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 The Hadrontherapy

 Hadrons penetrating matter 
lose energy at the same depth 
originating the “Bragg peak”

High dose can be delivered on 
tumor also at high depth

Undesired dose is reduced w.r.t. 
conventional therapy
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 The Uveal 
Melanoma

Clinically the most common intra-ocular 
tumour in the adulthood

Low incidence
Difficult diagnosis and high tendency to  

metastasise
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Hadrontherapy is the most valid 
and conservative alternative to 
radical surgery eye enucleation 
allowing the patient to maintain 
a visual residual function and a 

good quality of life
Pierluigi Piersimoni - University of Pavia and INFN
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The CNAO:
Centro Nazionale di Adroterapia Oncologica

Pavia - Italy

Main entrance 

Synchrotron vault 

Hospital rooms 

Power plant 
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First patient treatment in 2011
of big seated tumours with light ion beams 
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The CNAO:
Centro Nazionale di Adroterapia Oncologica

Pavia - Italy
Synchrotron
Diameter:

 25 m

Energy range:
60-250 MeV/u for p

120-400 MeV/u for C6+

Beam size
FWHM: ∼10 mm
Δp/p 0.15%
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The CNAO dose delivery system
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Total active beam scan

• Target volume sliced 
along its depth

• Irradiation of each slice 
by means of two 
orthogonal scanning 
magnets

• Energy changed by the 
synchrotron to irradiate 
each slice 
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Because of the efficacy of the protontherapy in 
uveal melanoma treatment a dedicated eye beam 

line has been planned at CNAO

For both logistic and budgetary reasons no 
dramatic changes to the beam line or to the 
dose delivery system are possible at CNAO

The aim of this work is the building of a MC 
simulation of the CNAO  transport beam line in 
order to test the feasibility of ocular melanoma 
treatments and to study the necessary changes 

to build a dedicated beam line at CNAO 
Pierluigi Piersimoni - University of Pavia and INFN



Contents

• Introduction

• Geant4 application:

• Transport beam line simulation

• Detectors implementation

• Validation of the simulation

• Conformation of a uniform irradiation

• Simulation of an eye treatment
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Simulation features
• Geant4 Release 9.6, patch 01

• Physics Lists

• G4EmStandardPhysics_option3   	
 	
 # Electromagnetic model
• G4HadronElasticPhysics         	
       	
 # Hadronic elastic model
• G4HadronInelasticQBBC            	
	
    	
# Hadronic inelastic model
• G4RadioactiveDecayPhysics   	
 	
 	
 # Radioactive decay

• Simulations performed on a desktop computer:
2.4 GHz Intel Core 2 Duo CPU
2GB 667 MHz SDRAM

8 Pierluigi Piersimoni - University of Pavia and INFN



Simulation features
Settable options:

• Beam parameters: energy, momentum, dimension, particles 
species etc.

• scanning mode: point-like, bi-dimensional, or bi-dimensional   
and energy scan (active beam scan)

• detector type (water box, air or water layer, eye-detector, 
DICOM-detector) 

• Detector and passive elements positioning along the beam 
line

• Sensitive detector or parallel geometry readout
9 Pierluigi Piersimoni - University of Pavia and INFN



The CNAO transport beam line
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The eye-detector
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• Eye anatomy deeply studied 
and a geometric 
schematization realized

• Accurate reproduction of all 
eye-components in the G4 
simulation

• Very realistic eye 
components material 
implementation



The eye-detector

• Dimensions parameterised as 
a function of the sclera 
radius

• Rotation possible to misalign 
tumour and sensitive 
sub-components
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The DICOM detector

Original CT scan images stored in DICOM files: 512 pixel/slice
Slice thick: 2mm
Pixel dimension: 0.9765x0.9765 mm2

10 slices chosen containing the eyes
Cropped image : 86x86 pixel containing the right eye
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Validation of the simulation

Pierluigi Piersimoni - University of Pavia and INFN



Beam spreading due to the PMMA range shifter
New isocentre 11 cm downstream the nozzle

Beam line optimization
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Energy degradation

Depth (mm)
-15 -10 -5 0 5 10 15

PD
D

 (%
)

0

20

40

60

80

100

RS 42 mm

RS 44 mm

RS 46 mm

RS 48 mm

RS 50 mm

RS 52 mm

RS 54 mm

RS 56 mm

RS 58 mm

RS 60 mm

Range shifter thickness (mm)
42 44 46 48 50 52 54 56 58 60

Pr
ot

on
 ra

ng
e 

in
 w

at
er

 (m
m

)

-10

-5

0

5

10

4. Simulation results

Table 4.2: End point (depth penetration in water) for a 100.51 MeV proton

beam for different values of range shifter thickness. The simulated detector

is a water box (25 × 25 × 25 mm3) centred in the new isocentre mimicking a

human eye. Uncertainties are estimated as systematic errors for the proton

range for each measurement.

