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Abstract

A detailed simulation of the electromagnetic component of extensive air showers generated by 10''-10"° eV photons has
been carried out by means of the EPAS code. We present and discuss the results concerning the longitudinal, lateral and
temporal distributions of electrons and photons down to 1 MeV energy threshold.

© 1997 Elsevier Science B.V.

1. Introduction

The EPAS code is a three-dimensional Monte Carlo
simulation developed to provide an accurate descrip-
tion of the basic properties of the atmospheric cas-
cade initiated by photons (or electrons). Results con-
cerning the longitudinal, lateral, temporal and angu-
lar distributions of shower electrons at 5 MeV thresh-
old energy have been published [1]. However, an
accurate study of the photon component is impor-
tant for y-astronomy, where a good accuracy in the
determination of the arrival direction of air showers
is required. Indeed, photon conversion is widely ex-
ploited in E.A.S. experiments to increase the number
of charged particles and to shrink the time thickness
of the shower front [2]. This investigation is anyway
necessary because in every real experiment shower
photons (a few times more abundant than electrons)
will interact in the sensitive medium of the detector or
in the material surrounding the detector itself.

* Corresponding author.

The present paper is concerned with the properties
of both electron and photon components in air show-
ers initiated by gamma of energy up to 10° TeV. As
compared to results published in [1], where particles
are followed down to an energy of 5 MeV, the code
has been upgraded to follow electrons and photons
down to the 1 MeV range. Bremsstrahlung, Moller
and Bhabha processes involving transfers less than
this cut-off energy are accounted for by means of the
appropriate expressions for continuous energy losses.
As an example we show in Fig. 1 the energy loss
in electron collisions involving transfers less than 1
MeV (dashed line) as compared to the ionization en-
ergy loss according to the Bethe-Block formula (solid
line). More details concerning the physical processes
included in the simulation can be found in [1]. To
allow for comparison with previous calculations, the
geomagnetic field is not taken into account.
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Fig. 1. lonization energy loss (solid line) according to the
Bethe-Block formula. The dashed line represents the energy loss
involving energy transfers less than 1 MeV.

2. Results

We report on the results obtained for the electro-
magnetic component of atmospheric cascades in the
U.S. standard atmosphere, generated by vertical pri-
mary photons of 0.1, 1, 10, 10%, and 10* TeV energy.
The electrons and photons are followed down to a
threshold energy E;, of 1 MeV. The radiation length
of air was taken to be 37.1 g/cm?, the critical energy
go = 81 MeV. Specials runs have been devoted to at-
mospheric depths of 800 g/cm? and of 606 g/cm?,
corresponding to the altitude of many experiments,
EAS-TOP [3], HEGRA [4], CYGNUS [5], CASA-
MIA [6] and AS Tibet array [7], respectively. The
showers concerning the last site have been simulated
at a zenith angle 8 = 20°, corresponding to an effec-
tive depth of 642 g/cm?.

2.1. Longitudinal development and fluctuations

The longitudinal development of the electron
component with Ey, = 1 MeV is shown in Fig. 2.
As discussed in [1], the average number of elec-
trons at a depth ¢t (measured in radiation lengths)
N.(Ey, En, t), where Ey is the energy of the primary
photon, can be described by a modified form of the
Greisen formula

Ne(Eov E!hst)

0.31
=Ae(Emn) —
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Fig. 2. Longitudinal development of the electron component of
photon-initiated showers with E;; = 1 MeV electron threshold
energy (cross: Monte Carlo, solid line: Eq. (1)).
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Fig. 3. Longitudinal development of the photon component of
photon-initiated showers with E;; = 1 MeV photon threshold
energy (cross: Monte Carlo, solid line: Eq. (4)).

where y = In(Ep/e9) and ¢; is the modified depth
according to the expression

h=t+a.(Em). (2)

A (Ey) and a,(E,,) are threshold energy-dependent
parameters. The shower age s, is calculated using the
modified ¢, value
_ 31
h+2y

51 (3)
The longitudinal development of the photon compo-
nent with E;, = 1 MeV is shown in Fig. 3. A satis-
factory description of the average number of photons
NY(EO, E,;,t) as a function of the depth ¢ is provided
by a Greisen-like formula

