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LYSO@90º
BGO@0o,10o,30o Ebeam (MeV/u) Range (cm) zPMMA 

(cm)
4He 102 6.0 7.65
4He 125 8.5 10.0
4He 145 11.0 12.65
12C 120 2.9 10.0
12C 160 4.9 10.0
12C 180 6.0 10.0
12C 220 8.5 10.0
16O 210 6.0 7.65
16O 260 8.5 10.0
16O 300 11.0 12.65

LYSO@60º
BGO@5o,15o,30o Ebeam (MeV/u) Range (cm) zPMMA (cm)

4He 102 6.0 7.65
4He 125 8.5 10.0
4He 145 11.0 12.65
16O 210 6.0 7.65
16O 260 8.5 10.0
16O 300 11.0 12.65
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Yield at Production Measurement ϕ𝛾Prompt-� production from 4He, 12C and 16O ion beams on a PMMA target 11

✓ Ion Energy �
�

�stat �sys �(N�)sys �(Nion)sys
(MeV/u) (10�3 sr�1) (10�3 sr�1) (10�3 sr�1) % %

90�

4He
125 5.34 0.06 0.17 � 3.1

145 6.53 0.07 0.17 � 2.7

12C

120 4.57 0.09 0.10 � 2.1

160 7.66 0.13 0.10 � 1.3

180 9.80 0.18 0.10 � 1.0

220 12.22 0.22 0.11 � 0.9

16O

210 12.65 0.12 0.38 � 3.0

260 16.83 0.20 0.54 � 3.2

300 22.10 0.15 0.77 � 3.5

60�

4He

102 3.70 0.08 0.11 � 3.0

125 4.67 0.07 0.23 4.0 2.7

145 6.40 0.08 0.14 � 2.2

16O

210 12.44 0.13 0.41 � 3.3

260 17.04 0.19 0.59 � 3.5

300 21.32 0.19 1.03 � 4.9

Table 3. Production yields (��) of prompt photons, computed according to Eq. 1,
measured with the detector in the angular configuration at 90� and 60�, with a
deposited energy threshold E > 2 MeV, integrated over the full target size and averaged
in a full 4⇡ solid angle, for the di↵erent ion beam energies. The statistical (�stat) and
systematic (�sys) uncertainties are shown as well.

the full target size (5⇥ 5⇥ 20 cm3) and averaged in a full 4⇡ solid angle, measured with

a LYSO detector at the GSI (Darmstadt, Germany) facility is �
�

(12C 220 MeV/u ,E >

2 MeV @90�) = (6.3±0.2stat±2.1sys)⇥10�3 sr�1. This experimental result is more than

2.78 standard deviation away from the correspondent HIT yield �
�

shown in Table 3.

The production yield was also measured at GSI using a BaF2 detector obtaining a

value of �
�

(12C 220 MeV/u ,E > 2 MeV @90�) = (10.6± 0.1stat± 1.1sys)⇥ 10�3 sr�1, in

agreement within 2 standard deviations with the corresponding value shown in Table 3.

The prompt photon measurement performed with the BaF2 detector has been submitted

for publication.

The measured yields were also compared with what presented in (Pinto et al. 2015),

where the prompt-� absolute yield produced by a 95 MeV/u 12C beam interacting with

a PMMA target, with an energy threshold of 2 MeV, averaged over the full beam range,

was reported to be (1.74 ± 0.09stat ± 0.50sys) ⇥ 10�4 mm�1 sr�1. In order to relate

the integrated yield produced by the 120 MeV/u carbon ion beam shown in Table 3

with the Pinto’s result, we used an estimate of the full projected range for our beam

of 30.86 mm, as estimated by SRIM 2013. With this assumption, the normalized rate

becomes �
�

(12C 120 MeV/u @90�) = (1.48 ± 0.03stat ± 0.03sys) ⇥ 10�4 mm�1 sr�1, in

agreement with what measured in (Pinto et al. 2015).
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Evaluation: 

From the measured 
prompt photon yields 
at production we 
evaluated an achievable 
resolution on the BP 
estimation:  ~ 2 mm  
for a treatment with He/
Oxy beams in a real case 
scenario, using the IBA 
slit camera as photon 
detector [1] .

