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ABSTRACT

Biological effects of radiation are the result of a complicated sequence
of events that begins with initial physical interactions that are complete
by M 0 ~ 1 5 s, followed by chemical interactions that begin at -^lO"11 s and
are complete by M0"~6 s, and followed by later biochemical and biological
events, some of which may not occur for years. A central problem in radia-
tion physics and radiation chemistry is to understand the details of the
physical and chemical events thai occur during that first microsecond
following the passage of a charged particle. Significant progress has been
made recently at linking early physical events with later chemical events.
We have developed a Monte Carlo computer code to calculate the position and
identity of each physical event that a charged particle (electron, proton,
alpha) and all of its secondaries undergoes in traversing liquid water.
The code then calculates the position and identity of each reactive chemical
species (ion or radical) that is produced from these physical events and is
present at 1 0 ~ u s, and then follows each reactant through the diffusion and
chemical reaction stage of track development. This work will be discussed
and examples of "pictures" of charged-particle tracks at various times will
be shown.
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INTRODUCTION

In radiopharmaceutical dosinetry or radiation protection dosiaetry, the
average dose in a eacroscopic volume such as an entire organ is usually con-
sidered to be the relevant quantity. This average dose is then Multiplied by
an empirically determined weighting factor (Relative Biological Effectiveness,
RBE, or Quality Factor, QF) for that particular type of radiation in order to
estimate the biological response. The reason for the large variation in RBE
(which can depend on type of radiation, effect considered, dose, dose rate,
temperature, the degree of oxygenation, etc.) is still not understood but must
depend on the details of the way the dose is deposited. If one considers the
dose to a microscopic volume such as a single cell a few micrometers in diam-
eter, the dose will not be the same in each cell. Some cells nay receive no
dose at all while others may receive doses that are orders of magnitude
greater than the average dose to the entire organ. If one considers a volume
with dimensions comparable to the diameter of a DNA molecule (i.e., a few
nanometers), the variation in dose from one volume to the next is greater
still. On this scale one must consider energy deposition by a single particle
(electron, proton, etc.). However, there is even statistical variation in the
deposition of energy along the trajectory of the particle. A proton or elec-
tron may go directly through the center of a DNA molecule and deposit no
energy at all in the molecule. The picture gets even more complicated when
one considers what happens after the energy is initially transferred from
the particle to the medium. A complicated sequence of physical and chemical
events occurs within the first microsecond. Biochemical and biological
responses occur later. For example, within seconds enzymes can move in and
start trying to repair damage that has occurred to the DNA molecule. Much
has been learned about biological and biochemical reactions, but up until
now very little has been known about initial physical and early chemical
reactions in condensed matter.

We have recently made progress in understanding the details of the inter-
actions that occur in liquid water within the first microsecond following the
passage of a charged particle. In this paper we will discuss this work which
describes the formation and chemical development of charged-particle tracks.
It is the purpose of this paper to help provide some insight into the details
of the complex sequence of physical and chemical interactions that radiation
produces in condensed matter.

DISCUSSION OF EARLY PHYSICAL AND CHEMICAL INTERACTIONS IN MATTER

When a charged particle such as an electron or alpha particle traverses
matter, it undergoes physical interactions with atoms or molecules of the
material. These physical interactions result in energy transfer events that
in general result in excitation or ionization of atoms or molecules of the
material. The secondary electrons that are produced by ionization events
may have substantial energy and may themselves produce further ionization
or excitation events as they slow down. These physical events occur very
rapidly. In a local region of space the physical interactions produced by a
primary charged particle and all of its secondaries are complete in tines of
the order of 10~15 s. These physical events produce chemical changes within
the track of the charged particle that result in chemically reactive ioas or
radicals that can diffuse through the medium and react with each other or
with other molecules present. Diffusion and chemical reactions begin ».t
times of the order of 10"11 s and are generally complete by 10~6 s. Thus the
physical and chemical reactions that are produced by radiation are complete
within the first microsecond, but these reactions can produce changes that
may result in the induction of cancer decades later.



