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Simple Summary: In this brief communication, we aim to underscore the importance of acidic pH levels
during the initial stages of radiation exposure in small modular reactors (SMRs) cooled using supercritical
water (SCW). Our study focuses on temperatures ranging from 300 to 500 ◦C at a nominal pressure of
25 MPa and investigates the effects of varying radiation dose rates. In this context, pH values are calculated
using both molar and molal concentrations of H3O+. It is important to highlight that under conditions
involving substantial temperature changes, such as those encountered in our study, molality offers a more
accurate pH determination. Although molarity and molality exhibit discernible differences, a key finding
of our research is the consistent observation of a pronounced ‘acid spike’ effect in both cases, which is
significantly influenced by dose rate variations. This raises a critical question regarding the dynamics
of water chemistry under such extreme conditions: do these transient acidic states foster a corrosive
environment that could potentially accelerate the degradation of materials? Addressing this question is
crucial, considering its direct impact on the durability and safety of reactor materials. Owing to the specific
operating conditions of SMRs cooled using SCW, this work is anticipated to have significant applicability
and importance for those involved in the SCW-cooled SMR field.

Abstract: Utilizing Monte Carlo multi-track chemistry simulations along with a cylindrical instan-
taneous pulse (Dirac) irradiation model, we assessed the initial acidic response in both subcritical
and supercritical water under high radiation dose rates. This investigation spans a temperature
range of 300 to 500 ◦C at a nominal pressure of 25 MPa, aligning with the operational conditions
anticipated in proposed supercritical water (SCW)-cooled small modular reactors (SCW-SMRs). A
pivotal finding from our study is the observation of a significant ‘acid spike’ effect, which shows
a notable intensification in response to increasing radiation dose rates. Our results bring to light
the potential risks posed by this acidity, which could potentially foster a corrosive environment and
thereby increase the risk of accelerated material degradation in reactor components.

Keywords: sub- and supercritical water radiolysis; radiation dose rate; acidity (pH); Monte Carlo
multi-track chemistry simulation; in-core chemistry of a supercritical water-cooled small modular
reactor; corrosion

1. Introduction

Just as with hydroelectricity, nuclear power has the potential to significantly reduce
global greenhouse gas emissions. As such, it is viewed as a promising alternative to
fossil fuels in the fight against climate change. This point was emphasized during the
‘IAEA International Conference on Climate Change and the Role of Nuclear Power’, which
took place in Vienna, Austria, from 7 to 11 October 2019 [1]. Simultaneously, nuclear
energy also addresses the escalating energy demands driven by global population growth
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and economic expansion. This has prompted increased interest in the development and
deployment of innovative nuclear technologies, such as ‘small modular reactors’ (SMRs) [2,3].
These reactors are distinct from traditional large-scale nuclear reactors due to their smaller
physical size, reduced power capacity, and a ‘modular’ technology. Over 70 reactor designs
are being developed for global commercial deployment, leveraging existing cooling systems
from conventional nuclear reactors.

In this study, our focus is on the SMR cooled using supercritical water (SCW), which
operates in the temperature range of ~300–500 ◦C and under a pressure of 25 MPa. This can
be seen as a scaled-down, modular counterpart of the supercritical water-cooled reactor
(SCWR) that operates between roughly 350 and 625 ◦C and at 25 MPa. Notably, the
SCWR is one of the six advanced nuclear energy systems chosen for further research and
development by the ‘Generation IV International Forum’ (GIF) [4–6]. A primary water
chemistry challenge for all reference SCWR-based SMR designs is understanding and
mitigating the impacts of water radiolysis on material performance and the transportation
of corrosion products [6]. The chemical species formed during radiolysis, including the
hydrated electron (e−aq), the hydrogen atom (H•), molecular hydrogen (H2), the hydroxyl
radical (•OH), hydrogen peroxide (H2O2), the hydronium ion (H3O+), the hydroxide ion
(OH−), and the hydroperoxyl/superoxide anion radicals (HO2

•/O2
•−) [7,8], are highly

reactive with many metal alloys, particularly at the elevated temperatures proposed for
SCW reactors. These species have the potential to significantly accelerate the corrosion
processes affecting in-core materials, particularly the fuel cladding. This can result in
fuel failures, leading to the release of fuel fragments and fission products into the coolant.
Additionally, these reactive species can also affect the transport of radioactive material
from the core to downstream piping components in the reactor, a phenomenon known as
‘activity transport’. This can lead to a heightened radiation dose for reactor maintenance
personnel [6].

Directly measuring the chemistry within reactor cores beyond the critical point of wa-
ter is exceedingly challenging, if not impossible. This is largely because the SCWR coolant,
as it traverses the reactor core, is subjected to an intense radiation field—comprising
fast neutrons, recoil protons and oxygen ions, γ-rays, and, in the presence of boron,
α-particles, and recoil lithium-7 nuclei. As a consequence, theoretical modeling and computer
simulations play a crucial role in quantitatively understanding the effects of water radiolysis
and its subsequent influence on materials in both SCWRs and their SMR variants [6].

