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ABSTRACT

Differentidl cross sections for the elastic scattering of positive
pi mesons on protons were measured at the Berkeley Bevatron at lab-
oratory kinetic energies of the pion between 500 and 1600 MeV . Fifty
scintillation counters and a matrix coincidence system were used to
detect the recoil proton and the pion, both before the latter reachgd a
liquid-hydrogen target and after scattering. Various corrections were
applied to the data, and the results were fitted with a power series in
the cosine of the scattering angle in the center-of-mass system. Total
elastic cross sections were obtained by integrating under the fitted
curves. The coefficients of the cosine series are shown plotted vs the
laboratory kinetic energy of the pion. The most striking features of
these curves are the large positive value of the coefficient of cos® 9*,
and the large negative value of the coefficient of COS49*, both of which
peaked in the Vi.cinity of the 1350-MeV peak in the total cross section.
These results indicate that the most predominant state contributing to
the scattering at the 135>O MeV peak has total angular momentum
J = 7/2, considering that the coefficients for terms above coséf)* are
negligible at this energy. One possible explanation is that the 1350-MeV
peak is the result of an F7/2 resonance lying on the same Regge-pole

trajectory as the famous (3, 3) resonance near 195 MeV.



I. INTRODUCTION

In this experiment the differentizl cross sections for the elastic
scattering of positive pi mesons (pions) on protons were measured at
incident pion laboratory kinetic energies between 500 and 1600 MeV.
‘Although considerable work has been dong in the study of T .p scatter -
ing, 1 little has been done on T!'+--‘p scgtteri‘ng in this energy ranze  Sev-
eral bubble-chamber experiments have been performed within the pzst
few years to measure the TT+-p differential cross sections {(d.c.¢.).
Bidan et al., using the Saclay propane bubble chamber. measured the
d.c.s. at 1000 MeV. 2a Barloutaud et al., using the Saclay hydrogen
bubble chémber, measured the d.c.s. at 820, 900, and 1050 MeV ¢b
Kopp et al., using a hydrogen bubble chamber at the Brookhaven
Cosmotron, measured the d.c.s. at 990 MeV. 2c Rerlhg and Glaser
using a propane bubble chamber at Michigan, measured the d.c.s. at
1100 MeV. 2d This work is also discussed in reference Ze. Willis.
using a hydrogen bubble chamber at Brookhaven, me;a‘sured the d ¢ <.
at 500 Me\/.,Zf In most of these experiments the TT+-4p d.c.s. 1s based
on 200 to 1200 events per energy.

This experiment was performed as a more detailed study of
various phenomena that were originally observed in the total cross
sections, as measured by several experimental groups w:thin the past
few years. 3 The first phenomenon that was discovered was the famous
(3, 3) resonance, which has a total energy of about 1238 MeV 1n the
center-of-mass (c.m.) system. This resonance has been studied quite
thoroughly and the quantum numbers associated with the resonant state
are well known. The (3,3) resonance has isotopic spin T = 3/2. total
angular momentum J = 3/2, orbital angular momentum £ = 1. and
positive parity, i.e., the parity of the nucleon.

Several interesting phenomena have been observed at energ.es
above the (3, 3) resonance (see Fig. 1). 1n the total cross sect:on for
T -p scattering there are two definite peaks; one is near 600 MeV ard
the other is near 900 MeV. For n+-p scattering there 1s & broad peak
in the total cross section near 1350 MeV. and also a “shoulder neazr

850 MeV.
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It is possible that some of the peaks are elastic resonances
superimposed on a normal elastic plus inelastic background, and that
others are merely the result of a rapidly rising inelastic c.ross section
which suddenly reaches the limit imposed on it by the unitarity condi-
tion at the energy of the peak. The last mechanism is discussed in more
detail in reference 4.

Regardless of how the peaks are produced, it is desirable to
learn as much as possible about them. At present there are no theories
that correctly predict cross sections in this energy region. It is hoped

_that the data from this experiment will be an aid in the formulation of a
theory which not only will correctly predict cross sections, but will
also explain the nature of strong interactions in general.

Since all strong interactions are interrelated, a thorough knowl-
edge of pion-proton interactions will be very helpful in explaining the
various phenomena that occur in other types of strong interactions, such
as the K meson—pfoton interactions, and the pion-hyperon interactions.

It is reasonable to hope that all strong interactions may someday
be éxplained in terms of just a few basic interactions, such as the (3, 3)
resonance, the various w-m resonances, etc. Some of the w-7 reso-
nances are the p meson, a T =1, J = 1, metastable "'particle' of mass
M = 750 MeV, which decays into two pions; the w meson, a T =0,

J =1, three-pion resonance '""particle'" of mass M = 780 MeV; and the
n meson, a T =0, J =0, "particle'" of mass M = 550 MeV.

At the present time it is conventional to characterize w-p scat-
tering in terms of phase shifts, which are discussed in Sec. V. However,
with only differential- and total-cross-section data it is extremely dif-
ficult, if not impossible, to determine uniquely all of the necessary
scattering phase shifts. The reason for the difficulty is that numerous
orbital angular-momentum states participate in the scattering in the
energy region of this experiment; hence, it is necessary to determine
a large number of phase shifts. In addition, these phase shifts are
complex quantitie's, because inelastic scattering is allowed at these
energies. In order to make a complete phase-‘shift analysis it is neces-

sary to obtain additional data from experiments such as the measurements



of the polarization of the recoil proton in m-p elastic collisions, > the
total and differential cross sections for charge-exchange scattering
(m -p—~ Tro-n), 6 pion photoproduction cross sections, " etc.

In Sec. V qualitative arguments are presented for the assignment
of quantum numbers to the state that is responsible for the 1350-MeV
resonance. The ""shoulder'" near 850 MeV in TT+—p scattering is also
discussed.

Because total isotopic spin is conserved in strong interactions,
it is desirable to examine pion-nucleon scattering in terms of states of
well-defined isotopic spin, rather than in terms of definite'charge states.
In order to obtain the cross section for isotopic spin T = 3/2, we can
use the Trf—p' cross section alone. A linear combination of the cross
sections for TT+—p and T -p scattering (including charge exchange) may
be used to calculate the T = 1/2 cross section. In this report the

T =3/2 (TT+—p) scattering is examined.



1. EXPERIMENTAL METHOD AND EQUIPMENT

A. Experimental Method

A beam of positive pions of selected momentum was focused
\with small angular divergence on a liquid-hydrogen (LHZ) target. Then
the differential cross sections for the elastic scattering of the pions was
measured by detecting the scattered pion and the recoil proton in the
proper time relationship with the incident pion. Scintillation counters
were used as detectors. |

The detection of inelastic scattering events in the elastic-
scattering channels was minimized by the geometrical restrictions of
the pion and proton counters. This method was used rather than one
involving Cerenkov counters, or range telescopes, etc., because it
accomplished its purpose adequately and it avoided the difficult correc-
tions due to Cerenkov-counter inefficiencies or scattering in the range
telescope. which must be applied when using the other methods. A
measure of the inelastic scattering was made in order to correct the
elastic data for inelastic events-—this is explained in more deta:l in
Sec. IIIB. Other corrections to the data are also discussed in Sec. IIIB.

Differential cross sections at laboratory scattering angles smaller
than about 20 deg could not be measured, because for those events the
recoil proton did not have enough energy to reach the proton counter
and be counted.

- The advantage of using a scintillation~counter array around the
LI—I2 target is that it is possible to obtain much better statistics in a
shorter interval of time, as companed with thethods using bubble
chambers, spark chambers, etc. The statistics in this experiment
averaged about 3 to 4%.

Figure 1 shows the total cross sections for m-p scattering,
with vertical lines at those pion laboratory kinetic energies at which
this experiment was performed: 533, 581, 698, 873, 990, 1311, and
1555 MeV.



Scattering from the empty hydrogen target was measured so as
to correct for extraneous scattering from material in the bea‘fn, other
than liquid hydrogen.

The pions incideri]: on::t;?he liquid-hydrogen target were counted by
using a monitor telescope consisting of three scintillation counters.
The positions of these three counters are shown in Fig. 2, which is a
plan view of the experiment. The number of monitor counts was cor-
rected for muon-electron contamination in the beam, as measured by

a gas Cerenkov counter.

B. Equipment

1. Source of Pions

The pions were produced when an aluminum oxide ceramic
target was struck by protons in the circulating beam in the Bevatron.
The targe‘t was specially made to have a higher relative density (*4)
than most aluminum oxide ceramics. The number of pions produced in
such a target is nearly proportional to the number of nucleons that are
effective in contributing pion-producing collisions, per cm3 of target.
The total number of nucleons per cm3 isn=Np, v&here N, is
Avogadro's number and p is the density of the target material. Since
some of the nucleons in an atom of target material are '""'shadowed'" by
other nucleons, the equation for the effective density of nucleons be-

comes

where A is the total number of nucleons in each target atom. There-
fore, in order to maximize the pion flux, it is necessary to maximize
p /A1/3. Positive and negative electrons are produced in the target
when a neutral pion decays into photons and the photons create electron
pairs. In order to minimize the electron contamination in the pion

beam, it is necessary to minimize the conversion of the photons into
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electrons. This conversion rate is proportional to ZZ, i.e. the square
of the charge of each target nucleus. For this reason it is desirable to
have a target with low Z. A ceramic target was chosen as a compromise
between these two requirements. '

When viewed in the direction of the secondary beam of pions, the
target was 1/2 in.wide by 1/8 in. high. Some of the pions produced in
the ceramic target were 'collected' by an 8-in. -bore quadrupole placed
at a 28-deg angle from the primary beam of protons. Because the
1/2-in. -wide ceramic target was also placed at a 28-deg angle with
respect to the proton beam. it had an effective length of about 1 in. along
the proton beam.

Approximately lO]1 protons were ‘‘spilled” onto the ceramic
target during each Bevairon pulsze. thus producing approximately 20 000
pion counts per pulse in the monitor system. The pions were distrib-
uted as uniformly as possible over a time interval of 200 msec. The

pion pulse was produced every 5 to 6 sec during the experiment.

v

2. Beam Design

The overzll beam layout is shown in Fig. 2. The pions were
transported from the Bevatron target to the liquid-hydrogen target by
means of an optical system, shown schematically (not to scale) in Fig. 3.
The optical system consisted of four 8-in. -bore quadrupoles. two bend-
ing magnets, a velocity spectrometer, and a copper slit. The primary
purpocse of the quadrupoles was to focus the pion beam on the hydrogen
target, and also to produce an intermediate focus. The bending magnets
‘determined the central momentum of the pion beam and, along with the
copper elit, determined the momentum spread of the beam. The velocity-
spectrometer deflected protons out of the pion beam. The protons that
were deflected a sufiic.ieng amount ?)y the spectrometer collided with the
copper slit and therefore did not reach the liquid-hydrogen target.

