ENERGY SPECTRUM AND POSITIVE EXCESS OF MUONS

The triple integral was performed numerically, with
imits of integration 3X102°<N <3X107 and 0<7
<700 m.

The function f(V)dN was obtained by differentiating
an integral spectrum given by Greisen’ and then in-
creasing the normalization by 16%, to account for the
net effect of the altitude above sea level and the ma-
terial above each scintillator.

The functional form for g.(r) was that used by the
air shower group at Cornell, and is

2:(r)=411Nr075(y482)7325(610+7) particles/m?.

Values for g,(r) were taken from the work at Sydney.2

A was obtained as the mean spectrometer sensitive
area by calculating from geometry the sensitive area as
a function of zenith angle and integrating this over
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zenith angle, weighting with the zenith angle dis-
tribution of shower arrivals, also obtained by the Cor-
nell group. It turns out that C7 is very nearly linear in
An so that negligible error is introduced by using a
mean value. 4, was estimated by comparing the
number of events in which interactions occurred in
the spectrometer with the number in which no inter-
action was observed, for showers whose cores landed
close enough to the spectrometer to make the density
of muons and nuclear-active particles roughly equal.
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=~ p Interactions at 224 Mev*
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Interactions of 224-Mev negative pions with protons were investigated using a 15-cm hydrogen bubble
chamber in a 13-kgauss field. Seventeen hundred elastic scatterings were analyzed yielding a cross section
of 16.02-0.8 mb for this process. No evidence for powers of cosg higher than two was observed in the angular
distribution. The charge-exchange cross section, based on 1200 events was 34.441.9 mb. The results of a
random-search phase-shift analysis, using these data in conjunction with earlier #*-p elastic scattering
results and recoil proton polarization measurements (7—-p), are reported. A search for pion production
yielded three events of the type #~4p — 7~ +n+-# corresponding to a cross section of ~30 ub. No events

of the type #~+p — #~4x°4p were observed.

INTRODUCTION

HE main features of pion-proton scattering at
energies less than about 300 Mev are in good
accord with the results of the Chew-Low-Wick static
theory and with the forward-scattering dispersion rela-
tions. Experimental and theoretical knowledge con-
cerning the finer aspects of the 7-p interaction, such as
s-wave phase shifts, the small p-wave phase shifts,
d-wave phase shifts, and inelastic scattering processes,
is in a much less certain state.

The present experiment was undertaken to obtain

* This work supported in part by the U. S. Atomic Energy
Commission. A thesis based on this work has been submitted to
the Carnegie Institute of Technology by J. Deahl in partial
fulfillment of the requirements for the degree of Doctor of Philos-
ophy. Preliminary accounts of the work have been given: J.
Deahl, M. Derrick, J. Fetkovich, T. Fields, and G. B. Yodh,
Bull. Am. Phys. Soc. 5, 71 (1960); J. Deahl, M. Derrick, J.
Fetkovich, T. Fields, and G. B. Yodh, Proceedings of the 1960
Annual International Conference on High-Energy Physics at
Rochester (Interscience Publishers, New York, 1960), p. 185.

T Now at International Business Machines Corporation, Silver
Spring, Maryland.

1 Now at Oxford University, Oxford, England.

§ Now at University of Maryland, College Park, Maryland.

further data on some of the latter phenomena. The
experimental method involved the observation of sev-
eral thousand interactions of 225-Mev negative pions
in a hydrogen bubble chamber. It was anticipated that
this technique would permit a statistical accuracy
comparable to that of existing counter data, but would
not be susceptible to systematic errors of the same
types as with counter techniques. Furthermore, rare
processes, such as inelastic scattering with the produc-
tion of an additional pion, can be readily identified
with the bubble chamber technique.

In analyzing the data of this experiment, the follow-
ing reactions were considered :

1) m+p—oa+p, Elastic

(2) — 747, Charge exchange

3) — y+n, Radiative absorption
(4) — 7 +p+v, Bremsstrahlung

(5) — 7~+xt4n, =t production

(6) — 7 +7%+p, «° production

@) — 704 704-n.
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Of course, reactions (2), (3), and (7) were indistinguish-
able in this experiment.

