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Simultaneous measurement of the spin parameters P and C~~
in pp elastic scattering at 2, 3, 4, and 6 Ge&/c t
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Using the polarized-beam facility at Argonne National Laboratory and a polarized proton target,
simultaneous measurements of the spin parameter P and the spin correlation term C» were made. Data
were obtained and analyzed at beam momenta of 2, 3, 4, and 6 GeV/c in the momentum-transfer-squared

interval O. l & ~t~ & 2.8 {GeV/c)'. A preliminary phase-shift analysis of the 2- and 3-GeV/c data is

discussed and a comparison with predictions of a particular Regge-pole model at all four energies is made.

I. INTRODUCTION

Until the last few years, there was little excite-
ment connected with simple p-p elastic scattering.
Precise total- and differential-cross-section mea-
surements had been performed, showing relatively
smooth s and g dependences. ' Results of polariza-
tion experiments, in particular P and C„~, were
larger than many expected but did not show, within
their erxors, much structure. However, with the
unexpected results of rising total cross section
from CERN and Fermilab, change of slope in do/
dt at f ~ —0.12 (GeV/c)', and the emergence of a
dip at f= —1.5 (GeV/c)' at high energies", interest
was renewed in p-p scattering. In addition, po-
larization experiments using improved polarized
targets showed very definite structure at large
f [0.e [ f

~
6 (Gev/c)']. '

At the same time the Zero Gradient Synchroton
(ZGS) at Argonne National Laboratory (ANL) was
developing the capability to accelerate polarized
protons to high energies. Using this facility, and
an already available polarized proton target, we
were able to simultaneously measure the spin pa-
rameters P and C~ in the beam momentum range
of 2 to 6 GeV/c. A preliminary report of a sub-
sample of these data has been previously report-
ed, ' and the results are seen not to have signifi-
cantly changed except for a reduction in the error
bars.

This momentum interval is of interest because
it connects the two energy ranges that have been
reasonably well described by very different ap-
proaches. Data at 2 GeV/c and below have been
described with some success by phase-shift anal-
yses, "'0 while 6 GeV/c and above have been fitted
reasonably well by various Regge" and optical

els '2 x4 Extrapolations of these high-energy
fits, however, to lower energies have not been

particularly successful. So while the P and C~~
measurements by themselves are insufficient to
determine any of the five complex amplitudes (see
Appendix), they will impose strong constraints on
the energy and angular predictions of any model.

A description of the experimental apparatus will
first be presented, followed by a discussion of the
data analysis and then a comparison of these re-
sults with current model predictions.

II. EXPERIMENTAL EQUIPMENT

A. Polarized target

The polarized proton target (PPT) used in this
experiment was PPT III designed and built at ANL.
This tax get is of the N-type design, that is, the
direction of polarization is normal to the nominal
plane of scattering. In this case the spin axis is
vertical and scattering is in the horizontal plane.
Because of the finite size of the scattering aper-
ture, one can, in principle, detect events with
the normal to the plane of scattering at an angle
as large as ~ 30' to the vertical.

The magnet used with this target consisted of
two pair of superconducting Helmholtz coils. This
arrangement provided a fieM of 2.5 T with a cylin-
drical volume, 2 cm high and a radius of 5 cm, of
uniform field (~/8 & 0.0007). The temperature
was maintained at 4.2 K by means of a 4He re-
frigeration system.

The target material used was ethylene glycol
(HOCH2CHROH) doped with K2Cr, 07 and maintained
at 0,4 K by means of a 'He refrigerator. The po-
larization was dynamically produced by supplying
micx'owave energy to cause an energy level transi-
tion to take place between the free protons and the
charged Cr radical in the target material. For a
detailed discussion of the polarizing process, see
Refs. 15-17.
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The value of the nuclear polarization was moni-
tored by taking nuclear magnetic resonance (NMR)
signals, "N„, approximately every 15 sec. These
signals are a direct measure of polarization P fl&

of the free hydrogen in the target. These signals
can then be compared to equivalent signals taken
during thermal equilibrium, N, conditions (i.e.,
no microwave) where polarization, PTE, is easily
calculated from simple Boltzmann formulas. Us-
ing P~ as a calibration point, P~ can be simply
determined. The N~ signal represents the lar-
gest systematic error for polarization with an
error of ~TE /g~ &0.03.

