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Experimental measurements coupled with Monte Carlo track simulations have been used to examine the
yields of hydrated electrons in the radiolysis of water with protons, helium ions, and carbon ions. Glycylglycine,
in concentrations ranging from 16to 1 M, was employed as a scavenger and the production of the ammonium
cation used as a probe of hydrated electron yields from about 2 nss.2@onte Carlo track simulations
employing diffusion-kinetic calculations of product yields are found to reproduce experimental observations
satisfactorily. Model details are used to elucidate the heavy ion track physics and chemistry. Comparison of
the heavy ion results with those found jnradiolysis shows intratrack reactions are significant on the
nanosecond to microsecond time scale as the ion track relaxes, and that a constant (escape) yield is never
attained on this time scale. Numerical interpolation techniques are used to obtain both track average and
track segment yields for use in practical applications or comparison with other models. The model results
give the first hints that initial ¢5 ps) hydrated electron yields, and possibly other water decomposition products,
are dependent on the type and energy of the incident radiation.

Introduction a water jet irradiated with 3 MeV protors® The absorbance

of the hydrated electron was found to have a greater rate of
- . ; o — decay with 3 MeV protons in the time range of 1 to 30 ns than

produced in the radiolysis of water, and yet very little informa that observed with fast electrons. Extrapolation of the data to

tion exists on its yield or kinetics in the tracks of heavy ions. : . . .
Most of our knowledge on the hydrated electron has been ;horter times gave yields consistent with the concept that the

: S : initial yield for the formation of the hydrated electron is the
accumulated using pulsed electron radiolysis techniques em- e .
ploying optical detectio”? Protons, helium ions, and other same for all types of radiation. The LET of 3 MeV protons is

heavy ions have a larger linear energy transfer rate (E&fie not very high (12 eV/nm) and the local density of radiation-

stopping power;-dE/dx) than fast electrons. Heavy ion tracks inpluced species in the track is only slightly greater than Fhat
in water are characterized by regions of high energy-deposition W'th. fast electrons ((.)'2 eV/nm)._ Consequen_tly, lite information
density and thereby higher concentrations of water decomposi-on lon tracks of higher d‘?”s'ty can be inferred from these
tion products than are found with-rays or fast electron. studies. Sauer et al. determined the yield of the hydrated electron

Second-order reactions are enhanced in heavy ions tracks Ieadinﬁg Iz\i/l;l\J/nr?(tell(i)LTmoifannbetroaéf:rv(ijr?pttillgoarbigrgﬂai\éedgfuttﬁéoerllzc?rgi
to a decrease in hydrated electron yields. For example, studies y g

have shown that hydrated electron yields at abau following In a segment of the ion track” These experiments do not give
the passage of the ionizing radiation decrease with increasing}gﬁosvr?ne ?gr?i)é;;thﬁlggsdrﬁig e;e\(/:vti:ﬁﬂ’ gﬂtb;?;?ﬁi;migflds
energy deposition density within the heavy ion track from a of the hgdrated elec?ron occurs vfllithin the.duration of the u)I/se
value of about 2.5 electrons/100 eV withrrays to 0.25 i yt' data analvsis. The data show that the Vi Idpfth’
electrons/100 eV with low-energy helium ioh%Little is known Eomp ica |rllg ata analysis. 1he data sho atthe yield o 'eh
about the relative kinetics leading to this decrease, since the ydrated electron decreases by about an order of magnitude wit

only direct measurements of the hydrated electron decay with ﬁ;irrﬁtig):sl?stgaigThgg(th? \?v\iiénc?:a,u?gr(:);Za;ft?r?eﬁzlr?]ngtET
heavy ions have been performed with protons or with ions of Y '

. - Baldacchino et al. observed the decay of the hydrated electron
very high energy.8 Knowledge on the temporal dependence : . .
of the hydrated electron yield is valuable for comparison with absorption following pulses of 1.1 Ge¥C, 1.5 GeV™®0, and

36 i 7,8 i i
model predictions that give a detailed description of the track gbin(g\/ev\rqat/-\hri '?]r;sr" th;:eexabes:tgjcﬁrgﬁﬁién;?;r;ds?ue;rgst%ﬁeof
structure. The decay kinetics of the hydrated electron is also g P )

important in a number of technological applications, including these results are useful for drawing general conclusions about

