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Methods

We published the first version of dmcc_phys in 2014 [1], which used cross-sectional data for water vapour [1]. 

Calculation of molecular excitation cross sections for liquid water at 1 meV–100 eV [2] enabled us to analyse electron 

dynamics in the extremely low energy region on the order of meV [3]. As an example of our results, we have 

confirmed that the energy distribution of secondary electrons resulting from water radiolysis and photolysis 

asymptotically approaches Maxwellian (300 K) due to molecular excitation and momentum transfer by elastic 

scattering [4–6]. In this study, all low-energy electrons generated are referred to as secondary electrons. The spatial 

distribution of secondary electrons is composed of a localised component (electronic excitation) bound to the parent 

ion and an ejected delocalised component (ionisation) [4]. From this delocalised component, the initial yield of 

hydrated electrons is predicted by a computer simulation [4]. The dielectric response of water was also obtained by 

Fourier transformation of the complex dielectric function of water [4,5].

The dmcc_phys outputs the spatial and energy distributions of secondary electrons at each time using the time-

dependent MC and molecular dynamics (MD) methods [4–6]. Therefore, in our code, the cutoff time needs to be set 

instead of the cutoff energy generally needed to be set in general MCCs such as Geant4-DNA and PHITS track-

structure mode. This allows the code to calculate the dynamic motions of secondary electrons, which collide with 

water molecules and move in the Coulombic field created by the parent ion from moment to moment. As a result, it 
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is possible to calculate the localisation, relocalisation, delocalisation, and thermalisation of the electrons. 

Furthermore, the hydration process is simulated by shielding this Coulombic field along the dielectric response [5]. 

In this section, the cross section, dielectric response, time-dependent MC and MD methods, and the flowchart in 

dmcc_phys are briefly described.

Cross section

The electronic excitation and ionisation cross sections of the condensed phase are calculated using the energy loss 

function, which is obtained from the complex dielectric function [10]. Measurements of the complex dielectric 

function of water have already been reported [11,12], as well as its fitting parameters [12,13]. We used those fitting 

parameters to calculate each cross section. Figures S1(a) and (b) show the calculated electronic excitation and 

ionisation cross sections up to 7 eV–100 keV, respectively. Figure S1(c) shows the results for molecular excitation 

cross sections. Figure S1(d) shows the results for the total molecular excitation cross section, the total electronic 

excitation and ionisation cross section, and the elastic scattering cross section.

The differential and integral cross sections q(θ) and σElas of elastic scattering were obtained using Moliere’s equations 

Fig. S1 (a) Cross-sections in the energy range from 10 eV to 100 keV; (1) A1B1 excitation (8.4 eV); (2) B1A1 excitation (10.1 eV); (3) 

Rydberg (A + B) excitation (11.25 eV); (4) Rydberg (C + D) excitation (11.93 eV); (5) diffuse band excitation (14.1 eV); (6) collective 

excitation (21.4 eV). The energy in parentheses represents the mean value of the transition energy assigned by Paretzke [7]. (b) 

Cross-sections in the energy range from 10 eV to 100 keV; (7) 1b1 ionisation (10.9 eV); (8) 3a1 ionisation (13.5 eV); (9) 1b2 ionisation 

(17.0 eV); (10) 2a1 ionisation (26.3 eV) in the energy range from 10 eV to 100 keV; (11) 1a1 ionisation (533 eV). The energy in 

parentheses represents the mean value of the transition energy assigned by Faubel [8]. (c) Rotation, inter- and intra-molecular 

vibration excitation cross-section [2]. (d) Elastic scattering cross section [9], total molecular excitation cross sections, and total 

ionisation (ION) and electronic excitation (EXC) cross sections.
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in Eqs. (1) and (2), respectively [9].

