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Introduction

For non-zero Nucleus spin                

e-
Nuclear electron interactions induce particularly small splitting in atomic 
energy levels, defined as hyperfine structure.  

Hyperfine structure

F = |J-I| — |J+I|
nuclear spin

total angular momentum of e-

HFS in Highly 

charged ion(HCI)

Highly charged ions (HCIs), enhanced hyperfine interactions owing to contracted electron clouds. 

I I7+
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Motivation

Hyperfine resolved spectroscopy of HCI’s play an important role in many studies 

 HFS in H-, He-, Li-, and Be-
like ions have been widely 
performed

They have successfully contributed to
 Tests of relativistic and quantum electrodynamics 
(QED) atomic theories 
Investigations of nuclear properties 

 HFS in many-electron HCIs 
Present interest

Toward the HCI clock (Good probe for 
fundamental physics)*

• Proposed atomic clocks are based on Hyperfine-
structure resolved excitation (Viz. Ho14+ , Ir17+) 


• Natural width of a clock transition involves 
hyperfine-mixing 

*M. G. Kozlov, et al., Rev. Mod. Phys. 90, 045005 (2018).



J. C. Berengut, et al., Phys. Rev. Lett. 106, 210802 (2011).

A. Windberger, et al., Phys. Rev. Lett. 114, 150801 (2015).

V. A. Dzuba, et al., Hyp. Int. 236, 79 (2015).

Specific electron configuration with a 5s valence electron

Ir17+ Ho14+

V. A. Dzuba, et al., Phys. Rev. A 91, 022119 (2015).

Large HFS constant ??

5s
Z
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System of Interest  Pd-like 127I7+
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Kimura et al., PRA102, 032807 (2020)
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Collisional radiative Model calculations
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(4d−1
3/25s1/2)J=2

(4d−1
5/25s1/2)J=3

(4d−1
3/25s1/2)J=1

E2

(4d−1
5/25s1/2)J=2

M3

E2

4d10 

4d105s1

I=5/2
1S0

Aij ~ 105

 ~τ μs

Aij~10-4

 ~ 103sτ
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Hyperfine splitting (Pd-like- 127I7+)

F=1/2

F=5/2
F=3/2

F=9/2
F=11/2

F=7/2
F=5/2
F=3/2
F=1/2

F=3/2
F=5/2
F=7/2
F=9/2

F=9/2
F=7/2

F=1/2

Nuclear Spin, I =5/2


Angular momentum J= 3, 2


F= |I+J| to |I-J|

๏What is the order of the hyperfine splitting?


๏Does hyperfine mixing will change the lifetime of the metastable states? 
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DF    = {3s2 3p6 4s2 4p6 4d10, 3s2 3p6 4s2 4p6 4d9 5s1 },
 AS1 = DF + {5p, 5d, 5f , 5g}, 
AS2 = AS1 + {6s, 6p, 6d, 6f , 6g, 6h}, 
AS3 = AS2 + {7s, 7p, 7d, 7f , 7g, 7h}, 
AS4 = AS3 + {8s, 8p, 8d, 8f , 8g, 8h}.

Multi configuration Dirac-Fock (MCDF) calculations using GRASP2018*

[Ar]4s24p6 4d10, 4d95s1

Valence Core 

SD excitation from         
3s, 3p, 3d, 4s, 4p, 4d

Active space

*C. Froese Fischer, et. al., Computer Physics Communications 2019, 237, 184

• Core–core and core–valence correlations with the inner orbitals were also included.

• This active space treatment led to 3,300,000 jj-coupled configurations.  
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4938s 18s
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39s
138s

Hyperfine induced transition Rates Mixing splitting (Pd-like- 127I7+)

Li, W., Grumer, J., Brage, T. & Jönsson, P. Hfszeeman95-A program for computing weak and intermediate magnetic-field- and hyperfine-induced transition 
rates. Comput. Phys. Commun. 253, 107211 (2020) 
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Vacuum 		 	 :	 ~10-9 Pa

Beam energy		 :	 50-2000 eV

Beam current	 	 :	 1~20 mA

Magnetic field	 	 :	 0.03 - 0.2 T 

Specifications

Compact Electron Beam Ion Trap (CoBIT), UEC Tokyo



I7+ spectroscopy concept : Plasma-assisted laser spectroscopy

EBIT

plasma

Pulse Laser

PSD

Grating LIF

Vacuum 	 	 	 :	 ~10-9 Pa

Beam energy	 	 :	 50-1000 eV

Beam current	 	 :	 1~20 mA

Magnetic field		 :	 0.03 - 0.2 T 

Specifications

E-Gun

DT

Collector

UEC compact EBIT (CoBIT)

+2.5 cm-1

F = 9/2 +0.6 cm-1

F = 1/2 
F = 3/2 
F = 5/2 - 2.0 cm-1

+2.4 cm-1F’ = 9/2 

- 0.9 cm-1

- 2.8 cm-1

F =11/2 

F’ = 1/2 
F’ = 3/2 
F’ = 5/2 

+0.2 cm-1

-1.5 cm-1

-2.6 cm-1

M1 selection rule
ΔF = ±1, 0 

⊥ : ΔMF =  0 

F’ = 7/2 

-3.4 cm-1

F = 7/2 

- 3.3 cm-1

Calculated by Grasp

(4d3/2-1 5s1/2)J=2

Collisional and radiative processes

160 s-1

Laser excitation 

(M1)

