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The n_TOF project 
Nuclear Data for Science and Technology 

How the elements are synthesized in 
the Universe? 

•  Stellar nucleosynthesis (s process) 
•  Cosmochronology 
•  Stellar thermodynamics 
•  Big Bang nucleosynthesis 

Nuclear technology / medicine 
•  Transmutation of nuclear waste 
•  Gen-IV reactors 
•  Accelerator Drives System (ADS) 
•  Neutron Capture Therapy (NCT) 
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The n_TOF project 
Nuclear Data for Science and Technology 

The quest for accurate 
nuclear data 

•  Cross section: capture, fission, 
inelastic 

•  Multiplicity and energy spectrum of 
neutron 

•  Delayed neutron 
•  Fission fragments: mass distribution 
•  β decay 
So far, only data relevant to U/Pu thermal 
reactor are present. New needs: 
1.  High neutron energies (fast reactors) 
2.  Radioactive isotopes (e.g. involved in 

the fuel cycle) 
3.  New fuel cycle (U/Th) 



The n_TOF project 
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Along the β-stability valley 

s-process nucleosynthesis proceeds 
through neutron captures and successive 
β-decay. 
The abundance of elements in the 
Universe depends on thermodinamic 
conditions (temperture and neutron 
density) and on the neutron capture 
cross-sections. 

s process 

σ(n, γ) is a 
key quantity 

Nuclear Data for Science and Technology 



The n_TOF project 

Nuclear Data for Science and Technology 

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 

Quantities refer to 
yearly production in 

1 GWe LW reactor 



The n_TOF project 
Nuclear Data for Science and Technology 

Nuclear 
Astrophysics 

(stellar 
nucleosynthesis) 

Nuclear energy 
(fission products & 
Structural material) 

Advanced 
nuclear 
reactors 

(actinides) 



The n_TOF project 
Nuclear Data for Science and Technology 

The European 
Commission encourages 
and finances research in 
nuclear physics applied to 
the construction of new 
reactors (EURATOM). 
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The n_TOF project 

Neutron Time-Of- Flight 
facility: n_TOF 

 



The n_TOF project 
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 ~ 7x1012 ppp). 
Experimental area at 185 m and 18.5 m. 



The n_TOF project 

185 m!

20 GeV/c  
protons#

20 m!

Spallation#
Target#

EAR1!

EAR2!

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. 

Wide energy range: 
25 meV < En < 1 GeV  

High neutron flux 
EAR2 106 n/cm2/pulse  
EAR1 105 n/cm2/pulse 

Good  
energy resolution 
ΔE/E ~10-4 @ EAR1 



The n_TOF project 
Detectors: radiative capture 

10B loaded  

Carbon Fibre Capsules 

Capture reactions are measured by 
detecting γ-rays emitted in the de-excitation 
process. Two different systems, to 
minimize different types of background  



The n_TOF project 
Detectors: fission 

Several systems have been used for detecting fission fragments.  
The main problem in fission measurements is the background due to α-decay.  

Parallel Plate Avalanche Counters (PPAC) 
•  Fission fragments detected in coincidence 
•  Very good rejection of α-background  

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



The n_TOF project 
Detectors: (n, p) and (n, α) 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 
ΔE-E Telescopes 

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



INFN @ n_TOF 
Detector for the neutron flux 
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INFN @ n_TOF 

The spatial distribution of neutrons as a function of energy has been measured by means of 
a double side silicon strip detector (DSSSD). 

•  16 x 16 Si sensor strips 
•  3 mm wide strips, 500 mm thick 
•  50 x 50 mm² X-Y grid 
•  LiF converter 

Detector for the neutron flux 



INFN @ n_TOF 
Study of the neutron flux 

Detectors equipped with different 
neutron converters placed in front 
of the sensible layer or volume 



INFN @ n_TOF 
Detector for (n, γ) reaction 

-  INFN 
-  Bicron -  INFN 

-  Bicron 



INFN @ n_TOF 
Other in kind contributions 

Remote Sample Exchanger 

- Mechanical motion 

- LabView software  

EAR2 

EAR1 



INFN @ n_TOF 
Proposal and realization of experiments 

235U(n, f) is considered a well known cross 
section and is a standard at thermal and from 
150 keV to 200 MeV 
à Large deviation observed:  10 < En < 40 keV 



INFN @ n_TOF 
Proposal and realization of experiments 

BBN successfully predicts the abundances of 
primordial  elements such as 4He, D and 3He. 
Large discrepancy for 7Li, which is produced 
from electron capture decay of 7Be  

~ 95% of 7Li is produced 
by the decay of 7Be 
(T1/2=53.2 d) 



INFN @ n_TOF 
Proposal and realization of experiments 

7Be is destroyed by (n, p) (≈97%) and (n, α) (≈2.5%)  
 