nuclear power production and radioactive waste management.the lon trac'k. structure. EIuc@aﬂon of'track processes would be
! . - greatly facilitated by more information on the yield of the
The yield of the hydrated electron with heavy ions has been hydrated electron at shorter times and over a wider range of
determined directly from its absorption in three cases. Burns h)éav ion eneraies and LET 9
and co-workers measured the decay of the hydrated electron in y . g . L ) e
Heavy-ion pulse-radiolysis experiments are very difficult to
t Radiation Laboratory. perform, so the majority of information on the yields of hydrated
* Department of Physics. electrons has been determined by using solutes as selective
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The hydrated electron is the principal reducing species
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hydrated electron scavengétsi® The stable product formed charge from the sample cell and exit window in combination
in a scavenging experiment can be used as a quantitativewith the ion energy. Total doses were 3210'° eV in 20 mL
measurement of the hydrated electron yield. Several different of solution (250 Gy). All ions were stopped completely in the
scavenging systems have been developed for the hydratedsample, so track-averaged yields were measured.
electron, including chloroacetic acid, nitrous oxide, nitrate, and  The samples were irradiated in a Pyrex sample cell with a
glycylglycine. The scavenging capacity of these scavenger thin mica window (6 mg/cn?) attached. The sample cell
systems is equivalent to the product of the solute concentrationcontained a magnetic stirrer that was operated continuously
and the rate coefficient for the scavenging reaction, i.e., the during the radiolysis. Oxygen was purged from the solution
pseudo-first-order rate coefficient with unit of's The inverse throughout the irradiation by bubbling with argon or helium.
of the scavenging capacity gives a measure of the lifetime of Glycylglycine (Sigma Chemical Company) was recrystall?ed
the hydrated electron with respect to the scavenging reac-and dissolved in water purified by an in-house H2Only
tion. For most of the experiments previously used to study commercial system, consisting of a UV lamp and various
hydrated electron yields, the scavenging capacity of the solute micoporous filters. The solutions were irradiated at their natural
employed corresponds to abou&. This time scale is rela-  pH (5.4-5.7) and were transferred to sample vials for analysis.
tively long in the evolution of the heavy ion track. Know- The yield of ammonium ions produced by the reaction of the
ledge about the kinetics of the hydrated electron can be derivedhydrated electron with glycylglycine was measured within a few
from the variation in product yield as a function of the hours of the radiolysis with use of a Dionex DX 500 ion
scavenging capacity, which is obtained by changing solute chromatographic system. The ion chromatograph was calibrated
concentration. The considerable advantage of this technique iswith standard ammonium chloride solutions. The estimated
that it effectively allows one to probe the kinetics of the hydrated accuracy of the ammonium cation determination:-5%.
electron by measuring stable product yields. Only one study of Monte Carlo track simulations were performed using the same
the kinetics of the hydrated electron for heavy ion radiolysis general techniques and parameters as in previous stdiesre
has been made with use of scavengers. Yoshida and LaVernere three components to each calculation: (i) simulation of a
examined the helium ion radiolysis of glycylglycine solutions, realistic track structure for the transfer of energy from the
equating the yield of the hydrated electron with the formation ionizing radiation to the medium, (ii) determination of the
of the ammonium cation from the scavenging reaction of physical consequences of each energy transfer event, i.e.,
glycylglycine® In this study, the previous experiments of ionization or electronic or vibrational excitation, and (iii) kinetic
Yoshida and LaVerne are repeated, using a more accuratemodeling of the competition between the relaxation of the
analytic technique for product analysis. Glycylglycine solutions spatially nonhomogeneous distribution of radiation-induced
are also irradiated with other heavy ions to obtain a more reactants and their reactions either within the track or with
complete set of hydrated electron kinetics, and to systematically scavengers.
examine the effects on ion track structure on the radiation The track structure methodology uses a collision-by-collision
chemistry of the hydrated electron over a wide variety of ion approach employing liquid-phase inelastic collision cross-
types and energies. sections derived following the formalism of Ashféyand of
This work presents the yield of the hydrated electron as Green and co-workefS, and using experimental gas-phase
determined by the formation of ammonium cation by the Vibrational and elastic collision cross-sectiGhJhe effects of
scavenging reaction of glycylglycine. Irradiations were made charge cycling on the inelastic collision cross-section are
with protons of energy 2 to 15 MeV, helium ions of energy 5 incorporated by using experimentally determined gas-phase
to 20 MeV, and carbon ions of 10 to 30 MeV initial energy. cross-sections for protons, and employing an effective charge
The temporal dependence of the hydrated electron was detercorrection for*He and?C ions. The use of the gas-phase cross
mined over the time scale of about 2 ns to 28 by varia- sections for elastic collisions and charge cycling processes does
tion of the glycylglycine concentration from 1Hto 1 M. not introduce significant errors as shown by the accuracy of
Track segment yields are derived from the energy dependenceheavy ion track simulations in predicting yields of the Fricke
of the measured track average vyields. The experimental datadosimetef! Each track structure simulation determines the
are compared with predictions from Monte Carlo track sim- relative positions of all the energy loss events along the heavy
ulations that include the track structure, the nonhomogeneousion track and for all the secondary electrons ejected. The
chemical kinetics, and the diffusion of the reactive radiation- physicochemical processes, i.e., water fragmentation, are de-
induced species. These comparisons provide an understandingermined from the energy loss in a collision event by using
of the physical track structure from the scavenger yields. The experimentally based probabilities for liquid and gaseous water,
effect of track structure on the yields and kinetics of the hy- and the spatial placement of the water fragmentation products
drated electron for different energy heavy ion irradiations is is relative to the parent energy-loss event. Diffusion-reaction

