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APPENDIX A 

In our MRM methodology, we have used the ion’s LET as an input parameter. As referred above, 
to a first approximation, in the case of ions, the linear energy transfer (LET) can be considered 
identical to the stopping power Se. Also, as explained, according to the dielectric formalism [139], 
through the kinetic energy T of an ion-projectile, one can calculate their total ionization cross sections 
(TICS) in liquid water. And since the latter represent the number  of secondary electrons emitted 

per unit length ζ from the ion’s path, we may combine the values of these 3 quantities (T, Se and ) 

in a table for all the ions that we have used.  
In Table S1 are shown the values of the kinetic energy T (MeV), the stopping power Se (eV/nm) 

and the number of secondary electrons (e-) ejected per nm of the ion’s path for all the ions used in 
this paper (protons,12C, 11Β, 14Ν, 16Ο, 20Νe, 40Αr, 28Si and 56Fe).  

We have used the data for protons and carbon ions in liquid water from the appendix of ICRU 
Report 90 [150] and the corresponding data for the rest of the heavy ions (except for 56Fe) from the 
ICRU Report 73 [151] while the data for 56Fe have been taken from SRIM 2008 [152].  

Therefore, knowing the ion’s energy, we also know their stopping power, as well as the number 
 of secondary electrons emitted per unit length of an ion’s path.  
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Table S1: The values of the kinetic energy T (MeV), the stopping power Se (eV/nm) and the number of secondary 
electrons ejected per nm of the ion’s path ( ) for all the ions used in this paper (protons,12C,11Β, 14Ν, 16Ο, 20Νe, 
40Αr, 28Si and 56Fe). The columns of T and Se for protons and carbon ions have been taken from ICRU Report 90, 
[150] the corresponding ones for the ions 11Β, 14Ν, 16Ο, 20Νe, 40Αr and28Si are from ICRU Report 73 [151] and for 
56Fe are from SRIM 2008 [152]. 

Τ (Mev) Se (eV/nm) dNe/dζ(e-/nm) Τ (Mev) Se (eV/nm) dNe/dζ(e-/nm) Τ (Mev) Se (eV/nm) dNe/dζ(e-/nm)
0.35025 4.481E+02 0.897721971 0.5045 5.172E+02 1.195315893 0.70225 5.893E+02 1.557904905
0.4203 4.974E+02 1.45410518 0.6054 5.785E+02 1.945185836 0.8427 6.570E+02 2.54415951
0.5604 5.848E+02 3.187331614 0.8072 6.917E+02 4.298818497 1.1236 7.852E+02 5.657411074
0.7005 6.603E+02 5.39011584 1.009 7.932E+02 7.321670045 1.4045 9.055E+02 9.687663858
0.8406 7.261E+02 7.186697061 1.2108 8.847E+02 9.824331767 1.6854 1.018E+03 13.06197324
0.9807 7.838E+02 8.459957705 1.4126 9.674E+02 11.63203491 1.9663 1.123E+03 15.53368986
1.1208 8.343E+02 9.373608998 1.6144 1.042E+03 12.9572118 2.2472 1.221E+03 17.37392276
1.2609 8.781E+02 10.05030914 1.8162 1.110E+03 13.961769 2.5281 1.311E+03 18.79208334
1.401 9.161E+02 10.5649952 2.018 1.172E+03 14.74523947 2.809 1.396E+03 19.91748748

2.1015 1.037E+03 11.88598806 3.027 1.395E+03 16.92251425 4.2135 1.737E+03 23.21165954
2.802 1.087E+03 12.30176922 4.036 1.518E+03 17.80029769 5.618 1.962E+03 24.72452044

3.5025 1.105E+03 12.37608717 5.045 1.582E+03 18.15689348 7.0225 2.106E+03 25.49386241
4.203 1.106E+03 12.29377355 6.054 1.614E+03 18.25621058 8.427 2.197E+03 25.87943444
5.604 1.088E+03 11.93148027 8.072 1.630E+03 18.08889349 11.236 2.286E+03 26.06804263
7.005 1.059E+03 11.47896984 10.09 1.618E+03 17.70791779 14.045 2.316E+03 25.87844934
8.406 1.028E+03 11.01457262 12.108 1.595E+03 17.2487813 16.854 2.317E+03 25.51761475
9.807 9.954E+02 10.56546146 14.126 1.566E+03 16.76628408 19.663 2.304E+03 25.0756836

