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“the	
  majority	
  of	
  the	
  chemical	
  
elements	
  in	
  the	
  universe	
  is	
  

produced	
  through	
  nuclear	
  reac6ons	
  
in	
  the	
  hot	
  interiors	
  of	
  the	
  stars”	
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The	
  principal	
  source	
  of	
  informa@on	
  on	
  the	
  
solar	
  system	
  abundances	
  is	
  the	
  photosphere.	
  
The	
  sun	
  emits	
  a	
  black	
  body	
  spectra	
  at	
  the	
  
temperature	
  of	
  5.777	
  K.	
  	
  

Another	
  source	
  of	
  informa@on	
  for	
  the	
  
abundances	
  of	
  elements	
  are	
  the	
  meteorites.	
  

The	
  abundances	
  of	
  the	
  elements 
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The	
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Stellar Evolution: Hertzsprung-Russell diagram 
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  0.013	
  Mʘ	
  	
  ≤	
  	
  M	
  ≤	
  0.08	
  Mʘ	
  	
  	
  

	
  0.08	
  Mʘ	
  <	
  	
  M	
  ≤	
  0.5	
  Mʘ	
  	
  	
  

0.5	
  Mʘ	
  <	
  M	
  ≤	
  3	
  Mʘ	
  	
  

	
  3	
  Mʘ	
  <	
  M	
  ≤	
  11	
  Mʘ	
  	
  

	
  	
  	
  	
  	
  M	
  >	
  11	
  Mʘ	
  

Stellar	
  Evolu@on 

Mʘ	
  	
  ≈	
  2	
  X	
  1030	
  Kg	
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Stellar	
  Evolu@on:	
  0.5	
  Mʘ	
  ≤	
  M	
  ≤	
  3	
  Mʘ	
   

M	
  ≤	
  	
  1.5	
  Mʘ	
  pp	
  chain	
  
 
 
M > 1.5 Mʘ	
  CNO	
  cycles	
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  AGB	
  
The	
  evolu@on	
  is	
  similar	
  to	
  the	
  stars	
  with	
  ini@al	
  mass	
  1.5	
  Mʘ	
  ≤	
  M	
  ≤	
  3	
  Mʘ,	
  without	
  
the	
  He	
  flash	
  in	
  the	
  RGB	
  phase.	
  	
  
	
  

	
  3	
  Mʘ	
  ≤	
  M	
  ≤	
  4	
  Mʘ	
  
	
  	
  	
  	
  4	
  Mʘ	
  ≤	
  M	
  ≤	
  9	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SAGB	
  
Ini,al	
  Mass:	
  9	
  Mʘ	
  ≤	
  M	
  ≤	
  11	
  Mʘ	
  They	
  are	
  more	
  complicate	
  of	
  the	
  AGB,	
  their	
  
evolu@on	
  is	
  not	
  yet	
  well	
  defined.	
  They	
  can	
  start	
  burning	
  C	
  

Stellar	
  Evolu@on:	
  3	
  Mʘ	
  ≤	
  M	
  ≤	
  11	
  Mʘ	
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Stellar	
  evolu@on:	
  M	
  >	
  11	
  Mʘ	
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NEUTRONS	
  

Elements heavier than Fe are the result 
of neutron capture processes  
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The	
  canonical	
  s-­‐process	
  

s-­‐process	
  life@me	
  104	
  years	
  nn≈108	
  neutron/cm3	
  

r-­‐process	
  life@me	
  	
  µs	
  	
  nn≈1022	
  neutron/cm3	
  

β-­‐decay	
  life@me:	
  few	
  hours	
  to	
  some	
  months	
  

Neutron capture processes	
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s-only & r-only istopes 



Stellar Models: local equilibrium approximation 

σ ANA = cost
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Stellar Models: Standard stellar model 

f	
  the	
  frac@on	
  of	
  56Fe	
  seed	
  nuclei	
  that	
  are	
  subjected	
  to	
  
an	
  exposure	
  of	
  neutron	
  
τ	
  neutron	
  exposure	
  propor@onal	
  to	
  the	
  @me-­‐
integrated	
  neutron	
  flux	
  	
  

