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Abstract

:

Simple Summary


Exposure of water to ionizing radiation (e.g., X- or gamma-rays and charged particles such as protons) leads to the rapid formation of hydronium ions, H3O+. The presence of these H3O+ ions temporarily renders the irradiated water very acidic. According to previous work, these early acidity spikes strongly depend on radiation beam parameters such as absorbed dose rate and radiation quality (or “linear energy transfer”, LET). In this study, we examine how this transient acidic response evolves under irradiation conditions combining both high-dose-rate and high-LET (i.e., densely ionizing) radiation. Given the crucial role that pH plays in many cellular functions, it is conceivable that the generation of these acidic pH spikes may possibly play a role in the current radiobiological puzzle that seeks to explain the “FLASH effect” in ultrahigh (FLASH) dose rate radio-, proton-, and hadron-therapy, which selectively spares normal tissues while maintaining tumor control.




Abstract


(1) Background: Water radiolysis leads to the formation of hydronium ions H3O+ in less than 50 fs, resulting in the formation of transient acidic pH spikes in the irradiated water. The purpose of this study is to examine the time evolution of these spikes of acidity under irradiation conditions combining both high absorbed dose rate and high-LET radiation. (2) Methods: The early space–time history of the distributions of the various reactive species was obtained using our Monte Carlo multitrack chemistry simulation code IONLYS-IRT. To simulate different LETs, we used incident protons of varying energies as radiation sources. The “instantaneous pulse” (or Dirac) model was used to investigate the effect of dose rate. (3) Results: One major finding is that the combination of high dose rates and high LETs is clearly additive, with a very significant impact on the pH of the solution. For example, at 1 ns and for a dose rate of ~107 Gy/s, the pH drops from ~4.7 to 2.7 as the LET increases from ~0.3 to 60 keV/μm. (4) Conclusions: Confirming previous work, this purely radiation chemical study raises the question of the possible importance and role of these spikes of acidity in underpinning the physical chemistry and biology of the “FLASH effect”.
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1. Introduction


Living cells are composed of a variety of molecules and compounds, with water being the most abundant constituent, accounting for about 70–90% of the cell mass. Therefore, a thorough knowledge of the radiolysis of water is critical for understanding the effects of ionizing radiation on living organisms. When energetic radiation is absorbed by water, it produces chemically reactive species that can damage all biomolecules present in living cells, such as lipids, proteins, and DNA (the so-called “indirect effect” of radiation). Of all biomolecules, DNA is considered the most important in determining the radiobiological response. Ionizing radiation can randomly induce lesions in cellular DNA, which can either be repaired or result in cytotoxic and mutagenic effects and chromosomal instability that can be detrimental to the organism [1,2,3,4,5]. The severity of the damage caused by ionizing radiation depends on several factors, including the radiation absorbed dose and dose rate, radiation quality (or “linear energy transfer”, LET, also defined as the rate of energy loss per unit path length or “stopping power”, −ΔE/Δx), and the presence of radioprotective/antioxidant agents [6,7,8].



Recently, classical radiobiological principles established during the past century have been challenged by the observation that radiation therapy using ultrahigh dose rates (mean values in excess of ~40–100 Gy/s) in short timeframes (milliseconds) selectively spares normal tissues without compromising tumor-killing efficacy. This fascinating new irradiation method in radiotherapy, known as “FLASH-RT” [9,10], results in a markedly increased therapeutic index compared to conventional radiation delivery, which is administered at much lower dose rates (~0.03 Gy/s) and over minutes. Such a FLASH normal-tissue protection effect has become a topic of great value in radiotherapy and its advantages are receiving widespread attention in fundamental and clinical research using electron irradiation, and, more recently, with megavoltage photons and cyclotron-based protons, helium, and even carbon ions (see, e.g., [11,12,13,14,15,16,17,18,19,20]). Despite all the work carried out to date, the molecular mechanisms underlying the different responses of tumor and normal tissue to FLASH remain largely unknown.



Following water radiolysis at the prevailing ultrahigh FLASH dose rates (pulses of a fraction of a second), we previously demonstrated with Monte-Carlo-based simulations the existence of strongly acidic spikes which appear transiently over the entire irradiated volume immediately after the passage of the radiation [21,22]. Let us briefly recall here the origin of this acidity.



Upon being ionized into H2O•+, water molecules undergo rapid dissociation (in times less than ~50 fs [23]) via a pseudo-first-order proton transfer reaction to yield the hydronium cation (H3O+) and the hydroxyl radical (•OH) [1,24]:


H2O•+ + H2O → H3O+ + •OH.



