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MonteCarlo  Simulation of  Water  Radiolysis fOr
  Low-energy  Charged Particles

Shuzo UEHARAt"  and  Hooshang  NIKJO02

Monte  Carlo track structurefWater  radiolysisrl]ime-dependent  yieldstLET  dependence of  primary

yieldstElectronpenetration.

    The  paper describes the development  of  chemical  rnodules  simulating  the prechemical and  chemical

stages  of  charged  particle tracks in pure liquid water.  These calculations  are  based on  our  physical track

stmcture  codes  fbr electrons  and  ions (KURBUC, LEPHIST  and  LEAHIST)  which  provide the initial spa-

tial distribution of  H20', H20'  and  subexcitation  electrons  at  -JIO-iS s. We  considered  11 species  and  26
chemicat  reactions.  A  step-by-step  Monte Carlo approach  was  adopted  for the chemical  stage  between
10'i2 s and  106 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  caleulated,  The cal-

culated  primary yields (G values  at 106 s) of  2.80 fbr OH  and  2.59 for e'.  for 1 MeV  electrons  are  in

good agreement  with  the published values. 1[Ihe calculated  G  values  at 10'6 s for a wide  range  LETs  from
of  O.2 to 235 keVpm'i were  obtained.  The calculations  show  the LET  dependence for OH  and  H202. The
electron  penetration ranges  were  calculated  in order  to discuss the role  of  low energy  e]ectrons.

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.i4) 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
mojecular  damage. The  authors  have developed a  suite  of

codes  generating physical track  for electrons  (KURBUC  -

10 eV  to 10 MeV),5) protons (LEPHIST-1 keVu'i to 1
MeVu'i)6) and  alpha-particles  (LEAHIST - 1 keVU'i to 2

MeVin'])7) in water.  The  ion codes  provide both the track

segment  and  the fu11-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
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ionised and  excited  water  molecules  and  subexcitation  elec-

trons at -JIO'i5 s. Subsequently, the species  quickly relax

during the prechemical stage  which  extends  from 10']5 to
."10'i2 s. Over this time interval, the secondary  electrons

become  thermalizecl  and  subsequently  hydrated while  the

ionized and  excited  water  molecu]es  undergo  transforma-

tions which  iead to the  forrnation 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 1O'i2 and  -JlO'6s is
highly nonhornogeneous.  Historically, the  analytical  diffU-

sion  models  for the radiation  chemistry  of  aqueous  solutions

have been proposed.g'9) 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,iO'i8)  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 2o kevpm'i.iS,i6}

  At the  heart of  the  development  of  the  chemistry  code  lies

the production of  secondary  electrons  and  the initial distri-

butions of  ionizcd and  cxcited  specics,  In this work  wc

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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discuss the LET  dependence of  the primary yields (G values
at  10'6 s) for a  wide  range  up  to 235 keVum-i.

  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  fbr the thermalisation
distance have been proposed by many  groups, In this work
we  have used  the thermalisation  distance model  given by

Tenissol and  Beaudre.i2) This choice  is examined  by the

penetration distances for low-energy electrons  in the range
between O.1 eV  and  1OO keVL We  also  provide data on  the

total yields fbr ionization and  excitation  at  the physical
stage, and  the time-dependent G  values  of chemical  species

fbr 1 keV electrons  and  compare  whh  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 comprehensiye  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/S) 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 eVi9)  using  the refiection  techniques

and  a new  set of  measurements  by Hayashi and  colleagues

in the 7-160 eV20)  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
1{quid water  can  be used  to construct  a model  of dielectric
response  function and  in turn  inelastic cross  section  mod-

el.23) In the absence  ofa  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.24) Inelastic cross  sec-

tions for ionizations and  excitations  were  compiled  from  difl

ferent sources  fbr low- and  high-eneTgy e]ectrons. Spectra
and  ungular  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 He2'. As  charged  particles pass through  matter,  they

lose energy  primarily through  collisions  with  bound  elec-

trons. Ionization cross  sections  for the  prejectile and  second-

ary  electron  energies  are  needed  to fol]ew the  history of  an

incident particle and  its products, covering  ali 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

