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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign
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𝜈+ = 30 MHz
𝜈𝑧 = 500 kHz
𝜈− = 5 kHz✓ achieved trapping

X able to measure 𝜈𝑐
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

      

             

Detection system: t FFT spectrum:

Φ

𝑽𝑹

𝑽𝑪

𝑽𝑪

am
p

lit
u

d
e

(a
.u

.)

dip @ 𝜈𝑧

to couple and 𝜈𝑧 e.g. 𝜈+:
𝜈𝑅𝐹 = 𝜈𝑧 − 𝜈+

Split by sideband coupling

double dip:

✓ achieved trapping

✓ able to measure 𝜈𝑐 ∝
𝑞

𝑚
𝐵
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

Experimental realization:

magnet

Trap tower:

Detection system:

Φ

Lq. Helium

Voltage sources

Laser + MW



Loading and ionization:
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

𝜈𝐿 =
𝐼

2𝜋
𝑔
𝑞

𝑚
𝐵 ∝ 𝑔 𝜈𝑐

independent mass determination
@PENTATRAP:

spin-flip resonance curve:

Zeeman 
splitting

→ How to detect the spin-state?
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

𝐵𝑧 = 𝐵0 + 𝐵2𝑧
2

→ Δ𝜈𝑧,𝑆𝐹 =
𝐵2

2𝜋2𝑚𝜈𝑧
𝑔𝜇𝐵/𝑁𝐼

Addition of magnetic bottle inside separate trap: 

ferromagnetic ring 
electrode:

Δ𝜈𝑧,𝑒 ≈ 22Hz out of ~500 kHz

Δ𝜈𝑧,𝑝 ≈ 100mHz ≈ 𝜈𝑧 fluctuations

Δ𝜈𝑧
X observe nuclear spin-flips

𝜈𝐿 ∝ 𝑔
𝑞

𝑚
𝐵 ∝ 𝑔𝜈𝑐

✓ observe electron spin-flips
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

analysis
trap

analysis
trap

precision
trap

start with
some state:

drive
spin-flip
@ 𝜈𝑅𝐹 :

measure B via 𝜈𝑐
drive spin-flip

start with
some state:

drive
spin-flip
@ 𝜈𝑀𝑊 :

→ no spin-flip in precision trap
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

analysis
trap

analysis
trap

precision
trap

start with
some state:

drive
spin-flip
@ 𝜈𝑅𝐹 :

measure B via 𝜈𝑐
drive spin-flip

start with
some state:

drive
spin-flip
@ 𝜈𝑀𝑊 :

→ no spin-flip in precision trap



4He+ campaign at              TEx
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

• one transition (nuclear spin 𝐼 = 0)

• easy in-trap production (4He in quartz-glass)

• mass known to 13ppt; might be improved by PENTATRAP

• uncertainty of the 𝑔𝑒 theory is around 0.2 ppt

• extract e mass with highest precision 𝑚𝑒 =
𝑔
𝑒

2

𝑒

𝑞

𝜈𝑐

𝜈𝐿
𝑚𝑖𝑜𝑛

• measrement running!

[S. Sasidharan, PRL (2023)]
[M. Müller, (2024)]

40 Hznuclear
transitions
would be
~ 40 mHz
(3He2+) 
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

3He+ -- trick for nuclear spin-state readout:

[A. Schneider et al. , Nature 606 (2022)]

Breit-Rabi Diagram of 3He

→ this only works because of the remaining
electron bound to the nucleus



9Be3+ campaign
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

[S. Dickopf, (2024)]

𝜈𝑖 (𝑔𝑒𝜇𝐵 , 𝑔𝐼 𝜇𝑁 , Δ𝐸HFS; 𝐵)

𝜇𝐵 =
𝑒ℏ

2𝑚𝑒
≃ −9 ⋅ 10−24𝐽/𝑇

𝜇𝑁 =
𝑒ℏ

2𝑚𝑝
≃ −5 ⋅ 10−27𝐽/𝑇

• many transitions
(nuclear spin 𝐼 = 3/2)

extract: 

• Δ𝐸HFS zero-field hyperfine-
splitting

• mass



9Be3+ campaign
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

• many transitions
(nuclear spin 𝐼 = 3/2)

extract: 

• Δ𝐸HFS zero-field hyperfine-
splitting

• mass

• 𝑔𝐼
′ shielded nuclear

magnetic moment

• test diamagnetic shielding
by comparing 9Be3+ and 9Be+

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

• Test of HFS by specific
difference (canceling nuclear
structure effects): 
Δ𝜈𝐻𝐹𝑆 = 𝜈HFS,1+ − 𝜉𝜈𝐻𝐹𝑆,3+

[S. Dickopf, (2024)]

𝜈𝑖 (𝑔𝑒𝜇𝐵, 𝑔𝐼 𝜇𝑁, Δ𝐸HFS; 𝐵)

𝑔𝐼 → 𝑔′𝐼 = 𝑔𝐼(1 − 𝜎)

Orbiting electrons reduce the magnetic moment



Future: direct determination of nuclear spin-flips
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

how to resolve Δ𝜈𝑧,𝐼 for nuclear spin-flips?