(1)







The H3O+ and •OH produced in reaction (1) are located very close to the position at which ionization occurred. On the other hand, the secondary electron (also called “dry” electron) created during the ionization event is ejected with a kinetic energy of a few tens of electron-volts [25,26,27], allowing it to travel, on average, a distance of the order of ~10 nm [28] before becoming thermalized and hydrated (at about 1.3 ps [29,30]). At this point in time, the hydrated electron (e−aq), on the one hand, and H3O+ and the •OH radical, on the other hand, are quite far apart [31,32,33]. Such a situation precludes the possibility of an immediate recombination between these charges according to the following reactions:


e−aq + H3O+ → H• + H2O (k2 = 2.1 × 1010 M−1 s−1)



(2)






e−aq + •OH → OH− (k3 = 3.5 × 1010 M−1 s−1),



(3)




where k2 and k3 are the rate constants for the two reactions [34]. As a result, this initial charge separation creates a very acidic environment around the “native” radiation track, which will persist until diffusion of the slowly moving H3O+ and •OH has brought these two species to the remote position then occupied by the e−aq, eventually forming H• and OH− through reactions (2) and (3). We previously called this transient acid response an “acid spike” [35,36] in analogy with the “thermal spike” sometimes proposed in radiation chemistry to describe the formation of a transient excess temperature region around the tracks of very-high-LET heavy ions in water [37]. Although experimental evidence of this early acidity has been obtained by several authors [24,38,39,40], these acid-spike effects have gone largely unnoticed in water exposed to ionizing radiation [41]. From a radiobiological point of view, this is rather surprising in view of the fact that many biological structures and cellular processes are highly susceptible to variations in pH [41,42].



The spikes of acidity described just above obviously involve individual, nonoverlapping radiation tracks, i.e., they apply only when the dose rates (or, in other words, the densities of absorbed energy) are sufficiently low such that no overlap between the different tracks occurs. In that case, the transient yields and the concentrations of H3O+ formed by radiolysis are independent of the dose rate, and the acid-spike response is characteristic only of the LET of the radiation [36,43]. Under conditions of high dose rates, however, track overlap starts setting in at a very early stage of radiolysis, with the adjacent tracks overlapping even before the intratrack reactions are completed. At the ultrahigh dose rates of FLASH-RT, the energy of the ionizing radiation can then be considered to be relatively uniformly distributed throughout the entire irradiated volume. As a result, the transient acid spikes around each radiation track combine due to their close physical proximity, thus producing an early acidic pH response across the whole solution [21,22].



Interestingly, these latter results are consistent with the theoretical work of Schneider et al. [44], who applied a kinetic model for water radiolysis to the high-dose-rate regime commonly encountered during liquid cell electron microscope imaging experiments. These authors found that high-dose-rate irradiation indeed strongly alters the concentration of H3O+ in (aqueous) solutions, estimating that the initial, preirradiation pH of 7 decreased to ~3.25 as the dose rate increased to ~1010 Gy/s.



In this work, we extend our Monte Carlo track chemistry simulations to study the effect of combining the action of both high absorbed dose rate and high-LET irradiations on the transient yields and concentrations of H3O+ ions and the resulting acidic pH spikes that form early in water radiolysis, in relation to their potential relevance to the FLASH effect. The present study can thus be seen as a continuation of our previous work [21,22,36].




2. Multitrack Chemistry Simulation of High-LET and High-Dose-Rate Effects in Water Irradiated by Fast Incident Protons


2.1. Radiolysis of Pure, Deaerated Water: Time Scale of Events and Formation of Primary Radical and Molecular Products


In a condensed phase such as liquid water, the radiolysis products (water cations H2O•+, excited water H2O*, and all ejected secondary electrons) generated in the initial or “physical” stage (~1–100 as) of radiation action [45,46] are very energetically/chemically unstable and undergo a complex sequence of fast reactions and reorganization in the second or “physicochemical” stage (≤1 ps), leading to the formation of the very first reactive chemical species which include e−aq, H3O+, OH−, H•, •OH, H2, H2O2, O(1D), •O•(3P), H−, O•−, etc. [36,47]. Of these, H3O+, e−aq, and •OH are produced in the highest concentrations [36]. All these radiolytic species are spatially distributed in a specific, highly nonhomogeneous track structure that strongly depends on the type and energy of the radiation used [24,37,47,48]. In the case of radiations of low LET (such as Compton electrons produced by 60Co γ-rays, fast (e.g., MeV) electrons, or a few hundred MeV protons with typical LET values of ~0.3 keV/μm) and under conditions of lack of dose-rate effects (no interaction between tracks), the track structure is initially formed by small, well-separated Magee-type “spurs” (clusters of radiolytic species that are approximately spherical in shape) along the path of the incident radiation [49,50,51,52]. The third or “chemical” stage (>1 ps) of the radiolysis process consists of diffusion processes (obeying Fick’s laws of diffusion) and chemical reactions of these reactive species as the tracks develop in time. At 25 °C, the track expansion is essentially complete (i.e., when the spurs on expanding by diffusion touch each other) by ~0.2 μs after the first ionization event [53]. At this point in time, the radiation track structure no longer exists and the species that have escaped from spur/track reactions can be regarded as being homogeneously distributed throughout the bulk of the solution (i.e., the system at large). The main reactive species at homogeneity include e−aq, H•, and •OH (the “radical” products) and H2 and H2O2 (the “molecular” products) [24,48,54]. They are often called, though improperly, “primary” species, and their yields—the “primary” or “escape” yields—are given by g(e−aq), g(H•), g(•OH), g(H2), and g(H2O2), which are the numbers of molecules formed per 100 eV of radiation energy absorbed by the system (for conversion into SI units: 1 molecule/100 eV ≈ 0.10364 μmol/J [48]). Note that the hydroperoxyl radical, HO2•, or its ionic form O2•−, has also been identified in deaerated water radiolysis, but is normally neglected because it has a very low yield of ~0.02 molecule/100 eV [55], which is less than 1% of the other primary radiolytic species. Finally, beyond a few microseconds, the reactions that occur in the bulk solution can usually be described with conventional homogeneous chemistry methods (see, e.g., [56]). The time scale for the various processes occurring in the low-LET radiolysis of deaerated water is given in Figure 1, which is based on a similar figure from Meesungnoen and Jay-Gerin [47].




