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We have measured the polarization for elastic scattering in the reaction m p —+n. p at 2.93 and 3.25 GeV/c using

a polarized proton target and multiwire proportional chambers (MWPC s) with emphasis on large-angle scattering.
Events were selected by fast scintillation-counter logic. Beam trajectories were measured with four MWPC s and the
scattered-particle angles were measured with one or two MWPC s; elastic events were determined by coplanarity
and angle-angle correlations. The polarization is in agreement with previous measurements below ~t~ = 2.0
(GeV/c j, and crosses from negative to positive near the secondary dip in the differential cross section da/dt. In the

backward region, an energy dependence appears with the polarization being large and negative at 2.93 GeV/c and

consistent with zero at 3.25 GeV/c.

I. INTRODUCTION

The qualitative features of available differential-
cross-section data in both 7t -p and g'p backward
elastic scattering are represented adequately by
baryon-exchange models, 7) p backward scatter-
ing being described by a pure I= 3 baryon-ex-
change process, while rt'p scattering has both
I= —,

' and I= —', exchanges. None of these models,
however are successful at explaining existing p'p
polarization data in the backward region from 1.6
to 6.0 GeV/c. ' We have measured v p polariza-
tion at 2.93 and 3.25 GeV/c at all angles, con-
centrating on the backward region. Our limited
data in the forward region, where Pomeron ex-
change is dominant, agree with previous mea-
surements. Our data around, 90' center-of-mass
scattering angle are consistent with earlier mea-
surements for lower I] ~, and extend the range
to higher values of

I
t I, showing the polarization

crossing from negative to positive. Our backward
data show an energy-dependent effect that may
indicate the presence of a resonance, since simi-
lar energy-dependent effects occur near the
&*(2100)and &*(2650) resonance.

The experiment, which was performed at the
Argonne Zero Gradient Synchrotron (ZGS), was
the first of a series of experiments designed to
make use of multiwire proportional chambers
(MWPC's) for measuring the beam and scattered
particles. We obtained good spatial resolution
and phase-space plots of the incident beam on-
line. A new superconducting magnet SCM1 and
He-cooled cryostat PPT-III were utilized to ob-

tain a polarized proton target with polarizations
of 90%.

Figure 1 is a plan view (not to scale) of the ap-
paratus comprising a two=arm spectrometer.
There are four small MWPC's to measure the
incident-pion trajectory, but they are not used in
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FIG. 1. Plan view of apparatus: S scintillator, MH momentum hodoscope, SC scattering chamber, IC inner cham-

ber, BA beam anticoincidence counter, I left scintillation hodoscope, R right scintillation hodoscope, and PPT polar-
ized proton target.
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the fast-trigger logic system. A coincidence of
S„S„andS, with the absence of B&, (a hole
counter) defines a beam particle. Likewise, the
scintillation-counter hodoscopes p, -P~ and 1.,—1.»
define the presence of scattered particles, while
Bg, vetoes the noninteracting beam particles.
Four additional anticoincidence counters, two
above and two below the cryostat, are used to veto
inelastic proce sse s.

Section II describes the fast-logic system, while
Sec. III describes the MVVPC's in further detail.
Section IV discusses the advantages of the beam
M%PC's in obtaining phase-space plots to tune
the beam, and Sec. V discusses the use of the
scattering MVPC's for locating the target and
finding 7t p elastic scattering from free protons
during the initial tune-up phase of the experiment.
Section VI covers the details of reducing the data
to obtain the polarization values, and Sec. VII dis-
cusses the polarized proton target.

This paper concentrates prj.marily on the ex-
perimental method used in collecting the data, and
on the analyses used to obtain the polarization
values. Our results are discussed briefly in Sec.
VIII.

II. FAST LOGIC

The fast-logic system was set up to reject as
much background as possible by using veto coun-
ters and by triggering on scintillation-counter
coincidences that were timed relative to the beam
telescope to within about 10 ns. The trigger re-
quirement is basically the combination of a par-
ticle in the beam, none of the veto counters hit,
one or more hits on beam right and one or more
hits on beam left that are not in veto. This re-
duces the 5 x 10' v /spill down to ~200 triggers/
spill, which is about all the computer could ac-
cept.

Several different fast-logic triggers were used
during the experiment, depending on the range
in momentum transfer of interest. The basic
components of the system are shown in Fig. 1.
Counters $p $g and 5, are scintillation counters
that form a beam telescope; their areas were
2x4x0. 125, 2.5x2.5x0.125, and 2x2x0.125 in. ,
respectively. The anticoincidence counter BP,
was 4x4x0.25 in. with a 1.25x1.25-in. hole in
its center. The coincidence of Qp $g and $, with
the absence of Bg, essentially defines the number
of particles hitting the target. The g and I, coun-
ters, as well as the veto counter gg&„are either
4 or 7 in. wide, 10 in. long, and 0.125 in. thick.
The g counters are placed behind the right M%PC
with no overlap between them. Counter p&, is
next to the leftmost g counter, and vetoes the

beam. The I. counters are placed behind the left-
side chambers, and some overlap may occur be-
cause the chambers themselves may overlap.
Counter I„~ was close enough to the beam that it
was normally used to veto the beam as well. A

slightly more elaborate trigger allowed some of
the g counters to be combined with logical OR's

into a right-side veto (RSV) circuit and some of
the I counters to similarly form a left-side veto
(LSV) circuit T. he RSV and LSV were then veto
inputs to 7.'. The Qexibility of this circuit easily
allows selection of the kinematic region of inter-
est.

