
Stefano Stefano MarroneMarrone
 DipartimentoDipartimento

 
didi

 
FisicaFisica

 
and INFN, Bariand INFN, Bari

www.cern.ch/n_TOF

OUTLINEOUTLINE
n_TOF Collaboration and Facility.n_TOF Collaboration and Facility.

How to get fundamental info in How to get fundamental info in Nuclear Structure.Nuclear Structure.

n_TOFn_TOF--Phase 1: Phase 1: Results on Nuclear Level Densities.Results on Nuclear Level Densities.

Preliminary Results on Preliminary Results on Photon Strength FunctionPhoton Strength Function and and Fission..

n_TOFn_TOF--Phase 2:Phase 2: Future Perspectives.Future Perspectives.

Nuclear Level Density and Photon Strength Nuclear Level Density and Photon Strength 
Function Measurements at Function Measurements at n_TOFn_TOF..

stefano.marrone@ba.infn.it

2nd WORKSHOP on Nuclear Level Density and Gamma Strength Function.

Oslo 11-15 May 2009



The The nn_TOF Collaboration_TOF Collaboration
n_TOF is a well established collaboration operating since n_TOF is a well established collaboration operating since 19991999. It is composed of . It is composed of 33 33 
Research TeamsResearch Teams and and 120 Scientists120 Scientists from Europe, USA, Russia and Japan.from Europe, USA, Russia and Japan.
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nn_TOF experiments 200_TOF experiments 20022--44CCaptureapture
151151SmSm
204,206,207,208204,206,207,208PbPb, , 209209BiBi
232232ThTh
24,25,2624,25,26MgMg
90,91,92,94,9690,91,92,94,96ZrZr, , 9393ZrZr
139139LaLa
186,187,188186,187,188OsOs
233,234233,234UU
237237NpNp,,240240PuPu,,243243AmAm

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

n_TOFn_TOF is a well trained collaboration; so far 18 is a well trained collaboration; so far 18 
measurements of capture and fission cross sections. measurements of capture and fission cross sections. 

n_TOFn_TOF has built several detectors (has built several detectors (SiMonSiMon, C, C66DD66, TAC, , TAC, 
PPAC, FIC) and contributed to the commissioning of the PPAC, FIC) and contributed to the commissioning of the 
neutron beam.neutron beam.

MMeasurements of neutron cross sections relevant for Nuclear easurements of neutron cross sections relevant for Nuclear 
Waste Transmutation and related Nuclear TechnologiesWaste Transmutation and related 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 Astrophysicsross sections relevant for Nuclear Astrophysics
ss--processprocess: : branchingsbranchings
ss--processprocess: : presolarpresolar grainsgrains
rr--processprocess: : ResidualResidual MethodMethod

NNeutrons as probes for fundamental Nuclear Physicseutrons as probes for fundamental Nuclear Physics
NuclearNuclear levellevel density & density & nn--nucleusnucleus interactioninteraction
PhotonPhoton StrengthStrength FunctionFunction

The n_TOF

 

Collaboration



The The nn_TOF_TOF  facilityfacility  at CERNat CERN

somewhere around
 

here

www.cern.ch/n_TOF The n_TOF Collaboration



The The nn_TOF_TOF  facilityfacility  at CERNat CERN

www.cern.ch/n_TOF The n_TOF Collaboration
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TThe real worldhe real world
nn_TOF commissioned_TOF commissioned
in 2001in 2001--20022002

www.cern.ch/n_TOF



www.cern.ch/n_TOF

nn_TOF_TOF  fission detectorsfission detectors

•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

•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



2nd

 
collimator

 
φ=1.8 cm

(capture
 

mode)
Performance Report

CERN-INTC-2002-037, January

 

2003
CERN-SL-2002-053 ECT

the neutron flux for capturethe neutron flux for capture

nn_TOF beam characteristics_TOF beam characteristics



((n,n,γγ) experiments in RRR) experiments in RRR
151151Sm(n,Sm(n,γγ))152152SmSm



Statistical AnalysisStatistical Analysis

Statistical parametersStatistical parameters
Average level spacing                : <Average level spacing                : <DD00 >>
Average Average radiativeradiative

 
width             : <width             : <ΓΓγγ

 

>>
(Average reduced neutron width : <(Average reduced neutron width : <ggΓΓ00 

nn >)>)
Neutron strength function :Neutron strength function :

Cross section calculations
with statistical model: e.g. Hauser-

 Feshbach.

><
>Γ<

=
0

0

0 D
gS n

Statistical propertiesStatistical properties
s     : Wigner s     : Wigner 
ΓΓ00 

nn : : PoPorrterter--ThomasThomas (P(P--T)T)
distributiondistribution

ΓΓγγ
 

: Gaussian : Gaussian 

Ei , Γγ
 

,Γn  , Γf

Resonance analysis

Level spacing (Ei+1

 

− Ei ) : si

Reduced neutron width    : Γ0
n

Determination of l and J .

