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We present the experimental realization of a continuous dynamical decoupling scheme which suppresses
leading frequency shifts in a multi-ion frequency reference based on 40Caþ. By near-resonant magnetic
coupling of the 2S1=2 and 2D5=2 Zeeman sublevels using radio-frequency dressing fields, engineered
transitions with reduced sensitivity to magnetic-field fluctuations are obtained. A second stage detuned
dressing field reduces the influence of amplitude noise in the first stage driving fields and decreases
2nd-rank tensor shifts, such as the electric quadrupole shift. Suppression of the quadratic dependence of
the quadrupole shift to 3ð2Þ mHz=μm2 and coherence times of 290(20) ms on the optical transition are
demonstrated even within a laboratory environment with significant magnetic field noise. Besides
removing inhomogeneous line shifts in multi-ion clocks, the demonstrated dynamical decoupling
technique may find applications in quantum computing and simulation with trapped ions by a tailored
design of decoherence-free subspaces.
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Decoherence and dephasing of quantum systems through
interaction with the environment pose a major challenge
for quantum sensors, quantum computers, and quantum
simulators [1]. In particular, magnetic and electric fields
can cause significant shifts that induce decoherence
and dephasing due to their spectral noise properties and
inhomogeneity across the quantum system. In optical
clocks based on trapped ions, electric field gradients of
the trapping potential couple to the electric quadrupole
moment of the clock states causing a quadrupole shift
(QPS) [2]. Several mitigation strategies have been devel-
oped to overcome these limitations. Technological solu-
tions in the form of active stabilization and passive
shielding have been demonstrated for magnetic fields in
a variety of quantum systems [3–20]. However, most of
these technical measures increase size and complexity of a
setup, or cannot be eliminated by shielding, such as the
QPS. In atomic clocks, mitigation strategies based on
atomic properties include choosing magnetic field insensi-
tive Zeeman levels, or averaging over several directions
or Zeeman components, which at the same time eliminates
the QPS [2,21–26]. However, many of these strategies
fail for multi-ion clocks [27–31], since the shifts are

inhomogeneous across the ion crystal, resulting in an
effective broadening of the observed clock transition.
A solution is provided by dynamical decoupling (DD), a
technique that dates back to Hahn spin echoes in nuclear
magnetic resonance spectroscopy [32].
Since then it has been further developed using

pulsed [33,34] and continuous schemes [27,34–44], and
employed experimentally in various systems to eliminate
noise sources in quantum simulations [45], quantum
computing [46–57], quantum memories [58–68], and
quantum sensing [69–74]. In the context of precision
spectroscopy and optical clocks, DD is implemented, e.g.,
by changing the magnetic field within a Ramsey sequence
[75] or through precisely timed radio-frequency (rf) pulses
that populate different Zeeman states to cancel undesired
shifts within each individual interrogation. The latter has
been demonstrated for QPS and magnetic field shift in 88Srþ

[76] and 176Luþ [77], as well as employed to eliminate
magnetic field shifts in a precision measurement of local
Lorentz violation [78,79]. These pulsed schemes suppress
noise sources with timescales slower than pulse intervals.
Here, we demonstrate the suppression of linear Zeeman

shifts as well as the QPS on an optical transition in a trapped
40Caþ frequency reference using a cascaded continuous
dynamical decoupling (CDD) scheme with up to five ions.
In contrast to similar pulsed schemes [76,77], here the levels
are continuously coupling with rf fields to engineer an
ensemble of robust artificial transitions by choosing
adequate driving parameters [27,80]. This suppresses
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inhomogeneous shifts across the ion crystal and mitigates
noise up to half the Fourier frequencies corresponding to the
rf Rabi frequency coupling of the Zeeman states. These
artificial transitions can be treated similar to bare transitions,
so, e.g., Rabi and Ramsey spectroscopy sequences as well as
entangling operations are possible [80].
In the following we briefly summarize the CDD tech-

niques employed here [27,80] and which are shown sche-
matically in Fig. 1. The Zeeman manifolds of ground 2S1=2
and excited 2D5=2 levels are energetically split by a static
external magnetic field with magnitude B0 in the z direction