(O.3 MeVu'i), 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 HO, Hee and  He' are therefore needed

for a precise track simulation  of  low energy  ions,

  Tlable 1 shows  the products after  completion  of  the phys-
ical stage fOr various  projectiles and  energies. Excited water
molecule,  H20', are divided into three groups: AiBi, BiAi
and  (Ry,db,de) including Rydberg states (Ry), difi'use bands
(db) and  dissociative excitations  (de). The differences bet-
ween  our  calculations  and  others  such  as  RPLRTRAC  code

for the yields of e' sub  and  H20' is insignificant.iS) However,
there are significant differences with  the PARTRAC  code  in

partitioning of excitations ( -"1O%). 1[his difference is mainly
due to the differences between the set of  excitation  cross

sections  used.  For protons and  alpha-particles, the origin of

e'sub, H20' and  H20' is discriminated between the ions and
the secondars,  electrons  ejected by ion impact ionization.
The  effect of charge  transfers were  calculated  fOr low energy
ions down  to 3 keVU'i. 1[1ie electron  capture  and  the electron

loss of  projectiles contribute  to the 1arge yields of H20' and

e',.b, respectively.  At  higher ion energies  the yields of  e'sub

and  H20' formed by ionization increase due to the energetic
secondary  electrons. The variation  of  relative yields of  prod-
          *.
ucts  via  H20  is small  over  abroad  range  of  energies  and

particle types.

Prechemicatstage

  In the prechemical stage, during the period between 10'i5
- 10'i2 s, the products after compietion  of the physical stage,
e'sub, H20'  and  H20'  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.i8)

has given a comparison  table of the dissociation schemes

adopted  by  different groups such  as  [Ibulouse,i2) London,26)

Sherbrooke,iS'i6) Oak  Ridge,t(}'ii) Tbkyo,i3'i7) and  Milano.i8)

As  different codes  use  different set of electron inelastic scat-
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Table  1. Products  aftcr  completion  of  the physicul stage

(subexcitation electrons,  ionised water  molecules  and  excita-

tions:  AiBi,  BiAi, Rydberg  states  (Ry); diffuse bands  (db) and
dissociativeexcitations(de)).

ParticleEnergy e  subH20+

Table  2. Dissociation schemes  and  branching  ratios,

Physical Product

e su[i

Decay  Channel Probability (%)

AIBIH,os

H20'

e ugH30+

 +  OH

1001OO

BIAI(Ry,db,de)H20'

Electron200
 cV1kcV10

 kcV1

 MeV

34.1%34.232.733.929.S%33232.633.912.1%11.811.6ILI4.6%3.03.93.6l9.7%17.8192

AIBI H!OH+OHH20H]

 +  H202

2575

BIAI 4555

17.S
(Ry.db,de)

koton3keMJ[

10keW':

100 keVu'"

1 MeVu'i

(total) 30.9

(ion) 30.5

c2"d-e) o.4

(total) 26.1

(ion) 24,6

(2'id.e) 1,5

(total) 31.5

(ion) 16.8

(2"d-e) 14.7

CtotuL) 32.9

(ion) 13.6

(2'id-e) 19.3

51250.8O,446,O44.51.531.516.814,732,9l3,619,3522.03,27,72.55211.7O.6ILI10,8O.410.42.21.7O.53,122O.94.0O.73.33.7O.53.210.S8.81.717.113.53.621,36.814,519.75,314,4

Alpha-particle

H20H+OHH30'

 +  OH  +  el,q

3 keVu'i(totul)40.8

Oon) 4e.O

(2'id-e) e.8

43,642.8O.86.7O.95.S1.6O.8e.s 7,34,13,2

232057

10kevu'i

100kevu'i

1 MeVti'i

(totul) 33.4

(ion) 30.t

(2iid-e) 3.3

(total)33.6

(ion) 15.5

(2iid-e) t8.1

(total)342

(ion) 11.9

(2"d-c) 22.3

38,735.43.331213.118.134.111.822.39.6L58.l12.30212.11'1.'1O.11LO32L51.74.0O.23.83.5O.13.415.18,56,618.92.516.417.11215.9

tering cross  sections,  authors  are  forced to adopt  different

assumptions  on  the branching ratios  in order  to produce con-

sistent G  values  fbr 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.b,  H20',

H20' consisted  of AiBi  and  (Ry,db,de). The  Oak  Ridge

model  fOr the BiAi  level use  a  branching ratio  of  1.0 to H2

+  H202. in this work  for the branching ratio  we  use  O.55 to
H2  +  H202  and  O.45 to H20  in order  to reproduce  consistent

G-values for various  radical species  produced by electrons,
Zible 2 shows  dissociation schemes  and  branching ratios  for
the physical products: e'sub, H20' and  H20*.

