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50 1. Vibrational inelastic energy loss

51 The amount of kinetic energy lost by an electron via inelastic collisions that excite the intermolecular vibrational and librational 

52 modes of water were treated using the integral cross sections reported from electron energy loss spectroscopy (EELS) experiments of 

53 Sanche and coworkers on amorphous solid water (ASW) [1]. These measurements resolve the major low energy loss features of 

54 condensed phase water, including the translational phonon bands (v'T, v"T: ~10–24 meV), the librational modes (v'L, v"L: ~61–92 meV), 

55 the bending vibration (v2: ~204 meV), the stretching modes (v1,3, v3: ~417–460 meV), and the combination (v1,3+vL: ~500 meV) and 

56 overtone of the stretching modes (2(v1,3): ~ 835 meV), each of which contributes a characteristic amount of energy loss.

57 The detailed spectral shape of the EELS data depends on  and experimental geometry, such as the incident and detection angles. 𝐸0

58 Nevertheless, the relative ordering and characteristic energy scales of the inter- and intra-molecular excitation modes remain robust [1]. 

59 This consistency is further supported by direct quantitative comparison with dielectric-function–derived quantities, including the single 

60 differential cross section (SDCS) of Gadeyne et al. [2] and the energy loss function (ELF) reported by Kai et al. [3], as shown in Figure 

61 S1, despite the fact that these quantities represent fundamentally different physical observables. Because our simulation explicitly 

62 employs the nine mode-resolved ASW cross sections, it therefore incorporates experimentally validated condensed phase scattering 

63 probabilities, ensuring that the modeled vibrational and librational energy loss events remain physically consistent with experimental 

64 observations.

65

66 Figure S1. Vibrational inelastic energy loss distributions. Solid red: SDCS for vibrationally inelastic events at = 1 eV [2], Dashed blue: ELF 𝐸0

67 corresponding to the molecular excitation energy absorption efficiency [3], Green triangles: peak energies of the vibrational excitation modes of ASW [1] 
68 adopted in present work. Inset: Pt–ASW EELS result for 3.2 eV case [4]. Zero-loss peak omitted for clarity.𝐸0 =  



69 2. Collision frequency

70 Figure S2 shows the frequency of various types of interactions experienced by electrons with different initial (incident) energy, , 𝐸0

71 (0.2 eV–10 keV) during the transport process. As shown, elastic scattering is the most frequent interaction across the entire energy range 

72 due to its large cross section and negligible energy loss character.

73

74 Figure S2. Collision frequencies for each type of scattering event experienced by electrons with initial kinetic energies between 0.2 eV and 10 keV, 
75 averaged over 104 realizations.

76

77 Both elastic and inelastic (vibrational) collisions exhibit an increasing trend with  at very low energies, followed by a sharp drop 𝐸0

78 near ~10 eV, after which their frequencies remain essentially independent of . A similar pattern is observed for dissociative electron 𝐸0

79 attachment (DEA) and electron autodetachment (EAD) processes. This behavior arises because electronic events—particularly 

80 ionization, which induces large energy losses—become much more dominant at higher energies, and very few events are required to 

81 reach the low energy regime. Consequently, high-energy electrons rapidly lose energy and fall into the ~10–20 eV regime. As estimated 

82 from the total track lifetime results (see Figure 10 in the main text), the time required for an electron’s energy to decrease to near the 

83 ionization threshold remains nearly constant over the 20 eV–1 keV  range due to compensating effects between travel distance and 𝐸0

84 electron velocity.

85 Most elastic and vibrational collisions occur within the low energy region (< 20 eV), and transient negative anion (TNA) driven 

86 processes also influence track early termination predominantly in the 5–15 eV range. This is also the reason why the largest  〈𝑅𝑔𝑒𝑚〉



87 occurs at ~5 eV (see Figure 1 (c) and Figure 6 in the main text), where vibrational inelastic scattering dominates the energy loss channels 

88 and electronic events are energetically forbidden. Ultimately, the increasing contribution of ionization causes the frequencies of all other 

89 interactions to become nearly independent of  above ~20 eV, resulting in the observed plateau behavior.𝐸0