H0 ¼
X

i¼S;D

giμBB0Jiz ¼
X

i¼S;D

ωi
0J

i
z: ð1Þ

Here, the gyromagnetic factor gi and spin operator z
component Jiz for each ensemble i∈ ½S1

2
;D5

2
� as well as

the Bohr magneton μB are used. These so-called bare atomic
levels are coupled by near-resonant rf fields of the form

Hrf¼
X

i¼S;D

giΩi
1cosðωi

1tÞJix−giΩi
2sinðωi

1tÞcosðωi
2tÞJix: ð2Þ

The first drive [first line in Eq. (2)] with frequency
ωi
1 ¼ ωi

0 − Δi
1 and amplitude Ωi

1 produces a ladder of
dressed states with frequency splitting

ω̄i
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðgiΩi

1=2Þ2 þ ðΔi
1Þ2

q
: ð3Þ

The second stage drive [2nd line in Eq. (2)] with frequency
ωi
2 ¼ ω̄i

0 − Δi
2 and amplitude Ωi

2 couples the first stage
dressed states analogously to the first drive if the hierarchy of
coupling frequencies ωi

2 ≪ ωi
1 is fulfilled. Here, collinear

alignment of all rf drives is assumed for simplicity. For a
detailed derivation of the general geometry we refer the
reader to [80]. The two-stage design serves two purposes.
First, temporal or spatial drive strength variations δΩi

1ðr⃗; tÞ
are mitigated, since assuming a constant fractional variation
results in smaller absolute frequency shifts. Second, the
additional drive adds control parameters to suppress Zeeman
and 2nd-rank tensor shifts simultaneously as will be shown
below. The so-called mixing angle cosðθijÞ ¼ Δi

j=ω̄
i
j with

j∈ ½1; 2� and i∈ ½S1
2
; D5

2
� determines the suppression of these

shifts for each stage and manifold. In a doubly dressed basis,
the response of the system to sufficiently slowmagnetic field
variations δBðr⃗; tÞ can be described by

VδB ¼
X

i¼S;D

cosðθi1Þ cosðθi2ÞgiμBδBðr⃗; tÞJiz ð4Þ

and the quadrupole shift of the excited level by [80]

VQ ¼ ð1 − 3 cos2ðθD1 ÞÞð1 − 3 cos2ðθD2 ÞÞ

× Θ
3

8

∂Ez

∂z
ðJDðJD þ 1Þ − 3ðJDz Þ2Þ; ð5Þ

using the spin of the D-level JD. The magnitude of the shift
depends on the quadrupole moment Θ and the electric field

(a) (b)

FIG. 1. (a) Continuous dynamical decoupling scheme. Near resonant rf coupling with driving frequency ωi
j and strength Ωi

j results
in an ensemble of 2ðJij þ 1Þ dressed states with spacing ω̄i

j and numbering mi
j, where j ¼ 1, 2 marks the 1st or 2nd layer of dressing

and i ¼ S, D the Zeeman manifold. Here, the quantum numbers JS1 ¼ 1=2 ¼ JS2 and JD1 ¼ 5=2 ¼ JD2 match these of the spin of the
underlying bare atomic states. Cross-coupling and Bloch-Siegert shifts result in a shift of the bare states’ transition frequency ωj

0 → ωj#
0 .

