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Particle Therapy (PT)

2

Photons       

Protons  
(107 MeV)

Carbon Ions 
(200 MeV/u)

Bragg Peak

Tail

PT is a non-invasive technique for deep or radio-
resistant tumor treatments performed with protons 
or light ions, aiming to deliver a high precision 
treatment. Compared to conventional radiotherapy, 
ions allow for a higher dose deposition in the tumor 
region while sparing the surrounding healthy tissue.

The biological damage is 
related to the absorbed 

energy, ionization density 
and type of projectile used.

Depth in water [mm]
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Particle Therapy (PT)
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To cover the entire tumor volume, an overlap of beams at different energies is used obtaining a wider irradiation 
profile:

SOBP (Spread Out Bragg Peak)

{Tumour

proton treatment
(2 proton beams)

photon treatment
(5 photon beams)

S. H. Lin, in Cancer, Volume 3 (2011), pp. 490-4101

Dose release control at 
the min level demands 
for an accelerator 
control sys tem of 
absolute precision and 
reliability since benefit 
for the patient can only 
be achieved if the 
treatment is delivered 
exactly as planned.
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Accelerators 
Parameters: 

Fluences for each 
beam spot

Treatment Planning System

4

TPS

Patient anatomic data 
(CT, MRI, PET)

Physician 
Prescription

Table of:  
✤ dE vs Ebeam , x, y, z 
✤ RBE vs Ebeam, dE, x, y, z
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Features of the accelerator

5

type of projectile (mostly protons or carbon ions);
presence of ripplefilter (to scatter the beam);
number of different energies needed;
total number of particles;
For each energy: number of particles, position, intensity, 
FWHM and direction of the beams.

…
~50 patients a day: for each one a 
patient-specific set of particle beams 
is needed.

Exam
ple of raster file of CN

A
O

TPS provides to the accelerator control system an input file, called raster file, 
with information about:
CN

A
O
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ANALYTIC TPS
❖ Fast (~ 1 h/core, minutes on GPU)
❖ Simplified beam-body interaction model using a 3D water equivalent 

representation of the patient morphology

Routinely used in PT treatment 

Only used to check treatment plans for a restricted number of difficult cases

Treatment Planning System

6

❖ Slow (~ days/core)
❖ Explicitly take into account the details in the interaction of particles 

with human tissues

MC TPS (for instance FLUKA and TOPAS/Geant4)
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❖ Slow (~ days/core)
❖ Explicitly take into account the details in the interaction of particles 

with human tissues

ANALYTIC TPS
❖ Fast (~ 1 h/core, minutes on GPU)
❖ Simplified beam-body interaction model using a 3D water equivalent 

representation of the patient morphology

Routinely used in PT treatment 

MC TPS (for instance FLUKA and TOPAS/Geant4)

Only used to check treatment plans for a restricted number of difficult cases

Treatment Planning System

6

❖ Fast (few minutes)
❖ Takes into account the details in the interaction of particles 

with human tissues that are needed for a TPS

NEW!!
FAST MC: FRED 

(Fast paRticle thErapy Dose evaluator)
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FRED as tool for quality control
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Analytic TPS are periodically tested to 
verify the software.

z x

y

For this purpose, the accelerator delivers 
the beams in a tank full of water 
following the TPS instructions and the 
dose is measured in different points of 
the target with ionization chambers.

FRED can be used to verify that the 
analytic TPS is correct comparing the 
two simulations instead of delivering 
the beam with the accelerator.

