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The chemistry of the Fricke dosimeter induced by low and high linear energy transfer (LET) radiation has
been modeled using the stochastic IRT method, incorporating simulated ion tracks. Comparison of the results
for track segments with experimentally determined differential yields shows excellent agreement for energetic
electrons, and for nonrelativistic ions, including1H, 4He,12C, and20Ne. There is a significant effect of particle
type and energy on the response of the Fricke dosimeter, which reflects the competition between intra-track
reaction of the radiation-induced radicals, diffusion, and scavenging. This competition is modified by changes
in the ion track structure. Monte Carlo track structure simulations show that the radial energy loss profiles
are similar for ions with the same velocity/charge ratio and that∼40% of the energy is initially deposited
within a water diameter of the track axis. The LET of the ionizing radiation is shown to be a poor parameter
for characterizing the Fricke dosimeter and the observed chemistry is predicted more precisely by the square
of the ratio of the particle charge to its velocity.

Introduction

Stochastic diffusion-kinetic modeling has proven to be a
great help in understanding the early events occurring in the
radiolysis of water by fast electrons,1-6 but similar calculations
for heavy ion radiolysis are only now becoming possible.
The physical track of a heavy ion, and therefore the radiation-
induced chemistry, is very different than that of a fast electron
because of the much higher rate of linear energy transfer, LET
() - dE/dx, the stopping power).7 The development of radiation
chemical models of heavy ion radiolysis using sophisticated
diffusion-kinetic calculations coupled with realistic descriptions
of the physics of ion tracks require a large computing capacity.
The accuracy of these models is best determined by comparing
their predictions with experimental data on well-characterized
chemical systems that have been examined with a wide variety
of incident radiation particles and energies. One of the most
studied systems in radiation chemistry is the Fricke dosimeter,
which has been examined with primary particles ranging from
protons to uranium ions.8-10 Successful prediction of the
observed radiation chemistry will enhance the validity of a
model for the various physical aspects of the radiation track
structure and support its ability to elucidate the early radiation
chemical events.

The Fricke dosimeter is an aerated solution of 1-10 mM
FeSO4 in aqueous 0.4 M H2SO4. It is straightforward to prepare
and it provides an easy quantification of the energy deposited
by ionizing radiation. The chemistry is based upon the oxidation
of Fe(II) ions to Fe(III) by the oxidizing species•OH, HO2

•,
and H2O2 that are produced in the radiolytic decomposition of
water

The rate coefficients used throughout this work are from the
compilation of Buxton et al.11 The radiation-induced reducing
radicals, eaq

- and •H, are rapidly converted to HO2• under the
aerated conditions of the Fricke dosimeter by the following
reactions

Consequently, the yield of oxidized equivalents, i.e., Fe(III), is
given by the following stoichiometric equation

Radiation chemical yields are given in G-values, with the unit
of the number of molecules or radicals produced per 100 eV of
energy absorbed.

The Fricke dosimeter is the only radiation chemical system
that has received systematic study using low-LET radiations,
that is energetic electrons andγ-rays,12-14 and using high-LET
radiations, such as accelerated ions8 and neutrons.15 The limiting
yield of the Fricke dosimeter, obtained with fast electrons and
60Co γ-rays, isG(Fe(III)) ) 15.6 ions/100 eV. Lower yields
are obtained for low-energy electrons12 and for light and heavy
ions.8 The variation in the ferric ion yield is due to the intra-
track chemistry of the radical species because of differences in
the relative spatial distribution of the reactants within the
geometry of the track structure. Therefore, the observed
chemistry in conjunction with the model calculations can be
used to probe the physical track structure.

This study addresses the effect of particle type and energy
on the chemistry and the yield of the Fricke dosimeter, so as to
elucidate the effects of track structure in radiolysis. In the
following section, the stochastic simulation techniques used to
model the radiation-induced chemistry are described briefly. The

H3O
+ + eaq

- f •H k ) 2.3× 1010 M-1s-1 (4)

•H + O2 f HO2
• k ) 2.1× 1010 M-1s-1 (5)

G(Fe(III)) ) G(•OH) + 2 (G(H2O2)) +

3 (G(eaq
-) + G(•H) + G(HO2

•))

Fe(II) + •OH f Fe(III) + OH- k ) 4.3× 108 M-1s-1 (1)

Fe(II) + H2O2 f Fe(III) + •OH + OH-

k ) 42 M-1s-1 (2)

Fe(II) + HO2
• f Fe(III) + H2O2 + OH-

k ) 2.1× 106 M-1s-1 (3)
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results are presented and discussed in the third section. A
summary is presented and conclusions are drawn in the final
section.

