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Why TAPIRO?

3" Epeak = 820KeV
E o
TAratura Pila Rapida Potenza ZerO: B
 5kW power 3.
« U-Mo fuel 5.
« Core =12 cm cylinder E
« 235 enrichment = 93.5% {M
e 4%1012p- Cm—Z . S—l 1E02 1E01 1L,E+00 1,E+01 1,1;12@;1«;:1\1,3; 1LE+04 1LE+05 1,E+06 1,E+07
« Fast spectrum
« Cooling with He
« 4 experimental channels, 1
removable sector
« 5rods (safety, calibration,
regulation) TR
 Cu used as reflector, also in rods L AN

N

CANALI SICUREZZA
C0L(:;‘hllZMZAOTN.ET.RAML:(?AELLA BARRA DI CALIBRAZIONE
BARRA DI CALIBRAZIONE
CCOLORRATERRICA” RARRA DI REOOLAZIONS
APPO DELL BARRA DI CONTROLLO
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More details: A. Manna, DISRUPT, 15:30

The CERN accelerator complex
Complexe des accélérateurs du CERN
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LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnlLine // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //
n_TOF - Neutrons Time Of Flight // HiRadMat - High-Radiation to Materials // Neutrino Platform
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EAR2

Vertical flight path Since
2014

~18 m
107 n/cm?/pulse
AE/E ~10-2

EAR1

horizontal flight path
Tests in 2001

Spallation source

~185m
105 n/cm?/pulse CERNPS @ 0.8 Hz
AE/E ~104 p 20 GeV/c, 7Tns RMS
NEAR 7-102 p/pulse
horizontal flight path 2-10"° n/pulse
S m Proton
108 n/cm?/pulse beam
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EAR2

Vertical flight path Since
2014

~18 m
107 n/cm?/pulse
AE/E ~10-2

EAR1

horizontal flight path
Tests in 2001

~ Spallation source
~185m

High resolution

105 nlcmz,pl"se measurements CERN PS @ 08 HZ
AE/E ~104 p 20 GeV/c, 7Tns RMS
- NEAR 7-10'2 p/pulse
horizontal flight path 2-10"° n/pulse
S m Proton
108 n/cm?/pulse beam

From E. Mendoza, APRENDE WP2-WP4 Workshop
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EAR2

Vertical flight path Since
2014

Low mass ] ~18m
Radioactive samples

107 n/cm?/pulse
AE/E ~10-2

EAR1

horizontal flight path

Tests in 2001

High resolution Spallation source

~185m measurements CERNPS @ 0.8 Hz
5 2
10AI1EIICEm~2|;l_l:SG p 20 GeV/c, 7ns RMS
- NEAR 7-10'2 p/pulse
horizontal flight path 210" n/pulse
~3m Proton
108 n/cm?/pulse beam

From E. Mendoza, APRENDE WP2-WP4 Workshop
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Why n_TOF?

EAR2

Vertical flight path Since
2014

il . Lowmass ] ~18 m
Radioactive samples

107 n/cm?/pulse
AE/E ~10-2

EAR1

horizontal flight path

Tests in 2001

High resolution Spallation source

~185m measurements CERNPS @ 0.8 Hz
10° n/cm?/pulse p 20 GeV/c, 7ns RMS
~10-4 = |
AE/E ~10 3 NEAR 7-10"2 p/pulse

2105 n/pulse

Activation and irradiation | horizontal flight path
measurements T

~3m
Proton
108 n/cm?/pulse beam

From E. Mendoza, APRENDE WP2-WP4 Workshop
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Why n_TOF?

EAR1

horizontal flight path
Tests in 2001

High resolution

~185m measurements
10% n/cm?/pulse
AE/E ~104
—
Activation and irradiation
measurements ™
We are here!