Quality assurance cube

measured

pointzo

om
ed

 in
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Carbon Therapy 

8

12C  (400 MeV/u) on water

❖ Mitigation and attenuation of the 
primary beam

❖ Different biological effectiveness of 
the fragments wrt the beam

❖ Different fragment ranges

Interest of CNAO and MedAustron for the use 
of FRED in carbon Therapy

FRED is already used in proton therapy as a quality assurance tool in the clinical center of Maastricht and Krakow and as a 
research tool at several clinical and research centers in Europe (Krakow, Trento, Maastricht, Lyon and PSI)

My PhD thesis!
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Features of a fast-MC code

9

I developed the code to balance dose release accuracy in the therapeutic energy, calculation time, and GPU execution 
guidelines:
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I developed the code to balance dose release accuracy in the therapeutic energy, calculation time, and GPU execution 
guidelines:

Already existent full-MC 
can not run on GPU

Code developed on scratch 
to run on GPU

Features of a fast-MC code
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I developed the code to balance dose release accuracy in the therapeutic energy, calculation time, and GPU execution 
guidelines:

Already existent full-MC 
can not run on GPU

Code developed on scratch 
to run on GPU

Where possible, the code 
was based on data

Features of a fast-MC code

Easily updatable! (waiting for i.e. results of FOOT experimet)
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I developed the code to balance dose release accuracy in the therapeutic energy, calculation time, and GPU execution 
guidelines:

Already existent full-MC 
can not run on GPU

Code developed on scratch 
to run on GPU

Where possible, the code 
was based on data

Generation made for 
different particles and for 
different energies Proj

Target

Features of a fast-MC code

Easily updatable! (waiting for i.e. results of FOOT experimet)

Double differential 
cross-section needed
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I developed the code to balance dose release accuracy in the therapeutic energy, calculation time, and GPU execution 
guidelines:

Already existent full-MC 
can not run on GPU

Code developed on scratch 
to run on GPU

Where possible, the code 
was based on data

Generation made for 
different particles and for 
different energies Proj

Target
Lack of experimental data 
at the energies of interest in 
medical physics

12C-12C

Dudouet. J. et al. Phys Rev C 88 (2013)

GANIL experiment

Features of a fast-MC code

Easily updatable! (waiting for i.e. results of FOOT experimet)

Double differential 
cross-section needed
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My PhD work

10

❖ Ionization energy loss (Bethe-Bloch, Gaussian approximation, Vavilov and Landau 
distributions)

❖ Multiple Coulomb Scattering ( theory of Moliére adding a scaling factor following 
Fippel and Soukup approach)

❖ Nuclear Model (phenomenologic approach based on Ganil measurement at 95 MeV/u):
๏ Coefficient of mass attenuation to decide when there is an elastic and non-elastic 

event. Based on data found in literature;
๏ Sampling of the fragments and their energy and angle distributions. Based on  

double differential cross-section measurements; 

❖ Biological Dose and Relative Biological Effectiveness (LEM1 model)

Beam

Beam 

and 

Frag.

Dbio

and RBE
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My PhD work

10

Comparison with :
❖ full MC (FLUKA);
❖ experiments found in literature.

Beam

Beam 

and 

Frag.

Dbio

and RBE

Result

❖ Ionization energy loss (Bethe-Bloch, Gaussian approximation, Vavilov and Landau 
distributions)

❖ Multiple Coulomb Scattering ( theory of Moliére adding a scaling factor following 
Fippel and Soukup approach)

❖ Nuclear Model (phenomenologic approach based on Ganil measurement at 95 MeV/u):
๏ Coefficient of mass attenuation to decide when there is an elastic and non-elastic 

event. Based on data found in literature;
๏ Sampling of the fragments and their energy and angle distributions. Based on  

double differential cross-section measurements; 

❖ Biological Dose and Relative Biological Effectiveness (LEM1 model)
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Coefficient of Mass Attenuation
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Takechi M. et al. Phys. Rev. C 79.6 (2009)

Zhang H. Y. et al. Nucl. Phys. 707 (2002)

Kox S. et al. Nucl. Phys. 420 (1984),  Phys. 
Letters 159 (1985)

Elastic cross-section
Obtained from a fit on data 
and using the Ranft model;

Beam 

and 

Frag.

