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S1 MPEXS2.1-DNA Performance 
Figure S1 shows the time evolution of the radiochemical yields, well-known as 

a G-valuea, for hydroxyl radicals, hydrogen peroxides, solvated electrons, and hydrogen 
molecules under 750 keV electron irradiations. The solids and dashed lines are simulation 
results by MPEXS2.1-DNA and Geant4-DNA version 10.7 Patch-4, respectively. The 
other plots are measured data from various studies 6-17. Here, we used the existing 
chemistry model in MPEXS2.1-DNA, referred as “CONV-SBS” in the main document. 
MPEXS2.1-DNA can reproduce the Geant4-DNA simulation results precisely. Also, it is 
in good agreement with measured data. Table S1 represents the performance gain of 
MPEXS2.1-DNA against Geant4-DNA simulation. Here, we measured the number of 
histories processed per minute for both cases. The Geant4-DNA simulation was 
performed with a single CPU core. On the other hand, MPEXS2.1-DNA ran around 
500,000 GPU threads. The CPU and GPU devices we used are shown in Table S1. The 
speedup factor is defined as the throughput of MPEXS2.1-DNA over that of Geant4-DNA. 
MPEXS2.1-DNA is faster than 7,600 times faster than Geant4-DNA. In other words, one 
GPU card corresponds to the computing performance of 7,600 CPU cores in that 
simulation. 

 

 

a The number of molecular species generated by the energy deposition of 100 eV. 
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Table S1. Performance comparison between the two simulation codes, 
including Geant4-DNA and MPEXS2.1-DNA, in the water radiolysis 
simulations under 750 keV electron irradiations. 

 CPU/GPU Throughput 

(#Histories/min.) 

Speedup Factor 

( = MPEXS2.1-DNA /  

Geant4-DNA) 

Geant4-DNA  

ver 10.7 Patch4 

Intel® Xeon® Gold 6326  

(Ice Lake) 

5.7 - 

MPEXS2.1-DNA 

(CONV-SBS) 

NVIDIA® RTX™ 6000  

Ada Generation 

43,565.0 7,643 

 

 

 

Figure S1. The time evolution of G-values of hydroxyl radicals and 
hydrogen peroxide in (A), solvated electrons, and hydrogen molecules 
in (B). The solid and dashed lines are simulation results by MPEXS2.1-
DNA and Geant4-DNA ver. 10.7 patch-4, respectively. The other plots 
are experiment data from various studies 6-17.  
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S2 Implementation of the GFDE-SBS model in MPEXS2.1-DNA 
Drawing upon the step-by-step (SBS) model on the RITRACKS code described 

in the previous studies 2,18-20, we implemented an alternative SBS model based on the 
theory of Green’s function of the diffusion equation (GFDE) in the MPEXS2.1-DNA 
framework. As described in the main document, we refer to this model as “GFDE-SBS.” 
In this section, we briefly summarize the theoretical background described in 2,18-20 and 
the parameter set of chemical reactions our GFDE-SBS model uses. 

At the chemical stage of MPEXS2.1-DNA simulation with the GFDE-SBS 
model, intermolecular distances r0 are calculated for each molecule pair distributed every 
time step. Then, they are compared with the reaction radius R for the corresponding 
reaction. If r0 < R (collision), the occurrence of chemical reactions called “contact 
reaction” is sampled with the probability Pcontact, which is calculated as follows: 

𝑃!"#$%!$ =
exp &− 𝑟&𝑅* − exp &−

𝑟&
𝑅 + 𝑅'

*

exp &− 𝑟&𝑅* − exp &−
𝑟&

𝑅 + 𝑅'
* − 𝑘()*

𝑘%!$
&1 − exp .− 𝑟&𝑅/*

	, (1) 

where rc is the Onsager radius defined as the distance at which the Coulomb potential 
energy between two-unit charges is equal in the magnitude to kBT, kB being the Boltzmann 
constant and T the absolute temperature of medium. Rs is the separation distance, taken 
as 0.3 nm. kact is an activation rate constant, which is linked to the experimental reaction 
rate constant kobs and the diffusion rate constant kdif : 

1
𝑘"+,

=
1
𝑘()*

+
1
𝑘%!$

	. (2) 

It is possible to obtain kact from kobs and kdif. 

