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Measurement of charged fragments
production cross sections (do/dE) in the
interactions of C-ions with C,H,O targets
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Experimental SETUP a0
Thin Targets based on C,H and O elements: PMMA, Graphite and Plastic Scintillator

e .......... - hethmtargets(12mm)do
as a function of the kinetic energy for 4 angles; not require, as a first

approximation, the
< The Time of Flight in thin plastic scintillators and the implementation of a correction

energy deposit in the inorganic crystals has been ~ for the fragments absorption
Used for D omdl dimelit neiy measiremonts,.. . | R DIC R |
B Exit

. V?/?rrlrclj ov)\(/l Target

< 4 STS: thicknesses 2 mm for ToF
measurements (Time Resolution
= _/ STS:: Time ~400-600 ps) and Deposited
Energy measurements (dE)

120 cm

| 2
0.2cmI — -i-

<= 2 LYSO: 8 cm thick for Deposited
STSs: Time Energy measurements (k)
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LYSO Energy
% Detector PS o
Episode I: 90/60
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Thin Targets based on C,H and O elements: PMMA, Graphite and Plastic Scintillator

= The fragments production (Z=1) has been measured  The thin targets (1-2 mm) do
as a function of the kinetic energy for 4 angles;

not require, as a first
approximation, the

= The Time of Flight in thin plastic scintillators and the  implementation of a correction

®  <“FORWARD” ANGLES:
50° + 2° and 32° + 2°

bsorption

n for ToF
measurements (Iime Resolution
~400-600 ps) and Deposited
Energy measurements (dE)

<= 2 LYSO: 8 cm thick for Deposited

Energy measurements (k)

Episode II: 50/32¢
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Cross sectlon

The 12 C fragmentation cross sections for a Az X fragment are obtained as:

()= =
dEk N 12 N Yy €

:::_ i sz var gen The energy loss by the
200 e, cpes fragments has been taken
1000 INto account: we evaluate via
soof MC the fragments (p,d,t)
600} energy loss in target, air and
i sts1 and then we corrected
>k | the measured Ekin up to the
NN energy at generation.
EKin at generation




Cross section

From CNAO
Dose Delivery

The 12 C fragmentation cross sections for a Az X fragment are obtained as:

| Nax (Ex)
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[lecj . Ny . €
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Information of the target composition:

................................................................................................................................... . | Target Composition | Thickness | Density
: dose-current conversion systematic uncertainty. The relative : [mm)] lg/cm3]
uncertainty on Ni2 (4%) is hence the convolution of the PMMA C- 0o Hs 5 119
uncertainty on the stopping power determination [20] and on Graphite C 1 0.94
: the dose measurements [21]. A possible additional contribution : :| Plas.Scint. CyH, 2 1.024
i to the systematic uncertainty, coming from the monitoring
system measurement stability [22], was found to be negligible py - thy . N A
.................................................................................................................................................. Ny =
Ni2 . 10° -10° 10° 10° -10° AY
Target 115 153 222 281 353 -
MeV/u MeV/u MeV/u MeV/u MeV/u =5
PMMA [49866] [46512] [49395] [49601] [4ZOOO] thy_thy Sqrt 2)
Graphyte 49454 46583 47484 47288 49328 .
Plast. Scint. 49728 50600 49347 49787 49653 §:
.................................................................................................................................................. V\ 5
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Cross section

The 12 C fragmentation cross sections for a Az X fragment are obtained as:

NAX(Ek) 1 1

Solid angle and
efficiencies

. Protons, deutons and tritons . Full simulation (C on
. impinged on the experimental ; i Targets and fragments

. setup to calculatethe i i production). On the E

. geometrical acceptance and | (and dE) vs ToF E

' the trigger+detection . i distributions application
efficiency . i of the PID selections

Measurements of the DAQ
dead time for each run (rate
dependent)

tuned from data:
evaluation of fragments
(p, d, t) mis- :
identification. &5



Particle Identification

Protons Deutons and tritons have been selected from all other particles
exploiting deposited Energy vs ToF, Edep vs 1/ToF, dE vs E and dE vs ToF

information.
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The use of MC allows to
clearly identify the
fragments and define our
identification strategy.

