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o Stellar nucleosynthesis and (n, g) cross sections

e The Time of Flight (TOF) technique at CERN n_TOF
» Accuracy of these (n, g measurements

 n_TOF experiments of interest in astrophysics

* Present status and outlook



Stellar nucleosynthesis: the s process
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Stellar nucleosynthesis: the s process
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Stellar nucleosynthesis: the s process
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Experimental techniques

CSvs. En
« Time of Flight/ CERN n_TOF
« Total Absorption Calorimeter
 Low Efficiency C,D, Detectors
<CS>
e Activation / FZK via 3.5MeV VdG



The CERN n_TOF Facility (Google’s view)
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The n_TOF Collaboration
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neutron UEEISEEINE  Energy resolution @ 187.5 m
(collimator for capture mode)

spectrum

neutron flux 7-10% n/pulse
10-100 keV

flight path 187.5m

@ 2nd collimator
beam size

p-beam e
Neutron Energy pu::s;#:i:ith m F;ﬁh;on
cm cm
1eV 0.0 3.0
10 eV 0.1 3.0
100 eV 0.2 3.3
1 keV 0.6 5.1
10 keV 2.0 7.9
30 keV 3.4 10.2
100 keV 6.2 18.0 }
1 MeV 19.5 34 .1 4.2E-03
10 MeV 61.7 16.9 6.8E-03
100 MeV 195.0 14.5
L fotal ] E-mnm - oo

Note: 1 pulse is TE+12 pr¢ 10

capture modes) is integrate 1027

distance (cm)

4




Astrephysics at n. TOF

n_TOF features

Use in astrophysics

broad neutron energy range

neutron capture cross sections for
s-process studies (0.1 — 500 keV)

high instantaneous flux

small capture cross sections

small sample quantities (isotopically
enriched samples)

radioactive samples (low intrinsic
background)

excellent energy resolution

resonance dominated cross sections

low neutron sensitivity
low backgrounds

accurate cross section measurements
even for large s /s

capture




Experimental techniques

CS vs. En
« Time of Flight/ CERN n_TOF

. otal Absorption Calorimeter
 Low Efficiency C,D, Detectors
<CS>
 Activation/ FZK via 3.5MeV VdG



Technique 1) The Total Absorption Calorimeter

The TAC consists in 40 BaF, crystals (12 pentagonal and 28 hexagonal) with a thickness of
15 cm. It has a nearly 100% efficiency for detecting capture events.




counts

Technique 1) The Total Absorption Calorimeter

Total Energy in TAC

‘ TAC rate as a function of TimeOfFlight, m‘j>2 & 2.5< E(MeV) <7.5
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Technique 1) The Total Absorption Calorimeter

‘ TAC rate as a function of TimeOfFlight, m‘j>2 & 2.5< E(MeV) <7.5
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Technique 1) The Total Absorption Calorimeter

TAC rate as a function of TimeOfFlight, m‘j>2 & 2.5< E(MeV) <7.5
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Experimental techniques

CSvs. En
« Time of Flight/ CERN n_TOF
« Total Absorption Calorimeter
 Low Efficiency C,D, Detectors
<CS>
e Activation / FZK via 3.5MeV VdG



Technique 2) Low Efficiency C D, Detectors




NEUTRON SENSITIVITY (=./ <))

Improved (home-made) C D, Detectors

0.00310°

0.0025]—...... -

0.002

0.0015

0.001

0.0005,

= FZK-Improved
A & Bicron {orig.)
: ¥ Bicron {imp.)

R. Plag et al., Nucl. Instr. Meth. A 496 (2003)



Radiative capture (n, @ and Pulse Height Weighting Technique

(Z,A+1)* Pulse Height Weighting Technique (PHWT):

—» Low grray efficiency: @;« 1
e, is not defined, depends on the  gray detected!

(Z,A)

= Efficiency proportional to g & g

e 23 €y 4 30 a 40 constant

Experimentally:

e, + R
Ep— E,=1Mev 21
: 5
;! . Eg=2Mev 3 ‘
1 2 >
Eg (MeV) 1 2 Eg (MeV)
Analysis:
= W.-R .= E

Counts
|_\




There was NO clear recipe to determine the WFs

Previous situation: 2 2o
s
=

Facilit WF method g |HH||\|| I||i AT A i}|i|||\

actity metho > of |HH||u||||ii||n|Iii“|“’|iiiii’ fila IHH!M"
Oak Unique WF, the same »oF

i (for all experiments, all
Ridge isotopes, any sample) 2O s —— gtk
National Obtained via MC A
Laboratory simulation of one

particular setup. (Perey 56Fe(n,g) 1.15 keV
et al. 1987).
Geel Unique WF (the same for P
_ all experiments, etc) *
Institute for obtained from
Reference experimental RFs b
Materials and (Corvi et al. 1990) o A
Measurements THER W W
Since early 80s: large discrepancies (20%) in
the measurement of the °6Fe (n,g) CS @

CERNn_TOF ? E.=1.15 keV
(IFIC)




Detalled study of the experimental approach via MC

1) Calculo MC de los factores de peso (WFs)

