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Abstract

Objective. Synchrotron-based spatially fractionated radiotherapy and ultra-high dose rate (UHDR)
radiotherapy have been shown to better spare healthy tissue function in comparison to conven-
tional radiotherapy, while controlling the tumour with the same efficacy. In recent years, an
increasing amount of research has been carried out in these fields with promising results. However,
further experiments remain essential, since the underlying mechanisms of healthy tissue preserva-
tion are not yet fully understood. The characterisation of synchrotron beamlines at the Deutsches
Elektronen-Synchrotron in Hamburg represents an opportunity to increase the number of sites
where pre-clinical studies could be conducted in the future. However, the beams available at this
synchrotron are only a few millimetres in size and measuring absorbed dose with established
detectors and dosimetry protocols represents a challenge. Approach. We show a procedure to
accurately determine the beam dose rate under such conditions by first characterising a mono-
chromatic beamline. After validation, and with the support of Monte Carlo simulations, the pro-
cedure is adapted to investigate a white-beam beamline, at which photon flux and mean energy can
be varied with Cu absorbers. Main results. With the developed procedure, it is possible to measure
absorbed dose at these beamlines with relative uncertainties below 10%. In particular, at the white-
beam beamline, the dose rate varies between about 20 Gy s~! and about 1800 Gy s~ !, thus offer-
ing the opportunity to carry out much-needed systematic studies. Moreover, pilot experiments
with a mouse phantom demonstrate that it is possible to treat small animals with such small-sized
beams by using dose-painting techniques, with an agreement between prescribed and delivered
dose within £15%. Significance. This work represents a first step towards the implementation of
reproducible pre-clinical studies at the PETRA III synchrotron, further contributing to a transition
of spatially-fractionated and UHDR radiotherapy techniques into clinical practice.

© 2025 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd
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1. Introduction

The last decade of radiotherapy research was marked by a number of important technical advances, such
as the establishment of highly-precise stereotactic irradiation techniques and enhanced image guidance
through magnetic resonance imaging. Moreover, much attention is being devoted to understand the
phenomena that are observed in radiotherapy at ultra-high dose rates (UHDRs) and in spatially frac-
tionated radiotherapy (SFRT). It has been shown that these radiotherapy modalities reduce toxicity of
normal tissue, while ensuring a similar or even higher probability of tumour control compared to con-
ventional radiotherapy (Fukunaga et al 2021, Vozenin et al 2022). For this reason, SFRT and UHDR irra-
diations, if translated into the clinic, would enable the delivery of higher doses to tumors, and, in prin-
ciple, higher doses per fraction than conventional radiotherapy, without increasing the risk of normal
tissue toxicity (Bourhis et al 2019a, 2019b, Friedl et al 2021, Gaide et al 2022, Vozenin et al 2024).

An example of SFRT is represented by synchrotron microbeam radiation therapy (MRT), which is
implemented through the insertion of a multi-slit collimator (MSC) into the quasi-parallel beam of a
synchrotron beamline (Brauer-Krisch ef al 2009). With this method, it is possible to generate an array
of several microbeams, with typical widths of 25-100 um, spaced at centre-to-centre distancing of 100—
400 pm (Brauer-Krisch efal 2010). MRT is characterised by a large difference between the dose delivered
in the microbeams (which is also called the peak dose) and that in the region between two microbeams,
called the valley dose, with the peak-to-valley dose ratio (PVDR) being a decisive parameter to safely
deliver this type of irradiation (Smyth et al 2016). In the last decade, several research groups performed
experiments, both in vitro and in vivo, demonstrating the potential of MRT to control tumours with the
same efficacy as conventional radiotherapy (Laissue et al 2001, Crosbie et al 2010, van der Sanden et al
2010, Priyadarshika et al 2011, Schiiltke et al 2017, 2021, Fernandez-Palomo et al 2020, Fukunaga et al
2021, Adam et al 2022).

The high brilliance available at synchrotrons ensures UHDR, thus making these x-ray beams a
powerful tool for basic research in the field of radiotherapy, since the underlying biological mechan-
isms leading to normal-tissue sparing during SFRT or UHDR irradiations are not yet completely under-
stood. Due to the increasing number of studies both in SFRT and UHDR radiotherapy, it is import-
ant to increase the availability of synchrotron beamlines where this type of research can be carried out.
We therefore explored the opportunity to conduct research at the synchrotron PETRA III Deutsches
Elektronen-Synchrotron (DESY, Hamburg). However, none of the beamlines at PETRA III is a dedic-
ated biomedical beamline and the x-ray beams are a few millimetres in size, both in horizontal and in
vertical direction, so that their dosimetric characterisation is very challenging. For comparison, at the
ESRF biomedical beamline, ID17 (currently shut down), the maximum horizontal and vertical dimen-
sions available at the beamline are 150 mm x 7 mm, while at that of the Australian Synchrotron, IMBL,
they are 100 mm x 3 mm (ANSTO 2025, ESRF 2025).

We present in this work a procedure to define and verify reproducible irradiation protocols at
PETRA III. To this purpose, we needed to conduct a thorough dosimetric study and modify some of the
procedures commonly followed at other synchrotrons. After establishing and validating the method at a
monochromatic beamline, which was used in the past for preliminary MRT studies (Al-Zeer et al 2022),
we used the defined protocols at a white-beam beamline, where we can vary the dose rate over a wide
range by increasing the attenuator thickness (Schiiltke et al 2022). This will be useful for future studies
on the dose rate dependence of normal-tissue sparing effects (Vozenin et al 2024).

To confirm the robustness of our procedure, we employed an additively manufactured mouse
phantom, thus mimicking the treatment of a small animal. This enabled us to compare prescribed and
delivered dose under realistic pre-clinical settings prior to radiobiology experiments.

2. Materials and methods

In this work, we performed experiments, carried out with independently calibrated detectors, and Monte
Carlo (MC) simulations. This was necessary to ensure the accuracy of our procedure. As already men-
tioned, to our knowledge, the available detectors were not yet used in such extreme conditions of both
an UHDR and millimetre-sized fields, in horizontal as well as vertical direction. For a thorough charac-
terisation of the beamlines, we carried out the following sets of measurements: (i) dose profiles to define
field sizes with a flat top, (ii) depth dose curves in a PMMA plate phantom, (iii) dose rate for several
beam configurations, (iv) loss of dose rate in the microbeams due to the presence of the MSC. After val-
idating the MC simulation model, we calculated the variation of the PVDR for increasing depth in the
phantom.
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2.1. Beamlines
The PETRA III synchrotron (DESY, Hamburg, Germany) has 25 operational beamlines and a circumfer-
ence of 2.3 km, storing electrons with an energy of 6 GeV and a current of 100 or 120 mA. The electron
bunches are separated by 16 ns in the 480 bunch mode and by 8ns in the 960 bunch mode, respect-
ively. The two beamlines considered in this work are mainly used for material science studies. The first
beamline, P21.2, is the monochromatic Swedish Materials Science beamline, mostly operated between 40
and 90keV. The second, P61A, is the white-beam beamline operated by the Helmholtz—Zentrum hereon
(Geesthacht, Germany).