2.2. Simulating the Effect of LET with Incident Protons of Different Energies


At low LET, tracks are clearly separated initially into spherical spurs that develop independently as time progresses. The adjacent spurs are so far apart that there is practically no overlapping among reactants. Under these conditions, the predominant effect is radical production. With increasing LET, the isolated spur structure changes to a situation in which the spurs are so close to each other that they eventually merge (due to diffusion of the reactive species) along the radiation path, then forming a dense continuous column (cylindrical in shape) of species [37,47,52,57]. This allows more radicals to be formed in close proximity with a correspondingly greater probability of radical–radical combination/recombination reactions during the track stage of radiolysis. Unlike low-LET radiation, where the radical yield is high, densely ionizing radiation therefore tends to increase the yield of the molecular products (such as H2 and H2O2) and to reform water.



In this study, to simulate on a quantitative basis the effect of LET on the yields of H3O+ ions that form early in water radiolysis via reaction (1), we used incident protons of five different energies as radiation sources, namely, 5, 1.5, 0.7, 0.4, and 0.25 MeV, whose mean LET values at 25 °C are ~8, 19.5, 33, 47, and 60 keV/μm, respectively [58,59,60]. Data for 300 MeV irradiating protons, which mimic the low-LET limit of ~0.3 keV/μm of Compton electrons ejected from the absorption of 60Co γ rays in liquid water [61], are also used here as a reference.




2.3. Modeling the Effect of Dose Rate: The “Instantaneous Pulse” (or Dirac) Model


Herein, a multitrack irradiation model recently formulated in our laboratory was applied to describe the effects of high dose rates on the radiolysis of water by incident protons at ambient [22,62,63,64] and elevated [65] temperatures. In short, this model consists of the random irradiation of water with single pulses of N incident monoenergetic protons, which simultaneously impact the water perpendicularly across the surface of a circle of radius Ro (see Figure 1 of Alanazi et al. [62]). This is the so-called “instantaneous pulse” (or Dirac) model, in which the pulse duration is assumed to be zero [66], i.e., all chemical species are created instantaneously. In this case, the absorbed dose per pulse is the only relevant parameter.



The fact that the fast protons have essentially rectilinear trajectories makes it possible to define a cylindrical geometry of the beam at the entry time, with all proton tracks parallel to the cylinder axis. Since the irradiated cylinder is embedded in nonirradiated bulk water, the various radiolytic species initially formed therein are not confined to this volume, but, rather, diffuse through the entire bulk water (infinite in fact) as time progresses. In this particular irradiation geometry, the incident “fluence” of protons (number of impacting protons per unit area) is simply given by N/πRo2, so that the effect of the dose rate can be studied simply by varying N, the number of irradiating protons per pulse. In the present study, N is chosen to vary from 1 to 20. Data for N = 1, which indicates the absence of dose-rate effects, serve as a reference. According to our previous calibration of N in terms of dose rate (see Figure 3B of Alanazi et al. [62]), N = 20 corresponds to an absorbed dose rate of about 107 Gy/s. Finally, time zero is chosen as the time when the N incident protons reach the front of the cylinder.




2.4. Monte Carlo Multitrack Chemistry Simulations: The IONLYS-IRT Code


In this work, we use an extended multitrack chemistry version of our Monte Carlo computer code IONLYS-IRT [47] to simulate the radiolysis of pure, deaerated water at 25 °C by incident protons of various energies (i.e., of different LETs) under high-dose-rate conditions. This version has been described in detail elsewhere [22,62,64,65].



