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Measurement of the spin-dependent parameters D, R, A, and I' for small-angle p-p elastic
scattering between 300 and 600 MeV
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The Wolfenstein parameters D, 8, and A and the polarization parameter P have been measured for p-p
elastic scattering at 312, 392, 493, and 575 MeV kinetic energy. The center-of-mass angular range observed

was from 3' to 33'. The experiment was performed at SIN, using a polarized proton beam. These data
significantly improve the determination of I = 1 phase shifts.

I. INTRODUCTION

For nucleon-nucleon scattering, the intermediate
energy region above 300 MeV is particularly in-
teresting. The spin-averaged total cross section
rises strongly with energy, the z-production
threshold opens at 290 MeV, and spin-dependent
effects vary rapidly with scattering angle and en-
ergy. Also, recent measurements of the p-p to-
tal-cross-section difference with longitudinally
polarized beam and target' ' suggest the existence
of two nucleon resonances.

To date, no satisfactory theoretical description
of the N-N interaction exists above 330 MeV. At
lower energies, progress in the construction of a
realistic semiphenomenological nucleon-nucleon
interaction by the Paris NN group' has been
made, while at higher energies, quark and parton
models have had a good deal of success. In the
intermediate energy region, some results have
been obtained recently from the MIT bag model, '
but a quantitative description of the dynamics of
quarks has yet to be achieved. In the absence of
a working theory, it has been common practice
to use phenomenological phase-shift analyses to
fit the experimental data. The reliability of this
method depends both on the inherent assumptions
involved and upon the quality and the amount of
experimental data. Data for rarely measured
complex polarization parameters are important
as they provide information about the relative
magnitudes and phases of individual amplitudes.
Also important are measurements at small scat-
tering angles (9, =5'). These provide informa-
tion concerning Coulomb-nuclear interference ef-
fects. For example, differential-cross-section
measurements in this region measure the ratio
of the real and imaginary parts of the non-spin-
flip nuclear forward amplitude. ' Polarization
measurements here may be used to obtain infor-

mation on some of the nuclear amplitudes. ' This
angular region is also sensitive to high angular
momentum values, and to the pion-exchange con-
tributions to the N-N interaction.

Apart from do/dQ, there are 24 other linearly
independent observables involving polarization pa-
rameters. Only nine of these have been measured'
up to now; almost none of these measurements
were done in the Coulomb-nuclear interference
region.

One set of parameters D(D„,„,), R(D, ,„,),
It'(D„,„,), A(D. ..~,), A'(D, ,„,), ,and P(A«„, and

P„«,) describe how the proton polarization is af-
fected by a scattering on an unpolarized proton
target. (The four-subscript notation used to denote
general experimental quantities has been devel-
oped and studied in great detail by Bystricky
et al. ' For ease of presentation we use the con-
ventional notation of Wolfenstein in this article,
except when wewish to distinguish the analyzing
power A„„,and polarization P„,» parameters. )
In this experiment we limit ourselves to measure-
ments of D, R, A, and P, the parameters which
concern the transverse component of polarization
of scattered protons. Results are presented here
for the angular range including the Coulomb-nu-
clear interference region 3's 8, s 33' at 312,
392, 493, and 575 MeV (kinetic energy at the center
of the hydrogen target). The good angular resolu-
tion achieved permitted observation of strongly
varying angular dependence of the observables.

, Statistical errors, typically =+0.08 on D, A,
and & and &+0.02 on. I' in 2' c.m. bins, have
been obtained. Systematic errors are small.

II. PRINCIPLE OF THE MEASUREMENT

A. Principle of data taking

Vfe performed a conventional double-scattering
experiment using an incident proton beam with a
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transverse or longitudinal polarization. The ex-
perimental setup is shown in Fig. 1. After a first
scattering from a liquid-hydrogen (LH, ) target,
the full azimuthal distribution of the forward
scattered proton was observed. The associated
recoil proton usually had too low an energy to get
out of the target. The transverse polarization of
the elastically scattered protons was then mea-
sured by observing the azimuthal distribution
after a second scattering from a carbon analyzer
(C). Again here the full azimuthal distribution is
observed.

The two scattering targets (LH, and C) were
sandwiched between multiwire-proportional-cham-
ber (MWPC) telescopes placed directly into the
beam. This configuration restricted the permis-
sible beam intensity to = 2 X10' p/s, thus limiting
the data-acquisition rate. A fast electronic sys-
tem" selected the rare double-scattered events.
The probability of having both scatterings in the
interesting angular region was = 10 4. Inelastical-
ly scattered events from the LH, target were re-
jected by time-of-flight (TQF) and dE/dx mea-
surements as well as by veto counters placed
around the target. It should be noted that this ex-
perimental setup also allows a measurement of
single scattering on carbon. A detailed descrip-
tion of the apparatus is given in Sec. III.

(subscript H) produces an azimuthal distribution
proportional to

I„(8„,y„)=I,„(8H)[1+4„„,(8H)P, nH]

= I H(8H) [1+ 6 (8H) cosQH

+c»(8H) sin&H] ~ (2)

Py Pb

I,Px

Pz

where I,H is the distribution observed with an un-
polarized beam. The definitions of the coordinate
axis and angles for the first scattering are shown
in Fig. 2. Notice that the reference axes n, 0',
k' defined by the first scattering are changing for
each 8„,yH value.

The outgoing polarization of the scattered pro-
ton (o) can be expressed as a function of the Wolf-
enstein parameters:

B. Principle of data analysis

1. General formalism

Let us consider an incident proton beam moving
along the Z direction with a polarization

Po =I xX+I y y +I zZ.
Scattering from an unpolarized hydrogen target

4'H.a?a

FIG. 2. Definition of reference axes used for the first
scattering on hydrogen.
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(5) = „—,g[P„„(8H)+D„,„,(8H)Pb n)n [D, b, (8H)P, k+D, ,„,(8H)Pb s]s'
1+P, 'n&~, 8„)

+ [D, ,(8 )P k+D „,(8 )P "]k'j.

Parity and time-reversal conservation imply that the polarization and analyzing power are equal. They
are denoted by I"

+n000 +00n0

(3)

Figure 3 illustrates at 392 and 575 MeV how the transverse polarization of a 100% vertically polarized
proton beam is affected in a scattering on an unpolarized proton target as a function of the scattering
angles 8, and Q. The direction and magnitude of the arrows illustrate the combined effect of P, D, and
R. This also shows that spin-dependent effects vary rapidly with scattering angle and energy.

The transverse-polarization components along the n and s' axes of the scattered proton can be mea-
sured by a second scattering on carbon. A formula analogous to Eq. (2) describes the distribution after
the second scattering on carbon (subscript C):

Ic(8H 4H 8c pc) =IH(8H yH)Ioc(8c)[1+P c(8c)(o) 'nc] (5)

where Pc(8c) is the carbon analyzing power, and I,c the distribution for scattering of unpolarized parti-
cles on carbon.

If k" is the direction of the outgoing particle after scattering on carbon, the reference axes can be de-
fined by

k'xk"nc=, „„,cosmic=nc n, sin4 c = —n c s'.