ENDF/B-VII Incident-Proton Data

ICRU (International Commission on Radiation 
Units & Measurements)

Non-elastic cross-section
σ(C-C) and σ(C-H) obtained 

from a fit on data;

Carbon ion on water target
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Non-elastic cross-section
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Takechi M. et al. Phys. Rev. C 79.6 (2009)

Zhang H. Y. et al. Nucl. Phys. 707 (2002)

Kox S. et al. Nucl. Phys. 420 (1984),  Phys. 
Letters 159 (1985)

ICRU (International Commission on Radiation 
Units & Measurements)

Non-elastic cross-section
σ(C-C) and σ(C-H) obtained 

from a fit on data;

C C

Fit on σ(C-C) data Fit on σ(C-H) data

Beam 

and 

Frag.
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Non-elastic cross-section
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Non-elastic cross-section
σ(C-C) and σ(C-H) obtained 

from a fit on data;

C C

σ(C-Ca) and σ(C-O) obtained starting from σ(C-C) and 
scaled with the Kox formula (σK).

Cross-sections in FRED

Beam 

and 

Frag.

Kox S. et al. Phys Rev C 35 (1987)
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Generating a fragmentation event
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CH (Ganil)

CO (Ganil)

CC (Ganil)

P
ro

ba
bi

lit
y 

What do we have? GANIL’s probability of emission 

Fragmentation experiment of 12C beam @95MeV/u on different thin targets  (C, CH2, 
Al, Al2O3, Ti, and PMMA). The only experiment which provides double differential 
cross-section at the energy of interest of PT.

sim
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 w
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D
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Beam

Target

Telescopes

Beam 

and 

Frag.
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If Ganil probabilities would be used 
directly for the fragments sampling the 
final fragments’ distribution would be 
different from that one measured by 
Ganil due to the sampling procedure.

Beam 

and 

Frag. Generating a fragmentation event

Extraction checking mass 
and charge conservation

Input = Ganil probabilities

FRED

Output = Ganil probabilities

CH (Ganil)

CO (Ganil)

CC (Ganil)

P
ro

ba
bi

lit
y 

of
 G

an
ilIn the Ganil experiment only 4 telescopes detected fragments 

simultaneously, doing different measurements changing their 
position. The probabilities obtained do not take into 
consideration the correlation between the set of fragment 
produced.

D
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 8

8 
(2

01
3)

Beam

Target

Telescopes

We do not know if it is a projectile 
or target fragment and if, for 
example, a 4He has been produced 
together with other two 4He or 
with two protons and a 6He or 
other combinations.
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Beam 

and 

Frag. Generating a fragmentation event
CH (Ganil)

CO (Ganil)

CC (Ganil)

P
ro

ba
bi

lit
y 

of
 G

an
il

CH (FRED)

CO (FRED)

CC (FRED)

N
ew

 in
pu

t P
ro

ba
bi

lit
y 

Extraction checking mass 
and charge conservation

Input = NEW probabilities

Output = Ganil probabilities

FRED

Use of an iterative formalism to have the same generating 
probability of the Ganil experiment.

Minimization of the χ2 to obtain the 
best set of probabilities in input:

= experimental prob. Ganil
= generating prob. FRED
= uncertainty relative to

In the Ganil experiment only 4 telescopes detected fragments 
simultaneously, doing different measurements changing their 
position. The probabilities obtained do not take into 
consideration the correlation between the set of fragment 
produced.
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Sampling of energy and angular distribution
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O
xy

ge
n 

ta
rg

et

Bidimensional fits on GANIL data show that the distribution is composed of:
❖ a gaussian function (projectile fragmentation) ;
❖ an exponential function (target fragmentation).

Beam 

and 

Frag.
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The projectile particles used in particle therapy proceed at relativistic velocities and, consequently, the interaction with the 
target takes place in the same relativistic condition. Using the inverse kinematics approach it is possible to switch from the 
laboratory reference system to the one of the projectile.