In short, we modified our “IONLYS” step-by-step program [67], which covers the early physical and physicochemical stages of radiation action (up to ~1 ps), to simulate the space–time history of N simultaneously incident proton tracks in close spatial proximity [62]. The resulting complex spatial distribution of the reactants of the considered track system then serves directly as the starting point for the subsequent chemical stage (>1 ps), which is covered by our “IRT” program [68]. Using the “independent reaction times” (IRT) method [69,70], this program generates reaction times without having to follow the diffusive trajectories of all the reacting species. Its ability to provide reliable time-dependent chemical yields under a wide range of irradiation conditions has been well validated by comparison with Monte Carlo simulations of full random flights that do follow reactant trajectories in detail [71,72]. It has been shown that simulating N interactive proton trajectories at the same time does not present any particular problem for the implementation of our IRT program at high dose rates. The only drawback is that the computation times are obviously much longer than for the simulation of single-proton irradiation.



For pure, deaerated water at 25 °C, the reaction scheme, rate constants, and the diffusion coefficients of reactive species used in our IRT program are the same as those used previously [34,58,62,68,73,74].



All calculations were performed by simulating short track segments (typically ~1–100 μm, depending on N and LET) of incident monoenergetic protons having LETs in the range 0.3–60 keV/μm. For a given value of N (between 1 and 20) and LET, the number of simulated “histories” (i.e., the number of pulses, usually ~2–150) was chosen so that the average chemical yields could be calculated with acceptable statistical reliability while keeping reasonable computer time limits.





3. Results and Discussion


3.1. Time Evolution of the Yields of H3O+ and OH− in the Absence of Dose-Rate Effects


Figure 2 shows the temporal variation of the yields of H3O+ and OH− as obtained from our track chemistry simulations of the radiolysis of pure, deaerated water by 300 MeV irradiating protons (LET~0.3 keV/μm) at ambient temperature, under conditions of lack of dose-rate effects (i.e., one single-proton irradiation, N = 1). For comparison, available experimental data for 60Co γ-ray or fast electron irradiation [40,75,76,77,78] are also shown in the figure. As can be seen, our simulated values agree very well with the measured H3O+ and OH− yields. This good agreement between simulated and measured yield values (without adjustable parameters) supports, a posteriori, the validity of the assumptions used in our computational approach and also demonstrates the robustness of our Monte Carlo code to adequately describe the geometry of the proton track structure and its chemical development.




3.2. Temporal Variation of the Yields of H3O+ and OH− under Irradiation Conditions Combining Both High-Dose-Rate and High-LET Radiation


In Figure 3a–f, we compare the effect of dose rate (by varying N, the “number of proton tracks per pulse”, between 1 and 20) on the time evolution of G(H3O+) and G(OH−), as obtained from our IONLYS-IRT multitrack chemistry simulations of the radiolysis of pure, deaerated water by the six irradiating protons under consideration, whose mean LET values at 25 °C are ~0.03, 8, 19.5, 33, 47, and 60 keV/μm, in the interval of 1 ps–10 μs. The data obtained for N = 1 (i.e., one single-proton irradiation) are shown for reference.



While the radiolytic formation of H3O+ causes the irradiated volume to become temporarily acidic, the hydroxide ion OH−, which is formed largely by the (e−aq + •OH → OH−) reaction (3) during the track stage of the radiolysis, contributes to the generation of an early, transient alkaline response, which may therefore counteract the “acid spike” effect discussed in this work. However, as can be seen in the figures, G(OH−) remains much lower than G(H3O+) over the entire time range of interest, regardless of the values of N and the LET considered. As a result, it affects the quantitative features of the pH (see infra) only slightly and can be ignored to a reasonably good approximation.



As expected, the yields of H3O+ (and those of OH−) are nearly the same at ~1 ps irrespective of the LET and of the dose rate. With increasing time, G(H3O+) decreases sharply. As can be seen in the figures, this decrease strongly depends on the LET; as the LET increases from ~0.3 to 60 keV/μm, the decrease in G(H3O+) becomes more pronounced as a function of time and begins at shorter times. As discussed previously [36], this decrease is mainly due to H3O+ reacting with OH− via reaction (4):


H3O+ + OH− → 2H2O (k4 = 1.2 × 1011 M−1 s−1)



(4)




and, but to a lesser extent, with e−aq, via reaction (2). Other reactions, such as H3O+ + O•− → •OH + H2O and H3O+ + HO2− → H2O2 + H2O, also contribute to the decay of G(H3O+) with time but only very weakly. This is illustrated in Figure 4a–f, where we compare the time profiles of the extents ΔG(H3O+) of the various components of G(H3O+) calculated from our Monte Carlo multitrack simulations of the radiolysis of deaerated water by 300, 5, and 0.25 MeV incident protons (LET~0.3, 8, and 60 keV/μm, respectively) for N = 1 and 20. As can be seen, the contribution of the (H3O+ + OH− → 2H2O) reaction (4) increases strongly with increasing LET and dose rate and becomes largely predominant in the decay of G(H3O+). This reflects the increasing intervention of intratrack (when the LET increases at a fixed N) and intertrack (when N increases at a fixed LET) radical–radical (e−aq and •OH in the present case) reactions in the solution, as the proximity conditions that would allow these radicals to combine or recombine are favored. This results in the formation of more and more OH− in the nonhomogeneous stage of radiolysis, which in turn increases the chance for hydroxide ions to react with H3O+ on the time scale considered in this work. This explains the faster decay kinetics of G(H3O+), which are observed with increasing LET and dose rate (see Figure 3a–f). To our knowledge, there are no experimental data available in the literature with which to compare our results on the time dependence of the yield of H3O+ at high LET.




