J. Radiat. Res., 47, 69-81 (2006)

Monte Carlo Simulation of Water Radiolysis for
Low-energy Charged Particles
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The paper describes the development of chemical modules simulating the prechemical and chemical
stages of charged particle tracks in pure liquid water. These calculations are based on our physical track
structure codes for electrons and ions (KURBUC, LEPHIST and LEAHIST) which provide the initial spa-
tial distribution of H,O*, H,O" and subexcitation electrons at ~10~'5 s. We considered 11 species and 26
chemical reactions. A step-by-step Monte Carlo approach was adopted for the chemical stage between
102 s and 107 s. The chemistry codes enabled to simulate the non-homogeneous chemistry that pertains
to electron, proton and alpha-particle tracks of various linear energy transfers (LET). Time-dependent
yields of chemical species produced by electrons and ions of different energies were calculated. The cal-
culated primary yields (G values at 107° s) of 2.80 for OH and 2.59 for e 4 for 1 MeV electrons are in
good agreement with the published values. The calculated G values at 107 s for a wide range LETs from
of 0.2 to 235 keVum™" were obtained. The calculations show the LET dependence for OH and H,O,. The

Regular Paper

electron penetration ranges were calculated in order to discuss the role of low energy electrons.

INTRODUCTION

Monte Carlo track structure codes are important tools in
radiation dosimetry and biophysical modelling and have
contributed significantly to the understanding of the mecha-
nism of radiation effects.'™ Among various processes in
radiation-induced biological molecular effects, reactions of
chemical species produced through water radiolysis are
important as they contribute extensively to the yield of
molecular damage. The authors have developed a suite of
codes generating physical track for electrons (KURBUC -
10 eV to 10 MeV),” protons (LEPHIST - 1 keVu™ to 1
MeVu™)® and alpha-particles (LEAHIST - 1 keVu™ to 2
MeVu™)” in water. The ion codes provide both the track
segment and the full-slowing-down modes of simulation of
charged particles. The present work is an extension of these
physical track structure codes describing the prechemical
and chemical stages of charged particle tracks in liquid
water.

The physical tracks provide the spatial distributions of the

*Corresponding author: Phone: +81-92-642-6696,

Fax: +81-92-642-6674,

E-mail: shuzohsg@mbox.nc.kyushu-u.ac.jp
1School of Health Sciences, Kyushu University, Maidashi 3-1-1, Higashi-
ku, Fukuoka 812-8582, Japan; 2Center for Advanced Space Studies, USRA,
NASA Johnson Space Center, Houston, Texas 77058, USA.

ionised and excited water molecules and subexcitation elec-
trons at ~107° s. Subsequently, the species quickly relax
during the prechemical stage which extends from 107'° to
~107' 5. Over this time interval, the secondary electrons
become thermalized and subsequently hydrated while the
ionized and excited water molecules undergo transforma-
tions which lead to the formation of radical and molecular
products. Owing to the specific spatial distribution of the ini-
tial radiolytic species along the radiation tracks, the chemis-
try that takes place between the interval 107'% and ~107s is
highly nonhomogeneous. Historically, the analytical diffu-
sion models for the radiation chemistry of aqueous solutions
have been proposed.*” A Monte Carlo method is an essen-
tial tool for the simulation of this stage of nonhomogeneous
chemistry. Various groups have described the track structure
and radiation chemistry of water for electrons.'®'® In these
publications attention were mostly devoted to the description
of energetic electron tracks for which the LET is relatively
small. Sherbrooke group has also reported the development
of a chemistry code for protons and electrons covering the
LET range up to 20 keVum™".'>!®

At the heart of the development of the chemistry code lies
the production of secondary electrons and the initial distri-
butions of ionized and excited species. In this work we
examine the reliability of our model and the chemical
parameters used in the electron code by comparing the cal-
culated time-dependent yields of chemical species with the
available experimental and theoretical data. We present and
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70 S. Uehara and H. Nikjoo

discuss the LET dependence of the primary yields (G values
at 107 s) for a wide range up to 235 keVum™'.

The distribution of the distances traveled by subexcitation
electrons undergoing thermalisation and recombination pro-
cesses is an important critical point in the simulation of
water radiolysis. Different approaches for the thermalisation
distance have been proposed by many groups. In this work
we have used the thermalisation distance model given by
Terrissol and Beaudre.'” This choice is examined by the
penetration distances for low-energy electrons in the range
between 0.1 eV and 100 keV. We also provide data on the
total yields for ionization and excitation at the physical
stage, and the time-dependent G values of chemical species
for 1 keV electrons and compare with the published data.

MATERIALS AND METHODS

Physical stage

All cross sections needed for the Monte Carlo simulation
of the physical stage were compiled from experimental data
or use of model calculations. A comprehensive derivation of
all the cross sections can be found in refs. 5 and 24 for elec-
trons, in refs. 6 and 25 for protons and ref. 7 for alpha-par-
ticles.

