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Abstract: The optical calibration of the fluorescence telescopes imifieant contribution to the overall
uncertainty of energy measurements made by the Pierre Adigggrvatory and Telescope Array Project. Some
sources of uncertainty, such as the fluorescence yield jraff@ct both experiments similarly. However, the
optical calibration of the fluorescence telescopes is acgoof independent uncertainty. The Pierre Auger and
Telescope Array collaborations have taken initial stepestablish a relative end-to-end optical calibration of the
fluorescence telescopes. An Octocopter carrying a porlighiesource has been flown in front of fluorescence
telescopes at both Pierre Auger and Telescope Array sitdsoratory calibration measurements of the light
source before and after the flights provide a common basklirtbe relative end-to-end calibration. We expect
this system will lead to a common photonic calibration fottbexperiments. After giving a brief description of
the UV light source and the Octocopter used for the measuresytbe parameters and the calibration procedures
for the light source will be discussed. First results ongetpe images of the light source will be presented.

Keywords: Telescope Array Project, Pierre Auger Observatory, flizeese telescopes, calibration, light
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1 Introduction 2 The Octocopter

The Pierre Auger Observatory and Telescope Array Projecthe Octocopter has its eight motors mounted in a circle
experiments study cosmic rays at the highest energies. [djth a diameter of 80cm. It has a maximum payload capac-
2] These experiments combine air fluorescence telescopéy of about 1kg. However, the weight of the payload sig-
with a large array of surface detectors. The energy scale dfificantly affects the available flight time. Since the cedib
both experiments is derived from the air fluorescence medion flights must be made in the dark of night when the flu-
surement which uses the Earth’s atmosphere as a calorimgrescence telescopes operate, LEDs were mounted on bot-
ter. At present, Auger and Telescope Array appear to haveom of the arms supporting the motors. Green LEDs were
an energy scale discrepancy of about 20%. [3] Some sy#astalled on the arms in the forward direction and yellow
tematic uncertainties are known to affect the energy de-EDs were used on the remaining arms. See Figure 1. The
termination similarly for both experiments. However, one navigation lights enable simple visual verification of posi
area where systematic uncertainties are expected to B®n and orientation and can be switched on and off via re-
largely independent is the photonic scale. It may be possimote control.
ble to reduce the apparent discrepancy between the exper-The Octocopter is typically flown to a distance of
iments by comparing the response of the air fluorescenct000m from a telescope where it maintains a stable posi-
telescopes to a well understood and calibrated, portabléon and orientation. When directed the light source emits
light source. 4] a series of UV flashes at a rate of 1Hz. An on-board com-
Such a source, a flying isotropic UV light source puter sends GPS information, temperature, optical pulse
has been developed at Karlsruhe Institute of Technosettings, and other data back to a base station via a wire-
ogy (KIT). [B, [€] It has been in use at the Auger site in less link where it is recorded for later analysis.
Argentina since 2010[]7] This portable light source is We have conducted three campaigns of flights. Dur-
presently undergoing careful evaluation of isotropy, puls ing the flights the on-board GPS recorded a typical posi-
rate and temperature dependence, and temporal stabilitytional stability of less than 1m under good flying condi-
The source is carried by a remote controlled flying plattions (0.06 at 1000m). The manufacturer data sheet indi-
form called an Octocopter (Mikrokopter}1[9,110] The Oc-cates a systematic uncertainty in the absolute position of
tocopter is piloted via remote control and it includes GPS2-5m. (0.14). We plan to independently evaluate the abso-
navigation and a magnetic compass, enabling it to fly tdute positioning accuracy during future campaigns.
a pre-programmed position and maintain a stable position
(~0.5m) and orientatiom{5°) under favorable conditions. .
Additionally, pressure sensors are used to improve alatitud3 TheLight Source
accuracy and stabilization. Using this system we can acFhe flight time of the Octocopter depends strongly on the
curately position a well understood light source within theweight of the payload. Therefore, it is important that, in
field of view of both Auger and Telescope Array air fluo- addition to being isotropic and stable, the source should be
rescence telescopes to compare their relative response. light-weight. Based on simulations and experiments, the
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measured in the lab at KIT. The results, shown in Figure
B, show that the rate of change is dependent upon the
driving amplitude for the LED. At present, this amplitude
dependence is not well understood and studies are ongoing.
At the highest setting, A5, the change is about -4% per
10°C. To allow one to make corrections for temperature
dependence, the temperature inside the sphere and near the
electronics are recorded.
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Figurel: The Octocopter with the light source suspended 95 I

