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Manipulating the motion of individual trapped ions at the single quantum level has become standard practice
in radio-frequency ion traps, enabling sweeping advances in quantum information processing and precision
metrology. The key step for motional-state engineering is ground-state cooling. Full motional control also bears
great potential to explore another regime of sensitivities for fundamental physics tests in Penning traps. Here we
demonstrate the key enabling step by implementing resolved-sideband cooling on the axial mode of a single 9Be+

ion in a 5 Tesla cryogenic Penning trap. The system has been developed for the implementation of high-precision
antimatter experiments to test the fundamental symmetries of the standard model with the highest accuracy in
the baryonic sector. We measure an axial phonon number of n̄z = 0.10(4) after cooling and demonstrate that
the axial heating rate in our system is compatible with the implementation of quantum logic spectroscopy of
(anti-)protons.

DOI: 10.1103/PhysRevResearch.6.033233

Penning-trap-based tests of fundamental physics rely on
the measurement of motional and internal frequencies of
the trapped particle [1–3]. A strong magnetic field B and a
weak electrostatic potential φ define the motional and internal
frequencies [4], and fundamental properties of the trapped
particles can be studied by measuring frequency ratios, such
that the magnetic field cancels out to lowest order [5]. In the
pursuit of today’s most precise measurements, the majority
of significant systematic frequency shifts and their related un-
certainties can be attributed to the finite energy of the confined
particle. Along its trajectory, the particle interacts with imper-
fections in the trapping fields [6], all the while adhering to
the principles of special relativity [7]. This results in energy-
dependent frequency shifts and introduces uncertainties in the
measured frequency ratios [8]. While notable progress has
been made in enhancing the attainable uniformity of the tech-
nical trapping fields [5,9], the particle’s localization remains
an area with considerable potential for further improvement.
Present precision experiments exclusively rely on the coupling
of the particle’s motion to a sensitive cryogenic superconduct-
ing detection circuit [10] that defines the detection interface
to investigate the fundamental particle properties. In addition,
the circuit cools and localizes the particle, implying in most
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cases a thermal state of motion, with an effective mean en-
ergy that is close to the physical circuit temperature of a few
Kelvin.

Ultrahigh-precision experiments using Penning traps will
greatly benefit from the reduction of systematic errors offered
by full motional control over atomic ions, with applications to
atomic masses [11,12] and g-factor measurements [13,14] or
related tests of fundamental physics [15,16]. Motional control
at the single-quantum level is the instrumental step for estab-
lishing quantum logic spectroscopy [17] in Penning traps, a
technique that has enabled a class of precision measurements
in radio-frequency ion traps, where manipulating individual
trapped ions at the single quantum level has become standard
practice [18], enabling applications ranging from quantum
information processing [19–21] to precision metrology [22].

The key ingredient for full control is the ability to ground-
state cool the motion of the particle in the trap through
resolved-sideband laser cooling. Laser cooling not only pro-
vides localization of the particle at the quantum limit, it also
does so on much shorter timescales of milliseconds com-
pared to minutes up to hours for resonator-based resistive
cooling, as used in current state-of-the-art Penning trap exper-
iments [13]. The challenge is that most species of interest in
Penning-trap precision measurements—such as antiprotons,
protons, light nuclei, and highly charged ions—cannot be
readily laser-cooled directly, and that the large magnetic field
of the Penning trap complicates cooling significantly for those
that can be laser cooled [23–25]. The former can be addressed
by implementing sympathetic cooling schemes [20,26–31].

Regarding laser cooling, pioneering experiments on
Doppler cooling were carried out in a Penning trap [32];
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FIG. 1. (a) Cross-section view of the cryogenic trap. Electrodes are cylinder-shaped and made of gold-plated oxygen-free high thermal
conductivity (OFHC) copper of 9 mm inner diameter, electrically insulated by sapphire rings. A lens is used to collect the fluorescence photons
emitted by a single laser-cooled 9Be+ ion. Four mirrors are used to guide the laser beams into the trap. The Raman laser beams are guided
in a 90ºcrossed-beam configuration resulting in an effective wave-vector difference along the axial direction. The cooling and repumper laser
beams (not shown) use the same path as the Raman 2 laser beam. (b) Relevant internal energy levels scheme of 9Be+ in a 5 Tesla magnetic
field. The cooling and detection (C&D) as well as the repumper transition are represented by light and dark green arrows, respectively. The
Raman transitions are depicted by dark and light orange for Raman lasers 1 and 2, respectively. The presence of sidebands is indicated by the
red and blue levels below and above of the spin |↑〉 state, respectively. (c) The quantized motional energy levels of the axial mode nz = 0,
nz = 1, and nz = 2 are represented for both spin states |↑〉 and |↓〉. The carrier and the first blue and red sidebands are depicted by black, blue,
and red arrows, respectively. (d) Simplified internal energy level scheme represented for motional energies of nz = 1 and nz = 0. The repumper
and the first blue sideband transitions are depicted by dark green and blue arrows, respectively. During the repumper pulse, the ion is reset to
the |↑〉 state after spontaneous decay, which is represented by the curved gray arrow. Energy levels are not drawn to scale.

