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Abstract

In the observation of extensive air showers induced by ultrahigh-energy cosmic
rays, multiple scattering of light in the atmosphere is one of the sources of system-
atical uncertainty of results. Until now the contribution from multiple scattering
to recorded signal has not been accounted for in the routines of air shower recon-
struction. In this work a Monte Carlo method for calculating the effect of multiple
scattering of light is presented. Investigated was scattering of light at various at-
mospheric conditions. Also properties of detectors used in observations of light
induced by air showers were taken into account. The multiple scattering of light,
if not accounted for, causes a systematic overestimation of air shower energy by
several percent. Contribution from multiple scattering to the observed shower sig-
nal has been parameterized, allowing easy implementation of the correction in the
air shower reconstruction procedures. Examples of application of this correction
to real experimental data are presented.
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1 Highest energy cosmic rays

For almost a century, since their discovery in a balloon flight by Victor Hess, cos-
mic rays reaching our planet have been a subject of extensive study. There were
many experiments dedicated to study properties of cosmic rays, and yet there is
still a number of unanswered questions regarding cosmic rays. The energy spec-
trum of cosmic rays is very broad: from lowest energies, of the order of 107eV, to
beyond 1020eV, possibly even further. As for the cosmic rays of lower energies,
their properties, such as flux and composition, were determined in experiments
so far with relatively good accuracy. Based on the spectrum of cosmic rays, and
with our knowledge of processes in various astrophysical objects, it was possible
to postulate plausible explanations of the sources of these particles. The processes
observed in the Sun and the heliosphere are the sources of most of lowest-energy
cosmic rays. It is widely believed that at higher energies, until ∼ 1015eV, cos-
mic rays are produced in the process of diffusive shock acceleration in supernova
remnants.

Especially interesting, but also difficult to detect, are ultrahigh-energy cosmic
rays (UHECRs) – particles carrying energy of 1018−19eV and more. In the range
of ultrahigh energies, detection of cosmic rays and measuring their properties be-
comes very difficult. With increasing energy, the flux of cosmic rays decreases
rapidly - at energy 1020eV and higher it is estimated that only one particle per
square kilometer per century reaches the Earth. Detection of these rare particles
relies on the phenomenon of extensive air showers (EAS), discovered in 1930’s
by Pierre Auger [1, 2]. Primary particles of cosmic rays upon reaching Earth’s
atmosphere undergo interactions with nuclei of air molecules; a series of consec-
utive interactions produces a large number of secondary particles – an extensive
air shower – which can be recorded by detectors located on the ground.

Determining properties and the origin of UHECRs present a great challenge
for astrophysicists. Even the very fact of their existence is a mystery. The cosmic
ray particle of highest energy recorded so far, had an energy of 3.2×1020eV, which
is a macroscopic energy of about 50 J. This is the energy higher by eight orders of
magnitude than energy reached in the largest particle accelerator operational until
now – the Tevatron of the Fermi National Accelerator Laboratory.

For particles of ultrahigh energy, the Universe is not transparent. After the
discovery of cosmic microwave background radiation, it was pointed out that the
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Figure 1: Energy of protons with different initial energies as a function of distance
from their source. The energy decreases due to interactions with the microwave
background photons [5].

UHECRs of energy larger than 5×1019 eV must interact with photons of the mi-
crowave background [3, 4]. If the cosmic ray particle is a proton, then it is a
subject to photoproduction processes: pγ → pπ0, pγ → nπ+, pγ → pe−e+.
In each of such interactions the proton loses a fraction of its original energy for
particle production. In this way the proton energy decreases until it drops below
the photoproduction threshold. During this time, the proton can travel at most
a few tens of megaparsecs, independent of its original energy (Fig. 1). These
interactions cause the decrease of cosmic ray flux above the threshold energy -
this is so-called Greisen-Zatsepin-Kuzmin (GZK) cutoff. Also if the cosmic rays
are heavier nuclei, they lose energy in interactions with cosmic microwave back-
ground. In this case the most important are the processes of photodisintegration
and e−e+ pair production. In the process of photodisintegration nuclei lose suc-
cessively nucleons, so that they also lose parts of their initial energy. It is also
possible that the cosmic ray is a photon of ultrahigh energy. In this case electron-
positron pair creation through interaction with photons of the microwave or radio
background is most important.
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Figure 2: Expected spectra of cosmic rays from sources located at various red-
shifts, emitting particles with E−2 injection spectra. The source redshifts vary
from 0.004 to 1, corresponding to distances about 2 Mpc to 3 Gpc. [6].

The processes in which the particles of extremely high energies lose energy
cause that cosmic rays of energies above the GZK threshold can arrive to the
Earth only from sources relatively nearby in cosmological scale. If the cosmic
rays of ultrahigh energy are produced mostly in sources more distant than few
tens megaparsecs from our Galaxy, their energy is decreased to below 5×1019

eV before they reach the Earth. This means that the flux of particles above the
threshold energy should be strongly suppressed, and the GZK cutoff in the cosmic
ray spectrum should be seen (Fig. 2).

Many experiments have been dedicated to investigation of cosmic rays. In the
ultrahigh-energy range most notable are: Volcano Ranch [7], Haverah Park [8],
SUGAR [9], Yakutsk [10], Fly’s Eye [11], HiRes [12], AGASA [13], Pierre Auger
Observatory [14]. Different experimental groups presented spectra of cosmic rays
in the ultrahigh-energy region, but they are considerably different [15]. With lim-
ited experimental data available, it is not even possible to determine whether the
GZK cutoff exists in the spectrum or not (Fig. 3). These discrepancies indi-
cate the possibility that the presented results are not free from systematical errors.
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Figure 3: Spectra of cosmic rays measured by largest experiments. The AGASA
spectrum shows no GZK cutoff, while the HiRes spectrum exhibits cutoff [16].

Clearly, to resolve this inconsistency the methods used for detection of cosmic
rays of ultrahigh-energy and reconstruction of the primary particle parameters in
different experiments must be investigated. As much as it is possible, sources of
systematical uncertainties should be eliminated.

Because of the extremely low flux of cosmic rays of ultrahigh energies, only
a small number of these particles has been observed. Detectors built to measure
air showers produced by cosmic rays of ultrahigh energy were able to record less
than 20 air showers produced by particles of energy greater than 1020eV. Observa-
tions should enable determination of origin of ultrahigh-energy cosmic rays, but
the statistical uncertainties of available data make it impossible to draw definite
conclusions. This problem can be resolved only by further high statistics obser-
vations. However, even when only few events above the GZK cutoff limit were
observed so far, it is a fact that particles of such high energy exist. Explaining
their origin is a great challenge for astrophysics.

Based on knowledge of structure and magnitude of magnetic fields in the
galaxy and in intergalactic space, it can be estimated how these fields affect the
trajectories of UHECR particles. If the UHECR is a charged particle, such as
proton or nucleus, it must come from a source not more distant than a few tens
of megaparsecs, which is the limit from the GZK cutoff. Within such a distance
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the direction of a particle of energy greater than 1020eV could be changed by the
magnetic fields only by a few degrees. This means that the arrival direction of a
highest energy cosmic ray should point with a good accuracy to the location of its
source. Thorough analyses of experimental data have been made, but at present
there is no definite conclusion. And so, in the events recorded by AGASA sev-
eral “clusters” have been identified. The clusters consist of 2 or 3 cosmic rays
with arrival directions separated by angle of 2.5◦ or less. Probability of observing
them by chance in isotropic distribution was estimated to be of order of 10−4 [17].
Some astrophysical objects near the locations of these clusters have been pointed
as possible candidates for their sources. However, analyses of observations in
other experiments did not confirm this result - they are consistent with isotropic
distribution [18, 19]. It is yet impossible to confirm if there is any anisotropy in
the arrival directions of UHECRs.

Efforts are also made to determine the composition of UHECRs, but identify-
ing the kind of primary particle initiating the air shower is very difficult. Based on
knowledge about air shower development it is possible to determine dependence
of observables, such as depth of shower maximum or muon content, on the type
of primary particle. Properties of air showers must be investigated in detail, but
even then statistical fluctuations make unambiguous identification of individual
particles impossible. Some conclusions can be made with collective experimen-
tal data, when the observations are compared with theoretical properties of air
showers [20]. As for now there are no definite results – the experimental data sug-
gest that with growing energy the composition of cosmic rays of ultrahigh-energy
changes from predominantly heavy (dominated by iron) to light nuclei. There are
also hypotheses that the UHECRs are photons or other exotic particles, but based
on available experimental data it is possible neither to confirm nor reject the hy-
potheses. To resolve the problem of composition of UHECRs, definitely more
reliable experimental data are needed.

Many models of UHECRs production have been proposed. It is generally ac-
cepted that cosmic rays of lower energies (.1015eV) are produced in diffusive ac-
celeration process, the so-called Fermi acceleration [21]. Encounter of a charged
particle with moving, magnetized plasma changes particle’s energy – on average
it gains energy in this process. In the presence of magnetic field the particle is
confined in a limited area, therefore the process of acceleration may repeat many
times. With certain probability particles escape from the magnetic confinement,
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which means that only a small fraction of particles will reach highest energies
– indeed the spectrum of cosmic rays follows a power law dependence on en-
ergy. With growing energy, gyroradius of accelerated particle in the magnetic
field increases, and when it becomes larger than the size of acceleration region,
the particle can be no longer confined and escapes. The source must also ex-
ist sufficiently long - if the shock dissipates fast, particles will have not enough
time to reach the potential maximum energy. So a simple analysis of Fermi ac-
celeration gives the maximum energy of a particle of charge Ze produced in a
shock wave of velocity βc, size of the acceleration region L and magnetic field B:
Emax ≈ βc × Ze × B × L. It is not certain if any astrophysical object known is
able to accelerate particles to the highest energies measured (beyond 1020eV), but
there are few classes of objects promising as potential sources of UHECRs.

Active galaxies. Very promising candidates for UHECRs sources are hot spots
of active radio galaxies [22]. It is generally believed that these are giant shock
waves produced in collisions of jets emanating from galaxy center with inter-
galactic medium. They are much larger than shocks in supernova remnants - their
sizes are of order of few kiloparsecs and, as it was estimated, contain strong mag-
netic fields. Therefore it is possible that particles of energy 1020 and greater could
be produced there.

It is also possible that active galaxy nuclei, with supermassive black holes
accreting matter, could be able to accelerate particles to ultrahigh energies. But
intense radiation in these regions would cause large energy losses of accelerated
particles. This led to idea that quasar remnants - black holes in centers of inactive
galaxies - could be the sources of UHECRs [23].

Colliding galaxies. It was proposed [24] that in pairs of interacting galaxies it
could be possible to produce particle to energies of ∼1020eV. Converging flows
should form shocks, able to accelerate particles to very high energies. Also ob-
served directions of arrival of some observed cosmic rays of ultrahigh energy are
close to locations on the sky of such objects, but it is not certain if this correlation
is real or just statistical coincidence.

