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Abstract The influence of relaxations of atoms making
up the DNA and atoms attached to it on radiation-induced
cellular DNA damage by photons was studied by very
detailed Monte Carlo track structure calculations, as an
unusually high importance of inner shell ionizations for
biological action was suspected from reports in the liter-
ature. For our calculations cross sections for photons and
electrons for inner shell orbitals were newly derived and
integrated into the biophysical track structure simulation
programme PARTRAC. Both the local energy deposition
in a small sphere around the interacting relaxed atom, and
the number of relaxations per Gy and Gbp were calcu-
lated for several target geometries and many monoener-
getic photon irradiations. Elements with the highest or-
der number yielded the largest local energy deposition
after interaction. The atomic relaxation after ionization of
the L1 shell was found to be more biologically efficient
than that of the K shell for high Z atoms. Generally, the
number of inner shell relaxations produced by photon
irradiation was small in comparison to the total number of
double strand breaks generated by such radiation. Fur-
thermore, the energy dependence of the total number of
photon-induced and electron-induced relaxations at the
DNA atoms does not agree with observed RBE values for
different biological endpoints. This suggests that the in-
fluence of inner shell relaxations of DNA atoms on ra-
diation-induced DNA damage is in general rather small.

Introduction

The relaxation of atoms excited by energy absorption
from incident photon fields influences the biological dam-
age caused by photon irradiation [1, 2, 3, 4, 5, 6, 7, 8, 9,

10, 11, 12, 13, 14, 15, 16]. After removal of inner shell
electrons due to photoabsorption, the Compton effect, or
by secondary electron interaction, the resulting hole is
successively filled up by radiative and non-radiative
transitions from outer shells whereby several low energy
photons and electrons can be released. These emitted
electrons have usually short ranges leading to a high local
energy deposition on a nanometer scale, which is thought
to be the size of the critical targets for many biological
endpoints [17, 18, 19, 20, 21, 22]. These sizes were
suggested by the high biological action effectiveness of
CK ultrasoft x-ray irradiation whose secondary electrons
have only a range of approximately 7 nm in liquid water.
Furthermore, the emission of many electrons leads to
highly charged atoms that then gather electrons from the
neighboring molecules, additionally increasing the com-
plexity of the local molecular disturbance.

To test in a quantitative way whether these qualitative
arguments in favor of high biological importance of inner
shell ionization hold true, in this work both the number of
ionizations and relaxations of DNA internal atoms and of
attached atoms and their local energy deposition as a
consequence of the emitted particle spectrum were quan-
tified by the biophysical computer simulation package
PARTRAC. The results were compared with observed
values for the relative biological effectiveness of photons
as a function of their energies for various endpoints to test
the validity of published assumptions about the relevance
of the relaxation effects.

Methods

The following description of methods used concentrates on the new
cross sections for ionization of the inner shells by electrons and
photons of DNA and DNA attached atoms in order to estimate the
number and the intensity of electronic relaxations in the vicinity of
the DNA in the cellular environment. All the other input data used
in PARTRAC for a complete coupled photon and electron track
structure simulation using structured targets are described in detail
in [23].
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Photon inner shell ionization cross section

Photons with energies between 0.1 keV and 1 MeV interact with
matter via photoabsorption, coherent and incoherent scattering.
Photoabsorption dominates in the low energy regime (up to a few
10 keV in low-Z materials) and mainly occurs at the inner shell
electrons, which are almost not influenced by molecular binding.
The photon cross sections for the inner shells are taken from the
widely accepted atomic cross section database EPDL97 [24]. The
binding energies used for the derivation of this database seem to
differ from more recent values, as pointed out by the authors, but
have the advantage of being consistent with their relaxation data
EADL [25]. The absorption fine structure near to the binding
energy edges is not incorporated in the data. The atomic weight
fractions used for the DNA and the surrounding cellular plasma are
given in Table 1. The values for the plasma are taken from [26],
those for the DNA were derived from the atomic composition of a
randomly chosen base sequence, including one sodium counter ion
per nucleotide: 11.25 H, 9.75 C, 3.75 N, 6 O, 1 Na and 1 P.

