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Abstract: Cosmic rays experiments based on UV light detectors need a precise and continuous measurement
of the atmospheric properties in order to correctly retrieve parameters related to the energy and composition of
primaries from the observed UV light profiles. Aerosols playa critical role, being the most variable component
of the atmosphere. LIDARs and distant laser facilities for side-scattering measurements are typically used to
monitor the aerosol attenuation during data acquisition. The ARCADE project, taking place in Colorado, will
measure the aerosol attenuation properties of the atmosphere in the near UV using for the first time a steerable
elastic and Raman LIDAR and side-scattering techniques on the same air mass and at the same time. The goals of
the project are: the comparison of different hardware and analysis techniques to highlight their points of strength,
limitations and systematics; the development of models to describe the stratification of aerosols in the areas of
measurement, and their dependence on temperature, wind, precipitation, and humidity; the study of the cloud
cover and the measurement of the cloud optical depth. A detailed hardware description, simulations and the first
tests of the instrumentation are presented.
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1 Introduction
High energy cosmic ray detectors indirectly measure the
properties of cosmic rays from measurements of the devel-
opment of extensive air showers (EAS) in atmosphere. The
detection of Cherenkov light in the GeV-TeV range [1, 2]
and UV air fluorescence for the highest energies [3, 4, 5]
are most commonly used. Both techniques treat the atmo-
sphere as a giant calorimeter in which a huge number of
secondary particles, resulting from the interaction of the
primary cosmic rays with air, deposit their energy. These
techniques depend on the properties of the atmosphere it-
self, both from the point of view of the emission of light,
and its attenuation during the travel from the point of pro-
duction to the detectors [6]. The transmittance of light is
a function of the wavelength and the distance of obser-
vation, and is mainly affected by scattering and absorp-
tion phenomena. Molecular scattering is well described by
the Rayleigh theory, and can be accounted for by mea-
suring atmospheric state variables. Regular local measure-
ments with radiosondes or the use of global models such
as GDAS [7] are adequate to reduce consistently uncertain-
ties related to the molecular attenuation.

Aerosols have sizes that are comparable to the wave-
lengths of interest, and thus are not treatable with the
Rayleigh theory. Aerosol scattering depends on the partic-
ulate composition, size, and shape. Moreover, the depen-
dence on the wavelength varies with the aerosol type. The
aerosol content and distribution can vary on short time
scales depending on wind conditions. Therefore a constant
and precise monitoring of the aerosol attenuation is of pri-
mary importance in cosmic and gamma ray observatories
since it has direct effects on the observables measured. For

this reason, in the past years the cosmic rays community
spent great efforts to develop more effective and reliable
atmospheric monitoring systems. The typical techniques
used to measure aerosol attenuation consist in calibrated
laser facilities observed by the fluorescence detectors [8,9]
or elastic and Raman LIDARs [10, 11]. For each facility
several techniques to measure the aerosol optical depth are
commonly used.

The aim of the ARCADE project is to collect data for
the first time simultaneously with all these instruments
(distant laser facility, elastic and Raman LIDAR), in an
arid environment with low pollution, and systematically
compare results for a better knowledge of the systematics
and limits of applicability of each technique. The project
aims also to develop models to describe the stratification of

Figure 1: Illustration of the side view of the Raman LI-
DAR and side scattering aerosol measurement system. The
distance of the AMT and Raman LIDAR is 38.9 km. The
AMT is tilted by 2.2◦ in elevation, and has a field of view
of 13◦.
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aerosols and their dependence on temperature, wind, rain
and humidity, in collaboration with climatology experts
that will apply predictive models to these measurements.
A study of the cloud cover and cloud optical depth will
also be performed. This project represents also in some
way a continuation of the successful R&D tests for an im-
proved atmospheric test beam for the Pierre Auger Obser-
vatory [12].

2 Location and setup
Since these tests need the use of high power lasers which
disturb the normal cosmic ray acquisition, it has been cho-
sen a zone whose characteristics are suitable for cosmic
ray observations, but without an ongoing experiment. The
southeastern Colorado is a site which is a potential loca-
tion for a future observatory, and is already used for atmo-
spheric research and development. The area is a flat plateau
at about 1200 m a.s.l. with low light and air pollution.

In this region, the atmosphere will be simultaneously
studied with two different facilities placed at a distance
of 39.8 km: a steerable Raman LIDAR, and a fluorescence
detector prototype, called Atmospheric Monitoring Tele-
scope (AMT), which detects the side-scattered light of the
LIDAR laser (see Fig. 1).

3 The Raman LIDAR
The steerable Raman LIDAR is currently under design
and construction. The laser source used for this system
is a Quantel Centurion Nd:YAG diode-pumped solid state
laser, with a second and third harmonic generation module.
UV light at λ0 = 355 nm is thus emitted with residuals at
1064 and 530 nm. Infrared and green light are then filtered
out by five dichroic mirrors, which guarantee an ultra pure
beam at∼ 6mJ. The laser power is constantly monitored
with an RjP-445 pyroelectric energy probe, which receives
5% of the beam output. The laser beam divergence is re-
duced down to 0.3 mrad by a 10X beam expander. Before
exiting the laser box, the beam is depolarized. A two-axis
motorized mirror mount, holding a 2” flat mirror, is con-
trolled by computer, and allows fine adjustments of the out-
put beam direction. A sketch of the optical bench is shown
in Fig. 2.

