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Abstract: The SORGENTINA-RF project aims at developing a 14 MeV fusion neutron source featuring
an emission rate in the order of 5–7 × 1013 s−1. The plant relies on a metallic water-cooled rotating
target and a deuterium (50%) and tritium (50%) ion beam. Beyond the main focus of medical
radioisotope production, the source may represent a multi-purpose neutron facility by implementing
a series of neutron-based techniques. Among the different engineering and technological issues to
be addressed, the production of incondensable gases and corrosion product into the rotating target
deserves a dedicated investigation. In this study, a preliminary analysis is carried out, considering
the general layout of the target and the present choice of the target material.

Keywords: radiolysis; cooling water; neutron source; fusion

1. Introduction

SORGENTINA-RF is a project aiming at developing a high-intensity 14 MeV fusion
neutron source featuring an expected power of about 250 kW provided by an 883 mA D-T
ion beam impinging on a Ti-coated aluminum rotating target. The reader is referred to
Ref. [1] for a schematic description of the plant. This configuration is supposed to yield
a neutron emission rate of about 5–7 × 1013 s−1. Among the different tasks and teams
working on the design of the different components, a series of preliminary studies are
presently carried out to address some important issues. Among these, the ones related to
the main component of the plant, e.g., the rotating target, are worthy of investigation. As
explained in Ref. [1], the rotating target at this stage is foreseen to be composed of aluminum
(the suitable alloy is still subject to refinement) and it is cooled by water, resembling the
behavior of a heat pipe. Under ion beam irradiation and consequent neutron and γ-ray

Environments 2022, 9, 106. https://doi.org/10.3390/environments9080106 https://www.mdpi.com/journal/environments

https://doi.org/10.3390/environments9080106
https://doi.org/10.3390/environments9080106
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://orcid.org/0000-0002-1687-7603
https://orcid.org/0000-0001-5641-5289
https://orcid.org/0000-0002-7382-5826
https://orcid.org/0000-0003-2554-6985
https://orcid.org/0000-0002-5980-5626
https://orcid.org/0000-0001-5198-5637
https://orcid.org/0000-0002-4271-9641
https://orcid.org/0000-0003-3912-7626
https://orcid.org/0000-0002-3291-3184
https://orcid.org/0000-0001-9948-4268
https://orcid.org/0000-0001-5141-3225
https://orcid.org/0000-0003-1027-5238
https://orcid.org/0000-0002-4241-6528
https://doi.org/10.3390/environments9080106
https://www.mdpi.com/journal/environments
https://www.mdpi.com/article/10.3390/environments9080106?type=check_update&version=2


Environments 2022, 9, 106 2 of 13

production, the formation of incondensable gases and corrosion products induced by
water radiolysis is a possibility [2–5]. These chemical species may jeopardize the effective
operation of the target in heat removal. Thus, the effect of radiolysis, although in a
preliminary target configuration (geometry and material), is useful to carry out to provide
a first evaluation of the quantity of incondensable gases and corrosive radicals that may be
produced. To this aim, a first quantitative figure was obtained from previous studies on the
cooling water of the first wall of ITER [6], where an estimation of the incondensable gas
(mostly hydrogen) and corrosive species was carried out on a very general ground and, for
this reason, scalable to our system, at least to provide an order of magnitude.

After that, a series of numerical simulations were carried out to better understand
the time-evolution of concentration profiles of main molecules, ions, and radicals under
work conditions.

2. Materials and Methods

A recent model on the mechanism of water radiolysis, proposed by Sxiatla-Wojcik and
Buxton [7], divides the radiolysis process mainly into three steps: physical, physicochemical,
and chemical stages (Figure 1).

Figure 1. Schematic diagram of water radiolysis process.

