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Stochastic modeling of the radiolysis of water and of aqueous solutions employing simulated track structures
and the independent reaction times methodology is used to investigate the physical and chemical processes
underlying observed radiation chemical kinetics. The calculations accurately reproduce both the time dependent
yields of 4 and the scavenging capacity dependence of the (scavenged) yields, @M, H,, and HO,
measured experimentally. The local spatial distribution.@fie described by a Gaussian of standard deviation

4.0 nm. This distribution reflects the “thermalization” of the subexcitation electron. The value matches
recent experimental estimates but is somewhat wider than predicted in earlier (deterministic) studies. The
Gaussian distribution used forz&*, OH, H, and O has a standard deviation of 0.75 nm, which is of the
same order obtained previously using deterministic methods. This distribution is due to the distance traveled
between electronic collisions of low-energy45 eV) electrons and the fragmentation of the molecular cation,
H.Ot.

1. Introduction causing ionization or excitation. Low-energy daughter electrons

The irradiation of water is immediately followed by a period Ccreated in the ionization processes may then produce other
of fast chemistry whose short-time kinetics reflect the competi- i0nizations and excitations close to the primary event. The
tion between the relaxation of the nonhomogeneous spatial clusters of ionization and excitation events, known as spurs,
distributions of the radiation-induced reactants and their reac- &€ usually considered to be spatial isolated, since the mean
tions! A variety of experiments including direct absorption distance between primary energy loss events along the track of
studied8 and treatments involving the inverse Laplace trans- an energetic electron is large;rfa 1 MeV electron in liquid
form analysis of scavenger d&dare available in the literature. ~ Water the ratio of the inelastic to the total collision cross section
These experiments provide a great deal of information about iS ~0.7 and the mean free path between inelastic events is about
the chemistry occurring and contain the most directly available 0.364m.#~4
information about the consequences of radiation damage in The energy loss by an energetic electron is an essentially
water. However, these experiments do not provide sufficient stochastic phenomenon and is therefore amenable to simulation
information for a complete understanding of the radiation- using Monte Carlo techniques. In a recent pdpermethodol-
induced chemistry. Simulation of the nonhomogeneous kinetics ogy for modeling the tracks of energetic electrons was described.
provides insight into the physicochemical processes that deter-This technique models the trajectory of an electron, keeping
mine the initial “local” distribution of reactants and into the track of the position, size, and nature of the energy loss events
factors affecting the competition between the diffusion and the that mark the track of the electron. The calculations reported
reaction of the radiation-induced reactants. These methods alsdliffer from others in the literatut& 18 in that they employ
help in the elucidation of the energy loss properties of electrons realistic cross sections for liquid water. In particular, the
in water and of the effects of these processes on the structureelectronic contribution to the inelastic cross section is derived
and the chemical development of electron tracks. from the dipole oscillator strength distribution for liquid water

This study describes the use of stochastic simulation methodsand so correctly incorporates the effects of phase in the inelastic
to model the short-time radiation chemistry of water and of energy loss properties, i.e., the cross section is not simply that
aqueous solutions of scavengers for the hydrated electron andor density normalized gaseous watérAn additional facet is
the hydroxyl radical. The goal is to provide fundamental that the outcome of an electronic collision, that is, whether
information that can then be used to aid in the understanding ionization or excitation occurs, is determined from available
of more complex, complicated chemical and biological systems. data for the photoionization of liquid wat&t. The correct
A detailed comparison of the results of the calculations with experimental angular dependence of the cross section for elastic
experimental results is made to demonstrate the capabilities ofcollisions is employed rather than that suggested by a Rutherford
the techniques and to extract information about the local spatial cross section with Moliere screening. The details of the
distribution of the radiation-induced reactants and about the simulation methodology and the cross sections used are
reactions underlying the observed chemistry. described and discussed extensively in the earlier publicition.

2. Track Structure Simulation The excited molecular ions and molecules produced by the

transfer of energy from an energetic electron rapidly fragment
nd thermalize, while low-energy electrons slow, thermalize,

' trap, and solvate. Consequently, on the picosecond time scale

€ Abstract published ilAdvance ACS Abstractsuly 15, 1997. the track of an energetic electron appears as a series of clusters

As an electron passes through an agueous solution, its energ
is transferred primarily to the molecular electrons of the solvent
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of highly reactive radicals and ions. The physicochemical production of Hq", OH, and ;. This treatment of ionization
processes following ionization and excitation are poorly under- is common in modeling radiation chemical kine#fts° and
stood, and an acceptable theoretical treatment of these eventselies on the assumption that all single ionization excited ionic
is still required! In the following calculations, the effects of  states are rapidly converted to the $tate before fragmentation.
these processes are treated empirically by sampling from Two different types of excitation event are considered that result
Gaussian spatial distributions, which were parametrized to matchin the production of HOH or H,—O pairs, and the ratio of
the experimental data. Track structure simulations have beenthese pairs is know to be3:1 from the analysis of experimental
performed degrading all electrons to a minimum enefgyai, data3!

of 5 or 25 eV. In the former case, the value gf.a is less

than the smallest energy loss event that can result in an3. IRT Kinetic Method

ionization or an excitation. Fofsna = 25 eV, these processes . ) .

are still possible and an alternative treatment is necessary. An A high-energy electron in water leaves in its wake a track

analytic procedure based on a technique for the prediction of madf up of clusters of highly reactive radicals and iong;,e
the contents of low-energy spurs outlined by Pimblott and H3O", OH, H, and O. The observed chemistry of these reactants

