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New technologies for: 
 Dose delivery 

System
 Range verification
for particle therapy 
applicationsBO

X 
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 Beam monitors:
 Position and shape 

measurement
 Particle flux 

measurement



1. Proton and carbon ion counter 
based on silicon sensors

3/22



1. Proton and carbon ion counter 
based on silicon sensors

2. Integration of the counter with a 
TDC (Cern picoTDC) to measure 
the  t ime o f  arr iva l  o f  beam 
particles

3/22



1. Proton and carbon ion counter 
based on silicon sensors

2. Integration of the counter with a 
TDC (Cern picoTDC) to measure 
the  t ime o f  arr iva l  o f  beam 
particles

3/22



 Sensitivity → 104 protons
 Collection times →  ~ 100 µs
 Time resolution → poor

Not suitable for scanning modalities 
with timing of the order of tens of 
microseconds

Gas detector 
(ionization chambers, 
MWPC, …)

 From  with Gas Ionization Chambers to  with Silicon Detectors
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 From  with Gas Ionization Chambers to  with Silicon Detectors

Gas detector 
(ionization chambers, 
MWPC, …)

 Sensitivity → 104 protons
 Collection times →  ~ 100 µs
 Time resolution → poor

Single particle
~ ns
~ 50 ps

Single particle discrimination 
→ Direct counting # particles at clinical 
fluence rate (~109 cm-2 s-1)

Main issue:
 Signal pile-up

 fast sensors & 
segmentation

 fast readout electronics

4/22

Not suitable for scanning modalities 
with timing of the order of tens of 
microseconds

Thin Silicon Detectors
(Active Thickness ~ 50 µm)



~ 2 ns

 Peaks produced by 
inpinging protons

 Landau fluctuations

pile-up

threshold

Data collected with
1 strip + digitizer

Vignati et al 2017 JINST 12 
C12056

 Sensor for protons:
Low Gain Avalanche Detectors 

segmented in strips
Thickness ~ 50 µm
Internal gain ~ 10

 Sensor for carbon ions
Strip segmented diode sensors
Thickness ~ 60 µm
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 Sensor for protons:
Low Gain Avalanche Detectors 

segmented in strips
Thickness ~ 50 µm
Internal gain ~ 10

 Sensor for carbon ions
Strip segmented diode sensors
Thickness ~ 60 µm

~ 2 ns

 Peaks produced by 
inpinging protons

 Landau fluctuations

pile-up

threshold

Data collected with
1 strip + digitizer

Vignati et al 2017 JINST 12 
C12056

Fausti et Al, 
10.1016/j.nima.2020.164666  

ABACUS chip  Adjustable threshold voltage for each channel 
 Dead time < 10 ns
 100 % efficiency up to input f = 160 MHz

 110 nm CMOS technology
 24 channels

Vthr

channel IN
threshold

 OUT +

 OUT -

Reset 
circuit reset Cf

Cf

wide range CSA 
(4-150 fC)
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https://iopscience.iop.org/article/10.1088/1748-0221/12/12/C12056
https://www.sciencedirect.com/science/article/pii/S0168900220310639


 6 ABACUS chips reading out 144 strips of the sensor in the middle

FWHM ~ 1 cm

Beam spot

Strips with:
Width  → 114 μm
Length → 26214 μm
Pitch → 180 μm
Active thickness → ~50 μm
Capacitance → ~7 pF
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ASIC 1

ASIC 2

ASIC 3

ASIC 4

ASIC 5

ASIC 6

CTRL 1-2

CTRL 3-4

CTRL 5-6

Communication with PC 
via UDP 
protocol

 ABACUS digital outputs
 Digital signals to set thresholds

Kintex 7 KC705 FPGA

On FPGA boards a dedicated 
firmware implements a counter 
for each of the 48 channels to 
s t o r e  t h e  n u m b e r  o f  0 - 1 
transitions.

