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Abstract

We report the design, fabrication, and characterization of a cryogenic ion trap system for the
implementation of quantum logic driven by near-field microwaves. The trap incorporates an
on-chip microwave resonator with an electrode geometry designed to null the microwave field
component that couples directly to the qubit, while giving a large field gradient for driving
entangling logic gates. We map the microwave field using a single *Ca™ ion, and measure the ion
trapping lifetime and motional mode heating rates for one and two ions.

Trapped ions are a promising candidate for building a general-purpose quantum processor, with both
single-qubit [1] and two-qubit [2-5] gates with the fidelities required for quantum error correction [6, 7].
Trapped-ion qubits are typically implemented using electric-dipole-forbidden transitions where the state
lifetime is sufficiently long that decoherence via spontaneous emission is negligible, leading to coherence
times of the order of minutes [8—10] or longer [11]. The qubit transitions typically lie in the optical domain
operating on electric-quadrupole transitions [12], or in the microwave domain between hyperfine states
within the same manifold [13]. Although hyperfine qubits lie in the microwave domain, they are usually
manipulated using stimulated Raman transitions with tightly focused laser beams, as the short optical
wavelength enables single-qubit addressing [14] and efficient coupling between the ions’ spin and motional
degrees of freedom [15]. Laser-driven operations utilising stimulated Raman transitions fundamentally
suffer infidelity arising from photon scattering [16—18]. Furthermore, the scaling of stimulated Raman
operations to a large-scale quantum processor is challenging as many high-intensity laser beams need to be
controlled and aligned with sub-um precision.

Microwave radiation can be used to drive hyperfine or Zeeman qubits directly [15]. However, as the
free-space wavelength of microwave radiation is much greater than that of laser light, free space spatial
selectivity and spin-motion coupling of microwave radiation is impractical. The spatial selectivity [19] and
spin-motion coupling can be increased by several orders of magnitude if one is able to engineer a large spatial
gradient in the microwave field. One way to achieve an effective microwave field gradient is by combining
far-field microwaves with a strong, static magnetic field gradient [20-22]. However, this method requires
radiative atomic-dressing techniques [23-25] to minimise decoherence because the qubit states need to be
first-order sensitive to magnetic fields. An alternative solution is to position the ions in the near-field regime
of a microwave-current-carrying conductor [15, 26, 27]; here the field gradient is determined by the distance
to the conductor and conductor geometry rather than the free-space wavelength of the microwaves. In
addition to these methods, a novel spin-motion coupling has been recently demonstrated using a
radio-frequency field gradient oscillating close to the ions’ motional frequency [28].

Microwave technology is more mature than laser technology, and is used in many everyday devices such
as mobile telephony. It is commercially available at lower cost than laser systems, and is also easier to control.
Microwave circuitry can also be directly integrated into ion trap structures, which facilitates the production
of chip-based ion traps that are amenable to scaling into quantum ‘CCD-like’ devices [15, 29-32]. There have

© 2023 The Author(s). Published by IOP Publishing Ltd
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been significant advances in recent years using surface traps with single-layer [27, 33, 34] and multi-layer
[35, 36] integrated microwave circuit elements to perform quantum logic gates, with the highest-fidelity
two-qubit operations [4, 37, 38] approaching the fidelities of state-of-the-art laser-based systems [2, 3, 5].

This paper details the design, construction, and characterisation of a surface-electrode trap with
integrated microwave circuitry, which is designed for implementing microwave-driven two-qubit gates with
significantly improved fidelity and/or speed compared with that achieved in our first-generation system (gate
fidelity of 0.997 with a duration of 3.25ms) [37]. The apparatus features a surface trap with a novel
microwave electrode concept, designed for a previously unused hyperfine ‘atomic clock’ qubit [8, 10] in
#Ca™, operating at a static magnetic field of By ~ 288 G. The surface trap is designed to operate at cryogenic
temperatures to offset increased motional mode heating (from the reduced ion height), to reduce ion loss
from background gas collisions, and to increase the achievable microwave field gradient (from more
favourable electric losses and power handling). For the purpose of characterizing performance, the system is
designed to operate at any temperature from cryogenic (~20 K) to ambient (300 K).

The remainder of this paper is structured as follows. In section 1 we outline the desired improvements
relative to our first-generation experiment [37], before describing the design and fabrication of the surface
trap in sections 2 and 3. We detail in sections 4 and 5 the construction of the experimental apparatus which
enables the surface trap to be operated at cryogenic temperature T ~ 20K. In section 6 we present
characterisation measurements of the surface trap and discuss the future prospects for high-speed and
high-fidelity microwave-driven quantum logic in this system.

1. Targeted improvements

The experiment targets improvements to the two-qubit gate speed and fidelity by employing an improved
trap design and choice of qubit. A particular focus is placed on gate speed improvements as several error
sources for entangling gates increase with the gate duration [3].

