A method for energy estimation and mass composition determination of primary Cosmic rays at Chacaltaya observation level based on atmospheric Cerenkov light technique

S. C ht. Mavrodiev 1 , A. Mishev 1,2,*

, J. Stamenov 1

1 INRNE - BAS, 72 Tzarigradsko chose, 178 4 Sofia, B ulgaria

2 LIP av. Elias Garcia 14 - 1, 1000 - 149 Lisboa Portugal

PACS: 96.40.De, 96.40.Pq

Keywords: Cosmic Ray, Ex tensive Air Showers, Atmospheric Cerenkov Technique

* Correspondingauthor: LIP, av. Elias Garcia 14 - 1, 1000 - 149 Lisboa PortugalTel (+ 351)

217 973 880; fax : (+ 351) 217 934 631;

e - mail: aleksandar. mishev@cern. ch

Abstract: A new method for energyand mass composition estimation of primarycosmic rayradiation based on atmospheric Cerenkov light flux in extensive air showers (EAS) analysis is proposed. The Cerenkov light flux in EAS initiated byprimaryprotons and iron nuclei is simulated with CORSIKA 5.62 code for Chacaltaya observation level (536 g/cm 2 ) in the energyrange 10 TeV ˘ 10 Pe V. An adequate model, approximation of lateral distribution of C erenkov light in showers is obtained. Usingthe proposed model and solution of overdetermined system of nonlinear equations based on Gauss Newton method with autoregularization, two different arraydetector arrangements are compared.

The detector response for the detector sets is simulated. The accuracies in energyand shower axis determination are studied and the correspondingselection criteria are proposed. An approx imation with nonlinear fi t is obtained and the energydependence of the proposed model function parameters is studied. The approx imation of model parameters as function of the primaryenergyis carried out. This permits, takinginto account the properties of the proposed method an d model, to distinguish proton primaries from iron primaries. The detector response for the detector sets is simulated and the accuracies in energydetermination are calculated. Moreover the accuracies in shower axis determination are studied and criteria in shower ax is position estimation are proposed.

ArXiv: Astro

-ph/0310651 v.2 22 Oct

2003

� arXiv:astro-ph/0310651 v2 23 Oct 2003

2

1. Introduction

In cosmic rayphysics are manyinterestingproblems such as their origin, acceleration and interactions. One of the principle problems in the field of primarycosmic ray investigations is th e energyspectrum and mass composition precise determination. This is veryimportant in order to obtain some information about the cosmic rayorigin, propagation mechanisms and interstellar matter. In the region of ultra high energies only indirect measure ments are possible. The estimation of the energyand the nature of the primaries based on ground observations is verydifficult, because the high level of the shower development and the ex perimental noises, connected with EAS. The development of independen t or not used previouslytechniques can give us more effective methods, for example, on the basis of inverse problem solutions.

Other veryimportant aim is the statistic amelioration. One of the possible techniques of investigation is based on atmospheric Cerenkov light measurements in EAS, precisely obtainingthe lateral distribution function.

At Chacaltaya observation level 536 g/cm 2 the possibilityto determine the mass composition of primarycosmic rayradiation usingdifferent lateral distributions o f EAS components, their fluctuations at different distances seems acceptable [1]. So the decision to use atmospheric Cerenkov technique is taken in attempt to check some new possibilities for primarycosmic rayinvestigation .

2. The method

In the general case the lateral distribution function of Cerenkov light in EAS depends on the energyE and the type of the initiatingprimaryparticle, the distance R from the shower axis, the observation level the height of first interaction etc�

(1)

0

( , , , , , , )

Q Q R E H H

q j a = where R is t he distance from the shower ax is, E the energyof the initiated primary

particle, , q j are the astronomical coordinates of the shower (zenithal and azimuthall

angles), H the observation level, H

0 is the level of the shower birth (the beginningof the

cascade) and a is a parameter, which depend of the type of the primaryparticle.

For a concrete ex periment (for exemple the HECRE proposal at Chacaltaya) [2] the

observation level is given. In the case of simulated events the level of fi rst interaction is

part of the physical fluctuations of the processes and per consequence it is included in the

model . I n the case of vertical events the dependece of the zenithal angle not ex ist nor the

azimuthal. Finallythe lateral distribution of Ceren kov light densities is function of R , the

distance fromthe shower ax is and a few parameters p, which are function of the type and

thyenergyof the primaryparticle in terms above

(2)

With CORSIKA [3] code usingthe VENUS [4] and GHEISHA [5] like ha dronic models

at Chacaltaya observation level 536 g/cm 2 in the energyrange 10 Tev ˘ 10 PeV for proton

and iron primaries few charateristiques of EAS are simulated, preciselythe Cerenkov

light flux densities, muon, hadronic and electromagnetic component . One large detector

800x800m is used to obtain the lateral distributiuon of C erenkov light. The aimis to

reduce the statistical fluctuations.

