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We have measured angular ,  energy, and m u l t i p l i c i t y  d i s t r i b u t i o n s  

of multiphoton events  produced i n  proton-nuclei  i n t e r a c t i o n s  a t  300 GeVIc. 

The dominant f e a t u r e s  of t hese  events  a r e  explained by known processes; 

however, a  few multiphoton events  i ncons i s t en t  wi th  known processes a r e  

found a t  a  l e v e l  of *lo-' pe r  proton i n t e r a c t i o n .  



I. In t roduct ion  

1 
Since Dirac predic ted  t h e  ex i s t ence  of magnetic monopoles many 

2 
f r u i t l e s s  experimental searches  f o r  f r e e  monopoles have been made . 

3 
Ruderman and Zwanziger expla in  these  negat ive  r e s u l t s  by poin t ing  out  

-1 
t h a t  the  forces  between monopoles a r e  u l t r a - s t rong  (a = 137) and 

-2 
long ranged (2.r ). Thus monopoles which a r e  produced from photons i n  

p a i r s  must have l a r g e  v e l o c i t i e s  t o  escape each o t h e r ' s  inf luence;  however, 

Brenstrahlung processes assoc ia ted  w i t h  t h e i r  c r e a t i o n  may g r e a t l y  exceed 

t h e  monopole's r e s t  energy. Thus, except f o r  very high energy i n t e r -  

a c t i o n s ,  monopole p a i r s  w i l l  remain v i r t u a l  and t h e i r  recombination would 

c r e a t e  add i t iona l  r ad ia t ion .  The authors  es t imate  t h a t  a t  i nc iden t  photon 

energ ies  of loJ3 eV t h i s  process would produce showers containing 1.100 

r photons with l abora to ry  energ ies  of a few hundred t o  a few thousand MeV. 

I n  support of t h e i r  model, Ruderman and Zwanziger po in t  t o  t h e  obser- 

4 va t ion  of  anomalous ene rge t i c  narrow pure  photon cosmic ray showers . A 

review of f i v e  events  of t h i s  type shows t h a t  each contained 10-30 e l ec t ron -  

-3 -4 pos i t ron  p a i r s  confined t o  a cone of 1 0  to  10 r and with a t o t a l  energy 

5 of >50 GeV . However these  multiphoton events  could be due t o  o t h e r  

6 processes . 
Independent of i n t e r p r e t a t i o n  we have attempted t o  rediscover  these  

anomalous multiphoton events .  Although a l l  t h e  cosmic ray events  appear t o  

have been produced by uncharged p a r t i c l e s ,  circumstances a t  Fermilab made 

i t  necessary t o  use 300 GeV/c protons on a beryl l ium t a r g e t  a s  a source.  

The r e s u l t i n g  photons were de tec ted  through t h e  electromagnetic  showers 

they produced i n  a l ead  converter  placed before  a s e t  of t h r e e  multi-wire 

P 
propor t ional  chambers (MWPC) . 



The angular  s epa ra t ion  of i nd iv idua l  photons was expected t o  be small 

and accordingly the d e t e c t o r  system was loca ted  a t  the  l a r g e s t  poss ib l e  

d i s t ance  from t h e  t a r g e t  which f o r  a  s epa ra t ion  of two wi res  i n  our  MWPC'S 

-4 
r e s u l t e d  i n  a  r e s o l u t i o n  of about 10  radians.  

The de tec to r  system was composed of a  t r i g g e r  and ve to  counters;  lead  

and p lex ig la s s  photon conver te rs ;  and an a i r  and a  lead  g l a s s  Cherenkov 

counter.  The t r i g g e r  and subsequent t racking  c r i t e r i a  when combined with 

appropr ia te ly  sub t r ac t ed  conver te r  runs enhanced t h e  photon s i g n a l  i n  t h e  

presence of an in t ense  neutron background. Comparison with Monte Carlo 

generated known photon processes allow e x t r a c t i o n  of the  anomalous mult i -  

photon events .  



11. Experimental D e t a i l s  

A .  Beam and Targets  

The experiment was performed i n  the  M-2 beam l i n e  of t h e  Meson 

Detector Building using a  300 GeV/c d i f f r a c t e d  proton beam. This beam 

was produced a t  t h e  completion of each main r i n g  a c c e l e r a t i o n  period by 

ex t r ac t ing  a  f r a c t i o n  of t h e  c i r c u l a t i n g  protons and focusing them on a  

t a r g e t ,  0 .1 x 0.1 x 20 cm3 Be. The r e s u l t i n g  d i f f r a c t i v e l y  s c a t t e r e d  pro- 

tons then entered t h e  M-2 beam l i n e  where they were t ranspor ted  400 m 

and focused on our  t a r g e t .  Here t h e  beam a rea  was 0.25 x 0.25 cm2, had 

ho r i zon ta l  and v e r t i c a l  angular  divergences of 0 .1  m r ,  and had an i n t e n s i t y  

5  7 
v a r i a b l e  from 10 t o  10  protons pe r  a c c e l e r a t i o n  period.  Our t a r g e t ,  

3  
1 .3  x 2 x 20 m Be, was r o t a t e d  wi th  r e spec t  t o  t h e  proton beam t o  obta in  

r'. 
t a r g e t  thicknesses from 0.025 t o  0.073 (0.033 t o  0.098) i n t e r a c t i o n  

( r ad ia t ion )  lengths .  

Figure 1 shows t h e  t h r e e  bending magnets downstream of t h e  t a r g e t  t h a t  

swept t h e  unsca t te red  proton beam and a l l  produced charged p a r t i c l e s  c l e a r  

of the  de tec to r .  Between the  l a s t  bending magnet and t h e  d e t e c t o r ,  the  

charged beam was contained i n  a  7.6 cm 0.d. vacuum pipe  loca ted  a t  17 .5  m r  

with r e spec t  to  t h e  inc iden t  beam d i r e c t i o n .  The unbent n e u t r a l  secondaries  

were contained i n  a  36 cm 0.d. vacuum pipe .  