E[MeV/u]

1H

1H

E[MeV/u]

4He

4HeLorentz  
Transformation

Lorentz  
Transformation

E[MeV/u] E[MeV/u]

projectile

target
Vl

Laboratory system Projectile system 

target’s 
fragments

projectile’s 
fragments

vl =0 projectile

targetVl =0

vl

target’s 
fragments

projectile’s 
fragments

Before the collision

After the fragmentation After the fragmentation

Before the collisionLorentz 
trans.

Sampling of energy and angular distributionBeam 

and 

Frag.

Lorentz 
trans.

Taking the Gaussian component of the 
energy distribution and applying a Lorentz 
transformation, an exponential distribution 
is obtained.
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Energy and angular distribution of GANIL correspond to 
a 95 MeV/u beam. 
Extrapolation of new energy and angle:

Beam 

and 

Frag. Sampling of energy and angular distribution

energy conservation

k=1

k=1

k=0

k=0

FRED SIMULATION (12C-water)

Sum of energy 
of all 
fragments 
emitted in an 
event over the 
energy of the 
incident particle

Sum of energy 
of charged 
fragments 
emitted in an 
event over the 
energy of the 
incident particle



Micol De Simoni                                   PhD  thesis discussion                                   29/04/2021

Fragmentation

18

Using Kox’s cross-section to build a 
cumulative distributions.

The code reads probability tables built to 
have the same generating probability of the 

GANIL experiment

Based on 
GANIL data
 (next slide)

12C
6Li

3H
3H

3He
4He

5B

Proj

Target

NO

YES

NO YES

NO

YES

Creating new particles and 
tracking them with FREDEnergy conservation?

Mass and charge conservation?

Sampling of energy and angle 
of new fragments

Sampling of the target

Sampling of the fragments

Extrapolation to different beam 
energy

Fragments from the projectile Fragments from the target

Mass and charge conservation?

Beam 

and 

Frag.
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Validation of the model 

19

beam

Result

Depth Dose Distribution of single pencil beam of 12C in water

Without 
the nuclear 
model in 

FRED

100 MeV/u
200 MeV/u

300 MeV/u

Where I started..
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beam

Result

Depth Dose Distribution of single pencil beam of 12C in water

Differences at peak:
@100MeV/u 0.05%
@200MeV/u 1.4%
@300MeV/u 4.8%

Differences total dose:
@100MeV/u 0.05%
@200MeV/u 0.4%
@300MeV/u 2.5%

With 
the nuclear 
model in 

FRED

.. where I arrived!

100 MeV/u

200 MeV/u

300 MeV/u

Validation of the model 
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100 MeV/u 200 MeV/u 300 MeV/u

Result

Lateral distribution at Bragg Peak of single pencil beam of 12C in water

With 
the nuclear 
model in 

FRED

.. where I arrived!

Validation of the model 
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Result

1e-12 Longitudinal integrated dose

0 5 10 15 20 25 30
z [cm]

  4

    3

    2

   1

    0

 5 FRED
FLUKA

D
[G

y]

D
[G

y]

Target = water
beams @200 MeV/u

1e-11 Longitudinal integrated dose

0 5 10 15 20 25

0.8

0.6

0.4

 0.2

    0

1.0

1.2

1.4
FRED
FLUKA

z [cm]

D
[G

y]

Longitudinal integrated dose1e-11

0 5 10 15 20 25 30

FRED
FLUKA  4

    3

    2

   1

    0

 5

z [cm]
D

[G
y]

1e-111e-11 Longitudinal integrated dose

0 2.5 5 7.5 10 12.5 15 17.5 20

1.5

1.0

 0.5

    0

2.0

2.5

3.0 FRED
FLUKA

z [cm]

D
[G

y]

Study of the 
secondary 

fragmentation

4He 6Li

10B7Be

With 
the nuclear 
model in 

FRED

Validation of the model 
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…

Accelerator quality control 

22

Difference 
always within 

1.7%

SOBP from CNAO raster file
3 cm side Cube at a depth of 7 cm

Combination of:
Beams at 14 different energies from 186.57 to 223.56 MeV/u,  
for each energy 225 beams in different positions. 
Spacing: 2 mm in x,y and z.

