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1. Introduction
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Figure1: Distributionsfs (¢;r/rm,E,s) of electron azimuth angl¢ with respect to the shower axis for two
electron energiek within AE/E = 0.15, at two lateral distancegry within Alog(r /ry) = 0.1. Continuous
curve - one primary proton witEy = 10'°eV, dashed - average of 10 iron showers viih= 10'7eV. Left
column: s=1; middle: s= 0.7; right: s= 1.3. Independence of the primary particle’s energy or mass is
seen.¢ = 0 means directions away from shower axis.

In this paper we study various distributions of electronstlfbsigns) in largeEq > 10'%eV)
extensive air showers (EAS), at different levels of showevedlopment. These are the angular
distributions, at different lateral distance$rom the shower core, for electrons of a given energy
E. It was already shown [1, 2] that the electron energy distrdms depend on the shower age
only; they do not depend on the energy or mass of the primanycjea In [3] it was also shown
that the lateral distributions of electrons with differemergies depend only on the shower age,
being independent of the primary particle. Moreover, thay be described by a single, universal
function for any shower age [5]. We studied there [5] therthstions of electron’s radial angles
(in the shower axis - lateral vector plane), but integrateer dhe tangential angles, i.e. those in
the plane perpendicular to the lateral vector, (and therotfey round) and gave an analytical
description of them for any electron enerfyand lateral distance(in gcm~2 or in Moliére radius
r|\/|).

The aim of this paper is twofold: Firstly, to show a univeityalin the sense of the independence of
the primary particle and of the shower to shower fluctuatiofgny electron distribution in a large
shower. Secondly, to give a full description, in a possildynpact form, of the state of electrons in
a shower.

2. Universality of electron distributions

The state of electrons in a shower is uniquely determinechbynumberdfANg(6, ¢,r,E;S)
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Figure 2: Distributionsfg(6;¢,r/rm,E,s) of electron angléd (in deg) fors= 1 for two electron energies
E and two distances/ry. Continous curve - p Z0eV, dashed - averaged of 10x Fe'év, histogram
- one Fe 18%eV. Left half: 0< ¢ < 20° - bigger peaks, 160< ¢ < 1807 - smaller peaks. Right half:
70° < ¢ <90 - bigger peaks, 90< ¢ < 110 - smaller peaks.
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Figure 3: The same as in Fig.2 bat= 0.7 and Fe showers are atf@V.

given for all possibly occupied regions of the five variablEsichANe is the number of electrons
with angles to the shower ax{®, 6 + AB), with azimuthal angle with respect to the axis, ¢ +
Ag), at a lateral distance to the axisr + Ar) (in gcm~2), with energy(E, E 4 AE), and at some
shower ages. We define a functiorf (6, ¢,r,E;s) as follows:

ANg(0, 9,1, E;s) = Ne(s)f (6, ¢,r,E;S)ABAPArAE , (2.1)

whereNg(s) is the total number of electrons at levgel Note that the functiorf (0, ¢,r,E;s) has
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Figure4: The same as in Fig.3 bat=1.3.

been defined for a single shower. However, we will show thatdige showers, i.e. such that the
numbersANg are large (>100)this function isuniversal. This would mean that it is independent of
the primary particle energy or its mass, or even of the fluaina in the shower development.

It is not difficult to show thatf can be represented as a product of functions, each depeoding
one variable and some number of parameters, as follows:

f(0,¢,r,E;s) = fe(E;s)fr (r;E,9)fy(d;1,E,S)fa(6;9,1,E,S) . (2.2)

The variables on the r.h.s. of the semicolons are the paexmetthe functional dependence on the
variables before the semicolons. The functidgasf;, fy and fg are the normalised to unity. They
are distributions : of electron enerfyat a givers, of distance at givenE ands, of the anglep at
givenr, E ands, and of@ at giveng, r, E, ands - respectively.

The energy distributions at various agesE;s) have been found already [1] and parametrised in
an elegant way by Nerling et al [2]. The lateral distributiir /ry; E,s) has also been shown to
be universal [3, 4]. Moreover, in [5] it was shown thiatr /ry; E,s), a function of three variables,
can be represented as a function of only one variable.

