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Advanced BurningAdvanced Burning
Advanced burning can be Advanced burning can be 
(is) very inhomogeneous(is) very inhomogeneous
The process is very The process is very 
important to the chemical important to the chemical 
history of the galaxyhistory of the galaxy
The problem is to not only The problem is to not only 
explain the existence of explain the existence of 
heavy elements, but also heavy elements, but also 
their absolute and relative their absolute and relative 
abundances.abundances.
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Energy Generation NucleosynthesisEnergy Generation Nucleosynthesis

Energy generators build elements up to Z ~ 20 Energy generators build elements up to Z ~ 20 
/ 22 (maybe 26)./ 22 (maybe 26).
The exact amount depends on the sourceThe exact amount depends on the source
Type II SN (10Type II SN (10--100 M100 M ) put out lots of O ) put out lots of O 
which is generated during He burningwhich is generated during He burning
Type I SN (<1.41 MType I SN (<1.41 M ) put out great quantities ) put out great quantities 
of Fe.of Fe.
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So What is Built During Energy So What is Built During Energy 
Generation?Generation?

HeHe
–– HeHe44 –– Result of H burningResult of H burning
–– HeHe33 –– Incomplete pp chainIncomplete pp chain

Li, Be, BLi, Be, B
–– These are not formed during pp or CNO These are not formed during pp or CNO –– Their abundances Their abundances 

present difficulties due to their sensitivity to destruction present difficulties due to their sensitivity to destruction ––
best current source is best current source is spallationspallation of Cof C1212 by cosmic raysby cosmic rays

CC1212, O, O1616

–– Formed in 3Formed in 3αα process (and immediate followprocess (and immediate follow--on)on)
–– Also get some OAlso get some O1818 and Neand Ne2222
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ProceedingProceeding

NN1414

–– Forms as a result of CNO processing during H Forms as a result of CNO processing during H 
burning.burning.

NeNe2020, Na, Mg, Al, , Na, Mg, Al, SiSi, (P, and S), (P, and S)
–– Result from C burningResult from C burning
–– The latter two come from O burningThe latter two come from O burning

We are up to Z = 16 and A  32We are up to Z = 16 and A  32
–– Note that fluorine is missing (Z = 9)Note that fluorine is missing (Z = 9)
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ComparisonComparison
The relative proportions produced by these The relative proportions produced by these 
burning processes agree rather well with the burning processes agree rather well with the 
values seen in the solar neighborhood.values seen in the solar neighborhood.
The absolute quantities are governed by not The absolute quantities are governed by not 
only the mechanism but also by the only the mechanism but also by the ““raterate”” or or 
the yield per generation.the yield per generation.
–– To get into stars this material must be recycledTo get into stars this material must be recycled
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Production of A Production of A ≥≥ 2828
We consider the range 28 We consider the range 28 ≤≤ A A ≤≤ 6060
The high end of the range is the Fe peak a very strong The high end of the range is the Fe peak a very strong 
perturbation in abundance versus Z.perturbation in abundance versus Z.
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What Burns Next?What Burns Next?
We have built: NeWe have built: Ne2020, Na, Na2323, and Mg, and Mg24,25,2624,25,26

We also have available: AlWe also have available: Al2727, Si, Si28,29,3028,29,30 as well as Pas well as P3131

and Sand S3232..
The next fuel should be the species that has the The next fuel should be the species that has the 
lowest Coulomb barrier: this will be either Nelowest Coulomb barrier: this will be either Ne2020 or or 
NaNa2323 or maybe Mg.   But there is less Mg than there is or maybe Mg.   But there is less Mg than there is 
SiSi or S.or S.
GamowGamow Peak: T Peak: T 2 or 3 (102 or 3 (1099) K) K
–– Thermal  rays can Thermal  rays can photodisintegratephotodisintegrate SS3232 and perhaps and perhaps 

(ultimately) Si(ultimately) Si2828

Normal Burning cannot proceed!Normal Burning cannot proceed!
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What Happens Next?What Happens Next?

A quasiA quasi--equilibrium configuration is established equilibrium configuration is established 
involving photodisintegration and particle involving photodisintegration and particle 
capture.capture.
Ultimate end is the production of the FeUltimate end is the production of the Fe-- peak.peak.
Fe Peak elements are highly favored: the Fe Peak elements are highly favored: the 
binding energy per nucleon is at or near binding energy per nucleon is at or near 
maximum at Fe.maximum at Fe.
–– Binding Energy is defined as the energy it takes to Binding Energy is defined as the energy it takes to 

separate the nucleus into individual particles.separate the nucleus into individual particles.

