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A HIGH STATISTICS STUDY OF THE REACTION 7 p - & n
BETWEEN 1.0 AND 2.4 Gev/c
Jerry Earl Nelson
Lawrence Berkeley Laboratory

University of Califonria
Berkeley, California

ABSTRACT

Differential cross sections for the reaction T p —>n°n were
measured at six incident pion momenta in the region 1.0 to 2.4 GevV/c.
The experiment was performed at the Bevatron, using a negative pion
beam focused onto a 20-cm liquid hydrogen target. The reaction was’
identified and measured using the decay of the 7° into two v rayse
The y rays were detected by a set of lead-plate spark chambers which
surrounded the target, covering about 3.7 n solid angle. The chambers
were sevén to eight radiation lengths thick to insure high y- ray conver-
sion probability and they covered five sides of a cube, the beam's
entrance side being left open. This opening was nearly closed by a set
of lead-scintillator sandwich gamma counters. At each momentum a very

clean sample of between 2500 and 6500 7° events with both v-rays seen

- in the spark chambers was obtained. The spark chamber geometry was

corrected in these events by a Monte Carlo calculation and the corrected
sample was fitted with Legendre polynomials.

A comparison of the differential cross section with the predictiohs
of phase shift analysésbwas made. The t-distributions were compared with
the predictions of Regge theory. Extrapolated forward cross sections
were compared with dispersion calculations.

Since the event trigger was on neutral final states the cross’
sections for ﬂ-p - neutrals and the reactions ﬁ-p-+ nn, noﬂon, 7%5%7%n

were also obtained.
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I.  INTRODUCTION
‘The study of so-calledvelementary particles haé_received an enormoué
amount of attention in the last twenty years. With the advent of particle
accelerators, more and moré complex and sophisticated experiments have
been performed and increasingly subtle theories formulated. In spite of

this staggering effort, the properties of elementary particles are as yet

" only poorly understood.

The important interactions of elementary particles are usually
categorized into strong, electromagnetic, and weak interactions. The
strong interactions have been studied in the greatest detail, but in
spite of this, we have the least understanding of this force compared to
the other types of intefactions. Pion;nucleon interactions are usually
considered the simplest of the experimentally accessible strong inter-
actions. Even among these, those reactions producing many particle
final states are typically quite intractable.

The simplest pion-nucleon interaction is elastic scattering, with
three reactions easily accessible expériﬁentally:

xp oxtp ' o (1)

Tp-owp (2)
7 p - x’n T (3)

the existence of three charge states for the pion, and two for the
nucleon implies that the interaction can take plaée in both_iso;pin 3/2
and isospin 1/2 states. Reaction (1) is purely isospin 3/2, but (2) and
(3) are mixtures of I = 3/2 and 1/2 states. Because of Fhis mixture, the
determination of the I = 3/2 and 1/2 amplitudes_and their relative phase

requires the measurement of all three reactions. In particular:



dc/dn(;=1'/2) = 3/2[dc/d9(n'p'—>x;p) + do/da(x"p - 7°n)]

- 1/2Ad0/d§2(1r+p —)it+p) N ' : E ()

thus all three reaétions are needed to obtain the I=1/2 interaction.
Figuré 1 shows the total cross sections for m = p scaﬁtering andiindicates
—the positions of some well known resonances. TFigure 2 shows the I=3/2,
1/2 cross sections. In both figures, note the influence of resonances

on the cross sections. _Tablé 1 shows the kinematics for this experiment.

Formally, one céhnexpénd the scattering amplitude (for each isospin
state) in angular moméntuﬁ and obtain the "partial wave expansion'" for the
pion-nﬁcleon,scattering'amplitude. - The determination of the parameters. in
this expansion_("éhase'ghiftS")‘has been a major occupation in high energy.
physics. In principle these parameters can be derive& from the sfudy of‘>
reaétions (1), (2), and (3).

In the low energy region below 1 GeV/c the phasé—shifts for pion-
nucleon séattering are fairly well known and the properties of a nﬁmber‘
of pion-nucleon resonances are firmly esta_.blished.‘l"2 in therhigh energy'
region above 4 GeV/c the partial wave expansioﬁ‘becomes'rather cumbersome
due fo the lafge number of parameters needed; other theories have been

&eveloped to explain the data in this region.‘ln5 Because of the success
of Regge theory at high energies and partial wave analysis at low energies,
it becomes particularly interesting to investigate both‘theoretically‘and
experimentally the intermediate energy region 1 to 4 Gev/ec.

Reactidnsv(l) and (2) are relatively straightforward to measure

since they have chargedvpatticles in their final states. The differential

cross sections for these two reactions have been measured accurately over

¢

| 'l
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~  Table I . Kinematics for = p = i n

pjlr?b ler?b s Vs, B, .. o ¢.m-
1.030 .900 2.850 ' 1.688 -1.31 .572
1.590 1.hs57 3.895 1.974 -2.28 .756
1.790 - 1;656 4,269 2.066 -2.64 .813
1.990 1.855 L.643 2.155 -3.00 .867
2.190 2,055 5.018 2,240 -3.37 917
2.390 2.255 5.392 2.322 -3.73 . 966
lab

p .~ 1is the incident beam momentum in GeV/c.

Tlab

S

fs or E
c.m

t
max

Pe

is the incident beam kinetic energy in GeV.

. \ . 2 .
is the invariant mass of the system in GeV2.

. . 2 \2
is the maximum momentum transfer in (GeV/c)

is the center of mass frame particle momentum in GeV/c.

is the invariant mass of the system in GeV




a wide range of energies. Extensive polarization measurements for these .

reactions also exist.

€.

Reaction (3), called "charge-exchange”, has been given much less
attention mainly;Qecause of the increased difficulty in measuring meutral
final states. fﬁg;ption (3) can be particularly useful in constraining
the I=3/2 ;nd 1/é scattering amplitudes (F3/é and Fl/é) since it depends

on their difference:
2

do/da = 2/9 |Fy,, - Fy /ol , (5)

Charge exchange haé been studied in this energy range with only a
few experiments.6-9 References 7 and 8 have fairly good statistics in
the region 1.0 GeV/c but they have no data in the higher energy regions.
While Refs. 6 and 9 have.higher-energy'data, these experiments have low
statistical accuracy based on hundredé of n° events, and also they use
a rather uﬁfavorable geometry which makes it difficﬁlt to avoid systematic
uncertainties. An unambiguous determination of phase shifts at these
energies wili certainly require precise charge exchange measurements,
This experiment gives results from thousands of x° events at each momentum
and uses a favorable gedmetry‘to minimize corrections. Charge exchange

can be studied by detecting the neutron or the y-rays from the decay

b

° - yy. The latter approach has been used here and the y-rays are
detected by using lead plate spark chambers to convert the y-rays to W

charged particles.



II. EXPERIMENTAL PROCEDURE AND EQUIPMENT

A. General Method

The results_described in this thesis are derived from two separate
experiments conductéd at the Bevatron. The first experiment was performed
at the momenta 880, 930, 980, 1030, 1080, 1130 MeV/c. Only data taken
at 1030 MeV/c were useful fof this thesis. The second expériment was
performed at momenta-of 1590, 1790, 1990; 2190 and 2390 MeV/c. Data
taken at all of thesé momenta were used in fhis analysis.

The main purpose of the first éxperiment was to study the reaction
n p — N¥(1688) - nn. 10 Neutron counters measured both the neutron's
direction and velocity. Twenty such counters were set up over a wide
range of laboratory angles. The information thus gained effectively re-
duced the background from other processes. At 1030 MeV/c data were'also
taken without the neutron counters. 'This provided a check on the neutron
counters and also supplied the data at 1030 MeV/c for this thesis.

The second experiment was designed to study the reaction n-p - 7%°n 11
using the same apparatus by moving the neutron counters somewhat and making
slight changes to the beam line to achieve the higher momenta. Extensivé
data were taken at 1590, 1790, 1990, 2190 and 2390 MgV/c without neutron
counters, both for calibration purposes and to study charge exchange.

The experimental area and general beam layout are shown in Fig. 3. -
Negative pions were produced in the third quadrant of the Bevatron by
collisions of circulating protons withvan aluminum target. The Bevatron
magnetic field and a series of bending and focusing magnets were used to

deflect, momentum-analyze and finally refocus the particle beam on our

hydrogen target where the reactions of interest were produced.
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The pion beam was defined electronically by a coincidence between
three scintillétion counters upstreaﬁ of the hydrogen target. Two sets
of crossed finger couﬁters further defined the iﬁcideqt pion direction.
and position. The hydrogen target was surrounded by scintillétion counters
which vetoed ény events with gharged pafticles 1eaving-the target.

The entire téfget, veto-basket assembly was located inside a cubical
array of spark chambers which were triggered when a chafged particle
entered the hydrogen target and no charged particleéfiéft the target, i.e.,
the final state was all neutral parﬁicles. The gpark ;hambers covered
five sides of a cube, with the upstream side 1eft.open for the beam to
enter. These chambers contained about seven radiation lengths of lead to
convert and detect gamma-~rays from the neutral final state.

A variety of reactions at these energies are capablevof producing

neutral final states:.

T p - an ( —»2y's)
- 10 (»2, 6y's)
- wn (- 3y's)
eg%ﬁn (%47%
- 7°7%°n ( »6y's)
- bx®n ( 4987;s)
- AK® (2, 6y's)
- 2%’ (=3, 79's)
-5 A%%x® 0 (=L, 8y's)

. , - o o . . .
In the reaction of interest ® p —» n n, the n decays immediately into

two gamma-rays. These gamma-rays formed visible showers in the spark



Chamberé which were theﬁ photographed with the aid of a éomplex mirror

system. The directions of the two gamma-rays were then determined. From

the observed spatial distributions of these gamma-rays, the angular >
distributionugfgéhe decaying %’ was determined. Because many other

reactions maylbgéduce y-rays which are detectedbin the spark cﬁamberé,_

a major part of the analysis was spent in eliminating these undesirable

events.

w

W
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B. -AEEaratus

1. Pion Beam

The pions produced by the target in the internal proton beam were
déflected‘by the Bevatrép magnetié figld, and a serieé of maéneté fuffhér'
defined and focused the beam. The bending magnets defining the momentum
were wire-orbited. The beam was designed using the program OPTIK.12

To handle a reasonable range of momenta, a bending magnet waé usédv
as the first beam element. Next a quadrupole doublet was used to form
a focus where momentum selection was done. (In the 1600 to 2400 MeV/c
beam, an additional bending magnet preceded this focus.) A brass colli-
mator was placed in this focal plane and specified the central momentum,
the momentum bite and to some extent the flux of the beam. This focus
was followed by a bending magnet to specify the particle momentum and a
quadrupole triplet which in turn focused the beam onto the hydrogen target.
Downstream of the last quadrupole, a 2-ft lead collimator with a L by 4-inch
aperture pfovided additional definition of the beam.

The momentum dispersion caused by the Bevatron field and the first
bending magnet(s) tpgéther with the aperture of the collimator produced
a final beam with Ap/p = + .Ol. |

During the data-taking, a low pressure Freon Cerenkév counter 5-ft
long was used to measure the electron and muon contamination in the beam
(see Fig. 4). This counter detected all particles with velocities
greater than the threshold velocity determined by the gas pfe_ssure°

The beam.composition is given in Table II.
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Table II. Beam composition

Percentage of beam

P (MeV/c) 1t _ e n
1030 89 7 b
1600 | 88.9 8.5 ” 2.6
1800 92.4 5.6 | 2.0
2000 ’ gl.L 4.6 - 1.0
2200 96.2 3.0 .8
2400 97.2 - 2.3 .5

5

The beam intensity varied from 20 to 100 x 103 pions per second.
The Bevatron sﬁill was about 1.0 sec. long. _Tyﬁically about 5% of the
beam was vetoed because particles were too close to one another. (See
Sec. 3 below.) The data-taking was ~ 5 to 8.pictures per Bevatron pulse.

2. Liquid Hydrogen Target

The liquid hydrogen was cqntéined in a Mylar cylinder 8-in. long and
h-in., in diameter with .0075 in. wall thickness (Fig. 5). This flask was
in an evacuated jacket of .030-in. aluminum with entrance and exit windows
of .010-in. Mylar through which the beam passed. On the upstream end‘of
this jacket a 1ong>pipe was connected to support the target jacket and
surrounding counters, and to provide liquid hydrogen to the target from‘
the reservoir (Fig. 6).

The reinforced section of the jacket had a re-entrant hole 4-in. in
diameter to facilitate placement of the last beam counter close to the
hydrogen flask. This counter @43) had a wafer of scintillator 1.7 in.
from the flask, and an air light guide through which the beam passed

axially (Fig. 7).
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Other than the hydrogeﬁ, scattering centers‘which could produce
logically.acceptable events were the last beam counter, the Mylar‘walls
of the hydrogen flask, and the Mylafvwindows; ‘These provided .207 grams/
cm2 to the beam while the EYdrogen provided 1.4k grams/cm?. For processes
with a neutral final state, we found the counting rate with hydrogen/
counting rate without hydrogen was about 9/1.

3. Electronics and Scintillation Counters

The scintillation countérs were made from "Pilot B" scintillator
which is polyvinyl toluéne deed_with p-terphenyl and p,p'-diphenylstilbene.