The elastic and charge exchange interactions have
been studied earlier in experiments using scintillation
counters as detectors by Glicksman'! at an incident pion
energy of 217 Mev and by Ashkin et al.2 at 220 Mev. In
the latter experiment, the elastic scattering differential
cross section was reported for eight center-of-mass
scattering angles in the range —0.95< cosXe.m.<0.80
(162.5°>X,.m.> 37°) with experimental error on each
point of about 99%,; however, there was an over-all
uncertainty of 5% in the scale of the cross sections.
Recent results of further counter experiments have
been reported by Goodwin et al.,® Caris et al.* and
Kellman.5

The threshold for secondary pion production [(5),
(6), and (7)]is 170 Mev, and the cross sections for these
reactions are small at the incident energy of this ex-
periment. The majority of the experiments to deter-
mine the production cross sections have been at energies
considerably above the threshold. Perkins et al.® have
measured the =+ production cross section at 260
Mev to be 0.1440.10 mb. Zinov and Korenchenko’
have measured the quantity 2¢(z+p — 7+=t+n)
+0.7¢ (7~+p — 7+7+p) at several energies down
to 307 Mev. Combining the measurements of Zinov
and Korenchenko with the #*+ production data of
Perkins,® one finds that the neutral production is
probably very small near threshold. Calculations based
on the Chew-Low theory® predict the ratio of neutral
pion production to positive pion production to be
greater than 1, and also predict a total pion production
cross section much too small to account for the results
of Perkins. Rodberg? and Goebel® have analyzed pion
production process assuming a = -m interaction, where
by introducing suitable scattering lengths for the three
isotopic spin states of the pion-pion system, they have
succeeded in fitting the data of Perkins.

To summarize, then, this bubble chamber experiment
was motivated by the following considerations: (a)

1 M. Glickman, Phys. Rev. 94, 1335 (1954).

2 J. Ashkin, J. P. Blaser, F. Feiner, and M. O. Stern, Phys.
Rev. 105, 724 (1957).

3L. H. Goodwin, University of California Radiation Labora-
tory Report UCRL-9119, 1960 (unpublished); J. Caris, L. Good-
win, R. Kenney, and V. Perez-Mendez, Phys. Rev. 122, 262 (1961).

4J. C. Caris, University of California Radiation Laboratory
Report UCRL-9048, 1960 (unpublished); J. Caris, R. Kenney
and V. Perez-Mendez, Phys. Rev. 122, 655 (1961); J. Caris, R-
Kenney, V. Perez-Mendez, and W. Perkins, 7bid. 121, 893 (1961).

6S. Kellman, thesis, Carnegie Institute of Technology, 1961
(unpublished).

6 W. Perkins, University of California Radiation Laboratory
Report UCRL-8778, 1959 (unpublished); W. Perkins, J. Caris, R.
Kenney, and V. Perez-Mendez, Phys. Rev. 118, 1364 (1960); W.
Perkins, J. Caris, R. Kenney, E. Knapp, and V. Perez-Mendez,
Phys. Rev. Letters 3, 56 (1959).

7V. Zinov and S. Korenchenko, Soviet Phys.-JETP 34, 210

1958).
( sS.)Barshay, Phys. Rev. 103, 1102 (1956); J. Franklin, zb:d.
105, 1101 (1957); E. Kazes, bid. 106, 1090 (1957).

9 L. S. Rodberg, Phys. Rev. Letters 3, 58 (1959).

10 C, Goebel, Phys. Rev. Letters 1, 337 (1958).
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The m-p elastic and charge exchange cross sections
could be measured by a completely different technique
than the counter methods used previously. (b) The
elastic differential cross section could be extended to a
wider range of scattering angles. (c) The ratio of
charge exchange scattering to elastic scattering, which
yields information on the isotopic spin state for scatter-
ing of the np system, could be determined inde-
pendently of separate normalizing factors; only the
relative scanning efficiencies would affect the result.
(d) The bremsstrahlung interaction could be observed.
(e) The =+ and #° [reactions (5) and (6)] production
reactions could be detected at an energy close to
threshold, utilizing the advantages of a bubble chamber
in distinguishing such events.