While many experiments and simulations have been conducted on the radiolytic
yields (or G values) of water decomposition products at temperatures up to 350 ◦C [8], most
studies of radiolysis in SCW (ranging from 380 to 800 ◦C) have primarily been based on
modeling (e.g., see [9] and references cited therein). However, recent experimental research
conducted at temperatures and pressures exceeding the water critical point (tc = 373.95 ◦C
and Pc = 22.06 MPa) and reaching up to 500 ◦C is detailed in a review paper by Lin and
Katsumura [10].

Recently, radiolysis modeling in support of SCWR/SCW-SMR development has em-
phasized the effects of high dose rates on primary radiolytic yields. In fact, in this high-
temperature range and especially above tc (as noted in Sultana et al. [9]), most simulation
studies to date have operated under the assumption that the dose rates were sufficiently
low to prevent any interaction or overlap between radiation tracks. When operating under
these conditions, the chemical impact of the irradiation can be understood as the cumulative
effects of individual radiation tracks. In such instances, the radiation quality, often termed
the ‘linear energy transfer’ or LET, is viewed as the predominant factor influencing the
radiolysis yields [11]. In practice, the radiation dose rates typically found in the cores of
current water-cooled reactors are estimated to be between 300 and 2000 Gy/s, which trans-
lates to a few 103 kGy/h [6]. During certain extreme situations—such as severe accidents or
emergencies—these radiation fluxes can fluctuate across a much broader spectrum, reach-
ing up to approximately 1010 Gy/s or even more [12]. At these notably elevated dose rates,
the overall spatial and temporal dynamics change considerably due to the overlapping of
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adjacent radiation tracks that occur shortly following radiation absorption. This overlap
results in an increased yield of inter-track, radical-radical reactions [7]. Consequently, there
is an increased production of molecular compounds like H2, H2O2, and reformed water,
while the proportion of free-radical products diminishes [12].

In our recent research, we investigated the effects of high dose rates on the production
of hydronium ions via the very fast pseudo-first-order reaction:

H2O•+ + H2O → H3O+ + •OH. (1)

This reaction occurs within a very short duration of 46 ± 10 fs, as detailed by Loh et al. [13].
It involves the H2O•+ cation, which is produced by the ionization of water. Further-
more, we also studied the associated pH values immediately post-irradiation, observing
them as a function of time both at 25 ◦C [14] and under supercritical conditions (400 ◦C,
25 MPa) [15]. In these studies, we simulated dose–rate effects by varying the number
of interactive tracks of 300 MeV monoenergetic incident protons. These protons mimic
the low-LET characteristics of 60Co γ rays or high-energy electrons (e.g., those in the
MeV range) with an LET value of ~0.3 keV/µm at 25 ◦C and ~0.056 keV/µm at 400 ◦C,
under a pressure of 25 MPa [15]. In all cases we examined, an early and transient, highly
acidic pH response, which we have termed an ‘acid spike’ [16], was observed throughout
the irradiated volume. Notably, this response showed little dependence on whether oxygen
was present or absent. As outlined in previous discussions [15], the source of this acidity
is the radiolytic production of H3O+ through reaction (1). This is followed by a charge
separation that develops between the more concentrated positive-ion core within the tracks
and the displaced ejected electrons in the surrounding medium. These electrons traverse
a considerable distance from their initial ionization point to their final resting spot after
undergoing thermalization, trapping, and hydration. Given the significant separation
between the H3O+, the •OH radical, and the e−aq, immediate recombination between
them (resulting in H• and OH−) is not feasible. As a result, this charge separation and its
accompanying acidity persist temporally until the slow diffusion of H3O+ and •OH aligns
these species with the distant positions initially occupied by the electrons. Interestingly,
this transient acidic milieu, evident immediately post-irradiation at the chemical stage’s
onset, was first underscored in the late 1940s [17,18]. Despite several authors providing
experimental evidence for this initial acidity [7], such ‘acid-spike’ effects have largely been
overlooked in water subjected to ionizing radiation [19].

In expanding upon our earlier calculations, we have assessed the effects of high dose
rates on the initial transient yields and concentrations of H3O+ ions produced in the low-
LET radiolysis of deaerated, sub- and supercritical water at temperatures of 300, 350, 400,
and 500 ◦C, all under nominal pressure of 25 MPa. As previously noted, these conditions
mirror those at the coolant level within the heat transport system of an SCW-SMR.