Mozumde?© has been used. This method relies upon experi- reflects the initial nonhomogeneous spatial distribution and their
mentally available photoionization data for liquid water to Subsequent diffusion and reaction. Because of the large number
determine the consequences of an electronic energy loss by afPf réactants comprising a radiation track, a full random flights
energetic electron. In essence, the probability of an ionization Simulation of the short-ime kinetics in radiolysis is very

event is determined from the/ value for liquid water. Thav computer intensive. Altgrnatiye, more efficient methodqlogies
value describes the average energy required per ionization andi'® necessary for consideration of the wealth of experimental
can be estimated from the equafion data available. An elegant Monte Carlo simulation technique,
the independent reaction times (IRT) model, has been developed
W(E) = EW,/(E — U) by Clifford et al.3273* which facilitates the modeling of the
reaction kinetics of spatially nonhomogeneous distributions of
using the experimentally measured values of W 20.8 eV large numbers of particles by using the independent pairs

andU = 8.3 eV Here, W, is the limiting W value at high approximation that is implicit throughout the Smoluchowski
energies. Fora 25 eV electrdnV(E) ~ 25 eV and the average ~ Noyes treatment of kinetics. ' N .
number of ionizations is 1. Consequently, for electrons of ~ The IRT model has been developed in detail in a series of
energy smaller than 25 eV, the average probability of a low- papers and has been validated by comparison with full random

energy ionization event is flights simulations2=3¢ In essence, the simulation of the
kinetics of a cluster of reactants begins by considering their
PionizatiokE)OF EIW(E) = (E — U)W, initial spatial distribution. The separations between all the pairs

of particles are evaluated. Overlapping pairs are allowed to

Complete energy loss simulationstg., = 5 eV and simulation react, and reaction times for all the surviving pairs are calculated
to yfina = 25 €V in conjunction with the use of the analytic from the reaction time distribution functions for the pairs as if
treatment for low-energy electrons give (essentially) the same they were in isolation (the independent pairs approximation).
initial track yields. Furthermore, the choice pf.a has little The resulting ensemble of times is then used to determine the
effect on the simulated kinetics. The calculations reported heretimes of subsequent reactions. When a reaction occurs, any
are for the latter approach, i.@sa = 25 €V, since this approach  reactive products are positioned using the “diffusion approach”
is considerably more computer efficient. detailed by Clifford et al33 new reaction times are determined

The molecular ions and excited states produced by the energyfrom the appropriate first passage time distribution function,
loss events in the electron radiolysis of liquid water have very and a modified ensemble of times is created. The simulation
short lifetimes even on the time scale of spur kinetics. They proceeds until a predefined cutoff time is reached or until no
fragment or rapidly react with surrounding water molecules, reactive particles remain. Repeated realization using a different
producing the reactive radicals and ions of principle concern in initial configuration and random number seeds provides the
the radiation chemistry of aqueous systems. Recent photoion-kinetics of the system.
ization experiments have given some information about the Initially, the IRT method was applied to the kinetics of
kinetics of the thermalization and solvation of low-energy isolated spurs. Such calculations were used to test the model
electrons and about the lifetimes of the molecular ions and and the validity of the independent pairs approximation upon
excited state3?-2% however, the current state of knowledge which it is based?=37 In addition, crude attempts were made
about these species is limited even in a qualitative sknise. to reproduce experimentally measured escape yields using
the following calculations, simple parametrizations are used to idealized spur size distributiori%. These calculations predicted
describe the outcomes of the various physicochemical processesphysically unrealistic radii for the spurs and, with hindsight,
This treatment is justified in a discussion of radiation chemical demonstrated that the concept of a distribution of isolated spurs
kinetics because the lifetimes of molecular ions, excited states, is physically inappropriate. Application of the IRT methodology
and presolvated electrons are shorter than 1 ps and areto an idealized (but inaccurate) radiation track has also been
considerably less than the time scale of the experimentally documented? and calculations have now been presented in a
observed nonhomogeneous kinefics. number of paper®4°%4l Thus far, reasonable agreement

In the track structure simulations reported, ionization events between experimental data for scavenger and time-dependent
are identified as one of four main types resulting from the yields and the predictions of kinetic simulation has not been
removal of the electron from the 183a, 1k, or 2a orbital. found. Such a match between experiment and calculation is
The branching ratios for the different ionization events was demonstrated in the results reported here, showing that the
discussed in the earlier description of the simulation metfiod. important input information is the initial configuration of the
In the gas phase, the photoionization of water leads to a varietyreactants, i.e., the use of a realistic radiation track structure. A
of different ionic products depending on the available enéfgy; detailed description of the IRT methodology and its application
however, here all ionizations are presumed to result in the to radiation tracks has been given previolily.
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TABLE 1: “Initial’and Short-time Yields of the 6 T T T T
Radiation-Induced Species Produced by 1 MeV Electrorfs
10 keV section of 5
1 MeV electron track 1 MeV electron track
chemical “initial” 1ps “initial” 1ps Sy
species  expt yield yield yield yield 2
€q 4.78 4.93 4.88 497 4.92 e
Hai 478 4.93 4.90 4.97 4.94 33
OHP 5.50 5.37 5.57 5.41 5.60 o
H 0.42 0.45 0.44 0.45 0.44 22
H, 0.15 0.16 0.16 0.15 0.16 -
o° 0.16 0.15 O
OH- 0.02 0.02 1t s
H20; 0.04 0.04
aTaken from the analysis of a compilation of scavenger data by 0 L L L L
LaVerne and Pimbloft Similar values were also obtained by Schwrz. 10" 107 10° 10°® 10”7 10°®
b Reaction of “O” atom with water to give 20H radicals is (effectively) time (sec)

instantaneous on the time scale of spur reactidme initial yield is
defined arbitrarily as the yield after all the physicochemical processes Figure 1. Time-dependent decay kinetics ofse in the electron
have taken place and before chemistry occurs. radiolysis of water. Direct absorption experiments: refC9;(ref 3

(v); ref 5, stroboscopic detection method)( ref 5, CW laser/

The predicted kinetics reported in this study are for the Photodiode detection method); ref 7 Q); ref 8 (x); ref 45 @). ILT
degradation of an electron of initial energy of 1 MeV by 10 ' gl do"ﬁacfroeffé?’ are Sho"‘{}” as the daﬁzel_d "nef' IRT simulation
keV, including the complete simulation of any high-energy ?gegu s witha —) -4 TN o Own—aS:SOI ines 10fe.q) =
. - . .0 nm (1),0(eaq) = 4.0 nm (2), andr(esq ) = 5.0 nm (3).

rays produced (even if their energy is greater than 10 keV).
Each calculation represents the averaged chemistry of at leastmodel for the complete track. Reaction in the first picosecond
1 different electron tracks. The reaction scheme and IRT following irradiation accounts for a chemically insignificant
reaction parameters for the radiolysis of water as well as the amount of the radiation-induced radicals.
diffusion parameters employed in the kinetic calculations are  4.2. Hydrated Electron Yield. A large amount of experi-
taken from Tables 1 and 2 of ref 42. In the scavenger studies, mental data concerning the radiation chemical yield gf &
generic idealized scavengers are considered, although theavailable in the literature; direct absorption experiments have
parameters used are appropriate for the prototypiggt e been used to measure the time dependence of the yield in
scavenger methyl chloride and the OH scavenger bromide. deaerated watéf> 745 and a variety of scavengers have been
used to determine the effect of scavenging capasitgqual to
the product of the scavenger concentration and the rate coef-
ficient for the scavenging reactiok[S]), on the scavenged yield
of g 246749505152 The time dependence of £ measured
experimentally is shown in Figure 1. Extrapolation of these
data to the picosecond time scale suggests a yieldof af
4.9+ 0.2% These data are compared with data from simulated

