Advanced Burming

Bunldimg; the Elcavy Blements




Advanced Burning

¢ Advanced burning can be
(1s) very inhomogeneous
& The process is very

important te)the chemical
history off ther galaxy

¢ [heproblem s tormot only;
explain the existence ol
hicavy: elements, but also
ther=absolute and ielative
AbUndANCES;
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Energy Generation Nucleosynthesis

¢ Energy generators build elements up to Z ~ 20
/22 (maybe 26).

¢ [The exact amount depends on the source

¢ Type [I'SN (10=100:M. ) put out lots o ©
whichi1s generaied durmg He bumimg

¢ Type [ SN (10418 VI ) iput out gieat uantities
Ol liE;




So What 1s Built During Energy
Generation?

¢ He
— He* — Result of H burning
— He® — Incomplete pp chain
¢ L1, Be, B

— Theseiane not formed duting pp or CNO'— Their abundances
present diticultics, due to) their sensitivity: to destruction —
best curient source s spallation of €= by, coSmIc rays

'S C12, 016
— Fommedin S0 process) (andimmediaic iollow=oi)
— Alsorget some O and Nez=
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Proceeding

— [orms as a nesult off CNO) processing during H
bumming,

o Ne?’, Na, Mg, Al, Si, (B, and' S)
— Result firom: € buring

— The latier two, come; firom O bunimg

9 Weiarc up 1012 — li6rand A 352
— Noie thiai lueEne 1S missimg (Z,=9)
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Comparison

¢ The relative proportions produced by these
burning processes aguee rather well with the
values seen i the solarneighborhood:

¢ [he absolute quantities are govermed by not
only; thermechanism but alser by, the “rate " or
the yield per generation.

— 110 getb mie; stars) this materal must berecycled
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Production of A > 28

& We consider the range 28 < A < 60

¢ The high end of the range is the Fe peak a very strong
perturbation m abundance vensus, Z.

Advanced Buifing




What Burns Next?

¢ We haye built: Ne?’, Na?’, and Mig**-2>-2°

& We also have available: Al27, Si2¢2>:3Y as well as 25!
and S°2.

¢ The next fuel should be the species that has the
lowest Coulomb) bammier: this will be either Ne2® or
Na*> or maybe Mg, But thene isiless Mg than there s
ST or S.

9 Gamowy Peaks 1" = 2 or 31 (102 K

— ilhicrmal nays can photodisintcgraie S*= and perhaps
(Ulbimately) Size

— Woeeeell Buening giaior procsedl | S
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What Happens Next?

Normal Burning Cannot Proceed

& A quasi-equilibrium configuration 1s established
myolving phoetodisintegration and particle
capture.

¢ Ultimate end'1s the production of the Fe- peak.

¢ [c Peak clements are highly iavoered: the
bindmg enengy: per nuclcon: 1s at or near
maxdmumat Ke;

— Binding Encrgy isfdeiined as the enengy it takes to
separate themucelcustmtormdividualparticles:

Advanced Buifing




The Binding Energy Curve
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Details of S1 Burning

& At 2(10%) K absorption of energetic photons by
nucler produces excited states which can eject
P, 1, 0.

¢ Reaction Rates: 1. ~ exp (-Q:/kT) I .-

— Q) 1s the bindimg enengy ol the ejecied particle

— [ = araie lactor (etiective particle widily)
producing maximum: rates near the Gamow: peake

9 Afiter 0% burms, the' dominant species ane Siz8
and S>2.

— Othcr products o OF/C*= burning do not aticct
CHEgy genetation b deoraiiccl clement geneiation.
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Si2% and S>2

& Si%® is more tightly bound that S°* so at 2.5*10° K:
S? +v — Si*¢ + q
— Therefore, at 3(10%) K the core is mainly Si*®

& Therne follows two competing processes:

— [Disintegration of Si*®
¢ Si%+y— Al +p
& SiZ* +v > Mg* +a
o Si% +v — Si?7 +n
¢ OhcEprocessesialsproccurwhchi(Could)Nead tora dominance ol
light elementsimithercore.
— e phciodismicgration takesiplace onaimie timescale so
particleniCractions CaAn OCCU
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S1 Burning

&SI Ffo= S°2+yq
&S>2 Lo = Ar%ty

* %
o Cr>2 = o) = NP2




Details, Details ...

