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The integration of photonic components into surface ion traps provides a scalable approach for trapped-
ion quantum computing, sensing, and metrology, enabling compact systems with enhanced stability and
precision. However, the introduction of optical apertures in the trap electrodes can distort the trapping
electric field. This can lead to excess micromotion and ion displacement, which degrade the performance
of quantum logic operations and optical clocks. In this work, we systematically investigate the electric
field distortion in a surface ion trap with integrated waveguides and grating couplers that require apertures
in the surface electrode using finite element method simulations. We analyze methods to reduce these
distortions by exploiting symmetries and transparent conductive oxide materials.
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I. INTRODUCTION

Ion traps are a key technology for trapped-ion-based
quantum computers, quantum simulators, quantum sen-
sors, and quantum metrology [1—4]. Currently, the number
of ions for these applications is limited by the trap technol-
ogy and the laser optics that is needed for laser cooling,
state control, and spectroscopy [5,6]. Integrating optics
monolithically into ion traps is a viable way to make ion
traps scalable to store larger numbers of qubits, reduce
the size of the experimental setup, and at the same time
enhance the pointing stability [7—16]. The stability and
compactness make them particularly suitable for portable
quantum sensors.

Recent advances in the fabrication of nanophotonics,
especially for the blue and UV wavelength range [17,18],
pave the way for the integration of all wavelengths needed
to control many ion species. Optically integrated ion traps
with waveguides and grating outcouplers [19] to deliver
light to the ions have been demonstrated for single-ion
addressing [11], excitation of optical clock transitions [11,
14-16], and multi-ion quantum logic operations [12,13].
For some demonstrators, increased heating rates have been
measured [12—14].
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Previous simulation-based studies have shown how inte-
grated micro-optics and miniature optical cavities can per-
turb trapping fields in ion traps [20-22]. Motivated by
these works, we systematically investigate, using finite ele-
ment method (FEM) simulations, how the integration of
nanophotonics with grating couplers distorts the trapping
electric field of a surface ion trap. If the amplitude of the
trapping rf field cannot be zeroed at the position of the
ion due to this distortion, the residual rf field amplitude
leads to excess micromotion (EMM). In an anharmonic
trapping potential, EMM causes heating of the ion’s sec-
ular motion [23,24]. In a harmonic trapping potential, the
gradient of a residual rf field may result in increased heat-
ing rates [25,26] and heating during shuttling operations
[13]. EMM also contributes to frequency shifts, such as
time-dilation and AC Stark shifts, which often limit the
accuracy of trapped-ion-based optical clocks [27]. Finally,
the distortion can lead to ion displacement from the tar-
get position, causing the outcoupled beam to be misaligned
with the ion.

In Sec. II, we introduce the electrode geometry of the
surface ion trap with apertures for grating couplers and
the simulation setup for analyzing the rf field distortion.
Section III examines the design constraints imposed by
the grating couplers. In Sec. IV, the simulation results
of the rf field distortion caused by the aperture are pre-
sented. Approaches to mitigate the distortion through the
application of symmetry principles and the use of trans-
parent conductive oxide materials are then examined. In
Secs. IVD 2 and IV D 3, the effect of a possible phase shift
of the rf field is also discussed. Section V concludes by
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summarizing the effects of the aperture, offering design
suggestions, and outlining future perspectives to mitigate
distortion.

II. ELECTRODE GEOMETRY AND SIMULATION
SETUP

For the discussions in this paper, we use a design of a
surface ion trap from Ref. [28]. We modified the width of
the center dc electrodes and rf electrodes to confine Yb™
ions at a height of 100 pm above the surface on the trap
axis, which is defined as the central axis of the trap in the
z direction at the target ion height. Figure 1 shows a top
view of the electrode geometry.

The height of 100 wm is selected to balance the trade-
off between mitigating surface-induced heating [29,30] and
maintaining sufficient trapping depth for stable ion con-
finement. The trapping field is generated by the application
of an rf (radio-frequency) potential and dc (direct-current)
potentials to the corresponding electrodes. Given an rf
amplitude of U,y = 100 V and an rf frequency of Q¢/27 =
16 MHz, we obtain a secular frequency of v, = 1.9 MHz
and a trapping depth of 103.01 meV for a '"2Yb™ ion.
The relevant dimensions of the electrodes are detailed in
Table 1.

To integrate optical components into the surface trap,
we adapted the layer stack-up from Ref. [12] in the design
as depicted in Fig. 2. A waveguide layer with grating
outcouplers is implemented beneath the electrodes. Light
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FIG. 1. Top view of the surface trap studied in the simulations.
Label 1 identifies the outer dc electrodes, label 2 the rf electrodes,
label 3 the center dc electrodes, and label 4 the ground electrodes.
Only the region within the blue rectangle is considered in the
simulation. The origin of the coordinate system (referred to as
the trap center in the following discussion) is positioned at the
center of the simulation region in the y-z plane, while in the x
direction it is located on the surface of the gold electrode. Unless
otherwise stated, all simulations shown in this paper use the same
coordinate system as shown here. The trapping field is generated
by applying an rf potential U,s to the rf electrodes (2) and dc
potentials Uy, to the dc electrodes (1, 3). The symbol A indicates
a cutting plane for a cross-sectional view shown in Fig. 2(a).

TABLE I. Dimensions of the surface trap geometry and simu-
lation setup.

Symbol Value Description

I S mm Length of the simulation region

Wy 2.4 mm Width of the simulation region

I3 1 mm Length of the outer dc electrode
W 200 pm Width of the outer dc electrode

Wit 150 pm Width of the rf electrode

Wi 44.3 um Width of the center dc electrode

Wg 5 pm Width of the gap between electrodes
te 6 wm Thickness of the gold electrode layer
tq 10 pm Thickness of the dielectric (SiO,) layer
top 3 um Thickness of the ground plane

t. 7 pm Thickness of the SiO; cladding

ty 525 pm Thickness of the wafer

is coupled into this layer, guided, and subsequently cou-
pled out vertically by grating outcouplers through aper-
tures in the gold electrodes. All apertures shown in the
schematic figures throughout this paper are drawn for illus-
trative purposes only and are not to scale, as both their
size and position are treated as variable parameters in the
simulations.

