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Monte Carlo simulations are used to investigate the effects of multiple ionization of water molecules on the
yields of formation of free radical and molecular species, including molecular oxygen, in the radiolysis of
pure, deaerated liquid water by using different types of radiafigr,(*He?", 12C8*, and?Ne®" ions) up to

~900 keVim, at neutral pH and 2%C. Taking into account the double, triple, and quadruple ionizations of
water, the primary (or “escape”) yields (at£0s) of the various radiolytic specie§{ , Gy, Gu,, Gon,
Ghoyio,, andGh,o,) are calculated as a function of the linear energy transfer (LET) of the radiation. Our
results quantitatively reproduce the large increase observ@égddfo,~ at high LET. Under the conditions of

this study, the mechanisms of triple and quadruple ionizations contribute only weakly to the production of
HO,/O,~. With the exception of protons, our calculations also simultaneously predict a maxim@madn
corresponding to the LET ofv4.5-MeV helium ions {100 keVim) and ~110-MeV carbon ions
(~180 keVEm). This maximum occurs whefByo, 0, begins to rise sharply, suggesting, in agreement with
previous experimental data, that the yields of #O,~ and HO, are closely linked. Moreover, our results
show a steep increase in the initial and primary yields of molecular oxygen with increasing LET, giving
support to the “oxygen in heavy-ion tracks” hypothesis. By contrast, it is found that, in the whole LET range
considered, the incorporation of multiple ionization in the simulations has only little effect on the variation
of our computeds,_ , Gy, Gn,, andG-on values as a function of LET. As expectds, and Gy decrease
continuously with ‘increasing LETGy at first increases and then decreases at high LET. Fin@lly,
monotonically rises with increasing LET. Our calculated yield values compare generally very well with
experiment.

1. Introduction this time, the species that have escaped from spur reactions
become homogeneously distributed throughout the bulk of the
solution (or background) and the track of the radiation no longer
exists. The radical and molecular products, considered as
additions to the background, are then available for reaction with
added solutes (treated as spatially homogeneous) at moderate
concentrations.

With increasing LET, the nearly spherical spurs are formed
jpcreasingly closer together and eventually overlap to form dense
continuous columns of species consisting initially of a cylindrical
track “core” surrounded by a region of radiation effects due to

of the ionizing radiatiof.Owing to diffusion from their initial ~ the €jected secondary electrons, commonly referred to as the

positions, the radiolytic products then either react within the “Penumbra’™™i As the interspur distance decreases, more
spurs as they expand or escape into the bulk solution. The so-adicals are formed in close proximity with a correspondingly
called “primary” radical and molecular yields (or “escape” Increased probability of reacting with one another to produce
yields) G, , Gy, Gron, Gh,, andGu,o, represent the numbers the molecular products or to reform water. Under these
of species of each kind formed or destroyed per 100 eV of condl.tlo.ns, the radical yields are expected t.o dm_unlsh as the
deposited energy that remain after spur expan&ianhroom LET is increased, whereas the molecular yields increase and
temperature, this spur expansion is essentially complete on thethe net water decomposition yield decrea$esThere are two
time scale of~107° s after the initial energy deposition. At ~important exceptions to this rule: (i) the primary yield of
hydroperoxyl/superoxide anion (H@0,*~, pK, = 4.8) radicals
* Corresponding author. Tel. (1-819) 346-1110, ext. 14682/14773. Fax: Increases with increasing LET, a behavior that is akin to the
(1-819) 564-5442. E-mail: jean-paul.jay-gerin@USherbrooke.ca molecular yield$322 and (ii) the primary yield of hydrogen

The radiolysis of pure, deaerated liquid water by low-LET
(linear energy transfer, or energy loss per unit track length,
-dE/dx) radiation such a®Co y-rays, hard X-rays, fast electrons,
or high-energy protons, at room temperature, is generally well
understood. Briefly, it leads to the formation of the free radicals
and molecular products,g Hr, *OH, H,, H0;, H, OH",
etc1—2 Under ordinary irradiation conditions, these species are
generated nonhomogeneously on subpicosecond time scales i
small, widely separated regions of dense ionization and excita-
tion events, commonly referred to as “spufsilong the track
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peroxide (HO,) rises with increasing LET to a maximum, after
which it falls 1823

We have recently carried out Monte Carlo track structure
simulations to investigate the effects of multiple ionization of
water molecules on the formation of H@D,*~ and HO; in
the radiolysis of liquid water with high-LE*2C5* ions up to
~430 keVim, at ambient temperatuféThis innovative study
was motivated by the hypothesis that multiple ionization could
be responsible for the large H@D,~ vyield produced in
irradiated water under high-LET heavy-ion imp&tindeed,
incorporating the mechanisms of double and triple ionization
in single ion—water collisions allowed us to quantitatively
reproduce the large increase observe®ip, o, as the LET
increases above 16@00 keVim. The same calculations could
also simultaneously predict a maximum in the variatiosgalo,
with LET at~180—200 keVim, in remarkable agreement with
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Carlo simulation codes TRACPRO, TRACELE, and
TRACIRT 2428732 |n this new version, which we have renamed
IONLYS—IRT, significant changes in certain parameters have
been made, mainly in the description of the early physical and
physicochemical stages of the code. In particular, our code now
employs the newly reported elastic, phonon, and vibrational
electron scattering cross-sections of Michaud et?ahtained
from ~1—100 eV electron-impact experiments on amorphous
ice films, and increased here by a factor of about 2 to account
for differences between solid- and liquid-phase cross sec-
tions28:34We have also modified certain adjustable parameters
that enter our code in order to reconcile the results of our
simulations with (i) the recently reevaluated “initial;g/ield
data (4.0 0.2 molec./100 eV at “time zeré® and 4.1+

0.2 molec./100 eV at 20 8, as compared to the hitherto
accepted value of 4.8 molec./100 eV at 108p% (ii) the newly

experiment. These results strongly support the importance of measured g decay kinetic profile in the time range from

the role of multiple ionization in the radiolysis of water under
high-LET irradiation conditions. They also suggest that multiple
ionization, although infrequent relative to single ionization
events, is very efficient chemicalfy.

100 ps to 10 ng® and (iii) the newly determined yield of
“nonscavengeable” molecular hydrogen produced on a subpi-
cosecond time scale (0.34 molec./100 e\~at5% of the total

H, formed3® instead of the previously accepted limiting yield

Unfortunately, the available information on the cross-sections of 0.15 molec./100 e%49. These parameters comprise (i) the

(probabilities) for the doubles;) and triple @) ionizations of
water is still quite limited-%2”However, using the recentfold
ionization cross-section values reported by Chanfditor the
case of carbon ions in the energy rangé 2—12 MeV/nucleon
(~430-170 keVim) and gaseous water allowed us to obtain
the good order of magnitude for bo@yo, 0, and Gu,o,, but
the variation of these yields with LET was not correctly
reproduced* To overcome these difficulties and estimate in
particular the values of the heavy iewater cross sections in
theliquid phase, we usétian original approach that consisted

of treating the ratio of double-to-single ionization cross-sections g+ com

(o0 = ogilosi, where gsj is known) in our simulations as an

mental data ofGno, + Go,) as a function of LET in thé2Cé*

radiolysis of deaerated ferrous sulfate-cupric sulfate aqueous

solutions under acidic conditioA%2°As for the triple ionization,
oy was assumed to be an order of magnitude less a2’
Using the values of the double and triple ionization cross

sections so obtained in our simulation code of the radiolysis of
neutral water, both the magnitude of the experimental primary

HO»*/O»*~ and HO, yields and their variation with LET could
then be reproduced very well by our simulatiéhs.

