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The Reactions

ne| [ne *He(aa, 7)*C (Q = 7274.7 keV)
12C(a, 7)'O (Q = 7161.9keV)
0 o 160(a, v)*Ne (Q = 4729.8keV)
| [on - 2Ne(a, v)*Mg (Q = 9316.6keV)
«c| [c]| [#e] [#¢
= (wm (ay Atthe end of hydrogen burning, we are only
8 8 s
left with alpha particles. This is where we
e ] BN must begin helium burning. One problem,
i o el B) though, is that 8Be is particle unstable, with a
5 lifetime of 2.6 x 10°1¢(!) seconds. What does

nature do?

Consider, then, we have an equilibrium between o + o = *Be + v and let’s see
what can happen. Recall from Lecture 1,2 page 10, for a reaction1+2 - 3+,
the ratio of inverse and forward reaction rates was:

T3y 9192 N3 2m\ ¥/ 3/2
T2 g3 NiN> \ h? (1127)™ " exp(= Q237 /7)

12

Now, set 7“3,7/7’12 = 1 for equilibrium and rearrange for N;/N,.



Continuing, we have the equilibrium abundance ratio of Be to alphas

Ns e dBe h2 572 —
NB - QE; Na (27T) (lu“aoﬂ_) 3/2 eXp(Qaa%Be/’r)

. pNAXa

2\ 3/2 -
(h ) (MonéT)_?)/Q eXp(Qaa—nBe/T) J = 0+

4 2T SBe

anz—d;?e = —92 keV

o+ o«

Note the negative
Numerically, we have: sign, because the exit
channel is unbound

N NaXe ..
e — 15 x 107 P ST exp(—10.67/T)

Exercise: take X, =1, p = 10° g/cm3, T = 108K and determine
number ratio of alphas to Be.



He Burning: Some Details

Hydrostatic He-burning is a multistep process, because 2Be is particle-unbound.
* Reaction requires reactants, therefore,

* First, require an abundance of the very short-lived 8Be (previous problem)

* This abundance of 8Be must then react with o particles already present

* Production of *2C should result from these steps

Let’s look at this in more detail.

TBe = 2.6 x 10716 5

o & o
N 1 V4
I 75

O Proton 7 Gamma Ray




9641 3

3030 2" 9585 1-

I 8872 5
[7367] o+ 3 !

o+o Be 4439 2+t

He burning is a process first requiring an
equilibrium abundance of 2Be, followed
by a resonant reaction between 8Be and

) 162
another He particle. [7162] ol | PR 1
120
Gamow Window Parameters 6317 2
u (reduced
Z, Z, mass) T, E,(keV) A (keV) 6129 3
4 2 2.666667 100 145.79503  81.98846 Legend -
4 2 2.666667 200 231.43519  146.0868 T=100 MK 6043 0
4 2 2.666667 300 303.26589 204.8112 T =200 MK
6 2 3 100 198.69537 95.71395 T =300 MK
6 2 3 200 315.40924 170.5429 T = 600 MK
6 2 3 300 413.30302 239.0982 0*
6 2 3

600 656.07765 426.0245 16 O



A closer look at the nuclear physics 9641 3-
3030 2"
7654 o* I
Equilibrium abundance of 2Be is given by [7367] o ETI ___________ N s I
M2
h2\ /2 *Be 4439 2+
NBG — Na2 (—) (uaaq-)_S/ze(Qaa%Be/T)
21
Resonant reaction rate, using M pe ~ 2mMgand all spins = 0:
O+

3/2 —
27 o 2J, +1 r,r. _ C
aBe = h*N,Np. r aly —E./r

3/2 3
— £h5 ( Na ) %6_(ET_QO<@—>B€)/T
. ,=83+10¢eV

3
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What to notice:

2.
3.
4.

Rate depends on the third power of alpha-particle abundance (or 3™ power of
density).

Depends on the o + o = 8Be reaction Q-value (from Saha equation)

Depends on the resonance energy

Depends on the alpha particle and gamma-ray decay widths of the resonance.