Result
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Gamma-index

23

γ-index 2mm/3% Reference Map (FLUKA) Evaluation Map (FRED)

Result
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Gamma-index

23

γ-index 2mm/3% Reference Map (FLUKA) Evaluation Map (FRED)

Result
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Gamma-index

23

γ-index 2mm/3% Reference Map (FLUKA) Evaluation Map (FRED)

Result
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Gamma-index

23

γ-index 2mm/3% 

D= dose (Dr of the reference map, De of the evaluation map)
r = position of the evaluated point (rr of the reference map, 
re of the evaluation map)

Reference Map (FLUKA) Evaluation Map (FRED)

Result
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Gamma-index

23

γ-index 2mm/3% 

D= dose (Dr of the reference map, De of the evaluation map)
r = position of the evaluated point (rr of the reference map, 
re of the evaluation map)

Reference Map (FLUKA) Evaluation Map (FRED)

pass rate ≥ 92%
clinical acceptance

γ≤1 = test passed
γ>1 = test NOT passed

PASSEDNOT PASSED

Result
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Result SOBP from CNAO raster file
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SOBP from CNAO raster file

24

γ-index

Gamma-index  2mm/3%

pass-rate: 93.3%


(Dose threshold 1%)

Result
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Biological Dose & Relative Biological Effectiveness

25

Dbio

and 

RBE.

A given amounts of dose has effects on the cell that depends on the radiation.

Dx = the dose of a photon radiation to cause the 
same damage of a ion radiation (Di).

Parameters α and β are strongly 
correlated to the type of radiation 
which release dose and its energy.

d=0.3nm

12C beam

d=2nm

p beam

Isoeffect

RBE depends on the fragments and on their energy spectrum.
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LEM 1 

26

Dbio

and 

RBE.

α and β from
 TO

PA
S database

The LEM 1 (Local Effect Model) has been implemented in FRED.

During tracking
For each energy deposition, 
scoring of:
❖ D (dose)
❖ α•D
❖ √β•D

At the end of the simulation
For each voxel, calculation of:

For each voxel, calculation of:

For each voxel, calculation of:

The principal assumption of the 
LEM 1 is that the total biological 
effect can be calculated using the 
scoring the  local biological effect of 
all the particles that release dose.

A wrong choice of the set of 
fragments emitted can lead to a 
wrong biological dose also if the 
dose distribution is correct.
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Biological DoseResult

Transverse profile (x=0)
Dose of 12C on water

Transverse profile (x=0)
Biological dose

LEM 1 

Biological Dose

Biological Dose
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Biological DoseResult

Transverse profile (x=0)
Dose of 12C on water

Transverse profile (x=0)
Biological dose

LEM 1 

Biological Dose

Biological Dose

Gamma-index  2mm/3%

pass-rate: 93.1%

Threshold: 10%
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Comparison with GANIL experiment

28

sim
ul

at
ed

 w
ith

 F
RE

D

A simulation of a 12C beam on a target of 
12C has been compared with data. The 
probabilities of emission of each fragment 
and the double differential cross-sections 
have been compared.

Neutrons are not shown because in the 
G A N I L e x p e r i m e n t o n l y c h a rg e d 
fragments were detected.

For what concern 12C, even if in the experimental data the cross-section of production of this isotope is reported, 
physically it is not a production of fragmentation but a projectile scattering. For this reason, it is not shown in the figure.

Result
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Comparison with GANIL experiment

29

angle [degree]

FRED
GANIL
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1H FRED
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FRED
GANIL
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GANIL

6Li
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6Li - 4°
FRED
GANIL

Result
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Conclusions
Implementation of an entirely new nuclear interaction model of carbon on light target nuclei in the fast MC 
FRED. Thanks to it will be possible to run a complete TPS within minutes instead of days with the precision 
level of a full-MC.