The four quadrupoles are designated as Q;: Qy, Qf and Q
(listed from the Bevatron target to the liquid-hydrogen target). All of
these quadrupoles were triplet quadrupoles, convergent in the end sec

tions and divergent in the center section (CDC) in the hor:zontal plane.
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Each quadrupole was placed such that its pole face at onc end was

104 in. from either a focal point in the beam or the Bevatron target.
All quadrupoles rendered (or received) the beam ncarly parallel in both
planes at their other end. In the case of Q] and Qq, the beam was not
quite parallel in the vertical plane —in order to compensate for a slight
vertical focusing by thse bending magnets BI and BZ' Although Q1
subtended a solid angle of approximately 4 msr from the Bevatron
target, the effective solid angle was only about 23 msr, because approx-
imately 40% of the pions that enterced Ql could not enter the velocity
spectrometer VS. The reason for this was that the horizontal plates

in VS were only 4 in. apart, rather than 8 inl., the diameter of the bore
of Ql'

The first bending maganect, Bl’ was a 16- by 36-in. C-magnet
with a'6-in. gap. A C-magnct was used in order to keep the pion beam
as close to the Bevatron as possible and thereby minimize the ""takeoff"
angle (28 deg) of the pions. The pion flux increases as the takeoff angle
is decreased. Because of its proximity to the Bevatron, the magnetic
field in B, tended to fluctuate (A H/H = +0.6%) in phase with the
Bevatron's varying magnetic field. This problem was overcome by in-
corporating a voltage feedback circuit into Bl' A search coil was used
in Bl to verify that the feedback circuit actually stabilized the magnetic
field in Bl (AH/H = #0.16%). The pion beam was bent 10 deg in B1 and
another 10 deg in the same direction in BZ'

The various momenta in the pion beam were dispersed by Bl'
a momentum band of * 3% was selected by a copper slit at the inter-
mediate focus, and then these momenta were nearly recombined by BZ’
an.. 18- by 36-in. H-magnet with a 6-in. gap. It was B, that ""defined"
the central momentum at which each set of data was taken. Bending
magnet B, was carefully "wire-orbited'" (floating-wire technique) three
times prior to the collection of data, in order that the field strength
needed for each momentum would be accurately known. The three
wire-orbit measurements agreed veI:y well with each other. In order

to adjust the rest of the optical system so as to get a maximum pion

4
flux, a computer program, OPTIK, was used to calculate the field
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strengths in all of the components of the optical system, in relation to
a given field in BZ- Upon completion of the experiment, an elaborate
study was made of the values of the momenta of the experiment. They
are now known to an accuracy of £ 1.1%. This momentum determination
is discussed in Appendix A.

In addition to determining the width of the momentum band used
in the experiment, the copper slit also served to stop protons that were
deflected downward by the velocity spectrometer. The copper slit is
shown in Fig. 4. For the sake of clarity, the vertical scale is ten times
as large as the horizontal scale. The slit was designed so that the
copper was always positioned above and below the locus of the vertical
focal points of the various momenta. Figure 4 shows tle specific points
‘where the central momentum, + 3% momentum, and - 3% momentum
are focused; as well as the locus of the focal points in both the vertical
and horizontal planes. Notice that the + 3% and - 3% momenta have
their horizontal focal points at the centers of the faces of the side jaws
of the slit. Therefore, one side jaw was positioned about 28 in. "down-
stream' from the other side jaw. The effective length of the copper
along the beam was 14 in. for all parts of the slit. The slit was set on
several inches of lead, which stopped those protons that were deflected
below the slit by the spectrometer. The height of the copper slit and
the lead was adjustable so as to vary the number of protons and the
number of pions that were stopped by the slit. Figure 5 shows both the
relative number of pions and the ratio of protons to pions plotted vs slit
height. The arrows indicate the position of the slit at which data were
taken at this energy (873 MeV). The slit was made of copper, because
it has such a high stopping power for protons per unit length of material.

The velocity spectrometer was designed to deflect protons down-
ward, and yet leave the pions nearly undeflected, by means of a vertical
electric field and a horizontal magnetic field. Figure 6 shows a cross-
sectional view, looking downstream along the pion beam, of the spec-
trometer, including the electric field vector E and the magnetic field
vector B. Since the force due to the electric field is FE: qE, where

q is the charge of the particle, this force is the same for both the pion
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and the proton, and is in a downward direction The force due to the

maznetic field is F_ = q(?/c))(g, where v is the velocity of the parti-

B
cle and c¢ is the velocity of ligzht in a vacuum. Althouzh the pion and

proton both have the same momentum, they have different velocities,

and hence the upward force due to the magnetic field is different for the

pion and the proton. For example, if the momentum is 1000 MeV/c,
v/c for the pion is 0.99, whereas v/c for the proton is 0.73. Therefore
the upward force on the proton is only about 3/4 as large as the upward
force on the pion. By adjusting the magnetic and electric fields such
that the force on the pion due to the macnetic fic;}d is equal and opposite
to the force due to the electric field, the pions w‘ill be undeflected, but
the protons of the same momentum will be deflected in the direction of
the electric field. Equations relating to the amount of deflection of the
protons are presented in Appendix B. By using the velocity spectrometer
the ratio of protons to pions at 1555 MeV was reduced from = 15 to 3.
At 533 MeV the final proton-to-pion ratio was 0.02. Those protons that
physically got through the monitor telescope were eliminated by "time-
of-flight." (This system is discussed in Sec. IIB5.)

The spectrometer used in this experiment was 20 ft long. The
distance between the electric plates was 4 in., and the voltage across
them was usually 450 kV. At the lower pion energies the voltaze was
sometimes reduced to 400 kV, and at other times the voltage was Aralsed
to nearly 500 kV. In order to maintain such a higzh voltaze across the
plates; it was obviously necessary to put the electric plates in a vacuum
Actually, it was easier to maintain the high volrtage by flowins argon
through the spectrometer at a pressure of about 1 . This near-vacuum
was extended upstream through B1 and Q'l’ so there was very little
air in the beam line hetween the Bevatron target and the downstream

end of the spectrometer. From this point to the liquid-hydrogen targ=t,

helium bags were put in the beam line to exclude the air, and hence

reduce the scattering of the pions on air molecules. Thke helium ba«us
were about 9 in. in diameter and about 20 ft long.

The velocity spectrometer (VS) was sh;y;],d,ed from the magnetic

field of the Bevatron by a 3- by 5-ft by 10-in. vp, ce of iron ;nserted



-16-

between the Bevatron yoke and that end of VS nearest to the Bevatron.

Quadrupole Q1

box with 13-in. -thick walls.

was shielded by placing it inside an open-ended iron

All of the beam components were carefully surveyed into place,
and were positioned within 1/16 in. of their correct positions.

1

3. Liquid-Hydrogen Target

The liquid-hydrogen target used in the experiment is shown in
Fig. 7. The target vessel was a Mylar cylinder 2 3 in. in diameter and
4 in. long. The vessel Was enclosed in a vacuum and surrounded by
radiation shields of aluminized Mylar to minimize heat transfer to the
liguid hydrogen. The taréet vessel was filled by gravity feed from a
reservoir above it. The liquid-hydrogen reservoir was surrounded
by a liquid-nitrogen jacket, and the entire asser%bly was enclosed in a
vacuum jacket. The target vessel was emptied by closing its boil-off
valve, thereby building up a:slight gas pressure in the target and fore-
ing the liquid hydrog_en..out the bottom. The density of the gaseous
hydrogen left in the tatrget9 was 0.00136 g/cm3, whereas the density of
the liquid hydrogen is only 0.0702 g/cm3; this required a 2% correction
to be applied to the amount of liquid hydrogen.

The effective number of protons per cm , nx, was calculated
to be 4.196X 10%°.

: . . AL 0l
takes into consideration the shape o¢f theitarget vessel, and the beam

This value includes the 2% density correction, and

profile (relative intensity of the pion beam for positions off the central
beam axis).

The hydrogen target was designed so as to minimize the number
of supports and other obstacles between the target vessel and the scin-
tillation-counter arrays (see Fig. 7). The 5/8~in. -wide 0.020-in. -thick
stainless steel band was used to attach the {ill tube at the bottom of the
target vessel, and the boil-off tube at the top. The various thicknesses
of Mvlar used to contain the hydrogen and the vacuum around the target

vessel are shown in Fig. 7!
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The various gauges and operating controls associated with the
hydrogen target were located in the counting area, so it was not nec-

essary to go into the actual target area very often.

4. Scintillation Counters

Figure 8 shows the entire counter array schematically. Three
counters (Ml’, MZ’ and M3) were used to count those pions, incident on
the liquid-hydrogen target, th%t co’li,iild contribute to the scattering data.
There were 21 _c,ounter's, labeled ™ counters, placedat various lab-
oratory angles between 16 and 145 deg to the right of the beam, as
viewed looking downstream. The purpose of these counters was to
detect the scatteréd pions. Twenty-five counters, labeled p counters,
were placed to the left of the beam at laboratory angles between 4 and
82 deg. These counters detected the protons as they recoiled from the
m-p elastic collisions. The p counters were added together electron-
ically in overlapping groups of three to six counters. These groups of
p counters were callqd P counters. For each T counter there was
a corresponding P counter. The P counter,was very slightly larger
than necessary to detect the proton recoiling from any elastically
scattered pion that was detected in the corresponding ™ counter.

All df the counters used in this experir‘nent, except the gas
Cerenkov counter, were scintillation-type counters made of a solid
solution of terphenyl in polystyrene plastic. Photons, produced when
a charged particle passed through one of the scintillators, were trans-
mitted through a lucite light pipe to a 6810A photomulitiplier tube, where
the light pulse was converted to an electrical pulse. High-capacitance
tube bases were used on all counters. Those in or near the pion beam
required extra-high-capacitance bases, because of their high singles
counting rate.

Counter M1 was located atthe downstream end of the slit, and
was 4.5 in. wide, 2.5 in. high, and 0.25 in. thick. Counter M3 was
located directly in front of the liquid-hydrogen target vessel; i.e.,

upstream from the target. This counter was a 1/8 in. -thick disk,
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1.5 in. in diameter. Since M3 was smaller than the target vessel, it
served to define the beam diameter at the target. Counter M3, along
with Q4, limited the amount of beam convergence at the hydrogen
target to £ 1.5 deg. Counter M, is also shown in Figs. 9 and 10. The
distance between 1\/11 and M3 was approximately 47 ft. Counter MZ was
located halfway between Ml and M3, and was rectangular in shape,
0.25 in. thick by 6 in. high by 8.5 in. wide. Counters I\/I1 and I\/[2 were
both large enough to detect all of the particles in the beam.

The 'm counters, which dgtected sgattered pions, were all de-
signed to subtend an angle of 18 deg in ¢, the azimuthal angle in a
spherical-coordinate system. Table I lists the angles at which each
T counter was piéced, the counter width, and the solid angle it sub-
tended. The angles and solid angles are given in the lab system. The
solid angles and the cosines of the pion scattering angles, both in the
c.m. system, are listed in Tables II(a) and II(b), respectively, for
each energy. .