The couhﬁers defining the beam (Ml, Mé,.Mg) and the anticounters
surrounding_the hydrogen ﬁarget (Al’ A2) were viewed by RCA8575 photo-
ﬁultiplier tubes.and, except for M3, had light pipes of twisted Lucite
strips. As M3 was physically buried within the target structure, the
pion beam passed through its light guide. For this reason, the ligﬁt
guide used was an air filled cylinder of aluminized Mylar. A thin
(.0005 in. ) 45 deg. mirror of the same material reflected the light to
a photoﬁultiplier outside the beam region (Fig. 7). |

Each of the three beam counters was a plane disk. They decreased
in size as the béam converged onto the target; Ml’ Mé, and M3 were 4-,
3.5-, and 3~in. in diameter respectively. M1 was 1/2-in. thick and
produced an output pulse which was very étable in time. (This helped
define the neutron time-of-flight for the neutron counters used in other
parts of the experiment. ) Mé and M3 were each 1/16—iﬁ. thick ;o mini-
mize scattering. Two sets of 4 by 4 crossed finger counters were also
used to help define the particle direction. Thé upstream set consisted

of eight 1.5 by 6-in. scintillators and the downstream set had eight .75

by 3-in. scintillators.



- 18 -

The veto counter surrounding the hydrogen target (Al) was a l/h-inf
thick hexagonal cylinder viewed by three photomultiplier tubes (Fige 7).
The veto counter downstream of the target (AE) was an 8-in. square, 1/hk-in.
thick. This coﬁnter was more than 99.9% efficient, since the neutral |

counting rate with target empty was ~ .OL% of the beam rate.

‘i;ﬁThe neutron counter system was not used for the data in this thesis,
égfﬁa detailed description will be given. Details may be found in
Refs. 11 and 13.

The open face of the spark chamber was partially covered with gamma-
ray detection counters (Fig. 8). There were four of them (G1 - Gh)’ each
a multilayer sandwich of 1/4~-in. sheets of sciﬁtillator alternating with
1/8-in. sheets of lead. There are eight such rectangular sheets of each

material. The dimensions of the counters were:

G1 = 5.5 x 20 ine.
G, = 26 x 12.5 in.
G, = 20 in.

3 T x in

G, = 25.5 x 12 in.
GE’ G3, and Gh were each viewed by two Amperex 58AVP photomultiplier
tubes placed directly in contact with the smallest side of the sandwich.
G1 had a sihgle 5-ine. photomultiplier tube mounted in the same way.
These counters were calibrated so‘they would respond to a minimum
ionizing particle passing through a single sheet of scintillator.

Since the two e#periments for which this apparatus was designed typi-

cally used neutron counters, a rather complex electronic system was de-

signed to insure maximum neutron time-of-flight accuracy. This system is

O
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10,11,13

described elsewhere. The much simpler logic needed to acquire the

data used here will be described briefly (Fig. 9).

The three beam counters (Ml, Mé, Mj) in coincidence defined a beam
particle. This coincidence signal B (for beam) was then fed into a
second coincidence unit M (monitor) where it could be vetoed by a DT
(dead time) puiéé. DT was a signal generated by Ml’ designed to eliminate
glectronicé jamming and extra tracks in the spark chambers by vetoing any
beam particles too close together in time. M1 generatéd a pulse in a

special zero-dead-time discriminator, DTi, 52 nsec earlier than in the

regulér M. discriminator. One output of DT. was delayed and triggered a

1 1

similar unit, DT2. The outputs of DT1 and DT2 were then added to form

thg DT signal at the input of M. This pulse begah 68 nsec before B (at M),
ended 2 nsec before B, began again 2 nsec after B had died away, and per-
sisted for another 500 nsec. Thus each B signal was accompanied by its
own early and late DT signal which was used as a veto at the M coincidence
unit. It did not veto itself but did veto any beam particle nearby in
time. Thus if two particles were within 68 nsec of each other, each
vetoed the other. If they were within 500 nsec of each other; the earlier
vetoed the later.

After the counting efficiency of the beam signal, B, had been rendered
rate independent at M, it was fed into‘another'coincidence unit, FIRE,
where the target veto counters (A = A1'+ A2) were put in anticoincidence.
The output from this unit represented a 'neutral ﬁinél state" and was used

to generate a FIRE signal. The FIRE signal performed a variety of

functions:
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(1) 1t triggered the spark chaﬁBeré, the fiducial lights, the event
number lights, and the data box.

(2) 1t advanced the camera.

(3)_i§t:generated an 80 msec gate which shut down the system during
chamber pﬁiéing and recovery. TFIRE was also put in coincidence with the
gamma countéfs (G1 - G&) and the beam finger counters (Fl - F16) to cause
the appropriate lights dn the déta box to light when a coincidence
occurred. These counters were not part of the electronics logic in any

other way.

4. Spark Chambers and Optics

The lead plate spark chambers and the associated optical system
were inherited from a prior experiment. A detailed description can be
found in the published results of that experiment.'lu The spark chamber
pulsers and discharge gaps have also been described elsewhere. 15

Each of the four side chambers contained 12 aluminum plates and 42
lead plates of dimension 4 by 5 ft. The back chamber, through which the
beam passed, contained 13 aluminum and 48 lead plates 6f5-ft. square.
These plates were separated by 5/16-in. thick optically clear Lucite
frames. The "lead" plates were actually a laminate of 1/64-in. aluminum,
1/32-in. lead and 1/64-in. aluminum. The use of such very thin lead
plates made the detectién efficiency for low energy showers quite good
(threshold for deteption was E7 ~ 10 MeV; probability of detection was
~ 35, 0.75, 0.90, and 0.95 for E7 = 20, 40, 60, and 80 MeV respectively).
A large number of plateé was then necessary to achieve the desired

thickness in radiation lengths (7 radiation lengths in the side chambers,
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8 radiation lengths in the back chamber).

The first five plates of each chamber were 3/64-in; aluminum.
Gamma-rays entering the chambers were unlikely to convert here, the
total thickness being only ~ .07 radiation lengths. A particle entering
the chambers ﬁith a visible track in the first four gaps was thus
usually presumed to be charged. This was particularlyﬂusefql in the
back chambers where beam contaminating electrons could cause confusing
showers. The spark chambers had high multiple spark efficiency and a
track sensitive time of about 1.5 psec. The chambérs.weré fired when
the interesting event was about 600 nsec old.

Figure 10 shows the érrangement of the five spark chambers in space
and on the film. Ten field.lenses and 46 mirrors comprised the optical

system which brought the 10 views to a single Flight Research camera.
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ITI. DATA COLLECTION AND ANALYSIS

A. Introduction

Two experiments to study T p - (neutrals) were conducted at the
Bevatron of the Lawrence.ﬁerkeley Laboratéry. The first was performed
during the period October 1968 to April 1969, at moménta of 880, 930,
980, 1030, 1080, and 1130 MeV/c of which the data téken at 1030 MeV/c
are included in this thesis;. The second took place during the period
August 1969 to February 1970, at T momenta of 1590, 1790,.1990, 2190,
and 2390 MeV/c. Results from all of these momenfabére included here.

Data were taken in these experiments both with and without neutron
counters. Results froﬁ the data taken with neutron counters are reported

10, 11

elsewhere. This paper deals only with the data taken without

neutron counters.

These data were used to calculate the cross section for n-p-%
(neutrals), the partial cross sections for n_p-e n-gamma rays, and for
the main purpose here of determining the differential cross section for
% p — xin.

The amounts of data taken are shown in fable I11. This shows both
the amouﬁt taken and the amount a;tually used in this analysis. Data
were obtained with the‘target flask both empty and filled with hydrogen.

About 50% of the data taken has been analyzed.
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Table III.

_ Data accumulated

;i Target Full Target Empty

S # incident i # incident

S beam beam
Momentum _#'pictures particles # pictures . particles
1030 66007 7.585 x 10° o847 3.00 x 10°
1590 34688 ,9:96h X 1o6 756 1.755 X 1o6
1790 38466 - 12.357 x 10° 3522 8.932 x 10°
11990 45063 15.406 x 10° 1845 5.50 X 10°
2190 0951 15.269 x 106 1667 5.50 X 10°
2390 "L3273 18.67h x 1o6 1766 6.50 X 106
Total 268448 79.255 X 1o-6 12403 31.187 x 1o6

‘Data analyzed

1030 2391§ 2.777 x 10° 2839 2.992 x 106
1590 20755 5.974 X 1o6 756 - 1.755 X 1'06
1790 23822 - T.616 x 106_ 3306 8.384 x 1o6
1990 23815 8.157 X 106 1840 5,485 x 106
2190 24631 9.237 X 1o6 201 0.663 X 1o6
2390 2l3hg 10. 571 x 1o6 1743 6.415 % 1o6
Total 141291 4h.332 x 1o6 10685 25.694 x 1o6
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B. Film Scanning and Measurement

The reaction n p —>(neutrals) almost aways gives a neutron + gamma
rays in the final state. These gamma rays were detegfed by the éonversion
- of gamma rays to electron-positron pairs and the resultant showers in the
lead plateVSpark chambers surrounding the hydrogen target. The pictures
taken were scanned and measured by the LBL Group A scanning and measur-
ing staff.. |

The film was examined by'scannérs who recorded the number of gémma
rays observed in each picture including thosevdetected in the spark .
chambers as showers and in the gamma counters as indicated by lights on
the data box. The.coordinates of‘thé first spark of each shower were
estimated by recording the grid location of tﬂe starting point of eacﬁ
shower. The grid gave a .spatial resolution of 3 in. by é in. The
showers were also paired in the two stereo views of each chamber.

In addition, scanners recorded coérdinates'for tracks in the spark
chambers which were not considered to be valid showefs. These included
showers with only two sparks, beam tracks (the béam péssed through the
downstream spark chamber), remnants of old beam tracks; remnants of
interactions of the beam with the spark chambers, shdwe;s that did not
poinﬁ to the hydrogen target, and showers that were probably fragments
of énother shower. Also, the same photon which triggered the gamma
counters could cause a shower, in which case the shower usually took
precedence over the gamma countér.

The film was also measured by SASS,16 an aﬁtoﬁatic measuring
system using a precision cathode ray tube and photomultipliervlinked to

a DDP-24 computer. SASS read the data box lights, and digitized the
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positions of all the sparks as well as the fiducials in the frame. These

data were written on tape with the progrém FLICKERS. 17

Using the program DHS,18 the data from the hand scan was compared
with the digitized data from SASS to generate the shower starting point
and direction and thelﬁhﬁyer of sparkslin the shower. DHS included
correétions to take intoféécount distortions due to the‘mirrér—lehs
system.

Using this system, it was found that shower directions had typical
uncertainties of : 3 deg and starting point errors of I 3 in. The
angular error was due primarily to the lateral spread of thelshower,
while the error in the starting point (or first spark) was due to local
" optical distortions and amBiguities in selecting the first spark in the
specified grid zones.

The geometric reconstruction.of the event was then performed by a

modified version of the LBL Group A fitting program SIOUX.19

This program

calculated the decay point in the target for the interaction, using the

incident beam direction as determined by the finger countefs, the shower

starting points and directions as determined by DHS, and the known target

coordinates. Once the decay point was determined, the shower directions

were defined by the target decay point and the first spark of the showers.
The status of each event was stored on a Master List tapé, using the

program, SCALP.20 On this tape was recorded the progress of each event

a$ it was scanned, digitized'by SASS, measured by DHS and reconstructed

by SIOUX. The data box information from FLICKERS and the hand scan

information were also recorded. For each event it was also possible

to determine the beam momentum, target conditions, and the state of the
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rest of the expefimental system from SCALP.

The data recorded on the SCALP master list were used in determining
the total cross sections for each photonvmultiplicity. In detérmining
the differgntial cross section for ﬂ-p ~>nﬂo, the output from SIOUX was
used. The center-of-mass opening angle of the two gamma rays was cal-
culated and events with opening angles within a specified interval were
used to détermine the differential cross sectién.

For each momentum, four rolls of film (~ 12000 events) were com-
pletely scanned, and, to save time, another four.rolls were scanned for
two shower e?ents only. No difference in scanning reliability_was

detected between these two samples.
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C. Scanning Efficiency and Corrections

Three rolls of film (~ 9000 events) were conflict scanned, one roll
for each of the following momenta: 1030, 1990, 2390 MeV/c. These
rolls were scanned three times and then, in any frames where the three

independent scans differed as to the number, location, or quality of the

by

showers, the event was réééﬁbned by the most competent of the scanners.
This conflict scan attempfed to resolve the discrepency among the initial
three scans, and thus define, within the constraints df.the scanning
criteria, a correct scan.

The’largest scanﬁing discrepancies arose from ﬁislabeied grid
zones (adjacent ones being confused) and, less often, mislabeled chamber
number. The mgasuring program DHS could locate showers if their gfid
coordinates were off by no more than one zone. However, when the wrong
chamber number was given, the event was lost.

The most important scanning errors were from disagreeménts on the
number of gamma rays present. This error was ~ 6% for two shower events
and rose to ~ 30% for six shower events. Errors ip the number of
triggeréd gamma counters recofded'were inconsequential since the SASS
system always picked them up correctly and entered them in the Master
List. The significant errors then, occurred when a scanner failed to
identify all.the showers and consequently the event appeared on the
Master List as a (j-1) or (j-2) gamma event. Occasionally, the scanner
would report (j + 1) or (j + 2)vgammas due to mistaking old beam tracks

in the chambers for showers. Because the beam intensity
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was rather low, this effect was less than that of missing showers. Thus,
given a true j gamma event, there was a probabﬂity E1J of it being
scanned as an i-gamma event. Calling Si the recorded number of i-
gamma events on the Master List, and Tj the true number of j-gamma
events, we see that
S. = E..T. (unless otherwise noted, a repea’ted
i ij L R . ,
subscript implies summation over that
subscript)

 where Eij was obtained from the conflict scan and defined by

n..
E . = =1
ij Zn,.
. ij
i
where nij was the number of true j-gamma events (established by the

conflict scan) which had been recorded as i-gamma events.

