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Highly Charged lons

Development and Commissioning of a Compact Electron Beam lon Trap for Highly Charged lon Studies

High-Z atom Heavy, Highly Charged lons
(Uranium)

bare ion hydrogen-like helium-like

HCI size: few pm

Atom size: 10.0 pm (A)

An HCl is any atom that has been stripped off a large number of electrons (Q >» 1), so that

Definition the total energy yielded during re-neutralization (E,) is outside the realm of E, > 10 eV

multiply charged or multi charged ions - Q =2~9, E;<1000eV

Note: Overlap Very highly charged ions such as Uranium - Q =92, E, ~ 750,000 eV

Scope Argon losing 13 — 16 electrons.
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Redefinition of Second

Metrologia 61 (2024) 012001 (19pp) hittps:/fdol.org10.1088/1681-7575/ad1 7d2

Review

Roadmap towards the redefinition of the
second

N Dimarcq', M Gertsvolf* ), G Mileti’, S Bize'(), C W Oates’, E Peik®, D Calonico’,
T Ido®(, P Tavella®* ", F Meynadier’ ), G Petit’ ", G Panfilo’, J Bartholomew'’,

P Defraigne''©, E A Donley’, P O Hedekvist'>(, | Sesia’, M Wouters'’, P Dubé" ",
F Fang'*, F Levi’, J Lodewyck* (', H S Margolis'’, D Newell’, S Slyusarev',

S Weyers® [, J-P Uzan'’, M Yasuda'®©, D-H Yu'’, C Rieck'”, H Schnatz®, Y Hanado®,
M Fujieda®>'(, P-E Pottie* (", J Hanssen’’, A Malimon'® and N Ashby’

Progress status: Several other atomic species are being
investigated as potential candidates for the next generation,
for example “*Th™, Lu™, Cd, and several highly charged
1ons. The most recent references can be found for example
in [Proceedings of the annual IEEE IFCS https:/fieee-uffc.
org/symposiafifcs, and EFTF conferences www.eftf.org/].
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Article = Published: 02 November 2022
An optical atomic clock based on a highly chargedion

Steven A. King, Lukas J. Spiel3 &3 Peter Micke, Alexander Wilzewski, Tobias Leopold, Erik Benkler, Richard

Lange, Nils Huntemann, Andrey Surzhykov, Vladimir A. Yerokhin, José R. Crespo Lopez-Urrutia & Piet O.
Schmidt &

Nature 611,43-47 (2022) | Cite this article Ph.D Thesis
9703 Accesses |90 Citations | 282 Altmetric | Metrics /
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HCI| Candidates

Periodic table for highly charged ions

Chunhai Lyu[f] Christoph H. Keitel, and Zoltdn Harman
Maz-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
(Dated: April 16, 2025)

Mendeleev’'s periodic table successfully groups atomic elements according to their chemical and
spectroscopic properties. However, it becomes less sufficient in describing the electronic properties
of highly charged ions (HCIs) in which many of the outermost electrons are ionized. In this work,
we put forward a periodic table particularly suitable for HCIs. It is constructed purely based on the
successive electron occupation of relativistic orbitals. While providing a much-simplified description
of the level structure of highly charged isoelectronic ions — essential for laboratory and astrophysical
plasma spectroscopies, such a periodic table predicts a large family of highly forbidden transitions
suitable for the development of next-generation optical atomic clocks. Furthermore, we also identify
universal linear Z scaling laws (Z is the nuclear charge) in the so-called “Coulomb splittings”
between angular momentum multiplets along isoelectronic sequences, complementing the physics of
electron-electron interactions in multielectron atomic systems.
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Figure 3. Superior clock properties of HCI clock can-
didates. The projected instability o, differential magnetic-
(A1) and electric-dipole (Aag1) polarizability of over 700
HCI clock candidates are plotted, with the grey lines and
crosses being their projections in the  — y plane. Each line
corresponds to a relevant isoelectronic sequence denoted by
the colored cells in the periodic table Fig. [I] The values for
state-of-the-art singly charged ion clocks [12] 42], Ar'** [11],

pPr?t [43], Cf°T [@l and nuclear clock ***Th®* ES] are pre-

sented for comparison.
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Mobile Clock — MOT Caolls
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Total turns (N): 325 turns !
Mumber of winding lines on x-direction: 13 tur &

Mumber of lavers on v—direction: 25 laver
Total wire length: B3.30 meters

Power consumption: 00,4875 Watts

E-field at -5 mm: -10.37 G

E-field at +5242510737 &

Gradient between x£5 mm: 20.74 Gfcm
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Mobile Clock — Laser Setup

A -2
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[EEEER 20 ,6ml) CHZzz 16 . 6m) Time 20.06ms ©>7.200ms

399nm Yb atom Error Signal CCD Camera Image of Yb atoms
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UNIST-EBIT (Electron Beam lon Trap)

WHMhsaT

==

Max Planck Institute of Nuclear Physics

Center for High Energy Astrophysics
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What is Electron Beam lon Trap?