Statistical analysis
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Resolved Resonance RegionResolved Resonance Region
139La(n,γ)

The n_TOF

 

Collaboration
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The data fitted

 

by

 

mean

 

of

 

R-Matrix

 

Code (SAMMY, REFIT)

Provide

 

resonance

 

parameters: ER

 

, Γn , Γγ

 

, Γf (width) related

 

to

 

XS:

( ), 22 2

n
n J

R

n

g
k E E

γ
γ
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πσ
Γ Γ

=
− +Γ

Γ = Γ +Γ
The optimal

 

fit

 

of

 

the resonances

 

is

 

fundamental

 

for

 

two

 

reasons: 

to

 

determine

 

ER

 

and the average

 

spacing.

to

 

estimate Γn , Γγ

 

, Γf , 

to

 

determine

 

the l and J and the strength: S0

 

, S1

 

….



Statistical Analysis: Quantum NumbersStatistical Analysis: Quantum Numbers

F Gunsing, et
 

al. -
 

The n_TOF
 

Collaboration
analysis

 
in progress

232Th(n,γ)

The n_TOF

 

Collaboration

This
 

kind
 

of
 analysis

 
allows

 
us

 to
 

determine
 

the s-
 wave

 
resonance, 

p-wave
 

resonance
 etc.. and therefore
 determine

 
two

 quantum numbers: 
l and J.



Wigner DistributionWigner Distribution
e

sssP 4
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ππ −= F Gunsing, et
 

al. -
 

The n_TOF
 

Collaboration
analysis

 
in progress

The n_TOF

 

Collaboration

ss--wave resonanceswave resonances Distribution
 

of
 Average

 
Spacing

 
of

 the Nuclear
 

Levels
 is

 
directly

 
related

 
to

 the Gaussian
 Orthogonal

 Ensemble.

(Wigner
 

Theory).

〉〈
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0D
ss i

232Th(n,γ)



PorterPorter--ThomasThomas  DistributionDistribution

NumberNumber ofof LevelsLevels MissingMissing
relatedrelated toto the the reducedreduced neutronneutron
widthwidth, , ΓΓ00
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Unresolved Resonance RegionUnresolved Resonance Region

The n_TOF

 

Collaboration

In Statistical
 

Model
 

Calculation
 

important
 

ingredients
 

are the Nuclear
 

Level
 

Density 
and the Widths.

At higher
 

energies
 

(!?) the levels
 

are not
 

resolved.

The levels
 

begin
 

to
 

be
 

missed
 

(Unresolved
 

Resonance
 

Region).

Experimental
 

Difficulties
 

at low energy
 

(< 100 eV) due to
 

Doppler Broadening, at 
higher

 
energy

 
due to

 
the neutron

 
beam

 
resolution

 
function.



Statistical Analysis: OsmiumStatistical Analysis: Osmium

Resonance Resonance 
analysisanalysis

AnalyzedAnalyzed, (, (EmaxEmax))
186186OsOs 186186,  (5.0 ,  (5.0 keVkeV))
187187OsOs 463463,  (3.0 ,  (3.0 keVkeV))
188188OsOs 199199,  (8.0 ,  (8.0 keVkeV))

* For <D0

 

>, 179
 

(1 keV)

Number of resonances
StatisticalStatistical
analysisanalysis

AnalyzedAnalyzed, (, (EmaxEmax))
126126 ,  (3.4 ,  (3.4 keVkeV))
327327,  (2.0 ,  (2.0 keVkeV)*)*
125125,  (5.0 ,  (5.0 keVkeV))

Preliminary

 

data from

 

K. Fuji



Stair case plot Stair case plot 
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Level spacing Level spacing Wigner DistributionWigner Distribution
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Reduced neutron width ;Reduced neutron width ;  PP--T distribution (integrated)T distribution (integrated)
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Statistical parametersStatistical parameters

DD00

 

[eV][eV] <<ΓΓγγ
 

> [> [meVmeV]] SS00

 

((××1010--44))

186186OsOs 30 30 ±±
 

22 60 60 ±±
 

44 2.30 2.30 ±±
 

0.320.32
187187OsOs 4.8 4.8 ±±

 
0.20.2 76 76 ±±

 
44 3.04 3.04 ±±

 
0.350.35

188188OsOs 4040±±
 

22 82 82 ±±
 

44 2.39 2.39 ±±
 

0.360.36

DD00

 

[eV][eV] <<ΓΓ00

 
γγ

 

> [> [meVmeV]] SS00

 

((××1010--44)) <g<gΓΓ00

 
nn

 

>[>[meVmeV]]

186186OsOs 26.6 26.6 ±±
 

1.31.3 50.0 50.0 ±±
 

1.51.5 2.33 2.33 ±±
 

0.320.32 6.2 6.2 ±±
 

0.70.7
187187OsOs 5.7 5.7 ±±

 
0.10.1 61.0 61.0 ±±

 
1.71.7 3.51 3.51 ±±

 
0.290.29 2.0 2.0 ±±

 
0.20.2

188188OsOs 39.0 39.0 ±±
 

0.50.5 52.0 52.0 ±±
 

1.81.8 2.69 2.69 ±±
 

0.360.36 10.5 10.5 ±±
 

1.51.5

Browne
(1981)

n_TOF

MughabghabMughabghab
(2006)(2006)

(present 
analysis)

“Atlas of Neutron 
resonances”

 
(Elsevier 2006)

Phys.Rev
 C23, 1434



151151Sm(n,Sm(n,γγ))152152SmSm
S. Marrone et

 
al. (The n_TOF

 
Collaboration)

Phys. Rev. C 73 03604 (2006)
All

 
275 resonances

 
up to

 
400 eV

 
analyzed.

