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ABSTRACT 

The distribution in  energy and angle of recoi l  neutrons f rom 
+ t the reaction n + p - a+ + n + n was measured  for incident-pion 

laboratory momenta of 1.25 and 1,75 B ~ V / C .  The investigation was 

l imited to events i n  which the momentum t r ans fe r  to  the neutron was i n  

the range 95 to 355 M ~ V / C .  The detection apparatus  consisted entirely 

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

forward  group (4O to 60') detected both p i ins  and neutrons.  The other 

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

on the neutron was used to determine 'its energy. The data were  s tored  

on-magnet ic  tapes and analyzed by suitable programming for an  IBM 7090 

computer.  

The purpose of the experiment was to determine the c r o s s  s e c -  

tion for,pion-pion scat ter ing a t  a number of energies .  The method to be 

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

The, Yang-Treiman t e s t  was applied to the data and showed deviation f rom 

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

in  the upper pa r t  of the energy range investigated. Analysis of the data 

i n  t e r m s  of number of events vs final-state pion-neutron barycentr ic  

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

pion-nucleon resonances for the 1.25 B ~ V / C  data. At 1.75 B ~ v / C ,  peak- 
/" 

ing occurred  a t  the (3/2, 3/2) and (1/2, 5/2) resonances.  The extrapola-  

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

pion-pion c r o s s  sections obtained were  ve ry  sma l l  (consistent with zero,  



within the e r ' rors )  o r  were  negative. ~ r b m  the distribulion of events 
. . 

a s  a function of pi6n-pion barycentric energy, t he re  was no indication 

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

in. this  experiment.  



I. INTRODUCTION 

It has  been recognized for many yea r s  that a thorough knowl- 

edge of the interaction of pions with other par t ic les  would be of g rea t  

value in  building a theory of e lementary part ic les .  To obtain such 

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

scat ter ing of pions i n  a beam f rom targe ts  composed only.of those p a r -  

t ic les  whose interactions with pions were  to be studied. Thus, f o r  

example, the pion-proton interact ion has been sought by studying pion 

scat ter ing f rom a hydrogen target .  Since neutron t a rge t s  a r e  not avai l -  

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

Even in  the s imples t  ta rge t  sys t em containing neutrons (deuter ium),  the 

. neutrons a r e  bound in  the target ,  and although one can distinguish be- 

tween the pion-neutron and pion-proton scat ter ings,  the neutron-proton 

binding forces  influence the observed pion-neutron c r o s s  section. One 

would have to  know the binding forces  and the way in which they in t e r -  

f e re  with the pion-neutron forces  i n  o rde r  to  isolate  the pion-neutron 

interaction. In a somewhat s imi l a r  way, if one wanted to study the 

pion -pion intez-action, the difficult9 a r i s ing  f rom the unavailability of 

pion ta rge ts  might be overcome by scat ter ing pions i n  ' a beam' f r o m  
. . 

pions virtually contained in  a proton target ,  e. g . ,  'by the react ion 

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

of the pion-nucleon binding in the t a rge t  to the observed scat ter ing 

c r o s s  section. 

In 1959, Chew and LOW' suggested a method for overcorning 

the complications a r i s ing  f rom binding between par t ic les  i n  a complex 

target .  The ideas that provided a bas is  for the i r  approach a r e  given i n  
2 

detail in  their  paper and elsewhere.  It was the i r  proposal  for  de te r -  

mination of the pion-pion c r o s s  section that prompted us  to do the 



experiment reported in  this paper ,  It was lioped that, for sma l l  four-  

momentum t r ans fe r  between target. and recoi l  nucleon, the dominant 

contribution to  the react ion 1~ t N + IT + TT + N' would be f rom the ex- 

change of a single pion between ta rge t  and incident par t ic le ,  The dif-  

ferent ial  c r o s s  sect ion for this process  could be calculated through a 

knowledge of the singularit ies (poles) in  the scat ter ing amplitude a s  a 

funotion of tho four-momentum-transfer  variable - - 
Pvirtual pion 

Ptarget  - 'recoil nucleon " 

The essent ia l  feature of the analysis  was that the ' sca t te r ing  
- 2 2 . '  amplitude would, in. the neighbor).~czod,of p = - p , be'domin.ated by the 

pole t e r m  ar i s ing  f rom single-pion exchange to the extent tha t  the dif-  

ferent ial  c r o s s  section. for the reaet ion IT + N +  IT t . N  could'be de te r -  

mined without a knowledge of the other t e r m s  i n  the amplitude. The 

assumptions w e r e  that t he re  be no oiher  t e r m s  i n  p2 having poles near  
2 p2 = - a n d  that t e r m s  f rom the interference betwken analytic (in p ) 

p a r t s  in the amplitude and the single-pion pole t e r m  be small .  
t 

This author chose to  study the react ion nt + p + n t ' +  IT t n 
+ + .  i n  order  to  find the c r o s s  section. for IT' + IT' -* IT I IT This sca t t e r -  

ing takes place i n  a pure isotopic spin-2 state ,  and i t  wis 'hopkd that 

the data obtained taken together with data  on other I -spin state's would 

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

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

the scat ter ing is dominated by the exchange of a single pion, between the 

t a rge t  and the incident par'ti.de for those scat ter ings in  which the four-  

momentum t r ans fe r  to  the recoi l  nucleon i s  smal l .  The ~ e ~ n m a n  

diagram for this  prokess  i s  shown in Fig. 1. Following the notation of 

CL, we define 

p = m a s s  of the pion, 

M = m a s s  of the ta rge t  proton, 
P 

M = m a s s  of the neutron, n . . 
q l L  = momentum of the incident pion, 

. . 
w = energy. of the incident pion, 1 La 

p2 L = momentum of the neutron, 

T 2 ~  
= kinetic energy of the neutron, 



Fig. 1. 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 intcraction. 



and 

O2L 
= angle between incidentWpion and recoi l  neutron, 

The subscript  L r e fe r s  to the laboratory f r ame  'of reference.  

Let P I 9 PT, P,, P39 and P4 be the four -momenta of the incident par t ic le ,  
'J 

t a rge t  proton, recoi l  neutron and final-state pions, respectively.  
2 

We a r e  in te res ted  in  the variables  w (the square  of the dipion 
2 

harycentr ic  energy)  and A (the square  of the four-momentum t r ans fe r  

between t a rge t  and recoi l  nucleon). Thus, 

2 2 2 
w = (p3+ ~ 4 )  = PT- P,) 

- - (alL+ M - Mn- TZL )2 - ( ~ 1 ! , ~  2 + P Z L  2 -2qlL~2Lc0se2L)9 

A~ = (pT- P,) 9 - - 2~ . T ~ ~ -  2 
P 

(Mp- Mn) , 
and 

2 = 2Mn TZL 
- 2 2 

P = (M /M )'[A + (Mp- M i )  1 .  
n P 

F r o m  the experimental determination of. the c r o s s  section for  scat-: '. 

2 2 2 2 
te r ing  neutrons per  unit interval  of p2 and w [(denoted by 8 a/ap 8w )] , 
one obtains the pion-pion c r o s s  section f r o m  the equation 

2 
2 

l im  2 a a f 2  1 . -+-  - - 
p - - p  2 2 M2 .rr 2 

a p  a w  
2 2 2  

P Sl, (P + P 1 

where  f 2  = 0.08 i s  the pion-nucleon coupling constant. 

Fo r  a l l  physical measurements ,  p2 > 0.   hi's can  be seen  

f r o m  i t s  definition a s  the nonrelativistic expression for the  momentum - 
L 

squared  of the neutron, i, e.  , p =ZMn TZL. If, however, the qar iable  - 7 
L L 

i s  allowed to take on negative values,  then for p = - p the expressioil  - 

2 2 
for  8 a / a p  8w2 becomes infinite owing to the presence  of th,e t e r m  

2 2 2  2 2 
1 t p ) Since .Eq. (I- 1) i s  defined to  hold in the lirriit as p.  -p - p , 
we can construct  the function 

2 2 . 2. and expand it in a power s e r i e s  i n  p about the point p = - p . 



2 
: If this  e x p r e s s i o n i s  evaluated a t  p = - p 2 ,  the coefficient a. is then 

just equal to the des i red  c r o s s  section aITIT(w). To, determine the range 

' i n p 2  over  which the expansion i s  allowable, note that i f  the reaction 
+ + 
a tp+a+ + a + n were  t o  proceed via  the exchange of three  pions [ see  

L 
Fig .  l ( b ) ] ,  t he re  would be a branch cut along the negat ive.  p axis 

extending f rom the value of the lightest m a s s  exchanged to infinity. The 
2 

l ightest  m a s s  i s  3 p, s o  that the nea res t  singularity i s  a t .  -9 p . Thus, 
. t  .I. ~f the react ion n + p + n' + IT + n i s  studied by detectingneutrons with 

values of p2 > 0 a s  close a s  possible to the point p2 = - 2 
p , the single - 

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

coefficient a should yield .a 
0 ITIT' 

In using this  extrapolation procedure,  t he re  is no way of know- 

ing what the o r d e r  . of . the polynomial should be. Chew suggested that for  
2 

p2 < (300 M ~ V / C )  ( K E =  47 MeV), the best-fi t  polynomial should be a t  

most  a cubic, and to determine the c o r r e c t  polynomial o rde r  .one should 

attempt l inear ,  quadratic, cubic, and higher fi ts .  If a plateau in the 

value of a i s  obtained f rom two o r  th ree  consecutive polynomials, 
TIT 

,, then one has experimentally determined the c o r r e c t  polynomial o rde r .  

Such a p rogram is difficult to  c a r r y  out because one would need data a t  
L 

many values of p , and one would need good s ta t i s t ics  on the points. 
2 '  2 

I t  should be emphasized a t  this point that if F(p  , w ) were  to  
2 2 2 2 2 t u r n  out t,o be l inear  in  p , ,  i. e . ,  F (p  , w ) = a + a ( p  .+ p ), and if 

3 0 1 
. , F(0, w L )  =, 0, then one would not need, to  c a r r y  out an  extrapolation in  

o r d e r .  t o  de. termine 'T,,, o r ,  what is an  .quivaU.ent s ta tement , .  Eq. (1)  
2 

would be an e.xact equation. for pL 2 0 ra the r  than a relation that.holds t r u e  
2 2 

. . onlyin .the l imit .  p 4. - p  . . Then uilT(w) could be 0bta.ine.d by in t e r -  
2 grating Eq. (1). over p . within appropria.te. l imi ts .  It should . . a lso  bc 

made clsear that i f  single-pion production goes via  the isob,ar model, 
4 

t * s 
i. e . ,  a+ + p -. N -. N + IT, N1 + N + IT ( see Fig. l c ) ,  o r  i f  t he re  i s  a 

1 
f inal-s tate  pion-nucleon interact ion (see  Fig. Id),  the extrapolation p ro -  

cedure may not work  a t  a l l ,  



11. EXPERIMENT 

A. Introduction 

The work  report&d i n  this  paper was. par t  of a joint effor t  to 
f + + '4' 

investigate the  reactions n' + p - n + x t n and p t p - p t r r  I :n by 

using plastic scinti l lation counters  a s  par t ic le  detectors .  We decided 
f f 0 

tn st. i~dy these react ions r a the r  than the se t  IT + p -. IT + IT + p and 
+ O because of the difficulty of extracting low -'energy p r o  - P + P + P + I T ' + l T  . 

tons (T  S 50 MeV) f rom a liquid hydrogen target .  Although the, 
proton 

detection efficiency for  protons i s  essentially 10070 in  plastic scint i l la-  

tion counters,  this  advantage would be offset by the shor t  range of the 

protons and by the multiple scat ter ing and energy: loss  that . they would 

undergo i n  t r ave r s ing  any ma te r i a l  between tar 'get.and detector,  thereby 
'I 

masking both the init ial  angle and energy they had just' a f te r  collision. 