discussed. kinetics of the radiation-induced reactive species is modeled
by using the independent reaction times (IRT) methodology,
Experimental Section which is based upon the independent pairs approximation that

is implicit in the Smoluchowski Noyes treatment of diffusion-

The irradiations were performed at the FN Tandem Van de |imited reactior?* The chemistry of~10® different tracks is
Graaff facility of the University of Notre Dame Nuclear modeled to obtain statistically meaningful kinetics. Typically,
Structure Laboratory. The window assembly and irradiation track segments of 10100 keV attenuation are considered. A
procedure were the same as reported edrli€& Completely  series of track segment yields are calculated at different ion
stripped 'H, “He, and'2C ions were used with total beam energies, and are then integrated to give track average yields
currents of about 1 nA (charge currention current times ion for the complete stopping of the heavy i&h.
charge,Z). Heavy ion energy was determined to within 0.1% . )
by magnetic analysis, and the energy loss to windows was Results and Discussion
determined from standard stopping power tabfesbsolute Track Average or Integral Yields. Glycylglycine is used
dosimetry was performed by collecting and integrating the as a scavenger of the hydrated electron to estimate the hydrated
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electrons yield at various times in the evolution of heavy ion

tracks. Previous studies have shown that glycylglycine reacts
with the hydrated electron to give the ammonium cation, which

is measured in these experimetfts.

*NH,CH,CONHCH,CO, + &,, + H,0—
“CH,CONHCH,CO,” + NH," + OH"

The rate coefficient for this reaction isx3 108 M~ s~ and alll
indications are that the reaction is quantitative. Glycylglycine
exists in aqueous solutions as a Zwitter ion and the hydrated
electron is scavenged by the positively charged amine group.
Cleavage to give ammonia is fast so further reactions of the
anion adduct in heavy ion tracks are expected to be negligible.
The extensive studies withradiolysis have shown that reactions
of OH radicals and H atoms with glycylglycine do not lead to
ammonia productiod?

o o

G E_(molecules/100 incident ions)

Energy (MeV)

Figure 1. Production of ammonium catiorG(E,(NH4T), molecules/
100 incident ions) as a function of initial proton enerds, for
glycylglycine concentrations of 16, 1073, 1072, 107, and 1 M. The
N N open symbols are a fit to the data with use of eq 1 and the dashed lines
NH,CH,CONHCH,CO, + "‘OH— are predictions from Monte Carlo track simulations. The solid line is
+ _ the expected amount of ammonium cation production for infinite solute
NHSCH2CONHCHC02 +H,0 concentration and corresponds to an initial yield of 4.2 hydrated
electrons/100 eV.

"NH;CH,CONHCH,CO, + 'H —
*NH,CH,CONH'CHCQ,” + H,

60 -
*He
50
Glycylglycine concentrations employed were 101073, 1072,

1071, and 1 M and correspond to times of ca-301076, 1077,

1078, and 10° s, respectively, in the evolution of the track
chemistry.

The ranges of the heavy ions used in this work are short
relative to the depth of the sample chamber. For instance, a 15
MeV proton has a range of 2.5 mm in water while that of a 10
MeV carbon ion is only 13:m. Experimental yield measure-
ments represent a track average for all ion energies from the
incident energy to zero. Frequently, these yields are called
integral track yields, because of the self-summation along the
ion track. Integral yields are the most common type of yield Energy (MeV)
experimentally measured wi_th scavengers, but are di_fficult to Figure 2. Production of ammonium catiof&(Eq(NH."), molecules/
relate to track structure directly because of the inherent 100 incident ions) as a function of initial helium ion energy, for
averaging over a range of energy, LET, and other ion charac- glycylglycine concentrations of 16, 1073, 1072 107}, and 1 M. The
teristics. open symbols are a fit to the data with use of eq 1 and the dashed lines