A 8.9 x 8.9 cm2 s c i n t i l l a t i o n  counter  placed a t  t h e  downstream end 

of t h e  7.6 cm vacuum pipe  monitored t h e  beam a t  low i n t e n s i t i e s  while  a  small 

counter te lescope  of two 5 x 2.5 x 1 .3  cm3 s c i n t i l l a t i o n  counters  loca ted  

next  t o  t h e  de tec to r  monitored t h e  high i n t e n s i t y  back-scat tered p a r t i c l e s  

from t h e  beam dump. 
n 

The beam s p o t  p o s i t i o n  was monitored wi th  survey-located ho r i zon ta l  



and vertical Single Wire Ionization Chambers (SWICS) read by a CAMAC system and 
F 

displayed on a television monitor. The display was refreshed after each main 

ring cycle. 

& , I  Multiphoton Detector 

The multiphoton detector of Fig. 2 converted individual photons into 

electron pairs, recorded the electron tracks of the pairs, estimated the 

number of tracks, and measured the total energy of each multiphoton event. 

The detector consisted of three 248-wire MWPC, an air and a lead glass 

Cherenkov counter, and trigger and veto scintillation counter arrays. 

Each MWPC contained a vertical plane of 0.025 mm stainless steel read- 

out wires spaced 1.6 mm apart. The details of the MWPC construction and oper- 

ation appear as an Appendix. The total average interaction and radiation 

length for each chamber was 6 and 9 x respectively. The chambers had a 
fi 

55 ns time resolution using a gas mixture of 1% freon 13B1, 82% ultra-pure 

Argon, and 18% methylal. Between data-taking runs the chambers were scanned 

using a motor-driven, highly collimated, remotely controlled source-scintillation 

counter and the resulting wire maps were evaluated for malfunctions. The 

efficiency of the chambers (99%) and cluster size (97% single wire) remained 

unchanged over the period of the experiment, 8 months elapsed time and 800 

hours of operation. 

The chamber signals were amplified, shaped, and output in a (1V 100 ns) 

signal with a -1.75 V d.c. offset. Shielded coaxial cables 61 m long carried 

these signals to the interface located in the experimental trailer. A 70 ns 

gate generated by the fast logic allowed latches to be set by the shaped in- 

time signals from the individual wires. The interface scanned all of these 

P latches. If a set latch was encountered the memory buffer of the PDP-811 

stored the corresponding wire number. The interface scalers provided visual 



readouts of logic triggers, the number of times at least one latch was 

set, and the total number of latches set 

The air Cherenkov counter (C) detected only electrons produced by 

3 
high energy photons. The counter was a 90 x 90 x 90 cm box with sides 

of 0.5 cm A1 and ends of 0.16 cm Al. A spherical mirror of radius 1.6 m 

collected Cherenkov light and focused it on a 12.7 cm photo tube. Electrons 

with energy greater than 21 MeV and angle less than 35 mr with respect 

to the mirror's symmetry axis (i.e. neutral beam line) produced detectable 

Cherenkov light. The counter detection efficiency for single particles 

was about 35%, or 58% for an electron-positron pair from a converted photon. 

Since the output pulse height of the photo tube was correlated with the 

multiplicity of traversing charged particles it was fanned into five 

P threshold disccriminators, the lowest set at the 1-2 particle level and used 

in the trigger logic while the others tagged higher multiplicity events. 

The lead glass Cherenkov counter1(G) consisted of a single piece of glass 

2 
45 x 20 x 30 cm viewed by two 12.7 cm photo tubes located in a light-tight 

wooden box along the 30 cm dimension. The beam traversed the 30 cm while 

the vertical and horizontal acceptances were 20 cm and 45 cm respectively. 

The counter was calibrated with 40-200 GeV/c electrons and pions. Since 

the lead glass was 12 radiation and 2 interaction lengths thick, electromagnetic 

showers developed completely while hadronic showers were only partially deve- 

loped. Fig. 3 shows this effect in the pulse height spectrum from the summed 

photo tube outputs which was fanned into five threshold discriminators, the 

lowest set for 100 GeV total shower energy and used in the trigger logic while 

the others tagged events of progressively higher energies. 

r- 
The detector system, located 40m downstream of the Be target, had a 



P hor i zon ta l  ( v e r t i c a l )  acceptance of +4 (21.6) m r  def ined by lead-covered 

s c i n t i l l a t i o n  counters  preceding the  de tec to r  which r e j e c t e d  events  with 

charged p a r t i c l e s  o r  photons, o u t s i d e  t h e  s o l i d  angle.  Events with charged 

p a r t i c l e s  i n  the  acceptance reg ion  were vetoed by a  s c i n t i l l a t i o n  counter 

preceding the  de tec to r .  Electromagnetic showers were produced by photons 

i n  a  converter  preceding t h e  f i r s t  MWPC. The system provided a  high degree 

of s e l e c t i v i t y  toward high m u l t i p l i c i t y ,  high energy, small production 

angle ,  low cross  s e c t i o n ,  time resolved ind iv idua l  events .  A t  40 m t h e  

MWPC wire  sepa ra t ion  provided a  p ro jec t ed  angular  r e s o l u t i o n  of 0.04 m r .  

We thus  attempted t o  optimize t h e  systems c a p a b i l i t y  f o r  de tec t ing  ene rge t i c ,  

narrow, photon showers. 

C. Event Se lec t ion  and Acquistion 

The f a s t  l o g i c ,  seen i n  Fig. 4 ,  s e l e c t e d  and recorded events  with t h e  

requi red  number of converted n e u t r a l s  and minimum t o t a l  energy. A t r i g g e r  

r e su l t ed  when no ve to  counter  s i g n a l  (53) was present  but  s i g n a l s  were 

obtained from both Cherenkov counters  and t h e i r  bracket ing  counters  (S1 & 52). 

Thus our  t r i g g e r  ( s ~ . s ~ - c . G . ~ ) ,  which requi red  t h a t  an event conta in  3 

forward, charged p a r t i c l e s  i n  t h e  a i r  counter  and depos i t  a t  l e a s t  100 GeV 

i n  the  lead  g l a s s  counter ,  generated a  g a t e  s i g n a l  f o r  the  i n t e r f a c e .  If 

t h e  s i g n a l s  were i n  t h e  g a t e  and i f  t h e r e  was a t  l e a s t  one h i t  on the  t h i r d  

chamber, a l l  chambers were scanned by t h e  i n t e r f a c e  and t h e  numbers of the  

h i t  wires  were read  through a  d a t a  break i n t o  a  PDP-8/I memory buffer .  

