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CHAPTER 3

Theoretical concepts

In this chapter the fundamentals of charged particle interaction with matter that are
relevant to the understanding of the experiments presented in chapter 4 – 6 will be
summarized. The essentials of SRIM/TRIM program are briefly introduced as this
the program used to obtain electronic and nuclear stopping powers needed to interpret
our data. Photon–matter interactions will be discussed in comparison. At the end of
the chapter, track structures of ionizing radiations and production of free radicals will
be briefly addressed.
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32 Theoretical concepts

3.1 Interaction of heavy particles with matter

The interaction of heavy ions with matter and the transference of their energy to mat-
ter are key for understanding the biological effects of radiation on living tissue. Ion-
izing radiation defines those radiations that primarily interact with matter by charged
particles. Ionization resulting from the slowing of energetic ions and electrons leads
to the production of charged and/or neutral molecular fragments, reactive radicals,
and other excited chemical species that induce subsequent chemical reactivity in the
absorbing medium. Because all ionizing radiation leads to electron production, the
different chemical yields observed for different types and different energies of radi-
ation depend on the spatial distributions of events produced during the physical pro-
cess of electron slowing down. Radiation-induced chemistry thus always begins with
stochastic physical processes involved in the energy deposition by charged particles.
Here we consider in particular "heavy" charged particles, i.e. atomic ions.

3.1.1 Energy–loss mechanisms

When a swift particle loses its energy through the ionization and excitation of atoms
and molecules, secondary electrons as well as radicals are formed. The electrons
produced have kinetic energies that can cover a wide range. Low energy electrons can
attach to another molecule or become solvated before reacting further. Fast electrons
can induce further ionizations close by. Different from electrons and positrons, heavy
charged particles transfer only a small fraction of their energy in a single electronic
collision. Therefore, heavy charged particle can travel through matter in straight lines.

3.1.2 Stopping power and linear energy transfer

For radiation physics and dosimetry, the stopping power is an important quantity. It
is defined as the average energy loss of a particle per unit path length, measured for
example in keV/µm [51]. The stopping power is the sum of two processes: electronic
stopping and nuclear stopping. Depending on the energy of the ions, one of the two
will dominate. Electronic stopping describes the slowing down due to the inelastic
collisions between bound electrons in the medium and the ion moving through it. The
term nuclear stopping describes the elastic collisions between the ion and atoms in
the matter. At high energy (E > 100 keV), electronic stopping is much larger than
nuclear stopping. However, at very energy and particularly for heavy projectile ions,
nuclear stopping gets larger than electronic stopping.

Another quantity of relevance in this context is the LET i.e. "the average energy
locally imparted to the medium by a charged particle of specific energy traversing a
certain distance" [52]. Thus, stopping power is closely related to LET [52].
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The difference between stopping power and LET is the fact that stopping power
defined as the energy loss per unit thickness and sometimes redefined as a density
corrected stopping power by dividing the stopping power, –dE/dx, by the density
(ρ) describes the rate of energy loss including the production of long-range high-
kinetic-energy electrons. In contrast, the important constraint on the International
Commission on Radiation Units and Measurements (ICRU) definition of LET is that
it describes the rate of transfer of energy to the medium locally [51]. This locality
can be highly relevant for a biological system since living cells have diameters of the
order of microns [53]. Subcellular structures can be many times smaller; the DNA
double helix, for example, has a diameter of about 2 nm [54]. Here, the production
of energetic electrons becomes relevant. A heavy charged particle traversing matter
sometimes produces a secondary electron with sufficient energy to leave the imme-
diate vicinity of the primary particle’s path and produce a noticeable track of its own.
Such a secondary electron is often called a delta ray (δ ray). Because of the project-
ing out radially with respect to the track "core", it makes the initial ion track very
complex [55–57]. Delta electrons and other secondary electrons can thus effectively
transfer energy away from the original volume in which it is lost by a primary particle
and deposit it in a totally different biological environment.

