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Abstract. We propose a model to continue following events
from the initial energy deposition (<10~15 s) through later
times at which liquid water can begin to respond chemically to
the passage of radiation. We use a Monte Carlo code to calculate
the spatial distributions jf the chemical species present at
times ̂ lO"11 s. This information provides the necessary input
for diffusion-kinetic calculations to predict the subsequent
chesical evolution of the system and measurable transient and
steady-state yields. Calculations have been made of the
correlations of the positions of various chemical species at
lQ""11 s, the distribution of net charge in volume elements of
various sizes, and g-values for various species. These results
are presented for water irradiated by 5 keV electrons.

1. Introduction

A. central problem of radiation chemistry is to determine the

relationship between track structure and chemical yield.1"3 It has long

been understood that the observable chemical effects of irradiation

result from sequences of events and that the final stages involve

diffusion-controlled track reactions. ** The initial conditions for the

track reactions are not actually known and must essentially be obtained

by trial and error. For this reason, attempts have been made to observe

irradiated systems at times as early as possible. For electron irradia-

tions, pulse radiolysis has allowed experimenters to make observations

at times as early as 10"11 s after energy deposit.5 There are reasons
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to believe that direct observations cannot be made for times much shorter

than this,6 and methods to use experimental observations at long times

to obtain information about events at short times have been discussed.6

In any case, the phenomena at very early times (less than 10~12 s)

cannot be observed directly, and theoretical considerations are required.

A straightforward method for investigation of the early events of

the electron tracks is provided by the Monte Carlo method. Calculations

made with a Monte Carlo code ror transporting electrons in liquid water

have been reported in previous symposia in this series.10*11 A primary

electron and all of the secondaries it produces are transported until

their energies fall to a subexcitation level below 7.4 eV, the approxi-

mate threshold for electronic excitation in liquid water. The code

determines the location of every collision, the type of quantum transition

that occurs, and the energy transferred. The time interval between the

formation of a secondary electron and its reaching the subexcitation

range is <10~15 s. It is convenient to think of time in a local sense

(i.e., the origin of time is taken at every position as the time of the

energy deposit which affects that region).

In terms of local time, we say that the electronic phase of the

formation of an electron track is over in <10~15 s. In order to under-

stand the phenomena which occur later, consider characteristic times of

the liquid water system. For example, the vibrational periods of the

H2O molecules are M.0~ll+ s, giving a reference time for the dissociation

of H2O* or for the reaction of H2O with H2O .5 The longitudinal relaxation

time of liquid water is 4xlO~13 s, and this must be the approximate time

required for hydration of an electron in the lower subexcitation range.12

The Debye relaxation time of water is 10"11 s. This is often interpreted

as the jump time of transient species created in water,13 and it marks

the beginning of diffusion-controlled chemical reactions. We use Monte

Carlo techniques to follow the development of the initially formed

species in their transformations in the prethermal period and to obtain

the initial conditions at 10"11 s for the diffusion-controlled track

reactions.
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2. Method

In our earlier work, a Monte Carlo code was used to calculate the

number and spatial distribution of the initial physical species produced

directly by a charged particle or photon and by all secondary electrons

in liquid water. The species present at 10~15 s are H2O , H^O*, and

electrons with energies below 7.4 eV. In this first effort to extend

the work to later times, we make the following assumptions.

a. Ionizations. When H2O is formed, we assume that in 10~11* s

it captures an H atom from a neighboring H2O molecule to form

a hydronium ion and hydroxyl radical: H20+ + H2O -»• H30+ + OH.

The H20 is a delocalized state, and it remains so until the

ion-molecule reaction produces a localization. At 10"11 s,

we assume that the H3O is located in the position at which it

was initially formed with the OH adjacent to it. The centers

of these two species are thus separated by a distance equal to

the diameter of a water molecule, 2.9 A. The OH position is

selected at a random angle with respect to that of the H3O .

b. Excitations. With H2O* we differentiate among several types

of excitations. For transitions associated with Rydberg,

diffuse band, and dissociative excitations in the gas, we

assume that an electron is lost from this molecule in the

liquid state. The remaining H2O is treated as just described.