<D0

 

>
 

= 1.49 ±
 

0.07 eV
<S0

 

>= (3.87 ±
 

0.33)×10-4

<Γγ

 

> =  108 ±
 

15 meV
RI

 

= 3575 ±
 

210 mb

N0

 

= 305 ±

 

6 while we observe at n_TOF

 

275. No p-wave observed, D1

 

is estimated at 0.5 eV

Better estimation respect to previous measurements in the order of 20%.



139139La(n,La(n,γγ))140140LaLa
R. Terlizzi

 
et

 
al. (The n_TOF

 
Collaboration)

Phys. Rev. C 75 035807 (2007)

<D0

 

>
 

= 252 ±
 

22 eV
<S0

 

>= (0.82 ±
 

0.05)×10-4

<Γ0
γ

 

> =  50.7 ±
 

5.4 meV

<D1

 

>
 

< 250 eV
<S1

 

>= (0.55 ±
 

0.04)×10-4

<Γ1
γ

 

> = 33.6 ±
 

6.9 meV

8 new

 

resonances

 

are observed

 

and 
measured

 

(10% more).



nn_TOF experiments_TOF experiments
F Gunsing, et

 
al. -

 
The n_TOF

 
Collaboration

ND2004 Conference, Santa Fe, NM –
 

Sept. 2004
&

G Aerts
 

et
 

al. (The n_TOF
 

Collaboration)
Phys. Rev. C 73 (2006)

232Th(n,γ)

The n_TOF

 

Collaboration

Very
 

large
 

neutron
 

energy
 

range.

High resolution
 

power of the neutron
 resonances.

Very
 

interesting
 

implications
 

in 
Nuclear

 
Astrophysics. (Th/U and 

Th/Eu
 

chronometers).



F Gunsing, et
 

al. -
 

The n_TOF
 

Collaboration
analysis

 
in progress

232Th(n,γ)233Th

The n_TOF

 

Collaboration

Almost
 

250 s-wave
 

resonances
 

under 
analysis

 
up to

 
3 keV.

Much
 

more  for
 

p-wave.



nn_TOF_TOF
 

TAC in TAC in operationoperation

W Dridi, E Berthoumieux, et
 

al. 
(The n_TOF

 
Collaboration)

PHYSOR-2006, Vancouver, 
September

 
2006

full paper
 

in preparation

The n_TOF

 

Collaboration

234U(n,γ)235U



TAC in TAC in operationoperation

The n_TOF

 

Collaboration

234U(n,γ)

More than
 

120 resonances
 are under analysis.

The preliminary
 

results
 indicate that

 
there

 
is

 
a good

 agreement with
 

Wigner
 

and 
P-T distribtuions.



ZrZr  isotopes: isotopes: 90,91,9290,91,92Zr  Zr  

NeutronNeutron
 

magicmagic
 

nucleusnucleus
 

(n=50 (n=50 9090Zr). Zr). 
VeryVery

 
low low neutronneutron

 
sensitivitysensitivity

 
ofof

 
capturecapture

 
γγ--

 rayray
 

detection detection systemssystems
 

& high & high resolutionresolution..
The n_TOF

 

Collaboration

G. Tagliente, et
 

al. (The n_TOF
 

Collaboration)
2 papers

 
published

 
in Phys. Rev. C 77, 78 (2008-2009)

1 under submission.

90Zr(n,γ)91Zr



SummarySummary  forfor  ZrZr

LevelLevel density low density low betwenbetwen 519 and 4315 519 and 4315 eVeV..
BetweenBetween 10% and 50% 10% and 50% newnew resonancesresonances
detecteddetected forfor thosethose isotopesisotopes..
SignficantSignficant differencedifference in in nuclearnuclear levellevel density.density.
A A systematicsystematic differencedifference in area in area ofof the the 
resonanceresonance ((lowerlower) ) withwith respectrespect toto pastpast..



204,206,207204,206,207Pb and Pb and 209209BiBi

VeryVery
 

low low neutronneutron
 

sensitivitysensitivity
of of capturecapture

 
γγ--rayray

detection detection systemssystems
 

& high & high resolutionresolution

204Pb(n,γ)

The n_TOF

 

Collaboration

C. Domingo-Pardo, et
 

al. (The n_TOF
 

Collaboration)
4 papers

 
published

 
in Phys. Rev. C 74, 76, 77 (2006-2007)

Very

 

large

 

energy

 

neutron

 

region

 

to

 
detect

 

the neutron

 

levels.  