The 25 p counters, which detected the recoil protons, were all
3/8 in. thick and 4 in.wide. ;Most; of them were rectangular, some
being as long as 22 in. The 'p c’ounters were all designed to subtend
an angle ¢ ® 22 deg, so that the p counters that were closer to the pion
beam were shorter in length. In the extreme cases where the p counters
were placed at smaller angles to the beam, the side of the p counter
that was closer to the beam was shorter than the other side, so these
p counters were trapezoidal in shape. The shortest side of the shortest
p counter was 4.2 in. long.

Figure 9 is a photograph showing most of the 7 counters, and
M3 with its curvedrlight pipe. Figure 10 shows the p counters and the
outside of the LH2 target vacuum jacket w%}.th M3 in front. Figure 11
is an overall view of the experimental area, showing the backs of the
T counters, the downstream end of Q4 on the left, and the upper portion
of the LH2 target in the center. Those ™ counters directly in front of
the hydrogen target in Fig. 11 have 0.5 in. -thick rectangular scin-

tillators that are 10 in. wide and 20 in. high. These counters have a
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Fig. 10. Liquid-hydrogen target with p counters on left.



Table I. Pion-counter data: lab angles

s
2
3

i 4
5
6
7
8

DN DN = = = e e e e e e e
— O W ® N O U B W N~ O

Angle of Counter
scatter width
(deg) (in) _
16 4.20 4,534
22 4,52 6.161
26 4,81 7.21 008
30 5.19 8.224 %%
34 5.66 9.197
38 6.27 10.126
43 5.00 11,492
47 5.00 13.195
52 5.00 15,401
57 5.00 17.467
62 5.00 19.327
68 5.00 21.538
74 5.00 23, 120
80 5.00 23.918
9 1w 5.00 25,208
99 10.00 48.751
110 10.00 43.783
120 110.00 37.349
129 10.00 30,012 SIS
137 10.00 23,145 S
145 12.578

7.69

b'd
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Table II(a). Pion solid angles, ¢c.m. system.

Solid angles (msr) |

Incident pion lab kinetic enei‘gy (MeV)

Counter
number 533 581 698 873 990 1ol 1555
1 10.546 10.949 11.902 13,298 I 2057 16.620 18.365

3]

13,684 141605 15,273 ' 16,871, 17.889 " 20509 22.349

3 15,417 '15.912 '17.058 18,674 19,685 22.220 23,922
4 16,846, 17.337 * 18.460 20.010 20,960 23,267 24.754
5 17.967 18,433 19,485 20.901: 21,747 23,726 24.93%
6 18. 789" «19.23 20,156 .21.387 22.100 23.688" 24,593
7 19,898 20.262 . 21.048" 22,025 22 562 23.658 24,195
8 210550 21 867 122,535, 23,321 | 23,725 24.452 24.720
9 23,305, 23,546 24,026 . 24.525 @ 24,739 24,974 24.905
10 24,426 ' 24.574" . 24.831 25,012 25,027 24,773 24.392
1¢l 24,934 24.980 25.004 24.867 24,692 23,997 23.352
12 25,198 25,123 24.877 24.387 24.009 22.865 21.969
13 24,520 . 24,336 230856 ~ 23.076. 22.540 , 21,078  20.025
14 23038% 22,767 22,110 21,128 ~2G:491" 18,850 17.730
15 20,459 20,079 ©19.206 179990172648 15,4680 14,540
16 35.184 34,381 « 32,576 ° 30.166 28,733 25,381 «Z3.301
187 27.234° 26,478 ' 24.816 22,667 21,425 18.606 16.913
18 205604 | 19.956 - 18,6563 T6dT8: "6 THO. 18,530 12,213
19 15,065 14.551 " 13.449: F2.075 _ Ll,304 9.614 8.635
20 10.808 10.418 9.588 8.564 994 6,757 6.048
21 5.528 5.320 4. 8% 4,340 4,042 3?400 3,035




Table II(b).

N

Cosines of pion scattering angles, c.m. system.

Cos 6*
S Incident pion laboratory kinetic energy (MeV)

number | 533 581 698 : 873 990 1311 1555
1 0.907 0.904 0.895 0.882 0.873 Q.850 0.832
2 0.830° ' 0;823. 0.808 - 0.785 < 0.770 -, 0,731 0.702
3 0.768  0.759  0.739  0.709  0.690 0.640  0.603
4 0.700. 0689 - 0D.664 . 0.627 = 0.604 . 0.543 . 0.500
5 0.626 0.613 0.583 0.540 0.513  0.443 0.394
6 0.547  0.533  0.499  0.450  0.420  0.342  0.289
7 §.446 . 0.429 ' 0.391 0.336 0.303 0.218 -0.161
8 0,363 g 348" “Caisns, . 0.246° 0,210 " -0.121 0.063
9 0,259 - 0,239 0.195 * 0.134 . 0.097 = 0,006 =~0.053
10 0.185,. 0,135 01089 = 0.027 -0.0011  -0.101 ~0.160
11 Pi054 . 0,034 . -p.013 <0.075 ° -0.112 [ -0,201 -0.257
12  -0.062 -0.083 -0.129 -0.190 -0.226 -0.310 -0.363
135 =0,173 F =019 .0,237 "<=0.295. -0.329 -0.407 = -0.456
14 . -0,276 -0,295 <0.336 -0.391 ~0.422 -0.494 -0.587
15  -0.445 = -0.461 ~0.,497 -0.542 -0.568 -0.627 '-0,662
16 -0.551 -0.565 -0.596 -0.635 -0.657 -0.705 =-0.734
17 -0.675 -0.686 -0.710 -0.740 -0.756 -0.793 -0.814
18 * -0.768 -0.916 " -D.794 "-0.816 . -0.828 . -0.855 . ~0,8%0
19 -0.836 -0.842 -0.855 -0.871 -0.880 -0.899 -0.910
20 -0.885 -0.890 -0.899 -0.910 -0.917 -0.930 -0.938
21 -0.925 -0.928 -0.934 -0.942 -0.946 -0.955 -0.960
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Fig. 11. Overall view of counter arrangement showing
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backs of ™ counters.
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tapered light pipe and shielded phototube at the bottom. In order to

shield the counters from some of the external radiztion, the walls of
the experimental block house were 4-ft-thick concrete, and the roof
was 2-ft-thick concrete.

A special counter, S,, was used in this experiment (shown

0
schematically in Fig. 8). Its use is described in the next section. A
straight line from any point in the liquid-hydrogen target to any point

on any T counter would pass through the So counter. Pions in the mazain
beam that were not scattered by the LH2 target missed the S, counter.

The gas Cerenkov counter is discussed in Sec. IIB6.

5. Electronics

Figure 12 is a photograph showing a portion of the electronics
Figure 13 is a schematic diagram of the electronics. Some of the ele-
ments in Fig. 13 are numbered from one to eight. This labeling system
is explained in Table [II. Most of the electronics used is described in
eithenireference MO AK] " o) 12<

Two types of scattering events, elastic and inelastic, were meas-
ured in this experiment. The number of elastic events in the nth elastic
channel was measured by counting coincidences between counter "
the corresponding Pn counter, and the monitor system, MiMZMS' In-
elastic events were measured as coincidences between counter W
a p counter which was not common to Pn’ and the monitor system
The signai from the Pn counter was inverted and calleéi ?n This TDH
signal was added to the coincidences measuring inelastic events so as
to put the Pn counter in anti-coincidence with the rest of the counters
The reason for this was to discard any inelastic events associated with
counter T that occurred simultaneously with a coincidence in the nth
elastic channel. This was done because the storage system could only
store one event at a time. This is discussed in more detail below. The
p counter that was put in coincidence with the ™ counter to measure
inelastics was labeled In so as to facilitate renumbering. Actually there
were two inelastic channels for each ™ counter, and the corresponding

n
T
two p counters were labeled In_A and LB
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A portion of the electronics.

Fig. 12.
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Table III. Symbols used in Fig. 13 and their explanation,

Symbol “ Description

—+@—>~ ' Tunnel-diode pulse discriminator and shaper.

Fast amplifier, Hewlett-Packard 460B.

Fast coincidence circuit, Lawrence Radiation
Laboratory Wenzel tube.

&
> ~> Gate circuit, turned off by + 2V input,
—%@——9— Pulse-amplitude discrimihator, Lawrence

Radiation Laboratory Model III Jackson.

Pulse splitter.
¥

)
YYY

F*
- 7| Lawrence Radiation Laboratory scalar gate and
beam monitor with modified output.
-H 8 P> Special gate circuit used to turn oif prescalars
during time data storage system is busy.
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There were three main sections.of electronice the monitor
section, the matrix coincidence systexm, and the storage section. The
monitor section measured coincidences between counters Ml' MZ’ and
M,. and coincidences between the S0 counter and the output of the first
concidence. The output from the latter coincidence was used to trigger
the matrix coincidence system. The coincidences for the 21 elastic
channels and the 42 inelastic channels were formed :n the matr:x co-
incidence syst.er,n. The output from the 63 channels of the matrix coin-
cidence system were fed to the magnetic-core storage of a pulse-he.ght
analyzer. This represented the storage section.

The puleses from the monitor counters Ml’ MZ’ and M3 were
synchronized at the coincidence circuit by using pions in the p.on beam.
The phototube voltages were also adjusted while the counters were in
the beam, by observing the output pulses on a Tektronix 5I7A cathode -
ray oscilloscope. 10 The voltage was increased until the output pulse
was large enough, i.e., -3V, to reliably operate the tubegtype Wernzel
coincidence circuit. 12 Since not zll of the protong in the pion beam
were eliminated by the velocity spectrometer and the copper sht. the
rest of them were eliminated electronically by time-of-flight. If : pion
and a proton of the same momentum passed through M1 together, the
proton would reach I\/I3 at least 7 nsec zfter the pion. Seven nanoseconds
corresponds to the delay time for the highest experimental energy. At
lower energies this time difference would be even greater The momutor
coincidence circuit had a resolution time of 2 nsec and was timed for
pions; hence, the protons reached I\/I3 at least 7 nseq@ too lzte to be
counted reliably. Less than 0.1% of the total monitor counts resulted
from protons.

