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Stray electric fields induce excess micromotion in ion traps, limiting experimental
performance. We present a new micromotion-compensation technique that
utilizes a dark ion in a multi-species bright-dark-bright linear ion crystal. Stray
electric fields in the radial plane of the trap deform the crystal axially due to the
different masses of dark and bright ions. We exploit the mode softening near the
transition to the zig-zag configuration to enhance the crystal deformation and, as
a result, increase themethod’s sensitivity dramatically. We corroborate our results
with a modified ion-displacement compensation method using a single bright
ion. Our modification allows us to compensate stray fields on the 2D radial plane
from a 1D measurement of the ion position on the camera by controlling the
asymmetry of the two radial modes of the trap. Bothmethods require only a fixed
imaging camera and continuous ion-fluorescence detection. As such, they can
be readily implemented in most ion-trapping experiments without additional
hardware modifications.
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Introduction

Excess micromotion (EMM) is the residual motion of an ion in its equilibrium position
driven by the radiofrequency (RF) oscillating fields, and it is present in any RF ion trap
(Berkeland et al., 1998). While EMM could be used to one’s advantage in some exceptional
cases (Navon et al., 2013), typically, compensating EMM below some threshold is a
necessary condition for most ion-trapping experiments. A few prominent examples are
experiments involving the interaction between ultracold neutral atoms and trapped ions
where EMM can limit the energy scale of the interaction (Tomza et al., 2019), optical-atomic
clocks where uncompensated EMM could limit the clock’s accuracy (Brewer et al., 2019),
and optical trapping of ions where the optical dipole force is overwhelmed by
uncompensated stray electric fields in the trap (Huber et al., 2014).

Many techniques for detecting and compensating EMM were developed in the last few
decades. The most common (Berkeland et al., 1998) are the resolved-sideband, photon-
correlation, and ion-displacement methods. Each technique has its advantages and
disadvantages when compared to others (Keller et al., 2015). For example, the resolved-
sidebandmethod (Berkeland et al., 1998; Keller et al., 2015) and its recent extension (Arnold
et al., 2024) only detect EMM parallel to the laser’s k-vector and require the implementation
of coherent-control tools such as narrow linewidth lasers. Here, we focus on a technique for
which advanced coherent-control tools are unnecessary.

The minimal requirement for imaging a trapped ion is continuous illumination with a
laser to induce ion fluorescence and an imaging system to collect the emitted photons on a
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camera. With only these tools at hand, EMM compensation can be
achieved by observing the position of the ion on the camera for
different radio-frequency trapping strengths (Berkeland et al., 1998;
Schneider et al., 2012; Gloger et al., 2015; Saito et al., 2021). While
2D information on the ion position is readily extracted from a
fluorescence image of an ion, the information regarding the position
along the imaging axis is less accessible (Schneider et al., 2012). It
requires automated mechanical scanning of the focus (Gloger et al.,
2015; Saito et al., 2021) or engineering of the imaging point-spread
function (Zhou et al., 2024), which are not standard techniques in
ion imaging.

Here, we use a “dark” ion (44Ca+) embedded in a crystal of
“bright” ions (40Ca+) as a sensitive detector of radial stray electric
fields and for EMM compensation. Throughout the paper, we call
the central ion “dark” simply because our fluorescence lasers do not
address it, whereas they do address the surrounding “bright” ions.
Since the radial confinement in linear RF traps depends on the mass
of the ion, mixed-species ions, which carry different masses, will
acquire a differential shift in their position due to radial stray electric
fields (Mokhberi and Willitsch, 2015). This will lead to a
deformation of the ion crystal detectable by fluorescence imaging.
Minimizing the crystal deformation inevitably indicates the
suppression of stray electric fields in the ion trap.

In a linear crystal of bright ions embedded with a dark ion of
different mass, a stray radial electric field can be detected by
observing the deformation of the crystal along its axis (axial
axis), which can be sensitive to a displacement of the dark ion in
both radial directions. Thus, by reading the position of the bright
ions along the axial axis on the 2D imaging plane, we are sensitive to
radial displacements of the dark ion that are both on and out of the
imaging plane.