4, Results and Discussion

4.1. lonization and Excitation Yield. The ionization yields
predicted by the simulation technique 801 MeV electron track
and for the first 10 keV of attenuatiorf @ 1 MeV electron
track are both 4.9(2) per 100 eV with track-to-track fluctuations
of £0.01 and+0.2, respectively. (Radiation chemical yields kinetics ¢ a 1 MeV electron degraded by 10 keV. Three
are given in units @ values) of radicals or molecules per 100 different calculations are shown in which the standard deviation
eV of energy absorbed.) This value is in excellent agreement of the “thermalization” distribution foE = yna to solvation
with the initial yields extrapolated from direct absorption of e,q is 3.0, 4.0, and 5.0 nm. In all three sets of simulations
experiments that measure the time dependence of the hydrateghe standard deviation of the spatial distribution of the “heavy
electron,Go = 4.9/ and from studies of the scavenging reactants” (HO", OH, H, and O) is 0.75 nm. The best
capacity dependence of the scavenged yield of the elecBon, agreement between experiment and calculation is found for
= 4.8° The yield of electronic excitation predicted by the g(e,q) = 4.0 nm. Additional simulations (not shown) reveal
simulations is 1.8, which compares favorably with earlier that the time dependence ofse is not very sensitive to the
calculations of Kaplan et &f. that predicted 1.4. This yield  width of the distribution for OH, provided the parameter

for excitation is somewhat larger than expected from the initial
yield of hydrogen atom and molecular hydrog&{H + Hy)
= 0.6, inferred from scavenger experimehtdlowever, this

difference is probably due to the effects of cage recombination.

o(OH) is in the range 0.51.0 nm. The kinetics predicted at

short times, less than 0.1 ns where very little reaction occurs,
are primarily determined by the ionization yield. This parameter
is determined in the Monte Carlo track structure simulation and

When these effects are included as suggested by Pimblott ands not adjusted in any manner whatsoever.

Mozumder?° the excitation yield is reduced to 0.6 and the

predicted excitation yield corresponds to that obtained experi-

mentally.
The “initial” physicochemical and 1 ps yields of the radiation-

The “thermalization” distribution for & represents the
degradation of the electron energy fré& yrina to solvation.
The width of this distribution is in very good agreement with
estimates of Crowell and Bartels in a recent picosecond laser

induced reactants resulting from the ionization and excitation study of the multiphoton ionization of liquid water. For energies
yields are given in Table 1. The agreement between thesegreater than 12 eV they find a lower limit to the thermalization
calculated yields and the yields obtained by extrapolation of distance ofo(e,s”) > 3.5 nm®® Furthermore, the root-mean-
experimental data to short tinfeis excellent with errors for ~ square distancef22 = ¢+/3, obtained from the Gaussian
the radical species smaller than 2%. Comparison of the yields distribution is 6.9 nm, which is similar to the mean thermal-
for 1 MeV electron tracks and for the first 10 keV section of ization lengths estimated by Konovalov et al. from electron
these tracks shows that the short-time yields are essentially thephotoejection experiments in watéli,}= 6.0-8.0 nm>*551t is
same, which suggests that the 10 keV section is an acceptablémportant to note that the thermalization distances of Konovalov
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Figure 2. Scavenging capacity dependence of the scavenged yield of Figure 3. Effect of N;O concentration on the yield ofdyproduced by
e,y . Scavenger experiments: ref 46, MeQ)(MeCl + 103 M MeOH electr(_)n radiolysis. Experiments: _ref 50,@I(*); ref 51, N,O (V with
(O), MeCl + 102 M MeOH (a), MeCl + 10" M MeOH (v); ref 49, a vertical slash). IRT simulation witk(€,g + N-O) = 2.0 x 10° M~*
MeCl + 1072 M PrOH (©), MeCl+ 3 x 102 M PrOH (+), MeCl + s * (solid line),k(eag + N20) = 5.6 x 10° M"* s * (dashed line), and

1071 M PrOH (x); ref 50, NO (*); ref 51, NO (v with a vertical K(€ag~ + N20) = 9.1 x 10° M~* s°* (dotted line).
slash); ref 52, CH# (O with x crossbar); ref 47, conventional pulse

radiolysis with C&" (O with horizontal slash), cystamineD(with scavenged yield of.g™ calculated witho(esq) = 4.0 nm and

horizontal slash), stroboscopic pulse radiolysis with*'C¢0 with o(OH) = 0.75 nm. Comparison of the modeled chemistry with
vertical slash), cystaming@(with vertical slash); ref 48, glycylglycine  data from experimental scavenger studies and with the scaveng-
(a with horizontal slash). Best fit to scavenger data v = 2.56, ing capacity dependence predicted by the Laplace transform of

Go = 4.80, andr = 2.77 n$* (solid line). The Laplace transform of _ the time dependent data reported by Pimblott €€ ahows
direct absorption data from ref 43 is shown as a dashed line. IRT gy cellent agreement. The calculations reproduce both the
simulation witho(ex") = 4.0 nm ancx(OH) = 0.75 nm ®). absolute yields and the relative variation as a function of

et al. depend on the initial electron energy, whereas the width scavengi_ng capacity qf the majority of the. data_. The e>.<p.eri-
obtained here is for a distribution of energies. Previous Mental yields in the figure are used as given in the original

theoretical studies are rather contradictory and do not matchStudies. For the most part, the scavenging capacities of the

the available experimental data. Consequently, agreement withS°!utions were calculate%i using rate coefficients from the
the calculations reported here is limited; the spur width is compilation of Buxton et & with corrections to the scavenging

considerably larger than obtained from deterministic analyses rate coefficient for ionic strength and concentration effects made
of scavenger experiments, wheséesg) ~ 2—3 nm2! while using experimental determinationsk§é,q~ + S) where feasible.

