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AJieKcam:i:pon JI. II .[(p. 
OueHKa xapaKTepIICTIIK 'laCTIIU nepBII'lHOro KOCMII'leCK0ro 
II3Jl)"leHmI C IlOMOIUhlO qepeHKOBCKOro CBeTa B umpOKOM 
aTMOCcpepHOM JlIIBHe 
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Ilpe.[(JJaraeTC.ll HOBblH MeTO.[( .[(Jl.ll oueHKII xapaKTepIICTIIK 'laCTIIU II !pOTOHOB 
nepBII'lHOro KOCMII'leCKOro II3Jl)"leHII.ll, KOTOpbIH OCHOBaH Ha perncTpaUIIII qepeH
KOBCKOro CBeTa B umpoKOM an.10ccpepHOM JlIIBHe (IlIAJI). IlpIIpo.[(a, 3Heprn.ll II 
HanpaBJJeHIIe nepBII'lHOH 'laCTIIUhl lIJJII !pOTOHa nonyqaIOTC.ll KaK perneHIIe HeJJII
HeHHOH o6parnoi-i 3a.[(a'lH. 

IlpuMepHa.ll MaTeMaTII'leCKa.ll MO,[(eJJh C03.[(aHa Ha OCHOBe aHaJJII3a Ha6JJIO,[(eHIIH 
Ha umpoKoyrOJJhHOM qepeHKOBCKOM TeJJecKone «XOTOBO» [ 1]. 3HepreTII'leCKa.ll 
3aBHCHMOCTh napaMeTpOB MO.[(em1 II3)"leHa C IlOMOIUhlO ,[(aHHhIX, nonyqeHHhIX C 
ucnOJJh3oBaHtteM nporpaMMhI «KOPCI1KA» [2] B IIHTepnane 3Heprni-i 30 faB -
3 T::iB. 

Ilpe.[(JJO)KeHHhlH MeTO.[( MO)KeT 6b1Th HCf10Jlh30BaH .[(Jl.ll aHaJJII3a ,[(aHHhIX IlIAJI, 
flOJJ)"leHHhIX Ha ycTaHOBKax npu pa3JIH'lHOM pacnOJJO)KeHHU .[(eTeKTOpOB. IloKa3a
HO, 'ITO oueHKH napaMeTpOB MOl)'T 6bITh flOJJ)"leHbl 6onee ::icpcpeKTHBHO u TO'lHO 
npu pa3Memeuuu .[(eTeKTopon no cneunanhHO Bh16pattnoi-i Cnupanu. 

Pa6orn BhmonHeHa B Jla6oparnpuu TeopernqecKoi-i cpn3HKH HM.H.H.EoronI0-
6ona 0115Il1. · 
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A new method of estimating primary cosmic ray characteristics based on the 
registration and analysis of EAS Cerenkov light is proposed. The nature, energy 
and arrival direction of primaries arc obtained as a solution of a nonlinear inverse 
problem. 

The applied mathematical model is created by analyzing «Hotovo» telescope 
experimental data [ 1 ]. The behavior of model parameters is studied using 
CORSIKA code [2] for the primary energy interval 30 GeV - 3 TeV. 

This method could be applied successfully for a different kind of detector dis
placements of EAS arrays. Moreover, it is shown that the shower parameter esti
mation could be obtained more effectively and precisely in the case of detectors 
displacement according to a Spiral. 

The investigation has been performed at the Laboratory of Theoretical 
Physics, JINR. 
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1 Introduction 

The gamma ray astronomy based on the Atmospheric Cerenkov Technique (ACT) has 
achieved remarkable experimental improvement since 1990. The importance of the EAS 
Cerenkov light increases due to the possibility of registrating gamma quanta initiated 
events, discriminating the background, generated by primary protons or other cosmic 
particles. 

