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» Radiation detectors in medical physics:
* where and why?

» Silicon sensors for:
* beam monitoring in particle therapy,
* timing applications,
* Flash radiotherapy (FLASH RT),
* proton/ion imaging.
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Introduction

Radiation detectors in medical physics:
where and why?

Medical Imaging techniques Radiotherapy with external beams

Cyclotron for protons and
Synchrotron for protons&light ions LINAC for radiotherapy

v X-ray Imaging

v" Computed Tomography (CT)

v’ Positron Emission Tomography (PET)
v" Single Photon Emission Computed Tomography (SPECT):
v Image fusion PET-CT ‘
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* Photons (6 - 18 MV)
* Protons (60-250 MeV/u) * Electrons (6 - 18 MeV)

\es
\ma%e re ® . N
— e Carbonions (115-400 MeV/u)
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Radiation detectors for radiotherapy

= Beam commissioning
- Before facility startup
m Beam monitoring Cyclotron for protons and

Synchrotron for protons&light ions LINAC for radiotherapy

Radiotherapy with external beams

- Online to guide and control the

beam delivery — &N
« Quality Assurance TR
-~ daily/weekly/monthly
= Dosimetry R
- daily

Photons (6 - 18 MV)

= Microdosimetry » Protons (60-250 MeV/u) +  Electrons (6 - 18 MeV)
Carbonions (115-400 MeV/u)

= Radiobiology
INFN 4
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The role of beam monitors in the nozzle

Nozzle equipped with particle detectors integrated with the accelerator
control system to guide and control the beam in real time.

PSI - Gantry 1

Mozzle

Monitor 1| _1 2 plane parallel
ionization chambers

Monitor 2

__

— L Range shifter plates

_}’ Strip chamber

A
Phys. Med. Biol. 68 (2023) 105013

CNAO horizontal beam line
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Not to scale

Beam range in water for protons&ions 2> 3+-30cm

Beam energy range (protons) [MeV, B, MIP] 60+250 MeV, B 0.34-0.59, 5-2 MIP
Beam energy range (C ions) 120400 MeV/u (B 0.46-0.71)
Beam intensity (particles/s) 108+1079 p/s 4x107+4%108 Cions/s

FWHM 7+20 protons /4+8 mm Cions
(highest+lowest) Energy
Field size at the isocenter 20x20/40%40 cm? (min-max)

Spot size (FWHM in air at the isocenter)

Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino — TREDI Torino - 22/02/2024 6



Beam parameters measured in the nozzle

To be measured during treatment, along the beam line just before the patient ... Notto scale

it window ([ —————y
Pencil Beam A
FWHM -2 3+10mm A\ Fwhm

Beam flux and fluence (beam Intensity — dose rate)
- Accepted uncertainty 1-2 %

Transversal Beam positions
- Accepted uncertainty £0.5 mm

Beam range or energy
Transversal Beam Sha[?e (FWHMs) [9 Accepted uncertainty 1 mm (0.5 - 1 MeV), | ,
- Accepted uncertainty =1 mm v not m&rje--
currentty
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Sinergy with scanning system Monitor1  Monitor 2 (O Treated spots
y

Scanned

ionization chambers

T

First slice
Isocenter (min energy) T
Scanning magnets 2 : Integral chambers Last slice
2 : Strip chambers (max energy)

Monitor on-line the beam fluence and position { ), FWHM (optional)

Set the beam position spot by spot through the scanning magnets power supplies
Correct on-line the beam position (feed-back operations)

Stop the beam when something is wrong (beam parameters out of range)
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Online beam delivery progress
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- Dose Delivery System GUI in
o o the CNAO Local Control Room
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First slice

(min energy) T
Last slice

(max energy)

Treatment e
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Robustnhess vs Performances

in medical applications

Performances
and accuracy

Robusthess
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Beam monitor must deal with different beam Jrt

temporal structures

Cyclotron

Svnchrotron

Fixed beam Room | Nozzle |

Beam line

The cyclotron provides proton therapy reliably and at

low cost (main vendors on the market: IBA, Varian, Multi-ion accelerator (more flexible than
Mevion, Hitachi).

cyclotrons).
Energy modulation with degraders. Beam delivered in spills
1 (f=72.8 MHz, 2" Harmonic)
2ns 2 s
. Beam monitor 3.5s )
integrated charge B N g
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State-of-the-art

- large area gas ionization chambers

Sequence of Parallel Plate ICs:

- single large electrode for FLUENCE

- electrodes segmented in strips for BEAM
POSITION and SHAPE

Reliability & long term (years) stability
Large (up to 40x40 cm?) sensitive area
Simple to use

Deeply studied manufacture
A few mm water equivalent thickness
Radiation resistant