£ S
E )
; [
F c
E 2
I ]
I 2
; £
[ 5
t >
3 g
T -
" : ' r "1_' L T a5 1 s T es s as e as
E,. (MeV)

L
1.5

7 25 3
thickness (mm)

a B
£ (Mav)

2) Tratamiento adecuado de efectos experimentales

(] £
L E =
i ASTAY 3" ,_— Umbral 250 keV

¢ S g
::5_// \ 105
T 3 &« & & T @ ;I:.'I 10%
i i
204D =
i 204pp s
5 -
A :

1.62 1.64 1.66 1.68 1.7 1.72 1.74 E"(:(e;l/) E’dep (Mev)
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Detalled study of the experimental approach via MC

1) MC calculation of the Weighting Functions =a

p

- + / = ol

| 1§
- [LE ]
-: ;\? aE
i Py % & D
E £ EtMa)
-: c :":l' | T 4
£ o 3
;- 8 Sron
§ i
F >
; g M[
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L L 1
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2) Treatment of several experimental effects

i ’ﬂlwAu §1n’§/ Umbral 250 keV o=

!

:; J \ 107 '
o ‘\H\‘_‘_ f

T R N W {
E, ia¥] i gy T ﬁ;" : A =
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g 204ph 1
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Validation and Improvement of the Experimental Tehn

Technique validation via benchmark (n, g) experiments

Improvement of the method via detailed MC

Yield

1wl

107

Weighting Function TOF02

— Au_014Smm
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300 /
200 Ve
100 /
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E
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- s L ks S O

A

Relative Yield
I
i
i

u_955_ . Fel5x20mm i
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0.85
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Thickness (g/cm’)

"Improved accuracy (n,g) measurements at n_TOF", C.Domingo-Pardo et al.,
XI International Symposium on Capture Gamma-Ray Spectroscopy and
Related Topics, Prague, Czech Republic 2 - 6 September 2002
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New expenimental validation of the pulse height weighting
technigue for capture cross-seclion measurements
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Reaction

NeUlren capture measurements
fer Astrophysics

Motivation

24,25,26Mg(n’g)

Abundance anomalies in SiC grains
Strength of neutron source 2°Ne(a,n)?°Mg

90,91.92,93.9496 71 (. g

Neighborhood of s-process branching at A=95
Sensitivity to neutron flux, Bottleneck at N=50

139La(n’g)

Bottleneck at N=82 and s-process indicator for
spectroscopic observations

1518m(n’g)

s-process branch point: a thermomenter in the
star

186,187,18805(n’g)

Nuclear Cosmochronology (Re/Os clock)

204,206,207Pp(n,g)
209Bi(n, Q)

Termination of the s-process path
Bottleneck at N=126
Constraint for Th/U cosmochronometer




2ESm(n,g) measurement  ¢°¢

3.0E-08

Beanplangs can be used to determine

- 206 MY EPSKEO5 DAk Ridge) /
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In the interior of stars

0.0E+00

decay rate [1/s]

0 1 2 3 4 5 6

Gd ==
N

Eu

Sm

First s-process branch point which was directly measured via TOF




CAPTURE YIELD

I 10 10° 10° 10
NEUTRON ENERGY (eV)

+ 10

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

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



MACS-30 = 3100 + 160 mb

<Dy>=1.48+0.04 eV, S, = (3.87 +0.20)x10*

4000 - r . . v ,
e kT30 keV |
: n_TOF
= 3pg0 e—,——T
= ]

E .

7 E
w E .
o 2000 F . . . . -
p .
L

1 000 . L . : : :

1970 1980 1990 2000

YEAR

» Classical s-process, this CS would imply Tg>4, inconsistent with stellar He
burning

« Stellar model TP-LM-AGB star yields 71% 152Gd (TP)

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

MASS COORDINATE (Mg)

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







LeOHSTECSOS| (1n,g) measurement

n_TOF
Winters
Browne
HF calculation

1 10 10
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e 5
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Neutron energy [eV]
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: 1870
o S
10 E Ll Ll L
| 10 10 1
NEUTRON ENERGY (keV)

Capture cross section [b]
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UMP Halo Stars

N

C.Domingo-Pardo et al. (h TOF Collaboration), Phys. Rev. C 74/75, 2006/¢
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N — N _ N % 20 40 60 80 100 120 140 160 180
- S Neutron number N

H. Schatz et al., 2002
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n_TOF will continue:

Letter of Intent signed by 24 research labs of the n_TOF Collaboration + 4 newcomers (January 2005)

n_TOF phase | n_TOF phase Il

2001 2002 2003

2004 2005 2006 2007 2008 2009

today

Capture measurements

Mo, Ru, Pd stable isotopes

Fe, Ni, Zn, and Se (stable isotopes)
63Njj, 79Se

A 150 (isotopes varii)

147Sm(n,a), 87Zn(n,a), **Ru(n,a),
*®Ni(n,p)

r-process residuals calculation
isotopic patterns in SiC grains

S-process nucleosynthesis in massive stars

s-process branching points
long-lived fission products

p-process studies




Fe & Ni Isotopes @ n_TOF in 2009

OLD TARGET NEW TARGET




Fe & Ni Isotopes @ n_ TOF in 2009

Fe - Isotopes Ni - Isotopes
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