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Experiment-CoIIabofations in FAIR

“Atomic P_hys'i'c's,' Plasma- & Applied physics

nuctear- and QQark-fhatief .

FAIR
exotic nuclei and Y
B nucleare astrophysics:*

structure and dynamics of hadrons




Google Earth; FAIR in 2020
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% FAIR: it has started! -~
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Sig‘hatures of Nucleosynthesis

solar abundance distribution

gtellar H-, He, C, O, Si-burning
stars, supemovae
E-process

He-burning in AGB stars,
maszive stars

r-process

Aburﬂame

type Il supemovae,
merging neutron st:

The stellar abundance
distribution is a reflection
of nuclear strueture and
nuclear stability!



" Nucleosynthesis processes

S Process
[ Mas: known
[0 Half-life known
[] nothing knows




~ Stellar'Life
For a 25 solar mass star:

Duration

Tx 10 years

Tx1(° years

600 years
6 months
1 day




~* Starat the end of its life -
Star has an onion-liké structure .

Iron is the end-productof == .« .
stellar burning |
After nuclear energy source
has ceased; stellar core
_collapses under-its gravity

SUPERNOVA |




- Supernova collapse and explosion

In about a sé_cdn‘d,_-the core radius . .

. Collapse stops when the‘inner core:
.. corresponds toa gigantic r]QCLeus '
with about half of a solar mass.

Most of the gain in gravitational -

_energy'is released in the explosion.
This energy corresponds. to the

- production of 100 Suns during their’
entire life of 10 Billion years. *




" Supernova: collapse phase

Initial Phase of Collapse

{t~0)

05 M, 1.0 'ﬁ M) [Md
1

heawvy nuclei

o

Si-burning shell

Si-burning shell

Iﬁpdﬂant nuclear input:

e : ' [Electron capture on nuclei

Hn Neutrino-nucleus reactions

H.-Th.
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- Supernova: explosion

A [km) ~ Shock Propagation and vy, Burst . : ' Heating,
; 2 0.2s)

FIFE'
F:~100 km

R,

position of
shock
formation

0.5 \ M) (M
nuclear matter nuclel _ . g =y - —
Si-burning shell gain layer

cooling layer

R [kim] Meutrino Cooling and Neutrino-
10% T Driven Wind (t ~ 10s)

Important nuclear input

-

quiation of state

. Neutrino processes




Electron capture: Lab vs Stars -

Supernova

Strength
Gamow =T eller

%, FResonance

electran
distribution

Capture is dominated by Gamow-Teller transmons

During collapse, electrons are described by Fermi-Dirac dlstrlbutlon
with chemical potentials of-order a.few MeV

Parent.nuclei are described by thermal .ensemble



Calculating stellar capture rates

51V(d,2He)>1Ti
E,.p=171 MeV
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data KVI Groningen

-Capture.on nuclei in mass range A~45-65 calculated by large-scale. shell model

Capture rates are noticeably smaller than assumed before!



74 % DARK m!_m_s"t

.Content of universe: -

ype a standard candle
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‘Abundances in Type la‘s

Type la’s have produced about half of the
abundance of nlckel iron range nuclel in
the Universe |

. .
10'c Ws15DD2 FFN cr e lEI'E-- WS15DD2 LMP
, i 1% :

40 50 60 70 20 30 4.(] 50 B0 70
s Number Mass nber

Modern electfon capture rates solve inconstency
problem in Type la supernova abundance production



" Experiment vs shell model

Cole, Zegers et al., PRC, in print

pY =10° glem®

T=10x10° K

(n,p)
id,*He)
(t.*He)
pm) T=

Iron-nickel mass range under control

With increasing density, less sensitivity to details of GT distribution
=> models less sophisticated than shell model suffice. e.a. QORPA



. Abundance distribution during
' _cOHapse

T 5.0 G pu 5808405 i, Y

4 0 a0 T ED i 0 . Ll 40 51} B0
M {Matiron Numder] M {Medron Number)

presupernova neutrino trapping

Electron captures drive -nuclear composition towards neutron-rich
2 unstable nuclei



Unblocking GT for nuclei with
neutron'numbers N>40

Blocked:

—s0eseo— /., B

: — B
|

B /2 |

HEULTONS pro tons

In Independent:Particle Model, GT are Pauli-blocked for N>40
In reality, blocking-does not occur due to.correlations and finite T.
Calculations of rates. by SMMC/RPA model:



" B(GT) strengths for 76Se

Exp.(d,’He)
SM-NS

—-—--SM-JUN45

Excitation energy (MeV)

Zhi, Martinez-Pinedo, Sieja, Nowacki



" Neutron occupancies
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Data from transfer reactions: J.P Schiffer and collaborators



Convergence with truncation level |

Excitation energy (MeV)

Temperature (GK)

Cross-shell-corrlelations converge slowly. Hence, models like
thermofield dynamics model or finite temperature QRPA, which
consider only 2p-2h correlations, do not suffice.