We assume that 10 eV of energy is expended in removing the

electron, which is subsequently further transported like any

other electron in the calculations. We assume that A1Bi

excitations result in the dissociation of H and OH radicals
o

separated by three molecular diameters, 8.7 A. The positions

of these two species are selected on a line centered at the

site of the original HjO* with a random direction in space.

B1Ai excitations are assumed to give Hj and 0 separated by two

molecular diameters. Thus, depending on the type of excitation,

H2O* produced at 10~15 s leads to the presence of H2O , H,

OH, H2, and 0 at 10"
11 s.

c. Electrons. At 10"1S s all electrons present (e~ ) have sub-
SUD

excitation energies <7.4 eV. These electrons will continue
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to move about until they are hydrated (e~ ) at 4*10~13 s. We

assume that a subexcitation electron migrates about its

original location in a random walk fashion. Thus, we assume

that a subexcitation electron present at 10~15 results in a

hydrated electron at 4xlO~13 s, and the position of e~ at

10"11 s is randomly selected from a Gaussian distribution

about the position of the subexcitation electron with a

diffusion length of 25 A.

3. Details of Track Structures

Figure 1 shows a computer plot of the locations of all initial

inelastic events that occurred in one calculation when a 5-keV electron

and all its secondaries reached subexcitation energies in liquid water.

The dots mark the positions of every inelastic event, and hence they

represent the locations of the HjO* and H2O produced. This particular

5-keV electron produced a total of 385 inelastic events. This is a

typical track "picture" at 10~15 s. The original electron, which began

moving toward the right along the horizontal axis from the origin,

changes direction as it moves through the medium due to elastic and

inelastic scattering everts. Other electron tracks that we calculated

showed a wide variety of patterns. Some paths changed directions completely

and showed considerable curvature. In some cases a high-energy secondary

electron was produced, and the track had two distinct branches.

Figure 2 shows a 20-fold blow-up of the beginning of the track in

Fig. 1. The species H2O* and H2O present at 10~15 s are denoted,

respectively, by circles and triangles. In Fig. 3 these are converted

into the products present at 10"11 s by the method described in Section 2.

The various species are shown by the different symbols defined in the

caption of Fig. 3. Their total number over the complete track of this

particular 5-keV electron was 1196.

A number of features in the new work can be seen from a comparison

of Figs. 2 and 3. In the lower left portion of Fig. 2 an isolated H 2°
+

at 10""15 s is represented by a triangle. In Fig. 3 at 10"11 s, we see

that this has led to H3O and OH near the original location plus a

hydrated electron several tens of A away. The H2O* below the horizontal

axis about 250 A from the origin in Fig. 2 gave rise to the dissociation
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into H and OH in Fig. 3. The hydrated electron with them is probably

the one that reached subexcitation energy when it produced the %()*.

There are two H2O* above this event in Fig. 2 some 70 A on the other

side of the horizontal axis. In Fig. 3 it can be seen that the H2O* on

the left dissociated into H + OH, while the one on the right led to an

ionization with the subsequent formation of H3O + OH. In Fig. 3 it is

seen, also, that the positions of the e appear to be somewhat removed
aq

from the sites of the inelastic events, reflecting both the delocalization

of energy losses <50 eV and the migration of electrons in becoming

hydrated.

This example illustrates the detailed physical characterization of

the numbers, types, and spatial distributions of various species calcu-

lated to be present at 10"11 s. Although the assumptions made in obtaining

such statistical data are crude, we have an explicit description of the

track at the start of the chemical phase (10"11 s), and future studies

will allow refinements to be made systematically.

4. Preliminary Numerical Results

Extensive calculations were carried out for electrons of initial

energy 5 keV and all of their secondaries. The yields of the various

species present at 10"11 s are:

Species

OH

eaq

H 30
+

H

H2
0

g-values
(No./lOO eV)

8.4

6.3

6.3

2.1

0.3

0.3

The g-values (number of products per 100 eV) are averaged over all

electrons. The most prevalent species are, of course, OH, e~ , and
+ acl

H30 . Hydrogen is about 25% as abundant as OH, while the numbers of H2

and 0 are about 4% as abundant.
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The calculated average number of secondary electrons produced by a

5-keV electron is 310. The calculated average energy needed to produce

an ion pair in the liquid is W = 15.9 eV/ion pair, as compared with a

measured value of 30 for water vapor.11*

The subsequent chemical behavior of the irradiated water will

depend on statistical correlations among the positions of the various

chemical species at 10"11 s. As an example of such correlation, the

cumulative probability that a given number of OH radicals are within

various distances of a given OH is shown in Fig. 4. We see that about

one-half of all spheres of radius 50 A centered on OH radicals contain

eight or fewer other OH's (total in the sphere < 9). There is only

about a WA probability that there is no other OH present. No 50 A

sphere was found with more than 61 OH's. Statistical results for
o o

spheres of 25 A and 10 A radius are also shown.

