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The dose delivered by hadrons in materials fallows the 
Bragg Peak distribution => PT is particularly suitable for 
deep and localized tumors.
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PARTICLE THERAPY
1. INTRODUCTION

The application of high-energy beams of heavy charged particles to radiotherapy was first 

considered  in 1946  when  Robert  R.  Wilson  investigated  the  depth-dose  characteristics  of 

proton beams [1]. Since more than twenty years irradiation with charged particles[2], mainly 

protons, has been introduced as an alternative  to  the  traditional  therapy  with  X  rays and in 

the last decade the use of  light ions (Z<10) beam has been introduced for the cancer treatment, 

in particular carbon ions with kinetic energy of ~300 MeV/nucleon.[3,4]

The  beam  made  of  protons  or  carbons  are 

particularly suited for radiotherapy due to their 

favorable  depth  profile  of  the  released  dose: 

their maximum energy density is released at the 

Bragg peak, at the end of their range, in contrast 

with X-rays or  !-rays,  which are absorbed by 

the body and show an exponential decrease in 

the  radiation  dose  with  increasing  tissue 

depth[5,6]. As  shown  in  Fig.1  this  dose 

deposition  pattern  can  be  very  effective  in 

killing  the  tumor  and  sparing  the  adjacent 

healthy tissues in comparison to the standard X 

ray  performance.  Since  the  Bragg  peak  for 

protons and light ions is very narrow, beams of 

different energies have to be superimposed to produce a spread-out Bragg peak (SOBP) that 

covers the whole tumor region. 

The carbon beams have reduced  lateral  scattering  of  carbons  compared  with  protons[7,8], 

which leads to a further improvement in the dose distribution to the target area. On the other 

hand the fragmentation of the carbon beam in the path to the tumor region deteriorates the 

beam  purity,  producing  long  range  lighter  fragments[9,10,11].  An  important  advantage  of 

carbon with respect to the proton is its enhanced radiobiological effects on tissues. The relative 

biological  effectiveness  of  charged  particles 

(RBE: ratio of X-ray and particle dose producing 

the same biological  effect[12])  increases   with 

the particle  ionization density,  or linear energy 

transfer.  For  carbon  beam  the   peak  of  RBE 

coincides  with  the  Bragg  maximum,  and  this 

synergy  gives  the  possibility  of  an  higher 

conformity  of  the  deposited  biological  dose 

(physical  dose  times  RBE)  to  the  tumor 

volume[13,14,15].  In  Fig.2  are  shown  the 

different shape of biological dose release for X 

rays and carbon on a clinical case. 

The  aforementioned  features  of  the  charged 

beam with energies between 200 MeV/nucleon 

and  400  MeV/nucleon  makes  this  tecnique  particularly  suited  to  give  an  effective  dose 

extremely conformal to the tumor region and to spare eventual organs at risk surrounding the 

treatment volume. 

The Particle Therapy Cooperative Group (PTCOG)[16] constantly monitors the centers and the 

patients  they treat.  According to their most recent update 20 centers in the world use high 

energy protons to treat deep tumors, and three use 12C ions. In total, about 5,000 patients have 

been treated with 12C ions, and 50,000 with protons. 

From the geographical point of view these centers are concentrated in Europe, United States, 

. Fig.1 Dose distribution for X rays, protons 
and carbons

. Fig. 2 Different dose distribution of X rays 
and carbon

Single Field Dose comparison Standar therapy
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PARTICLE THERAPY
Several pencil beams can be combined in order 
to “shape” the maximum dose release region. 

