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Abstract InMonte Carlo simulations of water radiolysis,
the diffusion of reactants can be approximated by “jump-
ing” all species randomly, to represent the passage of a
short period of time, and then checking their separations.
If, at the end of a jump, two reactant species are within a
distance equal to the reaction radius for the pair, they are
allowed to react in the model. In principle, the possibility
existsthat two reactants could “jump through” one another
and end up with a separation larger than the reaction ra-
dius with no reaction being scored. Ignoring this possibil -
ity would thus reduce the rate of reaction below that in-
tended by such a model. By making the jump times and
jump distances shorter, any error introduced by ‘jump
through’ ismade smaller. This paper reports numerical re-
sults of a systematic study of ‘jump through’ in Monte
Carlo simulationsof water radiolysis. With anominal jump
time of 3 ps, it is found that more than 40% of the reac-
tions of the hydrated electron with itself and of the H atom
withitself occur when reactionsduring ‘ jump through’ are
allowed. For all other reactions, for which the effect is
smaller, thecontributionsof ‘jumpthrough’ lieintherange
196-16% of the total. Corrections to computed rate con-
stants for two reactions are evaluated for jump times
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between 0.1 and 30 ps. It is concluded that jump-through
corrections are desirable in such models for jump times
that exceed about 1 psor even less. |n aseparate study, we
find that giving all species of a given type the same size
jump in arandom direction yields results that are indistin-
guishablefromthosewhenthejump sizesare selected from
a Gaussian distribution. In this comparison, the constant
jump size is taken to be the root-mean-square jump size
from the Gaussian distribution.

Introduction

Studies of charged-particle track structure yield important
insights into the physical and chemical processes that oc-
cur in the radiolysis of water and aqueous chemical solu-
tions. A number of investigators have modeled in various
waystheinitial formation of radicalsalong atrack and their
subsequent chemical behavior in both pure water and wa-
ter containing solutes [1-8]. The chemical development
can be simulated by a jump scheme, using Monte Carlo
techniques, in which individual reactant species are al-
lowed to diffuse by taking random steps and to react when
they come into close proximity with another species. One
can determine astatistical averagefrom computationswith
alarge number of tracks in order to compute time-depen-
dent yields for radicals and molecular products for com-
parison with experiment. While agreement with measure-
ment does not serve to validate such models, which are
necessarily replete with detailed assumptions in place of
actual data, such agreement is a requirement for any the-
ory. The Monte Carlo track-structure models, which pro-
vide an event-by-event temporal accounting of the radiol-
ysis of water, are extremely useful, to the extent that they
can simulate actual eventsasthey occur statistically in na-
ture.

The present paper reports on an analysis of two aspects
common to jump schemesin some Monte Carlo modelsfor
water radiolysis. Thefirst aspect dealswith the possibility
that two reactants could ‘jump through’ one another dur-
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ing a diffusive step without interacting. The second com-
pares the results of calculations that use a fixed step size
for reactants or a step size selected from a continuous
(e.g., Gaussian) distribution.

To represent the diffusion of species in the track of a
charged particle during a small interval of time 1, all spe-
ciesare simultaneously given single, small, random jumps.
After jumping, the separations of all potentially reacting
pairs are checked. Two species then react if their separa-
tionfallswithin adistance equal to areaction radius, which
isspecified for the pair inthemodel. By repeating thejump
and reaction scheme over and over, the passage of timein
steps of T and the radiolysis of water are simulated. Diffu-
sion isthus carried out as arandom walk. In applying this
procedure, the jump time T is normally taken to be short,
in order to avoid having two reactants ‘ jump through’ one
another without reacting, their separation after the jump
being greater than their reaction radius. Asapractical mat-
ter, shorter time intervals reduce the probability of miss-
ing jump-through reactions but increase the computer time
required to simulate the passage of agiveninterval of time.
In this study we investigate ‘jump through’ and assess its
effect intheindividual radiolysis reactions used by anum-
ber of authorsin such Monte Carlo models. We also com-
pare resultswhen we let individual species of agiven type
al take jumps of (1) the same size or (2) different sizes,
selected from a Gaussian distribution. While these com-
parisons have not been made exhaustively, we found no
perceptible differences in our calculated results when the
fixed size is equal to the root-mean-square value for the
Gaussian distribution.

