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Nuclear Reaction Experiments

Nuclear Data Measurements
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Nuclear Reaction Experiments

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




World scene for tof measurements
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The n_TOF facility at CERN

somewhere around ere

www.cern.ch/n_TOF The n_TOF Collaboration




CERN accelerator Complex

. Antiprotons

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

The n_TOF Collaboration




The n_TOF facility at CERN

20 GeVie
Praton ba.am

www.cern.ch/n_TOF The n_TOF Collaboration




The n_TOF facility at CERN

movie by V Vlachoudis (CERN)

s Design: the n_TOF tunnel




The real world

= n_TOF commissioned
in 2001-2002

Carbon Fil
Sarq'lple (o E (n.f) Setup:

PPAC
‘detectors

|
(n,y) S%tup:

']

tg;}':ti::rs '

P 4

www.cern.ch/n_TOF




n_TOF basic parameters

proton beam momentum 20 GeV/c

intensity (dedicated mode) 7 x 1012 protons/pulse

repetition frequency 1 pulse/2.4s

pulse width 6 ns (rms)

n/p 300

lead target dimensions 80x80x60 cm?

cooling & moderation material H,O

moderator thickness in the exit face 5cm

neutron beam dimension in EAR-1 2 cm (FWHM)
(capture mode)

www.cern.ch/n_TOF The n_TOF Collaboration




n TOF beam characteristics

2nd collimator ¢=1.8 cm

= the neutron flux
(capture mode)

Performance Report

O 'ﬁLiin_.a] Silicon Flux Monitor 2001 -

CERN-INTC-2002-037, January 2003 5
CERN-SL-2002-053 ECT — Monte Carlo Simulation | _______________________________________________________

5 e “Punf)with PTB ionisation chamber
10 W “®U(nf) with PTE ionisation chamber [ ;:IIIII T O I S

. nat- _, v .
eyl Fe(n,g) with C.D_ detectors

dN/dInE/7.e12 protons

66

The neutron fluence in EAR-1

Energy range Uncollimated Capture mode Fission mode]
[n/pulse/cm2] n/pulse] n/pulse :
<TeV 2.0E+05 3_1[E+05 TDIE%F]
1eV-10eV 2. 7TE+04 4.5E+04 2.9E+05
10 eV - 100 eV 2.9e+04 4. 7E+04 3.1E+05 .
100 eV - 1000 eV 3.0E+04 5.1E+04 3.3E+05
1eV-1keV B.6E+04 1.4E+05 9.3E+05 §
1 keV - 10 keV 3.2E+04 5.4E+04 36E+05 NI 0000 [T e - e R
10 keV - 100 keV 3.9E+04 7.1E+04 4. 7E+05
100 keV - 1000 keV 1.1E+05 2.3E+05 1.5E+06
1 keV -1 MeV 1.8E+05 3.5E+05 2.3E+06 :
TMeV - 10 MeV 8.3E+04 2AE+05 T.7E+06 I I RS N U S N . I . T I
70 MeV - 100 MeV | 2.8£+04 7.0E+04 5. 1E+05 : : : : : : :
> 100 MeV 4 4E+04 1.2E+05 5.6E+05 i i i i i i i
1 MeV - > 100 MeV 1.6E+05 4-4E+05 2.7E+06 | ||||III| | ||||u|J 1 |I||||]l Ll III|.|.|I 1 Illllul 1 I|II||‘ | I|II||.|J | I|||||.|J | ||||IL|J | |||||||| | |||||II| L1l
Total 628:05 | 128406 | 80E+06 10 107 1 10 10° 10° 10" 10° 10° 10" 10° 10° 10"

Note: 1 pulse is 7TE+12 protons. Collimated fluence (fission and
capture modes) is integrated over the beam surface.

E, (eV)




n TOF beam characteristics

= Beam profile @ 187.5 m

J. Pancin et ol | Nuclear Instruments and Methods in Physics Research A 524 (2004 ) 1021 14

1 & asxperirmenl Y ! & experiment
+ gimulation \ v gimdalion

-2 -1g [
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MicroMegas detector

J Pancin, et al. (The n_TOF Collaboration) : o w
N I MA 524 (2004) 1 02 ig. 9. Horizontal (a), vertical (b), 307 {¢) experimental and simulated projected profiles betwesn 10 and 100 eV oat 186 m.




n TOF beam

= energy resolution

Performance Report
CERN-INTC-2002-037, January 2003
CERN-SL-2002-053 ECT

Energy resolution @ 187.5 m
(collimator for capture mode)

11.2 keV Fe 2.0x45mm C6l)6
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(for example: 6x10“ @ 1 keV)

0.01

VAL +1.91-E-AT?

|

U, 4

|

Monte Carlo RF: E =8-12ke"

5000

5 4500

8,
4000
3500
3000
2500
2000
1500

1000

Chi2 /| ndf =
= -0.013
0.02
-0.163
1445
0.463
435
-0.07
450.3

0

0
0
0
0
0

0

500




n_TOF TAC for (n, ),rrl_‘e’ﬂa_g_ureme

: : First measurement with a
» Structure mounted in April-04 radioactive

* 4m geometry: end of May-04 sample started in August 2004
* 1.5 month commissioning 237Np(n,y)

* Au(n,y) & other standards

www.cern.ch/n_TOF : . __TOF Collaboration




Why we do all this?




Objectives

m |/leasurements of neutron cross sections relevant
for Nuclear Waste Transmutation and related
Nuclear Technologies

m Cross sections relevant for Nuclear Astrophysics

m |\Jeutrons as probes for fundamental Nuclear
Physics

alberto.mengoni@cern.ch
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rFast neutrons!
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Figure 1: Simulation of the neutron spectrum in the SBRV-75 reactor [2]. loaded with the
Spiro MA fuel mixture (1/2 of “'Am, 1/4 of “*Am and 1/4 of equal amount of “*Cm and
~'Np). The ﬂasinn cross sections of several MA in consideration here are shown. The fission

. cross section of “*Pu is also shown for a direct comparison with a non-threshold fission case.
source: C Rubbia




Neutron cross sections data are
needed!
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Neutron cross sections data are
needed! 27Np(n.f)
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Figure A-1: fission cross section of “"'Np in the low energy region. E, < 10 eV, well below

source: n_TOF Collaboration the fission threshold.
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Neutron cross sections data are
needed! ZNe(n.)
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Th/U fuel cyle
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Objectives

m |/leasurements of neutron cross sections relevant
for Nuclear Waste Transmutation and related
Nuclear Technologies

m Cross sections relevant for Nuclear Astrophysics

m |\Jeutrons as probes for fundamental Nuclear
Physics

alberto.mengoni@cern.ch




Nucleosynthesis: the s-process

2 of the elements above Fe are produced by the s-process
The astrophysical sites of the s-process are: g
.. . : olar system elemental abundances
= He burning in intermediate/massive stars y .
= Low-mass AGB's

There exists a direct correlation
between the neutron capture cross section
and the abundance (o(n,7) - N = const.)
=  The neutron capture cross sections
are key ingredients for s-process nucleosynthesis

The canonical s-process| —

neutrons
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Neutron-Capture Abundances in CS 22892-052

Nucleosynthesis:
the s-process &
the r-process residuals




apture

151Sm
204,206,207,208Pb’ 209Bi

232Th
24,25,26Mg

90,91,92,94,967r 937y

139La
186,187,18805

233,234

237Np,240Py 243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am 245Cm

n_TOF experiments 2002-4

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

s Th/U fuel cycle (capture & fission)
m [ransmutation of MA (capture & fission)
s Transmutation of FP (capture)

ross sections relevant for Nuclear
Astrophysics

m S-process: branchings
m S-process: presolar grains

eutrons as probes for fundamental Nuclear
Physics
= Nuclear level density & n-nucleus
Interaction

The n_TOF Collaboration




The n TOF Collaboration
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T.Rauscher26, R.Reifarth27, M.Rosettil', C.Rubbia’, G.Rudolfé, P.Rullhusen16, J .Salgado3 0, L.Sarchiapone4,
C.Stephans, G.TaglienteB , J.L.Tain*', L.Tassan-Got’, L.Tavora’’, R.Terlizzi"*, G.Vannini*’, P.Vaz>’,
A.Ventura'', D.Villamarinzo, M.C.Vincentezo, V.Vlachoudis4, R.Vlastou40, F.Vossg, H.Wendler4,
M.Wiescher”’, K. Wisshak®

40 Research Institutions
120 researchers

www.cern.ch/n_TOF



The second n_ TOF beam line & EAR-2

New
Experimental
Area (EAR-2)

‘.wll-:b]lfl-_;

n_TOF target

EAR-l Cianl ri::niI Slalkan Al -
(at 185 m) :;'f!'_mgeqamm N &

Flight-path length : ~20 m

at 90° respect to p-beam direction
expected neutron flux enhancement: ~ 100
drastic reduction of the t, flash




From measurements to data
libraries

Thank you. Now that we know
how measurements are done,

how can we produce evaluated

So, you see. That is how data libraries?

we usually do nuclear
data experimental work.




