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Abstract: The Surface Array Detector of the Pierre Auger Observatongists of about 1600 water Cherenkov detectors.
The operation of each station is continuosly monitored wépect to its individual components like batteries andrsol
panels, aiming at the diagnosis and the anticipation ofifadl. In addition, the evolution with time of the responsé an
of the trigger rate of each station is recorded. The behafitiie earliest deployed stations is used to predict thedutu
performance of the full array.

Keywords: Long term, surface detector, Pierre Auger Observatory

1 Introduction These quantities together with others such as the baseline
values and the dynode/anode ratio (the ratio of the output
The Surface Detector (SD) of the Pierre Auger Observaignal from the last PMT dynode to that of the anode) are
tory [1] consists of about 1600 stations based on cylindravailable to evaluate the behavior of the stations. Altfoug
cal tanks ofl.2 m x 10 m? volume filled with ultra pure the calibration system provides continuously updated val-
water of 8 to 10 M2-cm [1]. Each station is autonomousues of all these signals, it is important to model the underly
and uses twa?2 V batteries and two solar panels. ing changes in detector performance in order to determine

Particles of extensive air showers generated by primaf{€ [ong term effectiveness of the performance and calibra-
cosmic rays produce Cherenkov radiation in the tank w4ion of the detectors. In this work we provide a method
ter. This light is reflected by a material (Ty@&) which for_ the pher_lomenologlca! understanding of the signal evo-
covers the inside of the water-containing liner and is ogution allowing us to predict the long term performance of
served by 3 photomultiplier tubes (PMT) of 9” diameter.the detector. The model has bee_n shown to be reliable pre-
The nominal operating gain of the PMTsdsx 10° and viously [4, 5]. In this work we review the model presented
can be extended tt0%. Stations in the main array are dis-

earlier after more years of operational experience and ap-
tributed in a triangular grid of 1.5 km spacing, coverin

ly it to the full SD array, which was completed in 2008.
about 3000 krd. This design has a full efficiency for pri- 1 NS allows us to predict the array lifetime.
mary cosmic rays with energies above alutl0'8eV [2]  In section 2 we will examine the power system of the sta-
and is intended to be operational for at least 20 years. tions as it is an important system for the stable operation
An important issue is the signal stability which is related t ©f the stations.  In section 3 we quantify and predict how

the PMT gain, water transparency and the reflection coeffuch the signal properties will change in the next decade
cient of the Tyvel®. of operation, mainly through the Area over Peak ratio of

. . the muon signals4/P) as will be described. In section 4
Itis important for the station to be able to measure both t gnals4/ )

o e show the evolution of the the trigger rate of the array
current | and the charge Q (time-integrated current) pro: L :
. . . and of individual stations.
duced by the PMTs in response to an extensive air shower.

The charge is used to determine the energy deposited in the
tank by the shower, and the time distribution of the currer®  Power system
is used to form the trigger in each station. The charge and

maximum current due to a single vertical Mu@v zas  Each station has its power supply running autonomously
and Iy g, respectively, referred to in this paper as Aregyith solar panels and batteries. Two important issues then
or A and Peak oP, respectively, are constantly monitoredaye the battery lifetime and solar panel efficiency loss over

by the calibration and monitoring system and provide th§me. The main power system design consists of two solar
basis for calibration of each station [2, 3].

1. Tyvel@ is a registered trademark of DuPont corporation.
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panels of 53 Wp each connected in series and two batter-100
ies’ of 12 V and 100 Ah also connected in series. A station

with fully charged batteries can operate 7-10 days without 8o |
further charging during a cloudy period. During all the op-
eration of the observatory there has not been any general so
loss of operation due to extended cloudiness.

The current provided by the solar panels is monitored con- “° |
stantly and the information obtained is useful to determine
when solar panels need attention. Because of modulation # |
of the solar panel current by the solar power regulator it
is challenging to remotely measure performance of solar °y 1 . s 1 s & 7 s

panels that are working properly. So far, we do not iden- time(years)

tify a significant solar panel efficiency loss, though we have

found apparent cell damage to many of the solar panels Figure 1: Histogram of the battery lifetime (see text).
due to some not-yet-understood manufacturing problem.
We are currently studying these solar panels to estimate 38

16000

whether or not this will adversely affect long term perfor- 14000
mance. = 3 r B 12000
As the daily discharge is quite small (about 10% of theg [ 10000
rated capacity), we estimate the end of battery life in thié: 25 | / 4+ 4 8000
work to be when the battery voltage drops below 11V if theg L 1 6000
drop is not generated by a very long cloudy period or an aps , L 10 4000
parent problem related to other part of the system. Note that

it is quite different from the definition normally used in the M2
industry which considers the lifetime to have been reached ** 3 . , s 0
when the battery can not accumulate more that 80% of its AIP(25ns)

rated capacity.

Figure 1 is a histogram of the time interval between initiaFigure 2: Histogram of correlation between the area to peak
battery operation and the time at which the battery voltatio (4/P) and signal decay constant for muon signals in
age goes below 11V. In total, 808 pairs of batteries haveD array.

satisfied this criterion. Some failures are observed in op-

eration before reaching the expected Iifetime.in one of thﬁ figure 2 we can see a good correlation between the expo-
two batteries, mostly for newer ones, populatmg thg IOWeﬁential decay constant and the parameter area/peak)(
values qf the hlstogram__ From our experience we find th?clitio. As theA and P are directly available in the online
the quality of the batteries have not been constant. monitoring of each station, we are going to look theP
Many batteries in the array have operated for more thanrgtio, instead of the exponential decay constant.

years with no sign qf failure. AS. a consequence, they. A he proper description of thel/P evolution with time
notincluded mthe histogram of figure 1 gndthew mclusmqnight be very complicated, taking into account the daily
would have raised the_ overal apparent lifetime. and seasonal temperature variation, maintenance and hard-
In most cases, a station can still operate for more than\gare replacement of the stations for example. In this work
months without data acquisition interruption even thouglye examine the main long term trend of tA¢P. We con-

we have considered the battery dead in this way. Thereforgger that it might be described by an exponential behavior
the battery lifetime might be considered to be a little highegs:

than obtained here. The average lifetime is then between

4.5 and 6 years. A —t
Y S =s(t)x [1-p1 (1 e7)] L)
3 VEM Signal; Area over Peak wheres(t) takes into account the seasonal variations and

initial value,p, is the fractional loss and is a dimensionless

The output signal from the PMTs of a single vertical muorfiuantity that varies between 0 and 1, gndis the char-
has a fast rise and decays exponentially with time. The fa@¢teristic time in units of years. This decay assumes that
rise is dominated by the Cherenkov radiation which is on§he A/ P will stabilize at1 — p, combined with a seasonal
reflected once at the TyvéR, while the exponential decay variations.
is dominated by multiple reflections. As a consequenc#ye propose thel/ P seasonal variation as:
the exponential decay has a strong dependence on thete=———— ,

2. Moura Clean model 12MC105, a flooded lead acid battery

flection coefficient of the tank wall and the transparency of . ;
with a selectively permeable membrane to reduce water loss.

the water. Www.moura.com.br
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X2 /ndf  1.256e+05 /300

. t E E PO 3.581+ 0.000

s()=pox [L+ps-sin@r(z—0)| @ § =5 I —-

% 355 p2 3.066 + 0.005

wherep, is the overall normalization factopg quantifies e P o003 000002
= 2,487+ 0,000

the strength of the seasonal variation and is a dimensio “E
32—

less quantity that varies between 0 and 1. Thwill be E
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considered to be 1 year and thés just a phase parameter 2005 2008 2007 2008 2009 D0

to adjust the annual temperature variation.

As the analog signal from the PMT is digitized ataMHz
rate (one sample eve®p ns), which is fast enough to have b
a good idea of the muon signal shapgeis basically calcu- E
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3.638 £ 0.000

3.6 p1 0.1427 + 0.0001

p2 3102 £0.005

A/P [25 ns] |2

P3 0.006969 0.000019

2516 + 0.000

lated as the sum of digitized information around the regio =
where the main signal appears and thés the maximum a2~
value of this signal. To simplify this analysis, the ratig P

s L L L L L
2005 2006 2007 2008 2009 2010
Timelvearsl

as well as the parametgg will be given in units of25 ns.
We calculate the mean and deviationdfP over 7 days.
We use these values to find the parameters of equatior D
using a least square fit. SE- .

El
w

Xt/ndf  1.409e+05/300

PO 3,658 + 0.000

@
Iy

p1 0.1421+ 0.0001

A/P [25ns] |2
W
>

w
o

i

[ 2.494 £ 0.000

For long term operation station maintenance may be r E
quired which might involve PMTs or general electronics JE
replacement. This might adjust the voltage of the PMT

[3] and generate a slight gain change and, consequently,

the values of Peak and Area. However, it is expected thajy,re 3: A/P as a function of time for station 437. The dots
most of these changes generate an aimost unchafigfd 16 the average of the A/P over 7 day and the continuous
ratio. Some residual effects may remain and, in many gf,q is the fit of the equation 1.

the cases, it is a little difficult to treat them properly.

The parameters which are expected to have big effects on
A/ P are mostly the water transparency and the coefficier [Fractional Loss (p1) |
of reflection of the tank wall. In particular what we are
most interested in is the variation of thg' P with time and

its correlation with possible degradation of the statione T
analysis is thus rather complex and, to try to avoid bias, w
considered only well operating stations that were insalle
before 2007 so as to have a long term operational periot
and PMTs which also pass the following restrictian:<

po < 5.5, inunits of 25nsf) < py < 500 yr; x2/v < 2000,
wherev > 40 is the number of degree of freedom.

The last constraint is much weaker than acceptable statis 1
cally. This is because there are many short term effects i

i

w
)

s L L L L L
2005 2006 2007 2008 2009 2010
Timelvearsl
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the data which are not taken into account in a simple ex ' Fractional Loss
pression as considered in equation 1, although it describes
quite well the general behavior, as shown in figure 3. In Figure 4: Values of the fractional logs 1.

the local winter of 2007 we observed a deviation from

the steady trend due to extreme low temperatures (below

—15°C). This weather generatedla cm thick ice layer Years. We can see that the finaf P will be larger than

in the stations, which produced an extra drop, at a level 6% in most cases. There are a few cases for which this
1-3%, in A/ P. Reasons for that drop are being studied. value is much smaller that may require some intervention

In total we found approximately 1500 PMTs which pass the the near future. However, thgy are few and would not
above restrictions. We obtain the characteristic time dou greatly affect the general operation of the surface detecto

few years, an overall normalizatign ~ 3.5 x 25 ns and array. ) )
less than 1% for the seasonal amplitude. The A/ P would be affected by growth of microorganisms

n the water which could produce some turbidity. Bacterio-

In figure 4 we show an example histogram for the parani . .
etersp, of equation 1. We can see that the fractional loss gical testing of the water and the surface of the TB@EI(

factor (py) is below 20% in general. is carried out regularly in some stations, but until now

) ) - ] ) there has been no identification of relevant microorganism
In figure 5 there is an estimation of th&/ P loss using 5rowth.

equation 1 and the parameters predicted for the next 10
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The figure 7 shows the highest SD level trigger (T5) event
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Figure 5: Estimated relative values (Fraction)ofP after
10 years of operation with respect to its initial value.

4 Trigger

It is also important to monitor the trigger rates of the ar-
ray. As an example we show the trigger rate of one par-
ticular station (see figure 6). The T1 and T2 triggers [2],

0.05

F rate normalized by the number of active hexagons in the
array. T5 which is sometimes also called as 6T5 request
that the station with the largest signal is surrounded by 6
working stations at the time of shower impact and have al-
ready passed the previous trigger levels (T3 and T4) [2].
We can see that the physical event rate above the threshold
for SD full efficiency, was unaffected by the decrease of
ToT trigger rate of individual stations.
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Figure 7: Event rate as function of time.

which are just simple threshold triggers, are quite stabls  conclusions

with time. On the contrary, the ToT (Time over Threshold)
rate [2] which follows theA/P evolution, with an initial
decay time followed by a stable operation in time. Th
ToT trigger requires thirteen 25 nsec FADC binsin a Iargeg
time window of 3s to be above a 0.2 VEM threshold, so

With the experience of more than 6 years of operation of
§he detector, the studies of power system and single muons
ignals has shown a perfectly normal behavior.

this trigger is sensitive to a broad time distribution of low/S the lifetime of the batteries obtained in the present

energy showers and sensitive to the individual pulse widt/

nalysis confirms initial expectations, the maintenanesé co

should be consistent with the programmed one.

The study carried out on single muons shows that the Area
Z 109%*’.”;.*’ ’ over Peak reduction will be less than 15% in the next
2 = i . .
S 10851 ‘ W o ,”‘.” . decade. The reasons for the decay of A/P with time are a
— = | 1 ! . .
F b f‘»;g : ﬁ’ W e bty .”*{w wh, | convolution of water transparency, Tyvekreflection and
|- i oyt bt 1 i1 . .
Eoh ‘ Y ’o,;’. P + 1| electronic response of the detectors. The proportion df eac
5 Y ! ot ll .
e " R ’A”»:"“’ “a’p{v‘ i W“ " | of these three causes has not yet been determined. The
| - 1 + 3 0, . .
R 2008 o7 7008 00 2$?n§e[vwsl overall event rate above the threshold for SD full efficiency
have not been so far affected by the evolution of the signals
R = described in this work.
F) = o '
g 28 V‘m : o’:‘: o’o
= 216;" “‘H »“‘ o v "w m’d’ o ‘4.".:«
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Figure 6: Trigger rate T1, T2 and ToT for the station 437
as function of time.
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Remote operation of the Pierre Auger Observatory
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Abstract: The different components of the Pierre Auger Observatory, thacseidetectors (SD) and the fluorescence
telescopes (FD), are operated and maintained mainly by operators omsitilition, the FD data-acquisition has to be
supervised by a shift crew on site to guarantee a smooth operationovid@access to the detector-systems for experts
from remote sites not only increases the knowledge available for the mairte, but opens the possibility to operate
the detector from remote sites. Establishing remote shift operation hasleéittof saving substantial travelling time
and cost, but also offers the possibility of remote support for shiftecseasing the quality of the data and the safety of
the detector. The monitoring of the Pierre Auger Observatory has kesigneéd with the server and replication scheme
for remote availability. In addition, grid based technology has been usiedpiement the access to the control of the
detector to make remote shift operation possible.

