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Optical stimulated-Raman sideband spectroscopy of a single 9Be+ ion in a Penning trap
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We demonstrate optical sideband spectroscopy of a single 9Be+ ion in a cryogenic 5 tesla Penning trap using
two-photon stimulated-Raman transitions between the two Zeeman sublevels of the 1s22s ground state manifold.
By applying two complementary coupling schemes, we accurately measure Raman resonances with and without
contributions from motional sidebands. From the latter we obtain an axial sideband spectrum with an effective
mode temperature of (3.1 ± 0.4) mK. These results are a key step for quantum logic operations in Penning traps,
applicable to high-precision matter-antimatter comparison tests in the baryonic sector of the standard model.
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Laser cooling of atomic ions in electromagnetic fields is a
widely used and well-established technique [1]. Its application
in rf traps is well known for optical clocks [2], quantum com-
putation [3], or quantum logic spectroscopy [4]. However, it
is less wide-spread in Penning traps because not many atomic
species of interest are laser coolable; the ones which are suffer
from the large Zeeman shifts caused by the high magnetic
trapping fields of up to several tesla [5,6]. In addition, the
metastable magnetron motion [7] leads to additional compli-
cations. Despite these challenges, there is growing interest in
laser cooling for high-precision experiments in Penning traps
because of the potential for improved accuracy and precision
[8–11]. For non-laser-coolable ion species, such as protons,
antiprotons, or highly charged ions, sympathetic cooling tech-
niques can be implemented, where the ion of interest is cooled
by coupling it to laser-coolable ions [12]. In addition, this
could be used for motional ground state cooling, enabling the
use of quantum logic protocols developed in rf traps [13] for
a wide range of applications in Penning traps experiments
[9,14,15]. High-precision matter-antimatter comparisons in
the baryonic sector will strongly benefit from laser cooling
[11,16–18]. Here, limitations due to cryogenic particle tem-
peratures can be overcome by lower final temperatures and
faster cooling times [19]. Furthermore, if ground state cooling
is achieved, quantum logic techniques for high-fidelity spin-
state detection could be implemented [9].

Here, we demonstrate for the first time quantum spin-state
manipulation of a single laser-cooled 9Be+ ion in a Penning
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trap system using a two-photon stimulated-Raman process. In
addition, the motional sideband spectrum of a single 9Be+ ion
is presented for the first time in a Penning trap.

In a Penning trap, ions are confined by a superimposed
quadrupole electric and axial magnetic field B [20]. The par-
ticle trajectory is a superposition of an axial motion along
the magnetic field lines with characteristic frequency νz and
two radial motions (magnetron and modified cyclotron) per-
pendicular to �B, with frequencies ν− and ν+, respectively.
The invariance theorem ν2

c = ν2
+ + ν2

z + ν2
− [20] links these

frequencies to the free cyclotron frequency νc = qB/(2πm),
which depends on B and the charge-to-mass ratio q/m. The
radial frequencies are given by ν± = (νc ± ν1)/2, where ν1 =√

ν2
c − 2ν2

z , and the axial frequency by

νz = 1

2π

√
q VR 2C2

m
. (1)

Here VR is the voltage applied to the trap electrodes and C2 is
a coefficient depending on trap geometry [21].

Doppler cooling of the axial and modified cyclotron modes
in a Penning trap does not differ from the standard technique
used in rf traps [1]. However, for the magnetron mode, under-
standing “cooling” as a reduction of the motional amplitude,
it is necessary to apply either a radial intensity gradient [22]
or axialization [23]. Here, the former is used. After Doppler
cooling, the ion is prepared in a thermal state with an oc-
cupation probability of a Fock state |n〉 given by P(n) =
n̄n/(n̄ + 1)n+1 [24]. The mean phonon number n̄ can refer
to any of the modes of the trapped ion, in particular for the
axial mode n̄z ≈ kBTz/hνz, where h is Planck’s constant, kB

the Boltzmann constant, and Tz the axial temperature of the
ion. The latter will be close to the Doppler limit of ∼0.5 mK
for a single 9Be+ ion.

