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skin. In contrast to photons, the dose profiles of protons
and heavier ions are characterized by a distinct narrow
peak !“Bragg peak”" at the end of their path. The posi-
tion of this peak can be precisely adjusted to the desired
depth in tissue by changing the kinetic energy of the
incident ions. Protons and heavier ions differ in two fea-
tures essentially: First, protons have a similar biological
effect as photons !at the same absorbed dose", while
heavy ions show higher effectiveness, ranging from low
RBE values in the plateau region to a significant en-
hancement in the Bragg peak !Kraft, 2000". Second,
heavy ions !unlike protons" exhibit a characteristic dose
tail behind the Bragg peak, which is caused by second-
ary fragments produced in nuclear reactions along the
stopping path of the ions, resulting in a complex radia-
tion field !Schardt et al., 1996".

The dose deposited in tissue is the most important
physical quantity in radiotherapy. It is defined !ICRU,
1993" by the term absorbed dose !unit Gray #Gy$" as the
mean energy d! deposited by ionizing radiation in a
mass element dm,

D =
d!

dm
#1 Gy = 1 J/kg$ . !1"

In radiation therapy !RT" water is used as tissue ref-
erence medium. Dose measurements are normally per-
formed with air-filled ionization chambers and have to
be converted to the absorbed dose in water by correc-
tion factors. For a parallel beam with particle fluence F
the dose deposited in a thin slice of an absorber material
with mass density " can be calculated as follows:

D#Gy$ = 1.6 # 10−9 #
dE
dx %keV

$m & # F#cm−2$

#
1
"
% cm3

g & , !2"

where dE /dx is the energy loss of the particles per unit
path length !specific energy loss or “stopping power”". A
similar related quantity is the linear energy transfer
!LET", unit keV/$m, which refers to the energy depos-
ited in the stopping medium by the slowing-down par-
ticle.

For particle therapy the photon-equivalent dose,
sometimes referred to as biological dose or Gray-
equivalent dose, defined as the product of absorbed dose
and RBE, is most significant because it includes the
larger efficacy of ions. The units are named Cobalt-
Gray-Equivalent !CGE" or Gray-Equivalent !GyE". Ac-
cording to recent recommendations !ICRU, 2007" for
proton beam therapy, now the term ‘‘RBE-weighted’’
dose and the unit Gy !RBE" should be used. Similar
recommendations for heavy-ion therapy are in progress,
but presently still the unit GyE is commonly used within
the clinical community.

1. Stopping of high-energy ions

In this section the basic formulas describing the stop-
ping of ions in a thick absorber are recalled. The theory
of stopping and range of ions in matter has been treated
in extended reviews !Fano, 1963; Ahlen, 1980; Sigmund,
2004; Ziegler et al., 2008". Radiotherapy of deep-seated
tumors requires ion beam ranges in tissue of up to 30 cm
corresponding to specific energies up to 220 MeV/u for
protons and helium ions, 430 MeV/u for carbon ions,
and 600 MeV/u for neon ions with particle velocities %
'v /c(0.7. At these velocities the energy-loss rate
dE /dx in the slowing-down process is dominated by in-
elastic collisions with the target electrons !electronic
stopping" and can be well described by the Bethe-Bloch
formula !Bethe, 1930; Bloch, 1933a, 1933b", here given
in the relativistic version described by Fano !1963", in-
cluding the shell correction term C/Zt and the density
effect correction term & /2,

dE
dx

=
4'e4ZtZp

2

mev2 %ln
2mev2

)I*
− ln!1 − %2"

− %2 −
C
Zt

−
&

2& . !3"

Zp and Zt denote the nuclear charges of the projectile
and target, me and e are the mass and charge of the
electron, and )I* is the mean ionization energy of the
target atom or molecule. For liquid water the value )I*
=79.7 eV was obtained from energy-loss measurements
with 70 MeV protons !Bichsel and Hiraoka, 1992; Bich-
sel et al., 2000". From recent precision Bragg curve mea-
surements for protons and various heavier ions values of
75–78 eV were deduced !Kumazaki et al., 2007; Paul,
2007; Schardt et al., 2008". Stopping-power curves for

FIG. 1. !Color online" Depth-dose profiles of 60Co ( radiation,
megavolt photons, and 12C ions in water.
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Particle therapy (PT)
• In PT accelerated light ions (Z ≤ 8) are 

used for the treatment of tumors (p,12C)

• Advantages of PT with respect to 
conventional Radiotherapy (with photons):

➡ Highly localized dose deposition (Bragg Peak)
➡ Higher biological efficiency (RBE)
➡ Treatment of highly radiation resistent tumors, 

sparing surrounding organs at risk (OAR)
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12C (2 fields) photons (9 fields)

• Due to the highly localized dose 
deposition in PT a high precision 
monitoring is needed

• So far, we are still lacking a standard 
on-line monitoring procedure 
widespread in clinical use

M.Durante and J.S.Loeffler, Nat. Rev. Clin. Oncol., 7, 37-43 (2010)
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The online monitoring challenge
• On-line monitoring: not an easy task!

