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Evidence for nucleo:

e Discovery of Technicium

in stars (Merril 1952) regee e

» Synthesised nuclei from the . STARS SHOWING RESULTS
interior are mixed into the
photosophere.

» Tc 99 has half-life of 2.1 x 10° yrs
& lies on s- nucleosynthesis path.

* Decay
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Why do stars burn so slowily

Stellar nuclear reactions can be:
= Charged particle reactions
o particle (neutron) induced

“what is possible in the Cavendish laboratory may not be too difficult in the sun”
(A.S. Eddington 1920 while referring to Sir Ernest Rutherford)

Charged patrticle reaction cross sections drop rapidly with
decreasing energy due to the Coulomb barrier.

At the lo
The cross
Difficult to

Contrast the case of neutron rexns..
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C C1OS:

Neutron and charged partic

e Neutron cross-sections are large
and increase with decreasing

energy. These cross-sections can

N RESONANCE NEUTRONS be measured in lab for stellar
() energies if such long lived nuclei
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Coulomb barrier too high _ _ _ _ Coulomb Barrier V_
For heavy nuclei to have the  Unbound 2




The s- and r- processes

O In the Z-N chart, the stable elements
are represented by black squares.

O Many isobars have 3 stable
members.

O If we raise a vertical axis M above
the Z-N plane, we have a diagonal
valley.

0O Diagram to the right is a section
along a line A=Z+N= even.

The elements at the bottom of
valley are the s- elements; they
form a

The iso
(so-call

H. Reeves 1968
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Fig. IV-3. The Z-N plane of the heavy elements. The black squares are the

stable elements; we have a valley of nuclear stability. At the bottom of the valley

(nearly continuous line), the s elements. To the right and to the left (isolated

squares) the p and r elements. Further to the right, the thin line represents the
path of the r process (Clayton, 1962).
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Neutron captures Slow and Rapid comy

process

conditions

timescale

site

s-process
(n-capture, ...)

T~ 0.1 GK
T,~ 1-1000 yr, n,~1078/cm3

102 yr
and 105%yrs

Massive stars (weak)
Low mass AGB stars (main)

((vsn), ...)

r-process T~1-2 GK <1s Type Il Supernovae ?
(n-capture, ...) T,~ us, n,~102* /cm3 Neutron Star Mergers ?
p-process T~2-3 GK ~1s Type Il Supernovae




The s-process pat

Rolfs and Rodney 1988
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FIGURE 9.7. A section of the chart of nuclides and the s-process path through the elements in this mass region. Note that the path bypasses the p- and
r-process nuclei. The r-process nuclei are the end products of an isobaric f-decay chain, the flow of which is indicated by the inclined arrows, from
neutron-rich progenitors produced in an intense neutron flux. When this flux ceases, the progenitors “rain” down to the valley of stability via f-decay.




e A nucleus can be in general be synthesised
by a combination of s- and r-processes
(usually at different sites, stars etc).

e Some nuclei can be due only to s-process or
r-process, since they are shielded by other
nuclel from the alternate process’ path. E g.




s- and r-process paths
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The r-process -

The plot of the s-process path in the (N,Z) plane shows that certain
Nuclei on the neutron rich side of the valley of stability will be missed
by the s-process. A second mechanism for synthesizing heavy nuclei
also proposed by Burbidge et al (1957) is the r-process in which:

* An equilibrium is maintained in (n,y) & (y,n) reactions. Neutron capture
Fills up the available bound levels in the nucleus until this equilibrium
sets in.

* The nucleosynthesis path is along exotic neutron-rich nuclei that would
Be highly unstable in the laboratory.

*The rate of nucleosynthesis is controlled by the beta-decay rate. Each
beta-decay converting n — p opens up a hole in the Fermi sea allowing
another neutron to be captured. The r-process abundance is :

A(Z,N) o [og (Z, N)]*

» The neutron capture is fast comapred to beta-decay rates.
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H.Schatz 2004

Hydrogen mass fraction X=0.71

Helium mass fraction

Metallicity (mass fraction of everything els

Heavy Elements (beyond Nickel) mass fra

o~nuclei
Gap 12c 160,20Ne,24Mg, .... °Ca general trend; less heavy elements

B,Be,Li
| ///// / | | | | | | | | | | | | | | |
d v r-process peaks (nuclear shell closures)

s-process peaks (nuclear shell closures)
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RELATIVE COSMIC ABUNDANCE (Si = 10°)
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H. Schatz 2004

