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Abstract. The analysis of fluorescence light, emitted by
the atmosphere when an extensive air shower passes through
it, serves as a method of detection of high energy cosmic
rays. The accuracy of the determination of the primary en-
ergy depends on the proper reconstruction of the cascade
curve (the number of charged particles varying with atmo-
spheric depth). To this end it is necessary to detect an unbi-
ased fluorescence image of the shower. Here we have stud-
ied the effect of the shower lateral distribution on the image
formed in the fluorescence detector (FD) with angular reso-
lution 1.5◦ and PMT sensitivity as that in the Auger experi-
ment. We have also calculated time profile of the light sig-
nals in individual pixels (PMTs) and the influence of the fi-
nite shower disk thickness and its curvature on signal shapes.
Calculations include the spherical aberration effect blurring
the image. We show that quite often a non-negligible part of
the signal may be hidden in the ’side’ pixels.

1 Introduction

The image of an extensive air shower in the fluorescent light
(integrated over time) is a narrow track on the sky, corre-
sponding to an aligned sequence of hit PMTs (pixels) of the
FD camera. In order to determine the primary energy of a
shower correctly it is necessary to detect as much of the emit-
ted light as possible. In this paper we shall try to find answers
to several questions which could be important in the shower
reconstruction process. These are:

- what fraction of the light signal from a certain level of
the shower development (mainly at shower maximum) falls
on the side pixels, and in what conditions they would not
trigger?

- what are the time profiles of the light signals and is a
finite shower disk thickness and its curvature relevant?

- to what extent does the spherical aberration change the
above characteristics?
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2 Shower track width integrated over time.

The finite width of a shower image is a result of the lat-
eral spread of the particles, conventionally described by the
Nishimura-Kamata-Greisen (NKG) function:
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(
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)s−2
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)s−4.5

(1)

wheres is the shower age parameter (s = 1 for shower
maximum) andrM = 21MeV

Ecr
· x0 is the Moliere radius,Ecr

is the critical energy,x0 - the cascade unit of the air.
If the image of the shower axis passes through the center

of a pixel (central pixel), the number of particles seen (being
proportional to the number of collected photons) is that con-
tained within a strip centered on the axis, with its width equal
to the product of the pixel angular size (1.5◦) and distance to
the shower.

Since the NKG function for a givens depends on the di-
mensionless distancex = r/rM only, one can calculate a
universal curve giving the fraction of the total number of par-
ticles seen by the central pixel. The results are presented in
Fig. 1. It can be seen that at the shower maximum about 93%
of particles are contained within the2 · rM strip, 50% being
within 2·0.15rM . Vertical lines show the central pixel field of
view and are drawn forrM = 140m, the value correspond-
ing to the height in the atmosphere where proton initiated
showers withE0 = 1020eV and zenith angle45◦ have their
maxima. Fors = 1 and distances 5, 10 and 20 km the frac-
tions outside the central pixel are 19, 7 and 2% respectively.
Below the maximum they become larger.

So far, we have neglected the spherical aberration of the
mirror. This effect causes a parallel beam of light incident
on the spherical mirror to form a spot of a finite size on the
focal surface. An analytical solution for the spot size has
been found [1] by us. For the Auger FD the diameter of the
spot comes out to be0.50◦, which coincides with the value
obtained earlier numerically [2]. To take into account the
spherical aberration we shall assume that the light intensity
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Fig. 1. Fraction of particles contained within strip2x for the NKG
lateral distribution for several values ofs. Dashed vertical lines
correspond to fields of view of the central pixel for showers 5, 10,
20 and 30 km away, forrM = 140m. No spherical aberration.

across the spot is uniform (for a constant intensity in the inci-
dent beam). It is not quite true for a perfect spherical mirror
[3], but real mirror imperfections smooth to some extent the
intensity profile. As the spherical aberration smears the im-
age, allowing for it is equivalent to modifying (smearing) the
lateral distribution of particles and leaving the mirror without
aberration. The modified lateral distribution functionf ′(r)
can then be calculated from the formula:

f ′(r) =
∫
f(r′) · ds(r′)

πρ2
(2)

whereρ is the smearing radius, equal to0.25◦× distance
to the shower,r’ is the core distance andds(r’) is the surface
of the ring element( r’, r’+dr’ ) contained within the circle
of radiusρ with the center at core distancer. The integra-
tion is carried out over the whole surface of this circle and
the results fors = 1 are presented in Fig. 2. As it should be
expected, the larger is the distance to the shower, the bigger
is the difference between the modified and the NKG func-
tions. The calculations were done for distancesl = 5, 10,
20 and 30 km. Although the distribution of light within the
pixel is changed, the total fraction of light within it remains
practically unchanged for anyl. For smallers the effect is
bigger.