In order to achieve temperatures below the Doppler
limit, sideband laser cooling can be performed [25]. To
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FIG. 1. (a) Cut view of the main experimental setup, including
the 5 T superconducting magnet as well as the ultralow vibration
cryocooler. The first and second cryo stages have nominal working
temperatures of 40 K and 4 K. The trap can, where the trap system
is located, is at the center of the magnet. (b) and (c) Cut views of the
Be trap in the co-propagating and crossed-beam laser configurations.
Mirrors M1–M4 are used to guide laser beams into the trap.

implement this, it is necessary to couple the motional and
internal states of the trapped ions. This can be performed us-
ing two-photon stimulated-Raman transitions through a third
optical level [15,26,27]. In this case, the interaction is re-
stricted to a resonance condition which follows from the
effective Hamiltonian H ∝ exp{i[(�k1 − �k2) · �r − (ν1 − ν2)t]}
[15], where �k1, �k2 and ν1, ν2 are the wave vectors and frequen-
cies of the Raman laser beams, respectively. The resonance
condition (ν1 − ν2) − ν0 = 2πνz(n1 − n2), where ν0 is the
transition frequency, results in a motional sideband spectrum
with a weighted average of the coupling strengths of the
corresponding Fock states |n1〉 and |n2〉 [15]. The case n1 = n2

corresponds to the carrier transition, and the cases n1 > n2 and
n1 < n2 correspond to blue and red sideband transitions, re-
spectively. For a mean phonon number much larger than 1, the
averaged spectra will follow a Doppler broadened envelope as
in the classical picture [28], which can be used to determine
the particle temperature [24,27].

Our cryomechanical setup is illustrated in Fig. 1. The
Penning trap is located in the center of a superconducting
magnet with B = 5 T. The trap system is cooled down to
∼6 K using a two-stage cryocooler. Since the trap can is
also vacuum sealed, a pressure lower than 10−14 mbar is
estimated. More details can be found in Ref. [18]. All laser
beams are injected from upstream (the right side in Fig. 1),
while the downstream (the left side in Fig. 1) is used to
monitor ion fluorescence using a photomultiplier tube or an
electron-multiplying charge-coupled device camera.

Figure 2 shows the 2P3/2 and 2S1/2 sublevels of
a single 9Be+ ion at B = 5 T (2P1/2 not shown for
simplicity). For Doppler cooling and fluorescence
detection, the |2S1/2, mj = +1/2〉 → |2P3/2, mj = +3/2〉

FIG. 2. Simplified energy level scheme of 9Be+ at B = 5 T.
Transitions for Doppler cooling and repumping are shown in dark
and clear blue. Raman transitions are shown in dark and clear orange
for Raman 1 and 2. The circle at the bottom indicates the different
sideband transitions due to the interaction of the Raman lasers in
crossed-beam configuration with the axial motion (energy levels not
to scale).

transition is used. A repump laser resonant with the
|2S1/2, mj= − 1/2〉→ |2P3/2, mj= + 1/2〉 transition depletes
the |2S1/2, mj = −1/2〉 state and initializes the ion in
|2S1/2, mj = +1/2〉. Via two-photon induced Raman transi-
tions (see Fig. 2), coherent state transfer between the 2S1/2

sublevels can be achieved. A detuning of ∼20 GHz from the
|2S1/2, mj = −1/2〉 ≡ |↓〉 → |2P3/2, mj = −1/2〉 transition
is used for Raman 1, and from |2S1/2, mj = +1/2〉 ≡ |↑〉 →
|2P3/2, mj = −1/2〉 for Raman 2. All four ultraviolet (UV)
laser beams are generated using infrared (IR) fiber lasers,
sum frequency generation (SFG), and a second harmonic
generation [29,30]. The frequency difference of the Raman
lasers is matched with the Zeeman splitting of 139 GHz
(B = 5 T) of the 9Be+ S1/2 sublevels by phase locking two IR
lasers using an electro-optic modulator modulated [27].