2. Monte Carlo Multiple Ionization Track Chemistry Simulations

Our approach utilizes a Monte Carlo-based simulation model to investigate the simulta-
neous input of multiple ionization tracks and their intra- and inter-track interactions [20]. In
essence, this model simulates the random irradiation of water through instantaneous pulses of
N incident 300 MeV protons. These protons, with nearly linear trajectories, simultaneously strike
the water surface perpendicularly within a circle of radius Ro. This results in a cylindrical beam
geometry within the water upon entry (refer to Figure 1 of Alanazi et al. [20]). In this geometry,
every proton track aligns parallel to the cylinder’s axis throughout the chosen track length for
computations. This design is based on the ‘instantaneous pulse’ (or Dirac) model [21], where
the pulse duration is considered negligible, meaning all chemical species form instantaneously.
Given that the irradiated cylinder is immersed in non-irradiated bulk water, the radiolytic
species first generated inside it are not limited to just the cylinder; they gradually diffuse into
the boundless surrounding bulk water as time progresses.

In this context, the influence of dose rate can be evaluated by modifying N, alterna-
tively described as the ‘fluence’, which is defined as N/πRo

2, with πRo
2 representing the
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area of the cylinder’s circular base. For this research, we conducted calculations using
values of N = 1, 10, and 2000. The data obtained for N = 1, signifying no dose–rate effects,
were utilized as a reference point. The values of N = 10 and N = 2000 represent dose
rates on the magnitude that (1) are common in both conventional and SCW-cooled nuclear
reactors, and (2) might be anticipated during specific accident or emergency scenarios
(around 1010 Gy/s) [20]. Time zero was chosen as the moment when the N incident protons
make contact with the cylinder’s forefront.

The radiolysis of both subcritical and supercritical water at a high dose rate was modeled
in the temperature range of 300–500 ◦C under a pressure of 25 MPa. This modeling utilized
the multi-track chemistry version of our Monte Carlo computer code, IONLYS-IRT [22]. This
code has been detailed in previous studies [12,15,20]. It should be noted that the reaction
scheme, rate constants, and diffusion coefficients of reactive species used in the program
at temperatures of 300 and 350 ◦C align with those adopted in previous studies [8,9].
Beyond the critical point, specifically at the chosen temperatures for this study (400 and
500 ◦C at 25 MPa, corresponding to water densities of ρ ≈ 0.16654 and 0.08974 g/cm3,
respectively [23]), we used the SCW radiolysis database from Liu et al. [24,25]. In line
with earlier assumptions, we posited that the diffusion coefficients for all species scale
proportionally to the self-diffusion of compressed SCW [9,26,27]. In our study, we opted
to overlook the heterogeneous structural nature of SCW [28]. Instead, we posited that the
instantaneous representation of SCW can be perceived as a uniform medium with a mean
density equivalent to the bulk water density (ρ).

We carried out all yield calculations by simulating short track segments of 300 MeV incident
protons, typically ranging from ~5 to 200 µm, during which the average LET observed in the
simulations remained virtually constant. The number of simulated ‘histories’ (essentially the
number of pulses, usually between 5 and 100, contingent on the value of N being considered)
was selected to guarantee minimal statistical fluctuations in the calculated mean chemical yield
values, all while staying within acceptable computational time constraints.

Employing our cylindrical, multi-track irradiation model and assuming a uniform
distribution of hydronium ions produced by N incident protons within the considered
circular cylinder (1 µm in length and an initial radius Ro of 0.1 µm) [20], we determined
the prevailing pH in the irradiated water volume. Assuming that the activity of hydrogen
ions can reasonably be well approximated by their concentration, this can be achieved by
computing the negative logarithm of the total H3O+ ion concentration:

pH(t) = − log10
([

H3O+
]

total(t)
)

(2)

where [
H3O+

]
total(t) =

[
H3O+

]
autoprotolysis +

[
H3O+

]
radiolytic(t). (3)

Here, [H3O+]autoprotolysis is the non-radiolytic, pre-irradiation concentration of H3O+ due
to water’s autoprotolysis [29], and [H3O+]radiolytic represents the H3O+ concentration gen-
erated radiolytically, as given by [20,30]

[
H3O+

]
radiolytic(t) ≈ 5.3 × 10− 9 ×

(
N × LET

R(t)2

)
× G

(
H3O+

)
(t) (4)

where [H3O+]radiolytic is expressed in molarity (moles per liter) or molality (moles per kg),
LET is in keV/µm, G(H3O+) denotes the chemical yield of H3O+ in molecule per 100 eV
(for conversion into SI units, 1 molecule/100 eV ≈ 0.10364 µmol/J), and

R(t)2 ≈ Ro
2 + 4Dt (5)

illustrates the variation in Ro over time due to the two-dimensional diffusive expansion
of the tracks. In this expression, t stands for time in seconds, and D denotes the average
diffusion coefficient for the various track species involved in the simulations.
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3. Results and Discussion

Figure 1 illustrates the influence of dose rate on the temporal evolution of the pH values in
deaerated, pure water, which has been exposed to 300 MeV proton irradiation at 25 MPa. These
pH values are calculated using Equations (2)–(5) based on the molar concentrations of H3O+

(molarity). The figure presents results for two specific N values: panel A for N = 10 and panel B
for N = 2000. The conditions examined include both subcritical (300 and 350 ◦C) and supercritical
(400 and 500 ◦C) temperatures, spanning the time range of 1 ps to 10 µs. Additionally, for com-
parative purposes, reference curves for single proton irradiation (N = 1) are included, illustrating
conditions under which dose–rate effects are non-existent.