The discontinuity arising from the aperture can intro-
duce a distortion of the trapping field. We investigate the
distortion of the trapping rf field using FEM simulations
with the commercial software COMSOL Multiphysics 5.6.
All simulations utilize square-shaped apertures. The target
ion position for a single ion is 100 wm directly above the
trap center. The ion’s position in the radial direction (in the
x-y plane), which is perpendicular to the trap axis, is deter-
mined by the minimum of the radial rf field £y, in this

plane, where Ey¢, = |/ Ex. 7,(2 + Erf,y2. This position is influ-
enced by the electrode geometry and is independent of the
magnitude of the rf field. Because of the finite length of the
trap, a residual rf field exists along the trap axis. This resid-
ual field scales with the magnitude of the applied rf field.
Accordingly, in the following discussion, we consider dis-
tortions in the radial and axial directions separately. In the
radial direction, we analyze the displacement of the E\,
minimum from the target ion position, while in the axial
direction we examine the residual rf field along the trap
axis. To simplify the simulation of the trapping field, it is
initially sufficient to consider the rf field at a fixed phase,
which reduces the problem to an electrostatic analysis [31].
For the simulations presented in the following sections, we
set Uy = 100 V and keep all Uy, = 0 V unless otherwise
stated. The ground plane is modeled as an equipotential
surface held at 0 V. The silicon substrate is treated as
a dielectric material, consistent with a high-resistivity Si
substrate and the absence of a backside ground plane in
the modeled geometry. The relative permittivities used in
the simulations are &, = 3.9 for SiO, and ¢, = 11.7 for Si.
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FIG. 2. (a) A cross-sectional view (A-A) of the surface trap
reveals the layer stack-up of the photonic integrated ion trap chip.
The cross-sectional view is schematic and not drawn to scale,
and the layer thicknesses are given in Table I. A ground plane
positioned 3 pm beneath the trap electrodes shields the silicon
substrate from the rf trapping fields. The aperture in the ground
plane has the same width as that in the electrode. The waveguide
layer is embedded within the SiO, cladding layer on a silicon
wafer. All the layers are taken into account in the simulations
shown in this paper except the waveguide layer, as its contribu-
tion to the field distribution at the ion’s position is negligible. The
angle of the outcoupled laser beam relative to the surface normal
(x axis) is denoted by 6. (b) Top view of a square-shaped aperture
with a size of w, x w, in the gold electrode. Here p. indicates
the position of the center of the aperture, while p, indicates the
position in the y direction.

III. DESIGN CONSTRAINTS IMPOSED BY
GRATING COUPLERS

The grating couplers constrain the position and geome-
try of the apertures in the trap electrodes. The light from
the waveguide is coupled out at an angle 6 by a grating
coupler when the Bragg condition,

. mA
Neff — SINO = e (1)

is satisfied, where m is the diffraction order, A is the
wavelength, A is the period of the grating, and ng is
the effective refractive index of the grating. The effective
refractive index can be approximated as a weighted aver-
age of the refractive indices associated with the guided
mode in the waveguide, nwg, and the cladding region,
N¢lad,> according to

Mo = fitgg + (1 = ). (2)
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FIG. 3. (a) A grating coupler with period A couples light out
from a waveguide at an angle 6 onto an ion in free space. Here,
a forward grating coupler with positive outcoupling angle 6 is
shown. (b) The grating period A and (c) the angle-to-period
sensitivity A@/AA for the first- and second-order beams as func-
tions of #. The first-order beams are represented by solid lines,
while the second-order beams are shown with dashed lines. Data
are shown for a Si3N4 grating with a wavelength of 760 nm and
a thickness of 200 nm, and an Al,O; grating with a wavelength
of 370 nm and a thickness of 120 nm.

Here, the duty cycle f represents the fraction of the waveg-
uide region within one grating period and is defined as
f =1,/A, where [, is the length of the waveguide region
and A is the grating period.

Figure 3(a) illustrates the structure of a grating coupler.
A backward grating coupler emits in the direction oppo-
site to the propagation of the guided light, resulting in a
negative diffraction angle 6, while a forward grating cou-
pler diffracts the guided light with a positive diffraction
angle 6. As illustrated in Figs. 3(b) and 3(c), the grating
period decreases as 6 transitions from positive to nega-
tive values, while the absolute angle-to-period sensitiv-
ity A6/AA increases. Additionally, shorter wavelengths
require smaller grating periods and exhibit higher angle-
to-period sensitivity. Another consideration for trap design
is that backward grating couplers emit only first-order
diffraction, while forward grating couplers can generate
both first- and higher-order diffracted beams.

For example, for a forward Si3N4 grating coupler with
a thickness of 200 nm at a wavelength of 760 nm, a
first-order diffraction angle of 6 = 20° corresponds to a
grating period of approximately 600 nm. At this period, the
second-order diffraction condition is also satisfied, produc-
ing an additional beam at a backward angle of about —67°.
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As the first-order diffraction angle 6 increases, which cor-
responds to a further increase of the grating period, the
emission angle of this second-order beam shifts contin-
uously toward zero and can eventually become forward-
directed. These higher-order beams can cause unwanted
stray light in the ion trap. As a result, these considerations
ultimately constrain the placement of apertures through
the minimum grating feature size, the tolerance on the
outcoupling angle, and the potential impact of stray light.

IV. RESULTS

Field distortions arising from apertures in the electrode
in the context of surface-electrode ion traps with inte-
grated grating couplers have been discussed previously in
Ref. [32]. Here, we systematically investigate the depen-
dence of these distortions on aperture type, position, and
geometry, as well as strategies for their mitigation. In this
section, we first discuss the rf field distortion resulting
from a single aperture in different types of trap electrodes.
Next, we examine how the position and geometry of an
aperture, specifically in an rf electrode, affect this distor-
tion. Following this, we investigate methods to reduce the
distortion by utilizing symmetry and applying transparent
conductive oxide materials. Throughout the discussion, the
configuration without any aperture in the trap electrodes is
treated as the reference configuration, providing a baseline
to evaluate the effects of apertures on the rf field distortion.

A. Effect of a single aperture in the rf electrode, the
center dc electrode, or the outer dc electrode

We begin by investigating the electric field distortion
caused by a square-shaped aperture with width w, =
30 wm positioned in either the rf electrode, center dc
electrode, or outer dc electrode (Fig. 4). These positions
correspond to outcoupling angles 6 ranging from 14° to
69°, encompassing the range of angles demonstrated in
previously reported ion traps with integrated waveguides
and grating couplers [11-16].

(a) (b) ©

n n 1

‘ 100 pm ‘

FIG. 4. Layout of an aperture with a size of w, = 30 pm posi-
tioned in (a) the middle of the rf electrode with p, = 0 and p, =
126.8 pm, (b) the middle of the center dc electrode with p, = 0
and p, = 24.7 um, and (c) the outer dc electrode with p. = 0 and
py = 257 pm. These positions correspond to outcoupling angles
0 of 52°, 14°, and 69°.