In general, slits and stages for equipment are driven by remotely-controlled motors. In this way,
the experimental stage can be translated vertically and horizontally through the beam. The stage hold-
ing the MSC, which can be moved independently, can also be rotated to ensure correct alignment. As
the MSC slits are only 50 um wide and 8 mm thick, the angular alignment needs to be performed very
carefully (Ortiz et al 2022). The stage velocity can be adjusted to the users’ requirements and set reliably
between 0.1 and 30 mms~! in vertical, as well as up to 5mms~! in horizontal direction.

2.1.1. Monochromatic beamline (P21.2)

The monochromatic beamline P21.2 was previously described by Lienert et al (2024) and used in the
past for in-vitro MRT studies (Al-Zeer et al 2022). Here, photons are produced by a 4 m long in-vacuum
undulator with a period of 21.2 mm. Even though a photon energy of 45keV is used for most experi-
ments, it is possible to change it, with the lowest possible energy being 37.5keV. This corresponds to a
flux optimised undulator gap of 7.095 mm.

The photon fluence rate at this beamline is about of 10'* photons (s-cm?)~! for 45keV. During this
work, we measured the fluence rate with a photodiode (Canberra Packard, Schwadorf, Austria), which
was previously calibrated in the x-ray energy range provided by this beamline. The slits used for beam
shaping are located at a distance of approximately 40 m downstream of the experimental stage, while
further slits are available in the experimental hutch to reduce scattered radiation.

2.1.2. White-beam beamline (P61A)

The properties of the white-beam beamline P61 were recently described by Farla (2022). Briefly, the
source consists of an array of ten damping wigglers, 4 m in length, each 2 m apart. To reduce the
amount of low-energy photons and, therefore, heat load on beamline components, the beam has a per-
manent filtration of 0.3 mm diamond and 0.05 mm copper and is guided towards two experimental
hutches, P61A and P61B. The energy spectrum of P61A, upstream of these filters, has been calculated
via simulations (Schiiltke et al 2022) and is shown in figure 1. The mean energy, Emeun, calculated using
equation (1), results to be 83 keV,

m

1
Emean = ' E; - N;. (1)
N 2o

i=1

Here, Nio is the total number of photons, m the number of energy bins and N; the number of
photons with energy E;. The maximum energy considered in this work is 400 keV, as the fraction of
photons with a higher energy is comparably small. For example, the number of photons with energy
between 400 keV and 1 MeV is only 0.02% of the total number of photons between 0 and 400 keV. The
photon fluence rate at this beamline is estimated to be in the order of 4-10'® photons (s-cm?)~!.

For MRT studies at the white-beam beamline P61A, we recently designed and installed a mobile bio-
medical insert (Schiiltke et al 2022). Briefly, two sets of tungsten carbide slits are available in the exper-
imental hutch. These slits are 10 mm thick and flushed with nitrogen gas to reduce radiation-induced
oxidation. Each slit has four blades, which can be moved independently, i.e. one pair in vertical and one
pair in horizontal direction, respectively. When required, the MSC is placed downstream from the first
set of slits. Three ionisation chambers (ICs) can be used for monitoring the beam along the set-up. The
experimental stage is set up downstream of the second set of slits. Figure 2 depicts the biomedical insert
and some details of the experimental set-up.

For filtering purposes, two triangular absorber blocks (wedges), moving against each other, can be
controlled remotely to vary the absorber thickness in a continuous way between 0 mm and 100 mm.
Graphite or copper can be used separately as the photon-attenuating material.

2.2. Dosimeters
In the following sections, we shortly introduce the dosimeters employed in this work in combination
with PMMA cubic phantoms.
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Figure 1. Simulated photon spectrum of the white-beam beamline P61A (Schiiltke et al 2022). The maximum energy con-
sidered in this work is 400 keV.

Figure 2. (a) Biomedical insert at the white-beam beamline P61A, with some details, such as incident slits (1), MSC (2), ionisa-
tion chambers (3), secondary slits (4), and beam stop (5). A zoom of the experimental area (b) depicts the experimental stage (6)
with some samples, also shown in the photographs (¢, d), with phantoms (7), film holder (8), and a well plate (9).

2.2.1. PTW microDiamond (MD) and soft x-ray IC
The PTW MD (TM60019) has a nominal sensitive volume of 0.004 mm?, 2.2 mm in diameter and 1 um
in thickness and its linear response with respect to dose was found to be dose rate independent, within
the experimental uncertainty, in the range 1-1000 Gys~! (Livingstone et al 2016). Due to its cylindrical
geometry, this detector’s sensitive volume can be used with its axis both parallel (face-on orientation)
and perpendicular to the beam axis (edge-on orientation, see figure 3). The MD was calibrated in face-
on orientation by the manufacturer in terms of absorbed dose to water, with %0Co as the reference radi-
ation quality and has been successfully used in the past as the reference dosimeter for synchrotron-based
irradiation experiments (Livingstone et al 2016, Davis et al 2021).

The PTW soft x-ray IC (34013 W) has a sensitive volume of 5.9 mm? (2.9 mm in diameter and
0.9 mm in thickness). This detector was calibrated in terms of absorbed dose to water for x-ray qual-
ities between 0.05 and 4.0 mm HVL Al, which correspond to mean photon energies between 16.4 and
36.4keV.

2.2.2. X-Tream dosimetry system

The X-Tream dosimetry system, developed at the University of Wollongong, Australia, allows for real-
time dosimetry measurements with a time resolution of one microsecond. The detector, shown in

figure 4 together with the MD and the IC, consists of a single-microstrip silicon diode, 10 ym thick,
fabricated on a high-resistivity epitaxial substrate, 50 yum wide (Davis et al 2018). The detector sub-
strate is about 5 mm wide on each side of the detector (see also figure 4). An edge-on orientation allows

4
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beam direction

(a) (b)

Figure 3. The two orientations that the PTW microDiamond (schematically represented in blue) and the X-Tream detector
(schematically represented in brown) can have with respect to the beam. In the face-on orientation (a), the beam is incident on
the surface of the sensitive volume (represented in light blue and light brown, respectively). A 90° rotation sets the dosimeters in
the edge-on orientation (b).

