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CHAPTER I I
COSMIC HAYS

2 ะ  ๆ PRIMARY COSMIC RAYS
In the ea rly  years , some p h y s ic is ts  had in d e n tif ie d  the pene­

tra t in g  p a r t ic le s  observed near sea le v e l with primary cosmic ray s .
These p en e tra tin g  p a r t ic le s  were known to be mesons ( th a t i s  7T -mesons 
and „it  -m esons), p ro tons, e le c tro n s , photons and other nucleons (neutrons 
and heavier n u c le i) . Since the primary cosmic rays are high energy 
p a r t ic le s  which approach the ea rth  from the ou ter space, the p a r t ic le s  
have to  be s ta b le . Mesons do not liv e  more than a few microseconds, and 
neutrons not more than 20 m inutes. The mesons ( f f  -and^/i-mesons) 1 and 
the neutrons, th e re fo re , could not be p a rt of the primary cosmic ra y s .

In 19^0, experim ental s tu d ios of the e ffe c t of the ea rth*ร 
magnetic f ie ld  on the in c id en t ra d ia tio n  had shown th a t most, and possib ly  
a l l ,  primary cosmic rays are p o s itiv e ly  charged p a r t ic le s .  This was 
proved by sev e ra l experim ental in v e s tig a tio n s . In the ea rly  า9^0ร,
Marcel Schein and h is  group, a t the U niversity  of Chicago (ๆ8) undertook 
a s e r ie s  of balloon experiments (up to a l t i tu d e s  of about 70,000 fe e t ,  
where the pressure i s  about o n e - th ir t ie th  of an atm osphere). The re s u l ts  
convinced them th a t primary cosmic rays were not e le c tro n s , but were 
probably p ro tons. In 19̂ +8* two strong  cosmic ray groups were e s tab lish ed  
by Edward p. Ney and by Hans L. Bradt and Bernard P eters  1 re sp e c tiv e ly (1 o ). 
The two groups working in  co llab o ra tio n , sen t a sounding balloon , carry ing 
nuclear emulsion p la te s , up to an a l t i tu d e  of ^0,000 f e e t .  The re s u l t  
supported the previous experim ents.

Therefore, primary cosmic rays are mostly protons and to a 
le s s e r  ex te n t, bare nucle i of heavier elem ents. The re la t iv e  abundance 
of the various nucle i i s  given in  ta b le  2.1 (19).
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Table 2.1 Composition of primary cosmic ra d ia tio n s .

nucle i z R elative  number
Hydrogen (p) 1 100,000
Helium ( /pc ) 2 6 , 7 7 0

Light nucle i 3 to  5 1^6
Medium nucle i 6 to  9 ^ 3 0  I
Heavy nuclei 10_______ 2^6 I

The to ta l  gives the number of d if fe re n t nu cle i per 100,000 
protons in  the primary ra d ia t io n . The ta b le  l i s t s  only primary p a r t ic le s  
with energy g rea te r than 2.5 Gev.

In the experiments performed by Eduard Key and by Ilans Bradt 
and Bernard P eter respec tive lyC 1 8 ) in  9ๆ^8 a number of very dense tracks 
were found most of which passed through the e n tire  p i le  of emulsion 
p la te s .  From the g ra in  density  i t  was po ssib le  to estim ate the ra te  of 
energy lo ss  along the path and th ere fo re  the to ta l  energy spent by the 
p a r t ic le s  in  trav e rs in g  the p la te s .  The conclusion was th a t the p a r t ic le s  
had energ ies of a t le a s t  many Gev.

