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• proton therapy is known to be more effective than traditional X-rays 
in cancer treatment, with reduced collateral damage 

• such benefits are limited by the  
precise knowledge of the tissue  
density along proton path, which is 
crucial for a better proton beam 
aiming depth 

• major limit as of 2017: 5% to 10% error  
on proton beam energy, 10× the energy 
tuning precision of modern proton  
therapy machines [1-3] 

• such limitation can be overcome if protons were also used as probes 
to map the tissue density: same particle, same interaction with matter 

• plus: the proton-delivered dose for imaging purposes can be 
as low as 1.5 mGy, being 10-100 mGy the one of X-rays [4]
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why proton Computed Tomography?
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proton Computed Tomography: requirements …
• 200 to 250 MeV protons can be used to probe almost 

every section of human body from all directions to 
produce a 3D image 

• a detailed enough image is obtained with min 108 
proton tracks: entry/exit point and direction, as well 
                                                               as lost energy [6]

• 1% resolution on stopping power, i.e. tissue 
density → e.g. 3 mm error on 200 MeV 
proton range, main limit: proton straggling 

• maximal recording efficiency → low dose 

• ~0.5 mm position resolution → only limit: 
multiple Coulomb scattering 

• short enough exposure time for patient 
comfort and stability 

• [mounted on the proton gantry rotating 
around the patient]
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• density map is the result 
of the Most-Likely Path 
reconstruction for each 
track [7]



… and state of the art as of 2017
• R&D projects mainly designed around Si strip detectors 

and range calorimeters, LLU/UCSC Phase-II prototype 
marked the best exposure time so far: 6 min with  
continuously rotating phantom [8] 

• main limiting factors: pulse shape digitisation, proton  
pile-up in the detector 

• Si strips require several layers per tracking station to  
disambiguate multiple hits per frame: increased amount 
of material 

• the measured residual energy must be correctly associated to each proton 

• increase granularity, go digital, and be capable of seeing >MHz proton rate 

• goal of the iMPACT project: squeeze the exposure time to O(10) s, thus making the gantry rotation time the 
irreducible although affordable limit to a clinically viable pCT apparatus

see [0] for an 
extensive review

no detector/technology today meets such requirements
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the iMPACT project pCT scanner

~230 MeV proton beam

upstream tracking 
station

downstream 
tracking station

hybrid energy-range 
calorimeter

• innovative Medical Proton Achromatic Calorimeter and Tracker 

• target: sustain >10 MHz proton rate using off-the-shelf 
technologies already available on the market

✓ ~100 µm thin CMOS  
Monolithic Arrays of Pixel 
Sensors to minimize material 
budget and proton scattering 

✓ approximately 50 µm pixel size 
featuring digital readout 

✓ innovative architecture 
featuring in-fabric data 
compression to achieve fast 
tracking up to 100 kHz/cm2 a 
10×10 cm2 surface and a ~10 
mW/cm2 low power 

✓ high resistivity substrate for 
fast charge collection, and 
small cluster size 

✓ large area sensors that can be 
stitched and tiled to cover a 
larger area, free of supporttr
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more about iMPACT, its tracker, and 
related earlier projects: [10—15]
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the hybrid energy-range calorimeter concept
• the proton MLP inside the patient 

can be inferred only after 
measuring its residual energy 

• this can be done via range measurement, i.e. 
where the the distance traveled inside the 
sensitive volume

• step 0: find ho deep the proton went, e.g. with scintillators 
segmented in the direction of proton path 
 
 
 

• step 1: adopt a finer segmentation along proton path to 
improve the range estimate 

• 5 mm thick layers contribute with an error of ~1.4 mm

R(E) = ∫0E dE’ ⟨dE’/dx⟩−1

(0)

(1)
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the hybrid energy-range calorimeter concept
• multiple Coulomb scattering may cause lateral deviation from the straight line and irreducible 

fluctuations result in a lower limit on range resolution of few mm: range straggling, same order 
of magnitude as error with 5 mm thick elements

• step 2: segment the calorimeter also in the transverse 
projection to account for lateral deviations of proton 
tracks 

• multiple protons measurable 
 

• step 3: exploit the collected signal amplitudes to 
enhance the estimate of Bragg peak location and 
reduce poor resolution effects at short ranges [9] 

• ⟨no. detected photons⟩ scales as ⟨lost energy⟩

1 1 1
1

3

1 2

1 1

(2)

