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Neutron cross sections for science and technology
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Research fields
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Nuclear technology and medical

i e Basic Nuclear Physics
Nuclear Astrophysics application:

v Nuclear structure
effects on fission

v’ Excited states (spin
parity of resonances)

v’ Nucleosynthesis of v’ Fission reactors (Gen-1V, ADS)

heavy elements v' Fusion
v’ Stellar evolution v Transmutation of nuclear
v’ Big bang waste

nucleosynthesis v’ Neutron capture therapy
(adrotherapy)
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Research fields
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n TOF in numbers

International collaboration
130 Researchers
38 Institutes

Spokesperson:
A. Mengoni (ENEA, INFN-Bo)

Since 2001: 104 isotopes measured
(capture, fission, cp)
b

- 47

34 UE+UK
2 Japan

1 India
1 Australia

Data available on EXFOR.
https://twiki.cern.ch/twiki/bin/
view/NTOFPublic/DataDissemin
ation
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https://twiki.cern.ch/twiki/bin/view/NTOFPublic/DataDissemination

I o n_TOF Collaboration

n_TOF - ITALY
, .-f;;;:;" ;,'m
21 researchers - °ESE?AFE /@
(INFN+UnlverS|tY) I?ERSIs':SDRI BOLOGNA \
12.1 FTE N “"°” \H! |
Close collaboration with ‘pm
ENEA (Bologna, Frascati)

INAF (Teramo), CNR (Bari)

5
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29 researchers
15.5 FTE

7T NAPOLI

Responabile Nazionale:
C. Massimi (Unibo, INFN-Bo)
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n_TOF facility

The features of the n_TOF facility are related to the PS proton beam:
high energy, high current, low duty cycle.
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h_TOF facility

The features of the n_TOF facility are related to the PS proton beam:

high energy, high current, low duty cycle.

In figures...
Horizontal Beam Vertical Beam
Line (EART1) Beam Line |Line (EAR12
Distance to target | Element Distance to
center [m] target center [m]
136.7 - 138.7 1 7.4-8.4 (2100
(2110 mm) collimator mm)
134.9 Filter Box 11.4
Magnet
145.4 e 104
178.0 - 180.5 ond 15.04 - 18.04
(218 or 80 mm) collimator (@21.8 mm)
Experiment
182.3-190.2 al area 18.16 - 23.66
200 Beam 24.73
Dump
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h_TOF facility

The features of the n_TOF facility are related to the PS proton beam:

high energy, high current, low duty cycle.

Neutron fluence (dN/dINnE/7E12p)
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Neutron energy
10 meV < E, < 1 GeV

Neutron flux

EAR2 10 n/cm?2/pulse
EAR1 10> n/cm?2/pulse

Energy resolution
AE/E ~104 @ EAR1



Detectors

%

(n,y) reactions

Total Absorption Calorimeter
(TAC) BaF, C¢Dg liquid scintillators
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() infn_insights e

Relevant INFN contribution:
test, maintenance and
optimization of the capture
detectors



@ Detectors

Fission reactions

Parallel Plate Avalanche MicroMegas STEFF
Chamber (PPAC)

Setup based on Si detectors for high accuracy measurements (EPJ A front page) developed by LNS
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@ Detectors

(n,cp) reactions
Silici

Diamond detectors

) e la 12C(n,p) developed by INFN

Setup for ’Be(n,p), Be(n,a
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Detectors

Research and development of a counter telescope

(made of plastic scintillators and silicon detectors) for
recoil protons, originating from the n-p elastic
scattering of neutrons on a polyethylene C,H, sample

» MC Geant4
» Test with protons @ LNS (2017)
» Test on beam @ n_TOF (2017)

mpCall | N h2ResPoi2
E 12 Entries 1053 il Entrios 2438
& Moan 6,552 joan x  38.6

£z

. S5 4 GEANT4 [
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Flux detectors
E,>10 MeV




