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An aluminum calorimeter was investigated as a possible real-time dosimeter for electron

beams with an ultra-high dose per pulse (DPP), as used in FLASH radiation therapy

(a few Gy/pulse). Ionization chambers, the most widely used active dosimeter type in

conventional external beam radiation therapy, suffer from large ion recombination losses

at these conditions. Passive dosimeters, such as alanine, are independent of dose

rate but do not provide real-time read-out. In this work it is shown that the response

of alanine is independent of the DPP in the investigated ultra-high DPP range (up

to 2.3 Gy/pulse). Alanine dose measurements were then used to determine the ion

recombination correction for an Advanced Markus plane-parallel ionization chamber

at ultra-high DPP. Ion collection losses larger than 50% were observed. Therefore,

ionization chambers are not considered suitable for accurate dosimetry in FLASH

radiation therapy. As an alternative, in a second (independent) experiment an aluminum

open-to-atmosphere calorimeter, operated in the quasi-adiabatic mode was investigated

at ultra-high DPP electron radiation. The beam pulse charge, and thus the DPP, was

varied to evaluate the linearity of the calorimeter response in the DPP range between

0.3 and 1.8 Gy/pulse. On average, the standard deviation of the calorimeter response

was 0.1%. The response was proportional to the DPP in the investigated range. The

average deviation of the linear fit of the calorimeter dose as a function of the beam pulse

charge was <0.5%. This preliminary investigation suggests that a simplified calorimeter

design is suitable as a dosimeter with real-time read-out for clinical FLASH radiation

therapy beams.

Keywords: FLASH, dosimetry, ultra-high dose per pulse, calorimeter, alanine, ionization chamber,

ion recombination

INTRODUCTION

FLASH radiation therapy is a promising new cancer therapy modality in the early stages of
development. The total prescribed radiation dose is delivered with an ultra-high dose rate in less
than a second instead of one or more delivery fractions with a fewminutes duration at conventional
dose rates. A number of studies support the hypothesis that this novel treatment modality could
significantly reduce the adverse side effects of radiation therapy on the healthy tissue exposed to
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radiation for equal dose delivery [1–6], this is the so-called
FLASH effect. For details see a review by Wilson et al. [6] and
the references therein. As the adverse side effects are reduced, the
prescribed dose could be increased resulting in improved tumor
control [5].

Most of the pre-clinical studies investigating the FLASH effect
have been done so far with electron radiation fields generated
by dedicated linear accelerators [7, 8] or modified clinical
linear accelerators [9, 10] using radiation pulses of an ultra-
high dose per pulse (DPP). The FLASH effect has also been
observed with photon radiation from a synchrotron light source
[2]. A compact apparatus for implementing FLASH photon
radiation is currently under development [11]. Most recently,
a clinical apparatus able to deliver FLASH proton radiation
therapy was used to carry out the first clear proton FLASH
radiation therapy which mediated normal tissue radioprotection
[12]. In 2019, the successful treatment of the first human patient
with FLASH radiation therapy was reported [4]. The patient
received radiation with electrons in one fraction of 90ms with
10 pulses of 1.5 Gy/pulse, corresponding to a mean dose rate
of∼167 Gy/s.

To date, FLASH radiation therapy research has focused on
finding pragmatic solutions that allow for the use of ultra-high
dose rate beams in the research setting, but there has been limited
focus on reference dosimetry under such conditions. There are
limited data on the functionality of existing standard dosimeters
when they are used to measure beams for FLASH irradiation
[7, 8, 13, 14]. It is important to establish if these dosimeters
are appropriate when used for ultra-high dose rate application
[3]. Without a clear understanding of the fundamental dosimetry
issues, there is potential for significant dosimetric errors, as was
seen with the development of small-field photon beam dosimetry
[15]. If an error is made in dosimetry, then the difference in
tissue response between conventional and ultra-high dose rate
irradiation at a seemingly equal total dosemay be due to this error
and not due to the FLASH effect. It is a crucial point in particular
because the intra-pulse dose rate, the mean dose rate, and the
irradiation time of conventional and FLASH radiation therapy
differs by orders of magnitude (for electrons, e.g., 102 vs. 106

