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Enabling toolbox:
Quantum logic

Highly charged ions
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Helmholtz Investigator Group

|      Peter Micke

20282023 2025 2026 20272024

Start

Universal quantum logic 

spectroscopy experiment for 

highly charged heavy ions 

• Atomic transitions

(207Pb81+, XXXTl80+, 111Sn49+, …)

• Nuclear transitions 

(229Th89+, 229Th90+, …)

Host institute: Helmholtz Institute Jena

University partner: Friedrich Schiller University Jena

Network inside and outside Helmholtz

Piet O. Schmidt
Tanja Mehlstäubler
Christian Ospelkaus
Fabian Wolf …

Klaus Blaum
Thomas Pfeifer
José R. Crespo Lopéz-Urrutia
Vera M. Schäfer …

Thomas Stöhlker
Rima Schüssler
Sonja Bernitt
Zoran Andelkovic
Frank Herfurth
Manuel Vogel
Wolfgang Quint …

Atomic, Quantum & 
Fundamental Physics

Stefan Ulmer
Christian Smorra
Jochen Walz …

Hiroshi
Hayakawa

Me

Lukas 
Kau

Nadine 
Homburg

Linda 
Bernaerts

Fire2 PhDs 
started

QLS 
lab

PhD 
started

HITRAP 
beamtime

MATTER AND
TECHNOLOGY

Program-Oriented Funding

Innovation Pool Project:

Quantum Sensors for Physics
(QS4Physics)



-4- |      Peter Micke

HITRAP



-5-

GSI Helmholtz Center for Heavy Ion Research
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UNILAC

SIS18

ESR

HITRAP

QLS lab

Ion sources

all elements

Linear accelerator

20% of the speed of light Ring accelerator

90% of the speed of light

Production of highly charged
heavy ions at 400 MeV/u
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Proton (Z)

Neutron (N)

Accelerator-produced ions

Isotopically pure from H+ to U92+ including 
radioisotopes

HITRAP facility

|      Peter Micke

from ESR

4 MeV/u

keV/q

Ions produced in
local electron beam ion traps

Quantum logic
laboratory
➢ Laser spectroscopy

in a Paul trap
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Highly charged heavy ions
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• Simple structure for accurate predictions

• Extreme electromagnetic fields

• Highly sensitive to fundamental physics

• Robust against external perturbations

Hydrogen Hydrogen-
like

Gross structure 𝑍2

Fine structure 𝑍4

Hyperfine structure 𝑍3

QED Lamb shift 𝑍4

Bohr radius 𝑍−1

𝑍 … Proton number

2nd-order Stark shift 𝑍−4

Black-body radiation shift negligible

Electric-quadrupole shift 𝑍−2

1st-order Zeeman shift 𝑍0

2nd-order Zeeman shift suppressed

Motional shifts 𝑍0

Collisional shift negligible

Kozlov et al., Rev. Mod. Phy. 90 (2018)
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Optical hyperfine structure in extreme systems
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Shabaev et al., PRL 86, 3959–3962 (2001)

Horst et al., Nat. Phys. 21, 1057–1063 (2025)

Morgner et al., PRL 134, 123201 (2025)

Morgner et al., Science 388, 945-949 (2025)

Tests of QED in strongest fields:
Comparison of H-like and Li-like 
ions to cancel nuclear contribution

Nuclear metrology

Studies of nuclear properties and 
structure by assuming QED to be 
correct

∆𝐸HFS
1𝑠 =

4

3
𝛼(𝛼𝑍)3 ∙

𝜇

𝜇𝑁
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𝑚p
∙

2𝐼 + 1

2𝐼
∙ 𝐴 ∙ 1 − 𝛿 ∙ 1 − 𝜀 + 𝜒

Nuclear 
magnetic 
moment
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Nuclear charge
Distribution correction

Nuclear
magnetization

distribution
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QED

Andelkovic, PhD thesis (2012)
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Micke et al., Nature 578 (2020)

King et al., Nature 611 (2022)

