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Integral energy spectrum of  primary cosmic rays at high energies 
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Abstract. The integral energy spectrum of primary cosmic rays has  been  obtained. 


In  the energy range (2"4 x  103 -  1"1 x  105 GeV), the spectrum of  all nuclei is con- 
 sistent  with  a  power  law  of  index  ~ =  1.55 =E 0.06  and  the  flux  of  all  nuclei is: 


N ( ~   Eo) "~ (5-1 4- 1"8) x  10 -~ ×  Eo -t-5~ particles/era 2 sterad, sex., where E0 i s in GeV. 


The spectrum of primary a.particles  in the energy range (4.4  ×  105 -  4.8 × 10 ~) GeV 
 is  also  consistent  with  a  power law  of  index  7 =  1.71 -2= 0.12  and  the  flux  is: 


N(>~ Eo) =  (4.2  ±  1.4) ×  10 -~  ×  E0 -t'n,  particles per cm 2 sterad, sec, where Eo is in 
 GeV. 


Keywords. Emulsion  chamber;  primary  cosmic  rays;  a-particles;  integral  energy 
 spectrum; interaction mean free path; attenuation  length. 


1.  Introduction 


The  energy  spectrum  o f  primary  cosmic  rays  is  one  o f  the  important  parameters  to 
 study their  origin  and  propagation  in  the  universe.  Direct  and  indirect methods  are 
 available  to  determine  the  spectrum:  In  the  direct  method  the  Coulomb  scattering 
 o f  primary  particles  is  used  to  determine  their  energies.  This  method  is  applicable 
 only  when  the  particles  possess  non-relativistic  or  near  relativistic  energies.  Above 
 these  energies  only  indirect  methods  which  utilise  their  interaction  characteristics 
 are used  for determining the  energy spectrum. 


T h e  integral energy spectrum  o f  primary cosmic rays is represented by a  power  law 
 o f   the  form:  N(>~  E0)  =  const.  E e l ,   where E 0 is  the  total  primary  energy  and  7 
 is  the  power  index.  The  index  values  of  primary  cosmic  ray  spectrum  in  different 
 energy ranges  as  obtained  by different authors  are  given in table  1. 


The  integral  energy spectrum  o f  primary  a-particles  is  also  represented  by  a  power 
 law.  The  value  o f  power  index  y  in  the  energy  range  40-2000  GeV  as  obtained  by 
 Ryan et  al (1972)is  1.77 ±  0.05  whereas  Grigorov et  al (1971)  obtained  a  value 
 y  =  1.6 in the energy range 200-4000  GeV. 


In  the  present  paper,  the  integral  energy  spectrum  o f   primary  cosmic  rays  (all 
 nuclei)  is  determined  using  an  emulsion  chamber  exposed  to  cosmic  rays  at  balloon 
 altitudes.  The  spectrum  o f  primary  a-particles  is  also  determined. 


2. Experimental details and  results 


An  emulsion  chamber  was  balloomexposod to  cosmic rays  at an  atmospheric  depth 
133 
P.--2 



(2)Table 1.  Primary cosmic ray (all nuclei) spectrum in different energy ranges. 


Reference  Energy range (GeV)  Index value y 


Present experiment  2.4  ×  10 a --  1.1  ×  10 s  1.55  :i: 0.06 


Ryan et al (1972)  50 --  2  ×  108  1.75 d: 0.03 


Grigorov et al (1971)  5 x  108 --  108  1.60 :t: 0"01 
 La Pointe et al (1968)  108 --  3  ×  108  2.17 q- 0.03 
 Browlee et al (1975)  2  ×  107 --  4  x  108  1.8  -t- 0.04 
 Clarke et al (1975)  >  108  2"08 :t: 0"02 
 Krasilnikov et al (1977)  3 ×  108 --  101°  1"96 =i= 0'06 


1"5  ×  10 x° --  10 xs  1'48 :[: 0"26 


of  10 g  cm -~ over  Hyderabad  (geomagnetic latitude 7.6 ° N)  for  6  hr  and  47 minutes. 


