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Experimental Nuclear DataExperimental Nuclear Data Nuclear TheoryNuclear Theory
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AADS (DS (AcceleratorAccelerator DrivenDriven SystemsSystems))
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Nuclear Data MeasurementsNuclear Data Measurements
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NuclearNuclear ReactionReaction ExperimentsExperiments



Nuclear Data MeasurementsNuclear Data Measurements
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γγ--ray detectorray detector

beambeam

particle detectorparticle detector

beam monitorbeam monitorsamplesample

NuclearNuclear ReactionReaction ExperimentsExperiments



Nuclear Data MeasurementsNuclear Data Measurements
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NuclearNuclear ReactionReaction ExperimentsExperiments



Say, here I am! A nuclear physicist.
And I need to measure neutron reaction
cross sections with the time-of-flight 
technique…

NuclearNuclear ReactionReaction ExperimentsExperiments
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The The nn_TOF_TOF facilityfacility at CERNat CERN

somewhere around here

www.cern.ch/n_TOF The n_TOF Collaboration



CERN accelerator ComplexCERN accelerator Complex

Linac(s): up to 50 MeV PSB: up to 1 GeV PS: up to 24 GeV

nn_TOF_TOF

The n_TOF Collaboration



The The nn_TOF_TOF facilityfacility at CERNat CERN

www.cern.ch/n_TOF The n_TOF Collaboration



Design: the Design: the n_TOFn_TOF tunneltunnel

movie by V Vlachoudis (CERN)

alberto.mengoni@cern.ch

The The nn_TOF_TOF facilityfacility at CERNat CERN



TThe real worldhe real world

nn_TOF commissioned_TOF commissioned
in 2001in 2001--20022002

www.cern.ch/n_TOF



nn_TOF basic parameters_TOF basic parameters

5 cm5 cmmoderator moderator thicknessthickness in the exit facein the exit face

2 cm (FWHM)2 cm (FWHM)neutronneutron beambeam dimensiondimension in EARin EAR--11
((capturecapture mode)mode)

HH22OOcoolingcooling & & moderationmoderation materialmaterial

20 GeV/c20 GeV/cproton beam momentumproton beam momentum

80x80x60 cm80x80x60 cm33leadlead target target dimensionsdimensions

300300n/pn/p

6 6 nsns ((rmsrms))pulsepulse widthwidth

1 1 pulsepulse/2.4s/2.4srepetitionrepetition frequencyfrequency

7 x 107 x 1012  12  protonsprotons//pulsepulseintensity intensity ((dedicateddedicated mode)mode)

The n_TOF Collaborationwww.cern.ch/n_TOF



2nd collimator φ=1.8 cm
(capture mode)

Performance Report
CERN-INTC-2002-037, January 2003

CERN-SL-2002-053 ECT

the neutron fluxthe neutron flux

nn_TOF beam characteristics_TOF beam characteristics



nn_TOF beam characteristics_TOF beam characteristics

FWHM≈2cm

Beam profile @ 187.5 mBeam profile @ 187.5 m

MicroMegas detector

J Pancin, et al. (The n_TOF Collaboration)
NIMA 524 (2004) 102



energy resolutionenergy resolution

22 91.12 TEL
LE

E
∆⋅⋅+∆=

∆

(for example:  6×10-4 @ 1 keV)

nn_TOF beam_TOF beam

Performance Report
CERN-INTC-2002-037, January 2003

CERN-SL-2002-053 ECT

www.cern.ch/n_TOF



The n_TOF Collaboration

• Structure mounted in April-04
• 4π geometry: end of May-04
• 1.5 month commissioning
• Au(n,γ) & other standards

First measurement with a 
radioactive

sample started in August 2004
237Np(n,γ) 

www.cern.ch/n_TOF

sample

nn_TOF _TOF TTAC for (AC for (n,n,γγ) measurements) measurements



WWhy we do all thishy we do all this??