The effect of initial ion energyE,, on the production of the are predictions from Monte Car]o traclg simulations. Thg splid line is
ammonium cation®.E,, molecules/100 incident ions) is shown the expectt_ed amount of ammonium catlon piodug:tlon for infinite solute
. . . . . concentration and corresponds to an initial yield of 4.2 hydrated
in Flgures 13 for protons, hgllum ions, and carbon ions,  giectrons/100 eV.
respectively. Each figure contains the results over four decades
of glycylglycine concentration from 0.1 mM to 1 M. The amount
of ammonium cation formed increases super-linearly with
increasing ion energy. At a given ion energy, the amount of Radiation chemical y|e|dS are ConVentiona”y presented in
ammonium cation formed decreases with decreasing g|ycy|_ terms of theG-value, with the unit of molecules/100 eV of total
glycine concentration reflecting the relative reduction in the €nergy absorption. Integral heavy ion yields at a particular ion
hydrated electron yield with time, to be discussed in more detail €nergy are obtained by dividing the amount of ammonium cation
below. Direct absorption spectroscopy, material balance, andproducedGoE,, by the incident ion energy,. Consequently,
model calculations suggest that the limiting short-time yield of in Figures 3 an integral yield is the slope of a line from the
the hydrated electron is'4.2 electron/100 eV fop-rays and origin to the datum at the initial ion energy of interest. Integral
fast electron pulse radiolys?8:27 The maximum ammonium Yields for each of the experimental measurements are shown in
cation production (that would be measured at “infinite” gly- Figures 4-6 for protons, helium ions, and carbon ions,
cylglycine concentration) should correspond to this yield. This respectively. To interpolate to different ion energies and to
asymptotic yield is given by the solid lines in the three figures. determine track segment yields, the measured integral yields
Comparison of the experimental data to this limiting yield shows were fit to an analytic function developed in previous work on
the effect of increasing LET. Increasing the reactant density the Fricke dosimetei The production of ammonium cation,
within the radiation track leads to a readily observed decreaseG,E,, at incident ion energyE,, is assumed to have the form,
in the amount of ammonium cation formed for a given

glycylglycine concentration from protons to helium ions to
carbon ions. G.E, = GgE, + (G., — Gg)(E, — Ep)F 1)

40
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G E_(molecules/100 incident ions)
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Figure 3. Production of ammonium catiorG4E,(NH4™), molecules/ ) ] )
100 incident ions) as a function of initial carbon ion energy, for Figure 5. Track averaged yield<3,, molecules/100 eV) as a function
glycylglycine concentrations of 16, 103, 102, 102, and 1 M. The of initial helium ion energyE,, for glycylglycine concentrations of

open symbols are a fit to the data with use of eq 1 and the dashed linesl0* 107% 1072, 1074, and 1 M. The open symbols are from eq 2,
are predictions from Monte Carlo track simulations. The solid line is USing the same fitting parameters as in Figure 2, and the dashed lines
the expected amount of ammonium cation production for infinite solute @€ predictions from Monte Carlo track simulations. The limiting yield
concentration and corresponds to an initial yield of 4.2 hydrated fo; ‘Z%Ch glycylglycine concentration observed withays is also shown,
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Figure 6. Track averaged yield$3,, molecules/100 eV) as a function

of initial carbon ion energyE,, for glycylglycine concentrations of
1074, 1073, 102 10, and 1 M. The open symbols are from eq 2,
using the same fitting parameters as in Figure 3, and the dashed lines
are predictions from Monte Carlo track simulations. The limiting yield
for each glycylglycine concentration observed withays is also shown,

e

Figure 4. Track averaged yield€3,, molecules/100 eV) as a function

of initial proton energyE,, for glycylglycine concentrations of 16,
1073,1072 107%, and 1 M. The open symbols are from eq 2, using the
same fitting parameters as in Figure 1, and the dashed lines are
predictions from Monte Carlo track simulations. The limiting yield for
each glycylglycine concentration observed witlays is also shown,

ref 20. 20.
whereF is a dimensionless factor given by An interpolation formula for integral track yields can be
obtained by a simple rearrangement of eq 1 to give
F=a(E, — Ex)"(1 + a(E, — Eg)") (1a)
G,=Gg+ (G, — Gg)(1 - Eg/E)) F (2)

with Gg being the yield at the energg, corresponding to the

Bragg peak, anda and m being fitted parameters. The where the parameters are the same as above. The fitting of eqs
incorporation of the parameters representing the Bragg peak isl and 1a to the data in Figures-3 leads to a self-consistent
necessary since the LET goes through a maximum at this pointset of integral (and differential) yields and simplifies interpola-
and experimental determination of yields below this energy is tion to different ion energies. The energy-dependent integral
extremely difficult due to straggling and other effects. A linear yields predicted by the empirical equations are given in Figures
responseGgE,, is assumed below the Bragg peak. Only a small 4—6 as open symbols.

