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Abstract

:

Simple Summary


This study demonstrated the potential of a cerium-doped optical fiber (11 cm in length) to monitor in real-time a pulsed (4.8 µs pulse duration) or quasi-continuous X-ray source. The developed system relied on the radiation-induced emission within this radio-sensitive optical fiber and can serve as pulse counter or pulse tracker. Furthermore, the measured radioluminescence linearly depended on the dose rate range delivered by the pulsed bremsstrahlung X-ray source and could then serve, after calibration, to characterize the time profile of the photon flux. Thanks to the fast luminescence decay time of cerium and the selected instrumentation, the flash structure of the X-ray ORIATRON facility was characterized.




Abstract


We investigated in this work the radioluminescence properties of a Ce-doped multimode silica-based optical fiber (core diameter of 50 µm) manufactured by the sol–gel technique when exposed to the high-energy X-rays (~600 keV) of the ORIATRON facility of CEA. We demonstrated its potential to monitor in real-time the beam characteristics of this facility that can either operate in a pulsed regime (pulse duration of 4.8 µs, maximum repetition rate of 250 Hz) or in a quasi-continuous mode. The radiation-induced emission (radioluminescence and a minor Cerenkov contribution) linearly grew with the dose rate in the 15–130 mGy(SiO2)/s range, and the afterglow measured after each pulse was sufficiently limited to allow a clear measurement of pulse trains. A sensor with ~11 cm of sensitive Ce-doped fiber spliced to rad-hard fluorine-doped optical fiber, for the emitted light transport to the photomultiplier tube, exhibited interesting beam monitoring performance, even if the Cerenkov emission in the transport fiber was also considered (~5% of the signal). The beam monitoring potential of this class of optical fiber was demonstrated for such facilities and the possibilities of extending the dose rate range are discussed based on possible architecture choices such as fiber type, length or size.
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1. Introduction


A variety of radiation sources have been developed these last decades to satisfy the diversity of applications exploiting radiation–matter interactions. Fundamental research needs accelerator complexes with specific requests such as high energy, high luminosity and high beam current, as for example the Large Hadron Collider at CERN [1]. For medical applications, the proton-therapy and radiotherapy tools have evolved, resulting in a diversity of systems from radioactive sources, from X-ray tubes to ion beam accelerators. These radiation systems are optimized to become more compact and adapted to industrial requests. They can deliver either continuous or pulsed beams. As an example, the high energy physics facilities or the space industry need to perform radiation ageing and radiation testing of electronic components [2,3] to predict the cumulative dose effects on their performance and to imagine ways to improve their radiation tolerance. For such applications, both transient and steady state tests are carried out to understand the effects of dose rate and cumulated dose regarding medical applications. In addition, therapies using radiation to cure tumor cells are continuously improved for patient benefit, and today a lot of research is in progress to assess the potential of pulsed beams for FLASH therapy [4]. All of these tools need dosimetry systems to accurately measure the deposited energy to ensure the highest treatment efficiency. For all of these applications, beam control and monitoring of several parameters are crucial: energy, beam spatial distribution, flux (dose rate) and fluence (dose). Because of the diversity of existing facilities, many diagnostics are still under development to monitor and characterize the various beams. Among the investigated technologies, one can cite MOSFET detector [5] and scintillating devices [6]. For continuous X-ray machines, ready-for-use radiochromic films [7] or ionizing chambers [8] are commonly used for dosimetry. For FLASH dosimetry, LiF-based thermoluminescence sensors are usually considered thanks to their ability to measure the post-irradiation dose [9] in both steady state and pulsed conditions [10]. To design a reliable dosimeter, many conditions must be validated in terms of accuracy, spatial resolution, energy and angular independency, repeatability and finally linearity in the selected range of the measure (dose, dose rate, kerma, etc.). However, even more criteria have to be considered for pulsed beams for which the pulse counting and the pulse characteristics (duration, time structure, dose, etc.) are also important to monitor. For patient treatment by radiation, the exposure is fractioned in one or multiple irradiations strongly varying in terms of dose rate or dose [11]. To cover all the ranges of interest, specific dosimeters, able to operate over large domains of dose or dose rate, have to be developed.



