Highly charged radioactive ions - the intersection of nuclear
structure, atomic physics and astrophysics
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Heavy-lon Storage Rings - Versatile Instruments
Dedicated beam preparation and manipulation techniques

Nuclear reaction inevitably leads to large
momentum spread of the secondary beam

Beam cooling - high quality beams
~ Isochronous mode — high mass resolution

Storage - efficient

A\ use of rare species Small production rates of secondary beams

Accumulation techniques
Single-particle sensitivity detection

Short-lived species

Instantaneous detection
A huge trap — more than 100 m

circumference, aperture size — 25 cm
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Radioactive lon Beam Facility at GSl
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The Experimental Storage Ring
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Electron Cooling of Secondary Beams
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The cross-section for recombination of electrons with e - 0

highly-charged ions diverges at zero relative velocity. »
Why stored ions do simply not recombine and get lost - ~1-10
from the ring?
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Direct Mass Measurements on the Chart of the NuCIides
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Where do we stand?
About 7000 nuclei are expected to exist
Masses of about 2300 have been measured,
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Characteristics of mass spectrometry techniques
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Schottky and Isochronous Storage Ring Mass Spectrometry

SCHOTTKY MASS SPECTROMETRY. ISOCHRONOUS MASS SPECTROMETRY______
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IMS: Time-of-Flight Spectra
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Nuclei with half-lives as short as 20 [s ’8Kr fragments in the ESR
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IMS: Isochronicity Window
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— M. Wang et al., Physical Review C 106 (5) (2022) L051301



Br-IMS Spectrometry at the CSRe

from ion
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Br-IMS Spectrometry at the CSRe

78Kr fragmen?ts in the CSRe
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IMS: Isochronicity Window
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IMS: Isochronicity Window
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Rp-process nucleosynthesis at ®*Ge

Rate of the most
exotic species is 6
ions in 2 weeks, which
is sufficient for the

S, (keV) <— proton separation energy
S,, (keV) «f— two-proton separation energy
A=y | mess number
7 E| «—1— element name
— proton number

-641(42)
4250(42)

2Br

f (p.y) proton capture 2465(74) 1813(21) 4891(1)
r_nass m'easurerr!e_nt S 2244(61) 4649(20) 7160(2)
with relative precision () photodissociation 665e 675 6850
of 1.7 10 \ © cecay - if_ -
21(11) -221(42) 2836(6) 2269(2)
. waiting point 2301(110) 4837(42) 7770(6) 8508(1)
65As is less bound nucious $3As $3As 3As $iAs
. proton-
66Se is more bound nbound 1
nucleus
2280(15) 0 4934(3) 6239(3)
mass 5207(22) 8843(3) 10181(2)
for the first time ggGe 2 (e ggGe ggGe
mass
uncertainty 1
i d
merove 2927(16) 2668(1) 3908(2) 3942(1)
8220(2) 9141(2) 10623(2) 11656(1)
$2Ga $3Ga 81Ga 83Ga
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Nucleosynthesis Processes

P-processes

NS
}g Slow neutron capture
E S-process 82
g :
E Rapid proton capture

rp-process

Majority of nuclei of
interest are short-lived

Hydrogen to silicon %

burning _..“
,','

82

They need to be produced
in nuclear reaction

®  Rapid neutron capture (rare isotopes)

r-process
Neutron number (N)
-
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Accelerator Complex
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Booster Ring: High Energy Fragment Separator:
Circumference: 569 m Length: 192 m 72 Spectrometer Ring
Rigidity: 34 Tm Bp=25Tm
Aaccumulation
Cooling & acceleration

V=  Spectrometer Ring:
Circumference: 277.2 m
Rigidity: 15 Tm

Electron cooler
Stochastic cooler

¥\ a45GHz FECR
a 28 GHz SECRAL
a 2.45 GHz ECR

Superconducting lon Linac:
Length: 180 m
Energy: 25 MeV/u (238U34+)
CW mode: 10 ppA with A/Q=2~5
Pulse mode: 1.0 emA with A/Q=2~7

— iLinac

Booster Ring =
Fast ramping operation Yot 5
Repetition rate:3 Hz




Schottky and Isochronous Storage Ring Mass Spectrometry
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Injection

Septum

Hot Fragments

ISOCHRONOUS MASS SPECTROMETRY____

Destructive
Detectors
(foil-based
Secondary
electron
detectors)

No cooling
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- Speed
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Non-Destructive Particle Detection

F. Nolden etsl., Nucl. Instr. Meth. A (2011) S. Sanjari et al., Rev. Sci. Instr. (2020)

The goal: to measure non-destructively the revolution frequency
of a single ion within a few miliseconds
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Courtesy F. Nolden and M. S. Sanjari



Combined Isochronous+Schottky Mass Spectrometry

410MHz-2021.07.02.17.58.30.204.tiq le-9 Schottky spectra of single events
A Separation of the 101 keV isomer in 72Br
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FAIR Combined Isochronous+Schottky Mass Spectrometry
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New tool to search for 0* isomers in exotic nuclei
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Mass & half-life measurements in the neutron-rich N = 116Hf region ziﬁﬁ’ary beam
First week of April 2025
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Heavy-ion storage rings offer rich, versatile capabilities for
the research with radioactive highly charged ions

Masses of exotic nuclei
Isomeric states

Exotic decay modes

Nuclear reactions (high E)
Astrophysical reactions (low E)
Atomic reactions

Laser spectroscopy

Electron spectroscopy

ERC CoG ASTRUm Litvinov
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Icima
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