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Traceable dosimetry for clinical electron beams

PTB’s primary standard of the unit Gy for absorbed dose to water

D, =de/dm 1Gy =1J/Kg

€: energy deposit in medium, m: mass of medium (water)

D, =c, AT- Mk AT = 0.24 mK/Gy

c,: Heat capacity of water, AT: Radiation-induced temperature rise
Mk;: corrections for perturbations (heat transport, etc.)
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Ultra-high dose rate (FLASH) radiotherapy

RADIATION TOXICITY

Ultrahigh dose-rate FLASH irradiation increases | ""®oeereem
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In vitro studies suggested that sub-millisecond pulses of radiation elicit less genomic instability than continuous,

protracted irradiation at the same total dose. To determine the potential of ultrahigh dose-rate irradiation in radio- treatment
therapy, we investigated lung fibrogenesis in C57BL/6J mice exposed either to short pulses (<500 ms) of radiation =
delivered at ultrahigh dose rate (=40 Gy/s, FLASH) or to conventional dose-rate irradiation (<0.03 Gy/s, CONV) in time

single doses. The gro of human HBCx-12A and HEp-2 tumor xenografts in nude mice and syngeneic TC-1 Luc”
orthotopic lung tupérs in C57BL/6J mice was monitored under similar radiation conditions. CONV (15 Gy) triggered
lung fibrosis assgf€iated with activation of the TGF-p (transforming growth factor-f§) cascade, whereas no complications
developed fter doses of FLASH below 20 Gy for more than 36 weeks after |rrad|at|on FLASH |rrad|at|on also spared
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Ultra-high dose rate (FLASH) radiotherapy

(May 2022)
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Ultra-high dose rate electron beams

Dedicated FLASH LINACs
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Ultra-high dose rate electron beams

modified medical LINACs

B L
A Experim@tai platforme

MLC

modified Varian Clinac view into the head of the LINAC

E. Schiler et al.
“Experimental Platform for Ultra-high Dose Rate FLASH ...”

Int J Radiation Oncol Biol Phys 97 (2017) 195

https://doi.org/10.1016/j.ijrobp.2016.09.018
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Ultra-high dose rate electron beams

Dedicated FLASH 10eRT LINACs

§,~~ . LIAC FLASH: life changing SIT.
* IntraOp'Mobetron PHB  FLASHKNIFE |0eRT FLASH device. s

With FLASH-IQ™




Ultra-high dose rate electron beams

Pulsed electron beam from LINACs

100 ms / 10 Hz 1-5us
Dose rate ultra-high g ¢
W'th'? the Dose-per-pulse _ Pulse  Dose rate within
ulse ) = :
s 1%6 A (0.6 - 10 Gy) duration the pulse
2
| ~ ’ 5 3 Total dose _ s % N
: @ (210 Gy) - Dose-per-pulse xn
| O .
0 ultra-high
: Mean dose rate _ Total dose
! ~ Total delivery time
: (> 40 Gy/s)
g AyAN) //
Pulseraie!  Puis Time ;
' (=100 Hz) duration Total delivery time
------------------------------------ (<0.1s) -

Wilson et al., Front. Oncol. 9 (2020) 1563.

http://dx.doi.org/10.3389/fonc.2019.01563
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Ultra-high dose rate electron beams

Comparison FLASH vs. conventional irradiation

FLASH conventional
(LINAC beam)
average dose rate > 40 Gy/s 5 Gy/min
treatment time < 500 ms 4 min
pulse dose rate ~ MGy/s < 100 Gy/s
(within pulse)
dose per pulse (DPP) 0.6 -10 Gy 0.3 mGy
\_/\

ultra-high dose per pulse



FLASH irradiation: Ultra-high dose rate / dose per pulse

Mice brain irradiation with 10 Gy

without irradiation

FLASH
o0 conventional

80+

zs.IIIIIimiL

average dose rate [Gy/s] —»0 Control 1 pulse 500 100 60 30 20 10 3.0 1.0 0.1
dose per pulse [Gy] — 10 5 1 06 0.01 0.0003

100+

Recognition Ratio (% )

Montay-Gruel et al., Radiotherapy and Oncology 124 (2017) 365

http://dx.doi.org/10.1016/j.radonc.2017.05.003
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FLASH irradiation: Ultra-high dose rate / dose per pulse

FLASH irradiation of the skin of a pig

Conventional an FLASH Irradiation
(with same total dose)

36 weeks post-RT

:. -3-. -.‘.1 s A\VPENS " 0;\"1"
346y 316y 86y
RN . “‘.v‘\ , » ' ff‘“

Conventional |

(5 Gy/min)
necrotic lesions
FLASH
(300 Gy/s) |
3 Gy/pulse Rt : Loty “. |

normal appearance of skin

Vozenin et al., Clin Cancer Res 25 (2019) 35

http://dx.doi.org/10.1158/1078-0432.CCR-17-3375
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FLASH irradiation: Ultra-high dose rate / dose per pulse