It is seen from EQ.2.2 that to prove the universalityanfy electron distribution, represented by
f(6,¢,r,E;s9), itis left to demonstrate that each of the functidg$¢;r,E,s) and fg(0; ¢,r,E,s)

is universal.

To obtain the electron distributions we simulate showerth WORSIKA [6], find the number of
electronsANe(0, ¢,r /rv, E,s) in variable binfAOAPA(r /riy)AE at various ages. (Note thatr /ry

is proportional tar in gcm~2). We restrict ourselves to variable regions where theravast elec-
trons in the shower, i.e. toD< s< 1.3 and 2MeV < E < 200MeV. Showers withEg = 10t eV
and 13%ev were fully simulated i.e. without the thinning procedurehereas at 15eV the thin-
ning was, of course, used.

Fig.1 demonstrates the universality of the distributidpsp;r/ru, E,s) of the azimuth angle of
electrons with two fixed energids = 22MeV and 22MMeV, at two distances/ry for eachE, at
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three shower development levels- 1, 0.7 and 13.

The distributions are shown fane proton shower withEg = 10'°eV and for an average of 10 iron
showers withEg = 10 eV (actually the fluctuations from shower to shower Eyr= 10" eV were
not large, but for comparison with the proton shower it istdreto flatten them out by averaging
over some number of them). We see that essentially there difeoence between the two curves
in any of the graphs of Fig.1. The particular value€adndlog(r /ry ) have been chosen in such a
way as to correspond to two values on both sides of the maxiofiihelogE, and correspondingly
log(r/rm), distributions (the latter describes fraction of elecgamrings with a constant thicknes
Alog(r/rm) = 0.1). At maxima the independence of the primary particle ottersstics is even
better.

Next, we go to the last functiorfg (8;¢,r /ru, E,s), to be checked with respect to the universality
- the distribution of angle$ for fixed values of the parametegsr /ru, E,s. Figs 2, 3 and 4 illus-
trate the independence of the angular distributions ofteles fo(6; ¢,r/ru, E,s) of the primary
particle energy and mass. The chosen regions of the azinmgle @orrespond to the electrons
deflected mostly away from the shower axisx@ < 20°, toward it: 160 < ¢ < 180, and to
those deflected perpendicularlyto 70° < ¢ < 90° and 90 < ¢ < 110°.

The average curve from 10 iron showers with the primary en&g= 10'"ev (10*°eV for
s= 1) agrees very well with that referring to a single protonwaowith 10°¢V. Comparing the
average distribution with that for a single shower, bothEgr= 10'"eV (10'%eV for s= 1), one
can also see fluctuations in individual bins which are duentalkelectron numbers in the bins.
We have checked that the function stays practically the sdome toEg = 10*°eV, although the
relative fluctuations are about 3 times larger than thos®heél/ showers.
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Figure5: Comparison of actual (histograms) and parametrised {lidisgibutionsfy (¢;r/rm,E,s= 1) of
azimuth angleg for two electron energiek = 23MeV andE = 70MeV, each for five values of /ry;
left graph (starting from the flattest)logr/ry = —1.6,—1.1,—0.6,—0.1,0.4; right graph: logr/ry =
—1.8,—1.3,—0.8,—0.3,0.2. One iron shower witliEg = 10'7eV (without thinning).
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3. Describing the universal distributions

—— 0
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Figure 6: Independence d¥; (¢;¢,s= 1) of elec- Figure 7. Comparison of the actual (histograms)
tron energyE or distancer /ry for fixed £ (83.2). and parametrised (lines) distributiofg(&; ¢,s =
One iron shower witlEy = 107V (without thin- 1) referring to those of axial anglé. The same
ning). shower as in Fig.6.

The universality of the electron distributions allows oneundertake the task of finding their
analytical description. We have tried to find a smaller nundferariables on which the functions
fo(¢;r.E,s) and fg(6;¢,r/ru,E,s) depend. For example, we succeded in doing so by repre-
senting f,(r/rw; E,s) as a function of just one variable= r/rg s ~ r/ry E®3exp~08%s-1 [5].