Methodology

A number of different deterministic and stochastic techniques
have been developed for modeling the radiation chemistry of
water and aqueous solutions.2,16-18 These methods have been
critiqued in the past,19 and it has been demonstrated that the
most realistic approach involves the stochastic diffusion-kinetic
modeling of the evolution of simulated track structures.20 This
type of treatment explicitly takes into account the identities and
the nonhomogeneous spatial distribution of the radiation-induced
reactants. The calculations reported here follow the methodology
outlined in ref 21, and in refs 4 and 5 for track structure simu-
lation and stochastic diffusion kinetic modeling, respectively.

Track Structure Simulation. As a radiation particle passes
through an aqueous solution, it is attenuated, transferring energy
to the molecular electrons and causing ionizations and excita-
tions. The trajectory of an ionizing radiation particle is modeled
collision-by-collision, using an energy-dependent inelastic col-
lision cross-section derived from the dipole oscillator strength
distribution of liquid water following the methods originally
suggested by Ashley22 and by Green at al.23 and using an energy-
dependent elastic collision cross-section appropriate for gaseous
water. The outcome of an energy-transfer eventsionization or
excitationsis determined from the energy dependent ionization
efficiency for liquid water.24-26 When an ionization event
occurs, the trajectory of the ejected, secondary electron is
followed until it has degraded in energy to less than 25 eV. At
this point, the chance of a further ionization event is limited.
The effects of low-energy electrons (<25 eV) are included
empirically using spatial distributions derived from data obtained
from simulations of the attenuation of low-energy electrons in
water ice27 employing experimental ice phase cross-sections.28,29

Trajectory deviations due to ionization events are determined
by classical kinematics, whereas those due to elastic events are
determined from the experimental differential cross-section for
gaseous water. In the calculations for energetic ions, the
attenuation of the primary particle is followed until the initial
energy has dropped by 10-150 keV. As this study considers
track segments and hence differential yields, it is important that
the energy and the energy loss properties of the primary radiation
particle do not change significantly in the simulation.

The formalism proposed by Ashley and Green et al. describes
the rate of energy loss by a primary particle due to inelastic
collisions, but does not incorporate the effects of electron capture
and loss by the primary ions. The energy dependences of the
effective charge,Zeff, of 1H, 4He, 12C, 20Ne, and 58Ni ions
evaluated using the approach of Bloom and Sauter30 are shown
in Figure 1. At the energies considered in the chemistry studies
of LaVerne and Schuler8 and of Appleby et al.,31 charge cycling
processes are not significant for1H+, 4He2+, and20Ne10+; they
are only relevant at energies less than 20 MeV for12C. However,
the use of an effective charge is important for58Ni. At 20 MeV,
Zeff/Z is 0.93 for12C, while at 200 MeVZeff/Z is 0.72 for58Ni.

Physicochemical Processes.After the transfer of energy from
the radiation particle and its daughter electrons to the molecular
electrons, all of the ionization events are assumed to result in
the production of a geminate (H2O+-e-) pair, whereas a
nonionizing electronic excitation is presumed to result in the
production of an excited singlet water molecule, which can
dissociate into an (H-OH) pair or an (H2-O(1D)) pair, or
alternatively undergo nonradiative decay back to ground-state

water. Track structure simulation provides the yields of ioniza-
tion events and of nonionizing excitation events. The conse-
quences of nonionizing excitation are parametrized to match
the known initial yields in the fast electron radiolysis of neutral
water taking into consideration available information from
photochemical studies,32,33following the approach described in
ref 34.