The doubly dressed transitions are probed with 729 nm light at frequency νL and coupling strength ΩL. Adapted from [81] (b) Sketch of
the spectroscopy sequence with typical durations. The lower part shows a sketch of the employed CDD waveforms with signal
amplitudes yi. Two successive frequency sweeps with durations tsw;i transfer the population adiabatically from the 2S1=2 via the first
dressed to the doubly dressed target state.
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gradient ∂E=∂z [2], which is given by the joint potential of
the trap and neighboring ions. It is worth noting that the
suppression of both shifts is independent for both stages.
This allows, e.g., suppression of the Zeeman shift using a
resonant drive with θS1 ¼ θS2 ¼ θD1 ¼ 0 for all drives except
the 2nd-stageD-level drive. QPS suppression can be attained
using the so-called magic mixing angle on this last drive with
cos2ðθD2 Þ ¼ 1

3
at the expense of a reduced Zeeman shift

suppression. The achievable degree of suppression depends
on the deviation of the angles θij from their ideal values. The
detunings Δi

j are affected by magnetic field fluctuations
acting on the bare atomic states, the QPS of the D states,
frequency shifts from off-resonant cross coupling of the S
drive on the D level and vice versa, as well as the correction
of counterrotating terms in the rotating wave approximation
(Bloch-Siegert shift) [27,80]. Since θij depends inversely
proportional onΩi

j, the scheme becomes more robust against
fluctuations in magnitude and noise frequency of these shifts
for higher coupling strength at the expense of larger
frequency shifts caused by amplitude noise of the rf drives,
assuming a fixed fractional stability. The parameter set for
optimum suppression is thus a trade-off between detuning
fluctuations and driving strength, requiring a detailed knowl-
edge of the noise properties of both.
In the setup presented here, the magnetic field noise

causes line broadening on the order of νδB ≲ 1 kHz with a
timescale on the order of milliseconds given by the mains
supply and its harmonics. In contrast, the QPS is near static
with an inhomogeneous shift of νQPS ≲ 100 Hz for typical
trapping potentials. These characteristic timescales are slow
compared to the inverse Rabi frequencies of the first
(<25 μs) and second drive (<300 μs), respectively (com-
pare [82]). A further discussion of the hierarchy of different
timescales including the laser-ion coupling can be found
in [80]. Assuming a realistic mixing angle mismatch of
δθ ¼ 1%, a Zeeman shift suppression on the order of
cosðθi1Þ cosðθi2Þ ≈ 10−4 [compare Eq. (4)] for a doubly
resonant drive and ð1 − 3 cos2ðθD2 ÞÞ ≈ 3 × 10−2 QPS sup-
pression [Eq. (5)] can be expected for small deviations. The
additional inaccuracy of the scheme arises from a combi-
nation of the uncertainty in the coupling strength of all four
drives Ωi

j, and the uncertainty in the magnetic field, which
affects the drive frequency detunings Δi

j. The frequency
shift compared to the bare transition is a linear combination
of the combined frequency splitting from each drive
[Eq. (3)]. In the limit of negligible detuning error, the
additional systematic uncertainty is directly proportional to
the coupling strength uncertainty.
The majority of the experimental setup is described in

detail elsewhere [81,83], therefore only key components
are summarized here. 40Caþ ions are confined in a
segmented Paul trap [84] with low excess micromotion
even for axially extended crystals [28,83] as well as low
motional heating due to on-chip filtering and a low noise

voltage supply [85]. All lasers needed for cooling, detec-
tion, and state preparation are locked to a wave meter [86].
The interrogation laser for the 2S1=2 ↔2 D5=2 transition at
729 nm is based on an amplified extended cavity diode
laser [87], which is first prestabilized to a 10 cm cavity
resulting in a fractional linewidth of 170(4) Hz. Further
reduction of the laser linewidth is established by transfer
locking [88,89] to a highly stable reference cavity [90] via a
fiber-based frequency comb. An independent measurement
revealed an upper limit for the fractional frequency insta-
bility of the 40Caþ clock laser against the reference laser of
σy < 2 × 10−15 for τ > 1 s. The reference laser reaches
typically an instability of 5 × 10−17 for up to 10 s and a drift
of 50 μHzs−1. Therefore, the employed laser is not limiting
for the following measurements.
A single aspheric lens is used for collecting fluorescence

