
CHAPTER I I I

PROPERTIES OF NUCLEONIC COMPONENTS 
3:1 SHOWERS PRODUCED BY HIGH ENERGY PARTICLES

The term shower i s  used to  id e n tify  the chain of events th a t i s  
i n i t i a te d  by the cosmic ray p a r t ic le s  of u ltra -h ig h  energy in te ra c tin g  
with any nuclei» The products of the in te ra c tio n , moving p ra c tic a l ly  in  
the same d ire c tio n  as the primary cosmic ray , give r i s e  to a cascade of 
the other in te ra c tio n s , u n t i l  in  the end, a number of secondaries is  
crea ted  which can be as high as many m illio n s .

According to the p resen t knowledge, there are two kinds of
showers;
1, a i r  showers,
2* pen e tra tin g  showers.
3ะ1:า Air showers

Air showers are produced by those ra re  primary cosmic ray par­
t ic le s  whose energy is  much g rea te r than th a t generated by the most 
powerful p a r t ic le  a c c e le ra to rs . The minimum energy necessary to produce

1 ka shower observable a t  sea le v e l i s  about 10 ev. The energy of the 
p a r t ic le s  responsib le  for the la rg e s t  shower ever observed i s  about 
6 X 1019 ev (20), The primary cosmic ray of u ltra -h ig h  energy in te ra c tin g  
with a i r  nucle i in  the upper atmosphere, gives r i s e  to a cascade of other 
in te ra c tio n s . On reaching the lower atmosphere a large  number of secon­
daries  i s  produced.

Those secondaries a l l  a rriv e  a t  p ra c tic a lly  the same time on a 
plane perpendicular to the d irec tio n  of the o r ig in a l p a r t ic le s ,  during 
th e i r  tran v e rsa l of a kilom eter of a i r  and are sc a tte re d  around the ax is 
up to a d istance of severa l hundred m eters. The shower thus covers a 
c irc u la r  area of many thousands of square meters with maximum density  in  
the c e n tra l region (the "core” of shower).
3:1:2 P en e tra tin g  showers

P ene tra tin g  showers are  produced by u ltra -h ig h  energy p a r t ic le s  
while pen e tra tin g  through any dense and heavy nu cle i m a te ria ls . On i n t e r ­
ac tin g  with the heavy n u c le i, the u ltra -h ig h  energy p a r t ic le s  give r i s e  
to secondaries. The u ltra -h ig h  energy p a r t ic le s  co n s is t of nucleons,
ซ ' -mesons, and muons. The nucleon-nucleon and muon-nucleon cascades
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disp lay  d is tr ib u tio n s  s im ila r to those of the pho ton-e lectron  cascades.
The p en e tra tin g  showers fo r in s tan ce , the ’'explosive showers", 

which were detected  in  ea rly  work with m ultip le p la te  cloud chambers by 
F u sse ll ( 2 3 ) and Powell (2^), and underground cloud chamber s tu d ies  by 
Braddick and Kensby ( 2 5 ) gave ad d itio n a l proof fo r the ex istance of su c h  
showers.
3:2 NEUTRONS PRODUCED BY HIGH ENERGY PARTICLES

The primary p a r t ic le s  in te ra c t  with a i r  nucle i to  y ie ld  secon­
dary high energy mesons, nucleons and fragm ents. These secondary p a r t i ­
c le s  generated by c o ll is io n  processes in  the atmosphere are a cascade o r  
chain composed p r in c ip a lly  of nucleons. As the cascade degenerates in  
to ta l  energy, the composition of the cascade becomes almost e n tire ly  
nucleons of le s s  than 1 Gev/c. The degradation of nucleons energy co n ti­
nues through c o ll is io n  and capture processes which are recognized as 
nuclear d is in te g ra tio n s  or " s ta rs"  (See F ig . 3 .1 )•  At atmospheric depths 
s u f f ic ie n t  fo r the nucleon flux  and s ta r  production to  be in  equilib rium  
( X > 200 gm-cm”2). 6ach nucleon d is in te g ra tio n  y ie ld s  on the average 
severa l protons and neutrons having energies in  the range 1 to  20 Mev. 
These low energy nucleons are ca lled  d is in te g ra tio n  product nucleons.
The protons rap id ly  lose energy by io n iz a tio n , and the neutrons are 
reduced in  energy by n itrogen  and oxygen c o ll is io n s  to become the slow 
neutrons in  the atmosph—  ' ''^''

