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We measured do/dr(90%y) for ps + ps — p + p from 1.75 to 5.5 GeV/c, using the Argonne zero-gradient synchrotron
70% polarized proton beam and a 70% polarized proton target. We found that the spin—spin correlation parameter, 4y,
equals 60% at low energy, then drops sharply to about 10% near 3.5 GeV/c, and remains constant up to 5.5 GeV/c.

Measuring the fixed-angle energy dependence of
proton—proton elastic scattering at 90, is a sensitive
way to probe the short-range behavior of strong inter-
actions [1,2]. Forp + p - p +p, 907, is a special
symmetry point where the pure-spin cross sections
may be especially important. The spin dependence of
high-energy p—p scattering was first successfully stud-
ied in polarized target experiments at Berkeley [3],
CERN [4], and Argonne [5]. The Argonne zero-gradi-
ent synchrotron (ZGS) polarized proton beam (PPB)
allows precise measurements {6—12] of the spin—spin
interactions, which is parameterized by 4, the spin—
spin correlation parameter *!. We recently studied the
fixed-angle energy dependence of A, at 907, using
the ZGS PPB and our polarized proton target (PPT).

We found a sharp change in 4, (907 ) near 3.5 GeV/c.

The momentum of the ZGS polarized beam was
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*1 The spin—spin correlation parameter, previously denoted

Chn, is now denoted Ay according to the new Ann Arbor
convention {13].

varied between 1.75 and 5.5 GeV/c. Care was taken to
avoid momenta very close to known depolarizing reso-
nances. At each momentum the beam polarization, Py,
was maximized by the ZGS staff [14] using the fast
uncalibrated CERN polarimeter [15] to tune through
each resonance below extraction energy. When the po-
larization was maximum the left—right asymmetry

was measured using the beam-1 elastic polarimeter
[6,15] shown in fig. 1. The beam polarization was
then calculated using

Py = (1AL - RL +R)]. (1)

A is the analyzing power forp+p—>p +pat —t=0.5
(GeV/c)? where our polarimeter was set at each inci-
dent momentum. The value of A was first obtained by
averaging previously measured values of 4 [3—5,7] at
nearby —t and Py, values. Using these average values
we sometimes obtained Py, larger than 100%; we thus
concluded that there were errors in some of the pre-
vious measurements of 4. It was not possible to mea-
sure A at —t = 0.5 (GeV/e)? with our polarized target
without major changes in the downstream spectrom-
eter in fig. 1.

We therefore decided to determine Py, with the 50
MeV polarimeter [6,15] at the end of the LINAC just
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Fig. 1. Layout of the experiment. The polarized beam passes through the liquid-H, target and its polarization is measured by com-
paring the number of elastic events seen in the L and R spectrometers of the polarimeter. The beam then scatters in the polarized
proton target (PPT) and the elastic events are counted by the I and B counters. The M, N, and K counters are intensity monitors,

while Sy, S5 and S3 monitor the beam position, size, and angle.

before injection into the ZGS. This measured p-carbon
elastic scattering at 55° in the lab where the analyzing
power is 88 + 5%. This polarimeter has been cross-cali-
brated [8—12] against the beam-1 polarimeter at 6 and
11.75 GeV/c where the p + p ~ p + p analyzing power
is very well measured. The 50 MeV measurement of Py
clearly gives an upper limit on the polarization, and
thus a lower limit on A4, since the polarization cannot
increase during acceleration. P}, could, of course, de-
crease. However the resonance-jumping correction
magnets [15] were frequently retuned at each depolar-
izing resonance below the extraction momentum and
no significant depolarization was found [14]. Thus we
believe that, when it was properly maximized, Py, at
extraction energy was equal to Py at S50 MeV within
*3%. Therefore we used the beam-1 polarimeter mea-
surements of (L — R)/(L + R) at each extraction mo-
mentum to obtain the analyzing power forp + p

- p+pat —=0.5(GeV/c)2. These values of 4 are
given in table 1 along with our estimated experimental
errors, They agree with some earlier results [3,7] but
disagree with others [4,5]. We used the values of 4 in
table 1 to obtain Py, for our long data runs when Py
was possibly not maximized. Our average value of Py,
for these measurements of 4, (90¢ ) was about 70%
with a relative error of #4.3% point to point and
+5.7% normalization.
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We scattered the polarized proton beam from the
Michigan—Argonne polarized proton target PPT-V
[8-12,16,17] of ethylene glycol doped with K,Cr,0,.
We measured the target polarization, P;, which aver-
aged about 70%, with two independent NMR coils
[10], with a precision of about +3%.

The double-armed FB spectrometer in fig. 1 detected
events when the polarized proton beam elastically scat-
tered from the polarized proton target at 907, . This

Table 1

Measurements of the analyzing power for p + p — p + p near
—t = 0.5 (GeV/c)? for different values of incident momentum.
The statistical errors are always less than 0.1%. The quoted er-
rors are due to our estimated +4.3% relative systematic error
in Py,. There is an additional normalization error of +5.7% of
A, caused by the uncertainty in Ap.C.

Plab — A
(GeV/e) (GeV/c)? (%)

1.75 0.18 44.0+ 1.9
2.50 0.36 33.0+ 14
3.10 0.50 254 1.1
3.50 0.50 21.9+ 0.9
4.00 0.50 18.3 £ 0.8
4.40 0.50 15.6 = 0.7
5.00 0.50 134+ 0.6
5.50 0.50 122+ 0.5
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Table 2

Measurements of 4 and Ayy for 905y, p + p — p + p for vari-
ous values of incident lab momentum. The quoted errors in-
clude statistical errors and the systematic error mostly due to
the uncertainty in Py,. There is an additional normalization er-
ror of +7.2% of the value of Apy which is primarily due to the
normalization uncertainties in Py, and P and the teflon sub-
traction.

