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The fragmentation cross sections of carbon ion beams with a kinetic energy of
115 — 353 MeV /u impinging on thin targets of graphite (C), PMMA (C205Hzg)
and polyvinyl-toluene (C9H1p) have been measured at 90° and 60° at the CNAO
particle therapy center (Pavia, Italy). Cross sections on elemental targets exploit-
ing the target subtraction method have already been published!. The presented
measurement is a complete reanalysis by the FOOT collaboration? of the already
published data on composite targets, in order to refine the analysis, improve the
systematic uncertainties and show the comparison with the FLUKA Monte Carlo
code calculations. In this work, the kinetic energy at production of measured frag-
ments has been completely redefined, together with the efficiencies computation.
The new analysis strategy has been successfully validated against the true MC cross
sections. T'wo detection arms were positioned at two different angles to perform the
measurement at 90° and 60°. The fragment species has been identified in charge
(Z;q = H, He) and mass (M;q = 'H, ?H, °H) combining the information of the de-
posited energy in thin plastic scintillators, of the deposited energy in a thick LYSO
crystal and of the fragments Time of Flight (ToF) measurement. The ToF was
also used to compute the fragments measured kinetic energy. The cross sections
are presented as a function of the fragments production kinetic energy thanks to
an unfolding technique applied to data.
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that this is a reanalysis.
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INTRODUCTION

Particle Therapy (PT) is the external radiation therapy technique that exploits protons

Background and measurement

and carbon ion beams to treat especially deep-seated solid tumors close to organs at risk?. ° °
poelatly €eeb 5 motivation.

In particular, carbon ions are used to treat radio-resistant tumors thanks to their higher
biological effectiveness in killing cancerous cells with respect to photons and protons?*, but
hadrons with a mass number A > 1 may undergo fragmentation in the nuclear interaction
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Motivation of the reanalysis .
and description of the paper
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The experimental data of the cross section of 2C ion beam on carbon (C), oxygen (O)
and hydrogen (H) elemental targets at large angle have been already published! by the
FOOT collaboration?, exploiting the composite targets subtraction method from the cross
section of 2C ion beam impinging on C, CH and PMMA targets, from a data taking
performed at the CNAO therapy center (Pavia, Italy). In this work a reanalysis of the
same dataset is performed, motivated by an improvement in the whole analysis strategy,
in particular in the efficiency computation, in the extraction of the kinetic energy through
a new unfolding technique and in the systematic uncertainties evaluation. In Section I the
experimental setup and configurations are described, in Section II the data analysis strategy
is presented. The computation of the fragment kinetic energy at production has been
implemented exploiting an unfolding technique of the measured fragment kinetic energy
(see Section IT A1), while in the already published data an analytic function was applied
for the measured kinetic energy correction. Moreover, instead of computing a fragment
identification efficiency averaged on the kinetic energy at production of fragments, in the
presented analysis the fragment identification efficiency is modulated as a function of the
fragment production kinetic energy (see Section IIB 2). The systematic error evaluation has
been discussed in Section II C. In Section III the results are reported and the comparison
with FLUKA Monte Carlo code!?!3 predictions is also shown for the first time and discussed
in Section IV.
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Section |: Experimental Contigurations

133 I. EXPERIMENTAL CONFIGURATIONS

134 The double differential fragmentation cross sections of ?C ion beam over C, CH and

155 PMMA thin targets (see Table I) have been measured, exploiting five beam energies: Beam Exit Target
s 115 MeV /u, 150 MeV /u, 221 MeV /u, 279 MeV/u and 351 MeV/u. The beam intensity Window 'S

157 was the therapeutical one (~ 10% ions/s). Each target, placed at 45° with respect to the
138 incoming beam direction (thy = Thickness-+/2), was impinged by ~ 5 - 109 ions.

