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TECHNICAL MEMORANDUM 

MEASUREMENTS AND CALCULATIONS OF THE COULOMB CROSS SECTION FOR THE 
PRODUCTION OF DIRECT ELECTKON PAIRS BY ENERGETIC HEAVY NUCLEI I N  NUCLEAR 

TRACK EMULSION - CENTER DIRECTOR'S DISCRETIONARY FUND FINAL REPORT 

I. INTRODUCTION 

The p r i n c i p a l  g o a l  of t h i s  s tudy  has  been t o  deve lop  a pract ical  method 
which employs on ly  t h e  e l ec t romagne t i c  i n t e r a c t i o n  t o  measure t h e  energy  of 
u l t r a r e l a t i v i s t i c  heavy i o n s  i n  t h e  energy r e g i o n  above 1 0 l 3  eV/amu ( 1 0  
TeV/amu). The o n l y  a p p a r e n t  e l ec t romagne t i c  phenomenon t h a t  may be used is 
t h e  m a t e r i a l i z a t i o n  of e l e c t r o n - p o s i t r o n  pairs from t h e  v i r t u a l  photon f i e l d  
of t h e  r e l a t i v i s t i c  i o n  i n  t h e  f i e l d  of a s t a t i o n a r y  nucleus.  Th i s  is a 
phenomenon which has  been s t u d i e d  expe r imen ta l ly  f o r  more than  35 y e a r s  
w i t h o u t  r e s o l v i n g  d i f f e r e n c e s  between measurements and c a l c u l a t i o n s ,  and t h u s  
is s t i l l  an i n t e r e s t i n g  aspect of quantum e lec t rodynamics  (QED). U n t i l  t h e  
l a s t  s e v e r a l  y e a r s ,  work on t h i s  phenomenon has  been l i m i t e d  t o  pr imary  
par t ic les  from cosmic ray  a i r  showers ( e l e c t r o n s  and mu-mesons), a few heavy 
pr imary  cosmic r a y  n u c l e i ,  and p r o t o n s  and a-mesons from a c c e l e r a t o r s .  The 
y i e l d  of d i r e c t  Coulomb pairs from t h e  s i n g l y  charged pr imary p a r t i c l e s  h a s  
been less than  one per meter i n  t h e  t y p i c a l  p roduc t ion  and d e t e c t i o n  medium 
( n u c l e a r  t r a c k  emulsions 1,  and thus  a d e f i n i t i v e  expe r imen ta l  s t u d y  has  been 
hampered. The r e c e n t  a v a i l a b i l i t y  of heavy i o n s  wi th  high energy a t  t h e  
European Center  f o r  Nuclear  Research (CERN) has  opened t h e  o p p o r t u n i t y  t o  
r e s o l v e  t h e  p r e v i o u s  expe r imen ta l  u n c e r t a i n t y  and conf i rm t h e  y i e l d  of d i r ec t  
Coulomb pairs. 

P r e s e n t  t echn iques  f o r  measuring par t ic le  energy which employ 
e l e c t r o m a g n e t i c  phenomena such as Cerenkov c o u n t e r s  and t h e  r e l a t i v i s t i c  r i s e  
of i o n i z a t i o n  i n  g a s - f i l l e d  c o u n t e r s  ( i o n  chambers and s c i n t i l l a t o r s )  sa tura te  
below 1 TeV/amu f o r  pract ical  d e t e c t o r s .  T r a n s i t i o n  r a d i a t i o n  d e t e c t o r s  have 
been des igned  to  measure cosmic r a y  e n e r g i e s  to  abou t  10 TeV/amu. Only 
" i o n i z a t i o n  calorimeters" t h a t  depend on t h e  s t r o n g  ( n u c l e a r )  i n t e r a c t i o n  have 
been accep ted  as pract ical  energy measuring d e v i c e s  above 10 TeV/amu. 
Ca lo r ime te r s  r e q u i r e  enough depth  t h a t  t h e  pr imary p a r t i c l e  i n t e r a c t s  
( n u c l e a r )  i n  the d e v i c e  and produces a cascade  of had ron ic  (p ,  r ,  K, e tc . )  and 
"e l ec t romagne t i c "  par t ic les  (e ,  y ) ,  t h e  number of which a r e  sampled t o  
estimate t h e  pr imary  energy.  
l e a d  f o r  t h i n  lead-x-ray f i lm-emulsion calorimeters, L30 c m  of l e a d  f o r  " t o t a l  
abso rp t ion"  calorimeters of l e a d - s c i n t i l l a t o r ,  o r  215 m water  e q u i v a l e n t  dep th  
i n  t h e  atmosphere for a i r  shower a r r a y s .  I n  a d d i t i o n  t o  the  mass of m a t e r i a l  
r e q u i r e d  f o r  i o n i z a t i o n  c a l o r i m e t e r s ,  t h e r e  are s e r i o u s  concerns  a b o u t  
possible changes i n  t h e  behavior  of n u c l e a r  i n t e r a c t i o n s  beyond 1 0 l 4  e V ,  
p a r t i c u l a r l y  f o r  heavy n u c l e i .  P a r t  of t h e s e  concerns has  been gene ra t ed  by 
c o n f l i c t i n g  r e s u l t s  of a i r  shower experiments  which, by v a r i o u s  a n a l y s i s  
t echn iques ,  have i n d i c a t e d  t h a t  cosmic r a y s  are e i t h e r  most ly  protons or 
mostly i r o n  nea r  1 0 l 5  e V .  
energy  stem from t h e  theo ry  o€ s t r o n g  i n t e r a c t i o n s ,  quantum-chromodynamics 
( Q C D ) .  p 2 D  p r e d i c t s  for  heavy nucleus  i n t e r a c t i o n s  a phase change of n u c l e a r  
matter from bound qua rks  i n  neut rons  and p ro tons  t o  a plasma of t h e  
c o n s t i t u e n t  qua rks  and gluons.  This  would probably  r e su l t  i n  a q u i t e  
d i f f e r e n t  par t ic le  cascade  i n  c a l o r i m e t e r s .  

