PSD15 - 13" International Conterence on Position Sensitive Detectors Oxford, September 3-8, 2025

Monitoring of Carbon lon Therapeutic Beams with Thin Silicon Sensors:
Status and Perspectives

Diango M Montalvan Olivares!?, M. Abujami'?, D. Bersani'?, M. Centis Vignali?, R. Cirio'?, E. Data!?, U. Deut!?, M. Donetti*,
A. Fadavi?, M. Ferrero?, V. Ferrero?, A. Ferro!2, M. Amin Hosseini!4, O. A. Marti Villarreal®, F. Mas Milian?°, E. Medina!?, G.
Paternoster?, M. Pullia?, S. Rangbar!?, V. Sola!2, A. Vignati!2, R. Sacchi'?, S. Giordanengo?

C N AU 1 Universita degli Studi di Torino, Physics Department, Turin, Italy

Centro Nazionale di Adroterapia Oncologica . . . .
2 INFN, sezione di Torino, Turin, Italy
3 Fondazione Bruno Kessler, Center for Sensors and Devices, Trento, Italy

|
INEN — D( A 4 CNAO, Centro Nazionale di Adroterapia Oncologica, Pavia, Italy

FONDAZIONE S 5 Unversidade Estadual de Santa Cruz, Ilhéus, Brazil

Istituto Nazionale di Fisica Nucleare



MOTIVATION: CARBON ION RADIATION THERAPY (CIRT)

Q CIRT: “o*
*Higher LET than protons and photons.

*Higher Relative Biological Effectiveness
(REB).

» Less radiation dose to adjacent normal
tissues.

O Single ion counting in particle therapy
~ demands sensors with:

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

o »High spatial and temporal resolutions.
lonization chambers (1C):

v Large area % Limited sensitivity (~ 104 particles) *Capable of han(lling high ingtanta-meous
v' Good radiation hardness % Slow charge collection times (~ 100 ps) flux (up to 10° carbon/cm®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. —
- :)( Tﬁhﬂe IT
FONDAZIONE

A (146 strips)

BRUNO KESSLER

Parameters 4
Dimension (mm) 26.3 X 26.3 7.8x5.5 . ‘ = UFSD:
o K " . a, = = . - -
Area (mn?) 690 43 3 | Sensitivity: sm_gle partlcle
§  Charge collection time: ~ ns
Active thickness (um) 60 60 | « Time resolution: ~ 50 ps
Pitch 180 591 -— ~
(urm) 26260 pm
Strips dimension (mm) 26.2 x0.114 4.0x0.5
T (11 strips)
Strip Area (mn¥) 2.9 2.2 A
Breakdown voltage (V) ~ 200 ~ 300 e
S
® ﬁ
Within the INFN-SIG project, these optimized Il

sensors were used for carbon ion clinical 5500 um
monitoring tests at CNAO.
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EXPERIMENTAL SETUP. INSTRUMENTATION
C N AO Control room
!

Centro Nazionale di Adroterapia Oncologica

//////

11-strips sensor glued to 8-channels PCB

- Two stages of amplification

CAEN Digitizer “DT5742”
16+1 Channel 12 bit 5 GS/s
1 ADC = 0.24 mV,

windows of 1024 samples.

e o

m) CAEN HV Power Supply Module
" | DTI1471ET
4 Ch Reversible 5.5 kV/300 pA

- Charge dynamic range: 3 - 150 fC

- Input capacity: 4 pF
- Amplification: 90 -100
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EXPERIMENTAL SETUP: MEASUREMENT CONDITIONS

O 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: 8107 ions/spill

Detector placed at the isocenter

Room temperature

O It was studied:
v" Signal amplitude & duration.

v Time resolution.

v Deposited charge & Charge sharing.

v Beam shape.
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Results: Carbon ion signal
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RESULTS: SIGNAL AMPLITUDE DISTRIBUTION

Amplitude distribution for clinical range energies measured | | I the range of 34 V to 300 V the most probable values
on strip 3 at 149 V. Good signal/noise separation is | | (MPV) calculated from the Langaus distribution fit for
achieved by choosing an appropriate threshold. strips 1 and 2 were between 200 and 450 mV.
ﬁﬂn : ) 3 h : L34 vy
| | | | Strip% | | | The curves follow the gt 4.8
| ——398.84 MeVin ! Bethe-Bloch formula T amien |
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‘ --:268.8 MzV/: (fit) E 400 f \n\ A% = % E -;-::!:EIW |
250 - | 166.41 MeVin £ = - = i PO
\ - - 166.41 Miwﬂ (ft © \ f(E)=a/(E}+D gl
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" Q \\ LY ﬂ- wnp 719 Vi
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RESULTS: SIGNAL AMPLITUDE DISTRIBUTION

