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The spin analyzing power A in 28-GeV/c proton-proton elastic scattering was measured at P& =6.5
(GeV/c)2 using a polarized proton target and a high-intensity unpolarized proton beam at the Brookhaven
National Laboratory Alternating Gradient Synchrotron. The result of (24+ S)o/0 confirms that the analyz-

ing power is large and rising in the large-P& region.

Earlier measurements' of the analyzing power A for 28-
GeV/c proton-proton elastic scattering suggested a rise with
transverse momentum above Pq2 = 3.5 (GeV/c )~. Any
nonzero value for 3 is contrary to theoretical expectations,
so in 1984 we made further measurements' at P&' ——5.95
and 6.56 (GeV/c)2 which found significant nonzero values
of A. The 6.56 (GeV/c)' point suggested a very sharp in-
crease to A = (51+17)'/o. We recently repeated this mea-
surement with considerably better statistics and found that
A is indeed quite large but does not rise as sharply as sug-
gested by the earlier larger-error data.

We measured A by detecting elastic-scattering events
when a 28-GeV/c unpolarized proton beam from the
Brookhaven Alternating Gradient Synchrotron (AGS) was
scattered from the University of Michigan polarized proton
target (PPT). The target consists of ammonia target beads
cooled to 0.5 K by a He evaporation refrigerator, in a 2.5-T

magnetic field. Polarizing transitions are driven by a 70-
GHz microwave system and the polarization of the free pro-
tons is measured with a 107-MHz NMR system. We modi-
fied the PPT to allow a high beam intensity, typically
5-7x10' protons per pulse, by using irradiated ammonia
NH3 as the target material and by using a He- He mixture
as the circulating fluid in the refrigerator. The NH3 beads
were given a radiation dose of about 5 x 10' electrons/cm
using the MIT Bates Linac and the polarization P~ of the
hydrogen protons in the target was typically 53'/0 with the
beam on and over 70/0 without beam.

Elastic proton events were detected by the double-arm
forward-backward spectrometer, shown in Fig. 1, consisting
of six magnets and a sixfold (F~,F2,F3,8~,82,83) eight-
channel (A, 8,C,D; up, down) scintillation-counter hodo-
scope. The P~2 acceptance for these measurements was
about 1 (GeV/c) . This sixfold spectrometer, which was
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FIG. 1. Layout of the experiment. The unpolarized proton beam was scattered in the vertically polarized proton target. Elastic-scattering
events were detected by the spectrometer which contains magnets for momentum analysis and the F and 8 scintillation-counter hodoscopes.
The X and E counters were intensity monitors, while the segmented-wire ion chambers S4 and S5 monitored the beam's position, size, and
angle.

used in a two-week run (run 2), was identical to the spec-
trometer used in 1984 (run 1) and is described in earlier
papers. ' Unfortunately, at these high Pq~ values the elastic
cross sections are quite small, which makes accidental back-
ground and backgrounds from inelastic events and nonhy-
drogen nuclei in the PPT quite significant.

The analyzing power, following the Basel convention for
our layout, is defined as

logic circuitry. However, during certain periods the AGS
spill deteriorated, especially in our extracted beam line
which took only about ~% of the total beam and was thus

especially sensitive to variations in the beam "halo." We
then sometimes had a very poor spill which gave high in-
stantaneous Fo rates which caused counting losses and vari-
ous other types of accidentals such as

1 N(t ) —N(I )
Ip&i N(t)+N(~)

(FtFqF3BIBqB3) into Fo

(FOB/B2B3) into (FIF2F3)
(2)

where N ( t ) and N ( j ) are the number of events with tar-
get polarization direction up and down, respectively. Ac-
cidental coincidences between the forward and backward
arms were measured continuously and subtracted from the
raw number of events. An estimate of the nonhydrogenous
and inelastic background events was obtained by substitut-
ing Teflon beads for the normal ammonia beads. The
resulting background events were presumed to have an
analyzing po~er of zero and were treated as a dilution of
the proton-proton elastic analyzing power.

