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Excess “micromotion” of trapped ions due to the residual radio-frequency (rf) trapping field at their
location is often undesirable and is usually carefully minimized. Here, we induce precise amounts of excess
micromotion on individual ions by adjusting the local static electric field they experience. Micromotion
modulates the coupling of an ion to laser fields, ideally tuning it from its maximum value to zero as the ion is
moved away from the trap’s rf null. We use tunable micromotion to vary the Rabi frequency of stimulated
Raman transitions over two orders of magnitude, and to individually control the rates of resonant
fluorescence from three ions under global laser illumination without any changes to the driving light
fields. The technique is amenable to situations where addressing individual ions with focused laser beams is
challenging, such as tightly packed linear ion strings or two-dimensional ion arrays illuminated from the side.
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Trapped ions are used for a wide range of quantum
applications, including precise time keeping [1-4],
quantum simulation [5-8], quantum information processing
[9-14] and tests of fundamental physical theories
[15-20]. In these applications, individually addressed sin-
gle- and two-qubit operations are often realized with tightly
focused laser beams [21-23], sometimes in combination
with transport of ions into and out of trap regions with laser
illumination [24-28]. Performing precise, individually
addressed operations in this manner for ions trapped in
linear arrangements requires a growing overhead in the
number of beams or the number of transport operations as
the number of ions increases. The task becomes even more
demanding if the ions are held in a two-dimensional (2D)
array that is illuminated from the side [24,28,29], because of
the increased potential for spurious illumination of ions at
different positions along the laser beam.

Techniques for individual addressing not mediated by
tightly focused laser beams rely on the use of additional
spatially varying electric or magnetic fields to resolve the
addressed ions in position or frequency [24,30—47]. One
such approach for individual addressing exploits precise
control of the driven periodic motion of the ion at the
frequency of the rf trapping field, known as micromotion
[30,31,41,48]. Micromotion is often viewed as undesirable,
because it can interfere with the ability to control trapped
ions and gives rise to undesired systematic shifts for
trapped ion frequency standards [3,48]. As a result, various
techniques to compensate for stray electric fields and to
move ions closer to a micromotion minimum have been
developed and are routinely used [48-50].
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However, controlled reintroduction of excess micro-
motion can be a resource for individually controlling the
coupling of ions to light fields, especially as the scale of
trapped ion systems grows [30,31,41]. Recently there has
been renewed interest in the controlled introduction of
micromotion to reduce quantum logic gate errors [51] and
to suppress decoherence of bystander ions during mid-
circuit fluorescence readout [52].

In this work, we induce precise amounts of excess
micromotion along the wave vector of an applied laser light
field to selectively change the coupling of the ion to the light.
In the reference frame of the ion, the light appears frequency
modulated, and the light intensity is spectrally redistributed
from the rest-frame carrier frequency to sidebands detuned
by multiples of the trap rf drive frequency (“micromotion
sidebands”) [24,53]. Building on previous work that used
excess micromotion for spectrally resolved addressing or
suppressing localized gate errors, we expand this technique
for individual addressing and readout of a larger number of
ions using unmodulated globally applied control fields.
As a proof of principle, we demonstrate tuning the Rabi
frequency of a stimulated Raman transition over two orders
of magnitude, achieving a suppression of the Rabi rate by a
factor of up to 110.8 = 1.2 (68% confidence). We also
demonstrate individual fluorescence readout of three ions
under global laser illumination by selectively tuning their
interactions with the laser field, which is resonant with a
cycling transition of the ions.

Micromotion is periodic motion of a trapped ion driven
by the rf trapping field. While a certain amount of micro-
motion is unavoidable [24,49], excess micromotion can be

© 2024 American Physical Society
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induced by displacing the ion from the rf null of the trap.
We consider a total potential for the ion @ that is a sum of
an effective rf pseudopotential @, [54,55] and the static
electric potential @4 (including stray fields).

