0.022
0.494+0.021
0.423+0.021
0.475+0.023
0.481+0.021
0.434+0.019
0.433+0.018
0.384+0.018
0.367+0.018
0.391+0.019
0.353+0.021
0.353%0.028

D~ko

—0.019%0.037
0.048+0.030
0.071+0.028
0.219+0.027
0.239%0.026
0.277+0.025
0.328+0.024
0.384+0.025
0.359+0.030
0.409+0.027
0.347+0.027
0.305+0.026
0.274+0.025
0.256+0.025
0.249+0.024
0.127+0.026
0.230+0.022
0.132+0.020
0.086+0.019
0.056+0.019

—0.008+0.019
—0.042+0.020
—0.061+0.021
—0.096+0.029

0.520+0.074
0.551+0.060
0.461+0.056
0.316+0.054
0.371+0.052
0.282+0.050
0.244+0.049
0.212+0.051
0.127+0.046
0.079+0.043
0.034+0.042
0.014+0.040

—0.034+0.040
—0.041+0.038
—0.13020.038
—0.089+0.041
—0.136+0.042
—0.126+0.039
—0.099+0.038
—0.116+0.037
—0.088+0.038
—0.123+0.039
—0.179+0.042
—0.098+0.059

M

—0.248%0.068
—0.191+0.055
—0.178+0.051

0.026+0.049
—0.025 %0.048

0.085+0.046
0.109+0.044
0.139+0.046
0.157+0.056
0.310+0.051
0.284+0.050
0.377+0.048
0.269+0.048
0.277%0.047
0.441 +0.046
0.378+0.050
0.355+0.040
0.293%0.037
0.334+0.036
0.351+0.035
0.232+0.035
0.200+0.037
0.262%0.039
0.177+0.054

co (deg)

7.53
7.59
7.64
7.70
7.76
7.81
7.87
7.99
8.11
8.22
8.34
8.45
8.62
8.80
8.97
9.21

9.50
9.78

10.07
10.49
10.89
11.42
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In the simple case of /=0, we have Y=n=Rn
since the field is vertical. The rotation thus reduces
to a precession of an angle co around n, mixing the s'
and k' polarization components, i.e., n, =n=Rn
and s, =n)&k„so that

Rs '=cosmos, +sin~ k, ,

= —slnco sg +cosN kg

an effect analogous to that of the Wigner rotation
induced by transformations from c.m. to laboratory
frame.

2. Estimators of the asymmetries

For each bin (8, ,$,S ) and for each k bin in 8c,
the Fourier estimates of the asymmetries's measured
along the axes n and co are given by

The precession angle co is expressed as co=p, ye~
where p, =1.793 is the anomalous magnetic mo-
ment of the proton, y the Lorentz factor, and 8& the
bending angle of the scattered proton trajectory in
the magnetic field. From Eq. (16) the measured
transverse polarization components then reduce to

e„,k ——2 g cosmic/Nk,
ev

e„k=—2 g sin0c/Nk,

where the error in both cases is

(23)

RP s, =coscoP, —sincoPk,

RP n, =P„. (19)

RP s, cosmP, —sincoPk,

In the general case of $/0, the situation is more
complicated since a radial component of the mag-
netic field appears and n is no longer parallel to the
vertical field and becomes significantly different
froin Rrt. Numerical calculations using the same
tracking program that were used in the matrix gen-
eration have shown that

o (e)=2/Nk . (24)

P.,k =&.,k/Ac, k

P,k=&,k/Ac, k

with the errors

(25)

Here, the summation runs over all events in the 8~
bin k, Nk is the total number of events in bin k, and
Pc is the pC azimuthal angle defined in Eq. (14).
The polarization components could then be found
by dividing by the analyzing power, Ac k,

RP n, =P„+pbPk,
(20)

ok =2/(NkA c k ) . (26)

to a very good approximation in our 8, ,$ angular
range. A first-order analytical calculation using a
transfer matrix formalism for spin rotation' has
confirmed this result. In particular b=tocos8i, b was
found. The p antisymmetric terin pbPk can easily
be neglected since the method used for parameter
extraction (see Sec. VB) integrates the data symme-
trically over p. Possible remaining contributions
from P antisymmetric terms in Pk are lower than
0.001. With this approximation Eq. (20) reduces to
(19).

