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Traceable dosimetry for clinical electron beams
t¢.Ωǎ ǇǊƛƳŀǊȅ ǎǘŀƴŘŀǊŘof the unit Gyfor absorbed dose to water

cp: Heat capacity of water, ɲT: Radiation-induced temperature rise
ʃki: corrections for perturbations (heat transport, etc.)

Dw = dʁ /dm 1 Gy  = 1 J/Kg

Dw = cp · ɲT· ʃki ɲT= 0.24 mK/Gy
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PTB water calorimeter at  a medical LINAC
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Science Translational Medicine6 (2014) 245, pp. 245ra93
http://dx.doi.org/10.1126/scitranslmed.3008973

Ultra-high dose rate (FLASH) radiotherapy

delivered dose

treatment 
time

average dose rate
(delivered dose/treatment time)

(May 2022)

http://dx.doi.org/10.1126/scitranslmed.3008973


•increasing interest in FLASH RT

•2021: 1.4 paper/week about 
άC[!{Iέ ƻǊ άǳƭǘǊŀ-high dose 
ǊŀǘŜέ

•just now an urgent need for 
dosimetry for FLASH RT

Ultra-high dose rate (FLASH) radiotherapy



Ultra-high dose rate electron beams

Dedicated FLASH LINACs

PMB eRT6 SIT ElectronFlash



Ultra-high dose rate electron beams

E. Schüleret al.
ά9ȄǇŜǊƛƳŜƴǘŀƭ tƭŀǘŦƻǊƳ ŦƻǊ ¦ƭǘǊŀ-ƘƛƎƘ 5ƻǎŜ wŀǘŜ C[!{I Χέ 
Int J Radiation Oncol Biol Phys  97 (2017) 195
https://doi.org/10.1016/j.ijrobp.2016.09.018

modified Varian Clinac view into the head of the LINAC

mouse

modified medical LINACs

https://doi.org/10.1016/j.ijrobp.2016.09.018


Ultra-high dose rate electron beams

Dedicated FLASH IOeRTLINACs



Wilson et al., Front. Oncol. 9 (2020) 1563.
http://dx.doi.org/10.3389/fonc.2019.01563

Pulsed electron beam from LINACs

1 - 5 ms

(0.6 - 10 Gy)

ultra-high

ultra-high

(> 40 Gy/s)

100 ms/ 10 Hz

Ultra-high dose rate electron beams

http://dx.doi.org/10.3389/fonc.2019.01563


FLASH 
(LINAC beam)

conventional

average dose rate > 40 Gy/s 5 Gy/min

treatment time < 500 ms 4 min

pulse width 2 ms 4 ms

pulse repetition 
frequency

10 Hz 300 Hz

pulse dose rate 
(within pulse)

~ MGy/s < 100 Gy/s

dose per pulse (DPP) 0.6 ς10 Gy 0.3 mGy

ultra-high dose per pulse

Ultra-high dose rate electron beams

Comparison FLASH vs. conventional irradiation



Montay-Gruel et al., Radiotherapy and Oncology 124 (2017) 365
http://dx.doi.org/10.1016/j.radonc.2017.05.003

averagedose rate [Gy/s]

without irradiation

FLASH
conventional

Mice brain irradiation with 10 Gy

dose per pulse [Gy] 10     5      1    0.6 0.01 0.0003

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

http://dx.doi.org/10.1016/j.radonc.2017.05.003


Conventional
(5 Gy/min)

FLASH 
(300 Gy/s)

normal appearance of skin

necrotic lesions 

Conventional and FLASH Irradiation
(with same total dose)

Vozeninet al., Clin Cancer Res 25 (2019) 35 
http://dx.doi.org/10.1158/1078-0432.CCR-17-3375

34 Gy 31 Gy 28 Gy

34 Gy 31 Gy 28 Gy

3 Gy/pulse

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

FLASH irradiation of the skin of a pig 36 weeks post-RT

http://dx.doi.org/10.1158/1078-0432.CCR-17-3375


FLASH treatment of a human patient
(lymphomaon skin)

