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A b stra c t I he G auhati U niversity  m ini array o fe ig h t plastic .scintillator ol carpet area 2 m- has been operated  since Sep tem ber 1996. Ih c
array delects g iant i-x tensive A ir Show er (l:A S ) by the m ethod o f  tim e spread m easurem ent o f  secondary particles. All the e igh t detecto rs  are 
connected to a data  acqu isition  system  capable  o l'reco rd in g  arrival tim e spread o f.secondary  particles iipto 2.5 pS. Fast e lectron ic  c ircu its  arc 
em ployed to m easure  the density  ol show er particles as well as their arrival tim e spread w ith a resolu tion  o f  It ' n.S. W c have rea n a ly /cd  the data 
ifcordcd  by the array during  .September 1996 to April 1999 th e  rcanalysis shows m arked im provem ent m the slope o f lh e  energy  spectrum  above 
10'^ eV  The be.st fitted d ifleren tia l energy spectrum  observed by the m ini array is j {E )  - lO-'^" x L  ni - sr ' s ' cV '

K eyw ords U H l: cosm ic rays, ex tensive air show ers, energy spectrum

P A f ^  Nos. 96 40 l)c. 98 70 Sa. 96 40  Pq

1. Introduction
Hvery w e ll-d e te rm in e d  fe a tu re  o f  th e  c o sm ic  ray  en e rg y  

sp ec tru m  w ill h a v e  c o n s id e ra b le  im p ac t on  th e o rie s  o f  th e  

o rig in , a c c e le ra tio n , an d  p ro p a g a tio n  o f  c o sm ic  ray s . P a rtic le  

acce le ra to rs  a t p re se n t, can  p ro v id e  p a rtic le s  u p to  a m ax im u m  

en erg y  o f  eV . B u t in c o sm ic  ray s , p a rtic le s  b ey o n d  

10^ ‘̂ eV  arc  a v a ila b le . U ltra  H ig h  E n e rg y  (U H E ) c o sm ic  rays 

have g a in ed  im p o rta n c e  as  a re su lt o f  h ig h e s t en e rg y  ev en ts  

above 1 0 ^̂  ̂ eV  b e in g  re c o rd e d  by  a n u m b e r o f  re sea rch  

groups A c c o rd in g  to  th e  th e o ry  o f  G re ise n  cu to ff , no 

p rim ary  c o sm ic  ra y  p a r tic le  sh o u ld  e x c e e d  en e rg y  o f  1 0 ^̂  ̂

cV. T h e re fo re  s tu d y  o f  su c h  e v e n ts  w ith  e n o u g h  s ta tis tic s  is 

im portan t fo r  a s tro p h y s ic a l p u rp o s e  o f  o rig in . A g ia n t 

ex ten siv e  a ir sh o w e r  can  be  c o n v e n tio n a lly  d e te c te d  u s in g  

a large n u m b e r o f  g ro u n d  b a se d  d e te c to rs  c o v e rin g  a w id e  

area  (sev era l k m ‘ ). A s s u g g e s te d  by  L in s le y  [ I ] .  th is  can  be 

done by a low  c o s t m e th o d  re q u ir in g  a few  c lo se ly  p ack ed  

d e tec to rs  c a p a b le  o f  m e a s u r in g  a r r iv a l tim e  sp re a d  o f  

ind iv idual s h o w e r  p a r tic le s . T h e  id ea  h as b een  p u rsu ed  by 

us and a m in i a rra y  d e te c to r  h as b een  in s ta lle d  in th e  P h y sics

D ep a rtm en t, G au h a ti U n iv e rs ity . T h is  d e te c to r  a rra y  is 

sp ec ia lly  d e s ig n ed  to  m easu re , b o th  th e  c h a rg e  p a rtic le  

d e n s ity  an d  th e ir  a rr iv a l tim e  at th e  d e te c to r  leve l. T h is  p a p e r  

p re sen ts  th e  c h a ra c te ris tic s  o f  th e  e n e rg y  sp ec tru m  d e riv e d  

from  th e  c o lle c te d  d a ta  by  th e  p re se n t e x p e rim e n ta l se tu p .

