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DIFFERENTIAL DISTRIBUTIONS OF TI +IN THE REACTION 
"TI-P-+ TI+TI-n FROM 500 TO 700 MeV 

Douglas Charles Giancoli 

La\vrence Radiation Laboratory 
University of California 

Berkeley, California 

M~Lrch 10, 1966 

ABSTRACT 

+ + -The energy distributions of the iT in the reaction iT p ...... iT iT n 
+ were measured at several iT . angles for incident iT beam energies of 

516, 550, 599, 667, and 715 MeV. The negative-pion beam was ob

tained from the Berkeley Bevatron. The energies of the iT+ were 

measured with a magnetic spectrometer consisting of a C -magnet 

with thin-walled aluminum spark chambers to display the trajectory 

of the particle entering and leaving the magnet. An array of scintil

lation counters was used to detect the occurrence of an event. An 

electronic time -of -flight system was used to distinguish positive pions 

from protons, which also pass through the spectrometer. The distri

butions at each angle were integrated over energy to obtain the differ

ential eros s sections, da/ d!J>:<. The measured spectra cannot be ade

quately explained by the statistical model nor by an isobar model, 

although production of the N';;3 isobar is present. 
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I. . INTRODUCTION 

Since the discovery of the pion in 1947, 1 physicists have been· 

investigating the interaction of this particle with the nucleon. The 

pion-nucleon interaction is frequently analyzed in terms of quantum 

states with fixed 1 (orbital angular momentum), J (total angular 

momentum), and T (total isotopic spin). This is~usually called the 
. 2. 

partial :-wave analysis. One of the important questions concerns the 

nature of the various peaks in the pion-nucleoncross section. 3 For 

example, are these peaks resonances in pure states (of 1, J, T), and 

if so, what are ·their. quantum numbers? 

energy 

The lowest energy peak, occurring at an incident-pion kinetic 

of about 200 MeV, was early explained
4 

to be due to a reso-

nance in the 1 = 1, J = 3/2, T 
,,_ 

= 3/2 state, the so-called N;
3

--some-

times called the (3, 3) isobar. The higher peaks, which occur at 

incident-pion energies of 600, 900, 1300 MeV, and higher, are more 

complicated because at these energies there are more partial waves 

which are energetically possible, and also because inelastic reactions 

are present. These higher ''resonances" are still not understood as 
·. * 

well as the N ~ 3 . 

The experiment de scribed in this. report was undertaken in the 

·hopes of contributing to the knowledge of the pion-nucleon interaction 

in the region of the 600 MeV peak. Because this peak appears only in 

the Tt-p reaction and not in TT + p, it is assumed to be in a T = 1/2 state. 
' 

The principal reactions which are possible in this energy region are: 

TT +. p _., TT 
0 

TT 

TT 

TT 
0 

TT 
0 

TJ 

+p 

+n 
+ + TT + n 
0 

+ TT + p 

+TT 
0 

+n 

+n. 

( 1) 

(2) 

( 3) 

(4) 

( 5) 

( 6) 

The elastic cross sections have been examined in detail, whereas the 
., 

inelastic reactions have not received such thorough treatment. How-

ever,, it is well known that the inelastic processes are large. It is 
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also known that the production of the N,;
3 

is important in these ine

lastic reactions, i.e., 

rr + N _,. rr + N,; 
3 

LrrN. 

( 7) 

This experiment was designed with attention being given to this type of 

final state [Eq. (7)]. In particular, we examined reaction (3) in the 

region of the 600 -MeV peak and measured the energy spectra of the 

rr + at vari~us (discrete) angles. 

This reaction was chosen because (a) the rr + has a unique sig

nature among 2rrN states and (b) the Clebsch-Gordan coefficients indi

cate that in the T :::: 1/2 state, at least, the rr- n combination can form 
. * . + . + 

an N 
3 3 

isobar much more often than can rr n- -thus the rr spectra 

should show a significant peaking at the rr +kinetic energy correspond-
-·-

ing to a recoiling N-'~ 3 , if it is formed. 

The original stimulus for this experiment was the Peierls 

model 5 in which it was asserted that the 600 -MeV peak in the rr-p 

total cross section was due to a process that would also cause a peak

ing of the N>!< production eros s section at 600 MeV. Since our experi

ment was sensitive to isobar production, the amount of isobar could 

be computed if the recoiling isobar stood out sufficiently {rom the 

background in the rr + energy spectra. However, the validity of the 
6 Peierls model has been strongly .questioned recently and the nature 

of the interaction is surely more complex. 

A number of other models have been proposed in an attempt to 

explain the 3 -body inelastic reactions. Almost invariably, these 

models group two of the final-state particles into a single particle 

which later decays. The various so -called-isobar models, 
7 

culmi

nating in that of Olsson and Yodh, 8 group either of the pions with the 

nucleon into the N,;
3

, with the other pion recoiling; the N,;
3 

decays 

to rrN a very short time after the main interaction(~ 1o-23 sec). This 

model has had considerable success and there is no doubt that pro-
':c 

duction of theN 
33 

is important. However, the Ol.sson and Yodh iso-

bar model does not fit the rr + rr- spectrum of reaction ( 3) as measured 

... 

. 
' 
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by Kirz et.aL, 9 and Olsson and Yodh state 8 that a .rr-rr interaction of 

some sort is necessary. 

A rrrr resonance is incorporated .in a number of reaction m.odels 
. .• 10 

and seems to explain 11 and K decay, according to Brown and Singer. 

The latte;r utilize aT = 0 dipion resonance, whose mass is in th~,-400-

to 500-MeV region (som~times called a CJ resonance). The work of 
11 . . 

Bryan and collaborators indicates that their pole model, which is 

used to describe the nucleon-nucleon interaction,. demands a rrrr reso

nance with mass in·the same energy region. The experimental work 

of Samios et aL 
12 

indicates that such a CJ me son exists, but all exper

iments do not show this. The work of Kurz 
13 

and Kirz et al. 9 [reac

tion (3)] should reveal such a resonance, but instead shows some sort 

of apparent rr-rr interaction whose mass varies with inCident-pion, 

energy. and disappears at higher energies. 

Selleri 
14 

has .developed a pole model which incorporates both 

N~ 3 and a rr-rr interaction; Olsson and Yodh are also developing 15 their 

isobar model to include a rr-rr interaction and the so-called "triangle 

diagram. " 

Our data. can be compared with theoretical model calculations. 

We hope that our results will lead to a better understanding of pion

nucleon ·interactions. 
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II. EXPERIMENTAL METHOD AND APPARATUS 

A. Introduction 

In this experiment, a monoenergetic (± 2.5%) beam of negative 

pions was focused on a liquid hydrogen target (Fig. 1). Three scin

tillation counters monitored the beam. A magnetic spectrometer con

sisting of a magnet, spark chambers, scintillation counters and photo

graphic optical system (see Sec. II. D) was used to measure the 

momenta of final-state positively-charged particles. 

The magnetic spectrometer was mounted on a rotating gun 

mount, which facilitated changing the angular position of the spec

trometer. A plot of the kinematics (see Fig. 2) indicates that by 

setting our spectrometer at a given angle in the lab, the ;r + energy 

spectrum at a constant (approximately) center-of-mass angle could 
+ be observed. In this experiment, the whole ;r momentum spectrum 

(at a given angle) was observed at one time. At a given beam energy 

we took data at several fi.xed spectrometer angles with the target full 

and also with the target empty; the latter was necessary in order to 

determine, and then to subtract out, background scattering from mate

rial other than hydrogen. The different conditions (which we here 

define to be a certain beam energy and spectrometer angle) were 

changed frequently so that all the data at a given condition was divided 

into runs which were done at various times throughout the total running 

time of the experiment. The beam energies and spectrometer angles 

(i.e., conditions) for this experiment are listed in Table I. 

Since we are interested in the spectrum of the positive pions 

m reaction ( 3) (see Sec. I), some method of separating pions from the 

other positive particles, principally protons, was necessary (this 

separation was performed after the experiment was over, during 

analysis; see Sec. III. A). The separation was achieved by time-of

flight measurements, with the first beam monitor ( M
1

) output as the 

initial time and the output of the counter at the entrance to the spec

trometer (S
0

, see Sec. II. D) as the final time. The time-of-flight for 

each event was. recorded by our electronic system (see Sec. II. E). 

... 
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Spark chamber and 
11
C

11 

magnet platform 
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'Collimator 

I 

Internal 
target 

I<IU-36919 

Fig. 1. Plan view of the experimental arrangement including 
beam setup. Detail of experimental area iE; given in Fig. 5. 
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30 60 90 120 150 180 

8.,.+ (lab) 

MU -36912 

Fig. 2. Pion kinematics for rr-p -.. rr + rr-n at an incident energy 
of 599 MeV. The solid lines represent lines of constant c. m. 
rr+ angle ( 8*) and kinetic energy ( T*), as labeled. The mass 
of the recoillng rr -n (represented by w) is a function of the 
c. m. kinetic energy of the rr+; T +(lab) refers to the lab
oratory kinetic energy of a rr+ an~ is given in MeV; and 
err+ (lab) is the lab angle of the rr+ in degrees. ~. 

!'"· 
'·' 
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Table L Experimental running, conditions. a 

T. 
lllC 

(MeV) 

516. 

550 

599 

667 

715 

P. 
. ,1nc , 

(M~V /c). 

641 

675 

725 

794 

843 

8 b 
·.lab 
(deg) 

18 

37 

60 

88 

18 

37 

6'0 

74.5 

88 

18 

37 

48 

60 

74.5 

88 

105 

18 

37 

60 

88 

18 

·37 

48 

60 

.74.5 

88 

' + Corresponding TT 

8 (average)c c. m. . 
(de g) 

30 

60 

90 

120 

30 

60 

90 

105 

120' 

30 

60 

75 

90 

105 

120 

135 

30 

60 

90. 

120 

30 

60 

75 

90 

105 

120 

a. Four basic angles (at t8, 3 7,,. 60, and 88 de g.) were run at all ener
gies; the other angles at some energies generally·have poorer 
statistics. · ·· 

b. The angular acceptance of the spectrometer in the lab is ±4.2 deg. 
c. For the central value of Blab (given in the table), ec. m varies 

'slightly about the value given in the table as a function of pion 
energy (within 3 deg except for the very lowes.t pion energies). 
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For each event, after subtracting out the time for a beam particle to 

travel from the first monitor counter to the point of interaction in the 

target, we are left with the time, and thus the velocity, of the recoil

ing positive particle. Since particles with different mass have differ

ent velocities for a given momentum, we could determine the mass 

and therefore the type of particle if the resolution of our timing sys

tern was sufficiently good. In our system and at the energies we were 

concerned with, the resolution was sufficient to separate pions from 

protons. In the worst possible case (highest momentum of the recoil

ing positive particle), the difference in timing was 3 to 4 nsec, where

as the resolution of the timing system was approximately 1.5 nsec. 

It was not possible to separate muons or positrons, both of which 

appeared to be pions. Thus, these later had to be subtracted as cor

rections (see Sec, III. B). 

The spark -chamber tracks of each event were recorded on 

film. In addition, each event number, along with its time -of -flight 

and spectrometer -exit counter number, were put on magnetic tape. 

For each run, the number of beam monitors, the number of events, 

beam energy and angle, and time -·of -flight calibration information was 

also automatically put on the magnetic tape as well as recorded by 

hand. 

Periodically, the spectrometer was rotated into the beam 

( 0 deg) and a timing measurement was made on the beam particles 

(from counter M
1 

to s
0

) in order to keep a .close check on the calibra

tion of our timing system. We found the system to be stable to within 

1/3 nsec under normal conditions. 