To reduce errors due to slow changes in beam
quality and chamber efficiency the polarization
was reversed every 3-4 hr to average over such
changes. The changeover time from beginning to
50% reversed polarization was 10-20 min. Aver-
age polarizations of 70-60% were achieved per
spin direction.

The NMR signals were analyzed by a PDP-11
computer and were stored on Dec tape. In addit-
ion, the magnetic field and microwave frequency
were continuously monitored and automatically
corrected when necessary if they started to drift.
Polarizations were calculated on-line using an
approximate N~ value and the results stored with
the scattering data each spill. The final polariza-
tion was obtained by later analysis of the 3(~
signals.

8. Polarized beam

Beam polarization, during our running period,
was 65-VOPp with the spin direction alternating
between up and down every spill. The polarization
was monitored on a pulse-by-pulse basis with av-
erages made every 15 min. Two separate polari-
meters were used at different stages of the accel-
eration cycle. One was positioned at the end of

the 50-MeV Linac, prior to injection to the main
ring, and the other immediately after extraction
from the ZQS.

2
Intensities on target varied from 40000/pulse t
GeV/c to 400000/pulse at 6 GeV/c at a rate of

u se a

about 24 pulses/min. Differences in rate were
simply the result of extraction and transport ef-

mag-ficiencies of the ZGS and the beam transport ma-
nets. For detailed descriptions of the polarized
ion source and acceleration procedures see Refs.
19-24.

C. Detection equipment and event logic

The detection equipment consisted of scintilla-
tion counters, which provided a fast trigger, and
an array of multiwire proportional chambers
(MWPC's) which defined the trajectories of the
incident and scattered particles. The counters and
chambers are shown schematically in Fig. 1.

yThe beam line was tuned for each momentum b
first centering the beam on the MH counter array.
This array consisted of eight scintillation counters
spaced horizontally across the beam line. Next
the MWPC beam chambers (BC) were used to de-
tect beam particles and calculate, on-line, the
phase space of the beam. Ne then made fine ad-
justments to the beam magnets to optimize the
beam size and divergence at the target position.

The counters Sp Sy, and S, defined the presence
of a beam particle. The counter AB, which had a
1~-in. hole, vetoed particles which were too far
off the beam axis to strike the target. Thus the
coincidence B=S S;8;AB was defined to be a
good beam trigger and was used to normalize the
final elastic-event rates.

A candidate for an elastic event was then deter-
mined by the coincidence of B with at least one 8
and one I. counter. This logic thus required that
a beam particle struck the target and at least two
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FIG. 1. LLayout of experimental equipment (not drawn to sea)e).
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char ged particles emerged. To reduce the data
rate due to inelastic events, counters were in-
stalled to veto events with additional particles
present.

Counters BA and L1 were put into veto to elimi-
nate inelastic events with a fast forward particle.
Counters (Al, A2, A3, A4), not shown in Fig. 1,
were placed as close as possible to the target,
above and below the scattering plane, to further
reduce the background. These counters consisted
of three layers of plastic scintillator (total thick-
ness 300 mil} and two layers of tantalum (180 mil
or 1.2 radiation lengths) which wa. s used to con-
vert photons.

This then defined the fast trigger for a poten-
tially good elastic event. Before the data were
recorded on magnetic tape, the L, R, and MH
counters were held in Lecroy (LRS 902) Om-
nilogic modules and a simple logic test was
made for correlations among L and R counters.
This test consisted of requiring a reasonable L-R
correlation, based on elastic kinematics. It did
not rule out, however, the presence of multiple L
and R counter hits since some counters overlap-
ped. Additional checks of L and R counters were
later made off-line. When the fast logic indicated
that a potential elastic event was present, the
wire information was held until read in by the
on-line computer (ASI 6050). There were three
basic types of MWPC's used. All chambers
were composed of a pair of wire planes, X and Y,
with 2-mm wire spacing, aluminized Mylar high-
voltage planes and used an Ar-CO, (65-35%%uo) gas
mixture. The beam chambers (BC) had 64 wires
in both the A and Y planes and the scattering
chambers (SC) had 256 vertical wires and 128 hor-
izontal. Both types of chambers were used outside
the magnetic field and had the electronics attached
directly to the wire planes.