Additionally, the ionization and relaxation effects of external
high Z atoms attached to the DNA have been investigated. Such
atoms can play an important role, e.g. in radiation research studies
or in medical procedures. In principle, three ways of adding atoms
to the DNA are possible: (i) external atoms or molecules can re-
place parts of the DNA, like the exchange of thymine bases by
bromouracil or iodouracil [1, 4, 7, 8], (ii) charged external atoms or
molecules like magnesium or calcium ions can replace the sodium
counter ion [27, 28], or (iii) external molecules can be attached by
hydrogen or covalent bonds, like cis platinum to the base guanine
[29, 30]. In this work, inner shell ionization of calcium, bromine,
iodine and platinum and subsequent relaxation is explored.

In Table 2 in the third column the binding energies of the inner
shells of the DNA atoms and of the abovementioned external ele-
ments are listed. In Figs. 1 and 2 the inner shell photoabsorption
cross sections that are mainly responsible for photon-induced re-
laxation in this energy range are given for the DNA and the external
atoms. Whenever photon energy is sufficient for ionization of a
shell, photon cross sections jump up immediately (resonance ab-
sorption). Afterwards the cross sections decrease about inversely to
the power of 3 of photon energy, in contrast to a normal resonance
behavior, because the ejected electron will take over the energy
difference as its kinetic energy.

Electron inner shell ionization cross section

Electron ionization cross sections for the cellular plasma are taken
from Dingfelder et al. [31] who derived cross sections for the model
substance liquid water. For the DNA ionization cross sections have
been calculated [32] with the help of the Relativistic Binary-En-
counter-Bethe theory (RBEB) [33, 34]. According to the RBEB-
formalism ionization cross sections s per orbital for electron en-
ergies from the ionization threshold up to the relativistic region can
be determined by:
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Table 1 Weight fractions of atoms in cellular plasma and DNA
(%)

Element (Z) Plasma DNA

H (1) 10.9 3.5
C (6) 7.4 35.3
N (7) 2.5 15.9
O (8) 76.3 29.0
Na (11) 0.0 6.9
P (15) 2.6 9.4
S (16) 0.4 0.0

Table 2 Binding energy B, remaining nominal average charge of
the relaxed DNA atom after inner shell ionization and average
kinetic energy U of the inner shell electrons considered

Element (Z) B (keV) Charge U (keV)

C-K (6) 0.29 2.0 0.43
N-K (7) 0.40 2.0 0.60
O-K (8) 0.54 2.0 0.79
Na-K (11) 1.06 2.4 1.52
P-K (15) 2.13 4.1 2.87
P-L1 (15) 0.19 3.0 0.44
P-L2 (15) 0.14 2.0 0.40
P-L3 (15) 0.14 2.0 0.40
Ca-K (20) 4.02 3.8
Br-K (35) 13.44 7.2
I-K (53) 33.16 11.0
I-L1 (53) 5.16 12.5
I-L2 (53) 4.86 10.7
I-L3 (53) 4.55 10.3
Pt-K (78) 78.62 11.1
Pt-L1 (78) 13.86 15.3
Pt-L2 (78) 13.31 11.4
Pt-L3 (78) 11.57 11.1

Fig. 1 Photoabsorption cross sections of the inner shells of the
DNA atoms C, N, O, Na and P [24]. Solid lines K shells, dashed
lines L shells

Fig. 2 Photoabsorption cross sections of the inner shells of the
external elements Ca, Br, I and Pt [24]. Solid lines K shells, dashed
lines L shells
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– a0=Bohr radius (0.0529 nm)
– a=fine structure constant (0.007297)
– N=orbital electron occupation number
– T=kinetic energy of the incoming electron
– U=average kinetic energy of the bound target electron
– B=binding energy of the target electron
– t=T/B
– u=U/B
– mec

2=rest energy of the electron
– t’=T/mec

2

– u’=U/mec
2

– b’=B/mec
2

– b2
t =1�1/(1+t’)2

– b2
u=1�1/(1+u’)2

– b2
b=1�1/(1+b’)2

For the determination of s, specific values of B and U are
necessary for every target orbital. Because B of the inner shells is
quite independent of the molecular structure, it was directly taken
from [24]. U can be computed by ab initio molecular orbital cal-
culation. The results were obtained by using the Gaussian 98 sys-
tem [35] and the spin restricted Hartree Fock method [36] with the
3-21G basis set [37] and are given in Table 2. Only values of the
DNA subshells are presented because the probability for an electron
to interact with the tightly bound inner shell orbitals of the external
atoms is extremely small and was therefore neglected. In Fig. 3 the
resulting electron ionization cross sections of the inner shells of the
DNA atoms C, N, O, Na and P are presented. Interestingly, their
total values are quite close to those of the photoabsorption cross
sections. Nevertheless, these events occur rarely because of the
large electron cross sections of the valence shells.