The results presented below concern shower maximum leveld, although some information
concernings = 1 will be given.

3.1 Description of thedistribution fs(¢;r/rm,E,s=1) of azimuth angles ¢.

The histograms in Fig.5 present examples of the distribstig (¢;r/rv,E,s=1) for E = 23
and 7QMeV respectively, for several lateral distaneéesy (different in each case) in a logarithmic
step (see figure captions). In the log-lin scale the didtiding look more or less like a fraction of
the cosine graph. Thus, we describe them in the form

log fy = A+ Bcos(a¢ +Db), (3.1)

where the paramete#s B,a andb have been fitted for four values of electron energyMeV) =
23,39,70 and 124 ; and for each energy- for five values oflog(r/ry) in the most populated
regions. The best fitting linear description is the follog/ifp in degrees):

A=-2

B = (0.76+26-E)+(0.19+E)-log(r/rm)

a= (0.63+118-E)+(0.13+0.32-E)-log(r/rm)

b=6881—E)+126-log(r/rm) whereE isin GeV. (3.2)
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In Fig. 5 the lines represent function (3.1) with the pararsetescribed by (3.2). We can see that
the description does not deviate from histograms by mone 186. ForE > 150MeV it does so,
so a more complicated description of the parameteBs a andb would be needed. Unfortunately,
in this case we have not succeeded in finding less than thrizbles to describe.

3.2 Description of thedistribution fg(0;¢,r/rv,E,s=1) of axial angles 6.
We have found a new variable, defined as

a

= % , wherea > 0andf >0, (3.3)
such thatfg(8; ¢.r/rm, E,s) reduces to a functioRg (¢; ¢,s) of three, instead five, variable§: ¢
ands. We chooseE in GeV and 6 in degrees. Fig. 6 illustrates that it is actually the cade. |
showsF;(&;¢,s) for four values of¢ , ats= 1. For each¢ there are four curves, referring
to four combinations of two electron energiek: = 23 and 70MeV and two lateral distances:
log(r/rm) = —1.4 and—0.7. It is seen that the distributions are essentially inddpahof energy
or distance once the value éfis fixed. However, the parametarsand3 depend org as follows:

a =0615+112-103-¢ —2.4-10%.¢2 and
B =029-18-103.9+42.10°%.¢% where¢ isindegrees. (3.4)

We fit the distributiond= (&; ¢,s = 1) for various¢ in binsA¢ = 10° , with a function

FeEi0.5= 1) = o 35)

The parametersl and y depend ong, as it is obvious from Fig.6, and so do€sthat should
normalise the integral F; (&; ¢,s= 1)d¢ to unity. However, in Fig.7 it is the histograms which
are normalised to unity and the three paramet&rd and y have been fitted independently. We
have found that

logd = 1.06—0.011- ¢ for 20° < ¢ < 150,
=084 for ¢ <20,
= —-059 for ¢ > 150,
y = 1.32—0.45-1og¢ + 0.54-10g°¢ . (3.6)

We have checked that for the best fitted parameters the altedeviate from unity by less than 2%
The best fitted curves are shown, together with actual bigtdns, in Fig. 7. It can be seen that
the description by formula (3.5) is quite satisfactory.

4. Summary

In this work we have demonstrated the universality of bothuder distributions:fy(¢;r/rm,E,s)
andfg(6;9,r/ru,E,s), of electrons with various energi€s, at various lateral distancegry and
at various shower ages
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Together with the universality of the electron energy distiions and of their lateral distributions
this allows us to claim that any electron distribution in eg&ashower is universal. This claim
concerns mainly the variable regions corresponding to thie &f electrons in a shower. A quan-
tification of some deviations of the distributid{8, ¢,r, E;s) for variable regions away from the
most populated needs further work.

We have also parametrised the angular distributionssferl. In the case of the distribution of
the axial angled we have found a variablé = E?0(r /ry) P such thatfe(8;¢,r/ry,E,s=1)
depends actually on only three, instead of five, variables.

Fors = 1 the distributions do not differ much from thosesat 1. However, since the differences
reach sometimes more than 10% , an additional dependen@garhptrisations on ageneeds to
be done.
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