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The University Proton Therapy facility in Dresden (UPTD), Germany, is equipped with an experimental room with a beamline providing a static pencil beam. High proton beam currents can be achieved at this beamline which makes it suitable for FLASH experiments. However, the established experimental setup uses only the entrance channel of the proton Bragg curve. In this work, a set of 3D-printed range modulators designed to generate spread out Bragg peaks (SOBPs) for radiobiological experiments at ultra-high dose rate at this beamline is described. A new method to optimize range modulators specifically for the case of a static pencil beam based on the central depth dose profile is introduced. Modulators for two different irradiation setups were produced and characterized experimentally by measurements of lateral and depth dose distributions using different detectors. In addition, Monte Carlo simulations were performed to assess profiles of the dose averaged linear energy transfer (LETD) in water. These newly produced range modulators will allow future proton FLASH experiments in the SOBP at UPTD with two different experimental setups.
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1 INTRODUCTION
The observation of the FLASH effect, the sparing of normal tissue at ultra-high dose rates above [image: image], while maintaining tumor control has attracted great attention and stimulated research in the radiotherapy community worldwide due to its potential to widen the therapeutic window [1,2]. Though it is suspected that the explanation behind the FLASH effect lies probably in the radiochemical stage of radiation action, its exact mechanism is still barely understood [3]. Therefore, more basic and preclinical research is necessary towards an understanding of the FLASH effect. The University Proton Therapy facility in Dresden (UPTD), Germany, is equipped with an IBA ProteusPLUS proton therapy system with a 230 MeV isochronous cyclotron that can be operated with beam currents up to 500 nA [4–6]. The proton beam can be delivered to a gantry room for patient treatment and to a research room equipped with two horizontal beamlines. One beamline is equipped with a pencil beam scanning nozzle and the other one provides fixed/static pencil beams. The beam current arriving at the target position depends on the beamline and proton energy used. The highest beam currents can be reached at the fixed beamline where different experiments investigating the FLASH effect have already been performed [7–9].
The irradiation setup previously established at UPTD for ultra-high dose rate experiments [7–9] allowed irradiations at the entrance channel of a 225 MeV proton beam and the maximum dose rate achievable at a usable field size of [image: image] was limited to [image: image] [8, 9]. The irradiation of biological samples in a spread out Bragg peak (SOBP) instead of the entrance channel would be closer to the clinical situation, would provide a higher ionization density and could allow to reach even higher dose rates. For ultra-high dose rate experiments, an SOBP can only be generated passively because for an active energy variation the dead time between the subsequent layers would be too long to maintain the conditions required for the FLASH effect. However, thanks to modern 3D-printing technology [10] almost the same conformality as for active energy switching can be reached with 3D-printed range modulators [11–14], without affecting the radiation quality compared to active dose delivery [15].
In this work, we present a set of 3D-printed range modulators that were specifically designed for the fixed beamline of the experimental area at UPTD with the goal to generate SOBPs at ultra-high dose rate for radiobiological experiments. Two experimental setups providing different field sizes for different biological models are presented. In the first setup, a proton SOBP with 3 cm modulation length and a lateral field size that is large enough to irradiate biological samples with sizes of [image: image] in diameter with a homogeneous dose (comparable to the setup of Karsch et al. [9] for the entrance channel) should be generated. In the second setup, a proton SOBP with 1.5 cm modulation length that is sharply collimated to 5 mm lateral field size and can be used to irradiate partial volumes of small animals while sparing surrounding tissues and organs (comparable to the mouse irradiations at conventional dose rates described by Suckert et al. [16]) should be produced. In both setups, the SOBP is generated using the highest available proton energy of 225 MeV in order to reach maximum dose rates.
