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l.lntroduction 
The gamma ray astronomy based on Atmosphere Cherenkov Technique (ACT) has 

a<-hieved important experimental information since 1990. The significance of the Extensive 

Air Shower (EAS) Cherenkov light increases due to the possibility to separate events 

initiated by different plimary particles or gamma quanta. The energy range 10GeV-

200GeV becomes very important in attempt to fill the gap of energy sensitivities between 

satellite and ground bas~ gamma telescopes. 

2.The Method 
The lateral distribution function of Atmospheric Cherenkov Light (ACL) of EAS de-

11 pends on the energy and the kind of primary particle( or ganuna quantum), the height 

of the shower birth , etc. (see for example [3]) . ~ear to the shower axis the lateral 

distribution has more or less plate maximum, after some hundred meters it is strongly 

decreasing to zero. The Mathematical Model (m) of the atmospheric Cherenkov light 

distribution at has to be in a class of functions with such behavior 

q"'(X;x,y,z;O,<p), (1) 

where 

X= [xo,Yo,a,b,c, ... ,dN]T ERN (2) 

is a vector of N real unknowns, where x0 and y0 are the coordinates of the shower axis 

in the detector planej a,b,c, ... ,dN are theN- 2 parameters of the mathematical model ; 

.., X, Y and Z are the detector coordinates; (}and ;,pare the zenith and azimuth angles of the 

EAS respectively . 
The number of the Cherenkov photons Nq in the shower is 

:t..,.,.1/mu (- ) 

N, = f f q X;x,y,O;O,<p dxdy, 
0 0 

1 

(3) 



where Xmax,YmAX are parameters depending on the speed of light in the atmosphere. 
the height of the showers birth and the energy of primary partide. 

The different triples (Xi, Vi, Zi), i = 1, ... , M respond to different detector coordinates. 
The unknown components of X were obtained by solution of the overdetermined system 
of nonlinear equations (AI > N) 

qm (X;:i;,iJi,"Z;;O,tp) = q~xpt, (~) 

where q;xvt is the density measured by the i-th detector. 
The system (4) was analyzed by means of the autoregnlarized ::\ewtun T.n.Je method 

f·n The solution (the values of X) was obtained by minimization of the functional 

2 M ( m , --- <'XVI)' X = .L: 1L'i q (X:xi,Yi,Zi;O,..p)- qi , 
t=l 

(5) 

where [w1 : Wz .... , wu] is the weight \'ector. 

The REG~ computer code [5] was used. x2 is one of the different criteria applied in 
REG:N [6] for the choice of the appropriate mathematical model. 

By examining different qrn(X;x,y,z;O,If') in the lE'ft-hand side of(-!) for about. two 
thousands real experimental EAS events registered by the Cherenkov light telescope HO
TOVO [1] q~·:cvt, i = 1, .. 7 (right-hand side of (4)) and soh·ing [6] every time the nonlinear 
system (4) we arrived at: 

a 
-ol')= 2 I' q(X;x,y,z; ' (e''"' -c)+;; 

(6) 

where the distance R from detector (x,y,z) to the shower axis with parameters 
:ro, yo, zo = 0, 0 and tp is given by [7] 

R=/1~ cos(\') +;I si~(<;)]~~siO+ [~ sin(9) - ry cos(\')]', (7) 
~=X- Xo- zlg(8)cos(9), 
ry = y- Yo- ztg(8) sin(9). 

Replacing {6) in the integral (3) with Xma..-..: = Ymn..-..: = oo we estimate the number of 
photons: 

{ 
l+a(c-1)2

} 
, 

2 

v'ac [,; + 2a•·ctg( y'a(c- !))] + fn a 

N, = ,;a cos( B) . (8) 
2b2 (ac2 + !) 

The energy of the primary particle is B9=~N9 • if we assume a linear dependence 
bet"·een E9 and N9 . 

The solutions of the system (4) with the mathematical model (6) for data "Hotovo
expt396"is ill11st.rat.ed in the next figures: 

o The x.y-distrib1.1t.ion of shower axes at z=O (the sensors plane}Fignre 1: 
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o The values of parameters a,b, (c=l) for every shower- Figure 2; 
o The distribution of the showers energy is presented in Figure 3. 
3. The r-distribution 
The model (6) was tested with R = r to describe the emulated data [8) at CELESTE 

observation depth for protons and gamma quanta, carried out with the CORSIKA code 
[9). The system (4) was solved by REGN for N = 3 and M = 30 (the number of different 
distances ri from the shower axis, i = l...A1 ) with left-hand side 

A. (9) 
qm (•·, A, B, C) = (eB'" _ C)2 + ~ 

The obtained solutions for unknown parameters A,B,C- "amplitude" , "breath" and 
''position'' are given in Tables Ja and Jb. 
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'/11.c Figm·c,.; 4 and .5 illustrate the agrE>ement LetwE>en emulate-d dat fl. for gamma qnant a 
and protons and the model fnnC"tion (9) with the- ol>tained \'alne-s uf pnramet€'rs from Table 
Ia. and lb. 