A LabVIEW program is used for
 reading counters and time 

stamps from FPGA boards
 saving data for offline analysis
 setting threshold voltages 
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 Beam test in CNAO, Pavia 
(Italy)

 ESA-ABACUS-1 for protons
 ESA-ABACUS-2 for carbon 

ions  

 Runs with different energies
 60 - 230 MeV (protons) 
 115 - 400 MeV/u (carbon 

ions)

 Energies corresponding to 2-5 
MIPs

 Different beam fluence rates:
 20, 50, 100 % of clinical 

fluence rate of 2x109 
protons/(cm2s) and 5x107 
carbon ions/(cm2s)

bea
m di

rec
tio

n

x

y

ESA-ABACUS
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 Acceleration process in a synchrotron for particle therapy occurs in cycles 
costisting in acceleration + extraction 

 Blue circles → # of detected ions in strip number 56 
 Green triangles  → Particles per spill (PPS), i.e. sum of all particles in one spill
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 Acceleration process in a synchrotron for particle therapy occurs in cycles 
costisting in acceleration + extraction 

 Blue circles → # of detected ions in strip number 56 
 Green triangles  → Particles per spill (PPS), i.e. sum of all particles in one spill
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Strip 56
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 3 beam projections along the axis 
perpendicular to the strips for 3 different 
energies

 Non gaussian tails 

 Comparison with Gafchromic films
 Measured FWHM vs energy shows 

expected trend
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FWHM vs energy

Gafchromic FWHM

ESA-ABACUS FWHM



 Efficiency larger than 
90 %

 No dead region between 
strips

 Charge sharing between 
strips under study

 Pile-up correction 
algorithm 
(10.1016/j.nima.2022.167195 )  
based on: 
 time duration of digital 

pulses
 AND combinations 

between adjacent strips

Carbon ions - Counting efficiency vs Energy 
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https://www.sciencedirect.com/science/article/pii/S0168900222005575?ref=cra_js_challenge&fr=RR-1
https://www.sciencedirect.com/science/article/pii/S0168900222005575?ref=cra_js_challenge&fr=RR-1


 Discrimination of the proton signals is still 
under study being the selection of the 
thresholds much more critical

 Curves → Gaussian fit

0 cm

퐹푊�� =  2 2 푙�(2) �퐺푢�푢푠푠푖�� 푓푖�  ∙ � 

Strip pitch = µm
Expected FWHM at isocenter from 
Mirandola et Al 10.1118/1.4928397
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https://aapm.onlinelibrary.wiley.com/doi/full/10.1118/1.4928397


Protons - Counting efficiency vs Energy 

Dead region 
between 
strips pitch

strip pitch

푔푒표�푒�푟푖푐 푒푓푓푖푐푖푒�푐� =  1 −  
80 ��

180 ��  =  0.556
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 Energy effect:
 Broader beam at 62 MeV → loss 

of protons in the tails 
 Narrower beam at larger energy 

→ superimposition on noise of 
amplitude distribution           
→ increase of pile-up 
inefficiency in beam center

 Intensity effect:
 The larger the fluence rate and 

the lower the efficiency because 
of pile-up

Intensity

Intensity
Intensity

Discrimination of the proton 
signals is still under study being 
the threshold much more critical

https://www.sciencedirect.com/science/article/pii/S0168900222005575?ref=cra_js_challenge&fr=RR-1


1. Proton and carbon ion counter 
based on silicon sensors

2. Integration of the counter with a 
TDC  (CERN  p i c oTDC)  t o 
measure the time of arrival of 
beam particles
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 Range verification with prompt gamma timing

 ToF = tγ - t0

Primaries:
 protons 
 carbon 

ions
Si sensor

t0

15/22Ferrero et Al 10.3389/fphy.2022.971767

Prompt gamma

tγ Scintillator

Target

https://doi.org/10.3389/fphy.2022.971767
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 Range verification with prompt gamma timing

 ToF = tγ - t0
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Simulated ToF distribution
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Scintillator

Target

https://doi.org/10.3389/fphy.2022.971767



Particle range

range

Pennazio, F, et al. "Proton therapy monitoring: Spatiotemporal emission 
reconstruction with prompt gamma timing and implementation with PET detectors." 
PMB 67.6 (2022): 065005.

