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please stop me 
if you have questions!



Definitions…

• Stopping power: energy lost by projectile per unit length 

• Linear Energy Transfer (LET): energy transferred 
locally to the material per unit length  

• it is the dE/dx minus the energy of d rays 
 

• for heavy ions d rays contribution is negligible 

dE

dx

LET =
dE
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�
X

E(�)

3



Hadrontherapy

• Hadrons deposit the maximum dose close to the end point of 
their path (the Bragg peak) 

• It is possible to damage depth tumours limiting the impact on 
healthy tissues

EN-STI section meeting 4Jun. 2013

Robert Wilson: Protons can be used clinically

– Maximum radiation dose can be placed into the 
tumour

– Proton therapy provides sparing of normal 
tissues

– Accelerators are available

Founder  and  first  

director of  Fermilab, 

Chicago

The beginnings … 1946 - 1954

„Radiological use of fast protons“ Radiology 47, 487 (1946)
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Hadrontherapy with Carbon ions

• C ions directly damage the 
DNA with double strand 
damages 

• It allows to treat also tumours 
resistant to conventional 
radiotherapy

EN-STI section meeting 14Jun. 2013

wissenschaft-online.de

Main target of radiation

Bang!

Bang!
Bang!

Bang!Bang!

Bang! Bang!

Bang!

Bang!

Bang!

Bang!

Track structure: 
on microscopic scales ...

Dingfelder M Radiat Prot Dosimetry 2006;122:16-21

Chromosome

Biological action of radiation

Energy deposition patterns down 
to a nanometric scale matter!

Photons/protons

Ions

Qualitatively different damage 
from ions (high-LET)!
More clustered /complex
More difficult to repair

Large differences in ionization 
densities or linear energy transfer 
(LET)

5



Fragmentation

E. Gadioli et al./Nuclear Physics A 654 (1999) 523-540 531 
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where p = Ps - (Ms/Mp)Pe, and Ps, Pp, Ms and Mp are the momenta and the masses 
of, respectively, the spectator fragment and the projectile. Multiplying finally for the 
three-body phase space factor [ 19], assuming the target mass Mr >> Me, one finally 
obtains for the double differential spectrum of the spectator fragment, 

d2tr 
dEd~ ~x psPpart]~(p)] 2 , (7) 

where Ppart is the momentum of the participant fragment. 
In evaluating the projectile momentum, one must take into account that during break- 

up the projectile has been slowed down by the Coulomb barrier that acts between the 
projectile and the target. Also, after the projectile break-up, the spectator is subsequently 
accelerated by the Coulomb repulsion of the residue. The energy and the emission angle 
of the break-up fragments depend on the break-up Q-value and the energy of the state in 
which the 8Be fragment is produced. The state of the 8Be fragment when it dissociates 
also affects the energy and the emission angle of the a particles that are produced. 

This effect is of some importance at the most forward scattering angles. Fig. 3, as an 
example, shows the results of the calculations of the a-particle double differential cross 
sections at 10 ° (where the contribution of the spectator a particles from the 12C break- 
up is very large) for the interaction of lZc with 59Co and 93Nb at the incident energy 
of 400 MeV, assuming 8Be to be produced in the ground state and the first excited 
state, respectively. The difference between the two spectra may easily be understood 
if one considers that the 8Be angular distribution decreases rapidly with increasing 
angle. Furthermore, when 8Be dissociates into two ce particles, they are produced with 
the momentum which results from the coupling of their translational motion and their 
relative motion within 8Be. As a consequence, when 8Be is produced in the ground 
state (with a break-up Q-value of 92 keV) at an incident 12C energy of 400 MeV, 
the two correlated a particles are confined within a cone of ,~1.8 ° in width around 
the 8Be direction. Thus, only 8Be fragments emitted in the angular interval 9°-11 ° can 
contribute to the inclusive a-particle spectrum at a scattering angle of 10% Since the 
maximum separation angle is much larger when 8Be is formed in the first excited state 
at 2.94 MeV (the two correlated tr particles are now confined within a cone of slightly 
more than 10 ° in width for an incident energy of 400 MeV), the large 8Be yield at 
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• The Serber approximation:
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Carbon could fragment

• C ions could fragment 
in lighter particles 

• The fragments 
contribute 
significantly to the 
total dose 

• Fragments are 
responsible of the tail 
behind the Bragg 
peak

T. Böhlen 29Mar. 2012

Nuclear fragmentation

Geometrical cross section 
with transparency term b

Most important: charged projectile fluences (Z=1-6)

Have to be taken into account by TPS!

• Fraction of the carbon 
ions fragmenting before 
the Bragg peak: some 10% 

• Fraction of beam energy 
deposited by other ions: 
some 10% 
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300 MeV/u 12C 
beam on water 

FLUKA sim.