If r0 > R, each molecular species of the pair will diffuse in random directions 
without the occurrence of contact reactions. However, they have a chance to collide and 
make a reaction during diffusion. The GFDE-SBS model classifies individual chemical 
reactions into four categories depending on the charged state of molecular species and 
contact reaction probabilities. The first two categories are for neutral molecules, and the 
latter are for charged molecules. The reaction probabilities during diffusion are defined 
with respect to each category, shown below. 

The type-1 reactions correspond to fully (Pcontact = 1) diffusion-controlled 
reactions for neutral molecules. The probability PI(Δt|r0) that a pair of molecular species 
with an intermolecular distance r0 will diffuse in Δt and react is given by: 
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𝑃-(Δ𝑡|𝑟.) =
𝑅
𝑟.
Erfc <

𝑟. − 𝑅
4𝐷Δ𝑡 ?	, (3) 

where Erfc(x) is the complementary error function. D is the sum of the diffusion 
coefficients of two reactants. The experimental reaction rate constant, kobs, is linked to the 
reaction radius, R, by 𝑘"+, = 4𝜋𝑅𝐷. So, in this case, reaction radius is derived by 𝑅 =
𝑘"+,/4𝜋𝐷. 

The type-2 is a partially (Pcontact < 1) diffusion-controlled reaction for a neutral 
molecule. The reaction probability PII(Δt|r0) is defined as follows: 

𝑃--(∆𝑡|𝑟.) =
𝑅𝛼 + 1
𝑟.𝛼

<Erfc D
𝑟. − 𝑅
√4𝐷Δ𝑡

F −𝑊 D
𝑟. − 𝑅
√4𝐷Δ𝑡

, 𝛼√𝐷∆𝑡F?	, (4) 

where 𝑊(𝑥, 𝑦) = exp	(2𝑥𝑦 + 𝑦/)Erfc(𝑥 + 𝑦) , and 𝛼 = −(𝑘%!$ + 4𝜋𝑅𝐷)/(4𝜋𝑅/𝐷) . 
The diffusion reaction rate constant kdif is defined as 𝑘()* = 4𝜋𝐷𝑅. In the case of type-2 
reactions, R is taken as the sum of the radii of two reactants.  

The type3 reaction is a fully (Pcontact = 1) diffusion-controlled reaction for a 
charged molecule. The reaction probability PIII(Δt|r0) is given by: 

𝑃---(Δ𝑡|𝑟.) =
𝑅0**
𝑟0**

Erfc <
𝑟0** − 𝑅0**
4𝐷Δ𝑡 ?	, (5) 

where the natural distance scale of the radial process is given by effective distances reff 
and Reff: 

𝑟0** =
−𝑟&

1 − exp	 .𝑟&𝑟 /
 and 𝑅0** =

−𝑟&
1 − exp	 .𝑟&𝑅/

	. (6) 

The effective distances are positive values for r or R > 0. By analogy of type-1 reactions, 
the reaction rate constant kobs can be linked to Reff by 𝑅0** = 𝑘"+,/4𝜋𝐷. When 𝑟& → 0 
(no electric fields between molecules), 𝑟0** → 𝑟  and 𝑅0** → 𝑅 , so 𝑃---(∆𝑡|𝑟.) →
𝑃-(∆𝑡|𝑟.).  

The type4 is a partially (Pcontact < 1) diffusion-controlled reaction for molecular 
species with charged state. The reaction probability PIV(Δt|r0) is derived as follows: 

𝑃-1(Δ𝑡|𝑟.) =
𝑅"0**
𝑟0**

[Erfc(𝑏) −𝑊(𝑏, 𝑎)]	, (7) 

where 

𝑎 = 	
4𝑅/𝛼
𝑟&/

R∆𝑡
𝐷 sinh/ .

𝑟&
2𝑅/	, 

(8) 
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𝑏 =
𝑟&

4√𝐷∆𝑡
&coth .

𝑟&
2𝑟/ − coth .

𝑟&
2𝑅/*	, (9) 

𝛼 = 𝜈 +
𝑟&𝐷

𝑅/[1 − exp(−𝑟&/𝑅)]
,			𝜈 =

𝑘%!$
4𝜋𝑅/	, (10) 

𝑅"0** =
𝑟&

exp .𝑟&𝑅/.1 +
𝑅𝑟&
𝑅/𝜈/ − 1

. (11) 

In this case, the diffusion reaction rate constant kdif is given by 𝑘()* = 4𝜋𝐷𝑅0**, and the 
activation rate kact is found by Eq. (2). When 𝑟& → 0  (no electric fields between 
molecules), 𝑃-2(∆𝑡|𝑟.) → 𝑃--(∆𝑡|𝑟.). 