EXPERIMENTAL PROCEDURE
Beam

A beam of negative pions was produced by the 450-
Mev proton beam of the Carnegie cyclotron striking
an internal beryllium target. The pion beam then
passed through two 4-in. aperture quadrupole focusing
magnets, through the 12-ft shielding wall, a momentum
selecting magnet which bent the beam through 40°,
and the external field of the bubble chamber magnet,
before entering the chamber. A polyethylene bag filled
with helium and extending from the cyclotron window
to the deflecting magnet was used and yielded ~15%,
increase in beam intensity. The beam energy at the
center of the chamber was determined from an integral
range curve and from curvature measurements on the
tracks to be (22446) Mev. The momentum spectrum
from curvature measurements on tracks traversing the
full chamber length is shown in Fig. 1. The main con-
tributions to the width of the distribution arose from
multiple Coulomb scattering of the pions and from the
finite precision of curvature measurements. The beam
contamination was estimated from the range curve
and from a pulse-height analysis using a Cerenkov
counter in a very similar beam® to be (54-2)% muons
and (12£1)9% electrons. The full cyclotron beam in-
tensity was used, yielding about 7 tracks per picture.

Chamber

The pion beam traversed a cylindrical liquid hydro-
gen bubble chamber of diameter 15.2 cm and depth
7.6 cm which has been described elsewhere.!* The
magnetic field was 13.104-0.06 kgauss at the center
of the chamber and was spatially constant to within
3% over the volume occupied by the chamber. During
~100 hr of chamber operation, 79 000 pictures were
taken, of which 61 000 ultimately were used.

11 Bubble chamber description—M. Derrick, J. G. Fetkovich,
T. H. Fields, and J. Deahl, Phys. Rev. 120, 1022 (1960).



=~p INTERACTIONS AT 224 MEV

T IN Mev
2?0 2?0 2%0 2?0 I8|0
[ | | | |

380 360 340 320 300

P IN Mev/c
n 35 GAUSSIAN WITH
; o =013
o 30 AND CENTER AT
e L =298
w
© 20} 4.4 %
@
W15
g
2 1o

| [ [
25 27 29 3l 33 35

!
v IN UNITS OF C/|03 Mev

Fi1c. 1. The momentum spectrum of the incident
beam from curvature measurements.

Scanning

The photographs were scanned using three distinct
scanning procedures: (a) an event scan, (b) a track
count, and (c) a search for charge exchange endings.

(a) Event Scan

In the event scanning, three general types of interac-
tions were sought ; those with zero, one, or two outgoing
prongs from an incident track of negative curvature.
The zero-prong events were either genuine interac-
tions in the liquid or were caused by a beam particle
entering one of the glass windows of the chamber. The
one-prong events were small-angle scatterings in which
the recoil particle was too short to be visible. Two-
prong events could be elastic scatterings, bremsstrah-
lung events, pion production [reactions (5) and (6)],
or one of the reactions leading to uncharged final state
where an internal electron pair was created. Occur-
rences exhibiting unusual features or not falling into
these categories were reported as ‘‘strange.” Each
event reported as a result of this scan was then ex-
amined by a physicist in order to eliminate false events
such as chance coincidences, and to initially classify
the event for measurement purposes.

(0) Track Count

A measurement of the incident flux was required in
order to calculate absolute cross sections. For this
reason, a track count was carried out as follows: On
every tenth frame on each roll of film all negative tracks
falling within 20° of the average incident beam direc-
tion and satisfying the other entrance area criteria
(discussed below) were counted, regardless of subse-
quent interaction. In addition to track counting, every
frame was examined and classified as acceptable or
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unscannable (because of none or too many tracks, or
poor picture quality). In this manner, all scans and
track counts were made consistent with respect to the
frames actually used for data.