The sites of the s-process

weak s-process: core He/ shell C burning in ma

mam s-process: He shell flashes in low mass TP-AGB stars

105 v ' r — y
] | ¢ empirical ON values of approx. steady flow
& 10 - s-only isofopes; 7
% corrections for YA o YO'(n 7) ~ const
r-and p-processe ’

SIGMA x ABUNDANCE {mb,Si

100 125 150 175 200
MASS NUMBER



The weak s-process and its

In massive stars (e.g. 25 Msun) during core Helium burning and
Shell C-burning, “N is rapidly burnt to 22Ne by successive alpha
Captures and a beta+ decay.

He burning core contains N initially.

The product ?°Ne then acts as a neutron source in the reaction
22Ne(o , n)?®Mg towards the end of Helium burning when
Temperature is about 3 . 108K .

Iron g

Jan 16, 2006




Log (L/L,)

The main S-process H. Schatz 2004
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 number of He flashes in stars life: few — 100
» period of flashes: 1000 — 100,000 years

-7
i [ diffusion a,n in the PDCZ |
'S 0.675 gt -|I-DU end |starts ends = n

0.6BO[

shell _
%:— = S-process in:
* He flash
0.665 =7 via 22Ne(a,n)

=1 13C pocket =#20 =—= || - 13C pocket
"Ne(a,n)" via 13C(a,n)

mass (solor mas




Neutron sources 1n

Conditions during the main s-process

13C(at,n) in pocket

22Ne(a,n) in He flash

Temperature

0.9x108 K

2.7x108K

Neutron density

7 x107 cm?-3

1010 cm-3

Duration

20,000 yr

few years

Neutron exposure 1 *)

0.1/ mb

0.01/mb




sprocess......

The time dependence of abundance N, of
An s-only isotope of A is given by:
dN,/dt = N, (t) Nao,(t) <ov>, — N,(t) No(t) <ov>, — Ag(t) Na(t)

The destructive terms in above equation can be
combined into: N,(t) (A, + ;).

When the beta-decay rate is much faster than the capture rate
Ag >> A, , the radioactive nuclei decay quickly to their
adjacent isobars of higher Z and their own abundances can

Jan 16, 2006



More on s-process

e Stellar temperature is constant during
s-process. Can therefore write:

<OV> = 05Vt where the G, is the Maxwellian

averaged neutron capture cross section and V¢
is thermal velocity. Then the equation:
dNp/dt = vy N (t) (0a4Na4 - 0AN,)

The coupled terms are self-regulating. l.e., the
effect is to minimize the difference between the
terms on the R.H.S. and to reach an equilibrium
state where the LHS = 0. In the mass region
between neutron magic numbers, we there get:

Jan 16, 2006 SINP



Heavy elements in th

loz ' 1 | T T T T T T T y T T -r

The Fig. on the right from
Pagel shows contribution
of several processes to the
Abundance of each
element. In

several eve

ABUNDANCE RELATIVE TO SILICON =0°

o--- 5 -PROCESS
&—— R- PROCESS
tr—— P - PROCESS

L A i 'l i s

100 T ko 200
MASS NUMBER




The r-process

Temperature: ~1-2 GK
Density: 300 g/cm3 (~60% neutrons !)  neutron capture timescale: ~ 0.2 us

4—
B-decay

4 Equilibrium favors

(v,n) photodisintegration ~  Waiting point”

Proton number

>
Neutron number




(n, y) Equilibriumsinge=p
nucleosynthesis

As the neutron number density increases, the neutron
binding energy Q, decreases and rapid neutron addition
stops when Q. approaches zero energy. This happens
when the (y, n) photodisintegration rate balances out the

neutron capture rate. The (n,y) reaction is an exothermic
reaction and the thermally averaged reaction has:

TR - EfKY

r °

() ( Dot )359 r.r,
o =
(e, 7} JH..II.‘T

Here
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(ny)reactions (contiNuEs)




(n, vy) equili brium (CORBEL

e Use resonant cross section in the (y,n) drection
Wth photon wavenunber proportional tothe
energy:

Ouym = 2 2 2




(ny) reacti on (contai .

