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How does proton CT work?

Residual energyEstimated entry point Estimated exit point

Proton path Deposited energy along proton path
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The PRaVDA proton CT imaging system



Silicon Strip Sensors

• 150 mm thick n-in-p Si

• 93×96 mm2

• 90.8 mm pitch

• 2048 strips

• Developed for the ATLAS experiment at High 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)

• 2048 channels readout by 16 custom ASICs (128 channels per ASIC)

• Designed by ISDI Ltd

• 0.18 mm CMOS process

• Binary chip

• 2 tunable thresholds:
• Low threshold → noise rejection
• High threshold → multiple hits

• 26 MHz readout

• Up to 8 channel readout per R/O cycle per ASIC

• Maximum fluence = 2×108 protons/s over full imaging area



Trackers commissioning
85 mm passively scattered beam, 125 MeV 
protons, iThemba LABS

Unit BUnit A

Unit C Unit D

36 MeV protons, MC40 cyclotron,
University of Birmingham

Data and analysis by Jon Taylor, University of Liverpool



Range telescope commissioning
MC40 cyclotron,
University of Birmingham

1D beam profile of 36 MeV p
through the RT

Fluence-depth curves

125 MeV protons degraded to 81-32 MeV 
by PMMA absorbers, iThemba LABS



Proton CT: set up

• iThemba LABS cyclotron
• EMLFC=198.741 MeV
• R50=117.7 mm (graphite wedges)
• 8.5 ⌀ cm collimator
• 500pA
• 180 projections over 360 deg
• ~2.8 x 108 proton tracks

Phantom

Compensator

13

Back Projection then Filtered CT

Combine all 180 images

6

(a) (b)

FIG. 5: Slice images of t he PRaVDA t issue-subst itute phantom using: (a) x-ray CT and (b) prot on scat t ering-power
CT .

orthogonal configurat ion. T his has been demonst rat ed to
providea high t rack reconst ruct ion efficiency but will also

enable operat ion at high fluence rat es thus permit t ing345

beam monitor ing.

A second important innovat ion was the reconst ruc-

t ion of the first experiment al images for prot on mult iple-
scat ter ing CT . T his modality requires only a t racking
system (no calorimet er or range t elescope). Relat ive350

scat ter ing-power images may be useful in a number of
ways, such as imaging-guidance with a simplified pCT
system and in providing valuable informat ion for dose
calculat ions (scat tering-power in the pat ient determines
the lat eral penumbra of the t reat ment beam).355

I t is appropriate t o not e t hat imaging using the an-
gular deflect ion of prot ons due to MCS has been pro-
posed before. Planar images of median scat ter ing-angle

have been demonst rat ed experiment ally18 . Tomographic
reconst ruct ions of inverse scat ter ing lengt h (closely re-360

lat ed to absolute scat tering-power) have been demon-
st rat ed in simulat ion19,20 . In addit ion to demonst rat -
ing the first experimental CT images using mult iple-
scat ter ing, there are two not ewort hy addit ional inno-
vat ions. First ly, t he back-project ion-filt ering approach365

adopted is the first high-resolut ion algor ithm proposed
for prot on mult iple-scat t ering t omography accommodat -
ing non-linear prot on pat hs. Secondly, t he the approach
of reconst ruct ing of relative scat tering-power rat her t han
absolute scat ter ing-power does not appear to have been370

adopted before, even in simulat ion. I t should be noted
that absolute scat ter ing-power is a non-local and more
problemat ic quant ity21 . Further, we remark that a high-
resolut ion t racker-only CT algorit hm has recent ly been

proposed for prot ons22 , but using an ent irely di↵ erent375

mechanism for cont rast (at tenuat ion). Finally, we not e
that nuclear scat t ering t omography (NST ) with prot ons

has long been established, but again, t his relies on very

di↵ erent principles (wide-angle single scat tering).