The He contribution is
visible.. see next slide for
the Z>2 separation.

*QDC saturation
@ 1350pC

The deposited energy in the LYSO crystal is shown as a function of the time of
flight of the measured particles for data and MC-data. For the data and the MC,
the deposited energy is in arbitrary units. The fragments identity is shown in

order to confirm the described data selection strategy.
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Particle Identification

information.
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The energy loss in the STSb (in pC) is shown as a
function of the time of flight of the measured particles.
The populations of Z=1 and Z=2 at 32 degrees are
clearly separated by the red line.

N

Protons Deutons and tritons have been selected from all other particles
exploiting deposited Energy vs ToF, Edep vs 1/ToF, dE vs E and dE vs ToF

The helium
fragments, as well as
tritons, do not
represent a
statistically
significant sample:
only about 2% of the
fragments are Z=2, at
320. No cross section
analysis has been
performed for Z>1
fragments. They have
been removed from
the analysed data
sample.
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Particle Identification

Protons Deutons and tritons have been selected from all other particles

exploiting deposited Energy vs ToF, Edep vs 1/ToF, dE vs E and dE vs ToF
information.
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s | Protons and deuterons are reasonably
o  DATA abundant in all the specific data sets:
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Kinetic Energy Spectra

Time of Flight distribution of protons is shown in the top plot and converted in the kinetic
energy distribution as shown in the bottom plot. Data refer to Arm2, graphite target with C-ion
beam at 352 MeV/u:
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4 — . . o
s [ —_JOr2p___ Time resolution evaluated from dedicated run:
o
~ B Mean 8.471 ° o.
£1000~ StdDev  2.363 50% 720 ps 6 — L/(TOF : C)
3 ® 32°: 370 ps v l
© goo[—
: Erin =m;-(y—1)
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N 1600
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— — Entries 10297
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200 — 1200
B 1000—
0 1 I L L L 1 I -
0 20 25 -
ToF [ns] 800_—

Energy resolution as a function of proton
kinetic energy ranges from 12% (5%) up to
35% (20%) for 500 (32°) (worsening with| **

increasing energy). R T T
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500 600 700 800
Kinetic energy Variable Bins [MeV]

The kinetic energy has been reconstructed in variable size bins that have been chosen as a
compromise between the energy resolution and the available statistics in each bin (in the final
differential cross section evaluation).
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Kinetic Energy Spectra

Time of Flight distribution of protons is shown in the top plot and converted in the kinetic
energy distribution as shown in the bottom plot. Data refer to Arm2, graphite target with C-ion
beam at 352 MeV/u:

The kinetic energy has been reconstructed in variable size bins that have been chosen as a
compromise between the energy resolution and the available statistics in each bin (in the final
differential cross section evaluation).
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Effluency evaluation: ¢ ' €Sel " €EDT
The efficiency EDet(Ekin) and €Sel have been evaluated using dedicated Monte
Carlo simulations developed with the FLUKA code.
»% To evaluate €Det (Ekzn) detector, angular, trigger, signal selection efficiency !
i => MC FLAT (no triggered MC: all events recorded): ;
o, d, t sources, 41 production i |
i Not to _ E
' scale E
5 Fipd,t i
a - i
| = s
i I' 5
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Efficiency evaluation: € —‘ ‘ €D

The efficiency €Det(Ekm) and €Sel have been evaluated using dedicated Monte
Carlo simulations developed with the FLUKA code.