90 The frequency of electronic excitation events peaks around ~11 eV, decreases, and then gradually increases again. This trend reflects 

91 the onset of ionization at the ionization potential (set to 11.16 eV in this work), after which a small fraction of excitation events (about 

92 5%) persists even for  exceeding 100 eV (see Figure 5 (b) in the main text).𝐸0

93 The ionization frequency increases monotonically with . At 10 keV, the ionization frequency reaches nearly 300, implying the 𝐸0

94 generation of ~300 secondary electrons, on average, during the transport of a 10 keV primary electron. Additional secondary electrons 

95 may be produced via autoionization from neutral excited water molecules (H2O*). The relative contribution of this pathway follows the 

96 product of the impact-excitation frequency and the energy-dependent photoionization efficiency. Once this value approaches unity above 

97 ~20 eV (see Figure 6 of Ref. [5]), the autoionization contribution becomes indistinguishable from excitation. Compared to electron-

98 impact ionization, autoionization accounts for ~1/30 of the ionization frequency in the 1–10 keV range. However, this value is still more 

99 than one to two orders of magnitude higher than the TNA-driven DEA frequency, which remains at ~0.02. The low DEA frequency 

100 obtained in this work is consistent with scavenging measurements of molecular hydrogen formation in water radiolysis [6] and confirms 

101 the plausibility of the TNA cross section assumed in this work, which is constructed as the sum of the DEA and EAD cross sections.

102
103 3. Ionization energy loss sampling

104 Figure S3 (a-b) shows the distributions of ionization energy loss as a function of the binding energy, , and scattering cosine, . 𝑄 𝜇

105 Each point represents a single electronic event, color-coded by the incident electron energy, . The histogram at the top represents the 𝐸0

106 distribution of sampled , revealing distinct contributions from the 1b1, 3a1, 1b2, and 2a1 molecular-orbital regions, while the histogram 𝑄

107 on the right shows the total ionization energy loss distribution integrated over all events. For  above 100 eV (Figure S3 (a)), the 𝐸0

108 minimum and maximum allowable energy losses are set by  and by classical collision kinematics [7], respectively. For  at or below 𝑄 𝐸0

109 100 eV (Figure S3 (b)), the energy loss is first sampled directly from the single differential cross section (SDCS); based on this energy 

110 loss,  is then sampled from the density of state (DOS) distribution. In all cases, the kinetic energy of the secondary electron is given 𝑄

111 by the difference between the sampled energy loss and the corresponding .𝑄



112

113 Figure S3. Binding energy, , and ionization energy loss distributions for (a)  > 100 eV cases, and (b)  ≤ 100 eV cases.𝑄 𝐸0 𝐸0

114
115 4. Modified Born-Ochkur exchange correction

116 In this work, for electrons energies below 100 eV, we adopt the energy loss function (ELF) data sets derived using the random phase 

117 approximation (RPA) method [8]. These data are reported to offer improved accuracy compared to previously reported Mermin–Penn 

118 algorithm (MPA) based ELF data sets [9], particularly in the high-  region where the MPA approach relies on model-dependent 𝑘

119 extrapolation of  data. By providing a first-principles description of the full - and -dependent ELF, including additional high 𝑘 = 0 𝑘 𝜔

120 momentum transfer structures that are consistent with experimental inelastic X-ray scattering (IXS) measurements, the RPA-derived 

121 data yields a more faithful representation of the underlying excitation physics.

122 The RPA-ELF exhibits two notable features that distinguish it from the MPA-ELF. First, it shows a secondary peak (∼30 eV) that 

123 emerges in the higher-  region from excitation of the 2a1 electrons. Second, the energy loss distribution becomes non-zero before the 𝑘

124 excitation threshold, with finite intensity appearing at energies around 4.5 eV (see Figure 3 and the related discussion in Ref. [8]). 