Target Composition | Thickness| thy |Density 30 cm
[mm] | [mm]|[g/cm?’] : STSa: Time
PMMA C50.Hs 2 2.8 | 1.19 0.2 CM I~ i Detectors
Graphite C 1 1.4 0.94 : 600
Polyvinyl-toluene CoHio 2 2.8 1.024
113.8 cm
- TABLE 1. Targets composition and parameters®.
‘—Z’ STSe: Time
Detectors
! 0.2cmI - = LYSO Energy
X Detector
Many ref h i -
ny reterences to the previous
d Y p Not to scale Arm? @600

published paper [1]. —1

FIG. 1. Sketch of the experimental setup (not to scale)’.
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Section IlI: Methods
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II. METHODS

The differential cross section computed as a function of the fragment kinetic energy at
production (Fj) and measured at § = 60°,90° is defined as:

— 1 NQX(Ek)I (1)
- A Ny AEk lec G(Ek) .

Na x (E}) is the number of fragments with a specific atomic number Z and mass number

A, in each kinetic energy bin Fj; A} is the solid angle of the fragments at production
seen and reconstructed by the LYSO detector; Ny is the number of scattering centers per
unit surface; AFy is the fragment kinetic energy bin size; Ni2¢ is the number of incoming
carbon ions and €(E}) is the total efficiency.

AS) has been computed by means of the MC simulation, taking into account the spatial
distribution of the beam and the multiple scattering underwent by fragments before reaching
the LY SO detector. The number of scattering centres in a Y target per unit surface is defined
as:

To compute the Differential
Cross Section, above the
normalization factors:

* Evaluate the yield of
fragments with specific Z
and A as a function of the
production kinetic energy
of the fragments

* Evaluate the total
efficiency as a function of
the production kinetic
energy of the fragments

€(Er) = €Rec  €PID * €DT
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Section IlI: Methods

51 Il. METHODS 207 1. Unfolding of measured kinetic energy

152 The differential cross section computed as a function of the fragment kinetic energy at

. . . A .
s production (Ey) and measured at # — 60°,90° is defined as 208 After the purity correction, to obtain the number of 72X fragment as a function of the

200 kinetic energy of the fragment at production (Nax (Ek) in eq. 4), an unfolding technique,
20 based on the RooUnfoldBayes method of the RooUnfold package!” based on the ROOT

1 do 1 N4 x (Ek) . o
154 ——(4X) = - : (1) 211 software'®, has been applied to the measured kinetic energy spectrum, due to the fact that
AQ dE), AQ Ny AE), Nizg e(Ey) - =2 ,
212 a fragment loses energy before exiting the target and in air before being detected. The
155 Nax (Ey) is the number of fragments with a specific atomic number Z and mass number

156 A, in each kinetic energy bin FEj; A} is the solid angle of the fragments at production

157 seen and reconstructed by the LYSO detector; Ny is the number of scattering centers per 5 20— ' ' 1410 £ = ¢ '
155 unit surface; AFy is the fragment kinetic energy bin size; Ni2- is the number of incoming S i 11 § 900 # sTrue
150 carbon ions and €(E}) is the total efficiency. é’ - 11 8 800 - eMeas
160 AS) has been computed by means of the MC simulation, taking into account the spatial o 200~ - 700 E°— «Unf
161 distribution of the beam and the multiple scattering underwent by fragments before reaching £y - 1= 102
1.2 the LYSO detector. The number of scattering centres in a Y target per unit surface is defined L I 13 600 3
163  aAS: 150 _— 500 ;_
! 400
100 10 300f
— 200 F
152 A. Fragment ldentification -
50 100
183 The number of.spec.iﬁc fragments, NQ.X as a funct%on of Ey, i.e. the fragment kinetic 50 100' — '1;-,0' — '260' — '250 1 0 -5'0 — '160' — '15',0' 200 250
18« energy at production, is evaluated following the equation: E:?eas [MeV/u] E, [MeV/u]

Nax(By) = U- (Nax (Ef) - p(Ef)) (4)

where U is the unfolding matrix (see sec. ILA 1), p(E}") is the purity (see eq. 5), Na x (E}")
is the number of 2X fragment as a function of the measured kinetic energy: I I . MEthOdS

B = mic- (= 1) II.A Fragment Identification (refs to [1])
II.A.1 Unfolding of measured kinetic energy

with

vi=1—-pH"Y? | Bi=L/)(ToF;-c).
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Section IlI: Methods

