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The po].arization parameter P„000, the two-spin parameters D„0„0, E„„, D 0 0 D 0k0

three-spin parameters M, 0,„and M, 0k„have been measured for pp elastic scattering between 34' and
118' center-of-mass scattering angle at six different incident kinetic energies 447, 473, 497, 517, 539,
and 560 MeV. The experiment was performed at SIN using a polarized proton beam, a polarized
butanol target, and a polarimeter for t'he measurement of the polarization of the scattered proton.

I. INTRODUCTION

The aim of this experiment was to obtain information
on the pp elastic-scattering amplitudes in the angular
range 34'—118' c.m. at energies between 400 and 579
MeV. Interest in this energy domain has been generated
by the observation of energy-dependent structures first in
b,crL, measurements in elastic pp scattering, ' and then in
the it» (Ref. 2) and tzo parameters in nd scattering. The
existence of dibaryon resonances has been proposed to ex-
plain these phenomena. But in other experiments, the ob-
served structure in tzo has not been observed, and pro-
gress in N-N theory (e.g., Ref. 7) seems now to suggest
that dibaryon resonances are not needed. Nevertheless
phase-shift analyses of N-E elastic scattering, " agree
on the existence of anticlockwise loops in the Argand dia-

Ilrams for the 'D2 (with mass around 2.14 GeV) I'i and
64 partial waves, although the behavior for the latter two

must still be confirmed. Whether these half loops are due
to inelastic thresholds as proposed for instance by Iaoet
et al. ' or resonances, is still not clear. The Saclay data, '

mainly at energies above 800 MeV, should help clarify the
situation. But to have a complete understanding, a study
of the inelastic channels pp~tr+d, pntr+, ppn is also
essential. A rather large experimental effort is being put
into this at present.

A purely experimental solution to the elastic S-N prob-
lem, however, also exists in the so-called "complete" ex-
periment, ' the measurement of a sufficient number of
observables concerning the reaction at a given energy and
angle, such as, to allow a complete reconstruction of the
amplitudes directly from the data For pp .elastic scatter-
ing, this requires 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 relatively large task.
The results, however, would provide unambiguous and
completely model-independent information on the scatter-
ing amplitudes. They mould also provide a rigorous test
of current and future theories of the N Ninteraction as-
well as providing fixed anchor points for many of the

phenomenological models currently in use. This was the
aim of our elastic pp scattering experimental program at
SIN.

This program began with measurements of the spin-
correlation parameters Aoo„„(Ref. 15) at seven energies
between 350 and 580 MeV and measurements of Aoo,
Hook~, and Hook, (Ref. 16) at five energies. These data
were then completed with measurements involving rescat-
tering on a carbon polarimeter to observe the transverse
polarization of the scattered proton, i.e., D„o„o, K„oo„,
Dsoso Dsoko Msgsn, and M, ok„. The data at 579 MeV
have been published, ' ' as well as the associated direct
amplitude reconstruction in Refs. 18 and 19, the former
one containing the c.m. angular region reconstruction be-

tween 38' and 58. From these data also, a time-reversal-
violating amplitude analysis was done which sets an

upper limit for time-reversal invariance in the strong in-
teraction. Results on some spin-dependent parameters
below 400 MeV will also soon be available.

In this paper we will present measurements of double-
and triple-spin parameters at 447, 473, 497, 517, 539, and
560 MeV. Only at four of these energies, namely, 447,
497, 517, and 539 MeV, have enough parameters been
measured to do an amplitude reconstruction. This
analysis is in progress and will be discussed in a separate
paper which will be available soon. Since the experimen-
tal setup and analysis are identical to the one presented in
detail in Ref. 17, this article will concentrate mainly on
those points relevant to these particular data. Our results
will be compared to other existing measurements, as well
as with phase-shift-analysis predictions. Typical statisti-
cal errors on these data were =+(0.01—0.02) for P„000,
+(0.01—0.04) for K„oo„, +(0.02—0.06) for the D, and
+(0.03—0.08) for the Iparameters.

II. EXPERIMENTAL SETUP

A complete description of the experimental setup can
be found in Refs. 17 and 21. Two types of polarized
beams were used for these experiinents: (1) a "scattered"
beam which was obtained by scattering the main SIN un-
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polarized beam at 8' from an 8-mm-thick Be target (polar-
ization Pb ——0.4165+0.0043) and (2) an "accelerated"
beam in which polarized protons were produced directly
by the atomic source and then accelerated to 580 MeV
(Pi, ——0.8 typically). In both cases change of direction of
the spin vector was performed by a combination of two
superconducting solenoids sandwiching the last deflecting
magnet. Moreover, for the "accelerated" beam a fast
periodic spin flip was performed directly at the ion source
allowing a better control of systematic errors.

A schematic diagram of the detector layout is shown in
Fig. 1. The polarized proton beam was scattered from a
polarized target (PPT), cylindrical in shape, 2 cm in
height and 2 cm in diameter. The target sample, which
was composed of butanol droplets immersed in liquid He
at 0.5 K temperature, was placed in a 25-kG vertical mag-
net field created by two superconducting coils. The
geometry was such that easy access to a wide angular
range was possible. Typical target polarizations I', were
about 40—60%. A dummy target consisting of a copper
cylinder of the same size, filled with carbon grains was
suspended below the butanol target for background mea-
surements.