Reaction radii

For unlike reactant species, thereaction radius Ris defined
in terms of the diffusion-controlled rate constant k4 by the
relationship [9-11]

ky = 4TDR (1)

where D isthe sum of the diffusion constantsfor the react-
ing species pair. If the species are identical, a factor of 2
instead of 4 appearsin Eqg. (1). Inthe model computations,
an activation rate constant k, for a colliding pair is given
by [11]

(2)

where A is the mean jump distance. For Gaussian jumps,
the mean-square jump distance for time tis
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The observed rate constant kg, then given by [12, 13]
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Combining Egs. (1) — (4), one obtains
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which defines the reduced reaction radius, a. The meas-
ured rate constant is used to determine a, and the reaction
radius is calculated from the second equality in Eq. (5):

(5)
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Jump scheme

The radiolysis model begins with a given distribution of
the reactants H, OH, €, (hydrated electron), H;O", and
OH™inwater at timet= 0. Thejump schemeisthen started.
The size of the jump for a given reactant can be chosen
from a Gaussian distribution, having awidth that depends
on the diffusion constant of the reactive species. ‘Jump
through’ without reaction occurs when the separations of
a pair of species before and after a jump are both larger
than the reaction radius R, but the pair would have passed
within the distance R during the time 7.

At any given time step in the chemical development of
atrack, some species that react form nonreactive molecu-
lar products (e.g., H,), which are removed from further
consideration in the computations. Othersthat react arere-
placed by new reactive species, which continuein the sub-
sequent chemistry. For the next time increment 7, al re-
maining species are jumped randomly as described above.
The separations of pairs in the new positions are then
checked, and additional reactions are scored. Repetition
of this process simulates chemical development, during
whichtimethe speciesinthewater generally becomefewer
in number while they continue to diffuse. Statistically, the
time-dependent yields of all reactive species and products
are obtained explicitly in a calculation, which is repeated
randomly many times to obtain computed averages for
comparison with experiment.

Table 1 showsthe numerical valuesof D, that were used
for individual reactive species in this paper [9]. The root-
mean-square jump distances, \/ A2, are shown for a jump

Tablel Diffusion constants Dy used in computations for individu-
al species and root-mean-square jump distances \ A2 for 3-ps steps

Species D (105cm?s™) \ A% (nm)
H 8.0 0.38
OH 2.5 0.21
€ 5.0 0.30
HsO" 95 0.41
OH™ 53 0.31
H,0, 1.4 0.16




time 7=3 ps, which was typically used for computations.
The largest root-mean-square jump distance for aradical,
which occurs with H, is then 0.38 nm, which is about
1.4 times the diameter of a water molecule.

Correction for ‘jump through’

Figure 1 represents jumps taken by two reactants in time
7. Species 1, initially located at the point Py,, movesto P;
while species 2 moves from Py, to P,. In these positions,
the separations between Py; and Py, and between P; and
P, are both greater than the reaction radius for the pair. We
assume that both species move uniformly intime along the
straight lines between their initial and final locations. At
any time t during 1, the separation of the two species is
given by afunction r (t), asindicated in the figure. In pre-
vious work, the species reacted only if the separation of
the final positions P, and P, after the jump was less than
their reaction radius. By making 7 small, resulting in small
jumps, it was assumed that r (t) would remain larger than
the reaction radius if the separation of P; and P, were
greater. We now correct for this assumption.

The current calculation is straightforward under the
conditionsjust described. We expressthe square of the sep-
aration, r2(t), explicitly asafunction of t and find the time
tmin & which it has a minimum value. This minimum is
then evaluated and compared with the reaction radius. If it
is smaller, then the reaction is scored as having occurred.
We designate the coordinates of theinitial positions of the
two species at Py and Py, by writing (t= 0)

(X100 Y100 Z10) @d (Xz0, Y201 Z20) (7)

For the final positions of the two species at P; and P,, we
write (t=1)

(X10 * €15 Yo1 + M1, Zoa + {3) and
(Xo0 + &2, Yoo+ N2 Zoo + {2) (8)

The quantities (¢, n, {) are the displacements in the three
coordinatedirectionsafter time 1. Assuming uniformrecti-
linear motion during the time 0<t<Tt, one has for the
positions of the two species as functions of time

The square of the separation as afunction of timeis then
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Fig. 1 Species 1 moves from point Py, to point P, and species 2
moves from Py, to P, during a single jump time of duration 7. See
text

In the computations, if t,;, lies outside the time interval
0<t,in<T, then ‘jump through’ did not happen, and no re-
action takes place. If the minimum occurs within 7, then
r (tin) isevaluated and compared with the reaction radius
R for the species. If r (i) <R, then areaction is scored,
thus providing the ‘ jump-through’ correction. If r (t,0) > R,
then no reaction takes place.