In the near-field regime of a microwave-current-carrying conductor, the spin-motion coupling strength
is proportional to the spatial gradient of the microwave magnetic field. Therefore, the two-qubit gate speed
can be improved by increasing this magnetic field gradient. Naively, this can be achieved by increasing the
microwave power P, injected into the conductor. However, a power increase is not a practical solution as
the field gradient scales as /P, w, leading to quadratic scaling of input power and trap power-handling
requirements for a linear increase in gate speed. A more efficient approach is to reduce the ion-to-electrode
distance d, as the field gradient scales as ~1/d*. A disadvantage of the reduced ion-to-electrode distance is
the likely increase in electric field noise, which has been observed to scale approximately as ~1/d* [39-41].
Greater electric field noise increases two-qubit gate errors and therefore needs to be balanced against any
gain from an increased gate speed. To mitigate the field noise, one can cool the trap electrodes to cryogenic
temperatures; this technique has been shown to reduce electric field noise by several orders of magnitude
(39, 41-43].

The two-qubit gate fidelity can also be improved by increasing the ratio of microwave field gradient to
field amplitude. The field gradient drives the two-qubit gate, whilst the field amplitude leads to unwanted AC
Zeeman shifts, and can drive undesired magnetic dipole transitions. One could interfere fields from multiple
independent microwave electrodes to produce a large field gradient while achieving cancellation between the
microwave amplitude of the electrodes, a microwave-null [26]. However, in practice the active stabilisation of
all microwave current amplitudes and phases with sufficient accuracy in multiple electrodes is an additional
complication. An alternative approach is to design a trap which creates a microwave null passively [34],
eliminating technical differential amplitude and phase noise.

As well as the trap design considerations above, we aim to improve the gate speed and fidelity through a
more favourable choice of qubit states than in our previous work [37]. In that experiment, we employed a
|Am| =1 qubit transition. Such a transition can be driven by a linearly-polarised microwave field oriented
orthogonal to the quantisation axis. This field creates an equal superposition of left- and right-circularly
polarised fields, hence only half the applied microwave power is available to drive the qubit transition. It is
therefore beneficial to utilise a Am = 0 qubit transition where all of the available microwave field gradient
can be used to drive the spin-motion coupling.

We previously used the ‘clock’ qubit states |F = 4,m = 0) and |F = 3,m = +1) in the 4S, /, ground level
hyperfine manifold of **Ca™ (figure 1), operating at a static field of By ~ 146 G, where the |Am| = 1 qubit
transition energy is first-order insensitive to magnetic field fluctuations [1]. In this second-generation
experiment, we use a Am = 0 clock qubit operating on the |F = 4,m = +1) <> |[F = 3,m = +1) transition at
By = 287.783 G, allowing efficient coupling of the available microwave gradient to drive the entangling
operation. In addition to the efficient microwave gradient polarisation, the intrinsic transition strength of
the Am = 0 qubit is ~21/2 larger than that of the |Am| = 1 qubit. Together, these factors increase the
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Figure 1. Energy level diagram of *Ca™ showing the relevant transitions for laser cooling, state preparation, and readout. The
lower panel shows relevant states within the hyperfine structure of the 425, /2 ground level, at a static magnetic field of

By = 287.783 G. The green states show the clock transition used for the qubit in this work, and the black arrows show the
transitions used for state preparation and readout. Zeeman splittings between adjacent m states are ~110 MHz.

achievable two-qubit operation speed by a factor of 2 for a given microwave power. Alternatively, when
operating at the same gate speed, AC Zeeman shifts and driving of undesired spectator transitions are
reduced. The increase in the static magnetic field from 146 G to 288 G approximately doubles the detuning of
spectator transitions from the qubit transition, further suppressing their effects.

In addition to the change of qubit, the ion-to-electrode distance in this new surface trap is d = 40 um,
approximately half that of the previous trap. This increases the achievable microwave field gradient and
hence the two-qubit gate speed by an additional factor ~4 and is complemented by an electrode layout which
gives a passive microwave null. To mitigate the anticipated increase in the motional mode heating rate # due
to smaller d, the surface trap is designed to operate at cryogenic temperatures. An added benefit of cryogenic
operation is the vacuum improvement, giving fewer background gas collisions and longer ion trapping
lifetime.

Cryogenic operation also reduces resistive losses within the microwave electrode, leading to higher
achievable microwave currents and thus field gradients. Note however that at microwave frequencies, the
electrode resistance R will not scale linearly with the gold resistivity p. Indeed, since skin depth also reduces
with the square-root of resistivity, electrode resistance will follow R oc /p.

2. Surface trap design

The use of symmetry to passively null the field amplitude eliminates the need for calibration and potential
stabilisation of multiple microwave signals, reducing potential sources of gate error. A ‘meander’ electrode
structure has previously been shown to passively null the microwave field in all three spatial axes [34, 44].
The position of the minimum relies on a complex interference pattern between multiple sections of the
electrode, making the surface trap design sensitive to the geometry and microwave current distribution. This
is particularly problematic for designs relying on a single metal layer, where the ground plane is effectively
bisected by the meander and radio frequency (RF) electrodes. The design of a meander trap that aims to
minimise the field amplitude but maximise the field gradient is therefore difficult as the optimisation is
multi-dimensional and not constrained by symmetries, leading to difficulties finding a broad global
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Figure 2. (a) Simplified top view of the surface trap (not to scale), illustrating the operational principles. The blue, orange, and
grey regions correspond to the RE, microwave, and ground plane electrodes respectively. The red dashed line shows the position of
the RF null, and By is the applied static magnetic field. (b) A cross-sectional view of the instantaneous magnetic field created by
current flowing in the microwave electrodes (shown as one-dimensional wires for illustration).

minimum. Furthermore, as the meander passively nulls the microwave field along all axes, it has the
undesirable side-effect of restricting the achievable Rabi frequency used for state preparation. An additional
microwave electrode can be added outside the meander [44]; however the microwave field produced by such
an electrode is heavily screened by nearby induced currents, resulting in a weak field at the trap centre and
hence slow state preparation.