The effici'ency for detecting neutrons with plastic scintillation 

counters  i s  a,function of the s ize,  geometry,  and light-cdllection e f f i -  

<ciency of the counters.  We chose to use 15-cm-thick c o u ~ l t e r s  s o  that 

our  efficiency would be approx 2570 over a la rge  pa r t  of the kinetic 

energy in terva l  5 to 50 MeV. ' To determine the ncut,roh enkigy, we 

decided to  m e a s u r e  the tirrie of flight of the neutron hetween hydrogen 

t a rge t  and detection counter.  F r v m  kinematic considerations on the 

rarige of  the dipion energy w to  he investigated, the maximu!p detection 
0 angle for  sca t t e red  neutrons was  chosen a s  60 and the incident momenta 

0 
as 1.25 and 1.75 BCV/C. The deterrnjnation of 4 a s  the minimum detec-  

tion angle was rrlade on the bas is  of beam design and t a rge t  s ize.  To 

insu re  that both pions f rom a scat ter ing would be detected, an  a r r a y  of 
0 counters  w a s  used for  pions sca t te red  between 60 and 147O. The deci-  

s ion made about the angular intervals  to  be subtended by each counter 

w a s  the r e su l t  of a compromise  hetween the des i r ed  resolution of the data 
2 a s  a function of p2 and w , the l imitations based on s i ze  and cost  of equip- 

?/ ment,  and the amount of e lectronics  needed to  handle the information 

coming f rom the counters.  



2 For  the lower energies  of the p spectrum, we had to have 

enough signal f rom the counters to distinguish reliably between signal 

and noise pulses. Also, when one makes a choice of react ion and in- 
2 

cide.nt momentum, the kinematics se t s  the lower l imit  on p fo r  a given 
. 2  2 

w . Once more ,  the choice of a lower l imit  on p i s  a compromise be- 

:tween what i s  des i red  f rom the physics aspect  and what i s  experimentally 

feasi  bIe.. 

We chose to  m e a s u r e  the differential c r o s s  section for  recoi l  

neuti-ons with energies  i n  the interval  6 < T < 57 MeV. The c o r r e -  
2L 

sponding flight-time interval  AT for a 160-cm path i s  48 >AT > 16 nsec. 

We decided to  divide this into seven parts ,  AT (These increments  AT 
J. j 

a r e  r e f e r r e d  to a s  "time bins.") To each t ime bin would cor respond a 

mean  neutron energy E and our  c ross-sec t ion  measurement  would 
j' 

consist ,  essentially,  of determining the number of sca t te red  neutrons 

a t  each  of the seven energ ies  E The t ime boundaries of these  bins a r e  
J.  

given i n  Table I. Also included i n  the table a r e  the neutron kinetic e n e r -  

gies corresponding to those flight t imes  for a 160-cm path; The method 

used to determine the mean value of the energy a-nd the r m s  sp read  i n  

energy for each bin i s  given in  Section IIE. 

Table I. The nominal neutron flight t imes  T, and kinetic 
energies  T Z L  for the seven t ime  bins; .  . 

Bin No. min 
T n 

(nsec)  

16.0 

max 
T n 

(nsec)  

18.8 

21,9 

25.6 

29.9 

34.4 

40.8 

47.8 

min  
T 

2L,  
(MeV) 

40.3 



. . 
The c i rcu i t ry  i;. which the t ime measuring was done will be 

r e f e r r e d  to  a s  the "chronotron" and i s  descr ibed in  re ferehce  8. The 

chronotron compared the neutron flight t ime with that of a part ic le  with 

f3 = 1. The s t a r t  pulse,  serving a s  a zero  reference mark ,  W ~ L S  gener-  
'4' 

ated,by a coincidence of signals f rom counters in  the incident-piorr beaul. 
. 

There  was a separa te  chronotron for each 90' + sec tor  bf the neutron- 

counter a r r a y  ( see  Fig. 3).  The information on the polar and azimuthal 
: 

' angles  of all the sca t te red  par t ic les  detected and of the flight t ime 
. . 

(rn-= 1, 2,' 3, , . 7 )  of the detected neutron were  buffer-stbred i n  mag-  

netic c o r e s  and t r ans fe r red  f rom the re  to  magnetic tape. The data  on 
. . 
"a tape were  then analyzed i n  an. IBM 709 computer by means ol a kin; 

' ematic  fltting program. 

B. Pion Beam 

Figure '2 is a d iagram of the  beam-magnet layout; The in ter -  

na l  ta rge t  T I  i s  placed i n  a n  a lmost  field-free region of the Bevatron 

and is , t r a v e r s e d  by the internal  proton bea.m. The quadrupole, magnet 

Q1 accepts  par t ic les  sca t te red  i n  a cone whose axis  makes  a n  angle of 

32O with the in te rna l  beam. direction. The height of Ql and of all the 

other  magnets is adjusted s o  t l r a t  the magnets a r c  ver t ical ly  centered 

about the median plane of the beam. The benaing magnels  M1 and M2 

determined 'the momentum of the  'beam. A detailed description of the 

momentum spread.of  the beam, focusing proper t ies  of the magnets ,  and 

hot-wire calibration of the magnet sys t em is given i n  r e fe rence  7.  

Table' I1 gives a l i s t  of the magnets used. 

Table 11. Magnets used i n t h e  pion beam. 

Description 

8-in., doublet quadrupole 

12 X 60 -in, analyzing magnet 

8 -in. doublet 

16 -in. doublet 

18X 36-in. H-magnet 

8-in.' t r ip le t  

8-in. t r iplet  



Fig. 2. Diagram of the magnet sys t em and counter placement. 



The placcmcnt of the beam counters S C 1, S3, and S4 i s  a l so  shown 

i n  Fig. 2. Counter S was  a t  the f i r s t  focus and C was  a t  the second 
1 1 

focus. Counters S and S were  plastic scint i l la tors  (PS) connected by 
1 3 

lucite light guides to R.CA 68 10A photonlultiplier s .  Anticoincidence 
'i 

counter S was a PS whose. light output was funneled by a hullow e lcc t ro-  
4 

polished aluminum light guide ( t rade name "Alzac") onto the face of an  

F.CA 70146 phntomultiglier, Counter C was a cylindrical Cerenkov 
1 

counter with axis along t h e  beam. It was made of cyclohexene, with 

re f rac t ive  index 1,47, and used a 6810A photomultiplier. This counter 

was designed to look s t  Cerenkov light that was  totally internally r e -  

flected i n  the cyclohexene chamber.  The p requi red  to meet  this condi- 

tion was 6.94. F o r  incident momenta of 1.,25 and 1.75 B ~ V / C ,  protons 

have p = 0.795, and p = 0.'872, respectively,  whereas  pions have p z  1 

f o r  both cases .  'The  p q s  of deuterons and alpha par t ic les  a r e  even 

s1nalle.1- than those for protons. Thus, when a positive beam a t  e i ther  

1.2.5 o r  1,75 B ~ V / C  was  run, the proton, deuteron, and alpha components 

could be discr iminated against by a t ime  -of -flight measurement  with the 

additional requirement  that the Cerenkov counter be. made to  contribute 

to a coincidence of S C , S  Counter S was  upstrean1 f rom thc hydrogen 
1 t 3 "  3 

t a rge t  and S4 w a s  at the l a s t  focus, which wah a t  the ccnter off t he  lor - 
\ 

w a r d  counter a r r a y .  It was used in  anticoincidence wlth S C S to de-  1 1 3  
I'irle a par t ic le  sca t t e red  out of the beam. 

C. Hydrogen Targe t  and Counter Arrangement  

,The liquid hydrogen was contained in  a hemispheric  Mylar 

f lask  of 10 c m  radius with the flat s ide facing the incident beam. The 

outer  jacket had a Mylar window facing the beam and a 1/16-in. a lumi-  

num.dome facing the counter a r r a y .  Figure 3 shows how the counters  

w e r e  a r ranged with respec t  to the t a rge t  and the incident beam. The 

Yoi-ward counter a r r a y ,  (which will  be r e f e r r e d  to  f rom now on a s  the 

"dishl ' )consis ted of 84 counters .  These w e r e  designed to be approx-  

imately 2570efficient for counting neutrons in  the energy  range 5 to  60 

hloV. They nrerp m a d e  of 15-cm-thick plastic scint i l la tor .  Each block 

of scinti l lator was  coupled 'by a hollow clectropolished aluminum light 

guide to a ph.otomultiplier. The blocks w e r e  t rapezoidal  p r i s m s  and 

w e r e  fitted together t9 form a sect ion of spheFical sur face .  A 1/8-in. - 



Inc ident  

beam 

Phi counters 

Pion counters 

. . Dish 

, .  ? 

Fig. 3. Geometric a r r a n g ~ m e n t  of counters. The side view 
i s  shown in (a). ' Front views of the pion counters and the 

.. . dish.are shown separately in (b) and (c); (View a s  seen 
looking along the incident beam). . . , . 



. , . . 
thick aluminum sheet  was formed into a section of sphere  and served  ' 

a s  a faceplate for  the counter assembly. Each block of scinti l lator 

was bolted to  this  plate. Provis ion was made for pulsed nanosecond 

light sources  to be affixed to  the face of each block. l o  Radial wedges 
t; 

of lead  1/4 in. thick w e r e  then litted onto and altached to the plate, thus 

covering the en t i re  a r r a y  of 84 counters.  

The lead was piit in  tp  convert  decay gammas f rom TO'S 

produced i n  pion-nucleon collisions. The combined th i ckne .~  s of iead, 

aluminum, and scinti l lator was 1.64 radiation lengths, and gave a p a i r -  

conversion probability of 887" per  incident photon. 'l'lle lead uurvwd A - 
an  excellent di .scriminator against  reactions in  which two charged pions 

and one neut ra l  pion were  produced. Final s ta tes  with. p+nt+rrO w e r e  

a l so  discr iminated against because the l a rge  amount of absorber  in  the 

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

into the forward counter a r r ay .  The sphere  geometry to  which the a r -  

r a y  was fi t ted had a 160-cm radius with the hydrogen ta rge t  a t  the center .  

The counters  in the th ree  inner  rings had RCA 68 10A photomultipliers. 

Tho.se in  the four outer rings had RCA 7046 photomultipliers. The angu- 

l a r  interval  subtended by each counter i s  given i n  Table 111. The values 

l i s ted  are for a point-suur-ce t a rgc t  and for t h e  I O c m t a r g e t  actua3lyused. 

The polar angle 6 i s  the angle between the incident beam and the sca t te red  

particle.  The azimuthal angle is called 4. The second group of counters,  

i . ,  those surrounding the ta rge t ,  w e r e  for the dLtection of pions only. 

They w e r e  made of 1.0-cm-thick plastic scinti l lator,  coupled by lucite 

light guides to  6810A p h o t o m ~ l t i p l i e ~ s .  Thio group cnnsis ted of 12  c$ 

cou~ltei-s a r r anged  to fit .like s taves  over  a cylindrical f r ame  enclosing 

the hydrogen target .  In addition to  these ,  these w e r e  s ix . semic i r cu la r  

s l a t  counters  a r r anged  i n  pa i r s  to  cove r  the forward c i r cu la r  su r face  

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

counters  a r e  a l so  given in Table 111. ' F o r  the l imit  of a point ta rge t ,  each 

of the 84 counters  i11 the forward a r r a y  an.d each of the 12 s tave counters in  
-' 

the backward a r r a y  had an  azimuthal angular interval  of 3 0 deg. The c i r cu -  

l a r  counters  were  used for a determination of 0 only, and a single in  



. . . . ' 

- ' TaBle III'..'. .AngGlar intervals  subtended by counters.  Al1.84 
. ., , . .. . counters  . i n  the d i s h  and the counters i n  the backoward a r -  

r.ay subtended azimuthal angular intervals  of 30 as de-  
f ihkdby a point target.  The physical s ize  i s  30° + 26+. 