• delivered total dose: 15 Gy

• 10 pulses(of 1 msduration) 
• treatment time:90 ms

• Dose per pulse: 1.5 Gy

Bourhiset al., Radiother. Oncol. (2019)
http://dx.doi.org/10.1016/j.radonc.2019.06.019

Day 0 3 weeks

5 months

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

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

Konradssonet al., Front. Oncol. 11 (2021) 658004
https://doi.org/10.3389/fonc.2021.658004

• Delivered total dose: 15 ς35 Gyin 
7-16 pulses

• Treatment time: < 75 ms

• Mean dose rates: > 400 Gy/s

• Dose per pulse: 2 Gy

treatment of leg

https://doi.org/10.3389/fonc.2021.658004


Ultra-high dose rate radiotherapy: dosimetricchallenges

Ionization chambers



Petersson et al., MedPhys44 (2017) 1157
https://doi.org/10.1002/mp.12111

conventional
(< 0.3 mGy)

FFF
(< 2 mGy)

IORT
(> 20 mGy)

FLASH
(> 0.6 Gy)
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There are

•no active dosimeters 
for real-time 
measurements

•no formalism (CoP) 
for reference 
dosimetry

•no primary standard

Ultra-high dose rate radiotherapy: dosimetricchallenges

Ionization chambers

https://doi.org/10.1002/mp.12111


EMPIR project UHDpulse

Duration: Sep/2019-Feb/2023

Funding: нΦм a ϵ

Coordinator: Andreas Schüller (PTB)

Topic: dosimetry for

- FLASH radiotherapy

- VHEE radiotherapy

- laser driven  beams

The European Metrology Programmefor 
Innovation and Research (EMPIR):

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

http://uhdpulse-empir.eu/

http://uhdpulse-empir.eu/


EMPIR project UHDpulse

Duration: Sep/2019-Feb/2023

Funding: нΦм a ϵ

Coordinator: Andreas Schüller (PTB)

Topic: dosimetry for

- FLASH radiotherapy

- VHEE radiotherapy

- laser driven  beams

http://uhdpulse-empir.eu/

Schüller et al., 
The European Joint Research Project UHDpulseΧ
PhysicaMedica 80 (2020) 134-150
https://doi.org/10.1016/j.ejmp.2020.09.020

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


Partners and Collaborators

Metrology Institutes

Detector 
developers

Irradiation facilities / providers

7 Metrology institutes
6 Hospitals
7 Universities
6 Research institutes 
10 Companies
+ Proton therapy network 

http://www.protonsinspire.eu/


WP1: Primary standards

• Definition of reference conditions

• Reference radiation fields

• Adapting primary standards (water 
calorimeter, Fricke dosimeter)

• Prototype graphite calorimeters

WP2: Secondary standards,
relative dosimetry

• Transfer from primary standards

• Characterizing established detector 
systems

• Formalism for reference dosimetry 
for future Code of Practice

WP3: Detectors for 
primary beam

• Novel and custom-built active 
dosimetricsystems

• Beam monitoring systems

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

WPs

WP5: Impact, WP6: Coordination



t¢.Ωǎ wŜǎŜŀǊŎƘ ŜƭŜŎǘǊƻƴ ŀŎŎŜƭŜǊŀǘƻǊ

E =0.5 ς50 MeV, tpulse= 0.1 ς3 us
up to 15 Gyper pulse (SSD 0.5 m, 20 MeV)

Beam line with water phantom

PTB ultra-high pulse dose rate reference electron beam

A. Bourgouinet al. ά/ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ǘƘŜ t¢. ǳƭǘǊŀ-ƘƛƎƘ Χέ
Phys. Med. Biol. 67 (2022) 085013
https://doi.org/10.1088/1361-6560/ac5de8

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


Current transformer (BergozICT): Non-destructive 
absolute beam pulse charge measurement 
(uncertainty < 0.1 % @70 nCper pulse) 

Alanine pellets at 
reference depth
in water phantom

PTB ultra-high pulse dose rate reference electron beam

Dose traceable to 
t¢.Ωǎ ǇǊƛƳŀǊȅ 
standard
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Charge per beam pulse in nC
Detector under test at reference depth 
in water phantom
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deviation 