The i n t e r f a c e  accepted e i g h t  a d d i t i o n a l  b i t s  of da t a  from t h e  a i r  and 

t h e  l ead  g l a s s  counter d iscr iminators .  Since high d i sc r imina to r  l e v e l s  

indica ted  a  l a r g e  number of e l e c t r o n s  and high t o t a l  photon energy re- 

P spec t ive ly ,  w e  could t r i g g e r  on a  low a i r  and g l a s s  l e v e l  t o  optimize t h e  



r da ta  a c q u i s i t i o n  r a t e  while  tagging events  wi th  high m u l t i p l i c i t y  and/or 

high energy. 

The wire  i d e n t i f i c a t i o n  codes f o r  h i t s  on propor t ional  chamber wires  

were read s e r i a l l y  i n t o  sepa ra t e  12-bi t  words of  t h e  memory b u f f e r ,  a s  

were the  Cherenkov l e v e l  codes. A t y p i c a l  event would have codes which 

corresponded t o  h i t s  on t h e  f i r s t ,  second, and t h i r d  chambers, an a i r  

Cherenkov l e v e l ,  a  l ead  g l a s s  Cherenkov l e v e l ,  and an event separa t ion  

word of zeroes. When t h e  1024 word d a t a  b u f f e r  was f i l l e d ,  t h e  computer 

then copied t h e  d a t a  b u f f e r  onto a  7-track 556 BPI magnetic tape  and 

incremented t h e  on-l ine a n a l y s i s  a r r a y s .  

D. Monitoring 

On-line da ta  were logged through t h e  computer's da t a  break. Thus 

r- while da ta  were being taken d iagnos t i c  d i s p l a y s  were viewed on a  s to rage  

scope; they included: w i re  maps (frequency of h i t s  on each MWPC), chamber 

m u l t i p l i c i t y  d i s t r i b u t i o n s  (frequency of s i n g l e ,  double, t r i p l e ,  e t c . ,  

h i t s ) ,  and ind iv idua l  events .  Wire maps and m u l t i p l i c i t y  d i s t r i b u t i o n s  

were updated a f t e r  every f u l l  d a t a  bu f fe r .  A t e l e t y p e  provided, upon 

r eques t ,  a  hard copy of t h e  d i s t r i b u t i o n s .  These d i sp lays  allowed a check 

on the  de tec to r  performance and an overview of t h e  d a t a  being acquired. 

Af ter  each da ta  tape  had been f i l l e d , - 1 2  h r s . ,  i t  was t ranspor ted  t o  

the  CDC-6600 f o r  ana lys i s .  Using t h e  l a r g e  sample of d a t a ,  wi re  maps and 

m u l t i p l i c i t y  d i s t r i b u t i o n s  a s  a  func t ion  of t h e  Cherenkov counters '  l e v e l s  

could be obtained with good s t a t i s t i c s .  I n  add i t ion  t y p i c a l l y  a  hundred 

events  were displayed on hard copy providing a  h ighly  v i s i b l e  sample of 

da t a ,  and allowing us  t o  examine i n  d e t a i l  p re se l ec t ed  ca t egor i e s  of events.  

P W e  t hus  were a b l e  t o  optimize t h e  experimental arrangement f o r  our  search.  



111. Data Analys is  

The c e n t r a l  experimental  problem i s  t o  i d e n t i f y  events  with 10-30 

photons wi th  production angles  from 0.1 t o  1 . 0  m r  i n  the  presence of 

multiphoton events  from known multimeson product ion p rocesses ,  spur ious  

events  from mis in t e rp re t ed  neut ron  i n t e r a c t i o n s ,  and apparatus m a l -  

func t ions .  Some 340,000 events  were recorded which were produced i n  

a v a r i e t y  of ways, some expected and some spur ious ,  but  most may be 

considered as  a background t o  the  searched f o r  anomalous multiphoton 

events .  The important sources of t h e  background a r e  now discussed.  

Neutron produced events  were s i x t y  times more copious i n  our de tec t -  

8 
o r  than photon events  . However t h e i r  r a t i o  was reduced an o rde r  of 

magnitutude because the  l ead  g l a s s  counter  i s  i n e f f i c i e n t  i n  producing 

hardon induced Cherenkov r a d i a t i o n .  Furthermore t h e  p r o b a b i l i t y  of one 
r- 

o r  more photon conversions i n  the  l e a d  exceeds the  neutron i n t e r a c t i o n  

p r o b a b i l i t y  by a f a c t o r  of t h i r t y .  Therefore t h e  r a t i o  of neutron 

t r i g g e r s  t o  t o t a l  t r i g g e r s  is < 115 and these  a r e  d e t a i l e d  i n  Table I .  

By us ing  lead  and p lex ig la s s  conver te rs  whose i n t e r a c t i o n  p r o b a b i l i t i e s  

were nea r ly  the  same, a p l e x i g l a s s  s u b t r a c t i o n  e l iminates  most of t h e  

e f f e c t s  of t h e  remaining neutron events .  However, 300 GeV neutrons which 

i n t e r a c t  i n  t h e  conver te r  produce mul t ip l e  n e u t r a l  p ions ,  <n 0 > ~ 4 ,  whose 
n 

photons w i l l  be converted more e f f i c i e n t l y  i n  l e a d  than p l ex ig la s s .  This 

e f f e c t  i s  s t rong ly  topology dependent be ing  sma l l e s t  a t  l a r g e  charged 

m u l t i p l i c i t i e s .  

Other backgrounds were m u l t i p l i c i t y  dependent. The m u l t i p l i c i t y ,  n,  was 

determined by the  number and loca t ion  of  MWPC h i t s .  Figure 5 shows t h r e e  

P events  t o  i l l u s t r a t e  t h e  s e l e c t i o n  c r i t e r i a .  An acceptable  t r a c k  had t o  

have h i t s  on t h r e e  chambers whose p r o j e c t e d  angle r e l a t i v e  t o  the  n e u t r a l  



r' 
beam a x i s  w a s  <10 m r  ( i . e .  one wire  sepa ra t ion  on adjacent  chambers). 

Adjacent t r acks  were requi red  t o  be sepa ra t ed  i n  C 1  by a t  l e a s t  two 

unh i t  wires .  