Different range modulators were optimized based on measured depth dose distributions of the 225 MeV proton beam and produced by 3D-printing. The modulators for the first setup (3 cm long SOBP without collimation) were printed at GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, Germany, while those for the second setup (1.5 cm long SOBP with 5 mm collimation) were optimized and printed independently at GSI and in Trento, in a collaboration between the Trento Institute for Fundamental Physics and Applications (TIFPA) and at the Laboratory for Bioinspired, Bionic, Nano Meta Materials and Mechanics of the University of Trento (UniTn) in Italy (optimized at TIFPA, printed at UniTn), and compared in terms of field characteristics and depth dose homogeneity. The optimization of the range modulator geometries followed a novel approach based on the central depth dose profile. The two experimental setups were characterized by measurements with different dosimetric devices as well as by Monte Carlo simulations using the FLUKA and TOPAS/Geant4 Monte Carlo codes.
2 METHODS AND MATERIALS
2.1 Proton beamline at University Proton Therapy facility in Dresden
As usual for cyclotron-based proton therapy systems, the accelerator at UPTD provides protons with a fixed energy of 230 MeV. The energy variation as required for conformal irradiation of 3D volumes is realized passively in a degrader-based energy selection system. The energy range available at the fixed beamline in the experimental room is 70–225 MeV. The degrader drastically reduces the beam current transported through the beamline due to the widening of the angular and energy distribution by scattering and energy loss straggling. Knowledge of the magnitude of the intensity loss for lower proton energies is important for choosing the optimal energy for FLASH experiments in an SOBP setup. Therefore, the transmission characteristics of the fixed beamline at UPTD were studied experimentally. A PTW Bragg peak chamber (model 34070-2,5 [17]) was placed at the target position directly behind the beamline exit window and read out by a Keithley electrometer (model 6514). The ionization current Iionization measured by the Bragg peak chamber was converted into absolute proton beam current Ibeam by Eq. 1.
[image: image]
where [image: image] is the (energy dependent) stopping power of air for protons [18], Δx the air gap between the electrodes (2 mm in the Bragg peak chamber used), e is the elementary charge, wair the mean energy required to create an electron-ion pair in air (34.44 eV for protons [19]), kT,p the correction factor accounting for the temperature and pressure dependent variable density of air and kS the correction factor accounting for incomplete charge collection due to ion recombination (see Section 2.4). The beam current at the target position divided by the cyclotron current (available from IBA beam control system) gives the transmission.
Figure 1 shows the measured transmission from cyclotron to target position at the fixed beamline. Using the primary 230 MeV proton beam from the cyclotron without any degrader or material in the beam path is not possible with the current beamline settings at UPTD and is not straightforward to implement due to the operation of experiments and clinical treatments in parallel. For 225 MeV, the highest energy that can be transported to the experimental room, the transmission is [image: image]. This corresponds to a beam current of 1.39 × 1012 protons per second arriving in the experimental room. The transmission drops so steeply with decreasing energy that we decided to use the maximum energy of 225 MeV for optimization of the range modulators described in this work. Therefore, a thick absorber of [image: image] water-equivalent thickness is required to shift the sample position to the SOBP depth. The use of a lower proton energy would reduce the thickness of absorber material required before the sample, but the strongly decreasing transmission due to the degrader would also greatly reduce the available beam current and therefore is not an option for FLASH experiments at the fixed beamline at UPTD.
[image: Figure 1]FIGURE 1 | Transmission from cyclotron to target position at the fixed beamline in the experimental area of the UPTD as a function of proton energy panel (A): linear scale, panel (B): logarithmic scale). The transmission was determined by measurements of the absolute beam current using a PTW 34070 Bragg peak chamber. The distinct steps are due to the switching of the degrader material (aluminum, carbon, beryllium) depending on the energy range.
2.2 Optimization of range modulators to produce SOBPs for a static pencil beam
Several facilities and research groups make use of 3D-printed range modulators to create SOBPs for radiobiological or dosimetric experiments with protons or heavy ions [12,20–23]. These modulators consist of periodically arranged pins or ridges which represent different thicknesses to specific fractions of the beam and therefore modulate the energy and range distribution. The shape of the pins or ridges can be optimized to produce a desired depth dose distribution, e.g., an SOBP. The period should be considerably smaller than the size of the beam spot for an optimal modulation.