In this paper, we continue the realization of our program [3] devoted to the devel
opment of a new method of estimation of the nature, energy and arrival direction of 
the primaries initiating EAS Cerenkov Light at the observation level. The Cerenkov 
light flux is obtained with the help of CORSIKA code in energy interval 30 GeV-
3 TeV for primary Gamma quanta and 0.3 - 3 TeV for primary Protons. The flux 
characteristics are described depending on nature, energy and arrival direction of the 
initiating primary with the help of code [2], using Cerenkov flux information at the 
observation level. The characteristics of the primary cosmic ray flux are obtained as a 
solution of nonlinear inverse with help of code [5, 6], using the information about EAS 
Cerenkov light flux at the observation level. The influence of the EAS array detector 
displacement on efficiency and precision of the inverse problem solution is carefully 
studied. 



2 The Method 

The lateral distribution function of Atmospheric Cerenkov Light flux (ACL) in EAS 
depends on the energy and the nature of primary particle(or gamma quantum) and the 
height of the first interaction [4]. As it is well known, near the shower axis the lateral 
distribution has more or Jess plate maximum and after hundred meters it is strongly 
decreasing. The Mathematical Model of the atmospheric Cerenkov light distribution 
could be described with a class of functions with such behavior: 

q(X,x,y,z,0,ip), (1) 

where 

X = [xo, Yo, a, b, c, ... , dNf E RN (2) 

is a vector of N real unknowns, x 0 and yo are the coordinates of the shower axis in the 
detector plane, 

a,b,c, ... ,dN are the N - 2 parameters of the adopted model function, 
x, y and z are the detector coordinates 
and 0 and <p are respectively the zenith and azimuth angles of the EAS. 
The number of the Cerenkov photons Nq in the shower is 

Xmax Ymax 

Nq= j j q(X,x,y,0,0,<p)dxdy, (3) 
0 0 

where Xmax,Ymax are parameters mainly depending on the height of the first interaction 
of the primary particle and the energy of the initiating primary particle or gamma 
quantum. 

Different triplets (xi, Yi, z;-), i = 1, ... , M respond to different detector coordinates. 
The unknown components of X are obtained by solution with the code "REGN" [5, 6] 
of the overdetermined system of nonlinear equations ( M > N) · 

q(X,x;,'fh,T;,0,cp) = q;xPt, (4) 

where q;xpt is the density of ACL flux, measured by the i-th detector. 
The system of equations (4) is analyzed by means of the autoregularized Newton 

Type method [5]. The solution (the values of X) is obtaining by minimization of the 
functional 

1 M 2 
2 ___ '°' ( (X - - -9 ) expt) X = M - N + l L W; q 'x;, Yi, z;, ''P - Q; ' 

•=I 
(5) 

where w1 , w2, ... , WM are the weights. 
In the REGN computer code, x~ is one of the different criteria applied to choose 

an appropriate mathematical model. The other criteria permits one to chose uniquely 
between two model functions with the same x2 the best function [7, 8, 9]. 

By examining different q (X, x, y, z, 0, ip) in the left hand side of (4) for about two 
thousand real experimental EAS events registered by the Cerenkov light telescope 
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HOTOVO [1] q:xpt, i ~ 1, .. 7 (right- hand side of (4)) and solving [7, 8, 9] every time 
the nonlinear system (4), we arrive at 

ae- ln(l+R)2+[ln{i+R)-ln(I+ro)]2 

q(X;x, Y, z; 0, 'P) =:' q(a, ro, 'Y, a, R(x,fj, z; Xo,,Yo;0, ip)) = ~ln(l+R)•+[ln(1_;2~i-ln(l+ro)J2~-y2' 

(6) 
where the distance R from the detector (x, y, z) to the shower axis with the parameters 
xo,Yo, zo = 0, 0 and <pis given by [10, 11] 

R = J[~ cos(ip) + 77sin( ip)]2 cos2 0 + [~ sin(ip) - 77cos(ip)]2, 

f = x ~ ~o :- ztg(0) cos(ip), 
1J = y- Yo,-- ztg(0) sin(ip) 

(7) 

an·d a; r0 , ,,'a are the· unknown parameters. . 
Replacing (6) in the integral (3) with Xmax = Ymax = Re, ~e estimate the number 

of photons Nq. The energy of the primary particle is 

Eq = 1,,(Eq)Nq, . (8) 

if we assume a quasi-linear dependence (8) between Eq and Nq, where 

Nq = 21rcos(0) lo~ rq(a,r0 , 1 ,a,r)dr (9) 

because of the axis symmetry of (8). 
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The functions qth (ai, roi, 'Yi, <7i, r) 