Keywords: Pierre Auger Observatory, UHECR, detector operation, monitorimgote control, remote shift

1 Introduction year are required to cover the shift operation of up to 13
hours per night in dark periods of up to 18 days per lunar

The Pierre Auger Observatory measures cosmic rays at thgcle. These shifters have to travel long distances to be on

highest energies. The southern site in the province of Mesite.

doza, Argentina, was completed during the year 2008. The

instrument [1] was designed to measure extensive air shO\g{— Monitorin

ers with energies ranging from— 100 EeV and beyond. g

It combines two complementary observational techniques, o

the detection of particles on the ground using an array 4 monitoring system [2] has been developed to help the

1660 water Cherenkov detectors distributed on an area $ffifter judge the operation of the FD on the basis of the

3000 kit and the observation of fluorescence light gene@vailable information. The overview page for one FD-site

ated in the atmosphere above the ground by a total of 3% Shown in fig.1. An alarm-system has been implemented

wide-angle Schmidt telescopes positioned at four sites ¢f notify the shifter in case of occurrences that require im-

the border around the ground array. Routine operation gfediate action. The monitoring system overviews the op-
the detectors has started in 2002. eration and maintenance of the SD. Daily checks on the

monitoring data of the single surface detectors can iden-

tify the onset of failures. This starts a maintenance proces
2 Shift operation which typically leads to an intervention of a crew visiting

the surface detector in the field. The maintenance and in-
The data-acquisition system of the surface detector asraytervention system realized within the monitoring system of
not operated manually. It runs continuously without startthe Pierre Auger Observatory covers the whole work-flow
ing and stopping discrete runs. The duty cycle of the Sifyom the alarm being raised to the intervention in the field
reaches almost 100%. The fluorescence telescopes opegd finally resolving the alarm. It represents a tailorekktic
on clear, moonless, nights and are sensitive to environmegting system which has been developed for the SD, but is
tal factors such as rain, strong winds and lightning. Thereextended to other components like the monitoring system
fore, the telescopes have to be operated manually and tkgelf.
data-acquisition is organized in runs. The operation of thgechnically, the monitoring system is based on a set of
FD is controlled by a shift-crew from a control room within databases that store all monitoring information available
the Pierre Auger campus building. A total of 61 shifters peand a web-interface that is used to display the information
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NAVIGATION VATORY | CDAS | SD | LB | FD | LASER | MONI | Ticketing | LINKS staTus: IV HHEE | I E uTC: 2011-06-10 06:40:53 - GPS: 991723269
2BG summary < > Latest CLF, XLF & APF shots seen In FD Colhueco <
Varlance | Threshold  Hirale = Pedestal  #Hot Shot Time aPssec GPSns
Tlerio (last antryy 2 [ADC] [Hz) [ADC]  Pixels
{ADS CLF0.255 10,06, 06:40:24 UTC 991723239 250185953
T R e I - CLF 0505 10.06.06:3031 UTC 991722646 500200211
Telz e qan 387 A0 Nase st ° XLF 0.355 10.06.06:18:57 UTG 991722012 350182953
Tels ERICEERRSCULICE RS20 =Y A0 Eae e 2 XLF 0705 09.08. 03:57:58 UTC 991627093 700183182
Tels | 10.06.0640:01UTC 1801 1422 99 138137 0
> Trigger summary fable (current run) <
Tel5 | 10.06.064001UTGC  17.881 1470 %9 138158 0
T2 Rate [Hz] 2.7800
Tel6  10.06.064001UTC 20748 1438 %8 13224 0
T3 Rate [Hz] 0.0200
B T2 Rate related to Lidar [Hz] 0.0000
10.06. 06:40:08 UTC Bayl = Bay2 Bay3 Bayd Bay5  Bayé T3 Rate related o Lidar [Hz] T0950
Shultar. S | S| ngaal | Gl || SRR | s No. of events (last 30s) 2
Curtain Open  Open  Open  Open Open  Open
> Run summary table (this night) <
Windspeed [km/n] 264 No Rain
RunID Runmode = Telescopes Start stop Status
Temperatures fdeg G Rack: | 235  Bays: = 205
3972 | dag 125456  10.06.050316 UTC unknown unknown
>DAQ status table < 6753 | cala 123456 | 10.06.045751 UTC | 10.06.05:00:37 UTC ok
oy Lt L BEVY L Lits) 6752 cala | 123456 09.06.102042UTC  09.06.102328UTC ok
Evb Afiached ~ Atiached  Aftached  Allached  Aftached  Aflached 3971 daq 123456  09.06.03:5549 UTC | 09.06.10:43:40 UTC | ok
RunControl  Affached | Atiached  Aflached  Afiached  Aftached  Afiached 5781 | mix | Iaowce |0anoisnEiioc | mulseenel| i
> UpTime status for GPSStart=991722013 <
Bay 1 Bay 2 Bay3 Bay4 Bay5 Bay6
Uptime-fraction 0981542 099095 0987149 0998577 0896616 0995922

Figure 1: Overview page of the monitoring showing the stafusne FD-site, Coihueco.

using mainly PHP, JavaScript, JPGraph and gnuplot. In theowledge of the experts that developed it. Previously, the
case of the FD, the databases are partially filled locally &w bandwidth of the internet connection to the observatory
the FD sites. The mysq| build-in mechanism of replicatiomprevented the knowledge of experts being available on site,
is used to transport the data to the central database serlgading in the worst case to expensive and time consum-
on the campus. Replication guarantees the completenessraf travel to the detector with consequential severe delay i

the data in the case of lost connections between the camyhe processing of problems. With AugerAccess the internet
and the FD-sites. connection now provides the required reliability to cortnec

An authentication schema and a sophisticated role mod&motely to the system for debugging purposes. Experts
allow the user to interact with the monitoring system ac(€-g. from Europe) can inspect the system and share their
cording to their privileges. These interactions includé nd<nowledge in understanding the symptom of a problem and
only the acknowledgement of an alarm, but also adminidts possible cure.

trative tasks like the configuration of alarms or the assigrifhe operation of the FD [4] is secured by a slow-control
ment of roles to users. The maintenance and interventi@ystem. The slow-control system works autonomously and
system is highly interactive and thus relies on the properontinuously monitors detector and weather conditions.
assignment of roles to users. Commands from operators are accepted only if they do not

In addition, replication is used to transport the inforraati Violate safety rules. Data-acquisition takes place withen

to a database on a server in Europe. This server contafyd)-control. These two systems, the slow-control and the
the monitoring information in quasi real-time, as long agun-control, are the main components of the operation of
the internet-connection between the observatory and Ethe FD.

rope is stable. The mirror site in Europe can provide th&he security of a connection to the sensitive inner system
web-interface without additional traffic to the observator of the observatory is established by using grid technolo-
The problem of an unstable internet connection with limgies for the authentication and encrypted protocols. For
ited bandwidth has been addressed by the AugerAccetb®e access an X.509 certificate obtaining by a national cer-
project [3] that involved the installation of an optical #br tificate authority is used. These certificates are valid for
connecting the observatory with the internet backbone. only one year. Both, a valid certificate and a password are
required for authentication, and the user has to be regis-
tered on site at the observatory through authorization by an
administrator. The remote client alleviate certificate-han
dling includes a single-sign-on with the passphrase to be
The possibility of connecting via internet to the inner conyalid only 24 hours. The graphical user interface allows
trol systems of the detector allows the expert for a specifiie renewal of the decryption. The decrypted certificate
system to inSpeCt it, in case of failure, from all over tth checked on every Operation, on the DAQ as well as the
world.  This supports the local staff who are trained fokjow-control. The system handles the slow-control for op-
the operation of the systems, but which cannot have all thgation of the FD system by connecting to the slow-control

4 Remote control
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) FD-Control - Mozilla Firefox < @ik067122>

. ..- - Remote
FD - SlowControl Pierre Auger Observatory Client

Overview 10:35:29 :
e Wind 389 Firewall
Sleep MLight outside  OVF / OVF

[ General Eye Status

| Camera status Manual Mode Lightinbay ok

L Bay 1- Bay 2 Standby Rain no rain
|- Bay 3 -Bay 4 Calibration Door 1/2 closed
|-Bay 5 -Bay 6

| Message History

Running Door 3/4 closed

Emg Stop Door 5/6 closed Internet
Error Emerg Exit closed
| General Eye Status il o =
| camera status .
| Bay1-Bay2 Malarglie
[ Bay3-Bay4 Manual  Sleep  Standby Calibration  Run
T AT T R
| Message History Firewall
Loma Amarilla Shutter Curtain Power

I
| General Eye status GT 4/DAQ
| Camera status Opened Opening Opened Opening Frontend

- Bay 1-Bay 2 Closed Closing Closed Closing Power

| Bay3-Bay4 Disabled Stopped Stopped ON | OFF
ooy s-says | [or|

Error Error
| Message History

M Locked Auto mode. M Locked Auto mode. Mirror PC

|- General Eye Status. EN | STOF i LOSE i F i stop | cLos i Power

:E:;":r-aa?ya;us e ON | oFF |

ey 3. ay

-:::::::;;wwmo — C [Axis Server Axis Server [Axis Server] [Axis Server| [Axis Server
EyePC LL EyePC LM EyePC Co  EyePC LA EyePC HEAT

Figure 2: Example of the slow-control as it is displayed thi i i i i i

same way on the campus as in the remote control room. MirrorPC MirrorPC MirrorPC MirrorPC MirrorPC

server on the campus via a Grid secured SSH connectiigure 3: Topology of the services and the connections for

and port forwarding. This server in turn is connected to thghe remote access of the DAQ and the slow-control.
systems at each FD-site. In this way, the remote operator

sees the same interface as the operator in the control room o
on the campus. An example is given in fig.2. The topolog{/e“ef for the collaborators, but could also open the paksib

of the services and the connections is illustrated in fig.3. Ity of running shifts on nights with even smaller fractions
of observing time, thus increasing the scientific output of

the observatory.

Shift operation is a good experience, especially for new or
young collaborators to get familiar with the detector. Run-
The Pierre Auger Collaboration established a task force mng the shifts remote|y prevents the collaborators from
study the feasibility of operating the observatory rempotel getting on-site experience of shifts. On the other hand, it
The task force was especially concerned with the opergpens the possibility of “dropping in” for just some hours
tion of the FD shifts from a remote control room. Thisor nights, if no travelling is needed. In addition, the shift
is not necessary for the SD, which operates continuoushyight even be partially in normal working time instead of
In that case, off-site work uses monitoring information tq“ght time making it more attractive to follow the opera-
detect malfUnCtioning detectors as part of the maintenanﬁgn_ Therefore, remote control rooms open the prospect of

process. No special arrangements are then needed for gfétting more people in close contact with the operation of
site SD work, which is part of the monitoring programthe observatory.

and can be performed from any site at any time. SlncIgor the operation of the FD, i. e. the data-acquisition, the

the Aug.er qulaboraﬂon has .not had "’_‘ program of "G4 in-control of the FD has been extended to a client server
lar on-site shifts for SD, off-site SD shifts do not reduce

h Kload but do i it fici onfiguration where the communication is done through
€ workioad but do Improve maintenance efficiency antgrid-authenticated connections using SOAP, a platform and
thus, detector performance.

language independent specification that allows one to cou-
The remote FD-shift aims at reducing the load on the C0b|e the existing DAQ software [5] with the new remote
Iaborators, since travelling to the site is time-ConSUmingoftware Components viaa message based communication.
and expensive. Even with the more reliable internet confhe client has been developed to cover the same function-
nection via the Optical fibre installed as the main part Oé“ty as the previous stand alone run-control running on
AugerAccess the connection to the observatory from a rer central server on the campus. For the development and
mote site, even including other cities in Argentina, is nogyaluation phase, before the internet connection of Auger-
guaranteed. Therefore, even with shifters operating the ofccess is available, a virtual testbed has been set up at the
servatory remotely, we need to have two shifters on sitearisruhe Institute of Technology in Germany. This testbed
for safety reasons. Those shifters need not stay focuseghulates the real systems including firewalls. Only the

all the night and can rest while being on call in case ofong connection to Malatge and its reliability cannot be
alarms. This way, the number of shifters needed for opergimulated realistically.

tion might be reduced in the end by 60%. This is not only a

5 Remote shift
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Figure 4: The control room at the observatory.

6 Remote control rooms 7 Summary

Ideally a remote control room offers the same functionalityrhe Pierre Auger Observatory and especially the FD data-
as the control room at the observatory, shown in fig.4. Bugcquisition is operated on site to guarantee a smooth oper-
with the introduction of remote operation, additional comation. Access to the detector-systems for experts at remote
munication measures have to be taken in the control roosites increases the knowledge available for the obsegvator
as well. The task force established requirements for makaaintenance. Further, establishing remote shift operatio
ing the remote control rooms functional. As at the obsecan save substantial travelling time and cost by reducing
vatory, two desktop systems, together with one spare sythe number of shifters by up to 60% and offers the possibil-
tem, have to be available for operation of the FD and thigy of supervising shifters by persons off site, increaghngy
Lidar system. In addition, five screens on the wall showguality of the data and the safety of the detector. The mon-
the status of each FD site with its telescopes. With onitoring program of the Pierre Auger Observatory has been
additional screen summarizing the status of the SD, we rdesigned for a remote availability. Grid based technology
quire at least six screens on the wall to present an overvidvas been used to implement the access to the run-control.
of the detector systems. The remote control room has ®equirements for remote shift rooms have been established
have a prioritized internet connection. This can also band the first passive tests are being performed.

used for video-conferencing with the observatory control

room. EVO [6] has been established to be used for video-

conferencing within the Auger Collaboration, and we fol- erences

low its recommendations for the necessary room micro-

phone and video camera. If a network connection is losil] The Pierre Auger Collaboration, Nucl. Instrum. Meth.,

a regular phone with the ability to call international to Ar- 2004,A523, 50-95.

gentina has to be available in the remote control room. ARR] J. Rautenberg, for the Pierre Auger Collaboration,
alarm will be raised at the observatory if the connection Proc. 30th ICRC (Mrida, Mexico), 20075, 993-996.

to the remote control room is broken, thus notifying thd3] AugerAccess, http://www.augeraccess.net

on-site shifter on call to take over responsibility for the o [4] The Pierre Auger Collaboration, Nucl. Instrum. Meth.,
eration. As a first test, a remote control room has been 2010,A620, 227-251.

installed at the Bergische UnivegitWuppertal, Germany. [5] H.-J. Mathes, S. Args, A. Kopmann and O. Mar-
From here, the first tests of passive shifts, i.e. initiallfhw tineau, The DAQ system for the Fluorescence De-
out intervention from the remote control room, are being tectors of the Pierre Auger Observatory, CHEP 2004
made. Once the technique is established, it is foreseen to(http://indico.cern.ch/event/0).

install several remote control rooms distributed all over t [6] The EVO (Enabling Virtual Organizations) System,
world at the major collaborator sites. http://evo.caltech.edu
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Abstract: Calorimetric measurements of extensive air showers aferpeed with the fluorescence detector of the Pierre
Auger Observatory. To correct these measurements for teeteintroduced by atmospheric fluctuations, the Observa-
tory operates several instruments to record atmosphenidittons across and above the detector site. New develdsmen
have been made in the study of the aerosol optical depth,efesa phase function and cloud identification. Also,
for cosmic ray events meeting certain criteria, a rapid nooimg program has been developed to improve the accuracy
of the reconstruction. We present an updated overview dbpaed measurements and their application to air shower
reconstruction.