(3)
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modular design:  
2 modules = 1 corner 
4 corners = 1 full layer 
8 full layers = complete calorimeter

the iMPACT hybrid energy-range calorimeter
• also the iMPACT calorimeter must sustain the 100 kHz/cm2 proton rate  

while using intrinsically slower sensors than any silicon-based tracker 

• the chosen technology is fast plastic PVT scintillators equipped with SiPM-based read-out: 
❬〈read-out signal❭〉 ~ ❬〈lost energy❭〉, 20 ns response time after signal shaping → it must be highly 
segmented 

• sensitive elements are 200 × 10 × 5 mm3 PVT fingers,  
allowing for an average 
hit interval of O(1) μs, 
total amount:  
5120 channels 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• evaluated technologies: 

• St.Gobain BC-408 and BC-420 PVT scintillators and Eljen Technology EJ-200 equivalent 

• Hamamatsu SiPM (MPPC) S12572-025c 3 × 3 mm2 featuring 25 × 25 μm2 APD cells 
and S12571-015c 1 × 1 mm2 with 15 × 15 μm2 APD cells 

• custom read-out electronics based on commercial products 

• early stage characterisation of sub-module prototypes 

• single-photon response SiPM + front-end characterisation 

• bench measurements with cosmic muons and fast pulsed lasers 

• 5 MeV proton beam measurements at INFN-Legnaro laboratories 

• 70-228 MeV proton beam measurements at the TIFPA beam line hosted at the  
APSS-Trento proton therapy centre 

• GATE simulation toolkit based on the Geant4 libraries

the iMPACT hybrid energy-range calorimeter
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• a 230 MeV proton range in PVT is ~32 cm, resulting in ~60 crossed PVT fingers:  
up to ~60 excited channels per proton track 

• the footprint of a finely sampled, i.e. analog-like, waveform can be reduced down to ~25 kb, 
resulting in an overall non-sustainable load of O(1-10) Tbps 
 
 
 
 
 
 
 
 
 

the data volume problem
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can a clever digitisation of the signal based on few thresholds bring the needed band 
down to O(1) Gbps while retaining enough information for the purpose of pCT?



optical grease is the 
only coupling  
smaller MPPC for 
additional tests

a sub-module prototype experimental setup

• several arrangements of active and passive 
volumes to sample the energy loss curve, 
e.g. “1A”: 4 fingers [ … ] 4 fingers

1A PMMA and PVT passive 
volumes

teflon + aluminum 
wrapping: enhanced 
light collection + 
finger isolation
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a sub-module prototype experimental setup
• expected collected signal: 1500–2000 photons at Bragg Peak 

• 10 ns long photon burst 

• primary signal from the SiPM lasts 
up to 100 ns (SiPM quenching) 

• derivative shaping stage added  
to keep it below 20 ns 

• hit rate up to ~10 MHz /finger 

• 3 comparators with programmable 
thresholds per channel 

• SMA connectors let the analogue signal 
be available for debugging purpose 

• PSI DRS4 evaluation board for DAQ
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• MAPS sensor under test: 
additional material 
crossed by protons 

• the prototype can see 
protons stopping at 
different depths

characterisation with medical energy proton beam
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approximate depth in water [cm]
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• different sampling depths along proton path: distinct signal spectra 
 
 
 
 
 
 
 
 
 
 

• the energy loss curve can actually be  
reconstructed even with few 100’s efficiently 
collected protons 

• shown: only protons coming at rest at a depth  
corresponding to 6th/7th active PVT finger in 1A/1B

characterisation with medical energy proton beam
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• GATE simulation is under control, despite 
being still tuned w.r.t. an earlier version of 
the readout electronics 

• signal amplitudes are systematically 
affected by trigger anomalies 
currently being addressed

characterisation with medical energy proton beam
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• what does the energy loss curve look like when digitally sampled at the relevant depths? 
 
 
 
 
 
 
 
 
 
 

• box area is proportional to the number of tracks 
resulting in a signal larger than each threshold 

• wide spectrum at the sub-peak results in both  
first and second level digital signals, being the 
second population larger

2-bits digitisation of the expected signal
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the 3-threshold-based digitiser can be a viable solution



• arrays of PVT fingers in coincidence with 
oscilloscope and LabView interface 
 
 
 
 
 

• EJ-200 equivalent to BC-408,  
both faster than BC-420 

• additional derivative stage in pulse 
shaping shortens the signal 

• SiPM quenching time estimated 
~100-120 ns → 10 MHz/finger 

• finger length /2 and /4 resulting in  
2 ns shorter signals, no relevant difference if PMT in place of 
SiPM: scintillation process still dominating signal length  
 
 
 
 
 
 
 
 