Normal Burning Cannot Proceed



Advanced BurningAdvanced Burning 1010

The Binding Energy CurveThe Binding Energy Curve
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Details of Details of SiSi BurningBurning
At 2(10At 2(1099) K absorption of energetic photons by ) K absorption of energetic photons by 
nuclei produces excited states which can eject nuclei produces excited states which can eject 
p, n, p, n, αα..
Reaction Rates: Reaction Rates: rrii ~ exp (~ exp (--QQii/kT/kT) ) ΓΓeffeff
–– QQii is the binding energy of the ejected particleis the binding energy of the ejected particle
–– ΓΓeffeff = a rate factor (effective particle width) = a rate factor (effective particle width) 

producing maximum rates near the producing maximum rates near the GamowGamow peak.peak.
After OAfter O1616 burns the dominant species are Siburns the dominant species are Si2828

and Sand S3232..
–– Other products of OOther products of O1616/C/C1212 burning do not affect burning do not affect 

energy generation but do affect element generation.energy generation but do affect element generation.
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SiSi2828 and Sand S3232

SiSi2828 is more tightly bound that Sis more tightly bound that S3232 so at 2.5*10so at 2.5*1099 K:    K:    
SS3232 + + γγ →→ SiSi2828 + + αα
–– Therefore, at 3(10Therefore, at 3(1099) K the core is mainly Si) K the core is mainly Si2828

There follows two competing processes:There follows two competing processes:
–– Disintegration of SiDisintegration of Si2828

SiSi2828 + + γγ →→ AlAl2727 + p+ p
SiSi2828 + + γγ →→ MgMg2424 + + αα
SiSi2828 + + γγ →→ SiSi2727 + n+ n
Other processes also occur which (could) lead to a dominance of Other processes also occur which (could) lead to a dominance of 
light elements in the core.light elements in the core.

–– The photodisintegration takes place on a finite timescale so The photodisintegration takes place on a finite timescale so 
particle interactions can occurparticle interactions can occur
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SiSi BurningBurning

SiSi2828 + + αα SS3232 + + γγ
SS3232 + + αα ArAr3636 + + γγ

CrCr5252 + + αα NiNi5656 + + γγ
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Details, Details ...Details, Details ...

These chains can also do These chains can also do n,pn,p captures but the captures but the αα chain chain 
is the more efficientis the more efficient
The heavier species that are built persist as they have The heavier species that are built persist as they have 
larger binding energies per nucleon.larger binding energies per nucleon.
Each of the individual links is a quasiEach of the individual links is a quasi-- equilibrium equilibrium 
process.process.
The light particles are used up in the formation of the The light particles are used up in the formation of the 
heavier species.  The primary source of the particles heavier species.  The primary source of the particles 
(mainly (mainly αα) is Si) is Si2828 + + γγ

The Net Process:   2 Si28 → Ni56
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More DetailsMore Details
SiSi burning will not produce elements with A > 56.burning will not produce elements with A > 56.
FeFe5656 has the largest binding energy per nucleon.  has the largest binding energy per nucleon.  
To go heavier one must tap the thermal pool To go heavier one must tap the thermal pool –– ieie, , 
““exothermicexothermic”” up to Feup to Fe5656, , ““endothermicendothermic””
afterwards.afterwards.
Note that Note that n,pn,p reactions to increase Z are also reactions to increase Z are also 
possible.  Along with the backward reactions these possible.  Along with the backward reactions these 
decide the isotopic content (yield) of decide the isotopic content (yield) of SiSi burning.  burning.  
Note that many of the products are unstable and Note that many of the products are unstable and 
will begin to will begin to ββ decay.decay.
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Still More DetailsStill More Details

Note that we produce NiNote that we produce Ni5656 and Feand Fe5454..
The dominant isotope of Fe is FeThe dominant isotope of Fe is Fe5656 (91.8%).  (91.8%).  
NiNi5656 has a halfhas a half--life of 6.1 days to electron life of 6.1 days to electron 
capture.  It becomes Cocapture.  It becomes Co5656 which has a halfwhich has a half--
life of 77 days to either electron capture or life of 77 days to either electron capture or 
positron emission.positron emission.
Note the 77 day halfNote the 77 day half--life life –– it is very it is very 
important to understanding supernovae.important to understanding supernovae.
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Energy GenerationEnergy Generation
εε = = εε00XXSiSi