Photons i n t e r a c t i n g  i n  t h e  l ead  (p l ex ig la s s )  conver te r  u sua l ly  

c rea ted  a  sma l l  shower s i n c e  t h e  converter  was only 0.57 (0.037) rad i -  

a t i o n s  lengths .  For a  photon energy of %1 GeV the  angular  s epa ra t ion  of 

+ - 
e e p a i r s  is %1 m r  and t h e  shower was recorded a s  a  s i n g l e  h i t .  Low 

energy e l e c t r o n s  a r e  o c c a s b ~ n a l l y  emi t ted  from t h e  shower a t  l a r g e  angles  

but  usua l ly  d i d  not  complicate t h e  event i n t e r p r e t a t i o n .  Figure 5 (a )  

shows a t h r e e  t r a c k  event .  The requirement t h a t  t h e  t r a c k  be wi th in  i 10 

m r  of t h e  n e u t r a l  beam a x i s  e l iminated  most photons not  coming d i r e c t l y  from 

t h e  t a r g e t .  

P 
P a r t i c l e  s c a t t e r i n g  from t h e  apparatus was inves t iga t ed  by examining 

the  shower product ion angle ,  8 , (defined a s  t h e  average angle of t h e  ex- 
P 

tremum t r a c k s )  d i s t r i b u t i o n s  f o r  var ious  m u l t i p l i c i t i e s .  These a r e  seen 

i n  Fig. 6 t o  be approximately Gaussian d i s t r i b u t e d  about 0 m r  except  f o r  

n = 1 whose asymmetry i s  a t t r i b u t e d  t o  t h e  s c a t t e r i n g  of t h e  proton beam 

which i s  t o  t h e  l e f t  of 0 m r .  The e f f e c t  of our ve to  counters  i s  apparent  

i n  these  d i s t r i b u t i o n s .  For 1112 t h e  e f f e c t s  of s c a t t e r i n g  a r e  n o t  apparent  

i n  the  d i s t r i b u t i o n s .  

The v e t o  counter ,  placed 56 cm i n  f r o n t  of t h e  f i r s t  MWPC t o  e l imina te  

s t r a y  charged p a r t i c l e s ,  could have neutron i n t e r a c t i o n s  i n  i ts  downstream 

0 
s i d e  producing unvetoed charged secondaries  and n photon's wi th  9 <10 m r .  

P 

The p l e x i g l a s s  s u b t r a c t i o n  d id  n o t  completely e l imina te  t h e  events  wi th  low 

P 
charge m u l t i p l i c i t y  because of t h e  d i f f e r e n c e  i n  t h e  photon conversion pro- 

b a b i l i t i e s  of the  lead  and p lex ig la s s .  Correct ions f o r  t h i s  e f f e c t  were made 



us ing  runs where t h e  v e t o  counter  was not  i n  the  acceptance apera ture .  

The d i s t r i b u t i o n s  of cone ang les ,  8 ( the  angle between extremum t r acks )  
C 

f o r  var ious  m u l t i p l i c i t i e s  is displayed i n  F ig .  7 where t h e  e f f e c t s  of t h e  

v e t o  counter a r e  apparent  i n  t h e  n -- 2 d i s t r i b u t i o n .  

Af ter  t r ack ing ,  s u b t r a c t i o n ,  and co r rec t ion ,  the  remaining events  

were compared wi th  events  expected from krlown hadron processes.  We used 

11 
a Pmeson model" t o  obta in  t h e  number of n e u t r a l  pion p a i r s  and pro- 

p o r t i o n a l l y  added s i n g l e  n e u t r a l  pions t o  obta in  agreement with the  bubble 

chamber r e s u l t s 9  f o r  t h e  average n e u t r a l  pion m u l t i p l i c i t y  f o r  each 

topology. The momentum d i s t r i b u t i o n  was parameterized by t h e  s c a l i n g  

funct ion  of Dao -- e t  a1. lo. D i f f r a c t i v e l y  produced n e u t r a l  pions through 

the  decays were included: 

0 
r- N* (1238)+ N n , 

0 0 
N* (1760)+ N* (1238) ~ O + N  n n , and 

0 0 
N* (1760)-+ N p +N n n 

0 0 0 11 
For KS and K ~ O  decays i n t o  n t h e  bubble chamber KS momentum d i s t r i b u t i o n s  

were used. 

The Monte Carlo events  from known production processes constrained 

by t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  apparatus allowed us t o  eva lua te  

the  o v e r a l l  performance of t h e  apparatus over  a wide range of responses. 

Thus t h e  est imated absolu te  counting r a t e s  f o r  shower m u l t i p l i c i t i e s  of 

one through fou r  were compared with t h e  corresponding observed mul t ip l i -  

< 
c i t i e s .  For n - 3 the  good agreement between t h e  Monte Carlo and t h e  

da ta  ind ica t ed  t h e  experimental  condit ions were understood s o  t h a t  high 

m u l t i p l i c i t y  events  where the  Monte Carlo provides l i t t l e  information could 
r' 

be  approached wi th  some confidence. 



F. 
The generated angular, energy, and multiplicity distributions were 

compared with distributions resulting from the subtracted data corrected 

for counter inefficiency (+4-45X), trigger and data collection efficiency 

(4%),and veto counter effects (+15X). These comparisons without arbitrary 

normalization are shown in Figs, 8-10. 

The multiplicity distributions in Fig. 8 are strikingly similar for n<4 

but there is some difference between the data and generated events for 1114. 

The reconstruction program encountered difficulty with complex events. 

Neutron interactions in the converter can produce charged multiplicities 

as large as 20. When a large number of secondaries traversed the MWPC at 

large angles the hits could be so numerous that their accidental arrangement 

satisfied the selection criteria and a falsely high multiplicity resulted. 

P The event in Fig. 5(b) was probably due to a single neutron interaction but 

was assigned an n = 6. These events occurred relatively more frequently for 

the lead than the plexiglass converter because of different conversion and 

interaction properties. Thus, the subtraction procedure did not eliminate 

all these events. 

To further reduce these effects a "hit requirement," was applied which de- 

manded that the number of hits on the first chamber be less than four times 

the number of tracks identified. The multiplicity distributions for both 

the lead and plexiglass converters with and without this hit requirement are 

shown in Fig. 11 with the result that all evidence for events with n 2 5 is 

eliminated. All differences in Fig. 8 between the data and the generated events are 

removed by this requirement. 