The  emulsion chamber consisted of two  parts:  (a)  detector and  (b)  producing  layers. 


Details  o f   the  emulsion  chamber,  scanning  efficiencies,  selection  criteria  o f   events, 
 methods  of  energy  estimation, etc  have  already  been  presented  earlier (Hasan et  al 
 1979) which will hereafter be referred to  as paper  I).  A  total of 272events  satisfying 
 the  selection  criteria  were  detected  by  the  visual  scanning  technique.  These  events 


which  comprised  of  composite  cascades,  were  due  to  y-rays  from  the  decay  of : -  
 mesons and V°-particles  produced  in high energy cosmic ray interactions in the detec- 
 tor.  The minimum detectable energy of the event was 470 GeV at cascade maximum. 


Each  of  these  events  was  followed  back  in  successive  emulsions (either  visually  or 
 under  a  microscope)  till the  primary  interaction  was  detected  or  a  multiply charged 
 particle  which  initiated  the  interaction  was  found.  A  singly-charged  primary 
 particle  could  not  always  be  detected  with  certainty because  o f  a  large  background 
 of electron tracks in the emulsions.  By this procedure it was found that out o f  272,  36 
 events were  due  to  a-particles,  8  were  due  to  particles  of charge Z  > / 3   and  the  rest 
 228  were  attributed  to  singly  charged  particles.  In  the  energy  range  (470-2.2  × 


104 GeV),  the  integral  energy  spectrum  of  the  events (27 Er  spectrum)  was  given by 
 the expression  (paper  I) 


N  (>/27 E r)  =  4"86  ×  108 (2' E~,) -1'116 ~: 0.0e no.  per  cm" sterad,  see.  (1) 
 where  27 E r  is the energy of the events in GoV. 


The  total  inelastic cross-section  o  and  the  interaction mean free path  A o f  protons 
 and  multiply charged  particles  were  calculated  using  the  following relations  (Freier 
 1981) 


o(mb)  =  10rr (1"29) ~ [AT 8 +  AB 8 --1"189 exp,--0"05446 (ATOr A/~min~] ~, 



(2) 


- -   1  ,  ( 3 )  



at (era)  Z' 
n~ ~ri 

where A B =  mass  number  of the  incident  particle, A T =  mass  number  o f  the  target 
nucleus, nt  =  number  of'target  nuclei per  cm 3, and  At =  interaction  mean  free path 
in  cm.  Using  the  above  relations  the  interaction  mean  t~ee  path  of  protons  and 



(3)e-particles  in  the  detector  were  calculated  to  be  191 g c m  -2  and  148 g  cm -~  respec- 
 tively.  The  density of the  detector material  was calculated to  be  12-5 g c m  a. 


2.1  Energy spectrum of primary  cosmic rays 


The  integral  energy  spectrum  of the  events  is  given  by expression  (1).  The  energy 
 of  an]  event  (27 Er)  is  the  total  energy  of  y-rays  from  the  decay  of ¢r°-mesons  and 


~0-partieles  produced  in  a  high  energy  cosmic  ray  interaction  in  the  detector.  The 
 energy of an event (27 Ev) was converted to the energy of its primary particle (E0) using 
 the  relation  E o =  27 Ey / / i  v,  where  K v  is  the  partial  inelasticity  coefficient  for  nu- 
 cleon-nucleus  interactions  in  the  detector  and  represents  the  fraction  of the  primary 
 energy  turned  into  ~,-rays  in  an  interaction.  Since  almost  all  nuclear  interactions 
 occurred in  heavy metal  (lead  and  tungsten)  plates  present in  the  detector,  we used a 
 value o f K  r  =  0.198  obtained by Gromov (1981)  for high energy (10 s --  5  ×  103GeV) 
 cosmic  ray  interactions  in  lead.  Using  the  above  value  of  Kr,  the  integral  energy 
 spectrum  of the  events was converted to  the  integral  energy spectrum  of the  primary 
 particles initiating the events in the detector. 