Galaxy clusters. In clusters of galaxies matter flow should form shocks of great
sizes. Together with magnetic field present, it is possible that UHECRs could
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be produced there [25, 26]. In larger systems of galaxies, with weaker average
magnetic fields, acceleration to ultrahigh-energies would not be possible – com-
peting energy losses due to processes responsible for the GZK cutoff would pre-
vent reaching highest energies. No correlation of arrival directions of UHECRs
with observed galaxy clusters within the GZK cutoff is observed, but it is possi-
ble that sufficiently strong intergalactic magnetic field could isotropise observed
distribution.

Neutron stars. These rapidly rotating compact objects with extremely strong
magnetic fields are sources of strong particle winds. Conversion of their magnetic
energy into kinetic energy of particles should lead to production of cosmic rays
with energies beyond 1020eV, especially for iron nuclei. It was also suggested
[27] that in the extremely strong electric fields or relativistic winds around neutron
star binaries, particles could be accelerated to ultrahigh energies in short, “single
shot”, process.

Gamma ray bursts Although the objects generating gamma ray bursts remain
unidentified, the widely accepted model of the relativistic fireball suggests that
they should provide conditions sufficient to produce UHECR particles [28, 29].
As with other models, also in this case the observed spectrum must be explained
with events occurring within the GZK cutoff radius. Gamma ray bursts are very
rare in such limited volume – of order of one per thousand years. This means that
all observed cosmic rays would originate from single gamma ray bursts, therefore
strong dispersion of direction and time of arrival, caused by deflection by magnetic
fields, would be required.

All the above-mentioned sources produce energetic particles by acceleration
– these are so-called “bottom-up” models. The other group of suggested expla-
nations postulate that ultrahigh-energy cosmic rays are decay products of some
exotic objects – remnants of the early Universe. In these scenarios the observed
UHECRs are final decay products from objects of even higher energies, and are
called “top-down” models.

Superheavy relic particles. There are speculations (e. g. [30]) that the cold
dark matter contains some small fraction of superheavy (larger than 1021eV) relic
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particles of long lifetime (greater than the age of the universe). These particles
could be produced after the inflation phase. Such particles should decay into lep-
tons and quarks, the latter in the process of hadronization would form “ordinary”
particles of &1020eV energy. In this process also a large fraction of UHECR pho-
tons should be produced.

Topological defects. Other candidates for UHECR sources are topological de-
fects left from early universe phase transitions [31]. They could be monopoles,
cosmic strings, superconducting strings, domain walls or other. Collapse or anni-
hilation of these objects should produce cosmic ray spectrum, with high photon
content, reaching up to Grand Unified Theory scale (∼1024eV).

Yet another possibility for UHECRs origin is that they are produced, either by
“bottom-up” acceleration or “top-down” particle decay, in distant locations, but
they are not nucleons nor photons, and therefore are immune to the GZK cutoff.
These could be new kinds of supersymmetric hadrons or neutrinos. Existence
of stable, massive, neutral supersymmetric hadrons was postulated [32]. These
particles should be able to traverse large distances without energy losses.

Neutrinos also can travel cosmological distances without energy losses. Ex-
tremely high energy neutrinos can interact with cosmic relic neutrinos, generating
Z0 bosons, which in subsequent decays could produce hadrons. It is also possible
that neutrino-nucleon cross section for energies of UHECRs increases, reaches
values comparable to hadronic interactions. In this case neutrinos could also di-
rectly produce extensive air showers by interaction with air atoms. Showers in-
duced by neutrinos could start deeper in the atmosphere than those produced by
hadrons – this feature would help in recognizing them.

To avoid the GZK cutoff it was also suggested [33, 34] that there may be
a small violation of the Lorentz invariance. This violation would be immeasur-
ably small at energies available in accelerator experiments, but could affect the
kinematics of a particle of ultrahigh energy, so as to suppress interactions with
cosmic microwave background – particles, even hadrons could then traverse long
distances without energy losses due to the GZK process.

All these models of production of ultrahigh-energy cosmic rays predict differ-
ent energies, fluxes, composition and other properties of cosmic rays. These can
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be translated into different shapes of spectrum and composition of cosmic rays at
ultrahigh energies. It should be also possible to discern the mechanisms respon-
sible for UHECR production in the Universe – one has to choose models which
explain best the observed spectrum. Based on available data no definite conclu-
sion can be made yet. It is clear that more accurate and reliable data are necessary.
It is of greatest importance to accumulate better data statistics at ultrahigh-energy
range. The results from different experiments dedicated to cosmic ray detection,
differ significantly. It leads to the conclusion that there are inaccuracies in the
processes of air shower detection and reconstruction. So it is necessary to study
in detail methods of UHECRs detection, in order to investigate and, if possible,
eliminate all sources of experimental uncertainties.

The aim of this work is to study in detail one of possible sources of system-
atical experimental uncertainty in the process of ultrahigh-energy cosmic ray de-
tection. Specifically, the object of this study is the multiple scattering of light
produced by air showers in the atmosphere. The author of this work has devel-
oped a procedure for calculating the multiple scattering contribution to the signal
recorded in a detector and implemented it to a computer program simulating air
shower development. Simulations were made to investigate various aspects of
this problem and to study the dependence of the scattering process on varying
properties of the atmosphere. A parameterization of the multiple scattering con-
tribution was obtained which can be easily implemented in existing procedures of
air shower reconstruction, to correct the results by accounting for this effect.

In Section 2 of the thesis the air shower development is described. Also meth-
ods used currently for their detection together with some sources of uncertainties
are presented. In Section 3 the procedure of calculating the multiple scattering
contribution and the computer program used in simulations is described. In Sec-
tion 4 results from simulations are presented. In Section 5 presented are parame-
terizations of multiple scattering contribution to shower image. The results of this
study are also compared with other works published. In Section 6 examples of
air shower reconstruction using the correction and its influence on the results are
shown.
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2 Methods of detection of UHECR

2.1 Extensive air shower development

Particles of cosmic rays arriving to the Earth undergo interactions with nuclei of
air atoms. Since the amount of air from top of the atmosphere to ground level is
more than ten times greater than the proton mean free path for nuclear interaction,
the arriving cosmic rays don’t reach the surface, and so they can’t be directly de-
tected on the ground. The first interaction most probably takes place already high
in the atmosphere. The energy of the primary particle is divided among particles
emitted in the first interaction. These particles, having still very high energies,
interact with other air nuclei, producing more secondary particles. In series of
consecutive interactions the number of particles grows rapidly. The great number
of consecutive interactions in effect produces a shower of particles. When emit-
ted pions, after some interactions, reach sufficiently low energies, they undergo
decays, producing muons and photons. The photons in the process of electron-
positron pair production and following interactions, build electromagnetic part of
the cascade. This way the so-called extensive air shower (EAS), is produced. It
moves through the atmosphere as a gradually spreading disc of particles with ve-
locity almost equal to the speed of light. The particles of electromagnetic cascades
on their way through the atmosphere lose their energy by excitation and ionization
of air molecules. When energy of electrons falls below the critical energy, they are
removed from the shower. When the rate at which particles are eliminated from
the shower reaches the rate of particle production, the shower reaches its maxi-
mum. For highest energies the number of particles in shower maximum reaches
orders of 1010-1011. After the maximum the number of particles in the shower
gradually falls down. Very inclined showers traverse much greater amount of
matter of atmosphere than vertical ones, and may dissipate all their energy in air,
but usually showers of the greatest energies reach the ground level. To the ground
arrive still a large number of particles, mostly photons, electrons/positrons and
muons, covering a large area, even tens of square kilometers.

The development of an air shower is described by its longitudinal profile. The
longitudinal profile is the number of particles in the shower N as a function of the
slant atmospheric depth of showerX , which is the amount of air crossed by the air
shower, in g/cm2. To describe the longitudinal profile of air shower development,
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the Gaisser-Hillas parameterization [35] is commonly used:

N(X) = Nmax

(

X −X0

Xmax −X0

)(Xmax−X0)/λ

exp

(

Xmax −X

λ

)

, (1)

where Nmax is the number of particles at shower maximum, X0 - depth of first
interaction, Xmax - depth of shower maximum, λ - interaction length in air (70
g/cm2).

Much of the energy of shower particles is dissipated by excitation and ion-
ization of air molecules. For shower detection most important is the excitation
and subsequent fluorescence light emission by nitrogen molecules. The process
leading to this radiation transforms about 5 × 10−5 of the shower energy in fluo-
rescence light in the near ultraviolet band. The light produced by the giant number
of particles in air shower can be observed using optical detectors. The number of
fluorescence photons emitted at a given point of shower track is approximately
proportional to the number of charged particles in the shower at that stage of
shower development. The fluorescence emission is isotopic. With these proper-
ties, the fluorescence light can be used to measure the air shower size (i.e. number
of particles) at all stages of shower development in the atmosphere. Thus the
longitudinal profile of the shower can be determined.

The charged particles of air shower, moving through the air with a speed larger
than the speed of light in this medium, produce a large number of Cherenkov pho-
tons on their way. This light is emitted mostly in the directions close to the shower
axis. The angular distribution of the Cherenkov emission can be approximately
described as [11]:

dN

dΩ
∝

e−θ/θ0

2π sin θ
, θ0 ' 4.5◦. (2)

Since the particles and photons have almost the same velocities, a beam of Che-
renkov photons builds up and accompanies the charged particles of the shower.

2.2 Methods of air shower detection

At energies above 1019eV only about one cosmic ray particle per square kilometer
per year arrives to the Earth. The primary particles interact high in the atmosphere,
and so direct detection of these particles would be possible only with the use of
detectors placed high above the ground. The detectors would have to be carried
by balloons or satellites – the extremely low flux at highest energies makes this
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Figure 4: Simulated lateral distribution of particles in an air shower induced by
proton with energy 1019eV, at the ground level [36].

method practically impossible. Therefore all experiments dedicated to study of
ultrahigh-energy cosmic rays use the air showers as the way to detect the primary
cosmic ray particles. Currently two methods of detection and measurements of
air showers are in use: one of them is by an array of particle detectors on the
ground which record the passage of the shower. The other method uses optical
telescopes which record the fluorescence light induced by shower particles in the
atmosphere.

Surface detectors. The EAS on reaching the ground level consists of large num-
ber of particles - photons, electrons/positrons, muons (Fig. 4). All shower parti-
cles have velocities near to the speed of light, so they arrive to the ground within
a short time interval. In effect of multiple interactions, near the ground the air
shower has a form of a concave disc, which can be approximately described as a
fragment of a sphere, with curvature radius ∼10 km. As can be seen in Fig. 4 the
density of particles is highest near the shower axis and falls quickly with distance
from the axis, but even at distances larger than 1 km the density is greater than 1
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Figure 5: The first air shower of energy >1020eV recorded by the Volcano Ranch
array. The numbers are particle densities per m2 measured by detectors (repre-
sented by dots). “A” marks the position of the shower core [7].

particle/m2. These particles can be registered by detectors placed on the ground.
For the purpose of air shower detection, the detectors can be placed at distances
of the order of ∼1 km from each other. When the air shower lands within such an
array of detectors, a signal from shower particles is recorded in at least several de-
tectors. Most notable of the experiments using this technique are Volcano Ranch,
Haverah Park, SUGAR, Yakutsk, AGASA, Pierre Auger Observatory. In these
experiments scintillator or water Cherenkov detectors of area of few m2 each are
used.