Additional pole anticoincidence counters g,
through &4, which covered the magnet pole face
regions to reject inelastic events, consisted of
three layers of scintillator each 0.094 in. thick.
The first and second layers, closest to the target,
were separated by 0.070 in. of tantalum; the sec-
ond and third layers were separated by 0.120 in.
of tantalum, for a total of about 1.2 radiation
lengths. The anticoincidence counters also in-
cluded a threshold Cerenkov counter upstream
of the momentum slit to veto electrons contam-
inating the beam. All of these were combined so
that any anticoincidence counter in the chain would
veto the event at the master coincidence T. The
logic was spill gated, and event gated.

III. MULTIWIRE PROPORTIONAL CHAMBERS
AND COMPUTER READOUT

Three different kinds of M%PC's were used
during the experiment, all had 2-mm wire spac-
ing. The wires, which were 0.8-mil gold-plated
tungsten at a tension of approximately 70 g, were
at ground potential. A gas mixture of V0% argon
and 30% CO, slowly flowed through the chambers.
It is common to use argon in combination with an
organic quenching agent. ' Because carbon dioxide
does not polymerize under the influence of ava-
lanches, it was chosen in order to keep the cham-
bers clean during the long running periods.

The planar chambers had both X- and p-mea-
suring wires, while the cylindrical chamber had
only angular-measuring wires. The four beam
chambers (BC's) had 64 wires in each plane, while
the scattering chambers (SC's) had 128 horizontal
and 256 vertical wires. The inner chambers (IC's)
had 24 horizontal and 128 vertical wires, while
the cylindrical chamber (CC) had 512 vertical
wires at a radius of 36 cm.

The beam and scattering chambers had their
readout electronics mounted on the chamber, with
the high-voltage planes located 0.25 in. from the
wires. The high-voltage planes were 3-mil alumi-
nized mylar at 4200 V. The cylindricaL chamber
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had remote readout electronics with 5-mil alumi-
num high-voltage planes at 4200 V located 0.25 in.
from the wires. The inner chambers had remote
readout electronics with 3-mil aluminized mylar
high-voltage planes at 2800 V located 0.125 in.
from the wires. An additional amplifier with a
gain of six was added to each cable connecting
these wires to the amplifier boards, enabling the
threshold to be raised from the usual 1 mV for
the other chambers to 5 mV.

The amplifier cards contain eight amplifiers
each, producing a fast OR output for each wire
hit and a latch that is conditionally set by the fast-
logic "store-data" pulse. When the fast electron-
ics-trigger system selects a candidate event, the
store-data pulse is sent to latch the hit wires, and
the spill gate is closed to turn off the fast elec-
tronics to prevent additional beam particles from
incrementing event monitor scalars during the
time the event is being read into the computer
(approximately 1.2 ms} for storage on magnetic
tape.

Each event is read into the EMR-6050 on-line
computer through an interface that appears to the
computer very much like a read-only magnetic
tape. The logic control unit begins a scan of all
the devices connected to it until it reaches the end
of data or until the number of words to be trans-
ferred -has been reached. Each device can run at
its own speed. There are two kinds of events,
physics events triggered by the fast logic, and
"special data" events triggered by a pulse sent
from the computer itself once per ZGS cycle.

The physics events scan a set of six registers
first that contain 72 bits of a fixed pattern and 72
bits indicating the status of scintillation-counter
tags, such as the momentum hodoscope and right-
and left-side trigger counters. Next there are
four 24-bit words for the time-to-digital counters
that were used during setup. Next the logic con-
trol unit reads out the MWPC data through a sep-
arate controller that scans the chambers. The
planes can be connected to the MWPC bus in any
order. The MWPC controller scans each card,
skipping empty cards and transferring the hit
cards (all eight wires}, along with the card num-
ber and some control bits, onto the 24-bit LeCroy
data bus [Fig. 2(a)].

