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ABSTRACT

The differential cross sections for the
elastic scattering of 3?, =, K+, K , p and 5 on pro—
tons have been measured in the t interval ;0.04
to -0.75 Gev? at five momenta: S0, 70, 100, 140,
and 175 GeV/c.ghe t distributiqns'have been para;
meterized by the.quadratic exponential form dg/ﬁt =
A enltl + cltlz and the energy dependence has been
"described in terms of a single-polec Regge model. .
The pp and K+p diffracﬁion peaks are found to shrink -
with o' ~0.20 andt0.15 respectively. The pp Aif-
fraction peak is aﬁtishfinking while 1°p and X p are
ielativaly energy independent. Total elastic cross
sections are calculated by integrating the differen-
. tial cross sections. The rapid decline in g, ob-
served at low energies has stopped and all & reac-
tions approach relatively constant values of Feo1®
The ratio of ge1[gT0T.approaches a cénstant value for
all ¢ rcactions by 100 GeV, consistent with the pre-
dictions of the Geometric Scaling Hypothesis. This
ratio is ~0.18 for pp and pp, and ~0.12 - 0.14 for ='p
and K*p. A crossover is observed between K+p and
Kp séattering atjt|~0.19 Ge;z, and between pp and
pp at|t[~0.11 Gev2. Inversion of the cross sections
into impact paramcter space shows tﬁat protons are

guite transparent to mesons even in head on collisions.



The probability for a meson to pass through a pfo—
ton head on without interacting inelastically is

~ 20% while it is only ~ 6% for an incident proton
or antiproton. Finally, the results are compared

with various quark model predictions.
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I. INTRODUCTION

An experiment has been performed at Fermilab to measure
the.fprward scattering of I?, Kt. and pt by protons using a
single arm spectrometer. ‘This experiment required the design,
layout and-commissionin& of both the medium intensity high
resolution M6E beam in the Meson Laboratory area, and the Sin-
gle Arm Spectrometer Facllity. TheseAefforts spanned the
earliest days of installation.of experimental equipment at
Fermilab and covered the period from January 1972 to April 1974.

To test and calibrate the focussing specirometer and
to make an initia} physics contribution, the first experiment
was designed to measure elastic and inelastic scattering for
the six stable hadrons on both hydrogen and deuterium targets.
The incident momenta studied were 50, 70, 100, 140, and 175 GeV/c.
The range in invariant four momenta transfer t covered ~0.04 to

-0.75 Gev?

and the range in the Feynman x-variable spanned

1.0 2 x 2 0.70. The data were taken.during the pericd from

April 1974 to February 1975. A number of short papers!™3 have
been published reporting on aspects of this woik and additional
papers are in preparation concerning an impact parameter analysis
of the elastic results and inelastic channels in the triple-Regge
region and the rescnance région. In this paper, a description of
the apparatus and experimental procedures (Sections II, iII) and

discussions of the data analysis {Section IV) and systematic er-

rors (Section V) are presented together with the final results for

»



elastic scattering on hydrogen (Section VI). In Section VII,
the results are compared with other measurements of elastic
scattering in this energy region. A general discussion of
elasti¢ scattering is given (Section VIII) in perms of Regge-
pole, opt;':cal model, and quark model concepts.
IX. APPARATUS

The experimental technique was 1) to measure the-momentum
and angle of the incident particle with hodoscopes in the beam
and to tag it as a pion, kacn, or nucleon with the beam line
Cerenkov counters; 2) to measure the momentum and angle of the
forward scattered pafticle and tag it as a pion, kaon, or nu-
- ¢leon using the mnltiwiré proportional chambers and Cerenkowv
counters of the spectrometer. From this information the totzal
invariant mass squared of all unobserved final state particles
was calculated and used to distinguish elastic- from inelasti:
events. A functional description of the beam and spectrometer
systenms pertinent to the elastic scattering measurements is
given below. A detailed tgchnical descfiption.of the facility
will be published separately. '

A. Beam Optics

- M6 is one of six secondary bealns derived from the Meson
Laboratory production target. The béam momentum can be varied
from 20 to 200 GeV/c, and the production angle with respect to
the extracted proton beam from the accelerator is 2.65 mrad in

the laboratory system. The beryllium production ;arget had a



sguare cross section 1.5 mm on the side and was 20.3 em long.

There are three independent stages of the MGE beam with
two intermediate foci before the final focus at the experi-
mental target: a collection stage, in which the solid angle
and momentum bite are established; a 'filtering' stage which
suppresses beam halo from the first stage collimatéfs and
production target; and a recombination <tage which produces
the final achromatic image. Each 150 m long stage is config-
ured as a point-to-parallel-to-polnt imaging system with the
main bend mnagnets located in the parallel region to maximize
the momentum dispersion. The lens systems are guadrupole doub-
lets configured to maximize the transmisskon'ihrough the 10 cn
wide by 5 cm high aperture of the bend magnets. A field lens |
at each intermediate focus serves to maintain the momentum
band transmission from stage to stage. o

The momentum acceptance is adjustable by means of a colli-~
mator up to a maximum of + 0,.6%. The angular acceptance can be
varied over a range of #0.56 mrad in horizontal angle and *0.76
mrad in vertical angle, Figure 1l presents a diagram of the
first stage of the beam line and except for the initial septum
magnets serves to illustrate the optics of any stage. A

Figure 2 shows several ray traces through the beam line
to further illustrate the optics. In Fig. 2a, the ﬁuo basic
rays in the vertical plane are shown, one starting at the origin
with maximal divergence and one starting at .the extrémum object
position with zero divergence. Next, in Fig. 2b, the same two

rays are shown in the horizontal plane along with the momentum



ray which starts with zero divergence at the origin but
with the maximum momentum deviation passed by the beam aper-~
tures. Finally, in Fig. 2c¢, the beam envelope is shown in
both flanes using generalized elliptical phase space for
the combination of the production target emittance and the
"beam transmission.

The relative numbers of plons, kaons, and nucleons ob-—
served at the hydrogen target are given in Table I. The par—
ticle mix is seen to vary strongly as a function of the energy
and polgrity of tiie M6 beam. Yields were typic lly 107 for
2 x 1012 300 GeV/c protons inétdént‘on the Meson Laboratory
production target for positive beam and were as low as a few
times 10° for the negative polarities.

B, Beam Instrumentation

The third (recomhination) beam stage is fully instrumented
to provide trajectory, particle type, and momentum information
for each incident particle. Figure 3 shows a layout of the
third stage and indicates the position and nature of the detec-
tors. At the second focus, the beam is angle recombined but
still highly momentum dispersed. With respect to the production
target, the design parameters at this focus are: vertical magni~
fication = 2.15, horizontal magnification = 1.58, and dispersion
= 4,4 cm/% (horizontal). Therefore, with a 1.5 mm production
target, the 2.4 mm bin size of the mbmentum hodoscope at the
second focus provides an rms resolution in momentum of ¥0.02%.

pownstream of the final beam line quadrupole magnets, in the



drift space before the experimental target, two sets of hori-
zontal and verticaf {x~y) hodoscopes located 16.9 m apart deter-
nmine the incident particle trajectory. The design rms resolution
of,this system in terms of the beam coordinates at the third focus
15 %* 0.4 mm and * 0.06 mrad in both planes.

Three gas Cerenkov counters, also situated in the third
be.n stage, were used for particle identification. An extended
parallel region pravides a suitable location for the operation of
the differential counter‘, which was normally pressurized to r;spond
to nucleons. The DISC counters, which was usually pressurized to
respond to kaons, is located at the end of the parallel region,
after the recombination dipoles, where the beam is also achromatic.
A threshold counter6 was used to identify pions. At 100 GeV/c
for example, the three counters provided particle identification
signals which were > 98% efficient with rejeétions exceeding one
part in 105. |

C. Spectrometer Optics

Since the spéctrometer is situated at 0° to the M6E beam
-line and cannot pivot to vary the scattering angle, it can be
considered essentially as the fourth stage of the beam line.‘
From this perspective, the spectfometer is a pbint—to—parallel-
 to-point beam transport stage using quadrupole triplet lens sys-
" tems and instrumented for full determination of particle type,
trajectory and momentum. Five "main-ring"™ bend magnets disperse
the scattered flux in the horizontal plane according to momentum.
The total momentum acceptance of the spectrometer is ¥33 and the
total angular acceptance is 7 uster. The acceptance was uniform

over ¥ 1/2% in momentum and 4.5 uster in solid angle.
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Figure 4 shows several ray traces through the spectrometer
analogous to the beam information in Fig, 2, However, the beam
envelope 1s derived from a rectangular initial phase space
.distribution instead of the elliptical case appropriate to the
beam. At 25 m from the object point (hydrogen target), the ver-
tical magnification ray passes through zero o that the displace-
ment'is proporticnal to the initial divergence (scattering angle)
only, with a coefflcient of 1 cm per mrad. Further back at 115 m,
the horizontal focus has a magnification of 1.B and a dispersion
of 3.7 cm/% so that a 2 mm bin size here along with a 1 mm de-
‘termination of the incident beam position at the .third focus pro-
vides a design rms momentum resolution of'#D.OB%.

D. Spectrometer Instrumentation

Information about the trajectory and momentum of soattored
particles is provided by ten multiwire proporticnal chambexs
{MWPCs) located at four places along the spectrometer as indicated
4n Fig. 5. 1In addition, there is a gecintillator hodoscope situa-
ted in the focal plane of the front lens system providing redundant
infqrmation an the vertiéal divergence angle. Four remotely ad-
justable jaw counters at this position can be used to establish |
the horizontal and vertical angular acceptances of the spectrometer
separately.

Three thresheld Cerenkov counters6 and a differential Cerenkov

cou.nter‘

serve to identify scattered particles as pions, kaons,
or nucleons. The differential counter was normally pressurized to
respond to nucleons, and it was equipped with an anticoincidence

mirror which gave a signal for pions and kaons with an efficiency
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which depended on the momentum. For momenta less than 150 GeV/c,
the longest threshold counter was set for pions and the two
shorter counters were sét to respond te both kaons and pions,

A kaon event triggered two of the counters while a pion event
triggered all three, providing the signature., At higher momenta,
where the efficiency of the long threshold counter for pions is
significantly less than 100% at kaon threshold, the kaon effi-
clency of the differential counter anti-signal becomes very high
so that all three threshold counters were set for pions to regain‘
the requisite high detection efficiencj. Good ~2jection ratiés‘
(>10‘) were realized for the kaon signal at all energies using
these techniqueﬁ.

The arrays of Cerenkov counters in both the beam line and
the spectrometer provided complete tagging of particle type on
an event~by-event basis for the incident and odtgoing particles
separately. In principle, Qata on nine different reactions could
be taken simultanecusly. For elastic scattering, data on the
three elastic processes were taken simultaneously.

E. Scattering Angle Magnet System

The angle between the incident beam and the spectrometer

was varied by magnetic deflection of the incident beam. 54 system

of three main-ring bending magnets7

-located just upstream of the
hydrogen target was used to pitch the incident beam in the vertical
Plane as shown in Fig. 6. The magnet.spacing is arranged so the
beam always crosses the 0% axis at the center of the hydrogen

target. Since the incident beam is pitched in the vertical plane



- 11 -

and the momentum analysis of the scattered particles is in the
horizontal plane, there is no coupling between scattering angle
and hqmentum resolution. The last two magnets are supported by
.remotely adjustable jack stands, which keep them centered on the
beam axis as the angle is varied. The vertical position of the
trigger counter and the x-y hodoscope located between the last
twe piéching magnets is alsc remotely adjustable, while the li-
quid hydrogen target simply pivots about its center to track
beam angle variations. : .
Each of the three magnets in the system was measured with
a 1ohg £lip coil and with an NMR érobe so that the magnetic
lengths and excitation curves are known to an accuracy of $g_1%.
_The pitching magnets are connected in series along with a 3-foot
long monitor magnet of similar construction. Stability and
repeatability of the angle settings were continuously monitured.
with magnetic field probes loeated in this monitor magnet. Similar
3-foot magnets were placed in series‘with the main bend chains
dn the beam and the spectrometer ﬁo monitor the momentum settings.
Scattering measurements at an angle ¢ were made symmetrically
using the pitching magnzts to ‘deflect the beam both up--(-¢) and
down~--(+¢) in order to eliminate the systematic effect of any
-swall offset between the beam and the spectrometer. (See Fig. 6).
Therefore, the t scale is determined only by the fields in the
pitching magnets and is independent of the alignment of the beam
Xelative to the spectrometer.