The energy of primary cosmic rays i s  d is tr ib u te d  over a broad 
spectrum extending to unbelievably la rg e  values as shown in  F ig . 2.1 (20) 
Energies of between 10^ and 1 0 "* : ev were obtained from balloon measure­
ments of the geomagnetic la t i tu d e  e f f e c t .  Observations with nuclear 
emulsions exposed a t balloon a l t i tu d e s  have provided some data in  the 
energy region between 10^”* and 1 0 ^  ev (the p a r t ic le  energy being e s t i ­
mated from the c h a ra c te r is t ic s  of th e i r  nuclear in te r a c t io n s ) .  A ll data 
beyond 1 0 ^  ev come from experiments on a i r  showers. The energy spectrum 
of primary cosmic rays v a ries  from about 1 Gev (10^ ev) to  about ten  
b i l l io n  Gev (10^° ev ). A ctually , the la rg e s t  energy recorded, as of 
August, 1 9 6 2 , was 6 X 10 9ๆ ev (20),
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2:2 SECONDARY CÛSlïIC RAYS
Secondary cosmic ra d ia tio n  i s  the ra d ia tio n  produced by nuclear 

reac tio n s  between the primary rays and nucle i in  the atmosphere» These 
secondary cosmic rays co nsist of th ree  separa te  components: the meson 
component, co n sis tin g  of muons, the nucleonic component, comprising 
protons and neutrons, and the s c f t  component, co n sis tin g  of e lec tro n s  
and Y '-quanta. F ig . 2.2 i l l u s t r a t e s  in  a schematic way the generation  
of the secondary components.

[primary P a r t ic le

F ig . 2 .2 The Nuclear Reactions of Cosmic Rays
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The various processes begin with a few primary p a r t ic le s  of high 
energy c o llid in g  with the nuclei in  the a i r  which gives b i r th  to a la rg e  
number of secondary p a r t ic le s  of lower energies* Owing to the very high 
energy of the primary p a r t ic le ,  most of the secondaries are propagated in  
a forward d ire c tio n .

The d is in te g ra tio n  p a r t ic le s  (secondary p a r t ic le s )  co n sis t of a 
mesonic component and a nucleonic component. These p a r t ic le s  may come . 
from the p-p in te ra c tio n  (21) as follow s:

p + p ----- ► K+ + K+ + p + p 1
o r ----ๆ-  ๆ + K° + K° + 2 Tj+ + p

Most of these d is in te g ra tio n  p a r t ic le s  are u n stab le , sh o rt l i f e ,  
p a r t ic le s .  For exsample, K+, p o s itiv e  K-meson, can decay in to  severa l 
modes with a mean l i f e  time of 1.22 X 10~^ second. The decay modes of
K -m eso n  a r e  a s  f o l l o w s  ะ

K + ------ +  5 9  / o ,

— y K 4 4 ;น  4 7T * if
---* 4 T.J1. 4 ^’° 2 %t

— T f 4 4 -  I T  27
— ■ » ๆ ] '+ 4  4  11 6 % 1
—  แ 4 TT° 4 r  2 %9

K ° , n eu tra l K-meson, has a mean l i f e  time of 6 X 10~ second. 
The decay modes are as follow s:

K ° ------^  7T+t  T f"  k o  # 1

----* Tî'VTT 10 %,
and K° — « X 4 จ - ' , »

———■ *̂ M. •+ ' ,̂น(.4'll
. . . 4  e + - t ^ 4 T T “
----- \ e"*4 รฺ £  4  น
— *  TT y  TT" 4 'TT0
— * '1โ°4 i f 4 ฯโ0
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I negative hyperon, has a mean l i f e  time of ๆ. 3 X 10 
second. The decay mode i s  as follows

ร  — โ! »
and - — *■ p + โโ with a mean l i f e  time

o f  2 .2  X 10” 10 second.

-10

A ll these new generations are unstab le p a r t i c le s .  The pion 
(โโ -  meson) with p o s itiv e  or negative charge whose mean l i f e  time i s  
2.55 X 10“8 second, decays in to  a muon (/^-meson) and neutrino  as follows

Tï+ " — 4 -f โ «
i f  c .

The n e u tra l pion, which i s  assumed to e x is t in  an in term ediate  
s ta te  between the p en e tra tin g  and so f t components of the secondary ray s , 
with a mean l i f e  time of 2 A 1 0 ” "18 second, has severa l modes of decay.
The two most probable decay processes proposed fo r th e o re tic a l  reasons 
(Heisenberg 1 9 5 3 ) ane:

๚ 0 — ♦  Î  *  ไ r
■ •'เ̂ ----e+ + e + T

The f i r s t  type of decay i s  about 100 times more probable than 
the second one.