The "special data" events appear as a set of
four 24-bit registers containing 72 bits of a fixed
pattern, eight bits free for tags, and 16 bits of
polarization data sent from the PDP-11/20 com-
puter monitoring the target. Two words from a
digital voltmeter multiplexer are next. The multi-
plexer advances once each ZGS cycle, and reads in
the master high-voltage supplies and beam-line mag-
net shunts for monitoring. The next 20 words con-
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BlOCK CARD
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END DATA
NOISE ON STORE DATA- PARITY ERROR—
MISSEO DATA

DATA PARITY

~-GATE OFF
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START OF SPILL

(b)

ENO OF SPILL

FIG. 2. (a) MWPC data format on LeCroy data bus.
(b) ZGS spill-gate structure.

tain the current values displayed on a set of 20
visual scalers. Figure 3(a) schematically in-
dicates the flow of data into the computer.

IV. BEAM TUNING

The coordinate system is defined with-& = p= P
=0 at the target center, with g along the direction
of the incident beam, pup, and X left from beam.
Figure 4 shows the beam line. The calculations
indicated ap/p = y 2% at the polarized proton target
(PPT) located 125 feet downstream from the 0.375
x 0.375 x 4-in. copper target. The calculated beam
spot was 0.75 in. in X and 0.5 in. in p, with a
divergence of y 7 mrad in & and y15 mrad in p.

The first step was to use calculated initial values
for magnet settings at a given momentum, and to

center the beam in X at the momentum collimator
X22MC1 by using the momentum hodoscope posi-
tioned just upstream of the collimator. This hodo-

scope consisted of eight 0.25x 1-in. scintillator
elements spaced across the beam, and the infor-
mation was tagged for each event. Bending mag-
net X22B2 was set to bring the beam into the Wedge
magnet X2283, which in turn brought the beam
into four MWPC's, two elements of the telescope,
8, and 9„ the anticoincidence counter, QQg and

the PPT.
The advantage of having MWPC's in the beam

line is that they provide the ability to tune the
beam based on phase-space plots generated on-line'.

By triggering on the beam telescope, or on one
of these counters (S,), phase-space plots could be

displayed on an oscilloscope within a few ZGS

cycles. These plots (X vs Y, X vs DX/DZ, and
1' vs DF/DZ) cut down the beam tuning time and
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eliminated the need for an x ray of the PPT cryo-
stat to locate the target position.

V. TARGET LOCATION AND ELASTIC FREE PEAKS
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The cross section for elastic )2 p scattering at
low I t I

is about 30 mb at 3.0 GeV/c, ' so initially
we put a small 1x 1 x0.125-in. scintillation counter
in the coincidence circuit on the right side of the
beam to look for the expected free-proton elastic-
scattering peak in the wire map on the left side
M%PC. When this was clearly seen, the counter
was replaced by a software wire cut that could be
applied to both left-side and right-side MWPC's.
The cut defines an area within which one or more
wires must be seen in X and p. Any wires seen
outside this area veto the event.

The beam is adjusted to be centered at J= y =0
at the target, and is approximately 4x4 cm in
size. Those events passing this cut are saved on
magnetic tape. When the tape is analyzed and
phase-space plots made, we find the defined beam
spot to be approximately the target size and to be
centered in X and y, indicating that these events
are from a properly aligned target.

FIG. 3. (a) Schematic representation of hardware inter-
face to collect and record data. {b) Schematic repre-
sentation of software data reduction of raw data tapes to
obtain polarization.

VI. DATA HANDLING

All of the programs and subroutines for the on-
line EMR-6050 computer were written in assembly
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language, AStST. We had a computer unit (CPU}
with 32x10 24-hit words of core memory, two
tape drives, card reader, paper-tape reader/
punch, teletype, oscilloscope, line printer, and
an interface connected to a LeCroy data bus and
controller.

The ZGS had a beam-extraction period (flat top)
of approximately 0.6 s, and a total acceleration
cycle of approximately 4 s. Typical beam inten-
sities were 50x10' v /spill. At the beginning of
each spill, the spill gate is opened [see Fig. 2(b)]
to enable the fast electronics to detect events and

monitor associated counting rates. Event analysis
is not allowed during the beam spill. When the
fast-logic triggers, the spill gate is closed and
the event is read into a "raw" data buffer in the
computer memory. Concurrently with this, and
between events, events in the raw data buffer are
validated, compressed, and placed in a "packed"
buffer that holds about 35 events. When the event
read-in is complete, the spill gate is turned on
only if there is room for another event in the raw
buffer. When the packed buffer is full, a write
operation to magnetic tape is initiated which pro-
ceeds concurrently with the above. After the end
of the spill a signal is sent to the PDP-11/20
[see Fig. 3(a) and Sec. VHj to obtain the current
target polarization and the previously mentioned
"special data" event is read in and placed in the
packed buffer.

The tapes contain all of the scintillation-counter
tags and MWPC data for each event, the target
polarization and sealer values, and one of the
magnet or power supply's values for each spill.
Events are analyzed between spills primarily to
obtain diagnostic information that can be displayed
on the oscilloscope or printed during the run. For
beam tuning, tracks are reconstructed for the
beam chambers and phase-space plots are avail-
able.

