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More on PRaVDA:

Today at 2:35 pm, N. Allinson
“Update: Pravda project imaging update”

Poster session, S. Manger
“Development of a phantom for the evaluation of proton 
CT in proton therapy treatment planning”
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WHY CMOS IMAGERS?
o Position sensitive detectors

o allow for many protons to be located per R/O cycle, unlike calorimeters or 

scintillator stack designs 

o From moderately radiation tolerant (standard CMOS processes for medical 

applications) to radiation hard (HEP experiments)

o Large imaging area (12’’ wafers)

o Reticle stitching

o Edge-less sensors – 4-side mosaic tiling

o Pixel detectors - x-y hit position

o Analog readout – dE/dx measurements
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THE PRaVDA CMOS IMAGERS
Design specifications:
o 0.35 μm technology
o 5 cm ×10 cm imaging area
o 3-side buttable
o 194 μm pixel
o 150 e- noise floor
o 1kHz frame rate (11 bits) 

UoB MC40 cyclotron

Published patent:   W
O

2015/189602 

Further readings:
M. Esposito et al, J. Inst 2015; 10 (06), 
C06001
T. Price et al., J. Inst. 2015;10 (05), P05013
G. Poludniowski et al., Phys. Med. Biol. 59 
(2014) 2569–2581 
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sensor (1000 Ohm cm for W5 and 500 Ohm cm for W3) results in a longer charge carrier lifetime, allowing 
for charge spread at larger distance from the diodes to be collected. 
 

 
Figure&2.&Measured&spectra&for&W3&(left)&and&W5&(right)&exposed&to&29&MeV&protons.&

&
Figure&3.&Maximum&signal&size&per&cluster&for&W3&(left)&and&W5&(right)&exposed&to&29&MeV&protons.&

29 MeV protons 
signal spectrum

 4!

Figure&4.&Cluster&size&distributions&for&W3&(left)&and&W5&(right)&exposed&to&29&MeV&protons.&

 
!
5.2!Comparison!with!Priapus!v2!and!expected!signal!at!60!MeV!
Figure 5 compares the maximum signal per cluster detected with Priapus v2 (v2), W3 and W5 when exposed 
to 29 MeV protons. It is obvious how both sensors of the third generation show a much higher signal than 
Priapus v2, resulting in non-clamped spectra.  
 
 

 
 

Figure&5&Maximum&signal&per&cluster&for&Priapus&v2&(v2),&W3&and&W5&exposed&to&29&MeV&protons&

3 iterations to optimise epitaxial 
resistivity (charge collection)



CMOS RT: proton trackingA proton
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Concurrent proton tracking

z	  (layer)
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Many protons
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1000 protons per frame

z	  (layer)

1 proton 2 protons

1000 protons

o CMOS  readout speed ~kHz
o Strip readout speed ~MHz
o Need to reconstruct proton tracks in the 

CMOS RT
o Track following algorithm, based on 

adaptive velocity calculation and 
minimisation of layer-to-layer 
displacement

M. Esposito 01.12.16



CMOS RT: proton tracking
Two-layer RT using a 55um pitch CMOS detector
And proton tracking based on minimum displacement
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Track reconstruction in an energy-range telescope for proton CT 5

(a) (b)

(c)

Figure 2. a) The DD set-up during experiments at iThemba. An optical collimation
tool was used to project the beam area on the detectors. The stack of detectors was
placed at iso-centre on a treatment coach. b) A schematic showing the configuration of
the DD set-up. c) Schematic representation of a proton track crossing two detectors,
placed at a distance d. The particle impinges the first detector with an angle ↵ and,
after being scattered at an angle ✓, is detected in the second detector at an angle ↵+✓.

200 µm) with a 1 mm thick PMMA absorber for each layer. The same unattenuated

and uncollimated beam used for the DD simulations was used here too.

Simulations included the CMOS readout chain, to account for realistic e↵ects such

as charge sharing, noise, pixel-to-pixel variations.