Since the number of events was well defined, Z)Si = XT. and for
i j
the conflict scan EEij = 1. The event matrix nij and the scanning
i
efficiency matrix are shown in Table IV. The efficiency matrices for
the three rolls conflict scanned were found to be .consistent_ with one an-
other so the three rolls were considered as a single block of data to

generate the efficiency matrix.

The data was corrected for scanning inefficiencjr by calculating
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(a) The event matrix n;

(Note that each event was scanned three timés,.thusvis counted as three

events)

- Observed number

True number of gamma rays

of gamma rays 1 2 3 5 7 5 9
0 320 51 16 b 7 5 k¥ 2 1 1
1 15 1300 322 1k 2 1 1 0o 0 o©
2 4 98 9311 566 70 11 2 0 0 0
3 0 3 249 32&2 598 53 8 o0 3 0
N 4 0 1% 175 5397 495 78 11 2 0
5' L 0 3 8 18 1352 326 46 10 0
6 1 0o o0 2 22 105 1148165 57. 5
e "0 0 0 0 1 6 68 262 110 18
8 0 0 0 o0 0O 0 .7.28 233 66
29 0 0 o o0 o o0 2 2 19 153
(b) ‘Scanning efficiency matrix E ‘
0 .20 .035 <002 .00l .001 .002 .002 .00k .002 . OOk
1 .0k3  .895 .033 .00k '
2 .012 .068 .939 .141 ,011 .001 .001
3 002 .025 .808 .095 .026 . 005 . 007
4 012 .00 .04k .860 .24k .Ob7 .021 .005
5 012 .002 .029 .667 - .198 .090 .023
6 .003 .00L .00k .052 .698 .322 .131 .021
T .003. .041 .511 .253 .O7h
8 .00k .Ok9 .536 .272
)9 .001 .00k .04k .630
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D. Gamma Ray Detection Efficiency and Corrections

Once the scanning efﬁcieney matrix had been calculated and applied

to the observed vector of gamma events, the resulting vector Tj still
did not represent the true number of j-gamma events produced in the
target. | ‘ |
| Within the scanning criteria, too many gamma rays could be counted
in an'event. Due to 1mproper scanning an 1nd1v1dua1 gamma ray could be
counted as two gamma rays. - Also gamma rays from previous interactions
~* could be counted sinee the spark cha;mber_s'_hat.i'a sensitive time of about

» 2.5 usec. B-eam particles interacting in the sPar.k‘chamber could pro-
duce showers of tracks that would mistakenly be counted as part of the
vevent of'interest.. ",Processe’s that 'caused' more showers to be recorded
than were properly part of the event were called feedup..

To emp1r1ca.lly estimate the size of the feedup processes, three

-and four gamma events from the data sample w1th neutron counters (to
measure the neutron d1rect10n and veloc1ty) were fit to the hypothe sis
T p- ny'y and the 0 reglon stud1ed in the vy opemng angle d_1str1but10n.
An enhancement"in the' thfee Y events at the m° opening angle was found,
which also coi‘responded to the 7m® mass and expected neutron time of
flight. No'enhanee-ment was found in the four y events. The number of
events above haekground was estimated to be about 16% of the two shosver
events. For data taken with neutron counters the beam 'intensity was |

300 to 600 K/second The data taken without neutron counters had a
much lower beam intensity of 20 to 100 K/second Lookmg at the three
gamma events wh1ch appeared to be w° events on the scan ta.ble, it was

seen that typ:cally a th1rd shower of dublous quallty was present,
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probably caused by a previous event or an old b.eam p‘article in the
spark chambers. Since this feedﬁp process seemed to be a function of
the beam intensity and could logically be assumed to be so, a corre- K
spondingly smaller feedup was assumed for the data Withéut neutron
c.ounters.

A previous e'f%p;eriment had also studied the feedup process13 and
concluded that there was an extra gamma in 2% of the events and two
extra gammas in 0.5% of the events. These values are dependent on
both the ‘beam intensity and momentum.

In the present experiment, the only evidence of feedup was for the
type which is pfoportional to beam intensity. It was assumed that the
probability of seeing one extra gamma was 4% and of seeing two extra
gammaé, 1% . Since the size of these effects was rather uncertain_,
errors of 2% and 1% were assigned to them. In any case the corrections
were small and did not significantly alter the daéa. The correction was
applied in th..e form of a .rﬁatrix _Uij With |

Si = Uijtj

where Si' is th‘e 'observled vector of i gamma events and - tj is the true
vector of j gamm_alevents. It is easy to see that the matrix will have
the form

b4

Uy = 855 -uy - up) + 8

i + 61_.2 ;uy
where u, = 0.04 and u, = 0.01.
A more serious problem that required larger corrections was that '

of not detecting all the gamma rays produced in the target, a process

called feed-down. Gamma rays could be missed for a variety of reasons.
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Gammas could fail to convert in the spark chambers; convert, but not.
produce enough sparks to be counted as a shower (a loss of 10W energy
gammas); convert in the corners of the spark chaﬁbers where the
chambers were optically insensitive; or escape upstream where no
gaﬁma ray detectors existed. |

| 'In order to understand and correct for the effects of the spark
chamberé in detecting gamma rays, an elaborate Monte Carlo program
was constructed. 21 This program contained detailed information on the
spark chamber geometry and a complex semi-empirical model for shower
production in these spark chambers. When given the dynamics of a
specific reaction, this program cduid then calculate the expected feed-
down into all gamma multiplicities. One obvious limitation in this pro-
cedure arises from a lack of knowledge of the detailed dynamics of all
the reactions involved in this experiment.

In fact, the uncertainty in the production dynamics proved to be a
serious obstacle to the direct applipation of the Monte Carlo results to
the calculation of spark chamber feed-down. The main reason for this
difficulty was caused by y-rays escaping the spark chamber array through
the upstream hole. This problem was parficul_a.rly severe for charge-ex-
change events where a peak in the cross-section in the backwards di-
rection may exist, causing the loss of a y-ray from relatively large
numbers of events. This difficulty is discussed in more detail in the
section on two-shower events (Sec. III.F.).

It was beliéved that the Monte Carlp éalculations would have been

correct if given the correct dynamics. For this reason the qualitative
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propérties of feed-—down: as dedﬁced from the Monte Carlo were relied
upon in correcting for feed-down. In particular it was fouhd tﬁa_t the ,
'vfeed—down' iﬁredictions of the Monte Carlo program for any p>a1;'tvi‘cular
reaction could be accurately described in a very simple way. It‘ was
possible"to assume for a given reaction that there was a particular
probability of detectlng a gamma ray, and that this probability did not
depend on what hap;p"'(e‘il;;ed to the other gamma rays in the event. Thus it
was found that for an m gamma event, the probability of detecting n
of them could be wriften as

m-n

S |
D = me a® (1 -d_) n=m
m m

nm (m - n)!n!

0 n>m

where the average detection probability per gamma, dm’ was deter-
mined in principle from fitting this distribution to the Monte Carlo
feed-down calculations. This very simple resﬁlt facilitated the applica-
tion of the Monte Carlo calculations to the data. While there is no par-
ticular reason to expect a binomial distribution to describe ‘the feed-
down process in general, it seems reasonable when the detection proba-
bility is large, as it was for these spark chambers.

The values of ‘dm for each y multiplicity m, and for each momentum
were determined by the following semi-empirical procedure. No known
process could produce neﬁtral final states with 0, 1, or 5y's so it was -
assumed that no such events existed in our sample. The value of d2
was calculated by the Mopte Carlo program, using estimates of the

chargé exchange differential cross-section extrapolated from lower
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energy differential cross-sections. This predicted value of d2 adequately
explained the number of observed 0 and 1 phc;ton events. The values of
-d, aefiﬁed by th_e. Monté Carlo were typically d2 = 0.94+0.01. F;)r m> 2, |
tiqe cross sections were not adequately known and the Monte Carlo pre-
dictions based on phase space assumptions did not agree with the data.
Instead, for» m > 2 we assumed dm was independent»of m; consequently
our modei for feed-down contained only two parameteré; d2 and d3.,

The value of d3 was selected by attempting to cause the number of 5-
photon events to vanish, and cause the number of 3 -photon events to

agree with the known cross section of T p- wn; w - wly. This typi-
cally gave values of d3, = 0.89+0.02. Because this procedure was

raj:her arbitrary, the errors assumed for‘ dm were allowed to be large.
The error on the probability of missing a y-ray, 'l-dm, was assumed to
about 20% of the value itself.‘ The values for feed-down, estimated above,
are consistent with those found in a previous experiment, using the same
apparétus. 13 The feed-down correction was applied in the form of a

matrix Dij with

where Si is the observed vector of i gamma events and tJ. is the vector
of true j gamma events before feed-down. Dij is defined above. As

before, one corrected the data by inverting the matrix Dij to calculate
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E. Total Cross Sections

| vS'iric.e the trigger used to obtain the data discussed here required
only that no charged particles leave the target, the data were ideal for
calculating‘the total neutral cross-sections as well as the partial

cross-sections for TI';-p - n+vy's. Itis assumed that the only production

processes yielding ZY"S?':-""e're T p - nm® and m p - nm, and that the only

process giving 4y's wa'j:s_' 'Tf:.fT'i.)—*nwo m®. (Recent measurements of the decay
que n - w’yy had sh(;;;vh it was consistent with zero. 13) The cross sec-
tions could be obtairied by simply counting events of a particular gamma
ray multiplicity and applying known corrections to them. These cor-
rections are vsummarized as follows:

(a) Not all the gamma events originated in the hydrogen of the target.
Some came from interactions of the beam with the target casing. These
were corrected ‘for by taking some data with no hydrogen in the target and
subtracting this appropriately normalized sample from the target full
data. »

(b). The number of observed j-gamma events, nJ., was corrected
for scanning efficiency and gamma detection efficiency.

(¢c) Some wvalid events were vetoed by the neutral final state require-
ment because one of the particles associated with the reaction m p—>n+y's
would scatter and produce a charged particle, thus vetoing the event.

The corrections for this case were small and well understood.

In Sec. III-C the scanning efficiency matrix E was calculated. In

Sec. III-D the matrix U representing feedup processes adding extra

y-rays to an event was estimated, as well as the feed-down matrix D

correcting for spark chamber inefficiencies.
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The cqrrections due to vetoing of valid neutral final state events
'. was denoted by the matrix V Contributing to V we're fbur f.actors:

R -Gar:vnrna rays from- the neutral final state cqnverted 1n the target,
target éasing, oi' anticbunters thus vetoing the event. This correction
was calculated to be about 2.0% per gamma ray in the final state.

2. The incident m~ which interacted to produce the neutral final
state could also .pfoduce at least oné delta ray energetic enough to leave
the target and enter the veto counters, vetoing the event. A Monte
Carlo study of this process with the target geometry of this experiment
indicated a 1.5% correction was needed. |

3. The neutron in the neutral final state elastically scattered with
a proton in the tai‘get or target system which then escaped and vetoed
the event. This was calculated to be about a 1% effect.

4. n%s produced in the final state decayed 1.16% of the time by the

0

mode T - e+e "y. For an even number of y-rays in the final state it was

assumed they came from m° decays. For an odd number of y-rays it

O decays. The slightly

was assumed all but one y-ray was produced by =
different rate for n - e+e-\( was neglected.

Including these factors, the matrix V had the following form.

Vi =6y - 0.02))(1 - 0.015)(1 - 0.01) (1 - 0.0116)l /2]

where [j/2] indicates the largest integer = j/2.
Since the correction matrices did not commute, their order of
application must be considered. If t; was the true number of i gamma

events, and Om was the observed number of m gamma events

O ® EmeYaPi;Visti-
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A little thought shows that this is the correct order of application.

Since we know Om and wish 1:i we simply invert the equation, yielding

T R R R
8 Vi Pic Ykt Bam O

Téble A% shows the number of scanned events and the corrections as
th‘gvf‘yﬁwere applied to the data. For each momentum the number of events
féi;-lé}:ach gamma multiplicity was obtained-frorn a scan of four rolls of
film from that momentum. They were then corrected for non-hydrogen
associated évents by normalizing the target empty data to the same
number of incident beam particles as the target full data, and subtracting.

The uncertainties indicated in the tables come fl;om the statistical
uncertainties in the data sample being considered and in the conflict
scan data, the systematic uncertainty in the amount and type of feedup,
 the systematic uncertainty in the Monte Carlo based feed-down calcula-
tions, aﬁd the systematic uncertainty in the estimation of the amount of
neutral final state vetoing by the target anti system. The propagation
of these errors is fully described in Appendix A. The errors after each
step of correction to the data are given in the table. The dominant source
of error comes from uncertainties in the Monte Carlo generated feed-
down matrix.

