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Abstract
We present a design study into an ion trap electrode geometry for applying near-field microwave two-qubit gates. This design 
features an ‘S’-shaped meander electrode to passively null the microwave field. It has ground planes separating the meander 
electrode from all of the DC and single-qubit microwave electrodes, which should reduce the sensitivity of the microwave 
field distribution to the boundary conditions of these electrodes. We show that it is possible to design a single-layer trap with 
this geometry such that the simulated microwave field null overlaps with the RF field null, and that the positions of these 
nulls can be simulated to a precision of 100 nm with moderate computing resources. We also show that such a trap can be 
designed such that ion chains can be trapped, transported and split with feasible DC and RF voltages. While this particular 
design is optimized for 43Ca+ ions, our approach could be applied to other ions by changing the microwave frequency to 
match the corresponding qubit transition frequency.

1  Introduction

Quantum computing is an area of technology that promises 
a range of new abilities above those that are possible with 
existing, classical, computers [3, 11, 21]. High-fidelity sin-
gle-qubit [16] and two-qubit [2, 12, 29] gates, as well as long 
memory times [28] and high-fidelity state preparation and 
measurement [16], have been achieved in ion trap quantum 
computing systems. However, while algorithms using small 
numbers of qubits have been implemented [9, 20, 23], there 
is still a great deal of progress to be made in scaling systems 
up to the large sizes necessary for most useful applications.

One approach that may help address this issue is the use 
of near-field microwaves to perform quantum gates. Micro-
waves can be produced easily with existing technology, but 
a strong field gradient is required to entangle ions via their 

Coulomb interaction, and the long wavelength means that 
free-space radiation does not have a sufficiently large field 
gradient for this. However, the necessary large field gra-
dients can be produced by applying near-field microwaves 
using electrodes near the ions [24, 25, 35]. In previous 
work, a gate fidelity close to that of the best laser gates was 
achieved [17].

A key goal for high-fidelity near-field microwave two-
qubit gates is to maximize the ratio of the microwave mag-
netic field gradient to the microwave magnetic field at the 
location of the ion. The field gradient is responsible for 
coupling the internal and motional states of the ions (the 
precursor to generating entanglement between ions) and the 
field drives single-qubit operations. Interactions with each 
individual qubit interfere with two-qubit gates; ideally, one 
should be able to apply fields or field gradients alone to 
perform single- or two-qubit gates.

The first experiment on near-field microwave two-qubit 
gates [25] achieved this by driving three separate linear elec-
trodes with microwave currents. By careful control of the 
relative amplitudes and phases of these currents, the fields 
produced by each electrode were made to roughly cancel at 
the ions’ locations. However, to implement such control is 
challenging— drifts of the relative amplitudes or phases of 
the three sources need to be corrected for on a regular basis.

In our previous work [17], we instead drove a single linear 
electrode which produced a field of a different polarization 
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to that of our qubit transition. Due to the symmetry of our 
trap, the central electrode produced a field that was almost 
entirely �-polarized, which did not directly couple to the �
-polarized qubit transition. However, the field did cause off-
resonant excitation of other transitions which are �-polar-
ized, as well as uncontrolled AC Zeeman shifts of the qubit 
states, resulting in a significant gate error.

Another approach is to have a single electrode to reduce 
the strict requirements on microwave source amplitude and 
phase stability, but with multiple linear elements to cancel 
the field at the ions’ locations [6]. This can be achieved with 
a meander electrode which turns back on itself twice to make 
an ‘S’ shape (see figure 1 for an illustration of this). For any 
microwave amplitude or phase, the resulting microwave field 
is roughly zero at the same fixed location in the x-y plane.

The challenge with this approach is in getting the micro-
wave field cancelation to occur in the right place. While a 
Paul trap can confine ions in a range of locations by adjust-
ment of the DC electrode voltages, the shape of the RF field 
is fixed by the electrode geometry, which produces a null 
in the RF field at a single location in the x-y plane (see fig-
ure 1 for direction definitions). Using the DC field to shift 
ions away from this null results in excess RF micromotion, 
where the non-zero RF field causes ions to oscillate at the 
RF frequency. This oscillation generates micromotion side-
bands in the ion’s spectrum [4], causing significant errors in 
operations. For ions to experience neither RF micromotion 

nor microwave fields, it is necessary to ensure that the nulls 
of the RF and microwave fields are in the same place.

