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ABSTRACT

The differential cross section in Tr--p'elastic scattering at 310-
MeV incident-pion energy has been measured for 28 angles in the lab-
oratory systernﬁ}angular region 25 deg Selab < 160 vdeg., The reaction
was observed by counting the scattered pions emerging from a liquid
hydrogen target with a counter telescope consisting of scintillation and
Cerenkov counters, A measurement of the total cross section by atten-
uation as a functionof cutoff angle was also performed, using scintilla-
tion counters, These data were incorporated with polarization and
other differential cross section data at this energy, and a phése shift
analysis was performed. An IBM 7090 search program was developed
for this purpose,. |

Analysis of all data for spd waves (up to £= 2) has resulted in a
single acceptable solution that has I-spin 3/2 phase Shifts in excellent
agreement with results of a previous 1r+—p phase shift analysis, and has
I-spin 1/2 phase shifts that are < 6 deg for the'DS/2 shift which is = 15
deg. Errors on the phase shifts vary from 0.4 through 1.1 deg,

An extension of the analysis to spdf waves (up to l = 3) results
in two probable solutions, and one that is rather unlikely. These, as
well as the spd solution, are discussed. Errors on the spdf solution

are larger, ranging up to 2 deg,



I. INTRODUCTION

The interaction of pions and nucleons is of fundamental im-
portance in nuclear physics because of the relationship of this pion-
nucleon interaction .to nuclear forces, It is at present believed that
nuclear forces result principally from an interchange of pions by the
nucleons in the nucleus., For this reason, the pion-nucleon inter-
action has been studied for some time, for the most part by measuring
differential and total cross sections for the scattering of positive and
negative pions on protons. Although there is a reasonable amount of
data, most of it lacks completeness and accuracy at any single energy.
Therefore, it was our purpose to obtain accurate and complete ™ -p
differential and total cross-section data at one energy, 310 MeV,

(In this report, energies mentioned refer to incident-pion kinetic ener-
gies, )

' This work was part of a continuing effort at the Lawrence Radia-
tion Laboratory to obtain accurate data concerning the pion_nucleoh
interaction at 310 MeV. Previously, Rogers et al. had made accurate

measurements of 25 differential cross section points for the reaction

Tr++p~-»-n-++p,1 ' (1.1)

and Foote et al. had obtained recoil proton polarization data at four
angles for this same interaction. 2 These constituted the most accurate
and complete data on 1r+-p scattering ever obtained at one energy,
However, investigétion of 1T+—p scattering leads only to information
about the isotopic spin 3/2 state of the pion-nucleon system.’ To gain
information about the I-spin 1/2 state either of the two following w -p

interactions must be studied:



T +tp—>T +p (elastic scattering), (1.2)

or

T +p—>1n?+n (charge-exchange scattering).

(1.3)

Because the detection of charged particles is considerably
easier than the detection of neutrals,. we proposed to study Reaction
(1.2), the elastic scattering of pions on protons,. It was our aim to
obtain information about this inter,act‘_ivon'at least as accurate as the
1r+-p data previously obtained by Rogers et al, 1

The main'reason for lack of accuracy in previous measure-

- ments was that only low-intensity pion beams were available to exper -
imenters. These low intensities resulted in low counting rates which,
of course, led to poor counting statistiés and to limitations on the
number of angles at which data could be obtained. Furthermor.e, when
.counting rates are low there is no opportunity to investigate possible
systematic errors thoroughly.

We were able to form a pion beam that contained 3)(106 ™ /sec
in a 2-in, -diam circle or a flux of about 1.5X1051T-/C1’I12-S€—C. This
was about two orders of magnitude better than had been obtained by
- most previous experimenters, By scattering this beam from a
liquid hydrogen target and detecting the scattered pions with counters,
we were able to measure 28 differential cross-section points as a
function of laboratory-system (lab) angle and to obtain-total cross-

section data.

i
H
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- . One of the chief purposes of obtaining experimental data is

.to be able to use it either to check theoretical predictions or.to in-

dicate the correct theoretical approach., The usual meeting place

.of theory and experiment:for elastic scétte-ring has been at the phase

...shifts. .Data obtained from pion-nucleon scattering -experiments

are usually analyzed in terms of partial waves., In thistype of anal-
ysis, scattering amplitudes are expanded in a series of terms, each
term corresponding to a definite angular momentum state of the
pion-nucleon system. States with the orbital-angular momentum
quantum nﬁmber £=0,1, 2, 3+ are referredto as s, p, d,

f -+ states, These partial-wave expansions contain parameters,
called phase shifts, that measure the magnitude of the interaction
in any given angular momentum and I-spin state, and it is the value
and energy dependence of these phase shifts that a theory must pre-
dict to be successful,

For this reason, a search for the phase shifts describing the
pion-nucleon interaction at 310 MeV was initiated. Such an anal-
ysis had already been completed by Foote for the 1r+- p data, 3
yielding I-spin 3/2 phase shifts, We have extended this work, using
all of the 1r+ data, the data contained in this report, and the recoil-
proton polarization data measured by Vik, 4 In addition, charge-
exchange differential cross-section data at 317 MeV measured by
Caris was also used. > Some w -p differential cross-section and
polarization data at 307 MeV had been previously measured by
Zinov and Korenchenko, 6 and Vasilevskii and Vishnyako, 7 but
these data were insufficiently accurate for good phase-shift analysis,

One reason for the original choice of an incident pion energy
of 310 MeV was that classically, d waves are expected to become
noticeable in the interaction at about 300 MeV., The results of an
spd (up to £ = 2) phase-shift analysis led te rather large d waves

and, therefdre, the analysis was extended to include f waves.,



Results and descriptions of the spd and spdf phase-shift analysis,
as well as details and results of the differential and total cross-
section measurements, are contained in this report.

For convenience, throughout this report we refer to the
differential and the total cross section as DCS and TCS, respec-

tively,



iI. DCS EXPERIMENTAL METHOD

A. Experimental Arrangement

In order to achieve the degree of accuracy desired for the DCS
measurement, an intense 310-MeV 7 beam had to be produced and
scattered from liquid hydrogen., The desired pion beam was produced
and was focused on a liquid hydrogen target by a magnet system. For

-most of the experiment the pion beam striking the hydrogen target was
monitored by an argon-filled ionization chamber. The pions scattered
by the liquid hydrogen were detected by a counter telescope consisting
of a Cerenkov counter and two scintillation counters., During part of
the experiment, the incident pion beam was monitored by a pair of scin-
tillation counters to obtain a more accurate normalization of the DCS,
The DCS was measured at a total of 28 lab angles.

A diagram of the experimental arrangement is shown in Fig. 1,

1. Magnet System

Negative m mesons were produced by inserting a beryllium target
into the 740-MeV internal proton beam of the Berkeley 184 inch synchro-
cyclotron, The pions produced at 0 deg were deflected out of the cyclo-
tron by its own magnetic field, and passed through a thin aluminum win-
dow in the vacuum tank and into the 8 in. aperture of the two-section
(doublet) quadrupole magnet (.)1u This quadrupole formed a parallel
beam that passed intc an 8-ft-long iron collimator known as the Meson
Wheel, From theWheel the beam entered the experimental area known as
the Meson Cave, where it then impinged upon another focusing quadrupole
magnet QZQ This magnet also had an 8 in, aperture and two sections,
Upon leaving QZ, the beam was momentum-analyzed by a bending magnet
M1° The angle of deflection chosen was 36 deg, to compensate for the
momentum dispersion in'the pion beam introduced by the cyclotron field,

The combined effect of QZ and M1 was to focus an image of the pion

- source on the liquid hydrogen target.



Proton
beam

184 -inch cyclotron
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MUB-12i13

Fig, 1. Diagram of experimental arrangement for DCS
measurement, '
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Current settings for the quadrupole magnets were calculated by
an IBM 650 program called DIPOLE. The current in the bending magnet
M1 was accurately determined by the suspended-wire technique, which
was also used to check the currents in QZ' Fine tuning of the focusing
magnets was done with the pion beam and the beam profile counters de-
scribed below,

After leaving the magnet system and before striking the hydrogen
target, the pion beam passed through a 10 in. -long brass collimator sur-
rounded by lead. This collimator was designed to attenuate the spatial
components of the pion beam which were directed toward the heavy alu-
minum flanges supporting the liquid hydrogen target (see Fig. 2). These
components were the main source of coincidence counts when the hydro-
gen flask was empty. The collimator was used only when the incident
beam was monitored by the ionization chamber,

2., Pion Beam

The internal beryllium target used to produce the pions lay 2in.
along the beam direction, Its position in the cyclotron was determined
experimentally to give the m-aximum—intensity 7 beam at the position
of the liquid hydrogen target. The intensity measurements were made
with a 7 in, -diam argon-filled ionization chamber. 8 Because of the
sensitivity of the beam intensity and its position at the hydrogen target
on-the radial position of the beryllium target, it was necessary to ex-
perimentally realign the internal target daily. The correct alignment of
the internal target was verified with the beam profile counters.

A check of the energy spread of the pion beam at the hydrogen
target was made by taking an int‘egral range curve of the beam in copper
(see Fig. 3). A determination of the muon contamination of the beam
was also ;nade from this range curve,

Horizontal and vertical beam profiles were made at the hydrogen
target position, usingtwo square plastic scintillators (0,25 in. and 0,50
in, on a side, respectively) in coincidence, These profiles were taken
with and without the brass collimator in position (see Fig, 2). The beam
channel through the magnet system was enclosed by plastic bags filled with
helium, whose purpose was to reduce the multiple Coulomb scattering of
the pion beam which would increase the size of the beam at the liquid hydro-

gen target.
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Fig, 2. Horizontal and vertical beam profiles, taken at

.the position of the liquid hydrogen target with and
without the brass collimator,
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The electron contamination of the beam was measured by using:
a gas Cerenkov counter filled with sulfur he)'c_a.ﬂu'oride9 (see Sec.IIl, B.1).
The - characteristics of the beam obtained at the position of the

liquid hydrogen target were:

Median energy: 310 + 3 MeV
‘Energy half-width 5 MeV

Total p contamination 4.5%
Electron contamination 0.3%
Intensity | 3><106 m /sec

Beam size (full width .

at half—max) X 3.2 cm vertical

4,2 cm horizontal
3. Counters

Most of the counters used in this exper1ment were plastic scin-
_ t111at1on counters made of a solid solution of terphenyl in polystyrene.
The two exceptions were liquid Cerenkov counter Cl, and a gas Cerenkov
counter CG, The light from almost all the counters was viewed with RCA
6810A photomultiplier tubes, The exceptions were the gas Cerenkov
counter CG, which used an RCA 7232A photomultiplier, and the beam-
profile scintillat.’or.,.s,. which were viewed with 1P21 phototubes._ Lucite
lighf pipes or aluminufn (Alzak) light guides were used to guide the light
to the phototube on most of the counters.

