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INTRODUCTION

Five years ago Favaudon et al. [START_REF] Favaudon | Ultrahigh doserate FLASH irradiation increases the differential response between normal and tumor tissue in mice[END_REF] reported for the first time that short bursts of relativistic electrons at very high dose-rate allowed sparing C57BL/6J mice from radio-induced lung fibrosis at doses that inevitably trigger the development of the disease in mice exposed to conventional dose-rate irradiation (CONV). This methodology, named FLASH, also spared neural stem cells and spatial memory following total brain irradiation [START_REF] Montay-Gruel | Irradiation in a FLASH: unique sparing of memory in mice after whole brain irradiation with dose rates above 100Gy/s[END_REF]. In contrast FLASH was as efficient as CONV with tumor control as an endpoint [START_REF] Favaudon | Ultrahigh doserate FLASH irradiation increases the differential response between normal and tumor tissue in mice[END_REF]. Therefore, FLASH dramatically increases the differential outcome between normal tissues and tumors at the advantage of the former. Protection against normal tissue injury without loss of the tumor efficiency has been confirmed in large animals, thus evoking a promising potential of the FLASH methodology in anticancer radiotherapy [START_REF] Vozenin | The advantage of Flash radiotherapy confirmed in mini-pig and catcancer patients[END_REF]. FLASH might actually widen the therapeutic window of radiotherapy in hypofractionated protocols involving large doses per fraction to enable dose escalation or reduction of late complications. It might also improve targeting mobile tumors, for instance in respiration-gated radiotherapy in patients treated for lung cancer.

Were FLASH to be used in the clinic routine, it would involve major changes in the design and control of the particle accelerators and the dosimetric techniques medical physicists are accustomed to, irrespective of whether low megavoltage electrons, very high energy electrons (VHEE), photons or even protons would be used. In particular, due to ion recombination, space charge and ion drift effects, ionisation chambers may not provide a proportional response with high radiation doses per pulse even if strategies were recently attempted to correct for it [START_REF] Petersson | High dose-per-pulse electron beam dosimetry -A model to correct for the ion recombination in the Advanced Markus ionization chamber[END_REF]. Indeed, any FLASH session can be achieved using either a single pulse with a high peak current, typically 200 mA allowing to deliver as much as 40 Gy in a 1 µs pulse, or a limited number of submicrosecond pulses delivered in sequence at 5-10 ms interval in such a way that the total beam-on duration should remain below 100 ms [START_REF] Montay-Gruel | Irradiation in a FLASH: unique sparing of memory in mice after whole brain irradiation with dose rates above 100Gy/s[END_REF].

The sensors and oscilloscopes used for beam monitoring and dosimetry under such conditions must offer a large bandwith and enough memory to provide collection, storage and display of the complete pulse sequences. In the following we provide a description of the linear electron accelerator (Kinetron) used for FLASH studies, and give an account of the available techniques that allow characterization of the beam profile and properties to provide a time-resolved, proportional measurement of dose delivery. Application to the calibration of non-linear systems such as chromogenic films for postponed dose control, is also described.

Numerical Monte-Carlo simulations to model the relative dose distribution in mouse organs irradiated using the Kinetron at both conventional and very high dose-rate, have been published elsewhere [START_REF] Lansonneur | Simulation and experimental validation of a prototype electron beam linear accelerator for preclinical studies[END_REF].

MATERIALS AND METHODS

-Accelerator design and operation

2.1.1-General features

The S-band linear electron accelerator (LINAC) that was used for the original FLASH studies [START_REF] Favaudon | Ultrahigh doserate FLASH irradiation increases the differential response between normal and tumor tissue in mice[END_REF], named Kinetron was designed and built by CGR-MeV Co. (Buc, France) in 1987 with a view to investigate the kinetics of electron transfer and radical reactions in macromolecules at the submicrosecond time-scale [START_REF] Favaudon | CO2-radical induced cleavage of disulfide bonds in proteins. A gamma-ray and pulse radiolysis mechanistic investigation[END_REF]. The system (Figure 1) was adapted to preclinical studies by EuroMeV (Buc, France) and PMB-ALCEN (Peynier, France). It incorporates an optical stage synchronized with electron pulses allowing time-resolved chemical dosimetry in water [START_REF] Favaudon | CO2-radical induced cleavage of disulfide bonds in proteins. A gamma-ray and pulse radiolysis mechanistic investigation[END_REF]. The Kinetron accomodates optical cuvettes, cells in culture flasks or animals including cat patients [START_REF] Vozenin | The advantage of Flash radiotherapy confirmed in mini-pig and catcancer patients[END_REF] and can deliver a wide range of pulse sequences, from a single submicrosecond pulse to repeated pulses at a known frequency, or split-dose irradiation with an interval between pulses ranging from 5 ms to a few minutes [START_REF] Ponette | Hyperfast, early cell response to ionizing radiation[END_REF].