Diffusion-Kinetic Modeling. In the following studies, the
independent reaction times (IRT) technique35 is employed to
model the competition between the diffusive relaxation of the
nonhomogeneous spatial distribution of radiation-induced spe-
cies and their diffusion-limited reaction. The IRT simulation
of diffusion-limited kinetics starts from the initial positions of
the radiation-induced reactants furnished by a track structure
simulation. These positions are used to determine which pairs
of particles are initially in a reactive configuration. The
overlapping pairs are allowed to react and, where appropriate,
products are generated. A random reaction time is generated
for each surviving pair using the independent pairs approxima-
tion by sampling from the appropriate first passage time
distribution function. Random reaction times are determined for
the reaction of each reactive species with the solvent and with
the added solutes. The minimum of the ensemble of reaction
times comprising the three sets of timessintra-track, solvent,
and solutesis the time of the first reaction. The effects of this
reaction are tabulated, and new reaction times are generated if
appropriate. The minimum of the new ensemble of times is the
next reaction time. This procedure continues until a predefined
cutoff time is attained. The kinetics of 102 - 103 different tracks
are simulated to obtain statistically significant information. In
most kinetic studies, the cutoff time is usually chosen to be∼1
µs; however, in modeling the Fricke dosimeter, the slow reaction
of H2O2 with Fe(III), k ) 42 M-1s-1,11 requires the use of a
longer time,∼1 s. This change also increases the CPU time
necessary for simulation. The reaction parameters and diffusion
coefficients used in the simulations reported here were obtained
from the compilations of Buxton et al.11 using the treatment
outlined in ref 36.

Results and Discussion

The majority of the radiation chemistry experiments per-
formed with energetic ions have measured the track average or
integral yield (usually denotedGo) for the complete energy
attenuation of the ion. These yields represent significant changes
in the energy loss properties of the primary ion and in the
structure of the radiation track. To understand and elucidate the
effect of track structure on radiation chemistry, it is more
straightforward to consider the sections of an ion track over

Figure 1. Energy dependences of the effective charge,Zeff, of 1H, 4He,
12C, 20Ne and58Ni ions evaluated using the approach of Bloom and
Sauter.30
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which the primary ion energy loss properties do not change
significantly. Radiation chemical measurements have been made
on the Fricke dosimeter for a wide variety of ions, and over a
range of energies. LaVerne and Schuler have used this wealth
of experimental information to determine the differential (or
instantaneous) yields,Gi, of track segments as a function of
ion kinetic energy,E, for the irradiation of the Fricke dosimeter
with 1H, 4He, 12C, and58Ni ions.8 These data and other track
segment yields from the literature31,37 are shown in Figure 2.
The experimental data show that for a given ion, the amount of
Fe(III) produced decreases as the energy of the radiation particle
decreases. The maximum yield of the Fricke dosimeter is∼15.6
and is found for energetic electrons, and the ion energy required
to give a specific yield of Fe(III) production increases with ion
mass, i.e., e- < 1H < 4He < 12C < 20Ne < 58Ni. Also included
in Figure 2 are stochastic IRT predictions of track average yields
for energetic e- and track segment yields for1H, 4He,12C, 20Ne,
and58Ni28+ ion tracks. The simulations for the four lighter ions
are in excellent agreement with the experimental track segment
yields over the range of ion energies studied experimentally.
There is, however, some discrepancy between the experimental
data and the calculations for58Ni28+ radiolysis. The simulations
cover a range of energies greater than that experimentally probed
for 1H, 4He, and12C ions, and the results suggest that the yields
of the Fricke dosimeter for light ions tend to the fast electron
limit at high ion energies. The minimum differential yield of
Fe(III) is different for each ion decreasing in the order e- > 1H
> 4He> 12C > 58Ni, with minima in the G(Fe(III)) values found
at lower energies than have been probed experimentally (except
for 58Ni). The existence of a minimum G(Fe(III) value for
energetic electrons has already been suggested.38,39In addition,
recent experimental studies measuring single strand breaks
induced in dilute aqueous solutions of DNA plasmids using
X-ray sources of various energies have demonstrated a minimum
yield at about 1-2 keV.40 Assuming a direct correspondence
between the OH radical yield and the yield of DNA single strand
breaks, this minimum implies a minimum OH radical yield for
energetic electron irradiation in this energy range.

It is frequently desirable to have an empirical parameter to
use in the description of the radiation chemical effect of track
structure. Historically, the effects of radiation quality have been