Keywords: Pierre Auger Observatory, ultra-high energy cosmic raydjuorescence technique, atmospheric monitor-
ing, aerosols, clouds

1 Introduction

The Pierre Auger Observatory detects the highest energy
cosmic rays with ovet600 water-Cherenkov detectors. It

FD Loma Amarilla:

Lidar
~ IR Camera
FD Coihueco: )
Lidar, APF Weather Station
IR Camerg

is surrounded by the fluorescence detector (FD) which con-
sists 0f27 telescopes grouped at four locations. The tele-
scopes measure UV light emitted by atmospheric nitrogen
molecules after having been excited by electrons produced
in the extensive air showers. Since the fluorescence light
is proportional to the energy deposited by the shower, the
primary cosmic ray energy can be estimated if the fluores-
cence yield is known [1]. The FD telescopes are also used
to reconstruct the slant depth of shower maximuii, ()
which is sensitive to the mass composition of cosmic rays.

The Auger Observatory uses the atmosphere as a gian
calorimeter. Light is produced and transmitted to the
FD detector through an atmosphere with properties which
change through the day. Thus, it is necessary to develop
a sophisticated atmospheric monitoring program [2]. ThEigure 1:Map of the Pierre Auger Observatory located
production of fluorescence and Cherenkov photons in close to Malargue, in Argentina. Each FD site hosts sev-
shower depends on the atmospheric state variables sucresgl atmospheric monitoring facilities.

temperature, pressure and humidity. When a photon travels

from the shower to the observing telescopes, it can be scat- ) ,
tered from its original path by moleculeRdyleigh scatter- vatory, the height-dependent profiles have been measured
ing) and/or aerosoldMie scattering using meteorological radio-sondes launched from a helium

, , i i balloon station. The balloon flight program ended in De-
In F|g."1, the d|fferent experimental setu_ps installed & ember 2010 after having been operatad times. The
Malargiie to monitor the atmosphere are listed. The stajf,; recent monthly models of atmospheric state variables
variables of the atmosphere are recorded at ground Ievc?érived from these flights were developed from data be-
using five weather stations. Above the Pierre Auger Obset'i/'veen August 2002 and December 2008. Additionaly, a

Weather Station
[J
eXtreme Laser Facility.

[ ]
Central Laser Facility
Launch Weather Station
Station

Malarguex i } é i

FD Los Leones:
Lidar, HAM, FRA\M\
IR Camera
Weather Station

Balloon e

FD Los Morados:
Lidar, APF
IR Camera
Weather Station

10 km
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meteorological model has been implemented by the Augép = 355 nm and the mean energy per pulse is around
Collaboration for air shower reconstruction [3] based o mJ, more or less the amount of fluorescence light pro-
the Global Data Assimilation System (GDAS) developediuced by an air shower with an energy 18P’ eV. Only
by the National Oceanic and Atmospheric Administratiomuring FD data taking, more than six years of hourly data
(NOAA) which combines observations with results from aaccumulated with the CLF is currently used to correct
numerical weather prediction model. events for aerosol attenuation. The four lidars can also be
Aerosol monitoring is performed using two central laser&sed to estimate the optical depth and the horizontal atten-
(CLF / XLF), four elastic scattering lidar stations, twouation for the four FD sites.
aerosol phase function monitors (APF) and two optical
telescopes (HAM / FRAM). Also, a Raman lidar currentlyp 2~ Angular dependence of aerosol scattering
tested in Colorado (USA) is scheduled to be moved to the
Auger Observatory for the Super-Test-Beam project [4]The FD reconstruction of the cosmic ray energy must ac-
For cloud detection, a Raytheon 2000B infrared cloud canzount not only for light attenuation between the shower and
era (IRCC) is installed on the roof of each FD building. the telescopes, but also for direct and indirect Cherenkov
light contributing to the recorded signal. Therefore, the

. . scattering properties of the atmosphere need to be well es-

2 Extracting the Aerosol properties timated. The angular dependence of scattering is described
by a phase functiof(9), defined as the probability of scat-

Most of the aerosols are present Only in the first few kilotering per unit solid ang|e out of the beam path through an
meters above the ground level. The aerosol componentdfgley. Whereas the molecular componentis described an-
highly variable in time and location. Two main physicalajytically by the Rayleigh scattering theory, the Mie seat
quantities have to be estimated to correct the effect of theg cannot be described by a basic equation for the aerosol
aerosols on the number of photons detected by the teleomponent. At the Auger Collaboration, the aerosol phase

scopes. These are the aerosol attenuation length, linkedftgction (APF) is usually parameterized by the Henyey-
the aerosol optical depth, and the aerosol scattering phasgsenstein function

function.
1—g° 1

P.(0lg) = 3 (2)
. 372
2.1 Aerosol attenuation AT (14 g2 —2g cosb)

Unlike molecular scattering, aerosol attenuation does ngi1€rég = (cos9) is the asymmetry parameter. It quanti-

have an analytical solution. Aerosol optical depths ark€S the scattered light in the forward direction: a larger

measured in the field at a fixed wavelenggh chosen more value corresponds to a stronger forward-scattered light.
or less in the centre of the nitrogen fluorescence spectruit the Auger Observatory, the goal is to monitor the APF
To evaluate the aerosol extinction at another incident wav@y estimating they parameter. Up to now, the phase

length, we use the power law function was measured by the APF monitors located at
Coihueco and Los Morados [8]. Recently, a new method
Ta(hy A) = Ta(hy Xo) X (Ao/N)7, (1) based on very inclined shots fired by the CLF was devel-

oped (laser shots with zenith angles higher tRét). Fol-

parameterized empirically, wherg (h, A) is the vertical |owing the same idea as before, knowing the geometry of
aerosol optical depth between the ground level and an ae |aser shot and the signal recorded by the pixels, it is
titude /., and-~y is known as thelingstrom coefficient. Its possible to extract thg parameter. The advantage of this
value was estimated at the Auger Observatory by two faechnique is that g parameter can be estimated for each
cilities. The Horizontal Attenuation Monitor (HAM) pro- FD Site’ and it can cover lower Scattering ang'es (the an-
vides a wavelength dependence with- 0.7+0.5[5]. The  gular range where larger aerosols could be detected). The
small value of the exponent suggests a large componentt@fo techniques give, on average, a similar value forg¢he

large aerosols, i.e. aerosols larger than alhquh at least. parameter, aroun@55 (see Fig. 2(b)).
This result is confirmed by the FRAM, the (F/Ph)otometric

Robotic Atmospheric Monitor, a robotic optical telescope

located about0 m from the FD building at Los Leones [6]. 3 Cloud Detection

In addition, an aerosol sampling program at ground level is

being developed to study chemical composition and sizZéloud coverage has an influence on the FD measurements:
distribution [7]. When enough statistics are accumulatedt, biases the estimation of th& ., by producing bumps
crosschecks between optical and direct measurements wvatl dips in the longitudinal profiles and it decreases the real
be possible. flux of cosmic ray events. Thus, an event is reconstructed

During FD operating shifts, vertical aerosol optical deptinly if the cloud fraction is lower thad5%. Around30%

profiles are measured hourly by two lasers, the CLF arff the events are rejected due to cloudy f:ondltlons. During
the XLF, located at sites towards the centre of the Augdhe recent years, the Auger Collaboration has developed
array (see Fig. 2(a)). The incident wavelength is fixed dteveral methods to monitor the clouds all through the night.
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Figure 2:Aerosol measurements(a) Vertical aerosol optical depth at5 km above the fluorescence telescopes measured
between January 2004 and December 2010. The transmis®fficiemt is defined a%, = exp (—7,). (b) Asymmetry
parameter distribution measured by the APF monitor betwiegre 2006 and June 2008, and the inclined CLF shots
during 2008.

During FD data acquisition, each IRCC recoidgictures between the laser and the FD site produces a local decrease
of the FD field-of-view every 5 minutes: the raw image isn the laser light profile. Finally, the lidar telescopes spe
converted into a binary image (white: cloudy / black: cleathe sky during al0-min scan every hour. Clouds are de-
sky), then the fraction of cloud coverage for each pixel ofected as strong light scatter regions in the backscattered
the FD cameras is calculated producing the so-called Fight profiles recorded by the mirrors. The height of a cloud
pixels coverage mask. Different filters are applied in suds deduced from the arrival time of the detected photons.
cession to remove camera artifacts and to get the clear skiiese measurements have identified two cloud populations
background as uniform as possible. The cloud informatiolocated at abou.5 km and8.0 km above sea level.

for each pixel is updated evebyl15 minutes. These cloud

masks are stored in a database and are now used as qual- . . L

ity cuts after the air shower reconstruction. Fig. 3(a) give4 Rapid Atmospheric Monitoring

an example of cloud mask ontop of on a telescope camera

scheme, with the corresponding longitudinal profile showPuring FD data acquisition, showers meeting certain cri-

ing dips and bumps typical for cloudy conditions. teria are used to trigger dedicated measurements by the
weather balloon, lidar and FRAM to get a detailed descrip-

A new method of identifying clouds over the Auger Ob- . fthe at h dv in the vicinitv of the sh
servatory using infrared data from the imager instrumerio" Of the & mosphere, partly In the vicinity ot the snower
ack. The rapid monitoring system occurs as follows: a

on the GOES-12/13 geostationary satellite is also used [9]. " . . ;
g y [ ybrid reconstruction using all the detectors and calibra-

It obtains images using four infrared bands evédymin- tion dat lable i ¢ q h dat d
utes. A brightness temperaturg is assigned to thé-th 'on data avariab'e IS performed on shower data measure
at most10 min after their detection. Only events passing

band. The whole array is described 30 pixels: the in- tomized i ; tivat bsvst £ th ”
frared pixels projected on the ground have a spatial resg->romized qua Ity cuts activate subsystems of the rapi
monitoring procedure.

lution of ~ 2.4 km horizontally and~ 5.5 km vertically.
The cloud identification algorithm uses the combination of he Balloon-the-Showe(BtS) program was dedicated to
T» — Ty and T to produce cloud probability maps (seePerform an atmospheric sounding within about three hours
Fig. 3(b)). Data from the satellite indicate clear conditio after the detection of a high-energy event. The measure-
(cloud probability lower thar20%) during~ 50% of FD ~ ments obtained by launching weather balloons provide al-
data acquisition and cloudy (cloud probability higher thasitude profiles of the air temperature, pressure and humid-
80%) during~ 20%. ity up to about23 km above sea level. Such a delay is
é(pected to be compatible with the temporal variation of

Thanks to the IRCC and the data satellite, cloud covera ) )
! " v ese atmospheric state variables. Between March 2009

can be followed through the night. However, they cann 4D ber 201053 | h ; d
determine the cloud heights. At the Auger Observator)ﬁn_ ecember & auncnes were performed cov-
this information is provided by the CLF / XLF and the li- ering 63 selected events. Using monthly models instead

dars. The maximum height of clouds detected by these t EBtZ Eroéil:;j!gt;%d;ces dan uhncertqir_ny ofn hthehenergy
techniques is betweelr2 km and14 km, depending on the /E = (0. -38)7%and on the position of the shower

. N > .
FD site. A cloud positioned along the vertical laser track"@XIMUMXmax = (0.6025.93) g cm =, for showers with

H 19.3 19.9 _
scatters a higher amount of light, producing a peak in t ghergies betwgetlﬂ di eg/tgndlo i e\_/ [%031' _Tge bal b
recorded light profile. On the other hand, a cloud locate on program, inciuding » was terminated in becember
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Cloud probability map @ 17/07/2007

"
o

7*Ndf= 1542.6/123

elevation [deg]

140 135 130 125

\‘azimmh [deg]
1

1200

P S O S T S
400 600 800 1000

slant depth [g/cm?]

Auger Northing [km]
T T T T T T T T T T T T

Auger Easting [km]

Figure 3: Cloud coverage. (a) Display of an event recorded by a FD camera, with index of ¢looverage for each
pixel (lighter pixels mean higher cloud coverage). Pixeithwio cloud are in black. The associated longitudinal peofil
is also shown(b) Cloud probability map for 17/07/2007 at 01:09:24 UT. Pixatsl their cloud probability are colored in
accordance with the scale to the right of the map.