Very

 

accurate determination

 

of the 
resonance

 

width.

At low neutron

 

energy, the resonance

 
levels

 

are in agreement with

 

the 
previous

 

measurements.

207Pb(n,γ)



SummarySummary  forfor  PbPb--BiBi
204,206,207204,206,207Pb and Pb and 209209Bi.Bi.
4 4 newnew resonancesresonances detecteddetected forfor 204204PbPb
AnyAny signficantsignficant differencedifference in in nuclearnuclear levellevel
density.density.
A A systematicsystematic differencedifference in in neutronneutron and and 
gamma gamma widthswidths lowerlower withwith respectrespect toto pastpast, , 
whilewhile isis in agreement in agreement withwith GeelGeel data.data.



Disadvantages
 

for
 

C6D6:
•

 

poor
 

γ-ray
 

resolution
•

 

statistics
 

at high γ-energy is limited
Proposed

 

solution: filter
 

model predictions
 through detector’s response

Photon
 

Strength
 

Function

Advantages
 

for
 

C6D6:
•

 

very
 

good
 

signal-to-background
 

ratio
•

 

high resolution
 

allows
 

to
 

select
 

different
 resonances

•

 

accurate study
 

of the detector response
 (MC simulations

 

and data)

151Sm Jπ

 

= 5/2+

Capture
 

resonances
 

J = 2+

 

or 3+

Selected
 

different
 

resonances
 

between
 

1 and 400 eV
All

 

s-wave
 

(but
 

impossible
 

to
 

tell
 

J)

Neutron
capturing
statesEγ1

Eγ2

Eγ4 Ground 
state

Eγ3

Bn+En



The idea is
 

to
 

simulate 
both

 

the cascade
 generation (DICEBOX) and 

using
 

three
 

different
 Monte Carlo codes:

•

 

MCNP-X
•

 

GEANT 3.21
•

 

GEANT 4

Accurate implementation
 of the materials

 

and 
detailed

 

geometry
 

of 
experimental

 

apparatus

Monte Carlo Simulations

γ-rays are generated uniformily in the sample
Used same cuts as in the experiment (threshold of 200 keV)
Energy resolution of the detectors included in the simulations



Models
 

of Photon
 

Strength
 

Function

Photon
 

Strength
 

Function
 

are proportional
 

to
 

the γ-ray
 

cross section
 

on nuclei.

Several
 

Models
 

are under study: BA, KMF, EGLO, K. 

Each
 

models
 

has
 

few parameters
 

to
 

fit
 

and reproduce
 

at best some data 
(neutron

 
capture, photoabsorption, electron scattering etc…)

Also
 

Nuclear
 

Level
 

Density Models
 

can be
 

checked
 

but
 

in this
 

case there
 

are 
two

 
main

 
choices: Back-shifted

 
Fermi Gas and Constant

 
Temperature. 



Comparison
 

with
 

the Experimental
 

Data  

Filtered
 

DICEBOX

n_TOF
 

data

A more accurate comparison
 

(and 
conclusion) requires

 

fixing some
 

 
uncertainties

 

in the MC filtering
 code.

Best Comparison

Bad Comparison
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Advantages

•The multiplicity
 

studies.

•The angular
 

distribution
 studies

•Higher
 

statistics

•Better
 

Energy Resolution.  



ExperimentalExperimental
 

ResultsResults

Data are in black.

SImulations
 

with
 

Kopecky
 

model 
in blue.

Simulations
 

with
 

modified
 Kopecky

 
model in red

The modified
 

model has
 

to
 

fit
 

all
 the different

 
kind

 
of data. 

Angular
 

distribution
 

studies
 

are in 
progress, 

196Au(n,γ)

C. Guerrero

 

et

 

al.,  Proceedings
of Workshop on Photon

 

Strength

 

Function, 
Prague

 

17-20 January

 

2007.
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233U(n,f) cross section –
 

results (comparison with evaluated data)233233U(n,f) cross section U(n,f) cross section ––
 

results (comparison with evaluated data)results (comparison with evaluated data)

Uncertainty in the order of 6%

n_TOF experimental
ENDF/B-VII.0

•
 

Good agreement with 
ENDF/B-VII.0
•

 
n_TOF

 
RRR extends up 

to 10 keV60
00

 b
in

/d
ec
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Good agreement observed 
between n_TOF

 
and previous 

experimental data
(although with lower 

resolution)

Due to some inconsistencies 
between 235U(n,f) 

experimental values and 
ENDF/B-VII.0, the agreement 
is not good between 3.5 eV

 and 5.5 eV
 

(will be corrected 
by a flux smoothing 

procedure)

FISSION DATA: SAMMY Analysis of RESONANCEFISSION DATA: SAMMY Analysis of RESONANCEFISSION DATA: SAMMY Analysis of RESONANCE
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The n_TOFThe n_TOF--PhPh22  experimentsexperiments
20020088  and beyondand beyond