The azimuthal distribution after the second scattering for a given e„becomes

Ic(8H O'H 8c 4'c) H( H 4'H)IoC(8c)[1+(o( H 4'H)) Pc(8c) s4'c (+(8H 4'H)) c(8c) 4'cl

-I„(8„,QH)I c(8c)[1+e, (8s PH 8c) cosPc+e, (8H PH 8c) singe]

where (v)„and (v), are given by

P(8„)+ D(8H)(Pr cospH Px sinpH)—
1 P(8 )(P cosp„—P sin&H)

Px&(8H) + R(8H)(P„sing„+Px cospH)
1+P(8H)(Px cos4'H-Px sin~H)

The ~'(D, g and R'(D, ,g Parameters disaPPear
in the scalar product (F) nc.

2. General analysis

I

asymmetries given in Eqs. (V) and (8) can be re-
written in a way similar to Eq. (9), putting into
evidence the beam polarization I'b:

(g)~ c(8c)=e,„(8c)= C(AH)PbP c(8c)
~~~X c(8c) e (8 c) ~(4'H)PbP c(8 c)

(11)

(12)

with

( )
P/P + D(cosgHPx/Pb —sinpHPx/Pb) (13)
1+PP,(cosgHP /P, —sinpHP /P )

ln the first scattering, defined by Eq. (2), the
asymmetries a, are given by the products

P,P(8,)
PP(8,)-=PZ(8 )

-P /P,

As the ratios Pr/Pb and Px/P, are constants
which depend only on the orientation of the beam
polarization, these asymmetries measure the
product

(9)

—APx/Pb —R(P„/Pb sin)„+P /P xcosb)H)
1+PPb(cospHPx/Pb —sing HPx/Pb)

For calibration purposes, when only single scat-
tering from carbon is studied, the observed azi-
muthal distribution is similar to Eq. (2):

~+'

Ic(8c 4 c)=I.c(8c) 1+P PbPc(8c)cos4 c
b

n =Pg(8„).
For the second scattering, at a fixed OH, the

(10) &x PbPc(8c) singe . (15)
b
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FIG. 3. A representation of the transverse polariza-
.tion of a 100%vertically polarized proton beam scat-
tered from an unpolarized target at 392 and 575 MeV as
a function of the scattering angles {8, Q). The direc-
tion and magnitude of the arrows illustrate the combined
effect of P, D, and g.

This allows measurement of the quantity

&,(8C) =&/c(8C)

in the same experimental conditions as for the
polarization analysis of the protons scattered
from the LH, target. Defining the quantity

(17)

a statistical analysis of the PH dependence of the
second scattering asymmetries e, [see Eqs.
(11-14)],using the values. of n and P, (8 c), allows
P, D(8„),R(8„), and A(8H) to be determined. The
beam polarization P, can then be deduced from the

quantities n and p.
The experiment was completely self-consistent.

It measured all parameters including the carbon
analyzing power, and the beam polarization. It
was not necessary to introduce results from any
other experiments. The complete analysis pro-
cedure will be discussed in detail in Sec. IVB.

III. EXPERIMENTAL METHOD

A complete description of the beam and experi-
mental apparatus can be found in Refs. 11-13.

A. Beam transport

The polarized beam at SIN (PM1 channel) has
two modes of operation. In its parasitic mode,
the main unpolarized beam (590-MeV proton) is
scattered at 8' off a thin beryllium target. It is
then deflected and analyzed by two magnets and
directed to the experimental area. In single user
mode, protons originating from the SIN polarized-
ion source are accelerated to 590 MeV and de-
flected magnetically into the PM1 channel.

A variable-thickness copper degrader located in
between the two magnets is used to lower the
beam energy. Theoretical calculations predict
that the beam degrader and transport system
should have negligible depolarization effects. This
was confirmed experimentally as discussed in Sec.
VB.

The beam energies have been determined by
using the kinematic relation between the w and the
d tracks for pp -n'd events" which were recorded
separately for this purpose. Typical statistical
errors in determining the mean energy at the tar-
get center were+ 2 MeV.

A combination of a magnet and solenoid allowed
either a longitudinally or transversally polarized
beam, depending on their relative positions. In
the early stages of the experiment the large super-
conducting solenoid, capable of rotating the polar-
ization vector of a 590-MeV proton beam by 180',
was not operational. A smaller superconducting
solenoid plus a conventional solenoid were used
instead. This combination was capable of rotating
the polarization vector by any angle pp up to a
maximum of 54' to 78', depending on the beam en-
ergy (see Table I). Thus there was always a small
transverse polarization component with the lon-
gitudinally polarized beam. One drawback of the
temporary two-solenoid arrangement was that
it was not possible to completely reverse the spin
unless the accelerated polarized beam was used.
As this mode of operation is rarely available at.
SIN (one week a year), only the 575-MeV data were
accumulated using this beam. A summary of the
beam polarization orientations is given in Table I.



D. BE S SET et al.

TABLE I. Summary of the beam polarization components along the X, Y, and Z axes, as well as the
rotation angle yo in the solenoids in (a} for data taken with the scattered beam at 312, 493, and 575 MeV,
in (b) for data taken with the scattered beam at 392 Me V, and in (c) for data taken with the accelerated
polarized beam at 575 MeV.

312 MeV
Px/Py Pr/Py Pz/Py

(a) Scattered beam
493 MeV

&x/&a &r/&a &z/&s
575 MeV

I'x/&n I'r/&a &z/I'o

Transversal
beam

Longitudinal
beam

yo (dt:grees)
solenoid
rotation
angle

+0.977 +0.212 0

+0.218 +0.976

+77.75

+0.865 0.502 0

0;504 +0.863

+59.85

no data

0.581 +0.813

+54.66

(b) Scattered beam 392 MeV
&x/'&o &r/'&a &z~&o

(c) Accelerated beam 575 MeV
I rh~

Transversal
beam

Longitudinal
beam

1
0.788

0.375
0

0
+0.615

+0.927
+1

Transversal
beam

-0.816
-0.816
+0.816
+0.816

0
0

-0.578
+0.578
+0.578
-0.578
+1
-1

po (degrees) 0, +38, +68, +90 yo (degrees) +54.66

B. Detection apparatus

The apparatus consisted of three MWPC tele-
scopes which observed individual particle tra-
jectories on both sides of the 12-cm-long liquid-
hydrogen target and the 5-cm-thick carbon target
(see Fig. 1). At 312 MeV, only 4 cm of carbon
were used. A total of 10 MWPC's providing hori-
zontal (X) and vertical (F) coordinates were used.
The chamber farthest downstream was rotated
by 11' about the beam axis to resolve ambiguities
due to multiple tracks in the backward telescope.
Scintillation counters 4, B, C, D, X„and X, were
used to trigger the readout chamber system.
Times of flight (TOF's between Band X,X2 and
the dE/dz in X, and X, were measured. The coun-'
ters VH1, VH2, VA. , and VB were used to reject
ine)astic events such as pp —v'd, pp -+m', and

pp -ppm' in the off-line analysis.

C. Data acquisition

An event selection was necessary, as the prob-
ability of a double scattering in the interesting
angular region is =10 '. A special electronics
system"'" connected to the coding system of the
