The origin of heavy elements in the solar system
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weak s-process: core Hel/ shell C burning in massive stars
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The sites of the s-process

He shell flashes in low mass TP-AGB stars
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The weak s-process

Site: Core He burning (and shell C-burning) in massive stars (e.g. 25 solar masses)

14N is rapidly converted to 22Ne .
18 | © captly
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Towards the end of He burning T~3e8 K: 22Ne(a,n) provides a neutron source

—» preexisting Fe (and other nuclei) serve as seed for a (secondary) s-process



Typical conditions (Raiteri et al. ApJ367 (1991) 228 and ApJ371(1991)665:

Atomic Mass

Temperature 2.2-35e8K
Density 1 - 3e3 g/cm?
Average neutron density 7e5 cm3
Peak neutron density 2e7 cm3
Neutron exposure t *) 0.206 / mb
") time integrated neutron flux ,
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Site: low mass TP-AGB stars
( thermally pulsing stars
on the asymptotic giant
branch in the HR diagram,
1.5 - 3 solar masses )

H-burning shell

He-burning shell
unstable - burns in flashes
(thin shell instability)
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H/He burning in a TP-AGB star
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H/He burning in a TP-AGB star

» number of He flashes in stars life: few — 100
* period of flashes: 1000 — 100,000 years

Transport of s-process
products to the surface
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Conditions during the main s-process

13C(a,n) in pocket | 22Ne(a,n) in He flash
Temperature 0.9x108 K 2.7 x 108K
Neutron density 7 x 107 cm3 1010 cm-3
Duration 20,000 yr few years
Neutron exposure t *) 0.1/ mb 0.01/mb

T

weaker but longer
main contribution
(90% of exposure)

T

short, intense burst
slight modification
of abundances
(branchings !)



Results for main s-process model
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Grains from AGB stars
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But: can vary C excess,
can have other contaminants
in star (diamonds ...)

NGC 6543 HST - WFPC2

PRS5-01a - ST Scl OPO - January 1995 . P Harringtan (U.MD), NASA 121394 zgl



Murchison CM chondrite
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FiG. 1. Exotic noble-gas components in
interstellar grains have highly anomalous
isotopic patterns. The Xe-S pattern is the
extrapolated end member, corrected for
accompanying normal gases (Lewis ef al,
1993). The remaining patterns are the most
extreme actual compositions measured.




Zr in the s-process

2Mo %Mo %Mo \5%;: 100Mo
14.8 9.25 241 :_ 66h 1 9.63
- L e 1 |
L0 PNb | 194Nb __1?*Nb |__1%Nb

100 | l2oky1 13541 1 23h1

I
p S R -

P | P | 1
90Zr 91Zr 927r 93zr 947r 95Zr | %62zr |1 972r
51.5 1.2 17.2 l.]".51"\4')/1 17.4 L 64d 1 |2.80 :. 17h 1
89y
100

- = Yoo T
0Y |19y L 92y \
| 64h 1 L59d [ :_3.5h_! Even this can have
s-contribution
84gy 89gy :_, 90y L, 91gy : (for large Nn and slow
0.56 | 51d 1 29y 1 19.5h1 9%6Zr(n,y) helps — maybe
50% s?)
87Rb 38Rb:
27.8 L 18m 1
!
. ==
82Kr 83Kr 84Kr ;j—-' 86Kr 87Kr )
11.6 115 57.0 85K 173 [ 176m 1
11y, -




F T 1 T 1 T 1 T 1 T 1

o Y (X501 A1 105 o= [Fe/ H]:()
= = = | | solar
N G S | Imetallicity
-400 ———
i 1.5 M,
Q| SO i —— T -
— | (= SCoain
® D12
X D6
-400- N [ N [ N [ N [ N N ‘ D3
— e A D2
A 1 B D15
0 A 000 M ST
8(92Zr/94Zr) ‘i_ QA —— ¢ UL3
' U2
-200 | 1 (D=divide, U=multiply
I ] amount of 13C formed
= pocket efficiency)

2 ] 2 ] I ] 4 ! .
-1000 -800  -60Q  -400 -200 O 1 t al., 2003, ApJ
an r )
- Zr>"Zr) (8) Haro et al, SES, AP



o(°1Zr/[?4Zr) |

400

5(92Zr/%4Zr)

T BT
200F ]

[Fe/H]=0
solar
metallicity

200

3 M,

m SIC grains

D12
D6
D3

D2
D1.5
ST
Ul.3
U2

-« IH> & )MO

N | N | N | N | N
-1000 -800 96-60% . 400 -200 O
(Zrl" Zr) (4)

Lugaro et al., 2003, ApJ