Range shifter thickness Beam end point in water

(mm) (mm)

42 12.025±0.014

44 9.675±0.014

46 7.425±0.014

48 5.125±0.014

50 2.725±0.014

52 0.275±0.014

54 -2.025±0.014

56 -4.375±0.014

58 -6.775±0.014

60 -9.125±0.014

The beam end points reported in table 4.2 were plotted as a function of

the range shifter thickness (figure 4.10). The curve obtained was fitted by a

straight line given by the equation:

PReye = 61.52− 1.177 · RSt (4.1)

where PReye is the proton range inside the water box with dimensions similar

to eye dimensions, and RSt is the range shifter thickness needed to let the

beam stop at PReye mm with respect to the new isocentre. The fit was per-

formed (with the ROOT toolkit) with a least squares minimisation, obtaining

a reduced χ2 of 0.66. Using equation 4.1 it is possible to find the correct range

shifter thickness to focus the beam Bragg peak at a desired depth inside the

water box.

82

Nominal energy 100.51 MeV
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4. Simulation results

after the range shifter, at 50 mm from the isocentre. In figure 4.13, from left to
right, the dose distribution on the transverse YZ plane of 40× 40 mm2 beam
scan with steps of 3 mm, the beam profile in the Y direction and the beam
profile in the Z directions are shown. The simulation was performed with the
same setting of plots in figure 4.12 except for adding the brass collimator. The
dose distribution profile is normalised to its maximum value (5.5 0.3 mGy).
In the central Y and Z profiles zone, between about -7 mm and 7 mm, where
the dose is higher than the 80% of the central value, the dose values are dis-
tributed in a Gaussian shape with a uniformity of about 4% for both the Y
and Z profile. The mean values with the correspondent standard deviations
and the lengths of the lateral penumbrae are reported in table 4.3. The values
refer to the dose deposited in the central region (0.5 mm thick) of a thin water
layer detector (1 mm thick) positioned at the isocentre.
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Figure 4.13: Transverse beam uniformity scan obtained with a monochromatic
beam of 100.51 MeV degraded with a PMMA range shifter 43 mm thick and the
addition in the beam line of a brass collimator 1 cm thick. Left hand side: dose
distribution on the YZ plane normalised on the maximum value. Centre and
right hand side: beam profile along Y and Z directions, respectively, normalised
with respect to the central value.

Table 4.3: Dose average values and lateral penumbra for the Y and Z profile,
obtained with an simulated irradiation on the transverse plane YZ.

Mean Dose (mGy) Fall-off 80-20% (mm)
Y Z Y Z

No collimator 4.48± 0.30 4.42± 0.28 7.25± 0.07 6.50± 0.07
Collimator 7.75±0.33 7.81± 0.30 4.00± 0.07 3.50± 0.07
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Brass collim
ator
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WIDTH: 18.1 mm

-8.9 mm 9.2 mm

Penumbra:
1.3 mm

80 %

20 %

Spread Out Bragg Peak
• Water detector 

2.5×2.5×2.5 cm2

• Range shifter
43 mm thick

• 10 different 
weighted energies

• Peak/entrance: 
~80%

• Uniformity 1.5%
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Active scanning on a 4×4 cm2 

Range shifter 43 mm thick

Brass collimator aperture 
20 mm × 22 mm 

6 energies SOBP 9 mm width

High statistics ~106 primaries
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Active scanning 
on a 4×4 cm2 

Range shifter 43 
mm thick

Brass collimator 
aperture 
20 mm ×22 

6 energies SOBP
(width 9 mm)

High statistics 
~106 primaries

Pierluigi Piersimoni - University of Pavia and INFN



DICOM detector irradiation

Point like beam 

Range shifter 43 
mm thick

100.51 MeV

~105 primaries 
events
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Conclusions & perspectives
• Simulation validated against experimental data

• The introduction in the standard CNAO beam of a 
range shifter and a collimator is needed

• The beam line has to be slightly modified (isocentre 
shifting)

• The irradiation on eye-modeled detector results 
uniform in the 3 dimensions

➡ Further development of the DICOM detector

➡ Check on the dose due to secondaries produced by 
the passive elements introduced
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Secondaries analysis
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Layers A and B

Neutrons yield:
3.4 % in LA
1.1 % in LB
w.r.t.
total primaries
(~105)

Neutrons
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4.4. Secondary particle production
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Figure 4.23: Left hand side: Total percentage depth dose curve (green) and
percentage depth dose curves (coloured) due to secondary particles in a water
detector as big as the human head as implemented in the eye-detector. Right
hand side: zoom of the image on the left, the small contribution to the dose of
the secondary particle produced is visible. Plots in figure refer to water detector
positioned with its proximal face at the isocentre in the optimised beam line
(11 cm downstream the nozzle): a) and b) with PMMA range shifter of 41 mm
thickness 65 mm upstream the isocentre; d) and e) with the range shifter and
a brass collimator, 10 mm thick, positioned at 50 mm upstream the isocentre.
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4. Simulation results
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Figure 4.22: a) Total percentage depth dose curve (green) and percentage

depth dose curves (coloured) due to secondary particles in a water detector,

as big as the human head as implemented in the eye-detector, positioned with

its proximal face at the isocentre in the standard CNAO beam line (64 cm

downstream the nozzle) b) zoom of the plot in the left hand side.