The Kinetron is powered by a 5.0 MW thyratron/magnetron stage generating RF pulses of fixed duration (3.2 µs) at an adjustable repeat frequency, and is fitted with a thermoionic triode electron gun. Precise adjustment (1 V resolution) of the voltage applied to the triode grid allows a full control of the emitted current and pulse width in the FLASH mode, i. e., at a high beam current. In addition the Kinetron incorporates an automatic tuning of the magnetron RF frequency (AFC), and an adjustment of the kilovoltage applied to the magnetron (DQing).

The Kinetron is operated by a computer through an interface programmed with LabView™ (National Instruments, Austin, Texas), allowing a full control of the DQing, triggering, delays, pulse width and sequences, peak current and repeat frequency (Table 1). The dose per pulse at the target was set by adjusting the peak current, the pulse width and the distance to the electron output window. The pulse to pulse repeatibility at 100 mA peak current, was better than ± 1.2% in terms of delivered dose after the LINAC had reached a thermal equilibrium.

The Kinetron was also used to perform irradiation at dose-rates in the same range as conventional radiotherapy, i. e., at a few Gy per minute. In that case the peak current was set to 80 µA to provide a dose per pulse of about 1 mGy at 1 m from the source.

-Monitoring electron pulses at high beam current

The set-up for irradiation is shown in Figure 2 The software operating the Control-Command computer and the NI PXI-1033 digitizer was originally designed by EuroMeV, and allows real-time control of the LINAC power stages as well as automated collection, storage and integration of the charges collected by the primary collimator.

-Optical system

The Kinetron facilities involves an optical system (Figure 3) synchronized with electron pulses allowing time-resolved analysis of transmittance changes in liquid samples [START_REF] Favaudon | CO2-radical induced cleavage of disulfide bonds in proteins. A gamma-ray and pulse radiolysis mechanistic investigation[END_REF].

Signals from the photomultiplier tube were stored on the Nicolet oscilloscope. The risetime of the system was about 20 ns with an RC coupling of 50 Ω.The cuvettes containing the solutions were maintained in an holder positioned in the electron beam, in such a way that the electron and light beams penetrated the cuvette at 90° from each other in the horizontal plane. The cuvettes had 1.25 mm thick optically flat windows, with path lengths of 2 and 10 mm along the electron and light beams, respectively. The water-equivalent depth at the center of the irradiated liquid layer, taking into account the density of silica (d = 2.2), was 3.75 mm. Note that the electronic equilibrium is not reached at this depth and that a correction has to be made as long as calibration with respect to the Markus ionisation chamber or irradiation of thick samples, is addressed.

-Time-resolved dosimetry in water based on the methyl viologen radical

300 µl aliquots of a 3 mM solution of methyl viologen (1,1′-dimethyl-4,4′-bipyridinium dichloride) in 100 mM sodium formate (Normatom grade, VWR Chemicals, Fontenay-sous-Bois, France) made in ultra-pure water (Direct-Q3, Merck-Millipore, Molsheim, France) were introduced into fused silica cuvettes (see § 2.1.3), each fitted with a sealed tubing and gastight septum inlet adapter as described [START_REF] Favaudon | CO2-radical induced cleavage of disulfide bonds in proteins. A gamma-ray and pulse radiolysis mechanistic investigation[END_REF]. Pure (99.99%) N2O (L'Air Liquide-Alphagaz, Mitry-Mory, France) was saturated with water and introduced through Ø 0.8 mm stainless steel tubings directly into the liquid layer, allowing gentle bubbling (1 h in dim light). Any contamination by oxygen was carefully avoided at all steps. Under these conditions, the OH • , H • and e radicals generated from the onset of water radiolysis are converted into the methyl viologen radical cation MV •+ :

a q - H2O  Radiation → OH • + H • + e -aq
Water radiolysis e -aq + N2O + H2O → OH • + OH -+ N2

Conversion of e -aq into OH •

H • + N2O → OH • + N2 Conversion of H • into OH • OH • + HCOO -→ • COO -+ H2O Conversion of OH • into • COO - • COO-+ MV 2+ → CO2 + MV •+ Generation of the MV •-radical
Due to the large difference in the redox potentials of the HCOO -/ • COO -(E°' = -1.85 V) and MV 2+ /MV •+ couples (E° = -0.70 V) the radiolytic yield for the formation of the MV •+ radical is the same as that for • COO -, namely, G = 0.625 µmol.J -1 . MV •+ presents two aborption bands at 393 and 603 nm [START_REF] Das | Reactions of methyl viologen dication (MV2+) with H atoms in aqueous solution: mechanism derived from pulse radiolysis measurements and ab initio MO calculations[END_REF]. We used the 603 nm band (ε603 = 13.3 mM -1 .cm -1 ) for dosimetric studies.

-Gafchromic™ EBT3 films dosimetry

The strategy used for the intercomparison of the response of Gafchromic™ EBT3 films (Ashland Advanced Materials, Bridgewater, New Jersey) to the FLASH vs. CONV doserates, involved 7 steps.