Usually the geometry of such modulators is optimized based on a pristine laterally integrated Bragg curve. For modulators optimized in this way, however, in order to obtain a flat central depth dose profile an extended radiation field is required. This is illustrated in Figure 2 where dose distributions in water for 220 MeV protons with and without a range modulator optimized to produce a 5 cm SOBP are shown. The dose distributions were calculated using the FLUKA Monte Carlo code [24,25] and a dedicated sub-routine for implementation of the modulator geometry [26].
[image: Figure 2]FIGURE 2 | Dose distributions for 220 MeV protons impinging on a water phantom with and without a range modulator in front calculated using the FLUKA Monte Carlo code. The upper panels (A–C) show 2D dose distributions in air and in the water phantom and the lower panels (D–F) show 1D profiles normalized to the entrance dose for different integration radii (0.2 cm − 10 cm). Panel (A) and (D) show the dose distribution of a pristine pencil beam, (B) and (E) of a modulated pencil beam and (C) and (F) of a modulated broad beam.
The upper panels show 2D dose distributions before and inside the water phantom and the lower panels show 1D depth profiles in water for different cylindrical integration radii (2 mm − 10 cm). Figures 2A,D show the dose distribution of a pristine 220 MeV proton pencil beam (8 mm full width at half maximum) without modulation. It can be observed that the lateral size of the beam widens up strongly during traversal through the water phantom due to lateral scattering. This causes the Bragg peak, which is very pronounced in the laterally integrated depth dose profile, to be attenuated considerably for smaller integration radii. Figure 2B,E show the corresponding dose distribution for the same beam, but with a range modulator in front of the water phantom. As visible in Figure 2B, the edge scattering effects at the range modulator pins cause a ripple in the dose distribution, which again blurs out until the SOBP depth (as studied in detail by Charuchinda et al. [26]). In Figure 2E one can observe that the laterally integrated depth dose profile shows a flat SOBP while the central dose profiles (calculated from smaller integration radii) get a negative slope towards the distal edge due to multiple Coulomb scattering. Figures 2C,F show the corresponding dose distributions for the same modulator but with an extended irradiation field of 4 × 4 cm2. For this configuration the SOBP is flat for all integration radii because there is a lateral scattering equilibrium all along the beam path.
Basically all previous experiments applying such range modulators used extended fields, either produced by scattering or scanning of pencil beams. Scanning of the beam is not possible at our fixed beamline and the irradiation fields should be kept small to achieve highest dose rates. Therefore, we tested a different approach using the central depth dose profile (e.g., red curve in Figure 2D) instead of the laterally integrated depth dose profile as input for the optimization of the modulator geometry. Accordingly, also the effect of collimators, which restrict the phase space of the proton beam and modify its depth dose profile, can be taken into account during the optimization of the modulator geometry by including it already during the measurement of the reference depth dose profile. In this work, the reference dose profiles for the different configurations were obtained by measurements with small detectors, a PTW PinPoint 3D ionization chamber (model 31022) and a PTW microdiamond detector (model 60019) scanned along the central axis (see Section 2.4). It should be noted that in the setup used for measurement of the unmodulated central dose profile used as reference, the distances and the configuration (especially collimator position) should be as close as possible to those in the final setup that is used for SOBP irradiations.
2.3 Experimental setups
The two experimental setups intended for FLASH irradiation within proton SOBPs that were realized within this work are shown schematically in Figure 3. They were designed to be set up quickly and in a robust way, using PMMA absorbers instead of water.
[image: Figure 3]FIGURE 3 | Experimental setups for proton SOBP irradiations at ultra-high dose rate using 3D-printed range modulators. Panel (A): SETUP (A) irradiation of small samples with a homogeneous dose in the center of a 3 cm SOBP. Panel (B): SETUP (B) irradiation of partial volumes of small animals with a sharply collimated 1.5 cm SOBP.
