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Polarization Parameter in Elastic Proton-Proton
Scattering from 0.75 to 2.8L GeV*

Homer A. Neal** and Michael J. Longo
The University of Michigan, Ann Arbor, Michigan

ABSTRACT

The polarization parameter in elastic proton-proton scattering has been
measured at 0.75, 1.03, 1.%2, 1.63, 2.2k, and 2.84 GeV by employing a double-
scattering technique. An external proton beam from the Brookhaven Cosmotron
was focused on a three-inch long liquid hydrogen target and the elastic recoil
and scattered protons were detected in coincidence by scintillation counters.
The polarization of the recoil beam was determined from the azimuthal asym-
metry exhibited in its scattering from a carbon target. This asymmetry was
measured by a pair of scintillation counter telescopes which symmetrically
viewed the carbon target. The analyzing power of this system was previously
determined in an independent calibration experiment employing a MO% polarized
proton beam at the Carnegie Institute of Technology synchro-cyclotron. False
asymmetries were cancelled to a high order by periodically rotating the analy-
zer 180° about the recoil beam line. Spark chambers were utilized to obtain
the spatial distribution of the beam as it entered the analyzer; this informa-
tion allowed an accurate determination of the corrections necessary to compen-
sate for any misalignment of the axis of the analyzer relative to the incident
beam centroid. Values of the polarization parameter as a function of the
center-of-mass scattering angle are given for each incident beam energy. The
predictions of the Regge theory for polarization in elastic proton-proton scat-
tering and recently published phase shift solutions are compared with the ex-
perimental results. Surprisingly good agreement with the Regge predictions is
found despite the low energies involved.

1



Polarization Parameter in Elastic Proton-Proton
Scattering from 0.75 to 2.84 Gev*

Homer A. Neal*¥* and Michael J. Longo
The University of Michigan, Ann Arbor, Michigan

I. INTRODUCTION

We have measured the polarization parameter in elastic proton-proton
scattering at 0.75, 1.03, 1.%2, 1.63, 2.24, and 2.84 GeV in a double-scattering
experiment performed at the Brookhaven Cosmotron. While the differential
scattering cross-section for elastic p-p collisions is well-known in the re-
glon 1 to 3 GeV, there was until recently a marked scarcity of corresponding
polarization measurements. In this region, polarization data have been re-
ported by Grannis, et E}.,l at 1.7 and 2.85 GeV, by Bareyre, et gl.,g at 1.7
GeV, and by Ducros, et g;.,B at 1.03 and 1.19 GeV; however, the results of
the two experiments at 1.7 GeV appear to be inconsistent. Preliminary re-
sults of the present experiment were reported in an earlier paper by the
present au’chors.LL

In general the central goal in the study of the proton-proton system is
the construction of the complete scattering matrix for proton-proton colli-
sions. The measurement of the necessary number of independent spin correla-
tion parameters to unambiguously determine the scattering matrix is currently

experimentally prohibitive. However, cross-section and polarization data alone



can impose stringent conditions on any theoretically predicted phase shifts.
On the other hand, cross-section and polarization data can be used in conjunc-
tion with physical models to predict the possible phase shift solutions. The
latter approach has been employed by Hama, who used one-boson and one-pion ex-
change models to obtain phase shift solutions for the proton-proton system at
1.7 and 2.85 GeV.5 His results will be discussed in the light of our measure-
ments.