2.3. Minimum Displacement Algorithm for the Double-DynAMITe experiments

For analysis of the DD experimental data, a simple algorithm based on the use of only

two detectors has been developed. This algorithm is based on the assumption that

hits which show a minimum layer-to-layer displacement are assumed to belong to the

same proton. This assumption is motivated by the Molière theory of MCS and the

resulting quasi-Gaussian distribution of the scattering angle (Paganetti 2012, Leroy and

Rancoita 2004) . Considering the m

th of N hits in the layer n of the stack, at position

r
m,n

, the most likely match in the n+ 1 layer will be the ejth hit at position re
j,n+1 such

Simulations
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observed displacement

Agreement between simulations and 
measurements



CMOS RT: proton tracking
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Track reconstruction in an energy-range telescope for proton CT 6

that

r
m,n

� re
j,n+1 = min

1jN

[[r
m,n

� r
j,n+1]] (1)

In order to implement this simplified version of the tracking algorithm, a rectangular

matrix (of dimensions N⇥M , where N is the number of hits in the first detector and M

is the number of hits in the second detector) was built for each pair of acquired images

reporting the distance between each hit of the first detector and every hit of the second

one. The minimum of this matrix was found, corresponding to a match for the relevant

hits in the first and second layer. The relevant row and column corresponding to the

minimum were then deleted from the matrix, as a match for the two corresponding hits

has been found, and the algorithm is applied recursively P times, with P minimum of

M and N .

This algorithm will be referred to as Minimum Displacement Algorithm (MDA) in the

remainder of this work.

2.4. Track reconstruction algorithm

Compared to the DD experiment, the PRaVDA system will benefit from a more complex

set-up where proton tracks can be characterised both in terms of proton hits in each

layer of the RT and the velocity unit vector(i.e. trajectory direction). In fact, from the

point of view of the RT, incoming proton trajectories are completely known by means of

their velocity vectors measured by the last set of SSDs. Also changes in proton direction

across the RT, due to protons undergoing MCS events, can be calculated a posteriori,

by accounting for proton displacement every pair of layers.

The track reconstruction algorithm for the PRaVDA RT works as follows:

Given a number of N incident protons per frame crossingM detection layers (where

layer n = 0 correspond to the last set of SSDs and n = M � 1 is the last sensing layer

in the RT), the position vector and velocity unit vector of the i

th of N protons at the

layer n = 0 are measured as rmeas(i, n) and v̂meas(i, n) respectively.

The expected position of the proton i in the layer n+1 (first layer of the RT) rexp(i, n+1)

is calculated by means of the following parametric set of equations:
(
rexp(i, n+ 1) = rmeas(i, n) + v̂meas(i, n) · t
r

exp

x

(i, n+ 1) = d

(2)

where t is the equation parameter and d is the sensor-to-sensor distance. The measured

position in the layer n will then correspond to that of ejth of the N detected hits in the

layer n such that:

e
j: rexp(i, n+1)�rmeas(ej, n+1) = min

1jN

[[rexp(i, n+1)�rmeas(j, n+1)]](3)

The position of the ejth hit is then assigned as position of the proton i in the layer

n+ 1:

rmeas(i, n+ 1) = rmeas(ej, n+ 1) (4)

Expected position at layer n+1

Measured position at layer n+1

PRaVDA CMOS RT – simulated data:
16 layers, ~1mm Si each + 1mm PMMA

Two-layer RT

PRaVDA CMOS RT

o Need an occupancy of ~0.4% (~90% tracking efficiency)
o With ~109 protons required over 180 projections (100 protons/voxel/projection – 1mm3 voxels)
o ~830 Hz CMOS readout for a 5 min pCT scan
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CMOS RT: energy calibration
Range counter

Energy resolution 
@60 MeV: 4.4%
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Range distribution (last layer) for mono-energetic protons 
(left). Calibration curve: mean last layer as function of 
incident proton energy. Power law fit (Bragg-Kleeman
law) is also shown (right). 



CMOS RT: energy calibration
Range and deposited energy

Energy resolution 
@60 MeV: 2.8%
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Total signal in the RT (sum over layers) for mono-energetic protons. 
Due to the thickness of the CMOS epitaxial layer (18 μm), spectra 
are broadened and energy measurements carry large 
uncertainties (left). However, when total energy deposition is 
analysed for a given last layer, there is a monotonic relation 
between signal and energy (right). 



o Several iterations to optimise charge collection in PRaVDA CMOS
o Protons can be tracked through the RT with good efficiency
o kHz readout ensures pCT scan time ≤ 5 min
o Increased energy resolution using combining range and energy deposition 

measurements (2.8% @60 MeV) 
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