Counter C1, the liquid Cerenkov counter, consisted of a rectan-
gular box with 1/16 in, lucite walls, The Cerenkov light from the liquid
was guidedb to the phototube by a cylindrical lucite light pipe fitted into a
hole at the bottom of the box. Water was chosen as the Cerenkov radiator
to give a P (= v/c) threshold of 0.75. This threshold allows the counter
to reject all recoil protons and most inelastic pions from the liquid hy-
drogeh target, ’ -

Data concerning all the counters used in this experiment are found
in Table I. v S v

The positions of the counters used in the DCS measurement are
shown in Fig. 4, Not all the counters shown were used in all phases of the

DCS measurement.
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Table I. Description of counters used in DCS and TCS measurements,

Counter number Type | Light guide Size Thickness
' v or pipe (in.)
A Plastic scint, Alum, 4 in, diam 1/8
B Plastic scint. Alum, 3 in, diam 1/16
S1 - Plastic scint, Alum. 4 in, diam 1/16
S2 Plastic scint, Lucite 2-1/4in, diam 1/4
S3 Plastic scint. Lucite 12X12 in. 3/4
Cl1 H,O Cérenkov Lucite 4X4 in, 1-1/2
-S4 Plastic scint, Alum, 3 in, diam 1/8
S5 Plastic scint, Alum, 1-1/2 in, diam 1/16
S6 Plastic scint, Lucite 10 in. diam 3/4
X1 ~ Plastic scint, - 1/4X1/4 in, 3/8
X2 . Plastic scint, o -  . 1/2x1/2 in. 3/8
CG - SF_6 gas Cerenkov -Alum, 6 in, diam 48
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P Cl
.-'52
A Pion beam B
N - L /AN |
— Liquid hydrogen flask
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My-27132

Fig, 4, Diagram of liquid hydrogen target and counter
arrangement,
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4,  Electronics

A schematic diagram of the electronics used with DCS méasure-
ment is shown in Fig, 5. The pulses from the photomultipliers were
delayed with respect to one another, by use of RG-63/U cable in delay
boxes. Counters Sl and C1 were am_pli_ﬁed by Hewlett-Packard 460A
wideband amplifiers. The properly delayed pulses from all the counters
were fed into a multi-input coincidence circuit of the Garwin type.
The output pulses of the coincidence circuit were fed into 10 Mc discrim-
inating uni’c's11 that in turn drove conventional scaling units. The re-
solving time of the system was approx 20X 10_9 sec, - The appropriate
counter voltages and delays were determined experimentally by optimizing
the coincidence rate with respect to these variables, This was done in
the incident pion beam at low intensity, These settings were checked at
a number of different scattering angles during the experiment.

The ion-chamber current was transmitted to a standard integra-

ting electrometer by double-shielded cable, and displayed on a recorder.

A scaler-gater unit was used to turn the ion-chamber electrom-

‘eter and all scaling units on or off simultaneously.

5. Liquid Hydrogen Target

The liquid hydrogen target consisted of an upright cylinder 6in,
in.diameter and 8 in, high, made of 0,010 in, Mylar., This flask was
surrounded by a vacuum, and a 270 deg window of 0,030 in, Mylar 6 in,
high was centered vertically on the flask. This window was supportedby
heavy aluminum flanges to meet hydrogen safety requirements,

Above the flask was a hydrogen reservoir surrounded by a liquid
nitrogen jacket, |

During the experiment the flask was emptied of liquid hydrogen to
obtain background measurements by closing a flask vent value that ordi-
narily allowed the hydrogen gas to escape into the atmosphere, With the
value closed, the hydrogen gas pressure forced-the liquid hydrogen out
of the flask and up into the reserveir, The target was refilled by opening

the vent value,
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At three of these energies integral range curves were taken of
the incident beam, both to check its energy and to determine the muon
contamination of the beam. Values of muon contaminations at other
energies were interpolated from a curve of the three points obtained by

. 51
the range curve, ’

The greatest amount of copper used in the telescope was 33.6 dcm2

at-25 deg laboratory angle. This correspondedtoan attenuation of about

20%, A-list of the amount of copper used at each angle, and the calculated

efficiency. at that angle, is given in Table II,

Measurements of the scattering out of pions by counter S2 and the
efficiency of the Cerenkov counter (Cl) was also obtained at this time by
recording the S1,S2 C1/S1,S2 ratio, with no copper in the counter tele-

scope.

" Table II, Forward angle counter telescope efficiencies.

6 Efficiency : _ Amount Cu in

lab telescope
(deg) | (g/cm®)
25 | 0.802 | 33.6
30 0.850 ’ 25.5
35 0.867 22.6
40 0.890 16.7 ’
45 0.918 | 13.9
50 0.955 8.6
55 0.967 | 5.4
60 " | 0,976 | 3.7
65 ' 0.978 3.3

70 1,00 ' ' 0.0
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to the remaining counters, by 54X10°
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C. Experimental Procedure

1.. Accidentals and Background

~ Accidentals in the counter telescope were measured in the usual
manner, . Each counter in the telescope was delayed in turn, with respect
9 sec (the time difference between
two successive cyclotron rf pulses)., The accidental coincidence rate of
the telescope was found to be < 0. 1% of the true counting rate at all angles,
and hence negligible, .
The most important source of background comes from the scatter-

ing of pions in the walls of the hydrogen-containing flask and surrounding

material, This background can be measured by emptying the flask of

“hydrogen and measuring the target-empty rate. This rate varied over

different scattering angles from approx 25 to 50% of the target-full rate.
A more difficult form of background to measure is a contamination

by electrons (the term electrons is used throughout this paper to mean

-both positrons and negative electrons unless otherwise noted) in the scat-

tered pion beam., . These electrons result because the production of neutral
pions in the charge-exchange re_aétior; (2.1) takes place in the liquid hydro-

gen, The subsequent decay of the m° produces the electrons

1T-+p—>'rr°+n; (2.1)
'n'°—>y+y, (2.2)
or
) + -
™>yt+te +e., (2.3)

The electron background arises from the two decay modes of the

7% indicated above (2.2, 2.3). In the first (2,2), the two gammas may

interact with the hydrogen and surrounding materials to produce electron-

positron pairs. The counter telescope cannot distinguish between an elec-

tron and an elastically scattered pion. In the second decay mode (2.3), the

0 12

+ - s . . .
e + e pair is produced directly in the w° decay (Dalitz pair).

" A detailed discussion of the magnitude of this background as a func-

tion of scattering angle is found in Sec, III, A.1,



-18-

It was possible to make some experimental checks on the cal-
culations of electron contamination described in Sec. III.,A.,L These
are described below. _ |

The first source of background is due to the conversion of y rays
in the target and surrounding material, and is therefovre propo‘r‘tional to
the amount of matérial between the scattering point and the counter tele-
scope. Approximately 1% of the.y“s coming from the target are con-
verted into pa,irs by this material, . »

} The calculations on contamination were checked by increasingthe
amount of converting material between the target and counter telescope.
From one to five 0, 15—g/cm2 sheets of Cu were placed next to the target,
and the’ céunting rates in the coﬁnter telescope obtained for each case
with the liquid hydfogen té.rget both full and empty. Each of these copper
sheets converted roughly the same number of y's from the charge-exchange
reaction as did the target without copper. |

The "effective target thickness' of the copper as a function of scat-
.tering angle was computed by IBM 704 program ALPHA BAR. The data
points with‘copper? as well as one without, obtained by subtracting target-
empty from target-full data, were then plotted against effecfive target
thickness, and a least-squares fit ofé straight line was made. The dif-
ference in rates between ''zero target thickness' and '"one target thickness"
gave the conversion-electron contamination, A total of six angles were v
checked in this way., Because this effect is relatively small, the uncer-
tainty in measured values of this background owing to counting statistics
is believed larger than that obtainable from a careful calculation of this
ef.f‘ect° This calculation as made is described in Section III, A.1., It gives
an electron contamination for the elastically scattered pion beam of about
5% at most angles,

Valuesv obtained from the measurements are in statistical agree-
ment with the calculation,

The second source of background is the Dalitz pairs, A calculation
method for this contamination is also discussed in Sec. III, A.1. No direct
measurement of the contamination was made, but a check on the total back-

ground due to charge-exchange scattering can be obtained by putting a
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conjugate counter in coincidence with the counter telescope. This
.counter (S3) was placed at an appropriate angle on the other side of the
Htarget to record the proton conjugate to the elastlcally scattered pions
counted in the counter telescope. Essentially, none of the electrons can

" duplicate this coincidence between the conjugate counter and counter tele-
scope; hence, a comparison of rates with and without fhe‘-conjugate
counter in coincidence can give the contamination at those angles where
such a measurement can be made.

Unfortunately, the angles at which the measurements can be made
(approximately 90 to 100 deg pion lab scattering angle) are severely
limited by two considerations. If the conjugate proton counter is moved
closer to zero deg (larger pion scattering angles) it will intercept the
incident pion beam and be jammed by it, If, on the other hand, the con-
jugate counter is moved to larger angles (forward pion scattering angles)
the protons will have barely enough energy to get out of the target, and
if they do, they will be badly multiply scattered. Even at the angles
- measured (90 and 100 deg lab pion scattering angle) the correction that
must be made for the multiple scattering of the protons introduced in the
value of the cross section an uncertainty larger than the statistical count-
ing error of about 2% . For this reason, this method serves only as a
rough check on the total electron background. The values obtained above
are in agreement with the calculation described in Sec, III, A.1.

"The calculated values of the electron contamiﬁation corrections as
a function of scattering angle are given in Table III,

2. Cross-Section Measurement

Data for the cross-section measurement were taken at 28 lab
scattering angles from 25to 160 deg in 5-deg steps, and were taken in
cycles. of hydrogen.target full and empty.. ..Generally speaking, several
such cycles were observed and then the counter telescope was moved to
a different angle.

The counting rates with the target full varied from approximately
30 counts/sec at the forward pion scattering angles to approximately 1

count/sec in the background angular region,
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Table III. Calculated electron contamination in scattered
pion beam conversion and Dalitz electrons. ‘

elab Cor;;irlsi%n electrons Dali;:rei'ec\:’trons
(deg) - . V. -V
20 29.4 19.4
30 23,3 15,1
40 17.8 : 11.1
50 13.1 8.1
60 9.5 v 5.9
70 6.5 4.0
80 : 4.7 2.7
90 B 3.7 2.0
100 | 3.2 1.7
110 3.0 _ 1.5
120 2.9 1.5
130 | 2.8 1.5
140 2.8 ' 1.6
150 _ 2.8 ' 1.6
160 2,8 _ 1.6
170 2.8 , 1.7

211V, represents approx 93X106,incident pions. The laboratory

DCS is plotted in Fig, 10, using this unit, for comparison.
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At several angles, voltage plateaus of all counters were checked.
The accidentals mentidned_previously were checked with target full and
empty and found to be negligible at all angles, Data were taken at sev-
efal angles with the counter telescope at varying distances from the tar-
get, thus giving a solid angle other than the '""normal' one, The value of
the cross section obtained in this Wéy Was in agreement with the value
with data taken at the '"normal'" solid angle., Data taken at full beam
level were checked at lower beam levels throughout the duration of the
experiment and found to be independent of beam level.

3. Simultaneous Experiment

. While this experiment was being carried out on one side of the
hydrogen target, an experiment for measuring the polarization of the
recoil proton in the w -p scattering process was being carried out on
the side of the target., 4 In order to avoid possible changes in background
level, all data cycles were taken during periods when no changes were
being made in the polarization experiment,
Approximately halfway throughthe experiment, the DCS exper-

imental setup and the polarization setup were exchanged,

D, Normalization Measurement

A pion beam of intensity greater than 106 pions/sec was necessary
to achieve the accuracy desired in the DCS measurement. Such an intense
beam cannot be counted by scintillation counters because counting losses
are prohibitive with the usual cyclotron duty cycle and present musec
resolving times of coincidence circuitry. Therefore the DCS data were
taken while the incident pion beam was being monitored with an ionization
chamber,

It was 'fe].t, however, that is accurate measurements of the DCS
could be made at a few angles while monitoring the incident beam with
counters, this would make for a more accurate determination of the over--

all normalization of the DCS than with the ionization chamber alone.
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Such a measurement became feasible with the completion of the
auxiliary dee of the Berkeley 184 inch cyclotron, which increases the
duty cycle by roughly a factor of 25 and in turn-allows much higher
counting rates in beam counters with negligible counting losses.