The cross sections for m p - n + jy's were calculatéd by setting

4 Tyl
Oy =" ToNa log.lt- E‘o] © T

where

£ = the effective length of the hydrogen target (19.75 cm)

density of boiling liquid hydrogen at 1 atm. (0.0708 g/cm—3)

el
Al



Table A4 . Gamma multiplicities
Total oy 1y 2y 3y by 57 6y Tr & >9
1030 Mev/c '
# target full events 1815 281 1561 7782 2047 2317 473 313 .32 9 [
# target empty events 2839 316 457 1298 334 320 [ 35 14 1 [¢]
# hydrogen events 13200 10120 130141 6043291 185746 2135349 L3722 29318 2ks6 83 0
/f‘events after scanning ’
efficlency correction 13200 45323 118550 T116£101 179363 223661 437438 369229 81k 136 B-231
# events after feed-up . .
correction 13200 482l 1245¢60 ©  Th37£179 15623136 220985 351456 350436 -10:17 1028 -241
# events affer feed-down
correction 13200 -ki2g 152¢169 . 8137263 5924252 3450+234 1112132 T87£107  -56+52 35424 -613
# events after target
veto correction 14566 -5¢29 159177 8791302 6531278 39262276 1292153  9hx131  ~6Br6h 45:30 -823
1590 Mev/c
# target full events 11720 190 815 5262 1696 2123 681 668 151 97 37
# target empty events 756 53 & 296 135 105 35 35 30 2 o
# hydrogen events 10267 88120 6hka3h 4693+80 1437247 1921450 614428 610228 130214 9310 376
# events after scanning
efficiency correction 10267 59122 53840 72488 137562 194563 58949 73947 11833 13323 47£10
# events after feed-up . . .
cortection 10267 62423 56kl Loh8:137  1233%100 1944275 525460 735¢52 87+38 12825 hen
# events after feed-down . ) ’
correction 10267 L5l -64£118  5276+185  L62xlgh  2843+193 -9£161  142hx175 -37+126 2078 118£32
# events after target .
veto correction 11491 L7125 -662123 5699210 509121k 3236228  -10:187  1707:214 -45x15k 2624104 15242
1790 MeV/c
# target full events 11842 164 60 4571 1997 2517 81 689 208 119 36
# target empty events 3306 202 351 1254 581 551 197 118 36 11 5
# hydrogen events 10338 Texlh L8oz27 L000£70 1733546 232652 751430 635427 192+15 114211 3426
# events after scanning
efficiency correction 10338 k7516 383132 39k1477 171362 2348466 T72+52 70346 22536 16724 39:x11
# events after feed-up R
correction 10338 bor17 40134 41315118 1625:83 2360274 69665 6865 200zk1 15827 3111
# events after feed-down
correction 10338 3918 -91%105 4169+156 638:191  3439:218  363:178 12292187 118:151  335:98 98+36
# events after target i X
veto correction 11655 4ot19 -952109 Lsol+176  703+211 39134259 . he2s206  1hThaz27 144185  L23:125 12647
lm.nevlc
# target full events 11911 146 sho 4039 2041 2937 976 786 234 140 T2
# target empty events 1840 9 159 228 291 373 119 98 31 20 6
# hydrogen events 10542 72414 hooies 3560166  182s47  2659+56  88T:3R 713129 211%16 12512 €89
# events after scanning
efficiency correction 10542 k816 334£30 3458+74 1797463 2681+72 933%57 789¢51 25239 157428 9315
# events after feed-up
correction 10542 5117 35032 3625+108  1735+78 271179 850272 T66+58 22k4hly 146£31 85¢16
# events after feed-down
correction 10542 - 4ex18 -80295 3560£144 555¢203 3883240 5554194 13152205 2963170 116118 26952
# events after target .
veto correction 11946 4318 ~B83+100 3879+162 61122k khigroB6  Eh5rE25 1577+2k9 3622209  147+150 347469
2190 Mev/e
# target full events 13363 153 L6 3937 2234 3609 12k 1044 3ub 239 113
# target empty events 201 11 12 59 34 k1 19 15 8 2 [
# hydrogen events 11853 70428 356134 3hohs85  1979:64 3301277 110148 93143 28428 22419 113£11
# events after scanning
efficiency correction 11853 L6131 263+39 336754 190285 3348498 1141283 1035%76 291467 305+h3 15519
# events after feed-up
correction 11853 L8£32 275441 3533x12k 1851298  3409:108  1038:101 101085 253274 297+46 140220
#/ events after feed-down
correction 11853 43433 -97+98 3482162 40oBt260  HT760+306 6142256 1803287 gat2h3  356:15% koot
# events after target .
veto correction 13514 Yhasl -101+102 3762+180 4504286  S41T+364 7133297  2161#348 1012297 k524195 515+85
' 2390 MeV/c
# target full eventa 12038 173 460 3235 2038 3288 1169 984 326 238 127
# target empty events 1743 69 115 520 306 Log 9 101 43 21 11
# hydrogen events 10630 117415 367423 281560 179147 2958260 1049436 9oe+32 29119 22116 118+12
# events after scanning
efficiency correction 10630 98217 29927 2671167 173664 297577 1089164 991259 31khg 293238 163#21
# events after feed-up .
correction 10630 103£18 31129 2797+90 1708273 303086 100086 969+66 279+55 284+h1 1922
# events after feed-down
correction 10630 9h*18 ~T276 2717124 b65:211  W175#24g 619201  1660:224 1822196 299414k L2668
# events after target .
veto correction 12146 9619 -8x79 2935+138 513+233 47512298  719#23h 199027 2224240 378182 54990
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23 atoms mole-i)

N = number of particles per mole (6.022 X 10
a = number of moles per gram (0.992 moles/gram)
tj = number of j photon events after all corrections

‘%btalvnumber of incident 7w 's = (1 - c)nb

='the fraction of p~ and e contamination in the beam

= the number of incident beam particles
T = the total number of scattered m 's after all corrections
= n (1 - e_.OTOtlea
where oot - o (7 p - anything) .

T_hé paftial and total cross sections are shown in Table VI. Since
the total croés section does not depend on the scanning efficiency or
the feed-t_:.p or feed-down corrections, the error on the total cross
section comes.mainly from the statistics on the original sample, except
for errérs in the corrections depending on gamma ray multiplicity in

the matrix V.

The errors for the partial cross sections could be written approxi-

' mately as

(Gtiét.> 61\2 f’_ﬂz' 6no 2
<6°16°j>=°i°j _Ltitj ) (% +{ =

0

where it is assumed 6TI ~ 0.01, —6-‘% ~ 0.01, and 6n /n comes
o' o
from the uncertainty (assumed 10% ) in the beam contamination mea-

surement. The error in the total cross section could be written as

= : 2
, = (5t.6t, ) ( 2 ( 2 [6n
2 2 ] j 61 op
) = L : + ) . +('——-°>. ].
(50 1) "T[ ‘(zti)z z p> n_

1



Table VI. Total and Partial Cross Sections (in mb).
1030 MeV/c 1590 MeV/c 1790 MeV/c 1990 MeV/c 2190 MeV/c 2390 MeV/c
Total neutral
cross-sections 11.71£.30 L, eh+,13 4,05+.11 3.77%. 10 3.43+.10 2.92+.08
Partial cross-
section final
state with
Oy -.004+,029  .019+.010 . 014,006 .01k, 006 .01+,01 . 023+, 005
1y +130¢. 1k -.027£905 -.030%.04 -.030.03 -.03+.03 .002+.02
2y - T.070£.28  2.300%.10 1.570+.07 1.220i;05 .96%.05 . 710,04
3y «530%.22 .210+.09 -2h0t. 07 .190z. 07 | .11+.07 . 120%.06
Ly 3.160+.23  1.310+.10  1.360+.09  1.390%.09 ~ 1.38%.09 1.140%£.07
5y .100£.12  -.004+.08 «150+.07 .200+.07  .18+.08 .170+.06
&y J60+.11  .690+.09 .510+.08 .« 500+. 08 «55%.09 480,07
Ty -.060£.05 -.020£.06  .050%.06 .110£.07  .03+.08 .050+. 06
8y <036+, 024  .110+.0L . 150£. 0k . 050%.05 .12+.05 . 090+, Ok
> 9%y -.006+.003  .060+.02 Lolet. 02 <110+, 02 .13+.02 .130+.02

_Ef(_
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The calculation of the matrix <6ti5tj> is diécussed in Appendix A.

A comparison of the total neutrals cross section for this experi-
ment and other experiments is showﬁ in Fig. 11. The data come from
Ref. 6-9, 22, 23. In general the agreement is acceptable. One should
note that the total croéé—sect.ions of Feldman et al. 23 have the strange
particle productil;'nrlcrross-sections subtracted from the data. The main
modes of strange particle production that contribute to neﬁtral final
st.ates are

T p > AK?®

m p > 20K

T p - AK%O
The cross sections for these r'eactioné in this energy range vary from
300 to 170 pb for AK® final state particles, 200 to 100 pb for Z°K°
final state, and 200 to 50pb for the AK®n® final state. 24 Since only
about 209% of these final states decay into neutrals, the contribution of
strange particle production to our neutral final states sample is about

3to 4% . This amount has not been subtracted from our data.
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Fig. 11. The total cross section for the reaction m p - all

neutrals, measured in this experiment as compared with

other experimental results.

See Refs. 6-9, 22, 23.
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F. Analysis of the Two Shower Sample

At each momentum, eight rolls of film were scanned to produce the
two shower event sample. This sample consisted of all events with two
showers in the spark chambers, rather than a sample with two photons

in establishing this sample y-counter information was

detected--i. e.
ignored. Froﬁif hlS sample the charge-exchange diffe.rential Ccross-
section was der’i\;éd,-as well as the relative cross sections for the final
states m¥n, nn.- In all future discussion, the sample under consideration
is one wifh the target emp"éy’ events statistically deleted.

Events were removed from this sample according to the following
procedural criteria: | |

1. Computer system difficulties caused a small number of events to
be lost. These events accounted for = 1% of the sampie; A fraction
of these events was visually examined and no particular topology was
detected which could bias the remaining sample.

2. The two showers seen in the chambers were extrapolated back to the
target and a fit was made to determine whether_ the incident 7™ direction
and the two y directions were consistent with a single point of interaction
within the target volume. Evénts with < 1% likelihood of having a single
point of interaction were rejected. Between 6 and 12% of the events
were rejected by this criterion. These events were presumably caused
by measurement errors and misscanning. The center-of-mass y-y
opening angle distribution of these events is shown in Fig. 12(b) for the
sample at 1990 MeV/c. The significancé of opening angle distributions
is discussed later in this section and in Appendix B. A cut this size in

the data sample could potentially bias the results. To check for biases



in the angular distribution of the y's the confidence level of.the fit was
plotted for various laboratory angle regions. For all regions, the con-
fidence distribution looked the same, i.e., almost flat except for a
spike at probabilities < 1% . Thus it was concluded that y's from one
region of the spark chambers were not being preferentially eliminated
over any other region by this cut. As a further check events from this
low 1ikeliilood group were selected with a c. m. y-y opening angle in the
region expected from m° decays. The y-y bise_ctoi‘ distribution of this
subset of the low confidence level events was plotted and found to be

0 evenfs. The bis-

similar to the bisector distribution of the '""good'" =
s.ect.or distribution is interesting because of its close relationship to

the angular distribution of m° events. We concluded that these rejected
events were probably simply poorly measured m° events and their ex-
clusion would not bias the subsequent analysis.

3. Events with one or more y counters triggered were rejected unless
either shower in the spark chambers was responsible for the trigger.
These events represented feed-down from interactions with more than
twé Y rayé in the final state, fér example m p - m7%n. A shower in
the chambers was defined as responsible for a y-counter trigger if the
shower direction was such that it could have hit the triggered y-counter.
Between 3 and 5% of the events were rejected by this cut--none of them
being valid two vy e\}ents; These events are shown in Fig. 12(a).

| The sample remaining (shown in Figs. 12 and 13) after the deletions

outlined above contained still other events in addition to s and n's.

In particular some feed-down events still remained. For example,

0..0

the reactions m p - nw; w > 7’y and m p - nm’n® can produce events
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- OPENING ANGLE DISTRIBUTION FOR 1990 MeV/c
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The center of mass vy-y opening angle distribution for
1990 MeV/c for two shower events: (a) those events rejected
by the y-counter cut, (b) those events rejected by the decay

point cut, (c) the events remaining for analysis.
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Fig. 13. The events remaining for analysis (after the y-counter cut
and the decay point cut) for the six momenta of this

-experiment.
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in which one or two photons vrespectively are undetected and thus the two
detected photons cause it to be grouped into the two shower sample.

The decay of spinless particles into two y-rays produces a y-Yy
opening angle distribution which is strongly peaked at the minimum
opeﬁing angle, ";b‘d‘é;ﬁned by the pafticles mass and velocity. The kine-
matics of this 'délcay arﬂe fully discussed in Appendix B. Using this
property of the opening éngie distribution (seen clearly in the data shown
in Figs. 12, 13, 14) one then accepts for further analysis only those
events having an opeﬁing 'angie within a spécified region. In this experi-
ment the region selectéd.was' d_e‘t‘ern;li‘necll_ by two considerations:

(1) maximizing the vnumber'of w0 ‘eifehts. in the region, and (2) nﬁnimizing
the number of backgrbund (non w° ) events in the region.

| The fraction of 7 s in the sample \*/ithin any bpening angle region

can be calculated from the kinema.ticavs.v (see Appendix B.) To determine
~the amount of‘background however, requires knowledge about the opening
angle distribution of these events. This wa.s de»termined in three dif-
ferent ways.

1. A sarnplé of three shower events was analyzed, and the opening
angles for all possible pairings df. these y's were plotted.

2. Ina sample of three shower events, the shower with least number
of sparks (and thus the one most likely to have remained undetected) was
eliminated and the opening angle distribution of the remaining photons
was plotted. | | |

3. A Monte-Carlo calculation using the reactions T p >17%n and
T p— N*(1238) + w0 N* % nr® was déné. The opening angle distribution

of those events in which two photons remained undetected was plotted.
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0

7p>tnand npow 7°n (background) as determined by Monte

Carlo calculations. The peak at large opening angles is caused

by m p > nn; n > YY.
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It. was found that all three procedures yielded similar results. The Monte -
Carlo prediction of the opening angle distribution of feed-down events is
shown in Fig. 14. A consistency check was made by determining whether
the predicted background in addition to the m° opening angle distribution

normalized to the m° peak agreed with the data. This is shown in Fig. 14.

