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Particle Therapy (PT)

Photons       

Protons  
(107 MeV)

Carbon Ions 
(200 MeV/u)

PT is a modern technique of non-invasive radiotherapy mainly devoted to the 
treatment of tumours untreatable with surgery or conventional radiotherapy.
It uses charged particle beams to release energy into the tumour volume causing 
the apoptosis of tumour cells.

The  biological  damage  is 
related  to  the  released 
energy,  ionization  density 
and type of projectile used.

Bragg Peak

Tail
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Particle Therapy (PT)

SOBP (Spread Out Bragg Peak)

To cover the entire tumor volume, an overlap of beams at different energies is 
used obtaining a wider irradiation profile:

proton treatment
(2 proton beams)

photon treatment
(5 photon beams)

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

Dose release control at the min level demands for an accelerator control system 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

TPS is a sofisticate software 
tool  which  provides  to  the 
accelerator  control  system 
the  position,  intensity  and 
direction  of  the  beams  in 
order  to  produce a  patient-
specific set of particle beams

Treatment Planning System

TPS

Patient anatomic 
data 

(CT, MRI, PET)

Physician 
Prescription

4

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

x, y, z
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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 

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

interaction of particles with human tissues
Only used to check treatment plans for a restricted number 

of difficult cases

Treatment Planning System
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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 

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

interaction of particles with human tissues
Only used to check treatment plans for a restricted number 

of difficult cases

Treatment Planning System

❖ 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
TPS are periodically tested to verify that the accelerators parameters have been 
calculated correctly for each patient.

z x

y

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  TPS is  correct 
instead of delivering the beam with the accelerator.

Pr
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Carbon Therapy 

7

12C  (400 MeV/u) on water
Production of different fragments

❖ Mitigation and attenuation 
of the primary beam

❖ Different biological 
effectiveness of the 
fragments wrt the beam

❖ Different fragment ranges

!

Double  differential  cross 
section  needed:  lack  of 
experimental  data  at  the 
energies  of  interest  in 
medical physics

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)
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My PhD work

8

❖ 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 ther is an elastic and 
non-elastic event. Base on data found in literature;

๏ Sampling of the fragments and their energy and angle distributions. 
Base on Ganil measurement; 

❖ Biological Dose and Relative Biological Effectiveness (LEM I model)

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

Beam

Beam 

and 

Frag.

Dbio

and 

RBE



Accelerator Physics PhD              17/02/2021 Rome                Micol De Simoni

My PhD work

8

❖ 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 ther is an elastic and 
non-elastic event. Base on data found in literature;

๏ Sampling of the fragments and their energy and angle distributions. 
Base on Ganil measurement; 

❖ Biological Dose and Relative Biological Effectiveness (LEM I model)

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

Beam

Beam 

and 

Frag.

Dbio

and 

RBE



Accelerator Physics PhD              17/02/2021 Rome                Micol De Simoni

Coefficient of Mass Attenuation

9

Fit on σ(C-C) data

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)

Non-elastic cross-section
σ(C-C) and σ(C-H) obtained from a fit 
on data;

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)
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Coefficient of Mass Attenuation

9

Fit on σ(C-C) data

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)

Non-elastic cross-section
σ(C-C) and σ(C-H) obtained from a fit 
on data;

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

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

Cross-sections in FRED

Beam 

and 

Frag.

ENDF/B-VII Incident-Proton Data

ICRU (International Commission on Radiation Units & Measurements)
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CH (Ganil)
CO (Ganil)

CC (Ganil)

Genereting a fragmentation event

10

Beam 

and 

Frag.
P

ro
ba

bi
lit

y 

What do we have? GANIL’s probability of emission 

Beam

Target

Fragmentation  experiment  of  12C  beam  @95MeV/u  on 
different  thin  targets   (O,  C,  H,  Al,  Ti).  The  only 
experiment which provides double differential cross-section 
at the energy of interest of PT. Dudouet. J. et al. Phys Rev C 88 (2013)
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Telescopes
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CH (Ganil)
CO (Ganil)

CC (Ganil)
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Beam 

and 

Frag.
P

ro
ba
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lit
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Mass and charge 
conservation

Genereting a fragmentation event
What do we have? GANIL’s probability of emission 
If the 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.
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CH (Ganil)
CO (Ganil)

CC (Ganil)
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Beam 

and 

Frag.
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What do we have? GANIL’s probability of emission 

CH (Ganil)
CO (Ganil)

CC (Ganil)

CH (FRED)
CO (FRED)

CC (FRED)

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

NEW probability of 
emission 

Mass and charge 
conservation

If the 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.

Genereting a fragmentation event
sim
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Sampling of energy and angular distribution

11

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.

O
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Sampling of energy and angular distribution

11

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.

Energy and angular distribution of GANIL correspond at a 95 MeV/u beam.
Extrapolation of new energy and angle

energy conservation
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Fragmentation

12

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

Base 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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Results: DDD of a single PB of 12C in water 

13

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

beam

Differences total dose:
@100MeV/u 0.05%
@200MeV/u 0.4%
@300MeV/u 2.5%
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Results: Lateral dose at peak of a single PB of 12C in water 

14

100 MeV/u 200 MeV/u 300 MeV/u
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SOBP from raster file of CNAO

15

Difference 
always within 

1.7%
…

Combination of:
Beams at 14 different 

energies from 186.57 to 
223.56 MeV/u, 
for each energy

225 beams in different 
positions
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Gamma-index

16

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

16
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Gamma-index
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

16
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SOBP from raster file of CNAO

17
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SOBP from raster file of CNAO

17

γ-index

Gamma-index  2mm/3%

pass-rate: 93%


(Dose threshold 1%)
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Biological Dose & Relative Biological Effectiveness

18

Dbio

and 

RBE.

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

Dx = (or biological dose) the dose 
of  a  photon  radiation  to  caused 
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.

RBE  depends  on  the 
fragments  and  on  their 
energy spectrum.

d=0.3nm

12C beam

d=2nm

p beam

Isoeffect

α 
an

d 
β 

fro
m

 T
O

PA
S 

da
ta

ba
se
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Dbio

and 

RBE. Biological Dose & Relative Biological Effectiveness
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Gamma-index  2mm/3%

pass-rate: 92%

γ-index

Dbio

and 

RBE. Biological Dose & Relative Biological Effectiveness



Conclusions

Implementation of an entirely new nuclear interaction model of carbon on light 
target nuclei in the fast MC FRED.

Tested 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;
Comparison of the accuracy of FRED dose recalculation with the CNAO TPS 
for carbon therapy to achieve clinical validation.
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Publications

29 publications 
h-index 4 

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)