Low mass
Radioactive samples

EAR2

Vertical flight path Since
2014

~18 m
107 n/cm?/pulse
AE/E ~10-2

—

Spallation source
CERNPS @ 0.8 Hz
p 20 GeV/c, 7'ns RMS

NEAR 7-102 p/pulse
horizontal flight path 2-10"° n/pulse
~3m

Proton

easurement of 63.65Cu neut

108 n/cm?/pulse beam

From E. Mendoza, APRENDE WP2-WP4 Workshop
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« Wide energy range:
10 meV < E, <1GeV

[
o
~1
T 1 IIIIIIl

[
=)
=

« High current:
8.5 x 1012 p/bunch

Flux (E d®/dE/Pulse)

— 10° n/pulse 1 3 E
« Energy resolution at EART: N ﬁ
10° - —
2 — 0.03% (1 eV) : EARI :
En _ —  EAR2 i
AEn _ 0.5% (1 MeV) sl I
En 102 10" 1 10 100 10° 10* 10° 10° 107 10® 10’
Energy (eV)
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Experimental campaign at n_

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
Proposal to the ISOLDE and Neutron Time-of-Flight Committee Experiment Sample PrOtonS Comments
63Cu 2.0 x 108
- | BCu | 2.0 x 101
Sy melogios anl Astrophysies ¢ 1o muclear natChy 0.3 x 10'® | EARI or EAR2
Jamary 10, 2021 Empty-sample | 0.2 x 10'® | background study
M. Bacak!, D. M. Castelluccio®?, S. Cristallo**, P. Console Camprini*, M. Diakaki® Pb 0.2 x 1012 background StU‘dy
G. Grasso®, A. Guglielmelli®, C. Massimi™®, M. Mastromarco™®, A. Mengoni®®,
G Sahot, . Vescou, e the  TOF Colibarstion 19%11 8:? i 1818 baﬁﬁfﬁfa‘ﬁ;iﬁﬂidy
Transmission 63Cu 1.0 x 10'® ”Sample-in”
Transmission %5Cu 1.0 x 10'® ”Sample-in”
Transmission | Empty-sample | 1.0 x 10'® | ”Sample-out”
8.0 x 10'8
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Experimental campaign at n

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Proposal to the ISOLDE and Neutron Time-of-Flight Committee

Study of n+%%Cu reactions and their relevance for nuclear
technologies and Astrophysics

January 10, 2024

M. Bacak!, D. M. Castelluccio®?, S. Cristallo*?, P. Console Camprini?#, M. Diakaki®
G. Grasso?, A. Guglielmelli®, C. Massimi™*, M. Mastromarco®®, A. Mengoni®*,
A. Musumarra®®, M. P. Pellegriti®, M. Pignatari'®, E. Pirovano!!, N. Terranova®?,
R. 8. Sahoo®, D. Vescovi*®, and the n_TOF Collaboration

natCu target {

Experiment Sample Protons Comments
Capture 63Cu 2.0 x 1018
Capture %Cu 2.0 x 108
Capture nat(Cyy 0.3 x 10'® | EARI or EAR2
Capture Empty-sample | 0.2 x 10*® | background study
Capture Pb 0.2 x 10 | background study
Capture C 0.2 x 10 | background study
Capture Y7 Au 0.1 x 10'® normalization
Transmission 63Cu 1.0 x 1018 ”Sample-in”
Transmission %5Cu 1.0 x 10'® ”Sample-in” ]
Aransmission | Empty-sample | 1.0 x 10*® | ”Sample-out”
8.0 x 10'8

+ foreseen elastic and inelastic angular cross
section measurements

easurement of 63.65Cu neutron capture cross sections at the n_TOF facility
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Elastic and inelastic channe ‘

« Very challenging measurements: see Letter of
Intent INTC-I-274

« Test with eight stilbene scintillators
« Excellent:
— n/y discrimination

— time performance "1 Gt S
— resolution o
- C scattering cross section structures well
I | N
reproduced
» Elastic cross section up to ~MeV can also be j Oy
obtained from U
Oel = Otot — Oy |
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Capture measurements of ©3.°5Cu at

F(2024)

. 2024:63Cu(n, y)and 65Cu(n, Y) 1976 C.F, - ORELA

« Measurements with C;Dg
detectors

° Resonance parame'[er 2017 — MACS - LANSCE & JRC
extraction in the energy range
of interest
E, <400 keV, o, below 3-5%

2008 — MACS - FZK

2019 — MACS - SARAF

TOF

102 mb @ 25 keV

58 mb @ 25 keV

92 mb @25 keV
84 mb @ 30 keV

70 mb @ 30 keV

N PSS |
0.1 1

easurement of 63.65Cu neutron capture cross sections at the n_TOF facility

METErEra |
10
Neutron energy (keV)
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Flux monitor .
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Capture measurements at n_