(c) Charge Exchange Scan

Although zero-prong events were recorded during
the initial event scan, subsequent comparison scans
indicated that the efficiency of finding endings was
lower than that for other events. For this reason, a
separate scan for track endings was performed on
~409, of the film by two of the best scanners. The
results of this scan were combined with those endings
found on the initial event scan for the final analysis.

Definition of an entrance region was required for
these three procedures since it was desired to consider
only incident tracks which had entered through a thin
copper window in the chamber body. This entrance
criterion was applied while track counting and on the
charge endings by the scanners through construction
of a template using the fiducial marks etched on the
glass windows for reference. Other events were checked
against this same entrance criterion by a computer
calculation.

Measuring

A digitized measuring projector'?:®® was used to meas-
ure the Cartesian coordinates of appropriate points in
the pictures. Measurements on tracks in this experi-
ment with this device were found to be reproducible
to about 7 4 on the film (the chamber to film demag-
nification was 6). The measurements taken for each
view of an event included three fiducial marks, three
evenly spaced points on each track of the interaction,
and a remeasurement of one fiducial to permit a com-
puter check for digitizer errors or film slippage during
measurement. Events which were obviously inelastic
were measured at five points on each track so as to
carry out an accurate momentum analysis.

The coordinates of the vertex and the space angles
of all 2-prong and 1-prong events were calculated on
an IBM 650 computer. In addition, for 2-prong in-
elastic events the momentum of each track was
calculated.

DATA PROCESSING
Useful Chamber Volume

In order to eliminate scanning inefficiencies caused by
the difficulty of finding events near a boundary of the
chamber, each event vertex was required to lie within a
central volume of depth 5.2 cm and length in the beam
direction of 10.4 cm. The width of the volume was

12 M. Derrick, T. H. Fields, and R. Findley, Proceedings of the
International Conference on High-Energy Accelerators and In-
strumeniation, CERN (European Organization for Nuclear Re-
search, Geneva, 1959), Session 6.

13T, Fields and R. Findley, Rev. Sci. Instr. 31, 1312 (1960).
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fixed only by the entrance criterion. The distribution
in depth of elastic scatterings is shown in Fig. 2

Elastic Events

Elastic scatterings were identified by using the kine-
matic correlation between the pion scattering angle and
the recoil proton angle as well as the degree of copla-
narity of the events. The kinematic angular correlation
for 50 typical elastic events is shown in Fig. 3. Events
which initially failed to satisfy the angular correlation
within errors were remeasured. Those events which
lay off the kinematic curve for two measurements were
then measured and computed as inelastic events. The
final plot of the deviations from the kinematic line for
all elastic events showed a standard deviation of 0.9°.
The coplanarity function was defined as the volume of
the parallelepiped of unit sides formed by the three
particle directions. All events classified as elastic satis-
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120 matic angular corre-
lation for 50 typical
100 elastic events. The
’ laboratory angle of
6y the scattered pion is
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the recoil proton.
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fied the coplanarity criterion within the measurement
errors.

The efficiency of finding elastic scatterings was
checked by comparing scans of the same film by two
different scanners, and by plotting azimuthal distribu-
tions of the scattering plane. The film was scanned
about 2% times, and the comparison of the scans indi-
cated an elastic event net scanning inefficiency of
about 19,. The azimuthal distributions for various
scattering angle intervals (Fig. 4) appeared to be iso-
tropic except for the extreme backward direction
(153.0°<X,.m.<180°) where a slight loss of steep
events (75°<$<90°) was indicated. A 14-event effi-
ciency correction was added in this interval, represent-
ing a 0.99, correction to the total number of events.
The final azimuthal distribution including this effi-
ciency correction is shown in Fig. 5.