By applying a static electric field E,;, the ion will be
displaced from its original equilibrium position such that
the force from Eg,;; on the ion is balanced by the restoring
force due to the potential gradient

qEin(r.) = —qV@(r,), (1)

where ¢ is the charge of the ion and r, is the new
equilibrium position. The ion undergoes driven oscillations
at the 1f trapping frequency Q/2z of amplitude or(¢)
around r,, described in the approximation of uniform rf
electric field over the spatial extent of the ion oscillations
by

oe(r) = TETe) g, (2)
me
This is equivalent to the forced motion of a free particle of
charge ¢ and mass m due to the 1f electric field E; at r,.
The direction of the micromotion &r(#) depends on the trap
design and is not in general parallel to E gy -
A propagating electric field E, from a laser beam with
wave vector k, frequency w,, and phase ¢, appears
modulated in the frame of the shifted, oscillating ion as

E(r(1).0)»Eo(r,)expli(k-{r.+or(t)} —wst+ ;)]
=Eq(r,)e/r 40 _Z o (B)expli(nQ — ;).
(3)

where we have used the Jacobi-Anger identity with J, as
the nth Bessel function of the first kind and the modulation
index

P = e K Ealr) 4)

A suitable static field Eg,;; induces micromotion with a
component along k and scales the component of the
electric field at the carrier frequency (n = 0) by Jo(f),
thereby tuning the strength of the interaction between an
ion and incident resonant light without changing the light
field itself [30,31]. For the case when f; is the jth Bessel
zero, Jo(f;) = 0 (e.g., f; ~ 2.4048), the component of the
field at the carrier frequency is completely suppressed and
all of the power of the light field is shifted to the first and
higher-order sidebands (|n| > 1). Similar considerations
hold for stimulated Raman transitions driven by two light
fields with frequencies w;, w, and wave vectors k;, k,
after replacing k - k, — k; = Aky, and w, —» @, — ;.

For Raman transitions between closely spaced states with
|, — w| < {w,, w}, itis advantageous to use a “motion-
sensitive” configuration with noncopropagating light fields
to increase AKg,.

Experiments are performed in a surface electrode trap
designed at NIST and fabricated by Sandia National
Laboratories (see Fig. 1). A single electrode driven at
Q/2n~121.1 MHz produces zeros of E, in three
locations (sites) arranged in an equilateral triangle with
30 pm side length at a distance of 40 pm from the electrode
plane. A single Be™ ion trapped in one of these sites has
three orthogonal modes of motion [see Fig. 1(c) for

-

FIG. 1. Trap configuration and principle of micromotion
addressing. (a) Top-view false-color scanning electron micro-
graph of the trap. The rf electrode (blue) surrounds an array of 30
control electrodes (gray) to which static potentials can be applied.
An integrated microwave antenna (red) for driving hyperfine
transitions is at left. (b) Detail of the purple square region in (a),
with red dots denoting the positions of the three trapping sites.
(c) Perspective view of the region in (b), with arrows indicating
the directions of the radial (purple), vertical (green), and
tangential (yellow) motional modes (€,, €,, and €,, respectively)
for each site. The radial and vertical modes are tilted ~19.5° from
the electrode plane and the direction normal to the plane,
respectively, while the tangential modes are tangent to the circle
connecting all three sites. The mode directions have 120° rota-
tional symmetry about the normal to the electrode plane at the
center of the triangle. The wave vector k,, of the readout laser
beam and the difference wave vector Akg, of the Raman laser
beams are shown as black arrows. (d) Schematic drawing of an
ion undergoing micromotion when displaced from the rf null by
an applied field Eg;;. Excess micromotion induced by E g
modulates the coupling between the ion and an incident laser
light field proportional to the overlap of the wave vector k and the
micromotion vector Or.
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mode directions]. With an amplitude U; ~ 44 V applied to
the rf electrode, the motional mode frequencies are
{w,, 0y, w} /27~ {3.9,7.0,10.9} MHz, for the radial, ver-
tical, and tangential modes, respectively. The corresponding
motional heating rates were ~{30,15,2} quanta/s
respectively for all sites when operating at 5.5 K.

A static 0.5 mT field lifts the energy degeneracy of
hyperfine states in the 25, /2 electronic ground state mani-
fold and defines a quantization axis. We optically pump to
the state |F =2,mp = =2) =||) to prepare the internal
state of the ions, and then couple to the other qubit
state |1,—1) =|1) using microwave or stimulated
Raman transitions [24]. The splitting between these states
is ~1.26 GHz. Other hyperfine transitions within the 25, )
manifold can be driven with lasers or with microwave tones
applied to the trap-integrated microwave antenna [see
Fig. 1(a)]. A laser beam at 313 nm is used for Doppler
cooling and state-dependent fluorescence readout [24] on
the closed || ) <> 2P; 5|3, —3) cycling transition. The beam
is directed parallel to the electrode plane along the
quantization axis [k, shown in Fig. 1(c)], and has an
elliptical cross section with a 10: 1 aspect ratio such that it
illuminates the three ions nearly equally. Ion fluorescence is
collected with an objective lens and imaged onto a camera
or photomultiplier tube (PMT). Two counterpropagating
beams (difference wave vector Akg,) perpendicular to the
cooling and detection beam are focused such that they
illuminate only a single site. These beams are detuned
~80 GHz blue from the 25, /2 <> ’p, /2 transition and are
used to drive stimulated Raman transitions.