2. T h e  e x p e r im e n t

2 I. The technique
T h e  L in sley  e ffe c t is th e  in c rea se  in sp re a d  o f  a rr iv a l tim e  

d is tr ib u tio n  in a p a rtic le  sam p le  from  a g iv e n  sh o w e r w ith  

in c rea s in g  d is tan ce  from  th e  sh o w e r c en tre . T h u s , th e  

m easu red  tim e  sp read  o f  p a rtic le s  s tr ik in g  lo ca lised  d e te c to r  
sy s tem  g iv es  an e s tim a te  o f  th e  d is ta n c e  ( r )  to  th e  sh o w e r 

ax is . T h e  n u m b e r o f  p a rtic le s  g iv e  th e  m e a su re  o f  th e  lo ca l 

p a rtic le  d e n s ity  {p). T h e  sh o w e r s iz e  (N) is e s tim a te d  fro m  

th e  a ssu m ed  la te ra l d is tr ib u tio n  fu n c tio n  an d  p r im a ry  e n e rg y  

(E) is d e riv ed  from  th e  sam e.

F ig u re  I sh o w s th e  e x p e rim e n ta l a r ra n g e m e n t o f  th e  

d e te c to r sy s tem . T h e  s ig n a ls  from  th e  e ig h t d e te c to rs  a re  

am p lif ied  and  th en  ca rr ie d  to  th e  c o n tro l ro o m  via c o -a x ia l
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1. MIock diagram  ol Ihc cxpL-rnnenial sciup

cab les (T y p e  : FCCTSKU). In the co n tro l room , all the  e ig h t 
signals arc d isc rim in a ted  to  p ro v id e  co rre sp o n d in g  logic 
signals. I he ilisc rim in atcd  o u tpu t is then  in d iv id u a lly  shaped  
into narrow  pu lses 0 1 2 0  nS  w id th  and O R 'cd  to g e th e r to  g ive  
a serial pu lse  tram  riie  seria l pu lse  train  is then  b ran ch ed  
into the tim e d ig itizer, the o sc illo sco p e  (T ek tro n ix , T D S 5 2 0 , 
SOO M H z, 500  M S am ples p e r sec) and the  tr ig g e r unit. 
T he  tr ig g er c ircu it senses the in co m in g  pu lse  tra in  and 
genera tes the n ecessa iy  tr ig g er pulse. O n ce  tr ig g ere d , the 
nu m b er o f  d e tec to r pu lses  and  th e ir re la tiv e  lim e p o sitio n s  
a re  s to re d  in the  tim e d ig i tiz e r  an d  th e  sc o p e . I'he 
m ic ro p ro c esso r (p P , 80 8 6 ) s to res the  d a ta  from  the tim e 
d ig itize r in R A M  and tran sm its  the  d a ta  to the  c o m p u te r via 
serial port. T he  pu lse  w av efo rm  is re c o rd e d  by th e  sco p e  and 
is tran sfe rred  to the  PC (4 8 6 D X 2 ) via  G P ID  in terface  I he 
m ic ro p ro c esso r a lso  m o n ito rs  the sta tu s  o f  the d e te c to rs  at 
a p red e te rm in ed  in terval and a lso  h an d le s  th e  reco rd in g  
and tran sfe r o f  d a ta  o f  each  ev en t to  the  PC vUi R S 232  
in terface. T he d e ta ils  ab o u t the d a ta  acq u is itio n  system  is 
p resen ted  e lsew h ere  [ 2 ,3 1

2.2. The detectors
Each d e te c to r unit co n sis ts  o f  o n e  Fast p h o to m u ltip lie r  tube  
(E M I 9 8 0 7 B ), a p las tic  sc in tilla to r  b lo ck  o f  s i /c  . 50 > 50 
X 5 ern^ h av in g  p o ly v in y lto lu n e  ba.se, a p re -a m p lif ie r  uyit 
and a light tigh t en c lo su re . R eso lu tio n  o f  the sc in tilla to r  is 
2 0 %  w ith d ecay  tim e o f  4 nS, light o u tp u t 5 0 ‘)b that o f  
an th racen e  and  m ax im u m  w av e len g th  o f  em issio n  4 3 4 0  A.

T he coun t ra te  o f  the  each  o f  the d e te c to r  is - 5 6 .8 4  -t 
0 .9 8 7  H z T h e  e rro r  is n -  2 3 .8 . O m ni d irec tio n a l pu lse  
he ig h t d is trib u tio n  show s sin g le  p a rtic le  p eak s a ro u n d  75 
m V . D isc rim in a to r b iases  are  set belovv this level. Ih e  
re la tiv e  tim e d e lay s  d u e  to  cab le  leng th  and e lec tro n ic s  are 
ad ju s ted  to  ze ro  b> ad d in g  req u ired  ex tra  leng ths o f  cab les. 
T he  m in im um  en erg y  o f  p a rtic le s  d e tec ted  by the d e tec to rs  
is abou t 100 M cV .