10— " 60}

90 40

o o N o o
25°(X )y (68.2 68.2°(X,, (95.0
70 | L l 1
0 36 60 90 2% 30 €0 90

Q
o

60—

95.0°¢(X...,, <118.7° 118.7°¢X ., €140,1°
L [

o2

30 60 90 2QO 30 60 90

NUMBER OF EVENTS
o
o

40 40~

zo_‘J_U—L~ 2

o o
140.°¢X ¢y €153.0 163.0°¢X )y (180.0°
o | | 0 | -]

0 30 60 90 0 30 60 90
$ ®

Fic. 4. The azimuthal distributions for various angular intervals
of the c.m. scattering angle of the pion.

Inelastic Events

All events which were obviously inelastic or which
failed to meet the criteria for elastic scatterings were
computed as inelastic. An IBM 650 computer program
calculated the mass of the unseen neutral particle
successively assuming the positive outgoing particle
to be a pion or a proton. Also, the ranges of both out-
going visible particles were calculated under the two
assumptions. The results of this calculation were ana-
lyzed in conjunction with a visual inspection of a print
of each event. The constraints of energy and momentum
conservation provided limitations on the available lab
momentum as a function of laboratory scattering angle
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for both outgoing pions and the recoil nucleon. Events
yielding a null mass for the neutral particle were
classified as bremsstrahlung if the deviation from the
elastic kinematic fit curve was greater than 5°.

Track Length Correction

The distribution in depth of the incident beam was
assumed to be the same as that of the charge exchange
events vertices (Fig. 6) since those events were endings,
and no loss of efficiency near the windows of the
chamber was anticipated. The depth distribution of
elastic scatterings was consistent with that of endings,
indicating no loss of those events within the depth
cutoff. The fraction of tracks within the depth cutoff
of +2.54 cm was (93.242.5)%.

300}~
{ - 1 1 ¥
I A
v 200}
!-z- =10 < COS Xem, € 09
w
>
w
[T9
o ALL AZIMUTHS PROJECTED
5 INTO ONE QUADRANT
2
2 100
o L L L | | 1
[o} 15 30 45 60 75 90

[

F1G. 5. The final azimuthal distribution for all events, including
an efficiency correction of 14 events for loss of steep events
(see text).

The reduction in total track length due to interac-
tions was estimated from the previously determined?
total cross section, and amounted to 0.7%,.

RESULTS

Elastic Scatterings

The azimuthal distribution plots of elastic scatter-
ings for various scattering angles indicated no loss of
small-angle events for c.m. angles larger than 25°. The
angular distribution of the 1570 elastic scattering events
was corrected for the Coulomb interaction by using
the Fermi (i) phase shifts of Ashkin? by the method
described in Ashkin ef @l** and Solmitz.!® The con-

14 T, Ashkin, J. P. Blaser, F. Feiner, and M. O. Stern, Phys.

Rev. 101, 1149 (1956).
15 F, T. Solmitz, Phys. Rev. 94, 1799 (1954).
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sistency of the procedure is indicated by the fact that
the final phase shifts found from the present data agree
within errors with those assumed for the Coulomb
correction. Table I gives the differential cross section
of the observed elastic events and the Coulomb inter-
action corrections. The statistical errors plus a con-
servative estimate of the error in the efficiency correc-
tion of the point at cosXe.m.=0.95 are included. A
least-squares fit to the corrected data was computed
assuming a form do/dQ= A+ A1 cosXe.;m.+ A2 cOSXg ..
This fit is plotted with the corrected data in Fig. 7. The
coefficients obtained are included in Table II. The
X2 test parameter of this fit was M =7 with expectation
value 15. Thus, there was no evidence for a cos’y term
in the angular distribution, within the accuracy of this
experiment.

The total elastic cross section was obtained by inte-
gration of the angular distribution over the entire
range of the center-of-mass angle, yielding oeastic
= (16.04:0.8) mb, as shown in Table II.