MPV vs. bias voltage for all energies

500

——115.23 MeV/n
——166.41 MeV/n
450 - | —+-268.8 MeVin

o
200 -

Strip 1

——398.84 MeV/n
400 -
S 3501 e
E
E o
S 300 -
250 | ////,

150 : :

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.
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RESULTS: SIGNAL DURATION

E = 398.8 MeV/u, HV = 9V

Y Q
0.06F ] 25 —T— — .
Signal duration vs. HV
= E = 398.8 MeV/u
;0.04*
E 20 - .
€002 —_
) MWJII E
on E 15 B 7
50 100 150 200 -
Time (ns) c:; 10 - 1
c
o)
E= 398.8 MeV/u , HV = 149V w
0.4+ 5r -
;0.3 r i kﬁ—‘&
éj | I i i i I i I I | I |
202 10 100 300
£
<

o
.

Bias Voltage (V)

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

Time (ns)
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RESULTS: TIME RESOLUTION

L 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.

Coincidences

= Arrival time determined using CFD.

Time d|fference (At)
27 I I

—$—115.23 MeV/u
—&—398.84 MeV/u

N
(&)
1
|

16 channels of the Digitizer DT5742

N N
I~ (é)]
I I
—_——

|

N
w
1
|

Time resolution values for single ion crossing
were less than 26 ps (relative error < 2%)

Time resolution (ps)

N
N
1
|

M
—

o, (ps) = o(At) /2

60 80 100 120 140 160 180 200
Reverse Bias (V)
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RESULTS: DEPOSITED CHARGE

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

250 ——398.84MeV/u :
- = =398.84MeV/u(fit)
v 500 —268.6MeV/u
I - ==268.6MeV/u(fit) |7

9 | —166.41MeV/u 0= JV-dt
“= 150+ ' - -=-166.41MeV/u(fit) i o G . Z
> —115.23MeV/u 4
& B [~ -115.23MeV/u(fit) Gain Amplification (G,): 90 — 100
c 100 + ' i : Input Impedance (2): 50 Q
=
Z

MPYV Deposited charge:
37.4fC—-78.9fC

()
o
T

20 40

60 80 100
Deposited Charge (fC)
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RESULTS: CHARGE SHARING

- 20
4500 - ~118
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Charge distribution considering all the
peaks in all the strips.

Charge distribution considering only the
peaks in coincidence (At < 0.2 ns) with
other peaks in the adjacent strips.

syead sa2UapIdUI0)
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RESULTS: CHARGE SHARING

Two 10ns random coincidence 1n

adjacent strips
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Charge distribution considering all the
peaks in all the strips.

Charge distribution considering only the
peaks in coincidence (At < 0.2 ns) with
other peaks in the adjacent strips.
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RESULTS: CHARGE SHARING

Crosstalk Two 1ons random coincidence in
adjacent strips

Zzz 20, Charge distribution considering all the
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RESULTS: CHARGE SHARING

Charge sharing
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RESULTS: CHARGE SHARING

Charge sharing

Charge distribution considering all the
peaks in all the strips.

s - 20
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g peaks in coincidence (At < 0.2 ns) with
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RESULTS.: BEAM SHAPE
" N = ¢ :

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.

Total number of peaks (Bias Voltage: 149 V) X I 11
1 1.285e405 1.554e+05 1.974e+05 2.185e+05 1
0.9
)
Y
2 1.36e+05 1.628e+05 2.117e+05 2.44e+05 - g 0.9
Q.
[ -
3 1.378e+05 1.614e+05 2.113e+05 2.448e+05 0.7 g 08
-4 0_6 _D
4 1.351e+05 1.518e+05 1.954e+05 2.28%e+05 E 0 T D 11523 MeV!'U
g G 2 ——115.23 MeV/u (fit)
” e O 166.41 MeV/u
5 1.271e405 1.367e405 1.702e+05 Sost
____________________________________________________ 0.4 o —166.41 MeV/u (fit)
- A 268.6 MeViu
6 1.156e+05 1.195e+05 1.442e+05 1.619e+05 0.3 g 05 I 268.6 MeV/u (fit)
© V' 398.84 MeV/u
7 022e+0 1.008e+05 1.182e+05 1.174e+05 02 g 04 ——308.84 MeV/u (fit)
0.1 =
8 8.76e+04 8.331e+04 9.301e+04 7.602e+04 03}
115.23 166.41 268.6 398.84 2 FWHM (mm) 74, , .1, ad d 4
Energy (MeV/nucleon) 0.2 | | ! [ — — [ — |
0 5 4 45 5

o5 1 15 2 25 3 3
)

Heatmap of the total number of peaks per strips Position (mm
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Average Count

