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A B S T R A C T   

Background and purpose: Accurate dosimetry in Ultra-High Dose Rate (UHDR) beams is challenging because high 
levels of ion recombination occur within ionisation chambers used as reference dosimeters. A Small-body 
Portable Graphite Calorimeter (SPGC) exhibiting a dose-rate independent response was built to offer reduced 
uncertainty on secondary standard dosimetry in UHDR regimes. The aim of this study was to quantify the effect 
of the geometry and material properties of the device on the dose measurement. 
Materials and methods: A detailed model of the SPGC was built in the Monte Carlo code TOPAS (v3.6.1) to derive 
the impurity and gap correction factors, kimp and kgap. A dose conversion factor, DMC

w /DMC
g , was also calculated 

using FLUKA (v2021.2.0). These factors convert the average dose to its graphite core to the dose-to-water for a 
249.7 MeV mono-energetic spot-scanned clinical proton beam. The effect of the surrounding Styrofoam on the 
dose measurement was examined in the simulations by substituting it for graphite. 
Results: The kimp and kgap correction factors were 0.9993 ± 0.0002 and 1.0000 ± 0.0001, respectively when the 
Styrofoam was not substituted, and 1.0037 ± 0.0002 and 0.9999 ± 0.0001, respectively when substituted for 
graphite. The dose conversion factor was calculated to be 1.0806 ± 0.0001. All uncertainties are Type A. 
Conclusions: Impurity and gap correction factors, and the dose conversion factor were calculated for the SPGC in 
a FLASH proton beam. Separating out the effect of scatter from Styrofoam insulation showed this as the domi-
nating correction factor, amounting to 1.0043 ± 0.0002.   

1. Introduction 

External beam radiotherapy is used in a significant proportion 
(approx. 50 %) of cancer treatments, either solely or in combination 
with other techniques [1]. These radiotherapy treatments are optimised 
such that the amount of radiation being delivered to the tumour is 
maximised, whilst minimising the radiation delivered to healthy tissue. 
A more recent development has been to deliver the radiation at Ultra- 
High Dose Rates (UHDR), often termed FLASH radiotherapy, to utilise 
the FLASH effect [2]. This effect has been observed to significantly spare 
healthy tissue through a mechanism that is not currently well under-
stood, but still produces the same tumour killing effect as conventional 

dose-rate radiotherapy [3–6]. There has been significant progress made 
towards this modality as demonstrated by the first in human clinical trial 
using UHDR proton beams to treat symptomatic metastatic bone cancer 
[7,8]. 

Reference dosimetry is critical to maintain consistency between fa-
cilities of the dose delivered to a patient. This is important both on a 
national and international level to ensure a patient would receive the 
same dose, within an acceptable uncertainty, irrespective of the facility 
delivering the treatment. An International Code of Practice (TRS-398 
[9]) published by the International Atomic Energy Agency (IAEA) rec-
ommends standard practices for facilities to follow, helping to keep 
them as consistent and accurate as possible. These standard practices 
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work well for the majority of currently employed techniques of per-
forming external radiotherapy. However, at the increasingly utilised 
UHDR, these protocols are not adequate [10–12]. This is because ion-
isation chambers recommended for reference dosimetry in radiotherapy 
beams require a correction for ion recombination. This correction is 
small and linear as a function of dose rate or dose-per-pulse at the 
conventional dose rates typically employed clinically [13,14]. However, 
the amount of ion recombination significantly increases for UHDR mo-
dalities [14]. For some chambers, such as the PTW Roos and PTW 
Farmer chambers, this increase has been shown to result in a signifi-
cantly larger ion recombination correction factor, exhibiting non-linear 
behaviour, and hence an increased uncertainty on the measured dose 
[10]. This larger uncertainty on dose can lead to an overdose to healthy 
tissue or insufficient dose for effective tumour control; both of which 
negatively impact the outcome for the patient. 

National Metrology Institutes for Primary Standards of absorbed 
dose use calorimetry to directly measure the energy imparted per unit 
mass from a known amount of radiation [15,16]. The induced temper-
ature rise due to ionising radiation in the calorimeter is measured and 
combined with the known specific heat capacity of the measuring me-
dium to determine the absorbed dose. Correction factors are then 
applied to this value to derive the clinically relevant quantity of absor-
bed dose-to-water. The correction for heat transfer within the system is 
one of the main sources of uncertainty on the dose measurement when 
using calorimetry [16]. The uncertainty on the measurement therefore 
reduces with the increase in dose rate, as there is less time for heat to 
flow within the system during the shorter irradiation time [10]. This 
highlights that a calorimetric measurement of dose may offer a reduced 
uncertainty for UHDR beams, giving an improvement over the currently 
recommended ionisation chamber-based dosimetry. 