Numerical results for ‘jump through’

Table 2 liststhe primary reactions for water radiolysis that
we have used, together with the rate constants k, reaction
radii R, and sum D of diffusion constantsfrom Table 1[9,
12]. (Several other reactions having rate constants several
orders of magnitude smaller than these were not included
here.) Separate cal cul ations were performed asfollowsfor
each of the ten sets of reactant pairs shown in Table 2. For
unlike species, 100 reactants of each type were placed ran-
domly in awater sphere of radius 10 nm at time t=0. For
areaction involving identical species, suchasH+H, ato-
tal of 200 reactantswere present initially. Placementswere
chosen so that no pair of reactive specieswasinitially sep-
arated by a distance less than their reaction radius. Cal cu-
lations were then made by using 7=3 ps for 1500 jumps
to atime of 4.5 ns. At each step, the number of reactions
that occurred because of the jump-through correction was
tabulated in addition to thosethat took placeindependently

Zy + %Q 9)

(10)

Setting the first derivative with respect to t equal to zero and solving for t gives the time at which the separation of the

species has its minimum value. The result is
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Table2 Percent ‘jump

through’ calculated for theten ~ Reaction k(10°M™*s?)  R(wm)  D(10°cm®s?)  Jump

principal water reactions with through (%)

100 initial pairs of species tak-

ing 3-ps jumps in sphere of H_+ OH - HZO_ 20 0.43 10.5 9.1

radius 10 nm €+ OH — OH 3.0 0.72 75 2.1
€+ H +H,0 — Hy+ OH™ 25 0.45 13.0 104
€+ Hs0" = H+H,0 22 0.39 145 15.8
H+H - H, 1.0 0.23 16.0 41.1
OH + OH - H,0, 0.55 0.26 5.0 11.8
2€,, + 2H,0 - H, + 20H" 0.50 0.18 10.0 40.6
H,O" + OH™ - 2H,0 14.3 1.58 14.8 0.79
€+ H0; - OH + OH~ 1.2 0.40 6.4 6.2
OH +OH™ - H,0+ O~ 1.2 0.36 7.8 10.1

of ‘jump through’. A total of 50 000 such runs was made 50

and the results averaged for each reaction. The fraction of

reactions that are due to ‘jump through’ for a given reac- al

tion appears to be the same at all times, and so one arrives g

at a value that is characteristic of that reaction. The last 2 ,,

column in Table 2 shows the percentages of thetotal num- o [

ber of reactions that occur because of ‘jump through’. z

Thelargest fractions of reactionsdueto ‘jumpthrough’ & |

(about 40%) occur for H+H - H, and 2e,,+2H,0 » &

H,+20H". For the other reactions, thefractionsrangefrom 10}

15.8% down to 0.79%. The importance of ‘jump through’ .

must depend on the size of the jumps compared with the 0 o ° . . . .

0 1 2 3 4 5 6

reaction radius. This expectation is borne out by Fig. 2.
The mean-square value for the relative displacement for
two speciesisgiven by Eg. (3), inwhichD=D, +D,isthe
sum of the diffusion coefficients. In Fig. 2, the percentage
of reactions due to ‘jump through’ from Table 2 is shown
as the points plotted against the ratio of the square root of
the sum of the diffusion constants and the reaction radius.
A straight line is drawn over a portion of the figure for
comparison. The dependence is seen to be approximately
linear. (The reaction radius also depends on the diffusion
constants.)

As aready pointed out, the size of the jump-through
correction for a given reacting pair will depend upon the
jump time 7. To study the effect of the magnitude of t, ad-
ditional calculationswere carried out with different values
for two of the reactionsin Table 2:

26,4+ 2H,0 — H, + 20H™ (12)
and
€xq+ OH - OH~ (13)

Thecorrectionin Table2islargefor reaction (12) and small
for (13). The results for the jump-through corrections as
functions of the jump time 1 are shown in Fig. 3. For re-
action (12), the jump-through correction was found to be
68% when 7 =30 ps. It decreases steadily with decreasing
Tdown to 4.5% for 1 =0.1 ps. For reaction (13), the jump-
through correctionisonly 12% for 7 =30 ps and decreases
to 0.1% for 7=0.3 ps. All of the computations for Fig. 3
were carried out to atime of 4.5 ns. Calculationsfor asin-
glerunwith the smallest time, 0.1 ps, thus required 45 000
jump steps. The single point plotted in Fig. 3 at 0.1 psis

(D, +D,)'2IR (10° s?)
Fig. 2 Percent ‘jump through’ as afunction of theratio of the root-

mean-square relative jump distance (proportional to the square root
of the sum of the diffusion constants) and the reaction radius
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Fig. 3 Percent of reactions due to ‘jump through’ as a function of
jump time for: A reaction (12) in text and e reaction (13)

the average of 3000 runs. From these results, we conclude
that corrections for ‘jump through’ are needed for a num-
ber, if not most, of the reactions in Table 2 at jump times
of about 0.5 psor even less.



