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The r e sea rch  program of a pion f a c t o r y  i s  c h i e f l y  concerned wi th  2 o r  3 p a r t i c l e  

f i n a l  s t a t e s ;  e.g. e l a s t i c  s c a t t e r i n g  o r  s i n g l e  pion product ion  i n  W-P, P-P, and 

N-P s c a t t e r i n g .  S c i n t i l l a t i o n  counter  techniques a r e  well  s u i t e d  t o  the d e t e c t i o n  of 

t he se  processes ;  so, counter  systems a r e  t he  p r i n c i p l e  p a r t i c l e  d e t e c t o r s  used i n  

medium energy p ion  phys ics ;  and the re fo re ,  du ty  cyc l e  is an important  cons ide ra t i on  

t o  t h e  exper imenta l i s t .  

Un t i l  a few years  ago many experiments a t  synchro-cyclotrons were "duty cyc le  

l im i t ed"  and not f l ux  l imi ted .  we mean by t h i s  t h a t  the correlated-to-random 

coincidence r a t i o  was unfavorable a t  f u l l  machine cu r r en t ,  bu t  became favorable  a t  a 

lower cu r r en t  (sometimes 1-16 of t he  a v a i l a b l e  c u r r e n t ) ,  f o r  which a correspondingly 

longer  running time was r equ i r ed .  By var ious  techniques,  t h e  peak c u r r e n t  has been 

reduced by inc reas ing  the  macroscopic du ty  f a c t o r  (CERN: s t o c h a s t i c  dee, Rerkeley: 

a u x i l i a r y  dee and Nevis: v i b r a t i n g  t a r g e t ) .  

- 
Fig. 1 % e l a t i o n  between a v o r a g e  c u r r e n t  I and  peak 

c u r r e n t  p.i. f o r  v a r i o u s  m c l l i n c s .  

Fig. 1 is a  p l o t  of t he  as-erage c u r r e n t ,  - 
I ,  versus  the  peak c u r r e n t ,  p.i., f o r  

synchro-cyclotrons and proposed p ion  

f a c t o r i e s .  The r a t i o  i/p.i. w i l l  be - 
c a l l e d  the  e f f e c t i v e  duty  f a c t o r ,  D. 

For s tep- funct ion  pu l se s  ij is  the  product  

of microscopic duty  f a c t o r ,  m.d.f ., and 

macroscopic duty  f a c t o r ,  M.D.F. Fig. 1 

shows para l le lograms r e p r e s e n t i n g  an  

es t imated  range of ope ra t ing  cond i t i ons  

f o r  synchro-cyclotrons under t he  fol lowing 

condi t ions :  a )  a  normally acce l e r a t ed  

i n t e r n a l  beam; b) a  s t r e t c h e d  (second dee) i n t e r n a l  beam and; c )  a  s t r e t c h e d  ex t e rna l  

beam (1% average e x t r a c t i o n  e f f i c i e n c y ) .  I f  we take the ope ra t ing  p o i n t  f o r  a  

s t r e t c h e d  i n t e r n a l  beam as corresponding t o  the  peak c u r r e n t  at which the a fore-  

mentioned experiments were & duty cyc l e  l im i t ed  then a  machine wi th  6 = 10% would be 

r e s t r i c t e d  t o  an average c u r r e n t  of about  6 PA. 

(*I Work performed under t he  auspices  of the USAEC and the  ONR. 
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P o s i t i v e  and negat ive  ion  isochronous cyclo t rons  a r e  shown f o r  the  following 

condi t ions :  a )  the i n t e r n a l  beam of a  p o s i t i v e  ion  cyclo t ron  having an  est imated 

phase acceptance of 10'-20'; b) the  i n t e r n a l  o r  ex t e rna l  beam of a  negative ion 

cyolo t ron  having an  es t imated  phase acceptance between 5' and 90'; and C)  the 

i n t e r n a l  or  ex t e rna l  beam of a negat ive  ion  cyc lo t ron  us ing  phase debunching f o r  

which a l i m i t  of 500 pA has been s e t  on the  average beam due t o  r a d i a t i o n  considera-  

t ions .  Fig. 1 shows t h a t  the peak c u r r e n t  of the  normally acce l e ra t ed  beams of 

frequency modulated and isochronous cyc lo t rons  a r e  about the  same. The hor izonta l  

ba r  f o r  the l i n a c  r e p r e s e n t s  the range of e f f e c t i v e  m.d.f.; when, a )  the m.d.f. is  

determined by the l i n a c ,  and when, b)  the m.d.f. i s  determined by a counter  system 

with a 1 ns time r e s o l u t i o n  ( f u l l  width, ha l f  maxiluum). A counter  system wi th  a 