Scattered and recoil particles were detected by two X-F
telescopes each consisting of three multiwire proportional
chambers and a scintillation counter. The spin of the
final-state proton was analyzed in a carbon polarimeter
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FIG. 1. Experimental setup viewed from top.

mounted directly behind the scattered proton telescope.
In order to ensure a good efficiency for dete:ting scatter-
ings from carbon, four chambers were used. Precise p-C
effective analyzing powers ( Ac) were measured with good
accuracy for laboratory scattering angles between 5' and
20' and for energies from 95 to 570 MeV (Ref. 22). Each
telescope was mounted on a movable platform which
could be rotated about the target axis so as to allow mea-
surement of different angular ranges. Three different arm
positions corresponding. to 104' c.m. , 80' c.m. , and 48'
c.m. were used. A summary of all different conditions
under which data were collected for beam and/or target
and carbon scatterer conditions is summarized in Table I.

TABLE I. Beam and target configurations for data at 447, 473, 497, 517, 539, and 560 MeV as well as at 579 MeV (Ref. 17) which
is mentioned for completeness. The symbol acc stands for data taken with the accelerated beam and scatt for data taken with the
scattered beam, %'ithin each condition, the beam and target polarization were frequently reversed (Aipped).

Energy
(MeV)

473

Center of
angular range

(deg c.m. )

48
80
88

104

48
80

104

acc
scatt
scatt
scatt

acc
acc

CH2 I', —=0

scatt

scatt

scatt
scatt
scatt

Beam-polarization orientation

PPTt&

scatt

scatt
scatt

scatt
scatt
acc

Carbon thickness

in polarimeter
(cm)

517

539

560

48
80

104

48
80

104

acc
scatt
acc

acc
scatt

acc
scatt
scatt

scatt

scatt

scatt
scatt
scatt

scatt
scatt

acc
scatt

scatt
scatt
scatt

scatt
scatt and acc

scatt

acc
scatt
acc

acc
scatt
acc

scatt
scatt
scatt

acc

scatt
scatt

scatt



E. APRILE et al.

The axes (X,Y,Z) refer to the fixed laboratory frame of
the apparatus where Z corresponds to the direction of the

incident beam and Y to the vertical downward direction.
All data were taken with the PPT target, except those
with the F hearn polarization orientation, for which the
PPT was either unpolarized (P, =0) or replaced by a CHl
target. These last configurations allowed us to measure
the polarization parameters (P,D„O„O) independently of
the target polarization, and were used for checking the
values of the target polarization P, . This will be dis-
cussed further on in the paper.

III. CHOICE OF OBSERVABI ES

Throughout this paper we will use the scattering matrix
and formalism of Ref. 23. The four-index notation X,i d
refers to the scattered (a), recoil ( b), beam (c), and target
(d) spin orientations, respectively. Each index (a„b, c, or
d) can take on the values k, n, s, or 0 according to the
particle polarization orientation in its attached laboratory
frame. The direction k is defined as being along the par-
ticle trajectory, n along the normal to the scattering plane,
and s the orthogonal to the other two axes (n)&k). The 0
index stands for an unpolarized state. Where confusion
can occur, indices for the scattered particle will be indi-
cated by primes, i.e., s', n', and k'.

Prior to the start of the experiment, a study of the sim-
plest complete set of parameters necessary for the direct
reconstruction of the scattering amplitudes was made. ' '

The observables selected are indicated in Table II. Note
that each of the parameters must be measured at each
given energy and angle.

Here we consider only the parameters in the bottom
part of Table II. These measurements require the three
possible beam polarization orientations but only a target
polarization along n. In addition, an analysis of the two
transverse components of the scattered proton polariza-
tion must be made. In this latter process, the proton scat-
tered from the PPT target is allowed to scatter a second
time from a carbon target and the polar (8c) and azimu-
thal (Pc) scattering distributions observed. The azimuthal
carbon scattering angle Pc is defined as

conc=ll Ilc alld singe= —s lie,

—Ac(8c)P, singe] . (2)

A statistical analysis of the measured distribution using
Eq. (2), then yields the quantities

e„(8c)=~c(8c)P.

e, (8C)= —A c(8c)Pg,

which are the two asymmetries governing the distribution.
With a knowledge of Ac, the polarizations P„and P, can
be fitted and determined.

Table III gives the explicit expressions for the polariza-
tions P„, P, , as a function of the double- and triple-spin
parameters for the three possible incident beam orienta-
tions. Note that the number of spin-dependent parame-
ters is reduced as compared to all possible combinations
of indices due to invariance principles; therefore,
Boo„o——Aooo„=A, P„ooo——Po„oo =P, and A =I' as well as
M„o„„P. In fa——ct this table is somewhat simplified as it
corresponds to the experimental situation with azimuthal
scattering angle /=0 (our experimental acceptance is in
fact P =+10') and neglects the effect of the magnetic field
surrounding the polarized target.

The effect of the magnetic field can be summarized as
follows: At the carbon scatterer, only transverse-
polarization components can be determined. Because of
the magnetic field which precesses the proton spin, the
transverse components at the carbon scatterer are not the
same as at the interaction vertex in the PPT target. It has
been shown' that the magnetic field effect can be treated
as a rotation around the vertical axis n by an angle ~.
For this reason the horizontal transverse polarization of
the scattered particle measured at the carbon analyzing
target contains a mixture of the s' and k' components of
the true hydrogen scattering. The polarization com-
ponents measured by the polarimeter therefore correspond
to the spin components of the proton along the direction
n and «l (P„,P„)at the PPT where

where nc is the normal to the plane of the PC scattering.
The observed distribution after the carbon scattering is
then given by

dcr(8c,pc ) =0'c( 8c)[1+A c(8c)P„cope

TABLE II. Summary of data taken per energy. This paper concerns the bottom part of the table with rescattering on carbon.
Moreover I' is identical to A if time reversal is assumed.