With other parameters fixed in the computations, we
found that the jump-through correction appears to depend
little, if at all, on the density of the reactants in the com-
putations that were made. However, we did not investigate
the general question of density dependence, which remains
to be explored fully. During the 4500-ps time span of our
calculated simulations, the density of reactants decreased
by a factor of two for reaction (12) and six for reaction
(13). While the density thus changed steadily, the fraction
of reactionsthat occurred during ‘jump through’ stayed the
same in time to within the statistical fluctuations in the
computations.

Fixed vs Gaussian jumps

Monte Carlo water radiolysis calculations can consume a
considerable amount of computer time, as the last discus-
sion exemplified. Therefore, it is generally worthwhile to
make them more efficient whenever possible. In a jump
scheme, it takes less computer time to give every species
of agiven type ajump of one fixed size rather than to se-
lect a jump distance independently for each one from a
Gaussian distribution.

To compare fixed and Gaussian jumps, the reaction
OH +€;, — OH™ was studied with 100 pairs of reactants
initially distributed in a sphere of radius 10 nm. Calcula-
tions were performed to 4.5 ns with 7=3 ps. The second-
order rate constant for the reaction was calculated by us-
ing the two jump schemes. First, jJump distances were cho-
sen from Gaussian distributions for both OH and e,,. The
root-mean-sgquare jump distances are determined by the
diffusion coefficients from Table 1. Second, fixed jump
distances, equal to the root-mean-square values from the
Gaussian distributions, were used for the two species. In
this case, A2= A2, and the reaction radius R is 0.71 nm.
The directions for all jumps were selected at random in
three dimensions. The results for the two jump schemes,
shown in Fig. 4, are virtually indistinguishable. The ordi-
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Fig. 4 Ratio of the calculated and input rate constants for the reac-
tion €4+ OH - OH™, computed by using Gaussian (e) and fixed
(o) jump sizesand a3-psjumptime. At early times, most of the Gaus-
sian points are obscured behind the fixed-jump points
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nate gives the ratio of (1) the value of the rate constant
computed by the model and (2) its input value,
Kops= 3.0x10 M s, as a function of time. Very good
agreement isthusfound with theinput value, which isused
to determine the reaction radius. Of particular interest in
the present investigation is the virtual identity of the two
curves. Our conclusion from this and other similar studies
isthat using either fixed or Gaussian jumps makeslittle or
no difference in the Monte Carlo calculations of average
guantities, such as chemical yields, in water radiolysis.

Discussion

We have shown that ‘jump through’ has a significant ef-
fect in Monte Carlo simulations of water radiolysis on a
time scale of the order of T=1 ps or even less. Correction
for the effect iswarranted. Inthe analysis carried out here,
the simplest assumption of uniform rectilinear motion was
made to represent the time-dependent positions of two re-
actant speciesduring thetime r of asinglejumpinaMonte
Carlo simulation (Fig. 1). No account was taken of the
presence of other reactantsin additionto the pair or of other
possible tragjectories. Use of other assumptions could
affect the detail s of the computed jump-through results. In
practice, when‘jumpthrough’ iscompensated, sometrade-
off can be made by taking larger steps and thus reducing
computer time.

Our purpose here has been to establish the existence and
potential importance of ‘jump through’ in Monte Carlo
simulations of water radiolysis. We are presently revising
the computer code, RADLY S, which we employed previ-
ously, toincludeits effect in future track-structure studies.
In principle, some cal cul ated time-dependent yields can be
expected to be altered in track simulation work. The spe-
cific conditions, radiation types, and extent of the pre-
sumed changes will be explored in a separate study.

Further work is needed to ascertain the degree to which
the fraction of reactions dueto ‘jump through’ isindepen-
dent of the density and initial spatial distribution of reac-
tant pairs. To the extent that athird body playsno role, the
density would not appear to be critical. Within the regimes
investigated in this paper, no effect of changing density on
‘jump through’ was found.

Wehavealso seeninthestudiesreported herethat jumps
of fixed size for a given type of species give results that
are indistinguishable from those obtained by the lengthier
process of choosing random jump sizes from a Gaussian
distribution. The fixed size is equal to the root-mean-
square value of the Gaussian jump.
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