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MOTIVATION: CARBON ION RADIATION THERAPY (CIRT)

❑ CIRT:

•Higher LET than protons and photons.

•Higher Relative Biological Effectiveness 

(REB).

•Less radiation dose to adjacent normal 

tissues. 

❑ The state-of-the-art of beam monitors is represented by gas-filled 

ionization chambers (IC):

✓ Large area

✓ Good radiation hardness

Limited sensitivity (~ 104 particles)

Slow charge collection times (~ 100 µs)

❑ Single ion counting in particle therapy

demands sensors with:

▪High spatial and temporal resolutions.

▪Capable of handling high instantaneous

flux (up to 108 carbon/cm2·s) in the

clinical energy range.
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BACKGROUND: THIN PLANAR SILICON SENSORS

In recent years, the University and the INFN of Turin demonstrated the feasibility of counting particles for therapy using thin

Ultra-Fast Silicon Detectors (UFSD) segmented in strips.

Parameters Type A Type T

Dimension (mm) 26.3 x 26.3 7.8 x 5.5

Area (mm2) 690 43

Active thickness (μm) 60 60

Pitch (μm) 180 591

Strips dimension (mm) 26.2 x 0.114 4.0 x 0.5

Strip Area (mm2) 2.9 2.2

Breakdown voltage (V) ~ 200 ~ 300

Within the INFN-SIG project, these optimized 

sensors were used for carbon ion clinical 

monitoring tests at CNAO.

T (11 strips)
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A (146 strips)

▪ UFSD:

• Sensitivity: single particle

• Charge collection time: ~ ns

• Time resolution: ~ 50 ps
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EXPERIMENTAL SETUP: INSTRUMENTATION

11-strips sensor glued to 8-channels PCB

- Two stages of amplification

- Charge dynamic range: 3 - 150 fC

- Input capacity: 4 pF   

- Amplification: 90 -100

Control room

1 ADC = 0.24 mV,

windows of 1024 samples.
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EXPERIMENTAL SETUP: MEASUREMENT CONDITIONS

❑ Measurement conditions:

▪ CNAO synchrotron

▪ Beam energies (MeV/u): 115.2, 166.4, 268.6 and 398.8.

▪ Bias voltage: 9V – 300 V 

▪ Number of spills: 10 – 20 for each run

▪ Number of carbon ions: 8·107 ions/spill

▪ Detector placed at the isocenter

▪ Room temperature

❑ It was studied:

✓ Signal amplitude & duration.

✓ Time resolution.

✓ Deposited charge & Charge sharing.

✓ Beam shape.
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Results: Carbon ion signal
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Example of 204 ns acquisition time window and a zoom on a 30 ns

interval with the signals produced by carbon ions of 398.8 MeV/u in

different strips of the sensor with a bias voltage of 149 V.



Diango M. Montalvan - PSD13, September 2023, Oxford 6

RESULTS: SIGNAL AMPLITUDE DISTRIBUTION

Peak Amplitude (mV)
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Amplitude distribution for clinical range energies measured

on strip 3 at 149 V. Good signal/noise separation is

achieved by choosing an appropriate threshold.

In the range of 34 V to 300 V the most probable values

(MPV) calculated from the Langaus distribution fit for

strips 1 and 2 were between 200 and 450 mV.

Charge sharing
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MPV vs.  bias voltage for all energies

RESULTS: SIGNAL AMPLITUDE DISTRIBUTION

BEAM DIRECTION

Detector 0°

TOP VIEW

BEAM DIRECTION

Detector rotated 40°

Rotation of the sensor increases the amplitude of the signal

due to the longer path of the carbon ions, which creates

additional electrons and holes.

0°

40°

~ 1.26



Diango M. Montalvan - PSD13, September 2023, Oxford 8

RESULTS: SIGNAL DURATION

For bias voltages greater than 100 V, the signal duration is less than 2 ns.

E = 398.8 MeV/u , HV = 9V

E = 398.8 MeV/u , HV = 149V

Signal duration vs. HV 

E = 398.8 MeV/u  
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RESULTS: TIME RESOLUTION

❑ Measurements conditions:

▪ Two Si sensors with the same characteristics placed in a telescope 

configuration 30 cm apart.

▪ Beam energies (MeV/u): 115.2 and 398.8.

▪ Bias voltage: 50V, 100V, and 200 V.

▪ Arrival time determined using CFD.

σt (ps) = σ(∆𝑡) / 2

Time difference (∆𝑡)
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Time resolution values for single ion crossing 

were less than 26 ps (relative error < 2%)

16 channels of the Digitizer DT5742

A. Vignati et al 2023, Medical Physics https://doi.org/10.1002/mp.16637

https://doi.org/10.1002/mp.16637
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RESULTS: DEPOSITED CHARGE

Deposited charge distribution (fC) by carbon ions on strip 1 (HV = 149 V)

𝑄 =
𝑉 ∙ 𝑑𝑡

𝐺𝐴 ∙ 𝑍

Gain Amplification (GA): 90 – 100

Input Impedance (Z): 50 Ω

MPV Deposited charge:

37.4 fC – 78.9 fC

20                 40                  60                 80                 100
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RESULTS: CHARGE SHARING

Deposited charge (fC)
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Energy = 398.8 MeV/u

Bias=149V

Charge distribution considering all the 

peaks in all the strips.

Charge distribution considering only the

peaks in coincidence (Δt < 0.2 ns) with

other peaks in the adjacent strips.
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RESULTS: CHARGE SHARING

Deposited charge (fC)
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Charge distribution considering all the 

peaks in all the strips.

Charge distribution considering only the

peaks in coincidence (Δt < 0.2 ns) with

other peaks in the adjacent strips.