To calibrate EBT3 films at CONV dose-rate we compared the response of a PTW (Freiburg, Germany) Advanced Markus ionisation chamber type 34045, to that of the methyl viologen dosimeter. The accelerator was set at 80 µA beam current and the following experiments were performed. (i) The Markus chamber was mounted in the PMMA stack (d = 1.17) provided by PTW, placed at the center of and perpendicularly to the electron beam at 798 mm from the source and exposed to 1,000 pulses at a repeat frequency of 100 Hz.

Layers of PMMA were removed until leaving the chamber bare in air within the PMMA slab.

The electronic equilibrium was reached at 7 mm PMMA (Figure 4A). Note that the PMMAequivalent depth relative to the center of the methyl viologen cuvette is 3.2 mm. (ii) The Markus chamber was set at electronic equilibrium in the solid water phantom at 500 mm from the electron output window. The dose per pulse at this distance was about 7 mGy. No change in the response of the Markus chamber was observed as the repeat frequency was increased from 10 to 250 Hz. Thus, a 4 ms delay between pulses is sufficient to collect to the electrodes 100% of the charges generated by 7 mGy pulses, consistent with the ion collection time (22 µs) guaranted by the manufacturer. (iii) The Markus chamber was moved along the axis of the electron beam, from 800 to 220 mm from the source, in such a way that the dose-rate varied between 7x10 2 and 10 4 Gy.s -1 during 3.2 µs pulses. There was no evidence of saturation at the maximum dose-rate used. (iv) The doses received at the Markus chamber were compared to those determined from the methyl viologen dosimeter at the same position, taking into account in-depth differences as in § 3.1.3. The formation of the MV •+ radical was measured by online optical detection at 603 nm, with correction to take into account the instability of the MV •+ radical as the length of radiation exposure was > 10 s (see § 3.2). (v) Pieces of EBT3 films were irradiated at electronic equilibrium in contact with the Markus chamber and exposed to dose escalation, from 1 to 40 Gy. The optical density in the films was measured by spectrophotometry (Figure 4B) and data blinded to avoid any tester's effect.

For calibration of EBT3 films at very high dose-rate, the beam current was set at 200 mA to provide 2x10 7 Gy.s -1 during the pulse at 220 mm from the electron output window. DQing was adjusted so as to obtain the same in-depth profile as at CONV dose-rate. The following experiments were performed by varying the pulse width, the number of pulses (repeat frequency 100 Hz) or the distance to the electron output window. (vi) The formation of the MV •+ radical was followed by online optical detection and compared to the signal integral measured at the primary collimator. The beam-on time was below 500 ms, in such a way that no correction for the secondary decay of the MV •+ radical (see § 3.2) was necessary. (vii) The experiment was repeated by substituting EBT3 films for the methyl viologen cuvette using a PMMA stack providing the same water-equivalent depth (3.75 mm). Data were blinded.

24-h after irradiation the films were digitized using either an Epson Expression 11000XL, 48-bit color depth flatbed scanner (Suwa, Japan) and FilmQA Pro software following the OneScan protocol (Ashland Advanced Materials), and/or by recording the optical absorption spectrum of the films using a Hitachi (Tokyo, Japan) U-2000 spectrophotometer.

-Lynx ™ scintillation detector -Application to the monitoring of beam profiles.

The Lynx ™ detector (FIMEL, Fontenay-aux-Roses, France) is a planar, 2-D system for charged particles dosimetry based on a high resolution scintillating screen coupled with a charge-coupled device (CCD) camera. Indeed, plastic scintillators are energy independent at the energies found in clinical electron beams and photon beams and poorly sensitive to the angle of incidence of radiation, making them good candidates for relative dosimetry in high energy charged particle beams [START_REF] Beaulieu | Review of plastic and liquid scintillation dosimetry for photon, electron, and proton therapy[END_REF]. As an example, full dosimetric characterization of the Lynx ™ detector has been described for scanned ion beams [START_REF] Russo | Characterization of a commercial scintillation detector for 2-D dosimetry in scanned proton and carbon ion beams[END_REF].

The detector has an active surface area of 300 x 300 mm with an inherent spatial resolution of 0.5 mm. The entrance face of the detector is composed of 2.4 mm glass fiber and 70 µm copper layers. The scintillating screen (0.5 mm thickness gadolinium-based plastic material) converts the energy lost by the radiation into photons which are reflected by a mirror and collected by the photodetectors of a CCD camera (a 540 nm wavelength filtration is obtained limiting the spectral analysis). A variable aperture collimator system (iris) allows modifying the amount of light reaching the CCD camera. The detector signal from the CCD camera is digitalized with 10-bit depth. Dedicated software Lynx 2D ™ is used for image acquisition, raw data correction for image geometrical distortion and background noise.

Single frame images with adjusted exposure time can be collected to obtain 2-D dose distributions from the scintillation screen.