After the initial interaction with the radiation, the water molecule H2O can be either
ionized or excited in the so-called physical stage, resulting in the generation of excited
water molecules (H2O∗), ionized water molecules (H2O+), and sub-excitation electrons
e−. The physicochemical stage takes place from 10−15 to 10−12 s, in which the ionized and
excited water molecules undergo transformations and dissipate energy by transferring it to
other molecules and breaking bonds. Many other different processes occur in this stage and
not all of them have been well characterized experimentally. In the chemical stage (10−12

and 10−6 s), the radical species react with each other and also with surrounding molecules
and then diffuse in solution. All the species which have been produced after these three
stages are called “primary products” of radiolysis. The rate at which each ith radiolytic
species is produced is given by [8]:

Ryield
i =

(
Gγ

i DRγ

100NA
+

Gn
i DRn

100NA

)
Fρ (1)

where Gγ
i and Gn

i are the radiolytic yields for neutrons and gamma photons, respectively,
expressed in terms of G-values, NA is Avogadro’s number, F is a conversion factor, ρ is
the water density, and DRy and DRn are the energy dose rates for gamma photon and
neutron, respectively. However, each ith radiolytic species is involved in several chemical
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reactions; thus, its concentrations will be related to their reaction rates. If we consider a
generic reaction that produces i-th species with a rate constant kl,m and a generic reaction
that consumes i with a rate constant ki,j, where m, l, i, and j represent different species in
water radiolysis,

l + m→ i + . . . i + j→ . . .,

the net reaction rate is

Rreaction
i = ∑

l,m
kl,m · [l] · [m]−∑

j
ki,j · [i] · [j] (2)

If fluid convection is supposed to not affect the concentration, then the total rate of the
ith radiolysis species production is

R = Rreaction
i + Ryield

i =

(
Gγ

i DRγ

100NA
+

Gn
i DRn

100NA

)
Fρ +

(
∑
l,m

kl,m · [l] · [m]−∑
j

ki,j · [i] · [j]
)

(3)

By solving the system of equations generated by Equation (3), the concentrations
of each species at different times and at any point of the system can be calculated (see
Supporting Material for more details, Table S1).

To perform these calculations, we employed a Python routine for homogeneous
aqueous chemical reaction analysis [9] and a simplified kinetic model developed by B.G.
Ershov et al. [10]. The model is composed of a set of 32 reactions occurring in pure water
and aqueous solutions of H2, H2O2, and O2 and providing an adequate description of
the radiation chemical decomposition in the pH from 1 to 10 (see Table 1). This approach
refers to the so-called “homogeneous” stage of radiolysis, which starts about 10−7 s after
the action of ionizing radiation. At this stage, a uniform distribution of radicals, ions, and
molecules can be assumed and the main chemical reactions involved in the radiolysis of
water and dilute aqueous solutions take place. Rates for each reaction were determined in
the model by assuming elementary reaction rates and a water activity of 1.

The input data for the model are temperature, dose rate, initial concentrations, and
G-values. Because of the geometry of the system, and relying on a series of preliminary
thermofluidodymanics calculations [11], it is possible to consider that the water is subjected
to constant irradiation at a temperature of 60 °C. The main components of ionizing radiation
during operation are 14 MeV neutron and gamma radiation, with dose rates constant over
simulation time of about 0.74878 Gy/s and 0.04148 Gy/s, respectively. Neutron and photon
dose on water were calculated with MCNP 5 [12] Monte Carlo Code. FENDL 3.1 [13] and
MCPLIB04 [14] were used for neutron and photon transport, respectively. The MCNP
model, reported in Figure 2, represents a simplified scheme of SORGENTINA neutron
source with a 50 cm radius wheel with 5 mm thick Al walls, filled with a 12 cm thick
external circular crown of water. The bunker hall is represented by 50 cm thick standard
concrete walls placed at about 1 m from the wheel. The neutron source is represented by
an isotropic and mono-energetic 14 MeV source, starting from a 5 cm radius disk, placed at
the external part of the wheel. Energy deposition tallies (f6) were used to calculate the dose
in water, normalized at an average neutron yield of 1 × 1013 n/s.
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Table 1. Reactions, rate constants, and activation energies used in the model (adapted from [10]).

