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INEN Motivation: \/&
Why is a neutron beam facility useful? NTOF

Istituto Nazionale di Fisica Nucleare

Neutron induced reactions are strongly involved
in several scientific and technological fields

€ Nuclear Astrophysics
€ R&D of new generation nuclear reactors
€ New therapies in medicine

€ ... and many others
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INEN Motivation: \/&
Why is a neutron beam facility useful? NTOF

Istituto Nazionale di Fisica Nucleare

Neutron induced reactions are strongly involved
in several scientific and technological fields

€ Nuclear Astrophysics
€ R&D of new generation nuclear reactors
€ New therapies in medicine

€ ... and many others

Measurements of High quality neutron sources:
accurate neutron cross :> * High luminosity
sections are crucial * Wide energy range
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INFN Where?

Istituto Nazionale di Fisica Nucleare

B ol < e T

n_TOF (neutron Time Of Flight) at CERN

(On a proposal of Carlo Rubbia. Operating since 2001)
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INFN Neutron induced reactions of our interest. \/&
NTOF

e o s ks An overview.
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INFN Neutron induced reactions of our interest. \/&
NTOF

oo s An overview.

- Synthesis of the elements in the Universe
- Nuclear Power Reactors

- Neutron Therapy
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INFN Neutron induced reactions of our interest. \/&
- NTOF

A An overview.
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- Nuclear Power Reactors

- Neutron Therapy
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Nucleosyntesis in the Universe j\
<R Y ATOF

Istituto Nazionale di Fisica Nucleare

Big Bang Nucleosynthesis
0 and Fusion in the Stars

Neutron Capture
(Stars, Supernovae, Neutron Star Mergers)

Abundance in the Universe

| ‘ | | | | |
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INEN The stellar nucleosynthesis JTI'O\F

Istituto Nazionale di Fisica Nucleare
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I S-process (slow neutron capture process): r-process (rapid neutron capture process):

I '
! . . o . o
| * Capture times long relative to decay time | | ¢ Capture times short relative to decay times :
| neutron capture timescale: 1 — 10 years 1 neutron capture timescale: psec - msec I
I 11
I 11 :
| 11
|

e Involves mostly stable isotopes
e N =10%n/cm3, kT =0.3 —300 keV

e Produces unstable isotopes (neutron-rich)
e N, =10%3%n/cm3, kT > 100 keV
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The slow neutron capture process j&
INFN NTOF

Istituto Nazionale di Fisica Nucleare (s-proceSS)
Along the [-stability valley
. v,
Nucleosynthesis of heavy elements through *
i - T.>>T 63Cy
neutron captures and successive 3-decay n B
69.
60N} 1N 6 i 64Ni
If '[B ~T, branching points 26R% 1.14% 3.63% 0.93%
= several paths are possible
59C°
1
seed
n 56Fe 57Fe 58Fe
""" > otk

O(ny) 15 a key physical quantity.

Need of new and accurate neutron cross-sections
to refine the models of stellar nucleosynthesis
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INEN The rapid neutron capture process
NTOF

Istituto Nazionale di Fisica Nucleare (r'proceSS)

Core collapse supernoave || gNeutron star merges J Under those extreme neutron-rich conditions,
atomic nuclei capture neutrons becoming
increasingly heavy, with the reaction path

running close to the neutron dripline
T, <<T,

Fission Recycling Cycles
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Lead (82) — wou
Patinum

Neutron-induced fission reactions

T play a fundamental role
2 \:"u‘un‘(::‘\.‘

2 Tin (50) = ==

a ]

3 Q

g T Heladecay N\,__,

Neutron capture

(20)—* =iy s

, New experimental data on actinides
LS are required to produce more

reliable r-process models
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INFN Neutron induced reactions of our interest. \/&
NTOF

oo s An overview.