A t  1014 eV/amu t h i s  r e q u i r e s  a t  l ea s t  5 cm of 

Other  concerns about  n u c l e a r  i n t e r a c t i o n s  a t  h igh  



A t echnique  for  energy measurement  t h a t  does n o t  depend upon n u c l e a r  
i n t e r a c t i o n s  would be most d e s i r a b l e  i n  t h e  ene rgy  regime above 1 0 l 3  eV/amu. 
The p o t e n t i a l  t echn ique  we have i n v e s t i g a t e d  is t h e  measurement of t h e  l i n e a r  
f requency of occur rence  of d i rec t  Coulomb pairs along the  t r a c k  of heavy i o n s  
i n  emulsion . C a l c u l a t i o n s  d e s c r i b e d  below i n d i c a t e  t h a t  cosmic r a y  i r o n  
n u c l e i  a t  10"leV/amu should  produce -30 d i rec t  pairs per  c e n t i m e t e r  OF 
pa th leng th  i n  n u c l e a r  t r a c k  emulsion. A p a t h l e n g t h  of 3 cm of emulsion shou ld  
a l low an energy measurement t o  abou t  50 p e r c e n t  accuracy ,  which i s  compe t i t i ve  
with t h e  c a l o r i m e t e r  technique .  However, most p rev ious  measurements of t h e  
e l ec t romagne t i c  pair  y i e l d  r e p o r t e d  i n  t h e  l i t e r a t u r e  were not  c o n s i s t e n t  w i t h  
c a l c u l a t i o n s  and t h e  past  c a l c u l a t i o n s  have involved  ques t iondb le  ,issumption-; 
and approximations.  
e n e r g i e s ,  b u t  g i v e  d i f f e r e n t  r e s u l t s  below -1 0 eV/amu. Consequent ly ,  w e  
have approached t h e  problem both  w i t h  exper iments  and by examinat ion of pas t  
t h e o r e t i c a l  approaches and improved c a l c u l a t i o n s .  The experiments  have 
involved  exposure of emulsions t o  heavy i o n s  a t  par t ic le  a c c e l e r a t o r s  w i th  
v a r i o u s  ene rg ie s .  I r o n  i o n s  a t  2 GeV/amu ( a t  Bevalac,  Be rke ley ) ,  oxygen a t  60 
and 200 GeV/amu ( a t  t h e  CERN Super Proton Synchro t ron ,  SPS, Geneva), and 
s u l f u r  a t  200 GeV/amu (CERN) have been used t o  produce > lo0  meters of i o n  
t r a c k s  f o r  each exposure.  Much of t h i s  has  been scanned w i t h  microscopes t o  
produce r e s u l t s  as d e s c r i b e d  below. 

The c a l c u l a t i o n s  genera l ly5converge  a t  t h e  h i g h e s t  

I n  the n e x t  s e c t i o n  t h e  r e s u l t s  of p rev ious  expe r imen ta l  s t u d i e s  i n  t h e  
l i t e r a t u r e  are summarized. These r e s u l t s  are compared w i t h  o u r  expe r imen ta l  
r e s u l t s  which have r e c e n t l y  i n c r e a s e d  i n  pair  f requency  as a r e s u l t  of 
" l e a r n i n g  exper iences ."  These expe r i ences  have involved  bo th  scann ing  
t echn ique  and a t t e n t i o n  t o  t h e  resu l t s  of t heo ry  concern ing  the energy and 
angu la r  d i s t r i b u t i o n  of t h e  e l e c t r o n s  i n  t h e  p a i r s .  