There are few reasons to choose this observation level. First of all the ex isting

experimental proposal HECRE [2] . This observation level is near to the shower

maximum and the fluctuations in the shower development are not so important and it is

possible to obtain more flat functions.

For each energy500 EAS are simulated. The obtained lateral distributions of Ceren kov

light densities are presented in fig.1 (dote lines). Near to the shower ax is the lateral

distribution has more or less plate max imum and after several hundred meters (depending

on the primaryand its energy) it is exponentially decreasingto zero. The model function

of the atmospheric Cherenkov light distribution has to be in a class of functions with such

behavior . Different criteria are used to search the model function. It´s clear that the model

( ) [ ]

a , , E p R Q Q = must be a good fit. For the proposed method is veryim portant that the behavior of model

parameters in function of the energyis monotone. Finallythe model must be an

integrable function [6, 7].

UsingR EGN [8] code and solvinginverse problem - overdetermined system of equations

the approx imation based on G auss Newton method with autoregularization is carried out

fig.1 (solid lines). The proposed approximation is in the class of Breit Wigner function.

ú ú

û ù

ê ê

ë é

+

÷

÷

ø ö

ç ç

è æ -

+

÷

÷

ø ö

ç ç

è æ

= ú ú

û ù

ê ê

ë é

÷ ÷

ø ö

ç ç

è æ -

+ ÷ ÷

ø ö

ç ç

è æ

+

-

+ -

g s

g g g s g g g g

2 2

0

2

2

0

2

0

) (

R r R R e e

R Q r R R r R R

a

(3)

1 1 0 1 0 0

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

1 0 7

1 0 8

Q ( R ) [ p h o t o n / m 2]

R [ m ]

1 0 1 6 e V

7 . 1 0 1 5 e V

5 . 1 0 1 5 e V

2 . 1 0 1 5 e V

1 0 1 5 e V

7 . 1 0 1 4 e V

5 . 1 0 1 4 e V

2 . 1 0 1 4 e V

1 0 1 4 e V

7 . 1 0 1 3 e V

5 . 1 0 1 3 e V

2 . 1 0 1 3 e V

1 0 1 3 e V

Fig.1 Lateral distribution of Cerenkov light (do te line) simulated with Corsika code

and the obtained approx imation (solid line) for primaryprotons

1 0 1 3 1 0 1 4 1 0 1 5 1 0 1 6

0 , 0 1

0 , 1

1

1 0 p a r a m e t e r v a l u e

E [ e V ] a

g

s

r

0 k

Fig.2 The model parameters values for primaryprotons in function of the energy

where R is the distance from the shower ax is , and s , g , a and r

0 are the model parameters.

In the model is used that the energyof the incident primaryparticle is equal to the total

number of Cerenkov photons at the given observation level multiplied bya parameter k.

) (

q

N f E k = (4)

where N

q is the total number of Cerenkov light photons

ò = dR R Q N

q

) ( 2 p (5)

This is the main reason to search an integrable function for the model. The behavior of

model parameters in function on the energyis presented in fig.2.

After that the mo del parameters are also approx imated and replaced with their

approximations in the initial model. The difference between the initial fit and final is less

then 2%. The result is that finallywe have a model onlywith two variables R and E.

Similar calcula tions are carried out for iron primaryparticle. The lateral distributions for

different incident particles are different (see fig. 3), nevertheless the same model function

(see eq. 3) is used for the approximation, because the different values of function

parameters for different primaries. The results are presented in fig. 4 (dote lines are the

simulated with Corsika lateral distributions and the solid lines are the obtained

approximation). The difference between proton and iron in model parameter behavio r in

function on the energyis presented in fig.5. The strongnonlinearityof the model and this

difference permits to distinguish the initiatingprimaries (proton fromiron) on the basis of

the different c 2 . For ex ample the c 2 for protons became 10 times larger usingthe

parameterization of the iron fit .

So one can summarize: for simulated with Corsika code data at Chacaltaya observation

level 536 g/cm 2 a model approx imation of the lateral distribution function of Cerenkov

light in EAS is obtained for dis tances up to 450 m from the shower axis. This model is

obtained for proton and iron primaries in the veryinterestingenergyrange - the region

around the knee.

