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Disclosures:

I won’t talk about X-ray measurements!

I will talk about high-precision particle measurements!

High Precision X-ray Measurements 2023



Decreasing toxicity maintaining tumor control: FLASH effect
§ FLASH radiotherapy: a promising cancer treatment modality under development à almost instantaneous 

delivery of a high radiation dose in a few radiation pulses of ultra-high dose rate (UHDR)

Conventional (5 Gy/min)FLASH (300 Gy/s)

normal appearance of skin necrotic lesions 

36 weeks post-RT
Vozenin et al., Clin 
Cancer Res 25 (2019) 35 

CONVENTIONAL RADIOTHERAPY

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

Irradiation Time: few minutes

FLASH RADIOTHERAPY

Dose: > 8 Gy (x 1 fraction?)
Dose Rate: > 40 Gy/s

Irradiation Time: <200 msPr
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NTCP = Normal Tissue Complications Probability
§ Biological mechanism producing the FLASH effect 

not yet fully understood



FLASH Radiotherapy: open questions
Several non-mutually exclusive hypothesis à role of oxygen depletion, immune response, …

Is the FLASH effect only dependent on the average dose-rate along the irradiation duration?
Which are the relevant physical parameters?

Total dose à D (>8 Gy)
T (<200ms) à Average dose rate à D/T (> 40 Gy/s)
Dose-per-pulse? à d (à relevant for ion chambers)
Dose rate (averaged) in the pulse? à d/t (< MGy/s)
Instantaneous dose rate? à �̇�

….basic questions (for medical physicists):

Are we able to accurately perform absorbed dose measurements for FLASH Radiotherapy
à all relevant parameters?
With the level of accuracy required for clinical translations?  à Which detectors?

Are we able to accurately real-time monitor the dose delivery at the irradiation point?
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Realization of FLASH radiation beams

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

Research LINACs

Modified clinical 
LINACs

Isochronous 
cyclotrons

Synchro cyclotrons

> 40 Gy/s

Synchrotrons
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> 40 Gy/s

F. Romano et al. Med. Phys. (2022)
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Realization of FLASH radiation beams



Clinical LINAC for Radiotherapy (modified)14.6% duty cycle

Research LINAC for pre-clinical studies

protons electrons

τ = 1-5 µs

5-1000 ms (f = 1-200 Hz)`

τ = 3 µs

4 ms (f = 250 Hz)`

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

�̇� < 500 Gy/s

�̇� < 10 kGy/s

�̇� < 100 kGy/s

�̇� < 5 MGy/s



FLASH Radiotherapy: dosimetric challenges
Di Martino et al., Front. Phys. (2020)

Tools and methods established in dosimetry for 
conventional RT are not suitable for FLASH-RT:
• Alternative active detectors to be developed
• New protocols for reference dosimetry

Uncertainties in dosimetry:
à under/over/not estimate different biological response between 
conventional irradiation and ultra-high dose rate irradiation 

à no proper assessment and investigation of the FLASH effect.

Ionization chamber collection efficiency

Ionization chambers: recommended by protocols 
for reference dosimetry for Radiotherapy

Other commercially available detectors



European initiatives



Italian initiatives



Possible dosimetric approaches for FLASH RT: passive detectors

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



Radiochromic films Alanine

Relative dosimetry Absolute dosimetry

Possible dosimetric approaches for FLASH RT: passive detectors



Possible dosimetric approaches for FLASH RT: ionization chambers



Which solutions for ion recombination at UHDRs?
§ Still using ionization chambers à ksat to be decreased 

and/or properly determined
Commercially available chambers corrected with new 
methods (F. Di Martino et al., EJMP 2022)
o New chamber design with ultra-thin gap thickness

(F. Gomez et al., Med. Phys. 2022)

F. Gomez et al. Med Phys. 2022

Possible dosimetric approaches for FLASH RT: ionization chambers

Increasing applied V



Which solutions for ion recombination at UHDRs?
§ Still using ionization chambers à ksat to be decreased 

and/or properly determined
Commercially available chambers corrected with new 
methods (F. Di Martino et al., EJMP 2022)
New chamber design with ultra-thin gap thickness (F. 
Gomez et al., Med. Phys. 2022)
o Decreasing the gas pressure and changing the mixture 

(F. Di Martino et al., EJMP 2022)

Possible dosimetric approaches for FLASH RT: ionization chambers



Possible dosimetric approaches for FLASH RT: calorimeters



𝐷! = 𝑐! Δ𝑇

Where 𝑐! stands for the specific heat capacity of the
material and Δ𝑇 for the temperature rise.

