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We simulated the irradiation of human fibroblasts with y rays,
protons and helium, carbon and iron ions at a fixed dose of 5 Gy.
The simulations were performed with the biophysical Monte
Carlo code PARTRAC. From the output of the code, containing
in particular the genomic positions of the radiation-induced
DNA double-strand breaks (DSBs), we obtained the DNA
fragmentation spectra. Very small fragments, in particular those
related to ‘“complex lesions” (few tens of base pairs), are
probably very important for the late cellular consequences, but
their detection is not possible with the common experimental
techniques. We paid special attention to the differences among
the various ions in the production of these very small fragments;
in particular, we compared the fragmentation spectra for ions of
the same specific energy and for ions of the same LET (linear
energy transfer). As found previously for iron ions, we found that
the RBE (relative biological effectiveness) for DSB production
was considerably higher than 1 for all high-LET radiations
considered. This is at variance with the results obtainable from
experimental data, and it is due to the ability to count the
contribution of small fragments. It should be noted that for a
given LET this RBE decreases with increasing ion charge, due
mainly to the increasing mean energy of secondary electrons. A
precise quantification of the DNA initial damage can be of great
importance for both radiation protection, particularly in open-
space long-term manned missions, and hadrontherapy. © 2010 by

Radiation Research Society

INTRODUCTION

Energy deposition by ionizing radiation produces
critical cellular lesions such as DNA double-strand
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breaks (DSBs) that later may lead to the manifestation
of relevant biological end points. The probability of a
given late cellular effect does not depend only on the
number of DSBs produced; it also depends strongly on
their spatial distribution. In particular, if two or several
DNA damages are close, they will be repaired with less
efficiency than isolated molecular damages (/). The sites
of these damages may be geometrically close even if their
genomic distance (as measured in terms of base pairs) is
not small due to the chromatin conformation. The DSB
distribution will be determined not only by this
conformation but also by the radiation track structure
at length scales down to the nanometer level, that of the
DNA double helix. Therefore, it is expected that the
cellular effects induced by a given dose will depend on
the radiation quality. This has been found experimen-
tally in studies of cell death, mutation induction and
chromosome aberrations [see, e.g., refs. (2-9)]. Thus the
biological effects of ionizing radiation are strongly
related to the complexity of DNA damage, which affects
all of the mechanisms of repair.

The determination of a relationship between radiation
quality and late cellular effects needs a quantitative
characterization of the early molecular (DNA) damage
caused by the energy deposition events. This issue has
been the focus of experimental, theoretical and simula-
tion studies. Studies on radiation-induced DNA frag-
ment size distributions can measure the yield of DNA
DSBs and provide an estimation of the correlation
between DSBs. It has been found that the DSB yield is
only mildly dependent on radiation quality; on the other
hand, the expected DSB correlation for high-LET
radiation has been confirmed, together with an LET
dependence of the DSB repair kinetics (/0-20). On the
theoretical side, both phenomenological approaches and
analytical treatments have been pursued: The former
tried to evaluate the DSB correlation from the analysis
of fragmentation data (21, 22), while the latter proposed
a derivation of the pattern of DSB production as
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determined from the interaction of the ionizing radiation
with the chromatin structure (23-25). Simulation calcu-
lations with the Monte Carlo code PARTRAC (PAR-
ticle TRACKs) have been performed for about a decade’
(26-30) to study the dependence of DNA fragmentation
pattern on radiation quality. We undertook several
studies in which the results of PARTRAC calculations
were compared with experimental fragmentation data
for different radiation qualities (3/-33). One of our main
purposes, besides the comparison with experimental
data, was to visualize the very large production of very
small DNA fragments after high-LET irradiation; we
were particularly interested in fragments smaller than
1 kbp, which usually are not detected experimentally.
Our results showed that the relative biological effective-
ness (RBE) for DSB production can be significantly
larger than 1. Among the cases that we have considered
so far, we found the largest RBE value of about 2.4 for
iron ions with LET in water of 442 keV/um (33). This
result is in contrast with the previously mentioned mild
dependence of the DSB yield on radiation quality in the
experimental data; however, these data do not include
the contribution of the very small fragments to the total
number of DNA fragments.