[1] Smeets et al., “Prompt gamma imaging with a slit camera for real-
time range control in proton therapy”, Phys. Med. Biol. 57, 3371 (2012)
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Particle ID Distributions: QDC vs TOF  Charged secondary yields from 4He and 12C ion beams interacting with a PMMA target6
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(c) Helium, 60�configuration

Figure 2. ...

The number of primary ions (Nprim) impinging PMMA target was measured with the

SC. The total e�ciency of the measurements includes three major components: detector

e�ciency (SC, LTS, DC, LYSO), acceptance of the detector resulting from the geometry

of the setup and so called matter e↵ects related to the length of the PMMA target. Dead

time e�ciency (✏DT - SC e�ciency) is in range from 54 % to 90 % and from 67 % up to

80 % for measurements obtained with Carbon and Helium beams, respectively and was

estimated from high statistics Monte Carlo (MC) simulations. Those simulations were

also used to estimate the particle identification e�ciency (✏PID), which is on the level

of 80 %, ... % and ... % for secondary Protons, Deuterons and Tritons.

Dedicated MC simulations were performed to estimate acceptance and detection

e�ciency of LTS, DC, and LYSO detectors as a function of secondaries production point

and production energy. Due to the fact that those secondaries have to travel on average

2.4 cm of PMMA material before their exit the target, using MC simulations, production

energy of charged secondary particles generated along the primary pencil beam was

related to the average measured kinetic energy of those secondaries. Further e�ciency

map taking into account e�ciency of LTS, DC, LYSO detectors and their acceptance

was created and smoothed, providing the e�ciency values for secondaries at 10 MeV

energy steps and accounting for their production position in PMMA along the x axes in

5 mm steps (coordinate system introduced in Figure 1). For the data, TOF between LTS

and LYSO detectors allowed to estimated kinetic energy of detected secondary particles

whereas their production point in PMMA was reconstructed using the DC information.

The final flux was obtained correcting the detected charged secondaries accounting for

the e�ciency on their production point and measured kinetic energy, as illustrated on

Figure 3.

The fluxes are listed in the Table 2 and shown in Figure 4. Results obtained with

primary Carbon beam at 220MeV/u di↵er from the flux obtained at GSI with the same

primary beam energy by (Piersanti et al. 2014) (* labeled point) due to the application

of the accurate e�ciency evaluation method using the e�ciency maps. Considering

the e�ciency to be independent on the secondaries production energy and production

C90

Charged secondary yields from 4He and 12C ion beams interacting with a PMMA target6
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The number of primary ions (Nprim) impinging PMMA target was measured with the

SC. The total e�ciency of the measurements includes three major components: detector

e�ciency (SC, LTS, DC, LYSO), acceptance of the detector resulting from the geometry

of the setup and so called matter e↵ects related to the length of the PMMA target. Dead

time e�ciency (✏DT - SC e�ciency) is in range from 54 % to 90 % and from 67 % up to

80 % for measurements obtained with Carbon and Helium beams, respectively and was

estimated from high statistics Monte Carlo (MC) simulations. Those simulations were

also used to estimate the particle identification e�ciency (✏PID), which is on the level

of 80 %, ... % and ... % for secondary Protons, Deuterons and Tritons.

Dedicated MC simulations were performed to estimate acceptance and detection

e�ciency of LTS, DC, and LYSO detectors as a function of secondaries production point

and production energy. Due to the fact that those secondaries have to travel on average

2.4 cm of PMMA material before their exit the target, using MC simulations, production

energy of charged secondary particles generated along the primary pencil beam was

related to the average measured kinetic energy of those secondaries. Further e�ciency

map taking into account e�ciency of LTS, DC, LYSO detectors and their acceptance

was created and smoothed, providing the e�ciency values for secondaries at 10 MeV

energy steps and accounting for their production position in PMMA along the x axes in

5 mm steps (coordinate system introduced in Figure 1). For the data, TOF between LTS

and LYSO detectors allowed to estimated kinetic energy of detected secondary particles

whereas their production point in PMMA was reconstructed using the DC information.

The final flux was obtained correcting the detected charged secondaries accounting for

the e�ciency on their production point and measured kinetic energy, as illustrated on

Figure 3.