-Small-field dosimetry using Mallet-Cerenkov light emission

To investigate the feasibility and linearity of radiation dosimetry in small fields using Cerenkov light emission, we designed a Ø 14x80 mm duraluminum tube in which were assembled, at one end an optical mount comprising a Ø 10x14 mm fused silica cylinder (n = 1.46, d = 2.2) with optically polished faces, a biconvex adaptator lens (f = 10 mm) also made of fused silica and held by washers, and an aluminum foil maintained by a drilled cap to protect from ambient light; at the other end a bundle of seven 1 mm PMMA optical fibers, 12m long inserted into a duraluminum hollow cylinder whose external diameter was adjusted to 10 be moved along the master tube to recover the maximum amount of Cerenkov light at the optimal distance from the focal plane of the lens (Figure 5). The length of the fused silica cylinder was calculated for all incident electrons to be stopped within the silica core. The light emerging from the terminal end of the optical fiber bundle was received at a Hamamatsu Photonics (Massy, France) R928 photomultiplier optimized for the detection of nanosecond transients. The probe was positioned along the axis of the electron beam, at a known distance from the source and exposed to single or sequential pulses of varying current, width and energy.

-Data analysis

Data were analyzed using Kaleidagraph software (Synergy software, Reading, Pennsylvania)

to fit time-dependent processes to linear or non-linear mathematical equations according to the Gauss-Levenberg-Marquardt algorithm [START_REF] Press | Numerical Recipes[END_REF]; unless otherwise stated, the results were expressed as mean ± standard deviation. The goodness of fit relative to the functions y = ax or y = ax + b, was appreciated using a Spearman's test with StatEL software (AD Software, Paris).

RESULTS

-Beam monitoring

3.1.1-Fluence measurement at high beam current

Screenshots and online computer analysis of the signal generated by electron pulses in the primary graphite tore (Figure 2, item #4) are shown in Figure 6. These experiments establish the proportionality of the charge collected at the tore with the pulse width as well as the number of pulses fired in sequence.

-Depth-dose distribution

To mimick the dose distribution in the depth of irradiated targets, stacks of Gafchromic™ EBT3 films (see § 2.3 and 3.3) tightly packed between 3.0 mm thick lucite slabs (d = 1.36)

were set at 500 mm from the source and exposed to 10 Gy (dose in air) at various DQing voltage. The doses were determined from the optical absorption at 583 nm in the films as described in § 3.3. Figure 7 shows the build-up and attenuation of the dose as a function of the depth in the stack, and how the energy of electrons can be adjusted by modifying the DQing to compensate for the loss of energy at high current. This control was performed routinely along in vivo studies [START_REF] Favaudon | Ultrahigh doserate FLASH irradiation increases the differential response between normal and tumor tissue in mice[END_REF] to make sure that the depth dose distribution in tissues, hence the incident energy was the same in both radiation modalities.

-Issues due to small aperture collimators

In preclinical assays involving small laboratory animals, the use of a secondary collimator to limit the radiation field to the organs of interest, is a necessity. Volume averaging effects, or the lack of secondary electron equilibrium in the vicinity of such collimators may affect the penumbra and the electron spectrum or the divergence of the beam in a complex way and requires a precise determination of the dose distribution in each individual mounting.

A 22-mm thick graphite plate, sufficient to stop 5 MeV electrons was drilled with a rectangular 18x26 mm hole (HxL) in its center, and set perpendicularly to the beam axis. The plate could be moved back and forth by translation along the beam axis. 40x40 mm cuts of Gafchromic™ EBT3 film were put with smooth adhesive tape over the surface of a PMMA block positioned along the beam axis at 500 mm (fixed position) from the electron exit window of the Kinetron. The Kinetron was set to deliver 4 pulses cumulating 9.6 Gy at this position. EBT3 films were revealed 24 h post-irradiation by scanner or spectrophotometry.

The dose received at the films decreased by as much as 31% as the distance to the rear face of the collimator increased whilst the lateral penumbra increased with the distance (Figure 8). This air gap factor is attributed to the loss of side-scatter equilibrium, collimator scatter and other scatter effects. Beyond 35 mm the dose received at the films did not change any more and did not change either as the collimator was removed. In other words, beyond 35 mm from the collimator the dose was the same as that received from the direct beam in the absence of secondary collimator. For this reason the anterior face of irradiated targets should always be set at a suitable distance from the secondary collimator, in that case 35 mm, depending on the energy of electrons and the size of the collimator aperture.

-Time-resolved dosimetry in aqueous solution based on methyl viologen

The dosimetry of electron pulses was carried out by time-resolved, optical detection at 603 nm of the blue methyl viologen radical cation MV •+ in N2O-saturated formate buffer (see §

2.2).

The formation of the MV •+ radical was complete within the rise time of the photomultiplieroscilloscope stage (Figure 9A) and was stable for enough time to allow for determination of the dose delivered during successive pulses fired in sequence (Figure 9B). We also used the MV •+ radical to determine the inverse-square law fitting the intensity of the radiation as a function of the distance to the electron output window (Figure 9C).