The KURBUC code simulates electron tracks in water in
the range 7.4 eV - 10 MeV.” The transport of primary and
secondary electrons is explicitly followed down to 7.4 eV at
which point the residual energy was deposited at a random
short distance. The cross sections considered in the code
were electron impact ionization and excitation, and elastic
scattering. Cross section data for liquid water are scarce, as
measurements are either impractical or very difficult. The
only measurements to date are the 30 year old measurements
of Heller in the 7-26 eV'? using the reflection techniques
and a new set of measurements by Hayashi and colleagues
in the 7-160 eV>” using the IXSS (Inelastic X-Ray Scatter-
ing Spectroscopy) method. For a review and discussion of
these data see references 21 and 22. The energy loss data in
liquid water can be used to construct a model of dielectric
response function and in turn inelastic cross section mod-
el.”¥ In the absence of a comprehensive model for liquid
water cross sections, for practical reasons we use water
vapor cross sections for total and partial ionization and exci-
tation cross sections. A comprehensive review and compar-
ison of cross section used in Monte Carlo track structure
codes have been given by Uehara et al.** Inelastic cross sec-
tions for ionizations and excitations were compiled from dif-
ferent sources for low- and high-energy electrons. Spectra
and angular distributions of the secondary electrons were
obtained from experimental data and model calculations.
The elastic scattering was calculated using Rutherford for-
mula taking into account the screening parameter.

We use the term ‘ions’ limiting to protons H* and alpha-
particles He**. As charged particles pass through matter, they

lose energy primarily through collisions with bound elec-
trons. lonization cross sections for the projectile and second-
ary electron energies are needed to follow the history of an
incident particle and its products, covering all ranges of
energy transfers in individual collisions. For fast ions, the
majority of energy is transferred in ionizing collisions,
resulting in energetic free electrons and the potential energy
of residual ions. Excitation cross sections and elastic scat-
tering were taken into account in this work. Elastic collisions
transfer little or no energy but can have a significant effect
on the spatial character of the track structure at very low
energies. When fast ions slow down around the Bragg peak
(0.3 MeVu™), interactions involving electron capture and
loss by the moving ions become an increasingly important
component of the energy loss process. Charge transfer can
produce residual ions without the release of free electrons,
and free electrons can be ejected from the moving ion (or
neutral) with no residual ions being formed. Cross section
data for dressed ions H°, He® and He* are therefore needed
for a precise track simulation of low energy ions.

Table 1 shows the products after completion of the phys-
ical stage for various projectiles and energies. Excited water
molecule, H,O", are divided into three groups: A'B;, B'A,
and (Ry,db,de) including Rydberg states (Ry), diffuse bands
(db) and dissociative excitations (de). The differences bet-
ween our calculations and others such as PARTRAC code
for the yields of e b and H,O" is insignificant."® However,
there are significant differences with the PARTRAC code in
partitioning of excitations ( ~10%). This difference is mainly
due to the differences between the set of excitation cross
sections used. For protons and alpha-particles, the origin of
e b, H20" and H,0O" is discriminated between the ions and
the secondary electrons ejected by ion impact ionization.
The effect of charge transfers were calculated for low energy
ions down to 3 keVu™'. The electron capture and the electron
loss of projectiles contribute to the large yields of H,O* and
€ sub, respectively. At higher ion energies the yields of e b
and H,O" formed by ionization increase due to the energetic
secondary electrons. The variation of relative yields of prod-
ucts via HO" is small over a broad range of energies and
particle types.

Prechemical stage

In the prechemical stage, during the period between 107"
— 107"% s, the products after completion of the physical stage,
e b, H2O" and H,O™ are converted into molecular products.
Very little is known about the quantitative and qualitative
production of chemical species starting from each possible
excited state of liquid water molecules. Different groups use
very different sets of decay probabilities. Ballarini et al.'®
has given a comparison table of the dissociation schemes
adopted by different groups such as Toulouse,'” London,*®
Sherbrooke,>'® Oak Ridge,m’“) Tokyo,”’m and Milano.'¥
As different codes use different set of electron inelastic scat-

J. Radiat. Res., Vol. 47, No. 1 (2006); http:/jrr.jstage.jst.go.jp

810z Jaquialdag 90 uo Jesn uebiyoi 10 AlisiaAiun AQ S995+6/69/ 1/ 10ensqe-ajonie/lil/uwod dno-olwspeoe//:sdyy Wwolj papeojumod



Monte Carlo Simulation of Water Radiolysis 71

Table 1. Products after completion of the physical stage
(subexcitation electrons, ionised water molecules and excita-

Table 2. Dissociation schemes and branching ratios.