1. Experimental Arrangement

No changes were made in the beam or target during the normal-
ization run. The ionization chamber was replaced by counters A and B
as shown.in Fig. 4. The dimensions of the counters are given in Tablel.

The electronics schematic is shown in Fig. 6, the block shown
within the dashed line being essentially the same as in Fig. 5. The sig-
nals from counters A and B were delayed with respect to the counter
télescope and amplified. They were then fed into a Wenzel-type coin-
cidence13 with an 8><10-9 sec resolving time. The output of the coinci-
dence circuit was arhplified and then split, half the signal driving a
40-Mc discriminator-scaler unit, and the other half being put into coin-
cidence with the counter telescope in the Garwin-type coincidence cir-
cuit, 10 The output of this circuit was fed into a 10-Mc discriminator

unit, 1 which in turn fed uniform pulses to the 10-Mc scaler units,

2, Experimental Procedure

In the normal operation of the cyclotron the main pion beam ex-
hibits a structure in time which reflects the accelerating characteristics
of the 184 inch cyclotron, The repetition rate of 64 accelerations per
second gives 64 groups of pions per second, each of which is composed

9

of fine-structure pulses having a width of about 5X10 ’ sec and equally
spaced at 52.><10-9 sec, This spacing corresponds to a final rf accel-
erating frequency of 19.2 Mc/sec. The duration of the coarse groupsis
about 300 usec, and this time is equally filled with beam, thus containing
about ?>.6><105 rf pulses per second. Since pions in the same rf pulse
cannot be resolved electronically, it is impossible to count more than
about 4)(104 pions/sec, with counting losses < 1% with counters situated
in this beam.

However, when the cyclotron is operated with the auxiliary dee,
the 64 bunches of pions per sec can be spread out in time over a period of

8 msec each, rather than the 300-qusec period under ''mnormal" operation,
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Fig, 6. Block diagram of the electronics used in '""normalized"
DCS measurement: A = H-P460A amplifier; D= 125Q
delay box; G = Garwin multiple-input coincidence circuit;
Disc = 10 Mc/sec discriminator unit; W = Wenzel coinci-
dence circuit; D-S = 40 Mc/sec discriminator-scaler unit,
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However, it was found that about 40% of the beam in the 8-msec period
was located in a 200-usec "'spike'' at the beginning of the pe‘rio'd. ‘The -
remaining 60% of the beam was equally spaced in the remaining time
interval, It was necessary to gate the scalers off for the duration of
this spike for each of the 64 bunches of pions per sec.

With the new "stretched" beam we have about 8><106 rf pulses/sec,
which will allow counting rates of about 106 pions/sec with small counting
losses, We were then able to obtain accurate measurements (2%to 3%
counting statistics) of several DCS points in a reasonable length of time,
by monitoring tﬁe beam with counters,

During the experimental run the counting rate in beam counters
was varied from about 1 to 3><105 pions/sec. The beam time character-
istics and the scaler gating were continuously displayed on a dual-beam
_ oscillosco;v:te.,= Periodic checks of counting losses were made by delaying
counter A with respect to counter B by 52.><10-9 sec., The counting losses
were always < 0,1% of the counting rate, Cross-section measurements
were made with the counter telescope at three lab scattering angles of
50, 90 and 145 deg.

- Each cycle consisted of a target-full and target-empty run, and
a run on both a full and empty target with the beam counters delayed by
5Z><10-9 sec with respect to the counter telescope. This coincidence
rate measured the accidental rate between the telescope and beam coun-
ters. A correction to the data was made for this accidental rafe, which
was less than 2% of the normal counting rate at all angles..

A list of cross-section data obtained in this normalization run is

given in Table IV,
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Table IV. Results of normalization measurement,
'=
Normalization : o
elab GC m do ) - Lead-squares fit Counts/I. V.
(deg) (deg) . dw'ecm _ (cpunts/l. V. ) (mb/sr)
: o (mb/sr)
.50 . 66.8 0.948+.029 135.9 143.4+4.2
- 90 109.8 0.447+.019 66.8 149.6+£6.5
145 . 155.2 0.941+.022 - 130.8 138.9+3.3
Average (counts/I, V.)/(mb/sr) = 141.8+2.4
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III. DCS RESULTS

A, Corrections to Data

A number of corrections must be made to the raw data before a
DCS can be extracted from it. One purpose of this experiment was to
keep these corrections as small as possible, consistent with perform-
ing the polariiation’ measurements (descri.bed in Sec. I C.3) at the

same time. A description of these corrections is given below.

1., Electron Contamination in the Scattered Pion Beam

As mentioned in Sec. II. C.1, decay of the neutrqal pion produced
by charge-exchange' scattering in the hydrogen target gives rise to an
velec.tron_ contamination of the scattered pion beam which is counted in
the counter telescope. This contamination results from two different
decay modes of the 7°, This main decay mode, which occurs approx-

imately 99 % of the time, is
w0 - Y+ vy (3.1)

These y'é produce et +e” pairs by interacting with the material
between the point of their production and the counter telescope. Either
member of this pair may count in the telescope. For convenience, the
electrons arising from this mode of decay are here called conversion
electrons, ‘

A rarer decay mode of the w? is the production of a Dalitz pair,12

> yte e, (3.2)

In this case too, either member of the Dalitz pair may count in the
télescope, Again for convenience, the electrons arising from this decay
mode are called Dalitz electrons in this paper.

A calculation of these electron contaminations has been made and
the data corrected for them. The: calculation for both the conversion

and Dalitz electron contaminations is described below,
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a, Conversion-Electron Contamination, In order to calculate
the number of conversion electrons counting in the counter telescope
as a function of lab scattering angle, three major pieces of information

must be obtained by experiment or calculation. These are:

(a) The y-ray distribution from the charge-exchange reaction at 310
MeV,

(b) The conversion efficiency for these y's, of the material between
the scattering center and the counter telescope at all angles, and

(c) The number of those et produced that will count in the counter tele-
scope.

The information on the y distribution can be obtained from a meas-
urement of the charge-exchange cross section, Such a measurement has
been carried out near 310 MeV by Caris at 317 MeV incident 7~ energy,5
and by Zinov and Korenchenko at an incident energy of 307 MeVQ6 The
two experiments are essentially in agreement, The y distribution can
be obtained from the charge-exchange DCS in a familiar way.

The coefficient fit used for the y distribution in the c. m. system

w as that measured by Caris:’
do 2 '
X =) P, (3.3)
' £=0

where the Pﬂ's are the Legendre polynomials, and the b's are given by

b, =2.80 ¥ 0.12,
b, = 2.93 = 0,

nd . 93 + 0,16,
b, = 1,78 = 0.19.

This y distribution was transformed into the laboratory system;

it is shown in Fig, 7.
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Fig., 7. Laboratory-system y distribution from charge-exchange
scattering at 317 MeV,
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The conversion efficiency of the material between the scattering
center and the counter telescope was calculated in the following way:

® in the charge-

Essentially all the y's produced from the
. exchange reaction are of sufficiently high energy that only pair production
1s important, This effect can be characterized by a parameter known as
the mass absorption coefficient, which is a function of the y-ray energy
and the composition of the material. The number of y's transmitted by

a block of material x g/cm2 thick is given by the equation

N =N’ exp[-ax], 3.4)
y =N, expl ] (
wheren N:{ -is the number of y's with energy k entering the block of
material, and ‘a is the mass absorption coefficient for that material
and that energy y-ray. The number of et +e” pairs formed per in-
cident y, N /N° , in a thin block of material x (g/cm?) thick is given
by ‘ '

=Tax, ' ' : o (3.5)

- The problem is complicated, in this case, by the fact that in the labo-
ratory system the y's are not monoenergetic at a given angle, Also, the
y's pass through a number of different materials, Therefore, to calcu-
late by Eq.(3.5), the number of pairs produced at a given angle an aver-
age value of a must be obtained at each angle and for each material, The
average value of a as a function of 1db angle was obtained by weighting a

by the energy and angular distribution of the y's in the laboratory system:

‘ dz'cr "
a. (k) S dx
T (6) = J i* dkd , . (3.6)

i 2
. . d o
jd_k" a4k

where k is the y energy and the subscript i is to indicate that this

averaging must be done for each material, The double differential cross
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section chr/dde gives the angular and energy distributions of the y's
in the laboratory system. '

An IBM program ALPHA BAR calculates dzo/dkdﬂ from the
‘charge-exchange cross section and kinematics. Values of ai(k) taken
from the literaturé15 are input to the program for various materials.
ALPHA BAR then calculates a as a function of lab angle by performing
the integration in Eq. (3.6) numerically for each material, The con-
version efficiency can then be calculated as

N

Conv., eff, = P -
N

g

a. X. , (3.7)
i7i

< ©
pde [\\/

where the summation is over the.materials in the path of the y's. The
conversion efficiency varies between 1.1% and 1.3%over the lab angular
region, .
The number of electrons that will count at a given lab angle must
now be calculated., This can be done with a knowledge of the opening
angle befween the members of the energy-angular distribution of the y's
that produée' the pairs. The opening angle of the pair is a function of
the energy of the y that produced it and the sharing of this energy by the
members of the pair. The opening angle of the pair as a function of the
incident y energy and energy-sharing of the pair has been calculated by
Borsellino. v16 The energy sharing as a function of incident y energy
and conversion material has been calculated by Heitler, 17 This infor -
mation, in conjunction with the y energy-angular distribution calculated
by ALPHA BAR, is then used to calculate the number of electrons that
will count at.each lab angle,

The number of conversion electrons counted per unit of incident
pions is shown plotted against lab angle in Fig. 8. The shape of the
curve is, as expected, very close to that of the lab y angﬁlar distribution

(see Fig. 7).
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Fig, 8. Electron contamination in the scattered pion beam as
a function of laboratory-system scattering angle,
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-b. Dalitz Electron Contamination, The calculation for the

Dalitz electrons was made in roughly the same manner as the conver-
sion-electron calculation. This calculation can also be separated into

three parts:

. (a) the angular distribution (lab) of the Dalitz pairs must be determined,
(b) knowledge of the branching ratio for this decay mode and the y-ray
cross section allows a calculation of the number of e* pairs produced,
and '

(c) fhe fraction of the electrons that will count in the telescope must be

determined.

The angular distribution of the Dalitz pairs was assumed to be

identical to the y angular distribution. There is evidence that this is a

good assumption, 18, 19

The branching ratio R has been accurately calculated by Josephs.18

19

It has also been measured by Derrick et al, and the measurement isin

agreement with the theoretical value. Josephs obtained

o, + -
R=ILZY*te te _9.01196.

> vty

The differential cross section (lab) for the pairs can then be

written as

do

R —Y . (3.8)

pairs

As in the conversion-electron case, in order to calculate the
number of Dalitz electrons that will count in the counter telescope, a
knowledge of the opening-angle distribution is needed. Once it is obtained,
a calculation of the probability of the pair contributing one or two counts
to the angular distribution can bemade. The calculation is made in much

the same way as that for the conversion electron.