The scanning  procedure d e s c r i b e d  i n  s e c t i o n  I V  appears adequate  t o  
e f f i c i e n t l y  f i n d  pairs down to  a t o t a l  pair  energy of abou t  3 MeV. This is  
s u f f i c i e n t  t o  e s t a b l i s h  a technique ,  provided  a long  p a t h l e n g t h  i n  emulsion 
0 1  cm) is a v a i l a b l e  and t h e  d i p  ang le  of t h e  t r a c k  is n o t  too steep. 

The p r i n c i p a l  problems tha t  remain i n  e s t a b l i s h i n g  t h e  pair  method for 
measuring energy are t h e  u n c e r t a i n t y  i n  t h e  c a l c u l a t i o n  of t h e  y i e l d  f o r  t h e  
l o w  e l e c t r o n  pair e n e r g i e s  ((10 M e V )  and concern whether t h e  la tes t  
measurements i n  t h i s  s tudy  are contaminated by any s i g n i f i c a n t  background 
e f f e c t .  The c a l c u l a t i o n s  i n  t h i s  s tudy  are summarized below and r e p o r t e d  i n  
d e t a i l  i n  pub l i shed  r e f e r e n c e s .  F u r t h e r  work is  planned to  attempt s o l u t i o n s  
from e x a c t  QED t o  r e s o l v e  p r e s e n t  ambigu i t i e s  for  t h e  l o w  e l e c t r o n  pa i r  
e n e r g i e s .  

11. SUMMARY OF EXPERIMENTAL RESULTS 

The d i r e c t  p roduc t ion  of e l e c t r o n  pairs by e n e r g e t i c  i o n s  i n  n u c l e a r  
t r a c k  emulsion w a s  f i r s t  s t u d i e d  expe r imen ta l ly  i n  t h e  1950's  12-51. 
R e l a t i v i s t i c  e l e c t r o n s  i n  showers of particles caused by cosmic r a y s  se rved  as 
t h e  pr imary par t ic les ,  whose energy  ranged from 103-105 MeV (see Figure  1).  
The d i f f i c u l t y  i n  ana lyz ing  t h e s e  "Tr iden t "  even t s  [e- -> e_ + (e-, e + ) ]  was 
due t o  a h igh  frequency of bremss t rah lunq  photon product ion  by t h e  pr imary  
e l e c t r o n  and t h e  convers ion  of t hose  photons to  pairs [e- -> e- + ( y  -> (e-, 
e + ) ) ] ,  which r e q u i r e d  a l a r g e  c o r r e c t i o n .  Thus h e a v i e r  p r o j e c t i l e s  are more 
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a p p r o p r i a t e  pr imary  i o n s  s i n c e  t h e  p roduc t ion  of b remss t r ah lung  w i l l  be 

were s t u d i e d  16-11] a f t e r  par t ic le  a c c e l e r a t o r s ,  which produced h igh  energy  
monoenergetic beams, became a v a i l a b l e  i n  t h e  l a te  1960 ' s  and e a r l y  1970's .  A 
beam of 200 G e V  p r o t o n s  a t  t h e  Fermi Na t iona l  A c c e l e r a t o r  Labora tory  w a s  
u t i l i z e d  t o  produce d i r e c t  e l e c t r o n  pairs i n  an emulsion [10-11 I .  The r e su l t s  
are inc luded  i n  F igu re  1 .  A small sample of heavy cosmic ray  t r a c k s ,  t aken  
from emulsions exposed on "Intercosmos-6" [ 1 2 1 ,  w a s  examined f o r  d i r e c t  p a i r s  
and t h e  y i e l d  i s  inc luded  i n  F igu re  1 .  This  cosmic r a y  d a t a  of Gr igorov  e t  
a l .  11 21, a l though  l i m i t e d  by poor  s t a t i s t i c s ,  i n e x p l i c a b l y  r e p o r t e d  a h i g h e r  
v a l u e  than  the p ro ton  a c c e l e r a t o r  measurements even though t h e  r e p o r t e d  pair  
e n e r g i e s  dre very  high.  Fortney e t  a l .  [91 used a N e - H 2  bubble  chamber i n  a 
25-ki logauss  magnet ic  f i e l d  t o  measure t h e  momentum and y i e l d  of pairs above 
10 MeV/c.  The r e s u l t s  matched t h e i r  c a l c u l a t i o n s  of t h e  y i e l d  and p a i r  
momentum spectrum. I f  a d j u s t e d  f o r  t h e  h igh  p a i r  momentum c u t o f f ,  and f o r  t h e  
t a r g e t  and t h e  p r o j e c t i l e  a tomic numbers, t h i s  r e s u l t  would f a l l  close 
t o  (A) i n  F igure  1 .  However t h e  appropriate p a i r  momentum c u t o f €  ad jus tmen t  
i s  p r e s e n t l y  u n c e r t a i n  as d i s c u s s e d  i n  s e c t i o n  V I .  