M%PC's was built for this purpose. The selection
was done on the basis of the values of the pro-
jected scattering angles and on the number of

coded wire clusters per plane. The upper limits
for rejectable scattering angles were 2' and 5'
in the laboratory for the hydrogen and carbon
scattering, respectively. Events for which no de-
cision could be made due to too many coordinates
were accepted by default and also transferred to
a PDP 11/20 as the accepted ones.

Each event had to satisfy other on-line condi-
tions however, before it could be recorded on
magnetic tape. These tests were the following:

(i) Since the intermediate telescope took part in
the decision logic for the two scatterings, particu-
lar attention was paid to eliminate any ill behavior
in any of its three MWPC's since such poor oper-
ating conditions could result in simulated double
scatterings. For each Xand Y' projection in the
three telescopes, a straight line was calculated
using the information from two of the planes
having a single coordinate. The equal spacing of
chambers greatly simplified these calcula. tions.
The distance between the calculated straight-line
projections and the coordinates in the third, un-
used, plane had to be within 4 mm. This test
rejected 55/q of the events in the front and middle
telescopes. These bad events were due primarily
to the simultaneous occurrence of an inefficiency
and a parasitic spark in a chamber. Both proba-
bilities were =10 '. In the rear telescope, if no



MEASUREMENT OF THE SPIN-DEPENDENT PARAMETERS D, . . .

alignment was possible, the event was written
on magnetic tape for off-line analysis.

(ii) Events with a laboratory scattering angle
from the hydrogen greater than 15' or smaller
than 1 were rejected.

(iii) The distance of closest approach between
the incident and outgoing tracks on the LH, target
was limited to & 6 mm. The reconstructed event
origin also had to lie in or close to the LH, target.

These three cuts eliminated = 80% of the events.
After the overall selection including hardward
and software requirements, events written on mag-
netic tape were 3 x10 ' of the gated ABC triggers.
About 600 magnetic tapes, each with —130000
events, were recorded. Three different types of
data were considered for each energy, as reported
in Table II. For the carbon and double-scattering
data, approximately equal numbers of events were
acquired for each direction of beam polarization.
(These various beam conditions are summarized
in Table I.)

At 575 MeV, which was taken with the beam
originating from the polarized ion source, data
acquisition was different. As it was necessary to
monitor the beam polarization continuously to ob-
serve its short-term fluctuations, we swapped be-
tween p-p double-scattering and p-C single-scat-
tering conditons every minute or so by changing
programmable parameters in CAMAC modules. "

IV. DATA ANALYSIS

A. Off-line reconstruction

(i) In the off-line analysis the recorded events
were required to meet six supplementary condi-
tions before being used to determine I', D, R, and
A. Altogether these six conditions reduced the
number of events by an additional factor of 3.

As false asymmetries in the experiment are
very sensitive to errors in specification of the
MWPC's location, these positions were determined

with great care. Special calibration data, with no

scattering on carbon, were recorded for that pur-
pose as indicated in Table II. For each of the 20
planes, five misalignment parameters were con-
sidered: one transverse displacement (hx or Ly),
one longitudinal displacement (M), and three angle
rotations (b,P„,hP„, AP, ) corresponding to the five
possible degrees of freedom. Two chambers (two
x planes, two y planes) were taken as a reference
and a least-squares procedure was used to deter-
mine the parameters for the other planes. The
equations to be solved are linear for small dis-
placements.

The raw coordinates were first corrected for
the relative geometrical displacements of the
MWPC's from their nominal positions. The tra-
jectories in all three telescopes were then recal-
culated. For the rear telescope a X' figure of
merit defined by

(18)

was also calculated. The f's are the measured
or calculated coordinates defined as the intersec-
tion of the computed trajectory with the ith plane,
and n is the number of planes used in the recon-
struction. Events without a trajectory or with
more than one trajectory reconstructed were re-
jected (= 4/o).

(ii) The beam size at the middle of the I H, tar-
get was limited to a circle of 30 mm radius and
a beam divergence ~20 mrad was required in or-
der to facilitate acceptance considerations.

(iii) The determination of the interaction point
along the beam axis, defined by the incident and
scattered tracks, has an experimental uncertainty
which depends on the scattering angle. For the
hydrogen vertex, we applied an angle-dependent
cut in order to optimize the elimination of events
scattered on the Mylar windows. However, the
number of events scattered from the upstream

TABLE II. Summary of the different types of data registered at each energy.

Type of data Experimental conditions Aim

Calibration

Carbon

Hydrogen

Straight tracks
Single scatter ing

on an aluminum plate
behind empty
LH2 target

Single scattering
on carbon

Double scattering:
first on hydrogen,
then on carbon

To align the lVAVPC (see
Sec. IVA) and map cor-
rection for TOF and
dE/dX in X& and X2
counters (see Ref. 13)

To measure PqP~

To measure P, D, R, A,
and Py
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FIG. 4. Distribution of the interaction vertex in the
LH2 target (ZH) along the beam axis at 312 MeV for
6' & 8)g, &9 . The shaded area corresponds to empty tar-
get data normalized to the same number of incident par-
ticles as for the LH2 data.

window was counted separately and used to nor-
malize the target-full to target-empty data. A

typical vertex distribution is shown in Fig. 4.
For the carbon vertex, a constant cut could be
applied since even at the smallest scattering angle
considered, the vertex resolution was good.

(iv) The minimum squared distance between the
incoming and the outgoing tracks had to be &15
mm' for the hydrogen vertex and & 20 mm' for the
carbon scattering.

(v) Measurements of time of flight and energy
loss in the X counters were used to eliminate
events due to inelastic reactions. The measured
values of TOF and dE/dx were corrected for time
drifts, time slewing, and spatial dependence on the
impact point in the counters. After these correc-
tions (explained in detail in Refs. 11 and 13), the