OObjectivesbjectives

alberto.mengoni@cern.ch

MMeasurements of easurements of nneutron cross sections relevant eutron cross sections relevant 
for Nuclear Waste Transmutation and related for Nuclear Waste Transmutation and related 
Nuclear TechnologiesNuclear Technologies

CCross sections relevant for Nuclear Astrophysicsross sections relevant for Nuclear Astrophysics

NNeutrons as probes for fundamental Nuclear eutrons as probes for fundamental Nuclear 
PhysicsPhysics



NNuclearuclear wastewaste: TRU      : TRU      (1000 (1000 MWMWee LWR)LWR)

239Pu: 125 Kg/yr

237Np: 16 Kg/yr

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

244Cm
1.5 Kg/yr

LLFP

LLFP
76.2 Kg/yr

source: Actinide and Fission Product Partitioning and Transmutation – NEA (1999)



FFast ast neutronsneutrons!!

source: C Rubbia



NeutronNeutron cross cross sectionssections data are data are 
neededneeded!!

The n_TOF Collaboration

243Am(n,f)

source: n_TOF Collaboration 
(fission proposal)



NeutronNeutron cross cross sectionssections data are data are 
neededneeded!!

source: n_TOF Collaboration 
(fission proposal)

237Np(n,f)



NeutronNeutron cross cross sectionssections data are data are 
neededneeded!!

source: n_TOF Collaboration 
(MA capture proposal) The n_TOF Collaboration

243Np(n,γ)

no datano data
in RRRin RRR



ThTh/U /U fuelfuel cyclecycle

www.cern.ch/n_TOF
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MMeasurements of easurements of nneutron cross sections relevant eutron cross sections relevant 
for Nuclear Waste Transmutation and related for Nuclear Waste Transmutation and related 
Nuclear TechnologiesNuclear Technologies

CCross sections relevant for Nuclear Astrophysicsross sections relevant for Nuclear Astrophysics

NNeutrons as probes for fundamental Nuclear eutrons as probes for fundamental Nuclear 
PhysicsPhysics



alberto.mengoni@cern.ch

neutrons

www.cern.ch/n_TOF
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The canonical s-process

½½ of the elements above Fe are produced by the sof the elements above Fe are produced by the s--processprocess
The astrophysical sites of the sThe astrophysical sites of the s--process are:process are:

He burning in intermediate/massive starsHe burning in intermediate/massive stars
LowLow--mass AGBmass AGB’’ss

There exists a direct correlation There exists a direct correlation 
between the neutron capture cross section between the neutron capture cross section 
and the abundance (and the abundance (σσ(n,(n,γγ) ) ·· N = const.N = const.))
The neutron capture cross sections The neutron capture cross sections 
are key ingredients for sare key ingredients for s--process nucleosynthesisprocess nucleosynthesis

NNucleosynthesisucleosynthesis: the : the ss--processprocess



NNucleosynthesisucleosynthesis: : 
the the ss--processprocess &&
the the rr--processprocess residualsresiduals

Nr = Nsolar - NsNNrr = = NNsolarsolar -- NNss



nn_TOF experiments 200_TOF experiments 20022--44CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FFissionission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

MMeasurements of easurements of neutron cross sections neutron cross sections 
relevant for Nuclear Waste Transmutation and relevant for Nuclear Waste Transmutation and 
related Nuclear Technologiesrelated Nuclear Technologies

ThTh/U /U fuelfuel cyclecycle ((capturecapture & & fissionfission))
TransmutationTransmutation of MA (of MA (capturecapture & & fissionfission))
TransmutationTransmutation of FP (of FP (capturecapture))

CCross sections relevant for Nuclear ross sections relevant for Nuclear 
AstrophysicsAstrophysics

ss--processprocess: : branchingsbranchings
ss--processprocess: : presolarpresolar grainsgrains

NNeutrons as probes for fundamental Nuclear eutrons as probes for fundamental Nuclear 
PhysicsPhysics

