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Big Bang Nucleosynthesis:
LI prObIem(S) ‘Be(3He,t)°B data

Well known discrepancy between observed
primordial ’Li abundance and theoretical
predictions (factor of 3 larger)

Nuclear physics as a solution?
— destruction of ’Be through "Be + d resonance?

Current experimental and theoretical studies
show there is not a nuclear solution to the "Li
problem
— 9Be(3He,t)°B: Ex = 16.800(10) MeV, e = 81(5) keV
— 10B(3He,a)°B: Ex = 16.8 MeV

Possible 6Li problem as well — SLi detected in
some metal-poor halo stars

Current experimental work ongoing at LUNA to
determine %H(a,y)°Li rate at BBN conditions

— preliminary results indicate insignificant 2H(«,y)°Li
rate to account for observed 6Li abundances

9 (energy region 16—25 MeV)

15. Ex=16050(40) keV
16. ground state of 12N
17. Ex=16800(10) keV
18. Ex=17076(4) keV
19. Ex=17637(7) keV
20. Ex=18650(100) keV
21. Ex=20850(100) keV
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BEE [riple-o Reaction

oC 10C
B SB 10B 11B 1Z2B

ae * MassgapsatA=5and8
responsible for the end of BBN

5L 10Li

« To produce enough °C to
account for life on earth needed
a resonance close to Be + a
threshold of 7.367 MeV
(predicted by Hoyle 1954)

Neutron

12C
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see J. Manfredi’s poster
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5L 10Li

Neutron

--- Triple-a Reaction

Mass gaps atA=5and 8

responsible for the end of BBN

« To produce enough °C to

account for life on earth needed
a resonance close to ¢Be + «

threshold of 7.367 MeV
(predicted by Hoyle 1954)

« Experimentally found in 1957
(Cook et al.) to be at 7.654 MeV

« Structure of the Hoyle state is of

interest; observation of 2*

collective excitation of Hoyle

state is on-going

Fred Hoyle
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* Theoretical predictions of 2* excitation energy

— 9.1 MeV (NACRE)

— 10.68 MeV (LSU group - no-core symplectic

model)

« Recent experimental measurements:
— 12C(p,p)12C scattering (S. Africa, Yale, Osaka)

= data show 2* state at ~9.8 MeV
— B decay of '°B and "°N (ANL)

= preliminary R-matrix analysis shows no indication of 2*

state

— Gammasphere study (ANL)

= observe 2* state at ~11.1 MeV

— v decay from higher-lying states in 12C
= observe 2* resonances in both 9-10 and 11-12 MeV

regions

» Disagreements clearly still exist . . .
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Explosive nucleosynthesis:

Classical Novae

* Most “well-understood” astrophysical events
— most important reaction rates known, except . ..

« 2Al(p,7)?°Si (see S. Pain’s talk)
* SP(p,y)*'S
* F(p,a)"0

« Many reaction rates measured directly (still need
indirectly measured nuclear structure data)

« For example, 8F(p,a)'°O

— traditionally rate thought to be dominated by two 3/2*
resonances @ Er =8 and 38 keV and one 3/2-

resonance at E; = 330 keV

— new data shows the E; = 8 and 38 keV states are a
triplet of Er = 5, 29, and 48 keV none of which are 3/2*

— the unconstrained proton width of the 48 keV state
causes large uncertainties in the reaction rate

Reaction rate / cm3 'mole™
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Explosive nucleosynthesis:
X-ray bursts

» Explosive nucleosynthesis in type | X-ray
bursts (XRBs) powered bv
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Waiting points in XRBs

65 A 65 A oas | [sas . High-mass wgiting points in XRBs determine shape of
t1 11 light-curve talil
po Sec “Ge e Main waiting points: ¢4Ge, 98Se, "?Kr
AN A e Lifetimes well known, but not Sp’s of Z+1 nuclei
SGa %Ga
(! e %9Br and "°Rb both experimentally known to have negative

L
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Sp, supporting °8Se and "?Kr as waiting points, respectively

e S, for As is not well-known due to unknown mass of - is

64Ge really a waiting point?

