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FIGURES AND RESULTS TAKEN FROM FOLLOWING 
MATERIAL:

• CERN thesis: Scharenberg, L. (2022).Next-Generation Electronics for the Read-Out 
of Micro-Pattern Gaseous Detectors. PhD thesis, Bonn U.

• Thanks to Hans Muller for material available in https://srs-e.web.cern.ch/.

• DRD1 Gaseous Detectors School 2025.

• Meléndez Zamora, S.  (2026).  Atmospheric Muon flux study with GEM detectors.    
Universidad de los Andes. 

S. Meléndez Muon Telescope UNIANDES - GEM 2

https://srs-e.web.cern.ch/
https://srs-e.web.cern.ch/
https://srs-e.web.cern.ch/
https://indico.cern.ch/event/1522987/
https://indico.cern.ch/event/1522987/
https://indico.cern.ch/event/1522987/
https://indico.cern.ch/event/1522987/
https://indico.cern.ch/event/1522987/


OUTLINE

1. ATMOSPHERIC MUON FLUX

2. HODOSCOPES AND MUOGRAPHY

3. GEM DETECTOR

4. THE RD51 SRS READOUT SYSTEM

5. TRACKER

6. OPEN SKY MEASUREMENTS

7. REMARKS AND FUTURE WORK

S. Meléndez Muon Telescope UNIANDES - GEM 3



1. ATMOSPHERIC MUON FLUX

S. Meléndez Muon Telescope UNIANDES - GEM 4

It leads to the Gaisser formula
𝛾

Predicts



1. ATMOSPHERIC MUON FLUX
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Vertical Intensity in Bogotá:

• Flux: ∼ 150/m2/s ∝ cos2𝜃
• Mean Energy: 4 GeV.
• Azimuthally isotropic.

• Mass: 𝑀𝜇 ∼ 200 × 𝑀𝑒 = 105.7 MeV/𝑐2

• Lifetime ∼ 2.2 𝜇𝑠

• No hadronic interactions, no 
Bremsstrahlung.

Muons: Muon Flux at earth’s surface:
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2. HODOSCOPES AND MUOGRAPHY

Ratio between initial and final fluxes is directly related with Opacity:
𝛿 =  𝜌 × 𝑑

Differences in final flux (after normalization) for different directions also points 
to Opacity differences. 

Precise knowledge of the atmospheric muons flux is appropriate. 

Muography

• Scattering-based muography:  𝜎𝜃 =
13.6 MeV
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• Muon metrology: No object, compare tracklets in two trackers: Determine 
relative position. 

• Absorption-based (transmission) muography:

D. Attié et al., ScanPyramids Symposium 
(2016).
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2. HODOSCOPES AND MUOGRAPHY

Hodoscope requirements

• Robust mechanics and DAQ 
• Reliable and portable 
• High efficiency 
• Climate stability 
• Environmental resistance 
• High resolution / low noise 
• Long-term continuous operation (~months)

Hodoscope: "hodos“ path - "skopos“ observer
Reconstruct muon track direction.



WatTo experiment: MPGD beyond fundamental 
research 
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2. HODOSCOPES AND MUOGRAPHY

• Use of 4 Genetic Multiplexed Resistive Bulk 
Micromegas. (50x50 cm²)

• 4 weeks of data taking (Water tower).
• The most precise muon telescope in the world!

Multiplexed Readout:

From 1037 to 61 channels 
both X and Y → 1/34 lines 
reduction → Simpler DAQ!! 

Nucl. Instrum. Meth. A 729 (2013) 888

Setup

Bouteille et al. (2016).



3. GEM DETECTOR
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F. Sauli, Nucl. Instr. Meth. 
A386(1997)531

• MPGD family.
• 2D-Detector.
• Spatial Resolution (50-100 μm)
• Energy Resolution:
    18% FWM a 5.9 keV 

• Rate capability O (MHz/cm²)
• Gain 10³@400 V (90/10 ArCO2)

Scharenberg (2022)



3. GEM DETECTOR

J. Adolfsson et al, JINST16 (20210)P03021
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3. COMPASS LIKE TRIPLE GEM
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Patra et al. (2017)



THE RD51 SRS READOUT SYSTEM
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• RD51 Scalable Readout System (SRS): Modular 
and flexible electronic architecture.