3.3. The Onset of Dose-Rate Effects


As can be seen in Figure 3a–f, for all the LET values considered, the different G(H3O+) curves initially remain unchanged as a function of time regardless of N, until a critical time (τc) is reached, after which the different yield values begin to deviate from their respective one single-proton irradiation (N = 1) reference curves. This critical time, which clearly depends on N, can be regarded as a signature for the “onset” of dose-rate effects in the solution as a whole [62,65,79]. In other words, τc corresponds to the minimum time before interactions between tracks occur. At a given LET, with increasing N, these deviations occur at ever shorter times and with a greater amplitude. To determine τc, we used the same method as that developed in Alanazi et al. [62], consisting of (1) subtracting the G(H3O+) vs. time values that correspond to the simulation of N (=5, 10, 15, and 20 in the present case) interacting proton tracks from those obtained for N = 1 (i.e., under conditions of lack of dose-rate effects), and (2) noting the time when this difference (initially near zero, as the yield curves are all superimposed) begins to increase. Figure 5 compares the variation of our values of τc so determined as a function of N in a log–log plot for different LET values, namely, ~0.3, 8, 33, and 60 keV/μm. As shown in the figure, there is a similar linear relationship between the logarithms of τc and N for the four LET values considered, with the corresponding straight lines being practically all parallel. However, Figure 5 shows that the straight lines obtained for the three high-LET 5, 0.7, and 0.25 MeV irradiating protons (~8, 33, and 60 keV/μm, respectively) nearly coincide (within their plotting accuracy) and are shifted by about two decades (two orders of magnitude) to shorter times compared with that obtained for irradiation with low-LET 300 MeV incident protons (~0.3 keV/μm) [62]. Qualitatively, this result can be explained on physical grounds as it reflects differences in the geometry of the proton track structure: with increasing LET of the radiation, the isolated, well-separated spherical spurs change into dense continuous cylindrical tracks. This favors, at shorter time scales, an increased amount of intervening intratrack reactions. In this high-LET case, the decrease in G(H3O+) is therefore expected to begin at shorter times (as compared to the low-LET case) [36]. Quantitatively, Figure 5 shows that τc remains relatively little dependent on the LET of the irradiating protons in the studied range between ~8 and 60 keV/μm, indicating that the variation of τc with N in this LET range is rather insensitive to the track structure and is mainly controlled by the intertrack interactions (i.e., by the distances between neighboring tracks).



According to the results of Figure 5, the linear relationship that is observed between the logarithms of τc and N (i.e., the dose rate) can be written as


   τ c  =   c o n s t a n t      ( N )   n    ,  



(5)




where the constant of proportionality depends on the LET of the radiation, and the 99% confidence interval of the exponent contains the value n ≈ 1 [62,65]. In other words, it can be concluded that, whatever the proton LET values considered in this work, τc varies inversely with the dose rate.




3.4. Ultrafast, Transient Acidic pH Response


In order to calculate the pH values prevailing in the solutions, we now need to estimate the concentrations of the radiolytically generated hydronium ions, [H3O+]radiolytic, as a function of time. This can readily be carried out by using our calculated G(H3O+) values reported in Figure 3a–f with the general relationship [80]


  C = ρ D G ,  



(6)




where C is the concentration, ρ is the density of the solution, D is the radiation dose, and G is the chemical yield. Using our cylindrical, multitrack irradiation model (see Section 2.3) and assuming that the hydronium ions generated by N incident protons are evenly distributed in the considered circular cylinder with a length of 1 μm and initial radius Ro = 0.1 μm (at 1 ps; see Figure 1 of Alanazi et al. [62]), [H3O+]radiolytic (expressed in millimolar, mM) can be derived from [47,62,81,82]


    [   H 3   O +   ]      r a d i o l y t i c      ( t )  ≈ 5.3 ×  10  − 6   ×  (    N × L E T   R   ( t )  2     )  × G  (   H 3   O +   )   ( t )  ,  



(7)




where LET is in keV/μm, G(H3O+) is in molecule per 100 eV, and


  R    ( t )   2  ≈  R o    2  + 4 D  (   H 3   O +   )  t  



(8)




represents the change of Ro (in μm) over time due to the two-dimensional diffusive expansion of the tracks. Here, t is the time (in s) and D (=9.46 × 10−9 m2 s−1 [73]) is the diffusion coefficient of H3O+ in water.