NuclearNuclear levellevel density & density & nn--nucleusnucleus
interactioninteraction

The n_TOF Collaboration



U.Abbondanno14, G.Aerts7, H.Álvarez24, F.Alvarez-Velarde20, S.Andriamonje7, J.Andrzejewski33, 
P.Assimakopoulos9, L.Audouin5, G.Badurek1, P.Baumann6, F. Bečvář 31, J.Benlliure24, E.Berthoumieux7, 

F.Calviño25,D.Cano-Ott20,R.Capote23,A.Carrillo de Albornoz30,P.Cennini4, V.Chepel17, E.Chiaveri4, 
N.Colonna13, G.Cortes25, D.Cortina24, A.Couture29, J.Cox29, S.David5, R.Dolfini15, C.Domingo-Pardo21, 

W.Dridi7, I.Duran24, M.Embid-Segura20, L.Ferrant5, A.Ferrari4, R.Ferreira-Marques17, L.Fitzpatrick4, 
H.Frais-Koelbl3, K.Fujii13, W.Furman18, C.Guerrero20, I.Goncalves30, R.Gallino36, E.Gonzalez-Romero20, 
A.Goverdovski19, F.Gramegna12, E.Griesmayer3, F.Gunsing7, B.Haas32, R.Haight27, M.Heil8, A.Herrera-

Martinez4, M.Igashira37, S.Isaev5, E.Jericha1, Y.Kadi4, F.Käppeler8, D.Karamanis9, D.Karadimos9, 
M.Kerveno6, V.Ketlerov19, P.Koehler28, V.Konovalov18, E.Kossionides39, M.Krtička31, C.Lamboudis10, 

H.Leeb1, A.Lindote17, I.Lopes17, M.Lozano23, S.Lukic6, J.Marganiec33, L.Marques30, S.Marrone13, 
P.Mastinu12, A.Mengoni4, P.M.Milazzo14, C.Moreau14, M.Mosconi8, F.Neves17, H.Oberhummer1, 

S.O'Brien29, M.Oshima38, J.Pancin7, C.Papachristodoulou9, C.Papadopoulos40, C.Paradela24, N.Patronis9, 
A.Pavlik2, P.Pavlopoulos34, L.Perrot7, R.Plag8, A.Plompen16, A.Plukis7, A.Poch25, C.Pretel25, J.Quesada23, 

T.Rauscher26, R.Reifarth27, M.Rosetti11, C.Rubbia5, G.Rudolf6, P.Rullhusen16, J.Salgado30, L.Sarchiapone4, 
C.Stephan5, G.Tagliente13, J.L.Tain21, L.Tassan-Got5, L.Tavora30, R.Terlizzi13, G.Vannini35, P.Vaz30, 

A.Ventura11, D.Villamarin20, M.C.Vincente20, V.Vlachoudis4, R.Vlastou40, F.Voss8, H.Wendler4, 
M.Wiescher29, K.Wisshak8 

The The nn_TOF Collaboration_TOF Collaboration

40 Research Institutions40 Research Institutions
120 researchers 120 researchers www.cern.ch/n_TOF



n_TOF-Ph2

n_TOF targetn_TOF target

New
Experimental
Area (EAR-2)

The The secondsecond n_TOFn_TOF beambeam line & EARline & EAR--22

EAR-1
(at 185 m)

~ 20 m~ 20 m

Flight-path length : ~20 m
at 90° respect to p-beam direction
expected neutron flux enhancement: ~ 100
drastic reduction of the t0 flash

FlightFlight--path length : path length : ~~20 m20 m
at 90at 90°° respect to prespect to p--beam directionbeam direction
expected neutron flux enhancement: ~ 100expected neutron flux enhancement: ~ 100
drastic reduction of the tdrastic reduction of the t00 flashflash



FromFrom measurementsmeasurements toto data data 
librarieslibraries

Thank you. Now that we know Thank you. Now that we know 
how measurements are done, how measurements are done, 
how can we produce evaluated how can we produce evaluated 
data libraries?data libraries?So, you see. That is how So, you see. That is how 

we usually do nuclear we usually do nuclear 
data experimental work.data experimental work.