reduced acco rd ing  t o  t h e  r a t i o  [me/Ml 2 . Energe t i c  muons, p i o n s ,  and p r o t o n s  

Heavy i o n  beams have become a v a i l a b l e  i n  r e c e n t  y e a r s  f i r s t  a t  2 GeV/amu 
( B e r k e l e y ) ,  t hen  a t  -10 G e V / a m u  (Brookhaven),  and more r e c e n t l y  a t  60 and 200 
GeV/amu (CEKN-Geneva) . W e  exposed nuclear t r a c k  emulsions t o  a l l  t h e s e  beams 
and have scanned s i g n i f i c a n t  t r ack  l e n g t h s  o€ most exposures  to de te rmine  t h e  
l i n e a r  f requency  of pairs. R e s u l t s  of v a r i o u s  i n d i v i d u a l  measurements i n  t h i s  
s t u d y  are inc luded  i n  F i g u r e  1 .  P re sen t  d i r e c t  e l e c t r o n  p a i r  y i e l d s  have 
i n c r e a s e d  commensurate wi th  the  a b i l i t y  to  r ecoqn ize  the  lower energy  p a i r s .  
The i n i t i a l  problem i n  d e t e c t i n g  t h e s e  low-energy e l e c t r o n  pairs (e 5 10 MeV) 
w a s  due to  t h e  f a c t  t h a t  t h e  d i v i s i o n  of t h e  energy between t h e  e l e c t r o n  and 
t h e  p o s i t r o n  can be so  d i s p a r a t e  t h a t  it was d i f f i c u l t  to  r ecogn ize  t h e  lower 
energy  e l e c t r o n  ( p o s i t r o n )  as a member of a pair  dnd t o  trace t h e  lower energy  
e l e c t r o n  ( p o s i t r o n )  t o  a common i n t e r a c t i o n  ver tex .  Although t h e  lower energy  
pairs are g e n e r a l l y  accompanied by l a r g e r  ang le s  between the  pr imary  p a r t i c l e  
and the members of t h e  pair  they  are n o t  s t r i c t l y  c o r r e l a t e d  to  p a i r  energy,  a 
consequence of t h e  five-body n a t u r e  of t h e  p h y s i c a l  phenomenon. These 
aspects, covered i n  d e t a i l  below, make t h e  lowest energy p a i r s  d i f f i c u l t  t o  
recognize .  This is  e s p e c i a l l y  t r u e  of e l e c t r o n s  (e- C 1 MeV) that  can e i t h e r  
be mistaken f o r  de l ta  r a y s  or are missed a l t o g e t h e r  due t o  t h e  background. 
The data from proton tracks c i ted  above are c o n s i s t e n t  w i t h  t h i s  assessment  
s ince they  detected on ly  t h e  h i g h e s t  energy pairs  r e s u l t i n g  i n  a l o w  y i e l d .  
The r e c o g n i t i o n  of these problems r e s u l t e d  from new c a l c u l a t i o n s  of pair 
energy  and a n g l e  d i s t r i b u t i o n  and a lso a new scanning  t echn ique  and e l e c t r o n  
energy  measurements d e s c r i b e d  below. 