Piab A Ann
(GeV/c) (%) (%)

1.75 -0.1 0.6 59.7+ 2.6
2.50 0.0£0.3 57223
3.10 21+04 474 + 2.1
3.50 03:04 316 £ 1.5
4.00 0004 11.9+ 0.8
4.40 1.5+ 0.6 9.1+15
5.00 ~0.3+0.5 10.6 = 0.8
5.50 -1.1+0.6

9.6+ 1.2

spectrometer contained four magnets and the FyF,F
and By B,Bj scintillation counters and measured the
angle and momentum of both outgoing protons. The
PPT magnet field of 10.67 kG m bent both outgoing
protons to the right. By varying the magnet currents
we covered the range PLp=175->55 GeV/c¢ without
moving the detectors. The 15 X 20 cm? F4 counter
defined the center-of-mass solid angle of ~10-3 sr.
The momentum bite was typically AP/P = +7%. The B
counters were over-matched to allow for beam size and
divergence, magnet variations, and multiple Coulomb
scattering. The accidentals were typically 0.2% and
were continuously monitored and subtracted. Recoil
magnet curves and teflon bead runs measured the non-
hydrogen event rate, which was 3 + 1% near 1.75 and
5.5 GeV/c. Thus a 3 + 1% subtraction was made at
each P, ;.

The relative beam intensity at the PPT, 1y, was
monitored by the scintillation telescopes, M, N, and
K *2. The beam size at the 29 mm diameter by 41 mm
long PPT was about 14 mm full width at half maxi-
mum and the beam movement was less than 0.5 mm.
More than 95% of the beam passed through the PPT.

Possible systematic errors due to variations in this num-

ber were reduced to below 1% by reversing the beam
spin every pulse and the target spin every 6 h.
We obtained the four normalized elastic event rates,

*#2 Our results are totally independent of the +7% normaliza-
tion error in the calibration of Iy with foil irradiations.
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Fig. 2. The spin—spin correlation parameter, App, for p—p
elastic scattering at 90° in the center-of-mass is plotted against
the incident lab momentum, along with earlicr measurements
[7]. The curves are hand-drawn lines to guide the eye.

Ny = E(i)o (i), (2)
by simultaneously measuring the number of elastic
events £(Jf) and the number of incident protons 7o(#)
in each of the four initial spin states (§ = beam, target
=11, 1, 11, or 1)). Both spins were measured normal
to the horizontal scattering plane. The spin—spin cor-
relation parameter, A ., and the spin—orbit analyzing
power, 4, obtained from the equations

Ny Ny N N,

“Ann PP IN;

£}

(3)
2Ny =N
(Pb +P) EN:’/"

are listed in table 2 along with their estimated errors.
Because of symmetry, 4 at 907, must be zero. This
constraint was typically satisfied within #1%. The val-
ues of 4, are plotted in fig. 2 against Py, . We ob-
tained the two independent pure two-spin cross sec-
tions at 907, from the equations

(do/dt)yy = (do/dr),, =(do/dDX(1 +A,,),
)
(do/dp)y, = (do/dr),y =<(da/d (1 — A,,).

The spin-average p + p = p + p cross section, {dg/d?),
was taken from the 90° measurements of Kammerud
et al. [2] and Akerlofet al. [1].
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Fig. 3. The two independent pure-initial-spin differential cross
sections (do/dr)44 and (do/dt)4 for p—p elastlc scattering at
90° in the center-of-mass are plotted against p} 1 as the incident
Plap is varied. The initial spins are measured normal to the
scattering plane. These pure-spin cross sections are normalized
to measurements [1,2] of <do/dr) which are also plotted.

The spin—spin correlation parameter, 4, , mea-
sures the spin—spin interaction since it parameterizes
the difference between the spin-parallel and spin-anti-
parallel cross sections. In fig. 2 the sharp change in
A, (902 ) near Py, = 3.5 GeV/c is very clear. At low
energy A, is approximately 60% which implies that
(do/d?)y4 is some 4 times larger than (do/dz),, .
Throughout the range Py, = 4.0 > 5.5 GeV/c, 4, is
equal to 10% within the 1% errors. Thus the strength
of the spin—spin interaction shifts rapidly from a 60%
level to a 10% level. This shift may suggest a change of
the 907, scattering mechanism for p + p = p + p, near
3.5 GeV/e.

One can perhaps see this effect more clearly in fig.
3, where the pure- spm cross sections are plotted against
P showing the 90 fixed-angle energy dependence
of Py tPr P D Thls gives an overall view of the
spin dependence at 907, which is a special symmetry
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point for p—p elastic scattering. The spin-averaged

90¢,,, cross section (do/ds) is also shown [1 2] . No-
tlce that (do/dt), has asingle exp( -3. 2P ) compo-
nent which extends down to P =0.5 (Ge,V/c)2 where
the “diffraction” region begms However (do/dt);4 has
an additional exp(—4. 4P ) component extending from
the “diffraction” region up to PZ = 1.5 (GeV/c)2.
Kammerud et al. [2] suggested the existence of such a
component in p—p elastic scattering on the basis of
their spin-average measurements at 902m. It appears
that this component only occurs in the tripiet state and
can therefore be seen much more clearly in our pure
spin state experiment. We do not understand the theo-
retical reason for this triplet component.
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like to thank J. Hauser, H.F. Sklar and M.J. Yatchman
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