Theta . '. , . Point-target l imi ts  Physical l imits  ,; :, 

. Zpn?.r.; , . (deg) . . (deg) 



one of the 8 .c.ounters had to be accompanied by a signal in one of the 

4 counters  in  o r d e r  to be correlated,with a part ic le  t ravers ing  these 

counters. A .1/4-in. thickness ,  of lead  was inser ted  between this  second 

group and the target.  A concrete  blockhouse with walls and ceiling 8 

ft thick .was built a r0~11d  Lilt: counter - t a r g e t  as semhly to provide shielding 

against  the neutron background coming f rom the Bevatron. The l a s t  quad- 

rupole in  the magnet sys tem was. buried in the entrance ape r tu re  of the 

blockhouse. For  the second group of counters  (those countfng'piurls only) 
- f 

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

D. Electronics  

1. Illformation Storage 

The complete block d iagram for  the electronics  i s  given in 

Fig. 4. The output f rom each counter i s  put into a tunnel diode d i sc r im-  

inator .c ircui t  in o rde r  to get good timing on the pulses.  TWO se t s  of 

signals a r e  taken f rom these  discr iminators .  One se t  co,nsists of indi- 

vidual outputs f rom a l l  the counters.  Thesc signals go to  the pion and 

neutron coincidence -discr iminator  (CD) units. If the t iming requirements  

have been met ,  the CD units cause information to  be s to red  in  appropriate  

locations in  the buffer storage ( ~ ~ l a g n e t i c - c o r e  storage)(.ssc the following 

section). The other  se t  consis ts  of a mixture of the signals into the coun- 

t e r s  in dish sec to r s  Aa, Ba, AP, BP, Ay, By, and A6, (36 ( see  Fig. 3) .  

These ar,e fur ther  combined to give just  a ,  p, y, and 6. Each of these 

l ines  i s  then fed into a gating c i rcu i t  (n gate).  If the ,ga te  i s  open, the s ig-  

nal  that gets through i s  then t imed in  the chronotron, and the information 

f r o m  the chronotron i s  sent to  the s torage  unit. The C D  units, buffer 

s torage,  and t r ans fe r  -to-magnetic-tape c i r cu i t ry  a r e  fully descr ibed in 

re ference  12. 

2. Overal l  Tr igger  System 

A simplified d iagram of the t r igger ing  sys t em i s  given in Fig. 

5. In essence ,  the sys t em makes the twofold requirement  that a part ic le  . - 
be sca t te red  out of the beam and that  a slow part ic le  be detected i n  the ' 

fr;rrwa rd cni ln ter  array (dish)  before information can  be s to red  in  the mag- 

netic - c o r e .  s torage units, Whcn a part ic le  i s  s ca t t e red  out of the b e a m ,  
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the signal (S1  C l  Sg s4), which i s  the output of the fast  coincidence 

WC 11, is split  into two branches, The .signal in  one of the branches i s  

used t o  open four neutron gates, one for each of the sec tors  a, p, y, 

and 6 of the dish. These gates s tay  open for approx 50 nsec and the 
min 

front edge of the gatc occurs  approx r n  . nsec af te r  the a r r i v a l  o f a n  
min  

incident-beam part ic le  a t  the hydrogen target ,  where '.f n is the 

flight t ime of the highest-energy neutron accepted by the system, and 
m a x  - min 

7 - 7 n n + 50 nsec cor responds  to  the lowest energy. (See Table 

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

ting the t iming i s  given in a l a t e r  section. If a signal comes  along one 
min  max 

of the neutron l ines  ( n l ines)  in. the interval  T S T S 7 , i t g e t s  
I1 

through the n gate. It i s  then split  and goes along one of the branches 

to  the ti--of-flight coincidence c i rcu i t ry  (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 i s  used to open 

the .rr gate. If this  sr gate i s  opened, the signal S C S S can  get 
1 1 3 4  

through to init iate s torage of pion information in  the cores(by  gating on 

the pion CD units. ) It a l so  provides a ze ro  reference t ime  for the 

chronotron. 

A s  shown i n  Fig. 5, the signals .f:roln the incident-beam 

coi.ln.ters were  fed into two fast-coincidence c i rcu i t s  'WCI and WCII. The 

WGI output (S C S ) gave the flux of par t ic les  incident on the target .  1 1 3  
Since the accuracy  of the scat ter ing - c r o s s  -section determination .was 

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

termination, the; WCI c i rcu i t  was very  carefully tes ted  at the beginning 

of each data  run. The rat io  WCII/WCI was a l so  careful ly  monitored, 

s ince i t  had  to r ema in  constant for a fixed ai-nount of scat ter ing materia.1. 

in  the ta rge t  and for a fixed incident-particle momentum. 

3. Timing 

a. Beam counters  

Since the positively cha.rged beam incident on the hydrogen 

t a rge t  .was  co.mposed pr imar i ly  of pions, protons, deuterons,  and alpha 

par t ic les  (see  referenc.e 7 for  lepton contamination), i t  was  necessary 

to make an electronic  selection of those that were  pions. To do this ,  we 



took a curve.of .  S S ' monitor vs  S ,delay, using the monitor counter 
1 J 3 

telescope (shown i n  Fig. 3:) as a f lux standard, for the S S ' rate ,  
1 3  

Using the known S S separat ion distance and the values f o r  the 
1 3  

'var ious  particl-es, we determined which of the peaks on this  curve  c o r -  

responded to pions and s e t  the S delay accordingly. The Cerenkov 
3 

counter C was then included and the S C S /moni.tor was  taken VS C 
1 1 1 3  1 

delay. As explained ez r l i e r ,  the p selection of C was a guarantee that 
1 

wc would count only the pions of the par t ic les  mentioned above. The 

operat ing voltages for  each counter were  determined 'by taking curves  of 

the coincidence count r a t e  vs  vo ltage and settin.g the0perat in .g voltage in 

the plateau region of the curve. The approximate ,timing on S4 was  

determined by putting it in,coincidenee with S C and taking a curve of 
1 1  

S C S /monitor v's S delay. Then it was  put i n  anticoincidence with 1 1 4  4 

S 1C and the approprizte  final. delay and high-voltage sett ings were  

determined. The sign.al S C S,S was  of cen. t ral  importance to the 
1 1 3 4  

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

i t  determined how ofken the apparatus  would be. allowed to s e a r c h  for  

slow-neutron events. Appropriate e a r e  was  taken:.to determine the volt- 

age a t  which S should operate.  It was  necessar.y that  it. should reliably 
4 

count all pions f rom the incide:nt beam that t r a v e r s e d I t  .so that the num- 

be r  of false  t r igge ' rs  be kept at a minimum. I t  wasaa lso-necessary  to 

keep. the noise level  !ow enough s o  that  r e a l  scatterin.gs (no part ic le  

c ross ing  S ) did genera te  t r iggers .  
4 

b.. Forward  a r r a y  (Dish) couriters 

T h e  plastic scin.till.ator in  these  counters  consi.kted of approx 

; 97% polystyrene (CHI, approx 3% terphenyl, and 0,03%' tetraphenyl 
. .  . 

butadiene. In orde,r .to m e a s u r e  and a,d.just the t iming of these  counters,  

i t  was  f i r s t  necessa ry  to determine the voltage at which each  of them 

, should operate,  s o  they would all have approximately the s a m e  threshold, 

i. e . ,  s o  all the counters  would reliably detect the light output: . . f r o m  3-  to  
' 22  

: 4-MeV protons. . To equalize the thresh.olds, a Na source  of known . . . . .  ,. 
a . . strength was placed against  the aluminum face plate nea r  the center  of 

. . 

each counter, It was  requi red  that the net counts/sec coming f r o m  the 



1.28-MeV y r ays  f rom the ~ a "  be approxi~nate ly  equal for  a l l  counters.  

The bias voltages on the tunnel-diode discr iminators  were  a l l  s e t  to 

accept signals of 180&20 mV. This setting was made to insure  s table  

operation of the turir~el diodes. The signal output f rom the coun~ters. was 

in  a l l  c a s e s  l a rge  enough to f i re  the d iscr iminators  reliably, F o r  each 
v 

of the seven counter s izes  (one for each  0 ring),  we measured  the Na 
2 2 

count r a t e  for var ious  positions of the source  a c r o s s  the face of the 

counter. There  was  no noticeable variation,: within s tat is t ics ,  s o  that 

no special  c a r e  had to be taken in  positioning the ~ a "  source  for  these 

measurements .  The high voltage on each countcr was var ied  uiltil the 

des i red  net count r a t e  was obtained a s  nearly a s  possible for  the lowest 

"source  out" (noise) ra te . .  In those cases  in  which the des i red  net 

counts could not be obtained without excessive noise, the phototubeswere 

replaced until the des i red  net r a t e  could be gotten with a low noise level. 

Timing measurelne'nts w e r e  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 t r igger ,  connecting cable and light bulb, 

was  used for all the counters  i n  the dish. The light pulser  operated a t  

a fixed frequency (number of light pulses  pe r  sec) .  The pulses  f r o m  a 

tube in one of thc sec to r s  (a,  p, .y, or 6)  w e r e  counted af te r  they came  

through the corresponding neutron gate, and the count ra te  was  m e a s -  

u red  (on a s c a l a r )  a s  a function of the dclay i n  the neutron line (n-dclay 

box, see  Fig. 5). 

The high voltages on all the other phototubes i n  the sec to r  

(a,  p, y, o r  6)  w e r e  turned off. Thus at the t ime of measurement ,  the 

only source  of signa'is.along the neutron line was  the c o u n t e ~  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 f r o m  the 

s a m e  t r igger  used for  the counter being measured)  was  used to  generate  

the WCII signal that opened the n gate. After such cu rves  had  been taken ' 
fo r  all the counters  i n  a given sec to r ,  the cable lengths between the cou*. 

t e r s  and the tunnel-diode d iscr iminators  ( see  Fig. 4. ) w e r e  acljus~ttd so 



that the a r r i v a l  t ime  of pulser signals f rom a l l  counters  i n  a sec tor  
. . 

would be the s a m e  a t  the neutron gate and a lso  a t  the chronotron of the 

sector  i n  question. The timing was done for a l l  four sectprs. ,  , .The  

l ight-pulser signals were  a l so  used to measure  the a r r i v a l  t ime of s ig-  

nals a t  the CD units. These CD units were  c i rcu i t s  that, ,when gated on 

from thet 'super spl i t ters"  by an  overal l  t r igger ,  a.ccepted signals f r o m  

the counters and shaped them a s  needed for reg is te r ing  them in the 

magnetic -core  storage. No information could get through the CD units 

and into the magnetic . .. c o r e s  unless these CD' s were  gated on. Signals 

. ,  f rom each of the dish counters were  fed through CDts  into both a neutron 
0 and a pion buffer unit. Signal? f rom the counters  between 60 and 147O 

were  fed into pion buffers only. As  shown in  Fig. 5, ' i t  was the WCII  

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

in turn,  permit ted s torage of pion information i n  the magnetic cores .  

The s torage-permi t  signals for neutron information came  f rom the signal 

line coming out of the mixe r  that combined the na, np, , ny, and n6 lines.  

The timing measurements  were  a l l  c a r r i e d  out 'with a t r igger  and gating 

, sys tem a s  s imi l a r  a s  possible to  the ones used i n  actual  data runs.  

c. Gates and Chronotr,on 

. . To do the t iming on the gates,  we used fast  par t ic les  (P 1) 
produced in  IT-p scattering. Under normal  operating conditions, the 

' .  

delay i n  the n l ines  would be a r ranged  to make  the signals f rom the 

highest -energy neutrons we wished to study ( r neutrons)  fall. i n  the 
1 

, 
center of t ime bin No. 1 of the chronotron, with lower -energy par t ic les  

. . 

going into higher-numbered t ime bins. Since the re  was no a pr io r i  way 

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

flight t ime,  the t iming had to be done with par t ic les  of known flight t ime. 