Figure 3A shows SETUP A which is intended for irradiation of small biological samples with dimensions [image: image] (e.g., 0.5 mL Eppendorf tubes containing zebrafish embryos) in the center of a 3 cm long SOBP with homogeneous dose (inhomogeneity [image: image]) at ultra-high dose rate [image: image]. A PTW Bragg peak chamber positioned right after the exit window of the beamline serves as beam monitor because of its good performance (lower recombination losses than the transmission ionization chamber built in the beamline, see Section 2.4) at high dose rates. The Bragg peak chamber has an additional water equivalent thickness of [image: image] which slightly increases the beam spot size and whose range shift needs to be taken into account. The 3D-printed range modulator is placed right behind the Bragg peak chamber. After the modulator, a 23.5 cm PMMA absorber is placed which on one hand broadens the beam due to lateral scattering and on the other hand shifts the sample position into the SOBP depth. The samples (e.g., Eppendorf tubes) can be placed inside a plastic phantom with a bore hole. Alternatively, a PTW PinPoint 3D chamber can be inserted inside the sample holder for dose measurements.
Figure 3B shows SETUP B which can be used for irradiation of partial volumes (e.g., partial brain irradiation) of small animals with a 1.5 cm long SOBP at ultra-high dose rate while surrounding tissues and organs are spared. However, for 225 MeV protons the distal edge has an extension of [image: image] in water which is broader than the entire mouse brain. Therefore, in order to reach ultra-high dose rates the setup has to be arranged as a shoot-through SOBP setup. In contrast to SETUP A, a 3.3 cm thick Brass collimator with a hole of 5 mm diameter is added. The collimator is not placed behind the entire absorber, but 2.5 cm before the end. The additional 2.5 cm PMMA after the collimator helps to absorb the dose overshoots which typically occur right behind collimators due to edge scattering effects. If a very sharp lateral dose falloff at the sample position is required, a second collimator can be added after the second absorber right in front of the animal. Typically mice are in a container during irradiation which has to be taken into account for the choice of the exact thicknesses of the absorber plates.
2.4 Dosimetric characterization
Dose profiles for pristine and for modulated proton beams for both setups were obtained. Different detectors were used to characterize the dose distributions.
The IBA Giraffe multi-layer ionization chamber [27] was used for measuring laterally integrated depth dose profiles of SETUP A.
For measurements of central dose profiles of SETUP A, a PTW water phantom (model 41023) together with a PTW PinPoint 3D ionizaton chamber (model 31022) read out by a PTW UNIDOS Tango electrometer was used. For large water depths, a PMMA range shifter with 7.6 cm water equivalent thickness was placed in front of the water phantom. A transmission ionization chamber built-in the beamline (model 34058 by PTW) served as reference detector [5].
For the collimated fields of SETUP B, a PTW microdiamond detector (model 60019) was used (as, e.g., also by Togno et al. [28]) which allows dose profile measurements with micrometer resolution. Instead of scanning it in beam direction through a water phantom, the microdiamond was placed in a PMMA plate at 5 mm geometrical depth and scanned along the lateral direction (using a linear stage by OWIS) to detect the central dose maximum for each measurement depth. The different measurement depths were realized by placing PMMA plates of varying thickness in between the collimator and the microdiamond detector and simultaneously increasing the distance between both. The ionization current signal of the diamond detector was read out by a PTW UNIDOS electrometer (model 10001) and logged together with the lateral position.
The different detectors, their characteristics and their field of application are summarized in Table 1.
TABLE 1 | Detectors used for experimental characterization of the proton beam at UPTD and the dose distributions produced by 3D-printed range modulators.
[image: Table 1]The characterization of the dose profiles was done at moderate proton beam currents ([image: image] at the target position for PinPoint measurements and [image: image] for the lateral profile scans using the microdiamond) to avoid recombination effects [29,30] or other issues related to high dose rate [31]. By scaling the dose rates measured at low intensities up to 500 nA cyclotron current, the maximum reachable dose rates can be estimated with good accuracy. In addition, also separate measurements at the maximum beam current were carried out at selected depth points, taking into account recombination correction factors for the air-filled ionization chambers used (PTW Bragg peak chamber as monitor and PTW PinPoint 3D as field detector). The recombination correction factors kS determined for the maximum beam current by means of Jaffé diagrams were 1.045 for the Bragg peak chamber and 1.02 for the PinPoint 3D chamber.
2.5 Design and 3D-printing of range modulators
The range modulators designed for the present study have pins with a pyramid shape and a square base as the basic geometry which are periodically repeated. Protons passing through different thicknesses of the pins lose a different amount of energy and therefore result in Bragg peaks with different ranges. The pin shape and thereby the weighted superposition of these shifted Bragg curves can be optimized to result in a homogeneous SOBP.
