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ABSTRACT 

A liquid hydrogen t a r g e t  was  bombarded  b y  negative pions of 

e n e r g i e s 2 6 0 ,  317, 371, a n d 4 2 7 M e v .  P o s i t i v e r r m e s o n s . f r o m t h e  , , 

t 
r eac t i on  r r - t  ~ + T T  t r r - +  n w e r e  detected. .by using a counter  t e lescope  

t 
which . se lec ted  the  rr b y  its c h a r a c t e r i s t i c  rr-p, decay .  W i t h  the  

. t 0 
260-Mev.beam rr m e s o n s  w e r e  counted.a t  90 i n  the  l abo ra to ry  

s y s t e m .  At 317, 371, and.427 Mev the  di f ferent ia l  c r o s s  sec t ion  
. +  

w a s  m e a s u r e d  .for TT m e s o n s  emi t t ed  a t  60°, 90: 125O, and 160' 

in  the. barycentri 'c  s y s t e m .  . The angula r  d i s t r ibu t ibns  a r e  n e a r l y  

i so t rop ic  a t  317 and 371 Mev but a r e  peaked f o r w a r d  a t  427 h e v ,  

The  to ta l  c r o s s  sec t ions  a r e :  0.14*9.10 m b  a t  260 Mev; 0.71%0.17 

m b  a t  317 Mev; 1.9330.37 m b  a t  371 Mev;  aild 3.3620.74 m b  a t  427 

Mev. : These  r e s u l t s  indicate a much  l a r g e r  c r o s s  sec t ion  than  the  

t heo re t i c a l  predic t ion.  ba sed  on the s ta t i c  mode l .  Reasonable  a g r e e  - 
ment  c a n  be  obtained b y  the  inclus ion of a pion-pion in te rac t ion  in  1 
t he  product ion mechan i sm .  (A> 1 



I. INTRODUCTION 

. . 
. . 

- In the  study of the  p rope r t i e s  .of the  TF meson ,  one of the  

important  reac t ions  i s  the  'production of pions b y  pions f r o m  hydrogen.  

The single -mes  on-production reac t ions  

r-t p-rotr-tp, 

have been  studied in  emuls ions ,  -5  in  hydrogen diffusion cloud 
9-1 i 

c h a m b e r s ,  6-8 in bubble c h a m b e r s ,  
12 

and ' recen t ly  wi th  counte rs .  . 

Most of t h i s  work  was.done in  the 1 -Bev region (i. e .  with incident 

pions of kinetic ene rgy  of 1 Bev  i n  the  l abora tory  system),  

Theore t ica l  calculat ions f o r  the above p r o c e s s e s  b y  Ba r shay ,  
1'3 

16 F rank l in ,  l4 Rodberg,  l5  and Kazes  a r e  a n  extension of the Chew- 

Low f o r m a l i s m  f o r  .meson sca t te r ing  t o  the p r o c e s s  of m e s o n  s c a t -  

t e r i ng  with production.  This  t heo ry  ca lcu la tes  the  p-wave production 

in  the  one-meson approximat ion with an  extended s ta t ionary  nucleon 

and i s  not expected t o  be  applicable a t  high energy .  Indeed if the  

r e s u l t s  of the t heo ry  a r e  extrapolated t o  high energy15  they  pred ic t  

c r o s s  sect ions  which a r e  much  too s m a l l .  

T h e r e  i s  s o m e  evidence12 of a d i sagreement  with t heo ry  in  

the  ene rgy  region nea r  th resho ld ,  but the  r e s u l t s  a r e  not conclusive.  
t 

With t h i s  i n  mind we und-e:~t-ook . the  study of the  p roces s . . . r - t  p-TF +..TF-tn 
t 

in , t he  energy  region f r o m  260 t o  430 Mev, The n m e s o n  in the f inal  

s t a t e  provides  a unique s ignature  f o r  t h i s  reac t ion .  The reac t ions  

i n  which two secondary  pions a r e  produced can b e  neglected because  

the  highest  energ ies  a r e  ,just b a r e l y  above the  energet ic .  th resho ld  of 

360 Mev, and 'even  a t  higher ene rg i e s  t he se  c r o s s  sec t ions  a r e  v e r y  

sma l l .  l o  The posit ive pion which m u s t  b e  produced i n  a production 

p r o c e s s  was  unambiguously identified b y  i t s  c h a r a c t e r i s t i c  r-IJ- decay.  



A large difference between experiment and theory might show 

a need for  the inclusion in  the theory of nucleon recoi l  or  a pion- 
t 

E pion interaction. However, in this energy region one does hot 

expect nucleon recoi l  t o  be important enough toaccount  f o r  any 
, \ Y 

large discrepancy. 



11. EXPERIMENTAL ARRANGEMENT 

A. Magnets  

A d i ag ram of the expe r imen t a l  a r r a n g e m e n t  is shown in 

F i g .  1 .  The 730-Mev proton b e a m  of the  B e r k e l e y  synch ro -  

cyclot ron s t r u c k  a n  i n t e rna l  be ry l l ium t a r g e t  which was  2 in .  th ick 

i n  the  beam d i rec t ion .  Negative pions w e r e  def lec ted b y  the  cyclot ron 

magnet ic  f ie ld  and pa s sed  out of the  vacuum t ank  th rough  a th in  

a luminum window. The pions w e r e  next focused  b y  a two-.section 

quadrupple  .magnet  with a n  a p e r t u r e  of 8 in.  . 

After  t r a v e r s i n g  a n  8-ft.. i r o n  . co l l imator ,  the  pion b e a m  w a s  

bent  th rough  55' b y  a wedge magne t .  The  en t r ance  and exi t  ang les  
17 

w e r e  chosen  t o  give equal  hor izonta l  and v e r t i c a l  focusing (assuming  

a p a r a l l e l  incident .  beam). '  The  t h r e e  - sec t ion  8 - in .  quadrupole  magne t  

was  u sed  f o r  f ine  ad jus tments  i n  focusing the  b e a m .  

Wire  -orbi t  m e a s u r e m e n t s  w e r e  m a d e  t o  d e t e r m i n e  the  c u r r e n t  

se t t ings  f n r  t h e  pion b e a m s  of 1.rariouo cnel-gi ts .  1i-1 p r i ~ l c i p l e  Lhe 

c u r r e n t s  n e c e s s a r y  f o r  the  quadrupoles  c o u l d a l s o  be  d e t e r m i n e d . b y  

the  w i r e  -o rb i t  m e a s u r e m e n t s .  However ,  s ince  it was  imposs ib le  

t o  extend the  w i r e  ins ide  the  cyc lo t ron  vacuum tank,  t h i s  method 

did got work .  Thus  the quadrupble c u r r e n t s  w e r e  va r i ed  expe r imen t a l l y  

to max imize  the  b e a m  intensi ty .  . The  f i r s t  two-sec t ion  quadrupole  

i n c r e a s e d  the  beam intensi ty  b y  a factor' ,of 2.5 while the  t h r ee - s ec t i on  

quadrupole  i n c r e a s e d  the  in tens i ty  by  approx imate ly  5070. A pion 

beam in tens i ty  equa l  t o  or  g r e a t e r  t h a q  l ~ ~ / s e c . t h r o u ~ h  a 2- in .  - 
d i a m e t e r  coun te r  (Counter  2 i n  F i g .  1 )  w a s  ava i l ab le  a t  a l l  the  

e n e r g i e s  used.  .A photograph of p a r t  of the  expe r imen t a l  a r r a n g e m e n t  

is shown i n  F i g .  2 .  

