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Lawrence Radiation Laboratory 
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ABSTRACT 

The distribution in energy and angle of recoil neutrons from 

th t . + + + d f . 'd . e reac 1on rr + p .- rr + rr + n was measure or 1nc1 ent-p1on 

laboratory momenta of 1.25 and 1. 75 BeV /c" The investigation was 

limited to events in which the momentum transfer to the neutron was in 

the range 95 to 355 MeV/c. The detection apparatus consisted entirely 

of plastic scintillation counters and was divided into two groups" The 

forward group (4° to 60°) detected both pions and neutrons. The other 

group (60° to 145°) detected pions only. A time-of-flight measurement 

on the neutron was used to determine its energy. The data were stored 

on magnetic tapes and analyzed by suitable programming for an IBM 7090 

computer. 

The purpose of the experiment was to determine the cross sec

tion for pion-pion scattering at a number of energies. The method to be 

used was the extrapolation procedure formulated by G. Chew and F. Low. 

The Yang-Treiman test was applied to the data and showed deviation from 

single -pion exchange for those events in which the neutrons had energies 

in the upper part of the energy range investigated. Analysis of the data 

in terms of number of events vs final-state pion-neutron barycentric 

energy showed peaking of the distributions at the (3/2, 3/2) and (1/2, 3/2) 

pion-nucleon resonances for the 1.25 BeV/c data. At 1.75 BeV/C, peak

ing occurred at the {3/2, 3/2) and {l/2, 5/2) resonances. The extrapola

tion method applied to our data appeared to fail, in the sense that the 

pion-pion cross sections obtained were very small (consistent with zero, 
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within the erro~s) o; 'were negative. From the distribution of events 

as a function of pior~.-pion barycentric energy, there was no indication 

of a pion-pion resonance (I-spin 2) in the energy interval investigated 

in this experiment. 
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I. INTRODUCTION 

It has been recognized for many years that a thorough knowl

edge of the interaction of pions with other particles would be .of great 

value in building a theory of elementary particles. To obtain such 

knowledge, the main avenue of approach has been the investigation of the 

scattering of pions· in a beam from targets composed only of those par

ticles whose interactions with pions were to be studied. Thus, for 

example, the pion-proton interaction has been sought by studying pion 

scattering from a hydrogen targeL Since neutron targets are not avail

able, the pion-neutron interaction cannot be studied in this manner. 

Even in the simplest target system containing neutrons (deuterium), the 

neutrons are bound in the target, and although one can distinguish be

tween the pion-neutron and pion-proton scatterings, the neutron-proton 

binding forces influence the observed pion-neutron cross section. One 

would have to know the binding forces and the way in which they inter

fere with the pion-neutron forces in order to isolate the pion-neutron 

interaction. In a somewhat similar way, if one wanted to study the 

pion-pion interaction, the difficulty arising from the unavailability of 

pion targets might be overcome by scattering pions in a beam from 

pions virtually contained in a proton target, e. g., by the reaction 

. ( nucleon ) 1 . . p1on + . t +1 . - nuc eon + p1on + p1on. v1r ua p1on 

Here, again, one would have to know how to calculate the contribution 

of the pion-nucleon binding in the target to the observed scattering 

cross section. 

In 1959, Chew and Low 1 suggested a method for overcoming 

the complications arising from binding between particles in a complex 

target. The ideas that provided a basis for their approach are given in 

detail in their paper and elsewhere. 
2 

It was their proposal for deter

ruination of the pion-pion cross section that prompted us to do the 
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experiment reported in this paper, It was hoped that,. for small four

momentum transfer between target and recoil nucleon, the dominant 

contribution to the reaction '!T + N -+.''11' + 1r + N' would be from the ex

change of a single pion betw.een target and incident particle< The dif

ferential cross section for this process could be calculated through a 

·knowledge of the singularities (poles) in the scattering amplitude as a 

function of the four-momentum-transfer variable pvirtual pion = 

Ptarget - precoil ~ucleon ° 

The essential feature of the analysis was that the scattering 

amplitude would, in the neighborhood of p 2 = - fJ.
2 , be dominated by the 

pole term ar~sing from single -pion exchange to the extent that the dif

ferential eros s section for the reaction rr + N -+ 2rr + N could be deter

mined without a knowledge of the other ter.ms in the amplitude. The 

assumptions were that there be no other term~ in p 2 having poles near 
2 . 2 

p = - fJ. .and that terms from the interference between analytic (in p ) 

parts in the amplitude and the single -pion pole term be smalL 

This author chose to study the reaction rr + + p -+ rr + + rr + + n 

in order to find the cross section for rr + + rr + _,. rr + + rr + 0 This scatter

ing takes place in a pure isotopic spin-2 state, and it was hoped that 

the data obtained taken together with data on other I-spin states would 

help to develop a general picture of the pion-pion interaction. 

The Chew-Low (CL) analysis is based on the assumption that 

the scattering is dominated by the exchange of a single pion between the 

target and the incident particle for those scatterings in which the four

momentum transfer to the recoil nucleon is smalL The Feynman 

diagram for this process is shown in Fig, 1. 

CL, we define 

fJ. = mass of the pion, 

M =mass of the target proton, 
p 

M = mass of the neutron, .n 

Following the notati_on of 

q
1 

L = momentum of the incident pion, 

wlL = energy of the incident pia~, 

PzL = momentum of the neutron, 

T ZL = kinetic energy of the neutron, 
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a 

b 

c + 
d 

MU -28802 

Fig. l. Feynman diagrams for single -pion production via 
(a) single -pion exchange, (b) three -pion exchange, 
(c) isobar formation, (d) single-pion exchange with a 
final- state pion-nucleon interaction. 
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and 

e
2

L = angle between incident pion and recoil neutron. 

The subscript L refers to the laboratory frame of reference. 

Let p 1, pT' pn' p3' and p 
4 

be the four -momenta of the incident particle, 

target proton, recoil neutron and final-state pions, respectively. 

We are interested in the variables w
2 (the square of the dipion 

barycentric energy) and D.
2 

(the square of the four -momentum transfer 

between target and recoil nucleon). Thus, 

and 

2 
w 

2 
p = 2M T 2 L = (M /M ) [tf + (M - M )

2
] . n n p p n 

From the experimental determination of the cross section for scat

tering neutrons per unit int~rval of p
2 

and w
2

[(denoted by 8 
2<T/alaJ)], 

one obtains the pion-pion cross section from the equation 

lim 2 
p-+- fl. 

w2 2 1/2 
w( -

4 
- f.L ) <T (w) 

TTTT , 
(I-1) 

where f
2 

= 0. 08 is the pion-nucleon coupling constant. 
2 

For all physical measurements, p > 0. This can be seen 

from its definition as the nonrelativistic expression for the momentum 

squared of.the neutron, i.e., p
2

=2J:v1n T ZL' I£, however, the variable 

is allowed to take on negative values, then for p 2 =- f.L
2 the expression 

for a 2 
<T/ a p 2 a w2 

becomes infinite owing to the presence of the term 

l/(p
2+ f.L

2
)
2

. Since Eq. (I-1) is defined to hold in the limit as p
2
-+- f.L

2
, 

we can construct the function 

2 2 2 2 2 
F(p , w ) = (p + f.L ) 2 2 ap a w (

!-np)2 u 2 
!V! . £2 q1L 

w (~2 
2 2 and expand it in a power series in p about the point p = 

1 
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2 2 2 2 2 22 
F(p , w ) = a 0+ a 

1 
(p + 1.1. ) + a 2 (p + fl. ) + 

2 2 
If this expression is evaluated at p = - fl. ; the coefficient ao is then 

just equal to the desired cross section a (w). To deter:_mine the range TTTT 
in p 2 over which the expansion is allowable, note that if the. reaction 

TT+ +p-_,_,.. TT+ + TT + + n were to proceed via the exchange of th;ee pions [see 

Fig. I(b)) ~ there would be a branch cut along the negative p
2 

axis 

extending from the value of the lightest mass exchanged to infinity. The 

lightest mass is 3 fl., so that the nearest singularity is at -9 f.l.
2

. Thus, 

if the reaction TT + + p - TT + + TT + + n is studied by detecting neutrons with 

values of p
2 > 0 as close as poss(ble to the point p

2 = - f.l.
2

, the single

pion exchange pole should be the dominant one, and the evaluation of the 

coefficient a
0 

should yield a . 
TTTT 

In using this extrapolation procedure, there is no way of know-

ing what the order of the polynomial should be" Chew suggested that for 

p 2 < (300 MeV/ c) 2 (KE ~ 47 MeV), the best-fit polynomial should be at 

most a cubic, and to determine the correct polynomial order one should 

attempt linear, quadratic, cubic, and higher fits. 3 If a plateau in the 

value of a is .obtained from two or three consecutive polynomials, TTTT 
. then one. has experimentally determined the correct polynomial order, 

Such a program is difficult to carry out because one would need data at 

many values of p 2 , and one would need good statistics on the points. 

It should be emphasized at this point that if F(p 2, w:) were to 

turn out to be linear in p 2 , i.e., F(p2 , 0}) = a
0 

+ a
1 

(p2 + f.l.
2 ), and if 

F(O, w
2

) = 0, then one would not need to carry out an extrapolation in 

order to determine a , or, what is an equiv:a[,ent statement, Eq. ( l) TTTT 
would be an exact equation for p 

2 
?:! 0 rather than a relation that holds true 

bnlyiri the limit p
2
;- f.l.

2
., Then aTTTT(w) could be obtc:dned by inter

grating Eq. (l) over p 2 within appropriate limits. It should also be 

made clear that if single -pion production goes via the isobar model, 
4 

+ * * * L e., TT + p - N - N 1 + TT, N 1 - N + TT (see Fig. lc), or if there is a 

final-state pion-nucleon interaction (see Fig. ld), the extrapolation pro

cedure may not work at all. 
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II. EXPERIMENT 

A. Introduction 

The work reported in this paper was part of. a joint effort to 
. . . h . + ± ± 'd . + b 1nvest1gate t e reactlons rr + p - rr + rr + n an p + p - p t.rr + n y 

using plastic scintillation counters as particle detectors. 5 We decided 
± ± 0 

to study these reactions rather than the set rr + p- rr + rr + p and 

p + p- P+ rr \rr 0 because of the difficulty of extracting low-energy pro-

tons (T t ~ 50 MeV) from a liquid hydrogen target. · Although the 
, . pro on 
defection efficiency for protons is essentially 100% in plastic scintilla-

tion c·ounters, this advantage would be offset by the short range of the 

protons and by the multiple scattering and energy Joss that they would 

undergo in traversing any material between target and detector, thereby 

masking both the initial angle and energy they had just after collision. 

