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INTRODUCTION
In the last three decades, survival of radiotherapy (RT) 
patients has greatly improved due to technological 
advances in delivery of radiation to tumor volumes, such as 
stereotactic radiosurgery, intensity-modulated RT and the 
introduction of proton beam radiotherapy.1–3 However, in 
spite of improvements in delivery of conformal RT, a signif-
icant number of patients still experience severe toxicity 
from radiation treatment, particularly when the treatment 
volume overlaps with organs at risk.4–7

It has been demonstrated that ultra-high dose rate (UHDR) 
irradiation, known as FLASH RT lead to remarkable 
reduction of normal tissue toxicity while maintaining 
tumor control with respect to conventional dose-rate 
RT.8–13 These show that FLASH RT could lead to signifi-
cant improvement of radiation therapy efficacy by increase 
of the therapeutic window. Even though the literature on 
demonstration of the FLASH effect is growing very rapidly, 
the published studies may lead to flawed interpretation of 
data due to lack of established dosimetry methods for this 
new radiotherapy modality. Dosimetry at UHDR is compli-
cated and it is essential to understand the effects that impact 

detector response in this radiotherapy modality. Without a 
clear understanding of the fundamental dosimetry issues, 
there is potential for significant dosimetric errors. Accu-
rate dosimetry is crucial for the safe implementation of 
any radiotherapy technique and ensures best practice and 
consistency of treatments across different radiotherapy 
centers.

There are limited data on the functionality of existing stan-
dard dosimeters when they are used to measure beams 
delivered in the UHDR mode. As a result, this paper focuses 
on review of primary and secondary standard methods, 
focusing solely on online devices, and discusses the need 
for further developments.

CALORIMETRY
Calorimetry is the best approach for establishing absorbed 
dose standards. The absorbed radiation energy appears as 
heat, hence the basic principle of calorimetric measurement 
is based on measurement of a temperature rise. A calorim-
eter has capability to realize the absorbed dose to a medium 
Dmed, defined as the quotient of the energy absorbed, E, and 
matter with mass, mmed, in which the energy is absorbed 
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ABSTRACT

Ultra-high dose-rate (UHDR) irradiations, known as FLASH radiotherapy (RT), rely on delivery of therapeutic doses at 
instantaneous dose-rates several orders of magnitude higher than those currently used in conventional radiotherapy. 
It has been shown that such an extremely short delivery of radiation leads to remarkable reduction of normal tissue 
toxicity with respect to conventional dose-rate RT. However, dosimetry at UHDRs is complicated and it is essential to 
understand the effects that will influence detector response. To date, FLASH RT research has been focused on finding 
pragmatic solutions that allow the use of UHDR beams in the research setting, but there has been limited focus on 
absolute dosimetry utilizing primary and secondary standard devices. However, very recently, the data on existing 
standard dosimeters and novel solutions which could serve as secondary standard devices in UHDR dosimetry started 
emerging. This review provides an overview of the studies that have been conducted employing calorimeters and inno-
vative solutions utilizing ionization chambers.
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Dmed = ΔE/Δm.14 For establishing the absorbed dose to water, a 
water calorimeter is ideally employed. However, most calorime-
ters developed for the purposes of radiation dosimetry have been 
constructed from graphite due to several challenges associated 
with working with a liquid system. Graphite is the material of 
choice as it possesses similar radiation absorption characteris-
tics to water but with approximately six times lower specific heat 
capacity than water. This puts less stringent requirements on the 
sensitivity of the temperature probe in graphite calorimeters as 
for the same dose, the temperature rise in graphite will be sixfold 
the temperature rise in water.

In absorbed dose calorimeters, dose to the sensitive volume is 
determined from measured temperature rise and the specific 
heat capacity of the medium, cp,med.15 The relation below 
summarizes determination of absorbed dose to water with 
calorimetry:

	﻿‍
Dw = ∆T · cp,med · fDmed→Dw ·

∏
k
ki

‍� (1)

where, ΔT is the temperature rise due to the absorbed radia-
tion, cp,med is the specific heat capacity of the absorbing mate-
rial, ‍f

Dmed→Dw‍ is the dose conversion factor between the dose 
absorbed in a material and water (for water calorimeters is 
equal to unity) and correction factors, ki, account for non-ideal 
measurement conditions. For water calorimeter, the equation for 
absorbed dose to water is given by:

	﻿‍ Dw = ∆T · cp,med · kht · kp · kdd · khd · kρ‍� (2)

where kht is a general correction factor for heat transfer due to 
conduction and convection, kp is the radiation field perturbation 
factor due to the presence of non-water materials in the beam 
and kdd corrects for a non-uniform dose profile at the point of 
measurement. khd is a heat defect correction factor that takes into 
account any radiochemical interactions, which would break the 
proportionality between the energy absorbed and the tempera-
ture rise and kρ accounts for the difference in density between the 
calorimeter operating temperature and the temperature at which 
another detector is calibrated.16,17

