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Radiation damages all kinds of human tissues – both 
healthy and diseased – as well as other materials

An area of ulceration on the 
hand, caused by exposure to 
radiation therapy
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Aim of radiotherapy: destroy cancer cells, 
limit damage to healthy tissues

The purpose of these lessons is:

1. to learn the very basics of biology 

2. to gain a basic knowledge of the 
phenomenology of radiation damage 
to tissues 

3. to understand the fundamentals of 
therapy optimization, based on the 
concept of maximum damage to 
cancer cells, minimum damage to 
healthy tissues
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Radiation damage in materials
-428- Journal of the Korean Physical Society, Vol. 51, No. 1, July 2007

Fig. 3. Typical pictures of etched track pits caused by two
di↵erent particles. (a) 5.4-MeV ↵ particles (b) ⇠0.9-MeV
protons.

polyester, and di↵erent target thicknesses between 1 µm
and 50 µm were used to generate proton with di↵erent
energies.

The Thomson parabola spectrometer is based upon
the superposition of an electric field and a magnetic field
and can be used to analyze the kinetic energy and the
charge of particles at various the positions. An electric
field of E = 1.5 kV and a magnetic field of B = 8.47 kG
inside a gap of 5 mm was applied along a 5-cm length.
The pinhole of 400 µm was installed in front of the TPS
to improve the energy resolution of the spectrum, and
a CR39 detector was placed 15 mm away from the end
of the TPS. This setup enbled us to investigate the de-
pendences of the energies, the incident angles, and the
charges of the particles on di↵erent etching conditions.

IV. RESUTLS AND DISCUSSION

Figure 3 presents pictures of typical etched track pits
caesed by 5.4-MeV alpha particles and ⇠0.9-MeV pro-
tons etched at 70 �C in 6N NaOH for 6 hours. Since
alpha particles are emitted in random directions from a
surface of �35 mm diameter coated by 210Po, their track
pits are randomly cluttered with various shapes. A round
shape indicates normal incidence on the detector surface
while an elliptical shape corresponds to oblique incidence
toward the direction of the major axis. The measured de-
tection e�ciency was about 40 % in our case. In contrast
to the 210Po source, the shapes of etched track pits of
protons generated by using a 10-TW laser were almost
round, which meant most of the protons were incident
perpendicular to the detector surface.

The bulk etch rate was measured by using the weight
loss method. Its mean value for a 6-hour etching 70 �C in
6N NaOH is 1.396 µm/h, which is slightly greater than
other measurements [11]. The optimal etching condition
depends on the energies and the kinds of particles. In
the case of our experiments using a 10-TW laser sys-
tem, a few MeVor less protons are the main source to be
optimized.

A TPS produces di↵erent particle trajectories, de-
pending on the energy, the mass and the charge of ions,
so di↵erent parabolic traces are recorded in the nuclear
track detector for protons and other ions. A horizontal

Fig. 4. Typical spectrogram taken with protons and ions
in a CR39 detector after a Thomson Parabolic Spectrometer.

displacement of tracks in the plastic detector corresponds
to a decrease in the particle energy, and a verticle direc-
tion is related to the charge-to-mass ratio, Z/m. Fig-
ure 4 presents a typical spectrogram taken with protons
and ions generated by high-intensity laser irradiation of
a 13-µm polyester target. When the detector was prop-
erly etched, all traces taken with protons and ions were
clearly distiguishable and countable. We can see from
Figure 4 that tracks for 0.1-MeV protons are deformed
due to over-etching, but they are still countable using
the program ImageJ [12].

Four plastics were placed 15 mm behind the TPS and
were exposed to protons and light ions produced by using
a 6-µm polyester film target. After etching the four de-
tectors in the same container for 3, 6, 9 and 12 hours, re-
spectively, we measured the depth, H and the diameter,
D, of a track pit at di↵erent positions (which is related
to the energy) as shown in Figure 5. If a good spectrum
of protons is to be obtained, the visibility and the count-
ability over a wide energy range are important. After
passing the optimal etching time, tracks are over-etched
so that a deep V -shaped track becomes more rounded,
wider, and shallower with the etching time. From these
data, we can observe the development of track pits with
etching time and the dependence of the track etch rate
on the energy of the protons. The accuracy of measured
track etch rate is limited by the resolution of the micro-
scope and the etching condition. A deeper track depth
enhances the contrast ratio, and a size of ⇠10 µm can be
resolved using the Omax microscope. The track depth
was the deepest for a 6-hour etching over the etching
energy range (see Figure 5(a)) with countable sizes of
7.5 ⇠ 9 µm (see Figure 5(b)). With increasing the etch-
ing time, the absolute variation of the etch rate ratio
and the diameter were reduced (see Figure 5(c)). The
track depths etched for 9 and 12 hours were shallower
than that etched for 6 hours while their diameters were
larges. These results indicate that the tracks are over-
etched after 6 hours. Furthermore, less background [13]