125 Because the single differential cross section (SDCS) is obtained by integrating the 3-D ELF surface over the physically allowed 

126 momentum transfer range, the resulting SDCS inevitably inherits a double peak structure, as shown in Figure S4. For the SDCS used in 

127 the present work (solid red), it also leads to enhanced energy loss intensity in both the low- (< 20 eV) and high-energy (> 30 eV) regions 

128 compared to the MPA-ELF at  (i.e., optical energy loss function (OELF)).𝑘 = 0



129

130 Figure S4. Electronic energy loss distributions: (i) the OELF (black) used for high energy cases (  > 100 eV), and the RPA-ELF derived SDCS obtained 𝐸0

131 using the modified Born-Ochkur correction schemes reported in (ii) Refs. [2, 9] (red), and (iii) Ref. [10] (blue). The RPA-ELF derived SDCS exhibits a 
132 double peak structure, with a secondary peak appearing near 30 eV. In the SDCS used in the present work, the intensity is enhanced in both the < 20 eV 
133 and > 30 eV regions compared to the MPA-based OELF, while the mean energy loss remains nearly identical (32 eV vs 33 eV).

134

135 Figure S5 (a–d) shows that the magnitude of the secondary peak can be adjusted to some extent by applying the Born–Ochkur 

136 correction and its modified forms [2, 8, 9]. However, the peak cannot be fully removed, and because its contribution is accumulated 

137 through the integration step, a certain degree of deviation from the OELF shape inevitably persists, regardless of the chosen crossover 

138 criterion (currently set to 100 eV). This discrepancy may also be partly attributed to the extrapolation procedure used to extend the 

139 momentum transfer range of the RPA-ELF data sets. In this work, we extend the RPA-ELF from its original range (from 1.32 to 6.0 

140 bohr⁻¹) using a simple exponential-decay assumption; this approach may not accurately capture the true high  - behavior, which could 𝑘

141 be more complex. Fully resolving this would require computationally demanding first-principles calculations.

142 For reference, the MPA-ELF data set reported in Ref. [8], which is based on the OELF, is also generated using an extrapolation 

143 scheme. In that case, the OELF is extended to finite  by shifting and broadening a set of fitted Lorentzian poles—an empirical procedure 𝑘

144 that reproduces the -dependent damping of the main peak but cannot generate new high-  structures, such as the secondary peak that 𝑘 𝑘

145 emerges in first-principles RPA calculations. Ref. [9] argues that this secondary structure arises naturally in RPA/time-dependent 

146 density-functional theory (TDDFT)-based ELF calculations, because these approaches explicitly capture high-  excitation physics such 𝑘

147 as plasmon damping and interband transitions. As a result, they show much better agreement with IXS measurements than OELF- or 



148 MPA-based models. In contrast, in the present work, electronic energy loss in the high-energy regime (  > 100 eV) is sampled from 𝐸0

149 the OELF. To minimize inconsistencies between the low- and high-energy regions and to maintain physical continuity across the 

150 crossover, we therefore apply the Born–Ochkur modification in a way that suppresses the secondary peak dominance and preserves the 

151 20 eV main peak shape. At present, the true high-  ELF peak structure in the several-tens-of-eV or higher regime, as well as the 𝑘

152 appropriate form of Born–Ochkur correction in the low-energy dielectric formalism, both appear to be unsolved issues.

153

154 Figure S5. Effect of the Born–Ochkur correction and its modified forms on the shape of the SDCS. Shown are the SDCS computed 1) without applying 
155 the correction, 2) with the correction, and with the modified corrections, 3) Case (a), and 4) Case (b). Modifications adjust the magnitude of the high-  𝑘
156 contribution in different ways: in Case (a), the 20 eV peak remains the dominant feature, whereas in Case (b), the stronger enhancement of the exchange 
157 term produces a more pronounced alteration of the peak structure.

158
159 Importantly, as discussed in the main text, these shape differences between the SDCS and the OELF have a negligible influence on 

160 high energy transport properties such as  (or ). Threshold-sensitive quantities, such as TNA-driven channels, could, in 〈𝑅𝑔𝑒𝑚〉 〈𝑅𝑡ℎ〉

161 principle, be affected if the SDCS shape altered the intensity exactly at the threshold. However, in our model, both DEA and EAD are 

162 treated as separate processes with their own cross sections in the 5–15 eV range, rather than being embedded within the electronic 

163 interactions. Consequently, the TNA-related radiolytic species yield is unaffected by the choice of Born–Ochkur correction or by the 

164 detailed form of the SDCS.



