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Metrology covers three main tasks:

1. The definition of internationally accepted units of measurement

2. The realization of units of measurement by scientific methods

3. The establishment of traceability chains

property of a measurement result whereby the result can be related to a reference through a 

documented unbroken chain of calibrations, each contributing to the measurement uncertainty
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Traceability chain in Radiotherapy

▪ MV photon dosimertry under reference conditions
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Why do we need metrology in FLASH RT?

▪ To compare different measurements carried out in space and time



Timeline of FLASH RT…
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Fricke dosimetry in UHDR pulsed e-beams

8

▪ At ~> 1Gy/pulse (of 3us) radical-

radical reactions start to reduce the 

value of radiation yield G. 

Fricke dosimetry not a  primary 

standard for UHDR e-beam 

NOTE: ICRU Rep.34 Fricke solution without NaCl Courtesy of F. Frei and P. Peier
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Timeline of FLASH RT…

1960s 2014 20202019

1st

observations
pre-clinical

study (mouse 

model) 

1st eFLASH

patient
1st pFLASH

Clinical trial
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study (mini-pig 

model)

2018
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TRACEABILITY IN DOSIMETRY of UHDR beams



Role of National Metrology Institutes

▪ FLASH community had no support from NMIs with provision of traceability for 

the UHDR beams

▪ No standards available

▪ Developing science and technology that defines the NEED for developments in 

metrology for UHDR exposures 

The support needs to come form NMIs

to provide traceable dissemination of 𝐷𝑤 to clinics



Requirement for accuracy in dosimetry

▪ The ICRU Rep.24 (1976) states:

An uncertainty of 5% (k=1) is tolerable in the delivery

of absorbed dose to the target volume

This is an OVERALL UNCERTAINTY 

(incl. dose delivery, dose calculations, patient positioning etc.)

Dose measurement at the reference conditions

should to be less than 1% (k=1)! 



Dosimeters for UHDR



Ionization chambers



Initial Recombination

• Recombination along a single charged particle track.

• Independent of dose and dose-rate.

• More pronounced in highly ionising particles such as alpha-particles.
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Ionization chamber – principle of operation

General Recombination

• Recombination between separate charged particle tracks.

• Directly dependent on charge density i.e the number of ions produced per unit volume.

• Dose-rate dependent.

General recombination is likely to play a much larger role in recombination effect in UHDR pulsed beams



Dose-per-pulse [Gy]
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IC: Metrological challenges of dosimetry at UHDR

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

Typical behaviour of an IC at UHDR dose rates for pulsed electron beams

PTW Advanced Markus

(1 mm electrode separation)

6 MeV e-beam



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 cannot 
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) 

IC: Metrological challenges of dosimetry at UHDR



Ionization chambers – possible solutions



Possible solution for UHDR beams

Simulated ion recombination 
correction factor ks for plane parallel 
ionization chambers at 300 V for 5 
Gy/pulse

USC’s
ultra-thin 
chamber
prototype

Courtesy of Faustino Gomez

USC’s prototype ionization chambers for ultra-high DPP 

distance between electrodes [mm]
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Fig. Ionization chamber 

prototype (0.27 mm)

Schüller et al., Phys.Med. 80 (2020)



250 V 

Possible solution for UHDR beams

PTW’s prototype ionization chambers for ultra-high DPP 

Fig. PTW IC prototype (0.25 mm)

Kranzer et.al. Phys.Med. 104, 10-17



Diamond detectors



Possible solution for UHDR beams

PTW’s microDiamond for ultra-high DPP 

Fig. microDiamond

Kranzer et al., PMB 67 (2022)

• Commercially available microDiamond detectors show saturation effects at different DPP levels.

• The linear range can be extended to the ultra-high DPP range by reduction of sensitivity and resistance.