3 Time dependence of the signals.

Now we shall investigate the time evolution of the light flux
arriving at a particular pixel. As it has already been explained
[4] the instantaneous image of a shower has circular symme-
try which results from the axially symmetrical lateral distri-
bution of the particles. If the angle between the shower axis
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Fig. 2. Fraction of particles (light) contained within strip2x, for
the lateral distributionf ’(x), where spherical aberration has been
allowed for. Dashed line - for NKG without aberration.

and the line of sight isθ, then photons arriving simultane-
ously at a pixel would have been produced by particles while
crossing a plane inclined at angleθ/2 to the shower axis.

As time progresses the plane moves away from the detec-
tor. In other words, a pixel sees the light from the plane mov-
ing away from the detector with the light velocityc along the
line of sight. Thus, the time profile of the light flux falling on
a given pixel reflects directly the variation of the number of
particles on that plane ‘cut-out’ by the pixel’s field of view.

Fig. 3 represent the results of the calculations. Flux time
profiles are shown for pixels seeing a shower perpendicularly
to the axis for distancesl = 5, 10 and 20 km, at the age param-
eters = 1. On each graph there are three sets of curves cor-
responding to three pixels numbered 1, 2 and 3, located per-
pendicularly to the shower axis crossing the center of pixel
1. Thus the angular distance of the center of pixel 2 (3) from
the shower axis is1.5◦ (3◦). For each pixel there are drawn
three curves. The solid line describes the signal time profile
for an infinitely thin shower disk (a plane) with no spherical
aberration taken into account. The dotted line allows for the
aberration. Additionally, considering finite thickness of the
shower disk, we obtain the dashed curve. Here we assumed
that particle density at a given instant changes as a Gaussian
function along the line perpendicular to the disk, withσ = 30
m (100 ns), the modified NKG density at this distance being
the integral over the Gaussian distribution. Such a shower
disk is just a sum of many thin disks entering pixel’s field
of view with increasing time delays. The actual numbers on
the vertical axis are the fractions of all shower particles at
a given level seen by the pixel at a given time. Timet = 0
corresponds to the shower core crossing the center of pixel 1.

Inspection of Fig. 3 leads to the conclusions:
- The signal maximum in pixel 2 can reach several percent
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Fig. 3. Time shapes of light fluxes (time in ns) from shower maxi-
mum (s = 1) at three lateral pixels (see text). Solid lines - NKG lat-
eral spread only, dotted lines - aberration allowed for, dashed lines
- finite disk thickness (σ = 30 m) additionally included.
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Fig. 4. Distance to the shower maximum (rising lines), above which
the peak value of the signal in the first side pixel (pixel 2) drops
below4σ of the background, vs primary energy of a proton (solid
line) and iron nucleus (dashed line) for zenith angleθz = 45◦.
Falling curves show distances at which the signal in both side pixels
integrated over time is 3, 5, 10 and 20% of the total at this level.

of that in pixel 1, if distancel to the shower is smaller than 10
km; for pixel 3 it is below 1%, even forl = 5 km. However, as
the shower line would go close to a pixel center rather rarely,
these fractions should be treated as lower limits.

- The spherical aberration becomes important forl > 10
km; (for smallers the effect is always more significant than
that for bigger because of a steeper lateral distribution). The
smoothing of the trapezoidal shape is significant forl ≥ 20
km; for smaller distances the shapes are far from trapezoidal.

- The effect of a finite disk thickness can only be important
for steep signal slopes, i.e. for small distances. It is not clear
what this thickness is for big showers near the axes, but our
calculations show that this effect would be important forl ≤
5 km only, if σ ≥ 30 m.

The shapes of the signals in the two side pixels (2 and 3)
could actually be deduced from that in the central one, due
to the circular symmetry of the disk image, when the shower
axis crosses the center of pixel 1. For example the signal
maximum in pixel 2 should be equal to the value correspond-
ing to t = ±1.5◦ · l/c for pixel 1 (we assumed that the pixel
field of view is circular, with the solid angle the same as that
for the hexagon with1.5◦ side to side).

The time scale in Fig. 3 is appropriate for the line of sight
perpendicular to the shower axis (θ = 90◦). For another an-
gleθ one has to multiply the time scale by1−cos θ, meaning
that its change is the biggest atθ = 90◦.