 The simulation kernel switches to sample background reactions (referred as type-
6 reactions in 2,18-20) if each molecular species makes no reactions, including contact and 
diffusion-controlled ones (type-1 to 4) described above, at each time-stepping. As 
mentioned, background reactions are handled as first-order or pseud-first-order reactions 
involving molecular species homogeneously distributed in a solution. When species-A 
reacts with a dissolved species-B in a solution, assuming that the concentration of species 
[B] is high enough not to be changed by chemical reactions, the reaction occurrence rate 
of species-A should be written as: 

d[𝐴]
[𝐴] = −𝑘[𝐵]𝑑𝑡 (12) 

d[A]/[A] can be interpreted as the probability that species A reacts with dissolved species 
B. The coefficient k[B] is well-known as a scavenger power, which has a unit of s-1, and 
is regarded as a lifetime of species A. Thus, the reaction probability for species A 
involving a dissolved species B during time-stepping Δt is given by: 

𝑃 = 1 − exp	(−𝑘[𝐵]∆𝑡) (13) 
We sample background reactions using the probability calculated by Eq.(13). 

 As mentioned in the main document, our GFDE-SBS model applies the 
parameter set for chemical reactions described in 21. Molecular species along with their 
diffusion coefficients and radii are summarized in Table S2. Chemical reactions are shown 
in Table S3. 
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Table S2. Molecular species handled in the GFDE-SBS model of 
MPEXS2.1-DNA along with their diffusion coefficients and radii. 

Species Diffusion Coefficient  

[×10-9 m2/s] 

Radius  

[nm] 

Species Diffusion Coefficient  

[×10-9 m2/s] 

Radius 

[nm] 

eaq#  4.9 0.5 O$•# 1.75 0.22 

H3O'  9.46 0.25 HO$•  2.3 0.21 

H•  7.0 0.19 HO$# 1.4 0.25 

OH•  2.2 0.22 O( P)(  2.0 0.2 

H2O2 2.3 0.21 O•# 2.0 0.25 

H2 4.8 0.14 O(•# 2.0 0.2 

OH#  5.3 0.33 O( 2.0 2.0 

O2 2.4 0.17    

 

S3 Multiple Ionization 
We summarize the parameters related to multiple ionization processes for 

protons (1H+), alpha particles (4He2+), and carbon ions (12C6+) ions. The cross-section 
values for double-, triple-, and quadruple-ionization are scaled based on the existing 
cross-section data of single ionization b  using an adjustment parameter (α). This 
parameter is defined as the ratio of cross-section values for double-ionization over ones 
of single-ionization (α  =  σ34 /σ'4 ). It is introduced in the simulation study performed 
by Meesungnoen and Jay-Gerin 22 to reproduce the summation of the measured chemical 
yield of HO2• and O2•-, G(HO2• + O2•-), which multiple-ionization directly affects. The 
authors determined the α parameters as a function of ion energy per nucleon for each 
particle, shown in Figure S2. Details are mentioned in the previous studies 22. We also set 
the energy threshold for each process. The total energy in a collision between a charged 
particle and a water molecule needs to exceed this threshold to emit multiple electrons 
from the orbits of an H2O molecule. The cross-section and the energy threshold for each 
process are described in Table S4. Additional dissociative decay chains related to 
multiple-ionized water ions (H2On+, n = 2, 3, 4) implemented into the MPEXS2.1-DNA 
framework shown in Table S5. 

 

 

 

b The single-ionization process of MPEXS2.1-DNA corresponds to the G4DNARuddIonisationExtendedModel class for Geant4 version 10.7 Patch-4 

release. 
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 Table S3. Chemical reactions and their reaction rate constants (kobs) 
considered in the GFDE-SBS model in MPEXS2.1-DNA. For first-order 
reactions, indicated by the symbol *, the value of kobs is given in s-1. 