The efficiency for detecting neutrons with plastic scintillation 

counters is a function. of the size, geometry, and liglit.:..co11ection effi

_ciency of the counters. We chose to use 15-cm-thick count'ers so that 

our efficiency would be approx 25% over a large part of the·kinetic 

. energy interval 5 to 50 MeV. 6 To determine the neutron ene·rgy, we 

decided to measure the time of flight of the neutron between hydrogen 

target and detection counter. From kinematic considerations on the 

range of the dipion energy w to be investigated, the maximu,m detection 

angle for scattered neutrons was chosen as 60° and the incident momenta 

as 1.25 and 1. 75 BeV /c. The determination of 4° as the minimum detec

tion angle was made on the basis of beam design and target size. 7 To 

insure that both pions from a scattering would be detected, an array of 

counters was used for pions scattered between 60° and 147°, The deci

sion made about the angular intervals to be subtended by each counter 

was the result of a compromise between the desired resolution of the data 

as a function of p
2 

and w
2 , the limitations based on size and cost of equip

ment, and the amount of electronics needed to handle the information 

coming from the counters. 
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2 
For .the lower. energies of the p spectrum, we had to have 

enough· signal fr_om the co~nter s to distinguish reliably between signal 

_.and noise pulses. Also, when one_ makes a choice ofr.eaction,and in-
2 

cident mpmentum,. the kinematics s_ets the -lower limit on p · for a given 

w
2 . Once more, the choice of a lower limit on p

2 
is a compromise be

.twe·en what is desired from the physics aspect and what is e_xperimentally 

feasible. 

We chose. to measure the differential eros s section for recoil 

neutrqns with energies in the interval 6 < T 
2

L < 57 MeV. The corre

sponding flight-time interval 6.T for a 160~cm path is 48 >6.T > 16 nsec. 

We decided to divide this into seven parts, 6.T.. (These increments 6.T. 
J J 

are referred to as "time bins.") To each time bin would correspond a 

mean neutron energy E., and our cross -section measurement would 
J. 

consist, essentially, of determining the number of scattered neutrons 

at each of the seven energies E.. The time boundaries of these bins are 
. . J 

given in Table I.· Also included in the table are the neutron kinetic ener-

g:les corre-sponding to those flight times for a 160-cm path.' The method 

used to determine the mean value of the energy and the rms spread in 

energy for each bin is given 'in Section liE. 

Table I. The nominal neutron flight times 'Tn and kinetic 
energies T 

2
L for the seven time bins; 

Bin No. m1n max max min 
'T 'T T2L T2L n n 

(nsec) (nsec) (MeV) (MeV) 

1 16.0 18.8 57• 0 40.3 

2 18.8 21;-9 40.3 29.2 

3 21.9 25.6 29.2 21.1 
._. 

4 25.6 29.9 21.1 15.3 
'··. 

"' 
5 29.9 34.4 15.3 11.5 

'· 

6 34.4 40.8 ll.5 8. 1 

7 40.8 47.8 8. 1 5.9 
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·The circuitry in which the time measuring was done will be 

·referred to as the:'.'chronotron" and is described in reference 8. The 

· · chronotron compared the· neutron flight time with that-of a particle with 

!3·= 1. The start pulse, 'serving as a zero reference mark, was gener

ated,by a· coincidence o£ signals from counters in the incident-pion beam. 

There was a separate chronotron for each 90° cj> · sector of the neutron~ 

counter array (see Fig. 3). The information on the polar and azimuthal 

angles of all the scattered parti:cles detected and of the flight time 

('Tn = 1. 2; 3; · · ·• 7) of the detected neutron were buffer~stored in mag

netic cores and transferred from there to magnetic tape. 9 · The data on 

·a· tape were then analyzed in an IBM 709 computer. by means of a kin~ 

ematic fitting program. 

B. Pion Beam 

Figure 2 is a diagram of the beam-mfgnet layout. The inter~ 

nal target T 
1 

is ylaced in an alm9st field-free regionof the Bevatron 

and is traversed by the internal proton beam. The quadrupole magnet 
. . ., . ·. ' .. ' .. 

0
1 

accepts ;partic::le~., scattered in a cone whose 4xis makes. ~n angle of 

32° with the internalbeam direction .. 'The height of 0
1 

and,of all the 

other magnets is adjusted so that the magnets are vertically centered 

about the median plane of the beam. The bending magnets M 
1 

and M
2 

·determined the morn€mtum of the beam. A detailed description of the 

momentum spread of the beam •. focusing properties of the magnets. and 

hot-wire calibration of the magriet system is given in reference 7. 

Table II gives alist ofthe magnets used. 

Table II. Magnets used in the pion beam . 

. Magnet Description 

0
1 

8-in. doublet quadrupole 

M 1 12 X 60-in. analyzing magnet 

0
2 

· 8-in. doublet 

0
3 

16-in. doublet 

M 2 18X 36-in. H-magnet 

.04 8-in. ·triplet 

0
5 

8-in. triplet 

•· 
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Concrete 
shielding 

F2 

0 5 10 

Feet 

MU-28803 

Diagram of the magnet system and counter placement. 
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The placement of the beam counters s
1

, C l' s
3

, and s
4 

is also shown 

in Fig. 2. Counter S 
1 

was at the first focus and C 
1 

was at the second 

focus. Counters s
1 

and s
3 

were plastic scintillators (PS) connected by 

lucite light guides to RCA 6810A photomultipliers. Anticoincidence 

counter S 
4 

was a PS whose light output was funneled by a hollow electro

polished aluminum light guide (trade name "Alzac'') onto the face of an 

RCA 7046 photomultiplier. Counter C 
1 

was a cylindrical Cerenkov 

counter with axis along the beam. It was made of cyclohexene, with 

refractive index L47, and used a 6810A photomultiplier. This counter 

was designed to look at Cerenkov light that was totally internally re

fleeted in the cyclohexene chamber. The 13 required to meet this condi

tion was 0. 94. For incident momenta of 1.25 and 1. 75 BeV / c, protons 

have 13 = 0. 795 and 13 = 0, 8 72, respectively, whereas pions have 13 :=::: 1 

for both cases. The 13 1 s of deuterons and alpha particles are even 

smaller than those for protons. Thus, when a positive beam at either 

1.25 or l. 75 BeV /c was run, the proton, deuteron, and alpha components 

could be discriminated against by a time -of-flight measurement with the 

additional requirement that the Cerenkov counter be made to contribute 

to a coincidence of S 
1 

C 
1 
s

3
. Counter s

3 
was upstream from the hydrogen 

target and s
4 

was at the last focus, which was at the center 0( the for

ward counter array. It was used in anticoincidence with S 
1 

C 
1
s

3 
to de

fine a particle scattered out of the beam. 

C. Hydrogen Target and Counter Arrangement 

The liquid hydrogen was contained in a hemispheric Mylar 

flask of 10 em radius with the flat side facing the incident beam. The 

outer jacket had a Mylar window facing the beam and a l/16-in. alumi

num dome facing the counter array. Figure 3 shows how the counters 

were arranged with respect to the target and the incident beam. The 

Lo:i:ward counter array, (which wi11 be referred to from now on as the 

"dish")consisted of 84 counters. These were designed to be approx

imately 25o/o efficient for counting neutrons in the energy range 5 to 60 

MeV. They were made of 15-cm-thick plastic scintillator. Each block 

of scintillator was coupled by a hollow electropolished aluminum light 

guide to a photomultiplier. The blocks were trapezoidal prisms and 

were fitted together to form a section of spherical surface. A 1/8-in.-
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Phi counters 

Pion counters 
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Hydrogen 
target 

Dish 

(c) 

MU-28804 

Fig. 3. Geometric arrangement of counters. The side view 
is shown in (a). Front views of the pion counters and the 
.dish are shown separately in (b) and (c). (View as seen 
looking along the incident beam). 
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thick aluminum sheet was formed into a section of sphere and served 

as a faceplate for the counter assembly. Each block of scintillator 

was bolted to this plate. Provision was made for pulsed nanosecond 

light sources to be affixed to the face of each block. 10 Radial wedges 

of lead 1/4 in. thick were then fitted onto and attached to the plate, thus 

covering the entire array of 84 counters. 

The lead was pU:t in to convert decay gammas from TrO, s 

produced in pion-nucleon collisions. The combined thickness of lead, 

aluminum, and scintillator was 1.64 radiation lengths, and gave a pair

conversion probability of 88o/o per incident photon. The .lead served as 

an excellent discriminator against reactions in which two charged pions 

d 1 . d d F" 1 · h + O an one neutra p1on were pro uce . 1na states Wlt p+Tr +Tr were 

also discriminated against because the large amount of absorber in the 

flight path of the low-energy protons stopped them before they could get 

into the forward counter array. The sphere geometry to which the ar

ray was fitted had a 160-cm radius with the hydrogen target at the center. 

The counters in the three inner rings had RCA 6810A photomultipliers. 

Those in the four outer rings had RCA 7046 photomultipliers. The angu

lar interval subtended by each counter is given in Table III. The values 

listed are for a point-source target and for the 10-cm target actually used. 

The polar angle fJ is the angle between the incident beam and the scattered 

particle. The azimuthal angle is called~. The second group of counters, 

i.e., those surrounding the target, were for the detection of pions only. 

