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Abstract: The Atmospheric Radiation Monitor (MonRAt) is a compact telescope, being built in Brazil, designed
to detect photons generated by ultra-high energy cosmic rayshowers in the atmosphere. It is composed by a
parabolic mirror focusing light onto a 64-pixels multianodic photomultiplier tube. Ultraviolet-passing filters are
positioned in front of the photocathode to select photons within the wavelength range of 300 and 400 nm. The
data acquisition system consists of a front-end, a set of pre-amplifiers and FPGA-based boards able to record
trigger times and waveforms from each channel. MonRAt is being designed to detect air fluorescence radiation
under different atmospheric and geomagnetic conditions. Also planned are Cherenkov radiation measurements
as well as atmospheric monitoring in the lidar mode.
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The detection of extensive air showers using nitrogen
fluorescence light has long been used to observe ultra-
high energy cosmic rays. Nowadays, the HiRes [1], Pierre
Auger Observatory [2], Telescope Array [3] among other
experiments, are using fluorescence telescopes to study
cosmic rays with energies exceeding 1017 eV. The detec-
tion is performed by measuring the amount of fluorescence
light created by ionization and excitation of air atoms and
molecules due, essentially, to electrons and positrons of the
air shower. The huge number of electrons and positrons
near the shower axis multiplies the intensity of light mak-
ing it intense enough to be detected even by photomultipli-
ers placed kilometers away from the emission point.

The absolute fluorescence yield is known with low un-
certainty, but only for some electron energies, air pressures
and temperatures ([4], [5], [6], [7]) and the extrapolation
of these results are the main source of systematic errors
in the reconstruction of showers using fluorescence tele-
scopes ([8], [9]). The fluorescence yield is proportional to
the energy deposit in air and varies from 3.0 to 5.6 pho-
tons/m per charged particle as a function of altitude. Thus,
at an altitudeh, for a number of electronsNe transversing
a pathdx, the number of fluorescence photons is:

Nγ(h) = Ne(h) ·FY(
dE
dx

,λ , p(h),T(h)) (1)

where FY is the fluorescence yield, which depends on
the energy loss (dE

dx ), wavelength (λ ), pressure (p) and
temperature (T).

1 The MonRAt telescope
The MonRAt1 telescope [10] is a compact telescope de-
signed to detect fluorescence photons in the atmosphere
(see figure 1). A 64 pixels MultiAnodic PhotoMultiplier
Tube (MAPMT) — Hamamatsu H7546B — is placed at
the focus of a parabolic mirror mounted in a newtonian
telescope setup. In front of the MAPMT photocathode, fil-
ters can be positioned to select wavelengths in the region
where the main fluorescence emissions take place.

Figure 1: The MonRAt concept.

A detailed ray-tracing software has been written in order
to choose the best geometrical parameters for the telescope.
The optical aberration at the mirror focus has been lim-
ited to be smaller than one MAPMT pixel, i.e. 2×2 mm2.
Setting the diameter of the mirror at 300 mm and the dis-
tance between the photocathode and the mirror at 100mm,
we varied the mirror concavity factor looking for the value
that would produce the desired image size, without impos-
ing too many technical difficulties for the manufacture of
the mirror. We obtained, for the chosen geometry, the aper-
ture for a track impinging exactly upon the diagonal pixels
zenith angles ranging in the interval−7.1◦ < θ < 7.1◦.

1.1 Shower simulations
In order to estimate the amount of light to be collected by
MonRAt, we simulated a library of showers using COR-
SIKA [11] — version 6.5021 with SIBYLL 2.1 [12]. At
seven primary energies (1017, 1017.5, 1018, 1018.5, 1019,
1019.5 and 1020 eV), we simulated 103 proton induced
showers. The longitudinal development has been sampled
in steps of 5 g/cm2 from the top of the atmosphere until
sea level, the zenith angles were sorted between 0 and 60◦

and we applied a thinning factor of 10−5. The projection
on the ground surface of the point where the first interac-
tion occurred has been sorted to be at a maximum distance
of 10km from the telescope.

1. From the Portuguese: Monitor de Radiação Atmosf́erica.
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Figure 2: Distributions of parameters (see text for further details) for 103 proton induced showers of 1019.5 eV.

For each shower and at each longitudinal level, the num-
ber and the energy of electrons and positrons have been
read. Taking into account standard parameterizations for
the atmospheric density, pressure and temperature, we cal-
culated the deposited energy due to ionization processes
and the fluorescence yield (using [5]).