= (_p,n) charge-exchange reactions on rare isotopes |5
arna =\ Sasano, R:G.T. Zegers et al: PRL 107, 202501 (2011) .

A
Z+1X
(p,n) charge =

exchange
reaction

**Ni(p,n) 110 MeV/u @ data (statistical error)
inverse kinematics /™, systematic error

)

\ shell model theory
"\ — GXPF1A ---KB3G

* Honma et al. Poves et al.
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Inelastic neutrino-nucleus scattering

103

—— Only GS (SDalinac data) 20y validation of nu-nucleus cross sections

—— Only GS (Theory)

—— T-08MeV from precision (e,e') M1 data
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. I\/Iartinez-Pinédo, Richter, Neumann-Cosel

o (107% 01112_)
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15 20 25 30
Neutrino Energy (MeV)

Normalized Burst Spectra neutrino scattering on nuclei acts as
S —— additional obstacle — in-particular

-for high-energy neutrinos

supernova neutrino spectrum shifts

to lower energies 4

5 0.0001] : smaller event rates for earthbound

>
=
=

> supernova neutrino detectors

— without inelastic scattering on nuclei (ISN)

—— with ISN (Yhan from LS-EOS) Janka, HIX, MartlneZ'PlnedO,
Juogadalvis, Sampaio




Inelastic neutrino-nucleus
' scattering

Potential consequences:

@ thermalization of neutrinos
during collapse

@ preheating of matter before
passing of shock

o nucleosynthesis, vp-process ) neut[mo cross sections from
(e, ') data

@ validation of shell model

@ G.Martinez-Pinedo, P. v.
Neumann-Cosel, A. Richter

10 15 20 25 30
Neutrino Energy (MeV)

@ supernova neutrino signal
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Effects of Nuclear Elec
Core Collapse
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“The electron capture at high
densities results in lower Y,

and generates neutrino wind

which is necessary for driving
the shock. '
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— protons

. 0.2 0.4 0.6 0.8 1
Electron captures on nuclei dominate Enclosed Mass




0 Collapse trajectories

_ s11-SLMSH
__s15-SLMSH
__ s20-SLMSH

Yiep + 0.03

1_.73

10° 10" 10" 10"  10™
p[g/cnﬁ]

Trajectoties during final collapse are similar for different masses |

A. Marek, H.-Th. Janka, G. Martinez-Pinedo



* Neutrino signal after burst

00

__s11-SLMS

— e

300

2 20-5LNES
200 — - o
32551 NS

100 450 200

. -shock wave dissociates matterinto free protons and neutrons
~ electron capture on-protons gives strong neutrino signal
is this a 'standard candle'?

A. Marek, H.-Th. Janka, G, Martinez-Pinedo



" Supernova neutrino signal

Inelastic neutrino-nucleus sca_ttéring adds to the
opacity of high-energy neutrinos

Normalized Burst Spectra
(r=400km, electron neutrinos)

B 0.0001

=

=

— without inelastic scattering on nuclei (ISN)
— - with ISN (Yhﬂw from LS-EOS)

Hix, Janka, Juodagalvis, Martinez-Pinedo, Miiller, Sampaio



. Consequences for supernova
' detectors

Detector Material . (o) (10~*2 cm?) Change

C
MiniBoone 12

2G (N,
S-Kamiokande 160)
lcarus "
Minos

OMNIS

Change in supei'nova neutrino spectra reduces neutrino detection rates



Supernova Simulation

Recent progress:
~Multi-dimensional
i 'hydrodynamics
Improved nuclear
Input. & _
— Electron capture

— ‘Neutrino-induced
reactions |
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- "Neutron Stars: supernova remnants
Neutron Star Structure - 2 N.eﬁtrbh Stars are -

warienneel . laboratories for matter
‘. at extreme:densities

——— ATMOSPHERE
ENVELOPE

P _N'eutro_'n rich nuclei -
Bibed EqQatiqn-'det_été for<"..
~ nuclear matter -

. E;(-o,t'ic;r,phase's?.' k)