They were made of 1.0-cm-thick plastic scintillator, coupled by lucite 

light guides to 681 OA photomultipliers. This group consisted of 12 <j> 

counters arranged to fit like staves over a cylindrical frame enclosing 

the hydrogen target. In addition to these, there were six semicircular 

slat counters arranged in pairs to cover the forward circular surface 

of the cylinder (see Fig. 3). The angular intervals subtended by these 

counters are also given in Table III. For the limit of a point target, each 

of the 84 counters in the forward array and each of the 12 stave counters in 

the backward array had an azimuthal angular interval of 30 de g. The circu

lar counters were used for a determination of fJ only, and a single in 
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1·; 

· Tabie iiC. Angular intervals subtended by counters.· All 84 
counters in the dish and.the counters in the backward ar~ 
. -. . . . . . . ' 0 ' 

Theta ... 
zone 

1 

2 

3 

4 

5 

6 
·:..· 7 

:a 
9 

1i0 

H 

ray subtended azimuthal angular intervals of 30 as de-
fined by a point target. ··The physical size is 30° + 2ocp. 

Point-ta-rget limits·· Physical limits 
(de g) (de g) 

em in em ax . emin em~x. 
~ 

4 12 - 2 .• 2 14. 1 13.8 

12 20 9.9 23.3 4.7 

20 28 17.7 30.5 2.8 

28 36 25.5 38.7 2.0 

36 44 33.4 46.8 1.6 

44 52 41.3 54.9 1.4 

52 60 49.2 62.9 1.2 

54.5 70 57.8 . 81.4: 5. 3 ' 

70 90 58.1 102.2 . 5. 3 

90 110.5 77.8 122.8 5.3 

110.5 147.5 98.6 155. 1 5.3 

~ ' ' . /' . ~' 
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one of the e :Counters had to be ·accompanied by a signal in one of the 

<j) counters in order to be correlatedwith a particle traversing these 

counters. ·A l/4-:..in; thic:kness of lead.:wa_sj.nserted between this second 

gro~p a~dt~~ .t~rget~ _.;A. co~cr~t~ .blockhou~~ :;v~'th. \wa:lls and ceiling 8 

ft thick was built around the counter -t:arget -as setnbly to provide shielding 

against the neutron background coming from the Bevatr:on •.. The last quad

rupole :ln. the magnet system was buried in the entrance aperture of the 

blockhouse. For the second group of ·counters (those countll}g pions only) 
. . - + 

the probability for conversion of a y ray into a pair (e e ) was 81%. 

D. Electronics 

l. · Information Storage 

• The complete block diagram for the electronics is given in 

Fig, 4. The output from each counter is· put into a tunnel diode discrim-
ll inator circuit in order to get good timing on the pulses. Two sets of 

signals are taken from these discriminators. One set consists of indi

vidual outputs from all the counters. These signals go to the pion and 

neutron coincidence-discriminator (CD) units. If the timing requirements 

have been met, the· CD units cause information to be stored in appropriate 

locations iri the buffer storage (magneti·c -core storage )(see the following 

section). The other set consists of a mixture of the signals into the coun

ters_~n dish_SE;!Ctors Aa, Ba, Af3, Bf3, Ay,. By, and Ao, f36 (see Fig. 3). 
.. • • . • ·-· ~:- ·• • • •• -· • 7 ·- • . . • 

These are further combined to give just a, f3, y, ·and 6. Each of these 

lines is then fed into a gating circuit (n gate). If the gate is open, the sig

nal that gets through is then timed in the chronotron, and the information 

from the chronotron is sent to the storage unit. The CD units, buffer 

storage, and transfer -to-magnetic -tape circuitry are fully described in 

reference 12. 

2. Overall Trigger System 

A simplified diagram of the triggering system is given in Fig. 

5. In essence, the system makes the twofold requirement that a particle 

be scattered out of the beam and that a slow particle be detected in the 

forward counter array (dish) before information can be stored in the mag

netic -core storage units. When a particle is scattered out of the beam, 

~I 
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Fig. 4. Photograph of counter dish. 
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the signal (S
1 

C 
1 

s
3 

s
4 

), which is the output of the fast coincidence 

WC II, is split into two branches. The signal in one of the branches is 

used to open four neutron gates, one for each of the sectors a, j3, y, 

and o of the dish. These gates stay open for approx 50 nsec and the 

front edge of the gate occurs approx Tr;:in nsec after the arrival ofan 

1 h h d h _.min . h incident-beam partie e at t e y rogen target, w ere ':1 1s t e 
n 

flight time of the highest-energy neutron accepted by the system, and 
max min 

7 z 'T + 50 nsec corresponds to the lowest energy. (See Table 
n n 

I for the actual chronotron-time boundaries.) The procedure for set-

ting the timing is. given in a later section. If a signal comes along one 

of the neutron lines ( n lines) in the interval 'Tmin ,:::: 'T ~ 'Tmax, it gets 
· · n n n 

through the n gate. It is then split and goes along one ofthe branches 

to the tirrie -of-flight coincidence circuitry (chronotron) and to the gate 

generator that allows neutron information to go through the CD units 

into the magnetic cores. Another branch of the signal is used to open 

the lT gate. If this lT gate is opened, the signal sl c 1 s3s 4 can get 

through to initiate storage of pion ·:information in the cores(by gating on 

the pion CD units. } It also provides a zero reference time for the 

chronotron. 

As shown in Fig. 5, the signals from the incident- beam 

counters were fed into two fast-coincidence circuits WCI and WCII. The 

WCI output (S
1
c

1
s

3
) gave the flux of particles incident on the target. 

Since the accuracy of the scattering-cross -section determination was 

dependent, among .other things, on the accuracy of the incident-flux de

termination, the. wcr circuit was very carefully tested at the beginning 

of each data run. The ratio WCII/WCI was also carefully monitored, 

since it had to remain constant for a fixed amount of scattering material 

in the target and for a fixed incident-particle momentum. 

3. Timing 

a. Beam counters 

Since the positively charged beam incident on the hydrogen 

target was composed primarily of pions, protons, deuterons, and alpha 

particles (see reference· 7 for lepton contamination), it was necessary 

to make an electronic selection of those that were pions. To do this, we 
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took a curve of s
1 
Sjmonitor vs. s

3 
delay, using the monitor counter 

telescope (shown in Fig. 3) as a flux standard for the sis
3 

rate. 

Using the known S 
1 
s

3 
separation distance and the values of f3 for the 

various particles, we determined which of the peaks on this curve cor

responded to pions and set the s
3 

delay accordingly. The Cerenkov 

counter C 
1 

was then included and' the S 
1 

C 
1 
s

3
/monitor was taken vs C 1 

delay. As explained earlier, the f3 selection of C 
1 

was a guarantee that 

we would count only the pions of the particles mentioned above. The 

operating voltages for each counter were determined by taking curves of 

the coincidence count rate vs voltage and setting the operating voltage in 

the plateau region of the curve. The approximate timing on s4 was 

determined by putting it in coincidence with S 
1 

C 
1 

and taking a curve of 

s
1
c

1
s

4
/monitor vs s

4 
delay. Then it was putin anticoincidence with 

S 
1 

C 
1 
s

3
, and the appropriate final delay and high-voltage settings were 

determined< The signal s
1 
c

1 
s

3
s

4 
was of central importance to the 

experiment because, by opening the neutron gates (n gates in Fig. 5), 

it determined how often the apparatus would be allowed to search for 

slow-neutron events. Appropriate care was taken to determine the volt

age at which s
4 

should operate. It was necessary that it should reliably 

count all pions from the incident beam that traversed it so that the num

ber of false triggers be kept at a minimum. It was also necessary to 

keep the noise level low enough so that real scatterings (no particle 

crossing s
4

) did generate triggers. 

b. Forward array (Dish) counters 

The plastic scintillator in these counters consisted of approx 

97o/o polystyrene (CH), approx 3o/o terphenyl, and 0.03o/o tetraphenyl 

butadiene. In orde,r :tcr me:asiire ·and adjust the timing of these counters, 

it was first necessary to determine the voltage at which each of them 

should operate, so they would all have approximately the same threshold, 

i.e., so all the counters would reliably detect the light output from 3- to 

4-MeV protons. To equalize the thresholds, a Na
22 

source of known 

strength was placed against the aluminum face plate near the center of 

each counter. It was required that the net counts/ sec coming from the 
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1.28-MeV y rays from the Na
22 

be approximately equal for all counters. 

The bias voltages on the tunnel-diode discriminators were all set to 

accept signals of 180±20 mV. This setting was made to insure stable 

operation of the tunnel diodes. The signal output from the counters was 

in all cases large enough to fire the discriminators reliably. For each 

of the seven counter sizes (one for each 8 ring), we measured the Na 
22 

count rate for various positions of the source across the face ofthe 

counter. There was no noticeable variation, within statistics, so that 

. 1 h d b k . . . . h N 22 f th no spec1a care a to e ta en 1n pos1tlon1ng t e a source or ese 

measurements. The high voltage on each counter was varied until the 

desired net count rate was obtained as nearly as possible for the lowest 

"source out" (noise) rate. In those cases in which the desired net 

counts could not be obtained without excessive noise, the phototubes were 

replaced until the desired net rate could be gotten with a low noise level. 

Timing measurements were made on signals generated by a 

pulsed light source screwed into a hole in the face plate at the center of 

each counter. One high-voltage trigger, connecting cable and light bulb, 

was used for all the. counters in the dish. The light pulser operated at 

a fixed frequency (number of light pulses per sec). The pulses from a 

tube in one of the sectors (a, [3, y, or o) were counted after they came 

through the corresponding neutron gate, and the count rate was rneas

ured (on a scalar) as a function of the delay in the neutron line (n-delay 

box, see Fig. 5 ). 

The high voltages on all the other phototubes in the sector 

(a, [3, y, or o) were turned off. Thus at the time of measurement, the 

only source of signals along the neutron line was the counter being in

vestigate~d. A typical delay curve was Gaussian with a full width at half 

maximum of approx 3 nsec. The center of such a curve was measurable 

to within approx 0.2. nsec. A pulsed light source (operating from the 

same trigger used for the counter being measured) was used to generate 

the WCII signal that opened the n gate. After such curves had been taken "' 

for all the counters in a given sector, the cable lengths between the coun'-

ters and the tunnel-diode discriminators (see Fig. 4. ) were adjusted so 
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that the arrival time of pulser signals from all coul'l:t~rs in a sector 

would be the same at the neutron gate and also a,-t t~e chronotron of the 

·sector in question .. The timing was done for all four_ sectors, . The 

light-pulser signals were also used to mea$ure th!'! arrival time of sig-
. ·. . \: 1,. 

nals at the CD units. These CD units w~re Gi:tcuits that, wheiJ. gated on 

from the"super splitters" by an overall trigger, accepted signals from 

the counters and shaped them as ,needed for registerin_g them in the 

magnetic-core storage. No information !=Ould get through the CD units 

and into the me~:gnetic cores unless these CI)' s were gated on. , Signals 

from each of the dish counters were fed through CD' s into both a neutron 

and a pion buffer unit. Signals from the co;unters .between 60° and 147° 

.were fed into pion buffers only. As shown in Fig, 5, it was the WCII 

signal (which got through rr gate No, 1) that gated on the CD units, These, 

in turn, permitted storage of pion information in the magnetic cores, 
• ' ' I 

The storage -permit signals for neutron information came from the signal 

line coming out of the mixer that combined the. no., n~, n-y, and no lines, 

The timing measurements were .all carried out with a trigger and gating 

system as similar as possible to the ones used in actual data runs . 