Graphite calorimeters realize absorbed dose to graphite, at a 
specified point. The effects of heat transport in graphite calorim-
eters are minimized by separating the core, from the surrounding 
jacket (or jackets), by vacuum gaps. When neglecting heat defect, 
the equation for energy balance in graphite calorimeters is 
defined by:

	﻿‍ ∆Etot,thermal = Erad +∆Eelec +∆Etransfer = mcorecp,g∆Tcore‍
� (3)

Where ‍Erad‍ , ‍∆Eelec‍ and ‍∆Etransfer‍ are energy absorbed from 
radiation (appearing as heat), electrical heating and heat transfer 
from the environment, respectively.

In graphite calorimeters, the energy imparted to the core by radi-
ation divided by the mass of the core gives the expression for the 
mean absorbed dose in the graphite core, ‍Dg,core‍ :

	﻿‍ Dg,core = Erad
mcore = cp,g∆Tcore − ∆Eelec

mcore −
∆Etransfer
mcore ‍� (4)

Functionally, the graphite calorimeters may be operated either 
adiabatically,18 quasi-adiabatically,19 or quasi-isothermally.20,21 
In the full-adiabatic mode, the temperature in all components 
is allowed to drift, so any energy deposited in the calorimeter by 
the radiation gives rise to temperature increase of the compo-
nents. In this mode, there is no electrical heating involved.

In the quasi-adiabatic mode, the temperature of the outer jacket 
is fixed, but the core and inner jacket are allowed to drift. This 
mode is particularly useful in situations when the changes in 
the room temperature are much larger than those induced 
during irradiation. Operating a calorimeter in the quasi-
adiabatic mode provides an environment with greater stability 
for the inner components. The core temperature in adiabatic 
and quasi-adiabatic modes is measured over time in the absence 
of electrical heating, i.e. ‍∆Eelec = 0‍, hence eq. (4) becomes 

‍Dg = cp,g∆Tcore −
∆Etransfer
mcore ‍ where the last factor is a correction.

In contrast to the adiabatic mode, in the quasi-isothermal oper-
ation all calorimeter bodies are kept at constant equilibrium 
temperature throughout the measurement. In this mode of oper-
ation, the electrical power necessary to maintain an isothermal 
state is used to determine the rate of energy imparted by the 
ionizing radiation.20,22–25 The measurement is done by substitu-
tion, with radiation heating power replaced by electrical heating 
power in a null measurement. The energy from electrical heating 
of the core is obtained by integrating the core electrical power 
with respect to time. Subsequently, the equation (4) takes the 
following form

	﻿‍
Dg = −∆Eelec

mcore +
(
cp,g∆Tcore −

∆Etransfer
mcore

)

‍�

where the expression in the bracket is a correction.

Once fully characterized, calorimeters are ideal devices for 
determination of absorbed dose in FLASH radiotherapy. They 
do not require recalibration or post-irradiation processing and 
can provide immediate information about temperature rise. 
Moreover, as shown in Equation 1, there is no parameter directly 
dependent on the dose rate or dose-per-pulse (DPP) and, there-
fore, a calorimeter will respond linearly with dose over a wide 
range of dose rate and DPP values. The kht could introduce dose 
rate dependence if the heat loss constant was of the same order as 
the exposure time. However, for the UHDR irradiations this is not 
possible as the exposure time (well below 1 s) is at least two orders 
of magnitude shorter than the thermal time constant for modern 
calorimeters.16,26 For the graphite calorimeters, the isothermal 
mode cannot be used for absorbed dose measurement in UHDR 
beams due to very short exposure times. Also, the sampling rate 
in the isothermal mode is a limitation, as the software is not able 
to control thermal equilibrium of the calorimeter’s component 
in such a short delivery time as those in FLASH RT. However, 
operation in the full or quasi-adiabatic mode is easy to realize. At 
ultra-high DPP, where radiation dose is delivered in a short time, 
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the thermal isolation of calorimeters is not such a constraint, 
and a simpler design can be employed. In the water calorimeters, 
the heat defect, ‍khd‍ , which corrects for the radiation-induced 
chemical changes in the water, could have a potential implication 
when operating these devices in the UHDR regime. However, 
in primary standard water calorimeters, the vessel is filled with 
high-purity water saturated with hydrogen. In the reactions that 
take place, hydrogen acts as a scavenger for reactive species with 
a zero enthalpy balance. This effect is not expected to change 
when the delivery of dose is completed in a very short time. 
Therefore, the change in ‍khd‍ between conventional and UHDR 
exposures is expected to be negligible. The aspect of implemen-
tation of calorimeters to dosimetry in FLASH RT is one of the 
areas of development within the EMPIR’s UHDpulse project,27 
where some of the participating institutes explore applicability of 
existing calorimeters for UHDR dosimetry.