For all of these aspects, optical fibers have interesting features for beam instrumentation or even dosimetry. With very small dimensions, angular independence provided by a sensor’s cylindrical geometry and immunity to electromagnetic perturbation, specialty optical fibers are well suited for radiation detection. By changing their core and cladding compositions through their doping with appropriate chemical elements such as phosphorous (P), fluorine (F), nitrogen (N), cerium (Ce), or gadolinium (Gd), their radiation behaviors can be tuned, resulting in very radiation-sensitive materials.



Three main radiation effects are known when a silica-based optical fiber is exposed to radiation [12]. The first one is compaction and appears at high ionizing dose levels (higher than 1 MGy) or at very high neutron fluences (>1019 n.cm−2 [13]); such environments are not part of this paper. The second one corresponds to the optical fiber darkening, which results in a decrease in its transparency with the dose. This effect is named radiation-induced attenuation or RIA [12]. RIA is explained by the generation of microscopic point defects [14] in the amorphous silica matrix. These defects, or color centers, are at the origin of absorption bands that increase the fiber attenuation. In other words, radiation reduces a fiber’s capacity to transport signals. This phenomenon depends on many parameters such as the deposited dose, the dose rate and the fiber composition. RIA of radiation-sensitive fibers has been characterized for different compositions under steady states 40 keV X-ray continuous beam [15], 6 MV and 15 MV X-rays [16], γ-rays [17], 74 MeV protons continuous beam [17,18], 14 MeV neutrons and even pulsed X-rays [17,19]. One of the most efficient methods for monitoring doses from 0.1 to 500 Gy consists in measuring the infrared RIA of P-doped single-mode fibers [20,21]. Aluminosilicate optical fibers are also strongly radiation sensitive, and a recent study [22] showed promising results for radiation detection. The phosphosilicate fibers are deployed in international facilities such as CHARM [23] or SPS [24] at CERN to perform distributed dose measurements. However, when the objective is to keep the fiber transmission at the highest level under irradiation, RIA impact should be mitigated. The optical fiber material can be radiation hardened by reducing the concentration impurities or using fluorine to adjust the silica refractive index [25]. However, other dopants are also interesting for this aspect, e.g., it was shown that the Ce-codoping of rare-earth-doped optical fibers efficiently limits the infrared RIA [26,27].



The third phenomenon is radiation-induced emission (RIE) [12]—the emission of light by radiation within the fiber. RIE is partially guided into the waveguide up to the detector. RIE comprises the contributions from both Cerenkov radiation and radiation-induced luminescence (RIL). Cerenkov radiation [28] is produced by the pounding of a charged particle faster than light in a given medium [29]. The result is an electromagnetic echo following the particle trajectory through the medium. In the case of an optical fiber, the produced photons can be guided along the fiber core up to the detector of the instrumentation chain. To produce Cerenkov photons, the charged particle passing through the matter needs to reach an energy threshold dependent on its refractive index. The Cerenkov photon spectrum varies, as shown in Equation (1) [29,30,31]:


     ∂ 2  N   ∂ ℓ ∂ λ   =   4  π 2   e 2  c  h   (  1 −  1   β 2   n 2   ( λ )     )   1   λ 2     



(1)




where N is Cerenkov photons,   ℓ    is the medium thickness interacting with the impacting particle, λ is the photon wavelength from the visible to the far UV, h is the Planck constant, e is the elementary charge, β = v/c is the relative velocity of the charged particle and n(λ) is the refractive index of the medium. The Cerenkov photon production depends on the particle flux and is exactly synchronized with the irradiation. It could be exploited for specific radiation detection applications, such as in medicine [32]. Cerenkov could represent a non-negligible part of the RIE in optical fiber irradiated with sup-MeV charged particles or photons. By an appropriate doping of the silica matrix, luminescence can also be observed under irradiation. Depending on the stimulation source, several mechanisms are distinguished: photoluminescence [33], thermoluminescence (TL) or optically stimulated luminescence (OSL) [34]. All of these mechanisms are explained by the presence of additional energy states in the silica band gap [35]. Radiation induces the transition of electrons from the valence band to the conduction band. However, some of these electrons will be trapped by new energy levels considered as metastable. In some case, their detrapping leads to luminescence at an energy depending on the energy gap between the considered levels, e.g., trap levels as in the Cerium case between Ce4+ considered as an electron trap and Ce3+ states considered as recombination center or between excited Ce3+ states and fundamental Ce3+ states [35]. As for Cerenkov emission, the luminescence intensity depends on the dose rate and can then be exploited for dosimetry applications in radiotherapy or proton therapy applications [36,37].