The inner chambers (IC) had 24 horizontal and
128 vertical wires and were designed to be placed
next to the target inside the magnetic field. The
wire signals were led out via twisted pair ribbon
cables. The cables were shielded by a wire mesh
to reduce noise pickup, and a differential ampli-
fier (MECL 1020, gain = 6) was spliced into the
signal lines near the chamber to compensate for
signal attenuation.

The data stored on tape included, in addition
to the wire hits, the event number, beam polarity,
which L, R, and MH counters were on and, after
each spill, the contents of all on-line scalars and
the current target polarization.

For use as an on-line monitor, the data were
continuously sampled, wire maps of each MWPC
were displayed, and correlation histograms of the
R and L counters were made. In addition, the on-

line scalars and beam-magnet power supplies
were monitored and any sudden change in scalar
ratios or ma. gnet settings produced a wa, ming mes-
sage to the operator.

III. DATA ANALYSIS

The quantities that we wish to extract from our
data are the differential cross sections of elastic
scattering in states of pure initial spin normal to
the scattering plane. Such a cross section can be
expressed in terms of the initial proton spins as

o(P, P, t) =o (t)[l+(P +P )P(t)+PsP C „(t)],
where PB and P~ are the values of the beam and
target polarization, t is the square of the four-
momentum transfer, and go is the unpolarized
differential cross section. The axis of polariza-
tion is then defined to be

pg = P,„xP~,„/)P,„xPff

where P,„is the incident beam momentum and

P&,.„is the momentum of the particle scattered to
beam right. Since P and C„~ are the parameters
of interest here, the acceptance of our apparatus
is not directly included in the calculation of o(ps,
Pr, t}. Therefore, the quantity oo we calculate is
actually the product of the real cross section and
our acceptance, but P and C~„are free of this
acceptance factor.

The analysis of an event consists of first ex-
amining the wire pattern in each chamber, group-
ing sets of adjacent wires and converting these
positions to coordinates in real space, then cal-
culating the relevant kinematics and separating
elastic events from background. Because of the
sheer volume of data (about 17000000 raw events),
considerable filtering was necessary to eliminate
obvious inelastics. Both filtering and final analy-
sis were done on the IBM 370/195 at ANL.

For an event to be saved for final analysis, it
has to meet certain rather simple criteria. The
first concerns the left and right trigger counters.
Events with multiple left and right hits, except for
overlapping counters, are rejected as well as
left-right correlations that are obviously inelastic.

Because of the relatively long memory time of
the chambers (-50 ns) compared to the scintilla-
tion counters (5-10 ns), there were a significant
number of events (5-10%%uo) with extra wires on not
associated with the event which triggered the fast
logic. Some of these wires can be eliminated un-
der certain conditions. If the wires are definitely
in the beam region of chambers 5 or 11, they are
considered to be beam memory and thus elimi-
nated. In addition, if a wire is on that is not cov-
ered by an R or L counter that is also on, it is



SINU I.TANEOUS MEASURE MENT OF THE SPIN PARAMETERS. . .

I

'
I

'
l

'
j---- —TOP-HAT FIELD

FIELD MAP

0.6—

I ) I

8 I6 20 24 28 52

p (cm)

FIG. 2. Vertical component of the magnet field as a
function of radial distance from axis in the central plane.

assumed to be memory and eliminated.
Once these wire cuts are made, a check is per-

formed to see if there is just one track to beam
right and one to beam left. When a group appears
in more than one chamber, it is required that they
be in an overlap region of the chambers.

Finally, the beam chambers are used to calcu-
late a beam trajectory. If one, and only one,
straight line can be fitted through these chambers„
a beam slope and intercept at the projected center
of the target is calculated. If the event passes
these tests, the beam trajectory and the filtered
wire information is output to tape. The fraction
of events that pass the filter is about 70%%uo at 2

GeV/c and 50% at 6 GeV/c.
The major problem in analyzing the trajectories

of the beam, scattered, and recoil particles is
the magnetic field of the target magnet. Since
there were insufficient chambers, even in princi-
ple, to accurately reconstruct the tx'ajectories at
the vertex, certain simplifying assumptions had to
be made in the field corrections.