To allow a more rigorous test of our previous findings and
to gain further insight into the effects of multiple ionization on
the production of H@/Oy~ and HO, in the heavy-ion
radiolysis of water at high LET, it is important to extend our

previous study to other types of irradiating particles and to a

wider range of LET. In the present work, we perform Monte
Carlo track structure simulations that incorporate double, triple

yields of formation of the various radiolytic species, including
molecular oxygen, in the radiolysis of pure, deaerated liquid
water by several different types of radiatidhit, “He?", 12C5+,
and?Ne®t ions) at high LET up to~900 keV{m. This paper
deals only with 25°C results. The main features of our

simulation approach are presented in the next section, followed
by the results and their discussion. Conclusions are drawn in

the final section.

2. Monte Carlo Simulations

The radiolysis of liquid water has been modeled by using an

thermalization distance of subexcitation electrong,é!

(ii) the recombination cross section of the electrons with their
water parent cations prior to thermalizatit{jii) the branching
ratios used for the different competing mechanisms in the decay
of “directly” excited electronic states ¢8; and BtA,) of water
molecules and of vibrationally excited water moleculegdH»)
formed by electron-cation geminate recombination, and (iv) the
dissociative capture of electrons by water molecéteshe
values of these parameters have been obtained here by using a
global-fit procedure, which consists sfmultaneouslfitting
puted time-dependent yields gf and of the other

) A radiolytic species (H H,, *OH, and HO,) to experiment?
adjustable parameter chosen to reproduce the available experi

Using this procedure, the average electron thermalization
distance calculated from our simulations\¥41.7 nm (with the
corresponding average electron thermalization time®6 fs),

a value that is somewhat larger than the typical range (or “spur”
radius) of ~6.4—8.3 nm commonly used to describe the
chemical evolution of the hydrated electrons in current deter-
ministic “average” models of “spur” chemistry for low-LET
radiation1943-45 As for the geminate electrercation recom-
bination probability, 25.5% of the subexcitation electrons are
found to initially recombine with their water parent cations (on
the average, this recombination occurs in the first steps of the
e,, fandom walk, that is, in times as short as a few femto-
secondsf to form H,O*ip. This latter value is consistent with
the prompt electrorcation recombination>15%) in water
radiolysis reported recently by Bartels ef@The revised values

of the branching ratios used for the different dissociative decay

S ' channels of HO*\, are shown in Table 1A. We should note
and quadruple ionizations of water molecules to calculate the

here that the various decay channels of directly excited electronic
states of water molecules have little effect in the yield
calculations. Nevertheless, those branching ratios have been
slightly modified with respect to those previously publistfed
(see Table 1B). Finally, the maximum value of the dissociative
electron attachment cross section has been adjusted.®x

10718 cn? at ~8.6 eV in order to reproduce the prompt
“nonscavengeable” yield of Hobserved experimentalf$.*”
This value compares well with that determined recently in
amorphous ice (2.% 1018 cn?)33 and with the corresponding
gas-phase value (6 10718 cn?).48

During the physical stage, the energy deposition by the

updated and extended version of our originally developed Monte incident charged particle and by all the secondary electrons that
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TABLE 1: Revised Branching Ratios Used in Our Simulations for the Different Competing Mechanisms in the Fate of (A)

Vibrationally Excited Water Molecules (H,0*,) Formed by Recombination of a Subexcitation Electron€,,) with its Water
Parent Cation (H,O**)2 and (B) Directly Excited Electronic States (AB; and B'A;) of Water Molecules

Q)

H20'+ +e
H20"vi

H20"ib

nondissociative deexcitation 45% (35%) H.O + release of thermal energy

H +°OH 79% (79.8%)
2H + O(P)8% (5.5%)
H, + O('D) 13% (14.7%)

dissociative deexcitation 55% (65%)

(B)

H,O" (AB,) - nondissociative deexcitation 45% (35%) — H.O
B — dissociative deexcitation 55% (65%) — H* +*OH
H.O" (B*Ay) - autoionization 50% (50%) — HO" + e
— nondissociative deexcitation 22.5% (17.5%) — H.0O

H +"OH 79% (78%)
2H + O(P)8% (12%)
H, + O(‘D) 13% (10%)

dissociative deexcitation 27.5% (32.5%)

2 Previously employed values from ref 32 are given in parenthésai®viously employed values from ref 28 are given in parentheses.

it has generated occurs through the slowing down of those and loss by the moving ion (charge-changing collisions) have
particles via a variety of elastic and inelastic scattering processespeen neglectetf.

including ionization, electronic and vibrational excitation of The energy that has been so deposited in the medium is then
single water molecules, and excitation of plasmon-type collective used to produce the “initial” radical and molecular species of
modes. The details of our track structure simulation modeling the radiolysis, distributed in a specific, highly nonhomogeneous
and the scattering cross-sections used are described in our earligrack structure which depends on the primary ion type and
publications?428-32 To take into account the effects of multiple  energy. The physicochemical stage consists of the processes
ionization under high-LET heavy-ion impact, the model has been that lead to the establishment of thermal equilibrium in the
extended to incorporate double, triple, and quadruple ionization System. Its duration is of the order of T8 s for aqueous
processes in single ierwater collisiong425 |onizations of solutions. Among those processes, the production of /9~
higher multiplicity are neglected as their occurrence is much Via the double ionization of water is assumed to involve oxygen
less probable in the range of LET of interest here. In the atomd®>*5°formed in their3P ground staté; according to
simulations, a value of 40 eV is accepted for the total energy

needed to eject two electrons from a water molecule (double- H,0%" + 2 H,0— 2 H,0" + OCP) (R1)
ionization energy) as taken from gas-phase stufieg)ereas .

the values for the triple- and quadruple-ionization energies &t Very short times, followed by

(chosen equal to 65 and 88 eV, respectively) are assumed to be “OH4+ O (3P)—> HO," (R2)

near the energies needed for the triple and quadruple ionizations
of oxygen®® Unfortunately, little is known yet about the values
of the cross sections for the doubleyj, triple (o), and
quadruple ¢q) ionizations of watet®?” In this study,oq; is
deduced from the knowledge of the ratic= g4i/osj and Rudd’s
semiempirical single ionization cross sections)(for proton
impact on water vapét (adapted here to the liquid phase as
previously described and extended to collisions by any other
ion projectile of the same velocity according taza scaling

It should be recalled here that the O atoms produced in their
singlet 1D state react rapidly with watéP.61 In contrast, the
ground-state GP) atoms are rather inert to w&ie$?and will

then react efficiently witttOH radicals in the heavy particle
track core because of the very high local concentration of
radicals?® For the triple and quadruple ionizations of water
molecules, we assume that they directly lead to the formation

. ; - of HO2* /O~ and molecular oxygen by aciase re-equilibra-
law, whereZ is the .charge state of the @1 Follqwmg .the tions, respectively, according to the following overall reac-
approach used previousi§we have treated in our simulations tions 25

as an adjustable parameter chosen to get the best fit of the

experimental values ofGuo, + Go,) as a function of LET in H.0%" + 4H.0 — 3H.0" + HO." (R3)
the radiolysis of air-free aqueous FeS@A mM)—CuSQ 2 2 3 2