Since this was an asymmetry measurement, it
was important to maintain running conditions as
constant as possible for each set of "matching"
runs. A matching set of runs is two or more runs
where the number of particles hitting the posi-
tively polarized target equals the number of par-
ticles hitting the negatively polarized target. The
target polarization was reversed at three-hour
intervals, typically.

Since the polarization of the target was reversed
by changing the frequency of the microwave power
supplied to it, we did not need to have a sym-
metric apparatus nor know the detection efficiency
of the equipment as long as it remained constant
for the matching set of runs.

Monitoring of the beam and equipment on a run-
by-run basis was necessary to ensure that the

data could be grouped into matching sets. The
more important monitors at our disposal were in
the form of ratios. Dead time was determined
from the number of particles in the gated-beam
telescope divided by the ungated-beam telescope
count. We also measured the beam accidental
rate, the number of triggers per particle in the
telescope, the number of particles per spill, and
the rates of all the scintillation counters that were
not in veto. The fact that the ratio of particles
hitting the target, 7"/7', was close to the ratio
of the noncoplanar background determined later
in the analysis, NCP'/NCP, shows that the runs
did match.

The cylindrical chamber was used only in the
last series of runs, and was useful for rejecting
background events.

A. Filtering

The data were filtered on the EMR-6050 com-
puter, with the program pILTER, and cuts were
made to remove events that triggered but had
problems that would preclude their reconstruction.
Some of the data were filtered on the EBM-370/195
computer, with the program TKLpg, which had
the capabilities of FII.TER but additionally com-
puted the beam trajectories F=gZ+5 and X
+ Q', and wrote an output tape of only good events
in a FpRTRAN-usable form. The output of FILTER
was also processed by TKLpz to compute the beam
trajectories and reformat the data. Figure 3 sche-
matically indicates the flow of data from the ex-
perimental apparatus onto the raw data tapes, and .

the software procedures that reduced these tapes
to obtain the polarization values.

The first requirement in the filter was to guar-
antee that only one particle scattered to beam
right and one to beam left by looking at the p and

L, counters. Only one (or two adjacent} R counters
and one (or two adjacent) I. counters were allowed.

The next requirement was to make a fast kine-
matic check from the trigger counters. A kine-
matics program was written that generated events
at the target center and calculated the trajectories
of the p and p through the magnetic field to the
chambers as discussed below. At 3.25 GeV/c, for
example, backward scattering of the p requires
the proton to scatter within 15' of beam right. A

correlation matrix was made that was 4x 9 or
4x12 (since there were four R's and either nine
or 12 I,'s). For a given R counter, the matrix
defined which g counters were allowed to fire as
determined by kinematic constraints.

Since the trigger was based on the scintillation
counters, and the MWPC's contained noise and

possibly memory of previous events (or the beam),



24

MAGNETIC FIELD IN TTHE: Y=O CM PLANE

I I I, I I I

I. p UER eg +l.

30

25

II
TOP-HAT APPROXIMATION

20

IO

Ch

LLI

LI-

5

Lsl

I I a I I I I I I &
s' a-IO

0 IOO

RADIUS IN CENTIMETERS

l50

. 5. Magnetic field th r=O lp (
xonation).

curve

B. Magnetic-field corre t'orrections

the M%PC d t
cal wires f

a a were clcaned up b r
th dt 'ft

shadow of a t '
a i they were not '

rom the data tai self b 1

ined for each
y ooki g at the w'

coun-

r en the selected tr'
e wire maps

&~was hit. Thus 13
rigger counter (g

or 16 sets of m

, one for each
maps were pro-

n general, when a art

of gas, angle f '
n e electr

o incidence . er
onics timing t

d red a single hit
ers of wires

f ' , and any ga s
in ive or

yce ric

others so '
me of t she chambers

a single part' 1

throu hg a chamber 't was o
c usters. Since the

th —eft chambers. Sim'
occurred with the hor' res,

tial11 h do pered ac side of

The superconductin
'

g magnet SC
o elmholtz-coil

M& is essentiall

tion
i pairs. A corn

g.
ree parts in 10' in the central v

The
o -cm radius.

vol-

e problem of rec
vertex

reconstruc tin the
ex of a scatterin

g e interaction

fied if the particles ar
ing process is greatly simpl

e not bent b

magnet.
its in the ch

correction

in space t
c ambers to

p
e a sence of the f'eld

ave

ese ig lines thb t 'ht
ec

use or event r
e

c e movin fr
on.

g om the cente f
- a ield to its ed e

r o auni-

given by

' s e ge, the angle of bo end is

8= 2 Sin-'(g/2 p),

e momentum of the
ic ield in kG. Th

the field

e beam is

ld to arrive at the
is, and bends in

,.l.„.,h
to'1 1

e pion is calculatede, as well as thee energies and

y momomenta, using kinema
oh d

d o of2

ng.