Calorimeters have been previously used for high dose rate 
measurements for the dosimetry of radiation processing beams.28 
However, implementation of calorimeters for measurements of 
therapeutic doses has been published very recently (Table 1).

The only work that has been carried out so far with the utiliza-
tion of the primary standard calorimeter has been published by 
Lourenco et al.29 The authors presented absorbed dose measure-
ments at the Cincinnati Children’s Hospital Medical Center for 
UHDR proton beam with an averaged dose rate of ~63 Gy·s−1. 
The system used was a ProBeam cyclotron producing 250 MeV 
proton bunches with 0.2 ns pulse duration at 72.8 MHz RF 
repetition rate corresponding to 0.2 ns micro-pulses separated 
by 13.7 ns intervals.30,33 The absorbed dose measurements have 
been performed with a primary standard proton calorimeter 
(PSPC) developed at the National Physical Laboratory (NPL), 

the UK’s National Measurement Institute. This device consists of 
disc-shaped graphite components that are arranged in a nested 
configuration with the core dimensions equivalent to the PTW 
Roos chamber sensitive air volume36 (i.e. 2 mm thickness and 16 
mm diameter). The volume within the mantle was maintained 
under vacuum to minimize the heat-transfer between compo-
nents and the environment. For this investigation, the calorim-
eter was operated in the quasi-adiabatic mode, where the outer 
jacket of the calorimeter was kept constant at a temperature 
few degrees higher than the room temperature. This mode of 
operation provided a more stable environment to the core as it 
suppressed any temperature changes in the treatment room. The 
average absorbed dose to the graphite core was determined by 
multiplying the measured increase in temperature by the specific 
heat capacity of the core, which was previously determined.31 
The absorbed dose-to-core was then converted to absorbed dose-
to-water by applying the necessary beam-dependent correction 
factors determined using Monte Carlo (MC) simulations. The 
absorbed dose-to-water determined by the PSPC was quoted 
with an uncertainty of 0.9% with a coverage factor of k = 1.

Other work implementing calorimeters in UHDR beam has 
been published by McManus et al.37 In this work, the authors 
used NPL’s transfer standard graphite calorimeter (similar to 
that described by Duane et al.38) in the quasi-adiabatic mode at 
CLEAR facility in CERN34 employing 200 MeV very high energy 
electron (VHEE) beam at a wide range of dose-per-pulse (up 
to 5 Gy/pulse). The device used in this work consists of a cylin-
drical graphite core measuring 7 mm in both height and diam-
eter, housed in a graphite jacket of 1 mm thickness, with a 1 mm 
vacuum gap between the jacket and the core. The main purpose 
of the calorimetric measurement in this study was to establish ion 
recombination correction factor for the PTW Roos ionization 

Table 1. Studies implementing calorimeters for dosimetry of FLASH beams

Calorimeter 
type Beam & energy

Average 
dose rate Dose-per-pulse

Pulse 
duration

Uncertainty 
(k = 1) Reference

Primary 
standard graphite 
calorimeter

250 MeV protons Approx. 65 
Gy/s

N/A 72.8 MHz RF 
repetition rate 
corresponding 

to 0.2 ns micro-
pulses separated 

by 13.7 ns 
intervals

0.9 % 29,30

Transfer 
standard graphite 
calorimeter

200 MeV electrons 0.2–50 Gy/s 0.03–5.3 Gy/pulse Approx. 100 ns 1.2% (no uncert. 
budget)

31,32

Small portable 
graphite 
calorimeter

15–40 MeV laser-
driven protons

109 Gy/s 
(one ps pulse 

delivered)

1–3 Gy/pulse Approx. ns Not stated 33

Aluminium 
calorimetera

50 MeV electrons 1–9 Gy/s 0.2–1.8 Gy/pulse 2.5 µs 0.5% (no uncert. 
budget)

31

Aerrow graphite 
calorimetera

20 MeV electrons 3–28 Gy/s 0.6–5.6 Gy/pulse 2.5 µs 1.06 % 34,35

Al-core secondary 
standard 
calorimeter

6 MeV electrons 180 Gy/s Approx. 0.45 Gy/s 4 µs 1.25% 32

aThese studies used average dose rates below the threshold of the FLASH effect.8
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chamber when operating it under a wide range of dose-per-pulse. 
Even though the measurements of absorbed-dose-to-water are 
mentioned, the study lacks a full uncertainty budget incorpo-
rating all quantities influencing the measurement. However, for 
majority of beam parameters used, an uncertainty of 1.2% with a 
coverage factor of k = 1 has been quoted. The authors evaluated 
the graphite-to-water conversion factor (‍Cg,w‍) and the vacuum 
gap correction factor employing MC simulations.39 The calcu-
lated ‍Cg,w‍ factor showed approximately 1% increase with respect 
to previously evaluated value37 and demonstrated that improved 
calculations of the graphite-to-water conversion factor using MC 
methods has an impact on the analysis and the interpretation of 
the ion chamber data presented in this previous work.37