• Water calorimeters: bulky systems typically used as
a primary standard for metrology

• The temperature rise of water is very small:

Δ𝑇 𝑤𝑎𝑡𝑒𝑟 = 2.4 × 10"# K/Gy 

Charge liberated in the medium results in an energy cascade
- the liberated energy ends up as heat à measured as a 
temperature rise

§ Graphite calorimeters: higher temperature rise as 
respect to water (cm six times smaller) à portable!

Possible dosimetric approaches for FLASH RT: 
calorimetersà expertise of PSDLs
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Conventional Radiotherapy FLASH Radiotherapy

Possible dosimetric approaches for FLASH RT: calorimeters

McManus et al. Scientific Reports (2020)

H. Palmans et al. PMB (2009)
F. Romano et al. Journal of Physics (2020)

A. Bourgouin, Frontiers in Physics (2020)

A. Bourgouin, Med. Phys. (2022)

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

References

A. Subiel and F. Romano, Br. J. Radiol. (2023)



Secondary standard calorimeter

• Developed by NPL
• Simple usage and low cost
• 2 mm graphite core
• 1 single termistor connected to the Wheatstone 

bridge to measure the temperature increase
• IBA PPC05 ion chamber geometry (same

holders)
• Tested at CPFR in Pisa (SIT e_FLASH linac) INFN FRIDA

SINGLE PULSE TEMPERATURE RISE App 100-40, pulse length= 4 us



Possible dosimetric approaches for FLASH RT: calorimeters vs ion chambers

A. Subiel and F. Romano, Br. J. Radiol. (2023)



Possible dosimetric approaches for FLASH RT: scintillators



Scintillators

• Plastic scintillators:

ü Minimal to no saturation at high dose per pulse (DPP)
and dose rates

ü Water and tissue-equivalent

ü Allow sampling the pulse time structure

ü Fibers: compact, easy-to-use, cost-effective, real-time
detector prototypes for precise local dose
measurements

UNPUBLISHED DATA

INFN FRIDA

Plastic scintillator fiber
(d = 1 mm) UHDR e- beams



Possible dosimetric approaches for FLASH RT: semiconductors



Solid state detectors: semiconductors

M. Marinelli et al. Med. Phys. (2022)
G. Verona Rinati et al. Med. Phys. (2022)

• Linear response at UHDR
• Good stability (long-term response 

stability?)
• High spatial resolution (< 1 mm)
• Water equivalent
• Commercialized by PTW

Diamond detectors (FLASH diamond) Silicon detectors

• More mature technology
• Linear response at UHDR
• Good stability (long-term response 

stability?)
• High spatial resolution (< 500 um)
• Pixellated and strip geometries

University of Rome ”Tor 
Vergata”, Italy

University Turin and INFN, 
Turin Division, Italy

UHDR e- beams

FRIDA



Silicon carbide detectors for dosimetry
Silicon Diamond 

+
SiC

Radiation hardness
High signal to noise ratio
High time resolution (ns) and fast collection time
Large area devices

20um             2um 0.2um

Freestanding 
membranes

Standard with bulk 
devices

5x5 mm2 10x10 mm 2   2x2 mm 2

and monitoring



Generalities of Synchrotron Beam monitoring

• transparency (>98%)

• stability over time

• good lateral resolution (<um)

• fast response (<ms, <us)

• large active areas (mm2)

WHITEBEAM 
MONITORING

MONOCHROMATIC 
MONITORING

END-STATION 
MONITORING

Main requirements

PINKBEAM 
MONITORING

CLOSE-TO-SAMPLE 
MONITORING

SAMPLE



Standard "thin-membrane" solid state XBPM

X-ray beamX-ray beam
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no information on beam position large absorption for low energy X-rays



Standard "thin-membrane" XBPM
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Why choose Silicon Carbide XBPMs? 