Gy/s, 0.05Gy/s vs.> 40Gy/s, or 4min vs.< 100ms, respectively).
Researchers have used passive, integrating dosimeters such

as radiochromic films, thermoluminescent dosimeters (TLDs),
and alanine dosimeters for the dosimetry of FLASH radiation
therapy beams [16–18]. Passive dosimeters, however, have the
disadvantage that they cannot be read out in real time -
determining an accurate dose with these methods can take
hours or even days. Even with a recently developed method
optimized for fast measurements, it still takes∼8min to read out
a dose from an alanine sample [18]. As this is a new delivery
regime, there has been little testing of these passive detectors
at ultra-high DPP values, and one therefore cannot rule out
non-linear behavior. Alanine is known to be independent of
dose rate [19–21], which has been used for radiation processing
dosimetry atmean dose rates of several kGy/min for decades [20].
However, this dosimeter requires specialized read-out using EPR
spectrometry, and therefore tends to be limited to a small number
of laboratories worldwide.

Ionization chambers are the gold standard for reference
dosimetry in external beam radiation therapy: they are precise,
stable, well-understood, relatively easy to use, and they provide
a real-time read-out. The disadvantage of using ionization
chambers is that the obtained reading, which is measured in
terms of the charge collected in the sensitive volume of the
chamber, requires the use of corrections and a conversion factor
to determine the equivalent absorbed dose to water Dw, the
required quantity in radiation therapy. One of the correction
factors specifically of concern for dosimetry for FLASH radiation
therapy is ion recombination which is, in the case of a pulsed
beam, dependent on the amount of charge created in the sensitive
volume per pulse. Thus, the ion recombination correction factor
kS increases with increasing DPP [22]. In the DPP range for
standard clinical linear accelerators (0.1–3 mGy per pulse), the
ion recombination correction is in the order of a few tenths of a
percent (up to a maximum of around 3%) [22].

The clinical use of high DPP electron beams generated by
mobile linear accelerators dedicated for intraoperative radiation
therapy (IORT) has increased, which has resulted in extensive
work to investigate the ion recombination effects of ionization
chambers in high DPP beams with 20 - 120 mGy/pulse
[23–27]. This is ∼10–40 times larger than for conventional
radiation therapy accelerators. Ion recombination correction
factors kS for these beams can be in the range of 1.15–2.34
[23], i.e., ion collection losses of 13–57%. This is far beyond
the recommendations of international dosimetry protocols
[28–30] for the accurate application of ionization chambers for
reference dosimetry.

Furthermore, at highDPP, the effect of free electrons produced
in the chamber’s cavity, which can be directly collected by the
anode without forming negative ions, contribute to the ion
collection efficiency [24, 31]. Laitano et al. [24] pointed out that
the determination of the correction factor for ion recombination
based on the Jaffe plots, which is traditionally recommended in
the dosimetry protocols, leads to considerably inaccurate values
(up to 40%). This is even true of approaches taking into account
that free electrons are associated with large uncertainty (2%
instead of 0.2%).

However, the ultra-high DPP range used for FLASH
radiotherapy with hundreds of mGy/pulse up to some Gy/pulse
[3, 4, 13] is even one or two orders of magnitude larger than
the high DPP range of IORT devices. Ionization chambers
can show ion collection losses of 50–90% in ultra-high DPP
beams [13, 32]. The measurement uncertainty would therefore
be dominated by the uncertainty of the kS factor and thus
an accurate determination of the dose with slight uncertainty
comparable to those reached at conventional radiation therapy is
not possible in this way. Therefore, ionization chambers used for
dosimetry in conventional radiation therapy are not considered
suitable for accurate dosimetry in FLASH radiotherapy.

One detector type with real-time read-out that has not been
considered for dosimetry for clinical FLASH radiation therapy
beams so far, primarily because it is not found in clinical research
settings, is the absorbed dose calorimeter. Only very recently
McManus et al. [32] used a graphite calorimeter as a dose
reference for the determination of the collection efficiency of a
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Roos ionization chamber in ultra-high pulse dose rate electron
beams up to 5 Gy/pulse. A calorimeter has the potential to realize
absorbed dose D in terms of its definition (the quotient of the
energy absorbed, E, and the volume of matter with mass, m, in
which it is absorbed). The calorimetry dose equation is given by