Ҧ ŎƘŀǊƎŜ 
collection 
efficiency ks

-1

Charge per beam pulse [nC]

A Bourgouinet al., ά/ŀƭƻǊƛƳŜǘŜǊ ŦƻǊ wŜŀƭ-¢ƛƳŜ 5ƻǎƛƳŜǘǊȅ Χέ
Front. Phys. 8 (2020) 567340
https://doi.org/10.3389/fphy.2020.567340

PTB ultra-high pulse dose rate reference electron beam

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

J. Paz-Martín et al.
άbǳƳŜǊƛŎŀƭ ƳƻŘŜƭƭƛƴƎ ƻŦ ŀƛǊ-vented parallel plate ionization chambers for ultra-ƘƛƎƘ ŘƻǎŜ ǊŀǘŜ ŀǇǇƭƛŎŀǘƛƻƴǎέ
PhysicaMedica, submitted



J. Paz-Martín et al.
άbǳƳŜǊƛŎŀƭ ƳƻŘŜƭƭƛƴƎ ƻŦ ŀƛǊ-vented parallel plate ionization chambers for ultra-ƘƛƎƘ ŘƻǎŜ ǊŀǘŜ ŀǇǇƭƛŎŀǘƛƻƴǎέ
PhysicaMedica, submitted
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Calculation of charge collection efficiency



J. Paz-Martín et al.
άbǳƳŜǊƛŎŀƭ ƳƻŘŜƭƭƛƴƎ ƻŦ ŀƛǊ-vented parallel plate ionization chambers for ultra-ƘƛƎƘ ŘƻǎŜ ǊŀǘŜ ŀǇǇƭƛŎŀǘƛƻƴǎέ
PhysicaMedica, submitted

Calculation of charge collection efficiency



ion recombination correction factor 
for 5 Gyper pulse (300 V)

21.5

Roos,
Markus,
PPC40,
NACP

Advanced
MarkusPPC05

ultra-thin 
chamber
prototype
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Calculation of charge collection efficiency

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

Faustino Gomez

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


Prototype ionization chambers for FLASH RT dosimetry 

Ionization chamber 
prototype 
electrode distance: 
0.27 mm

Faustino Gomez et al., 
ά5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀƴ ǳƭǘǊŀ-ǘƘƛƴ ǇŀǊŀƭƭŜƭ ǇƭŀǘŜ ƛƻƴƛȊŀǘƛƻƴ ŎƘŀƳōŜǊ ŦƻǊ ŘƻǎƛƳŜǘǊȅ ƛƴ C[!{I ǊŀŘƛƻǘƘŜǊŀǇȅέ
Medical Physics (2022)
https://doi.org/10.1002/mp.15668

https://doi.org/10.1002/mp.15668


electrode distance

0.25 mm

0.5 mm

1 mm

R. Kranzeret al.
ά/ƘŀǊƎŜ ŎƻƭƭŜŎǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅΣ ǳƴŘŜǊƭȅƛƴƎ ǊŜŎƻƳōƛƴŀǘƛƻƴ ƳŜŎƘŀƴƛǎƳǎΣ ŀƴŘ ǘƘŜ ǊƻƭŜ ƻŦ ŜƭŜŎǘǊƻŘŜ ŘƛǎǘŀƴŎŜ Χέ 
PhysicaMedica, submitted

Prototype ionization chambers for FLASH RT dosimetry 



Prototype ionization chambers for FLASH RT dosimetry 

R. Kranzeret al.
ά/ƘŀǊƎŜ ŎƻƭƭŜŎǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅΣ ǳƴŘŜǊƭȅƛƴƎ ǊŜŎƻƳōƛƴŀǘƛƻƴ ƳŜŎƘŀƴƛǎƳǎΣ ŀƴŘ ǘƘŜ ǊƻƭŜ ƻŦ ŜƭŜŎǘǊƻŘŜ ŘƛǎǘŀƴŎŜ Χέ 
PhysicaMedica, submitted



