The Future of/at n_TOF

The physics case and the related proposal for
measurements at n_TOF for 2006 and beyond

A Mengoni
IAEA, Vienna

the CERN n_TOF Facility

the physics case for the activities at n_TOF

plan for measurements in Phase-2

opportunities with a new, shorter flight-path: EAR-2
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The n_TOF facility at CERN
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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,0

moderator thickness in the exit face

5cm

neutron beam dimension in EAR-1
(capture mode)

2 cm (FWHM)

www.cern.ch/n_TOF




The neutron flux
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World scene for tof measurements
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23’Np(n,y) at LANSCE

Legend:
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23’Np(n,y) at LANSCE
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23’Np(n, ) at n_TOF

counts/7-10"2 protons
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Uniqueness of n_TOF

Combines:

- Highest instantaneous intensity neutron source worldwide at a 185 m flight path used
in TOF cross section measurements

- Excellent energy resolution

- Innovative data Acquisition system based on flash ADCs (2 Tbytes/day via CERN
CASTOR system)

- Latest generation of detectors and beam monitors:

- (n,y): ultra low neutron sensitivity C,D, detectors,
high performance Total Absorption Calorimeter

- (n,f): Low background PPAC setup, FIC detector
- Beam monitors: redundant 97Au(n,y), 6Li(n,o)t, 232U(n,f) monitors

- Fully characterized facility for neutron cross section measurements

Best facility for: radioactive, rare, low cross section samples and
high energy measurements




Objectives of the activity at n_TOF

. Cross sections relevant for Nuclear Astrophysics

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

. Neutrons as probes for fundamental Nuclear Physics

www.cern.ch/n_TOF The n_TOF Collaboration




Nucleosynthesis: the s-process

2 of the elements above Fe are produced by the s-pigsisEss
The astrophysical sites of the s-process are:

= He burning in intermediate/massive stars
= Low-mass AGB's

There exists a direct correlation 10
between the neutron capture cross section
and the abundance (o(n,7) - N = const.) 10

=  The neutron capture cross sections
are key ingredients for s-process nucleosynthesis

The canonical s-process

Solar system elemental abundances

L He

C-N-O

Fe

neutrons
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Neutron-Capture Abundances in CS 22892-052

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

www.cern.ch/n_TOF The n_TOF Collaboration



Objectives of the activity at n_TOF

. Cross sections relevant for Nuclear Astrophysics

. Measurements of neutron cross sections relevant for
Nuclear Waste Transmutation and related Nuclear
Technologies(*)

. Neutrons as probes for fundamental Nuclear Physics

(*) contract with the EC within the FP5

www.cern.ch/n_TOF The n_TOF Collaboration




Sustainable nuclear energy or its
phase-out ?

The nuclear power option will only be exercised, however, if the
technology demonstrates better economics, improved safety,

successful waste management, and low proliferation risk, and if
public policies place a significant value on electricity production

that does not produce CO,.
(fromthe MIT report, 2003)

Expansion of

.~ electricity needs

(in particular in
developing countries)
&

Concern about
CO2 emission level




Nuclear waste (1000 MWe LWR)
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apture n_TOF experiments 2002-4

ISISm
204,206,207,208Pb, 209B|

232Th
24,25,26Mg

Cross sections relevant for Nuclear
Astrophysics

90,91,92,94,967y 937

139] g

186,187,1880 Measurements of neutron cross

sections relevant for Nuclear Waste
Transmutation and related Nuclear
Technologies

233,234

237Np,240Py, 243Am

ISSION

AR, ), 2R . Neutrons as probes for fundamental
232Th Nuclear Physics

209B;

237Np

241,243Am. 245Cm
d The n_TOF Collaboration




apture

1515m

204,206,207,208Ppy  209B;

232Th

24,25,26Mg

90,91,92,94,967y 937

139] g

186,187,188()

233,234

237Np,240Py, 243Am

ISSION

235,238, 234,

232Th
209B;j

237Np

233,236|

241,243Am  245Cm

n_TOF experiments 2002-4

data analysis completed (14/306)
NOTE: TAC started operation in July 2004
n_TOF guolicsiians