.,
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The opening-angle distribution has been calculated by Dalitzlz
19

and experimentally verified by Derrick et al, After a transformation
to the laboratory system, this distribution can be used to make the de-
sired calculation.,

The results of the calculation are shown in Fig. 8. The sum of
the conversion and Dalitz electron counts in the telescope is also shown.,
Figure 9 shows a smooth curve of the lab w angular distribution, for
comparison, The electron contamination is maximum at forward angles.
For a 30-deg-lab angle the conversion electron correction is 8%, andthe
Dalitz electron-correction is5%. In.the backward direction, the Dalitz

electron correction.falls to 2% and the conversion electron correctionto

4% . These calculated corrections were applied to the data.

2. Counter Telescope Efficiency

The counter telescope S1S2C1 was not 100%efficient. At
angles forward of 70 deg copper was put before counter Cl to allbow the
latter to discriminate against inelastic pions produced in the target, as
described in Sec, II. B.1. The measured efficiency corrected for con-
taminants in the incident and scattered beams is given in Table:II, along
with the amount of copper used at each angle,

A much smaller correction for efficiency had to be made because
a few pions scattered toward the defining counter S2 did not register a
coincidence in the telescope. This was caused by an interaction in one of
the counters that scattered the pion so it did not pass through all three
counters of the telescope. The counter telescope was essentially, how-
ever, 100%efficient for counting pions that were not scattered out of it.
This efficiency varied with angle, primarily because of the variation of
pion energy with scattering angle. The efficiency was calculated by using
the data of Sternheimer, 20 It varied from 98.5 to 97% . It was checked
at forward angles as mentioned in Sec, II. B.2, and at a few backward
angles by fastening various additional thicknesses of scintillator to coun-
ters S1 and-S2, and extrapolating to zero thickness. The counting statis-
tical errors for these effects were significantly large (1/3 to 1/2 the ef-
fect) but the measured values were in agreement with the calculation, A
correction was made to the data for this effect, as well as for the atten-

uation in copper at forward angles.
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3. Finite Target and Telescope

A correction must be made for the fact that the target and de-
fining counter are not point objects. The correction for the effective
solid angle subtended by the finite counter telescope from a finite target
was made by considering division of the target and the defining counter
of the telescope first as made of up four and then of twelve parts, and
summing their individual contributions. The result for both cases
amounted to no more than 0.5% correction at any angle.

A correction had also to be made for éverag’ing the DCS over the
finite angular width of the counter telescope. This correction was signi-
ficant only for scattering angle near 70 deg, where the curvature of the
DCS is relatively large. Even here the correction was less than 1%.

This correction was also applied to the data.

4, Other Corrections

Several other small corrections to thé data were neceséary,
Aftef the pions scatter once in the hydrogen, they have a finite chance
_ to undergo a second scattering before they _leave. the hydrogen target, If
'they undergo direct scattering in the hydrogen during the second scatter-

ing, i.e.,
T +p—>T +p, ‘ (3.9)

a slight distortion of the angular distribution results, This gives rise
to less than 0,5% correction at all angles, If the pions undergo charge-

exchange scattering during the second scattering, i.e.,

0 4 n, , (3.10)

T+ P~
they become lost and the angular distribution is lowered by a slight
amount, The correction for this effect varies from 0.5 to 1.25% over
the angular region measured, This calculated correction has been ap-
plied to the raw data. |
» Several other small corrections due to multiple scattering and
attenuation of the incident pion beam between the monitors and hydrogen
target were calculated and found to be less than a few tenths of 1% and

hence were neglected. The distortion of the angular distribution because
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of the scattered pions decaying into muons was found to be less than

-0.2%, and was also neglected.

B. Normalization Corrections

_ ~Corrections to the data taken during the normalization run (Sec.
II.D. ) must also be ma_de. _ Since the method of detecting the scattered
pion-was no different from that used in the cross-section meésurement,
all corrections that applied to the cross-section measurement (previous
section_) _Weré exactly the same for this measurement, The only correc-
tion that must be made in addition is one taking into account the contam-
inants in the incident beam, which consisted of electrons and muons,
The electron contamination was measured by placing a gas Cerenkov
counter at the approximate position of the hydrogen targetin line with the
beam counters A and B. This gas Cerenkov counter, described else-
where, 9 was filled with sulfur hexafluoride. It had a threshold of 8=0.99,
and since the incident pions and muons had p's less v_than this value, only
ele¢trons were counted by this counter. It was put into coincidence with
A and B and the ratio A, B, CG/A, B measured. The electron contam-
ination-afhounted to 0,3%of the incident beam., '
There were two principal sources of muon contamination in the

incident beam. One was from the region of the internal beryllium target
- and the other from the decay of the pions just before counter B. Onlyv
those muons produced near the internal beryllium target with a momentum
‘near 430 MeV/c would be transmitted by the magnet system. Muons hav=-
ing the same momentum as pions have a longer range in copper, and hence
stand out as a bump on a range curve (Fig. 3). The muons visible at this
range makeup 4% of the incident beam, However, a calculation based on
a paper by Stvernheimer21 indicated that for the geometry and absorber
used, about 10% of the muons are scattered out of the backup counter by
multiple Coulomb scattering, Thus, this muon contamination comprised
4, 5_% of the incident beam. |

| . In the _région between the bendingrr’n_agnetv M1 and the defining beam
_ Counfer B, some of the muons from the decay of the pions may register a
coinc_:_idehce in A-B and hence be indistinguishable from a pion A-B coin-

cidence. The muons from the decay of 428 MeV/c pions are confined to a
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cone of half-angle 5.3 deg with respect to the incident pion direction,
with most of the muons found near the edge of the cone. Thus, only
muons from pions that decay within a few feet of counter B have an ap-
preciable probability of counting in B, The momentum of these muons
is uniformly distributed between 240 and 430 MeV/c, and so they are
impossible to identify on a range curve., The result of this calculation
is that 2.7% of the beam is made up of muons of this kind.

A small correction was also made for pions that countin A and
B and then decay into muons before entering the liquid hydrogen target.
This effect is responsible for an 0.8% contamination of the incident
beam., _ |

'Thus,- a total of 8.3% of the incident flux does not consist of

pions and was excluded from the calculated incident pion flux.

C. Differential Cross Section

1. Scattered Pions Counted

The number of scattered pions counted per incident pion was
determined for each angle by taking the raw data measured at that angle
(see Sec, II.C.2) and subtré.cting the counts per incident pion with the
target empty from the counts per incident pion with the target full, for
each full-empty cycle. The value obtained at each angle was the average
rate of all cycles at that angle, weighted by the counting statistics in the
usual way. The corrections described in Sec. III. A were then applied to
to these data and a final lab counting rate as a function of lab angle ob-

tained. - This curve is shown in Fig, 10,

2. Target Constant

The lab differential cross section is related to the average scat-

tered pion per incident pion, Ns/Ni’ by the equation

da(9) _ Ns(e)
dQ - NiQT’

(3.11)

where Ni is the number of incident pions, and Ns is the number of pions

scattered into a counter that subtends a solid angle Q as seen from the
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target, and lying at an angle 6 with respect to the incident pion direc-
tion,' ~ The target constant, T is the effective thickness of the target

in protons/cmz. For hydrogen, we have

T= 90 __ , _ . S (3.12)

where Np is Avogadro's number, and M is the atomic weight of hy-
drogen; p is the effective density of hydrogen, and L -is the effective
length of the target. The effective hydrogen density used was. taken as
the difference between target-full liquid and target-empty vapor. These
densities were obtained from the Cryogenic Data Book‘,22 The liquid
density was taken as 70.2 g/1, the density of boiling liquid hydrogen.

It was assumed that the vapor had a temperature between those of liquid
-hydrogen and of liquid nitrogen. The vapor density chosen was 0.9 g/ 1.
The value thus obtained for p was 69.3 g/l., The effective thickness
of the target, L, was obtained by measuring the diameter of the cylin-

. drical flask with a pressure 1 atmos greater inside the flask than out-
side, the approximate condition under which it operated during the
experiment. This was done at room temperature and at liquid nitrogen
temperature. A linear extrapolation was made to liquid hydrogen tem-
perature. This thickness was averaged with weights determined by
beam profile measurements (Fig. 3) to obtain the effective target length,
which was determined to be 14.85 cm. The value of the target constant

was calculated to be 6,16X10%2 protons/cmz.

3.. Normalization

The lab angular distribution data were transformed into the c.m,
system with the aid of a kinematics program called KINE., To obtain an
accurate normalization of the DCS, the data from the three normalization
points measured during the experiment were used (see Sec. II.D) in the
following way:

The lab differential cross sections at all three points were calcu-
lated, by using Eq. (3.11) after all corrections had been made to the
data. These cross-section points were then transformed to the c. m.

system,
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A least-squares fit of a power series in ‘cosf_ (where 0. m

is the c. m., angle) was made to the 28 c.m. angular distribution

points. This resulted in a smooth "'best fit'' curve for all center-of-
mass angles, The values of the angular distribution points (in units
of counts per I. V., (11. V. is equal to 10_8 Coulombs of charge col-

lected from the ionization chamber) were taken from this curve at

- the three angles where the normalization DCS measurement had

" been made. -Comparison of the angular distribution points and the ab-

solute cross section points is made in Table IV. The average value
of the ratio (counts/I.V.)/(mb/sr) was used tonormalize the angular
distribution. .

An absolute calculation of the DCS was also made by using the
ionization chamber alone. The absolute scale of the DCS measured

with the ionization chamber had an uncertainty of about 6%, while the

- .normalization procedure described above resulted in about a 3% un-

certainty in the absolute scale factor.,  The scale factor as determined

by the ionization chamber differed from that detérmined by the nor-

malization procedure by 3.5%.
" - A list of the DCS vs c.m, scattering angle is given in Table

V. A graph ofthe'data is shown in Fig. 11,



-41-

Table V. w -p differential cross section in the center-of-mass system,

61 b e] DCS Percentage error due to
(&:g) (:lzégn)l' (mb/sr) counting statistics only
25 34,7 1.184+.043 2.5
30 41.4 1.171+£.035 1.4
35 47.9 1.151+.033 1.5
40 54.4 1.125+,029 1.5
45 60.6 1.027+.027 1.7
50 66.8 0.970+.,023 1.4
55 72.7 0.853%.023 1.8
60 78.5 0.774+.,018 1,6
65 84.1 0.690+.,018 2.1
70 89.6 0.635+.015 1.9
75 94.9 0.561+,017 2.6
80 100.0 0.498+.013 2.2
85 105.0 0.461+.014 2.7
90 109.8 0,480,009 1.5
95 114,5 0.482+,016 2.9
100 119.0 0.514+.012 1.8
105 123,5 0,536,013 2.0
110 127.8 0.590+.018 2.7
115 132.0 - 0.663%£,019 2.5
120 136.0 0.715+,016 1.9
125 140.0 0,764,021 2.7
130 144.0 0.822+.020 2.3
135 147.8 0.817+.021 2.4
140 151.6 0.889+,025 2.7
145 155.2 0.941+.015 1.4
150 158.9 0.991+.028 2.5
155 162.4 0.932+.029 2.7
160 166.0 0.944+.042 4,2
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- D, Errors..

The uncertainties associated with the DCS measurements fall ‘

into three natural catagories:

(a) counting statistics,
(b) absolute DCS scale, and

{(c) corrections.