Diamond detector prototypefor FLASH RT dosimetry 

R. Kranzeret al.
άwŜǎǇƻƴǎŜ ƻŦ ŘƛŀƳƻƴŘ ŘŜǘŜŎǘƻǊǎ ƛƴ ǳƭǘǊŀ-high dose-per-
ǇǳƭǎŜ ŜƭŜŎǘǊƻƴ ōŜŀƳǎ ŦƻǊ ŘƻǎƛƳŜǘǊȅ ŀǘ C[!{I ǊŀŘƛƻǘƘŜǊŀǇȅέ
Phys. Med. Biol.67 (2022) 075002
https://doi.org/10.1088/1361-6560/ac594e

https://doi.org/10.1088/1361-6560/ac594e


Diamond detector prototypefor FLASH RT dosimetry 



M. Marinelli et al. 
ά5ŜǎƛƎƴΣ ǊŜŀƭƛȊŀǘƛƻƴΣ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ŀ ƴƻǾŜƭ ŘƛŀƳƻƴŘ ŘŜǘŜŎǘƻǊ ǇǊƻǘƻǘȅǇŜ ŦƻǊ C[!{I ǊŀŘƛƻǘƘŜǊŀǇȅ ŘƻǎƛƳŜǘǊȅΦέ
Med. Phys. 49 (2022) 1902. 
https://doi.org/10.1002/mp.15473

Diamond detector prototypefor FLASH RT dosimetry 

Dose per pulse EBT-XD film [Gy]
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https://doi.org/10.1002/mp.15473


conventional ultra-high (4 Gyper pulse)

9 MeV, 100 mm 
applicator

Diamond detector prototypefor FLASH RT dosimetry 

G. Verona Rinati et al. 
ά! ŘƛŀƳƻƴŘ ŘŜǘŜŎǘƻǊ ǇǊƻǘƻǘȅǇŜ ŦƻǊ ŎƻƳƳƛǎǎƛƻƴƛƴƎ ƻŦ C[!{I ǊŀŘƛƻǘƘŜǊŀǇȅ ŜƭŜŎǘǊƻƴ ōŜŀƳǎέ
submitted to Medical Physics 



conventional ultra-high (11 and 4 Gyper pulse)

9 MeV, 100 mm and 
40mm applicator

G. Verona Rinati et al. 
ά! ŘƛŀƳƻƴŘ ŘŜǘŜŎǘƻǊ ǇǊƻǘƻǘȅǇŜ ŦƻǊ ŎƻƳƳƛǎǎƛƻƴƛƴƎ ƻŦ C[!{I ǊŀŘƛƻǘƘŜǊŀǇȅ ŜƭŜŎǘǊƻƴ ōŜŀƳǎέ
submitted to Medical Physics 

Diamond detector prototypefor FLASH RT dosimetry 



UHDpulse:

https://www.aapm.org/org/structure/default.asp?committee_code=TG359

Liaison

!!ta ¢D орф άC[!{I ǊŀŘƛŀǘƛƻƴ ŘƻǎƛƳŜǘǊȅέ

https://www.aapm.org/org/structure/default.asp?committee_code=TG359


> 700 Participants

UHDpulsestakeholder workshop

All abstracts are published in in Physica Medica 94 Supplement S1-S132
https://www.physicamedica.com/issue/S1120-1797(22)X0003-3

https://www.physicamedica.com/issue/S1120-1797(22)X0003-3


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.

• 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.

•microDiamonddetectors show saturation effects at 
different DPP levels.

• Prototype Diamond detectors show linear response in 
the ultra-high DPP range.

This project (18HLT04) has received funding 
from the EMPIR programmeco-financed by 
the Participating States and from the 
9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴ нлнл ǊŜǎŜŀǊŎƘ 
and innovation programme.

http://uhdpulse -empir.eu/

http://uhdpulse-empir.eu/


SAVE THE DATE

Abstract Submission is OPEN until 8 June 2022.
https://frpt -conference.org/

https://frpt-conference.org/