26 B. Efficiency Evaluation

2z 1. Reconstruction Efficiency 27 2. Particle Identification Efficiency
208 The reconstruction efficiency is the Conyolution of geometr.ical,. trigger and detect.ion " The particle identification efficiency (ep;p) has been computed as a function of the re-
29 efficiencies. It has been computed as a function of the fragment kinetic energy at production, 29 constructed 4X fragment kinetic energy at production, with the following equation:
20 following the equation:
NeoME (B prp
Ng%?OMC(Ek)TE 250 €pPID (Ek> — ZfrecoMC’ (7)
By = —Z (6) NIV (Bk)TE
231 GRGC( k trueM C 4
N2 (Eg)an

1 with NQ%OM “(Ey)prp is the number of fragment MC reconstructed in Z and A after the
Z

>  particle identification selection (see sec. IT A), implemented as it is in experimental data,

80.07_| e e LI mn e o o o o e e e e e NEmE 253 while Ng‘;gOMC(Ek)TE is the same as the numerator of eg..(FE})) (see sec. IB1). In Table II
- =C ]
Ujro.oaj— «CH
r0sk ~PMMA - I1. Methods
. E_._ . E o Mo °
= Y —t | 3 II.A Fragment Ifientlflcatlon
2 oal #;?%_U_ — II.LA.1 Unfolding
: E 11.B Efficiency Evaluation
Bl : 11.B.1 Reconstruction Efficiency
0.01__ ] ° °
: : 11.B.2 PID Efficiency
O_I PIE TS TN T (NN TN W WO TN AN TN TN TN TN (NN TN SO SO MO AN TR TN NN NN NN NN NN SN AR

50 100 150 200 250 300 350
E, [MeV]
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Section IlI: Methods

267

268

269

270

271

272

273

274

275

C. Systematic error evaluation

A crucial aspect in the evaluation of the results (see sec. III) is the assessment of the
systematic error, that, in this analysis, is computed as a function of the fragment kinetic
energy at production. The systematic error of the cross section measurement (as defined in
eq. 1) is the root sum square of the systematic uncertainty sources listed below:

1. Unfolding procedure (sySunt)
2. AQ evaluation from MC simulation (sysaq).
3. Particle identification selections (sysprp)

4. Evaluation of the number of incoming ions N1z~ (relative systematics 4% - see sec. II)

Il. Methods
II.A Fragment Identification
II.A.1 Unfolding
11.B Efficiency Evaluation
11.B.1 Reconstruction Efficiency
11.B.2 PID Efficiency
11.C Systematic Error Evaluation
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Section IlI: Results.

310

311

312

313

right panel), for protons (p), deuterons (d) and tritons (t), detected at 90° (Fig. 10) and
60° (Fig. 11). The FLUKA MC prediction is superimposed to the experimental data as
blue dots in all figures. Numerical values are reported in the tables shown in Appendix A.
In the case of protons, low statistics kinetic energy bins are not included in tables.

The MC prediction results on differential cross section are computed with the following

a5 formula: TE, 3.5 .-DATA ; TE, 3.5 .-DATA ;
| gotrueMC Nﬁv}éeMC’( Er)ag ~ 3 o MCtrue E ~ 3 o MCtrue 3
316 (éX) = Z (8) 7 ; 7) ;
AQ  dE; AQ Ny AE, NMS o E o E
0 29 279 MeV/u ] 52° 351 MeV/u :
(&) ! o ]
o 92 - o 92 i -
I i i - 15f & : 1.5 :
* Differential Cross Section in * | "l = -
L 3 3

o~ : i

: -
Energy of protons osf g ] of e :

0 0

x107

0 .
50 100 150 200 250 300 350
Ekin [MeV/u]

50 100 150 200 250 300 350
Ekin [MeV/u]

x107

0 .
50 100 150 200 250 300 350
Ekin [MeV/u]

