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ABSTRACT. An analytical Monte Carlo simulation code has been developed for nano- and
micro-dosimetric calculations in Radiobiological experiments with protons and a-particles
irradiation to cell monolayers. For the tracking of charged particles (primaries and secondaries)
-a semi-empirical single differential (in ejected electron energy) ionisation cross section has
been constructed based on photoabsorption, photoionisation and proton impact ionisation
data, and has been found to be consistent with available experimentai data on both differential
and total ionisation cross sections. Detailed distributions of energy deposition and ionisation
have been calculated for the considered conditions of irradiation, whereas estimations have
been made on the production of the primary chemical species, known to lead to the formation

~ of free radicals.

1.INTRODUCTION

The last years it has been proposed that DNA double strand breaks (DSBs) may play
a significant role in the biological effects of ionising radiation . The radiation damage to DNA
can arise from direct energy deposition on its chemical constituents (direct action) or can be
due to radicals produced by the radiolysis of the surrounding aqueus medium (indirect action)
(Chadwick and Leenhouts 1981, Barendsgn 1990, Chatterjee and Holley 1990, Frankenberg
et al 1990, Stanton et al 1990). Therefore, an understanding of the physical and chemical
processes (energy transport and deposition, ionisation distributions or production of primary
chemical species) leading to the possible formation of DSBs would be of importance in
determining the chain of events responsible for cell damage or indeed for any cell
transformation following irradiation. Track structure simulation provides valuable information on
the physical and chemical interactions occuring in cellular and subceliular level, as average
quantities may provide only poor indications on the frequency distributions of actual
depositions.

We have developed a Monte Carlo computer code which simulates the track of 0.3-10
MeV protons as well as that of a-particles (0.8-10 MeV) and the secondary ejected electrons,
through small sites (Inm-1pm range), considering water as the biological material. The
particle’s track modelling, taking into account all the possible interactions with the molecules
of the medium, requires accurate differential and total cross-sections. For the ionisation, which
is the most probable process in the energy range considered here, the experimental data

available not only are very rare, but also include large uncertainties and are inadequate for use



in track structure simulations, since the knowledge of succesive cross-sections as a function
of both the incident and ejected particles energy is required. Therefore we have further
developed a model for the determination of the single differential ionisation cross-section
(SDICS) which combines the classical binary encounter approximation (BEA) with the Bethe
theory, and is consistent with experimental data for both differential and total ionisation cross-
section (TICS). The model has the advantage of providing the contribution of the molecular
~ subshells to the interaction, a fact which leads to the determination of the primary chemical
species formed.

The dosimetric results obtained in this work have been used in the design of an
experiment that is in progress, in which DNA solution, and cell monolayers are irradiated by

241

a-particles from an <7 'Am source.

2. SINGLE DIFFERENTIAL IONISATION CROSS SECTION (SDICS)

2a. Protons and a-particles

The uncertainty of the experimental data for the SDICS in the case of protons and a-
particles (0.3 - 2 MeV) with water vapor is reported to be as much as 100% for ejected
electrons with energy of 5eV, whereas that uncertainty decreases to 20% for electron energies
of 10eV and above (Toburen and Wilson 1977, Toburen et al 1980). These uncertainties
produce discrepancies of the order of 30% belween the independently delermined TICS
.(experiment by Rudd et al 1985, reported uncertainty 8%) and the TICS calculated from the
integration of the experimental SDICS over secondary electron energy. Also it should be noted
that, owing to experimental limitations, it is not possible at present to determine experimentally
the subshell from which the secondary electron is ejected and subsequently the kind of ion that
is formed. It is though a well known fact that these ions play an important role in the indirect
action of radiation.