Relaxation after inner shell ionizations

Whenever an inner shell electron is removed by photoabsorption,
the Compton effect or electron ionization, the atom relaxes by ra-
diative (fluorescence) and non-radiative (Auger or Coster-Kronig)
transitions. The emitted particle spectrum is calculated by a Monte
Carlo atomic reorganization code following Pomplun et al. [38, 39],
i.e. the holes are successively filled up by outer shell electrons until
they have moved up to the valence shell. The transition probabil-
ities and the emitted particle energies are taken from the EADL
database [25], whereby the probabilities are scaled with the fraction
of the number of the remaining electrons in a certain subshell and
renormalized to 1. It is assumed that the angular distribution of the
emitted particles is isotropic. Due to the condensed phase of a
biological cell it is assumed that holes in the valence shells of its
atoms are immediately filled up by electrons from neighboring
molecules, i.e. valence orbitals are not depleted but have an un-
limited electron reservoir (as compared to atoms in the gas phase).

The difference between the binding energy of the initially released
electron and the sum of the energies of all subsequently emitted
particles is scored as a local energy deposition (in form of potential
energy) at the location of the relaxed atom.

Cellular and DNA target model

The geometry of the DNA was defined by an atomic volume model
[40, 41], i.e. with atomic spheres having radii scaled from their van
der Waals radius which are then unified [23]. With this represen-
tation a piece of chromatin fiber with a stochastic cross linked
architecture is generated, consisting of about 210,000 atoms. To
simulate in the computer for the present purpose a human cell
nucleus with 6 billion base pairs (6 Gbp) and 46 chromosomes in
the stage of the interphase of the cell cycle, these chromatin pieces
are lined up in a cylindric volume of 5 �m radius and 5 �m
thickness submersed in cellular plasma. Thereby chromatin fiber
loops and chromosome domains are considered. A complete de-
scription of this present DNA target modeling in PARTRAC can be
found in [23, 42].

Calculations

In the simulation, the cell nucleus target model is irradiated with
monochromatic photons that are homogeneously and isotropically
distributed in space. A total energy of 50 MeV was deposited for
each photon energy to achieve good statistics. The photon energies
considered ranged from 0.1 keV to 1 MeV. To simulate charged
particle equilibrium, all particle tracks which leave the cell nucleus
are forced to reenter this area on the other side. Whenever particles
interact inside the atomic volume of the DNA, the corresponding
cross sections are applied, otherwise liquid water cross sections are
used.

Results

The biological effectiveness of the relaxation cascades
on the generation of DNA damage can be characterized,
e.g. by two microdosimetric quantities: by the energy
deposition density close to the relaxed atom, or by the
number of inner shell ionizations produced per Gy and
Gbp in dependence on the initial photon energy; the lat-
ter is further called number of relaxations per Gy and
Gbp.

Relaxations of DNA atoms

In Fig. 4 the total energy deposition in a sphere around a
relaxed DNA atom is given in dependence on the radius.
The maximum distance was chosen as 5 nm because this
is about the longest pathway which radiation-induced
water radicals can travel to damage DNA assuming the
cellular radical scavenging capacity [43]. The relaxation
is initiated by a hole produced in a particular atomic
subshell. The energy deposition at r=0 nm is equal to the
amount of potential energy stored on average due to
photon interaction after completion of the cascade. The
P-K and P-L1 ionizations lead to the highest energy de-
position within 5 nm. However, comparing the C-K, N-K
and O-K relaxations, elements with lower Z values tend to
generate higher local energy depositions in 5 nm spheres

Fig. 3 Electron ionization cross sections of the inner shells of the
DNA atoms C, N, O, Na and P. Solid lines K shells, dashed lines L
shells
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around such events; as expected, P-L2 and P-L3 ioniza-
tions lead to similar energy deposition values.

Table 2 presents the nominal remaining average charge
of the relaxed DNA atoms in the simulation cascade
calculation after an inner shell ionization. Whereas C-K,
N-K, O-K, P-L2 and P-L3 ionizations mostly lead to a
single step relaxation cascade, holes in the Na-K, P-K and
P-L1 subshells generate initially higher charged atoms. In
the condensed phase, these charges are neutralized within
far less than a nanosecond.