The results presented so far do not depend on the primary
energy of a shower, if the shape of the lateral distribution
function depends on the age parameters only. (Actually,
it does depend to some extent on the primary energy be-
cause the most representative value of the Moliere radiusrM
should be larger for smaller energies). However, we would
like to investigate now how much of the light flux would be
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hidden in the side pixels which have not been fired and this,
of course, depends on absolute light fluxes and, therefore,
on primary energy. For an adopted level of the background
light one can find the minimum distancel to the maximum
of a shower with a given energy when the side pixels remain
inactive. Here, we assume for the background level 50 pho-
toelectrons (pe) emitted from the PMT cathode per 100 ns,
and for the trigger threshold 4 standard deviations (∼ 28
pe) above the background. Each charged particle causes an
isotropic emission of 4.5 photons per 1m of its track. For
the attenuation length we adoptλ = 8.4 km and the rest of
the necessary parameters are appropriate for the FD: mirror
diaphragm area - 1.5m2, its reflectivity - 0.9, photocathode
efficiency - 0.3.

Number of charged particles at shower maximum and its
depth in the atmosphere have been taken from Pryke [5] (as
averages from the four interaction models considered there).
Rising lines in Fig. 4 show the calculated distance to the
shower maximum, above which the maximum value of the
signal in the first side pixel (pixel 2) drops below4σ of the
adopted background level, as a function of primary energy
of a proton (solid line) and an iron nucleus (dashed line).
Falling curves show distances at which the signal in the side
pixels integrated over time is 3, 5, 10 and 20% of the to-
tal at this level. These distances decrease with energy only
because of different Moliere radii adopted for different ener-
gies. Comparing these curves with the rising lines it can be
seen that e.g. for proton showers withE ≈ 1020eV up to 8%
of the signal (ats= 1) would not fire the side pixels, ifl ≥ 10
km. At ∼ 1019eV it is ≤ 20%, with distances≥ 5km. For
iron showers these fractions become larger.

4 Shower disk curvature and its image.

A question may arise to what extent a curvature of the shower
disk can change its instantaneous image, i.e. our results ob-
tained so far. Of course, this effect should not be as important
for the fluorescent image of a shower as it is for its ground
characteristics, where arrival times of particles are measured
over distances of several kilometres. Here we are interested
in the curvature effect up to the core distances ofr ≤ 200
m or so. The situation is illustrated in Fig. 5. We have as-
sumed that the shower disk is a thin plane. For its particular
shape we have taken simulation results of Sciutto [6] for the
electron mean delay time as a function of the distance from
the shower core, forE = 1020.5 eV (primary proton). It has
been drawn in scale as a solid line in Fig. 5 where the ordi-
nate coincides with the shower axis. When its image crosses
the center of a pixel, the distance ranges seen from 10 km
by the central and both side pixels would be those marked
by the vertical dashed lines. For this particular configura-
tion the particles seen by the central pixel would be delayed
by less than∼ 50ns with respect to those on the axis. We
have additionally drawn a curve from Fig. 1 (the thinner line
with the scale on the right hand side) showing the fraction
F of all particles on this level (s = 1) within strip 2r. The

Fig. 5. Intersection of a shower disk with a plane containing the
axis. FractionF of light, contained within strip2r for s = 1, has
been marked by the thinner line (the right vertical axis). Also pixel
fields of view from 10 km are shown.

time spread due to disk curvature in the side pixels is bigger
(∼ 200ns) but only about 3% of all particles on this level
would be delayed by more than 100 ns.

5 Conclusions.

In this paper we have been investigating to what extent the
characteristics of real showers, such as lateral spread of par-
ticles or finite disk thickness and its curvature, would affect
their images. Assuming that the particle lateral distribution
is described well by the NKG function we have shown that
side pixels may contain non-negligible fractions of the light
flux, without being triggered. The actual numbers depend, of
course, on the background level adopted, but it seems that it
is important to look for the signal in the non-triggered side
pixels in the shower reconstruction procedure.

Time profiles of the signals are not well described by trape-
zoidal shapes, as it is often considered: for small distances
the signals are too short, for large distances - the spherical
aberration smoothes the shapes.

A finite disk thickness smoothes slightly the time profiles
of the signals, this effect dominating that of the aberration
for l ≤ 15 km (if σ = 30m).

Due to shower disk curvature particles distant by more
than∼ 200 m from the axis (near shower maximum) would
be delayed by more than 100 ns, their fraction being however
a few percent only.
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