parametrized in terms of the linear energy transfer (LET) of
the radiation to the medium.41 This quantity is numerically
equivalent to the stopping power of the medium for radiation
particles under the conditions examined here. It has been
demonstrated experimentally that LET is an inappropriate
descriptor for radiation chemical effects.8,31,42,43Figure 3 shows
the results of stochastic diffusion kinetic calculations for the
dependence of the ferric ion yield on LET for1H, 4He, 12C,
20Ne, and58Ni ions. The calculations support the experimental
observation that LET is not a unique parameter for predicting
the response of the Fricke dosimeter. In general, an increase in
the LET leads to a decrease in ferric ion yields. This decrease
is about a factor of 4 over the range of LET. The reason for the
failure of LET as a descriptive parameter for radiation quality
in radiation chemistry is apparent upon closer scrutiny of the
structure of ion tracks. The experimental and theoretical studies
of the Fricke dosimeter summarized in Figures 2 and 3 focus
on ion energies greater than the energy corresponding to the
Bragg peak of the appropriate stopping power curves. Param-
eters affecting the energy loss properties of energetic ions in
this domain have been discussed at length.44 The approach used
here for determining the energy loss of the primary heavy ion
in liquid water is based on the formalism of Ashley,22 and Green
et al.23 Comparison of stopping powers calculated for energetic
electrons and for1H, 2D, 4He, and12C ions in liquid water
demonstrates that there is a significant effect of both ion energy
and ion type on the rate of energy transfer to the molecular
electrons of the water. The charge of the ion also affects the
stopping power. With decreasing ion charge, the magnitude of
the stopping power decreases for a given velocity. It is well-
known that when the energy dependences of the stopping powers
for two ions with the same charge, e.g.,1H+ and 2D+, are
compared in terms of the specific energy (ion energy per mass
unit), the two curves are the same. A similar scaling for ions of
the same specific energy, but of different charge, reveals that
the stopping powers are scaled by a constant multiplier, which
is the square of the ion charge,Z2. In fact, according to Bethe
theory,45 the stopping power of an energetic ion AZ+ with mass
M and kinetic energyE is approximately equal toZ2 times that
of a proton of energyE/M.

Energy loss distributions, which show the frequency of a
given energy loss event from the incident ion to a molecular
electron as a function of that energy, exhibit little dependence
on ion type and ion energy, suggesting that a given energy loss
event is equally probable for any of the ions examined here.
The observed differences in the rate of energy transfer for the

Figure 2. Effect of particle energy on the track segment yield of the
Fricke dosimeter. Experimental yields: LaVerne and Schuler8 (;;)
labeled curves for1H, 4He, 12C and58Ni ions; Sauer et al.37 (b) 2D(at
E/2), (2) 4He2+; Christmann et al.31 (1) 12C, (solid isosceles triangle
left) 20Ne. Yield inferred from radial dose distribution: Furukawa et
al.47 ([). IRT simulations employing simulated track structures: (- - -)
e- (track average yield), (O) 1H, (4) 4He, (3) 12C, (open isosceles
triangle left)20Ne, (]) 58Ni28+, (∂) 58NiZeff+. All heavy ion yields joined
by (- - -).

Figure 3. Effect of particle LET on the track segment yield of the
Fricke dosimeter. IRT simulations employing simulated track struc-
tures: (;;) labeled curves for e-, 1H, 4He, 12C and58Ni.
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different ions reflect the fact that the distances, i.e., mean free
paths, between stochastic energy transfer events differ. As the
stopping power of an ion increases, the separation between
events decreases. It is this inter-event separation along the
primary ion path that determines the axial structure of an ion
track and ultimately affects the observed chemistry. The
radiation chemistry reflects the competition between the dif-
fusive relaxation of the nonhomogeneous spatial distribution
of radiation-induced reactants, their intra-track reactions with
each other, and their reactions with solutes (scavengers).

The energy dependences of the mean free paths between
inelastic events for1H, 4He, and12C ions are shown in Figure
4. At a given energy, the mean separation between primary
inelastic collisions decreases with increasing mass of the
radiation particle. However, the separation between primary
energy loss events is not the only factor determining the effect
of radiation quality on radiation chemistry. It does not provide
information about the effects of secondary, delta electrons. The
mean free path between primary events is less than the diameter
of a water molecule,∼0.27 nm, for low energy, highZ particles.
The probability for two energy loss events within the same
molecule becomes very high within this regime. However, such
an outcome is just an artifact of using a continuum model for
ion transport. Techniques that avoid using a continuous medium
are more appropriate when the LET is high, and the mean free
path is small. For the majority of the calculations performed
here, the mean free path is larger than the size of a water
molecule, and so the track structures do not involve multiple
events on the same molecule. There is one exception, the tracks
of 58Ni ions of energy 100-400 MeV, which is discussed
separately later.