Reaction Type kobs [/(M•s)] Reaction Type kobs [/(M•s)] 

H• + H• → H" 1 5.03 × 109 e#$% +	HO"• → HO"% 2 1.28 × 1010 

H• + e#$% → H" + OH% 1 2.65 × 1010 OH% +	HO"• → O"•% + H"O 2, 6 1.27 × 1010 

H• + O( P)& → OH• 1 2.00 × 1010 OH% + 	O( P)& → HO"% 2, 6 4.20 × 108 

H• + O•% → OH% 1 2.00 × 1010 O2 + 	O( P) →& O& 2 4.00 × 109 

OH• + 	O( P) →& HO"•  1 2.00 × 1010 O2 +	O•% → O&•% 2 3.70 × 109 

HO"• + 	O( P) →& O2 + OH•  1 2.00 × 1010 HO"• + HO"• → H"O2 + O2 2 6.75 × 105 

O( P) + 	O( P)& →& O2 1 2.20 × 1010 HO"• + O"•% → HO"% + O2 2 7.48 × 107 

H• + OH• → H"O 2 1.44 × 1010 HO"% + 	O( P) →& O"•% + OH•  2 5.30 × 109 

H• + H2O2 → H"O + OH•  2 5.18 × 107 e#$% + e#$% → H" + 2OH% 3 6.36× 109 

H• + OH% → H"O + eaq%  2, 6 2.51 × 107 H3O+ + OH% → H"O 3, 6 1.13 × 1011 

H• + O2 → HO"•  2 1.27 × 1010 H3O+ + O&•% → OH• + O" 3 9.00 × 1010 

H• + HO"• → H2O2 2 1.00 × 1010 e#$% + H3O+ → H• 4, 6 2.11 × 1010 

H• + O"•% → HO"% 2 1.00 × 1010 e#$% + O"•% → H2O2 + 2OH%  4 1.28 × 1010 

OH• + OH• → H"O" 2 4.40 × 109 e#$% + HO"% → O•% + OH%  4 3.51 × 109 

OH• + H"O" → HO"• + H"O 2 2.88 × 107 e#$% + O•% → 2OH%  4 2.31 × 1010 

OH• + H" → H• + H"O 2 4.17 × 107 H3O+ + O"•% → HO"•  4, 6 4.78 × 1010 

OH• + e#$% → OH% 2 2.95 × 1010 H3O+ + HO"% → H"O2 4, 6 4.78 × 1010 

OH• + OH% → O•%＋H"O 2, 6 1.27 × 1010 H3O+ + O•% → OH•  4, 6 4.78 × 1010 

OH• + HO"• → O"＋H2O 2 9.79 × 109 O"•% + O•% → O" + 2OH% 4 6.00 × 108 

OH• + O"•% → O" + OH% 2 1.02 × 1010 HO"% + O•% → O"•% + OH% 4 3.50 × 108 

OH• + HO"% → HO"•＋OH% 2 8.32 × 109 O•% + O•% → H"O" + 2OH% 4 9.00 × 108 

OH• + O•% → HO"% 2 7.61 × 109 O•% + O&•% → 2O"•% 4 7.00 × 108 

OH• + O&•% → HO"• 	+	O"•% 2 8.50 × 109 HO"• → H3O+ + 	O"•% 6 7.15 × 105* 

H2O2 + e#$% → OH% + OH•  2 1.41 × 1010 O&•% → O•% + O" 6 2.66 × 103* 

H2O2 + OH% → HO"% + H2O 2, 6 1.27 × 1010 H• → e#$% + H3O+  6 5.94* 

H2O2 + O( P) →& HO"• + OH•  2 1.27 × 106 e#$% + H2O → H• + OH% 6 15.8 

H2O2 + O•% → HO"• + OH% 2 5.55 × 108 O"•% + H2O → HO"• + OH% 6 0.15 

H2 + O( P) →& H• + OH•  2 4.80 × 103 HO"% + H2O → H"O" + OH% 6 1.36 × 106 

H2 + O•% → H• + OH% 2 1.21 × 108 O( P)& + H2O → 2 OH•  6 1.90 × 103 

e#$% +	O" → O"•% 2 1.84 × 1010 O•% + H2O → OH• + OH% 6 1.36 × 106 
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Figure S2. The scale parameter a for each projectile to scale the cross-
section value of each multiple-ionization process. Detailed description 
of this parameter is in 22. 
 

Table S4. The cross-section definition and energy threshold for each 
multiple-ionization process 22. 

 Double Ionization Triple Ionization Quadruple Ionization 

Cross-section σ*+  = ασ-+  σ.+ = α$σ-+ σ*+ = α(σ-+ 

Energy Threshold 40 eV 65 eV 88 eV 

 

Table S5. Dissociative decay channels for multiple-ionized water 
molecules at the physico-chemical stage. The distances between 
fragments are given in nanometers 22,23. 