(10 mM) solutions with'H*, 4He?*™, 12C5*, and 2ONe" ions and

under acidic (0.005 M EBQy) conditions!®20:3354As shown

in our previous papett this approach offers an original tool to |_|204+ + 5H,0 — 4H30+ +0, (R4)

estimate the rati@g/os; for heavy ion-water collisions in the

liquid phase. As for the triple and quadruple ionizations, we The HO' ions formed in reactions R1, R3, and R4 are
assume that, for the range of impacting ion energies consideredpositioned at 0.3 nm from their respective coproduct@dQ(
in this work, oy = o o5j andog = o8 s, Wherea. < 0.527 We HO, and Q, which are held in place. This is the same
have also multiplied the total cross-sections for all interaction separation as that used betweesOH and the*OH radical in
processes induced by ions by an energy-dependent factor thabur simulation of events following the dissociation of®1+.28

constrains the LET of the irradiating ions to conform with the
recommended values of Watt.Finally, at the incident ion

In addition, the emission angles for the secondary electrons
ejected from the target by the impacting ion are separated by

energies of interest here, interactions involving electron capture 18%°, 12, and 90 when dealing with double, triple, and



Multiple lonization Effects

J. Phys. Chem. A, Vol. 109, No. 29, 2006409

quadruple ionization, respectively, and the total incident energy TABLE 2: Reaction Scheme Considered in Our Simulations
deposited at each point of interaction (after subtraction of the to Model the Radiolysis of Deaerated 0.005 M bSO,

required ionization energy of the water molecule) is equally

Solutions of FeSQ—CuSO, (pH ~ 2.1) at 25°C

distributed between the ejected electrons.

All of the events of the physical and physicochemical stages
are handled by our revised step-by-step simulation program
IONLYS (which replaces TRACPRO and TRACELZ§8-32
extended here to incorporate multiple ionization of water
molecules as described above. The complex spatial distribution
of reactants at-10"13 s, which is provided as an output of this
program, is then used directly as the starting point for the
subsequent nonhomogeneous chemical stage. This third and final
stage, during which the various radiolytic species diffuse and
react with one another (or with the environment) until all spur
or track reactions are complete-1076 s), is covered by our
IRT program?*28-32 This program employs the independent
reaction times (IRT) meth&@to model the chemical develop-
ment that occurs during this stage and to simulate the formation
of measurable product yields. Its implementation has been
described in detafl? and its validity has been established through
a comparison with a full step-by-step Monte Carlo simulafbn.

The reaction scheme and reaction parameters, as well as the
diffusion coefficients of reactive species used in our IRT
program for pure liquid water, are given in Tables 1 and 2 of
ref 29. Only slight adjustments were made in some reaction
rate constants and diffusion coefficients to take account of the
latest data available from the literature. To simulate the
radiolysis of the F&/CW* system in deaerated 0.005 M
H,SO, aqueous solutions (pk 2.1), we have supplemented
the pure-water reaction scheme to include the 31 reactions listed
in Table 2. In addition, we have introduced the effects due to
the ionic strength of the solutioffsfor the two reactiond

reaction k(M™ts™)
H* + Fe&t — Fét* + H- 1.3x 107 @D
H* + Cu?™ — Cu™ + H* 9.1x 107@
H* + Feé* — F&" + H* 1.0x 108@D
H* + Cu" — CuH* 5.0x 10°©
H* + SO~ — HSO,~ 1.0x 10°0©@
H* + S0 — SO~ + HSO,™ 25x 100
*‘OH + F&* — Feé¥" + OH- 3.4x 108@D
*OH + C2* — Ci¥* + OH- 3.5x 1080
*OH + Cu" — CW?* + OH~ 2.0x 10100
*OH + HSO,™ — H,0 + SOy~ 1.5x 109
e+ Fe&r —Fe 12x 1000
€,y ClP* —Cu 3.8x 10100
et Fer — Fe?t 2.0x 10t0@D
€+ Cu"—Cu 2.7x 1000
€yt S0 — SO~ + SO~ 1.2x 10100
H,0; + SO — HOy" + HSOy~ 1.2x 1070
HO; + F&* — Fé®* + HO,™ 7.9x 10°@
HOy + Cl?* — Cu' + O, + H* 1.2 x 108@iK
HO; + Feé* — Fe* + O, + H* 2.0x 100®
HO; + Cu* — CW?* + HO,~ 2.3x 10°®
Oy~ + CWt—Cu" + O, 1.1x 10008
O~ + Fe" — Feé* + OH- 3.8x 10°0
0O, + Cut— CWw¥" + O~ 46x 100
CuH" + H* — CW?* + H; 1.0x 106
OH™ + SO *OH + SO~ 8.3x 1070
Fe* + SO — Fé + SO 9.9x 1080
Cu" + SO~ — CW?" + SO 1.8 x 10100
Cut + Fe¢" — Cl?* + Fe?t 5.5x 10°0)
CU* + Fet — Cwt + Felt 3.3x 1080
CuH™ + Cw?* — 2 Cut + H* 7.0 x 106
SO~ + SO~ — S,08% 4.4x 180

aReference 65° Reference 66°Reference 679 Reference 68.

e Reference 69.Reference 319 Reference 70" Reference 71'.Ref-

H" +e,—H
and

H"+OH —H,0

erence 72i Reference 73 Reference 74.Reference 75" Reference
76." Reference 77.

experimentally. The values of so obtained are shown in Figure
1 for the four ion types used as a function of the ion energy per

) ) ) ) nucleon divided by the projectile charge sta&.{2). The
as well as for all reactions between ions given in Table 2. The ¢qrrespondinggi/os; values reported by Champidifor various

rate constants for those various reactions, corrected for thesegns andgaseousargets, extrapolated to the case of any heavy

ionic-strength effects, have been used in the present gtudy.

ion and to water molecules, are also included in Figure 1 for

Finally, the influence of the LET on the yields of the various  the sake of comparison. It is seen that, in contrast to Champion’s
radiation-induced species in neutral water at ambient temperature,ajyes?’ our values ofo. do not follow a unique law,

has been investigated by varying the incident ion energy from jngependent of the projectile ion. In fact, the present data show

~300 to 0.15 MeV {0.3—70 keVjm) for IH*, ~300 to

that the ratioogi/osi depends on the type of the impacting ion

0.3 MeV/nucleon £1.25-213 keVkm) for “He?", ~300 to
1.25 MeV/nucleon £12—604 keVkm) for 12C6, and ~300
to 3.2 MeV/nucleon £25-938 keVim) for 2°Ne®". The
calculations are performed by simulating shevt.(5—100xm)

and, for a given value d&,n/Z, increases from protonZ & 1)
to neon ionsZ = 9). Moreover, even if ouog/os values bear
some qualitative resemblance in trends with those of Cham-
pion?” they generally differ appreciably in absolute value from

ion track segments, over which the energy and LET of the ion e latter, except fof?CS* ions around 2.55 MeV/nucleon

are well defined and remain nearly constant. Typical000

(~440-280 keVim) where the two sets of values are quite

to 400 000 reactive chemical species are generated in thos&omparable. The source of these differences invtiies values

simulated track segments (depending on the irradiating-ion type s not obvious, although they are undoubtedly a manifestation
and energy), thus ensuring only small statistical fluctuations in of 5 subtle interplay during the collision between the ion-target
interaction and the effects of electrealectron correlation!-€°

the determination of average yields.