B. Pion Beam 

1. Design 

The pion beam was produced by bombarding a beryllium target 

with the internal proton beam of the Bevatron. After extraction from 

the Bevatron, the pion beam was transported to the experimental area 

by the magnetic beam-transport system shown in Fig. 1. The optical 

(\. 

··~· 
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properties of this system are shown schematically in Fig. 3 {not to 

scale). The beam-tl'ansport system focused the beam in space and 

momentum at our target (labeled "A"). That portion of the beam not 

scattered at A was refocused by quadrupole 0
3 

at target B which was 

used in a different, but concurrently run, experiment. 16• 17 Further 

details of the beam may be found in the report of that experiment. 

In order to decrease the scattering of beam particles by air, 

we placed a long plastic bag .filled with helium in the beam channel 

from the Bevatron up through Q
2

. 

For each beam energy, ~ire -orbit measurements were made 

to determine the momentum of the beam. The momentum spread of 

the beam--± 2.5o/o-:..was determined by the collimator indicated in 

Figs. 1 and 3. The dashed lines in Fig. 3 indicate a ray of particles 

whose momentum is about 1o/o high and which is focused off-axis inside 

the collimator, but is brought back into the main beam line because .of 

its smaller deflection in B
2

. 

The spatial distribution of the beam at our target was Gaussian

like in shape,. with a full width at half maximum { FWHM) which varied · 

slightly with energy, but was near 2.1 inches horizontally and 2.2 

inches vertically in all cases. The angular distribution .of the beam 

also was Gaussian with a FWHM of 2 deg hol'izontally and 1.25 deg 

·vertically. 

The duration of the beam for each Bevatron pulse varied from 

200 to 800 msec, and the average instantaneous rate of pions at our 

target was maintained near 200,000 pions per second. 
I 

During the data collection,. the beam was monitored by three 

counters, M 1, M
2

, and M3' withan anticounter :M:
4 

behind the hydrogen 

target as shown in Fig.· 1. The dimensions of these counters .are listed 

in Table II. Note that M3' as the smallest and closest to the target, 

served as the beam-defining counter. It was somewhat smaller than 

the cross section of the target, and was kept thin to reduce background 

scattering. 
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Target B . Target A Collimator Bevatron 

Elevation view 

MU- 36155 -A 

Fig .. 3. Schematic diagram of the beam optical system. B 1 
and Bz represent bending magnets and 0 1, 0 2 , Q 3 represent 
quadrupole s. Target A is the one used in this experiment; 
Target B was used in a concurrent experiment. 

'-'' 
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Table II. Dimensions of beam monitor counters. 

Counter Cross section 

Circular, 5 -in. diam 

Circular, 4 -in. diam 

2 -in. (high} X 3 -in. (wide} 

Circular, 5 -in. diam 

2. Contamination 

Thickness 
(in.} 

1/2 

1/4 

1/16 

1/4 

Both muons and electrons appeared in our pion beam as con

tam.inants. In order to calculate eros s sections, we needed to know· 

the number of pions at the target, and thus it was necessary to sub

tract the contaminants from the inc.ident flux of beam particles. For 

the purpose of measuring the beafu contamination, a separate set of 

"' n1easurements was made with a gas Cerenkov counter. This counter, 

described in detail in Ref. 18, was filled with sulfur hexafluoride 

(SF 
6

} and was placed in the beam f~or these special measurements 

only, and not during our normal data collection. This was done for 

each beam energy and was carried out at the position of target B. 

Two circular scintillation counters (here called M
1 

and M
3

) were 
v 

used in conjunction with the Cerenkov counter, each small enough 

( 2 -in. diam) that a particle pas sing through both must also pass 
. v 
through the Ce:tenkov counter. 

v 
Cerenkov light is produced by a particle only if its velocity 

(in units of the speed of light, i.e., 13 = v/c) is greater than 1/n, 

where n is the index of refraction of the material through which the 

particle is passing. With an increase in the pressure, and therefore 
v 

the index of refraction of the SF
6 

in the Cerenkov counter, the detec-

tion thresholds for various velocity particles are passed. Since the 

great majority of particles in our beam were momentum analyzed 

(with ~p/p ~ ± 2.5%), pions, muons, and electrons each had a different, 
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nearly fixed, velocity. Figure 4 shows a typical ~erenkov c~rve 
v '. . . ' . · .. · ... ·. ': 

where the ratio of (a) c.erenkov plus M1 C\-nd M2 in coincidence to (b) 

M and M coincidence oruy' is plotted against pressure. Since elec-1 2 . . . . . . ' 
trans have 13. very close to one, they were (letected very clo.f:le tQ z~ro 

pressure. The sli~ht slope in the electron plateau was presl,lm~bl,y 

due to fast electrons (delta rays) knocked out of molecules by J>i(;ms 

and muonf? which themselvef:l were too slow to be detect~d. Thi!S ·· 

effect should increase appro:ximately linea,.rly with the number of 

molecules in the gas, i.e., with pressure. As can be seen from the 

figure, the increase was nearly linear. In order to get the true nl;lm

ber of electrons in the beam, ~e had to extrapolate· this slope back to 

the vacuum point ( n = 1). 

As the pres sure was increased, a point was reached -yvhere 

muons were detected (and further on, the pion threshold wa~ reached 

and all particles were counted). The muon-threshold point was not 
v 

sharp due to the statistics of low-level light collection in th~ Cerenkov 

counter and the momentum spread of the beam. There is another 

effect here which not only spreads the threshold point but adds to the 

slope of the muon plateau: The muons that result from pion decay 

after the last bending magnet were not momentum analyzed (let us 

call them 1-!
2 

as opposed to 1-!
1 

for the momentum-analyzed muons), 

and since muons from pion decay present a spectrurr1 of energies in 

the lab, an increased number was detected with increased pressure. 

The number of 1-!
2 

is difficult to measure on the graph but is easily 

calculated with knowledge of the beam geometry, counter sizes, pion 

lifetime, and kinematics of pion decay. Further, since the number of 

1-!
2 

is .a function of the size and position of the beam -defining counter 

(muons come off at varying angles to the bea.m line), the contribution 
v c d 

of 1-!
2 

for the Cerenkov runs ( 1-!
2 

) and for the data runs ( 1-!
2 

) each had 

to be calculated separately. In order to get the 1-!
1 

contribution to the 

bearn, we chose a point just above the muon knee (about 170 lb/in. 2 

for the case of Fig. 4); the electron line, extrapolated up to this pres

sure, was subtracted from the point ori the curve; from this, !J.
2
c, 
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1.0 r--------------------:;::...., 

C\J 
:2 

:2 
....... 0.5 
u 

C\J 
:2 

:2 

-14.7 0 

y· 

40 

e 

80 160 200 240 

Pressure (lb/in.2
) 

1.010 

Index of refrac.tion 

1.014 1.018 

MU-36913 

Fig. 4. Gas -Cerenkov-counter pressure curve taken at 66 7 MeV. 
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having been calculated at this pressure, was then subtracted and fJ-
1 

contamination remained. To obtain the total contamination in the beam 
d 

at our target, f.!-
2 

was added to the sum of the electron contamination 

plus fJ-
1

. The results are shown in Table III. 

The error in this procedure was estimated to be about 1. 5o/o of 

the number 

T. 
1nc 

(MeV) 

516 

550 

599 

667 

715 

of monitors. 

Table III. Beam contamination. 

Electrons Muons 
( o/o) ( %) 

24.0 17.5 

21.0 17.2 

17.0 11.3 

15.5 11..7 

12.7 15.6 

C. Hydrogen Target 

Total 
(%) 

41.5 

38.2 

28.3 

2 7.2 

2 Q ·O 
v. ~) 

The liquid hydrogen target 19 was a cylindrical flask of 6.13 -in. 

length and 3. 75 -in. diam. The two ends were spherical with a radius 

of 2.5 in. The Mylar of the flask, 5 -mils thick, was surrounded by 

10 layers of aluminized Mylar (total thickness, 3 mils) as a radiation 

shield to reduce heat transfer to the liquid hydrogen. The flask was 

suspended inside a nearly spherical aluminum vacuum vessel of 7.5 -in. 

radius and 30-mil thickness. The flask was gravity filled with liquid 
. 

hydrogen through its fill tube from a reservoir above it. The reser-

voir was surrounded by a liquid nitrogen jacket and a vacuum jacket. 

The target flask was emptied byclosing the boil-off valve on the boil

off tube, thus forcing the hydrogen back into the reservoir as the pres

sure ~uilt up. Both the fill and boil-off tubes were placed so that they 

would never be between the target and the spectrometer to cause re

scattering of the 'IT+. 
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Since the two ends of the target were spherical, a pion pas sing 

through the target off the central axis would not pass through as much 

hydrogen as one on the axis; thus the mean tar get length had to be cal

culated. This was .done by averaging the target length, weighted by 

the beam profiles, .over the cross section of the target. The mean 

target length was thus found to be 5. 77 in. 

For calculation of the cross section, the density of the hydrogen 

was taken as 0.0686 g/cm
3
,. the difference between the density of liquid' 

hydrogen and the density of gaseous hydrogen remaining in ,the target 

during an. empty run. 

D •. Spectrometer 

1. Apparatus 

The spectrometer assembly used to measure the momentum of 

the r/ is shown in Fig. 5. It included a C -magnet which had 16 X 36 -in. 

pole faces and an 8-in. gap. In addition, the assembly consisted of· 

(a} scintillation counters to detect the presence of a particle, (b) spark 

chambers to measure the track of the particle entering and leaving the 

magnet, and (c) .the associated optics. These will now be described in 

more detail. 

A 6 X 12 -in. spark .chamber was mounted at the entrance tb the 

magnet, parq.llel to the short sides of the pole faces and perpendicular 

to a radiq.l line from the hydrogen-target center. Two· larger, 12 X40-

in. spark chambers were placed on the side and back of the magnet to 

measure the particles leaving the magnet. All three spark chambers 

had 5/16-in gaps.between the plates. The two outside walls, parallel 

to the plates, were 10-mil aluminum. The plates in the entrance 

chamber were made of 2 -mil aluminum foil and were arranged in four 

sets of three (a total of eight gaps), with the center plate of each group 

pulsed with high voltage and the outer two plates of each group grounded. 

Each group.bfthree plates was separated from the next by about 1 inch, 

. making the total width of the entrance chamber close to 6 inches. This 

was done iri order to make the "l~ver arm" as Jong as possible for the 
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Magnet platform 

MU -36914 

Fig. 5. Diagra1n of experimental area, showing spectrometer 
and n::_onitor system. The beam-monitor counters (M1, M 2, 
M 3, M 4 ) are not shown to scale. The letter m refers to 
side mirrors on the spark chambers, and Si are the spec
trometer cnunters. 
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entrance track,. since this was a critical measurement in determining 

the momentum of the particle. The plates in the two exit chambers 

were made of 3 -mil aluminum foil and were alternately high voltage 

and ground, with a total of six gaps. Total width of each of these two 

chambers was about 2 in. 

Since -the measurement of the direction of the particle entering 

L the magnet was .critical for a good determination of the momentum, it 

was necessary to place a heavy iron shield between the magnet and the 

entrance spark chamber to reduce the magnetic field in the chamber 

and thus reduce the curvature of the particle's track. This shield was 

•2.5-in. thick and had a slit 4-in. high to allow passage of particles 

entering the magnet. The field inside the entrance spark chamber was 

thus limited to· less than 300 gauss. 

A gas mixture of 90o/o neon and 10o/o helium flowed continuously 

. through all the spark chambers. Before entering the spark chambers, 

a portion of the gas flowed through an alcohol atmosphere;. this was 

found to improve the quality of the sparks. 