In this study, we evaluated the performance of a sensing probe consisting in a short length of Ce-doped optical fiber (50 µm core diameter) spliced to a radiation-resistant transport F-doped fiber. We show that this probe allowed the real-time monitoring of pulsed or quasi-continuous X-ray beams. The small size of the sensitive volume represents an advantage for the spatial mapping of the X-ray flux. Moreover, thanks to the fast time decay of the Ce3+ ions luminescence, this sensor can count the pulse number and provide the dose per pulse.




2. Materials and Methods


2.1. Irradiation Facility Description


This irradiation campaign was performed at the ORIATRON facility of CEA at Gramat in France [38,39]. This irradiator is a pulsed radiofrequency (RF) electron source, illustrated in Figure 1.



The electrons are produced by triggering a cathode with an electrical current pulse. The electric field taking place in the electron source cavity leads to the extraction and the drift of electrons towards an RF cavity. By the same electric trigger sent to the cathode, a magnetron is turned on and generates an RF electric field propagating from the magnetron cavity towards the RF cavity. The effect of the magnetron RF field on the electrons is double; first a spatial modulation of the electron beam shapes it in bunches, and second an acceleration of the electron bunches up to an energy peaked at 6 MeV.



The modulation of the electron bunch provides an initial pulse length of 4.8 µs. Each single bunch is repeated with a trigger frequency. Two pulsed regimes are available. The first one, called pulsed mode, produces a defined number of electron bunches at a maximum rate of 250 pulses per second. The second mode, called quasi-continuous mode, is an automatization of the pulse production for a delay defined by the user set by a trigger frequency between 25 Hz and 195 Hz. The beam nature can be modified by adding a tungsten target to produce X-rays with a distributed energy peaking around 600 keV, as illustrated in Figure 2 [38,39]. This configuration was used in this study. The X-ray beam characteristics follow the same regime as the electron beam interacting with the target. With the nominal parameters set at 1 m from the target, and a pulse temporal duration of 4.8 µs (full-width at half-maximum (FWHM)), the delivered X-ray dose reaches 6.8 × 10−4 Gy(SiO2) per pulse. This is given for a trigger frequency of 195 Hz and a dose rate of ~130 mGy(SiO2)/s measured with a reference ionizing chamber (PTW Farmer 30013 [40]).




2.2. Description of the Fiber-Based Sensor


Several luminescence bands are associated with cerium ions. In bulk and powder samples, the authors of [43] reported one emission band centered at 460 nm (2.70 eV) that is also observed in optical fiber. This emission is associated with the 5d–4f transition of the Ce3+ ion and is associated with a decay time of 55 ns. In an air-clad Ce-doped optical fiber [44], PL (photoluminescence) measurements, under UV excitation, revealed an emission band centered at 450 nm (2.75 eV) with a decay time of ~84 ns, in agreement with previous studies [44,45].



The tested Ce-doped optical fiber was developed by the technological platform FiberTech Lille of the PhLAM laboratory, France. First, a cerium-doped silica glass rod was fabricated using the sol–gel method, as described in [46]. The obtained glassy rod was drawn down to millimeter-sized canes. After etching with HF and sleeving into F300 silica tube, a final drawing leads to an optical fiber with a diameter of about 125 µm, within which the Ce-doped core zone has a diameter of about 50 µm. The fiber structure is illustrated by the SEM transverse cross-section image presented in Figure 3a. As the cerium doping does not sufficiently change the refractive index of the silica to ensure the light guidance, a 30 µm thick low-refractive index coating was added for this purpose. To protect the optical fiber, an external coating was adjusted with a larger diameter of 340 µm. The whole fiber structure is schematically illustrated in Figure 3b.



The cutback method was applied to measure the background optical losses of the Ce-doped optical fiber (Figure 4) before irradiation. To this end, a supercontinuum source and an optical spectrum analyzer (OSA) were used. In the zone characteristic of RL emission band of Ce3+ ions, around 470 nm [35], this fiber presented a loss value of about 0.24 dB/m. Our OSA did not allow attenuation measurements for wavelengths below 435 nm. Despite this, the increase in the loss level, observed in the short wavelength region, could be associated with the presence of the characteristic absorption bands of Ce3+ ions around 320 nm [46].