Finally the polarization components measured
along the n, and s, axes by the polarimeter therefore
essentially correspond to the spin components of the
proton along the direction n and co at the PPT,
where

g (e„,k/Ac k)(1/ok ) 2 g cosgcAc
k all

XAc'g ( I hrk')
k all

These pC analyzing powers were determined from a
two-dimensional empirical formula fitting our previ-
ously measured data points' s as a function of ki-
netic energy T and angle 8c for the corresponding
carbon thickness. This was chosen to be 7 cm for
the detector-arm positions at 48' c.m. and 80' c.m. ,
and 3 cm for the 104' c.m. .

To estimate the polarization components from the
entire angular range in 8c, we performed a weighted
mean over the estimations found in each of the 8c k
bins providing

~=cosmos ' —sinco k ' .

The component along s is then

P„=cosmP, —sincoPk .

(21)

(22)

At 579 MeV, co varied from about 7.5' to 12' for
8, between 30' and 122'. Values are given in
Table II. It can be noted that the mixing of observ-
ables within the scattering plane by the angle co has

and

with

—2 g singe Ac
all

all

(28)



SPIN-DEPENDENT PARAMETERS P„~D„o„~ ~ . ~ 2611

o (P)=1/g(1/trk )=2/+Ac
k a11

(29)

In the analysis, the three sums in Eqs. (27)—(29)
were accumulated over all carbon events for each
bin in (8, ,$,S ) of the double-scattering events
and the polarization components P, and P extract-
ed. In fact a fourth sum g,i&Aca'/o was also ac-
cumulated in order to correct for residual misalign-
ments (see below, Sec. VA3).

ae, =a.(ac«c)
ae. =a.(a'c/ac),

(30)

where &re/oc is the logarithmic derivative of the
carbon scattering cross section, d(lnoc)/d8&. The
transverse displacements 5, and b „can be evaluated
using the "straight-through" track data taken alter-
natively with double-scattering events, i.e.,

3. Corrections for residkal chamber misalignments

In evaluating the carbon scattering asymmetries,
it was also necessary to account for residual
misalignments of the MWPC's due to local con-
struction faults such as nonparallel or unequally
spaced wires, etc. To a first approximation, false
asymmetries arising from such faults can be estimat-
ed" by

the inelastic reactions, pp —+~4 events couId be
neglected since they fell outside the geometrical ac-
ceptance of the apparatus, while contamination
from the trNN reaction was estimated to be less than
0.1%.

Reactions due to the various nuclei in the PPT
were measured with a dummy target as already
described in Sec. III C. The rate was generally small
giving noise/signal ratio of about 5%. It might be
interesting to point out that the background contam-
ination is smaller than the one observed in the Aoo«
experiment' performed with a very similar
geometry Th. is is due to the corrections of the non-
linearity (see Sec. IVB 1) which allow more restric-
tive cuts. Following the method of Ref. 18, these
events were then analyzed in the same way as the
butanol events and the sums in Eqs. (27) to (29)
evaluated. These were then subtracted from the cor-
responding butanol sums to give

2 QAccosgc —a g Accosgc
bUt dUlllmg

(33)
+Ac —a g Ac
but dummy

and a corresponding sum for P„. The errors then
become

2 gA, '+a' g A, '
but dummy

b„=. ( tan8csingc ),
6„=( tan8ccosgc ), (31)

o (P)=

but dummy

XAc' —a y Ac'
2 7 (34)

where the angular brackets indicate an average over
all events with 8c (2.6'. Typical values for b,, and
h„were 0.02 to 0.03'. The corrected polarization
components are then given by

P~ = —2 +A csinge+ b g A c&c«c
all a11

T

Pn = 2 +Accosdc+ l4 Q A co'c/trc
all all

y Ac',
all

&Ac'

(32)

4. Background subtraction

The background reactions in this experiment con-
sisted mainly of the inelastic pp reactions:

pp ~Kcf,

pp ~TNT. ,

and proton reactions on the C and He nuclei
present in the PPT and the copper target cavity. Of

where the factor a is a renormalization constant
which accounts for the difference in the total num-
ber of atoms in the butanol and dummy targets and
the number of incident protons for the two measure-
ments.

B. Evaluation of the spin-dependent parameters

The analysis in the previous section provided the
polarizations P„and P for each bin in 8, and P.
To extract the polarization parameters from these
quantities, it was first necessary to remove the
dependence on angle P coming from the projections
of Pb and P, onto the reaction frame of the proton,
i.e. (s,n, k). I.et us therefore calculate Eq. (2) expli-
citly for the case of P, along F and Pb along X, F,
and Z, treating the denominator and numerator of
Eq. (2) separately.