However, following its formation in the submicrosecond time range the MV •+ radical decayed slowly with loss of the absorption at 603 nm in the course of a biphasic process (Figure 10A) that fitted a bi-exponential equation of the form:

(1) A(t) = a1.exp(-.t) + a2.exp(-k2.t)

where A(t) is the absorbance at time t, and a1 and a2 the amount of the 603 nm absorbance involved in the first and second step of the reaction with rate constants k1 and k2, respectively. Non-linear regression drawn for best fit to experimental data gave a1 = 0.0673 ± 0.0013, k1 = 1.071 ± 0.049 x 10 -2 s -1 (0.642 ± 0.029 min -1 ); a2 = 0.193 ± 0.001, k2 = 4.478 ± 0.582 x 10 -5 s -1 (0.00269 ± 0.00035 min -1 ); a1/(a1+a2) = 0.259, a2/(a1+a2) = 0.762. The decay was half-over in 8802 ± 78 s (146.7 ± 1.3 min). Note that (a1+a2) = D * G * ε where D is the dose, G the radiolytic yield for the formation of the MV •+ radical and ε its molar extinction coefficient at the wavelength of interest (see § 2.2).

Let us consider a situation in which the cuvette containing the methyl viologen solution is exposed to N pulses of elementary dose d each, delivered in sequence at a repeat frequency ν. The interval between two consecutive pulses is 1/ν, the time t at which n pulses have been fired is t = n/ν, the time at the end of the pulse sequence is T = N/ν and the time elapsed between any pulse and the last pulse is (T-t) = (N-n)/ν. By substituting these variables into equation ( 1) and summing over the number of pulses n it comes:

(2) 2) has no analytical solution but can be solved through a parametric method for any given value of N and ν. An example is given in Figure 10B.

A(N) = d * G * ε * { a1 (a1+ a2) exp[-k1 n=1 n=N ∑ * (N-n) ν ] + a2 (a1+ a2) exp[-k2 n=1 n=N ∑ * (N-n) ν ] } Equation (
In conclusion, the methyl viologen dosimeter allows time-resolved determination of the dose received at any position in the electron beam at high electron fluence in temporal coincidence with the signal received from the primary collimator. However, owing to the evolution of the MV •+ radical over extended periods of time, the use of the methyl viologen dosimeter is not recommended as long as the irradiation protocol consists of a protracted exposure to radiation, unless the decay of the MV •+ radical is taken into account according to eq. ( 2).

-Calibration of Gafchromic ™ EBT3 films with regard to the dose-rate

For preclinical investigations Jaccard et al. [START_REF] Jaccard | High dose-per-pulse electron beam dosimetry: usability and dose-rate independence of EBT3 Gafchromic films[END_REF] used Gafchromic™ EBT3 films set in contact with the animals and calibrated at low dose-rate with reference to a PTW (Freiburg, Germany) Markus Advanced ionisation chamber. However, calibration of EBT3 films at very high dose-rate was not done for lack of a system allowing time-resolved measurement of the incident dose.

We took advantage of the optical facility described in Figure 3 to calibrate Gafchromic™ EBT3 films with reference to the methyl viologen dosimeter following the strategy described in § 2.3. The optical density of the films exposed to any radiation dose in the CONV and FLASH mode were indistinguishable from each other within ± 1.84% precision (Figure 11).

Within these limits the photometric response of Gafchromic™ EBT3 films is independent on the dose-rate for up to 2x10 7 Gy.s -1 during the pulse. This experiment was repeated 4 times over a period of 3 years with different batches of EBT3 films. The sensitivity of the films to radiation or aging varied between batches, but the response of each batch was independent on the dose rate and the dosimetric precision was in the range ± 2% throughout.

-Monitoring beam profiles using the Lynx ™ scintillation detector

The transverse dose distribution of the electron beam, as well as its characteristics in terms of linearity with the pulse width and dependence on the grid voltage were measured with the Lynx ™ mounted at various positions in front of the emission window, perpendicularly to the beam axis. The "in-pulse" (peak) dose-rates were set at 0.4-3.5 10 6 Gy.s -1 throughout. Data analysis was performed in MATLAB ™ Version R2012a.

The results (Figure 12) show that the response in dose was linear in the range explored.

The FWHM value measured at 600 mm from the electron output window was 135 mm. The symmetry of the beam was assessed as the FWHM variation at each angle on a transverse beam profile and was within 1% for all tested conditions (high and low dose-rate).

The Lynx ™ system demonstrated an excellent linearity of the dose-response relationship with good reproducibility and stability. However, the CCD camera of the Lynx ™ suffered from a relatively narrow dynamic range. Substituting the CCD camera for a multichannel photomultiplier, and miniaturisation might allow one to overcome these pitfalls and allow precise small-field dosimetry.

-Small-field dosimetry using Mallet-Cerenkov light emission

It has long been known from the pioneering works of Mallet [START_REF] Mallet | Étude spectrale de la luminescence de l'eau et du sulfure de carbone soumis au rayonnement gamma[END_REF] and Cerenkov [START_REF] Cerenkov | The visible glow of pure liquid under the effect of hard gamma-rays[END_REF][START_REF] Jelley | Cerenkov radiation and its applications[END_REF][START_REF] Glaser | Applications of Cherenkov light emission for dosimetry in radiation therapy[END_REF] that a cone of UV light is emitted along the path of relativistic charged particles as those travel faster than the local speed of light in a dielectric medium. The angle θ at which the radiation is emitted relative to the particle's direction is given by the equation:

(3) cos θ = 1/βn where θ is the opening angle of the cone, n the refractive index of the medium and

β = v/c
where v is the velocity of the particle and c the speed of light in vacuum. The intensity of the Cerenkov radiation produced by a given electron fluence is proportional to (1 -1/β 2 n 2 ).