Due to their low frequency, RF voltages can be simulated 
in the same way as DC voltages, meaning that it is easy to 
accurately predict where the RF field null will be for any 
given electrode geometry [18, 26, 34]. For microwave cur-
rents, the higher frequency means that the current crowds 
toward the edges of the electrodes (the “skin effect”) in a 
way that depends upon the exact electrode shapes. While 
simple electrode structures can be treated analytically, the 
sort of meander shape necessary for our application must 
be modeled numerically. We use the simulator HFSS from 
Ansys, which calculates the fields around electrode struc-
tures using the finite-element method. Most of our simula-
tions are performed on a cluster computer run by Advanced 
Research Computing at the University of Oxford.

For simulations of microwave fields in complex systems, 
it is not trivial to ensure that the simulation results are accu-
rate while keeping the computational requirements at a man-
ageable level. In addition, the results can be heavily depend-
ent on the boundary conditions of each electrode. Microwave 
currents from the input electrode couple inductively onto 
others in the trap structure and reflect back into the trap, as 
well as producing eddy currents in the other electrodes, gen-
erating a secondary microwave field that can cause a signifi-
cant shift in the location of the field minimum. This depends 
on the impedance that is attached to those electrodes, which 
might vary and is dependent on the electrode geometry. Cur-
rent is also reflected back at the end of the meander, where it 
terminates at the ground plane. In previous work by another 
group [31, 32], where the design simulations predicted a 
separation between the RF and microwave field nulls of 
0.9� m, after fabrication and testing, the actual separation 
was measured to be 3.8�m.

In this paper, we present designs for a meander-electrode 
trap with a reduced distance between the RF and microwave 
field nulls to allow for high-fidelity entanglement generation. 
We present a new geometry which has the meander electrode 
separated from the electrodes for producing DC trapping 
fields and microwave fields for single-qubit gates by areas 
of ground plane. This should reduce the microwave coupling 
onto these electrodes, which was one of the most significant 
problems in previous work [31]. In other previous work with 
a multi-layer design, the introduction of a ground electrode 
on one side of the meander was shown experimentally to 
substantially reduce the shift of the magnetic field minimum 
[15]. Our trap having ground electrodes on both sides should 
provide even better isolation of the meander electrode.

In addition to the consideration of the field null locations, 
we also consider the RF and DC voltages necessary for trap-
ping, transporting and splitting ion chains, as well as the 
trap depth, choosing electrode widths that result in reason-
able values for each of these parameters. We investigate the 
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Fig. 1   Schematic of the trap electrode geometry (not to scale - see 
Fig. 2 for the actual layout). The blue meander electrode carries the 
microwave currents for two-qubit gates, the red electrode carries RF 
voltages, the black electrodes are connected to the ground plane, the 
green electrode carries the microwave currents for single-qubit gates, 
and the magenta electrodes carry DC voltages. To simplify the dia-
gram, the two sets of DC electrodes are each combined into single 
electrodes. The gray electrode is connected to the ground plane fur-
ther to the left of the figure, 2 mm from the trap center, with a 5 � m 
gap separating it from the ground plane in the trapping region. This 
separation between the gray electrode and the ground plane sup-
presses the microwave return currents in this electrode so they instead 
flow around the electrode, further from the trapping region, which has 
the effect of moving the microwave field minimum in the negative x 
direction, allowing for it to be overlapped with the RF field minimum. 
The microwave and RF electrodes are connected to their sources to 
the left and right of the diagrams respectively, with the DC electrodes 
connected to the top and bottom. The microwave electrodes are con-
nected to the ground plane to maximize the microwave current in 
these electrodes
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precision of our simulations by looking at how the simulated 
field null locations change with increased model resolution, 
up to the maximum that we can achieve with available com-
putational resources. We also consider how errors in the trap 
fabrication and changes in trap temperature would change 
the field distributions.

