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First Auger MPPC camera for 
the Observation of  
Ultra-high-energy air Showers

Motivation

The muon detector AMD 

The fluorescence telescope FAMOUS

Aachen Muon Detector prototype
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Cosmic ray air showers components

measurement of energy 

measurement of depth of shower 
maximum

 observable sensitive to  
 mass composition 
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muons contain information 
about primary type

separating electromagnetic & 
muonic component by hybrid 
detection 
 
separation of different primaries    
           entangle hadronic    
           interaction scenarios 

    understand flux  
    suppression

 
anisotropy studies with protons 
            searches for point 
            sources

Muonic component

Fluorescence light
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Motivation

Number of muons 

at a given reference 

distance from the 

shower axis 

(sampled at ground 

level)

Atmospheric depth of 

maximum shower 

development

Multiple observables exist to aid in the determination 

of cosmic ray composition

Cosmic ray air showers observables
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iron

proton courtesy: David Schmidt

Combination of mass sensitive observables allows for an improved 
determination of the chemical composition of cosmic rays

Number of muons 
at a given 
reference distance 
at ground

Depth at which the 
maximum of shower 
development occurs
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Future detection principles
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Aachen Muon Detector
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First measurements - light yield of scintillator tiles
Coincidence measurements of two stacked prototype tiles read out by SiPMs
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2.5 p.e threshold  / muon trigger rate ~ 10 Hz

2 SiPMs + tile

1 dark SiPM
1 SiPM + tile

We measure muons!

muon

SiPMs excellent choice for the detection of 
muons due to single p.e. resolution!! 
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MiniAMD

Impact of knowledge - MiniAMD

SD tank

MiniAMD
SSD

MiniAMD

muonelectron

Calibration device for SSD?
Number of tiles + SiPMs: 8 each
Size SiPM: 1.3 mm x 1.3 mm
SiPMs directly connected to tile

Weight: ~ 40 kg

8

tile

SiPM
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As an alternative to this traditional setup, a relatively new kind of semiconductor light 
sensor is used as the active detector component of the prototype fluorescence telescope 
FAMOUS (figure 1.1). The acronym, standing for First Auger MPPC camera for the Obser-
vation of Ultra high energy cosmic ray air Showers, emphasizes the usage of so-called 
Multi Pixel Photon Counters - also known as silicon photomultipliers (SiPMs) which 
are built from a Geiger-mode avalanche photodiode array. As the name suggests, these 
devices are sensitive enough to detect single photons and thus are suitable to detect 
fluorescence radiation. In comparison to photomultiplier tubes, SiPMs operate at much 
lower voltage and promise a higher photon detection efficiency in the future.  

For the prototype FAMOUS, a refractive telescope design was chosen using a Fresnel lens 
of roughly half a meter diameter. On that scale, Fresnel lenses have certain advantages 
in comparison to bulky lenses if image quality is of secondary importance. As a Fresnel 
lens is significantly thinner than its bulky counterpart, the transmittance of light in the 
ultraviolet regime is much higher, which is important since the characteristic spectrum 
of fluorescence radiation reaches from 280 nm to 420 nm. On top of that, a more 
compact and lightweight construction is possible.

In this thesis, the optics of the fluorescence telescope FAMOUS is characterised with 
special regard to the properties of the Fresnel lens, including the form of the focal point, 
various aberrational effects like spherical and coma aberration, distortion, curvature of 
field and the transmittance. Therefore, the listed effects are measured for the Fresnel lens 
of FAMOUS and for a conventional lens of smaller diameter to understand the influence 
of the experimental setup. Furthermore, the results are compared to a simulation of the 
setup.

As a result of this analysis, the systematic effects and influence of the Fresnel lens on 
the detector response of FAMOUS as well as the cooperation of the lens and the SiPM 
camera pixels can be better understood and quantised. The results will help to compute 
the uncertainties for the detected fluorescence signal.

Figure 1.1: Logo of FAMOUS:  “First Auger Multi pixel photon counter 
camera for the Observation of Ultra-high-energy cosmic ray air Showers”
courtesy: Michael Eichler
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The fluorescence telescope FAMOUS
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FAMOUS news 
First test measurements
with  61 pixel telescope

TARGET readout chip 
successfully 
implemented 
but calibration still needed

mailto:peters@physik.rwth-aachen.de


    Christine Peters (peters@physik.rwth-aachen.de)       AMD & FAMOUS           /12

First test measurements in Aachen
First field test with full 61 pixel camera

Measurement of star trails
Check of the pixel to channel assignment
Measurement of the mean current over 1 h
One measurement each 5 sec
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First test measurements in Aachen

Photograph taken with 
CMOS camera

Automatic image analysis 
for star detection

First field test with full 61 pixel camera
Measurement of star trails
Check of the pixel to channel assignment
Measurement of the mean current over 1 h
One measurement each 5 sec
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First test measurements in Aachen
First field test with full 61 pixel camera

Measurement of star trails
Check of the pixel to channel assignment
Measurement of the mean current over 1 h
One measurement each 5 sec

Vega

∆t = 0

11

mailto:peters@physik.rwth-aachen.de


    Christine Peters (peters@physik.rwth-aachen.de)       AMD & FAMOUS           /12

First test measurements in Aachen
First field test with full 61 pixel camera

Measurement of star trails
Check of the pixel to channel assignment
Measurement of the mean current over 1 h
One measurement each 5 sec

∆t = 7 min
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First test measurements in Aachen
First field test with full 61 pixel camera

Measurement of star trails
Check of the pixel to channel assignment
Measurement of the mean current over 1 h
One measurement each 5 sec

