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The elastic cross section for proton proton scattering at 11.75 GeV/c was measured at the Argonne ZGS using a
50% polarized target. In the range pf = 0.6 - 2.2 (GeV/c)? we obtained precise measurements of do/dz(if) for the 11,
14, and t{ initial spin states perpendicular to the scattering plane. We confirmed that the asymmetry parameter, A,
decreases with energy in the diffraction peak, but is approximately energy-independent at large pf We found that
the spin correlation parameter ¢y, acquires rather dramatic structure, and at large p] seems to grow with energy.

In recent years the evidence for the importance of
spin dependence in high energy strong interactions has
been increasing. This spin dependence was first studied
successfully using the polarized proton targets at
Berkeley [1], CERN [2], and Argonne [3]. During
the past few years the ZGS polarized beam has allowed
new and even more precise measurements of the elas-
tic spin dependence [4—7]. Recently the polarized
beam operated at 11.75 GeV/c allowing the first
measurements of pure spin elastic cross sections
above 6 GeV/ec.

The polarized beam was accelerated to 11.75
GeV/c to avoid extraction near the very strong de-
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polarizing resonance at 12.11 GeV/c¢ [8]. The internal
intensity at 11.75 GeV/c was as high as 7 X 10% per
4.0 sec pulse. The extracted beam intensity was as
high as 4 X 109 and averaged about 2.5 X 109 per
pulse. There was some difficulty with beam depolar-
ization due to limits on the pulsed quadrupole cur-
rents necessary to completely jump the last few de-
polarizing resonances [8]. The average polarization for
the entire one month run was about pg = 47%. The
ZGS staff [9] partially reduced the depolarization by
reducing the vertical beam size; and by the end of the
run Py was averaging about 55%. Further work on the
pulsed quadrupoles and beam size will be necessary to
maintain a 75% polarization, as at 6 GeV/c.

We scattered the polarized beam from the Michi-
gan-Argonne PPT V polarized proton target [10],
which is a close copy of a CERN target [11]. The PPT
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is maintained at 0.5°K in a magnetic field of 25 Kg
and contains beads of propanediol, C3HgO,, doped
with K,Cr,05 in a flask 4.13 cm long by 2.9 c¢m in
diameter. The free protons in the propanediol are
pumped into a polarized state by the 70 GHz micro-
waves from a carcinotron tube, using the highly polar-
ized Cr electrons. The proton polarization i$ measured
using a 107 MHz NMR system with signal averaging,
which is calibrated against the known thermal equi-
librium polarization with a + 3% precision. The target
polarization has been as high as Py = 85%, but the
high polarized beam intensity caused radiation dam-
age which reduced the average Py to about 65%.
Maintaining even 65% required annealing the PPT
every 3 days to remove some of the radiation damage.
Two independent NMR coils with different diameters
measured the variation of Py with transverse position
caused by the variation in radiation damage. The
small coil was a straight wire along the beam axis; the
large coil was a 1.0 cm diameter helix coaxial with the
beam axis. With a freshly annealed PPT the measured
Py difference between the two coils was less than 2%;
but after several days of irradiation the difference was
as large as 7%. We averaged the values of Py measured
by the two coils.

The beam polarization was measured using the high
energy polarimeter shown in fig. 1. This was very simi-
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lar to the polarimeter used in our earlier measure-
ments [4, 6, 7] and was only modified slightly to
operate at 11.75 GeV/c. At this energy the asymme-
try parameter, 4, is only about 5% in the diffraction
peak but is much larger at large Pf. Thus we set the
polarimeter to simultaneously measure p-p elastic
scattering to the left, L, and to the right, R, at Pf =
1.4 (GeV/c)2. The beam polarization is given by

1{L-R
] O
We obtained 4 at Pf = 1.4 (GeV/c)? by measuring
elastic scattering from our downstream polarized tar-
get using the FB spectrometer shown in fig. 1 and de-
scribed later. In this calibration run the beam polar-
ization was ignored and we used the measured polar-
ization of the target to obtain 4 = 15.83 % 0.80%.
This was combined with a nearby [12] result at P2 =
1.42 (GeV/c)? and 1233 GeV/cof 4 = 14.7 £ 2.0%
to give for the asymmetry parameter

A=157+0.7% @)

which we take to be the analyzing power of our po-
larimeter. We directly showed that the analyzing
powers, A, of the polarimeter and the spectrometer
were identical by comparing the two simultaneously
measured asymmetries during the Pl =1.4(GeV/c)?