165 5.  comparison with OpenTOPAS〈𝑅𝑔𝑒𝑚〉

166 To provide an independent numerical reference,  was recalculated using a 7 eV cutoff so that the present model could be 〈𝑅𝑔𝑒𝑚〉

167 compared directly with the low energy electron (LEE) transport implemented in OpenTOPAS (v4.0), which incorporates the widely 

168 used GEANT4-DNA physics for electron slowing-down in liquid water. As shown in Figure S6, the agreement between the present 

169 model and OpenTOPAS at  above ~200 eV is expected because  in this regime are governed primarily by cumulative inelastic 𝐸0 〈𝑅𝑔𝑒𝑚〉

170 stopping rather than the details of sub-excitation scattering; thus, the consistency serves as a useful cross-check that our cross sections 

171 reproduce the correct high-energy attenuation behavior. For context, Figure S6 also includes several historical theoretical and CSDA-

172 based estimates [11, 12, 13, 14, 15] (symbols), as well as earlier Monte Carlo (MC) track calculations [16] (dashed purple). Including 

173 these data sets illustrates how improvements in the underlying cross sections and energy-loss descriptions evolved over time and 

174 highlights the spread among pre-existing predictions. Notably, while the present model is qualitatively consistent with the OpenTOPAS 

175 results across the full energy range, it shows quantitatively closer agreement with the CSDA-based estimates, supporting the robustness 

176 of the cross-section framework, including the DEA-channel scaling and the extrapolation procedure used to extend the ASW data sets.

177

178 Figure S6. Comparison of mean geminate separation distance, , between the present work—where the cutoff energy in the simulation was 〈𝑅𝑔𝑒𝑚〉
179 increased from 0.2 eV to 7 eV—and the OpenTOPAS (v4.0) simulation results.

180
181 6. Secondary electron energy spectrum

182 To calculate the spatial extent of spur in low linear energy transfer (LET) radiolysis, we require the energy spectrum of secondary 

183 electrons, together with the determined cross section data sets, energy loss, and angular deflections for each collision (Recall from Figure 



184 S2 that a single 10 keV electron generates ca. 300 secondaries). Determining this entry spectrum is critical for accurately predicting the 

185 total energy loss, spatial distribution, and product yields of species arising from spur chemistry. However, similar to the other parameters 

186 described earlier, a review of the literature reveals that various forms of secondary electron energy spectra [2, 17, 18, 19] have been 

187 proposed, with no solid consensus yet established.

188 In this work, we simulated five representative spectra, shown in Figure S7 (a), including model results from OpenTOPAS [20] and 

189 the present work, to identify and analyze their effects on the predicted  of secondary electrons. In our work, the energy of 〈𝑅𝑔𝑒𝑚〉

190 secondary electrons was calculated by subtracting the binding energy, , from the ionization energy loss. It should be noted that the 𝑄

191 only available experimental data sets, the vacuum ultra violet (VUV) photoelectron spectrum [2] (shown in green), essentially represents 

192 a low energy tail spectrum that includes not only true secondary electrons but also primary electrons that have lost substantial energy 

193 through inelastic collisions. As pointed out in Ref. [21], the term “secondary electron energy distribution” is defined differently across 

194 research fields. In this study, we included these data sets as one of the input spectra to comparatively evaluate how different spectral 

195 shapes influence the calculated . Figure S7 (b) shows the distribution of  of the secondary electrons associated with each 〈𝑅𝑔𝑒𝑚〉 〈𝑅𝑔𝑒𝑚〉

196 distribution. A pronounced bimodal distribution is observed, which primarily arises from the strong weighting of all input energy spectra 

197 toward low energies, with a most probable energy around 1 eV. In particular, for the two distributions with higher mean energies—Ref. 

198 [18] (orange) and the present work (purple)—the low  peak becomes more prominent, as these spectra are more strongly exposed 〈𝑅𝑔𝑒𝑚〉

199 to track termination via TNA-driven mechanisms.