                                                         (1)
𝑞(𝜃) = 𝜋𝑍(𝑍 + 1)𝑟2

𝑒
1 ‒ 𝛽2

𝛽4

1

(1 ‒ cos 𝜃 + 2𝜂)2
 , 

and

                                                             (2)
𝜎𝑒𝑙𝑎𝑠 = 𝜋𝑍(𝑍 + 1)𝑟2

𝑒
1 ‒ 𝛽2

𝛽4

1
𝜂(𝜂 + 1)

 ,    

where, the shielding parameter η is given by:

𝜂 = 𝜂𝑐 × 1.7 × 10 ‒ 5𝑍
2

3 1
𝜏(𝜏 + 1)

 ,

where, θ is the scattering angle, Z is the effective atomic number of a water molecule, assumed to be 7.42, re is the 

classical electron radius, 2.8179 × 10−13 cm, and β is the ratio of the speed of the electron to the speed of light. τ is 

E/m0c2, where E, m0, and c are the electron energy, rest mass, and speed of light.  is given by:𝜂𝑐

 for E < 50 keV,𝜂𝑐 = 1.198 

 E > 50 keV.
      =  1.13 + 3.76( 𝑍

137𝛽)2

When elastic scattering is induced, no energy change occurs concerning relative motion, but the energy changes 

concerning centre-of-mass motion [14,15]. This phenomenon, which becomes effective in the very low energy 

region, is evaluated by the momentum transfer cross section σmom, which is determined from the differential cross 

section q(θ) of elastic scattering [14,15]:

                                                        (3)
𝜎𝑚𝑜𝑛 =  2

𝜋

∫
0

(1 ‒  cos 𝜗)𝑞(𝜗)sin 𝜗𝑑𝜗,

where, the energy transfer ΔE is expressed as follows [4–6,14,15]:

                                                                  (4)
∆E≅

2𝑚
𝑀

𝜎𝑚𝑜𝑚

𝜎𝐸𝑙𝑎𝑠
(𝐸𝑒 ‒  𝐸𝑚𝑜𝑙),

where, m and M, and Ee and Emol, are the masses and energies of electrons and water molecules, respectively. Here, 

Emol is sampled from the Maxwellian at 300 K. Eq. (4) means that when ΔE is positive, the electrons supply energy 

to water, and when ΔE is negative, the electrons are supplied energy by water. Although ΔE is only a few μeV, the 

secondary electrons asymptotically approach Maxwellian (300 K) after a huge number of these collisions [4–6].

Dielectric response

The complex dielectric function ε(ω) of a solvent derives the dielectric relaxation in macroscopic space by the Fourier 

transform. ε(ω) of water has been reported as a function of frequency (Hz) by X-ray, far-infrared, and microwave 

spectroscopy [11,12]. The complex dielectric function ε(ω) of water involved in thermalisation, delocalisation, and 

hydration of secondary electrons, which is the focus of this study, is given by [12]:

                                         (5)
𝜀(𝜔) =

Δ𝜀1

1 + 𝑖𝜔𝜏1
+

Δ𝜀2

1 + 𝑖𝜔𝜏2
+

𝐴𝑇

𝜔2
𝑇 ‒ 𝜔2 + 𝑖𝜔𝛾𝑇

+
𝐴𝐿

𝜔2
𝐿 ‒ 𝜔2 + 𝑖𝜔𝛾𝐿

+ 𝜀∞.

We assumed that the dielectric response in microscopic space around electrons and cations in water is also given by 
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Fourier transformation. The rotational mode described by the Debye function corresponds to exponential relaxation 

(first and second terms of Eq. (5)), and the intermolecular vibrational mode described by the Lorentz function 

corresponds to vibrationally damped relaxation (third and fourth terms of Eq. (5)). From the correlation between 

relaxation and response, we assumed that the dielectric response εr(t) after charge generation in water can be 

expressed as follows [5]:

　
𝜀𝑟(𝑡) =  ∆𝜀1(1 ‒ exp ( ‒

𝑡
𝜏1

)) + ∆𝜀2(1 ‒ exp ( ‒
𝑡

𝜏2
)) +

,  (6)