As it was pointed out by many investigators ,the first Born approximation and, also,
impulse approximations, play a significant role in the determination of the energy distribution
of secondary electrons ejected by fast charged particles from molecules (Inokuti 1971, Kim
1975a, Wilson et al 1984). Slow secondary electrons are mostly produced by glancing
collisions in which the dipole interaction dominates. Here, the Born approximation relates the
secondary electron spectra to the photoionisation spectra, and as it is well known the leading

part of the Born cross-section is proportional to the dipole oscillator strength (Inokuti 1971, Kim



1975a, Berkowitz 1979, Wilson et al 1984, Miller et al 1987). Hard collisions are very important
in the ejection of high energy secondary electrons (where quantum effects are less important)
and, therefore, semiclassical theories like the binary encounter approximation (BEA) are, in

| general, adequate for predicting SDICS (Kim 1975a).
Along the lines suggested by Inokuti (1971), Kim (1975a) and Milier et al (1987) on
Bethe’s theory, based on the first Born approximation, the SDICS for the ejection of secondary
electrons with energy between W and W+ dW, from the k subshell of a molecular targét by a

_ projectile with charge z and velocity u, can be written as:
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where g, is the Bohr radius, R is the Rydberg energy, I, is the ionisation potential of the
subshell k, and T=mu2/2 with m being the electron mass. The functions A, (W) and B, (W)
depend rather on the target molecule than on the incident particle.

The term A, (W) represents the effect of glancing collisions, and can be written as:

rR2  di
Wl dw

A (W) = &

where df, /dW is the partial differential optical oscillator strength for the ionisation of subshell
k and is related to the photoionisation cross-section o, (Tan et ai 1978, Wilson et al 1984,

Gallagher et al 1988) by the expression:
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where m, e are the electron mass and charge respectively, ¢ is the velocity of light, h is Plank’s
constant, BR, is the branching ratio for the subshell k and E is the photon energy. Scveral
experimental data were used for the evaluation of the terms A _(W). Photoionisation cross-
section values were obtained from Katayama et al (1973), Tan et al (1978), Berkowitz (1979),
Brion and Thomson (1984b), Haddad and Samson (1986), while for the determination of the
partial optical oscillator strengths, branching ratios of Blake and Carver (1967), Truesdale et



al (1982), Brion and Thomson (1984a), Brion

and Carnovale (1985), Banna et al (1986), w20 T ' ]
. . 1
Brion et al (1986) were used. In figure 1, the ]
terms A, (W) for the 4 outer subshells of water o2 ]
molecule are plotted versus the energy W of o8l
the ejected electron, while the term A (W) 3z
: , ¥ 08§73
corresponding to the inner subshell (K- &
electrons) is omitted as it contributes in less 04 h
than 0.5% . ]
02
The term B, (W) represents the hard .
collision component of the secondary ) P ar——— ; i
' 0 20 ) 60 80 100
electron spectra and is expected to dominate W (eV)

at large secondary electron’s energies W.

This term has two fundamental properties : @)  Figure 1. The terms A, (W), k=1-4, of equation (2) as a

at large enough T it is independent of T and function of the energy W of the ejected electron.

b) at large W, as indicated by the BEA, it is approximately equal to:
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where n,_is the number of electrons in the kth subshell of the molecule (for waler k=5, n, =2)
and U, is their average kinetic energy. Values for the average kinetic energies U, and ionisation

potentials |, were taken from Bolorizadeh and Rudd (1986). In these nolalions we represented

B, (W) as:
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where f(W) is a function suggested to depend on target properties only and to be independent
of the molecular subshell (Miller 1989).
The proposed SDICS has the final form:
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where N is a factor that has been introduced in order to take into account the normalisation
of the integrated SDICS to the TICS. This representation of the SDICS as a sum of the various
subshells contribution to the interaction allows for the determination of the ions formed after
the ejoction of the sccondary clectron (sce section 3).
Both the function f(W) and the normalisation factor N can be obtained from
experimental data. We have used the experimental data given for the SDICS by Toburen and
~ Wilson (1977) and Toburen (1988) at proton energies of 0.3, 0.5, 1 and 1.5 MeV for the
estimation of the (W) according to the equation:
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We found, indeed, that the function {(W) does not show any dependence on the energy