TOF and dE/dx for elastically scattered events
were independent of both the impact point in the
X counters and the scattering angle. A TOF reso-
lution of 320 psec full width at half maximum
(FWHM) was achieved. For the dE/dx, the resolu-
tion was 20% FWHM. An excellent rejection of
the two-body inelastic events pp -m'd was
achieved.

Another source of contamination was due to
three-body inelastic reactions which produce par-
ticles having a continuous velocity spectrum ex-
tending into the region of the elastically scattered
protons. These were almost completely elimi-
nated by using the additional information from
the veto counters VJI1, V82, VA, and VB. Figure
5 shows a typical corrected TOF-dE/dx plot. The
data were cut as shown by the shaded areas in
order to reject inelastic events.

For laboratory scattering angles 0„&11',events
which triggered any of the veto counters were
rejected. For 8„&11',only information from VA

and VB was used as the cylindrical counters VH1,
VII2 placed around the target often detected the

tn sec)

TOF

FIG. 5. TOF vs dE/dX at 392 MeV for events not hit-
ting the veto counters. The contours represent incre-
ments of counts of a factor 10. The letters A. , 8, C, D
stand for pp elastic, interaction in the X counters, p-Q
inelastic scattering, and pp md events. The scale for
TOFis calculated as the difference between the TOF of
an event and the one for elastically scattered protons.
The scale for dE/dX is the ratio between the dE/dX and
the one for elastic protons. Details can be found in Ref.
12.

recoil proton in the elastic scattering. For small-
er angles, the recoil particle did not have suffi-
cient energy to escape from the target. A detailed
study of veto counters can be found in Ref. 12.

B. Parameter evaluation

This section is a detailed treatment of the ideas
expressed in Sec. IIB2. Since the analysis is
made at a fixed hydrogen scattering angle 8H, this
variable will be left out of the equations for sim-
plicity. For these calculations, the system ac-
ceptance function A(PH, 8c, P c) was taken into ac-
count as a multiplicative factor on the right-hand
side of Eq. (5). Our analysis is based on the
known symmetry properties of this acceptance
function. Different types of acceptance, corre-
sponding to different symmetry properties, were
defined for the study of both the first scattering
on hydrogen and the second scattering on carbon.
The acceptance used to evaluate the data presented
in Ref. 15 will not be discussed here, as it is
valid for a very restrictive angular domain (&„
& 15').

1. Asymmetries from the hydrogen scattering

Events used to determine the hydrogen-scatter-
ing asymmetry must be detected independently of

That is, the acceptance must have the form

(19)

for 0& pc&2m. In Ref. 16 we discuss how to find
efficient estimators of measured asymmetries or
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polarization components with acceptance functions
that are the same for g and P+v. These are very
convenient to use in the case of an experimental
setup having a z-symmetric acceptance function
in P. To apply these estimators, the basic condi-
tion is that the event and its "anti-event" char-
acterized by (P„+v, 8c) must be detectable in the
rear telescope for all 0 &4 c &2m [see Fig. 6(a)].
Figure 6(c) shows the number of detected events
as a function of OH for this so-called "restricted"
acceptance condition as well as for all the recon-
structed events (see Sec. IVA).

Under these conditions, the asymmetries &,„,
s„after the first scattering [see Eqs. (2) and
(6}]can be calculated with the estimators"

a)Restricted acceptance

HYDROGKH

b) Large acceptance

cos
I

Sin H COS

c) i(

sin Hcos H Sin2
H

eV OV

T a.
I
L

I
I
L

E

cos

Sln

(20) po 50 )p4
eH(lab)

or in matrix form a, =E 'B. The sums are made
over all events inside same 8„bins (all 8c, all
gc, all p„). The associated covariance matrix is

(21)

2. Asymmetries for the second scuttering on carbon

FIG. 6. Conditions for the two different types of ac-
ceptance considered. (a) and (b) show a typical event
(in full lines) and the symmetry requirement imposed
(dotted lines). (c) shows the number of accepted events
as a function of the laboratory scattering angle djH for
the overall reconstructed events (dashed line), events
satisfying to the "large" acceptance conditions (full
line) and the events satisfying the "restricted" accep-
tance (dotted line).

The polarization components of the particles
scattered from the hydrogen target are esti-
mated by this scattering. Two different types of
acceptance functions can be considered, leading
to completely different methods of computation.
Consistency of results obtained with these two
different acceptances is a good self-consistent
check.

(i) Restricted" acceptance [ as defined in Eq.
(&9)]. For the second scattering, the symmetry

property of the acceptance given in Eq. (19)
allows simplified calculations since

r
2T

4 (ps 8c) sin" ys cos "ps dps = 0
0

if n+m is odd. Then the estimation of integrals
by calculating sums over a sample of N events
such as

p2r p2f
d8 Jj dy I (y 8 @ g(ps, 8c)P (8c) cosmos cos&jbc dQc Q Pg(8o) s@B

0 0 OV

(23}

allows a direct determination of the %olfenstein
parameters if P, (8c}=Pic(8c) is known. 2 The
sum is done over all events inside same ~H bins
(all 8c, all Pc, all gs). One gets in a matrix

l

form, for the D and B parameters,

B~=F&~~ Bs=Fg

with
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P 6C cos H cos

P, Hc sin „cos c
ev

ev
COS

P ~c sin H cos H
ev

DP. F/P5

DP-X/P5

(25)
I

P, &c sin „cos
ev

2 P~ ~c sin

ev

P Oc COS H Sin

P, Oc sin „sin

BP /P,

aP„/P,

(26)

(27)

'7he covariance matrix in both cases is given by
a formula of the form

V(a) =F 'V(B)F '
with

V(B)=F.

(28)

(29)

I

The P/P, and A parameters are estimated by
the following equations:

2 P, 8c cos C=P P~ P, 0c',
ev ev

2 Q P,(8 )csinyc= APB/P—5 Q P, (8 )c'.
ev ev

TABLE III. Summary of the sums necessary to estimate the asymmetries in the first scat-
tering on hydrogen (subscript H), and in the second scattering on carbon (subscript C) for the
two acceptance functions discussed in Sec. IVB. P, is the product of the beam polarization Pq
times the carbon analyzing power Pc.

First
scattering

"Restricted" acceptance

+COB (5H

sing Hcosp H

"Large" acceptance

cosp H

sing H

Second
scatter ing

+Pa(8c) «» )~H

QP, (8c) sin QH

Q Pa(8C) sinpH cosQH

g Pa(8c) «»0 c

Q P,(8c) sin(5c

P Pa(8C) cos(5 c sin(5 H

+Pa(8( ) Cos(5 ( Cosi5 H

g P,(8c) singe sin&) H

P,~oc~ singe cosfH

PP (8c) singe

+Pa(8C) cospc

Q P,(8c)1cos g c