Following this line of research, in this work we make a
comparison among the fragmentation patterns obtained
from the PARTRAC code for a number of different
radiation qualities. As emphasized in our previous work,
the comparison with the experimental data, where
available, has offered the opportunity to validate the
code, both for the earlier version devoted only to
protons and for the more recent version in which
irradiations with heavy charged particles (at non-
relativistic energies) are treated. Therefore, the data
obtained can be reasonably trusted even without an
experimental counterpart. We give special attention to
the production of DNA fragments smaller than 1 kbp.
These are probably very important for late cellular
consequences. As such, they are relevant both (1) when
the radiation damage to the cells is produced with low or
very low doses, as in the situations relevant for radiation
protection, and (2) when high doses are delivered, as in
hadrontherapy. The case of small doses delivered by
high-energy heavy particles is also relevant for radiation
protection during long-term manned space missions.

It should be emphasized that the fragmentation
pattern is not expected to depend only on LET, since
ion beams can have the same LET but a very different
track structure: A low-energy light particle can have an
LET similar to that of a high-energy heavy particle, but
these two particles will produce secondary electrons
(delta rays) with very different energy distributions and
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different secondary ions. This implies that the energy
deposition sites, and therefore the possible sites of the
DNA damage, both direct and indirect, will have rather
different spatial distributions. For irradiation with high-
energy ions, we expect, in particular, a production of
DSBs at large distances from the primary track. On the
other hand, ions with similar specific energies (i.e.,
kinetic energy per nucleon) but different charges may
have similar distributions for the energy of the
secondary electrons, but the different LETs give rise to
different fragmentation patterns. This is confirmed by
our results. In fact, we have simulated, with the
PARTRAC code, the irradiation of human fibroblasts
with vy rays, protons and helium, carbon and iron ions at
a fixed dose of 5 Gy; our main criterion has been to
compare the fragmentation spectra induced by ions of
the same specific energy or by ions of the same LET. The
dose of 5 Gy used for all simulations was chosen as a
very good compromise between the contrasting necessi-
ties to have a reasonably short calculation time and
good statistics for the output data.

We show the simulation results for a number of
different ions, at various energies, and we present the
DNA fragment distributions, focusing in particular on
the comparison between ions with equal specific energy
and different LET and between ions with equal LET but
different specific energy.

MATERIALS AND METHODS
The Biophysical Monte Carlo Code PARTRAC (PARticle TRACKs)

The PARTRAC code includes an accurate representation of the
chromatin and of the physical and physico-chemical processes
associated with the energy deposition by radiation. Different modules
of the code simulate the various stages after the passage of an ionizing
particle. Further details on the PARTRAC code can be found
elsewhere (27-29).

Recently, the transport of ions in the physical module of the
PARTRAC code, based on cross sections for interactions of protons
in water (29, 34), has been suitably extended to reproduce the physics
of any type of primary ion in the non-relativistic regime using scaling
laws related to the mean free path of the primary ion and to the ion
effective charge (Barkas formula). The results that have already been
published concerning simulation with different ions are of interest for
basic radiobiology, hadrontherapy and space radiation protection.
The comparison with experimental fragmentation data provided a
validation of the code? (37-33).

The complexity of the spatial energy deposition is related to the
physical characteristics of the particle track structure. As an example
of the ion tracks produced in this work, Fig. 1 shows three-
dimensional track-structure portions in liquid water for carbon ions
with an energy of 250 MeV/nucleon (LET = 13.8 keV/um) and for
iron ions of the same energy (LET = 260 keV/um) obtained with the
physical modules of the PARTRAC code; this module generates an
output with the coordinates of each interaction point as well as the
energy involved in each type of interaction. These pictures show
particles with the same specific energy but different charge and
consequently different LET. As expected, the track structure
produced by the ion with higher Z, in this case iron, is more “dense”
with respect to the lighter ion track with the same specific energy
because the LET is directly proportional to the square of the particle
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FIG. 1. Examples of track-structure segments in liquid water for
iron and carbon ions with an energy of 250 MeV/nucleon as
calculated with the PARTRAC code. Upper panel: 250 MeV/nucleon
iron-ion track. Bottom panel: 250 MeV/nucleon carbon-ion track.
The corresponding LETSs in water are 260 keV/um and 13.8 keV/um,
respectively. The considerably smaller event density around the
carbon-ion track is evident. This particular iron-ion track has
generated an energetic secondary electron, clearly visible in the figure.

charge. The track with the lower LET, in this case the carbon-ion track,
is thus less clustered, but delta rays are energetic enough that they can
travel far away with respect to the primary ion track core. This can
have important consequences in terms of radiobiological damage,
because energetic delta rays can reach the neighboring cells. Figure 1
shows one of these energetic delta rays generated by the iron ion.