F ig . 3 .  ๆ Nuclear d is in te g ra tio n  processes
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T h e  p r o d u c t i o n  o f  n e u t r o n s  b y  n u c l e a r  d i s i n t e g r a t i o n  p r o c e s s  or
:,s ta r"  occurs not only in  the atmosphere but a lso  in  condensed m aterial?  
(ๆฯ)* We define th is  process as ‘'lo c a l neutron production", and the 
neutron production in  elements i s  a function  of a ton ic  weight, see F ig . 
3 .2 . These nuclear d is in te g ra tio n s  are lo c a lly  produced by /^-m eson,
■ TT -meson and nucleons, eg. protons and neutrons.

The d is in te g ra tio n  product neutron w ill  cause nuclear events i f  
i t s  energy i s  in  the k ilo e le c tro n v o lts  (Kev) range. I f  the energy 
decreases to about  ๆ ev, i t  w ill  be absorbed by thus:

to  cause the reac tio n s  with n itrogen  n u c le i, since they decay to proton 
and e lec tro n  and an tin eu trin o  with the mean l i f e  of 77 0  seconds as in  the 
equation below,

H o w e v e r ,  m o s t  o f  t h e  n e u t r o n s  m ay n o t  a t t a i n  e n e r g i e s  lo w  e n o u g h

ท - - — > p  + A J- ฯ -

I n c i d e n t  P r i m a r y  
P a r t i c l e

F ig . 3 . 2  L o c a l  n e u t r o n  p r o d u c t i o n
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3 :3  NEUTRON MULTIPLICITY
The m u l t i p l i c i t y  o f  th e  p r o d u c t io n  o f  n e u t r o n s  i n  l e a d  was f i r s t  

s t u d i e d  by G. C o c c o n i, V* C o cco n i T o n g io r g i ,  and  M* v /id g o ff  ( 7 *2 7 , 28 , 29) .  
I n  1950 C o cco n i e t  a l ,  m easu red  n e u t r o n  m u l t i p l i c i t i e s  f o r  m o u n ta in  a l t i ­
tu d e  ( 30 )» The r e s u l t  o f  th e  m easu rem en t was t h a t  th e  m u l t i p l i c i t i e s  a r e  
50 f o r  a  k»5  i n c h  Pb p r o d u c e r ,  b u t  o n ly  10 f o r  a  0,25  i n c h  Pb p r o d u c e r .
And i n  า 95** V/.C.G. O r t e l  ( 3 1 ) fo u n d  t h a t  t h e  r e s u l t  o f  t h i s  m easu rem en t 
f a i r l y  a g r e e s  w ith  th e  p r e v io u s  o n e s .

th e  m a g n e tic  s p e c t r o g r a p h  fo u n d  th e  a v e ra g e  m u l t i p l i c i t y  f o r  n e u t r o n s  
r e l e a s e d  i n  n u c l e a r  d i s i n t i g r a t i o n  from  a 2 in c h  Pb p ro d u c e r  t o  be from
30 t o  60.

w ere made by D y rin g ; t h e  e x p e r im e n ts  w h ich  a c t u a l l y  i n c lu d e d  a  s t a n d a r d  
m o n ito r  a s  a  n e u t r o n  s o u rc e  w ere p e r fo rm e d  by Hughes e t  a l  ( 3 3 ) ,  and  th e  
m a g n e tic  s p e c t r o g r a p h  e x p e r im e n t  was p e r fo rm e d  by M eyer ( 33 ) .  They fo u n d  
th e  r e l a t i o n  o f  th e  m u l t i p l i c i t y  to  th e  i n c i d e n t  p a r t i c l e  e n e r g i e s  and  
a l s o  fo u n d  th e  p r o t o n s '  momentum i n  t h e s e  e v e n ts  b e tw ee n  0 .3  and 150 
G e v /c . F i g .  3 .3  (3 3 )  and  3»** (3*0 show th e  r e l a t i o n  b e tw ee n  th e  m u l t i p l i ­
c i t y  and  th e  im p a c t p a r t i c l e  e n e rg y .