For a sharp resonance, the integral over
The numerator yields: (2r/I"). Thus,

I'T
OoV)~

n-y e—(E,,/kT) 2




Neutron density for (n,y)requihisigivigs

Equate (ny) and (y,n) rates wth N,~N,,,

2 2kT 3/2
Nn -~ 3 ILlC e—Er/kT
(hc) 2




R process and neut r on aNicINgG

e With typical r-process conditions, T4~1
And N_~ 3x10%° cm™3, we get:

E~24MeV




What i the site of EPOCET U
(has been debated over many years and remains still tentative:

e The r-process requires exceptionally
explosive conditions: p ~10°°cm3, T
~ 0.1 MeV, t ~ 1 sec.

e Both primary (requiring no pre-
existing metals) and secondary sites
(neutron capture on seeds) have
bee
evo

Jan 16, 2006




Sites of r-process _

e Primary sites include:

1) neutronized atmosphere above
proto neutron star in a Type |l SN

2) neutron rich jets from supernovae




Sites of r-process _

e Secondary sites ( where the p (n) can
be lower):

1)He/C zones in Type Il SNe
2) Red Giant Helium flash




R-process site

e Balance of evidence favours primary sites: (see
W. Haxton, Chap 5)

e Ultra Metal Poor (UMP) stars ([Fe/H] ~ -1.7 to -3.1) in the
galactic halo (Sneden et al 2003) show an r-process element
distribution v. similar to Sun for Z > 55. It appears that in the early
galaxy, all of the elements, even those like Ba that are now being
formed in s-process, were in fact synthesised then in a unique

process: the main r-process. But discrepancies below Ba (Z=56)

These old stars must have

prmed within ages short compared to galactic mixing times.
e r-process material in these stars must be from one or a

al SNe.

Jan 16, 2006 S




R-process conditions realized in a type Il SN

As the material just above the proto-neutron star boundary is
blown off, the very hot neutron rich material containing
neutrons and protons cools and at first assembles to o-
particlesinafreeze-out, | ocking up adl the prot ons. Then
trigdea phaand (o,o, n) rexns bridgethe A =5, 8 gap
and dpha capt ures conti nue till heavy nucl ei “seeds” of
A ~ 80 — 100.

The net result iIsa small number of heavy seed nucl &, and

Jan 16, 2006




The role of neutrinosus
nucleosynthesis ?

e Recall r-process requires: (1-3) x 10° K; Freeze-out radius is
about 600-1000 km from the proto-neutron star in a SN;

Lv ~ (0.015 —-0.005)10°'/(100km)3sec; T ~ 3 sec.

e r-process material ejection occurs in an intense neutrino
flux. Post-processing by neutrinos can alter the nuclear
distribution after the r-process is completed.

e In the Neon-zone where Flourine production was due to
1/300 of the nuclei interacting with neutrinos, and since
relevant neutrino-nucleus cross-section scale as A, the

Jan 16, 2006




Neutrino capture re
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Matrix elements _

A
M P=w, 1C ) @) o I
i=1

| Mg =<y, | CAZG(Z')T(Z') lw) I

For very neutronrich nuda the anti neutrino capture drectionis
Paui | ' '

Fer



Waiting point approximation

Definition: ASSUME (n,y)-(y,n) equilibrium within isotopic chain -

Consequences

During (n,y)-(y,n) equilibrium abundances within an isotopic chain are given by
Saha equilibrium:

Yz, A+ _ G(Z,A+1){A+1 27

3/2
n exp(S. /kT)
Y(Z, A) 2G(Z,A) | A mkT




A very old and ultra metal poor

Sneden 2003

CS22892-052

is a red (K) giant star located in the
Halo of the galaxy at a distance:
4.7 kpc and has a mass ~0.8 M_sol.
It is very metal poor:

[Fe/H]= -3.1, [Dy/Fe]= +1.7

Recall that:
[XN]=|°g(XIY)'Iog(XIY)soIar

Old stars formed before the Galaxy
was well mixed. They preserve

local pollution from individual
nucleosynthesis events from the past

. Jan16,2006_ ‘ : .




CS22892-052 (Sneden et al. 2003)
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Double enhancement of r-process and S-process
elements in Carbon-enhanced met: i

e CEMP stars show large enhancement of s-process
elements but with lowest [Ba/Eu] ratios (<0.4) disagree with
predictions of low metallicity AGB stars and require an
additional r-process contribution. Many CEMP stars are in
binary systems.

e Such peculiar abundances suggest stellar models in which
the double enhancements of s- and r-process elements

happen from a 8-10 Msun companion in a wide binary

(Wanaj
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