As the photons are emitted isotropically, their fraction
directed towards the telescope is given by the ratio between
the mirror solid angle to the total (Ωmirr/4π). The fluores-
cence photons are then attenuated applying molecular and
aerosols transmission coefficients (Tm andTa) during their
travel to the telescope. Therefore, we can find the number
of photons impinging the telescope by:

Ntel
γ = Ne ·FY ·∆x ·Tm

·Ta
·

Ωmirr

4π
(2)

In figure 2, we show the results for one selected energy:
1019.5 eV, at which, 94% of the showers should be seen.
We fed the histograms only if the event had at least one
photon impinging on the mirror. Each histogram shows the
distribution of important quantities, respectively, fromthe
left to the right:

1. Distribution of the elevation angles of the shower
maximum (αmax) in the telescope field of view. The
mean value of this histogram indicates the ideal
alignment for MonRAt for this energy;

2. Distribution of shower axis impact parameters (Rp).
The lowest globalRpgives the smallest transit time
of photons through the MAPMT, e.g. a shower with
Rp= 1 km will shine on the photocathode in∼
233ns, which gives, suposing a vertical incidence, a
time difference of∼ 29ns between neighboring pix-
els. The greatest globalRp, in turn, gives the tele-
scope range for this energy;

3. Distribution of number of photons arriving at the
telescope (Ntel

γ ). This distribution is important to es-
timate the required pre-amplification stage, as dis-
cussed in section 2.

The simulations showed that the air showers energy
threshold for the MonRAt is 1017.5 eV and that its observa-
tion range, for the highest energies, is about 40km.

The simulations results were also important for setting
the dynamic range of the experiment and designing the
acquisition system. In the chosen geometry, the solid angle

viewed by one MAPMT pixel isΩpix = 1.44× 10−4 sr.
Thus, one pixel views a shower with maximum depth 1km
away developing in about 71 ns and 22 m. A given vertical
proton shower of 1018 eV produces 108 electrons at the
maximum depth. Since the S/N ratio is proportional to the
mirror diameter and inversely proportional to

√

Ωpix, we
estimateS/N ∼ 7×105 per pixel for such shower.

2 The data acquisition system
The data acquisition system consists of a front-end board,
sets of pre-amplifiers and FPGA-based boards, the Data
Processing Modules (DPMs), able to record trigger times
and waveforms from each channel. Each DPM receives
and processes the signals from 4 pixels and the data are
sent to a computer by USB ports.

The DPMs saturate for signals with amplitude of 1 V,
therefore it is preferable to observe single photon peaks at
low amplitudes (∼ 30 mV) such that the DPM dynamical
range can cover as many photons as possible (see the dis-
tribution on the right of figure 2). The MAPMT high volt-
age is set to 950 V and we estimate a gain of 1.5×106, in
accordance to the manufacturer specifications [13].

We use, as front-end electronics, a board (SIB164A),
developed by Vertilon [14] for medical physics purposes,
which is able to connect high voltage, ground and read out
the 64 signals from the MAPMT. Two cables (SBC090P)
have been purchased to connect the output from 32 anodes
each and 2 boards, calledmaster, have been developed in
our laboratory in order to distribute these signals to the pre-
amplifiers sector. See figure 3.

2.1 Pre-amplifiers
The signals coming from the MAPMT must be pre-
amplified, since they have low amplitude and short dura-
tion (∼ 30 ns). Thus circuits with low noise, broadband
and performing the functions of integrator, amplifier and
filter are required. The active element is the operational
amplifier OPA657 FET. There is a stage of an integrator-
differentiator, which produces the signal formatting and a
another stage which amplifies the signal, multiplying its
amplitude by a constant value (within a range of frequen-
cies). Subsequently, the signal will be sent to the DPMs.
MonRAt detector uses a set of 64 pre-amplifiers, placed in
8 boards of 8 channels each as shown in figure 4.
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(a) Front-end board from Vertilon [14].

(b) One of the master boards.

Figure 3: Front-end electronics and the master board.

Figure 4: Photography of 1 board with 8 channels of pre-
amplifiers and discriminators.