Although our trap system consists of several traps [9,18],
we will now focus on the so-called “Be trap,” a five-electrode
compensated and orthogonal cylindrical trap of 9 mm inner
diameter shown in Fig. 1. Holes in the electrodes and sev-
eral mirrors (M1, M2, M3, and M4) allow the injection of
laser beams under an angle of 45◦ with respect to �B. The
Doppler laser as well as the repump laser beams are injected
using mirrors M1 and M3. For the so-called “co-propagating”
configuration [see Fig. 1(b)], both Raman beams are applied
using mirrors M1 and M3. Because the wave vectors of both
beams are aligned with similar magnitude, the interaction
with the axial motion can be neglected. However, for the
“crossed-beam” configuration of Fig. 1(c), Raman 1 now uses
mirrors M2 and M4, resulting in a wave vector difference
��k = �k1 − �k2 along �B. This allows an interaction with the

internal and vibrational states.
Ions are loaded using a 532 nm ablation laser beam im-

pinging on a beryllium target [gray circle of Figs. 1(b) and
1(c)] embedded into a trap electrode. A single ion is prepared
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FIG. 3. Blue dots: |2S1/2, mj = +1/2〉 → |2S1/2, mj = −1/2〉
transition probability as a function of Raman laser frequency detun-
ing in the co-propagating configuration. The red line is a Lorentzian
fit to the data. Each data point is obtained from 180 individual
measurements.

by selective splitting and ejection using the electric trapping
potential [18,31]. The ion is cooled using a Doppler beam with
a power stabilized to 400 µW, a beam waist of ∼150 µm, and a
vertical offset of ∼100 µm from the trap center. During cool-
ing, the repump laser (power stabilized to 40 µW and beam
waist ∼150 µm) is used to avoid decay into a dark state, which
can happen as a result of the cooling laser off-resonantly driv-
ing a transition to, e.g., |2P3/2, mj = +1/2〉, with subsequent
decay to |2S1/2, mj = −1/2〉 (note that because of its angle
relative to the magnetic field, the cooling laser can in principle
induce transitions other than �mj = +1, even for perfectly
circular polarization). An axial trap frequency of 435.7 kHz
is achieved by applying −20 V to the ring electrode and
−17.6 V to the correction electrodes [32]. After turning the
cooling lasers off, the Raman transition is probed by turning
on the Raman lasers for the interaction time. Afterwards, the
Doppler laser is pulsed on for spin-state detection. In the case
of the |↑〉 state, fluorescence will be observed, and no photons
otherwise. Finally, the repump laser is used together with the
cooling laser to reinitialize the ion in |↑〉, and to start the
cooling process again.

For these single-ion measurements, it was necessary to
tightly control the ion motions using Doppler cooling. Jumps
in the fluorescence counts of individual ions or small ion
clouds were observed earlier in the setup [18]. Using only
single ions to avoid changes in the cloud conformation, im-
provements of the cleaning process for loading and a more
accurate measurement of the repump transition [32] improved
this somewhat. Still, 9Be+ has the smallest mass among read-
ily laser coolable ions with comparable cooling transition
natural linewidth. This results in a larger Doppler broadening
for a given temperature and emphasizes higher-order effects
in the cooling dynamics, in particular for smaller detunings.
Linear approximations in the cooling dynamics become more
valid with larger Doppler laser detuning [33]. The nonlin-
ear behavior is also less an issue for ion crystals because
of the strong Coulomb interaction in the ion crystal, which

FIG. 4. Excitation probability for the |2S1/2, mj = +1/2〉 →
|2S1/2, mj = −1/2〉 transition in the co-propagating laser beam con-
figuration as a function of interaction time (30 measurements per data
point). The red line is a fit to the data based on an exponentially
decaying sinusoid.

suppresses free-ion mobility. Also, the overall radial orbit of a
multi-ion radial crystal is larger, favoring magnetron cooling
by the radial intensity gradient. This allowed us to work with
the nominally optimal Doppler cooling detuning of −10 MHz
for ion clouds in Ref. [27]. A key step forward for the present
single-ion experiments was a larger Doppler laser detuning
of −20 MHz which, at the price of a slightly higher nominal
temperature, still allows a much more reproducible motional
state preparation. Any remaining cases of motion instability,
where the signal vanishes for any detuning of the Raman
lasers, are discarded based on a threshold value in the number
of counts per scan. In our present setup, we do not accept
rejection rates larger than 10%. Above this threshold, we
re-align the laser beams. Figure 3 shows a scan of the Raman
laser frequency difference relative to the expected spin-flip
resonance for the co-propagating configuration. The ion is ex-
pected to undergo transitions from |↑〉 to |↓〉, with negligible
interaction with the axial motional mode. νR is the Ra-
man lasers’ frequency difference, and ν0 = 138912.278 MHz.
Here, the ion was laser-cooled for 5 ms and a Raman in-
teraction time of 75 µs was used. Raman laser powers were
stabilized to 7.5 mW and 2 mW for Raman lasers 1 and 2,
respectively. The difference in power is due to the required
polarization of each Raman transition [27]. For a total of 18
scans, each data point was measured ten times. The excitation
probability is obtained as one minus the normalized number
of photon counts.