  For the spatial distribution of  chemical  products at the

precbemical stage  we  assumed  the same  spatial  distribution
fOr the products fOrmed by alpha-particle impact because
accurate  data are unavailableiS'26). All ionized water  mole-

cules  were  assumed  to dissociate fo11owing the H20' + H!O
-  H30' + OH  scheme.  The displacement of H20', at the
time of reaction, from its site of production is chosen  from
a Gaussian distribution with  a mean  displacement of  l.5 nm,
The H30' is assumed  to be at the same  position as the H20'
and  the OH  radical is positioned with  random  orientation  at

a distance of O.29 nm.!6)  ln the dissociation of an  excited

water  molecule  into H  and  OH  radicals  the products are

assumed  to be separated  by O.87 nm  on  a randomly  orien-

tated line centered  at the original  site of H20'.26) Excitations
which  lead to autoionizations  are  treated  in the same  manner
  ttt  -t
as  ionizations.  In the mechanism  H20  -  H2  +  H202, we

place one  H202 species  at the interaction position and  H2 i's

positioned at  a  distance of  O.36 nm.iS)  The  radicals  and  ions

except  e'aq  were  described by  a  Gaussian distribution with  a

standard  deviation of  O.75 nm,  as used  by Schwarz8) and

Green et  al.]7)  The  displacement values  for ali  species  are

much  smaller  than  the mean  distance between  neighboring

energy  deposition points in the  physical stage.  Therefore, the

present setting  does not  cause  a  serious  effect  on  the  calcu-

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.,  Vo]. 47, No. 1 (2006); http:tCjrrjstage,jsLgo,jp

NII-Electronic  



The Japan Radiation Research Society

NII-Electronic Library Service

The  JapanRadiation  Research  Society

72 S. Uehara and  H. Nikjoo

mal  energies  (-O.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 [Ibrrissol and  Beau-

dre,i2) 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+O.964E+1.362E2-O.134E3 with  an  overall uncertainty

of  ± 50%  for all  n

  The recombination  of  subexcitation  electrons  with  their

parental ions is in competition  with  the thermalisation pro-
cess.  Upon  thermalisation the electron  is sepurated  from its

geminate positive ion by a distance r, although  they are cou-
lombically bound together. 1[:he probability of escape,  Pesc,

which  depends on  the dielectric constant  of the 1iquid, s, and

on  r  is given by

  4,.=e"t'h' (1)

where  r. is the Onsager distance defined by

        e2

                                        (2)  4=---
     4nEoe,kT

where  e is the electronic  charge,  &D is the dielectric constant

of  free space, E, is the relative dielectric constant  of  liquid
water,  k is the Beltzmann  constant  and  T  the temparature.2g)

The value  of  r, is O.70 nm  for E, =  80 for liquid water  at

250C. The probability of recombination  of subexcitation

Table 3. Radical species  and  values  of  diffrLsion coefficients

D  (10'Pm?s'i).!g) The root  mean  square  distance traveled X

(nm) was  calculated  according  to X = (6DoLi2.

electrons  with  their parent cations  was  N4%  of  al1 ionization

events  irrespectiye of  the  particle type  and  its energy.  In the

case  of  geminate recombination,  e'  +  H20'  -  H20', the

excited  water  molecule  is assumed  to reorganize  as  the exeit-

ed  state  AiBi.29}

Chemicalstage
 A  step-by-step  approach  was  adopted  for the chemical

stage  starting at 10't2 s to 10'6 s. This technique follows the
diffusion of  each  individual species  within  time steps  of  the

order  of  picoseconds.ii'iS) During each  time  step  of  length T,
water  radicals  and  their products were  allowed to diffuse
randomly  with  a difTusion coerncient  D. Table 3 shows  the

x(T
 =  1O'i2s)

O.130O.164O.205O.232O.173O.115O.110O.112O.173O.112O.110

Tab)e 4. Chemica] reactiens  and  va]ues  of  rcaction  ratc  con-

stants  k (10iO dm3mol'is'i),Z9) The reaction  radius  a  (nm) is
calculated  by a  =  k/4z(DA+DB).