Figure 4. Set-up of the dosimeters in PMMA phantoms at the white-beam beamline P61A. (a) microDiamond in edge-on orient-
ation, (b) X-Tream detector in face-on orientation and (c) soft x-ray ionisation chamber. The black line in (a) and the red arrow
in (b) show the approximate sensitive area of the detectors. For possible detector orientations, see also figure 3.

for the highest spatial resolution (see figure 3). The detector response is linear over a wide range of
dose rates (Davis et al 2021) and was characterised in detail for MRT dosimetry during previous stud-
ies (Petasecca et al 2012, Fournier et al 2017). During this work, the X-Tream dosimetry system was
mainly used for relative dose measurements and for determining the PVDR.

2.2.3. Radiochromic films

For two-dimensional dose verifications in the broad beam (BB) configuration (i.e. without MSC), we
used GafChromic™ HD-V2 dosimetry films (Ashland, Wilmington, USA). According to the manu-
facturer, the response of these films is energy and dose rate independent, and suitable for measuring
absorbed dose in the range between 10 and 1000 Gy (Ashland 2025). We calibrated the films in terms

of absorbed dose to water at a medical linear accelerator (Varian TrueBeam) in the range between 10
and 350 Gy. For calibration and subsequent measurements, we scanned each film individually, seven days
after irradiation, with an Epson scanner (model V850 pro) at a resolution of 350 dpi. We determined
the calibration curve with common methods found in literature and according to manufacturer recom-
mendations (Devic et al 2009, Chen et al 2016).

2.3. Procedure for accurate dose delivery

To ensure data reproducibility and reliability in radiobiology experiments, the delivered radiation dose
must be known very accurately. It is therefore necessary to perform dosimetry with detectors that can
be calibrated at a secondary standard laboratory in terms of absorbed dose. Both the PTW soft x-ray IC
and the MD satisfy this condition. However, since the radiation fields at the investigated beamlines are a
few millimetres in size, both horizontally and vertically, their dosimetric characterisation is particularly
challenging.
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Figure 5. Procedure for accurate absorbed dose measurements and reproducible dose delivery at PETRA III beamlines that are
characterised by very small beam sizes.

The methods used in literature for measuring dose at synchrotron beamlines needed, therefore, to
be adapted to these extreme conditions, as explained in section 2.5, and schematically summarised in
figure 5.

Briefly, we start with using beam-defining slits to obtain a flat dose profile. In this work, we con-
sider a dose profile to be flat if the relative deviation between maximum and minimum top dose values
is within £10%. In a second step, for the given field size, we measure the absorbed dose at the refer-
ence point by translating the detector vertically through the beam and determine the beam dose rate (see
section 2.5). This method is referred to as dynamic dose measurement in the following. In the case of
MRT, we then assess the loss of dose rate due to the MSC, as well as the PVDR. Finally, we deliver the
desired dose to a sample with the same dynamic procedure and verify it with an independent measure-
ment, as shown in the following sections.

2.4. Beam size—measurement and definition

In order to ensure a flat horizontal (or vertical) dose profile, we optimise the position of beam-defining
slits, so that we can deliver a homogeneous dose to biological samples and produce a sharp dose gradi-
ent at the field edges. In particular, we report the beam width and height as the full width at half
maximum (FWHM) of dose profiles with a flat top. We measured dose profiles in the corresponding
phantom, both with the MD and the X-Tream dosimetry system (see figure 4).

2.5. Dose measurements

We adapted the approach described in the literature for determining the absolute dose rate for similar
set-ups (Prezado et al 2011, Fournier et al 2016, Lye et al 2016, Davis et al 2021). Briefly, the dosimet-
ers are moved vertically through the beam at a well-defined scanning velocity, vsc,. If the beam height,
Bbeams is smaller than the detector size facing the beam, the measured signal, M, is then integrated
along the scan length. The absorbed dose in PMMA is measured with the in-phantom method. In line
with the IAEA code of practice TRS-398 (International Atomic Energy Agency 2024), we determine the
absorbed dose, D(z), in PMMA as:

Dpmmia (2) = Dy, (2') = Mq - Np, q, - kq,q, K- (2)

In equation (2), My, is the dosimeter reading in PMMA at the synchrotron beamline; Np, o, the
detector calibration factor in terms of dose to water, provided for defined radiation qualities and irra-
diation geometries, which are reported in the respective calibration certificates; kq g, takes the detector
response for the actual beam quality, Q, into account.

At the monochromatic beamline, D is the dose at the PMMA phantom surface (z=0), while, at the
white-beam beamline, we consider that the measured dose at a given depth, z, in PMMA will be equal to
that at a depth z’ = ppmma - z in water.

Equation (2) partly deviates from the formula recommended in the JAEA TRS-398 code of practice,
especially due to the effects of PMMA in the determination of calibration and quality correction factor.
In other words, we assume that dose differences due to material properties and consequent differences in
secondary-particle distribution are negligible. Moreover, we introduce an output correction factor, Ky o,

6
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which considers the effects of field size differences with respect to those in which the detectors were cal-
ibrated. This factor cannot be entirely described by the field output factor recommended by the IAEA
TRS-398 code of practice. Also, due to the small beam divergence, we assume that the effect of different
geometries (source-to-surface distance, in particular) during calibration and measurement are negligible.
We therefore define K according to the IAEA TRS-483 code of practice (International Atomic Energy
Agency 2017), despite the fact that this is only valid for megavoltage x-ray beams. Further details regard-
ing the assessment of kq,q, and Ky are given in the supplementary material.

Finally, the dose rate, D, is calculated from beam height, scan velocity, and absorbed dose (integrated
over the vertical profile) (Prezado efal 2011):

D: Vscan -D (3)

hbeam

Since dose rate and beam shapes can slightly change with time, these parameters need to be evalu-
ated at each beam time for choosing the correct irradiation setting.

Moreover, the PETRA III ring current varied between 100 mA and 120 mA for different beam times.
From equation (3), it is possible to scale dose rate values for comparisons, as follows:

D= D N hbeam _ I Dscaled . hbeam’ (4)

Vscan Vscan

where [ is the actual current of the storage ring and Dycaled the dose rate scaled by I (Fournier et al
2016).

At the monochromatic beamline P21.2, the absorbed dose at the phantom surface can be approx-
imated with the collision kerma, K.. In fact, we can assume to have CPE at the phantom surface,
since the range of 45keV electrons in PMMA (in the continuous slowing down approximation) is
0.03 mm (Berger et al 1999). This also ensures lateral CPE for field sizes in the order of a few milli-
metres. Therefore, from the definition of collision kerma (Ma et al 2001):

_ Hen
p

D=~ K. -E-®, (5)

where i,/ p is the mass energy absorption coefficient of the mono-energetic photons, with energy E and
fluence @, in the considered material. Equation (5) enables for checking the consistency of the experi-
mental values from equation (2) at the monochromatic beamline P21.2 (see also supplementary mater-
ial) (Ma et al 2001).