Evaluated 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’).




From experimental data...
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... L0 evaluated Data Libraries
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Uhmm... Interesting!

I wonder if I have to get
nuclear data from printed
stuff, or I ca get them
online...
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Providing On-line Services:
Retrieval and Display Tools

Example:

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




Data Libraries

www-nds.iaea.org

& Mozilla Firefox

Eile Edt \Wew History

International Atomic Energy Agency

Bookmarks  Tools  Help

ﬁ |’¢_:,! http:,l’fwww-nds.iaea‘org,l’_

G

Welcome to the |IAEA Nuclear Data Centre

Content Browser

ENSDF ASCII Files

IBANDL
INDL/TSL

Medical Radlulsutupes”

Production

G-walues, Threshalds
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Standards
Stopping Power Drata

Thermal Neutron
Capture Gamma Rays

Thariurn-Uraniurn Fuel

Wallet cards
WIMS-D Library

Nuclear Data Services

Search NDS

Major Databases

eutron reaction data bibliography
aluated nuclear reaction cross section libraries

Nuclear Databases and Files

General

Atomic Mass Data Ce

i 5 - atomic masses, Q-values and threshold energies
RIPL - reference parameters for nuclear model calculations

T

NGATLAS -
07 - Pointwise data of ENDF/B-VII.O processed into temperature dependent form
4 - Pointwise data of ENDF/B-VI Release 8 at 8 temperatures
ference Neutron Activation Library
ards - Meutron Cross-section Standards 2006

Evaluated libraries in different formats
ib Application test library in ACE and MATXS format for ADS neutronics design

1 0 - indey to IAEA MDS documentation series
IBANDL - Ion Beam Analysis Muclear Data Library
- medical internal radiation dose tables
egual - recommendations, 2007

se of prompt gamma rays from slow neutron capture

v - multigroup data library for the WIMS-D code
Evaluated Data Libraries in ENDF and other formats

EMDF Format Manual - ENDE-102 June 2005 yersion
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Data Libraries

& ENDF: Evaluated Nuclear Data File - Mozilla Firefox
Eile Edt Wiew History Bookmarks Tools Help

= =
& | I_ﬂ_‘: “oF htkpef fvee-nds.iaea, orgfexFor fendf00. hem

Evaluated Nuclear Data File (ENDF)

Database Version of September 25, 2007

2007/04 Mew library: IBA-Eval

Differential charged-particle cross sections for ion beam analysis; [SigmacCale] [IBANDL]
2007703 Interactive Web plotting: zoom by mouse, actions by one click, more functions. ..
2007402 New library:

1) IAEA-Standards, issued in 2006 [CRP-page]
2007/01 MNew library: ENDF/B-VIL.O

EMDF/B-VII.O0 US Evaluated Nuclear Data Library, released 2006712 by MNDC [page]
# [History]

Core nuclear reaction database contain recommended, evaluated cross sections, spectra, angular distributions, fission product yields, photo-atomic and thermal scattering law data, with emphasis on
neutron induced reactions. The data were analyzed by experienced nuclear physicists to produce recommended libraries for one of the national nuclear data projects (USA, Europe, Japan, Russia and
China). All data are stored in the internationally-adopted ENDF-B format maintained by CSEWG

Standard Request {example); Go to: Advanced Request

Parameters: Submit | [ Reset Libraries: @ all Ogelected O Clean

Target [ | O Major Libraries ) other Libraries _’_’_j
Reaction [ Clenprre-vino (US4, 2008)  [l1aEA-Standards, 2006
Product [ ] Lloepr-aa (Eurape, 2005) [11aEA-Medical (for radicisotope prod.)
Quantity ] [ienpL-z.z  tapan, 2002) [11rpF-2002 (Dosimetry)
[Jenpre-vie (USA 20010 [1IEFF-3.1/a (Activation)
eronp-z.2  (Russia, 1932) [] Special Purpose Libraries

Submit O cenpL-z {China, 1991} [] Archival Libraries

Options:

More Parameters...

view: (3 pasic " Extandad

Sort by: (2 Reactions () Evaluations

Clone Request: Feedback:
EXFOR | [ CINDA | [E54] comments/questions?

MNote:

- all criteria are optional (selected by checking I 1

- selected criteria are combined for search with logical AND

- criteria separated in a field by *;" are combined with logical OR

- wildcards and intervals are availabls

- pointwize libraries contain teconstructed resonances using parameters fram MF=2 and applied Doppler broadening at a given temperature, They should be used for view and plot low energy cross sections,

Extensive temperature dependent pointwise ibrares: Point-2004 (ENDFE-VI.8), PoOInt-2007 (ENDFB-VIL.Q)

Datebase Manager: Viktor Zerkin, NDS, Internationa! Atemic Energy Agancy (If. Terkin@izea.org)

Web snd Database Frogramming. Viktor Zerkin, NDS, Interpstiona! Atomic Energy Agency (V. Zarkin®izes.org)

Dats Source: Nuckesr Fnergy Agency internstions! Working Party on Evatustion Cooperation (hbp /fvwuny. nes Fribtmld sciencel wpesr')
and Cress Section Evaluation Working Group (htte: ffwww nndc bed govicsewal)

www-nds.iaea.org




Data Libraries

& ENDF: Evaluated Nuclear Data File - Mozilla Firefox
Eile Edt Wiew History Bookmarks Tools Help

L5F htkpef fvenw-nds iaea, orgfexForfendfO00. hkm

Evaluated Nuclear Data File (ENDF)

Database Version of September 25, 2007

2007/04 Mew library: IBA-Eval

Differential charged-particle cross sections for ion beam analysis; [SigmacCale] [IBANDL]
2007703 Interactive Web plotting: zoom by mouse, actions by one click, more functions. ..
2007402 New library:

1) IAEA-Standards, issued in 2006 [CRP-page]
2007/01 MNew library: ENDF/B-VIL.O

EMDF/B-VII.O0 US Evaluated Nuclear Data Library, released 2006712 by MNDC [page]
# [History]

Core nuclear reaction database contain recommended, evaluated cross sections, spectra, angular distributions, fission product yields, photo-atomic and thermal scattering law data, with emphasis on
neutron induced reactions. The data were analyzed by experienced nuclear physicists to produce recommended libraries for one of the national nuclear data projects (USA, Europe, Japan, Russia and
China). All data are stored in the internationally-adopted ENDF-B format maintained by CSEWG

Standard Request {example); Go to: Advanced Request

Paraihotams: Submit | [ Reset Libraries: @ all Ogelected O Clean

) Major Libraries ) other Libraries _’_’_j
Reaction [7] .G Jenpre-vita (USA, 20060  [l1aEA-Standards, 2006

Product [ ] Lloepr-aa (Eurape, 2005) [11aEA-Medical (for radicisotope prod.)
Quantity [7] o5 (lienpL-a.z  (apan, 2002 [11roF-2002 (Dosimetry)

[Jenpre-vie (USA 20010 [1IEFF-3.1/a (Activation)

eronp-z.2  (Russia, 1932) [] Special Purpose Libraries

Submgt O cenpL-z (China, 1991y [ archival Libraries

More Parameters...