Fig. 1. Layout of the experiment. The polarized beam passes through the H; target and its polarization is measured by comparing
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 F and B counters. The M, N and K counters are intensity monitors, while

S1, S5, and S3 monitor the beam position.
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calibration run:

_FB(?) — FB(}) _
Py A (spectrometer) = FBCY) * FB(L) 7.54 £ 0.52%
3
L_R (3
L+R

The FB(1) and FB(!) are the elastic event rates with
the beam spin respectively up and down.

We used the double arm FB spectrometer to meas-
ure the differential cross section for the elastic scat-
tering of the polarized beam from the polarized tar-
get. This spectrometer measured both the angle and
momentum of both the scattered and the recoil pro-
tons, using 3 magnets and the 6 scintillation counters
F,F,F; and B; B,B; as shown in fig. 1. By varying
the currents in the 3 magnets and reversing the PPT
magnet we were able to cover the range P? = 0.6>2.2
(GeV/c)? by only moving the B counters. The forward
scattered proton was defined by the 15 X 13 cm
(hor. X vert.) F5 counter placed about 18.4 m from
the PPT. The F3 momentum bite was AP/P =+ 7%
while AQ,p =~ 0.57 104 sr. The recoil proton was
defined by the 5 X 20 cm By counter placed about
5.5 m from the PPT. The B; momentum bite was
AP/P = +3% while AQ,, ~ 3.3 10~4 sr. The c.m. an-
gle subtended by F3 and B3 each varied considerably
as P? was changed between 0.6 and 2.2 (GeV/c)? due
to changes in the Jacobians and in magnetic focusing.
Thus sometimes F3 defined vertically while B de-
fined horizontally and sometimes the opposite oc-
curred. Moreover since the c.m. angles were almost
equal, there was insufficient “overmatching” to allow
for multiple Coulomb scattering, beam size and diver-
gence, and magnet variation. These effects reduced
the “effective” solid angle by as much as 50% with a
large uncertainty. We decided to accept this uncer-
tainty and to use other data [13] to normalize our
absolute differential cross sections. Thus we obtained
a very clean elastic signal by keeping tight angle and
momentum constraints on both arms. Recoil magnet
curves at Pf =0.6, 1.0, 1.4 and 2.2 (GeV/c)? indicated
that inelastic events and events from non-hydrogen
protons were typically less than 3%. The F—B acciden-
tals were continuously monitored and subtracted and
were always less than 0.3%.

We monitored the size, position, and angle of the
beam at both targets using the segmented wire ion
chambers (SWIC’s) shown in fig. 1 as S;, S;, and S3.

Py A (polarimeter) = =7.69£0.19%.
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These were maintained by the ZGS staff. The beam
size at the PPT was about 10 mm FWHM and the
beam was kept centered to about £0.5 mm. The beam
profile indicated that more than 97% of the beam
passed through the 29 mm diameter PPT. This reduced
possible errors due to variations in the fraction of the
beam passing through the PPT caused by beam move-
ment and by changes of the beam size. This error was
reduced further by flipping the direction of the beam
spin every pulse and reversing the target spin about
every 8 hours and then signal averaging away any vari-
ations. The remaining uncertainty was normally less
than 1% as will be shown later.

We want to obtain the differential elastic cross sec-
tions do/dz (/) in each initial spin state normal to the
scattering plane (i, j = beam, target). We must first cal-
culate the normalized event rate, Ni]-, from the number
of FB(j) events in each of the 4 initial spin states (11,
1,41, and {{) using

- FB())

T ()
The quantity /(i) is the number of incident protons
which was measured by the N and K monitors which
were calibrated during aluminum foil irradiation runs
with a 7% normalization uncertainty. Our final results
are totally independent of this uncertainty. We then
calculated the 4 pure two-spin cross sections from the
equations

do/dt(11) =(do/d)[1 +24 +C_ ]
dofdr($4) =(do/dO[1 —24 +C ] 5)
do/dt (1) = do/dr (4 1) = Wo/dn [1 - C, ]

where (do/d®) is the measured [13] spin average cross
section. The spin correlation parameter C, , is given
by

