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Experimental SETUP CNAO

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

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)

Detectors

LYSO Energy
X Detector
8cm
Not in
scale Arm2 @60° <
Arm1 @900 A




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

Ng‘X(Ek) 1
Nz

p, d distribution
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Cross section

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

(AX) = Ng‘X(Ek) 1 |1
dEk < - [chj Ny €

Information of the target composition:

Target Composition | Thickness Density
[mm] g/cm?]
PMMA C502Hg 2 1.19
................................................. Graphite C 1 0.94
From CNAO Plas.Scint. CypH, 2 1.024
Dose Delivery
- y N Py - thy > NA
................................................................................................................................................. Yy — A
Ni2 . 10° 10° 10° -10° 10° Y
Target 115 153 222 281 353
[MeV/u] [MeV/u] | [MeV/u] [MeV/u] [MeV/u]
PMMA 49866 46512 49395 49601 42000 :
Graphyte 49454 46583 47484 47288 49328 T
Plast. Scint. 49728 50600 49347 49787 49653 §:



Cross section

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

€ :@ Solid angle and
\ . eiliciencies

éProtons and deutons impinged: Full simulation (C on
. on the experimental setup to : ; Targets and fragments
calculate the geometrical i production). On the E

acceptance and the (and dE) vs ToF 5
trigger+detection efficiency : i distributions application :
:.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'; of the PID selections
. Measurements of the DAQ tuned from data:
dead time for each run (rate . evaluation of fragments :
dependent) i (p, d) mis-identification. :



Particle Identification

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

3 1400/~ The use of MC allows to
=~ e DATA clearly identify the
o 12001— f :
5 - ragments and define our
c — : . (o :
W oob- identification strategy.
E - In the plot the separation
N - . >
9 goo|— lines that are applled on
a - data to separate in mass the

6001 fragments are reported.

400[—

200 ¢

% 2 10 15 25 30
ToF [ns]

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. V :
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Particle Identification

Protons and Deutons have been selected from all other particles exploiting
deposit Energy vs ToF, dE vs E and dE vs ToF information.

E' 1400~ "“1 ‘He3 The use of MC allows to
r= - N e DATA clearly identity the
§>1200:— : % e MC fragments and define our
l§ 1000 . |Hed| identification strategy.
= n | Pions appear only in the two most energetic carbon ion beam
§ 800 configurations at 281 and 353 MeV/u (the production threshold
Q - of TT in nucleon-nucleon interaction is 290 MeV/u, while in a
600 — Y nucleus-nucleus interaction it fluctuates around this value). Since
i &€ the number of acquired pions is very low and is dramatically
400 affected by statistical uncertainty, the cross section evaluation
200: analysis has been performed only for protons and deuterons.
011, AN o o T I T S N
0 5 10 15 20 25 30
ToF [ns]

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.




Particle Identification

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

o5 1400— S - e . :
2 - | Protons Fit The central distribution is
o - —— Protons Fit - 3o LT i "
?4200— —— Protons Fit+ 3¢ || Calculated by applying a peak-
3 TR - | —— Deuterons Fit | finder analysis on the ToF
S T [—— Deuterons Fit+3c || (jstribution for slices of fixed
[ deposited energy in the LYSO.
800 Protons are therefore selected
BN between the black and red
SEREE lines, while deuterons are
600—
o between the red and the green
200
_ 600 F
) I L Protons and deuterons are
0

25 | reasonably abundant in all

; : : . ToFInsl | the specific data sets: about
The deposited energy in the LYSO crystal (in pC) is shown as 80% and 15% of the

a function of the time of flight of the measured particles. The
populations of fragments at 60 degrees are selected applying
3 sigma deviation from the central proton and deuteron N

distributions. o S

fragments respectively at 60e.




Particle Identification

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

CZ 14001 I . [—— Protons Fit
= - . |—— Protons Fit - 3o
241200 = —— Protons Fit + 3o
33 S - | —— Deuterons Fit
8 I - | —— Deuterons Fit + 30 |
1000— T
600
200
= ke )
0 | ] |
0 5 10 15 25
ToF [ns]

The deposited energy in the LYSO crystal (in pC) is shown as
a function of the time of flight of the measured particles. The
populations of fragments at 60 degrees are selected applying
3 sigma deviation from the central proton and deuteron
distributions.

The central distribution is
calculated by applying a peak-
finder analysis on the ToF
distribution for slices of fixed
deposited energy in the LYSO.
Protons are therefore selected

Protons and deuterons are
reasonably abundant in all
the specific data sets: about
80% and 15% of the
fragments respectively at 60e.

a
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)
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Particle Identification
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Protons and Deutons have been selected from all other particles exploiting

deposited Energy vs ToF, dE vs E and dE vs ToF information.