= > MC FLAT (no triggered MC: all events recorded):
. P, d, tsources, 41 production

. B . 4 To evaluate €Sel: p, d, t identification
E . efficiency using the PID bands
: = > MC FULL (target, beam, etc..)
Not to _ i
scale TS :
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Det Efficiency: Trig + Det + Geo |

(0
Probability that a fragment of type u is U Iy IV meas
€ ( kin ) 2 Nu

measured by our detectors (u=p, d, {) Det
gen /

Simulation no trig of p (d, t) produced 41T with FLAT Ekin = [5 MeV - 1 GeV] (x2 if d)
x3ift)
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Det Efﬁciency: Trig + Det + Geo

(0
Probability that a fragment of type u is U Iy IV meas
€ ( kin ) 2 Nu

measured by our detectors (u=p, d, {) Det
gen /

Simulation no trig of p (d, t) produced 41t with FLAT Ekin = [5 MeV - 1 GeV] (x2 if d) |
(x3ift)
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Det Efficiency: Trig + Det + Geo

Probability that a fragment of type u is U

measured by our detectors (u=p, d, {)

€

N’LL

meas

Simulation no trig of p (d, t) produced 41T with FLAT Ekin = [5 MeV - 1 GeV] (x2 if d)
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Det Efﬁciency: Trig + Det + Geo |

Probability that a fragment of type u is U (Ek . ) .
in )1

€

measured by our detectors (u=p, d, {) Det

Simulation no trig of p (d, t) produced 41T with FLAT Ekin = [5 MeV - 1 GeV] (x2 if d) |
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Mixing Efficiency

Probability that a fragment of type u is uv
measured in the regionv (u, v=p, d, t) mix

FULL simulation of 12C ion beam impinging over a PMMA target.

Egin €PP 6dd Gtt
[MeV/u] | (%1 | (%] (%]
6 o p— [ 500
mixr 115 955 | 800 |8 £ 12
153 905 +£5 |8+ 14| 91 +6
221 94 +£5 | 85+ 12 | 86 % 10
281 94 £ 5 | 84 &+ 12 | 71 % 31
353 94 +£5 | 844 14 | 81 + 15
320
E%:n, P €'P eP? et et g 153 OS5 +5 |77 £22 | 83 £ 17
(MeV/u] | [%] (%] | [%] %] %] | 221 95+ 5 | 754+23 | 73 £ 32
— 50° . 281 95 £5 | 75+ 24 | 76 + 26
115 6+ 7 - 2+2 | 12X£13 | 57 | 353 94+5 | 75+£24 | 69 £37
221 4+4 |[3+4|2+3|11+10| 7+6 |° o "
281 S+£3 [2+£2|2+3| 86 | 8+7 | The d and t contribution to the XSec,
o i}
B M ELE LI R E S R L has been subtracted and viceversa:
| B
115 4£3 |2+2|1+2| 3£4 |[13L13 |
153 4+2 | 242142 242 |16+ 16 | XSecp_final = XSecp - (epsdp/epspp) * XSecd |
221 44+4 |[2+2|1+2| 8+14 | 17+17 |8 i % ol
281 4+3 [3£3|1+2|10£19| 1616 |° (epstp/epspp) _gegt !



Kinetic energy calculated from TOF protons with Variable bins (t_s1a - t_s1b)
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Kinetic energy calculated from TOF protons with Variable bins (t_s1a - t_s1b)
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Kinetic energy calculated from TOF protons with Variable bins (t_s1a - t_s1b)
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Kinetic energy calculated from TOF protons with Variable bins (t_s1a - t_s1b)
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Kinetic energy calculated from TOF protons with Varfable bins(t_s2a - t_s2b)
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Ekm Spectra (Data FI.UKA) Proton :: 50 - 32 PMMA

Absolute Normalization|
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Ekin Spectra (Data - FLUKA) Deuterons :: 50 - 32 :: PMM

Kinetic energy calculated from TOF deutons with Variable bins (t_s1a -1_s1b)
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Kinetic energy calculated from TOF protons with Variable bins (t_s1a - t_s1b)
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Ekin Spectra (Data - FLUKA)Deuterons :: 50 - 32 :: Grafite

Kinetic energy calculated from TOF deutons with Variable bins (t_s1a -t_s1b) Kinetic enerzl ° °
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Cross section on TARGET hecranties

PMMA and Plastic scintillator. All efficiencies included.
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Comparlson with GANIL & FI.UKA
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Protons cross section on PMMA [barn sr-1 MeV-1]
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<= The experimental data analysis is at its conclusion
<= Tritons are not included since the statistics is too poor

<= The DATA-FLUKA comparison has been studied at 90° and 60° and it is
encouraging regarding the models status (see backup slides).
The analysis strategy has to be changed in order to take into account the
mixing efficiency dependency to the fragment kinetic energy.