Graphite calorimetry has been also implemented in the laser-driven 
environment40 at the PetaWatt Vulcan Laser of the Central Laser 
Facility at the Rutherford Appleton Laboratory in the UK, where a 
proton beam with energy ranging from 15 to 40 MeV at an instan-
taneous dose rate of 109 Gy·s−1 was used. In this work a small body 
portable graphite calorimeter (SPGC) developed at NPL has been 
utilized.41 The measured doses were reported at a level of 1–3 Gy, 
however, no uncertainty evaluation has been mentioned.

Bourgouin et al.42 used an open-to-atmosphere aluminium calorim-
eter, with design similar to a graphite calorimeter developed at the 
NPL for industrial processing dose measurement35 in a 50 MeV elec-
tron beam (with dose-per-pulse to 1.8 Gy/pulse) with an average dose 
rate not exceeding 10 Gy/s. The calorimeter consists of a high purity 
aluminium core 21.7 mm in diameter and 2.01 mm thick enclosed in 
a jacket made of the same material, separated by 1 mm air gap. This 
device was enclosed in an alloy phantom surrounded by a polystyrene 
box to improve thermal isolation. The approximate conversion factor 
from aluminium to water (‍CAl,w‍) was determined by averaging the 
mass restricted collisional stopping power ratio over the calculated 
energy spectrum. The specific heat capacity of aluminium core was 
assumed to be constant throughout the measurements and the heat 
defect was considered to be negligible. The device has been operated 
in the quasi-adiabatic mode. The calorimetric dose measurements 
were in good agreement with those measured with alanine dosim-
eters. The authors stated that an achievable overall uncertainty in 
the determination of absorbed dose to water using this calorimeter 
design is 0.5% (k = 1), however, a detailed uncertainty budget was 
not presented.

Bourgouin et al.43 also employed a probe type graphite calorimeter 
(Aerrow32) in a 20 MeV electron beam at ultra-high dose per pulse 
(up to 5.6 Gy/pulse). This device was proposed to be an alternative 
to ionization chambers for clinical dosimetric use. Aerrow was oper-
ated in quasi-adiabatic mode and dose conversion from graphite to 
water and heat loss correction factors were computed using MC and 
thermal simulations, respectively. The heat loss correction factor for 
Aerrow was found to be below 1% with good performance for relative 
and absolute dose measurement. The uncertainties for determination 
of absolute doses were reported recently.44

Bass et al.45 utilized a simple, low-cost secondary standard level 
calorimeter (SSC) physically resembling a Roos-type ionization 
chamber with a single sensing thermistor in the aluminium core. This 

instrument has been used in a converted clinical electron LINAC to 
deliver UHDR 6 MeV electron beam with an average dose rate of 
180 Gy/s and 0.45 Gy/pulse. The calibration of the Al-core SSC has 
been performed against the NPL’s primary standard electron graphite 
calorimeter. Several corrections were applied to the primary standard 
calorimeter response in 6 MeV reference conditions to obtain dose 
in the UHDR mode. Additionally, it was assumed for the purposes 
of this experiment that the same corrections were applicable in these 
non-reference conditions. Combining the dose output measurement 
from the primary standard calorimeter with the mean temperature 
rise of the SSC resulted in a calibration coefficient for the SSC of 1139 
Gy/K at 20°C (sdom 0.5 %) with an estimated uncertainty of ±1.25% 
(k = ).

IONIZATION CHAMBERS
Ionization chambers have been always considered the gold-standard 
for reference dosimetry in radiation therapy and they are currently 
recommended by international dosimetry protocols for most of the 
irradiation modalities.46 Using ionization chambers with UHDR 
beams is challenging, as ion recombination effects heavily affect their 
response. The temporal structure of the involved beams, which is a 
direct consequence of the type of technology used for particle beam 
acceleration, is of crucial importance for proper assessment of ion 
recombination effects. Pulse duration, pulse frequency and dose per 
pulse are all parameters which must be accurately evaluated when 
dealing with ionization chambers.47 The combination of those param-
eters with the ion collection time, i.e. the time required to completely 
collect all produced charges at the chamber electrodes, strongly deter-
mine the ion collection efficiency and the way in which it is possible 
to correct for a lack of charge collection due to ion recombination. 
The charge collected by the chamber can be converted into dose to 
water (Dw) by the equation34 :

	﻿‍ Dw = ND,wMkkqksat ‍� (5)

where Dw is the absorbed dose to water, ND,w is the calibration coeffi-
cient, Mk is the collected charge corrected for pressure and tempera-
ture, kq is the correction factor for the different beam quality used 
in calibration conditions and ksat is the ion recombination correction 
factor.