fraction of the measured product is formed below the Bragg The Monte Carlo track simulations explicitly consider only
peak at the energies of the ions examined here so the assumptioamall sections of a radiation track in which heavy ion charac-
of a linear response in this region is expected to be reasonableteristics such as energy and LET remain essentially constant.
The value ofG. corresponds to the high-energy limit (given Computer limitations on the number of reactive species modeled
by y-rays) at the same glycylglycine concentration. The open at one time restrict the examination of the entire ion track
symbols in Figures 43 show the fits to the experimental chemistry to low heavy ion energies or to track segments.
integral yields with use of eqs 1 and la. A different set of Comparison of model predictions with experimentally deter-
parameters is obtained for each ion at each glycylglycine mined track average yields requires the summation of a series
concentration. In all cases, the fits faithfully reproduce the of segments for different ion energies. The integral yields
experimentally measured values. predicted by Monte Carlo track simulations are shown as the
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dashed lines in Figures-6. The agreement between experiment approach that fop-rays at energies not much greater than those
and simulation is best for protons and gets progressively poorerused in the present studies. The local spatial distributions of
for helium ions and then carbon ions. This disagreement is not reactants within the spurs of high-energy protons armay
surprising given the increased uncertainty in the simulation tracks will be similar, but the separation between the spurs
model for ions with increased mass and nuclear charge.comprising the proton track will be smaller than that of theay
Experimental collision cross-sections for inelastic, elastic, and because of its higher LET. Eventually the spurs of the proton’s
charge-cycling processes have been more extensively examinedrack will overlap giving slightly different product yields at
for protons. The Bragg peak for protons in water occurs HP longer times than observed fgrrays.
eV, so the track-end represents only a small portion of the Track Segment or Differential Yields. Track segment or
attenuation ba 2 MeV ion—the lowest energy studied. The differential yields,G;, describe the chemistry within a track
density of radiation-induced reactants in proton tracks in water segment in which heavy ion characteristics such as energy and
is not sufficiently high to cause concern about the breakdown LET remain essentially constant. While this quantity is directly
of the independent pairs approximation, which is the basis of calculated by the Monte Carlo simulations, it must be derived
the independent reaction times methodology. Breakdown of the from the experimental integral track yields. In theory, with
independent pairs approximation will occur when the concentra- sufficient experimental data at small energy intervals, track
tion of reactants is sufficiently high that interreactant forces (e.g. segment yields can be determined directly from the experimental
Coulombic) modify the chemistry. This effect was not observed measurements. However, this approach is not practical. A track
in modeling the radiolysis of the Fricke dosimeter with Nii@hs. ~ segment yield at a given energy is equal to the tangent to the
In contrast, the collision cross-sections employed in the simula- data of Figures 3. Instead of measuring a large number of
tion of the tracks of heavier ions are less certain, and the effectsdata at different energies, track segment yields are obtained from
of charge cycling are incorporated by using an effective nuclear the data of Figures-13, using the fitting discussed earlier and
charge. Furthermore, as the LET of the radiation particle taking the derivative of the empirical eq 1 to give the following.
increases and the density of track reactants increases, breakdown
of the independent pairs approximation is possible. Considering G, = Gg + (G,, — Gg)[(1 + m)a(E, — Eg)™ +
the wide range of track geometries for this range of ions, the _ 2 _ 2
agreement between experiment and simulation is reasonable. @&, — Ex)M( + a(E, — E)™)” (3)
The largest differences between predicted yields and experimen
are observed at the lowest glycylglycine concentrations, which
correspond to the longest times in the track evolution. The
origins of this discrepancy may lie in both sets of data. The
ammonium cation yields are very low for 0.1 and 1 mM
glycylglycine solutions and are difficult to measure accurately.
The component of the track structure probed at the long time
limit is the tail of the spatial distribution for the thermalization/
solvation of the hydrated electron. The track structure simula-
tions employed here assume a Gaussian spatial distribution o
standard deviationv5 nm. This distribution was derived by
fitting the decay kinetics of the hydrated electron from fast
electron pulse radiolysi&.Recently, Monte Carlo simulations
of the attenuation of low-energy electrons in amorphous water
have suggested a distribution with the same mean width, but
different profile?® This profile has a very different tail extending
to longer distances, which would suggest different long-time
kinetics. All product distributions will tend to be Gaussian at
!O,n,g times becausg of _diffgsiqn, bqt one Fievelppir)g froman 50k segment yields are often presented as a function of
initially non-Gaussian distribution with a wide tail will have @ | g1 5 show the relative dependence of yields on track density.
_dlff_erent Wldth_ at ang_ tlm_es, vv_|th different kinetics, than an Track segment yields given by eq 3 are presented in Figure 7
initially Gaussian distribution with the same mean. as a function of the track segment LET for each of the ions at
The integral yields increase with increasing heavy ion energy three glycylglycine concentrations. Also shown are the limiting
because of the decreased density of radiation-induced speciegields with y-rays. The figure shows a decrease in ammonium
in the track with decreasing LET. At the same energy, the cation yields with increasing LET due to enhanced second-order
integral yields decrease from protons to helium ions to carbon reaction with increasing density of reactants in the track segment.
ions because of increasing LET and track density. Increasing The results also reveal that the track segment yield is not
the concentration of reactive water products leads to an uniquely determined by LET. Several studies have shown that
enhancement in second-order reactions giving reduced radicalLET is not an adequate parameter to characterize yields in the
yields, including that of the hydrated electron, hydroxyl radical, heavy ion radiolysis of watéf31021Heavy ions of different
and hydrogen atom. The complementary effect is an increasevelocity can have the same LET, but there are significant
in the yields of molecular hydrogen, hydrogen peroxide, and differences in the microscopic track structure due to the spatial
water reformation. At the highest energy, heavy ion tracks distributions of the ejected secondary electrons. Previous Monte
should give results comparable to thatefays because of the  Carlo track simulations on the Fricke dosimeter suggested that
similarity in track structured.Each of the limiting ammonium  the paramete¥Z?/E is a better indicator than LET for describing
cation yields for the various glycylglycine concentrations are the long time yields in heavy ion radiolysis, wheve Z, andE
shown as the solid lines in Figures-8. For protons and helium  are the mass, charge, and energy of the incident ion, respec-
ions at the highest glycylglycine concentrations, the yields will tively.?! Figure 8 shows the track segment yields of ammonium