f(W) =

of the protons in this energy range. Nevertheless we used an average value for the function
f(W), provided from the above four proton’s energies, to make up for the experimental
uncertainties. The variation of the f(W) as a function of gjected electron’s energy W is presented
in figure 2. As it was theoretically expected, we notice that 1(W) ccnverges to 1 even from as
low as 100eV secondary electron energy. Consequently for larger W the function B, (W) is
represented by equation (4).
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Figure 2 The term f(W) of equation (6) as a function of Figure 3 Ratio N(E ) of the experimental TICS to the
the ejected electron’s energy W. integrated model calculations as a function of proton’s
energy Ep.



The integration of the model SDICS over the ejected electron’s energy W, gives the
model total ionisation cross-section (TICS). This integration is usefull for normalising the
SDICS, because the TICS for proton impact on water are relatively well known since the
experimental values obtained by Rudd et al (1985) are reporled to have an 8% uncertainty
above 0.5 MeV. In figure (3) the ratio N(Ep) of the experimental TICS to the integrated model
calculations is presented as a function of proton's energy Ep, and one can observe that the
experimental results are larger by a constant factor of 1.1 for proton energy above 0.5 MeV.
This ratio represents the normalisation factor N of equation (6). The procedure that was

presented here is in accordance with

Kim’s (1975b) suggestions, claiming that —°° ' i '
the use of optical data to the SDICS gives
the correct "shape” of the distribution while | 'L
the actual value can be derived from _
normalisation to the TICS. | §
Some of our results on SDICS are ;': 10|
presented in figure 4 in the low energy Ng
region (W< 100eV) of the ejected electrons £
where the majority (>90%) of these !
electrons can be found and the larger p 1MeV(x10~ "
discrepancies are expecled. These cross-
sections are conveniently multiplied by °Y 2 510 %o 50 100

T/4na,” in order to remove the principal
Figure 4 The model SDICS (see text) is presented (solid line)
for 1MeV, 1.5MeV protons and 2MeV a-particles, along with
data (e, Toburen and Wilson 1977; x, Toburen et al 1980; +,
Inokuti et al 1980; o, Rudd 1990).

dependence on energy. For comparison,
our results for 1 and 1.5MeV protons as
well as 2MeV a-particles (a simple 2
scaling on equally velocity's proton data was assumed) are given, along with corresponding
experimental data (Toburen and Wilson 1977, Toburen et al 1980) and recent theoretical
approximations (Inokuti et al 1987, Rudd 1990). As it can be seen our model reproduccs,
within experimental uncertainties, the existing experimental data while the calculations of Inokuti
et al (1987), based on the empirical model of Wilson et al (1984), secms to underestimate
significantly the experimental data at low energies of ejected electrons. A more systematic
" comparison of our model calculations with the corresponding ones of Rudd (1990) reveals that
the latter tends 1o give higher values at low secondary clectron energies. Similarly, Long and

Paretzke (1991) have noticed recently that Rudd's mode! increases sharply at these low



secondary electrons energies.

So far our mode! can be viewed, simply, as a data extrapolation and interpolation

procedure, which is, however, very usefull in transport calculations where SDICS over a broad

range of primary and secondary energies are needed. The model enables us 1o make
predictions on SDICS for energies down to 0.3 MeV for protons and 0.8 MeV for a-particles.