Capture measurementsCapture measurements
Mo, Ru, Pd stable isotopes

Fe, Ni, Zn, and Se (stable isotopes)
79Se 

A≈150 (isotopes varii)

234,236U, 231,233Pa

235,238U

239,240,242Pu, 241,243Am, 245Cm

r-process residuals,
isotopic patterns in SiC

 

grains

s-process nucleosynthesis in massive stars
nuclear data needs for structural materials

s-process branching points
long-lived fission products

Th/U nuclear fuel cycle

standards, conventional U/Pu

 

fuel cycle

incineration of minor actinides

(*) endorsed by CERN Isolde-n_TOF
 

Committee, execution in 2008
stefano.marrone@ba.infn.itwww.cern.ch/n_TOF



Summary & ConclusionsSummary & Conclusions

www.cern.ch/n_TOF

n_TOFn_TOF is a world leading facility for the accurate measurements of is a world leading facility for the accurate measurements of 
neutron cross sections. neutron cross sections. 
Several targets already analyzed and the results are published;Several targets already analyzed and the results are published;
Significant differences in the measurements of Nuclear Level Significant differences in the measurements of Nuclear Level 
Density at the Neutron Binding Energy especially for low Z and Density at the Neutron Binding Energy especially for low Z and 
radioactive sample.radioactive sample.
Preliminary results coming from Fission data and Photon StrengthPreliminary results coming from Fission data and Photon Strength
Function are also extracted.Function are also extracted.
Large Plan of measurements in EARLarge Plan of measurements in EAR--1: 1: 

restarted the activities in 2008 with the commissioning of restarted the activities in 2008 with the commissioning of 
the new targetthe new target
In few days the In few days the n_TOFn_TOF beam will run again @ CERN.beam will run again @ CERN.

stefano.marrone@ba.infn.it



data analysis completed, results publisheddata analysis completed, results published
data analysis completed, paper in preparationdata analysis completed, paper in preparation
data analysis in progressdata analysis in progress

CaptureCapture
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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

n_TOF experiments 2002n_TOF experiments 2002--44

The n_TOF

 

Collaboration

v



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



Fission measurementsFission measurements
MA

235U(n,f) with p(n,p’)

234U(n,f)

ADS, high-burnup, GEN-IV reactors

new 235U(n,f) cross section standard

study of vibrational resonances at the fission barrier

Other measurementsOther measurements
147Sm(n,α), 67Zn(n,α), 99Ru(n,α)
58Ni(n,p), other (n,lcp)

Al, V, Cr, Zr, Th, 238U(n,lcp)

He, Ne, Ar, Xe

n+D2

p-process studies
gas production in structural materials

structural and fuel material for ADS 
and other advanced nuclear reactors

low-energy nuclear recoils 
(development of gas detectors)

neutron-neutron scattering length

n_TOF-Ph2

The The nn_TOF_TOF--PhPh22  experimentsexperiments



The The secondsecond  n_TOFn_TOF  beambeam  lineline

Spallation TargetSpallation Target

New 
Experimental 
Area (EAR-2)

present EAR-1
(at 185 m)

~ 20 m~ 20 m

•
 

present EAR-1: Flight path ~185 m, Neutron Flux~106

 

n per proton bunch; High resolution 
in neutron energy. (RADIOACTIVE SAMPLES)

 •
 

new EAR-2: Flight path ~20 m at 90°
 

with respect to p-beam; neutron flux enhanced by 
factor ~100; drastic reduction of backgrounds. (SMALL MASS or CROSS SECTION 
SAMPLES)

 

••
 

present EARpresent EAR--1: 1: Flight path ~Flight path ~185 m, Neutron Flux185 m, Neutron Flux~10~1066

 

n per proton bunch; High resolution n per proton bunch; High resolution 
in neutron energy. (in neutron energy. (RADIOACTIVE SAMPLESRADIOACTIVE SAMPLES))

••
 

new EARnew EAR--2: Flight path 2: Flight path ~~20 m at 9020 m at 90°°
 

with respect to pwith respect to p--beam; neutron flux enhanced by beam; neutron flux enhanced by 
factor ~100; drastic reduction of backgrounds. (factor ~100; drastic reduction of backgrounds. (SMALL MASS or CROSS SECTION SMALL MASS or CROSS SECTION 
SAMPLESSAMPLES))

Proton Proton BeamBeam

stefano.marrone@ba.infn.itwww.cern.ch/n_TOF



The The nn_TOF_TOF--PhPh22  experimentsexperiments
Capture measurementsCapture measurements
Mo, Ru, Pd stable isotopes

Fe, Ni, Zn, and Se (stable isotopes)
79Se 

A≈150 (isotopes varii)

