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FLASH radiotherapy, which refers to the delivery of radiation at ultra-high dose-rates (UHDRs), has been demonstrated with various forms of radiation and is the subject of intense research and development recently, including the use of very high-energy electrons (VHEEs) to treat deep-seated tumors. Delivering FLASH radiotherapy in a clinical setting is expected to place high demands on real-time quality assurance and dosimetry systems. Furthermore, very high-energy electron research currently requires the transformation of existing non-medical accelerators into radiotherapy research environments. Accurate dosimetry is crucial for any such transformation. In this article, we assess the response of the MOSkin, developed by the Center for Medical Radiation Physics, which is designed for on-patient, real-time skin dose measurements during radiotherapy, and whether it exhibits dose-rate independence when exposed to 100 MeV electron beams at the Pulsed Energetic Electrons for Research (PEER) end-station. PEER utilizes the electron beam from a 100 MeV linear accelerator when it is not used as the injector for the ANSTO Australian Synchrotron. With the estimated pulse dose-rates ranging from [image: image] Gy/s to [image: image] Gy/s and an estimated peak bunch dose-rate of [image: image] Gy/s, MOSkin measurements were verified against a scintillating screen to confirm that the MOSkin responds proportionally to the charge delivered and, therefore, exhibits dose-rate independence in this irradiation environment.
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1 INTRODUCTION
FLASH radiotherapy is an emerging cancer treatment modality that utilises much higher dose-rates than conventional radiotherapy. Recent evidence published indicates that delivering radiation with ultra-high dose-rates (UHDRs) results in a so-called “FLASH effect,” whereby healthy tissue is spared and the effects on normal bodily function are reduced while maintaining adequate tumor control [1–5]. The FLASH effect has been demonstrated at average treatment dose-rates [image: image] above [image: image] (gray; [image: image]) for various radiation types, including x-rays, protons, and electrons [6, 7]. The use of very high-energy electrons (VHEEs) (above [image: image]) has been considered for the treatment of deep-seated tumors [8, 9].
Converted medical linear accelerators (linacs) are being used to deliver UHDR electrons. To provide the required dose-rates, the conversion often requires the removal or modification of transmission ion chambers in the head of the linac [10–12] that are used for beam interruption if the radiation delivery diverges from the treatment plan. In the absence of traditional beam interruption systems, there have been advances in fluence monitoring using beam current transformers and pulse delivery optimization systems [13–15]. However, while such advances have been successful and are very important tools for monitoring the delivery of radiation by the linac, these are not forms of dosimetry and so should not be used in isolation for quality assurance. Malfunctioning or mispositioned linac components, such as the jaws or multi-leaf-collimator, installed after the target will cause changes in the dose that are not reflected in the linac beam current.
A critical metric for any external beam radiotherapy modality is the true dose delivered to the patient, often inferred from in vivo dosimetry by measuring the dose to the skin, which is itself an important metric [16, 17]. Radiotherapy, of differing types and energies, delivers a dose to the patient’s skin that may be high or low relative to the point of maximum dose. When discussing skin dose, the region of interest is the radio-sensitive basal cell layer that resides at the inner-most end of the epidermis at an average depth of 70 µm [16–18]. Although future VHEE treatments may deliver a low skin dose relative to the maximum dose [19–21], the dose should be quantified via in vivo measurements and can be used for quality assurance during patient treatment. Current UHDR dosimetry mostly relies upon GafChromic film [11, 22, 23], although other forms of dosimetry such as calorimeters and modified ionization chambers have also been successfully demonstrated as suitable [24, 25]. However, these forms of dosimetry either require complicated setups, lack the near real-time results highly desired in a clinical setting, or are not suitable for evaluating skin dose during treatment delivery. Metal oxide semiconductor field effect transistor (MOSFET) dosimeters offer a promising solution for UHDR environments, which are known for their dose-rates independence, having previously been tested using an electron linac with dose-rates up to [image: image] Gy/s [26]. The Center for Medical Radiation Physics developed MOSkin features a design, construction, and packaging distinct from traditional MOSFETs, making them more suitable for clinical dosimetry, especially for the skin [27–29]. With a silicon die approximately 0.168 mm3 in volume, beam perturbation is negligible at megavoltage and kilovoltage energies [30–33], allowing the device to be attached to the patient for real-time quality assurance during treatment. The sensitive volume is only 0.55 µm thick and can be manufactured in a wide range, from a few micrometers to a few nanometers. Thickness is used to control the sensitivity of the device to ionizing radiation [34, 35]. The MOSkin has been validated for on-patient quality assurance skin dose measurements during conventional radiotherapy treatments using x-rays or electrons, where it exhibits a linear response up to [image: image] [36]. Importantly, for potential UHDR VHEE environments, the MOSkin exhibited dose-rate independence in previous studies for clinical use at lower electron energies ranging from [image: image] to [image: image] [37, 38], where dose-rates are orders of magnitude lower for medical linacs [39].