This was accomplished by inser t ing i n  the neutron l ines  an  amount of 

delay equal to  the difference i n  flight t ime between a par t ic le  with P-1 . . 
and a T neutron. (The flight path i n  question was  the 160-cm distance 

1 
between the center  of the hydrogen counter and the face of the dish coun- 

t e r s ) .  With this technique, by making cable changes where necessa ry  

in  other l ines ,  delay curves  were  taken to  t ime and adjust the var ious 



gates shown in  Fig. 5: The ze ro  r 'eference t ime  for the.chronotron and 

the widths of each chronotron t ime  bin were  also se t  in  t h h .  way. Since 

the t ime-bin widths would be cor re la ted  with the spread  in  neutron 

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

of . these widths with consequent adjustment, if neces s.ary. This wouid 

a s s u r e  us ofhaving  a neutron resolution (associated with each t ime bin) 

that stayc d quite' constant thrn~ighout the experiment. Even though par  - 
t i c les  u;ith (3 - 1 w e r e  used in  the testing, we were  able to  simulate a 

t ime-of-f  ight spec t rum simply by 'changing the 'amount of delay in the. 

neutron lifies. I n  this  way, we could recor,d the nurnS.)er of counts r eg -  

i s t e r e d  in' each t ime  bin for a given delay, and by systematical ly  varying 

the delay and making a count ta l ly  for that delay value, we could make a 

distribution of counts' v s  delay for  each t ime bin. T h e s l  distributions 

w e r e  made,: .for a l l  ,fo,ur chronotrons: . The meksur  ed. widths of each t ime 

b i n w e r e  then used as guides to indicate how much adJustment 'was needed 
' 

t o  obtain. the .sett ings in Table I. After adjustments were  made, the 

curves  w e r e  r e r u n  to make s u r e  that the widths we,re a s  desired. F o r  

'example, 
l a  

was s e t  equal to  .AT' ' . . = 2.8 nsec,  etc.  Typical 
1PY YP 6 

distribution curves  a r e  shown i n  Fig. 6'. The width of a t ime bin i s  

~ n e a s u r e d  b e t w ~ c n  the points where  its distribution in tersec ts  thosc of 
. . 

adjacent bins. ' .The chronotron' a1s.o ha.d end bins, s o  that a l l  cvullts 

a r i s ing  f rom pulses  cbming outside(1ater '~;llan)bin No. 7 fell into end bin 

'NO. 00, and thdse :coming e a r l i e r  than bin No; 1 counts fell into end bin 
. . . , 

No. 0.  ' This made it possible to meas&-e  the widths o'f bins No. 1 and 

NO. 7. ~ n c l u d e d  i n  this  timing 'work was a aktel-m~nat ion ~1 lluw 

'much delay should be i n  the neutron lines in order.  that P-1 par t ic les  

" fall a t  the center  of t ime bin No. 1. The sliift to  neutrons of a given 

.flight t ime ~ t a s . t h e n c o m ~ l e t e l ~  determined." The t ime -bin wi'dths, meas  - 

ured  periodically 'throughout the course  of - t h e  e'xperiment, did not va ry  

' by m o r e  than 0.3 to 0.4 nsec.  . 

, . .  . ! 
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.d. Counters between 60' and 147' 

The timing of these counters was done a t  the junctions where 

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

signals a r r i v e  simultaneously with respect: to the front edge of the gate 

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

count ra te  (platqau cu rves )  w e r e  taken with beam-derived part ic les .  

E .  ' Determination of Neutron Counting Efficiency 

Our measurement  of the detection efficiency of our  sys t em 

f o r  neu t r0 .n~  in  the range .4 to 76 MeV i s  descr ibed h e r e  only briefly. 

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

produced by stripping deuterons a.ccelerated in  the 184-inch Lawrence 

Radiat ion: :~aboratoi-y synchrocyclotron, was sca t te red  f rom a hydrogen 

ta rge t .  T.he protons were  d,etected in  a r a n g e  telescope and the conju- 

gate elastically sca t t e red  neutrons went into a counter identical with one 

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

c m ,  and the gating was  identical with that used i n  the data runs except 

that the WCII signal was  replaced i n  this c a s e  by a stopped proton signal. 
I 

A run  conisistcd of measur ing  the number (.,I couilts i n  each chronotron 

t ime  bin tor  a given sett ing of proton-telescope arid neutron-counter 

1 ~ 1 1 e  neutron efficiency af te r  subtractions for background have 

been made i s  the ra t io  of neutron counts to proton counts, The neutron 

energy lor  such a sett ing was known, f rom proton range, kinematics,  

and proton telescope geometry., to  within 1.2 MeV for ~ l e u l r u ~ l s  uf  k.i.natic 

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

r e su l t s  fo r  counter identical with those in  8 zone 5 of the dish a r e  

shown i n  Table IV. The overa l l  efficiency E i s  the efficiency for  the 

s u m  of ali t ime bins, i. e . ,  bin No. 0 + bin No. 1 + - .  + bin No. 7 +  bin 

No. 00. Eta  i s  the efficiency for bins 1 through 7 and En i s  the kinetic 

energy of the incident neutron. Measurements  a t  s e v e r a l  values of E . n 
w e r e  made on zone No. 2 and zone No. 7 counters.  The resu l t s  for effi- 

ciency v s  E were eCllldl, within statiotioc, with those for  7;nne 5.  
n 



. . .  

. . 
' Table IV. Neutron counting efficiency in ,g zone 5; 

E ' i s  the efficiency summed over t ime bins '. 0 through 
00; q i s  the efficiency summed over bins 1 through 7; 
E is the kinetic energy of t h e  incident neutron. n 



For  purpo.ses of calculation,. i t  was assumed that a l l  counter s izes  

( 0 zones 1 through 7 )  i n t h e  dish had equal efficiencies' for neutron . . 

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

energy are given for  e ~ c h  t i m e  b i n i n  Fig. 7. A =urve of the total  e f -  

ficiency E is given in  Fig. 8. 

... . . . . . , . .. . . 

:F. Experimental Procedure '  

X data iiiiii- c~nslutucl. '.uI L .  111~at;ug~i~~ii~t l3.f the n r n i t n r i n ~  
-4 -I= + 

IT + p -. IT + i r .  + n . under the foilowing four c.onditions: 

. ,lo The hydrogen. target~'ful1, the delays set fo r  looking at the 

low-energy neutron spect rum,  

.2; The ta rge t  emptied of hydrogen, the delays a s  in 1, This 

measured  the non-hydrogen-derived scattering background at  normal  

delay. 

3. The ta rge t  full, but delay added to the neutron lines. 

Enough delay ivas. 'added so  that no part ic les  f rom the scat ter ing that 

t r iggered  the e1e.ctronics could get through the neutron gates. A r ea l  

particle f rom the scat ter ing would have had to have P > 1 in  o rde r  to 

get through the neutron gate. Thus, purely random background f rom 

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

would contribute to  the full normal  condition were  measured  by using 

this abnormal del&y.condition. 

4. The s a m e  delay c o n d i t i 0 n . a ~  3 ,  but ta rge t  emptied of hy- 

drogen, 

The information f rom the runs &as recorded.  on'magnetic tape. 

Generally, one magnetic tape was used per  run. The sca le r  

regis ter ing the number of Bevatron pulses was r e s e t  to  ze ro  at the be- 

ginning of each run. A s e r i e s  of "fixed data" switches were  s e t  to  r e -  

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

t a rge t  empty, delays normal,  etc. ) was being me-asured. The Bevatron 

pulse number for each s e t  of events was .a lso  recorded on the tape. 

The r e  were  generally about fifty scat ter ing events s tored  per  Bevatron 

pulse. Because of core- sto rage limitations,  the information in the co res  

was t r ans fe r red  to magnetic tape af te r  ten events had been s tored.  
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Fig. 7. Measurement of chronotron time-bin widths. Only bins 
1 through 5 a r e  shown. The data shown here a r e  for dish 
quadrant a. Each quadrant of the dish had a separate chronotron. 
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Fig. 8e,f,g. Neutron counting efficiency r) as a function of 
. . 
a " ~. - . .  . - incident neutron kinetic energy E fo r  ( e )  t ime bin 5, 

( f )  t ime bin 6, (g)  t ime bin 7. n ' 



During this t r ans fe r  interval,  "inhibit" signals gated off the incident - 
flux s c a l e r s  and the data-s torage electronics.  A m a s t e r  gate, f rom a 

sca le r  gater  a.nd beam monitor, gated off the sca le r s ,  etc. between 

Bevatron pulses. 

During each data run, the  following information was reg is  - 
t e r ed  on s c a l e r s :  

a. WCI: incident flux; 

b. WCII: the number of par t ic les  sca t te red  out of the .in- 

cident beam at an  angle grea ter  than 4O; 

c. Na, N N and N the number of sca t te red  part ic les  P9 U' 6'  
(detected by each + sector  of the dish)  that gave r i s e  to  signals s a t i s -  

fying the t iming requirement  for neutrons to  get through the n gates;  

d.' N , N7 , - o o : the breakdown of c for one of 
7 1 

the sec to r s  into d m b e r  pe r  bin. During a run, the .output of 

only one  of the chronotrons could be regis te-red on s c a l e r s  i n  this  way; 

e.   on it or (Mon): the number of counts r eg i s t e red  in  the 

. monitor t.ele.scope; 

f.  ND: the total  number of pulses f rom the dish; 

go NBeV: the number o f t i m e s  the Bevatron pulsed during 

the run;  and 

- h a  X n = N a + N + N + N  
P u 6' 

The'nratio W C I / M O ~  se rved  as a sensit ive check on how the 

internal  beam was  s t ee red  with respec t  to  our  in te rna l  target .  The 

position of the internal  t a rge t  was var ied  to  make  W C I / M O ~  a maximum. 

Before each data run, curves  w e r e  taken of the var iat ion i n  WCI and 

,WCU. a s  a function of the cu r ren t  in  the f i r s t  bending magnet (M ) in 
1 

o r d e r  to obtain a sett ing for M I  that simultaneously maximized WCI/ 

Mon and minimized WCII/WCI. 

Since the sca t te red  nel.ltrons had, f rom symmet ry  consider - 

at ion,^, to be uniformly distributed in  4,  the Na, N N and N6 p' . y9 
helped to  show (on those r a r e  occasions whe.n the s c a l e r s  w e r e  working) 

whether o r  not this  condition was being satisfied, and se rved  a s  an  aid 

in  locating malfunctioning components when a nonuniformity was observed . . , , 



that lay outside s t a t i s t i ca l '  fluctuation. The Zn sca ler  served  a s  a 

check on the requirement  that, i f  properly t imed signals got through 

to the tunnel-diode d iscr iminators  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 chronotrons could be r eg i s t e red  on s c a l e r s  during a 

run, a ocrioo of runs was r ~ q i l i r e d  to  show whether o r  not (the number 

of counts)/(t ime bin. in  chronotron a )  agreed  with that i n  P, etc.  when 

.normalized for incident flux. This t e s t  could be made quickly--corn- 

pa red  with the t ime  requi red  for  comparison--by using the resu l t s  f r o m  

computer -analyzed magnetic tapes.  