light of the ions. It is focused simultaneously onto a
photomultiplier tube (PMT) and a scientific complementary
metal-oxide-semiconductor (sCMOS) camera using a beam
splitter. The PMT allows for discrimination of bright and
dark states within 100 μs detection time [83]. Using the
camera, spatially resolved detection of single ion excitation
in a linear ion crystal is possible at the cost of a longer
detection time of 10 ms, primarily attributable to the
camera’s readout process.
Three pairs of orthogonal magnetic field coils generate a

static offset field of 357 μT along the axial trap direction
resulting in 10 MHz splitting of the 2S1=2 levels. The axial
magnetic field component is actively stabilized against
slow drifts using a fluxgate sensor and feedback to the
current of the coils. Mains power synchronous magnetic
field noise limits the linewidth of the 2S1=2 ↔ 2D5=2 clock
transition typically to Δν ≈ 100 Hz. In addition, on
timescales of ten seconds fluctuations on the order of
jΔB0j ≈ 5 nT are observed.
Resonant magnetic field coils are employed for the CDD

to shape and enhance the generated coupling waveforms.
These rf coils consist of two separate, temperature-
controlled LCR circuits with tunable capacitors to match
the resonance frequency of the Zeeman ensembles [82].
The CDD sequence begins with the preparation of the

target state in the dressed S levels. This is achieved through
an adiabatic ramp from the bare ground state to the dressed
level by applying a tailored waveform to the S coils via an
arbitrary voltage generator [82]. A continuous transition
without phase jumps from the preparation to the final
second-stage waveform is crucial to maximize the contrast.
The D-level waveform can be switched on instantaneously,
since the D state is not populated and the cross-driving
effect of the D-level drive onto the population in the S level
is negligible. Spectroscopy within the CDD spectrum with
the 2S1=2 to 2D5=2 laser at 729 nm is performed after the
applied rf drives have reached their steady-state values.
As long as the optical coupling is weak compared to the
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rf coupling ΩL ≪ Ωi the fast dynamics of the manifold
averages out and the artificial transitions can be treated
analogously to a natural 40Caþ clock transition. In the
following the jS1=2; mS

0 ¼ − 1
2
; mS

1 ¼ 1
2
; mS

2 ¼ 1
2
i ↔ jD5=2;

mD
0 ¼ − 3

2
; mD

1 ¼ 1
2
; mD

2 ¼ 1
2
i transition (compare Fig. 1) is

probed with the clock laser directed along the static magnetic
field and trap axis. With the employed parameters [82],
a magnetic field shift sensitivity of −1.2ð1Þ × 10−4 Hz=nT2

was determined in a separate measurement. This represents
an almost four orders of magnitude improvement over the
sensitivity of the bare states of 5.6 Hz nT−1 for typical field
variations of 5 nT and is comparable to clock species with
magnetic-field sensitivity only from nuclear spin, such as
27Alþ and 115Inþ [91,92]. Therefore, a coherence time of
0.29(2) s can be observed on one of the artificial transitions
(see Fig. 2). The optical coupling strength of each transition
between dressed states depends on the selection rules of the
underlying Zeeman transition as well as on mixing angles
and quantum numbers of the dressed state [80].
In order to demonstrate the capabilities of this scheme

we probe the line shifts of a linear five-ion crystal. Such a
system is a stringent test for a multi-ion frequency
reference. In Fig. 3 the comparison of inhomogeneous
line shifts along the crystal for two different CDD-param-
eter sets is shown. The frequencies of the first stage rf fields
are held close to the respective splitting of the Zeeman
states ΔS

1 ¼ 0 ¼ ΔD
1 . The detuning of the 2nd D-level stage

is set for the two cases ΔD
2 ¼ 0 and ΔD

2 ¼ 1=
ffiffiffi
8

p
gDΩD

2 ,
corresponding to the resonant and magic mixing angle,
respectively. In the first case only Zeeman shifts are
suppressed, the second also suppresses 2nd-rank tensor
shifts at the cost of reduced Zeeman shift suppression.
A relative QPS suppression factor of 12 was measured
between resonant and magic detuned parameter set

