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Explosive hydrogen-helium burning

1.1 Stellar scenario

For stellar temperatures T<0.4 GK, very little material is lost from the Mg (12) |
operation of either the cold or the hot CNO cycles. This is explained by Na (11) JT 14
the fact that the heaviest nuclei synthesized in the CNO and HCNO cycles Ne (10)

are 19F and 18F, respectively. Since the branching ratios B,/Bp, Of these F(9) [ 111213
two nuclei are 103-10% in the temperature range of these cycles, both 0(8) 1-, 9 10

nuclei are predominantly converted into lighter nuclei via (p,a) reactions :

closing both cycles. At higher temperatures (T>0.5 GK) the situation 345678

changes because in this casea-particle induce reactions on 40 or 1°0
breakout the HCNO cycle producing heavier nuclei.

The breakout of the CNO cycles requires stellear scenarios having hydrogen and helium fuel at temperatures
above T=0.5 GK. Such conditions can only be met in binary system where a massive old star absorves
Hydrogen/helium from a companion star. These are the typical conditions of X-ray bursters or X-ray pulsars
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Explosive hydrogen-helium burning

1.1 Stellar scenario

X-ray bursts:

v binary system: neutron star + less evolved star

v regular accreation of matter

v’ sudden increase of surface temperature and density
T~10°K, p~10° g cm

v explosive ignition of H and/or He (via 3a. =12C)

v’ emission of strong X-rays (X-ray burst)

v cooling down of surface after explosion

v’ typical burst duration 10-100 s IS B s s S s B B B B
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Explosive hydrogen-helium burning

1.2 Breakout from the HCNO cycles

At temperatures above T>0.5 GK, a-particle induced reactions convert 140 and 150 to nuclei in the mass

A=20-21. The main breakout reactions are:

“Olowy)Ne(piy)™Na Nalvl(gjil()1 ’ 'llj 14
140 (oL, p) R (p.y)!eNe(cL,p)?Na Ne (10) [ TR
+0(aL,p)*F(y,p)*°O(c,y)*°Ne F(9) ,‘) 11 12 13
N(7§) ©) 9 10
O T T s
Ty>~ 0.6 18Ne(ot,p)2Na 3o flow
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Explosive hydrogen-helium burning

1.2 Breakout from the HCNO cycles Ty~ 0.8 = breakout 2: *®Ne(a,p)

N (7)
C (6)
B (5)

Be (4) 6

Li (3)

Mg (12) (~50 ms after breakout 1)

leads to rp process and
Na (11) 1314 main energy production
Ne (10)

F (9) 11 12

O (8) |
liﬁ& 9 10
8

prior to ignition = hot CNO cycle

He (2)

3 4 5 Ty~0.2 = ignition 3o > 12C

H (1)

n (0)

2
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Explosive hydrogen-helium burning

1.3 The rp process

After the initiation of the CHNO breakout, sequences of (p,y)
reactions and *-decays transform CNO nuclei within ~100 s

to the Fe-Co region. The resulting reaction network is known
as rapid proton capture or rp-process.

Mg (12) ||
Na (11)
Ne (10) 1
F(9) T 12 13
0(8) :
N (7) 9 10
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The most likely nucleosynthesis
path in the rp-process is defined
by the competition between [3*-
decays, (p,y) and (y,p) reactions.

The proton capture rate increases with temperature producing heavier
and more neutron-deficient nuclei. Indeed, at temperatures above T>1
GK, the nucleosynthesis path is located close to the proton drip-line.
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Explosive hydrogen-helium burning

1.5 Bottleneck nuclei and the end of the rp-process

The time scale of the rp-process nucleosynthesis is mainly determined by nuclei having long 3*-decay
half-lives and small Q,, -values known as waiting points: 22Mg, #Si, %S, 4Ar, *Ni, ©Zn, #Ge, %Se and "*Kr..

(I?f{;) Tir
0 -
*Ni is a particular case because of its relatively long half-live and the s sz
small Q,,-value. Its effective mean lifetime can be obtained as: 2280 |— 0.084 s
soniy _ TCu(p) | Hcu(p) 895 Vs
eff ( NI) - 158 +257 + SN | SN
y) Zn(p*v) Cu(pv) S
57Cu(7/ p) 58Zn(j/ p) ?185 T 61 d
104 55(:0 SGCO
. e s . i No ]
The temperature dependence of the effective lifetime defines a 10 equiliorium N Hs’%_&%
equilibrum

