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 The n_TOF project

Objectives, basic parameters, instrumentation

 Examples of measurements and their

impact on s-process nucleosynthesis

Branch-point isotopes, neutron sources, s-only
Isotopes, s-process bottleneck, weak component

* Future program
Facility upgrade 2019-2021, measurements 2021-2030
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Objective: to provide Nuclear Data for Science (and Technology)

( HOW the \ 102 T T T T I T

elements are 10°TH
—  » Neutron induced reactions

synthesized in 10' [} He o

. ol / | in Astrophysics, by C.
\the Unlverse?) 10 Lederer, Wednesday 27
10" C-N-O — 12:00

S process.

Posters
» The neutron capture cross
— section measurement of
the thallium isotopes 293T],
- 204T] and 295T] at the
n_TOF facility at CERN, A.
Casanovas
—  » Measurement of the
60(n,)3C reaction cross-
section at the CERN
— n_TOF facility - S. Urlass
> The Stellar "2Ge(n,y) Cross
] Section: A First

Cosmological Lithium Measurement at n_TOF,
Problem at the n_TOF M. Dietz

facility at CERN, L. 10 300
Damone Wednesday Atomic number Z \/\
27, 10:00 | nTOF

Number fraction X [%)]

BBN:

> "Be(n,p) cross section
measurement for the




: INFN
The n_TOF project ...

Element production beyond Fe

120
N 100
— Radioactive beam facilities
8 80 %ﬁ
£
N
L 40 , O
g- | o . \%\)Q(\(o\.@
= ra ) $e\>\‘0
0
0O 20 40 60 80 100 120 140 160 180
neutron nhumber N
s-process (slow process): r-process (rapid process):
« Capture times long relative to decay time « Capture times short relative to decay times
* Involves mostly stable isotopes * Produces unstable isotopes (neutron-rich)
« N,=108n/cm3, E, = 0.3 — 300 keV « N, =10%0-30 n/cm3 v/nTO\F
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The n_TOF project &t

s-process nucleosynthesis proceeds | INEEloRo TS 1 CN( RNl (oI ET=Tol i [o] g EoX
through neutron capture reactions and

successive 3 decay. > refine models of stellar nucleosynthesis in the Universe;
The abundance of elements in the » obtain information on the stellar environment and
Universe depends on: evolution
> thermodinamic conditions -
(temperture and neutron density); Along the (-stability valley
v,
» [-decay rate; .

» neutron capture cross-sections.

key quantity
o(n,y)

S process |=————p

| NTOF
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Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV)

1—_ — kT = 8 keV y
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Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV)
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Stellar spectra: AGB (8, 23 keV) and Massive stars (25, 90 keV)
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_ For Astrophysical applications it is important to determine
107 KT =8leV , for various temperatures (kT depends on stellar site).
x E
g 107 Reaction rate (cm3s™):  r = N,N,,va(v)
S
Z |
10° N b r=N,N,{(0-v)
10-4_2\ | 1\ AT AR RTITY R NE| 2. ||||H\J3\ |mm\4\ uun\s I . 0
2 40 oV 2
1071001 Nelffon Bergy fevy 10 10710 MACS = (o v) — j o(E)Ee E/D g
vT \/E(kT)Z 0

| r
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_ For Astrophysical applications it is important to determine

10" KT =8keV , for various temperatures (kT depends on stellar site).
x
S 10 Reaction rate (cm3s). r = Ny,N,vo(v)
(]
Z

-3 — .
10 \ b T = NAN‘I‘L<O- U)
10-4 ool vl vl Lol

10% 107 NeL?rone(r)lergy?eV)104 10° 10° MACS = (O"U) = 2 j O'(E)Ee_E/(kT)dE
Ur V1 (kT)? Jg

ITwo methods are used to
I determine MACS:

| r
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For Astrophysical applications it is important to determine

kT =8keV

, for various temperatures (kT depends on stellar site).

Reaction rate (cm3s™):  r = N,N,,va(v)

N b r = NyN, (0" V)

Neutron flux
)
n
T IHHH] T \HIHl T \IIIHI‘ T HHH‘

P07 10T 1 on Mgy By 10 1O 10 MACSEWU' v>=f(imz j  (EVEe-F/OT g
T T 0
;'.IT """"""""""" | 4.5
,Two methods are used to, -
:determine MACS: | .
I 1. measurement of energy dependent! £ [
: neutron capture cross-sections; : 83-5;
I ' % 35_
I : %
e mmm . 25

| | |

20 40 60 80 100
Temperature (keV)
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For Astrophysical applications it is important to determine

KT =8keV

, for various temperatures (kT depends on stellar site).