tions: A'By, B'A;, Rydberg states (Ry); diffuse bands (db) and Physical Product Decay Channel Probability (%)
dissociative excitations (de)). € sub € g 100
Particle e HO" H,O" H,O* H;0* + OH 100
Energy A'Bi  B'A, (Ry,dbde) H0"
Electron A'B H0 25
200 eV 341% 29.5% 12.1% 4.6% 19.7% H+OH s
1 keV 32 32 118 30 178 BA, H0 45
H, + H,O, 55
10 keV 32.7 32.6 11.6 39 19.2
(Ry,db,de) H,O 23
1 MeV 339 339 11.1 3.6 17.5 H+ OH 20
Proton H30" + OH + ey 57
3 keVu (total) 30.9 51.2 52 2.2 10.5
(on) 305 508 20 L7 88 model for the B'A; level use a branching ratio of 1.0 to H,
(2-e) 04 04 32 05 L7 + H,0:. In this work for the branching ratio we use 0.55 to
10keVu™'  (total) 26.1 46.0 7.7 3.1 17.1 H, + H>0O; and 0.45 to H,O in order to reproduce consistent
(on) 246 445 25 29 135 G-values for var.ious .ra.dical species produced py elegtrons.
Table 2 shows dissociation schemes and branching ratios for
2%e) L5 1.5 >-2 0.9 3.6 the physical products: e s, H2O" and H,O*.
100 keVu™  (total) 31.5 315 117 40 21.3 For the spatial distribution of chemical products at the
Gon) 168 168 06 07 6.8 prechemical stage we assumed the same spatial distribution
(2Me) 147 1L 33 145 for the products formeq by alpha-part.lcle? impact because
' ' ' ' ' accurate data are unavailable'>??, All ionized water mole-
I MeVu!  (total) 329 329 108 37 19.7 cules were assumed to dissociate following the H,O* + HO
(ion) 13.6 13.6 04 0.5 53 — H3;0" + OH scheme. The displacement of H,O", at the
@) 193 193 104 32 144 time of .react.ion., frgm its. site of pro@uction is chosen from
a Gaussian distribution with a mean displacement of 1.5 nm.
Alpha-particle The H30" is assumed to be at the same position as the H,O*
3keVu'  (total) 408 436 67 L6 7.3 and the OH radical is positioned with random orientation at
(fon) 40.0  42.8 09 08 4.1 a distance of 0.29 nm.’® In the dissociation of an excited
2"e) 08 038 58 08 32 water molecule into H and OH radicals the products.are
assumed to be separated by 0.87 nm on a randomly orien-
0keVu™  (total) 334 387 96 32 15.1 tated line centered at the original site of H,O".>® Excitations
(ion) 30.1 354 1.5 1.5 8.5 which lead to autoionizations are treated in the same manner
"e) 33 33 8.1 17 6.6 as ionizations. In the mechanism H,O® — H, + H,0,, we
» place one H>O, species at the interaction position and Hy is
100keVu™  (otal) 33.6 312 123 40 18.9 positioned at a distance of 0.36 nm.'> The radicals and ions
(fon) 155  13.1 02 02 2.5 except € uq were described by a Gaussian distribution with a
(") 18.1 181 121 38 16.4 standard deviation of 0.75 nm, as used by Schwarz® and
IMeVe  (total) 342 341  IL1 35 71 Green et al.*” The displacement values for all species are
much smaller than the mean distance between neighboring
(ion) 119 11.8 0.1 0.1 12 energy deposition points in the physical stage. Therefore, the
(2"-e) 22.3 223 110 34 15.9 present setting does not cause a serious effect on the calcu-

tering cross sections, authors are forced to adopt different
assumptions on the branching ratios in order to produce con-
sistent G values for various radical species. The dissociation
schemes we use in our model is similar to the one given by
the Oak Ridge group for the physical products: e s, H.O",
H,O" consisted of A'B; and (Ry,db,de). The Oak Ridge

lated results.

Subexcitation electrons, electrons with kinetic energy less
than the first excitation potential (7.4 eV), thermalize losing
their energy by successive scattering in the medium until
they are in equilibrium with the surrounding molecules lead-
ing to the formation of hydrated electrons e ,q. Subexcitation
electrons lose energy by rotational-vibrational interaction
and are scattered by elastic interaction until they reach ther-

J. Radiat. Res., Vol. 47, No. 1 (2006); http:/jrr.jstage.jst.go.jp

810z Jaquialdag 90 uo Jesn uebiyoi 10 AlisiaAiun AQ S995+6/69/ 1/ 10ensqe-ajonie/lil/uwod dno-olwspeoe//:sdyy Wwolj papeojumod



72 S. Uehara and H. Nikjoo

mal energies (~0.025 eV at room temperature). The thermal-
ization distance which is the residual distance traveled by
subexcitation electrons before becoming thermalized,
depends on the initial energy of the subexcitation electrons.
In the calculations the multi-step thermalization process was
approximated by a single-step motion traveling the average
thermalization distance with a random direction. We used
the average electron thermalisation distance and its standard
deviation with electron energy given by Terrissol and Beau-
dre.'” The dependence of the mean thermalization distance
(r in nm) on the electron subexcitation energy (E in eV) was
approximated by a polynomial function of the form r =
3.151+0.964F+1.362E%-0.134E? with an overall uncertainty
of + 50% for all r.