The counting statistics were determined in the usual manner,

through the formula

. 1/2
A<NS> _ N_(6) N_(6) |

—_— + —— (3.13)
‘NiZ full N 2 empty

A list of the percentage error in the DCS due to counting statistics
.is found in the last column of Table V. The error in the absolute cross
section scale is due mainly to stdatistical counting errors on the normal-
ization points (1.5%), uncertainty in the target constant (about 2.0%) be-
cause of possible errors in density of hydrogen-—especially the gaseous
hydrogen temperatures —and in the size of flask. The error in the de-
termination of the solid angle is negligible.

A parameter € was introduced to express the uncertainty in the
absolute DCS scale. The data.are thus presented as (do/dw)(l +€),
where the most probable value of ¢ is zero. The error on ¢ is esti-
mated to be 3%,

Errors due to various corrections to the data are the most diffi-
cult to estimate. The main uncertainty comes from the calculation of
the electron contamination in the scattered pion beam. It was estimated
that because of uncertainties in the data used and approximations made,
an error of between 15% and 20% of the magnitude of the correction should
be attached to this calculation, The uncertainties in the corrections for
telescope efficiency, finite counter and target size, etc., result in essen-

tially negligible errors for most of the DCS points; however, the corrections
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themselves have been included in determining the magnitude of the DCS.
The errors quoted in the DCS points in Table V are a rms com-
bination of the counting statistical error and the electron contamination

-error,
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IV. TOTAL CROSS SECTION

"The total cross section ¢ for 310-MeV negatives pions on

protons was measured by attenua'fion, The purpose of this measure-
ment was to gain further information about pion-nucleon scattering at

310 MeV, and to use this information in a phase-shift analysis (see

Sec, V).. The measurement also gives some information regarding the
absolute scale factor € for the differential cross section. This infor-
mation is not as valuable as itr might be because the sum of the reactions,
other than the one for which the DCS was measured gives about twice as

great a contribution to the total cross section as does the direct scatter-

ing process, The processes that contribute to the total cross sectionare:

T +p—>1 +p, o : (4.1)
7® + n, , o (4.2)
S ST n, ' o (4.3)
7 + 7%+ n, » (4.4)
and
T +1%+p. : (4.5)
A, Experimental Method
1. Experimental Arrangement

The arrangement of the counters and hydrogen target used to meas-
ure the total cross section is shown in Fig, 12, A description of the coun-
ters is given in Table I,

The liquid hydrogen target used in this measurement consisted of
a-6-in, -diam Mylar flask 12 in. long, surr’ounded by an aluminum vacuum
jacket with Mylar windows at front and back to allow the beam to pass
through the target. The beam passed through a total of 0,075 in, of
Mylar as well as 12 in, of liquid hydrogen,

The same pion beam was used throughout the experiment. During
the total cross-section measurment, the ''stretched" beam was used at
intensities of about 100 incident pions/sec to ensure a completely negli-

gible accidental rate.
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I2-in long liquid
hydrogen target

~/ -,
Proton
beam
184—inch
cyclotron ,
Cyclotron —
2ft

vacuum tank wall

MU-27130

Fig, 12, Diagram of experimental arrangemenﬁ for the
' TCS measurement,



-47-

2. Experimental Procedure

~Four cross-section points were measured as a function of cutoff
- angle. The c.m. cutoff angle varied from 8.4 to 22,2 deg. The cross
section was obtained by taking the ratio 'S4, S5, S6/54,S5 with target full
and empty at the four cutoff angles, The expression for the total cross
section in terms of these 'ratios, after being corrected for muon and
electron chtamination in the incident beam, is

g = % in _%, (4.6)

1
T N
where R' is the S4, S5,S6/S4,S5 ratio corrected) with target empty,
and R is the same ratio with target full, Typical ratios were
R = 0.955, and R' = 0,985, The target thickness N is in protonrs/cmz.

In addition to the correction for contaminants in the main beam,

a very small correction was made in cutoff angle to take into account
the finite size of the target. All other corrections were negligible. The
"'ddta taken at all angles weré obtained with one coincidence circuit meas-
uring S4, S5, S6 and the other S4,S5 for half a run; then the circuits
were switched and data taken in that fashion again for the remainder of
a run, Although the circuits tracked to better than'1 part in 1000, a
slight uncertainty was introduced into this measurement at some cutoff

angles because of the circuit's inability to track exactly,

B. Results and Errors

The results of the total cross-section measurements are given
in Table VI, and plotted vs cutoff angle in Fig., 13. The errors listed
are due to counting statistics ( ® 1 to 2%), uncertainties regarding muon
contamination, target thickness, and cutoff angle (about 2%), and at cer-
tain angles, uncertainty because of failure of the electronics to track
exactly.

- Also plotted in Fig. 13 are the total cross-section points vs the
cutoff angle predicted by the phase-shift analysis when all pion-nucleon
data at this energy are used (see Sec, V), These are seen to be in good

agreement with the measured values.
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Table VI, Total cross section vs c, m. cutoff-angle,

6cutoff TCS.
(deg) _ , (mb)
8.4 . : \ 128.8£0.8
11.1° . 27.5+0.8
13.1 -~ 26,7£0.6

22.2 o 24.6+0.7
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40 I i 1 | |

O Measured points
e Predicted by PIPANAL

35 T

30 —

¢ s

Total cross section (mb)

20 ! ! ! : 1
0 5 10 15 20 25
Cutoff angle (c.m.system)
MU.27122

Fig. 13. Graph of the TCS points vs c.m, cutoff angle, The
dots represent the cross section predicted by the phase-
. shift program,



By utilizing the phase-shift analysis, a total nuclear cross

section for negative pions or protons can be obtained. Our result was
27.7 % 0,7 mb,

This value is ih agreement with values obtained by other experimenters

at this energy. 23
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V. PHASE-SHIFT ANALYSIS

We completed measurements of the DCS in elastic -rf-—p scatter-

. ing at 310 MeV, and obtained data at 28 angles. A measurment of the
total cross section as a function of cutoff angle was. also obtained.
Complementing these results, Olav T. Vik has mea:sured_-the recoil pro-

- ton polarization in ﬁ“-p scattering at the same energy. 4 In addition,

- measurements of 1T+-=p differential and total cross section; and polar-

ization of the recoil proton, had been made previously at this energy

by Rogers et al, 1 and Foote et al., 2 respectively., All these dataare
noteworthy because of the relatively high accuracy attained. Data from
all the above, as well as a measurement of the charge-exchange cross

section by J. Caris at 317 MeV, ® were used in the phase-shift analysis,

This section describes the relationship between experimentally measured

quantities and the phase shifts, as well as the method and results of the

search program that performed the phase-shift analysis,

A. Relationship of Phase Shifts to Experimental Data

1. Scattering'Amplitudes

The expressions for the DCS and polarization of the recoil proton
in pion-nucleon scattering are well known (see, for example, Ashkin, 24)
They are usually expressed in terms of a non-spin-flip scattering am-
plitude g . and a spin-flip amplitude h, The DCS expression for pions

. scattering from an unpolarized proton target is

lg(6)]* + m(o) [°. (5.1)

do(6) _
de

The expression for the polarization of the recoil proton is given by

2 Re g#(6) h(0) .

= . = P() A (5.2)
2 2 i
g(0)|” + (o) | :
where the unit vector is defined by
= kinc X ksca.t/ l kinc: Xk scat
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The scattering amplitides are usually expressed as partial-

wave expansions, Neglecting Co.ulomb'e.ffects, they can be written as:

4. . :
S Lnex nﬁf exp[2.16£+] -1 1][ exp_[2i6£~-] -1\ .
g(0) =x (£+1) — F’g‘(cose),
2=0 |
- - (5.3)
Cand
fmax /. + .ot - - . :
e L expl2is, o expl2ig T\
“h(f). = x Z_ ‘ > — P, (cos ). (5.4)
£=1 :

‘The. definitions of the quantities appearing in Egs.(5.3) and (5.4)

are.,
" £ =-orbital angular momentum quantum number,
6£ ~= phase shifts f6r orbital-angular momentum state £ and total
- angular momentum quantum J = £ + 1/2,
i_'d,:’:-,fnm . - - - T 3 : -
My = inelastic parameters. corresponding.to each of the phase

shifts,

These quantities are <1, being equal to unity in absence of in-
. elastic scattering. The use of inelastic parameters allows the phase
~ shift 6;: .to be completely real even intheapresén(l:,e <»)f..inela‘s:tic scatter-
ing; in this report the term "'phase shift" refe_rs‘tg .thé‘ real P;rt, 511

Also, we have

X = wavelength of either particle in the c.m, system (x = 1/k),

PJZ (cos 8) = Legendre polynomial,
and
Pll (cosf) = associate Legendre polynomial defined by

21 . a . -,
P£ (cos@) = sin® 3(co05d) PE (cos0) .
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The correct expression including the Coulomb corrections is

found in Appendix A,

2. Isotopic Spin

If the assumption of charge independence is invoked for pion-
nucleon scattering, all possible pion-nucleon reactions can be ex-
pressed in terms of four scattering amplitudes; the non-spin-flip and
the spin-flip for the two possible isotopic spin states, These two pos-
sible I-spin states are 1=3/2 and I=1/2, The -rr+-p system must
be all 1I=3/2, since I3
of +3/2 for the system.

=+ 1 for the ot and +1/2 for the proton,
giving-an 13

The 7 -p system, however, has I, = - 1/2 and henceis a

3
mixture of I =3/2 and I =1/2. The I-spin decomposition of the scat-

tering amplitudes for the three charged-pion proton reactions most

studied as shown, for example, in Bethe and de Hoffman25 are:
Reaction _ Scattering amplitudes
Non-spin-flip Spin-flip
(1) m+p—>m+p g(l =3/2) h(l = 3/2) ,
2) m+p—T+p el =3/2)+ %g(l =1/2) %h('l‘ =3/2yr 5 ha=1/2)
-
(3) m+p—>nP+n “/_3—2 [g(l=3/2) - g(I:l/Z)] “/_3—5 {h(1=3/2)-.h(1=1/2)J

When these substitutions are made for the non-spin-flip and spin-flip
amplitudes in the Coulomb-corrected expressions of Eqs. (5.3) and
(5.4), Egs. (A.3) and A.4) of Appendix A result,

3. Notation

From this point on, the term ''phase shift'' is employed to mean
the nuclear part of the total phase shift (see Appendix A). The notation
used here is an extension of the notation used by Foote?J for the 1r+- P

system.
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. .::The syfnbol, itself denotes the orbital angular momentum state;

the first subscript is twice the isotopic-spin and the second is twice the

total angular momentum, as shown in Table VII,

Table VII. Summary of phase-shift symbols.

W oW NN - e O

1/2

S 1/2

3/2

3/2
5/2
5/2
7/2

Phase-shift symbol |

I1=3/2

2]

3,1

IR

e

3,1
3,3

3,3
3,5
“3, 5

3,7

I1=1/2

MmUY gogw
o e
;g1 Ut W W =

—
-3
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B. Search Program

1. General Method

Because of their complex relationship to the experimental data,

a trial and error method must be used to search for the correct phase
shifts. Such a method is ideally suited to the use of modern high-speed
computers. An IBM 7090 program has been written to perform this
searching function., The general method of this program is outlined below.
A set of phase shifts is input to the computer. The computer is
instructed to calculate the desired experimental quantities (the equations
in Appendix A were used with this set). The calculated quantities are
then compared with the measured quantities, This comparison is made

by computing the quantity M:

_ [x8-x#p
M = L|TE ] (5.5)
i
Here X () is the exper1menta1 quantlty X Ei is the experimental
- error (standard deviationj in X( is the quantity X.1 as calculated by the
computer for a given set of phase shifts. The summation is made over
all experimental measurements.