2.3. Calibration o) the detectors
The in tegral co sm ic  ray  (lux o l th e  seco n d ary  ch arg ed  
p a rtic les  is, F I 8  x 10^ m " s ' and  thus the n u m b er o f  
ch arg ed  p a rtic les  c ro ss in g  the sc in tilla to r b lo ck  o f  a rea  0 .25  
n r  is 45 /s. T h e re fo re , the sing le  p artic le  ra te  for one  channel

o f  th e  d e te c to r  a rray  can  be  c o n s id e rd  as  45  H z. T h e  
c a lib ra tio n  o f  the  d e te c to r  fo r  s in g le  p a r tic le  p u ls e  h e ig h t is 
d o n e  by  u sin g  a  s ta n d a rd  s in g le  c h a n n e l a n a ly s e r  (E C IL , 
S C 6 0 4 B ) an d  a co u n te r . A ll th e  e ig h t d is c r im in a to r  b ia se s  
a re  a d ju s ted  at th e  in d iv id u a l s in g le  p a r tic le  leve l. T he  
ex p ec ted  ev en t tr ig g e r ra te  fo r  th e  e x p e rim e n t is o f  th e  o rd e r  
o f  1 0 /d ay  ( lO '^  <  E  <  10"^‘ eV ). T h e  c h a n c e  ra te  fo r the  
p re sen t se tu p  fo r 3 p a rtic le s  w ith  in d iv id u a l c o u n t ra te  o f  "-50 
H z is c a lc u la ted  to  be  0 .0 6 7 /d a y  [4).

2 4 Criterion for tn^^er
T h e  p u rp o se  o f  the  m ini a rray  is to  scan  th e  la rg e s t p o ss ib le  
a rea  c o n s is te n t w ith  g iv en  u n c e rta in ty . T h e re fo re , w e  n eed  
to  w'ork w ith  sh o w ers  w h o se  c e n tre s  can  fall u p to  a m ax im u m  
d is tan ce  d e te rm in ed  by the  m in im u m  d e te c te d  p a rtic le  n u m b er 
th a t g iv es  a to le ra b ly  sm all u n ce rta in ty . T h u s , w e a re  d e a lin g  
w ith  ev en ts  w here  it is a g o o d  a p p ro x im a tio n  th a t m u ltip a rlic le  
h its on a d e te c to r  a re  u n lik e ly  i.e. th e  d e te c to rs  a re  e ffe c tiv e ly  
s in g le  p a rtic le  co u n te rs . T h e  c o n d itio n s  fo r g e n e ra tin g  a 
tr ig g e r  a re  : I

1. A h a rd w are  tr ig g e r  re q u irin g  : p a rtic le  in th e  ran g e
2  o r  ab o v e  w ith in  th e  lim e w in d o w . \

2. T h e  m in im u m  tim e sp re a d  b e tw een  the  p a r tic le s  nl^ust
be 100 nS ^

3 . T h e o r e t ic a l  e s t im a tio n

T in sley  an d  S cars i [5) d e riv e d  th e  e m p iric a l fo rm u la  re la tin g  
th e  sh o w er d isc  th ic k n e ss  <T(nS) to  th e  c o re  d is ta n c e  r(w ) , 
u sing  ex p e rim en ta l d a ta  from  V o lc a n o  R an ch  A rray  o b ta in e d  
by a v e rag in g  o v e r  m an y  sh o w ers  as

a=Br!K  ( I )

w h ere  U 0 .0 1 5 8  an d  /? -  1.5 an d  a rc  d e r iv e d  from  the
ex p e rim en ta l d a ta , fh e  p a rtic le  d e n s ity  d is tr ib u tio n  for
large sh o w er and  large co re  d is ta n c e s  ( r  - 1 0 0 0  m ) is g iv en

b y V ^ l

p~^CNr~\ ( 2 )

w h ere  ( ’ = 853 , N -  size  o f  th e  sh o w e r an d  n = 3 .8 .

T h e  in teg ral an d  d iffe re n tia l sh o w e r s ize  sp e c tra  [7 ] a rc  

J{N)  ̂ DN -y.  / ( N) ^ -y D N  , (3 )

w here  the  c o n s ta n ts  h av e  v a lu e s  D -  3 1 8  a n d  y =  1.7. 