Target orientation

Beam orientation
No rescattering
on carbon

%ith rescattering
on carbon

'Reference 16.
Reference 15.

'Reference 17.

s

k
~00k.'

Dsoso

M, o,„'

Xl

1Aoo„„
oooo

~oono
(=A)
Dnono

&.Oon'

4'~ ooo=~~

Dsoko

M, ok„'
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TABLE III. Relation between the polarization components of the scattered proton Pn and P, and
the pp scattering observables as analyzed on the carbon scatterer. The three possible beam orientations
are GonsNiered.

Scattered proton transverse components orientation
n s

Pb

P( l+Pbp()+D. o.oA+&.oo.P(

1+P(Pb+P, )+Hoon„PbP,

P +&.OonPr

1+PP

P+X„()()„P,
1+PP,

Pb~a. o.o+~s O..Pr ~

1+PP,
Pb~a. oko+~. Ok. Pt ~

1+PP,

ro= cosros' —sinrpk',

P~ = coso) Pg —slnd) Pk( .

The measured observables are therefore given by

X . . . =coscoX, . . . —sincoXk . . . ,

where X is any polarization parameter. Typical values for
this angle are between 7' and 13' in this energy domain.

Another important aspect of our experiment was the
control over the P, values. Referring to beam and target
measurements along n as shown in Table III, one notices

that D„o„o,which is entirely determined by Pb and EC„oo„
entirely determined by P„are measured simultaneously.
Using the symmetry relation

D„p„p(8 ) =E„pp„(m' —I9 )

around 90' c.m. , it is then possible to compare the target
polarization with the better known value of the "scat-
tered" beam polarization, thereby giving us a check of the
P, values independent of the NMR signal and calibration.
This has turned out to be most useful, and calibration
data with an unpolarized PPT or a CH2 target were taken
in order to allow this check over most of our accepted

TABLE IV. Results for the pp elastic-scattering parameters P, lt.'„oo„,and D„o„oat 560 MeV. Quot-
ed errors are purely statistical. The beam energies quoted correspond to the reaction energies at the
center of the polarized target. The estimated uncertainty is about +3 MeV. Error on the absolute c.m.
angle is 0.25'.

(9, (deg)

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

90

98
102

110
114
118

P

0.598+0.022
0.541+0.018
0.528 +0.017
0.499+0.016
0.475+0.015
0.492+0.015
0.391+0.014
0.361+0.015
0.341+0.009
0.305+0.008
0.240+0.008
0.180+0.008
0.128+0.008
0.050+0.007

—0.025+0.007
—0.065+0.008

0.002+0.015
—0.060+0.012
—0.111+0.012
—0.194+0.012
—0.220+0.012
—0.298+0.012
—0.331+0.013
—0.337+0.019

0.268 +0.067
0.290+0.053
0.397+0.049
0.452+0.047
0.433+0.046
0.524+0.044
0.450+0.043
0.505+0.044
0.579+0.027
0.527+0.024
0.532+0.024
0.603+0.023
0.618+0.023
0.663+0.022
0.676+0.021
0.674+0.023

Dnono

0.831+0.062
0.762%0.050
0.727+0.047
0.821 +0.045
0.808+0.043
0.950+0.042
0.739+0.041
0.731+0.041
0.772+0.028
0.789+0.025
0.789+0.024
0.752+0.024
0.749+0.023
0.718+0.022
0.694+0.022
0.638+0.023
0.647+0.035
0.639+0.030
0.640+0.029
0.585+0.029
0.533+0.028
0.538+0.029
0.520+0.031
0.520+0.045
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TABLE V. Same as Table IV but at 539 MeV.

+nOn 0

34
38

46

58
62
66
70
74,

78
82
86
90
94
90
94
98

102
106
110
114
118

0.552+0.010
0.552+0.008
0.533%0.006
0.516+0.006
0.479%0.006
0.435+0.005
0.398+0.005
0.365+0.006
0.337%0.005
0.299+0.005
0.233+0.004
0.177+0.004
0.123+0.004
0.060JO.004

—0.004+0, 004
—0.059+0.004
—0.014+0.005
—0.048 +0.004
—0.105+0.004
—0.167+0.004
—0.219+0.004
—0.276+0.005
—0.320+0.005
—0.368+0.007

0.277+0.020
0.377+0.015
0.387%0.014
0.438+0.013
0.456+0.012
0.488 +0.012
0.492+0.012
0.515+0.012
0.520+0.009
0.544+0.009
0.567+0.008
0.601+0.008
0.603+0.008
0.638+0.008
0.654+0.009
0.672+0.009
0.639+0.011
0.680+0.010
0.694+0.009
0.710+0.009
0.728 +0.010
0.734+0.010
0.728 +0.011
0.785%0.016

0.72340.042
0.763+0.030
0.727+0.028
0.772+0.026
0.745 20.025
0.71220.024
0.79120.023
0.74320.024
0.776+0.034
0.771'Q. 029
0.728 20.028
0.72620.027
0.696+0.027
0.703+0.026
0.656+0.026
0.559+0.030
0.653JO.024
0.628 %0.018
0.586+0.017
0.576+0.017
0.532+0.017
0.543 +0.019
0.55420.022
0.537%0.032

8, {deg)

TABLE VI. Same as Table IV but at 517 MeV.