2 � Preliminary decisions

Before giving further consideration to the shapes of the trap 
electrodes, we make some preliminary decisions about the 
trap. One of the limiting factors in previous work on near-
field microwave entanglement generation is the long gate 
time, as ion heating during the gate results in a significant 
gate error. This time is limited by the size of the magnetic 
field gradient at the ions’ locations, which can be increased 
by bringing the ions closer to the trap surface, scaling with 
the ion height d as ∼ 1∕d2 . However, the ion heating rate 
would then also increase, scaling as ∼ 1∕d4 [5, 10]. We plan 
for the trap to be cooled with a liquid helium cryostat to 
∼ 20 K, which should reduce the ion heating rate by more 
than an order of magnitude [7, 19]. This would allow the 
ions to be brought closer to the trap surface. We choose an 
ion height of 40�m.

We choose gold as the electrode material, which is widely 
used in surface ion traps. We choose sapphire for the trap 
substrate material because of its high thermal conductivity 
at 20K [14]. This is important for our application as a limi-
tation on two-qubit gate speed is the maximum microwave 
power that can be dissipated in the trap before thermal tran-
sients have a significant effect on experiments. We simu-
late for a substrate thickness of 430� m, as this is a standard 
thickness for high-quality sapphire wafers. Sapphire is a 
uniaxial crystal with one relative permittivity parallel to the 
c-axis and another perpendicular to it. We choose the c-axis 
to be in the vertical (y) direction, as this means that the sub-
strate orientation is unimportant, simplifying the fabrication 
process.

For the electrode thickness, there are two competing 
factors. Thicker electrodes spread the microwave currents 
out more, reducing thermal effects. However, fabrication 
becomes more challenging with increased electrode thick-
ness. We choose 8 � m for the thickness, which should be 
manageable with existing fabrication techniques [24, 32].

The widths of the electrodes are the main parameters that 
we vary to achieve our design goals, but we must initially 
choose a minimum possible width, as fabrication becomes 
more challenging for smaller electrode widths. We choose a 
minimum width of 10� m, which has been achieved in sev-
eral previous surface traps without difficulty [31, 33].

There are several considerations for our choice of the 
gap width between electrodes. Exposed areas of substrate 

can collect charged particles over time, and, due to the high 
electrical resistivity of the substrate, this charge remains on 
the surface for long periods, causing drifts in the DC field. 
This effect is especially problematic for cryogenic environ-
ments, as charge mobility is highly suppressed at cryogenic 
temperatures. To minimize this effect, gaps between elec-
trodes should be as thin as possible. However, if the gaps 
around the RF electrodes are too thin, electrical breakdown 
can occur (this is not an issue for the DC electrodes as the 
DC voltages are much lower than the RF ones), causing 
damage to the trap. In line with previous work [25, 32, 33], 
we choose an electrode gap width of 5 � m. In areas of the 
trap further away from the ions, where exposed dielectric has 
less effect on the trapping field, the electrode gaps could be 
made wider to improve the fabrication yield.

Depending on the fabrication process, the ratio between 
the electrode and gap width can be important for the fabrica-
tion feasibility and the collection of charges on the exposed 
substrate. As we have chosen a combination of these two 
quantities which has been used in previous work (as refer-
enced above), we expect the fabrication to be feasible and 
the collection of charges to be sufficiently low.

To ensure that our simulations are performed with the 
correct microwave frequency, we also need to choose the ion 
species and the qubit transition. We choose 43Ca+ as the ion, 
which has previously been used to perform all elementary 
operations necessary for quantum computing with errors 
below the threshold required for error correction schemes [8, 
16, 17]. We choose the �F = 4,M = +1⟩ to �F = 3,M = +1⟩ 
“atomic clock” transition in the 4 S

1∕2 ground level as our 
qubit, operating at a magnetic field of 28.8mT, where the 
transition frequency is first-order independent of magnetic 
field. This means that our microwave frequency is 3.12GHz.