The numbers of relaxations per Gy and Gbp as a
function of the photon energy in different DNA subshells
are shown in Fig. 5. The total number is split up into the
primary photon (photo effect, Compton scattering) and the
secondary electron contributions of inner shell ionizations.
Whereas the contribution of the photons strongly (about
proportional to reciprocal photon energy) decreases for
energies higher than the binding energy, the electron inner
shell ionization contribution becomes more and more
dominant, particularly for the low energy orbitals. In the
case of Na-K and P-K ionizations, electron-induced re-
laxation could not be observed at all in the simulations.

Relaxations of attached heavy atoms

The local energy deposition for inner shell relaxations of
attached calcium, bromine, iodine and platinum atoms is
given in Fig. 6, using the same procedure as in Fig. 4.
Generally, atoms with larger Z-values, like iodine or
platinum, tend to produce higher local energy deposition
within spheres of 5 nm radius around such events. How-
ever, the L1 ionization of these atoms seems to generate
higher energy depositions than a hole in the K shell. In
particular the L1 shell ionization of platinum is very ef-
fective in provoking higher local energy densities.

In Table 2 the remaining nominal average charge of
the relaxed external atom at early phases in the simulation
after an inner shell ionization is given. In agreement with
Fig. 6, the L1 shell ionizations of high Z atoms like I and
Pt create initially higher charged atoms than the corre-
sponding K ionization.

In the case of the DNA chloroterpyridine platinum
complex a maximum concentration of 0.2 platinum atoms
per nucleotide base pair can be achieved [14]. This leads
to totally 1.2 billion attached atoms in a whole human cell
nucleus.

Figure 7 shows calculated yields of inner shell pho-
toabsorptions per Gy and 1 billion attached atoms. Yields
derived from cross section data for the incident photon
energies are represented by lines whereas symbols cor-
respond to frequencies obtained in simulation calcula-
tions. Differences between these data sets are found above
15 keV due to contributions from secondary photons
following Compton scattering processes. This dominating
concurrence reduces the steep decrease of the relaxation
cross section with increasing photon energy and sup-
presses the influence of the K edge of platinum. For each
element the number of ionizations has been summed up
for all subshells. Inner shell ionizations due to Compton
effect and secondary electrons have been neglected; the

Fig. 5 Number of relaxations per Gy and Gbp initiated by ioniza-
tions of inner DNA orbitals as a function of energy of incident
photons. Open symbols photon induced relaxations (photo effect,
Compton scattering), filled symbols electron-induced relaxations
(inner shell ionizations), thick lines total number for all atoms of the
DNA (solid) with photon-induced part (dash dot dot) and electron
induced part (dashed). Electron-induced relaxations after Na-K and
P-K ionizations are below 0.01 per Gy and Gbp for all photon
energies. Bars denote single standard deviations due to statistics

Fig. 4 Energy deposition per ionization of a certain atomic orbital
in a sphere around the relaxed atom. Solid line K ionization, dashed
line L ionization
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contributions of these effects are even smaller for the
tightly bound subshells of the external atoms than for
those of the DNA atoms shown in the previous chapter.

In comparison with the usual yields of double strand
breaks (DSB) for x-ray irradiation of about 5–10 DSB/
(Gy Gbp) [44] the number of relaxations of the attached
atoms is quite small. The attachment of platinum is most
efficient, for the maximum platinum concentration of 0.2
atoms per bp maxima of about 3 relaxations per Gy and
Gbp occur between 0.25 and 0.55 keV and about 2 re-
laxations per Gy and Gbp are found for irradiation with
photons of about 15 keV, slightly above the Pt-L1 ab-

sorption edge. The number of K shell ionizations of ele-
ments with high Z-values was found to be of only minor
importance.

Discussion

The importance of inner shell ionizations of DNA atoms

Due to the increasing complexity of the relaxation pattern
by emission of various photons and electrons, elements
with higher order numbers tend to emit more low energy
electrons. These, in turn, are then responsible for a high
local energy deposition (Fig. 4). The relaxation pattern
of ionized C-K, N-K and O-K shells mainly consists of
a single step: a K-Lx-Ly Auger transition which emits
one electron with energies of approximately 0.26 keV,
0.37 keV and 0.49 keV, respectively. The low energy and,
therefore, the short range of the C-K Auger electron is
responsible for the slightly higher local dose within 5 nm
spheres. Since only one Auger electron is released per
inner shell ionization, the local dose from the emitted
photoelectron can become also important. If it has an
energy similar to that of the Auger electron, the generated
local dose can be even comparable to that of the P-K
relaxation.