The collection of physical and cheaical species produced by a charted
particle is referred to as the track of the particle. Radiation of different
qualities produces charged-particle tracks with different structures. For
example, high-energy radiation can produce high-energy secondary electrons
(delta rays) that can travel some distance laterally from the trajectory of
the primary particle. Thus the track produced by a high-energy particle has
a larger radius than that produced by a low-energy particle. High-LET (Linear
Energy Transfer) radiation in general produces a more dense track than low-LET
radiation. However, two particles of the same LET nay produce quite different
tracks. A 1-MeV proton, for example, has approximately the sane LET in water
as a 23-MeV alpha particle. However, since the alpha particle has a higher
velocity, it can produce higher velocity delta rays. Therefore, the track
it produces will have a larger radius than that of the proton. It is easy
to see that studies of track structure are very important in attempting to
understand the differences in the biological effects of different types of
radiation. Studies of the "structure of tracks" are a central focus of the
field of microdosimetry. Microdosimetry symposia typically have entire
sessions devoted to such track structure studies (1).

Interactions between a charged particle and an atom or molecule can be
measured in the gas phase. A charged particle penetrating a gas-filled
chamber can undergo an interaction with a single atom or molecule and be
scattered with a lower energy and new direction. A detector can then record
the new energy and new direction of the incident particle as well as the
energy and direction of secondary electrons that are produced. However, when
an electron or other charged particle penetrates a condensed medium, such as
liquid water, much of the energy transferred to the water appears first as
a collective oscillation (plasmon) that involves a coherent oscillation of
perhaps 109 electrons. The plasmon then decays into a specific energy tran-
sition (excitation or ionization) event which may be located nanometers (many
molecular diameters) from the trajectory of the primary charged particle.

Since it is not possible, in general, to measure the details of individ-
ual interactions in condensed matter, much less is known about energy transfer
mechanisms in condensed media. However, biological systems exist in condensed
phase (solid or liquid), and therefore there is much interest in understanding
interactions in such systems. We have recently made progress in understanding
the physical and chemical interactions that occur in liquid water, a medium of
much interest for biological systems. We have developed a set of differential
inverse mean free paths (cross sections) for the initial physical interactions
that occur in liquid water. We have constructed a model for reactions that
occur during the pre-chemistry time to approximately 10"11 s. We have also
developed a model to calculate quantities associated with the diffusion and
chemical reaction stage following the passage of the charged particle. We
have used this information to develop a computer code for performing calcula-
tions of the details of the physical and chemical interactions that follow
the passage of a charged particle through liquid water. The code uses Monte
Carlo techniques to simulate, event by event, the interactions that a particle
undergoes in traversing liquid water. Thus the code determines the position
and nature of every elementary energy transfer event. The code tabulates the
position of each reactive chemical species (radical or ion) that is produced
and then follows each of them individually as they diffuse through the medium
and react with each other. This code can be used to calculate the transport
of a charged particle through liquid water, the formation of the track during
the physical stage, and the development of the track through the chemical
stage of its evolution.

This program represents the first time that calculations have been made
forward in time from the initial physical interactions through later chemical
reactions. It therefore links radiation physics to radiation chemistry and



-promises to sake valuable contributions to understanding the Mechanises
involved in producing biological effects of radiation. In order to discuss
interactions that occur in liquid water, perhaps it is best to consider i
characteristic distances and distance units as listed in Table 1. The

Table 1. Characteristic Distances

2.9 A = diameter of H2O molecule

2 nm = diameter of DNA helix

>] pro = diameter of nucleus of biological cell

50 pm = diameter of human hair

100 urn = thickness of sheet of paper

diameter of the nucleus of a biological cell is generally a few microns. The
range of a 5-keV electron is approximately 1 micron. However, if the DNA
molecule is the sensitive site for damage within a cell, then the important
distances to consider are only a small portion of the track of a 5-keV elec-
tron. Table 2 shows some characteristic times and reactions that occur during
the physical stage of reaction of a charged particle in liquid water (2-4).
Ionization and excitation events occur within 10" 1 5 s. The vibrational period