P +nOn 0

34
38
42

50
54
58
62
66
70
74
78
82
86
90
94
90
94
98

102
106
110
114
118

0.544+0.015
0.542%0.012
0.520%0.011
0.500+0.010
0.471+0.010
0.413+0.009
0.384+0.009
0.352+0.009
0.316+0.005
0.275 +0.004
0.221+0.004
0.168+0.004
0.111+0.004
0.047+0.004

—0.008+0.004
—0.070+0.005

0.005+0.010
—0.048+0.008
—0.094+0.007
—0.160+0.007
—0.214+0.008
—0.267+0.008
—0.313+0.009
—0.347+0.014

0.259+0.026
0.389+0.021
0.390+0.019
0.447 +0.018
0.437+0.017
0.458+0.016
0.485 +0.016
0.500+0.016
0.535+0.010
0.542+0.009
0.548 +0.009
0.580+0.008
0.580+0.008
0.607+0.008
0.604+0.008
0.637+0.008
0.609+0.021
0.650+0.018
0.651 +O.018
0.706+0.019
0.687+0.019
0.728+0.021
0.768+0.024
0.811+0.034

0.771+0.024
0.747+0.019
0.765 JO.017
0.766+0.016
0.761+0.015
0.762+0.015
0.74220.015
0.762 +0.015
Q.729+0.027
0.754+0.025
0.772+0.024
0.676+0.023
0.641+0.023
0.681+0.022
0.581+D.022
0.644+0.024
0.572+0.035
0.611+0.023
0.578+0.023
0.578+0.023
0.572+0.024
0.531+0.025
0.528+0.029
0.613+0.047
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0, (deg)

TABLE VII. Same as Table IV but at 497 MeV.

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

102
106
110
114
118

0.539+0.010
0.530+0.007
0.508+0.007
0.487 +0.006
0.455 +0.006
0.41S+0.006
0.363+0.005
0.335+0.005
0.300+0.005
0.265+0.005
0.206+0.005
0.178+0.004
0.110+0.004
0.053+0.004
0.005+0.005

—0.042+0.005
0.010+0.010

—0.026+0.009
—0.086+0.008
—0.157+0.008
—0.213+0.008
—0.256+0.009
—0.319+0.011
—0.345+0.017

0.306+0.021
0.350%0.016
0.400+0.015
0.438+0.014
0.478 +0.013
0.529+0.013
0.515+0.012
O.S37J0.012
0.529+0.010
0.546+0.009
0.539%0.009
0.57020.008
0.573+0.008
0.592%0.008
0.639+0.008
0.635XO.009
0.621+0.025
0.617%0.021
0.638%0.021
0.665 +0.022
0.707+0.022
0.690+0.024
0.717+0.028
0.664+0.041

0.699+0.042
0.784+0.031
0.736+0.029
0.711*0.027
0.7S2+0.026
0.745+0.024
0.700+0.024
0.708%0.025
0.689+0.025
0.691+0.023
0.715+0.022
0.671+0.021
0.653+0.021
0.666+0.020
0,638+0.020
0.606+0.023
0.612+0.043
0.633+0.030
0.569+0.029
0.611+0.029
0.570+0.031
0.602 XO.033
0.502+0.040
0.611%0.075

8, (deg)

TABLE VIII. Same as Table IV but at 473 MeV.

+n 00n Dnan 0

34
38
42
46
50
54
S8
62
66
70
74
78
82
86
90
94
90
94
98

102
106
110
114
118

0.540+0.013
0.515+0.009
0.499%0.008
0.463+0.007
0.429 +0.006
0.388+0.006
0.363+0.006
0.314+0.006
0.291+0.005
0.256+0.005
0.198+0.005
0.152+0.005
0.103+0.004
0.044+0.004

—0.008+0.004
—0.060+0.005

0.003+0.008
—0.036+0.007
—0.093+0.007
—0.141+0.007
—0.204+0.007
—0.256+0.008
—0.314+0.010
—0.33420.015

0.309+0.025
0.361+0.016
0.421 +0.015
0.433+0.014
0.470+0.013
0.494+0.012
0.529+0.012
0.532+0.012
0.527+0.011
0.541 +0.010
0.548 +0.009
0.568+0.009
0.565+0.009
0.586+0.009
0.601+0.010
0.595%0.011
0.601+0.019
0.582+0.017
0.627+0.017
0.636+0.018
0.651+0.019
0.630+0.021
0.684+0.026
0.567+0.037

0.710+0.052
0.694%0.032
0.703+0.027
0.63920.025
0.686%0.023
0.668+0.022
0.670+0.022
0.708+0.023
0.681+0.025
0.68420.021
0.690+0.021
0.623+0.020
0.635+0.020
0.627+0.019
0.604+0.020
0.595+0.027
0.645+0.033
0.565+0.024
0.571+0.024
0.602+0.025
0.619+0.027
0.532+0.030
0.545 +0.037
0.513+0.071
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8, (deg)

TABLE IX. Same as Table IV but at 447 MeV.