In the process of reconstruction of shower parameters based on signals from
the ground detectors, first the geometry of the event is calculated. The arrival
times of particles to detectors enable one to calculate the angle of inclination of
the shower. The shape of the shower front is assumed – usually a fragment of a
sphere, moving along its symmetry axis with the speed of light. Then it is possi-
ble to calculate the direction (inclination and azimuth angle) of the shower from
timing of signals. Since the density of particles decreases with the distance from
shower axis, the shower core location, i.e. the point where the shower axis crosses
the ground, can be found based on the numbers of particles recorded in different
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detectors (Fig. 5). With the geometry determined, the signals from all detectors
are plotted against distance from the shower axis. Thus the lateral distribution of
particle density in the shower is obtained. The shape of this lateral distribution
of particles is known from previous experiments and Monte Carlo simulations.
Usually some form of the Nishimura-Kamata-Greisen (NKG) [37, 38] function is
used:

ρ(r) =
N(X)

r2
M

(

r

rM

)s−2 (

1 +
r

rM

)s−4.5

×
Γ(4.5 − s)

2πΓ(s)Γ(4.5 − 2s)
, (3)

where ρ(r) is the particle density at distance r from shower core, rM is the Molière
radius describing the scale of lateral spread of particles, s is the shower age. This
function is fitted to the measured distribution - this way the estimator of shower
energy is found. And so for example in AGASA experiment value of S(600) is
used. S(r) describes particle density – it is the average energy loss in the scin-
tillator detector of electrons, photons and muons, as a function of distance from
the shower core. The value for the distance of 600 meters S(600) was chosen,
as it has smallest individual fluctuations. The shower energy is then obtained:
E0[eV] = 2.15× 1017S(600)1.015. If the detector construction allows it, measure-
ments of muon component or of the rise-time of the signal can be made. From
observations and simulations of air shower development, the dependence of these
observables on primary particle is known, so they can be used to improve deter-
mination of the shower parameters.

Fluorescence detectors. The other method of air shower detection uses the light
induced by the charged particles on their way through the atmosphere. Operat-
ing fluorescence detectors consist of groups of light collecting spherical mirrors,
“telescopes” imaging their respective sky regions onto “cameras” of light sensors
– photomultiplier tubes.

The fluorescence light signal from a distant air shower is very faint – only on
clear, moonless nights the optical background is low enough for shower detec-
tion. To improve the signal-to-noise ratio, optical filters can be used – transparent
for the fluorescence photons, i.e. in near ultraviolet band, and blocking optical
background of other wavelengths.

The air shower front, traveling with the velocity near the speed of light, is in
the telescope’s field of view only a very short time, therefore a good time reso-
lution of measured signal, of order of 100 ns, is necessary. In existing detectors
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Figure 6: Schematic illustration of air shower observation and geometrical param-
eters describing the event.

the field of view of a single pixel has 1◦ - 5◦ diameter. This is a sufficient angular
resolution for the purpose of reconstruction of air shower geometry. The fluo-
rescence detectors were used in Fly’s Eye, HiRes and Pierre Auger Observatory
experiments.

Fluorescence light coming from the shower to the detector provides data nee-
ded for determining the number of particles in the shower at points along its tra-
jectory. The first step of reconstruction of parameters of an air shower from ob-
servational data is the determination of the shower geometry (Fig. 6). From the
directions of pixels that recorded signal from the shower, the orientation of the
shower-detector plane (SDP), i.e. the plane containing both shower axis and lo-
cation of the detector, can be determined with good accuracy (< 1◦). Distance
to the shower is described by the impact parameter RP , i.e. the distance between
the detector and the shower axis. To determine this distance and the ψ angle of
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shower inclination within the SDP requires information about time of arrival of
signal to detector pixels ti. Knowing the dependence: ti = t0 +(RP/c) tan(θi/2),
the geometrical parameters can be fitted. With the parameters of shower geometry
calculated, location of all observed points along shower axis is known. Then the
atmospheric slant depth of these points can be obtained – it is necessary for the
determination of longitudinal shower profile.

After determining the geometry of the air shower, its energy is calculated. It
can be done based on the longitudinal profile, which in turn is obtained from the
fluorescence emission along the shower track. From the signal recorded by the
detector the amount of light produced at all stages of shower development can
be calculated. Properties of the detector, such as efficiency of photomultipliers,
transmission of filters, mirror collecting area must be taken into account, in order
to obtain the number of photons recorded by the detector. With known geometry,
atmospheric attenuation on the way from the shower to the detector can be calcu-
lated. This, together with the distance from detector to all points along the shower
axis, allows one to calculate the number of photons produced at all observed stages
of shower development.

The optical detector records also Cherenkov photons from the shower. Since
most of the Cherenkov photons are emitted along and near the shower axis, the
observed direct emission is usually small compared to the fluorescence signal.
But on the other hand, when the shower axis happens to be near the detector, the
Cherenkov emission dominates the recorded signal. In any case, the scattered
photons must be taken into account – numerous Cherenkov photons of the beam
accompanying the shower undergo scattering, also towards the detector. As the
shower front reaches lower, denser parts of the atmosphere, this effect becomes
important – singly scattered Cherenkov light can dominate the total signal. The
intensity of the Cherenkov beam relates to the history of shower development, and
not to the local number of particles in the shower, so in calculation of shower size
this contribution must be subtracted. Knowing fluorescence yield, i.e. efficiency
of fluorescence emission induced by charged particles, and based on the recorded
signal, the number of particles at all observed points of the air shower trajectory
can be calculated. In this way the profile of the longitudinal shower development
in the atmosphere is obtained.

In practice it is difficult to calculate directly the correction for Cherenkov pho-
tons. Usually, calculation of the fluorescence light profile F (t) is done in an
iterative series of fits of a model profile to the experimental data. For an initial
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Figure 7: Simulated profile of an air shower signal recorded by a detector. Simu-
lated was shower with energy of 1019eV, with vertical SDP, ψ=135◦. The dashed
line represents contribution from fluorescence light, the dotted line shows singly
scattered Cherenkov photons, the dash-dotted line - direct Cherenkov photons.
The solid line is the sum of these contributions, i.e. the total signal from the
shower.

estimate of the shower parameters: depth of first interaction X0, depth of shower
maximum Xmax and shower size at maximum Nmax, the shower profile is deter-
mined. It is done based on the calculated shower geometry, and fitting longitudinal
shower profile, such as Gaisser-Hillas profile. The number of fluorescence pho-
tons emitted at all stages of shower development is calculated. Also the number of
Cherenkov photons emitted towards the detector, as well as those directed to the
detector in the process of atmospheric scattering, is calculated. Also transmission
of light through the atmosphere, and also properties of the detector are applied.
In this way, a complete light profile of the shower as recorded by the detector, is
calculated. An example of a simulated profile is shown in Fig. 7. The simulated
profile is compared with a profile really observed – based on differences correc-
tions to initial parameters values are made. With the new parameters values, new
profile is simulated and compared with observational data. After a few iterations,
usually less than 4, a satisfying agreement is reached.
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In this way a complete shower profile is obtained. It can be extrapolated, so
as to include parts of shower which are not observed because of limited field of
view, and also the part that reaches the ground.

The average energy deposited by a charged particle in the atmosphere is known.
From this it is possible to calculate the total energy deposit of the shower at all
points of is track, and so, by integration over the whole longitudinal profile, the
total energy of electromagnetic part of the air shower is obtained. Adding the en-
ergy carried by muons and neutrinos (∼ 10%) the total shower energy is obtained.
The Xmax of the shower depends on the type of primary particle: showers induced
by light nuclei have their maxima deeper than those induced by heavier nuclei.
Therefore the value of Xmax obtained in the shower reconstruction allows one to
draw conclusions as to the composition of primary cosmic ray particles.

The accuracy of reconstruction can be significantly improved, if the shower
has been registered either by two or more fluorescence detectors at different lo-
cations (stereo observation), or by both a fluorescence station and at least one
detector of an surface array (hybrid detection).

2.3 Sources of uncertainties in detection and reconstruction

In the complex process of air shower detection and reconstruction, there are still
some difficult and not fully resolved problems. The development of the air shower,
with the distribution of particles and the production of light in the atmosphere, has
to be modelled by simulations. Extensive air shower development is very com-
plex – some simplifications in the simulations and reconstruction processes are
inevitable. This may cause some inaccuracies in the final results of analyses of ex-
perimental data. Therefore our knowledge about cosmic rays of the ultrahigh en-
ergies is limited not only by poor statistics at the present state of observations, but
also probably by some systematical inaccuracies of final experimental results. Ex-
istence of these inaccuracies may be the reason, why spectra of ultrahigh-energy
cosmic rays measured in different experiments differ significantly. A great effort
is made to eliminate the inaccuracies, as much as it is possible. Below are dis-
cussed a few sources of uncertainties in detection of air showers and analysis of
experimental data, especially in the method of fluorescence detectors.
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Fluorescence yield. In order to correctly convert the amount of fluorescence
light received by the detector into the number of particles in the shower, the fluo-
rescence yield – the rate of production of photons by charged particles in air – must
be known. Important is to know not only the total fluorescence yield, but because
of wavelength dependence of atmospheric propagation and detector response, it is
necessary to know also the spectrum of emitted fluorescence light. Fluorescence
yield has to be measured in controlled laboratory conditions. Since most of the air
shower particles are electrons and positrons, experiments are made using electron
beams. In various experiments [39, 40, 41, 42] the values of fluorescence yield
for different light wavelengths and in changing pressure were obtained. When
comparing, these results show discrepancies of more than 10%. It is impossible to
measure fluorescence produced by a beam of particles with the same wide range
of energies as in the air shower, so the fluorescence yield must be measured in ex-
periments made with electron sources of selected energies. Detailed study of this
problem is still needed – a number of experiments dedicated to measuring fluores-
cence yield are made, such as AirLight [43] or AIRFLY [44] which have begun
measurements. It is expected that results from more accurate measurements will
be soon available.

Atmospheric molecular distribution models. The atmosphere is an essential
part of the air shower detection system. It is the medium in which the air shower
develops and propagates. For a correct simulation and reconstruction of the show-
ers’ properties, it is necessary to have detailed knowledge about the atmosphere.
The shower develops as it traverses the atmosphere. And so, the atmospheric
depth, i.e. the total amount of matter traversed by shower (in g/cm2) is the pa-
rameter, against which the shower development is usually plotted. To correctly
recalculate geometrical location of observed shower track points into their respec-
tive depth from top of the atmosphere, the vertical profile of air mass distribution is
necessary. Commonly used was the US Standard Atmosphere Model [45]. Recent
studies of atmospheric measurements [46, 47] revealed that the real atmospheric
profiles may significantly differ from that model. This difference may cause a
shift of the reconstructed value of depth of shower maximum Xmax comparable
to the differences, upon which the mass of primary particle should be determined.
The best method to handle this problem would be to measure continuously the
profiles above the detector site. Until now no experiment has such means at its
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disposal, so a detailed study of available data to obtain most accurate models of
atmosphere is needed.