For a scattering event, the angle change is determined by
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combining the pitching angle of the beam with the incident and
outgoing divergence angles as measured by the beam line hodo-
scopes and the spectrometer wire chambers. Neglecting the
small divergence angles, -t is proportional to the square of
the integrated field stienéth of the pitching magneés times.the
ratio of the outgoing to the incident momentum for elastic kine-
ma.ics. The estimated to£51 uncertainty in the magnetic lengths
of 0.25% thus leads to a fixed fractional systematic uncertainty
in t of 0.5%. '
FP. Calibrations

The fact that the incident beam can be directed down the
spectrometer at 0° greatly facilitated calibration‘of the spec-
trometer. By varying the appropriate beam or spectromater
parameters, the optical properties were measured directly. For
example, the momentum dispersion coefficient at the spectroneter
focus was determined by varying the current in the spectrometer
magnets with a small, 0.05% momentum spread in the incident beam.
Absolute momentum calibration of #0.1% was provided by the index-
of-refraction chénge between pion and proton Cerenkov light at
a fixed@ angle in the DISC counter. A laser interferometer in
the counter previded a continuous determinatiﬁn of the index of
refraction as the pressure was changed. The total momentum reso-
lution was given directly by the difference between the beam and
apecﬁrometet momentum measurement at 0°. The total angular reso-
lution was measured at the same time. The resolutions of the M6E-
spectrometer system in t, and missing mass squared are shown in

Table II. The resolution actually realized is poorer



than the design resolution Secause of the effect of multiple scat-
tering, power supply ripple, and magnetic field irregularities.

Heasurements of the solid angle could also be
made directly by using the scattering-angle pitching magnet sys-
tem. For the vertical angle hodoscope in the focal plane of the
front lens system, varying the incident anglé at the hydrogen
target causes the beam image to move acr.ss the counters, giving
a direct measurement of the angle dispersion there. 1In actual
practice, the transmission through the jaw counters at the same
location proved a more efficient diagnostic. If the final beam
line lens system is turned off; the beam incident to the spec-
trometer is parallel and is brought to a sharp focus on the plane
of the jaw counters. Varying the incident angle with the pitch-
ing magnets causes the image to sweep across the jaw counters;
the FWHM of such a transmission curve in terms of incident angle
gave a direct determination of the angular dispersion. An example
of this procedure is given in Fig. 7.

By operating the spectrometer at Oolat the same momentum as
the beam, it was possible to measure the performance of the Cerenkov
counters, without the need to repeat the pressure curves. By mak-
ing use of the particle-identification redundancy present when ﬁhe
two sets of counters, beam and spectrometer, were illuminated with
the same particle flux, the efficiency and rejection ratio for each
counter were determined. Such 0° calibration runs were frequently
taken during the course of the elastic measurements, not only to
. check the Cerenkov counter performance, but to mopitor the spectrometer

optics and efficiency and to verify the system momentum resolution.



A model of the spectrometer was set up using the measured pro-
perties of the magnets and theh codified according to the heanm
optics computer program TRANSPORT.? Since the direct measure-
ments of various optics coefficients agreed with the values from
this model to better than 2%, all cross section results have heen
obtained using parameters of the model. Lll:calculatidns were
carried out to second order. The horizontal and vertical planes
were not coupled except thrdugh momentum. The ray-trace and beam-
envelope graphs shown in Figs. 2 and 4 are first order calculations
based on TRANSPORT models for theé optics.
G. The Online Systen

A PDP11/45 computer with the SPEX multi-tasking system9 was
. used fér the data collection. The associated hardware‘included
storage type CRT display, two disk memories, magnetic tape and
DECtape units, an electrostatic printer/plotter, an@ 28K of core
memory. SPEX loaded the programs from the disk in response to
internal and external conditions. Several “tasks”™ could be run
at once with SPEX handling their communication and synchronization.

The online system was used t0 record events and running con-
ditions, perform a simple.data analysis including a cross-~section
Ealculation. ahd monitor the equipment. It also’ aided in sétting
high voltages and timing delays for the hodoscopes-and MWPCs, checking
beam optics and steering, and doing other setup and checkout
chores. Conditions set up at the begiﬂning of each run included the
target (hydrogen, deuterium, or empty) ;nd central values for

the spectrometer angle, spectrometer momentum, and beam momentum.
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At the start of each run the magnetic f£ield strength in the
beam, spectrometer, and angle varying bend magnets, the Cerenkov
pressures and temperatures, and the position of most movables
such as the target, some counters, and the pitching magnets,
were read into the computer. These and the online system para-
meters were printed and written on magnetic tape. Following

A system reset of the electronics, the computer was switched to
the event acquisition mode. An event consisted of 50 to 70 16~
bit words read via CAMAC and the wire chamber interface. Typical
rung included 5K -o 65K events. Tape speed and uffer size
limited the data taking to about 200 events or 14K words per

accelerator spill.

The computer decoded both beam and spectrometer event data

{see Section I11) and created takbles of hodoscope and MWPC ef-
ficiéncies, counts of zvents passing various cuts, counts of parti-
tle and reaction types, beam profiles at each Jdetector, pulse'
.he;ghé spectra, and other diagnostic’ aids. Simultaneously, the
-events, exactly as read, were ﬁritten to a magnetic tape for the
©offline analysis. , For selected spectrometer events, particle tra-
Jectories were reconstructed using first and second- order TRANSPCRT
matrices. Events were then binned by scattering angle and momentum
loss for the cross-section calculation done at the end of the run.
Various phase~space projection histograms were also created. It was
Possible to display any histogram oﬁ a CRT or make a permanent copy
-at any time during the run. At the end of a run the diagnostic and
summary tables with éhe final scaler readings, various counting-

rate ratios of interest, beam spot size and focus location,
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the kinematic running conditions, and plotes of all the
histograms were printed out. ﬁuring the run a séanning digital
voltmeter was used periocdically to read the counter high voltages
and the online system compared these readings to a tab;e of stan-
dards, signaling any errors.
| - H. Target System

Six targets were available for this experiment: 25 cm and
50 cm ldng liquid hydrogen targets, 25 cm and 50 cm liquia deuterium
targets, and 25 cm and 50 cm dummy (evacuated) cells. All targets -
were 1" diameter .lylar tubes with hemispherical Iylar endcaps.
The wall thickness was 5 mils, and the endcap thickness was 3' -
mils. All six cells were housed in a single aluminum scattering
chamber which was under vacuum, with 7.5 mil Mylar entrance and
exit windows. Superinsulation was wrapped around each cell. The
1igquid hydrogen was produced and maintained by a closed-locp
rgfrigeration system which used cold helium gas as the refrigerant.
" In normal operation, the liquid hydrogen was at atmospheri? pres-
sure. A vapor pressure gauge monitored the target density. Dur-
ing the experiment, target operation was stable and no boiling
or icing was observed. The pipes between the hydrogen reservoir
and the target cell were inclined at 5% to the horizontal so that
the cells would. stay full as they were tilted to track the scat-
tering'angle.' .

The target assembly could be moved remotely to position the
desired target on the beam line. Target scans Qerified the align- ’
ment of the cells with the beam. Since the cells were much larger

than the beam spot, the alignment was not critical.
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I. Recoil Particle Detection

Two hodoscopestp loca;ed below the target were used to
measure the z coordinate (position along the target length)
and azimuthal angle of the'recoiling proton. These hodoscopes
only intercepted the‘reéoii proton from elastic scatters when
the incideﬂt beam was pitched down. Their uSe_in the elastic ex-‘
per. ment on hydrogen is discussed in Section IV. <The hodo-
scopes play = a central role in the analysis of data taken on
the deute;ium target.

IXI. RUN PLAN AND DATA TAXING

1he spectrometer vertical angular acceptance of #1.5 mrad
necessitated several incident angle settingsrto cover the t
interval from -0.04 to -0.75 GeV2. The spectrometer momentum ac-
ceptance of *2;Sl'contained the elastic peak and the inelastic
spectrum out past the resonance region. Only the excitation of
the angle pitching magnéts had to be altered to vary the scatter-
ing angle, with the spectrometer magnet currents and Cerenkov
counter pressufes being held constant.

‘Central angle settings of 3.5 to 17.0 mrad were required
to cover the t interval of interest at 50 GeV/c. At 175 GeV/c;
gettings of 2.5 to 4.0 mrad were reéuired. Céﬁtral settings were
-spaced by 1.5 mrad --one half of ‘the spectrometer acceptance--
to provide ﬁ consistency check in adjacent runs, Cerenkov counter .
-deployment varied slightly with incident energy to exploit the

strengths of the various counters.

The basic data acquisition cycle was:



1) Empty targeﬁ: +¢

2) Full target: +¢

3) Full target: -¢.

4) Empty target: -¢

Data taking was influenced by the total flux and composition
{particle mix) of the beam at each energy. When ~2 x 1012
300 GeV/c protons were incident on the meson production target,
several million secondaries scattered intc the M6 beam. A rate
of approximately 2.2 x 106 particles/pulsé was found to be opti-
mal from t.e point of view of pileup effects, and typically the
collimators were adjusted to reduce the flux to this level. VAt
low t values, where the event rate was so high that d?ta acqui-
sition was computer dead-time limited, electronic suppression
{countdown) circuits were used in the beam trigger to reduce
the pumber of triggers on abundant particles tg+, p or E-j so as
to enrich the number of minority particle (kK', K™, P) initiated
events. .

At 140 and 175 GeV/c, it was necessary to go to very small
angles (1.5 to 2.5 mrad) to achieve low t values. Special proce-
dures were necessary to reduce backgrounds from the upscattered
bean whick was thén just at the edge of the spéctrometer acceptance.
Most of the heam.ﬁas.vetoed by four scintillation "jaw" counters
which were positioned to form a precise rgctangular acceptance
- at the.spectrometer angle focus. Final;y, to protect the wire
chambers from the high rates of the unscattered beam, a steel

scraper block was placed downstream of the jaw counters. The



relative placement of the scraper and the jaw counters, shown
in Fig. 8, was such*that the aperture was always deffned by
scintillator and never by steel.

In addition to triggering on scattered events ("spectro-
meter events®), the system was also triggered on a sample of
the iﬁcident particle flux unbiased by the requirement of scat-~
tering into the spectrometer. This sample of *beam events®™ was
used to compute corrections toc the scaled incident flux for the
effect of any selection requirements which were applied to the
incident particle of a scattering event. It also allow~d a
determination of beam hodoscopé and Cere..xov efficiencies, and
a measurement of the position, size, and angular divergence of
the beam. ' |

IV. DATA ARALYSIS
A. Multiple Analyses

Many preliminary studies, both online and offline, were
necessary to understand fully the properties of the apparatus.
From these studies the best algorithms for geometric reconstruc-
tion of the events and for particle identification were chosen.
Pinally, three different and independent cross section calculations
were pndertaken by three different subgroups of the collaboration.‘
The main differences among the calculations related te the criteria
for selecting events for inclusion in the cross sections and to
the details of the accéptance calcnlatibns. The comparison of
the results provided a valuable measure of the possible biases and

errors assoclated with the variocus cuts and selection criteria.
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The averaging procedure by which the results were combined is
discussed below.
B. Event Reconstruction

The three beam-line Cerenkov counters were used to classify
the incidént particle as a pion, kaon; or nuclecn. The four
spectrometer Cerenkov counters were used to élassify the scat~
tered particle type. The momentum, angl.s, and position of the
incident particle at the hydrcgen target were calculated from the
beamrline hodoscope data. The trajectory of the scattered par-
ticle at tue back of the spectrometer was determined from the
MWPC information. This trajectory was trgcéd backward through
the magnets of the spectrémeter, using the known transfer matrix

to obtain the momentum, angles, and position of the scattered
.particle at the hydrogen target. The measurement of the scattered
momentum was improved by constralning the scattered trajectory

to agree vith the horizontal coordinate of the incident particle
at the hydrogen target.

A good track in an MWPC was defined as a single cluster of
adjacent struck wires (no missing wires within the cluster) with
fewer than some maximum number of wires {typically ~3). Individual
chamber efficiencies ranged from 95 to 98%. Although only 75% of
all events had good tracks in all 10 MWPCs, it was not necessary
for every chamber to have a good track in order to completely re=-
construct the trajectory. Extensgive studies were carried out to
determine the configurations of chambers with good tracks which
allow complete recomstruction wihtout degrading the overall mo-

mentum or angular resclution. The resulting reconstruction effi-



ciency was 497% and was uniform over the aperture of the spectro-
meter.

A good track in a beam hodoscope was defined as a single
hit or two adjacent hits. Although, strictly speaking, a2 good
track‘in each of the five hodoscopes was necessary to completely
determine the incident particle trajectory, 6n1y the momentum
hodoscope and the target x-hodoscope were absclutely essential
to the measurement of the missing mass with high resolution.

The other three hodoscopes were involved in angle measurements

and provi. : very small.corrections to the t scale. These correc-
.tions could be included on an event~by—evgnt basis or in an aver-
age way for the whole run. The event-by-event approach was used
in two analyses and the average correction épproach, which accepted
about 20¢ more events, was used in the third.

Because of the rf structure of the beam, roughly 10% of the
time two particles came down the M6 beam line essentially simul-
taneously and produced two tracks in.the beam hodoscopes. All
such events were considered to fail beam reconstruction and the
calculated cross sections were correéted accordingly.

