Astrophysics studies

with stores exotic nuclei

HELMHOLTZ === 1K

RESEARCH FOR GRAND CHALLENGES Yuri A. Litvinov S o= N

= —

......

58. International Winter Meeting on Nuclear Physics
20-24 January 2020

ﬁusmuouz Bormio, Ital o
| GEMEINSCHAFT ! y I=== 1l




Where and how was gold cooked?
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Where and how was gold cooked?

masses determine the
pathways of s-, rp-, p, and r-processes

Reaction rates

proton number —p

B half-lives the
accumulated abundances
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Physics at Storage Rings

CRYRING at GSI ] ]
e ST —

Storage rings stay for:
Single-particle sensitivity
Broad-band measurements
High atomic charge states
High resolving power
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Physics with Storage Rings

Nuclear Physics

Atomic Physics

Nuclear structure through transfer reactions

Long-lived isomeric states Precision x-ray spectroscopy

Atomic effects on nuclear half-lives Super-Critical fields

. Electron-lon collisions
Half-life measurements of 'Be

Nuclear effects on atomic decay rates Atomic lifetimes
Exotic decay modes (NEEC/NEET, unbound states, ...)

Di-electronic recombination on exotic nuclei

Nuclear effects on atomic decay rates
Photoionization

P , Di-electronic recombination on exotic nuclei
Purification of secondary beams from contaminants

Nuclear magnetic moments Electron spectroscopy / electron scattering

Neutron—induced reactions Atom/Molecule fragmentation

Capture reactions for p-process lon-molecule interactions

Laser induced recombination
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Secondary Beams of Short-Lived Nuclei
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Exotic (radioactive) nuclides in high
atomic charge states stored for an
extended period of time

Radioactive ion beam facilities

High kinetic energies

Ultra-high vacuum conditions
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Fritz Bosch
1940-2016
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Bound-State B-decay
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Bound-State B-decay of 193Dy

s process: slow neutron capture and - decay near valley of (3 stability at
KT = 30 keV; — high atomic charge state — bound-state (3 decay

\ \ \p-process

process N\ NN\

branchings caused by bound-state 3 decay

S-Process

T1/2 =48 dayS

ﬁ HELMHOLTZ M. Jung et al., Phys. Rev. Lett. 69 (1992) 2164
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Bound-State Beta Decay of 95Tl Nuclei

Q..= 50.5(5) keV

205Pb0+
2 as T,, = 17.3(4) My
205T|O+
stable
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Bound-State Beta Decay of 2°5Tl Nuclei

205Pb 82+
stable




Bound-State Beta Decay of 2°°Tl Nuclei

205 ==206

NN N

r-process

LIl 203==204

H g

S-process

Sunday, April 18, 2010

Short-lived radioactivity — 1 My-100My
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Too much Too few Just right

B. Meier et al.
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Solar Neutrino Flux
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Lorandite TIAsS, Mineral

Age = 4.31(2) Ma

O LOREX Project

Pavicevic et al., NIM A 895 (2018) 62
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Bound-State Beta Decay of 2°°Tl Nuclei

Proposal for an experiment to be conducted at FRS/ESR
205

Measurement of the bound-state beta decay of bare “"Tl ions

Updated from previously accepted proposal E100

For the LOREX, NucCAR, SPARC and ILIMA Collaborations

b . ol
N / a

() NucAR® spare-
) 4 “ ) R

Tlhz20s Pb-z05

Regarding the proposal “Measurement of the bound-state beta decay of bare 2057y
ions” (Proposal E121), the G-PAC recommends this proposal with highest priority
(A) and that 21 shifts of main beam time be allocated for this measurement.

24-30 March 2020
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Nuclear reaction studies in a storage ring

Particle detectors

Injection

ESR

High revolution frequency
-> high luminosity even with thin targets
Detection of ions via in-ring particle detectors
- low background, high efficiency
Well-known charge-exchange rates
- in-situ luminosity monitor
Ultra-thin windowless gas targets
- excellent resolution

Applicable to radioactive nuclei
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Astrophysical Gamow Window

Maxwell-Boltzmann
distribution

Gamow peak

Probability

Cross section
(example)

AN
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Normalization of Nuclear Cross Sections

total e capture rate [NRC + REC]

measured by particle detection

detector; 10t

X-ray
spectroscopy

characteristic
i X-ray emission

500 1000 1500 2000 2500 3000
Energy [Channels] ]

Courtesy Jan Glorius
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The Proof-Of-Concept *°Ru(p,y)°’Rh (2008)

silicon detector data

400 —— experiment: 96Ru + p (total)
| ——— G4 simulation: 96Ru + p (total)
————— G4 simulation: 96Ru(p,p)
: G4 simulation: 96Ru(p,n)
3001 G4 simulation: 96Ru(p,a) .
S Gésimiaton b0 T * (p,y) superimposed by other channels
g 200_(p,p) + * Geant4 simulation of each channel
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PHYSICAL REVIEW C 92, 035803 (2015)

First measurement of the *’Ru(p,»)°’Rh cross section for the p process with a storage ring