We have already specified that the trap design developed 
in this design study will feature an ‘S’-shaped meander elec-
trode for carrying microwave currents, but this allows for 
many different geometries for the RF and ground electrodes. 
As detailed in Tarlton [30], we considered several possible 
geometries, performing DC, RF and microwave simula-
tions to investigate the corresponding locations of the RF 
and microwave field nulls. Based on this investigation, we 
choose the geometry illustrated in Fig. 1.

Figure 2 shows this geometry with the second microwave 
electrode and DC electrodes, as implemented in HFSS. The 
electrodes for producing DC trapping fields and microwave 
fields for single-qubit gates are separated from the other 
electrodes by areas of ground plane. In addition, the small 
size of the gaps between DC electrodes relative to the dis-
tance to the trapping zone, as well as the fact that the DC 
electrode shapes are symmetric about the x-axis means that 
the fields from eddy currents along the gaps between the DC 
electrodes will mostly cancel one another out. Therefore, 
the details of their shapes have little impact on the location 
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of the microwave and RF field nulls, and all DC electrodes 
on either side are combined together into single 1 mm-wide 
electrodes for simplicity. The single-qubit microwave elec-
trode is set to be adjacent to the upper DC electrode, 15� m 
wide and 75� m away from the cut in the ground plane near 
the meander electrode. The microwave current necessary for 
applying single-qubit gates is much smaller than that needed 
for applying two-qubit gates, so this electrode can be much 
further from the ion than the meander electrode. There is a 
15� m wide ground electrode between the lower RF and DC 
electrodes.

There are two main factors to consider in the choice of 
meander length. We will want to fabricate several trap chips, 
as there will be some probability of fabrication errors ren-
dering any particular trap unusable, and it would be useful to 
have one or more extra traps for performing preliminary tests 
before assembling the final trap apparatus. Therefore, they 
will be fabricated in batches of small chips on larger sap-
phire wafers. To fit as many chips as possible on the wafer, 
the chip, and therefore the meander electrode, should be as 
small as possible. However, we want to have three trapping 
regions to allow complex operations to be performed by 

transporting ions and performing single- and two-qubit gates 
on ions in any of the trapping regions. The meander and RF 
electrodes should be sufficiently short to ensure that end 
effects are reasonably small in the outer trapping regions. 
We choose 1.5 mm for the length of each meander bend as a 
compromise between these competing factors, which would 
allow for a separation between trapping regions of around 
300� m. (The meander length also affects the residual micro-
wave at the field minimum [6], but we find that our chosen 
length allows for a comparable residual field to previous 
work (see Sect. 3), so we do not further consider it as a factor 
in the choice of length.)

3 � Choice of electrode widths

For the chosen electrode geometry, there are five electrodes 
whose widths have a significant effect on the microwave 
and/or RF fields: each of the three bends of the meander, 
and each of the two RF electrodes. There is also the con-
straint that the RF field null must be 40� m above the elec-
trode surface; we use the House equations [18] to choose RF 
electrode widths that fulfill this constraint. For each set of 
electrode widths, we then make a more accurate determina-
tion of the RF field null location using HFSS, which devi-
ates from the approximate location by up to a few hundred 
nanometres.

We scan the different electrode widths to find sets of 
widths that result in overlapping RF and microwave field 
nulls. We parametrize the four degrees of freedom with the 
following four quantities: the width of the center meander 
bend, how much wider each of the upper and lower meander 
bends are than the center, and the position of the RF field 
null in the x direction. This last parameter, along with the 
widths of the center and lower meander bends, fully con-
strains the widths of the two RF electrodes for the chosen ion 
height of 40� m. We express this parameter as a fraction of 
the combined widths of the center and lower meander bends 
(the RF field null must be between the two RF electrodes).

Overlapping the RF and microwave field nulls is the pri-
mary objective of the parameter scan, but there are several 
other factors that will impact the performance of the trap. 
For the microwave magnetic field, the amplitudes of the field 
and the field gradient are important, but we find that these 
quantities do not vary significantly when scanning the dif-
ferent electrode widths.

