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Abstract

The Fluorescence Detector of the Pierre Auger Observateeg the atmosphere as a huge calorimeter that needs carginuo
monitoring to ensure unbiased physics results. The Cebaisdr Facility (CLF), a calibrated laser source located tlea centre

of the Observatory, is used to measure the light attenualiento aerosols, highly variable even on time scales of one Havo
independent, fully compatible procedures based on theysisadf CLF vertical events have been developed. Five yddrsurly
aerosol characterization are provided.
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Primary cosmic rays at ultrahigh energiesE.0'%eV) can-
not be observed directly because of their extremely low flux.
The properties of primary particles (energy, mass composi-

tion, arrival direction) are deduced from the study of the-ca KCF (Nov. 2008)
cade of secondary particles (EAS) originating from theiein RO .
action with air molecules. The Pierre Auger Observatory in Launch o o

Malargiie, Argentina, is a hybrid detector with an array a@fren " LR
than 1600 surface detectors overlooked by 24 fluoresceleze te
scopes grouped in 4 sites positioned at the array periphery.
Each site is composed by 6 telescopes with a field of view of Lo FRLoS Leoness _10km

30° x 3C°. The Fluorescence Detector (FD) is designed to per- W gamera

form a nearly calorimetric measurement of the energy of gosm

ray primaries. Due to the constantly changing propertige®f Figure 1: Atmospheric monitoring devices map. In the cenfrthe array are
calorimeter (i.e. the atmosphere), in which the light ishqmto- positioned the Central Laser Facility and the newly builtreX_aser Facility
duced and through which it is transmitted, a complex systenf\ovember 2008).

with several instruments has been set up to perform a contin-

uous monitoring of its properties. A map of the Pierre Auger2. Atmospheric Attenuation M echanisms

Observatory together with the atmospheric monitoringeyst

is shown in fig. 1. Atmospheric aerosols are highly variale o Light extinction in atmosphere is mainly due to molecular
a time scale of one hour : if not properly taken into accoum,and aerosol scattering: both molecules and aerosols irtrtiee a

these dynamic conditions can bias the showers reconstructi SPhere predominantly scatter, rather than absorb, fluenesc
Therefore, continuous measurements of the aerosol pagssnet Pnotons. In the following, the term "attenuation” is usedrto

of interest are performed : the aerosol extinctionfioent ~ dicate photons that are scattered in such a way that they o no
a(h), the vertical aerosol optical dept(h), the normalised contribute to the light S|gnal'recolrded by FD. All attenoati
differential cross sectioR(d) (or phase function), and the wave- Processes are usually described in terms of atmosphenis-tra
length dependence of the aerosol scattering parametrysteth  MiSSion codficientsTg, ,(s) andTz.(s), indicating the fraction
Angstrom coéiicienty. The phase function and the Angstrom ©f transmitted light intensity as a function of the wavelgng
coefficient are nearly constant in time [1]. The aerosol optica/@d Of the distance to the emission pantThe amount of flu-
depthra(h) is highly variable and contributes to the uncertainty O'€scence light collected at the FD apertuigs) is expressed

in energy from 3.6% at E 10175 eV to 7.9% at E= 10?0 e\,  Interms of the light intensity at the sourt¥s) as :

and to the uncertainty in Xmax from3g-cm?to 7.3 g-cm dQ
A A A A
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wheref are higher order corrections due to multiple scatteringghan 99%. The relative energy of each shot is monitored by two
anddQ is solid angle to the FD. probes (one photo-diode probe and one pyroelectric prabe):
An estimate ofrfnol(s) can be obtained once density, temper-nominal energy per pulse is 7 mJ and the pulse width is 7 ns.
ature and pressure of the atmosphere are known. Since 2002riations in beam energy are tracked to an accuracy of 2%.
these quantities are sistematically measured on site with m The nominal energy of 7 mJ per pulse is approximately equiv-
teorological radiosondes and ground based weather statioralent to the amount of fluorescence light produced by & 10
Data have been parametrized and organized in monthly preV shower. The net polarization of the fixed-direction \eati
files (Malargiie Monthly Models, [4]) which are employed in beam is maintained within 3% of random. Within this uncer-
the simulation and reconstruction of showers. tainty, equal amounts of light are scattered out of the gatti
The factorTZ,(s) depends on the aerosol distribution in di- beam in the direction of each FD telescope. The beam directio
mension and height, a component with significant variationss maintained within 0.04 degrees of vertical. The full-thid
in a time scale of one hour. A continuous monitoring of thebeam divergence is less than 0.05 degrees.
aerosol attenuation is mandatory; as an example, an under- During each hour of FD operation, 50 vertical laser tracles ar
estimation of the attenuation of the fluorescence light due tgenerated every 15 minutes. FD telescopes record light from
aerosols leads to an underestimation of the primary enésyy. the CLF exactly as they record light from EASs, as shown in
suming an horizontally uniform aerosol distributiori¢s) can  figure 3. The direction, time and relative energy of eachrlase
be defined as a function of the aerosol extinctionfiégoient  pulse is recorded at the CLF and later matched to the corre-
a(h) from the ground h to a point at altitude hobserved at sponding trigger in the FD data. A specific timing is used to
an elevation angle: distinguish laser from shower events.
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hl
TidS) = exp(— fh . a(h)dh/sirw) = exp[—(ra(h)/sing)]

