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Introduction: Nuclear Astrophysics

REVIEWS OF
MODERN PHYSICS

Vorume 29, Numser 4 Ocroser, 1957

Synthesis of the Elements in Stars*

E. MaArRGARET BUrBIDGE, G. R. BurBIDGE, WiLtiasr A. FowLer, AND F. HovLE

Kellogg Radiation Laboraiory, California Institute of Technology, and
Mount Wilson and Palomar Observalories, Carnegie Institution of Washinglon,
California Institute of Technology, Pasadena, California

“It is the stars, The stars above us, govern our conditions”;
(King Lear, Act IV, Scene 3)

but perhaps

“the majority of the chemical “The el dear Bruts, s ot i ou tars, Bt n urehves,
elements in the universe is
produced through nuclear reactions
in the hot interiors of the stars”
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Introduction: Nuclear Astrophysics

EXPERIMENTAL AND THEORETICAL
NUCLEAR ASTROPHYSICS;

THE QUEST FOR THE ORIGIN OF
THE ELEMENTS

Nobel lecture, 8 December, 1983

by
WILLIAM A. FOWLER
W. K. Kellogg Radiation Laboratory

California Institute of Technology, Pasadena, California 91125
Ad astra per aspera et per ludum

SCIENCE volume 225 (1984) 922
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The principal source of information on the
solar system abundances is the photosphere.
The sun emits a black body spectra at the

temperature of 5.777 K.
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Another source of information for the
abundances of elements are the meteorites.
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Stellar Evolution: Hertzsprung-Russell diagram
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Stellar Evolution: Hertzsprung-Russell diagram
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tellar Evolution
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relative number of stars
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0.013 M, < M <0.08 M,

0.08 My, < M <0.5 M,

0.5M;<M<3M,

3M,<M<11M,
M>11 M,

Stellar Evolution

Gliese 2294

5,800 K

Gz star red cdwarf
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Heat Transfer of Stars

> 1.5 solar masses

0.5 - 1.5 solar masses

M < 1.5 M, pp chain

M > 1.5 Mg, CNO cycles

O Convection Zone
% Radiation Zone
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SAGB
Initial Mass: 9 My < M < 11 Mg They are more complicate of the AGB, their
evolution is not yet well defined. They can start burning C
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Stellar evolution: M > 11 M,

non-burning
H envelope

H fusion

He fusion

C fusion

O fusion

Ne fusion

Mg fusion

Si fusion

inert Fe core

log T

School on Nuclear Data Measurements for
Science and Applications, Trieste
19/06/2015 giuseppe.tagliente@ba.infn.it



Abundances beyond Fe-ashes of stellar burning

numberfraction
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E Abundances beyond Fe-ashes of stellar burning }
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{ Neutron capture processes

Solar system elemental abundances

s-process lifetime 10* years n =10% neutron/cm?

103 T I T [ T [ [ T
r-process lifetime us n,=10%2 neutron/cm3 10° [y H -
111 _

B-decay lifetime: few hours to some months 1077 He e
10°H 126 - ]
10" _ #p -
The canonical s-process T o2H i
3 neutrons B
S0

- ‘ | ‘ N=50
"IN o
23 l’"- J 1N=82

“ by
Co 58Co N h, 023 -
70.86 d 00
Fe | [56Fe [57Fe [58Fe |>xce
‘ 0
91.72 2.2 0.28 44.503 d Atomic number Z




[ Neutron capture processes }

s-process lifetime 10* years n =10% neutron/cm?

r-process lifetime us n_ =10%? neutron/cm?3

B-decay lifetime: few hours to some months L




Nucleosynthesis in the r-process
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s-only & r-only istopes
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Stellar Models: local equilibrium approximation

Solar system ¢ N systematics
(G inmb, Nin #10° Si)
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Stellar Models: Standard stellar model

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

W07 T T 1 T T T 1 T T T T T T T ] T T T
L m s-only isotopes
A — Main component
| = [ain + weak components
)
100 -
E I ]
o "l\:-. aar
z . ,
© i a
el
10 d Shisy Dy C-'5 -3
F Pt Ha o ]
: s
L y W
| | |
B Lu
[ ]
1 1 1 l 1 1 1 | 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1
]75 100 125 150 175 200 225