The 11 cm long Ce-doped fiber was spliced to a 2 m long radiation-hardened fluorine-cladding doped fiber (RHF) with a core diameter of 50 µm. This fiber is known for its very high radiation resistance. This transport fiber allowed measurements to be taken of the instrumentation (radiation-free) area. All of the sensing line was shielded to avoid perturbations from the ambient light sources present in the facility.




2.3. Experimental Setup


The experimental setup is illustrated in Figure 5. Signal detection was recorded with a photomultiplier tube (Hamamatsu H7421-40) [47]. At the beam focal point, which is defined as the area where the dose rate is the highest and corresponding to the center of the irradiator window, at 1 m away from the tungsten target, the dose per pulse reached 6.7 × 10−4 Gy(SiO2). At 195 Hz, the dose rate measured at 1 m from the source as schemed in Figure 5a was 130.44 ± 2.22 mGy(SiO2)/s which was divided to calculate the dose per pulse. The homogeneity at 90% of the dose (i.e., 6.1 × 10−4 Gy(SiO2) per pulse) was reached on a 5 cm radius circle transverse to the beam propagation, as represented in Figure 5b. This homogeneity decreased with increasing radius. The area corresponding to 80% of the maximum dose (i.e., 5.4 × 10−4 Gy(SiO2) per pulse) is defined by an 8–10 cm radius circle. Finally, the dose per pulse is considered as negligible for a radius larger than 25 cm. Considering this dose homogeneity evolution, the 11 cm long sample was centered in the 90% area. Then the radiation-hardened fiber was used to exit from the irradiated area. A 25 cm length of this fiber was exposed to a dose evolving between almost zero to 90% of the maximum dose. For each set of pulses, the PMT integrated photons during a user-defined gate time ranging from 50 µs to 10 s. To track pulses, we chose to vary the gate time between 50 µs and 1 ms. When the bunch frequency was too low for a given acquisition gate or the irradiation delay was longer than 5 s, the integration time was adjusted accordingly.




2.4. Experimental Procedure


The first sets of irradiations were performed on the Ce-doped fiber coupled to the RHF using the quasi-continuous mode of the irradiator, which produced pulses at a frequency between 25 Hz and 195 Hz with pulse duration of 4.8 µs. In this regime, by changing the RF frequency of the magnetron it was possible to increase the delay between X-rays pulses, thereby decreasing the associated dose rate. When operating at a trigger frequency of 25 Hz, by decreasing the RF frequency we could perform irradiations with a dose rate between 6.62 and 130.4 mGy(SiO2)/s. Then the irradiator could be switched to perform pulsed irradiations with a given number of pulses from single shot to thousands of pulses.



After this series of experiments, the sensitive part of the setup, the Ce-doped fiber was removed to keep only the RHF fiber, and the same measurements were repeated. The aim of this second experiment was to measure the RIE coming from the sole transport line. We could reconstruct the response originating only from the Ce-doped sensitive probe by subtracting the parasitic RIE from the luminescence level measured in the complete sensing probe. The dose rates delivered by the accelerator were calibrated using the PTW farmer probe (PTW Farmer 30013 [40]) from the maximum dose rate available delivered at 195 Hz with a pulse duration of 4.8 µs. Then, the dose rates used in these experiments were defined by decreasing progressively the production rate down to 25 Hz. The two lower dose rates were obtained with 25 Hz, and dividing by 2 and 4, the pulse duration from 4.8 µs to 2.4 and finally 1.1 µs. All the dose rates used in these experiments are reported in the Figure 6.



The dose deposited in single bunch mode was obtained using a ratio between the dose rate at a given frequency (195 Hz) and the frequency itself. Previous studies showed a dependence of the RIL with the temperature of irradiation for this Ce-doped optical fiber [48]. In our case, the temperature was kept stable at around 25 ± 3 °C.