1. Shift of the rf field minimum in the radial direction

The unperturbed radial rf electric field Ei, (Erf,, =

VEia® + El-f"y2> in the x-y plane for the reference config-

uration is illustrated in Fig. 5(a). When an aperture with
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FIG. 5. (a) Radial rf field E\s, in the x-y plane. The values in

the contour plot represent the amplitude of E¢, in V/m, the red
dot indicates the field minimum. (b) Radial 1f field E¢, in V/m in
the x-y plane with an aperture in the rf electrode; see Fig. 4(a). (c)
Displacement of the £y, minimum for apertures located in the rf
electrode, the center dc electrode, and the outer dc electrode, as
shown in Figs. 4(a), 4(b), and 4(c). Subplots (d) and (e) show the
displacement of the E\¢, minimum in the x and y directions while
moving an aperture in the y direction from the center dc elec-
trode to the rf electrode, keeping w, = 30 pum and p, = 0 pm.
Subplot (f) shows the corresponding secular frequency v eval-
uated at the Eyg, minimum for a !> Yb™ ion. The black dashed
line denotes the reference configuration without an aperture.
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a size of w, = 30 wm is present in the rf electrode [see
Fig. 4(a)], the radial electric field E\s, is shifted in the x-y
plane, as illustrated in Fig. 5(b). The radial field £, min-
imum is displaced by 320 nm from the target ion position
in y direction and 30 nm in the x direction.

Figure 5(c) provides a summary of the £, minimum
displacements in both the x and y directions for an aperture
in the rf electrode, the center dc electrode, and the outer dc
electrode. When the aperture is in the outer dc electrode,
the Ey¢, minimum experiences a less significant displace-
ment compared to that in the rf or the center dc electrode.
When an aperture is located in the rf electrode, the Ei,
minimum mainly shifts in the positive y direction. In con-
trast, when the aperture is placed in the center dc electrode,
the displacement reverses its direction, and the shift in the
x direction becomes more prominent.

We resolve the transition of the displacement as the
aperture is moved from the rf electrode to the center dc
electrode, as depicted in Figs. 5(d)-5(e). The displace-
ment reaches its absolute maximum when the aperture is
located such that one side of the aperture coincides with
the edge of the electrode. A zero displacement occurs when
the aperture is positioned in the gap between electrodes
due to a sign change in the displacement. As the aperture
moves closer to the trap center, the displacement mag-
nitude decreases. When the aperture is directly beneath
the target ion position, the displacement magnitude in the
x direction reaches a minimum of 200 nm, while in the
y direction it vanishes due to the trap’s symmetry with
respect to the z axis.

In addition to the displacement of the rf field minimum,
the presence of the aperture also modifies the curvature of
the effective rf pseudopotential. We evaluate the radial sec-
ular frequency at the position of the £, minimum; see
Fig. 5(f). The secular frequency increases when the aper-
ture is located in the center dc electrode and decreases
when it is located in the rf electrode. The magnitude of
the frequency change follows the same trend as the dis-
placement of the rf field minimum, reaching a maximum
relative change of approximately 5% when the displace-
ment is largest, i.e., when one side of the aperture coincides
with the edge of the electrode.

2. Residual rf field on the trap axis

In the axial direction we evaluate the rf field along the
trap axis, as shown in Fig. 6. For the reference configu-
ration without apertures, the residual rf field arising from
the finite length of the trap is weak and varies smoothly
along the trap axis (black dashed line). Because of the
symmetry of the ion trap with respect to the z axis, the y
component vanishes along the entire trap axis. The x com-
ponent exhibits a weak parabolic dependence, while the
z component varies linearly and remains zero at the trap
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FIG. 6. Subplots (a)(c) show the x, y, and z components of

the rf field along the trap axis for different electrode configura-
tions: the black dashed line represents the reference configura-
tion, the red line represents a single aperture in the rf electrode
as shown in Fig. 4(a), the orange line represents the aperture
in the center dc electrode as shown in Fig. 4(b), and the green
line represents the aperture in the outer dc electrode as shown in
Fig. 4(c). The black and green lines overlap, which demonstrates
the small impact of an aperture in the outer dc electrode.

center (z = 0), with gradients of the order of several tens
of mV/mm?.

When an aperture is introduced in the rf electrode (see
the red curve in Fig. 6), the residual rf field along the trap
axis is strongly enhanced, with the dominant contributions
appearing in the y and z components. The y component
shows a pronounced peak at the trap center. In this case, the
y component reaches a peak amplitude of 994 V/m at z =
0, with a gradient of 5.5 V/mm? at the FWHM, while the
z component has a gradient of approximately 4.3 V/mm?
atz = 0.

In contrast, when the aperture is located in the center
dc electrode, the residual rf field is redistributed, and the
dominant distortions occur in the x and z components. The
x component shows a pronounced peak at the trap cen-
ter, while the z component again displays an antisymmetric
dispersive line shape. The resulting peak field amplitudes
and axial gradients are of similar order to those observed
for the y and z components when the aperture is placed in
the rf electrode.

The differences in the radial components Err, and Eif,
at the target ion position (z = 0) explain the behavior of
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the displacement of Ey, shown in Fig. 5(c). At the tar-
get ion position, for an aperture in the rf electrode, Err,,
dominates over £, while for an aperture in the center dc
electrode, E\r, becomes dominant. Additionally, both E,
and E;¢;, change sign depending on the aperture’s location.
This explains why the E,¢, minimum shifts in the positive
direction, with the displacement more prominent in the y
direction, when the aperture is in the rf electrode. For the
case in which the aperture is in the center dc electrode,
the displacement reverses direction, with the shift in the x
direction becoming more pronounced.

To summarise the comparison of the three electrode
types, placing the aperture in the outer dc electrode min-
imizes its effect on the trapping rf field due to the greater
distance from the ion. However, this placement requires a
large angle (approximately 70°) of the outcoupled beam.
According to the Bragg condition for backward grating
couplers, larger outcoupling angles correspond to higher
angle-to-period sensitivity, making them more sensitive
to fabrication tolerances. For example, a 200-nm-thick
Si3N4 backward grating coupler at a wavelength of 760
nm exhibits an angle-to-period sensitivity of 1.4°/nm at
0 = —70°; see Fig. 3(b). Given a typical fabrication toler-
ance of 5 nm [33,34], this results in an angular deviation of
7°. Combined with the increased distance from the target
ion position, this deviation leads to significant beam mis-
alignment of the laser beam with the ion. Using forward
grating couplers alleviates this issue by having smaller
angle-to-period sensitivity at the same angle, making them
less sensitive to fabrication tolerances. However, forward
grating couplers operated at large angles generate higher-
order beams, as shown in Fig. 3. These unintended beams
contribute to stray light and optical crosstalk, introducing
errors that degrade the performance of atomic clocks and
quantum logic operations. Although the apertures in the
center dc and rf electrodes displace the ion in opposing
directions due to the sign change and the varying domi-
nance of distorted rf field components, their effects on the
trapping field are comparable. Therefore, in the subsequent
sections, we focus on the aperture in the rf electrode.

