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Abstract: We present results from 200 hours of operation of an atmospherér segt beam system developed for
the Pierre Auger Observatory. The approximate optical equivalenbtat®f a 100 EeV air shower. This new system
combines a Raman backscatter LIDAR receiver with a calibrated pulseth&br system to generate a test beam in
which the number of photons in the beam can be determined at grouhdmelas a function of height in the atmosphere
where high energy air showers develop. The data have been rdcsimeltaneously by the Raman receiver and by a
single mirror optical cosmic ray detector that tested the new system byurirgaghe side-scattered laser light across a
horizontal distance of 39 km. The new test beam instrument will be mibgedthe R&D location in southeast Colorado
to the Pierre Auger Observatory location in Argentina to effect a majoragegof the central laser facility.
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1 Introduction

The Pierre Auger Observatory uses the atmosphere as a gi-
ant calorimeter to measure properties of the highest energy
particles known to exist. Test beams of particles with these
extreme energies (1-100 EeV) do not exist. However light AMT 38.9 km LIDAR
scattered out of UV laser beams directed into the atmo-

sphere from the Central and eXtreme Laser Facilities (CLEigure 1: Geometrical arrangement, viewed from the side,
[1] & XLF) generate tracks that are recorded by the Augegs the |aser and the two independent optical detectors.
Observatory fluorescence detector (FD) [2] telescopes that

also record tracks from extensive air showers. There is an
approximate effective optical equivalence between a 5 nfb improve detector monitoring and z, ¢) measurements,
UV laser track and that of a 100 EeV air shower. an upgrade is planned for the CLF. This will add a Raman

Atmospheric clarity, specifically the aerosol optical dept LIDAR receiver, replace the flash lamp I.aser. with a solid
profile, 7(z, t), is the largest and most variable calibratiorState laser, add an automated beam calibration system [8]
term, especially for the highest energy air showers. Th@S used at the XLF, and improve critical infrastructure.
method to obtairr(z, ¢) that was pioneered by HiRes [3] Key components for the upgrade have been tested at the
and extended to the Auger Observatory uses FD measuRgerre Auger North R&D site [9] in Southeast Colorado.
ments of side-scattered light from UV laser pulses [4] [5]Data collected have been used to meastret) by two
The relatively large light collecting power of the telesesp independent methods: elastic side scattering and inelasti
means that relatively few laser pulses are required. Thef@aman) backscattering fromyNnolecules. The arrange-
pulses also provide a means to monitor detector calibratioment of instruments (Fig. 1) includes the solid state laser
performance, and aperture [6]. that generates a vertical pulsed beam (355 nm 7 ns pulse
width), the collocated LIDAR receiver and a simplified FD
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Figure 2: Scanning electron images of aerosols sampled
at ground level at the Pierre Auger Observatory [10] (left: p
2.5 pm filter right:10.0u:m filter). BRI % . .

telescope 38.9 km distant. Dubbed the atmospheric mo rigure 3: The three channel LIDAR receiver. Light re-
Iected from the parabolic mirror (not shown) enters via

toring telescope (AMT), this instrument records side scaf:~ ="~ . .
tered light from the laser in the same way that the Aug Fﬂ”'d light guide seen near the lower left comer of this
gicture.

Observatory FD telescopes record light from the CLF an
the XLF in Argentina. Data collected also include tem-

perature, pressure and humidity profiles recorded by 27 rgsrest: 355 nm (Elastic scattering), 386.7 nm (Raman N
diosonde weather balloons launched from the LIDAR sitgsckscattering), and 407.5 nm (RamagCHbackscatter-

during 2009 to 2011. ing). The data acquisition system uses fast photon counting
(250 MHz) modules. The LIDAR receiver and solid state
2  The Raman LIDAR UV laser were deployed 15 km south of Lamar, Colorado.

In measuringr(z, t) with elastically scattered laser lightan3 The AMT detector
inherent ambiguity is encountered. The measured quantity,

i.e. the amount of light reaching the detector at a particurhe AMT (Fig. 4) is a modified HiRes Il type telescope.
lar time bin (height) depends on several unknowns. Thesge 3.5 ni mirror, camera, photomultiplier tube assem-
include the fraction of light transmitted to the scattenigg pjies and UV filter are all housed in a custom-built shel-
gion, the fraction of light scattered in the direction of th&er with a roll-up door across the aperture. For these tests,
detector by the molecular component and aerosols at the central 4 columns df® pixels were instrumented. The
particular height, and the fraction of light transmittecha AmT is mounted on four concrete posts and aligned so that
to the detector. The transmission terms can be combingek vertical laser track passed near the center of the field
if the atmosphere is assumed to be horizontally uniformyt view (FOV). The FOV at the vertical laser spans 1.54
or if the receiver and laser are collocated. The moleculg 10.8 km above the ground. A precipitation and ultra-
part of the scattering term can be determined to good accgnic wind sensor ensure the door was closed during rainy
racy from radiosonde measurements and molecular scattgfyindy conditions. The AMT is pointed toward the north
ing theory. However the aerosol scattering term can not hg, that direct sunlight could not damage the camera if the
modeled well because aerosol particles span a wide ranggor is open during the day. The door and field of view can

of sizes and irregular shapes [10] (Fig. 2) and these propg ohserved remotely through a network video camera.

erties typically vary with height. The PMTs were gain sorted prior to installation. Data from

Raman LIDARs evade this ambiguity by measuring light temperature controlled UV LED system at the mirror cen-
Raman scattered by Nnolecules. The Raman scatteringier and from a vertical nitrogen laser scanned across the
cross section for Nis well understood. The Ndensity fie|q of view were used to flat field and debug the cam-

profile can be derived from radiosonde data or through thea  puring routine nightly operation, the relative casibr
Global Data Assimilation System (GDAS) [14] [15]. Overtjon was monitoried using the LED system.

