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Elements heavier than Fe are the result 

of neutron capture processes

a-nuclei
12C,16O,20Ne,24Mg, …. 40Ca

Motivations 
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The canonical s-process

s-process lifetime 104 years nn≈106-12 n/cm3

r-process lifetime ms nn≈1020-30 n/cm3

b-decay lifetime: few hours to few years

The Stellar Nucleosynthesis: s-process



Low mass Asympotic Giant Branch (AGB) M≈1.5 - 3 M


• 13C(a,n)16O  T ~ 8 keV Nn < 107 n/cm3

• 22Ne(a,n)25Mg T ~ 23 keV Nn~1010-1012 n/cm3

22Ne(a,n)25Mg 

• In core  He-burning T ~ 26 keV Nn ~ 106 n/cm3

• In shell C-burnig T ~ 90 keV Nn~1011 n/cm3

Massive stars   M≈15 - 25 M


s-process stellar sites
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r-process:Neutron stars merge



The Stellar Nucleosynthesis: r-process
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Radioactive beam facilities

Neutron beams

The Stellar Nucleosynthesis
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ls
(Sr,Y,Zr)

Pb

hs
(Ba,La,Ce)

Motivations 

The neutron magic nuclei with N=50 
represent the first bottleneck to the 
s-process
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N=50 neutron magic nuclei
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The canonical s path in the N=50 region
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Schematic out-of-scale picture of the structure of AGB stars.

Thermal Pulse Stellar Model
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Thermal 
Pulse

Model
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Nucleus Nʘ

Normalized to 

N(Si)=106 atoms

Ns/ Nʘ %

90Zr 5.546 0.789

91Zr 1.21 1.066

92Zr 1.848 1.052

94Zr 1.873 1.217

96Zr 0.302 0.842

There was some inconsistency using 
the TP stellar model to calculate the Ns

abundances with values from the previous 
measurements of the Zr cross sections.

The uncertainty on the N


is  10%
The uncertainty on Zr cross sections
ranges from 5% to 20% (depending on the 
Isotopes).

The Thermal Pulse Stellar Model: The Zr case

Curtesy of S. Bisterzio and R. Galino
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n_TOF facility at CERN
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The n_TOF facility

• Nominal proton Intensity: 7x1012 p/pulse

• Proton pulse width: 7 ns (r.m.s.)

• Low repetition rate: < 0.8 Hz

• Wide energy spectrum: < 25 meV – 1 GeV

• High instantaneous flux: 105-107 n/cm2/pulse



n_TOF experimental areas

The n_TOF facility

• 2 flight paths of 185m and 20m length

• Irradiation and activation station near
the target (“NEAR” Station)
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n_TOF experimental areas

The n_TOF facility

• 2 flight paths of 185m and 20m length

• Irradiation and activation station near

the target (“NEAR” Station)
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EAR1 (185 m)

• In operation since 2001.

• Measure radionuclides with half-
life down to a few hundred years

• High resolution in energy allows to
study resolved resonances up to
several keV.

EAR2 (19 m)

• In operation since 2014.

• Neutron intensity increased by a
factor 40, relative to EAR1.

• Possible to measure sub-mg
samples, and radionuclides with
half-life of a few years.

EAR1

EAR1 vs EAR2
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90Zr 91Zr 92Zr 93Zr 94Zr 96Zr

Mass (g) 2.717 1.404 1.349 4.88 2.015 3.398

Thickness (cm) 0,127 0,065 0,062 0,37 0,091 0,151 

Chemicalform ZrO2 ZrO2 ZrO2 ZrO2 ZrO2 ZrO2

Enrichment (%) 97.7 89.9 91.4 20.0 91.8 58.5

Isotopic content (%)
90Zr 91Zr 92Zr 93Zr 94Zr 96Zr

90Zr 97.7 0.87 0.6 - 0.67 0.16

91Zr 5.43 89.9 2.68 - 1.75 0.24

92Zr 4.65 1.62 91.4 - 2.03 0.3

93Zr* 1.5 19.0 20.0 20.0 20.0 19.0

94Zr 4.05 1.18 1.93 - 91.8 1.04

96Zr 19.41 5.21 8.2 - 8.68 58.5

▪ F all stable samples 2.2 cm
▪Encapsulated in 0.2 mm thick Al can
▪The 93Zr was encapsulated in 0.2 mm
Al (F 2.2 cm)+ 0.2 mm Ti (F 5.0 cm)
▪

93Zr activity 92.5 MBq (T1/2 =1.5x106

year)
▪Contaminates: Hf, Na, Mg, Al ...