Other important quantities, which vary significantly with 
the electrode widths, are the DC and RF voltages required 
to trap ions, the DC voltages needed to split chains of ions, 
and the depth of the trapping field. DC and RF simulations, 
which we present in Tarlton [30], indicate that there is a 
trade-off between the different parameters. Based on these 
simulations, we set the distance w

c
 between the two RF 

(a)
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(b)

Upper meander bend

DC electrodes

Lower meander bend
Centre meander bend

Upper rf electrode

Lower rf electrode

Single-qubit
microwave electrode y z

x

wcxRF
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Fig. 2   a The central region of the ion trap design as simulated in 
HFSS. Each bend of the meander electrode is 1.5  mm long. The 
electrode immediately above the upper bend of the meander is con-
nected to the ground plane to the left of the area shown, 2 mm away 
from the trap center. For simplicity, the two sets of DC electrodes 
are each simulated as single 1 mm-wide electrodes. The central trap-
ping region is indicated with a black circle. b A close-up of the right 
end of the meander (as indicated in the first figure with the dashed 
line) with each electrode labeled by the names by which they are 
referred to in this paper. Also denoted are the quantities w

c
 , the dis-

tance between the two RF electrodes, and x
RF

 , the horizontal distance 
between the lower RF electrode and the ions’ positions
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electrodes to be 50� m and the horizontal location of the RF 
field null x

RF
 to be around 30� m. These choices allow for 

ion chains to be trapped, transported and split with feasible 
DC and RF voltages, as detailed in Tarlton [30], where the 
widths of the DC electrodes are also presented.

To figure out how to overlap the microwave and RF field 
nulls while fulfilling these two conditions on the distance 
between the RF electrodes and the horizontal location of 
the RF field null, we experimented with varying the differ-
ent electrode widths, and found that each condition can be 
met with a single parameter restriction, allowing the other 
parameters to be varied to overlap the field nulls. We fulfill 
the former condition by setting the upper bend of the mean-
der electrode to be 20� m wider than the center bend. We 
fulfill the latter condition by setting the lower bend of the 
meander electrode to be 10� m thinner than the center bend.

Figure 3 shows the results of the parameter scan for our 
choices of the widths of the upper and lower bends of the 
meander electrode. The two remaining parameters are x

RF
 

and the width of the center bend. A linear interpolation of 
the parameters between the simulation data points gives the 
electrode widths in Table 1.

The corresponding magnetic field parameters are given 
in table 2. To put these parameters into context, we note that 
the ratio between the field gradient and the residual field is 

∼ 7 and ∼ 100 times larger than the measured value for our 
previous trap [27] for � and � polarizations respectively. 

Fig. 3   a, b Plots of the mis-
match between the microwave 
and RF field minima in the x 
and y directions as a function 
of x

RF
∕w

c
 and the width of the 

center bend of the meander 
electrode, with the lines and 
surfaces representing linear 
interpolations between the sim-
ulated values. The gray planes 
show where there is zero mis-
match in each direction. c The 
lines in parameter space along 
which the horizontal (blue) and 
vertical (red) distances between 
the two field nulls equal zero. 
The lower and upper bends of 
the meander electrode are 10� m 
thinner and 20� m wider respec-
tively than the center bend (see 
the main text for an explanation 
of these choices)

(a) (b)

(c)

Table 1   Table of the optimized electrode widths for the design

Electrode Width ( �m)

Lower bend of meander 19.36
Center bend of meander 29.36
Upper bend of meander 49.36
Lower RF 56.45
Upper RF 34.41

Table 2   Table of the microwave 
magnetic field parameters for 
the electrode widths in Table 1

The gradient is calculated using 
the method detailed in Wahn-
schaffe [31]. We quote the max-
imal gradient and assume that 
the radial secular gate mode can 
be aligned with this using the 
DC electrodes. The input power 
is 1W

Parameter Value

Gradient 14.9Tm−1

Residual field 10.3�T
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However, compared to the multi-layer trap presented in 
Hahn et al [15], the field gradient to field ratio is ∼ 30 times 
smaller.

4 � Simulation accuracy

In this section, we consider possible sources of inaccuracy 
in the results of our simulations. These could be due to com-
putational resources being insufficient to reach the required 
level of precision, or due to the HFSS model not being a true 
representation of the actual trap.