Evaluated Data LibrariesEvaluated Data Libraries

Evaluated data sets are produced through the process of critical
comparison, selection renormalization and averaging of the 
available experimental data, normally complemented by nuclear 
model calculations. 

Evaluated Libraries are computer files of evaluated data which, 
appropriately processed, form the input data to computations for
a wide variety of nuclear science and technology applications. 
Each of these evaluated libraries may consist of individual 
evaluated data sets for several hundred isotopes or elements 
(commonly referred to as 'materials').



FromFrom experimentalexperimental data...data...

wwwwww--nds.iaea.orgnds.iaea.org

thermal valuethermal value
(experiment)(experiment)

Resolved resonance regionResolved resonance region
(R(R--matrix fit of experiment)matrix fit of experiment)

unresolved resonance unresolved resonance 
regionregion

(experiment/theory)(experiment/theory)

continuumcontinuum
(theory)(theory)



... ... toto evaluatedevaluated Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org

evaluated cross evaluated cross 
sectionsection



UhmmUhmm…… Interesting! Interesting! 
I wonder if I have to get I wonder if I have to get 
nuclear data from printed nuclear data from printed 
stuff, or I ca get them stuff, or I ca get them 
onlineonline……



Providing OnProviding On--line Services:line Services:
Retrieval and Display ToolsRetrieval and Display Tools

Example:Example:

what is the capture cross section 
of Zr-91 at En = 30 keV ?



Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



91Zr capture cross
section 
at En=30 keV: 
61.8 mb

Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



How about
experimental 
data?

Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



experimental data 
from EXFOREXFORtwo experimental

values:
59 ± 1 mb
67.6 ± 3.5 mb

weighted average:
σ = 61.0 ± 1.6 mb

value from evaluated
library:
σ = 61.8 mb

Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



Data Data LibrariesLibraries
Uhmm…

σ = 61.0 ± 1.6 mb at 30 keV

In perfect agreement with my 
own evaluation!



Other major Nuclear Data libraries available for display & retrieval:

Data Data LibrariesLibraries

wwwwww--nds.iaea.orgnds.iaea.org



The EndThe End

a.mengoni@iaea.org



nn_TOF experiments_TOF experiments

• T8 > 4  using the “classical” s-process model
• from AGB modeling: 71% of 152Gd

Present main uncertainty: λβ(T) of 151Sm

Sm

Eu

Gd

150Sm 151Sm
93 a  

152Sm 153Sm 154Sm

151Eu 152Eu 153Eu 154Eu 155Eu 156Eu

152Gd 153Gd 154Gd 155Gd 156Gd 157Gd

The n_TOF Collaboration

CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

U Abbondanno et al. (The n_TOF Collaboration)
Phys. Rev. Lett. 93 (2004), 161103

S Marrone et al. (The n_TOF Collaboration)
Phys. Rev. C 73 03604 (2006)



CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

nn_TOF experiments_TOF experiments
U Abbondanno et al. (The n_TOF Collaboration)

Phys. Rev. Lett. 93 (2004), 161103

the 1the 1stst measurement at n_TOFmeasurement at n_TOF



CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

nn_TOF experiments_TOF experiments
U Abbondanno et al. (The n_TOF Collaboration)

Phys. Rev. Lett. 93 (2004), 161103
&

S Marrone et al. (The n_TOF Collaboration)
Phys. Rev. C 73 03604 (2006)



CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

nn_TOF experiments_TOF experiments

<D0> = 1.49 ± 0.07 eV 
S0 = (3.87 ± 0.33)×10-4

RI = 3575 ± 210 b

n_TOF

The n_TOF Collaboration

U Abbondanno et al. (The n_TOF Collaboration)
Phys. Rev. Lett. 93 (2004), 161103

&
S Marrone et al. (The n_TOF Collaboration)

