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= Wwide energy range
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Basic characteristics of
experiments at n_TOF

= Wwide energy range

= high neutron flux &
high energy resolution
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= Wwide energy range

= high neutron flux &
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Basic characteristics of
experiments at n_TOF

= Wwide energy range

= high neutron flux &
nigh energy resolution

ow repetition rate
of the proton driver
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experiments at n_TOF

U Abbondanno et al. (The n_TOF Collaboration)
: Phys. Rev. Lett. 93 (2004), 161103
= Wwide energy range &
151Sm(n Y) S Marrone et al. (The n_TOF Collaboration)

’ Phys. Rev. C 73 03604 (2006)

= high neutron flux &
nigh energy resolution

ow repetition rate
of the proton driver

= low background conditions
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nigh neutron flux &
nigh energy resolution

ow repetition rate
of the proton driver

low background conditions

www.cern.ch/n_TOF

counts (hormalised to the flux monitor rate)

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

target fram ]
und.due to

The n_TOF Collaboration




Basic characteristics of
experiments at n_TOF

wide energy range low background conditions, but...

high neutron flux &
high energy resolution

low repetition rate
of the proton driver

low background condit
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In-beam photon time distribution
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= Wwide energy range

nigh neutron flux &
nigh energy resolution

ow repetition rate
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= Wwide energy range

nigh neutron flux &
nigh energy resolution

ow repetition rate
of the proton driver

low background conditions

Neutron beam

detectors with extremely
low neutron sensitivity
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experiments at n_TOF [NEid

= wide energy range

nigh neutron flux &
nigh energy resolution

ow repetition rate
of the proton driver

low background conditions
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detectors with extremely
low neutron sensitivity

sample changer and beam pipe
made out of carbon fiber
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* 40 BaF, crystals

Basic characteristics of .. ...
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measurements in 2004

= wide energy range

nigh neutron flux &
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experiments at n_TOF

wide energy range 240p C Guerrero et al. (The n_TOF Collaboration)
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R Plag et al. The

experiments at _TOF

wide energy range

nigh neutron flux &
nigh energy resolution
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of the proton driver
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Basic characteristics of
experiments at n_TOF

= Wwide energy range
nigh neutron flux &
nigh energy resolution

ow repetition rate

of the proton driver proved to be a unique
low background conditions combination for high

accuracy measurements

n_TOF beam characteristics
and experimental setup

detectors with extremely
low neutron sensitivity

high-efficiency detectors (TAC)
state of the art dag system
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232Th

24,25,26Mg
90,91,92,94,967p 937

139La
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237Np, 40Py 243Am

ISSIoN

233,234,235,236,238|

232Th
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27Np
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_TOF experiments 2002-

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

m Th/U fuel cycle (capture & fission)
s Transmutation of MA (capture & fission)
m 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
m Nuclear level density & n-nucleus interaction

The n_TOF Collaboration




The n_TOF-Ph2(*) experiments
2008 and beyond

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

m _ross sections relevant for Nuclear Astrophysics

m [ eutrons as probes for fundamental Nuclear Physics

(*) The physics case and the related proposal for measurements at the CERN
Neutron Time-of-Flight facility n_TOF in the period 2006-2010

CERN-INTC-2005-021; INTC-P-197
April 2005




The n_ TOF-PhZ experiments
2008 and beyond
Capture measurements

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
9Se accurate nuclear data needs for structural materials

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

ZinZiE || 29128 e Th/U nuclear fuel cycle

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

239,240,242p ) 241,243\ 245Cm incineration of minor actinides

(*) endorsed by CERN INTC (execution in 20087?)




The n_ TOF-PhZ experiments

2008 and beyond
Fission measurements

MA ADS, high-burnup, GEN-IV reactors

235 (n,f) with p(n,p’) new 23%U(n,f) cross section standard

234U(n,f) study of vibrational resonances at the fission barrier

147Sm(n,a), °7Zn(n,a), *°Ru(n,o) p-process studies
%8Ni(n,p), other (n.lcp) gas production in structural materials

Al, V, Cr, Zr, Th, 238U(n,lcp) structural and fuel material for ADS
and other advanced nuclear reactors

He, Ne, Ar, Xe low-energy nuclear recoils
(development of gas detectors)

neutron-neutron scattering length




The second n TOF beam line & EAR-2

New
Experimental
Area (EAR-2)