D NN N N NN

Roadmap: proton therapy physics and biology
Paganetti et al. Phys. Med. Biol. 66 (2021) 05RM01
“Currently ionization chambers(IC) are
predominately used (in fact they are legally
required in most countries). “

Thickness ~ 1 mm of water

<R 12
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State-of-the-art

-> large area gas ionization chambers

Sequence of Parallel Plate ICs:

- single large electrode for FLUENCE

- electrodes segmented in strips for BEAM
POSITION and SHAPE

v Long collection times ~ 100 pys

v' Low Sensitivity ~ 104 protons

v Poor time resolution ~ no/poor

v Deviation from linearity @ high
dose rates

Not suitable for

« fast scanning modalities
« timing applications

* high dose rates (FLASH)

Thickness ~ 1 mm of water
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New challenges for beam monitoring

e New accelerators (different timing structures and treatment
‘procedures)

\

@ Advanced treatment modalities (multiple rescanning,
online image-guided, ...)

‘ Fast pencil beam scanning
|

. Hipofractionation up to FLASH

doi: 10.1088/1361-6560/abcd 16.

' PrOto n Co m p Uted To m ogra p hy Review > Phys Med Biol. 2021 Feb 26;66(5):10.1088/1361-6560/abcd16.

Future Developments in Charged Roadmap: proton therapy physics and biology

PartICIe Therapy: Impro‘"ng Beam Harald Paganetti ' 2, Chris Beltran 3, Stefan Both #, Lei Dong %, Jacob Flanz 1 2, Keith Furutani 3,

Delivery for Efficiency and Eﬁicacy Clemens Grassherger ' 2, David R Grosshans ©, Antje-Christin Knopf 4, Johannes A Langendijk #,
Hakan Nystrom 7 8 Katia Parodi 9, Bas W Raaymakers 10 Christian Richter 11 12 13

Jacinta Yap ", Andrea De Franco? and Suzie Sheehy Gabriel O Sawakuchi ¥, Marco Schippers 15 Simona F Shaitelman ¢, B K Kevin Teo 3,

Jan Unkelbach 18, Patrick Wohlfahrt 1, Tony Lomax 13

" School of Physics, University of Melbourne, Melbourne, VIC, Australa, 2 IFMIF Accelerator Development Group, Rokkasho
s,

Dose [Gy] Fusion Institute, National Institutes for Quantum Science and Technology, Aomor, Japan

14
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INFN MovelT project (2017-2021)

Solid state detectors for p-beam monitoring

IONIZATION CHAMBERS  SOLID STATE SENSORS: LGAD 45-60 um thickness
2y -

: : N
S aae Int. gain ~ 10

Main issues at d = 10°85/cm?s
Q)

= Signal pile-up
— fast sensorseadout
> segmentat@

= Radiation~»erance

Collection times ~ 100 ys =) -~ NS
Sensitivity ~ 104 protons ==smsp single protons

- ma cturing strategies
Time resolution ~ no/poor =) << 100 ps -> da(iyge compensation
Not suitable for - direct counting # protons « |4¢ @@ensitive area
» fast scanning modalities  « timing applications bchnological challenge
» timing applications =

~
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Thin Low Gain Avalanche Detectors

Enhanced signal of + Time resolution
very small duration of tens of ps

Internal gain

= thickness of sensitive volume < 50 ym
= internal charge multiplication ~ 10

»

Strip detectors (strip area ~ 3 mm?, active thickness 45um)

Detectors for particle counting yes no

> Large area (2.7x2,7 cm?)
» 144 strips

Detectors for timing applications

= - Fe N ¥
Ly
oy =AU
- Yt e
LTl % Ty
R | | T | ity
s ) = |= - )
{ = |- i
: St e e
T o ] ot e T B
' == =51
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: ~) )=
- = e =
— — - - - | - "
- = 1= 5
f

1 cm FWHM

> Smaller size, 11 strips
> Strip area 2.2mm?, active thickness -; / /
45 pum, total thickness 615 um)

> Si- substrate removed to reduce total
thickness to 70 pm

Pads for large ionization rate studies
» 4 active thicknesses (15/20/30/45 pm)

% v

> 5 pad sizes (0,125/0,25/0,56/1/2 mm2) Use: Us.e:
Protons | C-ions
‘ FLASH
Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino — TREDI Torino - 22/02/2024 ’] 6