below it. Green LEDs indicate the forward direction.
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light source was built using a twelve sided ABS plastic o
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dodecahedron. The body was coated with Tyvek and i 75§
UV LED [L1] was mounted at the center of each of the 70 1 (DAC=354) |
hexagonal faces. To further improve isotropy, the source o 0 (DAC-229) | | | |
is surrounded by a diffuser made of a thin spherical shel 0 5 10 15 20 25 30 35
(r=50mm) of polystyrene etched with acetone. The total Temperature T2 [C]
mass of the completed light source was less than 150g. The
?%Zﬁs.ﬁrm'Hgﬁ?{?ﬁ;‘%ﬁ?%ﬁ%ﬂd batteries, alloss f Figure2: Relative signal strength from the Octocopter
The UV LEDs provide 55mW of rédiant flux at 350mA light source as a function of the temperature. Measure-
with a spectrum that peaks at 375nm with FWHM of aboutmem? were made.at the DAC settings of the six standard
10nm and a tail extending to 410nm. The LEDs emita@mplitudes, AO being the lowest and A5 the greatest. The
light out to (~ 90°). However, they have a stronger emis-amplitudes at each DAC setting are normalized to 100% at
sion peak in the forward direction-(10-15) and a weaker 0°C.
broader peak~80% of the strong peak out t& +60°).
Simulations of a similar source configuration which takes As the photodiode used for calibration of the source in
into account the mean light distribution pattern of the UVthe laboratory is considerably less sensitive than the air
LEDs and their placement on the dodecahedron indicateuorescence telescopes, we must measure in the lab us-
deviations from isotropy should be of order 4% over theing a significantly higher pulse repetition rate of 1.1 kHz
sphere.[[5] (900usec periodys. 1.00 Hz in the field. Initial studies of
The current to each LED is individually controlled to the dependence of the light output on the pulse rate sug-
compensate for variations in the LED intensities. Theregest a correction of about -3.5% is required for field mea-
are six pre-programmed settings of pulse amplitude angurements. See Figuié 3. The electrometer is configured
variable width (2-6isec) which can be used to illuminate t0 measure in 100msec intervals, each measurement trig-
the telescopes. The six standard settings span a factor 8rS a pulse generator that in turn produces a burst of 100
10 in total intensity. The light pulse is triggered by the PPStriggers (90msec total) for the light source electronidse T
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signal of the GPS. 100 pulses are integrated to produce a measurement of to-
tal charge.
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A number of measurements have been performed to stuc 1000 |- IEFAS

effects that could influence the light intensity observed _ o995} ; .

by the fluorescence telescopes. The main light source te & g90 |- * i

bench is located at Karlsruhe. At KIT the spherical light £ g5| + i

source and a photodiode are mounted on an optical benc ¢ o | |

with a maximum separation of 2.5m. To block reflected 3 o5l + 1

light, one baffle (66mm diameter) and a black curtain are € 3

centered between them. The light from the sphere is me: ~ “°f ¥ 1

sured with a NIST calibrated silicon photodiode, model 965 o o ]

UV100. NIST calibrates these detectors using a DC light 96-0100 1ol 02 08

source. [[8] For the peak wavelength of the light source Flash Rate [Hz]

(375nm), NIST states a spectral power responsivity ol

0.1293A/W with a relative combined uncertainty of 0.45%

(for DC operation). The photodiode is equipped with aFigure3: Relative signal strength from the Octocopter

round baffle to reduce the active area to the homogeneouight source as a function of the flash rate. (Source ampli-

central region (0.5¢cR). The pulsed signal from the photo- tude setting 5)

diode is then measured with a Keithley model 6514 elec-

trometer that is readout via a USB connection. Some tests of isotropy (in the forward direction) have
The effect of temperature on the LED’s output has beerbeen performed by rotating first in azimuth and then sepa-
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— this is a different photodiode from the one used for the
+ el measurements at Karlsruhe. Internal surfaces of the dark
+ A5 box were covered with low reflectance (black) cloth or flat
black paint. In addition, a tube of black corrugated (egg
} carton) foam lined the optical path between the source
100.0 + + 15 } - and the photodiode to eliminate reflections. The NIST cal-
f[ ibrated photodiode #G696 includes a precision calibrated
99.8 [ 1[ i . aperture (50.120.05mn?). The photodiode responsivity
was measured at NIST in 5nm steps between 200nm and
99.6 [ . 1100nm. In the wavelength region near the peak of the
‘ ‘ ‘ ‘ ‘ source (375nm), the relative expanded uncertainty (k=2) of
10 T 4 > 10 NIST photodiode #G696 responsivity<sl%. [€]
The signal from the photodiode was measured using
a Keithley model 6485 picoampmeter. The picoampmeter
Figure4: Relative signal strength from the Octocopter recorded the mean current produced by series of flashes
light source as a function of the azimuthal rotation an{period = 90Qsec). As with the measurements at Karl-

gle from the forward direction. (Source amplitude settingsSruhe, the system at Utah was configured to use a 100ms
A3(blue), Ad(green), and A5(red)) measurement interval. However, due to limitations of the

hardware, instead of generating bursts of 100 triggers, an
effectively continuous burst of 3000 triggers was gener-