As observed, the pH level of the water volume exposed to radiation under supercritical
conditions, in the absence of dose–rate effects (when N = 1), remains nearly neutral initially
or turns slightly alkaline at ~10 µs. However, when dose–rate effects are taken into account,
with N = 10, the pH level experiences a reduction of about one unit, varying between
~5.8 and 6 at around 1 picosecond. In the case where N = 2000, the initial acidic response
intensifies, leading the pH to drop to values between ~3.5 and 3.7. When examining
subcritical water at 300 and 350 ◦C, the results are fairly consistent; the pH diminishes at
~1 ps, dropping from 5.6 at N = 1 to 5.2 at N = 10 and further down to 3 at N = 2000. Despite
being transient, these initial ‘acid spikes’ continue to occur over durations spanning more
than 5 or 6 orders of magnitude, the extent of which depending on the temperature. As
illustrated in Figure 1, the acidity is most pronounced when the time frame is less than
a few nanoseconds. Within this temporal bracket, the pH remains nearly constant. As
time progresses, there is a gradual increment in the pH across all temperature conditions,
stabilizing ultimately at a constant value that aligns with the water’s autoprotolysis pH.

Remarkably, Figure 1 highlights that the duration of acidity is significantly shorter at
supercritical temperatures compared to subcritical temperatures. This can be explained by
the faster charge-recombination reaction:

H3O+ + e−aq → H• + H2O (6)

in irradiated SCW, which is predominantly due to a substantial increase in its rate constant
(k) as conditions shift from subcritical to supercritical water. Indeed, within the temper-
ature range under consideration, k(H3O+ + e−aq) experiences a significant increase from
~7.2 × 1011 M−1 s−1 at 300 ◦C and 1.94 × 1012 M−1 s−1 at 350 ◦C [8] to ~1.1 × 1013 M−1

s−1 at 400 ◦C and 3.3 × 1013 M−1 s−1 at 500 ◦C (at a pressure of 25 MPa) [25]. Reaction (6)
holds significant importance in irradiated SCW, as it is known to predominantly control
the decay kinetics of hydrated electrons at short times [31]. As a result, the prominence of
this reaction facilitates a more rapid recombination of e−aq and H3O+ in the supercritical
regime, subsequently leading to a swifter depletion of the hydronium ions produced during
the initial stages of radiolysis.

A referee correctly pointed out that in situations involving notable temperature vari-
ations, like those encountered in this study, a more accurate determination of pH can be
achieved by expressing H3O+ concentrations in moles per kilogram (molality) instead of the
traditional moles per liter (molarity) approach that was used above. Heeding this critical
advice, we re-evaluated the pH values using molality, maintaining the same conditions as
those used in Figure 1, where molarity was the basis for pH calculation. The conversion
from molarity to molality was accomplished by dividing each molar concentration by the
corresponding solution’s density. The densities used were ρ = 0.74302 g/cm3 at 300 ◦C,
0.62545 g/cm3 at 350 ◦C, 0.16654 g/cm3 at 400 ◦C, and 0.08974 g/cm3 at 500 ◦C, all at
25 MPa [23]. These new findings are illustrated in Figure 2. Our results now demonstrate
a more pronounced effect of dose rate on pH levels compared to our previous observa-
tions in Figure 1. Specifically, pH levels dropped to around 5 for N = 10, as shown in
Figure 2A. Even more notably, for N = 2000, the pH further declined to approximately 2.75,
as illustrated in Figure 2B. These changes in pH are consistently observed across a range of
temperature conditions. This uniformity in response across different temperatures high-
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lights the robustness of the effect of dose rate on pH during the early stages of radiolysis,
specifically within the nanosecond time range.
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Figure 1. Time evolution of pH deduced from Equations (2)–(5) in deaerated, pure water exposed
to N 300 MeV proton irradiation at various temperatures: 300, 350, 400, and 500 ◦C, all maintained
at a constant pressure of 25 MPa. The pH is expressed here in terms of the concentration of H3O+