Reaction
           Products k a
<A+B)

Species

OHe'aqHH]O'H2H?02H0202OH-

oi'

H02'

D

2.84.57.09.05.02.22.02.15.02.12.0

OH+OHOH

 +  e'ag

OH+HOH

 +  H.0H

 +  H202

OH+H02

OH  +  02'

OH  +  HO,'

eug+euu

e'ag +  He'aq

 +  H30'

e'aq  +  H20

e ug  +  H02

e'aq +  02e'aq

 +  02'

H+HH

 +  H202

H+H02H+O,H+OH-H+02'H30'

 +  OH'

H]O+  +  Ol-

H30+  +  HO]'

H02+H02

H02  +  02'

---> H202

---> OH'".>

 H20-->

 HJ-->

 H02-->

 o]-->

 O, +  OH'

--> H02  +  OH-

--->
 Hl  +  20H-

---> H2 +  OH'

r-> H...>

 OH  +  OH-

---> HO,'

.TT> 02'...>

 OH-  +  H02'

---> H2-->

 OH...>

 H201

...> H02--->

 e'
    

t---->

 HO.-

...> H20...>

 H02--->

 H]02

mTfi> Hz02  +  02
..-> 02 +  H02'

O.62.52.0O.O045O.O0231.eO.9O.5O.552.51.7L32.01,91.31,OO,Ol2.02.0O.O022.010.03.02.eO.OOO076O.O085O.1416O.4525O.2697O.OO076O.OO061O.2753O.2427O.1376O.080702873O.1664O.2564O.4066O.3804O.2603O.0944O.OO144O.2936O,2904O,OO022O,2904O.9439O,3571O,2403O.OOO025O,O0274
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values  of diffiision coecacients  for 1 1 species.  The  root  mean

square  distance traveled, X, was  calculated  according  to X =

(6DOii2, and  the actuat  distance was  extracted  from a  Gaus-
sian distribution assuming  a standard  deviation of ±10%.

1[he parameter X distributes around  O. 1 nm  for T =  10'i2 s 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  ditTuse 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  =  ld
4n(DA+DB), 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.  TlaLble 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 al1 times, thus making  it
possible for direct applications  to biophysical calculations  of

DNA  damage.  Our  simulation  codes  haye been used  to
obtain  quantitative information on  the fOrmation and  evolu-

tion of  various  transient species  produced in pure water

under  normal  condition  (neutral pH, 1 atm,  25eC), usmg

electrons,  protons and  alpha-particles.

RESULTS

71me dependence ofyields
  The  reliability  of  the electron  code  has been  examined  by

comparing  with  abundant  experimental  data, The  time-

dependent yie]ds of  water  radicals  and  molecular  products

generated subsequent  to irradiation of  water  with  electrons

were  calculated  in the time  range  between  1O'i?s and  10'6

s. Figure 1 shows  calculated  time-dependent yields of  chem-

ical species  OH, e".q, H2  and  H202  produced  by 1 MeV  elec-

tron tracks (only the  first 10 keV  of  the  tracks  were  used  fdr

the calculations)  in comparison  with  various  published data.
The initial number  of  species  at  1O'i2 s amounts  to e-1,500

per electron  track, averaged  over  five electron  tracks, for

which  the computing  time was  e-250 hours. TIhe present cal-
culated  G  values  (#speciesllOO eV)  is shown  by the solid

line, in comparison  with  the recent  calculations  by Ballarini

et  al,iS) (short dashed ]ine) and  Muroya et  al.30)  (long dashed
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Fig. 1. Cornparison of  time-dependent  yields of  chemical  species  produced by 1 MeV  electron  tracks  (the first 10 keV  of  the  tracks  on]y)

between the present calcu]ations  and  the published data. Calculations: (this work);-----------(ref.  1 8); - - - - - (ref. 30). Experi-

ments:  O  (ref. 55); x  (reL 56); AL(ref. 35); M  (re£  39) for OH,A  (ref. 14); x  (ref. 57); +  (ref. 58); -  (reL 59);Q  (ref, 60); V  (ref. 61); A
(ref. 62); M  (ref. 39) for e',,. A  (ref. 8); Y(ref. 63); M  (reL 39) for H2. A  (ref. 14); +  (ref. 55); M  (ref. 39) for H]02.
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line), and  experimental  data compiled  by Muroya  et  al.