𝐴𝑇

𝜔𝑇
2(1 ‒ cos (𝜔𝑇𝑡)exp ( ‒

𝛾𝑇𝑡

2 )) +
𝐴𝐿

𝜔𝐿
2(1 ‒ cos (𝜔𝐿𝑡)exp ( ‒

𝛾𝐿𝑡

2 )) + 𝜀∞

where Δ1 and Δ2 are the intensities of Debye relaxation modes with relaxation times of 1 and 2 (orientation 

polarisation) [12]. AT and AL are amplitudes, T and L are the angular frequencies, and T and L are the damped 

vibrations of the intermolecular vibration modes (phonon polarisation) [12]. ∞ is the dielectric constant at the high-

frequency limit (electronic polarisation) [12]. Here, 1 = 1.08((T/228) − 1) −1.73 ps, and the fitting parameters for water 

at 293 K are Δ1 = 74.9, Δ2 = 1.67, ∞ = 2.0, 2 = 248 fs, AT /(2)2 = 31.5 THz2, T/2 = 5.30 THz, T/2 = 5.35 

THz, AL/(2)2 = 108 THz2, L/2 = 14.7 THz, and L/2 = 8.08 THz [12]. These parameters are expressed in terms 

of angular frequency using 2. Figure S2(a) shows the calculated dielectric response. The results show that after 

charge generation in water, phonon polarisation is dominant from ~10 fs to ~100 fs, and after ~100 fs, orientation 

polarisation becomes dominant [5]. Then, after several tens of ps, the dielectric response is complete [5].

Time-dependent MC method
The typical time-independent MCC gives the distance of one step that an electron travels as Δs = －λln(k) [13], 

where λ is the mean free path, obtained from the total cross-section σ and the molecular density N (3.318565 × 1022 

molecules/cm3) as λ = 1/(σN). k is a uniform random number. This code assumes that electron-water collisions are 

induced when the following conditions of Eq. (7) are satisfied [4–6]:

                                                                 　　　  (7)
1 ‒ exp ( ‒

Δ𝑠
𝜆 ) > 𝑘,

where, Δs = vΔt, v is the absolute value of the velocity, and Δt is the time mesh, set to 1 attosecond. After the collision 

Fig. S2 (a) Time evolution of the dielectric response of water. (b) Time evolution of potential energy assumed in this study. 
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position is determined, the collision process is identified. The process is sampled from the cross-sectional ratios of 

ionisation and electronic excitation, molecular excitation, and elastic scattering, as shown in Fig. S1. If elastic 

scattering is induced, the scattering angle is sampled from the differential cross-section q(θ) [9]. From Fig. S1(d), 

since molecular excitations, which are much less frequent than elastic scattering, are induced [4], our code assumes 

that the scattering angle does not change when molecular excitations are induced. When ionisation or electronic 

excitation is induced, the scattering angles θ1 and θ2 for primary and secondary electrons are given by the energy and 

momentum conservation laws, respectively, as in Eq. (8) [13,16]:

                                             (8)
𝑠𝑖𝑛2𝜃1 =

𝐸2 𝐸0

(1 ‒ 𝐸2 𝐸0)𝐸0 (2𝑚0𝑐2) + 1
,  𝑠𝑖𝑛2𝜃2 =

1 ‒ 𝐸2 𝐸0

1 + 𝐸2 (2𝑚0𝑐2)
,

where, E0 and E2 are the kinetic energies of primary and secondary electrons, m0 is the rest mass of an electron, and 

c is the speed of light. The azimuthal angle φ is sampled from a uniform random number. This determines the post-

collision velocity vector. Secondary electrons are emitted from various molecular levels. We determined the initial 

energy E2 of secondary electrons as shown in Eq. (9).

                                                                      (9)𝐸2 = 𝑊 ‒ (𝐼𝑝 ‒ Φ(0)). 

where, deposition energy W is sampled from the energy loss function [6] corresponding to the selected ionisation or 

excitation with its transition energy Ip. Φ(0) is first ionisation energy of 10.9 eV.