Modern medical linacs deliver pulsed electron beams that consist of a sub-structure of electron bunches [40, 41]. Therefore, when discussing dose-rates for medical purposes, not only [image: image] is important, but also the dose-per-pulse (DPP) and dose-per-bunch (DPB) may impact the UHDR radiotherapy effectiveness. DPP and DPB are also expected to impact the response of detectors used for dosimetry. For some commercial detectors, the DPP becomes a limiting factor as it increases above [image: image] [42]. To increase the DPP, ultra-high pulse dose-rates ([image: image], the dose within the pulse divided by the temporal length of the pulse) are required. As bunches have a non-zero temporal component, the bunch dose-rate ([image: image], the dose within a single bunch, divided by the temporal length of the bunch) must also be considered as it can be multiple orders of magnitude higher than [image: image] and [image: image] and will be “experienced” by a detector as charge generation will occur over these timescales. As medical linacs cannot provide VHEE and are limited in the adjustment of parameters, we take advantage of the new Pulsed Energetic Electrons for Research (PEER), at the heart of which is a custom-built research linac, which has recently become available to selected users when it is not being used as the injector at the ANSTO Australian Synchrotron (AS). The PEER linac accelerates electrons to [image: image], in pulses with [image: image] as high as [image: image]. As the only linac of its kind available for research in Australia, ongoing transformation to dual-use for synchrotron injection and research will provide previously unavailable capabilities and inform the design choices of future facilities catering to user needs. Dosimetry studies are crucial to characterizing PEER for ongoing medical and VHEE research. In this work, we demonstrate that dose-rate independence exists when the MOSkin is exposed to the VHEE beam at PEER.
2 MATERIALS AND METHODS
For an in-depth discussion of the general construction and operation of MOSFET detectors, please refer to [43]. The MOSkins are exposed to the VHEE irradiation field, creating electron–hole pairs in the gate oxide [image: image]. The gate oxide is biased during irradiation, causing electrons to drift toward the gate electrode, where they are collected. Furthermore, the holes drift toward the substrate and are trapped at the [image: image] interface defect centers created during the MOSkin production process. However, unlike ionization chambers and other solid-state detectors, ionization current is not the response of interest. Instead, the effect of radiation damage via the accumulation of trapped holes causes a quantifiable change in the operating parameters of the device, allowing the dose to be measured. In these p-channel MOSkins, the trapped holes decrease the local hole space-charge density in the p-channel via Coulomb repulsion. This decreased density effectively increases the resistivity of the source-drain p-channel, increasing the measured gate threshold voltage [image: image] for a desired source-drain current. The change in [image: image] per unit of the absorbed irradiation dose in the gate oxide is highly reproducible and is also a measure of the sensitivity of the MOSkin to the exposing irradiation field environment [43]. Used as a relative dosimeter, the sensitivity is [image: image] and is used to convert the measured change in [image: image] to the absorbed dose [44].
The VHEE beam at PEER features a custom-built research linac, which is normally used to inject bunched [image: image] electrons into the AS. The linac is capable of delivering pulses with expected [image: image] of [image: image] on nanosecond timescales, and as displayed in Figure 1, it operates with an intra-bunch frequency of [image: image] and a bunch length of approximately [image: image]ps. Like medical linacs, a sequence of bunches forms a single pulse [45]. Pulses are delivered at a pulse repetition frequency of [image: image] Hz (up to 10 Hz will be available in the very near future), with pulse duration ranging from [image: image] ns to [image: image] ns. Electrons exit the linac into air through a 125 μm titanium foil window with a transverse bunch size (sigma) of [image: image] mm in x and y directions. A fast current transformer (FCT) is used to measure the beam current. As the linac is still undergoing a transformation into a facility for select, by-appointment beamtime, its wide range of capabilities may be restricted to a smaller sub-set where modifications to standard operating conditions are needed.
[image: Figure 1]FIGURE 1 | Electron linac pulses consist of an underlying bunch structure. PEER parameters are shown.