The T -quanta play an important ro le  in  the production of the 
e lec tron s of the so f t component by the p a ir  production p ro cessะ

'โ '---- ■> e+ + e .
+Muons . > '1 p o sitiv e  or negative mu-mesons, whose mean l i f e  time 

i s  2.212 X 1 0 ” 8 second, have two decay modes.
-----  e+ + ^  t  ฯ ^  1
-----  e" + โ ^-*  n'^_

The p o sitro n s  from the p o s itiv e  muons w ill  d isappear through 
an n ih ila tio n  processes with the emission of Y '-quanta.
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Most of the nucleonic component of the d is in te g ra tio n  p a r t ic le s
are protons and neutrons. The proton w ill lose i t s  energy rap id ly  by

1 ^ion iz in g  the atmospheric a i r .  But the neutron w ill be absorbed by N i f
i t s  energy i s  in  the k ilo  e le c tro n -v o lts  range,. The process i s  as f o l lo w s :

. 1 1*f _14N + ท ---- ■ » c + P*
The neutron also  decays in to  a proton, an e le c tro n  and an a n t i ­

neutrino with a mean life tim e  of 770 seconds as shown in  the follow ing 
equation,

ท ----P + e~ +  ̂ .
Then i t  can be concluded th a t the cosmic ray p a r t ic le s  near sea 

le v e l contain  the follow ing kinds of p a r t ic le s ;
a . Charged p a r t ic le s :  mesons, protons and e le c tro n s .
b. Nonionizing p a r t ic le s :  neutrons, photons and n eu trin o s,
2:3 COSMIC HAY intensity variation

Several types of cosmic ray in te n s ity -tim e  v a ria tio n s  have been 
observed, e .g , d iu rna l v a ria tio n , seasonal v a r ia tio n , Forbush decrease 
and 27 days รนท ro ta t io n  period v a r ia tio n . The v a ria tio n s  are  e ffec ted  
by the tem perature and pressure of the atmosphere around the ea rth  and 
the v a ria tio n  of the primary cosmic ra y s . These v a ria tio n  e f fe c ts  are 
now l i s t e d .
1. The v a ria tio n  of t e r r e s t i a l  o r ig in , which occurs in  in te rp la n e ta ry  
space, duo to superimposed cosmic rays or the re s u l t  of modulation 
process, e f fe c ts  only a p a rt of the ra d ia tio n .
2. The v a ria tio n  of cu to ff r ig id i ty  with lo c a l i ty  produces a s e r ie s  of 
geomagnetic e f fe c ts .  These e f fe c ts  are recognized as the la t i tu d e  e f fe c t ,  
the longitude e f fe c t ,  the zen ith  angle e f fe c t ,  and the azimuth e f f e c ts .
3. The v a ria tio n  due to  so la r  f la r e s ,  which can be sa id  to be a rad ia»  
t io n  superimposed upon the quiescent cosmic ra y s . Thus i t  d i f f e r s  in  
character from other kinds of in te n s ity -tim e  v a ria tio n  which have the 
character of being due to the modulation e f fe c ts .



P e r io d ic  v a r i a t i o n  o f  th e  cosm ic  r a d i a t i o n  due to  th e  รนท s p o t  c y c l e ,  
th e  cosm ic  r a d i a t i o n  w i l l  d e c r e a s e  when th e  s u n s p o ts  i n c r e a s e  ( 16 ) .
5 .  A common n o n - p e r io d ic  i n t e n s i t y  v a r i a t i o n  i s  F o rb u sh  d e c re a s e #  T h is  
e v e n t  c o s n i s t s  o f  a  more o r l e s s  su d d en  d ro p  o f  th e  i n t e n s i t y  c l o s e l y  
a s s o c i a t e d  w ith  g eo m a g n e tic  d i s t u r b a n c e s .  I t  d i s p l a y s  a  c e r t a i n  r e c u r ­
r e n c e  te n d e n c y  w ith  th e  27 day รนท r o t a t i o n  p e r i o d .
6 , I f  th e  o b s e r v a t io n  i s  made a t  s e a  l e v e l ,  m ost cosm ic  r a y  i n t e n s i t y  
v a r i a t i o n s  a r e  due to  a tm o s p h e r ic  e f f e c t s .  They a r e  t h e  te m p e r a tu r e  
e f f e c t  an d  b a r o m e t r ic  e f f e c t ,