3. Results and Discussion

As described above, the ratio of double-to-single ionization

This is an area where very little is known and where more
experimental and theoretical work is required. In this respect,
the oyilosi values reported here could provide a useful test for

cross sections. = og/os is treated as an adjustable parameter theories calculating many-electron emission cross sections in

and obtained from our simulations by fitting the available single ionizing collisions.

datd®290of (Guo, + Go,) in thelH*, “He?™, 12C8F, and?oNe"

Using these values afgi/os in our simulation code of the

radiolysis of deaerated aqueous FSOuSQ, solutions under radiolysis of pure, deaeratedeutral water with 1H™, 4He?™,
acidic conditions over the range of ion energies studied 2C%", and?°Ne’" ions, we have then calculatéglo,o,~ and
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Figure 1. Ratio of the double to single ionization cross-sections
(a0 = agilos) as a function ofEi/Z, whereEin is the ion energy per
nucleon and? is the projectile charge state. The short-dot, dash, dot,
and dash-dot lines represent the values afbtained from our Monte
Carlo simulations of the radiolysis of air-free aqueous Fe@OnM)—
CuSQ (10 mM) solutions under acidic (0.005 M,80y) conditions

for IHT, 4He?t, 12C8, and?Ne’ ions, respectively. In those simula-
tions, performed at 25C, a is treated as an adjustable parameter chosen
to get the best fit of the experimental data of LaVerne and Schuler (ref
20) of (Guo,s + Go,) as a function of LET (see text). The valuescof
reported by Champion for a variety of ions at intermediate velocities
and gaseous water (solid line in Figure 1 in ref 27) are also shown for
the sake of comparison (dash-dot-dot line).
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Figure 2. Variation of the primary H@/Oy~ yield (Guo,0,) (in
molec./100 eV) of the radiolysis of deaerated liquid wateridy, 4-
He?t, 12C5*, and?°Ne’" ions as a function of LET up te-900 keV/
um, at neutral pH and 2&. The solid lines represent the results of
our Monte Carlo simulations incorporating the double, triple, and
guadruple ionizations of water molecules, obtained af (see text).
The short-dot lines correspond to dBFo, 0, values calculated as a
function of LET without including the mechanism of multiple ionization
of water. Experimental yields (pk: 7): (®) 36S'%* ions (77 MeV/
nucleon, LET~ 250 keVim) (ref 21), and M) “°Ar18* ions (70 MeV/
nucleon, LET~ 290 keVm) (ref 81).

Gu,0, (at 1078 s) as a function of LET up te-900 keVim, at
25°C. The results are shown in Figures 2 and 3, respectively,
along with experimentally determined yields from the lit-
erature!>21.238+84 Ag can be seen in Figure 2, our curves of
Gho,ro,- Versus LET calculated without including the mecha-
nism of multiple ionization of water cannot account quantita-
tively for the totality of the measured H@O,~ yield?18! at
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Figure 3. Variation of the primary HO, yield (Gn,0,) (in molec./
100 eV) of the radiolysis of deaerated liquid waterbly, He?", 12C*,
and?°Ne*" ions as a function of LET up t6-900 keVEm, at neutral

pH and 25C. The solid lines represent the results of our Monte Carlo
simulations incorporating the double, triple, and quadruple ionizations
of water molecules, obtained at ¥0s (see text). The short-dot lines
correspond to ouBh,o, values calculated as a function of LET without
including the mechanism of multiple ionization of water. Experimental
yields (pH~ 7): *HT [(2), ref 23; (), ref 82],2H*, at one-half energy
[(m), ref 15; (®), ref 83],*He*™ [(A), ref 15; @), ref 23; (), ref 84],
and2Cst [(O), ref 23; ), ref 82]. The dashdot line represents the
limiting primary HO, yield obtained witf°Co y-rays or fast electrons
(~0.68 molec./100 eV) (ref 2).

high LET. However, when the double, triple, and quadruple
ionizations are incorporated in the simulations for the four
irradiating ions studied, the magnitude of the #/O.*~ escape
yields so obtained compares well with experiment. Figure 2 also
shows that, for different incident ions of equal LET but different
velocities, Guo,0,~ decreases as the ion velocity increa®es.
This irradiating-ion dependence of the yields at a given LET
indicates, as it has been frequently noté@;12:56.86%0that LET

is not a unique parameter to correctly describe the radiation
chemical effects within heavy ion tracks. This is explained by
the greater mean energy of ejected electrons (the so-called low-
LET “short” and “branch” tracks in the terminology of Mo-
zumder and Mage®?! or “o-rays”) from the higher velocity
ion, which will travel to a greater average distance away from
the track core and so lead to a greater dispersion of the initial
radical positions around the track. In other words, the actual
mean initial volume density of free radicals formed in the track
will be lower. Under these conditions, a greater fraction of those
radicals will be allowed to escape recombination as they
subsequently diffuse with consequent tendency for increase in
the radical yields measured after track expansion, along with
decreased molecular product yields. However, the decrease
observed in our simulate@o,0, Values with increasing ion
velocity at the same LET (the production of R@,*~ is lower

for the heavier ions) supports our assumption made in reaction
R2 that HQ* is formed by radical combination processes within
the track?? in quite the same fashion as the general formation
of molecular specie¥:!! LaVerne and co-worket% also
concluded that the yield of (HO+ O,) is significant only at
high LET and that it is produced mainly in the heavy-particle
track core at high radical concentration. It is finally worth noting
that independent simulations incorporating the sole mechanism
of double ionization of water molecules have shown that triply
and quadruply charged water ions make in fact only a minor
contribution to Guoyo and Gu,o, (~15% and 2% for
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~555 keVim 12C5" ions, respectively) under the conditions
oi = 02 gsiandog = o g (o0 < 0.5) adopted in this study
(data not shown).

Quite similarly, Figure 3 shows that our values Gfi,o,
calculated without multiple ionization of water continuously
increase with increasing LET. However, when the double, triple,
and quadruple ionizations are incorporated in the simulations,
the curves ofGy,0, versus LET first rise, then bend downward
(*H") and, at higher LET, reach a maximuftg?+ and2C6"),
after which they fall. This maximum is relatively shallow for
4He?™ ions but more pronounced féfC®* ions. Its position
also slightly shifts to higher LET as the ion charge increases,
going from ~100 keVim for ~4.5 MeV *He*" ions to
~180 keVhm for ~110 MeV12C5* ions. For?®Ne®" ions, it is
apparent from Figure 3 that a maximum should also exist,
perhaps near200 keVim, even if we could not have a better
definition of our curve o0fGp,0, below~700 keVim due to a
lack of experimental data 0G0, + Go,) in the radiolysis of
the F@T/CU2* system with high-energd?Ne®" ions under acidic
conditions!®20 These results are in good agreement with
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TABLE 3: Main Track Reactions that Contribute to the
Formation and Decay of HO,"/O2*~ in Our Monte Carlo
Simulations of the Radiolysis of Pure, Deaerated Liquid
Water by 24 MeV 12C8* |ons (~500 KeVjuM) at 25 °C and
in the Time Interval ~10712-106 s

reactiont symboP
*OH + O@P)— HO> (R2)
“OH + HO; — O, + H;0 (R6)
*OH + Oy — O, + OH~ (R7)
€,y HOz —HO,™ (R8)
€+ O™ — Hz20; + 2 OH- (R9)
e;q—i- O, — Oy~ (R10)
H* 4 O,— HOz (R11)
H* + HO» — H,0, (R12)
H*+ Oy~ — HO,~ (R13)
HO, + O(P)— O, + *OH (R14)
H* + Oy~ — HOy (R15)
HO, — HT + O~
O~ 4+ H,O— HO, + OH™ (R16)