2010 and is now replaced by numerical meteorological preffects. The program can be easily extended to incorpo-
files [3]. rate new instruments as the Raman lidar, expected to be
The motivation of theShoot-the-ShoweStS) program is installed close to the CLF in 2011 for the Super-Test-Beam
to identify non-uniformities — especially clouds or aerosoProject. Also, a design study for new elastic scattering li-
layers — that affect light transmission between the show&@rs has been undertaken. The goals are a more compact
and detector. The StS sequence, or lidar scan, goes fréfar with better mechanical stability and weatherproafing
the ground to the top of the FD field of view, all along theRecently, a public conference took place at Cambridge,
shower track. Each shooting direction is separated frotdK, where interdisciplinary science at the Pierre Auger
the previous one by.5°. Between January 2009 and JulyObservatory (IS@AQO) was discussed [11]. During this
2010,70 hybrid events passed the online quality cuts antheeting, scientists from a variety of disciplines talked
triggered a StS scan9 out of 70 StS were aborted be- about the potential of the Observatory site and to ex-
cause of various hardware issues, reducing the sampledieanged ideas exploiting it further. Among them, we can
61 events. The StS scans were analyzed and clouds weite the possible connection between clouds, thunderstorm
detected ir20 of the61 events. and cosmic rays, a larger aerosol sampling program and the

FRAM can be programmed to scan the shower patiflétection of atmospheric gravity waves.
recording images with a wide-field CCD camera mounted
on the telescope. For each event passing the different c%f
. erences
and being close to Los Leones, a sequend®od 20 CCD

images is produced. The CCD_ images can b_e analyzed atﬁ] AIRFLY Collaboration, NIM A, 2008597 46-51

tomatically, and an atmospheric attenuation is obtained fo : .
. . : . . .[2] The Pierre Auger Collaboration, Astropart. Phys.,

each image. This goal is achieved using the photometné 2010.33 108-129

observations of selected standard, i.e. non-variables.sta 3] M VV"II .for tf-le Pierre Auger Collaboration. paper

From January 2010 to July 201073 successful observa- - Wi, ierre Aug 'on, pap

. . : . 0339, these proceedings

tions were done. These observations permitted detection of

: 4] L. Wiencke, for the Pierre Auger Collaboration, paper
the presence of clouds or aerosol layers and images corre- .
0742, these proceedings

sponding to an attenuation coefficient higher than expecte?s] S. Benzvi et. al., for the Pierre Auger Collaboration

fora clear sky. Proc. 30th ICRC, Mérida, México, 200%, 355-358
[6] P. Travnicek, for the Pierre Auger Collaboration,

5 Conclusion & Future Plans Proc. 30th ICRC, Mérida, México, 200%, 347-350
[7]1 M.1. Micheletti et. al.,private communication

Thanks to a collection of atmospheric monitoring data, thel8] S- BenZviet. al., Astropart. Phys., 20028 312-320
Auger Collaboration has accumulated a large database df] hitps://events.icecube.wisc.edu/indico/contiibat
atmospheric measurements. This effort significantly re- _ Display.py?contribld=22&sessionld=11&confld=30
duced the systematic uncertainties in the air shower recot0] B- Keilhauer, for the Pierre Auger Collaboration, As-
struction. The rapid monitoring, focused on the highesten- _ rophys. Space Sci. Trans., 208027-30

ergy events, also reduced uncertainties due to atmosphddd] Nttp://www.ncas.ac.uk/isATao



32ND INTERNATIONAL CosMiIC RAY CONFERENCE BEIJING 2011

I mplementation of meteorological model datain the air shower reconstruction
of the Pierre Auger Observatory

MARTIN WILL! FOR THEPIERRE AUGER COLLABORATION?

IKarlsruher Institut fir Technologie, Institutifr Kernphysik, Karlsruhe, Germany
2Observatorio Pierre Auger, Av. San MartNorte 304, 5613 Malaiige, Argentina
(Full author list: http://www.auger.org/archive/auth®r2011 05.html)
auger_spokespersons@fnal.gov

Abstract: The Global Data Assimilation System (GDAS) provides altitude-dependefilgs of the main state variables
of the atmosphere. The original data and their application to the air shea@nstruction of the Pierre Auger Observatory
are described. By comparisons with radiosonde and weather statiGuraggents obtained on-site at the observatory
and averaged monthly mean profiles, the informative value of the datavums

Keywords. cosmic rays, extensive air showers, atmospheric monitoring, atragsphodels

1 Introduction incorporates the real behavior of the atmosphere as found in
meteorological observations [5]. The atmospheric models

The Pierre Auger Observatory [1, 2] is located nea@lescribe the atmospheric state at a given time and position.

Malardiie in the province Mendoza, Argentina. Extensive hree steps are needed to perform a full data assimilation:

air showers are measured using a hybrid detector, con-

sisting of a Surface Detector (SD) array and five Fluores- 1. Collect data from meteorological measuring instru-

cence Detector (FD) buildings. For the reconstruction of ments placed all over the world.

air showers, the atmospheric conditions at the site have to

be known quite well. This is particularly true for recon-

structions based on data obtained by the FD [3]. Weather

conditions near the ground and height-dependent profiles 3 \jse data assimilation to adjust the model output to
of temperature, pressure and humidity are relevant. the measured atmospheric state, resulting in a 3-
Atmospheric conditions over the observatory are measured  dimensional image of the atmosphere.
by intermittent meteorological radio soundings. Ground-
based weather stations measure surface data continuouglya given timet,, the observations provide the value of
The profiles from the ascents of weather balloons werg state variable. A model forecast for this variable from a
averaged to obtain local models, called (new) Mél@rg previous iteration exists for the same time. The data assim-
Monthly Models ("\MMM) [3]. However, performing ra- jlation step combines observation and forecast. This anal-
dio soundings imposes a large burden on the collaboratiogsis is the initial point for the weather prediction model to
Here, we investigate the possibility of using data from thereate the forecast for a later time
Global Data Assimilation System (GDAS), a global atmo-The Global Data Assimilation System [6] is an atmospheric
spheric model, for the site of the Auger Observatory [4Jmodel developed at NOAAsNational Centers for Envi-
The data are publicly available free of charge via READYronmental Prediction (NCEP). The numerical weather pre-
(Real-time Environmental Applications and Display sYsdiction model used is the Global Forecast System (GFS).
tem). Each datq set contains all the main state variableslgata are available for every three hours at 23 constant
a function of altitude. pressure levels — from 1000 hPa &ea level) to 20 hPa
(=~ 26 km) — on a global %-spaced latitude-longitude grid

2 Global Data Assimilation System (180 by 360°). Each data set is complemented by data for
the surface level. The data are made available online [6].

2. Forecast the atmospheric state from the current state
using numerical weather prediction.

In the field of Numerical Weather Prediction, data assimi- 1. National Oceanic and Atmospheric Administration
lation is the process by which the development of a model
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For the site of the observatory, applicable GDAS data are
available starting June 2005. Because of the lateral homo-
geneity of the atmospheric variables across the Auger ar-
ray [3], only one location is needed to describe the atmo-
spheric conditions. The grid point at35 and 69 W was
chosen, at the north-eastern edge of the SD array.

Our database used for air shower analyses describing the YOI TON OO TU TPV VIO INOTIONTY
main state variables of the atmosphere contains values for Height a.s.I. [km]
temperature, pressure, relative humidity, air densitst,an 2
mospheric depth at several altitudes. The first three quan-
tities are directly available in the GDAS data. Air density
and atmospheric depth can be calculated. The surface data
contain height and pressure at the ground, as well as rela-
tive humidity and temperature 2 m above the ground.
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3 GDASVvs. Local Measurements } Height a.s.. k]

To validate the quality of GDAS data and to verify their
applicability to air shower reconstructions for the Auger
Observatory, we compare the GDAS data with local mea-
surements — atmospheric soundings with weather balloons
and ground-based weather stations. The nMMM are also
shown in some comparisons as a reference since they were
the standard profiles used in reconstructions until regentl

25841 I I I I I I I I L
} 2 4 6 8 10 12 14 16 18 20
Height a.s.l. [km]

Atm. Depth (Data - Model) [g cm 7|

3.1 GDASvs Soundingswith Weather Balloons  Figure 1: Difference between measured individual radiosonde

) ) data and the corresponding GDAS data (black dots) and nMMM
Local radio soundings are performed above the array of thgray squares) versus height for all ascents performed in 2a09 an
Auger Observatory since 2002, but not on a regular basig010.

To provide a set of atmospheric data for every measured

event, data were averaged to form monthly mean profiles . . . .
9 y P fluorescence detectors. Possible inconsistencies between

The nMMM have been compiled using data until the enghcal measurements and GDAS data close to the surface
of 2008. The uncertainties for each variable are given byre investigated using weather station data.
the standard error of the differences within each month to-
gether with the absolute uncertainties of the sensors mea- i
suring the corresponding quantity. For atmospheric depth? GDASVs. Ground Weather Stations
profiles, a piecewise fitting procedure is performed to “Eive ground weather stations continuously monitor atmo-
sure a reliable application of these parameterizationg to a '

. : I . .spheric values, at about 2 to 4 m above surface level. Four
shower simulation programs. An additional uncertainty iS

included which covers the quality of the fitting procedure.2' - located at the FD stations, one was set up near the
q y gp ‘center of the array at the Central Laser Facility (CLF). To

Comparing the monthly models with ascent data until théyake sure that the GDAS data describe the conditions at the
end of 2008 shows, by construction, only small deviaground reasonably well, the values provided by the GDAS
tions [3]. In the comparison displayed in Fig. 1, only ragata set are compared to all available weather station data.

diosonde data from 2009 and 2010 are used to illustraighe GDAS data are interpolated at the height of the station.
the strength of the GDAS model data — the data set of Iocﬁrll Fig. 2, the differences between measured weather sta-
soundings is independent of the nMMM. The error bars dEfi'on data and GDAS data are shown for the stations close

certainties are larger for the nMMM than for GDAS data

the latter describe the conditions of the years 2009 arEJata measured in 2009 were used. Temperature, pressure

not shown), and vapor pr re are in similar agreemen
2010 better. In contrast, the GDAS data represent the | ot shown), a d. apor pressure are in simriar agreeme t
" T .~ .as GDAS data with local sounding data close to ground.

cal conditions much better and the intrinsic uncertainty i

consistently small. For earlier years, the GDAS data fi he mean difference in temperature for the CLF station is

the measured data equally well or better than the nMM 3 K and—0.3 K for the LA station. For vapor pressure,

hich were develobed using the data from these vears e means are-0.2 hPa (CLF) and-0.7 hPa (LA). The
which w veloped using y " differences between the GDAS and the weather station data

The GDAS data fit the radiosonde data in the upper page of the same order as the difference in data of two dif-
of the atmosphere, especially in the field of view of thgerent stations [4]. The GDAS data fit the measured data
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Figure 3: Difference of reconstructed’ (top) andXmax (bot-

: ), plotted versus geometrical height’dfnaxin the right pan-
at the observatory very well and are a suitable replacemefﬁg' Dashed black line or black dots BYCPAS MINUSEY .y,

for the nMMM and subsequently for radiosonde ascents. 4 sojid red line or open red Squaresm?ﬂfﬂAs minusEY.

mod

4 Air Shower Reconstruction Using GDAS data in the reconstruction instead of nMMM

affects £ only slightly. The mean of the difference
To study the effects caused by using the GDAS data iRYSPAS minusFY .4 is 0.4% with an RMS of 1.4%. For
the air shower reconstruction, all air shower data betweaRe reconstructedmay, only a small shift of-1.1 g cnm 2
June 1, 2005 and the end of 2010 were used. The charigéound with an RMS of 6.0 g cr?. Comparing the full
of the atmosphere’s description will mainly affect the reatmosphere-dependent reconstruc&fi24 with FY, a
construction of the fluorescence data. Varying atmospheritear shift in £ can be seen: an increase fhby 5.2%
conditions alter the fluorescence light production andstran(RMS 1.5%) and a decrease &fmax by —1.9 g cnt?
mission [3]. The fluorescence model we use determingRMS 6.3 g cm2). These modified fluorescence settings
the fluorescence light as a function of atmospheric condare now used in the Auger reconstruction, in conjunction
tions [7], parameterized using results from the AIRFLY fluwith other improvements to the procedure, see [11].

orescence experiment [8, 9. The difference in reconstructel vs. meanFE reveals a
negligible effect for small energies, increasing slighty
wards higher energies [4]. Fofmax differences, the de-
pendence on meahi is of minor importance. The descrip-
The following analysis is based on three sets of reconstrugen of atmospheric conditions close to ground is very diffi-
tions. The first setFY, is the reconstruction applying an cult in monthly mean profiles since the fluctuations in tem-
atmosphere-dependent fluorescence yield calculation witperature and humidity are larger below 4 km than in the up-
out temperature-dependent collisional cross sections apdr layers of the atmosphere. Consequently, a more precise
humidity quenching [10]. The nMMM are used in the cal-description of actual atmospheric conditions with GDAS
culations. For the second sétY .4, all atmospheric ef- than with nMMM will alter the reconstruction for those
fects in the fluorescence calculation are taken into accouiir showers which penetrate deeply into the atmosphere.
Again, the nMMM are used. For the third SEY D45, the  The full atmosphere-dependent fluorescence calculation al
nMMM are exchanged with the new GDAS data in combiters the light yield for conditions with very low tempera-
nation with the modified fluorescence calculation. Comtures, corresponding to higher altitudes. Showers regchin
paring the reconstruction sets with each other, the vanati their maximum in the altitude range between 3 and 7 km
of the reconstructed primary energyand the position of show a difference itE around 5%, see Fig. 3, upper right.
shower maximum¥max can be determined, see Fig. 3.  However, showers with very shallow or very de&pnax

are reconstructed with a 7-8% higher energy than using

4.1 Data Reconstruction
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0% all simulated events and are a measure of the reconstruc-

0,022— tion uncertainty due to this atmospheric parameterization
The systematic shifts itZ are of the same order, below
| | | | 1%, and the shifts inXmax are much smaller, less than

AE/<E>

0.0

0.5 g cn12, than for nMMM. The RMS spread is consid-
erably smaller40.9% and+2.0 g cnt 2 for low energies,
+1.3% and+3.5 g cnt2 for high energies. The& un-

; certainty at low energies is comparable to that introduced
R T TR T TR by the nMMM. At high energies, the uncertainty is almost
Ig(<E>/eV) half. For Xmax, the uncertainties at all energies is halved.
This study of the reconstruction uncertainties using diffe

ent atmospheric parameterizations further demonstiates t
advantages of GDAS data over the nMMM.