➡ Beam is stopped inside the patient (BP)
➡ Monitor has to provide fast feedback to act on the beam 

control and prevent damage to OARs
• Possible solution: exploit the secondaries emitted in the 

nuclear interaction processes btw ion beam and the 
target nuclei

➡ possibility to correlate the emission point of secondary 
particles with the dose release and BP position!

• Achievable resolution depends on:
➡ Abundance of secondaries production
➡ interaction inside the patient
➡ detection efficiency (limited by external constraints such as the integration within the treatment 

room…) 

n

n

Hadron 
beam
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Beyond p and 12C there’s a growing interest in other “heavy” ions (4He, 16O) beam 
applications: an improved characterization of the secondaries production for these 
beams is becoming crucial for their deployment in treatment centers

beam interaction 
with patient voxels



[1] L. Piersanti et al. - Phys. in Med. and 
Biol., vol. 59, no. 7, p. 1857, (2014)
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• Three type of secondary particles have been exploited until 
now:
➡ Prompt-𝛾 (comes from fragments nuclear de-excitation)
➡ PET-𝛾 (comes from β+ emitters fragments)
➡ Charged fragments (mainly 1H,2H,3H. The heavier ions 

are absorbed in patient body/PMMA target)

PT monitoring with different 
secondaries

In-beam PET monitoring 

 
  

12C: E = 212 AMeV 
Target: PMMA 

15O, 11C, 13N ... 

11C, 
10C 

1H: E = 110 MeV 
Target: PMMA 

15O, 11C, 13N ... 

A possible method for the control 
of the geometrical accuracy of the 
treatment is PET imaging 
 
!  Nuclear inelastic reactions 

between the hadron beam 
(both p & 12C) and nuclei in 
tissue 

!  β+ emit t ing isotopes are 
produced with short half-lives 
like  
"  11C (20.3 min), 
"  13N (9.97 min), 
"  150 (2.03 min). 

p 
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16O 16O 15O 16O 16O 

12C 12C 

15O 

11C n 

n 

p 
p 

In-beam/in-room dedicated 
instruments are necessary to: 
" Avoid data loss of very short living 

isotopes 
" Avoid metabolic wash-out 
" Avoid patient re-positioning 
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J"Pawelke"et"al.,"Proceeding:"Ion"Beams"
in"Biology"and"Medicine"(IBIBAM),"
26.?29.09.2007,"Heidelberg,"Germany"

PET-𝛾

charged

fragmentsIn 2014 we performed an experiment @ HIT facility (Heidelberg 
Ion-Beam Therapy Center) in order to measure secondary 

particles produced in the interaction of He, C and O beams (with 
therapeutical energies) against a thick PMMA target

• For each type of secondary particle is necessary to:
➡ correlate the emission point with the dose release and 

the BP position
➡ compute the production fluxes

K.Parodi et al., IEEE TNS, Vol. 52, N. 3, (2005)

220 MeV/u 12C on PMMA



The HIT experimental setup
• Collected several millions of collisions with 

different beam energies, different geometrical 
configurations, and fixed distance btw BP and 
PMMA exit window
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• A MC simulation of the full setup has 
been developed with FLUKA for 
efficiencies and solid angle studies

beam 
direction

beam 
direction
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pixelated LYSO detectors
for PET monitoring

BGO detectors for forward 
charged fragments studies

Drift chamber + LYSO setup 
for prompt-𝛾 and charged 
particles studies

Thin scintillators used for 
ToF and dE measurements



Dataset, beam conditions

• Different PMMA blocks have been 
assembled (for different beam 
energies) in order to have a target 
ensuring:

➡ a fixed BP position in our 
experimental reference frame 
(z=0 with the beam along the z 
axis)

➡ a fixed distance btw BP and 
PMMA exit window, to ease the 
systematics treatment for the 
fragmentation studies 

• The PET monitoring system was 
full functional only for He beams

Beam Energy 
(MeV/u)

PMMA 
(cm)

Config #ions (x 108) 
90° [60°]

He 102 7.65 90°, 60° 28.8 [33.2]
125 10 " 32.4 [32.2]
145 12.65 " 32.3 [31.9]

O 210 7.65 " 23.9 [15.4]
260 10 " 12.5 [12.3]
300 12.65 " 29.9 [18.3]