To address the challenges associated with the meander design, we have designed a surface trap using a
single, resonantly-coupled ‘U-shaped’ microwave electrode (see figure 2(a)) which is terminated on the
surface trap ground plane to form a quarter-wave (\/4) resonator [45]. The ‘U-shaped’ microwave electrode
design only results in a passive microwave field null along a single axis, thereby allowing for faster state
preparation. Further, the resonant structure allows for efficient coupling of microwave currents onto the
surface trap. A \/4 resonator was chosen over a \/2 resonator as the shorter microwave electrode length
limits resistive losses. Additionally, a /4 resonator allows the microwave electrode to be grounded, hence
avoiding photoelectric charging effects. The inherent symmetry of the ‘U-shaped” microwave electrode
reduces the number of free parameters in the optimisation of a microwave minimum, making global
optimisation more feasible. The symmetry also increases the robustness of the trap to manufacturing
imperfections, such as a global reduction in electrode width, as only asymmetric imperfections break the
symmetry.

The basic design concept is illustrated in figure 2(b), where we consider a cross-sectional view of the
current in the microwave electrode at a single instant in time. Along the symmetry axis the magnetic field
components parallel to x destructively interfere, resulting in a field null. As one moves closer to either section
of the electrode, the field component B, increases. With the static magnetic field parallel to %, the required
m-polarised field gradient is created, while the -field that couples directly to the qubit is nulled. In reality, a
small phase difference in the two opposing currents results in a minimum instead of a perfect null (see
section S2 A). Along y the fields constructively interfere, resulting in a non-zero field component B, which
facilitates a large Rabi frequency to drive both 0+ and o~ transitions for state preparation in the hyperfine
manifold without the need for additional electrodes. The presence of such a large o-field component which
does not couple to the qubit may appear detrimental to the entangling operation; however we have shown in
our previous work that this is not the limiting source of infidelity [37]. Note that the ‘hairpin turn’ of the
microwave electrode is located 15 times further than the smallest ion-electrode distance and therefore does
not significantly contribute to the field.

The microwave electrode was designed to be a resonant structure with a modest Q-factor (Quot = 10, see
section S3), with a centre frequency of 3.1 GHz to match the hyperfine splitting of the
|F =4,m=+1) <> |[F=3,m = +1) transition at By = 288 G. The Q-factor was chosen to be large enough to
increase the achievable field gradient at the ion position, but low enough to obtain a large microwave
bandwidth, which enables state preparation in the hyperfine manifold where the most distant frequency is
that of the |F = 4,m = +4) <> |F = 3,m = +3) transition at 2.5 GHz. The geometry of the microwave
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Figure 3. (a) Rendered image of the surface trap detailing the electrical connections for the radio frequency (RF), DC, and
microwave (W) electrodes. The meander path for the microwave line allows sufficient length to form the quarter-wave
resonator. (b) Enlarged scale view of the central trapping region, showing the structure of the DC electrodes.

Table 1. The designed and measured widths of electrodes on the optimised surface trap.

Electrode Design (pm) Measured (pm)
Dielectric gap 4.5 5.2
Microwave electrode 8.5 7.8
RF electrode 18.8 18.4
Wide DC electrode 85.5 85.3
Narrow DC electrode 25.5 25.0
Inner ground 9.5 8.8
Outer ground 5.5 4.8

Table 2. Simulated microwave field gradient, and field amplitude parallel and perpendicular to the quantisation axis defined by By at the
RF null for an input microwave power of 1 W. For a perfectly symmetric design, we would have B(\)I = 0; the imperfect nulling of B‘l)| is

useful in practice for driving the qubit carrier transition.

Temperature OB /0x (T/m) Bﬂ (uT) BY (uT)
300 K 26 39 462
20K 72 108 1282

electrode was optimised to maximise the microwave field gradient whilst minimising the microwave field
strength at the position of the RF null, where the ion is trapped. The microwave fields were simulated using
finite-element analysis software [46, 47] (see section S1), as at microwave frequencies the proximity of other
conductors leads to a complex distribution of currents which cannot be solved analytically. The microwave
electrode is placed between the two arms of the RF electrode, as shown in figure 2, and is surrounded by
ground planes to reduce coupling between sections of the microwave electrode.

A rendered image of the optimised surface trap design is shown in figure 3(a), and its central trapping
region is detailed in figure 3(b). The widths of the electrodes shown in the central trapping region are given
in table 1. The microwave electrode path to the trap region was chosen to ensure the correct length to form
the A/4 resonator. The trapping region has 22 DC electrodes in total, 11 per side, where the central 3
electrode pairs are narrower to facilitate splitting of ion chains.