TastLE 1. Elastic scattering angular distribution results.

do/dQ Coulomb do/dQ
Xe.m. (uncorrected)  correction (corrected)
(deg) COSXe.m. (mb/sr) (mb/sr) (mb/sr)
161.8 —0.95 2.024:0.25 —0.02 2.000.25
148.2 —0.85 1.694:0.16 —0.02 1.67+0.16
138.6 —0.75 1.414-0.15 —0.02 1.394+0.15
130.5 —0.65 1.1440.13 —0.02 1.1240.13
123.3 —0.55 0.9140.12 —0.02 0.89+0.12
116.8 —0.45 0.9740.13 —0.02 0.954:0.13
110.5 —0.35 0.73£0.11 —0.02 0.71+0.11
104.5 —0.25 0.644-0.10 —0.02 0.624:0.10
98.6 —0.15 0.7540.11 —0.01 0.74+0.11
92.9 —0.05 0.68£0.11 —0.01 0.674+0.11
87.1 0.05 0.7240.11 —0.01 0.71+£0.11
81.4 0.15 0.60+0.10 —0.01 0.594:0.10
75.5 0.25 0.91+0.12 .0 0.91+0.12
69.5 0.35 0.944-0.12 0 0.94+0.12
63.2 0.45 1.2940.14 0.01 1.3040.14
56.6 0.55 1.3540.15 0.01 1.3640.15
494 0.65 1.48+0.15 0.02 1.50-+0.15
41.4 0.75 1.89+0.18 0.05 1.9440.18
31.8 0.85 1.95+0.18 0.09 2.04+0.18
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FiG. 7. The center-of-mass angu-
lar distribution for elastic scatter-
ings. The solid curve is a least-
squares fit to the data assuming
an angular distribution of the form

do/dQ=Ao+ 41 cosXem,
“+A42 cos?®Xe.m..
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Charge Exchange

The charge exchange total cross section was found
by adding the Dalitz electron-pair events to the end-
ings in the liquid. Only ~409%, of the film was used for
the charge exchange cross section. The result was
34.44-1.9 mb, including a 629, efficiency correction
indicated by comparing results from the three scans.
A 0.6-mb correction for the ¥~} p — v+ cross section
was subtracted from the observed result to yield this

TaBLE II. Results.

Process Total cross section Number of events

T F+p o +p 16.040.8 mb 1570

7 +p—=>a+p+y 0.040 mb (empirical 4
gamma lab energy
cutoff=50 Mev)

T +p o '+n 344419 mb 1210

T +p = v+n 0.6 mb (from de- 172 (estimated from
tailed balancing) 0.6 mb cross

section)
T +p o a7 +r"+n 0.032£0.02 mb 3
7+ p = +a%p 0

0
Total 50.54£1.9 mb (not
including 7=+4p —

v~+n cross section)

Elastic differential cross section (after Coulomb correction)
do/dQ=(0.7040.04)+ (0.3320.07) cosXec.m.

+ (1.694-0.13) cosXc.m.,
where the coefficients are in mb/sr; the angular range 25° <Xe.m. <
-+180° was used in obtaining this fit.

Dalitz electron pairs
7 +p = +n— ette+y+n
g{::iirc\f:g %}indudes all film scanned
Dispersion curve

D_%(0)/Re=—0.07_0.06"°97 using do/dQ(0)=(2.7240.15)X 10~
cm?, where A. is the Compton wavelength of the pion.

cross section. On the basis of this cross section, the
number of internal electron pairs expected in all of the
film was 44 which is in satisfactory agreement with the
40 pairs observed.

For several hundred of the charge exchange events,
the curvature of the incident tracks was measured with
a template, in order to guard against spurious events
caused by occasional low-energy pions coming to rest
in the hydrogen. No such spurious events were observed.

Bremsstrahlung

Four inelastic events were classified as radiative
scatterings since the calculated neutral mass value was
consistent with zero, and inconsistent with alternative
interpretations of those events. They were separated
from the elastic events by the kinematic correlation
criteria. The cutoff in those criteria was required by
measuring errors and was sufficiently broad to include
some bremsstrahlung events with the elastic scatter-
ings. The accuracy of the elastic scattering criteria
corresponded to a minimum detectable y-ray energy
of about 50 Mev. For such radiative events a cross
section of 0.04 mb was obtained. This value is in agree-
ment within its large uncertainty with the theoretical
cross section which was calculated by Cutkosky.!®

Pion Production

Analysis of all inelastic events yielded 3 events of
type (5) and none of type (6). Two of these #+ produc-
tion events were also identified by the stopping and
subsequent 7+ — u decay of the positive pion in the
chamber. One event was classified as either an electron
pair or a #t production. However, momentum-angle
considerations excluded the #° production possibility.
The resulting =+ production cross section was 0.034-0.02
mb.