0.0

-0.02F

DXinax [9.€mM 7]
N
T

2: H 5 Conclusion

The comparison of GDAS data for the site of the Auger

e Observatory in Argentina with local atmospheric mea-
Ig(<E>/eV) surements validated the adequate accuracy of GDAS data

with respect to spatial and temporal resolution. An air

Figure 4:Energy difference (top) animaxdifference (bottom) ShOWer reconstruction analysis confirmed the applicgbilit

vs. reconstructed FD energy for simulated showers. Error ba@f GDAS for Auger reconstructions and simulations, giv-

denote the true RMS spread. ing improved accuracy when incorporating GDAS data in-

stead of NMMM. Also, the value of using an atmosphere-
dependent fluorescence description has been demonstrated.

the atmosphere-independent fluorescence calculation. The
Xmax sensitivity to the different parameterizations of ther efer ences
atmosphere and fluorescence yield (Fig. 3, lower right) is

consistent to what has been reported in [12]. [1] The Pierre Auger Collaboration, Nucl. Instrum. Meth.,

2004,A523: 50-95.
4.2 Impact on Reconstruction Uncertainties [2] The Pierre Auger Collaboration, Nucl. Instrum. Meth.,

2010,A620: 227-251.
To study the effect that the GDAS data have on the uncef3] The Pierre Auger Collaboration, Astropart. Phys.,
tainties of air shower reconstructions, air showers induce 2010,33: 108-129.
by protons and iron nuclei are simulated with energies b¢4] The Pierre Auger Collaboration, Description of At-
tween 107 eV and 16° eV. The fluorescence lightis gen-  mospheric Conditions at the Pierre Auger Observatory
erated using temperature-dependent cross sections and wausing theGlobal Data Assimilation SystefGDAS),
ter vapor quenching. The times of the simulated events cor- subm. to Astropart. Phys2011.
respond to 109 radio soundings between August 2002 afg| P. Miiller and H. von StorchComputer modeling in at-
December 2008 so that realistic atmospheric profiles can mospheric and oceanic scienc&pringer Verlag, 2004.
be used in the simulation. All launches were performed §6] NOAA Air Resources Laboratory (ARL), 2004,
night during cloud-free conditions. After the atmospheric http://ready.arl.noaa.gov/gdasl.php, Tech. rep.
transmission, the detector optics and electronics are sifff] B. Keilhauer for the Pierre Auger Collaboration, As-
ulated. The resulting data are reconstructed using the ra-trophys. Space Sci. Trans., 208927-30.
diosonde data, as well as the GDAS data. [8] The AIRFLY Collaboration, Astropart. Phys., 2007,
Some basic quality cuts are applied to the simulated show- 28: 41-57.
ers. The same study has been performed to determine {9 The AIRFLY Collaboration, Nucl. Instrum. Meth.,
uncertainties of the NnMMM [13]. The systematic error due 2008,A597: 50-54.
to different atmospheres was found to be less than 1% in [10] F. Arqueros, J. randel, B. Keilhauer, Nucl. Instrum.
and less than 2 g cn? in Xmax. Between 1675 eV and Meth., 2008 A597: 1-22.
10°° eV, energy-dependent reconstruction uncertainties 6t1] R. Pesce for the Pierre Auger Collaboration, paper
+1% and+5 g cnt 2 for low energies and up t&2% and 1160, these proceedings.
+7 g cn 2 for high energies were found. [12] B. Keilhauer, J. Blmer, R. Engel, H. Klages, Nucl.

In Fig. 4, the influence on the reconstruction due to GDAS, Instrum. Meth., 2008A597: 99_104'§1 o
data is shown. A deviation from zero indicates a systemi+3] B Keilhauer, M. Unger, Proc. 31I1CRC, toaz,
atic error, the error bars denote the true RMS spread of Poland, 2009, arXiv:0906.5487 [astro-ph].
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Abstract: Due to the AC coupling of PMTs in the Pierre Auger Fluorescence Detectors, the slowly varying current
induced by the Night Sky Background cannot be directly measured. Estimate of the Night Sky Background is however
indirectly obtained by the statistical analysis of the current fluctuations, whose variance is recorded every 30 s for each
pixel. We present the procedure used to convert the raw background data of the Fluorescence Detector to an absolute cal-
ibrated Night Sky Background flux and compare the results with data taken simultaneously with the UVscope instrument
(a single photon counting UV detector) placed on the roof of one of the Fluorescence Detector buildings. We also show
how the measurements of Night Sky Background flux can effectively be used as a general non-invasive tool to verify the
end-to-end calibration of a large aperture telescope with multi-pixel cameras.

Keywords: Pierre Auger Observatory,fluorescence detector, calibration, night sky background

1 Introduction

The Pierre Auger Observatory includes 27 Fluorescence
Detector (FD) telescopes in 4 sites [1]. In brief, a single
FD telescope is composed by an aperture system with a
UV filter, a spherical mirror (13 m?) and a camera formed
by an array of 440 hexagonal photomultipliers (PMTs), ar-
ranged in a matrix of 20 x 22 pixels in the focal surface.
Each pixel has a hexagonal field of view of 1.5°.

The signals from the PMTs are amplified, filtered and con-
tinuously digitized by 10 MHz (20 MHz for the latest tele-
scopes named HEAT) 12 bit Flash Analog to Digital Con-
verters (FADCs). Signals from the PMTs are AC coupled
to the analog electronics, so the slowly varying anode cur-
rent proportional to the Night Sky Background (NSB) light
cannot be directly observed in the FADC traces.

However, due to the random nature of the process involved,
there is a direct relation between the average anode current
and its statistical fluctuations that, being fast varying sig-
nals, are not entirely blocked by the AC coupling. For this
reason, the variances of the FADC traces are continuously
computed and recorded for each pixel, in background files.

In this paper we report on the procedure to convert the
recorded FD variance signal to an absolute calibrated pho-
ton flux and compare the results with measurements per-
formed with an independent detector, named UVscope, ob-
serving, in Single Photon Counting mode, the same region
of the sky. We also show how the NSB flux measurements

can effectively be used as a general non-invasive tool to ver-
ify the end-to-end calibration of large aperture telescopes
with multi-pixel cameras.

2 The FADC Variance

The statistical analysis of the FADC traces has been im-
plemented in the FPGA logic on the FD first level trigger
boards. The FADC variance and pedestal for each pixel
are usually recorded with a sampling time of 30s. In-
dicating with G]%ADC the variance of the FADC trace in
ADC-counts?, and with Irapc the mean anode current in
ADC-counts, the direct proportionality existing between
these two variables can be expressed by the constant Ky,
given by [2] :

. Iranc 10

Ky = = (1)
oZpe  2-G-(1+vg)-F

where G is the PMT gain (FADC-counts/photoelectron),
Vg is the gain variance factor of the PMT, and F is the noise
equivalent bandwidth (MHz) from the complete analog sig-
nal chain. Of course the electronic noise gives a small ad-
ditional contribution to the measured FADC variance. For
sake of simplicity, we will omit this term in the formula.

In the following sections we explain the procedure used to
convert the recorded FADC variance values to an absolute
calibrated photon flux.
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3 The FD absolute calibration costants

The FD absolute end-to-end calibrations [3] provide, for
each camera pixel, the scaling factors to convert any pulsed
signal observed in the FADC traces to the corresponding
photon flux at the telescope aperture. This calibration is
performed periodically by placing in front of the FD tele-
scope diaphragm an extended (2.5 m diameter) uniform
light source that, for its shape, is called "Drum”.

The ”Drum calibration constants”, Kp, are provided in
units of photons/FADC-counts, being conventionally de-
fined so that, for a monochromatic source at the refer-
ence wavelength Ap = 375 nm, they enable one to con-
vert the FADC signal to the number of photons arriving
at the FD diaphragm in the FADC integration time. The
flux in photons/m?/st/s of a pulsed monochromatic source
at wavelength Ap, fully illuminating the pixel, is then ob-
tained by:
Kp

Pry = AT A TFADC 2
where Igapc is the pulse amplitude (in FADC-counts), and
the parameters have the following fixed numerical values:

e AT =100 ns (FADC Integration Time, 50 ns for the
HEAT telescope)

e A =3.8m” (Area of FD telescope diaphragm)
e Q=594 x10 *sr (Pixel Solid Angle Acceptance)

For a non-monochromatic source with spectral distribution
®,, the number of equivalent photons at Ap must be ob-
tained by:

CI)}LDZ/ODQCI);L~F;h -d\ 3)

where F) is the pixel spectral response normalized to the
reference wavelength Ap (F, = 1).

Of course, Eq. 2 can be applied only to fast (us time scale)
pulsed signals observed in the FADC traces, while the
slowly varying component of the illuminating photon flux
can only be derived from the variance of the FADC trace as
explained in the following section.

4 Calibration of the FADC variance

Combining Eq. 1, 2, and 3, the end-to-end conversion for-
mula to obtain the average flux (in photons/m?/sr/ns/nm)
of a slow-varying, non-monochromatic source fully illumi-
nating the pixel, is expressed by:

Jo @B dh
Jo FBodx

Kp - Ky o2
AT-A-Q- [Fyd\ FADC

<Py >

“

This formula then allows one to convert the variance signal
recorded in the FD background files (after subtraction of

300

ADC counts

100

-42024 0
T

Figure 1: Upper panel: FADC average trace of 400 Cal. A
pulses; Bottom panel: residuals after fitting an analytical
model to the pulse. The delayed response of afterpulses
(not included in the model) and the increase of fluctuations
associated to the illuminating photons are evident.

the electronic noise) to the absolute calibrated value of the
diffuse component of the NSB flux.

In addition to the uncertainty associated with the absolute
calibration constant Kp, the accuracy of the flux measure-
ments obtained from this equation is also affected by pixel-
to-pixel variations in the spectral response F; and by the
uncertainty in the variance scaling factor Ky.

Multi-wavelength calibration [4] has shown that pixel-to-
pixel dispersion of the spectral response is of the order of
few percent so, as a first approximation, we use the aver-
age spectral response of the FD pixels (reported in [4]), to
obtain a common scaling factor:

/wa d\=73.50m )
0

The uncertainty in the constant Ky, is affected (Eq. 1) by
the cumulative indetermination in all the three physical pa-
rameters G, vg and F. Since the values of these parameters
may change significatively from pixel to pixel and no accu-
rate measurements are available for every pixel, the overall
indeterminacy in Ky, (computed, e.g., by adopting the typ-
ical mean values) would be unacceptably high.

Rather than deriving Ky from the pixel physical parame-
ters, it is possible to directly obtain its value, with a much
better statistical accuracy, from analysis of the relative cali-
bration runs ’Cal. A” as explained in the following section.

5 Cal. A calibrations

To follow the short term behavior of the FD photomultipli-
ers, three relative calibrations, Cal. A, B, C are performed
each night of data taking. In the Cal. A, a sequence of
square-type light pulses (57 us) are produced at a rate of
1/3 Hz with a very stable bright LED source (at 470 nm)
and transmitted with light guides to a Teflon diffuser lo-
cated in the center of the mirror, thus illuminating directly
the camera photomultipliers [5].
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In Fig. 1 we show an example of FADC trace obtained as
an average of 400 Cal. A LED pulses. The analysis of the
Cal. A FADC traces enables one to evaluate both the pulse
amplitude (corrected for the AC coupling by fitting an ex-
ponential model to the pulse shape) and the associated vari-
ance increment (from statistical analysis of the fit residual).
Their ratio, after subtraction of the contribution from the
electronic noise, gives a direct measurement of the vari-
ance calibration factor Ky of the pixel, without requiring
any knowledge of the physical parameters on which it de-
pends. The statistical uncertainty in the Ky measurement is
dominated by the statistical uncertainty in the computation
of FADC trace variance associated with the light pulse. The
relative standard deviation of Ky can then be expressed by:

AKy _ ASfapc _ 2 ©
Kv G]%ADC Np - N

where N, is the number of LED pulses and N; is the num-
ber of FADC time bins in the light pulse (with the exclu-
sion of a few time bins close to the pulse start and stop
times). For a typical Cal. A acquisition with Ny= 50 pulses
and N= 560 time bins the statistical uncertainty on Ky is
0.85%, which then enables one to obtain a good calibration
of the pixel-to-pixel behavior.

To show that the method proposed for the FADC variance
calibration effectively compensates for the pixel to pixel
variability, we compare in Fig. 2 the NSB lightcurves as
seen by a set of adjacent FD pixels in the same camera row
(observing then the sky at a similar elevation angle). In
the upper panel, we plot the raw variance values (after sub-
traction only of the electronic noise). The huge dispersion
between lightcurves emphasizes the necessity to introduce
different variance calibration factors for each pixel. In the
lower panel, the lightcurves of the same set of pixels, con-
verted to an absolute photon flux by means of Eq. 4, overlap
as expected. In fact the diffuse component of the NSB does
not usually show appreciable variation as a function of the
azimuth.

As a final verification of the absolute value of the NSB pho-
ton flux, we performed a set of measurements with an in-
dependent photon detector, named UVscope, described in
the following section.

6 The UVscope instrument

The UVscope is a portable photon detector designed to
measure the NSB light in the UltraViolet wavelength range
[6]. The UVscope photon detection unit is based on a
multi-anode (8 x 8) photomultiplier (Hamamatsu, series
R7600-03-M64), which is coupled to a 64-channel Front-
End Electronic unit (developed at IASF Palermo) working
in Single Photoelectron Counting (SPC) mode.

The UVscope Field of View is regulated by a cylindrical
collimator with a square entrance pupil on top. The main
advantage of using an imaging system based on a collima-
tor (without e.g. a focusing lens), is that the instrumen-

Los Leones
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FADC-counts 2
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Figure 2: NSB light curves as seen by a set of seven FD
pixels belonging to the same camera row (at an elevation
of =~ 25°). The upper panel shows the raw FADC variance
values (electronic noise subtracted) while the lower panel
shows the same light curves converted to photon flux phys-
ical units. The overlapping of the lightcurves demonstrates
the good correction of the pixel-to-pixel variation.

tal angular response can be obtained by simple geometri-
cal optics. Considering that the collimator geometry can
be measured with high precision, the absolute calibration
of the detector depends essentially on the calibration of
its multi-anode PMT which is performed, as function of
wavelength, in a dedicated laboratory, with a precision bet-
ter than 10%.

In the following section we compare the NSB measure-
ments performed with the UVscope at the Pierre Auger Ob-
servatory site, with the correspondent flux values obtained
from the analysis of the FD variance background data.

7 NSB Comparison: UVscope vs. FD

To observe the same NSB flux as seen by the FD pixels, the
UVscope instrument has been placed on top of the FD de-
tector building at Los Leones, and the same filter (M-UG6)
as the one used for FDs has been mounted. Moreover the
UVscope collimator length (157.85 mm) and pupil size
(4.2 x 4.2 mm?) have been designed to obtain a single pixel
FoV of 1.52° x 1.52°, approximately matching the FoV of
an FD pixel.