11.208 9.641E+02 10.14109354 16.144 1.535E+03 16.28494533 22.472 2.282E+03 24.59697258
12.609 9.338E+02 9.744010397 18.162 1.503E+03 15.81619283 25.281 2.256E+03 24.10495343
14.01 9.050E+02 9.373904454 20.18 1.471E+03 15.36525813 28.09 2.228E+03 23.61262797

21.015 7.807E+02 7.867907638 30.27 1.321E+03 13.40954696 42.135 2.072E+03 21.31588998
28.02 6.845E+02 6.779464972 40.36 1.196E+03 11.88549027 56.18 1.924E+03 19.38097612

35.025 6.085E+02 5.958949755 50.45 1.089E+03 10.67610034 70.225 1.791E+03 17.76595697
42.03 5.473E+02 5.318336723 60.54 9.990E+02 9.694326002 84.27 1.675E+03 16.40421513
56.04 4.551E+02 4.382195149 80.72 8.567E+02 8.196505818 112.36 1.480E+03 14.23712986
70.05 3.892E+02 3.730624736 100.9 7.488E+02 7.106171877 140.45 1.323E+03 12.58784461
84.06 3.401E+02 3.25079386 121.08 6.647E+02 6.275960565 168.54 1.197E+03 11.2884363
98.07 3.023E+02 2.882637577 141.26 5.974E+02 5.622254695 196.63 1.092E+03 10.23687713

112.08 2.722E+02 2.591212172 161.44 5.425E+02 5.0939491 224.72 1.004E+03 9.367813973
126.09 2.477E+02 2.354767261 181.62 4.969E+02 4.658113194 252.81 9.285E+02 8.637001489
140.1 2.275E+02 2.159062421 201.8 4.586E+02 4.292315856 280.9 8.639E+02 8.01367816

210.15 1.633E+02 1.533563112 302.7 3.325E+02 3.092445697 421.35 6.417E+02 5.900987849
280.2 1.288E+02 1.196236046 403.6 2.630E+02 2.426766821 561.8 5.125E+02 4.681362748

350.25 1.074E+02 0.984670073 504.5 2.191E+02 2.003057123 702.25 4.285E+02 3.88714775
420.3 9.255E+01 0.839103924 605.4 1.888E+02 1.709306117 842.7 3.698E+02 3.328674125
560.4 7.339E+01 0.651050721 807.2 1.496E+02 1.327806007 1123.6 2.932E+02 2.594789753
700.5 6.144E+01 0.53424304 1009 1.252E+02 1.089976063 1404.5 2.453E+02 2.133307291
840.6 5.322E+01 0.454309446 1210.8 1.085E+02 0.927028912 1685.4 2.125E+02 1.815685811
980.7 4.722E+01 0.396004851 1412.6 9.627E+01 0.808106285 1966.3 1.885E+02 1.583293696

1120.8 4.261E+01 0.3515073 1614.4 8.692E+01 0.717311845 2247.2 1.703E+02 1.405674712
1260.9 3.898E+01 0.316373074 1816.2 7.953E+01 0.645629984 2528.1 1.558E+02 1.265343637
1401 3.604E+01 0.287890604 2018 7.353E+01 0.587519284 2809 1.441E+02 1.15143851

2101.5 2.695E+01 0.200026704 3027 5.503E+01 0.408216681 4213.5 1.080E+02 0.800056962
2802 2.225E+01 0.154323805 4036 4.546E+01 0.314948234 5618 8.924E+01 0.617286842

3502.5 1.938E+01 0.12613055 5045 3.961E+01 0.257411148 7022.5 7.780E+01 0.504531686
4203 1.746E+01 0.106929321 6054 3.569E+01 0.218220773 8427 7.012E+01 0.427730791
5604 1.504E+01 0.082350944 8072 3.077E+01 0.168061087 11236 6.049E+01 0.329410927
7005 1.362E+01 0.067217128 10090 2.786E+01 0.137180088 14045 5.479E+01 0.268872129
8406 1.269E+01 0.056923854 12108 2.597E+01 0.116173839 16854 5.109E+01 0.227697469
9807 1.206E+01 0.049450969 14126 2.467E+01 0.100924184 19663 4.852E+01 0.197804778

11208 1.160E+01 0.043769477 16144 2.373E+01 0.089329041 22472 4.669E+01 0.175077467
12609 1.126E+01 0.039298267 18162 2.303E+01 0.080202669 25281 4.533E+01 0.157192434
14010 1.100E+01 0.035684273 20180 2.250E+01 0.072826219 28090 4.429E+01 0.142735249