Electric fields and potential curvatures (components of
the tensor V2®) in all three sites can be altered independ-
ently by applying suitable linear combinations of potentials
to the 30 control electrodes. In this way it is possible to
produce electric fields of arbitrary spatial orientation, as
well as arbitrary curvatures, in a certain site without altering
fields or curvatures in the other two sites. These “shim”
fields from the control electrodes can be used to compen-
sate for stray fields so that the ion equilibrium position in
each site is at the rf null. Likewise, stray curvatures can be
compensated or motional mode frequencies and directions
can be tuned in individual sites by other suitable applied
potentials.

After compensation, excess micromotion can be induced
by generating an additional field Eg;; with the same
electrodes to move an ion to a new equilibrium point
given by Eq. (1). If the excess micromotion produced in this
way has a component along the wave vector of a light field,
the light will be modulated in the ion frame according to
Eq. (3). We use a gapless Biot-Savart type model [56] of the
trap, combined with the experimentally measured secular
frequencies at the rf nulls, to calculate @, @, Egpig, and
E,; given the applied voltages. From Egs. (1)-(4) we can
then calculate r, and S versus Eg;;. For example, we
calculate that the ion in the lower right site in Fig. 1(b) can

be pushed ~2.37 pm along the radial mode direction by a
field of magnitude |Eg,;r| ~ 208 V/m. In the new equilib-
rium position r,, |E(r,)| %6980 V/m and the micro-
motion makes an angle of approximately 22.5° with the
wave vector of the detection beam, yielding f ~ f#; with a
micromotion amplitude of =130 nm. We checked for
micromotion-related heating by measuring the radial mode
heating rates in one site, which were statistically indis-
tinguishable for |Eg,x| = 0 and 213 V/m.

The limit of suppression is set by off-resonant scattering
on the micromotion sidebands, as described in Eq. (1) in
Ref. [52]. For a narrow Raman transition where the Rabi
rate for an unshifted ion Qpo <« Q, all micromotion
sidebands are far off-resonant, and the carrier coupling can
be tuned almost to zero by induced micromotion. To show
this experimentally we perform Doppler and pulsed side-
band cooling of all three modes of an ion in the leftmost site
in Fig. 1(b) to near its ground state. We change E;;, by a
certain amount and drive the Raman carrier transition
|}) <> |1) for a variable duration. We then return Eg;
to zero and detect the population in || ). We fit the resulting
Rabi oscillations to find the Rabi frequency Qp as a
function of Ey;s.

Figure 2 plots the ratio Qi /Qgo as a function of the
applied shift field, where Qg /27 = 385.6 £ 1.9 kHz is the
Rabi rate at the rf null. The ratio reaches a sharp minimum
of Qr/Qro = 0.0090(1), or, equivalently, a carrier Rabi
rate suppression factor of 110.8 £ 1.2, at calculated values
of |Egin/ =120 V/m and r, = 1.18 pm. The angle
between Akyg, and the rf electric field with calculated
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FIG. 2. Dependence of the Raman carrier Rabi frequency on the
applied shift field Eg;. The ratio Qg / Qg is shown as a function
of the electric field applied along the radial direction. The
experimentally determined ratios (red disks) agree with a theo-
retical model (blue line) described in the text. The minimum
measured value of this ratio (dotted line) corresponds to a
suppression of Qg by over two orders of magnitude. The inset
shows a magnified view centered around the theoretical minimum
of the ratio. Error bars at 68% confidence for each point are
smaller than the plotted markers.
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FIG. 3. Resonant fluorescence suppression from induced mi-
cromotion. The normalized fluorescence rate (relative to that at
zero shifting field) of an ion prepared into the bright state (red
disks) is shown versus the shifting field applied, and compared to
the theoretical model described in the text (blue line). The inset
shows a magnified view centered around the shift field needed to
reach f;, highlighting the minimum fluorescence measured
(dotted line). Error bars at 68% confidence for each point are
smaller than the plotted markers.

modulus |E(r,)| = 3350 V/m is 15.3° As a larger shift
field is applied, the component of the addressing field at the
carrier frequency, and thus the coupling between the ion
and Raman beams, increases again as anticipated.