While excess micromotion arising from a displace-
ment of the rf field minimum can be compensated using
static electric fields, the associated changes in the secular
frequencies cannot be eliminated without perturbing the
trapping potential. As shown in Fig. 5, the displacement
of the Ey, minimum is nevertheless strongly correlated
with the underlying distortion of the rf pseudopotential
and with the corresponding changes in the secular fre-
quencies. We therefore use the displacement of the Ei,
minimum and the residual rf field along the trap axis
as the primary indicators of aperture-induced distortion.
An additional motivation for this choice stems from the
integrated-optics approach, in which the optical beams are
aligned to the geometric trap center. In such configurations,
positioning the ion exactly at the rf-field minimum may not

always be practical without degrading the optical overlap.
The dependence of the secular frequencies on the aperture
width, where significant variations can occur, is discussed
explicitly in the corresponding section.

B. Effect of aperture position and geometry
1. Effect of aperture position

In this section, we examine how the field distortion
scales with the position of the aperture in the rf electrode.
We first vary the position of an aperture in the z direc-
tion, p., in the rf electrode while keeping w, = 30 pm and
py = 126.8 um (centered in the rf electrode), as shown in
Fig. 7. Figures 7(b) and 7(c) present the impact on the dis-
placement of the ¢, minimum in the x— plane by varying
p- from 0 to 600 pm.

The displacement of the Eir, minimum in the x direc-

()

0 150 300 450 600
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0 150 300 450 600
Pz (Um)

®
E
2
N
iy
T T T _400 T | T
=500 0 500 =500 0 500
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—— OMm —— 300 pm —— 600 um
150 um —— 450 ym === reference

FIG. 7. (a) Varying p, of an aperture in the rf electrode, with
w, =30 wm and p, = 126.8 um (centered in the rf electrode).
Subplots (b) and (c) illustrate the displacement of the E, min-
imum in x—y plane along the x and y directions as a function of
p-. Subplots (d)~(f) show the x, y, and z components of the rf
field along the trap axis for p, varying from 0 to 600 pm and the
reference case (black dashed line).
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FIG. 8. (a) Varying p, of an aperture in the rf electrode in the y
direction, with w, = 30 wm and p, = 0 pwm. Subplots (b) and (c)
illustrate the displacement of the E\r, minimum in the x-y plane
along the x and y directions as a function of p,.. Subplots (d)(f)
show the x, y, and z components of the rf field along the trap axis
for p, varying from 100 to 180 pm.

tion (A,,) shifts from positive to negative as p. increases
from 0 to 150 wm, with the displacement vanishing at
p- =75 wm. As the aperture is placed farther from the
trap center, the displacement approaches zero. In contrast,
the displacement in the y direction (A,) follows a mono-
tonic trend, decreasing steadily and approaching zero as p,
increases. The analysis along the trap axis [Figs. 7(d)—7(f)]
demonstrates that the rf field maintains its characteristic
peak shapes, similar to those shown by the red line in
Fig. 6, while undergoing a spatial shift that corresponds to
the aperture position. When the aperture is moved farther
away from the trap center, the amplitudes and gradients of
the rf field at the target ion position converge to the case
without any aperture (black dashed line), since the influ-
ence of the aperture on the rf field at the target ion position
decreases.

We then vary the position of an aperture in the y direc-
tion (py) in the rf electrode while keeping w, = 30 um
and p, =0 pwm (on the y axis), as shown in Fig. 8.
Figures 8(b) and 8(c) illustrate the effect on the displace-
ment of the Err, minimum in the x-y plane as p,, is varied
from 100 to 180 wm. The displacement of the E.¢, min-
imum in the x direction (A,,) crosses from positive to
negative as p, increases, with the displacement vanishing
at p, = 140 wm, while the displacement in the y direction
(A),) follows a monotonic downward trend, approaching
zero as p, increases. Along the trap axis, as shown in
Figs. 8(d)-8(f), the peaks in the x and y components of
the residual field remain centered at z = 0 and increase in
magnitude as p, decreases. The z component maintains its
dispersive line shape, with the gradient at z = 0 increasing
significantly as p, decreases.

To summarize the effect of the aperture position, simula-
tions indicate that placing the aperture farther from the trap
center reduces rf field distortion at the target ion position,
as expected. However, this geometric relationship creates
a trade-off: greater distances require larger outcoupling
angles, which in turn demand wider apertures.

2. Effect of aperture size

The required aperture size for the outcoupled beam
depends on the ion height, the angle of the outcoupled
beam, the required beam waist at the target ion posi-
tion, and the fabrication tolerances. The ion traps with
integrated waveguides and grating couplers shown so far
in Refs. [11-16] have aperture sizes ranging from 10 to
35 wm, with ion heights varying from 20 to 55 pwm. In our
study, due to our greater ion height of 100 pm, we exam-
ine rf field distortion by varying aperture width across a
broader range, from 10 to 100 pwm, while maintaining a
fixed position in the rf electrode, as shown in Fig. 9.

Increasing the aperture size from 10 to 100 wm causes
a displacement of the E\r, minimum in the x-y plane by
up to 1.6 pm in the x direction and up to 12 wm in the y
direction. Along the trap axis, the peaks of the x and y com-
ponents of the residual field remain centered at z = 0 and
become significantly larger as w, increases. The x com-
ponent reaches an amplitude of approximately 6 kV/m at
z = 0 with a strong gradient of 64.2 V/mm? at the FWHM,
while the y component reaches about 30 kV/m at z =0
with a gradient of 163.3 V/mm? at the FWHM. The z com-
ponent maintains its characteristic dispersive line shape,
with the gradient at z = 0 increasing significantly as w,
increases, reaching 139 V/mm? for w, = 100 pm.