Options:

view: (3 pasic " Extandad

Sort by: (2 Reactions () Evaluations

Clone Request: Feedback:
EXFOR | [ CINDA | [E54] comments/questions?

MNote:

- all criteria are optional (selected by checking I 1

- selected criteria are combined for search with logical AND

- criteria separated in a field by *;" are combined with logical OR

- wildcards and intervals are avallable
- pointwise libraries contain reconstructed resonances using parameters from MF=2 and applied Doppler broadening at a given temperature, They should be used for view and plot low energy cross sections,

Extensive temperature dependent pointwise ibrares: Point-2004 (ENDFE-VI.8), PoOInt-2007 (ENDFB-VIL.Q)

Datebase Manager: Viktor Zerkin, NDS, Internationa! Atemic Energy Agancy (If. Terkin@izea.org)

Web snd Database Frogramming. Viktor Zerkin, NDS, Interpstiona! Atomic Energy Agency (V. Zarkin®izes.org)

Dats Source: Nuckesr Fnergy Agency internstions! Working Party on Evatustion Cooperation (hbp /fvwuny. nes Fribtmld sciencel wpesr')
and Cress Section Evaluation Working Group (htte: ffwww nndc bed govicsewal)

www-nds.iaea.org




Data Libraries

& E4fServlet: Select - Mozilla Firefox
Eile Edt Wiew History Bookmarks Tools Help

htkp:f fvnaw-nds iaea, orgfexforjservlet/E4sSearch2

</Request #8506

ENDF Data Selection
[ Retrigve ] | RetrigverFlat ] [ Resst ]
Data Selection: ) selected O Unselectad O all
Plotting Mode: & Sigma-Plot* (pointwise) (O MF3-Original ) Universal plot: DA,DE,DAE,SIG [test version]

Gorted by: [Reactions] Reorder by: [Libraries] View: C'\-'baslc C:' extended

1) ZR-91(N,G)ZR-92,5IG MT=102 MF=3 NSUB=10
MF3: [SI3] Cross sections MT102: [N G] Radistive capture.

[ sigroa-thl| Interpreted | Flot| JENDL-3. 3 E=20Me¥ Lab=JNDC Date=20010810 JNDC FP NUCLEAR DATA W.G.
[ sigraa-tl| Interpreted JENDL-3. 3 T=300K E=20MeV Lab=JNDC Date=20010810 JNDC FP NUCLEAR DATA W.G.

] greatil | etarneatad
Sigma-thl | Interpreted | Flot| ENDF/B-VII.0 E=ZOMeV Lab=JNDC,ENL Date=DIST-DECOE JNDC FEND W.G., Mughabghab

ML E R _TT RRETaYaT S TC LT S P B3 Al PP e TR 1-T LR T B L L L 517 T

PYETRrEted e, TeL oL Dace=220101 W CLUTTNLLLL, ¥ NENLTICE

Piot|
D Sigma—tbl Interpreted Fl ENDF/BE-VI E=20MeV Lah=3AT BNL Date=20011108 M_DRALKE, D SARGIS T MATING P ROSE
B
Pl
Fl

7 Plat]
s [ Sigma-thl| Interpreted JEFF-3.1 E=Z0Me¥ Lab=JNDC Date=050504 JHDC FP NUCLEAR DATA W.G.
s [ Sigma-thl| Interpreted JEFF-3.1/& T=253K E=20MeV Lab=UKAEL Date=DIST-JULO3Z Forrest, Hopecky, Sublet, Foning

10 [ sigrmathl| Interpreted | Plot| BRoMp-2. 2 Lab=CJD+IATE Date=REW1-SERS CEUDZEVICH 0.T. ET. AL.

ot
at
it
N
I | Sigma-thl| Interpreted ot F-3.0 E=Z0MeV Lab=JNDC Date=DIST-APROZ JHDC FP NUCLEAR DATA W.G.
ot
ot
ot

[Gloszsary]: meaning of abbreviations and variables
[about]: a few words on ENDF-6 format

*Legend:
Plot-MF | platting the cortents of the selected section of file 3. Guick, but not akways carrectly presents cross-sections inlow energy region; use [Plot] option in order to compare data &t the same conditions
Plot | cross section data (Sigma) with reconstructed resonances using parameters from MF=2 and applied Doppler broadening at the temperature =293°K (room temperature: 20°C)
UniPlot | universal plot DAMES), DECMFS), DAEMFE), SIG(MF3+MF33) (room temperature: 20°C)

Page generated: 2007/10/09,13:05:16 by E4 Servlet on mawwnds.iaea.org
Project: "Multi-platform EXFOR-CINDAENDFY, W.Zedin, |AEA, 19092007
Request fram: pc32330.iaea.0rg (161.5.148.213)

www-nds.iaea.org




Data Libraries

& E4iServiet: Qutput - Mozilla Firefox
Eile Edt Wiew History Bookmarks Tools Help

| fm
| LY

@@ - il “2F htkpffweew-nds.iaea, orgfexFor serviet/E4sMakeE4

4] ENDF Request #806 (2)
Output Data

Format Dada (Size)

ENDF | Text (31Kb) ZIP (8Kkh)

Cross Section
Mote, The data shown on this plot were converted to the pointwise prasentation (T=293K].

= B . . Find and add to the plot
EHDF Regquest 886, 2887-0ct-89,13:85:59 ExXFOR L
10”12 10~ %
T T
=—————— EHDF/B-UII.8: ZR-91(H,G)ER-92

1) ENDF/B-YILO: ZR—Ql(N,G)ZR—92|

See: plotted data (556Kb)

Cuse My DatNgsmple]
Colurmns: x v [dy 11

|
Type: @ curve O Points
Title:|My Data

Multiply by: K:i‘\

-
©
5
=
"
)
-
3
]
-
o)
o
@
-]
@
1]
o
-
o

1 L
10~ 19 10~ S

Incident Energy (MelU)
Log: #v | x| v |Lin: v | %] v |Auto-range: ®v| %] v|Page: == | <<|Zoom: <= | =<|Grid: wH| 0| v|H|Pts: Tt | Box| PL| Print
Reset Fliegend [#authors Manual plotting options:[+]

Data for plotting: Z¥D (536Kb), send to ZWView; download ZWWiew

Mote, Zoom and ather interactive plotting features were tested under Weh-browsers:
Ms-Internet Explorer 5.5, Firefox 2,0, Safari, Opera 9.1, Netscape v-7,2

Page gensrated: 2007/10/09,13:05:00 by E4Servlet on mwrnds.iaea.org
Project: "Multi-platfarm EXFOR-CINDA-ENDFY, W Zetkin, LAEA, 19992007
Request from: pe32E30.ia2a.0rg (161.5.148.213)

www-nds.iaea.org




Data Libraries

91Zr capture cross
section

at E =30 keV:
61.8 mb

www-nds.iaea.org

& E4iServiet: getSectionSummary - Mozilla Firefox

Eile Edt Wiew History Bookmarks Tools Help

I_};} 1} htkp:fhena-nds iaea, orglexfor jserviet/E4sGet TabSect?SectID=2174018req=0068PenSect ID=20753

.} E4/Serviet: getSectionSummary [ | 7 H4/Servlet: Select

#LIBRARY EMNDF/E-VII.O

Section: S Original dat
#REACTICN  IR-91(M,G) ZR-92,5IG ection: Summary Otigital data

#NUCLEUS Ir-91 Tabulated Data:

ifr ?.02 Pomts: 20285

HEN-MIN 1e-05 Energy (V)

HEN-MAX Ze+07
#E, eV Fig.b Interpolation i hlax
1E-05 ; Lin-Lin Set0T

.0B8624E-05 . Lin-Lin
.17903E-08 3 Lin-Lin Tao
.2B071E-05 . Lin-Lin
.39012E-05 : Lin-Lin
.E1E-05 2 Lin-Lin Calculation of Cross Section