A rbitrary  u n its

B .F . S t e r n s  i n  1957 ( 3 2 ) ,  a t  W ash in g to n  U n i v e r s i t y ,  by u s in g

In  1962 some s t a t i s t i c a l  s t u d i e s  o f  th e  m u l t i p l i c i t y  f a c t o r

0  2 k  6 8 10m ultip le

Fig* 3 .3  The Frequency of M ultiple Neutron Production in  Lead fo r Four Momentum Regions*
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F ig .  3.*t A verage  N e u tro n  M u l t i p l i c i t y  A c c o rd in g  to  th e  E x p e rim e n t 
R e s u l t s  o f  H ughes e t  a l  ( 1962) .

H ow ever, th e  m u l t i p l i c i t y  f a c t o r  o f  s t a n d a r d  n e u t r o n  m o n ito r s  
h as  b een  fo u nd  to  be 1 .1  to  1 .3  ( 3 5 ) .  I t  i s  a p p a r e n t l y  a n  i n d i v i d u a l  
f e a t u r e  o f  th e  m o n i to r .  T h is  i s  u n d e r s ta n d a b le  a s  i t  c e r t a i n l y  i s  a  
f u n c t i o n  o f  th e  p r o to n  sp e c tru m  a t  th e  l e a d  c o re *  I t  i s  a l s o  a  f u n c t i o n  
o f  th e  p r o b a b i l i t y  o f  th e  n e u t r o n s  b e in g  b ro u g h t  i n t o  th e  th e r m a l  e n e rg y  
ra n g e  and  th e  t im e  d e la y s  due to  t h i s  p r o c e s s .  I n  t h i s  way ev en  d e t a i l s  
o f  th e  g eo m e try  become im p o r ta n t*  (T hey  w i l l  be d is c u s s e d  i n  c h a p te r  IV .)

3LOi'IING-DOWN OF NEUTRONS
The n e u t r o n s  can  be d e v id e d  i n t o  som ewhat a r b i t r a r y  e n e rg y  

g ro u p s  a s  f o l lo w s :  n e u t r o n s  above 100 Kev a r e  c a l l e d  f a s t  n e u t r o n s ,  th o s e
i n  th e  100 ev  to  100 Kev e n e rg y  b r a c k e t ,  i n t e r m e d i a t e ,  th o s e  a b o u t  0.025 
ev to  100 e v ,  s lo w  n e u t r o n s ,  w h ile  n e u t r o n s  o f  a b o u t 0.025  ev  e n e rg y  a r e  
known a s  th e rm a l  n e u t r o n s .  I f  we n e g l e c t  th e  n u c l e a r  r e a c t i o n s ,  th e n  we 
can  c o n s id e r  th e  s lo w in g  down p r o c e s s  o f  t h e  f a s t  n e u t r o n s  a s  a  b i l i a r d -  
b a l l  c o l l i s i o n  p ro b le m .