Wilzewski et al., PRL 134 (2025)

Example: Hydrogen-like 207Pb81+

Horst et al., Nat. Phys. 21 (2025)
ESR

Uncertainty of about 10−5

Collinear laser
spectroscopy

1 2S1/2

Hydrogen-like 207Pb81+

𝜏 = 50 ms
𝜆 = 1020 nm

|      Peter Micke

Tests of Lorentz symmetry
         Improve limits on SME coefficients by orders of magnitude

A. J. Vargas, arXiv:2609.20953 (2026)
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Alternatives during InterLAC periode after fire?

|      Peter Micke

Can we manipulate or even control the radioactive decay of single ions with laser 

pulses that deterministically switch the hyperfine state?
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The nuclear transition in Th-229
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New instru-
mentation:

C. Brandau, P. Micke et al., arXiv:2608.08133 (2026)
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Enabling toolbox
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HCI: Highly charged ion

Capture of highly charged ion in a Paul trap

Coldest
possible

state

ۧ|𝑛 m = ۧ|0 m

HCI Logic ion

ۧ|1 m

ۧ|2 m

ۧ|3 m

ۧ|4 m

Cooling to quantum-mechanical ground state of motion Quantum logic spectroscopy

Be+: Logic ion

Two-ion crystal preparation

P. Micke et al., Nature 578, 60–65 (2020)
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Implementation
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Improve uncertainty to
MHz level

~60 GHz from storage ring laser spectroscopy for 207Pb81+

12 mm
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Frequency comb upgrade

|      Peter Micke

Improve uncertainty to
Hz level

Realm of optical clocks!
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Fiber link, clock comparisons, and a quantum sensor network

|      Peter Micke

Germany’s national 
metrology institute

PTB

Improve uncertainty
towards ~𝟏𝟎−𝟏𝟔 and beyond

T. C. Liebisch et al., Eur. Phys. J. Spec. Top. 235, 3353–3387 (2026)

GSI
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System 𝑲 𝝀 (nm)

Sr 0.06 699

Yb+ E3 -6 467

Yb+ E2 0.91 436

Al+ 0.01 267

Ir17+ 145 ca. 1978

Ir17+ -22 ca. 283

Pr9+ 6.3 ca. 452

Pb81+ 5.6 1020

Search for variations of fundamental constants



Clock 1 Clock 2

Δ𝑓

𝑓
= 𝐾

Δ𝛼

𝛼

J. C. Berengut et al., PRL 106 (2011)

H. Bekker et al., Nat. Com. 10 (2019)

N. S. Oreshkina et al., PRA 96 (2017)

and others …

Τሶ𝛼 𝛼 = 1.8(2.5) × 10−19/year M. Filzinger et al., Phys. Rev. Lett. 130 (2023)

Δ(𝑓1/𝑓2)

(𝑓1/𝑓2)
= (𝐾1 − 𝐾2)

Δ𝛼

𝛼

|      Peter Micke

Τሶ𝛼 𝛼 = 2.4(2.7) × 10−19/year M. Lide et al., arxiv:2609.26775 (2026)
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Search for ultralight dark matter

NASA, ESA, and R. Massey (Caltech), modified

𝜌

Clock 1 Clock 2

A. Derevianko and M. Pospelov, Nat. Phys. 10 (2014)
Y. V. Stadnik and V. V. Flambaum, Phys. Rev. Lett. 115 (2015)
Y. V. Stadnik and V. V. Falmbaum, Phys. Rev. A 94 (2016)
M. S. Safronova et a., Rev. Mod. Phys. 90 (2018)
M.G. Kozlov et al., Rev. Mod. Phys. 90 (2018)

|      Peter Micke
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Summary

• Universal platform for optical 
frequency metrology to study 
fundamental, atomic, and nuclear 
physics

• Universal ion production

• Universal spectroscopy method

• Clock comparisons and sensor 
network through optical fiber link

Unique setup!

|      Peter Micke

Thank you very much!

HITRAP

QLS
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