By combining the primary energy loss events with those from
the secondary electrons, it is possible to obtain the instantaneous
radial energy deposition rate, which is related to the initial spatial
distribution of water decomposition products perpendicular to
the trajectory of the primary ion. The instantaneous radial energy
deposition profiles for1H+ ions in liquid water over the energy
range 0.2-20 MeV are shown in Figure 5. (The profiles each
integrate to one, and so are mathematically strictly densities.)
There is a large spike in the vicinity of the primary particle due
to the primary ionization and excitation events, and then there
is an immediate drop (on the sub-nanometer distance scale).
Following the drop from the primary track, there is a spatially
extended distribution of energy deposition due to the secondary,
ejected electrons. The maximum of the distribution due to the

secondary electrons occurs at 0.4-0.7 nm. It is about 5% of
the height of the spike due the primary ion. The height of the
maximum decreases and the distance to the maximum increases
as the energy of the primary ion increases. The distribution due
to the secondary electrons has a very long tail, the extent of
which decreases as the primary ion energy decreases because
of a decrease in the maximum energy of ejected secondary
electrons. The extent of the distributions is best demonstrated
by integrating the radial energy deposition profiles to give the
fraction of the energy within a specified distance of the primary
track. For a 0.2 MeV1H+ ion, almost all, 97%, of the energy
is contained within 5 nm of the primary track, which is about
the width of the hydrated electron thermalization distribution
in water. In contrast, for 10 MeV and 20 MeV proton tracks
more than 29% and 33%, respectively, of the energy deposition
occurs further than 20 nm from the primary track. The radial
energy deposition distributions of these latter two proton tracks
are influenced significantly by the trajectories of the ejected,
high-energy secondary electrons. A 20 MeV proton can produce
secondary electrons of energy up to∼44 keV and with a mean
path length of almost 5µm.21 These electrons are not very
probable; however, when produced they undergo considerable
scattering, and they make a significant contribution to the
widening of the radial distribution. Figure 6 compares the
instantaneous radial energy deposition profile for a 1 MeV1H+

in liquid water with4He2+ ions of the same LET (E ≈ 27 MeV)
and of the same velocity, i.e., the same specific energy (E ) 4
MeV or 1 MeV/amu). The profiles for the1H+ and4He2+ ions
of the same LET are very different, but the profiles for ions
with the same velocity are similar. Thus, in the radial direction,
the track structure of a1H+ ion more resembles that of a4He2+

Figure 4. Energy dependence of the mean free path of e-, 1H+, 4He2+

and12C6+ in liquid water (;;). The effect of charge cycling on the
inelastic mean free path is shown by the (- - -) lines for 4He and
12C. The approximate diameter of a water molecule in liquid water is
given by the (• • • •) line.

Figure 5. Radial energy deposition profile for1H ions in liquid water
over the energy range 0.2-20 MeV. (;;) 0.2 MeV, (b) 0.5 MeV,
(O) 1 MeV, (+) 10 MeV, (×) 20 MeV.
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ion of the same velocity, rather than a4He2+ ion of the same
LET. Remember that the axial profile is the same for particles
of the same mean free path, i.e., LET. Because radiation
chemical (and radiobiological) effects depend on the relative
locations of the radiation-induced species, this dependence of
the radial profile on ion velocity explains the observed deficien-
cies of LET as a parameter for predicting yields.

To parametrize the effects of radiation quality it is necessary
to incorporate the structure of the ion track both in the axial
and the radial directions. The mean separation between inelastic
collisions determines the axial energy loss rate, and for an ion,
AZ+, the mean free path is approximatelyZ2 times that of a
proton of the same specific energy. Over a reasonable range of
primary energies, it may be assumed that the maximum energy
of the ejected electrons determines the radial energy loss rate,
and this quantity is a function of the specific energy,E/M.
Hence, the obvious inference is that an appropriate universal
parametrization for radiation chemical effects for energetic, but
nonrelativistic ions with energy greater than that corresponding
to the Bragg peak is using the parameterE/(M Z2). The effect
of particle charge and energy on the differential yield of the
Fricke dosimeter using this parametrization, actually its inverse
(M Z2)/E, is shown in Figure 7. The calculated results for e-,
1H, 4He, 12C, and20Ne ions almost lie upon the same curve,
dropping from the fast electron limit of 15.6 to∼3.5 ions/100
eV. A decrease to zero is not expected. This value would signify
complete recombination of the radiation-induced reactants to
H2O.