150 MeV p 

FLUKA simulations on water target 8

Target fragmentation 
increase RBE

Sharp end beyond  
the Bragg Peak



150 MeV p 600 MeV/u 4He

FLUKA simulations on water target 9

Target fragmentation 
increase RBE

Small tail beyond  
the Bragg Peak



300 MeV/u 12C

150 MeV p 600 MeV/u 4He

FLUKA simulations on water target 10



300 MeV/u 12C

150 MeV p 150 MeV/u 4He

500 MeV/u 28Si

FLUKA simulations on water target 11



Nuclear interaction effects

• Disappearance of projectile 

• it will not reach the  
Bragg Peak 

• secondary particle  
production 

• smaller than projectile 

• if from projectile with a speed close to the beam 

• energy deposition  beyond the Bragg Peak (because of the 
A/Z2 scaling of the range)
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Nucleus-nucleus interaction

• Hadronic interactions are simulated in two different 
stages

T. Böhlen 29Mar. 2012

Nuclear fragmentation

Geometrical cross section 
with transparency term b

Most important: charged projectile fluences (Z=1-6)

Have to be taken into account by TPS!

• Fraction of the carbon 
ions fragmenting before 
the Bragg peak: some 10% 

• Fraction of beam energy 
deposited by other ions: 
some 10% 
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Nucleus-nucleus interaction

• the first one describes the interaction from the collision until the 
excited nuclear species produced in the collision are in 
equilibrium

T. Böhlen 29Mar. 2012

Nuclear fragmentation

Geometrical cross section 
with transparency term b

Most important: charged projectile fluences (Z=1-6)

Have to be taken into account by TPS!

• Fraction of the carbon 
ions fragmenting before 
the Bragg peak: some 10% 

• Fraction of beam energy 
deposited by other ions: 
some 10% 
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Nucleus-nucleus interaction

• the second one models the emission of such excited, but 
equilibrated, nuclei

T. Böhlen 29Mar. 2012

Nuclear fragmentation

Geometrical cross section 
with transparency term b

Most important: charged projectile fluences (Z=1-6)

Have to be taken into account by TPS!

• Fraction of the carbon 
ions fragmenting before 
the Bragg peak: some 10% 

• Fraction of beam energy 
deposited by other ions: 
some 10% 
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First stage of nuclear interaction

• Models for the first stage of a nuclear interaction 
• The fragments are produced within 120 fm/c

16



• Projectile like fragments 

• Target like fragments 

• Intermediate-mass fragments

Nucleus-nucleus interaction

T. Böhlen 29Mar. 2012

Nuclear fragmentation

Geometrical cross section 
with transparency term b

Most important: charged projectile fluences (Z=1-6)

Have to be taken into account by TPS!

• Fraction of the carbon 
ions fragmenting before 
the Bragg peak: some 10% 

• Fraction of beam energy 
deposited by other ions: 
some 10% 
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speed close to the beam 
 
speed very small
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Nucleus-nucleus interaction

T. Böhlen 29Mar. 2012

Nuclear fragmentation

Geometrical cross section 
with transparency term b

Most important: charged projectile fluences (Z=1-6)
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• Fraction of the carbon 
ions fragmenting before 
the Bragg peak: some 10% 

• Fraction of beam energy 
deposited by other ions: 
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speed close to the beam 
 
speed very small



Nucleus-nucleus interaction

• Projectile like fragments 

• Target like fragments 

• Intermediate-mass fragments

T. Böhlen 29Mar. 2012

Nuclear fragmentation

Geometrical cross section 
with transparency term b

Most important: charged projectile fluences (Z=1-6)

Have to be taken into account by TPS!

• Fraction of the carbon 
ions fragmenting before 
the Bragg peak: some 10% 

• Fraction of beam energy 
deposited by other ions: 
some 10% 
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speed close to the beam 
 
speed very small



300 MeV/u 12C150 MeV p 

FLUKA simulations on water target 20



Impact parameter

• The impact parameter 
b is defined as the 
distance between the 
projectile path and the 
the target 

• Large impact 
parameters are more 
probable, because of 
geometrical reason

P

T
b
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Impact parameter

• The number 
of fragments 
with A >=9 
(and <=2) 
increases 
with b

0 1 2 3 4 5 6 7 8 9 10 11
A

0.001

0.01

0.1

1
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Y
el

d

BLOB + Simon
Exp. (norm to calculated A=2,3,4)

bdb 0 to 4fm

12C+12C 62 AMeV bdb 0 to 6fm
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preliminary

Work done in collaboration with  
M. Colonna (LNS Catania) and P. Napolitani (IPN Orsay)



Effects of Nuclear interactions for p

• 80% of the primary p ions reach 
the Bragg Peak 

• Nuclear interactions do not 
change the Bragg Peak position 

• Secondary fragments are issued 
from the target only 

• Their velocity is very small and 
hence their range do not exceed 
few micro-meters 

• They deposit their energy close 
to the collision location 

• No significant energy deposition 
beyond the Bragg Peak
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Figure 21. Evolution of the primary protons ratio (left panel) and the mean LET for protons (right
panel) with the penetration depth for 150 MeV protons according to GEANT4 simulations.