Axial deformation due to radial displacement is quadratic in
nature. Hence, we need to enhance the sensitivity of our method
further. We do so by working near the transition from a linear to a
zig-zag configuration in a bright-dark-bright three-ion crystal
(Kaufmann et al., 2012). Near the transition, the frequency of the
radial bending mode approaches zero (mode softening) (Fishman
et al., 2008), significantly enhancing crystal deformation for a given
stray field.

Mixed-species ion crystals are becoming more common in
novel ion-trapping quantum technologies such as mixed-species
optical atomic clocks (Brewer et al., 2019; Hausser et al., 2025),
quantum-logic control of molecular ions (Wolf et al., 2016; Lin
et al., 2020; Sinhal et al., 2020; Holzapfel et al., 2024) and highly
charged ions (King et al., 2022), and mixed-species quantum
computation (Tan et al., 2015; Ballance et al., 2015; Pino et al.,
2021; Bruzewicz et al., 2019; Hughes et al., 2020; Negnevitsky et al.,
2018), to name a few. Therefore, techniques for compensating
EMM in these mixed-species crystals are of high importance
(Barrett et al., 2003).

To test the validity of our dark-ion EMM compensation method,
we use the technique developed in Refs (Schneider et al., 2012;
Gloger et al., 2015; Saito et al., 2021) with a small but useful
modification. In these works, EMM compensation was performed
by monitoring the position of a single bright ion in the two radial
directions while changing the amplitude of the oscillating RF fields.
The position of the ion along the imaging axis was retrieved by
automated scanning of the imaging focus (Gloger et al., 2015; Saito

et al., 2021) or by inferring it from the size of the de-focused point-
spread function (Schneider et al., 2012). Here, we show that by
changing the ratio between the frequencies of the two radial modes,
we can compensate EMM in the two radial directions without the
position information along the imaging axis. In our trap, which
possesses a large asymmetry ratio at low RF amplitudes, we change
the asymmetry by increasing the RF amplitude, which results in a
non-linear ion trajectory (Gloger et al., 2015).

In this work, we consider only EMM generated by the ion’s
radial displacement from the trap’s RF center. Typically, this is the
leading EMM term to compensate, which can acquire the largest
value. Other EMM origins exist, such as out-of-phase EMM and
axial EMM (Meir et al., 2018), which are typically lower in
magnitude. The presented method is insensitive to these EMM
sources since they don’t induce a constant shift from the trap’s
RF center.

Experiment - dark ion

We use a linear-segmented RF trap similar to the one described
in Meir et al. (2018). We load ions to the trap from a heated oven
loaded with pure calcium (Ca) grains. We use a 1 + 1′ resonance-
enhanced-ionization scheme to load ions to the trap from the flux of
neutral atoms emerging from the heated oven. By tuning the first
ionization beam to a resonance in neutral Ca, we can selectively
ionize different Ca isotopes (Lucas et al., 2004). We load a three-ion
crystal made of two 40Ca+ ions (bright ions) and one 44Ca+ ion (dark
ion) in the center. The cooling and fluorescence lasers are tuned to
the resonance of the 40Ca+ ions, hence the “bright” and ’‘dark”
nomenclatures. The RF drive frequency in our experiment isΩ/2π �
14.5456MHz.

The three-ion crystal transitions from a linear to a zig-zag
configuration when the bright-ion radial frequency, ωb

r , is lower
than the threshold frequency (see Supplementary Material - dark-
ion zig-zag condition),

ωb
r,zz ≈ ωb

ax

�����������
4
5

1 + 2md

mb
( )√

. (1)

here, mb (md) is the bright (dark) ion mass, and ωb
ax is the axial

frequency of a single bright ion in the trap. In this experiment, we
set this frequency to ωb

ax/2π � 260.4 kHz. We can relate the radial
frequency of a single bright ion in the trap, ωb

r , to the center-of-
mass (COM) radial-mode frequency of a bright-dark-bright
(bdb) crystal,

ωbdb
r,COM ≈ ωb

r

2
3

1 + mb

2md
( ). (2)

using Equations 1, 2, we get ωbdb
r,COM,zz/2π ≈ 404 kHz for the

transition frequency from linear to zig-zag configuration in terms
of the crystal’s COM mode. Note that while the COM radial mode
has a finite value near the transition to zig-zag, the bending radial
mode, where the two bright ions move out of phase with respect to
the dark ion, approaches zero (mode softening):