(symbols).
  For OH  yields, the old  measured  values3i'32)  (data not

shown)  stand  markedly  above  the  data in the upper  left pan-
el. Similarly we  did not  use  the yield of  e'.q  measured  by
Jonah et  at.33,34} as  these were  recently  revised  downward  by

Btirtels et  al.]S) The  standard  values  of  the primary yields,
asymptotic  limit at  10-6 s, for fast electrons  at neutral  pH  and

250C  (average LET  =  O.3 keVpm")  are  2.80 for OH  and

2,65 for e'.q.30)  The  present values  2.80 and  2.59 obtained
from  our  calcu]ations  agree  well  with  the corresponding

standard  values,  and  the overall  agreement  is satisfactory.

  Lower  two  panels in Fig. 1 present comparisons  ef  time-

dependent yields between calculations  and  experimental

data for H7. and  H202. The  present calculations  for H202
does not  show  an  enhancement  in the time range  greater than

10'g s. The  primary yields O.50 for H202 were  therefore

smaller  than  the standard  values  by 30%. The initial yields
(at 10'i2 s) of  four species,  H02, 02, Oi and  H02', were
zero  and  unchanged  over  al1 time. While, the variation  of

H30'  and  OH'  was  similar  to e'.g and  H202, respectively.
For al1 species,  the present calculations  are much  closer to

those of  Muroya et  al.30) than those of  Ballarini et  al,ig) The

calculated  data of Muroya  et al.3U) 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 TRACELEiS'i6)  

,
 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 resolutjon.

  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  

i
 protons and  1 MeVu'i 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

keVpm'i for1 MeVui  protons and  1 MeVU'i  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  1 Oth s where  the steady

state is realized.

LET  and  radiation  o'pe 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.  1[he decays of  OH  and  e',q
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Fig. 2. Calculatedtime-dependent yie]ds ofchemical  species  pro-
duced by the first IO keV of  the tracks only  for 1 MeVu' 

[
 protons

(upper panel) and  1 MeVu  
'J
 alpha-particles Oower panc]). System-

atic experimental  data are  unavailuble  except  at 1O'h s.

with  1 MeVu'i  protons and  1 MeVU'i  alpha-particles are

more  pronounced than those  of  the 1 MeV  electron  track. In

the early  development of  expeTimental  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 stmcture  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

fbr heavy ions.36) Experimental yield of  OH  radicals  in water

by irradiation of  heavy ions with  various  LET  has been
reported  by [faguchi and  Kejima.37} 1[hey obtained  a G  value

of  1.3 at  about  1.5 × 10'8 s for carbon  ions with  LET  =  105

keVpm-i,  while  for 1 MeVU"  a]pha-panicles  with  the same

LET  (lower panel of  Fig. 2) we  obtained  a  value  of  O.9. The

difference in G  va]ues  at the  same  LET  results  from differ-

ences  in the  physicai track  structures  ef  carbon  ions and

alpha-particles.  Recently, Yamaguchi  et  al.  estimated  the

yie]ds of  OH  radicals  in water  irradiated by  various  heavy

ions using  the deteministic diffusion model.38'  In their model,
the difTerential yields were  represented  as  a  function of  ien
energy.  For1  MeVuiprotons  and  alpha-particles, the GoH
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they  estimate  values  of  2.2 and  1.2 at 10'9 s and  1.1 and  O.6
at  10'6 s, respectively.  The  corresponding  results from our
work,  as  shown  in Figure 2, we  obtain  2.4 and  1.8 at 109s

and  O.7 and  O.4 at  1O'6 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 inyestigate the  influence of  the LET  and  the radia-

tion type  on  the radiolytic  yields. [[hble 5 1ists the mean  LET

values  for radiation  types  and  energies  seiected  for the  sim-

ulations.  In the table AE  denotes the percentage of energy

deposited in the first short  segment  of  the track. The  LET

va]ues  were  selected  to be logarithmica]ly unifOrm  in the

interval O.2 to 235 keVpm'i. The  primary yields denote the

yields of  species  remaining  after,  10'7 s, al1 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 initia] number  of  rad-

 ical species  produced in the segment  was  -1,500 forapanicle

 of  the MeV  region.