The magnetic-field corrections consist of taking
the hit in a given chamber plane and shifting it by
a eorreetion term to where the hit would have been
if the scattered particle had not gone through any
magnetic field. The assumptions used here are
that the particle is from an elastic event and that
scattering takes place in the horizontal plane. The
first assumption is needed to give a definite re-
lation between scattexing angle and momentum.
The second assumption, because the P region (the
angle between the scattering normal, pg, and the
vertical axis) of the data sample used is small
(IPI ~10'), introduces only a small error (~2%%up)

in the correction term. One other simplifying
assumption was that the magnetic field was a "top-

hat" field. This approximation is compared with
the correct field map in Fig. 2. This assumption,
for the forward particle, also introduces a small
error (~3%%uo) in the correction term.

Adding all these systematic errors together in-
troduces a total error of less than 4%%u~ to the cal-
culated value of g for all t and beam momenta.

Using the field-corrected track positions in the
scattering chambers one can, mith the inner
chambers, reconstruct the vertex point to within
+0.5 cm and then proceed to calculate all the rele-
vant scattering kinematics.

The quantities calculated are the polar angle, 9
and P (see Fig. 3), for both scattered (H„p„beam
right) and recoil particles (8„, P„, beam left) rela-
tive to the beam at the vertex. At this point a data
summary tape is generated which contains for each
event the 9 and p angles for both scattered and re-
coil particles, the beam trajectory, 1., R, and MII
counter bit patterns, and information telling which
chambers were used in the event reconstruction.

The two kinds of background present are inelas-,
tics and quasielastic scattering off of bound pro-
tons in the other, more complex nuclei present in
the target. Quasielastic events2"6 are the major
source of background error since they are, in a
sense, elastic events with a Fermi-momentum
distribution added to the initial target proton. The
effect of this is to randomly smear out the angular
and momentum correlations one would exyect from
true elastic events. Inelasties are then considered
to be anything else from either fxee protons or
other nuclei but are suppressed by the require-
ment of two and only two scattered particles.

Elastic events have tmo distinctive characteris-
tics which, in general, distinguish them from
background. The first is that the beam, scattered,

FIG. 3. Vector diagram defining kinematic variables.
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and recoil particles must be coplanar, or

gp =—p, —p„+180'=0.

The other property is the correlation between 9,
and g„,

(tang, )(tang„) = 4M'/IV',

where M is the proton mass and g is the total
center-of-mass energy. However, due to resolu-
tion uncertainties and multiple scattering in the
target and cryostat walls, these kinematic con-
straints must be x'elaxed.

Since the multiple scattering of recoil and scat-
tered particles will smear out the observed angu-
lar cox'x'elations for free events in a qualitatively
similar way as a quasielastic scatter, we must
determine if we can distinguish between them.

The momentum distribution of a proton in carbon
can be roughly approximated by a Gaussian with a
standard deviation of about 125 MeV/c. 25~' One
would then expect that if one chose a particular
scattering angle for the forward particle the recoil
angular distribution would, crudely speaking, be
Gaussian distributed around the elastic angle with
a standard deviation of about 125/P„where P„ is
the recoil momentum (in MeV/c) expected if this
were an elastic event.
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FIG. 5. The elastic-event signal obtained by subtract-
ing noncoplanar events from coplanar events.
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The lowest ~f ~
value we go to is approximately

(f ~
=0.12 (GeV/c)' with a P„=350MeV/c. If the

recoi1 particle were to go through the entire width
of the target (2 cm or 1.66 g/cm') and the cryostat
walls (1.2 g/cm') and we were to use the scattering
length for carbon (44.6 g/cm') we would have"
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FIG. 4. 8, distributions for various slices in ~d)QI.

The scattering angle for quasielastic scattering is

((e') )'"= =360 mrad =20 .125
350

Therefore ((8') )'~'/((8')i g'~'=6, which means
that the elastic signal shouM appear as a narrow
spike on top of a much broker quasielastic bump.