;haﬁgﬁé:ﬁgﬁgcrzggzh;i@?n LIDAR has become the Staﬂw_e readout of the PMT current is performed by pulse
o ] shaping and digitization system electronics that are aiso i
The Raman LIDAR receiver used in these tests featureSgemented in the High Elevation Auger Telescope (HEAT)
50 cm diameter /3 parabolic mirror pointing vertically be-[11] [12] extension to the Auger Observatory. The sam-
neath a UV transmitting window and motorized roof hatChg|ing period is 50 ns. The readout is triggered externally,
Aliquid light guide couples the reﬂe_cted Ilght from thg Mir-gither by pulses from the UV LED system, or from a GPS
ror focus to a three channel receiver (Fig. 3). Dichroigjevice [13]. The laser is also triggered by the same model
beam splitters direct this light onto 3 photomultiplier&sb Gps device. The AMT GPS pulse output is delayed by

(PMTs) that are located behind narrow band optical filq3q uis to allow for light travel time between the two in-
ters. These isolate the three scattered wavelengths of &y ments.
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Figure 4. The remotely operated Atmospheric Monitoringe$ebpe (left) and its camera (right) with the central 4
columns instrumented. A rectangular UV transmitting fi(teot shown) normally covers the camera surface.
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¢ Figure 7: Average difference in atmospheric density as de-
100 termined from the GDAS model and measured from 27 ra-
diosondes launches.

50

Hours

from Italy. The algorithm used in this benchmark was also
Qo Mo DeC  jen Feb  War used to retrieve aerosol profiles in Colorado from the N
200 2000 F0T0 20I0com2onn E0H channel. The N density was obtained from the GDAS

] ) model. The model agreed well with the radiosonde data
Figure 6: Accumulation of data when the AMT and the.g)iected at the site (Fig. 7).

Raman LIDAR operated on the same hour

The measurement of(z,t) from the AMT data used the

data normalized retrieval algorithm adapted from the ver-
4 Operations and Data Analysis sion used in Argentina to obtair(z, t) from FD measure-

ments of vertical CLF laser pulses. Two reference nights
The AMT, LIDAR, laser and various subsystems are afvere selected in the Colorado sample. The analysis in-
operated under computer control. Their nightly operatioﬁ'UdEd corrections for variations in the laser output and in
is sequenced by automation scripts initiated on moonle&de relative calibration of the AMT. Systematic errors of
nights from the Colorado School of Mines campus. Oped% Wwere assigned to these terms and an equivalent error
ation and data collection are then monitored remotely byas assigned for the choice of reference night.
collaborators in Colorado, Germany, and Italy. The hourly
sequence (Fig. 5) interleaves sets of 200 laser shots at 4 gz
for AMT measurements, sets of 120 UV LED shots for

AMT relative calibration, and 12 minute sets of 100 Hz . . .
laser shots for LIDAR measurements. Between Octob@? correlation is observed between the two independent

2010 and March 2011. more than 200 hours of data ha\;%easurements of aerosol optical depth (Fig. 8). Periods of
’ obvious cloud were removed from this analysis. The small-

been accumulated for which the AMT and LIDAR mea- ¢ dif in absolute t b d during |

sured laser light during the same hour (Fig. 6). est difierences in absolule 1erms are observed during lower
) aerosol conditions, i.ez(4.5 km) < 0.05. Horizontal non-

The Raman LIDAR was benchmarked against the EUrQjnitormity of the aerosol distribution across the 39 km be-

pean LIDAR network EARLINET [7] prior to shipment yyeen detectors can be expected to contribute to the broad-

Results
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] ] ) _ (smoother line) and by the LIDAR on the same evening.
Figure 8: Comparison between the vertical aerosol optical

depth at 4.5 km as measured by the AMT and the Raman
LIDAR systems. water vapor profile. An example water vapor profile

as measured by the LIDAR and by a radiosonde is
shown in Fig. 9.

ening of the correlation under hazier conditions. Further

analysis is in progress. We note this work represents the

first systematic comparison between these methods as #®aferences

plied to astroparticle detectors.
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1. Systematically compare the aerosol optical dep
profiles measured by the Raman LIDAR and by th
side-scatter method. This comparison is motivated
by the elongation rate for hybrid data that sugges
the particle composition may transition to heavie
primaries above 10 EeV.

4. Precision measurement of aerosols shortly after de-
tection of especially interesting air showers. Th
Raman receiver will make an independent precisio
measurement of the aerosol optical depth profile and