234,236U, 231,233Pa

235,238U

239,240,242Pu, 241,243Am, 245Cm

r-process residuals calculation
isotopic patterns in SiC

 

grains

s-process nucleosynthesis in massive stars
accurate nuclear data needs for structural materials

s-process branching points
long-lived fission products

Th/U nuclear fuel cycle

standards, conventional U/Pu

 

fuel cycle

incineration of minor actinides

n_TOF-Ph2

(*) approved by CERN Scientific Committee (planned for execution
 

in 2007)



xz-squared target (40x40x55) with 
5cm-thick cylinder moderator 
containers

present

H2

 

O D2

 

O
D2

 

O cooling 
( 1cm Pb

 
+ 1cm H2

 

O )

NEW target designNEW target design

P Cennini, V Vlachoudis, K Tsoulou, et

 

al. (CERN/AB/ATB), October

 

2006



NEW: target design proposalNEW: target design proposal

The n_TOF

 

CollaborationP Cennini, V Vlachoudis, K Tsoulou, et

 

al. (CERN/AB/ATB), October

 

2006



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
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Accurate determination of the rAccurate determination of the r--process process 
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grains carry direct information on sgrains carry direct information on s--process process 
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grains strongly depend on available grains strongly depend on available 

capture cross sections data.capture cross sections data.

Nr
 

= Nsolar
 

- Ns
 

NNrr
 

= = NNsolarsolar
 

--  NNss

Capture studies: Mo, Capture studies: Mo, RuRu  and Pdand Pd



n_TOF-Ph2

•
 

Setup: The n_TOF TACn_TOF TAC
 

in EAR-1
 (a few cases with C6

 

D6 if larger neutron scattering)
• All samples are stable and non-hazardous
• Metal samples preferable (oxides acceptable)

Estimated # of protons
20  x  5x1016

 

= 10101818

sample

Capture studies: Mo, Capture studies: Mo, RuRu  and Pdand Pd



n_TOF-Ph2

Motivations: 

•
 

Study of the weak s-process component 
(nucleosynthesis up to A ~ 90)

 
•

 
Contribution of massive stars (core He-burning 

phase) to the  s-process nucleosynthesis.
 

•
 

s-process efficiency due to bottleneck cross 
sections (Example: 62Ni) 

Motivations: Motivations: 

•
 

Study of the weak s-process component 
(nucleosynthesis up to A ~ 90)

••
 

Contribution of massive stars (core HeContribution of massive stars (core He--burning burning 
phase) to the  sphase) to the  s--process nucleosynthesis.process nucleosynthesis.

••
 

ss--process efficiency due to bottleneck cross process efficiency due to bottleneck cross 
sections (Example: sections (Example: 6262Ni) Ni) 

In addition:

Fe and Ni are the most important structural materials for nuclear technologies. 
Results of previous measurements at n_TOF show that capture rates for light 
and intermediate-mass isotopes need to be revised.

 

In addition:In addition:

Fe and Ni are the most important structural materials for nucleaFe and Ni are the most important structural materials for nuclear technologies. r technologies. 
Results of previous measurements at n_TOF show that capture rateResults of previous measurements at n_TOF show that capture rates for light s for light 
and intermediateand intermediate--mass isotopes need to be revised.mass isotopes need to be revised.

Capture studies: Fe, Ni, Zn, and SeCapture studies: Fe, Ni, Zn, and Se
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The 79Se case

•
 

s-process branching: neutron density & temperature 
conditions for the weak component.

 • t1/2

 

< 6.5 x 104 yr

The The 7979Se caseSe case

••
 

ss--process branching: neutron density & temperature process branching: neutron density & temperature 
conditions for the weak component.conditions for the weak component.
•• tt1/21/2

 

< 6.5 x 10< 6.5 x 104 4 yryr

Capture studies: Fe, Ni, Zn, and SeCapture studies: Fe, Ni, Zn, and Se



• Setup: CC66

 

DD66

 

in EAR-1
• All samples are stable(*) and non-hazardous
• Metal samples preferable (oxides acceptable)

(*) except 79Se

n_TOF-Ph2

Capture studies: Fe, Ni, Zn, and SeCapture studies: Fe, Ni, Zn, and Se
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CaptureCapture  studiesstudies: A : A ≈≈  150150

• branching isotope in the Sm-Eu-Gd
 

region:
test for low-mass TP-AGB

•
 

branching ratio (capture/β-decay) provides infos on 
the thermodynamical

 
conditions of the s-processing

 (if accurateaccurate
 

capture rates are known!)

Sm 

Eu

Gd

150Sm 151Sm
 93 a  

152Sm 153Sm 
42.27 h

154Sm

151Eu 152Eu
9 h

153Eu 154Eu
8.8 a

155Eu
4.761 a

156Eu
15.2 d

152Gd 153Gd
239.47 d

154Gd 155Gd 156Gd 157Gd

•
 

EAR-2 required
•

 
Sample from ISOLDE?

•• EAREAR--2 required2 required
•• Sample from ISOLDE?Sample from ISOLDE?



CaptureCapture  studiesstudies: : actinidesactinides
NeutronNeutron

 
cross cross sectionsection

 
measurementsmeasurements

 
forfor

 
nuclearnuclear

 
wastewaste

 
transmutationtransmutation

 and and advancedadvanced
 

nuclearnuclear
 

technologiestechnologies

241,243241,243AmAm The most important neutron poison in the fuels proposed for  
transmutation scenarios. Build up of Cm isotopes.