LET is thus another term for a restricted stopping power that neglects the fraction
of energy that goes into δ rays with energies exceeding a cutoff value ∆. To calculate
this quantity, one integrates the weighted energy loss spectrum only up to ∆, rather
than Emax (the maximum energy transfer) [52]:(

−dE
dx

)
∆

= µ

∫
∆

Emin

EW (E)dE (3.1)

Ideally, LET rather than stopping should have been used in all experiments of
chapter 4, 5 and 6. However, since the choice of the cutoff energy is a rather
arbitrary one which may give rise to a lot of debate, in this thesis unrestricted LETs
equaling the generic stopping power are used.

In contrast to the concept of stopping, the LET concept can also be used for pho-
tons such as gamma rays or X-rays [58] which makes comparison between the differ-
ent types of radiation easier. The more general usage reflects the fact that for charged
particles as well as for photons, the transfer of energy is always due to processes caus-
ing secondary electron production and further propagation of these electrons [59]. In
the radiobiological literature typically low and high LET radiations are distinguished.
The term "low LET radiation" usually refers to photons from typical gamma-ray
sources such as 60Co and 137Cs, as well as from laboratory X-ray machines that have
peak energies in the range of 50 keV or more. The electrons generated in plasmid
DNA and general in tissue by interaction with X-rays from typical 250 kV X-ray gen-
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erators have mean LET values of about 2–3 keV/µm [60], while gamma-rays (662
keV) have mean LET values in the range of 0.2–0.4 keV/µm [58, 60].

For an identical absorbed dose, many experiments have shown a strong LET of
the radiation induced damage of tissues, cells and plasmid DNA [61, 62] using in
various biological end points such as cell killing [63–66], mutation [65, 67, 68] and
tumor induction in vivo [69, 70] as the damage is observable. It is thus worth to have
a close look into LET and the physics of the so-called Bragg curve.

A rigorous description of the rate of energy loss from a charged particle pass-
ing through an absorbing medium was done by Bethe for particles of rest mass M
much larger than m the electron rest mass. Using relativistic quantum mechanics, the
following expression was derived for the stopping power of a uniform medium for a
heavy charged particle [71]:

−dE
dx

= 2πNar2
e mec2

ρ
Z
A

z2

β 2

[
ln
(

2meγ2Wmax

I2

)
−2β

2
]

(3.2)

In this relation
re: classical electron radius = 2.817 ×10−13 cm,
me: electron mass,
Na: Avogadro’s number = 6.022 ×10−23 mol−1,
I: mean excitation potential,
Z: atomic number of absorbing material,
A: atomic weight of absorbing material,
ρ: density of absorbing material, e = electron charge,
z: charge of incident particle in units of e,
γ = 1/

√
1−β 2,

β = v/c = speed of the particle relative to c,
Wmax: maximum energy transfer in a single collision.

With the kinetic energy of C ions (90 MeV/u) used in the experiments (chapter
5), β = 0.44.

3.2 Bragg curve

The LET of a heavy charged particle as a function of its residual energy is shown in
fig. 3.1. The energy loss increases with decreasing kinetic energy of the projectile
ion. E1 and E2 are residual energies associated with LET1 and LET2, respectively.
The rate of energy loss is nearly constant at the initial energy of the particle (Emax).
A maximum in the energy loss occurs when the particle approaches the end of its
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Figure 3.1: Rate of energy loss for a heavy charged particle as a function of its residual
energy [59].

range (and the residual energy is small). This peaked LET distribution versus residual
energy is characteristic of a heavy charged particle, and is known as the Bragg peak.
Formally, the Bragg distribution is more generally shown as a plot of relative dose
against range in the absorber such as water or plasmid DNA. Such a plot is shown in
fig. 3.2. The fact that the majority of the energy is deposited at the end of the track
has great physical and biological significance. It is worth to look into the different
parts of the Bragg curve to figure out the mechanism of destroying plasmid DNA.

According to the Bethe formula the rate of energy deposition for high-energy
charged particles is proportional to the inverse of the squared velocity of the particle
i.e. to its kinetic energy. For stopping of electrons, this aspect of the rate of energy
deposition as a function of trajectory is not particularly important. Because of its
low mass the electron follows a tortuous path to its final stopping point, and the
change of LET with the slowing down electron will be masked by the average LET
of other slowing down electrons in the volume. Hence, the high energy deposition
at the terminus of the electron track will be distributed more or less randomly in the
absorber.
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Figure 3.2: Bragg curve for carbon ions in water at the position of the sample in the setup,
initial beam energy is 90 MeV/u.