2.2 Data processing module
The Data Processing Module (DPM) is an electronic cir-
cuit which has as main processor a programmable logic
FPGA device. It is responsible for digital signal processing
and communication with the computer via USB port. The
module has two ADCs, 2 channels each, totalizing 4 ana-
log input channels with 12 bit resolution. Measurements of
signal amplitudes are made at a rate of 60 MSPS for sig-
nals with amplitude between−1 V and+1 V. The DPM
also has a TDC which measures the delay time between
the triggered anode signals and a reference given by the
instant of trigger of the 12th dynode of the MAPMT. The
TDCs measure time intervals with resolution of 5ns.

For use in MonRAt we grouped 4 DPMs, totalizing
16 input channels. The assembly of this prototype setup
can be seen in figure 5. In addition to the analog inputs,
the DPM has a digital input for trigger, which activates a
process of data acquisition at the analog channels in their
positive transition. The set of DPMs has a single power
input shared by every board with supply voltage of+6 V
and maximum current of 2.8A. There is also another entry

(a) DPM box for 16 channels.

(b) DPM box changed to send the
signals through 1 usb port.

Figure 5: Photography of the setup of 4 DPMs boards for
16 pixels.

for feeding the cooling fan, with a voltage of+12 V and
maximum current of 0.15A.

3 Software
The data acquisition software was developed using the plat-
form ROOT [15], version 5.26/00, and the library of func-
tions for the USB transceiver. The program is written in
C++ and is object oriented. The main body of the program
consists of 4 classes: the main class (responsible for dis-
playing the user interface and managing the actions nec-
essary for the operation of the module), a class which de-
clares the object for each DPM, a class for communica-
tion with DPMs and one for communication with the USB
ports. Figure 6 presents a print screen of the software dur-
ing a run of data taking. The software has options for dis-
playing graphics (one DPM at a time) and writing to files.
Data generated by the output files will be used to recon-
struct the events. Also, event counters for each device are
shown on the screen and a status bar displays messages
about the USB connections to the user.

4 The single photon and gain determination
We used the single photon procedure to determine the gain
of each channel. In this procedure, we impinge the lowest
amount of light (∼ 1 photon) in each MAPMT pixel with
a blue led and read the obtained ADC signals. Thus, we
get from the spectrum of signals the mean single photon
charge for this channel. Then, it is possible to determine
the gain for this channel byG = qch/e, wheree is the
electron charge. In the left side of figure 7, we can see
the single photon spectrum for a given channel and, on the
right side, the histogram of gains for all the channels. We
estimate an average gain of 1.78×106, in accordance with
the manufacturer [13].
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Figure 6: Graphical interface of the data acquisition soft-
ware.

(a) (b)

Figure 7: (a) single photon for channel 27; (b) histogram
of gains.

5 The light test
We tested the MonRAt system using a blue led as light
source, aligned near the optical axis and positioned 2.5 m
away from the mirror. The spot size formed at the MAPMT
photocathode can be seen at the upper right part of fig-
ure 8 — for an amount of light much bigger than used.
The data acquisition system (MAPMT, front-end, pre-
amplifiers and MPDs) for the 16 central pixels has been
turned on (left part of figure 8) and the signals read through
the MonRAt software. In the lower part of figure 8, we
plot the histogram of signals: there is one central pixel
with countings well above the others (showing the most
iluminated pixel) and a small aberration upon two neigh-
bours. This test has been performed near the single photon
regime, such that this light would be impossible to be seen
by naked eye. However, the MonRAt system was able to
colect this small amount light, which gives us confidence
that the experiment can detect fluorescence photons under
the desired conditions: moonles and clear night skyes.

(a) (b)

Figure 8: (a) the light test setup; (b) upper: spot at the
photocathode; lower: histogram of signals.

A second test was to displace the led of some centime-
ters to simulate a track developing in the MAPMT field of
view. The result for this acquisition is given in figure 9.

Figure 9: Histogram of signals for the moving led.

6 Conclusions
We presented the design of the MonRAt detector, its ex-
pected performance and present status. MonRAt is de-
signed for the detection of atmospheric fluorescence ra-
diation generated by showers of energies greater than
1017.5 eV. Studies about the detector optical properties, de-
tails of the electronics and the simulations performed to
better understand the MonRAt telescope have been pre-
sented.

The detector is under construction — the last DPMs
are being produced and final assemblies of the mechanical
structure being finished — and the full setup will be soon
available and we will be able to measure real events, pio-
neering detecting the fluorescence radiation in Brazil.
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