3. Results and Discussion


3.1. Quasi-Continuous Mode Characterization


3.1.1. RIE versus Dose Rate Experiments


Four irradiations were performed at different trigger frequencies. At the maximal frequency available in quasi-continuous mode, i.e., 195 Hz, and the maximum RF frequency giving a pulse duration of 4.8 µs, the accelerator delivered a dose rate of 130.44 mGy(SiO2)/s at 1 m from the target. Irradiation runs that were 30 s long were successively performed at different frequencies, 98 Hz, 49 Hz and 25 Hz, corresponding to dose rate values of 64.87, 32.96 and 15.54 mGy(SiO2)/s, respectively. Additionally, as mentioned before, there was the possibility of changing the RF frequency to decrease the pulse duration, with the delivered dose rate reaching 11.14 and 6.62 mGy(SiO2)/s. For these tests, the PMT time gate was kept at 500 ms. The results are shown in Figure 7a for the sole RHF and in Figure 7b for the coupled RHF + Ce-doped fiber (entire sensor). Moreover, by considering the different locations of the RHF and the Ce-fiber within the beam, the dose rates used for the sole RHF were considered at 90% of the total dose rate (see Figure 7a). However, when the results were compared, the RHF intensity produced during the irradiation of the complete sample was evaluated at the same dose rates (Figure 7b).



At ORIATRON, the RIE in the optical fibers can originate from both Cerenkov and RIL. From a recent study [49], RIL was already measured on 10 cm of the F-clad radiation-hardened OF with 40 keV X-ray at dose rate of 0.1 Gy(SiO2)/s with a level of a few hundred counts/s in the same PMT device with a shorter radiation-hardened transport fiber. In our case, the total length of RHF irradiated with dose rates from 10−3 to 0.1 Gy(SiO2)/s was about 25 cm from the source, with the length going out from the irradiation spot. As illustrated by Figure 7a, the luminescence of the sole RHF was much higher than the one measured under 40 keV X-rays. This larger emission is explained by the Cerenkov contribution that occurs for X-rays with energy higher than a few hundred keV [50] (>0.2 MeV for glass refractive index between 1.46 and 1.52 [51]) due to the Compton scattering of secondary electrons. We then suggest that the light emitted in the sole RHF at ORIATRON is mainly composed of Cerenkov radiation. From the results of the RIE measured with the coupled fibers presented in the Figure 7b, and due to coupling, the contribution of the Cerenkov radiation and the low RIL intensity of the transport fiber contributed to less than 5% of the Ce sample RIE. This can be also highlighted by studying the luminescence decay time at different dose rates. By normalizing the RIE signal (with the average of the RIE plateau), the relative RIE decay can be constructed as shown in Figure 8a for the sole RHF and by the Figure 8b for the coupled RHF and Ce-doped sample.



The RIE of the RHF decreased by 90% 1–2 s after the irradiation (Figure 8a). This decay also corresponded to the accelerator fall down measured by the ionizing chamber (Figure 6). Because of the coupling between RHF and Ce-doped sample, the decay of the RHF RIE in the coupled sample RIE decay should be identical in terms of delay. The rest of the decay should only be composed of the luminescence related to the Ce ions. Meyer et al. in [49] showed its continuous X-ray RIL decay is over 50 s for dose rates between 0.1 and 15 Gy(SiO2)/s. Regarding the measured decay time, the very long decay cannot be related to PL processes. However, Veronese et al. [52] reported phosphorescence emission for Ce-doped optical fiber with decay time exceeding a few seconds, compatible with the RIE decay observed here.




3.1.2. Correlation between RIE Plateau and Dose Rates


From Figure 7, we can extract a first correlation between the RIE of both samples versus the facility dose rates. This was constructed by taking an average of the RIE plateau (corresponding to the RIE between t = 30 s and t = 48 s in Figure 7a for the sole RHF and between t = 65 s and t = 83 s in Figure 7b for the coupled sample) at each tested dose rate. To build a correlation, a linear fit, based on Equation (2), was applied to the data and is represented by the black full line in Figure 9.


  R I E (   d D   d t   ) = A   d D   d t    



(2)




where the slope A is a phenomenological parameter without real physical meaning.