14N 20Ne 28Si
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Τ (Mev) Se (eV/nm) dNe/dζ(e-/nm) Τ (Mev) Se (eV/nm) dNe/dζ(e-/nm)
0.0010 1.177E+02 2.742E-09 0.0010 1.765E+01 1.081E-05
0.0015 1.251E+02 1.383E-08 0.0015 1.980E+01 4.614E-05
0.0020 1.294E+02 4.323E-08 0.0020 2.180E+01 1.243E-04
0.0030 1.339E+02 2.130E-07 0.0030 2.539E+01 4.715E-04
0.0040 1.361E+02 6.536E-07 0.0040 2.858E+01 1.156E-03
0.0050 1.371E+02 1.549E-06 0.0050 3.147E+01 2.249E-03
0.0060 1.378E+02 3.117E-06 0.0060 3.413E+01 3.797E-03
0.0080 1.386E+02 9.288E-06 0.0080 3.892E+01 8.366E-03
0.0100 1.392E+02 2.142E-05 0.0100 4.320E+01 1.499E-02
0.0150 1.410E+02 9.473E-05 0.0150 5.100E+01 4.075E-02
0.0200 1.434E+02 2.641E-04 0.0200 5.721E+01 8.015E-02
0.0300 1.493E+02 1.065E-03 0.0300 6.658E+01 2.075E-01
0.0400 1.561E+02 2.749E-03 0.0400 7.309E+01 4.168E-01
0.0500 1.631E+02 5.593E-03 0.0500 7.753E+01 6.549E-01
0.0600 1.702E+02 9.822E-03 0.0600 8.035E+01 8.187E-01
0.0800 1.843E+02 2.313E-02 0.0800 8.244E+01 9.572E-01
0.1000 1.984E+02 4.375E-02 0.1000 8.145E+01 9.849E-01
0.1500 2.334E+02 1.320E-01 0.1500 7.357E+01 9.270E-01
0.2000 2.668E+02 2.794E-01 0.2000 6.581E+01 8.385E-01
0.3000 3.271E+02 7.915E-01 0.3000 5.430E+01 6.883E-01
0.4000 3.806E+02 1.700E+00 0.4000 4.639E+01 5.804E-01
0.5000 4.289E+02 3.107E+00 0.5000 4.061E+01 5.016E-01
0.6000 4.730E+02 4.705E+00 0.6000 3.620E+01 4.420E-01
0.8000 5.504E+02 7.019E+00 0.8000 2.994E+01 3.582E-01
1.0000 6.162E+02 8.316E+00 1.0000 2.572E+01 3.022E-01
1.5000 7.391E+02 9.772E+00 1.5000 1.932E+01 2.194E-01
2.0000 8.156E+02 1.027E+01 2.0000 1.567E+01 1.737E-01
3.0000 8.797E+02 1.040E+01 3.0000 1.159E+01 1.242E-01
4.0000 8.710E+02 1.014E+01 4.0000 9.306E+00 9.760E-02
5.0000 8.370E+02 9.788E+00 5.0000 7.831E+00 8.083E-02
6.0000 8.026E+02 9.410E+00 6.0000 6.791E+00 6.923E-02
8.0000 7.418E+02 8.683E+00 8.0000 5.409E+00 5.413E-02

10.0000 6.920E+02 8.035E+00 10.0000 4.526E+00 4.467E-02
15.0000 5.974E+02 6.754E+00 15.0000 3.264E+00 3.144E-02
20.0000 5.278E+02 5.822E+00 20.0000 2.586E+00 2.446E-02
30.0000 4.291E+02 4.569E+00 30.0000 1.861E+00 1.713E-02
40.0000 3.623E+02 3.766E+00 40.0000 1.476E+00 1.329E-02
50.0000 3.130E+02 3.207E+00 50.0000 1.236E+00 1.090E-02
60.0000 2.746E+02 2.795E+00 60.0000 1.070E+00 9.272E-03
80.0000 2.204E+02 2.228E+00 80.0000 8.563E-01 7.174E-03

100.0000 1.852E+02 1.857E+00 100.0000 7.236E-01 5.875E-03
150.0000 1.344E+02 1.320E+00 150.0000 5.409E-01 4.082E-03
200.0000 1.068E+02 1.031E+00 200.0000 4.461E-01 3.149E-03
300.0000 7.706E+01 7.237E-01 300.0000 3.503E-01 2.182E-03
400.0000 6.115E+01 5.619E-01 400.0000 3.014E-01 1.681E-03
500.0000 5.116E+01 4.614E-01 500.0000 2.725E-01 1.372E-03
600.0000 4.427E+01 3.925E-01 600.0000 2.545E-01 1.162E-03
800.0000 3.535E+01 3.039E-01 800.0000 2.315E-01 8.933E-04

