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Heavy lon Beams

The simulation of the fragmentation of the ions of the beam, actually not
considered in the code, gives an important contribution for the dose deposition
for heavy ion treatments.
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Fragmentation of Carbon lons

1. Calculation of the Coefficient of Mass Attenuation -> is there
fragmentation?

2. Choice the target;

3. Fragmentation:
|. Choice the Fragments (both target and projectile
fragments with conservation of A and Z);
|. Choice of their Energy and Angles of emission
ll. Energy and Angle scaling considering the beam energy
V.Check on Energy conservation (if ZE¢ >Epro; repeat from I.)

4. Generation of Fragments

N
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Step 1: Galculation of the Coefficient of Mass Attenuation

Calculation of the total cross section:

o= a1+ are B
Scaling using the Sihver formula which takes into account the type of target and
projectiles. In case of H target, the formula considers also a energy-dependance

for E<200 MeV /u (L. Silwer, Total reaction and partial cross section calculations in proton-nucleus and
nucleus-nucleus reactions)

OH,0 = 20H + 00
Otot — O * Oscaling (Uscaling = 1if target— HZO)

If the projectile is a neutron or a proton the total cross section is zero

So the mass attenuation is:

_ Otot
H p
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Step 1: Calculation of the Coefficient of Mass Attenuation

Mass Attenuation in Water
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Step 2: Choose the Target

HIT OR MISS with Cumulative (C) obtained from the cross section of Sihvert:

_ 20pH
Cn = OHoO
o
OH,0 = 20 + 00 Co = UHC;O
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Step 3.1: Choose the Fragments
HIT OR MISS with cumulative obtained with data from the Ganil Experiment
adding the constraint:
If projectile fragments: If target fragments:

EAi=Aprojectile AND ZZi=Zpr0jectile EAi=Atarget AND ZZi=Ztarget

Ganil Experiment has not data about neutrons, they have been added using the
cumulative of protons.
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Step 3.11: Choice of their Energy and Angles of emission

To obtain an Angle and Energy Cross Section, have been fitted with Ganil data

Gaussian parameters
used for the energy and
angle distribution of

Projectile fragments

Proton angle and

energy distribution
0 12C [95MeV/u]

350 400

Kram [MeV/u] Oxygen Target
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Step 3.11: Choice of their Energy and Angles of emission

To obtain an Angle and Energy Cross Section, have been fitted with Ganil data

Exponential parameters
used for the energy and
angle distribution of

Target fragments

Proton angle and

energy distribution
0 12C [95MeV/u]

300 350 400

Kram [MeV/u] Oxygen Target
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Step 3.11: Choice of their Energy and Angles of emission

To obtain an Angle and Energy Cross Section, have been fitted with Ganil data

(E—<E>)?2 n (0—<9>)2)

f(E, 9) _ Ale—(aEE+a90) 4 Aze_( 20 20

| 6Li angle and energy

distribution
. JE, 12C [95MeV /u]
Kfram [MeV/U Oxygen Target
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eREDDAY

Step 3.111: Energy and Angle Scaling

Scaling of fragments kinetic energy:

_ 17Ganal

Scaling of fragments angle emission:

_ nGanal 1
g = pGanil L

R= -t
- KGan’il

b
11/03/2020 Rome

Kinetic Energy of fragments

K f — produced by a beam with kinetic

energy Kj
KGCLTL’il — Kinetic Energy of fragments
f produced by the beam used
in the GANIL experiment

K p — Kinetic Energy of the beam

N Kinetic Energy of the beam
K bC¥ anuil — used in the GANIL
experiment

0

Angle of fragmentation with a
beam of kinetic energy Kp

Transverse momentum of the
fragment

Pf

p b — Transverse momentum of the beam
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Results

% MeV/a
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To do list

< Compare FRED with “Michela data”
< Compare FRED with data of Haettner

. . IOP PUBLISHI NG PHYSICS IN MEDICINE AND BIOLOGY
Measurement of 12C Fragmentatlon Cross Sectionson C, O Phys. Med. Biol. 58 (2013) 8265-8279 doi:10.1088/0031-9155/58/23/8265
and H in the Energy Range of interest for Particle Therapy

Applications

February 2020
DOI: 10.1109/TRPS.2020.2972197

Experimental study of nuclear fragmentation of 200
and 400 MeV/u '>C ions in water for applications in

Project: FOOT Experiment P article therap y
llaria Mattei - © ' Andrey Alexandrov - @ Luisa Alunni Solestizi - Show all 87 authors -
Alessio Sarti E Haettner, H Iwase', M Kriimer, G Kraft and D Schardt

%* Use FRED using a RTPLAN on a cube of

water from CNAO
< Use FRED with a treatment plan of

MedAustron
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ENERGIA PERSA

Diff vs Ebeam
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Sihvert formula

N->1H | - i
E~200 MeV /u | N->N

O(pyN)eae=mry[1+ AP —by(1+ 4,713)]?,

reac

O(N,N)reqe=mr§[ A) 2+ A4 —bo[ 4,13

by=2.247—0.915(1+ 4,7 '73) |

| by=1.581—0.876(A4, '+ 4,'7).

E<20 MeV /u
O(E’p’N)reaczo' 1480.0985Ef(E’p’N)reac,10(p7N)rcac ’

20<E<150 MeV /u

O'(E,p:N)reaczf(E’p’N)reac,la(p’N)reac ’

150<E<200 MeV /u FE, PN ) e =1.15+1e = "2(1—0.62¢ ~£/2%)
Xsin(10.9E ~%28) |

U(E’p’N)reac:f(E7p’N)reac, lf(E’p’N)reac,ZU(p’N)reac
F(E,p,N)epe»=4.00—0.02E ,

+ (E, ’N)rea )N)r > !
f P c,3f(p eac f(E’P:N)reacJ:O'OZE —3.00 .
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eREDDAY

Ganil Experiment

Development of the model using data taken during experiments to study the
fragmentation of 12C beams on thin targets at GANIL (laboratory of CAEN,
France, 2011-2017).

Data consist on: energy and angular cross-section distributions on H, C, O, Al,

and Ti with beams of 12C with energies of 50 and 95 MeV /n with a detection
angle [-43°,+43°]

Si(Li) detector
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J. Dudouet, et al, C, PHYSICAL REVIEW American Physical Society, 2013

C. Divay et al, PHYSICAL REVIEW C 95, 044602 (2017)
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Ganil Experiment
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Step 3.11: Choice of their Energy and Angles of emission

To obtain an Angle and Energy Cross Section, have been fitted with Ganil data

(E—<E>)? +(9—<9>)2)

f(E, 0) _ Ale—(aEE+a99) 4 AQG—( 20 20

dSigma/DE Target fragmentation Only1H

hTarget1H

Entries 1212264 Fit parameters of FLUKA

Mean 8.258
Std Dev 9.066 energy distribution of

fragments in production
used for Target fragments

Proton energy

0

50 distribution
12C [95MeV/u]
0 Oxygen Target
DAY
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Step 3.11: Choice of their Energy and Angles of emission

To obtain an Angle and Energy Cross Section, have been fitted with Ganil data

—
o
w

f(E,0) = Ay~ (oeEta) | Age_(

dSigma/DE Target fragmentation Only6Li

20’E
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