No. Reaction k (M−1 s−1)

1 ·OH + H2 ·H + H2O 9.37 × 107

2 ·OH + HO –
2 HO2· + OH– 1.32 × 1010

3 ·OH + H2O2 HO2· + H2O 5.04 × 107

4 ·OH + O –
2 O2 + OH– 1.40 × 1010

5 ·OH + HO2· O2 + H2O 1.05 × 1010

6 ·OH + ·OH H2O2 7.86 × 109

7 ·OH + e –
aq OH– 5.26 × 1010

8 ·H + O2 HO2· 3.68 × 1010

9 ·H + O –
2 HO –

2 3.51 × 1010

10 ·H + HO2· H2O2 3.51 × 1010

11 ·H + H2O2 ·OH + H2O 1.65 × 108

12 ·H + ·OH H2O 1.23 × 1010

13 ·H + ·H H2 1.37 × 1010

14 e –
aq + O2 O –

2 3.39 × 1010

15 e –
aq + O –

2 HO –
2 + OH– 3.01 × 1010

16 e –
aq + HO2· HO –

2 + OH– 3.51 × 1010

17 e –
aq + ·H H2 + OH– 4.38 × 1010

18 e –
aq + H2O2 ·OH + OH– 2.16 × 1010

19 e –
aq + H+ ·H 3.96 × 1010

20 e –
aq + e –

aq H2 + OH– + OH– 1.37 × 1010
21 HO2 + O –

2 O2 + HO –
2 1.41 × 108

22 HO2· + HO2· O2 + H2O2 1.96 × 106

23 HO2· + H2O2 O2 + ·OH + H2O 9.02
24 HO2· H+ + O –

2 1.23 × 106 s−1

25 H+ + O –
2 HO2· 7.89 × 1010

26 H2O2 H+ + HO –
2 0.0624 s−1

27 H+ + HO –
2 H2O2 3.51 × 1010

28 H+ + OH– H2O 2.46 × 1011

29 H2O H+ + OH– 1.89 × 10−4 s−1

30 ·H + OH– e –
aq + H2O 5.74 × 107

31 O –
2 + O –

2 O2 + HO –
2 + OH– 0.526

32 O –
2 + H2O2 O2 + OH– + ·OH 39

Figure 2. Simplified scheme of SORGENTINA neutron source.

Thus, the well-established G-values used for water radiolysis in ITER [8] can be used
(Table 2).
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Table 2. The G-values (molecules/100 eV) of primary species for 14 MeV neutrons and gamma
radiation deposited in water at 60 °C.

G(e−) G(H2) G(·H) G(·OH) G(H2O2) G(HO2·)

Neutron 1.39 0.70 0.54 1.74 0.76 0.03
Gamma 2.91 0.46 0.65 3.17 0.65 0.00

G-values estimated by interpolation at the operating temperature of about 60 °C.

Since the rate constant, k j, is a function of the coolant temperature, the actual rate
constant for each chemical reaction was calculated using Arrhenius’ law and other experi-
mentally derived relationships [15]. In line with the target design [1] a, pressure value of
0.3 bar (which determines the water density) and three different initial pH (6.5, 7, 7.5) were
chosen to perform the simulations. Although the coolant should have a pH value of about
7, its surrounding values were investigated to take into account possible unwanted pH
alteration. These conditions were simulated by setting an appropriate initial amount of H+

and OH−. The conditions assumed for the simulation are summarized in Table 3.

Table 3. Conditions assumed for simulation.

Simulation conditions Values

DRγ 0.04148 Gy/s
DRn 0.74878 Gy/s

Temperature 60 °C
Pressure 0.3 bar

Initial pH60 6.5/7/7.5
Time 1 year

3. Results and Discussion
3.1. A Simplified Model Calculation

A rough estimation of the effect of the radiolysis of the target’s cooling water due to
its interaction with neutron and gamma radiation was performed (refer to Figure 3) which
represents the steady-state situation of the rotating target.

