Heavy Nuclei beyond Iron I

- the s-, r- and p- process

Literature: 1liadis, Chap.5.6




Element abundances in the universe

Abundance

]010 L
10° -
108 |
107 |

Fe

(S| = 10%)

EWaYa) l I
T [

10°
10"
7 orders of 0l
magnitude < el
less abundant! ’v

1ot
1L
g 10:L

102

Question 3
How were the elements from
iron to uranium made?
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Mass Number

“The 11 Greatest Unanswered Questions of Physics”
based on National Academy of Science Report, 2002

[Committee for the Physics of the Universe (CPU)]
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Why can NSE be the Building Block?
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(see homework)
High T, low density => He peak
Low T, high density => Fe peak
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Origin of Abundances for Heavy Nuclei
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Neutron Capture as Building Block for Elements beyond Iron

s-process: slow neutron capture compared to decays and
weak reactions

r-process: rapid neutron capture compared to decays and
weak reactions



Why do we need several processes?
- double peak structure related to magic neutron numbers
N= 50,82, 126

- lower peaks occur which are shifted against double
magic numbers (p+n) at A=87, 138, 208

- Some of the peaks have 2 or 3 peaks

- NSE would predict stable nucle1 which highest
binding energy — Formation is not by NSE



How could these processes work?
- System never reached NSE (s-process)

- Ones heavy nuclei are formed, other processes,
photons, nucleons & neutrinos, modify abundances

(p-process)

- NSE is established at very high T which shifts the
the equilibrium to high nuclei, and cools
(r-process)
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Why do some Nucle1 form by s- and r- only?
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Uncertainties in Capture Rates

Most rates have been measured from the ground state for stable isotopes
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- problem, excited states
- unstable 1sotopes

=> s-process cross section are relatively good

r- process cross sections rely on H-F calculations
11



The 'classical' s-process Model

Basic 'setup': 1(B-decay) < t(n-capture)
- neutron capture produce to an B-unstable isotope
- subsequent 3-decays to stable isotope

Rate equations simplify to
dNy4
at

: . : 1 :
Neutrino cross sections are 0 ~ & O, (see earlier)

= —Np(ov)aNa + Np(ov)a_1Na_1

dNj

- —oaNa + oa_1Na_1
-

Stationarity -> each component constant

Modeling: neutrino bursts on time scales 7 = ] Npvrat



Flow of

2
F =a== -
80 25
- C=Eas —
£
F g -
=

nuclear reactions

70:

60i
50 |
40:

30:




Main and the Weak s-Process components

Main Component: Origin of 90< A <204
needs about 0.04% of Fe as 'seed'

Weak Component: A around 90
Remark: possible third component with 204 < A <209

Upper Limit at when isotopes become o-unstable!

14



Test of the Model
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Neutron Capture Cross Sections
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Uncertainties due to Excited Nuclear States
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Modification: Consider Branching Points

At which T & rho becomes B-decay timescales comparable

comparable to neutron capture, and at which isotopes ?

18



Modification: Consider Branching Points

At which T & rho becomes B-decay timescales comparable

comparable to neutron capture, and at which isotopes ?

a) neutron densities of about 4E8 1/ccm

1479 m 148gm 1499 m 150Gy (i

s—process
| 146N ] 197Nd 148Nd 99Nd 15ONd
w ) ) A 3 )
N N N r—process
~ ~ ~ ~
Branching at 4Pm:
A3 - (ov)N(1*Sm) ~ 0.9

fs — — "
PTG+ A (ov)N(15°Sm)



Modification: Consider Branching Points

At which T & rho becomes B-decay timescales comparable
comparable to neutron capture, and at which isotopes ?
b) T above 2.5t0 3.5 E§ K
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Origin of Neutrons
during

Stellar Evolution
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Major Reactions during He Burning

(a) basic energy generation

IJHP(Q{}: ,},')IZC 12(3((}_1,}_,)160[(&_1 A})JONP]

(b) neutron sources

HN(a, ) 8F (et v)!1¥0(a, v)**Ne 2Ne(a,n)**Mg

120 (p,7)3N(e*1)13C(a,n)' 0

(c) high temperature burning with neutron sources
22Ne(n,v)?3Ne(e~7)?2Na(n,y)**Na (e~ v)?1Mg

20Ne(n,y )* 1 Ne(a,n)?*"Mg

furrher s-processing via neutron Capturea and 3-decays 2Mg(n,y)**Mg ete.
production of heavy elements 0Fe(n,y)° Fe n,9 )’SFe etc.