. c. Gates and Chronotr.on 

To do the timing on the gatess we used fast particles (13 ~ 1) 

-produced in rr-p scattering. Under normal operating conditions, the 

delay in the n lines would be arranged to make the signals from the 
'• ' ' ' ' ' I • 

highest-energy neutrons we wished to study ( T 
1 

neutrons) fall in the 

center of time bin No.1 of the chronotron, with lower-energy particles 

going into higher-numbered time bins. Since there was no a priori way 

of selecting neutrons(produced in rr-p scattering)of a given energy and 
,' . 

flight time, the timing had to be. done with particles of ~no~n flight time. 

This was ac!=omplished by inserting in the neutron lines. an amount of 

delay equal to the difference in flight time between a particle with 13~ 1 

and a T 
1 

neutron. {The flight path in question was the 160~cm distance 

between the center of the hydrogen counter and the face of the dish coun

ters), With this technique, by making cable changes where necessary 

in other lines, delay curves were taken to time and adjust the various 
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gates shown in Fig. 5. The zero reference time fOr the chronotron and 

the widths of each chronotron time bin were also set in this way. Since 

the time- bin widths would be correlated with the spread in neutron 

energy in a given bin, a procedure was set up to allow periodic checks 

ofthese widths with consequent adjustment, if necessary. This would 

assure us of having a neutron resolution (associated with each time bin) 

that stayed quite constant throughout the experiment. Even though par

tides With 13 - 1 were used in the testing, we were able to simulate a 

time -of-flight spectrum simply by changing the amount of delay in the 

neutron lines. In this way, we could record the number of counts reg

istered in 'each time bin for a given delay, and by systematically varying 

the delay and making a count tally for that delay value, we could make a 

distribution of counts vs delay for each time bin. These distributions 

were made for all four chronotrons. The measured widths of each time 

bin were then used as guides to indicate how much adjustment was needed 

to obtain the settings in Table I. After adjustments were made, the 

curves were rerun to make sure that the widths were as desired. For 

example, D-7
1 

was set equal to D.T ·· · ••• = 2.8 nsec, etc. Typical 
a 113, y, o 

distribution curves are shown in Fig. 6. The width of a time bin is 

measured betw-een the points where its distribution intersects tho.se of 

adjacent bins. The chronotron also had end bins, so that all counts 

arising from pulses coming outside(later than)bin No. 7 fell into end bin 

No. 00, and those_ coming earlier than bin No. 1 counts fell into end bin 

No. 0. This made it possible to measure the widths of bins No. 1 and 

No. 7. Included in this timing work was a precise determination of how 

much delay shou.ld be in the neutron lines in order that 13-1 particles 

fall at the center of time bin No. I. The shift to neutrons of a given 

flight time Wa.s~thencompletely determined. The time -bin widths, me as

ured periodically throughout the course of the experiment, did not vary 

by more than 0.3 to 0.4 nsec. 
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Fig. 6. Simplified diagram of overall trigger system. From 
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_the zero !eference time T 0 corresponding to the flight time 
of a pion~ with [3= 1, between target and dish. From B, the 
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gate on the pion CD units. From C, the neutron CD units are 
gated on. From D, the signal goes to the chronotron to give · 
the neutron timing r n compared with the reference signal T 

0
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d. Counters between 60° and 147° 

The timing of these counters was done at the junctions where 

their signals went into the pion CD units. It was required that their 

signals arrive simultaneously with respect to the front edge of the gate 

and that they be reliably within the gate. Curves of high voltage vs 

count rate (plateau curves) were taken with beam--derived particles. 
i _: 

E. Determination of Neutron Counting EffiCiency 

·. Our measurement of the detection' efficiency of our system 

for neutrons in the range 4 to 76 MeV is described here only briefly. 

A detailed account is given in reference 13. A 205:..MeV neutron beam, 

produced by stripping deuterons accelerated in the 184-inch Lawrence 

Radiatio~ Laboratory synchrocyclotron, was scattered from a hydrogen 

target. The protons were detected in a range telescope and the conju

gate ela-stically scattered neutrons went into a counter identical with one 

of the counters in the dish. The distance to the neutron counter was 160 . ~: 

. ~ ... , .. '. 1 •' .. . ~ ._ 

em, and the gating was identical with that used in the da~a runs except 
. ' 

that the wen signal was replaced in this case by a. stopped proton signal. 

A run consisted of measuring the number of counts in each chronotron 

time bin for a given setting of proton-telescope and neutron-counter 

angle. The neutron efficiency after subtractions for background have 

been made is the ratio of neutron counts to proton counts. The neutron 

energy for such a setting was known, from proton range, kinematics, 

and proton telescope geometry, to within 1.2 MeV for neutrons of kinetic 

energy 6.8 MeV and to within 5 MeV at a kinetic energy of 46 MeV. The 

results for a counter identical with those in (} zone 5 of the dish are 

shown in Table IV. The overall efficiency E is the efficiency for the 

sum of all time bins, i.e., bin No. 0 + bin No. 1 +. · · · + bin No. 7 + bin 

No. 00. Eta is the efficiency for bins !'through 7 and E is the kinetic 
n 

energy of the incident neutron. Measurements at several values of E 
n 

were made on zone No. Z and zone No.7 counters. The results for effi-

ciency vs E were equal, within statistics, with those for zone 5. 
n 
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Table IV. Neutron counting efficiency in f3 zone 5; 

'. 

E, is· the> effiCiency summed over time bins 0 through 
00; r) is the efficiency summed over bins 1 through 7; 
E .is the kinetic energy of the incident neutron. 

n 

E ·E r) n 
(MeV) ( o/o) . (o/o) 

4.4 2. 1; 2. 1 

6.8 24.2 14. 4 

9.8 31.4 28.2 
; 

13.3 29.9 28.8 

17.2 31.6 30.9 

23.9 29. 1 28.6 

28.8 30.0 29.9 

34.2 29.2 28.9 

40.0 2.6~ 8 26.2 

45.9 27.3 25.8 

58.7 23.7 i8.9 

6i.o 
. ' 

25.0 12.8 

75.8 19.2 4.4 

:: 

,; . ·.;-i ., .. 
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For purposes of calculation, it was assumed that all counter sizes 

( e zones 1 through 7) in the dish had equal efficiencies for neutron 

detection.- Curves of neutron-detection efficiency vs neutron kinetic 

energy are given for each time, bin in Fig. 7. A curve of the total ef

ficiency ~ is given in Fig. 8. 

F. Experimental Procedure· 

A data run consist.ed-: of a_ measurement of the scattering 

1T + + p -+ 1T + + 1T + + n under the following four conditions: 

I. The hydrogen target full, the delays set for looking at the 

low-energy neutron spectrum. 

_ 2. The target emptied of hydrogen, the delays as in I. This 

measured the non-hydrogen-derived scattering background at normal 

delay. 

3. The target full, but delay added to the neu~ron lines. 
' Enough delay was_ added so that no particles from the scattering that 

triggered the electronics could get through the neutron gates. A real 

particle from the scattering would have had to have 13 > l in order to 

get through the neutron gate. Thus, purely random background from 

cosmic rays, induced activity, and decays in the dish, etc., which 

would contribute to the full normal condition were measured by using 

this abnormal delay condition. 

4. The same delay condition_as 3, but target emptied of hy-

drogen. 

The information from the runs was recorded on magnetic tape. 

Generally, one magnetic tape was used per run. The scaler 

registering the number of Bevatron pulses was reset to zero at the be

ginning of each run. A series of "fixed data" switches were set to re

cord on tape which of the four conditions (target full, delays normal, 

target empty, delays normal, etc. ) was being measured. The Bevatron 

pulse number for each set of events was- also recorded on the tape. 

There Were generally about fifty scattering events stored per Bevatron 

pulse. Because of core-storage limitations, the information in the cores 

was transferred to magnetic tape after ten events had been stored. 



600 

(.) 
Q) 

(/) 

......... 400 
(/) ..... 
c 
:J 
0 
u 200 

12 

-27-

16 

Delay in 

20 24 28 

n-a line (nsec) 

32 

MU-28806 

Fig. 7. Measurement of chronotron time-bin widths. Only bins 
1 through 5 are shown. The data shown here are for dish 
quadrant a. Each quadrant of the dish had a separate chronotron. 
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During :this transfer. interval, "inhibit" •. signals gated o,ff:the incident

flux scalers and the .data-storage electr.onics. A mast_er :gate, from a 

scaler ·ga:ter and beam,rhonitor, gated off the: scalers,. etc, between 

Bevatron pulses. 

During each data run, the following information was regis

ter ed on scalers: 

a. · WCI: incident flux; 

b. WCII: the number of particles scattered out of the in

cident beam at an angle greater than 4°; 

c. N , NA, N , and N l:: the number of scattered particles · a t-' y u · 

(detected by each <1> sector of the dish) that gave rise to signals satis-

fying the timing requirement for neutrons to get through the n gates; 

' d. N . N ' · · · N : the .breakdown of c for one of 
' 'T ' ' 'T . 

the sectors into ~rnbet per time 
00 

bin. During.• a run, the output of 

of the chronotrons could be registered on scalers in this way; 

. e .. Monitor (Mon): the number of counts registered in the 

only one 

monitor telescope; 

f.. ND: the total number of.pulses from.: the dish; -

g .. · NBeV: _the number of times the Be,vatron pulsed during 

the run; and 

h. 

