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Quantum logic spectroscopy and novel optical clocks
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GSI Helmholtz Center for Heavy lon Research -
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HITRAP facility

Accelerator-produced ions lons produced in
local electron beam ion traps

Isotopically pure from H* to U%?* including
radioisotopes

Proton (Z)

A

Quantum logic

laboratory
vy (L)IAEA > Laser spectroscopy
in a Paul trap
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Highly charged heavy ions

Hydrogen Hydrogen-

2nd-order Stark shift
Black-body radiation shift
Electric-quadrupole shift
1st-order Zeeman shift
2"d-order Zeeman shift
Motional shifts

Collisional shift

Z—4
negligible .
Z—Z
ZO
suppressed
ZO
negligible

Z ... Proton number
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Kozlov et al., Rev. Mod. Phy. 90 (2018)

like

Simple structure for accurate predictions

Extreme electromagnetic fields

Highly sensitive to fundamental physics

Robust against external perturbations

FRIEDRICH-SCHILLER-
UNIVERSITAT
JENA

HI JENA

Helmholtz Institute Jena



Optical hyperfine structure in extreme systems
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atomic number Z Andelkovic, PhD thesis (2012)

Nuclear Nuclear
magnetic Relativistic magnetization
moment factor distribution

(1..2) correction
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Nuclear charge
Distribution correction
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Tests of QED in strongest fields:
Comparison of H-like and Li-like
ions to cancel nuclear contribution

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)

Nuclear metrology

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

[A-(1=6)-(1—¢)+x]
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Example: Hydrogen-like 207Pb81+

week ending

PHYSICAL REVIEW LETTERS 4 MAY 2007

PRL 98, 180801 (2007)

Hydrogenlike Highly Charged Ions for Tests of the Time Independence of Fundamental Constants

S. Schiller

Institut fiir Experimentalphysik, Heinrich-Heine-Universitit Diisseldorf, 40225 Diisseldorf, Germany
(Received 18 October 2006; published 30 April 2007)

Hyperfine transitions in the electronic ground state of cold, trapped hydrogenlike highly charged ions
have attractive features for use as frequency standards because the majority of systematic frequency shifts
are smaller by orders of magnitude compared to many microwave and optical frequency standards.
Frequency measurements of these transitions hold promise for significantly improved laboratory tests of
local position invariance of the electron and quark masses.

DOI: 10.1103/PhysRevLett.98.180801 PACS numbers: 06.20.Jr, 06.30.Ft, 31.30.Gs, 32.30.Dx

Hydrogen-like 297Pb31*
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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?

Hnigp 49+ Hn®*
S =12
1=7/2 1 =972 Eur. Phys. J. A (2023) 59:102 THE EUROPEAN ®)
https://doi.org/10.1140/epja/s10050-023-00978-w PHYSICAL JOURNAL A %r;)?akcégr
EC
_’ Regular Article - Experimental Physics
/ Ve . . . .
S = 1/277»& Radioactive decays of stored highly charged ions
_ Yury A. Litvinov®(®, Rui Jiu Chen”

|"l =+ O . 6 1 IJ'N |J' =+ 5 ' 5 0 IJ'N Atomic, Quantum & Fundamental Physics Division, GSI Helmholtz Center for Heavy Ion Research GmbH, Planckstrae 1, Darmstadt 64291,

Hesse, Germany

F=l+s—{ ;XEEZ} F=l+s

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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229Th89+ (1 e-)

F=1 8.758 eV

F=3 0.290eV

94l ms

<|0.770 eV

9.183 eV
8.413 eV
7.698 eV

HiThor

ZZQmTh

New instru- VUV comb

mentation: "HH””"
1 1 1 1 v 1 T 1
;g) 0s L 229—_[]189+ (H-l].ke) ]
- P, =3 0W: Av; =500 Hz |
[~ 1
S 06 -
o~ L
B 04fF -
= - .
‘{'2 0.2 — Carrier i
= — 1*-Order Sideband
1 1 1 1 1 1 1 L 1 1 1
0 1 2 3 4 5 6

Probe Time [ms]

T T T T
229T1190+ (bare)

:_;‘g 08 P, =100W: Av; =1Hz ]
o

€ 06 d
_ i

£ o4} .
=}

2 02F — Carrier .
= | | , 1“-Qrder Sideband ]

0 200 400 600 800 1000

Probe Time [ms]

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

Capture of highly charged ion in a Paul trap

HCI: Highly charged ion

Two-ion crystal preparation

Be*: Logic ion

P. Micke et al., Nature 578, 60—65 (2020)

Cooling to quantum-mechanical ground state of motion

RSB r-pulses M
n=4 :

- R =3

. EEEETE | SR =2

|4

- HCI Logic ion
13)m

: 12)m Coldest
n=4 .