In paper I the production rate of the  events per  sterad  sec per  gram  of the  detector 
 considered  to  be  at  the  top  of  atmosphere  was  given  as  (1.90  -¢- 0-63)  ×  10 -4  × 
 (27 E~,)-1.55 ± 0.06, where 27 E~, is in  GeV  and  extends  from  470 to  2.2  ×  104 GeV.  The 
 error  in  the  energy  estimation  was  about  20 %  and  this  leads  to  30 Yo error  quoted 
 here;  compared  to  this  statistical  errors  are  negligible.  The  above  value  of  the 
 production  rate  has been revised because the values of cr and  ~ obtained  by using the 
 latest formula  for ~r given by Freier  (1981)  were different from  the  values  of o  and  ,~ 


previously used by us for production  rate  calculations.  The  revised value of the pro- 
 duction  rate  is  (1-56  4-  0.52)  ×  10 -4  ×  (27 E~,) -t'55 ~ 0.00 per  sterad  see  per  gram  of 
 the  detector  considered  to  be  at  the  top  of atmosphere.  In  terms  of the  energy  E 0 
 of the primary initiating the event, the production rate is 


N  (~> Eo)  =  (1.56  4- 0.52)  x  10 -4  ×  (K:, Eo)-l'~ ~ 0.0e 


particles  per  sterad  see per 
 gram  of the  detector, 


o r   N(~>  E o ) =   (1.924-0.64)  ×  10 -s  ×  E0-1""i°'°6 


particles  per  sterad  sec per 
 gram  of the  detector,  (4) 
 where E o extends  from  2-4  ×  103 to  1.1  ×  105 GeV. 


To  obtain  the  flux  of all  nuclei  from  the  production  rate  of the  events  given  by 
 expression  (4),  we  require  the  charge  compositiort of primary  particles  initiating  the 
 events  in  the  detector.  Using  the  charge  composition  of  primary  cosmic  rays  of 
 energy greater  than  0.85  GeV per  nucleon (Biswas et al 1980), the  attenuation  length 
 of  cosmic ray nuclei in air (Daniel  and  Stephens  1974) and  the interaction  mean  free 
 path  of nucleons as well as multiply-charged  primaries  in  the  detector,  we  estimated 
 that  70%  of the  272  events  observed  in  the  detector  were  due  to  primary  protons. 


Thus  the  production  rate  of proton  induced  interactions  in  the  detector considered 



(4)to  be  at the top  of atmosphere is  7070  of  the value given above  (expression 4), i.e., 
 (1.34  -_k 0.44)  ×  10 -3 ×  E0-1.55 ~ 0.0e per  sterad,  sec.  per gram.  This  production rate 
 when  multiplied  by  the  interaction  mean  free  path  of  protons  in  the  detector 
 (191  g.  cm -~) yields the  flux  of  protons  at  the  top  of  atmosphere.  Thus  proton 
 flux is: 


Np  (~>  E0)  =  (2.56  4-  0.85)  x  10 -x  x  Eo -1.s5±°'°~ 


particles  per c m  2 sterad  see  (5) 
 The  flux of all  nuclei is  almost double  the proton  flux (Biswas et al 1980).  Thus 
 the flux of all nuclei in cosmic rays at the top  of atmosphere is given by the following 
 expression 


N ( > / E 0 ) - ( 5 . 1   q-  1.8)  x  10 -1  x  E0-1"55±°'°e 


particles per cm ~ sterad  see  (6) 
 where E o extends from 2"4 x  108 to  1"1 X  l0 s  GeV.  The value ofx2/D.F,  of the fit 
 was calculated to  be 0.57. 