Calorimeters 



D=c·ΔT

ADVANTAGES
• independent of dose-rate
• linear with dose in UHDR range 
• independent of pulse structure
• real-time readout

Calorimeters used as prim. standards in high energy beams

Vm

Vout

R4

R3

R2

Rth+wire

0.0E-07

5.0E-07

1.0E-06

1.5E-06

2.0E-06

2.5E-06

3.0E-06

-200 -100 0 100 200

Time (s)

V
o

u
t
(V

)

ΔT

thermistor

calorimeter phantom

isolation

bridge circuit

bridge output signal



Calorimetry in UHDR beams

NPL primary standard graphite calorimeter

▪ the control and analysis software was reconfigured to 

enable it to be used with UHDR particle beams

▪ Operated in quasi-adiabatic mode, thermistors detect 

changes in temperature of the graphite created by 

energy absorbed from the radiation beam allowing 

derivation of absorbed dose

NPL’s  primary standard graphite calorimeter.



Calorimetry in UHDR beams

NPL primary standard graphite calorimeter

▪ 250 MeV (Varian ProBeam® operating in research 

mode) at ~65 Gy/s 

▪ The core of the calorimeter was positioned at the 

isocentre with graphite plates placed in front to 

position the core at a WET of 5 gcm-2

Field size, cm 5 x 6 5 x 8 5 x 10 5 x 12 6 x 5 12 x 5

Mean Dose, Gy 7.654 7.690 7.726 7.736 7.666 7.741

SDOM, % 0.04% 0.04% 0.04% 0.04% 0.04% 0.03%

Type B Uncertainty, % 1.50 1.50 1.50 1.50 1.50 1.50

Overall Expanded uncertainty, k=1, % 1.50 1.50 1.50 1.50 1.50 1.50

Proton calorimeter - provisional dose to water Beam 

direction

Lourenço et al. Sci.Rep. under review



→ First ever calorimetry measurements in UHDR proton beam

▪ Established the correction factors required for absolute dosimetry of FLASH

proton beam radiotherapy (Lourenço et al., 2022 (under review))

▪ Measurement uncertainty of 0.9% (k=1) – in line with clinical requirement

▪ Underpinned the FDA approval and provided the hospital with

confidence to commence clinical implementation of this novel

technology

Calorimetry in UHDR proton beams

NPL and Cincinnati Teams



Simple Design Calorimeters as secondary standards 

for FLASH RT 



Secondary standard calorimeter: 

basic design & measurement system

▪ Shaped like a Roos or PPC05 IC

▪ Solid graphite or aluminium core 16 mm Ø, 2 mm 

thick, supported on 3 plinths, surrounded by air gap

▪ Single thermistor embedded in core, 10 kΩ at 25 °C

▪ 3D-printed body, in two halves

▪ Can be lacquered to be waterproof

▪ Simple DC Wheatstone bridge

▪ Sensing thermistor in one arm

▪ Resistors 10 kΩ ± 0.01 %, ± 2 ppm/°C

▪ 10 V supply voltage

Bass et al., Br J Radiol (2022) 10.1259/bjr.20220638.Courtesy of R. Thomas



Secondary standard calorimeter:

built examples

Courtesy of R. Thomas



Secondary standard calorimeter:

UHDR beam response

▪ test in research 28 MeV proton beam

▪ ~100 Gy beam delivery in < 0.5s

▪ Much higher SNR compared to conv. delivery

▪ Extrapolation of pre- and post-irradiation 

drifts over much shorter duration → resulting 

in lower uncertainty

▪ Investigations planned in 

• UHDR high energy proton beam

• UHDR electron beam  

• and more..

Courtesy of R. Thomas



How to ensure traceability in FLSH RT?

1. Disseminate the 𝐷𝑤 in the UHDR beam with a primary 

standard

2. Use adequate detectors as a s/s and calibrate them 

against primary standard under the reference 

conditions

▪ The reference conditions need to be specified (TBC) →

these will depend on the UHDR radiation device
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Summary

▪ Metrology is essential for safe and efficient clinical translation of FLASH RT

This requires:

- Definition of reference beam conditions

- Dissemination of 𝐷𝑤through a primary standard

- Establishment for adequate secondary standard devices (thin gap IC, fDiamond

or ssCal)

▪ To enable provision of traceability chains in FLASH RT

NOTE: if we move away from IC dosimetry → the dosimetry CoP need to be 

adjusted for FLASH RT
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