For most of the events in this experiment the
scattered, forward, particle has a small (a 0.25' at
2 GeV/c) multiple-scattering error and resolution
uncertainty of =0.2'. The slow recoil particle has
a resolution erxor also of about 0.2' but has a very
large multiple-scattering error due to its low
momentum (P„=0.3-1.0 GeV/c). Because of its
much smaller errors, all the elastic kinematics
will be defined by the scattered particle. These
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include the momentum transfer, t, and the normal
to the scatter1ng plane, s. The data are then bin-
ned into equal intervals of 8, (1'bins for 2, 3, and

4 GeV/c and 0.5' for 6 GeV/c). The data are then
further divided into intervals of Ig, l. This is done
since the beam and target polarizations were both
vertical but pg is at an angle of ftI, to this direction.
This introduces sinall (& 2%) differences in effec-
tive polarization. Next, for each of the 8, and p,
bins, plots of 8, vs Id, pl are made.

Figure 4 is an example of one such set of plots.
These particular plots are of 2-GeV/c data with
both beam and target polarization positive and with

20.5'«8, «21.5' [7=- 0 O'I (GeV/c)'j and Ip, I
» 5'.

Each plot is a 8„distribution for different slices
of I+Al. In this f interval 8„, according to elas'tic
kinematics, covers a 1.5 range which, when cou-
pled with a multiple scattering error of 0.8', is
consistent with the observed peak. In doing the
background subtraction, the data for Iaaf I

«3'are
summed and defined to be "coplanar" and the in-
terval 4'» Id, gl »8' is defined as noncoplanar as
shown 1n Flg. 5 Because no s1gn1ficant dlffe1'ences
in shape of the background distributions are found
among the four spin combinations, the noncoplanar
plot 18 the sum of the four spin states. The dls-
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TABLE I. P and Czz for various incident momenta and t.

t
f. (GeV/c)']

&~n
I. (GeV/c)'1 [(Gev/c)'] CNN

0.118
0.155
0.210
0.272
0.341
0.414
0.492
0.574
0.659
0.745
0.833
0.922
1.010
1.120
1.249
1.379
1.494
1.626
1.765

0.097
0.131
0.170
0.214
0.262
0.314
0.370
0.430
0.493
0.559
0.628
0.736
0.926
1.165
1.411
1.658
1.900
2.135
2.396
2.674

0.120
0.172
0.232
0.300
0.376
0.459
0.549
0.645
0.746
0.963
1,316
1.688
2.069
2.446
2.812

0.107
0.130
0.182
0.241
0.306
0.377
0.453
0.533
0.616
0.702
0.78g
0.877
0.966
1.054
1.185
1.312
1.435
1.552
1.697

0.082
0.114
0.150
0.192
0.238
0.288
0.342
0.400
0.461
0.526
0.593
0.663
0.810
1.044
1.288
1.534
1.780
2.019
2.249
2.538

0.0g7
0.145
0.201
0.265
0.337
0.417
0.503
0.596
0.695
0.798
1,136
1,500
1,878
2.258
2.631

0.130
0.182
0.241
0.306
0.377
0.453
0.533
0.616
0.702
0.789
0.877
0.966
1.054
1.185
1.312
1,435
1.552
1;697
1.830

3 GeV/c

0.114
0.150
0.192
0.238
0.288
0.342
0.400
0.461
0.526
0.593
0.663
0.810
1.044
1.288
1.534
1.780
2.019
2.249
2.538
2.803

4 GeV/c

0.145
0.201
0.265
0.337
0.417
0.503
0,596
0.695
0.798
1.136
1.500
1.878
2.258
2.631
2.989

0.362 2 0.037
0.365 + 0.021
0.397 + 0.012
0.402 + 0.012
0.429+ 0.015
0.424 + 0.014
0.387 + 0.016
0.318+ 0.017
0.280 + 0.024
0.210+ 0.026
0.085+ 0.029
0.077 a 0.029
0.031+ 0.037
0.026+ 0.035
0.066 + 0,035
0.012+0.025

-0.005+ 0.029
—0.069+0.027
—0.176+ 0.048

0.272 + 0.045
0.291+ 0.014
0.286 + 0.011
0.302+ 0.011
0.309+0.012
0.303+0.012
0.306 + 0.013
0.286 + 0.014
0.297 + 0.020
0.227 + 0.020
0.246+ 0.018
0.218 +0.019
0.168 + 0.020
0.183+ 0.023
0.206 6 0.028
0.124+ 0.026
0.090 + 0.024
0.010+0.025