The. spark chambers were pulsed with the system shown sche- · 

matically in Fig •. 6. If a good event occurred, the electronics gener

ated a 4-V signal which was sent to a pulser. The pulser put a 10-kV 

pulse on the trigger electrode of the spark gap,. which caused the gap 

. to discharge, and an 8-kV positive pulse was thrust onto the high

voltage plates of the spark chambers. The pulser output was actually 

directed to three different spark gaps, one for each of the three spark 

chambers. A clearing field was applied constantly and was normally 

-25 volts, although early in the running time it was set as high as 150 

volts. The pulser and the energy distribution Circuitry are described 

in detail in the LRL Counting Handbook. 20 

A 1.5 X 6-in. scintillation counter, called the s
0 

counter, was 

.·placed behind the entrance spark chamber. Seven 12 X' 12 -in. scintil

lation counters,. called s
1

, • • ·, s
7

, were placed behind the exitspark 

chambers as shown in Fig. 5. A coincidence between the s
0 

and at 

least one of the s
1 

counters, along with a monitor .coincidence (see 
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Fig. 6. Schematic diagram of the spark-chamber electronic
pulsing system. 
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Sec. II. E), was .required for firing the spark chambers. 

Certain of the scintillation-counter photomultiplier tubes, 

. e speci~lly s
0

, required extra shielding from the magnetic field. 

Dupont Type 140B film was used in a Flight Research double

frame camera whose lens was set at lj5.6~ The film was advanced 

after each event. By means of a half-silvered mirror, the camera 

also viewed a data box which displayed the event number, the number 

of the S. counter that fired, and the time of flight • 
. 1 . . -

A mirror placed at 45 deg to the side of each spark chamber, 
~ . 

facing up,. reflected the side view of each chamber. Both views of 

each chamber were reflected into two successive mirrors mounted 

above the magnet {not shown in Fig. 5), and then into the camera 

mounted on the back of the ·magnet. A Lucite condensinglens and an 

etched grid were placed on top -of each chamber. Each c_ondensing lens. 

was a section of a large '!virtual".lens, which .was of the proper focal 

length to bring parallel rays from .inside the spark chambers to a focus 

at the camera. A single lens and grid covered both views of the en

trance chamber, while separate lenses and grids covered each of the 

two views of each exit chamber. The grids were illuminated by fluo

rescent lights which had to be lighted about 1 second in order to illu

minate the grid sufficiently; thus they were turned on only between 

Bevatron beam pulses ( 4 to 6 seconds apart). In addition -to grids, 

small neon fiducial lights were also used. The neon bulbs had to be 

lighte_d for only afew msec to be visible on.the film a.nd thus were 

lighted for each event. If there was more than one event per beam 

pulse, each event would have neon fiducials but only one would have a 

grid. The spatial relation between neonJights at the spark chambers 

was held constant -so that the neonligh~s could be used as reference 

(fiqucial) points. 

The whole magnet assembly, including the large mirrors above 

the magnet and their supports, was mounted on the magnet platform, 

which in turn was mounted on a large horizontal support frame extend

ing across the center of the gun mount and supporting a heavy counter

balance box on ,'the opposite side. The center of the hydrogen target 
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was placed directly over the pivot point of the gun mount. Thus, the 

spectrometer could be rotated around the hydrogen target at a constant 

radius from its center. 

2. Calibration and Resolution 

Before the experiment began, we carefully measured the mag

netic field of the spectrometer magnet, 21 and thus obtained a complete 

field map; the peak central field was 17,800 gauss. The momentum of 

a particle could be accurately estimated with the use of this field and 

the spark chamber tracks of the particle entering and leaving the mag

net; this procedure is described in Sec. III. A. 1. 

Two methods of checking the momentum calibration of the spec

trometer were used. Both before and after the experiment, "wire 

orbit" measurements were made with the suspended-wire technique; 

i.e., the spark chambers were removed (leaving the grids in place on 

the magnet) and the wire was suspended within the magnet, passing 

beneath the ,spark chamber grids; photographs were taken of the wire 

orbit with various values of current (inversely proportional to momen

tum) flowing through it, and these photographs were measured like 

good events. For all momenta, measured values were within 1o/o of 

those calculated from the electric current in the wire. 

Since elastic protons and elastic negative pions [from reaction 

( 1), see Sec. I] are monoenergetic at a given angle, their momentum 

as measured by our spectrometer could be used as a calibration. 

These elastic peaks have a width, of course, due to the resolution of 

our spectrometer. The second method then consisted of looking at the 

positions of the elastic -proton peak and the elastic -negative -pion peak, 

the latter observed with the polarity ofthe magnet reversed. For the 

conditions of this experiment, the elastic particles had momenta in the 

lab greater than 400 MeV/c in all cases; this calibration check was thus 

only possible in the momentum region greater than 400 MeV/c, and 

was within 1o/o in all cases. 

A number of factors contributed to the resolution of the TT + 
energy spectra: (a) the (small) error in the determination of the energy 
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loss of a particle in the hydrogen target, since we did not know the 

exact point of interaction; (b) the multiple scattering of the particle in 

the material after it. left the entrance spark chamber (S
0 

counter and 

air), which led to a change in the exit position that, for pions, amounted 

to an average deviation of about 8 MeV /c (nearly independent of momen

tum); (c) the erro.r in our momentum.,..estimation procedure (6.p/p.less 

than 0.5%, see Sec. III. A); and (d) the error in measurement by the 

scanners. The last was determined by having all the scanners meas

ure a,certain number of the same events a number of times; it was 

found that an individual scanner could measure an.event repeatedly to 

within 1% and different scanners could measure an event to within 1% 

of each other;, combining these, we determined that the measurement 

error was about LS%. Two more factors contributed to the energy 

resolution cin the center of mass, namely (e) the known distribution in 

momentum o.f the beam and(£) the known distribution in angle of the 

beam. 

A computer program was written to combine all these effects 

and to calculate the total resolution. As a function of the c. m. kinetic 
>!< 

energy of the pion7 . the resolution varied from about t::. T' = 3 MeV a~ 

* * T = 20 MeV, to about-5 to 6 MeV at T = 100 MeV, and 6 to 8 MeV 

above T>:< = 200 MeV. These values also varied slightly as a function 

of incident beam- energy and spectrometer angle. These results were 

compared with the measured width of the elastic (negative) pion peak 

and the elastic proton peak. For the latter, the multiple scattering, 
J ' 

(b) above, for protons is much larger than for pions, as is the error 

in the determination of the energyloss, (a) above, both of which in

crease with decreas.ing energy. These effects tended to dominate the 

others, thus. reducing the sensitivity of this test. However, for both 

the elastic protons and negative pions the experimental widths were 

consistent with the cqlculated values, although again this comparison 

was p()ssible only at higher energies. , 

3. Efficiency 

The detection efficiency of the spectrometer dropped below 100% 
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for low-momentum particles whose trajectory would bend too rimch to 

pass through an exit spark chamber and counter. The probability of 

detection of a particle was not only a function of its momentum but also 

of the position and angle at which it entered the magnet. · The average 

efficiency as a function of momentum was calculated by averaging over 

the point of origin in the target and the angle of scattering in the small 

angular region where the particle could hit the s
0 

counter. This cal

culation gave the efficiency for pions, E, as: 

E = 

0 for P < 122 MeV/c 

p- 122 
50 

for 122 < P < 172 MeV/c, 

1 · for P > 1 7 2 MeV /c 

where Pis the 'IT+ laboratory momentum at the hydrogen target. 

E. Electronics 

1. Fast Electronics 

( 8) 

The fast electronics was designed to determine if an event 

occurred, and if so, to send a high-voltage pulse to the spark chamber 

as quickly as possible. The total delay time between passage of a par

ticle and pulsing of the spark chamber plates was about 400 nsec. This 

delay time had to be minimized to avoid a deterioration in spark for

mation due to diffusion and recombination of the ions formed by the 

passage of the particle, and also to minimize the possibility of a stray 

particle entering a spark chamber and making a freshly ionized track 

before the high-voltage pulse arrived. 

The fast electronics also counted both the number of events and 

the number of incident-beam particles. 

A block diagram of the fast electronics is shown in Fig. 7 and 

an explanation of the symbols used is given in Table IV. The signal 

from M
1 

M
2

M
3 

coincidence, with :M
4 

in anticoincidence, triggered a 

gated tunnel-diode "ones hot" which put out seven 40 -nsec signals; each 

signal was put into coincidence y;ith the s
0 

counter and one of the seven 

...... 

~-

... 
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S. counters.. The 40~nsec signal was necessary in order to coincide 
1 

with various. so and s. timings due to·the different velocities with which 
. 1 

particles entered the spectrometer. This M
1

M
2

M
3

:M
4 

s
0
si ''event" 

coincidence (where -means anticoincidence) then triggered the spark 

chambers, turned on the illumination, and advanced the camera. This 

signal was also used for gating of the timing signals as well as for the 

overall gate, as .described below. 

Both the M
1 

and s
0 

counters had two outputs, one for coinci

dence (as described above),. the other for timing. A zero-cross cir

cuit22 was used on each timing signal. 

The timing signals from M
1 

and s
0 

were fed into a time -to

height converter (which puts out a signal whose ·voltage is proportional 

to the difference in time of the two signals it receives) after being care

fully gated by the "event".signa1 as indicated in Fig. 7. The time-to

height converter output was sent to an analog-to-digital converter 

(ADC), which generated a number ("channel number") proportional to 

the time of flight for that event. In this experiment, one channel 

equaled 0.163 nsec. I 

In order for background counts to be reduced,. the electronic 

system was gated on (at the points labeled with G in Fig. 7) only at 

certain times. This slow -gate signal was generated by a pulse from 

the Bevatron when the beam was about to spill. This gate was turned 

off, however, not only between beam pulses but also after every event, 

for 100 ms.ec, in order to allow time for the film to advance in the 

camera. 

2. Slow Electronics 
23 

A slow, data=accumulation, electronic system was also used 

which placed all pertinent information on magnetic tape. For each 

event,. the fast electronics sent a signal to this slow electronics sys

tern, indicating that an event had occurred and also which S. counter 
1 

had fired .. The slow electronics then assigned an event number·to this 

event (added ''one 11 to the previous. event number) and accepted a signal 

from the ADC with the timing information. Thus, for e~ch event, the 
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Fig. 7. Block diag'ram of fast electronics. The symbols are 
defined in Table IV. 
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Table IV. Symbols used in Figure 7. Many of the circuits are 
described in detail m the LRL Counting Handbook. 20 
The LRL Engineering Drawing numbers are indicated 
after the description. 

Anti 

~nti 
~ 
~ 
Q 
~ 

¢~ 

Fast coincidence, transistor 4X85~4 

Slow coincidence ("AND") 11X2401 P-1 

Mixer 4X1111-.11 

Splitter 4X111,1.-12 

Gated tunnd diode one-shot 12X1880 
(40 nsec duration) 

Variable delay and gate 11X2461 P-1 

Gate 4X1112-6G 

Amplifier--4X9062; with mixer--4X1111-19 

10-Mc discriminator, 5-Mc scaler; 3X9994, 4X1024, 4X1034 

Tunnel diode discriminator 4X9963 

Fixed-level discriminator 12X1630 

20 -Me discriminator -octal scaler 4X -·6383 -.16 

Output to magnetic tape storage system 

MU-36927 
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·.·\ 

event num~/:!r, Si counter number, and time of flight were put on mag

netic tape. 1 This slow electronics system also fed these three numbers 

to the data box (an octal system of neonlights), which was attached to 

the magnet near the camera and was photographed along with the spark 

chambers; thus all pertinent information for each event was on the film 

as well as on magnetic tape. At the beginning of each run, some fixed 

numbers were also put on magnetic tape--namely the run number, film

roll number, beam energy, spectrometer angle, target full or empty, 

zero-time ADC number, and conversion factor for channels to nsec. 