300

N
S
o

QDCq,, [PC]
N
(4]
=

200

150

100

50

,L?*,-l-'ll'l_l-'ll’.lllIlllllllllllll-

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 60 degrees are clearly separated by the red line.

e ety e
T

The helium fragments,
as well as tritons, are
not very abundant at
such large angles (90°,
60°), thus do not
represent a statistically
significant sample
(about 2% of the
fragments are Z=2, at
60°).
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No cross section
analysis has been
performed for Z>1
fragments, however,
they have been
removed from the
analysed data sample.
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Kinetic Energy Spectra

Time of Flight distributions of protons (blue solid line) and deuterons (green dashed line)
shown in the top plot are converted in the kinetic energy distributions shown in the bottom
plot. Data refer to Arm2, graphite target with C-ion beam at 352 MeV/u:

N
N
o
o

1) L . . .
$ ook TOF 2 p Time resolution evaluated from dedicated run:
3 F Entries 60069 e 90° 590 ps
§ 10001 S5 g = B; = L/(ToF;-c)
B 16001 IOF 2 d e 60° 430 ps
o 100K Enties 10930
S 1400 — — E o=y ( S 1)
1200} kin < fy
1000
800:— € 10000 :
= % i Ekin_s2 p var
ooof- 600 3 | |
400[- @ soo0f Entries 60069
0ttt -  Em— 60001— Entries 10930
ToF [ns] B
4000_—
Energy resolution as a function of proton i
kinetic energy ranges from 8% up to 29% 2000
(22%) for 900 (60°) (worsening with R T
. . 0 Loy v b b i ey L
increasing energy) for both p and d. 0 100 200 300 400 . 500 600
Kinetic energy [MeV]

The kinetic energy has been therefore 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). Since the time resolution and the statistics of the two
different arms is different, the bin size has been chosen differently for the two angular setups. 11
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Efficiency evaluation: € ' €Sel * €DT

The efficiency €Det(Ekin) 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 sources with no target, 41 production i
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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 sources with no target, 41 production

. 4 To evaluate €Sel: p, d identification
’ efficiency using the PID bands
= > MC FULL (target, beam, etc..)
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Probability that a fragment of type u is U

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

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

U
- Nmea,s
U
N&. /.

x107
2 - heff_p60
2 0.06F
b P heff_d60
E‘ 0.05;— | +| I____
S 0.04F | +- T |
0.03F
from submitted paper
- 60°
0.01 1
0L,

-

M IR R BT RN R B
100 200 300 400 500 600

Ekin [MeV]




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

Mixing Efficiency

8]fIllX ==
Ekc,m ePP e4? 9P eP?
[MeV /] (%] [%] [%] [1077]

90°

115 979 4+ 0.1 | 992 +02 | 0.7+ 0.2 | 0.0+ 0.5
153 979 +0.1 | 989 +02 | 054+0.1 | 1.6 = 1.2
221 974 4+ 0.1 | 984+ 02 | 1.1 =0.1 | 0.0 £ 0.3
281 97.0 4+ 0.1 | 983 +02 | 1.24+0.1 | 0.0 4+ 0.2
353 969 + 0.1 | 985+ 02 | 0.7+0.1 | 0.3 +04
60°

115 976 +-0.1 | 975+ 0.1 | 1.6 =0.1 | 0.9 + 04
153 976 =+ 0.1 | 974 +£0.1 | 1.54+0.1 | 0.7 £0.3
221 969 +-00 | 96.8 0.1 | 204+0.1 | 1.1 £0.3
281 964 4+ 00 | 96.1 02 | 24 +0.1 | 2.1 =04
353 95.8 +00 | 96.6 02 | 204+ 0.1 | 1.4 +0.3

€Sel

The deuterons contribution to the XSec,
has been subtracted and viceversa:

XSecp_final = XSecy, - (epsdp/epspp) * XSecqd




Ekin Spectra (Data - FLUKA)