Detectors
@ o

Flux detectors

SLiF
:4 Si
detector
4He

n+°Li = 3H + “He MSX09-3007 3 cm x 3 cm,
Q-value = 4.78 MeV 300 pum thick > particle range
3H: 2.73 MeV 1 f ' ' : :
“He: 2.05 MeV .|

o g 0.985 |

0.98

0.975

1 1.5 2 25 3

Energy [MeV] 0.97 ' ! '
001 1 100 1nnnn 1x106 1x108 I
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Beam characterizations

3 different
detectors
based on 3
neutron
standards
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Beam characterizations
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3Li

Big Bang
nucleosynthesis
4Li

5Li 6L1

3He 4He

. B
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/ Capture cross \

section technologies

/MC Study of the n_TOF
spallation source

ACTIVITIES

/ Neutron source |n\
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A
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—— IAEA (2015)
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/ Capture cross \

section technologies

/ Big Bang \

nucleosynthesis

3Li 4Li 5Li 6L1 7Li

3He 4He 6He

He 4He E5He
. "

ACTIVITIES
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BBN successfully predicts the abundances of primordial elements such as *He, D and 3He.
Large discrepancy for ’Li, which is produced from electron capture decay of ’Be
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I BBN: need for 7Be destruction

"Be(n, o)
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155,157Gd(n, .Y)
“burnable neutron poison”

Proposal (INFN) in close
collaboration with ENEA

IGHOAHNERERAEANEEEGORAEEE

The uncertainty on Gd
cross sections gives the

largest contribution to the

uncertainty on k. after

T T T T T

1 E§ [ [ P9 1 B 0 0 00 U O Y 1 D R

235,238U

To increase the efficiency of reactor fuel, it is
necessary to increase the initial enrichment of
235U in the fuel.

High enrichments pose severe safety problems due
to the high initial excess reactivity. This can be
inherently compensated by loading the fuel
with “burnable neutron poisons”, i.e. isotopes
with very high capture cross section
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Neutron poison

155,157Gd(n, v) A
“burnable neutron poison” ahons ang
Clej

260
255

N
2
o
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24018 kb

Cross section (kb)

244+4 kb

A\QBQ 4\96% @006

oo™

1N = (o)
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o
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Conclusion / future

The new spallation target (target #3) is being installed (2020)
It was studied to operate until 2030 (LS3-LS4) budget CERN 1.4 MICHF

Lead wedge =

Aluminium support

Moderators
(Aluminium)

Cradle assembly
(Aluminium + lead)

Cover (St Steel)

Vessel (St Steel)

Weight 15 cm Pb slices Borated water N>
1550 Kg 64 x 62 x46 cm moderator cooling
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Conclusion / future

Construction of the NEAR station (EAR-3) for activation measurements on rare isotopes and
short-lived radioisotopes (produced at ISOLDE@CERN or PSI)

] h""i""'-r‘! i

Passages for rabbit and
endoscopic inspection Passage for

already integrated now in = collimator and

the shielding /ﬂlter system

marble

Concrete
block

Position for

=i
(&
¥ Stainless steel
insert with

chicane
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Conclusion / future

Neutron Star Merger — r process

nTOF

Improve the physics of both

the s-process (neutron
capture) and the r-process T —p
(fission) Lt

r-process contribution to observed
elemental abundances?

r process = Solar yields — s process

Fission recycling 17

- Modification of the A~130 and A~190 r-process

abundance peaks
- Fission products can be seed for additional
r-processing up to A~250 (fission recycling)
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Backup slides
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s—process branching

He core burning: kT~26 keV, N, ~10% cm?3

The branching depends on
the stellar condition, on the
i isotope half-life and on the
83Cu |\ \ neutron capture cross
section

Carbon shell burning: kT~go keV, N ~10" cm3

5Fe H 5TFe ‘ (Fe | %Fe I "IFe

63Ni(n, y)

®3Ni (t1/,=100 y) first branching point

determines abundance of ¢3-65Cu
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s—process branching

He core burning: kT~26 keV, N, ~10% cm?3

The branching depends on
the stellar condition, on the
i isotope half-life and on the
52Cu [RETHI neutron capture cross
9.7m _ section