4.Results for the CELESTE experiment 
The vossibilities of our method we-re- examined l>_v inwstigation of "r€'a1" data e-mnlnted 

like a x,:v- distriLntion for three de-tector arra:'-·s: twu sets uf CELESTE and a n€'w. 
more- eff€'cti,·e. spiral array. l""sing the- furnmlae (6-8) and '/'ahlcs Ia. and 1/J fur diffe-re-nt 
energie-s of the init.iat€'d primmy prutun ur gamma q11antnm and diffe-r€'nt parame-te-rs 
x

0
_y

0
, (0 = U, ..p = 0), the €'Xpe-C"t€'d a\'€'rage- Che-renku\' Hnx d€'nsities (('"""'" fur €'nch 

detE'<'tor were- caknlated. The quasi-€'xperimental data were pl'€'J.W.r€'d stuchnsticall:'-·-lik€' 
according to the- formula 

qi = 1+(-l)'h qf"'""'h. "'" ( . ) (10) 

where b is a flnct.nat.ion parame-ter. 
Suh-ing t.he- inverse- problem t.he- relatiw dE'nsity measmemE'nt pr€'cisiun (T was assnnwd 

tl!t to be 0.3. Solution was obtain€'d with initial approximations fur the- unknown paranwters. 
which are "natural" fur the real ., Hutu\'o" prul>lem.- The results for the estimnted <>ne-rgy uf 
t.he initiated particle ur gamma qmmtHm nnd the cuurdinatE'S uf axis positiun in dt'lt'<tors 
plane- are shuwn in the- nE'xt t abl€'s. 

In Fi!Jnn~ (j The- first. 18 l'('a]iz€'d d€'1ectvrs uf CELESTE mrny nr(' ,:;hu\\'11. 
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TableS :The difference between proposed and obtained parameters for 18 detectors of 
CELESTE (fluctuations 6 = 0.1 ) 

Energy X,Y[mJ 0 50 150 300 500 

Gamma quanta 10GeV 6..X, m 11.20 -11.60 -17.00 -31.00 -77.00 
LlY,m -10.20 -10.90 -18.00 -31.00 -79.00 
t>EjE -0.64 -0.65 -0.69 -0.88 -0.99 

100GeV !:::..X,m -8A8 -11.20 -14.00 -14.00 -8.00 
t>Y,m -8.21 -12.30 -11.00 -11.00 -5.00 
t>EjE -0.43 -0.46 -0.50 -0.59 -0.61 

lTeV t>X,m -3.38 -9.30 -20.00 -14.00 2.00 
.6.Y,m -4.13 -10.50 -20.00 -10.00 6.00 
t>EjE -0.33 -0.37 -0.47 -0.55 -0.57 

10TeV !>X,m -1.82 -5.80 -20.00 -15.00 -3.00 
!>Y,m -2.28 -6.40 -20.00 -12,00 -7.00 
f:>E/E -0.08 -0.13 -0.38 -0.57 -0.61 

Protons 100GeV !J.X, m -84.90 -108.90 -27.00 -12.00 -66.00 
D.Y,m -71.70 -53.16 -4.00 -7.00 -64.00 
t>EjE -0.98 -0.98 -0.98 -0.98 -1.00 

lTeV 6..X,m -4.77 -9.40 -14.00 -10.00 1.00 
t>Y,m -4.72 -9.70 -13.00 -6.00 4.00 
!>EjE -0.82 -0.83 -0.85 -0.86 -0.87 

10TeV !::J.X,m -3.22 -9.20 -25.00 -37.00 -3.00 
LlY,m -4.25 -10.40 -25.00 -35.00 3.00 
!>EjE -0.63 -0.64 -0.72 -0.83 -0.82 

In TaJJle:J !>X =X,,- X9;., !>Y = Y,,- Yg;, and t>Ej E = (E,,- E9;,) jE9;,, 

X,Y = 0;50;150;300 and 500 mare the axis positions of emulated showers ( the point 
X=Y=O is the detector array centre). The energies E = 0.01, 0.1, 1 and 10 TeV are for the 
primary gamma quanta and E= 0.1 , 1 and 10 TeV for primary protons. The presented 
results are for fluctuations of density fJ = 0.1, which is the maximum value the problem 
{4) can be solved acceptably for this configuration. 

One can see that the determination of the axis coordinates is accurate for large axis 
distances from the array centre (up to X,Y =500m ), with exception of the lowest energies: 
10 GeV for gamma quanta and 100 GeV for protons. Some tendency to an increase of the 
accuracjes with the growth of energy is shown, especially for the axis in the array centre . 