—

window at intermediate temperatures where *6Ni does not @
represent a major waiting point. At lower and higher temperatures, =
the Coulomb barrier of %Ni(p,y)*’Cu and two sequential J
photodisintegration reactions are responsible for the substantial ~ ~ R
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increase of the effective lifetime. p ~eu ;
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. ' . Sn (50)
Explosive hydrogen-helium burning  res
Cd (48) T
]
Ru ( < 5758
. : : : Tc (43)
1.6 Experimental investigation of the rp-process, w4
@ [-decay rates v LS : %6
) ) Sr (38) S 5455
® masses (proton separation energies) R @ 52
Kr (36 N 5152
®o (p,y) and reaction rates A \u\ %0
(33)r I \45464'48
2
some recent mass measurenents Sall) LR Ja2msa
B-endpoint at ISOLDE and ANL Cu (29) ] 37383940
Ni (28 :
lon trap (ISOLTRAP) Co (27|)( | : 33343536
Fe (26 . .
N Mn fzé) ) 3132 many lifetime measurements at
separation energies Cves oY = radioactive beam facilities
. . e TR e (LBL, GANIL, GSI, ISOLDE, MSU,
experimentally CZ((zo))|: ORNL)
known up to here K (19) 2324
Ar (18) | 5 —> know all B-decay rates (earth)
Cl(17) 2123 ) .
S (16) [] ) —> |ocation of drip line known (odd Z)
P (15) 17181920
Si (14) |
’Q'g(%?zn 1516 indirect information about rates
N 1 from radioactive and stable beam experiments
o (transfer reactions, Coulomb breakup, ...)
Be((Z) » direct reaction rate measurements
i N\ . . .
e ~ with radioactive beams have begun
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The neutron capture processes

» exponential abundance decrease up to Fe ,

< exponential decrease in tunnelling m,ur‘ _:'
probability for charged-particle reactions |He

» almost constant abundances beyond Fe
< non-charged-particle reactions

106 Abundance [Si=10F]

~ binding energy curve < fusion reactions

beyond iron are endothermic sl

» characteristic abundance peaks at magic
neutron numbers

AVERAGE BINDING ENMERGY FER

102

» heutron capture cross sections for heavy i
elements increasingly larger

. 1ﬂ-2 I i | I I 1 { I I | I N [ TN I N ———
» large neutron fluxes can be made available S

during certain stellar stages e e
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The neutron capture processes

neutron number
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The neutron capture processes
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The neutron capture processes

7-8 .
m @, ~ 10" cm @, ~10% cm?3
T3< T,

T3> T,

A
A O =

semilla

NUmero de neutrones

p—

NUmero de protones

proceso | condiciones escala escenario é .
procesos | T~0.1GK ~1-10%%a | estrellas AGB %

capturaden | t,~1-10% a, ® ~10"8m3 5

proceso r T~1-2CK <ls supernovas Il §

capturaden | t,~ us, ®,~10%4%cm3 estre. neutrones | £ p-process

proceso p T~2-3GK ~1s supernovas || : IG*F o= s-PRocEss

&—— P - PROCESS

captura de p

...........

-~ MASS NUMBER i .
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The neutron capture S-process

Y
80Br, t,,,=17 min, 92% (B-), 8% (B*)Sr
(n,y RD
- Kr |
_ Br
\(B ) se M ]
‘B+) o As - 85Kr, t,,=11y
Ga "Se, 1,,,=65 ky
Zn []
Cu
Ni [l
Co 64Cu, t,,=12 h, 40% (B-), 60% (B*)
Fe 63N, t,,=100 y o
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The neutron capture s-process

free neutrons are unstable = they must be produced in situ

most likely candidates as neutron source are:

22 25 25Mg
Ne(a,n)*>Mg ) 13C(0,n) 100
| CAD 160
22Ne A
195 ' MNE) %x,n)
‘ (B (P.7)
(ouy) N
X C| |13C
(ay) | O
e astrophysical site:

astrophysical site:

He-flashes followed by H mixing
into 2C enriched zones

core He burning (and shell C-burning)
low-mass (1.5 - 3 M_,,,) TP-AGB stars

in massive stars (e.g. 25 solar masses)

Tg~2.2-35 ¥

contribution to weak s-process
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Modelos del proceso r

Modelos independientes del escenario: estaticos o dinamicos
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Escenarios astrofisicos del proceso r

Modelos hidrodinamicos de evolucion estelar

_ Colapso de un sistema binario
Supernova tipo I de estrellas de neutrones

Colapso de E.N: | Supernovas I

Frecuen./afio y galaxia 10°-104 221072
Masa ejectada (M,) 4103-41072 106 -10°
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3 M(M,)
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N
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v" Expansion adiabatica
v" Alta entropia
v" Equilibrio nuclear

v" Abundancia de neutrones
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El proceso r en estrellas de neutrones

Colapso de un sistema binario de

estrellas de neutrones
z

v’ Baja entropia

v" Abundancia de neutrones T N S —
B0 101 123 Iﬁ:ssmlﬁgberlis 208 220 250
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Overview on the nucleosynthesis process

Red Giant Stars

p-process  s-process

110
r-process

rp-
X-ray process
Bursts
1:p=
process g
Novae Supernovae
Hot CNO m stable nuclide
Cycle 1o |'|J drip line
T 10 Inhomogeneous M.S. Smith and K.E. Rehm,
z Big Bang Ann. Rev. Nucl. Part. Sci, 51 (2001) 91-130
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Overview on the nucleosynthesis process

10"

Abundance
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stellar H-, He, C, O, Si-burning
stars, supernovae

° s-process
o %% He-burning in AGB stars,
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