Dnon 0

34

42

58
62
66
70
74
78
82
86
90

74
78
82
86
90
94
98

102
90
94
98

102
106
110
114
118

0.511+0.010
0.501+0.008
0.485+0.006
0.471 +0.006
0.435+0.006
0.396+0.005
0.376%0.005
0.328+0.005
0.284+0.006
0.242+0.006
0.203 +0.005
0.143+0,005
0.100+0.005
0.037+0.005

—0.011+0.005
—0.054+0.005

0.204%0.008
0.146%0.007
0.108+0.007
0.059+0.007

—0.002+0.007
—0.066+0.007
—0.105+0.008
—0.159+0.009

0.012%0.007
—0.037%0.007
—0.076+0.007
—0.146+0.007
—0.176+0.007
—0.244+0.008
—0.300+0.010
—0.339+0.015

0.262+0.016
0.334+0.011
0.407+0.010
0.443 +0.009
0.482%0.009
0.492+0.008
0.509+0.008
0.492+0.009
0.519RO. 010
0.534%0.009
0.553+0.009
0.573+0.009
0.558 %0.008
0.576+0.008
0.585+0.008
0.595+0.010
0.558%0.018
0.579%0.015
0.558+0.015
0.602+0.015
0.589+0.015
0.600+0.015
0.597+0,016
0.615+0.019
0.607+0.014
0.597+0.012
0.621 +0.012
0.619+0.013
0.632+0.013
0.668+0.015
0.670+0.019
0.612+0.028

0.723+0.035
0.639+0.024
0.660+0.021
0.708+0.020
0.669+0.019
0.682+0.018
0.666+0.017
0.666+0.018

0.655+0.020
0.627 +0.017
0.616+0.016
0.600+0.016
0.587+0.016
0.571+0.016
0.601%0.017
0.531+0.021

TABLE X. Same as Table IV (at 560 MeV) but for spin-dependent parameters D~,0, D~I,0, hf~,„,and M~k„. Numerical values
for the mixing angle cu are given in the last column. At this energy, the mixing angle ~ is somewhat different from other energy
values as a similar PPT target was used, but with slightly different magnetic field.

8, (deg)

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

Dmso

0.688+0.024
0.631+0.021
0.590+0.020
0.627%0.020
0.553+0.020
0.583+0.019
0.511+0.018
0.480+0.019

—0.065+0.055
0.009+0.044
0.077+0.041
0.162+0.039
0.258 +0.037
0.314+0.036
0.368+0.034
0.351+0.035
0.360+0.024
0.369+0.021
0.349+0.021
0.342+0.020
0.282+0.019
0.238+0.019
0.201+0.018
0.124+0.019

0.110+0.075
—0.022+0.067
—0.049+0.064
—0.032+0.064
—0.129+0.063
—0.151+0.060
—0.088+0.058
—0.127+0.061

—0.358+0.100
—0.334+0.079
—0.198+0.074
—0.009+0.070

0.004+0.067
0.224+0.065
0.029+0.063
0.165+0.064
0.257+0.044
0.325+0.039
0.370+0.038
0.467+0.037
0.445 +0.036
0.469+0.035
0.461+0.033
0.435+0.036

co (deg)

8.1

8.2
8.2
8.3
8.4
8.5
8.5
8.6
8.7
8.9
9.0
9.2
9.3
9.5
9.7

10.0
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TABLE XI. Same as Table X but at 539 MeV.

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

0.557+0.046
0.545+0.036
0.609%0.033
0.606+0.031
0.583+0.030
0.632+0.028
0.547+0.027
0.586+0.028
0.573+0.017
0.582+0.016
0.564+0.015
0.535+O.015
0.534+0.015
0.502+0.014
0.453 %0.014
0.488+0.016
0.503+0.018
0.477+0.016
0.440+0.016
0.411+0.016
0.413+0.016
0.410+0.017
0.359%0.019
0.352+0.028

DmkO

—0.059+0.032
0.049+0.024
0.108+0.022
0.198+0.021
0.255+0.020
0.344+0.019
0.330%0.018
0.379+0.018
0.364%0.017
0.361+0.016
0.386+0.015
0.326+0.015
0.282+0.015
0.241+0.014
0.250%0.014
0.141+0.016
0.214%0.017
0.172+0.015
0.132+0.015
0.071+0.015
0.014+0.Q16

—0.020+0.016
—0.102+0.019
—0.151+0.026

0.502+0.092
0.479+0.072
0.571 +D.067
0.350+0.063
0.423 +0.060
0.322+0.057
0.198+0.056
0.177+0.058
0.109+0,032
0.126+0.030
0.103+0.029
0.025 +0.028

—0.053+0.027
—0.101+0.026
—0.119+0.026
—0.119+0.031
—0.063+0.037
—0.160%0.033
—0.102%0.032
—0.158+0.032
—0.085+0.033
—0.173+0.035
—0.183+0.040
—0.182+0.058

—0.281 %0.058
—0.209+0.043
—0.194+0.039
—0.091+0.037

0.007+0.035
0.102+0.034
0.176+0.032
0.214+0.033
0.271 20.031
0.285 +0.029
0.347+0.028
0.372ND. 027
0.349+0.026
0.363+0.026
0.308%0.025
0.362+0,029
0.367+0.035
0.438+0.031
0.34010.031
0.329+0.031
0.407+0.032
0.289+0.034
0.234+0.038
0.207+0.055

co (deg)

7.6
7.7
7.8
7.8
7.9
8.0
8.1

8.2
8.3
84
8.5
8.6
8.8
9.0
9.2
9.4
9.2
9.4
9.7

10.0
10.4
10.8
11.2
11.8

8, (deg)

TABLE XII. Same as Table X but at 517 MeV.