ωbdb
r,bend ~

�������������
ωb
r( )2 − ωb

r,zz( )2√
. (3)

Frontiers in Quantum Science and Technology frontiersin.org02

Barnea et al. 10.3389/frqst.2025.1596801

https://www.frontiersin.org/journals/quantum-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frqst.2025.1596801


A static electric field Er in the trap’s center will displace the ion
according to (Berkeland et al., 1998)

dr ≈
QEr

mi ωi
r( )2, (4)

where Q is the electric charge of the ion and the index i indicates a
bright (i � b) or a dark (i � d) ion. In a linear ion trap, to a leading
order, ω2

ax ∝m−1 while ω2
r ∝m−2 such that displacements from the

center are different for the dark and bright ions in the radial
direction (see Figure 1c). In addition, the displacement scales as
dr ∝ω−2. For that, the bending mode, whose frequency approaches
zero near the zig-zag transition, governs the ion’s displacement.

We control the static electric field amplitude and orientation in
the radial plane of the trap by applying voltages (Vx′, Vy′) on two
compensation electrodes (see Figure 1a). As we scan the total excess
field through its minimum, the dark ion is moved from one side of
the crystal to the other as the sign of the external-field flips (see
Figure 1c). When the trap is perfectly compensated, the dark ion is
found directly between the two bright ions, pushing them to their
maximum separation from each other. In the zig-zag configuration,
however, the linear arrangement of ions is no longer stable, and as
such, the dark ion will jump “over” the trap center. This jump occurs
randomly when a fluctuation in the electric fields or a collision with
background gasses grants it enough energy to bypass the potential
barrier between the two sides of the crystal.

The radial plane of the trap supports two orthogonal modes
(ωr�h,ωr�l), which are typically non-degenerate, ωh >ωl.
Specifically, our trap has a large low-to-high radial-frequency
ratio of ωl/ωh ≈ 0.7 in the dark-ion experiment. We vary the
radial modes’ frequencies and their orientation by changing the

amplitude of the RF oscillating fields and the bias voltage, denoted as
Vg (see Figure 1a). We measure the trap frequencies via resonant
electric-field excitation (“tickle”) (Drewsen et al., 2004). A suitable
linear combination of the two compensation voltages allows us to
push the ions toward each radial mode.

We record the position of the bright ions on an EM-CCD
camera (Figure 1b). The imaging system comprises an objective
with a working distance of ~30 mm and a focal length of ~37 mm.
The imaging-system magnification is measured to be ~1.13 µm/
pixel. The exposure time is 1 s. The image is projected on the trap’s
axial axis and on some projection of both the radial modes. In this
experiment, we measure the axial distance between the two bright
ions (see Figure 1b) from which we can infer the radial displacement
of the dark ion from the axial axis.

Results - dark ion

The dependence of the distance between the bright ions on the
EMM and the low radial-mode frequency is shown in Figure 2. We
vary the compensation voltages, V⊥ � f(Vx′, Vy′), to create a field
along the direction of the low-frequency mode, ωl, and record the
bright-ions positions. Here, f is a linear function of the
compensation-electrodes voltage, which we found experimentally
(the line orthogonal to the purple line in Figure 3c as we performed
the experiment with a bias voltage Vg � 0.6V). We repeat this
procedure for different radial-mode trapping frequencies.