We compare these results with theoretical predictions
based on the calculated micromotion amplitude and direc-
tion at the shifted ion position. The resulting curve, with no
free parameters, is shown in blue in Fig. 2 and agrees well
with the measured data. We attribute the discrepancy
between theory and experiment at the highest Rabi rate

suppression to small fluctuations in the rf and static
voltages applied to the trap electrodes.

Resonant scattering, such as on a cycling transition in
fluorescence readout, can also be suppressed by inducing
micromotion [31,52]. The relatively broader linewidth of
this transition compared to € limits the ratio of the
minimum scattering rate to the maximum scattering rate
to 4.3 x 1073 [52]. To demonstrate fluorescence suppres-
sion experimentally, we Doppler cool the ion and optically
pump itinto || ). We then apply E,;; and illuminate the ion
with resonant light on the cycling transition. With no
shifting field applied we detect an average of 10.7 counts
on the PMT within 500 ps. The ratio of count rate when
applying E ;i to the field-free count rate is shown in Fig. 3.
The normalized fluorescence rate ratio as a function of shift
field is in close agreement with the theoretical model based
on the carrier scattering rate (proportional to J(8)* [48])
with effects due to saturation of the cycling transition
included. Besides the limit imposed by off-resonant scat-
tering on the micromotion sidebands, the observed minimal
ratio is affected by the detector dark counts, stray detection
light, and the degree of saturation of the transition with no
shift applied. Still, the minimal scattering rate of the ion is
nearly indistinguishable from that of an ion that does not
participate in a cycling transition, or from the case of no ion
in the trap.

Individual readout of multiple ions is possible without
individual optical addressing if shifting fields can be
selectively applied to any subset of ions. We experimentally
demonstrate this by trapping one ion in each of the three
sites, preparing all ions in || ), and illuminating them nearly
uniformly with the elliptical beam that resonantly drives the
cycling transition.

After minimizing excess micromotion, all three ions are
nearly uniformly bright in an electron-multiplying charge-

E

FIG. 4. Camera images of selectively shifted ions. In all images all ions are prepared in a bright state ||) and uniformly illuminated.
(a) Three ions illuminated in the triangular array. In this case, no shifting field is applied. (b) A suitable shift (colored arrow) renders a
single ion nearly invisible. (c) Any of the ions can be read out individually by shifting the other two. Nearly identical results were
observed for all permutations of shifting individual and pairs of ions. Shift directions and relative strengths are indicated by the

corresponding vectors.
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coupled device (EMCCD) camera image with a 15 s
exposure, shown in Fig. 4(a). By displacing one of the
ions to where it minimally scatters, it can be verified that
the combinations of potentials used in each case have
negligible effect on the scattering rate of the ions in the two
other sites [Fig. 4(b)]. Individual readout requires displac-
ing two ions at the same time, as shown in Fig. 4(c). We
independently verified that the count histograms with two
displaced and one bright ion are consistent with the
histogram of a single bright ion trapped in any of the
three sites. When all three ions are displaced simultane-
ously, an independently measured histogram is nearly
indistinguishable from one taken with all three ions
prepared in the dark |1) state and “shelved” to the |1, 1)
state with microwave pulses. These results certify that this
technique is suitable for individual readout of three ions in
this trap with no substantial loss in fidelity.

In summary, we have demonstrated the use of well-
controlled shift fields to induce excess micromotion, thus
selectively tuning the coupling of ions to incident light
fields without modulating the driving fields themselves. We
tune a Rabi frequency over two orders of magnitude,
currently limited by small fluctuations of the static and
rf potentials of the trap. We have also demonstrated readout
of a single ion in an array by selectively suppressing the
scattering of resonant readout light by neighboring ions.
The degree of control demonstrated in this work compares
favorably with other recent results in multisite traps
[47,52,57]. While the particulars of the implementation
will vary, this technique can be implemented with any trap
capable of compensating for micromotion by applying
electric potentials to electrodes [31]. Independent, locally
tunable coupling to global laser beams can also be used to
drive quantum gates simultaneously in multiple array sites,
reducing time overhead. Micromotion addressing can also
be used in conjunction with other techniques to achieve
finer control over coupling to specific ions, such as
integrated optical waveguides [57-60].
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