ADC counts

ADC counts

ME 117 MeV CNAQ g :
15mf_protons a}—: 1~2:
1000 {=— g 1,1:—

= bl | 5 3
*E" threshold {1 L ; £

0 M:W:H: M'W'W'WW E

[_ I I ’ I EIB ‘ I I ’ 1{I}ﬂ I ' 15:0 ! ‘ ' 'Tmzégﬂ ﬂgl:—
1800 =— u.a:—
o= » Short peak duration -
:ixi: > Large Landau fluctuations 0_?:_......;- ........ .. ........ ;‘........;-........:. ..... i.........;.“.....:....
800 =— , _ L ST TR PUUTE PUTE DT P PP - B
S0 =- » Single particle discrimination 0 5 g 15 20 25 30 35 40
200 ;_ > S |_ l input rate [MHz]

= ignal pile-u
0 ghat prie-up CNAO beam flux

130 135 140 145 150 155
Tina fnal 5 x 108 p/cm?2s

Mohammadian-Behbahani M, et. al., NIM A 1040 (2022) 167195
Monaco V, et. al., Phys. Med. Biol. 68 (2023) 235009

Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino — TREDI Torino - 22/02/2024 1 7



Technologies for multi-channels silicon detectors

>

Custom ASIC
Proton pencil LGAD strips ABACUS
beam
1 cm FWHM

108 p/s*cm?

L

146 strips

Custom

Frontend board

ESA-ABACUS

>

6 ABACUS

24x6 channels

3 FPGA | ) |LabVIEW interface
Kintex-7 Gbit ethernet
interface

Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino — TREDI Torino - 22/02/2024
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2.7%2.7 cm? particle counter (ESA ABACUS)

Ll

Silicon strip sensor
Strips width: 114 pm
Pitch: 180 um

Active thickness: ~¥50 um

Capacitance: ~7 pF
Beam spot

.....

ic

i "
SISy ?oom g § son 9oy %

2.7 cm

AANAAANAE.

= -

2.7 cm

wide range CSA (4-150 fC) leading edge

discriminator

ors

Reset

circuit [ "5 The ABACUS chip (x6)
OUT+ . 110 nm CMOS technology, chip area = 2 x 5 mm?, 24

channels, 144 in total. CSA dynamic range: 4 fC — 150 fC.
Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino — TREDI Torino - 22/02/2024 1 9
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LAy | i mm  wen

Particle counter test at CNAO to study the counting
efficiency with protons and carbon ions

B .,
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Runs with different energies in the
clinical energy range

=60 - 230 MeV (protons)

=115 - 400 MeV/u (carbon ions)
Different beam fluence rate:

=20, 50, 100 % of maximum

fluence rate 20




Measured beam profiles and fluence at CNAO

Protons per spill

- L
2 4500 E_ ................. ..................... ..................... ......... ....... ..................
qé_ 4000 ;_ .......... Protons .................... ........ § ..................
2 = s : g N :
09_ 3500 f—--rvvre e o éﬂ?&qi : ................
= : i DR
3000 ;_ ................. ..................... ................. § I 'i '\}\ \
2500 i_ ................. ..................... ....... § v\{J‘ .
B
1500 :— ----------------- --------------- PR
500 ~ev -----
0 20

~- Energy = 62 MeV

ANNNNNN

% Energy = 115 MeV
QAN

%g& Energy = 226 MeV

strip number

lons per Spill

600

500

400}
300
200¢

100

E = 398.84 MeV/u - entries = 1.90E+07

E = 398.84 MeV/u - entries = 1.90E+07
E = 208.58 MeV/u - entries = 1.86E+07

SN E = 115.23 MeV/u - entries = 1.84E+07

Three different energies, 60 - 230 MeV (protons), 115 - 400 MeV/u (carbon ions)
Three different beam fluence: 20, 50, 100 % of the maximum fluence rate.
Counting efficiency: 50% protons, > 90 % Carbon ions

Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino — TREDI Torino - 22/02/2024
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Perspectives about

online beam fluence and position control

Technology ready for fix pencil beam characterization.
- Improved front-end readout will overcome noise issues
encountered with protons.

- Current LGAD radiation tolerance will guarantee 1 year of
safe operation

v'The challenge

- Increase the sensitive area (> 24x24 cm?)
= Pixel segmentation needed

Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino — TREDI Torino - 22/02/2024
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Exploiting timing performances of

fast silicon detectors

Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino - TREDI Torino - 22/02/2024
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Timing application (i): beam energy detector

1 : B tel
Beam energy/range from time-of-flight "~ L6AD sensors
beam [7 I\I
L
05; $§§§;ﬁzﬁev | 1 . +1 mm CNAL_

¥ M3SMeV |~ ~==f L ___ | _%__ 0.5 mm

-1 mm

Energy difference (MeV)
o

1 1 1 1 1 1 1
40 60 80 100 120 140 160 180 200 220 240
Nominal Energy (MeV)