567 nm, ⊥

10 ns pulse

LIF (E2)

25 nm

τ ~ 5 μs

(4d5/2-1 5s1/2)J=2

(4d5/2-1 5s1/2)J=3

4d 10 (Ground)

(4d3/2-1 5s1/2)J=1

τ >10 s
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Laser excitation 

(M1)

(4d5/2-1 5s1/2)J=3

(4d3/2-1 5s1/2)J=2

F = 1/2 
F = 3/2 
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F =11/2 +2.5 cm-1

+0.6 cm-1

- 0.9 cm-1

- 2.0 cm-1

- 2.8 cm-1

- 3.3 cm-1

F’ = 1/2 
F’ = 3/2 
F’ = 5/2 
F’ = 7/2 

+2.4 cm-1

+0.2 cm-1

-1.5 cm-1

-2.6 cm-1

-3.4 cm-1

F’ = 9/2 

ΔF = ±1, 0

⊥ ΔmF =0 

Can we resolve the hyperfine-structure ??

Natural width

 ~ 10-5 cm-1

ΔF = -1

0

40

80

120
E

F

G

ΔF = -1

ΔF =  0

ΔF = +1

S
ta

tis
tic

al
 w

ei
gh

t

(2

F+
1)

0
2
4
6
8

10
12

**Simulation intensity

-2 -1 0 1 2 3 4 5
Δ k [cm-1]

ΔF =  0 ΔF = +1

1. C.  Froese  Fischer,  G.  Gaigalas,  P.  J önsson,  J.  
Biero ńd, Computer Physics Communications 237, 
184(2019).
2.  W. Li, J. Grumer, T. Brage, P. J önsson, Computer 
Physics Communications 253, 107211(2020Ee  	 = 105 eV


Ie   	 =  2 mA 

B  	 = 0.03 T 

High resolution

Pulse Laser

PSD

Grating

LIF

CoBIT

Laser line width

 ~ 0.03 cm-1

Zeeman splitting < 0.05 cm-1
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Experiment
Dye laserYAG laser λ/2 Polarizer

Vacuum chamber
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MCS
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Position analyzer Amp.
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GratingWavemeter

⊥

LIF timingTrigger

Power

 meter

10 ns, SHG(532 nm)

100 Hz Repetition

Typ.
7 mJ

Line width

 ~0.03 cm-1

Accuracy

 0.02 cm-1

ΔmF =0 

4d 10 (Ground)

25 nm

τ ~ 5 μs
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Wavelength spectrum for the LIF signal

Asymmetric Profile!!!

Is it 
due to hyperfine ?

1. C.  Froese  Fischer,  G.  Gaigalas,  P.  J önsson,  J.  Biero ńd, Computer Phys. Comm. 237, 184(2019).
2. 2.  W. Li, J. Grumer, T. Brage, P. J önsson, Computer Phys. Comm. 253, 107211(2020)

Th. (GRASP) Exp.

kJ=3→J=2 17616 cm-1 17633.67 (±0.05) cm-1

Ahfs (J=3) 10.39 GHz 10.3 (±0.6) GHz

Bhfs (J=3) 2.32 GHz 2.9 (±2.1) GHz

Ahfs (J=2) 15.33 GHz 15.8 (±0.6) GHz

Bhfs (J=2) 2.02 GHz 1.5 (±1.6) GHz

N. Kimura, Priti, Y Kono et. al. COMMUNICATIONS PHYSICS | (2023)6:8 

Good Agreement! kF
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NIST Database

Large uncertainty…Laser excitation (M1)

(4d3/2-1 5s1/2)J=2

(4d5/2-1 5s1/2)J=3

Present Experiment

17633.67 (±0.05) cm-1

Grasp calculation
0.1 %

I7+
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±22cm−1

Where is the resonance wavelength ?? 
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Electric-quadrupole transition-rate measurement

We also measured the microsecond-order lifetime of 
(4d95s1)J=2 in Pd-like I7+ using pulsed laser 
excitation from a metastable state. 

While the experimental lifetime of this state has the 
potential to be a benchmark for developing reliable 
atomic structure calculations of relativistic many-
electron systems with d electrons, it is generally 
difficult to measure such short lifetimes. 
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DF = {3s2 3p6 4s2 4p6 4d10, 3s2 3p6 4s2 4p6 4d9 5s1 },
 AS1 = DF + {5p, 5d, 5f , 5g}, 
AS2 = AS1 + {6s, 6p, 6d, 6f , 6g, 6h}, 
AS3 = AS2 + {7s, 7p, 7d, 7f , 7g, 7h}, 
AS4 = AS3 + {8s, 8p, 8d, 8f , 8g, 8h}.

Theoretical transition probability using GRASP2018*

[Ar]4s24p6 4d10

Valence Core 

SD excitation from         
3s, 3p, 3d, 4s, 4p, 4d

Active space

*C. Froese Fischer, et. al., Computer Physics Communications 2019, 237, 184
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Summary

We have demonstrated laser spectroscopy of forbidden transitions between metastable states of 
HCIs stored in an EBIT by employing Pd-like 127I7+. 

The laser excitation spectrum of the HCIs in a quasi- Zeeman-free low magnetic field revealed 
distinct hyperfine structures.

Even though the transition observed in this study is not a proposed HCI clock candidate, the 
building of a benchmark to understand hyperfine structures in many-electron HCIs.
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