As ωbdb
l,COM approaches the zig-zag transition frequency

(~ 404 kHz, see Equation 2), the bending mode confinement
approaches zero, making the radial position of the dark ion, and

FIGURE 1
Deformation of a bright-dark-bright Coulomb crystal due to uncompensated EMM. (a) Sketch of a radial cross-section of the ion trap showing the
RF (light blue) and BIAS (orange) trap blades, on which we apply RF (VRF) and bias (Vg) trapping voltages. Two compensation rods, Vx′ (red) and Vy′ (blue),
create a radial electric field along the V̂x′ and V̂y′ directions. The imaging system (IS) captures the position of the ions along one projection of the radial
direction (x̂) and the axial direction (ẑ), as shown in (b). The displacement of the ions due to external field is dependent on the orientation (dashed
axes) and ratio (orange ellipse) of the high (ĥ) and low (l̂) radial modes. (b) Sample image of the ions captured by the IS (1 s exposure time, 5 images
average). The position of the ions is found by fitting the intensity to a Gaussian in both the vertical and horizontal axes, which are then averaged for
multiple frames to reduce their uncertainty. (c) A calculation of the change in the positions of the dark and bright ions as the radial field, Er , is varied.
Orange (blue) lines are the axial (radial) position of the bright (solid) and dark (dashed) ions. Green, blue, and red insets show the position of the dark ion
(black open circle) compared to the bright ions (red circles) for different values of the radial electric field, marked by dashed, vertical lines.
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thus the axial size of the crystal, more sensitive to uncompensated
EMM. This increase in sensitivity can be seen in the steepness of the
peaks in the different curves in Figure 2: Far from the zig-zag
transition, the curves look almost entirely flat, making the peak
indiscernible. While moving closer to the critical point, the curves
grow progressively steeper until the zig-zag transition point, where
the measurement is most sensitive.

Below the transition frequency to zig-zag configuration, the dark
ion no longer passes through the center of the crystal when V⊥ � 0,
as this is not a stable configuration for a zig-zag chain. Instead, the
crystal will randomly jump between the zig and zag configurations
due to the potential barrier between them, making the estimation of
the peak inherently unreliable.

For traps with considerable ratio between the high and low
radial frequency modes (Saito and Mukaiyama, 2024) as our own
(ωl/ωh ≈ 0.7 in the dark-ion experiment), the sufficient sensitivity
for dark ion displacement is achieved in only one radial direction:
while ωl approaches the zig-zag transition frequency, ωh remains far
above it, such that the sensitivity of our measurement is diminished
(in our trap, ωbdb

h,COM ≈ 590 kHz at the zig-zag transition). As a result,
conducting a 2D scan of the bright ion distance vs the compensation
voltages results in a “compensation line”, Vy′ � mVx′ + b, for which
the distance is maximized (see Figures 3a,b). Following this line of
minimal sensitivity, the ions are pushed towards the high radial
mode, ωh. We cannot determine the location of the compensation
point along the line from a single 2D scan (a ratio of ωl/ωh > 0.9 is
required for 2D compensation from a single scan - see Figure 2).

To overcome this obstacle, we exploit the ability to tune the
orientation of the radial modes in our trap (Saito and Mukaiyama,
2024). By changing the bias voltageVg from −0.85 V to 1.1 V, we can

FIGURE 2
Bright ion separation, db, as function of an applied radial electric
field for different low radial mode frequencies, ωbdb

l,COM (legend). The
electric field is applied along the direction of the low radial mode. The
trap is compensated (not necessarily at the x-axis origin) when
the distance between the bright ions is at its maximum. We extract the
compensation value via a local parabola fit to the data (solid lines,
cross indicate fit maximum). The measurement peak becomes more
pronounced, and the range of quadratic dependence narrows as the
radial frequency approaches the transition to zig-zag. Below the
transition frequency to zig-zag (~ 404kHz), bright ions display a
noticeable discontinuity in their positions as the crystal jumps
between the zig and zag configurations, with the bright ion distance
no longer fitting a parabola when looking far below the
transition frequency.

FIGURE 3
Dark ion EMM compensation. (a,b) Bright ion distance (color scale) as a function of the compensation voltages (Vx′ , Vy′) for different bias voltages (a)
Vg � − 0.85V, (b) Vg � 0.35V). Throughout themeasurements, we kept the low-radial mode frequency at ωbdb

l,COM � 430kHz to avoid accidentally crossing
the zig-zag transition frequencymid-measurement. Themaximal ion distance follows a linear line in (Vx′ , Vy′) space (dashed black line), the angle of which
is determined by the radial-modes orientation. These lines are identical to those in (c) for bias voltages, Vg � − 0.85V (blue) and Vg � 0.35V (red), as
denoted by the color of the frames. (c) Compensation lines for different bias voltages (see legend). Each line is a linear fit as in (a,b), the points being the
peaks of the ion distances found for each Vy′ in the 2D scans. The lines are shifted by the dependence of the compensation point on Vg (Equation 6), so
they all intersect at a single point (cx′ � −0.23 ± 0.07, cy′ � 0.57 ± 0.04)- Equation 7. The ellipse shows the one-sigma error in the estimation of (Vx′0 ,Vy′0).
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change the trap’s mode orientation by ~ 70° (see Figure 3b). This
rotation of ωh and ωl allows us to find new compensation lines,