Since measurgment errors exist, the Monte-Carlo was used to generate.

the m° openi 'izé,‘ligle distribution rather than simply using the ideal
opehiﬁg angle -distrib'ution. A measurement uncertainty of £0.3 in. on
the position of the first spark of each shower was used in the Monte -
Carlo. The normalization of the background events in Fig. 14 was de-
termined from the'information obtained in generating the partial cross
sections in the previous section (Sec. III-E.) By studying the opening

0

angle distribution of the 7™ events and the background events it was

possible to select an opening angle region which contained 80% of the
m® events and had 5% Background. For the data in Fig. 14 (1990
MeV/c) this region was 15 deg = GYY = 30 deg. The values for other
momentai are given in Appendix B, Table B-I.

Having obtained a sample of (almost entirely) m° events, the center-
of-mass angular distribution of the bisector of'the two y-ray directions
was determined. It was assumed that the background eveﬁts did not alter
this distribution other than by changing thé normalization. If one has
4w sr detection of y-rays, it is possible to relate analytically the w°
event bisector distribution to the w° angular distribution itself. This is
shown in Appendix B. In our case, the detection efficiency is not 100%

over the entire 4w solid angle, so the procedure for determining the w°

distribution irom the bisector distribution required modification. In



practice this modificé.tion consisted of using the Monte-Carlo program
to relate the bisectc;r and w° distributidns.

By using a Monte -Carlo calculation, many corrections were applied
simultanéously. This calculation corrected for the effects of measure-
ment errors, detection efficiéncy, opening angle cut, and the difference
between ideal m° and bisector distributions. The procedure was as fol-
lows: |

1. An estimate of the m° angular distribution was given to the Monte -
Carlo program. A flat cross section was assumed at the start.

2. It thenvgenerated about 50000 cha.rge exchahge events according to
this distribution and determined which events had both y's detected in
the spark chambers. This corrected for chamber inefficiencies and the
effécts of the ui)stream 'opening';

3. The position of the first épark Qf vea_ch shower in each event was
perturbed. The perturbation was Gaussianly distributed with a standard
deviation of 0‘3' inches. This .simulated the measurement errors.

4. The apparent (”rneasured" ) opening angle was calculated and the
same v‘opveni‘ng angle cut was applied to the Monte »Carlo data as the real
data.

5. The bisector distribution was then generated and divided by the

© distribution to produce a correction function. The data and the

reai ™
Monte. Carlo were both binned in intervals of 0.02 in cos 0170 - ~-thus the
angular regiqn had 100 bins. This binning was larger thanthe resolution of
spark chamber measurements. _ |

6. The correction function'wasithen smoothed to reduce thé éffect of

statistics in the Monte-Carlo by avegaging each bin with adjacent oﬁes,
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except where the efficiency was low. Since the correction function
varied slowly with cos 61T0 , this did not bias the distribution.
7. The actual data bisector distribution was divided by this correction

0

function and the resultant estimate of the w° distribution was fit with a

Legendre polynomial series.

é’éendre series was then used as the guess for the n° distribu-
tion andv usedln step (1) and the entire process repeated.

The iterative process described above was repeated until the °
distribution deduced from the nth iteration was consistent with that of
the (n-1)th iteration. Typically this convergence was achieved after four
iterations. The correction function, the bisector distribution, and the
resultant m° distribution are shown in Fig. 15 for 1990 MeV/c. The n°
angular distributions for all six momenta were obtained in this way.

Note the general features of the Monte Carlo correction function
shown in Fig. 15;:

1. The overall average is about 809% which simply reflects the frac-

tion of m°

events contained within the opening angle cut.
2. The slight dip in the forward direction is caused by the opening
angle cut. The measurement errors cause the opening angle distribution

0 directions. This

for forward m%s to be broadened more than for other w
means a smaller fraction of forward 7% events will be included in an
opening angle cut.

3. The peak around cos 8.0 = 0.6 reflects the smearing out of the
bisector distribution relative to the true m° distribution. Thus when the

w% distribution has a very low point, the bisector distribution will be

more filled in, causing a peak in the ratio of-bisector to m® distributions.
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function, the uncorrected y-y Dbisector distribution (after the
opening angle cut), and the bisector distribution divided by the
Monte Carlo correction function to yield the n° angular

distribution.
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The peak at cos € = - 0.8 has the same origin.

4. The broad decrease around cos 6 = - 0.4 is caused by the slightly
redﬁced_ spark chamber efficiency in the region where the side chambers
and back chambér meet. In this region the edges of the chambers can
absorb energy from the y—ra&s lwit.hout producing visible sparvks'.

5. The svharp.f:'c?:p'___t off around cos 6 = - 0.9 is caused by the hole in the
chambei;s in the "’irﬁ’js.a.tream direction. The effects of this cutoff will ;be

discussed more fully in the next section.

.o
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IV." RESULTS AND CONCLUSIONS

A. Differential Cross Sections

Once the m° angular distributions had been determined, only an
overall normalization constant was needed to determine the differential
cross section for chafge exchange. The following procedure was used
to obtain the normalization constant for each momentum.

1. THe number of events was corrected to the number of events thét

would have been produced in an ideal experiment. We can write

observed
n (x)

¢ (1-amount of background in 6__ cut): MC(x)-
rue - YY

N o (x)= -
T (scanning efficiency)- (feedup correction)- (target veto correction)

c.m.
where x = cos 61r°

nobserved(x) is the observed distribution of events found by plotting

against the bisector direction (rather than w° direction) and MC(x) is
1/the\ Monte -Carlo correction function.
The operation n(x) - MC(x) was performed in the last section (Sec. IIL.F.).
The scanning effic.iency, feed up correction and target veto corréction
have been discussed in Secs. III.C,D,E. The amount of background in the
BYY cut was estimated by determining the fraction of background in the
two-y sample and then assuming the same fraction of background to be
within the GYY cut at each moment;;.m as that found at 1990 MeV/c where
a detailed calculation was made of the background GYY distribution. The
fraction of background in the 2y sample was determined with the technique
described in Secs. III-C,D,E. This correction (excluding the Monte -
Carlo correction) was typically 15%.

rue

2. The true number of charge-exchange events N'T:ro (x) was normalized

according to the number of incident 7 's at each respective momentum to
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yield the differential cross-section by using the procedure described in

Sec. III-E. In particular one can write

, A N (x)
o/an6) = { ToNa 18 (- 5 >“1ff} k=

anere {

the data sar_npi

: b',¢en cé,lculated in Sec. III-E and AQ is the bin size for

.'j:Typicélly £ = (0.02) - 2m. In practice the bin size
was an integral muitip’le of (0.02)2w. The multiple was determined by

nobserved(x) until = 25

adding together the raw ‘bis_e'.ctor distribution bins
events were obtained. Thus larger Bin widths were created in the back-
‘wards‘ direction where the chamber efficiency was low, and wherever the
differential cross section was particularly low. |

The differential créss-'sgctions for chvarge—exchange are given in
Tables VIla-c and plotted in Figs. 16a-c. The bin center and half
width are given é.s well as the cross section and statistical error for
each respective bin. The errors do not include an overall normalization
error of 5%. The data in the most backward regions (-1 =< cos 6 = -0.85)
where the chamber efficiency is very low have been omitted because the

systematic error in the correction is large, and thus the related data

is quite unreliable.

S I
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Table Vila. Differential Cross Section for x p — x'n
cos 6;:,‘"' do/d(mb/sr) cos eibm' do/d@{mb/sr)
1030 MeV/c 1590 MeV/c
.99+.01 2.470¢. 141 .99+,01 .260+.036
+9T+.01 2.24h7+,133 .9T+.01 .293+.035
.95%.01 1.726+. 119 .95+.01 .323+.034
.93£.01 1.735%.118 .93%.01 .380%.032
.91%.01 1.379t. 105 .91+.01 .379+.036
.89+.01 1.163+.096 .89+.01 .273+,036
.87+.01 .980+.089 .87+.01 .. 305+.031
+85£.01 .983+,084 .85%,01 264+, 031
.83+,01 L664t.07h .83£.01 .272£.032
.81#.01 +551%.,066 .81.01 .245+.033
+79+.01 . 568+.065 T94.01 23h+.025
STT+.01 .451+.058 7701 L17TE 02T
.75£.01 .358+.051 .75%.01 . 1462.020
.73+.01 2L, ok 732,01 .139£.025
W 714,01 2h6x. 084 L712.01 L1T7TE021
.69.01 .239+. 0kl .69+.01 .150+.019
.67£.01 .228+.038 67,01 .096+.018
.65+,01 .195+.036 .65%.01 .067+.019
.63t.01 .1kk2.030 .632.01 .065+.012
.61+.01 .181+.034 60,02 Lo+, 01k
+59£.01 .209£.036 .56+, 02 .053£.008
+57£.01 2724, 0h2 521,02 .059+.010
«55+.01 . 173£.038 A8r.02 LOTE.OLY
532,01 .182+.039 Jhse.01 .100%.016
.51+.01 .281.045 .h32.01 . 068,017
b9t 01 .263£.043 REENS .066+.013
Ao . 183,046 .39£.01 .156+.020
Wb55,01 225+, 0l .37+.01 .078¢.022
3.0 .318+.053 .35£.01 .121+.018
Jh1x,01 216+, 043 .33+.01 CL121+.027
.39:.01 .2k0%,053 .31%.01 .130+.019
+37+.01 258,048 .29+,01 .163+.021
.35£.01 .352+,057 .27+.01 . 194+, 023
+33+.01 .263+.052 .25%.01 .133%.026
.31+,01 . +338+.054 .23+.01 L1h13.023
.29+.01 .3182.058 .21£.01 . 162+,021
.27+.01 .380+.064 .19%.01 . b2, 027
.25¢.01 Jh1+,063 L17+.01 .180+.026
+23+.01 +321+,056 +15£.01 .129+,028
.21%,01 .330%. 062 13,01 .232¢. 026
.19+.01 b15t.062 ".11#.01 .202:+. 024
L17+.01 .388+.064 .09¢.01 . 180+.026
.15%,01 .337+.060 .07%.01 +159+.025
.13£.01 : +398+.067 .05£.01 .21kt 025
.112,01 .319£.059 .03.01 .207+.025
.09%.01 .370%.058 .01+,01 227,027
.074.01 +333%.057 ~s01+.01 . 184,031
.052.01 277,053 -.03£.01 L 124,029
J0R1.02 «209+. 034 -.05%.01 L 151,027
-.01£.01 .229+.049 -.07+.01 L1755, 02k
-.03.01 .198+.041 ~.09£.01 .220%. 027
-.06+.02 .156+.025 ~.11%.01 .221+,026
-.10%.02 .111%,021 -.13+.01 .158£.037
- k02 .100£.019 -.15%.01 . 154,025
-.19£.03 . 054,012 -.17+.01 S US B~
-2k 02 .075.015 -.19+.01 .192+.027
-.2Bx.02 .0882,018 -.21£.01 . 185,02k
~+31+.01 L 1k2t.029 -.23t.01 +163£.022
-3k, 02 .130+.023 -.25%,01 .150. 026
~.37%.01 .186+.038 -.27£.01 .1554.030
-.39+.01 .2262.0h2 -.29£.01 .151+.030
PIRIS E6) | 202+, 042 -.31£.01 .156+.030
-.43t.01 .367+.053 ~.33+.01 .130£.025
-455.01 .37h4.05% -.35+.01 . 188+, 02k
- 473,01 . 514,063 -.37+.01 .159+.022
~ox.01 . 504, 066 -.39+,01 . 135+, 02k
-.51%.01 +560%. 068 -.h12.01 L141E.027
-.53$.01 . 579,072 -.hi3£,01 170,022
=.55%,01 .809+.079 -.bse,01 . 166,022
=.57%.01 LB41+,086. ~J72.01 L2hh, 030
-.591,01 +9k5%.090 -.494.01 .2152.029
-.61%,01 .79T+. 083 -.51*,01 .189+.030
-.63t.01 1.135%.097 -.53£.01 .211+.031
~.65t,01 1.182+.101 ~.55+,01 .190%.033
-.67+.01 1.199+.099 -.57+.01 .187+.032
-.69+,01 1.202+. 100 -.59+.01 . 197+.027
-.71%.01 1.206%. 105 -.61+.01 . 175+.026
~.73:.01 1.341+.114 -.63t.01 .2104.025
-.75+.01 1.230+.117 ~.65+.01 .180+.029
- 77£.01 1.547+.135 -.67£.01 162,027
-.79£.01 1.672+.156 -.69£.01 .135%.019
+.81£.01 1.577+. 168 ~.T1%,01 o Uil 025
-.83+.01 1.365+.173 -.73£.01 .123£.024
-.85%.01 1.249£,196 -.75%.01 .130,018
- 77%.01 . 125¢.022
-, 79£.01 L115¢.023
-.81£.01 . 109+, 024
-.83£.01 .132+.02k
-.85:,01 .158£.030
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Fig. 16a. Differential cross section for tjae reaction T p > °n

