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Outline

• Role of physical parameters for dosimetry of UHDR beams

• Different pulse structures and accelerators for FLASH Radiotherapy

• Limits of ionization chambers for UHDR reference dosimetry

• Adapting ion chambers and new methods to overcome limitations

• Novel approaches

• Final considerations



Involved physical parameters for FLASH radiotherapy
Physical beam parameters for conv radiotherapy:
• Particle type [e-, p, ions, X-ray, …]
• Energy [MeV]
• Fluence [p/cm2]
• Dose [Gy]

• Time [s]                    FLASH (UHDR)

F. Di Martino et al. EJMP (2022)
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Requirements for ideal (active) dosimeters at UHDR:
• Linear signal-dose relationship, tissue equivalence, dose 

accuracy, spatial resolution, use convenience, …
• Accurately measure the Dp

o independent on DR
o corrections to be implemented

• Accurately measure the IDR
• Characterize the pulse temporal structure (high temp. res.)

à a combination of technologies...
• Passive dosimeters (alanine, RCF, Fricke):

- Lot of work done at the beginning
- Still used to characterize novel detectors
- reliable, but not suitable for clinical routine

Dp

IDR



Physical parameters to look at?
CONVENTIONAL RADIOTHERAPY

Dose: ~2 Gy/fract. (x 30 fractions)
Dose Rate: ~ Gy/min

Irradiation Time: few minutes

FLASH RADIOTHERAPY

Dose: > 10 Gy (x 1 fraction?)
Dose Rate: > 40 Gy/s

Irradiation Time: < 200 ms

f.romano@umcg.nl
time [s]

Dp [Gy]

FLASH RADIOTHERAPY
Dose = 10 Gy

Dose Rate = 40 Gy/s
Irradiation Time = 200 ms
n. of pulses= 107 pulses

Dp = 1 µGy

FLASH RADIOTHERAPY
Dose = 10 Gy

Dose Rate = 40 Gy/s
Irradiation Time = 200 ms

n. of pulses= 4 pulses
Dp = 2.5 Gy

Average DRFLASH = 103 x Average DRCONV

IDR = 106 higher!

200 ms

200 ms



Does only the average dose rate and total irradiation time matter? 

Courtesy of M.C. Vozenin (BelFLASH Symposium, Belgium, June 2024)

https://www.biorxiv.org/content/10.1101/2024.04.19.590158v1.full

Different temporal beam stru
ctures lead to  different treatment outcomes 

even with the same Dose and Average Dose Rate 



Isochronous 
cyclotrons

Synchrotrons
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Research / modified 
clinical LINACs

e-

F. Romano et al. Med. Phys. (2022)

Synchro cyclotrons

Realization of UHDR beams    …and related accelerators



Challenges of dosimetry for electron UHDR beams
First studies on ion recombination for commercially available chambers à determining ion collection efficiency 

Petersson et al., Med Phys 44 (2017) 1157Conventional FLASH

ks = 1/(ion coll. eff. )

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

Kranzer et al., Medical Physics, 48 (2), February 2021

A. Bourgouin Phys. Med. Biol. 68 (2023) 235002



UHDR proton beams (isochronous cyclotrons)

�̇� < 2 kGy/s

IBA, Varian, Hitachi

Average dose rate 4 Gy/s - 385 Gy/s
Instantaneous dose rates: 
up to 1000 Gy/s
Chambers: 
Razor Nano-chamber CC01,
PTW Advanced Markus, PPC05 

Average dose rate 5-60 Gy/s 
Chambers: 
PTW Advanced Markus
IBA PPC05

Average DR 100-400 Gy/s

PPC05
Ksat:1.002
Adv Markus
Ksat: 1.001-1.006

385 Gy/s

IBA PPC05



UHDR proton beams (synchrocyclotrons)

230 MeV passive proton beam
Average dose rate: 100-200 Gy/s, 
Instantaneous: dose rate 1.66 104 Gy/s
Pulse duration: 2-20 us

IBA, Mevion

Two voltages method
Quadratic fitting method

Average DR < 200 Gy/s

Chambers: PPC05, Markus 
Ksat: 1.003–1.1

IBA PPC05



UHDR electron beams (LINAC)

M. C. Vozenin et al. Rev. Mod. Phys. (2024)

Research LINACsModified clinical 
LINACs

Average DR < 200-700 Gy/s

Average DR < 2 kGy/s

Dose per pulse

A. Bourgouin Phys. Med. Biol. 68 (2023) 235002



… and then?