In this paper the two techniques developed in the Pierre Auge
Experiment to measurg(h) are described.

3. TheCentral Laser Facility i ol bl
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The Central Laser Facility (CLF) [3] is an independent ull
aUt_omf”‘ted and self_-powered facility housed within a coregai Figure 3: Left: the CLF light recorded by telescope 4 of Loshes FD build-
which is nearly equidistant(30km) from three out of four FD  ing. Right : ADC traces corresponding to the selected piaslshe left.
buildings, and is operated remotely during FD data acqaisit

4. Aerosol Optical Depth M easurements

The light emitted by the Central Laser Facility, isotropiiga
diffused towards each FD building, is scattered and attenuated
by the molecular and aerosol components in the atmosphere in
the travel towards FD buildings exactly as the fluoresceigte |
emitted by a shower.

The analysis of the amount of CLF light that reaches the FDs
as a function of time is used to infer the aerosol attenuation
once the laser energy is known. To minimize fluctuations, av-
erage quarter hour profiles (photons collected at the aygeotu

Figure 2: The Central Laser Facility of the Pierre Auger Obatory the FD building as a function of ADC time bins) normalized to
a fixed reference enerdy,es are computed. Two independent

A frequency tripled Nd:YAG laser, control hardware and op-analyses of vertical laser events have been developed to pro
tics direct a calibrated and steerable pulsed UV beam irdo thvide an hourly aerosol charaterization in the FD field of view
sky. The laser head is mounted on an enclosed optical tadtle ththe Laser Simulation and the Data Normalized analyses. Both
also houses most of the other optical components. An edectrianalyses use as a reference an extremely clear night in which
heater protects the laser head from freezing, in the evet ththe aerosol contribution to the light attenuation can béewtgd
the main propane heater fails. The steering mechanismstensi (Rayleigh Night). A procedure to identify these extremdbat
of two mirrors on rotating orthogonal axes, which can directconditions in real data has been developed: for each coheren
the beam towards any direction above the horizon. The wavedata set the shape of CLF profiles is compared to the one of a
length is 355 nm, near the middle of the nitrogen fluorescenc®ayleigh Night simulated profile using a Kolmogorov testtha
spectrum produced by air showers, with a spectral purittebet checks their compatibility. The profile with the highest ipro
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ability is chosen as the reference. Rayleigh nights occuiemo the reconstructed photons at diaphragm in each time bin. In

frequently during austral winter. the case of presence of clouds, appearing as gpikles in the
profiles, the aerosol attenuation is measured from the groun
4.0.1. Laser Simulation Analysis level to the height of the cloud layer. The number of recon-

This procedure is based on the comparison of CLF lasestructed photons of the CLF profiles in analysis depends both
light profiles with those obtained by a grid of simulated pro-0n the aerosol attenuation and on FD and CLF calibrations, so
files generated in dierent aerosol attenuation conditions. Thelt is not possible to distinguish the contribution from edat-
atmospheric model adopted in this analysis is based on the a®r. To overcome this problem, the procedure makes use of the
sumption that the aerosol attenuation in the atmophere ean seference Rayleigh Night. For each coherent data set, tfe ra
reasonably described by a two parameters model: the AerosEtween the reconstructed energy of the Rayleigh Nightlprofi
Horizontal Attenuation LenghtlL{ye) and the Aerosol Scale and the nominal energy returns the normalization consteatt t
Height (Hmie). The first parameter describes the aerosol attenfixes the energy scale between real and simulated CLF profiles
uation at ground level, the second accounts for its depareden The normalization constant is then used to scale all CLF pro-
on the height. Horizontal uniformity is assumed. With this files before measuring the aerosol attenuation.
parametrization the Aerosol Transmission Factor is: The uncertainty orra(h) is calculated taking into account