Phys. Rev. C 73 03604 (2006)



CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

nn_TOF experiments_TOF experiments
U Abbondanno et al. (The n_TOF Collaboration)

Phys. Rev. Lett. 93 (2004), 161103
&

S Marrone et al. (The n_TOF Collaboration)
Phys. Rev. C 73 03604 (2006)

for nuclear data
evaluators:
all infos available in
refereed journal 
publications
&
on the n_TOF website
www.cern.ch/ntof



CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

nn_TOF experiments_TOF experiments

The n_TOF Collaboration

PbPb & Bi& Bi
at the at the terminationtermination pointpoint of the of the ss--processprocess
Pb-204: s-only
Pb-206: s-, r-, and U-238 decay
Pb-207: s-, r-, and U-235 decay



CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

nn_TOF experiments_TOF experiments
207Pb(n,γ)

The n_TOF Collaboration

C Domingo-Pardo, et al. - The n_TOF Collaboration
ND2004 Conference, Santa Fe, NM – Sept. 2004

&
PRC 74 (2006) 055802



CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

nn_TOF experiments_TOF experiments

substantial disagreement for Esubstantial disagreement for Enn > 45 keV > 45 keV 

207Pb(n,γ)

The n_TOF Collaboration

C Domingo-Pardo, et al. - The n_TOF Collaboration
ND2004 Conference, Santa Fe, NM – Sept. 2004

&
PRC 74 (2006) 055802



CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
233,234,235,236,238233,234,235,236,238UU
232232ThTh
209209BiBi
237237NpNp
241,243241,243Am, Am, 245245CmCm

nn_TOF experiments_TOF experiments

VeryVery lowlow neutronneutron sensitivitysensitivity of of capturecapture γγ--rayray
detection detection systemssystems & high & high resolutionresolution

C Domingo-Pardo, et al. - The n_TOF Collaboration
ND2004 Conference, Santa Fe, NM – Sept. 2004

&
PRC 75 (2006) 015806

204Pb(n,γ)

The n_TOF Collaboration



CCaptureapture
151151SmSm
204,206,207,208204,206,207,208Pb, Pb, 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96Zr, Zr, 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240Pu,Pu,243243AmAm

FissionFission
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RefRefss--process [%]process [%]

PRC 055802PRC 055802
(2006)(2006)77 77 ±± 88PbPb--207207
PRC 025807PRC 025807
(2006)(2006)19 19 ±± 33BiBi--209209

PRC in pressPRC in press
(2007)(2007)70 70 ±± 44PbPb--206206

PRC 015806PRC 015806
(2007)(2007)~ 100~ 100PbPb--204204

allows for accurate modeling of sallows for accurate modeling of s--process in AGB starsprocess in AGB stars
allows for rallows for r--process abundance determinationprocess abundance determination
clocks & othersclocks & others
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Remarkable energy resolution and background conditions Remarkable energy resolution and background conditions 
have allowed to determine the resonance parameters up to 9 keVhave allowed to determine the resonance parameters up to 9 keV

139La(n,γ)

The n_TOF Collaboration

RI = 10.8 ± 1.0 barn 
average γ-widths:
s-waves = 50.7 ± 5.4 meV
p-waves = 33.6 ± 6.9 meV
<D0>= 252 ± 22 eV 
S0 = (0.82 ± 0.05)×10–4 S1 = (0.55 ± 0.04)×10–4
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TP-AGB modeling leads to 74 ± 3 % of solar s- La

remember:
MACS-8 determined from low-energy isolated resonances
La is (almost) mono isotopic 
Good abundance determination from stellar spectra
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ThTh/U nuclear fuel cycle/U nuclear fuel cycle
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For En = 4 keV up to 1 MeV full dataset 
is available on the PRC publication 
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ss--wave resonanceswave resonances
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233U(n,γ) W Dridi, E Berthoumieux, et al., (Dec. 2004)
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full paper in preparation

The n_TOF Collaboration
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RKn_TOF on average 3% below the RKJENDL and 6% below the RKENDF
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RKn_TOF is on average 9% smaller than RKJENDL and 7% smaller than RKENDF.