The fluxes are listed in the Table 2 and shown in Figure 4. Results obtained with

primary Carbon beam at 220MeV/u di↵er from the flux obtained at GSI with the same

primary beam energy by (Piersanti et al. 2014) (* labeled point) due to the application

of the accurate e�ciency evaluation method using the e�ciency maps. Considering

the e�ciency to be independent on the secondaries production energy and production
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1

✓ Ion Energy �p ± �stat ± �sys �d ± �stat ± �sys �t ± �stat ± �sys

(MeV/u) (10�3 sr�1) (10�3 sr�1) (10�3 sr�1)

90� 4He 125 0.789± 0.027± 0.073 0.066± 0.005± 0.024 0.001± 0.001± 0.000

145 1.531± 0.038± 0.105 0.090± 0.006± 0.026 0.002± 0.001± 0.003
12C 120 0.447± 0.027± 0.029 0.011± 0.003± 0.003 0.001± 0.001± 0.000

160 1.267± 0.056± 0.085 0.064± 0.008± 0.016 0.008± 0.003± 0.001

180 1.950± 0.087± 0.113 0.102± 0.013± 0.022 0.012± 0.004± 0.002

220 4.086± 0.115± 0.216 0.181± 0.016± 0.032 0.016± 0.005± 0.003
16O 210 3.2± 0.1 analysis on going analysis on going

260 5.6± 0.1 ” ”

300 11.8± 0.1 ” ”

60� 4He 102 4.788± 0.070± 0.402 0.315± 0.010± 0.063 0.031± 0.003± 0.011

125 10.717± 0.109± 0.908 0.917± 0.019± 0.212 0.099± 0.006± 0.037

145 17.658± 0.155± 1.787 1.948± 0.030± 0.542 0.168± 0.008± 0.095
16O 210 17.7± 0.1 analysis on going analysis on going

260 32.2± 0.3 ” ”

300 58.2± 0.3 ” ”

Some effort is ongoing for a further study on experimental 
efficiency calculation. Analysis on going..

Yield (at production) ϕp,d,t:

Preliminary  
(very preliminary for Oxygen!) 
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Measurement of the beam range (BP position)Charged secondary yields from 4He and 12C ion beams interacting with a PMMA target10
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Figure 5. Longitudinal profile of charged secondary fragments reconstructed inside
the PMMA target. At Fig. (a) the theoretical beam entrance face is at -9 cm, whereas
at Fig. (b) and (c) the theoretical beam entrance face is at -11.65, -9.0, -6.65 cm for
4He beam at 145, 125 and 102MeV, respectively.

point allows to build the longitudinal and vertical emission profiles (Z-profile and

X-profile, respectively). The evidence of the correlation between BP position of an

ion beam and charged secondary emission profiles has been demonstrated before for
12C beam at 220MeV (Piersanti et al. 2014).

Varying the energy of the 12C beam and keeping the PMMA target length constant

(see Tab 1) we demonstrated that the charged secondaries emission shape varies with

the beam energy (Fig. 5 a). In the 10 cm long PMMA the 12C beam enters the target at

the same position as it is indicated by the rising edge of the emission profile. Decreasing

the energy of the 12C beam the slope of the falling edge of the profile becomes shorter

and steeper, as the production of the secondaries ends with the range of the beam (BP

position).

For the first time, the emission profiles produced by 4He beam at di↵erent

therapeutical energies were measured and reconstructed at 90�and 60�with respect to

the primary beam direction. For each of the 4He beam energies the length of the

PMMA target (see Tab 1) was adapted in such a way that the BP position was expected

approximately ⇠1 cm before the distal end of the target, wherease the beam entrance

face was at di↵erent postions as indicated by the rising edge of the emission profile.

Fig. 5 demnostrates the expected behaviour

Once performing the calibration of the detector, the evaluation of the emission

shape parameters allows calibration of the device and BP position monitoring.

4. Discussion and conclusions

(i) the most importnat results (ii) uncerainties (iii) longitudinal profile resolution (iv)

clinical application (v) future aims/Oxygen data

(iv) As the correlation between BP position and secondary particles emission profile

has been already demonstrated elsewhere (Piersanti et al. 2014), here, we focus on the

C90 HE90

Charged secondary yields from 4He and 12C ion beams interacting with a PMMA target10
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point allows to build the longitudinal and vertical emission profiles (Z-profile and

X-profile, respectively). The evidence of the correlation between BP position of an

ion beam and charged secondary emission profiles has been demonstrated before for
12C beam at 220MeV (Piersanti et al. 2014).