penetration depth for 150 MeV proton in liquid water (left panel) and the Bragg Curve (the
evolution of LET per incident proton with the penetration depth) for 150 MeV protons in
liquid water (right panel). This figure results from GEANT4 simulations. On both panels,
the black curve corresponds to simulations in which the nucleus-nucleus collision process has
been deactivated (label EM) and the red curves to simulations in which the nucleus-nucleus
collision process has been activated (label NUC). The e↵ect of the projectile consumption is
clearly seen on figure 21. Whereas all projectiles reach the Bragg Peak for EM simulations,
only 80% of them reach for NUC simulations. As a consequence, the energy deposition at
the Bragg Peak (see left panel of fig 21) is reduced by 20% for NUC collisions compared to
EM collisions. Nuclear collisions have no e↵ect on the location of the Bragg Peak which is
driven by the Bethe-Bloch equation only. The contribution of secondary fragments, i.e. an
energy deposition beyond the Bragg Peak, is not directly seen figure 21. Secondary fragments
are issued from the target only. Their velocity is very small and hence their range do not
exceed few micro-meters. They deposit their energy close to the collision location. The
indirect e↵ect lies in the total amount of energy which has been deposited in the absorber.
Since some energy is needed to produce fragments, each time a proton collides on a nucleus,
one part of the total energy of the system is exhausted in the particle production. As a
result, the integral

R
LET (x)dx of the Bragg Curve for NUC simulations is only 97% of the

projectile incident energy, whereas this integral is equal to the projectile incident energy for
EM simulations.

The influence of the nucleus-nucleus reactions on the dose deposition for 12C ions is very
similar as it can be observed on figure 22 which has been obtained for 290 MeV/u 12C ions
using the GEANT4 simulation framework. Only 50% of projectiles reach the Bragg Peak
(see left panel of figure 22), leading to a reduction of 50% on the energy deposition per
incident 12C at the Bragg Peak (right panel of figure 22). The ratio of 12C ions which do
not experience a nuclear interaction decreases exponentially with respect to the penetration
depth. As for protons, the locations of the Bragg Peaks are identical for EM and NUC
simulations. The

R
LET (x)dx integral is equal to 93% of the incident energy for NUC

simulations. The di↵erence compared to protons is the energy deposition tail beyond the
Bragg Peak. As for protons, the fragments emitted by the target nucleus have a very short
range and deposit their energy close to the collision location. The fragments emitted by
the fragmenting projectile have a velocity close to the projectile velocity and hence a longer
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150 MeV p beam 
on water 

Geant4 sim.

• Without Nucl. Int. 
• With Nucl. Int.

plot from: D. Cussol  “Nuclear Physics and Hadrontherapy” 23



Effects of Nuclear interactions for 12C

• Only 50% of the primary 12C 
ions reach the Bragg Peak 

• Nuclear interactions do not 
change the Bragg Peak 
position 

• Ions which do not experience 
a nuclear interaction 
decreases exponentially with 
the penetration depth 

• Fragments produced also 
from projectile 

• Lighter fragments will have a 
much longer range 
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Figure 22. Evolution of the primary 12
C ions ratio (left panel) and the mean LET for with 12

C

ions (right panel) with the penetration depth.

range. Due to the A/Z2 scaling of the ranges, fragments with a size close to the projectile
size (namely Z=3 to Z=6 fragments) will have a range close to the range of the projectile.
Lighter fragments will have a much longer range. The tail seen on figure 22, also called the
“fragmentation tail”, results mainly from the contribution of hydrogen and helium isotopes.

These simulations show clearly that the dose map is significantly changed when the
nucleus-nucleus collisions are taken into account.

B. Influence of the total reaction cross section

The occurrence of a nucleus-nucleus collision is driven by the total reaction cross section
�R. The number Nreactions of projectile which experience a nucleus-nucleus reaction when N
projectiles in a beam of surface S goes through a thickness dx of material (see figure 23) is:

Nreactions = N
Nt �R

S
(20)

where Nt is the number of target nuclei whose expression is;

Nt =
Na⇢Sdx

Mmol
(21)

where Na is the Avogadro’s number, ⇢ the material density and Mmol the material molar
mass. The variation dN of the number of projectiles which remain unchanged after a path
on length dx is then:

dN = �Nreaction = �N
Na⇢�R

Mmol
dx (22)

which leads to
N(x) = N0 e

�x/� (23)

with

� =
Mmol

Na⇢�R
(24)

The exponential decrease of the number of projectiles with the path length is directly
driven by the total reaction cross section �R. As an example, let us compute how many
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290 MeV/u 12C 
beam on water 

Geant4 sim.