A Small-body Portable Graphite Calorimeter (SPGC) [17] was 
developed by the National Physical Laboratory (NPL), UK, as a more 
compact, robust and simpler to operate device in comparison to its 
Primary-Standard Proton Calorimeter (PSPC) [16]. These advantageous 
characteristics mean it could be more easily used in different facilities to 
disseminate dose, as well as offer a reduced uncertainty on the mea-
surement in comparison to ionisation chambers. 

The clinically relevant quantity for dosimetry is dose-to-water, Dm
w , 

and can be derived according to the equation 

Dm
w =

DMC
w

DMC
g

Dm
g

∏
ki,

where Dm
g is the measured dose-to-graphite, DMC

w /DMC
g is the Monte Carlo 

derived dose conversion factor, and ki represents additional correction 
factors. Two of the additional correction factors required in the con-
version are the kimp and kgap correction factors. The kimp correction factor 
corrects for the non-graphite constituents of the calorimeter, such as 
core thermistors and impurities within the graphite itself. The kgap 

correction factor accounts for the presence of an air gap between the 
core and its surrounding jacket. The DMC

w /DMC
g factor is then applied to 

convert the measured dose-to-graphite to the clinically relevant quantity 
of dose-to-water. This dose conversion factor is defined as the product of 
the water-to-graphite mass stopping power ratio, sw,g, and the fluence 
correction factor, kfl [18]. These factors and corrections are always 
disseminated for the primary standard instruments maintained by the 
National Metrology Institutes. Several studies have been published 
demonstrating application of simplified calorimeters for UHDR dosim-
etry [11,19,20]. However, so far, no detailed evaluation of relevant 
correction factors for these instruments has been published. These cor-
rections are instrumental in establishing these new devices as secondary 
standards for FLASH radiotherapy. 

This work describes the Monte Carlo model and techniques used to 
derive the correction factors for the SPGC in a clinical UHDR proton 
beam. One of the simplifications of this device in comparison to the 

PSPC is that it is embedded in a Styrofoam phantom as opposed to a 
graphite phantom. This simplification results in a difference in the 
scattering conditions of the beam, as the surrounding phantom material 
is different to the core material of the calorimeter. The aim of this study 
was to examine the extent of this difference in scatter, and therefore dose 
to the calorimeter core. This motivated the introduction of a separate 
kscat correction factor. 

2. Materials and methods 

2.1. Small-body Portable Graphite Calorimeter 

The SPGC used constituted a 2 mm thick graphite core of 20 mm 
diameter, enclosed in a graphite jacket. An air gap was present between 
the core and jacket to minimise the heat transfer between the compo-
nents during irradiation. Thermistors were present in the core to mea-
sure its temperature, and consequently the temperature rise when 
irradiated. The jacket, containing the core, was then embedded in Sty-
rofoam to improve the thermal isolation of the graphite from the envi-
ronment. This geometry, modelled in TOPAS, is shown in Fig. 1. 

2.2. Simulation model 

The geometry of the calorimeter was modelled in TOPAS (v3.6.1), 
based on Geant4 v10.6.p03 [21,22]. Simulations were performed with 
the default reference physics lists, including g4h-phy_QGSP_BIC_HP for 
hadronic physics and g4em-standard_opt4 for electromagnetic physics 
[23]. The graphite materials were defined with a measured density of 
1.767 g • cm− 3 [17], measured at NPL, and an ionisation potential of 81 
eV in accordance with the recommendations in International Commis-
sion on Radiation Units and Measurements Report 90 [24]. The impu-
rities of the graphite were defined based on an example impurity 
analysis from a manufacturer of the same quality graphite. The Styro-
foam material was defined with the density of 0.0392 g • cm− 3 measured 
at NPL [17], and an ionisation potential of 68.7 eV as defined for 
polystyrene by the National Institute of Standards and Technology 
(NIST) [25]. The elemental composition was also defined in accordance 
with the NIST database. 

Individual thermistors were modelled to ensure the most accurate 
proportion of non-graphite materials were included in the calorimeter 
model. This intricate modelling allowed for the potential of reduced 
Type B uncertainties on the kimp correction factor. Dimensions and 
elemental compositions were taken from specification documents from 
the manufacturer. 

2.3. Geometry configurations 

The core in NPL’s PSPC is surrounded by a series of vacuum gaps and 
graphite jackets. This means that the proton scatter into the core is 
relatively consistent because of the similarity of the surrounding mate-
rial. However, the more simplistic design of the SPGC with surrounding 
Styrofoam introduced a difference in the amount of proton scatter in 
comparison to homogeneous graphite. The effect of substituting the 
Styrofoam for graphite was therefore examined for this study. 