Ion collection time and efficiency are strongly influenced by the ion 
chamber geometrical configuration, the shape (cylindrical vs parallel 
plate configuration), the sensitive volume, the gas mixture and the 
applied voltage. Typical collection times range between a few micro-
seconds up to hundreds of microseconds.

For proton cyclotrons, application of ionization chambers for reference 
dosimetry requires corrections which are still acceptably small, and 
accurate absorbed dose measurements with commercially available 
ionization chambers used at UHDRs have been demonstrated.47,48 
Commercially available ionization chambers for reference dosimetry 
are typically characterized by ion collection times between tens and 
a few hundreds of microseconds which, compared to a typical pulse 
structure of an isochronous cyclotron, is a much longer time with 
respect to the pulse duration and the time interval between cyclotron 
pulses. Isochronous cyclotrons deliver nanosecond pulses spaced by 
tens of nanoseconds, i.e. with pulse frequency of the order of tens 
or hundreds of megahertz. In the context of ion chamber collection 
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time, such beams can be considered as “quasi-continuous” and the 
“dose-per-pulse” becomes irrelevant. Only the average dose rate is 
being considered, which, for isochronous cyclotrons operating in the 
UHDR mode, is typically not larger than hundreds of Gy/s. The same 
consideration is not applicable for beams generated by synchrocyclo-
trons or linear accelerators at UHDR regimes, which are character-
ized by pulse duration of the order of 1–10 μs, with pulses delivered 
every few milliseconds, and a consequent repetition rate ranging 
between 100 and 1000 Hz. In these cases, the beams must be consid-
ered as pulsed, since the typical ion collection time of an ionization 
chamber is comparable or larger than the pulse duration of the beam. 
Moreover, the time interval between pulses is much larger than the 
ion collection time, therefore the produced (and collected) charge 
is only related to each single pulse and the corresponding delivered 
dose per pulse. Therefore, for those two types of accelerators, the rele-
vant quantity to study the ion chamber response is not the average 
dose rate but the dose-per-pulse, which can reach values from 0.1 to 
10 Gy/pulse (corresponding to instantaneous dose rates up to several 
MGy/s). Hence, for synchrocyclotrons and linear accelerators oper-
ating at UHDR regimes, reference dosimetry through ionometric 
measurements is challenging, due to the high dose per pulse values 
and instantaneous dose rates giving rise to much larger ion recom-
bination effects. Therefore, alternative approaches, compared to 
those normally used for conventional dose rates, must be followed.49 
Indeed, as an example, using pulsed beams accelerated by electron 
linear accelerators exploited in the first experimental investigations of 
the FLASH effect and characterized by pulse duration of the order of 
microseconds, ion collection efficiencies lower than 50% were found 
when using PTW Advanced Markus ionization chambers with dose 
per pulse larger than 1 Gy.50 Similar results were found with even 
more bunched beams, with macro-pulses of the order of 100 ns, using 
very high energy electron (VHEE) beams at 200 MeV.42 The authors 
found collection efficiency lower than 10% for a PTW Roos chamber 
at dose-per-pulse of 5 Gy. Currently used models for ion recombi-
nation corrections51,52 and, in particular, the commonly used two-
voltage method fail at these extreme regimes, as shown by McManus 
et al.42 A few attempts of retrieving semi-empirical models have been 
successfully done, although they are still lacking general validity.42,50

Dosimetry for FLASH radiotherapy does not represent the first 
efforts in terms of addressing challenges related to the ion recombi-
nation effects. Intraoperative radiation therapy (IORT) posed similar 
challenges more than 20 years ago, as linear accelerators with highly 
pulsed beams and consequent large dose per pulses (up to 20 cGy) 
were produced. Dose-rate independent passive dosimeters were 
typically implemented, such as Fricke dosimeters, as commercially 
available ionization chambers could not cope with these regimes. 
However, as real-time response given by active detectors is always 
preferable with respect to passive dosimeters, the first attempts to 
correct for the large ion recombination effects in commonly used 
ionization chambers for reference dosimetry were carried out. Two 
solutions were proposed, by Laitano et al.53 and Di Martino et al.,54 
respectively. However, both these approaches relied on an accurate 
evaluation of the free electron fraction, p, which depends only on 
the chamber characteristics. p is defined as the fraction of collected 
charge which comes purely from the collection of free electrons 
instead of negative ions. In the first approach, an analytical method 
that calculates p from the free electrons drift velocity and lifetime was 