C Guerero, D Cano-Ott, et al. - The n_TOF Collaboration
PHYSOR 2006, Vancouver, September 2006
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developed at IPN developed at IPN OrsayOrsay

•20x20 cm2

•Isobutane gas 7 mbar
•HV 500-600 V
•3 mm between electrodes
•1 anode (a few ns signal width)
•Electrode thickness: 1.5 µm (Mylar+Al)
•Deposit thickness : 100-300 µg/cm2

•Backing thickness : 0.1 µm (Al)
• : 1.5 µm (Mylar)
•Fission event identification: T2 in coincidence with T1
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The n_TOF Collaboration

•Gas: Ar (90%) CF4 (10%)
•Gas pressure : 720 mbar
•Electric field : 600 V/cm
•Gap pitch : 5 mm
•Electrode diameter : 12 cm
•Electrode thickness: 15 µm (Al)
•Deposit thickness : 125 µm/cm2

•Backing thickness : 100 µm (Al)
•Window thickness : 125 µm

developed by a CERN/developed by a CERN/Obninsk/DubnaObninsk/Dubna teamteam
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FIC1 data
source: M Calviani et al. (INFN)
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Capture samplesCapture samples
Sample A half-life half-life Lambda Mass N LA # of LA

yr s 1/s mg Bq Ci Bq
Sm-151 151 9.30E+01 2.9E+09 2.36E-10 160 6.36E+20 1.5E+11 4.1E+00 - -
U-233 233 1.59E+05 5.0E+12 1.38E-13 100 2.58E+20 3.6E+07 9.6E-04 700 50,755
U-234 234 2.46E+05 7.7E+12 8.95E-14 37 9.49E+19 8.5E+06 2.3E-04 700 12,126
U-236 236 2.34E+07 7.4E+14 9.38E-16 400 1.02E+21 9.5E+05 2.6E-05 800 1,192

Np-237 237 2.10E+06 6.6E+13 1.05E-14 50 1.27E+20 1.3E+06 3.6E-05 300 4,413
Pu-240 240 6564 2.1E+11 3.35E-12 50 1.25E+20 4.2E+08 1.1E-02 200 2,091,380
Pu-242 242 3.73E+05 1.2E+13 5.88E-14 20 4.96E+19 2.9E+06 7.9E-05 200 14,588
Am-241 241 432 1.4E+10 5.08E-11 400 9.96E+20 5.1E+10 1.4E+00 200 253,164,001
Am-243 243 7370 2.3E+11 2.98E-12 25 6.17E+19 1.8E+08 5.0E-03 200 919,833

Activity

sample



Fission samples (FIC detectors)Fission samples (FIC detectors)
Isotope Diam. [mm] Density [µg/cm2] # of targets Mass [mg] T1/2  [yr] A  [Bq] A[Ci] N
U-234 50 150 6 35.3 2.46E+05 8.1E+06 2.2E-04 9.1E+19
U-235 50 200 2 15.7 7.04E+08 1.3E+03 3.4E-08 4.0E+19
U-236 80 100 2 20.1 2.34E+07 4.8E+04 1.3E-06 5.1E+19
U-238 80 300 2 60.3 4.47E+09 7.5E+02 2.0E-08 1.5E+20
Th-232 80 400 2 80.4 1.41E+10 3.2E+02 8.8E-09 2.1E+20
Np-237 80 150 1 15.1 2.10E+06 4.0E+05 1.1E-05 3.8E+19
Am-241 80 5 4 2.0 432.2 2.5E+08 6.9E-03 5.0E+18
Am-243 80 25 4 10.0 7370 7.4E+07 2.0E-03 2.5E+19
Cm-245 80 10 2 2.0 8500 1.3E+07 3.4E-04 4.9E+18
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ss--processprocess sitesite--ss & & conditionsconditions: : weakweak
Site He-burning phase of intermediate/massive stars
Neutron sources 22Ne(α,n)25Mg
Temperature ~ 3 x 108K   or    kT ~ 25 keV
Neutron density 7 x 105 n/cm3  (peak 2 x 107)