measured in this experiment. THz curves are the Legendre

fits whose coefficierits are lis

ed in Table VIII.
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Table VIIb. Differential Cross Section for x p = x°n
cos 6o do/df(mb/st) cos e;;,“" do/da(mb/sr)
) 1790 MeV/c 1990 MeV/c
.99£.01 450,035 .99+.01 .323+.030
«97+.01 .381+.033 .97+.01 .306+. 028
.95+,01 »360+.032 .95+.01 .319+.028
.93+.01 .380%£.032 .93+.01 .289%.029
.91+.01 .293+.028 .91+.01 .256%.026
.89+.01 26,027 .89+.01 .218+.025
.87%.01 .261£.027 .87£.01 . 172+.022
.85£.01 . 195+, 02k .85+.01 .132.021
.83£.01 .182%,022 .83£.01 124,020
.81.01 .163:.021 .81£.01 .099+.018
+79£,01 .134+.019 .79.01 .1042.016
T7£.01 .126+.019 «TT%.01 .079%.015
«75¢.01 .115+.017 .75%.01 .080%.015
+73%.01 .085%.015 +73%.01 .065%.015
.T1+.01 .085%,01h CWT0.02 . 049, 009
.69+.01 . 054+, 012 .66%,02 .037+.CO7
661,02 040,007 .61%.03 . 026+, 005
«61+.03 . 026+.005 +56+.02 .026+.005
+562.02 . 028+.006 .52+, 02 . 032+, 006
.51+.03 .0192. 004 A8, 02 .035+.007
6,02 +037+.007 R~ L0k34,007
43,01 .057+.012 RS EN .052+.012
H1x.01 .056+.012 .39+.01 .054£.011
382,02 . .O54+,009 «37£.01 .052%,013
.35£.01 .061+.012 ~ J3bx.02 .043£.009
.33%,01 .092+,017 .31%,01 .072%.014
«31+.01 . 116,017 .29+.01 . 0702, 014
+29+.01 079+, 01k .27£.01 .058£,015
«27+.01 .134%.018 .25%.01 .091+.018
.25%,01 .122+,018 .23+.01 .098+.017
.23+.01 . 142,019 .21+.01 . 128+.017
.21£,01 .129+,018 .19:.01 .123+.018
194,01 .122+.019 .17+.01 .128+.017
. 17£.,01 .099+.017 .15%,01 .11hx,017
.15+.01 16,020 .13+.01 .108£.017
.13%.01 <148+, 020 .11+.01 .130%.018
211%.01 .129+.019 +09+.01 .139+.019
.09£.01 .161%.021 .07+.01 . 142+.019
.07£.01 .159+.021 .05.01 .097+.018
.05%.01 . 107+.019 .03+.01 .108+.016
.032.01 .124+,019 .01£.01 .118+.017
.01£,01 .152+.021 -.01+,01 .107£.017
-.01+.01 . 140+.019 -.03%.01 . 127+.020
-.03£.01 o134+, 020 -.05%.01 .094+.015
-.05+.01 +160%,022 - O7+.01 .090%. 016
v.07£.01 L1312, 022 ~.09+.01 .111+,019
-.09+.01 .112+.019 -.12%.02 .083%.012
-. 11,01 .121+,020 ~.15+.01 .090+.017
-.13+.01 .123+.019 -.18£.02 .051+.010
-415¢,01 . 092+.017 -.22+.02 L Ol6+,010
-.17£.01 .116+.019 -.26%.02 .063+.009
-.19+.01 .123+,020 -.30£.02 .052%.009
-.21%,01 +1261.020 -.333.01 .060%£.012
-2k, 02 .100+.013 -.35%.01 .063+.013
¢ =.27£,01 .119%.020 ~.38:.02 .052£.009 .
© =.29+,01 .081+.017 -Jdigr, 02 . OS5+, 009
-.31%.01 .108+.017 -~ 46,02 . O48+.009
~.33%.01 .114+.018 -.50+.08 .065t,010
-.35%,01 . 108+.018 -.53.01 .063+,013
-.37+.01 . 099+, 016 ~.56%.02 046,008
-.39+.01 .115+.018 -.59+.01 ° .061+,013
-A1x.01 .072£.015 -.62t.02 . 059+, 009
- 43+,01 +085%.017 -.66%.02 .036+.007
-.15:,01 .072+.015 - 70+, 02 . 038+, 007
-475,01 .118+,018 -~ T76+.04 . 016+, 00k
-.hot,01 .108%.017 ~.83£.03 «027+.005
~.51+,01 .103+.017
-.53+,01 .063%.015
~+55%+,01 .080+.016
~e57+.01 .082+.016
~+59t.01 .089%.017
-.61+.01 . 132t.020
-.63%.01 »095%. 016
-.65£.01 . 068,015
© =.67£.01 .099£,015
-.69+,01 074,015
-.72+,02 . 063%,010
- T6. 02 .053+,009
-.80t.02 .060£.010
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Fig. 16b. Differential cross section for the reaction m p -+ m°n
measured in this experiment. The curves are the Legendre

fits whose coefficients are listed in Table VIII.
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‘Fable VIie. Differential Cross Section for n-p - 7°n
cos eiam'. do/dQ(mb/sr) cos 9;;“" do/d0(mb/sr )
2190 MeV/c . : 2390 MeV/c
.99+,01 .2362. 044 " .99+,01 . J127k.017
.O7+.01 216,043 ©W9T%.01 . W 176%.020
.95+.01 . .220%.034 +95+,01 ' - .169+.019
.93+.01 . +207%.033 : © .93%.01 «177+.020
.91+,01 ' o144+, 031 .91+.01 ' .172£,018
.89+.01 .107+.029 .89+.01 © .119+.017
J87+.01 ‘ © .095+,013 © W87t.01 " .109+.015
.85+.01 .119+.015 .85+.01 .081%.014
.83%.01 .OTl+. 029 .83£.01 .086+,013
.81+.01 .066%.011 .81%.01 _ SOb7£.011
«T79%.01 .067+.011 .T9.01 . O43+.009
«TT+.01 «067£.011 77,01 .058+.010
«75+.01 065,011 - .02 .037%.006
«73%.01 : .051£.010 .69%.03 « 0204+ 004
.T1%.01 047,009 JohE 02 024+, 004
.67%.03 «021+.009 .60+, 02 .028+.005
62%.02 .038%.006 .56£,02 ' «02L+,005
«57%.03 " .02hkx.009 .53+.01 .045£.010
. 52,02 .039+.006 .51+,01 .039+.008
A48t.02 .09+, 007 b9, 01 . .061%.011
02 . 0lg+. 007 701 .063+.010
41,01 «050%.009 JA5x,01 .056%.,010
«39+.01 «057+.010. JLox,02 LOL8+.007
«37%.01 .063:.011 .39¢.01 .Ok1£,011
+35%.01 .059+.010 . W37%.01 .051£.010
.33%.01 .090+,013 «35+.01 +OUT+. 009
.31+.01 .065+.011 .33+.01 .02+, 009
T .29%.01 : «09h+,013 +31.01 .056£.010
.27£.01 .084+.013 v .29+.01 067,011
2ht,02 " .063+.015 «27%.01 +O48%.009
.21.01 .088+.013 . 2ht, 02 .038+.006
+ 19,01 .089+,013 .21+,01 .070%.012
.17£.01 . 102+.014 .19+.01 . .O4bx.010
.15+.01 . 066+.028 .17£.01 .079+.013
.13¢.01 - .055£.029 .15.01 .057+.010
.11+.01 .079+.031 .13%.01 . 054,010
.09%.01 .071+£.030 .11+.01 .070+.012
.07+.01 .082+,013 .09+.01 .058+.010
.05.01 .062+,011 .07+, 01 . . 046,010
,03+.01 .076+.012 LOht. 02 »039+..007
.01£.01 073,012 .01+.01 .043.010
~,01£.01 +098%.01k4 - 024,02 .032+.006
-.03%.01 + 060,011 - 062,02 +035+.006
-.05%,01 .085+,013 -, 10+.02 .0224,006
-.07+.01 .072+.012 -.15%.03 .016+.004
-.10£.02 . 049+, 007 -.21%.03 .015%. 004
-.13+.01 .054+,011 ~.20%,05 «009+.003
-.16+.02 .055%.008 ' -.38+.04 .016+.003
-.20%.03 T Ob6E. 007 ~ bt 02 . 026+.005
~J2ht.02 .Ol2+. 007 -.48+, 02 «029+,006
-.28%.02 » 030+, 006 -e52+,02 «031£.006
-.325.0R .029+,006 -.56£.02 .029+.005
~e36%.02 ".033+.006 - -.61t.03 .020+.005
~Jbox.02 .O1£,007 - 662,02 « 020+, 004
- hhx 00 . 028,005 -.T1+.03 . 014+, 003
- L8, 00 + 029+, 006 -eT7£.03 . 014,003
~. 52,02 « 043+, 007 -.82¢,02 .028+,005
-.56%,02 . 028+.005 -.86t.02 .038+.007
-.60£.02 .030%.005
- 64,02 .028+,005
-.68t.02 «032£.005
~.73%.03 .020%.003
-.80%.04 .011%.006

-.86x.02 .O41£,007
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Table 16c. Differential cross section for the reaction Tp > °n
measured in this experiment. The curves are the Legendre

fits whose coefficients are listed in Table VIII.




-65-

B. Legendre Polynomial Fits

"The differential cross sections derived in the last section were
fitted to the Legendre series

do /dQ(cos 6) = Z c;P;(cos 6)
j ‘
where ij(co's f) are the Legendre polynomials, and cos € is the c. m.

scattering angle. Since the coefficients Cj are unique functions of

25-26 this expansion can in principle have inter-

partial wave afnplitudes,
esting physical significance.

The data given in Tab-le Vila-c were fitted to this series using the
methqd of least équares. . The series was terminated at an even order
for each momentum. The érder selected was unambiguously determined
by picking the lowest evén order that gave a reasonable confidence level
to the fit. The Legendre coefficients, the number of data points fit, the
confidence level of the fit,‘ and the number of experimental events used in
the fit are shown in Table VIII. The fits are shown with the data in
Figs. 16a-c. Because the differential cross-section was not determined
in the backward direction, the fit to the data was almost unconstrained in
that area and therefore the values of the Legendre coefficients were
highly correlative. For this reason the formal (diagonal) errors for the
Legendre coefficients have been deliberately omitted from Table VIII.
Also, of course, the fitted curve in the figures is not reliable in the
region cos 6 = - 0.85.

The error matrix for the Legendre coefficients was diagonalized and
its eigenvectors determined. It was found that one eigenvector had a

large uncertainty and that the others had quite small errors. The eigen-

vector with the large uncertainty corresponded to a combination of
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Table VIII. ZLegendre coefficients for T p —aﬂon_differential

cross section

do/do(x) = )3 chj(x) (mb/sx)

h|
1030 1590 1790 1990 2190 2390

\MeV/c MeV/c MeV/c MeV/c MeV/c MeV/c
c_ | ;3560 773 L1164 L0918 L0652 .0381
cy '-;113 -.0229 0300 .01k . 0206 L0437
e, : .853 .10kg  .086%  .1001  .O542 ,0180
<3 437 .0259  .0723  -.0073  -.0096 .0386
c) 061 16906 .1788 .1971 .1161 .0191
o5 .955 -.086f -.0032 ~.0375  .0001  .0602
¢ -.186 L0251  .02hk1 L0727 .Oklg -.0220
< -.1605 -.0765 =-.0904 -.0466 -.0036
cg ’ 0229  .0249 . 0559 . 0254 -.0498
c9 0127
10 , . -.0ke8
Number of
data points 85 90 80 67 65 59
Confidence of
fit <77 .14 yan <57 .75 .37
No. of experi-
mental events 6500 5300 4hoo - 3300 2900 2500

For a comment on errors, see section IV B.
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Legendre polynomials with a srnali value over most of the cos 6 interval
énd a large value in the backwards direction. This was consistent with
the data distribution, i.e., ac.curate‘ data over most of the cos 6 interval
and very poor data in the backwards direction. A future analysis of the
one-shower events shouid significantly improve the data in the backwards |
region. |

Since the fitted value of the cross section in the ‘backwards direction
is so uncertain, the integral of the differentiated cross-section is not a
reliable estimat'e of the fotal cha.rge-.ex'changev cr'oss—sectivon. Thus the
expression h |

cex

tot = 4TTCO

is unreliable and the total cross section comes from a further analysis

of the partial cross-sections (Sec. IV-C).
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C. Total Cross Sections for v p = 7°n,nn

Since the differential cross-sectioﬁ was not measured in the back-
- wards direction, the total cross section was derived from the partial
cross sections. This was essentially a statistical analysis baéed on the
number of the 0, Ai"andZ shower events. It was assumed that the 2y cross
section was divi'?:’éi'-:félibetwevenb the final states 7% and mn. The 2y cross-
section éomes fll"g"rn‘Sec. III-E where the 0 and 1 shower events have
been included via the feed—.down process. It was assumed the feecidown
for m's was the same as for s,

The two-shower sample waé used £o find the relative amounts of
w® and n production. The number of | events in this sample was de-
“termined by estimating the number of events in the peak in the opening
.angle distribution caused by the decay of n = yy. This peak can be
‘ seen in Figs. 13 and 14. The largest source of e.rror in the estimate of
the number of n events was due to background in this opening angle
region. To minimize this uncertainty, the amount of background was
substantially reduced by requiring that each shower have at least 15
sparks. Since the number of sparks in a shower is proportional to its

energy, this gave excellent separation of the n's from background. A

check was made to ensure that no n's were removed by this cut. The

number of m° events was estimated by counting the events within a narrow

opening angle cut such that only m® events would be included, and then
calculating the total number of m® events without the cut.
This procedure was checked for consistency by varying the opening

0

angle cut on the m° peak. The amount of background present was derived

by subtracting the m° and n events from the two shower total. This
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number was consistent with that expected from the feed-down of the 3-
and 4 -y events calculated using the techniques described in Sec.
111-C,D, E.