Mass number A

THE ASTROPHYSICAL JOURNAL, 354:630-643, 1990 May 10
a2 1990 The Amerkan Astronomical Society. All rights reserved. Primted in US A

f the fraction of >®Fe seed nuclei that are subjected to
an exposure of neutron

T heutron exposure proportional to the time-
integrated neutron flux

s-PROCESS NUCLEOSYNTHESIS: CLASSICAL APPROACH AND ASYMPTOTIC GIANT
BRANCH MODELS FOR LOW-MASS STARS

F. KAPPELER

Kernforschungszentrum Karlsruhe, Institut fur Kernphysik

R. GALLINO

Istituto di Fisica Generale dell” Universita di Torino

M. Busso anp G. PiccHio
Osservatorio Astronomico di Torino

AND
C. M. RAITERI

International School for Advanced Studics, Tricste
Received 1989 August 9; accepred I989 November I5



Stellar Models: Standard stellar model
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s-process stellar sites }

Low mass Asympotic Giant Branch (AGB) M=1.5 - 3 Mg,
Cla,n)**0 T~ 8 keV N, <10’ n/cm?

Ne(o,n)>*Mg T~ 23 keV N _~10%1°-10'2 n/cm3

Massive stars M~15 - 25 Mg

22Ne(a,n)*>Mg
In core He-burning T~ 26keV N, ~ 10°n/cm?

In shell C-burnig T~ 90 keV N, ~10! n/cm?3
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The s
process
occurs

in AGB

Theoretical
evolutionary
track of a
star of 2 Mg
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The s process occurs in AGB stars: cool and luminous
red giant stars with winds

False-color
picture of
CcO
molecules
tracing
material
around the
AGB star
TT-Cygni

/ TP-AGB Star

Convective Envelope

Main
Sequence
Sun

H-burning /

Shell \/

He-rich

Strong mass loss driven by e }
stellar pulsations and radiation
pressure on dust.

Newly synthetised elements and
dust grains are shed into the
surrounding interstellar medium




Schematic out-of-scale picture of the structure of AGB stars.

Stellar

Convective Envelope =
Winds

/

He—burning shell /
H-burning shell \
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Neutrons in Laboratory

Thermal reactors

almost monoenergetic neutron, very high flux

Monoenergetic neutron

Based on reaction (p,n) or (d,n) P

d(d,n), t(p,n), “Li(p,n), *Be(p,n)

Time of Flight facilities
wide neutron energy spectrum
High energy resolution
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Time of Flight facilities

Photoproduction (y,n): Heavy metal targets are
bombarded by electron beams of typical 20 -150
MeV. The resulting neutron spectra contains all
energies from thermal to near the initial y energy.
ORELA (USA), GELINA (EU) and RPI (GB)

19/06/2015 giuseppe.tagliente@ba.infn.it



Time of Flight facilities

Spallation: neutron are ejected from a heavy
target due to the impact of charged particles as
protons. It provides the most prolific source of
fast neutrons.

n TOF(CERN), LANCSE(USA), ISIS(GB)




Time of Flight Technique

Spallation target
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ToF Technique (Flux & Energy resolution)

Velocity from TOF

Resolution = L /

AV, _\/At,,2 AL2

+
Vn t,2 L2

Neutron flux = L \

1
cpn(L) = L_2
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n_TOF facility at CERN

somewhere around here
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The CERN n_TOF Facility

D 200m J
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GELINA Facility
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Flux

Integrated neutron flux Istantaneous neutron fllux
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Detector

L=L,+L,

L =L(E,) = Ly +AL(E,)

1 1 L\?
E,=-m,v?=-m, (—)

2 2 "\t
1 (722977 L,\°
E, = =m,v° =
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n Detector

GELINA
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Transmission

Capture
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Neutron Capture

m—>

D=10 eV
A+1 n + AR RS oFUERTINWIION

(O— D =100 keV

S,=10 MeV/

A+1 X
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Neutron Capture: Cross Section

F=L +L +T+..

g spin factor
rr k_neutron wave number
* A O . E = £ z n
E =Sn+A+1En - (E) gki p_pya(f ? I" total width
( o 0) 15 I',, neutron scattering width

oy (barn)
[~
8

e
(=)
(=)

n T,
0=

0.04

0.02

1140 ~ 1145 1150 1155 1160
E, (eV)

2n2 LI
[

Total radiative area: A, =




Neutron Capture: Resonances

oy (barn)
—

10 |

E, (eV)

Resonance Region: I"'<D
Resolved Resonance Region (RRR): Detection resolution < D

Unresolved Resonance Region (URR): Detection resolution > D
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Neutron Capture: Gamma-ray detection