We further investigate the change in the secular fre-
quency as a function of the aperture width. As shown
in Fig. 10, increasing w, leads to a monotonic reduction
of the radial secular frequency. For small apertures, this
effect remains weak: for the reference aperture width w, =
30 pm used throughout this work, the secular-frequency
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FIG. 9. (a) Varying w, of an aperture in the rf electrode, with a

fixed aperture position p, = 126.8 um and p. = 0 wm. Subplots
(b) and (c) illustrate the displacement of the Eyf, minimum in
the x-y plane along the x and y directions as a function of w,.
Subplots (d)~(f) show the x, y, and z components of the rf field
along the trap axis for w, varying from 10 to 100 pm.
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FIG. 10. Radial secular frequency vg. for a '">Yb™ ion as
a function of the aperture width w, for an aperture in the rf
electrode. The aperture position is fixed at p, = 126.8 pum and

p:=0pm.

change is limited to about 0.7%. With increasing aperture
width, however, the curvature distortion becomes substan-
tial. In particular, increasing the aperture width from w, =
30 to 100 pwm results in a reduction of the radial secular
frequency of up to approximately 20%.

In comparison to variations in location, altering the size
of the aperture has a more pronounced effect on the electric
field distortion. A larger distance of the aperture from the
trap center reduces distortion but requires a larger aperture,
which in turn introduces additional distortion. Therefore, a
careful balance must be struck between the distance and
the size of the aperture.

3. Effect of electrode thickness

Next, we study the effect of the electrode thickness on
the field distortion, as presented in Fig. 11. Our results
demonstrate that increasing the electrode thickness reduces

0 5 10 15 20
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FIG. 11. (a) Varying ¢, of the electrode around an aperture in
the rf electrode, with w, = 30 pm, p, = 126.8 um, and p. =
0 pm. The layer stack is schematic and not drawn to scale. Sub-
plots (b) and (c) illustrate the displacement of the £;¢, minimum
in the x-y plane along the x and y directions as a function of 7,.
Subplots (d)~(f) show the x, y, and z components of the rf field
along the trap axis for 7, varying from 1 to 20 pm.
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both the displacement of the E, minimum in the x-y
plane and the residual rf field along the trap axis. This
improvement is due to the reduction of edge effects. Edge
effects arise when the geometry of the electrode, such as
sharp edges or boundaries, introduces nonuniformities in
the electric field, especially near the edges. The aperture in
a thinner electrode has a more pronounced field distortion
at its edges because the field lines are less confined and can
spread outward more easily, leading to larger variations
in the trapping field. This behavior is similar to that seen
in larger capacitors, where the influence of edge effects
is diminished as the length of the capacitor (or, in our
case, the thickness of the electrode) increases. However,
increasing the electrode thickness also imposes geometric
constraints, as excessively thick electrodes may obstruct
the outcoupled laser beam, leading to a trade-off between
reduced field distortions and optical access.

C. Effect of symmetry

When a single aperture is positioned off the symme-
try axes (either y or z), as illustrated in Fig. 12(a), the
Ey, minimum in the x-y plane is displaced from its tar-
get position. The asymmetry also leads to residual rf field
amplitudes and gradients in all three components at the
target ion position.

To address the displacement in the radial direction, we
first introduce an additional aperture placed symmetrically
with respect to the z axis, as shown in Fig. 12(b). The anal-
ysis along the trap axis [Figs. 12(d)—12(f), red line] demon-
strates that this z symmetry cancels the y component of
the rf field along the entire trap axis while simultaneously
enhancing the peaks of the x and z components.

Next, to compensate the residual rf amplitude in the z
component at the target ion position (z = 0), we intro-
duce two additional apertures to create y symmetry, as
depicted in Fig. 12(c). The analysis along the trap axis
[Figs. 12(d)-12(f), orange line] shows that, while E;¢, van-
ishes at z = 0 as expected, the introduction of the extra
apertures creates additional peaks in the field. Furthermore,
the x component exhibits a more complex line shape with
additional peaks and a nonvanishing field amplitude at
z = 0. Since surface ion traps are inherently two dimen-
sional, exploiting x symmetry for further compensation is
not feasible, meaning that the x component cannot be fully
mitigated in this configuration.

D. Effect of using transparent conductive oxide coating

The use of transparent conductive oxides (TCOs) [35]
in ion-trap experiments has been demonstrated in several
recent works [14,36,37]. TCOs can be applied as thin-film
coatings to cover the aperture, as shown in Fig. 13. These
thin films are electrically connected to the electrodes, thus
sharing their potential while allowing outcoupled light
to pass through. In addition, the TCO covers dielectrics

(@) (b)

m, m || m
= Z Wa |l Z =
Hlpz |
x 1y ‘ Xy ‘
T Dy ‘ T 100um |
> —
©) (d)
400 H
m | . @
— z — E 200 :
U
> >i O_ .............
y ‘ L:J: - | :
— — 200
- - ‘ —400 T T T
=500 0 500
z (Mm)
(e) ®
1000
E 750 4 /\E\
2 500 2
> N
& 250 o
Q) S——— -800 -——————
=500 0 500 =500 0 500
z (Mm) z (Mm)
FIG. 12. (a) A single square-shaped aperture positioned asym-

metrically, with a width of w, =30 um, located at p, =
126.8 wm and p, = 100 pwm. (b) Configuration obtained by mir-
roring the aperture in subplot (a) with respect to the z axis. (c)
Configuration obtained by mirroring both apertures in subplot
(b) with respect to the y axis. Subplots (d)~(f) illustrate the x,
y, and z components of the rf field along the trap axis, respec-
tively. Blue, red, and orange lines indicate the configurations in
subplots (a)—(c), respectively.

that could potentially charge due to laser-induced charging
[38,39] and detrimentally affect the electric field at the ion
location. A widely used TCO is indium tin oxide (ITO). In
ITO films, the thickness is limited by a trade-off between
electrical conductivity and optical transmittance. Increas-
ing the thickness improves the conductivity but reduces
the transmission due to increased absorption. For a 51-
nm-thick ITO layer, Jansson et al. [40] reported a dc elec-
trical conductivity at room temperature of approximately
1.7 x 10° S/m, while maintaining high optical transmis-
sion of about 66% for a single ITO layer and about 80%
when combined with an antireflection coating at 370 nm.
At longer visible and near-infrared wavelengths, such as
760 and 935 nm, the optical transmittance exceeds 95%.
Accordingly, we assume a TCO layer thickness of trco =
50 nm in all subsequent simulations.