Microwave power is delivered through a 502 feedline to provide good impedance matching to the
microwave source. This feedline is capacitively coupled to the microwave electrode to inhibit DC coupling to
the electrode. Inevitably, this coupling capacitor also allows microwave energy to leak out of the resonator,
reducing the total quality factor of the resonator. We utilize this fact to limit the quality factor (overcoupling
the resonator) at cryogenic temperatures. With our expected residual resistivity ratio (RRR) of 15 [48], the
quality factor would change from ~8 at room temperature to ~120 (linewidth ~50 MHz) at cryogenic
temperatures if only determined by metal resistivity. The chosen capacitance to the feedline limits the total
quality factor to Qo < 17.

The magnetic field components produced by the optimised microwave electrode design, both at room
and cryogenic (T = 20K) temperatures, are detailed in table 2 and figure 4. The figure shows the simulated
magnetic field parallel B and perpendicular B to the quantisation axis produced by the microwave
electrode at 3.1 GHz for an input power of 1 W. The upper plot shows a 2D plane above the trapping region,
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Figure 4. Simulated room-temperature magnetic field components parallel B)| and perpendicular B to the atomic quantisation
axis produced by the microwave electrode at 3.1 GHz for an input power of 1 W. The upper figures show the magnetic field in a
2D plane above the surface trap (y = 0), and the lower figures show a slice at the ion trapping height of y = d = 40 um, where

(x =0,y = 40) um is the position of the trapping RF null.

and the lower plots show a transect at the ion trapping height of d = 40 um. The simulations show that we
are able to create a minimum in By, as expected from the simplified model shown in figure 2. Note that the
minimum of the magnetic field is displaced slightly from the RF null (x = 0) due to the asymmetry in the
current amplitude on either side of the ion, resulting in a small residual magnetic field amplitude which
couples to the clock qubit (see section S2 A). This does however enable the application of a carrier tone
which can be used to implement the two-qubit dynamically-decoupled Mglmer—Sgrensen gate [37, 49, 50]
and single-qubit rotations.

The quantities calculated at cryogenic temperature assume knowledge of the RRR, which characterizes
the change in resistance of the gold trap top-layer (see section 3) between room and cryogenic temperatures.
The RRR depends strongly on the purity of the gold [51], as well as on the deposition methods. The value
quoted above, RRR= 15, used in simulation and design of the device, is at best an educated guess. The
impact of the uncertain RRR value is mitigated by the relatively large coupling capacitance which is expected
to dominate the resonator losses at cryogenic temperatures.

3. Surface trap fabrication

The surface trap was constructed from a 430 pm thick, high-purity (99.996%), mono-crystalline sapphire
wafer onto which layers of Ti (40 nm), Pt (60 nm), and Au (100 nm) were sequentially deposited using
electron-beam evaporation. A sapphire substrate was chosen for its low loss tangent and excellent thermal
conductivity at cryogenic temperatures. The Ti creates an adhesion layer and the Au provides a chemically
passive surface finish. At the elevated temperatures used to bond the surface trap to the cryogenically-cooled
pillbox (see section 5), the Ti would start to diffuse into the Au layer [52]; the Pt layer acts as a diffusion
barrier between the Ti and Au surfaces [53], ensuring a pure Au finish. To create the surface trap electrodes, a
6 um photo-resist was applied to the top side, and then selectively exposed to UV light through a mask.
Photo-resist which was exposed to the UV light was removed, after which a layer of Au was electroplated
onto the surface trap (see [54] for details of the electroplating process). The Au layer was chosen to be 4 ym
thick as this is several times thicker than the room temperature skin depth of 1.35 um at 3.1 GHz. The
remaining photo-resist was then also removed, and the metallic layers beneath the photo-resist were removed
using argon-ion milling, revealing the finished surface trap. Approximately 64 trap chips were made on the
same 3” sapphire wafer, with some design variations (for example, with a range of microwave resonator
lengths so that the chip whose resonator most closely matched the qubit frequency could be selected); the
wafer was diced into individual chips.
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20 mm (vii)

Figure 5. Rendered image of the vacuum chamber. Labelling is as follows: (i) LHe flow cryostat head; (ii) thermal strap; (iii)
microwave semi-rigid coaxial cable; (iv) microwave PCB; (v) DC electrode connections; (vi) CF100 base flange; (vii) 51 pin
micro-D feedthrough; (viii) optical access holes; (ix) temperature sensor; (x) pillbox lid (cut away for illustration); (xi) surface
trap chip; (xii) atomic ovens [60].

4, Filter boards

The surface trap was electrically connected via gold wire-bonds to several printed-circuit boards (PCBs).
These PCBs were manufactured on alumina substrates (96% purity), with 60 ;zm copper traces, coated with a
~100nm layer of electroless palladium autocatalytic gold (EPAG). Alumina has good thermal conductivity
and low loss tangent, and EPAG provides a nickel-free, gold surface finish which facilitates Au-Au
wire-bonding. The undersides of the PCBs were also EPAG coated to provide a ground plane connection to
the pillbox (figure 5). All electrical components on the PCBs were soldered using SAC305 solder as it is
non-magnetic and ultra-high-vacuum (UHV) compatible. UHV compatible flux [55] was also used to
improve the quality of solder joints.