- Activation
- Cross sections integrated over
known neutron spectrum
E == - applicable to some nuclei only
- no time of flight

! - Level population spectroscopy
- applicable to some nuclei only
- feasible with HPGe detectors,

- Total energy detection
- ¢.~E,, requires weighting function
- neutron insensitive detector
CyDg detector used at GELINA and n_TOF

- Total absorption detection
- requires Q = 4, efficiency 100%
A+TX - capture/fission discrimination possible
radioactive BaF, detector used at n_TOF

School on Nuclear Data Measurements for Science and Applications,
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Experimental details: Yield

. p Yield: The fraction of incident neutrons
S undergoing a (n,y) reaction in the sample

Y _ N(En; Edé’p)
“P N, (E,) X S(E?;;Edw)

yd

The relation between capture Yield and

) /\ cross section is given by:
@ o
Detect g "Ctot) 4

Y =(1—

Otot

A+1X
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Experimental details: PHWT

Accuracy of the Pulse Height Weighting Technique? (used to count properly capture cascades)

Use of detailed MIC
simulations of detector
response with the full
setup

+

Use of the nuclear

statistical model to make

systematic corrections

Probability
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(n,y) Total energy detection

"w-—

Improvements in the Experimental Setup & Data Analysis

* Lowest neutron sensitivity s No neutron background corrections !

Cross Section (b)

(n,y)

En (eV)

o
g o
o ©
e N
N o

NEUTRON SENSITIVITY (c//¢)

e
[=]
(=]
-
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(n,y) Total energy detection

"w-—

Improvements in the Experimental Setup & Data Analysis

* Lowest neutron sensitivity s No neutron background corrections !

(n,n)

Cross Section (b)

(n,y)

En (eV)

o
g o
o ©
e N
N o

NEUTRON SENSITIVITY (c//¢)

0.001
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sample sample sample

Y,) One—~Scat

Y,) Two—Scat

250 260 270 280 290 300 31(() ;20
eV
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Experimental details: Area analysis

" | — no broadening ]
O | Do oo i and resolution '?2@.‘?2.52‘5!!2?;1:?% o Due to the instrumental limitations and
quantum state with ha 1 . .
: e w=hr | Doppler effect the effective observable is:
Soaf E The area of a resonance.
° B Doppler broadened L.
02f . The area below a resonance is independent of
 resoluton broadened and the experimental resolution and Doppler effect
%930 1140 6o 1160

neutron energy (eV)

- N
Ao = f(l — e "9tot)dE Ay (]_ —e wgog)_}' dE

Otot
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5, (barn)

Experimental details: Area analysis
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Experimental details: Area analysis
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Experimental details: Normalization

. N (Ey, Egep)
exp N, (En-) X g(Em E*Zr‘ﬂ’)

NY o (En)
N (E)X (S5 + Ey)

Vier (En) =

E. [keV)

Viof (En) = AYyep(Ep) + B - f34 = -



Maxwellian Averaged Cross Sections:MACS

Neutrons produced in the stars are quickly thermalised ms) M-B distribution
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Maxwellian Averaged Cross Sections:MACS

Neutrons produced in the stars are quickly thermalised ms) M-B distribution
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MACS: Activation

LB LA | TT T LON LN DAL BN DL DU |
Integral measurements of MACS can be 1 -
performed with neutron beams of Maxwell- - “Li(p,n)’Be .
Boltzman (MB) energy spectrum. g 08 - E, = 1.912 MeV E
MB-like neutron beams typically produced by ; 06 | / -
low-energy p- or d- induced reactions (with 2 ]
some moderation, if necessary). E 04 kT=25keV
< |
Used for decades, at VdG accelerators. 0.2 -~
New high-flux facilities now being built 0 Lol il usliiiloeyl 2
(SARAF, FRANZ, LENOS, etc...). 0O 20 40 60 80 100 120 140 160 180 200

NEUTRON ENERGY [keV]

Two-step measurement:
* Irradiate sample under the neutron beam, leading to an unstable nucleus AX(n,y)**1X

* Determine the produced activity (for example, with HPGe, or using AMS technique).

Pros: Cons:
* Selective method, good signal-to- * Need assumptions to estrapolate results to
background ratio different temperatures
* Typically large fluxes (close to source), * It cannot be applied if A*lX is stable or with

does not need massive samples short half-life




MACS: Time Of Flight

Time-of-flight method allows to measure directly o(E,):

* (n,y) events are determined by detecting the de-excitation cascade;

 Neutron energy determined from the time between production of the neutron
beam and detection of the capture y-rays.