239,240,242239,240,242PuPu (n,γ) and (n,f)  with active canning. Build up of Am and Cm 
isotopes.

245245CmCm No data available.

235,238235,238UU Improvement of standard cross sections.

232232Th,Th,233,234233,234UU
 231,233231,233PaPa

Th/U advanced nuclear fuels. 233U fission with active 
canning.

All measurements can be done in EAR-1 (except 241Am and 233Pa)All measurements can be done in EARAll measurements can be done in EAR--1 (except 1 (except 241241Am and Am and 233233Pa)Pa)



50μm Kapton windows

400μm ISO 2919 Ti 
canning (400 mg!) + 

actinide sample
air

vacuum

Neutron absorber

Calorimeter

γ

 

rays

Actual setup with thick 
sample cannings

CaptureCapture  studiesstudies: : actualactual  TAC TAC setupsetup

n_TOF-Ph2



C12 H20 O4 (6Li)2

Neutron 
Absorber

10B loaded 
Carbon Fibre 

Capsules

Neutron Beam

n_TOF-Ph2



Effect of the Ti canning 
(neutron sensitivity)

CaptureCapture  studiesstudies: : actualactual  TAC TAC setupsetup



Window surrounded 
by neutron absorber 

(10B or 6Li doped 
polyethylene)

Thin Al backing +

actinide sample

vacuum

Neutron absorber

Calorimeter

CaptureCapture  studiesstudies: : Low Low neutronneutron
 

sensitivitysensitivity
 setupsetup

n_TOF-Ph2



Neutron beam

Mini Ionisation chamber

Stack of with 200 μg/cm2

samples on thin backings

Fission 
Fragments

γ

 

rays

Measurement of capture cross sections of fissile materials (veto) and measurement of 
the (n,γ)/(n,f) ratio.

CaptureCapture  studiesstudies: : activeactive
 

canningcanning
 

forfor
 simultaneoussimultaneous

 
(n,(n,γγ) & (n,f) ) & (n,f) measurementsmeasurements

n_TOF-Ph2

<< back<< back



n_TOF-Ph2

FissionFission  studiesstudies



n_TOF-Ph2

45 de greesΘ

p’

n

"Thin" E detectorΔ

E detector

235
U

proton containing 
target (polyethylene)

fission fragments
detector

"Thick" E/Low E detectorΔ

104 105 106 107 108
1E-3

0.01

0.1

Count rate
 protons

 
235

U

C
ou

nt
s

En, eV

BeamBeam capture mode (2 mm capture mode (2 mm ØØ))

Scattering angleScattering angle 3030°°

Target thicknessTarget thickness 250 250 μμg/cmg/cm22

Detector radiusDetector radius 20 mm20 mm

TargetTarget--toto--detector distancedetector distance 250 mm250 mm

FissionFission  studiesstudies  absoluteabsolute
 

235235U(n,f) cross U(n,f) cross sectionsection
 

fromfrom
 

(n,p) scattering(n,p) scattering

(n,p)  larger or comparable up to 100 MeV

H235U 0.01                   1                    100
Neutron energy  [MeV]
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FissionFission  studiesstudies  FF FF distributionsdistributions
 

in in vibrationalvibrational
 

resonancesresonances

Neutron beam

Position-sensitive
detector

Time-tag 
detec tor

Sample

Vacuum cham ber

Principles:

•
 

Time-tag detector for the “start”
 

signal
•

 
Masses (kinetic energies) of FF from position-sensitive detectors

 (MICROMEGAS or semiconductors)
 

Principles:Principles:

• Time-tag detector for the “start”
 

signal
•

 
Masses (kinetic energies) of FF from position-sensitive detectors

 (MICROMEGAS or semiconductors)
<< back<< back
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FissionFission  studiesstudies  cross cross sectionssections
 

withwith
 

PPAC PPAC detectorsdetectors: : presentpresent
 

setupsetup

Measurements:

•
 

231Pa(n,f) 
•

 
Fission fragments angular distributions (45°

 
tilted targets)

 for 232Th, 238U and other low-activity actinides
 

EAR-2
 

boost:
•

 
measurements of 241,243Am (in class-A lab)

•
 

measurements of 241Pu and 244Cm (in class-A lab)

Measurements:Measurements:

•• 231231Pa(n,f) Pa(n,f) 
••

 
Fission fragments angular distributions (45Fission fragments angular distributions (45°°

 
tilted targets)tilted targets)

 for for 232232Th, Th, 238238U and other lowU and other low--activity actinidesactivity actinides

EAREAR--22
 

boost:boost:
•• measurements of measurements of 241,243241,243Am (in classAm (in class--A lab)A lab)
•• measurements of measurements of 241241Pu and Pu and 244244Cm (in classCm (in class--A lab)A lab)

<< back<< back
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FissionFission  studiesstudies  withwith
 

twin twin ionizationionization
 

chamberchamber

Measurements:

•
 

FF yields: mass & charge 
•

 
Test measurement with  235U  then measurements of other MA

Measurements:Measurements:

•• FF yields: mass & charge FF yields: mass & charge 
•• Test measurement with  Test measurement with  235235U  then measurements of other MAU  then measurements of other MA

 

Twin ionization detector with measurement of
both FF (PPAC principle)

 

<< back<< back



n_TOF-Ph2

1.1.
 