Aerosols. For a correct determination of intensity of fluorescence light produced
by shower particles from the information provided by fluorescence detector mea-
surements, detailed knowledge about conditions of light transmission in air is nec-
essary. The light on its way from shower to the detector must usually traverse
many kilometers of air, undergoing scatterings with air molecules and aerosol
particulates. The scattering on molecules is described well, and the small changes
of air density can be obtained from atmospheric models used in the reconstruction
of fluorescence detector data. The scattering on aerosols, on the other hand, needs
separate measurements. Light attenuation caused by aerosols may vary signifi-
cantly in time – from values immeasurably small to dominating total attenuation.
This variation may occur even in the time scales of hours. Since the fluorescence
detectors observe the sky over large areas, it is possible that the aerosol concentra-
tions vary at different locations within the field of view. All these issues make the
accounting for aerosol in the reconstructing procedures a difficult task, and causes
the need for complex aerosol monitoring systems working with the detectors [48].

Interactions at highest energies. The primary particles of UHECRs reach ener-
gies far greater than in any accelerator experiments. As for now, such parameters
as cross sections at these energies or multiplicity in the interaction can’t be mea-
sured directly. To describe the first few generations of produced and interacting
particles one has to rely on models of interactions, which base on experiments at
lower energies. Simulations done with different interaction models produce air
showers of significantly differing characteristics. Fortunately, the observables of
air showers make constraints on the model parameters. In the reconstruction of
primary particle parameters in the fluorescence detector method, a whole shower
profile is fitted to observational data – this way the depth of first interaction is de-
termined. Also details of first interactions have limited impact on electromagnetic
shower energy obtained in this method. On the other hand, the total shower energy
includes also energy carried by muons and neutrinos - if in first interactions these
particles were produced in different numbers than it is assumed, it would lead to
systematic uncertainties in total energy estimations. Definitely, further studies of
these problems are needed to improve the reconstruction of air shower parameters.
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2.4 Multiple scattering of light in air shower detection

Another source of systematic uncertainty, which is the main topic of this work, is
the atmospheric multiple scattering of light produced by the air shower particles.
Until now the analyses of fluorescence detector data have not taken into account
this phenomenon with its effects on the observations of air showers. The processes
of light scattering involved are the Rayleigh and Mie scattering.

The Rayleigh scattering can be applied to describe scattering on air molecules
(i.e. particles much smaller than wavelength of light). A beam of N photons of
wavelength λ (in nm) traversing air of a local density ρ, is attenuated:

dN

dl
= −ρ

N

xR

(

400

λ

)4

, (4)

where xR is the mean free path, equal 2974 g/cm2. The horizontal attenuation
length for Rayleigh scattering ΛR (in km) is determined by air density and varies
accordingly with altitude. The scattering depends strongly on wavelength – it is
proportional to λ−4. The angular distribution of scattered light is:

dσ

dΩ
∝ 1 + cos2 θ. (5)

The Mie scattering is referred to when light is scattered on larger particulates
of aerosols suspended in the air. Attenuation of light on altitude h is equal:

dN

dl
= −

N

ΛM
e−h/HM , (6)

where HM= 1.2 km is the scale height describing the vertical distribution of
aerosols. ΛM is the horizontal aerosol attenuation length, i.e. mean free path
at ground level. Generally Mie scattering is assumed to have a very weak wave-
length dependence. Scattered light is strongly peaked in the forward direction:

dσ

dΩ
∝ e−θ/26.7◦ . (7)

A value of ΛM depends strongly on local conditions and can change very fast.

A distance between two points in the atmosphere with respect to scattering can
be described in terms of the optical depth τ - it is distance between these points in
units of the scattering mean free path. It describes the transmission between the
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two points – the intensities of light in the points of emission A and detection B
follow the relation: I(B)/I(A) = e−τ .

The Cherenkov emission in a shower is in most part collimated in a narrow
beam traveling with the shower front. So, the direct Cherenkov light makes a sig-
nificant contribution to the signal received by the detector only when the shower
lands close to the detector site, or in case of very inclined showers [49]. Only
a small fraction of Cherenkov photons is emitted in directions far from shower
axis. Therefore for most observations, when angles between shower axis and the
direction towards the detector are sufficiently large, the direct Cherenkov signal
makes only a small contribution to the total signal. However, in all shower con-
figurations, atmospheric scattering of the Cherenkov light produces a significant
contribution to the signal recorded by the detector. As the Cherenkov beam moves
through the air, a portion of its photons gets scattered in all directions, including
the direction towards the detector. The (singly) scattered Cherenkov photons are
directed to the detector from points close to momentary shower locations, there-
fore they arrive simultaneously with the fluorescence signal. As the shower and
its accompanying Cherenkov photon beam develop and reach lower parts of the
atmosphere, the probability of scattering grows with increasing air and aerosol
densities. This means that the scattered light component of the recorded shower
signal grows as a function of shower age (see Fig. 7). The number of Cheren-
kov photons in the beam traveling along with the shower accumulates from all
earlier shower stages, and thus it relates to history of shower development rather
than to the current number of charged particles in the shower. The fluorescence
light observed is proportional to number of particles and can be used to calculate
shower longitudinal profile. Therefore, the scattered Cherenkov photons consti-
tute a background for the “useful” fluorescence signal. To determine the shower
energy based on fluorescence light, the contribution of the scattered Cherenkov
photons must be subtracted from the total signal in the process of reconstruction
of shower profile from raw experimental data.

Subtraction of the direct and singly-scattered Cherenkov contribution is a part
of the routine procedure in air shower reconstruction in experiments using the
fluorescence method [11, 14]. It is commonly assumed that any further scattering
of photons traveling towards the detector results only in attenuation of the light.

Photons may, however, undergo a series of scatterings after which they finally
may reach the detector. In such a case, the atmospheric scattering of light results
not only in attenuation of the direct fluorescence signal, but may also contribute to
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the signal received by the detector. The fluorescence and Cherenkov photons that
are emitted in all directions and get scattered during entire shower development
must be taken into account. In routine shower reconstruction analyses the light
coming directly from the shower to the detector is calculated. The rest of the
light – emitted and scattered in all directions other than towards the detector – is
ignored. But one or more scatterings of this light can direct a portion of it to the
detector, thus increasing the recorded signal. The multiply scattered light (both
fluorescence and Cherenkov), just as direct and singly-scattered Cherenkov light,
must be regarded as a background for the direct fluorescence signal, because its
intensity is not directly related to the current number of particles in the shower.

The effect of atmospheric scattering of light may be one of the sources of
systematic inaccuracies in air shower detection. The multiple scattering effect in-
creases the amount of light arriving from the shower to the detector. Failure to
account for this effect results in a systematic error – an overestimation of direct
fluorescence in the measured signal – in shower energy determination in the flu-
orescence method of detection. An accurate estimate of the contribution of the
scattering effect to shower optical image is therefore needed for precise shower
reconstruction.

Until now neither scattered fluorescence light photons, nor multiple scattering
of Cherenkov light have been taken into account in shower reconstruction proce-
dures. Few studies of the scattering effect have been done so far. In Ref. [50] mul-
tiple scattering of fluorescence photons was investigated for vertical showers only
and an estimate of the contribution of the scattering effect to the shower image
was obtained. An analytical study of Rayleigh scattering of fluorescence photons
in a constant-density atmosphere was made in [51]. Both those approaches are
partial analyses. They deal only with selected aspects of the light scattering in the
atmosphere and use major simplifying assumptions such as investigation of fluo-
rescence scattering only, using constant-density atmosphere or constant-intensity
light source instead of real shower profile. However, a comprehensive study of
scattering of both fluorescence and Cherenkov light is so far missing.

An accurate account of the scattering effect gains importance in view of recent
results of ultra-high energy cosmic ray studies. The experimental energy spec-
tra determined by different experimental techniques, i.e. surface array (AGASA)
and fluorescence detector (HiRes), differ considerably from each other [52]. The
differences most probably are due to systematic uncertainties in shower recon-
struction in both techniques. Reduction of these systematic errors is of primary
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importance to the studies of cosmic ray energy spectrum.

The objective of this work is the systematic study of the multiple scattering
effect, by both Rayleigh and Mie scattering processes. The goal is to obtain
a correction to the existing shower reconstruction procedures to account for the
scattering effect.
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3 Simulations of air showers with Hybrid fadc

3.1 Description of Hybrid fadc program

Hybrid fadc [53] is a software for simulation of development and detection of air
showers, written and used by the Fly’s Eye and HiRes collaborations. The orig-
inal program includes procedures for calculating the direct and singly scattered
Cherenkov light contribution to the shower signal in the detector. This program
has been modified and extended by the author of this work so that it also calcu-
lates contribution from multiple scattering of both fluorescence and Cherenkov
photons. The Monte Carlo procedure for calculating the contribution of multiple
scattering was written by the author of this thesis as to be a part of the Hybrid fadc
program.

The outline of simulations done with the original Hybrid fadc is the follow-
ing. For a chosen energy of the primary particle and a direction of its path, the
air shower is simulated. A geometry of the event – angles describing direction of
primary cosmic ray particle and air shower core distance from the detector – is
chosen before the program run. From this geometry the track of the air shower,
as seen on the sky by an optical telescope on the ground, can be calculated. This
track is divided into parts, corresponding to a change of 0.04◦ in shower position
on the sky. These parts correspond to the steps in the Hybrid fadc program, in
which detailed calculations are done. In each step of the program the shower size
(i.e. the number of particles) is calculated using the Gaisser-Hillas parameteriza-
tion. From the shower size the number of fluorescence and Cherenkov photons
produced by shower particles at the current step is obtained. The fluorescence
light has an isotropic distribution, whereas the Cherenkov photons are assumed to
have a direction parallel to the shower. This way a beam of Cherenkov photons
accompanying the shower is produced: in each step of the program, newly emit-
ted photons are added to the beam. On the other hand, the photons of the beam
may undergo scattering on their way through the air, so a corresponding decrease
of the photon number in the beam is also calculated. Based on shower size and
number of Cherenkov photons in the beam, the number of both fluorescence and
Cherenkov photons directed to the detector is obtained. As for the Cherenkov
photons, the number is calculated both for the photons emitted directly towards
the detector in each step (from known angular distribution of emission), as well as
for the Cherenkov beam photons, which get scattered during the current step and
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Figure 8: Method of simulation of multiple scattering (see text for details).

are directed towards the detector. The number of fluorescence photons emitted in
all steps in the direction of the detector is also determined. The shower is assumed
to have no lateral distribution, i.e. all photons are emitted at the shower axis. Cal-
culations are done in 16 wavelength bins covering the range from 276 nm to 420
nm. Characteristics of the detector, such as transmission factors of filter, photo-
multiplier efficiency in all wavelength bins and reflectivity of mirror, are included
in the procedure of calculation of recorded signal.