In the conversion of proton flux to  all nuclei flux,  it has been assumed that  nuclei, 
 of different Z  combined linearly with the same functionalism of E o, the total primary 
 energy.  The  justification  of  this  assumption  is  as  follows:  (a)  the  protons  and 
 a-particles  together  constitute  about  75 70 of  the  total  nucleons  in  primary  cosmic 
 rays, (b) the power indices of proton  and  a-particle  spectra as  observed by different 
 workers  (Ryan et  al 1972;  Grigorov et  al 1971) in  the energy range (50--105 GeV) 
 are roughly the same and (c) the power indices of the spectra of heavy nuclei of even Z, 
 which are  more abundant than nuclei of odd Z, in  the energy range  5.4-90  GeV per 
 nucleon lie in the range 1.55 to  1.88 (Caldwell and Meyer 1977).  Thus, assuming that 
 the values of the power indices of heavy nuclei spectra do not change at high energies 
 as in the case of a-particle spectrum, the nuclei of different Z  can be combined linearly 
 with the same functionalism of E o without introducing any appreciable error. 


2.2 Energy spectrum  of a-particles 


As  mentioned in  § 2,  36  out  of  272  events  were  due  to  well  identified  a-particles. 


31  out  of these  36  events  were in  the  range  of dip  angle 0.15  ~< sin 8  ~< 0-60.  As 
 discussed  in  paper  I,  the  scanning  efficiency in  this  range  of  dip  angle  was  10070. 


The  geometrical  factor  for  a-particles  in  the  detector  in  the  range  0.15  ~<  sin 
 0.60 was calculated to be 4.1  ×  l0 s cm ~ sterad, see. 


The  total  energy  of  a-particles  E 0  was  estimated  using  the  following  relation 
 (Tasaka et al 1981) 



Eo =  (4Z  /  Ky 4,,  )), 
 (7) 

where  27 E~,  is  the  energy  of  lhe  events  initiated  by  a-particles,  Ky  is  the  partial 
 inelasticity  coefficient  and  ( v )   is  the  average  number  of  interacting  nucleons 
 of  the  a-particle;  the  value  of  ( v )   is  calculated  from  the  following  relation 
 (Kasahara et al 1979). 


( . )   =  A,,  /  (8) 



(5)where  Aa  is  the  mass  n u m b e r   o f   a-particle;  %d and  %~  are  the  total  inelastic  cross- 
 sections  for  p r o t o n   and  a-particle  in  the  detector.  Using  the  above  relation,  the 
 value  o f   (  v  )  was  calculated  to  be  2.1.  The  data  on  path-length  o f   e-panicles  in 
 the  detector,  producing  layer and  air and  the  energy are  given in  table  2. 


The  interaction  m e a n   free  path  o f   a-particles  in  the  detector  was  calculated  to  be 
 148  g c m  -2 (§  2)  and  the  attenuation  length  o f   a-particles  in  air  was  taken  to  be 
 52 g c m  -2 (Daniel and Stephens 1974).  Using this data, each a-particle was  extrapolated 
 to  the  top  o f  the  atmosphere  and  the  integral  energy  spectrum  was  constructed.  The 
 spectrum  is given by a  power law  of index  ?  =  1.71  -1- 0.12  and  the  flux  of a-particles 
 at the  top  o f  the  atmosphere  is given by  the expression 


N  (1>  Eo)  =  (4"2  6-  I ' 4 )   x  10 -1  ×  Eo -lm*°'12 


particles  per  cm ~ sterad  see  (9) 
 where E 0 is the total energy o f  a-particle and extends f r o m   4.4  ×  l0 s to  4.8  ×  104 GeV. 


The XZ/D.F. o f  the  fit  was  calculated  to  be  1.55. 


Table 2.  Data on a-particles in  the range of dip angle 0.15 ~  sin 8 ~  0.60. 


Event No. 