HO,* + OH™ — O~ + H,O

a20(P) denotes the oxygen atom in #8 ground state? Reaction
symbols used in the text.

experiment, especially with the recent measurements of Pastina

and LaVerné® for “He*™ and!?C5* ions and of Wasselin-Trupin
et al8 for 12C5* jons. Moreover, if we consider the curve of
Gh,0, @s a function of LET that includes the ensemble of our
four calculateds,o0,(LET) curves for the different ions studied,
we can estimate an overall maximum around 1200 keV/
um, which is in remarkable agreement with the early observa-
tions of Bible#® and of Burns and Sim$. As observed with
HO,* /Oy, the HO, yields are also both LET and irradiating-
ion dependent. For different impacting ions of equal LET but
different velocities, Figure 3 shows th@t,o, decreases as the
ion velocity increase®, from protons to neon ions. As discussed
above, this result conforms well to the general model of
formation of molecular species. Finally, Figures 2 and 3 also
indicate that, for each ion investigated, the maximum in the
value of Gp,0, 0ccurs precisely wher&yo, 0, begins to rise
sharply. This is in excellent accord with experiment and clearly
shows that the yields of H&O,~ and HO, are closely
linked 1824In fact, hydrogen peroxide is formed within the tracks
mainly by the combination reaction of twtOH radicals
produced in the decomposition of water:
‘OH+*OH—H,0, (R5)
As *OH reacts with OFP) by reaction R2, this reaction competes
with reaction R5, causing a decrease in the obsery€ kield
at high LET. This very good agreement between theory and
experiment supports a posteriori our assumgfianade in
reaction R1 that, for the high-LET range considered here, O
atoms are primarily produced in théiP ground state (rather
than in their singletD state).

To gain further insight into the effects of multiple ionization
of water onGho,0,- andGu,0, in the high-LET heavy-ion water
radiolysis, it is of interest to examine the unfolding of the various
reactions that contribute to the formation or decay of,#10
O»~ and HO; in the ion tracks as they expand by diffusion.
This can readily be done with our Monte Carlo simulations,

TABLE 4: Main Track Reactions that Contribute to the
Formation and Decay of HO, in Our Monte Carlo
Simulations of the Radiolysis of Pure, Deaerated Liquid
Water by 24 MeV 12C5* lons (~500 KeVjuM) at 25 °C and
in the Time Interval ~10712-10°%s

reaction symbdl
*OH + *OH — H0, (R5)
H* 4+ HOy — H,0, (RlZ)
H20; + €, "OH + OH~ (R17)
H+ + HO,” — H,0, (Rl8)
H,0, + OH™ — HO,~ + H,0 (R19)

HO,™ + H,O— H,0, + OH~

a Reaction symbols used in the text.

(~10"12-107% s). Figures 4 and 5 compare, with and without
multiple ionization of water, the time profiles &fiG(HO,/O*")

and AG(H»0O,) of each of these reactions, respectively. As we
can see in Figure 4, when the double, triple, and quadruple
ionizations of water molecules are included in the simulations,
HO,/O,~ is formed mainly by reactions R2, R10, R11, and
R15, whereas its decay is dominated by reactions R6, R8, R12,
and R14. The large increase in the fractions obiA®*~ formed

by reactions R2, R10, and especially R11, compared to their
corresponding values in the absence of multiple ionization, is a
reflection of the large increase in the yields ofP)and Q at

high LET (see below). As regards,8,, Figure 5 clearly
demonstrates that J@, is formed within the tracks almost
entirely by the reaction R5 of th®©H radical with itself, with

or without multiple ionizations of water. However, our simula-
tion results show that, upon incorporation of the multiple-
ionization mechanism, the formation of,®, due to reaction

R5 decreases. As noted above, this is explained by the fact that,
in ~500 keVkm 12C5* tracks, reactions R2, R6, and R7
compete with reaction R5, causing a decrease in the observed
H»0, yield (see Figure 3). Another reason for such a decrease

which enable us to determine quantitatively the time dependencein Gu,o, arises from the decrease in the initial yield*0H (at

of each reaction. The main reactions that are involved in the
primary yields of HQ/O»~ and HO; in the case of pure,
deaerated liquid water irradiated by 24 MeMC®" ions
(~500 keVkm) at 25 °C are listed in Tables 3 and 4,

10713 s) due to the occurrence of reactions R1, R3, and R4,
which do not produc#OH radicals, at the expense of the proton-
transfer reaction b0 + H,O — H30O" + *OH, which occurs
following the formation of singly ionized water molecules. The

respectively. The importance of these reactions can be quantifiedcontributions of the reactions R17 and R19 to the removal of

by the yield variationg®\G(HO»*/O,"~) andAG(H,0,) that they

H,0, also decrease with including the multiple ionizations of

cause over the time interval of nonhomogeneous track chemistrywater as a result of the decrease in th®©¥Hlyield. As for the
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Figure 4. Time dependence of the extent&(HO,*/Ox ™) (in molec./100 eV) of the main intratrack reactions R2 and-R@&6 that contribute to

the formation and decay of H@O,~ (see text and Table 3), calculated from our Monte Carlo simulations of the radiolysis of deaerated liquid
water by 24 MeV*2C®* ions (~500 keVEm) at neutral pH, 23C, and in the time interval T0>-107% s: (a) without including the mechanism of
multiple ionization of water, and (b) with incorporating the double, triple, and quadruple ionizations of water molecules. Note that, in the absence
of multiple ionization of water, the contributions of reactions R7, R9, and-HRTS are very small and have been omitted from the figure for the
sake of clarity.
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Figure 5. Time dependence of the extert&(H-0,) (in molec./100 eV) of the main intratrack reactions R5, R12, and-HRIM that are involved

in the formation and decay of . (see text and Table 4) calculated from our Monte Carlo simulations of the radiolysis of deaerated liquid water
by 24 MeV *2C5" ions (~500 keVim) at neutral pH, 25C, and in the time interval 16>-107° s: (a) without including the mechanism of
multiple ionization of water, and (b) with incorporating the double, triple, and quadruple ionizations of water molecules.

fractions of hydrogen peroxide formed by reactions R12 and 25 °C, are shown in parts (a) and (b) of Figure 6, respectively.
R18, they are very small at the LET 600 keViim considered As can be seen, the primary yields of the hydrated electron and
here and show only little increase when multiple ionizations of the hydroxyl radical diminish steeply as the LET is increased,
water molecules are incorporated in the simulations, due to theand for the highest LET studied, there is almost gaed*OH

increase in H@/O,*~ yields (see Figure 2). The net effects of
multiple ionization of water onGuoyo, and Gp,o, with
increasing LET are shown in Figures 2 and 3, respectively.
The variations ofG,. and G-oiy (obtained at 10° s) as a
function of LET for puarqe, deaerated liquid water irradiated by
IH*, 4He?t, 12C8F, and 2°Ne’t ions up to~900 keVim, at

surviving at the microsecond time scale. Also, for incident ions
of equal LET, G, and Gon increase as the ion velocity
increases, from protons to neon ions. This is as expdéted.
Figure 6 also shows that, for the range of LET considered here,
the incorporation of multiple ionization of water in our
simulations has almost no effect Gg;q andGon. In fact, our
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Figure 6. Variation of the primary yields of (a) hydrated electrons
(G- ) and (b) hydroxyl radicalsGow) (in molec./100 eV) of the
radiolysis of air-free liquid water byH*, “He?*, 12C5*, and?Ne®t ions

as a function of LET up to~900 keVim, at neutral pH and 2%.