F erm i and  h i s  c o l l e a g u e s  (193*0 show ed t h a t  th e  n e u t r o n s  a r e  
s low ed  down i n  h y d ro  renotis m a t e r i a l s ,  a p p a r e n t l y  w i th o u t  b e in g  a b s o r b e d , 
and  th e  s lo w e r  n e u t r o n s  have  a  g r e a t e r  p r o b a b i l i t y  o f  in d u c in g  r a d i o a c ­
t i v i t y  th a n  more e n e r g e t i c  n e u t r o n s .  The c o n v e r s io n  o f  f a s t  n e u t r o n s
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i n t o  s lo w  n e u t r o n s  h a s  b e e n  i n v e s t i g a t e d  i n  g r e a t  d e t a i l  b o th  e x p e r im e n ­
t a l l y  and  t h e o r e t i c a l l y ,  and  th e  im p o r ta n c e  o f  s lo w  n e u t r o n s  and  th e  
s lo w in g  down p r o c e s s  h a s  b ee n  d e m o n s tra te d  beyond  q u e s t i o n .  A c o m p le te  
and  r i g o r o u s  t r e a tm e n t  o f  n e u t r o n  s lo w in g  down in v o lv e s  c o m p lic a te d  
m a th e m a tic s ,  b u t  th e  u n d e r ly in g  p r i n c i p l e s  and  some o f  th e  m ost u s e f u l  
r e s u l t  a r e  q u i t e  s im p le  and  can  be i l l u s t r a t e d  w ith  l i t t l e  d i f f i c u l t y .  
F o r  m ost p r a c t i c a l  p u r p o s e s ,  t h e  im p o r ta n t  s lo w in g  down p r o c e s s  i s  e l a s ­
t i c  s c a t t e r i n g  by l i g h t  n u c l e i .  I n e l a s t i c  s c a t t e r i n g  by i n t e r m e d i a t e  o r  
h eav y  n u c l e i  i s  im p o r ta n t  f o r  n e u t r o n s  w i th  e n e r g i e s  ab o v e   ๆ Mev, b u t  
becom es p r a c t i c a l l y  n e g l i g i b l e  b e lo w  t h i s  e n e r g y .  F o r  s i m p l i c i t y ,  
t h e r e f o r e  o n ly  e l a s t i c  s c a t t e r i n g  by l i g h t  n u c l e i  w i l l  be c o n s i d e r e d .

The am ount o f  e n e rg y  t h a t  a  n e u t r o n  l o s e s  i n  a  s im p le  c o l l i s i o n  
can  be c a l c u l a t e d  by s o lv in g  th e  e q u a t io n s  o f  c o n s e r v a t io n  o f  e n e rg y  and 
momentum f o r  th e  e n e rg y  o f  th e  n e u t r o n  a f t e r  th e  c o l l i s i o n .  The a v e ra g e  
e n e rg y  l o s s  p e r  c o l l i s i o n  can  be c a l c u l a t e d  by th e  e q u a t io n ;

w here

and

F _ A + ^  + 2 .t co s  ûî
ร ัง  (A + 1 )2

= l u a  + ท ะ น :  co s  ร 1
Eq i s  th e  i n i t i a l  e n e rg y  o f  n e u t r o n ,
E i s  t h e  f i n a l  e n e rg y  . f  n e u t r o n  a f t e r  c o l l i s i o n ,
A ะะ M/m i s  th e  r a t i o  o f  m o d e ra to r  m ass to  n e u t r o n  m ass ,
Ï  = A ngle b e tw ee n  i n i t i a l  and  f i n a l  d i r e c t i o n  o f  n e u t r o n .
r  = ( ■'โ—]t ) 2 i s  th e  e n e rg y  r a t i o ,  k A + า ;
F o r

a  q u a n t i t y  3 
th e  lo g a r i th m  
Then ' - f  =

c o n v e n ie n c e  i n  n e u t r o n  e n e rg y  s lo w in g  down 
was i n t r o d u c e d ;  i t  i s  th e  a v e ra g e  d e c r e a s e
o f  th e  n e u t r o n  e n e rg y , 

r1 + 
1 - น " - r p

I n  r
2

In (A _ + _ o
( a -  1 j

c a l c u l a t i o n s , 
p e r  c o l l i s i o n  i n

The m ass r a t i o  A can  be ta k e n  e q u a l  t o  the- m ass num ber o f  th e  
m o d e ra to r  w i th o u t  i n t r o d u c i n g  any  s i g n i f i c a n t  e r r o r ,  s i n c e  ท i s  c lo s e  t o  
u n i t y  and  M i s  v e ry  c lo s e  to  an  i n t e g e r .
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For example, in  a c o ll is io n  with a ta rg e t nucleon with A = 200, 
a neutron can lo se , in  an e la s t ic  c o ll is io n  not more than 2 per cen t.
This energy lo ss  i s  very small compared with the possib le  lo ss  of 2o per 
cent in  a c o ll is io n  with a carbon nucleus, A = 12, and shows th a t heavy 
nuclei are poor moderators.