MD method

This code assumes that electrons and cations are finite-size particles of radius a with negative and positive charge e 

(finite-size particle model) [4–6]. The potential of the cation is expressed in spherical coordinates as follows:

                                  (10)
Φ(𝑟) =

1
4𝜋𝜀

∞

∫
‒ ∞

𝑒

|𝑟 ‒ 𝑟'|
𝑑𝑟' =

𝑒
4𝜋𝜀𝑟

 (𝑟 ≥ 𝑎)  𝑜𝑟  
𝑒(3𝑎2 ‒ 𝑟2)

8𝜋𝜀𝑎3
 (𝑟 < 𝑎), 

where, e is the elementary charge. The particle radius a is set to be 0.099 nm to reproduce the ionisation energy of 

10.9 eV [8]. ε is expressed as ε0 × εr(t), where ε0 is the dielectric constant of a vacuum and εr(t) is the dielectric 

response in Eq. (6). This contributes to simulating hydration, as shown in Fig. S2(b) [4–6]. The produced secondary 

electrons with initial kinetic energy E2 are coordinated to r = 0 in Eq. 10. The primary electron transport calculation 

and the change in the velocity vector of the electron due to the dynamic Coulombic field are obtained by solving the 

relativistic Newton equation in Eq. (11) [4] as follows:

                                                     (11)

𝑚
𝛾3 2

𝑑
𝑑𝑡

𝑣𝑖 = ∑
𝑗 ≠ 𝑖

𝐹𝑖𝑗,       
𝑑
𝑑𝑡

𝑥𝑖 = 𝑣𝑖, 

where,

                         
𝐹𝑖𝑗 = ±

𝑒2

4𝜋𝜀𝑟3
𝑖𝑗

𝑟𝑖𝑗   (|𝑟| ≥ 𝑎), 𝐹𝑖𝑗 = ±
𝑒2

4𝜋𝜀𝑎3
𝑟𝑖𝑗   (|𝑟| < 𝑎)

Also, xi and vi are the position and velocity vectors of the i-th electron, and γ is (1 − vi
2/c2). This means that the 

velocity vector of the secondary electron is governed by the collision (Eqs. (1) and (8)) and the dynamic Coulombic 
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field (Eqs. (9) and (10)). We also assume that within the simulation limit of 1 ps, no radiolytic chemical species other 

than secondary electrons diffuse thermally on the order of femtoseconds.

Calculation flowchart of dmcc_phys

To clarify the difference between the typical MCC and dmcc_phys, Fig. S3(a) and (b) show flowcharts for both [4–

6]. First, we explain the MCCs such as PHITS and Geant4-DNA. (1) The number of trials (N), the initial energy of 

primary electrons (E0), and the cutoff energy of electrons (Ecut) are input to the MCC. The initial energy of the 
secondary electron is determined by E2 － Ie (ionisation energy 10.9 eV [8]). (2) In the kinetic method, electrons 

are transported by Δs = －λln(k). (3) In the MC method, the electron losses ΔE and the number of secondary electrons 

generated n2nd are obtained. Processes (4)–(5) are repeated until the primary and secondary electron energies reach 

the cutoff energy. (6) After these calculations are completed, we then move on to trial J = J + 1. (7) When the 

statistical error of the calculation results is sufficiently small, all calculations are complete. The calculation results of 

the general MC code depend on the cutoff energy, and so contain time uncertainties.

Our code takes as inputs (1) the number of trials (N), the initial energy of the primary electron (E0), the cutoff time 

(tcut), and the time step Δt (1 attosecond). (2) The dynamic motions of primary and secondary electrons are solved 

simultaneously for each time step Δt according to the MD method expressed in Eq. (10). (3) In the time-dependent 

MC method, the collision of electrons with water is determined using Eq. (7), and if collision occurs, the electron 

losses ΔE and the number of secondary electrons n2nd generated are obtained. After process (3) is completed, we 

move to the next time t = t + Δt. Processes (4)–(5) are repeated until the cutoff time is reached. (6) After these 

Fig. S3 (a) Flowchart of typical Monte Carlo codes (MCCs) for simulating water radiolysis. (b) Flowchart of dmcc_phys for simulating 

water radiolysis.
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calculations are completed, we move to the next trial J = J + 1. (7) All calculations are completed when the statistical 

uncertainty of the calculation results is sufficiently small. The calculation results depend on the cutoff time, and so 

contain energy uncertainties.
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