Main	
  component:	
  A	
  =	
  90	
  -­‐205	
  	
  f	
  ≈	
  0,06%	
  	
  τ0≈	
  0,3	
  mb-­‐1	
  à	
  	
  nc	
  =	
  10	
  

Weak	
  component:	
  A	
  <	
  90	
  	
  	
  f	
  ≈	
  1,6%	
  	
  	
  τ0≈	
  0,07	
  mb-­‐1	
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  nc	
  =	
  3	
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Stellar Models: Standard stellar model 



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

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

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

22Ne(α,n)25Mg	
  	
  
•  In	
  core	
  	
  He-­‐burning	
  	
  T	
  ~	
  26	
  keV	
  	
  Nn	
  ~	
  106	
  n/cm3	
  
	
  

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

s-process stellar sites 

Massive stars   M≈15	
  -­‐	
  25	
  M¤ 
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AGB 
stars 

Theoretical  
evolutionary 

track of a 
star of 2 M¤  

Core H 
exhaustion 

Core He 
burning 
starts  

Core He 
exhaustion 

The s 
process 
occurs 
in AGB 
stars.  
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False-color 
picture of 

CO 
molecules 

tracing 
material 

around the 
AGB star 
TT-Cygni 

Strong mass loss driven by 
stellar pulsations and radiation 

pressure on dust. 

The s process occurs in AGB stars: cool and luminous 
red giant stars with winds  

Newly synthetised elements and 
dust grains are shed into the 

surrounding interstellar medium 
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Schematic out-of-scale picture of the structure of AGB stars. 
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Neutrons in Laboratory 
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Time	
  of	
  Flight	
  facili@es	
  
	
  	
  	
  	
  wide	
  neutron	
  energy	
  spectrum	
  	
  
	
  	
  	
  	
  	
  High	
  energy	
  resolu@on	
  

Neutrons in Laboratory 

Thermal	
  reactors	
  	
  
	
  	
  	
  	
  	
  almost	
  monoenerge@c	
  neutron,	
  very	
  high	
  flux	
  
	
  
Monoenerge@c	
  neutron	
  
	
  	
  	
  	
  	
  Based	
  on	
  reac@on	
  (p,n)	
  or	
  (d,n)	
  
	
  	
  	
  	
  	
  d(d,n),	
  t(p,n),	
  7Li(p,n),	
  9Be(p,n)	
   7Li(p,n)7Be	
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Time of Flight facilities 

Photoproduc,on	
  (γ,n):	
  Heavy	
  metal	
  targets	
  are	
  
bombarded	
  by	
  electron	
  beams	
  of	
  typical	
  20	
  -­‐150	
  
MeV.	
  The	
  resul@ng	
  neutron	
  spectra	
  contains	
  all	
  
energies	
  from	
  thermal	
  to	
  near	
  the	
  ini@al	
  γ	
  energy.	
  
ORELA	
  (USA),	
  GELINA	
  (EU)	
  and	
  RPI	
  (GB)	
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Time of Flight facilities 

Spalla,on:	
  neutron	
  are	
  ejected	
  from	
  a	
  heavy	
  
target	
  due	
  to	
  the	
  impact	
  of	
  charged	
  par@cles	
  as	
  
protons.	
  It	
  provides	
  the	
  most	
  prolific	
  source	
  of	
  
fast	
  neutrons.	
  
n_TOF(CERN),	
  LANCSE(USA),	
  ISIS(GB)	
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ToF Technique (Flux & Energy resolution) 
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The	
  n_TOF	
  facility	
  at	
  CERN	
  

somewhere around here

n_TOF	
  facility	
  at	
  CERN	
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GELINA	
  Facility	
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Integrated	
  neutron	
  flux 	
  	
   Istantaneous	
  neutron	
  fllux	
  	
  

Flux 
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Resolution  
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n_TOF  GELINA Resolution 
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Capture	
   Transmission	
  

What we detect  
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D =100 keV
Sn =10 MeV

A+1X

AX

D =10 eV
n + σ 

En

En

Neutron Capture 

E* = Sn +
A
A+1

En

E* = Ej
γ

j∑
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E* = Sn +
A
A+1

En

Neutron Capture: Cross Section 

σ
c*
En( ) = g π

kn
2

ΓnΓ

En −E0( )2 + Γ
2
#

$
%

&

'
(
2

g	
  spin	
  factor	
  
kn	
  neutron	
  wave	
  number	
  
Γ	
  total	
  width	
  	
  
Γn	
  neutron	
  scanering	
  width	
  	
  