3.2 Simulation of multiple scattering of light

In order to simulate multiple scattering of fluorescence and Cherenkov photons,
modifications to the original program were made by the author. The number of
photons involved is very large. For example, for a 1019eV shower the number of
photons produced in one program step is of the order of 1011 for the most part of
shower development. The number of steps in a run is of order of 1000, ranging for
very inclined showers from few hundreds to about 4000. This means that in calcu-
lations concerning photons produced in a shower it is impossible to trace them all
separately, so that some simplifications are inevitable. Therefore, in Hybrid fadc
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the total number of photons emitted in one step, for fluorescence and Cherenkov
light separately, is divided into “packets” – typically 10 thousand packets in each
program step and each wavelength bin. The light emitted with different wave-
lengths must be tracked separately, because their scattering probabilities differ
considerably. All following calculations are done for each packet.

A packet starts from the shower axis at the point corresponding to a current
shower development step. The direction of the packet is randomly chosen, based
on either isotropic angular distribution for fluorescence photons, or exponential
one for Cherenkov light (Eq. 2). Another simplifying assumption is made about
the points, where the scatterings of the packet photons take place. In reality such a
parallel bunch of photons would be successively scattered along the whole line of
flight, starting from the emission point. This means that a realistic simulation pro-
gram would have to handle a continuum of scattering points. This would require
implementing time consuming procedures, so that this solution is impracticable.
Therefore a simplification is needed – it is assumed that all photons in a packet
scatter at one point. Geometry of the photon packet is known – the starting point
and the direction of the packet trajectory define the layers of atmosphere it will
traverse. From this, and knowing also the values of mean free path in the atmo-
sphere for both Rayleigh and Mie scattering processes (Eq. 4 and 6), a distance
to the point of scattering can be randomly drawn. Two separate distances to the
scattering points, one for Rayleigh and one for Mie scattering processes respec-
tively, are calculated. From these two processes, the one which happens to occur
first (i.e. the one with a smaller distance drawn) is taken as the one that really
takes place. It may happen that one or both of these randomly chosen distances
(in units of mean free path) is greater than the available path length in the air –
from starting point to top of the atmosphere for packets heading upward, or to
the ground level for those heading down. In such a case, when neither Rayleigh
nor Mie scattering occur, the packet is assumed to leave the atmosphere or hit the
ground, and no scattering contribution from it is calculated. If only one process
yields a scattering point within the atmosphere, then this one is taken as the place
where the scattering occurs. Knowing the geometry of the packet: the direction
of the packet before scattering and the scattering point, and also the angular dis-
tribution of scattered light, the fraction of the packet scattered at this point in a
direction towards the detector is found. Next, including an attenuation factor for
the path toward the eye, the signal at the detector due to the scattered portion of
the packet is calculated. This means that another scatterings on the way to the
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detector may occur, but it is assumed that they only attenuate the signal recorded
by the detector: photons scattered along this last part of path are no longer traced
in the program. This is another simplification that must be accepted, but since the
number of photons omitted this way in further simulation is much smaller than the
calculated signal, this has no significant impact on the final results. Based on the
distance travelled from the point of emission, the time of arrival of the scattered
fraction of the packet to the detector is easily calculated.

In order to trace the remaining photons of the packet (i.e. those not scattered
towards the detector), it is assumed that they all get scattered simultaneously, and
continue their flight from the point of scattering together as a new, smaller packet.
For this smaller packet, an angle of scattering is randomly drawn from the distri-
bution, which defines the direction of the packet in the global coordinate system.
With the new starting point (i.e. the last scattering point), direction and packet
size, all calculations, just as for the first order scattering, can be repeated for the
second and successive order scatterings of this packet. The number of scatterings
can be unlimited, but for practical reasons of running the program it was limited
to five. Because of rapidly decreasing contributions from successive iterations –
in each iteration about half of the packets leave the atmosphere without scattering
– this simplification has limited impact on the final results. All the calculations
of scatterings result in the information about the contribution from each scattering
of each packet, as it is recorded by the detector: the size of the signal, its arrival
direction on the sky and time of arrival to the detector.

The approximation of photon packets is usually good. The large number of
packets in a single shower simulation run, of order of 109, is sufficient to average
out most large fluctuations. However, it may happen that the point of scattering is
drawn by chance very close to the detector. In such case, the large solid angle of
the detector, as seen from this point, causes the signal from this single scattering
to be relatively very strong. In simulation results these cases can be recognized by
values of the signal much larger than from typical packet fractions arriving from
neighboring directions. These are artifacts of the simulation method – they are
products of the unavoidable simplification of photons packeting – and can be rec-
ognized in the results shown below. Nevertheless, they have negligible influence
on the overall simulation results.
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4 Contribution of scattering to shower signal

4.1 Output data from simulations

During a modified Hybrid fadc program run, for all photon packets that under-
went scattering, parameters describing every signal arriving to the detector are
calculated. The full data about each such signal consist of time of arrival, direc-
tion on the sky where the light came from, and signal strength including detector
sensitivity at different wavelengths. Saving the whole information about every
packet would create very large output data files (of order of gigabytes for each
run), so for practical reasons a partial reduction and analysis of the data is done
during the program run.

An air shower simulation is divided in the program steps. Contributions from
multiple scattering to momentary images of the shower in each of these steps are
calculated during the program run. The contributions are integrated in circles with
radii of 1◦, 2◦ and 5◦, as well as over the whole sky.

The complete “differential” information about the signals recorded by the de-
tector can also be saved, that is: direction on the sky, time of arrival and signal
strength. As mentioned above, saving all data from a run would create very large
data files, so the packet information is saved only for a small part of the simula-
tions. For the purpose of analysis of shower image as it is seen by detectors, this
complete information has to be saved in chosen time bins of shower observation
by the detector. In the simulations done, this detailed information was saved for
the steps of maximum of shower signal, and also for steps corresponding to points
250 g/cm2 earlier and 250 g/cm2 later in the shower development.

4.2 Example of results from shower simulation

As described above, some data analysis was done already during the simulation
program run. An example of results from these calculations, for a vertical shower
landing 15 km from the detector, with primary energy of 1019eV, is shown in Fig.
9. Shown are contributions to the total light arriving from a shower to a detector on
the ground – the intensity of light along the observed shower track versus depth
in the atmosphere, that is the shower longitudinal profile. The “shower” curve
includes direct fluorescence photons plus direct and singly scattered Cherenkov
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Figure 9: Longitudinal profile of a vertical shower of energy 1019eV landing at
distance 15 km from detector. Light arriving to a detector was integrated in 1◦-
radius circle around momentary shower position.

photons. In addition, the contribution from scattered (including single scattering)
fluorescence photons is shown, as well as the contribution from multiple scat-
tering (excluding single scattering) of Cherenkov photons. The “shower” curve
represents the total direct signal from the shower, whereas the multiple scattering
data points include contributions from the solid angle within 1◦ radius from the
momentary location of the shower on the sky. The contribution from scattered
fluorescence light (including single scattering) is at all stages larger than the con-
tribution from multiple scattering of Cherenkov light. As for single scattering of
Cherenkov photons, the signal from multiply scattered light is larger at later stages
of shower development. This is because the shower reaches the denser parts of the
atmosphere, where probability of scattering is greater. In the parts of shower tra-
jectory low above the ground this contribution may reach a few percent of the total
signal from the shower.

Most of analysis presented in this work was made with the data about signals
in chosen time bins in the shower observation. This data contains the whole infor-
mation about signals from multiple scattering recorded at these chosen time bins.
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Figure 10: The distribution of light on the sky arriving to a detector from a shower
at the step of shower maximum. Simulated was vertical shower of energy 1019eV
landing 15 km from detector.

An example of these simulation results is shown in Fig. 10. It shows a distribu-
tion of scattered light on the sky arriving to a detector from a shower. The points
represent signals recorded by the detector simultaneously with maximum of the
shower’s direct signal (i.e. within time bin of this step in the program). The air
shower in the original Hybrid fadc program has no lateral distribution, so to get a
more realistic image of the shower as seen by the detector, the total direct signal
has been distributed according to the NKG function (Eq. 3). For this distribution,
the white spot at the center of image represents the area of the sky containing
90% of the direct shower signal. The scattered light distribution is centered at
the shower image position, but is much wider, and signals from scattered photons
arrive from practically the whole sky. Signal contributions which are distant (in
angle) from shower image are too small to trigger the detector pixels. This means
that they are not registered as a part of the shower, but can only contribute to the
background in the whole field of view of the telescope.

In order to show not only the distribution over the sky, but also the signal
strength of the scattered light, packets recorded by the detector at the step of
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Figure 11: The distribution of light on the sky, integrated in rings 0.1◦ wide, at the
step of shower maximum. The vertical line marks the radius of the spot containing
90% of the signal.

shower maximum were integrated in rings around the center of the image. The
result for one shower (vertical 1019eV shower landing 15 km from detector) is
shown in Fig. 11. Shown are the distributions of various components of the sig-
nal within 4◦ around the center of the image. In this area the contribution from
multiply scattered light, both fluorescence and Cherenkov, has a flat distribution
when integrated in the concentric rings. This means that the intensity per solid
angle is proportional to 1/ζ , where ζ is the angle from the center of image. In the
center of the shower image this contribution is negligible when compared to the
direct shower signal, but it doesn’t fall with distance from the center as quickly as
the direct signal. So, if the shower signal is integrated over larger solid angle, the
multiple scattering contribution becomes more significant.

As discussed in [49, 54], the distribution of light in this image is not uniform:
the distribution is strongly peaked at the center of the image, fading out away from
the center. The size of the image is therefore not uniquely defined. Following [49],
the image of the shower is defined as a circle containing 90% of the light. The
size of this circle (“the image spot”) is used as a reference in this work.
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In Fig. 12 and following shown are the contributions of scattered (singly and
multiply) fluorescence and multiply scattered Cherenkov light to the observed
shower signal. In order to have a common scale of comparison, contributions
of scattered light in various shower geometries are shown integrated within the
“image spot”. Radius of the solid angle containing 90% of light from the air
shower image may change, as it depends on the shower-detector distance.

4.3 Simulation data set

With the Hybrid fadc program modified as described above, simulations were
made for different shower primary energies and geometrical configurations, namely
for all combinations of:

• shower energy: 1018, 1019, 1020, 1021eV;

• shower core distance from the detector: 3, 7, 15, 25 km;

• ψ angle (see Fig. 6 and 8) within the shower-detector plane (SDP): 30, 50,
70, 90, 110, 130, 170 degrees for vertical SDP;

• SDP inclination: 30, 45, 60, 70 degrees with ψ = 90◦.

In order to show the magnitude of contribution from multiple scattering to the
shower signal, this contribution is presented in comparison to the direct signal
from shower. In the following, the term “shower” or “old signal” on all plots
denotes direct fluorescence plus direct and singly scattered Cherenkov photons.
The “new signal” denotes scattered (both singly and multiply) fluorescence plus
multiply scattered Cherenkov light; the “total signal” – the sum of these signals.
Results from the whole set of simulations performed are presented in Figures 12
and 13. Shown are contributions from multiply scattered light for all showers
at their maxima and points 250 g/cm2 before and 250 g/cm2 after the maximum
(if this point is above ground). The contributions are integrated within the “90%
image spot” – so these are the contributions to the optical image of the shower,
independent of the actual size of the image and independent of properties of the
detector.

