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Ground-state hyperfine spectroscopy at μTEx



Ground-state hyperfine splitting in a magnetic field

Andreas Mooser µTEx 1

𝜈𝑖𝑗 (𝑔𝑒𝜇𝐵, 𝑔𝐼 𝜇𝑁, 𝐸HFS; 𝐵)

cancel 𝐵 - dependency by measuring 𝜈𝑐 ∝
𝑞

𝑚
𝐵

B(z)
𝐻 = −𝑔𝑒 𝜇𝐵𝑺 ∙ 𝑩 − 𝑔𝐼𝜇𝑁𝑰 ∙ 𝑩 − Δ𝐸HFS𝑺 ∙ 𝑰

• Electron g-factor 

• Electron/nucleon mass ratio

• Nuclear g-factor 

• Nuclear structure - Zemach Radius

• Diamagnetic shielding

• QED contributions to EHFS



Nuclear magnetic moment of 3He for magnetometry
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Goal - Disentangle 3He from calibration by proton NMR probes

3He to H2O comparison determined µHe to 1.2*10-8 only  

𝑔𝐼
′ = −4.2550996069(30)stat (17)sys

𝑔𝑒
exp

= − 2.00217741579(34)stat(30)syst

𝐸HFS = 8,665,649,865.77(26)stat(1)syst Hz

Results

A. Schneider et al., Nature 606, 878 (2022).

Dependence on temperature 1 1/100

Dependence on probe shape 1 negligible

Susceptibility 1 1/1000

Diamagnetic shielding
1

measured

1/10

calculated

Accurate NMR at lower Systematics for 3He probes
H2O 3He



Diamagnetic shielding
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+
+

-

-

𝜇𝐼 Shielding of 3He

𝑔𝐼 (
3He) is needed for accurate NMR magnetometry

M. Farooq et al, Phys. Rev. Lett. 124, 223001 (2020)𝜎 3He+ = 35.507427(10) ppm

𝜎 3He = 59.966512(24) ppm K. Pachucki, PRA. 108, 062806 (2023)

Shielding parameter calculations not checked experimentally!

𝑔𝐼 → 𝑔𝐼
′ = 𝑔𝐼(1 − 𝜎)

Nucleons are surrounded by electrons. Measured
nuclear magnetic moments are shielded →
Calculations required!

Discrepancies

Several HFS discrepancies due to complex/faulty
shielding calculations, e.g. 209Bi, 207Pb, 165Ho

L. Skripnikov, et al., PRL 120, 093001 (2018)
J. Crespo Phys. Rev. Lett. 77, 826–829 (1996)
V. Fella Phys. Rev. Res. 2, 013368 (2020)
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𝟗𝐁𝐞+ laser-microwave double resonance

N. Shiga et al., Phys. Rev. A 84, 012510 (2011)

𝟗𝐁𝐞𝟑+ in Penning trap at μTEx

• Bound state corrections obscured by
nuclear structure

Δ𝜈HFS = 𝜈HFS
9Be+ − 𝜉𝜈HFS

9Be3+

𝜈HFS = 𝜈F(1 + 𝑎𝑒 + 𝛿BS − 2𝑍 ǁ𝑟𝑍/𝑎0)

4 × 10−4 6 × 10−4

• Test of shielding via mearement in 
different charge-states

ฬ
1−𝜎 Be+

1−𝜎 Be3+ theo
= ቚ

µI(Be
+)

µI(Be
3+) exp

Diamagnetic shielding and Cancelation of nuclear structure

Form specific difference



Single Ion in a Penning trap
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Radial confinement: 𝑩 = 𝐵0𝒆𝑧

Axial confinement: Φ 𝜌, 𝑧 = 𝑉0𝐶2(𝑧
2 −

𝜌2

2
)

Single-shot precision: 𝜎 𝜈𝑐 ∼ 10−9𝜈𝑐 = 𝜈+
2 + 𝜈−

2 + 𝜈𝑧
2 =

1

2𝜋

𝑞

𝑚
𝐵

Typical values:
𝜈+ = 30 MHz 𝜈− = 5 kHz 𝜈𝑧 = 500 kHz

L.S. Brown and G.Gabrielse, Rev. Mod. Phys 58, 233 (1986)



Ground-state hyperfine splitting

Andreas Mooser µTEx 6



Andreas Mooser µTEx 7

𝐵𝑧 = 𝐵0 + 𝐵2𝑧
2 → ΔΦ 𝑧 = −2

𝐵2
𝑚
𝜇𝑖𝑧

2

Magnetic bottle inside separate analysis trap: 

Δ𝜈𝑧,𝑒 ≈ 20 Hz

Δ𝜈𝑧,𝐼 ≈ 10mHz ≪ 𝜈𝑧 fluctuations

Map readout of the nuclear spin state onto detection of electronic spin state

Spin-state dependent axial frequency

Spin-State detection - Continuous Stern-Gerlach Effect

mj mI

Ring electrode made of CoFe
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𝐵𝑧 = 𝐵0 + 𝐵2𝑧
2 → ΔΦ 𝑧 = −2