3.2.1 Straggling

The range of a charged particle of a given type and energy in a given medium is the
expectation value of the pathlength that it follows until it comes to rest. A related
quantity, the projected range of a charged particle of a given type and initial energy
in a given medium, is the expectation value of the final depth of penetration of the
particle in its initial direction when it comes to rest. In reality due to the statistical
nature of electronic stopping a number of identical particles starting out under iden-
tical conditions will show (1) a distribution of energies as they pass a given depth
and (2) a distribution of pathlengths traversed before they stop. The phenomenon of
unequal energy losses under identical conditions is called energy straggling and the
existence of different pathlengths is referred to as range straggling. Straggling is not
only a longitudinal process but also a transverse process leading to a blow up of the
beam-size.

3.3 SRIM and TRIM calculations

The software package Stopping and Range of Ions in Matter (SRIM) is a convenient
tool to estimate the range of low energy particles in matter. It is based on the concept
of nuclear and electronic stopping [72]. At present stopping powers can be calculated
with an average accuracy of better than 10% for low energy heavy ions, and to better
than 2% for high velocity light ions. Range distributions for amorphous elemental
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targets have about the same accuracy [72].
Using SRIM, the ranges of the 1H, 2He and 12C in plasmid DNA are calculated

based on parameters such as the density of pBR322 plasmid DNA, elemental compo-
sition of plasmid DNA, initial energy of the ions and information of the ions themself
such as mass (amu) and atomic number.

For the Transport of Ions in Matter (TRIM), the option "Detailed Calculation with
full Damage Cascades" was chosen to calculate the energy loss of ions. This option
follows every recoil until its energy drops below the lowest displacement energy of
any target atom. Hence all collisional damage to the target is tracked.

3.4 Track structure

Swift heavy ions cause material modification along their tracks primarily due to spa-
tially very dense sequences of electronic excitations. The effects of heavy ions are
further complicated by nuclear interactions, which can give rise to both projectile
and target fragments. As a consequence the tracks may branch out. It is well known
that the features of radiation track structure at the nanometer level have important im-
plications for the radiation effects in biological targets such as the form of clustered
damage of varying complexity [73], in liquid water [74], and DNA target model [75].

3.5 Photon interaction with matter

To understand the different mechanisms of heavy ion induced plasmid DNA dam-
age, we did complementary experiments using photon irradiation. In most clinical
applications, either X-rays or gamma (γ)-rays are employed.

Energetic photons deposit energy in matter through the following processes:

∙ Photoelectric effect.

∙ Compton effect.

∙ Pair production.

All three of these interactions result in the production of energetic electrons that,
in turn, lose energy by exciting and ionizing target atoms and molecules and setting
more electrons in motion. If a γ-ray beam is absorbed by tissue or plasmid DNA,
the net result is the production of a large number of fast electrons, many of which
can ionize other atoms of the plasmid DNA and are sufficiently energetic to break
chemical bonds to lead to DNA strand breaks.

The relative contributions of the three processes for photoabsorption in water are
given in Fig. 3.3, with:
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Figure 3.3: Mass attenuation coefficients for water [59].

∙ τ/ρ: photoelectric mass attenuation coefficient.

∙ σ /ρ: Compton mass attenuation coefficient.

∙ κ/ρ: pair production mass attenuation coefficient.

The total mass energy absorption coefficient for water labeled µa/ρ reveals that only
below 100 keV, photoelectric processes are relevant. Compton scattering then domi-
nates up to energies of a couple of MeV before pair production sets in. This implies
that for the biologically very significant processes, Compton scattering and photo-
electric effect are the dominant underlying effects.

∙ The photoelectric effect describes the absorption of the incoming photon by an
atom followed by the emission of a photoelectron under conservation of energy
(see Fig. 3.4) following the well know equation:

KE = hν−BE (3.3)
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Figure 3.4: The photoelectric process [76].

where BE is the electon binding energy. If an inner shell electron is removed,
the respective vacancy is subsequently filled by an electron from a more loosely
bound shell. Depending on the electron shells involved and on the Z of the
atom, the excess energy is either emitted as a photon or released as kinetic
energy of an (Auger) electron.