Bo Mei,"? Thomas Aumann,® Shawn Bishop,* Klaus Blaum,’> Konstanze Boretzky,! Fritz Bosch,' Carsten Brandau,'
Harald Brauning,'! Thomas Davinson,® Iris Dillmann,' Christina Dimopoulou,' Olga Ershova,? Zsolt Fiilop,” Hans Geissel,'
Jan Glorius,?> Gyérgy Gyiirky,” Michael Heil,! Franz Kippeler,® Aleksandra Kelic-Heil,! Christophor Kozhuharov,'
Christoph Langer,” Tudi Le Bleis,* Yuri Litvinov,! Gavin Lotay,® Justyna Marganiec,! Gottfried Miinzenberg,' Fritz Nolden,'
Nikolaos Petridis,! Ralf Plag,!:? Ulrich Popp,' Ganna Rastrepina,” René Reifarth,?” Bjorn Riese,' Catherine Rigollet,'”
Christoph Scheidenberger,' Haik Simon,' Kerstin Sonnabend,” Markus Steck,! Thomas Stohlker,"!! Tamds Sziics,’
Klaus Siimmerer,' Giinter Weber,!' Helmut Weick,' Danyal Winters,' Natalya Winters,' Philip Woods,® and Qiping Zhong1
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New in-vacuum particle detectors

How to reach the down
into the Gamow window?

16 x 16

getting rid of detector pockets | strips

ceramic pcb

* Double Sided Silicon Strip Detector (DSSSD)
v x & y segmentation
v' 500 um thickness (ions are stopped)
v ultra thin dead layer of 0.3 um

» compatible to UHV conditions
v low outgassing rate
v bakeable at T > 125°C

Courtesy Jan Glorius
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The new setup @ ESR

Q Federal Ministry @‘L
of Education GOETHE &

and Research UNIVERSITAT

I FRANKFURT AM MAIN

Courtesy Jan Glorius
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ESR Test Beam Time 2016 124Xe(p,y)*?°Cs

* test experiment for new setup:
> 124Xe: technically simple, stable beam, high intensity
» 10-100 mbarn cross section expected for proton capture @ 7 MeV/u

107 T T T T T T

* science case 12%Xe: e
7 | — 124Xe(p,a)
v p nucleus 10 o)
- J
v reaction is important 0 Gamow window

in production/destruction
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Courtesy Jan Glorius
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124Xe(p,g9)'#°Cs Experiment at the ESR

Si position
Si position
Entries 921
Mean x 3.481
Meany 7.71
RMS x 2.694
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124Xe(p,g)'*°Cs Experiment at the ESR

Si position

Si position
Entries 64209
Mean x 4.658
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124Xe(p,y) - Results

8 MeV/u

6 MeV/u

100 L) E
El '
B PHYSICAL REVIEW LETTERS 122, 092701 (2019)
o this work .
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Future measurements

107 [
SR R E127 R. Reifarth et al.
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Regarding the proposal "Measurements of proton-induced reaction rates on
radioactive isotopes for the astrophysical p process” (Proposal E127), the G-PAC
recommends this proposal with highest priority (A) and that 15 shifts of main
beam time be allocated for this measurement.

17-22 March 2020
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Storage ring facilities at IF = II

CRYRING
(transported from Stockholm University)

Planned start of operation (stable ions) — 2016
Planned start of operation (exotic nuclei) — 2017
Circumference = 54.15 m

Vacuum = 10-1"—10-2 mbar

Electron cooling

Energy range = ~0.1 — 15 MeV/u

Slow and fast extraction

Experimental Storage
Ring (ESR)

In operation since 1990
Circumference =108.3 m
Vacuum = 10-1—10-12 mbar
Electron, stochastic cooling
Energy range = 4 — 400 MeV/u
Slow and fast extraction




The CRYRING facility

External

Slowed-Down source

B AE .
P sz Injection ESR L -

Primary beam Channel
from SIS-18
Production Electron Cooler
Target / Particle 5 External
X, — Electron ¥
Energy FRS ? Detectors cooler > i source
degrader =9 Resonant il

Inter?mal Schottky Detector

gas-jet target

CRYRING is a dedicated low-energy storage ring
> all GSI beams available between ~100 keV/u and ~15 MeV/u

> longer beam lifetimes for highly charged ions at low energies

first commissioning phase is finished

CRYRING is the ideal machine for
astrophysical reaction studies

Courtesy Jan Glorius




FAIR: SPARC/APPA Facilities
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lon Beam Facilities / Trapping & Storage

_ Stored and Cooled
Worldwide Highly-Charged lons (e.g. U%*) and Exotic Nuclei

Un |q ue | From Rest to Relativistic Energies (up to 4.9 GeV/u)

_Cooling: The Key for Precision

uncooled beam ]
electron cooled beam
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Thank you!
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Heavy lon Research Facility in Lanzhou (HIRFL)
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BigRIPS + R3 Setup in RIKEN
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General description — Main components

SRing: Spectrometer ring
Circumference:290m
Rigidity: 13Tm
Electron/Stochastic cooling
= . Two TOF detectors

Four operation modes

MRing: Figure “8” ring
Circumference: 268 m
Rigidity: 13 Tm

lon-ion merging

iLinac: Superconducting linac
Length:100 m

Energy: 17MeV/u(U34*) SECR
1Linac

BRing: Booster ring
Circumference: 530 m
Rigidity: 34 Tm

Beam accumulation
Beam cooling

Beam acceleration




