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Electron-Photon Cascades of High Energy in Photographic Emulsions. 
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Recen t ly  some e l ec t r on - pho t on  ca- 
scades h a v e  been  descr ibed,  which  de- 
v i a t e  m a r k e d l y  f rom t he  resul t s  of 
cascade t h e o r y  (t-v). Moreover ,  some 
au tho r s  h a v e  found  the  d i rec t  p r o d u c t i o n  
of e lec t ron-pa i rs  ( t r idents )  to  be more  
f r e q u e n t  t h a n  to be expec t ed  f rom 
theo ry  (~').  I t  appears ,  therefore ,  to  be 
of g r ea t  i n t e r e s t  to check exper imen t -  
a l ly  t he  va l i d i t y  of t he  re la t ions  of 
q u a n t u m  e l ec t rodynamics  a t  h igh  ener-  
gies upon  which  some d o u b t s  were cas t  
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by  t he  e x p e r i m e n t a l  resu l t s  m e n t i o n e d  
a b o v e .  

For  th i s  purpose  8 cascades p roduced  
b y  single y - q u a n t a  in emuls ions  h a v e  
been  sys t ema t i ca l ly  i nves t i ga t ed  up  to 
a shower -dep th  of a t  l eas t  t ~ 1.6 radia-  
t ion  un i t s  (1 r ad i a t i on  u n i t  = 29 m m  in 
emulsion).  The  ene rgy  of each shower  
par t i c le  has  been  d e t e r m i n e d  b y  re la t ive  
mul t ip le  s c a t t e r i n g  m e a s u r e m e n t s  m a d e  
be tween  n e i g h b o u r i n g  t r acks  according  
to s t a n d a r d  procedure .  The  energy  
loss of t he  e lec t rons  b y  b r e m s s t r a h l u n g  
has  been t a k e n  in to  account .  A t  h igh  
energies (>  100 GeV) t h e  sepa ra t ion  of 
t h e  e lec t ron-pa i r s  caused  by  the i r  scat-  
t e r ing  (i0) or t he  increase  in g ra in -dens i ty  
a t  t h e  pa i r  or igin {11,~5) ha s  been  used 
to e s t i m a t e  t h e  energy  of the  pairs.  
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In  this  way i t  has been found t h a t  6 
of t he  cascades had  a to ta l  energy 
( =  energy  of the  producing  y-quanta)  
of be tween  20 and 150 GeV (mean energy 
50 GeV), and  each of the  o ther  two 
cascades an energy of ~ 300 GeV and 
~-~ 2 000 GeV respectively.  

Shower -deve lopmen t :  In  Table I the  

of a single cascade on the  mean ,  
the  mean  of only 5 cascades  has  
been taken  (crosses), in which tile ca- 
scade No. 6 has no t  been  t aken  in to  
account.  The drawn curve gives the  
mean shower deve lopment  expec ted  f rom 
the  theory  of ARLEY (12). A good agree- 
m e n t  be tween  theory  and  exper imen t  is 
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Fig. 1. - The mean number of shower elcctrons wi~h E ~ 20 MeV as a function of shower dcpth t 
for the 6 cascades givcn ill Tables I and II. 

n u m b e r  of shower part icles  wi th  energies 
>~ 20 MeV is given as a funct ion of the  
shower -dep th  for the  6 cascades of 
energy  < 150 GeV. The mean number  )V 
has  been  p lo t t ed  (cf. the  poin ts  in 
Fig.  1). To demons t r a t e  the  influence 

to be noted .  The same holds also for 
the  energy spec t rum (Fig. 2) of the  
shower part icles  a t  various shower depths .  
The full curves show the  theore t ica l  
results  normal ized  for the  theoret ica l ly  
expec ted  n u mb e r  of shower part icles,  
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Fig. 2. - The mean energy-spectra of the shower part ieles for the 6 cascades given in Tables I and IL 



ELECTRON-PHOTON CASCADES OF IIIGH ENERGY IN P[IOTOGRAPIIIC EMULSIONS 295 

TA1~L~ I.  

t . . . . . . . . . . .  N u m l ) c r  o f  c a s c a d e  m e a n  ~ 

0 

0 . I  

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

2 

2 

2 

3 

5 

5 

7 

7 

8 

S 

10 

12 

15 

21 

25 

25 i 
28 

]N'lllII b0,r Of 

the energies of 

6 

6 

9 

10 

1() 