- Synthesis of the heavy elements in the Universe
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- Neutron Therapy
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INFN Nuclear Technology for Energy production

Teituto Nazionale di Fisica Nucleare (Fission and fusion nuclear reactors)
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IAEA estimates an increase of nuclear energy bl Eneray Comsumation
usage between 35% and 90% before 2030 quadrilion Bt

800

nTOF

BChina and India BRest of warld

Development of new nuclear technologies o

WOECD

» |V generation fission reactors

» Transmutation of nuclear waste

400
. 200
> Fusion reactors

> Structural materials 0
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@I?N Reactor physics in Gen IV and ADS Jﬂ-o\lz

Istituto Nazionale di Fisica Nucleare

The development of Gen IV fast reactors requires data on minor actinides

245 . . .
Apart for . .Cm, minor actinides S —— Neutron
present a fission threshold around 1 in fast reactors Crois-;ect'ﬁnl-; :
with thresho £5
MeV. (Gen IV e ADS)
241,,,240p,, a
2

Data in the fast energy region are
required with high accuracy, to
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RN
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U

I |
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I |

| . e . . . 1 Fissile isotopes

| minimize uncertainties IN | | (without threshold) x 1

I calculations for reactor design and1 3 A

I L.
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INFN Damage on structural materials in \/TO\F
Tstituto Nazionale di Fisica Nucleare fusion reactors n_

letlS = ] * Activation

BT « Transmutation
* Gas production due the reactions (n,p),
R A N R E (n,a) on various elements (Fe, V, W, Cr,

“Fusion (DEMO FW) —— Mo,...)

le+ll - Fission (PWR) ewsmmsssss [~ il
le+10 D SRORI SEEFICPRT SERREPREIIRRE | RO ﬁ

le+09 |||J 1 ||||J 1 ||||J 1 ||||J 1 ||||JI 1 ||||J 1 ||||J 1 IlIII‘ L1a

! I ! -
le-01 le+01 le+03 le+05 le+07
Neutron energy (eV)

lestd

PRE R WY i

C

Neutron Flux (n cm‘zs‘l)
per lethargy interval

Embrittlement
of the materials

—) Strong impact to limit the lifetime of the reactor components.

Needs of new neutron data
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INFN Neutron induced reactions of our interest. \/&
NTOF

oo s An overview.

- Synthesis of the heavy elements in the Universe

- Nuclear Power Reactors
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<R

Istituto Nazionale di Fisica Nucleare

Tumor

Li

)

1
bea

(EERIN
eufron

10 Alpha
particle

r

14N(n,p) = main contribution to the dose in healthy tissue.

Nuclear Medicine:

Dose rate (Gy/min)

0.5

Boron Neutron Capture Therapy

™ H{n,n'), 70%

8

AN
AN

H(n,n’), 40%

Most important processes contributing
to dose in brain (healthy tissue).

/H(n,g), 635%

14 N(n,p), 20%

Lo e e
e B e I. Porras
— e " ——
| R
e S B o
| | ; | fe—eto o 4 L L
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Courtesy of

35Cl(n,p) = relevant in many tissues (brain, skin).

33§(n,a) > as adjuvant to 1°B.

Depth in brain (mm)
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INEN How to measure accurate neutron cross section? \/&
nTOF

Istituto Nazionale di Fisica Nucleare

High quality measurements require

. Solution:
neutron beams with:
Pulsed neutron beam produced by
* High energy resolution ﬁ spallation on a lead target using a
* High neutron flux high intensity proton beam
I I I I I I I I I I I |
107 101 100 10! 10° 10° 104 10° 106 107 108 10°

Neutron Energy (eV)

Wide energy range neutron beam
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n TOF experiment at CERN J\
<5 — o EXP NTOF

Istituto Nazionale di Fisica Nucleare
CMS

LHE

North Area

SPS

AWAKE

TI2
g ATLAS
HiRadMat
: : [ AD
neutron;l'lmle Of Flight 4 R—
b [ 1972 (157 m) | ISOLDE
aCI Ity \ zﬁ ]y | :Eﬁﬂ_/f\_@{i_;
P T =
Lead spallation = _ _ - -=-=-""7"7 'ET/'\f L i f; pal
target \\\\--__\\ ———_/,/U/'I\g\nf3 205m)
\
\
)
\
\
High neutron flux available
in two experimental areas
19
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@ The n_TOF Facility TOE

Istituto Nazionale di Fisica Nucleare

™

_A ‘ .