proposed. This approach accurately calculates ksat but it is valid only 
for dose-per-pulse values up 20 cGy.53 This was acceptable for IORT 
but would not be sufficient for larger dose-per-pulse values deliv-
ered for FLASH radiotherapy with linear accelerators. The second 
approach relies on the cross-comparison with an alternative dose 
rate independent detector, i.e. Fricke dosimeters and radiochromic 
films (RCF). Fitting experimental ksat values obtained with the dose 
rate independent dosimeters, the p-values for both a PTW Roos and 
Advanced Markus ionization chambers were found.54 A third direct 
method, used to determine p and study the variations as a function 
of the applied voltage, was successfully tested with plane-parallel 
as well as Farmer ionization chambers.52 However, this approach 
makes use of complex experimental procedures relying on oscillo-
graphic recording of the fast component in the current induced in the 
external circuit by the transit of the free electrons across the chamber 
and, therefore, is not easy to implement in the clinical routine.

Recently, a new approach was proposed to directly determine p for a 
PTW Advanced Markus ionization chamber without using alterna-
tive dose rate independent dosimeters. With this method, p is directly 
determined through ionometric measurements only, performing 
charge measurements at various applied voltages V.55 This solution 
was successfully demonstrated through a dedicated experimental 
campaign with UHDR electron beams up to 0.5 Gy/pulse. It is valid 
if the perturbative effects on the electric field generated by the applied 
voltage in the chamber can be considered negligible, i.e. if the electric 
field generated by the produced charge density in the volume is much 
smaller than the one created by the applied voltage at the electrodes.

Considering that the recombination of electrons with positive ions 
and variation of oxygen molecules density due to ionization are both 
negligible, the authors retrieved an expression of the free electron 
fraction, p, for plane parallel ionization chambers (extendable also 
to cylindrical ones) that only depends on the applied voltage V and 
a parameter, lp, where lp is only characteristic of the user chamber. 
Therefore, fixing a specific voltage V and knowing lp it is possible 
to determine p. The novelty of the proposed approach relies on the 
fact that the lp parameter is directly obtained through ionometric 
measurements, i.e. fitting the experimental data obtained for qcoll at 
different applied voltages. Once lp is experimentally obtained, p is 
directly retrieved. Finally, starting from the original formulation of 
the Boag theory,47,48 it is possible to derive ksat as50 :

	﻿‍
ksat =

ln
[
p·
(
eαqcoll−1

)]

αpqcoll ‍�
(6)

where p is the free electron fraction, qcoll is the collected charge, 
and α is a parameter that depends on a constant related to the gas 
in the cavity chamber, the effective volume, the distance between 
the electrodes and the voltage.

The absorbed dose was measured with the ionization chamber 
corrected for the retrieved ksat, with total estimated uncertainty of 5% 
(k = 1), and it was found to be in agreement with the dose measured 
through dose-rate-independent RCF, within the total estimated 
uncertainties. The authors suggest using such a simple method for 
UHDR linac commissioning and for periodic validation of the output 
stability.55
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Apart from the approaches to correct for ion recombination effects 
in commercially available chambers described above, a few novel 
ionization chamber prototypes have been proposed for application in 
UHDR beams. In particular, two ion chamber prototypes have been 
recently explored, both aiming at drastically reducing ion recombi-
nation effects.

The first approach was recently reported by Gomez et al.56 The 
authors developed an ultra-thin parallel-plate ionization chamber, 
with electrode distance separation of 0.25 mm, demonstrating that 
it is possible to operate this device in UHDR beams at convention-
ally used voltages with reduced ion recombination factors (Table 3). 
Preliminary numerical simulations were performed to investigate 
the behavior of charge transport at UHDRs for different electrode 
distance separation. Simulation results showed that to achieve charge 
collection efficiencies not less than 99% for up to 10 Gy dose per pulse 
and pulse duration of few microseconds, electrode distance of less 
than 0.3 mm must be considered.

Two prototypes with slightly different electrode distances, with respect 
to the nominal one, were respectively tested with electron beams at 20 
MeV produced by the PTB linear accelerator, with pulse duration of 
2.5 µs and dose per pulse up to 5.4 Gy. Additionally, measurements 
with electron beams produced by the SIT-Sordina ElectronFLASH 
accelerator at 9 MeV were performed, for dose per pulse ranging 
from 1 to 12 Gy, with pulse duration spanning between 0.1 and 4 µs, 
respectively. A capacitor was used to overcome the issues related to 
the extremely high instantaneous current produced (of the order of 
few milliamps), which would have exceeded the electrometer spec-
ifications. In the PTB experimental campaign, recombination losses 
of 1.4% at 5.4 Gy per pulse were found, for an applied voltage of 250 
V. In the measurements with the SIT accelerator, charge collection 
efficiencies not less than 99% were obtained at dose per pulse up to 12 
Gy and operating voltage of 300 V.