Spatiotemporal Emission Reconstruction MLEM-based solution

16/22Ferrero et Al 10.3389/fphy.2022.971767

https://doi.org/10.3389/fphy.2022.971767



silicon sensor (8 strips)

prompt gamma detector
PMMA 
phantom

beam

17/22

2

 Detector for primaries: 8-strip silicon sensor
 Detector for promp gamma: LaBr3(Ce) crystal (diameter = 

3.81 cm, height = 3.81 cm) + SiPM matrix (2.4x2.4 cm2)
 Signal read-out made with DT5742 digitizer by CAEN
 Limitations of DAQ:

 Dead time (efficiency 0.04 %) 
 Limited number of channels

1

Preliminary

Result submitted to IEEE NSS-MIC-RTSD 2024, S. Ranjbar et al.



 PicoTDC developed at CERN:
 based on Delay Locked Loop with 64 delay elements 
 Bin size = 3.05 ps
 Dynamic range = 205 µs
 64 channels
 LVDS18 input signals

18/22

threshold

Vthr

channel IN
TDC

channel 
leading edge
discriminator

amplifier
FPGA board

0110...1

Si sensor ABACUS channel



28

CERN PicoTDC
Demo board
(to replace digitizer)

Secondary 
detection 

SiPM

Primary 
detection

ESA-ABACUS
Acquisition PCs

19/22

Beam 
direction



ASIC 1

Now only 8 
channels connected 
to the picoTDC

Acquisition 
PC

Virtex
 7  

FPGA

Carbon beam

DAQ

Esa-abacus board
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398.84 MeV/u

 Measurement of time of 
arrival of carbon ions in 
1 strip

 Acquisition in trigger 
mode:
 window = 20 µs
 Latency = 20 µs
 Trigger frequency 

= 50 kHz

115.23 MeV/u
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 Measurement of time of 
arrival of carbon ions in 
1 strip

 Acquisition in trigger 
mode:
 window = 20 µs
 Latency = 20 µs
 Trigger frequency 

= 50 kHz

RF = 1.76 MHz

115.23 MeV/u398.84 MeV/u

RF = 2.76 MHz

 Measured RF period compatible with 
expected values with significance level 
of 5 % (Zgauss ~ 0.3)

RF period vs energy

21/22
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  ESA-ABACUS board (counter)
  Tests of the ESA-ABACUS board with clinical proton and carbon ion beams prove

feasibility of measuring the particle rate and beam shape directly
good stability in time

 Inefficiency due to pile-up was observed
 The lower S/R ratio observed at the largest proton energies requires more investigation 
 Better uniformity expected in new ABACUS production

 ESA-ABACUS board + picoTDC 
 Measured beam frequency components in agreement with accelerator RF values
 Results indicate that thin silicon detectors, custom readout electronics and the picoTDC allow for a full 

4D tracking at the high rates of clinical beams

 First PGT measurements using the picoTDC were performed in April and the analysis is ongoing
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Different threshold scans injecting a constant charge into CSA with a pulse generator

Charge [fC]VTHR [mV]
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Linear fit to 
obtain pedestal 
and gain

          Error function
µ → signal amplitude
σ → noise std dev

Intercept → Pedestal → (606.7    0.3) mV
Slope  → Gain of the amplifier → (1.58    0.02) mV/fCChip 2 Channel 7 +_

+_
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DC value at the output of amplifier



Iterating the same procedure for all channels. the following histograms are filled

 Mean value  →  ~ 623 mV
 Standard deviation →   ~ 11 mV
 Relative dispersion →   ~ 2 %

 Mean value  →  ~ 1.53 mV/fC
 Standard deviation →   ~ 0.11 mV/fC
 Relative dispersion →   ~ 7 %

ESA-ABACUS N4

ChannelChannel

P
ed

es
ta

l [
m

V
]

G
ai

n 
[m

V
/fC

]
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mV mV

 Pedestal distributions measured for each chip for both internal DAC = 63 and internal 
DAC = 0 to make the pedestal equalization

 The green line is the median of the pedestals  
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m

V
]
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]

Channel Channel
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Example for 2 chips



Convolution fit funtion* 
(red curves):
 MPV 
 Width (scale 

parameter for the 
Landau)