The backscattered light is collected by a ø25 cm pri-
mary parabolic mirror. It is then deflected by a flat mirror
onto a lens that defocuses the light beam. The return light is
thus launched on a beam splitter which separates the elas-
tic and Raman backscattered photons. The resulting elas-
tic beam passes through a 354.7±2nm narrowband filter,
while the Raman-shifted line from nitrogen (λR= 387 nm)
is selected by another narrowband filter. The two beams
are read by two separate 2” R1332 photomultiplier tubes
by Hamamatsu (see Fig. 3). Signals are then amplified and
sampled with a 10 bit 2 GS/s digitizer.

The parallax between the laser beam and the receiver is
301 mm. It is expected from ray tracing simulations to be
able to have a complete overlap of the laser beam and the
mirror field of view at a distance of about 250 m.

The lidar is installed on an alt mount, and can be pointed
in any direction between zenith and the horizontal towards
the AMT. The movement is handled by a Trio MC224
motion controller, which operates a servo motor, and reads
the actual position of the telescope from a 13 bits absolute
encoder directly mounted on the steering axis.

Laser, high voltage, and data acquisition will all be con-
trolled by means of a Linux machine accessible via inter-
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Figure 2: Laser bench scheme. The laser (A) emits
ø1.6 mm light beam with a full divergence of∼ 3 mrad.
Light is purified by five dichroic mirrors (B,C). A beam
splitter (D) sends 5% of the light to a laser probe (E). The
main beam passes though a 10X beam expander (F), thus
reducing the divergence to∼ 0.3 mrad. The light is then
depolarized (G). The beam alignment can be finely con-
trolled with a motorized mirror mount (H). The beam fi-
nally exits the laser box passing through a quartz window.
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Figure 3: Lidar scheme. The laser beam exists from (I).
The backscattered light is collected by a primary parabolic
mirror (L) and sent with a secondary flat mirror and a lens
(M) into the Raman box (N), where the different wave-
lengths are split and sent different PMTs. The steering axis
is represented by a dashed cylinder.
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net, thus allowing the remote operation of the telescope.
Rain and wind sensors, connected to a single board com-
puter, will be installed in order to monitor external condi-
tions and close automatically the system in case of poor
weather.

4 The Atmospheric Monitoring Telescope
The Atmospheric Monitoring Telescope (AMT) is a tele-
scope for the detection of UV light located in the remote
region near Two Buttes, at∼ 40km from the lidar sys-
tem. The telescope, owned by the Colorado School of
Mines, was built during 2008 with spares recovered from
the HiRes experiment for the R&D of the Auger North ex-
periment. The receiver is composed of a 4-segment spher-
ical mirror having a total area of 3.5m2, and of a cam-
era, placed in its focal plane, equipped with three columns
of sixteen Photonis XP3062 photomultipliers with hexag-
onal window and a field of view of 1◦. The camera is not
fully equipped on purpose: the installed PMTs are suffi-
cient for the detection of the vertical laser tracks emittedby
the Nd:YAG laser at the lidar site (see Fig. 4). Between the
camera and the mirrors a UV filter centered at 355 nm is
positioned to reduce background light. The AMT will mea-
sure the laser light, fired at low repetion rate (4 Hz), scat-
tered at large angles towards the telescope. The PMT read-
out is based on data acquisition electronics designed for
the HEAT telescopes of the Pierre Auger Observatory [13].
The sampling rate of the digitizing system is 20 MHz. The
readout is triggered externally, either by a GPS device in
order to synchronize the acquisition with laser firing, or
from the UV LED system used for calibration. The AMT
is housed in a dedicated waterproof container, with an au-
tomated roll-up door in front. Pillars and adjustable feet
were constructed to obtain an angle of elevation of AMT
of 8.72◦ from the horizontal.

The camera of the AMT is currently at the Colorado
School of Mines for testing and improvements since last
used in 2010. In December 2012 the camera functional-
ity was verified, collecting the signal from a led source us-
ing the data acquisition system. The data acquisition sys-
tem has been recently improved and will be tested during
the next months at the Colorado School of Mines, together
with the new calibration system and software provided by
Colorado State University. Once fully tested in the lab, the
camera will be transported to the Two Buttes site for instal-
lation, alignment and first light collection. The exterior of
the AMT will be equipped with a weather station to record
wind speed, rain, temperature and humidity in real time.
This information will be sent to a single board computer
housed in the back of the AMT container, which acts as
the control center of the AMT and is accessible via inter-
net. In case of poor weather conditions the computer will
automatically close the doors to protect the equipment in-
side the AMT.