Vy′ � mgVx′ + bg, (5)

wheremg and bg are the linear coefficients for a specific bias voltage,
Vg. The intersection of all these lines should give the value of (Vx′0,
Vy′0) for which EMM is compensated.

However, by changing the bias voltage, we also create stray
electric fields due to the misalignment of the bias and RF
quadrupoles in the trap. This results in a linear dependence of
the compensation point on the value of Vg:

Vx′g � cx′Vg + Vx′0,
Vy′g � cy′Vg + Vy′0.

(6)

Here, (Vx′g,Vy′g) are the compensation values for some value ofVg,
(Vx′0,Vy′0) are the compensation values forVg � 0, and (cx′, cy′) are
the linear coefficients, all of which are not known a-priori.

Using Equation 6 to “shift” all compensation lines (Equation 5)
due to the effect of Vg, we get the following set of linear equations:

cy′Vg + Vy′0 � mg cx′Vg + Vx′0( ) + bg. (7)

This set of equations has four “free” parameters: cx′, cy′, Vx′0, and
Vy′0. Hence, by scanning the 2D compensation voltages for at least
four bias voltages, we can extract the compensation points for any
value of Vg. The results of this procedure with six different bias
voltages are shown in Figure 3c.

Experiment - single ion

To corroborate the EMM compensation results using a dark ion,
we measure EMMbymonitoring the position of a single bright ion on
the camera for different amplitudes of the trapping RF fields
(Berkeland et al., 1998; Schneider et al., 2012; Gloger et al., 2015;
Saito et al., 2021). Here, we show that for 2D radial EMM
compensation, only information on ion displacement along one
radial direction is necessary. In our setup, this corresponds to the
x-axis, which is perpendicular to the imaging axis. Our technique
relies on two necessary conditions: 1) The ability to change the ratio of
the trap’s radial modes. 2) The orientation of any of the radial modes
should not align with the imaging optical axis. Both of these
conditions can be met in a typical ion trap. In our trap, the first is
fulfilled by adjusting the RF amplitude (see single-ion section in the
Supplementray Material) as our trap possesses large inherent
asymmetry between the radial modes (see Figure 5C legend), while
the second condition is ensured through a simple adjustment of Vg.

As can be seen from Equation 4, the magnitude of the ion’s shift
from the trap center due to a stray electric field depends on the radial
trapping frequency. Changing the amplitude of the radial trapping
fields from maximum to minimum values (denoted as “high” and
“low” RF amplitudes) while monitoring the ion’s position shift is an
efficient way to detect EMM (Berkeland et al., 1998; Schneider et al.,
2012; Gloger et al., 2015; Saito et al., 2021).

In a symmetric trap, where the two radial modes are degenerate
(ωl � ωh), the ion is displaced along the direction of the stray electric
field (see Figure 4a). In case the field is directed along the imaging-
system axis, it will be hard to detect a shift in the position of the ion.

In a non-symmetric trap, where the two radial modes are non-
degenerate (ωl <ωh), the ion shifts more towards the low radial
mode (Figure 4b). In this case, we can detect a shift in the ion
position perpendicular to the imaging axis even though the electric
field points along the imaging system axis.

However, even for the non-symmetric trap case, an electric field
oriented by an angle (see single-ion section in the
Supplementary Material),

α0 � γ − arctan tan γ( ) ωl/ωh( )2( ), (8)

will lead to a non-detectable ion displacement along the imaging axis
(Figure 4c). In Equation 8, γ is the orientation angle of the radial
modes with respect to the lab frame (see Figures 4b–d). Nevertheless,
since the angle α0 depends on the radial-mode frequency ratio,
ωl/ωh, changing this ratio (see single-ion section in the
Supplementray material) allows us to induce detectable ion
displacement along the x-axis for any stray-electric-field
orientation (Figure 4d).