All of these are nuclear physics quantities that had to be measured in the laboratory.

Note that the rate depends exponentially on the resonance energy and on the mass

difference (Q-value) between 2Be and 2 alphas.

Something to think about:

How is mass difference of alphas and 8Be measured, given that 2Be has a lifetime of
2.6 x 1016 seconds?(!)

How are the decay widths for the 7654 keV state measured? It cannot be populated
through an electromagnetic transition from its ground state. ()T — ()T transitions
are forbidden from the gamma selection rules.

We will come back to this in another lecture, when we talk about experimental topics.



What is the energy generation rate?

30 = L3280 Qs = (3 — Musg)c? = 7.274 MeV
0

2X3
= 3.9 x 10*! 'OT—SO‘ e~ 4294/Ts gro o1 g1
8

As a temperature power law, this can be written as follows:

T T
€3a = €(1p) (ﬁ) where n = 42.9/Tg — 3

And thus, at T = 100 MK, the exponent is about 40!

The rate is most sensitive in those regions with highest temperature. This
means that the core of a star burning the triple-alpha reaction will be very
condensed.

Something else about the star’s structure can result from this type of high
intensity energy production rate.



Nuclear Energy & Structural Difference

The 3o energy generation rate calculated for T = 100 MK.
L/L* _ Refer to Lecture 11, Semester 1, for the pp-chain energy

: production calculation.
1.0t =

_ pp-Chain
0.8} 3o, Reaction

, A star burning with the 3o reaction in its core, because of
0.6} the much higher temperature dependence, will have a core
' that is smaller. The 95% energy generation rate is at

r/R. = 0.14 for 30, compared to ~ 0.22 for pp-chain.

0.4¢
- Or, the 3a stellar core has a volume 4 times smaller than
_ the pp-chain core volume!
0.2¢
: With each new burning stage, the core volume of the star is
growing smaller.
0.0 0.2 0.4 0.6 0.8 1.0

T/R* 10



We have a compact core of He burning the triple-alpha reaction, with a power-law
dependence that goes like T#% at 100 MK.

The core, being compact and acted upon by a large, thick, shell of hydrogen is also highly
dense. The triple-alpha rate, as you saw, varies with the third power of density.

T " d€3 dT
€3o = €(1p) | — — ¢ —n—
’ ( O) (TO) €3c " T

A small temperature perturbation results in a large perturbation in the energy
generation. The signs of the perturbations are also the same. This can resultin a
positive feedback that can then produce a thermonuclear runaway.

We know that the core should expand if such a situation
occurs. And by expanding, the runaway is “shut off”
because the expanding gas will cool. What would “turn
off” this expansion?

Hydrogen
If the core He material is electron degenerate, it will not
expand as would an ideal gas; this will lead to runaway
conditions known as the “Core Helium Flash”.




Back to Thermodynamics

First, let’s go back to the First Law of Thermodynamics and something already familiar:

dQ = dU + PdV

Take the internal energy to be functions of T and V: U = U(T, V)

Then, by definition: = dlU = 8_U dl + a—U dV
or ), ov ) .

oU oU
=(=— ) dT+ | == P
dQ (8T>Vd +(8V)Tdv+ dv

Let’s apply this to the case of the He-core to understand how runaway can happen.



oU oU

We have (1%t Law): dQ = (a—T)VdT—I— (W>Tdv—|— PdV

- o= (), (30,

Back in Lectures 2 and 3, last Semester, on page 37, we found that the temperature was
related to the density as follows:

To<p1/3 x V1



- oU\ . TV [[oU
Continuing: Q) = (a—T)VT— ST [(W)T—I_P]

If the system is composed of Ideal gas, then: [V = %N}gT = 8_U — g

or T
u 3
And, using: PV = NKT = — =P
nd, using v =5
And the volume derivative is zero. So, finally: e = Q = —U —
T
= 01~ ——¢dt
U

We see here something rather strange. We know triple-alpha reaction ~ T40 at T = 100 MK.
So if € increases a little bit, it actually results in a decrease in the core temperature!