If two charged particles traversed the beam line with less th:in a
40-nsec time separation, a double-pulse-rejection system was acuiveted,
and the pulses from both particles were rejected. Thet 1s. they neither
counted in the monitor system nor triggered the rest of the electronics
Consequently, in order for a pion to count in the monitor system it not
only had to travel from M, to M, within cbout 2 nsec of the correct

1 3
time, but it also could not be followed or preceded by another charged
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particle within a 40—ns‘ec time interval. There were three reasons for
using this double—pulse rejection system. Flrst, it was imperative
that there was only one scattering “event for each ""cycle' of the matrix
coincidence system. If more than one scattering event had been allowed
in a cycle, the system would have tried to stére both events simultane-
ously and, since this could not be done, both events would have been
lost. However, the two particles would still have counted in the mon-
itor system. The effective time for the pulses fromany scattering
event to enter the matrix coincidence system was the length of the gate
to the matrix. This gate was 35 nsec long. A 40-nsec time resolution
was chosen for the double=-pulse- reJectlon system, so that it would be
slightly longer than the gate to- fthe fnatmx

The second reason for using the double-pulse-rejection system
was to keep the number of counts in the monitor system equal to the
number of pions that had an opportunity to scatter. If, for example,
two pions had been allowed to count as they simultaneously traversed
the beam line, they would have produced only one count in the monitor
system. However, the two pions together would have had twice the
probability for scattering, even though one of the pions may have missed
M3, but stil.l had entered the hydrogen target. Because M3 was smaller
than the beam, the do{lble-pulse—r‘ejection system was activated by
counters M1 and MZ only. Counters M1 and MZ were both large enough
to detect all of the particles in the beam. t

A third reason for using the double—puélse-rejection system was
to reduce the number of accidental counts in the monitor system to a
ne'gligiblé amount. This is discussed in Sec. IIIBZ2.

Actually, all three of these reasons amount to maintaining a
correct monitoring of the beam in relation to the data accepted by the
matrix system.

As mentioned above, counters M, and M, were used to activate
the double-pulse~rejection system. The pulses from each of these
counters were '"stretched' to about 45 nsec in length. If two pulses

from one of the counters were within about 40 nsec of each other, they
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would overlap a sufficient amount and result in a pulse with twice the
amplitude. By feeding these pulses into a discriminator it was possible
to determine if there was such an overlap of the pulses. The output of
the discriminator associated with Ml was put in coincidence with the
discriminator output from MZ' If the double-pulse occurred in both
counters, this coincidence put out a pulse that was shaped and used as
a gate for the output of the' M; M, M, coincidence. )
The output M from the M1M2M3 coincidence was put in coinci-
dence with the S0 counter. The resolutien time of this Ms, coincidenqe
- was 20 nsec. The output T of the MS coincidence used to trigger the '
coincidence matrix system. By using‘So in this way the duty cycle of
the matrix system was reduced by a factor of about 50 with respect to
triggering on M alone. In order for pulses from the T and p counters
to enter the matrix system, they had to occur within 35 nsec of the
trigger T, which effectively was the gate to the n;latrix.' coincidence
system. This gave a reasonable assurance that the ® and p f)ulses
were related to the beam particle that initiated the trigger. The gate
to the matrix coincidence s:)istel’f;é: was 35 nsec long because it was
essentially a coincidence between two 35-nsec pulses. One of these
pulses was generated by the trigger T, and the other came from one
of the tunnel-diode limiters on one of the ™ or p counters. Once the
1 and p counter pulses entered the matrix system, they encountered
coincidence circuits with long resolution times. The reliability of the
system was thereby increased. At certain times, e.g., when the 7
and p pulses associated with a particular pulse from T were being
checked for the proper coincidences, the matrix system was unable to
accept any additional pulses. During these times the monitor prescalers
and scalers were gated off, so that the correct relationship between the
number of monitor counts and the rest of t};e data was maintained. This
gate varied in length from 7 to 100 psec, deqpending upon how long the
matrix system was busy. The average lehgth of the gate was approx-

imately 20 pusec.
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If only one of the 63 coincidences in the coincidence matrix
system occurred for a givenatriggqr; the event was Storec}_ in the mag-
netic cores of a pulse_—height’.’fanél;r"'zer. If there was no coincidence for
‘a given trigg.er', ‘the trigger was counted in a scaler labeled'’zero in-
valids!' If there was more than one coincidence for a given trigger,
‘the trigger was recorded in a scaler labeled "> 1 invalids.” and the
coincidences were not stored in the pulse-height analyzer. The >1
invalids did not occur very frequently, and it is believed that essentially
no elastic data were lost as a result of this type of invalid event. After
an appropriate length of running time, the number of counts in each of
the 63 channels was read out of the pulse-height analyzer by being both
typed on an electric t;ypewriter and punched onto IBM cards-

A test system was used to test all of the electronics as a unit.
The test system used light pulsers attached toteach counter. All pos-
sible w-p counter pairs were pulsed in a sy§tema.tic manner, along
with M3, S,» and another counter L, which replaced M3 and MZ in the
monitor coincidence. Therefore, each time the light pulser was trig-
gered, five copnters received pulses. They were L, M3, S, T and
Py where k ranged from 1 to 21, and £ ranged from 1 to 25 for each
value of k. It required 525 pulses to check all of the 7 and p counter
pairs. Therefore, a complete check cycle required 525 pulses. The
electronics was checked for malfunction by running the test system
through N cycles, and then examining each of the 63 pulse-height ana-
lyzer outputs to see if it was the correct multiple of N. For conven-
ience in reading the pulse-height analyzer outputs, the test system was
usually operated for ten cycles.

The light-pulser system was used to time the ® and p counters
with respect to the trigger T. The counter voltages were set by first
standardizing the light-pulser lamps in a standard counter, thenasing
these standardized lamps to set the counter voltage so as to obtain the
correct size output pulse.

Some of the electronics leading to the matrix system was du-

plicated as a safety check to make sure it was working properly.
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A master gate, controlled by the Bevatron magnetic cycle,
caused the electronics to be operative only during the 200-msec interval

that the pion beam was produced.

6. Cerenkov Gounter

The gas Cerenkov counter shov:fn in Fig. 14 was used to measure
the muon and electron contaminétion in the pion beam. The counter was
filled with sulfur hexafluoride (SF6) gas, and 1s described in detail in
reference 13.

During the measurement of the muon-electron contamination,
and only then, the Cerenkov counter, C, was placed in the pion beam
immediately downstream from the liquid-hydrogen target. A 2-in..diam
counter, M4, was placed in the beam at the downstream end of C. Its
purpose was to insure that all particles detected by the counters trav-
eled completely through C. The coincidences M M. M, and M. M M C

1773774 1773774
were counted. The ratio M M3M4C/M1M3M4 gave z measure of the

fraction of the beam that cointed in C. Figure 15 :1s z plot of this ratio
vs gas pressure (psig) in C. Three piateaus are shown in this figure
The plateau at the lower pressures is the result of only positive elec-
trons counting. The next plateau i1s the result of both positive electrons
and muons counting. The highest plateau 1s the result of =1l particles
counting; i. e., positive electrons, muons, and pions. The curve in
Fig. 15 gives a measure of the number of muons produced between the
Bevatron target and the last bending magnet, BZ“ The number of muons
produced downstream from BZ had to be calculated. These muons were
not momentum-analyzed and hence did not have a definite pressure
threshold. Therefore they would only contribute a slope 1o the muon
plateau. Curves similar to the one shown in Fig. 15 were determined
for pion kinetic energies of 533, 698 990, and 1555 MeV. The derer-

mination of the beam contamination 1s discussed 1n more detsil in

4
Sec. IIIB4.
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III. ANALYSIS OF DATA

A. General Analysis

The intensity, I, of the transmitted beam of pions after trav-

ersing the liquid hydrogen target is

I= I0 exp (-onx), (1)
where
IIO is the original intensity of the pion beam before entering the
hydrogen target,
x is the average path length through the liquid hydrogen,
. 3
n is the number of protons per cm™,
and

0 is the total cross section.

>
As was mentioned in Sec. IIB3, 1» =4.196 X lO23 -

protons/gm . The

intensity of the transmitted pion beam can also be expressed as

+

I=1,-1 -1, (2)

where Is is the intensity of the fraction of the beam that is elastically
scattered, and Ir is the intensity of the fraction of the beam that under-
"goes a reaction. Solving Eq. (1) for 0o, and using Eq. (2) to eliminate
I, we obtain

-1
a—-ﬁln(l-R-r); (3a)

where R = IS/I0 and r = Ir/ I,- Since the liquid-hydrogen target was
only 4 in. long, R and r are both small compared to 1. Therefore

Eq. (3a) reduces to

P TR S (3b)
nx nx

Since the first term on the right side of Eq. (3b) includes all of the
elastic scatterifig and nothing more, this term is obviously equal to
the total elastic cross section.

In this experiment a contribution Ri was measured in each

™. counter. Each counter ™, was placed at an angle 9: with respect
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to the incident pion beam, and subtended a solid angle Qi*, The aster-
isks refer to quantities in the c.m. system. This gave a measure of
the differential cross section do/dQ'P, rather than total elastic cross

section, where

: s = - P (4)
df2 nx Qi

. !
The denominator includes £ to normalize the differential cross

sections to unit solid angle in the c.m. system.

In this experiment there was scattering in the beam from ma-
terial other than liquid hydrogen. This extraneous scattering had to
be subtracted from the scatterir‘lg by the full hydrogen target in order
to obtain the scattering due to the liquid hydrogen alone. In terms of

an equation,

R (5)

R=Rpn - Rempty’

where R represents the scattering from the liquid hydrogen alone,

-P:full represents the scattering from the full hydrogen target, and

Rempty represents the scattering from the empty target. All these

R's are ratios of the counts in the T counter to the counts in the mon-

itor system, or, in terms of coincidences,

M, M,M,S,m. P,

M M, M,

The subscript i stands for the'ith elastic channel. Counter =  is at
an angle 6; in the ¢. m. system. For convenience, the numerator
in Eq. (6) will be replaced by the symbol T!'].,, and the denomirator by

M; that is,

Many separate runs were made at each energy; some runs were made with
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- the target full, and the remainder with the target empty. The data from

all full runs at each energy were added together to obtain

4

po—
s

Reail =

an

.
n™Msin Mo
)

e
[

where j represents the run number, and the summation 1s over full
runs only. The channel number has been omitted for the sake of clarity.
Similarly, Rempty was calculzted. The value of R for each :ndividua:
run k was also calculated, by using the equation

Another ratio. similar to R, was calculated:
2 7
R o AFk , (10}

k Z M.

ik

This is the average R with the kth run left out. The errors associated

with'R, Rk’ and Rk arve
n 1/2
s
DI
AR =ti=1 ,, (i1
n
M,
A
j=1
]
[“k . ;]1/2
AR, = , (12)
M
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and

) (13)

respectively. The errors AR and ARk are statistical, whereas Aﬁk

is a measure of the reproducibility of repeated runs. The error in

R associated with reproducibility was also calculated by using the

equation
" n _ 5 1/2
| 'Z M; (R, -R)
(8R) = =l - . (14)
{(n-1) Z M.
N =17

This error was always nearly equal to or less than the statistical error
AR, and hence was never used.