In Section II we will recall the relationship between the polarization
parameter and the coefficients of the spin scattering matrix and give the pre-
dictions of Regge pole theory for polarization in elastic proton-proton scat-
tering. In Section III the experimental techniques will be described. The
method of analysis, discussion of errors, and the results are presented in
Section IV. Section V is devoted to the discussion of the results, partic-
ularly with regard to the predictions of the Regge theory and the phase shifts

calculated by Hama.5

IT. THEORY

A. General Relations

The polarization parameter in elastic proton-proton scattering is defined
as the expectation value of the spin vector (§) of the scattered proton when
the expectation value of the spin vector for the incident and target proton
is zero. In terms of the density matrix formalism the polarization parameter

can be expressed as



->

P = Tr(MpM*s)/Tr(MoM*)

where p is the density matrix characterizing the initial unpolarized state and
M is the spin space scattering matrix. It has been shown by Wolfenstein and

6

Ashkin” that the most general form for the matrix M consistent with invariance

under time reversal, particle exchange, and parity transformations is

>
where K and i' are the incident and outgoing proton momenta in the center-of-
> >
mass system, B, C, N, G, H are functions of X' and ]KI, 0y is the Pauli spin

vector for particle £, and

> > > >
> KxK' T - K-K' % _ +K!
- > > b = b -
Kk | KX | KK |

S and T are the singlet and triplet projection operators.
The coefficients in the above expression are related to the unpolarized

>
differential cross section, I, and the polarization P(P = Pn) by

DR+ 8lcl® + o-nf® + 2nf® + 2]
2

PI = Re(C*N).

Thus, a measurement of the polarization and cross section can give some informa-
tion on the contribution of the C and N terms to the spin scattering matrix.

The polarization can easily be related to phase shifts by substituting in the



above formulae the phase shift expansions for the coefficients B, C, N, G, H

given by Wright.7

B. Predictions of Regge Theory

The hypothesis of Regge poles in high energy nucleon-nucleon scattering
leads to relatively simple predictions for the polarization parameter in
proton-proton scattering when certain assumptions are made. Expressions have

8

been developed by Hara™ and Muzinich? using the helicity formalism defined in

the work of Jacob and WicklO and Goldberger, et al.ll

The cross section for the process

p, +p, *Dp,*+D

)
Moo M N

where N\ refers to the proton helicity, can be expressed as

do 2n 2
= = £ < A MINIAL >
20 = [< Mrp MIMAS >,

where E is the total energy in the center-of-mass system, and M is the scat-

tering matrix. Following Goldberger, et E}.,ll if we define

My = <#+ M[|+H>
My = <++[M[-->
My = <t- M |+->
M, = <+- IM|-+>
My = <M [+>

the polarization parameter can be expressed as
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Im{(Ml+M2+M5-M4)M5*}
2 2 2 2 2,
S Uy oy [ o o [ ey [

In the work of Hara and Muzinich the helicity amplitudes are Reggeized and
lead to expressions for the polarization in terms of an expansion in Regge
poles. Hara's resulting expression predicts a relation between the total
cross sections for p-p and p-p scattering and the p-p polarization parameter.

The relations are

p(s,t) = 2(BR)-0(pp) £(y) (Ref. 8)
o(pp)
P(s,t) = g(t)(s/sg) V) (Ret. 9),

where f, g and h are functions of the Lt-momentum transfer squared, t, and s is
the usual energy variable, with sq = Em%°
These predictions will be compared with the experimental results in Sec-

tion V.

ITTI. EXPERIMENTAL TECHNIQUE

A. General Discussion

The polarization parameter was measured in the energy range 0.75 to 2.8k
GeV by a double-scattering technique in which the polarization of the recoil
proton beam was determined from the left-right azimuthal asymmetry exhibited