The optimization principle behind the modulators optimized and produced at GSI is described in detail by Simeonov et al. [12] and Holm et al. [21]. The optimization of the modulators for the present work is illustrated in Figure 4. Each of Figures 4A–C shows one of the different modulators that was produced and tested within this work. The blue curves are the measured pristine depth dose profiles which are the basic input for the optimization. One modulator was optimized on the measured laterally integrated depth dose profile (Figure 4A) for SETUP A, another one on the measured central depth dose profile (Figure 4B) for SETUP A and a third one on the measured central dose profile of a collimated beam (Figure 4C) for SETUP B. The yellow areas mark the depth range in which the optimizer (chi-square minimization) should create a homogeneous dose. The red curves show the optimized SOBPs and the green symbols indicate the optimized weights for the shifted Bragg peaks, which are basically shifted copies of the blue curves (pristine Bragg peaks). Figure 4D compares for the three modulators the profiles of the pins whose shape is based on these optimized weights. The weights have gap after a first high weight in order to sharpen the distal fall-off of the SOBP and are normalized to have a sum of 1. The square pyramids were then exported as .stl files and printed on a 3DSystems ProJet MJP 2500 Plus 3D-printer using VisiJet M2S-HT250 as printing material and VisiJet M2 SUP as support material. The printing material has a water equivalent density of 1.162 g/cm3 (determined by previous measurements with proton beams). The modulator structures were embedded in a frame for better stability and have a 2 mm thick base plate on which the pins are standing. The pins were arranged as a 16 × 16 matrix with a 3 mm period (Figure 4D).
[image: Figure 4]FIGURE 4 | Depth dose profiles for the different range modulators optimized and produced at GSI within this work panel (A–C) and their pin geometries (panel (D)). The blue curves in panel (A–C) show the pristine Bragg curves used as input for the optimization, the red curves show the optimized SOBPs for the yellow marked region and the green symbols show the weights of the shifted Bragg curves. In panel (A) and (B), the first (deepest) weight was scaled down by a factor of 0.1 for better visibility of the other weights.
At TIFPA/UniTn, a range modulator for SETUP B was optimized combining previously calculated look-up tables of depth dose profiles with the solution of a linear system using a dedicated script. The look-up tables were generated with TOPAS Monte Carlo simulations [32], by reproducing the beam properties and the geometry of the experimental setup and scoring the resulting depth dose distribution in a voxelized water phantom (voxel size comparable to the microdiamond detector volume of 0.004 mm3) and checking that it matches with the previously measured depth dose profile. Separate simulations were then performed for the beam traversing layers of increasing thicknesses of water, resembling the different layers of the range modulator pin. A total of 21 layers in 0.5 mm steps was simulated. The weights of the different shifted Bragg curves were optimized to produce a flat SOBP. The resulting weights were then converted into a pin geometry and scaled by the water-equivalent thickness of the printer material. The pins were arranged in a matrix of adjacent pins with 3 mm edge length at the base. After verification with another TOPAS simulation, the modulator geometry was converted into a .stl file and 3D-printed at UniTn using the PolyJet technique, a type of additive manufacturing, using a Stratasys J750 3D printer, which is known for its exceptional printing capabilities (see Figure 5). This approach has been extensively developed and tested at UniTn for printing samples with very complicated geometry [10].
[image: Figure 5]FIGURE 5 | Schematic showing the manufacturing process of the range modulator at UniTn. Panel (A): range modulator CAD file, panel (B): manufacturing of the range modulator, panel (C): 3D-printed range modulator.