The residual of a run is defined as

Res:Rk-ﬁ. (15)

- This is the deviation of the kth run from the average. Another type

of residual was calculated by using the equation

Resk = Rk - Rk . (16)

This is the deviation of the kth run from the average of the rest of the
runs. The data for a particular run and a particular elastic channel

were rejected if

> R . ' 7
Res 3 (/_\Rk + ARk) (17)

k

Less than 0.1% of the data was rejected because of this criterion.
The statistical error associated with the differential cross

section do/ dQ is .
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i =2 s
AS = ——-—-—-—Q* {(ARfull) + (AR )
nx

where AR is as defined in Eq. (11).
Combining Eqgs. (4) and (5), we obtain the basic equation for
the differential cross section:

do(6™) _ 1

" A - -R L 1 9)
dQ>,: nxQ"\ full empt‘y) ( !

where R is as defined in Eq. (8). Various corrections were applied
to Eq. (19) to get the final data. The statistical error from Eq. (18]
was combined with the other errcrs resulting from the applied correc-
tions to get the final errors in the data points. These corrections and

their errors are discussed in the next section.

B. Corrections to Data

1. Inelastic Scattering

An inelastic pion-proton scattering event is defined as a scatier-
ing event for which the final state consists of something other than a
single pion and a single proton. The countsr sysitem used in this ex-
periment was designed to minimize inelastice and still get sufficient
elastic data. However it was not possible to eiiminate irelastics
altogether, so they did occasionally contribute to the slast:c kdemat:ic
channels.

A measure of the charged inelastic events was made during the
experiment by recording coincidences between ™ and p counter pairs
for which no elastic events could contribute counts.

Figure 16 shows the kinematical relationship bziween the pion
lab.angle and the proton lab angle, both for the pion going to the right
(heavy solid line), and for the pion going to the left (light solid line}.

In this experiment elastic events were measured with the pion going to
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Lab scattering angle to right (deg)

Fig. 16. Pion-proton elastic kinematic curves showing band
where elastic data were collected, two of the 42 regions
where inelastic data were collected, and region where
reverse-elastic band overlaps elastic band.
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the right. Because of the finite size of both the ™ and P counters,
these kinematic curves are spread out into bands, as indicated by the
dashed curves in Fig. 16. Areas A and B in Fig. 16 are examples of
m-p counter pairs that are outside the elastic bands. Inelastic events
were measured in 42 areas, such as A and B, all of which were in
fairly close proximity to the heavy dashed elastic band. The data from
these 42 inelastic channels were normalized by dividing Rd’ the ratio
of counts in the inelastic channel to monitor counts, by the lab solid
angles of both the T and the p counter. The resulting quotient Zd'
is the number of inelastic counts per unit monitor count per unit solid
angle, both left and right. Let the Z axis be normal to the plane de-
fined in Fig. 16. A surface Z x},y) wéc least-squares-fitted 4 to the

data points Zd by using an equation of the form

Z{(x,y) =A, + A (x+y)+A2xy+A3(xZ+y2)+A4(x2y+xy2) + o0,

1

where x = cos 0 and y = cos eleft' A gufficient number of terms

was used to obt;ih; reasonable fit. Usually, it was only necessary to
use those terms up to and including A3(x2 + yz). An equation that is
symmetric .in" x and y was used, because the inelastic scattering is
symmetric with respect to scattering left and right. Powers of cos 8
were used, rather than 'powers of 6, in order to make the surface for
the region 0 deg < 6 < 180 deg agree with the sutface for the region
360 deg > 6 > 180 deg.

The value, Zk’ of Z at the coordinateis corresponding to the

4

kth elastic-channel point (lying on the heavy solid curve) was determined,
and then multiplied by the lab solid angles of both the T and the Pk
counters. The resultant product ICk is the inelastics correction for the

kth elastic channel. Equation (19) then becomes

e

do (87)_ 1

- - IC) (20)
an” nx 2

% Regnn - Rempty

for each elastic channel.
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The statistical error in Rd’ as calculated by using Eq. {11)

of the previous section, was normalized to unit solid angle, both left

4
and right. The resultant errors in Zd were used to meake the least-
squares fit. The error matrix determined in the least-squares method

was then used to get the errors in Zk. These errors were multiplied

by the appropriate solid angles to obtain the errors AICk in the various

IC,. The errors AIC, were then combined with AR and AR _
k k full empty

in Eq. (18) by taking the sum of the squares of tke errors (Eg. 21i).

The error in the differential cross section for each elastic channel then

becomes

> i/2

ful].) * (‘&Rernpty

Ao = L {(AR

1o 4 (25T
nx

Y

| NU—

Figure 17 shows the relative magnitudes of the elastic data
{solid curve) and the average charged inelastic background (dashed

curve) as measured at a pion lab kinetic energy of 990 MeV.

2. Accidentalé

A coincidence circuit being fed by two counters will put out an
accidental count whenever the two coincidence inputs each simultane-
ously receive a random pulse, wheTre these two random pulses are un-
related in every respect except for being coincident in time. Acciden-
tals in coincidences which are more than two-fold are also possible, hu
these occur much less frequently.’ Usually the most predomuinant type
of accidental in a three-fold coincidence is one where two of the puises
are definitely related, and the third is random. This type of accidental
could have resulted in a considerable (= 4%) correction to the monitor
counts in thié experiment, except for the fact that ta‘be monitor system

was ''protected' against this type of accidental by the double-pulse -

- rejection system. B'ec.a,use".l\/I1 and I\/IZ were large compared to the

size of the beam, the worst type of accidental would have been caused
by one beam particle giving M,l and M, aelated palses, but missing M3
- o

and a second beam particle giving I\/I3 a random time-correlated pulse.



Fig. 17.

-46-

- o
4 T T L) T T T T T T
I Data including
reverse elastics
% 1 Corrected data
; L -
3r - £ i
oL

. -
Average

inelastics
background

N \ ,\\I\[__/ I/!/"'l*'l'~1/l

1 1 1 A 1
0 08 06 04 02 00 ;02 -04 -0
Cos 8*.

MU-27617
|

Differential-cross-section curve for an incident pion

lab kinetic\_energy of 990 MeV, including corrected data
points with errors, data points before reverse-elastics
correction was applied, and average inelastic background.
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This type of accidental could not have been counted, however because
both particles, being closely spaced in the beam, would have caused
the double~pulse-rejection system to reject this accidental count

Other types of accidentals in the monitor system were estimated

to-be negligible.

these accidentals were also negligible.
| ©

L 3

3. Reverse Eilastics

As was previously menitoned the hezavy, dashed lines in F:ig. ib

indicate the region where ¢’ ::2t1c data were taken at a particuiar gneray
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elastics region, because the pion scafters toward the proton counters
and the proton recoils toward the pion counters. in the relztively sma'l
area where the reverse-elastic band overlaps the elastic band, reverse.
elastic counts are recorded in those elastic channels. in this overlap
area, the pion counte in a protc;“l.% counter say Pk‘ and the reco:l proton

counts in the corresponding T counter.

k

Pulses, from m™ and p counters. that resulied from reverse-
elastic events had the proper time relationship. just as the pulses from
true elastic events did. This was because of the 1'elat:"\;e.13f wide (35 -nusec
gate to the coincidence matrix system znd the "slow' c¢oincidenve circults
in the matrix system.

In order to determine the fraction of reverse-elastic counis re-
corded in the kth elastic channel, it is necessary to determ:ne the
following quantitieg in the c.m. system:

(a) the effective solid angle Q_ for acgepting & pion in counter >

R k
when the recoil proton also enters counter Tl e the zifective solid

angle for a reverse-elastic event

(b) the effective solid angle QF of counter T

(c) the average scattering angle QR of the reverse-scvautterad pious

that are counted in counter Pk
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(d) the angle of scattering GF to the center of counter T
(e) the values of the differential cross section at the reverse
scattering angle GR and the forward scattering angle GF.
The quantities QF and BF were determined by the placement
and size of counter e
The quantities QR and BR were determined with the aid of an
IBM 7090 computer, by using the following information:
(a) the sizes and positions of counters " and Pk
(b) the size and pogition of the hydrogen target
(c) the kinematics of the scattering
(d) the momentum distribution across the 6% momentum spread
(e) th_e amount of convergence of the pion beam
(f) the beam profiie
(g) the shape of the LH,

well known, hence the quantities QR and QR were determined with

- &
target vessel. This information was fairly:

reasonable accuracy.

After the reverse-elastic correction 1s applied. we obtain the
values of the differential cross sections at the angles GF and QR as
final results. A difficult situation is created. because we need to know
the final result in order to obtain the correction. which precedes the

final results. The problem is made less difficult by the fact that only

‘a few of the elastic channels need this type of correction. Because of
, PR

the "bootstrap' nature of this correction. it was the final correction
that was applie.d to the data.

After all of the other corrections have been applied. the total
cognting rate R0 in a particular elastic channel 1s equal to the sum
of the contrv'ibution‘from forward elastic events RF and the contribu-
tion from reverse-elastic events RRB By using Eq. (4) of Sec. IliA

we obtain

QFUO"’(GF) = QFU(GF) + QR U(GR)% (22)

‘where 0(0) is the differential cross section corrected for reverse elas-

&

tics, i.e., do(8)/d€, and 0'0(9) is the uncorrected differential cross
¢

section.
f
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Rearranging terms, we obtain

- Ho(oy) | (23)

where
H = QR/QF . _ (24)

the last term in Eq. (23), i.e., H multiplied by the corrected cross
section at the reverse angle, is the reverse-elastics correction This
correction must be subtracted from the uncorrected cross section o,

in order to obtain the corrected cross section o(8_) at the forward

F
angle.

it would be desirable to use Eqg. (23) in an iterative procedure;
however, in its present for'rs:‘}_i.he- ift%éfation would diverge whenever H
is grea.fer than one, which fchquently occurs. By a suitable manipula-

tion it is possible to rearrange Eq. (23) into the following form:

o(65) = Go, (6,.) + GH[0(6,.) ~oto)] . (25)

) =)

where G = 1/{1+H). The 0(f) on the left side of Eq. (25) can be con-
sidered as the "'new! approximation, which is calculated by putting the
"old'" approximation in the right-hand side. An iteration procedure
using Eq. (25) will converge for any positive value of H. because 1n
this case it is equivalént to a power series in (GH), where (GH) is less
than one whenever H is positive. The rate of convergence is enhanced
by the fact that the last term in Eq. (25) is very small, because

cr(@R)z U(QF

for reverse-elastic events, although Eq. (23) was also satisfied at the

). Equation (25) was used to correct the cross sections

end of the iteration process.

The final error on U(9F)< es gven in Eq. (23). 1s
{ : 2 ) 2 2 e
L\(r(f)F) = ao, m}.)] "+ H [AU(HR):{ ‘4 [a(eR)] (AH) f . (26)

/
where AOO(BF) covtains all of the other errors, {(AH)} is the error on

H, and A0(8,) is the error on the fitted curve at the angle GR. With

R
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> S
"H~ being larger than two in some cases, the middle term on the right-

hand side of Eq. (26) can be a sizeablé contriblion to the error.
Figure 17 shows the data at 990 MeV both before and after cor-

rection for reverse elastics.