                   AE  MeanLET  Numberof
Particle Energy
                   (%) (keVpm'") history

electronelectronclectronelectronelectronelectronIHIH4He4He18C}30MeVkeVkeV

12.5 keV3.5

 keV2

 keV1

 MeVu'i

O.4 MeVu"

1 MeVu'i

O.25 MeVu'i

11415306012e251O.19O.5125]e26.5501OO23553e3020203010101010

  Figure 3 shows  the variations  of calculated  primary yields
at 10'6 s, for the species  OH  and  Hz02  (upper panel) and  e'ug

and  H2  (lower panel) as  a  function of  LET  for each  particle
indicated by 

`e',

 
`p'

 and  
`or'.

 Lines are  drawn in the LET
range  covered  by  the same  particle. Smooth  variation

between different panic]es 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.i6)

for protons and  the measured  yie]ds of  Elliot et  al.39) for

electrons,  Burns and  Sims40) fbr protons and  alpha-particles,

and  Sauer et  at.4i)  for deuterons and  alpha-paTticles are  also

shown  for comparison.  The  results  of  our  simulations  for

OH  and  H20! are  in good  agreement  with  the published data.

However, the discrepancies between  the present calculations

and  the data for e'uq  and  H2  are  seen  at  the LET  range  gveater

anq.:RB8:en.9ooQee

ut"9tiso8:ea.Qemaeo

3.02.52,O1.5ri.oO.5

o,o

3.0

2.52.0d,51.0O.5o.e

O,1 t 10 leo rioeo

o.ri 1 te teo loeo

                   LET  (keVum'")

Fig. 3. Variation of  the  yields (G values)  at 10'6 s for various
species  as  a  function of  both LET  and  radiation  type, LET  <  10
keVpm'i  for electrons;  26  <  LET  <  50 keVpm'i for protons; 1OO <
LET  <235  keVpm  

i
 for alpha-particles, Lines are  separately  drawn

for each  radiation.  Upper pane]: OH  and  H202. Lower panel: e'aq
and  H2. -  (this work);  x  (ref. 16); v  (ref. 39); A  (ref, 40) for OH.
e  (this werk);  +  (ref. 16); O  (ref, 39); D  (reL 40) for H20?. 1
(this work);  x  (ref. 16); v(reE  39); A(ref. 41) for e'..  e  (this
work);  +  (ref. 16); (ref, 39): (ref. 40) for H2.

than 3 keVpm'i, where  our  data shows  larger G  foT e-aq  and

smaller  values  for H2. The  consistency  of  the present simu-

lation was  confirmed  by using  the material  balance equation,

eq.(3),  in which  the GH values  decrease linearly from  O.55

to O.24 with  increasing LET.

GoH +2GII2o]  
=
 Ge'aq +2GH?  GH ' (3)

Electronpenetration

  [[1ie 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.42･43) In order  to check  the accuracy  of  the thermalisation

distance for subexcitation  electrons  we  used,  Monte  Carlo
track structure  calcu]ations  of  electron  penetration ranges

were  carried out at initial energies  between O.1 eV  and  100
keV  The  penetration distances were  constructed  using  the
code  KURBUC  for electron  energies  greater than 7.4 eV  and

J, Radiat.  Res., Vol, 47, No. 1 (2006); http:tlirrjstagejst.gojp

NII-Electronic  



The Japan Radiation Research Society

NII-Electronic Library Service

TheJapanRadiation  Research  Society

76 S. Uehara and  H.Nikjoo

-Es['40.-s-28g8fi

lo6

le5

ao4

to3

10!

lei

aoo

 -a10
    .1
  10 leO 10f ao2 lo3 ri04 lo5

                             lnitialelectronenergy (eV)

Fig. 4. Variation of  the  electron  penetration range  in water  as a  function of  initial electron

energy  between  O.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-
]ished penetration reported  by  Meesungnoen  et al.43] (dashed line), Konovalov el at.4S) (A) and