C. Calculation of Uncorrected Cross Sections

From the coordinates of the incident and scattered particles,
the missing mass sguared and scattefing angle were calculated fﬁr
each event. Events were then subjected to various selection re-
quirements and entered into histograms which formed
the basis of the cross section calculation. .The selection criteria

were:



4) successful reconstruction of the incident and scattered
trajectory.

i1) identification of the event as an elastic scatter. The
incident particle had to be unambiguously identified as
a pion, kaon, or nucleon; the missing mass squared had to
s#tisfy a cut for elastic scattering. Once an event had
satisfied this missing mass cut, the identity of the
incident particle alone was sufficient to classify the
type of elastic scattering (m, K, p) because other pro-
cesses which could produce a signal in the elastic peak
are heavily sﬁppressed by dynar.ics. The idéntification
of the scattered particle provided by the spectrometer
Cerenkov counters was available as a redundant check on
the elasﬁic nature of the_evéni.

iii) satisfaction of geometric acceptance cuts. Geometric
accéptance cuts were placed on the horizontal and vertical
scattering angles. For 1+, 1-. and p, these cuts restricted
the events to the uniformracceptance region of -the spec-
trometer. More generous cuts were applied to k', X7, and p,
and the acceptance was calculated by a procedure described
below.

For a given reaction the yield Y(gi,gg) into the ith histo-

gram bin of solid angle A8 centefea on angleii was related to .

the cross section dg/df(g;) at the center of the bin as follows:

Xy (2.00) = -E'Na.""a"B'cans'f's'Ec'ﬁacc'cms"—’&'g%‘ii’ {1)

where



4 = density of liquid hydrogen target at atmospheric pressure
) = length of hydrogen target

Rh = Avogadro's number

B = total flux for this incident particle type

& = fraction of flux surviving incident particle selection

requirements, determined from the beam event sample
CABS = spectrometer “transmission” for this particle type.
This was reduced from 1 due to absorption of the
incident and scattered flux by the material of the
ti'get, absorption of scattered flux by the material

of the spectrometer, and decays.

& = spectrometer reconstruction efficiency

¢ = spectrometer Cerenkov efficiency for identifying this
p;rticle type.

£acc1= aQerége acceptance correction (defined below}

cRES = corrections for bin size and angular resclution effects
and for the finite size and divergence of the incident
bean.

total nominal solid angle of bin

an
The cross section was converted to its invariant form dg/dt

: 2 2 . . .

at the point =-t= (Pincij /{1 + Pinct IZMP) by multiplying dg/dd

by the Jacobian 1/{p;,.(P

inc-ltl/zup))' (Mp is the proton rest

WASS) .
The correction factor CRES was of the order of 10t and was
accurate to at least 5% of its value. Its calculation is described

11

elsewhere; For abundant particles, 1*; 3_, and p, only events



falling within the uniform acceptance region of the spectrometer
vére accepted, so that g, = 1.0. For minority particles, K+,
X, and p, an extended acceptance region was used. The average
acceptance for minority particles was determined by comparing
the ratio of a majority particle (1? or gf) yield, Yu' within
the uniform acceptance region to the yield Y;xt forlthe same

particle in the extended acceptance region:

b 4 :
u _ AQ(uniform)
ace ~ T, 88 (extended) 2)

In .his manner, pions were used to measure the edges of the
acceptance.
D. Run Combination

The emptf target and full target cross sections were calculated
separately and then subtracted. The +¢ and -¢ runs nearly always
had comparable statist@cal accuracy and were averagéd with equal
weights to remove the effects of small angle offsets between the.
beam and spectrometer to first order. More sophistiéated averaging
procedures which eliminated higher order effects of offsets did
not significantly change the results.

E. Combination of Results from Different Analyses

bDetailed comparisons of the results of the three different
mnalyses showed them to be reasonably consistent.The typical level
of agreement was 1%t on slope parameters and 2% on absolute normal-
ization. The results were averaged together with equal weiéhts.

Care was taken to include in the error calculation the fact that

the results were drawn from the same data and did not represent
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independent measurements.
F. Final torgections to Cross Sections

Several corrections had to be applied to the raw yields
and fluxes to convert them to absclutely normalized hadronic
cross sections. The data ‘for thege corrections were measured
online by taking speéial runs. The measurements were greatly
farjlitated by the fact that with the angle pitching magnets
turned off, the beam pgssed.directly into the spectrometer.
The beam could be swept‘across the spectrometer in the verti-
cal plane bf varying the pitching magnet excitation, ard its po-
.sition at the entrance of the spectrometar cbuld be varied using
the beam-line vernier magnets.

1. Detector Efficiencies

a. Spectrometer reconstruction efficiency: The trackin§

. N
algorithms successfully reconstructed 97 *1% of the scattered
events. The efficiency was constant over the uniform acceptance
part of the aperture.

b. particle identification: The complete tagging of both

the incident and scattered particle type with a total of 7 Cerenkov
counters‘reduced to a negligible level errors in the elastic yields
due to misidentification of particles. Thé efficiency of particle
identification for the scattered particle was always greater than
97% and was known to a few tenths of a percent from 0° runs.

Particle misidentification was measured by comparing the beam
and spectrometer identifications on 0° runs, and was negligible

except at 100 GeV/c. For the 100 GeV/c running, the beam differ-
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ential Cerenkov counter had not yet been installed. The beam
identification for protons was by default--all beam particles not
labelled as pions or kaoné were considered protons. Under these
circumstances, ~0.5% of the pions were labelled as protons. Again,
'-;he proton identification in the spectrometer was sufficiently
powerful to eliminaie mislabelling of scatte}ed events, §nd the
only problem was associated with countirg the incident flux. For
the worst case, the error in the p flux at 100 GeV/c was Al15%.
Data from frequent 0° ruﬁs were used to correct p or 5 flhxes,

resulting in final errors in the flux of less than 1%.

2. DPead Time, Acpidentals, and Rate Corrections

A fast gating system assured that all the electronics, in-
¢luding the flux scalers, was gated synchronously to avoid any

deadtime corrections. The rates in the spectrometer were always low,

20,000 events/puise) compared to the capabilitiés éf the detec-
tors. Tie primary accidental effects were associated with the
- gounting of the beam flux.

The rf sturcture of the beam eliminated conventional dead
time losses, leaving pileup effects as the only rate dependent
problem. The time xesoiution of the trigger counters was‘insuff
ficient to resolve individual particles within a single rf bucket
and this produced an errox in counting the incident particle £lux.
Although éhe particles within a bucket could not be separated in
time, they could be detected by the appearance of two tracks in
the beam-line hodoscopes. The efficiency for detecting two par-
ticles in a bucket was v97%. At rates of 1.5 to 2.6 x 106 parti-

cles/pulse, typically 10% of the rf buckets contained more than



one particle. The residual error in counting the beam flux
was less than 0.3%.

Checks were made for additional rate and deadtime effects
by taking a series of runs at rates of 1,2, and 3 x 108 parti-
cles/pulse. Cross sections calculated from ‘these runs were
consistent at the 1% level of statistical accuracy.

3. Absorption and Decay Corre~tions

Yields were reduced by absorption of the incident flux
in the material of the final beam trigger counter and ﬁhe hydro-
gen target. and of the §cattered flux in the target and in the
material of the spectrometer. Por pions and kaons, there was
also a loss of events due fo decays. The survival rate between
the final beah trigger counter and the eqd of the spectrometer
for each particle type was measured directly by passing the beam
into the spectrometer in 0° runs. These runs were taken with
the hydrogen target cell in place, with the dummy target cell in
place, and with nc cell at all in the beam, The transmission
numnbers obtained were consistent with-calculations b%sed on the

matexrial present, using the known absorption cross sectiOnslz,

and the lifetimes of the particles. The spectrometer transmission

without the target in place was typically 3%0-%5% and varied with

the particle type and the momentum.

4. Contamination of Incident Pion Flux by Leptons

Incident pions were tagged with a threshold counter which
was also sensitive to electrons (positrons) and muons. The muon

flux neax the target was determined in special runs by measuring
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the transmission of tagged 'pions' through 10 feet of steel. The
electron flux was measured with a shower counter during 0° runs.
Typically, the beam contained 1 ¥ 0.25% muons and 1 %0.25% electrons.

5. Contamination of Elastic Yields by Inelastic Events

The missing mass squared (MMz) resolutions are given in Table
2

XX. These should be compared with the gap o% 0.28 Gev’ in MM® be-
tween the elastic peak and inelastic threshold. The prominent
aiffrnctively produced'resonances near 1650 MeV/c2 and the non-
diffractively produced 4{1236) are separated by‘seVeral standard
deviations from tlhie elastic peak and therefore o not contaminate
the elastic signal. Only final states produced very near inelastic
threshold have any possibility of producing background under the
elastic peak. ' - |

Several approaches Qere used to determine the inelastic con-
tamination: ‘ .

1) The resolution. function of the apparatws in MMZ was deter-
mined from 0° runs. This resclution *function was normalized to
the low missing mass side of the peak frdm a large statistics -
scattered run. A small excess on the high missing mass side was
observed and was interpreted as inelastic background (sce Fig. 9).
This procedure was carried out at several angles to extract the
t—depéhdence. |

2) An attempt was made to extrapolate the obsérved low mass

inelastic spectrum down below the elastic peak. This procedure

was satisfactory because the background was negligible at'SO GeV/c
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" due to the relatively good missing mass squared resolution. The
175 GeV/c resolution function was folded into the 50 GeV/c inel-
astic spectrum to see what additional céntamination was introduced
by thé poorer MMZ resolution at the higher energy.

3) For part of the running, a hodoscope which measured the
azimuthal angle of the recoiling proton was located beneath tﬁe
target. The additional reguirement of coplanarity between the
fast (spectrometer) particle and the recoiling proton eliminated
most of the remaining inelastic events in the vicinity of the
elastic peak. -

All“three pracedures indicated an inelastic contamination of
Jess than 1% at low t (tv-0.1 Gevz)aqd a 3-4% contamination at
v =037 Gevz. The percent contamination did not seem tc be a
strong function of particle type.

€. Corrections for Electromagnetic Effects

Corrections were made for Coulomb scattering and radiative
effects. ' ' A

a. Coulomb scattering: The low t points were just at the edge

'of the Coulomb interference region. The correction was calculated

h

from the formula due to Bethe 3, with the phase of the Coulomb

amplitude as calculated by Yennie and WESt.ll The dipole form
factor
Glt) = 1 (3)

Qa + Jt]s0.71)?

was used to describe the charge distriﬁutions for all particles.

The three pieces of information required for the computation are
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the total cross sections, the ratio of the real to imaginary
parts of the forward elastic amplitudes and the elastic slope.
The total cross sections were taken from the measurements of
Carrell et gl.lss the real-to-imaginary-part ratios were taken
from Refs. 18 to 20, and the forward slopes from the uncorrected
results of this experiment. These corrections were never more
than 3% so that errors of ~10% in any of the input quantities
are insignificant. -

b. Radiative corrections: The calculat.on for loss of events

from the elastic peak due to radiation of photons has been per-
formed by Sogard.l6 In this experiment, the correction is sig-
nificant orly for pions: it increases from zero at t = 0 to ~7%
at t = -0.8 Gev2 for the missing mﬁss squared cuts used in the
analyvsis.

7. Double Scattering Correctioné

A particie which has scattered once may scatter a second time
before i. leaves the hydrogen target. The angular distribution
of double scatters is different from the distribution of single
scatters. In particular, two small angle scatters may siﬁulate
a large angle scatter, thereby artificially increasing the cross
section at large t. Corrections for this effect were made by
analytic calculation and by Monte Carlo simulation. The effect
is appreciable for reactions with very steep forward slopes, such
as proton and antiproton scattering and was ~10% for protons at |
t v=0.7 Gevz.

Tab;e IIXI shows the size of the Coulomb, radiative, double



-scattering, and inelastic background corrections at two selected
energies -~ 70 and 175 GeV/c -~ and at three t values.
V. DISCUSSION OF SYSTEMATIC UNCERTAINTIES
Systematic uncertainties in the absolute normalization were
mainly due to imprecise knowledge of the spectrometer solid an-
gle (%¥2%) and uncertainties in the spectrometer transmission and
recénstruction efficiency (¥1%). Uncertainties in the electron
and muon contamination, the absolute momentum calibration, the
- horizontal-angle alignment of the beam and spectrometer, and ac-
cidental corrections contxibuted all together 1-3s than 1%. An
‘overall normalization uncertainty of *3% has been assigned to the
résults to account for these effects. _
Systematic errors in the t scale arose from uncertainties
in the magnetic length of the angle pitching magnet system and
residual misalignments of the beam and spectfometer,axes. An
overall uncertainty of ~1.5% was assigned to the t scale. The
implications of this 1.5% uncertainty are:
i) linear slope parameters of the differential cross sections
have a 1.5% systematic uncertainty.
i1i) 4individuval cross section peoints have fractional errors
of B(t)At, where At is the absolute uncertainty in t and
B(t) is the local logarithmic derivative. " At -t = 0.7 GeV®
for B{(-0.7) ~ 6 to 8 Gevnz. the error is 6 to 8%.
Point~to-point systematic errors were negligible due to
the excellent uniformity of the geometric-reconstruction efficiency.