0N H Y \

Carbon shell burning: kT~go keV, N ~10" cm3

First high-resolution measurement of the
&Ni(n, y) reaction in the energy range of
interest to s-process nucleosynthesis: «The
neutron capture cross-section of the s process
branch point isotope ®3Ni» Phys. Rev. Letters

— 110 (2013) 022501
56Fe H 57Fe 58Fe : LU B LLLL) LU LLLL BLRLLLLLL ILLLLLLL) B, S rpry
% — ®“Ni sample
63Nl(n, Y) W - PEEK container
—— Beam Off

®3Ni (t,/,=100 y) first branching point 3

determines abundance of 63:65Cu E 10
5‘%10‘4

The measurement was performed

in 2011 at n_TOF using an array of 107

C.D, detectors 10 kruva

1 102 10° 10* 10°
Neutron Energy (eV)

107" 1 0
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Measurement of 238U(n, v)

ANDES (FP7) project: 233U(n, v)

95, 034604 (2017)

n_TOF C6 D6 + TAC PHYSICAL REVIEW € TOF facility in the energy
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1 PhD thesis Feb. 15

Assemblea di Sezione | 20 febbraio 2020 | Bologna | I



I MC simulation of n TOF source

Sweeping
Fiter  First Shielding 1o pet Second
station collimator collimator

Geant4 simulation of the
n_TOF neutron source and
transport to EAR1

Experimental

o N

I ]
I I
1 |
36.7 145.4 178.0 1823 190.2 200

o ——fP—
o

20 GeV/c protons on lead

S. Lo Meo, M. A. Cortés-Giraldo, C. Massimi,
etal., Eur. Phys.J. A51 (2015) 160

1 bachelor thesis 23/09/2016
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140Ce: Galactic chemical evolution
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Figure 11. Best fit of the average s-process chemical pattern of stars in M22. Figure 13. Best fit of the average s-process chemical pattern of stars in M4.

The pollution of AGB stars with a mass ranging between 3 to 6 MSUN may
account for most of the features of the s-process enrichment of M4 and M22.

M4 |
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140Ce: Galactic chemical evolution
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Figure 11. Best fit of stars in M22. Figure 13. Best fitof thea,  ©

Abundances of
elements in the s-
process peak are

well reproduced
apart from Cerium
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s—-only isotope

154Gd(n, v) l Disagreement between
August 2017 =

observations and models

o p
B stable
H B

22.75 %

P - ooy
\ ‘ r process ‘ | Discrepancies in

nuclear data need |
L to be resolved |

152Gd e 1%4Gd are s-only isotopes: they
can be produced only via s process \
because they are shielded against the
B-decay chains from the r-process
region by the isobars samarium.

Proposal (INFN) in close

collaboration with INAF




/ s-only isotope 1*Gd \ / 140Ce: test for the galactih
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/155'157Gd(n,y): BWR
reactors and other
applications
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‘ / NAF- Osservatorio Astronomico

di Bologna
IX Incontro dei Gruppi Italiani di Astrofisica Nucleare Teorica e
Sperimentale
Sezione INFN di Bologna - Dipartimento di Fisica e Astronomia - INAF

T

"‘uu -

Istituto Nazicnale

ALMA M 1 YIOR
LMA MA l.l RSTUDIORUM di Fisica Nucleare

UNIVERSITA DI BOLOGNA

II nono incontro del Gruppo Italiano di Astrofisici Nucleari Teorici e
Sperimentali vuole continuare una tradizione iniziata nel 1996 a Catania e poi
proseguita con gli incontri di Napoli (1998), Genova (2001), Ferrara (2003),
Teramo (2005), Perugia (2006), Catania (2010) e Padova (2015). In questa
edizione verranno discussi i temi legati alla nudeosintesi cosmologica e
stellare, alle sorgenti di neutroni e alle reazioni di cattura neutronica, alla luce
dei pil recenti risultati sperimentali ottenuti da ASFIN, ERNA, LUNA e n_TOF.