0 8c . T
m cm

e e ermined for e e r
p

raight line at th
each pa.rticle fr

e calculated r
r er to approxim t

production angl

g
are used an

e par-

h th f ld
fol

e edge is found.
o end to

11 t ' htl
rajector is

m er of
y' opoj a

ta b tw th
ue along with the c

t'd i"t"s"tion point.
e ex-

f cattering an 1gesto

of the ch
e correction value

-squares

1'd' 1 h b
in

er, the calc ' a te
i positions, but the ee scheme is the

ion valu e scat-
tering chamb

b
c ' -c amber correctionion varies from 2



MEASUREMENT OF THE POLARIZATION IN LARGE-ANGLE. . .

to 16'.
The momentum transfer is defined by the par-

ticle on beam right, normally the recoil proton,
and the magnetic-field correction is fairly good
because the energy loss is small. The fast pion
need not be corrected for the magnetic field since
we are measuring an asymmetry, and results
computed without field corrections are found to
be consistent with those made with field correc-
tions in the backward region where particle identi-
fication is not a problem.

Near the 90' region in the center of mass, the
proton can go to beam-right or beam-left and we
have no method of particle identification, so these
data are analyzed twice. If we choose to define
on what we assume is a proton in chamber 5
(beam-right) and look at the conjugate distribution
in chamber 6 (beam-1'eft) we expect to see the free
peak at the angle given by the kinematics of elastic
scattering.

C. Event reconstruction

The input tape for event reconstruction is labeled
"good" in Fig. 3(b); it contains all hardware in-
formation about each event, as well as its beam
trajectory. The program GEORGE reconstructs
the polar angle g and the azimuth p of the two

scattered particles in one of three different modes
depending on the value of the variable Iz (0, 1, or
2).

For Iz =0, only one scattering chamber is used
on beam-right and one on beam-left, and the vertex
is assumed to be at Z = 0. For Iz =1, only one
scattering chamber is used on beam-right, and

the beam-left inner chamber plus one left-side
scattering chamber are used to determine the Z
position where the beam trajectory crosses the
straight-line projection between the hits in the
two left-side chambers. The case Iz = 2 is simi-
lar to gz ——1, except that the right-side inner cham-
ber and one right-side scattering chamber are
used with only one left-side scattering chamber to
determine the Z of the vertex.

The output of GEORGE is a set of nine 20 x 20
scatter plots of g„vs g~. The width and range of
the bins are adjustable to suit the region of in-
terest, forward, 90', or backward. Three b, p
values are used to produce six of the nine histo-
grams. Normally these values are 6', 10', and
15', and the plots are coplanar or noncoplanar,
depending on whether ap is less than or greater
than the selected value. (ap is defined as ps
—p~ —180'.) The other three scatter plots provide
for ranges of ap, and are normally set at 10'-30',
15'-30', and 20'-30' and are used for the back-
ground normalization when a sharp cut, for ex-

ample at the 6' boundary, is not desirable. To
choose different values for these variables,
GEORGE has to be run again. A scatter plot of
8s vs hP is also output to indicate where to set
the limits to differentiate between the elastic scat-
ters and background, noncoplanar, events.

D. Background subtraction

The SIMPLEX program reads the nine histograms
and selects one noncoplanar plot and one coplanar
plot to be used for a set of positive polarization
runs and the corresponding plots for a set of nega-
tive polarization runs. Since the noncoplanar back-
ground is similar for positive and negative runs,
the background is always summed to obtain better
statistics. A weighted sum of the bins on each
side of the free-peak region is made to find two
scale factors g~ and q~, such that the differences
between the coplanar and noncoplanar curves are
minimized on the left and right sides, respectively.
If all the bins on one side are being ignored, then
the scale factor from the other side is used; other-
wise the weighted average of g~ and g~ are used to
form the factor g. The values of g~ and q~ were
typically within 5% of each other. This fact, and
the observation that the coplanar and noncoplanar
data are similar outside the free-peak region,
gives us confidence that the background under the
free-proton peak in the coplanar data can be de-
termined by using the noncoplanar data. In addi-
tion, scattering from a pure carbon target results
in coplanar data with the same shape as the non-
coplanar data. The noncoplanar data in each bin
are multiplied by g to form a normalized back-
ground. The normalized background in the free-
peak region is subtracted from the coplanar data
in the free-peak region to find the number of elas-
tic scattering events from free protons. These
numbers for both values of target polarization are
then used to determine the polarization, as de-
scribed in the next section.

Figure 6 shows a sample distribution for back-
ward elastic scattering when the inner chamber on
beam left was used (I~ =1). The dashed lines de-
lineate the region in which the free peak is ex-
pected to appear. The solid circle is used to in-
dicate the magnitude of coplanar data and the open
circle indicates the magnitude of the noncoplanar
data multiplied by g. In this case, the coplanar
data are for ay&6' and the noncoplanar data are
for 15'&6/&30'. The bin width is 1', with the
first bin centered on 0.5'.