• crossed scintillators 
to evaluate the 
effect of particle 
impact position … 
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3.3 The energy-range calorimeter 17

length.
The most accurate estimate can be obtained taking into consideration the values of the energy
deposited in each finger. The output signal heights can be used to reconstruct the shape of the
proton Bragg curve, which can then be fitted in order to calculate the proton stopping position,
as shown in Fig. 15. In this case the proton range can be obtained with a sub z-pitch precision.
Uncertainty on the proton range estimation are extensively dealt with in Sec. 3.4.
Furthermore, the high level of segmentation in the x-y plane allows a higher detection rate
capability of the scanner. In fact, having a greater number of fingers reduces the probability of
more than one proton passing through the same finger during an acquisition window.
Polyvinyltoluene (PVT) scintillators, manufactured by Saint-Gobain, have been chosen, due to
their fast time response, with less than a ns raising time, good light yield, more than 11000 pho-
tons/MeV [62, 63]. Furthermore the low density of approximately 1 g/cm3, makes PVT less
demanding for the support elements. Two di�erent products are being taken into consideration:
the BC-420, slightly faster, and the BC-408, with emission wavelengths better matched by the
SiPM e�ciency. BC-420 and BC-408 scintillator properties are presented in Tab. 2, while the
light output wavelength distributions are shown in Fig. 25.

BC-420 BC-408
Densitiy [g/cm3] , [% Anthracene] 1.032 , 64%
Refractive index 1.58
Light yield [photons/MeV] 11136
Max emission wavelenght [nm] 391 425
Raise time [ns] 0.5 0.9
Deacay time [ns] 1.5 2.1
Light attenuation lenght [cm] 140 210

Table 2: BC-420 and BC-408 polyvinyl toluene declared parameters. Data retrieved from
Saint-Gobain data sheet [62,63].

The iMPACT calorimeter is designed to have a completely modular layout. In the current
project state, the basic unit, shown in Fig. 16, consist in 48 fingers arranged parallelly in
4 planes. A single module holds scintillating fingers, SiPM, read-out electronics and input-
output ports, while being mechanically self-sustaining. An x-y sector can be set up combining
two orthogonally rotated modules, as shown in Fig. 17. Lastly, a full surface layer can be
obtained with 4 x-y sectors. The entire calorimeter can be therefore assembled using identical
modules repeatedly, contributing to keep costs down.

Fig. 16: 3D rendering of a iMPACT calorimeter single module, assembled (left) and exploded
view (right).

 M

• new tests with proton beam data at the end of this year 

• consolidation of calorimeter simulations 

• DAQ development 

• construction and characterisation of one full module of the calorimeter  
 

• construction of one tracker station 

• development of a new tracker sensor with a faster architecture

future developments

the iMPACT project has received funding from the European Research Council  under the 
European Union’s Horizon 2020 research and innovation programme
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backup material



proton therapy growth
• source: ptcog.ch particle therapy co-operative group
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pCT: state of the art as of 2017
• NIU, FNAL: sci-fi + ~3 mm thick planes scintillator calorimeter, large aperture 

• PRIMA: 8 layers of Si strip + cerium-activated yttrium aluminum garnet crystals (YAG:Ce, fast decay scintillator)  

• LLU/UCSC Phase-II: the most advanced prototype so far, 1.2 MHz proton rate,  
8 layers of Si strip derived from gamma astrophysics experiments + hybrid 5-stage energy-range calorimeter 

• same tracker sensors used in Niigata: early-stage small-aperture prototype 

• PRaVDA: all-Si based pCT scanner

22Calorimeter prototyping for the iMPACT project pCT scanner



preliminary tracker prototype: the ALPIDE sensor
• developed for the upgrade of the ALICE  

Inner Tracking System 

• ALPIDE chip is a MAPS of 30 × 15 mm2 active area, 1024 × 512 
matrix of 28 × 28 μm2 large pixels 

• 180 nm Tower Jazz process on a high resistivity epitaxial layer, 
backthinned to 100 μm  

• sustainable particle rate up to 100 kHz/cm2 

• digital output with priority encoder-based zero suppression 
logic on-chip

14 3 THE IMPACT PROJECT

The acquisition rate can be increased using a silicon pixel sensor, which can record a higher
particle rate without generating any ambiguity between multiple particles, as all the relevant
coordinates are measured at once by a single device. The same feature of pixel sensor allows
for a substantial reduction of the material thickness that protons travel through, therefore
providing the same information as SSD trackers while less a�ecting proton trajectory with
multiple Coulomb scattering.
Several pixel sensor designs are being explored for the iMPACT project tracker. The ALPIDE
sensor, developed within the ALICE Collaboration at the CERN Large Hadron Collider for
the Inner Tracking System upgrade, is currently adopted in the prototyping phase while more
advanced designs are still under development.