Why? Because the system can expand, and therefore cool down. Now you see, from 1%t
Law the proof. What if material is degenerate?



Rearranging the 15t Law relationship, we have:

5T ~ & ¢ 5t

(57)v =37 [(5v)r + P

Last Semester, we derived that the energy of zero temperature Fermi gas is:

N S AN AN E A
10m \ L F=710m \ L T

8_U: 3 2 3N, 5/3
oV 1bm T

And the pressure was: P, =—

From these equations, we see that the denominator of dT goes to zero in the limit of a
perfectly degenerate system. And the sign is positive. So small changes in the nuclear
energy generation rate, under degenerate conditions, results in large and positive and
feedback. We know why: the system cannot expand like an ideal gas. But now you see it
explained from the 15t Law. © Thus, stars like our Sun can undergo a rapid thermonuclear
runaway at the onset of the triple-alpha reaction after hydrogen burning.



Sakurai’s Object

Discovered in 1996 by amateur
Japanese astronomer Yukio Sakurai.

Silent star suddenly erupted. It was
initially thought to be a “slow nova”
explosion, but its subsequent spectra
does not have features consistent with
nova explosions.

Also, as you can see in the photos of
the object, there is already a well
established Planetary Nebula (PN)
around it.

Giants create PN as they reach the end
of their He-burning stage. These data,
therefore, demonstrate that this star
was already finished (or very nearly
finished) core He-burning.

http://www.eso.org/public/news/es09619/
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http://www.eso.org/public/news/eso9619/

Sakurai’s Object: Spec

Spectrum dominated by carbon and oxygen

lines.

1.5

The two other stars are known Giants, which,
as you now know, should burn CNO and mix

these into their atmospheres.

Sakurai’s Object has much more Cand O
than the Giants, but it also has a
Plantetary Nebula around it, so we also
know its core has already completed
He-burning.

Note the spectrum is of absorption lines
rather than emission lines; this means that

normalised F,

o

=-

the gas is being illuminated from behind by a

bright “continuum” source.

Where did the He-flash come from?
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Helium Burning Continued



12C(o,y)0 Reaction

This reaction rate is somewhat
complicated. There are no resonant
states in the Gamow Window, but
nuclear experiments show that the total
width of the 7.117 MeV state, just below
the 12C(a,g) threshold is very broad.

Also, the 8.872 MeV state is broad.
Therefore, the “wings” of these
resonances contribute to the reaction
rate, and there is no “simple” formula to
describe the rate; it must be calculated

numerically.

Gamow Window Parameters

Z1 Z2 A T6 EO (keV)  Delta (keV)
6 2 3 100 198.69537 95.71395
6 2 3 200 315.40924 170.5429
6 2 3 300 413.30302 239.0982
6 2 3 600 656.07765 426.0245

3-
O+
2+
O+
12(j
Legend
T =100 MK
T =200 MK
T =300 MK
T =600 MK

9585 1
8872 2
7117 1-.
6917 2"
6129 3
6049 0*

o+

16()



160(at,y)?°Ne Reaction

Next reaction in the sequence, in principle, is the
160(a,y)?°Ne reaction. L

1 1 ~ '4 ///
For hydrostatic burning, where Tg ~ 300 MK and less, —
there is just one resonance level in 2°Ne within the 0*
Gamow Window, located at E. = 4969 — 4730 = 239 o =
keV.
Y
The presence of this resonance should make the \
160(aL,y)?°Ne reaction fast, and little **0 would survive 280 ™ 10
_ 5.631%0.006
the He-burning phase of stars. 3-
.15
But the abundance ratio of 12C/1¢0 is about 0.4. This
suggests that the destruction of 120 by alpha capture Frn Y 42
is not much faster than its production rate. < > 4‘
4.730*.001| —7 Ty
016 +H
But we saw a moment ago that its production rate is
not dominated by resonant alpha-capture. So, why
. 4.248+0.006
are the abundances comparable, with that resonance e
sitting squarely in the Gamow Window? 7 J{bum.
Ne?° o*

Answer?