Table 2. Physical Interactions

10" I S s Fast particle traverses atom

10-17-10-ie s Ionization: H20 -*• H2O+ + e-

10"!5 s Excitation: H20 •» H 20*

10"i4 s Ion-molecule reactions: H20+ + H20 •* H30+ + OH

10~i4 s Dissociation of excited molecules: H 20* -» H + OH

10—12 s Hydration of electron: e- -» e-
aq

10 I2 s Light travels 300 pm, thickness of 3 sheets of paper

period of a water molecule is approximately 10 14 s, and some ion-molecule
reactions and molecular dissociations can occur within this time period.
Electrons can thermalize and become hydrated within 10"ls to 10~l* s. The
hydrated electron is a reactive chemical species that is forraed as several
water molecules cluster around the negative electron. Since a reactive chem-
ical species requires somewhat more than 10~a2 s to diffuse a distance equal
to the diameter of a water molecule, diffusion and chemical reactions are
generally considered to begin at approximately lO"51 s. Table 3 shows some
typical reaction times during the chemical stage of charged-particle track
development. At very high concentrations, reactions can occur within 1O~10 s
since the reactants are close to each other. Reactions within a spur (a
cluster of chemical species produced in a track by an energy loss of 100 eV
or less) are generally complete in less than 10~7 s, and the remaining radi-
cals are homogeneously distributed (i.e., initial spatial correlations are
lost). For completeness, Table k shows some typical reaction times during
the biological stage.



Table 3. Chemical Interactions

10-12-10-10 s

10-10 s

<10~7 s

10~7 s

10~7 s

10~7 s

Interactions of e- and other radicals in high
aq

concentrations or in dense regions of charged
particle tracks

Reactions of e- and other radicals with reactive
aq

solute at M mol/L

Reactions in spur

Homogeneous distributions of radicals

Reactions of radicals with reactive solute at
N T 3 mol/L

Light travels about 100 ft

Seconds to hours

Hours

Days

Several months

Years

Table A. Biological Interactions

Enzyme repair of damaged molecules

Cell division affected

Damage to central nervous system and GI tract

Kidney and lung damage

Cancer induction or genetic damage

In the remainder of the paper we discuss some of the details of the code
and the physical and chemical reactions produced by radiation. Then we give
some details of charged-particle tracks at different stages of development.
Finally, we describe some initial work toward applying the code to calculate
effects on biological molerrules such as DNA.

CALCULATIONS OF TRACK STRUCTURE DURING FIRST MICROSECOND

As mentioned in the introduction, some interactions of a charged particle
and a molecule in gas phase can be measured directly. However, it is neces-
sary to use a different approach for obtaining such information for liquid
water. Our approach has been to develop a complex dielectric response func-
tion &(ui,q) for liquid water, where •fitu and fiq are the energy and momentum
transferred in a single event by a charged particle to the medium. In this
manner collective effects in the condensed phase are included a priori.
The macroscopic cross section (inverse mean free path), for any kind of
interaction, can be obtained directly from -Im(l/e), the negative of the
imaginary part of 1/e. Details of the development of the cross sections and
the algorithm for treating initially delocalized collective oscillations in
the condensed phase are described elsewhere (5-8).

We have used these cross sections to develop a Monte Carlo computer code
to calculate the positions of the species that are produced in the track of a
charged particle and are present at '0~ 1 5 s. These are ionized water mole-
cules (H20+), excited water molecules (H2O*), and subexcitation electrons
(e-). An example of a track of a 5-keV electron, starting at the origin and
initially headed along the horizontal axis to the light, is shown in Fig. 1.
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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 along the horizontal axis. Ticks are
1000 & apart.