Experimental capture yield

Cw(En)

_ 0y
Y(E,,) =N x (1 — e "Otot) ——

¢On(Epn) Otot
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Q8 [T T T
Experimental capture yield

x (1 — e MOtot) i
on(En) Otot

Y(E,) =N

wcounts/bin
—-—
[ =]
o

11 IIH| 11
10" 1 10 10
Neutron energy (eV)

Measurement of 63.65Cu neutron capture cross sections at the n_TOF facility
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Experimental capture yV
Cw(En) < |

Y(E,) =N

0.
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Capture measurements at n

106I TTTTTIT [ T T TTTT T T T T T TTTI T TTTTT LI T TTT

Experimental capture yield

Y(En) —

Otot 10
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Capture measurements at n

Before Y, lots of analysis steps:

1. pulse shape analysis
2. detector calibrations
3. detector resolution
wwwwww 4. MC of monoenergetic sources
R 5. Weighting Functions (WF)
6
7/
8
9

yield
+

tal capture yiel

Experimen

. physical cuts on spectra
. hormalization

. neutron beam analysis
. background subtraction




VUL U

18000

16000

14000

12000

10000

8000

6000

4000

2000

Capture measurements at n
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Peak fits for monoenergetic y-ray sources

Measurement of 63.65Cu neutron capture cross sections at the n_TOF facility
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Capture measurements at n

= 24000 —
CICJ — — Fit. a + bE ﬁ 0.5 —
% 22000 —Eit 3+ bE + 2 -3 045:_ a*sqri(E) + b*E + C*E~2
S 20000 © - A . N 4 deen
8 18{]00: 0_4:_ - a'sqri(E) + b™E + c*E~2 + d"E"3
< - -
— - 035
c 16000 -
S 14000 0.3
n - -
© 12000 =
Q = 025
A4 - L

10000 =
S = 02F
0 gooof- -

- 015

6000 =

4000 0.1

2000 0.05F

: 1 1 1 | l 1 L 1 I 1 1 l 1 | L L L 1 I l 1 l 1 I 1 1 1 1 | 1 1 L L I 1 1
00 1 2 3 4 5 6 7 UUIIII.llllIléllll:lallllé-llllélllIlﬁlllll?ll
Gamma energy (MeV) Deposited Energy (MeV)

Calibration curve and resolution for C,D, detectors
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Capture measurements at n_

Monte Carlo

10000

8000

6000

4000

2000

1 1 1 | | | I | | | | 1 1 1 | | 1 1 1 | | 11 1 | | 1 1 |
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7

[MeV]

From P. Console Camprini
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Capture measurements at n

Monte Carlo

10000

8000

6000

4000

2000

0

0

1 I 1 |
0.1 02 03 04 05 06 0.7
[MeV]

From P. Console Camprini

Smearing and comparison

o o
= T -

-y
N

——— MG, c=0.90
MG, c=0.80
——— MC,e=070
——— MG, c=060
—— Data Sel1
—— DataSel2
—— Data Sel 3
— Data Sel4

‘:Q

0.1

02 03 04 05 06

Measurement of 63.65Cu neutron capture cross sections at the n_TOF facility
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Capture measurements at n_

-
o

—

E.i, = 0.1 MeV
E . = 15 MeV
AE = 0.1 — 0.5 MeV

oy
"
2 HRLs sy PP o I
g Al
1§ il
[l
|

O 2 4 6 8 10 12 14 16 18

deposited gamma-ray energy (MeV)

20

ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA



Capture measurements at

— 10° _

. E,.i, = 0.1 MeV

> E,.., = 15MeV

= 1070 AE = 0.1 — 0.5 MeV

Next step: extract Weighting Functions

Goal: efficiency « total cascade energy

_ | | -
0 2 4 6 8 10 12 14 16 18 20 nTOF

deposited gamma-ray energy (MeV)

AL ER STUDIORU
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wcounts/bin

Capture measurements at n

10 — — Cu
= — Empty
T=
101WL
10’25—
10_3§
|_ | I\IIII| | IIIIII| \\IIIII| | I\II\I| | III\I\‘
10 10? 10° 10* 10° 10°

neutron energy (eV)