1.1431.143 (1(1--XXSiSi))--
0.143T0.143T99

6.316.31ee--143/T9143/T9

–– TT99 = T in billions of degrees= T in billions of degrees
–– εε00 2.9(102.9(102727))

At TAt T99 = 3; = 3; XXSiSi ~ 0.5   ~ 0.5   
–– εε = 3(10= 3(1099) erg gm) erg gm--11 ss--11

DurationDuration
–– For T < 3 TFor T < 3 T99: 10: 1066s (11.6 days)s (11.6 days)
–– For T > 3 TFor T > 3 T99:  can be as little as :  can be as little as 

10s10s

The The nucleosyntheticnucleosynthetic yield yield 
depends on Tdepends on T HeHe44>6.5>6.5

FeFe5454 + 2p+ 2p5.75.7

NiNi56564.34.3

FeFe545433

FeFe565622

SpeciesSpeciesTT99

Yield From Yield From SiSi BurningBurning
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Production of Elements with A > 56Production of Elements with A > 56
Coulomb barrier is essentially impenetrable at A > 56 Coulomb barrier is essentially impenetrable at A > 56 
to charged particles  to charged particles  Neutron captureNeutron capture
Consider the process: Consider the process: ZZXXAA + n + n →→ ZZXXA+1A+1

There are two possibilities There are two possibilities ZZXXA+1A+1 is either stable or is either stable or 
unstableunstable
–– Stable: go to the next step Stable: go to the next step –– add another nadd another n
–– Unstable:Unstable:

It DecaysIt Decays
It has time to add another neutron before the decayIt has time to add another neutron before the decay
This obviously depends strongly on the cross sections and neutroThis obviously depends strongly on the cross sections and neutron n 
velocities (that is, T)velocities (that is, T)
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The r and s processThe r and s process
ss--process: capture rate is slow compared to the decay process: capture rate is slow compared to the decay 
rate (usually rate (usually ββ))
–– Proceed along a chain of stable isotopes of an element until Proceed along a chain of stable isotopes of an element until 

an unstable one is encounteredan unstable one is encountered
Then you decay to a new element and start over.Then you decay to a new element and start over.

rr--process: capture rate is fast compared to the decay process: capture rate is fast compared to the decay 
rate.rate.
–– Proceed along a chain of stable isotopes of an element until Proceed along a chain of stable isotopes of an element until 

an unstable one is encounteredan unstable one is encountered
And you just go right over it by another capture to another isotAnd you just go right over it by another capture to another isotope ope 
of the same species.of the same species.
You do this until you cannot proceedYou do this until you cannot proceed

–– Binding energy problemBinding energy problem
–– A very fast decay/large decay cross section is encountered.A very fast decay/large decay cross section is encountered.
–– Now decay to a stable isotopeNow decay to a stable isotope

This builds neutron rich isotopes.This builds neutron rich isotopes.
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What do we build?What do we build?

ss--process builds the more stable process builds the more stable 
balanced (n balanced (n --p) species p) species –– Valley of Valley of ββ
stabilitystability
rr--process builds the neutronprocess builds the neutron--rich rich 
isotopesisotopes
The major problem is where do the The major problem is where do the 
neutrons come from?neutrons come from?
–– Energy generators do not produce themEnergy generators do not produce them
–– They must come from a subsidiary They must come from a subsidiary 

processprocess
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Consider the rConsider the r--processprocess

dNdNAA/dt/dt = = nnNN<v>(<v>(σσAA--11NNAA--11 -- σσAANNAA))
–– σσAA = neutron cross section= neutron cross section
–– nnNN = neutron # density= neutron # density

To order of magnitude: 1/To order of magnitude: 1/ττ = = nnNNσσ<v><v>
–– σσ iis an average capture cross section  10s an average capture cross section  10--2525 cmcm22

–– At T ~ 10At T ~ 1099 K <v> K <v> ≈≈ 3(103(1088) cm / s) cm / s
–– Typical Typical ββ decay is  ~10decay is  ~10--22 s so we require s so we require ττ << 10<< 10--22

–– This means This means nnNN<v> >> 10<v> >> 102727 cmcm--22ss--11

–– Since <v> Since <v> ≈≈ 3(103(1088) cm / s this means the neutron flux is ) cm / s this means the neutron flux is 
about 3(10about 3(101818))

An awful lot of neutrons! An awful lot of neutrons! 