The 0 distributions obtained from the generated and measured events are 
P C 

consistent as seen in Fig. 9. The energy distributions, seen in Fig. 10. 



a re  i n c o n s i s t e n t  a t  high energy and low m u l t i p l i c i t y .  Since t h e r e  a r e  no 

0 0 measured n or K s p e c t r a  a t  these  high energ ies  and small  angles  t h e  

generat ing funct ions  may be i n  e r r o r .  

Since t h e  generated d i s t r i b u t i o n s  p red ic t ed  e s s e n t i a l l y  no events  

wi th  n 5 and s i n c e  we may have e l iminated  a l l  events  of the  type  we 

were sea rch ing  f o r  by the  " h i t  requirement", we v i s u a l l y  examined a l l  such 

events .  The c r i t e r i a  f o r  accept ing  an event as  genuine was t h e  presence 

of f i v e  o r  more s e p a r a t e  showers whose axes were p a r a l l e l  t o  one another  

s o  they could be a s soc ia t ed  with t h e  bery l l ium t a r g e t  40 m upstream. 

This s e l e c t i o n  e l iminated  nea re r  sources which gave i n t e n s e  high mul t ip l i -  

c i t y  d ivergent  showers, which were occass ional ly  mis in t e rp re t ed .  The 588 

such even t s  from t h e  l e a d  conver te r  gave 7 genuine events  while  the  p lexi -  

P g las s  had 334 events  which y ie lded  2 genuine events .  

I f  0 < 0.5 m r  t h e  photon produced showers would overlap t o  some ex- 
C 

t e n t  and the t r ack ing  c r i t e r i a  would record a m u l t i p l i c i t y  lower than t h e  

t r u e  one. For example, i f  a t y p i c a l  multiphoton event contained 20 photons 

wi th in  B c  = 0.5  m r ,  we would record an n = 5 l e s s  than 1% of t h e  time a l -  

though 90% of t h e  events  would have f i v e  o r  more photon conversions. To 

i n v e s t i g a t e  t h e s e  e f f e c t s  we ind iv idua l ly  examined a l l  events  which had 

numerous h i t s  w i th in  a sma l l  region of t h e  f i r s t  chamber. These events  

w e r e  then assigned a m u l t i p l i c i t y  on t h e  b a s i s  of t h e i r  h i t  d i s t r i b u t i o n s  

i n  a l l  t h r e e  chambers. Of t h e  2646 events  from t h e  l e a d  conver te r  4 were 

assigned n 2 5 while  none of the  991 events  from the  p l ex ig la s s  q u a l i f i e d .  

Events from t h e  l ead  conver te r  s e l e c t e d  by the  two scans a r e  given i n  

- 12 - 



Table I1 while Pig.  5Cc) shows one of them. Only one event has an energy 

r < 150 GeV while  t h e  average B c  i s  g r e a t e r  than t h e  1 m r  seen i n  t h e  anamolous 

cosmic r ay  multiphoton events .  Af t e r  normalizat ion and c o r r e c t i o n  f o r  t r i g g e r  

i n e f f i c i e n c i e s  t h e  9 (11-2) events  correspond t o  a  c r o s s  s e c t i o n  f o r  production 

by protons on a  nucleon of (6.5 t 2 .4 )  nb. This  number has  not  been correc ted  

f o r  e f f e c t s  of t h e  ve to  counter ,  ape ra tu re ,  t racking  c r i t e r i a  o r  conversion 

e f f i c i e n c y  s i n c e  t h e  s i z e  of t h e s e  c o r r e c t i o n s  depends c r i t i c a l l y  on t h e  number 

of photons i n  a  multiphoton event and t h e i r  angular  spread. Since these  events  

have 0 as l a r g e  a s  6 m r  t hese  c o r r e c t i o n s  can inc rease  t h e  est imated c r o s s  
C 

s ec t ion  by a  f a c t o r  of four  o r  more. Therefore t h e  c r o s s  s e c t i o n  per nucleon 

f o r  t h i s  res idue  is est imated t o  be (0.5-30) nb i f  they a r e  produced by proton 

i n t e r a c t i o n s .  

The multiphoton even t s  seen i n  cosmic r a y s  were apparent ly  produced by 

e i t h e r  secondary neutrons o r  photons. I f  t h e  r e s idue  is produced by neutron-Be 

P 
i n t e r a c t i o n s ,  assuming t h a t  t h e  neutrons o r i g i n a t e  from proton c o l l i s i o n s  and 

a r e  produced on t h e  average a t  t h e  cen te r  of t h e  t a r g e t ,  we f i n d  a  c r o s s  sec t ion  

per nucleon of (2-200) nb. I f  t h e  r e s idue  i s  produced by y-Be c o l l i s i o n s  where 

t h e  photons a r e  produced i n  p-Be c o l l i s i o n s  i n  t h e  same t a r g e t ,  we es t imate  a  

c r o s s  s e c t i o n  per nucleon of (0.02-1.2) mb. This  l a t t e r  number i s  t o  be compared 

with t h e  est imated c r o s s  s e c t i o n  per  nucleon f o r  multiphoton cosmic ray showers 
5 

of 3 mb assuming A1.100 f o r  emulsions. I f  t h e  anamolous cosmic r ay  multiphoton 

even t s  were produced by cosmic r ay  neut rons  a  product ion c r o s s  s e c t i o n  pe r  

nucleon of 30 mb would be requi red ,  which is 1000 t imes g r e a t e r  than ours .  

I n  conclusion t h e  s i g n i f i c a n c e  of t hese  few high  m u l t i p l i c i t y  events  

must remain i n  doubt s i n c e  they r ep resen t  processes occurr ing  only about twice 

7 
i n  10 p-Be i n t e r a c t i o n s .  Fur ther  experimental i n v e s t i g a t i o n  i s  requi red  t o  

e s t a b l i s h  t h e  ex i s t ance  of t hese  events  and poss ib ly  t h e i r  n a t u r e  and course.  
P 



APPENDIX 

Multiwire Propor t ional  Chambers 

For High Energy Multiphoton Detect ion 

I .  Requirements 

The r o l e  of MWPC i n  t h i s  experiment was t o  measure t h e  coordina tes  

of showers which were f requent ly  one o r  more unresolved e l e c t r o n  p a i r s .  