s-process: Slow neutron Capture

- as soon as you produce neutrons, they react because the lack

of Coulomb barrier
22



Major Reactions during Carbon Burning

(a) basic energy generation

20(12C.a)0Ne  12C(1C.p)H*Na
BNa(p.a)’Ne  ®Na(psy)*'Mg  *C(a.9)'%0
(b) fluxes > 10~ x(a)

20Ne(a, )4 Mg 23Na(a.p)6Mg(p,7)27Al

“Ne(n.y)*'Ne(p.7)**Na (¢*tv)**Ne(a.n i"-]_\lg(n_.“_, 12O\ g |
INe(a.n)*"Mg  #Ne(py)**Na  #Mg(p.v)*0Al(c*v)* Mg

(¢) low temperature, high density burning

LCp.)N(et )P Clan)'®O(a.4)"Ne
f’"l_\lgf p.y ) Al(etv )"‘_\Ig |
INe(n.~)**Ne(n.5 )**Ne(e~#)**Na(n.5 )*"Na(e~v)*"Mg + s-processing

23



Major Production During Ne-Burning

(a) basic energy generation

“'Ne(7,0)%0  "Ne(a, 7)*'Mg(a.7)*Si

(b) fluxes > 10%x(a)

#3Na(p,a)*'Ne Lg"ia(a B 6\ulg (c,n)?’Si
Ne(n,y)* ! Ne(a,n)* Mg(n,y)* Mg(a.n)*Si
8Si(n,7)*Si(n.y)*Si
“j‘\Ig\agp)g’Al(a,p]gGSi

BMg(p,y)* Al(n,y)* Al(e~7)?*3Si

(c) low temperature, high density burning

“z\e(af 0)PMg(n,7)*Mg(n,»)*"Mg(e~7)*T Al
*Ne left from prior Il-’i’llthIl rich carbon burning




Major Processes during Oxygen Burning

{a) basic energy generation

160(‘160_’“)28& IGO(IZO:p}SIP 1(30(](30711)318((;"'1/]311:’
31 P(p,a )28 Si(a, v)*%S

288i(, ) Mg(a,p)*T Al(a,p)*"Si

32 S(n,q«)335(11,a)30 Si(e, 1S

2Gi(n,7)?Si(a,n)*?S(a,p)**Cl

BSi(py )P P(etr)0Si

electron captures

42 Bie y)33P(1),11)338
35 Cl(e, 1/)358(13,11)35C1

(b) high temperature burning

95, 1) Ar(ap) K

3 Ar(n,y )" Ar(et ) Cl

PCly.p)"S (e 4) M Ar(p,y) P K(psy) ' Ca
QU™ 1) (.p) S

P Ar(a,7)"*Ca(a, )"0 Ti
Ca(a.p)"*Se(p.y)"*Ti

(¢) low temperature, high density burning

SIP(C_T/)SIS BIP(H-’?/)32P

32G(e~, v )2 P(p,n)*S
P, )8

25
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SIGMA x ABUNDANCE (mb,Si

weak s-process: core He/ shell C burning in massive stars

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

N is rapidly converted to Ne .

180 | O capture

O capture B
P 180

14N

Towards the end of He burning T~3e8 K: Ne(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:

Results:

Temperature 22-35e8K
Density 1 -3e3 g/cm
Average neutron density 7e5 cm
Peak neutron density 2e7 cm
Neutron exposure T ) 0.206 / mb
J Time integrated neutron 1ux )
Ff j.(t)dt
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Log (L/L,)

The main s-process
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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)



H/He burning in a TP-AGB star

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

—————————————————————
0.680 “C—pocket formation ingestion
i diffusion | "C(a,n)®0  [in the PDCZ !
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Conditions during the main s-process

C(a,n) in pocket Ne(a,n) in He flash
Temperature 0.9 EEK 2.7 E9K
Neutron density 7 E7 /ccm 1E7 ccm
Duration 20,000 yr few years
Neutron exposure T ) 0.1 /mb 0.01 /mb

weaker but longer
main contribution
(90% of exposure)

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



Heavy Nuclei beyond Iron 11

- the r- process

- the p-process

Literature: tliadis, Chap.5.6




Element abundances in the universe
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How could these processes work?
- System never reached NSE (s-process)

- Ones heavy nuclei1 are formed, other processes,
photons, nucleons & neutrinos, modify abundances

(p-process)

- NSE 1s established at very high T which shifts the

the equilibrium to high nuclei1i, and cools + neutron capture
(r-process)



Flow of nuclear reactions
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The 'classical’ s-process Model