20



Lifetimes Agamst OL- Capture

1010

'o? pX“_10 glcmaf
g 10 ) ]
o k Ne+a
g 10 -
5 10%
= -
e 10°
2 10%¢

" A A A A 4 A L A
% 0.2 03 04 97 02 0.3 0.4
Temperature (GK) Temperature (GK)

Recall, by definition, the lifetime for species “z” -1 oX,,
against destruction by particle capture is: T, = [ ] — [

And for the 3a reaction the lifetime is: [9 8 x 10~ 3

Those nuclides with shorter lifetimes are destroyed faster by a-capture.
Data above shows “He and 12C are destroyed fastest in He-burning. 21



Hydrostatic He Burning System

=T3a — 4H€ 120 <0v>120(a:’)’)

= 130 31} ac(n) — 1He 0 (31) 000

= —3r34 — ‘He 120 (UU>12C(OA,7) —*He 160 <JU>160(04>’Y)

— 4H€ 120 (O-'U>120(a’r}/) - 4H6 20N€ (O-,U>2ON6(OQFY)

=*He* Ne (00)20 Ne(a,y)

“Na| [

V‘O '

\Z’~

e

8

(p.a)

(N (ay

(B*v)
BZZ



Evolution of 112C & 160

1 T T
|== -high| T=0.15 GK, p=5000 glcm" T=0.2 GK, p=800 g/cm’
----- low
o — 4 08} ;
> 4 M* = 5M® U
’ l’
-g 0.6" - 06' 12C ’..';—‘ ] A
5 - )
% 0-4 ™ - 04 o / \ . -
© L J5
= 80 ,, i
02F {4 02} A A
0 A oz ; o= 0 i == ; 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 08 1
AX(*He) AX(*He)
Fig. 5.32 Evolution of ?C and O versus of helium burning. The calculation is ter-
the amount of helium consumed during minated when the helium mass fraction
hydrostatic helium burning for constant tem- falls below Xy, = 0.001. The solid lines
peratures and densities of (a) T = 0.15 GK are obtained by adopting recommended
and p = 5000 g/cm?, and (b) T = 0.2 GK and 12C(a,)'°0 reaction rates, while the dotted
p = 800 g/cm”. The results are obtained by and dashed lines result from using the lower
solving the reaction network numerically, and upper limit of the 12C(a,7)"®O reaction
assuming a pure ‘He gas at the beginning rates, respectively.

Previous network solved numerically, for constant temperature and density. Note: in
star, both of these change with time. But for our understanding, this simple network
suffices to show us the general result.



End of He-Burning

We also see, from the energy generation rates of the pp-chains and triple-alpha reactions
that the core size is smaller for each. (Define core size as the radius within which 95% of

energy production occurs.)

So once the most central parts of core exhaust fuel, and the rate of energy decreases, the
outer part of core will still be burning the “old” fuel as the core starts to “shut off”.
Central core contracts, becomes more compact, and is surrounded by a burning shell
comprised of “old” fuel. At end of He-burning, our star will (schematically) look like we

see here.

L/L,

1.07
0.8
H envelope 0.6}
0.47

0.2}

0.0

pp-Chain at 15 MK
3o Reaction at 100 MK

0.0

0.2

0.4 0.6 0.8 1.0

T/R* 24



HEAVY ION BURNING



log central temperature (K)

We will be going through what happens to the star’s core after He-burning. The example
we take is that of a 25 solar mass star. The plots below, of a fully complete stellar
model/evolution calculation will be a guide for what is to come. Note the time scales
involved for the various burning stages after H and He burning are complete!

10.0F

1 L " " I L " " 1 " " L 1

0 2 4 6 8
3
)

log central density (g cm™

S. E. Woosley et al, Rev. Mod. Phys. 74, 1015 (2002)

10

Duration of burning phase (y)

— B —
o = = = oo
2 2 3 3 3 3 %

e
o
A

o

Initial mass (M)
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Carbon Burning

Among 12C and 10, we expect that the next reaction sequence will be *2C + 12C, due to it
having the lowest Coulomb barrier.