The Net Process: 2 Si?® — Ni°®

¢ These chains can also do n.p: captunes but the o chaim
1S the more efiicient

¢ The heavier species that are built persist as they: have
larger bindmg energies per nucleon.

¢ Bach oiff the mmdividual links 1sfa quasi- equilibriim
process.

& 1hclight part1cles ane used up) i theiormation Ol the
hieavicispecics: e prmary Source ol the particles
(maimly: o)iis SieE=ar
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More Details

¢ S1 burning will not produce elements with A > 56.

¢ ket has the largest binding energy per nucleon.
To go heavier one must tap the thermal pool — 1€,
“exothermic™ up to e’ “endothernmic’
alterwards.

& Note that n,p reactions to) merease Z, ane also
possible. Along with the backwand reactions these
decide the isetopic content (yield) ol Sit burning,
INoie that many oi the products are; unstable;and
wallsbegimrtorsrdecay:
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Still More Details

¢ Note that we produce Ni°° and Fe>”.

¢ The dominant isetope ot ke is/ Ee20 (91.8%).
Ni*% has a half-lite of 6.1 days to electron
capture. It becomes Co>® which has, a half-
l1iie ol 77 days 10 erther eleciron Capiiire or
POSILION CIISSION.

& Noie the: 77 day: hali=liie= 1t 1S ey
Impoiant e Understanding Stpernoyac:




Energy Generation

¢ =g Xy (1-Xg))-
0. 143T96.3le—143/T9

— T, = T n billions of degrees

¢, <) 2.9(1027)

— &= 3(10%) erg gm" s
¢ Dunation 3 Bic

— For 1" < 31 T,; 10°s (11.61days) 20

— For 1" 311;: can be as little as e N1

5.7 ¥ =Yg

105
depends on 1 =09 Eles

Yield From Si Burning

T, Species

¥ Ihcmuclcosynthcticiyicld
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Production of Elements with A > 56

¢ Coulomb barrier 1s essentially impenetrable at A > 56
to charged parnticles =» Neutron capture €

¢ Consider the process: ,X* +n —  XA*!

¢ There ane two possibilities X ¥ is either stable or
unstable

— Stables go to the next step— add another n

— [Unstable:
& [ Decays
» [t has timetoradd anotherneuiron betore therdecay

& lhisfobyiousiy depends siiongzly on the crossiseetions and neutron
velocitics (That s, 1r)
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The r and s process

& s-process: capture rate 1s slow compared to the decay
rate (usually [5)

— Proceed along a chain of stable 1sotopes of an element until
an unstable one 1s encountered

¢ [hen you decay tora new element and start over.

& 1-process: captune rate 1s fast compared to the decay
rate.

— Proceed along a chaim oifstable isotopes off an element until
an unstable one s encouniered

& And you just go tight over it by another captiire, 16 another 1ISotope
oiff the same; species.

< You dojthisfontil you cannot proceed
— Bindimng energy: problcin
— AWetysiast decay/largerdecay Crossiscelion s encouniered:
— INoWw: decay tora stable iseotope

@ s bunldS neHron HehNSOLOPLES:
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What do we build?

& s-process builds the more stable
balanced (1 -p) species — Valley oii 5
Stability

& r-process builds| the nettron-rich
ISOtOPES

¢ [heimajor problemiiss where do) the
NEUHONS come, [1oms

— [Fnengy: genenialonsi do ot produce; thicm

— ISy must come o a subsid gy,
PLOCESS
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Consider the r-process

& dN,/dt = n<v>(6, (N, ; - 6,N,)
— 0, — neutron Cross section
— 1 — neutron # density
¢ 1o onder oif magnitude: /T = ny6~v>
— G 1S an average captuse cross section 1072° cm?
— At T ~ 10° K <v> = 3(10%) emi/ S
— Tiypical fidecay is. ~107% s so we require v ~= 10
— Thisimeans ny<v>>> 1027 cm=s:

— Since <v>~3(10%) cmi/ s this mcans, themcution s
about 3(1101¢)

=>» A awinl ot e neutrons) €=
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