.6E39E-05 : Lin-Lin for a Single Energy:

Get data:

. 7B034E-05 & Lin-Lin
I Energy (V) = 30e+3

-08920%E-05 . Lin-Lin

.93243E-05 dr Lin-Lin
.2784E-05 : Lin-Lin I Cross Section (b) = 0.0617753

Calculate |

-474589E-05 . Lin-Lin
.6B63E-05 3 Lin-Lin
-91795E-05 o Lin-Lin
-18724E-05 . Lin-Lin
-44039E-05 . Lin-Lin
.73425E-05 . Lin-Lin
.056533E-05 . Lin-Lin
-40254E-05 . Lin-Lin
.78255E-05 . Lin-Lin
.19109E-05 £ Lin-Lin
.B387SE-05 z Lin-Lin
.12047E-05 & Lin-Lin
-64831E-05 . Lin-Lin
-21623E-05 . Lin-Lin
-83857E-05 . Lin-Lin
-50817E-05 . Lin-Lin
-24194E-05 . Lin-Lin
.000100314 £ Lin-Lin
.000108365 gl Lin-Lin
000118274 . Lin-Lin
000125474 . Lin-Lin
0001359449 . Lin-Lin
000151475 . Lin-Lin
000164414 . Lin-Lin
000178594 Lin-Lin
.00019385 Lin-Lin
.0002105658 Lin-Lin
.000228555 Lin-Lin
.000248267 Lin-Lin
.000269474 Lin-Lin
.D00292714 Lin-Lin
0003177189 Lin-Lin
-0o034512 Lin-Lin
.000374601 Lin-Lin
.000408308 Lin-Lin
000441667 Lin-Lin
.000479757 Lin-Lin
00052074 Lin-Lin
00056565 Lin-Lin
00061337 Lin-Lin
00066632 Lin-Lin

0000000000000 0000000000V@--10000HEHEBE0ERNRRNRNNRHRR R

Mmoo oo -] -] -] 00D

(=}




Data Libraries

How about
experimental
data?

www-nds.iaea.org

& E4iServiet: Qutput - Mozilla Firefox

Eile Edt Wiew History Bookmarks Tools Help

| fm
| LY

@@ - il “2F htkpffweew-nds.iaea, orgfexFor serviet/E4sMakeE4

4]
Output Data

Format Dada (Size)

ENDF | Text (31Kb) ZIP (8Kkh)

ENDF Request #8068 (2)

Cross Section
Mote, The data shown on this plot were converted to the pointwise prasentation (T=293K].

EHDF Regquest 886, 2807-0ct-89,13:85:59

10”12 10~ %

T T
= EHDF/B-UII1.08: ZR-91(H,G)ZR-92

-
©
5
=
"
)
-
3
]
-
o)
o
@
-]
@
1]
o
-
o

10~ 19 10~ S

Incident Energy (MelU)

Find and add to the plot
experimental data

L1100 ZR-91(N,G)ZR-92 |

Log: #v | x| v |Lin: v | %] v |Auto-range: ®v| %] v|Page: == | <<|Zoom: <= | =<|Grid: wH| 0| v|H|Pts: Tt | Box| PL| Print

@ Legand Authors
Data for plotting: Z¥D (536Kb), send to ZWView; download ZWWiew

Mote, Zoom and ather interactive plotting features were tested under Weh-browsers:
Ms-Internet Explorer 5.5, Firefox 2,0, Safari, Opera 9.1, Netscape v-7,2

Manual plotting options:[+]

See: plotted data (556Kb)

Cuse My Data [exsmple]
Colurmns: x v [dy [dx]]

Type: @ curve O Points

Title:|My Data
Multiply by:

K:i‘\

Page gensrated: 2007/10/09,13:05:00 by E4Servlet on mwrnds.iaea.org
Project: "Multi-platfarm EXFOR-CINDA-ENDFY, W Zetkin, LAEA, 19992007
Request from: pe32E30.ia2a.0rg (161.5.148.213)




Data Libraries

& X4/Serviet: Select - Mozilla Firefox
Eile Edt Wiew History Bookmarks Tools Help

& - = (o] [*2) httpeffwnw-nds.iaea. orgfexforiservietX4shaked

£} EdfSarviet: Output £} X4/Serviet: Select

#H|4| EXFOR Request #2459/1 (folowing ENDF Request #8063
Output Data

Fowrnat Data (Size)

EXFOR Text (32Kb) ZIP (BKb)

Bibliography | htmnl {7Kb) BibTex {3kb)

ENDF Request 886, 2007-0ct-89,13:05:59 1) 40-ZR-91(N,G)40-2R-92,,51G

EXFOR Request: 2459-1. Z887-0ct-89 13:87:39 21 EMDF/B-WIL.O: ZR-91(MN,G)ZR-92

10~ S
ENDF~B-UII.B8: ZR-91(H, G)IZR—QZ
Hakamura ™ fis
Dhgama hy
Del
Kapchigasheu
HMacklin

See: plotted data (563Kb)

Y ta [example]
[dx]]

Title: |y Data
Multiply by: K:ET

-
“
15
-
L]
&
-
3
=l
-
-
7}
@
)
“
@
-1
=
(5]

| |
1019 10~S

Incident Energy (MeU)

Log: ¥v | ¥| v |Lin; ®v| ¥| v |auto-range: x| % | v |Page: == | <<|Zoom: «=| =<|Grid: vH| 0| v|H|Pts: Txt| Box| PL| Print|
Legand Alithoirs Manual plotting options:[+]
Data for plotting: ZVD (544kKb), send to ZWview; download ZWWiew

Mote, Zoorn and other interactive plotting features were tested under Web-browsers:
MS-Internet Explorer 5.5, Firefox 2.0, Safari, Opera 9.1, Metscape v-7.2

Page generated: 2007/10/09,13:07:40 by X4 Servlet on mawsnds.iaea.org
Project: "Multi-platform EAFOR-CINDA-ENDFY, W.Zekin, |AEA, 1999-2007
Request fram: pe32330.ia2a.0rg (161.5.149.213)

www-nds.iaea.org




Data Libraries

& Mozilla Firefox

File Edit Wiew History Bookmarks Tools Help

N N
Lne

Lo} httpjhee-nds.isea.orgexfor jservletX4sShowData?db=x4&np=get_plotdatadreq=-1&i=6&File="4R2459 _x4.zvd.dat b=t

i} EXFORJCSISRS: Experimental Muclear ... Lo ¥dfServiet: Select

0.00041
0.00045
0.0005
0.00057
0.00061
0.00o07

two experimental P

values: b noige
99 + 1 mb
67.6 £ 3.5 mb

weighted average:
c=61.0x1.6mb

value from evaluated
library:
c=61.8mb

0.6
0.475
0.39
0.38
0.49

0000000000000 00000000

#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#
#

B

P
P
P
b
P
P
b
P
P
b
P
P
b
P
P
b
P
P
P
5
P
R
b
E
P
b
R
P
23
P
P
23
P
P
23
P
R

ttp:/ swww-nds.i... xd.zvd.dat.txt 3

.Fapchigashev
.Kapchigashew
«Kapchigashew
«Kapchigashew
.Kapchigashew
«Kapchigashew
«Kapchigashew
.Kapchigashew
«Kapchigashew
«Kapchigashew
.Kapchigashew
«Kapchigashew
«Kapchigashew
.Kapchigashew
«Kapchigashew
«Kapchigashew
.Kapchigashew
.EKapchigashew
«Kapchigashew
«Kapchigashew
.Kapchigashew
-Del+

«Kapchigashew
-Del+

«Kapchigashew
«Kapchigashew
-Del+

.Kapchigashew
-Del+

.Kapchigashesw
.Kapchigashew
-Del+

.Kapchigashesw
.Kapchigashew
-Del+

.Kapchigashesw
-R.Del+

« Ohogsma+

5 A
P

Kapchigashew
Eapchigashew

20034003

40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
40034003
30423005
40034003
30423005
40034003
40034003
30423005
40034003
30423005
40034003
40034003
30423005
40034003
40034003
30423005
40034003
30423005
22897002
40034003
40034003

I

EE I R T

-L.
« Ohoraana+
-R.
.P.
. Ohorara+
R.Del+

P.Kapchigashewv
-R.
P
E

Macklint

Del+
Kapchigashewv

Del+

.Kapchigashew
-Del+
. Ohorara+
-R.
-R.
-R.