D = 1T · c · kht · kp · kdd · kHD, (1)

where, 1T is the radiation-induced temperature rise, c is the
specific heat capacity of the absorbing material, kht is the heat
loss correction factor, and kp and kdd are correction factors
for the radiation field perturbation from the heterogeneous
composition of the calorimeter and beam non-uniformity,
respectively (volume averaging of the absorber component
of the calorimeter). kHD is a correction factor that takes
account of any radiochemical interactions, which would break
the proportionality between the energy absorbed and the
temperature rise. As shown in Equation 1, there is no parameter
directly dependent on the dose rate or DPP and, therefore,
a calorimeter should respond linearly with dose over a wide
range of DPP values, including the range used for FLASH
radiation therapy. The heat loss correction factor can introduce
a dependence on the DPP value, but for this to be the case,
the time constant for heat loss must be of the order of the
irradiation time. However, calorimeter thermal time constants
are in the range 30–600 s, at least an order of magnitude
greater than the anticipated irradiation time for FLASH. A
calorimeter is inherently a real-time dosimeter, otherwise it is
not possible to determine the radiation-induced temperature
rise. The temperature rise can be determined immediately and
automatically; it does not require either a calibration or any
post-irradiation processing.

In this work, the performance of an aluminum calorimeter
was investigated in high-energy, ultra-high DPP electron beams.
For comparison, a plane-parallel ionization chamber and an
alanine dosimetry system were also investigated in another
independent experiment.

MATERIALS AND METHODS

Accelerator
The experiments were carried out at the Metrological Electron
Accelerator Facility (MELAF) [33] of the German National
Metrology Institute, PTB. The facility provides a research linear
accelerator (commissioned in 2012) for research in dosimetry for
radiation therapy which features increased intensity for ultra-
high DPP and considerably larger energy ranges (0.5–50 MeV)
than conventional medical accelerators (typically 4 to 22 MeV).
The accelerator provides a pulsed beam with about 2.5 µs pulse
width. All irradiations reported in this work were carried out with
5Hz pulse repetition frequency.

The research electron accelerator works on the same principle
as medical accelerators but is equipped with beam line
instrumentations for a precise characterization of the beam
parameters. For the accurate determination of the energy, a
magnetic spectrometer is used. As a non-destructive beam
current monitor an Integrating Current Transformer (ICT) from

FIGURE 1 | Water phantom in front of the beamline of PTB’s research linear

accelerator. Inside the water phantom is an ionization chamber mounted on a

3D positioning system.

Bergoz (in-flange version, windings ratio 50:1) is integrated in
the beamline. The beam pulse charge can be typically varied in
a range from 1 to 150 nC. The precision for the measurement of
the charge of a single beam pulse is +/- 0.015 nC (k = 1) [34],
i.e., for pulses > 10 nC that were mainly used in this work, the
contribution to the uncertainty of the measured pulse charge is
< 0.15%. The profile of a typical beam in the beam line has a
Gaussian shape with a FWHM of about 4mm [34]. At the end
of the beam line the electrons pass through a vacuum window
consisting of a 0.1mm thick Cu foil which scatters the beam. The
diameter of this beam exit window is much larger (diameter >

3 cm) than the width of the beam, thus all electrons detected by
the ICT contribute to the radiation field.

Ionization Chamber
The ion collection efficiency of a plane-parallel AdvancedMarkus
ionization chamber (PTW, type 34045, s/n: 1279) in an ultra-
high DPP beam of up to 2.5 Gy/pulse was investigated. The
chamber was placed in a 30 × 30 × 30 cm water phantom with
2 cm thick poly-methyl methacrylate (PMMA) walls and a 0.3 cm
thick PMMA entrance window, positioned 70 cm in front of the
beam exit window (see Figure 1). The chamber was mounted
on a precise motorized 3D positioning system which allowed
for controlled longitudinal movement of the ionization chamber
along the central beam axis for depth dose measurements and
controlled lateral movement to determine a cross-sectional dose
distribution of the radiation field.

A 24 MeV electron beam was used. The chosen energy is not
important for the comparison of the dosimeters. However, with
higher energies higher DPP values can be achieved. In addition,
the depth dose curve has a flatter slope with larger penetration
depth, so the measurement position is less critical.