A-visua l  display of s m a l l  lamps  s o  arsa,nged.as to s imulate  

the corre.sponding detectors  showcd the location of a l l  par t ic les  detected 

fo r  the f i r s t  scattering-event s to red  during a Bevatron pulse.: F a s t  and 

slow part ic les  w e r e  separa te ly  displayed, and the t ime -bin signature of 

the slow par t ic les  was  shown for a l l  four chronotrons.  The information 

displayed could be r ead  f rom the cores ,  f rom the magnetic.  tape,  o r '  

f r o m  a core- tape  comparison. A continual read-wr i te  t e s t  was thus 

availa.ble. Also, spot checks could be made  of .the par t ic le  multiplicity 

and angular distributions. Statisti cs were  l imited, since v r ~ l y  10  event^ 

pe r  minute were  displayed. (The Bevatron pulses  once eve ry  6 seconds).  

However, i f  one of the counters  i n  the dish became noisy, this  could be 

seen . in  a ma t t e r  of minutes'. Also, a s  shown i n  the block diagram, t e s t  

signals were  avai.lable that simultaneously activated a l l  the CD units, 

and the visual display could be used to determine which units were nu1 

working properly.  The informixtion transfer f r o m  c o r e s  to ma..gnetic tape 

could a l so  be tes ted  this  way, The t e s t  routines a r e  descr ibed  by Balcer 
14 e t  al. 

Periodic  checks were  made on the coincidence c i rcu i t s  WCI 

and 'WCII and the i r  assoc ia ted  sca le r s ,  by using pulses  f rom a m e r c u r y  

switch pulser .  The timing of gates  and of every  tube i n  the dctector 

sys tem was  measured  many t i m e s  during the cour se  of the experiment,  

and checks w e r e  made  almost  eve ry  day url. a f e w  randomly oolected 
. . 2 2  

counters.  The sensit ivity measuremen t  of the dish counters ,  using Na , 



was done weekly during the down t ime of the Bevatron. Where i t  was . 

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

redone and adjustments made wherever  neces.sary: 

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

830 M ~ V / C  to measure  the total  p-p c r o s s  section and compare i twi th  

a previously measured  value. l 5  This was done before the l e a d  covering 

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

the sca t te red  proton ine rg ie s ,  and detection of the forward proton only 

was required. The resu l t s  of this measurement  were  in  e.xcellent ag ree -  

ment with the known value of the c r o s s  section. With the exception of 

the slight shift in  timing, a l l  other features  of the . apparatus , ( t r igger  

system, chronotron, d a t a  s torage,  etc. ) were  used exactly a s  they would 

be to i ives t iga te  the . . react ion,  n, t p + n  + ,a + n. The visual display for 

those scat ter ings (p-p) in,which both part ic les  hit the dish showed i n  a l l  

. . c a s e s  a; 180O + separation and the co r rec t  6 separat idn.  , 

t' . t 
As, mentioned ea r l i e r ,  the reacti,on IT t p -. n  t nt -1- n . 

. . . . 
(reported in  this paper)  was not the only one, studied. W e  . a lso  . measured  

. . - t  
the low-energy neutron c r o s s  sections for the r eac t ions .  n - t  p T t . r r  +n 

. . .  . . 
" t  

and p + p + p t IT t n. To insure  constancy i n  the behavior of the appa- 
. . 

ratus ,  we r a n  each of these reactions only a few days a t  a t ime,  switching 

successively from one to .another. We checked to see  that the total  c r o s s  
. . . . 

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

same  - -within s ta t i s t ics  - - f rom measurement  to  measurement  for the 

same  reaction. 



111. RESULTS AND ANALYSIS 

A. Prepara t ion  of Data 

The data on the magnetic tapes were  analyzed by a, kinematic 

fitting p rogram on an IBM 709 computer.  First, events were  sor ted  

on the bas is  of how many par t ic les  had been detected in  the neutron c i r -  

cui t ry and how r1-lany. i n  the. pion e i ~ c u i t r y .  Thus, there were event  

categories  1 -neutron, 1 pion; In, 2 r ;  In, 3 r ;  etc. The same  was done 

for two-neutron events,  i. e.  2n, l r ;  2n, 2 r ;  etc.  , and for 3n, l r ;  3n, 

2 r ;  . * .  The only events that .were tes ted  lor  killelnatic fit wcrc  those 

with a In, 21-r signature.  A complkite. description. of the dqta-handling 

process  and of the s e a r c h  p rogram used to t e s t  each In, 2 r  event for 

a kinematic fit is given i n  re ference  16. The final fo rm of thc dqta fo r  

a given react ion at one value of incident momentum was p d  on a . m a s -  

t e r  tape. On.this tape (mas te r  packed) were  l is ted all In, 21-r processed 

by the electronics  during the data runs for the r e a c t i 0 n . h  question. For  

those events for which momentum and energy conservation could be 

satisfied, the var iab les  of the final s e t  used i n  tihe p rogram were  listed., 

.We r e f e r  to  them as "sea rch  values." This m a s t e r  tape was then sui t -  

able for  use as a data-input tape on an  IBM 709 o r  70.90 computer,  and 

all c r o s s  sections,  distributions,  etc. could be determined f rom these 

data  by appropriate  programming for the computer.  

B. Me thod of Analysis 

As we have sa id  in  the introduction, our  p r i m a r y  goal was  to  

m e a s u r e  the c r o s s  section for the scattering of low-energy neutrons per  
2 2 2 2 

unit range of p and w , i. e . ,  a Z o / a p  a w . The variables  p2 and - 
wL a r e  giaen a s  functions of the labora tory-sys tem kinetic energy T 

1 2 L  
L 

and the l ab  sca t te r ing  angle 8 ' of the neutron by p = 2Mn T2L and 
.2 2 L  

2 2 
= (w 1L + M p -M n - T ~ ~ ) ~  - (q lL  + pZL - ~ 9 ~ ~ p ~ ~  cos oZL), where  M 

P 
and Mn a r e  the proton and neutron masses ,  respectively; q and w 

2 ' 2  iL 1L 
a r e  momentum and energy of the incident pion, u lL=  41L+ p , a n d p  

1 2.L 
is the momentum of the sca t te red  neutron, (Mn+ T ~ ~ ) ~ =  pL t M~ . All 2L 
variables  a r e  r e f e r r e d  to  the laboratory f r ame  of reference.  Before 



2 
explaining the method used for assigning, a value of p and c i 2  to e a c h  

event that sat isf ied kinematics, we would like to clarify,  qualitatively, 
. . 

the meaning of the phrase  " a  kinematic fit" a s  used i n  this  paper.  

Refer r ing  back to Table 111, we see  that the counters had angular in t e r -  
ti 0 

vals of approx 10 in  8 and approx 30' in +. The neutron energy range 

corresponding to each t ime bin, (see Fig. 7 )  was quite large.  The sea rch  

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

pasticloo w c r c  de tec ted  a11d the energy interval  for the t ime bin.in which 

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

sea rch  through the ranges of these  variables ,  many t imes  i f  necessary,  

to s e e  if the re  existed a se t  that satisfied conservation of energy and 

momentum. If such a cnnsistent s e t  was found, no fur ther  searching 

was done to look fo r  other se ts .  Thus the sea rch  values assigned to 

each good event were  accurate  only to within the angular l imits  defined 

by the counters.  To obtain accuracy  in 'accord with the l imi ts '  placed on 

us by our resolution in  angle and energy, the good-fit events were  sor ted  
. . 

on the basis  of their  n.eu.tron'8-zone and time-bin signatures. At a fixed 
2 incident momentum, TZL determined p , and T2L and cosOZL deter -  

2 . mined w . The mean value o f  p2 had to be obtained fo r  e a c h  t ime  bin, 

and the mean value of w' had to be determined for each of t h e 4 9  pa i rs  

{r j ,  8-zonek}_ Calling T. (TZL)  the detection efficiency of our  sys tem 
J 

for  neutrons of kinetic energy T for  the jth 'time bin, the. mean value 2 L  - 
of p2 for that t ime bin i s  . . 

where the integration i s  c a r r i e d  out numerically over the iciency 

curves 
'Ij ( T ~  L 

ff;fs 
) The r m s  sp rcad  6p2 = [tp)2)' - 4 pjS2)] is 

2 2 j gotten by evaluating ((p.  ) ) from, the same  se t  of functions T ~ ( T ~ ~ ) .  
J 



If the detection efficiency 5 (cos 8 ) i s  known 'for kacl.1 of 
k 2L 

' 

the seven 8 zones of the dish, then for fixed j and k .$k chn find 

( w2jk) f r o m  the equation 

As mentioned ea r l i e r ,  the sensit ivity of counters in  each of the 8 zones 
2 2 

of the dish was measured  a s  a function of posit ipn of the Na source  on 

t h e  face of the counters.  The response  was uniform a c r o s s  the face. 

Thus, G k '  could ,  to f i r s t  approximation, be se t  equal to unity for each 

8 interval.  However, a s  shown i n  Table I11 the  l imits .on 82L fo r  a 

given 8 zone exceed those given for a point target .  To take account of 

this  smear ing  in  angular resolution, the functions &k(cos6 ) used in  
2.L . 

the integration were  t rapezoids of height unity, of width 8" a t  half-height, 

-8 and of width Omax min at the base,  with emax 
a n d  'min as given in - 

Table 111 for  our  t a r g e t .  The mean  values (p2) and the rrns  e r r o r s  

bpZ a s  well  as the corresponding ( ~ ~ 3  bTZL a r e  given in  Table Y. 
2 2 

In Figs. 9 and 10 we have shown the region of ( w  , p ) phase 

s p a c e  avai,lable 3t incident pion momenta, of 1.25 and 1.75 B ~ V / C  when 
0 2 .neutron detection is r e s t r i c t ed  to  the interval  60 > 6 > 409 6..5 p 2 

2 2L 
p2 P 0.5 p . The mean values ( J3 ( ) a t  which the c r o s s  sections 

2 2 . 2  
P. : Ojk 

8 cr/ap a w  w e r e  measured  a r e  shown in  q e s e  figures.  
a a 

To evaluat.e;the c r o s s  sections - jk for  each t ime bin 2 2 
a p  a w  2 2 

(j  = 1, 7 )  and each 8 in te rva l  (k = 1, 7), the effective a r e a s  ( a  p a w  ) 
2 j k mus t  be calculated. If p and w2 a r e  t rea ted  as independent var iables ,  

2 2 
we can r.elate dp dw to dT2Ld(cos 6 ) by the Jacobian for the t r a n s -  2L 

. formation. This gives us tlie equation 



2 2 
Table V. Mean values of p /P and T2L fo r  the seven 

t ime -of-flight intervals ,  and the corresponding r m s  

e r r o r s .  

Time bin 



N e u t r o n  k i n e t i c  e n e r g y  (MeV) 

Fig. 9. Total efficiency for detecting neutrons. 
0 Theta zone No. 5. 
A Theta zone No. 2. 



2 2 
Fig. 10. The region of (w , p ) phase space investigated in  this 

2 2 1  2  experimant: The points (q /p , p /p )jk a t  which the .. 

2 2 2  2  2  
c r o s s  sections 8 uAap a w /I ) were  evaluated a r e  

shown by 8 .  . . . . 



2 Since p2 = 2MnTZL, a p  / a  (cosBZL) = 0, s o  that 

Evaluating the Jacobian and using p = (ZMnTZLt TZL 2L 
we get 

If each increment  of a r e a  dTd(cos6) i s  now weighte.d by the appropriate 

detection efficiency q(T) c(cos9) for that increment ,  the effective in t e r -  
2 2 

val  ( a p  a w  )jk fo r  data collected in the - jth t ime bin and the kth zone - 

2 2 ( a  p a "  )jk= 4M n 9 1L S S ( ~ ~ ~ ~ ~ ~ +  Ty)1/2 qj (T2L) ~ ~ i ~ ~ ~ ~ ~ ) ~ ~ ~ ~ ~ ( ~ ~ ~ ~ ~ ~ ) ~  ' 

. . 
(III -4 )  

The above integrals  w e r e  a l l  evaluated numerically by usj.ng an IBM 7090 
2 2 computer.  The net c r o s s  section for each interval  ( a p  a w  ) is obtained 

j k 
b y  conlbining the data  taken with hydrogen ta rge t  full. and delays normal  

(FN)  with the data taken with t a rge t  full, delays abnormal  (FA);  ta rge t  

empty, delays normal  (EN); ta rge t  empty, delays abnormal  (EA): 

2 a a 
2 a a 

2 a a 
2 

j k jk 
. a  u 

j k jk - -  - - 
2 .  2 - 2 2  2 2 2 2 + 2 2 .  (ISI-5) 

a p  a~ NET a p  a w  FN a p  amEN a P 'aw FA a p  a w E A  
. . .  . . 