The configurations of the simulation model were: 

a) Full geometry: containing impure graphite and non-graphite 
components. 

bi) Pure graphite geometry: impure graphite and non-graphite 
components were substituted for pure graphite. The air gap and Styro-
foam phantom remained present. 

bii) Pure graphite geometry: impure graphite and non-graphite 
components were substituted for pure graphite. The air gap remained 
present. The Styrofoam phantom was substituted for a pure graphite 
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phantom. 

ci) Compensated geometry: the air gap surrounding the core was 
shifted downstream and filled with pure graphite to make the material 
homogeneous. This maintained the same amount of graphite in front of 
the core. The Styrofoam phantom remained present. 

cii) Compensated geometry: the air gap surrounding the core was 
shifted downstream and filled with pure graphite to make the material 
homogeneous. This maintained the same amount of graphite in front of 
the core. The Styrofoam phantom was substituted for a pure graphite 
phantom. 

Configurations a, bi and ci are shown in Fig. 2. Configurations bii and 
cii had the same geometries as bi and ci, except the Styrofoam phantom 
was substituted for a pure graphite phantom. 

2.4. Correction factor calculations 

The kimp and kgap correction factors were calculated as the ratio of 
dose scored within the core regions in the different configurations. The 
kimp correction factor, being the ratio between the pure graphite geom-
etry and full geometry, converts the dose-to-core in the full geometry to 
the dose-to-core in pure graphite. The kgap correction factor is the ratio 

between the compensated geometry and the pure graphite geometry, 
which converts the dose-to-core in pure graphite (containing air gaps), 
to the dose-to-core in homogeneous pure graphite (no air gaps). These 
correction factors were calculated for both pathways, the first with the 
Styrofoam phantom remaining present (configurations a, bi, ci), and the 
second when the Styrofoam phantom was substituted for a pure graphite 
phantom (configurations a, bii, cii). 

The dose conversion factor has been found to largely depend on the 
nuclear models used in the Monte Carlo code and, as shown in [18], is 
not (or only very weakly) correlated with other interaction data such as 
energy loss and scatter. This justified the use of a different code which 
could better model the nuclear interactions. It was for this reason that 
the simulations for the dose conversion factor were instead conducted 
with FLUKA (v2021.2.0), using the default HADROTHErapy card [26]. 
Previous work has demonstrated good agreement between experimen-
tally derived and simulated partial fluence correction factors using the 
code [27] and we observed that with Geant4, not the same level of 
agreement could be achieved. The dose conversion factor was deter-
mined by scoring the dose as a function of depth in both pure homo-
geneous graphite and water. The depth-dose curve in pure homogeneous 
graphite was then scaled such that its range matched that in water, 
giving a dose at a water equivalent depth. The ratio in dose at the 
required depth of 5.2 g • cm− 2 used experimentally then gave the dose 
conversion factor. 

Fig. 1. TOPAS model of the Small-body Portable Graphite Calorimeter. (i) Graphite jacket, containing graphite core, surrounded by Styrofoam. (ii) Graphite jacket 
showing the position of the core and core thermistors. (iii) Individual thermistor model. 

Fig. 2. Schematic diagrams of the (a) full geometry with impure graphite and non-graphite materials, (bi) pure graphite geometry in a Styrofoam phantom, and (ci) 
compensated geometry in a Styrofoam phantom. 
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2.5. Beam model 

All geometries were simulated using a 249.7 MeV spot-scanned 
proton beam, with a Gaussian energy spread (standard deviation) of 
0.25 MeV, over a 5 cm × 6 cm field area, with divergence of 3.5 mrad. 
These beam specifications were based on Monte Carlo optimised beam 
parameters from an experimental campaign conducted at Cincinnati 
Children’s Hospital Medical Center [10]. The proton energy, energy 
spread, field dimensions and divergence of the beam were optimised 
using experimentally obtained percentage depth-dose data, and beam 
profiles measured using Gafchromic EBT3 films. The dose rate was not 
required to be simulated as the correction factors are only dependent on 
the spatial distribution of the beam, and not on the dose rate or dose-per- 
pulse [28]. 

3. Results 

The values of the kimp and kgap correction factors without substitution 
of the Styrofoam phantom were calculated to be 0.9993 ± 0.0002 and 
1.0000 ± 0.0001, respectively. The correction factors where the Styro-
foam phantom had been substituted for a pure graphite phantom were 
1.0037 ± 0.0002 and 0.9999 ± 0.0001, respectively. The dose conver-
sion factor, DMC

w /DMC
g , was calculated to be 1.0806 ± 0.0001. The quoted 

uncertainties are Type A uncertainties and refer to the standard error of 
the mean. 

4. Discussion 

The results showed little difference between the kgap correction fac-
tors irrespective of the Styrofoam substitution to graphite (<0.1 % dif-
ference). However, there was found to be a larger difference between the 
kimp correction factors calculated (0.44 % increase). The substitution of 
the Styrofoam for the higher density pure graphite resulted in more 
protons being scattered into the core. This increase in protons increased 
the dose received by the core, and consequently increased the kimp 

correction factor. This showed that the scatter of the protons from the 
surrounding phantom material of the calorimeter had a significant 
impact on the derived kimp correction factor, and benefited from being 
separately considered. 