DNA Target, Irradiation Parameters and Geometrical Simulation Setup

The DNA target model was designed to represent, on an atomic
basis, the whole genome of a human fibroblast in its interphase, and it
is structured in six levels of DNA organization (deoxynucleotide pair,
double helix, nucleosome, chromatin fiber, chromatin fiber loops and
chromosome territories). Building blocks of the model are linear
chromatin fiber sticks of 150 nm and 18 kbp geometric and genomic
length, respectively, with a stochastic crossed-linker arrangement of
nucleosomes (Fig. 2a). About 333,000 of these fiber sticks are arranged
within the 46 chromosomal territories inside a cylinder 15 pum in
diameter and 5 um high, representing the nuclear volume, forming loop
structures and chromatin domains (Fig. 2b). The model is the same as
the one adopted in ref. (29); further details are given there.

The cell nucleus model, containing the DNA surrounded by water,
was irradiated from the bottom with a parallel ion beam (Fig. 2¢).
Table 1 summarizes the characteristics of the primary particles chosen
to compare the effects of irradiation of DNA for the cases of the same
LET or the same energy per nucleon (specific energy).

In the simulations, starting points, energy and directions of
secondary electrons were used as input data for the electron module
of the PARTRAC code; this module takes into account all the energy
depositions due to the secondary electrons. The simulated yields of
radiation-induced DNA strand breaks were determined by superim-
posing the track structure pattern on the DNA target model. It was
assumed that if an inelastic energy deposition occurs in the volume
occupied by the sugar-phosphate backbone or in the water shell
surrounding the double helix, a single-strand break (SSB) may be
produced if the energy released is larger than 5 eV (direct and quasi-
direct effect, respectively). The probability of producing an SSB was
assumed to increase linearly from 0 to 1 for energy depositions in the
range 5-40 eV and to be equal to 1 for energy depositions larger than
40 eV. Concerning indirect effects, ionized water molecules were
assumed to dissociate following the scheme H,O* + H,0 — H;0* +
‘OH, whereas excited water molecules were assumed to undergo either
relaxation or dissociation in the pre-chemical stage (35). During the
chemical stage, diffusion of reactive species and their interactions with
each other were considered in a step-by-step approach (35). An
interaction between an "OH and a sugar-phosphate was assumed to
induce an SSB with 65% probability. Two SSBs on subsequent
nucleotides in the same strand were considered as one SSB, whereas a
DSB was assumed to occur when two SSBs were found on opposite
strands within 10 bp. To take transfer processes into account, a
conversion into a DSB was assumed for 1% of all DNA strand breaks
produced by both direct and indirect effects.

Data Analysis

Fragmentation analysis was performed using the output data set of
the PARTRAC effect module containing the genomic positions of
DSBs. The number of double-stranded fragments, for each fragment
size range was determined by calculating the distances between
adjacent breaks or between a break and a chromosome end. Integral
and differential DNA fragment spectra were calculated based on the
DSB induction patterns and compared in particular for particles of
the same specific energy and for particles of the same LET.

The analysis was performd by binning the fragments in seven
different fragment size ranges: 0-30 bp, 30-1000 bp, 1-9 kbp, 9-
23 kbp, 23-1000 kbp, 1000-5700 kbp and >5700 kbp. The lowest
range corresponds to fragments resulting from DSBs that were
previously defined operationally (26) as producing a ‘“‘complex
lesion”, which was defined as a lesion determined by two or more
DSBs within 30 bp. This definition was related to the likely role of
such lesions in the late cellular effects. The third to sixth ranges were
used in the comparisons of previous simulations with experimental
data (37-33) in the same ranges and were kept in this work.

As already mentioned, all simulations were performed with the
same dose of 5 Gy. Each point in the figures below was obtained by
running the code 10 times for each radiation quality considered. We
adopted two types of representations for the results: histograms
showing the number of fragments in each of the seven fragment size
intervals indicated previously (fragment distributions) and plots of
the number of fragments with size not larger than the maximum size
belonging to the ith interval for i = 1,...,7 (cumulative fragment
distributions). Error bars in the graphs are standard deviations of the
results obtained in the 10 simulations.