Accordingly the efficiency for Cerenkov light emission is nearly independent of the electron energy above 2 MeV but is expected to decay abruptly below 1 MeV [START_REF] Beddar | Cerenkov light generated in optical fibers and other light pipes irradiated by electron-beams[END_REF]. On the other hand the spectral distribution of Cerenkov radiation is broad, covering the entire visible range, with a maximum in the blue region.

In a first experiment the Cerenkov probe (Figure 5) was set at 850 mm from the electron output window of the Kinetron and exposed to 1.00 µs pulses, 0.47 Gy each at two values of the DQing (Table 1) such that the nominal energy of electrons was either 3.9 or 5.0 MeV.

Oscillocope recordings of the signal received at the photomultiplier through a 50 Ω load resistor showed a square signal with rapid oscillations of 35 ns period at the onset and the end of the pulse (Figure 13A). The period of these oscillations was equal to that expected for the light generated at the silica probe to transit through the optical fiber to the photomultiplier tube, taking into account the refraction index of the material constituting the fiber, suggesting that oscillations originate from multiple reflexion of Cerenkov light at the air-fiber interfaces.

Due to decoherence, the phenomenon faded away in about 500 ns. It did not affect the integral of the signal under the curve (∑V * t) and could be easily suppressed by applying a RC filter or an analog low-pass active filter. This notwithstanding, the integral was strictly proportional to the dose received at the silica probe. Interestingly, the integral was lower as the mean energy of electrons was decreased from 5.0 to 3.9 MeV as expected from the fact that reduced penetration of electrons in the silica block produces a decrease of the amount of light focused by the collecting lens over the fiber bundle. Thus, with a proper mounting the Cerenkov light could be used to detect occasional energy drops of the LINAC RF power source.

In a second experiment the probe was set at 300 mm from the electron output window.

The beam current was adjusted to provide 4.9 Gy in a 1 µs pulse at the silica block. The load resistor at the photomultiplier was set at 50 Ω to provide fast response. Single pulses were fired with stepwise increase of the pulse width from 0.10 to 2.20 µs. The beam current measured at the primary collimator and the Cerenkov signal measured at the photomultiplier, were recorded in parallel. The result (Figure 13B) shows that the integral of the Cerenkov signal increases with the pulse width, in exactly the same way as the charge collected at the collimator, and with no evidence of saturation.

In a third experiment the beam current was lowered down to 100 µA. The probe was set at either 300 or 806 mm to receive either 12.8 or 1.77 mGy per pulse, respectively. The gain of the system was sufficient to detect the beam current and pulse profile with a load resistor set at 50 Ω (Figure13C). The signal integral over the pulse increased proportionally to the ohmic load applied to the photomultiplier tube, at the expense of the response time at high load values. The system allowed visualization of individual pulses as well as summation of pulses given in sequence. Using a virtual oscilloscope, we were able to record and sum the integral over as many successive shots as desired.

CONCLUSIONS

Time-resolved dosimetry of radiation requires fast responding electronics and sensors, pulse-to-pulse recording and real-time visualization of transients signals using ≥ 200 MHz bandwith digital oscilloscopes. Once this prerequisite is fulfilled, the machine operator committed to an experiment involving FLASH irradiation has to anticipate which dose the LINAC is going to deliver to the target surface. This is done by programming the beam parameters including the energy, peak current, pulse width, repeat frequency and pulse number which altogether determine the beam-on time and the integral dose at a given distance from the source. In our experience a repeatibility of ± 1.2% can be reached in routine with a LINAC in good condition and carefully maintained at thermal equilibrium.

A control of the incident dose should also be made a posteriori. It requires techniques that, with the exception of real-time integration of the electron charge collected at the primary graphite tore, are based on optical detection. We explored the linearity of these techniques in a range of peak dose-rates from 2x10 2 to 4x10 7 Gy.s -1 . These techniques include dosimetry in water based on formation of the methyl viologen radical cation, and Cerenkov light emission. The methyl viologen radical allowed us to analyze the response of Gafchromic™ EBT3 films in terms of dose-rate. These films are widely used in radiotherapy for control of the dose and field shape. We provide here direct experimental evidence that EBT3 films give the same response over a wide range of dose-rate, from 1 mGy to over 30 Gy per microsecond pulse with ±2% precision. EBT3 films may therefore be used confidently for measurement of the entrance and exit dose applied to laboratory animals, or to determine the depth-dose profile in solid water stacks at dose-rates exceeding by several orders of magnitude the specifications of ionisation chambers. Solid scintillation was also explored with

the Lynx system at peak dose-rates of 2.4-3.5 10 6 Gy.s -1 to help in determination of the shape and homogeneity of large radiation fields.