Measurements of the same t values in different parts of the aperture



generally agreed within statistical accuracy.

An error in setting the field of the angle pitching magnets
could shift the t scale and cause errors in the cross section.
Adjacent kinematic settings overlapped by ~1.5 mrad {(1/2 the spec-
trometer acceptance}, providing a very sensitive check against
such errors. 7

Systematic errors arising from uncevtainties in the correc-

- tions .to the data discussed above are less than 2% even at large
t values.
VI. RESULTS

" The results comsist of angular distributions for 1', &,
K*, XK, p and p elastic scattering on protons at 5 momenta:
50,70, 100, 140, and 175 GeV/c. Fully corrected data points for
the 30 angular distributions are listed in Table IV and are dis-
played in Fig. 10. Only statistical uncertainties are given.
In order to produce tabulations of reasonable size, the cross
gections have been binned on a t érid which is coarser than the
t resolution of the apparatus. (Detailed studies of the cross
sections on a finer grid indicate that no structure is lost because
of this binning). The smooth curves in Fig. 10 were obtained
from the fits described below. ‘ |

A. Parameterization of the Data

Pits of the form dg/dt ='Aenlt'+cltl2 (quadratic expon;ntial)
were found to give a good representation of the data over the
whole t range. This form was proposed on theoretical grounds by

van Hove.17 parameters obtained from the fits axre presented in



Table V. Only statistical uncertainties on the data points have
been included in the fits,

?he fslope pa;ameter‘ or logarithmic derivative, B{(t), is
defined as -

B(t) = d/d|t|tn dg/at = B+2C|t| (4)
The value of B{-.2), as calculated from the fit, is also shown.

The fits presented have the optical theorem prediction in-
cluded as a data point with 3% uncertainty. This is done to
help reduce the strong correlation between the A,B.'ana c pafﬁJ
meters. The results do not change appreciably if the uncertainty
18 reduced to 2% or 1%, or if the optica. peint is entirely ex-
cluded from the fit. '

The optical theorem prediction (OTP) is listed for each
reaction in Table V. These values have been computed using le-

15

A
cent Fermilab total cross section measurements -, with the small

effect of the real part included. The ratio of the reél to ima-

_ginary part for proton-proton scattering has been measﬁred by

the USA-USSR collaboration at Fermilab.18

19

For the other reactions,
-theoretical calculations™ based on dispersion relations have
' been used. All these values agree well with the preliminary
results of Fermilab experiment 69.20
!he‘xz probability and the number of degrees of freedom are
- given in.:he last two columns of Table V. Table VI gives
“the full error matrix for each fit.

The possibility of other parameterizations, such as piece-

wise fits with simple exponentials is discussed below.
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The systematic'uncertainties, discussed above, frequently
dominate the statistical uncertainties given in Table V, espe-
'cially for protons and plons. The systemat;c errors are: 13t on
the absolute normalizat;on, ¥1.5¢ on B and B(~ 0 2), and 3% on c.
Yo check that the slope p;;amgters are not influenced by the
systematic errors which come in at large t, fits were also done
using only the data at |t| < 0.4 Gev®. he slope parameters
obtained are consistent with the cnes from the fits to the full
t range. _

" Pigure 11 shows.the ratio of the A parameters (obtained
from fits which did not include the optical points) to the opti-
callpoint for all 30 fits. These plots show that the, absolute .
normalization is consistent with the optical theorem predictions
within the stated systematic and statistical errors.

' B. Tota) Elastic Cross Sections

Tabl~ VII presents the total elastic cross sections Gapr

as calculated for each reaction from the fits of Table V

nccording to the formula:

0.8 B |t|2+ cltl|
oy - Se alt| _ - (5)

0.
Contributions from {t| >0.8 Gev? are less than 0.5% since the
elastic cross section has fallen by more than two orders of
magnitude from its value at t = 0, Tﬁe result is, however, sensi-
tive to the extrapolation of thé measured cross section to

t = 0. - Typically, 154-20% of © comes from this extra-

el
polation at the low energlies (50 and 70 GeV) and 35%-45%
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at the highe:‘energies. The use of the optical theorem point

a8 a constraint in the fitting procedure helps to redﬁce er-

rors from this source. Systematic uncertainties of 2% were

added in quadrature with the statistical errors to account
for.uncertainties in the overall normalization, errors in

the extrapolation to t = 0, and the effect of contributions

from large t-values. ‘

_Table VII also includes values of the total cross sections, Seqor,
obtained from Ref. 15, the total inelastic cross section_ginel =
%por = Ze1’ and the ratio of the total elastic to the total .cross
section. For the purposes of the uncertainty_calculagion, errors
of 0.5% have been assigned to the total cross sections.

VII. COMPARISON OF RESULTS WITH OTHER EXPERIMENTS-

In this s=2ction, the results are compared with the results

from experiments at nearby energies. The re;gtion between these

results and data at lcwer energies (<490 GeV/c)”and higher energies

{ISR) is discussed later in the context of the energy dependence
of elastic scattering.

-Figure 12 shows the ratio of these results on_l-p, K-p,

21

and pp scattering to the fits of Antipov et al. , at 40

GeV/c. Figure 13 compares 1 P at 50 GeV/c to the measurement

22

of Derevchekov et al. The only significant disagreement

seems to be with Derevchekov at -t ko.BGevz. The agreement
with Antipov in this region is good.

Pigure 14 compares proton data with the small -t({-t 50.15
Gevz) measurements of the Fermilab USA-USSR ccllaboration. 23

In general, our slopes at small t are typically 2 to 3% lower than



the USA-USSR slopes and 5% lower at 50 GeV/c. This may reflect
the 1.5% systematic errors in our data, the ¢.15 cev'z energy
independent systematic error of their experiment or it may re-
flect the different t-ranges covered by the two experiments.
Finally, Fig. 15 shows data from Fermilab experiment 724, plotted
relative to the fits of this experiment.

VIII. DISCUSSION

A. t‘Dependence

The cross sections are qﬁite well described by the quadra-

tic exponential form over the vhole range from -0.04 to -0.89 Gevz.
No dips are observed within the limits of the t reéolution. The
C parameters of ~2 Ge\r"I imply a linear change in slope of 2CAt

2 from «t = 0.1 to -t = 0.5, Experiments on p-p

- elastic scattering at ISR25

or about 1.6 GeV
. suggest that this change in slope
does not occur linearly but occurs abruptly in the neighborhood
Of -t.= 0.15 GeV’. The existence of such a 'break’ had been

26

.proposed prior to this by Carrigan. Table VIII shows the re-

sults of simple exponential fits to data in the two intervals

0.37 < -t < 0.13 Gev?, and 0.16 < -t < 0.50 GeV2 for pp and =*p.
These fits are consistent with the breakﬂhypothesis. The success
of the two parameterizations indicates that the data lack the stﬁ-
tistical precision to distinguish bétween them. It is estimated
that at least one million events in a t interval from -0.04 to
~0.25 Gev? would be required to resolve this matter. A recent,
high statistics expe:imentz7 in the 10 to l4 GeV/c range has also

observed structure inm the low t cross sections for the other chan-

nels. More precise experiments are clearly regquired.
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B. Energy Dependence of the B and C Parameters
Figure 16 shows the energy dependence of the B and C
parametersza from 10 GeV. to the highest energies available.
Detailed comparisﬁns are difficult because the various experi-
mentsAcover different ¢ ranges, use different fittin§ procedures,
and treat systematic errors in different ways. The B and C
parameteré are also hiéhly cbrrelgtgd by the fits. Iﬁ spite
of these problems, the following conclusions emerge.
1) p; and R+p elastic scatteriné show pronounced 'shrinkage!
of the B parameter. '
14) The B parameters for n p. x*p, and Kp show little
" enerqgy dependence above 10 GeV.

1ii) Above 10 GeV, a C parameter of approximately 2 cev™d

is requiréd by the £it in all reactions. A £ poramcter of
implies a strongly curved &n dg/dat. ‘If one extrapolated
the low t cross section [t] < 0.1 to [t] = 0.8, one would
be incorrect by a factor of 4.

The fact that the logarithmic derivative varies in t (be-
cause C ¢¥ 0} as well as in s, means thét one must use data taken
in the same t range to study the s dependence.

-The slopé parameters at -t = 0.2 Gev2 are plotted in Fig. 17
against s. These parameters are less sensitive to the fittiné
interval than B or € 1ndiv£dua11y and the effect of the correla-
tion between B and C is reduced; There is less energy dependence

2

at ~t = 0.2 GeV” than at t = 0 and the protons seem tp achieve

by 175 GéV/c a value-uhich is close to that observed across the
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whole ISR range. B(-0.2) for the antiprotons seems to be con-
verging toward the value for the protons but may be levelling
off at ﬁ slightly ;arqer-value.

C. Parameterization of the s Dependence by a

Single Regge Pole Model

If small-t-elastic scattefing is dominated at high energies
by a single effective Regge pole, then the cross section has
the form | | '

ddg/dt = F(t) (S/SO)ZE(t)—z

(6)
where a{t) is the trajeptory of the moving pole and 5, is a scale
factor, here taken as 188 Gevz, corrésponding to an incident
energy of 100 Gev. F(t) is taken to have a quadratic exponential

form:

B, |t|+c_. |t|2
© 8o .

Fi{t) = A, e . (7)

° .

Table IXa shows the results of fits to this form for all five
energies. No energy dependent systematic errors are included.
To see the effects of energy deyendent systematic errors, a separate
fit of the logarithmic slope at -t = 0.2 Gev2 to the form

B(t) = B (t) + 2a'(t) tn s/s, . . (8)
is presented in Table IXb. An estimated energy dependent systematic
error of 1% is added in quadrature to the statistical errors on
B(-0.2). The errors on the slope parameter a' increase by a factor
of 2 due to #ystematic errors for 3+. A, and p but do not change
appreciably for the minority particles X*, X~, and p.

These results confirm the qualitative observations that'the



pp and K+p continue to shrink at these energies, The rate of

shrinkage a', which is ~ 0.2 Gev™2

-229
than the value g'  0.5GeV 2_ obtained from similar fits to

for both reactioms is less

the low energy data. For pp, it is clear that the rapid anti-
shrinkage observed at lowgr energies is also slowing down.

PP and K+p slopes have similar energy dependences.‘ Duality
arguments suggest that pp and K+p, which have exotic s~channel
quantum numbers, will achieve asymptotic behavior -- i.e., become
dominated by the Pomeron pole -- a£ lower energies than the other
four reactions. %2 check this idea, the proton -ata at each t
value have been fit to the single Regge pole cross section. The
résulting trajectory is plotted in Fig. 18 and is indeed compétible
with a straight line. The best fit straight line is:

alt) = (0.98 = 0,01) - (0.22 £ 0.03)|¢| _ (9}
This is quite close to the form usuélly favored for the Pomezon;
Obviously, the statistical accuracy is insufficient to rule out
other functional forms for a(t}.

A major‘obstacle in the study of.the Pomercn has been the
difficulty of extracting its exchange amplitude from the data.
Unlike amplitudes associated with gquantum number exchange which
can be characterized by a power law behavior in s, vacuum exchanggs
have a very complicated enefgy dependence. A simple interpretation
of the vacuum exchange is that it receives contributions from the
Pomeron Regge pole with an intercept of ~l1 and the £ Regge pole
with an intercept of ~1/2. In an effort to isolate the Pomeron

exchange amplitude, Quigg and Rabinovic13° have studied the following
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linear combinations of elastic scattering amplitudes S:

s(K%) + s(xp)-1/2 ls (x*p) + si;‘p)} (10)
which in the quark model corresponds to the i p elastic scattering
amplitude S{$ p}. &an idea}ly mixed £ trajectory does not couple
to the strange gquarks in the‘s so that only Pomeron exchange con-
tributes to this amplitude. By use of the optical theorem, one
has
FroraL® P) = Zrorar (K'P) + Opopar, (K'p)-1/2 [gTOTAL(1'+P) + i’ro-th(l'-!’}lli
This cross section is found to be a linearly rising function of
ﬁn; frop.gnlipc;dent momentum of 6 GeV/c to 200 GeV/c. Following
their examplé, Fig, 19shows the quark model prediction for the

'!'p elastic cross section dg/dt("¢$"p):

9 e oy = 3%t - -
Leop” = L) + LxPpr-1/2 [ )48 p)] (12)

constructed from the cross sections pf Table IV. These cross
sections have been fitted with quadratic exponentials together
with the optical point calculated from the Kﬁh .!i’ total cross
sections. A 3% uncertainty was assigned to the optical point.
The results of these fits are given in Table X together with
the logarithmic slope at &£ = =0.2 Gevz. This logarithmic slope
is plotted in Fig,20 as a function of energy and shows clear
indications of shrinkage. The solid line'corresponds to a Po-

-2

meron trajectory with a slope of a' = 0.2 GeV “, consistent with

that found in pp and x*p scattering.
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D. Elastic Scattering Crossovers2

Although high energy elastic scattering is dominated by
diffraction, or in t-channel linguage, by Pomeron exchange,.
amplitudes with quantum-number exchange can be isolated by
careful comparison of closely reiated reactions. In par-
ticular, the particle-antiparticle elastic cross sections
differ from one another because of interference between
C'= 41 and € = -1 exchange amplitudes,

dg/at(x*p) = |F* 5 7|2 ' ' (13)
where the rt amplitudes correspond to C = $1 exchange. Since

the diffractive amplitude with C = +1 dominates, the quantity

- +
ﬂ-_-g.-_-_-g-_.m _ )
- : 14
@(g +!+)] (14)
where__c_ri = dg/dt(xtp}, isoclates to a good approximation that

part of F with the same phase and spin state as the C = +1
amplitude (mainly imaginary non flip). 3 For Kp and pp scat-
- tering the C = -1 amplitude is thought to be dominated by
nonflip w exchange.31 At momenta % 10 GeV/c, this amplitude
changes gign near -t = Q0,2 Gevz, resulting in the crossover
effect where the differential cross sectioné for particle and
antiparticle scattering are equal. 32.33 The momentum trans-
fer t_ at which this occurs can be related to a typical in-
teraction Tadius in impact parameter space for the peripheral
C = -1 amplitude. 34

The crossovers were calculated from the fits of Table V -.