—
<

Reaction rate (cm3s™):  r = N,N,,va(v)
\{\ bT:NANn<O"U>
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______________________ 4.5:—
ITwo methods are used to. -
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i 1. measurement of energy dependent! £ -
I neutron capture cross-sections; : 83-5;
: 2. integral measurement (energyl <§E 35_
I integrated) using neutron beams with: i
| . u
. _ _ _Sultable energy spectrum. _ __ __ __ | 250
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|
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For Astrophysical applications it is important to determine

kT =8keV

, for various temperatures (kT depends on stellar site).

107":

Reaction rate (cm3s™):  r = N,N,,va(v)
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CMS
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[, )

n_TOF is a spallation neutron source
based on 20 GeV/c protons from the
CERN PS hitting a Pb block (~300
neutrons per proton and ~ 7x10"2 ppp).

Experimental area at 185 m and 18.5 m.
\_P Y,
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=
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The advange of n_TOF are a direct consequence of the characteristics of the PS
proton beam: high energy, high peak current, low duty cycle.
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| Qo
|
I
|
|
v — EAR1
> | o — I
20 GeV/c
protons 2]

SPAllation € — m = = - - - — — - \/\
Target 185 m | nTOF



The n_TOF project

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

EAR2 | il \Wide energy range:
Q. 4 4
—— E 25meV <E <1GeV
L L5
| —
! 3
I z
z
18.5m ! T g
| c
I @ g
ey
! z ——EAR2
: g ~—— EAR-1 (H,0)
[ ——EAR-1 (HO + "a)_
| T S s s s s S |
7 10° 107 10" 10° 10' 10° 10° 10* 10° 10° 10" 10* 10° 10"
EAR1
—1 Neutron energy (eV)
> ..u"f‘;' . — I
20 GeV/c
protons el
SpallationN ¢ - - - e e e e e e e e e e —————————— — — - \/\
Target 185 m | nTOF
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The advange of n_TOF are a direct consequence of the characteristics of the PS
proton beam: high energy, high peak current, low duty cycle.
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The advange of n_TOF are a direct consequence of the characteristics of the PS
proton beam: high energy, high peak current, low duty cycle.
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Capture reactions are measured by
detecting y-rays emitted in the de-excitation
process. Two different systems, to
minimize different types of background

_ Carbon Fibre
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Detectors: (n,p) and (n,a) reactions

Gas and solid state detectors are used for detecting charged particles, depending
on the energy region of interest and the Q-value of the reaction

Silicon detectors

Silicon sandwich

Diamond detector
E-E Telescopes

Myter (1.8 um) Aluminiu; im (10 Angstrum)

Sample (S-33)

neutrons
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Data for s process C

Cross sections measured in 2001 - 2018

% Branching point isotopes:
151Sm, 63Ni, 147Pm, 171Tm, 203T|
% Abundances in presolar grains:
91,92,93,94,96 7
% Magic Nuclei and end-point:
139|_a, 140Ce, QOZr, 89Y, 883,-, 204,206,207,208Pb, 209Bj
s Seeds isotopes:
54,56,57Fe, 58,60,62Ni, 59Ni(n,a)
% |Isotopes of special interest:
186,187,1880Qs (cosmochronometer),'%”Au (reference cross section), 242526Mg, 33§(n,a.),
14N(n,p), 35Cl(n,p), 26Al(n,p), 26Al(n,o) (neutron poison), 1%4Gd (s-only isotope), 68Zn,
69,71Ga’ 70,72,73,74,76Ge, 77,78,8089 (Weak component)

% Neutron Sources %?Ne(a,n)?®Mg and 3C(a,n)'0:

n+25Mg, n+160 #
| NTOF
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Cross sections measured in 2001 - 2018