There are five PCBs in total: two DC PCBs, a microwave PCB, an RF PCB, and a temperature sensor PCB.
The two DC PCBs are used to simplify routing around the RF and microwave signals which are injected from
opposing sides of the trap. Each DC PCB contains eleven separate traces with an integrated single-pole RC
filter (R = 1k2,C = 1nF, f. = 160kHz) on each trace. The cut-off frequency f; was chosen to be significantly
lower than the typical secular frequencies of trapped ions (several MHz), but high enough to permit rapid
ion transport operations. The RF and microwave PCBs are both singular, grounded coplanar waveguides
which were designed to be 50€) impedance-matched at their respective frequencies. Both of these PCBs have
multiple vias between the top and bottom ground planes, close to the waveguides to reduce the propagation
of parasitic modes. The RF PCB also contains a ~1nH inductive choke in series which was intended to
reduce undesired microwave coupling into the RF wiring. Finally, the temperature sensor PCB contains a
Kelvin-connected resistance temperature detector (RTD), and is mounted on the side of the pillbox
(figure 5).

5. Cryogenic design

There have been multiple studies [39, 42, 43, 56, 57] showing the benefits of operating ion traps at cryogenic
temperatures. The data displayed in [43] suggests that cooling from room temperature to T~20K reduces
the motional heating rate 7 by nearly two orders of magnitude (with only a factor ~2 further reduction
available by cooling further to T ~ 4K). Furthermore, cryogenic pumping leads to extremely low
background-gas pressures, which can reduce the trapped ion loss rate to negligible levels [58, 59]. In addition
to these benefits, the cryogenic temperature reduces the resistive losses in the microwave electrode and thus
increases the quality factor of the resonator, leading to a larger field gradient for a given input power. The
thermal conductivity of sapphire is maximal near 20 K, allowing efficient transfer of heat from the
microwave electrode to the pillbox.
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Table 3. Expected heat load on the pillbox via vacuum chamber components and radiative transfer. SS, OFC and PTFE stand for
stainless steel, oxygen-free copper and polytetrafluoroethylene respectively. The total expected heat load is indicated in bold. Notably,
the heat load is dominated by conduction through the short support legs. The length of these supports is limited by space constraints.

Source Material Heat load (W)

Support legs 316 stainless steel 1.43

DC wires BeCu 0.18

RF and GND wires BeCu 0.08

RTD wires BeCu 0.04

Microwave coax SS/OFC/PTFE/Ag 0.13

Radiative — 0.15
Total 2.01

There are two main challenges when designing a cryogenically-cooled apparatus. Firstly, the surface trap
must be sufficiently thermally isolated from its surrounding room temperature vacuum chamber that it can
be effectively cooled with reasonable power, whilst still maintaining good optical access and electrical
connections. Secondly, one must minimize vibrations of the trap (with respect to the optical beam-delivery
components) induced by the cryostat.

There are many possible cryostat designs which can be used. We opted for a Janis ST-400
continuous-flow cryostat which does not require a complex vibration isolation stage. The apparatus design
was optimised to reduce the passive heat load, whilst ensuring an excellent thermal contact between the
surface trap and the cryostat. A thermal budget of the system is shown in table 3 [54]. Figure 5 shows a
rendered image of the base flange of the vacuum chamber and the cryostat. At the centre of the vacuum
chamber sits an oxygen-free high-conductivity copper pillbox mounted on three thin-walled (0.24 mm)
stainless steel legs. The surface trap and relevant PCBs are mounted inside the pillbox. The pillbox provides a
strong mechanical structure and large thermal mass for the surface trap. Larger thermal mass is desirable
when to suppress intra-pulse thermal transients when applying high power microwave pulses. The pillbox
also creates a low pressure (cryo-pumped) environment around the surface trap when operating at cryogenic
temperatures, providing an enhancement in ion lifetime.

The pillbox was electroplated with a ~5 ym layer of Au to reduce the absorption of black-body radiation,
as well as to improve the bonding of the surface trap to the pillbox. The surface trap was bonded to the centre
of the pillbox using eutectic bonding. A eutectic bonding process was chosen over other epoxy methods as
the thermal conductivity of available epoxies can become a bottleneck in the thermalisation between the
surface trap and pillbox. We soldered the surface trap to the pillbox using a 25 um thick eutectic solder sheet
with a composition of 80% Au and 20% Sn. This bonding process was performed in vacuo to mitigate oxides
forming on the surface trap, at a temperature of ~300°C [61]. A constant pressure of 0.5 MPa was applied to
the surface trap during the bonding process to ensure a mechanically reliable bond. The PCBs were
screw-mounted to the pillbox and electrical connections were made to the base flange. The DC and RF
connections were made using push-fit crimp pins and 100 mm long BeCu wire, the latter used to minimise
thermal conductivity. DC wire diameters are 0.321 mm whereas RF and ground wire diameters are 0.81 mm.
The microwave connection was made using a UHV-compatible semi-rigid coaxial cable.