The total concentration of H3O+ in the solution is thus the sum of [H3O+]radiolytic given by Equations (7) and (8) and of the nonradiolytic, preirradiation concentration [H3O+]autoprotolysis (10−7 M in the present case) due to the autoprotolysis of water:


     [   H 3   O +   ]    total    ( t )  =    [   H 3   O +   ]    radiolytic    ( t )  +    [   H 3   O +   ]    autoprotolysis   .  



(9)







The pH of the irradiated volume is then simply given by


  pH  ( t )  = −   log   10    (     [   H 3   O +   ]    total    ( t )   )  .  



(10)







Figure 6a–f shows the temporal evolution of the pH values calculated from Equations (7)–(10) for N 300, 5, 1.5, 0.7, 0.4, and 0.25 MeV irradiating protons in deaerated, pure water at 25 °C for N = 1, 5, 10, 15, and 20, using the G(H3O+) values given in Figure 3a–f. As can be seen, for all LET values considered, there is an abrupt transient acid pH effect at times immediately after the initial energy deposition. This “acid spike” effect is found to be most intense at times shorter than, say, ~1–10 ns. In this time range, the pH remains nearly constant, decreasing markedly with the LET of the incident radiation. Moreover, its magnitude and duration also strongly depend on the value of N (i.e., the dose rate). For example, at ~1 ns, the pH for 300 MeV incident protons (LET~0.3 keV/μm) varies from ~6.1 for N = 1 (no dose-rate effects) to ~4.9 for N = 20. For an LET of ~60 keV/μm, the pH at ~1 ns decreases from ~4 for N = 1 to ~2.7 for N = 20. Beyond ~1–10 ns, the pH gradually increases over time in all cases and eventually reaches the constant value of 7 (corresponding to the pH of neutral water at 25 °C), i.e., when the pH of the solution equals   −   log   10    (     [   H 3   O +   ]    autoprotolysis    )    according to Equations (9) and (10).




3.5. Correlation between pH, LET, and Dose Rate


Even though their underlying mechanism of action differs, high dose rates and high LETs obviously deserve special consideration as they affect radiolysis yields in a similar way: indeed, the probability of radical–radical reactions is increased in both cases, either in the bulk of the solution through intertrack reactions (for high dose rates) or in the individual radiation tracks through intratrack reactions (for high-LET irradiations) [24,62,79,83]. This is theoretically a consequence of the higher radical densities in the track stage of the radiolysis for densely ionizing radiations and/or under conditions of high dose rates. As seen above for irradiating protons, this similarity in the action of high LETs and high dose rates in the radiolysis of water is also well demonstrated here in the G value for the formation of H3O+ at early time (see Figure 3a–f) and in the acid pHs that result therefrom (see Figure 6a–f).



For the sake of illustration, Figure 7 shows semi-log plots of the pH against LET for various dose rates (N = 1, 10, and 20) (panels (a) and (b)) and against N for various LETs (~0.3, 8, 33, and 60 keV/μm) (panels (c) and (d)) at two different times (1 ps and 1 ns) after the initial energy deposition. As can be seen, a linear correlation is found in both cases, which can be expressed by the following relationships:


   pH = A − B ln  (  LET  )     where   A   is   a   function   of   N  



(11)




and


  pH = E − F ln  ( N )    where   E   is   a   function   of   LET .  



(12)







It should be noted that the parameters B in Equation (11) and F in Equation (12), which are, respectively, the slopes of the pH vs. ln(LET) and pH vs. ln(N) straight lines in Figure 7, do not depend on N (for B) or on the LET (for F) since these lines are all parallel (i.e., they have the same slopes whatever the values of N or of the LET). Indeed, values of these slopes, obtained from a least-squares fit of the pH vs. ln(LET) and pH vs. ln(N) data and averaged over the two considered times, are B = 0.41 ± 0.02 (A varying from ~5.6 for N = 1 to ~4.3 for N = 20) and F = 0.42 ± 0.01 (E varying from ~6.1 for LET~0.3 keV/μm to ~3.9 for LET~60 keV/μm).





4. Conclusions


In this work, we extended our Monte Carlo track chemistry simulations to study the effect of combining the action of both high absorbed dose rate and high-LET irradiations on the transient yields and concentrations of H3O+ ions and the resulting acid pH spikes that develop at early times during the radiolysis of pure, deaerated water. Using incident protons of varying energies in the range of 300–0.25 MeV as radiation sources to simulate the effect of LET and our previously formulated cylindrical, “instantaneous pulse” (or Dirac) irradiation model to investigate the effect of dose rate, a major finding was that the combination of high dose rates and high LETs is clearly additive, with a very significant impact on the pH of the irradiated solution.



Indeed, for all LET values considered, we observe an abrupt, transient, highly acidic pH response immediately after the initial energy deposition that persists for periods of more than five orders magnitude across the entire solution. The magnitude of this response not only depends on the LET of the radiation but also on the value of its dose rate. For example, at ~1 ns, the pH for an LET of ~0.3 keV/μm (300 MeV incident protons) varies from ~6.1 in the absence of dose-rate effects to ~4.9 for an instantaneous dose rate of ~107 Gy/s. On the other hand, for an LET of ~60 keV/μm (0.25 MeV incident protons), the pH at ~1 ns decreases from ~4 for one single irradiation track to ~2.7 for a dose rate of ~107 Gy/s. At longer times, the pH gradually increases for all LET and dose-rate values, eventually reaching the constant value of 7, which corresponds to the nonradiolytic, preirradiation concentration of hydronium ions, due to the autoprotolysis of water.