50 100 150 200 250 300 350
Ekin [MeV/u]

o 3.5 #DATA 1 35 =DATA 1 235 =DATA -

= eMCtrue | = eMCtrue {| = «MCtrue

Ill. RESULTS @ 3 @ j 2 i

301 . o] . o] . Q0 "

o 2O 115 MeV/u 1 a?° 150 MeV/u 1 a2° 221 MeViu 7

302 The results on the differential cross section normalized to the solid angle (DCS in the 8 2 - 8 2 - 8 2 -

3 following figures) of protons detected at 90° and 60°, produced by the nuclear fragmentation : : ]

ws  of 2C ion beams of 115 - 351 MeV /u kinetic energy impinging over composite targets of 1.5 - 1.5 - 1.5 -

s PMMA, C and CH, computed as described by eq. 1, are shown as red squares, respectively, in B

s Figs. 4-9. The statistical error (cross) and systematic error (empty square) on experimental 1 - 1 - 1 -

37 data are shown as separate contributions. We also show the energy integrated values of the o= - ] tok ]

8 cross section normalized to the solid angle (CS in the following figures) as a function of the 0.5 o E 0.5 -~ E 0.5 Mol E
30 primary beam energy for the three targets (PMMA - left panel, C - middle panel, CH - -y

050 100 150 200 250 300 350

x107°

Ekin [MeV/u]

* Integral Cross Section of protons,
deuterons and tritons (60°)

FIG. 4. Differential cross section in energy normalized to solid angle as a function of kinetic energy
for proton fragments detected at 90°, produced in the nuclear interaction of 115-351 MeV /u carbon
ion beam with a PMMA target. The statistical error (cross) and systematic error (empty square)
on experimental data are shown as separate contributions.

FOOT General Meeting, June 2024
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306 Appendix A: Double Differential Cross Section Tables

Section llI: Results -

EY. [MeV /u] dfltTrkw o stat?**® |sys?*t®
w1 Nl RESULTS 90° 1077 |b/sr/MeV]| - 1077 |b/sr/MeV] 0] 70]
40 - 60 13.4 + 0.1 12.0 £ 0.7 £ 0.7 D 6
302 The results on the differential cross section normalized to the solid angle (DCS in the
3 following figures) of protons detected at 90° and 60°, produced by the nuclefr fr(a,gmentation 60 - 80 5.76 = 0.09 4504 x0.3 9 7
ws  of 2C ion beams of 115 - 351 MeV /u kinetic energy impinging over composite targets of 80 - 100 3.01 £ 0.06 1.48 += 0.20 = 0.06 13 4
s PMMA, C and CH, computed as described by eq. 1, are shown as red squares, respectively, in
26 Figs. 4-9. The statisticgl error (cross) and s}}’rstcématic error (empty sc?uare) on eﬁperime)rfltal 100 - 120 1.48 = 0.04 0.46 = 0.08 = 0.08 18 17
37 data are shown as separate contributions. We also show the energy integrated values of the 120 - 140 0.77 = 0.03 - - -
38 Cross section normalized to the solid angle (CS in the following figures) as a function of the
39 primary beam energy for the three targgeté (PMMA - left pzfnel% C -) middle panel, CH - 140 - 180 0.26 + 0.01 ) ) )
50 right panel), for protons (p), deuterons (d) and tritons (t), detected at 90° (Fig. 10) and 180 - 250 0.046 = 0.004 - - -
su 60° (Fig. 11). The FLUKA MC prediction is superimposed to the experimental data as o —1 —7
312 blue(dofs in )all figures. Numericalpvalues are repoI;ted iIIi the tables shovpim in Appendix A. 60 10 [b/ SI'/ MGV] - 10 [b/ SI’/ MGV] [%] [%]
a3 In the case of protons, low statistics kinetic energy bins are not included in tables. 40 - 60 82.0 £ 0.3 79 £ 2+ 4 2 5
314 The MC prediction results on differential cross section are computed with the following 60 - 80 49.8 + 0.3 57 + 92 4+ 9 3 4
a5 formula: ) |
. 80 - 100 24.7 + 0.2 20 + 1 + 2 4 6
L dg'm™eMO 0 1 NI (Pl ] 100 - 120 11.2 & 0.1 129+ 08+06 | 6 5
A0 dBr Z%X) = Aq Ny AE, NEC (8)
; v oEk R 120 - 140 5.69 £ 0.09 8.4 4+ 0.8 £ 0.5 9 5)
140 - 160 2.97 £ 0.07 5.8 = 0.8 = 1.2 14 21
160 - 180 1.78 = 0.05 2.0 4+ 0.3 £ 0.6 15 31
180 - 200 0.95 £ 0.04 1.9 £ 0.5 £ 0.7 28 36
. 200 - 230 0.48 = 0.02 0.8 & 0.2 £ 0.2 29 22
Tables reporting DCS and CS results 230 - 260 0194001 | 1.7+16+03 | 95 | 21
. . 260 - 290 0.078 4= 0.009 - - -
areé presentEd In Appendlx A 200 - 350 0.026 <+ 0.004 _ _ _