[Figs. 3(b) and 3(c)], measured by the quadratic fitting
parameter of 3ð2Þ mHz=μm2. Simultaneously, the linear
term increases by a factor of 3, caused by lower sup-
pression of the magnetic field inhomogeneity. In a
third setting, the CDD parameters are fine-tuned by an
offset of the static B field such that the imperfections
in residual inhomogeneous static and dynamic B field
partially compensate, which allows suppression of the
overall frequency spread across the 20 μm long crystal to
1.8(7) Hz [Fig. 3(d)]. Further optimization by variation of
all CDD parameters is likely to improve the results.
However, technical measures for enhanced homogeneity
and stability of the fields will loosen the requirements to
find the optimal parameters. The slow temporal variations
of the leading frequency shifts, namely, residual amplitude
fluctuations of the CDD drive and of the magnetic field,
are measured to be on the level of jδΩi=Ωij < 6 × 10−5

and jδB0=B0j < 2 × 10−5, respectively. These were deter-
mined by observing the splitting of bare and first-stage
dressed states over several 100 s.
The frequency instability of the doubly dressed transition

of a five-ion crystal is displayed in Fig. 4. With the chosen

FIG. 2. 729 nm pulse time scan of a doubly dressed artificial
transition. The strong Zeeman shift suppression with resonant
driving parameters allows a long coherence time. The data are
in good agreement with a combined Gaussian and exponential
decay model PeðtrÞ ¼ 1

2
ð1 − cosð2πΩLtrÞe−tr=Γe−t2r=ð2γ2ÞÞ with

given natural decay Γ ¼ 1.168 [93] and γ ¼ 0.29ð2Þ s. The
Gaussian decay shape indicates long noise correlation times
with respect to the duration of an individual data point [94].

(a) (b)

(c) (d)

FIG. 3. Comparison of the relative frequency shifts of the
artificial clock transition along a linear five-ion crystal for different
CDD parameters. The individual line centers are obtained from a
scan of the clock laser with fitting of individual peaks using ion-
resolved camera data. (a) Calculated QPS for five-ion crystal for
bare Zeeman levels. Ion positions are simulated in a pure harmonic
potential with given trapping frequencies to extract field gradients
at the ion positions. (b) Doubly resonant parameter set
(Δi

j ¼ 0 ∀ i; j). Tensorial shifts are of equal size compared to
the calculated jmJj ¼ 3

2
bare level shift (green crosses). (c) Magic

angle detuned second stage D-level CDD drive. The visible
linear dependency arises from magnetic field inhomogeneity in
combination with lower Zeeman shift suppression compared to (b).
(d) Same CDD drive as for (c), but optimized offsetB field for field
inhomogeneity compensation.
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parameters, a gain in statistical uncertainty due to increased
ion number is given up to 10 s averaging time. Strong
residual magnetic field noise components at 0.01 Hz
compromise the stability. The Zeeman shift sensitivity
depends on the absolute field at the position of each ion,
therefore the stability varies for the individual ions,
particularly visible on ion 1. However, the short-term
instability of 3 × 10−15=

ffiffiffi
τ

p
is comparable to 40Caþ clocks

with multilayer magnetic shielding [95]. Increasing the
interrogation duty cycle from T=Tc ¼ 33% to ≈90% will
be possible with a faster experimental control system
together with faster camera detection and readout.
In conclusion, we have demonstrated the suppression

of linear Zeeman shifts and QPS on an artificial clock
transition through CDD. The presented CDD scheme is
especially useful for transitions with strong electronic
linear Zeeman shift. This lifts the need for elaborate
shielding and reduces the statistical uncertainty in clocks
by enabling longer interrogation times. By reducing mag-
netic field noise and drive field inhomogeneity, as well as
implementing faster camera detection, a larger number of
ions would enable this frequency reference to be used as a
flywheel in composite, multispecies clocks [96–99]. To the
best of our knowledge, this is the first time a 2-stage CDD
scheme has been successfully implemented, which might
prove useful for other quantum sensors or qubit systems
that are limited by magnetic field sensitivity.
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