The number and s p a t i a l  coordina tes  ( i n  one dimension) of t h e  converted 

photons i s  thus  obtained.  MWPC were used because of t h e i r  high mult i -  

p a r t i c l e  e f f i c i e n c y ,  good s p a t i a l  r e so lu t ion ,  and good time r e so lu t ion  

which prevented a high background of random counts from being i n t e r p r e t e d  

a s  a m u l t i p a r t i c l e  event .  The MWPC transparency l e f t  the  charged and un- 

charged p a r t i c l e s  l a r g e l y  unaffected so t h a t  o t h e r  downstream d e t e c t o r s ,  

P such a s  Cherenkov counters ,  w i l l  g ive meaningful r e s u l t s .  The chambers 

were designed t o  obta in  high e f f i c i e n c i e s  with a minimum of spurious 

events ,  making l a r g e  redundancy unnecessary. 

The c h a r a c t e r i s t i c s  of t h e  multiphoton events  searched f o r  s e t  the  

fol lowing requirements on the  MWPC: 

High e f f i c i e n c y  f o r  d e t e c t i n g  an unresolved e l e c t r o n  p a i r :  

Since t h e  opening angle f o r  an e l e c t r o n  p a i r  produced by a 

50 GeV photon i s  %.C2 m r  i t  w i l l  be an unresolved p a i r  which 

preserves t h e  d i r e c t i o n  of t h e  o r i g i n a l  photon. Even an 

e f f i c i e n c y  of 90% f o r  d e t e c t i n g  a s i n g l e  minimum i o n i z i n g  

p a r t i c l e  r e s u l t s  i n  an e f f i c i e n c y  of 99% f o r  d e t e c t i n g  one 

of t h e  p a i r .  

Low e f f i c i e n c y  f o r  d e t e c t i n g  Bremsstrahlung X- and 6- rays:  

A high energy photon i s  i d e n t i f i e d  by a s t r a i g h t  t r a c k  almost 



p a r a l l e l  t o  t h e  beam d i r e c t i o n  while  s o f t  components produce 

t r acks  which do not  have a  high d i r e c t i o n a l i t y  and thus  makes 

i t  d i f f i c u l t  t o  i d e n t i f y  ind iv idua l  p a i r s  i n  a  multiphoton event 

-4  
High s p a t i a l  r e so lu t ion :  Angular s epa ra t ions  as  small  a s  10  r 

corresponding t o  a  4 mm sepa ra t ion  a t  the  de tec to r  could re- 

s u l t  from the  multiphoton events  of i n t e r e s t .  Thus t h e  h ighes t  

poss ib l e  r e so lu t ion  i s  needed t o  d i s t i n g u i s h  t h e  ind iv idua l  

photons. 

Good t i m e  r e so lu t ion :  Temporal r e s o l u t i o n  i s  necessary t o  avoid 

e x t r a  t r acks  due t o  acc iden ta l  coincidence generated by the  l a r g e  

neutron background. 

11. Chamber Construct ion 

Pour chambers s a t i s f y i n g  t h e  above requirements were cons t ruc ted  with 

c h a r a c t e r i s t i c s  l i s t e d  i n  Table 111. Since  s p a t i a l  r e s o l u t i o n  is propor t ional  

t o  wi re  spacing t h e  l a t t e r  was made a s  small  a s  p o s s i b l e ,  1.6 mm, cons i s t en t  

w i th  good e f f i c i ency .  Each chamber was cons t ruc ted  from four  f i b e r g l a s s  G-10 

2 
frames of 6 1  x 6 1  cm . One end of the  anode wi re s  was so ldered  t o  a  p r i n t e d  

c i r c u i t  board which fanned i n t o  31 groups of 8 wi re s ,  each group having a  

mult ipin connector.  The cathode wires were t r e a t e d  i n  a  s i m i l a r  way, however 

they were fanned i n t o  th ree  groups, each of which was connected t o  a  high 

vol tage  cable  through a 120 r e s i s t o r .  No guard wires  o r  s t r i p s  were used. 

Window edges ad jacent  t o  t h e  high vol tage  p lane  were concave i n  shape t o  

i n h i b i t  breakdown. 

A 3 mm O-ring groove cut  i n t o  t h e  f aces  of t h r e e  frames provided a gas- 

t i g h t  f i t .  With O-rings i n  p l ace ,  t h e  plane f aces  were coated wi th  RTV and 

C 



P. bol ted  together  before  t h e  RTV s e a l e r  cured. The chamber was then bol ted  

t o  an aluminum backing p l a t e ,  which had a  42 x 42 cmL window, t o  provide 

r i g i d i t y ,  and f a c i l i t a t e  chamber mounting. There w e r e  two input  (output)  

gas p o r t s  a t  t h e  bottom (top) of t h e  a c t i v e  a rea .  

111. Readout E lec t ron ic s  

The e l e c t r o n i c s  cons is ted  of t h r e e  types:  t r a s m i t t e r  cards loca ted  on 

t h e  chamber, r ece ive r  cards loca ted  a t  the input  of an i n t e r f a c e ,  and the  

computer i n t e r f a c e .  The anode wires of t h e  MWPC were operated a t  a  -1.2 V 

d.c. b i a s  t o  reduce no i se .  

Chamber s i g n a l s  were amplif ied,  d iscr iminated ,  and shaped i n  t h e  

t r a n s m i t t e r  card which was made of d i s c r e t e  components and was plugged 

i n t o  t h e  connectors on t h e  chamber. The c h a r a c t e r i s t i c s  of t h e  t rans-  

P m i t t e r  cards a r e  l i s t e d  i n  Table I V .  

The s tandardized  output pulse  was c a r r i e d  through a 61 m coaxia l  

cable  t o  t h e  i n t e r f a c e .  The cables ,  grouped by 16 wi re s ,  were lashed 

together  and covered wi th  a  s h i e l d .  The cable  delay allowed t h e  f a s t  

l o g i c  t o  decide i f  da t a  were t o  be scanned. 

Each of t h e  s i g n a l  cables  was fed  i n t o  a  s i n g l e  r ece ive r  card which 

funct ioned as  a  f a s t  g a t e  and a l a t c h .  The minimum gate  width was ad- 

j u s t a b l e  by an e x t e r n a l  cable  connection. The i n t e r f a c e  scanned a l l  of 

t h e  M i P C  l a t ches .  I f  a  l a t c h  had been s e t  i t  s t o r e d  t h e  corresponding wire  

number i n  t h e  memory b u f f e r  of a  PDP-811 computer. 