E. Polarization calculations
i

The difference mentioned above can be used to
calculate the differential cross section, provided
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lt = I BACKWARO (SUM) and pr' is the target polarization. Solving for P(e)
gives

LLJ

CA

CLcf

CQ

N+/T+ -X /T
Ã'/T')& +S /T )&'

In terms of the ratio R =T'/T we have

N+ -gN-P'"=~a;.R~-P, .

(6.4)

(6.5)

I—
LIJ

LLJ

CO

UJ
CD

5 IO I5 20

e„ IN OEGREES (PROTON ASSUMPTION)

FIG. 6. Sample data from program smpLEx indicating
the free-peak region for Iz=1. The pion is at 108 on
beam-left. This is the conjugate distribution of the pro-
ton and the bin width is 1 per bin.

we know the acceptance and efficiencies of the
detection equipment, and the beam Qux, and pro-
vided that the efficiencies remained constant for
long periods of running. For polarization mea-
surements we only need to know the differences
in the rates of scattering over relatively short
sets of runs (several hours), during which the
efficiencies could be kept reasonably constant.

The background under the free peak, B, in-
cludes both the positive and negative data; it was
scaled by the factor g to match the coplanar data
in the wings. There we obtained the number of
elastic events by

x'= s'- AT'/(T'+ T ),
x-=s- —@AT /(T'+T ), --

where N' and N are the true number of free
events normalized for equal beam flux, $' and g
are the number of events in the free peak (includ-
ing background), B is the background, g is the
scale factor, and g' and T are the number of
particles hitting the target. The polarization is
given by

( )
s'-Rs

s'p-+s-Rs (~"~ )R"—
(I+ I/R)

(6.6)

The error in this polarization is taken to be sta-
tistical, so we take the partial derivatives with
respect to each physically independent variable:

BP 2 BP
I
z s'I'+, s I

~s- I'

+ —
I
&&I'+ —

I &n I'.BP', BP'
BB Bq

(6.7)

If the data have a Gaussian distribution we have

I~s'I'=s', I&s I'=s I&&l'=&. (6.6)

Since g is evaluated in the wings of the distribu-
tion to make the CP and NCP data match, in the
first order it is given by g = CP/NCP. The data
quoted in the tables do not include a systematic
error of approximately 0.04, which is the esti-
mated error in the target polarization.

For a matching set of runs, P' is approximately
equal to T . If the noncoplanar background (NCP)
contains no elastically scattered events [coplanar
(CP)], then the ratio NCP'/NCP should be ap-
proximately equal to g. The g'.s have to be nor-
malized for various conditions that preclude the
analysis of some events, such as two beam tracks
or hardware readout malfunctions. In general,
when the equipment is running well, the T'/T
ratio is close to the NCP'/NCP ratio after the
normalization is made, and the T'/T ratio is
used. In performing the normalization, some runs
appear abnormal (due to equipment failure) and
can be skipped before GEORGE is run to prevent
any bias.

Including the background subtraction in Eq. (6.5)
yields

—,= —,[I+a(e)P;),

—= —,[I -P(e)P;],
(6 3)

where N is the true number of free events that
would have been obtained with T particles incident
on an unpolarized target, P(e) is the polarization,

VII. POLARIZED PROTON TARGET

The polarized proton target (PPT) used was
PPT-III, designed and built at ANL. This target
has the N-type design, that is, the direction of
polarization is normal to the nominal plane of
scattering. Specifically, the spin axis is vertical,
and scattering is in the horizontal plane. The
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aperture of the target magnet allows one to detect
events with the normal to the scattering plane at
an angle as large as F30' to the vei'tical.

The magnet used with this target consists of
two pairs of superconducting Helmholtz coils. This
arrangement provides a field of 2.5 T in a cylin-
drical volume, 2 cm high, and 5 cm in radius,
with field uniformity b.B/B&+0.0003. The target
cryostat is a horizontal continuous-flow 'He re-
frigerator with 4He precooling. The main 'He pump
is of the oil-booster type, 4 which permits opera-
tion at a 'He temperature of -0.4 K with a total
target heat load of 25 mW.

The target material was ethyl, ene glycol, doped
with potassium dichromate and frozen in the form
of -2-mm-diameter spheres. The target length
was 8 cm, and the lateral dimensions were 2 cm
each. The density of the target was measured to
be 0.82+.05 g/cm'. The composition of the target
material, by weight, was as follows: C (34/o),
H (8.3%), 0 (49%), K (3.9%), Cr (5.1%). The hy-
drogen nuclei were polarized by microwave dy-
namic nuclear cooling. '

A computer-based nuclear -magnetic-resonance
(NMR) spectrometer was developed for on-line
measurement of the target polarization. A PDP-
11/20 computer was used to extract the NMR sig-
nals from the background noise, provide on-line
polarization values, and monitor the target for

performance optimization.
Figure 7 is a diagram of the NMR spectrometer

electronics. The computer first samples the cen-
tral value of the voltage-controlled oscillator
(VCO) using the frequency counter, and determines
the range of a linear voltage ramp to frequency-
modulate the VCO by p200 KHz around a central
value of 108 MHz. The voltage range of the digital-
to-analog converter was -10 to 10 V, and 256
points were sampled over a range of 18.75 V, so
the VCO could drift by +13 KHz before problems
arose.