given in moles per liter (molarity). Two cases are examined, based on the value of N (the number of
irradiating protons per pulse) selected to illustrate the effects of dose rate. In (panel A), scenarios
with N = 1 (dashed lines) and N = 10 (solid lines) are compared, while in (panel B), the scenarios
with N = 1 (dashed lines) and N = 2000 (solid lines) are compared. Data corresponding to N = 1
(i.e., for a single-proton track scenario) represent the absence of dose–rate effects and are presented
for comparison. The time interval for this study ranged from 1 ps to 10 µs. The average diffusion
coefficient D, which intervenes in the calculations via Equation (5), was set at ~5 × 10−7 and
12.6 × 10−7 m2 s−1 for temperatures of 400 and 500 ◦C, respectively [26,27]. Based on molarity, the
pH values associated with the autoprotolysis of water were taken to be ~5.6 at 300 ◦C, 5.8 at 350 ◦C,
8.3 at 400 ◦C, and 9.4 at 500 ◦C [29].
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Figure 2. Time evolution of pH calculated from Equations (2)–(5) and using H3O+ concentrations 
expressed in moles per kilogram (molality) in deaerated, pure water exposed to N 300-MeV proton 
irradiation at various temperatures: 300, 350, 400, and 500 °C, all maintained at a constant pressure 

Figure 2. Time evolution of pH calculated from Equations (2)–(5) and using H3O+ concentrations
expressed in moles per kilogram (molality) in deaerated, pure water exposed to N 300-MeV proton
irradiation at various temperatures: 300, 350, 400, and 500 ◦C, all maintained at a constant pressure
of 25 MPa. Similar to Figure 1, two cases are examined based on the value of N (the number of
irradiating protons per pulse) selected to illustrate the effects of dose rate. In (panel A), scenarios
with N = 1 (dashed lines) and N = 10 (solid lines) are compared, while in (panel B), the scenarios with
N = 1 (dashed lines) and N = 2000 (solid lines) are compared. Data corresponding to N = 1 represent
the absence of dose–rate effects and are presented for comparison. The time interval for this study
ranged from 1 ps to 10 µs. Based on molality, the pH values associated with the autoprotolysis of
water are ~5.47 at 300 ◦C, 5.6 at 350 ◦C, 7.5 at 400 ◦C, and 8.35 at 500 ◦C.

Responding to a concern from another reviewer, it is important to acknowledge that an
in-depth understanding of the chemical processes occurring in the coolant as it traverses the
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reactor core necessitates the consideration of diverse radiation types, a point underscored
in the Introduction. In this brief communication, our objective is to present quantitative
data pertaining to the scenario where irradiation occurs due to low-LET 300-MeV incident
protons. This example provides a clear illustration of how water’s pH might vary in the
early stages of radiolysis under varying dose rate conditions, specifically at a nominal
pressure of 25 MPa. Our prior studies [16,32,33] have shown that the initial acidic response
in water exposed to high-LET radiation is markedly more significant than that observed
with low-LET radiation. Conversely, using 300 MeV protons as a representative model to
evaluate acidic spikes in SCWRs and SMRs can be seen as a cautious approach, particularly
in terms of the actual magnitude of the effect. This method may understate the true extent
of the acidity changes, given the specific energy and interaction characteristics of these
protons compared to the broader range of radiations encountered in reactor environments.
Such an inclusive investigation, accounting for this variety of radiations, could be a subject
for future research under specific conditions. Nevertheless, it is important to note that the
early acidity levels reported in this study are likely to be even more significant than our
current findings suggest.

The current study prompts the question: Can the generation of an early, albeit tran-
sitory, ‘acid-spike’ response chemically foster a corrosive environment, potentially accel-
erating material degradation in proposed SCW-cooled SMRs? Such a scenario becomes
especially plausible when radiation tracks materialize near a metal/water interface, given
that corrosion is inherently a surface phenomenon. The interaction of H3O+ ions with
structural materials has the potential to trigger spontaneous, pH-dependent electrochemical
reactions. The occurrence of these reactions could lead to the continuous release of positive
metal ions (cations) at the metal’s surface, culminating in the material’s corrosion [6,34].
Notably, an increase in environmental acidity correlates with an accelerated release of metal
cations into the solution. This process leaves behind vacancies or defects within the metallic
structures, which, over time, could serve as initiation points for ‘stress corrosion cracking’
(SCC) [35]. Even more importantly, once a crack initiates, radiolysis occurring within the
crack, particularly at the nanoscale dimensions of the crack tip, coupled with the consequent
‘acid spikes’, can significantly hasten the propagation of the SCC process [36]. Over time, this
could culminate in the failure of fuel cladding [6]. Moreover, the continuous liberation of
metal ions into the system may pose detrimental effects on non-core components, like heat
exchangers, where the accumulation of metal ions can lead to an increase in radioactivity.

4. Conclusions

In this work, we employed Monte Carlo multiple ionization track chemistry simu-
lations to quantitatively assess the initial acidic response in both sub- and supercritical
water exposed to high radiation dose rates. This evaluation was specifically carried out at
temperatures ranging from 300 to 500 ◦C and a pressure of 25 MPa, mirroring the typical
conditions anticipated in proposed supercritical water-cooled SMRs. pH values were calcu-
lated using both molar and molal concentrations of H3O+. Although molarity and molality
exhibit discernible differences, a key finding of our research is the consistent observation of
a pronounced ‘acid spike’ effect in both cases, which is significantly influenced by dose rate
variations. The observed uniformity in response across different temperatures highlights
the robustness of the effect of dose rate on pH during the early stages of radiolysis. In this
context, our findings highlight the potential risks associated with this acidic environment,
which could foster a corrosive environment, subsequently enhancing the likelihood of
accelerated material degradation.