The recombination of subexcitation electrons with their
parental ions is in competition with the thermalisation pro-
cess. Upon thermalisation the electron is separated from its
geminate positive ion by a distance r, although they are cou-
lombically bound together. The probability of escape, Pesc,
which depends on the dielectric constant of the liquid, €, and
on r is given by

P=e ()

where r. is the Onsager distance defined by

62

ro=———
dmeye kT

2

where e is the electronic charge, €y is the dielectric constant
of free space, & is the relative dielectric constant of liquid
water, k is the Boltzmann constant and T the temparature.zg)
The value of r. is 0.70 nm for & = 80 for liquid water at
25°C. The probability of recombination of subexcitation

Table 3. Radical species and values of diffusion coefficients
D (10°m%*™").*® The root mean square distance traveled A

(nm) was calculated according to A= (6D1)".
Species D ztt = 10°1%)
OH 2.8 0.130
€ 45 0.164
H 7.0 0.205
H;0* 9.0 0.232
H» 5.0 0.173
H>0, 2.2 0.115
HO, 2.0 0.110
(0]} 2.1 0.112
OH™ 5.0 0.173
0, 2.1 0.112
HO,” 2.0 0.110

electrons with their parent cations was ~4% of all ionization
events irrespective of the particle type and its energy. In the
case of geminate recombination, e~ + H,O* — H,O", the
excited water molecule is assumed to reorganize as the excit-
ed state A'B;.%”

Chemical stage

A step-by-step approach was adopted for the chemical
stage starting at 107'%s to 107®s. This technique follows the
diffusion of each individual species within time steps of the
order of picoseconds.'"'¥ During each time step of length T,
water radicals and their products were allowed to diffuse
randomly with a diffusion coefficient D. Table 3 shows the

Table 4. Chemical reactions and values of reaction rate con-
stants £ (10' dm®mol™'s™).?” The reaction radius ¢ (nm) is
calculated by a = k/4n(Da+Dpg).

Reaction

(A +B) Products k a

OH + OH --->H,0, 0.6 0.1416
OH + €7y --->OH" 2.5 0.4525
OH +H --->H,0 2.0 0.2697
OH + H» --->H 0.0045 0.00076
OH + H,0, --->HO» 0.0023 0.00061
OH + HO, >0, 1.0 0.2753
OH + Oy --->0,+ OH" 0.9 0.2427
OH + HO>~ -->HO,+OH 05 0.1376
€7aq + € ag --->H, + 20H" 0.55 0.0807
eaq+H --->H, + OH™ 2.5 0.2873
€7aq + H:O" -->H 1.7 0.1664
€5 + H2O --->OH + OH~ 1.3 0.2564
€ s + HO; --->HO,~ 2.0 0.4066
€+ O ---> 0y 1.9 0.3804
€aq+ 02" -->O0H +HO, 1.3 0.2603
H+H --->H» 1.0 0.0944
H + H,0, --->OH 0.01 0.00144
H + HO; --->H,0, 2.0 0.2936
H+O0; --->HO» 2.0 0.2904
H+ OH™ -—-> €y 0.002 0.00022
H+ Oy --->HOs~ 2.0 0.2904
Hs;O0* + OH~ --->H,0 10.0 0.9439
H3;0" + Oy --->HO» 3.0 0.3571
H3;0" + HO,~ --->H,0, 2.0 0.2403
HO; + HO; --->H,0; + O, 0.000076 0.000025
HO: + Oy~ ---> 02+ HOy 0.0085 0.00274
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values of diffusion coefficients for 11 species. The root mean
square distance traveled, A, was calculated according toA =
(6D1)'?, and the actual distance was extracted from a Gaus-
sian distribution assuming a standard deviation of +10%.
The parameter A distributes around 0.1 nm for T = 1075 as
shown in Table 3. At the end of each time step, the pair of
species closer than their reaction radius were replaced by the
reaction products. Otherwise, the species diffuse with a ran-
dom direction. A reaction radius a for each pair of interact-
ing species A and B is derived by the relationship a = k/
4t(Da+Dg), where k is the reaction rate constant. If the dis-
tance between A and B is shorter than 2a, the reaction
occurs. In this work we considered 11 species and 26 chem-
ical reactions. Table 4 shows chemical reactions and values
of reaction rate constants k. The step-by-step technique is
very time-consuming, but it allows to keep control of the
spatial distribution of all species at all times, thus making it
possible for direct applications to biophysical calculations of
DNA damage. Our simulation codes have been used to
obtain quantitative information on the formation and evolu-
tion of various transient species produced in pure water
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between the present calculations and the published data. Calculations:

under normal condition (neutral pH, 1 atm, 25°C), using
electrons, protons and alpha-particles.

RESULTS

Time dependence of yields

The reliability of the electron code has been examined by
comparing with abundant experimental data. The time-
dependent yields of water radicals and molecular products
generated subsequent to irradiation of water with electrons
were calculated in the time range between 107> s and 107
s. Figure 1 shows calculated time-dependent yields of chem-
ical species OH, €7, H2 and H>O; produced by 1 MeV elec-
tron tracks (only the first 10 keV of the tracks were used for
the calculations) in comparison with various published data.
The initial number of species at 1072 s amounts to ~1,500
per electron track, averaged over five electron tracks, for
which the computing time was ~250 hours. The present cal-
culated G values (#species/100 eV) is shown by the solid
line, in comparison with the recent calculations by Ballarini
et al.'® (short dashed line) and Muroya et al.*” (long dashed
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Comparison of time-dependent yields of chemical species produced by 1 MeV electron tracks (the first 10 keV of the tracks only)

(this work);----------- (ref. 18); — — — — — (ref. 30). Experi-

ments: @ (ref. 55); x (ref. 56); A (ref. 35); [J (ref. 39) for OH. A (ref. 14); x (ref. 57); + (ref. 58); M (ref. 59); < (ref. 60); V (ref. 61); A
(ref. 62); [ (ref. 39) for € ag- & (ref. 8); V¥ (ref. 63); U] (ref. 39) for Hy. A (ref. 14); + (ref. 55); L (ref. 39) for H,O».
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line), and experimental data compiled by Muroya et al.
(symbols).