Results - single ion

The results of EMM compensation with a single bright ion are
presented in Figure 5. We scan the compensation-electrodes
voltages, Vx′, Vy′, and record the ion’s position for one high
and three low RF amplitudes. The high RF amplitude
corresponds to ωl � 1440 kHz and ωh � 1500 kHz for the low
and high radial modes, respectively. The three low RF amplitudes
correspond to ωl � 572, 449, 310 kHz for the low radial mode and
ωh � 742, 652, 565 kHz for the high radial mode. We measure the
ion displacement along the x-axis, dx, between the high RF
amplitude and all low RF amplitudes (data points in Figures
5a–c). For each Vy′ compensation value, there exists a
compensation value, Vx′, for which the ion displacement is zero
(open circles in Figures 5a–c).

We plot the zero-displacement compensation values in the
(Vx′, Vy′) space (open circles in Figure 5d) and fit them to a linear
line. We note that for each low RF amplitude (different radial-
mode frequency ratios), the zero-displacement line follows a
different angle in the (Vx′, Vy′) space. We find the zero-
displacement lines intersection point (black dot in Figure 5d)
and uncertainty (black ellipse in Figure 5d). The intersection
point corresponds to the EMM compensated point where the
radial stray electric field is minimized.

Discussion

To compare our compensation scheme with other works, we
relate the change in the compensation-electrodes voltage to the
resulting electric field at the trap center. A typical uncertainty of
ΔVx′/y′ ≈ 0.1V in the compensation voltage (see Figure 3c legend)
corresponds to a stray electric-field uncertainty ofΔEr ≈ 0.2 Vm−1

(see single-ion section in the Supplementray Material). This level of
compensation, which can be reached on a time scale of a few
minutes, is consistent with the residual stray-field magnitudes in
typical ion-trap experiments (Keller et al., 2015). A more qualitative
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comparison is difficult to perform due to the different trapping
parameters used in various experiments.

On the other hand, a quantitative and direct comparison
between the two compensation methods presented in this paper
is shown in Figure 6. While the two methods yield similar
compensation uncertainties, there is a small discrepancy between
them, which cannot be attributed to random error. As the results of
the single-ion compensation are consistent before and after the
dark-ion measurement, we can rule out drifts as the cause of the
discrepancy.

One possible systematic effect that differentiates between the two
schemes is the presence of the scattering force from the fluorescence
laser during the measurements. The scattering force acts as an
additional effective stray field in the single-ion scheme (on
saturation, the maximal scattering field is Esc,max ≈ 0.7 Vm−1).
To compensate for the effect of the scattering force, we need to
apply an equal and antiparallel field, Er � −Esc. In contrast, in the

dark-ion scheme, the scattering force acts only on the bright ions,
where the dark ion is unaffected by the scattering force, causing
additional deformation in the crystal. To compensate for this
deformation, we need to apply a compensation field
Er ≈ Esc/(md/mb − 1) (see scattering-force section in the
Supplementray Material). This amounts to Er ≈ 10Esc for our
bright and dark ion masses. From the above discussion and the
comparison made in Figure 6, we can give an upper bound to the
scattering field in our experiment to be Esc ≲ 0.1 Vm − 1.

In the single-ion scheme, we perform EMM compensation
independently for each bias voltage by exploiting the change in
the low-to-high radial frequency ratio when increasing the RF
amplitude (see legend in Figure 5d). In contrast, we need to
perform several measurements for different bias voltages in the
dark-ion scheme, resulting in a linear fit for the EMM compensation
as a function of the bias voltage. This is because of the sensitivity
scaling in the dark-ion scheme: Since we are detecting axial

FIGURE 4
Single-ion radial displacement due to a radial stray electric field. The imaging system (IS) is oriented along the y-axis and can detect only shifts in ion
position along the x-axis. The radial mode frequencies (ωl, ωh) strength, ratio, and orientation (γ) are given by the orange ellipse. (a) ωl/ωh ≈ 1. (b,c)
ωl/ωh ≈ 0.55. (d) ωl/ωh ≈ 0.77. (a–d) γ � 55°. The stray electric field (green arrows) orientation is denoted by α. (a,b) α � 0°. (c,d) α ≈ 32°. The two red dots
connected by a dashed red line denotes the position of the ion for varying magnitude of the electric field. Blue blades illustrate the position and
orientation of the trap electrodes. Through a change in the ratio of the radial trapping frequencies, undetectable EMM due to unobservable
x-displacement, (a,c) can be detected, (b,d) - see text.