+ + .
Figure 21 shows the results of the Kp and p p fits. 1In each
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case a crossover is found consistent with -tc in the range

0.1 to 0.2 Gevz, and the values of te obtained from the fits
are plotted in Fig. 22 as a function of laboratory momentum.
FPor Kp scattering the crossover points are consistent wiﬁh
those found at lower energies, 32+33 yith the average being
~t_ = 0.19 t 0.04 Gev® where the error includes both statis-
tical and systematic uncertainties. The nucleon values aver-
age to ~t_ = 0.11 ¥ 0.02 Gev?, definitely lower than the value

2

3
0.162 * 0.004 GeV” reported 2 near 5 GeV/c.

The energy dependence of A for !Fp scatterirg has been studied
us’1g the form
oit)-
Ae) = c(e)sS®171 : . (s)

where a(t) is the effective Regge irajectory. Using the fits

frcn Table V, together with the 10.4-GeV results, 33

both evaluated at t = -0.?Gevz. yields_gt—o.lg = 0.27 £ 0.07.

This can be compared with the value g(~0.4) = 0.14 found 35 for

T p- !on, for which only € = ~1 exchange is a.lowed in the t-

channel.

The shape of 4(t) resembles that of the Bessel function

Jotn;{-t), suggesting that the C = -l.amplitude is strongly
absorbed with most of the contribution coming from the peri-
phery of the iﬂﬁeraction region. 34_ Equating the crossover
Eoint with the first zero of the Bessel function JO(R;i-t)
gives a typical interaction radius for the source of the
C= -1 amplitude in impact parameter space, _

R_ = 0.475V-t_ fermi (16)
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for ¢ e in Gevz. This is compared in Table XI with a typical
radius for the C = 41 amplitude derived from the forward lo-

garithmic slope B of the quantity

dg - dg , + ' '
.E'- 1/2 [-dg‘th (x P} + ac (x p)) - | (17)
- Using the black disc approtimation, B = Ri/d, or for_B in Ge.»v_2
R, = 0.395 VB fermi. _ (18)

With these definitions R._/R+ = 1 to within about 10% for both

Kp and pp from 4 to 100 GeV.

E. Total Elastic Cross Section
The energy dependence of the total elastic cross scztion,
LY is shown for the G.Ieactionﬁkn Fig. 23. 1In all cases, Se1
falls away rapidly in energy (consistent with power law behavior)
but then levels off at high energy and becomes nearly constant.

The rapid falli at low energy is consistent with the crude Regge

g-2e' fet>] 36

pole estiﬁate Gy ™ where <t> is tﬁe-average valu> of t.
The levelling off is a#sociated with the fact that both the 'Po;
meron' slope a' and <t> are decreasing. The declining con-
tribution of the elastic channel to the total cross section con-
trasts with the rising value of the total inelastic cross section
for all particles except p. TSQ canceilation of these two effects
in the low energy region is responsible for the apparently flat
behavior of the total cfoss section. Once the total elastic contri;

‘bution stops declining the increase in the total cross section

due to inelastic contributions becomes manifest.

F. Geonmetric Scaling

The hypothesis of Geometric Scaling (G-5) was introduced3?+38
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to correlate various results frchlbp elastic scattering and total
cross section measurements at ISR energies. It may be stated

e2id (b) _y
in terms of the elastic scattering amplitude A(s,b) = ———=

in impact parameter space (where §(b) is the elastic phase shift):
A(s,b) = A(b/R{s)) : ' (19)
and R(s) is a range parametét containing all the energy dependence.

From this property, it follows that the total cross section, g&or,
the total elastic cross section Ge1’ and the forward elastic’
slope parametexr B all depend on energy in the same way. Specifi-
cally gel/ETof and BKETOT are independent of energy. Pu;thermore.
the quantity I/Q;ong/dt plotted against ETOT.t is predicted to
be independent of energy. ' )
. Table VII lists the ratio of g,,/Gnqn fOT the reactions mea-
sured in this experiment. Figure 24 shows these results plotted
together with results from other experiments above a few GeV. Two
important observations are i} all hadrons are not alike. 3e1‘9T0T1' ~0.18
for pp and PP scattering but is only A0.13 for kaons and pions;
ii) each of the six elastic channels reaches a constant value of
EelngOT by 100 GeV. Especially impressive is the fact that the
value 0.18 for pp scattering is observed from 100 GeV to 1SR
energies (equivalent to a lab energy of 1480 GeV).

The most convincing test of G-S within this experiment comes
in K+p scattering where the total cross section is already increas-
ing (by ~6%) across this energy range. Figure 25 presents a 'dif-

ferential' test of G-S. The smooth curves are calculated from the

£its to the 70 GeV/c results. The points are the 175 GeV/c cross



section values scaled by the ratic [ (175] 2 and

2ror {79 /250r

plotted against the scaled t value, tggTOT(175)[9 The

ror(70)-
175 and 70 GeV/c total cross sections are in the ratioc of 1.06
for xfp and 1.01 for pp. BEecause the total cross sections
change so little the scaling does pot have a great effect.
Nevertheless, the scaling seems to work'reaébnably well for K+p
bu* fails for pp. This is consistent with the observations

based on the ratio g.,/g that G-S is not satisfied for pp

TOT
below 100 GeV/c.
Pigure 26 compares the results for protons at 175 %eV/c

3% at 1ab equivalent energies of 290 and 1480

vith ISR results
GeV. The ISR results are scaled to 175 GeV/c. The tyo ISR
results scale between theméelves quite wéll. The scaling with the 175
GeV/c results of this experiment is good to 5% at low t and
~15% at -t > 0.2 GeVZ. The departures from scaling are not
significant in view of the large norma}ization uncertainties
on the ISR data.

The results of this experiment suygést; but do not prove,
that G-S is a‘general property of hadron elastic scattering at
high energies. Since only a limited range of energies is covered,
it ig mtill possible that -G-S predictions are satisfied ‘acci-
dentally' and will fail at even higher energies. To establish
conclusively this scaling law, it will be.necessary to make
meagsurements at even higher energies where the total cross section
has already increased significantly. Precise measuremen£ of .
K+p scattering at the ﬁighest energies available in secondary

beams at Fe;milab would be especially important.
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1f G-s.is confirmed, it will provide an important guideline
for model development. For example, conventional Réége models
with poles do not exhibit G~S behavior.
G; Impact Paramater Representation
The differentzal elastic scattering cross sections given
in 7Table IV have been numerzcally transformed into impact para-

40
meter space . 35

and corrected .for large t contributions. The error in :his
correction is 2% for‘sﬁall impact parémetgr values anq negligible
for b > 0.2 fermi, The erxor due to the contribution of the

real part of the elastic scattefinj amplitude is not very model

10 Under the assumption

dependent and can be shown to be 43%.
that the elastic scattering amplitude is maiﬁiy‘imaginary. then
its Bessel transform, Im h_,(s,b}, satisfies in impact parameter
space a unitaiity equation of the form:
In b, (3,b) = 1/4|hgy (8,03 |% + Gy (5,0
(21)

% 1/4]In By, (8,0} |2 + 6, (5,0) .

where Ginelts,b) is defined by its relation to g e 2S follows:
2
Ziner * -‘Jcinel (8,b)db".
The left hand side can be identified with the total cross section
in b space (dzot/tdbz) and the right hand side is the sum of the

elastic (d oelfsdbz) and inelastic (duznel/“db } cross sections,
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‘Therefore the knowledge of Im hel(s'b) permits the calculation
of the total and inelastié cross sections in impact parameter
space. l

Figure 27 shows the Im h_, (s,b) distribution for the six
reactions at 1n¢om§ng momenta of 50 GeV/c and 175 GeV/c. Figure
28 shows a plot of Im helts,b=0) as a function of pL;B for 211
the reactions discussed in this paper. It can be seen that all
the reactiorns are consiste;t with having very little changé as
a functior of erergy except for ptp. However a straightiorward
jmﬁl;cation of Genmetric Scaling is

In b, (s,b=0) = const (22)
for all s. Therefore the previous statement that pp is incon-
sistent with Gecmetric Scaling for pp,, < 100 GeV also follows
from the decrease of Im helts,h=0}. while for s > 200 Gevz; it
stays constant (even through the ISR region)?\ Figure 29 is a plot
of Ginelts,h=0) as a juncﬁion of s, that is the absorption proc-
bability for a head on collision. For a comparison, also shown-
are the results of a similar calqulation done for pp with ISR

data and a Piap ™= 24 GeV/c experimeat-‘l

Thus a baryon has a
6% probability of colliding head on with a proton without any
absoipt;on, while this probability is ~18% for pions and ~25%
_for kaons. As one can see, mesons, as seen by protons, are very
ixanspaxeqt cbjects. '

Figure 30 shows " the rms interaction distance for the

total and inelastic cross sections, defined by

R, = fb " 02 1a20. /ab?) bab f nax & 2 v
s BB A g5 / A (d.Ei/db ) bdb {23)

where i = total or inelastic, and bnax-“i}k fermi. With the

exception of K'p and pp, R1 is consistent with being an increasing
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function of s for s >140 Gevz.

It has been shown above that even in this energy ranée the
differential elastic cross sections of Ktp and ptp show the
crossover phenomenon, which is assumed to be due to the inter-
ference between nonflip w exchange and Pomeron exchange. 'The
w exchange contribution to K p and pp can be seen in impact para-
" meter space‘? by looking at the distribution '

A*P(g,b) = In h:Ip (s,b) - Im h:_fzpts,b) a
-uhere x = K,p. Those distributions are shown in Fig.

31 for Xp and pp respectively at Prap = 50 GgV/, and Piag = 175 GeV/c.
It can be seen that those distributions are peripheral and that
the w exchange contribution decreases very fast with energy, in
particular in pp (this is expected from the energj dependence of
regular Regge trajectories).

H. Ratio of Total Flastic to Total Cross gectiOn

The six elastic scattering reactions are ~haracterized by

different values of R = gelngOT' In particular, the distinction
between meson-nucleon channels with R = 0.13 to 0.14 and nucleon-
nucleon (pp, Pp) channels with Rv0.18 is observed. The pp values
are very close to the so-called Van Hove ratiol7:

Ry = 1 - (4-42n2)7% = 0.285 (25)
This ratio emerges from a model in which elastic scattering is .
;btnined as the shaéow scattering of inelastic reactions, crudely
described by a-very simple model. The model amounts to assuming

a Gaussian inelastic overlap function G {s,b} with a value

inel
of unity at b = 0. From the impact parameter inversion of the
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elastic cross sections, these conditions were seen to be approx-
imately satisfied by pp and pp but the meson-nucleon interactions
had Gine
less than 1/2 ~-the black disk limit.

1(s,O) much less than 1. For all the channels, R is much

I. Quark Model Predictions _
Simple quark counting would imply the f6llowing relations
'for the elastic amplitudes S (under the assumption that the
éxchanged_particle is an SU(3j siﬁglet):
" s(p) = 5(Kp) (a) ' - (26)
S(kp) ~ (2/3)s{pp) (b) :
Relations (a) and (b) are plotted in Fig. 32 for
p#aB = 50 GeV/c and pp,, = 175 GeV/c . where S (xp)
is defined hy43: . '
. _ 1/2 i
25{x,p} = {dg (= pi/3% + dsx p)/dL} . (27}
for x = 1,K,p. Relation 26(b) is clearly not satisfied in all the
t range, however 26{(a) i3 consistént‘with being sa;isfied for
jel X o0.4 Gev? but it is badly violated at small t values. This

44 model that claims that

is consistent with the Chew-Rosenzweig
the Pomeron- and the £ are the same Reggeon and the SU{3) structure
of this pole.and its mixing with tﬁe f' pole changes as a function
of t £o make tﬁe kp and 7p amplitudes egual at high t.