As mentioned above, a set of Cu absorbers is used at the white-beam beamline P61A to reduce the
beam intensity. This avoids damage to sensitive beamline components (such as cameras and detectors),
as well as to the experimental set-up. However, the use of filters does not only decrease the dose rate but
also hardens the photon beam, thus modifying the shape of the depth dose curve. We therefore carried
out a dosimetric characterisation of the beamline P61A for different copper filter thicknesses.

2.5.1. Application example: irradiation of a mouse phantom

To verify our workflow for in-vivo experiments, we simulated a mouse irradiation with the help of an
anatomically detailed phantom, shown in figure 6. The mouse phantom is produced by means of addit-
ive manufacturing using a stereolithography process (Wegner et al 2023). It consists of two parts and is
primarily composed of clear resin, which serves as surrogate for mouse soft tissue. Additionally, bones,
lungs, and several internal organs are implemented in the phantom (Wegner et al 2023).

We first exposed the mouse phantom to a single BB and then simulated the dose delivery to a more
realistic target volume, with a width of 10 mm. For this purpose, we used a dose-painting technique.
Briefly, we translated the stage horizontally after having irradiated a stripe of the target volume with a
single beam. In this way, we laterally ‘patched’ several beams. Prior to the mouse phantom exposure, we
optimised the horizontal step movement of the stage with the help of a visual check of irradiated films,
as demonstrated in figure 6. This avoids underdosage, if the horizontal step is too large, or overdosage,
if this is too small and the fields overlap. After determining the dose rate as described in section 2.5, we
adapted the scan velocity for a beam height of 1 mm to deliver a nominal dose of about 45 Gy to the
phantom abdomen and brain, respectively. For verification, we positioned a film in the sagittal plane in
the middle of the mouse phantom (see figure 6), at a maximum depth of approximately 10 mm.

7
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Figure 6. Experimental set-up for irradiations with the mouse phantom, positioned on the experimental stage. The films placed
in front and behind the phantom (a) show how we checked the stage horizontal translation for dose-painting through beam
patching. For dose verification, a film is placed in the sagittal plane in the middle of the phantom (b).

Source Cu filter MSC Phantom
0Ocm 50 cm 80 cm 100 cm

Figure 7. Schematic representation of the MC simulation set-up. The photon source is positioned at z = 0, being z the direction
of the simulated photons. The Cu filter blocks used at the white-beam beamline P61A are placed at z = 50 cm. The MSC and the
PMMA phantom centre are at z = 80 cm and z = 100 cm, respectively.

2.6. Microbeam evaluation

We conducted all microbeam studies placing the X-Tream detector, in edge-on orientation, in the
PMMA phantom, without material in front of it. Due to the detector geometry, this still corresponds to
a measurement at a PMMA depth of 5mm. We calculated the PVDR as suggested by Lerch et al (2011).
According to this method, the PVDR is evaluated independently for each peak. The dose in the valley
is averaged over 50 pum, while the peak dose is considered to be the maximum peak value. The PVDR
is then determined after calculating the mean values of all PVDRs in the beam area for which the dose
profile is flat.

2.7. MC simulations
A MC model of our experimental set-up offers several advantages, since the beamlines at PETRA III are
not designed for biomedical experiments. On the one hand, the very small beam size is challenging for
absorbed dose measurements with common clinical dosimeters. The comparison between MC calculated
and experimental absorbed dose at the monochromatic beamline P21.2 will further prove the consistency
of the method and benchmark the simulation model. On the other hand, through simulations of the
white-beam beamline P61A, we can verify the suitability of the calculated photon energy spectrum for
dosimetry studies. In fact, the shape of the depth dose curve is sensitive to changes in the photon spec-
tral composition. As mentioned in section 2.1.2, due to the very high photon intensity, the x-ray spectral
distribution and fluence rate of this beamline could not yet be measured. Finally, the MC simulation
allows for a rough estimate of the photon fluence rate at the beamline P61A, as we will show below.

We performed all MC simulations that are relevant for this study with the Geant4 package (ver-
sion 10.5.1) (Agostinelli et al 2003). In our simulation model, the experimental set-up is placed in
a4m x 4m x 4m air-filled world. The photon source is positioned 100 cm away from the PMMA
phantom centre, with the beam central axis aligned to that of the phantom. The beam size is con-
sidered to be rectangular, with dimensions taken from the measured dose profiles. The initial photons
are assumed to be homogeneously distributed over the field, thus producing a flat profile in both dimen-
sions. Furthermore, the beam is assumed to be mono-directional (see figure 7). This approximation
is acceptable, at least for the simulations without MSC, since the beam divergence is very small. For
example, at the beamline P21.2 the divergence for a beam size of 4 mm x 2 mm (horizontal and ver-
tical) is 27 prad and 13 prad, respectively. The simulated PMMA cubic phantom is 10 cm in size, as in
the experiments conducted to obtain depth dose curves. For the simulations with microbeams, the MSC
is positioned 20 cm upstream with respect to the phantom surface. The MSC is represented by 125 tung-
sten blocks, with a centre-to-centre spacing of 0.4 mm and each having the following dimensions: 8 mm
thickness, 3 mm height and 0.35 mm width.
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The Cu filtering blocks at the white-beam beamline P61A, included in the simulation set-up, are
positioned 50 cm away from the phantom (centre-to-centre spacing).

We calculated the absorbed dose in the phantom using different scoring meshes, the sizes of which
are adapted depending on the goal of the simulation. For the evaluation of the beam dose profile
with and without the MSC, the chosen spatial resolution is 0.01 mm x 0.2 mm X 0.5 mm, while this is
0.2mm x 0.2 mm X 1.0 mm for the depth dose curves. The dose rate from the simulation is related to
the absorbed dose, Dyic, as follows:

)

Dye = - Dyc. (6)

sim

Here, Ngj, is the number of simulated photons per unit area and ® the photon fluence rate at the
beamline, in s7!-cm™2.

We carried out the MC simulations of the monochromatic beamline P21.2 for primary photon
energies of 45keV and 60 keV. The calculation of the absolute dose rate from the simulation results
(equation (6)) requires the photon fluence rate to be known precisely. We measured the photon flu-
ence rate at this beamline during each experiment, with a calibrated photodiode. This data is therefore
important to verify the consistency between measurements and simulations and provides a good indic-
ator of the validity of our method.