In Fig. 3 we show the orientation of the UVscope FoV with
respect to the FoV of FD Bay 3 in Los Leones. Also shown
is the path on the sky of the bright star Arcturus, that has
been used to verify the UVscope pointing accuracy. By
comparing the absolute NSB flux measured by UVscope
with the one obtained from FD pixels looking in the same
sky direction we have found a quite good agreement, with
the UVscope flux slightly higher (< 8%) than FD; this dif-
ference is consistent with the uncertainty in the absolute
calibration of the two instruments.
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Figure 3: Left panel: orientation of the UVscope FoV with
respect to the FD telescope in Los Leones Bay 3. Right
panel: the UVscope Field of View with the bright star Arc-
turus in the center.

In Fig. 4 we compare (by using a scaling factor for the
relative calibration) the NSB lightcurves as observed by a
single UVscope pixel and the correspondent FD pixel. In
the upper panel we have not applied any correction for the
nightly evolution of the FD PMT gain, so a relative drift be-
tween the two lightcurves is expected. In fact, comparison
between the Cal. A runs performed at the beginning and at
the end of the night, always shows the presence of system-
atic nightly evolution (few percent) in the PMT gains.

In Fig. 4, lower panel, we have corrected the FD lightcurve
by assuming a linear drift of the PMT gain between the
values measured from Cal. A runs at the beginning and at
the end of the night. In this case the match between the
two NSB measurements is so good that the two lightcurves
can hardly been distinguished.

Note that in the comparison of NSB lightcurves, the emis-
sion associated to point sources (stars and planets) are not
expected to match exactly as the scaling factors used are
valid only for the diffuse emission.

[ —FD
— UVscope

10

* Arcturus

photons/m?/sr/ins/nm  photons/m?/sr/ns/nm
10
T
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o " 1 " 1 " 1 " 1
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Figure 4: NSB lightcurves by single UVscope and FD
pixels looking in the same sky direction. Upper panel:
lightcurve obtained without correcting for the FD PMT
gain drift. Lower panel: The FD PMT gain drift has been
corrected assuming a linear evolution between the gain val-
ues measured from the Cal. A at start and stop times.

The example shows how independent measurements of
NSB flux can be effectively used as a general non-invasive
tool to verify the end-to-end calibration of telescopes with
large fields of view and multi-pixel cameras without inter-
fering at all with the normal operation of the telescopes.
This gives the possibility of monitoring the gain of individ-
ual camera pixels in the real working condition (the back-
ground flux can induce a shift of the PMT gain with re-
spect to dark condition). Moreover the method can be used
to easily verify the flat-fielding of the telescope response
by comparing all the telescope pixels, in turn, to the same
reference detector.

8 Conclusions

We have shown how to convert the variance of the FADC
traces, provided in the FD background files, to an absolute
calibrated measurement of the NSB flux and that the re-
sulting lightcurves are in excellent agreement with direct
measurements obtained with an independent photon count-
ing detector.

This opens up the possibility to use the huge FD Auger
database for a scientific study of the NSB evolution as a
function of time (short and long term) on an extremely
large field of view. Moreover the spatial dependence (in
particular with elevation) of the NSB flux can be correlated
with atmospheric parameters provided by the several at-
mospheric monitoring devices installed at the Pierre Auger
Observatory site.

We have also shown as the UVscope instrument can be
used in support of the absolute end-to-end (camera + op-
tics + electronics) calibration of telescopes with a camera
composed by a mosaic of numerous independent photon
detectors. This kind of application would be particularly
useful when, due to the large telescope aperture, the use
of a uniform extended illumination source, like the Drum,
may not be feasible. This could make it an attractive option
for future projects such as CTA [7] with a large number of
telescopes distributed over a large area.
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Abstract: We report the observation of elves using the Fluorescendecies of the Pierre Auger Observatory in
Malargiie, Argentina. Elves are transient luminous phesraroriginating in the D layer of the ionosphere, high above
thunderstorm clouds, at an altitude of approximately 90 Kith a time resolution of 100 ns and a space resolution of
about 1 degree, the Fluorescence Detectors can providecarage 3D measurement of elves for thunderstorms which
are below the horizon. Prospects for the implementationdddicated trigger to improve detection efficiency and plans
to perform multi-wavelength studies on these rare atmasppeenomena will be given.

Keywords: elves, lightnings, ionosphere, thunderstorms, fluoreseeetectors, Pierre Auger Observatory

1 Introduction two 16-channel multi-anode PMTs, with time resolutions
of 100 and 5Qus, respectively.

There is an electrodynamic coupling between electromagurther advancements in the understanding of these phe-
netic fields produced by lightning discharges and the lowgfomena may be achieved using the fluorescence detector
ionosphere. This coupling gives rise to distinct sets of oQFD) of the Pierre Auger Observatory[6]. The FD com-
served phenomena, including various transient luminoysises four observation sites located atop small hills at th
events (TLEs) such as the so-called “Sprites” and “Elveshoundaries of the Auger surface array. Each FD build-
Sprites are luminous discharges located at altitudes bigrg contains six independent telescopes, each with a field
tween 40 and 90km. They are due to the heating of anaf view (FOV) of 30° x 30° in azimuth and elevation.
bient electrons, and last a few to tens of milliseconds. Thighe combination of the FOV of the six telescopes cov-
characteristic makes them easily detectable with highdspeers180° in azimuth. Incoming light enters through a UV-
cameras. Elves are optical flashes produced by heatingansmitting filter window, and is focused by a mirror onto
ionisation, and subsequent optical emissions due to iateng camera, which is formed B2 x 20 hexagonal photo-
electromagnetic pulses (EMPs) radiated by both positiv@ultiplier tubes (PMTs). The wavelength of detected light
and negative lightning discharges. Elves are confined t@nges from 300 to 420nm. Light pulses in each photo-
80-95km altitudes, and extend laterally up to 600 km [1]multiplier are digitized every 100ns. The PMT processed
Their duration, much shortex( 1 ms) than that of sprites, data are passed through a flexible multi-stage trigger sys-
made them somewhat harder to study. The first clear okem, which is implemented in firmware and software. The
servation of elves was made using a high speed photometegulting data are stored 0 us-long traces.

pointed.at altitudes above those of sprites [2]. More scaphisrhe FD geometry and time resolution are ideal for study-
tlcatgd _mstruments, such as “FIy’g Eye”[3] and PI,PER [4]ing fast developing TLEs. However, the trigger chain con-
consisting ‘_Jf Imgar arrays ‘_Jf horizontal and vertical pho'Eains a dedicated selection algorithm for rejecting light-
tometers with a time resolution ef 40_ ps, have been us_ed ning, which makes the FD a rather inefficient elve detec-
in the last decade to study the rapid lateral expansion gf, “Nevertheless, a few events which accidentally passed

these high altitude optical emissions, and to test thea}xmtthe rejection have been detected while searching for non-
tion mechanism. Data from space on elves were acq“ir%gnventional cosmic ray shower events

by the ISUAL/Formosat-2 mission, from 2004 to 2007 [5].
These data allowed one to conclude that elves develop on
oceans or coastal regions ten times more frequently than on
land. The satellite data were acquired with six PMTs and
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2 Observations Site-Bay | GPStime GMT time
LM —6 | 800414142 18 May 2005 01:15:29

The first event was noticed serendipitously during an FD €O —3 | 860806213 17 April 2007 00:49:59
data taking shift. This unusual event presented a well de- LL —1 | 861081389 20 April 2007 05:16:15

fined space-time structure: a luminous ring starting from a _ )
cluster of pixels, and expanding in all directions. Table 1: Three elve candidates seen by Auger fluorescence

. - . .. detectors and their arrival times.
A search for events with a similar space-time evolution in

the data collected by the Pierre Auger Observatory since
2004 has identified two more events. These events are
listed in the Table 1. The presence of dust and poor local
weather conditions, recorded by local atmospheric moni-
toring devices [7], complicate the reconstruction of thetfir

and the last event, but do not prevent one from recognizing
the same overall features of the phenomenon. Most of the
details which are given in this paper refer to the analysis
of the second event. In Fig.1, the photon time distribuFigure 2: Schematic view of an EMP generated by a thun-
tions for the three events are shown. Events which do néerstorm insS, which interacts with the Dregion of the

pass the whole trigger selection, but trigger a minimum gpnosphere. The light emitted by the ionosphere (in red)
is detected by the fluorescence detecta@p alThe observed

signal timet is the combination of the time needed by the
pulse to move fronS to the interaction poinf® and the
time needed by the emitted light to travel frafto O.

D Region

adjacent PMTs (second level trigger, or T2) leave some ba-
sic information in a log file, such as the GPS time and the
number of PMTs hit. From these logs it is found that all
the selected events last much longer thap§0and are ac-
1 1 s tually detected in adjacent FD bays, or even in other eyes,
Time (us) as summarized in Table 2. The number of buffered pages
10° shows, in units of 0.1 ms, the time duration of the detected
140 event.
%1205 Site-Bay | N buffered pages | Timedelay (i S)
c 100E LM-6 7 0
3 8 LM-5 7 38
S oF CO-3 9 0
& “oF CO-2 7 9.5
2 LL-1 4 56.3
%10 LL-1 2 0
Time =) LL-2 3 34.1
x10° CO-3 5 59.1
140
2120; Table 2: FD telescope, number of T2 pages, and time delay
8 100} for the three elve events.
S 60f
7 e 3 Front propagation reconstruction
%10

Time (s) If the events observed are elves, the signals recorded cor-

respond to the optical emission of the D region of the iono-

Figure 1: Photon counts at 370nm obtained from the SU@jhere, as a consequence of its interaction with a lightning
of all photomultiplier ADC traces of the three events in Taygnched electromagnetic pulse (EMP).

ble 1. Since these events are not totally contained insile th
camera FOV, the gray areas denote a region with possible
signal losses.



23

32ND INTERNATIONAL COosMIC RAY CONFERENCE BEIJING 2011

where the signal is less th&wa, and then taking the time
difference with respect to the start point (see Fig. 3).

The pulse start times measured by each photomultiplier are
g plotted in Fig. 4 as a function of PMT pointing directions.
This development has been compared with the geometrical

ézzz model discussed before. Once the pixel which recorded
s the minimum pulse start time was found, the direction of
g 100k the start point? was varied by+2° in both elevation and
n Of azimuth angles. For each the altitude of the D region
-10018 3 2+ o 2 - and the direction of the EMP source with respect to the FD
Time (us) have been variated within 80 to 100 km and° and —5°

respectively, in order to find the parameters which better fit
Figure 3: A signal measured with a single photomultithe elve development.
plier (gray graph). To reduce noise fluctuations, a mov-
ing average is performed on the original trace (black thic
graph). The start point (blue square point) is defined fro

this graph when the signal i& above the baseline (dotted ) . )
line). The best fit to the pulse start times of the event studied

is obtained for a source elevation angle-ef.15° and a

D layer altitude of 92km a.s.l.. The direction (elevation,
3.1 Geometrical model azimuth) of the first light is ¥4.6°,—52.1°). The source

linear distance from the fluorescence detector of the Auger
The EMP source is confined inside the troposphere, whilgpservatory is about 580km. A comparison of the times
the optical emission takes place at 80-95 km altitudes. Tr@(pected from a theoretical model with these parameters

observed light develops over times comparable with thg,q the real data is shown in Fig. 5. The time residuals are
time needed to travel from the soureto a point in the potted in Fig. 6.

Dregion, and from there to the observert the speed of The location of the event is strengthened by the presence

light (see Fig. 2). In fact,_the light d(_atected at _tlmr:nay ._of a large cloud perturbation seen by GOES geostation-
come from any of the points belonging to the intersection

. . L : ary satellites in the same region[8]. Moreover, a coinci-
of the D region with an ellipsoid whose foci afeand.5. dence with a strong lightning pulse detected by the World

The first light arrives at a time, defined by the ellipsoid \yjige Lightning Location Network (WWLLN) [9] has been
tangent to the D region. The tangent paihis found from  5,nd.

observations, and puts constraints on the location of the
sourcesS. Indeed, it can be demonstrated geometricallv
that the line tangent a® to an ellipse with fociO and .S
forms equal angles with the ling€sP and PS. Thus, once
definedP, the locus of the foch; is a line. -
At atimet; > t, the intersection of the ellipsoid with the 904X .. ]
D region corresponds to a closed curve: this is actually ol & 38 . o S
served by the fluorescence detectors. The lateral expans f 604"
of this curve is expected to be symmetric, while the fron £ 4518 B
moving towards the FD is expected to move faster than th T sl
moving in the opposite direction. 20

Results

4 A S
3.2 Signal treatment eyas, "ll’llllllm [\ 7

The pixels considered in each event are the ones which he

an FD first level trigger trace. Each trace is formed by 100

time bins of 100 ns each. Signal bounds are searched ui
each trace by maximizing the signal to noise ratio. This al
lows one to roughly estimate the pulse start and stop tim
Afterwards the signal is smoothed by applying &.s run-

ning average in order to decrease short time signal fluct
ations. The pulse start position is then moved back unttl
the signal is less thakus above the noise. The error asso-
ciated with this point is determined by searching the time

e‘figure 4: Interpolated tridimensional curve representing
the time of arrival of photons at the FD diaphragm as a
function of elevation and azimuth angle. Pulse start times
elong to the event detected at GPS 860806213. This event
riggered 143 pixels.
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Figure 7: The position of the reconstructed elve (black
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circles. Lightning close in time (within 5s) is represented
by filled circles. Black stars mark the locations of Auger
fluorescence detectors. Dotted lines define the six bays of
the FD at Coihueco (CO).
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Abstract: We present results from 200 hours of operation of an atmo&pkaper test beam system developed for
the Pierre Auger Observatory. The approximate opticalvedgmce is that of a 100 EeV air shower. This new system
combines a Raman backscatter LIDAR receiver with a cakiorqulsed UV laser system to generate a test beam in
which the number of photons in the beam can be determinedandievel and as a function of height in the atmosphere
where high energy air showers develop. The data have beerdestsimultaneously by the Raman receiver and by a
single mirror optical cosmic ray detector that tested the sgstem by measuring the side-scattered laser light aeross
horizontal distance of 39 km. The new test beam instrumelhbeimoved from the R&D location in southeast Colorado
to the Pierre Auger Observatory location in Argentina teefffa major upgrade of the central laser facility.