However, a remark concerning the beam-
polarization components must first be made. Be-
cause of the magnetic field surrounding the target, a
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spin precession of the incident proton also occurs
before it is scattered. Thus at the point of the reac-
tion, the beam generally has a mixture of several
beam components, even if it is completely polarized
along one of the basis axes originally. With the
vertical magnetic field, the following mixings oc-
curred: (1) For Pb along F, no mixing occurred
so that Pby ——Pb, Pb~——Pbz =0 at the reaction point.
(2) For Pb along X or Z, a precession occurred
only in the horizontal plane so that at the reaction
pot«, P, =P»X+ PbzZ, P»=0 with the P» (P»)
component being the most dominant for Pb original-
ly along X (Z). For this analysis, the "reaction"
components in each case were estimated at the
center of the target using the tracking-matrix gen-
eration program.

where we have used the Pauli principle implying
o,.o =am. =W, and

A A
Pb in the X,Z plane:

1+A (P,cosP —P»sing ) —A ~»„Pbx P,sinPcosP

+A pp„P,P»sinpcosp+A~k, P»P, sing . (36)

2. The numerator

For the spin component along co, P, the numera-
tors are

Pb along F:

D~ pPssing+K~, P,sing+M~ PqP, cosgsing

+M~,„PbP,ain't cosy . (37)

1. The denominator

Projecting out the "reaction'* beam and target
components onto the (s,n, k) frame, the denomina-
tors of Eq. (2) become

Pb along F:

Pb in the X,Z plane:

D~,pP»cosg+K~, Ptsing M~ P—»P, sin P

+M~,„P»P,cos P

+Dr@0k pPbz +M@4k PbzP~ cosP, (38)

1+A (Ps+P, )cosg+A pp„„P,Pbcos P

+A pp„PbP, sin P, (35)

where we have also applied parity conservation.
Since sin(t) is close to 0, while the cosP is =1 in our
measured range, the dominating terms in these ex-

TABLE III. Same as Table II but for the parameters P, K„o„p, and D„ps„. Quoted errors
are purely statistical.

0, (deg)

34
38
42
46
50
54
58
62
66
70
74
78
82
86
90
94
90
94
98

102
106
110
114
118

P

0.587+0.013
0.573+0.010
0.578+0.010
0.504+0.009
0.518+0.009
0.466+0.009
0.433+0.008
0.400+0.009
0.365+0.009
0.335+0.008
0.262+0.008
0.198+0.008
0.143+0.008
0,081%0.008

—0.006+0.008
—0.075+0.009

0.005+0.009
—0.059+0.008
—0.116%0.008
—0.179+0.008
—0.261+0.008
—0.304+0.008
—0.362+0.009
—0.400+0.012

0.281+0.025
0.344+0.020
0.373+0.019
0.396+0.018
0.437%0.018
0.439+0.017
0.502+0.017
0.482+0.017
0.494%0.016
0.534+0.014
0.550+0.014
0.542+0.013
0.599+0.013
0.632+0.012
0.663+0.012
0.720+0.013
0.669+0.014
0.706+0.012
0.716+0.012
0.731+0.012
0.752+0.012
0.761%0.013
0.782+0.014
0.794+0.020

DnOnO

0.903+0.039
0.742+0.032
0.788+0.030
0.804+0.029
0.875 +0.028
0.871+0.027
0.808+0.027
0.873+0.028

0.767+0.025
0.758+0.024
0.678+0.022
0.715+0.024
0.686+0.023
0.643+0.021

0.618+0.021
0.592+0.024
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FIG. 6. D„p„p,K„pp„ for pp elastic at 579 MeV as a
function of the c.m. scattering angle. The three different

symbol (dots, triangles, squares) correspond to the three

different turntable settings used to cover the whole angu-

lar range.

pressions are D~,o, D~ko, M~,„, and M~k„. We
remind the reader also that the index e on the
parameters refers to the direction defined in Eq. (21}
and that

X„.. . =coscoX, . . . —sincoXk . . . , (39)
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where X is any polarization parameter.
For thy spin component along n, P„, we similarly

find using the relation Mnonn P-—
Pb along Y:

P (1+PbP,cos p)+D„on OPbcosp+KnoonP, cosp

+Mnp»PbP, sin P . (40)

Pb in the X,Z plane:

P (1 PbxP, singcos—g ) Dn onoPbx sing—+K„opn P,cosg

+M O~PbxP&cosgsing+Mn O~PbzPtsing, (41)

where the dominant terms involve D„o„o,E„oo„,and
P.