F rom  cqs. ( I )  an d  (2 ),

^n,„ =(«T, / B ) ' " ' .  (4 )

(5 )

N u m e ric a l c a lc u la tio n s  g iv e  th e  e x p e c te d  ra te  o f  c o lle c tio n  
o f  d a ta  as fu n c tio n  o f  p\ an d  cr\ as

^ A (> < ^ i .A ) = = 9  0 7 x l O ^ / i f ’ V f T  (6 )

w h e re  m -  {2 -  ny) / .

T h e  in teg ra l sh o w e r s iz e  sp e c tru m  fo r o-j =  100 n S  a n d  p\ 
= 1.5/m " is d e r iv e d  as

F/, (>  AO -  2 .2 0 9  X 10 '^  AT* -  6 3 .4 6 . lO '^  AT*  ̂ p e r 
day . (7 )
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Finally, the primary energy corresponding to an event with 
estimated shower size N \s derived from the measurements 
of giant Array of Yakutsk, in agreement with QGS 
Model [8]. Tlie best fit relation is obtained as 

£:(in eV) = 1.122 x 10̂  ̂ x
4, Data selection criteria
N um erical c a lc u la tio n s  [4] sh o w  th a t fo r  a g iv en  th re sh o ld  
density  (p\ -  1 .5/m ^), th e  m in im u m  d e te c ta b le  sh o w er size 
increases and  th e  sh o w e r ra te  d ec rea se s  w ith  in c reasin g  tim e 
spread. A m in i a rray  sh o u ld  be ab le  to  p ick  o u t th e  v e ry  few  
large a ir sh o w e r e v e n ts  from  a sw arm  o f  irre lev an t ev en ts  
including th e  c o u n te r  n o ises , th e  b a c k g ro u n d  so ft rad ia tio n s 
and sm all a ir sh o w ers . In  o rd e r to  e lim in a te  the  la rge  n u m b er 
of sm all a ir  sh o w e rs , a m in im u m  tim e  sp read  has to  be 
assigned. F or a m in i a rray  o f  2 m^ area , a m in im u m  
acceptable sh o w e r size o f  7 .5  x 10^’ req u ire s  a m in im u m  tim e 
spread rri 1 0 0  nS  In v iew  o f  the  sm all p a rtic le  d en sity  
encountered, each  sc in ti lla to r  is n o t e x p ec ted  to rece iv e  m ore 
than one p artic le  at a tim e  from  a  show er.

5. T h e  s im u la t io n  m e th o d

Assuming a g iv en  th re sh o ld  d en sity  (p\ 1 .5 /m ‘ ) and
shower fron t th ic k n e ss  ( a i  ^ 100 n S ), is ca lc u la ted  using  
|eq (4)|. N ow , fo r a g iv en  v a lu e  o f  N, say  10^, is

M
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I’lKure 2. AitificiHl show er size spectrum  from showci simuliUion with 
fixed shower s i/c  i\ ~ 10^
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F igure  4. Artificial shower size spectrum  from show er sim ulation with 
fixed shower s i/c  A' -  10 *

ca lcu la ted  using  [(eq. 5)]. For a p a rtic u la r  ev en t, co re  
d is tan ce  'r* is ch o sen  at random  from  an u n ifo n ii d is trib u tio n  
be tw een  and W ith  th is v a lu e  o f  r , cr is c a lc u la ted  
using  [eq. ( 1 )] and p  is c a lc u la ted  u s in g  (eq . (2 )]. E rro rs  o f  
(T i  1 0  nS are su p erp o sed  by usin g  G au ssian  d is tr ib u tio n  
(B o x -M iille r m e th o d ) Let th e  s im u la ted  thickness be Oq. po 
is s im u la ted  from  Poisson  d is trib u tio n  w ith  mean 2p  u sin g  
the co d e  po idev  [7 |. E x p ected  sh o w er size  fo r  a g iv en  
ev en t is ca lcu la ted  using  the  re la tion

F±
B

:

I'his p rocess is rep ea ted  1 0 0  tim es to  get the  d is tr ib u tio n  o f  
N R esu lts fo r ~ 10^ 10^ and 10‘̂ a re  sho w n  in F igu res 
( 2 - 4 ) .  T h ese  d is trib u tio n s g iv e  an e s tim a te  o f  th e  e rro rs  in 
th e  m easu rem en t o f  sh o w er size as 43 4% , 3 4 %  and  3 6 %  
resp ec tiv e ly .

