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Motivation
Precise comparisons of the fundamental properties of protons and an-
tiprotons, such as magnetic moments and charge-to-mass ratios, provi-
de stringent tests of CPT invariance, and thus, matter-antimatter sym-
metry.

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 modi-
fied 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.

Penning Trap
A homogeneous magnetic field and 
an electric quadrupole field confine a 
charged particle in the center of the 
trap.

The particle motion is a superposition 
of three oscillations, the frequencies 
of which are related to the free cyclo-
tron frequency νc by the invariance 
theorem [3]
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Spin State Detection
Based on the Continuous Stern-Gerlach effect 
[5]: A magnetic bottle B = B2z

2 is superimpo-
sed to the axial magnetic field which leads to 
a harmonic z-dependent energy difference for 
the two spin states.

A spin transition shifts the axial frequency by 
233 mHz out of 550 kHz and allows the deter-
mination of the spin state.

The small magnetic moment of the proton 
makes this measurement 
especially challenging:
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Apparatus Improvements
Compared to the apparatus used for the most precise measurement of 
the proton magnetic moment carried out by our collaboration [1] the 
new apparatus features several upgrades:

 • The sympathetic cooling method will allow to prepare much colder 
particles in minutes, compared to several hours in the previous experi-
ment, greatly increasing statistics.

 • A larger diameter of the precision trap leads to a smaller image-char-
ge shift, one of the main systematic effects.

 • An optimized Penning-trap geometry will lead to a more homoge-
neous magnetic field in the precision trap.

 • A new self-shielding coil allows stabilization of magnetic field (cyclo-
tron frequency) fluctuations in the precision trap.

Early Results: Laser Cooled Be Ions
A cloud of Be ions is loaded into the cooling trap (CT).

Then the axial mode is coupled to the radial magnetron mode using a 
drive at the sum frequency. A double dip appears.

By tuning the laser 
frequency to resonan-
ce, cooling or heating 
of both modes can be 
observed.

A New Apparatus
In a magnetic field of 1.9 T, surrounded by isolation vacuum, and cooled 
to a temperature of 4 K, our trapcan is located:

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

Precision Trap (PT): 
precise measurement 
of Larmor and cyclo-
tron frequency.

Cooling Trap (CT): 
cooling of the protons 
motional modes.

313 nm laser:
cooling of Be ions.

532 nm pulsed laser:
ablation of Be ions.

The Cooling Trap
Its purpose is to sympathetically cool single protons by coupling them 
to laser-cooled beryllium ions [6,7].

Resonantly coupling laser-cooled ions to single protons across a com-
mon endcap electrode provides a novel cooling mechanism for partic-
les without suitable transitions for laser cooling.

The trap consists of two identical 5-pole Penning traps, connected by a 
common endcap:

A cloud of Be ions (green) is laser cooled to the Doppler-limit tempe-
rature of several mK, and interacts with a single proton (grey) via the 
image charge induced on the common endcap electrode.

Coupling time constant τ:

The traps are small in diameter and optimized for low capacitance, lea-
ding to short coupling times (tens of seconds).

In our experiment this cooling method will enable us to deterministi-
cally prepare single protons with temperatures in the mK range within 
tens of seconds, which will ultimately reduce our particle preparation 
times by a factor of at least 50. Furthermore, this method is directly ap-
plicable to the antiproton and other particles as well.

Image Current Detection
The axial motion of the trapped (anti)pro-
ton is detected by monitoring the image 
current induced in an electrode.

Currents (~fA) are transformed into mea-
sureable voltages by a superconducting re-
sonant circuit with high Q and the voltage 
is amplified by a cryogenic amplifier.

At the frequency νz the the thermal noise 
of the resonator is shorted.

Sideband coupling allows to measure the 
frequencies of the radial motion.

489850 489900 489950 490000 490050
-105

-100

-95

-90

-85

-80

axial frequency (Hz)

am
pl

itu
de

 (d
Bm

)

⌧ = ⇡!zd
2CT

p
mpmBe

e2
1p
N

A B

5

0

−5

ax
ia

l p
os

iti
on

 z
 (m

m
)

2.0       1.6        1.2
magnetic �eld Bz (T)

r = 0

axial position z

po
te

nt
ia

l

time

ax
ia

l f
re

qu
en

cy

Δωz,SF

ωz,SF = ωz ±
Δωz,SF

2

— blue detuned
— red detuned

Relies on the excitation of proton spin transitions in the very homoge-
neous magnetic field of the precision trap (PT) and subsequent analysis of 
the spin state in the strong magnetic bottle of the analysis trap (AT): 

Application of a drive at the excitation frequency νrf and simultaneous 
measurement of the cyclotron frequency νc in the precision trap yields the 
ratio νrf/νc and probes the g-factor resonance (the spin-flip probability as a 
function of the ratio νrf/νc).

The g-factor is reconstructed utilizing the relation g/2 = μP/μN = νL/νc.

The Double Penning-trap Method for Measurements of the Proton Magnetic Moment
The spin-flip probability is determined by the spin state before and after 
the excitation. Therefore, high fidelity detection of the spin state in the 
analysis trap is required [4].

The challenge: cyclotron 
quantum jumps lead to axial 
frequency fluctuations.

Transition rate:
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Fig. 9.1: (A) The figure shows the reachable spin-state detection fidelity as a function of the modified cyclotron

energy. Note that the fidelity was rescaled to the range [0%,100%]. The technique of laser cooling should allow

the preparation of energies below 0.1 K kB on a minute scale. (B) Lumped circuit model of a proton and a

Beryllium cloud connected by a common endcap. The particles are replaced by series tuned circuits. CT is the

parasitic trap capacitance of the common endcap.

resonator with smaller time constant and lower temperature. It should be noted that the time which

is required for the spin state detection can immediately by halved by performing only one axial

series. The second series serves no direct purpose for the g-factor resonance and is only a control

mechanism to check whether the routine and the background noise behave as expected. This is,

nonetheless, a very helpful feature but once the measurement routine runs well about 20 min per

cycle can be easily gained by skipping the second series.

Summarizing the discussion above shows that the cycle time can possibly be reduced to 60
70 min by removing the second series and implementing an even improved cyclotron detector. How-

ever, a technique that allows a quasi-deterministic cooling of the proton within about 5 min to the

low mK range, which allows spin-state detection in about 5 min, would be preferred. This would

not only lead to a cycle time of 40 min, which already is an substantial improvement, but also to

much higher fidelities and thus less required total data points for the same resonance. An attractive

option to reach this goal is the technique of sympathetically cooling the proton by a cloud of laser-

cooled beryllium ions. The mK beryllium cloud acts a thermal bath which the proton is coupled to.

Ultimately, this should allow quasi-deterministic cooling of the proton.

9.1.2 Working principle

The original idea of coupling a laser-cooled cloud of ions to another particle by a common endcap

was introduced early by Heinzen and Wineland [104]. The scheme is shown in figure 9.1 B in a

lumped circuit representation. The proton and the Beryllium ions are both modelled as series tuned

circuits connected by a common endcap represented in blue. The image charge of the laser-cooled

Beryllium interacts with the common endcap and represents a thermal bath which is seen by the

proton. This coupling leads to an energy exchange between both reservoirs. The advantage of this

coupling scheme, compared to having both ion species in the same trap, is the spatial separation with
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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

PTAT

µB/me

µp/mp
⇡ 106
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