Lipkin‘s has suggested that the Pomeron has two compbnents,.
one that satisfies relations (a) and (b) and a second component
satisfying

S{zp) = 25(kp) = (4/9)S(pp) - *° B (28]
Combining‘the two components, the following relation should be

satisfied:
s(xp) = (1/2)s(xp) + (1/2)S(pp). _ - - (29)
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This relation is very well satisfied for the optical points
(t=0); however, as we can see in Fig. 32, it becomes worse the
higher the t vglue{

- IX. CONCLUSION

- phe small and intermediate t elastic scattering ofAI*( K*,
p'nﬁd P on protons has been méasured in the 50 to 175 GeV en-

ergy range. While the congépt of diffraction scaté&ring provides
a convenient framework for understanding the results, the idea
that the cross sections for all reactions would be clearly domin-
ated by the Pomerun pole is kpparentl& not reali.ed even at these
high energies. The similar shrinkage patte:n.of the x*p and pp
diffraction peaks encourages the belief that the'Pome:on dces
rule thesg channels but the energy inéependence of 3tp and K—p.
together with the slow éntishrinkage of EP: indicates thai the
lower lying neutral meson trajectories are sé&ll important. The
crossqver phenomenon between particle and antirarticle elastic
scattering continues to be observed.+ The position of the kaon
crxossover is relgtivgly energﬁ independent from a few GeV/c

to 175 GeV/c, but the nucleon crossover may be moving towards
smaller t. The predictions of the Geometric Scaling hypothesis
seen to be satisfied'by gtp and Ktp across thé whole energy range
bﬁt by pp ;nly Qbové 100 GeV/¢c. The impact parameter representa-
tion demonstrates the differences bétween nucleon—nucieon {pp or PpP)
tcattering'and meson-nucleon.acattering. ‘The protons seem to be
very opaque with respect to nucieon projectiles but surprisingly
transpargnt to mesons. The contribution of the odd C-parity meson

trajectories is shown to be peripheral in b space.
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Table 1: Hadron composition of the M6E beam flux at the
final focus 450M from the 8" Be production target for 300 GeV/c‘
_incident protons.

Particle MGE MOMENTUM (GeV/c)

Type 50 70 100 140 175
=t .760 .650 .401 .210 .106
xt .025 .032 .031 .026 .016
P .215 .318 +568 .764° .878
5 .939 .938 .938 .950 .962
3 <026 .032 o4l .041  .034
P .035 .030 .021 .009 .004

TABLE XY

Missing mass and momentum transfer resolution of
the Single Arm Spectrometer~M6E beam line installation
for elastic scattering at a momentum transfer of 0.1 Gey>.

Incident .
Momentum : a(t; : U(Hx’?
(GeV/c) (Gev?) (GeV?)
S0 0.0048 0.131
70 0.0056 0.133
loo 0.0069 0.139
140 0.0091 0.150

175 0.0112 0.162



TABLE III

Typical Contributions of t-dependent
Corrections to Differential Cross Sections

Double _ A
Radiative Coulomhb Scattering Inelastic
4 Particle -t Correction Correction Correction Background
{GeV/c) (Gev?) c, c, p Cy
70 rt 0.025 1.01 0.98 1.00 0.99
0.400 1.05 1.00 0.99 0.98
0,660 1.07 1.69 . 0.98 0.96
p -~ 0.026 1.00 0.98 1.00 0.99
0.400 1.00 1.00 0.98 . 0.98
0.630 1.00 1.00 0.94 0.96
x* 0.030 1.00 0.99 1.00 0.99
0.400 1.01 1.00 1.00 0.98
0.650 1.02 1.00 0.99 0.96
175 i 0.060 1.02 1.00 1.00 0.99
0.370 1.06 1.00 0.99 0.98
0.730 1.08 1.00 " .0.98 0.94
p 0.060 © 1.00 1.00 1.00 0.99
0.370 1.00 1.00 0.98 .98
0.730 . 1.00 _1.00 0.92 0.94
x* 0.060 1.00 1.00 1.00 0.99
0.370 1.01 1.00 1.00 0.98
0.670 1.02 1.00 0.99 0.95
g%-g% x-cx.'xcc":":Dxc:t

raw



Table IV:
statistical uncertainties are included.

I’+p‘°'l'+p

-t do/dt
Gev?) Om/cev?)
0.0375 20.71%0.52 -
0.075  14.2710.19
0.110  10.4320.25
0.130  9.00%£0.19-
0.150 7.66%0.24
0.170 6.67£0.25
0.200 5.0040.13
0.2.0  3.41%0.07
0.300 2.37%0.07
0.350 1.59%0.04
0.400 1.13%0.05
0.450 0.77%0.03
0.500 0.6140.03
0.550 0.4120.02
0.600 0.27%0.02
0.650 0.21%0.02
0.700 0.27t0.03
0,750 0.10:0.01
0.800 0.07:0.01

PP

-t do/dc
(Cev?) (M5/Gev?)
0.0375  22.62%0.43
0.075 15.40%0.20
0.110 11.15%0.24
0.130 9.3120.16
0.150 7.81£0.15
0.170 6.72+0.17
0.200 $.3410.15
0.250 3.3120.08
0.300 2.16:0.06
0.350 1.51:0.05
0.400 1.14t0.05
0.450 0.7620.04
0.500 0.62:0.04
0.550 0.3820.02
0.600 0.2910.02
0.650 0.20:0.02
0.700 0.17:0.01
0.750 0.12:0.01

a. 50 GeV/ec
+
KpKp

-t doldt

(CevV2?) (Mb/Gev?)
0.0375 11.84%0.59

0.075 9,70%0.39
0.110 7.4520.47
0.130 6.100.56
0.15C 5.38%0.45
0.170 4.6320.44
0.200 4.3520.34
0.250 2.78%0.20
0.300. 1.99:0.20
0.350 1.2210.11
0.400 0.94%0.11
0.450 0.7320.11
0.500 0.44%0.07
0.550 0.30£0.06
0.600 0.2120.07
0.700 0.1820.03

Xp¥Kp

-t do/de

(GeV?) (Mb/Gev?)

0.0750 12.07:1:18

0.110
0.130
0.170
0.200
0.250
0.300
0.350
0.400
6.450
0.500
0.600
0.650
0.750

B.77x1.42
7.0710.45
4.89:0.67
§.28+0.32
2.4820.22
1.93:0.21
1.18#0.16
0.63t0.12
0.42:0.19
0.52:0.06
0.26:0.05
0.1920.04

0.1020.02

pabulation of differential cross sections.

Only
PPPP
R do/dat
Gev?)  4m/Cev?)
0.0375 51.A8%0.74
0.075 35.5420,32
0.110 25.03+0.46
0.130 20.2620.44
0.150  16.69:0.36
0..0 13.61%0.45
0.200  10,.50:0.23
0.250 6.39:0.16
0.300 4.0120.12
0.350 2.48:0.08
0.400 1.62:0.09
0.450 1.0420.05
0.500 0.5920.05
0.550 0.42:0.05
.0.650 0.1720.01
0.750 0.09:0.01
PPPP
(Cev?) (Mb/Gev?)
0.0375 60.34%1.03
0.075  40.3420.67
0.110  26.37:0.91
0.130  20.17:1.09
0.150  17.31:0.87
0.170  13.0620.57
0.200 8.28+0.50
0.250 4.95£0.25
0.300 2.79:0.18
0.350 1.75:0. 18
0.400 0.9620.0
0.450 0.98:0.2
0.500 0.42:0. 06
0.550 0.25:0.04
0.600 0.2140.04
0.650 0.1320. 03
0.750 0.0510.0



b. 70 GeV/e

wpou'p i+v*f+v POPP
-t  do/dt -t da/dt -t da/dt

Gev?) Gm/Gev?) Gev?) (m/Gev?) Gev?)  0b/Cev?)

0.0375 20.57%0.57 0.0375 13,20%0.53 0.0375 52.04$1.08
0.075 14.6620.24 0.075 9.27£0.31 0.075  34.42%0.42
0.110 10.59%0.23 0.110  7.34%0.30 0.110  24.00%0.49
0.130  9.06%0.22 0.130  6.45%0.45 0.130  19.580.43
0.150  7.61%0.19 0.150  5.37:0.28 . 0.150  15.9620.36
0.170  6.58%0.20 0.170  4.69%0.51 T 0,170 13.2420.44
0.200  5.29%0.15 0.200  3.75%0.20 0.200  10.26$0.31
0.250  3.58%0.12 0.250  2.79:0.21 0.250 6.1310.21
0.300  2.45%0.06 0.300  1.960.14 0.300 3.06:0.10
0.350 1.7020.04 0.350 1.27:0.10 0.350 2.271:0.06
0.400  1.23:0.03 0.400  1,02:0.08 0.400 1.49£0.04
0.450  0.81%0.02 0.450  0.57:0,07 0.450 0.95%0.04
0.500  0.60%0.02 0.500  0.58:0.05 0.55) 0.6020.03
0.550  0.41%0.02 0.550  0.32:20.07 0.550 0.4420.03
0.600  0.29%0.02 0.600  0.38:0.08 0.600 0.25+0.04
0.650 0.24*0.03 0.650 0.28:0.07 0.650 0.16%0.,02
0.700  0.16%0.01 0.700 0.1120.01

RE o d ] . . K pKp ' PPoPY
-t do/dc -t dg/dc -t dofde

(V) (b/GeV) (¢ev®)  (Mb/Gen?) (GeV)  (Mb/Gev)

0.0375 20.6920.34 ©0.0375  15.2720.44 0.0375  54.84%0.88
0.075 14.67%0.23 0.075  10.6620.31 0.075  34.40:0.68
0.3J10 10.91%0.2% 0.110 8.1920.41 0.110  22.8240.68
0.130  9.32%0.17 0.130 6.3120.51 0.130  18.02$0.84
0.150  7.67%0.17 0.150 6.5220.33 0.150  14.27+0.57
0.170  6.65%0.16 0.170 4.100.39 0.170  11.11:0.61
0.200 5.14%0.12 0.200 4.05%0,.22 0.200 8.4920.43
0.250.  3.41%0.08 0.250 2.7320.22 0.250 4.600.28
0.300  2.35%0.07 0.300 2.07%0.17 0.300 2.68%0,19
0.350  1.66%0.05 0.350 1.2320.13 0.350 1.38+0.14
0.400  1.15%0.04 -0.600 0:6720,17 0.400 0.79:0.12
0.450  0.75%0.04 0.450 0.6120.08 0.450 - 0.6920.23

0.500 0.52%0.04 . 0.500 0.3620.07



'l+pr"!’+p
-t da/dt
(Cev?) (Mb/Gev?)
0.110 10.3520.53
0.130 9.31:0.38
0.150 7.80:0.20
0.170 6.43:0.21
0.200 4.89:0.16
0.250 3.43+0.11
0.300 2.42:0.10
0.3.2 1.6620.07
0.400 1.11+0.05
0.450 0.75:0.05
0.500 0.60+0.04
0.550 0.64+0.04
0.600 - 0,29:0.02
0.650 ° 0.19:0.01
0.700 0.19:0.02
0.750 . 0.10:0.01
0.800 0.08:0.01
n"pp
-t do/de
{Cev?) (/Gev?)
0.0375 21.62:0.44
0.075 14.04:0.21
0.110 10.40:0.21
0.130 ~ £.8820.24
0.150 7.0520.23
0.170 6.22:0.21
0.200 5.1240.14
0.250 3.32+¢0.09
0.300 2.25¢0.09
0.350 1.53#0.06
0.400 1.1220.54
. 0.450 0.73:0.03
0.500 0.5420.02
0.550 0.3820.03
0.600 0.2320.02
0.650 0.2020.02
0.700 0.15:0.01
0.750 0.1120,01,
0.800 ©.03+0.01

€. 10

teortp

-t
(Gev?)

0.075
0.110
0.130-
-0.170
0.200
0.250
0.300
0.350
0.400
0.500
0.550
0.650
9.750

KX p
~t
(Gev?)

0.0375 .
0.075

- 0.110.

0.130
0.150
0.170
0.200
0.250
0.300
0.350
0. 400
0.450
0.500
0.600
0.650
©.750

0 GeVIc‘

do/dt

(HblGevi)

9.40:1.50
8.9320.98
6.25+0.53
4.37+0.70
3.78:0.42
3.06:0.20
2.08:0.25
1.74:0.26
1.05:0.09
0.68:0.08
0.49:+0.08
0.23:0.02
0.17:0.03

do/dt
(15 /Cev?)