For OH yields, the old measured values®!?? (data not
shown) stand markedly above the data in the upper left pan-
el. Similarly we did not use the yield of €7,y measured by
Jonah et al.*3 as these were recently revised downward by
Bartels et al.* The standard values of the primary yields,
asymptotic limit at 107 s, for fast electrons at neutral pH and
25°C (average LET = 0.3 keVum™') are 2.80 for OH and
2.65 for €74q.”” The present values 2.80 and 2.59 obtained
from our calculations agree well with the corresponding
standard values, and the overall agreement is satisfactory.

Lower two panels in Fig. 1 present comparisons of time-
dependent yields between calculations and experimental
data for H, and H»>O,. The present calculations for H»O,
does not show an enhancement in the time range greater than
10® s. The primary yields 0.50 for H,O, were therefore
smaller than the standard values by 30%. The initial yields
(at 1072 s) of four species, HO,, O,, O,” and HO,", were
zero and unchanged over all time. While, the variation of
H30" and OH™ was similar to e7,q and H>O,, respectively.
For all species, the present calculations are much closer to
those of Muroya et al.*” than those of Ballarini et al.'® The
calculated data of Muroya et al.*” are in good agreement
with the experimental data. Such an agreement comes about
because the latter authors adjusted a number of parameters
of their calculations, such as the thermalisation distance, the
recombination cross section and the branching ratios used in
the TRACELE'>'® | in order to fit the experimental data. On
the other hand, we performed our calculations without any
fitting procedures. Data shown in Fig. 1 is a good indication
of new and better controlled experimental data are needed to
bench mark computer codes at a higher resolution.

The water radiolysis data for electrons is essential because
heavy ions loss energy by ejecting secondary electrons dur-
ing slowing down. The contribution of the secondary elec-
trons to energy deposition amounts to about 70% for the
MeV region of the projectile energy. Figure 2 shows the cal-
culated time-dependent yields of chemical species produced
by 1 MeVu™' protons and 1 MeVu™" alpha-particles. The cal-
culations were performed by simulating short ion track seg-
ments over which the energy loss of the initial energy of the
ions is 1% (~10 keV). The values of LETs are 26.5 and 105
keVum™ for 1 MeVu™' protons and 1 MeVu™" alpha-parti-
cles, respectively. The experimental data of the time-depen-
dent yields for such low energy ions are not available. How-
ever, the present calculations reproduce the experimental
yields for various chemical species at 107 s where the steady
state is realized.

LET and radiation type dependence of yields

Figures 1 and 2 demonstrate the time variations of the
yield of radicals and molecular products depend upon the
LET of the ionizing radiation. The decays of OH and e
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Fig.2. Calculated time-dependent yields of chemical species pro-
duced by the first 10 keV of the tracks only for 1 MeVu™' protons

(upper panel) and 1 MeVu™' alpha-particles (lower panel). System-
atic experimental data are unavailable except at 107 s.

with 1 MeVu™' protons and 1 MeVu™' alpha-particles are
more pronounced than those of the 1 MeV electron track. In
the early development of experimental radiation chemistry it
was generally believed that radiation chemical yields should
be simple functions of LET, but analysis of the dependence
of yields on track structure revealed a more intricate behav-
ior. It is now known that G value is not a unique function of
LET. That is, G values are different between radiations of dif-
ferent types even if they have the same LET, and especially
for heavy ions.*® Experimental yield of OH radicals in water
by irradiation of heavy ions with various LET has been
reported by Taguchi and Kojima.*” They obtained a G value
of 1.3 at about 1.5 x 107 s for carbon ions with LET = 105
keVum™, while for 1 MeVu™" alpha-particles with the same
LET (lower panel of Fig. 2) we obtained a value of 0.9. The
difference in G values at the same LET results from differ-
ences in the physical track structures of carbon ions and
alpha—particles. Recently, Yamaguchi et al. estimated the
yields of OH radicals in water irradiated by various heavy
ions using the deterministic diffusion model.*® In their model,
the differential yields were represented as a function of ion
energy. For 1 MeVu™ protons and alpha-particles, the Gon
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they estimate values of 2.2 and 1.2 at 10~ s and 1.1 and 0.6
at 10° s, respectively. The corresponding results from our
work, as shown in Figure 2, we obtain 2.4 and 1.8 at 107° s
and 0.7 and 0.4 at 10 s.

The suite of track structure codes we have developed
encompass a wide range of LET for electrons, protons and
alpha-particles. We performed a series of simulations in
order to investigate the influence of the LET and the radia-
tion type on the radiolytic yields. Table 5 lists the mean LET
values for radiation types and energies selected for the sim-
ulations. In the table AE denotes the percentage of energy
deposited in the first short segment of the track. The LET
values were selected to be logarithmically uniform in the
interval 0.2 to 235 keVum™. The primary yields denote the
yields of species remaining after, 10~ s, all the spur reac-
tions are completed give rise to various radicals.

