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The work started with FOCAL

– Developed for HEP (ALICE experiment at CERN)

– University of Bergen and the University of Utrecht, NL

So far 3 MScs and 2 ongoing PhDs (me + Jarle) in Bergen 

to translate this effort into a fast pCT calorimeter

– MC and proton beam test data

My work: Develop analysis platform

– Data processing

– Individual proton tracking

– Energy estimation
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Proton CT in Bergen
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The detector is
– Digital: 1 bit readout per pixel, radiation hard, ~inexpensive

– Fast: 640 µs, rolling shutter readout

– High-resolution: 30 µm pitch

– Small: 4x4 cm2 active area (4 chips x 2x2 cm2)

– Layered: 24 sensor layers

– Sampling calorimeter: 3.3 mm Tungsten absorber for each sensor layer
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The FOCAL prototype

T. Peitzmann, Utrecht University, for the ALICE-FoCal Collaboration

Prototype Studies for a Forward EM Calorimeter in ALICE
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Beam tests with FOCAL
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Beam tests with FOCAL

T. Peitzmann, Utrecht University, for the ALICE-FoCal Collaboration

Prototype Studies for a Forward EM Calorimeter in ALICE

In addition, a group from Bergen + Utrecht took proton 

beams at KVI AGORFIRM i Groningen, the Netherlands

• December 2014

Key figures:

• Aluminum degraded pencil beams with energies 122, 

140, 150, 160, 170, 180, 188 MeV

• Proton beam frequency of ~1.2 kHz

– At most one proton per FOCAL readout (2 kHz)
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Beam tests with FOCAL



3 Scintillators were used for triggering

• Horizontal, Vertical, Front
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Beam optics
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Readout
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Measured proton positions: Entry and stopping position
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Measured proton positions: Entry and stopping position
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Good & bad layers



The data is analysed in «summed readout frames»

– 500 protons/analysis → 1 MHz

• Depending on target reconstruction accuracy

– With improved tracking algorithms, larger sensor areas and a 

readout speedup of 20x – 100x (from 640 µs): Fast!

Tools:

– C++, ROOT

– GATE v7.0 + Geant4 v9.6.4

• emstandard_opt3 and 80 µm step / threshold
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Analysis



Analysis workflow

pCT - Helge Pettersen
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1. Identify all hits in detector

2. Find all connected neighbor hits in a layer

1. Cluster size is proportional to deposited energy

3. Do tracking on all clusters – find proton tracks. Gives:

1. Track lengths / ranges

2. Angular distributions

3. Nuclear interactions

4. Development of cluster sizes → shows a bragg peak

4. Use depth dose model to find most probable range for each proton

5. Do this for all protons in system – can handle about 500 protons 

concurrently (33 protons cm−2 or 67 000 protons cm−2s−1)



Each proton track creates charge diffused pixel clusters

– The cluster size is proportional to the deposited energy

– Use MC+data to estimate 𝐸dep in each cluster
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Charge clustering model

Data Charge Diffusion Model
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How to calculate edep from cluster size

Different models for cluster size calculation

• Phenomenological Gaussian model w/ variable sigma 

(used in NIMA paper)

• Model based on expected diffusion in epitaxial layer

(ongoing work with MSc student)

•L. Maczewski, Measurements and simulations of MAPS 

(Monolithic Active Pixel Sensors) response to charged 

particles - a study towards a vertex detector at the ILC, PhD, 

2010. http://arxiv.org/abs/1005.3710 (accessed January 12, 

2015).
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Gaussian Model

1. Assume the charge diffusion is Gaussian in shape

2. Sigma dependent on edep → 𝜎 = 𝛼𝐸dep
𝛽

3. Sample Gaussian N times (𝑁 = 𝛾𝐸dep) and paint in 

histogram around original hit  𝑥

4. Compare MC+model with data to find 𝛼, 𝛽, 𝛾

5. From 𝑛 unique pixel hits, we find

𝐸dep = −4 + 3.9 𝑛 + 1.2 ⋅ 10−2𝑛2 − 1.1 ⋅ 10−3𝑛3 − 1.4 ⋅ 10−6𝑛4
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Analytical model
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How to calculate edep from cluster size

•L. Maczewski, Measurements and simulations of MAPS 

(Monolithic Active Pixel Sensors) response to charged 

particles - a study towards a vertex detector at the ILC, PhD, 

2010. http://arxiv.org/abs/1005.3710 (accessed January 12, 

2015).

Data
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Individual chip calibration



25

Individual chip calibration
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Individual chip calibration
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Other corrections performed

• Alignment corrections using cosmic muon data from 

Utrecht

• Initial energy correction for protons traversing 1-3 

scintillators (WEPL > 0 at first sensor layer)



A simple tracking algorithm finds clusters from the same 

proton

– Possible to plot Range vs 𝐸dep 𝑅 = 𝛼 𝐸𝑝
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Data analysis

Bortfeld, T. An Analytical approximation to the Bragg curve for therapeutic proton beams. Med. Phys 24 2024-33 (1997)

± 4 MeV

Kin. energy from MC

± 4 MeV
± 1 MeV
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Finding average energy from many protons

Left: 188 ± 3 MeV from a 188 MeV MC simulated mono-energetic beam. 

Right: 187 ± 3 MeV from the 188 MeV beam taken during the KVI Groningen beam test. 

WEPL (mm) WEPL (mm)
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Finding average energy from many protons



• The Tracking Detector works as a proton CT calorimeter

– Optimized for HEP, not low-energy protons

– Limited range resolution due to the Tungsten absorber

– Fast readout speed (~1 MHz)

Next prototype: Good range resolution, very fast readout
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Conclusion
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More information

arXiv:1611.02031 [physics.med-ph]

https://arxiv.org/abs/1611.02031




•After Bragg peak•Last layer with large hit clusters