To achieve the required level of precision, the printer was set to high-quality mode, resulting in a layer height resolution of 14 μm, meaning that each successive layer of photopolymer was only 14 μm thick. This level of resolution is critical for creating small, intricate structures like the pins of the range modulator. In addition, the dimensional accuracy of the printer was set to 100 μm to ensure that the final product was very close to the intended dimensions. The range modulator was printed with pins aligned vertically (in the z-direction) with respect to the printer head. This alignment was critical for ensuring that the pins were properly formed and that the final product would function as intended. The Vero Yellow RGD836 printing material was chosen due to its excellent mechanical properties and chemical resistance. To ensure that the very thin pins were not damaged during printing, a glossy surface finishing mode was used, which reduced the need for supporting materials that could have caused the pins to break during removal. Like the GSI modulators, also the TIFPA/UniTn modulator has a 2 mm thick base plate on which the pins were printed.
The most notable difference in the two optimization methods is how to obtain the shifted Bragg curves used as input for optimization of the modulator geometry. In contrast to the fast numerical approach with (reasonable) simplifications used by GSI, TIFPA/UniTn follows a full Monte Carlo approach to have maximum accuracy already at the stage of optimization but at the cost of increased calculation time. The Monte Carlo approach could be of special interest for complex setups, e.g., with multiple collimators and air gaps, where a simple 1D approximation might not be accurate enough.
2.6 Monte Carlo simulations to obtain LETD profiles
The most common descriptor of radiation quality is the dose averaged LET (LETD) in water [33]. Since this quantity is not straightforward to measure, a common method is to calculate it via radiation transport calculations, typically using a Monte Carlo code. Monte Carlo simulations to calculate profiles of LETD in water for the different setups were carried out using the FLUKA Monte Carlo code (version 2021 2.9) [24,25] and the TOPAS toolkit which is based on Geant4 [32].
In FLUKA, the modulator geometries were implemented in the simulations with a dedicated sub-routine [26]. LET spectra in water taking into account all primary and secondary charged particles were scored with the USRYIELD card. From these spectra, the dose averaged LET was calculated offline by averaging.
In TOPAS, the modulator geometry was implemented in the simulation by means of a custom TOPAS extension. The dose-average LET taking into account primary and secondary protons was retrieved with the standard TOPAS LET scorer, by setting the LET computation to look up the electronic stopping power of water for the pre-step proton energy.
3 RESULTS AND DISCUSSION
3.1 Dosimetric characterization
The different modulators designed and produced within this work were characterized in detail experimentally and by means of Monte Carlo simulations.
3.1.1 Depth dose profiles
Figure 6 shows measured laterally integrated depth dose profiles (Figures 6A,B) measured with the IBA Giraffe detector as well as central depth dose profiles measured with a PTW PinPoint 3D ionization chamber (radius of sensitive volume: 1.45 mm) in a water phantom (Figures 6C,D) for SETUP A. The measurements were performed for the pristine 225 MeV proton beam and two types of range modulators optimized to produce an SOBP with 3 cm modulation width (SETUP A). One modulator was optimized in the conventional way using the laterally integrated dose profile of the pristine beam (blue curve in Figures 6A,B) as input for the optimization of the modulator geometry, while the other one was optimized using the central depth dose profile (blue curve in Figures 6C,D), see Figure 4. The conventionally optimized modulator was added to the present study in order to verify the expectation that the SOBP is not flat when irradiated with a static pencil beam (shown in Figure 2) while the modulator optimized on the central dose profile is the one intended for the actual experimental setup.
[image: Figure 6]FIGURE 6 | Measured laterally integrated panel (A) and (B) and central depth dose profiles panel (C) and (D) for 225 MeV protons for two range modulators optimized for SETUP A (one for laterally integrated and the other one for the central dose profile). Panel (A) and (C) show data for a modulator that was optimized for the laterally integrated depth dose profile of the pristine beam while the modulator for panel (B) and (D) was optimized using the central depth dose profile.
The obtained depth dose profiles are in line with the general picture shown in Figure 2 which was obtained by FLUKA simulations. As visible in Figures 6A,C, the optimization on the laterally integrated depth dose profile of the pristine beam creates a flat SOBP in the laterally integrated profile but introduces a tilted SOBP in the central depth dose profile which would be relevant for the irradiation of samples with a static pencil beam. By using the central depth dose profile of the pristine beam for optimization (Figures 6B,D), the central depth dose profile gets a flat SOBP which is sufficient to irradiate samples while the laterally integrated profile gets a positive slope towards the distal end. Therefore, such a range modulator can be considered as a specialized solution for SOBP irradiations with static pencil beams.