As the energy of the incident ion decreases, so does the yield
of Fe(III) produced and the yields of the three contributing
reactions. In the higher energy regime, 10-100 MeV, the yield

of reaction 1 is significantly greater than that of reactions 2
and 3, which have similar yields; however, in the lower energy
regime, 0.1-1 MeV, the yields of reactions 1 and 2 are similar
and both are greater than that of reaction 3. The change in the
importance of the different reactions reflects changes in the
nature of the chemistry occurring due to the variation in track
structure. At low energy, the separation between energy loss
events is small and the radiation-induced clusters of reactants
resulting from ionization and excitation of water molecules are
close together. Consequently, hydroxyl radicals combine via the
intra-track reaction

producing hydrogen peroxide. These molecules are then scav-
enged by Fe(II) according to reaction 2 on a 1-10 s time scale
depending on the concentration of Fe(II). The scavenging
reaction produces an OH radical, which is immediately scav-
enged by Fe(II) according to reaction 1. The yields of reaction
1 and reaction 2 are virtually the same suggesting that no OH
radicals produced directly by ionization or excitation of water
molecules escape from the track and are scavenged by the solute.
The thermalization distribution of the hydrated electron is
significantly larger than the “fragmentation” distributions of
H2O+ and H2O*. Hydrogen atoms produced directly and by
reaction 4 undergo intra-track reaction

or are scavenged by O2 via reaction 5 to give HO2•. This radical
is scavenged by Fe(II) in reaction 3 giving H2O2.

At high ion energies, a very different picture holds from that
at lower energies because the separation between primary energy
events is significantly larger. The inelastic mean free path of a
0.1 MeV 1H+ in liquid water is∼0.9 nm, whereas it is 2.4 nm
at 1 MeV, 15.5 nm at 10 MeV, and 100 nm at 100 MeV. The
yield of reaction 2 is only slightly larger than the yield of reac-
tion 3, whereas the yield of reaction 1 is much larger than the
yield of reaction 2. The implication of these observations is that
most of the hydrogen peroxide is produced via reaction 3 and
the hydroxyl radicals directly produced by ionization and exci-
tation events do not undergo significant intra-track reaction 6,
but escape and are scavenged by Fe(II) according to reaction 1.

The time dependence ofG(Fe(III)) has been measured in
pulse radiolysis experiments with 20 MeV2D+ and 39 MeV

Figure 6. Comparison of the radial energy deposition profile for a 1
MeV 1H (;;) in liquid water with those of4He ions of the same
LET (×) and the same velocity (energy per atomic mass unit) (O).

Figure 7. Effect of particle charge and energy on the differential
yield of the Fricke dosimeter. IRT simulations employing simulated
track structures: (;;) labeled curves for1H, 4He, 12C,20Ne, 58NiZeff+

and 58Ni28+. Experimental differential yields: LaVerne and Schuler8

(- - -) 58Ni ions.

•OH + •OH f H2O2 2k ) 1.1× 1010 M-1s-1 (6)

•H + •H f H2 2k ) 1.1× 1010 M-1s-1 (7)

9424 J. Phys. Chem. A, Vol. 106, No. 41, 2002 Pimblott and LaVerne



4He2+ ions.37 The fast component of the experiments is the sum
of the yields of reactions 1 and 3 less the yield of reaction 2,
while the slow component is twice the yield of reaction 2. The
experimental estimates of the two components are 5.9 and 7.4
for 20 MeV 2D+ and 4.3 and 6.2 for 39 MeV4He2+. The
resulting values for the sum (G(reaction (1))+ G(reaction(3)))
are 9.6 for 20 MeV2D+ and 7.4 for 39 MeV4He2+, which are
in excellent agreement with the predicted values of 9.1 and 7.5,
respectively. The experimental values forG(reaction(2)) and
G(Fe(III)) are shown in Figure 8, and are in similarly good
agreement with the stochastic diffusion-kinetic predictions.

The yield of molecular hydrogen produced in the radiolysis
of the Fricke dosimeter is also shown in Figure 8. This (stable)
product is formed by two fundamentally different reactions: (i)
by ultrafast subpicosecond formation involving extremely
transient species (possibly via dissociative recombination of the
water molecular cation, H2O+, and a precursor to the hydrated
electron, epre