13.37£1:23
10.07%0.62
9.83:0.82
7.69:0.92
4.8920.56
4.84%0.57

- 3.9520.32

2.8020.41
1.94+0.18
0.92:0.23
0.90:0.11
0.61:0.07
0.51+0.08
0.1820.10
0.20£0.02
0.08:0.06

PPPP
-t ég/dt

(Gev?) (Mb/Gev2)

0.0375 48.07+5.10
0.075 28.92:1.61
0.110 22.9420.68
0.130 18.95:0.46
0.150 15.42:0.24
0.170 12.3820.24
0.200 9.30:0.19
0.250 5.60:0.12
'0.300 3.40:0.10
0.350 2.01+0.06
0.400 1.31+0.05
0.450 0.89:+0.04
0.500 0.51+0.04
0.550 0.31+0.0C4
0.600 0.21:0.01
0.650 0.1410.01
0.700 0.07+0.02
0.750 0.05+0.01

PPPP
-t - do/dt

(GeV?) (Mb/Cev?)

0.0375 62.2143.80
0.075 36.91*1.85
0.110 .- 24.01+1.89
0.130 18.94%1.94
0.150 15.56%1.10
0.170 11.58+1.38
0.200 10.38:0.98
0.25%0 4.85:0.82
0.300 2.93:0.29
0.350 1.57+0.39
0.400 0.92:0.17
0.450 0.59+0.12
0.500 0.3020.10
0.650 0.1120.09
0.750 0.1420.17



+ &
Y prp

-t

do/dt

(GeV?) (Mb/GeV?)

21.3720.54

0.0375
0.0750 14.8420.29
0.1100 10.53%0.40
0.1300 9.1)%0.23
0.1500. 8.0320.37
0.1700 6.75%0.19
0.2600 5.1920.13
0.7500 3.49%0.16
- 0o J000 2.35%0.08
0.3500 1.6720.06
0.4000 1.11%0.03
0.4500 0.7820.03
0.5000 0.5520.02
0.5500 0.4320.03
0.6000 . 0.27%0.02
0.6500C 0.19+0.02
- 0.7000 0.18:0.02
0.7500 0.1320.02
0. 8000 0.0920.01
L3 ac I
e do/fdt

(cev?)  (1/cev?)

0.0375
0.0750
0.1100
©0.1300
0.1500
0.1700
0.2000
0.2500
0.3000
0.3500
0.4000
0.4500

- 0.5000

0.5500
0.6000
0.6500
o- 7wo
0.7500

20.9820.55
14.88%0.23
10.4120.23
' 9,2420.25
7.64%0.20
6.6840.18
5.17%0.13
3.42%0.14
2,34%0.08
1.41%0.07
1.15%0.06
0.76%5.06
0.4820.04
0.39£0.02
0.2720.03
0.16%0.02
0.1520.01
0.12£0.01

4. 140 .CeV/c

f+p+lfb

-t do/dc
(Cev?) (Mb/cev?)
0.0750  10.58%0.47
0.1100  8.01%0.40°
0.1300 6.35%0.22
0.1500  5.8110.42
0.1700 4.550.47
0.2000 4.07£0.16
0.2500  2.6020.22
0.3000  1.88:0.06
0.3500 1.27:0.06
0.4000  0.9620.06
0.4500 0.75%0.06
0.5000  0.52:0.04
0.5500  0.35£0.05
0.6000  0.29:0.03
0.6500 0.24%0.0%
0.7000  0.15:0.02

KPP

-t da/de

(Cev?) (Mb/Cev?)

0.0750
0.1100.
0.1300
0.1500
0.1700
0.2000
0.2500
0.3000
0.3500
0.4000
0.4500
0.5000
0.6000

11,03+0, 45
7.32£0.56
6.730.26
5.6610.28
4.91£0.55
4.04:0.20
2.81:0.21
1.3920.14
1.0840.26
0.8410.05
0.2620.17
0.43£0.05

0.23+0.05

PP PP

-t

da/de

(Gev?) OBb/Gev?)

0.0375 51.30%1.3%
0.0750 © 32.9320.62
0.1100 23.17:0.87
0.1300 17.22%0.45
0.1500  14.7410.6%
0.1700 11.6320.34
0.2000 8.8620.24
0.2500 5.51%0.26
0.3000 3.21%0.10
0.3500 2.0040.07
0. 4000 1.2840.03
0.54500 0.79%0.03
2.5000 0.5420.02
0.5500 v.3520.02
0.6000 0.21:0.01
0.5500 0.1320.01
0.7000 0.09:0.01
§4.7500 0.061£0.01
0.8000 0.0620.01
PrPP
-t: do/de
(cev?) (m/Cev?)
0.0750 36.06+1.42
0.1100 2§4.12+2.02
0.1300 17.5421.15
0.1500 14.50+0.84
0.1700 13.48*1.58
0.2000  8.52:1.04
0.2500 5.0320.54
0.3500 1.6)+0.60
0.4000 1.26*0.17
0:5000 0.35£0.13

. 0.6000

0.22:0.10



‘l’+"'l'+p

-t  do/dc
(Ce¥') (Mb/GeV')
0.075 14.96%0.16
0,110 10.86410.17
0,130  9.1820.12
0.150 7.7320.14
4.170 6.3010.19
0.200 5.07%0.07
0.250 .  3.500.04
0.300 2.31%0.04
0.350 1.570.04
0.400 1.09%0.403
0.450 0.7820.03
0.500 0.60%0.03
0.550 0.3920.02
0. 600 0.3020.02
0.650 0.20%0.01
0.700 0.1620.01
0.750 0.1120.01
0.800 0.08t0.01

 Rpmp

-t . dajdc -
(Ce¥) (Mb/Ce?)
0.0375 24.30t1.08
0.075 15.60:0.29
0.110 11.28+40.38
0.130 8.8320.23
0.150 7.37:0.11
0.170 6.17£0.15
0.200 4.98:0.12
0.250 3.29£0.08
0.300 2.19:0.03
0.350 1.52£0.05
0.400 1.03£0.03
0.450 0.73£0.03
0.500 0.53:0.02
0.550 0.38:0.01
0.600 0.25t0.01
0.650 0.19:0.01
0.700 0.16:0.01
0.750 0.0920.01
0.800 0.08t0.01

oy
-t dofde
(GeV')  (Mb/GeV")
0.0375 14.54%0.33
0.075  10.65%0.22
0.110 8.19%0.31
0.130 6.68t0.24
0.150 5.8110.26
0.170 . 4.58%0.38
0.200 "3.98$0.19
0.250 2.69£0.06
0.300 2.0620.09
0.350 1.32:0.05
0.400 0.95%0.06
0.450 0.65%0.06
0.500 0.5620.05
0.550 0.41%0.03
0. 600 0.30:0.03
0.650 0.1920.03
0.750 0.10£0.01
Kpkp
L -t do/de

{Gev?d) (Mb/GaV*)
0.075 11.42:0.31
0.110 7.6520.59
0.130 6.1220.54
0.150 6.1420.17
0.170 4.800.34
0.200 . 3.88:0.12
0.250 - 2.6760.13
0.300 2.0920.26
0.350 1.2120.06
0.400 .0.8320.10
0.450 0.6020.06 .
0.500 0.4020.10
.0.600 0.2620.03
0.650 0.09:0.09
0.750 0.090.09

175 GeV/c

PPUPP.

-t
(Gev?)

0.075
0.110
0.150
0.170
0.200
0.250
0.300
0.350
0.400
0.450
0.500
0.550
0.600
0.650
0.750

PPEPR

-{Gev?)

0.3375
0.075
0.110
0.130
0.150
0.170
0.200
0.250
0.350
0.400
0.450"
0.500
0.600

do/dt
(b /Gev?)

33.1240.46
24.2220.64
15.06+0.47
11.3040. 42
8.5420,38
5.2710.05
3.2220.06
2.07:0.04
1.24£0.03
0.7520.03
0.48£0.03
0.2810.02
0.2320.02
0.1310.01
0.0610,01

_do/de
(b/Cev*)

46.60:5.68
32.95¢1.22
25.06£2.39
16.07:2.12
13.99:0.49
9.85:1.19
7.66+0.33
4.03£0.63
1.65:0.11
1.0120.31
0.52:0.13
0.39£0.36
0.16:0.07



Table V Quadratic Exponential Fits: Fits of cross sections frem Table IV

2 N
to dg/dt =AeB't‘+Ct . The optical theorem prediction (OTP) is
included as a data point with a 3% uncertainty. P{X2) is the
probability of getting a chi-sguared greater than the value
observed. “degf" is the number of degrees of freedom.

p orTP a B_ c_ . B (0.2) degf
(GeV/c) (Mb/GeV?) (Mb/GeV?) (GeV 2) (Gev ") (Gev ?) P(x?

p 50 29.5 31.310.4 9:7%0.1  3.1:0.2  -B.45:0.06 0.09 16
70 29.4 28.9:0.5 ~9.1¥0.2  2.430.4  -B.14£0.06 0.90 1

100 29.3 28.5:0.4 —9.2¢00.1 7 4:0.2  -8.27%0.06 0.0l 17
140 - 29.6  23.2:0.5 -9.2t0.2  2.4:0.3  -8.2820.07 0.22 16
175 29.9 30.240.5 -9.6:0.1  2.8:0.2  -B.46%0.06 0.00 17
Kp 50 21.0 21.2£0.6 ~8.9¢0.3  2.520.6  -7.95%0.14 0.51 12
70 2.0 20.9:0.5 -8.8:0.4  2.281.1  -7,92#0.17 0.10 10

00  21.3 © 21.00.6 -9.0£0.4  2.8:G.7  -7.9330:14 0.28 14
140 21.6  21.420.6  -9.130.3  2.4:0.7 -8.0720.13 0.53 1
175 21.9 22.2:0.6  -9.2¢0.3  2.8:0.5  -8.1120.10 0.68 13

PP 50 98.3 99.2t1.7 ~12.620.2  3.320.5 -11.3420.10 0,24 15
70 94.0. 89.5:1.8 ~12.840.3  3.4%1.0 -11.4620.15 0.61 1

100 90.3 91.3%2.5 <11.980.5  1.421.3 -11.38:0.22 0.86 13
140 B3.9 89.322.¢€ ~12.620.4  4.081.2 -10.9720.24 0.93 10
175 8a.4 - "87.4%2.4 -13.120.4  4.781.1 -11.20%0.19 0.90 12
*p- 50 27.4 . 27.3%0.4 -8.7:0.1  1.8:0.2 ~-8.0120.06 0.25 17
- 70 27.4 27.3%0.5 -8.6:0.1 1.9s0.3 _ ~7.8620.06 0.79 15
100 27.7 27.50.7 ~8.810.2  2.0:0.3  -8.0020.08 0.60 15
140 28.0 28.820.5 -9.010.1  2.240.2  -8.1120.06 0.80 17 .

175 - 28.5  28.8%0.4  -9.1s0.1 2.310.2  -8.1520.05 0.49 . 16
K'p 50 16.6 16.620.4  -7.610.3 1.140.6  -7.1320.12 0.66 1
' 70 17.2 17.320.4 -8.130.3  2.2:0.6  =-7.2010.11 0.61 14
100 18.2 18.0:0.5 -7.820.3 1.9+0.5  -7.03%0.13 0.62 11

140 18.9 18.7:0.5 = -8.310.2  2.2:0.4 -7.4420.09 0.34 - 1S

175 19.7 19.720.3 -8.420.2  2,1:0.3  -7.5620.07 0.56 15

pp 50 ' 76.2 75.9£0.9 -10.320.1  1.5:0.3  -9,67£0.06 0.99 14
70 75.8 75.621.1 -10.6:0.2  1.8:0.3  -9.8120.06 0.85 s

100 75.9 73.611.7 ~10.710.2  1.5:0.3 -10.0920.08 0.47 16

140 76.3 75.7£1.3 -31.320.1  2.510.2 ~10.25$0.06 0.53 17

173 76.8. 76.5%1.3 =-11.310.1 2.310.2 -10.32:0.05 0.09 13
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Table V1: Error matrices for fits of T;ble v.