At the end of a run, all the scalers, which kept track of the number of 

events and the beam monitors, were read out on tape. These numbers 

were also written in our log book. 
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III. DATA .ANALYSIS 

·' 
.A.. General ·Analysis 

1. Film Scanning and Data. Reduction 

For each event, the track of the particle entering .and leaving 

. the spectrometer was phbtogr:aphed. A sample spark chamber photo

graph is shown in Fig. 8. 

The film--was scanned and-measured by a group of scanners 

using· the automatic digitizing device, "Tramp. '' All the information 

for each scanned event, which included the run number, event number, 

and other fixed data, as well as the. digiti~ed measurements, was 

punched on paper tape and later transferred to magnetic tape. For 

each event, the frame number was read off the film and entered on the 

parameter board. Then both views of each track were measured, 

making a total of four measurements plus two fiducial points. If the 

event was not measurable due to lack of one or both tracks, a duplicity 

of tracks, a scattering of the particle in a spark chamber, or the poor 

quality of a picture, then an appropriate code was entered on the pa

rameter board for that event. The S. counter number that appeared on 
1 

the film was useful not only for locating the exit track quickly but also 

sometimes was used to distinguish which of two exit tracks (an event 

type which occurred occasionally) was the correct one. 

At the beginning and end of each scanning session, and at the 

beginning of each new run, the scanners did a series of fiducial meas

urements. They chose a. good frame that included a clear set of grids, 

and measured certa.in points on each grid as well as the usual fiducial 

points. Alcomputer program, TAPSUM, was written which selected 

only these !fiducial measurements and calculated various distances and 

angles ('~constants") associated with the grids and fiducials; the13e were 

used later in deciphering each event measurement. This program cal

culated averages and errors and rejected any -fiducial events that were 

not consistent; it was run once a week to· keep a careful check on any 

change in the parameters that might occur due to a change in (a) orien

tation in the original experimental setup and optics, or (b) the scanning

machine optics. 
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Fig. 8. A typical event photograph of the particle tracks in the 
spark chambers surrounding the spectrometer magnet. 
The spark chamber at the left was at the entrance to the 
magnet. Although the spark chambers were at right angles 
to one another, they do not appear that way on the film due 
to the characteristics of our optical mirror system. The 
large numbered dots in the center contain the frame num
ber, timing information, and Si counter number (see text). 
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The results of T}._PSUM were then fed into another computer 

program, TRAMP (not to be C();nfused with the digitizing device Tram~), 

along with the raw digitized data for each event. TRAMP. calculated 

t~e momentum of each particle using the known field of the magnet, 

and in addition calculated a number of other variables which will soon 

be described. 

The momentum was calculated with a CCl-librated momentum

estimating subroutine, PEST, .as well as ORBIT which traced the 

orbit; using the measured entrance and exit tracks of a given event, 

PEST calculated an approximate momentum, P 
1

. Using the measured 

entrance track and P 
1 

as the momentum, an orbit through the true 

magnetic field was traced by ORBIT. The exit position of this hypo

thetical orbit (usually slightly different from the measured one) was 

.used by PEST to calculate another momentum estimate, P 
2

• The true 

momentum was then calculated to be 

P =· P - '( P - P ) = 2P - P
2

• 
1 2 1 1 

(9) 

A s.econd orbit,. traced for a number of events of various types, showed 

that the above procedure gave the momentum in all cases to 

~pjp .::::; 0.5%. In view of this excellent approximation procedure and 

the fact that each orbit trace required considerable computer ·time 

( 0.5 sec each), the single -orbit technique de scribed above was used. 

Besides calculating the momentum, TRAMP also calculated a 

number of other quantities: 

(a) Exit-angle difference: Since only the particle 1 s entrance position 

and direction, and exit position were needed to determine the momen-, 
tum, . the measured exit direction could be compared to that predicted 

for the orbit of a particle of a particular momentum [estimated in a 

manner similar to the momentum in Eq. · ( 9) above]. 

(b) Exit-height difference: A predicted value o£ the vertical position 

of the exit track could be calculated from the vertical entrance position 

and angle, and this was compared with the measured exit vertical height. 

(c) Dista.nce betw~en fiducial points: This was· actually a ratio of the 

measured value to the current "true 11 (calculated by T APSU M) value. 
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(d) Point of interaction in the target: The entrance track, both 

horizontal and vertical views, was extrapolated to its intersection 

with a vertical plane along the central beam line (exact position of a 

beam particle was not known). 

(e) Angle of scatter: This was the angle of the spectrometer plus 

the small angle of the particle with respect to the spectrometer. 

(a) and (b) were used to check if the particle had decayed, 

scattered, or otherwise did not have a normal orbit, . or if the event 

were poorly measured. (c) was a check against a poorly measured 

event or machine malfunction. (d) and (e) were used in the data anal

ysis (see Sec. III. A. 2). 

A library tape, which was generated from the TRAMP. output 

and the tape made originally at the time of the experiment, included 

all the above information for every event as well as. the time of flight, 

a number representing the scanner who measured the event, code, 

S. detector number and, of course,. the momentum. Each event on 
1 

this tape was checked to see whether or not it fitted certain criteria 

with regard to (a), (b), and (c); if an event did not fit all the criteria, 

or if it were coded (i.e., not measurable) it was later carefully re

scanned and remeasured. All other events were scanned' only once 

except for several samples of events which were scanned by several 

or all scanners for a scanner -consistency check (see Sec. II. D). 

Besides the normal event measurements and the fiducial meas

urements, certain calibration measurements were required occasion

ally. The first--a measurement of all grid lines on all spark cham

bers---was necessary because the experimental optics slightly distorted 

the grids. This also was a check on the "Tramp" optics. The second 

consisted of measuring various points on a square grid that was placed 

on the Tramp table in order to determine the correct parameters for 

use in deciphering the digitized measurements. 

2. Data Analysis 

The first step in the analysis was to separate ~he TT +,s from the 

protons which entered the magnet. Since the momentum of the particle 
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in a given event was known, the velocity of the particle was calculated, 

first as if it were a pion ( I31T) and second as if it were a proton ( l3p). 

With these andthe known geometry of the event, the expected time of 

flight "vvas calculated for both a pion (t.rr) and a proton (tp)'. where the 

former ranged from about 3.5 to ·6 nsec and the latter from 7 to 12 nsec. 

After subtracting out the observed time of flight, we were left with b..t 
1T 

and b..tp (the ave.rage value of j:6.t l for both pions and protons was about 

1. nsec}. If the ratio 

tlt 
.lT 

At 
p 

was greater than 1, the particle was called a proton, otherwise a pion. 

After selection as a pion, if LH for an event was greater than 5 nsec, 
' 1T 

the event was rejected as ambiguous (less than 1/2% were so rejected). 

In the calculation of the expected time bf flight for pions and 

protons, another consideration was necessary. Although the position 

of the zero-crossedtiming signal is nearly constant as a function of 

pulse height, it does have a slight dependence on the rate of energy 

loss in the scintillator. Thus a .correction, which was a ,function of 

the energy loss, was used throughout. Since the effect is largest at 

low momenta where ·pion·-proton timing separation was largest, the 

correction changed only a few events; the pions were augmented by 

less than 1%, mostly at higher energies, by events. that would have 

been called protons without the correction. 
+ For events selected as pions, the c. m. kinetic energy of the 1r 

· vvas calculated using the true angle of scattering and adding in the 

energy lost by the particle as it went from the target to the spectrom

eter {each particle passed through the hydrogen, vacuum jacket, spark 

chamber, and scintillation counter). The event was then placed in the 

appropriate 10-MeV -wide bin. If the c. m. energy was greater than 

the kinematical limit, ·the event was rejected. 

After all the events were categorized, a consistency check of 

all the several hundred runs was made. Two methods were used .to 

delete bad or questionable runs. The first method was just to delete 
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any runs which were obviously bad, i.e., if there were something 

known to be wrong in the experimental setup such as a momentary 

problem with the spectrometer power supply, a high number of events 

with time of flight "off -scale, " or some other breakdown in the elec

tronic s. In a few cases, the scalers in the monitor system were mal

functioning; these runs were deleted in calculating quantities requiring 

absolute normalization but were included in calculating the 1T + energy 

spectra. A second method was used to catch less -obvious malfunctions 

or mistakes; a .computer program was written which calculated the fol- 1 

lowing quantities and averaged them over all the runs for each experi

mental condition: percentages of 1T.events, proton events, ambiguous 

events, coded events, events not target derived, events not meeting 

exit-angle and height criteria, and the 1T + spectra (divided into only 

three energy intervals to obtain better statistics). For runs which had 

good monitors, the above quantities were also calculated taking the 

number of events per monitor rather than the percent of the total events. 

With the averages at each condition calculated,. each run was compared 

with the average for all runs at that condition and 

2 
X 

= (X - X)
2 

(stat. error) 2 

was calculated. The distribution in x2 for each quantity, and for all 

experimental conditions, was plotted, and found to follow the expected 

x2 
distribution quite well. We therefore decided that there was no 

justification for rejecting further data and that the data were consistent, 

except for one run which had an extraordinarily low number of protons; 

it was judged questionable and deleted. This procedure was done for 

both full and empty target. 

A similar calculation in which the five scanners were compared 

revealed no significant inconsistencies. 

The total number of deleted runs, mostly found by the first, 

obvious method, was about 10% of the total. 
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Another check was made to determine if our exit spark cham

bers might be less than 100o/o efficient in some areas and thus bias the 

energy spectrum. Throughout the scanning and measuring process, 

the scanners were instructed to use a special code for an event if any 

of the tracks they measured were questionable; that is, if the scanner 

felt he could not measure the track to within certain specified criteria; 

namely (a) the position of a good exit track ,should be known to within 

0.1 in. in real space (measured with respect to the 1-in. grid marks 

on the spark chambe-r grid), and (b) its, angle should be known .to with..; 

in 2 deg. These criteri~ wo~d give the momentum to less than 1% 

error. We plotted these coded events as a f~nction of chamber posi

tion, which was, roughly proportional to momentum, and found that this 

type of event accounted for less than about 3% of the events throughout 

the spark chamber. On the basis of this, we assumed that within the 

statistics of our.data (on the order of 10%) the spark chambers exhib

ited no bias .. 

After all the events were on the library tape and the bad runs 

were deleted, the cross sections and spectra were calculated. How

ever, certain criteria were applied .to each event in order to reduce 

the background. With reference to the quantities (a) through (e) men-

. tioned in Sec. II. A. 1, events which did not meet the following criteria, 

even after remeasurement, were rejected: (a) exit-angle difference 

required to be less than 5 deg, (b) exit,..height difference required to 

be less than 4 in., and {c) distance -between fiducial points required to 

be within 1% of the calculated average. A plot of (a} and (b) for a large 

number of events is shown in Fig. 9. The cutoffs mentioned above 

were chosen because the muon-contamination calculation (Sec. III. B. 2) 

indicated that nearly all events outside the cutoffs were decay muons; 

this is not critical, however, because only 1/Z% of the events fell out

side these cutoffs. The 1% cutoff for (c) was rather arbitrary; how

ever, an error of this magnitude had very little effect on the mea.sured 

quantities; because most bad measurements. were remeasured, only 

0.01% of the events were deleted by this test. In addition, it was 
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Fig. 9. Top: Histogram of the difference between the actual 
exit angle and the exit angle calculated from the orbit, for 
a large number of events (see text). 