->log (N/IO^)
figure 3. Artificial shower size spectrum from shower simulation with 
hxed shower size A == 10“. F igu re  5. Integral .shower rale spectrum  with p - 1 5 /n r



T Bezboruah, K Boruah and P K Boruah

In F ig u re  6 , th e  in teg ra l sh o w e r s iz e  sp e c tru m  c o n s id e r in g  
ev en ts  w ith  d en sity  p\ =  I 5/m ^, is c o m p a re d  w ith  th e o re tic a l 
p red ic tio n . T h e  so lid  line c o m s p o n d s  to  / ? =  1 .5. T h e  u p p e r  
and  low er d a sh ed  lines c o rre sp o n d  to  =  1 .94  an d  
= 1.42 resp ec tiv e ly . T h e  e rro rs  a re  c a lc u la te d  fro m  th e  to ta l 
reco rd ed  n u m b er o f  ev en ts . F ro m  th e  fig u re , it is seen  th a t 
the ex p e rim en ta l d a ta  a re  in re a so n a b le  a g re e m e n t w ith  the 
th eo re tica l p re d ic tio n  u p to  sh o w e r s iz e  o f  2 .5  x  10*.

6.2. Energy spectrum :
I'he en erg y  sp ec tru m  d e riv e d  fro m  th e  m in i a rra y  d a ta  
e x h ib its  re m a rk a b le  s tru c tu re . T h e  d if f e re n t ia l  e n e rg y  
sp ec tru m  co n s id e rin g  the  e v e n t a b o v e  th re sh o ld  {p\ ^  1.5/ 
m “), is sh o w n  in th e  F ig u re  7. T h e  sp e c tru m  b e c o m e s  s te e p e r

Figurr 6 . Integral shower size spectrum  Tor p   ̂ I 5/m^

A rtific ia l sh o w er an a ly s is is ap p lied  to  estim ate  e rro r by 
s im ula ting  N from  the  d iffe ren tia l sh o w er size  sp ec tru m  
[eq. (3)]. T h e  resu ltin g  d is trib u tio n  (h is to g ram ) o f  sh o w er 
d isk  th ick n ess a n d  sh o w er size  are show n  in F igu re  5 and 
F igure  6  resp ec tiv e ly . T h e  p ro ced u re  fo r 100 sim u la tio n s is 
repea ted  30 tim es. In a g iven  sh o w er size bin (b e tw een  N 
and N + dN) d is trib u tio n  o f  s im ulated  Ilux  is o b ta in ed  from  
w hich m ean  and p ro b ab le  e rro r arc  ca lcu la ted . R esu lts  are 
show n in F igure 5 and F igure 6 .

For the pre.sent ex p erim en t, p rim ary  en erg y  is d e riv ed  as 
a secondary  p a ram ete r from  the  m easu rem en t o f  sh o w er size 
N, using the re la tion  [9]

£ ( i n e V )  1.122 x lO '’ x / V " ' ' ’.

A verage percen tage  e rro r in en erg y  estim atio n  is found to  
be - 2 2 %.

6 . E x p e r im e n ta l re s u lts

D ata have been co llec ted  du rin g  1996 to  1999 fo r m ore  than  
1000 hours. M ost o f  the d a ta  co llec ted  do  no t b e lo n g  to  true  
large show er even ts. T he d ata  are red u ced  by the  se lec tion  
p rocess and by v isual inspection . T ru e  large  a ir  sh o w er 
even ts w ith a lim e sp read  o f  sh o w er fron t c r>  100 nS and 
w ith local partic le  den sities  p  > 1 .5 /m " are  se lec ted  and 
analysed . T hey be long  to  sh o w er o f  size /V > 7.5 x 10^\

6 /, Shnwer rate and size spectrum 
T he integral sh o w er rate sp ec tra  o f  th e  se lec ted  ev en ts as 
function  o f  tim e sp read  are  show n in F igu re  5 . T h e  erro rs  

are estim ated  by co n sid e rin g  the  + 10 nS  instrum en ta l e rro r. 
T he so lid  line  is L in sley 's  th e o re tica lly  p red ic ted  line 
[eq. (6 )]. T he u p p er an d  low er b o u n d ary  lines (d ash ed ) 
co rresp o n d  to  -  1 .94 and  = 1.42 as o b ta in ed  from  
L insley 's la te r ex p ress io n  [ 1 0 ] for lO '^ < £  < 10'^ cV  and 
r <  2  km. F rom  F igure  5, it is seen  th a t fo r the th ree  p artic le  
se lection  ( p '  1 .5/m ^), th e  ex p erim en ta l data  are in reaso n ab le  
ag reem en t w ith  th e  p ro p o sed  po w er law  u p to  a <  316  nS. 