in its scattering from a carbon target. The asymmetry was measured by a set



of two scintillation counter telescopes which symmetrically viewed the carbon
target (Fig. 1). The analyzer was previously calibrated in an independent ex-
periment employing a 40% polarized proton beam at the Carnegie Institute of
Technology synchro-cyclotron for the range of energies 105 to 415 MeV, which
encompassed most of the range of recoil energies analyzed in the primary ex-
periment. The calibration was later extended to 1000 MeV by utilizing the
antisymmetry of the polarization parameter about 90° in the center-of-mass sys-
tem. At a given incident beam energy, the measurement of the polarization at
center-of-mass angle ©., and the asymmetry parameter at angle (n-@cm) is suf-
ficient to determine the analyzing power at the recoil energy corresponding to
the angle (n-Ocm). In the calibration experiment the correction to the meas-
ured analyzing power for any misalignment of the axis of the analyzer relative
to the centroid of the incident beam was made by the utilization of spark
chambers to sample the spatial distribution of the incident beam. Spark
chambers were also employed in the primary experiment to allow any necessary
corrections to the measured asymmetry due to possible misalignment of the
analyzer axis relative to the recoil beam centroid. In order to cancel instru-
mental asymmetries the telescopes of the analyzer were periodically interchanged.
Also, in order to insure that the incident proton beam was unpolarized, the re-
coil proton asymmetry was measured for several corresponding positive and neg-

ative scattering angles at each of the incident beam energies.



B. Beam Layout and Characteristics

The polarization measurements were made in an external proton beam at the
Cosmotron. The beam optics employed is shown in Fig. 2. Because the virtual
beam source in the Cosmotron moves laterally with energy, a small magnet, M300,
was employed to make necessary angular corrections on the emerging beam. Two
gquadrupoles Q302 and Q303, then formed an intermediate focus between the two
bending magnets, M30L4 and M305. The last pair of quadrupoles, Q306 and Q307,
produced a second focus at the hydrogen target. The angular spread of the
beam at the hydrogen target was approximately %0.5° and the diameter of the
beam spot varied from ~3/16 in. at 2.84 GeV to ~1-1/4 in. at 0.75 GeV. The
momentum spread was ~*1.5% at each energy, and the central value was knoﬁn to
+1.5%.

The incident beam intensity used was nominally 4 x 109 protons per pulse.
At this level, all important accidental coincidence rates were consistently
lower than 2%, The length of the beam spill was approximately 150 msec (with
a duty cycle of ~50% within the spill).

Two pairs of scintillation counters, Rl‘il and Ro-1p (see Fig. 1) were
employed in the tails of the incident beam to monitor the beam position and
angle at all times. Also, a television camera was used to constantly view a
0.005 in. thick scintillator screen that was centered in the beam near the
final focus. To reduce the background associated with protons in the halo of
the incident beam at the final focus, a 2k-in. deep, lead collimator with a 2-

in. square aperture was placed just upstream of the hydrogen target.



The effect of background events due to scattering from the hydrogen tar-
get assembly was periodically investigated by counting with the target empty.

In all cases the effect was entirely negligible.

C. Apparatus and Detection Logic

Plastic scintillation counters, viewed by RCA 6810-A photomultipliers
through lucite light pipes, were employed to select and analyze protons elas-
tically scattered from the 3-in. long liquid hydrogen target. In a typical
analyzed event (Fig. 1) an elastic proton-proton scattering at the desired

angle produces a count in SlS’

1 and So(So or 84) with the appropriate time-of-

flight difference. The recoil proton can then scatter from the analyzing tar-
get (carbon) into one of the telescopes T,T, or UjUp. Anti-counter A, serves
to greatly reduce the accidental rates by negating any chance coincidence that
occurs when the proton scatters through too small an angle to be accepted by
the telescopes. Anti-counters A; and Ay serve primarily to reduce accidental
events in which a proton directly enters one of the telescopes without passing
through S, or S5.

The azimuthal asymmetry, €, exhibited by the recoil beam in scattering
from the carbon target is related to the polarization, P, by the well-known
relation

e = PA
where A is the analyzing power. The guantity ¢ is just the fractional dif-
ference in events of the type MU1Up and MT1Tp, where M = SlSiSO(SE or Sé)

AAjAs.  Specifically,



, MU U2-MI3To
© MUpUp+MI; T

e =
where the sign is chosen according to the orientation of the telescope carriage.
The telescopes were frequently interchanged to minimize the effect of instru-
mental asymmetries by rotating the telescope carriage 180° about the recoil
beam line. A block diagram of the electronics is shown in Fig. 3.