4. Beam Contamination

Positive muons were produced in the pion beam by the decay of
pions. Those muons produced between the Bevatron ta'rget and B‘2 wer‘e
momentum-analyzed by the effects of Bl’ BZ’ and the quadrupoles, and
were measured with a gas Cerenkov counter as described in Sec. IIB6.
The number of muons produced bétwéél% B‘2 and the LH2 target was
calculated by dividing this part of the beam into small segments, cal-
culating the number of pions decaying in each segment, determining
the number of the resultant muons that went through counter M3, and
summing the contributions from each segment . Consider a segment

extending from X, to XZ’ where X is the distance from the Bevatron

1
target along the beam. The number of muons produced in such a seg-

ment is

' —X1 -X
- exp | ——| |, (27)

L L

where XL is the distance the pions travel during(their mean life; how -~
ever, not all of these muons pass through M3. !
Neutral pions produced in the Bevatron target predominantly
decayed into photons before they emerged from the target. These
photons often produced electron pairs in t‘he Bevatron target. The re-
sulting positive electrons having the correct momentum and heading

in the correct direction contributed to the electron contamination in the

‘beam. This was the major source of electron contamination. The

electron contamination was also measured with the gas Cerenkov
counter.

The proton contamination was less than 0.1% at the highest
energy, and much less than that at lower energies. (This is discussed

in Sec. IIB5.)
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Contamination from K' mesons was negligible because the K
mesons decayed before they reached the LHZ target.

The beam at the LHZ target thus essentially consisted of pions,
muons, and electrons. Figure 18 shows the fraction of the total beam

comprised of electrons, muons produced before B, and muons pro-

duced after BZ" The total muon and electron cont:fmination varied from
5.6% of the total beam at the highest energy, to 15.3% at the lowest
energy.

Since the cross sections for muons and electrons interacting in
the LHZ target are so small, the only appreciable effect they had was
to cause the monitor system to count too high. This was corrected

for by reducing the number of monitor counts so as to include only

pions .

5. Miscellaneous Corrections and Errors

Several small corrections were applied to the data in addition
to those already mentioned.

The S0 counter was "dead” 0.5% of the time; however, the
monitor system had no corresponding dead time. Therefore, the num-
ber of monitor counts had to be reduced 0.5% to compensate for this
effect. )

The nurhber of monitor counts was also reduced by about 1%,
because approximately 1% of th® pions were scattered out-of the beam
by the liquid hydrogen before they reached the center of the -LHZ target,
i.e., the effective center of scattering. This correction factor de-
pended upon the energy of the incident pion beam.

The values of the measured differential cross section data
points were increased about 1%, because either the scattered pion or
the recoil proton could rescatter before they reached their appropriate
counters. The magnitude of this correction factor depends on tl”le en-
ergies of the scattered pion and recoil proton, the scattering cross
sections, the solid angles of thél’jn and P counters, and the amount

of material on which the pion and proton might scatter.
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Fig. 18. Muon and electron contamination in pion beam
plotted vs incident pion lab kinetic energy.



Another correction to the data points was applied to compensate
for the fact that the data for a given angle were actually collected over
a finite angular range, where the given angle is the center of the angulax
range. The magnitude of this multiplicative correction facter is

o(8 )
A=z —S (28)
(6P

av

i 4
where U(GC) is the value of the differential cross section at the central

angle, and <a(6)> ay 1s the average 'value of the differential cross
section across the finite angular range. Both G(GC) apd {o(8)> qy Were
determined from a fitted curve that was essentially identical to the final
fitted curve. If A = 1 there is no co'rrection; ifA=0o0r A=2a l100%
correction is applied. The term A can easily be qguite different from 1
when the magnitude of O’(@C) is very small.

In this experindent, A was usually about 1. However, in some
cases A was quite different from 1. In one particular case A was equal
to 0.42; in this case the value of U(GP) was nearly zero. The actual
magnitude of the change of do/dﬂ*, :rvhen this correction was applied,
was always small.

The largest contributions to the errors quoted on the data points
came from the statistical errors [Eq. (18) in Sec. IIIA] and from the
reverse-elastics error. Equation (26) in Sec. II1iB3 shows a typical
example of how the errors on the various terms in Eq. (23) are com-
bined. Contributions to the errors resulted from each of the various
corrections to the data, and from the uncertainty in the angles to the
centers of the ™ counters and the uncertainties in the.solid angles of
the ™ counters.

At 990 MeV the data point at cos 6" = +0.3 (Fig. 17) might be
considered a typical point that includes reverse elastics. With
91.3X 106 pions incident on the full LH, target, 1363 events were re-
corded in this channel. With 50.4X10 pioné incident on the empty
target vessel, 142 events were recorded in this channel, indicating

that approximately 19% of the 1363 'target full" events came from the
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target vessel. The remaining 1105 events were LH, scattering events.
Approximately 7% of these 1105 events were inelastic events, and
approximately 32% were reverse-elastic events, leaving 672 true
elastic events for this channel. Approximately 16 000 true elastic
events were recorded for the 19 channels at 990 MeV .

The final data, including errors, are quoted in the next section.
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1Vv. EXPERIMENTAL RESULTS

A. Differential-Cross-Section Data

+

The elastic differential cross sections are listed in Tables
IV through X, together with the errors (standard deviations}), and the
cosines of the scattering angles in the c.m. system. The values
listed for cosG*: 1.0 were calculated by using dispersion relations, .
- Although data were taken at 21 different angles at each energy,
the data at some of these angles were rejected. At small angles of
scattering, the recoil protons did not have enough energy to reach the
proton counters., This eliminated the first 5 e;ngles at a533’. MeV, 4 at
581 MeV, 3 at 698 MeV, 2 at 873 MeV, and 1 at both 990 and 1311 MeV.
The data from channel 1] seemed to have a systematic error of un-
known origin in them. As a result, the differen’tialcross sections for
this channel were significantly too large at all energies, The prob-
ability of such a phenomenon occurring naturally is extremely small,

and hence the data from channel 11 were also rejected.

B. Cosine Fits

A curve having the equation

~r

a cosne* (29)
n

i
Mz

was least-squares-fitted to the data points, 14 The fitted curves, along
with the data points, are shown in Figs. 19 through 25, The disper-
sion-relations point was used to make the final fit at all energles. A
fourth-order fit, i.e., N = 4, was used at the lower three energies of
this experiment; a seventh-order fit was used at the higher four ener-

gies,
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Table IV, Differential-cross-section data and exrors

in standard deviations for Tn = 533 MeV.

Cos 6™ ézigfl
de™

1.000 4.800£0.648
0.547 2.389%0.064
0.446 1.9060.074
0.363 1.48240.074
0.259 1.20240.075
0.155 0.793%0.122
-0.062 0.34840.031
-0.173 0.156£0.023
-0.276 0.071£0.020
-9.445 © 0.054£0.019
-0.551 0.060%0,018
-0.675 0.0900.021
-0.768 0.14240.022
-0.836 0.21740.029
-0.885 0.157+0.035
-0.925 0

.145£0,035

2
XY
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Table V. Differé&ntial-cr&Fs-section data and errors

in standard deviations for Tn = 581 MeV.

Cos 9* —C—g-—(-(i-—)
an®

1.000 3.47040,742
0,613 | 2.163%0.056
0.533 ‘? L 2.032£0.054
- 0.429 © ] 1.51240.071
0.345 1.019+0.082
0.239 0.807x0.091
0.135 0.589+0.131
-0.083 0.2594£0,022
-0.193 0.086%0.019
-0.295 . 0.02040.019
-0.461 0.046%0.018
. -0.565 0.090%0.017
-0.686 0.127£0,018
-0.776 0,156:£0.019
-0.842 ' 0.113£0,022
~0.890 ( 0,15340.023
-0.928 0.079%0.028&
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Table VI. Differential-cross-section data and errors

in standard deviations for T,rr = 698 MeV.

Cos 6 do (67
aa”
1.000 2.25040.542
0.664 1.42640.050
0.583 1.22140.044
0.499 1.0410.046
0.391 0.694%0.048
0.303 0.60740.049
0.195 0.375£0.050
0.089 0.156%0.072
-0.129 0.130%0.026
-0.237 0.113%0.021
-0.336 0.115%0.023
-0.497 0.20840.025
-0.596 0.264%0.022
-0.710 0.26740.023
0,794 0.27240.027
-0.855 0.19540.032
-0.899 0.239£0.035
-0.934 0.186£0.045




Table VII. Differential-cross-~secticn data and errors

in standard deviations for TTT = 873 MeV,

Cos 8 MT:)-
4o

1.000 3.80040,453
0.709 2.33940.081
0.627 1.788+0.072
0.540 1.54940.065
0.450 1.279%0.066
0.336 0.854%0,103
0.246 0.551%0.103
0.134 0.27840.090
0.027 0.25440.116
-0.190 0.14140.039
-0.295 0.09540.041
-0.391 * 0.17240042
-0.542 0.265£0.046
-0.635 0.39740.047
-0.740 0.385+0.045
-0.816 0.447+0.053
-0.871 0.413%0.063
-0.910 0.575£0.069
-0.942 0

.854+0.100
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Table VIII, Differential-cross-section data and errczrs

in standard deviations for TTT = 990 MeV,

4

»‘Cos 9* -(-igie*—ﬂ)-
do
1.000 4,780+£0.410
0.770 2.93440.090
0.690 2.47040.079
0.604 1.838+0.070
0.513 1.51840,061
0.420 1.265+0.078
0.303 0.777+0.092
0.210 0.40740.086
0.097 0.268%0.085
-0.011 0.238+0.146
-0.226 0.247+0,046
-0.329. 0.423£0.043
-0.422 0.50240.046 ,
-0.568 0.485+0,052
-0.657 0.53240.041
-0.756 0.495£0,047
-0.828 0.596+0,049
-0.880 0.688+0,065
-0.917 1.068+0,078
-0.946 1.308+0.124
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Table 1X. Differential-cross-section data and errors

in standard deviations for Tn = 1311 MeV.