pallation

Target
Proton Synchrotron beam: high energy, high peak current, low duty cycle

PUISEd PI'OtOn beam With fl'equency = 0-8 HZ ¢ E.Chiaveri et al., Nuclear Data Sheets Volume
119, May 2014, Pages 1-4
7°10'2 protons/pulse ~ 300 neutrons/proton! g ol EP eb of Conferences 146,
20
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INFN The Time of Flight technique

Istituto Nazionale di Fisica Nucleare
_ detector
Spallation target

nTOF

Py
oty :
5:2'.--,.
— el i |
Proton beam [§i | sampie
e
t flight path length L t
start stop
(neutron production) (particle or y-ray detection)
168 i 5 i 5 . - . " Flash" + relativistic pagtiqgg? ,
_ \:k\\ | ——EARI (path=180m) 250/ )/ unISTTevent
T N -
b i ' 200f—
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@I;N The experimental Areas JTI'O¥F

Istituto Nazionale di Fisica Nucleare

EAR1 (since 2001) EAR2 (since 2014)
Neutron flux High (10° n/bunch) Very high (108 n/bunch)
Energy range Very wide (therm. — GeV) Wide (therm. — 100 MeV)
Energy resolution Very good (10%) Good (103)
well suitable to study resonances | short lived radioactive
iIsotopes, low cross sections

108

10°

Neutron Flux (E d®/dE/Pulse)

n FLUX

\HHH‘ 1 HIHIl \IHHH‘ \\H\Hll IIHHHl \\H\Illl \\HHH‘ \HHIH‘ \\IIHH‘ \\IIHH‘ 1|
102 10" 1 10 10°> 10® 10* 10° 10° 10" 10°
neutron energy (eV)

M.Barbagallo et al., Eur. Phys. J. A 49, (2013) 1-11
M.Sabaté-Gilarte et al., Eur. Phys. J. A53(2017) 53: 210
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INEN The experimental Areas

Istituto Nazionale di Fisica Nucleare

nTOF

EAR1 (since 2001) EAR2 (since 2014)
Neutron flux High (10° n/bunch) Very high (108 n/bunch)
Energy range Very wide (therm. — GeV) Wide (therm. — 100 MeV)
Energy resolution Very good (10%) Good (103)
well suitable to study resonances | short lived radioactive
iIsotopes, low cross sections

= IR m . - .
S B | ]
o 100 1 EAR-1
% 10° == ] a-particles — EAR-2
‘_ej - - . -m,E | | I | 4
© C - = ]
W B . e 14 - :
X 105 | __‘-'g: 0 Fission fragments E
i E E "5 "1 Very high signal-to-
5 ¥ y S 001, background ratio in
5 7 8 1E ] EAR2
% 104 = = '3"

T T B P BT — 8 1E 5E th E

10° 10" 1 10 10¢ 10> 10" 10° 10°> 10° 10 g ) J ' J ' ' ' T )
neutron energy (eV) 0 50 100 150 200 250

M.Barbagallo et al., Eur. Phys. J. A 49, (2013) 1-11 Amplitude (ADC channels)

M.Sabaté-Gilarte et al., Eur. Phys. J. A53 (2017) 53: 210
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@ The experimental Areas J\TO\F

Istituto Nazionale di Fisica Nucleare

LABORATORI NAZIONALI DEL SUD

24
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INFN Instrumentation: neutron Flux measurement

Istituto Nazionale di Fisica Nucleare

Sllicon MONitor for neutron flux measurement

3cm x 3cm2

\ Silicon detectors

Energy deposited (MeV)

nTOF

6
S
41
i 10°
& tritium &
3= .
;ﬁmw«» X
T alpha ‘ 10°
2 : B ""J"
10
1 JLJ_UIIL 1 l!lJJJJ.L i T 1 II|III| I

102
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INFN Instrumentation: neutron beam profiler
Istituto Nazionale di Fisica Nucleare n_TOF

5¢cm x 5¢m double-sided strip SiLiF detector " '
25 strips, 2mm x 5cm

4000

=] w

3000

Y position [mm]

2000

1000

15 20 25 30 35 40 45
X position [mm]




INFN Instrumentation

Istituto Nazionale di Fisica Nucleare

real beam profiles as
a function of energy

!