H ow ever, the  ex p erim en ta l d a ta  are w ell w ith in  th e  p red ic ted  
reg ion  b o u n d ed  by the  m axim um  and  m in im um  lines.

i  175 

17

rT It) 
6

16

' H

. . - . ‘ • ' “ A- -

I
17.5 110

~ r~
115

F igu re  7. M ini arra> (JitTcrcnIial energy spectrum  Points D ata  Dashed 
line best fit in each region D otted line best fit upto  lO'*** cV

a ro u n d  lO '^^' eV  and  lla tie n s  a ro u n d  lO ’* '  eV  a n d  fo rm s a 
d ip . W e d iv id e  o u r m in i a rray  e n e rg y  sp e c tru m  in to  th ree  
en erg y  ran g es and  fit them  to  a p o w e r law  in e a c h  reg ion

ru b le  1. N om iu li/a tion  and spectral slope o l ' / ( / 0

I'McrpY range 
(cV)

Power index z " l o g

(no rm aliza tion )

N orm alized  hi 

(eV )

lo " ’" -  10' ' '" -2  79 1 04 37 08 29 34 10"

10"'■' -  10'^ ' ' - 2  89 ± 12 27 50 - 2 9  26 10'"

10' " '  ■ 10'" - -3 29 1 09 12 54 - 29 45 10"

10'" -  -  lO '"" - 2 54 ± 06 35 55 - 3 0  62 10" -

10" ' ' ' -  10'* ' - 3  04 + 06 28 40 -3 0 .8 6 10" '

(T ab le  1). T a b le  1 a lso  lists th e  o v e ra ll fit r e g a rd le s s  o f  the 

d e ta ils  o f  th e  sp ec tru m , th o u g h  th e  o v e ra ll sp e c tru m  d o e s  not 
re sem b le  a  s in g le  p o w e r law . A ll th e  fits  w e re  d o n e  w ith  the 

c h i-sq u a re s  fittin g . A c o m p a r iso n  h as b e e n  d o n e  b e tw e e n  the 

ch i-sq u ares  fittin g  an d  m a x im u m  lik e lih o o d  m e th o d . In 

g en era l, th e  tw o  m e th o d s  sh o w  m in o r  d if fe re n c e s . For 

ex am p le , an  o v e ra ll m in i a rra y  en e rg y  sp e c tru m  fitte d  with 

c h i-sq u a re s  f ittin g  g iv es  sp e c tra l s lo p e  o f  -  2 .7 9  ±  .05  while 

the  m ax im u m  lik e lih o o d  m e th o d  g iv e s  a  v a lu e  o f  -  2 .7 7 . The 

sp ec tra l s lo p e  w ith in  th e  e n e rg y  ra n g e  lO ’^^ -  1 0 '* ‘̂  cV , is 

- 3 . 2 9  ± 0 .0 9  from  c h i-sq u a re s  f i tt in g  w h ile  m axim um  

lik e lih o o d  m eth o d  g iv es  - 3 . 2 7 .  T h e  tw o  n u m b e rs  agree 

w ith in  the  e rro rs . T o  sh o w  th e  s ig n if ic a n c e  o f  th e  d ip , the 

n u m b er o f  e v en ts  e x p e c te d  fro m  th e  o v e ra ll f i t  (ren o rm alized  

to  the o b se rv ed  n u m b e r o f  e v e n ts  a t 10*^^ e V )  a re  listed  in
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T ab le  2. N um ber o f  even ts  expec ted  and observed.