In principle, more powerful and accurate than activation:
MACS can be calculated for ANY stellar temperature

* ANY isotope can be measured.

Problems with ToF method:

e sample has to be at some distance from the neutron source, thus reducing the
flux

* requires pulsed neutron beams (possibly with low repetition rate, to avoid wrap
around);

* more difficult to discriminate background (including natural radioactivity of
sample);

* requires relatively pure samples and in large amount.



[ Cross sections relevant for Nuclear Astrophysics }
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*** cross section uncertainties <5%
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*** safe control of systematic uncertainties
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{ Cross sections relevant for Nuclear Astrophysics }

m branching point isotopes
m magic nuclei and end-point
m seeds isotopes

m isotopes of special interest

cosmocronometer, neutron poison



Branching points

REVIEW OF MODERN PHYSICS, VOLUME 83, JANUARY-MARCH 2011

The s process: Nuclear physics, stellar models, and observations

F. Kappeler"

Karlsruhe Institute of Technology, C
Germany

R. Gallino'

Dipartimento di Fisica Generale, Un
INAF-Osservatorio Astronomico di

S. Bisterzo*
Dipartimento di Fisica Generale, Un

Wako Aok’
National Astronomical Observatory,

Sample Half-life (yr) Q value (MeV) Comment
S\ 100.1 B, 0.066 TOF work in progress (Couture, 2009), sample with low enrichment
Se 2.95 X 10° B, 0.159 Important branching, constrains s-process temperature in massive stars
SIKr 2.29 X 10° EC, 0.322 Part of ™Se branching
SKr 10.73 B, 0.687 Important branching, constrains neutron density in massive stars
S7r 64.02 d B, 1.125 Not feasible in near future, but important for neutron density low-mass
AGB stars
134y 2.0652 B, 2.059 Important branching at A = 134,135, sensitive to s-process temperature in
low-mass AGB stars, measurement not feasible in near future
135y 23X 10° B, 0.269 So far only activation measurement at kT = 25 keV by Patronis et al. (2004)
10981 d B, 0.896 Important branching at A = 147/148, constrains neutron density in low-mass
AGB stars
2.6234 B, 0225 Part of branching at A = 147/148
5368 d B, 2.464 Not feasible in the near future
90 B, 0.076 Existing TOF measurements, full set of MACS data available (Abbondanno
et al., 2004a; Wisshak et al., 2006¢)
1By 8.593 B, 1978 Complex branching at A = 154,155, sensitive to temperature and neutron
density
ISEy 4753 B, 0246 So far only activation measurement at kT = 25 keV by Jaag and Kiippeler
(1995)
18Gd 0.658 EC, 0.244 Part of branching at A = 154, 155
1607h 0.198 B, 1833 Weak temperature-sensitive branching, very challenging experiment
1%Ho 4570 EC, 0.0026 Branching at A = 163 sensitive to mass density during s process, so far only
activation measurement at kT = 25 keV by Jaag and Képpeler (1996b)
T 0.352 B, 0.968 Important branching, constrains neutron density in low-mass AGB stars
1.921 B, 0.098 Part of branching at A = 170, 171
Ta 1.82 EC, 0.115 Crucial for s-process contribution to '®Ta, nature’s rarest stable isotope
18w 0.206 B, 0432 Important branching, sensitive to neutron density and s-process temperature in
low-mass AGB stars
2| 378 B, 0.763 Determines *Pb/TI clock for dating of early Solar System




[ Branching points: the '>!Sm case }

s-Process

Laboratory t,,, =93 yr
reduced to t;, =3 yr @ s-process site

The branching ratio for >Sm depends on:

* Termodynamical condition of the stellar
site (temperature, neutron density, etc...)

* Cross-section of **3Sm(n,y)

151Sm used as stellar thermometer !!




Branching points: the '>!Sm case
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[ Branching points: the *Ni case

.Scenarlt.)s
in massive stars

He core burning: kT~26 keV, N ~10° cm3

Carbon shell burning: kT~go keV, N, ~10" cm3
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Branching points: the *Ni case

®3Ni (t,,=100 y) represents the first branching
point in the s-process, and determines the
abundance of 63.65Cu

62Ni sample (1g) irradiated in thermal reactor
(1984 and 1992), leading to enrichment in ®*Ni of
~13 % (131 mg)

In 2011 ~15.4 mg %3Cu in the
sample (from ®3Ni decay).