: . . .B. P i o n B e a m s  

F o u r  negative pion b e a m s  w e r e  used  wi th  kinet ic  e n e r g i e s ,  ' 
en,ergy s p r e a d s ,  and contaminat ions  a s  l i s ted  in  Tab le  I. 
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Fig.  1. Diagram of experimental arrangement. 
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Fig. 2 .  Part of the experimental arrangement. 



Table I 

Characteristics of s- beams used 

T1 (MN) AT1 (Mev) 7'o~uon s 70 electrons 
(upper limit) 

260 7 1 1 h 2  5 

317 9 7 * 2  3 ' 

371 11 4 1  2 2 

42 7 11 4 A  2 2 

The energies and energy spreads were determined from the range 

c Figures 3 and 4 a r e  the 371-Mev range curves.  Note the 

integral range curve, Fig. 3; A is the break between the pion- 

absorption loss curve and the stopping of the pions, and B i s  the 

break between the pions and the muons. Point B i s  used to  determine 

the muon contamination from pions that decay before the bending 

magnet and that fraction of the muons formed after the bending magnet 
2 whose range is greater  than 230 g/cm Cu. The contamination of 

lower-energy muons produced after the bending magnet was determined 

by calculation t o  be about 1% for  a l l  energies used. Another correction 

was made for muon losses due to multiple Coulomb scattering in the 

thick copper absorber.  (For the method used to calculate multiple 

scattering in thick absorbers in which energy loss i s  not negligible, 

see Appendix, page 52.  )' - 
An upper limit for the electron contamination was obtained by 

calculation. It was shown that charge exchange in the lead collimator, 
t -  

followed by no-2y and y h e  + e , i o u l d  lead to  less  than 0.570 electrcn 

contamination. Another source of electrons was no production by protons 

in the internal beryllium target  of the cyclotron. By making a l l  
* 

assumptions in the direction to  overestimate the electron contamination, 

the upper limits given in Table I were obtained. No electron- 
C 

contamination correction was applied to  the data, and the upper limits 

gave an uncertainty that was negligible in comparison with the 

statistical accuracy. (For more  information on the method used to 

analyze range curves, see  Appendix, page 47. ) 



~ h i c k n e s s  of  copper .absor.ber (g/cm2) 
MU-17540 

.F:ig. .3.. , , In tegral  range ,  cu rve  f o r  37 1 -Mev .negat ive ,  . . .  . . i . . , ,  . . . . 
pion beam.  . . 

(See text  fo r  explanation of P o i i t s  A and B. ) 



Fig .  4. Differential  range  cu rve  for  371 -Mev negative 
pion beam.  



Horizontal  and ve r t i c a l  prof i les  of .the beam w e r e  taken with 

a 1-in. -d iamete r  counter  a t  the  posit ion of the  liquid hydrogen t a rge t .  

These  p rof i l es  a r e  shown in  F ig .  5.  The beam was  moni to red  with 

.Counte rs .  1 and 2. T r ip l e s  r e f e r s  t o  a t r i p l e  coincidence between 

1, 2, and the  1 -in. -d iamete r  counter .  

6. . Counte rs  

A de ta i l  drawing of the  h.ydrogen . t a rge t  and counter  a r r angemen t  

i s  shown in  F"ig. 6.  Al l  counte rs  w e r e  made  b y  using a p las t i c  

scintillato; m a t e r i a l  consis t ing of a solid solution of t e rphenyl  i n  

polystyrene.  . Counter 1 was  3 b y  3 in. and 0.25 in.  thick,  and 

.Counter  2 was  a 2-in. -d iamete r .  d i sk ,  0.25 in. thick.  ' Counter  3 

was  6 b y  6 in . .  0 . 5  i n  th ick;  Counter  4 w a s  6 b y  6 i n . ,  2 in. th ick;  and 

.Counte r  5,  the  anticoincidence counte r ,  was  6 b y  7 i n . ,  0.5 in.  thick,  

with 0.5-in. overl.apping.bips on t h r e e  s i d e s .  Counte rs  3, 4, and 

5 compose the  IT-p counter  t e lescope .  

F o r  the  range- 'curve m e a s u r e m e n t s ,  copper  a b s o r b e r s  w e r e  

placed a f t e r  Counter 2,  followed b y  Counte rs  6 and 7 in  that  n rde r .  

Counter 6 was  a 6-in. -d iamete r  d i sk ,  0.5 in. thick,  and Counter  

7 was  a 12-in.  -d iamete r  d isk ,  1 in. thick,  

Counte rs  1, 2, 4, 6 ,  and 7 w e r e  viewed b y  6810A photo- 

mul t ip l ier  tubes ,  while Counte rs  3 and 5 w e r e  viewed b y  6199 photo- 

rnu1tiplie.r tubes .  . The r e sponse  over  the  !surface of- Counte rs  3 and 

4 w a s  t e s t ed  w.ith.a radioact ive  be t a  s o u r c e  and was  found t o  b e  

unifo.rm within * 25 volts  on the  photomultipli .ersq 'high-vo.ltage 

suppl ies .  . The  cen t e r  of Counter  4, which defined the  so.lid angle ,  

was  16 , l  i n .  f r o m  .the cen te r  of. the  Liquid hydrogen t a rge t .  

D . .  E l ec t ron i c s  

A b l o c k d i a g r a m  of the  e l ec t ron i c s  i s  shown i n F i g .  7.  The 
4 

high counting r a t e  i n  the  mon i to r - - some t imes  as g r e a t  a s  2x10 / s ec  

meant  that  t he  counte rs  a n d ' e k c t r o n i c s  had t o  b e  buil t  f o r  high-speed 

, counting r a t e s .  The synchrocyclotron repet i t ion r a t e  i s  64 pu lses  pe r  

second,  of width-400psec. These  pu lses  have a fine s t ru ,c tu re  of 
-8 - 8 

sho r t  pu l ses  (1x10 s e c ) ,  5.4X10 s e c  a p a r t ,  due t o  the  



~ o s i t l o n  o f  ;-in. counter ( in . )  
. . 

MU- 1,7542 

HORIZONTAL 

. , 
Fig.  5. Horizontal and -vertical beam profiles taken 

with a 1 -in. -diameter counter at  the position of .. 

the 'liquid . hydrogen . target .  

V E R T I C A L  
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Fig .  6. Diagram showing de ta i l s  of hydrogen t a r g e t  and 
counter  a r r a n g e m e n t .  
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Fig.  7. Block diagram of elecrronics for  monitor and 
u-p telescope. 



phase -stability bunching of the accelerated protons . Even with the 

best  electronics now available i t  is . . impossible to resolve and count 

two par t ic les  in the same f ine-structure pulse. During the large 

pulses,  which occurred 64 t i m e s  per  second, the equipment had to  
6 

be able to  handle a counting. r a t e  of 10 pulses  per  second,. 