• Without Nucl. Int. 
• With Nucl. Int.

plot from: D. Cussol  “Nuclear Physics and Hadrontherapy”
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Secondary particles multiplicity

• The produced 
fragments are 
mainly H and He 

• The one 
responsible of the 
tail beyond the 
Bragg Peak are 
produced in the 
entrance channel

Introduction Physics Nucleus-nucleus collisions Nuc. Phys. for hadrontherapy

Secondary particles multiplicities

Depth (mm)
0 20 40 60 80 100 120 140 160 180 200 220 240

C
12

N
b/

0

0.2

0.4

0.6

0.8

1
Particle multiplicity

Z=1

Z=2

Z=3 (*10.0)

Z=4 (*10.0)

Z=5 (*10.0)

Z=6

GEANT4 simulationExperimental data (GSI)

E.Haettner, H. Iwase, and D. Schardt,
Radiat. Prot. Dosim. 122 (2006) 485–487

12C in water at 290 MeV/u

EJC 2011 Nuclear Physics and Hadrontherapy. 46/73

plot from: E. Haettner, H. Iwase, and D. Schardt, 
Radiat. Prot. Dosim. 122 (2006) 485–487 

25



Secondaries contribution to LET 

• The mean LET scales roughly 
like Z2 

• H and He contribution is weak 
despite the high multiplicity 

• Heavier secondary particles 
have a small contribution 
because of the smaller 
multiplicity 

• Beyond the B.P. LET is 
dominated by H and He

28

for particles having the same velocity. As a consequence, the mean LET value at depth x
is dominated by the mean LET of the carbon projectile. The contribution of the hydrogen
and helium isotopes to the mean LET remains weak even if their multiplicity is high. The
contribution of heavier secondary particles to the mean LET is weak due to their low relative
multiplicities. This explains why for the NUC simulations shown on figure 22 the mean LET
and the projectile number are reduced by roughly the same factor behind and at the Bragg
Peak compared to the EM simulations. Beyond the Bragg Peak, the mean LET is dominated
by the contributions of the hydrogen and helium isotopes.
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Figure 26. Mean LET value of secondary fragments for 12
C ions at 290 MeV/u (GEANT4 simu-

lations). The right panel is a zoom on the right panel on low LET values.

An estimation of the contribution of secondary particles to the mean LET value can
be seen on the figures 26. The right panel of this figure is a magnification of the figure
diplayed on the left panel on low LET values. These figures show the mean LET value of all
particles with respect to the penetration depth in liquid water. This has been obtain with
the GEANT4 framework for a 290 MeV/u 12C ion. The mean LET of secondary fragments
increases with the penetration depth and reaches at most ⇡ 7% of the mean LET value at the
Bragg Peak. Behind the Bragg Peak, the main contributors are the hydrogen, helium and
boron isotopes. Beyond the Bragg Peak, the mean LET value results from the contribution
of hydrogen and helium isotopes.

This study shows that the energy deposition is strongly a↵ected by the total reaction
cross section values. Nevertheless, the specific choice of the nuclear collision model used to
describe the nucleus-nucleus collision may have an influence on the computation of the dose.
Indeed, the relative multiplicity of secondary particles may change from a model to another
and hence modify the evolution of the mean LET with the penetration depth.

D. Influence of the nucleus-nucleus collision model on the dose computation

Since the contribution of secondary particles to the mean LET value is around 7% at the
Bragg Peak the nucleus-nucleus model may have a non negligible influence on the mean LET
value. In order to check this influence, di↵erent GEANT4 simulations have been performed
using di↵erent combinations of entrance channels and decay channels.
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An estimation of the contribution of secondary particles to the mean LET value can
be seen on the figures 26. The right panel of this figure is a magnification of the figure
diplayed on the left panel on low LET values. These figures show the mean LET value of all
particles with respect to the penetration depth in liquid water. This has been obtain with
the GEANT4 framework for a 290 MeV/u 12C ion. The mean LET of secondary fragments
increases with the penetration depth and reaches at most ⇡ 7% of the mean LET value at the
Bragg Peak. Behind the Bragg Peak, the main contributors are the hydrogen, helium and
boron isotopes. Beyond the Bragg Peak, the mean LET value results from the contribution
of hydrogen and helium isotopes.

This study shows that the energy deposition is strongly a↵ected by the total reaction
cross section values. Nevertheless, the specific choice of the nuclear collision model used to
describe the nucleus-nucleus collision may have an influence on the computation of the dose.
Indeed, the relative multiplicity of secondary particles may change from a model to another
and hence modify the evolution of the mean LET with the penetration depth.

D. Influence of the nucleus-nucleus collision model on the dose computation

Since the contribution of secondary particles to the mean LET value is around 7% at the
Bragg Peak the nucleus-nucleus model may have a non negligible influence on the mean LET
value. In order to check this influence, di↵erent GEANT4 simulations have been performed
using di↵erent combinations of entrance channels and decay channels.

plot from: D. Cussol  “Nuclear Physics and Hadrontherapy” 26
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Secondaries production

• The contribution of secondaries to mean LET is around 
7% at the Bragg Peak 

• The biological effectiveness depends also on the quality of 
the radiation 
 
 
 
 

• Predicting secondary production is crucial for monitoring

1868 U Amaldi and G Kraft

Figure 2. The structure of a proton and a carbon track in nanometre resolution are compared with
a schematic representation of a DNA molecule. The higher density of the secondary electrons,
produced by carbon ions, creates a large amount of clustered DNA damage.

highly protected by an extremely elaborate repair system so that DNA violations, like single
or double strand breaks, are rapidly restored. But when DNA is exposed to very high local
doses—where local refers to the scale of a few nanometres as shown in figure 2—the DNA
lesions become concentrated or clustered and the repair system fails to correct the damage. In
this case, the dose is more effective compared with sparsely ionizing radiation and the RBE is
larger than 1.