—0.040+ 0.026
—0.162+ 0.076

0.190+ 0.014
0.213+0.008
0.222 + 0.008
0.226 + 0.010
0.207 + 0.012
0.197+ 0.016
0.170+0.020
0.173+ 0.025
0.146+ 0.028
0.132a 0.023
0.145+0.045
0.181+ 0.059
0.246 + 0.053
0.175+ 0.054
0.006 + 0.072

0.287 +0.061
0.336 + 0.036
0.396+ 0.021
0.482 + 0.019
0.564 + 0.025
0.583 + 0.024
0.603 + 0.027
0.601+ 0.028
0.646 + 0.040
0.642 +0.042
0.546 + 0.048
0.524 +0.064
0.539 a 0.062
0.562 + 0.057
0.524 + 0.054
0.616+ 0.041
0.532 + 0.048
0.617 + 0.044
0.617 + 0.079

0.309 +0.064
0.219a 0.020
0.225 +0.019
0.255 +0.016
0.255 + 0.017
0.269 +0.017
0.275 +0.016
0.247 + 0.019
0.283 + 0.028
0.236 + 0.029
0.267 a 0.026
0.267 + 0.026
0.225 +0.029
0.261 +0.033
0.366 + 0.039
0.445 +0.037
0.513+ 0.034
0.492 +0.035
0.519+0.037
0.614+0.107

0.117+ 0.020
0.105+ 0.011
0.141+0.013
0.142 + 0.013
0.140a 0.016
0.166+ 0.024
0.124+ 0.030
0.141+0.036
0.173+ 0.041
0.176+ 0.033
0.270 +0.063
0.219+ 0.085
0.257 + 0.076
0.265 + 0.078
0.202 + 0.104
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TABLE I. (Continued)

t
[(GeV/c) ] [(GeV/c)'] [(GeV/c)']

0,115
0,152
0,195
0,242
0,295
0.352
0.413
0,479
0.549
0.624
0.702
0,783
Q.869
1.003
1.192
1.443
1.762

0,098
0,133
0,173
0,218
0,268
0,323
0.382
Q.446
0,514
0,586
0.662
0,742
0,826
0,913
1,096
1,291
1,600

0.133
0,173
0.218
0.268
0.323
0.382
0.446
0.514
0.586
0.662
0.742
0.826
0.913
1.096
1.291
1.600
1.926

0.110+ 0.039
0.115+0.020
0.132a 0.009
0.131+ 0.010
0.134+ 0.009
0.127 + 0.011
0.120 + 0.013
0.110+ 0.014
0.096+ 0.019
0.091+ 0.017
0.091+ 0.026
0.069+ 0.027
0.092 + 0.029
0.094 +0.035
0.126 + 0.050
0.222 + 0.058
0.197+ 0.093

0.047 + 0.052
0.039 +0.027
0.059 + 0.013
0.068 + 0.013
0.065 + 0.013
0.061 +0.015
0.078 + 0.018
0.085 + 0.020
0.099+0.027
Q.Q46 + 0.025
0.087 + 0.036
0.131+ 0.037
0.115+ 0.040
0.113+0.048

-0.013+ 0.070
0.124+ 0.082
0.088 + 0.132

tributions on either side of the central peak are
matched by scaling down the noncoplanar distribu-
tion and then subtracted yielding the elastic plot.
These then are the signals used in determining P
and Cgg.

The errors associated with these elastic event
counts are strictly statistical and included the
errors from both coplanar and noncoplanar and
the events under the peak and those on the tails
which are used to determine the background scale
factor. This procedure is done for all 8„ for both

Q, regions (0'-5', 5'-10') and for all four beam
and target spin combinations.