The energy behavior of the parameters a;, r 0;, 'Y;, a;,i = 1, ... , ME, where ME is a num
ber of different energies at which the showers are emulated, will be investigated in 
coordinate system, in which the shower axes parameters are .xo ~ Yo = 0 = <p = 0. In 
this coordinate systerri the variable ' . 

r = R(x, y, z = 0, xo = 0, Yo = 0, 0 = 0, <p = 0) = Jx2 + y2 

is the distance from the shower axes to the corresponding sensor and the function (6) 
becomes 

. . eae- ln(l+r)2+[ln(l+r)-In(l+ro)J2 
P,G( ) 2u2 • - 1 M · 

qth a;, ro;, 'Y;, a;, r v27r1n(1+r)•+Iln(1+;J-ln(l+ro)]2+-y2·, i - ' ... , E· 
(10) 

The nonlinear overdetermi1,1ed system (4) becomes 

' I~, t • • 

PG . ) P,G(. ") 
qt/; (a;,ro;,'Y;,a;,rj -q,,m i,J ·=.O i=l,.,,,ME,'j=d, .. ,,Ns, 
· · · ~ · ~qr.f ( i, j) · ' 

~ " .. ' . 
E; = 1,,;Nq;, i =ME+ l, 

(11) 
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where ME is a number of emulated energies for Gamma or Proton showers, N s is 
a nu1¥b~r of sensors. The system (12) has dimension ME(N, + 1).The functions 
q;,;0 (a;,r0;,,;,a;,ri) are defined in equations (6,8). The connection between the num
~~t ?{ photons and the energy of the primary particle is defined from equations (8,9). 
The emulated quasiexperimental data for photons distribution q;'~ ( i, j) were obtained 
with code ,;CORSIKA" [2] in the energy interval 3 1010 - 3 1012 eV for primary Gamma 
a~d 3 1011 - 3 1012 eV for primary Proton. The errors (weights) liqr~(i,j) include 
t~e shower development fluctuations and constant reception value 30%. 

The solution of the system of equations (12) is illustrated in Fig. 3 using the ap
proximation of the emulated data by function (10). 

The energy dependence of model function parameters a;, r 0;, 'Y;, a;, i,,; is given in 
Fig. 3. 

For primary Protons the parameter r0 = 0. This is the reason why its behaviour is 
not presented in the left picture of Fig. 3. 

The energy dependence of the parameters a, r 0 , ,, a, i,, on energy E is studied with 
the help of the system (12) 

XPiG - F.!'•G(B:•G E·) 
•,J ' ' ' J - 0 
LiF't,0 (B['0 ,Ei) - ' 

(12) 

where the index i means a, r'Jl ,, a, i,,, j=l, ... , ME for, respectively Proton and Gamma 
primaries and the errors LiF; •0 (B['0 , Ei) are obtained from the solution of the system 
(12) (Sea Fig. 3). As a result functions (13) are obtained 

X['0 (E) = L,B{,•0 1n(E)(l-ll, (13) 
I 

where the parameters B[,.G are solutions for every f,;° case of (12). 
Inserting results (13) in function (10) one can obtain an analytical function of energy 

E and distance r from the shower axis which describes the ACL flux distribution in 
EAS: 

q;,;0 (E,r) = q;,;0 (a(E),r0 (E), 1(E),a(E),r). (14) 

The connection between the number of photons Nq in the shower and the energy 
of the primary particle E is 

{2u(E) PG 
E = 2-ircos(0)i,,(E) lo rq11; (E,r)dr. (15) 

Solving the system (12) with functions (14) for the only one unknown parameter 
Eout, one can test these functions describing the emulated data of shower distribution 
and their inputted energy spectra E;n- Fig. 3 illustrates the results of this test with 
the behaviour of the function (16) 

E 
E;n-Eout 

lin = 
E;n 

(16) 

Taking into account the comparisons illustrated in the above figures it becomes 
clear, that the ACL flux can be describecl with functions (14) depending only on nature 
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Figure 1: The correspondence between the theoretical model functions and emulated 
data for primary Gamma and Proton showers 
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Figure 2: The energy dependence of the model function parameters for primar~· Gamma 
and Proton initiated showers 
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(Gamma or Proton), the energy E of the primary particle and the distance r from the 
axes shower.The functions (14) describes well the emulated data in the chosen energy 
interval and differentiates perfectly the showers initiated by Gamma or Proton. 