K=t snergy cidooliled ram TOF prolor with Wanebis biza 3_31s - a1kl

Hlmaitk: inergy cildosbiied ram TOF prodom with e shis bsa)l_s2 - |_ashj

i
iz
3t
H

L e o L S— LS
prr anm . i i i
18 11} [,
3
i 1@ 1 ;q
: 115 MeV/u
1w’ e t
e e S —. S— g :
Hirsdk sreigy Varishis Ora [Mey] Hirsdic srsgy Yorisbis Dra [Mey] ‘ [
i
Hlmithe: dnvergy cidoul ram TOF g@r with Wirshis blea #1231 - 1_31h) Klmaitk: inergy cilosbiied ram TOF prolomm with Wi sbis bsa)l_s2 - |_ash) - , f
ey o s e
Sl D I N TH L D 37 / ‘
i
i
: 151 MeV/u -
; eVv/u
. _'_l i
YRR S S EE S S R S S S S S S S N S S S R S YRR S T S ST Y NSNS AT S ST T ST S T A S ST B S T T BT UMY N Y T S T B W |
Hiredic sveigy Varisbie 0ra [Mey] Hiredic srsigy Yarisbie Dra [Mey]
Hlmithe: irvergy cid el ram TOF gr with Wirshis blea 21 21 - 1310 Hlmaitk: inergy cildosbiied ram TOF prodom with e shis bsa)l_s2 - |_ashj
" = o = =
Sl D 17 % “ D ¥
e’
i
" 221 MeV/ "
i’ i | 1 :
i o S P P S S SR
Hirsdk sreigy Varishis Ora [Mey] Hirsdic srsgy Yorisbis Dra [Mey]
fram TOF gr with Wirshis blea 1 318 - 121k Klmsitk: inergy cilosliied ram TOF prolomm with Wi shis blsa)l_a2 - |_ash)
i’ T ——— T T e Temt
A T ¥ o Yaam L
i 16" cwilm i
i’
i
i w"
| 280 MeV/u
1w’ —
I . _‘_|
.._*....*....*....]*..l 1e ol SR ST S S ST S MU S W ST WP WU T P ST SN W ST S ST T PP SO ST T ST S N N T S WP W S
Hiredic sveigy Yarisbie Bra [Mey] Hiredic srsigy Yarisbie Dra [Mey]
Rk irvergy cad el ram TOF gar with Wirshis blea #1318 - 131k Hlmitk: inergy cildosbiied ram TOF profom with Wi sbis bsa)l_s2a - |_ash)
i’ :‘-v- " SEE— {:"'L: :‘-t- " s 'I'I'!
e 1w T v
i’
i
/u 11}
i@ . \,:w!@
1
| r
i L P P s

o

L
Hiredkc svsigy Varishie Ora [Mey]

--.i.----..p.----d.----,,,.----_.,.i.:f N
Hirsdic srsgy Yarisbis Dnds

6




HHHHH A H R

Ekin Spectra (Data - FLUKA) Protons :: 90 - 60 :: Grafite ,

,mmlmz. Shisensaiiite

aiaiidl
¢! i
H i“;i

Sl

Hlmithe: drvergy cadouk ram TOF g@r with Wirshis blea 8 31 - 1_31h)
Ferir EE— 110y
LY T )
“id D P

e b

115 MeV/u

Hireic sreigy Yarisbis Dra [Mey]

Rtk invergy cidosbiied ram TOF gr with Wirshis blsa 821 - 1_31h)
T — i)
[T
.k D P

151 NV

L ﬁ L L

L L L L ,* L L
Hired i srsgy Yarisbis Dra [Mey]

Hlmithe: drvergy cadouk ram TOF g@r with Wirshis blea 8 31 - 1_31h) —
e ro
“id D 1y

221 MeV/u

.v.----,*--l

Hireic sreigy Yarisbis Dra [Mey]

S

1 d 1 1

Trrr LLb]
Yanm eih
“d D 10im

280 MeV/u

lﬂl L L l_*l L

with Wirshis blea #_31m - 1_31h)

)
i i srsigy Yarisbis Dra [Mey]

TR

Hiresiic sregy Yariabis Dra [Mes]

Hlmitk: inergy cidosbiied ram TOF prolom with Wi shis bsa)l_ a2 - |_ash)

S ar p

PRI

rares e RN

L

c e

Hlmaitk: inergy cildosbiied ram TOF profoms with Wi sbis bsa)l_ a2 - |_ash)

Hirsdic sreigy Yarisbis Dra [Mey]

L)
ST
R I T TR AT LT P Tes

ieTaieaa e aaens

eraarares
T e e =

T e
Ton T i
[T e B
i Do 1

Hlmitk: inergy cidosbiied ram TOF prolom with Wi shis bsa)l_ a2 - |_ash)

oty

1 1 1 1 ﬁ L L
Hirsdic srsigy Yarisbis Dra [Mey]

o RN R

A=t e »
L L ¥4 %
L IT o
c e 1N

S

Hlmaitk: inergy cidosbiied ram TOF prooms with Wi sbis bsa)l_ a2 - |_ash)