For the read-out of the ionization chamber, an analog
electrometer (Keithley 616) was used in the current mode. The
reading, M, of the electrometer returned via an output voltage
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was recorded bymeans of a 16-bit analog-to-digital converter and
analyzed by in-house-developed software. A calibrated current
source (Keithley 6430) was used to calibrate the electrometer
with its read-out system. The Advanced Markus chamber was
calibrated at PTB’s 60Co reference field in terms of absorbed
dose to water traceable to the PTB’s primary standard water
calorimeter [35]. The conversion of the ionization chamber signal
to absorbed dose to water followed the German protocol DIN
6800-2 [30]:

Dw = N′
Co60, Dw · (M −M0) · kE · kS · kpol · kTP, (2)

where N′
Co60, Dw is the calibration factor of the detector with

respect to 60Co radiation, M is the reading of the dosimeter
corrected for the reading without irradiationM0, kE is the quality
correction factor accounting for the difference in the detector’s
response between 60Co radiation and high-energy electron
radiation, and kS is the correction factor for ion recombination.
The factors kpol and kTP take into account the polarity effect and
effects associated with the ambient conditions, respectively.

The radiation quality correction factor kE can be determined
with lowest uncertainty at the reference depth zref. Thus, the
chamber was positioned there. The reference depth depends on
the radiation quality index R50 which was determined according
to DIN 6800-2 [30] from the measured depth dose distribution.
For the current setup end energy, zref was found to be 5.5 cm.
Air pressure and temperature as well as the polarity effect were
measured for kTP and kpol. The response of the chamber without
taking into account any ion recombination correction factor
Dw/kS was determined applying Equation 2 without kS. The
DPP reference value was determined from the charge per beam
pulse measured by means of the ICT, calibrated using alanine
dosimeters positioned at the same position (zref) as the chamber.

Alanine Dosimetry System
Reference dose measurements were performed using cylindrical
alanine pellets with a diameter of 5mm and a height of 3mm. The
alanine pellets were irradiated to an approximate dose of 14Gy at
different charge per beam pulse values. The charge of each beam
pulse was recorded by means of the ICT. For the highest used
pulse charge (∼120 nC) only 6 pulses were irradiated, for the
lowest (∼2 nC) 463 pulses were irradiated.

For each different charge per pulse setting, a stack of eight
alanine pellets were irradiated simultaneously in a PMMA tube
positioned in the water phantom at zref instead of the ionization
chamber (see Figure 1) with the rotational axis of the stack
perpendicular to the beam central axis. The dose response
of alanine is known to depend on the temperature during
irradiation (0.19%/◦C) [36]. Thus, enough time (∼10min) was
allowed for the alanine pellets to achieve temperature equilibrium
in the water phantom. The temperature T of the water phantom
was close to the reference temperature T0 = 293.15K. It was
measured during irradiation using a Pt100 platinum resistance
temperature sensor.

Ionizing radiation produces stable free radicals in alanine,
which can be detected via electron spin resonance (ESR).
The irradiated alanine pellets were read out using a Bruker

EMX 1327 electron spin resonance (ESR) spectrometer at PTB.
The alanine/ESR dosimetry system was calibrated at the 60Co
reference of the PTB. Thus, the alanine dose measurement is
traceable to PTB’s primary standard water calorimeter [35].
Uncertainties of 0.4–0.6% (k = 1) were reached for 60Co
radiation in the range of 5–25Gy [36]. The methodology at PTB’s
alanine/ESR dosimetry system is standardized and extensively
tested. Further details of themethodology can be found elsewhere
[36–38]. A correction factor kT = 1 – cT · (T – T0) for
the temperature during the irradiation was applied, where the
temperature coefficient cT = (1.9 ± 0.2) 10−3 K. The relative
uncertainty of kT is 0.04%. A beam quality correction factor
kAlanineE = 1.012 (the equivalent of kE for an ionization chamber)
was applied for the used 24 MeV electron beam [38]. This
factor does not depend on energy in the range of 6–22 MeV
and is thus assumed to be valid for 24 MeV as well [39]. The
relative uncertainty of kAlanineE is 1%. The absorbed dose to water
determined from the alanine measurements was then used to
cross-calibrate the ICT in terms of a dose per beam pulse charge
in order to have a reference at the investigation of the ionization
chambers response.

Calorimeter
The majority of primary standard absorbed dose calorimeters
have been optimized for operation at standard therapy dose rates,
to measure a dose of around 2–4Gy delivered over a period of 1–
2min. The radiation-induced temperature for such a delivered
dose is of the order of mK and therefore complex calorimeter
systems have been developed. The most common absorbing
mediums are water and graphite and for either medium, thermal
isolation (and hence long thermal time constants) is very
desirable to minimize the corrections required for conductive
heat loss. For a review of absorbed dose calorimetry see Renaud
et al. [40].