. possible
n=3 1

o 7 L state
= =N N e [Mm = 10)m

Quantum logic spectroscopy

Initial state Clock pulse
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SWAP gate 2
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Implementation

trapped ions Cryogenic ion trap

K» QBe'l- 207P b81+
— lon production a
lasers ‘
Clock laser
trap electrode segment Cooling and I
control lasers .
- Two-ion crystal Reference
<D cavity
‘ = '
Detection °
Wavemeter
A
calibrate

lodine spectroscopy |-

12 mm
Improve uncertainty to
MHz level
N . MAX-PLANCK-INSTITUT
LY bz ~\\\\ FUR KERNPHYSIK ~60 GHz from storage ring laser spectroscopy for 207Pb81+
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Frequency comb upgrade

Cryogenic ion trap

9Be+ 207Pb81+
lon production
lasers
Clock laser
Cooling and |
control lasers . .
~_Two-ion crystal Reference
b cavity
— .'
Detection Q
Wavemeter
A
calibrate Frequency comb

lodine spectroscopy - ..|I||'

Improve uncertainty to

Hz level

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

A Nation-wide initiative
@ QTF-Backbone

fir die Quantenzukunft

St
Quantum

Quantum sensor C

sensor A @
&)

Germany’s national
metrology institute
PTB

Quantum

@ sensor B

GSI —

T. C. Liebisch et al., Eur. Phys. J. Spec. Top. 235, 3353-3387 (2026)
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THE EUROPEAN
PHYSICAL JOURNAL )]

Check for

SpeciAL Torics Updates

Eur. Phys. J. Spec. Top.
https://doi.org/10.1140/epjs/s11734-026-02451-3

Regular Article

lo

— The QTF Backbone: proposal for a nationwide optical
¢ fibre backbone in germany for quantum technology
and time and frequency metrology
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Search for variations of fundamental constants

Clock 1 Clock 2 System K A (nm)
Sr 0.06 699
— T | Yb* E3 -6 467
Yb* E2 0.91 436
o Al 0.01 267
‘ ’ Irl7+ 145  ca. 1978
Iri7+ -22 ca. 283
Af Aa
7 = K7 Pro* 6.3 ca. 452
Pb81+ 5.6 1020
A(f1/12) Aa
= (K; — K3)—
(f1/12) a J. C. Berengut et al., PRL 106 (2011)

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

a/a = 1.8(2.5) X 10719 /year M.Filzinger etal, Phys. Rev. Lett. 130 (2023) N. S. Oreshkina et al., PRA 96 (2017)

and others ...

a/a = 2.4(2.7) X 10719 /year M. Llide etal., arxiv:2609.26775 (2026)
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Search for ultralight dark matter

Clock 1 Clock 2
_
Y
\\\\ _"_ A\ 4
6,5 billion ™
5 biuﬁ~ years ago —— p
years ago :

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)

NASA, ESA, and R. Massey (Caltech), modified FRIEDRICH-SCHILLER- H I J E NA
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SUPPORTED BY THE HELMHOLTZ

Helm hOItZ YOU ng INITIATIVE AND NETWORKING FUND
Summary Investigator Groups HELMHOLTZ
* Universal platform for optical Nation-wide iatve

frequency metrology to study
fundamental, atomic, and nuclear
physics

 Universal ion production

* Universal spectroscopy method

 Clock comparisons and sensor
network through optical fiber link

Initial state Clock pulse SWAP gate1 SWAP gate 2 Detection

Rewiivellvinivioes
DRwAw/ \w/ (= 35w Aw il e/

Thank you very much! T
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