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1. Overview of the design optimization project

2. Some feedback from the Loma Linda workshop

1. Most Likely Path calculation

3. Postdoc application – What I’ll be doing
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Next prototype: Some simulation results 

– expected performance

Cooling through a ~2 mm 

air gap a possibility



Analysis workflow
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Some simulation results

Individual proton tracks w/ Bragg Curve fit



Some more examples
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Data analysis

Bragg Curve fit to measurements from the 188 MeV experimental beam.
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Range distribution per energy / voxel



8

Compare this to FOCAL

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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Some simulation results

Range resolution cf. to range straggling

2 mm

4 mm

6 mm
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Some simulation results

Range resolution cf. to range straggling
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Some simulation results

Range accuracy and linearity (in MC…)
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Some simulation results

Range accuracy and linearity (in MC…)
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Some simulation results

Range accuracy and linearity (in MC…)
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Compare this to FOCAL … 
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Particle tracking



Tracking algorithm

1. Use all hits in first layer as seeds

2. Test all seeds against hits in next layer:

1. Evaluate: Find change in direction 𝜃0 in first sensor layer (assume parallel 
beam here) against all hits in next layer

2. Compare 𝜃0 against a threshold value: If below, keep the hit in next 
layergiving rise to lowest 𝜃0: Here it’s 𝒃𝟏.

𝜃0 b1𝒂

𝒃𝟏 𝜃0 𝒙 = cos−1
𝒂 ⋅ 𝒙

𝒂 ⋅ 𝒙

0 1

𝒃𝟐

𝜃0 b2



1. For all next layers, find angular change 𝜃𝑖 and append the hit with «lowest-
scattering» cluster. 

𝜃𝑖(𝑏1)

𝒂

𝒃𝟏

𝑖 𝑖 + 1

𝒃𝟐

𝜽𝒊 𝒃𝟏 > 𝜽𝒊 𝒃𝟐 → 𝐔𝐬𝐞 𝐛𝟐𝜃𝑖(𝑏2)

Tracking algorithm



1. When a few tracks are made from the same seed pair, find the best one using 
different scoring criteria (total angular change, length, existence of Bragg Peak, 
etc.)

2. Keep the track (green) and remove all hits connected to it

Tracking algorithm



1. Redo the tracking on the reduced data

Tracking algorithm



1. Voilà, all tracks are reconstructed

Tracking algorithm
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Proton tracking – Accuracy

The more protons to be reconstructed at the same, the

smaller the probability of finding the correct track

5

50
500
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Some simulation results

Track reconstruction efficiency
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Expected beam density
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Conclusion next prototype

– Track 5M protons/s/cm2 with 90% reconstruction efficiency -

– Range uncertainty per proton = 10 % above range straggling

– <0.5 mm systematic error from 20 mm WET to full detector

length (containing a 230 MeV beam)
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Some feedback on the project

– I recently went to a pCT workshop in Loma Linda, CA

– They’re working towards a clinical prototype within 2-3 yrs, using

the FNAL fiber optics calorimeter prototype

• Need to build an isocentric rotating chair, not trivial

– After some discussion, it’s very hard to use a front tracker and 

corrolate hits with > 1 protons / frame

• No-go on using spreading foils for ~uniform fields

– Luckily, already some research on pencil beam CT
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•3D drawing
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Postdoc

application
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Overview

– I have applied for a Helse Vest postdoctoral fellowship

– 2.5 years duration after my defense in ~feb - apr

– + 6m Stay with the US groups?

Project goals:

1. Implement, test, compare, develop, adapt, … different schemes

for image reconstruction: RTK, Baylor’s code, simple IR 

algorithms

2. Most Likely Path and different beam types. Pencil beam w/o 

trackers – what’s the resolution degradation?

3. Continue to be part of this project, software development, +++ 



pCT - Helge Pettersen 34



pCT - Helge Pettersen 35



pCT - Helge Pettersen 36



pCT - Helge Pettersen 37



38

Charge diffusion
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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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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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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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Beam tests



44



Proton beam tests in December 2014

– At KVI-CART in Groningen, Netherlands

– Aluminum degraded pencil beams with energies

122, 140, 150, 160, 170, 180, 188 MeV

– Proton beam frequency of ~1.35 kHz
• At most one proton per FOCAL readout (2 kHz)

• In total 7000 reconstructed proton from 10500 readout 

frames

• 5 MB/readout = 24 layers * 4 chips/layer * 640 * 640 pixels

– Raw data demuxed & de-pedestalled on site

– Data converted to (x,y,layer) hitmaps in Utrecht
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Beam tests with FoCal



46

Beam tests with FOCAL

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

Prototype Studies for a Forward EM Calorimeter in ALICE

+ Proton beam in Groningen, NL
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Measured proton positions: Entry and stopping position
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Data analysis
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Data analysis

This process is thorougly explained in my 2017 NIMA 

paper



My thesis work:

– Develop analysis platform

– Benchmark FOCAL detector for pCT

– Optimize design for next prototype

Details:
– GATE / ROOT / C++ / Python

– Monte Carlo + experimental data postprocessing

– Proton track reconstruction INSIDE detector

– Per-pixel energy loss (diffusion and clustering)

– Per-proton energy estimation

– So far: No 3D recon
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Data analysis overview



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



53

Proton tracking – Accuracy



For each proton it’s possible to plot proton depth vs 𝐸dep
And do model fitting with Bortfeld′s Bragg Curve 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



• The Tracking Detector is feasible as a pCT calorimeter

– Optimized for HEP, not low-energy protons

– Limited range resolution due to the Tungsten absorber

• 4% systematic error, 4% stochastic error (cf. 1% range straggling)

• Systematic error partly due to lack of experimental data and modelling, and 

to the undersampling of the Bragg Curve

– Fast readout speed (~1 MHz)

• So how about the next protoype optimized for pCT?
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Conclusion
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Next prototype



• Bergen Proton CT group is a ~6M USD project to build

the next-gen tracking detector for pCT

• Based on the ALICE Inner Tracking System’s ALPIDE 

chip:

– 2D Stackable 3x1.5 cm2 chips

– 5-20 µs 1-bit readout w/zero suppression and 3-bit 

buffer depth

– ALICE-provided readout electronics + stave geometry

stacked to ~13.5x27 cm2

– Enough $$ for ~40 layers??

– Tracker + calorimeter of same design
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Next prototype
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Next prototype: Chips

http://bora.uib.no/handle/1956/16041: Design of High-Speed Digital Readout System for Use in Proton Computed Tomography

http://bora.uib.no/handle/1956/16041
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Next prototype: Chips

7x2 chip array -> 3 x 21 cm2
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Next prototype: Electronics

http://bora.uib.no/handle/1956/16041: Design of High-Speed Digital Readout System for Use in Proton Computed Tomography

http://bora.uib.no/handle/1956/16041
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Next prototype: Stave design

The ALICE Collaboration, "Technical Design Report for the Upgrade of the Inner Tracking System"
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Next prototype: Stave design

[7] L. Musa, “ITS & ITS Upgrade. Pixel Sensor and Detector Module”
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Back-up slides
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Beam test
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The FOCAL prototype

Pettersen, H.E.S. et al. (2017). “Proton Tracking in a High-Granularity Digital Tracking Calorimeter for 

Proton CT Purposes.” Nucl. Instrum. And Meth. in Phys. Res. 860C: 51–61. 



3 Scintillators were used for triggering

• Horizontal, Vertical, Front
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Beam optics



•After Bragg peak•Last layer with large hit clusters
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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)
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Individual chip calibration
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Ongoing projects