The radiolysis process is described by:

H2O radiation e−aq, ·H, ·OH, H+, OH−, O2, O−2 , H2, H2O2, HO−2 , HO2· (4)

The radiation field during plant operation is typically determined by (1) neutron
field composed of two components: the “direct” beam due to the neutrons emitted by the
“hot spot” area and by the diffuse component due to the neutrons which, scattered from
all structural materials and from bioshielding materials enter into the volume where the
cooling water is contained; (2) gamma radiation field due to both “prompt” processes and
those due to the activation of materials following neutron irradiation. Together with these
“beam on” processes, gamma radiation is also present during “beam off” for a time interval
depending on the half lives of the radionuclides generated by neutron irradiation and with
an intensity determined by the overall activation of the materials. A quantitative estimate
of the neutron and gamma fields in the evaporator component of the target can only be
obtained with a numerical calculation which, however, requires definitive geometry and
materials that constitute the neutron source and the bioshielding that are under definition
at present. A first rough estimate can be made, taking as input data derived from a study
performed to calculate the effect of the radiolysis of the water in the cooling system of the
integrated first wall blanket edge localized mode and vertical stabilization coil divertor
primary heat transport system (IBED-PHTS) [6]. A simplified model is schematically
represented in Figure 4.
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Figure 3. Schematic 3D representation of the rotating target. In operation, the cooling water is placed
in the evaporator volume to extract the power load under the hot spot.

Figure 4. Schematic representation of the ITER’s IBED PHTS. Data from [6].

Figure 5 describes the kinetics of the molar concentration (mol L−1) production of the
various species generated as a function of time due to radiolysis induced by neutron and
gamma fields interacting with the cooling water, which is at an average temperature of
about 98 ◦C during the operation. The concentration of the species generated by radiolysis
depends on the energy deposited by the neutron and gamma flux which at the first ITER
wall is expected to be 1014 cm−2 s−1.

If we consider the operating conditions of SORGENTINA, which provide for a neutron
emission rate Y = 5–7 × 1013 s−1, and referring to Figure 3, where the quantity of water
is of the order of ten (or a few tens) of liters, the molar concentration of H2 and other
species can be scaled in a very first approximation with the expected flux in the evaporator
volume where cooling water circulates in operation conditions. Considering for simplicity
the area below the hot spot (with a diameter of 10–12 cm) and a height of 10 cm, the
volume of water is in the order of 1 L. Considering a maximum neutron flux in the order of
1012 cm−2 s−1 to maximize the effect), the concentration of H2, for example, is of the order
of 10−7 M (referring to the graph in Figure 5) at the steady state. In this hyper-simplified
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treatment of the problem, the differences due to the thermodynamic conditions of the
water were not taken into account in the case that IBED-PHTS water is at a temperature of
70 ◦C and at a pressure of 4 MPa at the inlet to the various modules (average T operating
temperature: 98 ◦C), while under the hot spot of Figure 3 there is a phase transition that
occurs below 100 ◦C considering that the average operating pressure is of the order of
0.3 bar in operation conditions. If we consider that the effect of p and T does not cause a
variation of the order of magnitude, the estimate of 10−8 M can be considered as reasonable,
within the approximations used. The volume occupied in the thermodynamic operating
conditions of SORGENTINA are of the order of 2 µL and are therefore absolutely negligible
at steady state, as compared to the volume of the rotating target. This should not affect
its operation based on the continuous circulation of the steam generated in the phase
transition due to the absorption of the thermal power due to the ion beam impinging on
the rotating target. It is worth highlighting that in this very simplified and conservative
calculation, the radiolysis products scale with the neutron flux (assuming that also the
gamma radiation is proportional to the neutron field intensity) and the chemical properties
of the SORGENTINA’s cooling water are supposed to be similar to those of the IBED-
PHTS system.

Figure 5. Concentration of radiolysis species in the single module as a function of time with no initial
hydrogen addition. Data from [6].

3.2. Refined Model Numerical Simulations

Numerical integration of differential kinetic equations (Equation (3)) provides the
time-dependent profiles describing how concentrations of the radiolysis products vary
with the exposure time approaching equilibrium. Although the method was successfully
developed and validated by Bartels et al. [16], and G-values, reactions, and their rate
constants have been well established by many researchers, we further verified the validity
of the calculation model by comparing the simulation result with the experimental data of
Yakabuskie et al. [17], as shown in Figure 6.