This technique of background subtraction has
been compared with the use of dummy targets (tar-
gets that approximate the nonhydrogen background)
and has been shown to yield essentially the same
results. 4

These elastic events are then normalized to the
total beam trigger (B) for each of the four spin
combinations separately. Corrections were made
to these beam trigger rates for events lost due to
read-in failure and events that could not be analy-
zed because of beam-track-analysis failure. The
normalized event counts are then used in a X, -min-
imization program. The method used is the var-
iable-metric method for minimization originally
developed at ANL. 2' The X' mi.nimized was

2 ~ ~ l (fdata f talc) ~ PB data PB cale ) l,

where Id'~„and 4I'~ are the number of normalized

events and its error for the jth 9, bin and jth spin
combination. Ical ls

and P, =Q, ,I,"„,/4. P and C» are allowed to
vary to minimize g . P is also varied to minimize
the y' with an error of +0.05. P~ is kept fixed
since its error was considered better than P~. P~
is corrected, however, for the average g, angle
of the data analyzed. P„ is thus really Pr (cosP, )

The final results are shown in Fig. 5 (along with
the results of earlier experiments" ") and are
tabulated in Table I. The errors shown are purely
statistical and do not include possible systematic
errors. As mentioned earlier, the systematic
error in calculating t is estimated to be less than

4%%uq, which is in agreement with the 2-, 3-, and
4-GeV/c polarization data crossing zero at the
correct 90'/c. m. angle. Because of the troubles
in background subtraction, we estimate that for
~t~ less than 0.15 (GeV/c)' the subtraction error
may be comparable to the statistical error, and
thus the total error should be approximately double
that indicated in Table I. The background error
for (f )

&0.15 quickly diminishes and we estimate
that it is only about 1(P/(; of the statistical error.

Finally, because of possible errors in the beam
and target polariza. tion, the values of polarization
may be shifted by as much as 5 of the quoted
values and G» by 10%.

Because of the spread of p, values present in
the data, the C» value we calculate should more
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properly be called an effective C» since it is
really

(cos'p, )C»+ (sin'Q, )C aa,

I.O I

]
I

/

I

t
I

)
I

A 2 GeV/C
I————A

where S is the spin direction transverse to the
beam and in the plane of scattering. But since
IQ, I

& 10' and (sin Q, )= 0.007, the maximum pos-
sible contribution is smaller than our experimental
error and can be neglected.

We note that there exists a normalization dis-
crepancy in the polarization data at 3 GeV/c as
shown in Fig. 6, where the data without the use
of a polarized target by Neal et al."are also plot-
ted for comparison. —I.0

0
c.m.

I I I

IV. DISCUSSION OF RESULTS

To completely describe pp elastic scattering,
one would have to determine five complex ampli-
tudes as functions of both 6I, and W, total center-
of-mass energy (see Appendix). At a given energy
and scattering angle, it would require at least
nine experiments to determine the amplitudes up
to an overall phase and possibly 11 to resolve
discrete phase ambiguities. With the inclusion of
experimental errors, more than 11 experiments
may be needed to determine a unique set of amp-
litudes. At present, however, there are not
enough experimental quantities at any energy and

angle to determine the amplitudes. One can, how-
ever, with the aid of assumptions and models at-
tempt to find the amplitudes in certain kinematic
regions.

One such approach is a phase-shift analysis. At
low total energy one need only use a few partial
waves to fit the entire angular region. Below the
inelastic threshold (one-pion production) one can
also use simple unitarity as an added constraint.
Above threshold one can use a modified form of
unitarity with the help of some model for inelastic
scattering.

A preliminary phase-shift analysis has been per-
formed by N. Hoshizaki" and his colleagues at
Kyoto University using the 2- and 3-GeV/c data
presented here, plus all other available data at
these energies (i.e., differential cross sections,
total cross sections, Re/Im ratio of amplitudes
at t =o, ho» D», R, and A'). The absorption of
the higher partial waves (J ~ 4) was treated as
being due to single- and double-pion production
using the one-pion-exchange model of Amaldi"
et al. and the measured cross section for one-
and two-pion production. The real phase shifts
were calculated from the one-boson-exchange
model of Sawada~ et al. The other, lower partial
waves were allowed to vary freely.

Hoshizaki's group started with two solutions they

I

/

I

/

I

I————A

3 GeV/C

0 /

-IQ I I I I I I I I I I

0 0.4 0.8 I.2 I.6 2.0

2 p-t (GeV/c)

FIG. 7. Phase-shift predictions for C&& at 2 and 3
GeV/c.

had previously found from an earlier analysis' at
2.14 and 2.99 GeV/c. These two were chosen from
a set of many similar solutions obtained from dif-
ferent starting points in their search and repre-
sented, in a sense, the spread of possible solutions
with similar va, lues for their X'.