This work confirms previous experimental and theoretical studies on the similarity of the action of high dose rates and high LETs in the track stage of the radiolysis. Such a similarity, which manifests itself in the various radiolysis yields, including those of the formation of H3O+, finds its origin in an increase in the radical densities. Even if their underlying mechanism of action differs, the probability of radical–radical combination or recombination reactions is increased, either in the bulk of the solution through intertrack reactions (case of high dose rates) or in the individual radiation tracks through intratrack reactions (case of high LETs), with the consequence of an increase in molecular yields and a simultaneous reduction in the radical yields.



Using the space–time history of the tracks, we were able to determine the critical time τc corresponding to the “onset” of dose-rate effects in the solution. Interestingly, we demonstrated that the variation of τc with the dose rate is rather insensitive to the track structure (i.e., to the LET of the radiation), but is mainly controlled by the intertrack interactions or, in other words, by the distances between neighboring tracks. Under the conditions of our simulation model, we found that this onset of dose-rate effects is nearly inversely proportional to the dose rate.



To the best of our knowledge, these early acidic pH responses have largely gone unnoticed in water or in a cellular environment exposed to ionizing radiation. In view of the importance of the pH for many cellular functions (e.g., it is well known that the acidity of the intracellular water strongly influences most of the enzyme functions present in the cells), the present findings raise the question of whether the generation of such spikes of acidity in cell water under high-LET and high-dose-rate irradiation conditions plays a role in relation to the “FLASH effect” in FLASH radio-, proton-, and hadron-therapy. This question is all the more relevant when we consider that the diffusion of H3O+ in cell water is ~100 to 1000 times lower than in free water [84,85]. In this case, this decrease in mobility of hydronium ions in the water of the cell should then lead to a marked increase in the period of time during which the highly acidic pH spikes are observed, further underlining the potential importance and role of pH in the FLASH effect.



Although this study is based on a pure radiation chemistry perspective, we hope that the current findings involving high-LET radiation delivered at high dose rates may provide some useful information for a better understanding of the early physicochemical steps in the chain of radiobiological events that underlie the FLASH effect.



Currently, we are continuing our present modeling work by trying to progress towards the study of a cellular medium, including its many various components. In particular, we are working to introduce the effect of the viscosity of intracellular water on the radiolysis and its consequences on the observed acidity spikes. With regard to the effect of acidity itself, we also wish to introduce the effect of quenching of the H3O+ ions produced by radiolysis by various buffers (e.g., phosphate buffer and others). All these works are in progress.
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Figure 1. Time scale of events in radiolysis of oxygen-free water at low LET. The figure is divided into three, more or less distinct, consecutive, temporal stages: physical, physicochemical, and (nonhomogeneous and homogeneous) chemical, as suggested by Platzman [45] and Kuppermann [46]. 
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Figure 2. Time evolution of the yields (in molecule per 100 eV) of radiolytically produced hydrogen ions, G(H3O+) (solid line), and hydroxide ions, G(OH−) (dashed line), obtained from our Monte Carlo simulations of the radiolysis of pure, deaerated water by 300 MeV incident protons (LET ~0.3 keV/μm) at 25 °C, in the interval of ~1 ps to 100 μs. Experimental data for 60Co γ/fast electron irradiation: (×) Čerček and Kongshaug [75], (○) Barker et al. [76], (□) Pikaev et al. [40], (∆) Anderson et al. [77], and (●) Schmidt and Ander [78]. The thin vertical (dotted) line shown at ~0.2 μs indicates the end of spur/track expansion (in the absence of dose-rate effects), i.e., the time marking the end of the nonhomogeneous radiation chemical stage (or, in other words, the transition from nonhomogeneous track kinetics to homogeneous kinetics in the bulk solution) [53]. 