To better understand how possible pH alteration could affect the different equilibria
involving the radiolysis products, the same simulations were carried out by changing the
starting pH value from 6.5 to 7.5.

The concentrations of main radicals and stable species for water with an initial pH
of 6.5 are shown in Figure 7. Note that a solution with a pH of 6.5 is slightly acid at room
temperature, but at 60 °C this value corresponds to the neutral pH60.
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Figure 6. [H2] and [H2O2] during 6 h radiation at a dose rate of 2.5 Gy/s. The solid symbols represent
the experimental data and the lines show the radiolysis model results.

(a) (b)

(c)

Figure 7. Concentration profiles of the main radiolytic products as a function of exposure time at
pH60 (a) 6.5, (b) 7, and (c) 7.5.

It is possible to see how the steady-state concentration is reached at about 10 s, and H2
and H2O2 are in larger excess (∼0.3 µM), compared to the other radiolysis products, by at
least two orders of magnitude. The concentrations of HO−2 and HO2· radicals are negligible
throughout the simulation time, while the pH of water increases by about 0.2 units (Table 4).
The OH· radicals produced mainly in reactions (11) and (18) (Table 1) are consumed almost
equally in both reactions (1) and (3) due to their similar rate constants. This results in nearly
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equal concentrations of generated H2 and H2O2. The steady-state concentrations of the
main radiolysis products are summarized in Table 4.

Table 4. Concentrations of main species after 1 year of constant radiation at pH60 6.5, 7, and 7.5.

pH60 6.5 pH60 7 pH60 7.5

[ · OH] 2.29 × 10−9 M 8.07 × 10−11 M 4.24 × 10−11 M
[ · H] 9.32 × 10−10 M 1.42 × 10−12 M 7.25 × 10−13 M
[H2] 3.15 × 10−7 M 7.32 × 10−6 M 1.34 × 10−5 M

[H2O2] 3.11 × 10−7 M 3.48 × 10−6 M 6.52 × 10−6 M
[HO2 · ] 1.57 × 10−11 M 4.29 × 10−10 M 2.83 × 10−10 M

[O2] 1.07 × 10−9 M 1.83 × 10−6 M 3.53 × 10−6 M
[O2 ] 1.15 × 10−9 M 1.23 × 10−7 M 2.35 × 10−7 M

[HO2 ] 7.64 × 10−12 M 1.25 × 10−10 M 7.95 × 10−10 M
pH 6.5–6.7 7.0–7.3 7.5–7.8

Starting with a pH60 value of 7 (Figure 7b), the concentration profiles change, resulting
in an increase of H2 and H2O2 to 7.32 µM and 3.48 µM, respectively. Except for OH· and H·
radicals, the other species show higher concentrations than those observed at pH60 of 6.5,
although HO−2 and HO2· are, again, negligible (Table 4). Unlike the previous simulation,
the steady state is reached after a longer time (about 103 s), and the oxygen concentration
grows by three orders of magnitude. Similar results were obtained in the simulation at
pH60 7.5, in which the same trend in the concentration profiles was observed (Figure 7c). In
this case also, the steady-state concentration is reached in about 103 s of irradiation, after
which H2 and H2O2 further increase to 13.4 µM and 6.52 µM, respectively (Table 4). As in
the previous simulation, the oxygen reaches micromolar concentrations while the pH value
increases by about 0.3 units. A comparison between the concentration profiles of different
radiolysis products calculated in the three simulations is shown in Figure 8a. It is even
more evident how the transition time shifts towards longer values by increasing the pH
value, and the final concentration of stable molecules and ions slightly increases while that
of the radicals decreases; see Figure 8b.

A slight change in the pH value during the exposure was observed in all three simula-
tions, therefore consisting of a decrease in the H+ concentration and simultaneous increase
in OH−. By observing the concentration profiles at short times, it is possible to see how
almost all species seem to reach the steady state within 10 s and at the same concentrations
as at pH 6.5, but their profiles start to change again at a longer time.