10 

12 

14 
i 

19 

20 

i 19 
': 19 

] 23 

ii 4 

2 I 2 

4 2 

2 

3 

7 

7 

7 

6 

8 

10 

l l  

13 

12 

14 

14 

2 

2 

4 

4 

4 

6 

8 

l l  

11 

13 

14 

14 

16 

2 

4 

6 

6 

6 

8 

8 

10 

12 

14 

IS 

18 

18 

20 

2'2 

22 

24 

4 

4 

4 

6 

8 

10 

10 

12 

12 

15 

17 

shower particles with E ~) 20 McV as a function of shower 
the eaucados s':e Table I IL  

2 

2.33 

3.00 

3.50 

4.00 

5.50 

6.67 

7.00 

7.34 

9.00 

11.33 

13.50 

14.16 

16.33 

17.67 

18.20 

21.00 

depth t. As to 

No.  of 

p a i r  2 3 4 

9 

10 

11 

12 

13 

14 

15 

16 

17 

() 

0 .285 

0.374 

0 .460 

0.523 

0.769 

0.972 

] .O2 

1.14 

l . l  9 

1.24 

] .29 

1.29 

1.33 

1.50 

1 .50  

1.50 

[) 

0 .123 

0.299 

0.426 

0.447 

0.5:~9 

0.824 

0.901 

1.05  

1 .08 

1.10 

1.26 

1.58 

1.59 

Ta,~m, z I [ .  

N u m b e r  o f  ( , , ~ s e a d c  

6 5 

0 

0.595 

0.859 

0 .920 

0.977 

1.00  

1 .05 

1 .29 
1,36 

1.57 

0 

0.3S7 

0.447 

0.447 

0.826 

0.957 

1.06 

1.11 

1.17 

1.25 

1.37 

1.37 

1.56 

1 .5S 

0 

0 .090  

0.123 

0 .470 

0.606 

0.738 

0.74 

0.888 

0.955 

0.983 

1,105 

1.22  

1.29 

1.29 

1.36 

1 .54  

0 

0.547 

0 .894 

0.966 

1.01 

1 .25  

1 .47 
1 .50  

1 .60  

The shower-depth I of the pairs ( E ) ~  20 McV) creat, ed in the 6 c~scades witch ene,'gies 
bctweelt 20 and 150 GoV. As to tile mlergies o~2 tile c~uc~dcs see Table I IL  
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while the do t ted  curves are normal ized 
for the  ac tual ly  observed number .  

In  Fig. 3 the  mean  number  of the  
pairs of energy >~ 20 MeV crea ted  up to 
a shower dep th  t has been p lo t ted  as a 
funct ion of t (dot ted his togram wi thou t  
cascade No. 6). Fig. 4 shows the  energy 
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2 0  M e V  c r e a t e d  u p  t o  a s h o w ~ c  d e p t h  t a s  

a f u n c t i o n  o f  t f o r  t h e  6 c a s c a d e s  g i v e n  i n  

T a b l e s  I a n d  I I .  

spectra of these pairs for various values 
of t. In  the  figures the  full curves give 
the  theore t ica l  results der ived from the  
theory  of ARLEY (12). 

The deviat ions from the  theoret ical ly  
predicted number  of pairs a t  t ~> 1.3 are 
due to the  poor detect ion efficiency for 
low energetic pairs at  these shower 
depths,  since there  the  shower particles 
by Coulomb scat ter ing have  already 
spread to a ra ther  wide dis t r ibut ion in 
space, and pairs of low energy can be 
lost. All the  o ther  deviat ions at  smaller 
shower depths  m a y  probably  be consi- 
dered as s tat is t ical  f luctuations.  

I t  is to be no ted  also tha t  the shower 
curves and the  energy spectra of the  
two cascades wi th  ~ 300 GeV and 
,~ 2 000 GeV are in agreement  wi th  the  
theore t ica l  predict ions (Fig. 5a, b; 6a, b). 

F r o m  these exper imenta l  da ta  it  can 
be concluded t h a t  the  deve lopment  of 
t he  e lec t ron-photon cascades up to a 
to t a l  energy of some 1000 GeV is ge- 
neral ly in agreement  wi th  cascade theory,  

and t h a t  the  theoret ica l  cross-sections 
for bremss t rah lung  and pa i r -product ion  
at  high energies apply as well (see also 
the  similar results of K .  FINKAU (1:])). 