RESULTS

Figure 3 shows the simulation results for the cumu-
lative DNA fragment distributions induced by irradia-
tion with different ions with the same energy of
250 MeV/nucleon at the same dose of 5 Gy. The results
for the same dose of y rays are included for comparison.
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FIG. 2. Panel a: Arrangement of nucleosomes within the chromatin fiber. Histones are represented by cyan spheres, DNA attached to
histones by a brown tube, and linker DNA between by a green tube. Panel b: Simulation of chromatin inside cell nucleus (corresponding to
region 5 in panel c); different chromosomes are represented by different colors. Panel c: Representation of PARTRAC setup for irradiation
geometry. 1, unused space; 2, void; 3, mylar; 4, cytoplasm; 5, cell nucleus. The source is represented by the red surface below the mylar; the
extension and physical characteristics (i.e. primary particle spectra) can be set by the user; black arrows indicate the direction of the particle beam.

The plots indicate that the largest cumulative distribu-
tion is produced by iron ions, confirming the role of
high-LET radiation in the induction of DNA fragmen-
tation. In contrast, the fragmentation induced by the
other three ions of relatively low LET do not differ
considerably from that induced by y rays. The histogram
of the fragment distribution presented in Fig. 4 shows
that the large fragment production due to iron ions is
due mainly to the production of short fragments; for
clarity, only the spectra of the iron and carbon ions are
presented. In particular, large numbers of fragments are
found for iron ions in the first three size ranges, i.e., 0—
30 bp, 30-1000 bp and 1-9 kbp.

Comparisons between ions with the same LET but
different charge and therefore different specific energy
are presented in Figs. 5, 6 and 7 for LET values of 100,
201 and 442 keV/um, respectively. As listed in Table 1,

two different ions are considered for each LET. The
upper panels show the histograms of the fragment
distributions, while the bottom panels present the plots
of the cumulative fragment distributions. In all cases,
from the histograms in the upper panels we see that, for
two ions with the same LET, the one with smaller
specific energy produces many more small fragments,
belonging to the first two size ranges. The relative
difference is somewhat attenuated for the last pair of
ions, those with the highest LET of 442 keV/um (Fig. 8).
In contrast, the ions with the larger energy within each
pair produce more large fragments. These results can be
explained as follows. The ion with the lower charge (and
thus with the lower specific energy for the same LET)
generates delta rays with an energy distribution shifted
toward lower energies. In terms of track structure, this
results in a narrower track with an enhanced production
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TABLE 1
Characteristics of the Radiations used in
the Simulations

Radiation Specific energy LET
(dose: 5 Gy) (MeV/nucleon) (keV/um)

v rays (1) — ~0.3
Protons (2) 250 0.4
Helium ions (3) 250 1.6
Carbon ions (4) 250 13.8
Iron ions (5) 250 260
Helium ions (6) 1.75 100
Carbon ions (7) 18.33 100
Carbon ions (8) 8.33 201
Iron ions (9) 414 201
Carbon ions (10) 2.71 442
Iron ions (11) 115 442

Notes. The entries in the first column indicate the ions considered
(apart from the first row, where we also simulated “°Co vy rays for
comparison and RBE computation). The second and third columns
give, in the rows of the ions, the specific energies and the LET in
water, respectively. In the case of y rays, we indicated an average
value of the LET of the secondary electrons following the convention
usually adopted. The radiations have been numbered progressively
for use in reference to Fig. 8.
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FIG. 3. PARTRAC simulation results for cumulative DNA
fragment spectra induced by 5 Gy irradiation with different
250 MeV/nucleon ions: protons (0.4 keV/um, solid squares), helium
ions (1.6 keV/um, open diamonds), carbon ions (13.8 keV/um, open
circles), iron ions (260 keV/um, solid circles). Gamma-ray results for
the same dose are shown for comparison (solid triangles). In this and
in the following cumulative distributions, the abscissa denotes the
largest size of the fragments represented by the corresponding point.
The lines are a guide to the eye. Error bars are standard deviations
and are often smaller than the symbols. In this and in the following
graphs of the cumulative distributions, a log-log representation is
used to obtain readable plots.
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FIG. 4. Comparison between simulation results for DNA frag-
ment spectra induced by irradiation with 250 MeV/nucleon iron ions
(filled bins) and carbon ions (empty bins) with a dose of 5 Gy. Error
bars are standard deviations.