What’s the current status of instrumentation for UHDRs?

Using commercially available ion chambers? New technologies

Adapt them for UHDRs: corrections for ksat!

Which limitations for this?

New prototypes of 
ionization chambers

Active solid state 
detectors

Small portable 
calorimeters

PTW A. Markus IBA PPC05

ALLS IC Ultra-thin IC

fDiamond

PTW fD

scintillators, silicon and SiC diodes 

SiC scintillator siliconcalorimeter

Dp [Gy]0.5-2 Gy/p 5-10 Gy/p > 10 Gy/p



… and then?

What’s the current status of instrumentation for UHDRs?

Using commercially available ion chambers?

PTW A. Markus IBA PPC05

ALLS IC Ultra-thin IC

PTW fD SiC scintillator siliconcalorimeter

Dp [Gy]0.5-2 Gy/p

Investigating new methods to correct for the ksat for 
commercially available chambers (up to specific Dp)

Analytical methods Phenomenological methods

Ionometric (self-consistent)
or
non-ionometric (external reference) methods 



dose per pulse
Up to 2 Gy/p

Ionization chambers: determine the ion rec corr (ksat) for commercial chambers

Analytical ionometric method

F. Di Martino et al., Physica Medica 103 (2022) 175–180

The perturbation of the electric field due to the produced 
charge is not negligible

L. Masturzo et al., Med. Phys., under review

up to 0.5 Gy/p

PTW Advanced Markus

Intermediate Range UHDR
The recombination can be determined 

analytically

Phenomenological ionometric method



… and then?

What’s the current status of instrumentation for UHDRs?

New technologies

PTW A. Markus IBA PPC05

ALLS IC Ultra-thin IC

PTW fD SiC scintillator siliconcalorimeter

Dp [Gy]5-10 Gy/p

Exploring new approaches and designing 
new chambers for mitigating the ion 

recombination correction

Collect as ”fast” as possible produced charges Try to reduce the produced charges

Reducing the gap
or

the gas pressure
between the chamber 

electrodes 



Challenges of dosimetry for electron UHDR beams
New approaches and chamber designs for decreasing ion recombination on new prototypes

F. Gomez et al., Med. Phys. 2022
R Kranzer et al., Physica Medica 104 (2022) 10–17 

Ultra-thin ionization chambers Noble gas filled ion chamber: 
the ALL chamber

F. Di Martino et al., EJMP 2022

Fill the cavity with a noble gas to prevent the capture of electrons
and then the production of negative ions which are responsible of 

the ion recombination (and decreasing gas preassure)

1nd prototype 2nd prototype

ü 2nd prototype filled with N2 gas at 1 bar, 500 mbar, 100 mbar
ü First tests with 9 MeV UHDR at CPFR show linearity up to 

5 Gy/pulse at 100 mbar pressure 

USC (University of Santiago De Compostela) INFN Pisa Division, CPFR and USC



… and then?

What’s the current status of instrumentation for UHDRs?

New technologies

Small portable 
calorimeters

PTW A. Markus IBA PPC05

ALLS IC Ultra-thin IC

PTW fD SiC scintillator siliconcalorimeter

Dp [Gy]> 10 Gy/p
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F. Romano et al., Journ. of Phys. (2020)
S. Mc Callum et al., App. Science (2023)

Bourgoin et al., Med Phys. 
2022;49:6635–6645Bourgouin et al., Front. In Phys., 2020

Aluminium

G. Bass et al., Br. J. Radiol.  (2023)

Courtesy of H. Palmans



Test of the calorimeter with UHDR electron beams @ CPFR in Pisa
• Tested at CPFR with the SIT ElectronFLASH LINAC
• E = 9 MeV; single pulse duration: 4 us

• Dose per pulse: from 0.1-6 Gy
• IDR up 2 MGy/s
• Repetition frequency:1-245 Hz

G. Bass et al., Br. J. Radiol.  (2023)

Dw=10 GyDw= 10 Gy

CONV Extrapolation 
post irradiation

Extrapolation 
pre 
irradiation

DT
Mid point

DT

UHDR Linearity response (vs alanine dosimeters)

Tested also with UHDR proton beams

• Developed by NPL
• Simple usage and low cost
• 2 mm graphite core
• 1 single termistor connected to the Wheatstone bridge
• IBA PPC05 ion chamber geometry (same holders)



… and then?