1000.0000 2.979E+01 2.490E-01 1000.0000 2.196E-01 7.283E-04
1500.0000 2.210E+01 1.731E-01 1500.0000 2.066E-01 5.020E-04
2000.0000 1.810E+01 1.337E-01 2000.0000 2.016E-01 3.853E-04
3000.0000 1.399E+01 9.267E-02 3000.0000 1.996E-01 2.651E-04
4000.0000 1.191E+01 7.140E-02 4000.0000 2.006E-01 2.032E-04
5000.0000 1.066E+01 5.830E-02 5000.0000 2.026E-01 1.653E-04
6000.0000 9.842E+00 4.938E-02 6000.0000 2.046E-01 1.396E-04
8000.0000 8.851E+00 3.799E-02 8000.0000 2.086E-01 1.069E-04

10 000.0000 8.295E+00 3.098E-02 10 000.0000 2.126E-01 8.689E-05

12C protons
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Τ (Mev) Se (eV/nm) dNe/dζ(e-/nm) Τ (Mev) Se (eV/nm) dNe/dζ(e-/nm) Τ (Mev) Se (eV/nm) dNe/dζ(e-/nm)
0.01 3.96E+01 1.54E-07 1.6 5.91E+02 3.53E+00 275 3.35E+03 3.24E+01

0.011 4.15E+01 2.25E-07 1.7 6.18E+02 4.18E+00 300 3.25E+03 3.12E+01
0.012 4.33E+01 3.16E-07 1.8 6.45E+02 4.90E+00 325 3.16E+03 3.02E+01
0.013 4.51E+01 4.33E-07 2 7.00E+02 6.60E+00 350 3.07E+03 2.92E+01
0.014 4.68E+01 5.78E-07 2.25 7.66E+02 9.18E+00 375 2.99E+03 2.83E+01
0.015 4.85E+01 7.57E-07 2.5 8.34E+02 1.21E+01 400 2.91E+03 2.74E+01
0.016 5.01E+01 9.74E-07 2.75 9.02E+02 1.50E+01 450 2.76E+03 2.58E+01
0.017 5.16E+01 1.23E-06 3 9.71E+02 1.78E+01 500 2.62E+03 2.45E+01
0.018 5.31E+01 1.54E-06 3.25 1.04E+03 2.02E+01 550 2.50E+03 2.32E+01
0.02 5.60E+01 2.32E-06 3.5 1.11E+03 2.23E+01 600 2.39E+03 2.21E+01

0.0225 5.94E+01 3.66E-06 3.75 1.18E+03 2.42E+01 650 2.28E+03 2.11E+01
0.025 6.26E+01 5.49E-06 4 1.26E+03 2.58E+01 700 2.17E+03 2.02E+01

0.0275 6.57E+01 7.91E-06 4.5 1.40E+03 2.85E+01 800 1.99E+03 1.85E+01
0.03 6.86E+01 1.10E-05 5 1.55E+03 3.08E+01 900 1.83E+03 1.72E+01

0.0325 7.14E+01 1.50E-05 5.5 1.70E+03 3.26E+01 1000 1.69E+03 1.60E+01
0.035 7.41E+01 1.98E-05 6 1.84E+03 3.41E+01 1100 1.57E+03 1.50E+01

0.0375 7.66E+01 2.57E-05 6.5 1.99E+03 3.55E+01 1200 1.47E+03 1.41E+01
0.04 7.91E+01 3.28E-05 7 2.13E+03 3.66E+01 1300 1.38E+03 1.33E+01

0.045 8.39E+01 5.11E-05 8 2.40E+03 3.85E+01 1400 1.31E+03 1.25E+01
0.05 8.85E+01 7.56E-05 9 2.65E+03 4.01E+01 1500 1.25E+03 1.19E+01

0.055 9.28E+01 1.08E-04 10 2.88E+03 4.13E+01 1600 1.21E+03 1.13E+01
0.06 9.69E+01 1.48E-04 11 3.09E+03 4.23E+01 1700 1.17E+03 1.08E+01