Figure 7. Variation of the primary yields of (a) hydrogen aton@()
and (b) molecular hydroger&(;,) (in molec./100 eV) of the radiolysis
of air-free liquid water by'H™, ‘He?*, 12C%+, and ?°Ne®" ions as a
function of LET up to~900 keVim, at neutral pH and 2&. The

The solid lines represent the results of our Monte Carlo simulations
incorporating the double, triple, and quadruple ionizations of water
molecules, obtained at 1®s. The short-dot lines correspond to our
results calculated without including the mechanism of multiple ioniza-
tion of water. Experimental yields: (&H* [(v), ref 93],2H*, at one-

half energy [p), ref 15; (a), ref 88], and*He?™ [(), ref 15; @), ref

84; (a), ref 88; @), ref 94]; (b}fH* [(O), ref 18; ©), ref 93], “He?"

[(m), ref 18; @), ref 84], and®°Ne®* [(x), ref 18]. The daskdot lines
represent the limiting primary,gand-OH yields obtained witlf°Co
y-rays or fast electrons+2.5 molec./100 eV) (ref 11).

calculated yield values are nearly identical to those obtained

without multiple ionization of water. Over the whole LET range,

solid lines represent the results of our Monte Carlo simulations
incorporating the double, triple, and quadruple ionizations of water
molecules, obtained at 1®s. The short-dot lines correspond to our
results calculated without including the mechanism of multiple ioniza-
tion of water. Experimental yields: (&H™ [(2), ref 95],2H*, at one-
half energy [@), ref 83], and*He?™ [(a), ref 15; (¥), ref 95]; (b)H*
[(%), ref 18], *He?™ [(A), ref 15; @), ref 18], 2°Ne>™ [(O), ref 96],
20Ne®* [(O), ref 18], and fission fragments>(, ref 16; (), ref 97;

(»), ref 98]. The dashkdot lines represent the limiting primary ldnd

H, yields obtained witl¥°Co y-rays or fast electrons~0.60 and 0.45
molec./100 eV, respectively) (ref 2).

experimental uncertainty. As for our calculated primary H

the simulations for the four ions are in quite good agreement yields, Figure 7b shows that they increase monotonically with

with available experimental dat&?18.84.88.93.94
The effect of LET onGy- and Gy, (obtained at 10° s) for
pure, deaerated liquid water irradiated ¥y, He?*, 12C6*,

increasing LET for the four impacting ions studied. For instance,
in the case of deaerated liquid water irradiated®Gf" ions,
our computedGy, values are found to increase continuously

and 2°Ne’* ions up to~900 keVkm, at 25°C, is shown in from ~0.64 to 1.15 molec./100 eV on going from12 to
parts (a) and (b) of Figure 7, respectively. As one can see from600 keVim. As can be seen, the available experimental
Figure 7a, our calculated primary tom yield values present  datd>18%are generally well reproduced by our calculateg H

a slight maximum near 6.5 keMih before decreasing steeply escape yields over the whole LET range covered here. However,
at higher LET. The origin of this maximum was discussed in extrapolation of our values to higher LET seems to be somewhat
detail previously?® Below ~10 keVjum, the behavior 06y is lower than the yield of~2 molec./100 eV estimated for the
essentially independent of radiation quality. This is to be decomposition of water by fission recoil fragments with an LET
expected since in this low-LET region (that is, at high radiation close to~5000 keV/m.16:97.%|n view of the fact that the fission
particle energies), the tracks of heavy ions can be viewed, asfragment data may have large uncertainties because of dosim-
seen above, as a random succession of (on average) isolatedtry ! further measurements of the, Mield using various ion
nearly spherical spurs, and the observed chemistry of suchtypes and ion energies over a wide range of LET values above
particles should therefore be much like that of fast prof8is. ~100-200 keVim would be needed to clarify the results
Our simulated results also show that, as do the yields of observed. Figure 7 also shows that, in the case of protons, the
€,qand*OH (see Figure 6), for incident ions of a given LET incorporation of the double, triple, and quadruple ionizations
10 keVlum, Gy increases with ion velocity, from protons to  of water molecules in the simulations has no effect on the
neon ions® In the LET range studied, our calculatég: values variations ofGy- and Gy, with LET. However, in the case of
are in good agreement with the experimental data of Appleby “He?*t, 12C8*, and?Ne’" ions, we observe at high LET a slight
and Schwar? and of Bisby et al?® but are slightly higher than ~ gradual decrease of oWy and Gy, values calculated with

the Gy value determined by Elliot et &.at room temperature ~ multiple ionization of water in comparison with those obtained
for irradiations with a 23 Me\VH* beam. It should be noted,  without including the multiple-ionization mechanism. This
however, that the Hatom yield reported by these latter authors decrease 0By andGy, at low ion energies is more pronounced

is estimated from the difference between the measured valuesfor heavier ions in the ordéHe*™ < 12C%+ < 20Ne?™ and mainly

of (Gu, + Gw) and Gu,, and therefore has a rather large results from the increase in the yields of W@y~ and Q (see
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below) that occurs at high LET in the presence of the multiple
ionization of water. In the case ofHfor example, the main
reactions that account for its formation in pure, deaerated liquid
water irradiated with~500 keVim 12C8" ions are, in order of
decreasing importance (data not shown):

a8 / 2N

0, yield (molec./100 eV) at 10 s

H' + e, H, + OH" (R20)
€t €q— Hy+ 20H (R21)
and -
H + H — H, (R22) i

As H* reacts with @and HQ/O,*~ in the densé?C®" ion tracks
by reactions R11R13 (see Table 3 and Figures 4 and 5), these
reactions normally compete with reactions R20 and R22 at early
time and during track expansion, thereby causing a decrease in
the observed Hyield at high LET. For the example under .
consideration, the overall variation @y, with and without 0.014
incorporation of multiple ionization of water iAG(H,) ~ I o
—0.07 molec./100 eV at 16 s (data not shown). 1 10 100 1000

Oxygen is a powerful radiation sensitiZ&f.The biological LET (keV/um)
response to irradiation is greater under oxygenated conditionSgigyre 8. Variation of the initial (a) and primary (b) yields of molecular
than under hypoxic conditions. The ratio of hypoxic to aerated oxygen (obtained at 18 and 10 s, respectively) (in molec./100 eV)
doses needed to achieve g@mmebiological effect is known as  of the radiolysis of liquid water byH*, “He?*, 12C%*, and?'Ne®* ions
the “oxygen enhancement ratio” (OER). The OER is generally as a function of LET, at neutral pH andZ& The solid lines represent
recognized as a dose-modifying factor of fundamental impor- the results of our Monte Cgrlo simulations incorporating the douple,
tance in radiobiology as well as of practical importance in triple, and quadruple ionizations of water molecules. The short-dot lines

ioth lul . L t lish correspond to our calculated values without including the mechanism
radiotherapy. For most cellular organisms, itis well established ot mtiple jonization of water. The yieldSo, ~ 0.3 and 0.8 molec./