Npp =Ny — N Y,

Con ™ (6)
nn PyPLIN,

The asymmetry parameter A is obtained by averaging
over either the target or beam polarization

y =NM+NN_N¢1"NH
B PBENij
(7
A =NM“NN+NH "N\u
T PTENij
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Table 1
List of 4, Cypy, and da/dz (i)/(da/dp) for each Pf *. The values of A and 4 g whose equality is a consistency check are also given.
The errors in 6 (14) and o(11) are identical.

P At Ag A Chn do/dt(11) dofdt(41)  dojdr(11)
[GeV/e]? (%] (%] (%] (%] do/dt Wofdp do/dn

0.6 1.8+04 1.9:0.5 1.8 +0.3 6.7+0.7 1.103+0.009 1.031 0.933 £ 0.007
0.7 0.0+04 0.9 £ 0.6 0.4+0.3 5809 1.066+0.011 1.050 0.942 + 0.009
0.8 2.1£0.5 1.9 +0.7 20+04 3.0+ 1.1  1.070 £+ 0.014 0.990 0.970 £ 0.011
0.9 3.2+0.5 3.2+0.7 3204 -1.121.1 1.053+0.014 0.925 1.011 £ 0.011
1.0 6.0 0.7 8.0+ 1.0 7.0+ 0.6 39+1.7 1.179£0.021 0.899 0.961 +0.017
1.2 126 09 168+ 1.2 14.7 =+ 0.7 8.4+2.0 1.378+0.024 0.790 0.916 + 0.020
1.4 15.8+0.8 15.5=+1.1 15.7 £ 0.6 8.1+1.6 1.395=+0.020 0.767 0.919 £ 0.016
1.6 12.1+21.3 155+ 1.7 13.8+1.0 11.2+2.8 1.388=0.034 0.836 0.888 + 0.028
1.8 11.1£0.8 11.3=+1.1 11.2£07 109=+1.7 1.333:0.022 0.885 0.891 £ 0.017
2.2 6.9+1.2 6.0+1.5 6.4 1.0 7.3+£24 1201 £0.031 0.945 0.927 + 0.024

*  All errors are statistical. There are additional normalization uncertainties due to our knowledge of Py and P which typically
total +0.5%.

The equality of Az and Ay required by rotational in-

variance gave a consistency check which held to with-

in the errors for each P% point as shown in table 1.

] By averaging Ap and Ay we obtained an even more

p+p —>p+p | pre;Ee vz.ilue of1.4, ‘ . .
175 GeVic | e dlfferentl.al Cross sections o.t')tamc?d from this
! data are plotted in fig. 2 as do/d¢(jf) against P2. The

jz/d‘ (1) ] do/dt (i) are normalized to the 12.0 GeV/c measure-
do;j: ((*‘B ments of {do/de) of Allaby et al. [13], who quote a

<ao 1+15% normalization error and a +8% point to point

61D Allaby etal. error. These errors do not affect the comparison be-

] tween the different spin states at each P2 which have

1 1 or 2% errors not visible on this plot.

The most striking feature of this graph is the sharp
change in the spin dependence at the break in the
cross section. In the small Pf diffraction peak, all three
1 do/dt (i) drop off rapidly as exp(—7.1 P?) to
exp (—7.9 P2). The diffraction peak spin dependence
is fairly difficult to see on this graph, however,
da/dt(1)) clearly crosses do/dz(44) at about Pf =0.8
] (GeV/c)?. There is then a sharp break in do/d#(11) at
1 P2~ 1.0 (GeV/c)? while do/dz(t}) and do/dt(I4)

100

0D | emrer)

do
dt

Fig. 2. The differential elastic proton proton cross sections,
do/dz (i), for each pure initial spin state are plotted against
Pf at 11.75 GeV/c. The initial spins (i, j = beam, target) are
measured normal to the scattering plane and the forward
proton scatters to the left as shown in fig. 1. The errors
1 2 shown are for the spin dependence only and there are addi-
Pi [GeV /C] 2 tional 8% and 15% normalization errors in (do/ds) described
in the text [13].