the [F2C¥2 distance is still considerably smaller than the “average (TNiS correction is particularly important for concentrated

thermalization distance” of13 nm estimated by Monte Carlo solutions. For instance, the rate coefficient for cystamine with
— 0 -1 g1 0

simulation of the energy loss of subexcitation electrons in solid €aa_drops from 3.2x 10 M~ s™* at 0.1 M to 0.7x 10'

11
wateP5-58 using the cross sections for ie&61 To be fair, in M7 s7atlM) -
the discussion of the latter paper, the authors document Two scavenging rate coefficients are not taken from ref 66.

considerable uncertainties in their calculations and note that their]g) F?]r &q T .NZO‘ fex?eri.mherlllta(l)estimat?s of th; Zrate f(())leofficient
simulated distribution has a most probable separation distancelogt eléleoa“(;ltl—?n—ol esinwllt_h. é_ffrange rom~o.2 x ; to ’
of about 2.5 nm but with a very long tail. The Gaussian function 5'_ Xh S IS dl erercljce reprezentska a_cté)_;fp |
employed here is a convenient empirical distribution and the In the scavenging capacity dependence and makes it difficult
profile may not be entirely realistic at short times; however, t© Properly collate this system with the experimental data for
because of the nature of Brownian motion, the actual distribution other SySte”_]f' _‘Il'he s_ele(_:ted value in ref 66 for this reaction is
9.1 x 10° M~1s71 which is at the upper end of the measured

will rapidly tend to a Gaussian as diffusion occurs. ) X : .
Theoretical studi@$2 64 have previously shown that the time range and is considerably different from that selected in the
earlier compilation of Anbar and Netawherek(e.s~ + N2O)

dependent decay ofag, G(t), and the dependence of the T ;
. : : =5.6 x 1® M~1s1 Experimental data for the effect o8
scavenged yield of,g on scavenging capacit(s), are related . ’ -
vengeay ol venging capacit(s) concentration on the yield of Nare shown in Figure 3. Also

by the Laplace transform relationship, ) ; . ) .
included in the figure are calculations for the system employing
oo scavenging rate coefficients of 2.0, 5.6, and 2.1° M~1s71,
G(s) = Sf(; G(t) exp(-s dt (1a) Clearly, the best agreement of simulation with experiment is
obtained fork(eaq™ + N20), which is 5.6x 10° M~! st as
Until recently, there was an apparent discrepancy between themeasured by Hart and Field@rand given in the compilation
two types of experimert®® The origins of the differences  of Anbar and Neta. Furthermore, a rate coefficientd&f x
between the sets of data were revisited in ref 43, and the datal0'°© M~ s71is also obtained from the measuremenkis by
have been reconciled by the use of an improved measuremenKoulkes et af* at [NO] = 0.022 M if theG value of Dainton
for the rate coefficient for the scavenging qffeby CHsCI.4° and Logaf? (~3.3) is assumed. Consequently, the data fg® N
Clearly, an accurate description of the radiation chemistry of are presented in Figure 2 usih(e.q™ + N2O) = 5.6 x 10°
water must reproduce both types of experimental data usingM~1s™1. The considerable scatter in the data shown in Figure
the same parameters. 3 makes it impossible to distinguish if the choicekfé.,; +
Figure 2 shows the scavenging capacity dependence of theN,O) is closer to the correct value than that given by Buxton et
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al. or if other factors are involve®. (ii) For e.q~ + CHsCl, as
discussed earlier, the recent measurement of Schmidt4@t al.
was used for this scavenging reaction.

Figure 2 contains significantly more data than Figure 5 of
ref 9 and Figure 2 of ref 43. The data of Wolff et*alfor the
scavengers Cd and cystamine extends the range of scavenging
capacity from~1(° s1 to greater than 78 s~1. The conven-
tional pulse radiolysis experiments (symbalsand O with
horizontal slashes) are based on dosimetry assumingaghe e
yield at 100 ns is~2.8, which is consistent with the time
dependence shown in Figure 1. The 6 ns integrated yields
obtained by stroboscopic pulse radiolysis (symhgdland O
with vertical slashes) rely on dosimetry using the nanosecond
time scale decay of.g measured by Jonah et &lwhich is
also included in Figure 1 and is reproduced by the track structure
simulation. The data for Cd at high scavenging capacitia (
with horizontal and vertical slashes) mesh closely with additional
studies at lower scavenging capacity by Shirashi &t @il with
X crossbars).

One of the g scavengers considered in Figure 2, cystamine,
is also a very potent OH scavenger with a rate coefficid@H
+ S), of ~2 x 109 M~1 57166 The effects of cooperative
scavenging of OH on the amount of;e scavenged have been
shown to be significant when the scavenging capacity {gr e
is low and when that for OH is higidG ~ 0.37> However, at
the high g~ scavenging capacities of the data included in Figure
2, the cooperative effect of cystamine scavenging of OH on
the yield of g4~ is very small. The appropriate correction is
straightforward to calculate using the analytic formalism
presented in ref 75. At an& scavenging capacity of 86872,
the cooperative effect of cystamine scavenging of OH results
in an increase of 1.2% in the scavenging yield gf ewhile at
10" s71 the increase is 0.2%. These are not experimentally
distinguishable differences.

Also included in Figure 2 is the fit of the empirical functfon

@92+ (1912 ) 2a)
1+ (29Y? + (9)/2

G(S) = Gesc+ (GO - Gesc)

to the experimental data for GBI and glycylglycine obtained
by Pimblott et al'® The parameter&, and Gescare the initial
yield and that escaping spur reaction, respectively, maigda

time constant characteristic of the nonhomogeneous reaction.

This fit was obtained withGg = 4.80, Gesc = 2.56, andr =
2.77 ns. The inverse Laplace transform of eq 2@gt) is®

1
G() = Gese 2(Go ~ CesdF(2[] Z) @3)
with F¢(x) being the auxilliary function for the Fresnel inte-
grals’® The decay kinetics predicted by this analysis are shown
in Figure 1 and are in excellent agreement with the modeled
kinetics as well as with results from the direct absorption
experimentg?3
The only discrepancy between the calculated gields and

Pimblott and LaVerne

why the early work of Hunt and co-workers on the decay of
€. in deaerated water is flat on the subnanosecond time scale.
In this modeling study, more weight has been given to the recent
studies of Jonah and co-work&rand of Sumiyoshi et 4.