2b. Electrons

In the case of the ionisation of water vapor by incident electrons the indistinguishability

of the scatlered and cjected clectrons must be taken into account and the Moll cross scclion

is appropriate in place of the BEA in equations (4), (5) and (6) (Kim 1975a, Bolorizadeh and

Rudd 1986). The function f(W) is assumed to be the one used for protons and a-particles, as

it depends, mainly, on target properties. The SDICS for incident electrons is then:
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Figure 5 compares our results on

SDICS with the corresponding

experimental data for the ionisation of

water vapor by 500eV and 1keV electrons
(Opal et al 1972, Vroom and Palmer 1977,
Bolorizadeh and Rudd 1986). Although
{here is a good overall agreement,
significant differences with Bolorizadeh
and Rudd (1986) data are observed when
the ejected and scattered electrons have
about the same energy and when the
~ detected electrons are close to the primary
energy. However, more recent
experimental data (Hollman et al 1988),
support the predictions of our model, as

they indicate that experimental
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Figure 5 The mode! SDICS (see text) is presented (solid line)
for 500eV (low), and 1keV (upper) electrons in comparison
with oxpornmental data (e, Opal ot al 1972, +, Vioom and
Palmer 1977, o, Bolorizadeh and Rudd 1986).

uncertaintics causc the mentioned discrepancics.

The fact that the experimental data used for comparison were not used in the



optimization procedure allows us to feel that our model can predict SDICS for electron impact
on water with reasonable accuracy, for electron energies larger than 100eV, needed in
transport calculations. To be consistent with TICS, the data of Schutten et al (1966) were used
for normalisation.

3. MONTE CARLO CODE

A Monte Carlo simulation code has been developed for the passage of protons (E 0> 0.3
MeV), a-particles (E4>0.8 MeV) and secondary electrons (Tg>100 eV) through water, based
on the derived SDICS. At these energies the difference in the cross-sections for the gaseous
and the liquid phases of water is expected to be quite small (<10%) (Thwaites 1981, Long and
Paretzke 1991).

A free path between collisions is selected, as usual, from the total interaction (excitation
and ionisation) cross-section. The kind of interaction occured (excitation or ionisation) is
decided from the relative values of the corresponding cross-sections, considering the excitation
total cross-section as 1/3 of the corresponding ionisation one. We assume that if excitation is
selected, then 12.4 eV energy is deposited by the particle in the interaction point. These
approximations to the excitation process proposed by Berger (1988), are believed not to cause
considerable errors in the calculations, as the energy lost from the primary particle due to
excitation is less than 5% of the total energy loss. in the case of ionisation interaclion, the
kinetic energy W of the ejected electron is selected from the SDICS (equation (6) for protons
and a-particles). Actually a two dimentional histogram in a convenient W and T grid has been
constructed for sampling the SDICS. The energy transferred from the primary particle is then
E=W+I, . Thus the primary particle’s energy loss E (in a single scattering) depends on the
subshell with ionisation potential I, from which the electron was ejected. The selection of this
- subshell is based on the relative contribution of each partial cross-section do,/dW to the
SDICS, for the known secondary electron’s energy W (equation (6) ). The primary parlicle’s
energy, during the tracking, is reduced by E after each interaction.The kind of ion that is
formed in the point of interaction depends on this particular subshell as it was pointed out by
Tan et al (1978). The angles of the ejected electron with energy less than 100eV are selected
randomly as the low energy secondary electron emission is almost isotropic (Long and
Paretzke 1991). For-energies beyond this value we accepted the validily of the free-electron

scattering.



The secondary ejected electrons history is followed separately by our code. For the
results presented in this study the electrons with energy less than 100 eV, which constitute
more than 90% of their total number, are assumed to deposit their energy locally, as they are
absorbed in less than 3-5 nm distance (Combecher and Kollerbaur 1985, LaVerne ¢t al 1991).
4 in this low electron energy range the relative contribution of the primary chemical species
formed are based on the experimental data of Schutten et al (1966). For the ionisation process
we used equation (8), while for the excitation and for the elastic scattering the model of Green
and Stolarski (1972) and that of Senger et al (1990) were used respectively.

The facilities (geometry, storage and manipulation of data, fitting procedures etc)
provided by our photon and electron Monte Carlo code were used in our present code for

protons and a-practicles (Angelopoulos et al 1991).