FLASH delivery is very different from the irradiation
conditions that these calorimetric standards have been designed
for, and this means that a more flexible design is required,
not tailored to a specific beam output (calorimeters should be
applicable to electron, proton, and photon beams with ultra-high
dose rates). Also, the ultra-high DPP (and hence high total dose
delivered in a short time) means that thermal isolation is not such
a constraint and a simpler design can be employed.

Calorimeters have been used for high dose rate measurements
for the dosimetry of radiation processing beams [41] but there
has been little investigation of few-pulse irradiations to date.

The calorimeter used in this investigation is an open-to-
atmosphere aluminum calorimeter, whose design can be traced
back to a graphite calorimeter developed at the NPL for industrial
processing dose measurement [42]. In contrast to the more
common graphite calorimeters used in a number of primary
standards laboratories, the specific calorimeter employed here
uses aluminum as an absorber material, which was chosen
because a number of previous investigations had indicated that
the granular nature of bulk graphite leads to inhomogeneities
and impurities that can be difficult to quantify. Aluminum, in
contrast, is obtainable in a very pure, highly homogenous form.
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FIGURE 2 | Schematic of calorimeter (without insulating material). The thermistors are not shown.

The calorimeter design is shown in Figure 2. The main
features of the calorimeter are: a core of 21.7mm diameter
and 2.01mm thickness of 99.999% aluminum; thermal isolation
provided by a 1mm air gap on all sides; the absorber is kept
in position by a space constructed of a silica-based aerogel
(Airloy R©X103M, Aerogel Technologies, LLC), which is only in
contact with the absorber at the edges of the aluminum disc.
A pair of thermistors in series, combined with an AC bridge,
are used to determine the radiation-induced temperature rise
[43], for details see Bourgouin et al. [44] which used the same
measurement system with an earlier calorimeter design. The
outer parts of the calorimeter are constructed of 6061 aluminum
alloy for ease of machining and reduced cost, only the core and
the jacket are pure aluminum. The entire aluminum assembly is
enclosed in expanded polystyrene foam (density 0.028 g/cm3) to
provide thermal isolation from the environment.

Equation 1 also shows that the absorbed dose determined
by a calorimeter is dependent on the medium used to absorb
the energy and therefore a correction is required to convert
it from the absorbed dose to the calorimeter medium to the
equivalent absorbed dose to water value. This correction is
independent of DPP and is usually calculated using Monte
Carlo techniques (see e.g., [45]). In this initial investigation
an approximated conversion factor from aluminum to water
was used for presentation purposes, determined by averaging
the mass restricted collisional stopping power ratio over the
calculated energy spectrum yielding the relation Dw = 1.23 DAl.

The specific heat capacity c in Equation 1 is independent
of the dose rate and is assumed to be constant during the
measurement as the temperature rise is of the order of a
few mK. Both radiation field perturbation and beam non-
uniformity correction factors are calculated here using Monte
Carlo radiation transport techniques. These correction factors are
dependent on the radiation beam energy and field size/shape. The
heat loss correction factor is calculated here using finite element
methods (FEM) using an energy map derived from a 2-D or 3-D
dose distribution obtained from a Monte Carlo simulation. The
heat loss correction factor is dependent on the radiation time [44]
but independent of the dose rate. It was assumed that aluminum
exhibits no heat defect (i.e., any radiochemical reactions have no
significant impact on the radiation-induced temperature rise).

The calorimeter was positioned at a distance of 0.9m from
the beam exit window of the accelerator (Figure 3). The pencil
electron beam was broadened by a double scattering foil system
consisting of the copper foil of the vacuum exit window and
a 1mm thick disk of aluminum positioned 3.5 cm away on
the beam central axis. A 10 × 10 cm standard clinical electron
applicator from an Elekta Precise linear accelerator was used in
order to generate a square radiation field with an approximately
parabolic radial profile within the center portion. The radiation
field was shaped to be similar to that from a previous experiment
with this calorimeter [44], so that the existing simulations for
field perturbation and beam non-uniformity correction factors
were suitable.
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FIGURE 3 | Calorimeter in front of the beamline of PTB’s research linear

accelerator. The calorimeter is on the left, enclosed in blue polystyrene, the

end of the beam line is on the right.