The ·ratio WCI/Mon served as a sensitive check on how the 

internal beam. was steered with respect to our internal target. The 

position of the i~ter~al target was varied to n:ak~ WCI/Mon a maximum. 

Before each data run, , curves were taken of the variation in WCI and 

WCIT as aJunction of the current in the first bending rrl:agnet (M
1

) in 

order to obtain a setting for M
1 

that simultaneously maximized 

Mon and ~inimized WCII/WCL 7 

WCI/ 
I 

Since the scattered neutrons had, from. symmetry consider

ations, to be uniformly distributed i!l <j>, .. th~ Na' Nf3, NY, and N 0 
helped to show (on those rare occasions when the scalers were working) 

F ,, \ ' 

whether or not this condition was being satisfied, and served as an aid . . . ' 

in loc;ating malfunctionin.g components when a nonuniformity was observed 



that lay 6utsi'de statistiCal fluctuation. The· 2:n · scaler;,,se·rv:ed as a 

check on: the requirement that, .if· properly timed signals·· got through 

to the tunnel::.diode;;discr'irriinators in: the four neutron ,lines·; there 

would always be a corresponding "potential-store command'' and a 

gating open of the neutron CD units. (see Fig. 4)., Since the output of 

only one of the chro11-otrons could be registered on scalers during a 

run, a series of runs was required to .show whether or not (the number 

of counts)/ (time bin .in chronotron a) agreed- with that in 13, etc. when 

.normalized for incident flux, This test could be made quickly--com

pared with the tim:e requi:red .for comparison-- by using the results from 

computer -analyzed magnetic tapes. 

A visual display of small lamps so arranged as to. simulate 

·the cor:t·espondihg detectors showed the location of all particles detected 

for the first ·scattering-event stored during a Bevatron pulse~ Fast and 

slow particles were separately displayed, and the time- bin: signature of 

the slow particles wa:s shown for all four chronotrons. The information 

displayed could be read from the cores, from the magnetic tape, or 

frorri a core -tape comparison. A continual read-write test was thus 

available. Also,· spot checks could -be made pf the particle multiplicity 

and angular distributions. Statistics were limited;- .since only 10 events 

per minute were displayed. (The Bevatron pul'ses·'once eve.ry 6 seconds). 

However, if one of the counters in the dish became noisy, this could be 

seen in a matter. of minutes. Also, as shown i:r:l the block diagram, test 

signals -~ere available that sim~ltane'ously aCtivated all tlie CD units, 

'and the visual dispiay .could be used to ae'ter~ine whic':h units were not 

working properly. 'The. in£o~rriat:iot1 tr:ansie~ 'frorri :cch·es 'to ·magnetic tape 

could also be tested this way. T.he te'st routines' eire d~-scrib~d by Baker 
. 14 '.,,,. 

et al. 

Periodic checks were made on. the ~oint.iderice Circuits WCI 

and wen and their associated scalers, 'by 'using pulses from amercury 

switch pulser. The timing of gates· and of every 't~be in the.detector ~ 

system was measured many times durihg'the course of the experiment, 

. and checks were made ~imost e<..-e~y d~y on a 'few randomly selected 

counters. The sensitivity measur~:rrient·-~fthe d:ish coU:riters, using Nl 2
, 
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was done weekly during the down time of the Bevatron. Where it was 

necessary to change high voltage on the phototubes, the timing was 

redone· and adjustments made wherever necessary. 

A data run was made by using an incident proton beam of 

830 MeV/ c to measure the total p-p eros s section and compare it with 

a previously ineasured value. 15 This was done before the lead covering 

was placed on the dish. The gate timing was adjusted to correspond to 

the scattered proton energies, and detection of the forward proton only 

was required. The results of this measurement were in excellent agree

ment with the known value of the cross section. With the exception of 

the slight shift in timing, all other features of the apparatus (trigger 

system, chronotron, data storage, etc. ) were used exactly as they would 

be to investigate the reaction 1T + p -- 1T + 1T + n. The visual display for 

those scatterings (p-p) in which both particles hit the dish showed in all 

cases a: 180° <j> separation and the correct e separation. 

As mentioned earlier, the reaction 1T + + p -- 1T + + 1T + + n 

(reported in this paper) was not the only one studied. We also measured 
- - + the low-energy neutron cross sections for the reactions 1T + p-+ 1T + 1T +n 

+ and p + p-- p + 1T + n, To insure constancy in the behavior of the appa-

ratus, we ran each of these reactions on.ly a few days at a time, switching 

successively from one to another. We checked to see that the total cross 

sections and distributions in energy and angle that we measured were the 

same- -within statistics- -from measurement to measurement for the 

same reaction. 
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IlL RESULTS AND ANALYSIS 

! 

A. Preparation of Data 

The data on the magnetic tapes were analyzed by a kinematic 

fitting program on an IBM 709 computer. First, events were sorted 

on the basis of how many particles had been dete~ted in the neutron cir.

cuitry and how many in the pion circuitry. Thus, there were event 

categories 1 neutron, 1 pion; 1n, 21r; 1n, 31T; etc. The same was done 

for two-neutron events, L e. 2n, hr; 2n, 21T; etc., and for 3n, l1r; 3n, 

21T; The only events that were tested for kinematic fit were those 

with a 1n, 21T signature. A complete description of the data-handling 

process and of the search program used to test each 1n, 21T event for 

a kinematic fit is given in reference 16. The final form of the data for 

a given reaction at one value of incident momentum was put on a mas

ter tape. On this tape {master packed) were listed all ln, 21T processed 

by. the electronics during the data runs for the reaction in question. For 

those events for which momentum and energy conservation could be 

satisfied, the variables of the final set used in the program were listed. 

We refer to them as "search values." This master tape was then suit

able for use as a data-input tape on an IBM 709 or 7090 computer, and 

all eros s sections, distributions, etc. could be determined from these 

data by appropriate programming for the computer. 

B. Method of Analysis 

As we have said in the introduction, our primary goal was to 

measure the cross section for the scattering of low-energy neutrons per 

unit range of p
2 

and w
2

, Le., a2
CI/8p

2
aw

2
. The variables p

2 
and 

2 
w are given as functions of the laboratory-system kinetic energy T ZL 

and the lab scattering angle e
2

L of the neutron by p
2 = 2Mn T ZL and 

2 2 2 2 
w = (wlL + Mp -Mn -T 2L) - {q lL + p2L - 2q1Lp2L cos e2L)' where Mp 

and Mn are the proton and neutron masses, respectively; qlL and w1L 

are momentum and energy of the incident pion, w~L = qiL + fJ-2 , and p 2 L 

is the momentum of the scattered neutron, (Mn + T ZL)2 = p~L + M 2 
. All 

variables are referred to the laboratory frame of reference. Before 

.~ 
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2 2 
explaining the method used for assigning a value pf p and w to .each 

event that satisfied kinematics, we would like to clarify, gual~tatively, 

the meaning of the phrase "a kinematic fit" as used ip,this 'pc;per. 

Referring back to Table III, we see that the counters had a'ngular inter

vals of approx 10° in 8 and approx 30° in cp. The neutron energy range 

cor;-esponding to each time bin (see Fig. 7) was quite large. The search 

program was given the angular intervals for the counters in which the 

particles were detected and the energy interval for the time bin in which 

the neutron pulse was recorded. The program then made a systematic 

search through the ranges of these variables,' many time-s if necessary, 

to see if there existed a set that satisfied conservation of energy and 

momentum. If such a consistent set was found, no further searching 

was done to look for other sets. Thus the search values assigned to 

each good event were accurate only to within the angular _limits defined 

by the counters. To obtain accuracy in accord with the limits placed on 

us by our resolution in angle and energy, the good-fit events were sorted 

on the basis of their neutron 8-zone and time-bin signatures. At a fixed 

incident momentum, T 
2

L determined p
2

, and T 
2

L and cos8
2

L deter-

mined w
2

. The mean value of p 2 had to be obtained for eacli time bin, 

and the mean value of w
2 

had to be determined for each of the 49 pairs 

{ Tj' 8-zone,k}, Calling T]j (T 2 L) the detection efficiency of our system 

for neutrons of kinetic energy T 
2

L for the J.!h time bin, the mean value 
2 

of p for that time bin is 

I (2 Mn T 2L) T]i (T 2L) dT 2L 

I T]j (T 2L) dT 2L 
(III- l) 

where the integration is carried out numerically over the f/~iciency 

2 < 2)2 ~ . 2. 2 ) . curves 11- (T 2 L). The rms spread op. =: [ p. - ( p. ) ] . 1s _ 
J 22) J J J -

gotten by evaluating ((pj ) from the same se:t of functions T]j(T 
2

L). 
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If the detection efficiency sk(cos e
2

L) is known for each of 

the seven e zones of the dish, then for fixed j and k we can find 

( w
2
jk) from the equation 

As mentioned earlier, the sensitivity of counters in each of the e zones 

f h d . h d f . f . . . f h N 22 
o t e 1s was measure as a unctlon o pos1t1on o t e a source on 

the face of the counters. The response was uniform across the face. 

Thus, sk could, to first approximation, be set equal to unity ~or each 

B interval. However, as shown in Table III the limits on e 2 L for a 

given e zone exceed those given for a point target. To take account of I 

this smearing in angular resolution, the functions sk(cose 2L) used in . 

the integration were trapezoids of height unity, of width 8° at half-height, 

and of width e -e at the base, with e and e . . . 
max: min max- m1n as g1ven 1n 

Table III for our target, The mean values ( p
2

) and the rms errors 

. op
2 

as well as the corresponding ( T 
2
J , oT

2
L are given in Table V. 

In Figs. 9 and 10 we have shown the region of ( w
2

, p
2

) phase 

space available at incident pion momenta of 1.25 and 1.75 BeV/c when 

neutron detection is restricted to the interval 60° > e 2L> 4°, 6. 5 IJ.
2 ~ 

p
2 ~0.51J.2 • The mean values (p.,_(w~k) at which the cross sections 
2 2 2 J J a a/ a p a w were measured are shown in 1fese figures. 

a a.k 
To evaluate;the eros s sections 

2 
J 

2 
for each time bin 

ap aw 2 2 
(j = 1, 7) and each() interval {k = 1, 7), the effective areas {op ow ).k 

must be calculated. If p
2 

and w
2 

are treated as independent vari~bles, 
2 2 

we can relate dp dw to dT 
2

L d(cos e 2 L) by the Jacobian for the trans-

formation. This gives us the equation 
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2 2 
Table V. Mean values of p /fJ. and T

2
L for the seven 

time-of-flight intervals, and the corresponding rms 

errors. 