Bottom: Histogram of the difference between the actual 
exit height and the exit height calculated from the entrance 
track and the orbit of the particle, for a large number of 
events (see text). 
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required that the interaction have taken place in the target, and thus 

(d) wc:ts used. As noted earlier,. the point of interaction, as given in 

(d), was calculated with the beam particle assumed to be on the cen

ter line of the target; of course, this is r;tot usually the case as the 

beam had a finite extension in space (see Sec. II. B. 1). Therefore 

the true point of interaction could be slightly different from that given 

in (d). The distribution of events, according to the calculq.ted points 

of interaction in the target, was plotted for both full and empty target; 

as a.n example, Fig. 1.0 shows ·the results for all events q.t 18 deg, the 

worst case, and also at 60 deg. 

In order to calculate the cross section (da/dr.l*) at each angle, 

it was necessary to be sure to include all particles which interacted 

in the hydrogen, and then to subtract out the background (determined 

from empty runs); in addition, for best statistics,. the full-to -empty 

ratio should be kept as large as possible consistent with the above. 

As shown in Fig. 10, beyond a certain distance from the target center 

in both directions the numbers of full and empty counts become ( sta

tistically) equal; thus we can assume that all these events are not 

hydrogen derived. Cutoffs {indicated by "N" in Fig .. 10) were then 

chosen just beyond this point of equality, and only events within these 

cutoffs were included in the calculation of the cross section. 

To determine the shape o.f the TT +energy distribution, absolute 

normalization was not necessary. With the s·maller number of events 

in each energy interval, it was highly desirable to maximize the full

to-empty ratio as.far as possible to obtain the best statistics, i.e., 

we wanted as 11clean11 a sample as possible. By carefully choosing the 

cutoffs, the background could be reduced to almost zero in most cases; 

these cutoffs are indicated in Fig. 10 by "S. " 

The selection in the target-height variable 'was less critical 

and was chosen to be ±3 in. for the cross-section normalization (to be 

sure to include all interactions in hydrogen) and ± 2 in. for the·,:+ 

energy spectra~ 
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Fig. 10. Two histograms of the calculated point of interaction in 
the target (see text). The top is for the spectrometer set at 
18 deg, the bottom at 60 deg. "N" and "8 11 refer to the cut
offs used for normalization and spectra, respectively. The 
shaded areas refer to the empty target (i.e., backgr;ound) 
spectrum. 
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B. Corrections 

A number of corrections were applied to the datq.. The beam 

contamination, which -affects the normalization, was described in Sec. 

H. B. 1. Although not a correction to the data,. the inefficiency of our 

spectrometer ci\t low energy must be taken into account when our data 

are compared with phase space or theoretical models. This was dis-

cussed a 1t the end of Sec. II. D. 

In addition, certain corrections to the spectra were necessary 

and are discussed in this s.ection. These corrections were also applied 

to the differential cross sections. 

Each -~5£ the corrections was calculated using the Monte Carlo 

technique, which manufactures individu,al hypothetical events. Many 

thousands of hypothetical events· are utilized in order to minimize the 

statistica,l error on them. The various parameters for an event (e. g., 

energy and angle of a particle) are chosen randomly. However, the 

parameters can be chosen according to a known distribution, if appro

priate, and this was done quite often in the following corrections. A 

ftlil description of this technique is given in Appendix A. 

The details of all the c~culations are not given because they 

are lengthy and are quite similar for each of the corrections. Instead, 

the details for one of them are given in Appendix B. Figure 11 pre

sents the various corrections in one of the cases which has large cor-

rections. This will be discussed at the end of Sec. III. B. 4. 

1. Positron Contamination 

It was impossible to separate positrons from pions with our 

timing system. Therefore, the positron contamination in .our spec

trometer had to be c'c;lculated. The principal source of positrons was 

the decay of neutral pions. into two y rays, and one or both of the latter 

subsequently undergoing pair production. Neutral pions 'occur as a 

result of the following reactions: 
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0 
1T p ....,.,.1T n 

0 0 
1T rr n 

0 -
TT TT p 

3rr final states, 

0 
TT -+ 2-y t _ 

4. e e (external conversion) 

1r
0 

-- -ye+e- ('( + Dalitz pair). 

The calculation was carried out for the first three reactions. The 

main contribution was from the charge -exchange reaction. The second 

and third reactions gave only a.small contribution, which was largely 

due to the lovy available energy per photon and our relatively high detec

tion threshold. It was assumed that the fourth reaction gave a negli

gible contribution. 

In this calculation, the c. m. rr
0 

direction in the charge -exchange 

reaction for each hypothetical event was chosen according to the most 

recent angular distributions. '16 The -rr 0 was allowed to decay isotrop

ically in its rest frame, and then each photon, after being Lorentz 

transformed back to the laboratory system, was checked to see if it 

were heading toward our spectrometer entrance detector, s
0

. Since 

the electron-positron pair which results from a. photon conversion -is 

produced strongly peaked forward
24 

( e ~ m /E . which isle ss than 1/4 
e '( . 

deg for our lowest detectable energy of 122 MeV), it was assumed that 

if the photon missed the counter,. the positron would also. In addition, 

since the average multiple scattering in the material between the tar-
. ' 

get center and the s
0 

counter was calculated to be on the order of 1 deg, 

this also did not affect the above assumption; i.e., for such small -

angles of deviation it can be assumed that a positron which is headed 

for the edge of the counter and then scatters away from the counter is 

compensated by a positron which is headed just outside the counter and 

:.s scattered in. 

However, multiple scattering. must be considered for another 

::-eason: If both electron and positron appeared in the entrance spark 
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chambe·r, a scanner could not measure the even~ as he would not know 

which of the. two tracks to measure and it would therefore be necessary 

for the scanner to code it (see Sec. II. A). There are two ways in 
I 

which a positron would appear as a good event: (a) if the two particles 

were sufficiently. separatep. that the positron -pa.ssed through the spark 

chamber and the electr.on missed,· which turned out to be very rare, 

and (b) if the two were sufficiently close together to appear as one. 

In the latter case, a separation .of at least 0.1 in. was required for the 

scanners to resolve two tracks. Thus, in our calculation, we had to 

compute the separation of the pair for each hypothetical event using the 

known multiple -scattering distribution, . and to accept as contamination 

in our caJculations only those hypothetical events .that appeared to be a 

single track in the entrance spark chamber .• 

In some cases, the pair might have sufficient separation so that 

both ought to be seen in :the entrance spark charpber, but only one would 

appear as a. track. This situation can be accounted for in the following 

manner: The entrance spark chamber was nearly 100o/o efficient, i.e., 

all eight gaps fired on nearly every event. However, if two particles 

entered the chamber at the same time, a given gap would rarely show 

a spark for both particles;. s.ome gaps would fire for one particle, and 

some for the other particle, and usually none for both particles. It 

was assumed that the probability for a given gap to spark for a given 

particle was 0.5 . The scanners were instructed that two sparks or 

less were not sufficient for a track, hut three or m,ore (in a line,. of 

c.:ours.e) were ;sufficient to· be called the track· of a particle. Thus, for 

the purpose of the positron-contamination calculation, it was necessary 

to find the probability that a. positron-electronq':>air would produce a 

. 0-8, 1-7, or 2.-6 split in·.the number of sparks per particle--these 

events would have been measured by the scanner and were thus con

taminating events. The relative probabilities are given by the binomial 

coefficients of ~th order, and thus summing over the 0, 1, 2, 6, 7, 8 

terms, we find that 29o/o of the pair events will have one track with less 

than three sparks. Thus,. 29o/o of the events which should have appeaAed 

~.s two tracks had also to be·incltided as contamination. 
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The photon-conversion probability as a function of energy of 

the photon, which was needed in order to weight each event, was com

puted from Heitler
24 

and the UCRL High Energy Particle Data manual, 

Vol. II, 25 using ·the pair production attenuation coefficient of the vari

ous materials between the target center and spectrometer. The 

positron-energy spectrum was assumed flat (although not exact, it 

was a good assumption
24

) from zero up to the energy of the original 

photon. 

The average energy loss of the positron before entering the 

magnet was calculated under the assumption that it pas sed through 
+ half the material before converting. In order to correct our 'IT center-

of-mass distributions, it was necessary to recorrect the positron 

energy from the· spectrometer back to the target as if it were a pion. 

A similar calculation was done for the 1 in 80 cases in which a 

rr
0 

decays into a photon and a Dalitz pair. 26 In such a case, the initial 

angular separation of the pair was somewhat greater than that due to 

multiple scattering, and thus. had to be calculated for each event. 

The positron spectra obtained were weighted by our magnet 

efficiency and then normalized to our total-incident -pion flux and the 

known total charge -exchange cross sections. These results were then 

subtracted from the raw data. There were two principal sources of 

error in this calculation: The first was due to the uncertainty in the 

charge -exchange differential c.ross section; the second was due to the 

uncertainty in the 0.1-in. measurability cutoff in the separation of the 

electron-positron pair. If this is changed by a factor of two (an ex

treme upper limit) the correction would change by about 20o/o. Even 

then the total error in this cal.culation was somewhat less. than the 

statistical error on the original data points. 

The abs.olute positron contamination at each angle and beam 

energy decreased as a function of the kinetic energy in the c. m. but 

as a percentage did not vary greatly. However, as a function of angle 

of the spectrometer, it did vary from about 10o/o at the most forward 

angle to less than 1o/o at the bacJ:cward angles. i' 

\) 
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2. Positive Muon Contamination 

After the positron correction, we assumed that only pions and 

positive muons contribute to the corrected spectra, where the muons 

·arise from the decay of pions (along with an antineutrino) with a mean 

life of 26.0 nsec, It was then nec·essary to calculate the muon contam

ination. In this calculation, pions of randomly chosen energy were 

directed toward the spectrometer entrance counter, s
0

; we also cal

culated the number of pions which were not headed toward the count~r 

but whose decay m~ons would hit the counter, and the result was a 

negligible contribution. fach pion was allowed to decay randomly in 

its .own rest frame and at various points along its path, with the expo

nential decay distribution being used as a weight for the event. Trans

formation of the muon to the laboratory frame was carried out and it 

was determined (a) whether each particular muon would pass through 

the entrance counter (if the pion decayed before the spect;rometer) and 

{b) if it would pass. through one of the magnet exit counters. A muon 

event was not included if it did not appear. to come from the hydr·ogen 

target, as viewed from the entrance spark chamber, or if it did not 

fit the magnet exit criteria (see Sec. IH. A); this exclusion was neces

saty because the real events included in our measured spectra had to 

satisfy these criteria. The cente.r-of-mass kinetic energy of the orig

inal pion, as well as that of the muon (as if it were a pion), was cal

.:::ulated and each was collected in 10 -MeV bins just as our measured 

data were. Weighting according to the decay probability was done by 

assigning a.fraction of the event, equal to the fractional decay prob

ability, to the appropriate muon bin, and one mint~ s that fraction to 

-.:he appropriate pion· bin. 

·In some cases the m-qon.fell in a. bin different from that of the 

original pion. In such cases the bin of the pion suffered a "loss" but 

that of the muon a ~'gain." However~ in most cases the muon was 

either not detected or notaccepte~ Clue, to tl].e s'pecial entry and exit 

r-equirements (see above), in which case only a ·"loss 11 occurred. In 

other cases, the muon .fell in the same bin. as the original pion and 
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thus· the "loss" equalled the "gain, " as long as the event satisfied the 

special entrance and exit requirements. 