[+

YO and 9cc 3re the mean squared uncertainties of the beat fit values

A, B, and C, respectively. UAB' OAC' and cnc
quantities AB, AC, and BC, respectively. They reflect the correlations

between the parameters introduced by the fitting procedure.

are the average walues of the

r %an 'Y %cc Ipn %ac %se
(GeV/c) (b2/Cev®)  (GeV )  (GeV %) (Mb/GeV')  (Mb/Gev®)  (1/Gev?)
s0 0.7 0.01 0.02 .-0.04 0.05 -0.02
70 0.22 0.04 0.19 -0.08 0.15 -0.08
100 0.18 0.02 0.05 -0.05 0.07 -0.03
140 0.25 0.03 0.07 -0.07 0.10 -0.04
175 0.26 0.01 0.03 -0.05 0.06 - -0.02
50 0.37 0.11 0.36 -0.11 0.14 -0.18
70 0.26 0.15 . 1.15 -0.15 0.33 -0.38
100 €.3% 0.12 0.43 -0.12 0.17 -0.21
140 0.36 0.11 0.53 -0.15 0.25 -0.22
175 0.32 0.06 0.27 -0.12 0.18 -0.12
50 2.83 0.05 0.24 -0.31 0.52 -0.10
70 3.06 0.11 0.94 -0.43 1.15 -0.29
100 6.31 0.22 1.73 £0.75 1.46 -0.56
140 6.51 0.19 1.50  -0.75 1.38 -0.46
175 s.92 0.14 1.21 -0.66 1.2¢ -0.38
50 0.16 0.02 .0.%% -0.04 0.05 ~0,02
70 0.20 0.02 0.07  -0.06 0.08 -0.04
100 0.50 0.03 0.07 -0.11 0.14 -0.05
140 0.24 0.02 0.06 -0.06 0.08 -0.03
175 0.15 0.01 0.03  -0.04 0.05 -0.02
50 0.17 - 0.09 0.36 -0.09 0.13 -0.17
70 0.18 0.09 0.41 -0.10 0.16 -0.18
100 0.28 0.10 0.27 -0.09 0.11 -0.15
140 0.22 0.05 0.16 -0.08 0.11 -0.08
175 0.12 0.03 0.08 -0.04 0.06 -0.04
[T) 0.87 0.02 0.07 <0.11 0.18 -0.03
70 1.29 0.02 0.09 -0.15 0.25 -0.04
100 2.78 0.03 0.09 -0.27 0.38 -0.05
140 1.72 0.02 0.06 ~0.16 0.22 -0.03
175 1.74 0.02 0.06 -0.15 -0.03

0.23



TABLE VII

“TOTAL ELASTIC CROSS SECTIONS CALCULATED FROM FIT OF TABLES V AND VI

Tp

®P

;y

P
{Ge V/c}

50
70
00
40
75

50
70
100
140
17s

50
70
doo
140
175

50
70
‘100

140
175

50
70
100
140
175

50
70
300
140
b I

el
(mb)
3.29 + .11
3.35 + .12
3.30 + .15
3.39. % .12
3.37 + .10
2.27 4+ .09
2.30 + .10
2.47+ .11
2.40 % .10
2.50 + .08
7.61 % .29
7.41 % .31
7.07 + .35
7.00 + .28
7.06 + .28
3.48 + .11
3.39 + .14
3.28 + .11
3.36 + .12
3.38 + .11
2.54 + .11
2.53 + .12
2.51 % .12
2.52 + .12
2.59 + .12
8.20 + .40
7.30 + .47
7.80 + .60
- 7.52 % .60
7.12 * .32

23.07
23.16
23.29
23.43
23.60

18.03
18.36
18.85
19.23
19.59

38.14
38.24
38.39
38.57
38.76

24.0)
24.00
23.96

24.00
24.17

20.25
20.30
20.41
20.50
20.70

43.86
43.00
42.04
41.80
+1.60

P P o P T T TR T I N I LR LR TR

i+ 14+ 14 {+ {+ 1+ [+ [+ 1+ 1+

1+ 1+ |+ t+ |+

.09
.09
.05
.10
.10

.19
.19
.19
.19
.19

.12
.12
.12
-12
-12

<10
+10
.10
+10
.10

.22
£ 22
<21
.21

.21

%inel

(mb)

19.78
19.81
19.99

'20.04

20.23

15.76
16.06
16.38
16.83
17.09

30.53

30,83
31.32.

31.57
31.70

20.53
2o.61
20.68

20.64
20.79

17.71
17.77
17.%0
17.98
18.11

35.66
35.70
34.24
34.28

34.38

I+ 1% 1+ 1+ |+ {41+ 1+ |+ |+ I+ |+ |+ 1+ |+ I+ 1+ i+ 1+ [+ [+ {+ t+ |+ |+

)11+ 0+ 1+

-16
.17

«19
«17
«16

.13
.14

5
.14
.13

.35
.37
-40
.34
.34

.19
.16
<17
17

.15
.16
.16
.16
.16

.45
.52
-63
-63

-56

Ye1
“tot
0.142 + .005
0.145 + .005
0.142 + .007
0.145 + .005
0.143 + .004
0.126 + .005
0.125 + .005
0.131 + .006
0.125 + .005
0.128 + .004
0.199 + .008
0.194 + .coe
0.184 + .009
-0.182 + .007
0.182 + .007
0.145 + .005
0.141 + .006
© 0.137 + .005
0.140 + .00S
0.140 + .005
0.125 + .006
0.125 + .006
0.123 + .006
0.123 + .006
0.125 + .006
0.187 + .009
0.170 + .011
0.185 + .014
6.180 + .014
0.171 + .033
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TABLE IXb

Slope of Effective Regge Trajectory at -t =0.2 Gevz

a’(~0.2)
Reaction (cev™2)

PP ' ~.27 + .06
PP +.10 # .09
x*p -.18 + .06
- *
Kp =207 & .07
w*p -.09 + .05
T p | -.02 + .05

{1% systematic uncertainty added in quadrature to errors
on B{-.2). This corresponds to the energy dependent part
of the total systematic uncertainty of 1k%.}
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Table XI: Typical radii R, and R_ in impact parameter space
for ¢ = +]1 and C = =1 exchange amplitudes, as defined above.
The uncertainties in R, are typically *23 except for R_ at

100 GeV/c {110%).

2 X, .5
(Gev/c) () ) B_/R,
a s 1.00 1.09 1.09
100 1.15 1.09 0.95
4 1.33 1.18 0.89
PP 300 1.33 1.43

1.08




Fig. 1.

Fig. 2.

Fig. 3.

rig. ‘ .

FIGURE CAPTIONS

piagram of the first stage of the MGE beam showing the
horizontal plane optics configuration. The momentum. and

f-stops are variable collimators.

Ray trace diagrams for the M6E beam line. The vertical
trace (a) shows the ray starting at the origin with max-
imal divergence and the ray starting at- the extreme‘ob-
jJect displacement with zexo divergence. In the horizon-
tal trace (b) the same two rays are shown along with a
ray starting on the optical axis but with the maximﬁm
deviation. The beam envelope diagxam#, {c) are computed
using elliptical phase space and a schematic representa~-
tion of the magnetic components for the horizontal plane
is included.

Diagram cof the third stage, of the M6E beam, including
the particle identification, trajectory and momentum
tagging instrumentation. .

Ray trace diagrams for the Single Arm Spectrometer. The
vertical trace (a) shows the ray starting at the origin.
with maximum divergence and the ray starting at the ex-
treme object position with zero divergence. 1In the hori-
zontal trace (b}, fhe same two rays are shown along with

a ray starting on the optical axis but with the maximum

momentum deviation. The beam envelope diagrams, (c}, are

_ computed without phase space constraints and a schematic

L b



representation of the magnetic components for the hori-
gontal plane is included.

Fig. 5. Diagram of the Single Arm Spectrometer instrumentation
and horizontal plane optics configuration.

Fig. 6. Variation of the scatéering angle by magnetic deflection
of the incident beam for the +¢ caéé in which the beam
is deflected down (a) and the -¢ case in which the beanm
is deflected up (b}. A comparison of fthe results for
the two confiqurations was uéed to detect a relative
‘angle offset, A, as indicated in (¢). -

rig.r7. Curveé of the 0° spectrometer transﬁission through the
aperture-defining jaw counters for three settings of the
jaws as a tunctién of the incident beaﬁ angle measured
in field strength of the scattering angle magnet system.
The ratio of the FWHM for curves 1 and 2, 0.306, compared
with the ratic of the jaw openings, 0.305, is a check on
the measurement: Curve 3 shows the physical aperture of
the spectrometer as defined by magnet steel when the jaws
are fully open. |

rig._s. Setup for small angle scattering. The unscattered beam
(solid line) passes through the jaw counter and into the
iron dump block. The acceptance for scattered flux is'
determined by the edge of the scintillaior jaw counter.

rig. 9. Missing mass squared spéctrum at +70 GeV/c for elastic
and near elastic pion-proton scattering in the t-range

indicated. A Guassian distribution has been drawn through



Fig.

FPig.

Fig.

‘Pig.

Fig.

10.

11.

12.

13,

14.

the elastic yield to.indicate the amount of inelastic
background under the_elastic peak.

Plots of fully corrected cross sections. Figures 1Ca,
b,c,d,e, and £ show n'p, K'p, pp, ™ P, K p, and Bp re-
spectively aﬁ all five momenta. In order to provide
separation between the results for 50, 70, 100, 140,

and 175 GeV/c, the cross secti ns have been scaled by
10,006, 1,000, 100, 10, and 1, respectively. Only sta-
tistical errors are plbtted. The smooth curves are plots
of the parameterizations of Table V. The point at t=0

is the optical theorem prediction given in Table V.
Comparison of the A-parameters from the guadratic ex-
ponential fits without the optical point constraint to
the optical theorem predictions.

Comparison of the results from this expériment with the
results of Antipov et al., (Ref. 21), at 40 GeV/c. Plot-
ted are the data points of ‘this experiment divided by the
quadratic exponential fits of Ref. 21.

Comparison of the results of this experiment to the re-
sults of Derevchekov et al., (Ref. 22) at 50 GeV/c for
¥Tp + 7 p. The ratio of their data points to the fitted
values from Table V are piotted. |
Comparison of pp elastic scattering results from this
experiment to the results of the USA-USSR Collaboration
at Fermilab {(Ref. 23). The slope parameter B from Ref. 23

has been used to calculate cross section values according



Fig.

Fig.

Fig.
Pig.

Fig.

15,

16.

17.
18.

19.

rig. 20.

‘at ~tw0.2 GeV°. . The swooth curve has a slope of 0.2 G&\' °,

to the formula do/dt = Aegt vhere A is the optical
theorem prediction. ‘The ra%io of the measured cross
section freom this experiment fo the cross sections
calculated as descriﬂed are plotted.

Ratio of cross sections from Akerlof et al., (Ref. 24}
to fits of Table V. Absolute normalization differencgs
have been removed before computing these ratios.

Energy dependence of B and C parameters from a few

GeV to the highest available energies. Circles repre-
sent values taken from Ref. 28 and cr¢ ses are the val-
ues obtained in this experiment. The variable s is 2m P, ..
Slope farameters at -t = 0.2 Gev? as a function of s.

_ Regge Alpha parameter determined from the proton-proton

elastic scatteriné results of this experiment. The
straight line is the best fit_to the data, éﬁ given in
equstion 9.

*"$*p elastic cross section, calculated from equation 12
using.croés-section values bf Table IV. The resuits for
50, 70, 100, 140, and 175 GeV/c are scales by 10,000, 1,000,
100, 10 and 1 rgsﬁectively, to provide separation between
the curves. The values at t=0 a;; calculated from the
optical points for pion and kaon scattering according to
equation 11.

s dependence of slope paéameter for “¢"p elastic scattering

2 2

the value observed in ép scattering.



riyg,

Fig.
Pig.

Fig.

Fig.

. Pig.

Pig. 27.

21.

22,
23.
24.

25.

26.

Fig. 28.

Figq. 25.

'xespectively; cross sections are multiplied by o

Elastic scattering cross sections divided‘by the gquad-
ratic exponential fits of Table V to the positive-beam
data. The line shows the ratio of negative—beém fits
to positive-~beam fits. .
Crpssover points as a function of incident momentum.
Total elastic cross sections for all six particles v5. B.
Ratio of UelfoTOT vs. 8. The circles_represent values
taken from Ref. 28. The crosses are from Table VII.
Geometric scaling test for K+p and ép differential cross
sections between 70 and 175 GeV/c.
Geometric scaling tes£ for -pp differential cross séc;ions
between 175 GeV/c and 290 and 1480 GeV/c equivalent enexgy
from ISR (Ref. 39). Open circles aré the 175 GeV/c re-
sults of this experiment. Crosses and diamonds are the
290 and 1480 GeV/c results scaled as follows: t values are
multiplied hy»“TOthgolfaTOT(l75’ and;aTOT(IQBO}/cTOT(17SI:
2 op(175)/
0o (290) and o?, . (175) /0% 1(1480) , respectively.
Im h,,(s,b) for the six reactions at 50 GeV/c (circles) .
and at 175 GeV/c¢ (crossés). . The errors shown include the
statistical éxrors, the uncertainty due to the real pagi
and to large t contributions (o.fs < & < 1.4 Gev?).
Im hella.ﬁ-O} as a function of 5 for utp, Ktp, and p*p.
The errors are calculated as for Fig. 27. o
Gy ., (8,b=0) as a function of s for ¥'p, K'p, and pip.

The erxrors are ¢alculated as for Fig. 27. The ISR and



Fig. 30.

Pig. 31.

rig. 32.

24 GeV/c points in pp are taken from Ref. 4l1.

The RMS interaction distances for (a) the total and (b)

the inelastic cross sections as a function of s for all

six reactions. The errors are calculated as for Fig. 27.
These values are appropriate for;comparing the different
reactions even though théy may all .increase by as much

as 12% if the integration region is extended to b-2 fermi.
&c;thb)' for (a) Kp and (b) pp at p = 50 GeV/c {circles)
and at p = 175 GeV/c {crosses).

Quark model ratics at (a) p = 50 GeV/c and (b) p = 175 Gev/c.
The different ratios are (circles) 3/2s{Kkp}/S(pp}., (cros-
ses) S(Kp)/s(wp}, and (triangles) S(mp}/(1/2 S(Kp) + 1/3s(pp}) -

e
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