Γ	
  =	
  Γn	
  +	
  Γγ	
  +	
  Γf	
  +	
  …	
  

Total	
  radia@ve	
  area:	
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Neutron Capture: Resonances 

Resonance	
  Region:	
  Γ	
  <	
  D	
  	
  

Resolved	
  Resonance	
  Region	
  (RRR):	
  Detec@on	
  resolu@on	
  <	
  D	
  	
  

Unresolved	
  Resonance	
  Region	
  (URR):	
  Detec@on	
  resolu@on	
  >	
  D	
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A+1X

Ex

Neutron Capture: Gamma-ray detection 

A+1X 
radioactive

• Activation 
- cross sections integrated over  
  known neutron spectrum  
- applicable to some nuclei only
- no time of flight

• Total energy detection 
- εc∼Ex, requires weighting function  
- neutron insensitive detector 

    C6D6 detector used at GELINA and   n_TOF

• Total absorption detection 
- requires Ω = 4π, efficiency 100% 
- capture/fission discrimination possible  

      BaF2 detector used at n_TOF

• Level population spectroscopy  
- applicable to some nuclei only 
- feasible with HPGe detectors, 
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n	
  

γ

Yield: The fraction of incident neutrons 
undergoing a (n,γ) reaction in the sample 

The	
  rela@on	
  between	
  capture	
  Yield	
  and	
  
cross	
  sec@on	
  is	
  given	
  by:	
  

A+1X

Experimental details: Yield 
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Accuracy	
  of	
  the	
  Pulse	
  Height	
  Weigh@ng	
  Technique?	
  	
  (used	
  to	
  count	
  properly	
  capture	
  cascades)	
  

jij
i

i ERW =∑

1.15keV	
  @56Fe	
  

Use	
  of	
  detailed	
  MC	
  
simula@ons	
  of	
  detector	
  
response	
  with	
  the	
  full	
  
setup	
  

+	
  

Use	
  of	
  the	
  nuclear	
  
sta@s@cal	
  model	
  to	
  make	
  
systema@c	
  correc@ons	
  

…	
  accuracy	
  <	
  2%	
  

Experimental details: PHWT 
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• 	
  Lowest	
  neutron	
  sensi@vity	
  	
  	
  	
  	
  	
  	
  	
  	
  No	
  neutron	
  background	
  correc@ons	
  !	
  

The image cannot be displayed. Your computer may not have enough memory 
to open the image, or the image may have been corrupted. Restart your 
computer, and then open the file again. If the red x still appears, you may have 
to delete the image and then insert it again.

(n,γ)	
  Total	
  energy	
  detec,on	
  	
  	
  
Improvements	
  in	
  the	
  Experimental	
  Setup	
  &	
  Data	
  Analysis	
  

(n,γ)	
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• 	
  Lowest	
  neutron	
  sensi@vity	
  	
  	
  	
  	
  	
  	
  	
  	
  No	
  neutron	
  background	
  correc@ons	
  !	
  

The image cannot be displayed. Your computer may not have enough memory 
to open the image, or the image may have been corrupted. Restart your 
computer, and then open the file again. If the red x still appears, you may have 
to delete the image and then insert it again.

Improvements	
  in	
  the	
  Experimental	
  Setup	
  &	
  Data	
  Analysis	
  

(n,n)	
  

(n,γ)	
  

(n,γ)	
  Total	
  energy	
  detec,on	
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Experimental details: Sample 
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The	
  area	
  below	
  a	
  resonance	
  is	
  independent	
  of	
  
the	
  experimental	
  resolu@on	
  and	
  Doppler	
  effect	
  	
  

Experimental details: Area analysis 

Due	
  to	
  the	
  instrumental	
  limita@ons	
  and	
  
Doppler	
  effect	
  the	
  effec@ve	
  	
  observable	
  is:	
  
The	
  area	
  of	
  a	
  resonance.	
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Experimental details: Area analysis 
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Experimental details: Area analysis 
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Experimental details: Normalization 

197Au	
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Neutrons	
  produced	
  in	
  the	
  stars	
  are	
  quickly	
  thermalised	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M-­‐B	
  distribu,on	
  	
  	
  

13C(α,n)16O	
  

Maxwellian Averaged Cross Sections:MACS 
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Neutrons	
  produced	
  in	
  the	
  stars	
  are	
  quickly	
  thermalised	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  M-­‐B	
  distribu,on	
  	
  	
  

13C(α,n)16O	
  
22Ne(α,n)25Mg	
  

Maxwellian Averaged Cross Sections:MACS 

Reac@on	
  rate	
  (cm-­‐3s-­‐1):	
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Integral	
   measurements	
   of	
   MACS	
   can	
   be	
  
performed	
   with	
   neutron	
   beams	
   of	
  Maxwell-­‐
Boltzman	
  (MB)	
  energy	
  spectrum.	
  