The electron energy used for the investigation of the response
of the calorimeter was 50MeV. The choice of energy is somewhat
arbitrary for the investigation where the focus is varying the
DPP, but a very high energy provides a flatter depth-dose curve
and therefore a more uniform temperature environment for
the calorimeter core. For the measurements in the ultra-high
DPP range 10 beam pulses were delivered within 2 s to the
calorimeter while the charge of each beam pulse was measured
simultaneously with the ICT. The pulse charge, and thus the
DPP, was varied between 5 and 45 nC per pulse (0.3–1.8Gy per
pulse). The measurement was repeated five times for each pulse
charge setting.

RESULTS

Dose Per Beam Pulse Charge From
Alanine Measurements
The radiation field from the research accelerator is not flat, as is
typical for a clinical linear accelerator, and without any electron
dual scattering foil systems [46, 47] for electron beam flattening
(as used in the second experiment with the calorimeter) the
radiation field shows a Gaussian shape (Figure 4). There is good
agreement between the relative lateral ionization measurement
with the Advanced Markus ionization chamber and the alanine
measurements at different DPP. Both detectors average over a
comparable range of the dose gradient (alanine 3mm, ionization
chamber 5mm). For the determination of the absolute dose at the
central beam axis (the position of the ionization chamber during
the kS determination) a 2nd order polynomial function was fitted
to the alanine datapoints and the maximum at lateral position 0
was taken.

Figure 5 shows the dose per beam pulse (gray squares)
determined this way as a function of the charge per beam pulse
measured simultaneously by means of the ICT. The linear fit
of the alanine data is used as the calibration function for the
determination of the actual DPP at the position of the sensitive

FIGURE 4 | Absolute absorbed dose (right y-axis) as measured by stacks of

eight alanine pellets for different beam pulse charges and thus different DPP.

The corresponding lines are best fits of a 2nd order polynomial function. Also

shown is a relative ionization measurement (only left y-axis) with the ionization

chamber at low DPP in the same water depth with a Gaussian fit.

FIGURE 5 | Dose per pulse Dref
w,pulse determined by means of PTB’s alanine

dosimetry system (gray squares) as a function of the measured charge per

beam pulse. Also shown are measurements with an Advanced Markus

ionization chamber at a 300V operating voltage without taking into account

any ion recombination correction factor kS at the same position and conditions

as the alanine (blue dots). The dashed line represents the fit function to

measurements by Petersson et al. [13].

volume of the Advanced Markus ionization chamber from the
measured beam pulse charge.

Ion Recombination Correction for the
Advanced Markus Chamber
The blue dots in Figure 5 show the dose per beam pulse
measured with the Advanced Markus ionization chamber at a
300V operating voltage without taking into account any ion
recombination correction factor DIC

w,pulse
/kS as a function of the

charge per beam pulse. The deviation from the dose per pulse
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FIGURE 6 | Typical calorimeter temperature-time trace from 10 radiation

pulses of about 1 Gy/pulse. The data acquisition rate is 1Hz.

reference Dref
w,pulse

measured by means of the ICT calibrated with

alanine increases with the increasing charge per pulse/increasing
dose per pulse. The blue dashed line represents the fit function
given in Ref. [13] by Petersson et al. for experimentally
determined kS values for the Advanced Markus chamber at
300V from, among others, comparison with radiochromic film

measurements. This function is kS = (1+ (Dref
w,pulse

/300)
2.5
)
0.144

,

where Dref
w,pulse

is expressed in mGy.

At 1.5 Gy/pulse (as applied for the first treatment of a human
with FLASH radiotherapy) the ion recombination correction
amounts to 79%. The measurement uncertainty is therefore
dominated by the uncertainty of the kS factor and thus an
uncertainty of the dose measurement comparable to those
reached at conventional radiation therapy (< 2%), seems not
possible with this ionization chamber type.

Calorimeter Measurements
A typical calorimeter temperature-trace recorded in this work is
shown in Figure 6. The radiation-induced temperature rise, 1T,
is obtained by linearly extrapolating the pre- and post-irradiation
traces to the center of the irradiation time as illustrated. The
difference in the gradient of the pre- and post-irradiation traces
is due to the relatively poor thermal isolation of the calorimeter,
but this does not have a large effect on the accuracy of the
results since the irradiation time is relative short compared to
the heat transfer time constant. The good signal-to-noise ratio
indicates that the calorimeter is sensitive enough to also measure
a single pulse at ultra-high DPP. For a series of irradiations,
the standard deviation of the temperature rise, normalized to
the delivered beam charge, was typically 0.1%, comparable with
primary standard calorimeters in electron beams (e.g., [48]).