Figure 7 shows central depth dose profiles for SETUP B measured behind the collimator (see Figure 3B). A PTW microdiamond detector was used to measure lateral profiles at different PMMA depths and the dose maxima in these lateral profiles give the central depth dose profile. These measurements were performed for the pristine 225 MeV proton beam and for two range modulators optimized and produced independently at two different institutes (GSI and TIFPA/UniTn).
[image: Figure 7]FIGURE 7 | Measured central depth dose profiles for 225 MeV protons for two range modulators optimized for SETUP (B). The pristine Bragg peak (blue curve) was used for optimization of the modulators. One modulator (red curve) was optimized and produced at GSI in Darmstadt, Germany and the other one (green curve) at TIFPA/UniTn in Trento, Italy. A brass collimator with 5 mm hole was placed at 24 cm water equivalent depth. Behind the collimator, the depth dose profiles were measured with a PTW microdiamond detector in PMMA plates. The PMMA depths were re-scaled to water equivalent depths.
In the central depth dose profile for the pristine beam (Figure 7, blue curve) one can observe that the Bragg peak almost disappears due to the presence of the collimator at 24 cm water equivalent depth. However, a flat depth dose distribution right before the end of the range that is comparable with a classical SOBP can be produced even for this sharply collimated configuration (red and green curves in Figure 7) while the two modulators that were optimized and produced independently at GSI and TIFPA/UniTn produce comparable depth dose profiles.
3.1.2 Lateral dose profiles
A general difference between SETUP A and SETUP B are the produced lateral dose profiles. While SETUP A is designed to deliver a homogeneous dose to a small sample, SETUP B is supposed to produce a sharply confined radiation field to irradiate partial volumes in small animals and spare surrounding organs and tissues. Comparable experiments to SETUP B with conventional dose rates have been established at UPTD [16,34] where a 90 MeV proton beam is degraded in plastic absorbers, collimated to a size of a few millimeters and stopped in the center of a mouse brain.
Figure 8 compares the lateral dose distributions of the two setups (SETUP A and SETUP B) at the SOBP center depth (29.5 cm water equivalent depth). The lateral dose profiles were measured with the PTW microdiamond detector behind PMMA slabs as described above. The noise on the profiles is due to the low beam currents used for the lateral scans.
[image: Figure 8]FIGURE 8 | Measured lateral dose profiles at the SOBP center for the SETUP A panel (A) and SETUP B (panel (B)). The dose profiles were measured with a PTW microdiamond detector in a PMMA plate scanned along the lateral direction with a linear axis drive. The water equivalent depth was 29.5 cm for both measurements. The dashed lines in panel (A) indicate the useable field size (dose inhomogeneity [image: image]) and in panel (B) the 50% dose level.
The lateral dose profile for SETUP A (Figure 8A) shows that samples with sizes of 8–9 mm can be irradiated with a relatively homogeneous dose (±5%), as marked by the red line. This is a sufficient field size for, e.g., 0.5 mL Eppendorf tubes (inner tube diameter of 6.5 mm). If a larger field size is required the sample can be positioned at a larger distance, however, at the cost of a lower dose rate. In contrast to this broad field, the lateral dose profile of SETUP B (Figure 8B) is sharply collimated. The dose drops down to 50% of the maximum value at a lateral distance from the center of [image: image]. At distances larger than 5 mm, the dose contributions fall below 10%. Such a small irradiation field can be used for precise irradiation of partial volumes in small animals. For an even sharper lateral dose fall-off, a second collimator that further trims the penumbra can be added right before the animal.
3.2 LETD profiles
Monte Carlo simulations using the FLUKA and TOPAS Monte Carlo codes were performed to study LETD profiles. Figure 9 shows calculated LETD profiles together with the measured central depth dose profiles for the two irradiation setups (SETUP A and SETUP B).