Da4k 0 (deg)

34
38
42

50
54
58
62
66
70
74
78
82
86
90
94
90
94
98

102
106
110
114
118

0.462+0.033
0.557+0.026
0.540+0.023
0.570+0.022
0.596+0.020
0.602+0.019
0.607+0.019
0.614+0.019
0.592+0.018
0.596+0.016
0.568+0.015
0.582+0.015
0.550+0.015
0.527+0.014
0.479+0.014
0.541+0.015
0.534+0.020
0.516+0.017
0.520+0.017
0.492+0.017
0.475 +0.018
Q.SO4+0.019
0.434+0.022
0.415+0.031

—0.066+0.027
—0.007+0.021

0.071+0.019
0.137+0.018
0.207 +0.017
0.266+0.017
0.321+0.016
0.332+0.016
0.344+0.017
0.353+0.016
0.344+0.015
0.323+0.015
0.275+0.015
0.253+0.014
0.212+0.014
0.144+0.016
0.247+0.017
0.216+0.015
0.132+0.015
0.079+0.015
0.022+0.016
0.007+0.016

—0.080+0.019
—0.086+0.027

0.554+0.064
0.565+0.050
0.43520.045
0.432+0.043
0.451+0.040
0.319+0.038
0.262+0.037
0.230%0.038
0.114+0,034
0.108+0.031
0.053+0.030
0.021+0.029

—0.048+0.028
—O.Q45+0.028
—0.145+0.027
—0.097+0.031
—0.083+0.043
—0.111+0.038
—0.252+0.038
—0.096+0.038
—0.151+0.040
—0.159+0.043
—0.108+0.049
—0.179+0.069

—0.449+0.051
—0.237+0.040
—0,152+0.037
—0.175+0.035
—0.059+0.033

0.055+0.032
0.095+0.031
0.163+0.031
0.199+0.034
0.220+0.030
0.325+0.029
0.324+0.028
0.346+0.028
0.341+0.027
0.362+0.027
0.325+0.030
0.430+0.035
0.463+0.031
0.378+0.031
0.449+0.031
0.406+0.032
0.342+0.034
0.357+0.040
0.290+0.056

7.8
7.8
7.9
7.9
8.0
8.1

8.2
8.3
8.4
8.5
8.6
8.7
8.9
9.1

9.3
9.6
9.3
9.6
9.9

10.2
10.5
11.0
11.4
12.0
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8, (deg)

TABLE XIII. Same as Table X but at 497 MeV.

(deg)

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

102
106
110
114
118

0.406+0.035
0.424%0.026
0.480+0.024
0.495+0.022
0.525 +0.021
0.516+0.020
0.554+0.019
0.601+0.020
0.583+0.026
0.604+0.023
0.558+0.022
0.577%0.021
0.597+0.021
0.564+0.020
0.549+0.020
0.547+0.023
0.542+0.022
0.529+0.019
0.569+0.019
0.483+0.019
0.515+0.020
0.493%0.021
0.518+0.025
0.468%0.035

—0.044+0.044
0.125+0.032
0.077+0.030
0.170+0.028
0.239+0.026
0.265 +0.025
0.261 +0.024
0.304+0.025
0.327+0.017
0.346+0.015
0.349+0.015
0.294+0.015
0.283+0.015
0.24740.014
0.215+0.014
0.193%0.016
0.228+0.022
0.179+0.018
0.130+0.018
0.073+Q.018
0.070+0.019

—0.029%0.021
—0.085+0.024
—0.062 +0.034

0.397+0.067
0.425 +0.050
0.440+0.046
0.376+0.043
0.288+0.041
0.251 +0.039
0.240%0.038
0.162+0.039
0.177+0.043
0.076+0.038
0.074+0.037
0.050+0.036

—0.018+0.035
—0.031+0.034
—0.128+0.034
—0.114+0.039
—0.063+0.045
—0.139+0.039
—0.193+0.038
—0.215+0.039
—0.206+0.041
—0.162+0.044
—0.234+0.052
—0.239%0.074

—0.243 +0.090
—0.167+0.067
—0.146+0.061
—0.171+0.057
—0.057+0.054

0.067%0.052
0.056%0.050
0.165+0.051
0.168+0.031
0.269+0.026
0.277+0.025
0.307+0.024
0.312+0.024
0.348+0.023
0.360+0.023
0.393+0.027
0.360+0.044
0.385+0.037
0.358+0.037
0.379+0.038
0.435 20.039
0.330+0.042
0.352+0.049
0.293+0.071

7.8
7.9
7.9
8.0
8.1

8.2
8.2
8.3
8.4
8.6
8.7
8.9
9.1

9.3
9.5
9.7
9.5
9.7

10.0
10.3
10.7
11~ 1

11.6
12.2

8, (deg)

TABLE XIV. Same as Table X but at 473 MeV.

co (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

0.615+0.017
0.616+0.014
0.621 +O.013
0.586+0.013
0.586+0.013
O.S97+0.012
0.578+0.012
0.586+0.01S
0.578+0.018
0.566%0.016
0.569+0.016
0.547JO.016
0.53820.017
0.525%0.018
0.510+0.022
0.434+0.031

—0.122+0.034
0.011+0.024
0.050%0.020
0.097+0.019
0.183+0.018
0.239+0.017
0.257+0.017
0.313%0.018
0.302+0.017
0.315+0.016
0.292+0.015
0.326+0.015
0.283+0.015
0.254+0.014
0.192+0.014
0.147+0.016
0.238+0.017
0.207+0.015
0.133+0.015
0.108+0.015
0.032+0.016
0.001%0.018

—0.069+0.022
—0.088+0.031

0.207+0.030
0.119+0.027
0.106+0.026
0.057+0.026

—0.003+0.025
—0.027+0.024
—0.076+0.024
—0.074+0.029
—0.103+0.034
—0.144+0.030
—0.121+0.030
—0.153+0.032
—0.191+0.034
—0.234+0.038
—0.186+0.046
—0.215+0.065