1 1 0 1 0 0

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

1 0 7

1 0 8

Q ( R ) [ p h o t o n / m 2]

R [ m ]

P r o t o n 1 0 1 3

P r o t o n 1 0 1 4

P r o t o n 1 0 1 5

P r o t o n 1 0 1 6

F e 1 0 1 3

F e 1 0 1 4

F e 1 0 1 5

F e 1 0 1 6

Fig.3 Difference between primaryproton and iron lateral distribu tions of Cerenkov light

1 1 0 1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

1 0 7

1 0 8

p r i m a r y i r o n

Q ( R ) [p h o to n / m 2]

R [m ]

1 0 1 6 e V

7 . 1 0 1 5 e V

5 . 1 0 1 5 e V

2 . 1 0 1 5 e V

1 0 1 5 e V

7 . 1 0 1 4 e V

5 . 1 0 1 4 e V

2 . 1 0 1 4 e V

1 0 1 4 e V

7 . 1 0 1 3 e V

5 . 1 0 1 3 e V

2 . 1 0 1 3 e V

1 0 1 3 e V

Fig.4 Lateral distribution of Cerenkov light (dote line) simulated with Corsika code

and the obtained approx imation (solid line) for primaryiron

10 13 10 14 10 15 10 16

0,01

0,1

1

10

P a ra m et er valu e

E [e V ] iro n a p ro ton

iro n g p ro ton

iro n s p ro ton

iro n r

0 p ro ton

iro n k p ro ton

Fig.5 Difference between pr oton and iron for the model parameters behavior in

function of the energy

3. Detector response simulation

The proposed model gives the possibilityto simulate the detector response of

atmospheric Cerenkov detectors and calculate the accuracies in energyes timation using

quasiexperimental data. The first one is accordingHECRE proposal fig.6 . This is a

uniform set of 49 detectors like AEROBICC [9].

- 6 0 - 4 0 - 2 0 0 2 0 4 0 6 0

- 6 0

- 4 0

- 2 0

0

2 0

4 0

6 0

H E C R E

Y [ m ]

X [ m ]

Fig.6 HECRE detector array

-8 0 -6 0 -4 0 -2 0 0 2 0 4 0 6 0 8 0

-8 0

-6 0

-4 0

-2 0

0

2 0

4 0

6 0

8 0

S P IR A L

Y [m ]

X [m ]

Fig.7 SPIR ALdetector arr ay

-80 -60 -40 -20 0 20 40 60 80

-80

-60

-40

-20

0

20

40

60

80

-80 -60 -40 -20 0 20 40 60 80

-80

-60

-40

-20

0

20

40

60

80

Y [m ]

X [m ]

H E C R E

S p ir al

Fig.8 Difference between HECRE and SPIRAL

The obtained approximation function gives the number of Cerenkov photons per m 2 and

it is possible to calculate the number of C ernkov photons in detector takinginto account

the dete ctor surface. A proper code is developed for simulation the detector response. The

energyof the shower is simulated accordingstep spectrum, an uniform azimuthall angle

distribution and uniform distribution of shower axis in the field of detectors. After that

this number of C erenkov photons in the detector is recalculated, accordingPoisson or

Gauss distribution dependingof quantityof Cerenkov photons in the detector.

The first simulation is made out for 5000 events primaryprotons in veryinteresting

e nergyrange around the knee. One more time an inverse problemsolution is carried out

with the simulated events in two cases 30% and 50% additional systematic error. This

error summarize all systematic and registration errors of the device. Similar

investi gations are made for second one type of detector displacement spiral detector

(logarithmic spiral without few point near the center) fig.7. The difference between two

detector sets is show in fig.8.

4 0 5 0 6 0 7 0 8 0 9 0 1 00 1 10 1 20 1 30 1 40 1 50 1 60

-0,05

0 ,0 0

0 ,0 5

0 ,1 0

0 ,1 5

0 ,2 0

0 ,2 5

4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0

-0,10

-0,05

0 ,0 0

0 ,0 5

0 ,1 0

0 ,1 5

0 ,2 0

5 0% r eg is tr atio n er r o r

E / E

R [m ]

3 0% r eg is tr atio n er r o r

H E C R E

S P IR A L e n e rg y es ti m atio n ac cu r a ci es

E /E

R [m ]

Fig.9 Energyestimation accu racies for HECRE and SPIRALfor different shower ax is

from the center of detector array

The number of solute events in both cases are similar nevertheless the less number of

detectors in SPIRAL. In fig. 9 are presented the obtained accuracies in energyes timation

in the case of 30% and 50% registration error and shower ax is at distances from center of

the array50, 100 and 150m. The obtained accuracies for energyestimation are less then

15%.