»

e

s do (6 )
Cos 8 dQ*—
1,000 14.03040.818
0.731 1.796%0.081
0.640 0.879£0.063
0.543 0.51240.053
0.443 0.254%0.056
£ 0.342 0.466%0,091
0.218 0.405£0.097
0.121 . - 0.190£0.090
0.006 0.36240.076
-0.101 0.386%0.075
-0.310 1.182%0,065
-0.407 1.35540.068
-0.494 1.28840.076
-0.627 1.091%0.076
-0.705 0.917+0.065
-0.793 . 0.70240.071
-0.855 g oM 0.757+0.085
-0.899 1.162:40.102
-0.930 1.5040.131

-0.955 1.927x0.180C
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Table X. Differential-cross-section data and errors

in standard deviations for Tw = 1555 MeV.,

Cos 6* @—(2—)
40
1.000 11.180£0.776
0.832 3.53740.120
0.702 1.15540.071
0.603 0.458+0.056
0.500 0.30240.062
0.394 0.395£0.073
0.289 0.46440.075
0.161 0.38240.076
0.063 0.337£0.074
-0.053 a 0.257£0.071
-0.160 0.260%0.070
-0.363 0.496£0.061
-0.456 0.58240.065
-0.537 0.419%0.067
-0.662 0.266%0.073
-0.734 0.178%0.079
-0.814 0.005£0.033
~0.870 0.085£0.076
-0.910 0.098+0. 124
-0.938 0.15240.177
- -0.960 0.67920.195
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Fig. 19. The n‘+—p differential-cross-section curve for an
incident pion lab kinetic energy of 533 MeV.
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Fig. 22. The Tr+—p differential-cross-section curve for an
incident pion lab kinetic energy of 873 MeV.
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Fig. 23. The Tr+—p differential-cross-section curve for an
incident pion lab kinetic energy of 990 MeV.
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Fig. 24. The TT+-p differential-cross-section curve for an
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incident pion lab kinetic energy of 1555 MeV.
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The determination of the correct order of fit to be used is =
rather difficult problem. One criterion that was used is that 1f a kth
order fit is needed at some particular energy, then at higher energies
the order of fit should never be less than k. The basis for thie criterior
is that if a specific  £th partial wave is needed at a certain energy,
this {th partial wave should also be present at all higher energ:es
even though its contribution may be very srn“alln As used here, 1 ig
the orbital-angular-momentum quantum num}ger.

Another criterion used was to choosel that order of fit which
gave the best agreement between the curves fitted with and without the
dispersion-relations point. 15 Thig was probably the most important
criterion.

At 873 MeV the data could statistically be fitted with = third-
order f1t However, a third-order fit did not produce the sharp rise
at cos 6" = = -1, as indicated by the data points. A severth-order fit
was the lowest-order fit, made without the dispersion relations pont
that both produced the qharp rise at cos 6" = -1, and also had the
correct value at cos 9 =+ 1. This sharp rise at cos (9* =~ 1 becomes
more pronounced at 990 MeV, very pronounced at 1311 MeV, and
starts to diminish again at 1555 MeV.

Naturally, the standard statistical tests, such as the XZ test
and the Fisher "F" test. 14 were taken into cons:deration, but thcy
were sometimes misleading. Figure 26 shows the values of ( 2/d)
the ""goodness-of-fit"" parameter, plotted vs the order of fit N. These
plots are for the lowest energy. 533 MeV, and the highest energy.

1555 MeV, where d is the number of degrees of freedom; i.e.
d=P - (N+ 1) (30

where P 1is the number of data points to Whl(h the curve ig fi ttad
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Fig. 26. Curves showing goodness-of-fit parameter (}(_L/’)l/Z
plotted vs order of fit for the lowest and highest energies

of the experiment.
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Figure 26 seems to indicate that a sixth-order fit is sufficient at 1555
MeV; howlever, a seventh-order fit was chosen because that is the
order of fit needed at a léwer energy, 873 MeV,

Table XI gives the values of XZ and (XZ}/d)l/z for the chosen
fit at each energy. :

The values of the coefficients a, and their errors are listed
in Table XII, and are shown plotted in Fig., 27 with pion laboratory

kinetic energy as the abscissa,.

C. Total Elastic Cross Sections

The total elastic cross sections, obtained from the differential
elastic cross section data by integrating under the fitted curves, are
listed in Table XI, along with their errors. Figure 28 shows the total
elastic cross section plotted vs pion lab kinetic energy. Also shown in
this figure are the total cross section3 and the total inelastic cross
section; i. e., the difference between the total cross section and the

total elastic cross section,



Table XI. Valueg of xz, (\,(Z/d)l/a, the number of data points,a
the number of degrees of freedom, r@md the total elastic
cross section with its error at each energy of the exper-

iment, }
Energy xz (xz/d)l/z Number "Degrees Elastic
of data of Cross

(MeV) points freedom section
533 7.89 0.85 16 11 - 15,3240,47
581 25,26 1.45 17 12 12.17+0.57
698 9.28 0.84 18 13 8,02+0.22
873 13.96 1.13 19 11 12.05+0.45
990 11.33 0.97 20 12 . 14.54+0,31
1311 16.92 1.19 20 12 19.3140.61
1555 8.36 0.80 21 13 13.04£0,28

#The dispersion-relations point, having been used in the curve fitting,

is included in the number of data points, .




3
Table XII. Coefficients of powers of cos 6 .

Coefficients Incident pion lab kinetic energy (MeV).
533 581 698 873 990 1311 1555
a | 0.436%0.017 0.336+0.026 0.173x0.014 0.190+0.053 0.184+0,046 0.337+0.052 0.308+0.031
a, 2.042+0.070 1.745+0.121 0.69240.049 1.108+0.213 0.52840.175 -1.266%0.290 0.467£0.175
a, 2.869+0.101 2,679%0.139 1.960+0.092 3.004+0.621 4.583%0,508 5.27240.626 1.642+0,397
aj 0.250+0.250 -0.051%0.377 0.432+0.141 -0.932+1.688 0.920+1.335 -1.235+2,248 -6.322+1,326
ay -0.868+0.239 -1.303%0.369 -0.940%0.174 -2.219+1.820 -6.515+1.430 -17.364+£1,970 -7.837+1.286
ag -- -- -- 4.476+3,939 3,607+2.998 10.548+5,072 16.012%2.990
ag -- -- -- 1.480+1.387 5.237+1.111 20.410%1.764 12.252%1.140
a, -- -- -- -3.301+2.611 -3,682+1.978 -2.614+3.415 -4,971+2.068

-vL—
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Fig. 27. Coefficients of power series in cos 0* plotted vs the
incident pion lab kinetic energy.
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V. DISCUSSION

A 5
One of the objectives of this experiment was to determine the

""resonance' near

quantum numbers of the state that appears to be in
1350 MeV, and the quantum numbers of the state that is the major con-
"shoulder' near 850 MeV.

It is difficult to draw any conclusions regarding quantum numbers

tributor to the

from a cursory inspection of the differential-cross-section curves
(Figs. 19 through 25). HoWever, several aspects of these curves are
noteworthy. - One point is that the curves at the lower three energies
all have similar shapes, and the curves at the higher three energies
have a different characteristic shape. The shape of;the curve at 873
MeV seems to be a combination of the first shape and the second shape,
with probably more characteristics of the higher-energy curves. The
fact that the 873-MeV curve seems to be in a transiltion region may be
the reason that such a high (seventh) order fit was needed.

The interesting feature of the higher-energy curves is the sharp
rise in the cross sections at cos 6* = -1. This sharp rise is most pro-
nounced in the energy region of the 1350-MeV peak, and less pronounced
at energies on either side of this peak. The shape of the curve at
1311 MeV (Fig. 24) is somewhat suggestive of a plot of 133Z (cos G*),

where

P, (cos 6*) = (S/IZ)cos39* -(3/2)cos 9* (31)

3

is the third-order Legendre polynomial. A plot of PBZ(C'OS 9*) would
have a bump at cos 8 = +0.4, as well as the one at cos§ = -0.4, and
the forward rise at cos 8" = 1 would be the same height as the rise at
cos 8™ - -1. As will be shown below, P3 (cos 9*) is related to the par- .
t1a1 -wave state with orbital angular momentum £ =3,

Much additional information can be learned concerning the as-
signment of quantum numbers by looking at the plots of the coefficients
of the powers. of cos 9* as shown in Fig. 27. In order to fully under-

stand the information that is available in these plots, it is first nec-

essary to examine the expansion of the m-p differential cross section
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in terms of the partial-wave scattering amplitudes,

L L
dU(Q*): z [(£+1)Az++lA£—]tp£(CoS6"‘) 2Jr (A;—'A[)Pll(cos 6*)
ae” -0 &~

2

(32)

Here A;: is the scattering amplitude for the partial wave with orbital
angular momentum £ and total angular momentum J = £+1/2. The
functions P, (cos 6*) and le (cos 6¥) are the Legendre polynomial and
the first associated Legendre polynomial, respectively, of order £.
The symbol L represents the maximum value of £ that is needed in the
sums; i.e., A1+ and AIZ— are both essentially zero if £ ig grearter than
IL.. The partial-wave amplitudes can be written as

+ . +
+ bl exp(216£ ) -1

A, = , (33)
2ik

. . £
where k 1is the wave number in the c.m. system, 6£ is the real

part of the phase shift, and

bli:exp(—Zﬁ;:) (34)

is the absorption parameter, Blibeing the imaginary part of the phase
shift.

In expanding Eq. (32) it is convenient to use the standard symbols,
S.P,D,F, and G, for the scattering amplitudes with £ = 0,1,2,3, and 4,

respectively. As an example, if £ = 3, then A,3+E F7/Z and A3” F5/2.

With this notation the expansion of Eq. (32) becomes
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ao(6™) *

2 o2 ,
- [Sy/27-251/,D05/,-35,/,D5/2% P15 ~2P1/5P3/, 3P 1,F5 /5

2 L2
+3P1/2~F7/2 + P3/Z + 3P3/ZF5/Z _3P3/ZF7/Z+D3/Z + 3D3/ZD5//2

+ (9/4)135/22 + (9/4)1«“5/22 ~(9/2)Fy /), F s+ (9/4)1:7/221

+cos B [251/2P1/2+431/2P3/2 ~ 9SI/ZF5/_Z - 12S1/2F7/Z+4P1/2D3/Z
» ‘éf

4

2 5K .
tcos 0 [6S) /D, /5498, /,Dg 1, ¥6P Py o4 9P/ Fg /5 =30P 5, F ),

. 2 , 2
+3Pg ), = 36P, Fg )y - 6Py Fy 43D, 7 - 36D /5Dy )
;

2 2
-(9/2) /5" - (9/2)F ),

+(207/2)F g /) Fy 1y (.:15/4)1?7/22]

3 %
+cos 8 [1581/2F5/2+ ZOSI/ZF7/Z + 15P1/2D5/2 ; 1893/2D3/2 + 12P3/ZD5/2

12Dy o Fy oy - 110D; /o By yy - 117D /5 Fg /5 - 3OD5/2F7/2]
4 sk
+cos B [35P1/2F7/2 +45P3/2F5/2 + 25P3/ZF7/2+ 4.5D3/295/2
F(45/4)D, %+ (45/4)F. ,.° - (675/2)F, ;. F 5 - (165/4)F ., ,,°]
; 5/2 5/2 5/2%17/2 7/2
5%
+ cos” 8 [105133/21?7/2 + (2‘25/2)135/2F5/2 +45D5/2F7/2]

6% - N \ 2 ,
+cos 0 [150F 5/2F7/2 125“7/2 ]. (35)
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Since the scattering amplitudes are complex quantities, complex
multiplication must be used in this equation. For example, F7/2£’

means

F7/2 i and FS/Z 7/ Means the real part of FS/Z 7/2°
Equation (35) does not include any terms for £ greater than three.