For those pions that decayed inside the magnet, it was neces

sary to calculate where the resulting muon left the magnet and thus 

calculate its "apparent" momentum as it would appear from its entrance 

and exit tracks. In order to calculate these orbits, the magnetic field 

must be known. ·· Since use of the known-magnetic -field spatial distri

bution would have taken a prohibitive amount of computer time for a 

calculation of this sort, an approximate magnetic -field distribution 

had to be found. Consequently, a set of measured events, of various 

known momenta, were put through a constant magnetic field whose 

spatial extension was slightly larger than the true pole face. Then 

the magnitude and the effective size of the magnetic field were varied 

and the values which produced the closest approximation to the known 

momenta were chosen to be used in the calculation; the magnetic field 

chosen was 17, 15 0 gauss and this constant effective field was extended 

3 in. beyond the pole face in each direction; the error in momentum 

incurred by using this field was less. than 3o/o. 

When the losses and gains were combined, a final hypothetical 

spectrum was obtained which was a function of the initi<~.l (in this hypo

thetical case, random} pion spectrum. It was then necessary to nor

malize each bin of the final spectrum to our measured final spectrum 

and obtain the initial (pure} pion spectrum. That js, if we let: 

S. = the measured spectrum (corrected for positrons} i.e., the 
1 

number of events in the ith bin, ..) 

Ti =number of pions that make it through (hypothetical}, 

X. = number of muons that make it through ("gains"} (hypothetical}, 
·1 

Ni :o: initial number of pions {hypothetical} 

T. +X. = number of particles that make it through ( fl: + TT} 
1 · 1 I . 

(hypothetical spectrum}. 

Then the "true" spectrum, corrected for muon contamination, is 

S.N: 
sc. = .1 1 

1 T. +X. 
( 10} 

1 1 
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However,·. the above formula is not quite calculable because X., the 
1. 

nga,ins, nis asurn overall the bins (i.e~,. the muon 1'gains";to apar-

ticul~n bin come £:.om initial pions of many different energies.), and 

each term of the sum must be normalized first: 

X. -
:l. 

T. 
1. 

s. 
1 I: 

j 

x) s. 
1. J 

~+X.' 
( 1.1) 

J J 

where x) is the partial "gains VI in bin j corning from bin j. Obvi-
1. 

ously, an ite:fative procedure is necessary since X. appears on both 
1. . 

sides of the equation. However,·· X./T. is on the order of a few per-. J ) ' . 
cent and thus the first iteration, in which Xj on the right side of Eq. { 11) 

is ignored, will result in a negligible error in SCi. The factor 

( T/Si) in Eq. ( 11) i~ included to normalize back to the hypo,thetical _ 

calculation in order to use in Eq. ( 10). 
\ ' . -

The muon contamination ·to our spectrum at each condition 

varied from about 15% at the lowest center-of-mass pion energy to 

about 5% at the highest. 

3. Pion Scattering 

The spectra obtained after we corrected our raw spectra for 

the two previous contaminations were as surned to contain only pions. 

However, a certain fraction of the ·pions which were originally heading 

for the s
0 

counter·was scattered away by nuclear scattering .within the 

material between the original interaction and the s
0 

counter. In addi

tion, a. co.rrection was necessary for those pions which were originally 

not headed for the s
0 

counter: but were scattered into th~ · ~O counter, 

thus contaminating our spectra. These two effects were ·treated sep

arately, and are discussed under a .and .. b following. 

Section c deals with the minor problem of negative pion inter

actions. in.the s
0 

counter producing positive particles. 

a. The calcu-lation of the pions lost due to scattering was much 

like that for the muon contamination insofar as it was necessary to 

calculate the ratio of rr +that scatter to the number that make it without 
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scattering, and then to normalize to our spectra. Pions were traced 

from the center of the hydrogen target through the liquid hydrogen, 

aluminum, and s
0 

counter, all of which could cause scattering. 

The usual cross -section formula was used, summing over the 

three materials, H
2

, Al,' and CH: 

3 

N = N L n.t. (]'. ( 12) 0 1 1 1 

i=1 

where n. =number atoms per cm
3 

for material i; t. is its thickness; 
1 1 

and (J'i is the total cross section for iT+ in material i; N
0 

is the number 

of incident particles; and N is the number scattered. Thus, the frac

tion scattered is N/N 
0

. 

The total cross section for iT+ p ( H
2

) is well known, but for Al 

and C, we used the Sternheimer optical model
2 7 

with the effective 

radius R = 1.42 A 1/ 3 X 10 -i3 em, which is in good agreement with the 

experimental data (e. g., see Lindenbaum28 ). These cross sections 

had to be included in the computer program as a function of energy. 

We assumed that if'· a pion scattered, it was lost; this assumption was 

a good one because our spectrometer entrance counter, as well as 

exit counters, subtended a. small solid angle. 
+ The laboratory energy of each hypothetical iT was taken at 

random and the probability of the pion's being scattered was calculated 

with Eq. ( 12). Transformation to the center of mass (for each of our 
.,_ 

conditions) was· then performed to obtain T-·- +· After summation over 
iT 

many thousands of hypothetical events, the final numbers were nor-

· malized to our corrected observed spectrq,. This scattering c.orrec

tion was small (a few percent) except in the region of the (3,3) reso

nance where this correction was as high as 9o/o. 

b. The majority of the positive pions produced are not, of 

course, directed toward our spectrometer entrance counter. However, 

they can rescatter and a small fraction of these will head toward our 
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spectrometer. Those that rescatter in the hydrogen will appear to be 

good events,. but those ·rescattering from other material (at some dis

tance from the target) will usu.ally not.appear to originate in the tar

get and our strict criteria for a. target-derived event (see Sec. III. A) 

will reject thes.e events. We assum~d that the rescattering was all 
+ rr p scattering. 

+ -In this.calculation,. the total cross section for ir p....., rr rr n, as 

well as the angular and energy distribution of rr :. was needed at each· 

beam energy. In order to obtain :these, all the corrections were per

formed, except the one under consideration here, and -pr:eliminary 

values of the above quantities computed for .use ·in this correction cal

culation. Since this correction is already quite small (about 3%), 

another iteration was not necessary. 

Each hypothetical rr + was allowed to leave tpe center of the 

hydrogen target (the assumed point of original production) at an angle 

wh~ch was weighted by our measured angular distributions, and with 

an energy which, for simplicity, was weighted by phase space. 
' ' + 

For each of these rr events, the fraction which rescattered 

and hit our counter was calculated. This calculation required the use 

of the known rr + p elastic differentia1 eros s section as a function .of 

energy as well as the transformation from the laboratory. to the rr + p 

center of mass .and vice versa. The results were normalized to the 
- + -total ;t p __.. tr rr n cross section and subtracted fromthe spectra, which 

had been adjusted for the previous corrections. 

c. ,It is possible for negative pions, from reactions ( 1}, {3), 

and (4) (see Sec. I), to interact in the s
0 

counter,. producing positive 

pa.rticles (mainly elastic and quasi-elastic protons) which will pass 

through the magnet and appear as good events. Although there were 

about five times.as many rr incid~nt on the s
0 

counter as rr:-, we 

expected that this correction would be small; we calculated it for the 

worst case--i.e., at 600 MeV whe·re the rr interaction rate is largest, 

and at 18 -de g. spectrometer angle since ·the 1T in tT p elastic scattering 

is .more strongly forward peaked than the rr + i:t;l the rr+ rr-n reaction. 
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In order to ca,.lculate the scattering in the s
0 

counter, . the 

approximation was made that the Tr interacted with a free proton, 

and it was assumed that then~ were seven protons per molecule in the 

scintillation material ( CH) (note that rr-n will produce very few positive 

particles). The shadowing effect of nucleons within the nucleus was 

neglected, to further make the calculations an upper limit. The num

ber of positive particles which would hit any of the S. counters was 
1 

found to contribute less than 1% contamination to our rr + spectrum. 

If we included the exit-criteria restrictions as well as the shadowing 

effect, the contamination would be even smaller, and was neglected. 

4. Multiple -Pion Production 

Positive pions are produced not only in the reaction we are 

studying, but also in multiple -pion-production reactions which are 

contaminants in our experiment. 

The available data29 indicate that the only significant final state 

is rr + rr -rr0n. A comparison of the data for this reaction with that avail-
. 30 + - 0 able for eta meson production (and subsequent decay to rr rr rr 

according to the known branching ratio) indicates that this reaction is 

consistent with being completely due to eta production. Thus, for d1is 

correction,. the Monte Carlo calculation assumed that all the contam-
+ inating rr 's were the result of 17 decays. This correction was applied 

only at our three highest energies, 595, 665, and 715 MeV, since the 

11 threshold is at 5 60 MeV; the experimental data indicate that multiple 

rr production is quite small at our two lowest energies. 

The 17 was assumed to be produced isotropically in the center 

of mass, and the rr +angular distribution in the 17 rest frame was taken 

as isotropic. The rr +energy distribution in the 17 rest frame was ob

tained from recent data. 31 The results were normalized to the total 

17 production eros s section. Our center -of -ma.ss energy spectra were 

affected only at low rr + energy because these rr +contaminants did not 

have as much energy available and thus could not reach the higher 

energies in our spectra. However, the correction reached 20 to 30% 

at the lowest rr +energies and decreased rapidly with increasing energy. 



-4 7-

The error associated with this correction, about 25% of the correc

tion, was principally du~ to the uncertainty in the production cross 

section and the branching ratio. Appendix B presents ·this calculation 

in detail. 

In order to indicate graphically all the corrections discussed 

in this section, the spectrum and its corrections at 667 MeV and 18-

deg lab angle are presented in Fig. 11 as an example. This particular 

spectrum was .chosen .because the magnitudes. of the corrections for it 

wer~ among the largest and thus easiest to see on a graph. Note that 

the ordinate is the number of events, which is proportional to d2 <T/d!JdT>:~, 
L e., . the solid-angle transformation to the center of mass is not 

included because-this transformation was not done until after all the 

corrections were made. Histogram a represents the raw data and 

histogram b represents the corrected spectrum. Histograms c 

through g represent the magnitudes of the Various corrections; those 

which add to the spectrum are shown positive,. those which subtract 

are shown negative .. 

Within these two last-named categories each successive cor~ 

rection .is added to the previous one. For example, histogram d rep

resents the positive -muon contamination (Sec. III. .B~ 2), whereas his to

gram c repres.ents -the muon contamination plus the rr + scattering_ loss 

(see Sec. III. B. 3. a); thus,. the difference between c and d represents 

-the rr + scattering loss. The same is .true for the corrections that sub-

tract, where e is -the positron contamination (Sec. III. B. 1), f is the 

sum of e and the "(T+ scattering gain -(Sec. III. B. 3. b), and g is the 

multiple -pion production contamination added to the above. Thus, the 

corrected histogram b -equals a +, c - g. 
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Fig. 11. Spectrum and corrections at 667 MeV and 18-deg lab 
angle. Note that. the ordinate is proportional to d2a/dr.ldT':<, 
i.e., the solid-angle transformation to the center of mass 
is not included. Histogram a is the raw spectrum; b is the 
corrected spectrum and equals a + c - g. See text for de
tails and identification of the various histograms. 
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IV. RESULTS 

A. Differential Distributions 

In order to calculate the differential distributions d 2 ajdo':'dT>:<, 

the first step was to obtain ~N/ ~O~T':' whic~ is the number of events 

that enter the spectrometer {in ~p, in ·the lab) in each T':' + bin of 
'IT 

10-MeV width. The .method for accepting events has already been 

described in Sec. IIL A. Because (dO/dO,:<) is a function of momentum, 

it was calculated for each event, and. then the average for each bin, 

( ds.7jdD~), was calculateq; thus we obtained 
i 

~N ~N· 
= 

~o>:'~ T':' ~0~ T,:, 

The corrections discussed in Sec. HI. B. were applied to obtain ~N; 

. this can be written schematically as' 

where ~NRis the raw number of counts in each bin and the other quan

tities are outlined in Table V, which also summarizes the corrections. 