Full papers : 13 (+4 in preparation)
Conference

Proceedings : 31

Documents
Total - 107

All docs on: www.cern.ch/n_TOF

The n_TOF Collaboration




apture s  n_TOF experiments
U Abbondanno et al. - The n_TOF Collaboration

204,206,207,208Ppy 209B; Phys. Rev. Lett. 93 (2004), 161103

#Th 4000
24,25,26Mg

90,91,92,94,967y 937

139] g
186,187,188()

3000

2000

CROSS SECTION

233,234(

1 000 -
237Np,240Pu,243Am 1970 1980 199()
YEAR

ISsion
235,238() 234() 233,236 MACS-30= 3100 + 160 mb

22Th <D,> = 1.48 £ 0.04 eV, S, = (3.87 £ 0.20)x10
209B;

237Np
241,243Am’ 245Cm

The n_TOF Collaboration




apture s  n_TOF experiments
U Abbondanno et al. - The n_TOF Collaboration

204,206,207,208Ppy 209B; Phys. Rev. Lett. 93 (2004), 161103

232Th
24,25,26Mg

90,91,92,94,967 937y

139] g
186,187,188()

233,234

150 1 152
237Np,249Py, 243Am Sm_ 93§m S Sm_

ISSION

235,238, 234, 233,236
232Th
209B;j
23/Np

241,243Am  245Cm

* T3> 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




apture -/ n_TOF experiments

ISISm
204,206,207,208Pb, 209B|

232Th
24,25,26Mg

Measurement performed in September 2004

1) Room + target frame background
. 2) Background from Ti canning + 1)
. 3) 10 mg of #2Am + 2)

90,91,92,94,967y 937

139] g
186,187,188()

counts (a.u.)

233,234

ISSION

235,238, 234, 233,236

232Th
209B;j

237Np First 243Am(n,y) measurement EVER
2411243Am, 245Cm Sample: 10 mg, 185 MBq aCtiVity The n_TOF Collaboration




apture «'s  n_TOF experiments

1s15m PPACs & FIC-0 (2003)

204,206,207,208Ppy  209B;

232Th
—eo—n_TOF

24,25,26|V|g James
] ¢ Lestone
90,91,92,94,967r 937r ] . ENDF-B/VI

139] g
186,187,188()

233,234

237Np,240Py, 243Am

ISSION

< 1 = 3 L & -8 £
T i ‘ﬂ 1 ' Y Lgt § 547 .
235,238U 234U 233,236U . T N o EEmEmEal = |( T ﬁurnl T Ty T T T
4 1000 10000 100000 1000000 1E7 1E8

232Th E.,eV

209Bi
237Np
241,243Am’ 245Cm

An unprecedent wide energy range can be
explored at n_TOF in a single experiment

The n_TOF Collaboration




apture Y n_TOF experiments

o FIC-1 (2003

204,206,207,208Ppy  209B; :

232Th

24,25,26Mg

90,91,92,94,967y 937

139] g
186,187,188()

233,234

237Np,240Py, 243Am

CERN 2003

EISSION GROSSSEGTION. b

ISSION

235,238, 234 233,236

232Th 1250 1300
NEUTROMN EMNERGY, eV

209Bi
237Np
241,243Am’ 245Cm

The very high resolution of the n_TOF installation
allows for studing fine neutron resonance structure

The n_TOF Collaboration




apture s  n_TOF experiments

151§ m
204,206,207,208phy 209 FIC-1 (2003)
232Th

24,25, 26Mg I | | | | N

—C— CERMN2003
Flattard e.a.

90,91,92,94,967y 937

139] g
186,187,188()

233,234

237Np,240Py, 243Am

FISSION CROSS-SECTION, bn

ISSION

235,238, 234, 233,236

) ) . i 405
232
Th E_ eV

209B;j

— The very high resolution of the n_TOF installation
allows for studing fine neutron resonance structure

241,243Am. 245CM
! The n_TOF Collaboration




n_TOF-Ph2 objectives

Cross sections relevant for Nuclear Astrophysics

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

Neutrons as probes for fundamental Nuclear Physics

www.cern.ch/n_TOF




The n_ TOF-Ph2 experiments

Cagilre rrigasurarrments
Mo, Ru, Pd stable isotopes r-process residuals calculation
isotopic patterns in SiC grains

Fe, Ni, Zn, and Se (stable isotopes) s-process nucleosynthesis in massive stars
63Ni, °Se accurate nuclear data needs for structural materials