4. RESULTS AND DISCUSSION

The results reported here, are referred to interactions of protons (0.3-10 MeV) and a-
particles (0.8-10 MeV) with water layers. The geometry selected corresponds to the one used
in Radiobiological experiments for the irradiation of cell monolayers. The particles are assumed
to be, in principle, incident perpendicularly to the layers and various physical and chemical

parameters are recorded.
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Figure 6. Primary chemical species formed by primary protons and the ejected electrons:

1 MeV protons (left), 5 Mev protons (right)

Preliminary results for the primary chemical species formed by 1MeV and 5MeV incident



protons and the ejected electrons are presented in figure 6. The total ions formed per ym of
proton’s track are 1054+ 100 for 1MeV and 296+ 30 for 5MeV protons. As it can be seen, the
branching ratios for the production of H,0", OH*, H" and other (0", O " etc), are
approximately independent of proton’s energy. These ions play an important role in the

generation of the hydroxyl radical,

H20+ + Hzo ind H30+ + ‘OH

which contributes to DNA damage (indirect action of radiation). Some unexpecled differences
- can be observed, however in figure 6, between protons and ejected electrons data, which is
" more pronounced in the case of H™. We feel that this is a reflection of the use of Schutten’s
data (1966) for the low energy electrons (see also section 3). Although further work is needed
and is currently in progress, our protons results, which are exclusively based on our model

calculations, seems to support the caiculations of Miller et al (1987).

LET: 11011 keV/pm SPLl: (1880+190) ion./pm
0.100 3 ©.15 4
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100 nm
0.001 - . 0.00 M‘“ﬂl.lmm«nﬂwmnm
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JE/dx  (keV/pm) Mumber of tenfeations
Figure 7 Energy loss distributions (keV/um) for 4 MeV Figure 8 Primary ionisation distributions for 4 MeV a-
a-particles for 1 and 500 nm segments. LET value by particies for 5, 50 and 100 nm segments. SPI value by
Thwaites (1981). Perris and Zarris (1989).

Both Linear Energy Transfer (LET) and Specific Primary lonisations (SPl) are extensively
used in Radiobiological studies in order to correlate damage induced by ionising radiation in
biological systems. As these are average quantities, however, they do not reflect any statistical
fluctuations in cellular and subcellular level. Such distributions are presented in figures 7 and
8 for 4 MeV a-particles. In figure 7 the energy loss distribution is presented for 1 and 500 nm
particle’s track lengths. The distribution for the 1 nm segment is considerably different from the
one of 500 nm. For the later the mean as well as the most probable value are well
approximated by the corresponding experimental LET values of 110+ 1 keV/pm and 107+4
keV/um for vapour and liquid water respectively (Thwaites 1981). The mean value is actually

10



independent of the segment length but thi; is not the case with the most probable one value.
For the 1 nm distribution the calculatéd mean value is 110.4 keV/um with r.m.s. equal to 155.3
keV/um, while the most probable is zero (about 10% of the a-particles do not interact with the
medium at all). The observed discrete energy deposition are due to excitation interactions (12.4
eV energy loss). In figure 8 the distributions of primary ionisations for 4 MeV a-patrticles are
presented for three segments (5, 50 and 100 nm). The corresponding SPI value is 1880+ 190
ionisations/um (Perris and Zarris 1989). These figures indicate that average quantities referred
~ to very small volumes may provide only poor indications of the frequency distributions of actual

depositions.

In Radiobiological experiments using a-
sources, the a-particles can no longer be treated

as unidirectional and/or monoenergetic. The s Mav
1.4 A
energy spectra of common surface a-sources / 4 Mev
13 2 Mev
are about symmetrical to the mean value, which
1.2
can be considered as representative energy of
1.1 , g -
the source for some calculations. For example, L e
. . . ) 10 bemEl —
this approximation on LET calculations was o pathlingth (um 20

found to indroduce errors that do not exceed 1-

Figure 9 The ratio of the dose calculations with the
energy loss correction to those based on LET for 2, 3

spectra spread AE/E < 30% . Absorbed dose and 4 MeV a-particles as a function of the pathlength.