» range can be measured with +1 mm uncertainty;
» need few ms of active acquisition time;

» requires precise calibration of the system.
A.Vignati, et. al., Phys. Med. Biol. 65 (2020) 215030
A.Vignati, et. al., Med. Phys. 50 (2023) 5817-5827
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Time resolution for ion crossing with thin silicon sensor

= 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

o, (ps) = o(At) / V2

Time difference (At)
27 T T
—5—115.23 MeViu
6| —&— 398.84 MeV/u |
Bos| 115 MeV/u |
Time resolution values for 3

) ) ) L23r 400 MeV/u .
single ion crossing were less g, *
than 26 ps ,;,  CARBON IONS |

(relative error < 2%) 20 | | | | | | | |

40 60 80 100 120 140 160 180 200

Reverse Bias (V) 9



Perspectives about

online beam energy control

Today
Current treatments do not need online beam energy control
- the beam energy is guaranteed by the accelerators control system

Future

- Clinical treatments with LINAC accelerator will provide fast energy
modulation with online beam energy control.

The challenge

- Energy measurement in the limited space and time constrained by
clinical requirements.

26
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Particle crossing time measurements

CERN picoTDC evaluation board (64 input channels)

Successfully integrated with 8 channels of ESA-ABACUS
» Conversion efficiency 100%

e, » Tested up to 150 MHz freq.
* 3psor 12ps binning g

.. 800 5_ AAAAAA P Mean 108.7
* very low jitter (<1ps) o Lchannel N oyhod t1s, 45
* High rate capability o Qn=48fC_ Wl ujf@;_‘

e Readout through FPGA oo f=1MHz 1 &N T
IS R — - 15....ps....t|.me
300 z_ ............................................................................ ................... pesg[.u.tl.on
2005_ ................................................................................... DO P
1005_ ................................................................................................................................................
108.6 108.65 108.7 108.75 108.8 10%g|5ay [ns]
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CERN PicoTDC Kintex 7 FPGA Acquisition PC

picolDC integration

==» ABACUS digital outputs
_> Digital control signals

F. Pennazio
| LABVIEW program

CTRL 1-2
<

e

e —
| i TQRINQ el

CTRL 3-4

CTRL 5-6

Kintex 7 KC705 FPGA 7125



Timing application (ii): beam time microstructure with picoTDC

Time difference between 2 c-ions The bunch structure and the accelerator
* 3psbinsize radiofrequency were observed for all the energies.
* 20 ps time window
test03 _ch0_10s Hit time distribution - channel 0 test17 ch0 10s Hit time distribution - channel 0
# 5000 = A A ——— A T Thesman]| % ‘ : : : —
B . Entries 1236044 6000 ....................... .. tlme_dISlr_Ch_O
i Carbon ion energy = 398 o, ; Carbon ion energy = 115 vean 15
| M V/u Std Dev 1135:
4000 f—---eeemreeeeeeeeeeeees evyju [57070]0)]
3000 - 11010 S A
| | : | E 3000 \ .............................................................................................................................................
] S s
1 1 ' | ' ' ] O B B
1000 Fh v f ool e —
| ‘ : : : : 1000 ...................................................................................................................................
0 3 __________________________ LA INS N Vi w I, ol .,, A Sy i N el N N N b _v__ i / k i . L . .
0 1000 1 12000 3000 4000 5000 0 =~ 1 ‘
E i Time [ns] 0 100(§ i 2000 3000 4000 Times[g(s)]o
T !

362 ns 29
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Timing application (iii): Start time for Prompt Gamma

Timing

PET-PGT detector
START for z, (y position and time)
Prompt Gamma Timing

F. Pennazio’s talk

NN NN —
( [
\) patient
L(;AD
|C chambers detector

% PET-PGT detector
(y position and time)

30
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Exploiting thin silicon sensors for

FLASH RT

Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino - TREDI Torino - 22/02/2024
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FLASH radiotherapy

FLASH EFFECT:
Does not induce classical radiation induced toxicity in

normal tissues.

FLASH RT delivers radiation (electrons,
photons, particles) at ultra-high dose rate

(UHDR, average dose rate > 40 Gy/s) in < Retains antitumor efficacy compared to standard RT
200 ms.
Therapeutic window
100 i
® Alash rad : Conventional
Pmeed flash radliotherapy |
Advanced Create alert Create RSS ===== FLASH
80 -
- :'J Normal tissue
£ 804 Tumor control (TC) ¢ complication (NTC)
£ ¥
= wvr
L h‘f
] L]
3 a 404 £, TC without NTC
O_—__—- O ﬂ|: - LY
2012 ' 2023
7 sel Trans "" 616245):245ra93. doi: 10.1126/scitransimed 3008573 28
Ultrahigh dose-rate FLASH irradiation increases the
differential response between normal and tumor 0-

tissue in mice

Dose —* 3?2
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FLASH radiotherapy