100.4

T

100.2

T T
s
e
-
|

Relative Amplitude [%]

1000 T ‘ "'TF = ated. As a result, a single measurement cycle may contain
995 1+ + 1 ol either 111 or 112 flashes. This variation in the number of
T 90F : B measured flashes contribute®.1% to the measurement
9 985 i . uncertainty. The temperatures inside the sphere and near
2 osof « the electronics were recorded to enable corrections for tem
< 75| : a perature dependence.
»fz; 970 L + | As a simple check of the charge measurement using the
e sl +| picoampmeter, a simple current source was constructed us-
960 | ing a Lecroy 9210 Pulse Generator in combination with a
' | | | | | | | | 1.00@2, 1% resistor. This enabled the generation pé8c
%8 5 10 15 20 25 30 35 duration current pulses with total charge in the lower range

Elevation [] of that obtained from the light source and photodiode. Cur-
rent pulses were generated and measured using the same
. ) . . software and identical settings to those used during the
FigureS: Relative signal strength from the OCmCOptermeasurement of the light source. The measured charge per

light source as a function of the elevation rotation aNvulse for the simple current source agreed with the ex-

gle from the forward direction. (Source amplitude settingspected value te-1%.

A3(blue), Ad(green), and A5(red)) Finally, after correcting for the temperature dependence
of the source, measurements performed in the laboratories

. . . at Utah and Karlsruhe appear to agree to better than 2%.

rately in elevation. For rotations less than0° from for- Fowever, it is important to recognize that a number of po-

ward in azimuth, the relative amplitude changed by abouty o) s rces of systematic uncertainty affecting mesasu

0.2% (Figurd). For elevation rotations, the relative am-onts in the field remain under investigation

plitude changes by about 0.2% for a rotation of Hnd ’

<3.5% for a rotation of 35(Figure[3). This is consistent

with the expectatipn from simulations noted earlier, how-5 Flights at the Auger Site

ever, more extensive evaluations are underway. o .

To verify that any remaining reflections from the walls O.ctocopters have been flown at thelAuger site |n'Argent|na
can be neglected, we checked thé2Lbehavior of the with various light sources for a series of tgsts since 2008.
setup for distances between 105cm and 245cm. The dafd'e Octocopter was flown at the Auger site with the cur-
was fitted with a %r? function with constant background rent light source, as a part of this series of tests during
and a small, constant offset in The results showed that & campaign in November 2012. The measurements took
there is no significant contribution from the backgroundplace shortly after the October series of flights at the Tele-
light. scope Array site in Utah. This period of time was selected

To monitor the stability of the light source, independentbecause weather conditions and temperatures could be ex-
measurements of the light source were performed at theected to be similar for the northern (Telescope Array) and
University of Utah before and after each of the two cam-southern (Auger) hemisphere sites.
paigns at the Telescope Array site in Delta, Utah. These During the tests, the Octocopter flew inside the field of
lab measurements took place on 2012-10-11, 2012-10-18iew of the 4th telescope located in the Los Leones build-
2013-03-12, and 2013-03-21. After correcting for tempering. This particular telescope has been extensively studie
ature, the four Utah measurements, under stable laboratoguring previous Octocopter campaigns and its optical prop-
conditions, agreed ta 1% relative to the mean. erties are believed to be well understood. The measure-

For the Utah measurements, the source was mountetients took place during two nights 2012-11-5 and 2012-
inside a dark box at a fixed distance4.3m) from an 11-10 and included participants from the Telescope Array
NIST calibrated photodiode. It is important to note thatgroup.
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14000 ‘ 7 Summary
£ 12000 - ; 1 Researchers at KIT have developed a sophisticated flying
; 10000 - 1 light source that can be used forsitu optical calibrations
2 so00f 1 of fluorescence telescopes. Measurement campaigns have
E ol | been performed using this same equipment at the Tele-
£ ool scope Array site (201.2—10 and 2013-03) and at the Auger
E site (2012-11). Work is underway to understand and con-
x0T 1 trol systematics of the measurement to a level enabling
[ 0200 = - = productive comparisons between the Auger and Telesg:ope
Mean Det, Light [Photons / 100ns] Time Bin [100ms] Array photonic scales. Measurements of absolute light

intensity, temperature dependence, rate dependence, and
. ) ) isotropy give us confidence these measurements will en-
Figure6: Event Display for an Octocopter light shot at apje us to reduce the difference between Auger and Tele-
the Auger Los Leones telescope site. The light level inscope Array photonic scales. The analysis of these datasets
the PMTs is shown at left, while the signal trace (pho-ollected at the Auger and Telescope Arrayl[16] is in
tons/100ns) is shown at right. progress and the results will be compared.
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