1. Effect of modified topography of the electrode

To account for the thickness difference in the trap elec-
trode at the outcoupling aperture, we initially assume an
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FIG. 13. (a) A cross-sectional view (A-A) illustrates that a
transparent, conductive coating is applied to cover an aperture
in the electrode. The cross-sectional view is schematic and not
drawn to scale. (b) Top view of an aperture coated with TCO
with a thickness of 50 nm in the gold electrode with #, = 6 pm.

idealized TCO layer with a conductivity equivalent to gold
(4.5 x 107 S/m), thereby ensuring that the layer shares the
same electrical potential as the gold electrode.

The simulation results (see Fig. 14) indicate that,
although the rf field along the trap axis is substantially
reduced when TCO is applied (blue line) in comparison
to the case without TCO (red line), a small residual rf field
remains relative to the reference configuration (black). In
the radial direction, the Eyr, minimum in the x-y plane
exhibits a residual displacement of approximately 30 nm in
the y direction and no displacement in the x direction when
the aperture is covered with TCO. Although the displace-
ments are significantly smaller than in the case without
the TCO coating [30 nm in the x direction and 320 nm in
the y direction, as shown in Fig. 5(c)], they do not vanish
entirely.

2. Effect of varying the conductivity of TCO

The conductivity of TCO is strongly influenced by
its material composition and manufacturing process. To
assess the effect of the TCO conductivity on rf field dis-
tortion, we vary the conductivity of the TCO layer and
model the rf field by taking into account the current flow
through both the gold electrode and the TCO. This sim-
ulation cannot be treated statically; therefore, we use the
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FIG. 14. Subplots (a)Ac) illustrate the x, y, and z compo-
nents of the rf field along the trap axis: reference configuration
(black line), a single square-shaped aperture with w, = 30 wm,
py = 126.8 um, and p. = 0 wm in the rf electrode without TCO
coating (red line), and the same aperture with an idealized TCO
coating of frco = 50 nm and conductivity equal to that of gold
(blue line).

electric current module in COMSOL. A voltage source with a
frequency of 16 MHz and an amplitude of 100 V is applied
to the rf electrodes. All other dc electrodes are grounded.
This method captures both the phase and potential distor-
tions in the electrode, from which the rf field at the target
ion position is calculated.

In the x-y plane, the displacement of the E;¢, minimum
decreases in both the x and y directions as the conductivity
of the TCO increases, as shown in Fig. 15. The blue band
indicates the region of typical conductivities of ITO, and
the black line indicates the conductivity of gold. When the
conductivity of the TCO matches that of gold (4.5 x 107
S/m), the displacement in the x direction vanishes, while
a residual displacement of 30 nm remains in the y direc-
tion, which is consistent with results from the electrostatic
simulation in Sec. IVD 1. A similar trend is observed in
the axial direction as well. As the conductivity of the TCO
increases to match that of gold, the rf field along the trap
axis converges to the results shown by the blue line in
Fig. 14.

3. Effect of the rf phase shift

The aperture in the rf electrode not only distorts the
potential of the electrode, but also introduces a phase
delay due to the differences in conductivity and thickness
between gold and TCO. Such phase difference between
the two rf electrodes can cause a nonzero E,r, minimum,
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FIG. 15. (a) Variation of the conductivity of the TCO cover-
ing an aperture with a fixed width of w, = 30 um and a constant
position of p, = 126.8 um and p, = 0 um in the rf electrode.
Subplots (b) and (c) illustrate the displacement of the E¢, mini-
mum in the x-y plane along the x and y directions as a function
of the TCO conductivity; the black line indicates the conductivity
of gold, and the blue band spans the region of typical conductiv-
ities of ITO. Subplots (d)—(f) show the x, y, and z components of
the rf field along the trap axis for conductivities from 1073 to 108
S/m. Notably, the purple and brown lines overlap.

resulting in excess micromotion that cannot be compen-
sated [24].

Figure 16 shows the residual amplitude of Ey, at its
minimum as a function of the TCO conductivity for vary-
ing aperture widths w,. The residual amplitude exhibits
distinct behavior across different conductivity regimes.
At low conductivities (below 1 S/m) with w, > 50 wm,
E\¢, exhibits a significant residual amplitude at its mini-
mum. This arises from the mismatch in conductivity and
thickness between the gold and TCO coatings, which
induces a phase delay in the rf electrode and results in
a nonvanishing field amplitude at the E\r, minimum. As
the conductivity decreases further to 10~ S/m, where the
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FIG. 16. (a) Variation of the conductivity of the TCO covering

an aperture with varying widths (w,). The position of the aper-
ture is kept constant at p, = 126.8 um and p. = 0 wm in the rf
electrode. (b) Amplitude of the Ei, minimum in the x-y plane
as a function of the conductivity of the TCO for apertures with
widths w, varying from 30 to 80 wm. All lines converge to zero
and overlap when the TCO conductivity exceeds 10 S/m. The
black line indicates the conductivity of gold, and the blue band
spans the region of typical conductivities of ITO.

aperture effectively behaves as if it had no TCO coating,
the residual amplitude converges to a maximum. This indi-
cates that the cut-through in the rf electrode created by
the aperture introduces strong phase distortions (for w, >
50 wm), resulting in a residual Eyr, minimum that can-
not be fully compensated. Conversely, increasing the TCO
conductivity reduces the residual field amplitude. When
the conductivity reaches the value of commonly used ITO
or matches that of gold, the residual amplitude vanishes
for all aperture widths. This indicates that the phase delay
due to thickness differences between the TCO and gold is
negligible.

To summarize the effect of TCO, our findings indicate
that the effect of the conductivity of the TCO on the rf
field can be neglected over a large range from 10 to 108
S/m. The observed conductivity threshold of the order of
10 S/m may be qualitatively interpreted by modeling the
ITO patch as a resistance element embedded in a capac-
itive network formed by the surrounding gold electrodes
and dielectric layers. Whether the ITO patch follows the
rf potential of the surrounding gold electrode is governed
by the effective charging dynamics of the ITO patch. For
lower conductivity, this charging time becomes longer than
the rf period, such that the patch cannot fully follow the
rf drive, whereas for sufficiently high conductivity, the
patch potential approximately follows the rf drive, thereby
suppressing field distortions. However, a detailed quan-
titative analysis of the underlying impedance network is
beyond the scope of the present work. The conductivity
and thickness of commonly used ITO layers are adequate
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to mitigate significant rf field distortion without introduc-
ing a phase shift in the rf electrode. However, the topog-
raphy of the surface electrodes with apertures prevents a
complete elimination of the rf field distortion.