Beam Characteristics CONV FLASH
Dose Per Pulse ~0.4 mGy ~1 Gy
Dp
Dose Rate: Single Pulse ~100 Gy/s ~1 OSGyfs
Do
Mean Dose RaDte: Single Fraction ~0.1 Gy/s ~ 100 Gy/s
m
Total Treatment Time ~days/minutes < 500 ms
T

= Acrucial role: dose delivery time structure (parameters need to be kept under control )

= The most of the pre-clinical studies using electron beams (by LINACs with E<20 MgeV)
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New field for BM: FLASH RT

Interrupting a FLASH treatment quickly enough to avoid a M ain Chauenges
misadministration is clearly a non-trivial task and no publicly

available testing data exist showing a commercial system is Ultra High Dose Rate and high dose
able to stop delivery of a FLASH dose quickly enough to deliveries --> Reproducibility and interlock
address this need. [Taylor et al. Med Phys. 2022] activation

Only the dependence on the average dose rate and on the - -
duration of the entire irradiation has been clearly observed so M ain Re q uireme ntS

far, but the roles of...

- Doseperpulse - Linearity and no saturation
- Instantaneous dose per pulse o
- Pulse duration and frequency - Radiation hardness

.. Still remain to be understood.
[Di Martino 2020 frontiers]

- Introduction of correction factors

Possible solutions - Optimization of the existing technologies

- Investigation of novel detection methods

34
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Solid State Devices for Beam Monitoring

= Ultra-thin ~10pm, segmented,
high polarized

= High sensitivity, spatial res,
developed technology

= Unkown factors: linearity
with dose-rate, recombination

\effect, radiation resistance/

= Radiation hardness, high
resistivity, large saturated
carrier velocity

= Challenging issues: dose-rate
linearity, possibility of
straddle areas several cm?

Silicon-Diamond (SiC)

High electrical stiffness, speed
of charges, melting T, thermal
diffusivity, industrual
maturity

Preliminary sim: dose-rate
linearity up to 10" Gy/s on X-
ray beams for SiC
membrames (2 um thick)

‘e s
,'. R |
..m I
K
-

35
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Silicon sensors for FLASH RT beam monitoring

Conventional IC
used in LINACs

lonization
chambers

Deviation from linearity @ high
dose rates

Less recombination @ high dose
rates

« 102 x E field

« 102 x charge mobility

« 10" x thickness

Not suitable for
« high dose rates (FLASH)

New applications

* Monitoring high intensity and
pulsed beams (high dose rates
needed for FLASH RT)

= Ultra-thin ~10pm, segmented, high polarized

= High sensitivity, spatial res, developed
technology

= Unkown factors: linearity with dose-rate,
recombination effect, radiation resistance

Main issues

High dose rates (FLASH)
— 103 x dose rates

— plasma effects in silicon

Radiation tolerance
—> manufacturing strategies

— damage compensation

36
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INFN-FRIDA project
2021-2024

Monitoring of FLASH UHDR electron beams

ElectronFlash accelerator (CFR - Pisa) Sensors tested J'VERSITA <E

Istituto Nazionale di Fisica Nucleare

» 9 MeV electrons pulsed beam
» Beam current: 1-100 mA

» 45/ 30um thickness -
» 2/1/0.25 mm?area

» Bias voltage: 10V + 200V

» Dose/Pulse 0 + 10Gy

Flash diamond and silicon
13mm solid water slab sensor in same conditions

» Pulse duration: 4 us
» Pulse frequency: 5 Hz

» Uniform fields using 3 cm PMMA plastic
applicator

E B \
ﬂ-‘ A R -
= T e - AT © )
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Monitoring of FLASH UHDR electron beams

300 ;
B 200V - 45um - 2mm? & 133.34V - 30um - 2mm?
U 600 & 133.34V - 30um - 0.25mm? E
i : 2 . . - 30um - 0.25mm .
“n W21 200V - 45um - 0.25mm oA 250 - ; e
g- B 200V - 45um - 1mm? HOH KH  133.34V - 30pm - lmm I-,D:i'
500 -
\ -~ . _."
S 4 ps pulse duration 001 4 us pulse duration
— .
400 - #O -
2 FLASH p Il stl
[ regime PO regime e
@ 300 8 Y= 6 ot
S o tov T
o 100 -
@ 200 - 4 ;0446?4 & =
20 S o
© I .~ ng
< 100 - o 7 o’ OO
&) , 0 o - o o HOHHOHT ﬂ e H:H_I-EH
IR e g g T
0 - _é,_x_',__o.-l—'{] ; | ; : 0 === T T T T T T T
0 ; A 6 8 10 0 1 2 3 4 5 6 7 8