2% for a-energies in the range of 1-5 MeV and

calculations, however, based on LET values, introduce much larger errors and the correction
of particle’s energy after each interaction is required. In figure 9 the ratio of the dose
calculations using the energy loss correction to those based on the corresponding LET values
(Thwaites 1981) is presented for 2, 3 and 4 MeV a-particles as a function of the particle’s
pathlength. One can observe that even for a few um track the error introduced in the
calculations without the above mentioned correction could be és large as 35% . Actually, the
errors could be much larger since the endpoints presented in figure 9 correspond to 0.7 MeV
residual energy.

Another factor which aiso affects dose calculations is the angular distribution of particles
incident on sample. The influence of the angle of incidence on a 8um water-sample on dose
calculations is presented in figure 10 for 4MeV a-particles, where the dose relative 1o
perpendicular incidence is given as a function of incidence angle (the energy loss correction
was considered in the calculations). In figure 11, the angular distribution of a-particles incident

on a 0.4cm radius sample placed on the central axis of a 1.5cm radius surface source is

11



presented for 1, 5 and 15cm source - sample distance. Figure 11 should be considered in
connection to figure 10.

For a-particles irradiation, the source-sample distance is limited by the range of a-
particles in air which for practical purposes is less than 2 cm. Measurements and calculations
on the energy fluence as well as angular distributions from commonly used a-particles surface
sources are largely affected by the accuracy in the determination of this distance. Additionally,
the corresponding dosimetric calculations are extremely complicated since the “above
mentioned corrections for the energy loss and the angular distribution are required.

1.6 ©.15
15 cm
©.10 -
©.05
5 am
1 ¢cm
1.0 L N — ¢.00 ulmuumlllwllllllllllllll * 'llululuuluuuuwmuu
50 (34 70 [ 14 20 50 70 0 110 130
incident angle angle
Figure 10 Dose relative to perpenticular incidence as Figure 11 Angular distribution of particles incident on
a function of incident angle for 4 MeV a-particles on 8 a 0.4 cm radius sample placed on central axis of a
pm sample. surface source (1.5 cm radius) for 1, 5 and 15 cm

souice-samiplo distance.

Based on these and similar results (Angelopoulos et al 1990, Zarris el al 1991) an
experimental arrangement has been designed and constructed for the irradiation by a-particles
(241Am surface source) of DNA solutions and cell monolayers. By creating vacuum of 107" Torr
between the source and the sample (placed on a Myllar foil outside the vacuum) we oblained
the advantage to modify at wish the source - sample distance up to 18 cm. This capability
allows for the irradiation time to be of the order of minutes instead of less than a second and
the uncertainties involved with exposure time (shutter mechanisms) are reduced. Also the
system provides a wide range of absorbed dose as these are functions of both distance and

time of irradiation.

ACKNOWLEDGEMENTS. We would like to thank our collaborators of the a-parlicle irradiation
éxperiment Dr A. Perris and Dr. E.G. Sideris. We are, also, gratefull to Mrs H. Papanikolaou,
Mr. K. Sakellariou and Mr K. Sarigiannis for their most valuable computalional and technical
assistance. One of the authors (GZ) was supporied in part by NCSR "Democritus” under
- contract No. 015/01.112.55

12



5. REFERENCES

Angelopoulos A, Mavrommatis F S, Perris A, Sakelliou L and Zarris G 1990 Quality factors
of charged particles in microdosimetry Presented at the 1st Congr. of Hellenic
Radioprotection Assosiation (Athens, 24-26 QOctober) to be published in the
proceedings.