Radiation damage in CR-39 plastic

CR-39 dosimeter
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Radiation damage to plastic scintillators
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Radiation damage to human tissues is different from damage in 
inert material

1. The details of damage mechanisms are different

2. Cells and tissues have (limited) self-repair capabilities

In these lessons we are going to learn about both topics
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Atomic stopping power is only relevant at low energy.

Electronic and nuclear stopping power for aluminum ions in aluminum, versus particle energy per nucleon.
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Energy loss by ionization/excitation – dE/dx
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Stopping Power of Aluminum for Protons versus 
proton energy
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4 33. Passage of particles through matter

with mean M0. Ne is either measured in electrons/g (Ne = NAZ= A) or electrons/cm3

(Ne = NA ρZ= A). The former is used throughout this chapter, since quantities of interest
(dE= dx, X0, etc.) vary smoothly with composition when there is no density dependence.
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Fig. 33.1: Mass stopping power (= 〈−dE= dx〉) for positive muons in copper as a function
of βγ = p= Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0 : 1 are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled \ ¹ − " illustrate the \ Barkas effect," the dependence of stopping
power on projectile charge at very low energies [6]. dE= dx in the radiative region is not
simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme = M + (me = M)2
: (33 : 4)

In older references [2,8] the \ low-energy" approximation Wmax = 2mec2 β2γ2, valid for
2γme % M , is often implicit. For a pion in copper, the error thus introduced into dE= dx
is greater than 6% at 100 GeV. For 2γme & M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects signiØ cantly modify the cross sections.

June 5, 2018 19:57
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Particle tracks with the cloud chamber
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The Bragg peak

Bragg curve of 5.49 MeV alpha particles in air. This radiation is produced from the initial decay of radon (222Rn). 
Stopping power (which is essentially identical to LET) is plotted here versus particle range. 

(Adapted from the Wikipedia article http://en.wikipedia.org/wiki/Linear_energy_transfer)
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Track structure (example, low-energy electrons)
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e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2

c þ fðe2
max $ e2

cÞ
p

i ¼ 1

ecðemax=ecÞf i ¼ 2;

(

(29)

where f is a random number uniformly distributed between 0
and 1. Afterwards, by using another random number, the
obtained value of e in Equation (29) accepts if f < Fi.

In a homogenous target, there is no difference for energy
loss in any direction. In accordance with elastic scattering,
the projectile is rotated by an angle Dh after passing a thick-
ness Dx0 through a matter. Thus, the total angle of the projec-
tile becomes hþ Dh with respect to the initial beam
direction. In this case, h is the incident angle of projectile in
the thickness Dx0. This process is stochastic so that Dh
should be obtained by random sampling from the PDF of
elastic scattering. According to the Moliere series43 and by
ignoring the small probability of large-angle scattering, the
angle deviation can be analytically sampled as follows:29

Dh ¼ 60:3965

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
$ln fQ2BqDx0

p2b2A

s

; (30)

where n is a random number between 0 and 1; p and B
denote the projectile momentum and the Moliere parameter,
respectively. The variable Q is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZðZ þ 1Þ

p
and Z for electron

and proton, respectively. The sign of angle deviation in
Equation (30) can be determined by using another random
number f0 2 ½0; 1'. Therefore, if f0 ( 0:5, the positive sign is
considered; otherwise the negative sign is accepted. In order
to increase the accuracy of our previous study,29 the thick-
ness Dx0 is calculated by

Dx0 ¼
cb2A 1:13þ 3:76Z2

b21372

 !

8831qq
: (31)

In the relation, q is given by

q ¼ Z þ 1ð ÞZ 1
3 for proton

Z
4
3 for electron:

(

(32)

In this analysis, the parameter c is considered as a constant
during the passage of a projectile through the target.
On the other hand, the Moliere parameter B can be obtained
for c ) 100 with the associated error less than 3% by
B ¼ 1:153þ 2:583 log 10c.44 It is worth noting that the val-
ues of thicknesses Dx0 and Dx in Equations (31) and (16) are
not equal. In this case, the values of the projectile energy on
thickness Dx0 can be obtained by using an interpolation
method.