FIG. 8. M~,„,M~k„ for pp elastic scattering at 579
MeV as a function of the c.m. scattering angle.

E;=P; Xdenominator . (42)

For this purpose, smoothed values of the spin-
correlation parameters from a fit by the Saclay-
Geneva PSA were used. The errors incurred by us-
ing these PSA values were negligible in comparison
to the data.

Since the data were grouped into five P bins sym-
metric about /=0, the small sing terms could be
canceled by adding the tP, —PI bins, i.e.,

N; =[Nt(P)+Nt( —P)]/2,
Np ——N(0),

to give three bins in p. This left only the dominant
cosp terms and the residual terms in sin2$, M„p„,
M,o, and Mko, which contributed very little.
These were nevertheless corrected for by using the
PSA predictions. The remaining parameters were
then obtained by fitting the symmetrized expression
in Eq. (43) for all p and all Pb and P, combinations
for each separate bin in 8, to yield the parameters
P~ Dn ono~ +noon ~ Dcooso~ Dcook0~ Mcoosn~ and Mcookn

4. Target calibration independently of the NM& signal

In this analysis, it was possible to check the NMR
calibration of the target by exploiting the symmetry
relation

3. Extraction of the polarization parameters

Since the parameters in the denominators given by
Eqs. (35} and (36) have already been measured, ' '
this expression could easily be evaluated for our
data, so that, the nurnerators alone could be extract-
ed

FIG. 7. I„ooo,D~ p, D~kp for pp scattering at 579 MeV
as a function of the c.m. scattering angle.

Dnpnp(ec. m. )=Knppn('tr lic.m. ) (44)

which follows from the Pauli principle. Referring
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to Table I, it can be seen that when measurements
are done with both beam and target polarizations
along Y, one measures D„p p and E„pp„simultane-
ously. However D„p„p is entirely determined by P~
whereas E„pp„ is determined by P, . Using the above
relation around 90' c.m. , then, it was possible to
compare the target polarization with the better
known value of the "scattered" beam polarization
(

~
Ps

~

=0.4165+0.0043), i.e.,

PsD„O„O(8, )/Ps =aK„OO„(m8,.—)Pg „,„„dlPg .

(45)

In this way, our desired P, value is given by the ratio
of the P, value derived from the NMR calibration
and the normalization factor a,

Pi, -i.d=Pi«
In practice a was determined by fitting D„p„p(8 )

to K„z»(m —8, } around 90' c.m. This method is
sensitive to the sum of the positive and negative po-
larization values (

~
P, ++P,

~

). The relative accu-
racy obtained was &3% including systematic un-
certainties, an accuracy comparable to the NMR
techniques. This provided us with secure D„p p and
K„pp„measurements. In addition, since E„pp„ is al-
ways measured for each Pb orientation (see Table I),
this allows an extensive control of the P, values in-

dependently of the NMR signal.

VI. RESULTS AND CONCLUSIONS

The experimental results obtained for the spin-
dependent parameters are given in Tables II and III
along with their statistical errors. The mixing angle
co for each 8, bin is given in Table II also. Fig-
ures 6 to 8 plot the results along with fits (dotted
lines) from the Saclay-Geneva phase shift analysis
performed at a fixed energy of 579 MeV. In addi-
tion to the points from this experiment, these fits
also included previously measured data at small an-
gles, ' and spin-correlation parameters' ' measured
in the same angular range. As can be seen, the
points from this experiment are fit very well indicat-
ing good consistency with the other measurements.

As well, note that the relation P (8, )
P—(m. 8,—) required by the Pauli principle is

very well reproduced by the data.
The most striking feature of these data, however,

is their very large magnitude. The three-spin
parameter M~,„, for example, reaches a high of
0.55, comparable to that of P indicating some rather
strong spin effects in Pp scattering. It is interesting
to note, as well, the astonishingly smooth angular

dependence of the parameters in this range. This is
in sharp contrast to their behavior at small angles'
where the effect of one-pion exchange dominates.
The Coulomb interaction also becomes important.
Our data should be compared to the rather extensive
set of two-spin measurements at 647 and 800 MeV
at I.AMPF (Ref. 20), which show equally large spin
effects, and the Argonne data at 6 GeVjc (Ref. 21),
which include three-spin parameters although mea-
sured with rather large statistical errors.