-), and (ii) by intra-track chemistry via reaction 7.
In principle, molecular hydrogen is also formed by the reaction

however, the Fricke dosimeter is an aerated solution. Conse-
quently, the H atoms are scavenged by O2 and this reaction is
negligible, accounting for less than 1% of the hydrogen with
the light ions. As the energy of the ion decreases, the separation
between inelastic events decreases, which leads to an increase
in the amount of intra-track reaction and a decrease in the

amount of “escape” and scavenging of radiation-induced
reactants from the track. Therefore, the yield of H2 produced
increases with decreasing ion energy. The diffusion-kinetic
pathway to H2 formation via (H+ H) reaction accounts for
0.15 molecules/100 eV of the H2 for 100 MeV 1H, and 0.50
molecules/100 eV for 0.1 MeV1H. Ultrafast formation yields
with 1H are 0.63 molecules/100 eV at 0.1 MeV and 0.36
molecules/100 eV at 100 MeV. Clearly, the physicochemical
route to H2 production is influenced by the track structure, but
the change is less significant than observed for diffusion-kinetic
formation. This difference is a consequence of the much shorter
time scale of the important dissociative recombination reac-
tion

which causes a reduced significance of spatial relaxation on
the reaction kinetics. Similar effects to those observed in Figure
8 for 1H are also found for4He (and12C) ions. The yield of
molecular hydrogen produced from the Fricke dosimeter byR
particles from210Po has been determined experimentally46 and
is included in Figure 8. The experimental and calculated values
are in good agreement.

For the most part, the agreement between the available
experimental data and the predictions of IRT modeling employ-
ing simulated track structures is excellent. This good agreement
is not found for58Ni ions. In Figure 2, the IRT calculations for
58Ni28+ overestimate the yield of Fe(III) by 0.4 ions/100 eV,
∼11%, at 200 MeV. This discrepancy is not large, and if the
calculation had been performed in isolation, it would have
probably been considered acceptable. However, comparison of
simulation with experiment over the energy range 100-400
MeV reveals an energy dependence that is incorrect: the
simulatedG(Fe(III)) decreases with increasing58Ni28+ energy,
whereas the experimentalG(Fe(III)) shows a slight increase with
58Ni ion energy. Unlike the other ions employed by LaVerne
and Schuler,8 58Ni is not fully stripped over the energy range
of the experiments. Over the energy range 100-400 MeV a
58Ni ion in water has an effective charge,Zeff, of ∼20+,
considerably less than the stripped charge of 28+. Also included
in Figure 2 are IRT calculations using58Ni ion tracks with the
appropriateZeff, evaluated using the approach of Bloom and
Sauter.30 The predictions of these calculations show the correct
energy dependence, that isG(Fe(III)) decreases with decreasing
ion energy, however, quantitative agreement with the experi-
mental yields is not obtained, with the predictedG(Fe(III)) at
200 MeV being 1.2 ions/100 eV,∼32%, greater than the
experimental value. The calculated value of G(Fe(III) is,
however, in good agreement with the estimate of Furukawa et
al.,47 ∼5.0, that was derived using a model based on the
experimental radial dose distribution around a 200 MeV58Ni
ion track. It is merely coincidence that the modeled yield for
58Ni ion tracks with the appropriateZeff has the same value at
100 MeV as the yield predicted for fully stripped58Ni28+.

As the track segment employed in the IRT calculations is
sufficiently large that end effects are not important and the
calculations have converged, the disagreement between experi-
ment and calculation is significant. Errors in the experimental
yields are not believed to be large, especially as the experimental
data matches nicely with simulated data for12C in Figure 7.
The discrepancies probably point to fundamental problems in
the assumptions involved in constructing the simulated track
structures or modeling the radiation induced chemistry. Over

Figure 8. Effect of ion energy on the production of Fe(III), on different
reactions resulting in the oxidation of Fe(II) to Fe(III) and on the
production of H2. (;;) IRT simulations employing simulated ion track
structures. Experiment1H: (b) Gtotal(Fe(III)),37 (O) 2Gslow(Fe(III));37

Experiment4He: (b) Gtotal(Fe(III)),37 (O) 2Gslow(Fe(III)),37 (9) G(H2).46

H + Fe(II) + H3O
+ f Fe(III) + H2

k ) 7.5× 106 M-1s-1 (8)