The s tat is t ical  e r r o r s  
6jlc on these  c r o s s  sections, .are:  in  a s imi lar  

notation, 



. , .  
where . $k i s  the s tat is t ical  e r r o r  an the jkth - full-normal c r o s s  

' 2 ' 2 ' .  
... . section, . . .  . .  etc. The functions F. ~k (p , w ) to be used in  the e~is'zrapolaticsn 

. . . . . . 
2' . .. . 

. t o thep ion-p ion  . . c r o s s  section o ( w  ) a r e g i v e ~ b y  
. . . . . . . . . I , ' . .  'KT. , . . . . , . 

where.  the notations 6 and mean that ,  the function has been. eval-  
B j k 

uated a t  the.  mean values of p2 and w2 for the -. jth t ime bin.,and the - kth 

8 interval.  . . .. 

. . 
. . . C. Correct ions to the Dzta - .: 

A number of cor rec t ions  to  the raw data (i. e, , those two-pion, 

one-neutron events that f i t  the kinematics)  were  made before the c r o s s  
2 2 2 

sec t ions  d u/dp2dh2 a n d  , w were  computed. These  correct ions 
". w e r e  made to  take into account the folloiving effects. 

. . . , % . .  1. Pions (from a 2rr, In final state.) tha t .$raversed  the 6 in. of 

-L st counters  o r  plastic Ycilllillalvr i n  the dish mnght sca t te r  into adj,-e - 

might produce ~ h a r ~ e d . ~ a x t i c l & s  that sca t te red  into adjdce.nt counters.  
.. . Our d'ata-processing sys t em would re jec t  such.events  .because the re  were  

m o r e  than two charged prongs. Thus, the number of e v e ~ t 9  that we m e a s  - 
ured  would be l e s s  than the t r u e  number. ' 

. . .  , . . .  

, . . . :  2. F o r  some 25r, In final states, 'of the type we  wished to  m e a s -  

u r e ,  i t  was kinematically possible.for one of Yhe pidns. to  be prcsduced a t  
: . an  angle ' 8  < 4O; such events w 6 d d  go undetected by our  courrtes. dish. 

. .3..' Final-state neutrons could undergo n--p scaetering i n  the 

hydrogen ta rge t ;  such neutkrons Could 
0 

- - (a,): come off at a n  angle 8 > 60' and.  s o  avoid detection, 

(b) r eg i s t e r  i .n the wrong (8 ,  +) in te rva l  50-that kinematics. would not be 

satisfied, 

: .. ! ' (c.) ~ e g i s t e r  i n  the wrong i ime  bin so . tha t  i f  kinematics -were sati.sfied, . . .  
2 2 

the distribution of events in  p . arxdw would be i ~ ~ c o r r e c t l y  augmented. 



' To.account for pioll rescat ter ing in  the dish, a Monte Carlo 

calculation was done to  obtain the probability that a pion t ravers ing  a 

counter i n  a given 0 ring in the dish would produce a count in  an  adjacent 

counter.  Since plastic scinti l lator i s  98% CH, measured '  'l pion-carbon 

and pion-proton c r o s s  sections w e r e  used to  determine the his tory of the  

pion going through the plastic. Seven probabi1:ties P(0.  ) were  generated, 
J 

urle lul  edcli 0 sing in tho dish. TF? prnhp,bility fog 3 pion.to r e sca t t e r  in 
0 0 one of the counters  in the a r r a y  extending f rom 60 to 147 was assumed 

to be ze ro  because of the sma l l  thickness of plastic in  these  counters .  

Thus,  one could define a set P(O.) = 0, j = 8, 11. Then each event with 
J 

a 2rr, In s ignature that ,.satisfied kinematics was counted not a s  one 

event but as l / [ l  -P( en [ 1 - ~ ( 0 , ~ ) ]  events, where  and OT2 a r e  the 

6) rings i n  which t h e  pions landed. 

The cor rec t ion  for neutron resca t te r ing  in the hydrogen ta rge t  

was  also done by$ Monte Carlo method18 with the use of known n-p total  

c r o s s  sections and angular  distributions.  l This calculation determined 

what percentage of "good, f i t "  events with a given t ime  bin and neutron 

angle T. 0 .  would, i f  sca t te red  into a rrSS, s t i l l  sat isfy kinematics,  and 
l J  

how many would get sca t te red  out o f  the dish. The resu l t  was a s e t  of 

49 num'b.ers a such that i.C N.. w e r e  the observed number (.?I events in  
i j  1J 

t ime  bin i and 0 ring j, then (Nij)TRUE= (Nij)OBS Xa. .. In o r d e r  to  
1J. 

c o r r e c t  the measured  c r o s s  sections lor  tliose events that went unde- 

tec ted  owing to effect No. 2, the. "good f i t "  events were  binned into five 

equal intervals  of w2 between the kinematically allowed l imi ts  ( see  Fi.g.3). 

For  each of these  intervals ,  the s e a r c h  values of the var iables  of an * * 
event w e r e  used to obtain cos0 and cos0 

13 14' 
that i s ,  the cosine of the 

angle between the incident pion and one of the final-state pions as lneas- 

ured  in  the barycentr ic  f r ame  of the two final-state pions. This bary-  

cent r ic  sys tem has  total invariant  energy w. Calling P and P the 
1. 3 

four-momenta of the incident: pion and one of the final-state pions, r e -  

spectively, we form the invariant s ca la r  product 



where the subscr ip ts  L and B r e f e r  to -laboratory and ba r sy  systems,, 

respectively,  and where 

..% 

, . .  .I. C 0 S 8 1 3 ~ q 1 ~ q 3 ~ t  * 3 ~ ~ 1 ~ - ~ 3 ~ ~ 1 ~  ' 

cos 0- - - 
13B 9 w38 = w/2, 

q l ~  q 3 ~  

and 

sge ' 2  
Angular distributons N(cos 8 ) were  determined for each of the o 

intervals.  These distributions were  used a s  weighting factors  to generate 

the laboratory coordinates of ZIT, i n  events,  s tar t ing with a fixed p2 and 
2 * 

w , and varying cos8 between t 1  and -1. For  each of the 49 pa i rs  
2 2 

( p j  9 q k  ) the fract ion of events for which f3f!;~ < 4O was determined. 

The c r o s s  sections were  then co r rec ted  accordingly. 

D. Results 

The correc ted  c r o s s  sections obtained for the react ion 
t + + 

IT + p + IT + IT + n a t  incident pion momenta of 1.25 and 1.75 B e ~ / c  a r e  

given in Tables VI and VII. The ent r ies  in  the tables  a r e  the c r o s s  
2 2 

sections Fij(p , w ) (in mi l l ibarns)  for each of the mornentbrn t r a n s f e r s  
2 2 2 

p and IT-IT barycentr ic  energies  w . Each row is a t  a fixed p , a s  
j 

indicated. The e r r o r s  shown a r e  the r m s  s tat is t ical  e r r o r s .  .In o rde r  to 
2 2 2 .  

find u (w  ) by the extrapolation method, the . F.  . (p  , w ) a t  fixed p 
2 

TIT . -, 1.1 
L 

were  fitted to  polynomials in  w by using ,a leas t - squares  fitting proce - 
2 2 

dure.  The values of F(p , o ) used i n  the extrapolation [i ,  e. , the curves  
2 2 

F(p  , w ) vs  p2 holding w2 fixed] were  taken f rom the best-fi t  polynomials  . 
2 2 2 

Plots of .F(p , w )vs  p a r e  given in Figs.  11 and 12 .  According to  the 
7 3 

single-pion-exchange model, t h e  value of uITIT(m;) i s  given by u (<) = 
2 2 2 2 ITIT 

- F ( p ,  w ) a t p  = -  / . A .  

L 
To fi.n.d the distribution of events a s  a function of w only, we 

2 2 2 2 
have integrated.the 8 u /ap  a w  over p . In Fig. 13 we show a plot of 



2 2 Table VI. Values of the c ross  sections F(P , w )(in mb)  used i r  determining a by 
the extr po ation method. The incident pion momentum is 1.25 B ~ V / C .  ~%"ch entry 8 :  2 2 gives 'I /p 9 F(p , w and 6Frms.  

13 Zone - 
Time '1 2 3 4 5 6 bin 7 



2 2 
.Table VII. Values of the c r o s s  sections F(p  , w ) in  m b  used-in determinin a,, 

by the extrapolation method. The incident pion momentum i s  1.75 BeVE.  Each  
2 2 2 2 entry gives w /Ir , ~ ( ~ ~ l ~ ~ ,  w /p ) and 6Frms. 

Time 
bin 

8 Zone 
. . 



' 2  . .2 ' . . 2 2 ' 2 2  
. ' Fig. 11. plot: of (w ,.@ .) ~ e g i o n  showing mean, Values (a ,(I. , p /p ) 

. . .  . . . .. 
- 2 ' 2 .  2 2 .  

. . a t  which .a Z& / (a  p; / p ,  ) we're evaluated. 
: . . . 



2 2 , w ), where 
. . 

The data shown are for incident-pion momentum of 
1.25 B ~ V / C .  



2 2 Fig. 12d,e f. ~ x t r a  olatlon p oh of F(p ,a ), ' where 
4 2  2 -  

, .  -uTT 
(a') ,= - p , a 1, at p /CI -..:.I. A . :  . t 

. ,., 

The data shown are for incident momentum of 
1.25 B ~ V / C .  



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

incigey pion momentum i s  1.75 B ~ V / C  ; 2 - ~  2 , w 2 ) 
a t  p /y =- 1. 



. . 

Fig. 13c,d, e. ~ x t r a ~ b l a t i o n  of the function 'F(@ '2 The 
' W  2 2 i n c i y ?  pion momentum is 1.75 B ~ v / = ;  uT;(w2)=- F(p , w ) 

at p /p = -  1. 



2 2 Fig. 13f. Extrapolation plots of the function F(p  , w ). The 
inci ent pion momentum is 1.75 B ~ V / C ;  a 2 2 

"TiT 
(a2)= - F(p , ) 

a t  p h2= - 1. 



If .the scat ter ing arn.pl.i tude for single -pion .production were  
2 2 

r e a l l y  dominated by the contribution f rom the pole a t  p = - p , then. the 

l imi t '  relation 

2 
1 2 2 1/2 

8 u. f 2  .p2/p2 ~ ( p  - JJ. ) (111 -8) lLim 2 + -  
P - -  ap 2 2 2 ~  a w  2 2 2 ( P  + C l 2  

oT+T+ 

91 L 

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

2 
i. e . ,  a range of p that i s  physically observable.  One would expect, 

7 

L 
for  example, tha.t for this  range. of p the ext,rapolation plots would be 

2 2 
l inear  and would pass  through the origin F(P , w ) = 0 a t  p2 = 0. If this 

w e r e  the ca-se, the afir(o) for seve ra l  values of o could be obtained 
2 .  

f rom this equation by integration over p . within suitable l imits .  Fo r  

each  value of wrT for which the i n t e g r a t i 0 n . i ~  done, the minimum value 

of p2 i s  determined by the kinematics.  The maximum value i s  the cuto.ff: 

value discussed i n  the introduction. 