~20m

n_TOF target

Sl |r| II \ o i . \
EAR'1 Cianl rc:.; Slalan
far
(at 185 m) Iiﬂlmﬂaqaﬂlliﬂj EEE

Flight-path length : ~20 m

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




EAR-2: Optimized sensitivity

Improvements (ex: 1°1Sm case) consequences for
sample mass

= sample mass / 3
s/bkgd=1
= use Ban TAC
d,, X 5 =

m flight path @5, x 100 = 10 ug

boosts sensitivity by a factor of 5000 ! iii:?

problems of sample production and safety issues relaxed




Summary & conclusion

n_TOF unique for high precision cross section measurements
plan for measurements in EAR-1 already available

possible improvements for the present setup for EAR-1:
= reduction of in-beam y-ray (use Borated H,O or D,0)

=1ag)
di

future perspectives:
= second beam line construction plan
= Class-A as EAR-2

www.cern.ch/n_TOF
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U Abbondanno et al. (The n_TOF Collaboration)
Phys. Rev. Lett. 93 (2004), 161103
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_TOF experiments

U Abbondanno et al. (The n_TOF Collaboration)
Phys. Rev. Lett. 93 (2004), 161103
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S Marrone et al. (The n_TOF Collaboration)
Phys. Rev. C 73 03604 (2006)
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_TOF experiments

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

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

Sm_52Sm
93 a

* Tg>4 using the “classical” s-process model
 from AGB modeling: 71% of 192Gd

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

Capture
U Abbondanno et al. (The n_TOF Collaboration)
204,206,207,208pp  209B; Phys. Rev. Lett. 93 (2004), 161103

232Th &
S Marrone et al. (The n_TOF Collaboration)
24,25,26Mg Phys. Rev. C 73 03604 (2006)

90,91,92,94,967 937r

139La
186,187,18805

TADLL IX. The "'Smin,y) cross section in the unresolved
resonance region from 1 keV to 1 MeV.
Energy bin Oin.y) Uncertainty (%)

Syst.

for nuclear data

23.68 1.8 43

all infos available in 5175 2194 C 42
refereed journal e 42
- pubiications 253 15.36
Fission 2 o
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233,234,235,236,238( ) on the n_TOF website
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207Pb(n,y)
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_TOF experiments

C Domingo-Pardo, et al. - The n_TOF Collaboration
ND2004 Conference, Santa Fe, NM — Sept. 2004
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accepted for publication in PRC (in press)
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Capture _TOF experiments

=>i5m C Domingo-Pardo, et al. - The n_TOF Collaboration
09Bi 207Pp(n.y) | ND2004 Conference, Santa Fe, NM — Sept. 2004

&
232Th accepted for publication in PRC (in press)
24,25,26Mg

90,91,92,94,967r 937y » This work

139 5 o Raman et al.
186,187,188()g

233,234

237Np,240Pu,243Am

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

209B; Resonance Energy (eV)
237Np

241,243Am  245Cm

gl’,I/T" (meV)

Ratio
- N

substantial disagreement for E_ > 45 keV

The n_TOF Collaboration




_TOF experiments

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

09Bl 207Pb(n,y) ND2004 Conference, Santa Fe, NM — Sept. 2004
&

accepted for publlcatlon in PRC (|n press)
24,25,26Mg TABLE II: R

the analysis

90,91,92,94,962'-’ 93Zr
139La
186,187,18805

233,234

]
2
2
2
1
1
1

237Np,240Pu,243Am

Fission
233,234,235,236,238U

232Th

2098' fOrbital angular mome and re ance spins J are from

27Np 3% accuracy
of the capture kernel

T e a2 I o

241,243Am, 245Cm
The n_TOF Collaboration
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_TOF experiments

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

&

submitted for publication to PRC, October 2006

Pb(n.y) Yield
Sammy R-Matrix Fit

0O Poirtwise Bkg.

56 58 60 62 64 66 68 70 72 74
E, (keV)

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

he n_TOF Collaboration




_TOF experiments

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

09Bi ND2004 Conference, Santa Fe, NM — Sept. 2004
&
submitted for publication to PRC, October 2006

24,2526Mg

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

90,91,92,94,967 937r
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Capture _TOF experiments

_ C Domingo-Pardo, et al. (The n_TOF Collaboration)
204,206,207,208pb 209Bi(n,y) Phys. Rev. C 74, 025807 (2006)
232Th
24,25,26Mg o This work

O GELINA
A DRHL

90,91,92,94,967 937r
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18y

232Th o R e T B frody
O

1 O

209RB;j

25’Np Very low neutron sensitivity of capture y-ray
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Capture _TOF experiments
>1Sm C Domingo-Pardo, et al. (The n_TOF Collaboration)
204,206,207,208pb = Phys.( Rev. C 74, 025807 (2006)