2 ik  ATMOSPHERIC EFFECTS
I t  f o l lo w s  from  th e  d i s c u s s i o n  i n  s e c t i o n  2 :2  t h a t  th e  d i s a p p e a r ­

a n c e  and  r e p r o d u c t io n  o f  s e c o n d a ry  cosm ic  r a y s  i s  a  f u n c t i o n  o f  th e  
t e m p e r a tu r e  d i s t r i b u t i o n  in  th e  a tm o s p h e re  and  th e  m ass o f  th e  a tm o s p h e re ,  
o r  a tm o s p h e r ic  p r e s s u r e .  C o n s e q u e n tly  a tm o s p h e r ic  e f f e c t s  g iv e  r i s e  to  
p a r t  o f  th e  v a r i a t i o n s  i n  th e  g ro u n d  l e v e l  cosm ic  r a y  i n t e n s i t y .  H ere we 
s h a l l  s e e  how th e  a tm o s p h e re  e f f e c t s  th e  n e u t r o n  c o u n t in g  r a t e .
2 ะif : ฯ TEMPERATURE EFFECT

The c h an g e  o f  n e u t r o n  c o u n t in g  r a t e  a s  a  f u n c t i o n  o f  room tem ­
p e r a t u r e  was s t u d i e d  a t  C lim ax , บ .ร ,A-,, by J .A .  S im pson in  1953 ( 1 'ใ)* The 
r e s u l t  gave  a  t e m p e r a tu r e  c o e f f i c i e n t  o f  o n ly  0 ,0 0 0  + O.OA p e r  c e n t  /  ° c . 
The p i l e  i n t e r i o r  d id  n o t  v a ry  m ore th a n  5 ° 0 , b e c a u s e  o f  i t s  l a r g e  h e a t  
c a p a c i t y .  Hence th e  a v e ra g e  te m p e r a tu r e  o f  th e  th e rm a l  n e u t r o n  w i th in  
th e  p i l e  re m a in e d  e s s e n t i a l l y  c o n s t a n t .  T h e r e f o r e  th e  te m p e r a tu r e  e f f e c t  
i s  n e g l e g i b l e ,
2 : ^ : 2  B a ro m e tr ic  e f f e c t

The l o c a l  n e u t ro n  p r o d u c t io n  r a t e  in  a  p i l e  a t  a  g iv e n  geom ag­
n e t i c  l a t i t u d e  and  a tm o s p h e r ic  d e p th  i s  a  f u n c t io n  o f  th e  m ass o f  a i r  
X . above th e  p i l e ,  w hich  can  be d e te rm in e d  from  a m easu rem en t o f  th e  
l o c a l  a tm o s p h e r ic  p r e s s u r e .  A lth o u g h  th e  p i l e  i s  an  o m n id i r e c t i o n a l  
d e t e c t o r ,  th e  i n c i d e n t  n u c le o n ic  com ponent i s  p ea k e d  a ro u n d  th e  v e r t i c a l  
d i r e c t i o n ,  f o r  l a r g e  X .
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The n e u t r e
d u c t io n  r a t e ,  a c c o r d in g  
p r e s s u r e

N0 = N exp (5C  Ap)

v a r i e s  d i r e c t l y  w ith  t h e  p r o -  
'depends upon th e  a tm o s p h e r ic

w here N = p r e s s u r e  c o r r e c t e d  c o u n t in g  r a t e ,
M = u n c o r r e c te d  c o u n t in g  r a t e ,  

= p r e s s u r e  c o e f f i c i e n t ,
AP = P t  -  PD 1
Pa. = p r e s s u r e  r e a d in g  a t  th e  s t a t i o n ,  
p 0 = s t a n d a r d  p r e s s u r e .