Optical access for laser beams is provided by 1.25 mm holes cut into the side faces of the pillbox. The
diameter of the holes was minimised to reduce the vacuum conductance. This leverages the differential
pumping at cryogenic temperatures to improve the vacuum quality experienced by the ion. These holes may
also be used to aid laser beam alignment. A larger diameter hole in the pillbox lid allows collection of ion
fluorescence with a numerical aperture of up to NA= 0.6. The atomic source is a short response-time
resistively-heated oven [60]. This is mechanically isolated from the pillbox to ensure minimal thermal
coupling. The temperature of the pillbox is measured using a Kelvin-connected RTD [62] mounted to the
side of the pillbox. An RTD was chosen over a temperature diode as rectification of RF or microwave signals
can lead to systematic shifts in the temperature measurement.

On cooling to cryogenic temperatures, the cryostat cold head contracts by ~0.9mm. To ensure that the
trap is mechanically decoupled from this contraction, the pillbox is connected to the cryostat head using a
60 mm long, S-shaped thermal strap [63]. The thermal strap is constructed from 205 sheets of 25 um-thick
copper foil, providing a flexible thermal connection with a measured room temperature conductivity of
0.80 & 0.05WK ™. The surface trap moves a horizontal distance <10um when cooled from room
temperature to T = 20K, relative to the laser beam positions, demonstrating the effectiveness of this
mechanical isolation.
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Figure 6. Measured S;; parameter of the microwave electrode as a function of trap temperature. The vertical dashed-dotted line
shows the clock-qubit frequency at [By| = 288 G.

6. Experimental characterization

6.1. Electrical measurements of trap chip

A vector network analyser was used to measure the power reflection (S;; parameter) of the microwave
electrode as a function of trap temperature. Results are shown in figure 6. We observe a broad resonance,
which is centred on the qubit frequency at cryogenic temperatures. We fabricated traps with a variety of
resonator lengths, and chose the length that minimized the |S;| parameter at the qubit frequency at
cryogenic temperatures. The modest quality factor Q of the resonance at room temperature allows the use of
the trap without cryogenics, even though the resonant frequency is detuned from the qubit frequency. Other
resonances are also observed, which we attribute to coupling between the microwave and RF electrodes (see
section S2).

There are several characteristic features which change as a function of trap temperature. The first is the
depth of the observed resonance, which is characterised by the quality factor Q. In this microwave resonator,
the internal quality factor Qj,, is mostly determined by resistive losses in the resonant structure, and the
external quality factor Q. is determined by the capacitive coupling of the microwave resonator to the
feedline [64]. Together these give the overall quality factor Q via Q™! = Qut + Q;ltl As the trap is cooled, the
resistance of the gold decreases, which reduces resistive loss of the microwave resonator and hence increases
Qint- Qext is approximately constant, as the coupling across the gap between the feedline and the microwave
resonator is defined by their on-chip geometry [65]. At room temperature, the microwave resonator is
under-coupled to the feedline (Qext > Qint)- In this regime, the microwave current which is sent to the
microwave electrode will mostly be reflected off the resonator, leading to a loss of power which could
potentially have entered the resonator. As the trap is cooled to ~20K, the microwave resonator becomes
critically-coupled to the feedline (Qin = Qext), and we observe the smallest |S;| and maximum power
transfer to the resonator. As the trap is cooled further, the microwave electrode becomes over-coupled
(Qext < Qint), and we observe an increase in |S;|. Intuitively, when Qext < Qint, too much energy will be
leaking out of the microwave resonator into the feedline, damping the resonator and reducing the amplitude
within it. It is challenging to design a critically-coupled resonator at a given temperature due to the unknown
resistance of the gold prior to fabrication. To optimize the microwave current per unit input power for
operation around 20 K, we would have to increase the external quality factor, by reducing the capacitance
between the resonator and the feedline.

Another noticeable change is the shift in frequency of the microwave resonance, to which there are two
main contributions. The dielectric constant of the sapphire changes by approximately 1.5% between room
temperature and liquid helium temperatures [66]. This leads to a small change in the in-coupling
capacitance as well as to an effective length reduction of the microwave resonator. The reduction in the gold
resistance also contributes to a frequency shift of the resonance (see section S3).
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Figure 7. Microwave field measured with a single ion, for field amplitude (a) perpendicular B, and (b) parallel B|| to the static
field By, at trap temperatures of T = 300K, 77 K, and 21 K (green, orange, blue symbols respectively). The measured microwave
field amplitude is normalised to an input power of 1 W. The dashed lines in (a) are guides to the eye, while the solid lines in (b)
are fits to the data using equation (1). The trap centre (RF null) is at x = 0.

6.2. Microwave field measurements

The microwave-frequency magnetic field produced above the trap chip by the microwave resonator was
measured using a single **Ca™ ion. Ions were loaded into the trap using isotope-selective photo-ionisation
[67] from an isotopically enriched source (30%* Ca™, 70%*°Ca™). The trapping RF was supplied at a
frequency of 61.3 MHz and amplified to a voltage of ~80V using a series L — C circuit, producing a radial
secular frequency of ~5.5 MHz, and radial trap depth of ~30meV. The axial secular frequency of 1.1 MHz
was controlled via application of voltages to the DC electrodes. The DC electrodes were also used to break
the degeneracy of the radial modes by ~0.3 MHz and to tilt the radial mode angles by 15° to the trap plane,
enabling efficient laser cooling with a single laser beam. Real-time experimental control was provided by
modules from the ARTIQ/Sinara open-source ecosystem [68].