[inergy bin 
{logiol^eV)n

1 6 9

1 7 0  

17 1 

17.2

173

174  

17 5 

17 6

177

178

17 9

18 0 

18 1 

182  

18 3 

184  

18 5 

18 6

18 7 

1X8 

189

19 0

N um ber o f  even ts  
expec ted  from  

overall tit

100 36 

139.57 

207 27 

231 .68  

231 06 

261.85  

196,09 

173 00 

150 04 

128.53 

109 I I 

091.97  

077 13 

064 40 

053 62 

045 51 

036 .89  

0 29 99 

025 23 

020 82 

017 18 

014 16

num ber o f  events 
observed

130

203

133

175

383

394

146

173

117

106

063

052

049

030

046

078

117

126

097

028

014

002

Excess in tr from 
overall til

02 96 

05 36 

- 0 5  16 

- 0 3  72 

10 00 

08 17 

- 0 3  58 

00 00 

- 0 2  70 

01 99 

04 41 

-0 4  17 

- 0 3  20 

-0 4  29 

-0 1  04 

04 82 

II 87 

17 51 

U  29 

01 57

00 77

01 23

T ab le  2 w ith  th e  o b se rv e d  n u m b e r o f  ev en ts . T he  ex p ec ted  
n u m b er o f  e v e n ts  b e tw e e n  10*^^ eV  an d  eV  is 794 
while the o b se rv e d  n u m b e r  is 590 . T h e  s ig n ific a n c e  o f  the  
defic it is 7 .52  a .  l o  sh o w  th e  s ig n if ic a n c e  o f  fla tten in g  ab o v e  
H ) '^ ' eV , w c u se  th e  n o rm a liz a tio n  an d  s lo p e  fro m  th e  to ta l 
f i tu p to  10*®^ eV . 1 h e  to ta l n u m b e r  o f  e v e n ts  o b se rv e d  ab o v e  
th is en e rg y  is 5 38  w h ile  th e  e x p e c te d  n u m b e r o f  e v en ts  is 
222. T h e  s ig n if ic a n c e  o f  th is  e x c e ss  is 21 1 8 a .

T h e  ex is ten ce  o f  th e  d ip  can  a lso  be  seen  fro m  a n a ly s in g  
the  raw  da ta , by  p lo ttin g  e v e n t d is tr ib u tio n  w e ig h te d  b y   ̂
as in F igu re  8 . F rom  F ig u re  8  it is a lso  seen  th a t th e re  is a 
d ip  fo rm ed  a ro u n d  10'**‘ eV  fo r th e  m in i a rra y  e n e rg y  
sp ec tru m .

7. D isc u ss io n  a n d  c o n c lu s io n

In F ig u re  5 th e  re su lt o f  the  s im u la tio n  fo r th e  d is tr ib u tio n  

fo r a rtific ia l sh o w e r d isk  th ic k n e ss , c o n s id e r in g  threshojld  
d en sity  p  =  1.5/rn^ an d  p  ~ 1.5 is c o m p a re d  w ith  th e  

th eo re tica l p red ic tio n  an d  e x p e rim e n ta l re su lt. In  F ig u re  6 , 
the  re su lt lo r the s im u la tio n  o f  the  a rtif ic ia l sh o w e r size  
.spectrum  fo r th e  sam e  v a lu e  o f  p  an d  p  is c o m p a re d  w ith  
th eo re tica l p red ic tio n  and  ex p e rim e n ta l da ta . T h e  s im u la tio n  
re su lt fo r th e  a rtific ia l sh o w e r is in a g re e m e n t w ith  th e  

th eo re tica l p red ic tio n  u p lo  sh o w e r size  o f  N =  3 .9 8  x 1 0 **. 
T h e  ex p e rim en ta l re su lts  ag ree  w ith  th e  th eo ry  u p to  2 .5  x 
10** th a t c o rre sp o n d s  to  a p rim ary  e n e rg y  o f  10*^ ® eV , a b o v e  

w h ich  th e re  is a m ark ed  ch a n g e  in th e  s lo p e  o f  th e  sh o w e r 

size  sp ec tru m , fh e  a rtific ia l sh o w e r s im u la tio n  fo r  th e  f ix ed  
sh o w e r o f  sizes  1 0 ^, 1 0 ** an d  lO’ p re d ic ts  p ro p o r tio n a l e rro rs  
o f  4 3 .8 % , 3 4 ,0 %  an d  3 6 .0 %  re sp e c tiv e ly  in th e  e s tim a tio n  
o f  th e  sh o w er size  by u s in g  a m in i a rray  o f  a re a  2  m^. T h e  
s im u la tio n  g iv es an  av e ra g e  e rro r  o f  2 2 %  in th e  m e a su re m e n t 

o f  e n e rg y  by th e  m in i a rray . H o w ev e r, i f  w e c o n s id e r  all th e  
d en sitie s  an d  sh o w er fro n t th ic k n e sse s  a b o v e  th re sh o ld  th en  

en e rg y  sp ec tru m  as sh o w n  in F ig u re  7, sh o w s sp e c tra l 

ch an g es  s im ila r to  th o se  o b se rv e d  by  o th e r  la rg e  g ro u p s  w ith

T a b le  3. Spectrum  .slopes 

Experim ent Slope Energy range (eV )

llavcrah  park T m -jO os 1020 0

Akeno 3 04 0.04 lO '” - lO "”

A keno (Arra> 1) M A i  0 18 I0 ‘”  - I 0 '“
A keno (Array 20) 3.16 ± 0 08 10" >  - lO” ®