5  n s  r e s o l u t i o n  w i l l  wash ou t  the  micro s t r u c t u r e  leaving  only the macro s t r u c t u r e  

which i s  determined a t  present  by power d i s s ipa t ion .  

The f i n i t e  v e l o c i t y  spread of 

ex t e rna l  beams may a l s o  a f f e c t  t h e  

e f f e c t i v e  m.d.f. f o r  s u f f i c i e n t l y  low 

v e l o c i t i e s  o r  long f l i g h t  paths.  Fig. 2  

shows the requi red  f l i g h t  path,  L, t o  pro- 

duce a time d i f f e renoe  of one o s o i l l a t o r  

per iod ,  as a func t ion  of o s o i l l a t o r  

frequency, f ,  f o r  d i f f e r e n t  momentum 

spreads i n  the beam. A 750 MeV proton 

10' 

K) U' K)' 10' 

beam wi th  a 1% momentum spread r e q u i r e s  a Fig. 2 F l i g h t  paths rerluirod t o  e l iminate  tile micro- 
s t ruc ture  i n  a be-. 3 km f l i g h t  pa th  a t  200 MC/S; so,  t h i s  

e f f e c t  does not  appear u se fu l  from a p r a c t i c a l  s tandpoin t  f o r  the  primary pro ton  beams. 

On the  o t h e r  hand, low energy beams wi th  a 1% momentum spread may be e f f e c t i v e l y  

debunched i n  l e s s  t han  a 50 m f l i g h t  pa th  a t  200 MC/S. 

The coincidence method imposes a fundamental l i m i t a t i o n  on the  ins tantaneous  

r a t e  t h a t  may be used for  a given correlated-to-random coincidence r a t i o ,  r = C / R ,  

and e f f e c t i v e  r e so lv ing  time. This  r e s t r i c t i o n  is well  known i n  B - y coincidence 

experiments and i e  s t a t e d  as fol lows f o r  two counter  systems i n  coinoidence: r = C/R 

- - 2 ;  where fb is t h e  average ins tantaneous  source r a t e  and 2~ i s  the e f f e c t i v e  

r e so lv ing  time. I n  t h i s  express ion  it is  assumed t h a t  each counter  system is  designed 

t o  coun t  only p a r t i c l e e  of the  c o r r e c t  spec i e s ;  so  t h a t  the u l t ima te  l i m i t a t i o n  i s  

due to  uncor re l a t ed  events .  I f  Rl and R2 a r e  the  ind iv idua l  average r a t e s  of the 

two counter  systems then R $ R ~ / ~  = C where RI and R2 a r e  l i n e a r l y  r e l a t e d  t o  ? through 

the  s o l i d  angle ,  e f f i c i e n c i e s ,  momentum acceptance, and the na tu re  of the process  - - 
being de tec ted .  Let  Rl = al I, and R2 = a2 7; s o  t h a t  C = ala21 = N/T, where N i s  the 
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number of c o r r e l a t e d  counts  obtained i n  a  time T. F i n a l l y  we o b t a i n  

We w i l l  u s e  t h i s  r e l a t i o n  t o  i n v e s t i g a t e  t h e  e f f e c t  of du ty  cycle on t h e  r e sea rch  

p o t e n t i a l  of pion f a c t o r i e s .  Such a d i scus s ion  must be d r a s t i c a l l y  s imp l i f i ed .  

F i r s t ,  we w i l l  n eg l ec t  the complicat ions of mic ros t ruc tu re  and and 5 is simply the  

f r a c t i o n  of time beam is  nonw. The time r e s o l u t i o n  i s  then determined by the 

e l e c t r o n i c  r e s o l v i n g  time of t he  counters ,  which a r e  assumed t o  be i n  f a s t  oo inc id-  

enoe; so  t h a t  27 = 1 ns. 