Varying the energy of the 12C beam and keeping the PMMA target length constant

(see Tab 1) we demonstrated that the charged secondaries emission shape varies with

the beam energy (Fig. 5 a). In the 10 cm long PMMA the 12C beam enters the target at

the same position as it is indicated by the rising edge of the emission profile. Decreasing

the energy of the 12C beam the slope of the falling edge of the profile becomes shorter

and steeper, as the production of the secondaries ends with the range of the beam (BP

position).

For the first time, the emission profiles produced by 4He beam at di↵erent

therapeutical energies were measured and reconstructed at 90�and 60�with respect to

the primary beam direction. For each of the 4He beam energies the length of the

PMMA target (see Tab 1) was adapted in such a way that the BP position was expected

approximately ⇠1 cm before the distal end of the target, wherease the beam entrance

face was at di↵erent postions as indicated by the rising edge of the emission profile.

Fig. 5 demnostrates the expected behaviour

Once performing the calibration of the detector, the evaluation of the emission

shape parameters allows calibration of the device and BP position monitoring.

4. Discussion and conclusions

(i) the most importnat results (ii) uncerainties (iii) longitudinal profile resolution (iv)

clinical application (v) future aims/Oxygen data

(iv) As the correlation between BP position and secondary particles emission profile

has been already demonstrated elsewhere (Piersanti et al. 2014), here, we focus on the

HE60

From previous experiments: 

- the secondary charged z 
emission distribution is 
related to the beam range; 

- with 103 secondary protons 
produced by 108 ions (220 
MeV/u 12C) the parameter ∆ 
describing the width of the z 
distribution is known with a 
resolution of about ~ 3 mm.OX90
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A calibration describing the 
behavior of ∆ as a function of 

the beam range inside the 
target for the HIT experimental 

configurations is ongoing.
Paper in preparation: charged particle Yield, energy 

spectra and profile at production for He, C ion beams Report on HIT Experiment Analysis
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For 16O ions at 260 MeV/u (LYSO at 90o) we performed a 
segmented target geometry measurement 

Secondary Charged Particles



11Report on HIT Experiment Analysis

Secondary Charged Particles
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Secondary Charged Particles
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Crazy Target
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Secondary Charged Particles
Reference 10 cm Target: no AIR spaces
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Secondary Charged Particles
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Integral 3998 tracks 
(Corresponding to about 

7.7 108 primaries)
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Crazy Target
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Secondary Charged Particles
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Secondary Charged Particles

DATA
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Crazy Target
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Secondary Charged Particles
The data plot shown here corresponds to a  
detector acceptance much smaller than that of DP. 

We can approximately scale (at the same distance from target) to the 
acceptance of Dose Profiler considering a factor ~17 (conservative!!!): 
number of reconstructed tracks =>  ~4.5 107 primaries. 

From MC we learn that for Oxigen at 260 MeV/u in order to deliver a 1 Gy on 
a 3 x 25 x 25 mm3 slice around the Bragg Peak one needs 2.4 107 
primaries: 
=> physical dose of ~1.9 Gy. 

We also know from MC how to scale for more reasonable thicknesses. That 
number of reconstructed tracks would correspond in the Dose Profiler to: 

~2.71 108 prim:  ~11 Gy   @ 7 cm PMMA ~(8.4 cm H20)  
~6.66 108  prim: ~28 Gy   @10 cm PMMA ~(12.0 cm H20) 

DOSE PROFILER CONSIDERATIONS
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Secondary Charged Particles
DOSE PROFILER CONSIDERATIONS
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The presence of structures remains 
distinguishable also for lower doses

Very 
Preliminary!!
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Fragmentation Analysis

0o 10o

The ToF measurement combined with the 
deposit energy information allows for 
Particle Identification: p,d,t.

The analysis has been performed for 
0,10,15 and 30 degrees..

Only Helium Beam analysis has been done.. Carbon and 
Oxygen ion beams will come in next months

Paper in preparation: forward He ion 
beam fragmentation on PMMA target

Report on HIT Experiment Analysis
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Fragmentation Analysis

Experimental study of nuclear fragmentation of 4He ions in PMMA target for application in Particle Therapy. 9

Table 3. Relative proton, deuteron and triton yields measured for di↵erent beam
energies at di↵erent angles.