.. ) of protons pro-
duced by 115 MeV/u '?C ion beam impinging on a PMMA target, detected at 90° (top panel)
and 60° (bottom panel). The production cross section from the FLUKA Monte Carlo simulation
(MC true) is listed alongside the experimental cross section (data), with the relative statistical and
systematic data uncertainties reported as percentage in the last two columns.

TABLE III. Differential cross section in kinetic energy bins at production (FE}
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Section 1V: Discussion and Conclusions

333

334

335

336

337

338

339

IV. DISCUSSION AND CONCLUSIONS

This work is devoted to the study of the emission of nucleons and light charged fragments
at large polar angle in ?C collisions in the energy range used in particle therapy. The main
aim is to provide data to benchmark the models used for specific tasks, as those concern-
ing range maonitnrine in 1inn thoranvs hyr moanc nf the Adotoctinn Af licht niicloar fracmon tc
emitted b _3
other wor x10

pr—

10  measured: . -
an ref.l @ 30
ZZ ;}rllgles (fé() g E = Newp C 90 +
N o5 [ OldpC90
O <L + ..
201 4 i
15 +
I 4
10_}_ .2
51
0 :l | | | |
115 150 221 279 351

Ekin [MeV/u]

Comparison with already published data
for proton fragments from graphite target

x10~

— 200
?

o 180

¢ 160
O

140

120

100

80

60

40

20

| | | |
01 15 150 221 279 351

Ekin [MeV/u]
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—e—-(OIld p C 60

e

I-‘-I
|

RAAIRF S an LR AR AR LR RAR AR
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Section 1V: Discussion and Conclusions

333 V. DISCUSSION AND CONCLUSIONS

Thanks to Giuseppe Battistoni

334 This work is devoted to the study of the emission of nucleons and light charged fragments
s at large polar angle in 12C collisions in the energy range used in particle therapy. The main
336 aim is to provide data to benchmark the models used for specific tasks, as those concern-
37 ing range monitoring in ion therapy by means of the detection of light nuclear fragments
133 emitted by the interaction of the therapeutic beam in the patient®!?2Y. There have been
330 other works in the past where data on yie

w0 measured?! 24, but no cross section measure ",7,123
s than ref.!. In the present work, the differen ('%1 60 F

w2 angles (60 and 90 degrees) from the nuclear ©.

120

100

. 80

The disagreement of o

] 40

integral CS between data =

(rEd) and MC (b|UE) f()r e = *® exin [I\:I?gcllu] R = 0 Ekin[l\ﬁgcl/ul R = e Ekin [MeV/u]
d and t could be
explained by the MC
models that are not “well
tested” at FOOT energies

=> confirmed by |
A. Ferrari (FI_UKA Dad) 0™=T15 150 221 279 351 0™=T15 150 221 279 351 0™=T15 150 221 279 351

Ekin [MeV/u] Ekin [MeV/u] Ekin [MeV/u]
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Section II: Methods

lI.LA Fragment Identification:

1w

w

very same procedure described in the
2021 published paper.

Same distributions used as well as

same selection “bands” to select in
charge (Zig) and mass (Aiq).
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