Cerenkov light has been used by others authors as a variable-delay probe beam with picosecond time resolution [START_REF] Grigoryants | Pulse radiolysis system with picosecond time resolution referred to Cherenkov radiation[END_REF]. Here we show that the small size of the optical probe we made for time-resolved analysis of the Cerenkov light allows high spatial resolution and is useful for small-field dosimetry at both low and very high dose-rate. Our results show that this technique may substitute for ionisation chambers at low dose-per-pulse and to Faraday cups at high dose-per-pulse through a dynamic range ≥ 4 10 4 , namely, from 1 mGy up to 40

Gy in a single microsecond pulse. Therefore, this technique is appealing in the prospect of future machines for FLASH radiotherapy in the clinics. Interestingly, the Cerenkov light has recently been considered for the dosimetry of X-ray, electron and proton beams [START_REF] Teymurazian | Megavoltage X-ray imaging based on Cerenkov effect: a new application of optical fibres to radiation therapy[END_REF][START_REF] Glaser | Video-rate optical dosimetry and dynamic visualization of IMRT and VMAT treatment plans in water using Cherenkov radiation[END_REF][START_REF] Zlateva | Cherenkov emission dosimetry for electron beam radiotherapy: a Monte Carlo feasibility study of absolute dose prediction[END_REF].

Other systems were tested including MOSFETS and diamond dosimeters. MOSFETS failed in our application due to both a large drift with the temperature rise accompanying big pulses and a reduced lifetime beyond 100 Gy cumulative dose. Diamond dosimeters were subject to large dose-and dose-rate effects. None was able to provide a time-resolved profile of the electron pulses at high dose-rate.

Yet the techniques analyzed in this study warrant further developments to be accepted as standard dosimetric methods in clinical applications, our conclusion at the end of the day is that they give a proportional response with the dose over a wide dynamic range with an overall precision better than ± 2%. This notwithstanding, as shown here FLASH is subject to the same pitfalls as conventional dose-rate radiotherapy relating to small-field effects and 8. 

  . Beam collimation was achieved by means of a 22-mm thick graphite tore (d = 1.76, Schunk Electrographite, Lauffen, Germany) bolted onto a high density polyethylene insulator. Various collimators with 10-50 mm circular bore drilled in the graphite were used. In experiments involving local irradiation of mice, a secondary graphite collimator with suitable aperture delimitating a precise radiation field, was set to protect animals from whole-body irradiation. At high beam current (≥ 10 mA, full emission lobe) time-resolved measurement of the beam current was carried out by grounding through a load resistor (R) the charges collected in the core of the primary graphite collimator. The signal was sent through a coaxial wire in parallel to a National Instruments PXI-1033 digitizer with PXI-5152 (300 MHz, 8-bits) and PXI-5105 (60 MHz, 12-bits) amplifiers and a Nicolet Instruments (Madison, Wisconsin) Pro 92 oscilloscope with 200 MHz, 8-bits and 20 MHz, 12-bits amplifiers. Both NI and Nicolet 8bits ADCs were set in a dual base-time, slave mode triggering the 12-bits amplifiers to receive and store signals from the LINAC as well as from the optical stage.

Figure 1 .

 1 Figure 1. General design and main components of the Kinetron linear electron accelerator. RF: radio-frequency. WG: wave guide. RFW: radio-frequency window. AFC: automatic frequency control. IPC: incident power coupler. RPC: reflected power coupler. W: electron exit window. TEG, triode electron gun. GC: graphite collimator. NI PXI-5105, NI PXI-5152, Nicolet: high-speed oscilloscopes. The dotted and continuous lines represent command and power lines, respectively.

Figure 2 . 1 :

 21 Figure 2. Setup for irradiation of samples. 1: Accelerator framework. 2: Electron beam output. 3: High density polyethylene insulator. 4: 22 mm-thick primary graphite collimator. 5: Secondary graphite collimator (in vivo studies). 6: Bench. 7: Ball-bearing sliding aluminum plate. 8: Coaxial wire to remote oscilloscopes. R: Leak resistor. The optical system for real-time detection of transient absorption in chemical dosimeters is shown in Figure 3.

Figure 3 . 9 :

 39 Figure 3. Optical system for time-resolved analysis of transmittance changes in liquid samples. 9: Pulsed 150-W Xenon or continuous 150-W Xenon-Mercury lamp. 10: 150-W Tungstenhalogen bulb. 11: Fused silica lenses. 12: Remotely controlled, total internal reflexion prism. 13: Solenoid-activated light shutter and long-pass edge filters. 14: slit, cuvette holder and fused silica, gas-tight cuvette (10-or 20-mm path length). 15: UV-enhanced plane mirrors. 16: Holographic grating monochromator. 17: Fast response photomultiplier. 18: High-voltage supply. 19: Load resistors. 20: Back-off amplifier. 21: Digital oscilloscope. The figure is not to scale; the total light path is 5.9 m.

Figure 4 .

 4 Figure 4. In-depth calibration of the Markus ionization chamber and light absorption spectrum of Gafchromic™ EBT3 films. A. Variation of the charges collected at the Advanced Markus ionisation chamber irradiated in the CONV mode as a function of the depth in a PMMA stack. B. Light absorption spectrum of irradiated Gafchromic™ EBT3 films at 24 h post-irradiation.