For the white-beam beamline P61A, the initial photon spectrum implemented in the MC simu-
lation is the one shown in figure 1. Due to the very high photon fluence rate (estimated to be about
4-10'® photons (s-cm?)~!), we could not yet measure the photon spectrum at the phantom surface.
Using equation (6), we can, however, assess the photon fluence from the simulation, provided that the
absorbed dose is measured correctly.

3. Results

In the following, we first present the results obtained at the monochromatic beamline P21.2. This data
represents a benchmark for the procedure followed in this study, which was then adapted for the condi-
tions at the white-beam beamline P61A.

We determined the uncertainties according to the recommendations of the ISO Guide to the expression
of uncertainty in measurement (Joint Committee for Guides in Metrology 2004). Details can be found in
the supplementary material.

3.1. Monochromatic beamline (P21.2)

3.1.1. Dose profiles

We report the relative horizontal dose profile with flat top at the beamline P21.2 in figure 8(a). This was
measured both with the X-Tream system and the MD. Both datasets show a comparable structure, with
relative deviations below £5%. The FWHM is 3.2 mm when measured with the X-Tream system and

3.3 mm with the MD, respectively. The flat-top vertical profile, shown in figure 8(b), has a FWHM of
1.6 mm.

3.1.2. Depth dose curves

Figure 9(a) illustrates the relative depth dose curves in PMMA obtained with MD, films, and X-Tream
system, respectively, for an x-ray energy of 45keV and a photon field size of (3.3 x 1.6) mm?. For depths
between 5 and 12 mm, the agreement between film, MD, and X-Tream system is very good. Starting at
a depth of 15mm, the MD measures a higher relative dose compared to the X-Tream, with a maximum
discrepancy of 9% at larger depths.

A comparison between the depth dose curve acquired with the X-Tream system and the simulated
one (figure 9(a)) shows an excellent agreement. This is the most accurate comparison, since both the
MC simulation and the measurements with the X-Tream detector were performed without vertical trans-
lation of the phantom through the beam.

In a second experiment, we also measured depth dose curves for an energy of 60 keV with MD and
films (see figure 9(b)). The experimental data from the MD and the MC simulation results are in good
agreement, with a maximum relative discrepancy of about +4%. The film data deviates in the first mil-
limetres from simulation and MD data, while the MD data is slightly larger than the simulated one at
depths larger than 15 mm.
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Figure 8. Relative horizontal (a) and vertical (b) dose profile at the beamline P21.2, normalised at the field maximum. The hori-
zontal profile is measured with the MD (blue) and X-Tream system (orange) while the vertical profile is measured with the

MD, only. Both dosimeters are positioned in edge-on orientation with respect to the beam direction, as shown in figure 3. The
X-Tream detector is moved with a constant velocity of 10 mm s~—! through the beam. The scan velocity is used to convert the time
resolution of the system to a relative horizontal position in the beam. Measurements with the MD are performed without PMMA
in front and in a static way, with the motor moving in 0.1 mm steps. The X-Tream data is recorded in 5 mm PMMA depth.
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Figure 9. Relative depth dose curves at the beamline P21.2 for a photon energy of 45 (a) and 60keV (b) and a field size of
3.3mm X 1.6 mm. These curves are measured in the PMMA plate phantom (10 cm in size) with the MD and films and also with
the X-Tream system for 45 keV photon energy (a). The MC simulated data is shown as well. The X-Tream detector is positioned
in edge-on orientation and kept stationary. The film and MD measurements are performed by moving vertically through the
beam, with a constant velocity of 1.6 mms ™! (1.0 mms~!) for 45 keV (60 KeV). For comparison, all results are relative to the
dose value at 5 mm depth. The simulation was carried out for 10'° starting photons and the relative standard deviation of the
results is up to +1.4% at larger depths. The error bars represent the overall uncertainty with a coverage factor k = 2. A compre-
hensive uncertainty analysis is provided in the supplementary material. For both simulated and X-Tream data, the symbols are
larger than the error bars.

3.1.3. Absolute dose

Table 1 reports the experimental dose rate from dynamic measurements (equation (3)), both using the
IC and the MD. This data is compared to the collision kerma rate (equation (5)) and the MC calculated
value (from equation (6)). The maximum relative discrepancy of about 25% is between IC measurement
and collision kerma approximation and can be considered acceptable for proving data consistency.

3.1.4. Microbeams

Since the dose profile is not perfectly flat, the MB are slightly uneven, as visible in figure 10(a), which
also shows that a maximum number of eight MB can be produced at the monochromatic beamline
P21.2.

An evaluation of the four peaks in the field centre leads to an average PVDR of 120.5 £ 10.9. We
assume that the uncertainty of the PVDR is established by the valley dose uncertainty, estimated from
the standard deviation of the valley dose values (k = 2), since this measurement depends largely from
the low-dose sensitivity of the used detector. However, as the peak dose itself also has an uncertainty
(even if much smaller compared to the valley dose), the given uncertainty is a minimum uncertainty.
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Table 1. Absolute dose rate assessment at the beamline P21.2 for an x-ray energy of 45 keV, obtained from measurements with both the
MD and IC at the PMMA phantom surface. The scanning velocity was ] mm s~ and the field size 3.3 mm x 1.6 mm. The MD and IC
data was corrected for energy and field size dependence according to the results shown in the supplementary material. The measured
fluence rate during these experiments was (1.16 4 0.02)-10'* s~ cm~2. The overall uncertainty is reported with a coverage factor k= 2.

Method Din Gys™!
IC 2642
MD 2542
Equation (5) 32.9+0.3
MC 29+1
1.0 1.01
0.8 0.8
2 2
g 0.6 1 8 0.6
2 g
B 0.4 £ 0.4
IS IS
0.2 k 0.2
0.0 0.0
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relative horizontal position [mm] relative horizontal position [mm]

(a) (b)

Figure 10. Relative dose profile in the broad beam (blue) and microbeams (orange) at the beamline P21.2 for 45 keV (a) and
60keV (b), measured with the X-Tream detector in edge-on orientation, moving with a constant velocity of I mms~! horizont-
ally through the beam. The scan velocity is used to convert the time resolution of the system to a relative horizontal position in
the beam. All data, taken at a PMMA depth of 5 mm, are relative to the dose maximum of the broad beam.

©
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©
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Since the beam has a small divergence, some photons entering the MSC between the tungsten blocks
can still be absorbed in the blocks themselves. Moreover, despite the small range in PMMA of 45 keV
electrons, the condition of CPE might not hold in the microbeams. Hence, as expected, the dose in the
MB is lower than in the BB. We calculated the dose rate loss due to the MSC by considering the profile
height in the beam centre and the height of the fourth MB peak. This loss is about 5%. The simulated
PVDR, calculated for the five central peaks, has a mean value of 148.9 & 8.8, which is about 24% larger
than the experimental value. As done for the experiment, we compared the dose rate difference in the
peaks to that in the BB. The average difference of all simulated peaks from the BB results to be about
5% and, therefore, in excellent agreement with the experimental value.