Table 5. Mean LET for radiation types used. AE denotes the
percentage of energy deposited in the first short segment of
tracks in which LET was averaged. Total initial number of rad-
ical species produced in the segment was ~1,500 for a particle
of the MeV region.

Particle Energy AE Mean LET Number of
(%) (keVum™)  history
electron 1 MeV 1 0.19 5
electron 80  keV 1 0.5 30
electron 30 keV 4 1 30
electron 125 keV 15 2 20
electron 35 keV 30 5 20
electron 2 keV 60 10 30
'H 1 MeVu™ 1 26.5 10
'H 04 MeVu 2 50 10
*He 1 MeVu™ 0.25 100 10
“He 0.25 MeVu™ 1 235 10

Figure 3 shows the variations of calculated primary yields
at 107 s, for the species OH and H,O: (upper panel) and €
and H (lower panel) as a function of LET for each particle
indicated by ‘e’, ‘p’ and ‘o’. Lines are drawn in the LET
range covered by the same particle. Smooth variation
between different particles suggests that the dependence on
particle type is insignificant for such light ions in the rele-
vant LET range. The calculated values of Frongillo et al.'®
for protons and the measured yields of Elliot et al.*” for
electrons, Burns and Sims*” for protons and alpha-particles,
and Sauer et al.*V for deuterons and alpha-particles are also
shown for comparison. The results of our simulations for
OH and H,0, are in good agreement with the published data.
However, the discrepancies between the present calculations
and the data for €7, and H; are seen at the LET range greater

3.0
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Fig. 3. Variation of the yields (G values) at 10 s for various
species as a function of both LET and radiation type. LET < 10
keVum™ for electrons; 26 < LET < 50 keVum™ for protons; 100 <
LET <235 keVum™! for alpha-particles. Lines are separately drawn
for each radiation. Upper panel: OH and H>O,. Lower panel: ey
and Hy. Il (this work); x (ref. 16); =7 (ref. 39); A (ref. 40) for OH.
@ (this work); + (ref. 16); O (ref. 39); [] (ref. 40) for H,O,. Il
(this work); x (ref. 16); /(ref. 39); A(ref. 41) for e . @ (this
work); + (ref. 16); (ref. 39); (ref. 40) for Ha.

than 3 keVum™, where our data shows larger G for € ,q and
smaller values for H,. The consistency of the present simu-
lation was confirmed by using the material balance equation,
eq.(3), in which the Gy values decrease linearly from 0.55
to 0.24 with increasing LET.

GOH +2GH202 =Ge’aq +2GH2 GH (3)

Electron penetration

The distribution of the distances traveled by subexcitation
electrons undergoing thermalisation processes is an impor-
tant and critical point in the simulation of water radioly-
sis.***¥ In order to check the accuracy of the thermalisation
distance for subexcitation electrons we used, Monte Carlo
track structure calculations of electron penetration ranges
were carried out at initial energies between 0.1 eV and 100
keV. The penetration distances were constructed using the
code KURBUC for electron energies greater than 7.4 eV and
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Fig. 4. Variation of the electron penetration range in water as a function of initial electron
energy between 0.1 eV and 100 keV in comparison with various data. The error bars show
standard deviations of our Monte Carlo simulation results. For the sake of comparison, the pub-
lished penetration reported by Meesungnoen et al.* (dashed line), Konovalov et al.*> (A) and
Watt* (x ), and the penetration ranges simulated for electrons between 0.1 and 7.4 eV using the
amorphous ice scattering cross sections of Michaud et al.*® (dotted line) are also shown. These

data contain the errors as much as our value.

incorporating the single step motion of subexcitation elec-
trons which travel the thermalisation distance with a random
direction. We define the term ‘penetration’ as the length of
the vector from the point of departure to the final position
of the electron after thermalisation. It differs from the term
‘range’ which is customarily defined as the length of the
crooked path of the electron for the complete energy degra-
dation to thermal energy.

Figure 4 shows the present values of the electron penetra-
tion range as a function of initial electron energy in compar-
ison with the published data. The error bars attached to this
work represent standard deviations with ~ = 50% of the cor-
responding penetration ranges, which arise from the varia-
tion of the average thermalisation distance. The uncertainty
in our data is comparable to other model calculations. At
energies greater than 300 eV, our results agree well with the
Monte Carlo penetration ranges by Meesungnoen et al.*’
and the continuous slowing down approximation (csda)
ranges reported by Watt.*” The error bars in Meesungnoen
et al. data* shows 95% confidence intervals which are com-
parable with our data. This result is consistent with our pre-
vious conclusion that the inverse mean free path adopted in
various Monte Carlo track structure codes shows good
agreement at energies higher than a few hundred eV.*"** In
the energy region below 300 eV, our calculated electron pen-
etration distances are greater than those of Meesungnoen et
al.* Such a deviation reflects differences in the cross sec-
tions and the thermalization distance of subexcitation elec-

trons used. The uncertainties in cross sections based on
present models below 100 eV is very large amounting to
more than 30-40%.?