26 presentations
by PhD students
and postdocs
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http://agenda.infn.it/event/GIANTS-IX

oth edition, Bologna
5-6 October 2017
Organizing committee composed by

young researchers from n_TOF, ASFIN,
ERNA and LUNA
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Proton recoil telescope

FUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH Measurement ongoing at CERN: 235U(n, f)
Proposal to the ISOLDE and Neutron Time-of-Flight Committee First measurement for E,>200 MeV (extension of the standard)
Measuementof e U ros scion v First experimental determination of the neutron flux E,>200 MeV
scattering up t 1 Go
" ; ;(;>[] n_TOF facility is a unique tool for the
e e ol Lo || CrOss section measurement of the
5 sl 235U(n, f) reaction, relative to the
‘ = B ol H(n, n)H reaction, up to 1 GeV.
FE .
- - - (“““ | . :Nm(mm@m)m 12} ] For this measurement a Proton
—" e it 1ol 5 . | Recoil  Telescope has  been
developed and realized with fast
Proposal approved by the INTC committee, scintillators and solid state detector.s.
meeting 28.06.2017 It has been successfully testc-eq in
2016 and 2017 at the n_TOF facility.
PRT-INFN PRT-INFN
wy | || *U CH, CH
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i = 1 Q ! 1 PhD
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v CHmw
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Conclusion

Approved, operational 2020-2030 (LS3-LS4)

Pb

n_TOF Target #3 Project
Working Group

Proton window
St. steel 316L

512016 52 2016

4

Detailed design of baseline target
iRadMat tests

arget construction

Removal of target #2

arget #3 dry run tests

nstallation of target #3 & services
ommissioning with beam ﬁ

-

n_TOF target #3 timeline - March 2017

m~ 2017 S12018 522018 512018 522018 512020 522020 S12021

NOW

Target preliminary design review
(June 2017)

Target installation review
(Jan 2020)

Vessel
St. steel 316L

Target production readiness
review (June 2018)
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Digitised signall

Silicon Monitor (SiMon)

to measure flux as

a function of E,

SiMon is not a fast detector
risetime ~ 25 ns
Signal width ~ 500 ns
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Each silicon detector connected to a fADC:

e Sampling rate 100-1000 MS
 Resolution 14 bit



n TOF collaboration

BARC — Mumbai, India
CEA — Saclay, Francia
CERN — Geneva, Svizzera
CIEMAT — Madrid, Spagna
ENEA — Bologna, Italia
IFIC — Valencia, Spagna
IFIN — Bucharest, Romania
INFN, Italia

IPNO — Orsay, Francia

IST — Lisbon, Portogallo
JAEA — Tokyo, Giappone
JINR — Dubna, Russia

JRC — Geel, Belgio

KIT - Karlsruhe, Germania
NTUA — Athens, Grecia
PSI —Villingen, Svizzera

PTB - Braunschweig, Germania

TIOT — Tokyo, Giappone

UBAS — Basel, Svizzera

UCAN — Canberra, Australia
UEDB — Edinburgh, Regno Unito
UGF — Frankfurt, Germania
UGRAN — Granada, Spagna

UIG — loannina, Grecia

ULP — Lodz, Polonia

UMAN — Manchester, Regno Unito
UPC — Barcelona, SPagna

UPRG - Prague, Repubblica ceca
USC — Santiago, Spagna

USE — Sevilla, Spagna

UVIE — Vienna, Austria

UYRK — York, Regno Unito

UZAG — Zagreb, Croazia
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Misura del rate di distruzione del ’Be

Problema cosmologico del litio
Osservazioni: (Li/H)=(1.7+0.5)x101°
Teoria (BBN): (Li/H)=(5.1+0.7)x10°

I-Difﬁcolté\:

(i) Attivita specifica del ’Be 13 GBq per ug;
(i) vita media breve 53.3 d

2015

’Be(n, a)

2016

’Be(n, p)

Bersaglio:
PSI (Berillio)
+
ISOLDE

(arricchimento 7Be)

~ 1.1 GBqg

300 um

20 pm

~95% del ’Li deriva dalla cattura

Soluzione Nucleare

elettrocina del 'Be
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cross section [b]

cross section x E'/2 [b MeV”zl
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