5 Operation
The system will be set up to take measurements au-
tonomously throughout the night. At the beginning of each
night a number of horizontal shots will be taken with the
aim of checking and correcting the lidar optics alignment.
The motorized mirror mount inside the laser box is tilted
around two axes and the best position that maximizes the

Figure 4: The AMT at the Two Buttes site, Colorado. Top :
the container, the 4-segment spherical mirror and the back
of camera are visible. Bottom : front of the AMT camera,
with the 3 columns of 16 PMTs.

signal over noise ratio at far distances is found. After that,
every hour a sequence of measurements is performed (see
Fig. 5).

The automatic scan sequence starts with laser shots in
the horizontal direction. Then 200 vertical laser shots are
fired vertically at 4 Hz for side-scattering measurements
with AMT. 120 LED calibration shots follow each AMT
acquisition to calibrate the AMT camera. The laser is then
fired at 100 Hz for twenty minutes for Raman acquisi-
tion. Another sequence of AMT measurements is done, fol-
lowed by other twenty minutes of Raman acquisition. Af-
ter another AMT measurement, the lidar is moved at dis-
crete positions in order to perform a multi-angle analysis
with the elastic channel. The sequence ends with 200 shots
at 4 Hz inclined at some angle towards the AMT.

6 Analysis techniques
A direct comparison of the multi-angle lidar analysis (done
with the elastic channel only) and a Raman lidar analy-
sis can be done with the same hardware setup. Both tech-
niques are well known, and suffer of different uncertain-
ties. While the first one depends on the assumption of a
perfect horizontal uniformity of the optical properties of
the atmosphere, the latter can uniquely extract the partic-
ulate extinction coefficient by assuming an analytical de-
pendence of the aerosol attenuation coefficientαaer at dif-
ferent wavelengths (λ0, λR). The main drawback of the Ra-
man technique is the longer acquisition period needed, be-
cause of the weakness of the Raman-shifted return signal.
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Figure 5: The automatic scan sequence lasts one hour. The
laser is fired at 4 Hz for side scattering measurements, at
100 Hz for lidar measurements.

A systematic comparison of the two techniques allows
one to study the uncertainties associated to both measure-
ments. In addition, Raman acquisitions at different angles
will allow one to quantify the uncertainties associated to
the horizontal uniformity hypothesis.

Lidar acquisitions in horizontal position towards the
AMT can be used for checking the horizontal uniformity
of αaer at ground level. From horizontal shots one can eas-
ily calculateαaer(0). This measurement is used to interpo-
late the first hundred meters where the overlap of the laser
beam and the receiver field of viewG(r) is not complete:
in fact in this region the lidar return signal is distorted, and
a correct aerosol optical depth cannot be extracted. If the
condition of horizontal uniformity is met, it is also possi-
ble from the horizontal shots to estimate the distance at
which the signal starts to be analyzable, i.e. where the over-
lap functionG(r) becomes constant. Horizontal measure-
ments will thus be used to decrease systematic uncertain-
ties that affect both elastic and Raman analyses.

A systematical comparison of lidar results with side
scattering measurements taken with the AMT will be done.
In particular, side scattering data will be analyzed with the
two different procedures currently adopted by the Pierre
Auger Observatory [9]. The data normalized analysis is
based on the comparison of measured light profiles with a
reference night in which the aerosol attenuation is negligi-
ble. The laser simulation analysis compares measured pro-
files with simulations based on a two-parameter descrip-
tion of the aerosol attenuation vertical profiles. One of the
two parameters, the horizontal aerosol attenuation length,
is the inverse ofαaer(0). Lidar measurements can thus sta-
bilize the model, fixing this parameter. Moreover, this anal-
ysis will be here improved by introducing the mixing layer
height parameter. This parameter refines the procedure by
taking into account the presence of the planetary boundary
layer (PBL). The simultaneous measurement of the PBL
height with the lidar will help to fine tune the AMT anal-
ysis. The side scattering analysis will be applied with the
necessary modifications to the AMT acquisition with laser
shots inclined towards it. A comparison of results coming
from inclined and vertical shots will then be used to prove
the validity of the horizontal homogeneity condition.

Measurements of cloud cover, altitude, and cloud opti-
cal properties can be performed with both devices. In par-

ticular, the lidar can identify multiple cloud layers. Infor-
mation from vertical and inclined shots will be compared
with satellite data.

Beside the impact of ARCADE measurements in the
cosmic ray research field, the study of tropospheric aerosol
stratification and their variability on short (hourly) and
long (seasonal) time scales is of great interest in atmo-
spheric physics and it is highly relevant since aerosols
play a key role in atmospheric radiative processes and thus
have a considerable effect on climate. Nowadays, there are
still no models able to take into account the complex vari-
ability of aerosols both in space (on a 10 km scale) and
time (on a hourly scale). Systematical measurements made
by ARCADE together with satellite observations will be
used to develop more comprehensive and predictive mod-
els and determine the evolution of meteorological fields
and aerosol concentration in atmosphere.

7 Acknowledgments
We are very grateful to the Ministero dell’Istruzione,
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