The decay of g in deaerated water is due to a number of
spur reactions, the most important befhg

—1

&g THO —H k=23x10°M's* (Rl

and

s 1

6, TOH—OH k=3.0x10°M™"* (R2)
The calculations show the time dependence of these two
reactions to be the same; however, the yields differ by a factor
of about 2. At 1 psG(R1)~ 0.01 andG(R2) ~ 0.02, while at

1 nsG(R1) ~ 0.25 andG(R2) ~ 0.52, and at lus G(R1) ~
0.63 andG(R2) ~ 1.24. The rate coefficients of the two
reactions differ by less than 8%.and in the simulations the
initial distributions describing the separation between sibling
2q —Hag"™ and g4 —OH pairs are the same, a Gaussian with
standard deviatioo = (0%(eaq”) + 0%(OH))*2~ 4.1 nm. The
different yields for the two reactions reflect the different rates
of reaction between sibling pairs due to the effective reaction
distances of & + Hag", et = 0.23 nm, and of g + OH,

af = 0.54 nm. The large value of the diffusion coefficient of
Hag™, D = 9.0 x 107° m? s7%, boosts the rate of reaction R1,
so it is comparable to that for reaction R2.

4.3. Molecular Hydrogen Yield. Although reactions R1

and R2 dominate the decay kinetics gfe it is also involved

in additional chemistry. Two of these reactions

&g T6g —H,T20H 2k=11x10"M*s* (R3)
6y tH—H,+OH k=25x10°M"'s™" (R4)

as well as the bimolecular reaction of H,
H+H—H, 2k=155x10°M's' (R5)

give molecular hydrogen. Although the time dependence of
the production of H has not been measured, the effect of
scavenging capacity on the yield of,Has been studied
experimentally’.78-80 The yield of H; in the electron radiolysis

of deaerated water is considered in Figure 4. It compares the
experimental data for the scavenging capacity dependence of
H, with the simulated yields from a 10 keV sectioficol MeV
track. The agreement between calculation and experiment is
good; however, there are some small differences. The calcula-
tions correctly predict the smadlyield and chart the relative
decrease in the yield of +s a function 0. There is an error

of up to 20% in the yield, which is equivalent to a factor-e2

in the absolute scavenging capacity dependences,for the
range 10—1° s™1. The origins of this discrepancy are unclear,

the experimental values are for some of the scavenging dataalthough it may in part be due to the fact that the calculations
for N2O, as discussed above, and the direct absorption measureinclude an initial unimolecular production of ;Hof 0.15

ment of Hunt and co-worketin deaerated water. The studies
of Hunt showed no decay in the yield ofge from 20 to 350

ps, and it was inferred that the initial yield ofse was 4.077
Higher yields measured on the same time scale with scavéhgers
were attributed to scavenging of the dry electron. Recent
subpicosecond laser studié¥have shown that the electron is
solvated within a few tenths of a picosecond, so this type of
dry electron reaction cannot be occurring (unless the rate
coefficient is about ¥ M~1 s71). There is no obvious reason

molecules/100 eV. This initial yield appears to be somewhat
higher than suggested experimentally. In fact, the experimental
data in Figure 4 might be taken to imply the absence of an
“initial” H ; yield8® Gas phase information shows thas i4
formed by both ionization and excitation of isolated water
molecules’-8182 Fyrthermore, in the interpretation of the
radiolysis data at higls, it must also be remembered that in
these high-molarity solutions, the local environment of a water
molecule is not the same as in pure water. A variety of effects
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0.6 T T T T T evolution of the radiation track, the concentration £f és much
greater than that of H.

It has been suggested that the “experimental time dependent
formation kinetics” for molecular hydrogen can be obtained from
the scavenger data shown in Figure 3 using a Laplace transform
relationship similar to that given above fog;e!® Since the
scavenging of either of a pair of reacting electrons preveats H
formation, the scavenging capacity fog id assumed to be twice
the scavenging capacity of the solution fagei.e.,p = 2k[S].
Consequently, the Laplace transform variable KES? rather
thank[S] and

1
'S

o
M)

G (molec./100eV)

s G(p) = pf; G(t) exp(-pt) dt (1b)

0.0 L 1 1 1 i . . - . -
10° 10° 10 1o 10 " The data in Figure 3 can be described by the empirical funittion

k [S] (sec”) SO = Gt (G G (p)? + (zp)/2 o
Figure 4. Scavenging capacity dependence of the yield of H (p) = esc ( o~ esf) 1+ (Tp)1/2+ (wp)/2 )
Scavenger experiments: ref 78, NQO), CW?t (O); ref 79, HO; (*);
ref 80, HO, (), acrylamide ¥), Cr,0-2~ (O with horizontal slash),
CrOg2~ (O with horizontal slash), N@ (a with horizontal slash), Bre

where Gy = 0.15, Gesc = 0.44, andr = 0.47 ns. Thus, the

(v with horizontal slash), 1§ (& with horizontal slash), Fe(Ch time dependent formation kinetics are given by eq 3 with these

(+), S0~ (x). Best fit to scavenger data witBesc = 0.44, Gy = parameters.

0.15, andr = 0.47 n4 (solid line). IRT simulation witho(e,q~) = 4.0 The formation kinetics predicted by this inverse Laplace

nm ando(OH) = 0.75 nm @). transform analysis are also shown in Figure 5. They are
05 . . ' ' somewhat faster (about an order of magnitude) than the modeled