The relative statistical precision of the parameters
was determined, as we have already remarked, by
their determination factors in Eq. (2). The three-
spin parameters were the least well determined with
an error of about +0.05. This is a more than useful
precision, however, and marks the first time this has
been achieved for a three-spin parameter. As men-
tioned in Ref. 8, these quantities were necessary for
an unambiguous amplitude reconstruction at 90'
c.m.

The systematic errors were of two types: (1}mul-
tiplicative, due to uncertainties in the determination
factors and (2) additive, due to biases in the experi-
mental apparatus. Table IV lists the contributions
involved multiplicatively in the determination of the
parameters. These were mainly due to uncertainties
in the beam and target polarizations and carbon
analyzing power Ac. Their estimated relative uncer-
tainties are listed in the last column. Table V shows
how the determination factors affect the normaliza-
tion of the various observables. The quoted errors
represent the total relative systematic uncertainty
for the concerned parameter. The data taken be-
tween 34' c.m. and 62' c.m. , and from 90' c.m. to
118' c.m. have some larger errors since they were

TABLE IV. Determination factors for the parameters.

Normalization

r„(2)
r„(3)
r„(4)

Parameter

~cI b, scatt

~b, scatt

I'b,. ~I'b, . tt

I',

Meaning

Carbon calibration
Calibration scattered beam
Calibration accelerated beam
Calibration target polarization

Relative uncertainty

l —2%
1%
3%
5%%uo



27 SPIN-DEPENDENT PARAMETERS PENN, Dqp~ps ~ ~ ~ 2615

Parameter

TABLE V. Normalizations of the parameters.

Normalization Relative uncertainty

P
&.ppn

D
D+p+p(34 —62 ) Dz~ p(90 —118 )

M
M~„(90'—118')

r„(1)/r„(2)
r„(1)r„(4)/r„(2)
r„(1)
r„(1)r„(3)
r„(1)r„(4)
r„(1)r„(3)r„(4)

2—3%%uo

6—7%
1—2%
3—4%
6%
7—8%%uo

taken with the "accelerated" beam where the polari-
zation is less well known.

The polarizations P„and P„measured along the
co and n axes may also contain additive biases b„,b„,
due to nonuniform MWPC efficiencies in P, noncen-
tral passage through the polarimeter with nonsyrn-
metric absorption and multiple scattering. The bias
along to, b (which does not depend on Pb or P,}
cancels out when combining data of opposite beam
polarization. Therefore, D~,o, D~ko, M~,„, and
M~k„are free of any additive bias. On the other
hand, the bias along n directly affects the polariza-
tion parameter P no matter what data combination
is made, as can be seen from Table I. However; b„
can be estimated by looking at how the polarization
P passes through 0 at 90' c.m. ; b„was found con-
sistent with zero to within an accuracy of about 1

standard deviation. Since the 90' c.m. bin was in the
border regions of the polarimeter where bias effects
are expected to be largest, the overall bias comes out
to be smaller than the statistical error.

Systematic errors due to nonsymmetric absorption
in the polarimeter and uncertainties in the energy of
the analyzing pC scattering reaction were also con-
sidered. This is particularly crucial for the large an-

gle (8, & 114') measurements since scattered pro-
ton has a kinetic energy below 165 MeV and is in a
region where the carbon analyzing power varies rap-

idly with energy [a 5-MeV change in kinetic energy
results in a 5(observ)lobserv=5% at 118' c.m. , 3%
at 114' c.m. , and & 1% for all other angles].

Finally, we note that the D and M parameters
above 90' can be related to certain parameters below
90' if the Pauli principle is invoked. More explicit-
ly, these are

E„pp„(8)=D„o„o(m—8),
Xo„,o(8)=D~,p(tr 8), —

o ko(8}= Dm—ko(tr 8)— (47}

Ntu„„(8 ) = M~—,„(n 8},—
Np„k„(8)=M~k„(n.—8) .

If these are used, the ensemble of points may then be

interpreted as providing information on 11 polariza-
tion parameters between 62' and 90'. These parame-

ters, along with the differential cross section and the

spin correlation parameters Aoo„„, Aoo,k, and Aookk

from earlier measurements, in fact, form the basis

for a "complete" experiment. As well, the large
number of parameters also made possible, a recon-
struction of the time-reversal violating ampli-

tude, ' providing the first model-independent

upper limit on T violation in the strong interaction.
For angles below 62' c.m. where less observables

were at our disposal [because Eq. (47) could not be

used], an unambiguous reconstruction of the ampli-

tudes has also been possible giving extremely in-

teresting results down to a rather small scattering

angle 8, of 38'.
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