G

Neutron Superfluid Proton Superconductori %
Neutron Vortex Magnetic flux tubes

" Courtesy: D. Paige



¥ Explosive Nucleosynthesis

0> | |
R‘(\ NN - Neutrino reactions with nucleons
determine the proton-to-neutron
“ratio | |

Neutrino-Proton Process
(early.ejecta, proton rich)
R-Process: . |
(late ejecta, neutron rich)

Time



.Possible Consequences of hlgh
neutrlno flux in shock-front




“The neutrino-proton process

@ Protonrich matter is
ejected under the
influence of neutrino
reactions

@ Nuclei form at distance
where a substantial
antineutrino flux is
present

» With v
» Without v
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40 50 60 7O 80 QIZI'1IIID
Mass Number A

Antineutrinos help to bridge long waiting points via (n,p) reactions

Te+p—et+nm n+%Ge—%Ga+p ®Ga+p— %Ge;...

C. Frohlich, G. Martinez-Pinedo, et al., PRL 96 (2006) 142502




vp process in hydrogen rlch high
o neutron flux environments

On-site neutron production mS&g(fDJT .

through neutrino induced cd (48) [T
interaction: "H(v*,e*)n! Pdﬁaai)ﬁ}

Rh (45)| T 7
Proten Seporation Emergy (Me¥) =3 (4_4)

|:L_l T :ILEI |_5 Tc (43:] Tt .
By-passing waiting Nb'ﬁﬁz} T
point nuclei #Ge, 7 (a0 '

%¢Se by n-capture Y (39)
Sr (38)
reactions. Rb (37)
Kr (36) T
Br (35) L
Se (34)
ts (33)

Ge (32)

Ga (31)

Zn {30)

28 NMumber of Nucleons




"~ Making Gold!

60 70
Atomic Number

Old stars in galactic halo have the same’ Johann Friedrich Béttger, Alchemist
r-process abundances as the'solar system Inventor of European White China

for A>130, but not below. “In Meissen, Germany.

“two distinct r-process sites?



e R-Process

Masses

B = e v o H aIf lives
» Neutren capture rates
+ - Fission o
» Neutrino reactions

0




" Potential r-process sites

Radius ———»

-
»
Time
Neutrino-driven wind from a. - Neutron star mergers
nascent neutron star in a .
supernova explosion F Freiburghaus et al.

Woosley et al.



" Supernova trajectories

Wind velocities
become
supersonic in the
frame of the slow-
moving ejecta —
reverse shock

forms.

Supersonic wind
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Cburtesy: Almudena Arcones



" Dynamical r-process

er—
R(t)
Build up seeds r-process y z
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Temperature/ K

Free protons, neutrons are ejected at higjh temperature
matter cools, nuclei form by charged particle reactions

- At T~3 GK charged particle reactions freeze out -> seed
Neutron captures on seed constitute r-process



‘Supernova shock front nucleosynthesis
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Brad Meyer



~ R-Process Simulation

n=1.377e+27, t=1.471e-14s

120 140 160 180
N
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Mass measurements at FAIR

stable nuclei

nuclides with known masses

it 1' 1l B masses measured at the FRS-ESR
- man) |
N |
N _|:| | . Will be measured in 2004-2009 with FRS-ESR
. 28 B Wil be measured with SUPER-FRS-CR-NESR

[un| G O



" Impact of nuclear half-lives

A FRDM+QRPA
¢ DE3+QRPA

® Shell Model
m Expt.

1999

N=82 Isotones

44 45 46 47 48 49 50|
Charge Number Z

A FRDM+QRPA
¢ DF3+QRPA

@ Shell Model

m Expt.

2010

N=82 [sotones

45 46 47 48 49 50
Charge Number Z

Abundance

Impact of nuclear half-lives
on r-process abundances

¢ Solar abundances
— FRDM+QRPA

— Shell Model

-8
10410 120 130 140 150 160 170 180 190 200 210
Mass Number

Knowing the half-livés we wil
constrain the dynamics of the
supernova explosion



FAIR Contrlbutlon to half-llves

Agata detector
‘ i \V/

o

r-process
path

rp-process
path

82 SL:!JtF\’l S 1

First campaigns
at FAIR

50 stable nuclei

nuclides with
known masses




“ The RIB era for r-process

| ' |
@ today
@ Existing facilities -
® FAR  # :
¢7

abundance

B 1 | 1 | | | 1 | 1 1
80 100 120 140 160 180
mass number

Courtesy: Hendrik Schatz



Next-Generation Isotope Facilities




. Willy Fowler: Father of Nuclear
1 Astrophysics o i

o mf I,,,

)= " q




~ The RIB Chance: New Horizons
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