The i n t e r f a c e  provided s e v e r a l  s e l e c t i v e  opt ions :  m u l t i p l i c i t y  of 

wires  h i t ,  number of w i re s  scanned, number of words t r a n s f e r r e d  t o  t h e  com- 

P pu te r  before  program i n t e r r u p t i o n ,  e x t e r n a l l i n t e r n a l  ga t e  mode, and d a t a  



f- b i t s  from o t h e r  de t ec to r s .  The i n t e r f a c e  was a l s o  equipped wi th  s c a l e r s  

which provided v i s u a l  readouts  of l o g i c  t r i g g e r s ,  t h e  number of t imes a t  

l e a s t  one l a t c h  was s e t ,  and t h e  t o t a l  number of l a t c h e s  s e t .  

I V .  The Gas Mixture 

The gas mixture was of c r i t i c a l  importance i n  achieving t h e  des i r ed  

chamber c h a r a c t e r i s t i c s .  Considerable ca re  was taken t o  ob ta in ,  simultan- 

eously,  good e f f i c i e n c y  and r ap id  f a l l  o f f  of e f f i c i e n c y  wi th  delay time 

t o  obta in  good t i m e  r e so lu t ion .  

The MWPC were t e s t e d  us ing  t r a v e r s i n g  8-rays s e l e c t e d  by a s c i n t i l l a t o r .  

The chamber was f lushed wi th  t h e  gas mixture,  82% A r  - 18% methylal ,  t o  

which var ious  amounts of f reon  13B1 were added. Without the  freon t h e  

e f f i c i e n c y  p l a t e a u  nea r ly  overlapped with a breakdown region making the  

0 whole gas volume s e n s i t i v e .  The freon e l iminated  t h e  breaddown problem and 

provided opera t ing  vo l t age  l i m i t e d  only by Geiger d ischarge .  The e f f i c i e n c y  

curves f o r  var ious  amounts of f reon  between 0.1 and 1% a r e  shown i n  Fig. 12 

as a funct ion  of t h e  high vol tage .  Figure 13 shows t h e  beginning of t h e  

e f f i c i e n c y  p la t eau  and t h e  Geiger discharge.  The e r r o r  bars  r e f l e c t  non- 

uniform performance of the  t r a n s m i t t e r  cards  and anode wi re  gain. For freon 

contents  of up t o  I%, 99+1% e f f i c i e n c y  f o r  a minimum i o n i z i n g  p a r t i c l e s  was 

obtained,  which compares favorably wi th  magic gas r e s u l t s  where t h e  maximum 

amount of freon t o  achieve n e a r l y  100% e f f i c i e n c y  f o r  our  p a r t i c u l a r  w i r e  

12 spacing (1.6 mm) would be about 1.3% . Thus inc reas ing  t h e  percentage of 

f reon  provides f u l l  e f f i c i e n c y  while  inc reas ing  the  p l a t e a u  width of t h e  

opera t ing  vol tage .  

Figure 14  shows t iming curves measured wi th  a 70 n s  wide gate .  Af t e r  
P 

t h e  f u l l  e f f i c i e n c y  peak, an apprec iable  t a i l  e x i s t s ,  which decreases t h e  



chambers reso lv ing  time and thus g ives  r i s e  t o  acc iden ta l  coincidences. 

The t a i l  does not  show up i n  a  time j i t t e r  spectrum measured wi th  f a s t  

OP s i g n a l s .  However, t h e  usual  measurement of t h e  time j i t t e r  spectrum 

does not  show a t r u e  occupation time of t h e  anode wire  and overest imates 

t h e  chamber performance. The he ight  of t h e  t a i l  decreased wi th  t h e  in- 

c reas ing  f reon  content  f a s t e r  than i t  increased  wi th  vol tage .  Increas ing  

t h e  d i sc r imina to r  threshold  by a  f a c t o r  of t h r e e  reduced t h e  t a i l  t o  about 

a  ha l f  t h a t  shown i n  t h e  Fig. 14 wi th  only a  1-2% decrease i n  e f f i c i e n c y  

peak. I n  f a c t ,  a t  t h e  output  of t h e  t r a n s m i t t e r  card ,  t h e  l a t e  pulses  were 

wider i n d i c a t i n g  sma l l e r  i n p u t  amplitudes. Thus i n  add i t ion  t o  t h e  n e a r e s t  

i o n i z a t i o n  c l u s t e r s  con t r ibu t ing  t o  t h e  e f f i c i e n c y  peak, those produced 

f a r  from the  wire  s t i l l  c o n t r i b u t e ,  e s p e c i a l l y  when t h e  f reon  concentrat ion 

/'. is < 0.4%. Heavy p o s i t i v e  ions  produced i n  t h e  f i r s t  avalanche reduce t h e  

m u l t i p l i c a t i o n  f a c t o r  f o r  t h e  e l e c t r o n s  which su rv ive  capture .  

We chose 1% freon because i t  produces t h e  sma l l e s t  t a i l  i n  t h e  timing 

curve and t h e  l a r g e s t  e f f i c i e n c y  p la t eau .  The r e s u l t i n g  m u l t i p l c i t y  was 97% 

on a, one w i r e  and 2% on t h e  two adjacent  wires .  A l a r g e r  amount of f  reon 

may have provided good e f f i c i e n c y ,  b u t  t h e  ope ra t ing  vol tage  would have t o  be 

unpleasant ly high. The minimum ga te  width f o r  100% e f f i c i e n c y  wi th  1% freon 

was measured t o  be  55 n s  by de laying  a 180 n s  wide ga te  p u l s e ,  thus inc reas ing  

a  time overlap wi th  the  chamber pulse  and i s  seen i n  Fig. 15.  

I n  conclusion,  t h e  c h a r a c t e r i s t i c s  of a  mult iwire propor t ional  chamber 

requi red  f o r  multiphoton de tec t ion  were r e a l i z e d  by a  gas mixture which con- 

ta ined  a  f a i r l y  l a r g e  amount of  e l e c t r o n e g a t i v e  gas;  1% freon 13B1, 82% A r  

and 18% methylal.  Most of t h e  requirements could be s a t i s f i e d  wi th  l e s s  f reon ,  
P 

however t h e  s u b s t a n t i a l  e f f i c i e n c y  long a f t e r  p a r t i c l e  passage which was 

observed i n  t h e  d i f f e r e n t i a l  t iming curve and is n o t  revealed by t h e  con- 

ven t iona l  time r e s o l u t i o n  measurement, was s u b s t a n t i a l l y  reduced. 
- 18 - 
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TABLE I :  Estimated Fraction of Triggers. 

