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Image Charge Shift in Precision
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Penning traps

Usage and specifications Ion motion
- Storage of single ion up to months [1]
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- Vacuum better than 10** mbar gl =20 =] + 2q 22 y
- Storage achieved by superposition of z " 0 i —2z

+ Homogeneous magnetic field B,

+ Electrostatic quadrupolar potential Parameters |
B, 2 few Telea - @ = charge of the ion

0 - m = mass of ion
- Up a few ten to 100 Volts - d = characteristic dimension
- Hyperbolic or cylindrical electrodes of the trap

Equation solved by three
Independent motions

Eigenmotions in a Penning trap
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Schematic Penning-trap electrodes

Frequency detection
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Frequency detection scheme

cryogenic
amplifier

- lon induces image charges in the
electrodes [3]

- Current oscillation of fA

- Transformed by RCL resonator to
voltage uV-level oscillation

Application and achievements

- Atomic mass ratio measurements; relative
precision of some parts per trillion [4]

- g-factor measurement; relative precision of
some parts per trillion [5]

Image charge shift

Theoretical description Effect on the Effects on the experiment
eigen-frequencies
- Induced charges create additional The eigen-frequencies intro- - Shift at a level of 10°1% - 10! (trap dependent)
electric field Eipnage duced above are shifted as

- Largest systematic shift in all high-precision

Current knowledge

- Semi-analytical approach by J.V. Porto [7]. Hard to
calculate and needs simplified trap geometry.

Test on analytical case
Test it on an "infinite" cylinder, where the
analytic solution is known.

boundary

trap geometry. conditions,

N
\ / place the ion
/ \ and mesh the

Result:
Simulation result deviates from analytical
prediction at a relative 10 level.

geometry.

Penning-trap geometry in software Meshed geometry

3. Simulate the

current density

distribution on the o
surfaces. Repeat

Geometry uncertainties
Increasing the trap radius by 10 um at

an absolute radius of 5 mm.
C/m2x10™14

Result:
Changes at a relative level of 0.7%!

Comparison to semi-analytical
approach

- Confirmation of semi-analytical
approach
- Necessary simplifications change result

by up to 2.7%

this for several ion o
positions.

4. Calculate the

field strength at O

the position of the "
on.

5. Determine &,
and &..

Surface charge density for different ion (in black) positions
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- Linear approximation is sufficient follows: Penning traps. It dominates all other shifts by: Deviations to real case unknown.
Eimage(2,p) = n(Eppe, + E52€2) Av, = ;nzgg + 30 times for the g-factor ?8Sit3* [5] - Theoretical approach by M. Kretzschmar and
Parameters qﬂ % + 120 times for the mass of the electron [6] S. Sturm. Precision: 5% [5]
- n = ion charge §tate | | Av, = —ne SWQZV + 3 times for the mass of the proton [4] - Measurement by Zafonte et al. Precision: 4% [8]
- & and§ = gradlent of linear field 20 1 & ° - Very hard to measure. Image charges are needed
approximation Av. ~~ n——F a . N t st o
c A7 B, to be able to measure the frequency at all. Shift exXxt StepP.
cannot be switched off or tuned. Finite element simulations!
Finite element simulation 800 Conclusion and outlook
How to simulate? How accurate is the Finite el ¢ simulati
simulation? Iinite eiement simuiation
> Set all - Agreement with all previous approaches
1. Model the ' - Precision improved significantly to below 1%

- Already applied to many currently running
Penning-trap experiment
- Limited by insufficient knowledge of geometry

Upcoming experimental data

- Novel measurement technique
- Using single ions having different masses
- Experimentally very demanding
+ Using same voltage for different masses
+ Needs two different axial resonators
- Precision below 4%
- In agreement with simulation

The understanding of the image charge shift
has improved significantly. The simulation
results are in excellent agreement with ex-
perimental data. An explicit measurement is
very demanding and not all experiments can
perform it. The finite element simulation can
replace the measurement in most cases.
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