Stellar Evolution:
what do we know?



satellite based observatories

Hubble Space Telescope

Compton Gamma-Ray Ohsenvatory.
Chandra X-Ray Obsenvatory.
INTEGRAL

ground based ‘observatories’
Conventional telescopes
LIGO (gravitational waves)
Neutrino Detectors
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QUASsI StellAr Radio source

e strong radio and optical source
 high red shift (DI/l) (Doppler shift)

>“RDJ030117+002025"” in the
constellation Centus;

» redshift of 5.5 {13-14 billion
years ago}; near age of
universe!

»Vital to understanding
evolution of universe

http://www.jpl.nasa.gov/pictures/quasar/



Quasars

e size ~ afew light years

e |uminosity ~ 10%4-10%° erg/s

e mass~10°M., ..

 |ifetime ~ 10° years

e fate? - hydrodynamics computation
(Fuller & Woosley, 1989)

Wait! Let’s go back to the beginning!
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After the Big Bang

Nuclear Reactions:
energy source that drives the cosmos

Nucleo-synthesis and energy production via:
 pp chain

« CNO cycle, NeNa cycle, ...

* IpP process

* I process

* rapid o capture

* S process






The p—p chain reaction

4'H—>"He+2e" +2v, .
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The figure is adapted from J. N. Bahcall,
Neutrinos from the Sun




Triple Alpha Process
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CNO Cycles




Hot CNO Cycle and “>N(Jp,7)**0

CNO
Hot CNO
(T,=0.2)

Hot CNO
(T4=0.4)
Breakout
Reactions




Eate off Zero Metallicity: Pep: 11 Stars

f_l,l low mass stars massive stars very massive stars

pair instability

zero metallicity
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A. Heger & S. Woosly, ApJ.. 567(2002)532




Updated Reaction Sequences in Pep: I Stars

~» pp-LILIII —, rap-1l
. pp-LV —» rap- 11l
., pp-V — » rap- IV

—» rap-1
1614

9 B

I

F
O
N
C
B
Be
L
He
H

Rap-I,1l and 111, substitution
for 3a and CNO!
(Wiescher et al., 1989)




At TAMU: studying rapid ap
capture reactions to better
understand fate of Pop lll Stars

Many other phenomena:
 explosive processes

novae, supernovae, x-ray bursts
 heavy element production



Mass accretion in a binary system

Nova Cygni
Before Explosion

Novae explosions
Supenovae of Type la
X-ray bursters, X-ray pulsars



Explosive Nucleosynthesis

via the rp process
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- Nuclear Astrophysics
| some problems and puzzles

i > H- bu'rnmg ‘sofar neuﬂ%:ﬂﬁ%
g4 ’ 'Ieoswyntheas in (%uper)l\]‘wae

'.'> process

> maﬂy more”




Radiative p or o Capture

e Classical barrier penetration problem!

1 F E,

V (MeV)

2?(11:%5@) ‘3‘0‘ - ‘3‘5‘ - ‘4-‘0‘ - ‘4‘5‘ - ‘50
 Low energies = capture at large radii

e VERY small cross sections = define S factor

S(E) 2,2,¢°

o(E)=" " exp{-2m(E)}  nm(E)="2
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Decades of Work

o Capture reactions at low energy
P, o, N capture on stable targets

 Indirect techniques
measure widths and locations of resonances

« New techniques In past decade
Coulomb dissociation, ANCs, . . .

AlM



Radioactive (rare isetope) beams

MSU

ORNL

ANL, Notre Dame, .
GANIL, RIKEN, . ..

Detectors
GAMMA arrays
Particle detector arrays



Radiative [p(a)] Capture with resonant
and subthreshold states: ANCs

resonance

Capture through resonance

1/2 v1/2
Fp F?/

E—E0+E
2

M oc

Direct capture
A
M oc Cg,

Capture to ground state
through subthreshold state

CA 1—wll2

Moc—2P 7




Transfer Reaction




ANCs (p) measured
using stable beams

« 9Be + p <> 19B* [°Be(®*He,d)1B;°Be(1°B,°Be)'°B]

e 12C + p <> 13N [12C(3He,d)3N]
. 13C + p VAN 14N [13C(3He,d)14|\|;13C(14N,13C)14N]
« 14N +p & 150 [**N(°*He,d)*~>O]

e 160 + p & 17F* [160(3He,d)17F]

e 20Ne + p <> 2'Na [2°ONe(3He,d)?1Na]
beams =~ 10 MeV/u

* Test cases



S factor for 1°O(p,y)'F

+ ANC's < 160(He,d)1"F  * ||,

(C?)gng = 1.08 £ .10 fmL T

(C)., = 6490 + 680 fm-L

e Direct Capture data
from Morlock, et. al




Nuclear Astrophysics Issues
Three Examples

« CNO cycle reaction
- “N(p,y)"*O (ANCs from (*He,d) reaction)