200

201 Figure S7. (a)  distribution of secondary electrons used in the simulations, obtained from quantitative analyses [17, 19], track simulations [18], liquid 𝐸0

202 microjet experiments [2], and the OpenTOPAS [20]. The OpenTOPAS (red) and present work (purple) distributions correspond to incident electron energies 
203 of 1 keV and 10 keV, respectively. The numbers indicate the mean energy (eV) of each distribution. (b) Geminate separation distance distribution of 
204 secondary electrons obtained from the simulations. The number indicates the mean value of each distribution.

205
206



207 7. Spur size and 〈𝑅𝑔𝑒𝑚〉

208 To assess the performance of the track-structure simulation model, the mean geminate separation distance, , calculated from 〈𝑅𝑔𝑒𝑚〉

209 the secondary electron energy distribution in Figure S7 (b) is compared with other theoretical approximations and available experimental 

210 measurements, as illustrated in Figure S8. As discussed in the main text, direct experimental data for  (or ) are available 〈𝑅𝑔𝑒𝑚〉 〈𝑅𝑡ℎ〉

211 only at very low  below 2.5 eV [22, 23] (blue bars: h) and i)). These direct photoinjection measurements provide the distance as a 𝐸0

212 function of , yielding a range of values rather than a single characteristic distance. At higher energies,  must therefore be 𝐸0 〈𝑅𝑔𝑒𝑚〉

213 inferred from modeling.

214

215 Figure S8. Chronological summary of reported spur size descriptors and  among analytical estimates, IRT-based stochastic simulations, MC track-〈𝑅𝑔𝑒𝑚〉
216 structure calculations, and hybrid MC-MD approaches. Present work (): Calculated with secondary electron energy spectra (see Figure S7 (a)) adopted 
217 from blue) [17]; orange) [18]; green) [2]; red) [20]; purple) present model. Deterministic diffusion-reaction models: a) [24]; b) [25]; c) [26]; d) [27]; e) [28]; f) 
218 [29]; g) [30]. Experimental measurements: h) [22]; i) [23]. IRT-based stochastic simulations: j) [31], k) [32]; l) [33]. MC track-structure simulations: m) [17]; 
219 n) [34]; o) [35]; p) [36]. MC-MD hybrid simulation: q) [37]. The two shaded regions indicate the discrepancies between the IRT (purple) and full-MC (red) 
220 results.

221
222 Early studies predominantly employed deterministic approaches based on reaction–diffusion kinetics [24, 25, 26, 27, 28, 29, 30], 

223 assuming that the local spatial distribution of eaq
– follows a spherical 3-D Gaussian profile. The data shown as green squares (a)–g)) 

224 represent the standard deviation, , of the distribution, also referred to as “spur width.” These models typically relied on fitting analytical 𝜎

225 solutions to experimental radiolysis data, using the time-dependent yield of eaq
– and concentration-dependent scavenger yields as a 

226 benchmark. With increasing computational capabilities, more realistic stochastic simulations became feasible, including explicit MC 



227 track-structure models [17, 34, 35, 36] (red diamonds: m)–p)), which trace individual electron trajectories and explicitly evaluate 

228 transport and scattering processes. Independent reaction time (IRT)–based methods [31, 32, 33] (purple triangles: j), k), l)) instead 

229 determine diffusion–reaction outcomes probabilistically without explicit time-resolved particle tracking, in which  is treated not as 𝑅𝑔𝑒𝑚

230 a directly calculated physical observable but as a model parameter, typically  adjusted—together with recombination probabilities—

231 through global fitting to reproduce early-time radiolysis yields such as G(eaq
–). The data shown as purple triangles (k)–l)) represent the 

232 root-mean-square (RMS) radius of the distribution,  (≈1.7 ), also referred to as “spur radius.” More recently, MC–molecular 3𝜎 𝜎

233 dynamics (MD) hybrid simulations have also reported spur radii [37] (yellow ellipse: q)), expressed as ranges dependent on the deposited 

234 energy, .Δ𝐸

235 Among the previous theoretical predictions, we consider the later IRT results—particularly the value of 8.3 nm reported in Ref. [33] 

236 (l))—to provide the most reasonable benchmark. This estimate incorporated methodological refinements aimed at reproducing more 

237 recent picosecond laser measurements, leading to an increase relative to the earlier 1997 IRT value of 6.9 nm [32] (k)). The 8.3 nm 

238 value therefore represents a more appropriate reference and remains consistent with photoinjection measurements below 2.5 eV. 