FIGURE 5
Single-ion EMM compensation. (a–c) Dots are ion relative displacements between high to low RF amplitudes as a function of the Vx′ (x-axis) and Vy′
(color, left-side legend) compensation voltages. High RF amplitude corresponds to ~1.5 MHz radial frequency. The three different low-RF-amplitude
radial frequencies and ratios are given in the right-side legend. Errors are not visible at this scale, lines are linear fits, and open circles are estimates from fits
for the zero-displacement Vx′ voltages. (d) Zero-displacement trajectories in the (Vx′ ,Vy′) space. Each color corresponds to a different low-RF
amplitude (caption (a–c) box color). Open circles are the fit estimates extracted from (a–c)with the estimation error shown as horizontal lines. Lines are
linear fits. All lines cross at the EMMcompensation point (black). The ellipse shows the 1σ error in the compensation point estimation. The inset zooms into
the crossing point. In this experiment, the bias voltage was fixed at a value of Vg � 0.6V.
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contraction due to a field that shifts the ions radially, the sensitivity
of the dark-ion scheme scales as s ≡ − 1

Er

d(db)
dEr

∝ (ωbdb
r,bend)−4 (see

Supplementary Material - dark-ion sensitivity). Hence, we need to
work close to the zig-zag transition to obtain greater sensitivity as the
radial bending mode approaches zero frequency near the
transition (Equation 3).

Our trap has a large low-to-high radial-frequency ratio
(ωl/ωh ≈ 0.7 in the dark-ion experiment). With this large ratio,
we cannot obtain sensitivity to the high radial mode while working
above the zig-zag transition in the low radial mode. For more
symmetric traps (ωl/ωh > 0.9), it should be possible to
simultaneously compensate EMM in the two radial directions in
a single scan at a specific bias voltage. In contrast, in our trap, the
sensitivity of the single-ion method should decrease in more
symmetric traps due to a smaller change in the low-to-high
radial frequency ratio when changing the RF amplitude. For
that, we expect the dark-ion method to be more beneficial in
such scenarios. Unfortunately, we cannot meet these symmetric
conditions in our experiment.

The dark-ion scheme exploits the phenomena where ions with
different masses experience different effective radial trapping
potentials when placed within the same trap. As such, we can
further enhance the sensitivity of this method by working with
dark and bright ions with a greater mass difference. E.g., moving
from 44Ca+ to 14N+

2 (mass of 28 atomic-mass units) as the dark ion in
this work will increase the sensitivity by a factor of ~18 (see
Supplementary material - dark-ion sensitivity). In addition, large
mass differences reduce the scattering-force systematic effect, which
scales as mb/(md −mb). Note, however, that the crystal will not be
stable in the trap for a mass ratio too large. In case both ions can be
imaged by laser fluorescence, it is sensitivity-wise beneficial to put
the lighter ion in the center of the crystal (see Supplementary
material - dark-ion sensitivity).

Summary

To summarize, we presented two EMM compensation methods
that require only a fixed imaging system and continuous
fluorescence detection, which makes them compatible and
accessible to most ion-trapping experiments as is. Both methods
overcome the difficulty of measuring the EMM in the direction
parallel to the imaging system. The dark-ion method detects axial
deformation of a bright-dark-bright ion crystal due to the bright and
dark ions mass difference, while the single-bright-ion method
exploits the curved ion trajectory resulting from changes in trap
asymmetry. Both methods enable effective EMM compensation,
achieving stray electric field amplitudes well below ~ 1 Vm−1.
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Dashed lines are linear fits for the single-ion data.
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