of smaller fragments. On the other hand, the more
energetic delta rays generated by the ion with the higher
charge are more likely to produce larger fragments. The
rightmost points of the cumulative distributions shown
in the bottom panels give the total number of fragments.
The two effects just mentioned tend to compensate as far
as this total number is concerned, but the first effect, i.e.,
the larger production of small fragments, appears to be
more important. In Fig. 8 we present in a single
histogram the total number of fragments for the 11
radiation qualities considered in this work. Each number
on the abscissa refers to the progressive number given in
Table 1; the left y axis gives the absolute values of the
fragments produced by the 5-Gy irradiations, while the
right y axis gives the RBE for fragment production, i.e.,
the values normalized to that of the y rays (given the
large total number of fragments produced by even a
relatively low dose of 5 Gy, one can safely define this
RBE also as the RBE for DSB production). The
following features can be deduced from this plot: (1)
As long as the LET is small (e.g. of the order of 10 keV/
um or less, as for the ions in positions 2, 3 and 4), the
RBE is very close to 1; (2) for a given ion, the RBE
increases with LET (helium ions in positions 3 and 6,
carbon ions in positions 4, 7, 8 and 10, iron ions in
positions 9, 5 and 11); (3) for a given LET, the RBE
increases for decreasing charge, as shown by the three
pairs in positions 6 and 7, 8 and 9, and 10 and 11,
although in the last case the difference is very small
relative to the error bar.



268 ALLONI ET AL.

250 —————

200 r

.O

e
-
2

.

2,

e
(D
e

>
e

.

150

P
HORNNKR

R
:.0.0

100 |

Fatels

No. of fragments/cell

ot
&

8
.
27

.

e
)
e

.

.

50

o
9-23.1 g

0-0.03 |
0.03-1

1000-5700

1000 .

100 r

\

No. of fragments/cell

10
10 2

10-1 10 10" 102 103 104
kbp

FIG. 5. Comparison between DNA fragmentation spectra induced
by irradiation with 100 keV/um helium and carbon ions with a dose of
5 Gy. Upper panel: Histogram of the fragment distribution (empty
bins for helium ions and filled bins for carbon ions). Bottom panel:
Cumulative fragment distributions (solid circles for helium ions and
solid triangles for carbon ions); the lines are a guide to the eye. Error
bars are standard deviations.

DISCUSSION AND CONCLUSIONS

Monte Carlo techniques with a realistic DNA target
model describing its three-dimensional complex distri-
bution and substructures such as the winding of DNA
around histones are a necessary complement to the
experimental determination of radiation-induced DNA
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FIG. 6. Comparison between DNA fragmentation spectra induced
by irradiation with 201 keV/um carbon and iron ions with a dose of
5 Gy. Upper panel: Histogram of the fragment distribution (empty
bins for carbon ions and filled bins for iron ions). Bottom panel:
Cumulative fragment distributions (solid circles for carbon ions and
solid triangles for iron ions); the lines are a guide to the eye. Error
bars are standard deviations.

DSBs and the consequent DNA fragmentation. This is
especially valid for the study of the production of small
fragments (smaller than 1 kbp). Although generally
outside the possibility of experimental detection, meth-
odologies have nevertheless been optimized that are able
to count fragments of size as small as 100 bp (/).
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However, it should be taken into account that several
difficulties are associated with this task. First, the
problem of the background fragmentation that plagues
the experimental determination of a genuinely radiation-
induced fragment size distribution is particularly rele-
vant for small fragments; this forces the use of high
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FIG. 8. Histogram of the total number of fragments produced by
the 11 radiation qualities considered in this work after an irradiation
with 5 Gy. The numbers in the x axis identify the radiation according
to the progressive numbering introduced in Table 1. The scale on the
left y axis gives the absolute fragment numbers, while the scale on the
right y axis gives the RBE for fragment production. Error bars are
standard deviations for the fragment numbers.

doses (of the order of 100 Gy) to have a reliable signal
above the noise (i.e., the background fragmentation)
level (11). However, one is generally interested in the
small fragment production by single tracks, i.e., small
fragments produced by correlated events; at low doses
the probability of small fragments produced by different
tracks is negligible. When performing irradiations with
high doses, this probability becomes meaningful (al-
though it is always smaller than for large fragments);
therefore, one has to subtract the contribution from
different tracks. Second, the passage from the DNA
mass determination in a given size range, the experi-
mentally measured quantity, to the number of frag-
ments, is not without pitfalls, again especially for small
fragments. One is forced to deduce this number from the
ratio of the mass to a mean molecular size of the range,
and generally the middle size of the range is taken. Even
assuming that the middle size is the actual average size
of the fragments, this does not guarantee that one
obtains the correct number. These arguments should be
convincing about the usefulness of the Monte Carlo
evaluation of the small fragment number. In any case,
apart from the ref. (/1), we are not aware of
experimental determinations of number of fragments
with size smaller than 1 kbp, since the upper limit of the
smallest size range is generally much larger than 1 kbp.