242



Volume 63B, number 2

do not break until about P2 ~ 1.1 (GeV/c)?. After the
breaks, do/ds(11) and do/dz(t) have roughly similar
slopes: exp (—1.7 P?) and exp (—1.6 P?) respectively,
and do/dz(11) is some 50% larger than do/ds(1!).
Notice that do/dz(44) starts off in this large P? region
being smallest but has a much flatter slope, exp(—1.3
P3). It crosses do/dz (1) at about P2 ~ 1.8 (GeV/c)2
and seems to be heading towards do/d¢(11). We plan
to see if this behavior continues at larger P2.

It is interesting that the break in each pure spin
cross section is quite sharp. These breaks occur at a
different Pf for each do/d#(ij) which may cause
smoothing in (dg/d#). It would be interesting to study
these pure spin cross sections at very high energy
where (do/ds) itself has a sharp dip at the end of the
diffraction peak [14]. The behavior of the do/d#(if)
may give some indication about the source of this dip.
In a geometrical model, the inequality of the slopes
and the magnitudes of the different do/dz (i) indi-
cates that the proton proton interaction regions have
different sizes for each different spin state [15].

The values of 4 and C, ,, at 11.75 GeV/c obtained
from the data are listed in table 1 and plotted against
Pf in fig. 3 along with other data. Our results general-
ly agree well with other measurements of A near
12 GeV/c [2, 12, 16] but are more precise. There are
no previous measurements of C, , near 12 GeV/e.

We have also plotted our earlier measurements of 4
and C,,, at 6 GeV/e [6, 7] to observe the energy de-
pendence of these Wolfenstein parameters.

The general behavior of 4 was known from earlier
experiments [2, 12, 16, 17] and our new more pre-
cise measurements only emphasize it. In the diffrac-
tion peak region A decreases rapidly with energy and
is typically 5% near 12 GeV/c. In the large angle re-
gion beyond PE =1(GeV/c)? A is quite large, typical-
ly 15%, and appears approximately independent of
energy. Near P2 = 0.7 (GeV/c)? A4 has a minimum at
6 GeV/c which becomes a narrow zero at 11.75
GeV/e. Our tiny errors make this zero very clear.

The behavior of C,, , is quite surprising. At 6
GeV/c C,,,, is about 10% in the diffraction peak but
drops to about 3% at large Pf and has little structure.
At 11.75 GeV/c C,, has a very narrow dramatic zero
which occurs at Pf =0.9 (GeV/c)? and is somewhat
similar to the zero in A. The similarity of these narrow
structures in A and C,, , suggest looking for some re-
lation between them, but we could find no obvious
relation from general principles.
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e This exp 11.75 GeV/c
020 o Fernow et.al. 6 GeV/c
| o Ratner et.al. 6 GeV/c
x Abshire et.al. 12.33 GeV/c
r a Borghini et.al, 10 and 14 GeV/c
C average
nn +
0.10

P! [Gev/cl

Fig. 3. The Wolfenstein parameters A and Cp,p, for p—p elastic
scattering near 6 and 12 GeV/‘c are plotted against Pi. For
some other experiments [2, 6, 12, 16] some bin sizes have
been increased at large PJZ_ to improve the statistical error. A
few points with very large errors have been ignored. The
curves are hand-drawn lines to guide the eye.

At large P2, Cp., has a broad maximum and is much
larger at 11.75 GeV/c than at 6 GeV/c. This large P?
behavior is quite interesting as it was not expected
that the spin dependence of strong interactions would
increase with increasing energy. Our data jndicates
that at large Pf the spin-orbit interaction ¥ A is rather
independent of energy, while the spin-spin interaction,
C, 5> Seems to increase with energy between 6 and 12

GeV/c.

* The left-right asymmetry, A, parametrizes the spin-orbit in-
teraction, for it measures that part of do/d¢ which depends
on the spins being parallel or antiparallel to the orbital an-
gular momentum. Similarly C},, parametrizes the spin-spin
interaction, for it measures the difference between the spin-
parallel and spin-antiparallel cross sections.

243



Volume 63B, number 2 PHYSICS LETTERS 19 July 1976
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