Two MOSkin detectors (Detectors 1 and 2 shown in Figure 2A) were mounted on a [image: image] mm polymethyl methacrylate frame, positioned on the horizontal axis to measure the dose at the center of the beam. Furthermore, three MOSkins (Detectors 3, 4, and 5 shown in Figure 2A) were positioned around the central axis to detect any undesired beam movement. Any change in the lateral 2D distribution of the beam intensity would be measured as a change in the point dose by the MOSkins. The array was aligned with the VHEE beam using a laser. As an independent measure of beam intensity distribution change, a scintillating screen was positioned behind the MOSkins and imaged using a Mako G-158B PoE camera. These images cannot provide an estimate of the dose, although this technique can be used to verify the relative consistency of fluence between pulses. Although the use of film would appear to be appropriate, with PEER in the early stages of its transformation into a usable research beam, operational and access requirements at the AS facility render it logistically impractical as currently the time required to change film between pulses is in the order of 25–30 minutes.
[image: Figure 2]FIGURE 2 | (A) Array design with MOSkins overlaid for clarity. Unless otherwise stated, dimensions are in mm. (B) Camera image showing scintillating screen with arrows indicating the center of array alignment.
During the timeframe in which the following experiment was conducted, pulses consisting of [image: image] nC were available. This was a linac constraint at the time to ensure consistent charge per pulse while being able to vary the pulse length. Pulse lengths were on nanosecond timescales, enabling the ultra-high [image: image] necessary for eventual VHEE FLASH radiotherapy. In future experiments, higher DPP will be achieved by increasing the charge within each pulse, delivered over larger timescales. Consequently, [image: image] are expected to remain similar.
Before dosimetry commenced, the VHEE beam was aligned with the center of the scintillator using the arrows visible in Figure 2B, as this was aligned to the array of MOSkins. After beam alignment, single [image: image] nC pulses were delivered across 13 VHEE beam currents, with a requested duration between [image: image] ns and [image: image] ns in length. Beam current and, therefore, pulse lengths were varied by adjusting the number of bunches within the pulse, with the intra-bunch spacing fixed at [image: image] ns. As a result, the charge in each bunch varied, leading to a modified DPB, although the bunch length remained fixed at [image: image] ps. This method ensured the total charge within a pulse and, therefore, DPP was constant, while [image: image] and [image: image] varied. To calculate the dose, [image: image] must be measured before and after exposure to radiation, and then, a calibration factor representing the sensitivity of the device to a given radiation source is applied to [image: image]. Throughout the experiment, we used a standard MOSkin sensitivity of [image: image]mV/cGy, previously calibrated in clinical [image: image] MV x-ray environments [44], to estimate dose and dose-rates. Further investigation into MOSkin sensitivity within VHEE fields is, of course, required. However, this work investigates dose-rate independence, where a consistent response of the MOSkin across a range of dose-rates is important rather than absolute dose. To ensure consistency, a script was used to control both the delivery of linac pulses and read the MOSkin response before and after each pulse. With nine repeats for each beam current, we report an average with a [image: image]% confidence interval of the MOSkin and scintillator responses.
3 RESULTS
An average of [image: image]nC of charge was delivered in each pulse, as measured by the FCT. The responses of each detector once converted to dose revealed an estimated average DPP of [image: image] cGy for Detector 1 and [image: image] cGy for Detector 2, both higher than the [image: image] cGy limit causing saturation for many commercially available detectors. The responses of the remaining detectors were converted to dose, and then, all readings were normalized to the charge recorded by the FCT for each pulse. These results are shown in Figure 3 and are stable at beam currents above [image: image] mA, below which a sharp fall off occurs, which was not reflected in the FCT measurements. [image: image] for each pulse was estimated using Detector 1 measurements and range from approximately [image: image] Gy/s to [image: image] Gy/s, with a peak [image: image] of [image: image] Gy/s. [image: image] is calculated as the dose measured within a pulse divided by the number of bunches within the pulse and then divided by the 100 ps temporal length of a bunch. Estimates of [image: image] and [image: image] for each beam current are shown in Table 1.
[image: Figure 3]FIGURE 3 | MOSkin responses converted to dose and normalized to charge as measured by FCT. A [image: image]% confidence interval is within markers. Pulse lengths (nanosecond timescale) are inversely proportional to the beam current. The variation in MOSkin response across the symmetrical array allows the assessment of the beam position during the timeframe over which the experiment was conducted.
TABLE 1 | Estimated mean [image: image] and [image: image]. Bunches have a fixed temporal length of 100 ps. All values have a [image: image]% confidence interval of [image: image]% or less.
[image: Table 1]Using spatial information gained from the array, beam profiles were created from the scintillator data using ImageJ software [46] at the estimated vertical location of Detectors 1 and 2. Typically, a Gaussian distribution would be fitted to beam profiles; however, this was not a good fit for the PEER beam due to high dose gradients in the penumbra region. Instead, a Moffat distribution was used. The Moffat distribution is a modified Lorentzian distribution created to model point-source astronomical objects with steep fall-off gradients [47], which is defined as
[image: image]
where [image: image] is the amplitude, [image: image] is the center of the distribution, and [image: image] and [image: image] are the fitting parameters. Figure 4 demonstrates the difference in beam profile and, therefore, charge delivery between high and low beam currents. The response of Detector 1 remained flat, indicating that its location was within the region of peak amplitude, where gradients are not as steep and the response will be less affected by beam movement. Hence, the value of the Moffat distribution was extracted at [image: image], the estimated location of Detector 1.