however, later developments on ground-state cooling,
motional-state synthesis, and quantum logic heavily focused
on radio-frequency Paul traps. Recent years have seen grow-
ing interest in motional-state engineering in Penning traps
because of challenging applications in metrology and fun-
damental tests (see discussion above), but also because of
interesting ideas in quantum logic and quantum control
[17,20,33]. However, the large magnetic field of the Pen-
ning trap complicates cooling significantly [23–25]. A key
experimental step was the realization of ground-state cool-
ing of a single 40Ca+ ion in a Penning trap at Imperial
College [23]. NIST subsequently demonstrated cooling of
the collective motion of many ions to the motional ground
state [24]. At ETH, a Penning-trap architecture for quantum
logic was recently demonstrated, including ground-state cool-
ing of single 9Be+ ions in a surface-electrode Penning trap
[34]. For sympathetic cooling in Penning-trap precision mea-
surements on (anti-)protons, light nuclei, and highly charged
ions, it is desirable to use a species with a charge-to-mass
ratio as high as possible, highly favoring 9Be+. However,
present results on 9Be+ are not directly applicable here.
The surface-electrode Penning trap lacks the high degree
of symmetry that is typically required in Penning-trap pre-
cision measurements and cannot be easily interfaced with
beam-line sources of rare species. Compared to cooling the
collective motion of a crystal, single-ion cooling for preci-
sion experiments is significantly complicated because of the
constraints from cryogenic operation and laser beam delivery,

combined with the much more stringent requirements on
Doppler cooling.

In this paper, we report on a cryogenic Penning trap setup
that has been designed to probe the fundamental CPT symme-
try with (anti-)protons and explore a regime of accuracies that
will become possible through full motional control enabled
through sympathetic ground-state cooling with a 9Be+ ion¸
We have previously presented the experimental setup [35],
discussed protocols for implementing sympathetic cooling
and quantum logic spectroscopy based on the proposal by
Heinzen and Wineland [26], demonstrated a method to im-
plement spin-motional control for sideband transitions [36,37]
and resolved-sideband spectroscopy [38] as well as fast adi-
abatic transport [39]. Here we demonstrate motional-ground
state cooling in this setup as the key step that will enable full
motional control and quantum logic spectroscopy of single
(anti-)protons.

Our cryogenic Penning trap system is located at the center
of a superconducting magnet with a magnetic field strength
B = 5 T to store a single 9Be+ ion [35,38]. Among the differ-
ent traps in our experiment stack, only the so-called beryllium
trap is used for laser manipulation of ions. It is depicted in
Fig. 1(a). The electric field produced by the trap electrodes
in conjunction with the axial magnetic field �B are used to
confine the charged particle in the trap. From a classical point
of view, the motion of the trapped ion is described by an axial
mode with a frequency νz and two radial modes, the so-called
magnetron and reduced cyclotron modes, with frequencies
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ν− and ν+, respectively. These frequencies are related to the
free cyclotron frequency νc = qB/(2πm) by the invariance
theorem ν2

c = ν2
+ + ν2

z + ν2
− [40], where q/m is the charge-

to-mass ratio of the trapped particle.
Once a single 9Be+ ion is stored in the trap [35,41],

Doppler cooling is performed on the ion [38]. Figure 1(b)
shows the relevant energy levels for a 9Be+ ion in a 5
Tesla magnetic field as well as the laser-induced transi-
tions. A Doppler cooling and detection laser resonant with
the |2S1/2, mj = +1/2〉 → |2P3/2, mj = +3/2〉 transition is
used to cool the ion. A repumper laser resonant with the
|2S1/2, mj = −1/2〉 → |2P3/2, mj = +1/2〉 transition pre-
vents the accumulation of population in |2S1/2, mj = −1/2〉.