The. strange particie production co.ntributi.on to the two-y cross
section was ignored here. It correépon‘ds to approximately one standard
deviation effect on the cross sections. The 7%n and nn total cross-sections
are shown in Table IX. The won total cross sectionsv_ai"e compared with
6-9,27

other experiments in Fig. 17.
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Table IX. Cross sections

pﬂ(MeV/c) T p —éﬂonv cross section (mb) cross section (mb)* ’
.do/dQ(Oo)(mb/sr) % p - x'n T p—am N - yy
1030 2.57+.08. 6.65¢.26 L19+.033

1590 .255 032 A 2.03%.10 | .272+.020
1790 . .u5§£:630 C 1.365.06 .202+.015
1990 = .395¢;625' - 1.01+.05 .215+.016
2190 ' .270+.032 <79+, 04 .170%.013
2390 C12t.020 .58+.03 .127+.010
*

errors include a 5% uncertainty due to background subtraction
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Fig. 17. The total cross sections for the reaction n'ﬁ + 1°n

measured in this experiment as compared with other

experimental results. See Refs. 6-9, 27.
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D. Comparison with other Experiments

- The only experiments in this energy range are Refs. 6-9. It is
usué.l to compare Legendre vcoefficients of the fits to the differential

cross-section, plotting each coefficient as a function of the beam mo-

mentum. Since in this experiment, a unique set of Legendre coefficients

was not obtained (Sé‘-c. IV.B) it was not possible to make this comparison.
Cross sections at m'omeﬁ_ta near those of this experiment have been
selected for comparison from Refs. 6-9. Except for the data near 1030
MeV /c all the comparison data ha;fe rather large errors due to the small
statistical sample which the Legendre coefficients are based on.

The data of Chiu® at 1005 MeV/c and Bulos ' and 1024 MeV/c are
quite similar to this experiment at 1030 MéV/c. The greatest disagree-
ments occur around cos 6 = - 0.8 where this experiment is about 20%
higher than either of the above. In the forward direction all three differ
from each other by about 15% . The three agree on the general shape.

" Neither Refs. 6 or 9 have data near 1590, 1790 or 1990 MeV/c.
The very general trends are the same, but these two experiments clearly
disagree with each other as well as this experiment. At 2170 MéV/c the
data of Crouch6 was similar to this experiment at 2190 MeV/c éxcept in
the fdrv;/ard direction Crouch obtains approximately twice thé Cross
section of this experiment.

In summary, the general trends indicated by the other experiments
are consistent with those seen in this experiment. In detail, particularly
at the higher five momenta, the agreement between any of the three
experiments is poor. This lack of agreement points out the need for

additional accurate experiments in this energy region. One can speculate




that the disagreements are caused by the inability of Refs. 6 and 9 to
properly correct for their geometry and background sources, and their
poor statistical precision. - This ex’p‘er.iment also has greater statistical

precision than those of Ref. 7 and 8 near 1030 MeV/c.
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E. Comparison with Phase Shift Solutions

Since the charge exchange differential cross section depends on the

difference between isospin 3/2 and isospin 1/2 scattering amplitudes
/
(Egqn. 5, Sec. I)

,.it can provide a sensitive check on phase shift param-
. :

eterizations of:pidn-nucleon scattering. In Figs. 18a-c the data from

this experimer_l{:i'ifsv-"éompared with various recent phase shift anaiyses.28_30

At 1030 MeV/c the agreement between the phase shift predictions
and the data is fair. At 1590 MeV/c none of the solutions are in reason-
able agreement with the data. Note that the two plotted solutions of
Almehed and Lovelace28 while only 20 MeV/c apart, differ considerably
in the backwards hemisphere. If this rapid variation is realistic, then
these comparisons with the data may only be of general qualitative value
as the phase shift solutions are not calculated at exa‘ctly the experimental
momenta. The solutions plotted are the closest ones available. At
1790 MeV/c and 1990 MeV/c, the solutions of Almehed and Lovelace are
in strong disagreement with the data. At the higher two momenta, only
Avyed et al. 29 have phase shift solutions available and their agreement
is poor.r However, the phase shift solutions are at quite different
energies from the data.

It is interesting to note how different the phas‘e shift solutions are
from each other, indicating the need for additional data in this energy
region to constrain the phase shifts. One hopes that with sufficient
data, a unique set of phase shifts can be found which will agree ;Vith

known data and have some predictive powers for reactions not yet mea-

sured.
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The phase shift analysis of Almehed and Lovelace28 used the
Legendre coefficients of fi-j;s_to the charge-exchange differential cross-
section of the f:'(‘)ur''e'xperiméri’c's6-'9 in the energy range of this experi-

ment. The ana1y51s of Ayed et al. 29

also uses the results of these
_ four éxperimervl_t:s'_._f‘.v The fact that different groups using the same data
can obtain quite.diffe.rentb' results again underlines the need for extensive,

~ precise. charge exchangedata
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. F. Forward Cross Sections

The cross section in the forward direction may be found by extrap-
olafing the Legendre poiynomial fits to cos 6 = + 1.0. This is given in.
Table IX. At any given energy

do /d2(0°) = (Re £)° + (Im £)°

where f is the forward scattering amplitude.

Assuming isospin conservation, the optical theorem yields

k
4N 2

(o+-0_)..

Imf =

+
where k is the pion c.m. momentum and ¢ are the m p total cross
sections. Forward dispersion relations can be used to calculate

31,32

Re f. Figure 19 shows the comparison of our forward cross

section with both the lower limit implied by the optical theorem (the
imaginary part of f) and the predictions of do/dQ2(0°) by dispersion re-

lations. 51,32

The results are compatible with the lower limit set by

Im £, but at the five higher momenta, they differ significantly from the
predictions of dispersion relations. No bias has been discovered iﬁ our
experiméntal procedure or method of analysis which could produce such
an effect. In particular our charge-exchange total cross-sections appear
consistent with other experiments (Fig. 17) and the forward cross section

at 1030 MeV/c éppears consistent with the predictions of dispersion rela-

tions.
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Our forward differential cross section for the reaction

Fig. 19.

(e}

Tpo>T

n compared with the optical theorem (imaginary part)

and dispersion relation predictions (differential cross

sections).

The uncertainty in the contribution of the real

See Refs. 31, 32.

~ 20%.

part is



G. The t-Distributions and Comparison with Regge Theory

Thé t-distributions of the charge exchange cross section are shown
in Figsi_. 20a-c. ‘Both thev .data_. and the Legendre polynomial fits are-
plotted. Figure 21 shows éll six momenta on one figure with just the
Legendre fits plotted.

At high energies, Regge »povle' theory provides a description of
scattering cross sections, inclu'din'.g.that of charge exchange. 3—5’ 33
In particular, for char.gé. eXchang'e, in simple Regge fheory only the p
trajectory can be exchanged and the ii'anishing of the spin-flip amplitude
att =~ - 0._6(GeV/c:)2 causes a dip.in .dc/d-.t at this point. This dip may
be seen here even at th'esevllow energies, but its position still moves

somewhat with incident momenta.
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the Legendre fits, given in Table VIII.
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the Legendre fits, given in Table VIII,
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‘APPENDICES

A. Analysis of Errors

The dominant uncertainty in the partial cross $ections for
ﬂ-p - n+m's comes fram our inability to correctly estimate the_number
of such events generated in the experiment To find the true numbef of
i gamma‘events ti a numbe; of corrections must be applied to the bbserved

number of i gamma events ;- In particular we can write

0, = EijUjka'e_VEmEm S S (A-1)
or B ‘  ' j_fﬁ
% = Vi1 Pk Vg Bom Om (a-2)
where ' v
. : 1
0 = fm(target full) - em(target empty) ° #ﬂ_ s for target full
" - ' #r 's for target empty
and E = the scanning efficiency matrix

U = the feedup matrix
D = the feed-down matrix
V = the neutral final state veto matrix
All are described more fully in Sec. III of the text.
Firstvconsider the error in 0m
60m = Sfm - Be

where the error on @ is negligible, then
. e
<3%0.50, >=5, . f, [1+ot2(-—” (A-3)
i 73 iji £, :
: i
since there are no correlations between any elements of either vector.

Now consider the general equation

4v.i = AijVj' | | o - (A-b)



where we wish to find <26Vi' 6Vj' > . To estimate this, differentiate
Eq. (A-4) to obtain

5V, = A, 8V."' +8A, . V.'
1 1

1] 11 1
Assuming .
<BA,B3V,' >=0
ij 'k
(since they come from independent sources) we can then obtain
=1 ¢ -1
< ! > ' < > v '< : -
oV, '8V, ot [ BV,BY,> + V 'V ' <pA BA, >_!Ajz (A-5)
We can apply this formula iteratively on Eq. (A-1) to find the
final error matrix <18t16tj > . We know <160k6Qg>, so all that is
needed to carry out this procedure ave the arrays
(8E, BE, ), (8U, 8U, ), (8D, , 8D, ) and (8V, &Y, ).
We now proceed to calculate these arrays.
1. The scanning efficiency matrix E.
Recall E., = n,./Yn.. where n,, was the number of true j-gamma
ij 37713 ij .
events (established by the conflict scan) which had been recorded as
i-gamma events. Since the true m-gamma ray and n-gamma ray samples }
are independent
Al '
<6Ekﬂ§E2n} B 6mn<6Ekm6E£m>
To obtain the term (6Ekm§Ezm) we wse the fact that, for a fixed value of N if
a+b=N, (63)2 = ab/N ' |
Thus, writing nootm Rm = Nm where Nm are the number of true m .

shower events in the sample that has been conflict scanned and Rm =

, a little algebra yields the relationship

(O OE ) = N [Emakz " B |

Nm " Ykm T nﬂm.



A-3
g0
8mn { 3
( BEBE, ) = N [Ekmakﬂ i EkmEﬂ,m} (a-6)
2. The Féedfdp matrix U
In Sec. III-D we defined
Upy= By3(1 muyp =) +8, 4 s up 8,5 5%

then
L

BUy =B [B4o1, 57 Bas) T 0% [ Pyp, 5 7 Buy

assuming the error in u, is uncorrellated with that of u,, i.e.,

1 2
(upu,) = 0
we obtain ‘
(00 80y ) = (5u1)2(5k;i,m; B Bg-1,n - Sn) (A-T7)
+ (897 (5, _, =8 )6, , =5, )
2 k-2,m "km’‘"£-2,n In
It was assumed aui = .02 and By, = .0l
3. The Feed-down Matrix D
In Sec. I1I-D we defined
Dyj = Tﬁjé'ETTI: SHCEERLE £2

then
_ RS
8D, ; = D; 4 8d, !dvj T j
or B

k m-kl{s n-21;
(B0G80,) = DDy |2 - g ]ia‘ "T-4 \ (odpd,)  (4-8)
[ m mji n n.

the expression (Sandn) was consérvatively replaced with adnpdn where



5d .005 i=0,1, 2

= .01 i=3,45,6,7, 8,9

4., The Neutral Final State Veto Matrix V

in Sec.'III-E we defined

o (1= e i1 - e - eyt - oyli2]
Vij Sij(* cl) (1 c2)(1 c3)(1 cu){
then ?; |
' B¢ &¢c
6ViJ =T ijtl - ¢ Sc1 1 ? .. T1- i }
1 2 3
or '
2 2
( o 5 (8c,) (3eg)
BV dVy ) = VieVpn 1o (8¢y)" + 5+ 5 (A-9)
(1 - ¢c,) (1-c.) (1 -c,)
. 1 2 37 .
since the uncertainties in ¢1s 5 and c3 are uncorrelated.
It was assumed Bcl = .005
= .OO
deg >

and as was implied above, Scu = 0.0.

In summary,Athe error matrix}(&ti5tj) for Eq. (A-2) can be found
by the iterative application of Eq. (A-5) to (A-3) using Eqs.(A-6),
(A-7) (A-8) and (A-9). ‘The errors from the diagonal elements of the
error matrices after each application of Eq. (A-5) are given in Table

V.
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B. Kinematics of Two-~Gamma Decay

In this appendix equations will be derived which were used in the
analysis of the ﬂo angular distributioﬂs. The opening angle distribution
of the gamma rays and the relationship Between the gamma ray Bisector
vangular distribution and the true x° angular distribution will be discussed.
Unless_hoted, all calculations are in the center-of-mass of the reaction
n-p - x°n (the anélysis will be valid for any mass ﬂo) and units will be
such that ¢ = 1.

Two body kinematics (reactions such as TP —eﬂon) have the useful
property that in the system c.m. the velocity of the particles is not a
function of the angle of scatter, thus the 7° can be described by a
fixed velocity 8, and its apgle of scatter.
oy Two important distributions are needed to relate the bisector and
x° distributions. These are the opening angle distribution dn/dg, and

the distribution dn/dd> of the magnitude of the angle between the bisector

and the'ﬂo, thée relevant angles are shown in Fig. p-1,

We first derive the opening angle distribution dn/dg.
e
Define y = EO/MO ‘ N = PO/MQ B = _\/1 - 1/y

B, Eo’ Po, Mo the velocity, energy, momentum, and mass respectively of the

7°. Let El’ E., be the energies of 71 and 128 Since Eo = E. + E

2 1 2’

“specifying E1 defines E2 also. This defines the respective momenta P

P2bwhiCh in turn defines the ‘angles &, B. Thus we can write the opening

angle g(= @ + B) as a function of only one variable, E

1)

Thus we can

1.
express the openingvangle distributionas
ag = dE, ~dg | B
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Fig. B-1. . ]
8. Angles used in kinematicel equations.
b.