H

1 Year

H2O2

O2

H2

⎯       pH60 7.0
••••      pH60 7.5

----      pH60 6.5

C
on

ce
nt

ra
tio

n 
[M

]

10−12

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

Time [s]
10−5 10−4 10−3 10−2 10−1 1 101 102 103 104 105 106 107

(a) (b)

Figure 8. (a) Concentration profiles of the main radiolysis products. The colored regions represent
the concentration distributions in the initial pH60 range 6.5–7.5. (b) Corresponding concentration
trend of the radiolysis products after 1 year of exposure.

Since it is common to inhibit the production of the main oxidizing species, such as
O2, H2O2, and ·OH radicals, by adding an adequate amount of H2, further calculations
simulating a flow of hydrogen were performed. This also allows to simulate possible H2
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production from aluminum-water reactions induced by γ-radiation [18–20]. Figure 9 refers
to similar calculations in which a hydrogen flow at three different concentrations was
simulated in water with pH60 6.5, 7, and 7.5.

These simulations allow to better understand how the H2 may affect the concentration
of other radiolysis products, particularly the oxidizing species. In the presence of only 1 µM
H2 (∼2 ppb), the steady-state concentration of oxygen significantly decreases by two orders
of magnitude and is reached within 5 s at pH 6.5, as shown in Figure 9a. The decrease is
also seen for all radiolysis species, except for the hydrogen radicals, which slightly increase
due to the introduction of H2 (Table 5).

The same trend, although to differing degrees, occurs when 10 µM H2 is added. Again,
the steady-state concentrations are reached in shorter times as hydrogen concentration
enhances. Obviously, a higher addition of H2 can decrease the concentration of oxidants to
lower levels. However, the efficiency of H2 injection for suppressing oxidant production
declines as the amount injected increases.

(a) (b)

(c)

Figure 9. H2O2 and O2 concentration profiles as a function of exposure time at pH60 (a) 6.5, (b) 7,
and (c) 7.5 with different H2 concentrations (0–100 µM).

Table 5. Concentrations of main species after 1 year of constant radiation at pH60 6.5 with different [H2]0.

[H2] = 0 µM [H2] = 1 µM [H2] = 10 µM [H2] = 100 µM

[ · OH] 2.29 × 10−9 M 1.46 × 10−9 M 2.13 × 10−10 M 2.22 × 10−11 M
[ · H] 9.32 × 10−10 M 2.42 × 10−9 M 3.22 × 10−9 M 3.31 × 10−9 M

[H2O2] 3.11 × 10−7 M 1.17 × 10−7 M 7.36 × 10−8 M 7.15 × 10−8 M
[HO2 · ] 1.57 × 10−11 M 1.73 × 10−12 M 3.67 × 10−13 M 2.74 × 10−13 M

[O2] 1.07 × 10−9 M 2.92 × 10−11 M 6.68 × 10−13 M 5.13 × 10−14 M
[O2 ] 1.15 × 10−9 M 1.27 × 10−10 M 2.68 × 10−11 M 2.00 × 10−11 M

[HO2 ] 7.64 × 10−12 M 2.42 × 10−12 M 1.02 × 10−12 M 9.14 × 10−13 M
pH 6.5–7 6.5–7 6.5–7 6.5–7

Indeed, the addition of 100 µM H2 no longer leads to a further decrease of H2O2 (from
0.0736 µM to 0.0715 µM). Additionally, the oxygen suppression will become less significant
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in passing from 6.81 × 10−7 µM to 5.13 × 10−8 µM. The lowest H2 concentration at which
the production of radiolysis species changes from a continuous increase to a steady state
is usually referred to as the threshold hydrogen concentration (THC) [21]. In this regard,
it is important to find the right compromise between suppressing the radiolysis process
and limiting potential issues related to excessive H2 concentration. Similar results were
obtained at higher pH values, as shown in Figure 9b,c. Despite the higher steady-state
concentration of both H2O2 and O2 (at 0 µM H2), the addition of 1 µM of H2 reduces their
concentrations to levels comparable to those achieved at pH 6.5. This behavior is even
more noticeable in Figure 10a, where a comparison between the concentration trend of
the main radiolytic products after 1 year of exposure at the three pH values and different
[H2] addition is shown. The differences in the steady-state concentrations of some species,
such as O2, O−2 , ·OH, and ·H, as a function of the pH are almost nullified by the hydrogen
addition. Thus, the difference of more than three orders of magnitude in the oxygen
concentration due to pH differences is no longer detected when an initial flow of hydrogen
is employed. Interestingly, although higher pH values induce slower reaching of the steady
state when no H2 addition occurs, the addition of an appropriate amount of hydrogen
instead promotes faster transition time (Figures 9 and 10b).