Angelopoulos A, Perris A, Sakellariou K, Sakelliou L, Sarigiannis K and Zarris G 1991
Accurate Monte Carlo calculations of the combined attenuation and build-up factors,
for energies (20-1500 keV) and distances (0-10 cm) relevant in brachytherapy Phys.
Med. Biol. 36 763-78

Banna M S, McQuaide B H, Malutzki R and Schmidt V. 1986 The photoelectron spectrum
of water in the 30-140 eV photon energy range J. Chem. Physics 84 4739-44

Barendsen G W 1990 LET Dependence of linear and quadratic terms in dose-response
relationships for cellular damage: Correlations with the dimensions and structures of
biological targets Rad. Prot. Dosim. 31 235-9

Berger M J 1988 Microdosimetric event size distributions in small sites in water vapour
irradiated by protons Phys. Med. Biol. 33 583-95

Berkowitz J 1979 Photoabsorption, photoionisation and photoelectron spectroscopy
Academic Press, New York

Blake A J and Carver J H 1967 Determination of partial photoionization cross sections by
photoelectron spectroscopy J. Chem. Phys. 47 1038-44

Bolorizadeh M A and Rudd M E 1986 Angular and energy dependence of cross sections
for ejection of electrons from water vapor 1. 50-2000 eV electron impact Phys. Rev. A
33 882-7

Brion C E and Thomson J P 1984a Compilation of valence shell molecular
photoelectron branching ratios as a function of energy J. Electron Spectroscopy and
Rel. Phenomena 33 287-300

---------- 1984b Compilation of dipole oscillator strengths (cross sections) for tne
photoabsorption, photoionization and ionic fragmentation of molecules J. Electron
Speci oscopy and Rel. Phenomena 33 301-31

Brion C E and Carnovale F 1985 The absolute partial photoionization cross section for the
production of the X?B, state of H,0" Chem. Phys. 100 291-6

13



Brion C E, Lindle D W, Heimann P A, Ferrett T A, Piancastelli M N and Shirley D A 1986
Photoelectron branching ratios and partial photoionization cross sections for production
of the (201)’1 state of H,0 'up to 200 eV Chem. Phys. Letters 128 118-22

Chadwick K H and Leenhouts H P 1981 The molecular theory of radiation biology
Springer Verlag, Heidelberg

Chatterjee A and Holley W R 1990 A general theory of DNA strand break production by
direct and indirect effects Rad. Prot. Dosim. 31 241-7

Combecher D and Kollerbaur J 1985 TheAmeasurement of electron spectra in the track of
protons in water vapour Rad. Prot. Dosim. 13 23-6

Frankenberg D, Frankenberg-Schwager M and Harbich R 1990 The contibution of OH" in
densely ionising electron track ends or particle tracks to the induction of DNA double
strand breaks Rad. Prot. Dosim. 31 249-52

Gallagher J W, Brion C E, Samson J A R and Langhoff P W 1988 Absolute cross sections for
molecular photoabsorption, partial photoionization, and ionic photofragmentation
processes J. Phys. Chem. Ref. Data 17 9-153

Green A F S and Stolarski P S 1972 Analytic modeis of electrons impact excitation cross
sections J. Atmos. Terr. Phys. 34 1703-17

Haddad G N and Samson J A R 1986 Total absorption and photoionization cross sections
of water vapor between 100 and 1000 A J. Chem. Phys. 84 6623-26

Holiman K W, Kerby G 'W lll, Rudd M E, Miller J H and Manson S T 1988 Differential cross
sections for secondary electron production by 1.5 keV electrons in water vapor Phys.
Rev.A 38 3299-302

inokuti M 1971 Inelastic collisions of fast charged particles with atoms and molecules - The
Bethe theory revisited Rev. Mod. Phys. 43 297-347

inokuti M, Dillon M A, Miller J H and Omidvar K 1987 Analytic represantation of secondary
electron spectra J. Chem. Phys. 87 6967-72

Katayama D H, Huffman R E and O’Bryan C L 1973 Absorption and photoionization cross
sections for H,O and D,0 in the vacuum uliraviolet J. Chem. Phys. 59 4309-19