It has been shown, for carbon beams, that the location of elevated RBE coincides with
the Bragg maximum. In particular, for many cells and many biological reactions, the RBE
becomes definitely larger than 1 (i.e. these ions are much more effective than photons or
protons) when the LET becomes greater than about 20 keV µm−1, i.e. in the last 40 mm of
a carbon track in water or in biological tissue. While in the initial part of an approximately
20 cm range in matter (what is called by radiotherapists ‘the entrance channel’), the LET is
smaller than 15 keV µm−1 and the ionization density produces mostly repairable damage. The
reason why a LET of 20 keV µm−1 is so discriminating can be very qualitatively understood as
in a few nanometre thickness of a fibre, a few nanometres thick, made of a DNA helix and the
water molecules that surround it, 20 keV µm−1 corresponds to an average energy deposition
of 100–200 eV that causes, on average, the production of a dense cluster of 4–5 ionizations.

The LET values of light ions are summarized in table 2 for the range corresponding to
200 MeV protons (262 mm of water). One can see that the LET of carbon ions is larger than
20 keV µm−1 in the last 40 mm of their range in water, while for helium this only happens
in the last millimetre. For protons, the range of elevated effectiveness is restricted to a few
micrometres at the end of the range—too small to have a significant clinical impact. For ions
heavier than carbon the range of elevated RBE starts too early and extends to the normal tissues
located before the tumour. After the work done at Berkeley with neon and helium ions, in the
beginning of the 1990s, carbon ions were chosen as optimal for the therapy of deep-seated
tumours as the increased biological effectiveness, owing to the variation of the LET along the
track, could be restricted mainly to the target volume [21].

The RBE depends upon the position along the single-track Bragg peak and thus also
along a SOBP, as shown by the in vitro measurements reproduced in figure 3. To obtain a
flat ‘biological’ dose along the peak, it is necessary to have a non-uniform distribution of the
‘physical dose’, as shown in the left panel of figure 3.

The RBE effects are the combination of a physical effect, the ionization density, and of a
biological phenomenon, the DNA repair capacity of the cell. Because of the high effectiveness

image from: U. Amaldi and G. Kraft,  
Rep. Prog. Phys., vol. 68, no. 8, pp. 

1861–1882, Jul. 2005.
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Impact of range uncertainties

• Patient position 
uncertainties 

• CT imaging 
• HU to range conversion 
• patient motion 
• approximations in dose 

algorithms
EN-STI section meeting 8Jun. 2013
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TumourNormal Tissue Normal Tissue

Impact of range uncertainties
… due to, e.g.: 
• patient setup uncertainties 
• CT-imaging/calibration
• HU-to-range conversion
• inter-/intra-fractional motion 
• approximations in dose 
algorithms

MV photons

Protons/carbon ions

Larger risks for over-/under-dosage in ion beam therapy!
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algorithms

MV photons
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Larger risks for over-/under-dosage in ion beam therapy!
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• Larger risks for dosage in ion beam therapy
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• Beam monitoring is of utmost importance



Detectable signals

29



It is possible to use 
secondaries to infer the dose 

distribution

Interaction models are 
indispensable to link the 
secondaries detected with the dose 
distribution 30



Beam monitoring

• Several secondaries could be used: 
• β+ emitters 

• main are:  
• 11C (T1/2=20 min) 
• 10C (T1/2=20 sec) 
• 15O (T1/2=120 sec) 

• prompt g 
• charged light fragments 
• neutrons?

31



Dose Profiler

• Online monitor using 
secondaries rate 

• To be deployed in the  
CNAO treatment center 

• simultaneously measure the 
rate of: 
• charged particles with 

multilayer for track 
reconstruction 

• single photons with 
compton camera

32



MONDO 
MOnitor for Neutron Dose for hadrOntherapy

• Fast (100 MeV - Ebeam) neutron tracker 

• Using double elastic scattering

6

ORTHOGONAL PLANES 
X-Y

proton

photons

neutron

Using double elastic scattering

NEUTRON TRACKER
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Correlation between activity and dose

• Nuclear interaction are below threshold before the BP

Introduction Physics Nucleus-nucleus collisions Nuc. Phys. for hadrontherapy

Dose control by using �

+ emitters

protons at 140 MeV 12C at 259.5 MeV/u

PMMA Target

The main �+ emitters are 11C(T1/2 = 20.3mn), 10C(T1/2 = 19.3 s) and
15O(T1/2 = 121.8 s).