In the quasi-continuous mode, the accelerator started by a rise ramp to reach its nominal flux with a delay as long as 10 s, illustrated by the stabilization of the blue line in Figure 6 between t = 11 s and t = 21 s. This rise time is mainly due to the delay to stabilize the plasma producing the RF electric field in the magnetron. During this transition window, X-rays were produced with an increasing dose rate, which was fully characterized by the rise in the RIE for each selected dose rate. After this delay, the flux became more stable and the RIE intensity reached a plateau related to the flux level and thus the dose rate. We could also observe a slight RIE increase in the Ce-doped fiber (Figure 7b) during the stabilized flux production for each dose rate, used mainly after t = 61 s. This is known under the name of Bright Burn Effect [53]. This mechanism is described by the detrapping of electrons staying at energy levels with higher activation energy than the radioluminescent trap levels. This is known in the semiconductor domain to be associated with the concentration of impurities present in silicon composition because of their contribution in charge transport in the semiconductor. In the literature, the carrier recombination processes have been deeply studied since the 1950s from the Schockley–Read–Hall process [54,55]. This mechanism suggests the presence of recombination mechanisms combining radiative and non-radiative decays activated by the energy transfer carried out by radiation knocking, such as Compton scattering and electronic or nuclear recoil. This is proposing to activate radiative and non-radiative recombinations from atomic structure, which are initially passive. They reach the excitation states by the energy deposited in the atomic structure, which generates charge [56]. The recombination is then initiated by the energy stimulation. The production of electron recoils in the silica matrix can generate deep trap recombination, detected for its radiative component by the optical fiber-based sensor. Presented another way, the difference in plateau evolution between the RHF RIE and the coupled samples RIE leads to combine the increase in the RIE level after t = 71 s in Figure 7b, with the production of cerium defects initially passive in the silica matrix. Further studies should be performed to identify the contributors responsible for the increase, which is actually affecting the RIE not higher than 5%. Successive irradiations at the same dose rates several times would allow better understanding of the dose dependence of this effect.



For the coupled RHF + Ce-doped OF, this is illustrated in Figure 9 by the blue crosses, which are combined with the RHF results in black dots. The RIE (counts/500 ms) is fitted with a linear function versus dose rate in the entire range with Equation (2) for both samples. By subtracting the signals from the two fibers, the RIE from the sole Ce-doped fiber can be calculated and is given in Figure 9. Table 1 summarizes the fit parameters used for the data for each fiber.




3.1.3. Extension of the Dose Rate Range


In Figure 9, the dose rate ranges from 4 to 133 mGy(SiO2)/s. The experiments carried out during the previous irradiations allowed us to consider an extension of the dose rates range: our PMT detectors were far from their saturation level, while remaining in their linear operating regimes. Supposing the RIE linearity can be achieved within an extended dose rate range, this sample of optical fiber of a few centimeters could be able, by extrapolation, to measure dose rates in a range between 10−1 and 1 Gy(SiO2)/s. This is illustrated by the red line in Figure 10a fitting the averaged RIE produced by the 11 cm sample of Ce-doped OF coupled to the RHF.



Accordingly, a limit for the highest dose rate is defined when the RHF is the sole radiation sensor present, shown as the purple line in Figure 10a. With such detection setup and this sensor design, the upper limit of the range of dose rates would be between a 10−1 mGy(SiO2)/s and 10 Gy(SiO2)/s for RIE integrated on 500 ms.



On the other hand, there is also the possibility of increasing the sensitive part to detect much lower dose rates. For instance, represented by the red line in Figure 10a, with a 2 m Ce-doped optical fiber as sensor, the dose rate range could in principle be shifted towards lower values, from 5 × 10−3 to almost 102 mGy(SiO2)/s. However, adding length to the sample could reduce the lifetime of the radiation sensor, as it would be more quickly affected by the RIA. However, if the dose rate range, selected to use 2 m of optical fiber is kept low enough, the cumulative dose per irradiation run would be small enough to ensure the sensor performance for a long time. Another method for increasing the sensitivity of the optical fiber-based sensor would be an increase in the radius of the sensitive volume. In our case, the sensitive volume was concentrated into the 50 µm fiber core and could be increased in order to transform the optical fiber into bigger rods, which are much more sensitive [18]. By increasing the doped-core radius, the sensitivity would be increased as the square of the radius: doubling the core radius increases the sensor sensitivity by a factor of 4.