Tr iden t -produc t ion  : The  measurement  
of the  m.f.p, of the  direct  pa i r -product ion  
{tridents) becomes difficult due to brems- 
s t rahlung-pairs  (pseudo-tridents)~ which 
are produced at  so small  a dis tance f rom 
the  original  t rack tha t  they  can be 
confused wi th  the  real , t r idents wi th in  
the  resolving power of the microscope 
(<  0.2 ~m)(6,s). In  order to make  the  
necessary correction in the number  of 
observed t r idents ,  in the present  inve- 
s t igat ion only the  two electrons of the  
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c r e a t e d  u p  t o  a s h o w e r  d e p t h  l f o r  t h e  6 c a s -  

c a d e s  of  T a b l e s  i a n d  I I .  

first pair  of each cascade wi th  energy 
< 150 GeV were used to ob ta in  the  
m.f.p, of t r ident  product ion.  

The number  of pairs of ti le first 
generat ion produced by these 12 p r ima ry  
electron up to t = 1.0, is theore t ica l ly  
given as 23.4 (see Table  I I I ) .  Exper i -  
menta l ly ,  one obtains for the  total  
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TABLE I I I .  
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20 
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l0 
l0 

1.38 
2.13 
2.23 
2.23 
2.13 
2.01 
2.13 
1.38 
2.01 
2.01 
1.80 
1.80 

23.42 

0.05 
0.33 
0.46 
0.46 
0.33 
0.26 
0.33 
0.05 
0.26 
0.26 
0.17 
0.17 

0.069 
0.703 
1.027 
1.027 
0.703 
0.523 
0.703 
0.069 
0.523 
0.523 
0.306 
0.306 

6.48 

0.075 
0.147 
0.167 
0.167 
0.147 
0.133 
0.147 
0.075 
0,133 
0.133 
0.110 
0.110 

1 . 5 5  

0.0364 
0.0863 
0.1021 
0.1021 
0.0863 
0.077 
0.0863 
0.0364 
0.077 
0.077 
0.0607 
0.0607 

0.89 

Evaluation of the number of real tridents. 
Meaning' of the columns: 

1) Number of cascade. 
2) Energy of the two primary electrons in GcV. 
3) Theoretical nmnber of created pairs of the 1-st generation. 
4) Correction-factor according to KOSIIIBA et al. 
5) Number of pseudotridenLs. 
6) Number of real tridents accordirt~ to the theory of Bhabha. 
7) Number of real tridents aecordi~Lg to the theory of Racah. 

n u m b e r  of the  produced  pairs  up to 
t = 1 . 0 :  

x <  0.2 ~m;  x <  5 [~m; 
N 7 24 

x <  10 ~m;  x <  200 ~ m ,  
N 29 34 

where  :r is the  d is tance  of the  crea ted  
pairs  f rom one of the  p r ima ry  electrons.  
This resul t  is in fair agreement  wi th  the  

theore t ica l  value, if one considers fu r the r  
t h a t  to the  to ta l  n u m b e r  of pairs  there  
is also some con t r ibu t ion  f rom the  

2-nd and  3-rd generat ions.  
The n u m b e r  of pseudo t r iden t s  ob- 

t a ined  by means  of the  correct ion given 
by  KOStlIBA ct al .  (8) is 6.48 as shown 
in Table  I I I .  Therefore ,  since the theo- 
ret ical  n u m b e r  of real t r iden t s  is 0.89, 
according to RACAH (~4), the  to ta l  
n u m b e r  of real and  appa ren t  t r i den t s  

should be 6.48 + 0.89 - 7.37 ~= 2.7, which 
agrees r a the r  well wi th  the  value 7 found  
exper imenta l ly .  

Our measu remen t s  canno t  be consi- 
dered to cor robora te  the  theoret ica l  
value due to their  low stat is t ical  weights  
However,  our exper imenta l  value agrees 
be t t e r  wi th  the  theoret ica l  one t h a n  
wi th  the  exper imenta l  findings of o the r  
au thors  (6,9), in which the  t r iden t  pro- 

duct ion is g rea te r  by a t  least  a fac tor  
of 2.5 t han  to be expec ted  f rom the  

theory  of BHABHA. 

* * *  
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