To summarise it is possible to say that the introduction in the beam line of

both the range shifter and the collimator, suggested in the previous sections,

almost doubles the production of secondary particles and in particular of neu-

trons. On the other hand, the dose deposited on a water detector mimicking

a human head is negligible with respect to the total dose deposited by pri-

mary protons, so the use in the beam line of these passive elements should not

drastically enhance the incidence of secondary cancers and other side effects

related to neutron exposure.
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4.4. Secondary particle production
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Figure 4.23: Left hand side: Total percentage depth dose curve (green) and
percentage depth dose curves (coloured) due to secondary particles in a water
detector as big as the human head as implemented in the eye-detector. Right
hand side: zoom of the image on the left, the small contribution to the dose of
the secondary particle produced is visible. Plots in figure refer to water detector
positioned with its proximal face at the isocentre in the optimised beam line
(11 cm downstream the nozzle): a) and b) with PMMA range shifter of 41 mm
thickness 65 mm upstream the isocentre; d) and e) with the range shifter and
a brass collimator, 10 mm thick, positioned at 50 mm upstream the isocentre.
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FLUKA comparison
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Spread Out Bragg Peak

b1b2b3bj

h1(1)

h1(b2)
h1(b3)
h2(b3)

H

D
os
e

Depth

Extension in dose 
deposition in depth 
achieved by 
delivering many 
Bragg peaks, with a 
successively slightly 
different range, not 
equally weighted

4.3. Conforming a 3D uniform field

The introduction of the collimator halves the lateral penumbra and con-

sents an irradiation uniformity of about 4% for both the profiles Y and Z, so

the use of it in the ocular treatment seems to be a good choice.

4.3.2 Spread Out Bragg Peak

Because monochromatic proton beams are usually too narrow to cover spatial

distributed treatment volumes, an extension in dose deposition in depth can

be achieved by delivering not just one, but many Bragg peaks, each with a

successively slightly different range (i.e., energy). These peaks should not all

be equally weighted. Rather, the more proximal a peak is, the less weight

it should have (Goitein, 2008). The distal region of near-constant high dose

is referred to as the “spread-out Bragg peak” (SOBP) as illustrated in figure

4.14. For this reason, as a last step toward a uniform irradiation in the three

dimensions, an algorithm was adopted to calculate the correct weights (wj) to

be used for the SOBP with the following formula:

wj =
1

H
−

j−1�

k=1

hk(bj)

H
(4.2)

where H represents the arbitrary maximum height to be reached, hk is the

height of the beam with k − th energy that produces a Bragg peak in the bin

bj. Using equation 4.2 the set of correct weights necessary to obtain a SOBP

was calculated and a simulated SOBP was produced inside the water cube de-

tector (25×25×25 mm 3) positioned at the new isocentre. The PMMA range

shifter thickness was used to degrade the beam energy and it was added along

the line at a distance of 65 mm from the isocentre. The optimised thickness

was chosen in order to obtain the penetration of the highest energy (100.51

MeV) at 9 mm after the isocentre and according to equation 4.1 its value was

found to be 44.62 mm. The set of chosen energies, the correspondent ranges

inside the water cube and the correct weights to be used to produce the SOBP

are reported in table 4.4. The obtained SOBP (figure 4.15) inside of the water

cube resulted to have a width of 18.10 ± 0.02 mm, extending from -8.9 mm

upstream the new isocentre to 9.2 mm downstream the new isocentre. The

peak/entrance ratio resulted 80% and the distal falloff of dose from 80% to

20% (the typical descriptor of penumbra) is 1.3± 0.02 mm. In the flat region

the dose resulted fitted by a Gaussian distribution centred in 13.27 mGy and

with a standard deviation of 0.20 mGy, with a uniformity of 1.5% (figure 4.16).