.To maintain 4-volt output pulses  the counters '  photom.ultip.lier 

tube bases  needed large capaci tors  (lpf in the last  s tage)  s o  that the 

voltage . ac ross  the dynodes would not drop m o r e  than 1 %  during the 

400-psec pulses.  The Evans coincidence circui ts  ,. which have a 
- 8 

resolving. t ime of about 1x10. sec ,  were  tested with a ' p u l s e r  and 

shown to be capable of uniform performance a t  10 megacycles  operating 

continuously. . The ~ e w l e t t - ~ a c k a r d  decade p r e s c a l e r s  were  a l so  

capable of continuous operation at.. 10 Mc. . The Hewlett -Packa.rd 

460A distributed amplif iers  were  .used for  amplification, while the 

460B distributed amplif iers  were  u s e d f o r  amplification and inversion 

.of the pulses .' 
f 

. The identification of .rr mesons was based on their  mean life 
- 8 s f  2.55X10 sec .  This geueral  u~ethud of positive-pion detection 

was originated by  Chamber lain, Mozle y, . Steinberger ,  and Wiegand, 19 
1 

and.has been used extensively in the past.  A detailed descr ipt ion of 

this  type of electronic equipment i s  given.by Imhof, Kalibjian, and 

P e r e z  -Mendez. 
20 

The fourfold coincidence and anticoincidence 1234: initiated a 
- 8 - 8 gate of6X10. secdura t ion ,  delayedapproximately.3XlO sec  

relat ive to  the initiating pulse. The coincidence between the gate 

and delayed pulse in Counter 4 was reg is te red  on a sca le r .  When 

this occurred,  presumably a .rr- meson t r ave r sed  Counters 1 and 2, 
f 

.entered the H targe.t, ' producing the IT. meson which pass.ed through 2 - 8 
Counter 3, and stopped i.n Counter 4, generating the 6x10 -sec  gate. 

t 
Then th'e 4.1 -Mev. muon, f rom the .IT decay, gave a delayed pulse 

which made a coincidence witki the gate. . 

However, i t  was possible for  two random par t ic les  or a p-e 

decay to  simulate this effect. The accidental  and p-e decay coinci- 

dences were  monitored by using an identical coincidence channel in 



-8 
which the gate delay was se t  a t  19.2X10 sec .  The  muons' were  ' 

for.med..from pion decay in  the,counter  .and the i r -  subseque'nt e lectron 

decay led t o  a s m a l l  e r r o r  '' (2%) in  inonitoring the accidentals .  

Although slightly m o r e  p-e decays occurred during the f i r s t  gate,  

about . l / 3  of these  w6re  concurrent  with IT-p decays.  This  led. to  a 

.sl ight overest imation of .the accidentals.  
. f 

The IT counting .equipment did not respond to the other par t ic les  
- 

, ' encountered during the experiment.  . F o r  example,  IT mesons  that 

stop in mat te r .  a r e  almost  always captured, and therefore  have a 
- 1 1  

mean. l i fe  in scinti l lator ma te r i a l  of approximately 10 sec .  

Thp partic1e.s counted during the experiment  were  shown 
I 

t o  have s meari Life of ~ . 7 * 0 . 2 ~ 1 0 - ~  i e c  by a leas t - squares  fi t  t o  

.. the data  .points 'plotted in .Fig.  8. This i s  in  sat isfactory agreement  

with the accepted mean life for 'p ions .  .. F o r  mkasuririg the mean life, 

the electronics  was Slightly a l te red  so' that the output pulse of the. - 
12.345 coincidence t r iggered  . a  cathode - r a y  oscilloscope (Tekronix 

,517). The pulses  f rom Counter 4 - -  s ee  belowi-- were  .displayed on 

'the oscilloscope and photographed by  a.Dumont oscilloscope camera .  

I 
By photographing the eve'nts. and measuring the separat ion between 

the' pulses . the in tegra l  decay curve shown: iri F ig ;  8 was .obtained. 

Correct ions have been applied fo r  accidentals and IT-p-e decays 

for  which the muon pulse could not be  resolved from that of the piori. 

Accidentals we.re est imated by.counting the number of events in 

which.the p pulse occurred  before the n pulse,  and th is .was  found 

td be l e s s . than  10%. The rr-p-e decay cor rec t ion  was est imated by  

a simple calculation and was important  only for  large t .  

P r i o r  t o  the actual  run, a calibration r u n  (descr ibed in the 

. Appendix) was taken. in  which the counter telescope was placed in a 
t 

:n -meson'b@am. A-plateau in the counting r a t e  a s  a function of high 



Separat ion ,  t  ( l d 8 s e c )  

"MU- 17544 

/ 
Fig .  8. Integral  mean-l i fe  curve  fo r  par t i c les  produced 

by 37  1 -Me+ negative pions. i n  l'quid hydrogen t a rge t .  
Straight line i s  f o r  N = No e -  tlT with T = ~ . 5 5 ~ 1 0 - ~  
sec .  



voltage w a s  observed  fo r  e ach  counte r .  The counte r s  w e r e  opera ted  

i n  the  pla teau reg ion  t o  i n su re  s table  operat ion of the e lec t ron ics .  

P r o p e r  cable  Lengths between counte r s  and e lec t ron ic  equipment w e r e  .h 

d e t e rmined  by observing the  counting r a t e  a s  a function of one counte r ' s  

de lay  re ia t ive ,  t o  a l l  o ther  coun te r s .  By  varying the de lay  of the ga.te . 
r e l a t i ve  t o  th.e pu l s e s  in Counter  4, we m e a s u r e d  the m e a n  life of 

the  pa r t i c l e s  that  a r e  counted i n  the  c o u n t e , ~  t e iescope .  (See F i g .  26 

in Appendix. ) The m e a n  life a g r e e s  within s t a t i s t i c s  with the  accepted 
t 

value  f o r  TT m e s o n s ,  

During the  expe r imen t  i t  was  n e c e s s a r y  f o r  "Coi.ncidence 1" and 

"Coincidence 2" t o  b e  s e t  a t  the  s a m e  discrirr~it lat iot i  l eve l  i t i  o r d e r  

ihal lhe acciclelital couilts obeei-ved in  Channel  2 b e  a n  a c c u r a t c  

m e a s u r e  of t hose  accepted by Channel  1. During the  r u n  t h i s  dis- .  

c r imina t ion  l eve l  was  checked in  .two ways .  F i r s t  i t  wtas checked b y  

feeding pu l s e s  t o  the. "gate gene ra to r "  f r o m  a 100 -kilocycle pu l s e r  

and  adjust ing the  d i s c r i m i n a t o r s  unti l  equa l  number s  of "accidental" 

coincidences  w e r e  observed  in both channels .  Second1.y the  counter  

t e lescope  was  placed in  the  d i r ec t  T- beam and the  number s  of 

acc iden ta l  coinci.dences in both. channels  w e r e  balanced.  F o r  c o r r e c t  
, 

operat ion both  methods  m u s t  glve the s a m e  r e s u l t ;  th i s  they  did. 

F o r  the second method t o  show the  c o r r e c t  d i sc r imina t ion- leve l  

ba lance ,  the'  d i f ference in  de lay  between the  two ga tes  m u s t  b e  a n  

i n t eg ra l  mul t ip le  of the  separa t ion  between cyci.otron f i ne - s t r uc tu r e  
- 8  

pu l s e s  ( 1 9 . 2 ~ 1 ~ - ~ -  3 ~ 1 0 - $  = 3X5.4X10 Both checks  w e r e  made  

da i ly  dur ing the  c o u r s e  of the  exper iment .  

R u l o 6 -  R h l o 6  be t a  s o u r c e s  w e r e  t aped  t o  Counte r s  3 ,  4, and 

5. T o  i n s u r e  s t ab i l i ty  of the  equi;?ment, s ing les  counting r a t e s  of 

the  be ta  s o u r c e s  w e r e  t aken  twice  dai ly  f o r  e a c h  sc in t i l l a to r ;  only 

s l ight  downward d r i f t s  i n  the  gain  of ' the HewEett - P a c k a r d  amp l i f i e r s  

w e r e  observed.  These  w e r e  compensa ted  f o r  by i nc r ea s ing  the  

photomult ipi ier  high vol tages .  