Kim Y K 1975a Energy distribution of secondary ele.irons I. Consistency of experimental
data Rad. Res. 61 21-35

----------- 1975b Energy distribution of secondary electrcns 1l. Normalization and extrapolation
of experimental data Rad. Res. 64 205-16

14



Long K A and Paretzke H G 1991 Comparison of calculated cross sections for secondary
electron emission from a water molecule and clusters of water molecules by protons
J. Chem. Phys. 95 1049-56

Miller J H, Wilson W E, Manson S T and Rudd M E 1987 Differential cross sections for
ionization of water vapor by high velocity bare ions and electrons J. Chem. Phys. 66
157-62 |

Miller J H 1988 Prediction of secondary-electron energy spectra Nucl. Tracks Radiat. Meas.
16 207-11

Opal C B, Beaty E C and Peterson W K 1972 Tables of secondary-electron-production cross
sections At. Dat. 4 209-53

Perris A and Zarris G 1989 Specific primary ionisation for electrons, protons and alpha
particles incident on water Phys. Med. Biol. 34 1113-8

Rudd M E, Goffe T V, DuBois R D and Toburen L H 1985 Cross sections for ionization of
water vapor by 7 - 4000 keV protons Phys. Rev. A 31 192 492-4

Rudd M E 1990 Cross sections for production of secondary electrons by charged particles
Rad. Prot. Dosim. 31 17-22

Schutten J, De Heer F J, Moustafa H R, Boerboom A J H and Kistemaker J 1966 Gross -and
partial-ionization cross sections for electrons on water vapor in the energy range 0.1-20
keV J. Chem. Phys. 44 3924-8

Senger B, Falk S and Rechenmann R V 1990 Semi-empirical expressions describing the
elastic scattering of slow electrons by molecules Rad. Prot. Dosim. 31 37-42

Stanton J, Taucher-Scholz G, Schneider M and Kraft G 1990 Comparison between indirect
and direct effects for high and low LET radiations in SV40 DNA strand break induction
Rad. Prot. Dosim. 31 253-6

Tan K H, Brion C E and Van Der Leeuw Ph E and Van Der Wiel M J 1978 Absolute oscillator
strengths (10-60 eV) for the photoabsorption, photoionisation and fragmentation of H,0
Chem. Phys. 29 299-309

Thwaites D | 1981 Stopping cross-sections of liquid water and water vapour for alpha
particles within the energy region 0.3 to 5.5 MeV Phys. Med. Biol. 26 71-80

Toburen L H and Wilson W E 1977 Energy and angular distributions of electrons ejected
from water vapor by 0.3-1.5 MeV prc ons J. Chem. Phys. 66 5202-13

Toburen L H, Wilson W E and Popowich R J 1980 Secondary electron emission from
ionization of water vapor by 0.3 to 2.0 MeV He ™ and He?* ions Rad. Res. 82 27-44

Toburen L H 1988 private communication

15



Truesdale C M, Southworth S, Kobrin P H, Lindle D W, Thornton G and Shirley D A 1982
Photoelectron angular distributions of H,O J. Chem. Phys. 76 860-5

La-Verne J A, Pimblott S M and Mozumber A 1991 Use of dipole oscillator strength in the
calculation of the range of electrons in various gases Rad. Phys. Chem. 38 75-81

Vroom D A and Paimer R L 1977 Measurement of energy distributions of secondary electrons
ejected from water vapour by fast electrons J. Chem. Phys. 66 3720-3

Wilson W E, Miller J H, Toburen L H and Manson S T 1984 Differential cross sections for
ionisation of methane ammonia and water vapor by high velocity ions J. Chem. Phys.
60 5631-7

Zarris G, Angelopoulos A, Mavrommatis F S, Perris A and Sakelliou L 1991 Physical and
chemical reactions from charged particles incident on water presented at the 1st
General Conference of the Physical Balkan Union (Thessaloniki, 26-28 September)
to be published in the proceedings

16