𝐵2
𝑚
𝜇𝑖𝑧

2

Magnetic bottle inside separate analysis trap: 

Δ𝜈𝑧,𝑒 ≈ 20 Hz

Δ𝜈𝑧,𝐼 ≈ 10mHz ≪ 𝜈𝑧 fluctuations

Map readout of the nuclear spin state onto detection of electronic spin state

Spin-state dependent axial frequency

Spin-State detection - Continuous Stern-Gerlach Effect

mj mI

Ring electrode made of CoFe



Setup
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Magnet earlier Uni. Washington – Prof. Van Dyck
Now at MPIK in Heidelberg, Germany



Setup
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Electronics

Alignment

Detection Systems
• Superconducting toroids
• Low-noise cryogenic 

amplifiers

Ultra-High Vacuum 
Interface

• Microwave access
• Laser access
• Signal Lines

Ports
• 313nm Fiber coupled
• 2 x ablation laser free running
• Microwave access

Penning trap
• Four individual Penning traps
• In trap production of ions

Pre-Vacuum / 
Cryogenic valve
Penning Trap

Detection
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The double-trap technique
• 𝐵2 leads to broadened resonance
• Double Trap technique –Werth Uni. Mainz

Eur. Phys. J. D 22, 163–182 (2003)

20 MHz

Analysis 
Trap

Transport 
Electrodes

Precision
Trap

1. Spin-state determination in AT 3. 𝜈𝑐 measurement and simultaneous
spin-flip drive in the PT

2. Transport 4. Transport

to the PT to the AT

5. Spin-state determination in AT

Andreas Mooser µTEx



Results
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Use double resonance technique to measure three nuclear spin transitions

Few ppt precision on transition centers!S. Dickopf et al, Nature 632, 757-761 (2024) 



Results
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Γe
9Be3+ =

𝑔𝑠
9Be3+

2

𝑒

𝑞

𝑚 9Be3+

𝑚𝑒
,        ΓI(

9Be3+) =
𝑔𝐼(

9Be3+)

𝑔𝑠(
9Be3+)

𝑚e

𝑚𝑝

𝐸𝐻𝐹𝑆
9Be3+ = 𝐸HFS,0(1 + 𝛿𝑝𝑡 − 2𝑍෤𝑟𝑍/𝑎0)

Accepted value Our value

𝒈𝑰(
𝟗𝐁𝐞𝟒+) −0.784 954 39 2 𝑡ℎ𝑒𝑜 [3] −0.784 954 422 96 42 𝑒𝑥𝑝 11 𝑡ℎ𝑒𝑜

𝒓𝒁 4.03 5 fm [1] 4.048(2) fm

𝒎(𝟗𝐁𝐞) 9.012 183 06(8)u [2] 9.012 183 0344(35)u

Profit from improved theory for hydrogen-like ions to gain orders of magnitude in precision

[1] Puchalski, M. & Pachucki, K. Phys. Rev. A 89, 032510 (2014)
[2] Wang, M., et.al. & Naimi, S. AME 2020 (II). Chin. Phys. C 45, 030003 (2021)
[3] Pachucki, K. & Puchalski, M, Opt. Commun. 283, 641–643 (2010 [S. Dickopf et al, Nature 632, 757-761 (2024)] 

x45 improvement! 

x25 improvement!

Theory by B. Sikora, V.A. Yerokhin,  Z.Harman, C.H. Keitel 
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Results

Experiment: 𝜎 9Be+ = 141.8821 11 exp 12 𝑡ℎeo × 10−6

Theory: 𝜎 9Be+ = 141.85 3 × 10−6

First high-precision test of diamagnetic
shielding [1]

Test of shielding

Compare with measurements on 9Be+ D. Wineland, et al., PRL 50, 628 (1983)

Experimental: Δ𝜈HFS = −274.638909 12 kHz
Theory : ΔνHFS = −271.4 3.6 kHz

Specific difference of zero-field splitting

Directly cancel nuclear structure contributions

Δ𝜈HFS = 𝜈HFS
9Be+ − 𝜉𝜈HFS

9Be3+

𝜈HFS = 𝜈HFS,0(1 + 𝛿𝑝𝑡 − 2𝑍 ǁ𝑟𝑍/𝑎0)

ppm tests of multi-electron contributions in 
𝝂𝐇𝐅𝐒 [2]

[1] Pachucki, K. & Puchalski, M. Opt. Commun. 283, 641–643 (2010).
[2] Puchalski, M. & Pachucki, K. Phys. Rev. A 89, 032510 (2014).
This work S. Dickopf et al, Nature 632, 757-761 (2024)



Outlook – Phasesenstive Detection
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• Results in significantly reduced linewidth – thus center determinable with single digit ppt precison