A~150 (isotopes varii) s-process branching points
long-lived fission products

234,236 ) 231,233pg Th/U nuclear fuel cycle

235,238 J standards, conventional U/Pu fuel cycle

239,240,242py 241,243 Am 245Cm incineration of minor actinides

In 2006 : (a) allistable Ni'isotopes; + 5°Ni
(b) 236U, 2381

www.cern.ch/n_TOF




The n_ TOF-Ph2 experiments

Flsslon meastrers
MA

235 (n,f) with p(n,p’)

Qirar rreasrarrarnt

147Sm(n, o), 67Zn(n,oc), *Ru(n.o)

%8Ni(n,p), other (n,lcp)

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

He, Ne, Ar, Xe

n+D,

www.cern.ch/n_TOF

-

ADS, high-burnup, GEN-IV reactors
new 23°U(n,f) cross section standard

study of vibrational resonances at the fission barrier

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 (Phase-1) financial scheme
INVESUMENLS
Installation 2.3 MEUR CERN

Experimental 2.0 MEUR Part of a 2.4 MEUR
equipments from a FP5 EC Project
(total investment: 6.4 MEUR)

MEINENENCEISNOPEA UGN
M&OQO costs 300 kCHF/yr CERN
300 kCHF/yr The n_TOF Collaboration

Personnel 2 FTE + 0.5 Admin | CERN
5 people for shifts | The n_TOF Collaboration

www.cern.ch/n_TOF _TOF-Ph




n_TOF-Ph2: basic startup funds
IRNERG

NUDATRA Part of the
EUROTRANS IP

EFNUDAT Just submitted
(facilities network)

MEINENENCEISNOPEA UGN
M&OQO costs 300 kCHF/yr CERN
300 kCHF/yr The n_TOF Collaboration

Personnel 2 FTE + 0.5 Admin | CERN
5 people for shifts | The n_TOF Collaboration

www.cern.ch/n_TOF _TOF-Ph




The second n_ TOF beam line & EAR-2

New
Experimental
Area (EAR-2)

= ||-:I|.J|r|-_;

\ S 5I|il-_-ui||-._| |
EAR'l Canlal Slalkan
or
(at 185 m) Iim!eﬂaﬂlli!l EER 2_A Level

Flight-path length : ~20 m

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

www.cern.ch/n_TOF




EAR-2: Optimized sensitivity

Improvements (ex: 15!Sm case) consequences for

sample mass

sample mass / 3 v 50 mg
s/bkgd=1

use BaF, TAC e x 10 v 5mg
use D,0 ®;, X 5 = 1mg
use 20 m flight path @&, x 100 = 10 pg

boosts sensitivity by a factor of 5000 ! %
(a factor of 100 ONLY from flux boost)

problems of sample production and safety issues relaxed

rn.ch/n_TOF _TOF-Ph




Road-map towards n_TOF-Ph2

m Letter of Intent

= Signed by 24 research labs of the n_TOF Collaboration + 4 newcomers
(January 2005)

s n_TOF-Ph2 scientific proposal
the n_TOF 1-2-3 document (September 2004)
CB meeting of February 10-11, 2005
the n_BANT Symposium (March 2005)
Proposal presented to the INTC (May 2005)
NuPAC (Nuclear Physics and Astrophysics at CERN), October 10-12, 2005

s The n_TOF-Ph2 MoU - end of 2005/beginning of 2006

www.cern.ch/n_TOF




The n TOF Collaboration
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Conclusions

* n_TOF is a facility with unique characteristics for x-section measurements on:

radioactive samples

rare isotopes

isotopes with small cross sections

in wide energy range (in particular at high energies)

* n_TOF just started to operate, providing best world results in several cases

« Still large campaigns are needed to exploit its capabilities in the present
configuration

* A new plan for measurements has been elaborated for 2006 and beyond

» The additional beam line (EAR-2) could boost the facility performances much
beyond any presently available installations

www.cern.ch/n_TOF
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Capture studies




Capture studies: Mo, Ru, and Pd

Neutron-Capture Abundances in CS 22892-052

Ba

Rl ee, |

Motivations:

» Accurate determination of the r-process
abundances (r-process residuals) from
observations -1 T Tm

& G5 22892-052 abundances
 SiC grains carry direct information on s-process
efficiencies in individual AGB stars. Abundance
ratios in SiC grains strongly depend on available
capture cross sections data.