What’s the current status of instrumentation for UHDRs?

New technologies

Novel solid state 
detectors

PTW A. Markus IBA PPC05

ALLS IC Ultra-thin IC

fDiamond

PTW fD

scintillators, silicon and SiC diodes 

SiC scintillator siliconcalorimeter

Dp [Gy]> 10 Gy/p

• Reference and small field dosimetry

• Relative dosimetry

• Pulse structure measurements (IDR)



fDiamond for reference dosimetry and IDR measurements

A. Subiel et al., Phys. Med. Biol. 69  (2024)

• Linear response at UHDRs
• pulse structure measurements
• High spatial resolution (<< 1 mm)

PTW FLASH diamond

University of Rome ”Tor 
Vergata”, Italy

Instantaneous dose rate



INFN Catania Division 
and STLab

Response of other active solid-state detectors a UHDRs 

F. Romano et al. Appl. Phys. (2023)
G. Milluzzo et al. (2024)
C. Okpuwe et al 2025 Rad. Res. (2025)

E. Medina et al., Frontiers in Physics (2022) M. Morrocchi et al. JINST (2022)
E. Ciarrocchi et al., Physica Medica (2024)

Scintillators/scintillator fibersSiC detectors Silicon detectors

University of Turin and 
INFN Turin Division, Italy

University of Pisa and INFN  
Pisa Division, Italy

• Linear response at UHDR
• High spatial resolution (< 1 mm) à small fields

• Good stability (long-term response stability?)

• Water equivalence
• Possibility for 2D configurations

• Encapsulation to be used in reference conditions



ACCT

EF
App 40

ACCT (AC current transformer)
SiC

Beam pulse structure / IDR measurements:

F. Romano et al. Appl. Phys. (2023)
G. Milluzzo et al. (2024)
C. Okpuwe et al 2025 Rad. Res. (2025)

SiC/Silicon/Scintillators

E. Medina et al., Frontiers in Physics (2022) M. Morrocchi et al. JINST (2022)
E. Ciarrocchi et al., Physica Medica (2024)

Scintillators/scintillator fibersSiC detectors Silicon detectors



QA devices to support clinical trials (and address radiation protection issues?)
Joseph J Bateman et al 2024 Phys. Med. Biol. 69 085006

10 nC
• 28 fused silica optical fibres
• 0.4mm in diameter
• 30 cm length

Multi scintillating fibers

22

SiC 1D geometrical 
configurations for real time dose 
profile measurements (DREAM)

SiC 2D geometrical 
configurations for real time dose 

map measurements (DALI’)



§ Huge effort in the last years on characterizing technologies for dosimetry and develop new approaches
§ The final goal is probably less challenging than it was thought at the beginning (20-30 Gy/p vs few Gy/p)
§ Now clinical trials push physicists to address new challenges: 

• Compare performances of dosimeters with dedicated experiments at the same conditions
• Small field dosimetry, pulse structure characterization, radiation protection …most suitable technology
• Understanding which developed dosimeters are “useful” for medical physicist and for which cases 

§ Dosimetry:
• Less critical for proton beams: small corrections for isochronous cyclotrons, larger with synchrocyclotrons
• More effort required for electron beams (Linacs): 

- commercial ion chambers reliably used with correction methods up to 2 Gy/p: to be also used for Linac output 
periodic checks (new chamber prototypes under development for higher Dpp)

- calorimeters for higher Dpp or stability check for novel detectors (semiconductors) and commissioning
- Solid state detectors for relative dosimetry, small field dosimetry, temporal reconstruction (IDR)
- 2D systems (scintillators, semiconductors,…) for: i) QA; ii) addressing radiation protection issues;

iii) (in a future perspective) dosimetric check of treatment plans
§ Protocols and current initiatives : AAPM task group 359, ESTRO FLASH FOCUS Group, AIFM (for low E e-)

Final considerations
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