With a 10 times higher destruction rate of 7Be the 
cosmological lithium problem could be solved (nuclear) 

7Be(n, p) 

7Be(n,α) 

P. Bassi 1963 



INFN @ n_TOF 
Proposal and realization of experiments 

The (n, α) reaction produces two α-particles emitted back-to-
back with several MeV energy (Q-value=19 MeV) 
 
2 Sandwiches of silicon detector (140 mm,3x3cm2) with 7Be 
sample in between directly inserted in the neutron beam 
 
Coincidence technique: strong background rejection 



INFN @ n_TOF 
Publications 

•  Physical Review Letter (2) à INFN ½ + ½  
•  Energy & Environmental Science (1) à INFN 1  
•  Phisical Review C (33) à INFN 14  
•  The European Physical Journal A (7) à INFN 4  
•  Nuclear Instruments and Methods (16) à INFN 8 
•  Nuclear Data Sheets (20) à INFN 4 
•  Others (n) à INFN (n/2) 
•  Proceedings (n2) à INFN (n2/2) 

 

The n_TOF Collaboration ~ 100 researchers 
 INFN ~ 10 researchers  



INFN – Bo @ n_TOF 

Sn = 6.5 MeV 

1st publication using the 4π detector: 197Au(n,γ) 



INFN – Bo @ n_TOF 

MC Simulation 

1st comparison using both BaF2 and C6D6: 197Au(n,γ) 



INFN – Bo @ n_TOF 
Reference Cross Section for Astrophysics  
•  Massimi et al., 197Au(n, γ) cross section in the resonance region, Physical Review C 81 (2010) 

044616 
•  Lederer, Massimi et al., Au197(n, γ) cross section in the unresolved resonance region, Phys. Rev. C 

83 (2011) 034608  
•  Massimi et al., Neutron capture cross section measurements for 197Au from 3.5 to 84 keV at GELINA, 

The European Physical Journal A 50 (2014) 124 



INFN – Bo @ n_TOF 
63Ni (t1/2=100 y) represents the first branching point in the s-
process, and determines the abundance of 63,65Cu 

First	  high-‐resolu<on	  measurement	  of	  63Ni(n,g)	  
in	  the	  astrophysical	  energy	  range.	  

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 ( f rom 63Ni 
decay).   
After chemical separation 
at PSI, 63Cu contamination 
<0.01 mg 



INFN – Bo @ n_TOF 

2.  NEUTRON POISON: 25,26Mg are 
the most important neutron 
poisons due to neutron 
capture on Mg stable isotopes 
in competition with neutron 
capture on 56Fe (the basic s-
process seed for the production 
of heavy isotopes). 

1.  CONSTRAINTS for 22Ne(α, n)
25Mg: it is one of the most 
important neutron source in Red 
Giant stars. Its reaction rate is 
very uncertain because of the 
poorly known property of the 
states in 26Mg. From neutron 
measurements the Jπ of 26Mg 
states can be deduced. 



INFN – Bo @ n_TOF 

Element Spin/
parity	
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Element Spin/
parity	


25Mg 5/2+  
neutron 1/2+ 
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States in 26Mg populated by 25Mg+n reaction 

Constraints for the 
 22Ne(α, n)25Mg reaction 



INFN – Bo @ n_TOF 

Isotope  ORELA GELINA 
25Mg 10.13 % 97.86 % 
24Mg 78.80 % 1.83 % 
26Mg 11.17 % 0.31 % 



INFN – Bo @ n_TOF 

Previous evaluation 
ER=72 keV, Jπ=2+ 

ER=79 keV, Jπ=3+ 
 χ2=1.85 



INFN – Bo @ n_TOF 
Experimental evidence of natural spin parity 

This work 
ER=72 keV, Jπ=2+ 

ER=79 keV, Jπ=3-  
 χ2=1.18 



INFN – Bo @ n_TOF 
PhD on 238U(n, γ) 

“One of the most accurate measurements 
and analysis procedure” 



INFN – Bo @ n_TOF 
GEANT4 simulation of the n_TOF neutron source  

GEOMETRY: spallation target,  
coolant and moderator systems 
separated, the support structures 
and the concrete pit in which it is 
mounted. 
 
2 SCORING PLANES: towards 
EAR1 and EAR2 (at the entrance of 
the beam pipe). 
 
MODERATOR: borated water is 
made with 4.2% in weight of H3BO3, 
with a 10B enrichment of 90%. 



INFN – Bo @ n_TOF 

Best agreement MC – Evaluated flux 
using FTFP + INCL + G4ExcitationHandler 

GEANT4 simulation of the n_TOF neutron source  



INFN – Bo @ n_TOF 
GEANT4 simulation of the n_TOF neutron source  



INFN – Bo @ n_TOF 
Resolution function, impact on resonances 

! = vtmod
Equivalent 
distance Velocity at the 

scoring plane 

Time spent by the 
neutron inside the 
target assembly 



INFN – Bo @ n_TOF 
Resolution function, impact on resonances 

The stochastic process of moderation 
inside the neutron-producing target 
causes a broadening of the energy 
distribution of neutrons reaching the 
experimental area at a given TOF. 