The program searches for those values of the phase shifts which
give a relative minimum to this quantity M, This 'least-square' min-
imization is carried out by the grid search method‘,26 in which the phase
shifts are varied by fixed amounts (size of grid) in cycles, After a rel-
ative minimum has been found for each grid size, the search continues
with a smaller grid size. Successively smaller changes are made in the
phase shifts until the smallest increment by which the shifts are varied
is reached. The values of the phase shifts thus obtained correspond to
a minimum in M, in the sense that if a change of the smallest grid incre-
ment is made in any of the shifts a larger value of M is obtained than the
one calculated at the minimum,

The value of M obtained in this manner is only a relative minimum,
Also, different initial sets of phase shifts may lead to different minima,

some of which may have lower M values,
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It is sometimes convenient to visualize the hypersurface that
would correspond to a depression in the hypersurface, which may be
referred to as a ""hole'" or 'valley' on the surface. This visual repre-
sentation is often used in the discussion to follow,

The uncertainty in the phase shifts Was established by using the
error-matrix method, in essentially the manner described by Foote. 3
Additi-onal information concerning this method can be found in the phase-
 shift analysis discussion by Anderson et al, 27

The program calculates the quantity Gij ,

1 %M |
Gi; = 7 3595, ° (5.6)

evaluated at the minimum,

The i ar_id j summations extend over all phase shifts, The error ma-.
trix G—1 is an array of numbers obtained by inverting the matrix G,
which consists of a symmetrical array of the quantities Gij . The errors
on the phase shifts are related to the elements of the trace of the error

matrix as

(28,) NI (5.7)

11
rms

in the obvious notation. It is useful to express the error in any function
F of the phase shifts. The rms error in F, AFrms is:calculated from the

error matrix G-l in the formula2

) . (5.8

2. PIPANAL ICF4
PIPANAL ICF4 is the final IBM 7090 program performing the

phase-shift search and error analysis, It is the culmination of a long

series of programs based on Foote's original 1r+—p analysis program,
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The general method used by this program has been discussed in Sec.
V.B.1;, and use in. its particular phase-shift investigations is thoroughly
discussed in Sec. V.C., In this section we enumerate the quantities that
can be varied, andthose experimental data that can be fitted with the pres-
ent program. The notation for these variables and experimental quanti-
ties is the same in all three sections,

The quantities in the program that can be varied are:
(a) The isotopic spin 3/2 and isotopic spin 1/2 phase shifts (a and §
respecti\}elY).
(b) The isotopic spin 1/2 inelastic parameters (n's); the I-spin 3/2 are
not varied from 1.0 because of the small amount of inelastic scattering
that takes place in the Tr+ -p scattering at 310 MeV,
(c) The absolute scale factors for the various DCS's; i, e., € for Tr—-p
elastic DCS, €, for m -p charge-exchange DCS, and €, for 1T+p elas-
tic DCS. These scale factors take into account possible uncertainties
in the knowledge of the absolute normalizations of the various DCS. They
serve the same function as the ¢ (which we now call el) described in
Sev, III.D,

All the above parameters are varied to obtain best fits to the
experimental data put into the program. A list of the data that may be

put into PIPANAL ICF4 is as follows:

(a) Differential cross section

Up to 30 DCS points for each of the reactions

'rr+—p - TI'+-p,

m-p > T -p,

m -p - 7%-n,

may be put into the program, Ifthew -p— 7°-n DCS is obtained by
measuring the y distribution, this DCS is usually expressed in terms of
coefficients of Legendre polynomials, It is also possible to insert the

data into the program in this form,
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niionadb) vPolarization: .

#° ¢ :Up to 10 polarization points may be put into the program for the
. ‘polarization:ef the nucleon in the thriee reactions listed in (a). ..

- . ic) “Total cross sections

-+ The measured:total cross section for one cutoff angle for -rr+—p
_and Tr--p scattering can be inserted into the program. The total in-
elastic cross section may also be used as data.. .

... In addition to printing out the value of M and the phase shifts for the
minimum value of M, the calculated values of any of the experimental

" quantities may be printed for any number of angles. .

C. Phase-Shift Investigations.

Before the_ phase-shift anavlysisvwa‘s begun, a .l'east—Squa:res fit-
ting program was used to fit the 7 -p DCS data. ’I;He results of this
- fitting indicated that the s and p waves alone (i, e,; partial Wavesup
- to and including £ = 1) could not pros‘sibly fit the data é.dequately. - While
| spd waves gave an adequate fit to the data, the besf fit was obféined for
spdf w_aves (i.e., up to £ = 3), For this reason, a phase-shift analysis
was carried ouf for both spd and spdf waves, _ ‘

| The data used for these investigations were:

(a) The data contained in this report; 28.1r_—p eléstic DCS points,
and a total cross-section point for an 8.4 deg cutoff angle.

(b) Four recoil-proton polarization ﬁoints for w -p scattering,
measured by O, Vik, 4

(c) Twenty-three DCS points for 1r+-p elastic scattering at 310
MeV, and a total cross-section point, all measured by Rogers et al.

(d) Four recoil proton polarization pc;infs in 1r+-p scattering,
measured by Foote et al,

(e) Coefficients for charge-exchange DCS measured by Caris at
317 MeV..S:f? - : .

A list of these data is given:in Tables VIII, IX, and X, Graphs
of the m~ DCS data are given in Fig, 11.
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Table VIII,
(a) 7~ -p differential cross section in theacente_r-fof-mass,\systwem for
310 MeV,

%ab ‘ ecnl , - . DCs
(deg) (deg) (mb/sz)
25 34,7 | 1.184+,043
30 41.4 1.171+,035
35 47.9 1,151+,033
490 54,4 1.125+.029
45 : 60.6 1,027+,027
50 66.8 0.970+.023
55 72.7 0,853+,023
60 78.5 0.774+.018
65 84,1 0,690+.018
70 : _ 89.6 ' 0,635+,015
75 94,9 ©0.561+.017 -
80 : 100,0 0,498+,013
85 ’ 105,0 0.461+.014
90 109.8 0,480,009
95 114.5 0,482+,016
100 119.0 0,514,012
105 123.5 0.536+.013
110 127.8 0,590+,018
115 132.0 0,663+,019
120 | 136.0 0,715,016
125 140.0 0,764+,021
130 144.0 0.822+,020
135 147.8 0,817+.021
140 151.6 0.889+,025
145 155,2 0.941+.015
150 158.9 0.991+.028
155 162.4 0,932,029

160 166.0 0.944+,042
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Table VIII., {(continued)

(b) Polarization of the recoil proton in 7 p scattering for 310 MeV.

9 : P(6)
cm
(deg)
114.2 0.784+.132
124.5 0.648+.076
133.8 0.589+.072
145,2 0,304,055

2 The normalization uncertainty was taken to be Ae = 0.03.
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Table IX.

(a) Differential and total cross s‘ec_-tionsifbr -n-.++p—>1r++p, rh_easured
by Rogers et al,

do(6)

Ocm 3 " rms uncertainty
(deg) (mbcfglter) (mb/sr)
14.0 18.71 : 0.60
19.6 . 16,05 0.46
25,2 13.82 0.31
30.6 12.99 0.25
34,6 - 12.28 0.27
36.2 11.65 0.27
44.0 : 9.82 0.15
51.8 8.59 0.26
56.8 7.54 0.28
60.0 - 6.58 0.22
69.6 4.73 0.10
75.3 3.62 0.09
81.6 2,77 0.08
97.8 1.66 0.07
105.0 1.51 0.06
108.1 1.62 0.07
120.9 2.08 0.08
135.2 2.93 0.14
140.6 3.36 0.12
144.7 3.76 0.15
152.2 4,10 0.21
156.4 4.51 0.17

165.0 4.88 0.12
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. ,T_abie IX (Continued)

(b) Rec011 proton polar1zat1on for Tr++p—>1r:+p at 310 MeV measured
h by Foote et al.

0 ' P(0) rms uncertainty
cm -

(deg) ' (mb/sr)
114.2 0,044 0.062

124.5 -0.164 0.070

133.8 -0.155 0.044

145.2 -0.162 0.037

& The total cross section used in the analysis was 56.4+1.4 mb, eval-
uated between cutoff angles 14,7 and 158.0 deg. The normalization
uncertainty was taken to be Ae¢ = 0.06, <

b See reference 1.

c .
See reference 2,




Table X. Coefficients for Legendre polynomial fit to =
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"+ p>7®+n DCS,

measured by Caris®at 317 MeV‘.b
\ max
do(6
= A P (cosB)
a@ z g Pyl
£=1
Coefficient rms uncertainty
(mb/sr) (mb/sr)
_A1 1.39 0.060
A2 1.87 0.11
A3 1.50 0.17
A4 0.01 - 0.15
Ag -0.35 0.42

a
. See reference 5,

b

The normalization uncertainty was taken to be Ae = 0.10,
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1. spd Investigations

Most of the search1ng for phase- sh1ft solutions to the exper -

" imental: data —Was done 1n the f0110w1ng way Random phase shifts that

sgould vary from: -—180 to+180 deg were-obtained:for ‘the I-spin-1/2
phase shifts. These were used as starting points for the I = 1/2 shifts
in the search program. Since a phase-shift "analysis had already been
pefformed on the TT+-p data, 3 and since a complete random search
would have been much too time-consuming, solutions to the 1r+-p phase-
shift search were used as startlng p01nts for the I-spin 3/2 phase shifts,
In general the initial searches were performed by programs simpler
than PIPANAL 1CF4 in order th save time, The ""good'' solutions
obtained from: these programs were then used as starting points for
PIPANAL 1CF4. In the 1r+-p phase-shift analysis, Foote found only one
solution,3 which was of the Fermi type that fitted 511” the r -p data ad-
= 18.5 deg, = -4,7 deg, = '13_4'4‘,8 deg, D, ,=1.9

P31 P33 3,3
= -4,0 deg). This solution was the starting point for most

equately (S3 1
deg, and D3 5 =
of the searching, However, some searching was also done with other
“much less 11k“ely 1T+-p solutlons Wthh had also been found by Foote.

All together, 130 different phase-shift sets were used as starting points
in the investigation;,” This resulted in four acceptable solutions to all the
'n'+-p data, and the DCS and TCS data, for w -p elastic reaction, If the
recdoil-proton polarization dat‘a' for m Zp scattering'as well as the charge-
exchange data were used, only one solution giving a reasonable fit to all
the data remained., The four solutions for the incomplete data, and the
final solution for all the data, are given in Table XI. The next best fit

to all the data is also given even though it is statistically an unacceptable
solution, The error matrix for the single spd solution.that agrees with
all the data is given in Appendix B, A study of the effects of various

data on the phase-shift errors is shown in Table XII, It will be notedthat
the addition of polafization and charge-exchange data makes little dif-
ference in determining the errors on the phase shifts, but can aid greatly
in distiguishing between different sets of phase shifts that fit the other
data about equally well, The errors on the spd phase-shift solution vary
from 0.4 to 1.1 deg. '



Table XI.