Watt44) ( x  ), and  the penetration ranges  simulated  for electrons  between O,1 and  7.4 eV  using  the

amorphous  ice scattering  cross  sections  of  Michaud et al.46} (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-
datien 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  -J ± 50%  of  the cor-

responding  penetration ranges,  which  arise  from the varia-
tion of  the average  thermalisation  distance. The uneertainty

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.4])

and  the continuous  slowing  down  approximation  (csda)
ranges  reported  by Watt.44) 1[he error  bars in Meesungnoen
et  al. data43) shows  95%  confidence  intervals which  are  com-

parable with  our  data. This resu]t  is consistent  with  our  pre-
vious  conclusion  that the inverse mean  free path adopted  in
various  Monte  Carlo track structure codes  shows  g(}od
agreement  at  energies  higher than  a  few hundred eV.2i･24) In
the energy  region  below 300 eV  our  calculated  electron  pen-
etration  distances are  greater than those of Meesungnoen et
al.4])  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 30-4o%.22}

  The present results in the subexcitation  electron  energy

range  O.5 and  2,5 eV  show  a  better agreement  with  the

experimental  data having an  accuracy  of  ± 20%,4S) while

overestimating  by a factor of  -J3 below  O.5 eVL  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,46)  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  cress  sections  for
ice are  smaller  than  those  for liquid water.  [[he penetratien
distances fbr the  electron  energies  lower than  -.10  eV  are

drectly infiuenced with  the choice  of  thermalisation dis-
tance. More  detailed discussions on  the roie  of  low-energy

electrons  will be given in the  discussion section.

DISCUSSION

Cross sections,for  tovv 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.2i･2]･24･47) In order  te 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 (H20') and  excitation  (H20') at  the physical
stage (-.10 i5 s)  between the code  KURBUC  and  the code

OREc.4S･49) The accuracy  of  the Gi.. obtained  by  KURBUC
is veTified by comparing  with  the experimental  data (circles)
of  CombecherSO} along  the curve  for total ionization in water

vapor.  The values  of  Gien and  Gexc are  almost  cornparable  in
the energy  range  above  1 keV, 3.2 and  3.5, respectively.  The

OREC  code  provides much  larger yields 4.0 fbr 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 et  al. using  RARTRAC

code.ig) Although, the relative ratio  of  57 : 43 is deriyed but
the absolute  values  are  lacking. Uehara et  al.  have compared
the inverse meun  free path used  in yarious  track  structure

codes.24)  No  general agreement  was  seen  among  the codes
at energies  below a  few hundred  eV  for liquid water. The  difl
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  al1
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.2i･22･ M)

  In order  to check  tbe 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 cede  OREC.4ts'4Y) Circles along

the curve  for total ionization in the vapor  are  taken  from  the mea-

sured  Wvalue.5V}

distributions of  ionized and  excited  water  molecules,  the

time-dependent  yields of radical species  were  evaluated  fbr
the fu]1-slowing-down tracks of  1 keV electrons.  Figure 6
shows  a  comparison  of  the yields for OH  (upper panel) and
e'aq  (lower panel) between the present work  and  other

codes.ig,2g･Si)  The yields at NIO'i2 s are expected  to seriously

depend  on  the physical track structure  and  the prechemical
model.  1[he OH  yields show  differences at the early time <

10'9 s, although  the decay characteristics  for the times  >

10-9 s are  exactly  the same  between  a]1 calculations.  1[Ihe
variation  of  e' .q  yields is dispersive in comparison  with  OH.
The  dissociation scheme  fbr ionized water  molecule,  H20'
+  H20  .  H30'  +  OH,  is common  in all models.  TherefOre,
the  prechemical model  on  disseciation 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 dithcult to
conclude  which  is the most  adequate  scheme  because of
scarcity  of  experimental  data. At  the chemical  stage  the  rad-

ical species  diff1ise 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  simi1ar  reaction  schemes  and  chemi-
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Fig. 6. panel) and  e'aq

(lower tracks of1keV

electrons.  The yields calculated  by three liquid codes  were  taken

frOM  the literatures.i8･29-Si)
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Table 6. Electron cross  sections  and  dissociation schemes

for excited  states  adopted  by different groups.

e]ectron  cross  sectionsthiswork

 ref,  18 ref. 29  ref.51

vaporliquid  liquid liquid

H20*

     H+OH

     H2+O

H20*  (AIBJ)
     H20

     H+OH

75%25%

25%75% 35%65%

H20*  (B]Ai)