Measurements of the microwave field amplitude parallel and perpendicular to the quantisation axis
provided by the 288 G static magnetic field were made by measuring the Rabi frequency on the
[F=3,m=+41) = |F=4,m=+1) and |F=3,m = +1) — |F = 4,m = +2) transitions respectively. The
ion was initially laser cooled using counter-propagating 397 nm and 866 nm laser beams using techniques
similar to those in [69], after which it was prepared in the |F = 4,m = +4) state via optical pumping with a
circularly-polarised 397 nm beam propagating parallel to the static magnetic field. The ion was subsequently
prepared in the |F = 3,m = +1) state using a series of microwave m-pulses (see figure 1). Rabi flopping was
then driven on the transition of choice, after which microwave pulses transferred population in the
|F = 3,m = +1) state back to the |F = 4,m = +4) state. Population in the |F = 4,m = +4) state was shelved
in the metastable 3Ds /, level using 393 nm and 850 nm laser pulses [70]. The Doppler cooling beams were
then applied and the state of the ion inferred by the absence or presence of ion fluorescence. Finally, the ion
was repumped to the ground level using an 854 nm pulse.

To measure the microwave field amplitude as a function of X, we varied the ion position by adjusting the
trap DC voltages. The measured spatial distribution is shown in figure 7, at trap temperatures of T = 300K,
77 K, and 21 K. As discussed previously, one expects a minimum in the component of the microwave field
parallel to the static magnetic field (see figure 2(b)), resulting in a microwave field with a large gradient but
small amplitude. As expected, we observe a minimum in this microwave component; however, this
minimum is offset by several microns from the RF null. Consequently, the parallel microwave amplitude
component B at the trap centre is larger than designed. Through further simulations and measurements, we
deduced that this is caused by a resonant coupling between the microwave and RF electrodes (see section S2),
due to an impedance mismatch at a boundary formed by the RF choke, its large solder pads, and the ~200€2
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Table 4. Measured microwave field gradient along the x direction, and field amplitude at the RF null, at different trap temperatures with
a microwave input power of 1 W, for the B, field component that couples to the qubit transition.

Temperature 0By /0x (T/m) Bﬂ (uT)

300 K 20.44+0.2 92.2+04
77 K 30.7+0.2 166.8 £ 0.5
21K 39.44+0.2 223.44+0.9

characteristic impedance of the RF-carrying wire. The impact of the choke on the microwave reflection is
small relative to that of the RF wiring and the capacitance (>1pF) of the solder pads. We estimate a ~70%
reflection of the coupled microwave power from these components. This effect can be completely mitigated
in future surface traps by creating a well-defined impedance boundary for microwaves on the RF line, such
that a resonance cannot be formed. Simulations show that a spiral inductor, in line with the RF electrode,
and placed at a distance /4 from the RF electrode ends (see figures S3(b) and (c)), has the desired effect.
Besides the unexpected position of the null, the measured microwave gradient per watt is approximately two
times smaller than indicated in the simulations in table 2. We attribute this discrepancy to the simulation
being performed for one watt input power to the trap chip, whereas gradients were measured for one watt
power injected into the vacuum system as a whole.

By considering the simplified model in figure 2(b), the complex amplitude of the microwave field parallel
to the static magnetic field can be approximated by

. OB
By (x)zB’I“U—i—ewa—x‘(x—xo) (1)

where B}’ is the residual magnetic field amplitude at x = xo, the position of the microwave minimum, the RF
null is at x = 0 and ¢ is the phase shift between the microwave amplitude and gradient resulting from the
phase difference of the opposing currents in the microwave electrode. The fitted gradients and field
amplitudes at the RF null are displayed in table 4. We observe an increase in the measured field gradient as
the trap temperature is reduced, consistent with the decrease in the resistivity of the gold surface layer of the
trap. From a previous iteration of the surface trap, which did not suffer from resonant coupling to the RF
electrode, we were able to extract the resistivity of the gold as a function of trap temperature (see section S3),
and hence Q. The temperature scaling of Q is consistent with that of the measured microwave field gradient.

From the measured field gradient and field amplitude we are able to calculate an effective Lamb-Dicke
parameter 7 at the RF null, defined as 7 = Qgdeband / Qcarrier = q00:B)| / B(ﬁ where ¢ is the r.m.s. extent of the
ion’s ground-state wave packet. At 20 K and a radial secular frequency of 5.5 MHz, n =~ 8 x 10~%, which is
comparable to 7 & 1 x 1073 in our previous work [37]. If the microwave minimum were at its designed
position, we would obtain i & 3 x 107>, Despite not achieving an increased effective Lamb-Dicke parameter,
we are able to achieve significantly faster two-qubit gates.

