Impact of atomic charge state on stellar
nucleosynthesis

Fritz Bosch, GSI
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1. Stellar nucleosynthesis (besides fusion) driven by
neutron (proton) capture, 3" and " decay
at high temperatures = high atomic charge states

2. masses and [3 lifetimes determine pathway of
nucleosynthesis and abundance of elements

3. B, B" lifetimes depend on atomic charge state

4. storage rings only tools to measure 3 decay of HCI



Explosive nucleosynthesis (r, rp)
not yet understood

r-process(es): rapid neutron capture
one or several, site, pathway?
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— abundance of heavy elements in our solar system
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Entanglement of nuclear structure and
nucleosynthesis in the r-process
Quenching of shell gaps?

— produce neutron-rich, highly charged atoms
and measure their ground state properties:
masses and 3 lifetimes



Ultra metal poor halo stars

A window into the composition of the galaxy at age 0.1-0.7 Gyrs

Cowan etal 1999, Sneden etal 2000, data from B. Pleiffer
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? What are these r process events ?
L

Two r processes 7




The rp-process
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Key-reaction rates from:
« Coulomb breakup (v,p)
v m Previous Coulomb- * transfer
breakup experiments = 2p-captures

rp (rapid proton capture) -process:
explosive H-burning on the surface of mass
accreting white dwarfs at high T

ground state properties of p-rich, highly-
charged atoms:
masses and 3* lifetimes



Nova Cygni 1992

Hubble Space Telescope
Faint Object Camera

Pre-COSTAR With CLsTAR
Raw Image Hawr Irnage

Nova outburst signals explosive H burning up to
tin along the proton dripline
via p-capture, p-decay, 3* decay

Proton rich nuclei Superheavy
N=Z symmetry Elements

Proton radioactivity
Proton - neutron painng =

Isn8pIn Symmalry

MNeutron rich nuclei

Meutran drip ling

ahell quenching

Skins and halos
Loasaly bound systams
Soft collective modes



Why and how 3 lifetimes depend on atomic
charge state

a) orbital electron capture EC: Aec = f(Neb)

p+eb—) N+ Ve

If Qec <2 mec2 atom gets stable for nes =0

b) bound beta decay 3, = time-mirrored EC

n+vegbar) - p+ep
iIf inner shell vacancies available
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Q value larger
by e- binding energy

decay probability Ags > Agc

stable neutral atoms get unstable

if Q(neutral) < OEp(K)O



The couple '“Dy/'“Ho " T1/"Pb, I/ Pt,...)

a) neutral atoms (on earth)

1630700
T1/2 = 4570 Yy
- QEC =+ 2.6 keV
Dy
Typ=00

D) bare nuclei in stellar plasma

Cont.
163Dy66+
T1/2 = 47 d L
K _
Q Bb = + 50 keV
163HO66+ K
Tip=o0
KL _
Q"= -Qrc- AB. + Bgp
- 2.6 -12.5 +65.1 =+ 50 keV (K)

+163 = +1 keV (L)



The couple 187Re/1870Os (205T1/205PD,...)

Bo decay goes to an excited state, forbidden in 3

. Dbare Re
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312"
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T,»= 42bilion years 1870g1*




By decay provides

first possibility to measure the

branching ratio Ag, / Ap,

for the same nuclear transition

Agv/ Ape = [Qpn/Qpel” W(O0) >/ f(Z, W)

= Fermi function f(Z,W)
for 5~ decay

still missing complement to the well known
Fermi function for 5" decay from
)\B+ / )\EC



c) internal conversion IC (isomers)

for high multipolarities (E4, M4...) IC large

lifetime much longer (10,...10%) without ey

neutral 193] 0+

T12=10d 193|r*0+ 11/2- E =80 keV

M4

193' r0+ 3/2+

bare 193| 77+

T2 > 103y 193] p* 77+

M4 (no ep)

193 | r77+




s (slow neutron capture)- process:
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near the valley of stability: n-capt. /3" decay
B decay for T,,(3) < 1 year

neutron density = 10° cm™
electron density = 10*” cm™
temperature Tg = 3*10° K, kT = 30 keV
(n, Y)- (Y,n) equilibrium

= N(A) * 0, (A) = N(A+1)* Gn(A+1)

branching points induced by [3, = f(Ts)
AN/A >1 = T

68EI'_ 164 - —
67HO 63— ¢ - -
66Dy 162—> ® - >

other example: **°T1 (stable); *TI*'* = (B,) *”Pb*"" (T1,=1y?)



key-nuclei: Supernova outbursts, galactic cosmic rays

Ni, >*Mn, “Ti/*Ca

*Ni 0" (6 d) >*Mn 3" (300 d)
QEC: 0.4 MeV Qgrc= 0.5 MeV
1 2"
1.7 MeV 0.8 MeV

HTio" 60y)

Qrc=0.01 MeV
1+

0.15 MeV
*Sc 2" g.s.(4 h)

Qrc= 2,5 MeV
2

E,=1.15 MeV

44Ca 0+




Mass and Lifetime Measurements
of Stored Exotic Nuclei

Production
Target

|. Pure B[
Separation
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Separation
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— SCHOTTKY MASS SPECTROMETRY
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|
Principle of Lifetime Measurements for Cooled Fragments |
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can be measured simulta neously

QFI. = 0.5 MeV 1) Both mother and daughter nuclei
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2) T4/gan be studied for different

atomic charge states
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Power Density (arb. unit)
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Zeit nach
Einschub}

30 min T
59.4 Mhz Umlauffrequenz (30. Harm.)



un 22

rev. frequency (a.u.)

Qpp = 1.5 MeV
1 cycle =32.4 s (starting at injection)

separation of 27T127Ph-lines = 80 Hz / 60 Mhz



At new storage rings same techniques:
stochastic pre-cooling, electron cooling
detection of 3", B, B, and EC by
Schottky spectrometry / particle detectors
but:
=~ 10 more primary, = 10* more secondary beams
=
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	a) neutral atoms (on earth)
	b) bare nuclei in stellar plasma