Double-ionized state: 

H2O2+ 

→ H+ + H+ + O(3P) → 2H3O+ + O(3P) 55% dO-H+ = 1.20 

→ H+ + OH+ → 2H3O+ + O(3P) 29% dH+-OH+ = 1.20 

→ H+ + H• + O+ → 2H3O+ + H• + •OH + O(3P)  16% dH+-O+ = 1.20 

dH•-O+ = 0.80 

Triple-ionized state: 

H2O3+ 

→ H+ + H+ + O+ → 3H3O+ + •OH + O(3P) 100% dO+-H+ = 1.20 

Quadruple-ionized 

state: H2O4+ 

→ H+ + H+ + 2O+ → 4H3O+ + 2•OH + O(3P) 100% dO+-H+ = 1.20 
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S4 Fricke Dosimeter 
For the validation of water radiolysis with a long timescale over several tens to 

hundreds of seconds, we performed a Fricke Dosimeter simulation using our GFDE-SBS 
model. This dosimeter consists of an aerated solution of ferrous sulfate (FeSO4) and 
sulfuric acid (H2SO4) diluted in water. In this solution, the oxidation of Fe2+ and Fe3+ will 
be generated through the following chemical reactions: 

OH∙ +	Fe/7 → Fe87 + OH9  

(14) 
H∙ + O/ → HO/∙  
HO/∙ + Fe/7 → H/O/ + Fe87 
H/O/ 	+ Fe/7 → Fe87 + OH∙ + OH9  

From these reactions, we can find the well-known material equations (15), leading to 
G(Fe3+) = 15.6 species/100eV 2: 

G(Fe87) = G( OH∙ ) + 2G(H/O/) + 3G(H∙) (15) 
The reaction rate constant for the Fenton reaction, which is the fourth in Equation (14), is 
52 (M•s)-1, and the concentration of Fe3+ in a Fricke solution is 5 mM. The scavenging 
power of this reaction is derived to 0.26 s-1. Thus, we need to simulate up to several ten 
seconds to complete this reaction. The chemical reactions involving FeSO4 and H2SO4 
were handled as background reactions. Therefore, we considered additional chemical 
reactions related to the Fricke solution listed in Table S6 and Table S7. 

Table S6. Additional chemical reactions related to Fricke solution 1-4. 

Reactions Reaction rate constants [/(M•s)] 

OH∙ + HSO"# → H$O + SO"# 1.5 × 105 

H∙ + SO"# → HSO"# 1.0 × 1010 

H$O$ + SO"# → HO$∙ + HSO"# 1.2 × 107 

OH# + SO"# → OH∙ + SO"$# 8.3 × 107 

SO"# + SO"# → S$O%$# 4.4 × 108 

SO"# + Fe$& → Fe'& + SO"$# 2.79 × 108 

e()# + S$O%$# → SO"# + SO"$# 1.2 × 1010 

H∙ + S$O%$# → SO"# + HSO"# 2.5 × 107 

Fe$& + OH∙ → Fe'& + OH# 3.4 × 108 

Fe$& + HO$∙ → Fe'& + HO$# 7.9 × 105 

Fe$& + H$O$ → Fe'& + OH∙ + OH# 52 
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S5 Comparison of the radiochemical yields calculated in CONV-SBS 
with ones by GFDE-SBS without considering electrostatic forces, 
background reactions, and spin effects 

As described in the main manuscript, CONV-SBS cannot consider electrostatic 
forces amog charged molecules, background reactions involving dissolved species, and 
spin effects. Thus, we retried to assess the differences in radiochemical yields of each 
molecular species calculated from CONV-SBS and GFDE-SBS without the three effects. 
The differences in G values between the two models got closer, as shown in Figure S3. 
Still, depending on molecular species, specifically hydroxyl radicals and hydrogen 
peroxides, we observed some differences in G values, which could be caused by the 
differences in the reaction theory applied in each model: the combination of the 
Smoluchowski theory and the Brownian Bridge technique for CONV-SBS while the 
GFDE theory for GFDE-SBS. 