Figure 11 gives a closer look at one MB from MC simulation and experiment at 45keV. Both peak
heights are normalised to unity to compare the shape. The structure and FWHM of the MB is very
similar for simulation and experiment, with an experimental FWHM of 48 ym and a simulated one of
50 pm, respectively.

We also investigated the beam profile and MB for 60 keV photons. Switching to a different energy
yields a slightly different beam profile, in this case reducing the dose flatness. If the beam defining slits
are maintained in the same position as for 45 keV, the dose rate variation, between maximum and min-
imum, is, in fact, about 20%. The peak height of the MBs follows, again, the beam structure and the
dose rate loss due to the MSC is about 7% (figure 10(b)).

3.2. White-beam beamline (P61A)
3.2.1. Beam profile
The horizontal profile at the white-beam beamline P61A, measured with X-Tream system and MD,
has a sharp left edge but a less sharp dose gradient on the right side, as can be seen in figure 12(a).
Additionally, the profile presents a small dose increase towards the right edge, which could be meas-
ured with both detectors and presents the same shape and position during different beam times. The
measured FWHM is 2.0 mm and the relative deviation between maximum and minimum top dose is less
than +4%.

Figure 12(b) shows two vertical dose profiles, recorded with two different openings of the vertical
beam-defining slits. While the dose penumbra is less sharp with respect to that of the horizontal profile,
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Figure 11. Shape of a microbeam, from simulated (green) and experimental data (orange), at the beamline P21.2 for 45keV. The
X-Tream is moved horizontally through the beam with a constant velocity of I mms~!.
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Figure 12. Beam profiles at the beamline P61A. The horizontal profile (a) is measured with X-Tream (orange) and MD (blue),
while the two vertical profiles (b), for two different vertical openings, are measured with the MD, only. Both dosimeters are posi-
tioned in edge-on orientation and the X-Tream is moved with a constant velocity of 2.5 mms™! through the beam. The scan
velocity is used to convert the time resolution of the system to a relative horizontal position in the beam. For the static measure-
ment with the MD, the motor is moved with 0.1 mm steps horizontally and, respectively, 0.01 mm and 0.05 mm vertically. The
profiles are measured at a PMMA depth of 5 mm. All data is relative to the dose maximum.

the top dose value is constant within a few percent. For these two slit openings, the FWHM of the ver-
tical profile is 0.38 mm and 1.1 mm, respectively.

3.2.2. Cu filtering—dose rate reduction and beam hardening

In the following, we summarise the effects of copper filtering on the white-beam. The mentioned mater-
ial thickness is to be understood as additional filters to the absorbers that are always in place at this
beamline. The lowest additional copper filter for this measurement is 1 mm, as less filtration leads to

an excessive heat load on the beamline components.

The experimental results of dose reduction for increasing Cu thickness are shown in figure 13,
together with the results of the MC simulations. We assessed the statistical uncertainty of the MC sim-
ulation by Gaussian propagation of the relative standard deviation for each run. For increasing cop-
per thickness, the statistical uncertainty increases, as we started the same number of events for each
filter. While the uncertainty for thicknesses up to 25 mm is below 2%, this increases to about +8%
for 40 mm Cu. According to the simulation, 1 mm of additional copper reduces the dose rate to 23%
of the expected value without additional copper. The comparison between the relative dose rate from
simulation and experiments up to a Cu thickness of 27.5 mm is illustrated in figure 13, with a satis-
factory agreement (within £3% and +10% when comparing with X-Tream and film measurements,
respectively).

Figure 14(a) shows, exemplarily, x-ray spectra for 0.5 to 15 mm of Cu absorber thickness, result-
ing from MC simulations to study the beam-hardening effect of copper filters. The mean energy of

12



Phys. Med. Biol. 70 (2025) 225015

1014 * X-Tream
. *  simulation
o “.‘x % film
o 10°%; -
3 %
©
101 %
® i
< ® -
1072 4 *
»
»
10—3_
0 10 20 30 40

Cu absorber [mm]

C Mewes et al

Figure 13. Simulated and measured dose rate relative to the 5mm Cu filtered dose rate, for thicknesses between 5 and 27.5 mm
for the measured dose rates. The X-Tream detector is irradiated in a static way with a field size of 2.4 mm x 1.25 mm, while the
films are moved vertically with a velocity of 30 mm s~ through the beam (beam height: 0.88 mm). The MC simulation is star-
ted with 10'° photons for each copper filter and considers a stationary detector. The error bars represent the overall uncertainty
with a coverage factor k = 2. The error bars of the X-Tream measurements, as well as of the simulated data, is smaller than the
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Figure 14. Simulated energy spectra (a) and corresponding mean energy (b) for increasing copper absorber thickness. A total of
10'° photons are simulated for each copper filter. The photon energy distribution was scored at the phantom position and the
mean energy was calculated using equation (1).

the photon beam with 1 mm Cu is 117 keV, compared to 83 keV with no Cu absorber, and increases to
about 220keV for a thickness of 30 mm (figure 14(b)).

3.2.3. Depth dose curves

We observed a general satisfactory agreement between different data for relative depth dose curves.
Examples for Cu filters of 2mm and 10 mm can be seen in figure 15. In particular, the X-Tream results
show a lower percentage depth dose than the MC simulation. This is more pronounced for 10 mm Cu,
with a maximum discrepancy of 6% at a depth of 40 mm.

The film results are in good agreement with the simulation (within +10% for all depths in PMMA),
but also lower than the simulated data for larger depths. Figure 16 summarises, furthermore, simulated
depth dose curves up to a depth of 100 mm for several Cu thicknesses. A substantial change in these
curves can be seen for 1 mm compared to 0 mm additional Cu. In fact, the relative dose decreases to
50% of the surface dose at a depth of 13 mm without filter, while this reduction takes place at a depth
of 38 mm for 1 mm Cu. For larger copper thicknesses, the changes in the depth dose curve are less pro-
nounced. With 10mm Cu, a dose reduction of 50% is reached at a depth of 42 mm in PMMA.