Working with pulsed X-ray beam, another way of considering the dose rate sensitivity is to consider the dose rate normalized to the pulse duration, also called absolute dose rate [57], as found in FLASH therapy context, for example. With the highest dose rate reached at ORIATRON facility using an X-ray beam with a production rate of 195 Hz, a pulse duration of 4.8 µs and at 1 m from the electron conversion target, the dose rate reported was 130 mGy(SiO2)/s. During a single pulse, this gave a dose rate of 138 Gy(SiO2)/s. Using the same method for the full dose rate range, which can be detected by the used optical fiber samples, the absolute dose rate characterizable is reported in the Figure 10b and took the range from 102 to almost 107 mGy(SiO2)/s with the current setup using samples of 1 cm to 11 cm of length.



As explained previously, this X-ray beam is composed of multiple pulses cadenced at a tunable frequency chosen by the user. The dose rate is adjusted by changing the pulse production rate, which defines the temporal interval between two successive pulses. Thanks to the fast decay time of the Ce3+ ions luminescence, the temporal pulsed substructure of the ORIATRON beam can be identified. This provides the possibility of monitoring individual X-ray pulses over time.





3.2. Pulse Separation


Each set of pulses was recorded as explained above, with the fiber irradiated at one meter from the target. The characterization of the pulsed mode consisted in matching the achieved number of pulses and the number of RIE peaks detected by the PMT. Typical results are illustrated in Figure 11a (RHF-only) and Figure 11b (Ce-doped+RHF).



As an example, the signal obtained with the RHF fiber could be separated in two different steps. The first one was the electronic noise of the PMT. The second part contained the peaks corresponding to the interaction X-rays with the fiber. For this RHF fiber, these peaks exhibited small amplitude, since there was only the small Cerenkov emission. For the Ce-doped fiber signal, a longer decay between peaks was observed and the signal also had a higher intensity, which made the radiation pulse detection easier with a better signal dynamic. One could thus clearly see an additional light coming from the Ce-RIL, which added new photons to the two previously described processes. Particularly, it is interesting to note that the decay of the RIE between each pulse could be perfectly observed. To extract the signal of interest corresponding to the pulse detection, we had to consider that the Cerenkov emission was perfectly timed with the X-ray pulse train. Moreover, Ce luminescence added its contribution from the first X-ray/fiber interaction up to the decay of the cerium states (~84 ns [44]). Additionally, through radiative recombination, photons were still emitted during a short delay after the end of the pulse. As described above, the pulse width was 4.8 µs, but the PMT time gate could not be shorter than 50 µs, so the most important part of the signal that integrated most of radiation-induced emission was the top of the peak, signature of the X-rays/fiber interaction. For all pulse sets, the number of RIE peaks measured was counted by taking only the peak maximum and comparing with the number of triggers sent to produce the X-ray pulses.



The obtained RIE intensity was a mean effect of the interaction between the X-ray burst and the optical fiber. However, this mean signature was sufficiently separated from the noise background to follow the pulse series at the highest available frequency, with the RHF as well as with the Ce-doped fiber coupled to the RHF fiber. These optical fibers could track the X-ray pulses delivered by this radiation source without any pile-up. It could be used to monitor in real-time a pulsed X-ray source at a larger frequency rate than ORIATRON, up to 500 Hz typically. At this point, two sensor architectures can be designed depending on the targeted application. With the sole rad-hard fiber, the monitored X-ray photon flux can be increased thanks to its lower RIE level and fast decay time. If the application requires higher sensitivity, the Ce-doped optical fiber should be preferred thanks to its higher emission level.



The analysis of the RIE measured for irradiations with 100 X-ray pulses was performed to study statistically the RIE dispersion. This is illustrated in Figure 12a for the RHF alone and in Figure 12b for the full detector (coupled RHF and Ce-doped OF). According to these measurements, the RIE varied by ~6.3% for the complete detection samples and by ~15% for the RHF only using a non-stabilized regime of the accelerator because of the very short time of irradiation. With this kind of radiation pulse production, the interaction signature seemed governed by the dose deposited by each single pulse over its duration. The optical fiber response could exceed the pulse duration, considering the recombination mechanism appearing between the end of the pulse interaction and the PMT time gate window closing. The main source of the RIE integrated into each measured single peak was thus the deposited dose. By integrating the RIE peaks within 500 ms, the relation between these measurements and those performed in the quasi-continuous mode was calculated. The produced RIE reached 6 × 104 counts/500 ms at a dose rate of 167.2 mGy(SiO2)/s (250 Hz, pulse duration 4.8 µs), which was consistent with the plateau measured in continuous mode for the coupled samples, and 4000 counts/500 ms were measured for the sole RHF. These results confirm that RIE obtained for each fiber in quasi-continuous mode resulted from the integral over the time of the contribution of the different pulses.