YakuUsk 3 23 ± 0 08 l O " ’ - I 0 ” “

Fly’s eye (M ono) 3 07 ± 0  01 I 0 ‘” lO '""

Ely's eye (Stereo) 3 18 ± 0 02 lO '”  - i o '* ‘

M ini array 3 04 1 0 ,06 lO '" ’ - lO "

Log(E)lnaV

f ig u re  8. M ini array ev en t d istribu tion  w eigh ted  by £ ' '  as function o! 
energy

o v era ll slope  o f  -  2 .79 . H o w ev er, th is  s lo p e  is m u ch  lo w e r 

th an  th a t c a lc u la ted  by  o th e rs  (T a b le  3 ) [11 ] a n d  Is d u e  to  
th e  ab n o rm a lly  large  n u m b e r o f  e v e n ts  re c o rd e d  b y  th e  m in i 
a rray  in the  h ig h e r e n e rg y  ran g e  (a  s ig n ific a n c e  o f  2 1 .1 8 a  

ex cess). T h is  o v e r e s tim a tio n  in th e  h ig h e r  e n e rg y  s id e  m ay  
be d u e  lo  in c lu sio n  o f  so m e  d e la y e d  p a rtic le s , w h ic h  are  n o t 

real p art o f  the  true  sh o w e r fro n t an d  th e re b y  fa lse ly  
in c reasin g  the  th ick n ess  o f  th e  sh o w e r fro n t. T h is  g iv e s  an  

o v e re s tim a tio n  o f  the c o re  d is ta n c e , le a d in g  to  h ig h e r  en e rg y  

es tim a tio n  fo r a g iv en  p a rtic le  d en sity . H en ce , w e  c o n s id e r  

th e  o v era ll sp ec tru m  for m in i a rray  u p lo  10***  ̂ eV  w ith  a 

slo p e  o f  -  3 04  ± .06 w h ich  is in re a so n a b le  a g re e m e n t w ith  

th o se  c a lc u la ted  by  th e  o th e r  g ro u p s . T h e  d if fe re n tia l e n e rg y  
sp ec tru m  c o rre sp o n d in g  lo  b e s t fit (c h i-sq u a re s  f i tt in g )  in th e  

en e rg y  reg io n  10*^’ cV  to  10**  ̂ eV  is d e r iv e d  as  :
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j { E )  =  10̂ ” * X sr”' s“‘ eV"'. Acknowledgment
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TaMc 4. Ilie dip First slope in the dipExperiment 

Akcno 

I laverah pork

Fly's eye (Stereo) 

Mini array

Slope before the dip

3 02 ± 0 03 (10'”  -  10'’ *) 

3 01 ±0.02(10 ' 10''

3 01 ± 0.06 (lO'”  » 10” '’) 

2 85 ± 0 12 (10"’*' 10” '’)

3 16 ± 008 (10” " -  10'"*) 

3 24 ± 0 07 (10” " -  10'"") 

3 27 ± 0,02 (10'’ " -  10'"') 

3.29 ± 0 09 (10'’ " -  10'"^)

Second slope in the dip
2 80 ± 0.3 (to'** - to”*)
2 7 0 !g |? (> 1 0 ''')

2.71 ± 0 10 (10'*' -  

2 54 ± 026 (10'"^ -  10‘‘̂ “)

over a relatively short energy range given by the experiments 
of various other groups of workers. The breaks are defined 
by each experiment independently. Each group has observed 
a significant deficit between lO'" eV and lO'^eV when 
compared to expectations of a continuation of the lower 
energy spectrum. However, the extension of the dip in case 
in mini array is much smaller than the others. The reanalysis 
shows a marked improvement in the slope of the energy 
spectrum in the lower energy region. The spectral break 
observed at lO'^ '̂ eV, is in agreement with other world 
groups.

The spectral break at 10*̂   ̂eV is due to a possible change 
in cosmic ray composition from predominantly light to 
predominantly heavy. The break at the position of dip ( I0‘*  ̂
eV) indicates a possible change from galactic to extragalactic 
origin or possibility of a new cosmic ray source.

The overestimation of event rate at higher energy range 
may be due to inclusion of some delayed particles, small 
detector area and associated triggering criterion. By increasing 
the area of the mini array so that atleast 10 to 20 particles 
are detected per event, the unwanted events may be 
distinguished by careful investigations. It is therefore, 
proposed to extend the area of the mini array and to include 
one optical channel in order to collect genuine highest 
energy events.

[Professor J Linsley Albuquerque, New Mexico, USA for his 
valuable suggestions during the work.
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