)
H
| m
H
30 35 40 45
)
j

!
0

5 10 15 20 25 30 35 40 45

: neutron beam profiler

30 35 40 45

30 35 40 45
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(iR

Istituto Nazionale di Fisica Nucleare

A

ENERGY x FLUX
(neutrons-cm™s™')

ENERGY x FLUX
(neutrons:cmpulse™)

Comparison to other facilities

10? I 1 1 ] ] ] 1 1 1 1

6
10° 1 Y — W L
105_ /\ _M_
T~ ' !
103 - i
107 - " v -
10’ - -
10“:— -
10_2_ —— n_TOF 185m, 0.25 Hz i
10" 1| — n_TOF20m, 025 Hz i
10> H — LANSCE-MLNSC, 23 m, 20 Hz

GELINA 30 m, 800 Hz

107 | — NFs, 52030 m, 88012201150 khiz
10°

5
.1 p—
10" A "
10° (—/’
102 T T T T T T T T T T T

10° 10° 107 10° 10" 10° 10° 10* 10° 10° 10" 10® 10

NEUTRON ENERGY (eV)
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INEN Comparison to other facilities

Istituto Nazionale di Fisica Nucleare

nTOF

n__TOF _________

- - — p——— 3 — L. — -
~ 10 L — —l — | 1 | | | | 1 1 | \
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22 10'- I
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~ 10° | — n_TOF20m, 025 Hz i
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P 107 | — NFs, 52030 m, 88012201150 khiz
2
2% 10°-
:-:3 5
> 107 7
w:
2 . /_\
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102 T T T I T T T T T T T
10° 10° 10" 10° 10" 10° 10° 10* 10° 10° 10" 10® 10°
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<R

Istituto Nazionale di Fisica Nucleare

The experimental apparatus

m—
N
|
/

Capture
(n.y)
53/' D=10eV
AX -----------------------
S =10 MV (> D =100 keV

A+1X
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Total Absorption Calorimeter (TAC)

v' 4z with high efficiency (40 BaF, encapsulated in
carbon fibred charged with 1°B).

C.D¢ (Deuterated benzene liquid scintillator) Neutron sensitivity < 1%

* low neutron sensitivity device _ S
v high background rejection

31
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INEN Detectors for fission reactions \/&

Istituto Nazionale di Fisica Nucleare

Fission Chambers

- Fission fragments detection also in coincidence
- Sensitivity up to 1GeV (with PPAC)

- Low sensitivity to y

PPAC detectoms
4 3 2 1 M

(' Hyo { 7 rebars )

e A e R

T[] (T 209R,
Targets

32
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INEN Detectors for fission reactions and \/\
| nTOF

e 8 i light charged particles (p,t,a...)

Silicon detectors (PAD, strip)

MicroMegas
- Telescopes AE-E

- High Signal to noise ratio

- In sandwich mode along the beam line
(low neutron sensitivity)

33
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Istituto Nazionale di Fisica Nucleare

Measurements \/\
NTOF

Capture (n,y)

24,25,26Mg
54,56,57Fa
58,62,63\j
69,71Ga
70,72,74,76Ge

90,91,92, 93,94,96 7

139La
140Ce
147Pm

151§ m

154,155,157Gd

171Tm

232Th
186,187,188()g

203,204T]|
204,206,207,208pp
209B]

233,234U

237N p’ 240Pu
243Am

244,246Cm

Fission (n,f) (n,cp)
233,234,235,236,238| ’Be(n,p) (n,a)
232Th 160Q(n,a)

209B;]

237Np

241,243Am, 245CmM

natpb

mmm) > 150 papers, including :
42 Physical Review C
12 Nuclear Data Sheets
10 The European Physical Journal A
4 Physical Review Letters

) > 40 PhD Thesis

34
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INFN Big Bang Nucleosynthesis:

itu Necomse d Fisic Rechrs The Cosmological Lithium Problem nTOF
(feasible thanks to availability of a high flux in EAR2)

