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“I saw a flash brighter than a thousand suns”

▪ Researcher at the Institute for High Energy Physics in 

Protvino, Russia, working the U-70 synchrotron. 

▪ In July 1978, checking a malfunctioning piece of 

equipment when the safety mechanisms failed

▪ He stuck his head in the path of the 76 GeV pencil 

proton beam delivering a dose of approx. 2-3 kGy!! 

▪ The beam passed through the back of his head, 

temporal lobes of his brain, the left middle ear, and out 

through the left-hand side of his nose.

▪ suffered some radiation side effects, such as mental 

fatigue and loss of hearing in his left ear, but ultimately 

survived the incident and completed his PhD
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Modern external beam radiotherapy

▪ Dating back to 1950s – typically delivered with 

medical LINACs with dose rate of approx. 6 

Gy/min (before FFF implementation)

▪ Population based TCP and NTCP models have 

since been derived from extensive clinical 

outcomes data for patients treated with these 

machines

▪ From 2014 – new pre-clinical data came through: 

exposures to >40 Gy/s beam result in reduction of 

NTCP while maintaining TCP 
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Radiation sources used in FLASH RT

▪ To date, the FLASH effect has been most 

commonly demonstrated using low energy 

electron LINACs

▪ Retrofitted existing technologies (clinical 

LINACs)

▪ Synchrotoron source (X-rays)

▪ Clinical proton beams
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4.5 MeV e-LINAC
Oriatron eRT6
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Varian Clinac
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250 MeV protons
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Temporal beam structure
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Electron LINACs

Photons

Protons

It’s not clear what are the necessary delivery 

parameters to achieve the FLASH effect

▪ UHDR: >40Gy/s?

▪ total treatment time <500 ms?

▪ DPP?



The need for Quality Assurance (QA) in RT

▪ QA include all procedures that ensure consistency of the 

medical prescription, and safe fulfilment of RT-related 

prescription

▪ Examples of prescription

- The dose to the tumour (to the target volume)

- Minimal dose to normal tissue

- Adequate patient monitoring aimed at determining the 

optimum end result of the treatment

- Minimal exposure of personnel  
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The need for Quality Assurance (QA) in RT

▪ QA programs must be established, including: (i) measurement of physical parameters 

of the radiation generators, imaging devices and irradiation installations at the time of 

commissioning and periodically thereafter and (ii) verification of the appropriate 

physical and clinical factors used in patient diagnosis or treatment

▪ To provide the best treatment to the patient

▪ To provide measures to approach the following objectives:

- Reduction of uncertainties and errors (in dosimetry, treatment planning, 

equipment performance, treatment delivery etc.)

- Reduction of the likelihood of accidents and errors

- Provide reliable inter-comparison of results among different centres

- Full exploitation of improved technology and more complex treatments in 

modern RT
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Requirement on Accuracy in RT

▪ The ICRU Rep.24 (1976) states:

An uncertainty of 5% is tolerable in the delivery

of absorbed dose to the target volume

▪ This is interpreted to represent a confidence level of 1.5-2 times the SD

▪ Currently, the recommended accuracy of dose delivery is generally 5-7% (k=2)

Given the size of the error in the biological contribution, it is important that 

the physical errors are minimized
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The need for Quality Assurance (QA) in RT

▪ Complex treatments in modern RT → requires multidisciplinary speciality
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https://www.oncologysystems.com/ https://www.thelondonclinic.co.uk/ https://www.virginiaradiation.com/

https://www.itnonline.com/ https://www.gosh.nhs.uk/



Machines for UHDR exposures
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https://www.soiort.com/
https://www.varian.com/

https://www.iba-worldwide.com/

https://intraop.com/

https://www.mevion.com/

https://www.pmb-alcen.com

10.1016/j.radonc.2019.05.005 ©2019

https://silis.phys.strath.ac.uk/



Clinical translation of FLASH RT
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How to ensure we can 

target the tumour with 

the prescribed dose at 

UHDR ? 



Opportunities and challenges for FLASH RT

▪ Improved NTCP

▪ Enables full treatment (or 

fractions) in <s

▪ Increased patient throughput

▪ Better efficacy

▪ Freezing motion
- potentially minimize treatment margins 

(PTV) related to motion (if we have 

good motion management)

- Less normal tissue exposed to the 

treatment dose

▪ Clinical delivery systems

▪ Beam stability

▪ Dosimetry

▪ Real-time beam monitoring

▪ Radiation biology 

(underpinning FLASH effect) 

▪ Radiation protection (e.g. 

shielding)

▪ Dose distributions

▪ Freezing motion 14



Dosimetry for UHDR beams

Active (online) detectors

▪ Ionization chambers 

▪ Transmission chambers

▪ Diamond detectors

▪ Calorimeters

Passive dosimeters 

▪ Alanine

▪ Radiochromic films 

▪ TLDs

▪ Methyl viologen
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Considered dose 

rate independent 

up to 107 Gy/s

Exhibit high 

dependence as a 

function of DPP



FLASH 50 V

150 V

300 V
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Challenges of dosimetry of UHPDR beams

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

Advanced Markus IC

6 MeV electron beam (Oriatron eRT6)

CONV. 