• Lower device costs

• Larger active areas (up to x9 time higher)

• Higher current signals / higher resolutions*

• Superior transparencies (20µm, 2µm, 1µm, 0.2µm)

• easier installations:

- zero bias operation

• Large number of devices quickly available



Characterization with Electron FLASH Linac accelerator @ CPFR

Experimental setup
• 10x10, 5x5, 3 mm2 10 um thick SiC with 

and without the substrate placed at the 
build-up connected to a Keithley 
electrometer

• Alanine dosimeters at the build-up
• 30,40,100  Applicator and Open Field
• RC circuit connected to the detector

Keithley
6517A 

RC circutSiC

Voltage

Signal

R

C

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

• E = 9 MeV
• Single pulse duration: 0-5-4 us
• PRF:1-245 Hz
• Dose per pulse: from 0.1-20 Gy
• Average instantaneous dose rates in the 

single pulse up to 5 MGy/s

Depth dose distribution with SiC

Irradiation point



Independence with the instantaneous dose rate and dose per pulse

UNPUBLISHED DATA UNPUBLISHED DATA

5x5 mm2

1x
1 c

m
2

3 m
m

2

1x1 cm2- 5x5 mm2 Bias Voltage: 200 V 3 mm2 Bias Voltage: 0-80 V

F. Romano, G. Milluzzo* et al., First Characterization of Novel Silicon Carbide Detectors with Ultra-High Dose Rate Electron Beams for FLASH Radiotherapy. Appl. Sci. 2023, 13, 2986.
E. Medina et al.,  Radiation Hardness Study of Silicon Carbide Sensors under High-Temperature Proton Beam Irradiations. Micromachines 2023, 1, 0.
G. Milluzzo et al., in prep for Medical Physics

10 um
400 um

10 um thick free-standing membrane



Instantaneous dose rate measurements for FLASH?

Scintillators Silicon detectors

University 
Turin and 
INFN, Turin 
Division, Italy

INFN Catania Division 
and STLab

Silicon carbide (SiC)

Temporal resolution from 1 to tens of ns, 
allowing for ”intra-pulse” instantaneous dose 
rate measurements

UNPUBLISHED DATA

UNPUBLISHED DATA

UHDR e- beams

FRIDA



Measurements of the intra-pulse instantaneous dose rate with SiC

Oscilloscope

SiC

Voltage

Signal

Keithley 6517A 

50 
ohm

ACCT

SiC
EF

App 40
--- ACCT
--- SiC

Single pulse real time current
waveform

• Sensitivity to fast variation in the beam current and energy spectrum during the pulse
at the irradiation point 

• Provided with the dose calibration the SiC detectors measure real-time the intra-pulse
instantaneous dose-rate opening the possibility to monitor the single pulse delivery of 
the dose 

Instantaneous dose rate variation
at irradiation point

FRIDA



Real-time beam monitoring (@ SIT in Aprilia) 
- Fast signals  - High temporal resolution - Low beam perturbation 

For UHDR electron beams in transmission ion chambers cannot be used à new approaches!

ACCT

EF
App 40

ACCT (AC current transformer)

SiC
Ultra-thin SiC membranes

UNPUBLISHED DATA

(no position sensitive)



Summary and conclusions

§ Radiochromic films to asses 2D dose distributions and alanine dose rate independent but 
passive detectors

§ Ionization chambers still reference dosimeters for routine beam calibration 
measurements?

§ Small portable calorimeters as an alternative reference instrument? 
§ Alternative dosimetric approaches with scintillators, silicon, diamond and SiC detectors
§ Real-time beam monitoring additional challenges
§ 2D configurations for both real-time beam monitoring and dosimetry to be developed in 

the perspective of a clinical translation of FLASH radiotherapy



Thank you for your attention
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