Extremely challenging measurement: (huge M Barbagallo et the n_TOF Ba\;;ig ot &l {1323} »
target activity, silicon detectors in the neutron 10 Collaboration, Physical n TOF data —=—
Review Letters 117 (15), partial DRC calc ——
beam) \ 152701 (2016) total DRC calc ——
Ea theshold > 2 MeV 100 Hou et al. (2015)
| Detector 1 (silicon) ) _ \\ ENCRA] 1 1
‘ =
-é 101 .
"Be target b
40 GBgq total activity a
o
S 1072

( & detector 2 (silicon) |
3
7BE( n,“! Neutron beam 0

H . 10 T T T
Telescope 20 + 300 micron. 16 + 16 strips LA Damone et the
; l n_TOF Collaboration),
& 8 ol Ter i e i $ Physical Review Letters
o € - . ret } | 121,042701(2018)
7 > u "
. 2
a = o}
5cm | S
: % 1 -
1 x
1 c n
i Neutron beam 8
1 12
300 pm 20 um "Be High Purity Sample 3 Gledenov et al. (1987) +—=—
2l pgaanratal 1989 —
. narzejewski etal. w—a—
7Be ( n E ) Activity 1.1GBq ) n TOP Sbpd
Radi 25 Sekharan etal. (1976) =
AN o) IENENL . g exp adopted for fitting ~ ®
, ) SLIBW fit — w, " . . .
1e-07 1e-06 1e-05 0.0001 0.001 0.01 0.1 1

neutron energy [MeV]
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<R

Istituto Nazionale di Fisica Nucleare

3 c‘ c.

O.

Number fraction X [%5]
2 23 3 2 2

Cross Section

A recent experiment related to the s-process

C-N-O

Fe

89Y(nl )
885r(n, Y)

July 2017 A

o o o -~ =
i o ) ~ () 'S
il [TTT T I T[T T[T [TIrTT
I -

o
o

(=}

Courtesy of G. Tagliente
___n_TOF
___ENDF

10 10° 10°
Neutron energy ?eV]

10*

nTOF

20.30%a
M <52 mb, B

=m®  Very low cross sections
> (1° bottleneck of s process
N=50)

89%Y: 13 - 21 mb @ 30 keV
88Sr: 5 -9 mb @ 30 keV

Discrepancies in literature for
the MACS.

Large deviation with respect to literature have

been observed, specially for 8Sr.

Analysis is in progress.

36
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INFN Measurement related to applications \/\
nTOF

Istituto Nazionale di Fisica Nucleare

155,157Gd(n,y) burnable neutron poison

To increase the efficiency in a fission reactor, the amount of 235U must be enhanced.
It may imply safety issues at the reactor start. This effect can be compensated by

introducing neutron poison.

mam) New measurement for En < 1 keV

0.14- , : 0.8 |

— - —— n+'%Gd . 0 7:_ I ne'55Gd =
d 012— oo L TN N o this RSA — (= .
> r — ENDF/B-VIIO - 0g  — ENDF/B-VIILO E
~— 01— JEFF3.3 — e 3
9 B —— JENDL4.0 i % 0 5:_ JEFF3.3 =
Y 0.08— e Leinweber [11] 2 05 JENDL4.0 -
o N B O 04— =
= - - S _ .
.2 0.06— _ 2 = :
= N 7 c 0.3— —

o I g g 0% :

S 0.04— -] - ]

s a 0.2- |
m L ] - —

©0.02— — 0.1 -
B | n - ]

5 3.

I1071 I 2!5 I
Neutron energy (eV) Neutron energy (eV)

M. Mastromarco, A. Manna, et al., Eur. Phys. J. A (2019) 55: 9.
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INFN Cross section of 23°U(n,f) @ 10-30 keV

Istituto Nazionale di Fisica Nucleare

nTOF

n_TOF

- 20
The 23°U(n,f) cross section respect the . . —— ENDF8
reference reactions Li(n,t) and °B(n,a.).

biby ¢ ~ JEFF33 |15

Si detectors y.p

235U(n,f) cross section (b)

Bt ﬁﬁﬁ# 1 ﬁ i'%i' ++%+*+$
/ E :
o et

X (o units)

Silicon detectors 5x5 cm?, 200um, along
the beam line, to detect fission fragments
emitted at forward and backward angles

Y— S.Amaducci, et al, to be submitted.
9 - 30 keV

Neutron data libraries overestimate

the 23°U(n,f) cross section
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INFN Cross section of 23°U(n,f) > 10 MeV

Istituto Nazionale di Fisica Nucleare

235U(n,f) relative to (n,p) measured on 2018

nTOF

Proton Recoil

Fission fragments detectors
(PPFC & PPAC) {n,p) scattering
(In total n.15 of 235U targets)

(polyethylene)

The International Atomic
Telescope Energy Agency (IAEA)
strongly requests new data
for up to 1GeV.
No experimental data

CH, target above 200MeV.