Time bin 

1 

2 

3 

4 

5 

6 

7 

T2L ± 6T2L 
(MeV) . 

54±14 ·.·.· 

. 38±12 .. 

29±10 

23±8 

18± 7 

13± 5 

10± 5 

2 2 2 2 
p /fJ. ± 6p !fl 

5.15 ± 1.32 

·3.65±1.12 

2.85 ± 0.96 

2,25 ± 0.81 

1.70 ± 0.68 

1.30 ± 0.53 

0.98 ± 0.47 
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Fig. 9. Total efficiency for detecting neutrons. 
0 Theta zone No. 5. 
D. Theta zone No. 2. 
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':.• 
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. 2 2 ·: 
Fig. 10. The regwn of (w , p ) phase space iiwestigated in this 

experim~nt·: The points (:Z/f.L2
, ;z /f.L2

)jk at which, the 

cross sections a
2
aAap

2;{J.2 
8w

2/l-l 2
)were evaluated are 

shovvn by •· 
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8p 
2 

8p 
2 

dp
2 

dw
2 8 T2L 8 (cose2 L) 

dT 2 L d(cose 2 L). = 2 
8w 

2 
8w 

8 T2L 8 (cos e 2 L) 

2 2 
Since p = 2Mn T 2L' 8 p /8 (cose 2 L) = 0, so that 

2 
d 2d 2 - 8 p 

p w - 8T 
2L 

(III-3) 

If each increment of area dTd(cosB) is now weighted by the appropriate 

detection efficiency TJ(T) S,(cosB) for that increment, the effective inter-
2 2 

val (8 p 8w )jk for data collected in the _j_th time bin and the kth zone 

lS 

2 2 - JJ . 2 l/2 (8p 8w )jk-4MnqlL (2MnT2 L+'IlL) l'Jj(T2 L)sk(cose2 L)dT2Ld(cose2 L). 

(III-4) 

The above integrals were all evaluated numerically by using an IBM 7090 

computer. The net cross section for each interval (8p
2

8w
2

)jk is obtained 

by combining the data taken with hydrogen target full and delays normal 

(FN) with the data taken with target full, delays abnormal (FA); target 

empty, delays normal (EN); target empty, delays abnormal (EA): 

2 
8 u.

1 J <: 

" 28· 2 
up wNET 

= 
2 

8 (J'jk 

2 2 
8p Hw FN 

The statistical errors 

notation, 

2 
8 (J'jk 

2 2 
8p 8wEN 

2 
8 (J'jk 

8. 28 2 
p WFA 

+ 2 2 
8p 8wEA 

(III- 5) 

ojk on these cross sections ·are in a similar 



where o~N is the statistical error on t;h.e,j~th full-normal cross 

. section, Jete .. The .functions Fjk(p
2

, ,}), to 7e us;d in the extrapolation 

. to the pion-pion. cro~s ~ection. O"iT'TT(<})· are give~ 'i?Y , 1 

2 .·· 2. 
F.k(p , w ) J . 

·Y· 

z)l/2 
f.L· 

(IH-6) 

where the notations pj and wjk . mean that the function has been eval

uated at the mean values of p 2 and w2 for the l_th :time bin and the kth 

e interval. 

C. Corrections to the Data 

A number of corrections to the ~aw data (L e~, those two-pion, 

one-neutron events that fit the kinematics) were made before the cross 
. . 2 2 2 ·2 2 . . . . 
sechons d a/ dp d w and F(p , w ) were computed. These corrections 

were made to take into account the following effects. 

1.· Pion's (from a 2'TT, In final state) that traversed the 6 in. of 

plastic scintillator in the dish might scatter. into adjacent counters or 

might produce charged particles that scattered into adjacent counters. 

Our data-processing system would reject such events because there were 

more than two charged prongs. Thus, the number of events that we meas

ured would be less than the true number. 

2.. For some 21T, ln final states of the type we wished to meas

ure, it was kinematically possible for one of the pions to be produced at 

an angle ·e < 4°; such e;ents would go --Lmdetec'ted by our counter dish. 

3. ·Final-state nel.l.trons could under'go n-p scattering in the 

hydrogen target; such neutrons could 

(a_}; caine o'ff at a~ arigle () > 60° and so' avoid defection; 

(b) register in the wrong (8, <j>) interval so that kinematics would not be 

satisfied, 

(c) register in the· wrong time .bin so that if kinematics were satisfied, 

the distribution of events in p
2 

andw
2 

would be incorrectly augmented. 
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To:account for pion rescatte:ring in the di~h, ·a Monte Carlo 

calculation was done to obtain the probability that a pion:tr·ave'rsing a 

counter in a given e ring in the dish would produ'ce a count in an adjacent 

counter. Since plastic scintillator is 98o/o CH, measured 
17 

pion-carbon 

and pion-proton cross sections were used to determine the history ofthe 
·, 

pion goin.g through the plastic. 'Seyen probabilities P(ej) were generated, 

one for each e ring in the dish. The probability for a pion to rescatter in 

one of the counters in the array extending from 60° to 147° was assumed 

to be zero because of the small thickness of plastic in these counters. 

Thus, one could define a set P(8.) = 0, j ·= 8, 11. ·Then each event with . J 
a Z;r, 1n signature that satisfied kinematics was counted no~ as one 

event but as I/[1-P( e;r 
1
)][1-P(e;r2 )] events, where e;r 

1 
and e;rZ are the 

e rings in which the pions landed. 

The correction for neutron rescattering in the hydrogen target 
. . 18 

was also done 'Qy_a Monte Carlo method with the use of known n-p total 

cross sections and angular distributions. 19 This calculationdetermined 

what percentage ?f 11 good fW-' . events with a given time bin and neutron 

angle -r.e. would, if scattered into a T e , still satisfy kinematics, and 
1 J . r s .. 

how many would get scattered out of the dish. The result was a set of 

49 numbers a .. such that if N .. were the observed number of events in . lJ lJ ' ' . ..• . .. 
time bin i and e ring j, then (Nij )TRUE= (Nij )OBS X aij' In order to 

correct the measured cross sections for those events that went unde

tected owing to effect No.2, the 11 good fit" events were binned into five 

equal intervals of w
2 

between the kinematically allowed limit~ (see Fig. 3 ). 

For each of these intervals, the search values of the variables of an . * . * 
event were used to. obtain cose13 and case 14' that is, the cosine of the 

angle between the incident pion an9- one of the final- state pions as me as

ured in the barycentric frame of the two final-state pions. This bary

centric system has total invariant energy w. Calling P 
1 

and P 
3 

the 

four -momenta of the incident pion and one of the final- state pions, re-
I .. ' 

spectively, we form the invariant scalar product 

.,_ 

p 1. p3 = w1L w3L + q1L q3L cosel3L = w1 Bw3B+ ;rl Bq3Bcqse~3B ' 
' . 

. 
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where the subscripts L and B refer to laboratory and ba'rsy systems, 

respectively, and where 

* cose 13 B = 
cosel3L qlL q3L + w3L wlL -w3BwlB 

qlB q3B 
~3B = w/2, 

and 

* -2 
Angular distributons . N(cos e ) were determined for each of the w 

intervals. These' distributions were used as weighting factors to generate 
' 2 

the laboratory coordinates of 2rr, ln events; starting with a fixed p and 

2 * w , and varying cos e between + 1 and -1. 

(p~ w~k) the fraction of events for which 
J J 

For each of the 49 pairs 

er:~n < 4 ° was determined. 

The cross sections were then corrected accordingly. 

D. Results 

The con::ected cross sections obtained for the reaction 

rr + + p-+ rr + + rr + + n at incident pion momenta of 1.25 and J. 7S BeV /c are 

given in Tables VI and VII. The entries in the tables are the cross 

sections F .. (p
2

, w
2

) (in millibarns) for each of the momentum transfers 
2 lJ 2 2 

p and rr-rr barycentric energies w • Each row is at a fixed p. , as 
J 

indicated. The errors shown are the rms statistical errors. In order to 

find rT. (w
2

) by the e~trapolation method, the F .. (p
2
,w

2
) at fixed p

2 
'IT'IT 2 ' ~ 

were fitted to polynomials in w by using a least:..squares fitting proce-

dure. The values of F(p
2

, w
2

) used in the extrapolation [l. e., the curves 

F(p
2

, w
2

) vs p
2 

holding w
2 

fixed] were taken from the best-fit polynomials. 

Plots of F(p
2

, w
2

)vs p
2 

are given in _Figs. 11 and. 12. According to the 

single-~ion-exchange ~odel, the Val~e of a . (~2k) is given by a . (c}) = 
2 2 2 2 . . · 'IT'IT · 'IT'IT K 

- F(p , w ) at p = - f.L • · 
2 

To find the distribution of events as a function of w only, we 
2 2 ''2 2 

have integrated t)fe a aja p a w _ over p In Fig .. 13 we show a plot of 

2 · a 2 ~ .. 2 
da / dw = f 2 2 dp 

a p aw 
(III-7) 



Table VI. Values of the cross sections F(p
2

, w
2

)(in mb), used in determining (}' by 
t~e extr!potation;Fet;fod .. The incident pion momentum is 1.25 BeV/c. 