V. CONCLUSION AND OUTLOOK

In this paper, we present a comprehensive analysis of the
effects of apertures for vertically outcoupled laser beams
from waveguides on the trapping field of a photonic-
integrated surface ion trap. We find that placing apertures
in the outer dc electrode is the optimal strategy to avoid
significant trapping field distortion. However, this requires
larger outcoupling angles. For backward grating couplers,
larger angles necessitate smaller grating periods and result
in higher angle-to-period sensitivity, making them highly
sensitive to fabrication tolerances. In the case of forward
grating couplers, higher-order diffraction is coupled out at
larger angles. These effects become more pronounced at
shorter wavelengths. For instance, given a typical fabrica-
tion tolerance of 5 nm, a 120-nm-thick Al,O; backward
grating coupler at a wavelength of 370 nm exhibits an
angle-to-period sensitivity of 2.7°/nm at 6 = —70°, lead-
ing to an angular deviation of approximately 13.5°. Such a
grating coupler requires a feature size of approximately 70
nm, which is critical for foundries [34].

When the aperture is located in the rf electrode, a trade-
off emerges between the distance from the trap center and
the size of the aperture. As the distance p, increases, the
distortion of the trapping field leads to a smaller displace-
ment of the ¢, minimum. For distances from p, = 65 um
to p, =180 wm in the rf electrode, the displacement
reduces from A, = 1.5 pm to 150 nm in the y direction
and from A,y = 1.5 um to 50 nm in the x direction. For
a shift of the aperture position in the rf electrode in the
z direction, a similar behavior is observed, with displace-
ment on the same scale. However, the distortion and the
resulting displacement also depend on the aperture size.
While the displacement is <1 wm for a square-shaped
aperture of width w, =30 pm at p, =126.8 pm and
p- =0 pm, for a larger aperture with w, = 100 pwm at
the same position, the ion is displaced by A,y = 1.6 pum
and A,y = 12 wm. This large displacement is due to the
highly distorted field, with the y component exhibiting a
peak amplitude of 30 kV/m and a gradient of 164 V/mm?
at the target ion position. Importantly, the aperture should
not be placed at the edge of the gap between the center dc
and rf electrodes, as this results in a larger ion displace-
ment of 1.5 wm in both directions compared to when the
aperture is fully surrounded by the metal electrode. When
the aperture is positioned in the center dc electrode, the ion
displacement A,y can be minimized to 150 nm and A
can be zeroed by placing the aperture directly at the trap
center.

In addition to the displacement of the Eyr, minimum
and the residual rf field along the trap axis, apertures

in the trap electrodes also modify the curvature of the
rf pseudopotential and thereby the secular frequencies.
Unlike micromotion, these secular-frequency changes can-
not be compensated locally without modifying the trapping
potential. For unfavorable aperture placements, relative
secular-frequency changes of up to about 5% already occur
for an aperture width of w, = 30 wm. For larger aper-
tures, this effect becomes substantially stronger, reaching
changes of up to approximately 20% for w, = 100 pm.
These aperture-induced modifications of secular frequency
therefore constitute an additional design constraint for
photonic-integrated surface traps.

With a fixed aperture width, increasing the thickness of
the electrode from 1 to 20 wm can reduce field distor-
tions by 2 orders of magnitude due to the reduction of
edge effects. However, care must be taken to ensure that
the electrode does not obstruct the outcoupled laser beam,
unless a technique is developed to shape the metal layer of
the electrode at the angle of the outcoupled beam.

Arranging apertures symmetrically provides an effec-
tive strategy for compensating the displacement of the
Eir, minimum and the phase difference between the rf
electrodes. Nevertheless, this approach introduces stronger
residual rf fields along the trap axis if additional aper-
tures are required or if the aperture size must be increased
to maintain symmetry. Independent of the presence of an
aperture in an electrode, it is not possible to fully compen-
sate the out-of-plane component (x) of the rf field at the
target ion position due to the inherently two-dimensional
geometry of planar surface traps.

The application of TCO coatings on apertures signifi-
cantly reduces the potential and phase distortions on the
electrodes, thereby strongly reducing rf field distortions
at the target ion position, e.g., from E, > 900 V/m to
Eyy < 100 V/m. Only small residual rf field components
remain due to the topography of the modified surface.
Future technological developments could focus on level-
ing the topography of surface traps to reach a flat surface
with TCO coating.

Although the present study is limited to simulated
environments, the results provide a basis for anticipat-
ing challenges in real-world applications. We explore
the implications of the simulation results for precision
measurements and trapped-ion quantum technologies. For
trapped-ion-based optical clocks, the time-dilation shift
due to excess micromotion is one common contribution
to the uncertainty. The fractional time-dilation shift due to

EMM is given by [27]
_ () G)
™ 2meQs)

Av
Vo

where e is the elementary charge, m is the ion mass, and ¢
is the speed of light.

Besides excess micromotion, the field distortion caused

by an aperture also leads to ion heating through rf noise.
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The rf-noise-induced heating rate can be estimated using
[25,26]
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where Sy is the rf-voltage noise spectral density at Q; +
Wsec,; and F is the reduced Planck constant.

As shown throughout this work, the aperture displaces
the rf-field minimum from the geometric trap center. For
a single ion, the residual rf field can be compensated by
applying dc voltages to shift the ion to the rf-field mini-
mum. In this case, the integrated outcoupling optics must
be foreseen and designed to accommodate this displace-
ment, ensuring alignment between the ion position and the
optical beam. Table II summarizes the corresponding rf-
minimum displacements for aperture widths of w, = 30,
77.5, and 100 pwm. For each aperture width, four configu-
rations are considered: a single aperture and a symmetric
two-aperture arrangement obtained by mirroring the aper-
ture with respect to the z axis, each with and without an
ITO coating.

If the micromotion cannot be compensated by shifting
the ion to the rf-field minimum, the residual rf field results
in a time-dilation shift and rf-noise-induced heating, which
are also listed in Table II. The calculation is performed
for a single '7>Yb" ion, assuming a radial secular fre-
quency of Vg, = 1.9 MHz and an axial secular frequency
of Vgec- = 300 kHz. The rf-noise-induced heating rate is
estimated following the model and experimental obser-
vations reported by Kalincev et al. [25]. We assume a

TABLE 11

resonant rf circuit with quality factor Q = 542 and induc-
tance L = 2.5 wH, and a constant power spectral density of
the input rf noise Sp = 1.5 x 10~'* W Hz~!. The result-
ing rf-voltage noise spectral densities are 1.23 x 10~1°
and 4.93 x 1072 V2 Hz™! for the radial and axial modes,
respectively.