Each point in the track represents the position of one of the two species H2O+
or H2O*. The ticks on the axes are 1000 X apart so the track is approximately
1 pm long. The model which we have developed to determine the position and
identity of each reactive chemical species at the beginning of the chemical
stage (10—11 s) is described elsewhere (9,10). The four reactive chemical
species that are present at lO"11 s are the OH radical, the hydrated electron
e- , the hydronium ion H30+, and the hydrogen radical H. Figure 2 shows an
aq

enlargement of the initial portion of the 5-keV electron track shown in Fig. 1
at 10"11 s where the positions and identities of the chemical species are
shown. The ticks on the axes in this figure are 50 & apart. For perspective,
the diameter of the DNA helix is about 20 K.

In order to simulate diffusion and chemical reactions, it is necessary to
identify the chemical reactions that are to be considered significant, which
we have taken to be those shown in Table 5. Each of the reactive species is
allowed to undergo a diffusive jump. Then the distance between each pair is
checked by the computer. If two species that can react according to Table 5
are close enough together, they are considered to react and are removed.
After all pairs are checked, and those that have reacted are removed, the
remaining reactants are jumped again and the process is repeated. Details
of the schemes used to simulate this process are given elsewhere (10,11).

Three examples of 5-keV electron tracks are shown in Fig. 3. In each
case the electron started at the origin traveling along the horizontal axis
toward the right. In each case the points represent the positions of the
reactive chemical species at 10~31 s. It is seen that the tracks are very
different. It is noted that in general the tracks are far from just straight
trajectories with a uniform density of energy losses along the track that
would be expected from the stopping power alone.
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Fig. 2. Twenty-fold blown-up view of initial portion of track in Fig. 1,
showing location of chemical species at 10" 1 1 s. Legend: © , H; A ,

OH; e- ;
aq

, H30+.

Table 5. Chemical Reactions at Times >10~1:l s

OH + OH -> H 20 2

•* 0H~
I

OH + H •* H20

0H+ e-
aq

HoO+ + e-
aq

H + H20

e- + e- + 2H20 •* H 2 + 20Haq aq c *•

e- + H + H20 •* H 2 + OH"
aq * *

H + H H2

Figure 4 shows the chemical development of the top track in Fig. 3. At
10""11 s, the beginning of the diffusion and chemical reaction stage of track
development, the track contained 1,174 distinct reactive species with posi-
tions as shown in the top left of Fig. 4. After 10 diffusive jumps of
2.5 x 10~ 1 2 s each, 985 reactants remained. Thus 189 species had already



.-OwO 8M8322

Fig. 3. Three examples of the spatial distribution of chemically
active species present at lO~la s around the tracks of 5-keV
electrons in liquid water. In each case the electron started
at the origin moving along the axis toward the right.

reacted and were removed. After 100 additional diffusive jumps, only 687
species remained. The number of the remaining species and their positions
are shown at different times in the figure. Note that by 2.8 x io~7 s there
were only 410 species left, and they are essentially homogeneously distributed.
Initial spatial correlations, considered important in many models for biolog-
ical effects, no longer exist. By this time the reactants are sufficiently
separated that further reactions occur infrequently. Hcwever, in any biolog-
ical system there would be other molecules present that could also react with
(scavenge) the species. In most cases the scavenge time would be much less
than one microsecond, so this would terminate the chemistry stage of the track
development.
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Fig. 4. Example of the chemical evolution of a 5-keV electron
track showing the number, N, of species present at various
times from 10"11 s to 2.8 x io~7 s.

Figure 5 shows the track of a 20-keV electron at three different times
during its development. A few high-energy electrons, or delta rays, can be
seen along the track. The number of chemical species for this track at
10"11 s and at 2.8 x 1O~7 s are shown in Table 6. It is noted that the most
reactive species, OH and e- , have reduced drastically in number during the

aq
chemical reactions. Therefore, one sees that as the number of species is
reduced due to chemical reactions, the relative numbers of each type of chem-
ical species also changes. The more reactive species disappear more rapidly
than the less reactive species.
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Fig. 5. Example of the chemical evolution of a 20-keV electron
track showing the number, N, of species present at various times.