Well-known neutron 
resonances  of 197Au and 56Fe 



INFN – Bo @ n_TOF 
Beam Profile 

 
 

at 185.2 m 
Gaussian beam profile 

RMS ~ 6 mm 

Radius 
(cm) 

BIF at 185.2 m 
(flat region) 

BIF at 185.2 m 
(En=1 MeV) 

0.5  0.21 0.22 

1.0 0.65 0.68 

1.5 0.95 0.96 



INFN – Bo @ n_TOF 
Proposals for experiments in the next year … 
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Th/U fuel cycle 



s- and r- process 



CN reaciton 



CN reaciton 



CN reaciton 



Flux 
The flux was measured for each target, with four 
different systems based on 6Li, 10B and 235U. 
Measurements were repeated for the 10B-water 
moderator (the thermal peak in the flux is 
suppressed). 
The use of borated water suppresses the 2.2 MeV 
g-rays from 1H(n,g)2H. Background reduced by a 
factor of 10 in some energy regions!  



DAQ - fADC 



Litium glass 
scintillator 

New Measurement  
25Mg(n, tot) 
@ GELINA 
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New Measurement  
25Mg(n, tot) 
@ GELINA 

 
T =

Cin

Cout

! e"n #tot

Background determined by black 
resonance technique: 

 
 
 
B(t) = b0 + b1e

!"1t + b2e
!"2t + b3e

!"3 (t+t0 )



Data Analysis 
Experimental capture yield 

Y (En ) = N
Cw (En )
!n (En )

" (1# e#n$ tot )
$%

$ tot

25Mg(n, γ) 
@ n_TOF 



Data Analysis 

25Mg(n, γ) 
@ n_TOF 

Simultaneous Resonance Shape Analysis 

25Mg(n, tot) 
@ GELINA 
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25Mg(n, γ) 
@ n_TOF 

Simultaneous Resonance Shape Analysis 

25Mg(n, tot) 
@ GELINA 



Data Analysis 

25Mg(n, γ) 
@ n_TOF 

Simultaneous Resonance Shape Analysis 

25Mg(n, tot) 
@ GELINA 



R-matrix parameterization of the cross section 

Convoluted with neutron stellar flux 

MACS and reaction rate 

Results  
25Mg(n, γ)26Mg resonances 



Stellar site Temperature 
keV 

MACS  
(Massimi 2003) 

MACS 
(KADoNiS) 

MACS 
Massimi 2012 

He - AGB 8 4.9±0.6 mb 4.9 mb 4.3 mb 
He - AGB 23 3.2±0.2 mb 6.1 mb 4.3 mb 
30 30 4.1±0.6 mb 6.4±0.4 mb 4.1 mb 
He – Massive 25 3.4±0.2 mb 6.2 mb 4.2 mb 
C - Massive 90 2.6±0.3 mb 4.0 mb 2.5 mb 

Old Sample, oxide powder 
 

Capture 

Results  
25Mg(n, γ) 
@ n_TOF 

New Sample, metal disc 
 

Capture + transmission 



n_TOF beam line 

Ω  ~10-8 sr 
5x106 protons à 1 neutron 

1/2 week CPUs = 106 

protons !!! 

R=5,5 cm R=0,9 cm 

MC and resampling 



protons 

target 1st collimator 
R = 5.5 cm 2nd collimator 

R = 0.9 cm 
neutrons 

135.75 m 2.0 m 

177.55 m 

2.85 m 

EAR1 

1st collimator 
R = 5.5 cm 

2nd collimator 
R = 0.9 cm 

θ 

θ < 3° 

MC and resampling 



protons 

target neutrons 

EAR1 

1st collimator 
R = 5.5 cm 

1st collimator 
R = 5.5 cm 

2nd collimator 
R = 0.9 cm 

2nd collimator 
R = 0.9 cm 

Θ’ < 0.128° 

MC and resampling 



Time to energy 

p 

L 

ToF 

En=
1
2
m L

ToF
!
"#

$
%&
2

p 

L 

T 

En=
1
2
m L

T! tmod

"
#$

%
&'

2
ToF tmod 



Time to energy 

p 

L 

ToF 

En=
1
2
m L

ToF
!
"#

$
%&
2

p 

L 

T 

En=
1
2
m L

T! tmod

"
#$

%
&'

2
ToF tmod 

v = L
ToF

= L
T! tmod

" v# T! tmod( ) = L" vT = L + vtmod=L + $ " v = L + $
T



Gd 



PRT 