PP, (8c) sin'Pc

+Pa(8c)1 singe cospc

Pa(8C) COS O'C(4 H 40)

Q Pa(8 C)»n 4 C (4 H
—45)

QP (8c)csin(5C OOSQC((AH —g5)

QP, (8C) cos Qc(QH —(55)l

+Pa(8C)»n'AC(AH-45)

p P.(8C)' Bint c cost c(4 H - 4 5)'

+Pa(8c)(Fc/&c «» Ac

g Pa(8 c) sing c cosli5 c(FG/(Tc

QP (8c) i gscn(Fc/(Fc
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Table III summarizes the necessary sums to
be calculated in order to estimate the %olfenstein
parameters for the first and the second scatter-
ing if this so called restricted acceptance is
used

(tt) "Large" accePtance. Equation (19) is in
fact too restrictive, as the second scattering
asymmetries can be studied without making any
requirement on the first scattering acceptance
if one chooses an acceptance function such that

&(es, 8c 4c)=&(4s 8c 4c+') (31)

for all @„and (t)c accepted by the system. This
defines the so-called "large" acceptance. Such
an event is shown in Fig. 6(b). Figure 6(c) shows
also the number of accepted events as a function

A gain in statistics for scattering angles
larger than 6 in the laboratory with respect to
the restricted acceptance case is obtained.

In Ref. 16, we showed that the quantities C((t)„)
and S((t)s) defined in Eqs. (13) and (14) can be
calculated for fixed p„bins with the following
efficient estimators:

Pg ~c cos P, ec 'sin ccos c
' P, 6Ic cos

C(y )

&(y.) sin c cos c ec sin
By BV

P, 8 sin
BV

(32)

where the sum is made over all the events inside
the same 8„, P„bin (all 8c, all pc).

The (t)„ interval was divided into eight bins of
45' each. In each of these bins, Eq. (32) can be
written in a matrix form as

e]=E] 'B (33)

where i runs over the ({()„bins. The covariance
matrices are then given by

v(e, ) =z, -' v(a, ) =E, . (34)

(35)

In this case, the e's are related indirectly to the
Wolfenstein parameters through Eqs. (13) and
(14). A fit of the (t)n distribution of the e's is
necessary and was made (a) with five parameters
D, R, A, P/P„and PP, if the beam polarization
was unknown, and (b) with only four if P~ was
known. We had therefore (16—number of para-
meters) degrees of freedom. The contribution
to the g' per (t), bin is given by

her[V(e)]'he= he~Fhe

l

was not uniform, we have taken into account its
three first moments. As is shown below, this
can be done in a simple way with the estimators

- we have chosen. Another of their advantages is
that they allow corrections for remaining chamber
misal. ignments to be incorporated. These a pos-
teriori corrections, different for each (t)„bin,
were due to skewed planes and irregular wire
spacing, effects which were difficult to take into
account in the general alignment procedure de-
scribed in Sec. IVA. These misalignments between
the middle and rear telescopes could be measured
with events scattered from the I H, target but un-
scattered in the carbon target. For each 8H, Q&
bin, we set

(8ccos{t) ) (37
(8 sin(t) )

The 6(8„,(t)s) create parasitic asymmetries of
the form

6 —(inc )= 6—OC

d~ c=
c

(38)

be =e —e' (36)

when m and c denote measured or calculated.
Here the index i has been dropped for simplicity.

However, as the distribution inside a (t)„bin
I

where Oc is the carbon differential. cross sec-
tion. " The observed distribution, after the sec-
ond scattering, becomes [see Eqs. (7), (11)-(14),
and (31)]

o.fI (6, 6, d )=I (d. )I, (6 )I ((+)IC(dsc)-—cd„eood
o'c

p

+I'.{66) 6(d ) ——O, sicdcId(@, 6, 6 ).
o'c (39)

In a (t)n bin centered at (t)c, the components of B [see Eq. (32)] can be estimated

—Q I', (6 )eood =f C(6 )f (d )d +fd6(d „)f„(d ) d —o„c„d—(o,ll„,
ev hyH 448

(40)
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~ F I' ( .It ) '«( .f=I:((.)f. (( ..) &(.+ f s((,)):„((,) a(, —~„tt„- ~,tt„,1

ev ~~8
(41)

where k is the number of incident particles. The misalignments 6 are assumed not to vary inside a bin.
The f's are

2Yf(( ,) =I ((H) f &:(")I'.('c)'&tt. &((, It., (.) «8'(. d(. ,
0

2'
f„(A,) 4(4,=) f t„(II,)J'.(II,)'dtt, &((,„ It(„) s«(„s n(I„d(„,

0

f,.((H)=1(A) f 4('c)t'. (IIC)'&I.f &((I,, (.,)«~'I. d(„
0

and 5„ is estimated by

gf 2l'

k5 =k IH PH d H Io~ 8~ —8C P, 8c dOC A. H, 8c, ~ cos cd(t)c

(42)

—Gqq = P~ ~c —~g cos
ev O'C

(44)

Similar equations hold for 5„and 6„, and a symmetric matrix G can be defined as
It

G Q cc sc

&sc ~s.

The integrals involved in Eqs. (40) and (41) can be developed further to take into account the (t)„depen-
dence inside one (t)„bin, centered at (t,. C((t)„) and S((t)„) can be approximated with a parabolic shape

C((t)s) =C + ((t)s —(f),)C, + ((t)s —(t) )'C„S((t)„)= S, + (P„—(t),)S,+ (Ps —(t),)'S, .
The terms of Eqs. (40) and (41) can be written in the form

(45)

k C H oy H d H=k o +g H d H+ kCj H 0 ~g H d H'+ kC2 H 0 fMg H d (46)

with

C,E, ,+C,E„,+C2E2» (4'I)

E„,= PP, '((t)„—p,)' cos&„E„,= gP '(p„—p, )' sin'(I), , E„,= g P '((t)„—(t),)' sing, cos(t), (48)
ev ev ev

P cos

B,-=
P„sin

ev

=E«e, ,+ E, ,e, ,+ E2, ,e, , —G,, .
Then an estimator of e, , becomes

I
I

C(yo, )

S(y(),)
=z, ,-'(a,.+ G,~,) —(I, ,-'z, ,)e„

—C'o, ~ 8'2, ~)e2, ~ ~

(49)

(50}

for /=0, 1, 2. The E„E„E,matrices are sym-
metric as is G [see Eq. (44)]. Finally Eq. (33}
(or its inverse) can be generalized by

This is the equation that has been used in the
evaluation of the results presented here. The
corrections e, and e, for binning in p„have been
obtained using Eq. (45) and by an iterative fitting
procedure. Equation (35) giving the contribution
to the y' is written in the same form, the defin-
ition of 8, has to be taken from Eq. (50). If sets
of data with different beam polarizations have
been recorded, the X' contributions are summed
over the different sets. For each 8„,(t)„bin,
fourteen sums are necessary: two for B, three
for G, and nine for E, as shown in Table III.

It is not necessary to take into account the ang-
ular resolution in the carbon scattering as the
carbon analyzing power used already includes
these effects. Modifications to the parameters
D, R, A, and P due to the 8 angular resolution
in the first scattering have been calculated. "
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TABLE IV. Beam polarization values, as well as y2 per degree of freedom. The difference
between the polarization parameter P„00„averaged over the whole angular range, and the cor-
respondingly averaged hydrogen analyzing power 400« is indicated in the last line.

Energy (Me V)
type of beam

312
Scattered

392
Scattered

493
Scattered

575
Accelerated

&a
X'/d. f.
+00n0 Pn000

0.4147 + 0.0080 0.4219 +0.0063 0.4131+0.0060 0.6560 +0.0080
0.580 0.663 0.873 0.850

+0.0087 + 0.0110 -0.0203 +0.0103 -0.0281 +0.0100 -0.0201 + 0.0100