(a) (b)

Figure 10. (a) Concentration trend of the main radiolytic products after 1 year of exposure, as a func-
tion of hydrogen addition, at pH60 6.5 (black lines), 7 (red lines), and 7.5 (blue lines). (b) Comparison
between the oxygen concentration profiles at pH60 6.5, 7, and 7.5 when 100 µM of hydrogen is added.

By comparing the O2 concentration profiles at the three different pH values, it is
possible to see how, although the steady state is reached within 5 s from the beginning of
the irradiation, the transition time is even lower than the second at pH60 7.5. This means
that the THC shifts to lower values when the pH increases, as a higher H2 concentration
is required to reach a stable concentration of oxygen at pH values of 6.5 and 7, within
this time window (<1 s). In fact, the oxygen also seems to reach the steady state at pH60
below 7.5, but its profile starts to rise again at a longer time, before stabilizing at about 5 s.
Note that all calculations were performed by enforcing a constant concentration of H2, thus
suggesting the need to modulate its addition during operations to maintain that condition.
Interestingly, further simulations showed how this should not be necessary, since the initial
amount of H2 does not undergo any significant changes (maximum of 1% of the initial
concentration) even after a year of work; thus, only an appropriate initial injection could
be sufficient.

4. Conclusions

Preliminary radiolysis modeling was performed to evaluate the water radiolysis
behaviors in SORGENTINA-RF, under exposure to 14 MeV neutron and gamma radiation
at 60 °C. The simulation, carried out at three different initial pH60 values, showed that
H2O2 and H2 are the dominant radiolysis products, with concentrations in the range of
10−7–10−5 M. As pH increased, most of the radiolytic products showed growth and also
needed a longer time to reach their steady state. The concentrations of ·OH and H· radicals,
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which are among the main oxidizing and reducing radiolytic products, respectively, drop to
become negligible, contrarily to oxygen which grows to reach micromolar concentrations.

The addition of an adequate amount of H2 inhibits the production of the main oxidiz-
ing species, such as O2, H2O2, and OH radicals. The results confirmed the concentration
decrease of oxidants to lower levels, but the effectiveness of H2 injection comes down
as its concentration further increases. Again, the pH of the aqueous solution affects the
time to reach the steady state but, in this case, with an opposite trend to that observed
without H2 addition. However, this difference occurs on a very short time scale compared
to the operation time to be considered significant. Given the absence of differences in the
steady-state concentration of the O2, it is also possible to conclude that potential effects
of pH alterations in the studied range are mitigated by H2 addition. In addition, the
concentrations of O2 and HO2· radicals become negligibly small compared to H2O2. This
is a simple consequence of the fact that it takes three ·OH radicals to produce HO2·, and
four to produce an O2 molecule (Table 1). In the presence of so much H2, the lifetime of
·OH radicals is significantly reduced (reaction 1), so there is little chance to produce these
more highly oxidized species. These calculations will be exploited to perform corrosion
tests in order to understand potential corrosion behavior of aluminum in water with the
simulated composition.

In the next step, the model will be further optimized by expanding the set of potential
reactions and employing G-values fine-tuned for a more defined target configuration. Other
simulations will be performed to better evaluate how possible unexpected events, such as
unwanted increase of oxygen concentration, or the simple shutdown for servicing, could
affect the concentration profiles of the main radiolytic products.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/environments9080106/s1, Table S1: List of all simulation equations.
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