CIC: compensated ion chamber CIC: compensated ion chamber 
already tested at n_TOFalready tested at n_TOF

For n_TOF-Ph2:

•
 

four chambers in the same volume for 
multi-sample measurements

Measurements:

•
 

147Sm(n,α) (tune up experiment)
•

 

6LiF target for calibration
 

EAR-2
 

boost:
 •

 
approx 100 times the ORELA count rate 

expected
 •

 

67Zn and 99Ru (n,α) measurements

Measurements:Measurements:

•• 147147Sm(n,Sm(n,αα) (tune up experiment)) (tune up experiment)
••

 

66LiF target for calibrationLiF target for calibration
 

EAREAR--22
 

boost:boost:
••

 
approx 100 times the ORELA count rate approx 100 times the ORELA count rate 

expectedexpected
•• 6767Zn and Zn and 9999Ru (Ru (n,n,αα) measurements) measurements

(n,p), (n,(n,p), (n,αα) & (n,) & (n,lcplcp) ) measurementsmeasurements



n_TOF-Ph2

2.2.
 
MICROMEGAS MICROMEGAS 
already used for measurements of nuclear recoils at n_TOFalready used for measurements of nuclear recoils at n_TOF

For n_TOF-Ph2:

• converter replaced by sample

•
 

expected count rate: 1 reaction/pulse
 (σ=200 mb, Ø=5cm, 1μm thick)

(n,p), (n,(n,p), (n,αα) & (n,) & (n,lcplcp) ) measurementsmeasurements

<< back<< back
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(n,p), (n,(n,p), (n,αα) & (n,) & (n,lcplcp) ) measurementsmeasurements
3.3.

 
Scattering chambers with Scattering chambers with ΔΔEE--E or E or ΔΔEE--ΔΔEE--E telescopes E telescopes 

Measurements:

•
 

56Fe and 208Pb (tune up experiment)
•

 
Al, V, Cr, Zr, Th, and 238U

•
 

a few x 1018 protons/sample in fission mode

Measurements:Measurements:

•• 5656Fe and Fe and 208208Pb (tune up experiment)Pb (tune up experiment)
•• Al, V, Cr, Al, V, Cr, ZrZr, , ThTh, and , and 238238UU
•• a few x 10a few x 1018 18 protons/sample in fission modeprotons/sample in fission mode

Setup: in parallel with fission detectors

production cross sections σ(En) for (n,xc)

c = p, α, d

differential cross sections dσ/dΩ, dσ/dE
<< back<< back



n_TOF-Ph2

NeutronNeutron  scattering scattering reactionsreactions

Neutron beam

D  target2 

Proton detector

Neutron detector

5 m

34º
80º

46
 cm

D3

D4

Neutron incident energy 30 –

 

75 MeV 
in 2.5 MeV bins

Kiematic

 

locus of the   n + 2H → n + p + n   reaction for:
En

 

= 50 MeV

 Θn

 

= 20º, Φn

 

= 0º
Θp

 

= 50º, Φp

 

= 180º

<< back<< back

Direct n + n scattering experiment not feasible! Direct n + n scattering experiment not feasible! 

Alternatively, interaction of two neutrons in the final Alternatively, interaction of two neutrons in the final 
state of a nuclear reaction. Examples of such state of a nuclear reaction. Examples of such 
reactions are:reactions are:

ππ++ + + 22H H →→ n + n + n + n + γγ

n + n + 22H H →→ n + n + pn + n + p



n_TOF-Ph2

<< back<< back
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232232Th(n,Th(n,γγ): ): n_TOFn_TOF  & GELINA& GELINA

Source: L Leal, IAEA CRP meeting, December

 

2004



Preliminary

(Analysis by
E.I. Esch

 

and
R. Reifarth)

Source: J Ullman, n_BANT

 

workshop, CERN, March 2005

237237Np(n,Np(n,γγ) at LANSCE) at LANSCE



Preliminary

237237Np(n,Np(n,γγ) at LANSCE) at LANSCE

Source: J Ullman, n_BANT

 

workshop, CERN, March 2005

(Analysis by
E.I. Esch

 

and
R. Reifarth)



237237Np(n,Np(n,γγ) at n_TOF) at n_TOF

The n_TOF

 

Collaborationwww.cern.ch/n_TOF

< back



PParallelarallel  PlatePlate  AvalacheAvalache  CountersCounters  
((PPACsPPACs))

alberto.mengoni@cern.ch

•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
IN2P3  (IPN Orsay)

• position-sensitive!
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