(a,p) process waiting points effect

energy generation near the beginning of XRB
nucleosynthesis

final elemental abundances

luminosity profile

Possible (a,p) process waiting points
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Waiting points in XRBs
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r-process

* Observations from very metal-poor stars show
unique isotopic signature of r-process for Z > 56

* Disagreement of Z < 56 abundances suggests

multiple sites for the r-process

Proton number (Z)

Relative log ¢

-8

r-process only solar
abundances

Aloge

® CS 22892-052: Sneden et al. (2003)
B HD 115444: Westin et al. (2000)

€ BD+17°324817: Cowan et al. (2002)
¥ CS 31082-001: Hill et al. (2002)

| » HD221170: vans et al. (2006)

c HE 1523-0901: Frebel et al. (2007)

Alog e
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-1F Average abundance offsets with respect to Adandiniet al. (1999) “stellar model” —
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Atomic number

90

C. Sneden, J.J. Cowan, and R. Gallino, ARAA 46, 241 (2008).

20 60 8 100 120 120 e
Neutron number (N)
Possible sites of the r-process

- core collapse supernova
- neutron star mergers

r-process path determined via
Sn values, 3 decay lifetimes
and masses

New processes (e.g. LEPP) to
explain abundances of A<120
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Nucleosynthesis in the r-process
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r-process Mass Measurements

 Mass measurements of r-process nuclei have now

been made with a variety of Penning traps

— CPT/CARIBU (ANL)
— JYFLTRAP (Jyvaskyla)
— TITAN (TRIUMF)
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Mass measurements near N = 50 shell
closure, e.g. 82Zn - see M. Maduga’s talk &
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B-decay lifetime measurements

-

: 15+ .. |-
B i €1 5

Theoretical r-process yields under-predict N
abundances in A= 110 - 125 region b
M.

Mass models attempting to explain this differ mainly J

in strength of shell closures

39 |- ‘ %

Atomic number

One solution is shell quenching of N = 82 shell gap

Systematic study of B decay lifetimes done at RIBF

at RIKEN via in-flight fission of 238U on Be target S. Nishimura et al., PRL 106, 052502 (2011)
e . . . al '[FRDM —— |{ -
New lifetimes included in i ; RIBF 1 2
magnetohydrodynamic (MHD) supernova _ . RIBF »
models >~ | : '
) : \ ff'i
2 5t \ ‘;.-5
New lifetimes alleviate discrepancy - O
somewhat, but disagreement still exists! hi1 R AR R
- . " o 50 100 150 200 90 100 110 120
More physics needed? New processes mass number. A mass number. A
S. Nishimura, PRC 85, 048801 (2012). ¢~
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Nuclear Data needs for the r-process
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* [} decay rate sensitivity study

e varied a single  decay rates by one
order of magnitude

e white - black =0 - 10% change in
final abundances
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Non-Structure Developments

Sensitivity studies

— vp process reactions

— Core-collapse supernovae (CCSNe) reactions
— X-ray bursts

Observational data

— more metal poor stars (SDSS/Segue)
— Supernova observables

— Galactic radioactivity

— presolar grains

Stellar modeling

— CCSNe - explosions work!

— neutron star mergers

— X-ray bursts and superbursts

Stellar evolution

08/16/12 Nuclear Structure 2012, ANL



Summary

« Major advances in nuclear astrophysics in past few years with both
stable and radioactive ion beams

* New RIB facilities and upgrades allow access to more nuclei of interest
— r process nuclei can now be created and studied
— reaction rates important for explosive nucleosynthesis on proton-rich side
— structure information on nuclei away from stability

o Still much to be done!

— more mass measurements and decay lifetimes on or near r-process path
are needed to constrain models

— low background measurements
— reaction rate measurements: direct and indirect
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