For single-ion addressing with a tightly focused beam,
larger apertures without ITO coating lead to larger dis-
placements, which can cause a significant mismatch
between the ion position and the optical beam waist if not
properly considered during the design phase. Symmetric
aperture configurations do not fully cancel the residual rf
field.

So far, we have considered single-ion addressing at
the trap minimum. We now estimate the micromotion-
induced fractional time-dilation shift |Av/vy|tp and the
rf-noise-induced heating rates for a spatially extended lin-
ear ion crystal along the trap axis. Assuming the same
secular frequencies as used in the single-ion calcula-
tion, we consider a crystal of ten '7>Yb' ions with
an axial length of approximately 35 pwm. The equilib-
rium ion positions are calculated following the method
of James [41]. As a representative example, we take the
outermost ion at z = 17.5 pwm and evaluate the resid-
ual rf electric field, the micromotion-induced fractional
time-dilation shift, and the rf-noise heating rate at this
position. The corresponding results are summarized in
Table I1I.

For symmetric aperture configurations, the micromotion-
induced time-dilation shift is not fully cancelled, but is
reduced compared to the asymmetric case. Regarding

Electric field components, rf-minimum displacement at z = 0, micromotion-induced fractional time-dilation shift

|Av/vo|tp, and rf-noise heating rates along the three motional directions, evaluated at the target ion position (x = 100 pum,y =
0,z = 0). The position of the single aperture in the rf electrode is fixed at p, = 126.8 um and p. = 0 wm. Four configurations are
considered: (i) a single-aperture geometry; (ii) a single aperture with an ITO coating; (iii) a symmetric two-aperture geometry obtained
by introducing a second aperture mirror-symmetric with respect to the z axis; and (iv) the symmetric configuration with ITO coating.
All calculations assume a single '72Yb™ ion with vgec, = 1.9 MHz and vy, = 300 kHz.

rf min. disp. (z = 0)

Evaluated at the target ion position

Wq AXxp Ay E, E, E, [Av/vo|rp Tiy ﬁy 7,
Configuration (um)  (um)  (um) (V/m) (V/m)  (V/m) s™H (s™H s™H
single 30 0.03 0.32 —103.3 993.3 0 8.6x 10717 70x1072 6.3 x10° 0
775  0.68 5.69 —2402.5 15796.4 0 22x 107 6.3 x 10! 1.3 x 10° 0
100 1.50 1247  —57948 30722.4 0 85x 107  50x10>2 42x10° 0
single + ITO 30 0.00  0.03 —42 89.3 0 6.9%x 1071 82x10° 5.1x102 0
775 005  0.32 —154.1 978.0 0 85x 1077 1.6x 107" 6.1 x10° 0
100 0.13  0.64 —397.3 1960.7 0 35x 1071 1.1x10° 2.4 x 10! 0
symmetry 30 007 0.1 —212.7 0 0 41x 107" 27 x 107! 0 0
775 174  —0.01 —4790.1 0 0 20x 10715 1.2 x 10? 0 0
100 466  0.08 —11564.9 0 0 12x 107" 6.3 x 10? 0 0
symmetry + ITO 30 0.01 0.01 —16.5 0 0 72x 10720 73 x 1074 0 0
775  0.01 0.01 —304.3 0 0 82x 10718 55x 107! 0 0
100  0.01 0.01 —804.7 0 0 5.6 x 10717 4.8 x 10° 0 0
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TABLEIII. Electric field components, micromotion-induced fractional time-dilation shift | Av/vy|1p, and rf-noise heating rates along
the three motional directions, evaluated at the outermost ion located at z = 17.5 wm in a crystal of ten 1”2 Yb™ ions. All calculations
assume radial and axial secular frequencies of vg,, = 1.9 MHz and vs . = 300 kHz, respectively. The position of the single aperture
in the rf electrode is fixed at p, = 126.8 wm and p. = 0 wm. Four configurations are considered: (i) a single-aperture geometry; (ii)
a single aperture with an ITO coating; (iii) a symmetric two-aperture geometry obtained by introducing a second aperture mirror-
symmetric with respect to the z axis; and (iv) the symmetric configuration with ITO coating.

Evaluated at the target ion position

Wa Ey Ey E; [Av/volTD ;lx ny, n;
Configuration (o) (V/m) (V/m) (V/m) (s™H ™ s™H
single 30 —90.0 963.7 —131.8 83x 10717  54x1072 5.9 x 10° 9.3 x107*
77.5 —2213.7 153634  —21069 2.1x 1074 5.4 x 10! 1.3 x 103 5.3 x 10!
100 —5412.8 299169  —4061.3 8.1x 1074 4.4 x 10? 4.1 %103 7.2 x 102
single + ITO 30 —0.9 85.9 —13.7 6.6x1071°  21x107° 49x102 1.1x1077
77.5 —142.0 950.7 —134.5 8.2 x 107V 1.3x 107! 5.8 x 10° 8.0 x 10~
100 —374.8 1911.0 —251.6 33x 1071 95x 107! 2.3 x 10! 1.2 x 1072
symmetry 30 —167.7 0 —281.8 94x 1071 1.7x 107! 0 1.8 x 1073
77.5 —4391.0 0 —42252  32x 1079 1.0 x 102 0 1.0 x 10?
100 —10784.5 0 —8150.3 1.6 x 10714 5.8 x 102 0 1.2 x 10°
symmetry + ITO 30 9.0 0 —424 20x 10719 7.6x 1074 0 2.8 x 1077
77.5 —258.0 0 —267.0 1.2x 1077 4.1 x 107! 0 1.3 x 1073
100 —749.7 0 —528.0 7.3 x 10717 4.0 x 10° 0 1.4 x 1072
heating, the symmetric configuration cancels the rf-noise- DATA AVAILABILITY

induced heating in the y direction but increases the heating
rates in the x and z directions.

Applying an ITO coating to the aperture significantly
reduces the field distortion and thereby decreases the frac-
tional time-dilation shift by approximately 2 orders of
magnitude. The corresponding rf-noise-induced heating
rates are reduced by 2—4 orders of magnitude, depending
on the motional direction. This demonstrates that both the
time-dilation shift and the rf-noise-induced heating arising
from aperture-induced field distortions can be effectively
mitigated by covering the apertures with ITO.

The data that support the findings of this article are not
publicly available upon publication because it is not tech-
nically feasible and/or the cost of preparing, depositing,
and hosting the data would be prohibitive within the terms
of this research project. The data are available from the
authors upon reasonable request.
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