A scattering correction factor, kscat, was introduced as an alternative 
to the substitution of Styrofoam to graphite when calculating the kimp 

correction factor. In this way, the kimp correction factor only corrected 
for the impurities and non-graphite materials within the core, and 
therefore was more comparable to the equivalent PSPC correction factor 
[10]. The kscat correction factor was then separately implemented to 
correct for the scatter into the core from the surrounding phantom 
material. Separation of these effects is valuable for future design studies, 
as well as comparing the response with ionisation chambers in a full- 
scatter graphite or water phantom. 

In the case of the SPGC with this alternative formulation, the kimp 

correction factor was 0.9993 ± 0.0002, which converted the dose-to- 
core to a dose-to-core in pure graphite (considering internal impu-
rities). A kscat correction factor of 1.0043 ± 0.0002 then converted the 
dose-to-core in pure graphite (considering internal impurities) to a dose- 
to-core in pure graphite (considering the external phantom material). 
Finally, the kgap correction of 0.9999 ± 0.0001 was applied to convert to 
the dose-to-core in homogeneous pure graphite. The DMC

w /DMC
g correc-

tion factor, converting to dose-to-water, was found to be comparable 
with previously reported values [10]. 

There are additional Type B uncertainty components to be applied to 
the kimp and kgap correction factor values which are associated with 
uncertainties on the geometry description, the optimised beam source 
characteristics, and the radiation transport modelling used by the Monte 
Carlo code. The uncertainties on the interaction data used in the 
modelling may also have influenced these results, such as the uncer-

tainty on the mean excitation energy of graphite, and the uncertainties 
on the nuclear interaction cross sections. The latter has particular 
importance as this study considered the impact of scatter from the sur-
rounding phantom material on the dose to the core of the calorimeter. It 
is also important for determining how the dose is deposited in a mate-
rial, and therefore would impact the dose conversion factor calculation. 
These uncertainties are subject to further analysis when detailed com-
parison with experimental data is completed. 

The reference dosimetry for UHDR proton beams is challenging. 
Typically used ionisation chambers suffer from large ion recombination 
effects which increase the uncertainty on the dose they measure. The 
detailed modelling of NPL’s SPGC using Monte Carlo has allowed for 
improved quantification of the scattering effects occurring within the 
device. Unlike the PSPC, the SPGC was surrounded by Styrofoam which 
impacted the scattering of protons into the core. A kscat correction factor 
has been introduced to account for the influence of the surrounding 
phantom material on the dose measured in the core of the calorimeter. 

A device like the SPGC, given its dose rate independent response 
[29], is likely to offer a reduced uncertainty on the measured dose for 
reference dosimetry in UHDR beams in comparison to ionisation 
chambers. This reduces the uncertainty on the dose delivered to the 
tissues of a patient, and the uncertainty on the Normal Tissue Compli-
cation Probability, which is beneficial for patient outcome [30]. The 
improved quantification of the scattering effects occurring within the 
SPGC described in this study, and the calculated correction factors 
required to obtain dose-to-water, brings use of the device closer to the 
fore. This development of the reference dosimetry is critical to keep the 
rapidly developing UHDR techniques in radiotherapy safe and accurate 
for patients. 

It is envisioned that a device such as the SPGC be used to disseminate 
dose in FLASH facilities as an alternative to ionisation chambers, espe-
cially in pulsed UHDR beams where ion recombination effects are highly 
pronounced. Its portability and relative simplicity in comparison to the 
PSPC means routine use in facilities would be possible. Its clinical 
benefit also spans beyond UHDR proton treatment facilities, as UHDR 
electron and x-ray treatment facilities may also benefit. This instrument 
is therefore a building block necessary for development of clinical cal-
orimeters which could be routinely used for dosimetry in UHDR radio-
therapy. There is further potential for such an instrument to be used as 
an auditing device, which can be transported between facilities for 
intercomparison measurements. This could help to improve the stand-
ardisation of UHDR treatments nationally and globally, enabling con-
sistency across different facilities and comparability of results. 

To conclude, the compact SPGC device may offer a reduced uncer-
tainty on measurements for reference dosimetry in UHDR proton beams. 
The simplified geometry of the device which utilised a Styrofoam 
phantom surrounding the graphite components caused differences in the 
scatter conditions of the protons in comparison to a uniform material. 
This difference in the scatter lead to an impact on the dose measurement. 
The extent of this impact was examined using Monte Carlo and 
accounted for in a kscat correction factor equal to 1.0043 ± 0.0002 for 
the SPGC in the set up described. 
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