Basic 'setup': T(p-decay) < t(n-capture)
- neutron capture produce to an -unstable isotope
- subsequent B-decays to stable 1sotope

Rate equations simplify to
dN
at

Neutrino cross sections are 0 ~

= —Np{oV)aNa + Np(ov)a_1Na_+

1o

- (see earlier)

dNa

9. —oaANag + o4 1Na_+
/

Stationarity -> each component constant

Modeling: neutrino bursts on time scales 7 = | Npyvralt



Test of the Model
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Main s-nrocess in Thermal Pulses
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The origin of heavy elements in the solar system
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R- Process Abundances
(subtract s- and p- process from solar abundance)
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Basic Physics of the r-Process

B (Il,’Y) D ( Y ,Il)

- process runs along constant neutron separation energy
- beta-decay from Z -> 7Z-1

- flow equilibrium governed by beta decay times

- freeze-out after neutron source stops

- finally, beta-decay to stable 1sotopes

Equilibrium: pn+u(Z,A) = u(Z,A+1)

. Y(@ZA+1) [ 2n 2 A S/ZG(Z,A+1)eX SH(Z,A+1)
YZ. A "\ mekT A 2G(Z,A) P KT

because beta decays, left side = 1

_ 2/ mykT\>?
S, = kTIn |:Nn (27‘('7;62) } 1




Flow of nuclear reactions
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Basic Equations to Describe the Flow

Abundances: Y(Z)=>_,Y(Z, A

Decays A3(2) = ﬁ S A Y(Z,A)Ns(Z, A)

Change of Y(Z)=Y(Z - 1) 3(Z—1) - Y(2))\3(2)

Abundance Ratios if Stationary:

Y(Z) _xs(£-1)  13(2)
Y(Z-1) Ag(Z) (£ —1) v



The “Waiting-Point” Approximation

Abundances are proportional to the beta-decay rates

Neutron density (cm ™)

10°°

1 025

1 DEE

10%

10% |-

10%°

1ﬂ13

Conditions for which
waiting point
approxmotion is valid
Cameron, et al.

(1983)

Conditions which fit
the solar-system
r-process peaks

Kratz, et al. (1988)

r-process
conditions

"Freezeout™

F 1 J_

2 3
Temperature (10° K) -

14



Comparison of solar Abundances with
Beta-flow Models in Equilibrium

50 : o
) Nr o (calc)

v Hr,prgg”h:{ =const.
o Hr_prng (est)

Solar R-Abundances [Si=10°)
=

_ ﬁ.‘; [6bs) I
oNg - Ne . i

1 | TEEP | TESIE | EDS_E I Blgq Blyr
PAs Tse  Ppr fgr By Bpy

Stable Isotopes

Rem.: Note uncertainties in decay rates 15



r-Process Path and Waiting Points

"I'he r process “path”

B Kiown s
— Eknown half-lifa

O rprocess walting point (ETFSI-())

T~100keV n2 1020 ¢cm—3 implies ™ < T3
(n,v) 2 (v, n) implies Sp ~ 2 MeV

16



Fission as Cutoff for r-Process in (N,Z)
110 — S

- 8 [-delayed fission E 8§ BN

I N H H N N R [

I spontaneous fission 9N 8 ENSSNSSE SeNE ]

. ®m  neutron-induced fission NN N SN seny O, o oMeVo L r-process ended
HNREEN

105 | N § § SESSENSERESS
- SN ESES ES N

E § 8§ SSSSSESSENSSENSS
8§ EN NSNS SNSSESS
E § SSSSSSSSSESSESSSESSS

| by n-induced fission
EEEEEE 1
NSEEEEE .‘53=2 MeV]
NENCEEEN = Or spontaneous

N 100 - H ENANA M EEENANENENASNENREENEEEE HNERHEN — . .
AENNEREEEENEENEEENEEEN fission
5 S SSSSNSSSSESSEN EENSESEEN
N § ENSESSSNSSSSSES 8§ 8§ B NE
05 N N NNSESNESNEN S (different paths
Jr N NNNSENENSSSES G for different
[ i ¥ NS [ S=1MeV - o
. N § NEENEENNSSE N — conditions)
L o o U T -
_ r=* n-drip
90 [ o Th - |
140 150 160 170 180 190 200
(Goriely & Clerbaux A&A 348 (1999), 798 N
n-induced fission B -delayed fission spontaneous fission
(Z,A)

fission barrier

(Z,A+1)




Relevant Nuclear Processes (& Uncertainties)

Fission rates and distributions:

* n-induced

« sponatneous
B-delayed n-emission « B-delayed
branchings
(final abundances)

B-decay half-lives
(abundance and

process speed) n-capture rates

« for A=130
in slow freezeout
« for A<130
maybe in a “weak” r-process ?

v-phyiscs ?

rates (cao,ccn, a2n, ..) Masses (Sn)
(location of the path)

18
from Thielemann et al.