As another example, the distributions of net charges in spheres of
o o o

radius 50 A, 25 A, and 10 A centered on a charged species were obtained.
o

The probability distribution for net charge in the 25 A sphere is shown

in Fig. 5. The most probable net charge is -1, the next most probable

net charge is 0, and then +1. The relative probability for -1 was even
o

greater for the 10 A sphere, while 0 was the most probable net charge

for the 50 A sphere.

It should perhaps be noted that the yields given in the table above

are, in a sense, maximum yields. An interesting feature is that the

estimated yields are large enough to meet any requirements of theoretical

calculations of diffusion kinetics2*3 or experimental observations.15*16

Because of the nature of the track, early recombination is expected, so

"observed" yields are expected to be smaller than "initial" yields such

as calculated here. In many considerations of electron tracks the g-values
of e and OH are assumed to be ^6. 1 7' 1 8 More refined studies ofaq

diffusion kinetics have suggested an initial yield of H2 to be 0.17.3

The yields of chemical intermediates at 1 0 ~ n s and their variation on a

longer time scale depend on the parameters used in the model. When we

investigate the chemical reaction phase, we will vary the parameters and

attempt to bring about agreement with experimental observations.
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5. Discussion

A tentative model is presented to extend our physical calculations

of primary energy deposition in liquid water at 10~15 s to the develop-

ment of chemical species present at 1Q"11 s. The calculations emphasize

the liquid—as opposed to gaseous—state in several ways. First, the

calculation of the inverse mean-free paths for electrons involves the

use of the dielectric response function of liquid water. Collective

effects are thus implicitly included from the start. Second, where gas

data have been utilized in the Monte Carlo code, some have been reparti-

tioned to approximate what occurs in the liquid state. Third, because

neighboring molecules can act collectively, energy transfer to the

medium is unlocalized on a scale of distance ^2TTV/W, where v is the

velocity of tha primary electron and liu is the energy transferred to the

medium. Therefore, a localization scheme is required to pick the position

where a secondary electron is ejected when the energy transfer is <50 eV.

These three considerations are built into the original code and are used

to calculate the distributions of primary species present at 10~15 s,

the starting point of the present paper. Our work here makes further

assumptions, explicitly for the liquid state, to obtain the distributions

of species at 1CT11 s.

The present paper represents a first attempt to extend our detailed

event-by-event calculations forward in time from the initial deposition

of energy to the beginning of chemical reactions in liquid water. The

work will be continued to later times in order to calculate subsequent

chemical reactions, which are largely diffusion-controlled after 10"11 s.

Uncertainties abound throughout, and there are many mechanisms which

must be studied before a complete theoretical foundation exists for the

early time phenomena. As more is known, the assumptions that go into

the analyses will undergo revision. Of course, the final objective is a

track model which agrees with experimental chemical data, so extensive

comparison with experiment will be made.
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FIGURE CAPTIONS

Fig. 1. Location of inelastic events produced by a 5-keV electron

and all of its secondaries in liquid water. Original 5-keV

electron started at the origin, traveling toward the right

aloug the horizontal axis.

Fig. 2. Blow-up view of initial portion of track in Fig. 1, showing

location of H2O* (circles) and H2O (triangles) at 10~15 s.

Fig. 3. Same portion of tract from Fig. 2 at 1 0 ~ u s.

Legend: O H A OH

X e;q <!> H 30
+

There were no H2 or 0 in this portion of the track.

Fig. 4. Cumulative probabilities for number of OH radicals in spheres

of different radii centered on an OH.

Fig. 5. Relative probability of net charge in a sphere of radius 25 A

centered on a charge.
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