1T1T 
Each entry 

giVes w /f! , F(p , w ) and oF rms· 

e Zone 
Time 

1 2 3 4 5 6 
bin 7 

I 29.190 28.010 26.060 23~390 20.040 16.090 11.600 
22.741 76.925 82.882 56.479 39.388 49.666 27.878 
18.197 8.197 7.902 6.559 6.151 6.964 8.179 

2 26.010 25.020 23.400 21. 170 18.390 15.100 11.360· 
84.686 11.339 94.624 63.641 42.134 S?!. 926 34.3 7 5 
28.438 12,063 9.272 8.167 7.448 7.828 9.412 

3 23.810 22.940 21.520 19,560 17.100 14.210 10.920 
59.696 71.267 68.842 32.064 47.029 24.225 9.651 i (' 

30.095 12.179 9.980 8.272 6.833 7.293 .·· 8. 774 t 
4 21.870 21. 100 19.830 18.090 15.910 13.340 10.420 

20. 188 ·38.810 48.042 37.847 36.222 18.731 9. 720 
40.406 17.768 13.599 10.020 8.266 10~131 11.045 

5 19.700 19.030' 17.920 16.410 14.52.0 12.280 9. 740 
25.673 39.386 49.325 20.772 23.371 13.03i 40.875 
35.808 15.075 11. 198 10.579 8.463 9.329 8.960 

6 17.690 17.110 16.150 14.840 13.190 11.240 9.035 
34.019 .36.584 20.060 34.770 19.938 2.905 2.272 
42.693 15.602 ' 12.345 9.425 7.812 9.504 ' 9. 706 

7 15.610 15. 110 14.290 13.160 11.750 10.090 8.195 
32.486 4.300 10.940 6.240 14.336 12.466 0.908 
23.526 15.429 12.608 10.570 8.593 11.636 11.46 7 



Table VII. Values of the cross sections F(p
2

, w
2

) in mb used in deter-mini7c 0'1T1T 

by the extrapo*ation method. The incident pion momentum is I. 75 BeY c. Each 
entry gives w'/iJ. 2, F(p 2/!J. 2, w2/!J.2 ) and oF . rms 

() Zone 

Time 
1 2 3 4 5 6 7 

bin 

1 42.560 40,910 38.180 34.440 29.750 24.210 17.930 
58.055 52.354 57.192 41.296 34.197 18.534 62.698 
12.583 7.113 6.022 5.428 5.286 5. 576 6.935 

2 37.480 36. 100 33.830 30.710 26.810 22.200 16.970 
57.123 72.041 51.111 44.632 40.410 45.719 32.078 
17.222 9.483 8.639 6.577 5.816 5.628 7.012 

3 34.090 32.880 30.880 28. 130 24.700 20.640 16.040 
24.178 51.596 54.773 29.570 . 31.057 14·.927 19.641 
18.908 10.461 9.125 7.645 5.278 6.384 6.935 l 

~ 
U1. 
I 

4 31. 130 30.050 28.280 25.840 22.790 19.190 15. 100 
56.967 53.664 36.420 43.069 29.756 15.150 34.837 
24.434 12.699 11.261 8.401 7.212 7.643 8.780 

5 27.870 26.930 25.390 23.270• 20.620 17.490 13.930 
15.707 9.021 23.232 21.989 33.459 16.526 10.293 
22.074 12.628 10.921 8. 740 6. 3.78 6.943 7.494 

6 24.890 24.080 22.740 20.900 18,590 15.870 12.780 
2.676 33.350 10.928 6.571 32.478 14.363 4. 552 

27.913 11.253 - 9.12o 9.498 6.340 7 .. 599 9.339 

7 21.850 21.150 20.000 18.420 16.450 14.110 11.470 

21.187 17.018 18.585 4.516 14.972 11.346 11.764 

12.655 11.141 8.631 7.065 8.078 7.678 
29.099 
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Fig. 11. Plot of (w
2

, p 2 ) region showing mean values (w 2;{J.2, p 2/1L2 ) 
2 2 2 2 2 .. 

at which 8 o/(8p /f.L · 8w /1-L ) were evaluated. 
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Fig. 12a, b,z:. Extra~ol,tion plotf of F(p
2

, w
2

), where 
u'lf'lf( w ) = - F(p , wl at p /J.L = - I. . 

The data shown are for incident-pion momentum of 
1.25 BeV /c. 
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Fig, 12d,e~f. Extra~olation p~ots of F(p2,w2), where 
O'·n"lr(w ) =- F(p 'w2) at p f!J-2=-1. . 

The data shown are for incident-pion momentum of 
1.25 BeY/c. 



-49-

60 2 2 i w lfk =16 

40 I 
I II I J 

a 
20 

..0 

E __.l____j_ 0 - -10 

-C\1 
3 

C\1 
60 I a. 2 2 - w lfk =18 

LL 

I b 40 

fi I I 20 

I 
~0 

2 3 4 5 -I 
-10 

MU-28815 

Fig. 13a, b. Extrapolation plots of the function F(p2, w2 ). 
2
The 

inci2e~t pion momentum is 1.75 BeV / c; u (w-2-)=-F{p , w2) 
at p fJ.L =- 1. - -rr-rr-
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Fig. 13c,d,e .. Extrapolation plots of the function F(p 2, w 2)l The 
inci<1e~ pion momentum is 1. 75 BeY /c; uTTTT(w2 )=- F(p , w2 ) 
at p 1f.L =- 1. .. 
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If the scattering amplitude for single -pion production were 

really dominated by the contribution from the pole at p
2= - fl

2
, then the 

limit relation 

2/, 2 
p !fl 

w <{ w2 _ fl2)1/2 

2 
qlL 

(J + + TT TT 
(III-8) 

2 
could perhaps be replaced by an equation valid over a range of p > 0, 

i.e., a range of p
2 

that is physically observable. One would expect, 

for example, that for this range of p
2 

the extrapolation plots would be 

·linear and would pass through the origin F(p
2

, w
2

) = 0 at p
2 = 0. If this 

were the case, the a- (w) for several values of w could be obtained 
TTTr 

from this :equation by integration over p
2 

within suitable limits. For 

each value of w for which the integration is done, the minimum value TTTT 1 . 

of p
2 

is determined by the kinematics. The maximum value is the cutoff 

value discussed in the introduction. 

In Fig. 14 we show the results of such an integration. We wish 

to point out here that the inclusion of the results of this calculation is done, 

in a certain sense, for completeness. It will be shown in the following 

sections thatthe~data we have. taken are not consistent with the hypothesis 

that the single-pion-exchange pole gives rise to the dominant contribution 

to the scattering in single-pion production. In order to investigate inter

ference with, or departure from, one -pion exchange in the reaction 
+ . + + 

rr + p-+ rr + rr + n,. the data were analyzed in two ways. 

The first way was to calculate for each event the invariant 

barycentric-energy squared, w
2 

, of the neutron with each of the final-
rrn 

2 
state pions. There were two values of w associated with an event be-

rrn 
cause the final- state pions are indistinguishable; thus _ 

2 
(w + w )2 -+ -+ 2 

(Ill- 9) w = (qrr + pn) rr
3

n TT3 n 
3 

= (w + w )2 2 2 
cose 14L)' ( q 1 L + qTT - 2 ql L qTT 

TT3 n 
4 4 

where all quantities are in the laboratory frame. Subscripts 3 and 4 de

note final- state pions; 1 L denotes incident pion. 
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Fig. 14. Differential cross section do/ d( w2 /1/) for incident-pion 
momenta of 1.25 and l. 75 BeV /c. 
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The distribution of events as a function of w 
2 

is shown in 
'Trll 

Fig. 15. The positions, isotopic spin, and angular momentum of the 

known pion-nucleon 1·esonances are also shown. In order to investigate 

in some detail the possible effect on our data of pion-nucleon interactions, 

we have made the distributions N(w
2 

) for events in each of the seven 
. 'Trll 

momentum-transfer intervals. The results are shown in Figs. 16 and 17. 

The second type of analysis was done on the basis of a sugges-

t . b Y d T . 20 If h . + + + t k 1on y ang an re1man. . t e reactlon 1r + p -+ 1r + 1r + n a es 

place through single -pion exchange i. e .. , the exchange of a particle with 

spin = 0, then all orientatio~s of the plane of the two final- state pions 

about the 3 momentum p of the virtual particle should occur with equal 

pro ba bili ty. 

Transforming to. the rest frame of the incident pion,. let 
' ' 

~ir 3 and q'Tr4 be unit ve·ct.ors in the directions of the three -momenta of 

the final-state pions and let p and p be unit vectors along the proton 
. . ' p n 

and neutron t~ree-motnenta.· 
}' . 
Then R. = p Xp and R. = q 3 Xq 4 are unit normals to the 

pn p 1 n . - 'Tr'Tr 1r 1r · 

p-n and 'Tr-'Tr planes, ahd one determines the distribution in separation 

angle <jJ = cos -l (R· · R. ). Distributions are shown for events in each of 
pn 'Tr'Tr 

the time bins (momentum-tT;ansfer intervals) 1 through 7 in Figs. 18 

and 20. 

E. Errors 

The errors that have been presented in the tables and figures 

have been statistical (rms) err?rs on the number of events compounded 

from the data taken at conditions target full, delays normal; target empty, 

delays normal, etc. 

Of the other possible sources of error, one was the muon con

tamination ofthe incident beam. This was probably of the order of 3o/o, 7 

and would tend to raise all eros s sections by the same amount, leaving 

the shapes of all distributions unchanged. Another pas si ble source of 

error may have been the assumption that the time-bin efficiency curves 

were the same for all f) zones. The neutron-counting efficiency was 

measured for a large number of neutron energies only for f) zone No. 5. 
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Fig. 15. t1 obtained by integration of Eq. (III-8) over p 2 in the 
'I!' 'I!' 

physical region. The data shown are for incident pion 
momenta of 1.25 and I. 75 BeV /c. 
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Fig. 16a, b. Distribution of everts as a function of the square 
of the barycentric energy w of the pion and nucleon in 
the final state. The momezflfrm of the incident pion is 
de~oted by qlL" Events were sorted into 12 equal intervals 
~ = 0.222 BeV 2• The arrows show the positions of the 
(3Jr, 3/2), ( 1/2, 3/2) and ( l/2, 5/2) pion-nucleon resonances. 
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Fig. 17a, b,c. The distribution N(w
2 

) for events in each of the 
seven momentum-transfer int~¥valf into which the data 
was binned. The mean values of p are shown in the graphs. 
The incident-pion momentum was 1.25 BeV/c. ~vents were 
sorted into ten equal intervals ~2 = 0. 173 BeV • Arrows 
give the p_osition of the (3/2, 3/2) ~Ifi.d (1/2, 3/2) pion-nucleon 
resonances. 
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Fig. 17d,e,f,g. The distribution N(w
2 