NV(EO’ th’t)
0.31
= Ay(Eth)_

VY

exp[t2(1 — 1.51Ins2)] (4)
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Table 1
Ewp (MeV) Ae(Erp) ae(Esn) Ay(E) ay(Ewm)
1 0.92 0.00 4.80 -0.88
5 0.75 0.19 2.98 —0.69
10 0.63 0.35 2.13 -0.57
15 0.54 0.45 1.71 -0.45
20 0.50 0.53 1.45 -0.36
50 0.32 0.83 0.74 0.12
100 0.21 1.20 0.41 0.63

where f; is the modified depth according to the ex-
pression 1, =t + a, (Ey), with Ay (Ey) and a,(Ep)
threshold energy-dependent parameters. The shower
age s, is calculated inserting the modified f, value in
Eq. (3). The parameters A.(E), ae(Ewm), Ay(En)
and a,(E;;) are given in Table 1. They can be in-
terpolated for intermediate E;; values with a reason-
able accuracy. These parametrizations are valid in the
depth range 4 < t < 24 for primary photon energies
0.1 < Ep < 10° TeV.

The dependence of the average size N,, N, on the
primary energy is shown in Fig. 4 for 642 g/cm? and
800 g/cm?, figures (a) and (b) respectively. We see
that at a depth of 642 g/cm? the y-component is about
7 times more abundant than electrons for a primary
energy of 100 GeV, this factor decreasing to about
5.5 at 20 TeV. However, this result depends on the
threshold energy E,; of the secondaries (ﬁy /7\79 ~2
for E,;, = 100 MeV) as confirmed by the dependence
of A,(E) and A, (Ep) on Ey, (see Table 1). More-
over, the ratio N,/ N, decreases if the comparison is
restricted to a small area around the shower core. For
instance, we get N, /N, ~ 3.5 at a distance r < 50
m from the core for 100 GeV showers. This result is
due to the different lateral spread of the electron and
photon components as shown in the next section. A
similar behaviour is found at the depth of 800 g/cm?,
the ratio N, /N, changing from ~ 7 at 10 TeV to ~ 6
at 10° TeV.

The distribution of electron and photon numbers
around the average values N, and N, follows a rather
complicated evolution. The fluctuation reaches a min-
imum at depths slightly greater than the depth corre-
sponding to the maximum development of the shower,
the effect being more pronounced for the photon com-
ponent. This is shown in Fig. 5 where the dependence
of the dispersion o, /N on the atmospheric depth ? is

5 [ T T —]
107 ¥ o 3
C a 4 ]
b L (a) . o ]
E o E
F ° o ]
& 108 E o ° 3
= 2 L0 3
0. 0 E
F © photons 7
10! (- © © electrons
100 Lol ] et ] .
102 103 10%
E (GeV)
7
10 ?.n‘ T — T T TTTT T
E o
106 (b) °
E o
C o o)
=~ 10° = ©
'y ; o
4 Lot L . °
@ o © photons
103 e O electrons
102 Lol \ ceenld el .
104 105 108
E (GeV)

Fig. 4. Average size versus primary energy at depths of 606 g/ cm?,
6 =20° (plot (a)) and 800 g/cm? (plot (b)).

plotted (0% = (30 (N;i — N2 /(n—1)).

In [1] we have found that the size N, is distributed
according to a log-normal distribution. In a real ex-
periment we can expect a contribution from sampling
fluctuations, due to the finite size of the detector. Lo-
cal fluctuations have been studied coupling the EPAS
code to a set of detectors placed at 16 different points at
distances ranging from 1 to 100 m around the shower
core. Detectors of area 1, 4, and 10 m? have been con-
sidered. The results can be summarized as follows:

(1) At fixed size N, no substantial correlation be-
tween the number of hits on different detectors does
exist for detectors more than 10 m apart, the correla-
tion coefficient being ~ 0.1-0.2. At closer distances
this coefficient increases. As an example, for 102 TeV
showers sampled at a depth of 800 g/cm?, the scat-
ter plot (n;,nz) - being n; and n; the number of hits
recorded by 1 m? detectors about 2 m apart near the
shower axis — provides a coefficient ~ 0.8;

(2) The number n, of electrons incident onto a
surface S at a distance r from the shower axis fluctuates
according to a binomial law
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Fig. 5. 04/N versus depth in atmosphere for different primary
photon energies, for electrons (upper plot) and photons (lower
plot).

I)(’iea )Ve)
N, -
= (n >[peS]"‘(l — [peS]Neme (5)

e

where N, is the total size and [p, - §] = [ p.(r)do,
being p.(r) the normalized particle density. In Fig.
6 the distribution of the number of hits for 102
TeV showers at 800 g/cm?, sampled by a detec-
tor of 4 m? area at a distance r = 10 m from the
shower core, is compared to the distribution p(»n,) =
[ P(n.,N,) f(N.)dN,, where f(N,) is the size dis-
tribution of the sampled showers. The agreement is
fairly good.