• Readout of MPGD gaseous detectors and other 
particle detection devices. 

• Developed in 2009 as a prototype within the 
ALICE and RD51 collaborations.

• Continuos and Self-triggered Mode.

• Bonn FW, 40 MHz Base clock.

Large systems flavourSmall systems flavour



4. THE RD51 SRS READOUT SYSTEM
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4. THE RD51 SRS READOUT SYSTEM: FRONT-END ELECTRONICS
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PCB Hybrid

1 ch. electronic chain

VMM 3a

15 mm

FPGA

8.4 m
m

Scharenberg (2022)

Scharenberg (2022)



4. THE RD51 SRS READOUT SYSTEM: GENERAL PERFORMANCE
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Single Channel

Latency 
calibration

Two VMM Channels

Time measurements: Resolution: 2 ns at 200ns peaking time. 0.5ns at 25ns peaking time.

Rate capability

Scharenberg (2022)

Scharenberg (2022)



4. THE RD51 SRS READOUT SYSTEM: X-RAY PERFORMANCE
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X-ray image of a fish head

Fe55* Spatial resolution

Rotating Fan

Scharenberg (2022)

García Vargas, B.  (2024)

García Vargas, B.  (2024) *Figure courtesy of Mateo Mosquera
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4. THE RD51 SRS READOUT SYSTEM: ATMOSPHERIC MUONS PERFORMANCE

GEM detector Efficiency: Deposited charge

Single GEM detector Track process.
Using PBX

Using PMX Efficiency in Time performance



5. TRACKER: GEOMETRICAL ACCEPTANCE

Bracket quantity is called geometrical acceptance 
𝑊𝜃(𝜃, 𝜆) for azimuthal independent flux. 

The f function is the fraction of muon flux which is accepted 
in region (x, y) at angle 𝜃 in area element dx dy
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Fraction of measured muon flux with a tracker of identity 
detectors with active area S:

j

i

Upward-pointing detectors for atmospheric muon flux 
measurements



5. TRACKER: GEOMETRICAL ACCEPTANCE

S. Meléndez Muon Telescope UNIANDES - GEM 19

Parallel circular plane detectors:



5. TRACKER: GEOMETRICAL ACCEPTANCE
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Parallel square plane detectors:
Simulated acceptance:

Muon flux determination:



S. Meléndez Muon Telescope UNIANDES - GEM 21

Scintillators
Trigger Detectors

GEM Detectors
Spatial measurements

5. TRACKER GEOMETRY
𝜇

𝜇
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5. TRACKER: TRIGGER

Offline Trigger: An external trigger signal injected to define a time reference.

NIM electronics:
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5. TRACKER: TRIGGER

Offline Trigger: An external trigger signal injected to define a time reference.
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5. TRACKER: TRIGGER

Offline Trigger: An external trigger signal injected to define a time reference.

Time window for matched events:



Open sky measurements
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5. TRACKER
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Zenith angle Azimuth angle

6. RESULTS: ANGULAR DISTRIBUTIONS

4 hours data take13 hours data take



6. RESULTS: MEASURED ATMOSPHERIC MUON FLUX
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Vertical muon flux intensity: 

Exponent:

1.3 muons per cm² per minute.

Parameters:



7. REMARKS AND FUTURE WORK
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• New measurements with improved detector alignment, larger solid-angle 
coverage, and reduced noise levels (currently working). 

• Further characterization of the SRS DAQ remains to be explored, including 
neighbor logic, DDR, peak-time and gain optimization… 

• Software and firmware upgrades aimed at improving system stability. 
• PBX system upgrade. 
• Application of muon tomography to geological structures. 
• Exploration of graphene-boron coatings for GEM-based neutron 

detection.
• Investigation of multiplexing schemes and system miniaturization. 



Thank you for your attention!
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