The formulas fo r 1 break down fo r two sp ec ia l cases, A = 1 
(hydrogen) and A = 00, because the functions on the r ig h t  sid es of the 
equation are no longer determ inate . By tak ing  the approp ria te  l im its  as
A ---- ■* 1 or as A ——» ÙOf values of ^  can be obtained . For A = 1
(hydrogen), ^  = ๆ ,  which means th a t the neutron energy decreases on the 
average by the fa c to r  e ะ: 2.72; the energy a f te r  a c o ll is io n  i s  only 37 
per cent of i t s  o r ig in a l energy. I t  can a lso  be seen th a t in  a head ion 
c o ll is io n  between a neutron and proton , which have nearly  equal masses, 
the former can lose  a l l  of i t s  energy. This p o s s ib i l i ty  d is tin g u ish es  
by hydrogen from other moderators.

For A — CO, A " - -  ■ * 0, so th a t a neutron loses p ra c tic a l ly  no 
energy in  an e la s t ic  c o ll is io n  with a heavy nucleus, as found above.

./hen i s  known, the average number of c o ll is io n s  needed to 
bring about a given decrease in  neutron energy can e a s ily  bo ca lc u la te d . 
For example i f  the neutrons s t a r t  out with an average energy of 2 Mev, 
and i f  they are to be slowed down to 0.023 cv (therm al energy a t ordinary 
room tem pera tu re)1 the to ta l  logarithm ic energy lo ss  i s  

In  (2 X  106 /  0 .025).
Since the average lo ss  

c o ll is io n  i s  given by,
average number of c o ll is io n  = (2 Mev to  0.025 ev)

per c o ll is io n
ln ( 2 X IQ6 

o'. 025
ๆ ร . 2

)

i s  ^  , then the number of

The value of ^ and of the average number of e la s t ic  c o ll is io n  
needed to reduce the neutron energy from 2 Mev to 0.025 ev arc l i s t e d  in  
tab le  3 .1  f o r  s e v e r a l  n u c l e a r  s p e c i e s .
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T a b l e  5 * 1  S c a t t e r i n g  P r o p e r t i e s  o f  Som e N u c l e i

E lem en t A Number o f  c o l l i s i  ท from  
2 Mev to  0.025  e v .

H ydrogen ๆ ๆ. 000 1o
D eu te riu m 2 0 .7 2 5 25
H elium if 0 .4 2 5 43
L ith iu m 7 0 .2 6 7 67
B e ry ll iu m 9 0.208 87
C arb on 12 0 .1 5 8 ๆๆif
Oxygen ๆ6 0 . ๆ20 150
U ranium 238 o.ooôif 2150

3 :5  NEUTRON DETECTION
N e u tro n s  a r e  u n c h a rg e d  p a r t i c l e s  and  p ro d u c e  a  n e g l i g i b l e  am ount 

o f  i o n i z a t i o n  i n  p a s s in g  th ro u g h  m a t t e r ,  w ith  th e  r e s u l t  t h a t  th e y  c a n n o t 
be d e t e c t e d  d i r e c t l y  i n  any  in s t r u m e n t  (C e ig e r  c o u n te r ,  c lo u d  cham b er) 
whoso a c t i o n  d ep e n d s  on th e  i c n i z a t i o n  c a u s e d  by th e  p a r t i c l e  w h ich  e n t e r s  
i t .  The d e t e c t i o n  o f  n e u t ro n s  d ep e n d s  on s e c o n d a ry  e f f e c t s  w h ich  r e s u l t  
from  t h e i r  i n t e r a c t i o n s  w ith  n u c l e i  ( 36) .  Some o f  th e  r e a c t i o n s  a r e  a s  
fo l lo w s  ะ
ๆ. The a b s o r p t i o n  o f  a  n e u t r o n  by a  n u c le u s  w ith  th e  p rom pt e m is s io n  o f  
a  f a s t  c h a rg e d , p a r t i c l e :  ex am p les  a r e  (ท ,o O  » (ท ,p ) t  (ท »)')»  ทท8 (ท» 
f i s s i o n )  r e a c t i o n s .  The a lp h a  p a r t i c l e ,  th e  p r o to n ,  th e  gamma r a y  c r  th e  
f i s s i o n  p r o d u c ts  g iv e  i n s t a n t a n e o u s  im fe rm a t io n  c o n c e rn in g  th e  n e u t r o n .
2 .  The a b s o r p t io n  o f  a  n e u t r o n  w ith  th e  f o r m a t io n  o f  a  r a d i o a c t i v e  
n u c l id e  w hose a c t i v i t y  can  be m e a s u re d . T h is  m ethod i s  b a s e d  on t h e  f a c t  
t h a t  many n u c l e a r  r e a c t i o n s  in d u c e d  by n e u t r o n s  r e s u l t  i n  r a d i o a c t i v e  
p ro d u c t  n u c l e i ,  and  th e  n e u t r o n s  a r e  d e t e c t e d  by means o f  th e  a c t i v i t y  
o f  an  ex p o sed  s u b s ta n c e .
3* E l a s t i c  s c a t t e r i n g  o f  n e u t r o n s  i n  w h ich  th e  r e c o i l  p a r t i c l e  i s  
c h a rg e d  and  i s  c a p a b le  o f  b e in g  d e t e c t e d .  The m ost im p o r ta n t  exam ple  o f  
t h i s  p r o c e s s  i s  th e  e l a s t i c  s c a t t e r i n g  o f  a  n e u t r o n  by a  p r o to n ;  th e
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l a t t e r  p a r t i c l e  c a n  be im pV É ÿ'e4u p :/£<5/1 0 0  p e r  c e n t  o f  th e  n e u t r o n  e n e r g y .