Hirsdic sreigy Yarisbis Dra [Mey]

A
ASCeavatrs ot se s

mu=t e

D

Klmsitk: inergy cilosbiied ram TOF prolomm with Wi shis blsa)l_s2 - |_ash)

Iﬂlll

l_*lllljll

¥
Hirsdic srsigy Yarisbis Dra [Mey]

el ar x

e L S o, - 7 /

- —
¥ G
S— .
L T LT T T L T L T
T T T T T T A e e T T A A Ty ey

Ao
SRRt

oA o el o
"“:"““C. LTIy
Leesiiiaieiiiaeiieneesen s et

Siasa

o s
sareemeses

Tt




Proton
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Cross section on TARGET

it R

i

PMMA, Graphite and Plastic scintillator. All efficiencies included.

— 10" —A— PMMA,E__ =115 MeV/u
S = —&— PMMA,E, =153 MeV/u
§ = —&— PMMA, E___ =221 MeV/u
- 107 & "’mﬁ -
T = = = —— PMMA, E, =281 MeV/u
— PR L L b
» - ol Bl —&— PMMA, E, =353 MeV/u
E L btk —i— Beam
© 10° &= — —h
Ke) - e
— — [R—— —— —h—t—p—
O = —, —h—
z — ——
310_4 PR TP W S NN S S NN SN NN S S S S " a1 “._*l_‘....l....l...
= 0 50 100 150 200 250 300 350
Proton Ekin [MeV]
= 102 —'— Graph, E__ =115 MeV/ul
> —a— Graph., E.__=153 MeV/ul
b —a&— Graph., E =221 MeV/ul
T 107 w‘% —&— Graph,, B pea =281 MeVi
7)) =
ut = N = i S —4&— Graph., E —353 MeV/ul
- I e B
y T L
£. 104 E by —A———A—t & 4
() E iy b——f—d O . B—
E : = e
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Z 0 50 100 150 200 250 300 350
Proton Ekin [MeV]
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'-‘> 107 g —#— Pla.Scint., E,_ =115 MeV/
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*Only statistical
uncertainties

* PMMA = C50O7Hg

* Graphite = C'

e FJ-212 = CbHal &5
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https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Hydrogen

dop/dE [barn sr-1 MeV-1]

XSec: From the combination of the different targets (subtraction of C from C2H4 and
of C and H from C502H8) we obtain the C, O, H proton production cross-sections as a

function of the kinetic energy, at 90° and 60°.

- dO’C -~ dO.G'raphite

E l Grap lte:C| T T
 Era— e L ar .
|* EJ-212 = CpH, — = : — 0476 - ——

: L—J——b—-' iE. ~ 0524 ' dE, B,
EEEEEE s e s e e

60° - 353 MeV/u 12C
J M% 4 Carbon
10 " A Oxygen
M, 1 ) = *—1:.:‘*' » Hydrogen *Only
ok [T | ; — . statistical |
F Ok uncertainties |
10 [l .
BB [ | 1| R 1| B )

from submitted paper Proton Ekin [MeV] 5250 |
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https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Hydrogen
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Protons cross section on C [barn sr-1 MaV-1]
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Comparlson with GANIL & FLUKA
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GANIL 43¢, C@95 MeV/u

Protons cross sechion on O
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*Only statistical uncertainties

CNAO*/FLUKA 60°, C@115MeV/u i



Protons cross section on PMMA [barn sr-1 MeV-1]

' Comparison with FLUKA

*Only statistical uncertainties V- 2
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A Carbon

from submitted paper

. ’ A Oxygen
e . 4 Hydrogen
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Conclusmns

» All the differential and total cross sections (for p and d) are tabulated on
the submitted paper (all beam energies, all targets, 90° and 60°, with
stat+sys error);

» Since the XS_H is at least 2 order of magnitude smaller than XS_C, in
order to obtain Hydrogen xsec from “CH - C” target (subtraction method),
a large statistics of the CH target data is needed (wrt the C target): in our
case the H errors (mainly from statistics) are of ~100%!;

» For the Oxygen xsec, in order to avoid the perpetuation of the XS_H error,

a good option would be the use of Al and AlO, targets (in subtraction) as
GANIL group did;

» A better energy resolution (faster ToF detectors, longer particles path,
different “calorimeter”) would allow to perform more precise
measurements, at least for higher energy particles.