In Fig. 12 the simulation points group around distances of 3, 7, 15 and 25 km
– it is an effect of chosen core distances in simulations. The relative contribution
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Figure 12: Relative contribution of scattered light to the total shower signal versus
the shower-detector distance, in different ranges of altitude above ground. The
“new signal” includes scattered fluorescence and multiply scattered Cherenkov
photons. The points at low altitudes have largest contributions from the scattered
light, and are grouped at distances corresponding to chosen core distances of sim-
ulated showers.

of the scattered light appears to be strongly correlated with altitude of the shower
front above the ground, rather than with the distance from the shower to the de-
tector. This contribution increases with decreasing altitude. Figure 12 suggests
therefore that the altitude above ground, rather than the shower-detector distance,
may be a better parameter to organize the data. The same results are plotted in
Fig. 13 as a function of altitude. The contribution of scattered fluorescence pho-
tons and multiply scattered Cherenkov photons are shown separately. The contri-
butions from shower maxima and points earlier and later in shower development
that are at the same altitude, show also comparable contribution of scattered light
- no clear dependence on shower age is seen.
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Figure 13: Relative contribution of singly and multiply scattered fluorescence
(A) and multiply scattered Cherenkov (B) to total shower signal plotted versus
altitude above ground. Contributions from shower maxima as well as from points
250 g/cm2 before and 250 g/cm2 after the maximum are shown.
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4.4 Universality of scattering contribution

Simulations from Figures 12 and 13 were done with standard atmospheric molec-
ular distribution, aerosol concentration, Cherenkov emission distribution, altitude
above sea level of the HiRes sites and within the 90% image spot. Dependence of
multiple scattering contribution on these parameters must be investigated, to ob-
tain universal results, that can be applied in any conditions and in all experiments.

To investigate the impact of the vertical distribution of the atmosphere (the
atmospheric depth profile) on the contribution of multiply scattered light, subsets
of simulations using different atmospheric models were made. Compared were
the US Standard Atmosphere Model [45] (used in all previous simulations) and
models of atmosphere in January and July at the southern Pierre Auger Observa-
tory in Malargüe (Argentina) [46, 47]. Results of simulations show that changing
the atmospheric models has little influence on contribution of multiple scattering,
as shown in Fig. 14. The change of atmospheric profiles has a significant ef-
fect on the shape of the whole air shower profile. But for light scattering, where
important are local air densities, the differences between the atmospheric models
produce relatively small effects.

Compared were also contributions of scattering in simulations using different
angular distributions of Cherenkov photons emission from a shower: a simple,
one-exponential distribution - Eq. 2 - used by Baltrusaitis et al. [11] with a more
realistic two-exponential one proposed by Nerling et al. [55]:

dN

dΩ
∝

e−θ/θ0

2π sin θ
(8)

with θ0 = 4.5◦ for θ < 35◦ and θ0 = 22.5◦ for θ > 35◦.

The results are shown in Fig. 15. No significant difference between these two
simulation sets can be seen. This may not be very surprising: both models of
Cherenkov emission differ only in distribution of a very small fraction of photons
emitted at large angles. This difference in distributions, significant at large angles
between the direction of emission and shower axis, is very important when the
direct Cherenkov signal is calculated. However when the photons undergo a series
of scatterings, each changing direction of their paths – the distribution of photons
after many scatterings appears to be not very sensitive to fine details of original
angular distribution of only a small part of emitted photons.
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Figure 14: Comparison of scattering contribution obtained using different molec-
ular atmospheric models: the US Standard Atmosphere Model and July and Jan-
uary averages at the southern Auger Observatory.

All described above shower simulations were done for a detector placed at an
altitude of 1570 meters above sea level, which is the default altitude in the Hy-
brid fadc program and corresponds to altitude of HiRes detectors (1550 and 1593
m a.s.l.). It is also roughly the mean of the altitude range of fluorescence detector
locations at the southern Pierre Auger Observatory (two detectors at 1416, one
at 1714 m a.s.l.). It is necessary to check, if the scattering contribution changes
with altitude of the detector, since the air density, important for calculations of
scattering, changes exponentially with altitude. It should be noted that Rayleigh
scattering changes with air density, that is with altitude above sea level, while
aerosol concentration, and consequently Mie scattering, changes independently
according to local conditions and altitude above ground. Again, sets of simula-
tions were made, with the detector placed 150 meters below and 150 meters above
the default altitude, i.e. at 1420 and 1720 meters a.s.l. The results are shown in
Fig. 16. Different simulation sets show no significant difference in the scattering
contribution. It may not be surprising – the difference of 300 meters in altitude
translates to only 3% change of air density (and in horizontal attenuation length
for Rayleigh scattering), so no large changes in the scattering effect should be
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Figure 15: Comparison of scattering contribution obtained assuming different an-
gular distributions of Cherenkov emission: by Baltrusaitis et al. [11] and b Nerling
et al. [55].

expected.

4.5 Scattering contribution as a function of signal integration
angle

The results presented above demonstrate the contribution of the multiple scatter-
ing effect to the optical image of the shower. In a real detector, the field of view
is divided into pixels of a fixed size (1.5◦ in diameter in the Pierre Auger Obser-
vatory fluorescence detector [14], 1◦ in the HiRes detector [12]). In the shower
reconstruction procedure, the shower signal is obtained by summing signals from
pixels located within some angle ζ from a current center of the shower image (Fig.
17). The size of the ζ angle is chosen for each shower individually, to maximize
the signal-to-noise ratio [14]. Fig. 18A shows the dependence of the ζ angle on
the distance from the shower to the detector, for showers recorded by the Auger
Observatory [56]. The exponential function fit to the data is compared to the size
of the 90% image spot in Fig. 18B. For distant showers, the ζ angle is larger than
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Figure 16: Comparison of contributions from scattered light, simulated for differ-
ent locations of detectors above sea level.

the radius of the image spot. Detector properties, in particular pixellization of the
field of view, are important here – the ζ angle has to be always larger than the
radius of a pixel. On the other hand, the spot size of the optical image of a shower
depends on geometry and decreases with distance: being comparable to ζ angle
for nearby showers, the image size becomes much smaller for the distant showers.

As demonstrated in Fig. 11, the angular distribution of scattered light is much
wider than that of the direct light (i.e. wider than the “shower” curve). Therefore,
the relative contribution of the scattered light to the recorded signal depends on
the ζ angle. Since the goal of this work is to account for the scattering effect in
analyses of data from real detectors, the dependence of the scattering contribution
on ζ is essential.

For nearby showers, ζ is comparable to the 90% spot radius. With ζ angle
larger than 1◦, for distant showers, the light from solid angle much larger than
shower image spot is recorded in the detector. This means that the contribution
from multiple scattering to the recorded signal in the detector becomes larger for
distant showers than for nearby ones. The relative contribution of the scattered
signal calculated not for the 90% spot radius (as in Fig. 12), but for various angles
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Spot position

100 ns interval 

ζ

Figure 17: Schematic illustration of air shower observation in a detector. Field
of view of the detector is divided into hexagonal pixels, each observed by a pho-
tomultiplier. Light from air shower triggers pixels along the observed line of its
propagation. Recorded signal is integrated within different angles ζ to find best
signal-to-noise ratio.

ζ is shown in Fig. 19 and 20. The scattering contribution grows roughly linearly
with increasing distance (this can be seen by comparing scales of vertical axes on
Fig. 20). For typical ζ values of 1◦-1.5◦ used in shower reconstruction and for dis-
tant showers, the “new signal” from scattered fluorescence and multiply scattered
Cherenkov photons exceeds 10% of the direct shower signal at low altitudes. As
shown on plots of Fig. 20, the character of the dependence on distance and altitude
is similar for different ζ values, and the value of the scattering contribution scales
approximately linearly with ζ . On all plots of Fig. 20 presented are simulated data
points representing maximum of shower signal, and also at 250 g/cm2 before and
250 g/cm2 after the shower maximum. No significant separation of data points at
different stages of shower development (different shower age) can be observed;
all points at a given altitude and distance have comparable values of the scattering
signal, so the scattering contribution appears to be independent of the shower age.
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Figure 19: Contribution of multiple scattering to shower signal (direct fluores-
cence, direct and singly-scattered Cherenkov) versus shower-detector distance
within light collecting angle ζ = 1◦.

4.6 Distribution of aerosols and its impact on scattering con-
tribution

Another variable that must be taken into account is the amount of aerosols in the
air. All previous calculations were done with one value of aerosol concentration,
equivalent to horizontal attenuation length (at ground level) for Mie scattering
of ΛM=9.59 km, which is characteristic for the desert atmosphere of the HiRes
experiment site. For the Rayleigh scattering at the default detector altitude (1570
m a.s.l.) the horizontal attenuation length for the light wavelength of 361 nm is
ΛR=18.77 km. Therefore, the total horizontal attenuation length (1/ΛT = 1/ΛR+

1/ΛM ) is ΛT = 6.347 km. This is a typical value measured at the locations of
detectors. ΛR and ΛM cannot be measured separately. ΛR depends on the air
density only, so it is well known. ΛM can be obtained only by measuring ΛT , so
the value of ΛT can be used in study of aerosol concentration changes. In order to
check the influence of aerosol amount on the contribution of multiple scattering,
a set of simulations was done:
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Figure 20: Contribution of multiple scattering to shower signal versus altitude
above ground for different values of light collecting angle ζ . The lines represent
fits of Equation (9) for d = 4, 7, 15 and 25 km.
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Fig. 20 continued.
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• total horizontal attenuation length ΛT : 9.487, 11.827, 15.699 km (respec-
tively 50, 30 and 10 percent of Hybrid fadc default aerosol concentration);

• shower energy: 1019eV;

• shower core distance: 3, 7, 15, 25 km;

• ψ angle: 30, 50, 70, 90, 110, 130, 170 degrees for vertical SDP;

• SDP inclination: 30, 45, 60, 70 degrees with ψ = 90◦.

Examples of results from these simulations are shown on Fig. 21. It can
be observed that the value of multiple scattering contribution varies strongly with
aerosol concentration. Especially for low altitudes above the ground a dependence
is seen: for higher aerosol concentration (smaller ΛT ) the scattering contribution
is also higher.

To describe fully the concentration of aerosols in the whole volume of air, not
only ΛM must be known, but also the vertical distribution of aerosol particles.
Generally it is assumed that concentration of aerosols falls down exponentially
with altitude, with a scale height of 1.2 km. This distribution was used in all
multiple scattering simulations. In order to see if a change of aerosol scale height
influences the final results, a set of simulations was made:

• aerosol scale height HM : 0.6, 2.4 km:

• ΛT = 9.487 km;

• energy 1019eV;

• core distance: 3, 7, 15, 25 km;

• ψ angle: 30, 50, 70, 90, 110, 130, 170 degrees for vertical SDP.