3.2 The ALPIDE sensor
The CERN Large Hadron Collider (LHC) [55], operating in Geneva (Switzerland) is planned to
be upgraded by 2025, featuring a substantial increase to its luminosity and interaction rate [56].
All the experiments hosted at the LHC will be upgraded as well, in order to sustain the higher
interaction rate provided.
The ALICE community designed and developed di�erent pixel sensors for the upgrade of the
Inner Tracking System (ITS). All the sensors were required to feature a high read-out rate, a
spatial resolution high enough to distinguish secondary vertices, as well as low power consump-
tion and low weight. Among the candidate sensors presented, the ALPIDE was the designated
choice [57].

Fig. 13: The ALPIDE sensor (highlighted in red), mounted on a carrier board and connected
to the read-out cable adapter board.

ALPIDE, shown in Fig. 13, is a 100 µm thick 1.5 cm ◊ 3 cm large Monolithic Active Pixel
Sensor (MAPS) featuring 28 µm◊ 28 µm pixels arranged in a 512◊1024 matrix [57]. Each pixel
output is binary, being it 1 when enough charge from the ionization due to a charged particle
hitting the detector is collected by the pixel diode. The chip is produced with the TowerJazz
180 nm CMOS Imaging Process [58]. This technology provides a high level of integration,
allowing the CMOS-based read-out electronics to be implanted directly over the pixel sensitive
epitaxial layer, where the particle charge deposition takes place (monolithic design), as shown
in Fig.14. The in-pixel electronics includes a continuously active discriminating amplifier, with
a 2 µs shaping time, which identifies hit pixels, and an multiple event memory. The read-out
electronics implements a zero-suppression logic, which means that only hit pixels are read out.
The sensor is able to cope with a 100 kHz/cm2 particle rate, most limited by the read-out
bandwidth of 1.2 Gbit/s. The charge collection in the ALPIDE sensor can be enhanced by
applying a reverse bias to the substrate [59].
Tests with di�erent particles (e≠ and fi) and di�erent energies (from 60 MeV to 120 GeV)
were conducted on several ALPIDE sensors. The detection e�ciencies were found to be above
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courtesy of E. Ricci, TIFPA

preliminary tracker prototype: the ALPIDE sensor
• cluster size evaluated with different proton beam 

energies and backside voltage 

• demonstration of proton radiography capabilities
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• projective readout as in Si 
strips is affected by 
ambiguous assignments 
of measured hits 

• ambiguities can be solved 
by a general projection 
system that can be 
implemented by metal 
lines in modern deep sub-
micron microelectronic 
processes

parallel tracker R&D: the Orthopix sensor

“Method and system for compressing a data array” 
P. Giubilato and W. Snoeys – Patent – C31652PCT
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custom front-end electronics

325 EVALUATION WITH 3.5 AND 5 MEV PROTONS AT THE INFN-LNL CN ACCELERATOR
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Fig. 37: Single photon signals obtained from N = 3, 4, 6 and 8 data sets separately (a);
single-photon signal obtained fromN Ø 3 and fit with Eq. (27).

Fig. 38: Schematic of the iMPACT current SiPM read-out electronics. Comparators implemen-
tation is foreseen.

5 Evaluation with 3.5 and 5 MeV protons at the INFN-
LNL CN accelerator

Preliminary tests with proton beam on candidate scintillators for the iMPACT calorimeter
were conducted at the CN Van de Graa� 7 MV electrostatic accelerator, at INFN Laboratori
Nazionali di Legnaro (LNL), on May 4th and 5th, 2017. The main goal of these tests was to
characterize the response of a single PVT scintillating finger coupled to a SiPM.
The experimental setup is shown in Fig. 39: two PVT BC-420 fingers, highlighted in the picture,
were held in place by a custom built metal support structure. One finger was wrapped with
a teflon layer, while the other one was wrapped with an aluminum foil. Aluminum wrapping
was considered, in a preliminary phase of the project, as an alternative to teflon, however the
solution later was discarded due to the lower reflectivity of aluminum with respect to teflon.
Therefore, only the teflon wrapped finger will be considered from now on.
SiPM, also highlighted in the picture, were placed in contact with one of the fingers bases;
the optical coupling was ensured by a layer of optical grease. The SiPM and its read-out
electronics, shown in Fig. 40, were fastened to the support structure, in order to maintain the
optical coupling during movimentation.
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data-driven signal simulation
• photon time distribution convoluted with single photon signal pulse 

• full chain tested with laser, cosmic rays and 3.5-5 MeV proton beam at the CN accelerator in 
INFN-Legnaro laboratories
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layout of passive PMMA and PVT volumes