There a r e  two c a s e s  t h a t  a r e  l i k e l y  t o  a r i s e .  The f i r s t  we w i l l  c a l l  t he  

wprecision-measurement~ ca se  and we assume t h a t  a 1% measurement of N is  t o  be made 

i n  a  day or  l e s s  of d a t a  tak ing ,  w i th  a 10: l  correlated-to-random r a t i o ,  then  - 
TD a1a2 = 10-~. lie w i l l  assume reasonably good geometry and energy r e s o l u t i o n s  

whenever necessary  f o r  t h i s  c a s e ,  i.e., AR = 5 msterad, AE o r  A Pc = 5 MeV. The 

second case  we w i l l  c a l l  the lfdiscoveryw case ,  and assume t h a t  100 counts  i n  a  month - 
o r  l e s s  a r e  t o  be obtained w i t h  a 1:l correlated-to-random r a t i o ,  then TD a1a2 = I O - ~ .  

Whenever necessary  we assume a poor geometry and no energy r e s o l u t i o n ;  i.e. 

Ail = 27r s t e r ad .  

Geometry I. A geometry t h a t  is f r equen t ly  used t o  measure c ross-sec t ions  con- 

sists of a  counter system i n  f r o n t  of a  t a r g e t  to def ine  t he  beam and another  counter  

system to record  an event; then a l  = 1, and a 2  = IIC (assuming 10% e f f i c i e n c i e s ) .  

I f  we use a 1 gram/cm2 hydrogen t a r g e t ,  then a2  = 6 X 10°C. Fig. 3 i s  a p l o t  of 

d m b )  ve r sus  T(sec)  f o r  d i f f e r e n t  du ty  f a c t o r s .  We 

can i n  p r i n c i p l e  i n v e s t i g a t e  processes  with cross-  

s e c t i o n s  of t h e  order  of 10-" cm2 and 10-" cla2 i n  

t he  p r e c i s i o n  and d iscovery  ca ses  r e spec t ive ly ,  

assuming a 10% duty  f a c t o r .  Fig. 3 a l s o  a p p l i e s  t o  

d i f f e r e n t i a l  c ros s - sec t ions  where C = [&/m] [ A n ] ,  

so f o r  M = 5 X 10-' s t e r a d  we can measure p r e c i s e l y  

a d ~ / m  of l ~ - ~ ~  cm2/sterad. S imi l a r ly  energy 
- 1 1  o I I I: A I I s p e c t r a  i n  i n e l a s t i c  s c a t t e r i n g ,  C = [m] d 2 c  [ A ~ A E ] ,  

log T(..c~ 

Fig. 3 h:inimm cross-sec t ions  U that  can be 
of abou t  10-28 cm2/sterad hIeV can i n  p r i n c i p l e  be 

determined d i ~ r i n g  a rururing time T f o r  
d i f f e r e n t  d u t y  f a c t o r s .  measured, whereas the energy s p e o t r a  i n  s i n g l e  pion 

product ion have cross-sec t ions  about 1 0 - ~ ~ c m ~ / s  t e r ad  

MeV. While i t i s  doubtful  that t h i s  geometry w i l l  be used f o r  c ross -sec t ion  measure- 

ments a t  pion f a c t o r y  i n t e n s i t i e s ,  because i t  e f f e c t i v e l y  l i m i t s  beam i n t e n s i t i e s  t o  

l e s s  than 10' p a r t i c l e s / s e c ,  the  geometry does correspond t o  t h a t  used i n  many of the  

a n a l y s i s  techniques. The fo l lowing  experiments a r e  t yp i ca l .  The arrangement used t o  

analyze the p o l a r i z a t i o n  of s c a t t e r e d  nucleons, where a 2  is  f r equen t ly  2 X I O - ~ ;  
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magnetic spec t rometers  w i t h  coun te r s  a t  the  en t rance  and fooa l  p lane ,  where 
d2 n  AP 

a2 = A n  F , whi le  
d2 n  m is  the s p e c t r a l  shape t o  be  measured normalized t o  

AP u n i t y ,  and hR p is the  t ransmiss ion  of the  instrument;  bent  c r y s t a l  spec t rometers  

used  i n  mesic X-ray experiments w i th  t ransmiss ions  of about  10". I n  t h e  l a t t e r  c a s e  

ET = lo4, when a beam telescope is used i n  ooincidence w i t h  the  y r ay  counter  i n  order  

t o  r e j e c t  background, s o  t h a t  a t  b e s t  one p r e c i s e  measurement p e r  day is  poss ib le .  