Test of the model against the full-MC code FLUKA: excellent agreement.
Single PB: always within 2.5% of the total dose deposited in single pencil    beams in the 100÷300 MeV/u 
energy range;
SOBP: agreement of the dose distribution within 1.7% and the gamma-index 2mm/3% pass rate 93.3%;
Biological dose and the RBE in good agreement with FLUKA. 

Comparison with experiments: good agreement.
GANIL experiment;
Haettner experiment.

Next steps: 
Port the model on GPU: A scaling from the proton version allows to estimate that the tracing kernel, 
running on GPU hardware, can achieve order of  million primary per second on a single card.
Comparison of the accuracy of FRED dose recalculation with the CNAO TPS for carbon therapy to 
achieve clinical validation.
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Publications
33 publications
(+2 in PRESS) 

h-index 5
in 3 years of research 

activity
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Conferences

Oral Presentations
❖ Nov. 2020, IEEE Nuclear Science Symposium and Medical Imaging Conference - Online/Virtual, “In vivo verification of carbon ion therapy treatments at CNAO by 

means of charged fragments detection” 
❖ Sept. 2019, International Conference on Medical Accelerators and Particle Therapy - Seville (Spain), ”A data-driven nuclear fragmentation model for a fast Monte-Carlo 

code, FRED, in Particle Therapy with Carbon beams”
❖ Jun. 2019, 10th Young Researcher Meeting - Rome (Italy), "FRED: a fast Monte Carlo code on GPU for quality control in Particle Therapy”
❖ Jan. 2019, 57th International Winter Meeting on Nuclear Physics - Bormio (Italy), "The Dose Profiler tracker: an online Particle Therapy monitor” 
❖ Sept. 2018, Società italiana per le ricerche sulle radiazioni - Roma (Italy), "In-room characterization, using an anthropomorphic phantom, of a novel detector for on-line 

dose monitoring in light ions cancer therapy" )
Posters Presentations
❖ Nov. 2020, IEEE Nuclear Science Symposium and Medical Imaging Conference - Online/Virtual, “Fragmentation model for Treatment Planning System of carbon ions 

implemented in a fast MC code (FRED)” 
❖ Nov. 2020, IEEE Nuclear Science Symposium and Medical Imaging Conference - Online/Virtual, “Study of secondary neutron production in PT treatments using 

MONDO, an innovative ultra-fast neutrons tracker” 
❖ Sept. 2018, Società italiana per le ricerche sulle radiazioni - Roma (Italy), “Applications in Particle Therapy of FRED, a fast Monte Carlo code on GPUs for energy 

deposition of proton beams in matter" 
❖ Sept. 2019, International Conference on Medical Accelerators and Particle Therapy - Seville (Spain), ”Spectrum and flux measurements of secondary ultra-fast neutrons 

produced in Particle Therapy treatments using the innovative MONDO tracker”

9 presentations  at international conferences 
(5 oral presentations and 4 poster presentations)



Thank you for your attention 
Any questions?



Backup
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Dose
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Linear Energy Transfer
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Requirements for particle therapy
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Performance of FRED tracking protons

Hardware Primary/s μs/primary

FLUKA/
GEANT4 single CPU core 0.75 k 1340

FRED single CPU core 15 k 68

FRED single GPU card (NVIDIA GTX 980) 5000 k 0.2

Primary/s ∝ #GPUs

[1]De Simoni M. et al. Journal of Physics: Conference Series 1548 (2020)
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Multiple Coulomb Scattering 

[285 MeV/u]

[150 MeV]

carbon beam shows a lateral spread smaller than protons
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Multiple Coulomb Scattering 
Moliére theory with some assumptions:
❖ the target crossed by the particle beam is made of a single element;
❖ the material is thin enough that the energy of the particle can be considered constant;
❖ the scattering angle  with respect to the initial direction of the beam is small, to approximate sinθ with θ .