The present results in the subexcitation electron energy
range 0.5 and 2.5 eV show a better agreement with the
experimental data having an accuracy of * 20%,* while
overestimating by a factor of ~3 below 0.5 eV. The dotted
line for the energies below 7.4 eV was obtained by event-
by-event Monte Carlo simulation using the experimental
elastic and inelastic scattering cross sections of electrons in
amorphous ice of Michaud et al.*® The uncertainty in the
measured cross sections by Sanche group is estimated as *
25%. However, the simulation of random walk brings much
greater fluctuation amounting to about + 45% in the pene-
tration length than the uncertainties in the cross sections
themselves. The longer range implies the cross sections for
ice are smaller than those for liquid water. The penetration
distances for the electron energies lower than ~10 eV are
directly influenced with the choice of thermalisation dis-
tance. More detailed discussions on the role of low-energy
electrons will be given in the discussion section.

DISCUSSION

Cross sections for low energy electrons

Although for the spatial distributions of the ionized and
excited water molecules, the sources of the ensuing chemical
pathway, we use the code KURBUC, but in the absence of
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a rigorous solution of energy loss in condensed phase from
the ‘First principle’, any discussion of liquid versus vapor
cross sections is accompanied with large uncertain-
ties.2222*47) In order to discuss this issue, calculations of the
G values at both the physical stage and the chemical stage
were performed using the electron code KURBUC and the
results are shown in comparison with the published data
obtained by other Monte Carlo track structure codes.

Figure 5 shows a comparison of the calculated G values
for ionization (HO") and excitation (H,Q") at the physical
stage (~107"% s) between the code KURBUC and the code
OREC.**) The accuracy of the Gio obtained by KURBUC
is verified by comparing with the experimental data (circles)
of Combecher’” along the curve for total ionization in water
vapor. The values of Gion and Gexe are almost comparable in
the energy range above 1 keV, 3.2 and 3.5, respectively. The
OREC code provides much larger yields 4.0 for ionization
and 4.6 for excitation. Alternatively the yield ratio of ioniza-
tion and excitation is expressed as 47:53 at 1 keV. Opposite
results are reported by Ballarini er al. using PARTRAC
code.'® Although, the relative ratio of 57 : 43 is derived but
the absolute values are lacking. Uehara et al. have compared
the inverse mean free path used in various track structure
codes.” No general agreement was seen among the codes
at energies below a few hundred eV for liquid water. The dif-
ferences arise mainly from the theoretical assumptions and
the choice of various essential input parameters used in the
codes. At present, it is difficult to set an absolute criteria for
establishing benchmarks and confirming the validity of all
input cross sections until a rigorous solution of the dielectric
response function of the liquid water as a function of energy
loss and momentum transfer has been obtained.*'** ¥

In order to check the effect of initial numbers and spatial
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Fig. 5. Total yields for ionization and excitation as a function of
initial electron energy calculated by the vapor code KURBUC in
comparison with those by the liquid code OREC.*** Circles along
the curve for total ionization in the vapor are taken from the mea-
sured W value.””

distributions of ionized and excited water molecules, the
time-dependent yields of radical species were evaluated for
the full-slowing-down tracks of 1 keV electrons. Figure 6
shows a comparison of the yields for OH (upper panel) and
€aq (lower panel) between the present work and other
codes.'®*) The yields at ~107' s are expected to seriously
depend on the physical track structure and the prechemical
model. The OH yields show differences at the early time <
107 s, although the decay characteristics for the times >
10 s are exactly the same between all calculations. The
variation of € ,q yields is dispersive in comparison with OH.
The dissociation scheme for ionized water molecule, H,O*
+ H,O — H30* + OH, is common in all models. Therefore,
the prechemical model on dissociation scheme and branch-
ing ratio plays an important role. Table 6 shows a compari-
son of electron cross sections and dissociation schemes for
excited states adopted by different groups. It is difficult to
conclude which is the most adequate scheme because of
scarcity of experimental data. At the chemical stage the rad-
ical species diffuse by Brownian random walk and approach
relatively uniform spatial distributions. Variation of the time-
dependent yields at this stage decreases because various
groups commonly use similar reaction schemes and chemi-
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Fig. 6. Time-dependent yields of OH (upper panel) and ey
(lower panel) following the full-slowing-down tracks of 1 keV
electrons. The yields calculated by three liquid codes were taken
from the literatures.'$>°"

J. Radiat. Res., Vol. 47, No. 1 (2006); http:/jrr.jstage.jst.go.jp

810z Jaquialdag 90 uo Jesn uebiyoi 10 AlisiaAiun AQ S995+6/69/ 1/ 10ensqe-ajonie/lil/uwod dno-olwspeoe//:sdyy Wwolj papeojumod



78 S. Uehara and H. Nikjoo

Table 6. Electron cross sections and dissociation schemes
for excited states adopted by different groups.

this work ref. 18 ref.29 ref. 51
electron cross sections vapor liquid liquid liquid
H,O*

H+ OH 75%
H,+O 25%
H,O* (A'By)
HO 25% 35% -
H+ OH 75% 65% 100%
H,O* (B'A))
H,O 45% 23% -
H30"+OH+e g — 50% -
H+ OH - 20% -
2H+O - 39% -
H,+O - - 100%
H, + H,0, 55% 32% -
H,O* (Ry,db,de)
HO 23% 50% -
H+ OH 20% - -
H;0"+OH+e g 57% 50% 100%

cal parameters. The major factor which dominates the sim-
ulation of water radiolysis is therefore calculation models
and parameters adopted in prechemical and chemical pro-
cesses, rather than the generator of the physical track.