The number of simulated events for the j − th energy is 2× 104 multiplied for

87
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Secondary particles production
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Secondary particles production
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Chemicals Composition

Proline H9C5O2N

Idrossiproline H9C5O3N

Collagen
Proline (86%) + 

Idrossiproline (14%)

Lipids H48C24O6PN2

Lactate H5C3O2

Sugar H2CO

N-AcetilAspartate
 (NAA)

H9C6O5N

Choline H14C5ON

Creatine H9C4O2N3

Proteins
H(50%) + C(28%) + O(13%)

+ N(8%) + S(1%)
39
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Eye component Material
Density
(g/cm3)

Aqueous Humour H2O (98.5%) + NaCl (1.5%) 1.008

Vitreous Humour H2O (98.5%) + Protein (1.5%) 1.005

Sclera, Cornea, 
Ciliary Body

Collagen (50%) + Protein (25%) 
+ Sugar (25%)

1.071

Crystalline Lens H2O (60%) + Protein (40%) 1.067

Retina
H2O(80%) + NAA (10%) +

 Choline (5%) + Creatine (5%)
1.0174

Tumour
H2O (80%) + NAA (3%) + Choline (12%) 

+ Creatine (3%) + Lipids (1%) 
+ Lactate (1%)

1.0174
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Configuration C

Configuration B
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Configuration B

(MeV)
0 10 20 30 40 50 60

C
ou

nt
s

0

100

200

300

400

500

600

700

800

Kinetic Energy A

direction (cos px)
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

C
ou

nt
s

0

100

200

300

400

500

600

Direction A

(mm)
-100-80-60 -40-20 0 20 40 60 80 100

(m
m

)

-100
-80
-60
-40
-20

0
20
40
60
80

100

C
ou

nt
s

0

2

4

6

8

10

12

Transverse plane YZ A

(MeV)
0 10 20 30 40 50 60

C
ou

nt
s

0

100

200

300

400

500

600

700

Kinetic Energy B

direction (cos px)
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

C
ou

nt
s 

 

0

10

20

30

40

50

60

70

80

Direction B

(mm)
-100-80-60 -40-20 0 20 40 60 80 100

(m
m

)

-100
-80
-60
-40
-20

0
20
40
60
80

100

C
ou

nt
s

0

0.5

1

1.5

2

2.5

3

3.5

4
Transverse plane YZ B

Water
Detector

x

y

Beam

New
Isocentre

R
an

ge
 S

hi
ft

er

6.5 cm

Bo
x 

2

Bo
x 

1

11 cm

LayerALayerB

N
oz

zl
e

3.5 cm3.5 cm

4.8 cm

43

Point like beam

100.51 MeV

Layers A and B

Neutrons yield:
2.5 % in LA
0.6 % in LB
w.r.t.
total primaries
(~105)

Neutrons

Pierluigi Piersimoni - University of Pavia and INFN



mm
-20 -15 -10 -5 0 5 10 15 20

m
m

  

-20

-15

-10

-5

0

5

10

15

20

D
os

e 
(m

G
y)

  
   

  

0
2
4
6
8
10
12
14
16
18
20
22

YZ plane @ x= 2mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Y profile @ x= 2mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Z profile @ x= 2mm

mm
-20 -15 -10 -5 0 5 10 15 20

m
m

  

-20

-15

-10

-5

0

5

10

15

20

D
os

e 
(m

G
y)

  
   

  

0
2
4
6
8
10
12
14
16
18
20
22

YZ plane @ x= 5mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Y profile @ x= 5mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Z profile @ x= 5mm

mm
-20 -15 -10 -5 0 5 10 15 20

m
m

  

-20

-15

-10

-5

0

5

10

15

20

D
os

e 
(m

G
y)

  
   

  

0
2
4
6
8
10
12
14
16
18
20
22

YZ plane @ x= 2mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Y profile @ x= 2mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Z profile @ x= 2mm

mm
-20 -15 -10 -5 0 5 10 15 20

m
m

  

-20

-15

-10

-5

0

5

10

15

20

D
os

e 
(m

G
y)

  
   

  

0
2
4
6
8
10
12
14
16
18
20
22

YZ plane @ x= 5mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Y profile @ x= 5mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Z profile @ x= 5mm
mm

-20 -15 -10 -5 0 5 10 15 20

m
m

  

-20

-15

-10

-5

0

5

10

15

20

D
os

e 
(m

G
y)

  
   

  

0
2
4
6
8
10
12
14
16
18
20
22

YZ plane @ x= 8mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

120

Y profile @ x= 8mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Z profile @ x= 8mm

mm
-20 -15 -10 -5 0 5 10 15 20

m
m

  

-20

-15

-10

-5

0

5

10

15

20

D
os

e 
(m

G
y)

  
   

  

0
2
4
6
8
10
12
14
16
18
20
22

YZ plane @ x= 9.5mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Z profile @ x= 9.5mm

mm
-20 -15 -10 -5 0 5 10 15 20

D
os

e 
%

0

20

40

60

80

100

Z profile @ x= 9.5mm

Eye treatment simulation

44 Pierluigi Piersimoni - University of Pavia and INFN