Considering the potential implications of such early acidic pH responses, this study
underscores the importance of thoroughly investigating the water chemistry in proposed
Generation IV SCW-cooled small modular reactors. The results should spur the develop-
ment of advanced predictive models that specifically address corrosion induced by the
‘acid-spike’ phenomenon. These models would subsequently be validated through new
measurements conducted under SCW-SMR conditions.
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Additionally, it is imperative to acknowledge that our current analysis of dose–rate
effects is based on the utilization of a single Dirac radiation pulse model. This model
represents a relatively simplified theoretical approach for exploring dose–rate effects in
water radiolysis, but it provides a foundational basis for understanding these complex
interactions. Nonetheless, within the core of an SCW-SMR, irradiation occurs continuously,
involving numerous consecutive pulses within a given solution volume. Consequently,
it becomes vital to enrich our simulations by incorporating a ‘finite’ pulse duration and
considering the impact of a pulse train delivered at a specific or even randomly determined
repetition frequency. Our laboratory is actively engaged in modeling these additional
complex aspects.

Author Contributions: Conceptualization, A.S., J.M. and J.-P.J.-G.; methodology, J.-P.J.-G. and J.M.;
J.M. developed the software and implemented the model; validation, A.S. and J.M.; A.S. conducted
all simulations, analyzed outcomes, and wrote the initial manuscript draft; J.M. and J.-P.J.-G. super-
vised the work; J.-P.J.-G. and A.S. reviewed and edited the final version of the manuscript; project
administration and funding acquisition, J.-P.J.-G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Natural Sciences and Engineering Research Council
of Canada–Canadian Nuclear Safety Commission (NSERC–CNSC) Small Reactors Research Grant
Initiative (funding reference number: ALLRP 580463-2022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data generated or analyzed during this study are provided in full
within the article.

Acknowledgments: We thank David Guzonas for his insightful recommendations and expertise
on “water chemistry” within supercritical water-cooled small modular reactors, which served as
a catalyst for this research. We also express our appreciation to Shakhawat Hossen Bhuiyan for
in-depth conversations on the electrochemical aspects of corrosion.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. International Conference on Climate Change and the Role of Nuclear Power; International Atomic Energy Agency (IAEA): Vienna,

Austria, 7–11 October 2019. Available online: https://www.iaea.org/atoms4climate (accessed on 25 January 2024).
2. Advances in Small Modular Reactor Technology Developments; International Atomic Energy Agency (IAEA), Nuclear Power Technol-

ogy Development Section, Division of Nuclear Power, Department of Nuclear Energy: Vienna, Austria. 2020. Available online:
https://aris.iaea.org/Publications/SMR_Book_2020.pdf (accessed on 1 December 2023).

3. Murakami, T.; Anbumozhi, V.V. (Eds.) Small Modular Reactor (SMR) Deployment: Advantages and Opportunities for ASEAN; Research
Project Report FY2022 No. 10; Economic Research Institute for ASEAN and East Asia: Jakarka, Indonesia, 2022; Available online:
https://www.eria.org/research/small-modular-reactor-smr-deployment-advantages-and-opportunities-for-asean/ (accessed
on 1 December 2023).

4. Leung, L.K.H.; Brady, D.; Huynh, K. Past, present and future of SCWR development in Canada. In Proceedings of the Fourth
GIF Symposium, Paris, France, 16–17 October 2018; pp. 143–151. Available online: https://www.gen-4.org/gif/upload/docs/
application/pdf2020-0505/7477_gif_symposium_proceedings.pdf (accessed on 1 December 2023).

5. A Transcontinental Project to Bring the Potential of Supercritical Water SMRs a Step Closer to Reality. Joint European Canadian
Chinese Development of Small Modular Reactor Technology (ECC SMART). 2020. Available online: https://ecc-smart.eu/
(accessed on 1 December 2023).

6. Guzonas, D.; Novotny, R.; Penttilä, S.; Toivonen, A.; Zheng, W. Materials and Water Chemistry for Supercritical Water-Cooled Reactors;
Woodhead Publishing: Duxford, UK; Elsevier: Amsterdam, The Netherlands, 2018. [CrossRef]

7. Spinks, J.W.T.; Woods, R.J. An Introduction to Radiation Chemistry, 3rd ed.; Wiley: New York, NY, USA, 1990.
8. Elliot, A.J.; Bartels, D.M. The Reaction Set, Rate Constants and g-Values for the Simulation of the Radiolysis of Light Water over the

Range 20 to 350 ◦C Based on Information Available in 2008; Report No. 153-127160-450-001; Atomic Energy of Canada Limited:
Mississauga, ON, Canada, 2009.