Geometry 11. E l a s t i c  c ross -sec t ions  may be  measured by count ing  t h e  two f i n a l -  

s t a t e  p a r t i c l e s  i n  f a s t  t i n e  coincidence.  The p a r t i c l e s  a r e  e x a c t l y  s p a t i a l  r e l a t e d  

a s  we l l  as time r e l a t e d  i f  a mono-energetic beam is i n i t i a l l y  i n c i d e n t  on the  t a r g e t .  - 
Here, R1 = R2 = C = f = Ion [&/m] hO; s o  t h a t  a l  = a2 = 1 and D = 2rrC. The maximum 

c o r r e l a t e d  r a t e  i s  determined once the duty f a c t o r ,  t he  correlated-to-random r a t e  and 

the  r e so lv ing  time a r e  f i xed ,  and t h i s  i n  turn  p l a c e s  a  l i m i t  on t h e  maximum i n c i d e n t  

beam i n t e n s i t y ,  Io, the number of s c a t t e r i n g  c e n t e r s ,  and the  c ross-sec t ion  t h a t  can 

be inves t iga ted .  For our p r e c i s i o n  geometry I. d ~ / d n  = 5.6 6 pA mb/sterad, so t h a t  

f o r  a  d i f f e r e n t i a l  c ross -sec t ion  of 1.0 mb/sterad, I0 must be l e s s  than 5.6 5 pA. 

This  ca se  i s  c l e a r l y  t h e  same a s  t h a t  of two coun te r s  i n  t he  same beam or between two 

coun te r s  i n  a  s c a t t e r i n g  counter  system due t o  t h e  e x a c t  s p a t i a l  c o r r e l a t i o n .  Ilow- 

ever, i t  is a necessary technique when compound t a r g e t s ,  such as those i n  po l a r i zed  

hydrogen t a r g e t s ,  a r e  used. 

When a n  angular  c o r r e l a t i o n  i s  t o  b e  measured by a  p a i r  of oounter  systems, 

counting only p a r t i c l e s  of t he  c o r r e c t  spec i e s ,  the above express ion  is modified t o  - 
r = 6 F(B)/2r i, and C = I E ~ ~ R ~ L ~  An2F(6); where and E a r e  e f f i c i e n c i e s  and 2  
F(6)  i s  the  angular  c o r r e l a t i o n  f ac to r .  

We now cons ider  t he  e f f e o t  of t he  1 1 1 1 1 1 1 1 1 1 1 1 1 1  n 
micros t ruc tu re  on a p a i r  of oounter  systems 

i n  f a s t  time coincidence.  Fig. 4 shows a  

de lay  curve f o r  two coun te r s  i n  t h e  s t r i pped  f ,, 
negat ive  i on  beam of t he  UCLA 50 MeV cyclo-  8 

20 - 
t r o n  showing a r e a l  ooincidence sp ike  to-  

-rr.-+ssr..+ ss~. 

gether  w i th  a success ion  of random 
o c o  -;oA;- ' mA.!o 

ooincidences spaced by the  per iod  of the RF. 
MLAY ( n. r ) 

The r e so lv ing  time of t h e  equipment W a s  Fig. 4 Timo structure of the stripped negative ion beam 
of the UCLA 50 MeV cyclotron. 