2200

2000

1800

Neutrons/bunch

1600
1400

1000
800
600
400
200

j’?i‘*“"%f‘*‘*%-ﬁ;...,,.

¥ Scintillators

®  Evaluated Flux 2011

e

n flux measured with the
proton recoil telescope

.JIJ..
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INEN N_TOF towards the future: Phase 4
A new spallation target (2020 — 2030) ATOF

Istituto Nazionale di Fisica Nucleare

n_TOF target #3 timeline - March 2017

S$12016 522016 [S12017 622017 512018 52201 512019 522019 512020 22020 512021

Preliminary design studies
ing work

;:::deslgn of baseline target / f/é,
HiRadMat tests %

/ﬁ
NOW
S Target preliminary design review Target installation review
| n_TOF Target #3 Projeq (June 2017) (dan 2020)
' Working Group Target production readiness
review (June 2018)

Increase x2 of the neutron flux above 10 keV (EAR2).

ﬁ Well suitable for short-lived radioactive isotopes, in
particular if available in small amounts (e.g., by
implantation of radioactive beams).
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<R

Istituto Nazionale di Fisica Nucleare

Some measurements to be planned for Phase 4

New short-lived branching
point isotopes (s-process)

139Cs (ty,=2.1yr)

8Kr (t,/,=10.7 yr)

nTOF

(n,f) of. isotopic chalns. t9 p.rowde s.trc?ng Cf249 | Cf250 | Cf251 | Cf252
constraints for the optimization of fission 9/2- 0+ 12+ 0+
oLsf oLsf o oL,sf
models:
Cm243 | Cm244 | Cm245 | Cm246 | Cm247 | Cm248
29.1y 18.10 y 8500 y 4730y | 1.56E+7y | 3.40E+5 y
238py - 244py (some already measured) SI2E . e ‘V 92 o
5 EC,o,sf,... |osf o,sf o,sf o oL,sf
243 _ 248 45
Cm - ***Cm (**>Cm already measured) Pu238 | Pu239 | Pu240 | Pu2dl | Pu2a2 Pu2ad
87.7y 24110y 6563 y 1435y 3.733E+5 y 8.08E+7 y
249Cf - 252Cf 0+ IIZV OV 5/2+ OV 0+
oL,sf o,sf o,sf B 0L,8f,... oL,sf [ (VA CE SRR A
Review article in preparation to be published in EPJA:
N.Colonna et al., The fission experimental program at the CERN nTOF
facility: status and perspectives.
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O At present, n_TOF is one of the best facilities in the world for challenging
measurements requiring high flux, wide energy range, low background and good
resolution.

L There is a need for several data on neutron-induced reactions, in particular to:

 refine the models of s and r nucleosynthesis processes with new neutron
induced reactions data (e.g. fission data for recycling in r-process)

* neutron therapy

* fusion reactors (ITER and DEMO)
A large number of neutron induced reactions are needed for the design of
fusion reactors, in particular for problems related to the lifetime of structural
materials (e.g. embrittlement due to gas production). Many of them can be
performed in EAR2.

L Phase 4 will starts on 2021 with the new spallation target. The planned challenging
measurement will require new detectors, to extend the present energy range to 14 MeV
for (n,cp) reactions. R&D activity is in progress.
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Thank you for your attention
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The Big Bang Nucleosynthesis successfully
predicts the abundances of primordial

elements, but not for 7Li.

How 7Li is produced?

'Be e 7L Ve
@ =0

Big Bang Nucleosynthesis:
The Cosmological Lithium Problem

Investigations on the
destruction rate of ’Be

!

‘Be(n,p) Be(n,a)

baryon density Q.h?
10-2 o
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Cosmological Lithium Problem
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