<= Our aim is to publish also the DATA-FLUKA comparison at all 4 angles
as a FOOT collaboration paper.
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Particle Identification

Protons and Deutons have been selected from all other particles exploiting
deposited Energy vs ToF, Edep vs 1/ToF, dE vs E and dE vs ToF information.
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Deposited Energy [a.u.
|

400 —

200 —

The deposited energy in the LYSO crystal is shown as a
function of the time of flight of the measured particles for
data and MC-data. For the data and the MC, the deposited
energy is in arbitrary units. The fragments identity is shown
in order to confirm the described data selection strategy.

The use of MC allows to
clearly identify the
fragments and define our
identification strategy.

In the plot the separation
lines that are applied on
data to separate in mass the
fragments are reported.
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Particle Identification

information.
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Protons Deutons and tritons have been selected from all other particles
exploiting deposited Energy vs ToF, Edep vs 1/ToF, dE vs E and dE vs ToF

Protons and deuterons are reasonably
abundant in all the specific data sets:
about 80% and 20% of the fragments

respectively at 32o.
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Energy resolution as a function of deuteron kinetic
energy ranges from 8% (4%) up to 28% (11%)
for 500 (320) (worsening with increasing energy).
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Table III Table III
PARTICLE IDENTIFICATION EFFICIENCY: SELECTION EFFICIENCIES PARTICLE IDENTIFICATION EFFICIENCY: SELECTION EFFICIENCIES
EVALUATED FOR BOTH 90° AND 60° DETECTION CONFIGURATIONS. EVALUATED FOR BOTH 90° AND 60° DETECTION CONFIGURATIONS.

PP

[%]

Edd

(%]

it
€

[%]

ePP

(7]

Erltl

[%]

Ett

[%]

80 +9
85 £+ 14
85 £ 12
84 + 12
84 + 14

85 £ 12
91+ 6
86 + 10
71 £ 31
81 £ 15

88 + 12
81 + 21
86 + 12
85 + 11
85 + 13

86 + 19
89 +7

95 4
95 £5
95 5
95 5
94 +5

78 £ 21
77 £ 22
75 £ 23
75 £ 24
75 £ 24

76 £ 32
83 £ 17
73 £ 32
76 £ 26
69 + 37

95 £ 5
95 + 438
95 + 4.6
95 £ 4.7
94 + 54

79 + 20
78 + 22
76 + 23
76 + 24
76 + 23

81 + 30
79 + 30
86 + 14
83 + 18
82 + 23

Table IV Table IV
PARTICLE IDENTIFICATION EFFICIENCY: OFF DIAGONAL ELEMENTS PARTICLE IDENTIFICATION EFFICIENCY: OFF DIAGONAL ELEMENTS
EVALUATED FOR BOTH THE 90° AND 60° DETECTION CONFIGURATIONS. EVALUATED FOR BOTH THE 90° AND 60° DETECTION CONFIGURATIONS.
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Table III

PARTICLE IDENTIFICATION EFFICIENCY: SELECTION EFFICIENCIES
EVALUATED FOR BOTH 90° AND 60° DETECTION CONFIGURATIONS.

PARTICLE IDENTIFIC
EVALUATED FOR

/

o™

9\)

n
9‘0\

i epp fdd ett
[MeV /4] (%] [%] [%]
95 + 5 80 + 9 85 + 12
05 +5 | 8 + 14 91 £ 6
94 +5 |8 12| 8 £+ 10
94+5 |8 +12 | 71 &+ 31
94 +5 | 84 +14 | 81 £ 15
905 +4 | 78 £ 21 | 76 = 32
OS5 +5 | 77 +£22 | 83 £ 17
OS+5 | 75+£23 | 73 +£ 32
OS5 +5|75+£24 | 76 +
4+5|75+24

Table III
PARTICLE IDENTIFICATION EFFICIENCY: SELECTION EFFICIENCIES
EVALUATED FOR BOTH 90° AND 60° DETECTION CONFIGURATIONS.