(a) spd solutions to m -p DCS and total-cross-section data
(also m -p DCS, polarization, and total-cross-section data),

D S. P, P D D

Mospectea™%”  S31 P3p P33 D35

(1) 52.4 ~18.8 -5.0 134.9 1.7
(2) 61.3 -18,2 -4.5 135.1 1.9

- (3) 57.8 -18.5 -4,7 - 134.7 1.9
(4) 52.1 -18.9 -5.0 . 134.3 1.8

3,5 1,1 1,1 1,3 1,3 1,5

-3.7 -5,8 -4.0 4.4 -5.3 15,1
-4.0 -7.2 25.8 7.3 3.0 -0.5
-4,0 4,2 10.5 -2,0 3.6 -0.0
-3.9° -4.0 - -0.6 5.3 17.3 1.0

(b) spd Solutions to = p DCS,

olarization, total-cross-section,

and charge-exchange coefficients (also # -p DCS, polarization, and total-cross-section data).

56> S

Mexpected™ 3,1 P31 P33 D33 D5 5,0 Pru Prs Prs DPis
(1) 71.2 -18.8 -4.9 135.5 1.7 -3.6 -6.2 -4.0 3.9 -5.5 15.2
(2) 122.8 -18.5 -4.4 . 135.5 1.9 -3.9 -3.2 27.7 6.9 2.9 -0.2
a Mexpected means number of degrees of freedom, i, e., the number of experimental points fitted less the minus

number of phase shifts varied,

_gg_
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Table XII. Effect of various data on phase-shift errors (spd solution). a

: Errors(in deg) on I = 1/2 phase shifts
Additional =~ -p data S P P, D D,

1,1 Fi,1 1,3 1,3 1,5
28 DCS 0.9 0.5 1.3 0.3 0.9
28 DCS, 1 TSC 0.8 0.4 1.0 0.3 - 0.6
28 DCS, 1 TSC, 4Pol 0.7 0.4 0.9 0.3 0.6
7 DCSP, 1 TCs, 4Rl . 0.8 0.5 1.2 0.4 0.8
7 DCSP, 1 TCS, 4Pol 0.8 0.5 1.1 0.3 0.7

5 charge-exchange

DCS coefficients _

28 DCS, 1 TCs, 4 Pol., 0.6 0.4 0.9 0.3 0.6
5 charge-exchange DCS '

coefficients

& All cases include the following -rr‘+p data: 23 DCS: points 4 polarization
points, and 1 total cross section. In addition, the following:m -p data
listed in the lefthand column,

b The 7 DCS points are distributed evenly throughout the angular region,




2, spdf Investigations

The spdf analysis closely followed the general procedure of the
spd.aﬁalyéis, | Again,‘ random phase shifts were used for the input
I-spin 1/2 shifts, except for the f waves, which were set equal to zero,
The initial I-spin 3/2 shifts were again chosen to be the solutions of
Foote's spdf Tr+-p analysis. There were two of these solutions, called
here Fermi I and Fermi II. The 480 different initial sets of phase shifts,
approximately balanced between the two L-spin 3/2 solutions, were fed
into thé computer with varying amounts of dafa.o When all the 11-+—p data
and only the 7 -p DCS and TCS were used, thirteen acceptable solutions
were found; but with the addition of the m -p polarization data, the number
of acceptable solutions was reduced to six, The addition of the charge-
exchange data further reduced the number of solutions to three, - Finally,
two of these three solutions appesr toc be somewhat more likely than the
third, | |

The three phase-shift solutions are given in Table XIII., The
error matrices for these three solutions are found in Appendix B.

Solution I is the spdf counterpart of the only acceptable solution
of the spd analysis. It was the most freQuently occurring solution,
having appeared 37 times during the random search,

Solution II exhibits the Fermi II behavior (D <0) of

53,3703, 5
Foote's second solution, but some of the shifts are rather different from
those obtained in the frr+—p analysis, Nevertheless, the solution gives a
good fit to most of the experimental data, It should be noted that this
~solution was found only by starting the initial search with Fermi I
I-spin 3/2 phase shift sets, No solutions fitting all the data were found
by starting the search from Foote's Fermi II solution. We can thus
conclude that Foote's Fermi II solution is not an adequate fit to all the
data. | _

Solution Il gives a rather poor fit tc the data, Statistical argu-
men’r;s29 indicate that an acceptable solution has less than a 2.5 chance
of having an M value as high as that of solution III. Although it is rather
unlikely, we have presented it for Completenesso All other solutions ob-

tained had a probability of less than 0.5%of being acceptable,



Table XIII

(a) spdf solutions to ‘n'+-p and 7" -p DCS, polarization, and total cross section

Mexpected =47
Started v v
M from 53,1 F3,1 P3,3»D3,3 D3, 5 F3,5 3,7 51,1 P11 P13 P13 Pyys By Firye
(1) 37.9 Fermil  -153 0.0 134.8 4.8 -6.4 08 -1.6 -54 -53 2.0 -55 159 -0,2 2.4
(II) 48.3 Fermil  -20.7-10.1 136.1 -20 -0.3 -1.,1 2,3 11.7 23.4 -2,0 6.7 2,5 2.2 -0.4
(III) 41.3 Fermil  -15.1 0.1 1350 4.9 -6.4 0.8 -1.7 -0,2 27.2 7.3 -0.3 -1.6 -2.5 -0.2
(IV) 49.1 Fermil  -17.4 -2.8 134.2 3.2 -5.1 0.6 -0.8 10,3 20.2 -1.2 5.3 57 1.8 0.8
(V) 46.6 Fermill  -35,5 -16,0 151.3 -11.4 - 13.0 -1.1 -1,9 -13,0 37 197 -06 -2.0 2.5 1.0
(b) spdf solutions to TT+—p and -3 DCS, polarization, total cross section, and 7 p—»n’n DCS
expected:52
. | .
M S3,1 Fa,1 P33 P33 DPi5 Fas 3,7 5,1 Py Py 3Dy 3Py Fyys Frgo
(1) 43.7 -14.4 1.1 1351 5.4 -6.9 0.8 -2.0 -6,0 -5.8 1,5 .57 158 -0.2 2.5
(1) 64.2 -21.2 -12.1 137.2 -3.3 1,5 -1.8 3.3 109 23.1 3.5 6.5 06 2.1 -1.2

(III)y 71.7 -15.6 -0.7 135.3 4.2 -6.0 0.7  -1.3 5.0.27.9 9.2

-0.5 -0.7 -3.2 -0.5

_89-.
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3. Inelastic Scattering

.. All the phase-shift investigations thus far mentioned in this
section were carried out assuming the inelastic cross sections for 1r+-p
and m -p scattering to be identically zero. This, of course, is not the
case, However, for 1T+—p scattering, the inelastic cross section is

b30’ 31 compared with the elastic total cross section of about

about 0.5 m
60 mb, ! and therefore the assumption that there was no inelastic scat-
tering is quite good. For m -p scattering the inhelastic total cross sec-

32,33 and the elastic total cross section is about

tionis about 1.0 mb,
28 mb, Thus, the inelastic cross section is 3 or 4% of the elastic and
obviously cannot be neglected. The effect of inelastic scattering on the
I-spin 1/2 phase-shift solution has been studied in the following way.
‘The solutions of the spd and spdf analyses were used as starting points
for a search with PIPANAL 1CF4. The I-spin 1/2 inelastic parameters
were started at 1.0, 0.95, and 0.90 for each solution. An appropriate
value of the I-spin 1/2 part of the inelastic n -p total cross section was
used in the program., The result of this analysis was that only a small
.effect was noted in the phase shifts, Thevalues of the inelastic param-
eters determined bythe program were all =20.975, with more than half
of them being equal to 1.0, These values were essentially independent
of their starting point in the program. The I-spin 1/2 phase shifts
themselves were not changed by more than the quoted errors on these
shif’gs, The conclusion of this analysis is that, at this energy, inelastic
scattering does not play an important part in the determination of the

phase shifts,
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V1. DISCUSSION OF RESULTS

' The basic goal of this experiment, to obtain accurate DCS
data'for m p scattering, has been attained, We measured 28 DCS
A peint'S'With counting statistics of about 3%, However, a phase-shift
analysis utilizing this and other available data at 310 MeV has not been
‘as satisfactory. Although a vsingle acceptable solution was obtained for
sp"d‘analy“sis - all 66 pieces of information available had to be utilized
'in order to reject all other poss1b1e solutlons except this one, The ex-

tension of the analysis to include f waves was even less satisfactory.

' The inclusion of even small f waves introduced one and possible two

‘fiew ‘solutions, which differed markedly in some phase shifts from the
spd solution, " This may cast doubt on one of the basic assumptions of
"the'analysi's:,' i, e,, that higher angular momentum states contribute
only very shghtly to the interaction at a glven energy, ‘and hence may
" be neglected, ‘In the spdf’ analysis we have seen that although the f
vﬁ?av’e’s are rather small, they have had a considerable e.ffe(':t, intro-
duc1ng solutions rather different from the spd solution,

‘ It appears that in order to choose the correct solution’in the
':‘:s'p'df‘ ana1y51s one needs more data, The major limitation of the pres-

“ént g pion-nucleon data at 310 MeV is the limited angular reg1on

(114 deg <9 ' < 146 deg) in which © -p polarization data exist, Un-

'fortunately, the techniques needed to obtain data at smaller c. m. angles
Lar'e somewhat differve-nt and more complicated than those that used to
obtain the existing data.’ Although such measurements are possible,
no data exist at present, o

There is theoretical as well as experimental help that might
be utilized. It is hoped that a theoretical approach along the lines used
in nucleon-nucleon s¢::atter:1ng34 will be developed, and that accurate
predictions of the higher angular momentum phase shifts can be made,
Chew et al. have used relativistic dispersion relations to make predic-
tions of ’ch::;e5 I=23/2 and 1/2 pion-nucleon d-wave phase shifts up to about

300 MeV, These calculations do not contain possible pion-pion inter-

action effects and so may not describe these phase shifts accurately,
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Although some of the d-phase shifts in our solutions do agree with these
predictions in sign, the agreement in magnitude is not good, and in fact
some of our solutions do not even agree in sign., It is felt that such dis-
agreement should not be taken too seriously until possiblé -7 effects
can be included in the calculation,

Theoretical predictions of the real part of the forward scattering,
Re[g(0deg)], using dispersion relations, have been made by Spearman
for TT+-p and T -p 'sc'attering., 36 The values quoted here were for the
choice f2 = 0,08, where f2 is the renormalized, unrationalized, pion-
nucleon coupling constant,