Sample

Zr Samples @ n_TOF
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93Zr

Capture yield
Natural radioactivity of the sample (no beam) 

Capture yield – natural radioactivity
Background

Capture Yield & Background
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En(eV)

Yi
el

d

Energy range (keV)

n_TOF

90Zr 0.01 - 66

91Zr 0.01 - 26

92Zr 0.01 – 40

93Zr 0.01 – 7

94Zr 0.01 – 74

96Zr 0.01 – 42

92Zr

Yi
el

d

En(eV)    

The n_TOF data were
complemented with a data library
JENDL  and ENDF 

93Zr

MACS: Experimental energy ranges
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90Zr

96Zr

91Zr 92Zr

93Zr 94Zr

MACS: results
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G. Tagliente et al. Phys. Rev. C 77(2008)
G. Tagliente et al. Phys. Rev. C 78(2008)
G. Tagliente et al. Phys. Rev. C 81(2010)
G. Tagliente et al. Phys. Rev. C 84(2011)
G. Tagliente et al. Phys. Rev. C 84(2011)
G. Tagliente et al. Phys. Rev. C 87(2013)



Isotope KADoNiS N_TOF

90Zr 21 ± 2

91Zr 60 ± 8

92Zr 34 ± 6

93Zr 95 ± 10

94Zr 26 ± 1

95Zr 79

96Zr 10.7 ± 0.5

19.3 ± 0.9

63 ± 4

38 ± 3

30.5 ± 2

8.9 ± 0.5

65.1 ± 6

18.9 ± 0.9

MACS in mbarn

KADoNIS: Karlsruhe Astrophysical Database of Nucleosyntheis in Stars

MACS:@ 30 keV
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Nucleus Nʘ

Normalized to 

N(Si)=106 atoms

Ns/ Nʘ %

Old MACS

Ns/ Nʘ %

New MACS

90Zr 5.546 0.789 0.844

91Zr 1.21 1.066 1.024

92Zr 1.848 1.052 0.981

94Zr 1.873 1.217 1.152

96Zr 0.302 0.842 0.321

The s-abundances, Ns, are calculated using the TP stellar model for low mass 
AGB star (1.5 -3 M


), accuracy 8%.

Astrophysical implication: Abundances

Curtesy of S. Bisterzio and R. Galino
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Astrophysical implication: Stardust

The Murchison Meteorite

Silicon Carbide and high density graphite
are stardust that formed in stellar ejecta
and were incorporated in meteorites. 
They have large isotopic anomalies that
attest to their stellar origin

SiC

High density graphite
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C/O > 1

3 M


, Z=0.03

3 M


, Z=0.02

3 M


, Z=0.01 

1.8M


, Z=0.01

BAO NEW vs

Mpocket= 0.002 M


Silicon 
carbide (SiC) 

High-density 
graphite

={ [(96Zr/94Zr)/(96Zr/94Zr)


]-1}x1000 

AGB models vs stardust data: NEW vs BAO cross sections



C/O > 1

3 M


, Z=0.03

3 M


, Z=0.02

3 M


, Z=0.01 

1.8M


, Z=0.01

Mpocket =
0.002 M



0.0005 M


0.0002 M


M. Lugaro, G. Tagliente et al. APJ 780(2014) 95

AGB models vs stardust data: The 13C-pocket mass extent



• 3 92Zr samples:

Diameter 2 cm mass: 1,954 g, 9.991 g, 16.905 g

Enrichment (%) : 95.2

Chemical form: 92Zr metallic

• Mesured (n,g) and (n,tot)

• Measured at n_TOF and GELINA facilities 

New 92Zr measurement
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GELINA Facility

• e- accelerated to Ee-=140 MeV

• Bremsstrahlung in U-target
(rotating & cooled with liquid        

Hg)

• (g,n), (g,f) produced in U-target

• Low energy neutrons by 
moderation (water moderator 
in Be-canning)