Weighted Spectra

easurement of 63.65Cu neutron capture cross sections at the n_TOF facility
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Capture measurements at n

c L ST . ' ' !
5 07— F - n+'"°'Au nTOF data ——+—
8 L Expected yield ——
5 r
g 0.6~
- 01 &
0.5 ’
E Z
0.4— = )
- e oo
- a
03— 8
02r 0.001 |
0.1
0|||||||||||||||||||||||||||||||||| 0.0001 L ) L
3 3.5 4 4.5 5 5.5 6 6.5 7 ' 01 ]

neutron energy (eV) Neutron energy (eV)

Normalization & more quality checks
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Transmission measurement of "aCu &

2025:"Cu(n, tot)

Measurements with 23°U-
loaded fission chamber
Resonance parameter
extraction in the energy range
of interest

E, <5 MeV, o;,; below 3-5%

1976 - ORELA TOF

2013 — GELINA TOF

others

Target: o,,, uncertainty below or 1 10 e e
5% for E,, < 100 keV with 100
bpd

Neutron energy (keV)
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Transmission measureme

« PTB LMFC: fission chamber loaded with six
235 foils, one empty for background studies

« Target in transmission station:
Sample In vs Sample Out measurements —

ALMA MATER STUDIORUM

on capture cross sections at the n_TOF facility UNIVERSTIA DIBOLOGNA



Transmission measurements a ‘

Efficiency detector 2 - Sin
- 6 different & independent channels + 1 empty <0 |
« 2 sets of Sample-in & Sample-out 05 Tiveshod - 5000 chrree
« T-month data taking — check for stability of 0.495

signal shape, gain, etc.

(b5 B IIIIIIIIIIIII

Efficiency (Counts / N protons)

0.49 1
y J JI/L |
0.485 1 PN ] ILl
| ‘, AT LA o A
o B A L ) A O L A 9
= 16 e 0.475F— 1
~ F — -
12 |— runist 4 - I
L 14f T 0.47|—
= irs — runastB- —
W golL — s -
E' ::%i’; 0.465 = | | 1 1 | L 1 | | 1 I L | 1 1 I |
101 — 0 20 40 60 80 A
i
6
4
AEl :
of | , ptisniose| X 10°
0 5 10 15 20 ) 30
Amplitude (channels)
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Transmission measurements a ‘

Tflash from PKUP

Optimization of Pulse Shape Analysis g _ Hiso dodicated
H H H G 80000| ___ pegicated bunches IO =
 Calibration of y-flash time = Mean - 1187145
ope . 7 =4,
« Detector stability analysis i R
) T, ] 60000 astic bune Histo parasitic
« Selection cuts and efficiency studies . Enres - 244327
. . 50000 — = i
 Study of parasitic/dedicated bunches = RMS = 5.07
40000 —
Ratio of transmissions (dedicated/parasitic bunches) 30000 i—
i s 75024 20000 —
g = Mean 9.103e+06 =
z Std Dev 1.928e+07 10000" - J
é . ’ ’ ST B ST I s i 1 S A TR B B
9O [ 1 ?700 11750 11800 11850 11900 11950 12000 12050 12100
110 T pkup (ns)
N | ‘* ‘ I
1H , WW
] | FEp From A. Berardi Master's Thesis work
0.9
0.8:_ ‘
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Transmission measurement a

=

s L

g | — n_TOF

s | Preliminary — ORELA
10 ~— Columbia

10

11—

—I—\II\IH‘ | I\IIHI| | IHI\I\‘ | II\III\‘ | \IHIII| T i

| | \\I\HI| | I\II\I\‘ | IHI\H‘ nTOF
107" 1 10 102 10° 10* 10° 10° 107 )
Neutron energy (eV)
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« High need for n-induced Cu cross section data
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« High need for n-induced Cu cross section data

 High-precision measurements at n_TOF EAR1, CERN
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« High need for n-induced Cu cross section data

 High-precision measurements at n_TOF EAR1, CERN

« Experimental campaigns:

o 9365Cu(n,y), 2024
o MtCu(n,tot), 2025
o 9365Cu(n,n), 6365Cu(n,n’), 2026?
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« High need for n-induced Cu cross section data
 High-precision measurements at n_TOF EAR1, CERN

« Experimental campaigns:

o 9365Cu(n,y), 2024
o MtCu(n,tot), 2025
o 9365Cu(n,n), 6365Cu(n,n’), 2026?