Spread-out-
Bragg Peak



- Reduced Multiple Scattering 

- More affected by fragmentation 
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PARTICLE THERAPY Single Field Dose comparison 

Single Field Dose comparison 

Carbon ions

Protons

- Reduced fragmentation 

- More affected by Multiple Scattering
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PARTICLE THERAPY

This dose distribution allows to irradiate the cancer 
reducing the damages for the surrounding volumes

The combination of many radiation fields allows improving the 
performances for loco-regional tumors. The combination of few 
proton beams is extremely powerful in preserving the healthy tissues.
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Treatment uncertainties in ion beam therapy 

Difference TP / delivery  

! Daily setup variations 

! Internal organ motion 

! Anatomical / physiological changes  

TPS dose calculation errors  

! Inhomogeneities, metallic implants 

Daily practice of compromising 

dose conformality for safe delivery 

!  Conversion HU in ion range  

!  CT artifacts 

After Enghardt 2005 

TREATMENT UNCERTAINTIES IN ION BEAM THERAPY
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PARTICLE THERAPY

- Inhomogeneities, metallic implants 
- Conversion HU ion range 
- CT artifacts

TPS dose calculation errors

- Daily setup variation 
- Internal organ motion 
- Anatomical/physiological changes

Difference TP/ delivery

Daily practice of compromising 
dose conformity for safe 
delivery

Courtesy	  of	  K.Parodi

Tumor
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Particle Therapy in EUROPE
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CNAO-Pavia

LNS-Catania

GSI-Darmstad
Heidelberg

Orsay

Uppsala

Clatterbridge

Nice

S.Petersburg

Moscow

Berlin

Med Austron

September 22nd 2011 
start clinical activity.

= carbon ions therapy
= proton therapy
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PARTICLE THERAPY

- Check shape (compulsory) 
and absolute value 
(desirable); 

- Exploit as signal the 
secondary particles, 
generated by the beam, 
coming out from the 
patient, dealing with the 
background of the other 
secondaries;

In conventional RT (i.e. with photons), the beam crosses the 
patient body and can be used for monitoring. In PT the beam 
is absorbed inside the patient.  
An ideal PT monitor device should:

Hadron 
Beam

�

�
511 keV

511 keV

�
prompt

charged  
particles

neutron

MONITORING
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�- Measurements and feed-back should be provided during 
the treatment (in-beam). Best, in active system, if the 
monitor can follow “on line" the irradiation scan (!) 

- Must be integrated in the treatment environment and 
work-flow: nozzle, couch, positioning system, 
controls… 

PARTICLE THERAPY
In conventional RT (i.e. with photons), the beam crosses the 
patient body and can be used for monitoring. In PT the beam 
is absorbed inside the patient.  
An ideal PT monitor device should:

MONITORING



Exploiting beta+ and 
charged secondar y 
p a r t i c l e s e m i t t e d 
during the treatments 
we want to monitor 
ONLINE: 

!

- the dose released on 
the patient ; 

- the beam positioning;

M.MARAFINI

INSIDE
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PET HEADS

DOSE 
PROFILER
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The beta+ activity emission shape is correlated with 
the Bragg Peak position for hadron beams;
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PET HEADS



M.MARAFINI

The beta+ activity emission shape is correlated with 
the Bragg Peak position for hadron beams;
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PET HEADS

- Isotopes of short lifetime 11C (20 min), 15O (2 min), 10C (20 
s) with respect to conventional PET (hours) 

- Low activity asks for quite a long acquisition time (some 
minutes at minimum) with difficult in-beam feedback 

- Metabolic wash-out -> the β+ emitters are blurred by the 

patient metabolism 

CHARACTERISTICS
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DOSE PROFILER

Emission	  distribution	  shape	  of	  protons	  as	  detected	  outside	  different	  PMMA	  
thickness	  at	  300	  wrt	  the	  direction	  of	  95	  MeV/u	  12C	  beam

E.	  Testa	  et	  al	  Phys.	  Med.	  Biol.	  57	  4655Trained	  Geant4	  MC

The charged 
secondary 
particles 
emission shape 
is correlated 
with the Bragg 
Peak position;
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DOSE PROFILER

Emission	  distribution	  shape	  of	  protons	  as	  detected	  outside	  different	  PMMA	  
thickness	  at	  300	  wrt	  the	  direction	  of	  95	  MeV/u	  12C	  beam