This promising new approach, based on the use of ultra-thin ioniza-
tion chambers, paves the way for using the ionometric approach, 
currently recommend by the international codes of practice, also at 
UHDRs, although technological challenges have to be considered for 
the chamber realization.

The second approach was recently developed by Di Martino et al.57 
The authors developed a novel prototype of ionization chamber, 
which was recently patented,58 that is filled in with a noble gas at a 
set pressure. The chamber allows the measurement of absorbed dose 

up to 40 Gy/pulse with a perturbative effect on the electric field due 
to the charge density into the chamber lower than 1%. The choice 
of argon specifically allows the elimination of ion recombination 
issues, given that the electric field is greater than zero in any part of 
the chamber. If the latter condition is satisfied, the noble gas prevents 
electron capture by a molecule, as typically happens for electroneg-
ative gases, as in air-filled ionization chambers. The only possible 
recombination could come from direct recombination of electrons 
with positive ions, which can be considered negligible in the pres-
ence of electric field. Under these assumptions, the authors showed 
that the behavior of the electric field can be described analytically as 
a function of the dose-per-pulse, the applied voltage, the electrode 
distance, the gas density and the pulse duration. This study shows that 
it is possible to vary the chamber parameters in a controlled way in 
order to maintain negligible ion recombination, while preventing the 
creation of uncontrolled secondary charged production. Additionally, 
this device allows the control of the maximum electric field pertur-
bation due to produced charge (equivalent to charge multiplication 
regime) while maintaining the required accuracy. In particular, it is 
possible to reach all these goals reducing the pressure of the gas in the 
chamber. From the operational point of view, the steps summarized 
in Table 2 must be followed to measure the dose per pulse.

The chamber prototype was designed according to the theory 
discussed in Di Martino et al.57 and a first prototype operating at 200 
V and 100 Pa argon pressure has been recently realized. Dedicated 
tests of the first patented prototype with low energy electron beams 
are in progress.

Table  3 provides a summary of the ionometric approaches 
discussed above with the respective experimental studies.

CALORIMETRY VS ION CHAMBER DOSIMETRY
It is clear that calorimetry methods have several advantages over 
ionization chambers for the determination of absorbed dose deliv-
ered in UHDR regime (Table 4). In calorimeters, energy absorbed in 
a material rapidly gives rise to a temperature increase that is directly 
proportional to absorbed dose. Primary standard ionization cham-
bers, on the other hand, can only directly disseminate air kerma, which 
is not the quantity of interest in modern high energy radiotherapy. 
The thermal effect in the calorimeters, which is the energy locked up 
or released in a chemical change or lattice defects, can be minimized 
by selection of adequate materials in the construction of calorimeters. 
Unlike ion chambers, calorimeters do not suffer from saturation or ion 
recombination effects that introduce large errors at high dose rates or 

Table 2. Steps to be followed from the operation point of view to measure the absorbed dose

Steps Calculation process
Vlim calculation Calculate the minimum value of voltage Vlim which must be applied at the 

electrodes in order to obtain an electric field larger than zero to avoid direct 
electron/positive-ion recombination

Vop check Choose a proper gas pressure so that the applied operational voltage Vop > Vlim

Charge multiplication regime check If Vop is such that the chamber is working in uncontrolled charge multiplication 
regime, decrease the pressure to be out of this regime, according to the Paschen 
curve

Further pressure optimization Further optimize the pressure to satisfy the required value, according to the 
electric field perturbation due to the produced charge
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high dose-per-pulse. Also, if the thermal defect in calorimeters was to 
be slightly dependant on the dose rate, it would involve only a second-
order correction. However, in such a short delivery time as those used 
in FLASH RT, it is expected to be negligible. The principal limitation 
of water calorimetry is low sensitivity; e.g. an absorbed dose of 1 kGy 
would give rise to a temperature increase of only 0.24°C. However, 
for short irradiations (such as in FLASH RT) the temperature in the 
calorimeter rises very suddenly and slow drifts or frequency noise in 
the measuring system will not be as prominent as in conventional low 
dose-rate beam exposures. Also, the low sensitivity of calorimeters 
can be overcome by utilizing devices constructed from solid mate-
rials (such as graphite). In fact, all of the published studies employing 
calorimeters for the UHDR dosimetry have been conducted either 
with graphite or aluminium calorimeters. Further developments of 
simple non-expensive calorimeters for routine clinical use would 
greatly complement the existing technology to improve dosimetry 
assessment in FLASH RT. It is also important to note that the ICRU 
Report 24 (1976)59 recommends that the dose delivered to the plan-
ning target volume should be within 5% (k = 1). This includes the 
uncertainties on dose delivery, dose measurement as well as dose 
calculation uncertainties. Therefore, in order to satisfy this require-
ment for clinical implementation, the reference absorbed dose-to-
water measurements should be performed with an uncertainty below 
1% (k = 1). Consequently, further effort is required to fully evaluate all 

the correction and conversion factors when employing calorimeters 
for clinical dosimetry.