about  10 n s  ( f u l l  width,  ha l f  maximum). The 

r e l e v a n t  f e a t u r e s  of t h i s  curve a re :  a )  t h e r e  a r e  no counts  between t h e  RF b u r s t s ;  

i n d i c a t i n g  tha t  only f a s t  beam-beam coinc idences  a r e  involved and b)  t h e  random r a t e  

ag rees  w i th  t h a t  computed from the  i nd iv idua l  r a t e s  and corresponds t o  a  r e s o l v i n g  

time of  2  n s  or  about t h e  width of the bu r s t .  This is  t y p i c a l  of the s i t u a t i o n  where 

the counter  r e s o l u t i o n  i s  f a s t e r  than t h e  RF pe r iod  but  i s  not  a s  f a s t  a s  t he  beam 

bure t .  Clear ly ,  f o r  count ing  dur ing  the  pulse ,  and f o r  count ing  between pu l se s ,  

one r e q u i r e s  oppos i te  extremes i n  microscopic s t r u c  t u r e  
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Delayed coincidence experiments r e q u i r e  a s u f f i c i e n t  per iod  between burs t s .  

The pion and muon mean l i v e s  a r e  25.6 n s  and 2.21 ps r e spec t ive ly .  A 10 MC/S 

o s c i l l a t o r  w i l l  a l low 4 pion mean l i v e s  between pu l se s ,  but a muon mean l i f e  i s  

22 RF bu r s t s .  

Our conclusions a r e  tha t :  a )  t he  macrostructure should be as near  1 0 6  as 

poss ib l e ;  b)  a  f l e x i b l e  mic ros t ruc tu re  i s  ind i ca t ed ,  i.e. change i n  width of b u r s t s  

and spac ing  between b u r s t s ;  c )  some of the experiments envisaged f o r  a  pion f a c t o r y  

a r e  dangerously c l o s e  to t h e  u l t i m a t e  l i m i t  of t h e  coincidence method so t h a t  s t r i c t  

a t t e n t i o n  t o  s h i e l d i n g  and r e so lv ing  time problems w i l l  be necessary.  

DISCUSSION 

HUGHES : Sandweiss has considered a  beam t r a n s p o r t  system i n  which the  micros t ruc ture  
of t h e  l i n a c  can be e l imina ted  by making t h e  length  of the t r a j e c t o r y  dependent on the 
energy of the p a r t i c l e .  I t  looks f a i r l y  reasonable  and involves  some 30 f  t of magnet. 
Secondly, I want to remark t h a t  the phase spread of t h e  l i n a c  i s  somewhat va r i ab l e .  
Teng has w r i t t e n  a paper about t h i s  i n  t he  1962 Rrookhaven Conference on l i nacs .  The 
f i g u r e s  given i n  our r e p o r t  a r e  not t he  only  poss ib l e  ones. 

HADDOCK : I t  would be ve ry  i n t e r e s t i n g  t o  hea r  more about t h e  system of Sandweiss. 

HUGHES : I t h ink  t h a t  i n  a  general  a n a l y s i s  of l i m i t i n g  count ing  r a t e s  one must take 
i n t o  account,  t h a t  one would o f t en  p u t  a d d i t i o n a l  requirements on the  energy o r  po lar -  
i z a t i o n  of the  p a r t i c l e s  t h a t  a r e  counted. 'In t h i s  ca se  the r a t e s  would be much lower. 

SCHMIDT : When t h e  r e so lv ing  time of your coincidence c i r c u i t  i s  smal le r  than the 
time d i f f e r e n c e  between t h e  beam pu l se s ,  but  l a r g e r  than t h e  b u r s t  width, the  c a l c u l a t e d  
coincidence r a t e  i s  no t  t he  r a t e  t h a t  you g ive  here.  I t  is r a t h e r  the  product  of the 
r a t e s  i n  each of t he  two c  ounters  mu l t i p l i ed  by the time i n t e r v a l  between two pulses.  

HADDOCK : That i s  c o r r e c t .  

HUGHES : I n  experiments involv ing  stopped mesons the energy spread of t h e  mesons and 
the  length  of t he  pa th  over which they  a r e  s topped o f t en  des t roys  the  microscopic duty  
cycle.  

HADDOCK : I ag ree  t h a t  one can  th ink  of s eve ra l  cases  where 2 r  is not  the r e s o l v i n g  time 
of the RF nor of the e l e c t r o n i c s ,  but  is  determined by v e l o c i t y  spread or  o the r  e f f e c t s .  
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