Figure 2. Time evolution of the yields (in molecule per 100 eV) of radiolytically produced hydrogen ions, G(H3O+) (solid line), and hydroxide ions, G(OH−) (dashed line), obtained from our Monte Carlo simulations of the radiolysis of pure, deaerated water by 300 MeV incident protons (LET ~0.3 keV/μm) at 25 °C, in the interval of ~1 ps to 100 μs. Experimental data for 60Co γ/fast electron irradiation: (×) Čerček and Kongshaug [75], (○) Barker et al. [76], (□) Pikaev et al. [40], (∆) Anderson et al. [77], and (●) Schmidt and Ander [78]. The thin vertical (dotted) line shown at ~0.2 μs indicates the end of spur/track expansion (in the absence of dose-rate effects), i.e., the time marking the end of the nonhomogeneous radiation chemical stage (or, in other words, the transition from nonhomogeneous track kinetics to homogeneous kinetics in the bulk solution) [53].
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Figure 3. Calculated yields (in molecule per 100 eV) of radiolytically produced H3O+ (solid lines) and OH− (dashed lines) ions as functions of time, LET, and N (the number of irradiating protons per pulse), obtained from our Monte Carlo multitrack chemistry simulations of the radiolysis of pure, deaerated water by incident protons of varying energies: 300 MeV (LET~0.3 keV/μm) (panel (a)), 5 MeV (LET~8 keV/μm) (panel (b)), 1.5 MeV (LET~19.5 keV/μm) (panel (c)), 0.7 MeV (LET~33 keV/μm) (panel (d)), 0.4 MeV (LET~47 keV/μm) (panel (e)), and 0.25 MeV (LET~60 keV/μm) (panel (f)) at 25 °C, in the interval of ~1 ps to 10 μs. The values of N chosen to illustrate the dose-rate effects vary from 1 to 20, with N = 20 corresponding to an absorbed dose rate of about 107 Gy/s (Alanazi et al. [62]). Data for N = 1 correspond to the absence of dose-rate effects and are shown here as a reference. 
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Figure 4. Time dependence of the cumulative yield variations ΔG(H3O+) (in molecule per 100 eV) for each of the reactions that contribute to the yield of H3O+ on the ~1 ps–10 μs time scale, calculated from our Monte Carlo simulations of the radiolysis of pure, deaerated water by incident protons of different energies and dose rates (see text): 300 MeV (LET~0.3 keV/μm) for N = 1 (panel (a)) and N = 20 (panel (b)), 5 MeV (LET~8 keV/μm) for N = 1 (panel (c)) and N = 20 (panel (d)), and 0.25 MeV (LET~60 keV/μm) for N = 1 (panel (e)) and N = 20 (panel (f)) at 25 °C. The value of N = 20 chosen here to illustrate the dose-rate effects corresponds to an absorbed dose rate of ~107 Gy/s (Alanazi et al. [62]). Data for N = 1 (i.e., for one single-proton track) correspond to the absence of dose-rate effects and are shown as a reference. 
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Figure 5. Log–log plot showing the variation of the time τc (in second) at which intertrack interactions (or dose-rate effects) start to occur in the radiolysis of deaerated, pure water by 300 MeV (LET~0.3 keV/μm) (+), 5 MeV (LET~8 keV/μm) (□), 0.7 MeV (LET~33 keV/μm) (∆), and 0.25 MeV (LET~60 keV/μm) (o) incident protons at 25 °C, as a function of N, the “number of incident protons per pulse” in our cylindrical irradiation model (see text). The two straight lines were obtained from a least-squares fit of the different log(τc) vs. log(N) data: the solid black line is from data for 300 MeV irradiating protons, and the dashed red line is from the combined data for 5, 0.7, and 0.25 MeV incident protons. 
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Figure 6. Time evolution of pH calculated from Equations (7)–(10) for pure, deaerated water irradiated by protons of varying energies: 300 MeV (LET~0.3 keV/μm) (panel (a)), 5 MeV (LET~8 keV/μm) (panel (b)), 1.5 MeV (LET~19.5 keV/μm) (panel (c)), 0.7 MeV (LET~33 keV/μm) (panel (d)), 0.4 MeV (LET~47 keV/μm) (panel (e)), and 0.25 MeV (LET~60 keV/μm) (panel (f)) at 25 °C, in the interval of ~1 ps to 10 μs. The values of N chosen to illustrate the dose-rate effects vary from 1 to 20, with N = 20 corresponding to an absorbed dose rate of about 107 Gy/s (Alanazi et al. [62]). Data for N = 1 (i.e., for one single-proton track) correspond to the lack of dose-rate effects and are shown as a reference. The thin vertical (dotted) line shown at ~0.2 μs in panel (a) indicates the end of spur/track expansion, i.e., the time marking the end of the nonhomogeneous radiation chemical stage [53]. 
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Figure 7. Plot of pH against LET for pure, deaerated water irradiated by protons of varying energies: 300 MeV (LET~0.3 keV/μm), 5 MeV (LET~8 keV/μm), 1.5 MeV (LET~19.5 keV/μm), 0.7 MeV (LET~33 keV/μm), 0.4 MeV (LET~47 keV/μm), and 0.25 MeV (LET~60 keV/μm) at 25 °C, at two different times after the initial energy deposition: ~1 ps (panel (a)) and 1 ns (panel (b)). Dose-rate effects are illustrated by three values of N, the “number of incident protons per pulse”, namely, 1, 10, and 20. Similarly, panels (c,d) show, at the same two times, the plot of pH against N (N = 1, 5, 10, 15, and 20) for four different values of the LET: ~0.3, 8, 33, and 60 keV/μm. A clear correlation is observed between pH, LET, and N (see text). 
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