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Astrophysics Nuclear Astrophysics 
(stellar nucleosynthesis) 

Nuclear energy 
(fission products & 
Structural material) 

Advanced nuclear reactors 
(actinides) 

n_TOF measurements at a glance 
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The abundance of elements in the Universe 
depends on: 

• thermodinamic conditions in stars 
(temperture and neutron density) 

• neutron capture cross-sections  

 Stellar nucleosynthesis 
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Along the b-stability valley 

s-process 

s(n,g) is a key quantity 
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Need of new and accurate neutron capture cross-sections: 
• refine models of stellar nucleosynthesis in the Universe; 
• obtain information on the stellar environment and evolution 
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s-process nucleosynthesis: neutron captures and successive b-decays 



Figura Nucleosintesi (frecce che si muovono) 
 
 
Foto FIC 

239Pu: 125 Kg/yr 

237Np: 16 Kg/yr  

 

241Am:11.6 Kg/yr  
243Am:  4.8 Kg/yr 

244, 245Cm 
   1.5 Kg/yr 

LLFP 

LLFP 
   76.2 Kg/yr 
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The nuclear waste problem 

Quantities refer to yearly production in 1 GWe LW reactor 
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The n_TOF facility at CERN 
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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 (~360 
neutrons per proton). 

Experimental area at 200 m. 
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n_TOF essentials 
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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. 

Other features 

• high resolution in energy (DE/E = 10-4) 
    study resonances 

• wide energy range (25 meV<En<1GeV)  

    all data at once 

• low repetition rate (< 0.8 HZ)                                                         
   no wrap-around 

Main feature: very high instantaneous 
neutron flux (105 n/cm2/pulse): 

• convenient for radioactive isotopes (maximizes 
signal-to-background ratio) 

• ideal for branching point isotopes 
(Astrophysics) and actinides (nuclear 
technology) 
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The spallation target(s) 
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Phase 1: 2001 – 2004 Phase 2: 2008 – 2012 
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The capture reactions 
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C12H20O4(6Li)2 

Capture reactions are measured by detecting g-rays emitted in the de-excitation process. 

At n_TOF, built two different systems, to minimize different types of background  

C6D6 (deuterated liquid scintillators) 
• low neutron sensitivity device 

Total Absorption Calorimeter (TAC) 

• High-efficiency 4p detector (40 BaF2 
scintillators with neutron shielding) 
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The fission reactions 
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Parallel Plate Avalanche Counters (PPAC) 

• Fission fragments detected in coincidence 

• Very good rejection of a-background  

Neutron beam 

Neutron beam 

Fission Ionization Chamber (FIC) 

• standard detector, with fast gas and electronics 

Micromegas chamber 

• low-noice, high-gain, radiation-hard detector 

Other detectors, for (n,a) reactions: sCVD diamonds and GEMs 
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Capture 
24,25,26Mg 

90,91,92,94,96Zr, 93Zr 

186,187,188Os, 139La, 151Sm 

204,206,207,208Pb, 209Bi 

232Th, 233,234U 

237Np,240Pu,243Am 

Fission 
232Th, 209Bi 

233,234,235,236U 

237Np, 241,243Am, 245Cm 

The n_TOF activity 
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Capture 

37 isotopes (12 radioactive) 

Fission 

16 isotopes (15 radioactive) 

 

Papers: >50 

Other pubblications: >150 

Data available on EXFOR 

Capture 
25Mg,  54, 56,57Fe 

58,60,62Ni, 63Ni,88Sr  

236,238U, 241Am 

Fission 
240,242Pu 

235U(n,g/f) 

232Th , 234U 237Np  
(FF ang. distr.) 

(n,a) 
33S, 59Ni 
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NB: for the applicative aspects, 
the INFN group in n_TOF receives 
since 2001, financial support 
from the European Commission. 

Phase 1 (2001-2004) Phase 2 (2008-2012) 



s-Process 

Branching point isotopes: the 151Sm case 

150Sm  152Sm 

151Eu  153Eu  

152Gd  154Gd  

The branching ratio for 151Sm depends on: 

• Termodynamical  condition of the stellar 
site (temperature, neutron density, etc…)  

• Cross-section of 151Sm(n,g) 

151Sm used as stellar thermometer !! 

151Sm (T1/2=90 y) is a branching point in the s-process nucleosynthesis 
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151Sm  

152Eu 154Eu 

153Sm  
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The n_TOF results on 151Sm 
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n_TOF results provided strong evidence of thermal pulsing in AGB stars  



The 63Ni(n,g) branching point 

First high-resolution measurement of 63Ni(n,g) in the astrophysical energy range 

First experimental observation of resonances in the keV region. 

63Ni-sample 

62Ni-contam. 