Results from these simulations are shown on Fig. 22. The data points were
selected so that they all have similar values of optical depth τ for the line of sight
from the emission point at the shower to the detector. The optical depth was se-
lected because the atmospheric scattering depends on this parameter, rather than
on the geometrical distance. The plots compare the multiple scattering contribu-
tions for different aerosol scale heights. It can be observed that even such large
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Figure 21: Contribution of multiple scattering to shower signal versus altitude
above ground for different aerosol concentrations characterized by different values
of total horizontal attenuation length ΛT . The contributions are integrated within
the angle ζ = 1◦. Shown are points at selected distances from the detector.
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Figure 22: Comparison of multiple scattering signal for different values of aerosol
scale height HM. On the plots are shown points with similar values of optical
depth. The contributions are integrated within the angle ζ = 1◦.
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differences of aerosol scale height (within a factor of 4), don’t make a significant
change – no regular dependence on the scale heights is seen. The values of mul-
tiple scattering contributions show some variation (1-2%). With the aerosol scale
height changed, values of the scattering contributions are still within the range of
this variation. Therefore a conclusion can be made that influence of aerosol scale
height change doesn’t need to be separately accounted for.
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5 Accounting for multiple scattering contribution to
shower signal

5.1 Parameterization of scattering contribution

All observations made during the review of simulation results allow one to make
a parameterization of the multiple scattering contribution. This contribution is
calculated as:

M =
new signal

old signal
[%].

The old signal is the sum of direct fluorescence, direct Cherenkov and singly
scattered Cherenkov light. The new signal is the sum of scattered (singly and
multiply) fluorescence and multiply scattered Cherenkov light. For one value of
horizontal attenuation length ΛT , M may be parameterized as a linear function of
the ζ angle and of the shower-detector distance d and an exponential function of
altitude above ground h:

M = Aζd exp(−
h

B
) (9)

A fit of this function with three independent variables (ζ, d, h) and two parameters
(A,B) was made. Data from simulations for ΛT =6.347 km were used, represent-
ing shower image at their maxima and points 250 g/cm2 higher and lower (if above
ground), in the range of the ζ angle between 0.1◦ and 5◦ with a step of 0.1◦. The
resulting parameters of the fit are:

A = 0.5830 ± 0.0011%, B = 2.4986 ± 0.0062km,

when ζ is in degrees, d and h in kilometers.

In order to confirm that the dependence on ζ and d is linear, an additional fit
to a following function was made:

M = AζCdD exp(−
h

B
). (10)

The resulting values of the exponents:

C = 0.986 ± 0.007, D = 0.993 ± 0.006

show that treating the scattering contribution as a linear function of ζ and d is an
acceptable simplification.
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Figure 23: Contribution of scattered light to shower signal versus altitude above
ground for selected shower-detector distances for ζ = 1.5◦. Solid lines represent
fits to function (9) to all simulation points for d = 4, 7, 15 and 25 km. Dashed
lines show field of view limits of Auger fluorescence telescopes (2 and 30 degrees
above the horizon).

Fits of Eq. 9 to the simulation results are shown in Figure 20. To better show
the agreement with the data points, a subset of the data in smaller intervals of
distance d is shown in Figure 23. The fits are shown for d = 4, 7, 15 and 25 km,
with data points corresponding to distances within ±1 km from these values. The
Equation 9 fairly well represents the contribution of the scattered light to shower
signal in a fluorescence detector.

The scattering contribution strongly depends on altitude of the shower front
above the ground, and consequently – on the elevation angle of the line of sight.
If the field of view of a detector is limited, it may limit the range of the scattering
contribution values that are really observed. As an example, the approximate
limits of the field of view of the Pierre Auger Observatory fluorescence detectors
(between 2◦ and 30◦ above the horizon) are marked in Fig. 23 by the dashed
lines. This means that only points located to the right of the “elevation=2◦” line
represent contributions which are relevant for the Auger detectors. Nevertheless,
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the multiple scattering contribution to the recorded signal may exceed 10%.

As for different values of the horizontal attenuation length, similar fits can be
performed. The results for two of the other ΛT values are shown on Fig. 24. As
it can be observed, Equation 9 describes fairly well the scattering contribution
for different aerosol concentration, especially for relatively large values of the
contribution. However, the A and B parameters of Equation 9 depend on the
horizontal attenuation length (see fig. 25). Therefore, in order to use this function
as parameterization of multiple scattering contribution, the A and B parameters
must be described as functions of ΛT . And so, as it is shown in Fig. 25, parameter
A can be approximated by an exponential function, and B – by a linear function.
When presenting the Equation 9 in this form, the following values are obtained
from the fit:

A = a1 exp(−ΛT/a2) + a3,

where a1 = 1.774 ± 0.033%,

a2 = 4.365 ± 0.064km,

a3 = 0.1387 ± 0.0025%;

B = b1ΛT + b2,

where b1 = 0.1976 ± 0.0035,

b2 = 1.402 ± 0.029km.

With these expressions for the A and B parameters, the parameterization of
the multiple scattering contribution by Eq. 9 is complete. This contribution is
given as a function of the signal integration angle ζ , the shower-detector distance
d, the altitude of the current shower position h and the total horizontal attenuation
length ΛT .

5.2 Parameterization of the scattering contribution using opti-
cal depth

For different aerosol concentrations in the air, the scattering contributions are dif-
ferent, even for the same geometrical distance and altitude of the shower front.
Therefore it can be concluded that a parameter independent of individual geome-
try could be more convenient. The optical depth τ is a parameter that characterizes
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Figure 24: Contribution of multiple scattering for different values of the total
horizontal attenuation length with respective fits of Eq. 9. The contributions are
integrated within the angle ζ = 1◦.
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the distance between two points, with respect to the atmospheric scattering on the
way between these points. Indeed, an observation can be made: if the scattering
contributions for different ΛT are grouped not by their geometrical distance d but
by optical depth τ , the scattering contribution values are similar for the same al-
titudes. Therefore, the form of the function may be changed, to which the data is
fitted:

M = Fζτ exp(−
h

G
) (11)

A fit to the new function gives the following values of the parameters:

F = 3.3179 ± 0.0078%, G = 5.426 ± 0.027km.

As it is shown in Fig. 26, a function of this form also gives a good fit to the
results from simulations. The fitted function describes the results from simulations
with accuracy of about 1-2 %, which is sufficient for the use of this correction.
Statistical fluctuations of results from individual simulations don’t allow for a
more accurate parameterization. This way again a parameterization of multiple
scattering contribution is obtained, now as a function of the ζ angle, optical depth
τ along the shower-detector line and the geometrical altitude of shower h.
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Figure 26: Contribution of multiple scattering for all values of horizontal atten-
uation length. Points are grouped by their value of optical depth for the shower-
detector distance. The lines are fits of Eq. 11, drawn for the mean value of respec-
tive τ ranges.

5.3 Comparison with other results

The presented results of simulations were compared to results of other studies
[50, 51] wherever possible. In Ref. [50] the multiple scattering of fluorescence
light from vertical showers was studied, assuming a uniform fluorescence light
intensity along the shower track rather than a realistic longitudinal shower profile.
To make the comparison, the scattered fluorescence light only from our simula-
tions of vertical showers is plotted in Fig. 27 as a function of τα

√
d used in [50],

where τ is the optical depth between the shower and the detector, α is the total
scattering coefficient at the point of emission [m−1], d is the shower-detector dis-
tance [m]. Results for ζ = 1◦ and ζ = 2◦ are compared. Although the methods of
simulation and assumptions made in both studies are different, the results appear
to be in a reasonable agreement, especially for small ζ .

Another comparison was made of our simulations with analytical calculations
of Ref. [51]. These analytical calculations are done only for Rayleigh scattered
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Figure 27: Comparison of fluorescence scattering from selected set of simulations
(data points) with results of [50] for ζ = 1◦ and ζ = 2◦. The lines represent the
parameterization given in Ref. [50].
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Figure 28: Comparison of fluorescence scattering contribution (Rayleigh scatter-
ing only) with the analytical formula 3.1kζ , (k = R/λ) given in Ref.[51], for
different shower-detector distances and wavelength bins.
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fluorescence light, assuming a constant-density atmosphere, rather than the expo-
nential distribution of air density in a real atmosphere. To make the comparison,
our simulation program was modified – allowed was Rayleigh scattering only. To
simulate the effect of a constant-density atmosphere, for comparison were chosen
positions of shower front low above the horizon (at elevation angle of 2◦). How-
ever, one must remember that in a 3-dimensional simulation the photons traverse
layers of atmosphere with different densities; also proximity to the ground level
and possibility of elimination of photons at altitude zero may influence the results.
Although both calculations were done using completely different methods, final
results are in satisfying agreement – as shown in Fig. 28. The analytical formula
for correction: 3.1%R

λ
ζ – given in [51] is also consistent with the fit obtained in

this work to describe the multiple scattering contribution - this contribution scales
linearly with the ζ angle and the distance.

Only a part of the results presented in this thesis can be compared to results of
[50] and [51]. These studies investigated some fragments of the multiple scatter-
ing problem. Analyzed was scattering of fluorescence light only, with additional
simplifications - vertical showers only or constant density atmosphere. These as-
sumptions limit the scope of these studies and applicability of the results. Com-
prehensive study of the multiple scattering effect presented in this work helps to
verify these assumptions. Whenever the comparison was possible, good agree-
ment of the results was obtained. This leads to the conclusion that the problem
of scattering of fluorescence photons was handled correctly in these studies. In
this work investigated were additionally effects not included in the other studies,
such as: variability of atmospheric profiles and aerosol distribution (ΛM andHM ),
different geometries and multiple scattering of Cherenkov photons, including dif-
ferent distributions of Cherenkov emission.

As the result of this study, a parameterization of the multiple scattering contri-
bution to shower signal was obtained. This parameterization is presented in two
forms: as a function of geometrical parameters (easily measured experimentally),
and as a function of optical depth to observed points. This parameterization is
ready to be implemented directly to existing procedures of air shower reconstruc-
tion, and the implementation can be done easily, without much alterations in the
procedures.
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6 Application to shower reconstruction

Scattering of fluorescence light and multiple scattering of Cherenkov photons
make a sizeable contribution to the signal received by a fluorescence detector and
should be taken into account in shower reconstruction procedure. The multiple
scattering component increases the total signal received by a detector. Therefore,
failure to account for the scattering effect results in overestimation of shower en-
ergy. The scattered component depends strongly on altitude above ground. This
means that the shape of the longitudinal profile of shower development is also
affected.

In the shower reconstruction procedure, accounting for the scattered com-
ponent should be done after the determination of shower geometry. The signal
recorded (see Fig. 29) should be rescaled using Eq. 9 or 11 “differentially”, i.e. in
each time bin. In general, the correction to the reconstructed shower energy will
be different for each event. The contribution from multiple scattering is largest for
distant showers. Applying the correction is a necessary step towards obtaining a
correct energy spectrum of ultra-high energy cosmic rays.

Tests of influence of multiple scattering contribution on final results of air
shower reconstruction were made using the Offline software. This program pack-
age was written by the Pierre Auger Observatory collaboration, and is used for
reconstruction of observed air showers. It allows one to calculate air shower pa-
rameters based on experimental raw data from fluorescence or surface detectors
observations, as well as hybrid reconstruction when observation of an air shower
was made with both types of detectors. The multiple scattering correction applies
to fluorescence detection method only, and so the test reconstructions were done
using the fluorescence reconstruction mode.