FIG. 2. Trajectories for 100 protons (a)
and 100 electrons (b) with the incident
energy of 5 MeV in liquid water.

053120-5 M. R. Kia and H. Noshad Phys. Plasmas 23, 053120 (2016)

from M. R. Kia , and H. Noshad, 
Phys. Plasmas 23, 053120 (2016) 
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electrons in water

Ionizations
excitations
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α particles

Ionizations
excitations
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Carbon ions

Ionizations
excitations
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Water radiolysis and production of ROS (Reactive Oxygen Species)

• Irradiated water contains many unstable and very reactive chemical species, 
mostly related to the very special properties of oxygen. 

• Collectively, they are called Reactive Oxygen Species (ROS)
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The superoxide anion is highly reactive and toxic

• The superoxide anion can easily convert into singlet molecular oxygen. 

• Human cells use the superoxide anion to kill bacteria. 

• The enzymes of the complex NADPH oxidase (NOX) produce superoxide. 

• The absence of NADPH oxidase leads to the chronic granulomatous 
diseases.

• The superoxide anion is toxic to human cells, and this requires 
mechanisms to get rid of it, like the enzyme superoxide dismutase.
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Main types of ROS (Reactive Oxygen Species)

Electron structures of common reactive oxygen species. Each structure is provided
with its name and chemical formula. The • designates an unpaired electron.
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Time-dependent cross sections 
of the nonhomogeneous spatial 
distributions of the main
radiolytic species (eaq, .OH, H., 
H2, and H2O2) in liquid water 
exposed to 24-MeV 4He2+ ions 
from 1 ps to 10 µs.

Adapted from I. Plante and J.-P. Jay-Gerin: 
“Monte-Carlo step-by-step simulation of 
the early stages of liquid water radiolysis: 
3D visualization of the initial radiation 
track structure and its subsequent 
chemical development”, Journal of 
Physics: Conference Series 56 (2006) 153-
155
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13.4 Examples of Calculated Charged-Particle Tracks in Water 403

Fig. 13.1 Chemical development of a 4-keV
electron track in liquid water, calculated by
Monte Carlo simulation. Each dot in these
stereo views gives the location of one of the
active radiolytic species, OH, H3O+, e–

aq, or H,
at the times shown. Note structure of track
with spurs, or clusters of species, at early

times. After 10–7 s, remaining species continue
to diffuse further apart, with relatively few
additional chemical reactions. (Courtesy Oak
Ridge National Laboratory, operated by Martin
Marietta Energy Systems, Inc., for the
Department of Energy.)

schemes (13.4)–(13.10) can thus be used to carry out the chemical development of
a track.

Three examples of calculated electron tracks at 10–12 s in liquid water were shown
in Fig. 6.5. The upper left-hand panel in Fig. 13.1 presents a stereoscopic view of
another such track, for a 4-keV electron, starting at the origin in the upward direc-
tion. Each dot represents the location of one of the active radiolytic species, OH,
H3O+, e–

aq, or H, shown in Table 13.2, at 10–12 s. There are 924 species present ini-
tially. The electron stops in the upper region of the panel, where its higher linear
energy transfer (LET) is evidenced by the increased density of dots. The occurrence
of species in clusters, or spurs, along the electron’s path is seen. As discussed in
Section 6.7, this important phenomenon for the subsequent chemical action of ion-
izing radiation is a result of the particular shape and universality of the energy-loss
spectrum for charged particles (Fig. 5.3). The passage of time and the chemical

Chemical development of a 4-keV electron track in liquid water, calculated by Monte Carlo simulation. Each dot in these stereo 
views gives the location of one of the active radiolytic species, OH, H3O+, e–aq, or H, at the times shown. Note structure of track with 
spurs, or clusters of species, at early times. After 10–7 s, remaining species continue to diffuse further apart, with relatively few 
additional chemical reactions. (Adapted from James E. Turner: “Atoms, Radiation, and Radiation Protection, 3rd ed.” Wiley 2007)
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Fig. 13.1 Chemical development of a 4-keV
electron track in liquid water, calculated by
Monte Carlo simulation. Each dot in these
stereo views gives the location of one of the
active radiolytic species, OH, H3O+, e–

aq, or H,
at the times shown. Note structure of track
with spurs, or clusters of species, at early

times. After 10–7 s, remaining species continue
to diffuse further apart, with relatively few
additional chemical reactions. (Courtesy Oak
Ridge National Laboratory, operated by Martin
Marietta Energy Systems, Inc., for the
Department of Energy.)

schemes (13.4)–(13.10) can thus be used to carry out the chemical development of
a track.