FLASH treatment of a human patient
(lymphoma on skin)

e delivered total dose: 15 Gy

* 10 pulses (of 1 us duration)
* treatment time: 90 ms

 Dose per pulse: 1.5 Gy

5 months

Bourhis et al., Radiother. Oncol. (2019)

http://dx.doi.org/10.1016/j.radonc.2019.06.019



http://dx.doi.org/10.1016/j.radonc.2019.06.019

FLASH irradiation: Ultra-high dose rate / dose per pulse

FLASH treatment of canine patients

* Delivered total dose: 15—-35 Gy in
7-16 pulses

* Treatmenttime: <75 ms
 Mean dose rates: > 400 Gy/s
* Dose per pulse: 2 Gy

treatment of leg

Konradsson et al., Front. Oncol. 11 (2021) 658004

https://doi.org/10.3389/fonc.2021.658004
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Ultra-high dose rate radiotherapy: dosimetric challenges

lonization chambers

Advanced Markus®
Chamber
Type 34045

Well-guarded plane-parallel chamber for the
dosimetry of high-energy electron beams,
espedially for high dose per pulse values

lon collection efficdency at nominal voltage

lon collection time 22 s
Max. dose rate for
> 99.5 % saturation 187 Gy/s
> 99.0 % saturation 375 Gy/s

Max. dose per pulse for
> 99.5 % saturation  2.78 mGy
> 99.0 % saturation  5.56 mGy

Rangesof use

Chamber voltage + (50 ... 300) V



Ultra-high dose rate radiotherapy: dosimetric challenges

lonization chambers
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Petersson et al., Med Phys 44 (2017) 1157

https://doi.org/10.1002/mp.12111
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EMPIR project UHDpulse

Duration: Sep/2019-Feb/2023

Funding: 2.1 M€
Coordinator: Andreas Schuller (PTB)
Topic: dosimetry for

- FLASH radiotherapy
- VHEE radiotherapy
- laser driven beams

UHDpulse

http://uhdpulse-empir.eu/
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The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States

The European Metrology Programme for
Innovation and Research (EMPIR):

= enables European metrology institutes to
collaborate with industrial and medical
organisations, and academia

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin

National Metrology Institute
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Highlights

o Ultra-high dose rate reduces adverse side effects in radiotherapy (FLASH
effect).

« Studies and implementation in practice requires accurate dose

measurements.

« An European joint research project was started to develop a

measurement framework.

« Tools for dosimetry of ultra-high pulse dose rate beams will be provided.

Schuller et al.,
The European Joint Research Project UHDpulse ...
Physica Medica 80 (2020) 134-150

https://doi.org/10.1016/j.ejmp.2020.09.020

Physikalisch-Technische Bundesanstalt B Braunschweig and Berlin

National Metrology Institute



https://doi.org/10.1016/j.ejmp.2020.09.020

\% Partners and Collaborators

Metrology Institutes

Central
Office
of Measures
\klll :thchrlI hoB indesanstalt
VAN CZECH
M veTroLOGY
INSTITUTE

sclk cen

NPLE

National Physical Laborator y

@ METAS

=

7 Metrology institutes

6 Hospitals

7 Universities

6 Research institutes

10 Companies

+ Proton therapy network

Irradiation facilities / providers

Centre hospitalier
universitaire vaudois

EPd QUEEN'S
(»<€] UNIVERSITY

........

BELFAST

institutCu ﬁ

NMauJr

HELMHOLTZ ZENTRUM
DRESDEN ROSSENDORF

eli M.

! o,
Zﬁ Nuclear Physics Institute of the CAS
public research institution

1' InspireProject

fondazione

C

NAQ _

MedAustron®

) SIT

PAUL SCHERRER INSTITUT

=

IntraOp

Detector
developers

TOR VERGATA

UNIVERSITY OF ROME
Dept. Industrial Engineerin;

NADVACAM

ONSE 10 SUPERIOR D INVESTIGAZ IGKES CIENTIFICAS Cantre Nacional de Microslecuonica  IME:

{7} POLITECNICO
LAY MILANO 1863

v

A Siemens Healthineers Company

PTVV e || @0 medscint
COMPANY
AR |
VON /
OSSIETZKY
universitadt -
OLDENBURG $ rrrrrrrrr M lere
SUN NUCLEAR {ba Dosimetry
corporation " ol
VAridN || cer=cro=

NNNNNNNNNNNNNNNNNNNNNNNNNNN

+T—| DARTMOUTH
Lg ENGINEERING

MeMM UNIVERSITE
@ LAVAL



http://www.protonsinspire.eu/

\ WPs

UHDpulse

NPLE

National Physical Laboratory

* Adapting primary standards (water

WP1: Primary standards

e Definition of reference conditions

* Reference radiation fields

calorimeter, Fricke dosimeter)

* Prototype graphite calorimeters
\VAm CZECH
‘ Mi

@ METAS

METROLOGY
INSTITUTE

* Characterizing established detector

* Formalism for reference dosimetry
for future Code of Practice

WP2: Secondary standards,
relative dosimetry

* Transfer from primary standards

systems

WP5: Impact, WP6: Coordination

WP4: Detectors and
methods outside
primary beam

* Active detection techniques for
pulsed mixed radiation fields of stray
radiation and pulsed neutrons