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

to  point out h e r e  that the inclusion of the resu l t s  of this calculationis done, 

i n ,  a cer ta in  sense,  for completeness.  I t  will be shown in. the following 

sections that .the!d+ta we have. talcen a r e  not consistent with the hypothesis 

that the single-pion-exchange.pole gives r i s e  to  the dominant contribution 

to the scat ter ing i n  single-pion production. In o r d e r  to investigate in t e r -  

ference with, o r  depar ture  from, one-pion exchange in  the react ion 
+ .  + + '  

IT + p - +  IT + r + n, the data were  analyzed i n  two ways. 

'l'he f i r s t  'Way .was Lu calculate fo r  cach cvent the invariant 
L 

barycentr ic-energy squared, w of the neutron with each of the final- 
TI1 ' 2 

s ta te  pions. There  w e r e  two values of w associated with an event be - 
~n 

caus.e the final-state pions a r e  indistinguishable; .thus 

where  a l l  quantities a r e  i n  the laboratory f rame.  Subscsipts 3 and 4 de-  

note final - state  pions; 1 L denotes incident pion. 



2 2 Fig. 14. Differential c ro s s  .section du/d( w /p ) for incident-pion 
momenta of 1.25 and 1.75 B ~ V / C ,  



' 2 
The  distribution of events as a .  function of w i s  shown in nn 

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

known pion-nucleon resonances a r e  a l so  shown. In o rde r  to  investigate 

in  some  detail  the possible effect on our  data.of pion-nucleon interactions,  
7. 

we have made the distributions N(w. ) for events in e d c l ~  of thc ceven 
nn 

momentum-t ransfer  intervals .  The resu l t s  a r e  shown in Figs.  16 and 17. 

The second type of analysis  was done on the basis  of a sugges- 
20 + .I. tion by Yang and Treiman.  If the react ion n + p - n + n' + n takes  

place through single-pion exchange i. e. ,, the exchange of a par t ic le  with 

spin = 0, therr a.11 orientations of the plane of the two final-sta.te pions 
+ 

about the 3 momentum p of the vir tual  par t ic le  should occur  with equal 

probability.. 

Transformirig to.t'he r e s t . f r a m e  of the incident pi,on, le t  
i .  I 

A 

.q?r 3 and .q . be unit ve'ctprs . in the directions of the three-momenta  of n4 
t h e  f inal-s tate  pions and le t  6 and 6 be unit vec tors  along the proton 

, . . P . n 
and neutron three-momenta. ,  . 

' . .  . - .I ' 

 hen Rpn= PpxPn and R = qn3 ~ 4 , ~  a r e  unit nosinals to, the 
nn 

p-n and n-IT planes, and one de termines  the distribution in  separat ion 
-1 '. angle +. = cos  (R-  : R . ~ i s t r i b u t i o n s  a r e  shown for events in  eachof  

pn nn 
the t ime bins (momentum-transfer  in te rva ls )  1 through 7 in Figs. 18 

and 20. 

E. Errors .  

The e r r o r s  that have been presented i n  the  tables  and figures. 

have been s ta t i s t ica l  ( r m s )  e r r o r s  on the number of events compounded 

f r o m  the data  taken at conditions t a rge t  full, delays normal ;  t a rge t  empty, 
I 

delays normal,  c tc .  

Of ' the other  possible sources  of e r r o r ,  one was  themuon con- 

tamination of the incident beam. This was  probably of the o r d e r  of 370, 
7 

and would tend to  r a i s e  a l l  c r o s s  sections by the s a m e  amount, leaving 

the shapes of a l l  distrib1.itions unchanged. Another possible source  of 

e r r o r  may  have been the assumption that  the t ime-bin efficiency curves  

m e r e  the samP fnr a11 0 zones. The neutron-counting efficiency was  

measured  for  a l a rge  'nurnbes of neutron energ ies  only for  8 zone No. 5. 



. . 
2 Fig. 15. Urn obtained by integration of Eq. (111-8) over p in  the 

physical region. The data shown a r e  for incident pion 
momenta of 1.25 and- 1.75 B ~ V / C .  



- 

( 3 1 2 , 3 1 2  ) ( 1 1 2 , 3 1 2 )  
t l  I I , I I I t ,  I +I, 

Fig. 16a,b. Distribution of evelZfs a s  a function of the square 
of the barycentric energy w of the pion and nucleon in 

IM the final state. The momentum of the incident pion i s  
de oted by q ? Events were sorted into 12 equal intervals 
Cw = 0.222 %v2. The ar rows show the positions of the n 
(372, 3/2), (1/2, 3/2) and (1/2, ~ / 2 ) . ~ i o n - n u c l e o n  resonances. 



Fig. 17a,b,c. The distribution ~ ( w : ~ )  for events in each of the 
seven momentum-transfer interval into which the data 
was binned. The mean values of pa a r e  shown in the graphs. 
The incident-pion momentum was 1.25 B ~ V / C .  p v e n t s  were 
sorted into ten equal intervals &In= 0.173 BeV . Arrows 
give the ppsition of the (3/2, 3/2) and (1/2, 3/2) pion-nucleon 
resonances. 



2 
Fig. 17d,e,f,g. The distribution N(o, ) for  events in  each of the 

seven momentum-transfer inteIvas into which the data was 
binned. The mean values of p a r e  shown in  the graphs. The 
incident-pion momentum was 1.25 B ~ V / C  Events were sorted 

2- into ten equal intervals b2 = 0.173 BeV . ~ r r o w s  give the 
position of the (3/2, 3/2) ann"d (1/2; 3/2)pion-nucleon resonanceq. . . 



2 
Fig. 18a,b,c. The distribution N(wTn) for events in each of the 

t ime bins. The incident-pion momentum is 1.75 B ~ V / C .  
Arrows show the positions of the (3/2, 3/2)  and (1/2, 5/2) 

, pion-nucleoq resonances. /Events were  sorted into 10 equal 
intervals bTn= 0.267 B ~ v ~ .  



Fig. 18d,e,f,g. The distribution ~ ( w : ~ )  for events in each of the 
t ime bins. The incident-pion momentum i s  1.75 B ~ V / 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 ~w~ = 0.267 BeV . 

lTn 



A A + = cos' ( k,, k,, ) (deg ) 

Fig. 19a,b,c. The Yang-Treiman Test. Relative frequency of 
occurrence of the separation angle + between the normals 
k and R,,, where R i s  the unit normal to the proton- 

Pn Pn 
neutron scattering plane and R i s  the unit normal to the 
plane of the two final-'state pie%%. All quantities a r e  defined 
in the r e  s t  frame of the incident ion. The incident pion mo - 
mentum (lab f rame)  i s  1.25 BeV c .  7 



Fig. 19d, e, f, g. The Yang- Treiman Test. Relative frequency of 
occurrence of the separation angle + between the normals 
B and R,,, where R i s  the unit normal to  the proton- 
n R t r o n  scattering plBEe and R i s  the unit normal to the 
plane of the two final-state pio$g. All quantities a r e  defined 
in the r e s t  frame. of the incident ion. ... The incident pion mo- 
mentum (lab f rame)  i s  1.25 BeV c. P 



Fig. 20a,b,c. The Yang-Treiman tes t  for data takenwith an  
incident pion momentum of 1.. 75 R ~ V / C .  



Fig. 20d,e,f,g. The yank-~re iman . tes t  for data taken with an 
incident pion momentum of 1.75 B ~ V / C .  



Measurements  a t  only a few neutron energies  were  taken with a zone 

No. 2 counter, and the overal l  efficiency for this counter 

( q  = i, t q ,  + q, t qT ) was, within s tat is t ics ,  equal to  that for the 
0 . 1  7 00 zone No, 5 counter. However, because the t ime available for  making 

the measurements  was l imited, i t  was not possible to accumulate suf -  

ficient data to  allow a comparison of the efficiencies q ' (zone NO. 2)  
7. 

with q (zone No. 5 ) .  for each of the incident neutron ederg ies  used i n  
7. 

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

6 was not measured .  a t  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 - fa i r  agreement  with those 

obtained for 8 zones No. 2 and No. 5. If the efficiencies qj(TZL) f o r  a 

given t ime bin were  not the s a m e  for all 8 zones, this  would a l te r  both 
2 2 2 2 

the magnitude and the shape of the distributions 8 u/a a w  vs  w , 
2 2 

since (a) the values - ( a  p a w ) would be changed ( see  Eq. 111-4), and 
2 j k 

(b) the values w and pZ would be changed (Eqs. 111-2 and 111- I ) .  
j k j 

It is extremely difficult to  es t imate  the magnitude of such a possible 

e r r o r ,  since one would have to  a s sume  values of q . (T  ) for the un- 
J 2L 

measured  8 zones for all t ime bins j = 1, 7 and per form a g r e a t  
7 7 
L L 

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

of the q.. The agreement  we obtained for a few energiks between 8 
J 

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

i n  efficiency, i f  present ,  were  small .  

Another source  of e r r o r  was connected with the s e a r c h  p ro -  

gram.  It (the p rogram) ,d id  not make a s e a r c h  when, for  a 2.rr, In event, 

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

events lost  this  way amounted to  a 3% dec rease  i n  total  c r o s s  section. 
7 

Also, when the fitting program was  tes ted  with 600 events 

generated .from kinematics programs,  i t  failed to  find kinematic f i ts  for  
. , 

approx' 170 cif them, s o  'that the e r r o r  f rom this  source  was  quite small .  

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

'in the polar angular in te rva l  147O S 8 S 180° has  been accounted fo r  by 

including them i n  the calculations for l o s s  of events for pions i n  the 



. . .  
F0  isc cuss ion of Rcsul ts  

We wish to  r eca l l  at  this point that the Yang-Treiman anal-  

y s i s  allows only one inference to be made , i .  e . ,  that a deviation f rom 

isotropy implies  a process  other  than o r  i n  addition to, the exchange of 

a vir tbal  sp in less ,par t ic le  . (a  pion i n  our. c a s e )  between the incident 
. . ~, 

part ic le  and the t a rge t  system. In the react ion rr + p -. rr + rr t n, t he re  

could be p rocesses  other  than single-pion exchange, such ds ij0156~ 

fo rma t ion ,  o r  three.-pion exchange. Even i n  one-pion exchange, it 'is 

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

F i g  1 Isotropy, on. th.e other  hand, does not imply single -pion ex-  

change: it is simply consistent with it. 