There are variations in the post-irradiation gradient. These
are random with respect to the DPP and therefore likely due
to external environmental factors. The heat loss is significantly

FIGURE 7 | Dose per pulse from calorimeter measurements Dcalo
w,pulse

according to Equation 1 using an conversion factor from dose to aluminum in

dose to water of 1.23 as a function of the charge per beam pulse measured by

the ICT. Line: linear fit.

larger than for a water calorimeter, primarily due to the high
thermal conductivity of the aluminum and the simple thermal
isolation of the calorimeter core. However, the time constant for
the heat loss is an order of magnitude larger than the irradiation
time and therefore the calorimeter can be considered to be
operating in a quasi-adiabatic mode. The heat loss correction,
kht, is therefore small (< 0.5%) and does not impact the overall
uncertainty in the calorimeter dose determination.

The results for the calorimeter measurements (Figure 7), for
measurements carried out on two different days, show that there
is good repeatability between the two sets of measurements and
that there is a linear relationship between the calorimeter dose
and beam pulse.

The deviation of the calorimeter response from the linear
fit function shown in Figure 7 was generally smaller than
0.5% (Figure 8). The bars in Figure 8 for the calorimeter
represent only type A standard uncertainty for a sequence of 5
measurements in close succession with the same conditions and
are therefore a measure of the short-term repeatability, not the
actual uncertainty. The mean charge of the 10 delivered pulses
are measured with absolute uncertainty of +/-0.005 nC, thus
for the used pulse charges of more than 10 nC the uncertainty
contribution is smaller than 0.05%. The uncertainty of the charge
measurement is therefore probably not the main reason for the
fluctuation of the values.

The deviations of the alanine dose measurements from the
ICT calibration function shown in Figure 5, used as reference
for the experiment with the ionization chamber, reveals a good
linearity as well (squares in Figure 8). The corresponding bars
in Figure 8 represent the statistical uncertainty contributions
(k = 1) due to the variation in the homogeneity and mass as well
as in the measured ESR signal of the alanine test pellets resulting
in a relative uncertainty of 0.2% of the total dose measured with
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FIGURE 8 | Deviation of the calorimeter response from the linear fit function

shown in Figure 7 as a function of the dose per pulse. The bars represent only

type A standard uncertainty for a sequence of 5 measurements and do not

represent the actual uncertainty. Also shown is the deviations of the alanine

dose measurements from the ICT calibration function show in Figure 5. The

bars represent the statistical uncertainty contributions (k = 1, see text).

eight pellets. The absolute uncertainties for the delivered total
doses (about 14Gy) are ∼30 mGy. The absolute uncertainty of
the DPP increases with the DPP, since at lowDPP about 500 beam
pulses are needed to deliver 14Gy while at the highest DPP only 6
pulses were irradiated to reach the same dose level. In the studied
DPP range the deviation from the linear behavior is smaller than
0.5%. Good linearity was expected since the ICT signal was found
to be linear with the pulse charge [34], the dose is proportional to
the number of irradiated electrons and alanine is known to be
independent of dose rate [19]. The data in Figure 8 indicate that
the linearity of the calorimeter is comparable with the alanine
dosimetry system.

DISCUSSION

There is very good agreement between the ion recombination
correction kS of the Advanced Markus chamber determined
by Petersson et al. [13] and in this work (Figure 5). However,
Petersson et al. had examined three different specimens of an
Advanced Markus chamber and observed a noticeable spread in
the kS values between the specimens (e.g., up to 3.2% deviation
from the mean value at 2.5 Gy/pulse). Therefore, the remarkably
good agreement of the specimen examined here with the mean
value of the three specimens examined by Petersson et al. does not
allow for a conclusion about the universality of the kS function for
all specimens of this chamber type.