Two ions random coincidence in 

adjacent strips

50mV
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RESULTS: CHARGE SHARING

Deposited charge (fC)
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Charge distribution considering all the 

peaks in all the strips.

Charge distribution considering only the

peaks in coincidence (Δt < 0.2 ns) with

other peaks in the adjacent strips.

Crosstalk

50mV

Two ions random coincidence in 

adjacent strips

50mV
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RESULTS: CHARGE SHARING

Deposited charge (fC)
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Charge distribution considering all the 

peaks in all the strips.

Charge distribution considering only the

peaks in coincidence (Δt < 0.2 ns) with

other peaks in the adjacent strips.

Cross Talk

50mV

Charge sharing

50mV

Two ions random coincidence in 

adjacent strips

50mV
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RESULTS: CHARGE SHARING

Deposited charge (fC)
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Charge distribution considering all the 

peaks in all the strips.

Charge distribution considering only the

peaks in coincidence (Δt < 0.2 ns) with

other peaks in the adjacent strips.

Charge sharing =
𝐴0

𝐴𝑇
≈ 0.1% 

The percent of charge sharing

between adjacent strips are 

negligible.

Charge sharing

50mV
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RESULTS: BEAM SHAPE

Heatmap of the total number of peaks per strips

By normalizing the total number of peaks as a function of strip position:

1. The beam was aligned between strips 2 and 4. 

2. Beam dimension decreases with increasing energy

3. Beam dimensions extracted from the Gaussian fit agreed with those reported by CNAO. 

FWHM (mm): 7.4, 6.9, 6.1, and 4.9 
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ONGOING WORKS: ESA-ABACUS

FWHM < 1 cm

Beam spot

The ABACUS chip (x6)

• 110 nm CMOS technology.

• Chip area = 2 × 5 mm2, 24 channels.

• CSA dynamic range: 4 fC – 150 fC.

• Dead time: ~ 10 ns.

Sensor

(146 strips)
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ONGOING WORKS: ESA-ABACUS

GAFCHROMIC 

film for 115MeV/u

The counting efficiency for

different beam fluences and

measured energies is greater

than 90%.

Beam Profile

x 10 6 6

6 6

x 10 6

x 10 6
x 10 6
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CONCLUSION

❑ Tests of thin silicon segmented sensors with therapeutic carbon ions yielded promising results:

1. Good separation between signal and noise for all the clinical energies.

2. Signal duration that decreases as the bias voltage increases, reaching values of less than 2 ns.

3. A single hit time resolution of ~25 ps for the two extreme energy values: 115.2 and 398.8 MeV/u.

4. Charge sharing and signal cross talk indicate a negligible overall effect.

5. First tests of the ESA-ABACUS board proved the feasibility of directly measuring particle rate and

beam shape with high efficiency and uniformity.

❑ Next steps:

▪ Further studies are ongoing to mitigate the pile-up effect and other sources of systematic errors.

▪ Coupling of a PicoTDC to the ESA-ABACUS board to perform time measurements.
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Parameters Type A Type T

Dimension (mm) 26.3 x 26.3 7.8 x 5.5

Area (mm2) 690 43

Active thickness (μm) 60 45/60

Total thickness (μm) 630 70/615/630

Substrate Si-Si Epi/Si-Si

Number of strips 146 11

Strips dimension (mm) 26.2 x 0.1 4.0 x 0.5

Strip Area (mm2) 2.99 2.20

Breakdown voltage (V) ~ 200 ~ 300

Diango M. Montalvan - PSD13, September 2023, Oxford
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1. Zero level determination

25

Time resolution analysis
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1. Zero level determination

2. If the signal is over a threshold, the
proton arrival time is determined as the
80% of the peak maximum. (it was used
constant fraction to reduce the time
walk effect).

26

Threshold

𝒕𝟐 ≠ 𝒕𝟏

𝒕𝟐 = 𝒕𝟏

Time resolution analysis
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1. Zero level determination

2. If the signal is over a threshold,
the proton arrival time is
determined as the 80% of the
peak maximum. (it was used
constant fraction to reduce the
time walk effect).

3. A 10ns window is used to extract
all the time difference ( ∆𝑡 )
between the peaks in sensor1
with those in sensor 2.

27

Δtn

10ns
window

Threshold

Time resolution analysis
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Δtn

Threshold

1. Zero level determination

2. If the signal is over a threshold, the
proton arrival time is determined as
the 80% of the peak maximum. (it was
used constant fraction to reduce the
time walk effect).

3. A 10ns window is used to extract all
the time difference (∆𝑡) between the
peaks in sensor1 with those in
sensor2.

4. All the ∆𝑡 are grouped in a histogram.
A Double Gaussian fit is done to
extract the true-coincidences peak.

28

10ns
window

True coincidences peak

false coincidences
∆𝑡

Time resolution analysis
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• 110 nm CMOS technology, 24 channels

• CSA dynamic range: 4 fC – 150 fC

• First characterization results:

• Dead time < 10 ns

Fausti et Al,10.1016/j.nima.2020.164666  

ABACUS: Readout Electronic

External 16-bit DAC

single ended to differential converter

reset NMOS

Reset circuit

ABACUS channel

block diagram

sensor

CSA

leading edge

discriminator
threshold

channel IN OUT +

OUT -

Cf

reset NMOS

Vthr

Internal 6-bit DAC → 

for the fine tuning of the 

threshold 

ext Vthr
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https://www.sciencedirect.com/science/article/pii/S0168900220310639
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ASIC 1

ASIC 2

ASIC 3

ASIC 4

ASIC 5

ASIC 6

Communication with PC via UDP protocol
Kintex 7 KC705 FPGA

On FPGA boards a dedicated firmware

implements a counter for each of the 48

channels to store the number of 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

Ongoing works: ESA-ABACUS
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