111. SUMMARY OF CALCULATIONS 

To better unders tand  t h e  p h y s i c a l  properties of t h e  d i r e c t  e l e c t r o n  
pairs, c a l c u l a t i o n s  have been performed t h a t  p r e d i c t  t h e  t o t a l  y i e l d ,  t h e  
energy  t r a n s f e r  d u r i n g  t h e  c o l l i s i o n ,  t h e  energy s h a r i n g ,  t h e  n e t  t r a n s v e r s e  
momentum, and t h e  angu la r  d i s t r i b u t i o n  of t h e  p a i r s .  The s t a n d a r d  theo ry  i s  
d e f i n e d  to  be the lowes t  o r d e r  quantum e lec t rodynamic  (QED) e v a l u a t i o n  of t h e  
t o t a l  c r o s s  s e c t i o n  f o r  pair p roduc t ion  by heavy i o n s  i n  emulsion. Ca lcu la -  
t i o n s  [13-201 d a t i n g  back t o  t h e  1930's  i n c l u d e  bo th  the classical  and QED 
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t r ea tmen t s  of t h i s  problem where some approaches have taken i n t o  account  t h e  
atomic sc reen ing  of t h e  absorber .  Computational e f f o r t s  r e p o r t e d  h e r e  have 
focused on t h e  Weizsacker-Williams (WW) method of v i r t u a l  quanta  as d e s c r i b e d  
i n  [211, i n c l u d i n g  c o r r e c t i o n s  f o r  pair  p roduc t ion  by low-energy photons  
(Racah formula 1221) and h i g h e r  o r d e r  c o r r e c t i o n s  [23,24] f o r  r e l a t i v i s t i c  
pairs (i.e.,  e+ >> 1 and e- >> 1 ) .  Also inc luded  are h igher  o r d e r  terms 
invo lv ing  t h e  e f f e c t i v e  atomic number of the t a r g e t .  The r eg ion  of v a l i d i t y  
f o r  t h e  WW method is determined by two cond i t ions :  ( 1 )  t he  Lorentz  f a c t o r  f o r  
t h e  heavy i o n  ( y )  is  much g r e a t e r  than  one, and (2) the energy t r a n s f e r  
(e/mec ) is much less than  ( y ) .  
t h a t  it depends on an undetermined parameter which cor responds ,  i n  t h i s  case, 
t o  t h e  minimum impact parameter. For tuna te ly  ano the r  method t h a t  e v a l u a t e s  
t h e  direct  pair product ion  c r o s s  s e c t i o n  (Kelner  and Kotov (KK)  [181) has  no 
undetermined parameters b u t  is v a l i d  only i n  t h e  r e l a t i v i s t i c  energy t r a n s f e r  
reg ion .  I f  one matches t h e  r e s u l t s  of t h e  KK and t h e  WW c a l c u l a t i o n s  i n  an 
energy t r a n s f e r  r eg ion  where both  should be v a l i d ,  then  t h e  minimum impact 
parameter i s  determined (see P. Eby 1251 f o r  more de t a i l s ) .  The t o t a l  
e s t ima ted  y i e l d  f o r  y = 200 is shown i n  F igure  1 ( +  symbol) and should  be 
compared wi th  the most r e c e n t  measured y i e l d  ( s u l f u r  - s o l i d  t r i a n g l e )  tha t  
r e f l e c t s  t h e  c u r r e n t  scanning cr i ter ia .  The cor responding  t o t a l  energy  
t r a n s f e r  curve  (dN/dE) is  compared to  t h e  same set  of e l e c t r o n  pair d a t a  taken  
from t h e  CERN s u l f u r  exposure (F igu re  2 ) .  It i s  q u i t e  e v i d e n t  t h a t  t h e r e  is a 
measured overabundance of t h e  low-energy pairs compared t o  t h e  t h e o r e t i c a l  
estimate. This  d i sc repancy  is  be ing  examined from two s i d e s .  Do t h e  
computat ions a c c u r a t e l y  p r e d i c t  t h e  frequency of t h e  low-energy pairs and is  
t h e r e  any s y s t e m a t i c  b i a s  i n  i d e n t i f y i n g  t h e  low-energy pairs i n  t h e  
emulsion? These q u e s t i o n s  are d i scussed  i n  s e c t i o n  V I .  

2 One of t h e  shortcomings of t h e  WW method is 

I V .  DESCRIPTION OF ACCELERATOR EXPOSURES 

The €MU04 emulsion experiment  des ign  [261 is i l l u s t r a t e d  i n  F igure  3. 
The basic c o n f i g u r a t i o n  is a s t a c k  of 20 t h i c k  emulsion plates (800 p a c r y l i c  
s u b s t r a t e  w i th  500 of F u j i  7B emulsion coa ted  on both  s i d e s )  o r i e n t e d  
paral le l  t o  t h e  beam and housed i n  a l i g h t - t i g h t  b lack  p las t ic  box wi th  a t h i n  
window f a c i n g  t h e  beam. The emulsion pour ing  was accomplished a t  t h e  Fermi 
Na t iona l  Accelerator Labora tory  i n  Batav ia ,  I l l i n o i s .  The t o t a l  exposure of 
t h e  emulsion plates t o  t h e  heavy ion  beam a t  t h e  CERN SPS was c o n t r o l l e d  by a 
programmable d e f l e c t o r  magnet. The magnet was p o s i t i o n e d  approximate ly  2,000 
m upstream of t h e  t a r g e t  area where a p r e s e l e c t e d  f r a c t i o n  of t h e  heavy i o n s  
are d e f l e c t e d  from t h e  main beam. The normal beam i n t e n s i t y  had t o  be reduced 
so t h a t  t h e  i o n  even t s  could be analyzed i n  t h e  emulsion wi thout  i n t e r f e r e n c e  
from ne ighbor ing  events .  This was achieved by defocus ing  t h e  beam so tha t  a 
beam i n t e n s i t y  of 2,000 t o  3,000 i o n s  was obta ined .  Thus t h e  c e n t r a l  
i n t e n s i t y ,  lateral  spread, and i o n  p u r i t y  were c a r e f u l l y  monitored. F igu re  4 
shows t h e  beam access area where each of t h e  EMU04 emulsion s t a c k s  were 
exposed t o  two separate beam s p i l l s  d i sp l aced  1 c m  apart. The TV monitor 
d i sp layed  t h e  beam p r o f i l e  which assisted t h e  o p e r a t o r  i n  t iming  t h e  i n s e r t i o n  
of t h e  emulsion t a r g e t s .  J u s t  a f t e r  t h e  exposure and be fo re  t h e  plates  were 
developed, a re fere i lce  g r i d  was photographed on one s i d e  of each emulsion 
plate. This g r i d  conta ined  a p a t t e r n  of numbers t h a t  allowed unique 
i d e n t i f i c a t i o n  of primary t r a c k s .  
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Over the past s e v e r a l  y e a r s  t h e  EMU04 emuls ion  plates have been exposed 
to  t h e  60 and 200 GeV/amu oxygen beams and t h e  200 GeV/amu s u l f u r  beam a t  t h e  
CERN SPS. P reced ing  t h e  CERN heavy i o n  exposures ,  emulsion s t a c k s  of a 
similar d e s i g n  were exposed to  a 1.8 GeV/amu Fe beam a t  t h e  Lawrence Berke ley  
Labora tory  (LBL). F i g u r e  5 i s  a microphotograph mosaic of a t y p i c a l  d i r e c t  
e l e c t r o n  pair i n  t h e  emulsion o r i e n t e d  close to  t h e  f o c a l  p l a n e  of t h e  
microscope. The heavy pr imary  i o n  i s  S . 32 

