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Motivation for Cooling
Precise comparisons of the fundamental properties of protons and 
antiprotons, such as magnetic moments and charge-to-mass ratios, 
provide stringent tests of CPT invariance, and thus, matter-antimatter 
symmetry. 
 
Using advanced Penning-trap methods, we have recently determined 
the magnetic moments of the proton and the antiproton with a relative 
precision of 0.3 p.p.b. and 1.5 p.p.b., respectively [1, 2]. 
 
Both experiments rely on sub-thermal cooling of the particle’s 
modified cyclotron mode using feedback-cooled tuned circuits. We 
aim to replace this time-consuming process (several hours) by 
sympathetic cooling with laser-cooled beryllium ions.
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(Anti)Proton g-Factor Measurement 

Double Penning-trap method:


excitation of spin transition in 
homogeneous precision trap 
(PT)


      AT                             PT 


spin-state detection in 
magnetic bottle trap (AT)
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Continuous Stern-Gerlach effect:


spin state is determined by jump 
in axial frequency [3,4]


caveat: cyclotron quantum jumps 
lead to axial frequency fluctuation
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Fig. 2.8: The method starts in the AT where the spin state is determined, e.g. spin down. The particle is then
transported to the PT where wc is measured in the homogeneous magnetic field. Simultaneously the Larmor
frequency is probed with an excitation. Depending on the excitation frequency the proton spin state has changed
with probability pSF. To determine the spin state after the excitation the particle is again transported to the AT
and the final spin state is read out.

spin flips were statistically detected for the first time [73]. Finally, in 2013 further improvements in
the axial stability allowed the observation of single discrete spin flips [74]. These advances became
possible through the implantation of a very strong magnetic bottle B2 = 298 000 T m�2 and the sys-
tematic reduction of background noise. Even today the reduction of the background noise is still one
of the crucial experimental difficulties towards detecting single proton spin flips, as will be discussed
in detail in section 3.1.

2.9 Double trap scheme

The usage of a strong magnetic bottle is essential for the determination of the proton spin state. Its
strength, however, poses a fundamental limitation for the determination of the eigenfrequencies.
The axial motion oscillates with an amplitude rz which is a function of its energy. For typical axial
energies of Ez = kBTz ⇡ 4 kB the axial amplitude is around 50µm. In the presence of the magnetic
bottle a change of 50µm corresponds to a change in the magnetic field of 0.8 mT. This leads to shift
on the Larmor frequency by 20 kHz on a total frequency of 50 MHz.

An accurate description of the width of the Larmor resonance line yields

dwL =
1

mw2
z

B2
B0

kBTz wL (2.54)

and it was demonstrated that the g factor is limited at the ppm (part per million) level [45, 73]. This
technique was also recently used to measure the antiproton g factor with 0.8 ppm [46]. In order to
reach precisions at the ppb level or below, a line width reduction is mandatory. However, neither
the frequencies wz and wL nor the magnetic field B0 can be changed as they are constrained by the
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Experimental Apparatus
Our trap-can is located in a magnetic field of 1.9 T, 
surrounded by isolation vacuum, and cooled to a 
temperature of 4 K.
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pulsed 532 nm laser: 
laser ablation of Be

313 nm laser:

cooling of 9Be+ ions

vacuum: < 10-18 mbar 
comparable to the pressure 
in interstellar space

Analysis Trap (AT): 
detection of the 
proton spin state

Precision Trap (PT): 
precision measurement 
of Larmor and 
cyclotron frequency

Cooling Traps (CT): 
cooling of proton 
cyclotron mode
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Cooling Technique
LC circuit connected to two traps:


⇒ system of three coupled, damped (9Be+ by the cooling laser), and 
excited (LC circuit by thermal noise) oscillators
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BASE Collaboration, Nature 596, 514–518 (2021)

f ≈ 500 kHz

Q ≈ 15 000
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Coupled Oscillator System
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Readout: FFT of time-domain signal 
of the LC circuit

preliminary
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Cooling Results
Temperature reduction: 85 %


cooling time constant: ≈ 1s


first ever sympathetic cooling 
of a proton by induced (image) 
currents


limitations: 
heating by RLC circuit: ≈ 2 K  
temperature resolution: ≈ 2 K 
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final proton temperature: 2.6(2.5) K

BASE Collaboration, Nature 596, 514–518 (2021)
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Outlook
Additional trap for precise 
temperature measurement:


magnetic bottle leads to energy 
dependent axial frequency shift 
due to CSG effect


temperature resolution: ≈ 10 mK
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Application of more advanced 
cooling techniques will allow to 
reach even lower temperatures:


coupling mediated by common 
end-cap electrode [5]
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