2 :5  FORBUSH ÛBCRBAS2
The F o rb u sh  d e c r e a s e  i s  a  n o n - p e r io d ic  i n t e n s i t y  d ro p ;  i t  

c o n s i s t s  o f  a  m ore o r  l e s s  s t e e p  s lo p e  i n  th e  cosm ic  r a y  i n t e n s i t y -  t im e  
c u r v e .  Such  d e c r e a s e s  w ere o b s e rv e d  f o r  th e  f i r s t  tim e  by F o rb u sh  i n  
1 93 7 , and  l a t t e r  s e v e r a l  w o rk e rs  i n  th e  f i e l d  w ere a b le  t o  p ro v e  them  to  
be w o r ld w id e , a p p e a r in g  s im u l ta n e o u s ly  a t  a l l  l a t i t u d e s  and  l o n g i t u d e s .  
They a r e  c l o s e l y  a s s o c i a t e d  w ith  g eo m a g n e tic  d i s t u r b a n c e s ,  and  d i s p l a y  
a  c e r t a i n  r e c u r r e n c e  te n d e n c y  w ith  th e  27 d ay s  รนท r o t a t i o n  p e r i o d .

Some t y p i c a l  i n t e n s i t y  v a r i a t i o n s  o f  t h i s  k in d  a r e  i l l u s t r a t e d  
by th e  h is to g r a m s  i n  F ig .  2 .3  ( 2 2 ) .  The d e c r e a s e  s t a r t s  g r a d u a l l y  b u t  
th e  g r a d i e n t  i n c r e a s e s  w ith  t im e .  S om etim es th e  s lo p e  en d s  a b r u p t l y .  I n  
o th e r  c a s e s  i t  d i s p l a y s  a  r e g io n  w ith  a l e s s  p ro n o u n c e d  g r a d i e n t  b e f o r e  
th e  i n t e n s i t y  a p p ro a c h e s  a  minimum. M a g n itu d e s  o f  th e  d e c r e a s e  o f  15  to  
20 p e r  c e n t  o f  th e  t o t a l  i n t e n s i t y  h av e  b een  r e c o r d e d .  The r e c o v e r y  
f o l lo w in g  upon  th e  minimum c a n  be c o m p a r a t iv e ly  r a p i d ,  b u t  g e n e r a l l y  i t  
i s  s lo w  and  e x te n d s  o v e r  many d a y s .

V ery  o f t e n  d e c r e a s e s  d i s p l a y  a  s t r u c t u r e  i n  th e  downward s lo p e  
( F i g .  2 . 3 ) .  I n  seme c a s e s  i t  can  be show n t h a t  th e  s t r u c t u r e  i s  due to  
two o r  more d e c r e a s e s  f o l lo w in g  c l o s e l y  one upon  a n o t h e r .  I t  h ap p en s  
a l s o  t h a t  s m a l l  F o rb u sh  d e c r e a s e s  a p p e a r  d u r in g  th e  r e c o v e r y  s t a g e .  V ery 
o f t e n  th e  l a t t e r  i s  d i s t i n g u i s h e d  a l s o  by o t h e r  k in d s  o f  b ig  i n t e n s i t y  
f l u c t u a t i o n s ,  o uch  a  c o m p lic a te d  s t r u c t u r e  l e a d s  to  th e  c o n c e p t io n  o f



c o s m ic  r a y  s t o r m s .  T h e  t e r m  h a s  b e e n  e m p lo y e d  i n d i s c r i m i n a t e l y  a s  a n  
a p p e l l a t i o n  f o r  F o r b u s h  d e c r e a s e s  a s  w e l l  a s  f o r  s e t s  o f  d e c r e a s e s  o n  
o t h e r  w o r l d w i d e  i n t e n s i t y  v a r i a t i o n s  c o n s t i t u t i n g  a n  e x t e n d e d  p e r i o d  o f  
d i s t u r b a n c e s .

F i g ,  2 .3  Som e t y p e s  o f  F o r b u s h  d e c r e a s e s
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