1A, 1B

2B
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• non-null signal in first 4 fingers 

• anomalies in the trigger result in random coincidences

selection of protons stopping in the sensitive volume
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• random coincidences are equivalent to protons exiting from the sensitive volume
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selection of protons stopping in the sensitive volume
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• stopping proton: high asymmetry of energy deposition
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selection of protons stopping in the sensitive volume
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corrected signal amplitude [mV]
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• different sampling depths along proton path result in distinguishable signal spectra 

• shown: only protons coming at 
rest in the 6th active PVT finger

characterisation with medical energy proton beam

protonic buildup

sub-peak

Bragg peak
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corrected signal amplitude [mV]
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GATE simulation

• simulation under control 

• read-out response to be updated

characterisation with medical energy proton beam

protonic buildup

sub-peak

Bragg peak
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signal amplitude threshold [mV]
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• what does the energy loss curve look like when digitally sampled at the protonic buildup, at the sub-peak, and at 
the Bragg peak?

2-bits digitisation of the expected signal
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comparative studies with cosmic MIP muon
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linearity of the SiPM response

30 4 CALORIMETER SIMULATION

The spectrum of waveform heights, obtained with the gaussian fit, is displayed in Fig. 35. The
height spectrum presents equally spaced peaks, and each peak was associated to events with
a defined number N of photons. The height spectrum resembles to a Poissonian distribution.
The distribution of waveform heights in Fig. 35 is compared to the one obtained directly from
the maximum of the digitized waveform before fitting (blue). In this case the amplitude values
are discrete due to the coarse digitalization.

Fig. 35: Few-photons pulse height spectrum, obtained from digitized single waveforms by fitting
the maximum (red), and considering the maximum sampled value without fitting (blue).

N min [mV] max [mV]
1 0 0.35
2 0.45 0.9
3 1.0 1.4
4 1.5 2.1
5 2.25 2.6
6 2.8 3.2
7 3.35 3.8
8 3.95 4.3
9 4.5 4.9
10 5.1 5.6
11 5.7 6.0

Table 3: Pulse height intervals and respective number of photon N .

The relation between peak centroids and the associated number of photons, shown in Fig. 36,
appears to be linear, with a (0.561 ± 0.008) mV/photon proportionality coe�cient and a
(0.02 ± 0.06) mV y-intercept. The linearity and the compatibility of the intercept with 0 con-
firm the correct association of each peak with the respective photon number. An interval was
defined for each peak, so that every waveform, based on its maximum height, can be associated
with a number of photons N . Waveforms non uniquely assignable, namely those whose height
stands between two peaks, are discarded. The intervals ranges identifying each peak are tabled
in Tab. 3.
The average single-photon waveform can be obtained by averaging the few-photons signals,
normalized by their respective N . The baseline, calculated as the average amplitude in the first

4.2 Simulation output and signal simulation 31
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Fig. 36: Pulse height as a function of number of photons and linear fit.

10 ns, was subtracted to each individual waveform. Mean single-photon waveforms, obtained
separately from N = 3, 4, 6 and 8 are presented in Fig. 37(a), showing a good agreement
between the di�erent data sets, although the N = 3 waveform appears to be more a�ected
by noise fluctuations. The mean single-photon waveform obtained from the entire sample is
displayed in Fig. 37(b). The averaged single-photon waveform presents a raise time of about
3 ns and a decay time of about 5 ns. After the pulse, the waveform flattens to a negative value
of amplitude, also referred to as undershoot. This behaviour is caused by the SiPM read-out
electronics. The SiPM single cell signal presents the shape shown in Fig. 24, with a fast raise
and a slow decrease. The SiPM read-out electronics, shown in Fig. 38, is designed to act as a
high-pass filter, or derivator, to be able to transmit the fast signal raise. However the decreasing
part of the SiPM cell signal is derivated into a negative constant value. In order to shorten the
undershoot duration, di�erent electronics are currently being studied for the next prototypes.
The waveform was parametrized with a piecewise-defined custom function:

V

single

(t) =

8
>><

>>:

0 if t < t

0

A exp
⇣

≠ (t+

¯t)

2

2s2

⌘
if t

0

Æ t Æ t

0

+ t

1

C + B exp(≠d t) if t Ø t

0

+ t

1

(27)

where t

0

is the photon time of detection, t̄ = 3.4435 ns is the time at which the waveform reaches
its maximum, A = 0.8 mV, t

1

= 6.0253 ns, C = 0.0654 mV, B = 1762 mV and d = 0.352 1/ns
are parameters fitted to reproduce the trend of the curve. This function was found empirically,
in order to parametrize the waveform.
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