[image: Figure 9]FIGURE 9 | Measured central depth dose profiles for 225 MeV protons for range modulators optimized for SETUP A (panel (A)) and SETUP B (panel (B) and (C)) together with Monte Carlo calculated LETD profiles in water. Panel (B) shows the results for the modulator for SETUP B optimized and manufactured at GSI, Darmstadt and panel (C) shows the modulator optimized and manufactured at TIFPA/UniTn, Trento. The LETD profiles in panel (A) and (B) were calculated using the FLUKA Monte Carlo code while for the LETD profile in panel (C) was obtained from TOPAS/Geant4 simulations. For SETUP A, the depth dose profile was measured in water while for SETUP B they were measured in PMMA plates and converted to water equivalent depth.
The LETD profiles have a shape that is typical for proton SOBPs. At the entrance channel moderate LETD values below 1 keV/μm can be observed while it gets elevated to [image: image] in the SOBP region for both setups. Towards the end of the SOBP, the LETD rises even further and reaches values up to 9 keV/μm at the distal edge. For proton beams the region with maximum LET always lies at the distal fall-off behind the Bragg peak. The LETD profiles calculated for the different modulators optimized for SETUP B (Figures 9B,C) show the same trend but the absolute LETD values differ slightly in some regions. It is well known that LETD profiles predicted by different Monte Carlo codes (FLUKA in Figure 9B, TOPAS/Geant4 in Figure 9C can show such variations due to differences in the scoring methods [35,36]. Taking this into account, one can state that the two experimental setups imitate the radiation quality in the SOBP as it would occur in proton therapy treatments in a realistic way, both qualitatively and quantitatively [36,37].
3.3 Maximum dose rates
Since the experimental setups described in this work are intended for FLASH irradiations, the maximum dose rates that can be reached in the SOBP region are also important to consider. From the transmission data in Figure 1, the maximum available beam current at the fixed beamline in the experimental room of UPTD for 225 MeV protons can be calculated as 223 nA (44.6% of 500 nA cyclotron current), corresponding to 1.39 × 1012 protons per second.
The maximum dose rates that were reached in dosimetric tests, where the dose was measured in an irradiation pulse of 100 m using a PinPoint 3D ionization chamber positioned on the central axis at the central depth of the SOBP (where the relative dose profiles in Figures 6, 7, 8, and 9 are normalized to), were 610 Gy/s for SETUP A and 405 Gy/s for SETUP B. The about 30% lower dose rate in SETUP B compared to SETUP A is due to the additional collimation which cuts out protons coming at large angles. These dose rates are clearly high enough for FLASH experiments and with both setups even large doses up to 100 Gy can be applied with irradiation times far below 500 m, allowing studies of the FLASH effect at highest doses (as investigated previously with electrons [38]). The applied dose can be adjusted by the pulse length which at the fixed beamline at UPTD can be set with millisecond accuracy.Low dose rates in the order of 10 Gy/min could be reached as well by simply reducing the beam current. When changing the beam current, no change of the beam properties (e.g., position or spot size) was detected. Therefore, reference irradiations are possible without any changes to the setups.
4 SUMMARY AND CONCLUSION
Range modulators for SOBP irradiations at the static proton beamline in the experimental room of UPTD using a 225 MeV proton beam were designed, produced and tested experimentally. A new concept for the optimization of range modulators for static pencil beams and in presence of collimators, based on the central depth dose profiles as input into the optimization process, was introduced and shown to work well. The depth and lateral dose profiles were characterized in detail by measurements using a PinPoint chamber and a microdiamond detector. Two modulators, independently optimized and produced at two different institutes (GSI, Darmstadt, Germany and TIFPA/UniTn, Trento, Italy) were compared and found equivalent in terms of SOBP flatness and field characteristics.
Dose rates in the center of the SOBPs up to 610 Gy/s and 405 Gy/s were reached for the two new experimental setups, which is higher than what was possible with the previously used irradiation setup at the entrance channel of a pristine 225 MeV proton beam.
In addition to the dosimetric characterization, LETD profiles were obtained by means of Monte Carlo simulations and found to compare well with typical clinical proton SOBPs.
The newly produced range modulators will allow future proton FLASH experiments in the SOBP at UPTD with two different experimental setups.
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IBA Giraffe multi-layer fonization chamber lateral integration of beam depth dose profile measurements
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