4. Conclusions


In this study, we demonstrated the possibility of exploiting the radioluminescence of small-size (50 µm core diameter) Ce-doped optical fibers as a figure of merit for monitoring X-ray dose rates from mGy(SiO2)/s to Gy/s. Irradiations with automatic production of X-ray pulses were also performed, leading to a dose rate range between 6.5 and 130 mGy(SiO2)/s. For each studied dose rate, the RIE was quite stable and its variations remained inferior to 5%. This was demonstrated on a wide dose rate range, which made it possible to build a linear correlation between the emitted signal and the photon flux for our probes consisting in 11 cm of Ce-doped fiber spliced to a radiation-hardened transport fiber. We also characterized the RIE contribution of the radiation-resistant transport line that was mainly related to Cerenkov emission. Our results demonstrate that it is possible to monitor X-ray beams with the 2 m long Ce-doped probe for absolute dose rates ranging from 102 to 107 mGy(SiO2)/s for pulse duration of 4.8 µs. Moreover, thanks to the fast decay of the Ce radioluminescence, this optical fiber was able to track every X-ray pulse in a long set triggered at 250 Hz. The system should thus be able to operate up to 500 Hz. Modulating the optical fiber sensitive volume allows selecting the dose rate range over more than five decades which corresponds to usual X-ray sources as well as more specific irradiation facilities oriented to FLASH therapy. Furthermore, considering the high dose rate that can be characterized by this kind of optical fiber, the monitoring of sources such as Marx generator-based X-ray sources or high-energy Compton scattering sources seems achievable. This will be investigated during upcoming test campaigns to further explore the sensor potential. In addition, studies about the sensor lifetime, based on measured RIA, have to be performed to guarantee that its performance is maintained at larger cumulated doses. Finally, the conversion target could be removed to investigate new irradiation fields using electron bunches instead of X-rays.
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Figure 1. ORIATRON operation scheme. 
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Figure 2. Geant4 simulated ORIATRON X-ray energy spectrum [41,42]. 
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Figure 3. (a) SEM transverse cross-section image of the cerium-doped SiO2 fiber core. (b) Cross-section scheme of the cerium-doped fiber. 
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Figure 4. Attenuation spectrum of the tested Ce-doped optical fiber. 
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Figure 5. (a) Accelerator and setup scheme. (b) Schematic representation of the dose deposition by the ORIATRON X-ray beam and positioning of the optical fiber sensing probe in front of the beam. 
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Figure 6. ORIATRON X-ray beam dose rates measured with the PTW farmer 30013 reference dosimeter. 
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Figure 7. (a) RHF fiber RIE intensity. (b) RHF + Ce-doped fiber RIE intensity during several quasi-continuous X-ray irradiations at six different dose rates. 
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Figure 8. (a) RIE decay of the sole RHF under ORIATRON X-ray beam. (b) RIE decay of the coupled RHF + Ce-doped OF under ORIATRON X-ray beam. 
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Figure 9. Linear dependence of RIE with dose rate for both optical fibers irradiated successively at different dose rates. 
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Figure 10. (a) Extrapolated extension of the dose rate range on the total PMT sensitivity range integrated in 500 ms. (b) Absolute dose rate range characterization with the actual optical fiber sample setup. 
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Figure 11. RIE measurement associated with a train of 10 X-ray pulses cadenced at 250 Hz (a) as measured by the RHF fiber only. (b) As measured by the RHF-Ce-doped samples. 
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Figure 12. (a) RIE in the sole RHF produced by 100 pulses triggered at 250 Hz. (b) RIE in the coupled RHF and Ce-doped OF produced by 100 pulses triggered at 250 Hz. 
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Table 1. Fit parameters used for the fit on data for each fiber.
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	Fiber Denomination
	Fit Equation





	Sole RHF
	   17.7     d D   d t     



	RHF + Ce-doped fiber
	   313.5     d D   d t     



	Ce-doped fiber
	   297.6     d D   d t     
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