The size of the angular resolution function was
determined from unscattered events passing
through the hydrogen target. The measured stan-
dard deviations were 4.50, 3.99, 3.64, and
3.50 mrad at 312, 392, 493, and 575 MeV, re-
spectively. The corrections, which are insensi-

'
tive to the shape and to the cuts applied to the
resolution function, were most important in the
Coulomb-nuclear interference region.

The 8-binning effects have been calculated
from the moments of the measured 8„distribution.
The corrections are small, &0.01 for 8,~&4'
and &0.001 for 0„~& 6', and are less than the sta-
tistical errors. Uncertainties in the corrections
have a negligible influence on the final results.

e F ktF B kt8 (51)

and

C. Background subtraction

Corrections for the events coming from the
Mylar windows of the target appendix and vacuum
tank had to be made. Therefore data with an

empty target vessel were recorded. The subtrac-
tions were done directly on the sums discussed
above and not on the asymmetries because the
acceptance function for the H, events is different
from that for events from the Mylar windows.
The generalization of Eq. (33) to the dummy sub-
traction gives

order to extract the Wolfenstein parameters
P, D, R, andA. Therefore we have measured
with the same experimental apparatus single
scattering on carbon. Details about the experi-
ment, analysis, and results are discussed in
Ref. 17.

B. Beam polarization

~ [P,(8„)»—P, (8„)»]
k 1 2

(54)

where the sum is over the different k bins in 8„.
The results of the fit are given in Table IV.

Figure 7 shows the two measurements of P(8s)
after adjustement of I'~ at 493 MeV. The small
values of y»/d. f. show that very good compatibility
between the results is observed at all energies.

As discussed in Sec. IIB, the quantity n(8s)
Pg, ~0( +8) [see Eq. (10)] was measured using

events which scattered from the hydrogen target.
The quantity P(8„)=P„~,(8„)/P» was measured
with the distribution after the second scattering
[see Eq. (17)]. If parity and time-reversal in-
variance are imposed, Aoo„, =—&~00 P therefore the
beam polarizationI', can be determined from pairs of
different measurements of P(8s) for fixed 8a
value, i.e.,

P, (8„)= n(8„)/P and P,(8„)= p(8„)P . (53)

If o ' and o»' are the variances of n and p, re-
spectively, the y' function to be minimized is

(52)

with the subscripts t and b referring to the target
full and empty, respectively, and k being the
number of incident particles. Detailed calcula-
tions can be found in Ref. 16.

V. RESULTS

A. Carbon analyzing power

As discussed in Sees. IIB and IVB, knowledge
of the quantity P+c(8o) =P,(8c) is necessary in

P
0.5-

OA-

03-

0.2-

O.I-

C,Al.

5 IO l5 20 25 50

FIG. 7. Compatibility between analyzing power (x) and

polarization (0) at 493 MeV.
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TABLE V. D, R, A, and P parameters for p-p elastic scattering at 312 MeV, and corresponding values for do/dg
predicted from the Saclay phase-shift analysis (PSA) (Ref. 19).

~hb
(degrees)

~c.m.

(degrees)

do/d 0
(mb/sr)

from PSA (Ref. 19)

2.00
3.00
4 00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
13.00
14.25

4.32
6.48
8.64

10.80
12.95
15.11
17.26
19.41
21.56
23.71
25.86
28.00
30.67

31.80
7.01
4.02
3.55
3.50
3.52
3.54
3.57
3.60
3.62
3.65
3.66
3.69

0.017+0.015
0.122 + 0.017
0.126 +0.019
0.243 + 0.017
0.250 + 0.015
0.275 +0.015
0.303 + 0.013
0.354 +0.012
0.372 + 0.012
0.378 +0.012
0.377 + 0.013
0.401 +0.017
0.424 + 0.020

0.916+0.065
0.487 +0.096
0.236 + 0.114
0.157 + 0.103
0.299 +0.090
0.424+ 0.088
0.255 + 0.073
0.283 + 0.066
0.356 + 0.068
0.388 + 0.067
0.356 + 0.074
0.328+ 0.089
0.226 +0.109

0.900 + 0.065
0.399 + 0.099

-0.124 +0.114
-0.280+0.109
-0.205 + 0.092
-0.218+0.085
-0.088 + 0.075
-0.057 + 0.067
-0.193~ 0.063
-0.203 + 0.061
-0.066 + 0.061

0.027 + 0.067
0.041 + 0.074

0.217 + 0.055
0.056 + 0.063
0.025 + 0.068

-0.105+ 0.062
-0.154 +0.055
-0.232 +0.050
-0.231 + 0.045
-0.329 + 0.041
-0.255 +.0.038
-0.294 + 0.038
-0.368 + 0.039
-0.330 + 0.042
-0.242 + 0.046

The three independent values of P~ for the scat-
tered beam were consistent, showing that no sig-
nificant depolarization effects occur while de-
grading the beam energy. The best fit for P,
from all three energies simultaneously is

ful test of parity and time-reversal violation,
the comparison should be considered only as a
test of the apparatus. Predictions for (P„«,
—A,~,) by Bryan et al."for p-p scattering are
small ((0.05) in our angular and energy domain.

P~ = 0.4165 + 0.0043 . (55)
C. ParametersD, R, A, andP

The error includes the statistical error of the
fit (0.0040) as well as uncertainty in the product
P~Pc = P, (0.0015). The beam polarization of the
accelerated beam at 575 MeV is also shown in
Table IV.

This method provided both a test of our appara-
tus and of the proportionality of the hydrogen
analyzing power and the polarization parameter.
An idea of the good compatibility observed at all
energies over the whole angular range is given
by the very good X' per degree of freedom, as
shown in Table 1V. Since the precision of our
measurements is not sufficient to be a meaning-

Once the beam polarization value was known,
values for D, R, A, and P at 312, 392, 493, and
575 MeV (kinetic energy of the reaction) were ob-
tained as explained in See. IVB. In the "large"
acceptance case [see Sec. IVB 2 (ii) and Eq. (47)]
the fits converged without any problem. There is
small correlation between P and D parameters,
which can be as large as 20%, when P is large.
This can be easily explained from the structure
of the equations used. These results are given
in Tables V-VIII, along with the differential-
cross-section values obtained using the Saclay

TABLE VI. Same as Table V but at 392 MeV.

8 Jgb

(degrees)

do/d ~
~c.m. (mb/sr}

(degrees) from PSA (Bef. 19)

2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
13.00
14.25

4.39
6.60
8.79

10.99
13.18
15.38
17.57
19.76
21.94
24.13
26.31
28.49
31.20

22.91
6.90
4.86
4.45
4.32
4.26
4.22
4.20
4.17
4.15
4.13
4.10
4.08

-0.013+ 0.020
0.098 + 0.021
0.208 + 0.022
0.211+ 0.019
0.298 + 0.017
0.314+ 0.016
0.348 + 0.014
0.387 + 0.013
0.411R 0.013
0.442 + 0.013
0.450 + 0.015
0.453 + 0.020
0.437 + 0.023

1.024 +0.096
0.352 + 0.130
0.170 + 0.134
0.357 + 0.112
0.358 + 0.102
0.318+ 0.091
0.513+0.083
0.488 +0.073
0.336 ~ 0.073
0.485 + 0.072
0.646 +0.077
0.659 +0.100
0.539 +0.111

0.907 + 0.096
0.405 + 0.127
0.344 + 0.129

-0.001 +0.115
-0.037 + 0.101
-0.107+ 0.089
-0.225 + 0.081
-0.058 + 0.070
-0.010 + 0.066

0.016 + 0.065
0.123 + 0.065
0.072+ 0.073
0.225 +0.080

0.108 + 0.068
-0.178 6 0.091
-0.184 6 0.097