However, recent developments in ion chamber dosimetry presented 
in the Ionization chambers section demonstrate promising advances 
in ionometry for UHDR beams. New solutions, in terms of both 
new methods of determination of ksat as well as development of new 
devices, are required to maintain the use of ionization chambers as 
secondary standard dosimeters in FLASH RT, particularly for high 
dose-per-pulse beams. The possibility of using ionization chambers 
still at UHDRs is desirable in order be able to apply the existing proto-
cols for beam dosimetry based on ionometric approaches. Indeed, 
ionization chambers have been always considered the gold-standard 
for dosimetry of radiation therapy and their ease of use would further 
contribute to the clinical translation of FLASH radiotherapy, provided 
the ion recombination issues are definitively addressed.

Calorimeters and ionization chambers represent the most reliable 
approaches so far developed for dosimetry of UHDR beams for 
FLASH radiotherapy. Depending on the beam parameter conditions, 
such as dose per pulse, pulse duration and pulse frequency, one tech-
nology could be preferred to the other one, as compromise between 
accuracy, reliability and ease of use must be found in a future clin-
ical routine. In Figure 1, the operational ranges, in terms of dose per 

Table 3. Studies implementing new ionometric approaches for dosimetry of FLASH beams

Ionometric 
approach Beam & energy Average dose rate Dose-per-pulse Pulse duration

Uncertainty 
(k = 1) Reference

PTW Advanced 
Markus (new ksat 
correction approach)

7 MeV electron beams 125 Gy/s 0.5 Gy 1–4 µs 5 % 55

Ultra-thin chamber Electron beams at:
1.	 9 MeV
2.	 20 MeV

1.	 up to 120 Gy/s
2.	 up to 27 Gy/s

1.	 up to 12 Gy/pulse
2.	 up to 5.4 Gy/pulse

1.	 4 µs
2.	 2.5 µs

Not stated 56

Variable low pressure 
noble gas chamber*

7 MeV electron beams up to 10 kGy/s up to 40 Gy/pulse 4 µs Not stated 57

a*Only theoretical studies, tests in progress.

Table 4. Advantages and disadvantages of calorimeters and ionization chambers for dosimetry in FLASH RT

Advantages Disadvantages
Calorimeters •	 absolute dosimeter (absorbed dose determination from 

first principles)
•	 instant readout
•	 accurate
•	 precise
•	 tissue equivalence (water and graphite calorimeters)
•	 dose-rate independent detector (ideal for UHDR 

dosimetry)

•	 typically complex devices normally used in primary standard 
laboratories

•	 require post-processing to retrieve the absorbed dose
•	 several correction factors required
•	 conversion to dose to water required for non-water calorimeters
•	 low sensitivity (for water calorimeters)
•	 expensive devices (particularly when maintained as a primary 

standard)

Ionization 
chambers

•	 simplicity
•	 easy operation
•	 instant readout
•	 precise
•	 recommended by international protocols for beam 

calibration
•	 long-term usage for radiation dosimetry in 

radiotherapy
•	 less expensive than calorimeters

•	 require calibration for determination of absorbed dose
•	 low density medium
•	 high voltage supply required from associated electrometer
•	 require many correction factors
•	 significant ion recombination effects in high dose-per-pulse 

beams

RT, radiotherapy.
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pulse and pulse duration at which the response of the above discussed 
detectors has been studied are shown. The recent efforts focused on 
further optimization of detectors for absolute dosimetry in UHDR 
regime will significantly contribute to the clinical translation of 
FLASH radiotherapy.

SUMMARY
Absolute dosimeters such as calorimeters are the most desir-
able detectors for application in FLASH RT due to their accuracy. 
However, their complexity at present (associated particularly with 
primary standard devices) makes them unsuitable for routine clinical 
measurements. New advances in the development of simple clinical 
calorimeters could pave a way for accurate dissemination of dose in 
clinical FLASH RT. Also, new developments in ionometry will play 
a very important role in the development of this new radiotherapy 

modality. Dosimeters such as film, alanine, diodes, scintillators and 
others will play a very important role in providing verification and 
confidence in the dosimetry in clinical and pre-clinical FLASH 
radiotherapy.
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