LI'rack segment yields can be obtained for each of the sets of
data by using the previously determined fitting parameters. The
outcome is not presented for the sake of brevity, but the trends
in the track segment yields as a function of energy are the same
as those for the track average yields. The agreement between
track segment yields predicted by Monte Carlo track simulations
and measured experimentally is comparable to that observed
for the track average yields, i.e., the best agreement is for protons
fand the biggest discrepancies are for helium and carbon ions at
low glycylglycine concentrations. Track segment and track
average yields approach the same value when the ion energy
approaches zero and when the yield becomes independent of
energy at very high energies. Ammonium cation yields for 0.1
and 1 M glycylglycine solutions found witlr-rays are very
similar to the track segment yields for protons of energy above
15 MeV. This agreement suggests that the higher energy track
segments of the latter resemble a string of spurs rather than a
continuous track.
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Figure 7. Track segment yields;, molecules/100 eV) as a function

of track segment LET (eV/nm) from eq 3, using the fitting parameters
appropriate for M) protons, @) helium ions, and €) carbon ions at
three glycylglycine concentrations corresponding to 2.3 ns, 230 ns, and . . -
23us. The limiting yield for each glycylglycine concentration observed Scavenging Capacity (s )
with y-rays is also shown, ref 20.
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Figure 9. Scavenging capacity dependence of track average yields
for protons of different energy. The solid lines are predictions from
“y Monte Carlo track simulations and the data inclu@ ¢-rays, ref 20,
(©) 19.8, 10.0, and 4 MeVH, refs 9 and 10,4) 18 MeV ?H, ref 12,
.\ and ) 23 MeV 2H, ref 16. Deuteron data are plotted at half energy.

y-rays H

\ of the nonhomogeneous distribution of transients making up
-‘. \0 23ns the heavy ion track. The reactions are second order in neat water
\ = and thereby dependent on the local concentrations of reactants.
The addition of a solute introduces a competitive first-order
e . 230 s rea_ction that_can be u_sed asa t_emporal probe of the amount of
. *e a given transient species assuming the product does not undergo
. subsequent intratrack chemistry. In this work, the scavenging
\ of the hydrated electron by glycylglycine to produce the
[ . . . * 23, us ammonium cation is taken to be representative of the hydrated
0.01 0.1 1 10 100 electron yield. The scavenging capacity of the solute for
MZ%/E (MeV") radiation-induced reactants is given by the product of its
concentration and the associated rate coefficient, which is
of MZZE (MeV~1) from eq 3, using the fitting parameters appropriate equivalent to th.e pseudo-firsF—order rate CoefficienF. The inverse
for (m) protons, ®) helium ions, and 4) carbon ions at three ~ Of the scavenging capacity is a measure of the lifetime of the
glycylglycine concentrations corresponding to 2.3 ns, 230 ns, and 23 hydrated electron with respect to the scavenging reaction.
us. The limiting yield for each glycylglycine concentration observed Comprehensive studies have shown that the inverse Laplace
with y-rays is also shown, ref 20. transform of the scavenging capacity dependence gives a
reasonably accurate description of the time dependence of the
cation plotted as a function dfIZ2/E. An increase in the  transient species, even for heavy ion radioly8iRarely does
parameteMZ?/E is similar to an increase in LET in that the sufficient scavenging data exist for an accurate application of
density of species in the track becomes denser and radical yieldghe inverse Laplace transform so other approximation methods
decrease. The parametdZ%/E does not uniquely characterize are used. Studies on the temporal decay of hydroxyl radi-
the product yields for the different systems at all times, although cals have shown that the half-life, i.e., In(2)/scavenging capac-
it does provide a better parametrization than LET. Radical yields ity, is a good approximation for the conversion of scavenging
are not observed to change on the microsecond time scale indata to the appropriate time scale of the decay kinéti¢s.
the radiolysis of water with fast electrons pirays, because  this work, the scavenging capacity dependence is used as a test
the isolated spurs have dissipated and the reactive species aref the accuracy of Monte Carlo track simulations. The simula-
well separated throughout the medidni. The rate of spatial tions predict product yields directly for a given set of experi-
relaxation of a heavy ion track and thereby the kinetics of the mental conditions. The experimental measurements provide a
transient species depends on the velocity and the charge of thestringent test of the ability of the methodology to correctly
incident ion. The complexity of the effects of track structure predict the radiation-chemical kinetics and to give a reasonable
makes it very difficult to predict yields at a particular time with ~ description of the underlying physical characteristics of the ion
different ions with use of a simple parametric fit appropriate to track.
all systems. Such an approach may work for some systems such The yields of ammonium cation produced in the radiolysis
as the Fricke dosimeter, but is unlikely to be universally of glycylglycine solutions are shown in Figures-21 as a
applicablez! function of the scavenging capacity for proton, helium, and
Scavenging Capacity and Time Dependence&adicals carbon ion radiolysis, respectively. The data of Appleby and
produced in the decomposition of water are undergoing com- Schwarz for 18 MeV deuterons (plotted at half energy) and for
bination reactions in competition with the diffusive relaxation 12 MeV helium ions, shown in Figures 9 and 10, refer to the