-0.115*0.082
-0.181+ 0.073
-0.203 + 0.064
-0.333 + 0.057
-0.308 + 0.051
-0.301 + 0.047

- -0.198+0.046
-0.217+0.047
-0.245 + 0.051
-0.056 +0.056
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TABLE VII. Same as Table V but at 493 MeV.

~ib
(degrees)

2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
13.00
14.25

ec.m.

(degrees)

4.49
6.74
8.99

11.23
13.47
15.71
17.95
20.18
22.42
24.64
26.87
29.09
31.86

da/dg
(mb/sr)

from PSA (Ref. 19)

16.12
6.78
5.65
5.36
5.21
5.09
4.98
4.89
4.81
4.73
4.66
4.59
4.51

0.032 +0.030
0.162*0.025
0.246 + 0.023
0.276 +0.020
0.285 + 0.017
0.287 + 0.016
0.356 +0.014
0.405 ~0.013
0.392 +0.013
0.445 + 0.014
0.406 +0.016
0.464 + 0.020
0.451 & 0.024

0.866 + 0.142
0.386 +0.162
0.677 +0.152
0.574 + 0.132
0.870 + 0.110
0.680 + 0.101
0.570 +0.090
0.591 ~ 0.080
0.756 + 0.080
0.732 + 0.080
0.667 +0.089
0.666 +0.106
0.631 + 0.123

0.843 ~0.143
0.521 +0.163
0.424 ~ 0.153
0.229 +0.126
0.384 +0.110
0.515 +0.098
0.295 +0.088
0.378 +0.080
0.228 +0.075
0.276 +0.073
0.270 R 0.074
0.342 + 0.081
0.461 + 0.090

0.052 +0.112
-0.124 +0.132
-0.295 +0.121
-0.173 + 0.099
-0.196 +0.088
-0.254 + 0.077
-0.300 +0.068
-0.114+0.062
-0.141+ 0.058
-0.177 + 0.056
-0.167+ 0.057
-0.131+ 0.063
-0.061 R 0.070

phase-shfit analysis. " This latter information
is hei.pful since it is always the product of the
differential cross section times a polarization
parameter that is expressed as a function of the
scattering amplitudes. Results for the "restrict-
ed" acceptance are very consistent and can be
found in Ref. 12. Figures 8-10 show our results
for the parameters D, R, and A as a function of
the c.m. scattering angle. As expected, the val-
ues of the parameters D and R increase signifi-
cantly with energy. For example, at 8 =10',
the value of D increases with 0.35 to 0.80 between
3S2 and 575 MeV. On the other hand, the A pa-
rameter decreases in absolute value as the en-
ergy increases. Other available data are also
reported in the figures. Notice that very few
data points were available at small angles, es-
pecial. ly for the A parameter where the only avail-

able data point was at 316 MeV measured by
Simmons. " The two curves shown correspond
to the Saclay phase-shift predictions made with

. different data sets: the dashed line is obtained
with the data available in 1976, the full line in-
cludes our data and the BASQUE group results"
as well as the latest Argonne results on de~
(Refs. 1-3), ho„" and A,»„(Ref. 23) parameter.
In the new prediction, the error corridor (not
shown on the figures) is significantly reduced.
The average contribution to the y' per point in
this latter prediction is indicated in Table IX,
as well for our data then for the BASQUE data. "
Data points which have been rejected on the basis
of too large a X' value are also indicated. The
'phase shifts are able to give a very good descrip-
tion of all data as indicated by the y'/point value
around 1. At 8=0, the three nonzero nuclear

TABLE VIII. Same as Table V but at 575 MeV.

(degrees)

do. /cQ
~c.m. (mb/sr)

(degrees) from PSA (Ref. 19)

2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11.00
12.00
13.00
14.25

4.57
6.86
9.14

11.42
13.70
15.98
18.25
20.52
22.79
25.05
27.31
29.56
32.37

14.32
7.77
6.97
6.73
6.58
6.43
6.27
6.11
5.95
5.76
5.59
5.40
5.18

0.109+ 0.039
0.172 + 0.020
0.228 + 0.017
0.271+0.014
0.322 + 0.013
0.357 + 0.012
0.378 + 0.011
0.406 + 0.010
0.445 + 0.011
0.440 + 0.012
0.477 + 0.013
0.535 + 0.019
0.490+ 0.032

0.767 + 0.123
0.752 + 0.124
0.653 + 0.106
0.719+ 0.086
0.964 + 0.078
0.837 + 0.067
0.816 + 0.061
0.801 + 0.057
0.780 + 0.056
0.834+ 0.069
0.756 + 0.061
0.675 + 0.072
0.591 + 0.096

0;840 + 0.126
0.618 + 0.119
0.313+0.106
0.728 + 0.085
0.591~ 0.076
0.734 ~ 0.067
0.541 + 0.060
0.559 ~ 0.055
0.579+0.053
0.565 + 0.052
0.565 +0.053
0.555 ~ 0.059
0.578 ~ 0.067

0.107+ 0.139
0.078 ~ 0.137

-0.069 + 0.117
-0.283 + 0.098
-0.155+0.085
-0.258 + 0.076
-0.257 + 0.069
-0.170+ 0.062
-0.177+ 0.059
-0.132 + 0.058
-0.104 + 0.061
-0.015+ 0.081
-0.101+ 0.182
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FIG. 8. Wolfenstein parameter D at 312, 392, 493, and 575 MeV compared to other available data. The full line is
the present Saclay phase-shift (Ref. 19) prediction. These data are included in the analysis. The 1976 solution is
shown as a dashed line. The error corridors (not shown) have reduced significantly. The crosses at zero degree are
predictions based on a dispersion analysis by Grein et al,. (Ref. 24).
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FIG. 9. Wolfenstein parameter R at 312, 392, 493, and 575 MeV. Otherwise, same caption as Fig. 8.
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0.5. ~ this experiment 3I2 MeV
0.5

o J, E. Simmons 3I6 MeV
392 M eV

Q
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II
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0

25o 35O

0.5 -05

493 NIeV
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l5O ' 254o ~~~ 35
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+~ I 50 5O I I
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FIG. 10. Wolfenstein parameter A. at 312, 392, 493, and 575 MeV. Otherwise same caption as Fig. 8. (At zero de-
gree, A is expected to be zero. )

amplitudes E,(0'), E,(0'), and E,(0') have been
calculated by Grein and Kroll" using dispersion
analysis, which includes the recent Argonne data
for total cross sections in spin states ao'~ (Hefs.
1-3), da, ." The nuclear contribution of D„(8=0')
=R„(8=0') is related to these amplitudes by the
relation

D„(8=0') =R„(8=0')

4)p
41E,I'+21+, l'+ tE, l' ' (56)

This gives predictions incr eas ing w ith energy as
shown as crosses in Figs. 8 and 9. The extrapo-
lation at 0=0 of our data seems to agree with

TABLE IX. Average contribution to the X, per point in the Saclay phase-shift analysis (Ref.
19) for our new data on D, 8, A, and P as well as for the recent BASQUE results (Ref. 21).
Rejected data points, if any, are indicated.

Kinetic
energy
(MeV)

324 (Ref. 21)

379.2 (Ref. 21)

392

424.6 (Ref. 21)

493

515 (Ref. 21)

575

1.55

0.82
0.28
1.03

0.96
1.84
0.78
1.66

(without
ebb = 12')

1.55
2.26
0.90

0.72
(without

~Iab =5)
0.32

0.45

1.50

0.79

0.88

1.67

1.10

0.98

0.60

2.25
(without

OI~b
= 13')

1.69

0.36

0.81

0.74

1.28

no data

0.76

0.04

no data

0.75

no data

no data

no data

1.25

no data

no data

1.53

no data

0.70

0.78

1.31
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these predictions.
For the P parameter, the results at 312 MeV

are shown in Fig. 11, along with other available
ones' " in the same energy domain. The dotted