« Analysis ongoing, promising preliminary results
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Uncertainties in a capture expe

M. Mastromarco et al., Eur. Phys. J. A (2019) 55: 9

Table 3. Summary of the correlated uncertainties in the '**Gd(n,v) and '*"Gd(n, ) cross section measurements.

Source of 155Gd(n, v) 17Gd(n, v)
uncertainty near thermal resonance region near thermal resonance region
Normalization 1.2% 1.2% 1.2% 1.2%
PHWT 1.5% 1.5% 1.5% 1.5%
Background 1.4% ~ 1% 1.0% ~ 1%

BIF 1.5% 1.5%

Flux 1.0% 1.0% 1.0% 1.0%
Sample mass 1.0% < 0.2% 2.1% < 0.2%
Temperature 1% 1%

Total 3.2% 2.6% 3.5% 2.6%
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The n_TOF facility ‘

The advantages of n_TOF are a direct consequence of the characteristics of the PS proton
beam: high energy, high peak current, low duty cycle.

proton beam momentum 20 GeV/c
intensity (dedicated mode) ~10" protons/pulse
repetition frequency 1 pulse/1.2s
pulse width 6 ns (rms)

n/p 300

lead target dimensions 80x80x60 cm”
cooling & moderation material N2 & ( H20 + "B )
moderator thickness in the exit S5cm

face

neutron beam dimension in EAR-1 |2 cm (FWHM)
(capture mode)
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Extra slides: (n,y)

p — ] The C/D( Total Energy Detectors (TED)
n | C.D¢ scintillators O P '
at 135°
E -
n + Ll — — S = —
197 A
The BaF, Tot
S, = 6.5 MeV

Au
—— Carbon
—— Without sample

Response / (1/ MeV)
=)
1

10'3. 2 2 1 2 1 n 1 N
0 2 4 6 8 10 12 14

Deposited energy / MeV
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Capture measurements at

« Final capture yield:
C(En) _ B(En)

Yo ) =2 )
— C(E,): number of counts in the detector
— B(E,): background
— ¢&(E,): detection efficiency
— ¢(E,): # of neutrons impinging on target

- Before Y{;,,) lots of analysis steps are needed:

— pulse shape analysis

— detector calibrations

— physical cuts on spectra

- PHWT

— neutron beam analysis

— background subtraction (!)
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Capture measurements at r

« The C,D, detectors use the Total Energy Detection
(TED) principle + Pulse Height Weighting Technique
(PHWT) to obtain precise capture data.

« TED: capture events are measured base on total y-
ray cascade energy, independently of the de-
excitation path of compund nucleus

« PHWT: detector response is corrected through an
energy-dependent weighting factor to make
efficiency proportional to total cascade energy

« C¢D, offer fast timing and low neutron sensitivity
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. . =~ N =50
Some cross sections measured in 2001 - 2024 % 4 — e z _
: L 2 1 ;
< Branching point isotopes: » S
z 10°4. rs T
151Sm, 63Ni, 147Pm, 171Tm, 203T|, 79Se E 112_., s s - b
10° T T ¥
< Abundances in presolar grains: b L Mo =
28,29,308i, 91'92'93'94'96ZF, 94,96M0, 146Nd S \\\\\
. . . Ni i
% Magic Nuclei and end-point: E:’ -
e N i
139 g 140Ce, 907y 89Y 838Gy 204,206,207,208pp 209Bj sf : Lncns B
% Seeds isotopes: Seeifor  -Pruces sgﬁngglgngis o
3 ’ ’ Iy
54,56,57Fe, 58,60,62,64Ni’ 59Ni(n'a) Path I

% Isotopes of special interest:

186,187,1880g (cosmochronometer),’®’Au (reference cross section), 242526Mg, 33S(n,a), *N(n,p), 3°Cl(n,p),
26Al(n,p), 26Al(n,a) (neutron poison), 1°4Gd (s-only isotopes), 49K(n,p), 4°K(n,a), 6365Cu- °324Nb, 68Zn, 69.71Ga,
70.72.73,74,76Ge, 77.7880Se (weak component), 95157.160Gd, “Li(n,p), ‘Li(n,a) BBN

< Neutron Sources 22Ne(a,n)2°Mg and 3C(a,n)'®0:
n+2°Mg, n+1°0
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Capture measurements at n
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Capture measurements at n
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