∙ In the energy range most widely used in radiotherapy (above 100 keV) [76],
the Compton effect is the most important mechanism leading to deposition
of energy in a molecule (plasmid DNA) (Figure 3.5). This energy-transfer
process involves a photon scattering from a bound electron accompanied by
momentum transfer to the electron. Because of the high photon energy, the
bound electron can be considered "free". A broad spectrum of electron kinetic
energies arises from Compton scattering which will cause the usual secondary
processes.

Figure 3.5: The Compton process [76].
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∙ For energies exceeding twice the electron rest-mass (1.02 MeV) [76], in the
vicinity of a nucleus a γ-ray photon can induce electron-positron pair formation
(fig. 3.6). Gamma energy in excess of the equivalent rest mass of the two
particles (1.02 MeV) appears as the kinetic energy of the pair and the recoil
nucleus. At the end of the positron’s range, it combines with a free electron
and emits annihilation radiation of the respective energy.

Figure 3.6: Pair production process [76].

3.6 Direct and indirect DNA damage

DNA in the condensed phase can not only be damaged by direct effects, i.e. ionization
and dissociation of DNA or the first solvation shell by primary or secondary particles.
Apart from that, indirect effects play an important role. This term describes the
diffusion limited processes in which DNA is chemically altered. Most relevant in this
context are ∙OH radicals stemming from water radiolysis. Before this issue will be
discussed in more detail, first an overview on possible channels of DNA damage will
be given.

The main types of damage that can be directly or indirectly induced in DNA by
ionizing radiation are base damage, apyrimidnic/apurinic (AP) sites (missing bases),
single-strand breaks (SSB), double-strand breaks (DSB), tandem lesions and various
clustered lesions as shown schematically in Fig. 3.7. In the cell nucleus, DNA is
organized in the complex chromatin structure which consists of similar fractions of
DNA and proteins. In that case other lesions such as DNA/DNA and DNA/protein
cross-links are possible as well.
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Figure 3.7: a–i Schematic representation of important types of DNA damage in dsDNA
caused by ionizing radiation: a base damage; b AP site; c SSB; d DSB from two close-by
SSBs; e tandem lesion; f clustered lesion with two damaged bases at opposite strands; g
SSB with damaged base on opposite strand; h clustered lesion with three damaged bases;
i clustered lesion with a DSB (from two close by SSBs) and two damaged bases. Upon
enzymatic treatment, a, b and e may turn into a SSB, while f and g may give rise to a DSB.
The complex lesion h may not be recognized by the enzyme at all, nor would an enzyme
treatment of i be detectable, since it already contains a DSB [77].

3.6.1 Water radiolysis and free radicals

Cells typically contain ∼70%–85% of water, ∼10%–20% of proteins, ∼10% of car-
bohydrates, and∼2%–3% of lipids [78]. In the cell nucleus, where the chromosomes
are located, water content may be different from the cytoplasm. Furthermore, even
the cell nucleus is a very heterogeneous environment in which the chromosomes have
the highest organizational structure. During processes such as cell division, these
structures can be very dynamic. It is thus not a priori clear, how much water is
present in the vicinity of DNA in the nucleus of a living cell. Nevertheless, in this
thesis, the approximation of DNA in aqueous solution is studied.

As mentioned before, ionizing radiation produces abundant secondary electrons
in biological matter. Most secondary electrons are produced in water because it dom-
inates the content of the cell and cell nucleus. Secondary energies typically range
from 10–100 eV [75, 79]. Subsequent to their production, the electrons slow down
very quickly (≲10−15 s) to subexcitation energies [52]. Time-scales play a crucial
role in this context and therefore the various temporal stages of radiation action are
summarized in table 3.1.
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Table 3.1: Time Frame for Effects of Ionizing Radiation [52].