HFSS uses the finite-element method, which means that 
it divides the model space up into a finite number of ele-
ments, or pixels. For each of these pixels, which are tetrahe-
dral in shape, it evaluates the electromagnetic fields. It then 
increases the number of pixels by splitting some of them 
into two smaller pixels, and then re-evaluates the fields. This 
process continues until the specified quantities of interest 
change by a sufficiently small amount between iterations 
(called “adaptive passes”), indicating that they have been 
evaluated to the required level of precision.

Figure 4 shows how the field null coordinates change 
with each adaptive pass, where the above iterative process 
continues until the simulation fails to run with our 64GB of 
RAM. The achieved precision seems to be of order 100nm.

One of the main reasons for the separation of the RF and 
microwave field nulls in the meander trap in Wahnschaffe 
[31] was a large coupling between the meander and single-
qubit microwave electrodes, where the coupled microwaves 
reflected back into the trap in an unpredictable way. We sim-
ulated the effects of this coupling in our trap by terminating 
the single-qubit microwave electrode with either an open or 
a closed circuit, giving the two extreme situations of how 
microwaves might be reflected back. The resulting separa-
tion between the field nulls is 30nm and 150nm respectively, 
smaller than the 3.8� m presented in Wahnschaffe [31] and 
the 170nm presented in Hahn et al [15].

One aspect of the trap that could deviate significantly 
from the design to the fabricated trap is the electrode dimen-
sions. Our design has 8 �m-thick electrodes and 5 � m wide 
gaps between electrodes, but errors in fabrication could 
result in different values for these parameters. Figure 5 
shows how the distance between the microwave and RF field 
nulls would increase with changes in the electrode dimen-
sions, assuming that the fabrication error is symmetric in all 
directions. For a fabrication process with an error of ∼ 1� m, 
the distance between the field nulls could be as large as 
∼ 1� m, which, from the field parameters given in Table 2, 
would roughly double the residual microwave field at the 
location of the RF field null. Therefore, to ensure that this 
error were not limiting the performance of the trap, it would 
be important to use a fabrication process with a smaller error 
than this.

One other parameter of the trap that we may want to vary 
is the temperature. The electrical conductivity, and therefore 

Fig. 4   Plots showing how the microwave and RF field null coordi-
nates change with the number of adaptive passes completed. The first 
two adaptive passes give field distributions of poor resolution and 
are excluded for clarity. The microwave results for the fifth adaptive 
pass deviate significantly from the others, demonstrating that for low 
numbers of adaptive passes, the convergence to the correct result is 
not always smooth. These simulations were carried out with 64GB of 
RAM, with the computer unable to increase the precision any further 
than for the final points shown here. Both sets of simulations continue 
until they run out of RAM, with the RF ones reaching this point after 
fewer adaptive passes

Fig. 5   Plots showing how the distance between the microwave and 
RF field nulls changes, in both x and y, with the width of the gaps 
between the electrodes (top) and the thickness of the electrodes (bot-
tom). The distances are defined as the coordinates of the microwave 
field null minus those of the RF field null
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the skin depth, of the electrodes changes with temperature, 
causing the location of the microwave field minimum to 
move. Figure 6 shows what the mismatch between the loca-
tions of the microwave and RF field nulls would be for 20K, 
100K and 300K, which are roughly the temperatures for 
cooling with liquid helium, cooling with liquid nitrogen or 
for no cooling respectively. The distance between the nulls 
increases to only around 1 � m, so it would be possible to 
operate the trap at these temperatures without changing 
the electrode widths. If the trap were to heat up by a small 
amount, which might happen from the microwave power 
going through the meander electrode or from heat deposition 
in other parts of the system, then the distance between the 
field nulls would change by a correspondingly small fraction 
of the amounts shown in the graph.

Finally, as discussed before, the electrical properties of 
what are connected to the input of all electrodes other than 
the meander (i.e., the boundary conditions of the HFSS sim-
ulations) are important for accurate modeling of the fields. 
We have chosen a geometry that should have little coupling 
of microwave currents in the meander electrode to the DC 
and single-qubit microwave electrodes. For a complete trap 
design, the boundary condition of the RF electrode would 
need to be carefully modeled, using methods presented in, 
for example, Wahnschaffe [31].