In a later three-week run (run 3), we significantly reduced
these backgrounds by adding an additional set of Fo
counters (Fo~,Fos, Foc,Foa) as shown in Fig. 1. The ac-
cidental background rate, as measured by the coincidence
circuits (FOFIFqF3) delayed by 225 ns into (BtBqB3), was
reduced by a factor of about 20 to 2%. The background rate
due to scattering from nitrogen nuclei in the NH3 beads in
the PPT or metal nuclei in the PPT casing was reduced from
26~/o to 15%. These reductions were very beneficial and al-
lowed us to obtain a +6.6% statistical error in our three-
week run. Unfortunately, the Fo counter appears to have
caused some new types of spill-sensitive backgrounds which
we only partially understand. Thus we decided to eliminate
about 25% of the data where the AGS spill was bad and to
add a systematic error to the remaining data. This resulted
in increasing the error in these data to 10.5%.

The basic problem was that each Fo counter was counting
at about 1.5X10 per pulse. When the AGS spill was fairly
smooth, with perhaps a 750-ms effective spill, the instan-
taneous rates were about 2 MHz which gave little difficulty
to our RCA 8575 photomultipliers and 100-MHz LeCroy

Such accidentals are normally negligible but in runs where
Fo was turned on much of the time they might be signifi-
cant. We did not recognize the importance of such acciden-
tals'until the run ended, so we did not install additional cir-
cuits to monitor them.

Fortunately, early in the run we did notice strange
behavior during. runs with a bad spill. Therefore we in-
stalled a special accidental monitor, F&& delayed by 225 ns
into 8~$3+ d, „,which gave between 350 and 1300 counts per
1-h run depending upon the spill quality of the beam. We
then decided that all runs with more than 680 accidentals
were bad runs. We chose this number so that we would
only eliminate about 25% of the data. We also noted that
for the set of "good" runs the number of FB events per
run gave a x'/(N —1) of 1.07 while the set of "bad" runs
gave a x~/(N —1) of 1.49. We multiplied the statistical er-
ror on each set of data by 4X'/(N —1). We dwell on this
elimination because the rejected data had a negative 3 value
of ( —21+ 14)%. If these bad runs were totally dominated
by counting losses and accidentals then A should be zero,
but we do not understand what might cause a negative A,
although it is only 1.5 standard deviations. We estimated
the systematic error in the good data by comparing its A

value of (13.5 + 7.4)% with the A value obtained when the
bad data were included, which was (6.0+6.6)%. We took
the difference, which was 7.5%, and added this in quadra-
ture with the statistical error of 7.4% to obtain the total es-
timated error of 10.5% for these data, which were taken us-
ing the Fo counter.

Thus we have three independent measurements of A
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which we designate as runs 1, 2, and 3, and list below:

Run

1(1984, Ref.2)
2

3

(51 + 17)%
(22 + 26) '/o

(13.5 + 10.5)%

Combined 2 and 3

Combined 1, 2, and 3

(15+ 10)%
(24 + 8)%

We have also listed the average A value for both later runs
and the average value for all three runs, which is
= (24+8)%. Notice that the run 1 value is larger than our
combined runs 2 and 3 value by about 1.8 standard devia-
tions which is probably a statistical fluctuation since we
found no problems with the run 1 data. Note that the
cross-section-weighted average value of P~ is 6.5
(Gev/c )'.

We have plotted our total combined data point in Fig. 2
along with earlier CERN data and combined data from the
AGS. '2 The numerical value' of 3 at Pt = 5.95 (GeV/c)2
is (16+5.7)%. It now seems rather clear that there is a
strong increase in the spin analyzing power 3 at large P&2.
This rise starts at about P&' ——3.5 (GeV/c)', which is the
starting point for the very large spin-spin effects seen at the
Argonne Zero Gradient Synchrotron. This is the same P~
value where there is a sharp break in the unpolarized p-p
elastic-scattering cross section; this break is probably the
hard. scattering due to the direct interactions of the protons'
constituents.

Most theoretical models' ' such as perturbative QCD
predict that one-spin effects such as 3 must go to zero at
high Pj . A nonzero 3 value is equivalent to having helici-
ty spin-flip terms which are not allowed at high Pq2 in QCD.
Thus if this large value of 3 persists at larger values of P&'
and energy then the usefulness of QCD in exclusive ha-
dronic interactions will have to be questioned. We plan to
extend these measurements of A to Pq2= 7—8 (GeV/c) .

24 GeV CERN
~ 28 GeV AGS
~ This Exper.
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FIG. 2. Analyzing po~er for proton-proton elastic scattering plot-
ted as a function of Pj . Some adjacent AGS data points have
been combined, The curve is a hand-drawn line to guide the eye.
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