Two thin plate spark chambers were employed just upstream of the analyzer
and were triggered by each Nth successive analyzed proton, where N was typ-
ically set in the range 10 to 20. The camera which viewed the spark chambers
also viewed two fiducial strips which rotated with the telescope carriage.
Thus, in the analysis of the spark chamber data it was possible to correlate
the space vector of each sampled event with the vector representing the axis
of the analyzer.

Both the analyzer and the Sl—Si arm were mounted on tracks to facilitate

the changing of angles. The Sl'Si counter sizes were varied to provide a
fairly good match in the solid angles subtended by the two arms. Considerable
care was taken in setting up at each angular position to insure that the cen-
troid of the recoil proton beam was aligned with the axis of the analyzer.
The two arms were first put at the proper angles by using a transit placed
directly underneath the hydrogen target. If necessary the position of the
Sl—Si arm was then adjusted to equalize the rates in the two halves of the
5,-55 counter.

Checks on possible contamination of the sample by protons (or pions) from
inelastic events were made occasionally by moving the S5,-S{ arm away from the
correct kinematic angle for elastic events so that only inelastic events were

10



detected. The contamination was found to be negligible even at the highest
k-momentum transfers studied.

The amount of carbon in the analyzing target was changed with the recoil
proton energy. For a particular recoil energy, the maximum thickness of the
target was limited by the requirement that the protons, after the second scat-
ter, have sufficient energy to be efficlently detected by the telescopes T and
U. For high energy recoil protons it was possible to use more carbon, and
the analyzing rates were therefore approximately constant over the center-of-
mass angular range 20-80°. At the higher recoil energies, lead absorber was
used between counters Tq and Tp (and UjUp) to discriminate against low energy
background. Between 0.5% and 3% of the recoil protons which entered the
analyzer scattered into the telescopes T and U. For a typical incident beam
pulse of 4 x 109 protons, approximately 20 recoil protons scattered into the
telescopes, and one spark chamber plcture was taken.

Further details of the apparatus are described in an earlier report.12

IV. ANALYSIS AND RESULTS

A. Data Corrections

In the calibration experiment at the Carnegie cyclotron the dependence
of the asymmetry on the relative orientation of the axis of the analyzer and
the centroid of the incident beam was studied in detail by using a pencil
beam of polarized protons. The beam momentum was varied by degrading the
protons so that the polarization was constant. The results of these meas-

11



urements may be accurately summarized by an empirical function aﬁ(y,g,p) which

has the following form:
0.(3,0,0) = a2(0) + ad(p)y + Ad(p)e + Ad(p)ye + Af(p)y6?

+ A2 (p)y20 + Ag(p)y2 + A%(p)g2 + Ag(p>y292

+ Ag(0)y0 + Ajp(p)e3

where the A% were taken to be quadratic functions of the recoil proton momentum,

(p) = DY, + D S p° .

J
A g1 T DpP * Dypzp

/

The function Czj has the following meaning: if a MO% polarized proton beam of
momentum p enters the analyzer with an orientation specified by y and © (see
Fig. 4), the asymmetry is Clj(y,O,p), where j specifies the configuration of
the analyzer (i.e., the thickness of the carbon target and lead absorber).
The function is the best fit to calibration data points with the arguments in
the range y: *1 in.; ©: #1°; and p: 0.456 to 0.975 GeV/c. The values of the
D coefficients are given in Ref. 12. The behavior of (I at p = 0.4 GeV/c
(LOO MeV) is illustrated in Fig. 5.

From the function (},(y,0,p), the analyzing powers Ad(p) have been ob-

tained as

Aj(p) = a{j(0,0,p)/O.ll-O .
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The function aj(y59,p) also contains the information necessary in making
corrections to the asymmetries measured in the primary experiment due to the
centroid of the recoil beam having values of y and 6 different from zero.