that the value of OER decreases progressively with increasing100 eV estimated by Bibler (ref 16){ in the 25%Cf fission fragment
LET of the radiatiort®2-1%2The “oxygen-in-the-track” hypoth-  radiolysis of 0.4 M HSQ, solutions at very high LET~4000 keV/
esis, proposed many years ago to account for this efféct, «m) are also shown in part (b) of the figure. The dot line is drawn
presupposes that molecular oxygen is a product of the radiolysishere as a guide for the eye to show that extrapolation to higher LET of
of water at high LET. In fact, the radiolytic formation of@ our ca'lculaylted (g_)escape yields for the four ions studied reproduces
. . . well Bibler's estimates.
the tracks of highly charged particles is presumed to convert
an initially “hypoxic” solution to a partially “oxygenated”
microenvironment around the relevant cellular target molecules, lowest limiting yields when the concentration of4Féons was
which justifies the low OER values observed in the experi- increased (usually to 16—10"1 M) in deaerated Fricke
mentst7102104This hypothesis of the generation of molecular dosimeter solutions (16 M ferrous ammonium sulfate in
oxygen in heavy-ion tracks has often been invoked for a variety aqueous 0.4 M bBOy) (Table 1 of ref 17). However, they
of biological materials, but the conclusion is not clear3fet.  subsequently showed in more detailed experiments using higher
On the viewpoint of pure radiation chemistry, the creation of ferrous ion concentratio#$that, with increasing concentration
0O, along the tracks of highly charged particles has been of FE* ions, the observed yield of oxygen passes through a
proposed by several studi&s!?.20.106109 Those measurements  minimum, which is dependent upon LET, and rises thereafter.
all support the proposal that track oxygen is a product of the It is clear, under such circumstances, that the initial yields of
radiolysis of water at high LET. Most remarkably, Bidier  track oxygen reported by Baverstock and Bifrage certainly
estimated from his studies of the radiolysis of 0.4 MSiay subject to large uncertainty on an absolute basis. We note,
solutions with?52Cf fission fragments thaBo, could be as large nevertheless, that the initiab(O,) value ¢(~0.005 molec./
as~0.8 molec./100 eV at an LET 0£4000 keV/im (to make 100 eV) that these authors estimated for 5 M&M?" ions (LET
up the material balance). ~90 keVum)'” agrees very well with our calculated value of
In the present work, upon incorporation of the double, triple, 0.0064 molec./100 eV (Figure 8a). However, for 30 MeV
and quadruple ionizations of water molecules in our simulations 2°Ne®* ions (LET ~1570 keV/im)171%8their observed initial
of the radiolysis of pure, deaerated liquid water, we find, for O, yield (0.031 molec./100 eV) is about a factor of 10 smaller
the four irradiating ions usedH*, *He?t, 12C8F, and?Ne°"), than our calculated value~0.3 molec./100 eV, obtained by
a steep increase in both the initial (at3®s) (Figure 8a) and extrapolation of the data of Figure 8a). As opposed to the
the primary (at 106 s) (Figure 8b) yields of @as a function difficulties encountered with the initial Oyields, a reliable
of LET. In contrast, in the absence of the multiple ionization quantitative comparison of our simulated results Bxd, o0,
of water, these yields remain very small throughout the range + Gg,) as a function of LET (Figures 2 and 8b) can be made
of LET studied and show only a slight gradual increase with with experiment’=20108 pearing in mind that the yields
increasing LET. It is difficult, unfortunately, to offer a quantita- generally quoted for H® in the literature also include @as
tive comparison between our calculated init@ivalues for a direct radiolysis product'” For instance, for~140 keV/
molecular oxygen and the corresponding experimental data ofum “He*" ions, Figures 2 and 8b (when the mechanism of
Baverstock and Burns.In fact, the latter authors obtained, for multiple ionization of water is included in the calculations) give
several different impacting ions, the initial yields of &s the Ghoyio,- = 0.046 molec./100 eV ano, = 0.034 molec./

015 1208 /2nNes¢

G, (molec./100 eV)
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TABLE 5: Main Track Reactions that Contribute to the
Formation and Decay of G, in Our Monte Carlo Simulations
of the Radiolysis of Pure, Deaerated Liquid Water by 24
MeV 12C8* lons (~500 KeV/gM) at 25 °C and in the Time
Interval ~10712-10°¢s

reaction symbdl
*OH + HOy — O, + H,O (R6)
*OH+ Oy~ — O, + OH~ (R7)
€qT 02— O (R10)
H*+ O, — HO, (R11)
HO,* + OCP)— O, + *OH (R14)
OCP)+ OFP)— O (R21)

@ Reaction symbols used in the text.

100 eV, respectively, so thaBfo,0,~ + Go,) = 0.08 molec./
100 eV. This value reproduces very well the corresponding
experimental values of 0.08 (Table 1 of ref 17), 0.085,
0.0991%720 and ~0.093% molec./100 eV. It is also consistent
with other experimental data at similar or slightly lower LET,
including those of Lefort and Tarragfo(0.11 molec./100 eV)
and Senvar and Ha# (0.10 molec./100 eV) for 5.3 MeV and
3.4 MeV 21%Pq q particles, respectively, and of Appleby and
Schwar?® (0.07 molec./100 eV) for 12 MeVHe*" ions. The
same kind of comparison can be done at higher LET, for
example for?®Ne’" ions at~1570 keV/im. By extrapolation

of our results of Figures 2 and 8b, we obtain for this case
Ghoyio ~ 0.11 molec./100 eV andso, ~ 0.17 molec./
100 eV, so thatGno,0,~ + Go,) ~ 0.28 molec./100 eV. This
value is in quite good agreement with the corresponding
measured yields of 0.23;1080.2718 and 0.24%20 molec./
100 eV reported in the literature féiNe®* ions at this particular

LET. This good agreement between calculated and experimental
yield values gives strong support to the validity and consistency

of the modelt!! and in turn to the importance of the role of
multiple ionization in the radiolysis of water under high-LET
irradiation conditions. A final remark that is worthwhile to
mention here concerns the relative yields of #10,*~ and Q
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oxygen are predominantly due to intratrack reactions R6 and
R7, and R10 and R11, respectively. Overall, the amount,of O
produced is slightly larger than that removed, so that our
calculatedGo, value at the microsecond time scale is low
(~0.013 molec./100 eV; see Figures 8b and 10a). When the
double, triple, and quadruple ionizations of water molecules are
incorporated in the simulations (Figure 9b), i©®formed within

the tracks mainly by reaction R6 and to a much lower extent
by reaction R7, whereas there is a chemical productionof O
at early times originating from the reactions R14 and R21 of
the O@P) atont!2 with HO,* and with itself, respectively. As
for the G decay, it largely occurs through the two track reactions
R10 and especially R11. Compared to the results obtained in
the absence of multiple ionization, there is overall a marked
(about five times) increase in the production of @ver its
disappearance, our calculated valuesgf being equal, in this
case, t0~0.062 molec./100 eV (see Figures 8b and 10b). A
detailed inspection of Figure 9 also reveals the presence of a
maximum in the time dependence of the yield (Figure 10),
which is mainly accounted for by the different formation and
decay kinetics of molecular oxygen. In fact, reaction R6, which
is the dominant chemical route for formation of, @akes place

at very short times and its importance in producingr@reases
rapidly around~10"'' s. By contrast, the reactions R10 and
R11, which are the principal causes of the decay gf<bow

a comparatively slower initial increase in importance, but this
trend is reversed on the time scale fremt0~1°to 10°° s with

an increasingly faster decay of,OThis leads, in turn, to the
appearance of a maximum in the @eld at around 10° s. As

it is clearly seen in Figure 10, for 24 MeVRC®*" ions
(~500 keVm), this maximum is very shallow in the absence
of the multiple-ionization mechanism, but becomes quite
pronounced+{0.13 molec./100 eV at4 x 101°s) when the
double, triple, and quadruple ionizations of water molecules are
incorporated in the simulations.