Two Raman laser beams with a detuning of ≈20 GHz
from the |↓〉 ≡ |2S1/2, mj = −1/2〉 → |2P3/2, mj = −1/2〉
and |↑〉 ≡ |2S1/2, mj = +1/2〉 → |2P3/2, mj = −1/2〉 tran-
sitions, called Raman 1 and 2, respectively, are used to drive a
two-photon stimulated Raman spin-flip transition between the
two “qubit” states [20] |↓〉 and |↑〉 with an energy difference
hν0 ≈ h × 139 GHz. To simultaneously address a motional
mode of the trapped ion, the Raman laser beams must fulfill
the resonance condition given by the effective Hamiltonian of
the transition [20,36,38]. For this, the Raman laser beams also
need to exhibit a wave-vector difference ��k = �k1 − �k2 with
a finite projection on the axial direction to be able to address
the axial motion as shown in Fig. 1(a). In addition, the Raman
laser beams’ frequency difference νR = ν1 − ν2 must satisfy
the specific resonance condition νR = ν0 + m · νz, where m is
an integer. For m = 0, the Raman lasers address the carrier
transition at ν0. For m 	= 0, a motional sideband spectrum
around the carrier transition is expected. Transitions with
m > 0 (m < 0) are known as blue (red) sideband transitions.
After Doppler cooling, the ion is expected to be in a thermal
state of motion. If a mean phonon number much larger than
one is obtained, the motional sideband spectrum will follow a
Doppler broadened envelope determined by the ion tempera-
ture [36,42].

Before implementing sideband cooling, we identify the
proper sideband transitions and frequencies as described in
Ref. [38]. Compared to Ref. [38], where an axial frequency of
435 kHz and a Doppler detuning of 20 MHz below resonance
had been chosen, here an axial frequency of 693 kHz and a
Doppler detuning of 15 MHz below resonance is used. This
facilitates ground-state cooling for two reasons: the number
of potentially involved sideband transitions is reduced, as well
as the number of required pulses. Working with this parameter
set only became possible after improvements related to laser
beam position stability and ion loading protocols. Using these
parameters, we estimate a mean phonon number of around
n̄z ≈ 60, which corresponds to an estimated temperature of
around 2.0 mK in the axial mode after Doppler cooling,
similar to the 1.77(10) mK measured in Ref. [36]. This is
about 3.5 times the theoretically achievable Doppler limit of
≈0.5 mK. Possible reasons for not reaching the Doppler limit
are related to the complicated cooling dynamics of a single
9Be+ in Penning traps and have already been discussed in
Refs. [36,38].

Sideband cooling proceeds as follows: Each motion-
reducing blue sideband pulse is followed by a repumper pulse
of duration 20 µs to reset the spin to | ↑〉. The sideband

interaction strength depends on the phonon number n of
the axial motion [20]; in particular, the sideband interaction
strength of all sideband transitions vanishes close to certain
phonon numbers [20] across the range of relevant phonon
numbers for our value of n̄z. It is therefore not sufficient to
apply only first-order sideband transitions for cooling because
motional state population would get stuck around phonon
numbers where the first-order sideband interaction strength
vanishes.

We therefore start by applying alternating sixth- and fifth-
order blue sideband pulses. The application of the sideband
pulses in alternating order is favorable because the odd or-
der sideband interaction strength tends to vanish for phonon
numbers where the even order sideband interaction strength is
significant and vice versa [43]. After 20 alternating sideband
pulse pairs on the sixth- and fifth-order blue sidebands, we ap-
ply two more sequences of 20 alternating sideband pulse pairs
on the fourth-/third- and second-/first-order blue sidebands
each. It is found experimentally that the most robust results
were obtained by applying all sideband pulses for the same
interaction time.

After the sideband cooling sequence, we apply a sideband
analysis pulse (frequency difference νR between the two Ra-
man beams) for a given interaction time to determine the
strengths of the motional sidebands and obtain information
about the motional-state occupation. Afterward, we turn on
the cooling laser; if the ion is bright (scatters photons from the
laser beam), it is determined to be in the |↑〉 state, and in |↓〉
otherwise. Following the detection, the repumper laser beam
is applied to reset the spin state to |↑〉. By stepping νR of the
analysis pulse around the motional sideband frequencies and
repeating the experiment, we obtain a sideband spectrum.

The pulse sequence described above is able to cool a single
9Be+ ion close to the motional ground state of the axial mode
of motion. Figure 2 shows the excitation probability of the
first red and blue sideband analysis pulse after the cooling
sequence. For the presented measurements, both beams are
focused to a beam waist of around 150 µm at the ion position
and the laser power stabilized to 5 mW and 1.7 mW for
Raman lasers 1 and 2, respectively. The difference in power
is due to the required polarization of each Raman transition
[36]. The sideband interaction time for each sideband cooling
pulse was 10 µs. The total of 120 sideband cooling pulses of
10 µs each and of 120 repump pulses of 20 µs each therefore
took 3.6 ms. The sideband interaction time for the red and
blue sideband analysis pulse was 10 µs. From the ratio of the
maximum excitation probability of both first-order sidebands
(see Fig. 2), an average phonon number in the axial mode of
n̄z = 0.10(4) is obtained. To demonstrate that there is no sig-
nificant occupation of higher phonon states, we also measured
the second-order blue and red sidebands, showing negligible
excitation probability for the motion-removing second order
sideband (see Appendix).