5 � Conclusions

We have presented a design study into a new surface ion 
trap electrode geometry for achieving high-fidelity near-
field microwave two-qubit gates. This geometry features an 
‘S’-shaped meander electrode [6] to allow for passive nul-
ling of the microwave magnetic field while still providing 
a large field gradient. We have designed a trap where the 
simulated microwave field null overlaps with the RF field 
null, and simulated the positions of these nulls to a precision 

of 100nm with 64GB of RAM. Our design should also allow 
for ion chains to be trapped, transported and split with feasi-
ble DC and RF voltages. It is also worth noting that although 
this particular design is optimized for 43Ca+ ions, by chang-
ing the microwave frequency to match the corresponding 
qubit transition frequency, our approach could be applied 
to other ions.

In previous work on this sort of electrode geometry, the 
measured distance between the RF and microwave field null 
was 3.8� m [32]. With such a large distance between these 
nulls, trapped ions would undergo significant single-qubit 
rotations during each two-qubit gate and/or experience RF 
micromotion, both of which would reduce the gate fidelity. 
The deviation from the simulated value of 0.9� m was attrib-
uted to the microwaves applied to the meander electrode 
coupling to other electrodes and then reflecting back into the 
trapping region, changing the microwave field distribution 
in an unpredictable way.

In later work, a ground electrode was introduced on one 
side of the meander electrode to isolate the meander elec-
trode from one of the two sets of DC electrodes and one 
of two single-qubit microwave electrodes [15]. The meas-
ured distance between the RF and microwave field nulls was 
0.2� m, a significant improvement on previous work. Our 
design has ground electrodes between the meander electrode 
and all DC and single-qubit microwave electrodes, which 
should further reduce the sensitivity of the field distribution 
to the boundary conditions of the electrodes. Our simula-
tions indicate that the separation of the two field nulls result-
ing from this effect should be less than 0.2�m.

The limiting factor in the performance of our trap design 
may be fabrication imperfections. A change in the electrode 
widths or thicknesses of 1 � m, which is currently the limit 
on fabrication tolerances for simple single-layer electro-
plated traps [31, 33], would substantially change the micro-
wave field distribution, moving the microwave field null 
away from the RF field null. Because of this sensitivity, we 
decided instead to use a ‘U’-shaped microwave electrode for 
future experiments, i.e., a meander with two bends rather 
than three [33]. Such a trap will not null the microwave field, 
but it should provide good cancelation of the �-polarized 
radiation, protecting our �-polarized qubit transition from 
single-qubit rotations during two-qubit gates. This trap will 
only be useful for �-polarized qubits, but the field cancela-
tion is expected to be less sensitive to fabrication errors, as 
well as the boundary conditions of the different electrodes. 
Using more precise fabrication methods, it should be pos-
sible to fabricate our trap design with confidence that fab-
rication imperfections will not limit the trap performance.

We note that, while we restricted our design study to 
a single layer of electrodes on the surface trap as this is 
easier to fabricate, there has been some promising research 
undertaken in recent years on fabricating surface traps with 

Fig. 6   Plots showing how the distance between the microwave and 
RF field null changes, both in x and in y, with the temperature of the 
trap. The only change made to the design between these simulations 
is an adjustment of the conductivity of the electrodes corresponding 
to the change in temperature. The distances are defined as the coordi-
nates of the microwave null minus those of the RF null
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multiple layers of electrodes [1, 13, 15, 22]. This has been 
used to bury microwave waveguides underneath the top layer 
which then emerge to form electrodes on the surface [15]. 
Given that microwave systems may be easier to scale to large 
numbers of qubits than laser systems, and that high-fidelity 
single- and two-qubit gates have been demonstrated with 
near-field microwaves [16, 17, 29, 36], the development of 
new, possibly multi-layer, surface traps featuring microwave 
electrodes seems to be a promising area of future research.
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