From the spark chamber data, the centroid of the recoil beam can be specified
in a coordinate system centered on the axis of the analyzer. Suppose for a
particular run the beam coordinates are y. and ©.. Then it can be shown that

the asymmetry measured during this run, e&(yc,gc,p), is related to the "true

asymmetry" e%(0,0,p) by

J o .
€3(0,0,0) = ey(y,,0,,0) - & (y,,0,,p) + 0(F) ,
where
aj(ycjgc:p) = a{j(ycyoc:p> - %(0,0,p)

In all cases the terms containing & to powers z 2 were negligible.

Thus, for each experimental data point the average recoil beam trajectory
is determined from the spark chamber data and the corresponding measured
asymmetry is corrected, using the relations given above, to give the "true
asymmetry." These corrections were generally gquite small (typically
aj = 0.01). As corrections from other sources were not required, the final

value of the polarization is obtained by dividing the "true asymmetry" with

the appropriate analyzing power AJ(p),

B. Errors

The quoted uncertainty in the polarization measurements contains contri-
butions from statistical counting errors, uncertainty in the determination of

15



the beam centroid, and an estimate of the systematic error due to instrumental
biases. The errors quoted do not contain a contribution due to the uncer-
tainty in the polarization of the beam used in the calibration experiment.

This uncertainty is estimated to be i5% of the polarization and affects all

of our data in the same way, irrespective of the recoil proton momentum. Care-
ful checks were made to insure that the results contained no significant errors
due to asymmetric accidental events, scanning biases, and incident beam polar-
ization.

In computing the statistical counting errors in the asymmetry the appro-

priate relation is

N (1-c2)/N

Aestat.

where N = I+R is the total number of protons analyzed by both the left and right

telescopes. In typical runs Ae ~ 0.00k.

stat.

The displacement and angle of the centroid of the recoil proton beam rela-
tive to the axis of the analyzer were known statistically to within #0.020 in.
and #0.025°, respectively, for each data point. This results in an uncertainty
in ¢, the asymmetry, of Ae(y,@) ~ +0.006.

In order to minimize the effect of any instrumental asymmetries in the
analyzing telescopes, the telescopes were periodically interchanged by a 180°
rotation of the telescope carriage about the recoil beam line. The average of
the asymmetry measured in the two supplementary orientations will contain an

error of 1/2 (cco), where €, 1s the unbiased asymmetry and c is a parameter

which expresses the difference in the sensitivity of the two telescopes and

14



their associated electronics. It is experimentally known that c is << 0.1.
Therefore the maximum error in € is ¢ 0.005. The typical value of this error
is expected to be much less.

Throughout the measurements the incident beam intensity was adjusted so
that all important accidental rates remained below 2%. To check that the meas-
ured asymmetry was not strongly dependent on the accidental rates, data were
occasionally taken with accidental rates of ~10% and compared with the results
obtained at ~0.5%. There existed no statistically significant difference in
the results and we conclude that any errors due to asymmetric accidentals are
negligible.

To minimize bias in the measurement of the relative position of the beam
centroid and axis of the analyzer from the spark chamber film we have measured
all frames twice. For the second scanning the film was viewed with emulsion
side "up" instead of "down." The difference between the two scans was less
than the corresponding statistical errors associated with the centroid param-
eters. The bias remaining in the average of the results of the two scannings
can be neglected.

If the incident proton beam were polarized. it would have been necessary
to apply corrections to our data to obtain the polarization parameter. However,
the incident polarization has been measured and found to be consistent with
zero. In Fig. 6 we illustrate the relative intensity of protons scattered in-
to the analyzer for recoil proton angles of 0o, assuming the external proton
beam becomes polarized in the extraction process by an amount P,. For the case

of the analyzer on the left of the incident beam axis, the final asymmetry is

15



given by
ep = (ByPs + P1P3)/(1+PPy)

where Py = P(Qg) is the polarization parameter for p-p scattering and P5 is
the analyzing power of the analyzer. For the case of the analyzer being on

the right of the incident beam axis, the final asymmetry is given by
€R = (P2P3 - P1P5>/(l - PlPQ).