line is the phase-shift prediction with all avail-
able data points included. The full. one is a theor-
etical prediction of the Paris potential. 4 Our re-
sults are in good agreement with phase shift
except for the large-angle P(8) data for 493 MeV.
The last three points are systematically lower
than the phase-shift predictions which are con-
strained very strongly by the BASQUE data"
which have small statistical errors. One should
note, however, that at 520 MeV, the Alberta
point" at 17 „~ with same statistical error as
our data is lower than the BASQUE value at
500 MeV.

The parameters P, D, R, and A. for scattering
from Mylar were also obtained. Because there are
several target nuclei with spin zero, the results
are interesting. Unfortunately there is a very
small background from p-p scattering and there
was effectively no energy selection for the scat-
tered proton. The results are given in the Appen-
d jx.

D. Systematic errors

Systematic errors were handled as follows:
(i) Most of the systematic errors due to asym-

metries in the system can be eliminated by re-
versing the beam polarization. This was done

at 575 MeV, as the incident proton spin was

hP
f4

40-

flipped completely. At other energies, 312, 392,
and 493 MeV, the spin rotation was less than
180' (see Table I}. This small vertical component
was taken into account.

(ii) Normalization error due to the estimation
of the carbon analyzing power [P~Pc(Bc)) was
calculated as a function of ~„, taking into account
the energy dependence and carbon scattering-
angle distributions. Little dependence on ~„was
found. A global relative normalization error, of
-1—1.5% for D, R, and 2 and 0.5-0.8 ' for P,
is present simultaneously at all angles and all
parameters for each energy, but this was not in-
cluded in the error bars.

(iii) The cuts applied on the TOF may introduce
parasitic asymmetries if the reconstructed TOF
depends on y„and pc. Measurements of these
deviations give a maximum systematic effect of~&0.002, and 4D, ~R, L44 &0.005. The last
value is an overestimate, as the effects are cor-
rected when the beam polarization is reversed.

(iv) We have tested the sensitivity to the TOF
cuts by evaluating the D, R, A, and P parameters
for two different cuts. Virtually identical results
were obtained.

(v) Contamination due to three-body inelastic
reactions was considered. Cuts on TOF and dE/
dx measurements eliminated inelastic events for
which a proton or a deuteron was detected. How-
ever, pions have velocities similar to the elas-
tically scattered protons and it was impossible to
distinguish them. A Monte Carlo study has shown
that this contamination in the accepted events
was less than 0.3% at 575 MeV. The percentage
is smaller at the lower beam energies.

(vi) Effects due to uncertainties in the background
subtraction normalization were negligible (hP
& 0.001, hD, ~, AA & 0.006).

This study of systematic errors has shown that
they are smaller than the statistical ones.

30-

20"

IO-
MeV

0
Qo IQ 20' 30' 19c.m

FIG. 11. Polarization parameter P at 3"12 MeV com-
pared to previous results from Chamberlain Q.ef. 25)
shown as crosses. The full line is a prediction done
with the Paris potential (Ref. 4) at 315 MeV, the dotted
line is the Saclay phase-shift (Ref. 19) solution at 312
MeV.

VI. CONCLUSION

Our measurements of P, D, R, and A. at 312,
392, 493, and 575 MeV add 208 new data points
in an angular region between 3' and 33 in the
c.m. where very little data existed (except for
P parameters). Good agreement for the P para-
meter with other available results was observed.
These new data confirm the large energy depen-
dence predicted by phase-shift analysis. A large
angular dependence, especially at small angle for
D and R, has also been seen for which a good ang-
ular resolution was needed. This information was
of great help in the phase-shift analyses, which
have significantly improved their predictions re-
ducing significantly the error corridor.
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TABLE X. D, R, A, and P parameters for proton-Mylar scattering at 312, 392, 493, and
575 MeV. Errors are purely statistical.

Energy
(MeV)

~)5b

(degrees)

312

575

3.0
5.0
7.0
9.0

11.5
3.0
5.0
7.0
9.0

11.0
13.5
3.0
5.0
7.0
9.0

11.0
13.5
3.0
5.0
7.0
9.0

11.0
13.5

0.94 +0.11
1.04 ~0.14
0.96 + 0.13
0.98 +0.17
0.72 +0.20
0.86 +0.13
0.96 +0.13
0.91 ~0.13
0.70 +0.17
1.01 + 0.20
0.53 + 0.33
0.98 ~0.13
1.Q8 + 0.14
0.98 +0.15
1.15+0.20
0.61 + 0.27
0.81 + 0.39
1.17~ 0.10
1.03 + 0.10
0.87 + 0.12
0.94 + 0.15
0.86 + 0.23
1.02 + 0.30

1.01 +0.12
0.82 + 0.14
0.68 +0.14
0.32 %0.17
0.28 & 0.17
0.97 +0.12
0.85 + 0.12
0.80 +0.13
0.68 +0.17
0.66 + 0.20
0.34 +0.26
1.01 +0.13
0.87 + 0.13
0,78 +0.15
1.13+0.20
0.64+ 0.23
0.88 +0.30
0..90 ~ 0.10
0.83 +0.1Q

0.62 +0.12
0.92 + 0.16
0.54 + 0.20
0.39 +0.24

0.15+ 0.06
0.08 +0.06
0.17+ 0.06
0.23 + 0.07
0.11+0.08
0.21 +0.08
0.33+0.09
0.21+0.10
0.16 +0.11
0.11+0.13
0.23 +0.16
0.25 +0.11
0.42 +0.11
0.10 + 0.13

-0.16 +0.15
0.16 +0.19
0.38 +0.26
0.06 +0.12
0.03 ~ 0.12
0.27 + 0.15
0.03 +0.16
0.18+0.24
0.14 +0.30

0.10+ 0.02
0.37 + 0.02
0.50+ 0.02
0.56 + 0.03
0.61 + 0.03
0.14+0.02
0.33 + 0.02
0.42 + 0.03
0.48 + 0.03
0.50 + 0.04
0.36 ~ 0.07
0.18 + 0.02
0.27 + 0.02
0.43 + 0.03
0.38 ~ 0.04
0.36 + 0.05
0.33 + 0.08
0.15~ 0.02
0.26 + 0.02
0.35 + 0.02
0.37 + 0.03
0.38 + 0.05
0.34 ~ 0.09
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APPENDIX: PARAMETERS D, R, A, AND I' ON MYLAR

0.6

0.4

0.2-

50
I

IOo

3t2 MeV

8lab
60

8lab
0 I

5 Ip I5

Ii P'+ R'+A'
312 MeV

1.0
W t

Ip

As explained in Sec. IV C data with an empty
target vessel were recorded. They consisted of

p Mylar (C,H, O-, ) scattering. One can apply the
same analysis procedure to those data only, in

50
I

IOo
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I

I50 So
I

iao
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I50

FIG. 12. %olfenstein paraxneters D, R, and & for
proton-Mylar scattering at 312 MeV.
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cross sections are as much as 2 orders of mag-
nitude larger than for p-p scattering, and elastic
scattering is dominant at small angles, the results
should approximately obey relations (A 1) and (A2).
The data for 312 MeV are presented in Fig. 12,
where deviations from Eqs. (Al) and (A2) occur for

6, b-» 5'. This can due to the fact that inelastically
scattered events have not been rejected. One
notices that at all energies, the A parameter on
Mylar is always positive, which is to be compared
to the always negative values obtained for p-p
scattering.
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