He102 (%) 0� 5� 10� 15� 30�a 30�b

proton 20.4 ± 2.8 25.8 ± 3.1 30.5 ± 4.0 35.5 ± 4.1 65.5 ± 8.4 65.4 ± 7.5

deuteron 31.2 ± 4.3 33.0 ± 3.9 32.6 ± 4.3 35.0 ± 4.1 26.8 ± 3.5 26.5 ± 3.1

triton 48.4 ± 6.3 41.2 ± 4.7 37.0 ± 4.8 29.5 ± 3.4 7.7 ± 1.1 8.0 ± 1.0

He125 (%) 0� 5� 10� 15� 30�a 30�b

proton 22.4 ± 3.1 27.4 ± 3.2 31.8 ± 3.8 37.2 ± 4.2 68.5 ± 7.6 69.2 ± 7.6

deuteron 32.7 ± 4.6 34.8 ± 4.0 34.7 ± 4.1 36.7 ± 4.1 25.6 ± 2.9 24.9 ± 2.7

triton 44.9 ± 6.0 37.8 ± 4.2 33.5 ± 3.8 26.1 ± 2.9 6.0 ± 0.7 5.8 ± 0.7

He145 (%) 0� 5� 10� 15� 30�a 30�b

proton 23.8 ± 3.4 29.1 ± 3.4 33.4 ± 4.0 39.2 ± 4.4 70.9 ± 8.0 70.6 ± 7.6

deuteron 34.0 ± 5.0 36.0 ± 4.2 36.0 ± 4.3 36.9 ± 4.1 24.3 ± 2.7 24.5 ± 2.7

triton 42.2 ± 5.8 35.0 ± 4.1 30.6 ± 3.5 24.0 ± 2.6 4.8 ± 0.6 4.8 ± 0.6

Figure 7. Fraction of protons, deuterons and tritons as a function of detector
angle with 102 MeV (left), 125 MeV (center) and 145 MeV (right) helium
beams.

Figure 8. Relative yield of protons (left), deuterons (center) and tritons (right)
at 0 degree as a function of nucleon energy with di↵erent helium beam energies.

At 30o we have two separate set of 
measurements (in agreement!)

The relative Yield for p,d,t has been 
calculated for all angles and beam 
energies (102, 125, 145 MeV/u)

Preliminary

Paper in preparation: forward He ion 
beam fragmentation on PMMA targetReport on HIT Experiment Analysis
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Fragmentation Analysis
The relative Yield for p,d,t has been 
calculated for all angles and beam 
energies (102, 125, 145 MeV/u)

The Kinetic Energy of the 
particles is obtained from 

the ToF measurements
Preliminary

Report on HIT Experiment Analysis
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Fragmentation Analysis
The absolute Yield for p,d,t, and more in general 

for H, has been calculated for all angles and 
beam energies (102, 125, 145 MeV/u).

Preliminary
Preliminary

Preliminary

Preliminary

Paper in preparation: forward He ion 
beam fragmentation on PMMA targetReport on HIT Experiment Analysis



Report and Update on HIT Experiment Analysis

February, 1st 2016
RDH Meeting

Resuming: 

- the prompt gamma yield at production analysis is complete for He, C 
and O ion beams: it will be submit soon; 

- the charged secondary analysis on yield, spectra and profile at 
production is done for He and C and it will be submit soon. The O 
analysis is still on going but we hope to finish it before summer; 

- the fragmentation of the He ion beam at small angles is complete and 
it will the submit soon. For C and O analysis.. wait next few months..

- the beta+ activity analysis is still ongoing for He ion beams 
(unfortunately there are no available datas for C and O);
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PMMA = phantom 
Rn = 2 pixelated LYSO,side by side,1.6x5x5 cm3 each 
Rs = 2 pixelated LYSO,side by side,1.6x5x5 cm3 each  
         (PET photons detectors) 
LTS = plastic scintillator (charged particles TOF) 
DCH = Drift Chamber (charged particles tracking) 
LYSO = matrix of four LYSO crystals 
             (prompt photons and charged particles detector) 
STS1a,b,c = plastic scintillators 
STS2a,b,c = plastic scintillators 
                    (charged fragments TOF) 
BGOa,b,c = BGO crystals (charged fragments detectors) 

BEAM 

DCH 

LYSO 

φ = 60º 
 

2 

Some effort is ongoing for a further study on 
experimental efficiency calculation..

Preliminary

Off-Spill analysis

Report on HIT Experiment Analysis
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Prompt Raw Energy Spectra

DATA

FLUKA
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Prompt Raw Energy Spectra DATA

FLUKA
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Prompt Raw Energy Spectra DATA

FLUKA