:....
N

G. (molecules/100 eV)

Figure 8. Track segment yields3;, molecules/100 eV) as a function
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10° 10° 10° 10 10° 10° The ion chromatographic technique is far superior to use of an

ion selective electrode for accurately measuring small am-
monium cation concentrations.

The data in Figures-911 show that a considerable amount

Scavenging Capacity (s”)

Figure 10. Scavenging capacity dependence of track average yields
for helium ions of different energy. The solid lines are predictions from

Monte Carlo track simulations and the data inclu@ ¢-rays, ref 20; of track chemistry occurs on the nanosecond to microsecond
(©) 8.1 and 5.3 MeVfHe, refs 9 and 10;4) 12 MeV *He, ref 12; and time scale. Furthermore, there is no “escape yield” as typically
(@) “He, ref 15. observed with fast electron or radiolysis. Heavy ion tracks
have pseudo-two-dimensional symmetry and the track structure
08k 1 does not completely relax on the microsecond time scale. The
predictions of the Monte Carlo track simulations are included
04l Y | in Fig_ures 9-11 and are in reasonable_ agreement with the
' 10Mev  "C ] experimental results for all the heavy ions with the largest
S . M . deviations occurring with carbon ions. Carbon ions undergo
o 00— ' S extensive charge exchange reactions as the ion slows down and
8 o08r (e an accurate prediction of the effective charge in liquid water is
> difficult.
% 0.4 20 MeV 1 A sense of the relative differences in the hydrated electron
2 8 time dependences for protons and helium ions is revealed in
8 0.0 % =T R Figure 12 where the yields are given as a function of both the
go 08} T heavy ion energy and the scavenging capacity. At large
scavenging capacities, equivalent to short times, the yields for
o4k 30 MeV i protons are very nearly the same as tho§e yithys. There is .
i a steady decrease in yields with decreasing scavenging capacity,
00 L e increasing time, and with decreasing heavy ion energy.
“10¢ 10° 10° 107 10° 10° The power of an experiment-with-simulation approach to
Scavenging Capacity (s™) radiation chemistry is that predictions of yields can be made

. . ; . for conditions difficult to examine directly. The direct time
Figure 11. Scavenging capacity dependence of track average yields t of hvdrated elect d : tandard /
for carbon ions of different energy. The solid lines are predictions from measurement of hydrated electron aecay In a standard pump

Monte Carlo track simulations. probe experiment is problematical with heavy ions because of
their very short range. Burns and co-workers examined the
transient decay of the hydrated electron in a jet of water

yield of nitrogen obtained with nitrous oxide as a hydrated irradiated with 3 MeV proton$:6 Their results are shown in

electron scavengé?. Their results are in good agreement with  Figure 13 with results from the Monte Carlo track simulations.
the present work. Also shown in Figure 9 is the yield of nitrite  The experiments used a water jet of about 0.15 mm, which is
measured for 23 MeV deuterons (plotted at half energy) with the range ba 3 MeV proton in water so track average yields
nitrate as a scavenger, which also agrees with the presentwere measured. Simulation predictions for both the track average
resultst® Sauer and co-workers used time-resolved methods to and the track segment yields are shown in the figure. The track
determine hydrated electron yields from the scavenging of average decay kinetics agrees well with the experimental data.
perchlorate as measured at abouf$0n pulsed deuteron and  The largest deviation between calculation and experiment is
helium ion radiolysi€:1° Their data have been converted to a found at the very longest times. Monte Carlo track simulations
scavenging capacity dependence and the derived results irfor 1 GeV2C ions in neat water accurately reproduce the time