2.2. The lateral distribution

The determination of the arrival direction and of the
primary energy of air showers sampled by a detector
array, makes use of the lateral distribution function
over a wide range of distances. The lateral distribu-
tion function for a lead covered array may differ from
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Fig. 6. The distribution of the number of hits on a 4 m? detector
at a core distance of 10 meters for 10> TeV showers at 800 g/cm?
(histogram: Monte Carlo result; solid line: Eq. (35)).

that for the same unleaded array. Therefore it is impor-
tant to study both the lateral spread of electrons and
photons as a function of the threshold energy. In [1]
we have found that the lateral density distribution of
the electron component of photon-initiated showers is
well represented by a modified Nishimura-Kamata-
Greisen (NKG) formula

r
f ("‘,_ » 83, EO)
™
r 53—2 r 53—4.5
=C(s3) [TJ [—,—+1] (6)
"M "'m
since the distributions obtained via the original NKG
formula look considerably flatter. Here r}, = ry/2,
ry is the Moliere radius, and s3 is the modified age
parameter

_ 31
t3+ 2y

where t3 =t + b, (E,;;), with the parameter b, (Ey;)
depending on the electron threshold energy.

The normalized lateral density distributions of the
electron component of photon-initiated showers are
shown in Fig. 7 for different primary energies (0.1
TeV-10° TeV) and depths of 606 g/cm? (8 = 20°)
and 800 g/cmz, figures (a) and (b) respectively.
The electron threshold energy is 1 MeV. The reported
points refer to the function p,(r) = 4.(r) /N,, where
N, is the total number of electrons, r the distance from
the shower axis, and 4,(r) the local density of elec-
trons. Monte Carlo data are well represented by the

(7

53
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Fig. 7. Lateral distribution of the electron component of showers
generated by photons of different primary energies at two depths:
606 g/cm?, § = 20° (a), and 800 g/cm? (b). The electron
threshold energy is 1 MeV. The lines show the modified NKG
formula (6) compared to the results of the Monte Carlo simulation.

function f(r/rjw)/r’,zw (solid lines), where f(r/r},)
is the modified NKG formula (6). The Moliere length
ra is 100 m at 800 g/cm? and 133 m at 606 g/cm?.
The values of the parameter b, (E,;) are given in Ta-
ble 2 for different electron threshold energies. They
refer to the depths of 606 and 800 g/cm?. The validity
at notably different depths has not been checked.

On the contrary, the lateral distribution of the pho-
tons agrees fairly well with the original NKG formula
simply modified in the depth parameter. The normal-
ized lateral density distribution of the photon compo-
nent of gamma-initiated showers is shown in Fig. 8
for different primary energies (0.1 TeV-103 TeV) and
depths of 606 g/cm? (8 = 20°) and 800 g/cm?, fig-
ures (a) and (b) respectively. The photon threshold
energy is 1 MeV. The reported points refer to the func-
tion p,(r) = A,(r)/N,, where N, is the total number
of photons, and 4,(r) the local density of photons.
Monte Carlo data are well represented by the func-
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Fig. 8. Lateral distribution of the photon component of showers
generated by photons of different primary energies at two depths:
606 g/cm?, 6 = 20° (a), and 800 g/cm? (b). The photon threshold
energy is 1 MeV. The lines show the modified NKG formula (see
text) compared to the results of the Monte Carlo simulation.

Table 2
Eyp (MeV) be(E) by (E)
1 0.45 0.83
5 —1.22 —1.49
10 —2.57 —345
15 —3.48 —4.60
20 —4.22 —-5.51

tion f(r/ry)/ri (solidlines), where f(r/ry) is the
NKG formula with the depth calculated according to
the relation #4 = ¢ + by (Ey;) . The parameter b, ( Eyp),
depending on the photon threshold energy, is given in
Table 2.

We emphasize that, for the photon component, ry,
to be used in the modified NKG formula (6) is just
the Moliere radius. This result confirms that, at least
in purely electromagnetic atmospheric cascades, the
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Fig. 9. Time distributions of the electron and photon components
of 10? TeV photon-initiated showers at 800 g/cm? as a function
of the core distance. The threshold energy is 1 MeV.

shower photons are spread farther from the shower
core than the electrons, a consequence of the fact that
photons do not lose energy by ionization and can travel
at larger distances than electrons.