Measured dose (Gy/pulse) Measured dose (Gy/pulse)

» Collected charge/pulse scales with pad area and sensor thickness
> Ratios between different area/thickness independent from dose/pulse

38
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4D-tracking with LGADs for proton Radiography&CT

Measurement of residual proton energy from ToF in pCT applications

ol
proton AL-F

Tracking
detectors

Tracking
detectors

Feasibility study of a proton CT system based on 4D-tracking and
residual energy determination via time-of-flight

Felix Ulrich-Pur' © , Thomas Bergauer', Alexander Burker’, Albert Hirtl*®, Christian Irmler’,

Stefanie Kaser', Florian Pitters' and Simon Rit’ ) )
' Austrian Academy of Sciences, Institute of High Energy Physics (HEPHY ), Nikolsdorfer Gasse 18, A-1050 Wien, Austria SChemat|C Of a TOF CalO“meter based on LGAD dEteCtorS-

2 TU Wien, Atominstitut, Stadionallee 2, A-1020 Wien, Austria . .. .
* Lyon University, INSA-Lyon, University Lyon1, UIM-Saint Etienne, CNRS, Inserm, CREATIS UMR5220, U1206, France The TOF IS measured between two tlmlng stations (Tl/Tz and
T3/T4), each consisting of two generic LGAD planes

Phys. Med. Biol. 67 (2022) 095005
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Summary and Conclusions

Specific optimization of
sensors,

frontend readout,

high performance DAQ,

> 24x24 cm? Si-based
beam monitor in
clinical nozzle

tailored on specific
applications

(counting, timing, imaging,
dosimetry, radiobiology, ...)
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Conclusions

Silicon detectors offer interesting features for new developments in
radiation therapy

For beam monitoring in PT: integrating counting and timing in the same
device seem possible with state-of-the-art TDCs

Good linearity with dose per pulse was demonstrated in FLASH e-
beams

Silicon sensors in Medical Physics - S. Giordanengo, INFN Torino - TREDI Torino - 22/02/2024 4



=

niéiiﬁiz' '

INFN e

Istituto Nazionale di Fisica Nucleare




Spare slide



Hybrid microdosimeter exploits silicon
sensors tracking capability

A Novel Hybrid Microdosimeter for Radiation Field Characterization Based on the Tissue Equivalent
Proportional Counter Detector and Low Gain Avalanche Detectors Tracker: A Feasibility Study

Front. Phys., 11 February 2021
https://doi.org/10.3389/fphy.2020.578444 Sec. Radiation Detectors and Imaging

Figure 2

FIGURE 2. 3D scheme of the geometry used for all Geant4d
simulations. Both the TEPC and the four 24-strips LGADs
are contained in PMMA box filled with air. The box is placed
inside a water phantom, whose walls are made of PMMA. A
broader view is show in left panel, while a zoom on HDM is

illustrated in right panel.
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Imaging with protons and ions ~>

proton/ion radiography
proton/ion Computed Tomography

- needed to reduce uncertainty in the water equivalent path, density

- measure the residual proton energy
- measure directly the Stopping Power 3D distribution

will take advantage from 4D particle tracking through silicon sensors



Imaging with e+

Arrays of photon detectors around the patient to detect the 2 y opposite

directions

For diagnostic purpose

Positron Emission Tomography (PET) Scanner

Patient
on Couch

Gamma Ray
dectector

/"//6 I } \\

Gamma Ray

Tumour

Gamma Ray

511 keV photon

_Electron
R

AT :~180°
Positron

511 keV photon

OTherapeutic hadron beams produce *
emitters in the body

OOffline and in-beam PET provide the range
of particles and the dose distribution

Activated Gamma
Ray dectector

y 511 keV

Charged
particles

PET-PGT detector
(v position and time)

>
S
S
S
<

y 511 keV

patient

PET-PGT detector
(v position and time)
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Advanced Imaging with Phase-Contrast X-ray imaging for
medical imaging

If interpreted as waves, X-rays-just like visible light-experience a phase shift in matter, and this-if
exploited correctly-can produce a new class of X-ray images, which then depict the wave interactions of
X-rays with matter, rather than only the attenuating properties, as done until now.