Figures 9 and 10 show good agreement with the present work.dependence of the experimental decay kinetics of Baldacchino

Glycylglycine was used as a scavenger of hydrated electronset al® However, the calculated absolute yields are smaller than

in a previous study with helium iori8.That work used an ion  the experimental values by a constant factordb%. Accord-

selective electrode to measure the ammonia cation. Figure 10ing to Baldacchino, the yield of the hydrated electron at 5 ns is
shows that the largest deviations between the previous studyabout 4.7 electrons/100 eV, which is significantly larger than
and this work occur at the lowest glycylglycine concentration. the accepted value of about 3.2 electrons/100 eV experimentally
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Figure 13. Measured time dependence of the hydrated electron decay p; ; ; ;

A gure 14. Time dependence of the conversion of conduction band
with 3 MeV protons M, @, refs 4-6), the results of Monte Carlo track electrons, g, to “p” state electrons, &, to hydrated electrons.,
simulations for track average (solid line) and track segment (dashed ¢4, Monte Carlo track simulations fom) 5 MeV protons, @) 5 MeV
line) yields, and #) scavenging capacity results for 2 MeV protons,  pajium ions and4) 10 MeV carbon ions '

this work. ' '

production of a water cation and, ultimately, a conduction band

TABLE 1: Yields of lonization, Conduction Band Electrons, electron.
and Hydrated Electrons Produced in Radiolysis _ 4
— - - HO—~e, +H0
G(ionization) G(ew) G(exg ) ats5ps
y radiolysis 4.34 4.14 4.14 The water cation then reacts with adjacent solvent molecules
5 MeV H ion 4.32 3.89 3.88
5 MeV He ion 4.31 3.54 3.43 + e +
10 MeV C ion 4.30 2.95 2.60 H0" + H,0—"OH + H,0

producing a hydronium ion and the hydroxyl radical at times
<100 fs. The conduction band electron undergoes relaxation,

measured in fast electron pulse radiolysis. The most ObV'Oustrapping, and hydration to produce the hydrated electron

interpretation of this discrepancy is a significant error in
dosimetry of the!?C ion radiolysis experiments.

Effect of Track Structure on Initial Yields. A feature of
the Monte Carlo track simulations is the ability to examine the 4 times<300 fs. Alternatively, the two species may recombine
physical track characteristics and the very short time radiation ;,, 5 geminate or random way
chemistry of heavy ions. These aspects of radiolysis are difficult
to explore with other experimental and theoretical methods. H.Ot + e.~ — W3 O
Extrapolation of the experimental time decays of the hydrated z cb z
electron for 3 MeV proton radiolysis to shorter times suggests to produce excited singlet or triplet states. The simulations
that the initial yield of the hydrated electrons is similar to that  consider this ultrafast process as a static reaction, using a cross
for fast electron ory-rays, i.e., ~4.2 molecules/100 eV.  section for the gas phase at thermal enekgy¥,3? which has
However a 3 MeV proton has a relatiVer low LET (12 eV/ been shown to reproduce the nonsca\/engab|e y|e|d20|h b*
nm) and the local density of radiation-induced species in the radjolysis?
track is not much greater than that with fast electrons (0.2 eV/  The effects of track structure are evident at even the earliest
nm). The scavenger data dependences of FigtrEl%Buggest  times. Measurements & values suggest that the energy to
a considerably lower yield of hydrated electrons on the form an ion pair is independent of the radiation type.
nanosecond time scale. Therefore, the total ionization of water is expected to be

Most previous radiation chemical studies have assumed thatindependent of ion type and energy, which is found in the
the transient species in heavy ion tracks are formed with the simulations as shown in Table 1. However, Figure 14 clearly
same yield as iry radiolysis and that intertrack radical reactions suggests that many of the ion pairs are recombining on very
on the subnanosecond time scale are responsible for thefast time scales and there is a lower yield of hydrated electron
decreased yields of hydrated electrdn$he Monte Carlo  with higher LET particles. These results are the first to suggest
simulation methodology used in these studies explicitly contains that the yields of initial water decomposition products are
the subpicosecond transformation of the electron from the dependent on heavy ion type and energy. As previously noted,
conduction band and the intermediate energy “p” state to the a decrease in the yields of hydrated electrons with increasing
ground “s” state, the hydrated electron. This decay is in LET or track density is accompanied by an increase in the yield
competition with combination reactions of the electron with the of molecular hydrogef-2 Significant variation in the initial
water cation, HO™", to form excited water molecules. Table 1 vyields of all water radiolysis products with LET may be found
shows qualitative predictions from the Monte Carlo track in future studies.
simulations for the yields of ionization, conduction band
electrons, and hydrated electrons produced with three heavy Acknowledgment. We thank Professor A. Aprahamian for
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