K. Parodi Ph.D. thesis (2004) Technische Universität Dresden, Fakultät Mathematik und Naturwissenschaften

EJC 2011 Nuclear Physics and Hadrontherapy. 62/73

34

pl
ot

s 
fro

m
: K

. P
ar

od
i P

h.
D.

 th
es

is 
(2

00
4)

 

MC needed

Target fragmentation Projectile and target 
fragmentation



Beam monitoring

• Activities 2/3 orders of magnitude smaller than diagnostic  
 

• High efficiently detector needed 

Correlation between  
activity and dose 

Projectiles & target 
fragmentation 

Target fragmentation 
Example of β+ 

MC  
NEEDED 
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Experimental methods

36



The Energy in the Bragg peak region

• A C beam with 300 MeV/u (typical therapy energy) close 
to the Bragg peak has roughly 1/10 of the Energy

37



CHAPTER 2. EXPERIMENTS 18

pressure inside the scattering chamber was kept around 10−5 mbar, which was
achieved through the following procedure. First a rotary pump was switched
on to pump down the chamber to a pressure of 1 mbar, after which a turbo
pump was used to reach a pressure of 10−3 mbar. At this pressure a cryogenic
pump was used to reach a pressure of 10−5 mbar. In order to protect the Si
detectors while under vacuum, a holding bias of 10% of the operating bias was
applied. A typical arrangement of the experimental set-up for the correlation
experiment, is shown in Fig. 2.2.

Figure 2.2: The A-line scattering chamber showing the experimental setup with
detectors mounted on the rotatable arms and the target ladder at the centre

2.2.4 Targets

The targets were mounted on the ladder, which can house five different targets,
as shown in Fig. 2.3. The δ-electrons released from the target are deflected
away from reaching the detector by means of high voltage supplied to the
target ladder and by permanent magnets mounted on both sides of the target
ladder (see Fig. 2.3). The target angle can be changed by rotating the target
ladder clockwise or anti-clockwise. The change in the target angle allows the

Stellenbosch University  http://scholar.sun.ac.za

Fragmentation experiments
Introduction Physics Nucleus-nucleus collisions Nuc. Phys. for hadrontherapy

Fragmentation experiments

E600 experiment at Ganil (IPN Lyon, IPHC Stasbourg, LPC Caen)

12C at 95 MeV/u
on thick

PMMA targets

EJC 2011 Nuclear Physics and Hadrontherapy. 58/73

E600 experiment at Ganil  
12C at 95 MeV/u on thick 

PMMA targets 

iThemba experiment 
12C at 33 MeV/u on 

thin targets
38



Particle identification
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Particle identification
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Figure 4.7. Energy deposition in �E1 as a function �E2. Data from the MC simulation.
The black line is the expected energy deposition from a. The red line delimits the selected
region.
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Figure 4.8. As in figure 4.7 the plot shows the response of �E1 as a function of �E2 but
here only the energy deposition due to the a’s is taken into account. The color code is
the same of figure 4.7.

MC (FLUKA)  
simulation

a passing through DE2 detector

a stopped in the DE2 detector
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FOOT FragmentatiOn Of Target

• Will measure p->H,C,O fragment production at 100-200 MeV 
• The elastic interaction and the forward Z=1 fragment production 

(p,d,t) are quite well known.  
• Large uncertainty on large angle Z=1,2 fragments 
• Missing data on heavy fragments 

41

p-> C, p->O scattering @200 MeV

The elastic interaction and the forward Z=1 fragment 
production (p,d,t) are quite well known. Large uncertainty on 
large angle Z=1,2 fragments.
Missing data on heavy fragments. Unreliable nuclear models   

“Heavy” (A>4) 
fragment yields 
and  emission 
energy ~ unknown
Very low energy-
short range 
fragments. 
MCs confirm this 
picture
Nuclear model & 
MC not reliable

Cancers	2015,7	Tommasino &	Durante

Analitic model	results	on	p->O	@200	MeV

7



Shooting the patient on the beam!

• Very low energy                     short range fragments 
• Inverse kinematic strategy:  
• Use as beams the ions that are the constituents of the patient 

(mainly 16O, 12C) with Ekin/nucl in the 100-200MeV.  
• Use twin targets made of C and polyethylene (C2H4)n and obtain 

the H target result from difference  

• Apply the reverse boost with the well known b of the beam  

• The fragment direction must be well measured in the Lab frame 
to obtain the correct energy in the Patient frame 

42

p-> C, p->O scattering @200 MeV

The elastic interaction and the forward Z=1 fragment 
production (p,d,t) are quite well known. Large uncertainty on 
large angle Z=1,2 fragments.
Missing data on heavy fragments. Unreliable nuclear models   

“Heavy” (A>4) 
fragment yields 
and  emission 
energy ~ unknown
Very low energy-
short range 
fragments. 
MCs confirm this 
picture
Nuclear model & 
MC not reliable

Cancers	2015,7	Tommasino &	Durante

Analitic model	results	on	p->O	@200	MeV

7

Shooting a proton with a given b (for instance 
Ekin=200 MeV b=0.6) on a patient (i.e. at 98% a 
H,C,O nucleus) at rest gives little detection 
opportunity... 

let’s shoot a b=0.6 patient ( i.e. O,C beam) on a 
proton at rest and measure how it fragments 



a fragments

• Many experiments showed that 
low mass projectiles produce a 
large number of a 