 Area
 Gaussian Sigma
*Cartiglia et Al

 Discriminating signal 
from noise
 Threshold scans with 

different beam 
energies
 Signal Amplitude 

distribution → 
Landau ∗ Gaussian

SignalNoise

Signal amplitude distributions for 3 proton energies in 1 strip
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https://www.sciencedirect.com/science/article/pii/S0168900217300219
https://root.cern.ch/root/html524/TMath.html#TMath:Landau
https://www.sciencedirect.com/science/article/pii/S0168900217300219


Threshold selection for each energy 

Signal amplitude distributions for 3 proton energies in 1 strip
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 Signal Amplitude 

distribution → 
Landau ∗ Gaussian
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https://www.sciencedirect.com/science/article/pii/S0168900217300219
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https://www.sciencedirect.com/science/article/pii/S0168900217300219


 How to select the threshold to discriminate signal from 
noise?
 Threshold scans with different beam energies
 Signal Amplitude distribution → Landau ∗ Gaussian

42

Landau MPV vs energy

          f(E) = a/E + b
a →proportional to channel 
gain
b → pedestal

Convolution fit funtion* (red curves):
 MPV 
 Width (scale parameter for the 

Landau)
 Area
 Gaussian Sigma *Cartiglia et Al

Signal amplitude distributions of 3 proton energies in 1 strip

Threshold selection

https://www.sciencedirect.com/science/article/pii/S0168900217300219
https://root.cern.ch/root/html524/TMath.html#TMath:Landau
https://www.sciencedirect.com/science/article/pii/S0168900217300219


�(�) = ��−�
� 

 A = constant
 1/τ = mean frequency of 

particle on the strip

Peaks of Δt distributions vs time - E = 398.84 MeV/u 

 If the number of particles in 
each bunch is Possonian 
distributed, the  peaks in Δt 
distributions are expected to 
decrease exponentially

24/23
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Very preliminary 
result
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• Protons @ 62 MeV → expected charge in 60 µm = 3.629 fC → with gain = 10 → 36.29 fC 
• Protons @ 226 MeV → expected charge in 60 µm = 1.461 fC → with gain = 10 → 14.61 fC 

• Let’s compute the charge produced by one 120 MeV/u carbon ion in one strip

• Thickness Δx = 60 µm, silicon density ρ = 2.329 g/cm3, mean ionization energy in silicon 
    w = 3.6 eV/pair
• ��

��� 
��

(������)
=  36 ∙  ��

��� 
��

(������)
= 36 ∙  5.118 �푒� ��2

푔  = 184.2 �푒� ��2

푔       

• �ℎ�푟푔푒 =   0.7 
� ��

��� 
��

(������)
��

�  푒 ≅  80 푓�  

• The amplifier of ABACUS is expected to be linear between 4 and 120 fC ! 
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with the same β of the carbon

@ 120 MeV (NIST 
PSTAR)

The MPV is approximately 
70 % of the mean value 
calcultated with Bethe-Bloch

Considering gain ~ 1.5 mV/fC the 
amplifier signal amplitude is ~ 120 mV

compatible with 
Hiraoka et al 

https://physics.nist.gov/cgi-bin/Star/ap_table.pl
https://physics.nist.gov/PhysRefData/Star/Text/PSTAR.html
https://www.jstage.jst.go.jp/article/jjmp1992/15/2/15_91/_pdf/-char/en
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doi:10.1016/j.nima.2022.167195 

Two-channel Time 
Combination (TC) method

The count-loss correction is based 
on the comparison of the total 
t ime of  the indiv idual  log ic 
signals from the two channels 
with the time of their logical 
AND combination.

https://www.sciencedirect.com/science/article/pii/S0168900222005575?ref=cra_js_challenge&fr=RR-1
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Development of a novel beam monitoring system for single particle 4D tracking (position and time) integrating 
a range verification system based on Prompt Gamma Timing (PGT)

INFN GRV Call involving INFN-MI, INFN-GE, 
CERN, CNAO

 Particles up to a rigidity of 6.6 Tm (430 
MeV/u carbon ions)

 14 m long, ~50 tons weight
 4 T curved superconducting dipoles
 Superconducting spool piece 

quadrupoles
 Downstream scanning magnet system
 Dose Delivery and Range Verification 

Systems for adaptive cancer treatments