Electron beamline exit
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GELINA Facility

• Electron linac driven pulsed white neutron source 
(10 meV < En < 20 MeV)

• Multi-user facility: 12 flight paths (10 m – 400 m)

• Measurement stations with special equipment:
- Total cross section measurements
- Partial cross section measurements
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92Zr(n,g ) and (n; tot) measurements at GELINA and n_TOF

Parameters for 74 resonances

were determined in the energy 

region below 81 keV.
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MACS

MACSs for typical s-process 
conditions, kT = 8 and 23 keV, could 
be fully determined by the 
experimental parameters.
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MACS: results

G. Tagliente 2022

G. Tagliente 2010         

The resulting parameters are fully consistent
with the capture yield derived from the 
experiments at n_TOF 2010
Thanks to the combination of experimental 
data obtained in different experimental 
conditions at two TOF facilities, the bias effects 
due to the TOF response function, the 
normalization of capture data and the 
background contributions are largely reduced.

EuNPC 2022- Santiago de Compostela - 26/10/22 - G. Tagliente - INFN Italy

G. Tagliente et al., Physical Review C 105 2022



88Sr and 89Y are extensively to constrain 
stellar models  and even astrophysical 
scenarios, e.g., related to the origin of 
chemical anomalies in ancient globular 
clusters . 

88Sr and 89Y measurements
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Reference Year Type MACS at 30keV

Käppeler[34] 1990 Activation 19±0.6

Musgrove[35] 1978 Capture 21±3

Boldeman[36] 1977 Capture 13.5±1.3

ENDF-B/VII.1[37] 2011 Evaluated 21.36

JEFF3.1[38] 2004 Evaluated 27.26

JENDL4.0[39] 2002 Evaluated 20.22

Rauscher[40] 2000 Theoretical 65

Goerely[41] 2005 Theoretical 16,6

89Y: KaDoNiS @ 30 keV

The difference between the 
two capture measurements is
about 40% with an accuracy
higher than 10% 
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Reference Year Type MACS at 30keV

Katabuchi [42] 2011 Capture 9.4±0.63

Koehler[43] 2000 Capture 6.01±0.17

Käppeler [34] 1990 Activation 6.13±0.18

Musgrove [35] 1978 Capture 6.2±0.5

ENDF-B/VII.1[37] 2011 Evaluated 5.22

JEFF3.1[38] 2004 Evaluated 0.85

JENDL4.0[39] 2002 Evaluated 5.33

Rauscher[40] 2000 Theoretical 13

Goerely[41] 2005 Theoretical 5,2

88Sr: KaDoNiS @ 30 keV

The difference between the 
most recent capture
measurement and the 
previous measurements is
about 60%.
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High-resolution measurements of the 89Y(n, γ) and 89Y(n, tot)
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High-resolution measurements of the 89Y(n, γ) and 89Y(n, tot)
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Capture kernels of 112 resonances have been
extracted and used to calculate high accuracy MACSs
for several thermal energies.
Their values, complemented for energies above 95 
keV with the cross section from the JENDL-5.0 library 
are consistent with data recommended by the 
astrophysical database KaDoNiS. 
Therefore, their impact in stellar model calculations
is minimal

MACS: results
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PRELIMINARY

87Sr

88Sr

3 cm

Metal disk enrichment > 99.9%

88Sr measurement: n_TOF
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PRELIMINARY
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◆The  cross section of nuclei with neutron magic number N=50 are 
fundamental for the stellar evolution models

◆New cross section on 90,91,92,93,94,96Zr, 89Y and 88Sr have been measured 
at n_TOF and GELINA facilities

◆MACS calculated from the new data for most of the Zr isotopes are 
lower than the previous MACS. The MACS uncertainty  improved by a 
factor 2

◆The new results in an overall better match between the models and the 
stardust data, particularly for the 96Zr/94Zr and 90Zr/94Zr ratios, but some 
of the measured 92Zr/94Zr ratios are still ~10% higher than predicted. 

◆Models of Z up to ~2 x Z


are needed to cover the range of SiC, while 
graphite grains need models of Z down to ~ 0.5 Z


. 

◆The new results of 89Y improved the accuracy of the cross section at 5%

◆
88Sr work in progress 

Conclusions
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