• Mostly emitted in the forward 
direction  

• Broad peak with a mean energy 
corresponding to beam velocity

plot from: E. Gadioli et al. “Alpha particle emission in the interaction 
of C-12 with Co-59 and Nb-93 at incident energies of 300 and 400 
MeV,” Nuclear Physics A, vol. 654, no. 3, pp. 523–540, 1999.

double differential a spectra 
for 12C on 93Nb at 33 MeV/u

beam velocity
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a fragments

• A large fraction of these a’s is 
produced in the reaction:  
12C -> 8Be + 4He 

• 8Be decays almost immediately in 
two 4He 

• Therefore the 4He could be 
produced when one of the two 
fragments fuses with the target or in 
quasi-elastic break-up

plot from: E. Gadioli et al. “Alpha particle emission in the interaction 
of C-12 with Co-59 and Nb-93 at incident energies of 300 and 400 
MeV,” Nuclear Physics A, vol. 654, no. 3, pp. 523–540, 1999.

double differential a spectra 
for 12C on 93Nb at 33 MeV/u

beam velocity
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Contribution to a spectra

536 E. Gadioli et al./Nuclear Physics A 654 (1999) 523-540 
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Angular distributions

• Heavy fragments are mainly 
emitted in the beam direction 

• p are more isotropic 
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Monte Carlo methods

47



MC for hadrontherapy

• Each particle is tracked and its interactions are sampled 
from probability distributions 

• Energy losses, scattering and nuclear interactions are 
modeled 
 

• Chemical composition of tissues (no water equivalent 
approach) 

• Include effects of heterogeneities 

EN-STI section meeting 11Jun. 2013

Each particle history is sampled individually from probability distributions!

More similar to nature! → Results in an accurate description of physical processes!

Modelling: energy losses, scattering, nuclear interactions, ... along the way.

+ Potentially the most accurate method for dose calculations
   (Reproduce faithfully physical interactions)

+ Real atomic composition of tissue 

   (no water-equivalent approach!)
+ Include naturally effects of heterogeneities 
   (no assumptions about radiation equilibrium!) 
+ In general: less approximations

“Monte Carlo dose calculation is considered to be the most accurate method to 
compute doses in radiation therapy.” 

Monte Carlo for RT – the gold standard

AAPM Task Report by Chetty et al. 2007, Med. Phys.
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AAPM Task Report by Chetty et al. 2007, Med. Phys. 

“Monte Carlo dose calculation is considered to 
be the most accurate method to compute 

doses in radiation therapy.” 
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Fluka

• A general purpose tool for  
calculations of particle transport  
and interactions in matter 

• Already successfully used  
in hadron therapy at CNAO, HIT 
and Massachusetts General 
Hospital for Treatment Planning 
commissioning, verification and 
b+ activity prediction  

50



Geant4

• Geant4 is a comprehensive Monte 
Carlo (MC) toolkit that describes 
the passage and the interactions 
of particles through matter 

• It has a dedicated package for 
modeling early biological damage 
induced by ionizing radiation at the 
DNA scale (Geant4-DNA)

user example, named “extended/medical/dna/clustering”. To check
the consistency of this new clustering algorithm, results of
simulations performed under the same conditions as those of Francis
et al. are presented. A box of 1 μm × 1 μm × 0.5 μm made of liquid
water is irradiated with protons with energy ranging from 500 keV
to 50 MeV. Simulations are performed using the default
“G4EmDNAPhysics” physics constructor. The probability that an in-

teraction point falls within a sensitive region is fixed to 0.2 (Francis
et al. have used a value of 0.16), and the probability that the energy
deposit induces a damage varies linearly between 5 eV and 37.5 eV
(as in Francis et al.). The maximum limit distance to merge points
was tuned to reproduce the DSB/SSB ratio published for DBSCAN
[89] and PARTRAC [90]. We found that this distance could be set
at 3.3 nm to reproduce published data, as presented in Fig. 10a,
whereas Francis et al. used 3.2 nm. These differences may be at-
tributed to the difference between physical models as we found that
the distance criterion in our algorithm was dependent on the elastic
scattering model. In addition to the number of single, complex single
and double strand breaks, our clustering user application stores the
cluster size distribution corresponding to the result of the merging
procedure as presented in Fig. 10b.

Figure 7. The 5-compaction levels of the DNA molecule description used in the example “extended/medical/dna/wholeNuclearDNA”: double helix around the histone protein
(nucleosome) (two views on top row), B-type chromatin fiber (center row), chromatin loops (bottom left row) and chromosome territories within an ellipsoidal cell nucleus
(bottom right row). Geometry implementation is further described in [80].

Figure 8. Two linked nucleosomes in a newly developed Geant4 geometry of the
DNA molecule.

Figure 9. Rendering of the atomistic view of a dinucleosome irradiated by a single
100 keV proton using the “extended/medical/dna/pdb4dna” Geant4-DNA example
(see details in [81]).

871M.A. Bernal et al./Physica Medica 31 (2015) 861–874

atomistic view of a dinucleosome 
irradiated by a single 100 keV proton 
Image from M. A. Bernal et al Physica Medica, vol. 31, no. 8, 

pp. 861–874, Dec. 2015.
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Geant4 models for the entrance channel

• Binary Intra-nuclear Cascade (BIC) “participating” 
particles, are tracked in the nucleus. The interactions are 
between them and an individual nucleon of the nucleus. 