« HCNO cycle reaction
- BN(p,y)*O (ANCs from ('3N,140) reaction)

 Ne-Na cycle reaction
- next cycle, INe likely source of neutrons



CNO Cycles




S(keVb)

S factor for 1*N(p,y)°O

d T d T d T d T d
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 C?(E,=6.79 MeV) ~ 27 fm- [non-resonant capture to
this state dominates S factor]

« S5(0) =1.40 + 0.20 keV-b for E,=6.79 MeV
e S,(0)=1.70+0.22 keV-b

i



S factor for 1*N(p,y)°O

e S factor dominated by direct capture to the
subthreshold state—our published value
S(0) =1.62 +£0.25 keV-b

reduces previous results by = 2

 New direct measurements from LUNA (1.7+0.2) and
LENA (1.68+0.09+0.16) In excellent agreement with this

e Impacts stellar luminosity at transition period to red
glants and ages of globular clusters by about 1 Gyr

i



Important in second generation stars

21Ne
T
21Na

T

ZONe

Ne — Na Cycle



S factor for ©°Ne(p,y)?*Na

 Ne - Na cycle reaction

 Subthreshold state dominates rate
2S,, at E, = 2.425 MeV, ¢ =7.1+ 0.6 keV



10000 solid line - total

dash line - subthreshold resonance 2sl /;

: : .
1000 | dot line - direct capture to the subthreshold state 2s ,

For subthreshold resonance
(dashed line)
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', = fitting parameter;
new measurement
would help!
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S(0) =4550 +800keVb present work
S (O) — 3500 keVVb C. Rolfs and W. S. Rodney, NPA 241,

460 (1975)

Higher reaction rate for 2!Na increases the abundance of ?!Ne
and, correspondingly, the number of neutrons from 2*Ne(a,n)?*Mg AIM



ANCs measured by our group
radioactive (rare isotope) beams

‘Be+p«—°B 10B(7Be,8B)°Be]
14N(7Be,8B)13C]
"MC + P& 12N 14N(11C,12N)13C]
12N + 13 14AN[(12N 130)13C]

N+po B3O  [UN(E2N,130)13C
13N + p < 140 14N (13N,140)13C]

7F + p & 18Ne 14N(17F,18Ne)13C]
{ORNL (TAMU collaborator)}

beams =~ 10 - 12 MeV/u
AlM




Momentum Achromat Recoil Separator

Coffin

13 MeV/u
10 MeV/u C

>99% Scale (meters)
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Primary Beam : 11B2*@13 MeV/u, 800 enA
Primary Reaction : 11B(1H,n)11C

Secondary beam : 11C

Intensity>400 kHz, PURITY>99%0

E=110 MeV, AE=1.6 MeV (FWHM)

AX=3 mm (FWHM), AY=3.2 mm (FWHM)
A06=1.8 deg(FW), A¢=1.9 deg (FW)




ANCs for
13N + p « 140

e reaction:

14N(13N,140)13C

K500: 1°C beam = 195 MeV
MARS: 13N beam =~ 153 MeV



L4AN] (13 N ’ 140) 13C

(ANC for N —° C +p)
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S Factor
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For Gamow peak at T4=0.1,
e DC/Decrock dc=1.4

Constructive/Decrock tot =1.4

Constructive/Destructive =4.0
( expected constructive
interference for lower energy
tail, useful to check)




Transition: from CNO te HCNO

Crossover at T, = 0.2
BN(p,y)**0 vs 3 decay

AN(p,y)*°0O vs 3 decay

For novae find that
14N(p,y)°0O slower

than 13N(p,y)140;

///////Z/% 14N(p,y)150 dictates

; 1020304050607 0809 1 energy production
T9




Stellar Evolution:
what do we know?

A lot,
but still much to learn!!
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