Future work will report on t he refinement of the tech-380

nique and analysis presented in this paper as well as the
addit ion of a range-telescope to t he experimental setup
to infer each prot on’s exit energy. T his will permit recon-

st ruct ion of relat ive st opping-power in addit ion t o rela-
t ive scat tering-power.385

V. CONCLUSION

Beams of prot ons with nominal energies of 125 and
191 M eV were successfully t racked through a phant om

containing inserts of di↵ erent t issue equivalent mat erial
using a novel t racker system based on silicon micro-390

st r ip detect ors from high energy physics experiment s. A

high t rack-reconst ruct ion efficiency was demonst rat ed (>
80%). Using the t racking system, a new type of t racker-
only prot on CT was demonst rat ed for the first t ime. In
this new modal ity, the cont rast can be at t ributed t o the395

scat ter ing power of the mat erials t hrough which the pro-
tons pass.
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The good thing about protons is that they stop (i.e., no/very little distal edge 

exposure of healthy tissue), the problem is we do not know where.”  

(Tony Lomax, Director, PSI Center for Proton Therapy)

In five years' time, we should be using 5 mm-resolution proton CT or radiography 

as a one-time, per-patient rough evaluation of CT conversion. In 10 years, we 

should aim for low-dose, daily isocentric proton CT for dose recalculation. 
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Proton CT: results



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 2×108 protons/s over 
the full imaging area

• Ability to track multiple protons per readout cycle

• Early pCT results: RSP uncertainty < 1.5%



University of Lincoln

University of Manchester

Christie NHS Foundation Trust

University of Birmingham

University Hospitals Birmingham

Univ Hosp Coventry & Warwick NHS Trust

University of Surrey

4 years to:
• 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

• Develop proton imaging for gantry systems



Spot scanning beams

Image courtesy of Varian 



Backup slides



SSD -> DMAPS
Criteria PRaVDA - SSD DMAPS Gain SSD  DMAPS

Sustainable proton flux

∝ to scan time

2×106 proton/s/cm2 < 2×108 proton/s/cm2 100 times faster:

shorter pCT scans

Manufacturing process Non-standard Standard Fast volume production

Ease to run and maintain 3 sensors required for inferring 

x-y coordinates

A single pixelated sensor 

provides x-y coordinates

Reduction in complexity: 3 

times less sensors

Readout Dedicated ASIC needed Direct DAQ interface Cost and maintenance

Charge information No Yes Improved range resolution

Sensor thickness

∝ MCS*

150 mm 75-100 mm Improved tracking resolution

Radiation tolerance 1015 neq/cm2 >1015 neq/cm2 Several years life-time

Area 10x10 cm2 ?



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 

and energy-loss

Forward project

protons

Translate residual 

range to WEPL

Non-linear path 

back projection

Inverse transform 

plus filtering

3-knot linear splineCubic spline path

Proton entry trajectory

K1 K2
K3

Proton exit trajectory

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

Back-Projection Filtered (BPF)

Filtered Back-Projection (FBP)
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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.

Scattering angles measured in tracker



DAQ

External MUX

(4 internal MUX) 

Internal MUX 

(3 layers)

Layer-level MUX 

(2 halves)

Read FPGA and local 
memory for sensor 

half Data rate ~ 66 Gb/s

66

33

11

3



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)

Tracking only - MCS
(Scattering power)

Tracking and energy (stopping power)

Trackers only CT



CMOS IMAGERS
o 0.35 μm technology

o Radiation hard by design

o 5 ×10 cm imaging area

o 3-side buttable

o 194 μm pixel

o 150 e- noise floor

o 1kHz frame rate (11 bits) 

 3!

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

 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&

UoB MC40 cyclotron
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CMOS IMAGERSA proton

37

Concurrent proton tracking

z (layer)

z (layer)

Many protons

38

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 Range Telescope

o Track following algorithm, based on adaptive velocity calculation and 

minimisation of layer-to-layer displacement

M. Esposito 05.07.16



CMOS RT: energy calibration

M. Esposito 09.09.16

Range counter Range and signal

Energy resolution 

@60 MeV: 4.4%
Energy resolution 

@60 MeV: 2.8%



Track Reconstruction Algorithm (ROSETA)

Calorimeter

Phantom

Track following routine used
to disentangle multiple tracks



Proton tracking in the Range Telescope

• Suppression of noisy channels by beam profile fit

• Cluster reconstruction (multiple-strip hits)

• Layer-by-layer track-following algorithm based on:

❖Track projection from tracker detectors

❖Minimum layer-to-layer displacement of projected 

tracks

❖Handling of multiple tracks per R/O

❖Angular cuts

❖Range cuts