The Fig. 3 illustrates the difference between the behaviour of primary Gamma or 
Proton initiated showers. 

4 The functions qi,{G(E, R(x, y, z; xo, Yo, 0, cp)) 

The substitution r➔ R(x, Y, z; Xo, Yo, 0, t.p) in functions (14) gives. the functions (17) 

q;,;G(E, R(x, y, z; xo, Yo, 0, i.p)) (17) 

for the Cerenkov light distribution in the coordinate system connected with the 
given detector displacement of the telescope. 

To test.the quality of the model, we solve ME tim~s the system 

P,G(E R(- - -. 0 )) PG( . . ) qth i, Xj,Yj,Zj,Xo.,Yo., i,'-Pi -qe,;, i,J _
0 

t:.qf~(i,j) - ' 
(18) 

{2cr(E;) PG 
E; = 21rcos(8;)11:(E;) lo . rq1,;, (Ei,r)dr, 

where i=l, ... ,ME, j=l, ... ,N. and in the right ·part of (18) are emulated shower mean 
distributions in every j'th sensor with energies E; from the spectra, the variables 
x0,, y0,, 0i, '-Pi are random numbers from the chosen intervals for distance and angles 
and the errors t:.qf~(i,j) include the shower development fluctuation values and con
stant reception value equal to 30%. 

Figures 5-7 illustrate the correspondence between the inputted values for the emula
tion random E;, x 0,, y0,, 0;, '-Pi in formula (17) and the values obtained for them from the 
solution of the system (18) for the Gamma and Proton primeries in the set with sensors 
displaced at constant distance, ME= 520, Ns = 81. The telescope area is 0.2x0.2 km2 

, the emulated showers parameters are from the· energy intervals: 3 1010 :::; Ei :::; 3 1012 

e V for primary Gamma and 3 1011 ::::'. Ei :::'. 3 1012 eV for primary Proton, J x0; J:::; 0.4 
km, I Yoi 1::::: 0.4 km, o:::; 0i::::: 12°, I '-Pi 1::::: 180°, .i = 1; ... , ME. 

The next Fig. 4 illustrates the behaviour of the functions !::.rmeanand t:.E1;n in the 
case of initiating Gamma primaries. The last point of the graphics are the functions 
r mean and E1in for all interval of r and E correspondingly. 

5 Detector displacement according to a new Spiral 
set 

The quasiexperimental data emulated with 30% reception value of sensors acceptance, 
which correspond to the real uncertainties in the experiment are emulated like in the 
previous section, the detectors displacement being chosen to be a new Spiral one. 

The Figures 9, 10 illustrate by excellent way the advance of the proposed detector 
displacement according to a Spiral set. 
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6 Conclusion 

A new method of estimating primary cosmic ray characteristics, based on the reg
istration of Cerenkov light flux in EAS at given observation level is proposed and 
developed. The flux is described with the model functions defined on the basis of anal
ysis of experimental data, obtained using the wide angle telescope "Hotovo" [1]. The 
energy dependencies of the function parameters were studied for Proton and Gamma 
primaries using the emulated data obtained with the code "CORSIKA" for the energy 
interval 3.1010-3.1012 eV. 

Cherenkov light lateral distribution for Gamma and Proton showers is obt.ain<'d 
like a function only of the measured variables: the nature and energy of th<' primar~· 
particle and the parameters of the shower axis x0 , Yo• 

It is shown that the detector displacement according to a new Spiral set 1wrmits 
one to estimate more precisely and effectively the shower parametC'rs in romparison 
with the usual uniform displacement. 

The new method can be applied for different detector arrangements of EAS arrays. 
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