Del+
Lel+
Del+

#
#name: ENDF/B-VII.O:

ZR-91 (N, G) ZR-92

11545003
Z2z89700z

30423005
40034003
2z897002
30423005
40034003
30423005
40034003
30423005
2z897002
30423005
30423005
30423005

experimental data
from EXFOR

Done

www_nds.iaea.orlg #%.axis: Incident Energ




Data Libraries

Uhmm...
c=61.0+x1.6 mb at 30 keV

In perfect agreement with my
own evaluation!




Data Libraries

Other major Nuclear Data libraries available for display & retrieval:

Libraries: @A
() Major Libraries (_) Other Libraries |II
[lenpF/B-vilo (USA, 20060 [ l1aEs-Standards, 2006
[ 13eFF-3.1 (Europe, 2005
D JEMDL-3.3
[lenDF/B-w1.8
A BROMD-2.2 [ ia, 1992 [ ] Special Purpose Libraries
[l cENDL-2 {Zhina, 19913 [ | Archival Libraries

www-nds.iaea.org




a.mengoni@iaea.org




Capture 'y  Nn_TOF experiments
U Abbondanno et al. (The n_TOF Collaboration)

204,206,207,208Pp  209B; Phys. Rev. Lett. 93 (2004), 161103
! S Marrone et al. (The n_TOF Collaboration)
232Th Phys Rev. C 73 03604 (2006)

24,25,26Mg 152Gd B198Gd 1 '°4Gd 157Gd
90,91,92,94,967y 937y >

139
La 156
186,187,1880)g

233,234

237Np,240Pu,243Am

150Sm \ilSm >2Sm
93 a

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

* Tg>4 using the “classical” s-process model
 from AGB modeling: 71% of 1°2Gd

Present main uncertainty: A4(T) of ">'Sm

The n_TOF Collaboration




Capture

204,206,207,208Pb, 209B;
232Th

24,25,26Mg
90,91,92,94,967 r, 937r
139] g

186,187,188()g

233,234

237Np,240Pu,243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

CAPTURE YIELD

n_TOF experiments

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

500 520

10° 10° 10*

NEUTRON ENERGY (eV)

the 1st measurement at n_TOF




Capture 'y  Nn_TOF experiments
U Abbondanno et al. (The n_TOF Collaboration)

204,206,207,208Py 209B; Phys. Rev. Lett. 93 (2004), 161 102
232Th S Marrone et al. (The n_TOF Collaboration)
24,25261g Phys. Rev. C 73 03604 (2006)

90,91,92,94,96 7 937y
139La » n_TOF data

Y : % . —— SAMMY fi
186,187,183()g

233,234U
237Np,240Pu,243Am
Fission
233,234,235,236,238U

232Th
209B;j

CAPTURE YIELD

2Np NEUTRON ENERGY (eV)

241,243Am, 245Cm




Capture 'y  Nn_TOF experiments
U Abbondanno et al. (The n_TOF Collaboration)

204,206,207,208pp  209Bj Phys. Rev. Lett. 93 (2004), 161 102
232Th S Marrone et al. (The n_TOF Collaboration)
24,25261g Phys. Rev. C 73 03604 (2006)

90,91,92,94,967r 937y

139La
186,187,18805
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The n_TOF Collaboration




Capture n_TOF experiments
U Abbondanno et al. (The n_TOF Collaboration)

204,206,207,208Pp  209pB;] Phys. Rev. Lett. 93 (2004), 161103

' &
232Th S Marrone et al. (The n_TOF Collaboration)
24,25261g Phys. Rev. C 73 03604 (2006)

90,91,92,94,96 7 937y

139La
186,187,18805

TABLE IX. The “'Smi(n.y) cross section in the unresolved
resonance region from 1 keV to 1 MeV.
Energy bin Tin ) Uncertainty (%)

Syst.

for nuclear data
233,234| evaluators: 24.52 0.8 44

. . . . . 23.658 4.3
all infos available in 5.1.75 2194 42

#Np, #°Pu,#=Am refereed journal 1976 42

. . publications 2.5-3 ]::n
on the n_TOF website 5-7.5
www.cern.ch/ntof 10.12.5

12.5-15
232Th 15-20
20-25
209B;j 25-30
30—40
40-50
237N 9 50-60
60-80

241,243 Am, 245Cm 80100

=
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Capture

151Sm
204,206,207,208Pp  209B;
232Th

24,25,26Mg
90,91,92,94,962r, 937r
139] 5

186,187,188()g

233,234

237Np,240Pu,243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

n_TOF experiments

Pb & Bi

at the termination point of the s-process
Pb-204: s-only

Pb-2006: s-, r-, and U-238 decay

Pb-207: s-, r-, and U-235 decay

S—process

The n_TOF Collaboration
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204,206,207,208Pp  209B;]

232Th
24,25,26Mg

90,91,92,94,967 r, 937r
139 La
186,187,18805

233,234

237Np,240Pu,243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

2°Pb(n,y)

n_TOF experiments

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

&

PRC 74 (2006) 055802

The n_TOF Collaboration
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204,206,207,208Pb, 209B;
232Th

24,25,26Mg
90,91,92,94,967 r, 937r
139] g

186,187,188()g

233,234

237Np,240Pu,243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

n_TOF experiments

C Domingo-Pardo, et al. - The n_TOF Collaboration
207Pp(n,y) ND2004 Conference, Santa Fe, NM — Sept. 200;
PRC 74 (2006) 055802

e This work
o Raman et al.

gr, /T (meV)

Ratio

Resonance Energy (eV)

substantial disagreement for E,, > 45 keV

The n_TOF Collaboration




Capture
15lsm

204,206,207,208pfy 209B;

232Th
24,25,26Mg

90,91,92,94,967 r, 937r
139 La
186,187,18805

233,234

237Np,240Pu,243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

n_TOF experiments

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

&

PRC 75 (2006) 015806

204Pb(n ,y)

.'-E'I:l-'ipb{:n!‘rj Yield
Sammy R-Matrix Fit

O Pointwise Bkg.

56 58 60 62 64 66 68 70 72 T4
E. (keV)

Very low neutron sensitivity of capture y-ray
detection systems & high resolution _,

e n_TOF Collaboration




204,206,207,208pfy 209B;

232Th
24,25,26Mg

90,91,92,94,967r 937y

139La
186,187,18805

233,234

237Np,240Pu,243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am

n_TOF experiments

C Domingo-Pardo, et al. - The n_TOF Collaboration

ND2004 Conference, Santa Fe, NM — Sept. 2004

E. | J I, A, In K. AK.
(eV) (meV) (%) (meV) (meV) (%)
803 1 12 133 4 30 09020 27
13338 1 1/2 105 4 463" 321° 1.3
1687.1 0 1/2 1029 0.7 3340 787 0.5
2481.0 0 1/2 514 1.1 5470 470% 1.0
2600.0 835 6
270711 3/2 312 9 115 168 2
318700 1/2 316 10 17 169 0.1
38040 1 1/2 280 8 664 537 1.6
428411 3/2 111 9 240 394 17
4647.5 257 9
AT194 1 3/2 412 5 950 575 3
R4T3.2 1 12 790 1.6
A561.4  (1/2) 103 10 1.9 067 6.4
6700.5 0 1/2 312 3 4540 202 3
7491.0 190 0.5
836574 0 1/2 1286 1.9 45000 1250 1.9
8422.0 13 7
8049.6 229 3
0101.0  (1/2) 193 8 150 844 4
9649.3 0 1/2 1076 2 7860 046 2
10254 370 8
11366 1 3/2 390 10 226 665 O
11722 28 9@
12147 R44 8

&

PRC 75 (2006) 015806

TABLE IV: Average neutron capture cross section for *™ Ph.