Three examples of calculated electron tracks at 10–12 s in liquid water were shown
in Fig. 6.5. The upper left-hand panel in Fig. 13.1 presents a stereoscopic view of
another such track, for a 4-keV electron, starting at the origin in the upward direc-
tion. Each dot represents the location of one of the active radiolytic species, OH,
H3O+, e–

aq, or H, shown in Table 13.2, at 10–12 s. There are 924 species present ini-
tially. The electron stops in the upper region of the panel, where its higher linear
energy transfer (LET) is evidenced by the increased density of dots. The occurrence
of species in clusters, or spurs, along the electron’s path is seen. As discussed in
Section 6.7, this important phenomenon for the subsequent chemical action of ion-
izing radiation is a result of the particular shape and universality of the energy-loss
spectrum for charged particles (Fig. 5.3). The passage of time and the chemical

Edoardo Milotti - Radiobiology 33

Chemical development of a 4-keV electron track in liquid water, calculated by Monte Carlo simulation. Each dot in these stereo 
views gives the location of one of the active radiolytic species, OH, H3O+, e–aq, or H, at the times shown. Note structure of track with 
spurs, or clusters of species, at early times. After 10–7 s, remaining species continue to diffuse further apart, with relatively few 
additional chemical reactions. (Adapted from James E. Turner: “Atoms, Radiation, and Radiation Protection, 3rd ed.” Wiley 2007)
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in Fig. 6.5. The upper left-hand panel in Fig. 13.1 presents a stereoscopic view of
another such track, for a 4-keV electron, starting at the origin in the upward direc-
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energy transfer (LET) is evidenced by the increased density of dots. The occurrence
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izing radiation is a result of the particular shape and universality of the energy-loss
spectrum for charged particles (Fig. 5.3). The passage of time and the chemical
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Chemical development of a 4-keV electron track in liquid water, calculated by Monte Carlo simulation. Each dot in these stereo 
views gives the location of one of the active radiolytic species, OH, H3O+, e–aq, or H, at the times shown. Note structure of track with 
spurs, or clusters of species, at early times. After 10–7 s, remaining species continue to diffuse further apart, with relatively few 
additional chemical reactions. (Adapted from James E. Turner: “Atoms, Radiation, and Radiation Protection, 3rd ed.” Wiley 2007)
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schemes (13.4)–(13.10) can thus be used to carry out the chemical development of
a track.

Three examples of calculated electron tracks at 10–12 s in liquid water were shown
in Fig. 6.5. The upper left-hand panel in Fig. 13.1 presents a stereoscopic view of
another such track, for a 4-keV electron, starting at the origin in the upward direc-
tion. Each dot represents the location of one of the active radiolytic species, OH,
H3O+, e–

aq, or H, shown in Table 13.2, at 10–12 s. There are 924 species present ini-
tially. The electron stops in the upper region of the panel, where its higher linear
energy transfer (LET) is evidenced by the increased density of dots. The occurrence
of species in clusters, or spurs, along the electron’s path is seen. As discussed in
Section 6.7, this important phenomenon for the subsequent chemical action of ion-
izing radiation is a result of the particular shape and universality of the energy-loss
spectrum for charged particles (Fig. 5.3). The passage of time and the chemical
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Chemical development of a 4-keV electron track in liquid water, calculated by Monte Carlo simulation. Each dot in these stereo 
views gives the location of one of the active radiolytic species, OH, H3O+, e–aq, or H, at the times shown. Note structure of track with 
spurs, or clusters of species, at early times. After 10–7 s, remaining species continue to diffuse further apart, with relatively few 
additional chemical reactions. (Adapted from James E. Turner: “Atoms, Radiation, and Radiation Protection, 3rd ed.” Wiley 2007)
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G value: number of a given species produced per 100 eV of energy loss by the original 
charged particle and its secondaries, on the average, when it stops in the water. 

Table extracted from Turner: “Atoms, Radiation, and Radiation Protection”



Edoardo Milotti - Radiobiology 39

G value: number of a given species produced per 100 eV of energy loss by the original 
charged particle and its secondaries, on the average, when it stops in the water. 

Table extracted from Turner: “Atoms, Radiation, and Radiation Protection”
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Exercise:

If a 20-keV electron stops in water and an average of 352 
molecules of H2O2 are produced, what is the G value for 
H2O2 for electrons of this energy? 