232Th
24,2526Mg

90,91,92,94,967 937r

139La
186,187,18805

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

232Th
209B;j

237Np

Very low neutron sensitivity of capture y-ray
#L25Am, 245Cm detection systems & high resolution _

he n_TOF Collaboration




_TOF experiments

Sm C Domingo-Pardo, et al. (The n_TOF Collaboration)
204,206,207,208p Phys. Rev. C 74, 025807 (2006)

232Th

24’25’26Mg NEW MEASUREMENT OF NEUTRON CAPTURE . .. PHYSICAL REVIEW C 74, 025807 (2006)

TABLE II. Resonance parameters® and radiative kernels® for *Bi,

90,91,92,94,967 937r

L

E, (V)

139La 801.6(1)
2323.8(6)
3350.83(4)

186,187,188()g 4458.74(2)
5114.03)
233,234 2500,
Q016.8(4)

[y (meV) I, (meV) gl D/ T (meV)

Lh

4309(145) 33.3(12) 18.2(6)
17888(333) 26.8(17) 12.0(8)
87(9) 18.2(3) 9.5(2)
173(13) 23.2(22) 11.3(11)
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957(100) 25.3(14) 8.6(5)
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237 240 243 9159.20(7) 259(45) 214021 10.9(11)
Np[ Pu[ Am 9718.910(1) 10422) THT) 19.5(21)
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12098 654

FISSIOn 1 5649.8(1.0) 1000 A704) 202(17)
1 1991VI1 17440.0(1.3)
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1
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208(154) 25.3(25) 14.7(15)
*Angular orbital mementa, /, resonance spins J, and neutron widths, I'y, are mainly from Refs. [27,28].
2098 bUncertainties are given as 18.2(6)=18.240.6.
I “This area corresponds to the sum of the areas of the broad s-wave resonance at the indicated energy, plus two p-wave resonances at 12,092
and 12.285 keV.
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Remarkable energy resolution and background conditions
have allowed to determine the resonance parameters up to 9 keV

RI=10.8 £ 1.0 barn
average y-widths:
s-waves = 50.7 £ 5.4 meV
p-waves = 33.6 £ 6.9 meV
<D,>=252 £ 22 eV

S, =(0.82+0.05)x10* S, =(0.55+ 0.04)x10-
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Figure 3: Neutron capture on *!U yield in the thermal region and for the first resonance
obtained in the present experiment.
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Capture samples

Sample A half-life

yr

half-life
S

Lambda
1/s

N

Activity

Bq

Ci

Sm-151

151

9.30E+01

2.9E+09

2.36E-10

6.36E+20

1.5E+11

4.1E+00

U-233

233

1.59E+05

5.0E+12

1.38E-13

2.58E+20

3.6E+07

9.6E-04

U-234

234

2.46E+05

7.7E+12

8.95E-14

9.49E+19

8.5E+06

2.3E-04

U-236

236

2.34E+07

7.4E+14

9.38E-16

1.02E+21

9.5E+05

2.6E-05

Np-237

237

2.10E+06

6.6E+13

1.05E-14

1.27E+20

1.3E+06

3.6E-05

Pu-240

240

6564

2.1E+11

3.35E-12

1.25E+20

4.2E+08

1.1E-02

Pu-242

242

3.73E+05

1.2E+13

5.88E-14

4.96E+19

2.9E+06

7.9E-05

Am-241

241

432

1.4E+10

5.08E-11

9.96E+20

5.1E+10

1.4E+00

253,164,001

Am-243

243

7370

2.3E+11

2.98E-12

6.17E+19

1.8E+08

5.0E-03

919,833




Fission samples (FIC detectors)

Isotope | Diam. [mm] | Density [ug/cm2] | # of targets |[Mass[mg] | T1/2 [yr] | A[Bq] | A[C] | N |
U234 50 | 2 150 | 6 | 353 |246E+05| 8.1E+06 | 2.2E-04 | 9.1E+19 |
U235 50 | 020 | 2 | 157 |7.04E+08| 1.3E+03 | 3.4E-08 | 4.0E+19 |
U236 | 80 | 100 | 2 | 201 [2.34E+07| 4.8E+04 | 1.3E-06 | 5.1E+19 |
U238 | 80 | 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| 80 | 150 | 1 | 151 |2.10E+06| 4.0E+05 | 1.1E-05 | 3.8E+19 |
Am-241] 80 | 05 | 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] 80 | 10 | 2 | 20 | 8500 | 13E+07 | 3.4E-04 | 4.9E+18_

N2 ININININ




The n_TOF Collaboration




Capture studies




Motivations:

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

* 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

» Contribution of massive stars (core He-burning phase) to the s-process
nucleosynthesis
« s-process efficiency due to bottleneck cross sections (Example: 62Ni)




Kr 82 Kr 83
11,8 1n5h

it
133155

Se 75
119,64 d

As 71
6528 h

Ge 71 Ge 72
11,43d 27,66

The 79Se case

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

*t,, <6.5x10%yr




Capture studies: Fe, Ni, Zn & Se

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

CeD6 Detector

Sample Changer

(*) except "°Se




Motivations:

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

 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.