9. Sultana, A.; Meesungnoen, J.; Jay-Gerin, J.-P. Yields of primary species in the low-linear energy transfer radiolysis of water in the
temperature range of 25–700 ◦C. Phys. Chem. Chem. Phys. 2020, 22, 7430–7439. [CrossRef] [PubMed]

https://www.iaea.org/atoms4climate
https://aris.iaea.org/Publications/SMR_Book_2020.pdf
https://www.eria.org/research/small-modular-reactor-smr-deployment-advantages-and-opportunities-for-asean/
https://www.gen-4.org/gif/upload/docs/application/pdf2020-0505/7477_gif_symposium_proceedings.pdf
https://www.gen-4.org/gif/upload/docs/application/pdf2020-0505/7477_gif_symposium_proceedings.pdf
https://ecc-smart.eu/
https://doi.org/10.1016/C2015-0-06291-8
https://doi.org/10.1039/D0CP00601G
https://www.ncbi.nlm.nih.gov/pubmed/32215415


Radiation 2024, 4 35

10. Lin, M.; Katsumura, Y. Radiation chemistry of high temperature and supercritical water and alcohols. In Charged Particle and
Photon Interactions with Matter: Recent Advances, Applications, and Interfaces; Hatano, Y., Katsumura, Y., Mozumder, A., Eds.; Taylor
& Francis: Boca Raton, FL, USA, 2011; pp. 401–424.

11. LaVerne, J.A. Radiation chemical effects of heavy ions. In Charged Particle and Photon Interactions with Matter: Chemical, Physico-
chemical, and Biological Consequences with Applications; Mozumder, A., Hatano, Y., Eds.; Marcel Dekker: New York, NY, USA, 2004;
pp. 403–429.

12. Sultana, A.; Meesungnoen, J.; Jay-Gerin, J.-P. High-dose-rate effects in the radiolysis of water at elevated temperatures. Can. J.
Chem. 2021, 99, 594–602. [CrossRef]

13. Loh, Z.-H.; Doumy, G.; Arnold, C.; Kjellsson, L.; Southworth, S.H.; Al Haddad, A.; Kumagai, Y.; Tu, M.-F.; Ho, P.J.; March, A.M.;
et al. Observation of the fastest chemical processes in the radiolysis of water. Science 2020, 367, 179–182. [CrossRef] [PubMed]

14. Sultana, A.; Alanazi, A.; Meesungnoen, J.; Jay-Gerin, J.-P. Generation of ultrafast, transient, highly acidic pH spikes in the
radiolysis of water at very high dose rates: Relevance for FLASH radiotherapy. Can. J. Chem. 2022, 100, 272–279. [CrossRef]

15. Sultana, A.; Meesungnoen, J.; Jay-Gerin, J.-P. Effect of very high dose rates on the radiolysis of supercritical water at 400 ◦C and
25 MPa. Can. J. Chem. 2023, 101, 284–296. [CrossRef]

16. Kanike, V.; Meesungnoen, J.; Jay-Gerin, J.-P. Acid spike effect in spurs/tracks of the low/high linear energy transfer radiolysis of
water: Potential implications for radiobiology. RSC Adv. 2015, 5, 43361–43370. [CrossRef]

17. Lea, D.E. Actions of Radiations on Living Cells; Cambridge University Press: Cambridge, UK, 1946; Chapter 2.
18. Morrison, P. Radiation in living matter: The physical processes. In Symposium on Radiobiology. The Basic Aspects of Radiation Effects

on Living Systems; Nickson, J.J., Ed.; Wiley: New York, NY, USA, 1952; pp. 1–12.
19. Byakov, V.M.; Stepanov, S.V. The mechanism for the primary biological effects of ionizing radiation. Phys. Usp. 2006, 49, 469–487.

[CrossRef]
20. Alanazi, A.; Meesungnoen, J.; Jay-Gerin, J.-P. A computer modeling study of water radiolysis at high dose rates. Relevance to

FLASH radiotherapy. Radiat. Res. 2021, 195, 149–162. [CrossRef] [PubMed]
21. The Dosimetry of Pulsed Radiation; ICRU Report No. 34; International Commission on Radiation Units and Measurements: Bethesda,

MD, USA, 1982.
22. Meesungnoen, J.; Jay-Gerin, J.-P. Radiation chemistry of liquid water with heavy ions: Monte Carlo simulation studies. In Charged

Particle and Photon Interactions with Matter: Recent Advances, Applications, and Interfaces; Hatano, Y., Katsumura, Y., Mozumder, A.,
Eds.; Taylor & Francis: Boca Raton, FL, USA, 2011; pp. 355–400.

23. Lemmon, E.W.; Huber, M.L.; McLinden, M.O. NIST Reference Fluid Thermodynamic and Transport Properties—REFPROP; NIST
Standard Reference Database 23, Version 9.0; National Institute of Standards and Technology: Boulder, CO, USA, 2010.