Elow Ehnign Cross section  Statistical uncertainty®
(keV) (keV) (harn) (%)
58.210 02.404 0.059 ]
92,404 06,748 0.059 4]
O6.748 1071406 0.058 11
101406 106,408 0.057 o]
106,408 111.790 0.057 7
111.790 117.591 0.056 ]
117.591  123.855 0.056 T
123.855  130.634 0.055 i
130.634 137.985 0.054 i
137.985 145.974 0.054 G
145.974 154.678 0.053 i
154.678 164185 0.053 7
164,185 T74.596 0.052 7
T4.506  186.030 0.051 G
186.030  198.625 0.051 5
198.625  212.544 0.050 5]
212.544  227.981 0.049 5]
227.981 245.162 0.049 4]
245.162 264.363 0.048 4
264.363 285.911 0.047 4
285,011 310,207 0.046 4
310.207  337.739 0.046 4
337.739  369.107 0.045 4
369,107 405.060 0.044 4
405.060  443.512 0.043 3

“This value has to be added in quadrature with the overall
systematic uncertainty of 10%.

The n_TOF Collaboration
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n_TOF experiments

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

&

Phys. Rev. C in press (2007)

20Pb(n,y)

206Ph abundances

, . r-process
radiogenic

e

s-process

Very low neutron sensitivity of capture y-ray
detection systems & high resolution _,

e n_TOF Collaboration




204,206,207,208Pb, 209B;
232Th

24,25,26Mg
90,91,92,94,967 r, 937r
139] g

186,187,188()g

233,234

237Np,240Pu,243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

n_TOF experiments

C Domingo-Pardo, et al. (The n_TOF Collaboration)
209Bi(n,y) Phys. Rev. C 74, 025807 (2006)

o This work
O GELIMNA

gr.I /T (meV)

3§

| |
10000 15000
Resonance Energy (eV)

Very low neutron sensitivity of capture y-ray
detection systems & high resolution _,

e n_TOF Collaboration



Capture n_TOF experiments

>iSm C Domingo-Pardo, et al. (The n_TOF Collaboration)
204,206,207,208pp 209 209Bi(n,y) Phys. Rev. C 74, 025807 (2006)

232Th
24,25,26Mg

90,91,92,94,967 r, 937r
139 La
186,187,18805

233,234U
237Np,240Pu,243Am
Fission
233,234,235,236,238U

232Th
209B;j

237Np Very low neutron sensitivity of capture y-ray
241,243\, 245Cm detection systems & high resolution _

e n_TOF Collaboration
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204,206,207,208pfy 209B;

232Th
24,25,26Mg

90,91,92,94,967 r, 937r
139 La
186,187,18805

233,234

237Np,240Pu,243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

n-204

n_TOF experiments

PRC 015806
(2007)

N-206

PRC in press
(2007)

0-207/

PRC 055802
(2006)

Bi-209

PRC 025807
(2006)

= allows for accurate modeling of s-process in AGB stars
s allows for r-process abundance determination

m clocks & others

The n_TOF Collaboration
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n_TOF experiments

Solar system elemental abundances

40 o0
Atomic number Z




Capture n_TOF experiments

151Sm C Moreau, et al. - The n_TOF Collaboration

_ ND2004 Conference, Santa Fe, NM — September 2004
204,206,207,205Pb, 209Bi G Tagliente et al. (The n_TOF Collaboration)
232Th NIC-1X, CERN, June 2006

9
24,25,26Mg Zrin.) Capture Yield *Zr

90,91,92,94,967 r, 937r
139 La

186,187,188()g

233,233 20% reduction

237Np,240Pu, 243Am in the capture
strength

Fission (average)
233,234,235,236,238U

232Th

209Bj

237Np

241,243Am, 245Cm
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The n_TOF Collaboration




n_TOF experiments

C Moreau, et al. - The n_TOF Collaboration
ND2004 Conference, Santa Fe, NM — September 2004
G Tagliente et al. (The n_TOF Collaboration)

NIC-IX, CERN, June 2006
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Capture n_TOF experiments

151Sm C Moreau, et al. - The n_TOF Collaboration
ND2004 Conference, Santa Fe, NM — September 2004
G Tagliente et al. (The n_TOF Collaboration)

232Th NIC-IX, CERN, June 2006
0Zr(n,y)

204,206,207,208Pp  209B;]
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139] 5
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Eq(eV)

The n_TOF Collaboration
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n_TOF experiments

R Terlizzi, et al. (The n_TOF Collaboration)
CGS12

Notre Dame, IN, USA

AIP Conference Proceedings 819

&

PRC 75 (2007) 035807

——LANTHANUM
—TOTAL BACKGROUND

10 10 100 10" 10°
NEUTRON ENERGY (¢V)

The n_TOF Collaboration




Capture n_TOF experiments

151
>1Sm R Terlizzi, et al. (The n_TOF Collaboration)
204,206,207,208pfy 209B; CGS12
Notre Dame, IN, USA
232Th AIP Conference Proceedings 819
24,25,26 M| &
J PRC 75 (2007) 035807

90,91,92,94,967r 937y

186,187,188()g

233,234

237Np,240Pu,243Am

Fission

233,234,235,236,238 J

.
S
X
S
b~
=
<

| L e
209 " '!u..:..u!ll | -"Iil:llllililll'alll'iﬂu'ﬂiil H'Il

237N NEUTRON ENERGY (eV)

241,243Am. 245Cm
{ The n_TOF Collaboration




Capture n_TOF experiments

151Sm
204,206,207,208Pb’ 209B|

232Th
24,25,26Mg

90,91,92,94,967r 937y

186,187,188()g

233,234U « endf
B Nakajima
A jend!

237N p’ 240Pu’243Am 1000 2000 3000 4000 5000 6000 7000 _ 8000 _ 9000
Energy (eV)

Fission Remarkable energy resolution and background conditions
233,234,235,236,238) have allowed to determine the resonance parameters up to 9 keV

>2Th RI=10.8 £ 1.0 barn

209Bj average y-widths:
s-waves = 50.7 £ 5.4 meV

237Np p-waves = 33.6 £ 6.9 meV
<D,>= 252 + 22 eV

241,243Am 245Cm S,=(0.82+0.05)x10%4 S, =(0.55 £ 0.04)x104 ,
The n_TOF Collaboration
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Fission
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n_TOF experiments

« endf
B Nakajima

A jend!
1000 2000 3000 4000 5000 6000 7000 8000 9000

Energy (eV)

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

The n_TOF Collaboration
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Capture n_TOF experiments
151Gm : ) :
204,5206,207,208pr 209Bj ND20F04(13 ggﬂ?e%,e?\tzg!.sgnq: rI;ETﬁII\:/IC—;OgtaagE ?882
24,25,26Mg
90,91,92,94,967r 937
139 5

186,187,188()g

S Ij h
e
i l ‘H,, o .F
l i"l I I l‘
S N SR
A N

233,234

237Np,240Pu,243Am

-
D
>
Q
S
=
=
Qo
©
o

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

extremely high-resolution data!