He burning core
contains initially 14N

14N

18O

18F

22Ne

α,γ
α,γβ+

at the end of the He burning T ≈ 3 x 108:  22Ne(α,n) provides a neutron source
preexisting Fe and other “metals” serve as seed for the s-process synthesis

25Mg

α,nn
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Site Thermal pulses of AGB stars (He-burning shell)
Neutron sources 13C(α,n)16O 22Ne(α,n)25Mg

Temperature 108K kT ~ 8 keV

Neutron density 7 x 107 n/cm3 1010 n/cm3

ss--processprocess sitesite--ss & & conditionsconditions: : mainmain
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Thermal pulses
of AGB stars (He-burning shell)

ss--processprocess sitesite--ss & & conditionsconditions: : mainmain



AGB AGB sstarstars
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Source: F Erwig
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C Arlandini, et al.: ApJ 525 (1999) 886

• M = 2 M
• Z = 0.5 Z
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C Arlandini, et al.: ApJ 525 (1999) 886

• M = 2 M
• Z = 0.5 Z



The canonical The canonical ss--processprocess
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The time dependence of the abundances, NA, is given by:

We can define a time-integrated neutron flux (neutron exposure)

Assuming: i) T≈ const.
ii) λβ << λn,γ (neutron capture dominates over β-decay)

It follows that along the s-process path:
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The The canonicalcanonical ss--processprocess
No <σ>N correlation
observed for
nuclei not in the 
s-process path
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The The canonicalcanonical ss--processprocess
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Assuming an esponential distribution of neutron exposures:

the solution of the coupled system of equations
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The The canonicalcanonical ss--processprocess
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The The canonicalcanonical ss--processprocess
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F Käppeler (Prog. Part. Nucl. Phys. 43, 1999)

The The canonicalcanonical ss--processprocess

weak

main

weakweak: core He burning in massive stars (e.g. 25 solar masses)
mainmain: He shell flashes in low massTP-AGB stars



The problemThe problem

Nuclear power now accounts for 4.5% of total worldNuclear power now accounts for 4.5% of total world’’s energy s energy 
production. Already at this level the accumulated spent fuel invproduction. Already at this level the accumulated spent fuel inventory, entory, 
at the yearly production rate of 8,000 ton, will reach by 2020 aat the yearly production rate of 8,000 ton, will reach by 2020 about bout 
200,000 ton200,000 ton

NB: the Yucca Mountain deep underground repository in the US hasNB: the Yucca Mountain deep underground repository in the US has a a 
capacity of 70,000 ton and a cost of 15 G$capacity of 70,000 ton and a cost of 15 G$

Assuming by 2050 a substantial classic nuclear contribution to hAssuming by 2050 a substantial classic nuclear contribution to heal the eal the 
greenhouse effect  (greenhouse effect  (≈≈ 30% of the projected, increased world30% of the projected, increased world’’ s power s power 
consumption or +2.3%/yr), the yearly waste production would be oconsumption or +2.3%/yr), the yearly waste production would be of f 
100,000 ton/y: fill a Yucca Mountain type of repository every 8 100,000 ton/y: fill a Yucca Mountain type of repository every 8 months!months!

Nuclear power

Spent fuel Disposal

source: C Rubbia



PPartitioningartitioning and and TTransmutationransmutation ((P&TP&T))

LWR 52 Units

Spent fuel
800 t/y

Recovered U, Pu
760 t/y

REPROCESSING
HLWHLW

MA: 1t  FP: 39t
P&TP&T TECHNOLOGIESTECHNOLOGIES

FINAL DISPOSAL

Source: Y Oigawa (JAERI)