) for events in each of the 
seven momentum-transfer int~JcP.J.s into which the data was 
binned. The mean values of p are shown in the graphs. The 
incident-pion momentum was 1.25 BeV /c. Events were sorted 
into ten equal intervals .t::w2 = 0. 173 BeV 2 ~ Arrows give the 
position of the (3/2, 3/2) Jl"Jla. ( 1/2, 3/2) pion:-nuc:leon resonance~;j. 
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Fig. 18a, b,c. The distribution N(w
2 ) for events in each of the 

time bins. The incident-pion ih~mentum is 1. 75 BeV /c. 
Arrows show the positions of the (3/2, 3/2) and (1/2, 5/2) 
pion-nucleo:rz resonances. Events were sorted into 10 equal 
intervals t::w = 0. 26 7 BeV 2• 
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Fig. 18d,e, f, g. The distribution N(w
2 

) for events in each of the 
time bins. The incident-pion rri'"Jlmentum is 1. 75 BeV /c. 
Arrows show the positions of the (3/2, 3/2) and (1/2, 5/2) 
pion-nucleon resonances. fvents were sorted into 10 equal 
intervals D.w2 = 0.267 BeV • 1Tn 
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Fig. 19a, b, c. The Yang- Treiman Test. Relative frequency of 
occurrence of the separation angle <1> between the normals 
K. and K. , where K. is the unit normal to the proton-

pn ~~ pn 
neutron scattering plane and K. is the unit normal to the 
plane of the two final-state pio"h'1.. All quantities are defined 
in the rest frame of the incident J?ion. The incident pion mo
mentum (lab frame) is 1.25 BeV/c. 
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Fig. I9d,e, f,g. The Yang- Treiman Test. Relative frequency of 
occurrence of the separation angle q, between the normals 
:R and :R , where :R is the unit normal to the proton-
nRfrtron s~lttering plRRe and :R is the unit normal to the 
plane of the two final-state piolli. All quantities are defined 
in the rest frame of the incident pion. The incident pion mo
mentum (lab frame) is 1.25 BeVjc. 
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Fig. 20a, b,c. The Yang-Treiinan test for data taken with an 
incident pion momentum of 1. 75 BeV /c. 
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Fig. 20d,e,f,g. The Yang-Treiman test for data taken with an 
incident pion momentum of 1. 75 BeV /c. 

... 

. .. 



• 

-65-

Measurements at o_nly a few neutron energies were taken with a zone 

No. 2 counter, and the overall efficiency for this counter 

( 11 = 11 + T] + T] + 11 ) was, within statistics, equal to that for the 
TO Tl T7 TOO 

zone No.5 counter. However, becaus'e the time available for making 

the measurements was limited, it was not possible to accumulate suf-

ficient data to allow a comparison of the efficiencies 11 (zone No.2) 
T. 

with 11 (zone No.5) 
T. 

for each of the incident neutron edergies used in 

the neutton-efficiency calibration. The efficiency for 8 zones 1, 3, and 

6 was not measured at alL The neutron-counting efficiency of a 8 zone 

No. 7 counter was measured for only three values of incident neutron 

energy. The efficiencies obtained were in-fair agreement with those 

obtained for e zones No.2 and No. 5. If the efficiencies T]j (T 2L) for a 

given time bin were not the same for all e zones, this would alter both 

the magnitude and the shape of the distributions a 2 
o/ a p 2 

aw
2 

vs w
2

' 

since (a) the values (ap
2

aw
2

)J.k would be changed (see Eq. III-4), and 
2 -z-

(b) the values w "k and p. would be changed (Eqs. III-2 and III-1). 
J J 

It is extremely difficult to estimate the magnitude of such a possible 

error, since one would have to assume values of ·T]j(T
2

L) for the un

measured e zones for all time bins j = 1, 7 and perform a great 
2 2 

many integrations to determine the change in (a p a w )jk as a function 

of the 11·· The agreement we obtained for a few energies between 8 
J 

zones No. 2, No. 5, and No. 7 leads us to believe that the differences 

in efficiency, if present, were smalL 

Another source of error was connected with the search pro

gram. It (the program) did not make a search when, for a 211", 1n event, 

the neutron and pion landed in the same counter. The number of good 

events lost this way amounted to a 3o/o decrease in total cross section. 
7 

Also, when the fitting program was tested with 600 events 

generated from kinematics programs, it failed to find kinematic fits for 

approx 1 o/o of them, so that the error from this source was quite smalL 

The loss of events (undetected events) due to pions coming off 

in the polar angular interval 147° ~ e ~ 180° has been accounted for by 

including them in the calculations for loss of events for pions in the 

interval 0° ~ e ~ 4°. 
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F" Discussion of Results 

We wish to recall at this point th.~t the Yang-Treiman anal

ysis allows only one inference to be made, i. eo ' that a deviation from 

isotropy impli~s a process other than or in addition to the exchange of 

a virtual spinless particle (a pion in our case) between the incident 

particle and the target system" In the reaction 1r + p - 'IT + 'IT + n, there 

could be processes other than si'ngle·p~on exchange, such as isobar 

formation,. or Jhree-pio~ exchange, Even in one -pion exchange, it is 

possible to have #nal-state pion-nucleon interactions take place (see 

Fig" 1). I~otr6py, on t:h,e other hand, does not imply single-pion ex

change;· it is simply consistent With it. 

Ou.r d~ta. (Figs. '18, 19) inqicate that for incident pion momen

tum qlL·= L25 B.e'V/c, the distributions for p
2 = 2.85f.L

2
, 3.65 f.L

2
, and 

5~/ 5 f.Lz a·rt anif??tr?pic; . At q 1 L = 1.7 5 Be V /c, the distributions fo7 

p = 3. 65 f.L and 5.) 5 f.L4 a.re anisotropic.,. The curves at the other values 2 . .. . . . 
of p seem;:.withil} statistic's) to be- isotr~pic. Thus, if we were to try 

. . ( ' . ' 

to obtain pion-pion ·eros's' sections from our data by the extrapolation 

method, we WO'\lld. have to restrict ourselves to using points at p
2 = 0.98, 

1.30, I. 70,, and···2.25 f.Lz for. q
1
L = 1.'2'5 BeV/c and p

2 = 0.98, 1.30, 1. 70, 

2,25, and 2.85 f.L
2 

for qlL = L 15 BeV /c. The points at these values of 

p
2 

would at least be consistent with single -pion exchange on the basis of 

the Yang-Treiman analysis, However, if we look at the curves of 

N( w
2 

) vs w
2 

for each of the time bins (Figs. 16 and 17) (momentum 'Trn . 'Trn . 
transfer 1ntervals ). there :is some indication (even with the poor statistics) 

of peaking of the distributions at the positions of the pion-nucleon reso

nances. In particular; at qlL = 1.25 BeV /c there is enhancement at the 

( 1/2, 3/2-) ~e~wnance (w;ri = 2.28 BeV/c) for p
2 = 1.70 and 2. 25 f.L

2
. At 

q 1 L = L 7 5 BeV / c, there is enhancement at the (3/2, 3/2+) and ( I/2, 5/2+) 
2 . 2. 2 

resonances ( w = 1.53 and 2.82 BeV , respectively) for p = 2.25 and 
2. 'Trn 

2.85 f.L 

Thus, even at those momentum transfers to the nucleon for 

which the Yang- Treimah curves seem. isotropic, there may be inter fer

ence between the pion-:pion interaction and a final-state pion-nucleon 

interaction. Since the extrq.polation method does not take such 

.. 
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interferences into account, we have not presented values of (T 
1T1T 

based 

on our extrapolation plots. If one attempts the extrapolations using only 

·data 'T 
3 

through T 7 at 1. 75 BeV I c and 'T 
4 

through 'T 
7 

at L25 BeV I c 

(i.e., consistent with single-pion exchange), the cr so obtained either 
. 1T1T 

are negative (L e., the extrapolation fails completely), or are consistent 

with zero. 

At both L25 and L 75 BeV I c incident momenta, the curves are 

generally nonlinear, and the trend is for the CT to be small or zero for 
1T1T 

th 1 1 f 
2 d b . 2 . It e owest va ues o w an to ecome negative as w 1ncreases. 

should be clear that for the range of p
2 

investigated in this paper, the 

exClusion of two or three data points from an extrapolation curve makes 

the cr determination subject to large errors because of the statistics 
1T1T 

on the data points. 

There is no indication from the dcrl dw
2 +. + curves that res-

1T 1T 

onances exist in the I = 2 dipion system within the energy interval in-
2 2 2 

vestigated 10 fJ. .:::; w .:::; 40 J.l. We mention this because the same ap-
1T1T 

paratus used in this experiment has been used to investigate the reaction 

1T + p- TI++ TI- + n at L25 and 1.75 BeVIc, and the dcrldw
2 

for the (TI+TI-) 

2 
final state does show the p meson even though plots of N(w + -) show 

1T 1T 

peaking at the (312, 312) and 012, 512) resonances. The point here is that 

the interference of pion-nucleon with pion-pion interactions did not mask 

the presence of the p meson. The same behavior [i.e., p -meson peak 

in the N(w
2 + 0) plot and (312, 312) and ( 112, 512) peaks in the N(w

2 
) 

1T 1T • . + + 0 21 . . TIP 
plots] has been seen 1n the reacbon 1T + p .- 1T + 1T + p. 

Kirz et aL 
22 

have tried to get cr + + for 4 J.l.
2 

.:::; w2 
.:::; 6 fJ. 

2 
2 2 2 1T 1T 1T1T 

and 6 fJ. .:::; w .:::; 8. 5 fJ. by using the extrapolation method on data from 
1T1T 

the reaction TI+ + p ~ 1T+ + TI+ + n with an incident-pion kinetic energy of 

357 MeV. They looked at events in the same p
2 

range as we used, and 

the extrapolation method failed in their case even though at their incident-

pion energy, the maximum w_
2 + in the final state is below the (312, 312) 
IT n 

resonance. It may be, then, that the influence of pion-nucleon resonance 

interactions is responsible only in part for the failure of the extrapolation 

method as applied in our work. It is possible, for example, that the 

extrapolation method would work for smaller momentum transfers than 

have been used here. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

. or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

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

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