E .  Target  i . . ,  

The..liquid hydrogen' ta rge t  used consisted of a':larg'e ' reservoi r  

and a smal le r  . target  container. The sma.ll t a rge t  container was 

suspended i n t h e  d i rec t  IT- beam.  The i&rge r 'eservoir 'was surrounded 

by ii liquid nitrogen container used.as  a heat shield.8nd'the.whole 
. .  , 

asskmbly was in a vacuum. A c r o s s  -sectibn view of the Liquid 
. . 

hydrogen container and vacuum chamber i s  shown in Fig.  6.  

The 4.5 -in. -diameter  Mylar e.nd windows provided a thin, 

low-Z ma te r i a l  in the direct  beam and made possible visual  observation 

of the 'liquid hydrogen container.  The..heat shield was a 0.00 1 -in. 

aluminum foil in the rma l  contact with the liquid nitrogen r e se rvo i r .  

The liquid hydrogen container was made of 0.02-in. -thick 5-in. -wide 

Mylar sheet with, copper top and bottom plates bonded with a Versamid-  

epoxy mixture.  The shape of the Mylar sheet i s  shown in Fig.  6 ;  the 

s t raight  sections a r e  4 i n . ,  with a r c s  of 2-in. ' r a d i i  on the ends. The 

s ides  of. the ta rge t ,  surrounded by vacuum, bow out s.lightly since the 

inside of the vesse l  i s  at  atm.ospheric p res su re .  This bowing,a 7% 

effect, was measured  experimentally and cor rec ted  fo r .  

The .liquid hydrogen container could be  emptied or filled by 

closing or opening i t s  venting line. The excess  or  deficit in liquid 

hydrogen was taken up or supplied by the r e se rvo i r .  

' F. Experimental  ' ~ e t h o d  

Since we a r e  dealing with a three-body final s ta te  in the 
t + 

reaction under study (IT-+ p e r  t r - t n ) ,   the.^ in the center  -of -mass  

system can have any energy f rom ze ro  to  some maximum energy. 

This maximum energy depends only on T I ,  the kinetic energy of 

the incident IT-t-qesoh in the Laboratory system. F o r  a IT+ emitted 

at  some angle Oh-in the barycentr ic  sys tem,  i t s  laboratory angle 6 

will depend on i t s  barycentr ic  kinetic energy T*.  heref fore, to  
t 

count .rr mesons at  one angle and seve ra l  energies  in the barycentr ic  

system, i t  i s  necessa ry  to  use seve ra l  angles in the laboratory 

system. Except f o r  sma l l  T* these  angles a r e  only a few degrees  

apar t  for  the same 6 .  Before the experiment the lab angles and 



energies  were  calculated f rom the chosen .c. m .  angles and energies .  

After the experiment ,  when a l l  lab quantities were  definitely known, 

a conversion f rom the laboratory to  center  -of - m a s s  system was 

made ,  the res.ults of which.are  given in  Section :IV, Table 11. The 

relat ivis t ic  equations that were  coded for  the I. B. M. 650 , ,. computer 

in order  to  solve this  problem a r e  a s  follows (al l  energies  a r e  

in units of Mev; 

E?', i s  the t  ot a1 center-of - m a s s  energy,  

M TT . i s  the pion r e s t  energy,  

M is the proton r e s t  energy,  
P 

M is the n e l ~ t r o n  r e s t  energy,  
n 

4- 
T,  P, E, T* P* a l l  r e f e r  to. the n. meson.  ) 

max9 m ax 

6 = BT = [TI ( T I  + ZM,)] 1/2/E*T (3  

F r o m  center  -of - m a s s  system to  labbratory sys tem:  \ 
1 

p* - --  2 
max  2E* { [ E.,' - (2M,+M ) ] (E9$ 

T 

T* = (Pi2 + M,) 2 1/2 - M m ax . m a x  T T .  

T *  = fT* fo r  "f" f rom 0 t o  1.0 in 0.1 increments  ., m ax . I  
(6 

. . 
.2  2 1 / 2  . . 

, E* = .T*  + M,, P*.= (E!. - M, 1 



F r o m  laboratory system to center  -of -mass  system: 

2 2 1/2 - M , 
T* = (P* t M n )  

T 

- 1 do* - p3 [ p*2 (yp* + -7E*cos8*)  ] - -  

do! 

The counter telesc'ope was mounted on a d-olly and . 
could be conveniently swung to any des i red  angle . .  The des i red  lab 

energy was obtajnedby varying the copper absorber  placed bet  ween . 

. .Counters. 3 and 4 ( see  F ; ~ .  6 )  and a lso  that before. Counter, 3 fo r  the 

high-energy pions. In o rde r  to  m2nimize the effects of long-term 

drif ts ,  data were  taken many t imes  in ,a cyclic procedure a t  each 

angle and energy setting. Target-ful l  and target-empty runs  were  

cyc led,,regular ly during the experiment.  

Another. computer program was used to  calculate the copper 

absorber  thickness,..for a given lab energy and.the effici.ency of the 

counter at  that' energy. In calculating the copper absorber  thicknesses ,  

energy losses  in the liquid hydrogen, the aluminum cylinder,  and 

the scinti.llation counters were  a l so  considered. The effective 

thicknesses of the abso rbe r s  were  used in the calculations. Effective 

thickness.includes an increase  of thickness in the abso rbe r s ,  since 

the pions in general  do not pass'.through the counter telescopci perpen- 

dicular to  i t s  axis.  The Range-Energy Tables of Rich and Madey 
2 1 

were  used, and.an extrapolation between the given values was 

accomplished by using T = a ~ ~ ,  where R i s  the range and a and 
. . b a r e  constants determined by  fitting.the t a b l e  values a t  the ends of 

the region. 



f. 
The efficiency of the T counter telescope i s  a product of 

th ree  efficiencies: those taking axcount of (a) delay, (b) absorption, 

(c)  multiple Coulomb scattering. The delay efficiency i s  th& fraction 
f 

of the T mesons that decay into tnuons during the t ime when the 

muon pulses  can make a coincidence with the gate. This f ract ion 

was measured  experimentally and found to  be 0.279.. The absorption 

correct ion (270 to 40'70) was calculated by using experimental  c r o s s  

sections.  2 2 9  23 The correct ion for  multiple Coulomb scat ter ing 

(6Yo and less] ,  considering energy loss in the absorber ,  i s  descr ibed 

in  the Appendix, page 5 2 .  Combining these th ree  fac tors ,  we get 

the total  efficiency, which i s  shown as  the so l id  l i n e  i n  F ig ,  9. 

The two experimental  points represent  the number of IT-)J. 

t 
telescope counts fur  an i11cide111 .II I I J ~ S U I I  as 6l~easuxe;l i i i  a "pure" 
t 

. , ' " 
IT beam. These points se rve  a s  a check on the delay and absorption 

efficiencies but contain the calculated multiple -scattering efficiency. 

The multiple-scattering correct ion was negligible in geometry used 

for  the calibration run. The e r r o r s  a r e  a combination of counting 
> .  . 

s ta t i s t ics  and uncertainty in beam contamination. 



Pion k inet ic  energy ( M e v )  

F i g ,  9.  Efficiency of 7~-p t e l escope  as a function of 
the  kinetic e n e r g y  of the  stopping pion. 