The initial measurements with the calorimeter described
above suggest that such a calorimeter could be a suitable real-time
detector for the accurate dosimetry of ultra-high DPP beams. The
simple aluminum calorimeter used provides sufficient precision
for clinical radiation dosimetry measurements and approaches

that of primary standard electron beam calorimeters [48, 49].
The simplicity of the calorimeter design means that it could
potentially be used in a clinical setting to directly determine
the absorbed dose to water. However, for such an application
there are three additional requirements, the first being the
determination of the conversion factor from aluminum to
water. This has been done for graphite using Monte Carlo
radiation transport simulations (e.g., [44]) and therefore should
be straightforward for this similar design. An achievable overall
standard uncertainty in the determination of absorbed dose
to water using this calorimeter design is 0.5%. The second
requirement is that the thermal isolation is sufficient for a
clinical setting. The irradiation area at PTB’s research linear
accelerator is carefully temperature controlled, to provide a stable
background against which the radiation-induced temperature
rise can bemeasured, but thismight not be the case for a radiation
therapy linac bunker. It may be that some form of additional
temperature control will be required and then a design such as
that developed by McEwen and Duane [50] could be used. The
third requirement is a full validation of the calorimeter as an
absorbed dose standard. This would include long-term stability
testing, confirmation of the absence of an accumulated-dose
dependence, measurements in a range of electron beams, and a
comparison with existing dosimetry standards.

The very short irradiation times of FLASH radiotherapy,
which makes this calorimeter design very suitable, also means
that other operating modes of ionizing radiation calorimeters
cannot be used. For example, the isothermal mode extensively
used by the Laboratoire National Henri Becquerel (LNHB)
[51] uses electrical heating to maintain a constant (elevated)
temperature of the calorimeter and adjusts the electrical power
dissipation to compensate for the energy deposited by the
radiation beam. It has been shown that this mode can provide
lower Type A uncertainties (< 0.1%) but the time constant of the
isothermal control systems is not fast enough to work within such
short irradiation times.

The aluminum calorimeter used here can be optimized
further. The current geometry is suitable for standard large fields
(10× 10 cm) but a smaller core or cylindrical, rather than plane-
parallel geometry, may be better. A design such as that developed
by Renaud et al. [52] would be worth investigating as this could
be used in small IMRT fields (3 × 3 cm or smaller) for both
photon and electron beams. Aluminum may not be suitable for
all beammodalities (e.g., kV x-rays, protons, heavy ions) but even
in these situations, the linearity of the calorimeter is unaffected,
and it could therefore still be useful as a transfer detector for
another dosimeter. In addition to geometric modifications, there
is the potential to simplify the data acquisition system, given
the high signal-to-noise obtained for these high DPP values.
Replacing the multi-component AC-bridge read-out with a high-
accuracy digital multimeter should still yield a suitable signal and
offer a more routine operation in a clinical setting. As shown
in Figure 8, one can argue that the calorimeter out-performs
alanine, in terms of precision, linearity, and immediacy and
therefore an optimized calorimeter design could be the default
detector for clinical FLASH beams, rather than being used to
validate other detector systems.
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CONCLUSION

Three detector systems were investigated for the accurate
dosimetry of electron beams with ultra-high DPP. Measurements
were carried out in high-energy electron beams of a research
linear accelerator, in a DPP range of at least 0.3–1.8 Gy/per pulse,
i.e., around 1.5 Gy/pulse as applied for the treatment with FLASH
radiotherapy. Passive alanine dosimeters were shown to have a
linear response with the DPP up to at least 2.4 Gy/pulse, but there
is no real-time read-out. The alanine system was used, however,
as reference to determine the ion recombination correction for
an Advanced Markus plane-parallel ionization chamber, studied
as a possible real-time dose monitor at ultra-high DPP. The
correction was found to be 79% at 1.5 Gy/pulse, consistent
with previously reported results using radiochromic film as a
reference. Therefore, ionization chambers used for dosimetry
in conventional radiation therapy are not considered suitable
for accurate dosimetry in FLASH radiation therapy. Finally,
an aluminum open-to-atmosphere calorimeter, operating in the
quasi-adiabatic mode, was investigated as an alternative real-
time dosimeter for FLASH radiotherapy. The precision of the
calorimeter was estimated to be < 0.2% and the response of
the calorimeter was found to be proportional to the dose per
pulse in the investigated range of 0.3 to 1.8 Gy/pulse with an
average deviation from the linear fit compared to the pulse charge
being < 0.5%. This linearity was consistent with that determined
for alanine, confirming the suitability of a simplified calorimeter
design that could be used for real-time dosimetry of clinical
FLASH therapy radiation beams.
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