E.	  Testa	  et	  al	  Phys.	  Med.	  Biol.	  57	  4655Trained	  Geant4	  MC

- The detection efficiency is very high 
- Can be easily back-tracked to the emission point => the 

distribution of the emission points can be correlated to 
the beam profile 

- They are not so many 
- Energy threshold to escape ~ 50-100 MeV 
- They suffer multiple scattering inside the patient -> worsen 
the back-pointing resolution

CHARACTERISTICS



CNAO SetUp For the CNAO 
measurements we 
design a cart in 
order to hold up 

the detectors 
reducing any 

possible interference 
with the therapy 

procedures
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Dose 
Profiler

PET HEADS



PET HEADS
Full in-beam PET system able to 
sustain annihilation, prompt photon 
and neutron rates during the beam 
irradiation (in-beam and inter-spill);  

!
Two planar panels: 10 cm x 20 cm 
wide => 2 x 4 detection modules;

17

patient



PET HEADS
Two planar panels: 10 cm x 20 cm 
wide => 2 x 4 detection modules;
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Each module is composed of a 
pixelated LYSO matrix 16 x 16 
pixels, 3 mm x 3 mm crystals 
(pitch 3.1mm).  

!
Total sensitive area of a module: 
5 cm x 5 cm. 

LYSO matrix readout: array of SiPM 
(16x16 pixels) coupled one-to-one.



PET HEADS BACKGROUND
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DOPET: an in-beam PET monitor for hadrontherapy 

CNAO: 95 MeV proton 
beam on PMMA in-
beam and off-beam 

acquisition

Two PET heads, each made of 
2x2 squared position-sensitive 
photomultipliers (Hamamatsu 
H8500) coupled to LYSO:Ce  
scintillating crystal arrays 

(2×2×18 mm3 pixel size). 

NEW



PET HEADS BACKGROUND
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DOPET: an in-beam PET monitor for hadrontherapy 

The annihilation map is reconstructed with Maximum Likelihood 
Estimation Maximization (MLEM)  Iterative algorithm  

OFF Beam Inter Spill

- Beam OFF ~ 550 sec - Inter-spill ~100 sec 

- Beam ON ~120 sec!
- In-spill ~20 sec

Data$can$be$divide$in:$$

• in$spill$
• inter$spill$
• beam$off$(BOFF)$



PET HEADS BACKGROUND
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DOPET: an in-beam PET monitor for hadrontherapy 

The annihilation map is reconstructed with Maximum Likelihood 
Estimation Maximization (MLEM)  Iterative algorithm  

OFF Beam Inter Spill

- Beam OFF ~ 550 sec - Beam ON ~120 sec!
- In-spill ~20 sec!
- Inter-spill ~100 sec 



Detection of photon and charged particles: 
         =>reconstruction track and interacting point

patient

M.MARAFINI 22

DOSE PROFILER

Back track the charged 
secondary particles

Detection of a prompt 
photon via Compton 
effect and reconstruct 
its emission point

P

e

γ

P
P
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L.	  Piersanti	  et	  al.	  Phys.	  Med.	  Biol.	  59	  1857	  

Measured	  emission	  profile	  (12C	  @PMMA)

 (cm)PMMAx
-10 -5 0 5 10

A
. 

U
. 

/ 
0

.2
 c

m

0

10

20

30

40

50

60

70

80 Charged Emission

Released Dose

 (cm)PMMAx
-10 -5 0 5 10

A
. 

U
. 

/ 
0

.2
 c

m

0

10

20

30

40

50

60

70

80

A
rb

it
ra

ry
 U

n
it
s 

/ 
0
.4

 c
m

N
o
. o

f 
tr

ac
ks

 /
 0

.4
 c

m
 (cm)PMMAx

-10 -5 0 5 10

A
. 

U
. 

/ 
0

.2
 c

m

0

10

20

30

40

50

60

70

80 Charged Emission

Released Dose

 (cm)PMMAx
-10 -5 0 5 10

A
. 

U
. 