0.065 1.01E+02 1.99E-04 12 3.28E+03 4.32E+01 1800 1.12E+03 1.03E+01
0.07 1.05E+02 2.60E-04 13 3.45E+03 4.39E+01 2000 1.04E+03 9.51E+00
0.08 1.12E+02 4.21E-04 14 3.60E+03 4.45E+01 2250 9.49E+02 8.64E+00
0.09 1.19E+02 6.41E-04 15 3.73E+03 4.50E+01 2500 8.79E+02 7.93E+00
0.1 1.25E+02 9.29E-04 16 3.85E+03 4.55E+01 2750 8.19E+02 7.32E+00

0.11 1.32E+02 1.30E-03 17 3.96E+03 4.59E+01 3000 7.68E+02 6.80E+00
0.12 1.45E+02 1.75E-03 18 4.05E+03 4.62E+01 3250 7.25E+02 6.35E+00
0.13 1.57E+02 2.31E-03 20 4.20E+03 4.68E+01 3500 6.87E+02 5.96E+00
0.14 1.65E+02 2.97E-03 22.5 4.35E+03 4.73E+01 3750 6.53E+02 5.62E+00
0.15 1.71E+02 3.74E-03 25 4.45E+03 4.76E+01 4000 6.22E+02 5.31E+00
0.16 1.75E+02 4.64E-03 27.5 4.53E+03 4.79E+01 4500 5.69E+02 4.79E+00
0.17 1.79E+02 5.68E-03 30 4.59E+03 4.80E+01 5000 5.26E+02 4.37E+00
0.18 1.81E+02 6.85E-03 32.5 4.64E+03 4.81E+01 5500 4.90E+02 4.01E+00
0.2 1.85E+02 9.65E-03 35 4.67E+03 4.81E+01 6000 4.59E+02 3.72E+00

0.225 1.89E+02 1.41E-02 37.5 4.69E+03 4.81E+01 6500 4.33E+02 3.46E+00
0.25 1.93E+02 1.96E-02 40 4.71E+03 4.80E+01 7000 4.11E+02 3.24E+00

0.275 1.97E+02 2.64E-02 45 4.72E+03 4.78E+01 8000 3.74E+02 2.87E+00
0.3 2.02E+02 3.45E-02 50 4.72E+03 4.76E+01 9000 3.45E+02 2.59E+00

0.325 2.08E+02 4.40E-02 55 4.70E+03 4.73E+01 10000 3.21E+02 2.35E+00
0.35 2.14E+02 5.49E-02 60 4.68E+03 4.69E+01 11000 3.02E+02 2.16E+00

0.375 2.20E+02 6.74E-02 65 4.65E+03 4.65E+01 12000 2.85E+02 2.00E+00
0.4 2.27E+02 8.14E-02 70 4.61E+03 4.61E+01 13000 2.71E+02 1.86E+00

0.45 2.42E+02 1.15E-01 80 4.53E+03 4.53E+01 14000 2.59E+02 1.74E+00
0.5 2.56E+02 1.55E-01 90 4.44E+03 4.44E+01 15000 2.50E+02 1.63E+00

0.55 2.73E+02 2.02E-01 100 4.36E+03 4.36E+01 16000 2.41E+02 1.54E+00
0.6 2.89E+02 2.57E-01 110 4.27E+03 4.28E+01 17000 2.33E+02 1.46E+00

0.65 3.05E+02 3.20E-01 120 4.25E+03 4.20E+01 18000 2.26E+02 1.38E+00
0.7 3.22E+02 3.92E-01 130 4.22E+03 4.12E+01 20000 2.13E+02 1.26E+00
0.8 3.54E+02 5.60E-01 140 4.14E+03 4.04E+01 22500 2.01E+02 1.13E+00
0.9 3.86E+02 7.66E-01 150 4.06E+03 3.97E+01 25000 1.92E+02 1.03E+00
1 4.17E+02 1.01E+00 160 3.98E+03 3.90E+01 27500 1.84E+02 9.40E-01

1.1 4.48E+02 1.30E+00 170 3.91E+03 3.83E+01 30000 1.77E+02 8.69E-01
1.2 4.77E+02 1.64E+00 180 3.84E+03 3.77E+01 32500 1.72E+02 8.08E-01
1.3 5.06E+02 2.02E+00 200 3.72E+03 3.64E+01 35000 1.67E+02 7.55E-01
1.4 5.35E+02 2.46E+00 225 3.58E+03 3.49E+01 37500 1.64E+02 7.09E-01
1.5 5.63E+02 2.97E+00 250 3.46E+03 3.36E+01 40000 1.60E+02 6.68E-01

56Fe
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