Mass Predictions for n-rich Nuclei

two-neutron separation energies

Y Mass Formulae ol
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Magic Neutron Numbers

stable isotopes - (Z,N ) haVe

IZFIe IEBXE 1301‘3 l!?xe HZXE ”;[S
[Wooz2.08] 155 [z 139 127 0.347
- . R 0 .
| | - oW seg?ratmn energy
EE 128 129 130 ) sn 133 o 134 for (Z, +1
. 1.1% o 7= B5Y% G
1261, 15% sl )9’% - 6"’%
(n7) I
0150 7 128 129 120 ¥ ing; = |12 Wing,
A ~0.6% i &, 1] 14 .
3 - (y,n) hinders progress
126 17 128 129 18
16, Vs =
Ei/ <, 2.8
s b : - beta deca&
126 127 128 o B (Z,N )- (Z+1 ,N - 1)
), =L 2 205 é
e 2|
126 127 2804, 3|
Py=17% o =
L - n capture to (Z+1I,N )
r-process (n,7) 5
T 126 2Rhgy

till 1t can compete with vy

20



r-Process Abundances in Halo Stars
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Possible r-Process Side I: Core Collapse SN

Neutrino-driven wind

— | Shock front

<10Z7//—//}/7,////‘///
g,

7
r—process ////’/‘

@ Neutrino-wind from (cooling) NS
vet+nN—e +p
Ue+p—et+n

@ «-process (formation seed nuclei)
at+a+n—°"Be+t~
a+99Be — 12C+n

Problem: Time evolution of T and rho right but Energy

(S. Woosley et al)

. with fetch factor 10

100 ¢ E

Abundance

A | Y | S T TS | I BRI U

80 100 120 140 160 180 200 220
Mass Number

@ Expansion adiabatic (Entropy
constant) and r ~ /7.

@ Main parameter determining the
nucleosynthesis is the neutron to
seed ratio

densities are too low by factors of 5 to 10 !!!
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Neutron Star Mergers

[ Il ; L mli 8 2 2 i ., L - T
t= 0.968 ms t= 4.032 ms ! Ye=0.05 i3 LB
# . 1
1 '_ .'r" A l .'r"_ A I'
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X X

Rosswog et al. 2006

Problem: energies/entropies are ok but mergers are too rare
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Mystery: r-process pattern depends on T, rho and the evolution

with time (freeze out)

However, r-process pattern 1s always the same and independent

from the Fe-abundance !!!!

'I'he r process “path™
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r- and s-process elements in stars with varying metallicity

(Burris et al. ApJ 544 (2000) 302)

Illlllllllllllllllllllll-
-

S-Process =

p—g——f
1
o
=
o}
o
0D 4
A
Y5)]

S-ProcCcess:

later in time
=> long evolution of star
=> lower mass stars

gradual onset

=> mass range

r-process:
sudden onset & early

=> mostly massive stars

—> confirms massive stars
as r-process sites
(but includes SN agél
NS-mergers)



The p-process

* produces p-rich, usually rare (0.1-1% isotopic fraction), stable isotopes
* Site: Supernova shock passing through O-Ne layers of progenitor star

Conditions at different locations in O/Ne layers during a Supernova:

v ¥ T —I' I ! L] l Ll L 1 I | ] I I ¥ L T | T T T

Ca

[4¥]

Temperature (10° K)

i

-
1 I A AL L I L L 1 I L 1 1 I 1 L 1 J. 1 A 1

0 0.2 04 06 0.8 1 1.2

(Rayet et al. A&A298 (1995) 517)



The p-Process Mechanism

- (y,n)-reactions produces proton rich isotopes

- till cascade down via (y,p) and (y,0)
in the direction to Fe

- If T drops fast, NSE is not reached and
proton-rich isotopes survive

- if the disintegration time scales are large,
e.g. 92Mo (N=50) and 144Sm(N=82)
(neutron magic numbers)



p-process path
Rayet et al. A&A227(1990)271

B p-nuclei
—Xy ,n) flow stopped by (n,y )

flow proceeds via (y ,p) or (y ,a );ﬁ;

Neutron number — Ty, p = 3.0

Neutron number — Tj0 = 2.4
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p-process model results
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underproduction of Mo and Ru by factor of 10 to 100

(Rayet et al. A&A298 (1995) 517)