The n_TOF Collaboration




Capture e n_TOF experiments
15m F Gunsing, et al. - The n TOF Collaboration
204,206,207,208Pp 209B] ND2004 gonlfe%ence, Santa Fe, NM — Sept. 2(;04

&
G Aerts et al. (The n_TOF Collaboration)

4752Mg Phys. Rev. C 73, 054610 (2006)

90,91,92,94,967r 937y

139 La
Lmtiner et dT (1976

186,187,18805 = Poenitz et al. 1’19?6;

I'Rﬂagkhn Pf &[’E {1]98%}8“
obayashi et al. |
233,234U Wisﬂ}:ﬂk et al. (2001
Sl g R
rella eta
237Np,240Pu,243Am IﬁEA evaluation (2005

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

heutron energy (eV)

The n_TOF Collaboration




Capture v N_TOF experiments

=iSm - F Gunsing, et al. - The n_TOF Collaboration
204,206,207,208phy  209B; Th(n,y) ND2004 Conference, Santa Fe, NM — Sept. 2004

&
G Aerts et al. (The n_TOF Collaboration)

4752Mg Phys. Rev. C 73, 054610 (2006)

90,91,92,94,96 7 937y

139La
186,187,18805

233,234

237Np,240Pu,243Am

Component Uncertainty (%)

PHWT 0.5
MNormalization 0.5

Fission

Total 3.3

233,234,235,236,238 J

232Th

209B; For E, =4 keV up to 1 MeV full dataset

is available on the PRC publication
237Np

241,243Am, 245Cm




Capture +s N_TOF experiments

15ISm
204,206,207,208Pp  209B; F Gunsing, et al. - The n_TOF Collaboration

analysis in progress
|

24,25,26Mg
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|||m|i
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®

10° 10
237Np energie du neutron (eV)

241,243Am, 245Cm

The n_TOF Collaboration




Capture vy n_TOF experiments

1515m
204,206,207,208Pp  209B; F Gunsing, et al. - The n_TOF Collaboration

analysis in progress
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90,91,92,94,967r 937y

139La
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S-WaVve resonances
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The n_TOF Collaboration




Capture n_TOF experiments

151Sm
204,206,207,208Pb’ 209B|

232Th W Dridi, E Berthoumieux, et al., (Dec. 2004)

24,25,26 M|
g RAW DATA of the 2*U( n,y+f) measurement
90,91,92,94,962r, 937r

139La
186,187,18805

——— 1) Room + target frame background

2) Background due to Ti canning + 1)

3)PU +2)

233,234

237Np,240Pu,243Am

Fission

233,234,235,236,238 J

232Th Ul Loyl ool Ll Ll

: 10 107 10° 10* 10°
“09Bi Energy (eV)

23INp n_TOF TAC in operation

241,243Am 245Cm

The n_TOF Collaboration
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n_TOF experiments

W Dridi, E Berthoumieux, et al., CEA/Saclay
Paper in preparation (October 2006)

Residual
-Ili\- IIJ O 2 I (@)}

10 107
Energy (eV)

n_TOF TAC in operation: capture & fission discrimination
The n_TOF Collaboration
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n_TOF experiments

W Dridi, E Berthoumieux, et al. (The n_TOF Collaboration)
PHYSOR-2006, Vancouver, September 2006

full paper in preparation

Figure 3: Neutron capture on “U yield in the thermal region and for the first resonance

obtained in the present experiment.

— Our data

| —— ENDF-BVI

—— Sammy fit

Residual

n_TOF TAC in operation

The n_TOF Collaboration
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n_TOF experiments

W Dridi, E Berthoumieux, et al. (The n_TOF Collaboration)
PHYSOR-2006, Vancouver, September 2006

234U(n,y) full paper in preparation
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Capture n_TOF experiments

15lsm

204,206,207,208ph  209B;j W Dridi, E Berthoumieux, et al. (The n_TOF Collaboration)
! PHYSOR-2006, Vancouver, September 2006

232Th 234(n,y) full paper in preparation
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Capture vy n_TOF experiments

15lsm
204,206,207,208ph  209B;j W Dridi, E Berthoumieux, et al. (The n_TOF Collaboration)
! PHYSOR-2006, Vancouver, September 2006

232Th 234(n,y) full paper in preparation

24,25,26Mg

90,91,92,94,967r 937y
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o0
[

233,234

237Np,240Pu,243Am
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Capture vy n_TOF experiments

15lsm
204,206,207,208ph  209B;j W Dridi, E Berthoumieux, et al. (The n_TOF Collaboration)
! PHYSOR-2006, Vancouver, September 2006

232Th 234(n,y) full paper in preparation
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Capture R n_TOF experiments

151Sm D Cano-Ott, et al. - The n_TOF Collaboration
204,206,207,208phy 209 ND2004 Conference, Santa Fe, NM — Sept. 2004
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n_TOF experiments

C Guerero, D Cano-0tt, et al. - The n_TOF Collaboration
PHYSOR 2006, Vancouver, September 2006
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Capture (i n_TOF experiments

=iSm C Guerero, D Cano-0Ott, et al. - The n_TOF Collaboration
204,206,207,208pfy 209B; PHYSOR 2006, Vancouver, September 2006
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Capture n_TOF experiments

sl C Guerero, D Cano-0tt, et al. - The n_TOF Collaboration
204,206,207,208pfy 209B; PHYSOR 2006, Vancouver, September 2006

232Th “TNp Radiative Kernel from nTOF compared to JENDL

N
o=

eval

24,25,26Mg

& n_TOF compared to JENDL 3.3

-
h

90,91,92,94,967r 937y

139La
186,187,18805

n_TOF compared to ENDF 6.5

'RKeval)f RK
=

nTOF

on

233,234

240py 243Am

Fission
233,234,235,236,238U
232Th

209B;

237Np

241,243Am, 245Cm

x
14
Tl
=
=

The n_TOF Collaboration




Capture vy n_TOF experiments

151Sm D Cano-Ott, et al. - The n_TOF Collaboration
204,206,207,208phy 209 ND2004 Conference, Santa Fe, NM — Sept. 2004
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n_TOF experiments

C Guerero, D Cano-0tt, et al. - The n_TOF Collaboration
PHYSOR 2006, Vancouver, September 2006
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n_TOF experiments

C Guerero, D Cano-0tt, et al. - The n_TOF Collaboration
PHYSOR 2006, Vancouver, September 2006

2'mPu Radiative Kernel from nTOF compared to evaluated data
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RK, tor Is on average 9% smaller than RK jz\p and 7% smaller than RKgy .
The n_TOF Collaboration
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n_TOF experiments

D Cano-Ott, et al. - The n_TOF Collaboration
ND2004 Conference, Santa Fe, NM — Sept. 2004
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The n_TOF Collaboration




n_TOF experiments:
fission measurements




n_TOF experiments:
fission measurements

*HV 500-600 V

*3 mm between electrodes

*1 anode (a few ns signal width)
Electrode thickness: 1.5 um (Mylar+Al)
Deposit thickness : 100-300 ug/cm?
*Backing thickness : 0.1 um (Al)

. - 1.5 um (Mylar)

-Fission event identification: T2 in coincidence with T1 developed at IPN Orsay

The n_TOF Collaboration




n_TOF experiments:
fission measurements

FAST INDUCTION COUNTER
_-Argon vessel (0.8 bar) *Gas: Ar (90%) CF4 (1 O%)
Gas pressure : 720 mbar
, gaenlimegit *Electric field : 600 V/em

Gap pitch : 5 mm

s Tlectrons *Electrode diameter: 12 cm
*Electrode thickness: 15 um (Al)
*Deposit thickness : 125 um/cm?
*Backing thickness : 100 um (Al)
*Window thickness : 125 um

sockets Belige
“Yacuum chamber

3
s, Targets

“ Window

developed by a CERN/Obninsk/Dubna team

The n_TOF Collaboration
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n_TOF experiments

PPACs & FIC-0 (2003)
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An unprecedent wide energy range can be
explored at n_TOF in a single experiment

The n_TOF Collaboration
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n_TOF experiments

PPACs & FIC-0 (2003)
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High-resolution data up to high(er) energies

The n_TOF Collaboration
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Capture %,  n_TOF experiments

1515m = PPACs & FIC-0 (2003)
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The n_TOF Collaboration




n_TOF experiments

PPACs (2002 & 2003)
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The n_TOF Collaboration
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Capture =/ n_TOF experiments
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The n_TOF Collaboration
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n_TOF experiments

FIC-0 (2003)
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Higher fission x-section in the sub-threshold region

The n_TOF Collaboration




Capture A rn_TOF experiments

1515m — PPACs (2003)
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Higher fission x-section in the sub-threshold region
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Capture vy n_TOF experiments