111. CORRECTIONS 

Accidental counts in the rr-p telescope were  monitored con- 

cur rent ly  with the r e a l  counts. During the experiment the ra t io  of 

accidental  to  r e a l  counts was between 1/4 and 1 .  

Another correct ion had to  be applied for  "beam bunching. " 

- 
Because of the high-intensity rr beams  used, occasionally two 

pions bombarded the liquid hydrogen ta rge t  during the same  cyclotron 

fine - s t ruc ture  pulse. Whcn this  occurred,  only one count was 
- 

r eg i s t e red  by the monitor counters ,  whereas each  .rr mssotl  was 
t 

capable of producing a rr meson.  

B y  delaying the signal in  Counter 2 relative t o  Counter 1 by 

the separat ion between cyclvlrvrl fiue - s l ~  uctute pulses ,  we measurcd  

the probability of two pions' passing through the monitor counters 

during adjacent fine - s t ruc ture  pulses .  This was equal to  the prob-  

ability of two pions' passing through the monitor counters during 

the same  f ine-s t ruc ture  pulse.  This probability had to  be  multiplied 

by the r a t i o  of pions passing through the hydrogen ta rge t  t o  those 
- 

passing through the monitor counters ,  since only one rr needed to  
- 

pass  through the monitor counters .  Since a l l  rr mesons t ravers ing  

the 2.25  -in. -diameter  collimator passed  through Counter 1 and 

presumably the liquid hydrogen ta rge t ,  this  ra t io  equalled the singles 

r a t e  of Counter 1 divided by the doubles r a t e  v l  C u u t ~ t e r s  1 and 2 .  

This correct ion was direct ly  proportional to  beam intensity, and was 

7*2'jo or  less  for  a l l  intensit ies used. 

The data  analysis was complicated by the poor geometr ica l  

conditions used to  obtain reasonable counting r a t e s .  Neglecting 
. -- 

alLother  cor rec t ions  for  the t ime being, the problem i s  this :  given 

Y ( O ) ,  the number of counts pe r  incident IT- meson, with the counter 

a t  an angle 8 a s  shown in Fig.  10, what i s  0 (O), the differential  

c r o s s  section in the laboratory s y s t e m ?  Let L(8) = Y (8)/(nt) ,  where 
2 

nt i s  the number of hydrogen nuclei pe r  cm of ta rge t  a rea .  

The solution of a s imi lar  problem for  a rectangular  block ta rge t  

i s  presented by  Anderson, Davidon, Glicksman, and Kruse.  
2 4  



Beam 

Fig .  10.  Idealized target  and c'ounter geometry used 
a s  a ' bas i s  for  the geometr ic   correction,^. 



If U (4) i s  the  t r u e  d i f fe ren t ia l  c r o s s  sect ion p e r  hydrogen 

nucleus  p e r  unit . so l id .angle  f o r  pa r t i c l e s  going, f r o m  d r  t o  da ,  whe re  

d~ .is a n  e l emen t  of the  t a r g e t  volume V, and d a  a n  e l emen t  of the 

c'ounter ar,,ea; A ,  . we; have 

The  e lement  of sol id  angle i s  

. . 
r 

4 

where  r is a vec to r  connecting d7 with da ,  6 is the  angle between 
4 -+ 
r and the ~ l o r r n a l  t o  the  counter ,  and + i s  the angle between r and 

the  incident  beam.  

a Tay lor  S e r i e s  about: + = 0 ,  we obtain 
C O S  [o (0) t O1(0) (+ - 0) t 1/2 ot t (0)  (+ - w2] . 

I r 2 

F o r  a counter  of width 2a and height 2b a t  a d i s tance  d f r o m  the  

cen te r  of a t a r g e t  which is a hollow cyl inder  of length 21 with i nne r  

and o h e r  r a d i i  of p l .  and p 2  respec t ive ly ,  a long but s t r a i gh t fo rwa rd  
. . 

calcula t ion gives  
A P uq (0) Y 

t -  1 t . a u t t ( 0 ) ] } - :  0 (0) (16) 
-7 

where  (wi th .p  = cos  0) we have 
1 -- 

a =  - [ - ( a ' t b 2 ) i l 2 ( 3 p 2 - l ) t 3 / 4 R  ( I  - 3 t ~  I 
2d2 1 



and p: t p: has been replaced by 
t 

. , 

in the resu l t  in order  to  include N the bearn-particle density .over 
i2 

the ta rge t  volume. This .calculat . io~ i s  accurate  to  second-order 

t e r m s  in a/d, 'I/-d, etc.  

The U (CI) in Eq (16) i s  calculated by an. i terat ion.  process  in 

. which .L. (6 ) . i s  substituted for  'P (8) on'the right side a s  a f i r s t  guess .  
f + . .  F o r  .rrv-+p-.rr tr-+ n a three-bodyo final s tate  fur ther  complicated 

the de te rmka t ion  of the second and, third ternis in Eq (16.). .However, 
. . 

, rough.est imafes  of L' (6) and L"(6) indicate 'dthat these t e r m s  were  

l e s s  than 3'b9 therefore they were  neglected. The f i r s t  f a c t o r .  a 
. . .  

varied with .anglc f rom 0 t o  770 in  this trrpesii.iieril;. . 
t 

A coPrection was made for  .rr mesons decaying between the 

target  and counter telescope. The magnitude of this  correct ion 
t 

varied f rom 2% to  6%, depending on the .rr meson's  kinetic energy. 



+ 0 
Measurements  were taken for  n mesons emitted at  60 , 

90: l25O, a n d  160° in the b a r y c e i t r i c  system for  incident n- kinetic 

energies  of 317, 371, and 427 Mev. F o r  a IT- kinetic energy  of 260 
0 

Mev only a single measurement  was made a t  90 in the laboratory 

system. F o r  each angle, measurements  were  made for  one or m o r e  
-F 

n energies .  The differential c r o s s  section a s  a function of nt angle 

and kinktic energy i s  re lated to  the experimental  data by  the formula 

t 
H e r e  Y ' ( 8 ,  T )  i s  the net number of IT mesons (target full  minus 

ta rge t  empty) counted per  incident T,- meson. This has been 

. . correc ted  for  accidentals and beam bunching. The quantity nt i s . the  
2 '.. 

number of hydrogen nuclei pe r  cm of ta rge t  a r e a .  The mean ta rge t  

thickness was 4.320 in. , and the difference in density between liquid 
3 

hydrogen and hydrogen gas was de&rminedZ5 a s  . . 0.06'9 g/cm , 
A 

. . resulting in nt = 4 . 5 6 5 ~ 1 0 ~ ~  nucle i /cm2.  The t e r m  (1 + a) is 

the effective solid angle subtended by the counter te lescope,  in  

the laboratory sys tem;  7 i s  the effici,ency of the .counter telescope 

(see F ig .  9 ) ;  E i s  the-fract ion of the pions th  t  decay between the 
d d  

hydrogen target  and the counter te lescope;=  i s  solid-angle 

t ransformation f rom the barycentr ic  to  the laboratory sys tem,  and 

i s  given by  Eq (15); AT* i s  the energy-acceptance band in the c. m .  

system fo r  Counter 4. 
d20 

The experimental r e  ults for  2 a r e  presented in 
d 0 dQ*dT* 

Table 11. Curves of ve r sus  T* a r e  shown in F igs .  11 
dD*dT* 

through 15. The solid line i s  the relat ivis t ic  phase-space curve a s  

.given by Block. 26 The heights of the phase -space curves  were  

determined by minimizing the weighted sum of the squares  of the 

differences between the calculated and experimental  values. 