Coordinate system for integration or bisector equation



il J: ol &
B-3
giving , ,
Eo /Eoa Moa
B =32 v ob " 2(1 - cos &)
(B2).
2 . . :
dE1 Mo sin ¢
= + .
dg - 2 r
_ 4(1 - cos g) V/E 2 Ty 2
: o_ _ o
L 2(1 - cos @)

where the + yields the two possible solutions E1 and E2. Now write E1
in terms of the angle of decay of 71 (in the 7° rest frame) with respect

s . v o
to the direction of the n .« So

E, = yE. % + nPl* cos O*

1 1

1

dE; = 0P % d(cos ax)
where the*f indicates evaluation in the novrest frame. Also note that

1 1
= * = %
dn = = dQ §d(COS ax)
so
dn 1 1
R (3-3)
*
dE1 2nP1 Po
Putting Eqs. (B-2) and (B-3) into (B-1) yields
2
dn 1 cos 2
dg—uz H
v B 2@ /.2 2 g
sin 2\/6‘ cos 5
Specifying the normalization by
Tt
dn
J[ =1
¢min
yields
g :
dn _ 1 cos 3 (34)
W 27

p—
B .28 .2 _ 2 g

sin 2\/6 cos 5
Figure B-2 shows an example of this function and its integral as a function

of g.
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Curve A. The theoretical opening angle distribution of decay
gammas from charge exchange no's in the c.m. system for the
1990 MeV/c. The ordinate is arbitrary.

Curve B. The integrated probability p(¢) of the opening angle

‘being < ¢. p(l80°) =1,




]

To find dn/dd> write

d dn ) | : _;.
ﬁzﬁﬁﬁg (B-5)

Conservation of energy and momentum yield

Po = P1 cos O + P2 cos B
T -
Eg _sin O
P,  sin B
1 | Po
Since in our units E1 = Pl E2 = P2 B Z-E;
' _ 8. 8
and Q=5 ® 7 B =5 + 8
we obtain ' sin O cos
8in & cos B
- P1 cos O + P2 éos B ) cos O + sin B
Pyt By 1] +8in@
sin B
_cos & sin P + sin X cos B sin ¢
sin & + sin B 5 sin g cos &
or B cos & = cos g (B-6)
Thus dg 2B sin ® (-7)
B .

in 2
sin >

Combining (B-4) and (B-7) in (B-5) and using (B-6) to eliminate @ gives

us dn cos B _
- & ", . o 302 » (8-8)
7<(1 - B° cos” )

Alternately
dn 1 dn _ - (1-6°) cos
d(cos ) sing d = T > , 3/2 (B-9)

5)

\gl - cos® & (1~ 62 cos

Now we wish to find an expression for the angular distribution of the

. . . . . o .
bisectors, given the angular distribution of the x meson. Write



do J[ do ) ,
do _ [ _do g (210
@, e, w .
where dec_v
' dq, dQ
b 'x

is the cross section for events with the ‘bisector direction in the solid

angle dQ. and with the 7° direction in the solid angle dQﬁ. The integration

b

then is over all n directions, holding the bisector direction fixed.

We can rewrite

dgc _do_ . dn
dnbdQJr dQTt dqQ

b
.wﬁere dn _ 1 dn ‘
: de 25 6(235757—
and
g—%ﬂ;= )} C,P,(cos GTE)

)/

Thus, Eq. (B=10) can be written as

do 1 dn
da, = 2x g; Cz}]‘Pz(°°s 6,) qlcos 5 4% (B-11)

To perform this integration, we can use any coordinate system, so
we pick the convenient one with angles measured relative to the axis
defined by the bisector direction. With this coordinate system, we can

write

do_ = d(cos 5)dg& (p-12)

This integration can be performed with the aid of the addition theorem

for spherical harmonics. Stated in our coordinate system it reads

£ '
P,(cos 6 ) = P,(cos 6, )P, (cos &) + 2 z: Lé————l% P M(cos 6, )P M(cos )
p/ L £ b’ 2 v ) b’ 4

« cos [1(g_ - 5,)] 13)

)



B-T.

. , . o
where ¢b,¢Jt are the azimuthal angles of the beam direction and =
direction with respect to the bisector direction.

We can substitute Eqs.(B-12) and (B=13) into Eq. (B-11) and perform

the integration over dg&. The integral over 2x of all terms containing

cos [M(Q& - ﬁb)f - vanishes, leaving the other terms (not containing Qﬂ),

simply multiplied by 2rx. Thus

J-.

do , P dn
an, = 42 Cg{ ;Pz(cos 5) d(cos 5) d(cos &) Pz(cos.eb)

Or writing cos & = x and putting in Eqs.(B-9) and (B-6) for the maximum

opening angle (integrating from A = O to some maximum)

do g

dq, = 2. C,&,B,(cos 6,) (B-14)
where 4 5
| (1 - 8%)xe, (x) |
& = ——— dx  (B-15)
Vi1- % V1 - pox°
max

cos
' 2

W=

with ﬁmax being the maximum opening angle ﬁhich is desired.

Thus we see that thé bisector distribution can be related to the
5 angular distribution simply by calculating the gz and observing that
the Legendre coefficients of the bisector angular distribution, gzcﬁ are
related to the ILegendre coefficients of the n° angular distribution Cz.
Numerical integration of Eq. (B-15) has been done for the momenta of the

data in this paper and is shown in Table B-I.
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Table B-I. Values of gé at the momenta of this experiment.
p_-(Mev/c) 1030 1590 1790 1990 2190 2390
Bom. (7°) 0733 . .98k .9865  .9881  .9893 .90k
¢min(deg) 26. 5k 20.25 18.86 17.71 16.7h 15.92
gméx(deg) u&.o 3&.0 32,0 3o.o 29.0 27.0
£ .8120  .8117  .8152  .8136  .8223  .8131

oy .8039  .8068  .8109  .8099  .8188  .8100
£, . 7879 <7973 . 8024 <8024 .8117 .80k0
X JTEM5 L7831 7898 7913 .8013  .7950
€, 73T L7648 L7734 .T768  .7876 7832
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C. Layman'sSummary

The aim of particle physics is to discover the properties of so-called
elementary particles and with this description to be able to predict the
behavior of particle interactions. As more particles have been diseovered,
the demands‘en any given theory have progressively increased..

When atoms were the fundamental units of man's world, relatively

'simple theories sufficed for describing the characteristics of atoms, i.e.,

the Variefy of ways they interact. As experimental measurement'techniques
improved the discrepancies between simple atomic theories and experiment
became apparent and thus more sophisticated and comprehensive theories were
needed. Our understanding was significantly expanded when it was realized
that the fundamental units of nature were not atoﬁs but rather the smaller
building blocks of electrons, neutrons and protons which in special
combinations formed atoms. Ihe development of quantum mechanical ideas on
how to combine these building bocks, and to describe some of their separate
properties provided the essential theory to explain the experimental
findings. This substantiVe increése in understanding required both ﬁew
building blocks. (new particles) and new ways to describe their properties
(quantum mechanical ideas).

One of the more elegant éspecté of the above synthesis (quantum
electrodynamics) was the inclusion and nafural explanation of these phenomena
variously attributed to photons, light, electromagnetic radiation. The
word 'photon' will be used hereefter. While making no comment as to why
"charge" exists, this theory successfully describes the Varioué properties
of charge. Specifically, chérges interact with one another by the exchange.

of photons. This highly successful conceptualization of the interactions



of charges forms a basic framework for many subsequent ideas of elementary
particle physics.

While quantum electrodynamics (QED) explained in remarkable‘detail
the properties of charge (atoms, photons, radiation from charged particles,
spin, etc.) it offered little explanation as to the properties of atomic
nuclei uncovered experimentally during this period. Thus, while QED was
a more comprehensive theory than previous ones in that it explained all
that previous theories had successfully explained, and a great deal more,
it was still not a definitive explanatiﬁn of particle interactions.

The hypothesis of Yukawa, that the interaction between nucleons was
mediated by the exchange of 'massive photons'--y mesons, was the first
significaht step towards an expianation of the short range intem ctions
within the nucleus. The = mesoﬁ was subsequently discovered, along with
a bewildering list of additional particles. Since most of these particles
decay rather rapidly, their study has proved to be particularly difficult.
This rapid decay also implies that the interactions have great strength
(so called strong interactions) which in turn has provided the major
obstacle to the successful application of Yukawa's geheralization of QED
to these particles. 1In QED, perturbation theory has been used in perform-
ing calculations by expanding in powers of the strength of the interaction
a = 1/137. For QED, this expansion éonverges rapidly. For strong inter-

actions, the equivalent constant is approximately 1 so this technique

[

fails completely,
At the present time, an adequate theory of strong interactions does
not exist. In spite of this lack, a great deal is known, particularly

in the form of conservation laws. Energy, momentum, angular momentum,

o

o
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charge, lepton number and baryon number each seem to be (additatively)
conservedquantities for all types of particle interactions. In addition
other conservation laws and symmetries appear valid for strong inter-
actions, although not for particle interactions in general. These

include the concepts of parity, charge conjﬁgation, time reversal, strange-
ness and isotopic spin. For examélé, isotopic spin, is a concept that
arose from the observation that for strong‘interactions, the respeétive
charges of the interacting particles.play no role. This observation has
been generalized to the idea of a quantum number (analogous to spin) whose
z-component represents the actual charge of the system. The intéraction
is then dependent on the quantum number of isotopic spin, but not on its
z-component. This is similar to those atomic interactions which depend

on ppin, but not its z-component. The hypothesis of isotopic spin is

well tested and appears to be correct. Apparent violations at the 1% level
are to be expected due to the electromagnetic interactions of the charged
particles, but this is, at least formally, separable from the strong
interactions.

The most common techniques used to study the strong interactions are
those empioying energetic collisions 6f these particles. 1In particular,
with the construction of particle accelerators, beams of protons, neutrons,
- and.K--t mesons can be produced and collided with targets of protons and
neutrons. Very crudely, this process is analogous to that of scattering

marbles off an object of unknown shape, and then deducing the target's

shape by observing the direction of scatter of the marble for many incident

marbles. The process is made much more complex by the fact that often,

more (and different) marbles scatter off the target than impinge on it.



c-k

If one restricts oneself to elastic scattering (same particles

<)

after the coilision as before the collision) then the situation appears
somewhat simpler. Assuming the ;pplicability of quantum mechanics, one
can deduce the form of a scattering potential, i.e., the nature of the
pérticle-particle force, by performing scattering experiments, at least
in the non-relativistic domain. The mathematical procedure is to |
" consider the incident particle as a superposition of waves of definite
. v
angular momentum and the scattered particle as a superposition of out=
going waves of definite angular momentum. The effect of the scatter
is to change the phase of each partial wave andpossibly to attenuate
it. Measurements of the angular distribution of the scattered particles
can then define these phase shifts and attenuation coefficients which
in turn (in principle) determine the nature of the particle-particle
interaction.
Since the x meson in strong interactions appears to have some

analogue with the photon in electromagnetic interactions, it is

particularly interesting to study the interactions of = meéons with
nucleons. The x meson occurs in three charge states +, 0, - and appears
to be an isospin = 1 particle. The nucleon occurs in two charge states,
fhe proton and neutron, and is describable as an I = 1/2 particle. Con-
sequently n-N interactions can occur in both I = 3/2 and 1/2 states
(in analogy to spin), and the scattering parameters for both states
need to be determined. As the scattering process is a
‘function of the total energy of the system as well, measurements

of mN scattering need to be made at all energies in order to completely

describe the interaction.
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Because of isospin, there are a number of elastic reactions that

_ can be studied, for example

X powp | (1) .
T p - p (2)
7 p - xn (3)

are three reactions experimentally accessible. All of these must be
studied to determine unambiguously the phase shifts for the T = 3/2 and
1/2 states.

| This thesis describes a study of the charge-exchange reaction,
n-p-ﬁ 7°n. While this data alone does not define the n-N interaction a
unique set of phase shift parametefs may be derived in conjunction with

known experiments on the first two reactions. 1In practice the determin-

ation of these phase shifts is very complex mathematically and is. not

done in this thesis. Previous determinations of the phase shifts are
compared with the data inbthis thesis. New calculations of these’
parameters, incorporating this data will be performed in the near future.
This thesis reports the measurement of the differential dross section
do/dQ(6,d) for reaction (3). There is no dependence on the azimuthal
angle ¢, so the differential cross section (the angular distribution) is
only a function of the polar angle defined by the incident n  and the
scattered ﬁo, and of course the total. energy of the system. The differ-
ential cross section describes the act&al amount of scatter as well as
the angular distribution. The observed differential cross section is fit
with a Legendre polynomial series. This serves tﬁo functions: (1) it
provides a simple.representation of the data itself and (2) it provides

limited information on the nature of the phase shifts. The differential

T




cross section can be written as the absolute square of the sum of the
outgbing partial waves. This sum is simply another Legendre series, so
the ¢oefficient§ determined experimentally are a well defined functiqn
0f.the phase shifts of the scattered partial waves. For instance, the
order of the fit needéd is simply twice the highest angular momentum

which is significantly scattered. Integrating over all scattering angles,

we can write

[ do
= — dQ
%total T j dn
where Ootal represents the total cross section for this reaction.
o .
. . -2k +2
( Cross sections are usually measured in barnms, 1 barn = 10 cm . Thus

the total cross section is some measure of the cross sectional area of
the targets)

Because the nucleon has spin, the scattering process is somewhat
more complex than describe& above (the x has b spin). To unravel the
complexities introduced by spin, scattering experiments with polarized
protons (the proton spin aligned in a magnetic field) must also be
performed. These have been performed at many energies for reactiomns (1)
and (2) and are currently underway for reaction (3). With all of this
information, one hopes to determine the phase shifts unambiguously and
thus one can .potentially find a simple way to understand x-N interactions.
Further generalizations could potentially lead to a more complete

understanding of strong interactions.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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