     H20

     H30' +  OH  +  e'aq

     H+OH

     2H+O

     H2+O

     H2 +  HI02

100%

-EE8E.g-6Ge-tuEtss-

7060

45%

se4030

23%50%20%

2010

 3.9% -

" 100%

55%

H20'  (Ry,db,de)

     H20  23%

     H+  OH  20%

     HIO'  +  OH  +  e'aq 57%

32%  -

50%

so%  leo%

       o
        O12345S78

                     ELectronenergy (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  Terrissoi

and  Beaudrei2) which  is used  for the present work.  Tlre long dashed
line (Ballarini et  al.ig)) and  the short  dashed 1ine (Meesungnoen et

al.43)) are  taken from the literatures. Dotted line was  obtained  by
Montc Carlo simulations  using  the experimental  scatterLng  cross

sections  of  electrons  in amorphous  ice of  Michaud  et  al.46)  Standard

devi atiens  of  all data are  estimated  - ± 45%.

cal  parameters. The  major  factor which  dominates the sirn-
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 oflow-energy etectrons

  At  low electron  energies  a quantitative description ofelec-

tron  transport  in liquid water  is still a  challenging  problem,
due mainly  to the scarcity  of  reliable  scattering  cross  section

data. Ballarini et  al.i8)  have approximated  the mean  thermal-

isation distance <rthcrm> en  the electron  subexcitation  energy

E by a  straight  line, <rth.,.>  =1.8E  based on  the model  pro-
posed by Ritchie et  al.52) The therrnalisation distance of

Meesungnoen et al. 43) 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.S3'54) 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  (e-,q).iS)
  Figure 7 shews  the ayerage  thermalisation  distance of

subexcitation  electrons  as a function of  electron  energy.

Standard deviations of  all  data are  estimated  to be -J ± 50%
of  the corresponding  distance at all energies.  The  thermali-

sation  distances used  by  Ballarini et  ai.i8)  and  Meesungnoen

et al.43) are  shorter  than our  data. We  estimated  the thermal-

isation distances using  the newly  reported  amorphous  ice
cross section  data of  Michaud  et al.46}  The  latter authors  pro-
vide  new  data for electron  energies  up  to 1OO eV  but those
in the subexcitation  energy  range  are  almost  the same  as the

previous reports.53'54}  Aithough  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  [[errissol and  Beaudre.

  The  effect  of  thermalisation  distance on  the time-depen-

dent yield was  investigated by adopting  the shorter  thermal-
isation distances of  Ballarini et  aL  and  the longer ones  of

Michaud  et  al. In both cases,  the calculated  yield of  OH  rad-

ica]s shows  similarity  to the data of  [[]errissoll and  Beaudre.
The  shorter  thermalisation  distance data proyide a faster
decay yields for e'ap  as  a  function of  time in contrary  te the

]onger thermalisation distances. This result is reasonable
because spatial  distributions of  e'.q  (hydrated electrons)

formed  at  the  end  of  the track of  e',.b  (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 deve]opment  ef  a  new

chemistry  code  which  sirnulates  the  prechemical and  chem-

ical stages  or  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  te several  hundred heurs
for 1 MeV  electrons.  Our  simulation  codes  were  used  to

obtain  quantitative infbrmation 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 ofradiolytic  species,  such  as  OH,

e'eq, H, H2 and  H202, were  calculated  from 10'i2 to lo'6 s.
1[Ihe time dependent yields for the species  for 1 MeV  elec-

tron  tracks (only the first 1O keV  was  used)  were  compared

with  the recently  compiled  theoretical and  experimental

data. LET  effects on  the primary yields at 10'6 s were  stud-

ied using  short segments  of  charged  particle tracks in the
range  O.2 - 235 keVpm'i. The present calculations  fOr OH
and  H20] agreed  with  experimental  data for a wide  range  of

LET.  On the other  hand our  simulations  provided greater pri-
mary  yields for e .g compared  to the published data by
.J1O%. The electron  penetration ranges  were  evaluated  to test

the effect of  various  thermalisation distance for subexcita-
tion electrons. Finally, it is concluded  that the deminant 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  bielog-
ical and  molecular  effects in radiation  chemistry  and  biolo-

gy･
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