—0.397+0.061
—0.278 %0.043
—0.188JO.037
—0.165+0.034
—0.007+0.032

0.046+0.031
0.065 %0.030
0.134+0.030
0.153+0.031
0.226+0.026
0.205+0.025
0.314+0.025
0.33S+0.024
0.346+0.024
0.328+0.024
0.337+0.029
0.362+0.03S
0.371+0.031
0.362+0.031
0.379+0.031
0.412+0.034
0.314+0.037
0.289+0.046
0.379+0.064

7.9
8.0
8.0
8.1

8.2
8.3
8.4
8.5
8.6
8.7
8.9
9.0
9.2
9.4
9.7
9.9
9.7
9.9

10.2
10.5
11.0
11.4
11.9
12.5
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range of angular measurements (8, =34'—118') as indi-

cated in Table I. In general a good agreement was ob-
served for the P, values. On a small fraction of the data,
a normalization factor was found necessary, this mainly
after a rotation of the target coil orientations while chang-
ing from 80' to 140' positions (namely, 8% for the 104' X
and Z positions at 447 MeV and 6% for the 80' X at 473
MeV). Unfortunately no recalibration of the target polari-
zation had been performed after these changes.

IV. ANALVSIS

To obtain the asymrnetries e„and e along the n and ~
axes, a Fourier analysis of the measured carbon-scattering
distribution was performed. The polarization com-
ponents P„,P„, could then be found by dividing the e's by

the analyzing power Ac. These pC analyzing powers
were determined from a two-dimensional empirical for-
mula fitting our previously measured data points as well
as some TRIUMF data for the same carbon-scatterer
thickness (3 cm). Reasonable agreement with other avail-
able data have been found except for a small discrepancy
above 200 MeV where the 6-cm TRIUMF data are higher
by 4%. The polarization parameters P„ooo, D„o„o, K„oo„,
D~ko, D~,o, M~,„,and M~k„, were extracted by fitting
expressions of the type given in Table III, which relate the
measured polarization to the spin observables. The finite
azimuthal acceptance and magnetic-field effects were also
taken into account. This complicates the expressions in
Table III somewhat; for instance, with Pb along n, the po-
larization along n becomes

P(1+Pbp, cos p)+D„O„DPb cosp+K„OO„P, cosp+M„O„PbP, sin p

I+P(Pb+P, )cosp+Aco„„P,Pb cos p+Aoo PbP, sin p
(7)

A full description of the analysis used can be found in
Ref. 17. Since the parameters in the denominators have
already been measured, ' ' smooth values from a fit by
the Saclay-Geneva phase-shift analysis were used, and
only the dominant parameters with cosP, cos P in the
numerator fitted. The residual terms in sin P, i.e., M„o„,
M, &„, and Mko~, which contribute very little (maximum
value sin /=0. 03) were not fitted. Values were taken
from phase-shift predictions instead.

Systematic effects in these data can be divided into two

categories: the first is due to the uncertainty in the energy
at the carbon scattering, while the second is due to non-
symmetric absorption in the polarimeter. Both have been
evaluated and corrected. A precise knowledge of the ener-

gy at which the carbon scattering takes place is particular-
ly important for low-energy protons (below 200 MeV) as
in this region the carbon analyzing power varies rapidly
with energy (b,Ac/Ac ——5% for a 5-MeV change in kinet-
ic energy). To know the correct scattering energy, we
must (a) know the exact beam energy, (b) know the hor-

8, (deg) Da4s 0

TABLE XV. Same as Tab1e X but at 447 Me&.

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

102
106
110
114
118

0.295+0.032
0.344+0.022
0.385+0.020
0.466+0.018
0.497+0.017
0.518+0.016
0.553+0.016
0.615+0.016
0.549+0.020
0.614%0.018
0.579+0.017
0.572+0.017
0.614+0.016
0.571+0.016
0.590+0.016
0.555+0.019
0.578+0.026
0.562+0.023
0.541 +0.023
0.537+0.024
0.528+0.025
0.573+0.029
0.441 +0.035
0.395+0.051

—0.200+0.032
—0.043+0.022

0.009+0.020
0.090+0.018
0.153+0.017
0.231+0.016
0.266+0.016
0.258+0.019
0.307+0.019
0.341+0.017
0.315+0.016
0.280+0.016
0.263+0.016
0.278+0.015
0.219+0.015
0.163+0.018
0.179+0.024
0.206+0.021
0.137+0.021
0.089+0.022
0.054+0.023

—0.002+0.026
—0.019+0.032
—0.095+0.048

0.511+0.060
0.421+0.042
0.402+0.038
0.398+0.035
0.380+0.033
0.291+0.031
0.288+0.030
0.274+0.030
0.146+0.038
0.127+0.034
0.030+0.032
0.013+0.031
0.004+0.031

—0.033+0.031
0.001+0.030

—0.082+0.035
—0.051+0.051
—0.047+0.044
—0.043+0.043
—0.123+0.045
—0.203+0.049
—0.146+0.055
—0.061+0.068
—0.269+0. 100

—0.320+0.049
—0.231XO.035
—0.196+0.031
—0.134+0.029
—0.071+0.027

0.044+0.025
0.033+0.024
0.071+0.031
0, 172+0.033
0.186+0.029
0.261+0.028
0.260+0.028
0.274+0.027
0.246+0.027
0.273+0.027
0.311+0.031
0.235+0.045
0.306+0.039
0.356+0.039
0.273+0.041
0.334+0.044
0.305 +0.049
0.298+0.060
0.398+0.090

8.0
8.1

8.2
8.3
8.3
8.4
8.5
8.6
8.7
8.9
9.0
9.2
9.4
9.6
9.9

10.1

9.9
10.1

10.4
10.8
11.2
11.7
12.1

12.8
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bins in 88 are not uniformly populated due to acceptance
dropoff. A calculation shows that these effects are negli-
gible for kinetic energy above 200 MeV. Below this point
the most significant correction is for 8, =118' (corre-
sponding for the 447-MeV data to 109-MeV proton in-
cident on the carbon) where a total correction of 2.7% on
the parameters is necessary. In the second category, one

izontal position of the beam in the PPT target since the
energy loss in the target by the scattered particle depends
on the horizontal vertex position X„,(c) monitor the insta-
bility in X„vertex position between measurements with

&s +,—and I', +,—,(d) calculate the difference be-
tween energy loss for central position and mean energy
loss, and (e) take into account the fact that the external

0.8-

0. 5

0. 3-0. 2-

deg)(deg)
110 ]30

i
10 30

0. 0
&0 90
i 130

I0. 1 .