The neutron capture cross section measurement of the
< Branching point isotopes: thallium isotopes 293Tl, 204T] and 20°T] at the n_TOF

facility at CERN, A. Casanovas
151Sm, 63Ni, 147Pm, 171Tm

+ Abundances in presolar grains:
91,92,93,94,967 @ NI CXV
% Magic Nuclei and end-point:
139La’ 140Ce, 902'-, 89Y, 885'-, 204,206,207,208Pb, ZOQBi
% Seeds isotopes:
54,56,57Fe, 58,60,62Ni, 59Ni(n,a)
Isotopes of special interest:
186,187,188Qgs (cosmochronometer),!%20ertfeference cross section), 242526Mg, 33§(n,a),
14N(n,p), 35Cl(n,p), 26A °Al(n,a) (neutron poison), 154Gd (s-only isotope), 68Zn,
% Neutron Sources %°Ne(a,n)?®Mg and 3C(a,n)'0:
n+25|v|g Measurement of the \/\
60(n, a)'3C reaction cross- |
section at the CERN n_TOF nToF
facility - S. Urlass UDIORUM ~ UNIVERSITA DI BOLOGNA

The Stellar "2Ge(n,y) Cross
Section: A First Measurement
atn_TOF, M. Dietz

X/
0‘0
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Low ¢, “compared” to T,,

>

N

@ STABLE
B Unstable against p-

—> (n,y) reaction
W p-decay

| r
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Low ¢, “compared” to T,, @ STABLE
B Unstable against p-

—> (n,y) reaction
W p-decay

] @ oocess
>

branching point
N

High ¢, “compared” to T,

> N | NTOF
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1518m: s process in AGB ..

P process Phys. Rev. Lett. 93, 161103 (2004)
156014 1571 f=em
o
-
[43)
. T N S I =
"Eu = 1¥2En — " Eu 15y —= 155 m
g
1525m 154Gm @)
§ process
' ' ' . Tprot 1 10 10° 10° 10* 10° 10°
NEUTRON ENERGY (eV)
({o) N )12Gq Aisigm 4000 —————— -
fp= = z KT=30 ke\
(@) N)isosm  Aisism + 7 (T V)isism - —
s UE ’ .
s 72
K w E .
A 2000 © o, e .
e .
AG [) <0> - 3-1i0-16 b 1000 . 1 . ! : ]
_ 1970 1980 1990 2000
at kT_3O keV YEAR nTOF
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Branching point isotopes
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Sample

Half-life (yr)

Q value (MeV)

Comment

63N
.
SIKI.

85Kr

100.1
2.95 X 10°
2.29 X 10°

10.73

64.02 d

2.0652

2.3 X106
10981 d

2.6234
536K d

90
8.593
4.753
0.658
0.198
4570
0.352
1.921

1.82
0.206

3.78

8-,
B,
EC,
B,
B,
B,
B,
B,
B,
.R_.
B,
B,
B,

EC,
B,

EC, 0.0026

B-.
8.
EC,
B,

B,

0.066
0.159
0.322
0.687
1.125

2.059

0.269
0.896

0.225
2464
0.076
1.978
0.246
0.244
1.833

0.968
0.098
0.115
0.432

0.763

TOF work in progress (Couture. 2009). sample with low_enrichment
Important branching, constrains s-process temperature in massive stars

Part of Se branching | €€ 3

Important branching, constrains neutron density in massive stars

Not feasible in near future, but important for neutron density low-mass
AGB stars

Important branching at A = 134, 135, sensitive to s-process temperature in
low-mass AGB stars, measurement not feasible in near future

So far only activation measurement at k7 = 25 keV by Patronis et al. (2004)

Important branching at A = 147/148, constrains neutron density in low-mass
AGB stars

Part of branching at A = 147/148

Not feasibhle_in_the near future

Existing TOF measurements, full set of MACS data available (Abbondanno
et al., 2004a; Wisshak et al., 2006¢)

Complex branching at A = 154, 155, sensitive to temperature and
density

So far only activation measurement at k7" = 25 keV by Jaag and Kiippeler
(1995)

Part of branching at A = 154, 155

Weak temperature-sensitive branching, very challenging experiment

Branching at A = 163 sensitive to mass density during s process, so far only
activation measurement at k7" = 25 keV by Jaag and Kippeler (1996b)

Important_branching. constrains neutron_density_in _low-mass AGB_stars

Part_of branching at A = 170. 171

Crucial for s-process contribution to '%0Ta, nature’s rarest stable isotope

Important branching, sensitive to neutron density and s-process temperature in
low-mase AGR ctare