∆t = 12 min
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First test measurements in Aachen
First field test with full 61 pixel camera

Measurement of star trails
Check of the pixel to channel assignment
Measurement of the mean current over 1 h
One measurement each 5 sec

∆t = 16 min
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First test measurements in Aachen
First field test with full 61 pixel camera

Measurement of star trails
Check of the pixel to channel assignment
Measurement of the mean current over 1 h
One measurement each 5 sec

∆t = 20 min
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First test measurements in Aachen
First field test with full 61 pixel camera

Measurement of star trails
Check of the pixel to channel assignment
Measurement of the mean current over 1 h
One measurement each 5 sec

∆t = 30 min
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First test measurements in Aachen

Photograph taken with 
CMOS camera

Automatic image analysis 
for star detection

First field test with full 61 pixel camera
Measurement of star trails
Check of the pixel to channel assignment
Measurement of the mean current over 1 h
One measurement each 5 sec

t = 0 - 30 min
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AMD
Steel support structure and first 16 scintillator tiles are built
Electronics ready
First measurements show: Performance is promising

                        Use of SiPMs also option for SSD upgrade
 
Next step: Deployment of MiniAMD at Auger site

FAMOUS
Successful commissioning of the  
new 61 pixel focal plane

Measurement of star trails

Deployment of IceAct Cherenkov  
telescope at South pole based  
on FAMOUS design

PoS(ICRC2015)605 
PoS(ICRC2015)649

PoS(ICRC2015)596

Dr. Jan Auffenberg

IceAct commissioning at the South Pole

IceCube collaboration
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61 pixels
3 blind pixels for noise monitoring
Winston cones polished by hand and
glued into base plate

Front

Back

Blind pixels

PSU: stable power-supply 
individually for all pixels
Automatical temperature compensation

Live monitoring 
of all channels 

New 61 pixel focal plane and power supply unit











  





 



  

 

 

 




 

     




π± π0 K± K0

50%

X
[X] = −2

h

X(h) =

ˆ

∞

h
ρ(h′) h′ =

ˆ

∞

h
ρ0e

−h′/h0 h′ ≈ 1000 −2e−h′/h0

h0 ≈ 7.25 ρ0 = 1.35 −3

X (h, θ) = X (h)
1

cos θ

θ



Importance of muons
Hadronic interaction models

Air showers have surprisingly high number of muons (not yet understood) 

study of extensive air showers and hadronic multiparticle production
exploration of fundamental particle physics at energies well beyond those 
accessible at terrestrial accelerators

2.1. SCIENTIFIC RESULTS FROM THE PIERRE AUGER OBSERVATORY 9
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Figure 2.7: Proton-proton cross section derived from the proton-air cross section measured with the
Pierre Auger Observatory [24]. The Auger result is shown together with collider measurements and
model extrapolations.
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Figure 4: The contributions of different components to the
average signal as a function of zenith angle, for stations at 1
km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJET-II-04. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where a is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s

2
i, j = s

2
rec,i +s

2
sim,i, j +s

2
shwr,i, j.

sshwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. sshwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
⇡ 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

srec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in S

µ

and SEM from the S(1000)�w
µ

fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to si, j are present in this comparison
except for sshwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where sshwr is a free parameter rather than taken from the
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Figure 5: The best-fit values of RE and R
µ

for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and R
µ

are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE � R

µ

plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit R
µ

is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is ⇡15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary
In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ssim, srec and sshwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.
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Figure 2.8: Left: Mean number of muons Rµ relative to that of proton reference showers, and depth
of shower maximum at 1019 eV. The Auger data point [26], where the muon number is derived from
inclined showers, is compared with predictions obtained from different interaction models. Right:
Muon discrepancy [25] observed in showers of 1019 eV. Shown are the phenomenological scaling
factors RE and Rµ for the primary energy and the hadronic (primarily muonic) component of the
shower that would be needed to bring a model calculation into agreement with Auger data, see text.

at the same time as the Auger measurement was published. An unexpected, rapid increase
of the cross section directly above the LHC energy is not evident.

The muonic component of air showers is sensitive to hadronic particle interactions at
all stages in the air shower cascade, and to many properties of hadronic interactions such
as the multiplicity, elasticity, fraction of neutral secondary pions, and the baryon-to-pion
ratio [71, 94]. Currently the number of muons can only be measured indirectly [95] except
at very large lateral distances [68, 96] and in very inclined showers [26, 97], where muons
dominate the shower signal at ground level, and for which the electromagnetic component
due to muon decay and interaction is understood [98].

Muons are important - Auger Upgrade needed

Importance Of Dedicated Muon Detectors

⌅ muons are 1 kind of secondary particles produced in air showers
⌅ some secondaries are produced within first interactions of primary

particle
⌅ of these, only muons can be detected at ground level

! contain information about primaries
! importance for study of air showers

I seperating em and muonic component +
measurement of number of muons

I seperation of different primaries on
event-by-event basis

I
chemical composition

I anisotropy studies
I

searches for point sources (protons)
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The Aachen Muon Detector 
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SiPMs

coupling  
WLS fibre - waveguide

wrapped tiles

coupling  
waveguide - SiPM

muon

AMD tile test bench



First measurements - light yield of scintillator tiles
Extract signal

Subtract dark noise 
spectrum, signal remains.

Each peak corresponds to a 
certain number of photon 
equivalents.
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8 
p.

e.
8 

p.
e.

SiPMs excellent choice for the detection of 
muons due to single p.e. resolution!! 