/ 
0

.2
 c

m

0

10

20

30

40

50

60

70

80

A
rb

it
ra

ry
 U

n
it
s 

/ 
0
.4

 c
m

N
o
. o

f 
tr

ac
ks

 /
 0

.4
 c

m

BRAGG 
PEAK

BP correlation with emission profile

DOSE PROFILER BACKGROUND



DOSE PROFILER BACKGROUND
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L.	  Piersanti	  et	  al.	  Phys.	  Med.	  Biol.	  59	  1857	  

Measured	  emission	  profile	  (12C	  @PMMA)

 (cm)PMMAx
-10 -5 0 5 10

A
. 

U
. 

/ 
0

.2
 c

m

0

10

20

30

40

50

60

70

80 Charged Emission

Released Dose

 (cm)PMMAx
-10 -5 0 5 10

A
. 

U
. 

/ 
0

.2
 c

m

0

10

20

30

40

50

60

70

80

A
rb

it
ra

ry
 U

n
it
s 

/ 
0
.4

 c
m

N
o
. o

f 
tr

ac
ks

 /
 0

.4
 c

m

 !

 ~ 10-2 sr-1 @ 220 MeV/u 12C beam, 90º and 60º
~ 10-3 sr-1 @ 80MeV/u 12C beam, 90º

Measured fluxes

Conservative considerations: 
- single pencil beam (2 Gy dose), 

- small detector (10x10 cm2 @ 35 cm) 

- deep tumor (MS 𝛝 ~ 3.16)

4 mm resolution



DOSE PROFILER BACKGROUND
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L.	  Piersanti	  et	  al.	  Phys.	  Med.	  Biol.	  59	  1857	  

Measured	  emission	  profile	  (12C	  @PMMA)
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 ~ 10-2 sr-1 @ 220 MeV/u 12C beam, 90º and 60º
~ 10-3 sr-1 @ 80MeV/u 12C beam, 90º

Measured fluxes

Conservative considerations: 
- single pencil beam (2 Gy dose), 

- small detector (10x10 cm2 @ 35 cm) 

- deep tumor (MS 𝛝 ~ 3.16)

4 mm resolution

With the DP we can reach a 1-2 mm resolution



1.5 cm

10 cm

10
 c
m

Tracker Detector

1.6 cm

Pixelized
crystal

Absorber
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DOSE PROFILER
6 planes of fibers: 

2 layer of fibers each plane 
192 fibers each layer (0.5 mm)

X	  half	  plane

Y	  half	  plane



M.MARAFINI 300 mm

28
0 

m
m

SCHEMATIC SIDE VIEW OF THE DOSE PROFILER

fibre planes => tracking

plastic 
scintillator  => to 
avoid electron 
back scattering

LYSO crystal  => 
calorimeter

electronics

PMTs

mechanics

mechanic 
layout



DOSE PROFILER
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Bragg peak is 
correlated to the 

secondary particles 
emission point 

(reconstructed by 
backtracking

Sketch view

1st layer
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FLUKA simulation
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DOSE PROFILER



FLUKA simulation
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DOSE PROFILER
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DOSE PROFILER
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Reconstruction software 
and FLUKA simulation

Emission point reconstruction efficiency 8mm at 125 MeV 

(improving of a factor proportional to √Np  => ~2mm)

10#cm# 20#cm#

ICRU#brain#

ICRU#cor1cal#bone#



End 2016 test 
on phantom

TimeTable 2015/2016

1. DP assembly (Electronics, 
mechanics, DAQ) 

2. Software reconstruction 
finalization 

3. Integration HW and SW 
4. Calibration tests

DOSE PROFILER
1. Electronics, mechanics, 

DAQ finalization 
2. PH(1) PH(2) assembly 
3. Software reconstruction 

implementation 
4. Calibration tests

PET HEADS

WORK FOR PATIENT 
TREATMENTS TEST !

CNAO



The INSIDE 
Collaboration 
A. Del Guerra
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BackUP
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DP



Energy (MeV)
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DOSE PROFILER
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Detector resolution

10#cm# 20#cm#

ICRU#brain#

ICRU#cor1cal#bone#
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Protons
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Protons
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(two	  1mmx1mm	  pieces	  now	  at	  Milan)

For	  a	  m.i.p.:	  2MeV/cm	  =	  20000	  ph/cm	  =	  1000	  ph/fiber	  

=>	  1000	  x	  4%	  x	  35%	  ~	  17	  p.e./fiber/m.i.p.