Obviously, the main issue with a code is its reliability
in the representation of all the relevant processes that
lead to the formation of DSBs. In our previous work,
the validation of the PARTRAC code by comparison
with available experimental data was our main concern?
(31-33). The satisfactory agreement led to the conclu-
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sion that the code can be reliably used to determine the
fragmentation even outside the experimentally accessible
range for various ions and LETs.

In Fig. 1 we have shown two typical tracks produced
by a relatively low-LET carbon ion and by a high-LET
iron ion of the same specific energy (radiations labeled 4
and 5 in Table 1, respectively). The two tracks have a
distinctly different structure, so there are large differ-
ences in their fragment distributions (Fig. 4), cumulative
distributions (Fig. 3), and RBE for fragment (or DSB)
production (Fig. 8). Of particular importance for the
successive damage processing and thus the late cellular
effects is the difference in the first size range, that of the
complex lesions, and in the second range, for fragments
with sizes between 30 bp and 1 kbp. This difference is
clearly related to the different cluster properties of the
ionization events of the two ions. The comparisons
between ions of the same LET in Figs. 5-7 and in Fig. 8
for the RBE clearly suggest that the differences in the
late cellular effects caused by ions of the same LET, but
different charges are rooted in the initial stages of the
damage induction, with the lighter ions producing a
larger amount of small fragments.

In principle, it has to be expected that the model
structure is reflected in the calculated fragment distri-
bution, in particular in the fragment size interval 10 to
40 kbp. In this respect, it is likely that the dip observed
in the fragment distributions of Figs. 4 to 7 correspond-
ing to the bin for the interval 9-23 kbp is correlated to
the model structure. In fact, the 18-kbp linear chromatin
fiber sticks could lead to a decrease of the number of
fragments in that interval. Since the chromatin structure
at that length scale is not yet known in detail, it is likely
that these sticks cause an underestimation of the number
of fragments in that bin and then an enhanced dip.
Improved knowledge of the chromatin structure will
have to be taken into account in the PARTRAC code in
the future.

Carbon ions play relevant roles in hadrontherapy with
ions heavier than protons (36), and both carbon and
iron ions are important for radiation protection in space
(32, 33, 37). Although the second issue can be considered
to be important only in perspective because it is related
to the problems arising in long-term manned space
missions, it has been the subject of recent work (38—40).
It links the basic research subject of the biological effects
of heavy ions with a possible practical application in the
future.

Here we have presented results for monoenergetic ion
beams. This is the condition usually met during in vitro
studies, where the whole cell population is traversed by
ions of the same energy. There will be also a score of
secondary hadrons produced by nuclear reactions,
which is particularly important for heavy-ion beams.
The situation is clearly different if we consider the
traversal of the human body. Due to the stochastic

nature of energy depositions, even an initially monoen-
ergetic beam gradually degrades and spreads in energy
with depth, and therefore the cells will be hit, beyond the
secondary hadrons, by primary ions with different
energies. This feature is even purposely enhanced when
use is made of a spread-out Bragg peak. However, the
production of very small DNA fragments has a simple
additive property (unless the doses delivered are very
high), since most of these fragments, which are the result
of energy depositions within the nanometer scale, are
due to correlated events from the same track. The
additive property will not extend to the late cellular
effects, since there is no evidence that the repair
capability, or more generally the damage processing,
depends only on the damage clustering at the smallest
scale. This implies that a precise and detailed determi-
nation of DSB distribution is only the first step in the
construction of the relationship between track structure
and cellular effects. The other, more difficult, step would
be a better knowledge of the relationship between the
DSB distribution and the kinetics of damage processing.
However, the quantification of the initial damage
induction is necessary to understand the dependence of
the late effects on radiation quality. We believe that the
PARTRAC Monte Carlo code offers one of the best
tools for such investigations.
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