Therefore, an incident beam polarization Py causes a difference in the two
asymmetries e and cp of an amount Ae = 2P1P5(1—P§)/(l-P§P§). Corresponding
measurements of €1 and g were made for most of the data points. No sys-
tematic difference between the two sets of values were found and we conclude
that there existed no significant incident beam polarization.

To check the reproducibility of the data we have repeated the measurement
of a majority of the data points. 1In all cases the difference in the results

was within the statistical errors.

C. Results

A summary of the final results is given in Table I. Each entry in Table
I, in most cases, represents the combined data from two or more separate
measurements.

Our data at 0.75 GeV are shown in Fig. 7 along with the data from experi-

L

ments by Betz, et §£0,15 Cheng,l and Ducros, et g},B The polarization at
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this energy was well established in these previous measurements, and we made
measurements at 0.75 GeV only for five cm angles to serve as a general check
on the overall accuracy of our technique and to improve our knowledge of the
calibration beam polarization. The calibration beam polarization was found to
be 0.40 + 0.02. As is seen in Fig. 7, our results show good agreement with
the existing mean curve.

Data from this experiment have been least squares fitted with the empir-
ical function

k=l £=5

P(T,0*) = 2 2 « 141 sin ox CP (cos 0%) ,
’ k=1 g=1 K ck-l

where P(T,0%) is the polarization parameter for incident wveam energy T and
center-of-mass scattering angle 6%, and C?(cos %) are Legerdre polynomials.
The values of the coefficients oy, are given in Table Il. The smooth curve
drawn on the graphs of the data is a plot of the fitting function at the ap-
propriate value of T.

Our results at 1.03 GeV are plotted in Fig. 8. For comparison, the re-
sults of the Birmingham groupl® (0.97 GeV) and the Saclay‘group5 (1.03 GeV)
are also presented. It is seen that all results near this energy are gen-
erally consistent.

A graph of the data at 1.32 GeV is exhibited in Fig. 9. The maximum in
the fitting function occurs at approximately 40° in the center-of-mass system
and has the value of =~ 0.41.

The results at 1.63 GeV are presented in Fig. 10, together with the re-

sults of Grannis, et gi,l and Bareyre, et gl,g From this graph, the discrep-
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ancy between the results of the two latter experiments is apparent. Our results
indicate, as do those of Bareyre, et al., that OP/d6.y is positive in the re-
gion of O, = 30°.

The results at 2.24 GeV are presented in Fig. 11. The maximum in the
fitting function occurs at approximately 32° in the center-of-mass system. The
trend of smaller polarization for higher energies continues to be true here.

A graph of our results at 2.84 GeV is exhibited in Fig. 12 together with
the results of the Chamberlain group,l The agreement here is good, though our
values are generally somewhat lower.

In Fig. 15 a plot is shown of the maximum polarization vs. incident beam

energy for the range of energies 0.2 to 6.0 GeV.

V. DISCUSSION

Our data indicate that in the energy region 0.75 to 2.84 GeV the polariza-
tion in elastic proton-proton scattering varies smoothly with both energy and
angle. We note that the polarization becomes very small in the angular re-
gion 60° to 70° cm at 1.32, 1.63, and 2.24 GeV. At present this behavior is
not theoretically understood. From 1.03 to 2.84 GeV, the maximum in the
fitting function occurs at successively smaller center-of-mass scattering
angles.

The peak in the maximum polarization occurs at the incident beam energy
of = 700 MeV and is quite prominent. It is interesting to note that at ap-
proximately this energy the total proton-proton cross section is approaching

a relative maximum, presumably due to single pion production.
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The results from this experiment have been analyzed in terms of two spe-
cific predictions developed in the framework of the Regge theory as discussed
in Section II. The predictions are that, for fixed small four-momentum trans-

fer, the polarization should vary as

(a) P(s) = asbP (Ref. 9)

—
T
~—
g
—_

]
~—
1]

c(o(pp)-o(pp))/o(pp) (Ref. 8),

where a, b, c are constants, s is the invariant mass squared, and o(pp) and
o(Pp) are total cross sections for proton-proton and proton-antiproton scat-
tering. Data from this experiment were fitted to the two above forms at

t = -O.B(GeV/c)g. The values of the parameters used for the curves in Fig.