H2O
+ + epre

- f H2O
* f H2 + O•

k ≈ 2 × 1011 M-1s-1 (9)
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the energy range 100-400 MeV, the mean free path of58Ni
ions is smaller than the effective size of an H2O molecule in
liquid water. The continuum approach to track structure simula-
tion has to breakdown when the mean free path is physically
unrealistic. To address this problem, track structure simulations
incorporating molecular dynamics simulations for the structure
of water are currently in progress. The predictions of the IRT
calculations shown in Figure 2 for58NiZeff+ ions over-estimate
the yield of Fe(III). Increasing the mean free path used in the
track structure simulations to a physically realistic value (without
modifying the energy loss distribution) will increase the
separation between radiation-induced radicals and decrease the
predicted LET. Furthermore, it ultimately will result in an
additional increase inG(Fe(III)). The obvious conclusion is that
the formulation used for the energy loss properties of58Ni ions
in water is beginning to breakdown, and the energy loss
distribution must be changing with ion energy. Large energy
losses and high-energy secondary electrons result from close
collisions and so the interacting molecular electron will experi-
ence more of the primary ion charge thanZeff. A breakdown in
the formulation for the energy loss properties is not unexpected
as 58Ni ions in the energy range 100-400 MeV are near the
Bragg peak of the stopping power curve. This problem is also
under investigation.

Thus far, only problems with the physical model for the track
structure have been considered, but deficiencies in the diffusion-
kinetic modeling of the chemistry are also present. In the
application of the IRT methodology used in the calculations
presented here, the solutes and the solvent are treated as a
continuum, i.e., deterministically, and they are not depleted by
reaction. The track of a58Ni ion produces an extremely high
local concentration of reactants. Consider the simplified case
in which the radiation-induced reactants are produced homo-
geneously in a cylinder of whose radius,r, is the range of a 10
keV electron, that is the most energetic daughter electron
possible for a58Ni ion. The average concentration of reducing
radicals is [red]≈ G(red) × LET/(πr2), whereG(red) is the
initial yield of reducing radicals. For 200 MeV58Ni ions, the
LET is ∼4.3 × 103 eV/nm, r is ∼1.5 µm, G(red) is ∼5, so
[red] ≈ 30 µM. This value is less than an order of magnitude
smaller than the concentration of O2 in aerated solution. As the
real volume in which the majority of the reducing radicals are
formed is considerably smaller than the volume considered in
this simple calculation, the result suggests that depletion of O2

will be important in determining the yield of the Fricke
dosimeter for 100-400 MeV 58Ni ions. Experiments with
deaerated solutions give almost the same ferric ion yields as
those performed with aerated solutions: at 200 MeV the
G-values are 3.2 for deaerated solution and 3.9 for aerated
solution.8 Stochastic IRT calculations using ion tracks with the
appropriateZeff for 200 MeV 58Ni ions predictG(Fe(III)) )
3.6 for deaerated Fricke solution, an error of∼13%. This value
is in much better agreement with the experimental yield than is
the case for aerated solution where the error is∼32%. Stochastic
diffusion-kinetic calculations for the heavy ion radiolysis of the
Fricke dosimeter in which the solute species are included
explicitly are not computationally feasible given presently
available facilities: an exorbitant number of reactants would
have to be considered increasing the RAM necessary to an
unrealistic level.

Summary

Stochastic simulations of the Fricke dosimeter have been used
to investigate the effects of ion track structure on radiation

chemical outcome. The simulations accurately reproduce ex-
perimentally measured track segment yields for energies in the
range 0.1 MeV to 1 GeV for e-, 1H, 4He, 12C, and20Ne ions,
and are in reasonable agreement for58Ni ions. Detailed
examination of the calculations reveals that at low ion energies,
i.e., high LET, there is almost no escape of OH radicals from
the ion track, and the yield of Fe(III) is due entirely to
scavenging of H2O2 formed by the intra-track reaction of (•OH
+ •OH) and scavenging of HO2•, which results from the reaction
of H atoms with (added) oxygen. In contrast, at higher energies
and lower LET, the production of Fe(III) is dominated by the
scavenging of OH radicals escaping from intra-track reaction
and the scavenging of HO2• by Fe(II). The change in the
production mechanism is a manifestation of the decrease in the
separation between radiation-induced ionization and excitation
events with decreasing ion energy. The radical HO2 contributes
to the Fe(III) yield at low ion energies, while the OH radical
does not, as HO2• is produced by the chain

and the spatial thermalization-solvation distribution of the
hydrated electron is significantly broader than the fragmentation
distribution of H2O+, which is the most significant precursor
to •OH.

The LET of the radiation particle in the medium is demon-
strated to be a poor parameter for describing the effects of
radiation quality on the observed yield of Fe(III). The origins
of the failure lie in the structure of the ion track; tracks of
different ions with the same LET having different radial profiles.
A better parameter for quantifying radiation quality in some
radiation chemistry studies isE/(MZ2); however, it should be
recognized that no deterministic parametrization can realistically
represent a phenomenon (short-time radiation chemistry) that
is stochastic in nature.
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