C 120 12.65 90° 15.3
160 " " 9.9
180 " " 6.4
220 " " 8.2
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• The data analysis is still ongoing
• In the following I’ll show only 

prompt-𝛾 emission spectra, raw 
fluxes and preliminary secondary 
particles emission profiles



Prompt-𝛾 production
• Prompt 𝛾 are mainly 

produced by the 
fragments de-excitations 
and are selected using E 
vs “ToF” (time of flight 
computed as tLYSO - tSC)

• Nγ is computed from an 
unbinned likelihood fit to 
the time pull distribution 
in ELYSO slices:

➡ the background is 
modeled using the sum 
of a flat component 
(from LYSO internal 
radiation) and a 
peaking one, on the 
right (mainly due to 
neutrons)
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Detected prompt-𝛾 spectra
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• Prompt 𝛾 production was observed for all the beams
• Emission spectra consistent with what already 

measured with LYSO detector @ LNS, GSI
• Broad peaks: convolution of prompt-𝛾 from different 

isotopes
• Emission spectra for 60° and 90° for He and O beams 

have been compared, normalizing them to have the 
same area.



Detected prompt-𝛾 spectra
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➡ For prompt 𝛾 produced 

by 16O beam, we 
observe an 
asymmetry that is 
related to the prompt 𝛾 
production in the 
projectile 
fragmentation (and 
thus affected by the 
projectile boost)
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• Prompt 𝛾 production was observed for all the beams
• Emission spectra consistent with what already 

measured with LYSO detector @ LNS, GSI
• Broad peaks: convolution of prompt-𝛾 from different 

isotopes
• Emission spectra for 60° and 90° for He and O beams 

have been compared, normalizing them to have the 
same area.



PET-𝛾 production

• The PET 𝛾 emission point is 
reconstructed only for 
helium beam

• PET 𝛾 are identified 
requiring E around the 511 
keV peak and Δt < 3σ(t) for 
off spill events

• Still missing the ε 
corrections
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• Started with analysis of He beams (plots are 
shown for 102 MeV/u beam).

• Proton, deuteron and triton bands are clearly 
visible for He fragmentation at all beam 
energies, with non negligible contribution at 
large angles

• The energy calibration of BGO detectors               
has been performed with p beams

• Nice agreement of E vs ToF distributions  is 
observed with the predictions from Fluka MC 
simulation

10°

θ = 0º 

θ = 10º 

θ = 30º 

BGOa 

BGOb 

BGOc 
STS2c 

STS2b 

STS2a 

DCH 

LYSO 

LTS 

PMMA 

Rn 

Rs 

SC 

STS1c 
STS1b 

STS1a 

φ = 90º 

Charged fragments - small angles

data
30°

data
0°

data

11

beam 
direction

ToF (ns) ToF (ns) ToF (ns)

p
d

t

d
t

p
p

d t



ToF (ns)
20− 0 20 40

 (M
eV

)
LY

SO
E

10

20

30

40

50

60

70

80

0
20
40
60
80
100
120
140
160
180
200
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• Tracks reconstructed by the DCH
➡ Detector alignment done with aluminum table 

fixed positions (± 1mm)
➡ DCH center aligned with fixed BP positions 

(xPMMA = 0, ~1.5 cm before exit window)
➡ Ω ~ 6⋅10-5 sr, εdet > 90%
➡ DCH trk resolution @ emission point ~ 1mm
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BP monitoring on He beams
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Beam type/E φ 90° (10-3)
He 102 0.6
He 125 0.7
He 145 1
C 160 1
C 180 2
C 220 3
O 210 3
O 260 5
O 300 10

• A non negligible production of charged 
particles at large angles is observed for 
all beam types

• The emission shape is correlated to the 
beam entrance window and BP position 
as already measured with 12C

• φ = dNall/(Nions dΩ)

different PMMA thickness !!
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Comparison of charged measurement at 90° 

Very 
preliminary 
charged yields 
comparison at 
90° for different 
energy and ion 
beams btw HIT 
data and 
previous data 
acquisition 
campaigns @ 
GSI and LNS 
of our group
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Conclusions

• The study of secondary particles production from He, C and O 
beams impinging on a thick PMMA target is well advanced! With 
the few millions of events collected at the HIT facility we already 
observed:
➡ A significant production of charged particles for all beam 

types. Results obtained for 12C beam are in agreement with what 
already published and confirm the feasibility of a dose monitor 
based on the charged particles detection!

➡ A significant forward fragmentation of 4He beams (p, d, t)
➡ A significant prompt-𝛾 production, with a spectra that has the same 

properties of what already observed in previous experiments.
➡ The contribution from projectile fragments de-excitation has been 

observed using the 16O beam.
➡ PET-𝛾 emission profile exploiting the He beam

15