Figure 5 . 1 :

 51 Figure 5. Exploded view of the probe used for collection and dosimetry of Cerenkov light. 1: duraluminum tube. 2: adaptor lens and washers. 3: fused silica cylinder. 4: aluminum foil. 5: hollow cap. 6: optical fiber bundle.

Figure 6 .Figure 7 .

 67 Figure 6. Screenshots and computer analysis of the electron current collected at the primary graphite collimator.We used a graphite collimator with a 40 mm wide bore and a load resistor of 50 Ω. Except in D, the peak current (full emission beam) was set at 103 mA, 30% of which was collected by the primary collimator. A: Oscilloscope time profiles of single, isolated pulses of width comprised between 0.10 and 2.20 µs. The area under the peak (in units of Vxs) for any given pulse allows determination of the electron fluence. B: Linearity of the fluence with the pulse width (single pulses). Spearman's test: y = ax (a = 1.542 ± 0.002 V), R = 0.999, p < 10 -5 . C: Linearity of the fluence with the pulse number in an experiment in which pulses (1.00 µs pulse width) were fired at 100 Hz repeat frequency. Spearman's test: y = ax (a = 1.583 ± 0.001 µV.s), R = 0.999, p < 10 -5 . The signal integrals (B, C) correspond to the summation

Figure 8 -

 8 Figure 8 -Small-field effects behind a secondary collimator. Left, variation of the dose with the distance between the target and the rear face of the secondary collimator. Right, dosimetric profile of the irradiation field along the horizontal (H) and vertical axis (V) as a function of the distance (mm, color code at upper left) to the collimator. Details are given under § 3.1.3.

Figure 9 .

 9 Figure 9. Use of the MV •+ radical for dosimetry at FLASH dose-rate. A. Formation of the MV •+ radical in N2O-saturated formate buffer following a 2 µs pulse of 15.5 (bottom) or 30.0 Gy (top). The optical signal was received at the monochromatorphotomultiplier stage during a pulse of the Xenon lamp synchronized with the electron pulse. Each experiment was repeated once to demonstrate the reproducibility of the process. B. MV •+ radical-based dosimetry of pulses in sequence. A 3 mM solution of MV 2+ in N2Osaturated formate buffer was exposed to seven 0.25 µs pulses of electrons at a repeat frequency of 100 Hz with online optical detection at 603 nm. The integral dose delivered to the irradiated sample was 26.1 ± 0.1 Gy. C. MV •+ radical-based demonstration of the inversesquare law fitting the intensity of the radiation as a function of the distance (r, mm) to the electron output window. The accelerator was set at 150 mA, 1.0 µs pulse width. Spearman's test: y = ax (a = 0.692 ± 0.012 Gy.m 2 ), R = 1.000, p < 10 -7 .

Figure 10 .

 10 Figure 10. Time-course of the decomposition of the MV •+ radical. A. The MV •+ radical formed during exposure to a 2.0 µs pulse of 31.2 Gy decayed slowly in the course of a biphasic process. The data points (two separate experiments) were fitted to the biexponential time-dependent equation (1) (see § 3.2). B. Effect of the instability of the methyl viologen radical under protracted irradiation at a low dose per pulse. We used equation (2) to calculate the evolution of the optical density of a methyl viologen dosimeter exposed to N pulses, 1.5 mGy each at a repeat frequency of 200 or 30 Hz. The black line represents the theoretical absorbance A0 = G * D * ε that would be obtained if the MV •+ radical

dose distribution in the depth of irradiated tissues. These heterogeneities can be modeled on a case-by-case basis with the aid of Monte-Carlo simulation [5].
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was stable. The drop in aborbance relative to A0 after 15,000 pulses delivered at 200 Hz (T = 75 s) or 30 Hz (T = 500 s) amounts to 8.2% and 21.3%, respectively. Gy.s -1 ) and CONV modes (≤ 0.01 Gy.s -1 ). Dosimetry at both dose-rates was performed as described in text ( § 3.3). Data were blinded to mask any effect from the tester's expectation.

The optical densities measured at 634 and 583 nm were drawn for best fit to a biexponential equation, Table 1 Main characteristics of the Kinetron.

Output energy (MeV) 1 Pulse repetition frequency (Hz)

Pulse width (µs) Peak beam current (mA) 2 Maximum dose in a 1.0 µs pulse at 1 m (Gy) 3 Minimum dose per pulse at 1 m (Gy) 3 Mean linear energy transfer (LET, keV/µm) Relative biological effectiveness (RBE) 3.7 -5.1 1 -250 0.05 -2.20 0.04 -250 1.7 0.001 0.19 1.00 1 According to the Joule's law, the energy of output electrons decreases as the peak current during the pulse increases. For animal studies the kilovoltage applied to the magnetron (DQing) was adjusted to deliver a constant output energy (4.5 ± 0.1 MeV) in order to provide the same in-depth dose profile whatever the peak current used.