Moreover, an additional simulation with simplified mixed mass co mposition containing

70% protons and 30% iron is carried out. This permits additionallyto checkthe mass

composition determination and energyestimation simultaneously. In this case the relative

number of solute events diminishes with only5 %, compared w ith similar results for

energyestimation accuracyestimation.

The case when the obtained c 2 is bigaccordingthe method criteria and it is impossible to

give anyinformation about the primarythere are showers with bigfluctuations or big

registration er ror and the shower axis are more then 100 mfrom the center of detector

array.

Usingthe obtained c 2 we propose criteria, which permit to estimate with adequate

precision the shower ax is (fig.10) and solve the problemof energyestimation of showers

with a x is far awayfrom the detector center.

40 50 60 70 80 90 10 0 11 0 12 0 13 0 14 0 15 0 16 0

0, 02

0, 03

0, 04

0, 05

0, 06

0, 07

0, 08

0, 09

40 60 80 10 0 12 0 14 0 16 0

-0,10

-0,05

0, 00

0, 05

0, 10

0, 15

0, 20

R [m]

50% err or in reg istration

R

R [m]

30% err or in reg istration

H E CR E

S P IRAL axis d etermin atio n accur acy

R

Fig.10 Shower ax is determination accuracies for HECRE and SPIRALfor different

shower axis fromthe center of detector array

Conclusion

The lateral distributions of atmospheric Cerenkov Light in EAS initiated byprotons or

nuclei ions nuclei with energies 10 TeV - 10 PeV were obtained with help of the Corsica

code [3], usingVENUS [4] and GHEISHA [5] hadronic models for C hacaltaya

observation level 536 g/sm 2 . The lateral distributions we re approximated with nonlinear

function, which analytical form and parameters values were obtained bysolving

overedetermined systems usingREGN code [6]. The obtained solutions permit to

estimate the energyand the nature of the initiatingprimaryparticl e.

Additionallyare analyzed two possible detector displacement of the correspondingEAS

array. It is shown, that the uncertainties bythe primaryenergyestimations not ex ceed 15

˘ 20 % and the reached shower axis coordinates accuracyis sufficient to app lythe

proposed new EAS selection parameters based onlyon Cerenkov light measurements in

EAS [10]. Moreover it is shown, that the proposed method gives the possibilityto

separate EAS initiate byprimaryprotons and ions nuclei in quasi real time usingon lythe

information from 30 detectors displaced accordinga spiral set to 150 m from the array

centre at observation level 536 g/sm 2 .

In future deeper observation levels will be analyzed with the same method in attempt to

studyits applicabilityfor other EAS components for researched the energydistribution

and chemistryof cosmic ray.

Acknowledgements

We are thank full of IT division at INRNE for the given computational time and

assistance.

Bibliography

[1] M. Brankova, A. Mishev J. Sdtamenov, Il Nu ovo Cimento C, Vol. 24, 525 - 530

[2] O. Saavedra and L. Jones, invited talk at Chacaltaya Meetingon Cosmic RayPhysics,

La Paz, 23 - 27 July, (2000). Il Nuovo Cimento C vol. 24 July - October, (2001)

[3 ] D. Heck, J. Knapp, J.N. Capdevielle, G. Schatz, and T. Thouw, Report FZKA 6019

Forschungszentrum Karlsruhe (1998)

[4] K. Werner, Phys. Rep. 232, 87, (1993)

[5] H. Fessenfeldt, Report PITHA - 85/02, RWTH Aachen, (1985)

[6] L . Alexandrov, M. Brankova, I. Kirov, S. Mavrodiev, A. Mishev , J. Stamenov,

S.Ushev , comm. of JINR Dubna E2 ˘ 98 - 48, D ubna 1998,

[7] Alexandrov L., M.Brankova, I.Kirov, S.Mavrodiev, A.Mishev, J.Stamenov, S.Ushev

BJP 27 Sipplement 1 (2000) 97 ˙ 100

[8] L. Alexandrov, Journ. comp. math. and math. phys., 11, No 1, 36 - 43, (1971)

[9] A. Karle et al., Astropart. Phys. 3, 321, (1 995)

[10] M. B rankova, A. Mishev and J. Stamenov, Proc. of XXVII ICRC Hamburg, 1968 -

1971,(2001)