formation kinetics. This discrepancy has several sources. First,
there is a slight discrepancy, mentioned earlier, between the
calculated and experimental scavenger data shown in Figure 3.
This difference, about 20% in yield or a factor of 2 in scavenging
capacity, would not account for the observed discrepancy. More
important is the fact that the inverse Laplace method makes
the assumption that all the,Hs formed via the bimolecular
reaction of g;". A significant fraction of H is formed by
reaction R4, and this route is somewhat slower for the reasons
discussed earlier. Finally, the simulations reported refer to a
10 keV section ba 1 MeV track and so ignore the effects of
track ends. Short tracks account for about 29% of the energy
loss eventsfa 1 MeV electrorfZ13and the short-time chemistry
of these more densely concentrated regions of reactants is
somewhat different from that of spurs and blobs. Calculations
time (sec) in progress suggest this effect may be p_articularly significant
Figure 5. Time depen(_jent formation of Hn thg electron radiolysis g:rg tgﬁg%i of/vkr%i,csr:ni?]?/:)rll\?efoth;agr?go?anb:Iesr d(l).:certeoarcetgﬁ:g)r;rsom
of water. ILT of best fit to scavenger data witbesc = 0.44, Gy = . ’ .
0.15, andr = 0.47 n& usings as the Laplace variable (dotted line) and ~ different (separate) electronic energy loss events. In contrast,
usingp (=29) as the Laplace variable (dashed line). IRT simulation the effect of track ends on the kinetics gfeis less significant,
with o(eaq) = 4.0 nm ando(OH) = 0.75 nm shown as solid lines  since the decay of,g is dominated by reactions R1 and R2,
labeled as follows:G(€xq™ + €aq) (1); Gleag + H) (2); G(H + H) which are reactions of (predominantly) sibling species.
(3); G(unimolecular H) (4); G(total H) (5). 4.4. Hydroxyl Radical Yield. Although the absolute yield
of e,q~ and its time dependent decay kinetics in deaerated water
are well-known experimentally, this is not the case for the OH
radical. Only limited information about the time dependence
of the OH yield in water is available. Jonah and co-workers
have made two attempts to perform direct absorption measure-
ments over the time scale 200 ps to 3*1%. Over this time
period, the yield of OH radical decays by about 27%. Absolute
yields were not reported in the later paper, ref 45, and the values
quoted in the earlier study are of limited precision (C. D. Jonabh,
personal communication). To make matters worse, application
of the inverse Laplace transform technique to the scavenger data
is not without problems. Even though there is a great wealth
of scavenger experiments for OH in aerated systems, there is a
B N large amount of scatter in the data for the effects of scavenging
€y THO —H (R6) capacity when different scavengers are considered. The scav-
enger experiments suggest i@~ 2.5-2.6 andGp ~ 5.5.
on the spur time scale. At all times in the nonhomogeneous However, for the data of Schuler and BeRawhich employ

G (molec./100eV)

not included in the calculations may facilitate deactivation of
the excited states leading to,H

Figure 5 shows the modeled formation kinetics foy iH
deaerated water. In neutral water, thgpfoduced by nonho-
mogeneous reaction comes equalB/< 0.13) from reactions
R3 and R4 with the bimolecular reaction of H atoms making
almost no contribution to the total yiel&(=~ 0.01). The time
dependences of the;Hormation via reactions R3 and R4 are
very different; the former is the more rapid even thoughx(2
k(R3)) is only about 20% ok(R4)56 The difference reflects
the much smaller initial yield of HG = 0.4) compared to.g~
(G = 4.9) and its formation via reaction
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Figure 6. Time dependent decay kinetics of OH in the electron
radiolysis of water. Direct absorption experiments: ref3; (ref 45
(O). ILT of scavenger data are as follows: HETHCOH dat&*-8
(dotted line); Fe(CNy~ dat&® (dashed line). IRT simulations with
0(€aq") = 4.0 nm are shown as solid lines labeled as follow§OH)

= 0.5 nm (1);6(0OH) = 0.75 nm (2);6(OH) = 1.0 nm (3).

k [S] (sec™)

Figure 7. Scavenging capacity dependence of the scavenged yield of
OH. Scavenger experiments: ref 84, HE<); ref 85, HCGH (a),
HCO,™ (x); ref 83, Fe(CNY*™ (v); ref 87, HCQH (O); ref 88, HCQH
(O). Best fit to scavenger data is as follows: HCMHICO,H data (solid
line); Fe(CN)*~ data (dashed line). IRT simulation witl{e,q) = 4.0
nm ando(OH) = 0.75 nm for aerated solutior®j.
Fe(CN)*~ as the OH scavenger, the best fit valuerdah the . ol h
empirical function (eq 2a) is 0.26 ns, while for the data of refs 45 Hydrogen Pero>§|de Yield In contrast to the scavenger
84-87, which use HC® or HCOH, r = 1.67 ns. This stud!es of OH, th.ere is remarkgble consistency in the dgta
difference is equivalent to a factor of about 7 on the time scale obtaln_ed In experiments examining the_ effect of scavenging
of the time dependent decay kinetics of OH in water. capacity for OH on the yield of jD,. Figure 8 shows the

The experimental decay kinetics of OH suggested by the scavenggeg[g?ta available for experiments performed at pH 2 and
direct absorption measuremeff&and scavenger data are shown at PH 7- For the most part, the data at pH 2 are for
in Figure 6. The time dependence of the OH decay curve experiments with Br as the scavenger fqr O.H’ while at pH 7
measured by direct absorption more closely resembles that™Ve different types of OH scavenger, halide ions {Bnd CI')
predicted by the inverse Laplace transform analysis of the @nd ethanol, are considered. Included in the figures are the
HCO, /HCO,H data than that of the Fe(CM) data. However, p_red|ct|ons of S|mulat|on_s for the effect of Bl(_)n the BO»
realistically, it is not possible to make a distinction, since the yield from a 10 ke_\/ sectionica 1 MeV tLaCk.W'tTO.(eaq )= .
two decay curves are very similar and the scatter between the-0 Nm and>(OH) = 0'7.5 nm. At pl-! 2, the simulations arein
two sets of absorption data is significant. Also included in €xcellent agreement with the experimental data, matching both
Figure 6 are the predictions of three kinetic simulations in which the S”_‘a”s limiting yield, Geso and t_he absolute scavenging
o(eas) is 4.0 nm ando(OH) is 0.5, 0.75, and 1.0 nm. The Capacity dependence. Agreement is also very good at pH 7,
choice of a value oB(OH) in the range 0.51.0 nm does not although here there is a slight dlsprepancy in the. scavenging
affect the predicted kinetics ot (or Hz). However, it does ~ capacity dependence for large This discrepancy is due to
have a significant effect upon the modeled chemistry of OH. differences between the experimental and theoretical conditions.
The use ofg(OH) = 0.5 nm matches the inverse Laplace I_n Figure 8b, the data for largeare from experimen_ts in
transform of the Fe(CNJ~-scavenged yields, whereas a larger which ethanol was u.s.ed as the.OH.sca.ve.ﬁ@eﬂ?he time
value G(OH) = 0.75 or 1.0 nm) is necessary to reproduce the dependent rate coefficient of a diffusion-limited reaction has
HCO, /HCO,H data and the curvature from the direct absorp- the form
tion experiments.