3.2.4. Absolute dose measurements

Table 2 reports the results of dynamic absorbed dose measurements with MD and films at two differ-
ent scanning velocities for several filter thicknesses. The maximum discrepancy between the two sets of
corresponding dose rate values (see equation (3)) is below £7%, except for the highest dose rate, where
the MD value is larger than the film value by about 9%.
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Figure 15. Comparison between experimental and simulated relative depth dose curves at the beamline P61A with an additional
Cu filter of 2 mm (a) and 10 mm (b). Field size: 1.8 mm x 0.7 mm. The dose is normalised to a depth of 5 mm. The X-Tream
measurements are performed statically, while the films are scanned through the beam with a constant velocity of 30 mms™!.
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Figure 16. Simulated depth dose curves for 0 to 10 mm of Cu at the beamline P61A. For each copper absorber, 10'° photons are
simulated, increasing the uncertainty with thicker copper absorber. For 5 mm of copper absorber thickness, the overall uncer-
tainty of the MC calculation is less than +5%, while the uncertainty is below £2% with 0 mm of copper absorber. The results are
relative to the value at 5 mm depth in PMMA.

Table 2. Absolute dose rate assessment at the white-beam beamline P61A for different Cu thicknesses, obtained from dynamic absolute
dose measurements with both the MD in edge-on orientation and films. For each Cu thickness, we report the mean energy of the
simulated x-ray spectrum, Epean. The MD data is corrected for energy and field size dependence according to the results shown in the
supplementary material. The beam width is 1.8 mm. All measurements are performed in the PMMA phantom at a depth of 5 mm for
hpeam = 0.77 mm.

Cu thickness
in mm Emean 1n keV Dosimeter Vscan in Mm s~ Din Gy Din Gy s 1
7 163 MD 0.77 1908 + 133 1908 + 133
Film 10.55 127 +£13 1747 £ 175
10 175 MD 0.77 961 £+ 67 961 + 67
Film 5.34 141+ 14 979 +98
15 191 MD 0.77 375426 375426
Film 2.08 136 + 14 366 + 37
19 201 MD 0.77 192 +13 192 +13
Film 0.558 263 +26 191 +£19
25 214 MD 0.77 79+t6 79+6
Film 0.44 130+ 13 74+7
30 224 MD 0.77 38+3 38+3
Film 0.21 141 + 14 38+4
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Figure 17. Microbeams (dotted line) at the beamline P61A measured with the X-Tream in edge-on orientation, compared with
the broad beam profile (solid line). 10 mm PMMA was placed in front of the detector and the additional filter was 10 mm Cu.
The horizontal velocity was 1.0 mm s~!. The scan velocity was used to convert the time resolution of the X-Tream dosimetry
system to a relative horizontal position in the beam.

Using equation (6) and the relative dose rate from figure 16, we estimate a photon fluence rate of
3.2-10'® photons (s-cm?) ™!, which is close to the expected value of about 4 -10'¢ photons (s-cm?)~!,

3.2.5. Microbeams

We used the X-Tream system in edge-on orientation to measure PVDR and dose rate reduction due

to the MSC at the beamline P61A in a similar way as at the beamline P21.2 (see figure 17). Due to

the shape of the beam profile, the fifth peak on the far right side is about 9% higher than the other
four peaks. Among these, the difference in peak height lies below 2%, following the shape of the beam.
Figure 17 also shows a non-symmetrical structure of the MBs, with a slower dose increase on the left
side compared to that on the right side, which is due to the detector geometry. For these reasons, we
considered the three peaks in the centre of the field to determine both PVDR and difference in dose rate
between BB and MB. The average PVDR of these three peaks with a Cu filtration of 10 mm in a depth
of 10 mm in PMMA results to be 100 £ 8.5, while the average dose rate difference from MB to BB is
about 30%.

The MC simulation with the MSC in place and an additional Cu thickness of 10 mm results in an
average PVDR of 121.5 £ 4.5, which is considerably larger than the experimental value. Nevertheless,
the experimental FWHM of the central MB of 56.5 um is in good agreement with the simulated value
of 50 pm. Unfortunately, the agreement is less good for the dose rate reduction due to the MSC with a
simulated value (5.5%), much lower than that evaluated from experiments.

The simulated PVDR, calculated as a function of depth in PMMA without additional Cu, can also
be seen in figure 18, together with the results obtained for the beamline P21.2. Both at the monochro-
matic and at the white-beam beamline, the PVDR value is energy dependent, decreases drastically up
to a depth of 5mm in PMMA and remains almost constant for larger depths. At the P21.2 beamline,
the PVDR at 45keV is smaller than at 60 keV, while the opposite can be observed at the P61A beamline,
where the PVDR decreases for increasing mean x-ray energy.

3.2.6. Mouse phantom irradiations

To verify our irradiation protocols for future pre-clinical experiments, we considered two types of hypo-
thetical targets in the mouse abdomen: (i) as large as the beam (about 2 mm in width) and (ii) 10 mm
in width, which was covered using a dose-painting technique. This was implemented by laterally patch-
ing five beams with a stage step translation of 2 mm. We carried out these experiments with a Cu filter
of 19 mm thickness. The corresponding dose rate during this experiment, measured at 5mm PMMA
depth, was (223 +22) Gys™ . For a scan length of 1.1 mm, we chose a scan velocity of 4.4mms~! to
deliver 50 Gy at 5 mm depth. Considering the shape of the depth dose curves, also for the phantom
material (see supplementary material), we expect a maximum dose reduction of about 10% at the max-
imum depth of 10 mm, thus resulting in a nominal dose of 45 Gy in the abdominal region. An example
of measured dose profiles, presented in figure 19, demonstrates a satisfactory agreement between expec-
ted and delivered dose. In fact, the mean dose value in the target volume for the shown irradiations is
(43 £ 6) Gy. For the extended target width of 10 mm, over- or under-dosage due to beam patching is
below £15%.
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Figure 18. MC simulation of the PVDR as a function of depth in PMMA for 45 and 60 keV (P21.2) and for the white-beam
without additional Cu absorber and for 2 and 10 mm of Cu (P61A). The PVDR is calculated as the mean value from the five
(P21.2) and four (P61A) peaks in the centre of the profile for left and right valley, respectively.
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Figure 19. Dose profiles for a single beam (orange) and dose painting with five patched beams (blue), measured in the abdominal

region of the mouse phantom, with films placed in the sagittal plane that cuts the phantom along the midline. The nominal dose
was 45 Gy. The error bars represent the total uncertainty of the measured ratio, with a coverage factor k = 2.

4, Discussion and conclusions

This work shows potential and challenges of performing SFRT and UHDR radiotherapy research studies
at synchrotron beams characterised by very small beam sizes, such as those of the PETRA III synchro-
tron at DESY (Hamburg). With a thorough investigation of the dosimetric properties of the white-beam
beamline, which we conducted for the first time, we offer users the possibility of carrying out systematic
pre-clinical studies on the effects of UHDR over a wide range of dose rates.