Keywords: Atmosphere, LIDAR, Pierre Auger Observatory, CalibratiBaman Scattering

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 38.9 km LIDAR
. . MT

scattered out of UV laser beams directed into the atmo-

sphere from the Central and eXtreme Laser Facilities (C'-Eigure 1: Geometrical arrangement, viewed from the side,

[1] & XLF) generate tracks that are recorded by the Augeg 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 nTd improve detector monitoring andz, t) 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 laser 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 obtain(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 measuRierre 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 measyret) 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. ThefiRaman) backscattering frompNnolecules. 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

Laser Beam
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Figure 2. Scanning electron images of aerosols sampled
at ground level at the Pierre Auger Observatory [10] (left: pro (R
2.5 um filter right:10.0um filter). RS % L L .

telescope 38.9 km distant. Dubbed the atmospheric mo jigure 3: The three channel LIDAR receiver. Light re-
'ected 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 |gU|d light guide seen near the lower left corner of this
Observatory FD telescopes record light from the CLF an@icture.

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 Sit%ackscattering), 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,

ie. _the arnounF of light reaching the detector at a particirne AMT (Fig. 4) is a modified HiRes Il type telescope.
lar time bin (height) depends on several unknowns. Thesge 35 n? 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 thggy with a roll-up door across the aperture. For these tests,
detector by the molecular component and aerosols at thg central 4 columns af pixels were instrumented. The
particular height, and the fraction of light transmittedka AMT is mounted on four concrete posts and aligned so that
to the detector. The transmission terms can be combinggk vertical laser track passed near the center of the field
if the atmosphere is assumed to be horizontally uniformys yiew (FOV). The FOV at the vertical laser spans 1.54
or if the receiver and laser are collocated. The moleculgf 10.8 km above the ground. A precipitation and ultra-
part of the scattering term can be determined to good accgynic 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 kg, 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 gpserved remotely through a network video camera.

erties typically vary with hglght. o ) ~ The PMTs were gain sorted prior to installation. Data from
Raman LIDARs evade this ambiguity by measuring lighf temperature controlled UV LED system at the mirror cen-
Raman scattered byNmolecules. The Raman scatteringer and from a vertical nitrogen laser scanned across the
cross section for hlis 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 thga  puring routine nightly operation, the relative cadibr
Global Data Assimilation System (GDAS) [14] [15]. Overiion was monitoried using the LED system.

;haigﬁfﬁﬁgﬁgzihzaﬂ?n LIDAR has become the Staﬂw'e readout of the PMT current is performed by pulse
o ] shaping and digitization system electronics that are atso i
The Raman LIDAR receiver used in these tests featureSemented in the High Elevation Auger Telescope (HEAT)
50 cm diameter f/3 parabolic mirror pointing vertically be-[11] [12] extension to the Auger Observatory. The sam-
neath a UV transmitting window and motorized roof hatchy|ing period is 50 ns. The readout is triggered externally,
Aliquid light guide couples the refle_cted I|ght from th_e Mir-gither by pulses from the UV LED system, or from a GPS
ror focus to a three channel receiver (Fig. 3). Dichroigjeyice [13]. The laser is also triggered by the same model

beam splitters direct this light onto 3 photomultiplierésb gps device. The AMT GPS pulse output is delayed by
(PMTs) that are located behind narrow band optical filq3q us 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 MonitoringeSebpe (left) and its camera (right) with the central 4
columns instrumented. A rectangular UV transmitting fifeot shown) normally covers the camera surface.
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Figure 7: Average difference in atmospheric density as de-
1001 / termined from the GDAS model and measured from 27 ra-

Hours
gy
=

diosondes launches.

50

from Italy. The algorithm used in this benchmark was also
Qo Nev Dec  Jen Feb  War used to retrieve aerosol profiles in Colorado from the N
2010 2010 2010 2011 2011 . .
2010 on 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 thegg|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 moonletde relative calibration of the AMT. Systematic errors of
nights from the Colorado School of Mines campus. Ope% were assigned to these terms and an equivalent error
ation and data collection are then monitored remotely b{yas 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 L .
laser shots for LIDAR measurements. Between Octobé correlation is observed between the two independent

2010 and March 2011, more than 200 hours of data ha\g%easurements of aerosol optical depth (Fig. 8). Periods of

been accumulated for which the AMT and LIDAR mea-°PVious cloud were removed from this analysis. The small-
sured laser light during the same hour (Fig. 6) est differences in absolute terms are observed during lower

i aerosol conditions, i.ex(4.5 km) < 0.05. Horizontal non-
The Raman LIDAR was benchmarked against the Eurgjnitormity of the aerosol distribution across the 39 km be-
pean LIDAR network EARLINET [7] prior to shipment yeen 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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Abstract: The Fluorescence Detector of the Pierre Auger Observateripqms a calorimetric measurement of the
primary energy of cosmic ray showers. The level of accurdtis technique is determined by the uncertainty in several
parameters, including the fraction of the fluorescence dmeréhkov light reaching the detector after being scattered
the atmosphere through Rayleigh and Mie processes. A newoghéd measure this multiple scattering is presented.
It relies on the analysis of the image of laser tracks obsehyethe fluorescence telescopes at various distances to
characterize the scattering of light and its dependencé®atimospheric conditions. The laser data was systemgtical
compared with a dedicated Geant4 simulation of the laskt pgopagation, allowing for any number of scatterings due
to both Rayleigh and Mie processes, followed by a detaileulikition of the telescopes optics also based on Geant4.

Keywords: Laser; Multiple Scattering; Pierre Auger Observatory;dréscence detector

1 Introduction lengthA = 355 nm. In addition, a roving laser system,
emitting vertical laser pulses at= 337 nm, can be posi-
The Pierre Auger Observatory [1] in Argentina hii0  tioned in front of the telescopes at distances of altew

surface detectors in#00 km? array that is overlooked by Using the large amount of laser data and profiting from the
27 fluorescence telescopes at four locations on its periphRegligible width of the beam we have developed a method
ery. The Fluorescence Detector (FD) [2] telescopes megy extract the transverse distribution of light in the FD eam

sure the shower development in the air by observing thgras, from which it is possible to access the MS parameters.

fluorescence light. The FD offers optical shower detectiopata is compared to a dedicated Geant4 simulation of light
in a calorimetric way and can be calibrated with very littlepropagation in the atmosphere.

dependence on shower models.

The accuracy of the fluorescence technique is determinéd Extracti fthe t light fi

by the uncertainty in several parameters [3], among therfT, xiraction of the transverse fight profiie

the fraction of shower light (both from fluorescence and _ )
Cherenkov processes) that reaches the detector after befftf €mitted laser pulses propagate upwards in the atmo-
multiply scattered in the atmosphere. The multiple scafPhere. The directlight seen by the telescopes results from
tering (MS) component, which has to be estimated and i first Raylelgh scattering, as illustrated |n_f!gure 1. The
cluded in the reconstruction analysis to correctly deffiee t !|ght from the fl_rst scattering can suffer additional scatte
cosmic ray properties, depends on the atmospheric conHi9S and contribute to the signal recorded at large angles

tions, in particular on the Rayleigh and Mie scattering pro%ith respect to the direct light component. The method
cesses. employed to extract this transverse light profile from laser

. " . . ddalta relies on the principle that identical laser eventdxean
The atmospheric conditions at the Auger site are monitore . S .
.averaged to extract information inaccessible on an event-

by several devices [4]. In particular, the observatory BV-event basis
equipped with a set of laser systems that can shoot Iase\f T _ _

pulses into the atmosphere to be seen by the FD, alloor ez_;\ch acq.ws!tlor! time slot, the recorded image is trans-
ing us to measure atmospheric conditions and monitor thated into a distribution of the .number of detepted_ photons
performance of the telescopes. One of them is the Cent@} & function of the angular distancg o the direction of
Laser Facility (CLF) [5], a unit placed abot km from the directlight.

the FD sites emitting energy calibrated pulses of wave-
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Figure 1: Schematic representation of the propagation of

laser photons from the CLF to the FD site. In this modelfFigure 2: Camera image for a single time bin built by av-
there is an aerosol band in the area belowithéorizontal eraging over several CLF shots seen at Los Leones FD site
line. Rayleigh and Mie scattering dominated regions arayith a full camera acquisition. Colors represent the accu-
respectively, above and below the scale height parametarulated charge normalized to the maximum.

hs.

In figure 2, a single time bin100 ns) from the average

N, Np AN;
of several CLF shots (almost one thousand) seen at Los ﬂ(() _ Ej:l >z AQ, (©)
Leones with a full camera acquisition is shown, for the case aa >’ N¢ - N ’

when the laser spot is at ~ —4.9° and3 ~ —8°, where

a andg are, respectively, the elevation and azimuthal anwhereNN; is the number of time bins and,, is the number
gle in the camera coordinates. Here the full FD camera &f acquired pixels in the camerad( for a full camera ac-
represented by thel0 hexagonal pixels and the color scaleguisition). This method allows us to obtain transversetligh
represents the number of photons detected during this timpeofiles, as shown in figure 3.

period, normalized to the maximum signal value at the spgihe observed transverse light profile is the convolution
centre. Additional structures are observed surroundiag thy those of the light source (point-like at the current dis-
hottest pixel: a first crown of (yellow/light-orange) pigel tances), the multiple scattering in the atmosphere and the
followed by second crown made of a bigger group of (Orgetector PSF. The direct light convoluted with the detector
ange) pixels, and an almost flat distribution for the rest gbgk s expected to dominate at smatngles, while the
the camera with an intensity ef 10~ with respect to the - yyitiply scattered light should dominate at largéespe-
maximum. The first crown is connected with the detecto(gia”y for a far away source like the CLF). Although some
point spread function (PSF) while the farther regions argns were performed with full camera acquisition, as in the
dominated by multiple scattered light. Another feature i'?example shown in figure 2, most available CLF data were
the image are the darker pixels (corresponding to fewer dgscen with partial camera acquisition. In this case, data
tected photons) just below the spot centre. These are thgs taken for a small group of pixels neighbouring the pix-
first pixels crossed by the laser, for which the signal als triggered by the laser. For vertical CLF shots the data
tained the largest values, and were removed from the anglajjaple are contained within a band of pixels with approx-

ysis. The small signal in these pixels, some time bins aft%ate|y 8 degrees iff. Even in this case, the described
being hit by the laser direct light, is consistent with an Unmethod can be used up to values'of 15°.

dershoot effect: large signals affect the baseline (pyillin

it down), which then takes a fews to recover. Clouds

can cause serious distortions to the light profile. Themefor3 Geant4 laser simulation

events in which clouds are identified during the reconstruc-

tion are removed from the analysis. A realistic simulation capable of reproducing the features
To build the¢ profile, %(C)- the number of photons in of the multiply scattered photons from production to detec-
pixel i and in time binj, AN; ;, corrected by the pixel tion was developed to support the data analysis presented

solid angleA(); is obtained as a function gfand averaged in this paper. This simulation is based on Geant4[6] and
according to performs the tracking of photons in the atmosphere. Simu-

lation of both Rayleigh and Mie scattering processes were
implemented according to [4]. Photons are individually
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Figure 4: Average light measured at Coihueco FD site as
Figure 3: Transverse light profile seen at Los Lones FD sitg function ofo for different VAOD ranges. The Mie and
using CLF shots (full camera acquisition runs). Rayleigh dominated regions are labeled.

followed through the atmosphere, allowing for any nurr
ber of scatterings from both processes. The atmosph

was parametrized in layers of constant degthg cm2, 2 3 —— VAOD [110.00:0.03[
and different atmospheric profiles can be selected. In « 3 10

der to simulate the camera aperture and inclination, and = F — VAOD []0.03;0.06]
improve the efficiency of the simulation, the detector we z* - —— VAOD 0]0.06:0.10[
implemented as a fultz, 2 meter high cone section. The ™ 10 E -

laser photons are generated at the centre of the cone sec E ':_ —— VAOD 0]0.10;0.20]
with the cone radius corresponding to the distance betwe r ‘EE

the laser and the detector. 10g *225?&:_::.%

The contribution to the light transverse profile from the de - 'qé“:{"-;;ﬂ. 1.t +

tector was evaluated by using a full simulation of the fluc 1; s t
rescence telescopes [2] based on Geant4. To reduce ¢ E e e
putation time maps of the optical spot at several positio 2 4 6 8 w012 11[ e

on the camera were produced with this simulation. The ai-
rection of each photon at the entrance window of the tele-

scope was smeared according to these maps. Figure 5: Average transverse light profile seen at Coihueco
FD site as a function of for different VAOD ranges.

4 Dependence on aerosol concentration

In figure 4 the average total light flux as a functioncof
The multiple scattering processes occur in the interactids shown for different VAOD ranges where the expected
of photons with the atmosphere and therefore depend @aser attenuation dependence on the elevation amgdte
the atmospheric conditions. In particular these processebserved. The total light flux was obtained integrating the
depend on atmospheric depth but also on the quantity p§ht in ¢ € [0°, Copt], Where(,p is the angle that maxi-
aerosols. The latter is quantified in terms of the Verticahizes the signal to noise ratio. The curves were normal-
Aerosol Optical Depth profile, VAOD, t), which is mea- ized in the regiony € [5°,12°] to the one with the low-
sured using CLF shots [4]. In this work the VAOD will est VAOD. The oscillations on the light curves are due to
be evaluated at a fixed reference heightf 3 km, above the FD camera non-uniformities and, since the curves re-
ground level), allowing the event characterization with &ult from averaging over several hundreds of thousand of
single number. laser events, the distributions show structures with high
To access the parameters characterizing multiple scatt@efinition and small statistical errors. The normalisation
ing processes, two distributions were considered: thé totand shape of the curves shows sensitivity to the aerosol
light detected by the FD as a function @fand the trans- contentand distribution, allowing us to extract inforroati
verse light profile. The distributions were obtained withconcerning the Mie scattering process. As illustrated i fig

the method described in section 2, using 18 months of CL¥e 1, aerosols are mostly concentrated near the ground and
shots recorded at the Coihueco FD site. their density can be modeled by an exponential function
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Figure 7: Average transverse light profile from CLF shots
Figure 6: Average light profile seen at Coihueco FD sité€€n at FD for low VAOD. Comparison between data and
as a function ofx for VAOD = 0.015 and VAOD =0.15.  Simulation.
Comparison between data and simulation.

arise from the use of a finite set of spot maps, as described

decreasing with a vertical scaling facthg, Thus, photons in section 3.

propagating in the lower part of the atmosphggeh) are
more likely to suffer from Mie scattering than at higher al-5  Conclusions
titudes. The profiles in figure 4 are in agreement with this

model, where the effect of Mie scattering can be observ% method to extract the transverse light profile using CLF
for low values ofa. laser shots was developed. The method enables the assess-
The parameters describing Mie scattering can also kgent of atmospheric parameters relevant for both Rayleigh
constrained by the analysis of the transverse light praind Mie scattering processes. A dedicated laser simula-
file. The transverse light profile distributions correspondtion based on Geant4 was developed to attain a better un-
ing to different VAOD ranges are shown in figure 5.derstanding of multiply scattered light in the atmosphere.
The distributions were normalized to the total signal im first comparison between data and simulation shows al-

¢ < 1.5° (Ny5). As described in section 2, the multi- ready a reasonable agreement. Further studies exploring
ple scattering component of the signal should dominate thge evolution of the multiple scattering component with al-

light transverse profile distribution for values oflarger titude, time and distance from the FD are in progress.
than the size of the direct signal convoluted with the de-

tector PSF ( < 1.5°). Therefore, the dependence of the

multiple scattered light component on the atmospheric con-

ditions should be visible in the transverse profile distribuReferences

tions for different VAOD ranges. This is observed in figure

5, where the differences between the profiles for differerf.] The Pierre Auger Collaboration, Nucl. Instrum. Meth.,
VAOD ranges are clearly visible for bigger valuegofThe 2004,A523: 50-95.

distributions show, as expected, that the higher the VAO)2] The Pierre Auger Collaboration, Nucl. Instrum. Meth.,
the higher is the multiple scattering component. 2010,A620: 227-251.