1. eliminate noise sources (like voltage fluctuations)
2. cool the ion to low motional ampitudes

Φ2

Δ𝜈𝑧,𝐼(
1𝐻+) ≈ 100mHz → 80nV/V0 to detect a spin flip with a fidelity of 80%

Δ𝜈𝑧,𝐼 (
3𝐻𝑒2+) ≈ 25mHz → 20nV/V0

𝜈𝑧 =
1

2𝜋

𝑞

𝑚
2𝑽𝑹𝐶2

→
𝜎𝜈𝑧
𝜈𝑧

=
1

2

𝜎𝑉𝑅
𝑉𝑅



Use most stable voltage source – a JVS
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1. Penning trap principles 2. g-factor measurements 3. Josephson voltage standards

[DOI: 10.5772/17031]

V = RI

𝑽 ∝ 𝒏𝑴 𝒇𝑴𝑾

𝑓𝑀𝑊 = 69-75 GHz
𝑛 = ±1
𝑀 = 103 junctions in series

collaboration with
PTB and PENTATRAP

𝑓𝑀𝑊
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[https://www.stahl-electronics.com/devices]
[https://doi.org/10.1016/j.nima.2016.05.044]

1. Penning trap principles 2. g-factor measurements 3. Josephson voltage standards

measured on nanovoltmeter

(LTZ1000)

measured on trapped ion via 𝜈𝑧 ∝ 𝑉𝑅

vo
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V
-7

V

most stable
voltage source

this was done for an extremely
cold ion (𝑇+ ≃ 2.2 𝐾)!

hot ion

[A. Kaiser, submitted (2024)]



Limitations
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nuclear spin-flip measurements with the JVS:
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1. Penning trap principles 2. g-factor measurements 3. Josephson voltage standards

@ 85% SF fidelity

✓ observe spin-flips (of light ions)
✓ able to measure 𝜈𝐿 ∝ 𝑔𝜈𝑐



Future: direct determination of nuclear spin-flips
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

how to resolve Δ𝜈𝑧,𝐼 for nuclear spin-flips?

1. eliminate noise sources (like voltage fluctuations)
2. cool the ion to low motional ampitudes

→ cyclotron quantum jumps mimick spin-flips
→ sympathetic laser cooling Typical values:

𝜈+ = 30 MHz
𝜈𝑧 = 500 kHz
𝜈− = 5 kHz

𝐵𝑧 = 𝐵0 + 𝐵2𝑧
2

→ Δ𝜈𝑧,𝑆𝐹 =
𝐵2

2𝜋2𝑚𝜈𝑧
𝑔𝜇𝐵/𝑁𝐼 +

𝐵2

4𝜋2𝑚𝜈𝑧

Δ𝐸+(𝑇+)

𝐵0

[S. Dickopf, (2024)]



sympathetic laser cooling
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

- use 9Be+ cloud (easy to laser cool)
- cool ion of interest via Coulomb coupling

[thesis S. Dickopf, 2024]

Be ions being laser cooled in a 
Penning Trap

ftransition = 957. 316 75 THz (σ -)
UV-Laser
𝜆 ≈ 313𝑛𝑚

[S. Dickopf, (2024)]



sympathetic laser cooling
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1. Penning trap principles 2. g-factor measurements 3. Measurement campaign

- use 9Be+ cloud (easy to laser cool)
- cool ion of interest via Coulomb coupling

[thesis S. Dickopf, 2024]

UV-Laser
𝜆 ≈ 313𝑛𝑚

- what is next? testing new coupling traps, fluorescence
detection, sympathetic cooling of ion of interest

Be 
oven

SiPMs

[S. Dickopf, (2024)]



SUMMARY
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4He+ and 9Be3+ difficulties with nuclear spin-flip observations

→
𝜎𝜈𝑧
𝜈𝑧

=
1

2

𝜎𝑉𝑅
𝑉𝑅

→ Δ𝜈𝑧,𝑆𝐹 =
𝐵2

2𝜋2𝑚𝜈𝑧
𝑔𝜇𝐵/𝑁𝐼 +

Δ𝐸+
2𝐵0

use magnetic bottle to get spin-
state dependent frequency:

use most stable voltage source for VR: 
Josephson voltage standard

resolve spin-flips of
light ions with
achieved stability

- extract most precise electron mass

- probe diamagnetic shielding
- test HFS via specific difference

Δ𝜈𝐻𝐹𝑆 = 𝜈HFS,1+ − 𝜉𝜈𝐻𝐹𝑆,3+

40 
Hz

→
𝜎𝑉𝑅
𝑉𝑅

< 2 ⋅ 10−8

sympathetic laser cooling
with 9Be
→more to come, stay tuned☺



Thank you for your attention!

Klaus Blaum

µTEx:

• Annabelle Kaiser

• Stefan Dickopf

• Marius Müller

• Ute Beutel

• Andreas Mooser
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Pentatrap:
• Menno Door
• Kathrin Kromer
• Jan Nägele
• Sergey Eliseev

PTB:
• Ralf Behr
• Luis Palafox

RIKEN:
• Stefan Ulmer



typical g-factor resonance (3He):
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Josephson Array as programmable voltage reference
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Taken from talk by Luis Palafox (PTB) @ MPIK 2020