V. MICROSCOPE SCANNING: TECHNIQUES AND RESULTS 

A t o t a l  of 50 m of heavy i o n  t r a c k s  have been scanned w i t h  a 
magn i f i ca t ion  of 1000. F igu re  6 shows t h e  measured pair  y i e l d  as a f u n c t i o n  
of d i s t a n c e  from t h e  edge of t h e  emulsion plate.  The y i e l d  is be ing  g r a d u a l l y  
a t t e n u a t e d  as t h e  t r a c k  l e n g t h  i n c r e a s e s .  This  is caused by ( 1  1 a n u c l e a r  
i n t e r a c t i o n  p rema tu re ly  t e r m i n a t i n g  t h e  d i r e c t  pa i r  s e a r c h ,  ( 2 )  t h e  background 
l e v e l  b u i l d i n g  up wi th  t r a c k  l e n g t h  i n  t h e  emulsion making it more d i f f i c u l t  
t o  observe  t h e  pairs ,  and ( 3 )  t h e  t r a c k s  n o t  be ing  p e r f e c t l y  pa ra l l e l  wi th  t h e  
s u b s t r a t e  (i.e.,  t h e  d i p  a n g l e  is  n o t  z e r o ) ;  t h e r e f o r e ,  t h e  l a te ra l  s p r e a d  
r e s u l t s  i n  a d i s t r i b u t i o n  of t r a c k  l eng ths .  Hence the f i r s t  scann ing  r u l e  i s  
t h a t  t h e  p a t h l e n g t h / t r a c k  is l imited t o  3 c m  from t h e  edge of t h e  emulsion 
plate. The i n i t i a l  s e t  of measurements of pair  f requency  i n  t h i s  s t u d y  is  
shown i n  Table  1. These r e s u l t s ,  normalized t o  3 c m  of t r a c k  l e n g t h  and t o  Fe 
i o n s  (by Z 2 ) ,  are plotted i n  F igu re  1 (&e,@,@). 
measurements w i th  p ro ton  beams, b u t  below p rev ious  and our  r e c e n t  
c a l c u l a t i o n s .  Examination of c a l c u l a t i o n s  of p roduc t ion  a n g l e s  and energy  
s h a r i n g  between e l e c t r o n s  i n d i c a t e d  t h a t  low-energy e l e c t r o n  pairs were be ing  
missed. An e x e r c i s e  wi th  d i f f e r e n t  s can  rates (shown i n  Tab le  1 )  i n d i c a t e d  a 
scan rate of -1 cm/hr should  be t h e  upper l i m i t  w i th  expe r i enced  scanners. 
Because of t h e  l o w  y i e l d s  of t h e s e  measurements a new scann ing  procedure was 
developed by D. T. King [271. A d d i t i o n a l l y ,  t h e  measurement of t h e  energy  of 
each  e l e c t r o n  w a s  adopted,  as w e l l  as t h e i r  a n g l e s  w i t h  respect to  t h e  
pr imary.  The s c a n  procedure  and e l e c t r o n  energy  measurement procedure  are 
d e s c r i b e d  below. The r e s u l t  of scann ing  w i t h  t h i s  procedure  is  g iven  i n  
F igu re  1 ( 4 ) .  