15].Sm
204,206,207,208ppy 209} 238U(n,f)/23°U(n,f) : .FIC1 data
NP, B source: M Calviani et al. (INFN)
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half-life
yr

half-life
S

Lambda
1/s

Capture samples

Mass
mg

N

Activity

Bq

Ci

9.30E+01

2.9E+09

2.36E-10

160

6.36E+20

1.5E+11

4.1E+00

1.59E+05

5.0E+12

1.38E-13

100

2.58E+20

3.6E+07

9.6E-04

2.46E+05

7.7TE+12

8.95E-14

37

9.49E+19

8.5E+06

2.3E-04

2.34E+07

7.4E+14

9.38E-16

400

1.02E+21

9.5E+05

2.6E-05

2.10E+06

6.6E+13

1.05E-14

50

1.27E+20

1.3E+06

3.6E-05

6564

21E+11

3.35E-12

1.25E+20

4.2E+08

1.1E-02

3.73E+05

1.2E+13

5.88E-14

4.96E+19

2.9E+06

7.9E-05

432

1.4E+10

5.08E-11

9.96E+20

5.1E+10

1.4E+00

253,164,001

7370

2.3E+11

2.98E-12

6.17E+19

1.8E+08

5.0E-03

919,833




Fission samples (FIC detectors)

| U234] 50 | 150 | 6 | 353 |246E+05| 8.1E+06 | 2.2E-04 | 9.1E+19 |
lu235] 50 | 20 | 2 | 157 |7.04E+08] 1.3E+03 | 34E-08 | 4.0E+19 |
U236 | 8 | 100 | 2 | 201 |234E+07] 4.8E+04 | 1.3E-06 | 5.1E+19 |
U238 | 8 | 30 | 2 | 603 |447E+09]| 7.5E+02 | 2.0E-08 | 1.5E+20 |
| Th232] 80 | 400 | 2 | 804 |141E+10] 3.2E+02 | 8.8E-09 | 2.1E+20 |
| Np237] 8 | 150 | 1 | 151 |210E+06] 4.0E+05 | 1.1E-05 | 3.8E+19 |
Am-241] 80 | 5 | 4 | 20 | 4322 | 2.5E+08 | 6.9E-03 | 5.0E+18 |
Am-243] 80 | 25 | 4 | 100 | 7370 | 7.4E+07 | 2.0E-03 | 2.5E+19 |
Cm245| 8 | 10 | 2 | 20 | 8500 | 13E+07 | 34E-04 | 4.9E+18

IR ININININ

N
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s-process site-s & conditions: weak

Site He-burning phase of intermediate/massive stars

25Mg

Neutron sources 22Ne(a,n)?°Mg

Temperature ~3x 108K or KT ~25keV
Neutron density 7 x 10°> n/cm?3 (peak 2 x 107) o.n

18F

He burning core
contains initially 4N

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




s-process site-s & conditions: main

Site Thermal pulses of AGB stars (He-burning shell)
Neutron sources 13C(a,n)'°0 22Ne(a,n)*°Mg

Temperature 108K KT ~ 8 keV

Neutron density 7 x 107 n/cm3 1070 n/cm?3

=
’
g
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“ 30000 20000 0000 5000 3000 2000
SURFACE TEMPERATURE (°K)

°T B A4 F 6 K M R
SPECTRAL CLASS

alberto.mengoni@cern.ch




s-process site-s & conditions: main

— Core Collapse, Supernova I ' Thermal pulses
of AGB stars (He-burning shell)

Thermal Pulses  aGB
to White Dwarf (0.85M,)  begin

second dredge up begins PN
to White Dwarf {0.6 M, ) ejection 4

Fluorescence puises
of surrounding begin
™ PN begins Core ]

here 5M, First dredge-up begin ?l‘ec:ls'.;']m

horizontal branch
—
low Z stars

first
dredge - up
begins

alberto.mengoni@cern.ch




AGB stars

nukleo- mixing molecule formation dust formation photochemical reactions
synthesis >

Source: F Erwig

Schematic view of an AGB star

10-1000 days Hz0 Maser OH Maser

s-process 0-1-1mag : : 10% 10" M_fyear

OH—-0+H
HoQ = OH # H PR
interstellar
thermal CO radiation field

. _ pulsating )
degenerate convective ' circumstellar envelope

CO core : with stellar wind

‘IUIIIIIII-IIIIIII
HCN — CN +H
CN—C+N

H/He-burning 2-20 km/s
shell ' '

108

[ ]

| |

108 3000
[ ] [ ]

| |

1R un~7-10", 1AU~1.5-10"%, 1pc~3-10"%cm

. Hren, Iret. for Astronomy, Univ. of Vienns

alberto.mengoni@cern.ch




AGB stars: s-processing

THE THERMAL PULSES: TIME EVOLUTION OF
CONVECTION LZONES AND THE S-PROCESS

CONVECTIVE ENVELOPE H, He, Fe etc.
SALTED WITH DREDGED UF MATERIAL

He
, INTERSHELL
He'"C, s ¥

CONVECTIVE
HERMAL PULSE

Lo
<
=
(-
S
O
oD
o
<1
=

_ _ C-O CORE
re SHELL time
e ——— e —— 2]
from Busso, Gallino & Wasserburg (1999)

Falk Herwig: »The s-process in rotating AGB stars«, 29 March 2002, Seattle. _
alberto.mengoni@cern.ch




AGB stars: s-processing
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C Arlandini, et al.: ApJ 525 (1999) 886
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AGB stars: s-processing

1.4
1.2

Classical model

Old Nd cross sections
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Classical model

New Nd cross sections
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C Arlandini, et al.: ApJ 525 (1999) 886

Stellar model

Old Md cross sections

Stellar model

Mew Nd cross sections
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The canonical s-process

The time dependence of the abundances, N,, is given by:
dN
A= N,(ON,,(t)(c,,v)  —NON, (o, v) —A,N, (1)
We can define a time-integrated neutron flux (neutron exposure)
7= r¢n(t')dt':vT j; N, (t)dt

Assuming: 1) T~const.
1) Ay << A, , (neutron capture dominates over 3-decay)

dN
dTA - <O-“’7>A—1 Ny _<O-n97>A N,

It follows that along the s-process path:

alberto.mengoni@cern.ch




The canonical s-process

Solar system ¢ N_ systematics
o [mb] N_[/10° Si]

B s-only isotopes
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e

150

Mass number A

alberto.mengoni@cern.ch



The canonical s-process

No <o>N correlation Solar system 6 N, systematics
observed for o [mb] N, [m Si]

nuclei not in the
S-process path

m r-only isotopes

—~=
en

150

Mass number A

alberto.mengoni@cern.ch




The canonical s-process

Assuming an esponential distribution of neutron exposures:

() =+ Nt g

Ty
the solution of the coupled system of equations

dN
dTA . <O-“97>A—1 Ny _<O-na7>A N,

alberto.mengoni@cern.ch




The canonical s-process

Solar system ¢ N_ systematics
o [mb] N_ [m Si]

B s-only isotopes
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130
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alberto.mengoni@cern.ch



The canonical s-process

Solar system ¢ N systematics
(6 inmb, Nin #10° Si)

m s-only isotopes
— [ain component
= [\lain + weak components

Lu
[ ]

I
125 150 175

~
(4]

Mass number A

alberto.mengoni@cern.ch




The canonical s-process
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F Kappeler (Prog. Part. Nucl. Phys. 43, 1999)

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




The problem

s Nuclear power now accounts for 4.5% of total world’s energy
production. Already at this level the accumulated spent fuel inventory,
gt(:) Shgoy(l)early production rate of 8,000 ton, will reach by 2020 about

) ton

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

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

Spent fuel Disposal
| 3

Nuclear power 6
\.‘&}g_ﬁ'

source: C Rubbia




Partitioning and Transmutation (P&T)

Spent fuel REPROCESSING

800 tly
LWR 52 Units

FILYY PaT TECHNOLOGIES
MA: 1t FP: 39t

Recovered U, Pu '
760 tly FINAL DISPOSAL

Source: Y Oigawa (JAERI)