The predominant reactions that take place are:

12C(1QC; p)23Na, 120(1203 Q)QONG, 12C(1QC; n)ZSMg

Rates normalized to
12C(*2C,a)*°Ne rate

27



Abundance evolution resulting
from Carbon burning in the core of
a 25 solar mass star, for a fixed caf T

T=0.9 GK, p=10° g/cm>, t=5.2x10" s

temperature and density. r C“_ 17 % ]

Keep in mind, these are not full ot ** / "J{_i';if P

stellar model calculations, but “CF?:T_s_j_ Fe- i ——

instead use our existing nuclear o T T T " (a,n)

reaction rate information to solve ¢ (T MO 1 -7 /()

the abundance “network” for a 3; %5//{/// . S i ) frond

fixed temperature and density. W A - TsL (p.a) | (i)
LR I s

Our purpose here is to simply see
the essential physics output.

Hso
i?c
107"L E
o
c
S
.6 102
; r2"’?443 1
8 ‘
10'3-zsNa E
L 25
10‘4 I 1 I
10°  10° 10" 10® 10" 10 10" 28



log central temperature (K)

“Neon” Burning

Naively, one might think we next have 0 + 60 reactions in the next step of the process. We
don't.

Why? 2°Ne(v, a)'®O hasa Q-value: Q=-4.73 MeV. At ~ 1 GK, this binding energy is small
enough that photodisintegration of 2°Ne occurs, liberating sufficient alpha-particles which can
then fuse with 0 and 2°Ne. At 1.5 GK, photo-disintegration rate is:

Of the a-particle species, alpha capture on 10, °Ne, and newly made 2*Mg are most
important. 28Siis, therefore, produced.

104 ————
L e e e . (I B s S B S S S R

10.0F ool =

: ’ o 10°

- ] @)
9.5} p =

F i ‘»w 10°
9.0f g ™

‘ =

: &
8.5k F 10*
8.0} E é

] < 10"

: : =
750/ 1

0 2 4 6 8 10 10 i

log central density (g Cm_s) e

Temperature (GK) 29



Abundance evolution of the
model during the course of
“neon” burning in the 25-solar

mass star.

End products are mostly: 160,

24Mg, 28Gj.

e e U o el b g
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Oxygen Burning

Once the neon fuel has been photodisintegrated down to a negligible mass fraction, the
core must contract again. As it does so, it heats up.

Among the products resulting from neon-burning, oxygen has the lowest Coulomb barrier,
and a process similar to carbon burning happens with the oxygen.

The p, n and a-binding energies of 2Mg, 28Si are all >9 MeV. Their photodisintegration rate
is small at these temperatures and densities. Same is true for 160, with the exception of its

o-binding energy (7.2 MeV). E g

10° |- -

160 + 80 dominates over [ ]

photodisintegration. w:- ;

:":’ 102 -

160/ 16 131 : ’ o i i}

o(*0,p)™'P {Q = 7678 keV) 9\.«__ oo 3

190(160, 2p)¥si (Q =38lkeV) <= 5 1

1010, a)*Si (Q = 9594 keV) o b

150(19Q, 2a)**Mg (Q = —390keV) 0 ]

1°0('*0, d)*p (Q = —2409keV) 10 L . R SRR R A P
160(160, n)M'S (Q = 1499 keV) : "

Temperature (GK) 3



Most abundant
nuclides after 10
burning stage.

Mass fraction X

32




33



Where to from here?

We are now at a crossroads for next set of topics:
Stars with initial mass M. > 10 solar masses end up with the
structure on previous page

— From that point on, the star’s fate is sealed: it will become a core
collapse supernova

Stars with initial mass M. < 8 solar masses will not explode

— They terminate their lives after helium burning is complete and
become White Dwarfs

The remaining topics we have now deal with explosive nuclear
burning

We will begin by looking at the “simplest” explosive objects:
Novae