Figure 7 compares the predictions of kinetic simulations on k(t) = k(eo)(1 + BIV1) (4)
a 10 keV section ba 1 MeV electron track for the effect of
scavenger on the scavenged yield of OH with experimental data.
The simulations are for distributions witt{e,) = 4.0 nm and

where = k()/(47D")32 with D’ being the relative diffusion
coefficient of OH and the scavendg®?® The time dependence

o(OH) = 0.75 nm. The calculated yields pass between the Setsof the rate coefficient is a misnomer and arises from the
of experim.ental déta using Fe(CH) as the OH scavenger and relaxation of the spatial distribution of the scavenger around

- - : an OH?” The quantitys is 5.6 x 1077 s¥2 for the reaction of
?Q%iemﬁ;%ngﬁeo;CI;gr%kéz'I;%chemstry of OH in water ethanol with OH, buts is 2.4 x 1076 sl2 for the reaction of

Br— with OH#2 This difference reflects the much higher
OH+ OH—H,0, (R7) reactivity of OH with Br compared to ethanol. The two
scavenger species have similar diffusion coefficients. Usually
which contribute almost equally to the removal of OH, with the time dependence of a scavenging rate coefficient does not
calculated microsecon@(AOH)s of 1.2 and 1.6, respectively.  seriously affect the scavenging capacity dependence of yields,
The time dependences of reactions R2 and R7 are very differentbut the 5 coefficient for Br is particularly large®? There is
with reaction R7 taking place on the 6:1 ns time scale and no effect for smalls, that is, scavenging at long times.
reaction R2 on the-110 ns time scale. The different kinetics Simulations for ethanol as the scavenger for OH are also
of the reactions result in two components to the decay of OH. included in Figure 8b, and the results of these calculations are
This contrasts with g, where reactions R1 and R2 occur on in excellent agreement with the experimental data. Table 2
virtually the same time scale. contrasts the effects of Brand ethanol at a scavenging capacity
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Figure 9. Time dependent kinetics of the reaction;e+ H.0,
1.0 T T T T T T (reaction R8). IRT simulations with(esg ) = 4.0 nm ando(OH) =
0.75 nm shown as solid lines are labeled as follows: deaerated water
(b) (1); deaerated 16 M Br~ (2); aerated 1&® M Br~ (3); 10°M Br~ at
0.8 . pH 2 (4).

nm is appropriate, cf. the smaller and larger widths that were
also considered earlier.

In a previous compilatichthe two sets of data for the
scavenging capacity dependence of the yield gbHat pH 2
and pH 7 were presented together. This combination was
inappropriate, since there is a considerable effect of pH on the
yield of H,O,, cf. Figure 8. The experimental scavenger
capacity dependence of the yield of®4 is accurately described
by the empirical function (eq 2b) and the parameBgs. =
0.77,Go= 0.0, andr = 0.48 ns at pH 2 and b@es.= 0.67,Go
= 0.0, andr = 0.13 ns at pH 7 (N.B.p = 2s). Changing the
. pH has little effect on the yield of reaction R7. The principal
k [S] (sec) cause of the differences between the data at the two pHs is found

Figure 8. Scavenging capacity dependence of the scavenged yield of in the reaction
H20,. (a) Scavenger experiments for pH 2: ref 90; BO); ref 89,

G (molec./100eV)

Cl~ (<); ref 91, Br (O); ref 92, Br (+); ref 93, EtOH @), PrOH (¥). €q 1 HO0,—~OH+ OH (R8)

Best fit to scavenger data is witBesc = 0.77,Go = 0.0, andr = 0.48

ns. IRT simulation witho(e.g”) = 4.0 nm ands(OH) = 0.75 nm @). This reaction leads to the destruction of the observed product
(b) Scavenger experiments for pH 7: ref 91, BD); ref 93, EtOH+ (and the production of OH radical). The kinetics of reaction

103 M Me,CO (2); ref 94, EtOH §). Best fit to scavenger data is
with Gesc = 0.67,Go = 0.0, andr = 0.13 ns. IRT simulation with
o(€ag ) = 4.0 nm ando(OH) = 0.75 nm with aerated Br(®) and

R8 in deaerated water and in solutions with a scavenging
capacity for OH of~1 x 10° s is considered in Figure 9.

EtOH + 103 M Me,CO (a). The presence of a small concentration of OH scavenger does
not affect the chemistry of reaction R8, since it scavenges only
TABLE 2: Effects of Different Scavengers on the Yield of those OH radicals escaping the short-time nonhomogeneous
H20, and the Scavenging of OH in Solutions with the Same stage in the development of the system. When the solution is
Scavenging Capacity for OH aerated, the added solute scavenggs €This reaction reduces
scavenging the yield of reaction R8 by removing.f£. However, the
, capacity for _calcd  measured lifetime of ey in aerated solution is-200 ns. On this time
solution OH/S™  G(H0) G(H0n) G(AGH) scale, the yield of reaction R8 is still significant. The yield at
5 M ethanol 0.95< 10 0.150 5.07 1 us is 0.114 compared to 0.128 in deaerated solution. Thus,
5 M ethanoh 0.95x 10 0153  0152°  5.09 the presence of the [r acetone has almost no influence on
10°% M acetone the yield of HO,. At pH 2, th i ity of th
10Mbromide  1.1x 10  0.095 5.32 y 2. Al pH 2, the scavenging capacity of the
aerated 1.0 M 11x 100  0.101 531 solution for g4~ is considerably larger than in aerated solution;
bromide the lifetime of g4~ at pH 2 is~4 ns, and consequently, the

yield of reaction R8 is reduced to 0.048, less than about half
of about 1@° s1 on the scavenged yield of OH and the yield that in aerated solution. The destruction of(d via reaction
of H,0,. The effect of the time dependent rate coefficient on R8 accounts for a reduction of 16% in tlii& value at 1us
the yield of HO; is very significant, resulting in a difference  compared to that expected from the yield of reaction R7. (In
of over 50%. In contrast, the effect on the yield of scavenged the experiments of ref 93, I® M acetone is included as a
OH is very small, being less than 4%. Clearly, the use of Br scavenger for g . The lifetime of g~ in 1073 M acetone
as a prototypical OH scavenger can lead to an overestimate ofsolution is ~150 ns, so the effect on the chemistry of the
the reduction in the yield of D, at highsif care is not taken production of HO; is similar to that observed for aeration.)
in the modeling. The good agreement between simulation and The use of a spatial distribution wit(OH) = 0.75 nm is
experiment for the yield of kD, suggests tha#(OH) = 0.75 further justified by considering the formation kinetics of®3
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predicted by analytic analysis of the energy loss distribudfpn.
Narrower spur widths on the order of~3 nm do permit
agreement with some, but not all, of the experimental data.
Effects due to the proximity of spurs are completely ignored in
both deterministic and stochastic “isolated spur” calculations,
and these effects have a significant influence on the observed
experimental chemistry of water.