The s tat is t ical  phase-space curves fit the data adequately 

fo r  ipci'dent energies  of 3 17 and 427 Mev, but the,phase-spa.ce 



Table  I1 

Different ia l  c r o s s  sect2on with r e s p e c t  tom+ angle and e n e r g y  

2 
. . 

d a 
t3 *. . T* AT* dO*dT* 

( K g )  (Mev) (Mev) ( p.b/sterad-~ev) 
T 1  , =  260 Mev 1 115.2 45.4 21.4 0.21 . l l  
T *  .= 57.1 Mev J 

m a x  63.0 36.7 11.8 0.846*. 31 

90.0 28..6 1 6 ; l  

T 1  = 317 Mev 91.3 ' 48.3 14.9 1 89.3 62.1 13.1 

T xc = ' )1 .3  Mev J 125.1 52.9 23.5 
m a x  

'122.6 ' 73.6 18.5 

60.1 103.6 9.5 

T . =  371 Mev 
1 34.5 '1 5.5 

57.9 13.4 

T *  = 122.1 Mev J 90.1 . 78.8 1 2 * 4  
m a x  

90.1 1'04-3 12.4 

60.3 

T l  = 427 Mev 1 90.3 

90.3 
T*  = 152.6 Mev 

m a x  1 9 0 . 4 .  



T : Barycentric kinetic energy of ~ ' ( M e v )  
MU - 17387 

t 
Fig .  11. Different ia l  c  o s s  sec t ion  fo r  n - t  p+rr t r - t n  r 

a s  a function of rr kine t i c . energ  for incident  r- 
kinetic ene rgy  of 317 Mev and nYba rycen t r i c  angle 
of 90°. 



T*; Barycentric kinetic energy of T+(M e v )  
MU-  17546 

+ - 
F i g .  12 .  Different ia l  c r o s s  sec t ion  fo r  rr-+ p+rr +rr + n 

a s  a function of rr) kinetic ene rg  fo r  incident a -  
kinetic energy  of 317 Mev and r rYbarycentr ic  
angle of 1590. 
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T*, Borycentric kinetic energy of r t ( M  ev)  
MU- 17547 

t .  Fig .  1 3 .  Different ia l  c r o s s  sect ion fo r  IT- tp - t~~ .  +IT- + n 
a s  a function of IT+ kinetic ene rgy  fo r  incident IT- 

kinetic energy  of 371 Mev and IT' ba rycen t r i c  angle 
of 600. 



T*, Borycentric kinetic energy of V'(M e v )  

M U -  17389 

F i g .  14: Different ia l  c r o s s  sec t ion  f o r  .rr- + p-crrttrr-t n 
a s  a function of n t  kinetic ene rgy  f o r  incident .rr' 
kinetic ene rgy  of 37 1 M e v  and Gf ba rycen t r i c  angle 
of 90°. 



Barycentric kinetic energy of T+(M e v )  

Fig.  15. Differential c r o s s  section for  T-+ P ~ t t ~ - +  n 
a s  a function of IT+ kinetic energy for  incident IT- 
kinetic energy of 427 Mev and IT+ barycent r ic  angle 
of 90'. 



t 
calculation p r ed i c t s  too few low-energy n mesons  a t  371 Mev. To  

obtain the  angular d i f ferent ia l  c r o s s  sec t ion 'an  in tegrat ion was  
+ 

pe r fo rmed  over  the  ene rgy  of t he  n meson .  The phase-space  

cu rves  (sol id  l ines)  w e r e  used ' fo r  317 and.427 Mev; whiie the  

dash-dot  cu rves  w e r e  used f o r  371 Mev. The  dashed  c u r v e s  w e r e  

used t o  e s t ima te  a lower l imit  f o r  the to ta l  c r o s s  sec'tions. 
d o  

Table  I I Ig ive s  - resu l t ing  f r o m  the  in tegrat ion.  The 
dQ* 

e r r o r s  l i s t ed  a r e  s t a t i s t ~ c a l  only and do  not include the  e r r o r s  i n -  

volved in  in tegrat ion 'over energy.  

Table  I11 

Different ia l  c r o s s  sec t ion  with re,sp.ect t o  nf anglg . , 

e* d a  / do* 
T1 

(MeV) (deg) (vbarn /  s t e r a d )  



The angular differential  c r o s s  sections a s  a function of the 
f 

barycent r ic  angle of the IT meson are shown in F igs .  16 through 18. 

Leas t -squares  f i t s  t o  the experimental points were made by assuming 
dU 

a polynomial in cos 6)** The curve of the form - = a f a l  cos B* a* 0 

i s  shown a s  the solid line in F igs .  16-18. At 317 and 371 Mev a curve 
do 

of the fo rm - m* = a would a l s o  fit the data. The Russian data by  
O 12 

Zinov and Korenchenko - -  shown for  comparison only and not used 

in the leas t - squares  fitting - - w a s  obtained with counters in a quite 
f t 

different manner .  The IT and IT- f rom I T - + ~ + I T  +IT-+ n and 70% of 
0 0 

the IT- mesons  f rom I T - + ~ * I T - + I T  t p  were  countedfor  8*= 106 and 

?I* - _> T* /2. To obtain the plotted points, it was assumed that 
m ax 

the c r o s s  sections for  both react ions were  equal and 
dZ0 

rn*dT* 
was 

symmetr ica l  about 'T* = T* 2 The assumption of c q ~ . ~ a !  c r n s s  
m ax  

sections i s  not c r i t ica l ,  a s  the ra t io  of detection efficiencies for  
+ 0 

T ~ - + ~ - + I T  +IT-+ n to  I T - ~ ~ - - Y T T - + T T  + n i s  2/0.7. When one considers  

the. assumptions involved, the agreement  i s  quite good. 

Another integration was performed to  obtain the total  c r o s s  

sections.  F o r  260 Mev an isotropic differential  c r o s s  section was 

assumed.  The r e su l t s  a r e  l isted in Table IV with, the experimental  

e r r o r s  represent ing the combined e r r o r s  of counting s tat is t ics  and 

integration over angle and energy. 

. Table IV  
f 

Total c r o s s  sections for  I T - + ~ + T  +IT-+ n 



. -Present  experiment 

0 3 0  6 0  9 0  120 150 180 
8: Borycentric angle fo r  T' (d.e g )  

. . 

Fig .  16.. Angular  d i f fe ren t ia l  c r o s s  sect ion fo r  sr' 
m e s o n  f o r  a n  incident  rr- m e s o n  of 317.Mev.  



- 

' A R u s s i a n  d a t a  
- P r e s e n t  e x p e r i m e n t  

I I I I I J 
3 0  60 90 120 150 . 180 

Barycentric angle for  T' ( d e  g )  

MU- 17388 ' 

Fig.  17 .  Angular  d i f fe ren t ia l  c r o s s  sect ion f o r  IT t 
m e s o n  f o r  an incident  IT- m e s o n  of 371 Mev. 



I I I I I I 1 
0 30 6 0  9 0  120 150 18t 

erBarycentric angle f o r  T' ( ' d e g )  

MU- 17392 

F i g .  18. Angular  d i f ferent ia l  c r o s s  sec t ion  f o r  sr t 
m e s o n  f o r  a n  incident  K- m e s o n  of 427  Mev. 