• Quantum Molecular Dynamics (QMD) all the nucleons 
are considered as “participants”, scattering between them 
is included 

• Liège Intranuclear Cascade (INCL++) The nucleons 
are modeled as a free Fermi gas in a static potential well. 
The particles are assumed to propagate along straight-
line trajectories until an interaction
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Geant4 models for the exit channel

• Evaporation Model associates the probability that a nucleus with A 
nucleons emits one of them, remaining with A-1 nucleons, to the 
probability that the produced nucleus, with A-1 nucleon, captures 
the nucleon in object 

• Generalized Evaporation Model (GEM) same approach of the 
previous one, but it takes into account the emission of fragments 
heavier than α particles and uses a more accurate level density 
function, based on the Fermi gas model 

• Fermi Break-up considers the decay of an excited light (Z<9 and 
A<17) nucleus into several stable fragments. The break-up 
probabilities for each decay channel are calculated by considering 
the n-body phase space distribution
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Problems in Geant4 below 100 MeV/A

• Braunn et al. have shown 
discrepancies up to one order of 
magnitude in 12C fragmentation at 
95 MeV/A on thick PMMA target  

• De Napoli et al. showed 
discrepancy specially on angular 
distribution of the secondaries 
emitted in the interaction of on 62 
MeV/A 12C  thin carbon target 

• Dudouet et al. found similar 
results with a 95 MeV/A 12C beam 
on H, C, O, Al and Ti targets

Cross section of the 6Li production at 2.2 
degree in a 12C on 12C reaction at 62 MeV/A.

[Plot from De Napoli et 
al. Phys. Med. Biol., vol. 

57, no. 22, pp. 7651–
7671, Nov. 2012]

• Exp. data
• BIC 
• G4QMD
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[exp. data from De Napoli et al. 
Phys. Med. Biol., vol. 57, no. 22, 

pp. 7651–7671, Nov. 2012]

double differential spectra of 4He production 
for 12C on natC at 62 MeV/u



GeNIALE - Geant Nuclear Interaction At Low Energy

GeNIALE 
Geant Nucleat Interaction At Low Energy

• Benchmark and improve the capacity of Geant4 to 
simulate nuclear fragmentation in the energy 
range below 100 MeV/A

• Implementing in Geant4 a new model for the first 
stage of the interaction between a hadron -or a 
nucleus- and a target nucleus 

• Such a model will be coupled with the models 
already existing in Geant4 for the second stage, 
and with the Geant4 framework in general 
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GeNIALE - Geant Nuclear Interaction At Low Energy

Suitable models

• Boltzmann-Uehling-Uhlenbeck (BUU)  
• describes the time evolution of the density distribution 

• Boltzmann-Langevin (BL)  
• BUU plus fluctuations in the nucleon-nucleon collisions 

• Antisymmetrized Molecular Dynamics (AMD)  
• reproduce the molecular dynamics in the nuclear field 
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GeNIALE - Geant Nuclear Interaction At Low Energy 58

Blob and Twingo

Blob Twingo100 test particles per nucleon  
12C on 12C at 62 MeV/n



FRED

• MC TPS with GPU
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GeNIALE - Geant Nuclear Interaction At Low Energy

Suitable models
• Boltzmann-Uehling-Uhlenbeck (BUU) model  

• describes the time evolution of the density 
distribution  

• involves the implementation of an effective 
attractive mean-field nuclear interaction 

• mean-field is self-consistent, depends on the 
density 

• includes two-bodies correlations through 
nucleon-nucleon collisions

61



GeNIALE - Geant Nuclear Interaction At Low Energy

Suitable models

• The Boltzmann-Langevin (BL) model  
• an enhancement of the BUU 
• adds some fluctuations in the dynamics treating 

the nucleon-nucleon collisions as a stochastic 
process 
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GeNIALE - Geant Nuclear Interaction At Low Energy

Suitable models
• Antisymmetrized Molecular Dynamics (AMD) or Fermionic 

Molecular Dynamics (FMD).  
• stochastic models  
• try to reproduce the molecular dynamics in the nuclear field 
• the many-body state is represented as an anti-symmetrized 

product of single particle gaussian wave packets 
• better description of fermionic systems with respect to QMD 
• different correlations with respect to BL because of the 

gaussian wave packet (there is a greater localization of the 
nucleons)
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Missing LET

• When a projectile of mass MP with kinetic energy TP hits a 
target with mass MT the Energy conservations laws is:  

• Defining: 

• So that:

MP c
2 + TP +MT c

2 =
X

Fi

MFic
2 + TFi

Q = MP c
2 +MT c

2 �
X

Fi

MFic
2

X

Fi

TFi = TP +Q
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Missing LET

• For small nuclei  
(< Iron) Q is negative 

• The sum of kinetic 
energies is smaller 

• The total LET is 
smaller than the 
initial kinetic energy 
of the projectile

image from Pearson 
Education  website
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