Source 

n- Sc int i l la tor  (S3) 

n-Converter 

y-Converter 

Converter 

Lead - Plexiglass 

,018 .062 



TABLE 11: Characteristics of Individually Scanned Pb Converter Events. 



TABLE 111. Chamber Construction Characteristics.  

Chamber gap 2 x 9 . 5  mm 

Anode wire 25 pm s t a i n l e s s  s t e e l  

Anode wire spacing 1 . 6  mm 

Cathode wire 100 pm s t a i n l e s s  s t e e l  

Cathode wire spacing 1.27 mm 

Windows 125 pm Mylar sheets  

Window-cathode spacing 6.4 mm 

Active area 40 x 40 cmL 



TABLE I V :  Performance of Amplifier Discriminator Cards. 

Threshold for  negative 
wire pulse 

Threshold for pos i t ive  
pulse 

Proportional delay 
(for x3 overdrive) 

Time slewing 

from x l  to  x3 overdrive 

from x3 to  x10 overdrive 

Output pulse width 

near threshold 

from x2 t o  x8 overdrive 

Overall timing uniformity 

a t  x3 overdrive 



Figure Captions 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig.  4. 

Fig. 5. 

Fig. 6. 

Fig. 7 .  

Fig.  8. 
P 

Schematic of experimental se tup .  

Schematic of multiphoton d e t e c t o r .  

Pulse height  d i s t r i b u t i o n s  i n  t h e  lead  g l a s s  counter  f o r  

a )  40 GeV/c negat ive  beam, and 

b) 65, 100, and 200 GeV/c negat ive  beams. 

Schematic of f a s t  t r i g g e r  l o g i c ,  da t a  a c q u i s i t i o n  and on- 

l i n e  monitoring. 

Three t y p i c a l  events  (number of showers, production angle,  

cone angle,  t o t a l  energy).  Dots a r e  MWPC h i t s ,  s o l i d  l i n e s  

i n d i c a t e  t h e  shower axes ,  and broken l i n e s  suggest  t r a j e c t o r i e s  

of p a r t i c l e s  emit ted a t  l a r g e  ang les  from a s i n g l e  source f o r :  

a )  a  t h r e e  photon shower (n = 3,  8 = 0.8 m r ,  8 = 3.2 m r ,  
P  C 

150 5E5200 GeV), 

b) an erroneously i d e n t i f i e d  event (n = 6, 0 = 1 . 0  m r ,  0 = 3.3 m r ,  
P  C 

250 <EL300 GeV), and 

c) a v i s u a l l y  v e r i f i e d  complex event (n = 7 ,  8 = 0.9 m r ,  Bc = 5.2 m r ,  
P 

150 (EL200 GeV) . 
Production angle ,  8 d i s t r i b u t i o n s  f o r  va r ious  photon mult i -  

P'  

p l i c i t i e s .  The d i s t o r t i o n  i n  t h e  n = 1 d i s t r i b u t i o n  i s  a t t r i -  

buted t o  s i n g l e  p a r t i c l e s  s c a t t e r e d  from t h e  de f l ec t ed  proton 

beam. The broken l i n e  r e p r e s e n t s  t h e  folded spectrum. 

Cone angle,  8 d i s t r i b u t i o n s  f o r  va r ious  photon m u l t i p l i c i t i e s .  
c '  

The shaded peak i n  t h e  n = 2 curve is a t t r i b u t e d  t o  neutrons 

i n t e r a c t i n g  i n  t h e  ve to  s c i n t i l l a t o r ,  S3. 

Comparison between t h e  f r a c t i o n  of observed photon m u l t i p l i c i t i e s  

per i n t e r a c t i o n  and t h e  same f o r  t h e  generated d a t a .  A l l  events  

have a  t o t a l  energy > 100 GeV: 



Fig.  9. 
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Fig. 11. 

Fig. 12. 

Fig.  13. 

Fig. 14. 

Fig. 15. 

i s  generated d a t a ,  

a r e  t h e  abso lu te  c r o s s  sec t ions  r e s u l t i n g  from lead-plexig lass  

sub t r ac t ion ,  and 

a r e  t h e  c r o s s  s e c t i o n s  r e s u l t i n g  from lead-plexig lass  sub t r ac t -  

ions,  with t h e  h i t  requirement,  and adjus ted  by a  s c a l e  f a c t o r  

represent ing  t h e  f r a c t i o n  of events  el iminated by t h a t  require-  

ment. 

Comparison between t h e  cone angle  d i s t r i b u t i o n s  of the  da ta  ( 0 )  

and generated events  (0 ) .  

Comparison between t h e  energy d i s t r i b u t i o n  of da t a  (0) and 

generated events  (@) f o r  va r ious  va lues  of m u l t i p l i c i t i e s  (n) 

and t h e  corresponding d i s t r i b u t i o n s  f o r  generated events  ad- 

jus ted  a s  i n  Fig.  8. 

M u l t i p l i c i t y  d i s t r i b u t i o n s  wi th  lead  and p l e x i g l a s s  conver te rs  

wi th  and without t h e  h i t  requirement.  A l l  events  have a  t o t a l  

energy > 100 GeV. 

Measured e f f i c i e n c y  ve r sus  vo l t age  wi th  va r ious  amounts of 

f reon  f o r  a  minimum ion iz ing  p a r t i c l e .  A 0 .5  mV d iscr iminator  

threshold  and 70 ns  g a t e  pu l se  width were used. 

Beginning of e f f i c i e n c y  p la t eau  (-) and Geiger d ischarge  (----) 

a s  a  funct ion  of t h e  f r eon  content .  

Timing curves of chamber s i g n a l s  measured wi th  70 ns  g a t e  showing 

t h e  occupation time of t h e  anode wire.  

I n t e g r a l  t iming curve of chamber s i g n a l s  wi th  1% freon  showing 

t h e  minimum g a t e  width t o  o b t a i n  100% e f f i c i e n c y .  
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