 Electron beam ion sources and traps(EBIS/Ts) are the device which create and
study highly charged ions (HCIS) qpi7s3)

« Distinction between EBISs and EBI TS pi76s - pi764)

« EBISs are used to deliver ions to other experiments while
« EBITs are used for in situ studies of the ions.

= Yeray
o x‘m“"’"b&qn Photoexciteg o
-= &

ATThs
y .

Abbreviation

« EBIS — Electron Beam lon Source

 EBIT — Electron Beam lon Trap
« HCI - Highly Charged lon

2025-07-15 12



Overview of UNIST-EBIT

Linear Gate valve —_ 32cm
manipulator , 4 - .
_"-- NdFeB
] magnets
Gun
chamber
Gun -
feedthroughs | HCI extraction
optics
Universal
joint z ]
F - ‘ p yr‘\
Ball =
T/ bearings ]
XYZ-
< - > -~ N Electron =
/l manipulator l : 2un
| Water-cooled
Pumpin collector
HEE Drift-tube
feedthroughs Pumping
2025-07-15

DOI: 10.1063/1.5026961

Low-maintenance
Table-top

Magnetic structure:72 permanent magnets, soft
iron/magnetic steel yoke

0.86T at trap center
Tunable electron beam energy to 8 keV
Electron beam current up to > 80mA

Excellent optical access, opening angle of 58 degree
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Trapping the ions

drift tubes

electron beam | A|
4 [J
radial trap potential

lowly charged ions | 2
el —0
\ % _—M o ° 6o ~~—
highly charged g °° o a8 e ®
ions \ 020 82 o280 >
0o _90.°50%%0
& L0 lee,e "
ion number axial trap potential

® highly charged ions
o lowly charged ions

Radial Trapping — Space charge of the electron beam & Axial Trapping — Potential well by the drift tubes.
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UNIST-EBIT

Highly Charged Argon Spectrum
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UNIST EBIT Works!
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Fluorescence Photon Energy (eV)

Highly Charged Argon Spectrum with the UNIST-EBIT

Highly Charged Argon X-ray Spectrum
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Photon Count

KLL Dielectronic Recombination(DR)
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%
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Dielectronic recombination

K K

FIGURE1 Examples of dielectronic recombination processes
(K-LL, K-LN)
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Learning Laboratory Astrophysics

NASA gas cell MPIK Polar-X EBIT  BESSYIl Beamline

\L ” 0

Z H®
(7

BESSY Il Experiment 2017.10 PETRAIIl PO4 Beamtime
MPIK / NASA / LLNL ... 2018.11.29 - 2018.12.05
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PAL-XFEL Experiment

PAL-XFEL (Pohang Accelerator Laboratory X-ray Free Electron Laser)

[PAL-XFEL Beam Times: 2022.01.26 ~ 2022.01.27 2 shift(12hours) x 2 days(10:00 ~ 22:00)]

Parameter Unit Value
Electron beam energy GeV < 10.0
Photon energy keV 22-15
Energy bandwidth < 04%
Pulse duration fs 25 (FWHM)
, Photons per pulse # /pulse > 1.0 x 104
O W e 3. Repetition rate Hz 60
- . b el : | X-ray beam size ~ 300 pm x 300 pym (unfocused) @ 9.7 keV
P A L = XFE . L (at XSS beamline) ~ 10 pm x 10 pm(focused by beryllium CRL)
e = E . - L Minimum undulator gap mm 8.30
% R y - ; Undulator period mm 26.0
' ! | o 3 ‘ Undulator length m 5.0
Effective B-field T 0.812
Undulator parameter (K') 1.973
Phase jitter deg < 7.0
Number of undulators 20

2025-07-15 18



PAL-XFEL Beamline Experiment (Movement)

age of the EBIT (everything)

Py “\

RS ‘
7 ;

2025-07-15 Vacuumize + E-gun Heating Connection to the PAL-XFEL Beamline




PAL-XFEL Beamline Experiment

Highly Charged Argon Fluorescence  Titanium Line
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Future Vision
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