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Introduction
Cosmic Ray Data Acquisition with Arduino-Based Systems



What Are Cosmic Rays?

Sources of Cosmic Rays 
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Cosmic rays are high-energy particles from outer space that travel through the universe and strike the Earth's atmosphere. Despite the name, they 
are not rays (like light rays), but rather subatomic particles τ mostly protons. 

Figure 1.01 ς Solar Flares Figure 1.02 ς Supernovae Figure 1.03 ς Black Holes

Figure 1.04 ς Quasars Figure 1.05 ς Pulsars



When cosmic ray protons collide with molecules in 9ŀǊǘƘΩǎ atmosphere, they initiate extensive 
air showers that generate a cascade of secondary particles. Many of these secondary particles 
rapidly decay into muons and neutrinos. 

Because muons travel quickly and interact only weakly with matter, they can penetrate all the 
way to the ground, where they are the primary particles detected by our cosmic ray detectors. 

In general, the higher the energy of the incoming cosmic ray, the larger the air shower and the 
greater the number of secondary particles it produces.

Cosmic Ray Showers
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Muons from Cosmic Rays

Cosmic Ray 
Detectors

Atmospheric Interactions

Figure 1.07 ς Cosmic Ray Detector
Figure 1.06 ς Cosmic Ray Shower



When a muon passes through the scintillation 
material in the detector, it interacts with the atoms 
in the material, transferring energy to them. 

The scintillator material then releases this excess 
energy in the form of photons (light).

The amount of light emitted is proportional to the 
energy deposited by the muon as it passes through 
the material.

The light guides capture this light and internally 
reflects it with minimal loss, funneling it efficiently 
towards the photomultiplier tubes.

Muon -Induced Photons
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Photon emission process

Figure 1.08 ς Photon Emission Process



The photomultiplier tubes (PMTs), which receive 
the photons generated by the scintillator material, 
are responsible for converting it into a measurable 
electric current.

When a photon reaches the photocathode of the 
PMT, the photocathode ejects an electron through 
the photoelectric effect. This electron is then 
accelerated and directed toward a series of 
electrodes called dynodes inside the PMT. At each 
dynode, the electron triggers the release of 
additional electrons upon impact, creating an 
amplified cascade that greatly multiplies the 
original signal.

The resulting large pulse of electrons is collected at 
the anode, which serves as the final electrode in 
the chain. The anode gathers the multiplied 
electrons and converts them into a measurable 
electrical current which is then passed to a signal 
processing module.

Photomultiplier Tubes (PMTs)
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Photon to Electron Conversion & Amplification

Muon

Photon

Electrons Muon Interaction with Scintillator

Scintillator Photomultiplier Tube

Photocathode

Dynode
Electrical 

Connections

Anode

Figure 1.10 ς Photomultiplier Tube



However, a single detector cannot reliably confirm a 
true particle interaction, as random noise or 
background radiation may produce false triggers.

To address this, we use two detectors stacked atop 
one another. Each detector then sends their signal, 
through the PMT to our signal processing module. 

This setup enables our signal processing module to 
check for signals that arrive from both detectors 
within a narrow time frame and reject false signals, 
the ones only appearing on one detector, since 
random noise usually affects only one detector at a 
time. 

Cosmic Ray Detector Setup
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Coincidence Detection

Detectors

Figure 1.09 ς Two Stacked Cosmic Ray Detectors



Amplifies the weak output signal generated by the 
photomultiplier tube (PMT). 

Amplification

Pulse Shaping
The voltage pulses from the PMT are extremely 
briefτonly about 20 to 40 nanoseconds wide. To 
accurately measure their peak voltage, each pulse 
is stretched using an RC integrator circuit with an 
operational amplifier (op-amp). This makes the 
pulse easier to analyze and measure.

Signal Processing Module
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Figure 1.11 ς Signal Processing Module

Noise Filtering
The signal processing module compares the signals 
from the two stacked detectors. Because valid 
cosmic ray events (like passing muons) trigger both 
detectors at nearly the same time, the system uses 
this coincidence to filter out random noise or 
background radiation.



After passing through the Signal Processing 
Module, the signal is sent to the Arduino 
ATmega2560. When a muon passes through the 
detector the microcontroller records the exact 
moment the signal arrives as a timestamp. 

This allows us to track when each event occurred, 
measure time intervals between them, and analyze 
event patterns over time.

Timestamping

Voltage Measurements
We also use the ATmega2560 to measure the 
voltage signal generated when a muon passes 
through our detector. Each time a muon interacts 
with the scintillator, it produces a flash of light 
ǘƘŀǘΩǎ converted into a small voltage pulse by the 
photomultiplier tube. 

The microcontroller reads this voltage, allowing us 
to capture and analyze the amount of energy 
deposited by the muon.

Arduino ATMega 2560
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Figure 1.12 ς Arduino ATMega 2560 Microcontroller



To convert an analog signal, the ADC performs a series of checks to determine 
whether the signal is higher or lower than reference voltages, building a digital 
(binary) value that approximates the original signal. The precision of this 
approximation depends on the !5/Ωǎ bit resolution; on the ATmega2560, the ADC 
provides 10 bits of resolution.

Signal Types

Analog to Digital Converter (ADC)
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Analog signals vary smoothly and continuously 
over time, taking on any voltage within a given 
range. 

Digital signals use only two states, representing 0 
or 1, which makes them easier for digital systems 
to process.