It should be mentioned that the additional damage
by neutralization of the initially highly charged relaxed
atom (Table 2) cannot yet be quantified with the present
simulation code, nor can the Coulomb force effect of
the increasing positive charge on the transport of these
emitted slow electrons. The effectiveness of the neutral-
ization could depend on the quantity of the remaining
charge (see Table 2). The present calculation of the
emitted particle spectra and the resulting positive charge
is based on the single hole approach, neglects molecular
binding effects, and uses a simplified description of the
condensed phase. On the other hand, the lack of ex-
perimental values for processes in the condensed phase,
particularly regarding the emission of low energy elec-
trons, inhibits improvements [38, 39, 45]. Hence, it might
be that the spectra determined here feature some errors
which, however, should hardly influence the relative
yields. In the case of the P-K ionization, the calculated
emission of 4.1 electrons on average agrees well with
results of other theoretical work [46, 47].

Figure 5 is useful to investigate the possible influence
of inner shell ionizations and relaxations in the biologi-
cal action of photons of different energies for different
biological endpoints. The yields of photon-induced re-
laxations decrease with increasing photon energies be-
cause fewer and fewer photon absorption events are
necessary to deposit a fixed amount of energy in a given
volume. Despite the low probability of inner shell ion-
ization by secondary electrons, the huge amount of sec-
ondary electrons produced by photon interactions leads to
a slightly increasing yield of relaxations for subshells with
binding energies below 1 keV for high initial photon
energies.

Fig. 7 Number of photoabsorptions per Gy and 109 attached atoms
in dependence on the incident photon energy. Lines derived from
cross sections, symbols simulation results, bars denote single
standard deviations due to statistics

Fig. 6 Energy deposition due to and per inner shell ionization of a
certain atomic orbital within a sphere around the relaxed atom in
dependence on its radius. Solid lines K ionization, dashed lines L
ionization
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The RBE values for different biological endpoints after
photon irradiation in the energy range 0.1–1000 keV, like
DSB production, cell survival, transformation and muta-
tion, tend to increase slowly, when initial photon energy
decreases [17, 18, 19, 20, 21, 22, 48, 49]. It reaches values
of 2–4 (as compared to 60Co-irradiation) for characteristic
CK irradiation of 0.28 keV which can only ionize outer
shells and the phosphorus and sodium L shells. None of
the investigated yields of ionizations of DNA subshells
shows a behavior comparable to relevant RBE values.
The photon-induced part decreases too rapidly, whereas
the electron-induced part would lead to RBE values
smaller than 1. The sum of both contributions is rather
constant at higher photon energies but inflated by more
than a factor of 10 between the C-K and the O-K shells.
This observation is in agreement with the work of Good-
head et al. [50] who compared the number of relaxations
for three initial characteristic photon energies with the
corresponding RBE values for cell killing. For photon
energies between 10 and 1000 keV, the total number of
ionizations in atoms of the DNA due to photon plus elec-
tron-induced parts is almost constant whereas the mea-
sured induction of dicentrics decreases by a factor of 7
[51].

Furthermore, the total number of inner shell ioniza-
tions and subsequent relaxations is small in comparison
with about 500 ionizations and excitations per Gy and
Gbp in the DNA in all atomic shells. The decay of one
incorporated 125I atom generates about one DSB by the
combination of the action of Auger electrons and of
neutralization [52]. Assuming this value also for an inner
shell vacancy relaxation of an atom within the DNA, the
yield of DSBs per Gy and Gbp from this cause would be
40, 15, 3 and 1 for monoenergetic photons right at the C-
K, N-K, O-K and P-K edge, respectively. However, such
strong changes in the yields of DSBs per unit dose—in
particular at the C-K and N-K edges—were not observed
in such experiments when dry DNA plasmid films were
irradiated above and below the absorption edges of C-K,
N-K, O-K and P-K [5, 9, 11, 15]. Indeed, the energies
required for a single as well as for a double strand break
were constant at 388, 435 and 573 eV whereas the
numbers of C-K, N-K and O-K shell ionizations were
rather different at these three photon energies with the
same attenuation inside the DNA sample [11]. The local
DSB induction efficiencies of P-L, C-K and O-K shell
ionizations were estimated as 0.12, 0.1 and 0.25 for
photon energies of 250, 380 and 760 eV, respectively
[15]; thus, a particular high intrinsic efficiency of C-K
shell ionizations could not be deduced from the experi-
ments. The sudden increase of the photon cross sections at
the absorption edges, however, leads to an inhomoge-
neous dose distribution if DNA is dissolved and the ran-
ges of all secondary electrons are rather small. The
measured decrease of the cell survival by a factor of ap-
proximately 2 in cells at the C-K absorption edge [12, 15]
can be fully explained by an accumulation of the dose in
the vicinity of the DNA caused by the short range of 7 nm
of the C-K Auger electrons [23, 47].