A cur.ve of the total  c r o s s  section a s .  a -function of the incident 
- .  r-. 

a .kinetic energy i s  shown in Fig.  19. The solid line and dashed 

line a r e  theoret ical  curves  and a r e  discussed in Section V. Since 

the theoret ical  predictions a r e  much lower than the experimental 

resu l t ,  i t  i s  important to  obtain an experimental lower limit in- 

cluding a l l  e r r o r s .  The e r r o r  due to  uncertainty in the efficiency 

of the n-p, counter telescope was est imated to  be 67'0, This-and 

the sma l l e r  e r r o r s  due to  uncertainty in beam contamination and 

other correct ions were  negligible in comparison with the szatfstical 
i- 

e r r o r s  and the uncertainty in the shape of n -meson energy spectrum. 

By using the dashed-lined curves shown in F igs .  11 - 15, and folding 

in  the sLatisl;ical e r r o r ,  we obtain thc standard deviat''i0n.s given i n  

Table PV. 



lnc ident  p ion k ine t i c  energy ( lab) (Mev) 

Fig .  19. Total cross  settion for n - t  p m t + n - +  n as a 
function of the .+"kinetic energy (lab). The 
curves ar.e the theoretical predictions based on , ,  

the' static..model. The 'solid curve i s  prediction 
by  ~ a z e s l 6  while the das.hed curve i s  the pred- 
iction b y  Frankfin. 



V.  . DISCUSSION 

The dashed line in F ig .  19 i s  the theoret ical  prediction given . 
by Frankl in.  l 4  The solid line i s  the theoret ical  prediction b Kazes; 

16 

Rodberg's prediction for this c r o s s  section i s  even sma l l e r .  
Y5 

All 
1 

these predictions a r e  based on the static model,  and the variation in 

the resu l t  i s  caused by  the different approximations used. Because 

of his use of the Born approximation, Frankl in ' s  ea r l i e r  resu l t s  do 

not obey l~rii tari ty in the one-meson approximation. The resu l t s  of 

Rodberg and Kazes obey unitarity in the one -meson approximation 

and therefore a r e  probably a m o r e  accurate  interpretat ion of the 

s tat ic  -model prediction. 

T h i ~  means  that the systematic  discrepancy hetween this 

t h e o r y  and experiment i s  not a factor of three14 but a factor of 

ten.  15' l6 The effect of including nucleon recoi l  in the calculations 

of the total  c r o s s  sections i s  believed to  be too sma l l  in this  ene.rgy 

region t o  ,account for  this  large a discrepancy. 
27 

The existence of a pion-pion interaction has been postulated 
29-31 to  explain the nucleon s tructure28 and the peak 

- 
in the rr -proton 

total  c r o s s  section near  1 Bev. The d i rec t  interaction of the incident 

pion and a vir tual  pion in the meson cloud surrounding the nucleon 

could contribute significantly to  the production of a secondary pion 

in pion-nuclcon collisions.  The effect of a pion-pion interaction 

on the production c r o s s  section i s  discussed by  ~ a r s h a ~ ~ ~  and m o r e  

specifically by ~ o d b e r ~ ~ ~ i n  connection with the part icular  react ion 

under study here .  The solid line in  Fig.  20 shows a fit to  the exper-  
33 

imental data  by  Rodberg corresponding to  physically plausible 

pion-pion phase shifts.  

At ve ry  high incident energ ies ,  a t  which the momentum of the 

virtual pion i s  much less  important,  the energy and angular d i s -  

tributions predicted by the rr-rr interaction model a r e  these:  (a)  the 

pions in the final s ta te  should be in the high-energy region of their  

available phase space and go forward in the r r - -  p center -of -mass  

sys tem,  (b) the nucleorl should ac t  as  a spectator and receive only 



. . . .  . 
lnc'ident pion kinet ic energy  ( la b ) ' ( ~ e v )  

t -  
Fig.  20. Total  c r o s s  section for  n-+ p-n + n + n as a 

function of the n- kinetic energy ,(lab). Solid 
curve .is the theoret ical  r e su l t s  f rom Rodberg 3 3  

based on 'pion-pion interaction model. Dashed.  
curve is the theoreticaL rediction based  on the  
s tat ic  model  by  Kazes. lg  



a smal l  r eco i l  momentum and go backward in the c .  m .  sys tem.  

At 4.5 .Bev the general  fea tures  of effects (a )  and (b),have been 
5 

observed. F o r  low incident-pion energ ies ,  the momentum of the % 

vir tual  pion tends to  obscure these  effects and the nucleon rece ives  

a momentum comparable to  that of the incident pion. 

At the energies  of this experiment i t  i s  not possible to  

differentiate between the pion-pion interaction model  and the s tat ic  
f 

model on the bas i s  of IT energy  spectrum. 

'The angular differential  c r o s s  sections ( see  F i g s .  16-18) a r e  

near ly  isotropic  a t  31 7 and 371 Mev, but peaked forward  a t  427 Mev. 
33 

Apparently the fore-af t  a symmet ry  predicted a t  high energies  i s  

washed out a t  thc lower energies  s f  317 and 371 Mev, but appears  

a t  the higher energy of 427  Mev. 

Our r e su l t s  combined with those obtained by  Zinov and 
IT-+~- IT++T-  + n 

~ o r e n c h e n k o "  indicate that the r a t io  i s  
IT- + p-IT-+TO+ p 

probably 1 or g rea te r .  At 810 Mev the measured  r a t i o l o  i s  2.49. 

The s tat ic  model  14* lbp red ic t s  that the r a t io  should be about 1/3, 

while .the pion-pion interaction model 302 33 predicts  about 2/1, 

which.is in be t te r  agreement  with the experimental  resul ts . .  . 
-F 

The observed total  c r o s s  Sectibns.,for .IT-+ p - , ~  . f n -+  n indicate 

much . larger c r o s s  sections than the theore t ica l  prediction based 

on the s tat ic  model. ~ e a s o n a b l k  agr 'eement 'with experiment  can 

be obtained by the inclusion of a pion-pion interaction in the production 

mechanism. 
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. , APPENDIX . . 

Counter Te.lescope Calibration 

A s imi lar  calibration. of a.-rr-p~telescope'was~performed by 
34 

Knapp.. T.he.only essent ia l  difference i s . tha t  'with .his cbunter 

telescope the geometry was such that multiple Coui'omb scat ter ing 

could be neglected. Here mult iplescat ter ing '  had . to  be considered 

and. a calculation was made. 

. . . The experiruental a r r a G e m e n t  used for  the ca1ibyat ion . i~  

shown in  F ig .  21 .. Her'e the wedge magnet .was used to  obtain. a .  

nearly monocnergetic beam. The magnet was actually defocl~sing 

the part ic les ,  but a high f l 1 . 1 ~  was  nnt need'ed for  the calibration. 

Posit ive pion beams of kinetic energy 74  and 102 M e v  w e r e  

used. Integral and differential range curves  f o r  the 1 ' 0 2 - ~ e v  

beam a r e  shown in F igs .  22 and 23 respectively.  F o r  the integral  

range curve in Fig.  22, A i s  the b reak  between the pion absorption- I 

loss  curve 'and the stopping of the pions, B i s  the b reak  between 

the pions and the muons (these a r e  the same  a s  A and B for  the 

371'-Mev .rr- integral  range curve,  Fig.  3) ,  and C is the b reak  

between the muons and electrons.  The muon contamination was 

est imated,  by subtracting.the ordinate a t  C f rom the ordinate a t  

B, t o  be  12.5*2.070. The fract ion of muons lost by  multiple Coulomb 

scat ter ing was negligible. 