Due to the small beam size, we assessed correction factors for the detectors used in this study, which
were calibrated by the manufacturer in cm-sized fields, where the condition of lateral CPE are satisfied
for photon energies used in clinical radiotherapy (up to a few MeV). With the assessment of specific
correction factors, we can compensate for dose-volume effects, lack of CPE, and, if necessary, for energy
dependence. The resulting correction factors for the MD, both for field size and energy dependence, are
in the same order of magnitude as those found in other studies (Livingstone et al 2016, Brace et al 2020,
Kaveckyte et al 2020). This confirms, once more, the importance of thoroughly characterising radiation
detectors if working with radiation fields that are different from those used for calibration.

The second challenge that we face at the white-beam beamline is the very-high photon fluence rate.
This hindered, up to now, the direct measurement of the beam spectrum and its intensity. For this
reason, the investigation of the monochromatic beamline provided a benchmark for the procedure adop-
ted in this work, since the photon fluence rate can be precisely measured at this beamline. A precise
knowledge of the photon fluence rate allowed us to verify the accuracy of the experimental dose rate by
comparing this data to the theoretical value in the kerma approximation. Moreover, the good agreement
between the experimental dose rate obtained with the calibrated IC and the MD provides a solid base
for studies at the white-beam beamline.
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The procedure developed in this study enables one to measure the dose rate with a relative overall
uncertainty in the order of £10%, both at the monochromatic and at the white-beam beamline. While
the dose rate at the monochromatic beamline P21.2 is approximately 30 Gys™!, we can vary it reliably
between about 20 Gys™! and 1.8 kGys™! at the white-beam beamline, thus enabling systematic studies of
the biological effect of UHDRs in the future.

As part of the dosimetric characterisation, we observed, as to be expected, an energy-dependent dose
deposition in depth. However, the changes in the depth-dose curve at the white-beam beamline are neg-
ligible for Cu thicknesses larger than 1 mm, so that beam-quality effects should not play any significant
role in UHDR experiments conducted at this beamline at different dose rates.

When inserting the MSC, the average dose rate drop in the MB with respect to the BB at the beam-
line P61A is about 30%, much larger than the loss at the beamline P21.2 (approximately 5%). The
explanation most likely lies in the wiggler source of the white-beam beamline causing a larger divergence
than found at the monochromatic beamline. A larger divergence leads to a larger dose rate loss in the
MSC, because the collimator will absorb converging photons, while these would contribute to the energy
deposited by the BB. Moreover, due to the higher x-ray energy at the white-beam beamline, the range of
the most energetic secondary electrons in PMMA is larger than 1 mm, thus causing a general violation
of the lateral CPE. The lack of lateral CPE is more pronounced in the MB.

During this study, we also demonstrated that it would be possible to irradiate small animals at
PETRA III by applying a dose-painting technique. Despite the fact that neither image guidance for
positioning, nor an image-based treatment planning system were available, the maximum discrepancy
between prescribed and delivered dose in a 10 mm wide target volume in the abdominal region of the
mouse phantom was about +15%. Considering further contributions to the total experimental uncer-
tainty, such as the shape of the depth dose curve and the fact that the phantom is not homogeneous, we
evaluate this first application as successful.

Furthermore, we performed MC simulations with a simple representation of beamline and set-up,
taking only the main components into account. Nevertheless, at both beamlines, the agreement between
simulated depth dose curves for BB irradiations and those measured with the X-Tream dosimetry sys-
tem in stationary mode is very good. Also, the MC simulation results in terms of absolute dose rate of
the beamline P21.2 are in line with the experimental data, therefore confirming that this simple rep-
resentation is acceptable and accurate for dosimetry. The general consistency between experiments and
MC simulation of the BB for both beamlines is an indicator of the fact that other approximations, such
as using a mono-directional beam with a rectangular shape and homogeneous intensity, are acceptable.
Moreover, we can state that the initial photon spectrum used for the simulations of the P61A well rep-
resents the actual spectrum for dose calculations.

MC simulation results including the MSC show that the structure of the simulated depth-dependence
of the PVDR is similar at both beamlines and in line with experimental and simulated data from other
groups (Bartzsch et al 2015). Hence, for irradiations at a depth of 5mm or larger, we can assume an
almost constant PVDR, within the overall calculation uncertainties. Interestingly, at the P21.2 beamline,
the PVDR increases with increasing energy, while the opposite is observed at the P61A beamline. Since
the valley dose is strongly affected by primary and secondary scattering events, it is important to per-
form experiments for comparison.

This study has several limitations, which we will briefly discuss in the following. First, we did not
yet entirely follow an internationally-recognised clinical dosimetry protocol, such as the IAEA Technical
Report No. 398 (International Atomic Energy Agency 2024) or the AAPM Technical report of the Task
Group 61 (Ma et al 2001), which, especially for beam qualities at the beamline P61A, recommends to
perform absolute dosimetry in a water-equivalent phantom at a depth of 20 mm, while we measured the
absorbed dose at a depth of 5mm in PMMA. Also, in the future, the MD should be calibrated for the
actual conditions at the beamline, i.e. at lower photon energies in addition to ®°Co, as well as for expos-
ures in edge-on orientation. This would further reduce the total experimental uncertainty and allow us
to identify potential errors and systematic deviations.

To be in line with international protocols, it will also be necessary to verify that the proced-
ure to determine the output correction factor, recommended in the IAEA Technical Report No.

483 (International Atomic Energy Agency 2017), is valid for low-energy photons. In other words, we
will carry out studies to determine whether the output correction factor for radiochromic films is unity
for dose measurements in low-energy spectra. While this can be considered as a good approximation for
spectra comparable to that of the white-beam beamline, this should be accurately verified for the dosi-
metry at the monochromatic beamline. However, the comparison of different approaches, as conducted
in this study, confirms that the definition is valid within the current experimental uncertainties.
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Finally, the MC simulation model of the beamlines needs to be refined for a better performance in
the presence of the MSC. In fact, the measured PVDR is lower than the simulated one. Beamline com-
ponents not included in the simulation could cause more photon and secondary-electron scattering and,
therefore, increase the valley dose, with a lower experimental PVDR as a result. Additionally, the beam
divergence and the actual beam dose profile can lead to discrepancies in the PVDR between simulation
and experiment. Even if the beam divergence is small, it has an effect on the scattering properties of the
photons and can increase the valley dose. However, since full MC simulations of the beamlines require
large human and computational resources, in the future we will first implement the actual beam shape
and divergence, which are fundamental for MRT dose calculations.

In conclusion, we were able to demonstrate that with the robust dosimetric procedure adopted in
this work, biomedical researchers will have the opportunity to conduct radiotherapy studies at beamlines
of the PETRA III synchrotron at DESY. At the same time, this procedure can be easily adopted at dif-
ferent synchrotron centres, should further millimetre-sized beamlines become available for radiotherapy
research in the future.
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