2.3. Time structure

The arrival time distribution of the shower particles
is strongly dependent on their energy as well as on the
distance from the shower core. Time fluctuations may
be relevant for low energy particles and increase with
the distance from the shower axis. These effects are
clearly shown in Fig. 9 where the time distributions
of the electron and photon components of 10? TeV
photon-initiated showers at 800 g/cm? are plotted as
a function of the core distance (E;; = 1 MeV). The
time delay is calculated relative to the arrival time of
a photon moving along the primary direction. The re-
sults are obtained by integrating the time information
from r — 5 to r + 5 (r in meters). The photon distri-
butions are characterized by longer tails as compared
to the electron distributions, the spread increasing no-
ticeably at great distances to the shower core. As an
obvious consequence the average delay (f) of pho-

40:|. T M B R H"|H_
L ° ]
+ O electrons ]
F © photons g
30— ° -
—~ <@ h
) ]
£
- s e} 1
A} 20 - ° —-
Hd) r - o
v L 1
° =] <
F o 1
10 — o —
- ° 4
o
® ]
o ]
okl b L]
0 20 40 60 80 100

r (m)

Fig. 10. Comparison of the average time delay {¢) of the electron
and photon components of 102 TeV photon-initiated showers as a
function of the core distance at 800 g/cm?. The threshold energy
is 1 MeV.
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Fig. 12. Average time delay of the electron (a) and photon (b)
components for different primary energies at a depth of 800 g/cm?.

tons is greater than that of electrons at large r. This is
shown in Fig. 10 where the average delays of electrons
and photons (E,;, = 1 MeV) in 10% TeV showers at a
depth of 800 g/cm? are compared. The slope d{t)/dr
remains constant for electrons over distances up to 100
m, while increasing for the photon component at dis-
tances greater than about 40 m. At a given sampling
depth this effect is only marginally dependent on the
energy of the primary photon, as shown in Fig. 11
(606 g/cm?, @ = 20°) and Fig. 12 (800 g/cm?). On
the contrary the dependence on the threshold energy
- see Fig. 13 (E = 10 TeV, 606 g/cm?, § = 20°) and
Fig. 14 (E = 10 TeV, 800 g/cm?) - is remarkable,
confirming that large delays are associated to low en-
ergy particles. Since the fraction of low energy pho-
tons increases faster than the number of low energy
electrons, the effect is more important for the photon
component. The results of Fig. 13 and Fig. 14 show
that this difference disappears at threshold energies of
about 15 MeV or more.

Previous results confirm that, at least in the en-
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Fig. 13. Average time delay of the electron (a) and photon (b)
components for different threshold energies at a depth of 606
g/cm?, 6 =20°. The primary photon energy is 10 TeV.

ergy range concerned in the present investigation, the
shower time spread, at a given depth, is only slightly
dependent on the primary energy, being mainly a func-
tion of the energy of the secondaries. This is just what
it is expected since the time spread is determined by
the mean scatter of the trajectory lengths of the elec-
trons. The ‘photon disk’ has a greater content of low
energy particles than ‘electron disk’, hence its thick-
ness (see Fig. 9) is more pronounced at an energy
threshold as low as I MeV. An important consequence
is that the thickness of the shower sampled by a de-
tector could depend on its energy threshold and on the
efficiency for photon conversion.

The arrival time #; of the earliest particle hitting a
circular area at a distance r from the shower core pro-
vides the information concerning the time profile of
the shower front. The mean value (¢;) (averaged on
many showers) as a function of the core distance is
shown in Fig. 15 (E = 10 TeV, 606 g/cm?, § = 20°,
plot (a) and E = 102 TeV, 800 g/cm?, plot (b) ). Also
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g/cm?. The primary photon energy is 102 TeV.

in this case, the results are obtained by integrating the
time information from » — 5 to r + 5 (r in meters).
It appears that the shower front assumes a parabolic
shape more pronounced for the electron component
than for the photon component. Moreover, the shower
time profile at a given depth depends on the energy
of the primary photon, as shown in Fig. 16 (depth =
800 g/cm?). At distances less than 100 m from the
shower core previous results are only marginally sen-
sible to the energy threshold since the time profile is
essentially determined by the high energy component
of the shower. Hence, the dependence of (71} on the
core distance at different depths can be inferred from
Fig. 20 of [ 1] which has been obtained for a threshold
energy of 5 MeV.

The fluctuation of #, around its average value (f;)
looks quite small (see Fig. 19 of [1]), however in
comparing these results to experimental data it is nec-
essary to take into account the combined effect of the
finite size of the detector and of its time resolution.
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Fig. 15. Average arrival time (1) of the first particle as a function
of the core distance for the electron and photon components. Plot
(a) and (b) refer to £ = 10 TeV, 606 g/cmz, # = 20° and to
E = 10% TeV, 800 g/cm?, respectively.