The available data on the transverse light distributiomfro [3]1 Unger, M., Dawson, B. R., Engel, R., Schussler, F., and
laser shots is being explored to assess the MS parametersY!rich, R., Nucl. Instrum. Meth., 2008,588: 433-441.
Both the total light profile (fig. 6) and the transverse ligh{4] The Pierre Auger Collaboration, Astropart. Phys.,
profile (fig. 7) show a reasonable agreement between data20.10’33: 108-129.

and simulation if the average Auger Mie parameters, whickp] Fick, B. et. al., JINST, 2006 11003.

depend on the aerosol type and concentration, are us€® Agostinelli, S. et. al., Nucl. Instrum. Meth., 200306
The observed effect of higher aerosol concentrations on the 250-303.

light profile is well described by the simulation. For the

transverse light profile, a deviation between simulatioth an

data is observed fof < 2°. Such effect is expected to
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Abstract: The scale and scope of the physics studied at the Pierre Abigegrvatory offer significant opportunities
for original outreach work. Education, outreach and pubgiations of the Auger Collaboration are coordinated in a
separate task whose goals are to encourage and support eawggeof education and outreach efforts that link schools
and the public with the Auger scientists and the science sifitorays, particle physics, and associated technologies.
presentation will focus on the impact of the collaboratiomendoza Province, Argentina. The Auger Visitor Center in
Malargile has hosted over 60,000 visitors since 2001, ahdddollaboration-sponsored science fair was held on the
Observatory campus in November 2010. The Rural Schoolg&rmgvhich is run by Observatory staff and which brings
cosmic-ray science and infrastructure improvements teterschools, will be highlighted. Numerous online resosirce
video documentaries, and animations of extensive air stohave been created for wide public release. Increasingly,
collaborators draw on these resources to develop Augedecetlisplays and outreach events at their institutions and i
public settings to disseminate the science and successes Observatory worldwide.

Keywords: UHECR, The Pierre Auger Observatory, education, outreach.

1 Introduction

Education and public outreach (EPO) have been an integra g 22
part of the Pierre Auger Observatory since its inception. §
The collaboration’s EPO activities are organized in a sep- &

1997. With the Observatory headquarters located in the re-i§
mote city of Malargiie, population 23,000, early outreach
activities, which included public talks, visits to schqols
and courses for science teachers and students, were aim
at familiarizing the local population with the science of
the Observatory and the presence of the large collabora
tion of international scientists in the isolated commuasti _. T

i . Eigure 1: Auger collaborators participating in the Novem-
and countryside of Mendoza Province. As an example (ger 2010 Malargiie Day parade
the Observatory’s integration into local traditions, thod-c )
laboration has participated in the annual Malargiie Day pa-
rade since 2001 with collaborators marching behind a larggss to be a popular attraction. Through the end of April
Auger banner (see Fig. 1). Close contact with the compp11, the VC has hosted 64,482 visitors. Fig. 2 shows the
munity fosters a sense of ownwership and being a part glmber of visitors logged per year from November 2001
our scientific mission. The Observatory’s EPO efforts havghrough April 2011. The noticeable increase of visitors
been documented in previous ICRC contributions [1]. Wajnce 2008 occurred after the opening of a new, nearby
report here highlights of recent activities. planetarium [2] in August of that year. The VC is man-
aged by a small staff led by Observatory employee Analia
Caceres; she and other collaborators share the task of giv-
ing presentations and tours to visitors and school groups.

The Auger Visitor Center (VC), located in the central officeAn excellent recent addition to the VC is a spark chamber,

Cal h in Fig. 2, duced and installed b llabo-
complex and data acquisition building in Malargije,COJntlnaSO snown in +ig produced and instafied by coflabo

2 The Auger Visitor Center in Malarg te
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rators from the Laboratory of Instrumentation and Experibest features of the school visits. Financial support fiz th
mental Particle Physics (LIP) in Portugal. ongoing program is provided by contributions from collab-
orating institutions and generous individuals to an Educa-
tion Fund managed by the Observatory staff.
Auger Visitor Center Statistics

10504

10002

Number of Visltors

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Figure 2: Top: Number of visitors logged by year at the
Auger Visitor Center. Bottom: New spark chamber allows
visitors to view cosmic ray muon tracks.

3 The Rural Schools Program and Educa- Figure 3: Top: Analia Caceres talking to Bardas Blan-
tion Fund cas students about the Observatory, December 2010. Bot-

tom: Observatory staff members Mario Rodriguez (left)

Many schools in the Department of Malargie, some OV%a(r)r:duSeuiar:k:ﬁ;tivr:ljlogcenter) presenting an electric heater

100 km away, have difficulty bringing their students to the
Observatory and the Visitor Center. A dedicated team of
Observatory staff members has initiated a Rural Schools The 2010 Auger Science Fair
Program which brings information about the Observatory

;’mfd n?edted mfrastructure |tm|_3ro;/edmergs t(t)' rerrtmtel S;‘h.oolll’solIowing successful Science Fairs held in November 2005
hirastructure improvements inciude atiention to eleefrt 2007, the Collaboration sponsored a third Fair on

and heating systems, fences, providing school supplies, eNovember 19-21, 2010, that attracted the exhibition of 22

The R_u_ral Schools t_eam consists of physicists, ENgINeegience projects in the areas of natural science and technol
technicians, and office staff members who volunteer theg

i A le. the t isited student y (see Fig. 4). This Science Fair featured the youngest
own tme. AS an example, e team VISIed students a oup of students to date (4 first graders), as well as the
teachers at .SChOOIS in the cities of Bardas B'a”?as (60k am which traveled the longest distance to date to partic-
and L_as_ Loicas (150 km) SOUthW?St of Mala,rgue' ona % ate (from the Province of Catamarca, over 800 km north
day trip in December 2010 (see Fig. 3). Analia Caceres

h leadi tat d di . i the st Malargue). The 2010 Fair spanned 3 days, which al-
shown feading a presentation and discussion wi € SYwed participants to enjoy more activities than in pregiou
dents about cosmic ray physics and the Observatory. Ot

(aff b h donati lectric heater f ars — a presentation in the Auger Visitor Center, a visit
stall members are snown donating an €lectric heater 1l Malargie’s planetarium, and an evening dinner with live
use in the school. The team also made personal do

"Rusic and dancing.

tions which provided small Christmas gifts to the students. ] )
These efforts to reach out to the non-local community have t€am of 15 Auger collaborators judged the projects on the

been received with great enthusiasm. The personal contQ@Sis Of science content, oral and visual presentation, and
with those involved in the Observatory has been one of tH€ Written report that accompanied each project. First and
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second prizes were awarded in four age categories (gradestage of detectors and activities around the Observatory
1-3, 4-7, 8-9, and 10-12), and new award categories wes@ée. Several collaborating groups provided clips show-
introduced this year: the most innovative project and ag Auger activities at their home institutions. The video
prize for the teacher whose students received the highesas produced with a choice of Spanish or English subti-
score. A new Challenge Cup trophy was presented to thikes. The first public viewing of the documentary was held
highest-ranked team to be displayed at their school, witin Malargue during the March 2011 collaboration meeting,
the expectation that a team from this school will return t@nd it was made available to the collaboration for dissemi-
the next Science Fair, foreseen to be held in Novembeation in DVD format. Fig. 5 shows two still images from
2012. All participants received Science Fair T-shirts, anthe video.

each school received a one-year subscriptioNational
Geographianagazine in Spanish. The collaboration is in-
debted to the Observatory staff, the local organizing team
of three science teachers, and the city of Malargtie for-help
ing to make the Science Fair a success.

Figure 5: Sample still images from the “Voces del Uni-
verso” video. Top: Dr. Carlos Hojvat from Fermilab
explaining cosmic ray particles detected with a Geiger
counter. Bottom: A surface detector station and signage
along Route 40 in Mendoza Province.

6 Other Outreach Activities

The Observatory was a co-sponsor of thé"9meeting

of the Argentinean Physics Association held in Malargiie

September 28-October 1, 2010, with several Auger collab-
orators serving on the Organizing Committee. Observatory
staff offered tours of the Observatory campus and the flu-
Rrescence detector and HEAT installations at the Coihueco
site to the 700 meeting participants.

The online release of extensive air shower data [3] for
instructional purposes continues to draw attention from
around the world. Between May 1, 2010, and April 30,
2011, the web site hosting the growing data set had 3920
unique visitors from 81 countries, although the bulk of the
During the last year, collaborators Ingo Allekotte and Beatraffic is from the U.S., Argentina, and a few European
riz Garcia worked with professional film producer Cristinacountries. A number of collaborators are working on lesson
Raschia to make a new video documentary about the OBans to instruct teachers and students in the use of the data
servatory entitled “Voces del Universo”. The 26-minuteset, suggesting various plots students can make and hints

video features interviews with collaborators from manyon interpreting, for example, energy and arrival direction
countries speaking in their native languages, plus extensigistributions.

Figure 4: Participants in the 2010 Auger Science Fair, wit
Jim Cronin (bottom panel).

5 The New Auger Video Documentary
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Randy Landsberg and colleagues at the Kavli Institute for
Cosmological Physics have posted high-resolution, intel
active panoramas of a number of locations at the Observ.
tory on theGigapanonline system [4]. Views from the Los
Leones fluorescence detector building, at the central car
pus office building, and on the Pampa Amarilla are avail
able.

The scholarship program which brings top Malargiie stu
dents to Michigan Technical University (MTU) has en-
joyed continued success. The fifth student enrolled at MTL
in the fall semester 2010. The first four students hav
graduated with degrees in either Mechanical Engineerin
or Materials Science. The first three students have en
barked on engineering careers, one in the U.S. and two ...

Argentina. ) ) _ o
In Madrid, Spain, the Auger Observatory and cosmic raysFIgure 6: The Cosmic Sensation dome in Nijmegen, NL.

were featured during the Science Week held in November
2010. Visitors to the physics building at the Universidad ___
Complutense de Madrid witnessed cosmic ray muons de-|
tected with Geiger counters and with a spark chamber like
the Auger VC spark chamber shown in Fig. 2, produced
by collaborators from Portugal. Visitors were filmed as a
muon track passed through their hand held above the cham
ber. A selected still photo was copied into a take-home
certificate stamped with the time and location, giving each |
visitor his or her personal cosmic ray to remember.

Collaborators in the Netherlands remain active in educa-|

tion and outreach via projects like the HISPARC network |
[5], which employs high-school based scintillator detec-
tors on school rooftops, and cosmic ray displays at open
house events at NIKHEF, the National Institute for Nu- =

clear and High Energy Physics in Amsterdam. Notably, a. _ _ ) _
Dutch team that included Auger collaborators was awarddddure 7: One-fifth size fluorescence detector mirror proto-

the 2008-09 Annual Academic Prize for the best trandYP€ on display at the Academy of Sciences in Prague.

lation of scientific research to the public. The generous
award funded the construction of a large “Cosmic Sensgaferences
tion” dome (Fig. 6) [6] in a park near the Radboud Univer-
sity in Nijmegen. Lights and music in the dome were trig-l] G. Snow, for the Pierre Auger Collaboration, Proc
gered by random cosmic ray hits detected by scintillatorg. i ! ’ '

: : 27th ICRC, Hamburg, Germany, 2002; 726-729;
Music and dance evenings held on September 30-Oct0berB. Garcia and G. Snow, for the Pierre Auger Col-

2, 2010, attracted thousands of visitors and extensivespres laboration, Proc. 29th ICRC, Pune, India, 2005,
coverage. 1-4; G. Snow, for the Pierre Auger Collaboration,
A highlight of recent outreach activities in the Czech proc. 30th ICRC, Mérida, Mexico, 2004: 295-298,
Republic was the “Science for the World” exhibition,  arxiv:0707.3656 [astro-ph]; G. Snow, for the Pierre
September-October, 2009, which featured research activ- auger Collaboration, Proc. 31st ICRC, £odz, Poland
ities and results from the institutes of the Academy of Sci- 2009, arXiv:0906.2354v2 [astro-ph].

ences. Fig. 7 shows a segment of a Czech-made fluorest see http://www.malargue.gov.ar/planetario.php.
cence detector mirror which was part of an Auger exhibif3] See http:/auger.colostate.edu/ED/.

in the main bU|Id|ng of the Academy. The exhibit attractec[4] See http://WWW.gigapan_Org/gigapanslxxxxxl, and-sub
over 15,000 visitors and media coverage. High school stu- stitute 59328, 59256, 59253, or 59258 for XXXXX.
dents have also had the opportunity to participate in res] See http://www.hisparc.com.

search experiences with Auger collaborators, drawing q@] See http://www.experiencetheuniverse.nl.

the Auger data set released to the public, as part of the

“Open Science” initiative that involves several Academy

institutes and universities.
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