The shower coordinates at long distances can be accurately obtained because of the 
specific method of solving the nonlinear systems. The emulated data for low energies ( < 1 Te V) 
at distances more than 300 m from the detector array c.entre have only illustrative char
acter. Of course, v.rith usual experimental technique it is not possible to register 10-3 or 
10-4 photons per m 2 • 

Figure 7 presents the complete CELESTE array [2] with 186 detectors. 
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Table 4 :The difference between assumed and obtained parameters fur 186 detectors 
uf CELESTE ( fluctuations b ;, 0.5 ) 

Energy x.Y!m) 0 50 150 300 500 

Gamma quanta 10GeV !:J.X,m -4.17 -9.80 -12.00 -19.00 -26.00 

D.Y, m 2.52 -7.00 -10.00 -18.00 -25.00 

D.E/E -0.82 -0.71 -0.72 -0.83 -0.97 

JOOGeV !:J.X,m -3.10 -7.80 -12.00 -28.00 -41.00 

!:J.Y,m 2.17 -5.80 -11.00 -25.00 -39.00 

D.EJE -0.68 -0.53 -0.56 -0.75 -0.93 

1TeV D.X, m -0.85 -3.80 -11.00 -32.00 -48.00 

t.Y,m 0.76 -2.60 -9.00 -29.00 -45.00 

D.E/E -0.54 -0.42 -0.47 -0.69 -0.91 

10TeV !:J.X,m -0.31 -2.20 -11.00 -32.00 -50.00 

.6.Y, m 0.08 -1.40 -10.00 -30.00 -47.00 

D.B/E -0.20 -0.21 -0.33 -0.69 -0.93 

Protons 100GeV /:iX, m 0.00 -ll7.80 -44.00 -28.00 -59.00 
D.Y. m 0.00 -67.50 -39.00 -25.00 -56.00 

D.B/E -1.00 -0.99 -0.99 -0.98 -1.00 

lTeV l:iX, m -1.36 -4.90 -13.00 -30.00 -43.00 -
!:J.Y,m !.12 -3.30 -11.00 -27.00 -40.00 

D.B/ 8 -0.90 -0.85 -0.86 -0.91 -0.97 

10TeV D.X. m 1 -0.81 -3.80 -13.00 -41.00 -71.00 

~ .6Y, m ! 0.7-l -2.80 -10.00 -38.00 -67.00 

' !;,./,"/ li . -0.74 -0.67 -0.70 I -0.84 -0.95 
L ' 

8 

The reslllts for the wmplete CELESTE array and density fiuctnations {j = 0.5 are 
presented in Table 4- It is shown that the oLtained axis positions are detE'rmined better 
fur the- central eYents and the differences inn·eased for large axis distances. 

In Figure 8 the- }Jruposed det€'<'tor array which permits an optimal estimation of ACL 
parameters is shown. 
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'/'able/): The difference between assumed and obtained yarameters fu1· the pruyused 
new configuration ( fluctuations 6 = 0.5 ) -

1 Energy X.Y[mJ 0 50 150 300 500 

Ganuna quanta 10GeV !:lX,m -1.60 -2.10 -1.00 -3.00 -12.00 
.6.Y,m -0.75 -1.70 -2.00 -3.00 -10.00 
I::.E/E -0.67 -0.68 -1.00 -0.71 -0.73 

100GeV .6.X,m -1.63 -0.49 1.00 -2.00 -16.00 
AY,rtt 0.67 -2.30 1.00 1.00 -13.00 
I::.E/E -0.48 -0.70 -0.49 -0.52 -0.63 

lTeV .6.X,m -1.38 -2.30 1.00 -6.00 -28.00 
.6.Y,m -0.74 -0.70 3.00 0.00 -20.00 
I::.E/E -0.57 -0.37 -0.39 -0.41 0.18 

10TeV AX,m -0.94 -1.90 -4.00 -!.00 -25.00 
.6.Y,m -0.47 -l.lO -1.00 -5.00 -22.00 
I::.E/E -0.16 -0.17 -0.22 -0.15 0.18 

Protons 100GeV .6.X,rn -6.96 -9.30 -13.00 1.00 2.00 
AY,m -4.26 -8.30 -18.00 -8.00 2.00 
I::.E/E -0.98 -0.98 -0.98 -0.98 -0.98 

!TeV AX,m -1.66 -2.30 -2.00 -8.00 -20.00 
AY,m -0.89 -0.80 1.00 -5.00 -19.00 
I::.E/E -0.84 -0.84 -0.84 -0.85 . -0.83 

10TeV .6.X,m -1.36 -2.60 -1.00 -6.00 -31.00 
t::.Y,m -0.75 -0.90 4.00 5.00 -25.00 
I::.E/E -0.65 -0.65 -0.65 -0.65 -O.i5 

In this case the acruracies in the determination of axis positions are 5-10 times better 
thun in the other co.·lfigurations, especially for energies 10-100 GeV. 
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5.Conciusion 
A new method for estimation of ACL parameters is vroposed. A new approximation of 

Cherenkov light lateral distribution function was obtained. The indeterminacy and errors 
of obtained shower parameters and the energy of initiated primary particle or gamma 
quantum. related to the stochastic nature of the shower development at different devths 

shall be investigated in the future. 
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