In contrast to &, the chemistry of OH is dominated by
reactions R2 and R7 with the latter making the greater
contribution; the calculated microsecotd>(OH) values are
1.2 and 1.6, respectively. The formation of®4 (and the decay
of OH) is strongly influenced by the relative separations of OH
radicals, that is, the value of OH). Consequently, the initial
spatial distribution of OH reflects a combination of the distance

. traveled by a low-energy electron & ~ ysna before it
undergoes a (terminal) electronic collision, i.e., the distance
between the two nearest neighbor electronic collisions, and of
the fragmentation distribution of the highly reactive molecular
ion H,O™, which is the parent of OH. The root-mean-square
distance between two OH radicals originating in the slowing
down of a 25 eV electron is(OH)+/6 ~ 1.8 nm. This distance

is considerably smaller than the calculated mean free path
in water and comparing simulated kinetics and the inverse petween electronic collisions for a 25 eV electrer2Q nm).
Laplace transform (ILT) kinetics predicted by the empirical However, at 25 eV the cross section for elastic collisions
function (eq 3) with the best fit parameters obtained from the gominates that for inelastic collisions: the ratigasicOinelastic
scavenger experiments at pH 7. Figure 10 shows the ILT resultjs ~9:1. When the degradation of the electron is simulated to
(analyzed using a time dependent scavenging rate coefficient),, ., = 5 eV, the average nearest event distance is of similar
and the results of simulations with(eaq) = 4.0 nm ando- size to the root-mean-square distance between OH radicals using
(OH) = 0.5, 0.75, and 1.0 nm. The best agreement is found 3 Gaussian distribution of standard deviation 0.75 nm. It should
for the simulations withs(OH) = 0.75 nm. be noted that cross sections are questionable below 25 eV and

G (molec./100eV)

10° 10

time (sec)

Figure 10. Time dependent formation of8; in the electron radiolysis
of water. ILT of best fit to experimental scavenger data at pH 7 with
esc = 0.67,Go = 0.0, andr = 0.13 (dashed line). IRT simulations
with o(esq") = 4.0 nm shown as solid lines labeled as followgOH)

= 0.5 nm (1);6(0OH) = 0.75 nm (2);6(OH) = 1.0 nm (3).

4.6. Spur Parameters It is appropriate to consider the
physical implications of the local, or spur, distributions gfe
and of the heavier reactants, OH andCH. As discussed
earlier, the relative separation ofye and its sibling reactants

OH and HO™ essentially determines the decay kinetics of the

€aq » since the chemistry ofag is controlled by reactions R1
and R2. These reactions have microsec@dalues of 0.6
and 1.2, respectively, compared to a td&{Ae,q ) of ~2.4.

guantitative comments regarding the slowing of such low-energy
electrons have to be viewed with caution.

5. Conculsions

Detailed stochastic modeling studies have been presented for
the electron radiolysis of water and agueous systems. Agree-
ment between calculation and experimental data implies that

For the Gaussian distributions employed here, the relative the mostimportant input in such modeling studies is the initial

separation of ansg~ and its sibling reactants is a Gaussian of
standard deviationof(esg) + 0(OH))Y2 ~ 4.1 nm. This
separation is primarily determined by the distribution fe4e
with o(eag”) = 4.0 nm. The clear implication of this result is

thato(eaq ) mainly represents the thermalization of the subex-

configuration of the reactants. The spatial distribution of
reactants is determined by the structure of the radiation track
and, therefore, by the energy loss properties of the electron in
the medium of interest.

Comparison of the experimental data for the time dependent

citation electron. Additional evidence is the fact that the value yield of e, and the scavenging capacity dependence of the

of o(eaq") is not affected by the choice @Qfina = 5 or 25 eV,
in other words, the local spatial distribution ofye within a

scavenged yield of ;g with stochastic diffusiorrkinetic
simulation shows a “thermalization” distribution fogse of o

spur is due mainly to the slowing of the low-energy electron =~ 4 nm. This value is in good agreement with picosecond laser
from 5 eV to thermal energies or the trapping processes thatstudies of the photoionization of water and with photoelectron
occur concomitantly. There is a significant difference between ejection studies. Calculations for the formation ofdfso agree
the thermalization distributions derived here and the spur with experimental yields. Detailed examination of the simula-

standard deviation obtained in deterministic calculatfoi€§8.2°

tion results reveals that (at pH 7) the férmed by nonhomo-

These calculations considered either a track-averaged isolatedyeneous reaction as opposed to unimolecular processes is due

spuf-98.99qr a distribution of isolated spuisand were unable
to faithfully reproduce both the observed decay kinetics.gf e
and the scavenger concentration studies gf,éOH, H,, and

H.0,. This is also true of previous stochastic studies employing

a distribution of isolated spui8. The present track calculations

to the reactions (g~ + exq) and (g + H). The time scales
of the two reactions differ by about a factor of 2, although they
contribute equally to the yield of Hin water radiolysis.
Calculations for the radiation-induced chemistry leading to
the formation of HO, are in agreement with experimental data.

consider realistic electron tracks, not spatially and chemically These calculations show the importance of the secondary
isolated spurs, and correctly incorporate the proximity of reaction (g5 + H20,) in determining the observable yield of

adjacent energy loss events and clusters of reactants. WherH;0,.

In aerated water, where homogeneous reaction is

calculations are performed using “isolated spur” distributions prevented, the yield of the reaction+€).12. Even in water at
obtained from Monte Carlo track-simulated tracks with the pH 2 where the lifetime of g is only ~4 ns, the yield is only
widths obtained here, the modeled kinetics are in considerablereduced by 70%. Uncertainties concerning the experimental
error. (The spur size distribution is obtained by setting the yield of OH make detailed comparisons with calculation

overlap time to 1 ps and is found to be very similar to that difficult.

The results reported here are consistent with the
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available data, reproducing both the decay kinetics and the yields
in scavenger experiments.

Although the calculations presented describe most of the
experimental data, there are still discrepancies within the

experimental data that the model cannot address. It is hoped,

however, that the model will highlight these discrepancies and
lead to further examination of some of these chemical systems.
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