Determines 2®Pb/?%TI clock for dating of early Solar System

PRL 93, 161103 (2004)

| r
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o) 204 B
2 350 Tl(n,y) 328 oo ERl 7' Tm(n,y)
% 300l 567 272 = 1200
> g S ool
@ 250 ° KADONiS = 215 7
® 7; 800 [ -
8 200} o 637
< d \“J 600 [ .
= 150 175 3 KADONiS = 486
100 134 P = s00f e
5ol 97 200 F 309 @243
C in o in o in S in = = . = ™ = 5
™~ 0 0 ) [} o o N 0 0 o o2 = =
g & & 3 8 g 8 2 & & 2 2 3 37
YEAR
YEAR
i L LN B B LR B 1 T s
£ 2000} = —
£1800F 147Pm(n,y) -
Ongoing studies 631600 -
Short-lived branching isotopes (a few < 14001 . E
years) have either never been 1200 . s .
measured before or have been 100057 . - =
measured only by activation (a few 800" '"kéiia&r{éié’l’."(ibé’i’idh'iﬁi&)’}”' |
tens of ng) at a fixed temperature. 400E. . 7
20 5—.1',HJ.H.4,.-”I-H..|...-.l.-,..|[-‘,.4..'—é
1970 1975 1980 1985 1990 1995 2000 2005 -
Year
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s-only isotopes @

Istituto Nazionale di Fisica Nucleare

2 10"
T Fe %’
= 105 - l— Sr Elements beyond
g Rb Iron are synthesized
= 104 rs K % by the s process
§ 1 -: rs rs Bl': % by the r process
< - ®
107 , :
0 100 200
Mass Number Ge r
Ga X
r \
| §
Ni *
Co h N
\ .
Fe N r-Process Region
Fe
Seed for  s-Process s-Branchings
s-Process  Reaction ( %Ni, ™Se, ®Kr, ...)
Path ITOF
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Istituto Nazionale di Fisica Nucleare

6; 1010_ 7
NI PFe yr
£ 10°- F St Elements beyond
g Rb Iron are synthesized
S 04 rs % by the s process
§ 11 -: rs rs 'B(l". % by the r process
< - ®
10-zo 100 200
Mass Number Ge
Ga X
\
w
Ni L
Co N
\ .
Fe \ -Process Region
®Fe
Seed for  s-Process s-Branchings
s-Process  Reaction ( %Ni, ™Se, ®Kr, ...)
Path ITOF
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s-only isotopes

158Tb
| stable%

G 868G | o | o | 764 [ "7ca |18

] e
o
: = IEN

r process

NN NN

154Gd = s-only isotope, it 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
| e
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s-only isotopes

— —— R e e -
. . 0.6— =

- 7 - + n+'%4Gd -

- - 0'5:_ — Literature =

ke o ] ke - -
o T —— newRSA ] .g 04— — newRSA =
5008 = > T E
e I | S 03— =
: [ N — [~ —]
2 0.06— = 2 F -
S F ] S 02 =
[~ - 01__ ]

L = £ | | . ! | | 3

1211111221 ll23111124llI1251
Neutron energy (eV)

e T
Neutron energy (eV)

0.1 L L B B B B
C . Measurement
-t n+"™Gd
0.08— , August 2017
| — Literature ,
3 006~ —— new RSA
> ] . . .
° I ] Preliminary R-Matrix
S 0.04— ] .
A . analysis of 154Gd(n,y)
© 004 - seems to largely
- ] deviate from literature
o B \_ J

el R T N [N S S T S A S ST ST SN AN ST ST SR A SR S SR M
46 47 48 49 50
Neutron energy (eV) | NTOF
ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA



INFN

Istituto Nazionale di Fisica Nucleare

© Magic nuclei: s process peaks
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Straniero, Cristallo & Piersanti 2014 Abundances of
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Figure 11. Best fit of the average s-process chemical pattern of stars in M22.