239 Nevertheless, as shown, substantial discrepancies have persisted for decades, most notably between MC track-structure calculations and 

240 IRT-based predictions (two shaded regions: m) and n) vs. k) and l)).

241 It should be noted that the two MC track-structure simulations [35, 36] (o) and p)) that yield values comparable to the IRT predictions 

242 rely on strong and physically questionable assumptions. One such assumption is the ad hoc upscaling (×2) of ASW cross sections, 

243 introduced in an attempt to mitigate the discrepancies [35, 38, 39]. As previously pointed out [40], however, such scaling lacks a physical 

244 rationale and therefore cannot be regarded as a satisfactory approach.

245 Another assumption, supported by only a very limited body of literature, involves the introduction of additional low energy loss 

246 channels composed of two combined processes: electron capture at very low energies (below 1.5 eV) and DEA near about 10 eV [36, 

247 41]. To construct the corresponding cross sections, charge-trapping data measured for isolated water clusters condensed onto thin films 

248 of Kr and Xe [42] have been employed. We do not consider this approach compelling for bulk liquid water for several reasons. First, 

249 the lower-energy peak attributed to energetic electron capture exhibits cross section values as large as about 0.1 nm2, which leads to 

250 unrealistically small predicted  [36] and fails to reproduce photoinjection measurements [22] near and below 1 eV. Second, the 〈𝑅𝑔𝑒𝑚〉

251 higher-energy peak attributed to DEA is also excessively large, reaching ~50% of the total scattering cross section [41] or dominating 

252 the most probable events [36] at 10 eV. This directly results in a pronounced minimum in the predicted  at 10 eV (see Figures 2 〈𝑅𝑔𝑒𝑚〉

253 and 4 of [41] and Figure 6 in the main text). Third, as a consequence of these assumptions, the resulting DEA frequency becomes 

254 exceptionally large: approximately 22.5 % of all interactions at an  of 100 eV, increasing to nearly 90% [36] at an  of 10 eV. 𝐸0 𝐸0

255 Moreover, the fraction associated with the H– channel alone exceeds 10%, which is not consistent with estimates inferred from 

256 scavenging experiments of H2 formation in water radiolysis [6], if the branching ratios of DEA and EAD assumed in the model are 

257 accurate. By contrast, in the present work, the predicted DEA contribution remains below 2% (see Figure S2). Taken together, these 



258 observations suggest that trapping mechanisms in bulk liquid water are expected to differ substantially from those operative in thin films 

259 of isolated water clusters. The condensed phase geometry in cluster-in-matrix experiments is fundamentally different from that of bulk 

260 liquid water, where earlier studies generally assumed that electrons become trapped in transient voids or cavities formed between water 

261 molecules [43, 44, 45], an interpretation supported by recent ab initio molecular dynamics simulations of the hydrated electron [46]. 

262 While such studies provide useful qualitative insight, the exceedingly large capture and DEA contributions implied by cluster-based 

263 cross sections indicate that these mechanisms cannot be directly transposed to liquid water.

264 Addressing these issues constitutes the central motivation of the present work, as no MC track simulation since the 1980s has 

265 reconciled the IRT vs. full–MC discrepancies without invoking such questionable assumptions. The present model predicts  〈𝑅𝑔𝑒𝑚〉

266 values ranging from 6.9 to 8.8 nm (five ‘×’ symbols), depending on the choice of entry spectrum used as a modeling parameter (see 

267 Figure S7 (a)). Importantly, irrespective of the specific spectrum employed, the predicted values consistently fall within—or very close 

268 to—the IRT simulation results (k) and l)), thereby effectively resolving the long-standing discrepancy between IRT and MC track-

269 structure predictions of .〈𝑅𝑔𝑒𝑚〉

270
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