. ®based on 150 000 incident tracks, The other numbers represent 360 000
incident tracks,

16 R, E. Cutkosky, Phys. Rev. 113, 727 (1959); and private
communication.
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TasLE III. Summary of various experimental results.

This
Process Ashkins Kellman? experiment Goodwin® Carisd Zinov® Units
Energy 2207 22648 224410 23048 2308 2407 Mev
T p o> +p 19.54+0.6 17.44+0.3 16.040.8 20.840.4 ‘.- 16.140.6 mb
T +p o> w0+n 33.30.7 .. 344419 30.441.3 322414 mb
0Tota1 (1€SS 07yn) 53.2+1.5 52914 50.542.1 484-2f .- 48.34+3.3 mb
Ag® 0.860.06 0.66:0.02 0.7040.04 0.9540.04 0.81+0.08 mb/sr
A& 0.304-0.08 0.41+0.05 0.33£0.07 0.55+0.06 0.23+0.09 mb/sr
Ao® 2.07+0.18 2.16+0.08 1.6940.13 2.104-0.09 1.414+0.18 mb/sr
o(charge exchange) 1.712£0.06 2.04:£0.09 2.1540.09 1.310.10 1.55:£0.07  2.00-£0.11
o (elastic)

e See reference 7.
f From data of Pontecorvo.

a See reference 2.
b See reference 5.
¢ See reference 3.
d See reference 4.

Total Cross Section

The total cross section was calculated by summing
the cross sections for each reaction. The result ob-
tained was 50.54-1.9 mb for the purely nuclear cross
section which is in excellent agreement with the counter
transmission experiments of Pontecorvo.!

DISCUSSION
Cross Sections

In Table III are shown the results of several experi-
ments on 7 -p scattering in the energy range 220-240
Mev. Although the total cross sections are in good
agreement, the ratio of charge exchange to elastic
cross sections varied markedly, far outside the quoted
experimental errors. The present experiment agrees
well with that of Zinov!® with respect to this ratio and
with respect to the angular distribution. The angular
distribution also agrees fairly well with that reported
by Ashkin, but the present elastic cross section is
about 189, smaller. If the scattering is considered in
terms of the two possible isotopic spin states, =%
and T=3, pion-proton scattering amplitudes consist
of the following combinations:

mrp—oattp, =
+p—a'+n,  [f=P2(—fitfi),
77—‘+p~—) 7l‘_+ﬁ, fz%(zfl-i_f«'f)’

where for denotes the scattering amplitude for the
state with total isotopic spin 7.1 If the T'=% state is
much more important than the T'=% state for these
pion energies, then one expects the ratio,

o(charge exchange) 2|— fi+ /3|2
2/t fal2

17 B. Pontecorvo, Ninth Annual International Conference on
High-Energy Physics at Kiev, 1959 (Academy of Science, U.S.S.R.,
1961). Report by B. Pontecorvo on Pion-Nucleon Interaction.

18V. G. Zinov and S. M. Korenchenko, Soviet Physics—JETP
36, 428 (1959).

19 T, D. Jackson, The Physics of Elementary Particles (Princeton
University Press, Princeton, New Jersey, 1958), p. 12.

o (elastic)

edo(r=+p — 7~ +p) /d2=A0+A1COSXe.m. + A2 COS2Xe.m..

