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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.
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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 m2) and a camera formed
by an array of 440 hexagonal photomultipliers (PMTs), ar-
ranged in a matrix of 20× 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 30 s. In-
dicating with σ2

FADC the variance of the FADC trace in
ADC-counts2, and with IFADC the mean anode current in
ADC-counts, the direct proportionality existing between
these two variables can be expressed by the constant KV,
given by [2] :

KV
.
=

IFADC

σ2
FADC

=
10

2 ·G · (1+νG) ·F
(1)

where G is the PMT gain (FADC-counts/photoelectron),
νG 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”, KD, are provided in
units of photons/FADC-counts, being conventionally de-
fined so that, for a monochromatic source at the refer-
ence wavelength λD = 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/m2/sr/s of a pulsed monochromatic source
at wavelength λD, fully illuminating the pixel, is then ob-
tained by:

ΦλD =
KD

∆T ·A ·Ω
· IFADC (2)

where IFADC is the pulse amplitude (in FADC-counts), and
the parameters have the following fixed numerical values:

• ∆T = 100 ns (FADC Integration Time, 50 ns for the
HEAT telescope)

• A = 3.8 m2 (Area of FD telescope diaphragm)

• Ω = 5.94 ×10−4 sr (Pixel Solid Angle Acceptance)

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

ΦλD =
∫ ∞

0
Φλ ·Fλ ·dλ (3)

where Fλ is the pixel spectral response normalized to the
reference wavelength λD (FλD = 1).
Of course, Eq. 2 can be applied only to fast (µs 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/m2/sr/ns/nm)
of a slow-varying, non-monochromatic source fully illumi-
nating the pixel, is expressed by:

< Φλ >
.
=

∫ ∞
0 Φλ ·Fλ dλ∫ ∞

0 Fλ dλ
=

=
KD ·KV

∆T ·A ·Ω ·
∫ ∞

0 Fλ dλ
·σ2

FADC (4)

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

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 KD, the accuracy of the flux measure-
ments obtained from this equation is also affected by pixel-
to-pixel variations in the spectral response Fλ and by the
uncertainty in the variance scaling factor KV.
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:∫ ∞

0
Fλ dλ = 73.5nm (5)

The uncertainty in the constant KV, is affected (Eq. 1) by
the cumulative indetermination in all the three physical pa-
rameters G, νG 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 KV, (computed, e.g., by adopting the typ-
ical mean values) would be unacceptably high.
Rather than deriving KV 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 µs) 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 KV of the pixel, without requiring
any knowledge of the physical parameters on which it de-
pends. The statistical uncertainty in the KV measurement is
dominated by the statistical uncertainty in the computation
of FADC trace variance associated with the light pulse. The
relative standard deviation of KV can then be expressed by:

∆KV

KV
≈

∆σ2
FADC

σ2
FADC

=

√
2

Np ·Nt
(6)

where Np is the number of LED pulses and Nt 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 Np= 50 pulses
and Nt= 560 time bins the statistical uncertainty on KV 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 × 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-
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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
(4.2×4.2 mm2) have been designed to obtain a single pixel
FoV of 1.52◦×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.
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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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