Mean dose rate→ 0.05 Gy/s vs 40-1000 Gy/s 

Dose per pulse → 0.3 mGy vs 1-10 Gy

Dose in a pulse → 102 Gy/s  vs 106 Gy/s

Delivery time → few min   vs <1s

CONV. FLASH
1 Gy/pulse

no physical meaning

PTW Advanced Markus

(1 mm electrode separation)

FFF

<2mGy/pulse
IORT

<20mGy/pulse
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Challenges of dosimetry of UHPDR beams

MONITOR 

CHAMBER

CALORIMETER

IC

𝑘𝑠,𝑎𝑏𝑠 =
𝐷𝑤,𝑐𝑎𝑙

𝑀𝑘𝑝𝑜𝑙𝑘𝑇𝑃𝑘𝑄,𝑄0𝑁𝐷,𝑤,𝑄0

▪ ks up to 10 (V = 200 V) → collection eff. 10%

▪ ks up to 4 (V = 600 V) → collection eff. 25%

▪ ks,abs compared with ks,TVA (two-voltage method)

▪ Available analytical ion recombination models do not predict 
chamber behaviour for such a high DPP

• 200 MeV VHEE beam

• DPP: 0.03 – 5.3 Gy/pulse

• Graphite calorimeter 

employed as reference 

detector

PTW Roos

(2 mm electrode 

separation)

McManus et al., Sci. Rep. (2020) 



Possible solution for UHDR beams
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Simulated ion recombination 
correction factor ks for plane parallel 
ionization chambers at 300 V for 5 
Gy/pulse
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Prototype ionization chambers for ultra-high DPP 
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Possible solution for UHDR beams
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Performance of transmission chambers in 

UHDR beams
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10 MeV e-beam

dose rate ≈ 200 Gy/s

1 Gy/pulse @ 100 cm SSD

Konradsson et al., Rad. Res. (2020) 

• Increase applied voltage further

• Position transmission chamber further downstream

• Reduce electrode gap separation



Calorimetry in UHDR beams

212121

NPL primary standard graphite calorimeter

▪ developed to facilitate calibration in proton beams 

primarily for scanned (but also for scattered beam) 

delivery modes

▪ Graphite core 2 mm thick and 16 mm diameter 

▪ Surrounded by a graphite inner and outer jacket, and 

a graphite mantle, arranged in a nested construction

▪ New UK IPEM code of practice is being developed to 

deliver an uncertainty on reference dosimetry for 

protons of approx. 2% (k=2)  

→ against 4.6% (k=2) for proton beams currently 

suggested by IAEA TRS-398 and based on an 

ionization chamber calibrated in a 60Co beam → beam 

quality correction factor.

NPL’s  primary standard graphite calorimeter.
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Calorimetry in UHDR proton beam

Calorimetry measurements with NPL primary standard proton calorimeter at 

Cincinnati Proton Centre with UHDR proton beam:

▪ 250 MeV (Varian ProBeam® operating in research mode) 

▪ Dose rate ~65 Gy/s (“human” fields ) & 0.8-140 Gy/s (“animal” field)

▪ Absorbed dose measurements performed at 5 cm depth WET for a number of radiation 

fields:

▪ 5×6 cm2

▪ 5×8 cm2

▪ 5×10 cm2

▪ 5×12 cm2

▪ 6×5 cm2

▪ 12×5 cm2

▪ 2.5×2.5 cm2

“human” 

fields

“animal” 

field
A sample of fields used (captured on the EBT3 films) .

UNPUBLISHED DATA – DO NOT COPY OR DISTRIBUTE



Calorimetry in UHDR proton beam
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Provisional values of absorbed dose to water measured by the NPL proton 

calorimeter (MC correction factors are under evaluation).

Beam 

direction
Calorimetry run in 

250 MeV FLASH 

proton beam in 5×6 

cm2 field.

Experimental setup of graphite 

calorimeter in Cincinnati Proton 

Centre research gantry. UNPUBLISHED DATA – DO NOT COPY OR DISTRIBUTE



Measurement is ubiquitous, often unnoticed, 

but makes everything function 
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National Metrology Institute (NMI)

Metrology is the science of measurement. National Metrology Institute (NMI), provide 
the measurement capability giving confidence in measurement results and data 
traceable to SI units.
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Important role of NMIs to support translation of FLASH RT to clinics
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Conclusions

▪ FLASH RT requires several developments before safe implementation to clinics 

(including development of comprehensive QA procedures)

▪ There is no real-time dosimetry system for FLASH RT for electron beams

▪ Commercially available ionization chambers show large deviations at ultra-high 

dose per pulse (DPP) due to ion recombination.

▪ Prototypes of parallel plate ionization chambers with very small electrode gap 

separation are promising candidates for future secondary standard devices for 

UHDR beams

▪ Calorimetry-based detectors could become potential dosimetry devices in 

UHDR beams, but their operation need to be simplified to allow clinical 

implementation

▪ Initiatives such as EMPIR UHDpulse project and AAPM TG-359 will provide 

further dosimetry input and guidelines for FLASH RT community
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Thank you

Q&A: Russell Thomas 

or email anna.subiel@npl.co.uk
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