6.3. Measurements of ion trapping lifetimes and motional mode heating rates
One of the advantages of operating at cryogenic temperatures is an increase in ion trapping lifetime due to a
reduction of background gas pressure in the UHV chamber. During room temperature operation, the UHV
chamber vacuum pressure was measured with an ion gauge to be ~1 x 10~!! mbar. The approximate single-
and two-ion trapping lifetimes with continuous Doppler cooling are displayed in table 5. Two-ion trapping
lifetimes are expected to be shortened due to ion-ion repulsion and increased background gas collisions.
However, the ion lifetimes within cryogenically operated surface traps can be significantly longer than those
observed here [71]. We attribute our lifetimes, in part, to the multiple apertures which allow entry of other
background gases from the room temperature region of the chamber. Further, we observe a rapid increase in
ion lifetime as the temperature of the pillbox is reduced. At cryogenic temperatures, the saturation pressure
of typical gases in a UHV chamber fall below 1 x 10~'> mbar [72], resulting in a reduction in local
background gases near the trapped ions. The dominant source of residual background gas at 21 K is expected
to be hydrogen. This could also be reduced by cooling to 4 K, but the cost of cryogen outweighs the benefits
given the observed two-ion lifetime: given the same heat load, 4 K would be about an order of magnitude
more expensive to maintain with a liquid helium flow cryostat.

Another advantage of cryogenic operation is the reduction in the heating rate of the motional modes of
the ions. From previous experiments which have characterised ion heating rates as a function of temperature

11



10P Publishing

Quantum Sci. Technol. 9 (2024) 015007 M A Weber et al

Table 5. Approximate single-ion (71) and two-ion (7,) trapping lifetimes with continuous Doppler cooling, as a function of surface trap
temperature.

Temperature 71 (minutes) 7, (minutes)
300 K =~ 30 ~3

77 K > 120 =~ 20

21 K > 600 > 120

Table 6. Measured heating rates for the single-ion in-plane radial mode 7; and for the two-ion in-plane radial rocking mode #; as
function of surface trap temperature.

Temperature #1 (quanta/s) #, (quanta/s)
300 K 350 £ 50 —

77 K 230 420 55+0.7
21 K 200+ 10 3.1+0.9

[39, 42, 43, 56, 57], one would expect a power-law relationship of the type 71 oc TP, where B typically varies
between 1.5 and 4 [73].

We measured the ion heating rates on the single- and two-ion radial motional modes as a function of
surface trap temperature using pulsed sideband cooling [74] and sideband thermometry. These were
implemented by driving the |F = 4,m = +4) — |F = 4,m = +3) optical Raman transition and its sidebands.
The two Raman beams were derived from the same laser, detuned 30 GHz from the 397 nm 4§, ;, — 4P, ,
transition, and had orthogonal linear polarisations. The beams propagated along the (2 + X) /+/2 and
(2 — X) /+/2 directions so that there was no Raman coupling to the axial motional modes. The ions were
initially Doppler cooled, after which dark-resonance cooling was applied for a further 10 ms [69]. The ions
were then prepared in the |[F = 4,m = +4) state via optical pumping with the circularly-polarised 397 nm
beam. Ground-state cooling was then performed using a pulsed-sideband cooling technique which consists
of a repeated sequence of driving the first red motional sideband with the Raman beams, after which the
circularly-polarised 397 nm beam was used to provide dissipative repumping into the |F = 4,m = +4) state.
Thermometry was then performed by measuring the ratio of the amplitude of the first red and blue motional
Raman sidebands.

The measured heating rates for the single-ion in-plane radial mode #; and the two-ion in-plane radial
rocking mode 7, are shown in table 6. The mode of most interest is the two-ion in-plane radial rocking
mode, as this is the mode on which two-qubit entangling gates are to be performed. From a conservative
# oc TP=1 scaling law we would have expected a ~54 x heating rate reduction between room temperature
and 21 K [39, 42, 43, 56, 57]. However, we only observe a 1.5 X reduction in heating. This is a much smaller
effect than one would expect from previous cryogenic experiments, and may indicate that the electric field
noise arises from technical sources which are currently unidentified. Typical sources for such noise include
noisy electronics and ground loops.

7. Conclusions

In this paper we have presented a novel surface-electrode ion trap with an integrated microwave resonator,
designed to improve upon the speed and fidelity of two-qubit entangling operations presented in our
previous work [37]. One of the main aims was to increase the achievable microwave-frequency magnetic
field gradient for a given input power, whilst maintaining or improving upon the effective Lamb-Dicke
parameter 17 and motional-mode heating rate. With the use of a passively-nulled resonant microwave
electrode design and a w-polarized qubit transition that couples more efficiently to the microwave field, we
have obtained a microwave field gradient which is effectively a factor of eight greater than that of our
previous system, for the same input power. This should enable an order-of-magnitude improvement in the
speed of two-qubit entangling operations for reasonable input microwave powers [75].

We have observed a detrimental resonant coupling between the microwave and RF electrodes, which does
not affect the achievable gradient, but causes a shift in the position of the microwave field minimum, which
in turn reduces 7; however, the measured 7 is comparable to that of our previous work. We have shown in
simulation that this resonant coupling between the microwave and RF electrodes could be mitigated by
placement of an inductive choke on the RF electrode at a distance \/4 from the microwave resonator.

The ability to cool the surface trap to cryogenic temperatures has yielded ion trapping lifetimes of several
hours. In addition, we have observed a reduction in motional heating rates at cryogenic temperatures, which
has enabled us to maintain a comparable motional heating rate to that in our previous system, despite the
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significantly reduced ion-to-electrode distance. Future work will utilise these improvements to demonstrate
microwave-driven two-qubit entangling operations which are comparable in both speed and fidelity to those
of state-of-the-art laser-driven gates.
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