Note that the cor.rect:ions which depe'nd on our spectra are indicat'ed by 

multiplicative factors to emphasize this dependence. 

To ob~ain d 2 ajdo>:'dT*, ~N/~0*6-T>:, was normalized to do/do'* 

{before the spect<r·ometer -efficiency correction was .applied),· which is 

calculated in the next section. 

The final spectra, as a function of pion c. m. energy and also 

of recoil mass, are shown in Fig,s. 12 to 16. Normalized phase space, 

as weighted by the spectrometer -efficiency function, is also shown 

( s0lid line) as well as. a Breit Wigner -type res.onance curve (dashed) 

for N* producti0ri which is .discussed in Sec. V. The p0int at which 

the spectr-ometer efficiency drops below .100% efficiency can be detected 

by the ''knee rr. in the phase -space curve. The spectra have not been 

augmented for the inefficiency of the spectrometer, because the 
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Fig. 12. Center -of -mass ;r + energy distribution at 516 MeV, 
where T* = 72 MeV corresponds to recoil mass of the 
N*( 1238 MeV). Solid curve is phase space, dashed curve 
is modified resonance form (see text). 
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Fig. 13. Center.-of-niass ,/energy distribution at 550 MeV, 
where T':< = 90 MeV corres,ponds to r.ecoil mass of the 
~ ' . . . ' ' .· ,. . . 

N'''(.1238 MeV) .. Solid. curve is phase space, dashed curve 
is modified resonance form.(see te'~t). 
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Fig. 14. Center-of-mas~ 1T +energy distribution at 599 MeV, 
where T>:C = 116 MeV corresponds to recoil mass of the 
N*(1238 MeV). Solid curve is phase space, dashed curve 
is modified resonance form (see text). 
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e = 1s 0 

506 events 

10 

e = 37° 

1341 events 

5 

0 

10 

8= 60° 

521 events 

5 

o~~~~~~~~_L_L_L~~~ 

I 0 r-.---.--,--,,.--,-.---r-----r-----r----.---.---,--,--,---, 

5 

T:+ (MeV) 

MU B-8967 

Fig. 15. Center-of-mass TT +energy distribution at 667 MeV, 
where T>:< =·150 MeV corresponds to recoil mass of the 
N* (1238 MeV). Solid curve is phase space, dashed curve 
is modified resonance form (see text). 
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M 2 (7T-n) (BeV2 l 

I O r--,----,1 .,9 ,5 .--,.--,---,1.-7_0.---.-..,--1,.4_5,--,--,--1.,2 o, 

8 = 18° 

808 events 

10 

8 = 37 o 

1265 events 

5 

0 

10 

8 = 60° 
1114 events 

5 

o~~~~~~~~~~~~~~~ 

IO.--.-.-,---,.--,.--,---,-,-,-,-.-.--.-.~ 

5 

10 

5 

0 
10 

5 

* T7T+ (MeV) 

1.45 1.20 

8= 48° 

488 events 

8= 74.5° 

MUB-8968 

Fig. 16. Center-of-mass ,/energy distribution at 715 MeV, 
where T* = 173' MeV. corresponds to recoil mass of the 
N>:< ( 1238 MeV). Solid .. curve. is phase space, dashed curve 
is modified resonance form (see text). 
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Ta.ble V. Correctidns to the spectra. 

Correction 

Positron contamination 
from 7rO decay 

Augmentation factor for 
the decay Tit- ~+v 

Factor for rr +scattering. 
loss 

rr + s.cattering gain due to 
·rescattering in the LH 
target 

+ rr from other reactions, 
. principally 17 production 

Remarks 

Depends only on charge·
exchange cross section •. 

· Depends on ·the rr + 
spectrum; i.e.' on 
number of TI+. 

Same as for 17 . 
~ 

Depends on rr +p (elastic) 
and rr+rr -n cross sections 
and differential distri
butions at all angles. 

Depends on r]-production 
cross section. 

efficiency is zero at some points. Therefore, any.theoretical calcula

tion which is to be compared with our data must be weighted by our 

efficiency function (see Sec. II. D. 3). 

Error bars are indicated for several points on each histogram. 

These errors include the statistical error and those associated with 

the corrections discussed in Sec. III. B. Normalization errors are 

not included. 

B. Angular Distributions 

The differential cross. sections. for each beam energy were cal

culated at each spectrometer angle using the formula 

where 

( 13) 

Y F andY MT ~the number of rr~'s detected per incident rr 

for full and empty target, respectively, cor

rected as discus sed in Sec s. II. B~;and IV. A 
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n = density of protons in the hydrogen target 

t = average length of target 

.6.!:2 = solid angle subtended by spectrometer 

entrance counter (S
0

) = 0.00535 

(d!J/d!:l':') =the solid-angle transformation averaged over 
all events at the particular angle. 

Only those runs which had a reliable beam monitor (see Sec. 

UI. A) were included in the calculation of Y F and Y MT' and the wide 

target cutoffs were used as d~scussed in Sec. tiL A. In order to esti

mate the quantity (-d!:ljdri*) most accurately, o:P~y full-target events 

·were used with the narrow-target cutoffs; all runs were used in whiCh 

'~he spectra were reliable (even if the monitors were bad) in order to 

obtain the best statistics. 

Besides the correction for the beam contamination, a second 

correction to the number of monitors was required. This second cor

::-ection, which was on·the order of 10o/o, was necessary to account for· 

the events which were unmeasurable or ambiguous in some way; these 

events included those which were poorly measured (0.01o/o), were not 

measurable due to poor film or poor -quality tracks ( Zo/o), had a faulty 

ADC nuinber (time -of-flight) ( Zo/o), or in which two tracks appeared

(Zo/o) or there was no exit track (3o/o). It was assumed that these events 

were valid interactions and that they were not of any particular type; 

thus a direct correction to the number of monitors was made. Events 

which showed no entrance track ( 3o/o) or no tracks· at all ( 3o/o) were not 

c.ssumed to be good events since the entrance spark chamber was very 

close to 100o/o efficient; therefore these events were not included in the 

correction. The above method of separating the events with missing 

tracks into those which were valid (and for which the monitors were 

corrected) and those which were spurious (for which the monitors were 

not corrected) is bur best estimate of the real situatiorL H<;:>wever, the 

tr-ue nature of these events is; by no means certain, and it may be felt 

1::y some that these events leac;l to an overall uncertainty of about 5o/o in 

the normalization. 
.-.~ 



-57-

A final factor was needed to correct for the l.nefficiency of the 

spectrometer at low pion energies. · For each condition, phase space 

was calculated and integrated over T,:, + with and without being weighted 
. TT 

by our spectrometer effiCiency. Equation ( 13) was then divided by the 

ratio of these two numbers (given in Table VI as the quantity "f") to 

obtain our best estimate of the differential eros s sections. 

The ·values of do/dn>'" thus obtained are given in Table VI. The 

errors given are those due ·to statistics, uncertainty in beam contam

ination, and the other correction uncertainties outlined in Sec. III. B. 

The error associated with our correction for the spectrometer ineffi

ciency is not included ... It is felt that. this error is probably only a per

cent or two at 18 deg since the efficiency cutoff is at low c. m. energy, 

but may be of the order of 10o/o at the largest angles where more of the 

spectra is lllissing due to the efficiency cutoff. 

Because the differential cross section was measured at only a 
I 

few points and because of the uncertainty in normalization associated 

with the spectrometer inefficiency,. this experiment was not intended 
. - + -to measure the total cross sectlon for TT p ...... TT 11' n. In fact, Legendre 

polynomial fits to the angular distributions generally were not suffi

ciently good to provide a reliable value for the total cross se·ction. 
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Table VI. Differential cross sections for TT-p -+ TT + - a 
TT n. 

T. 8lab 
f da/drl>:< b Error 

1nc 
(mb/sr) 

(MeV) (de g) 

516 18 0.951 0.531 0.022' 
37 0.914 0.607 ·-0.027 
60 0.823 0.485 0.028. 
88 0.652 0.396 0.031 

550 18 0.961 0.525 0.029 
37 0.926 0.674 0.024 
60 0.844 0.635 0.031 
74.5 0. 768 0. 718 0.042 
88 0.684 0.5 76 0.043 

599 18 0.970 0.352 0.018 
37 0.940 0.516 0.019 
48 o. 911 0.613 0.042 
60 0.867 0.624 0.022 
74.5 0. 797 0.808 0.051 
88 0. 721 o. 714 0.035 

105· 0.616 0.844 0.066 

667 18 0.979 0.326 0 .. 025 
37 0. 9 54. 0.409 0.018 
60 0.889 0.5 05 0;026 
88 0. 759 0.863 0.049 

715 18 0.983 0.446 0.030 
37 0.960 0.483 . 0.024 
48 0.937 0.540 0.029 
60 . 0.902 0.544 0.02 7 
74.5 0.845 0. 736 0.036 
88 0. 780 1.027 0.063 

a. The values of Pine and ec m corresponding to Tine and (ilab can 
be found in Table I. · · 

b. We reiterate that the errors quoted do not include the uncertainty 
in the quantity f, the correction factor for spectrometer ineffi-
ciency ( s.ee text, Sec. IV. B). 

r-, 
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y. DISCUSSION 

.It can be seen- from Figs. 12 to 16 that production of the N,;
3 

isobar (whose mass is ~238 MeV) does occur. It is also apparent that 

this is not all that is happening in the final state.. A comparison with 

the phase -space curves (solid curves in Figs. 12 to •-16) indicates two 

principal features besides the production of the N,;
3 

resohance; 

namely, (a) in many of the spectra there tends to be a .lack of events 

at hi&h TT + energy (low mass of the recoiling 7t-n system) and (b) mainly 

at the three lowest incident energies, there seems to be an enhance

ment at low TT +energy at forward TT +angles, i.e., in those spectra 

where the low-energy end is least affected by the inefficiency of the 

spectrometer (most clear at 725 MeV /c, 18 deg). A third feature of 

our spectra is that at the two highest energies there seems to be quite 
+ an increase in isoba-r production as the TT angle becomes .large (smaller 

angle of production for the isobar), whereas at the lower energies the 

production seems to be more isotropic. Fourth, the position of the 

isobar peak changes slightly as a function of angle and energy. 

In order to try to understand the nature of the reaction studied 

herein, it is de sir able to compare our data with theoretical predictions. 

For the models with which we compared our data directly we were 

unable to obtain satisfactory agreement. Other models are available, 

but they are not at present in a form which can be compared directly 

with our spectra. However, it was possible to make some qualitative 

observations which are described below. 