MB-­‐like	
   neutron	
   beams	
   typically	
   produced	
   by	
  
low-­‐energy	
   p-­‐	
   or	
   d-­‐	
   induced	
   reac,ons	
   (with	
  
some	
  modera@on,	
  if	
  necessary).	
  
Used	
  for	
  decades,	
  at	
  VdG	
  accelerators.	
  	
  
New	
   high-­‐flux	
   facili,es	
   now	
   being	
   built	
  
(SARAF,	
  FRANZ,	
  LENOS,	
  etc…).	
  

Cons:	
  	
  
•  Need	
   assump,ons	
   to	
   estrapolate	
   results	
   to	
  
different	
  temperatures	
  

•  It	
   cannot	
   be	
   applied	
   if	
   	
   A+1X	
   is	
   stable	
   or	
   with	
  
short	
  half-­‐life	
  

Two-­‐step	
  measurement:	
  	
  
•  Irradiate	
  sample	
  under	
  the	
  neutron	
  beam,	
  leading	
  to	
  an	
  unstable	
  nucleus	
  AX(n,γ)A+1X	
  
•  Determine	
  the	
  produced	
  ac,vity	
  (for	
  example,	
  with	
  HPGe,	
  or	
  using	
  AMS	
  technique).	
  

kT	
  =	
  25	
  keV	
  

7Li(p,n)7Be	
  	
  
Ep	
  =	
  1.912	
  MeV	
  

Pros:	
  	
  
•  Selec,ve	
   method,	
   good	
   signal-­‐to-­‐
background	
  ra@o	
  

•  Typically	
   large	
   fluxes	
   (close	
   to	
   source),	
  
does	
  not	
  need	
  massive	
  samples	
  

MACS: Activation  



“Difficult”	
  measurements	
  require	
  high-­‐flux	
  facili,es	
  !!	
  

MACS: Time Of Flight 
Time-­‐of-­‐flight	
  method	
  allows	
  to	
  measure	
  directly	
  σ(En):	
  

•  (n,γ)	
  events	
  are	
  determined	
  by	
  detec@ng	
  the	
  de-­‐excita@on	
  cascade;	
  
•  Neutron	
  energy	
  determined	
   from	
  the	
  @me	
  between	
  produc@on	
  of	
   the	
  neutron	
  

beam	
  and	
  detec@on	
  of	
  the	
  capture	
  γ-­‐rays.	
  
	
  

In	
  principle,	
  more	
  powerful	
  and	
  accurate	
  than	
  ac@va@on:	
  
•  MACS	
  can	
  be	
  calculated	
  for	
  ANY	
  stellar	
  temperature	
  
•  ANY	
  isotope	
  can	
  be	
  measured.	
  

Problems	
  with	
  ToF	
  method:	
  

•  sample	
  has	
   to	
  be	
  at	
   some	
  distance	
   from	
   the	
  neutron	
   source,	
   thus	
   reducing	
   the	
  
flux	
  

•  requires	
  pulsed	
  neutron	
  beams	
  (possibly	
  with	
  low	
  repe@@on	
  rate,	
  to	
  avoid	
  wrap	
  
around);	
  

•  more	
   difficult	
   to	
   discriminate	
   background	
   (including	
   natural	
   radioac@vity	
   of	
  
sample);	
  

•  requires	
  rela@vely	
  pure	
  samples	
  and	
  in	
  large	
  amount.	
  



Cross	
  sec@ons	
  relevant	
  for	
  Nuclear	
  Astrophysics	
  
 

*** cross section uncertainties <5% 
 
*** safe control of systematic uncertainties 
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Cross	
  sec@ons	
  relevant	
  for	
  Nuclear	
  Astrophysics	
  
 

n  branching	
  point	
  isotopes	
  

n  magic	
  nuclei	
  and	
  end-­‐point	
  

n  seeds	
  isotopes	
  

n  isotopes	
  of	
  special	
  interest	
  
cosmocronometer,	
  neutron	
  poison	
  



Branching points 



s-­‐Process	
  
150Sm  152Sm 

151Eu  153Eu  

152Gd  154Gd  

The	
  branching	
  ra@o	
  for	
  151Sm	
  depends	
  on:	
  
•  Termodynamical	
  	
  condi,on	
  of	
  the	
  stellar	
  
site	
  (temperature,	
  neutron	
  density,	
  etc…)	
  	
  

•  Cross-­‐sec@on	
  of	
  151Sm(n,γ)	
  

151Sm	
  used	
  as	
  stellar	
  thermometer	
  !!	
  