Role of low-energy electrons

At low electron energies a quantitative description of elec-
tron transport in liquid water is still a challenging problem,
due mainly to the scarcity of reliable scattering cross section
data. Ballarini et al.'"® have approximated the mean thermal-
isation distance <ruerm> on the electron subexcitation energy
E by a straight line, <rperm> =1.8E based on the model pro-
posed by Ritchie et al.’® The thermalisation distance of
Meesungnoen et al. ** has been obtained by event-by-event
basis from the initial energies of subexcitation electrons
until they get thermalized. The elastic and inelastic scatter-
ing cross sections used for the subexcitation electrons were
based on the data of Michaud and Sanche obtained from
slow (1-18 eV) electron-impact experiments on thin amor-
phous ice film condensed at 14 K.%*% However, Meesung-
noen and colleagues increased these by an arbitrary factor of
2 to account for the differences between solid- and liquid-
phase cross sections. Cobut et al. also have stated that solid
cross sections had to be increased by a factor of two in order
to reproduce the observed time dependence of the yield of
hydrated electrons (€7q)."”

Figure 7 shows the average thermalisation distance of
subexcitation electrons as a function of electron energy.

0 ———t¥F 77

Terrissol & Beaudre
80 I — — -Ralarnietal
~~~~~ Meesungnoen et al 4

50 f  -eeeeeee Michaud et al 7

40 |- .

Thermalisation distance {(nm)

Electron energy (eV)

Fig. 7. Variation of the thermalisation distance of subexcitation
electrons in water as a function of initial electron energy < 7.4 eV.
The solid line represents the thermalisation distance of Terrissol
and Beaudre'? which is used for the present work. The long dashed
line (Ballarini et al.'®) and the short dashed line (Meesungnoen et
al®y are taken from the literatures. Dotted line was obtained by
Monte Carlo simulations using the experimental scattering cross
sections of electrons in amorphous ice of Michaud et al.*® Standard
deviations of all data are estimated ~ + 45%.

Standard deviations of all data are estimated to be ~ £ 50%
of the corresponding distance at all energies. The thermali-
sation distances used by Ballarini e al.'" and Meesungnoen
et al.*¥ are shorter than our data. We estimated the thermal-
isation distances using the newly reported amorphous ice
cross section data of Michaud et al.*® The latter authors pro-
vide new data for electron energies up to 100 eV but those
in the subexcitation energy range are almost the same as the
previous reports.’*>* Although Michaud and Sanche did not
present thermalisation distances explicitly, we calculated the
thermalisation distances of their data by Monte Carlo simu-
lation method using their published cross sections. In our
work we did not multiply the solid cross sections by a factor
2, therefore the calculated distances show more than twice
enhancement in comparison with other data for the liquid
phase. If the factor 2 was taken into account, the thermaliza-
tion distances will be reduced by a half and approaches the
data of Terrissol and Beaudre.

The effect of thermalisation distance on the time-depen-
dent yield was investigated by adopting the shorter thermal-
isation distances of Ballarini ef al. and the longer ones of
Michaud et al. In both cases, the calculated yield of OH rad-
icals shows similarity to the data of Terrissoll and Beaudre.
The shorter thermalisation distance data provide a faster
decay yields for €74 as a function of time in contrary to the
longer thermalisation distances. This result is reasonable
because spatial distributions of €74 (hydrated electrons)
formed at the end of the track of e s (subexcitation elec-
trons) widely extends. It is concluded that the choice of ther-
malisation model in this work is appropriate if keeping the
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other parameters of the prechemical and chemical stage
unchanged.

CONCLUSIONS

In this paper we described the development of a new
chemistry code which simulates the prechemical and chem-
ical stages of ionising radiations in liquid water. The code is
based on our database for the simulation of tracks of elec-
trons and ions. A step-by-step Monte Carlo method was
adopted for the chemical stage. Simulation of such events
consumes large cpu’s and amounts to several hundred hours
for 1 MeV electrons. Our simulation codes were used to
obtain quantitative information on the formation and evolu-
tion of various transient species produced in pure neutral
water under normal conditions for electrons, protons and
alpha-particles. The yields of radiolytic species, such as OH,
€ g, H, H2 and H>O,, were calculated from 1072 to 107 s.
The time dependent yields for the species for 1 MeV elec-
tron tracks (only the first 10 keV was used) were compared
with the recently compiled theoretical and experimental
data. LET effects on the primary yields at 10° s were stud-
ied using short segments of charged particle tracks in the
range 0.2 — 235 keVum™'. The present calculations for OH
and H»O, agreed with experimental data for a wide range of
LET. On the other hand our simulations provided greater pri-
mary yields for €74 compared to the published data by
~10%. The electron penetration ranges were evaluated to test
the effect of various thermalisation distance for subexcita-
tion electrons. Finally, it is concluded that the dominant fac-
tor which influences the simulation of water radiolysis is the
treatment of prechemical and chemical stages, not necessar-
ily in the physical track structure. The present chemistry
code enables us to investigate the radiation-induced biolog-
ical and molecular effects in radiation chemistry and biolo-

8y-
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