After chemical separation at
PSI, 63Cu contamination <0.01
mg

First high-resolution measurement of ®3Ni(n,y) in
the astrophysical energy range;

First experimental observation of resonances in
the keV region.
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Neutron Magic Nuclei: the Zr case }

Solar system ¢ N systematics

(G inmb, Nin#10° Si)
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Nucleus No N/ Ng %
Normalized to

N(Si)=10° atoms

N7y 5.546 0.789
Zr 121 1.066
“Lrx 1.848 1.052
Hr 1.873 1.217
*Zr 0.302 0.842

<.75d

34.92 4

~J.30 ka




Zr in meteorites SiC grains
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MACS:@ 30 keV
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Astrophysical implication: Abundances

Nucleus No N/ Ng % N/ Ng %
Normalized to Old MACS MACS from this
N(Si)=10¢ atoms work
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The Age of the Universe

4.5 Gyr Now
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The Age of the Universe

I

Phys

spotlighting exceptional research
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An ancient clock

lllustration:
iStockphoto.com/Christian
Wilkinson

Neutron physics of the Re/Os clock. I. Measurement of the (n,y) cross sections of
186,187,18805 4t the CERN n_TOF facility

M. Mosconi et al. (The n_TOF Collaboration)
Phys. Rev. C 82, 015802 (Published July 15, 2010)

Neutron physics of the Re/Os clock. Il. The (n,n') cross section of 1870s at 30 keV
neutron energy

M. Mosconi, M. Heil, F. Kappeler, R. Plag, and A. Mengoni
Phys. Rev. C 82, 015803 (Published July 15, 2010)

Neutron physics of the Re/Os clock. Ill. Resonance analyses and stellar (n,y)
cross sections of 186,187,188¢g¢

K. Fujii et al. (The n_TOF Collaboration)
Phys. Rev. C 82, 015804 (Published July 15, 2010)

+ Cosmology * Nuclear Physics
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The Age of the Universe

- Cosmological way
based on the Hubble time definition (“expansion age”)

. Astronomical way
based on observations of globular clusters

 Nuclear way

based on abundances & decay properties of long-lived
radioactive species



The nuclear way

Traditional nuclear clocks are those based on:

° 235u/238U

e Th/Eu, Th/X or Th/U abundances in low-Z stars

School on Nuclear Data Measurements for
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The Cosmocronometer

The s-process condition o,N, = const.
implies that:

Oyg6 [12°0S] = 0447 [1%7Os]

Solar system ¢ N systematics

(G inmb, Nin #10° Si)
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The Cosmocronometer: Os results

MACS-30 18505(n,7)'870s

100 .
Brogt | 498 =30 mb “Browne et al. (1981) —+— I

WiM82 | 418 + 16 mb Winters et al. (1982)

Calculation

n_TOF | 384 +17 mb N_TOF (2004) m—
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The Cosmocronometer: Os results

MACS-30 1870s(n,7)"*%0s
100 p—— e
BrB81 | 919+28 mb “Browne etal. (1981) —+— l
WiM82 | 874 +28 mb Winters et al. (1982)
n_TOF | 940+ 18 mb n_-%'f'{‘é%t[ﬂq
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Thp Age'ofvth_e_Univv_e[s:e

Cosmological way

13.7 £ 0.2 Gyr

« Astronomical way

14 + 2 Gyr

* Nuclear way: Re/Os clock Th/U clock

14.9 = 2 Gyr(*) 13 + 4 Gyr

(*) 0.4 Gyr uncertainty due to x-sections
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The Cosmocronometer: Complications

In addition to the fortunate conditions which allows to use the
Re/Os abundance pair as a clock there are a number of
complications:

The p-decay half-life of '8’Re is strongly dependent on
temperature

The stellar neutron capture cross section of '87Os is influenced
by the population of low-lying excited levels
(the 1st excited states is at 9.8 keV)

Branching(s) at W and/or at '%°Re

The chemical evolution of the galaxy influences the history
of the nucleosynthesis

Re and Os abundances uncertainties



Conclusion

In the last fifty years there have been an extraordinary progress
in the modeling of the stellar evolution. One of the main
ingredients for the stellar model are the neutron cross sections

There is a need of accurate new data on neutron cross section

In the last ten years several results for stellar nuclesynthesis
have been produced (Sm, Os, Zr, Ni, Fe, etc...).

Further progress are needed to measure short-lived
radionuclides aimed at solving key remaining questions in
nuclear astrophysics.