. .  'our: , data. .. (Figs.  '18, 19) indicate that for incident pion momen- 
2 2 turn 4 = 1.25 Bev/c th<distributions for. p2 = 2 . 8 5 ~  , 3 . 6 5 ' ~  , and J L  

L 50 15 11 a r e  anisotr,opic;. ,: At q l  L= 1.75 B ~ V / C ,  the distributions for 
2 .. 2 " 2  

p = 3.65 p ,and . . 5.15 p.. a r e  anisotro'pic, The curves  a t  the other values - 
L 

of p .seem,:.within stat.i.sti.{s,. . to  be: iso.tropic. Thus, i f  we were  to t ry  
. . 

to obtain pion-pion.~cros's~sections f rom our  data by the extrapolation 

method, we would have to r e s t r i c t  ourse lves  to using points - a t  p2 = 0.98, 
2 2 1.30, 1.70,. and 2 . 2 5 ~  for q = l O 3 2 5 B e v / c .  and p =0.98 ,  1.30., 1,70, 

. . li . 2  
1.25, and 2.85 p f o r  q l L  = 1.75 B ~ V / C .  The points a t  these values of 

2 
p would a t  l eas t  be consistent with single-pi011 exchange on the bas is  of 

the ~ a n ~ - ~ r e i m a n  analysis.  However, i f  we look a t  the curves  of 
2 N(uTn) vs u2 for ,  each of the t ime bins (Figs .  16 and 17) (momentum r n  

t r a n s f e r  intervals) ,  t he re  is some indication (even with the poor s ta t i s t ics )  

of peaking of the distributions a t  the positions of the pion-.nucleon r e s o -  

nances.  In par t icular ,  a t  q l L  = 1.25 ~ e V / c  the re  i s  enhancement a t  the 
2 ( 1/2, 3/2-), 'resonance (w2 = 2.28 B ~ V / C )  for p2 = 1.70 and 2. 25 p . At rrn 

~ I L  = 1.75 B ~ V / C ,  t he re  is enhancement a t  the (3/2, 3/2+) and(1/2,5/2+) 
2 2 2 

- 
resonances ( w = 1.53 and '2,82 BeV , respect ively)  for  p = 2.25 and 

2 .rrn 
'2.85 p 

Thus, even at  those momentum t r a n s f e r s  to the nucleon lor  

which the Yang-Treiman curves  seem,  isotropic ,  t he re  may be in t c r f e r  - 
ence between the pion-pion interact ton and a i inal-s tate  pion-nucleon 

interaction. Since the extc3polation method does not take such 



interferences into account, we have not presented values of o based 
IT n 

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

data T through T~ a t  1.75 BeV/c and T~ through T~ a t  1.25 BeV/c 
3 

(i. e . ,  consistent with single-pion exchange), the %n S O  obtained ei ther  

a r e  negative (i. e. , the extrapolation fails completely), o r  a r e  consistent 

with zero,  

At both 1.25 and 1.75 BeV/c incident momenta,  the curves '  a r e  

generally nonlinear, and the t rend  is for the u,, to be smal l  o r  ze ro  fo r  
2 2 

the lowest values of and to  become negative a s  w increases .  It 
Z 

should be c lear  that for  the range of p investigated in  this paper,  the 

exclubion of two o r  th ree  data points f rom an  extrapolation curve makes  

the urn determination subject to l a rge  e r r o r s  because of the s ta t i s t ics  

on the data points. 

There  i s  no indication f rom the do/dwZITtIT+ curves that r e s  - 
onances exis t  iii the I = 2 dipion sys tem within the energy interval  i n -  

2 2 2 
vestigated 10 p S w S 40 p . We mention this  because the s a m e  ap-  

ITIT 

paratus  used in this  experiment has  been used to  investigate the react ion 
t -  

n- t p + n t n t n at 1.2'5 and 1.75 BeV/c, 'and the do/dw2 for  the (IT';) 

2 
f inal s ta te  does show the p meson  even though plots of N(w rtr-) show 

peaking a t  the (3/2, 3/2) and (1/2, 5/2) resonances.  The point h e r e  i s  that 

the interference of pion-nucleon with pion-pion interactions did not m a s k  

the presence  of  the p meson. The s a m e  behavior [i. e. , p -meson peak 
2 

in  the ~ ( w '  t 0) plot and (3/2, 3/2) and ( 1/2, 5/2) peaks in  the N(w ) n n 
t t o  2 1 TP 

plots] has  been seen  in the react ion IT + p -. IT t IT + p. - 

2 2 
Kirz  e t  a1. 22  have t r i ed  to get o + + fo r  4 p  C w S 6 p 

2 
-l .l -, IT n ITT 

L and 6 pL S w S 8.5 pL by using the extrapolation method on data  f r o m  
r7.r 

the react ion nt t p + IT' t IT' t n with an incident-pion kinetic energy of 
2 

357 MeV. They looked a t  events i n  the s a m e  p range a s  we used, and 

the extrapolation method failed in  their  c a s e  even though a t  the i r  incident- 

pion energy, the maximum i n  the final s ta te  is below the (3/2,3/2) 
Yrtn 

resonance. It may  be, then, that the influence of pion-nucleon resonance 

interactions i s  responsible only i n  par t  for the fai lure  of the extrapolation 

method a s  applied i n  our  work. It i s  possible, for example, that the 

extrapolation ~rlethod would work for  sma l l e r  momentum t r a n s f e r s  than 

have been used here .  



I wish to  thank my  co-workers  Dr.  Thomas Ypsilantis, 

Dr,  Clyde Wiegand, Dr. William B. ~ o h n s o n i  Dr. Joseph Lach, and 

Dr. Tom Eliof. Working with them has  been a n  altogether delightful 

and rewarding experience. I a m  especially indebted to Dr.  Wiegand, 

whose contr ibut iu~l  Lu the uverall  e l e c L ~ u l l i ~ s  syjt .en~ has hclpcd to  

make  the experiment  successful,  and to  Dr. Ypsilantis for  the con- 

tinuing a s s i s t ance  and guidance he has  given rrle i n  my  research .  

It i s  a p leasure  to  acknowledge the work  done by Mr,  Quentin 

Kerns ,  Mr. F r e d  Kirsten, M:r. Dick Mack, Mr .  Stanley Baker,  Mr .  

Thomas N.unamaker, and Mr. Ar thur  Bjerke i n  the design of c i rcu i t ry  

used in  this  experiment.  Mr.  Cedric  La r son  is to be commended fo r  

h is  work i n  designing the structural.  support for the "dish" and fo r  

supervising i t s  con.struction. I a m  g,rateful t o  Dr. Geoffrey Chew fu r  

many int.e.r esting discus sioris and fo,r his  continued in t e res t  during the 

course  of the experiment ,  Thanks a r e  due to Dr. Emil io segr ;  fo r  h is  

in t e re s t  i n  the work  and for many helpful suggestions and to Dr.  Herbe r t  

M. Steiner for  h is  significant contributions to  the ini.ti.a.1 phases of the 

work. 

Many thanks to  the Bevatron 0pera.tor Crew for  the i r  coop- 

e ra t ion  and the i r  excellent serv ices .  Mr.  F rank  Corel l i  dese rves  

special  rnhntion for  h is  professional se rv ices  and h is  unflinching m o r a l  ' 

support. 

This work  was done under the auspices  of the U. S. Atomic 

Energy Commission. 



, . REFERENCES 

; . . . .  ( ,  > > 1 '  . . :  > . :  . . 1 .  . . 

G'.' F; Chew. and :F. E;. Low,. Phys. Rev. 113,. 1640 (1959). - 
C. Goebel, Phys: Rev. -Let te rs  1, 337 (1958). - 

.:Proceedings o'f the 1960 .Annual Internat,ional .Confer,ence on High- 

Energy Physics .at  Rochester ,  (Interscience Publishers ,  Inc. ,  

New York, 1.960) p; ' 638. . . 

S. Lindenbaum and R. Sternheimer,  Phys. Rev. - 109, 1723 (1958). 

The work was done by Leonard Auerbach,' Tom Elioff, William B. 

Johnson, Joseph Lach, Clyde Wiegand, . and Thomas J.  . Ypsilantis. . 

The 25% est imate was based on the assumption that neutrons would 

be detected by the recoi l  protons f rom n-p collisions in  the sc in-  

t i l lator.  

See Joseph Lach, Ph. D. Thesis ,  Effects of the Single Pion Exchange 
+ in  the Reaction p + p -. p + -rr + n, University of California, 1962. 

A. E. Bjerke, Q. A. Kerns,  and T. A. Nunamaker, Nucl. Instr .  

Methods 12, 25 (1961). 

The buffer-storage and read-out sys t em i s  descr ibed by F. Evans 

and F. A. Kirs ten,  Nucl. Instr .  Methods - 12, 39 (1961). 

T. G. Innes and Q. A. Kerns,  A Pulsed Nanosecond Light Source, 

Lawrence Radiation Laboratory Report UCRL-9726, Aug. 4, 196 1. 

Arthur  E .  Bjerke, Quentin A. Kerns,  and Thomas A. Nunamaker, 

Pulse Shaping and Standardization of Photomultiplier Signals for  

Optimum Timing Information Using Tunnel Diodes, Lawrence 

Radiation Laboratory Report  UCRL-9838, Aug. 30, 196 1. 

S. C. Baker, F. A. Kirs ten,  D. A. Mack, and C. Wiegand, Nucl. 

Instr .  Methods - 12, 11 (1961). 

Clyde E. Wiegand, Tom Elioff, William B. Johnson, Leonard B. 

Auerbach, Joseph Lach, and Thomas Ypsilantis, Detection Effi- 

ciency of Plast ic  Scintillator for Neutrons of Energies  4 to 76 Mev, 

Lawrence Radiation Laboratory Report UCRL-9986, Dec. 14, 1961. 



14. S? C. Baker,  Q. A. Kcrns ,  F. A. Kirsten,  D. A. Mack, . and  

T. A. Nunamaker, Tes t  Routines and Monitoring for a Large  

Counter Experiment,  Nucl. Ins t r .  Methods 12, 1 (196 1). - 
15, Thomas ~Ypsi lant is  e t  a l .  , Phys. Rev. - 98, 840 (1'955)'. 

I - 16. W. B. Johnson, Ph. D. Thesis ,  Study of r r - t p  -. rr -1 rr t n a t  

1.2 5 and 1.7 5 B ~ V / C  for Low ~ u c l e o n - ~ o m e n t u m - ~ r a n s f e r  

Collisions;  Evidence for  Pion- Pion Inter'actions, Uni.ver s i ty  of 

, . : California, ,1962. .. . . . . .  

. 17'. The pion-carbon c r o s s  sections were  taken f rom R. Cool, K. 
. , ~ r o n i n ,  and A. Abashian, . Phys. Rev. 107, 112.1 (1957) and f r o m  - 

: N. ~ b b a t i s t a ,  M. Biasco, S .  Mongel'li, A. Romano, '  and P. 
. . .  . .  .'Waloscheki Nuovo Cimento 23; 1 ( l962) ,  pion-proton c r o s s  - 

sections were  f rom N. Derado and N. Schmitz, Phys. Rev. 118, - 
.' 309 (1960). . 

. . .18. The Monte Car lo  calculati.ons for pion. resca t te r ing  in the  dish and 

. . for neutron resca t te r ing  i n  the ta rge t  were  done by William E. 

Johns-o,n and a r e  des,cribgd in  detail  i n  his  the~s is ,  Univer.sity, of 

California, 1962). 

19: W. N. Hess ,  Rev. Mod. Phys. 30, 368 (1958). 

. ;  20. C .  ,N. Yang and .& B. Treiman,  Phys. Rev.  'Le t t e r s  8, 140 (1962). - 
2 1. D. L. Stonehill, Ph. D. Thes'ik;  ale University, '1.962. 

22. J.; K i r i ,  J. Schwartz, and Re .  D. 'Tr ipp,  : Phys. Rev. - 126, 763 (1962). 

. . : .  . . 



T h i s  r e p o r t  was p r e p a r e d  a s  an  a c c o u n t  o f  Government 
s p o n s o r e d  work.  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  Commission:  

A.  Makes any  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  

, o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  . t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  any i n f o r m a t i o n ,  appa -  
r a t u s ,  method,  o r  p r o c e s s  d i s c 1 o s e . d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes a n y . l i a b i l i t i e s  w i t h  r e s p e c t  t o  t,ha n s e  o f ,  
o r  f o r  damages r e s u l t i n g  from t h e  u s e  o f  any i n f o r -  
m a t i o n ,  a p p a r a t u s ,  method,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  

A s  u s e d  i n  t h e  a b o v e ,  "pe r son  a c t i n g  on b e h a l f  o f  t h e  
Commiss ionl" inc ludes  any employee o r  c o n t r a c t o r  o f  t h e  .Com- 
m i s s i o n ,  o r  empl'oyee o f  s u c h  c o n t r a c t o r ,  t o  t h e '  e x t e n t  t h a t  
s u c h  employee o r  c o n t r a c t o r  o f  t h e  Commission,  o r  employee 
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any  i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment o r  c o n t r a c t  
w i t h  t h e  Commission,  o r  h i s  employment w i t h  s u c h  c o n t r a c t o r .  