To test our ability to perform coherent state manipulation,
Rabi oscillations on the first red sideband after Doppler and
sideband cooling were analyzed. Figure 3 shows the excitation
probability for different interaction times of the red sideband
analysis pulse on resonance with the first red sideband. A
sinusoidal exponential decay is fitted to the data, yielding
a frequency of 61(2) kHz and a decay time of 10(2) µs.
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FIG. 2. The excitation probability is shown as a function of the
Raman laser beams’ detuning. Data is depicted by blue and red dots
for the first blue and red sidebands, respectively. Each data point and
error bars are obtained from 100 measurements per data point. The
blue and red lines are sinc-squared function fits to the data for the
first blue and red sidebands. The center frequency of each transition
is represented at zero detuning for clarity, where νr/b represents
138.911076 GHz and 138.912490 GHz for the first blue sideband
and the first red sideband, respectively.

We assume that small variations in position of the Raman
laser beams are the main causes of decoherence. While small
changes in cooling pulse time were experimentally observed
to not affect the cooling performance as judged by the result-
ing sideband spectrum, we expect fluctuations on that order
to significantly decohere the sideband flopping data. Similar
behavior was observed in our setup before in a copropagating
Raman configuration [38]. This issue will be addressed by
an active position stabilization system for both Raman laser
beams.

One important aspect for the implementation of quan-
tum logic spectroscopy in this system is to examine the

FIG. 3. The excitation probability is shown as a function of the
interaction time. Data are depicted by blue dots. Data and error bars
are obtained from 100 measurements. The red line is a fit to the data
using a sinusoidal exponential decay.

FIG. 4. Heating rate measurement of the axial mode of a single
laser-cooled 9Be+ ion in our Penning trap system at an axial fre-
quency of 693 kHz. The mean phonon number is measured after
sideband cooling for a delay time of 10 µs, 50 ms, and 100 ms. Data
are depicted by blue dots. The dashed red line is a linear fit to the
data. The observed heating rate is compatible with the implemen-
tation of quantum logic spectroscopy in this setup as a logical next
step.

rate at which the axial motion gains energy when otherwise
left alone. We measure this key quantity by recording first
blue and red sideband spectra following a variable delay
time introduced after sideband cooling. Figure 4 shows the
mean phonon number as a function of this delay time. From
the linear fit to the data in Fig. 4, a heating rate of ṅz =
(5.0 ± 0.3) quanta/s is obtained. This corresponds to a noise
spectral density scaled by the trap frequency of ωzSE (ωz ) =
4mh̄ω2

z ṅz/q2 = (2.3 ± 0.1) × 10−8 V/m2, where ωz = 2πνz

and h̄ is the reduced Planck’s constant. While still limited by
technical noise, e.g., on the voltage sources for the electrodes,
this measurement shows that the heating rate is low enough to
implement quantum logic spectroscopy in future experiments,
as all required steps for this are expected to happen on much
shorter timescales.

The results shown in this paper are an instrumental step to-
wards the implementation of quantum logic spectroscopy [17]
in high-precision Penning trap experiments [33,37] with the
potential to establish quantum limited measurement technol-
ogy in some of the most sensitive tests of the standard model.
Because CPT and Lorentz symmetry are closely related,
an earth-based experiment would be expected to measure
sidereal variations of the observables [44–46]. Such mea-
surements would require sampling rates and accuracies that
are difficult to imagine based on state-of-the-art resonator-
based cooling techniques. The increased sampling rate and
accuracy projected as a result of ground-state cooling and
quantum logic spectroscopy would enable such effects to be
probed [33]. More generally, the introduction of ground-state
cooling for precision measurements in Penning traps will en-
able such measurements to ultimately operate at the quantum
limit.
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APPENDIX: EXCITATION PROBABILITY OF THE
SECOND RED AND BLUE SIDEBANDS

Figure 5 shows the excitation probability of the second red
and blue sideband analysis pulse after the cooling sequence
described in the main text. The sideband interaction time for
the red and blue sideband analysis pulse was 10 µs. As shown
in Fig. 2, both sidebands exhibit a high degree of asymme-
try, with negligible excitation probability for the second blue
sideband. This, together with the first-order sideband data,
demonstrates that there is no significant population trapped
in higher phonon states.

FIG. 5. The excitation probability is shown as a function of the
Raman laser beams’ detuning. Data is depicted by blue and red
dots for the second blue and red sidebands, respectively. Data points
and error bars are obtained from 100 measurements per data point.
The blue and red lines are sinc-squared function fits to the data for
the second blue and red sidebands. The center frequency of each
transition is represented at zero detuning for clarity, where νr2/b2

represents 138.910350 GHz and 138.913202 GHz for the second
blue sideband and the second red sideband, respectively.
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