The electron contamination measured  a t  C rep resen t s  the 

fract ion of 'the electrons left a f te r  attenuation in 62.5 g/cm,2 Cu 

and must  be extrapolated to  ze ro  copper;  Electron range curves ,  
35 

taken a t  the synchrotron for  e lectrons of approximately the same  

momentum a s  the pion beams,  were  used to  facil i tate the extrapolation. / 

The extrapolation indicated an electron contamination of 10*370. 

The electrunics  used for the range curves i s  shown in Fig.  24. 

Counters 1 and 2 were  the same a s  those used for monitoring the 

negative pion beam. Counter 6 was a6 - in -d iamete r  disk,  0.5 in. 

thick, and.Counter 7 ,  an anticoincidence counter,  was a 12-in. - 
diameter  disk 1 in. thick.' In Fig.  22 " ~ r i ~ l e s / d o u b l e s "  represents  



' cyc lo t ron  vacuum\ 

T-p T e l e c o p e  

MU- 17549 

Fig.' 21. Experimental arrangement  for  calibration of 
IT-p, telescope with positive -pion beam. 



Thickness of copper absorber  (g/cm2) 
MU- 17550 

Fig.  '22.  Integral range curve , for  102-Mev positive 
pion beam.  



Th ickness  of copper absorber  (g /c rn2)  
MU- 17552 

F i g .  23 .  Differential  range'  curve  f o r  102 -Mev posit ive 
pion beam.  
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Fig. 2 4 .  Block d iag ram 01 e lec t ron ics  used  fo r  i n t eg ra l  
and di f ferent ia l  r ange  cu rves .  



the ra t io  of coincidences 1+2+6 t o  coi'ncidences lf2. In Fig.  23 

' s~uadruples /doubles"  repkes'ents the ra t io  of coincidences . . . - 

: . , 1+2+6-7 to  .c.oincidences 1t2. The'electronics  used f.or the calibration . ..-- .. -- 

of.the r r -~ . coun te r  telescope i s  . identical with that shown in Fig.  7 
f 

except now err mesons pass  through Counters 1. and 2, 
/ 

During the.  calibration run a plateau in the. meson counting ,' 

r a t e  a s  a function of the high was observed for  each counter. 

A typi.cal plateau curve i s  shown in Fig.  25. The proper  delay 

settings 'were made by observing the counting r a t e  a s  a function of 

the delay of one or two counters relat ive t o  a l l  others .  The delay 

curve in  Fig.  26 was obtained by  changing th'e length of RG - 6 3 / ~  

cable between the monitor counters and the counter telescope. 

B y  varying the delay of the gate relative to  Counter 4 the 

mean-life curve shown in Fig .  27 was obtained. F r o m  this  curve 

th.e delay efficiency was determined.  When this  curve was taken 

the Cu absorber  was adjusted s o  that a reasonable number of pions 

would stop in Counter 4 but the electrons and muons would pass  through 

i l l k w  Counter 5, which was in anticoincidence. As the gate delay i s  

d e c ~ e a s e d ,  eventually a point i s  reached a t  which the incident -pion. 

pulse will make a coincidence with the gate;  this i s  the flat region 

in F ig .  27.  As only pions stop in Counter 4 and the anticoincidence 

r e j ec t s  the muons and electrons,  the delay efficiency i s  the rat io .  

of the counting r a t e  a t  the operating point t o  the counting r a t e  in 

the flat  region where al.1 stopping pions a r e  counted. 

The correct ion for  multiple Coulomb scat ter ing was based . 

on the geometri.ca!. calculations of ~ t e r n h e i m e r ~ ~ ,  but included the 
37 

energy-loss  considerations of 'Eyges . It was assu,med that in the 
.t I 

absence of any absorber  the incident rr -meson beam emerging 

f rom the hydrogen tagget was uniformly distributed over the surface 

of Counter 4. Also i t  was assumed that the pion beam ' s  direction 

was para l le l  t o  the axis  of counter telescope a s  shown in the following 

figure.  
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Fig .  25 .  .High-voltage pla teau cu rve  of Counter 4; 
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F ig .  26. Delay curve between monitor counters  and 
-rr-p counter. te lescope.  
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F i g .  27.  .Differential mean-life curve 'for par t ic les  
counted i n  positive pion beam. Straight line i s  
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F o r  a paral le l ,  uniform.beam of radius  p  passing through an 
0 

absorber  of thickness x a t  a distance 1 f rom a c'ounter of radius  . 

R ,  the fraction of the beam t h a t  s t r ikes  the cbunter i s  F (rb, ). 

F i s  a function of only p b  = p d y ~  and the quantity 
' 

. . . , . . 

E~ 2 
S .  J '(1 IP;,; nl dn. , 

rI.2 = 
0 

. . - (17) 
R ~ X ~  

where Es  = 21 Mev, P and P a r e  the velocity and momentum of the 

part ic le ,  respectively,  and X i s  the radiation length fo r  the abso rbe r  
2 0 

in. g/cm ; R,  I ,' x, 7 a r e  in units of g/cm2 of thd abso ibe r .  
37 

Equation (17), which corresponds to  Eyges'  equation (13c), was 

integrated numerically b$ using range-energy tables  t o  determine 

the part ic les '  energy af ter  t ravers ing  an absorber  of thickness rl . 
Using r s  thus obtained, we read  F ( r t  p '  ) direct ly  f rom 

0 0 ' 0 

a graph given by ~ t e r n h e i m e r ? ~  This  correct ion (1 -F) turned out 

to  be small--6% or less . for  the copper absorber  thicknesses  used 

during the experiment.  

The absorption loss was calculated by , 

- 
abs = exp I -nt I 0 (T r n  rn I 

where nt i s  the number of nuclei/cm2 in the abso rbe r ,  Ti and Tf 

a r e  the init ial  and final energies  of the pions, and 0 (T) i s  the 



absorption c r o s s  section a s  a function of the pions' energy obtained 

f rom the experimental  values.  
22,23 

Using the calculated absorption and multiple Coulomb sca t  - 

ter ing los s e s  and the measured  delay efficiency, we obtained the 

solid line of F ig .  9. This i s  in good agreement  with the two 

experimental  points obtained by  the other method descr ibed 

be low. 

Another method was used in which the product of the delay 

efficiency t imes  the absorptiorl elficiency was measured. '  This 

consisted in measuring the ra t io  of pions counted by the IT-p 

telescope tu those counted by the monitor.  Since not quite a l l  the 

pions stopped in Counter 4, because  t h e  energy  spread  of the 

beam was grea ter  than that accepted by the courller, i l  w a s  11tces3ary 

to  vary  the thickness of copper absorber  between Counters 3 and 4 

to  take account of these high- and low-energy pions, 

F igure  28 i s  the curve of the IT-p counting r a t e  ve.rsus the 

copper absorber  thickness.  The dashed line shows the equivalent 

copper absorber  thickness of Counter 4. The sum of tM solid- 

curve values a t  the center of the three  his tograms gave the number 

of IT-1.1, counts. The incident beam was cor rec ted  for  contamination 

and we obtained the des i red  ra t io  of n-p counts to  incident pions. 

The experimental points in F ig .  9 were  obtained in this  manner .  

In the geometry  used for  the calibration, the beam i s  defined b y  

a 2-in. -diameter counter located 5 in. before the IT-p telescope. 

The correct ion for  multiple Coulomb scat ter ing fo r  this  geometr ical  

a r rangement  was shown by  calculation to  be negligible. 



T h i c k n e s s  of c o p p e r  absorber  (g/cm2) 

.. . 

Flg. 28 .  Calibration curve for IT-p counter telescope. 
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