For 1T+-p, Spearman finds

Re[ g(0 deg)] = - 0.69,
and for w -p,

Re[ g(0deg)l = - 0,06,

in units of h/pc, where u denotes the pion rest mass.
The values of the real part of the forward scattering, as calcu-
lated from the spd and spdf solutions, are statistically in agreement
with the theoretical prediction listed above, ~
It appears that, at present, no theoretical or experimental data
exist that can resolve the ambiguities in the spdf analysis. However,
some progress has been .made in the knowledge of the phase shifts at
310 MeV. Previously, there was no accurate information about the
I = 1/2 phase shifts at the energy, but now a choice of three individually
accurate sets of phase shifts is available. Also, one I = 3/2 solution
found by Foote (Fermi II in his notation)3 was discarded as unable to
fit-all the data adequately. The basic difficulty brought forth by the anal-
ysis is the need for very large amounts of experimental data if accurate
information about the phase shifts is désired when d, f, and higher par-
tial waves become important. At 310 MeV the inelastic scattering did
not add a serious complication. However, because of the sharp in-
crease in inelastic cross section with energy near 300 MeV,3Z phase-

shift analysis at slightly higher energies will become even more
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complicated, since appreciable inelastic scattering essentially doubles
the number of parameters that must be determined in the analysis. It
appears that because of these requirements for very large amounts of
data, the method of phase-shift analysis became less useful at these
energies than it had been at lower energies, Evenutally, more interest i
may'cente.r on the experimental data themselves and less on the results

of the present method of analysis of those data. In this way, it is hoped

that the measurements described in this report will make a significant
contribution.toward the quantitative understanding of the pion-nucleon

interaction.
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APPENDICES

A. Inclusion of Coulomb Scattering in Pion-Nucleon
Scattering Amplitudes

The scatterlng amplitudes given by Eqgs. (5.1 and (5. (2)’ have
- been extended to take into consideration the nonrela’c1v1st1c Coulomb
| effects, as well as the f1r$t-order relat1v1st1c Coulomb corrections,
. This extension was carried out by Foovte3 and was based on the work
of _Stapp, 37 Solmi’cz 38 and Critchfield and Dodder.39
o In .thls section we use Foote's Eq. (7) and (8), Sec B, 3 to write
down Coulomb corrected scatterlng amplitudes for the reactions listed
in our Sec., V.A.2. It will now be convenient to dlstlngulsh between
‘ phase shlfts for states of 1sotop1c spin 1/2 and 3/2 In the -following

»equatlons (A 1 through A-6) we use the followmg notation:

%i = phase shift for orbital-angular momentum quantum num-
ber f, total - angular-momentum state J =4+ 1/2, and isotopic spin
state. T 1/2 |

' nﬂ = inelastic parameter (defined in Sec. V-1) corresponding

"to the above phase shift.

+ . . o -
a,” = phase shift for orbltal—angular—momentum quantum num-

ber 4, total - angular- momentum state J = £ % 1/2. isotopic spin state
3/2

+
P

; - inelastic parameter corresponding to the above phase

shift,
For the three reactions in Sec. V. A.2 we have:

Re_action 1, 1T+ + p— ot o+ p:

. Xxn

—— exp[-in ln(sinZ( 6/2))]
2 sin 6/2

g(0) =-—

maXx

+ X 2 [(M—l;

exp{Zi a£+(+)] - exp[Ziéﬁ]

(A.1)
2i

pl- exp[21a (+)] —exp721§2£]

+ £ 5T

P,; (cos@),

| S S—
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o+ 4 . .
ixn B sing éx_nax {pl exp[Zlal )1 - Py exp[2i a, ()]
h(0)= ————+X% ) : = L
2sif6/2 = 2
1=1
-inB Q—Tz(ﬁll )} P, cost); (A.2)

Reaction2, m +p—> 7 + p:

‘ - | : 4
xn > fmax - p; ‘eXP[Zm!é+ (-)+2n, exp[2i8, (-]
g(0) = — ex.p{.i n fnf{sin 9/2)}H& Z (£+1) =
2sin 0/2 £=0 : :
pl_exp[ Z.ia[(—a) + thexﬂ 2i 6[(-)] exp[—Zid)l
+ 7 G -(2£+1)——2-i-—— PI(COSG) (A.3)
h(f) = iknfsin@
2sin” 9/2
’ |
@ [o Mexpleia (-)]+2n " exp[2i8)(-) - p," exp[2ia, () - exp[2i5, ()]
2=1 [
: 2441\ 1,
+inB (f(f_‘Fﬁ)J P2 (cosB) (A.4)

Reaction 3, m +p > 7m'+n

In this reaction, the incoming particles are chargedvand the out-
going particles are neutral.. One may, therefore, to the accuracy
desired in this analysis, consider the Coulomb pérturbation to be half
as great as in reaction 2. Hence when the proper isotopic spin de-

composition is used the scattering amplitudes are given by



21 - , '

g(6) = 3—7i

I\/IB

0

=
I

" exp [2ia, (0)]-m . exp(2ia 40V T _
Ny Py exp [ 1%;1 )]7 M, exp] lq.l( )] Pﬂ(cose) (A.5)

and

‘ _,\]_ E-n exp[Zla (O)] rk+exp[2i6ﬁ+(0)]—p[ex;{Ziaﬂ—(O)]+'rk-ex;{2.i§-(0)]‘
Ch(0) = Fx Z . _ S ,

leb(cose) | L ST ‘ (A.6)

The new quantities introduced in Egs.. (A.l) through (A.6) are
n = E y (A.?)
“where v is'the lab velocity of the incident pion, a_.h&

(wpBpB)/2+ 4 (2up - 1B /4

(A.8)

where Kp = magnetic moment of the proton in nucleazj_m_agnet;ons, and
ﬁP, Bn = ¢.m. velocities of the proton and pion divided by the velocity
‘ofnghtf ) o h

“The §£ is the nonrelativistic Coulomb phase ‘shift of order £.
It is equal to 0 for £ =0, and is g1ven by

3

2 tan” ! (2), for £=1. (A.9)
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The additional symbols(+,-or 0) that appear on the phase shifts
in  Eqs. (A.1) through (A.6) are necessary because the phase shifts used
in those express1ons are total phase shifts, differing from the nuclear
shifts by a small term ¢1 , which is the complete Coulomb phase shift
of order {. This is explained below. The total phase shifts are related

to the nuclear shifts by

a;:(+) = o.;: +§£¢ s
agi(’): a;:_§£i
and
6£:l:(_) _ 6;: ‘éﬁi
+ + T+
a, (0) :a£ @ 0/2
AMUEEIEE

The complete Coulomb phase shift of order ¢, $£ consists of
. the nonrelativistic Coulomb phase shift defined by Eq. (A.9), plus a

first-order nonrelativistic correction,

Q:: = ?iﬁ +A§1i ) (A.10)

where the first-order nonrelativistic Coulomb term is given by

a5~ nl(1/2)0@ph,) +(1/49)@hp - 1) Bp°/ (148, B, (A.11)
A§£+z n B/(L +1), for £ =1, (A.12)
and

ISAEE nTB, for £ 1. (A.13)

All quantities used in Eqgs. (A.11) through (A.13) are defined in
conjunction with Egs. (A.7) and (A.8). '

The above Coulomb phase shifts for incident-pion kinetic energy
T_rr = 310 MeV are given in Table A I,
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Table AL~ Nonrelativistic Coulomb phase shifts, first-order
. -relativistic corrections, and complete Coulomb phase, shift
(all in deg) for incident-pion kinetic energy 'Tn_ =310 MeV,

. EY A%, 88, 33,

0 0.00 0.09 ——— 0,09 . ----
1 0.44 0.09 -0,17 0,53 0.27
2 0.66 0.06 -0.09  0.72 0.57
3

0.81 0.04 -0.06 . 0.95 0.75
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Appendix B, Tables of Error Matrices for spd and spdf Solutions




Table BI. Error matrix for spd solution (expressed in degz).

P P D D S P P D

3,1 F3,3 P33 D3 g 1,1 P11 1,3 1,3
0.2 0.2 0.1  -0.2 20,2 -0.2 ~0.0  -0.1
0.3 0.1 0.1  -0.2  -0.1 -0.2  -0.0 -0.0
0.4 0.0 0.0 0.0 -0.1 0.2 -0.1

0.1 -0.1 0.1 -0.0  -0.0 -0.0

0.2 0.1 0.1 0.1 0.0

0.4 0.0 0.5 0.0

0.2 -0.1 1

0.8 -0.1

.1

Dl, 5

0.1
0.1
0.2
0.0
-0.0

0.1
-0.2
0.3
-0.1

0.4

_08_



Table BII. Error matrix for spdf solution I (expressed in degz).

83,1 P31 P33 D353 Dj g
3.2 3.3 0.5 1.5 -1.7
3.8 0.4 1.8 -L9

0.4 0.1 -0.1

0.9  -0.9

1.0

Fi 5 F3,7
-0.0 .-0.9
-0.0 -1.1
0.0 -0.1
0.0 -0.5

0.0 0.5
0.1 -0.0

0.3

S

1,1
-1.5
-1.7

-0.2

--0.8

0.9
-0.0
0.5

2.2

P

1, 1
-1.3
-1.4

-0.3
-0.6
0.7
0.0
0.4

0.6
0.7

P

1,3 D193
-1.5 -0.2
-1.7 -0.2
-0.0 -0.1
-0.8 -0.1

0.9 0.1
-0.,0 -0.0

0.5 0.1

1.3 0.3

0.5 0.2

1.7 -0.0

.1

I)l,

- 0.
- 0.

— O NN

N = O = N

5
1

-0.
-0.

-0,
-0,
-0,

o O O O O

— O O O O v

-0.1
0.5

_'[8-



Table BIII. Error matrix for spdf solution II (expressed in degz)°
S51 P31 P33 Dy 3 D3 5 Fyg Faa Si1 P11 P13 Drs Di s Fi,5 F1 4
’s3 . 0.2 0.1 0.1 0.1 -0.1 0.0 -0.0 0.2 0.1 0.0 0.0 0.0 -0.0 -0.0
R 0.7 -0.4 0.5 -0.6 0.3 -0.3 0.2 -0.2 0.2 -0.2" 0.3 ~0.1 0.1
Pé 0.7 0.3 0.5 0.2 0.2 0.2 04 -0.1 0.2 .2 0.1 -0.1°
D3 0.4 -0.4 0.2 -0.2 0.1 -0.1 0.1 -0.2 0.2 -0.1 0.1
:.’D3 0.6 -0.2 0.3 -0,1 0.1 -0.1 0.2 -0.3 0.1 -0.1
F3 0.2 -0.1 0.1 -0.1 0.1 -0.1 0.1 ~0.1 0.1
- F, 0.2 -0.1 0.1 -0.1 .01 -0.1 0.1 -0.1-
S, 1 1.8 0.7 0.4 0.1 .1 -0.1 0.1
Pl’ 0.9 0.1 0.3 0.1. 0.1 -0.0
P, , 0.5 0.0 0.2. -0.0 0.1:
D, 0.2 -0.0 0.1° -0.0-
Dy, 3
D ) -0.2 0.1
s
Ly, 0.1 -0,1
. 0.{;1'
Fy 4

_28_
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(M
—

- - -
W =

MmO 0O YW
WiwIWw W W W

-

M= 0 0"

1.9 2.2 0.2
3.0 0.1
0.4

1.7
0.0
I.1

-1.1 0.2 -0.7. 0.4

-1.4 0.2 -0.9 0.4
0.0 0.0 -0.0 0.2
0.8 0.1 -0.6 0.2
0.8 -0.1 0.4 -0.2
0.1 -0.1 0.0

0.3 -0.1

1.9

1,1 71,3
-0.7 - 0.8
-1.1 1.1

0.3 0.2
-0.7 0.6

0.6 -0.5
0.1 0.1

0.4 -0.,3

0.2 1.0

1.6 -0.6

1.0

-0.7 0.4
0.4 -0.3
-0,5 0.5
0.6 -0,2

0.3

F‘.

1,5

-0.1
-0.1
0.0

--0.1

0.1
-0.0
0.0

-0.4

0.2
-0.3
0.1
-0.1
0.2

1,7

e Lol
N O W WO oo

SIS

- 0.1

_€8-
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implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