G value: number of a given species produced per 100 eV of energy loss by the original 
charged particle and its secondaries, on the average, when it stops in the water. 
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Exercise:

If a 20-keV electron stops in water and an average of 352 
molecules of H2O2 are produced, what is the G value for 
H2O2 for electrons of this energy? 

Answer: 

20 keV/100 eV = 200 therefore G = 352/200 = 1.76

G value: number of a given species produced per 100 eV of energy loss by the original 
charged particle and its secondaries, on the average, when it stops in the water. 
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Electrons, protons, and alpha particles all produce the same 
species in local track regions at 10-15 s: H2O+, H2O∗, and 
subexcitation electrons. 

The chemical differences that result at later times are 
presumably due to the different spatial patterns of initial 
energy deposition that the particles have.
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13.5 Chemical Yields in Water 407

Table 13.3 G Values (Number per 100 eV) for Various Species in
Water at 0.28 µs for Electrons at Several Energies

Electron Energy (eV)

Species 100 200 500 750 1000 5000 10,000 20,000

OH 1.17 0.72 0.46 0.39 0.39 0.74 1.05 1.10
H3O+ 4.97 5.01 4.88 4.97 4.86 5.03 5.19 5.13
e–

aq 1.87 1.44 0.82 0.71 0.62 0.89 1.18 1.13
H 2.52 2.12 1.96 1.91 1.96 1.93 1.90 1.99
H2 0.74 0.86 0.99 0.95 0.93 0.84 0.81 0.80
H2O2 1.84 2.04 2.04 2.00 1.97 1.86 1.81 1.80
Fe3+ 17.9 15.5 12.7 12.3 12.6 12.9 13.9 14.1

the other species, such as H2O2 and H2, increase with time. As mentioned earlier,
by about 10–6 s the reactive species remaining in a track have moved so far apart
that additional reactions are unlikely. As functions of time, therefore, the G values
change little after 10–6 s.

Calculated yields for the principal species produced by electrons of various ini-
tial energies are given in Table 13.3. The G values are determined by averaging the
product yields over the entire tracks of a number of electrons at each energy. [The
last line, for Fe3+, applies to the Fricke dosimeter (Section 10.6). The measured
G value for the Fricke dosimeter for tritium beta rays (average energy 5.6 keV),
is 12.9.] The table indicates how subsequent changes induced by radiation can be
partially understood on the basis of track structure—an important objective in ra-
diation chemistry and radiation biology. One sees that the G values for the four
reactive species (the first four lines) are smallest for electrons in the energy range
750–1000 eV. In other words, the intratrack chemical reactions go most nearly to
completion for electrons at these initial energies. At lower energies, the number of
initial reactants at 10–12 s is smaller and diffusion is more favorable compared with
reaction. At higher energies, the LET is less and the reactants at 10–12 s are more
spread out than at 750–1000 eV, and thus have a smaller probability of subsequently
reacting.

Similar calculations have been carried out for the track segments of protons and
alpha particles. The results are shown in Table 13.4. As in Fig. 7.1, pairs of ions
have the same speed, and so the alpha particles have four times the LET of the
protons in each case. Several findings can be pointed out. First, for either type of
particle, the LET is smaller at the higher energies and hence the initial density of
reactants at 10–12 s is smaller. Therefore, the efficiency of the chemical development
of the track should get progressively smaller at the higher energies. This decreased
efficiency is reflected in the increasing G values for the reactant species in the first
four lines (more are left at 10–7 s) and in the decreasing G values for the reaction
products in the fifth and sixth lines (fewer are produced). Second, at a given velocity,
the reaction efficiency is considerably greater in the track of an alpha particle than
in the track of a proton. Third, comparison of Tables 13.3 and 13.4 shows some
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Homework

A 50 cm3 sample of water is given a dose of 50 mGy from 10-keV 
electrons. 

If the yield of H2O2 is G = 1.81 per 100 eV, how many molecules 
of H2O2 are produced in the sample?
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The radiolysis of water is known to damage metal pipes, but how 
do the radiolytic species act in cells and organisms? 

• Radiobiology is a branch of science which combines basic 
principles of physics and biology and is concerned with the 
action of ionizing radiation on biological tissues and living 
organisms.

• Ionizing radiation acts at the molecular and cellular level, 
while in this Master’s course we are interested in the medical 
issues: in this Radiobiology course we try to understand how 
the action of radiation at the microscopic level affects human 
health