both statistic errors and systematic errors arising froenuri-

Humie [ p(— hy )—exp(— hy )D ables involved in the procedure. The evaluation of thesttati
LmieCOSO Hmie error includes the indetermination due to the comparisgo-al

rithm used to determine the aerosol attenuation. The main co
where hl, h2 are the altitudes above sea level of the first anglipytion to systematic errors is due to the indeterminaiio
second observation levels respectively, amsithe zenith angle  the choice of the Rayleigh night and to the parametric model
of the light path. The Vertical Aerosol Optical Deptk(h) is : adopted.
Ho h h This procedure provides a measurement of the aerosol at-
1a(h) = ——22 [exp(— 2 )_ exp(— 1 )] tenuation every 15 minutes and results are averaged todill th
Lmie Himie mie hourly aerosol database.

Taer(S) = exp(

mie

The grid of simulated profiles is generated fixing the energy
at the valueEe; and the nominal geometry of the laser event,4.0.2. Data Normalised Analysis
varying only the atmospheric conditions. In this approaath, The Data Normalised Analysis consists of an iterative pro-
mosphere is defined once the parametric Monthly Density Proeedure that compares hourly average profiles to refererate re
files and the parametetsqe andHpe are set. The aerosol pa- Rayleigh Night profiles. Using the timing of the events, FADC
rameters space is defined varying. from 5 to 150 kmin steps time bins are converted to height at the laser track using the
of 2.5 km andHmie from 0.5 km to 5 km in steps of 0.25 km. A known positions of FD and CLF. An average profile is built ev-
total of 1121 profiles x 12 months are generated for this analyery hour, merging the corresponding four quarter-hour fesfi
sis. A procedure is applied to remove inconsistencies between th
four quarter hour profiles due to clouds. A cloud is detected
in a bin if the ratio of light in the quarter hour profile to that
seen in a clear day exceeds a given threshold. In such a case
the bin content is not used in the average hour profile. Then
more subtle discrepancies are searched for. For each Height
the average and the RMS of quarter hour profiles are computed.
Any signal which exceeds the hourly mean by a certain multi-
ple of the RMS is automatically set to zero. The procedure is
repeated reducing threshold values at each repetitionniyf o
one quarter hour survives, the corresponding bin is setno ze
Ll and discarded for further analysis.
ABC counts [ns] Once the hourly average profile (Ihour) is built, it is com-

Figure 4: A real CLF profile of light at diaphragm (in blue) cpared to an  pared to the Rayleigh Night profile of the data set (laerfrée)
example of four simulated profiles (in red) infidirent aerosol attenuation con- fjrst estimate ofa(h)is:
ditions.
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For each average real profile, the aerosol attenuation is de-
termined choosing the simulated profile, identified by the pa wherelo, is the average hourly laser profilberreeiS the
rameters pail.2es! HPeSt closest to the real one. The strat- reference Rayleigh Night profile arids the elevation angle of
egy adopted searches for the parameters pair that minirtizes the laser track point at height This calculation does not take
square dierenceD? between real and simulated profiles com- into account the laser beam scattering due to aerosols;gie ov

puted for each bin, wher®? = [¥;(®*® — ®5™?2] and®d; are  come this,7''(h) is differentiated to calculate the extinction
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a(h) over short intervals in which the aerosol scatteringdion

tions change slowly. Finallyz,(h) is estimated re-integrating S . .
a(h). An example of a profile in analysis is shown in figure 5. %o7H]
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Figure 7: Comparison of &,(h) profile estimated by the Laser Simulation and
the Data Normalised analyses
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The results produced with these two independent analyses
are fully compatible, as shown in fig. 6: the averagé km)
above the detector in the period from January 2005 to Decembe@igure 8: 7,(3km) as a function of time. Lower values af(3km) happens in
2008 is 0.04+ 0.01. austral winter (June - July)

The dficial Pierre Auger Observatory aerosol database is

E o2 ) . . .
< 0% filled with hourly measurements of the vertical aerosol cati
EU-“‘? depth computed with the two described analyses. Five ydars o
Qoler hourly aerosol characterization are provided.
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Figure 6:74(h) estimated by CLF analyses

An example of the good agreement between a typical hourly
vertical aerosol optical depth profiles measured with théaDa
Normalised and the Laser Simulation analyses is shown in fig-
ure 7.

By studying the vertical aerosol optical depth as a funatibn
time, over a period of 4 years of data, a clear seasonal i@riat
is observed, as shown in figure 8. Austral winter is the season
with lower aerosol attenuation.