Table 6. Number of Chemical Species Present in the Track
of a 20-keV Electron at Various Times

Species

eaq
H30+

H
OH
H2
H 20 2

10~J1 s

1247

1242

431

1673

72

72

2.8 x 10-' s

205

1002

395

211

191

383
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Fig. 6. Example of the chemical evolution of a segment of an 8-MeV alpha-
particle track. The segment is 0.7 pm long.

For comparison between electron tracks and heavy-particle tracks, we
show the development of an alpha-particle track in Fig. 6. This figure shows
a 0.7-MD) segment of the track of an 8-MeV alpha particle at different times
during its evolution. High-energy secondary electrons (delta rays) are
clearly seen.

As one final example, we will show a track of a proton in relation to a
segment of a DNA molecule. Figure 7 shows the segment of the track of a 1-MeV
proton with a portion of the center of the track enlarged.

Figure 8 shows a superposition of a simple model of a segment of a DNA
molecule on this track. In this figure the points on the two helical strands
represent alternating sugar and base sites. The proton could produce direct
energy loss events within the DNA or could produce reactive species in the



MNL-DWC »S-10««1

1-MeV PROTON

"""""T"*" •"*'i"*->"i*"

•V-.. •'*••"

10 nm

Fig. 7. Upper portion shows a 1000-nm segment of a 1-MeV proton
track. Lower portion shows 10-fold blowup of a central portion
of the segment, 100 nm in length.
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Fig. 8. Segment of double-stranded DNA near portion of track segment
of the 1-MeV proton from Fig. 7. Dots in cylindrical array represent
alternating bases and sugars in the two strands of the DNA.



' •ediun (mostly water) surrounding the DNA which could diffuse over and react
chemically with a site on the DNA. We have recently initiated a prograa to
calculate direct physical and indirect chemical interactions produced in an
irradiated medium containing DNA. In a biological system there would be
other molecules with which the chemical reactants in the track could react
and which, therefore, would act as scavengers for the reactive species. We
take the scavenge time to be 10~8 s. The diffusion distance during this time
is ̂ 20 run. We therefore consider a cylinder around the DNA of radius 20 nm
and count the number of reactants that are in this cylinder due to the passage
of the charged particle. This number will be, to first order, proportional to
the dose in the cylinder, and thus we can compare results for different parti-
cles. In Fig. 9 we show the number of reactions between two reactants and the
number between one reactant and a site on the DNA normalized to the total
number of reactants in the cylinder for 1-MeV and 10-MeV protons and ̂ for 4-MeV
alphas. The impact parameter is 0 (i.e., the particle passes through the cen-
ter of the DNA). Since the alpha particle track is more dense, there are a
greater number of reactions between reactants leaving fewer of them to react
with DNA than for the proton tracks. Further results are being published
elsewhere (11).
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Fig. 9. Reactant-reactant and reactant-DNA interactions for various
particles. Impact parameter = 0.

CONCLUDING REMARKS

Recent progress has been made at understanding radiation interactions in
condensed media and at linking radiation physics with radiation chemistry.
Although biological systems are^very complicated and much more i s to be



' learned about •echani»«s of biological action of radiation, the state of the
art has advanced to the point that Models for predicting biological response
cannot ignore details of initial energy deposition (i.e., track structure).
Whether in radiopharmaceutical dosimetry, or other radiation dosimetry con-
siderations, average dose to an organ, or even to a single cell, nay not be
sufficient for determining effects. The field of nicrodosiaetry is becoaing
increasingly important.

It is hoped that the program described in this paper can make significant
contributions to identifying the mechanisms involved in producing biological
effects of radiation.
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