to be approximately 2. The value measured in this
experiment is 2.1540.09, and was independent of the
track count procedure, and of the beam contamination
of muons and electrons. The last row of Table IIT
shows the value of this ratio as measured by different
experimenters. The values reported by Goodwin et al.,?
and Caris e al.* are much lower than the value meas-
ured in the present experiment. Regarding this dis-
agreement we may point out that when Kellman?®
repeated the counter experiment of Ashkin ef al.? at
220 Mev, taking special precautions to account for
electrons in the counter telescope measuring the scat-
tered pions, the new value of the total cross section for
elastic scattering was reduced by ~119,. This changed
their ratio of charge exchange to elastic scattering from
1.7140.06 to 2.0440.09, bringing it into good agree-
ment with our value. So it is possible that there was
some systematic error in the Berkeley®* experiments
due to electrons which could account for this difference.
The dominance of the T'=$% state in the scattering
reactions is further indicated by the excellent agree-
ment of $§(do/dQ)(nt+p— wt+p) determined by
Ashkin? and (do/dQ)(z~+p— 7~+p) from this ex-
periment as shown in Fig. 7.

The present angular distribution yields a value for
D_? (the real part of the forward scattering amplitude)
which is in good agreement with the dispersion curve
as given by Cronin.® However, the error is large, as
Fig. 8 shows.

Phase-Shift Analysis

The angular distribution of the elastic scattering
and the charge exchange total cross section were used
in conjunction with the m+-p elastic scattering differ-
ential cross section of Ashkin? and the recoil proton
polarization results of Kunze? as the data for a phase-
shift analysis. A program was written for the IBM 650
to minimize the error function M =3 (¢;)?, where ¢;
represents the difference between the experimentally

20 J. W. Cronin, Phys. Rev. 118, 824 (1960).
2 J. Kunze, T. Romanowski, J. Ashkin, and A. Burger, Phys.
Rev. 117, 859 (1960).
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TaBLE IV. Phase-shift results.®
Type M ay an a3 ag as ass
. Fermi (i) 7.6 14.8+3.5 5.944.5 0420 —15.5£3.5 —2.1+£5.5 112.34:3.0
" Yang (ii) 10.1 —10.3£2.0 4.6+2.0 9.0£1.5 —16.3+3.0 258.4+4.5 143.3£1.5
Fermi (ii) 129 —2.7£2.0 —4.3+£2.5 9.84+1.0 —16.1£2.0 —1.5+£3.5 112.34-1.0

a The 27, 27 subscript notation is the standard one. Phase shifts are given in degrees.

determined value of a quantity and the value computed
from the phase shifts, as measured in units of the ex-
perimental errors of the quantity. Nineteen data values
were used to obtain the six s, p phase shifts yielding an
expectation value for M of 13. As starting values for
the phase shifts, the four graphical sets obtained by
Ashkin? five variations of these, and five random sets
were used. The best fit was found in a Fermi (i) set;
this solution was found several times, including once
from a random starting set. However, the two other
sets, a Fermi (ii) and a Yang (ii) type were determined
with statistically satisfactory fits. The numerical results
are shown in Table IV. The recoil polarization data of
Kunze et al.?* are thus seen to be inadequate criteria
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Fic. 8. The real part of the forward scattering
amplitude as a function of energy.

for the exclusion of the Yang (i) type phase shifts.
Note that, although there exists a large discrepancy
between the ratio o(charge exchange)/o(elastic) as
measured by Ashkin ef al.? and in this experiment, the
present phase shifts are hardly changed from those
obtained previously.

Pion Production Results

At 220 Mev it is reasonable to assume that the two
pions are in a relative s state. Then the possible isotopic
spin of the two-pion system can be 0 or 2. It is clear
that the (=« state can arise only via Ty,=2. Thus
the experimental result of production ratio of #9%/xt
= (0 events)/(3 events) indicates that production
process occurs via the T»=0 state, and thus from the
T»-p=7% initial state. If it is assumed that production
takes place from a T',-,=1% initial state, which yields the
Tor=2 state of the s-wave 2-pion system, one obtains a
ratio of #%/#+t =9/2,in rather definite disagreement with
the observed ratio. This conclusion that the 7',=0 state
is dominant if the production process proceeds via m-m
interaction in a relative s state is in accord with several
recent experimental and theoretical results®2® but
the number of events obtained is too small to allow a
more quantitative analysis.
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