Two different "isobar models" were used to try to fit our spec

tra. The first was simply an incoherent mixture of phase space plus 

a resonance form, and the &econd was the Olsson- Yodh model, which 

is at presentthe most sophisticated of the isobar models. In the first 

case, two different forms were chosen for the resonance shape: (a) 

the usual Breit'-Wigner form 

1 
a 
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where M is the recoil rr n mass, N1
0 

is the mass of the N*( 1238 MeV), 

and r is the N* width; (b) a.resonance form, as discussed by Jackson, 32 

which includes certain shap~ -distorting factors related to the produc

tion of the resonance in a mul tiparticle final state; it is therefore more 

applicable to our situation. Consider the cr,<?SS section, dO" s' for pro-
~' duction .of the N as if it were a stable particle; i.e., we are consider-

ing a two-body production process. Then Jackson indicates that the 

calculation can be modified for the decay of the N* by including .a 

propagator and decay vertex amplitude [see Fig. 17 (a)], which yields: 

* dT . ( 14) 

Here M and M
0 

are as defined above, d<Ts(M) we take to be proportional 

* to two-body phase space (i.e., proportionCJ.1 toP +), and 

r(M) = r- (~)3 

o qo 

2 . 2 

( 

1.3m'IT + q 0 ) 
2 2 ' 

1.3m + q 
'IT 

'IT 

. where q is the three -momentum of each particle ('IT and neutron) -in 

the ( n'- n) rest frame, and the subscript 0 refers to quantities evaluated 
. . 32 

at M = M
0 

= 1238 MeV; r 
0 

was taken to be 116 MeV~ On each of the 

histograms, the resonance form, Eq. ( 14), is plotted normalized to 

the total number of events (dashed curve). The fact that the center of 

the peak is shifted slightly from 1238 MeV is due main1y to the .p* + 
'IT 

factor in Eq. ( 14) [contained in d<Ts(M}]. It was not possible to obtain 

a good fit in most cases with either resonance form plus three..,body 

phase space. However, in a. few cases,, as can be seen in the figures, 

the resonance form, Eq. ( 14), (dashed curve) alone was able to give a 

fair fit. In these few cases, it might appear that there was nearly_ 

100% isobar production; this may not be the case, however, since su.::::h 

a. simple model calculati~n, which is surely not complete (as evidenced 

by the other spectra), could give misleading results. 

... 
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*-.,.- N 7r ----cr- n 

p .,.+ ---
( a ) 

71' 

p 

( b ) 

7T-- -
N 

p 
( c ) 

----- 71'+ 

MU B-9963 

Fig. 17. (a) General N,:, production diagram. (b) A <TO produc
tion diagram. ( cj N* production by ;nucleon exchange. 
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The Olsson-Yodh model
8 

includes interference between the two 

possible formations of the N~ 3 isobar (each pion can combine with the 

nucleon to form the isobar), as well as the p -wave nature of isobar 

decay. Besides allowing the isobar to be produced in various angular 

momentum states
32 

{and both isotopic spin states, T = 1/2 and 3/2), 

the model includes a scattering -length interaction in the P 
11 

(initial) 

state which is fairly close to phase space. A computer program was 

obtained from Prof. Yodh32 to use in fitting our spectra. Because of 

the detailed nature of this calculation ( 5 to 10 min .of IBM. 7094 com

puter time was required to calculate the matrix elements for one set 

of parameters), it- was not possible to do an exhaustive determination 

of the best parameters with the use of a minimizing computer program. 

However, many attempts were made to find a goo~ fit by varying the 

parameters externally. Only the strengths and phases in T = 1/2 and 

3/2 states for the P 
11 

scattering -length interaction and s -wave produc

tion of the N;
3 

isobar (D
3

/
2 

initial state) were used. A good fit was 

not obtained for two -main reasons: (a) because of the lack of symmetry 

in the measured spectra on either side of the N";
3 

peak, and (b) because 

the position of the N,;
3 

peak in the model remained constant as a. func

tion of angle while, the measured peak shifted with angle. We are thus 

led to the conclusion that the isobar model is not sufficient to explain 
+ the rr energy spectra. 

The most-probable additional ~£feet (see Sec. I) which might 

account for our spectra would be the presence of a T = 0, rrrr interaction, 

sometimes called the (J' resonance; one possible diagram for production 

of the a is shown in Fig. 17(b). In order to determine if the decay of 

such a resonance might contribute significantly to the shape of our 

spectra, a computer program was written which displayed the energy 

spectrum of rr +which decayed from a J = 0, 400~MeV, rrrr resonance 

of 100-MeV width. Both uniform production .of the resonance and 
+ peripheral-model production were used. In both cases the rr energy 

spectrum showed ,no particular peaking at lower energies nor depletion 

at higher energies. Thus, if the T = 0, rrrr interaction and the N~ 3 

... 
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production are assumed to be the principal effects in the final state, 

only an interference effect is likely to explain our spectra. The inter

ference effect might also help to explain the fact that the peak associ

ated with the recoiling- N~ 3 isobar seems to shift to higher energy at 

larger angles. 

Of the various· models 14• 15 • 33 available,.which include both of 

these effects, none at ~resent are in ·tP,e appropriate form to present 
' ' 

energy spectra as a function of angle. It is usually not possible to see 

interference effects in an energy spectrum integrated over angle, 

which is the usual method of presenting these models. However, 

Thurnauer's model, 
34

in which integration over angles is carried out, 

does indicate some depletion of events at high rr+ energy. 

Since we could not obtain a,fit to our data, we were unable to 
, .. 

extract a quantitative estimate of the amount of N ;
3 

produced as a 

. function of energy and angle. Because of this,. it is not possible to 

reach a quantitative conclusion regarding the Peierls mode15 which 

predicts. that there may be a small peaking in isobar production at 

600 MeV. 

One last observation concerns the forward peaking of isobar 

production at higher energies, as mentioned earlier. This peaking is 

consistent with the nucleon-exchange diagram [see Fig. 17 (c) ]leading 

. to isobar production. This diagram may also account for the shifting 

of the isobar peak to' higher energy at the more forward production 
+ angles (larger rr angles) since the pion is emitted only in a p-wave' at 

the lower vertex. In Eq; ( 14), dO" in this case would be proportional 
s 

to P 21 +1 = P 3 , which would shift the peak to higher energy. This 

diagram [Fig. 17 (c) J is included in the model by Selleri 14 and is 

thought to be dominant. Unfortunately, this model is not at present 

in a form which can be compared to our data. 

In summary, it is clear that our spectra. deviate considerably 

from those expected from phase space (statistical model). Although 
>'.< 

production of the N 
33 

isobar is surely present,. this alone is not suffi-

cient to explain our spectra. Some further final-state interaction 



-64-

(perhaps several) is apparently present,. for which, from other data 

(see Sec. :I), the most likely candidate i-s a T = ·0 TTn: interactibn. If 

this is indeed the case, interference effects between different states 

must be taken .into account. It seems .clear that simple models are 

not sufficient to explain ·the data of this experiment. 
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APPENDIX 

A. Monte Carlo Calculations 

The central feature of a Monte Carlo type calculation. is a 

random-number generator which is frequently available on large 

computers. The random-number generator available on the LRL 

IBM 7094 gene rates a number between 0 and 1. 

If the quantity with which one is concerned is assumed to be 

random, one needs only to multiply each random number by the appro

priate factor; for example, if one wants the angle <j> to vary from zero 

to 2TI, each random number is multiplied by 2TI. If the quantity is not 

random but is assumed to follow some distribution (e. g., if the c. m. 

energy of .a particle is a variable, it may follow phase .space), sorrie 

method of weighting the random numbers is necessary. The method 

used here is the following: a function, F, is found which represents 

the distribution and must have. a maximum of L After a random num

ber (let us c.:;ciU it Q) has been chosen, it is scaled and used as the argu

ment in the function, and the value of the function [call if F( Q) J is deter

mined (and is, of course, ~ 1). Then a new, unrelated, random num

ber (Q') is obtained from the random-number generator. If Q' is less 

than F(Q),. the value of Q is accepted and the calculation is continued, 

but if Q' is greater than F(Q), this value of Q is rejected~ a.new value 

of Q i~ chosen, and the above procedure repeated. In this way, the 

values of Q follow the .function chosen. This was the method used to 

"weight" the random numbers in the correction calculations .discussed 

in Sec. III. B. 

B. Eta-Contamination Calculation 

The eta-meson-decay calculation will now be described in 

greater detail. -Figure A-1 shows the various coordinate systems 
~~ 

used. The superscript indicates the total c. m. coordinate system 

(with z""' along the 1T- beam) while 0 indicates the rest frame of the 

eta and 
01 

indicates an intermediate,. rotated c. m. coordinate system 

which will be des<;: ribed shortly. We generated 100,000 hypothetical 
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Fig. A-1. . Coordinate systems used in the eta-contamination 
calculation. The supersc.ript >!< refers to the total c. m. 
system, the superscript 0 refers to the 11 rest-frame system, 
and 0' to an intermediate system (see te:x;t). 



events for each of our 26 conditions. For each event the following 

quantities were' chosen isotropically, i.e. randomly (spherical cool'-

dinates were used): 

e* cos ' 
r) 

<I> n' 

0 
cos e ., 

1T 

<I> o, 
1T' 

*· ':~ where ( 8 , <j> ) is the direction of the n in the total center of mass, 
o 11 o·YJ - + ·· · 

and ( e • <I> } is the direction of the 1T in the n rest frame. 
TT H TT T. 0 ' l: . h . tl + k" . . th f ere , w nc 1s 1e rr , 1netlc energy 1n e n rest rame, 

, - TT .. 

was chosen .to follow the distribution. 

T .. 
max: 

which is a close approximation to the projection on.the T +axis of the 
TT-

Yj decay Dalitz plot~ 
0 Note that 8 

TT 
is taken with respect to the r) direction and <j> 

0 
is 

. _TT 0 
taken with respect to a plane containing the line perpendicular to z 

*: * in the x ~ y plane (see Fig. A-1). These assignments preserve the 

randomness of the two variables. 
+ The. first step was to transform the TT from the n :rest frame to 

the center of mass. First a Lorentz transformation along the direction 

of the r) was carried out, which leaves the pion (indicated by supe.r

script 
01

) in the center of mass, but rotated with respect to the c.,m. 

coordinate system. The Lor-entz-transformation gives 

( 

b ' 0 
1 

p . sine 
-0 1 - TT 1T 

8 TT = tan O , O 
, , "Y (P . cos e 

,•. r) 1T TT 
+ A • Eo,) 

t-' r). : 1T 
) ' 

* I 0 pO··. 0 E = "Y ,E + f3 • cos 8 ) 
1T • n 1T n ~ rr · 
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where -ynand f3n are the -yand f3 of the n.mesonin the total center of 

mass. The rotation then gives {this is the only equation using <j>) 

':< ! *~ -0 I * Q I 0 
cos (J = cos (J • cos (J - sin (J • sine' . sin<j> • 

1T n 1T n 1T 1T 

* -where cos (J is with .respect to the incident 1T ·beam, along which we 
1T ' 

must transform to obtain the laboratory quantities· 

··L -1 
(J = tan 

1T' :::~ ::::< 
y{P . cos f3 + f3 

1T 1T 

* ' f E) 
1T 

where f3 and 'Y are for the tran.sformation from the lab to the total c. tn. 

We then check 8 L to see if it falls into the horizontal angular 
1T 

acceptance ( 0.0732 radians) of our spectrometer entrance counter at 

each of its locations. If it does, it is added to the contamination at 

that angle, weighted however by the effiCiency of the magnet at that 
+ 

1T energy. Note that the vertical (<j>) acceptance of the counter is not 

checked. This was done in order to increase the statistics and was 

possible because the distributions should not depend on <j>. The num

ber of events iri each counter had to be normalized for this by the factor .. 

where 

and 

h 
(A-1) 

h = L5 in. is the height of the s
0 

counter, 

d = 41.0 in. is. the distance of the counter from the 

target center, 

A= the 'angle of the spectrometer with respect to the 

beam direction. 

Thenthe contaminationhad tobe normalized to the cross section for 

n. production and to our number of monitors. 
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+ If K( T, A) = number of hypo-thetical Tr of c. m. energy T hitting 

the s
0 

counter at.spectrom~ter angle A, and 

N = total number of hypothetical r) produced, ( = 105), 

(j = cross section for r) prod-qction, 

M(A). = number of monitors in actual run at spectrometer 

angle A, . . . . 3 . 
nt = number atoms/em :><;length of our hydrogen target, 

then the contamination C{ T, A} was 

C(T,A) =K~(T~,A~·~)~M~(A~)~·-(j __ ·_n_t 
N 

where K( T, A) has already been rnu1tiplied by the fact~r in Eq. (A...:1) . 

.... ~~· 

, 
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