The pollution of AGB stars with a mass ranging between 3 to 6 -0.5

Mg,y may account for most of the features of the s-process
enrichment of M4 and M22. Figure 13. Best fit of the average s-process chemical pattern of stars in M4.
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i 2 Magic nuclei: s process peaks

140Ce is the most abundant cerium
isotope (88%)
——— C,Dg data **Ce+n
ENDF/B '*°Ce+n 99.4%
——— ENDF/B **Ce+n 0.6%
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The case of Mg

. ) . , ,

Constraints for the Experimental evidence of natural spin
22Ne(a,n)?°Mg parity states in the energy region of interest
?2Ne(a,y)*°Mg

reactions
A
\ E o+ T 3 AE
o+ 3
0> 2+ LN (5>
11.093 MeV
2Mg+n
10.615 MeV Jr
\ 4
o+22Ne 26 g+y Mg | 5/2*
Jn
‘ n 1/2*
22Ne 0*
)+
o 0+ J=0'¥ E,=0 MeV
26Mg v/\
| nToF
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The case of ~°Mg

4 . ) . Jaeger, PRL 87 (2001) 20
Constraints for the s abundance ppsebibiunsdhusioes
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Future 2021 - 2030 &&'°

Upgrade: new spallation target ready by 2020

Pb

12016 S22016 S12017 S22017 $22020 512021
0277
7%

Preliminary design studies
Prototyping work

Detailed design of baseline target
Vessel HiRadMat tests

Proton window St. steel 316L Target construction

St. steel 316L Removal of target #2

Target #3 dry run tests

Installation of target #3 & services
[Commissioning with beam

* T3 Project started early 2016

* Preliminary Design Review (PDR) June 2017 (EDMS 1837722)

* Intermediate Engineering Design Review (IEDR) 15" May 2018 (link)
* Production Readiness Review (PRR) Q4 2018

* Target Installation Review (TIR) Q1 2020 |
» Target installation foreseen Q2 2020 + Beam on target S1 2021
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Future 2021 - 2030 &1

010 1;' ' L !
: QO of
Upgrade: 10}
0 =3F
new detector concept 010  Frp
35 -4f ¢
n10 3 . t I ‘
81 -5"$b) o1l Setup Somplle rodiooctivityI
= T 2 3 4
<\Y 10G40lE,(eV)]
captured e —ra| —— Bicron + Hall
CeDs \ v neutron K )
scattered “
CeDs neutron
Radiation 102 10" 1 10 10%® 10° 10* 10° 10°
detectors En [eV]
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Upgrade: | e X
new detector concept :

V
/ “ 511 511
v
\ captured
CeDe \ Y‘/ neutron

cos 0 = 1+T_ o
scattered x Exbh

N

CaDe neutron / ’\

1/2

E 1 (SE\? 2 B\
R

Radiation “
detectors Nucl. Instr. Meth. A 825 (2016), CDP &
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Conclusions

Data for s process @

Ass sections measured in 2001 - 2018 \
% Branching point isotopes:
SINi, 7P, 71T, 20%

.
-end-poin = i
89y, S5y, 204206207 20 o
i, ®Ni(n,o)
special interes
, 242624 neutron poison), '%Gd (s-only isotope),
0Se (weak component), *S(n,c), ¥N(n,p), *5Cl(n,p)
s 2Ne(c,n)Mg and 3C(c,n)'°0:
| _ntoF

The n_TOF effort to improve cross section data for
S process

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA



. INFN
Conclusions

The n_TOF effort to improve cross section data for
S process

In the future (~ 2021 - 2030) challenging
measurements: upgrade of the n_TOF facility Capture sample Absorber PsD

. . Scatter PSD
and instrumentations

Neutron

. SLiH layers
Photosensors
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The n_TOF effort to improve cross section data for
S process

In the future (~ 2021 - 2030) challenging
measurements: upgrade of the n_TOF facility Capture sample Absorber PsD

. . Scatter PSD
andgnstrumentations

Neutron

~ SLiH layers

refl ne our Photosensors
knowledge on

S process
nucleosynthesis
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S process I
E grerre
+ $ only,

R CLAYTON

“Easy” to be reproduced with 00

an exponential distribution of
neutron exposures.

aN,, mbper 10* S5

S
.
*Ha
Po
PR U S S| 1 I [ |

L U S| Il A
%0 e - S0 130 110 120 130 140 150 160 170 180 130 200 213
A

DY) SR NP SR S |

|Moreover, given that the s-process occurs in a relatively low neutron-dens.ityI
environment, the neutron flow reaches equilibrium between nuclei with magic

| heutron numbers, where the product of the Maxwellian averaged stellar (n,y) cross |
section of a nuclide, <o>, and its corresponding abundance, N,, remains almostI
constant (the difference in the two product is much smaller than the magnitude of
either one of them): LOCAL [

I <0> N, = <0>,, 1Ny, APPROXIMATION I_ I
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r process
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