= l’.“'




Capture studies: Mo, Ru, and Pd

» Setup: The n_TOF TAC in EAR-1

(a few cases with C,Dy if larger neutron scattering)
» All samples are stable and non-hazardous
« Metal samples preferable (oxides acceptable)

Estimated # of protons
20 x 5x1016 = 1018




Capture studies: Fe, Ni, Zn and Se

Motivations:

» Study of the weak s-process component - 7 e aan oy g
(nucleosynthesis up to A ~ 90) s | TN

)
[ F o e | L Wi 3 |
Z 10pegevenpdelied Biredifs adiing

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

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

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.




Capture studies: Fe, Ni, Zn and Se

Kr 76
16 h

The °Se case

* s-process branching: neutron density & temperature
conditions for the weak component.
*t,, <6.5x10%yr




Capture studies: Fe, Ni, Zn and Se

* Setup: C;Dg in EAR-1
 All samples are stable(*) and non-hazardous
» Metal samples preferable (oxides acceptable)

C6D& Detector

I.
|

|
BRI
!!!ﬁ-a!lllllﬂ.lllllll

10° 10°
NEUTRON ENERGY (keV)

i
i
1
"N
il
ol | L]

Sample Changer

(*) except °Se




Capture studies: A = 150

* EAR-2 required
« Sample from ISOLDE?

z- |_:|r ncess path

- [ -E-E-E-
- l—
(- m

S-pro ::ci:': path
.

C-process

 branching isotope in the Sm-Eu-Gd region:
test for low-mass TP-AGB

* branching ratio (capture/B-decay) provides infos on
the thermodynamical conditions of the s-processing
(if accurate capture rates are known!)




Capture studies: actinides

Neutron cross section measurements for nuclear waste transmutation
and advanced nuclear technologies

y LYWL X Am The most important neutron poison in the fuels proposed for
transmutation scenarios. Build up of Cm isotopes.

239 240.242 (n,y) and (n,f) with active canning. Build up of Am and Cm
, ’ PU isotopes.

245Cm No data available.

235’238U Improvement of standard cross sections.

232Th 233’234U Th/U advanced nuclear fuels. 233U fission with active
) canning.
231 ,233pa

All measurements can be done in EAR-1 (except 233Pa)




Capture studies: actual TAC setup

Actual setup with thick
sample cannings

air

ctinidf samp

] vacuum

\/




C HpOCLI), -
Neutron
Absorber

w500 198'[oaded \

| . Carbon Fibre

.' CapsuTe§, oy L \
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Capture studies: actual TAC setup

.............................................................................................................................................................................

...............................................................................................................................................................................

ol ce ettt e S e i T S e £ e L e T e e Z-ampty-dicanning 4 3)-- oS ot e e S T e
5 3} kaptoniwindows + samiple frame
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Capture studies: Low neutron sensitivity
setup

vacuum

Window surrounded
by neutron absorber
(1°B or SLi doped
polyethylene)




Capture studies: active canning for
simultaneous (n,y) & (n,f) measurements

<< back

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




Fission studies




Fission studies
absolute 23°U(n,f) cross section from (n,p) scattering

fission fragments
detector 1

Neutron energy [MeV]

capture mode (2 mm Q@) (n,p) larger or comparable up to 100 MeV

Target-to-detector distance 250 mm




Fission studies
FF distributions in vibrational resonances

Vacuum chamber Ro sition-sensttive
—detector

]

Neutron beam

Tim e-“t‘x\a'g
detector

Principles:

 Time-tag detector for the “start” signal
» Masses (kinetic energies) of FF from position-sensitive detectors
(MICROMEGAS or semiconductors)




Fission studies
cross sections with PPAC detectors: present setup

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)




Fission studies
with twin ionization chamber

LX)
&=
=

]
()
=

[~
(=)

3
2
>
g‘ 220
£
Q
B
o

140 et b G e P e

80 100 120 140
Mass (amu)

20 140
Fragment energy (MeV)
Twin ionization detector with measurement of
both FF (PPAC principle)

Measurements:

* FF yields: mass & charge
» Test measurement with 23°U then measurements of other MA




(n,p), (n,0) & (n,lcp) measurements

1. CIC: compensated ion chamber
already tested at n_ TOF

For n_TOF-Ph2:

« four chambers in the same volume for
multi-sample measurements

Measurements:

« 147Sm(n,a) (tune up experiment)
* 6LiF target for calibration

EAR-2 boost:

« approx 100 times the ORELA count rate
expected

* 67Zn and °°Ru (n,o0) measurements




(n,p), (n,a) & (n,lcp) measurements

2. MICROMEGAS
already used for measurements of nuclear recoils at n_TOF

MICROMEGAS

Neutron detection
F

For n_TOF-Ph2:

Particle
Product

Meutron

 converter replaced by sample

'% E charged naudron converar % —1000 V

: 4 Particle = :

8 < Product - » expected count rate: 1 reaction/pulse
5 — B o (0=200 mb, @=5cm, 1um thick)

m = (e e

é - ~=4 00 W

& BT N

2 O 1




(n,p), (n,0) & (n,lcp) measurements

3. Scattering chambers with AE-E or AE-AE-E telescopes

Setup: in parallel with fission detectors

v’ production cross sections 6(E,) for (n,xc)
vec=p,od

v’ differential cross sections do/dQ, do/dE

Measurements:

* 56Fe and 208Pb (tune up experiment)
« Al,V, Cr, Zr, Th, and 238U

 a few x 1018 protons/sample in fission mode

<< back

_TOF-Ph




Neutron scattering reactions

Proton detector

Direct n + n scattering experiment not feasible! o

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

st +2H S n+n+ o't Neutron beam

sn+?H->n+n+p

0 D3

Neutron detector

Neutron incident energy 30 — 75 MeV
in 2.5 MeV bins

Kiematic locus of the n+2H — n+p +n reaction for:
E, =50 MeV

O, =20° &, =0°

O, =30° &, =180°

Tn) (MeV})







52Ni(n,y)%3Ni: what do we know?

o,,=145+0.5b
I, =0.76 meV

(0), ey =13.3 mb

B E > 0 resonances
10 & E < 0 resonances

) all resonances
s

N
0.1 \ A
\i\i/

\
I|

/f

<O->25 keV

28.4+2.8mb (a) 0.01 \

495+ 4.4 mb (b) \

(a) H Nassar et al. (2005) 0.001 H‘

(b) N Tomyo et al. (2005) \ \ || |
| |

1e-04 \ \' :

1e-08 1e-07 1e-06 1e-05 1e-04 0.001 0.01 0.1 1
Neutron energy [MeV]

Capture Cross Section [b]




52Ni(n,y)%3Ni: what do we know?

o,, =145+0.5b
I, =238 meV

<O->25kev =23.1 mb

EXP St
n_ E > 0 resonances
10 K E < 0 resonances

\\ e

1 \\ /\

0.1 \\‘- /
\

<O->25 keV

28.4+2.8mb (a)
49.5+ 4.4 mb (b)

0.01 !
\ i
(a) H Nassar et al. (2005) 0.001 . -
(b) N Tomyo et al. (2005) \ \\
f

1e-04 \
1e-08 1e-07 1e-06 1e-05 1e-04 0.001 0.01 0.1 1

Neutron energy [MeV]

Capture Cross Section [b]




52Ni(n,y)®3Ni: what do we know?

JENDL-3.3 parameters

a high-resolution TIT oxp. —— |
(n,y) cross section pwaves
measurement

is called for

=
—

planned for
rn_TOF-Ph2

Cross Section [b]

Vi

| 1
WNVATRIAY
VA, ~

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01
Neutron energy [MeV]




52Ni(n,y)®3Ni: what do we know?

]
S-Waves

p-waves could p-waves
contribute up to ' | |
30% of the total b ........... ......
strength 5 |

Eagkay [B/MeV]

QT

1e-06 1e-05 1e-04 0.001 0.01 0.1 1
Neutron energy [MeV]




Nuclear Data needs for ADS

m Subcritical reactor core
s Spallation neutrons: high energies
m Trasmutation of TRU: exotic fuel

protons

Accelerator

Reactor neutrons

Zen-ADS

www.cern.ch/n_TOF