[image: Figure 4]FIGURE 4 | Moffat distribution fitted to scintillator beam profiles of a single pulse at a (A) high beam current, (B) the point at which detector response begins to fall off, and (C) low beam current. The difference in intensity between high and low beam currents is visible as a reduction in the magnitude of the profile and the movement of the beam from the initial alignment.
To assess the behavior of Detector 2, the value was extracted at a fixed point [image: image] mm to the right of [image: image] at the highest beam current due to the spacing between the sensitive volumes of detectors 1 and 2 on the array. This was repeated for each pulse to calculate the average response of the scintillator at the estimated locations of detectors 1 and 2 for each beam current. The experimental data used for the beam profiles contain spikes that lie outside the distribution; however, these are radiation-induced noise in the camera images. The results from the scintillator were normalized to 1, which enabled plotting against MOSkin data, also normalized to 1, to compare detector response against the charge delivered. Figure 5A displays this comparison for Detector 1, and the same trend is observed in both the MOSkin and scintillator responses. The same comparison is found in Figure 5B for Detector 2.
[image: Figure 5]FIGURE 5 | (A,B) Relative response of each pulse between the MOSkin and scintillating screen for Detector 1 and Detector 2, respectively.
4 DISCUSSION
Due to the design of the array (Figure 2A), the two central detectors should respond equally if the array were aligned perfectly to the beam, and the out-of-field detectors 3, 4, and 5 should also exhibit an equal response due to the Gaussian-like distribution of electron beams combined with the radial symmetry of the detector positioning on the array. The relative response between detectors, as shown in Figure 3, indicates a misalignment consistent with the position of the array relative to the central beam axis. This misalignment is also shown in Figure 2B, where the arrows marked on the scintillator reflect the vertical and horizontal positioning of the center of the array; the scintillator shows a response consistent with the findings from the relative MOSkin responses. Detector 5 responses decreased as the beam current decreased, in contrast to Detector 2, indicating that the beam also shifted horizontally throughout the experiment. Throughout the analysis, [image: image], the center of the fitted Moffat distribution was found to shift to the right as the beam current decreased, supporting the indication that the center of the beam shifted as the experiment moved from high to low beam current. Detector 2 was positioned 3.65 mm to the right of Detector 1, exposing it to the steep dose gradients, as evident in Figure 4, and, therefore, undesired beam movement caused a large change in the response of the detector at that point. This accounts for the increase in Detector 2 response throughout the experiment. When using the scintillator to verify the consistency of fluence between pulses, it is plausible that it has an intrinsic dependence on beam current/dose-rate. However, detectors 1 and 2 experienced different doses over the same timescales during the experiment and, hence, experienced different dose-rates. If the scintillator possessed a dose-rate dependence equivalent to that of a MOSkin detector, it would not be possible to correlate the responses of both detectors 1 and 2 with the scintillator response.
The observed fall-off in the MOSkin response below 2 mA indicates either an incorrect response from the MOSkins or an error in charge delivery to the experimental stage. However, after analyzing the scintillator response and comparing the normalized data shown in Figure 5, it is clear that this fall-off is common to both instruments and must be due to a loss of charge from the linac rather than an incorrect reading from the MOSkins. These results indicate that the MOSkin responds proportionally to the charge delivered to the experimental stage rather than changing beam current and thus exhibits dose-rate independence when exposed to the VHEE beam at PEER.
Of further importance is the discovery of the limitations of the FCT. Although the PEER FCT was originally commissioned to monitor beam currents during daily AS operation, this work provides important insight into the potential limitations of such devices. With efforts being made to correlate dose delivery to beam current transformers and other fluence monitoring devices on existing and new linacs for UHDR RT, these results suggest a requirement for accurate quality assurance dosimetry in conjunction with online monitoring devices as part of any future UHDR VHEE quality assurance.
5 CONCLUSION
While being exposed to [image: image] up to [image: image] Gy/s, with [image: image] as high as [image: image] Gy/s, the MOSkins showed a response consistent with the scintillating screen, hence proportional to the charge delivered. This explains the observed trends in the MOSkin response and indicates dose-rate independence. FCT measurements were found to be an unreliable diagnostic for verifying dose delivery; however, this study instills confidence in the use of MOSkin for eventual UHDR VHEE quality assurance and skin dosimetry and justifies further work toward realization.
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