151Sm  

152Eu 154Eu 

153Sm  

Branching points: the 151Sm case 

Laboratory	
  t1/2	
  =	
  93	
  yr	
  
reduced	
  to	
  	
  t1/2	
  =	
  3	
  yr	
  @	
  s-­‐process	
  site	
  



1000	
  
1500	
  
2000	
  
2500	
  
3000	
  
3500	
  

1970	
   1975	
   1980	
   1985	
   1990	
   1995	
   2000	
   2005	
  
Year	
  

M
AC

S	
  
[m

b]
	
   n_TOF	
  

Models	
  

Branching points: the 151Sm case 



Scenarios	
  	
  
in	
  massive	
  stars	
  

Branching points: the 63Ni case 
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63Ni	
   (t1/2=100	
   y)	
   represents	
   the	
   first	
   branching	
  
point	
   in	
   the	
   s-­‐process,	
   and	
   determines	
   the	
  
abundance	
  of	
  63,65Cu	
  

62Ni	
  sample	
  (1g)	
  irradiated	
  in	
  thermal	
  reactor	
  
(1984	
  and	
  1992),	
  leading	
  to	
  enrichment	
  in	
  63Ni	
  of	
  
~13	
  %	
  (131	
  mg)	
  

In	
   2011	
   ~15.4	
  mg	
   63Cu	
   in	
   the	
  
sample	
  (from	
  63Ni	
  decay).	
  	
  	
  
Azer	
   chemical	
   separa@on	
   at	
  
PSI,	
   63Cu	
   contamina@on	
   <0.01	
  
mg	
  

First	
  high-­‐resolu,on	
  measurement	
  of	
  63Ni(n,γ)	
  in	
  
the	
  astrophysical	
  energy	
  range;	
  
First	
  experimental	
  observa,on	
  of	
  resonances	
  in	
  
the	
  keV	
  region.	
  

Branching points: the 63Ni case 
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63Ni	
   (t1/2=100	
   y)	
   represents	
   the	
   first	
   branching	
  
point	
   in	
   the	
   s-­‐process,	
   and	
   determines	
   the	
  
abundance	
  of	
  63,65Cu	
  

62Ni	
  sample	
  (1g)	
  irradiated	
  in	
  thermal	
  reactor	
  
(1984	
  and	
  1992),	
  leading	
  to	
  enrichment	
  in	
  63Ni	
  of	
  
~13	
  %	
  (131	
  mg)	
  

In	
   2011	
   ~15.4	
  mg	
   63Cu	
   in	
   the	
  
sample	
  (from	
  63Ni	
  decay).	
  	
  	
  
Azer	
   chemical	
   separa@on	
   at	
  
PSI,	
   63Cu	
   contamina@on	
   <0.01	
  
mg	
  

First	
  high-­‐resolu,on	
  measurement	
  of	
  63Ni(n,γ)	
  in	
  
the	
  astrophysical	
  energy	
  range;	
  
First	
  experimental	
  observa,on	
  of	
  resonances	
  in	
  
the	
  keV	
  region.	
  

Branching points: the 63Ni case 
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The Zr case 
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AZr 

Neutron Magic Nuclei: the Zr case 
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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	
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Zr in meteorites SiC grains 

Zirconium	
  isotopes	
  panerns	
  as	
  func@on	
  of	
  
mass	
  for	
  single	
  SiC	
  grains	
  (circles)	
  and	
  an	
  
aggregate	
  SiC	
  grain	
  (squares)	
  from	
  the	
  
Murchison	
  meteorite.	
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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	
  

95.±	
  5	
  

20.9	
  ±	
  0.9	
  

MACS:@ 30 keV 

MOST	
  

24.2	
  	
  

MACS	
  in	
  mbarn	
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Nucleus	
   Nʘ	
  