40

TRACKER: planes’ readout

..fibres	  read	  out..

• new	  MPPC	  (SiPM)	  =>	  higher	  efficiency	  (35%)/noise	  ratio

• 20x20	  pixel	  (50µmx50µm)	  => for	  one	  fiber	  10x10	  pixel

Adalberto	  e	  
Mi213124444442134512341234523142132312

223123chela	  -‐	  ROMA

19
2	  
m
m

1x1	  mm

INSIDE	  -‐	  TORINO	  15.9.2014



Calorimeter

16	  MAPMT	  H8500:	  
• already	  purchased	  
• partially	  tested

LYSO	  matrices	  from	  ??:	  

• Hilger	  "oldPISA"	  

• Epic	  "Cina"	  

• Hamamatsu	  "PET"

41

crystal	  matrix

MAPMT	  multi-‐anods

Anger	  logic

pixelization

• 8	  x	  8	  pixels	  PMT	  
• 23	  x	  23	  pixels	  crystals

INSIDE	  -‐	  TORINO	  15.9.2014
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DP: STRUTTURA MECCANICA del TRACKER

Adalberto	  e	  Michela	  -‐	  ROMA

We	  start	  working	  on	  the	  mechanical	  structure	  of	  the	  
DP;	  in	  particular	  we	  elaborate	  the	  integration	  of	  the	  
plane	  tracker	  with	  the	  electronic	  boards	  (SiPM_	  fiber	  

readout).

INSIDE	  -‐	  TORINO	  15.9.2014



43Adalberto	  e	  Michela	  -‐	  ROMAINSIDE	  -‐	  TORINO	  15.9.2014

Dressing	  of	  
the	  fibers

STRUTTURA 
MECCANICA

Separation	  
in	  4	  frame

Dressing	  of	  
the	  fibers
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DP: STRUTTURA MECCANICA del TRACKER

Adalberto	  e	  Michela	  -‐	  ROMAINSIDE	  -‐	  TORINO	  15.9.2014

A	  first	  layer	  of	  
fibers	  is	  ready!

fibers	  are	  polished
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DP: STRUTTURA MECCANICA del TRACKER

Adalberto	  e	  Michela	  -‐	  ROMA

The	  scintillator	  layer	  are	  read	  out	  with	  the	  same	  
SiPM	  electronics	  of	  the	  tracker	  layers.

INSIDE	  -‐	  TORINO	  15.9.2014
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DP: STRUTTURA MECCANICA del TRACKER

Adalberto	  e	  Michela	  -‐	  ROMA
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Progettato da Controllato da Approvato da Date
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Date
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INSIDE	  -‐	  TORINO	  15.9.2014

Marco	  Magi



47

DP: STRUTTURA MECCANICA del TRACKER
A ( 1 : 1 )
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1,
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,0
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INSIDE	  -‐	  TORINO	  15.9.2014

Marco	  Magi



Adalberto	  e	  Michela	  -‐	  ROMA

2013	  
• profiler	  layout	  optimization	  with	  MC	  
• reconstruction	  algorithm	  development	  
2014	  
• fibers	  test	  
• electronics	  and	  DAQ	  design	  
• one	  plane	  module	  assembly	  =>	  M.Magi	  
• other	  planes	  assembly	  and	  tests	  ..	  before	  Christmas!	  
• stand	  alone	  mechanics	  
• electronics	  production	  
• calorimeter	  realization	  
2015	  
• profiler	  assembly	  (mechanics,	  electronics,	  DAQ	  &TRG)	  
• integration	  HW	  &	  SW	  
• global	  device	  test	  &	  characterization

Time Schedule
from	  MILANO

	  March	  2
014

Milan	  is	  working	  to	  the	  test	  board	  
LNF	  start	  working	  effectively	  from	  June!	  

48INSIDE	  -‐	  TORINO	  15.9.2014

up	  to	  now	  we	  are	  here!!
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