Capture studies: Mo, Ru & Pd

» Setup: The n TOF TAC in EAR-1

(a few cases with CzD; if larger neutron scattering)
 All samples are stable and non-hazardous
» Metal samples preferable (oxides acceptable)

Cd 110 Cd 111

1249 mm R

11
8%

 Ag 107 ! Ag 110 | Ag i1t

Estimated # of protons (S| | R R L e N
20 x 5x1016 = 1018 e e i

13572
¥

Hay ] 8

s




* EAR-2 required
« Sample from ISOLDE?

g-process path

s [147] [~ 5]~ [~

L

[

g-process path

C-procEss

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

 branching ratio (capture/pB-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

241’243Am 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 24TAm and 233Pa)




Capture studies: actual TAC setup <<

Actual setup with thick
sample cannings

vacuum




vacuum

Window surrounded

by neutron absorber
('°B or Li doped
polyethylene)
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Capture studies: actual TAC setup

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

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

counts/7-10'2 protons
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Capture studies: active canning for
simultaneous (n,y) & (n,f) measurements

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
{ C)

\

m / "Thin" AE detector
p,

/ "Thick" AE/Low E detector
y E detector

/

H
Neutron energy [MeV]

capture mode (2 mm @) (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

e

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:

« Z1Pa(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 24'Pu and 2**Cm (in class-A lab)




Fission studies

with twin ionization chamber

LLC T - B . T o |
== AN s B
c o o o

3
e
>
2
[
c
o
3
=

160 180
Mass (amu)

120 140
Fragment energy (MeV)

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

Measurements:

* FF yields: mass & charge
» Test measurement with 235U then measurements of other MA




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

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

Forn_TOF-Ph2:

Marnometer

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

Measurements:

« 147Sm(n,a) (tune up experiment)
« SLiF target for calibration

EAR-2 boost:

» approx 100 times the ORELA count rate
expected

« 57Zn and P*Ru (n,0)) measurements




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

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

MICROMEGAS

Neutron detection
F

Forn_TOF-Ph2:

Particle

neutron
Product

 converter replaced by sample

£

'E E charged naudron converlar E —1000 V

2 & Particl = :

X eroduct - - expected count rate: 1 reaction/pulse
E E . ."FE'FE“F?'? IIIIIIIIIIIIIIIIIIIIIII ._.‘: E HV2 (G=200 mb’ ®=5cm’ 1um thiCk)

§ 3 2

28 e _JA_____Zz

g B 3




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

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

Setup: in parallel with fission detectors Measurements:

v production cross sections o(E,,) for (n,xc) | * °°Fe and ?**Pb (tune up experiment)
Al V, Cr, Zr, Th, and 238U

ve=p,a,d - a few x 10'8 protons/sample in fission mode
v differential cross sections do/dQ, do/dE




Neutron scattering reactions

Proton detector

Direct n + n scattering experiment not feasible!
D4

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

+ 4 2
ntt+’H—->n+n+y Neutron beam

sn+2H->n+n+p

Neutron detector

Neutron incident energy 30 — 75 MeV
in 2.5 MeV bins

T(p) (MeV)
b

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

©,=20° & =0°

9, =50° &, =180°

Tin}) (MeV})







23’Np(n,y) at n_TOF

counts/7-10"2 protons
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The n_TOF Collaboration



23/Np(n,y) at LANSCE

Legend:
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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 fission cross sections of several MA in consideration here are shown. The fission

N 3 ' - . . . N
. cross section of “"Pu is also shown for a direct comparison with a non-threshold fission case.
source: C Rubbia (2002)




Neutron cross sections data are ===
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Nucleosynthesis: the s-process

direct correlation between
neutron capture cross section
and abundance: ' ' ' ' '

o(n,7) - N = const. H
} He —

Solar system elemental abundances

C-N-O —]
M Fe ]
neutrons _
ﬁ
l“ 50 —]
N=82 N=126 —
Sr-Zr
Ea!La ih N
y Li-Be-B ]

5800
70.86d
56Fe 57Fe ! | I | ! | l | l
9173 ) 20 40 80 30 100
Atomic number Z




Neutron-Capture Abundances in CS 22892-052

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