* Methods with passive detectors

NANDVAGCAM

WP3: Detectors for
primary beam

* Novel and custom-built active
dosimetric systems

* Beam monitoring systems
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A PTB ultra-high pulse dose rate reference electron beam

PTB’s Research electron accelerator Beam line with water phantom

£=0.5-50MeV, £, =0.1-3 us A.B in et al. “Characterization of the PTB ultra-high ...”
. bourgouin et al. daracterization o e uitra-nign ...
up to 15 Gy per pulse (SSD 0.5 m, 20 MeV) Phys. Med. Biol. 67 (2022) 085013

https://doi.org/10.1088/1361-6560/ac5de8
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UH

\% PTB ultra-high pulse dose rate reference electron beam

Alanine pellets at
reference depth

in water phantom
Dose traceable to Current transformer (Bergoz ICT): Non-destructive

PTB’s primary absolute beam pulse charge measurement
standard (uncertainty < 0.1 % @70 nC per pulse)




\% PTB ultra-high pulse dose rate reference electron beam
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A Bourgouin et al., “Calorimeter for Real-Time Dosimetry ...”

Front. Phys. 8 (2020) 567340

https://doi.org/10.3389/fphy.2020.567340
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\ Calculation of charge collection efficiency

UHDpulse
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J. Paz-Martin et al.
“Numerical modelling of air-vented parallel plate ionization chambers for ultra-high dose rate applications”
Physica Medica, submitted



\ Calculation of charge collection efficiency

UHDpulse
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J. Paz-Martin et al.

“Numerical modelling of air-vented parallel plate ionization chambers for ultra-high dose rate applications”
Physica Medica, submitted



\ Calculation of charge collection efficiency

UHDpulse
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\% Calculation of charge collection efficiency

ion recombination correction factor
Y0 U N N S WO N N for 5 Gy per pulse (300 V)
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Faustino Gomez
https://doi.org/10.1016/j.ejmp.2020.09.020
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\ Prototype ionization chambers for FLASH RT dosimetry

UHDpulse
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“Development of an ultra-thin parallel plate ionization chamber for dosimetry in FLASH radiotherapy”

Medical Physics (2022)

https://doi.org/10.1002/mp.15668
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\ Prototype ionization chambers for FLASH RT dosimetry

UHDpulse
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R. Kranzer et al.
“Charge collection efficiency, underlying recombination mechanisms, and the role of electrode distance ...”
Physica Medica, submitted



\% Prototype ionization chambers for FLASH RT dosimetry

Dose per pulse detector Dyt (Gy)
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\ Diamond detector prototype for FLASH RT dosimetry

UHDpulse
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“Response of diamond detectors in ultra-high dose-per-
pulse electron beams for dosimetry at FLASH radiotherapy”
Phys. Med. Biol. 67 (2022) 075002

https://doi.org/10.1088/1361-6560/ac594e
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% Diamond detector prototype for FLASH RT dosimetry
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\% Diamond detector prototype for FLASH RT dosimetry

"> 16

E A fD-A Unidos E A
s o] 14 |- | m fD-A Unidos E + box

C v fD-A Keithley 6517B

Q'qpl [T T i1 F

g I

0 L]
2 10 | A el

7] v//

m 8 = /‘. 1

=

a8 6r 2 i

> =

o 4+ el

E | //

aQ 2t '/'

3 O - ’.-: N | : 1 N 1 M | N | N | " 1 N 1 M | N
& 0 1 2 3 4 5 6 7 8 9 10 11

Dose per pulse EBT-XD film [Gy]

M. Marinelli et al.

“Design, realization, and characterization of a novel diamond detector prototype for FLASH radiotherapy dosimetry.”
Med. Phys. 49 (2022) 1902.

https://doi.org/10.1002/mp.15473
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\ Diamond detector prototype for FLASH RT dosimetry

UHDpulse
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G. Verona Rinati et al.
“A diamond detector prototype for commissioning of FLASH radiotherapy electron beams”
submitted to Medical Physics



\% Diamond detector prototype for FLASH RT dosimetry

ultra-high (11 and 4 Gy per pulse)
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G. Verona Rinati et al.
“A diamond detector prototype for commissioning of FLASH radiotherapy electron beams”

submitted to Medical Physics
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Summary

 There is no real-time dosimetry system for FLASH RT
with electrons commercially available up to now.

* Commercially available ionization chambers show large
deviations at ultra-high dose per pulse (DPP) due to
ion recombination.

e Calculation of charge collection efficiency agree with
experimental results.

* Prototypes of parallel plate ionization chambers with
very small electrode distances show linear response in
the ultra-high DPP range.

* microDiamond detectors show saturation effects at
different DPP levels.

* Prototype Diamond detectors show linear response in
the ultra-high DPP range.
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The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States

This project (18HLT04) has received funding
from the EMPIR programme co-financed by
the Participating States and from the
European Union’s Horizon 2020 research
and innovation programme.
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