Time Events

Physical stage Formation of H2O∙+, H2O∗, and subexcitation electrons,
≤10−15 s e−, in local track regions (≲1 µm)
Prechemical stage Three initial species replaced by H3O+, ∙OH, e−aq , H∙

∼10−15 s to ∼10−12 s
Chemical stage The four species H3O+, ∙OH, e−aq, and H∙ diffuse and
∼10−12 s to ∼10−6 s either react with one another or become widely

separated. Intratrack reactions essentially complete by
∼10−6 s

Biological stages
≲10−3 s Radical reactions with biological molecules complete
≲1 s Biochemical changes
Minutes Cell division affected
Days Gastrointestinal and central nervous system changes
Weeks Lung fibrosis develops
Years Cataracts and cancer may appear; genetic effects in

offspring

Radiolysis of water by low LET radiation, such as γ-rays has been studied ex-
tensively over the last 50 years and the radiolytic yields are well known [80]. With
increasing LET, the density of radicals increases in the ionization tracks and the prob-
ability of recombination of these radicals can be faster than their diffusion away from
the track spurs in which they are formed [74, 81–83].

3.6.2 Free radicals

Even though energetic photons and high-energy particles have totally different pri-
mary interactions with matter, they both give rise to electron production. These elec-
trons are slowed down in a cascade of interaction processes and the respective areas,
containing ionization and occasionally also electronic excitation events [reaction 3.4],
are called spurs. When the electrons excite water molecules, a water radical cation
and an electron can be generated [reaction 3.5]. The latter may still contain enough
energy to cause further ionizations in the very near neighborhood. The ionization
process occurs within ≲10−15 s [84]. For comparison, at room temperature a water
molecule needs ∼10−12 s to move an average distance of ∼1–2 Å which is roughly
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equal to its diameter (2.75 Å) [85].

H2O → H2O∗ (3.4)

H2O → H2O∙++ e− (3.5)

The water radical cation, produced in reaction 3.5, immediately loses a proton to
neighboring water molecules thereby forming an ∙OH radical [reaction 3.6, [86–89]]
and a H3O+ ion. If sufficiently slow, the ejected electron can turn into a hydrated
electron [reaction 3.7]. Electronically excited water molecules can decompose into
∙OH and H∙ [reaction 3.8]. As a consequence, three kinds of free radicals are formed
side by side in the spurs, ∙OH, H3O+, e−aq (the subscript "aq" refers to the fact that the
electron is hydrated), and H∙. The radical formation processes are completed after
about 10−12 s. The radical formation period is usually labeled prechemical stage (see
also table 3.1).

H2O∙++H2O → H3O++∙OH (3.6)

e−+nH2O → e−aq (3.7)

H2O∗ → ∙OH +H∙ (3.8)

Thus, about a picosecond after the passage of a charged particle or photon, diffusion-
limited chemical reactions begin to that take place within and around the spur. Since
a spur usually contains many free-radical pairs, there is the possibility that radicals
interact with one another in the diffusion limited stage from 10−12 s till 10−6 s.

Table 3.2: Radical-radical interaction in the spur.

Reaction Ref.

e−aq + e−aq + 2H2O → H2 + 2OH− [89]
e−aq + ∙OH → OH− [90]
e−aq + H∙ + H2O → H2 + OH− [90]
e−aq + H3O+ → H∙ + 2OH− [90]
∙OH + ∙OH → H2O2 [90]
∙OH + H∙ → H2O [90]
H∙ + H∙ → H2 [91]
H3O+ + OH− → 2H2O [89]
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As time passes, the reactions listed in the table 3.2 proceed until the remaining
reactants diffuse so far away from one another that the probability for additional re-
actions is small. After ∼10−6 s the chemical development of the track in pure water
then is essentially over.

In aerobic cell cultures, by measuring cellular resistance to irradiation in the pres-
ence of radical scavengers (2, 3), it is estimated that the hydroxyl radical contributes
about 70% of the cell killing from low-LET radiation. The hydroxyl radical is thus
mainly responsible for "indirect" DNA damage in vivo (4), and consequently it is of
interest to investigate more closely the reaction of DNA with the hydroxyl radical.
In chapter 4 and 5, the very action of hydroxyl radical are invoked to interpret the
experimental data.

From the diffusion constant of a species D (see table 3.3), one can calculate the
distance λ a radical moves in a time τ [52]:

λ
2 = D×6τ (3.9)

Table 3.3: List of considered reactive species and corresponding diffusion constants D.

Species D (10−5cm2s−1) Ref.

e−aq 4.9 [90]
∙OH 2.8 [89]
H∙ 7.0 [89]
H3O+ 9.0 [89]
H2 4.8 [89]
OH− 5.0 [89]
H2O2 2.3 [89]