• Paves the way towards an improved determination of
electron mass

Γ =
𝑔

𝑒

𝑒

𝑞

𝑚

𝑚𝑒
𝛼2 =

2𝑅∞
𝑐

𝑚

𝑚𝑒

ℎ

𝑚



Outlook – electron mass

• Aim ppt measurement of electron mass
• Joint efforts with Alphatrap at MPIK
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New System
• In-trap B shimming – reduced line 

shape distortion
• Self-shielding – improved B 

stability
• Larger Traps - Reduction of image 

charge shifts



Extraction of 𝛼

• α in g dominated by free electron QED, e.g. 1-loop QED (Z α)0

• From theoretical point of view closely related to free electron g-2

• Form Experimental point of view complementary systems with different systematic 
effects

Andreas Mooser Hyperfine Spectroscopy on a trapped 9Be ion 17

𝑔𝑡ℎ𝑒𝑜𝑟𝑦 = 𝑔𝐷 + ∆𝑔𝑟𝑎𝑑 + ∆𝑔𝑟𝑒𝑐 +

∆𝑔𝑛𝑠 +⋯

𝑔𝑟𝑎𝑑 = −2 𝐶𝑒
2 𝑍𝛼

𝛼

𝜋
+ 𝐶𝑒

4 𝑍𝛼
𝛼

𝜋

2

+⋯

𝐸𝐻𝐹𝑆,0 =
4

3
𝑔𝐼
𝑚𝑒

𝑚𝑝
𝑚𝑒𝑐

2𝛼 𝑍𝛼 3

𝛼 enters two quantities

• α enters in higher order

• Smaller nuclear structure dependence

• α enters in first order

• Large nuclear structure dependence



Sensitivity and Limitations

• Cancelation of bound and free QED contributions around Z=6

• Uncertainty dominated by nuclear structure - 4He only exception

• At higher charge states ideas of cancellation of nuclear structure 
effects using specific differences (H/Li like or H/B like)
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Limitation due to 

• Alpha - Blue

• nuclear structure – black squares

• Mass – open squares 

• Zatorski et al Phys Rev A 96, 012502 (2017)
• Shabaev et al Phys. Rev. Lett. 96, 253002 (2006)
• Yerokin et al Phys. Rev Lett. 116, 100801 (2016)



Status and outlook

• Improved magnetic field stabilization – see limitation g-2 electron

• Improved motional energy calibration, e.g. sympathetic laser cooling
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𝑔𝑡ℎ𝑒𝑜𝑟𝑦 𝑍𝛼 = 2
𝑄

𝑒

𝑚𝑒

𝑚𝑁

𝜔𝐿

𝜔𝑐

Probable steps to be taken

Masse of 4He

ppt measurements of masses and frequencies 
will enable 500ppt determination of α

Larmor/Cyclotron

Demonstrated 30ppt –
progress towards 1ppt
(µTEx, AlphaTrap)

Demonstrated 12ppt –
progress towards 1ppt
(PENTATRAP)

S. Sasidharan PRL 131, 093201 (2023)
M. Restrepo PRA 112, L040801 (2025)

S. Sturm Nature 506, 467 (2014)



Hyperfine Structure
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𝐸HFS,theory = 𝐸HFS,0(1 + 𝛿𝑝𝑡 − 2𝑍 ǁ𝑟𝑍/𝑎0)

4 × 10−4 6 × 10−4

With 𝐸HFS,0~𝛼(𝑍𝛼)
3

𝐸𝑒𝑥𝑝 = 12 796 971 342.630(52) Hz (4ppt)

Specific difference
Experimental: Δ𝜈HFS = −274.638909 12 kHz
Theory : ΔνHFS = −271.4 3.6 kHz

Δ𝜈HFS = 𝜈HFS
9Be+ − 𝜉𝜈HFS

9Be3+

• Suppression of nuclear structure by orders of magnitude
• BUT large cancelation of contributions, e.g leading correction 𝐸HFS,0, 

significantly reduces 𝛼 sensitivity 

Alternative? Reduce electron density at origin, e.g investigate boronlike Ions (15N2+ - 2p1/2)



Summary

• Measurement of ground-state HFS in H-like 3He and 9Be
– Zemach Radii and Nuclear Magnetons for first time measured 

directly /improved

– Most precise measurement of beryllium mass

– Test of diamagnetic shielding corrections

– Li- and H-like comparison to probe point-like effects in EHFS

• Next
– Measurement on systems with no nuclear Spin e.g. 4He and 12C

– Direct measurement of 3He nuclear magnetic moment
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Thanks! Questions?
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PhD
Antonia Schneider (3He1+ HFS)
Stefan Dickopf (9Be3+ HFS)
Marius Müller (4He1+ µe)
Annabelle Kaiser (Josephson Voltage, H-like ions)
Ankush Kaushik (3He2+ µN)

Master
Philipp Justus (Coldhead Trap)
Anton Gramberg (Fluoreszenz Detection)

Bachelor
Ute Beutel (in-Trap ion production)
Peter Neugebauer (B-Field shimming and shielding)
Nils Bock (Coupling Traps)


