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Why do we need proton CT?

Stoichiometric calibration
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Why do we need proton CT?

K.M. Crowe et al.. Axial Scanning

with 900 MeV Alpha Particles.

Nuclear Science, IEEE Transactions

on, 22(3):1752-1754, June 1975. e
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How does proton CT work?

Tracker 1 Tracker 2 Calorimeter
Estimated entry point ~ Estimated exit point Residual energy
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Proton path Deposited energy along proton path



Detector requirements
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The PRaVDA proton CT imaging system
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Silicon Strip Sensors

150 um thick n-in-p Si
93x96 mm?

90.8 mm pitch

2048 strips
Developed for the ATLAS experiment at ngh Luminosity LHC

Designed by the University of Liverpool and fabricated by Micron
Semiconductor Ltd

Sensor QA carried out in Liverpool Semiconductor Detector Centre
Wire-bonding and hybrid assembly carried out at Liverpool and Birmingham




RHEA (Rapid High-speed Extended ASIC)

e 2048 channels readout by 16 custom ASICs (128 channels per ASIC)
* Desighed by ISDI Ltd

* 0.18 mm CMOQOS process
* Binary chip

e 2 tunable thresholds:

* Low threshold = noise rejection
* High threshold - multiple hits

e 26 MHz readout
* Up to 8 channel readout per R/O cycle per ASIC

* Maximum fluence = 2x108 protons/s over full imaging area



Trackers commissioning

36 MeV protons, MC40 cyclotron, 85 mm passively scattered beam, 125 MeV
University of Birmingham protons, iThemba LABS
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Data and analysis by Jon Taylor, University of Liverpool



Range telescope commissioning

MC40 cyclotron, 125 MeV protons degraded to 81-32 MeV
University of Birmingham by PMMA absorbers, iThemba LABS
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Proton CT: set up
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iThemba LABS cyclotron
Evirc=198.741 MeV

R:,=117.7 mm (graphite wedges)
8.5 @ cm collimator

500pA
180 projections over 360 deg
~2.8 x 108 proton tracks

Phantom 75 mm @
Inserts 15 mm @

Hard Corlical Bone (SB5)

Lung (LN10)

O Tungsten carbide
1 mm dia. spheres

Alr

Water equivalent (WT1) ‘

Adipose (APT) 7

Average bone (RB2)




Proton CT: results

Material Expected pCT RSP

RSP RSP Accuracy (%)
Adipose (AP7) 0.943 0943 -0.02
Average bone (RB2) 1.219 1.237 1.5
Water (WT1) 0.986 0983 0.7
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Summary

First solid state system for proton CT
33 layers of Silicon Strip Sensors
67584 channels

26 MHz readout

66 Gb/s max data rate

Capability to detect up to 2x108 protons/s over
the full imaging area

Ability to track multiple protons per readout cycle

Early pCT results: RSP uncertainty < 1.5%
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e Develop a pCT for spot scanning systems

 Combine different imaging modalities (x-ray CT, PET, etc)
* Provide a facility for phantom calibration

* Integrate pCT in the clinical workflow

e Develop proton imaging for gantry systems




Spot scanning beams
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Criteria PRaVDA - SSD _ Gain SSD = DMAPS

Manufacturing process Non-standard Standard Fast volume production

Ease to run and maintain 3 sensors required for inferring A single pixelated sensor Reduction in complexity: 3
x-y coordinates provides x-y coordinates times less sensors

Readout Dedicated ASIC needed Direct DAQ interface Cost and maintenance

Charge information No Yes Improved range resolution

Sensor thickness 150 mm 75-100 mm Improved tracking resolution

x MCS*

Radiation tolerance 10%° n,,/cm? >10% n,,/cm? Several years life-time



PROTON CT RECONSTRUCTION

G Poludniowski, N M Allinson and P M Evans “Proton Computed Tomography reconstruction using a

backprojection-then-filtering approach”, Phys Med Biol. 59:7905-7918 (2014)

Proton trajectories Forward project Translate residual Non-lme_ar p'ath Invers_,e trgnsform
and energy-loss protons range to WEPL back projection plus filtering
Cubic spline path 3-knot linear spline

Proton entry trajectory Proton exit trajectory

4 Kl K2 ‘ 8 ..’ooo

(a)

Back-Projection Filtered (BPF)
Filtered Back-Projection (FBP)

(a) FBP

(b) BPF - 0-knot
(c) BPF - 2-knot
(d) BPF - 9-knot



Trackers only CT

Traditional proton CT estimates path length of water that
would give an equivalent energy-loss to that lost by protons
passing through the patient.

Proposed tracker-only CT estimates path length of water that
would give an equivalent mean-square scattering angle.
Former reconstructs stopping-power, latter scattering-power,
which is related to material properties such as density and
atomic number in different ways.
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DAQ,

\

External MUX
(4 internal MUX)
\Internal MUX
(3 layers)
Layer\-level MUX

(2 halves)

Read FPGA and local \
memory for sensor

VAN

VRN

DAQ Overview

half

PRRaVDA

a
FPGA Local Memory

ase EIEIEIEICIEIE]

Strip Half A

Layer Digital  Layer Digital  Layer Digital
Stream 1 Stream 2 Stream 3

Internal 3 Layer MUX

Layer

Strip Half B

Multiplexer
FPGA
Three Layer Digital
Single Stream
‘ Layer Digital
Stream Three Layer Digital

Streams
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cal Memory

Read -1 I

FPGA

1 2 3 4
Local Mux
Memory

External 4 Layer MUX

Twelve Layer Digital
Stream
To PC

Data rate ~ 66 Gb/s




Trackers only CT

VN

racking only - MCS == | Tracking and energy (stopping power)
(Scattering power) EF = .

Tracker Paper: J. T. Taylor et al, Med. Phys. Vol. 43, Issue 11 (2016), Reconstruction Paper: G.Poludniowski et al, Phys. Med. Biol. 59 (2014)

PIRaVDA _



CMOS IMAGERS 29 MeV protons

1800
o 0.35 pm technology 1000
O Radiation hard by design EZZ
o 5 X10 cm imaging area %1000
o 3-side buttable %, 500
o 194 um pixel = so0
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CMOS IMAGERS

1 proton
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CMOS RT: energy calibration

Range counter
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Track Reconstruction Algorithm (ROSETA)

COMPRESSED BINARY
DATA FROM DAQ --—-"1

Perform alignment between
all layers and units

24 x Strip Halves (SH) |RAW 'GEOMETRY

* Parse file and SH headers
* Parse SH binary data

12 x Strip Planes (SP) |[SYNC ¥ HIT 1 TRACK ~‘Q

« Match timestamps from SH’s

* Remove problematic events 4 X Str'p UnitS (SU)

* Build binary tree for each SP » Reconstruct hit map for each Unit
» Draw reconstructed hit maps in 1 & 2D

Track following routine used
to disentangle multiple tracks

2 X Tracks

Make pair of vectors (tracks),
one before the phantom and

Outputs one after

) J All levels can output histograms in the CERN based ROOT format for analyéis

4 TRACK level produces a binary file with a timestamp of each hit and four synchronised positions from the
tracker

+ Binary outputs also possible at SYNC level for DAQ debug and RT data format

PIaVDA




Proton tracking in the Range Telescope
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