A n e u t r o n  d e t e c t o r  ba&bcf on th e  f i r s t  ty p e  o f  i n t e r a c t i o n  can  
be an  i o n i z a t i o n  cham ber o r  a  p r o p o r t i o n a l  c o u n te r .  One o f  th e  m ost 
f r e q u e n t l y  u se d  d e t e c t o r s  i s  b a s e d  on t h e  r e a c t i o n  ( ท ,c O  Li"'7, w h ich
i s  e x o e r g i c ,  w ith  an  e n e rg y  r e l e a s e  o f  Q s 2 .7 3  Mev, The t a r g e t  n u c le u s  

w h ich  h a s  an  ab u n d an ce  o f  า 8 .8  p e r  c e n t  i n  n a t u r a l  b o ro n , i s  r e s p o n s i ­
b l e  f o r  th e  h ig h  c r o s s  s e c t i o n  (7 5 0  b a r n s )  o f  th e  l a t t e r  f o r  th e rm a l  
n e u t r o n s .  A cham ber o r  c o u n te r  c a n  be f i l l e d  w ith  BF^ g as  o r  l i n e d  w ith  
a  compound o f  b o r o n .  The g a s  d e t e c t o r  i s  u se d  more e x t e n s i v e l y ,  when
h ig h  s e n s i t i v i t y  i s  n e e d e d , n a t u r a l  BF.7. i s  r e p l a c e d  by B ^ F ,  made from

10 \ th e  s e p a r a t e d  i s o t o p e  B • The c r o s s  s e c t i o n  f o r  th e  ( ท ,p o  r e a c t i o n
f o l lo w s  th e  1 /v  law  and  f a l l s  o f f  w i th  i n c r e a s i n g  n e u t r o n  e n e rg y .  The
s e n s i t i v i t y  o f  BF, c o u n te r s  c o n s e q u e n t ly  d e c r e a s e s  w ith  i n c r e a s i n g  n e u t r o n5e n e rg y , and  t h e s e  c o u n te r s  a r e  m ost u s e f u l  f o r  th e r m a l  n e u t r o n s .

3 :6  NEUTRON MONITOR
To m easu re  th e  cosm ic r a y  i n t e n s i t y - t i m e  v a r i a t i o n ,  i t  i s  n e c e s ­

s a r y  to  hav e  an  a p p a r a tu s  w h ich  d e a l s  e f f e c t i v e l y  w ith  th e  phenom ena 
m e n tio n e d  a b o v e . S uch  an  a p p a r a tu s  i s  c a l l e d  N e u tro n  M o n ito r .  The 
m echanism  o f  th e  n e u t r o n  m o n i to r ,  a s  show n i n  F ig .  3 * 5 , w i l l  be  d e s c r ib e d  
i n  d e t a i l  i n  c h a p te r  IV .
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