Coherent state manipulation is demonstrated by driving
Rabi oscillations (see Fig. 4). Here, the frequency difference
between the Raman lasers was fixed to ν0, and the interaction
time was scanned. The fit yields a frequency of (49.6 ± 3.0)
kHz and a decay time of (52 ± 14) µs. Small variations in
position of the Raman lasers likely cause the decay, as the
resulting changes of laser intensity at the ion affect the Rabi
rate and AC Stark shifts [2].

In the crossed-beam configuration, the wave vector differ-
ence of the Raman lasers along �B allows observation of the
sideband spectrum by coupling the internal degrees of free-
dom to the axial vibrational mode. The left panel of Fig. 5

033226-3



JUAN M. CORNEJO et al. PHYSICAL REVIEW RESEARCH 5, 033226 (2023)

FIG. 5. Left panel: Resolved-sideband spectrum (transition probability as a function of Raman laser detuning) observed with the crossed-
beam configuration. Each sideband was scanned individually, with 100 measurements per data point. Red line: Lorentzian functions with
Gaussian envelope fitted to the data. Right panel: Carrier transition probability to illustrate the fit of an individual line.

shows the sideband spectrum of a single 9Be+ ion. The
carrier transition and 13 blue and red sidebands were mea-
sured individually. For each sideband, a total of ten scans
were performed at ten experiments per data point. Here, ν0 =
138913.014 MHz due to a magnetic-field drift over several
weeks between Figs. 3 and 5. The ion was laser-cooled for
1 ms and an interaction time of 700 µs was used (laser powers
∼3 mW and 1 mW in Raman 1 and 2, respectively).

The Gaussian envelope of Fig. 5 has a full width at half
maximum (FWHM) of νD = (12.8 ± 0.8) MHz. Using Tz =
mλ2ν2

D/(8 ln2 kB) for a Doppler-broadened spectrum [32],
where λ is the laser wavelength, an axial temperature after
cooling of Tz = (3.1 ± 0.4) mK is determined. This value is a
factor of ∼6 larger than expected from the Doppler limit, and
a factor of ∼2 compared to [27] measured with an ion cloud.
We estimate that a factor of ∼1.5 is due to the detuning of
−20 MHz instead of −10 MHz as in Ref. [27]. The remaining
factor of 4 is likely due to remaining motional instabilities and
cooling dynamics nonlinearities. Introduction of a pure axial
laser beam combined with the axialization technique [23]
may improve this further. The former will allow us to apply
independent Doppler-laser detunings for the radial and axial
motions, obtaining more precise control of the ion motions
during cooling. For the latter, although we are able to couple
the ion modes in the trap by means of quadrupole fields, we
are not able to observe a reduction in the final temperature
of the ion, possibly due to poor overlap of the electrostatic
and rf excitation fields [34], an issue that can be fixed with
apparatus upgrades allowing fine tuning of the rf excitation
field. Nevertheless, the current status of the system allows us

to reach a mean axial phonon number of n̄z ≈ 150 ± 19 with
a single laser-cooled 9Be+ ion. It will therefore be possible
to implement resolved-sideband cooling to reduce the mean
phonon number [35].

In conclusion, we have demonstrated two-photon induced
Raman transitions on a single 9Be+ in a 5 T cryogenic Penning
trap by phase-locking two UV-laser sources at an offset fre-
quency of ∼139 GHz. Transition frequency and Rabi rate have
been determined with a co-propagating Raman laser beam
configuration, and finally, a spectrum with 26 sidebands has
been measured using a crossed-beam configuration, yielding
an axial temperature of (3.1 ± 0.4) mK. The temperature is
several orders of magnitude below the cryogenic temperature
of particles used in current experiments on matter-antimatter
comparison tests [36]. Improvements on our experimental
system will allow us to approach the axial Doppler limit
closer and perform sideband cooling to ultimately reach the
ground state of the axial mode, enabling the application of
quantum logic techniques in Penning trap-based precision
experiments.
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