Grating Interferometry

can be performed both at Synchrotron Radiation (SR) facilities and using laboratory X-ray sources.
Until now, Gl has been applied in a laboratory setting

mostly with low-brilliance X-ray tubes, by using either long or compact interferometer
arrangements [1,3,4]. Liquid-metal-jet sources, combined with a phase and an analyzer grating,
improve the resolution and sensitivity of PCI, thanks to a higher photon flux [5]. Gl systems at

25 keV [6] and 9.25 keV [7] yield reduced scan times or an improved signal to noise ratio;

The use of a high granularity detector pushes the resolution down to the micron scale.
X-ray sCMOS camera



U position [cm]

Future Developments in Charged
Particle Therapy: Improving Beam
Delivery for Efficiency and Efficacy

Jacinta Yap!”, Andrea De Franco? and Suzie Sheehy’

" School of Physics, University of Melbourns, Melbourne, VIC, Australa, 2 IFMIF Accelerator Development Group, Rokkasho
Fusion Institute, National Institutes for Quantum Science and Technology, Aomon, Japan
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Scan paths for: spot scanning,
raster scanning and line scanning
Iso-energy slice (E = 151 MeV)
Beam weights were optimized
for a total field dose of 0.606 Gy

«The possibility of volumetric rescanning and other advanced techniques require
the BDS to be able to deliver efficiently with fast energy modulation. »
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Protons - beam project

Expected beam FWHM at isocenter

—=e—— FWHM vs Energy - degrader 20 %
—#—— FWHM vs Energy - degrader 50 %
—&—— FWHM vs Energy - degrader 100 %
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= The lower the energy and the wider the beam

because of multiple scattering of protons with air

=180 um

Strip pitch

Expected FWHM at isocenter from

Curves - Gaussian fit

51

Mirandola et Al 10.1118/1.4928397



https://aapm.onlinelibrary.wiley.com/doi/full/10.1118/1.4928397

FWHM - x projection - ESA-ABACUS FWHM -y projection - ESA-ABACUS

. . | ' _ . T T : : :
- oL FWHM - x projection - ESA-ABACUS s 1) FWHM - y projection - ESA-ABACUS
e s T
g - FWHM - x projection - Gafchromic : IS FWHM - y projaction - Gafchromic
. B
0.8: . 0-8: \\‘\\;\ T
os: :s‘it(\i\{" 08 T Xf
O Y\Q-\_§\ :
g T i l 4k
0.4_ 0 r
: 02
Carbonlons :
E = 398.84 MeV/u - entrias = 1.90E+07 0—100 150 200 250 300 350 400 ' 0 150 200 250 a0 3% 40
_ %10° E = 398.84 MeV/u - entries = 1.90E+07 e e e
= =398, =1,
o . . 0
5 soob N B =208.56 MaViu - entiries = 1.86E+07 Comparison of beam FWHM with GAFCHROMIC films
3 SSNSENSE E = 115.23 MeV/u - entries = 1.84E4+07
% b T e
400 3% difference between o # measured ions
300 B P s | AN R low-high energy s | # ions from CNAO monitors
\\I{- 094 | 1
o)1 1] SERTPRSRI e— #:!' i ) )
A Tails of beam profile "
100 oo3 L
¢-..d"‘“\\\ ; ,
0 \\\\\.l\..b b A A I“}‘
0 0.5 1 15 2 25
y [em]
: >
Ocm 2.7 cm

o

[\E) AN
A 1:\'\ . '5“’5 o

Ab )b
aQk lb‘bb‘ i 5‘6" y LS

Spots of 5*107 C ions

Energy (MeV/u)



Beam monitor systems

= Continuous check of beam parameters

= IC CONV: Gas-filled IC - IC UHDR :
high rate of recombination, too slow

= Need of new beam monitoring device to stop
delivery of a FLASH dose quickly enough

‘ High temporal resolution

‘ High spatial resolution DOSIMETERS

‘ Beam transparency
‘ Large response dynamic range
‘ Large sensitive area
‘ Radiation hardness

PTW 60019 microDiamond

Conventional IC used in LINACs

Existing technologies

Sec. coll.

Prim. coll.

Ultra-Thin Ionization Beam Current
chamber (UTIC) Transformers (BCT)
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Experimental setup

TERAO8 measurements

45 um thickness, 2mm?area

RC circuit to extend signal duration and not
exceed 256uA for 64 chns

RC connected to TERAO8 and NI module

Bias voltage 200V

Increasing dose-per-pulse (DPP) from 0 to

~10Gy/pulse

TERAO8

45um

National Instruments
PXle-1071 PXI Chassis

Oscilloscope measurements

45um / 30um thickness, 2mm?2, Tmm?,0.25
mm?Z2area

3 pads connect to 3 oscilloscope channels
Bias voltage: 10V, 50V, 100V, 150V, 200V
Increasing DPP (from 0 to ~10Gy/pulse)