Parts (a) and (b) of Figure 10 show the effect of LET on the

in the tracks of highly charged particles. As can be seen from temporal variation of the yield of £at 25°C, over the range

Figures 2 and 8b, not only does the su@ug, 0, + Go,)
increase with increasing LET but also the amount of O

10712-107% s, obtained from our simulations of the radiolysis
of pure, deaerated liquid water B§CS" ions of various initial

produced, which is low at low LET, becomes greater than that €nergies in the range18—2 MeV/nucleon {-100-500 keV/

of HO»* /O~ for very high-LET ions. In fact, using the same
examples as those cited just above, the r&i.Guo, 0, IS

um). As can be seen from Figures 9a and 10a, in the absence
of multiple ionization of water, the initial yield of molecular

calculated to increase from about 0.73 to 1.55 as the LET is 0Xygen is almost nonexistent for all LET values considered,

raised from~140 to 1570 ke\iim. These results clearly

while at longer times there is a small amount of @Woduced

demonstrate the usefulness of the present computer simulatiorvia intratrack reactions occurring during the nonhomogeneous
studies to elucidate the problem of the separation of the chemical stage. In contrast, upon incorporation of multiple

combined yields of HQ and Q in high-LET heavy-ion
radiolysis experiments using deaeratec®'F@&W2" aqueous
solutions under acidic conditioA®’

Further insights into the effects of multiple ionization of water
on Go, in the heavy-ion water radiolysis can be gained by
examining the unfolding of the various reactions that contribute
to the formation or decay of £n the ion tracks as they expand
by diffusion. The main reactions that are involved in the primary
yield of O, in the case of deaerated liquid water irradiated by
24 MeV 12C%* jons (~500 keVkm) at neutral pH and 25C

ionization of water molecules in our simulations, the production
of O, increases considerably with increasing LEY Figures

9b and 10b demonstrate that, in this case, the amount;of O
produced by the very short-time track reactions R6, R14, and
R21 is the primary cause of the overall increase in the yield of
O,. The results in Figure 10b also show that, as the LET is
increased, the maximum of the @ield becomes more and more
pronounced as a function of time, while its position continuously
shifts toward shorter times. Unfortunately, there is at present
no experimental or theoretical information available in the

are listed in Table 5. As noted above, the importance of these literature with which to compare our results on the time

reactions can be quantified by the yield variatidx3(O,) that

variations of the yield of molecular oxygen at high LET.

they cause over the time interval of nonhomogeneous track A few final words should be added here regarding the oxygen

chemistry ¢10712—107%s). In Figure 9, we compare, with and
without including the mechanism of multiple ionization of water,
our calculated time profiles oAG(O;) for each of these

production in high-LET ion tracks. Using our calculat&d
values for Q reported above for 24 MeV:2C8* ions
(~500 keVEm) (see Figures 8a and 10b), we can estimate the

reactions. Figure 9a shows that, in the absence of multiple track concentration of £as a function of time. In fact, assuming
ionization, the production and disappearance of molecular that the oxygen molecules are produae@nly in a cylinder
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Figure 9. Time dependence of the extems5(0O;,) (in molec./100 eV) of the main intratrack reactions R6, R7, R10, R11, R14, and R21 that
contribute to the formation and decay of molecular oxygen (see text and Table 5), calculated from our Monte Carlo simulations of the radiolysis
of deaerated liquid water by 24 Me¥C®" ions (~500 keV{m) at neutral pH, 25C, and in the time interval T0°-107%s: (a) without including

the mechanism of multiple ionization of water, and (b) with incorporating the double, triple, and quadruple ionizations of water molecules. Note
that, in the absence of multiple ionization of water, the contributions of reactions R14 and R21 are very small and have been omitted from the
figure for the sake of clarity.
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Figure 10. Time dependences of the:@elds (in molec./100 eV) calculated from our Monte Carlo simulations of the radiolysis of pure, deaerated
liquid water at neutral pH, 25C, and in the time scale of I&—107% s, for impacting!?C®" ions of various initial energies: 18400 keVim),

8 (~200 keVim), 3 (~400 keVim), and 2 {500 keViim) MeV/nucleon (see text), without mutiple ionization of water (a), and with including
the double, triple, and quadruple ionizations of water molecules (b).

whose initial radius is equal to the radius of the physico- represents the change with time of due to the diffusive

chemical core of the impacting ion track (at 18 s)2? this expansion of the track. Hereis the time and is the diffusion
concentration can simply be derived froht56 coefficient of @ (D = 2.42x 1072 m2 s~ at 25°C) .50 For the
case of 24 Me\A2C%" ions, the LET is~500 keVim, G(Oy)
[0,] ~ G(O,) x (i-rz) at 1013 s is~0.1 molec./100 eV (Figure 8a), amgl obtained

7r () from our simulations is~2.0 nm. Under these conditions, the

initial track concentration of oxygen [ is ~63.5 mM, a value
where that is about 3 orders of magnitude higher than the concentration
5 5 of O, found in typical human cells{30uM).114 At ~4 x 10710
r(t)”~r,” + 6Dt s (that is, at the @yield maximum; see Figure 10b), we have
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r ~ 3.1 nm,G(Oy) ~ 0.13 molec./100 eV, and thus §o~ the double, triple, and quadruple ionizations of water molecules
32.8 mM. Finally, at the microsecond time scaley 121 nm, are incorporated in the simulations. Such an excess production
Go, ~ 0.063 molec./100 eV, and the oxygen concentration in in situ of molecular oxygen in high-LET, heavy-ion tracks, that
the irradiated track volume is-11 uM. All of these values is not observed with lower LET radiations, can be a key factor

clearly indicate that there is an excess production in situ of in the increased biological efficiency of radiations of high LET
molecular oxygen in high-LET, heavy-ion tracks at early time with, in turn, important consequences in radiobiology, oxidative
that is not observed with lower LET radiations. One must processes, and other applications. Based on these results, the
nevertheless be cautious in relating these substangigielis present work clearly pleads in favor of the “oxygen in the heavy-
and concentrations, which are for water, to the situation where ion track” hypothesis. Finally, it is worthwhile noting that, under
energy is deposited in or near a déiHowever, it seems certain  the conditions of this study, the mechanisms of triple and
that this Q formation can be an important factor in the increased quadruple ionizations contribute only weakly to the production
biological efficiency of radiations of high LET with, in turn,  of HO,* /Oy~ and Q, respectively. In other words, the mech-
profound consequences in radiobiology, oxidative processes, andanism of double ionization of water is found to largely
other applications. In view of the above results, the present work predominate at high LET, whereas it is insignificant at low LET.

largely pleads in favor of the “oxygen in the heavy-ion track” The good overall agreement found between calculated and

hypothesis. experimental yield values gives strong support to the validity
and consistency of the model used in this study, and in turn to

4. Conclusion the importance of the role of multiple ionization in the radiolysis

) of water under high-LET irradiation conditions.
In this study, we have used Monte Carlo track structure
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