Simulations have been performed by considering de-
tectors of area 1 m? and 10 m2 placed at 15, 35, and
55 m from the shower core. A time resolution of 1 ns
has been taken and a time offset of 10 ns has been
added. Showers of energies 10 TeV and 10? TeV have
been sampled at 606 g/cm?, @ = 20° and 800 g/cm?,
respectively. The results are shown in Fig. 17 and
Fig. 18 where the integral time delay distribution of
the foremost particle is plotted. The finite size of the
detector and its time resolution determine a smearing
of distribution of #;. This effect clearly depends on
the average number of sampled particles, so that is
more relevant at great distances from the shower core
mainly for small size detectors. The time distribution
of the foremost particle appears narrower for the pho-
ton component than for the electron component, the
effect being more pronounced as the distance from
the shower core increases. These results suggest the
use of a photon converter to improve the prompt tim-
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Fig. 16. Average arrival time of the earliest electron (a) and of the
earliest photon (b) as a function of the core distance for primary
photons of different energies at a depth of 800 g/cm?.

ing of detectors of an EAS array. The experimental
finding of reduced time fluctuations in arrays with de-
tectors covered by a lead sheet [2,5,7] confirms that
the timing properties of the photon component can be
successfully exploited. However, the time fluctuations
observed in a real experiment are expected to be very
specific to a given array, depending on the detector
size, time resolution of the recording system, converter
thickness and on the particle density of the sampled
showers.

3. Conclusions

A comparative study of the development of elec-
tron and photon components in atmospheric cascades
initiated by photons in the 0.1-10° TeV energy range
has been performed. Our findings can be summarized
as follows:

(1) A difference in the longitudinal development
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Fig. 17. Integral time distribution of the earliest electron and
photon sampled at different distances from the shower core by
detectors of area 1 and 10 m?. The photon primary energy is 10
TeV and the depth is 606 g/cm?, 8 = 20°.

is found, the photon component evolving more slowly
than the electron component. Modified Greisen for-
mulae are well suited to describe the dependence of
the average number of electrons and photons on the
depth.

(2) Shower photons spread out more than electrons
so that the ratio N, /N, is a function of the integration
area around the shower axis. The normalized lateral
distribution of the electron component is steeper than
the prediction of the original NKG formula. On the
contrary, the lateral distribution of the photons is in a
satisfactory agreement with this parametrization.

(3) The ‘electron disk’ and the ‘photon disk’ appear
different for what concern the time properties. The
time thickness of the ‘photon disk’ increases faster at
great distances (> 40 m) from the shower core due
to the contribution of low energy photons which can
propagate farther than low energy electrons. The de-
pendence on the core distance of the average arrival
time (¢;) of the foremost particle follows a parabolic
shape. A cone with practically the same slope for both
components (0.013 ns/m for 10 TeV showers sam-
pled at 642 g/cm? and 0.011 ns/m for 10> TeV show-
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Fig. 18. Integral time distribution of the earliest electron and
photon sampled at different distances from the shower core by
detectors of area 1 and 10 m?. The photon primary energy is 102
TeV and the depth is 800 g/cm?.

ers sampled at 800 g/cm?) is a remarkably good ap-
proximation to the shape of the timing front within
about 40 m. At greater distances the parabolic shape
of the electron disk is more pronounced - see Fig. 15.
Sampling effects introduced by the recording system
— the finite size of the detectors and their time res-
olution - may change this picture. The experimental
shower front does not appear so flat and its slope can
fluctuate considerably. For instance, in a case we have

envisaged, resembling the experimental conditions in
the EAS-TOP experiment [3] (10? TeV showers sam-
pled at 800 g/cm? by 10 m? detectors, time resolu-
tion 7 = 1 ns) the average conicity parameter of the
electron component is 0.05 ns/m corresponding to an
angle of the fitted cone of about 15 mrad. A flatter
profile has been obtained for the photon component,
but a quantitative analysis requires the knowledge of
the conversion efficiency. Thus these effects should be
properly taken into account both in designing an ex-
periment or analyzing data in order to determine ac-
curately the arrival direction of the showers recorded
by an air shower array.

The EPAS code has been folded to the HADRAS
(HADRonic Air Showers) simulation [8] of the at-
mospheric cascade initiated by hadron primaries. A
detailed comparison of the electromagnetic compo-
nent produced in photon and hadron initiated showers
will be presented in a forthcoming paper.
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