 

S6 The impact induced by electrostatic forces, background reactions, 
and spin effects on radiochemical yields in GFDE-SBS 

We have investigated the contribution of these three effects, including 
electrostatic forces among charged molecules, background reactions involving dissolved 
molecules, and spin effects, to the time evolution of radiochemical yields in GFDE-SBS, 
as shown in Figure S4. Here, we set the four cases. Case#0 is without considering the 
three effects. In Case#1, only electrostatic forces are applied. Case#2 adds background 
reactions to Case#1, while Case#3 considers all three effects. Regarding hydroxyl radicals, 
hydrated electrons, and hydrogen peroxides, we have not confirmed significant 
differences induced by each effect in their G values. For hydrogen radicals, the spin effect 
affects the approximately 30% increase in yields of hydrogen molecules. For OH- anions, 
the effects of electrostatic forces among nearby charged molecular species increase their 

Table S7. Additional molecular species for Fricke dosimeter 
simulations and diffusion coefficient for each referred from 1,5. 

Species Diffusion coefficient [m2/s] Species Diffusion coefficient [m2/s] 

Fe$& 5.78 × 10-10 SO"∙# 1.385 × 10-9 

Fe'& 4.86 × 10-10 SO"$# 1.065 × 10-9 

HSO"# 1.385 × 10-9 S$O%$# 1.145 × 10-9 
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yields by approximately 10%. Additionally, as described in the main document, the 
background reactions originating from H3O+ and OH- produced by the self-dissociation 
of H2O molecules impact the G values of OH- anions. Its radiochemical yields decrease 
at approximately 200 nanoseconds later due to the chemical reactions with dissolved 
H3O+. 

 

S7 LET calculations 
 For the validation of water radiolysis simulations with the GFDE-SBS approach 
under heavy ion irradiations, we compared the LET dependencies of the chemical yields 
calculated for molecular species with the experiment data reported. In the present work, 
LET for each projectile was calculated as a track-averaged LETt 24: 

𝐿𝐸𝑇: =iD
𝜀4
𝑙4
F𝑤4,: =

∑ 𝜀4<
4=>
∑ 𝑙4<
4=>

<

4=>

	, (16) 

where	𝜀4 is the energy deposition by i th charged particle with the step length 𝑙4, and 
𝑤4,:	=	 𝑙4 ∑ 𝑙4<

4=>⁄  is the track-length weighting factor the of i th event. LETt is the ratio of 
the total energy depositions over the total step length for the primary particle. Following 
Eq. (16), we evaluated LET for each primary particle with varying incident energy. The 
results are shown in Figure S5. Our calculation results for protons, alpha particles, and 
carbon ions are solid lines with different colors. The other plots are computed by the 
SRIM code 25, which is widely used to obtain various types of physical quantities related 
to radiation physics. Our results are in good agreement with the SRIM outputs. 

 

S8 Time evolution of the radiochemical yields under ion irradiation 
Figure S6 shows the time evolution of radiochemical yields of hydrated electrons 

and hydroxyl radicals under ion irradiation, including 1H+, 4He2+, and 12C6+, with an 
incident energy of 1, 2, 4, and 8 MeV/u. For each ion irradiation, the G value of each 
species rapidly decreases as LET increases. That is because, with LET increasing, primary 
species, like eaq- and •OH, are densely generated along the ion tracks, stimulating 
intratrack reactions.  
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Figure S3. Comparison of the time evolution of G values calculated by 
GFDE-SBS (the blue solid lines) and CONV-SBS (the orange dashed 
lines) for (a) hydroxyl radicals, (b) hydrated electrons, (c) hydrogen 
peroxides, (d) hydrogen molecules, and (e) OH- anions under 750 keV 
electron irradiation. Electrostatic forces among charged molecules, 
background reactions, and spin effects are not considered in GFDE-
SBS. 

(a)                                                             (b)

(c)                                                             (d)

(e) 
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Figure S4. The time evolution of G values for (a) •OH, (b) eaq-, (c) 
H2O2, (d) H2, and (e) OH- under 750 keV electron irradiation. These 
were calculated in GFDE-SBS with the four cases: without the three 
effects (Case#0, the blue solid lines), considering with electrostatic 
forces (Case#1, the orange dashed lines), background reactions 
(Case#2, the green dash-dotted lines), and spin effects (Case#3, the 
red dotted lines). 

(a)                                                             (b)

(c)                                                             (d)

(e) 
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Figure S5. Comparison calculated LET between MPEXS2.1-DNA (solid 
lines with different colors) and the SRIM code. 
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Figure S6. The time evolution of radiochemical yields of (1) hydrated 
electrons and (2) hydroxyl radicals under ion irradiation, (a) 1H+, (b) 
4He2+, and (c) 12C6+, with an incident energy of 1, 2, 4, and 8 MeV/u. 
 

(b1)                                                             (b2)

(c1)                                                             (c2)

(a1)                                                             (a2)
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