Single Gaussian approximation

The standard deviation θ was multiplied by a scaling 
factor fmcs.This factor was obtained by comparing 
FRED and FLUKA simulations of a single pencil beam 
in water in the mid of the therapeutic energy range 
and with nuclear interactions switched off.
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Multiple Coulomb Scattering 
To find the best value for the SRF, the error between 𝜎𝐹𝑅𝐸𝐷 and 𝜎𝐹𝐿𝑈𝐾𝐴 at 90% of Range is minimized
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Multiple Coulomb Scattering 
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Elastic cross-section

ENDF/B-VII Incident-Proton Data
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Elastic cross-section

Distribution of the angle of scattering, θl , of the proton and 
of the carbon int he laboratory system versus the angle in 
the center of mass, θc.

Distribution of the fraction of energy lost and gain after the 
elastic event, respectively by the carbon ion and by the 
proton in the laboratory system versus the angle in the 
center of mass, θc.
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Elastic cross-section

Fraction of energy loss and gain by the proton (green) 
and the carbon ion (blue) respectively. The result has been 
obtained by observing particles escaping from a thin 
target of hydrogen crossed by a carbon ion beam in a 
FRED simulation with the non-elastic event switched off. 
Primary carbon ions which were not affected by the 
elastic event have not been represented in the plot.

Scattering angle due to an elastic event for the proton (right) and 
the carbon ion (left) respectively. The result has been obtained by 
observing particles escaping from a thin target of hydrogen 
crossed by a carbon ion beam in a FRED simulation with the non-
elastic event switched off. Primary carbon ions which were not 
affected by the elastic event have not been represented in the plot.
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Kox
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Sampling of fragments’ energy and angles

i=0

HIT

i=i+1

MISS

YESNO

YES

NO

Random number 
R=[0,1]

Number of fragments from the 
projectile  (n=0) 

HIT or MISS with cumulative of the ith 
isotope  (reading tables of the 

correspondent projectile and target) 

n=n+1;
∑Aj=Aprojectile AND ∑Zj=Zprojectile?

New set of n 
fragments from 

the projectile

∑Aj<Aprojectile 
AND 

∑Zj<Zprojectile?

i=0

HIT

i=i+1

MISS

YESNO

YES

NO

YESNO

Number of fragments from the 
target  (n=0)

Random number 
R=[0,1]

HIT or MISS with cumulative of the ith 
isotope  (reading tables of the 

correspondent  projectile and target) 

n=n+1;
∑Aj=Atarget AND ∑Zj=Ztarget?

New set of n 
fragments from 

the target

∑Aj<Atarget 
AND 

∑Zj<Ztarget?

Target=Hydrogen?

From the target,  
fragment = 1H
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Scaling
ENERGY ANGLE

2

2

1

1
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Iterative formalisme
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4He->H2O    @200MeV/u
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6Li->H2O    @200MeV/u

cm

Lateral dose line profile at BP (17.3 cm)
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7Be->H2O    @200MeV/u

cm

Lateral dose line profile at BP (11.37 cm)
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10B->H2O    @200MeV/u

cm

Lateral dose line profile at BP (10.35 cm)

G
y/

np
ar

tic
le

G
y/

np
ar

tic
le

FRED
FLUKA

cm

cm

Lateral dose line profile at plateau (4cm)

Longitudinal integrated dose



Micol De Simoni                                   backup slides                                   29/04/2021

Heattner experiment
Study of the angular distribution and energy spectra of secondary 

fragments emitted by a 400 MeV/u beam of 12C in water.
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FLUKA
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FLUKA can reproduce the 
position of the Bragg peaks of 
proton and carbon ion beams 
w i t h a s i n g l e i o n i z a t i o n 
potential on average within the 
experimental uncertainties of 
about 100 μm. The average 
dose-weighted dose difference 
(D/D) is below 1% for protons 
and below 1.5% for carbon ions.
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Ganil experiment
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Ganil experiment - FLUKA
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Ganil experiment - FLUKA