Analog Signal

Analog Signal

8-Bit Sampling

16-Bit Sampling

Conversion

Figure 1.14 ς Digital Signal

Figure 1.13 ς Analog Signal

Figure 1.15 ς Analog to Digital Conversion Process



After passing through the Signal Processing 
Module, the signal is sent to the Arduino 
ATmega2560. When a muon passes through the 
detector the microcontroller records the exact 
moment the signal arrives as a timestamp. 

This allows us to track when each event occurred, 
measure time intervals between them, and analyze 
event patterns over time.

Timestamping

Raspberry Pi
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Figure 1.13 ς Arduino ATMega 2560 Microcontroller



Intercollegiate Detection Array

Applications
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Shower Size & Density

The size and density of detected muon showers serve as 
indirect indicators of the primary cosmic ǊŀȅΩǎ energy. A wider, 
denser shower suggests a higher-energy origin, possibly 
indicating ultra-high-energy cosmic rays (UHECRs).

In collaboration with colleges, we plan to create a multi-point 
detection array capable of capturing wide-area cosmic ray 
events. 

Estimating Primary Cosmic Ray 
Energy

By comparing muon detections across multiple detectors in 
different boroughs, we can estimate the lateral spread and 
intensity of an air shower. 

UHECRs have energies exceeding anything we can generate in particle 
accelerators like the large hadron collider. Studying them allows us to 
probe fundamental physics at extreme energies, possibly revealing new 
particles or interactions.

Figure 1.16 ς Cosmic Ray Shower



Module I
Hardware Overview



HardwareSoftware

What is Arduino?

Data Exchange
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Arduino is an open-source electronics platform that combines hardware and software to create interactive projects. It utilizes a variety of 
microcontroller-based boards, which can be programmed using the Arduino IDE (Integrated Development Environment), a software application 
where you write the code that sends the Arduino microcontroller instructions.

Instructions

Information

Figure 2.01 ς Communication Diagram



Components & Accessories

Hardware List:
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Your first step should be to familiarize yourself with the hardware ȅƻǳΩƭƭ be using. Understanding the purpose and function of each component is 
important for resolving troubleshooting issues and designing effective circuits. It also helps prevent damage by ensuring safe connections and 
simplifies the integration of components into your projects.

o Raspberry Pi

o Arduino ATMega 2560

o Adafruit LED Backpack Counter

o Adafruit Ultimate GPS Breakout V3

o Adafruit BMP280 Pressure & 
Temperature Sensor

o XBee3 Radio Module

o XBee Dongle

o Jumper Wires

o Breadboard

Figure 2.02 ς Experiment Hardware



Arduino ATMega2560 Microcontroller

Purpose
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The Arduino ATMega 2560 is a type of microcontroller, which is a small computer on a single circuit board. It is used to control various electronic 
devices and projects. Imagine it as the "brain" that tells other parts what to do.

Inputs: 
It can read digital or analog signals (via an 
onboard ADC) from external equipment, 
GPS modules, sensors, etc.

Processing: 
The microcontroller runs your C++ code. 
That code can do calculations, filter 
signals, apply logic decisions, and 
manage timing τ for example, counting 
pulses or interpreting sensor 
measurements.

Outputs: 
It can also control things like LEDs or 
motors by sending signals to them.

Refer to the appendix for a full pin breakdown.

Figure 2.03 ς Arduino ATMega 2560 Microcontroller



Adafruit BMP280 Pressure & Temperature Sensor

Purpose
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The BMP280 is a combined barometric pressure and temperature sensor designed for precise environmental measurements. It can measure 
atmospheric pressure and temperature while also estimating altitude by calculating changes in air pressure. Communicating over I²C or SPI, the 
BMP280 integrates easily with microcontrollers like Arduino. 

o Combines barometric pressure and 
temperature sensing in a compact 
package

o Measures atmospheric pressure with 
high precision (±1 hPa)

o Measures temperature with accuracy 
of around ±1 °C

Refer to the appendix for a full pin breakdown.

Figure 2.04 ς Adafruit BMP280 Pressure & Temperature Sensor



Adafruit LED Backpack Counter

Purpose
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The Adafruit LED Backpack Counter is a display module. It can show numbers, symbols, or simple characters and is commonly used for counters, 
timers, or status indicators. The LED Backpack Counter offers a simple way to add visual feedback to your circuit designs.

o I²C interface for easy wiring with 
Arduino or other microcontrollers

o Integrated LED driver chip simplifies 
control of 7-segment or matrix displays

o Supported by !ŘŀŦǊǳƛǘΩǎ open-source 
libraries for fast setup and coding

Refer to the appendix for a full pin breakdown.

Figure 2.05 ς Adafruit LED Backpack Counter



GPS Tracking

Adafruit Ultimate GPS Breakout V3

Purpose
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The Adafruit GPS module is a compact and highly accurate positioning device that uses signals from global satellite networks to determine location, 
speed, and time data. Provides precise time data and includes features like built-in antenna support for reliable operation even in challenging 
environments.

o Provides precise location information, 
including latitude, longitude, and altitude. 

o Outputs data in standard NMEA format for 
easy integration with microcontrollers like 
Arduino.

o Offers accurate time data based on GPS 
signals, including UTC (Coordinated 
Universal Time).

Refer to the appendix for a full pin breakdown.

Figure 2.06 ς Adafruit Ultimate GPS Breakout V3