They are above p rev ious  

The la tes t  procedure  i s  as fo l lows .  Scan a t  1000 m a g n i f i c a t i o n  a t  a rate 
of 51 cm/hr, f o c u s s i n g  a t  each f i e l d  of view over  the  depth  >20 p above and 
below t h e  pr imary  particles t r a c k .  Note eve ry  knock-on e l e c t r o n  of energy  > 2  
MeV ( t h e  range  is  a t  least one f i e l d  of view and i n  t h e  same g e n e r a l  d i r e c t i o n  
a l though  it may be s c a t t e r e d ) .  The energy  of t h e  e l e c t r o n  is measured by 
r eco rd ing  t h r e e  d e f l e c t i o n  r ead ings  f o r  t h e  m u l t i p l e - s c a t t e r i n g  a n g l e  ove r  a 
t r a c k  l e n g t h  of 200 p .  The average  m u l t i p l e - s c a t t e r i n g  a n g l e  is  i n v e r s e l y  
p r o p o r t i o n a l  t o  the e l e c t r o n ' s  momentum. For t h e  case of s u l f u r ,  an  ave rage  
of 10 knock-on e l ec t rons / cm w a s  found. This is  compat ib le  wi th  t h e  
t h e o r e t i c a l  p r o b a b i l i t y  per u n i t  p a t h l e n g t h  of t h e  p roduc t ion  of a knock-on 
e l e c t r o n  w i t h  energy  e : - 
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where N is t h e  number of e l e c t r o n s  per u n i t  volume, E ( @ )  is  t h e  i n c i d e n t  
energy of t h e  pr imary ion ,  Z is t h e  atomic number of t h e  primary par t ic le ,  and 
q is t h e  e l e c t r o n  charge.  Also the emission a n g l e  i s  g iven  by 

and 

2 2 2  - 2 m c B y  (e  - ) max e 

f o r  m /M << 1 ;  M is t h e  mass of t h e  heavy ion. S ince  y = 200, 
then  ?e Imax = 4.1 x l o4  MeV, B - 1 and so - 

2 4  2 nNZ 

m c  e 

w(E,e- )  - 

( 3 )  

( 4 )  

Having found a knock-on e l e c t r o n ,  examine each o r i g i n  g r a i n  € o r  an a s s o c i a t e d  
t r a c k  wi th  e > 1 MeV. This energy is  a pract ical  lower l i m i t  because t h e  
energy  u n c e r f a i n t y  approaches 50 percent .  
o r i g i n  grain of t h e  e l e c t r o n  ( p o s i t r o n )  must be w i t h i n  1 IJ of t h e  pr imary  
t r a c k  and t h e  o r i g i n  g r a i n  of each a s s o c i a t e d  t r a c k  must be w i t h i n  2 p of each  
o the r .  With t h i s  c r i t e r i o n ,  it i s  es t ima ted  t h a t  1-2 p e r c e n t  of t h e  c a n d i d a t e  
pairs w i l l  be f a l s e .  Th i s  background depends on t h e  chance co inc idence  of a 
d e l t a  r ay  of energy e- < 1 MeV and a f a s t  knock-on e l e c t r o n  of s e v e r a l  MeV. 

For a bonaf ide  e l e c t r o n  pair  the 

A c o r r e l a t i o n  p lo t  (F igu re  7 )  of t h e  emission ang le  VS. t h e  energy has  
been genera ted  [271 f o r  a s u b s e t  (101 pai rs )  of t h e  200 GeV/amu s u l f u r  
e l e c t r o n  pair d a t a  found wi th  the la tes t  scan  method desc r ibed  'above. Not 
unexpectedly,  t h e  maximum emission ang le  is  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
energy b u t  t h e r e  is  a l a r g e  d i s t r i b u t i o n  of ang le s  a t  each energy. The t o t a l  
energy t r a n s f e r  i n  t h e  i n t e r a c t i o n  (F igu re  21, t h e  energy d i v i s i o n  between t h e  
e l e c t r o n  and p o s i t r o n  (F igu re  81, t h e  n e t  t r a n s v e r s e  momentum of t h e  pairs 
(F igu re  91, and t h e  angu la r  d i s t r i b u t i o n  f o r  t h e  e l e c t r o n s / p o s i t r o n s  ( F i g u r e  
1 0 )  have a l l  been de r ived  from t h i s  same 200 GeV/amu s u l f u r  e l e c t r o n  pair  d a t a  
set. 

V I .  DISCUSSION AND FUTURE WORK 

To r e s o l v e  t h e  q u e s t i o n  of whether t h e  la tes t  observed h igh  y i e l d  of t h e  
low-energy pairs i s  contaminated by some background e f f e c t  i n  t h e  emulsion, 
improved c a l c u l a t i o n s  cf t h e  c r o s s  s e c t i o n  f o r  pair product ion  by r e l a t i v i s t i c  
heavy n u c l e i  [251 w i l l  be inco rpora t ed  i n t o  a Monte Car lo  s i m u l a t i o n  of t h e  
pair product ion  process  and compared t o  t h e  d a t a .  The Monte Car lo  s i m u l a t i o n  
w i l l  be based on t h e  Weizsacker-Williams v i r t u a l  quanta  method. The 
t h e o r e t i c a l  curves  i n  F igures  2 and 10 are a r e s u l t  of t h e  WW method. F u r t h e r  
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measurements on oxygen i o n  t r a c k s  a t  200 GeV/amu and 60 GeV/amu w i l l  be 
performed f o r  t h i s  comparison. 