After attenuation in a constant-current source,
this signal is sent to the parallel-resonance tuned
circuit consisting of the NMR target coil, the 30
pF tuning capacitor, and a -', -wavelength-long ca-
ble. The presence of the nuclear spins causes
the tuned circuit to modulate the ampIitude of the
signal, which is amplified and sent to a diode de-
tector triplet with high- and low-pass filters. This
signal is sent directly to the computer as the p
signal. To form the Dp signal, a dummy circuit
produces a signal of similar'amplitude and general
shape. This dummy signal is inverted and summed
with the NMR signal and a signal proportional to
the ramp, so that the characteristic nonlinearities
in the electronics can be minimized, and so that
the magnitude of the high-frequency noise does not
exceed the 10 V limit of the analog-to-digital con-
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FIG. 7. NMH, spectrometer block diagram.
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verters. This is important in measuring the "ther-
mal equilibrium" (TE) polarization, where the
noise along with the signal is amplifj. ed 200 times
more than the enhanced polarization signal. A
voltage lookup table is used to correct for non-
linearities in the diode triplet.

The NMR data are acquired at a ramp repetition
rate of about 100 Hz. To reduce high-frequency
noise, 1000 DV-type sweeps are averaged and 100
V-type sweeps are averaged. Low-frequency
noise is only a problem in the TE signals, and
has a time constant on the order of minutes. This
is reduced by measuring the TE signals enough
times (typically 100) so that the standard devia-
tion of the mean area under the TE signal is less
than one percent.

The background signal (spectrometer response
in the absence of nuclear resonance) must be sub-
tracted to obtain the signal area needed to cal-
culate the polarization. The background shape is
obtained, approximately once every hour, by shift-

. ing the magnetic field by +15 mT for positive en-
hancement and -15 mT for negative enhancement.
A signal is then taken in the usual way and this
g)p "baseline" is subtracted from all NMR DV
signals taken before any processing is done. In
the TE case, the magnet is alternately changed by
y15 mT. Second-order corrections to the polariza-
tion values are made as in Ref. 6.

The program is written in assembly language
for the PDP-11/20 computer and used by many
target operators, some of whom are not familiar
with computers. The operating system was de-
signed to be small, fast, easy-to-use, and flexi-
ble. It appears to the operator as a set of 49 items
in a menu of tasks to be executed. ¹ine of these
tasks acquire and analyze target data; the others
perform calculations or some utility function.
During data acquisition, as a convenience to the
operator, a background program can be activated.
This background program operates in the same
way as the main (or foreground) program, except
that it can only execute a nonconflicting subset
of the 49 tasks.

During data taking, the program displays the
polarization on a numeric LED readout and the
NMR signals on an oscilloscope. It controls the
magnet power supply to correct for drift and to
make the necessary 15 mT shifts for baseline
recording. Upon request, the polarization and/or
status of the target is transmitted to the main
experimental computer.

VIII. DISCUSSION OF RESULTS

Earlier polarization measurements' ' in pp
elastic scattering up to It I

= 2.0 (GeV/g)' show a
mirror symmetry, P(m'p)= —P(v fp), due to the

CV

E

b

2
IO

3.0Gev/c

~COFFIN et al.

IO ~ & FELLINGER et ol.I

=4

IOI =

IO

Io'

( b I
2.93 Gev/c

05 — ~ THIS EXP

e0 ~ fV

-0.5— ~ ~

- I.O

I 0 (& j 3.2 5 Gev/c
~ THIS EXP.
& SCHEIO et ol.0.5—

-o.s—
—I.O I I I

I . 2 3
- t (Gev/c)

2

FIG. 8. (a) Differential cross section for x p elastic
scattering at 3.0 GeV/c. (b) Polarization for z p elastic
scattering at 2.93 GeV/c. (c) Polarization for x p elastic
scattering at 3.25 GeV/c.

interference of I=O andi=1 exchange in the t chan-
nel. A secondary dip in the cross section near
It I

= 2.8 (GeV/e)' has made measurements beyond

I t ~

=2.0 (GeV/c)' difficult. Our measurements in-
vestigate this region, which also extends past the
center-of-mass aiigle of 90', and are shown in
Fig. 8 (tabulated in Tables I and II). Figure 8
shows previous measurements for 7I'p elastic scat-
tering for comparison. The interesting aspect of
our data (also seen in the v'p data) is the change
in sign from negative to positive polarization near
this second dip in the cross section.