Energy of  Path-length of a-particle in 


a-particle  Detector  Graphite  Air 


GeV  g.cm-~  g.cm-2  g.cm-2 


A-17  12060  15.6  1.4  22.2 


A-24  20240  21.9  1.5  16.2 


A-27  5400  20.9  1.4  13.5 


A-65  7240  10.2  2.6  12.8 


B-24  7320  2.6  1.3  16.7 


B-41  8760  5.6  2.0  11.2 


B-46  4533  32.4  1.1  24-4 


C-6  5784  27.0  3.4  22.2 


(2-30  22172  8.7  1.4  90.4 


C-44  4620  9.9  1-3  40-0 


D-6  7900  37.3  1.3  15.6 


D-16  9640  14.7  2.2  62.5 


D-20  32780  77.4  1.5  19.6 


D-24  13980  12.5  1.4  100-0 


D-38  5204  1.2  1.5  135.0 


D-45  6364  16.1  3-3  16.2 


D-54  4533  13.6  1.5  12.3 


E-34  6556  6.0  1.4  18.2 


E-35  5976  7-4  1.6  30.3 


F-7  7712  6-9  I-2  22-7 


F-8  15424  8.9  0-9  125.0 


F-15  13980  6.7  1.1  16.7 


F-42  5304  20.8  1.4  62-6 


F-50  8484  14.1  1.6  16.7 


G-11  50240  31.3  1-5  13.7 


G-12  20244  10.I  2.0  15.2 


G-39  5400  21.2  2.6  15.2 


H-28  4532  69.7  1"6  29.4 


H-42  7328  7.4  1.3  116.0 


1-18  4522  20.0  2.1  11.6 


1-25  7132  45.2  1.7  13.2 



(6)3.  Discussion 


The integral energy spectrum of all nucleiin the energy range 2.4 x 10 a to 1.1 x 10 ~ GeV 
 is shown in figure  1.  The  spectrum  can  be  represented  by  a  power  law  of  index 


~, =  1.55 4-  0.06.  The values of y  as obtained by different authors in various energy 
 intervals are listed in table  1.  For the same energy interval, our value of y  as in agree- 
 ment with the value obtained by other authors.  It appears from the overall data that 
 the  integral  energy spectrum  of primaly  cosmic  rays  tends  to  steepen  at  very  high 
 energies. 


The  integral  energy  spectrum  of  a-particles  at  the  top  of  atmosphere  (shown  in 
 figure 2) can be  represented by a  power law of index ~, =  1-71 4-  0-12 in the energy 
 range  (4.4  ×  10 a --4.8  x  104) GeV.  In  the  lower energy  region  Ryan et  al (1972) 
 obtained a value of ~, =  1.77 -F 0.05  (40-2000  GeV) and  Grigorov et al (1971) obtain- 
 ed  ~, =  1.6  (200-4000  GeV).  All  the  three  values  of 7 are  in  agreement with  each 
 other  within  experimental errors.  Thus  it  appears  that  the  spectrum  of  u-particles 
 can be represented by the same power index in the energy range (40--4.8  ×  104) GeV. 


4.  Conclusions 


From  the  present  analysis we  conclude: 


(i)  that  in  the  energy  range  of  1.1  x  10 8 to  2.4 X  10 5  GeV,  the  integral  [energy 
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spectrum  of all nuclei at the top  of atmosphere  can  be  represented  by  a  power  law  of 
 index  7  =  1"55 4-  0.06  and  the flux of all nuclei  at the top  of atmosphere  is 


N  (/>  Eo) "" (5"1 4-  1.8)  ×  10 -~  x  Eo -l"~*°'°e 


particles  per cm 2 sterad  sec 
 (ii)  that  in  the  energy  range  (4.4  x  103 - -   4"8  X  ]0 4) GeV  the  integral  energy  spec- 
 trum  of  ~-particles  at  the  top  of atmosphere  can  also  be  represented  by  a  power  law 
 o f  index  7  =  1.71  :t: 0.12  and  the  flux of 7-particles  is 


N  (E0)  =  (4"2 4-  1-4)  X  10 -1 
Eo-1"71±°'12 
 particles  per cm 2 sterad  sec. 
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