Although the curve fitting (Sec. IVB) seems to indicate that terms through
cos ,9* are needed at some energies of the experiment, it is believed
that the cos79* term results from the superposition of a large F wave
and a very small G wave. Therefore, the inclusion of G waves in
Eq. (35) would only serve to further comphcate tlne situation. In ad-
dition the errors in the coefficients, ag, of cos 9 {(shown in Table
XII) are relatively large, being of the same order as the coefficients
themselves.
One might wonder why it is not possible to set the terms in
Eq. (35) equal to the seven corresponding coefficients in Table XII and
solve for the seven scattering amplitudes. The reason isg that the
scattering amplitudes each have both a rezl and imaginary part, so there
are acutally 14 unknown quantities. This is one of the reasons, as
mentioned in the Introduction, that additional information. e.g., polar-
ization data, is needed in order to fully analyze pion-proton scattering.
As mentioned before, some information can be gained by exam-

ining the coefficients of the powers of cos 9*, as plotted in Fig. 27. ‘
The most interesting features of this figure are the large positive peak
in ag and the large negative peak in ays both peaking in the vicinity
of the 1350-MeV resonance. By referring to Eq. (35) we see that the
large value of ag could either come from the F7/2’2 term or the

5/2 7/2 term. These same terms also appear with the opposite sign
in the coefficient of cos 49" On the basis of the small magnitudes of
the lower four coefficients, a, through 25: wWe might assume that the
rest of the terms in the coefficient a, are negligible, and thereby
determine the relative magnitudes of F7/ZZ and F‘5/2F7/2 at {350 MeV
T aking ap = 21 mb/sr and ay = -18 mb/sr from Fig. 27, we can cal-
culate that F7/22 is approximately twice as large as F5/2F7/2, This
seems to be good evidence for saying that the 1350-MeV resonance is

an F7/Z resonance.
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Unfortunately. the Minami ambiguityl6 must be considered: 1 e.
with differential-cross-section data alone, one cannot tell whether the
resonance is really an F7/2 resonance or whether it might be a G7/2
resonance. In essence, the Minami ambiguity says that if the values
of the two scattering amplitudes for the two £ values with a particular
J value are interchanged for all values of J, then the differential cross
section will be unchanged. This means that the simultaneous inter -
change of Sl/Z with PI/Z’ P%/Z with D3/Z’ DS/Z. with FS/LZ" F?/Z wath
G7/2, etc. will leave do/dQ" unaffected.

There are at least two reasons for favoring the F'?/Z assignment
over G7/2. First, if the 1350-MeV resonance ig a true elastic res-
onance analogous to the (3, 3) resonance, i.e., there is an intermediate
state consisting of a single particle, it is reasonable to assume that
this intermediate particle is an excited nucleon, and hence should have
the same parity as the nucleon. It is the F?/Z pion-proton state which
has positive parity. Another reason for favoring the FT/Z assignment
is that it agrees with the Regge-pole formalism as presented by Chew
and Frautschi. 17 They seem to believe that the 1350-MeV resonance
has the same parity as the (3, 3) resonance, which again is positive.

In summary, it can be concluded that the resonance near 1350
MeV has J = 7/2, 4 = 3, isotopic spin T = 3/2, and positive parity The
mass of the resonant-state particle is approximately 1920 MeV.

There does not appear to be any single state which is very prom-
inent at the shoulder near 850 MeV. Looking at Fig. 27 we see z very

small bump in a,. near 850 MeV, but the errors on the data points are

5
so large that it is questionable whether or not this bump really exists
The total elastic and inelastic cross sections are plotted in Fig 28
The behavior of the total inelastic cross section near 850 MeV 15 s.m-
ilar to that needed in the Ba.ll—Frazer4 explanation of peaks in tota:
cross sections. In view of these facts, it can be suggested that the
shoulder near 850 MeV is the result of an inelastic enhancement rather
than an elastic resonance. It is quite pfobabj}e that this inela.stlc proc -
ess, which produces the shoulder near 850 MeV in the T = 3/2 (*.r+‘p)
total cross section, is the same inelastic process that contributes to

- 1,3 .‘ - , . .
the m -p peak at 900 MeV, since ™ -p scattering 1s a mixture of

T = 3/2 and T = l/Z interactions.



-82 -

ACKNOWLEDGMENTS

Special thanks are due to Professor Burton J. Moyer, not only
for his guidance in the performance of this experiment, but also for the
invaluable assistance and counsel that he has provided the author throuuh-
out several years of graduate study.

The author is greatly indebted to many people for the success of
this experiment:

To Dr. Michael J. Longo, Dr. Calvin D. Wood, Dr. Thomas J.
Devlin, Jr., and Mr. Donald E, Hagge: who did much for the experi-
ment by contributing both useful suggestions and many hours of hard
work.

To Mr. Robert Profet, Mr. Dale Dickinson, and Mr. Burns
Macdonald for their considerable assistance in the performance of this
experiment.

To Dr. Robert W. Kenney for many extremely helpful and stimu-
lating discussions.

To Mr. Dick Mack and the people working with him, for assistance
with the electronics in the experiment—especially Mr. Larry Scott,
who designed much of the special circuitry used in the experiment,

Mr. Fung Gin, who helped build and rpaintain this circuitry, and
Mr. Fred Kirsten and Mr. I:eonard Proehl for designing and building
a special test system used in the experiment.

To the people in the engineering department, particularly Mr. Jim
Fiedler, who was responsible for the overall setup of the experiment,
and Mr. George Edwards and Mr. Bob Edwards, for their help with
the velocity spectrometer and Bevatron target, respectively.

To Mr. Roy Loop and Mr. Jim Minter for taking care of the
magnets and their power supplies.

To the many people who worked on the hydrogen target.

To the Bevatron sta,.’ff ané crew under the direction of Dr. Edward
J. Lofgren, especially Mr. Wendell Olson and Mr. Bob Pratt. who did

an excellent job of setting up the experiment.



-83-

To Mr. Leo Leidy for building special equipnient used in"the
experiment.

To Mr. Jay Spoonheim for assembling some of the equipfaent.

To the people in the computer group and the data analysts for
their assistance in processing the data.

In addition the author would like t¢ thank those people who helped
put this thesis in final form, especially Mr. Stan Lerner, for his heln
with preliminary editing and typing. and Professor A C. Helmbholz,
for many helpful suggestions.

- The author owes his greatest debt of gratitude to hi’s wife, Dorothy
for her patient endurance and encouragement during the sometimes
difficult and occasionally frustrating years leading to the completion of
this work.

This work was done under the auspices of the UU. S. Atomic Encrgy

Commission.



04

APPENDICES

A, Momentum Determination

Several different methods were employed in determining the
momenta of the experiment and a least-squares .average of the results
was caiculated; i.e., a curve having an equation y = constant was least-
squares-fitted to the data. (An arbitrary number assigned to each
method was used as the abscissa.) The various methods and their
numbers are:

(1) First wire-orbit momentum determination

(2) Second wire-orbit momentum determination

{3) Third wire-orbit momentum determination

(4) Time-of-flight measurement | :

(5) OPTIK® ’

(6) Velocity-spectrometer magnetic-field values

(7) Gas Cerenkov counter pressure curves,

The ratios of the momenta determined by each method to the

average momenta are listed below, along with the associated errors.

Number of ' Determined momenta
method average momenta

.004+0.0085
.001+0.0061
.999+0.0061
.993%£0.0052
.036%+0.0233
.046+0.1412
.057+£0.0429
.000+0.0110

Nk WY e
L i et e <> T > JRE WO S —

Average




The first wire orbit differed from the second and third be-
cause a large block of iron had not yet been put in place between B‘£
and Q4 for the first wire orbit (see Fig. 2). Although th¥s block of
iron had a large hole for the beam to pass through, the effective field
strength of BZ was reduced by about 2.2%. This additional correction
factor increased the error in the first wire-orbit determination .s
compared to the error in the second or third wire orbit. The main
errors in the wire orbits are based on repeatability of measurements
within each of the three wire-orbit momentum determinations,

The time-of-flight method was based on measuring the differenc.
in time of flight between pions and protons in the beam. With a mw« -
menturn of about 700 MeV/c the difference in time of flight from cosnte
Ml to counter M3 was about 30 nsec. By accurately measuring tie
time difference, the momentum of the bearmn can be calculated., The
difficulty in this method is in determining the velocity of the signal in
the cable that was used. The errors in this method reflect the uncer -
tainty in this velocity. .

The fifth method used the IBM 7090 program OPTIK. 8 In tais
method the settings of the magnets at which the pion beam flux was
maximized were fed into OPTIK along with various momenta. By
examining the corresponding positions of the final focal points in both
planes. the momentum corresponding to the best cverall focus was ae
termined. The errors are related to the fact that with the given inp.
OPTIK was unable to produce a focus in both planes simultanecusly,
hence there was a range of momenturn that was acceptable.

In the sixth method, the velocity-spectrometer meithod, 11 was
necessary to know the ratio of the magnetic field strength nceded for
undeflected pions to the magnetic field strength needed for uade! uotvd
protons in the velocity spectrometer, assuming constant clectric fie.d
strength. This ratio is equal to the ratio of the velocity of the proion
to the velocity of the pion. By knowing the ratio of velocities 1t is

possible to calculate the momentum  This methed is the least Accurat:
-]
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method, due to large uncertainties in the magnitudes of the magnetic
field strengths.

In the last method the pressure threshclds for counting mucns
and pions were determined from the Cerenkov curves {see Fig. 13).
By knowing the index of refraction of the gas at these pressures it was
possible to determine the momentum of the muons and pions 1n the beam.
Large uncertainties came from both the locaticn of the pressure thresl -

olds and the index-of-refraction determinations,

B. Velocity-Spectrometer Equation

When the velocity spectrometer is properly adjusted, sacl
that the pions are undeflected as they pass through it, the beam of preon:
is bent an angle a. The straight-line backward extensicn of the proton
beam, after being bent, intersects the pion heam at the cente: cif the

spectrometer. The equation for the angie of bend of the proter meam 1s

\ L Bi*.-ﬁp \

a ={—— = | —— | . (B-1}
Y. m d {3!3“
P P wp

where
a is in radians,
V is the voitage across the electric plates in kV.
m_ is the rest mass of the proton in keV,
ypmpis the relativistic mass of the proton in keV,
L is the effective length of the fields in the spectrcmeter
in inches,

is the gap width in inches,

B, 1is (the velocity of the pion/velocity of light in 2 vacuuzm).
: - .
and
B is (the velocity of the proton/veiocity of light in a vacuum).
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