The classical optical model of absorption and
scattering by an opaque disk of radius 1 fm, the
range of the strong interaction, describes some
of the gross features. The elastic cross section
is equal to the inelastic cross section, and repre-
sents diffraction scattering. The angular distribu-
tion of the elastic scattering is the Fourier trans-
form of the spatial distribution of the target par-
ticle and, for the )th partial wave, it is repre-
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sented by P, (cos8).'0 For small angles, q'&0. 2

(GeV/c)', the sum over the Legendre polynomials
is proportional to a first-order Bessel function.
This model, however, does not account for the
elastic scattering shape at higher momentum
transfer, nor does it give any energy-dependence
information.

The strong forward peak can also be described
by a peripheral interaction in which many partial
waves are involved. In elastic scattering of g p
we can write the total cross section and polariza-
tion in terms of the nonflip, f(8), and spin-fiip,
g(8), amplitudes as

and

where

(8 2)

N

f (8)=g [(&+1)A„,/, + lA, ,/, AP, (cos8)

g(8) Z (At+1/2 Al -1/2) l (
l =1

(8.4)

FIG. 9. (a) Differential cross-section for 7t'p elastic
scattering at 2.5 GeV/c. (b) Polarization for z'p elastic
scattering at 2.31 GeV/c.
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where J=fy —,
'

and A = (qe"~ —1)/2i, with 5 being
the phase shift and g being the amplitude of the
particular partial wave. For higher values of in-
cident pion momentum (above 2 GeV/c) the partial-
wave analysis becomes very difficult, because the
number of partial waves required increases with
energy, and accurate measurements are needed
at all angles.

To describe the scattering amplitude, it is con-
venient to use the Mandelstam variables in the
reaction A+B- C+D (e.g. , m p- m p as in this
study):
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The g channel is the direct channel, and forma-
tion resonances are observed when the total cen-
ter-of-momentum system (c.m. s.) energy, vs,
reaches the energy of the resonance. This mech-
anism is dominant for small values of g, and
the baryon resonances N (1688), Ã (1525), and
a&(1236) are examples. The exchange of poles
in the t channel corresponds to formation reso-
nances in the direct channel. These g-channel
resonances are most readily seen in the backward
region for p p elastic scattering where the dif-
fractive effects, or pomeron exchanges, are
small. The total cross section, a function of en-
ergy in 7Ip scattering, smooths out above 2.5
GeV/c and resonant bumps are not easily observed.
(The data in Figs. 8-12 are taken from Refs. 11-
23.) The energy dependence of the polarization,
however, shows structure which may indicate the
presence of new resonances. For example, struc-
ture in polarizatj;on may be caused by the inter-
ference of g-channel resonances and a background
term. The background term can be estimated
from phase-shift analysis. ~ This approach ap-
plied to p p elastic scattering near 2.0 QeV pre-
dicts that the polarization is negative in the g.

channel (in the range -0.2 &u & —1.0 GeV/c) for
incident pion momenta just below the z-channel
resonance, crosses through zero at the resonance,
and then becomes positive above the resonance.
This is shown in Fig. 10 for the N*(2190) at a
laboratory momentum of 2.07 GeV/c, and a simi-
lar result is shown in Fig. 11 for our data on the
N*(2650) at a laboratory momentum of 3.25 GeV/c.
The N*(2650) has been seen in total cross sec-
tions, and is assumed to be a Hegge recurrence
of the N*(2190), but perhaps this method can pro-
vide information useful in determining its J value.

If.the reaction involves a simple exchange in
the u channel, and is peripheral, then g p scat-
tering in the backward region might satisfy a "de-

rivative relationship" between the differential
cross section and the polarization~4 of the form

y (u) = 5(e)(2q' cos g,„)—[inc (u)],
8

ep,
(8.6)

where o(u) =dc/du is the differential cross sec-
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FIG. 11. Polarization for m p elastic scattering in the
backward region as a function of ~ for incident beam
momenta of 2.93, 3.25, 3.50, and 6.00 GeV/c.

FIG. 10. Polarization for m p elastic scattering in the
baclovard region as a function of g for incident beam
momenta of 1.60, 1.70, 1.88, 2.07, and 2.28 GeV/c
(see Ref. 21).
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FIG. 12. Differential cross section and polarization as a function of u in the backward direction indicating the success
of the "derivative rule" for this experiment.

tion and g(g) is a scale factor. Figure 12 shows
our data in the backward region. The smooth
curve through the differential cross section is an
eyeball fit to the data for both the 3.0 and 3.25
data. The curves through the polarization data
are derived by applying the derivative relation-
ship to these cross-section curves. The rela-
tionship is satisfied, suggesting the reaction is
indeed peripheral in the backward region.

In addition, an attempt was made to apply the
derivative relationship to the data near the second
dip in the cross section. '4 As the sign of the slope
of the cross section changes, there is a sign
change in the polarization, suggesting that the
reaction mechanism may involve a simple, ex-
change and that it is likely to be peripheral.
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