Compare different areas/thickness charge
generation

. Keysight infiniuum S-series
30/45um DSOS254A 54



Readout system: TERAOS8

= Readout with TERAO8 (64 equal CHNSs)

= |neach CHN current-to-frequency converter (each digital

pulse = fixed input charge quantum)

= Converter based on recycling integrator architecture

DAQ Period (pus) | Q. (fC) Max conversion Max conversion Max current
freq per chn (total) (for 64 CHNSs)
le4 (0.01 s) 200 fC 20 MHz 1280 MHz 1256 uA

e A L By

Chip structure

Jlf-fnnmmarl —.Ijihl.tw +'31

.[J'-fml

o 32 bit counter o

e e e

J'-_jl'numwl —

_.|32l1i.tn;:uur e

_.[Jnum 7z_.

R EEIRIRIT

~

OTA _ref

Cint Vih_high Ik

| |

|

Cnt_up
OTA
Vot PG CNT
W C,._down
clk [
th_low

Digital Out
(32 bit)

Charge subtraction

/
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TERAOS8 and oscilloscope comparison

600 { 11 Oscilloscope - R? =0.9973 :
i1 TERAO8 - RZ=0.9969 ,;:"é
1 2 e i
45 um thickness, 2mm-+ area ¥ 5004 e
. w 5

200V bias voltage L &7

(=N
Good linearity (R?>99%) up to dose- g 400+ :;ﬁ::[éf
rates >10Gy/pulse (1Gy/pulse is already = A

. = e

FLASH regime) 2 300 4 p

@ 8
Good correlation of charge measured S L
with TERAO8 and oscilloscope % 2004 e (UNPUBLISHED }

c e |  RESULTS! i

[ e Ve ————— 4

pes
100 - P
e
I 2 4 : 8 10
DPP (Gy/pulse)
FLASH regime
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Charge collected in 4us pulse (nC)

Electric Field distortion

At bias <150 V (where the sensor is completely depleted) a shortening of the

signal was observed: electric field distortion at high dose rates?

TCAD Sentaurus simulations ongoing

45um thickness - 2mm? area

6004 B 10V AP
i1 50V A0
B 100V l':8j|
20071 & 200v e
N A— . 1
400 - { UNPUBLISHED | A0
|  RESULTS! |
300 ~ e 4
200 - s
o
ie
100 + .
9
-~ o 9] HCH HOH  HOOH HoH oA
o
2 2 6 8 10

DPP (Gy/pulse)

Amplitude (V)

Thickness: 45um , Area:2mm? , Polarization: 200V

8
1.62 Gy/pulse
74 200 V —— 2.55 Gy/pulse
—— 3.89 Gy/pulse
6 - 5.3 Gy/pulse
— 6.57 Gy/pulse
5 - — 7.45 Gy/pulse
— 7.69 Gy/pulse
4 — 9.4 Gy/pulse
— 10.23 Gy/pulse
3 -
2 -
l -
0 - SR
0 2 4 6 8
Time (s) le—6
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WORK |\

Next steps: TERAOQO9 FRoGRess: /

= Frontend chip based on 64 charge recycling CHNs e
Extended current range with respect to TERAOS8 (preliminary design and test phase): 12 pA/ chn with 200 fC.

Larger sensor (Area 2.7X2.7 cm? and 146 strips) to cover all beam spot area (~ cm?)

Strip based / pad based system: Online control of beam shape and dose after one single shot

Large sensor Detector board TERAO09
=Rl
iosall
Sl |
000
- ﬁ_ Current range 100 pA-100 pA
[ Designed to cover proton beam spot ] Max conv freq 62.5 MHz
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Charge collected in 4us pulse (nC)

Electric Field distortion

= Atbias <150 V (where the sensor is completely depleted) a shortening of the
signal was observed: electric field distortion at high dose rates?
TCAD Sentaurus simulations ongoing

45um thickness - 2mm? area Thickness: 45um , Area:2mm? , Polarization: 50V
600 10V
(o] s 7 - 50V 1.62 Gy/pulse
K 50V O — 2.55 Gy/pulse
500 KA 100V 'tBj —— 3.89 Gy/pulse
D1 200V 6 7 5.3 Gy/pulse
_______________ . IZB'—‘IJ — 6.57 Gy/pulse
400 1 { UNPUBLISHED ! HOH > — 7:45Gypulse
I RESULTS! e S ——  7.69 Gy/pulse
N ———— o w 4 — 9.4 Gy/pulse
=
300 1 & 2 — 10.23 Gy/pulse
P I T S S 3
200 1 s <
o .~ 27
oy
100 - A
o 11
'y O o Ol K HOOH HOH O
0 04
2 4 6 8 10 0 2 4 6 8
DPP (Gy/pulse) Time (s) le—6
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