1. G

I

~ nano
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ll Il

T,

517 Me ']I'
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I.
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2)
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I
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l
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0. 9r-
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FIG. 2. D„o„o,E„oo„ for pp elastic at 447, 473, 497, 517, 539, and 560 MeV as a function of the c.m. scattering angle. The three
different symbols (dots, triangles, squares) correspond to the three different turn-table settings used to cover the whole angular range.
The solid curve is Saclay-Geneva phase-shift-analysis fit using these data and our previous CERN SC and SIN data. The srnaH-angle
data at 497 MeV are our SIN data (Ref. 28), the 90 data points are from LAMPF (Ref. 27) and finally the 517-MeV D,o„o data are
from TRIUMF (Ref. 26).
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t t ke into account the following effects: 1 the parti-must ta ein o
'd nt on the carbon analyzer do not aL! a

'
pL! arrive er-

endicularly to the normal, (2) after the carbon
'

g,n scatterin,
d t th outside of the polarimeter gothe particles scattere o e

r materialthrou g moreh thicknesses of carbon and chamber materia
than those scattered along the center axis. ey
therefore a higher probability of being absorbed or rescat-

metry depending on the inciden gnt an le. It turns out that
these second category effects are largest for P„rrl, and

because of the beam andsomewhat less for D„O„O,E„OO„
target fiipping. i e eL k th first category effect, the second
category ez ects are a soff 1 largest around 118' c.m. where

H. Sizable effects also appear at the lower ex-
here 7-cm car-treme of our angular range (bP =0.005) where

bon is us
rmalization errorsOther systematic effects include norma iza

'

the beam and target polarizationsdue to uncertainties on e
. These have been stu idiedand carbon analyzing power c. i

and can be summarized as follows: 2—3% on P, — o

on K„oo„, —2% on D, 6% on M. For data taken with
the "acce crate earn,1 t d" beam however, the polarization is less
well known, so t a eh t the two last values become 3—4% on
Dand7 — o on M Note that these errors are not in-

dependent or etai s seef d t '1 see Tables IV and V of Ref. 17).

V. RESULTS AND CONCLUSIONS

The experimental results are given in aables IV—XV
1 with their statistical errors, for each energy, respec-

in is also uot-tively. The mixing angle co for each H, m in is q
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unction of the c.m. scattering angle.FIG. 3. M~,„,M~q„ for pp elastic scattenng as a unc
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ed. In Figs. 2 and 3 are plotted the results for
D E and M~„,M~k„, respectively, along withn On 0~ n Oon an op0sn ~ a4kn ~

(=8) ando erath available data. Figure 4 shows the D,o,o
E . 5) inD ( =A) parameters themsdves, usmg Eq. (

which the values for Dl, z, o (=—R ) and Dkoko = ' p-
sokO

(=—A') a-
rameters were taken froin phase--shift anal sis. Ay
discrepancy is seen with the 517-MeV TRIUMF data.
The LAMPF data, on the other hand, were in good agree-
ment in the overlapping energy region.
smooth continuation towards small angles as measured at
SIN The sold lines on the figures are results from an
energy-dependent PSA analysis using as a data base only

our previous data from CERN SC (Refs. 29 and 30) and
SIN (Refs. 15—17 and 28) and the present data. The only
external data are elastic do./dQ and total inelastic cross
section. ' A good fit to the data (X /v=1. 33) was ob-
tained with the same energy dependence as was used be-
fore.

The triple-spin parameters are large at all six energies
d widely within the observed angular range. It is

most surprising to notice that the shape and magnitu e o
all these parameters vary little with energy from 447 to
S79 MeV. The same features are observed throughout,
i e., a large magnitude for the two- and three-spin parame-~ ~ p
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ters, along with a smooth angular variation. This last
point is in contrast with the md elastic channel where
strong oscillations are reported.

The 560-MeV data are of particular interest as this in-
cident kinetic energy in the pp system corresponds to 134
MeU in the md elastic scattering where t2o was observed
to have a pronounced and rapid angular oscillatory
behavior. Nearby m incident energies show no oscillatory
structure. At this energy (560 MeV) unfortunately a pp
amplitude reconstruction could not be performed as our
experimental data set was not sufficient. From the energy
behavior derived from nearby data, one could see that no
violent change was observed at this very energy in pp elas-
tic scattering. Data can be fitted with smooth energy-
dependent functions. This indicates that the 560-MeV
data show no surprising behavior, neither in magnitude or
in angular dependence.

We have shown that such an experimental program on
polarization measurements is feasible today within reason-
able time limits, thanks mainly to the large availability of
the high intensity proton beam at SIN. We have also
shown that measurements of 3-spin parameters with good

precision are feasible. A logical continuation of this type
of experiinental program could be done at the kaon fac-
tories.
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