14 are a = 5.915, b = -1.475, and ¢ = 0.425. It is seen that both predictions
(a) and (b) agree remarkably well with the polarization data over the range
0.75 to = 3.5 GeV. At higher energies, however, prediction (a) appears to
give the best agreement.

Phase shift calculations for the proton-proton interaction in the GeV re-
gion have been recently reported by Hama.5 In his analysis it is assumed that
the scattering amplitude can be separated into contributions from one-pion
and one-boson exchange mechanisms anda contribution due to interactions at
very small distances ({ = O to 3) and which is characterized by phase shifts
that remain as free parameters in the analysis. Searches for solutions were
limited to the neighborhood of the extrapolated low energy solutions. Hama's
solutions are summarized in Table III. The imaginary part of the phase shifts

n(4) are related to the parameters in the table as

19



»
r(4) = exp (LQn(lb , 1 - rg(l) = Q exp {} (j;lo> j',

where the coefficient o is determined from inelastic cross-section data.

In Fig. 15 we have reproduced Hama's solutions A and B and compared them
with our experimental results at 1.63 GeV [1.7 GeV polarization data from Ref.
2 were employed in the initial analysis]. Our measurements in the region
T0° < @aps < 90° tend to favor solution A. This corresponds to a peripheral-
absorption solution.

In Fig. 16, we have compared the results at 2.84 GeV with the phase shift
predictions. At the time of the phase shift calculations, no data existed be-
yond O, = 55° and nothing could be said about the relative merit of the
three solutions. However, our data clearly favor solution A'. This solution

also corresponds to peripheral absorption.
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TABLE I

POLARIZATION PARAMETER IN ELASTIC PROTON-PROTON SCATTERING

Incident

Proton (dzg) P AP
Energy
43.85 0.541 0.075
L7.19 0.51% 0.0LL
0.75 GeV 53.25 0.5%0 0.029
63.98 0.470 0.067
86.29 0.097 0.078
39.88 0.419 0.031
Lo L7 0.464 0.0k40
53.60 0.481 0.023
57.81 0.h417 0.038
1.03 GeV 61.62 0.325 0.0%3
65.32 0.258 0.073
68.52 0.245 0.033
TL.37 0.265 0.037
77.25 0.095 0.029
88.25 -0.021 0.034
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TABLE I (Continued)

Incident e

Proton (d::) P AP

Energy
32.30 361 .036
3477 .Lo3 .0%0
39.06 343 .0L5
L6.63 Lot .025
49.77 339 .022

1.32 GeV 53.13 .266 .020
61.21 .190 .025
68.26 .03k .03%0
Th. 76 .062 032
81.81 .059 .03k
88.23 .03k .029
28.87 .228 .029
32.80 .352 .032
38.55 .335 .025
Lk.o07 . 369 .020

1.63 GeV 49.67 177 .0k0
56.0% 151 .053
61.91 L1l .025
67.0k .025 .028
73.93 .025 .0%0
80.57 .000 .031
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TABLE I (Concluded)

Incident )

Proton (dZZ) P o7

Energy '
25.%2 227 .031
27.09 .315 .026
30.42 252 .026
%6.08 292 .030
38, Tk .229 .052
Lo. k1 .205 .025
1% .45 178 .027

2.2k4 Gev L7.14 .182 033
50.65 .163 .037
52.25 .13h .0%6
5h.01 b7 .0%2
57.04 .0k48 .075
62.22 .020 .oh1
69.30 .093% .050
85.2h .006 061
22.18 .193 .026
23.78 .188 .05k
31.65 237 .039
35.91 -199 057