Normalized to 

N(Si)=106 atoms	
  

Ns/ Nʘ %	
  

Old MACS	
  

Ns/ Nʘ %	
  

MACS from this 

work	
  

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	
  

Astrophysical implication: Abundances 



Astrophysical implication: Abundances 



187Re	
  half-­‐life	
  =	
  41	
  Gyr	
  

The Age of the Universe 
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187Re	
  half-­‐life	
  =	
  41	
  Gyr	
  

The Age of the Universe 
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The	
  Age	
  of	
  the	
  Universe	
  

•   Cosmological way  
 based on the Hubble time definition (“expansion age”) 

 

•   Astronomical way 
 based on observations of globular clusters 

 

•   Nuclear way  
 based on abundances & decay properties of long-lived 
 radioactive species 

School	
  on	
  Nuclear	
  Data	
  Measurements	
  for	
  
Science	
  and	
  Applica@ons,	
  Trieste	
  

19/06/2015	
  giuseppe.tagliente@ba.infn.it	
  



The	
  nuclear	
  way	
  

Tradi@onal	
  nuclear	
  clocks	
  are	
  those	
  based	
  on:	
  

• 	
  235U/238U	
  	
  

• 	
  232Th/238U	
  	
  
• 	
  187Os/187Re	
  	
  
• 	
  Th/Eu,	
  Th/X	
  or	
  Th/U	
  	
  abundances	
  in	
  low-­‐Z	
  stars	
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The s-process condition σANA = const. 
implies that: 

  σ186 [186Os] = σ187 [187Os] 

The	
  Cosmocronometer	
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The	
  Cosmocronometer:	
  Os results 
MACS-30 

BrB81 438 ± 30 mb 

WiM82 418 ± 16 mb 

n_TOF 384 ± 17 mb 
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MACS-30 
BrB81 919 ± 28 mb 

WiM82 874 ± 28 mb 

n_TOF 940 ± 18 mb 

The	
  Cosmocronometer:	
  Os results 
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•   Cosmological way  
  

 

•   Astronomical way 
 

•    

•   Nuclear way: Re/Os clock                 Th/U clock                   

  

	
  	
  	
  	
  13.7	
  ±	
  0.2	
  Gyr	
  	
  	
  

	
  	
  	
  	
  14	
  ±	
  2	
  Gyr	
  	
  	
  

	
  	
  	
  	
  14.9	
  ±	
  2	
  Gyr(*)	
  	
  

(*)	
  0.4	
  Gyr	
  uncertainty	
  due	
  to	
  x-­‐sec@ons	
  

13	
  ±	
  4	
  Gyr	
  	
  	
  

The	
  Age	
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  the	
  Universe	
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   The chemical evolution of the galaxy influences the history 
 of the nucleosynthesis 

   Re and Os abundances uncertainties 

In addition to the fortunate conditions which allows to use the 
Re/Os abundance pair as a clock there are a number of 
complications: 
 
 

 The β-decay half-life of 187Re is strongly dependent on  
 temperature 

 
 The stellar neutron capture cross section of 187Os is influenced 
 by the population of low-lying excited levels  
 (the 1st excited states is at 9.8 keV) 

 
 Branching(s) at 185W and/or at 186Re 

  

The	
  Cosmocronometer:	
  Complica,ons 



Conclusion 

In	
  the	
  last	
  fizy	
  years	
  there	
  have	
  been	
  an	
  extraordinary	
  progress	
  
in	
  the	
  modeling	
  of	
  the	
  	
  stellar	
  evolu@on.	
  One	
  of	
  the	
  main	
  
ingredients	
  	
  for	
  the	
  stellar	
  model	
  are	
  the	
  neutron	
  cross	
  sec@ons	
  
	
  
There	
  is	
  a	
  need	
  of	
  accurate	
  new	
  data	
  on	
  neutron	
  cross	
  sec@on	
  
	
  
In	
  the	
  last	
  ten	
  years	
  several	
  results	
  for	
  stellar	
  nuclesynthesis	
  
have	
  been	
  produced	
  (Sm,	
  Os,	
  Zr,	
  Ni,	
  Fe,	
  etc…).	
  
	
  
Further	
  progress	
  are	
  needed	
  to	
  measure	
  short-­‐lived	
  
radionuclides	
  aimed	
  at	
  solving	
  key	
  remaining	
  ques@ons	
  in	
  
nuclear	
  astrophysics.	
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