24. Liu, G.; Du, T.; Toth, L.; Beninger, J.; Ghandi, K. Prediction of rate constants of important reactions in water radiation chemistry in
sub- and supercritical water: Equilibrium reactions. CNL Nucl. Rev. 2016, 5, 345–361. [CrossRef]

25. Liu, G.; Landry, C.; Ghandi, K. Prediction of rate constants of important reactions in water radiation chemistry in sub- and
supercritical water—Non-equilibrium reactions. Can. J. Chem. 2018, 96, 267–279. [CrossRef]

26. Lamb, W.J.; Hoffman, G.A.; Jonas, J. Self-diffusion in compressed supercritical water. J. Chem. Phys. 1981, 74, 6875–6880.
[CrossRef]

27. Yoshida, K.; Wakai, C.; Matubayasi, N.; Nakahara, M. A new high-temperature multinuclear-magnetic-resonance probe and the
self-diffusion of light and heavy water in sub- and supercritical conditions. J. Chem. Phys. 2005, 123, 164506. [CrossRef] [PubMed]

28. Metatla, N.; Lafond, F.; Jay-Gerin, J.-P.; Soldera, A. Heterogeneous character of supercritical water at 400 ◦C and different densities
unveiled by simulation. RSC Adv. 2016, 6, 30484–30487. [CrossRef]

29. Bandura, A.V.; Lvov, S.N. The ionization constant of water over wide ranges of temperature and density. J. Phys. Chem. Ref. Data
2006, 35, 15–30. [CrossRef]

30. Hummel, A. Radiation Chemistry: The Chemical Effects of Ionizing Radiation and Their Applications; Interfaculty Reactor Institut-
Technische Universiteit Delft (IRI-FUT): Delft, The Netherlands, 1995.

31. Meesungnoen, J.; Jay-Gerin, J.-P. Radiolysis of supercritical water at 400 ◦C: Density dependence of the rate constant for the
reaction of hydronium ions with hydrated electrons. Phys. Chem. Chem. Phys. 2019, 21, 9141–9144. [CrossRef] [PubMed]

32. Patwary, M.M.; Sanguanmith, S.; Meesungnoen, J.; Jay-Gerin, J.-P. “Acid spike” formation in the fast neutron radiolysis of
supercritical water at 400 ◦C studied by Monte Carlo track chemistry simulations. Can. J. Chem. 2019, 97, 366–372. [CrossRef]

33. Islam, M.M.; Kanike, V.; Meesungnoen, J.; Lertnaisat, P.; Katsumura, Y.; Jay-Gerin, J.-P. In situ generation of ultrafast transient
‘acid spikes’ in the 10B(n,α)7Li radiolysis of water. Chem. Phys. Lett. 2018, 693, 210–215. [CrossRef]

34. Uchida, S. Corrosion of structural materials and electrochemistry in high temperature water of nuclear power systems. Power
Plant Chem. 2008, 10, 630–649.

https://doi.org/10.1139/cjc-2021-0012
https://doi.org/10.1126/science.aaz4740
https://www.ncbi.nlm.nih.gov/pubmed/31919219
https://doi.org/10.1139/cjc-2021-0259
https://doi.org/10.1139/cjc-2022-0210
https://doi.org/10.1039/C5RA07173A
https://doi.org/10.1070/PU2006v049n05ABEH005783
https://doi.org/10.1667/RADE-20-00168.1
https://www.ncbi.nlm.nih.gov/pubmed/33300999
https://doi.org/10.1139/cjc-2017-0315
https://doi.org/10.1139/cjc-2017-0315
https://doi.org/10.1063/1.441097
https://doi.org/10.1063/1.2056542
https://www.ncbi.nlm.nih.gov/pubmed/16268711
https://doi.org/10.1039/C5RA25067F
https://doi.org/10.1063/1.1928231
https://doi.org/10.1039/C9CP01190K
https://www.ncbi.nlm.nih.gov/pubmed/31033971
https://doi.org/10.1139/cjc-2018-0505
https://doi.org/10.1016/j.cplett.2017.12.037


Radiation 2024, 4 36

35. Féron, D.; Olive, J.-M. (Eds.) Corrosion Issues in Light Water Reactors: Stress Corrosion Cracking; Woodhead Publishing: Cambridge,
UK, 2007.

36. Patwary, M.M.; Sanguanmith, S.; Meesungnoen, J.; Jay-Gerin, J.-P. Formation of local, transient “acid spikes” in the fast neutron
radiolysis of supercritical water at 400 ◦C: A potential source of corrosion in supercritical water-cooled reactors? ASME J. Nucl.
Eng. Radiat. Sci. 2020, 6, 031101. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1115/1.4044409

	Introduction 
	Monte Carlo Multiple Ionization Track Chemistry Simulations 
	Results and Discussion 
	Conclusions 
	References