In conclusion, the different energy dependencies sug-
gest that at least for photon energies above 1 keV relax-
ations, inner shell ionizations of atoms of the DNA are of
minor importance for photon-induced radiation damage to
DNA. This does not rule out that these events contribute
for lower photon energies, in particular between the C-K
and the O-K shell ionization energy, to a certain extent to
the overall damage due to their comparatively high
abundances.

Relaxation of attached atoms

The higher local dose around attached atoms in Fig. 6 is
due to the more complex relaxation pattern. The domi-
nance of the L1 subshells for elements with high order
numbers is a consequence of the high fluorescence yield
of the K shell of these atoms. K shell ionization causes
mainly a radiative transition from the L2 and L3 shells,
whereas the involvement of the L1 shell is excluded by
the selection rules [53]. As photons do not contribute to
the local dose close to their source, K shell ionization of
platinum is comparable with respect to its microdosi-
metric consequences with L2 and L3 ionization. Gener-
ally, the amount of energy deposition in the local area
around the absorption location is quite small. For exam-
ple, the relaxation of a platinum K shell ionization emits
particles (photons and electrons) with a total energy of
about 78 keV, but only 0.8 keV, i.e. about 1% is absorbed
within a sphere of 5 nm. The largest part of the initial
relaxation energy is released during the first relaxation
step, and even if this happens to be an Auger decay, the
large mean free path for inelastic processes of this emitted
electron dilutes any space correlation on a nanometric
scale.

The amount of local energy deposition is, again, highly
correlated with the nominally remaining positive charge
of the relaxed atom (Table 2). It is not clear if these states
exist at all in the condensed phase, because neutralization
by fast electron transfer from neighboring molecules runs
in parallel during the relaxation process and inhibits the
build-up of strong electric fields [39].

Although the cross sections for photon inner shell
ionizations of atoms with high Z-values are rather large,
the event per se occurs quite rarely in comparison with the
usual number of DSBs for low LET irradiation (Fig. 7).
This is due to the small number of attached atoms per
basepair. Furthermore, tightly bound orbitals like I-K or
Pt-K require large photon energies for ionization and,
therefore, the number of initially absorbed photons per
unit dose is rather small. Irradiation with energies above
the Pt-L1 subshell is most efficient since the L2 and L3
shells still contribute. The only small radiological effect
of attaching high Z atoms to DNA has also been observed
in experiments. In brominated yeast cells the yield of
DSB per unit dose induced by x-rays above the Br-K
absorption edge is increased by a factor of 1.3 [3], and
cell survival is reduced by up to a factor of 1.2 [2]. The
attachment of platinum to dry DNA plasmid films raised
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the induced DSB level by a factor of 1.2 when the photon
energy passes the Pt-L3 edge [13], and the attachment of
calcium ions in dissolved DNA led to a DSB increase of
1.27 per unit dose at the Ca-K edge [10]. Assuming that a
relaxation of such high Z atoms after an inner shell ion-
ization leads to one DSB in the vicinity, the experimental
data agree well with the relationship determined here,
namely that above this edge approximately one relaxation
per Gy and Gbp of an attached atom will increase the
measured amount of usually 5–10 radiogenic DSB/(Gy
Gbp) for low LET irradiation [44]. That explains why
attaching of high Z atoms does not strongly increase the
number of local DNA lesions per unit dose in irradiated
cells.

Conclusions

In this work the contribution of inner shell ionizations and
their relaxation in atoms of the DNA and in external
atoms to radiation-induced DNA damage of photons in
the cellular environment was investigated. As expected
elements with large Z-values led to higher local energy
deposition close to the relaxed atom. However, DNA
atom relaxations do not seem to have a large influence on
the radiation damage, because neither the shape of the
energy dependence of the number of relaxations due to
photon and electron inner shell ionization fits measured
RBE values for different biological endpoints nor does the
yield of DSB. Nevertheless, significant effects may occur
due to the preferred localization of interactions of low
energy photons at atoms of the DNA. Relaxations of the
L1 shells of high Z elements attached to DNA seem to be
more efficient than K shell ionization with respect to the
number of emitted low energy electrons and the number
of relaxations per unit dose.
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