63Ni (t1/2=100 y) represents the first branching point in the s-process reaction path: 

 Highest uncertainty in 63,65Cu abundances comes from the 63Ni(n,g) unknown cross section 

• 62Ni sample irradiated in thermal 
reactor (in 1984 and 1992) 

• total mass of 1 g, enriched 63Ni ~13% 
(131.8 mg) 

• contaminants: ~15.4 mg 63Cu  

After chemical separation at PSI: 

•  NiO powder, (919 mg Ni) 

• <0.01 mg 63Cu 
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Strong constraints on Cu, Ni, Zn production in massive stars and subsequent supernova 

(Almost) accepted on PRL 
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The age of the Universe: the Re/Os cosmochronometer 
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Resolved resonance 

region 

Unresolved resonance 

region 

The Os/Re Cosmochronometer 

+ = 

Maxwellian Average Cross 

Sections (MACS) 

Age of the Universe from nuclear cosmocronometer: 14.9±0.8±2 Gyr 
Reduced uncertainty due to nuclear data 



Results relevant to nuclear technology 
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245Cm Not measured 

Capture 

Fission 

245Cm 

233U 235U 236U 237U 

237Np 238Np 239Np 236Np 

240Pu 241Pu 242Pu 239Pu 

241Am 242Am 243Am 240Am 

243Cm 244Cm 242Cm 

238U 

233Th 234Th 232Th 

234U 

In the two campaigns, measured capture and fission cross sections for most long-lived actinides. 

We plan to measure in the near future also some short-lived actinides. 

For more information see: 

Energy Environ. Sci., 3 (2010) 1910    

7th Italy-Japan Symposium on Nuclear Physics N. Colonna – INFN Bari 



10 100 1000 10000 100000
10

-1

10
0

10
1

10
2

 

 

R
e
s
p
o
n
s
e
 (

c
o
u
n
ts

 /
 n

s
)

Neutron Energy / eV

     n-TOF

 
232

Th (0.0041 at/b)

 
208

Pb

     GELINA

 
232

Th (0.0016 at/b)

 
208

Pb 

Data for the Th/U fuel cycle 
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At n_TOF measured the two main 
reactions of the cycle: the 232Th(n,g) and 
233U(n,F). 

Data with high resolution, high 
accuracy (3 - 5 %) and wide energy 
range (from thermal to several MeV). 

232Th(n,g) 

233U(n,F) 

Important data for the development of the Th/U fuel cycle (large effort in India) 
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Data on actinides: the 237Np case 
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For capture, large discrepancy between previous 
data (even from recent measurements) has been 
now settled.  

For fission, n_TOF data are 6% higher than 
evaluations. Unexpected, but important result !! 

237Np(n,g) 237Np is the most abundant Minor Actinides 
produced in existing reactors. At n_TOF  both 
capture and fission cross-sections determined with 
4% accuracy. 

50% 

Important results for the design of ADS and Gen IV fast reactors (closed fuel cycle) 

237Np(n,F) 
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Cross-sections for waste transmutation (and Gen. IV reactors) 

Nuclear explosion 
neutron source 

245Cm(n,F) 

From thermal energy to 30 eV a 
evaluations need to be revised. 
 
n_TOF results confirm previous data 
above 30 eV (nuclear explosion). 
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Simultaneous measurement of capture and fission cross section 
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Spallation Target 

ISR 

Neutron beam 
dump 

EAR2 bunker 
20 m from Target 

Collimator 

Permanent 
magnet 



The main features of EAR 2 
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n_TOF target pit 

ISR 
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Comparison of the Neutron Fluence in EAR1 and EAR2

EAR2
EAR1 Flux in EAR2 25 times larger than in EAR1. 

The shorter flight path implies a factor of 
10 smaller time-of-flight. 

The huge signal-to-background ratio in 
EAR2 will allow to measure radioactive 
isotopes with half lives as low as a few 
years. 
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Global gain relative to EAR1: 250 times in 
neutron rate (thus in signal/background 
ratio for radioactive isotopes!)  



The experimental program in EAR2 
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n_TOF target pit 

ISR 

The EAR2 will allow to: 

• measure samples of very small mass (<1 mg) 

• measure short-lived radioisotopes (down to a few years) 

• collect data on a much shorter time scale 

• measure (n,charged particle) reactions with thin samples 

Letter of intent for measurements in EAR2: 

• (n,p) and (n,a) cross sections on 7Be, 25Mg, 26Al 

• Fission cross sections of the short lived actinides 232U, 238,241Pu and 244Cm 

• Capture cross section of 79Se, 245Cm 

• Cross section and angular distribution of fragments from 232U(n,f) 

Status of the EAR2: 

• Approved by CERN, final design phase 

• Start construction in 2013 

• Beam ready in mid-2014 

• Physics start after commissioning in 2015 
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• There is need of accurate new data on neutron cross-section both for 
astrophysics and advanced nuclear technology. 

• Since 2001, n_TOF@CERN has provided an important contribution to the 
field, with an intense activity on capture and fission measurements.  

• Several results of interest for stellar nucleosynthesis (Sm, Os, Zr, Ni, Fe, etc…). 

• Important data on actinides, of interest for nuclear waste transmutation. 

• A second experimental area at 20 m has been proposed and accepted by 
CERN for high flux measurements. 

• The EAR2 (starting in 2015) will open new perspectives for frontier 
measurements on short-lived radionuclides. 

Conclusions 
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WORK IN PROGRESS 

Thank you 
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241Am(n,g) 

• 32.2 mg of 241Am oxide, embedded in a 305 mg Al2O3 matrix 
and encapsulated in a 0.5 mm thick Al canning 

• Sample diameter 12.2 mm 

• Very high activity sample 

4 GBq 

 First time that complete region is 
covered from thermal to MeV in a 
single measurement 

 Combined C6D6/TAC measurement for 
improved accuracy 

 Unprecedented resolution and 
statistics, to extend RRR beyond 150 eV 

PRELIMINARY 
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