2.84 GeV
L1.37 175 037
47.15 J1k2 071
60.0k 115 .055
72.72 .043 .059
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TABLE II

EXPANSION COEFFICIENTS FOR POLARIZATION AS A FUNCTION OF e* AND T

=

“1x
k > 1 2 3 i
4.08 + 0.64 1.50 + 0.98 5.9 +1.3 2.40 + 0.95
-5.5 +1.1 -1.6 + 1.2 -11.3  + 2.2 b2+ 1.5
2.99 + 0.60 -0.21 +0.88 6.80 +0.81 2.57 + 0.19
-0.689 + 0.037 0.65 + 0.45 - 1.58 +0.k2 -0.68 +0.35
0.056 + 0.019  -0.152 + 0.059 0.116 + 0.075 0.070 + 0.0L49
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TABLE IIT

p-p PHASE SHIFTS AT 2.0 AND 2.85 GeV (from Ref. 5)
2.0 GeV 2.85 GeV

Sol. A Sol. B Sol. A Sol. A' Sol. A"
6(150) ~73.%° -70.0° - 66.8° -1%6.5° -120.0°
5(51»0) -62.6° 5k e -168.%° -143.2° -176.0°
6(5Pl) -60.8° -61.2° - 63.4° - 30.%° - 63.3°
5(5P2) 5.1° - 2.8° - 16.4° 10.1° - 15.9°
€5 16.9° 25.2° 19.0° 30.1° 20.0°
5(1D2) -27.9° -19.0° - Ls,5° L, 70 16.0°
5(5F2) -31.7° -6%.6° - 28.8° 0.5° - 25.6°
5(5F5) 0.0° - 0.5° - 6.7° - 12.8° - 8.0°
5(5Fu) - 2.%° 0.0° - 5.7° h.1° L, %°
Io 1.97 0.52 2.20 2.5 2.27
7 2.83 3.79 5.7L1 3.10 5.53

29



Fig.

Fig.

Fig,

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10.

11.

FIGURE CAPTIONS
The experimental arrangement.
Beam layout.

Block diagram of electronics. SISiSO s S , and S

represent accidental events.
Definition of y and ©.
Asymmetry parameter at 400 MeV.

Dependence of the final asymmetry on incident beam polarization.
U represents the number of protons with spin "up," and D the

number with spin "down."

Polarization in p-p scattering at 0.75 GeV. Open circles represent
data from Ref. 13; open squares, data from Ref. 1lk; shaded triangles,

data from Ref. 3.

Polarization in p-p scattering at 1.0% GeV. Open squares represent

data from Ref. 15; shaded triangles, data from Ref. 3.
Polarization in p-p scattering at 1.32 GeV.

Polarization in p-p scattering at 1.63 GeV. Open squares represent

data from Ref. 1; open triangles, data from Ref. 2.

Polarization in p-p scattering at 2.24 GeV.
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Fig. 12.
Fig. 13.
Fig. 1k.
Fig. 15.
Fig. 16.

FIGURE CAPTIONS (Concluded)

Polarization in p-p scattering at 2.84 GeV. Shaded triangles repre-

sent data from Ref. 1.

Maximum polarization as a function of incident beam kinetic energy.

Data from other experiments are cited in Ref. 1.

Predictions of the Regge pole thecry. The dashed line represents a
smooth interpolation between points calculated from

P

0.425 [o(pp) - o(pp) ]/ o(pp); the solid curve is the fit

P

5.915(s) "1+ ¥1,

The data represented by open squares is taken

from Ref. 16. Data from other experiments are cited in Ref. 1.

Comparison of data at 1.63 GeV with calculated phase shifts. Dark
squares represent data from this experiment. Open circles repre-

sent data from Ref. 2.

Comparison of data at 2.84 GeV with calculated phase shifts. Dark
squares represent data from this experiment. Open circles repre-

sent data from Ref. 1.
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