In the Offline program fluorescence reconstruction is done as described in sec-
tion 2.2. First, the geometry of the event is determined: calculated is orientation of
the shower-detector plane, and then location of the shower axis within this plane.
Then the shower signal size recorded by the detector is calculated. To do this,
pixels which recorded the shower must be selected. To include the largest pos-
sible part of the shower signal, as many pixels as possible should be taken. But
on the other hand, the optical background of the sky must be taken into account.
This background of the night sky – coming from stars, moon or man-made light
sources – during operation of the detector is constantly monitored, so that it can
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Figure 29: Light flux recorded by the detector versus time. The lines represent
contributions from direct fluorescence and singly scattered Cherenkov photons,
as calculated in the air shower reconstruction.

be properly estimated in the reconstruction. To limit the influence of background,
only signal from those pixels is used in further calculations, in which the signal
is sufficiently strong. And so, for several different values of the signal integration
angle ζ – usually from the range of 1◦ to 2◦ – the signal recorded within this an-
gle, in all time bins (of 100 nanoseconds each) separately, is calculated. A signal
from a pixel is included, when the center of the pixel is within ζ angle from the
momentary location of the shower, as calculated from the event geometry. For
further calculations the value of the ζ angle, for which the signal-to-noise ratio
is greatest for the observed part of shower development, is selected. With the ζ
angle determined, the signal in each time bin is calculated.

At this stage of shower reconstruction, all parameters that are necessary to
calculate the multiple scattering contribution have been determined. Geometri-
cal distance d and altitude h for all time bins, and also the ζ angle have been
calculated. The horizontal attenuation length ΛT or the optical depth τ for all
shower points can be calculated based on data about the atmosphere, available in
the program’s database. The multiple scattering contribution, as it is parameter-
ized in this work, is independent of shower age – it doesn’t require determining
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Figure 30: Number of electrons in a shower as a function of atmospheric depth.
The line shows a fit of the Gaisser-Hillas function to the reconstructed longitudinal
profile.

the shower maximum. This means that the correction to account for scattering
should be applied to the total observed signal, before further calculations leading
to determination of shower profile. Hence, the correction for the contribution from
multiple scattering to the signal has been included at this point of reconstruction.
The scattering contribution is calculated from Eq. 11 for each time bin, and the
recorded signal is corrected accordingly.

After the correction for multiple scattering has been applied, the shower signal
includes contributions from direct fluorescence, and also direct and singly scat-
tered Cherenkov photons. This signal is the basis for further calculations. Taking
into account the properties of the detector: transmission of filters, area and re-
flectivity of mirrors, photomultiplier efficiency etc., the intensity of light arriving
to the detector is calculated. Based on shower geometry, calculated earlier, and
known properties of the atmosphere, the intensity of light at the emission point
on the shower axis is obtained. From this light profile, through iterative fits to
the Gaisser-Hillas profile, direct and singly scattered Cherenkov photons are sub-
tracted, and the longitudinal profile of the shower is determined (Fig. 30).
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The multiple scattering correction has been implemented into the Offline pro-
gram. The contribution from multiple scattering has been calculated in circular
solid angles of radius ζ , as in Eq. 11. To test this implementation and its influ-
ence on the results of air shower reconstruction, some reconstructions of real air
showers recorded in Pierre Auger Observatory were done. The events were taken
from the selection of air showers observed in the year 2005. Those air showers
were recorded both by the fluorescence detector, and by the surface detectors. The
multiple scattering correction applies to the fluorescence light observations, and
so the reconstructions were done based on data from fluorescence detectors only.
Reconstructions were done twice, without and with the multiple scattering correc-
tion, and the results compared. Most important results for 10 of the reconstructed
events are presented below:

event total energy energy Xmax Xmax correction distance to
No. [1018eV] correction [g/cm2] [g/cm2] shower [km]
1 34.81 -3.3% 751 -1.6 46.78
2 28.22 -3.0% 833 -2.5 39.21
3 49.29 -3.4% 701 0. 34.80
4 20.24 -4.4% 830 -3.0 31.14
5 9.91 -3.0% 822 -1.8 30.13
6 3.44 -1.7% 761 -1.4 10.08
7 4.02 -1.2% 806 -2.2 8.03
8 2.83 -1.7% 720 -1.9 7.00
9 6.03 -2.1% 857 -2.0 6.89

10 2.88 -2.1% 870 -2.7 4.59

The total shower energy is given as reconstructed without the multiple scatter-
ing correction. The energy correction is the relative change in the reconstructed
shower energy caused by implementation of the scattering correction. Also the
depth of shower maximum Xmax, and its change caused by the scattering correc-
tion is given.

The presented events can be grouped according to their distance from the de-
tector to the point of shower maximum shown in the last column of the table. Five
of the events are distant (more than 30 km from the detector), the other five are
close ones (up to 10 km). The corrections to reconstructed energy are different for
these groups: while for the closer showers it is about 1-2%, for the distant ones
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it is 3-4.4%. The correction for multiple scattering scales linearly with distance,
so a difference was expected. However, the other parameters of Eq. 11 also have
influence on the value of this correction. The scattering correction scales linearly
with collecting angle ζ , which is, on average, larger for closer showers. This cor-
rection depends also strongly on altitude above the ground. The construction of
the detector limits the field of view (2-30 degrees above the horizon), so that the
showers close to the detector are observed lower above the ground than the distant
ones.

The energy correction shown is the net result of the scattering correction on
the reconstructed shower energy – the individual corrections to the signal in dif-
ferent time bins (that is at different altitudes) vary considerably. And so, for the
distant showers this correction ranges from less than 1%, to about 10% for lowest
observed parts of shower development. These differences mean that the longitu-
dinal shower profile is also changed. The value of scattering correction changes
gradually along the observed air shower development, and so the shape of the
longitudinal profile should be changed only a little. Indeed, changes of the re-
constructed depth of shower maximum caused by implementation of scattering
correction are small – up to 3 g/cm2.

It should be also mentioned that the correction for the scattering effect not only
modifies energies of individual showers, as determined in an experiment, but may
also influence the shape of the derived cosmic ray energy spectrum. The correc-
tion itself does not depend on shower energy. However, air showers of different
energies will be recorded at different distances from the detector. Showers of
lower energies, close to detector acceptance limits, will be recorded only at small
distances, where the detector will be able to register their light. On the other hand,
air showers of highest energies landing at a much wider range of distances can be
detected, which means that the average distance from the detector will be larger
than for showers of smaller energies. Since the multiple scattering contribution
depends on the shower-detector distance, the average energy correction may be
larger at highest energies.
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7 Summary and conclusion

The aim of this work was to study in detail the multiple scattering of light in
the atmosphere – one of the sources of systematical uncertainties in air shower
observations that until now has not been taken into account. In the air shower
detection method using optical detectors, fluorescence and Cherenkov photons in-
duced by particles of air showers are recorded. The contributions to the recorded
shower signal which have been routinely accounted for in shower reconstruction,
come from fluorescence light coming directly from the point of its emission with-
out scattering, and direct (unscattered) and singly scattered Cherenkov photons.
But additionally, a smaller contribution from both fluorescence and Cherenkov
photons scattered more than once, reaches the detector. In the air shower recon-
struction procedures this contribution from multiple scattering has been so far
neglected.

Only partial studies of the multiple scattering have been performed until now.
In this work a comprehensive study of the multiple scattering effect is presented.
A Monte Carlo method for simulation of the multiple scattering of light has been
developed, and used to determine its effect on the observation of air showers. Sim-
ulated is the development of air shower in a realistic atmosphere. Calculated is
the contribution from scattered (both singly and multiply) fluorescence and mul-
tiply scattered Cherenkov photons to the observed shower image. The simulation
results show that the multiple scattering contribution to the signal recorded by a
detector scales linearly with the signal collecting angle ζ and the shower-detector
distance (geometrical distance d or optical depth τ ), and falls exponentially with
the shower front altitude above the ground; no dependence on shower age is seen.

Different characteristics of the atmosphere, or distributions of light emission
by an air shower can be used in the simulations. And so, several sets of simula-
tions have been done for various atmospheric conditions. The contribution from
multiple scattering to the shower signal has been calculated using different pro-
files of molecular distribution, and different concentrations and variable vertical
distributions of aerosols. The effect of different angular distributions of Cheren-
kov emission in a shower has been studied. To enable the application of results
of this work to any experiment, the effect of multiple scattering has been inves-
tigated for detector locations at different altitudes above the sea level. It can be
concluded that variations of molecular atmosphere profile, vertical scale height of
aerosol distribution and Cherenkov angular distribution introduce no significant
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changes of the scattering contribution – the changes are smaller than fluctuations
with the default atmosphere. Also, results for different altitudes above sea level, at
which the existing fluorescence detector are located, do not differ significantly –
the effects of these differences are sufficiently accounted for by changes of the op-
tical depth of the shower-detector distance. On the other hand, variation of aerosol
concentration influences the contribution of scattered light very much, and must
be taken into account.

As a result of this study, a parameterization of the multiple scattering contri-
bution to shower signal has been obtained (Eq. 9 and 11). This parameterization,
is a simple function of parameters characterizing the location of the observed air
shower and the atmospheric conditions: it depends on the signal collecting angle,
shower altitude, shower-detector distance, and the horizontal attenuation length
(or the optical depth). The parameterization can be easily implemented into exist-
ing shower reconstruction procedures.

The contribution from multiple scattering increases the recorded air shower
signal. This contribution in various sections of shower trajectory ranges from
less than 1% at high altitudes, to more than 10% low above the ground for dis-
tant showers. In consequence, the reconstructed shower energy, depending on
atmospheric condition and distance from the detector, is overestimated by several
percent. If not accounted for, the multiple scattering contribution leads to sys-
tematic overestimation of air shower energy. Indirectly, this correction may also
influence the shape of the cosmic ray spectrum at ultrahigh-energy: due to the
varying detection efficiency of distant air showers at different energies, the aver-
age shower-detector distance (and consequently the multiple scattering correction)
is larger for showers of highest energies.

The contribution from multiple scattering has been so far assumed to be neg-
ligible, yet there were no reliable calculations of this effect. As the result of this
work, it has been determined that the multiple scattering has generally a moder-
ate, but non-negligible impact on the results of air shower observations. Since
the multiple scattering contributes to the systematic error of shower reconstruc-
tion, the reconstruction procedures should include a correction for this effect. The
results of this work, specifically the parameterization of multiple scattering con-
tribution, can be applied in any experiment using the fluorescence method of air
shower observation.

As a first test of the multiple scattering correction, it has been implemented
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into the Offline software used by the Pierre Auger Collaboration. Examples of
results from real shower reconstructions have been presented. In the showers
reconstructed, the correction for multiple scattering decreases the total shower
energy by 1.2-4.4%. The corresponding change of the longitudinal shower profile
is small – the depth of shower maximum in reconstructions with the scattering
correction decreases by up to 3 g/cm2. These reconstructions demonstrate that the
results of this work improve the fluorescence technique of air shower detection
and are ready to be used in any fluorescence detector of cosmic rays.
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