Ekzn GPP Erlrl Ett
[MeV/u] | (%] (%] %]
50()
115 9 12 | 86 £ 19
150 /S//‘\e 21 | 89 +7
/ \ X 12 | 91 + 6.1
0 1|91 +63
t\e“ 83 + 21
\\ N \\5 9 £20 | 81 %30
\) 48 | 718 + 22 | 79 + 30
e‘é 905 + 4.6 | 76 +23 | 86 + 14
‘ 95+ 47 | 76 + 24 | 83 + 18
94+ 54 | 76 +23 | 82 + 23
Table IV

PARTICLE IDENTIFICATION EFFICIENCY: OFF DIAGONAL ELEMENTS
EVALUATED FOR BOTH THE 90° AND 60° DETECTION CONFIGURATIONS.

[MeV/u] %]
\
61\/// 2+2 | 12+£13
10 + +3 | 1+2| 5+4
4+4 |3£4|2+£3|11£10
5+43 |2+£2|2+3| 8+6
4+2 | 1£1|2+£2|10£10
4+3 [2£2[1x2] 3+4
4+2 (2£2|1+£2| 2+£2
4+4 | 2+£2 | 12| 814
4+3 | 3£3|1x2|10£19
4+3 | 5+£6 |23 |10+ 14

EI\ o Edp 6“) 61)(1 € td Gdt
[MeV/u] [%] (%] [%] [%] [%]
90(}
115 4 +7 1 +2 1 +1 |10+ 18 6+ 12
150 748 041 |2+£2 9+8 5+6
221 4 +4 1 +2 24+3 6+ 6 7+9
279 54 1051 |2+£2 66 77
351 5+4 1 +2 24+2 11 £10 8 + 8
60°
115 4 +4 1 £ 1 1 £ 2 34+£3 13 £ 13
150 4+3 2+3 1+ 2 342 15 £ 16
221 4 +4 2+2 1 £+ 2 343 16 £ 16
279 4+3 243 1+ 2 342 16 + 16
351 4+3 5+7 2+3 343 15 £ 15
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Dirfferentlal cross section for proton production from C on PMMA, CH, C vs Eprotons
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Differential cross section for proton production from C on PMMA, CH C VS Eprotons
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Differential Cross Section for proton production from C on O, H, C vs Eproton

- FLUKA (open) vs DATA (filled) -
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Differential Cross Section for proton production from C on O, H, C vs Eproton
- FLUKA (open) vs DATA (filled) -
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Total Cross Sectlon for proton production from C on O, H, C vs Ebeam
- FLUKA (open) vs DATA (filled) -

—
<

7 A A A 9Q° A

C
f ! | O
H

p

—

<
N

1/AQ 6, [b sr']
=

—
<
N
|
—

—
<
(62}

10—6...l....1....1....1....1.
150 200 250 300 350

Beam Energy [MeV/u]

[b sr']
3
i
(B

a 1072
Here DATA have
been corrected for

1/AQ o
S

60°

-
<
N

the contamination
of deuterons in the
proton signal

IIIIIII| IIIIIII| IIIIﬂl‘ ||L'“II| lII"!Il TTTTI

—i —h
9 9
(o)) (&)

L | 1 1 1 ! | L L 1 ! | L L L 1 | 1 L L L | 1
150 200 250 300 350
Beam Energy [MeV/u]
v-“l' /




- FLUKA (open) vs DATA (filled) -

c] [o] [H

—&— C@(95-115-115)Mev/uon C

: s : —®— C@(95-115-115)Mev/uon O

—— C@(95-115-115)Mev/u on H
1 :é:
|

w—
<

1/AQ o, [b sr']
=
1
l

w—
<
w

=
|
|

40 50 60 70 80 90