Average Count

ONGOING WORKS: ESA-ABACUS

Beam Profile

Average Count

Average Count
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Efficienc

0.96
0.955
0.95
0.945
0.94
0.935
0.93
0.925
0.92
0.915
0.91
0.905
0.9

GAFCHROMIC
film for 115MeV/u

Gafchromic x projection - E[lMeV/u] = 115 23
N

N

N

Gafchromic x projection - E[MeV/u] = 115.23

ESA-ABACUS beam projection - Energy[MeV/u] = 115.23

-r--r--r--|--|--| i |111]|||[rrr[111]1

12

Efficiency Vs Energy

- |—EB—Deg 100%
——Deg 50%

—¥—Deg 20%

v

5 > _a®
R LR M S

Energy (MeV/u)

D AN b Ab _ab _ob
1'\‘ '50'5‘ ?;bu. ?’66‘ '59$‘

The counting efficiency for
different beam fluences and
measured energies is greater
than 90%o.
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CONCLUSION

O 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. Assingle 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.

O 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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T (11 strips)

______________________________________________ A (146 strips)
Parameters A
£
. Optical window
Dimension (mm) 26.3 X 26.3 7.8x5.5 o :
E
= 8
Area (mn?) 690 43 g 3
3 5
Active thickness (1um) 60 45/60 ~
Total thickness (um) 630 70/615/630 26260 pm
Optical windows
Substrate Si-Si Epi/Si-Si
Number of strips 146 11 5500 um E
Strips dimension (mm) 26.2 x0.1 4.0x0.5 o
Strip Area (mn¥) 2.99 2.20
Breakdown voltage (V) ~ 200 ~ 300 -
i

Optical window
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TIME STRUCTURE of the BEAM

The acceleration process in a synchrotron for hadron

therapy occurs in cycles

M1s
Cycle1 Cycle 2
| = ]
: : !
i i '
! Beam | Beam i
T on - - on - E
jInjection - fgpy | iInjection - | SPILL !
jacceleration iacceleration |
HE s I
~“3s
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-200
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Time resolution analysis

. . —— stripiin sensor 1 (i=1 to8)
1. Zero level determination ___ stripin sensor 2 (j=1 to8)
2500

2000
>
< 1500

1000

500

0 o0 100 150 200 250 300 350 400 450

samples (0.2ns)
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Time resolution analysis

. . — stripjin sensor 1 (i=1 to8)
1. Zero level determination "~ ctrip, in sensor 2 (j=1 to8)
2500 |
2. If the signal is over a threshold, the

N . H
proton arrival time is determined as the
80% of the peak maximum. (it was used
constant fraction to reduce the time

walk effect).

t, #14

I \ Threshold

0 o0 100 150 200 250 300 350 400 450

samples (0.2ns)
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Time resolution analysis

window —— stripiin sensor 1 (i=1 to8)
—— stripjin sensor 2 (j=1 to8)
2500 |

1. Zero level determination

2. If the signal is over a threshold, 2000
the proton arrival time is
determined as the 80% of the 2 {509

. . ['UE
peak maximum. (it was used
constant fraction to reduce the
time walk effect).

1000

3. A 10ns window is used to extract 500
all the time difference ( At)
between the peaks in sensorl
with those in sensor 2.

Threshold

0 o0 100 150 200 250 300 350 400 450

samples (0.2ns)
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Time resolution analysis

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 (At) between the
peaks in sensorl with those in
sensor?2.

4. All the At are grouped in a histogram.

A Double Gaussian fit is done to
extract the true-coincidences peak.
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EDD | | | | | | | | | |
True coincidences peak

00
600
600

400

Coincidences

300
false coincidences

200

100

15 16 17 18 19 20 21 22 23 24
samples (0.2ns)

28



ABACUS: Readout Electronic

« 110 nm CMOS technology, 24 channels
e CSA dynamic range: 4 fC — 150 fC

* First characterization results:
e Dead time < 10 ns

ABACUS channel
block diagram

channel IN

,/

reset NMOS

leading edge

ﬁ
11

=

Sensor

—_ ext Vy,

discriminator
\ _ Mm_reshold
CSA
V / Vi /

Fausti et Al,10.1016/j.nima.2020.164666

single ended to differential converter

-

_ﬂ_/

L+='J External 16-bit DAC Internal 6-bit DAC —
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# OuUT + -

OUT -

for the fine tuning of the

Reset circuit

—reset NMOS

threshold
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Ongoing works. ESA-ABACUS

Kintex 7 KC705 FPGA o . )
q H gq H H g 9 q ;4 ASIC 1 - Communication with PC via UDP protocol
B e ASIC 2 ” e | LABVIEW program |
>
ASIC3
>
ASIC4
>
ASIC5
>
ASIC 6
> i
_ _ A LabVIEW program is used for:
On FPGA boards a dedicated firmware = reading counters and time stamps from
implements a counter for each of the 48 EPGA boards
channels to store the number of 0-1 _ _ _
transitions. = saving data for offline analysis

= setting threshold voltages
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