Using the present data and the two solutions,
A and A', for the 2-GeV/c phase shifts, they ob-
tained similar X' values of about 55 for 72 data
points and 17 adjustable parameters. At 3 GeV/c
the X' values were 106 and 79 for 90 data points
and 17 adjustable parameters.

Since both solutions at 2 and 3 GeV/c give rea-
sonably good X' values, it appears, at least from
this preliminary analysis, that the amplitudes
have not yet been uniquely determined. In order
to find which experiments would be useful to fur-
ther reduce the range of acceptable solutions, one
can made predictions of experimental results us-
ing these solutions and look for large discrepan-
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yses become impractical to perform because of
the large number of partial waves requixed and
the presence of many more inelastic channels.
Above 6 GeV/c several models" "have been used
to fit the available polarization and scattering data.
One such fit by Field and Stevens" uses Regge
amplitudes, plus corrections, to fit all previously
available pp, pp, and np elastic scattering and pp
and np charge-exchange data. This parameteriza-
tion included trajectories for P, f, &,, p, A„w,
and g exchanges. In addition, lower-lying effec-
tive trajectories [o(0}=-0.5 (f and ~)] were in-
cluded to improve the fit for the lower energy data.
From Fig. 6, one can see that the fit agrees with
our polarization data quite well down to 3 GeV/c
but has some trouble at 2 GeV/c. The comparison
with C», however, is not nearly as good. Within
the present framework of their model, they cannot
fit out data without adding one or more lower-lying
trajectories [a(0)= —1, —1.5, ...].
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cies.
Among many possible candidates for expex"iments

to perform ax'e C~s~ Css~ and ~ox &~s and Css
are analogous to C„„except with the initial spins
polar ized longitudinally and transversely, in the
scattering plane, respectively. ~0~ is the differ-
ence in total cross section for initial spins anti-
parallel and parallel to Aoz =o(=)—o'(=). C~~ a.nd

C„predictions are shown in Figs. 7 and 8. vote
that while there is some difference in predictions
at low t, the largest differences occur around
ltl= 1.0 (GeV/c}'. The predictions for Ao~ at 2

GeV/c are -4.08 and 0.362 mb for solutions A and
A'. At 3 GeV/c they are —1.27 and 1.88 mb. The
value of Eo~ is particularly interesting since,
combined with g„„ it yields the imaginary parts
of P, and P, at t=0 (see Appendix). The C~~ and

60L experiments are cux rently being performed
and the results will be presented in the near fu-
ture.

At higher momenta (&3 GeV/c) phase-shift anal-

APPENDIX

The helicity amplitudes are characterized by the
helicities of the beam, target, scattered and re-
coil protons:

0 =
& ~.i ~s lk lysi ~r&

Fox' protons X can only have two values, +1 and
-1, thus there are a total of 16 helicity amplitudes.
However, due to parity, time reversal, and iden-
tical particles, there are only five independent
amplitudes. These are"'6

y, =(++ le l++),

e. =&++ I+ I--),
e. =(+-I+I+-&,

e.=(+- I@I-+),

e.=&++ I+ I+-& ~

Some of the possible experimental obsexvables,
expressed in terms of helicity amplitudes, are as
fol, lows:
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Observables
(a, T;s, z)

so =(0, 0; 0, 0)

g =(0, N; 0, 0)

=(N, O;0, 0)

c„„=(N,N;o, o)

D„~=(0,N;0, N)

c„=(L,, L,;o, o)

c„=(s,s;0, 0)

s"' =(0 0 0 0)

hsr"' =(N, N; 0, 0)

as"' = (I, I; 0 0)

Helicity amplitudes

l(ly, I'+ I4. I'+ i4, I'+ I@.i'+ i4+, i')

-Im(y, + y, + y, —y, )y, /s,

R (e,e e.-e,"2ie.l')/s.

Re(~,e.' e.-e,'+2 is, I')/s.

R«-ie i'- 14. i'+ le. l'+ le. l')/(». )

Re(fx 42*+ 4344 )/so

(2~/I )lm(y, + y, ), ,
-(4w/k) im(y, ), 0

(4m/u) im(4, —y, ), ,
The notation of the observables expresses the spin direction in the order of (beam, target; scattered,

recoil).
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