The d i f f e r e n t i a l  cross s e c t i o n s  t h a t  w i l l  be randomly sampled i n  t h e  
Monte Carlo s i m u l a t i o n  are 

where N ( e )  is  t h e  Weizsacker-Williams f requency  d i s t r i b u t i o n  f o r  t h e  v i r t u a l  
quan ta ,  t h e  energy t r a n s f e r  e = v i r t u a l  photon energy,  and o B ( e )  is t h e  Racah 
expres s ion  [23] f o r  t h e  pair  p roduc t ion  by photons.  

daNS Bethe-Hei t le r  formula - =  
3D-1000 i n  1221. de+ 

(6) 

T h i s  cross s e c t i o n ,  d i f f e r e n t i a l  i n  p o s i t r o n  energy,  i s  based on t h e  f irst  
Born approximat ion  wi th  a non-screened nucleus.  

Th i s  cross s e c t i o n ,  d i f f e r e n t i a l  i n  p o s i t r o n  energy and s o l i d  a n g l e ,  is t h e  
Sauter -Glucks te rn-Hal l  formula (3D-2000 i n  r e f .  1221)  and is  weighted wi th  t h e  
Weizsacker-Williams d i s t r i b u t i o n .  Once aga in  it applies f o r  a n  unscreened  
p o i n t  nuc leus  . 

A theo ry  t h a t  has  no f r e e  parameters and y e t  i s  applicable to  t h e  l o w -  
energy  t r a n s f e r  pairs w i l l  be pursued.  

I n  t h e  nea r  f u t u r e ,  an  examinat ion of some of t h e  Japanese-American 
Collaborative Emulsion Experiment (JACEE)  cosmic r a y  d a t a  w i l l  be done i n  
order to  compare t h e  d i r e c t  e l e c t r o n  pair  y i e l d  wi th  t h e  co r re spond ing  v a l u e s  
c a l c u l a t e d  from the  calorimeter energy estimates. Add i t iona l  CERN exper iments  
w i t h  a Pb beam, t o  be a v a i l a b l e  i n  1991, are planned s i n c e  t h e  i n c r e a s e d  
e l e c t r o n  pa i r  y i e l d  may r e s o l v e  any remaining o b s e r v a t i o n a l  problems as w e l l  
as v a l i d a t e  t h e  c a l c u l a t i o n s .  

T h i s  s t u d y  h a s  n o t  y e t  e l e v a t e d  t h e  measurement of t h e  direct  Coulomb 
pair y i e l d  t o  an  energy  measuring technique .  I t  has ,  however, made 
c o n s i d e r a b l e  p r o g r e s s  i n  bo th  theo ry  and o b s e r v a t i o n s  t h a t  may allow i n  t h e  
nea r  f u t u r e  t h e  r e s o l u t i o n  of long  s t a n d i n g  d i s c r e p a n c i e s  between v a r i o u s  
expe r imen ta l  r e s u l t s ,  and between c a l c u l a t i o n s  and o b s e r v a t i o n s  of t h i s  
i n t e r e s t i n g  aspect of quantum e lec t rodynamics .  
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TAB E 1. SUMMARY OF THE ME SURED DIRECT ELECTRON PAIR YIELD. (THE Fe56 
DATA WERE TAKEN FROM THE LBL EXPOSURE WHILE THE 0l6 AND S32 DATA WERE 
ACQUIRED AT CERN.) 

P ro jec t i le  P r i m a r y  E n e r g y  T r a c k  Pa i r s  Jets Yield 
(GeV/nuc ) (cm 1 ( p a i r s / c m )  

0.280f0.050 -- Fe 56 1 e8 96.4 27 

01 6 60.0 978.0 46 90 0.047f0.007 

01 6 200.0 2959.0 270 21 8 3.091 f0.006 

s 32 200.0 979.6 21 5 120 0.21 9f0.01 

s 32 200.0 129.4 40 16 0. 309*0.049(b) 

(a) = 20 cm/day 
(b) = 5 cm/day 
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DISTRIBUTION OF DIRECT ELECTRON PAIRS VS EMULSION DEPTH 
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Figure 6. Dis tr ibut ion of the d i r e c t  e lectron pairs as a 
function of the distance from the edge of the emulsion p l a t e  
for both the 200 GeV/amu oxygen and sulfur CERN exposures. 
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