A microfabricated ion trap with integrated microwave circuitry
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We describe the design, fabrication and testing of a surface-electrode ion trap, which
incorporates microwave waveguides, resonators and coupling elements for the manipu-
lation of trapped ion qubits using near-field microwaves. The trap is optimised to give
a large microwave field gradient to allow state-dependent manipulation of the ions’
motional degrees of freedom, the key to multiqubit entanglement. The microwave
field near the centre of the trap is characterised by driving hyperfine transitions in a

single laser-cooled **Ca* ion.
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Manipulation of the internal and external degrees of freedom of trapped atoms with
electromagnetic fields lies at the heart of many modern atomic physics experiments!, with
applications in precision spectroscopy and metrology, quantum information processing, and
the study of degenerate quantum gases. Such manipulation is usually achieved using laser
light and/or free space microwave or radiofrequency radiation. With the advent of planar
ion? and neutral atom chip traps®, which confine atoms tens of microns above a surface, it
has also become possible to use near-field radiation above microwave conductors. This near-
field microwave regime has three qualitative differences to the free space regime. Firstly, the
magnetic fields that can be created with a given power are orders of magnitude higher, allow-
ing for high Rabi frequencies?. Secondly, much larger field gradients can be produced than
in a free space microwave field because the spatial variation of the field is determined by the
dimensions of the conductors rather than the wavelength of the radiation. These gradients
can be used to produce state-dependent forces with application to quantum logic gates* or
atom interferometry®, for example. Thirdly, the localisation of the field close to the conduc-
tor allows spatially selective addressing of atoms in different regions of the chip, essential
for scalable quantum computing. Although state-dependent forces and selective addressing
are routinely produced by laser beams, control of the optical frequency, phase and intensity
at the levels required for fault-tolerant quantum computing are much more challenging than
in the microwave regime. Optical manipulation is also accompanied by spontaneous photon

scattering® which causes decoherence in quantum information applications.

The near-field regime was first explored using neutral atom chips with integrated copla-
nar waveguides (CPW)?®, and subsequently in surface-electrode ion traps, either by driving
microwave currents in simple electrode structures*” or by incorporating a CPW into the
trap structure®. In the trap described here we take near-field techniques a step further
and integrate more complex microwave circuitry, including a set of three resonators, in a
surface-electrode ion trap. The frequency of the resonators was designed to be 3.22 GHz
to match the hyperfine splitting between the F=3 and F=4 manifolds in the 457/, ground
level of ¥Ca™. Transitions between these two manifolds can be utilised as a very robust
qubit with coherence times of over a second reported”. The resonators allow us to design
the trap such that, on resonance, it is a 502 load, impedance-matched to the microwave

drive circuitry. This improves stability by reducing unwanted microwave reflections from the

trap. The build-up in the resonator also reduces the microwave power required to achieve
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FIG. 1. a) The trap substrate mounted on its aluminium base. b) A schematic showing the

100 pm

resonators, the A/4 coupling elements and the coplanar waveguides. c¢) The central trapping region
showing the microwave currents, Iy, I, I3, and the static magnetic field direction, Bg. Ions are

trapped 75 pum above the plane of the electrodes.

a given current. Suppressing unwanted carrier transition when driving motional sideband

Y is a crucial feature in several quantum logic gate implementations. In order

transitions®
to achieve this we use three resonators side-by-side (see figure 1) so that, by tuning the
relative phase and amplitudes, we can null the microwave field at the position of the ion
whilst retaining a large microwave field gradient.

The layout of the microwave resonators was optimized to produce the largest microwave
field gradient at the ion for a given microwave current density (the likely limiting factor in
how much microwave power can be applied to the trap). This optimization required finite
element simulations (using Ansys HFSS software) because at microwave frequencies the skin
effect and proximity effect produce a complex distribution of currents in each conductor as
well as induced currents in other nearby conductors (see fig. 2) that cannot be calculated

analytically. As we require two radio-frequency (RF, 38.7 MHz) electrodes in a fixed position

in order to produce the required trapping pseudopotential, there are a limited number of



FIG. 2. HFSS simulation of the microwave surface current density on the trap electrodes and
the magnitude of the microwave magnetic field in the radial plane of the ion (rectangular inset in
figure) when the field is nulled at the ion. Note the crowding of the current close to the edges of

the electrodes and the current flowing in the ground plane.

choices for the layout of the three microwave resonators. Combining the resonators with the
RF electrodes rather than placing separate microwave electrodes around the RF electrodes
was shown in simulations to give a larger microwave field gradient at the ion. The application
of an RF potential then prevents us from grounding the resonators at any point. Thus
the smallest resonant structure we can use is an open-ended half-wave resonator, with the
ions in the centre (directly above the current anti-node). Microwave power is brought to
the resonators on three 502 CPW feed lines. These cannot be capacitively coupled to
the resonators from one end!! as this would preclude application of DC and RF trapping
potentials to the electrodes. Instead we use a /4 section of CPW of higher impedance,
which is electrically equivalent to a capacitor'? (see fig. 1b).

Figure 1 shows the final design in which critical dimensions, such as the length of the
resonators and coupling elements, were optimised to give the largest microwave field gradient
at the ion. The RF null, where the ions are trapped, was chosen to be 75 um above the
surface. The trap has 91 um wide RF electrodes, a 70 um wide centre electrode and 10 pm
gaps between all electrodes. As well as the basic elements discussed above, there are several
other notable design features. The thickness of the electrodes was chosen to be 5 pm because
the skin depth at 3.22 GHz is 1.4 pum; thicker electrodes would not significantly reduce losses
but would be harder to fabricate. The DC electrodes are set back from the RF electrodes

with a 75 pm wide section of ground plane in between, since otherwise the gaps between DC
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electrodes would prevent current flowing in the ground plane (see fig. 2), causing a reflection
of microwave power. The microwave electrodes are also flared out away from the trap region
(their width increases to 550 um) to reduce their resistance and to spread out the thermal
load from resistive losses.

The electrodes are electroplated gold (fabricated as in previous work!3) on a 0.5 mm thick
c-cut sapphire substrate. Sapphire has low microwave loss, good thermal conductivity and
its high dielectric constant reduces the length of the resonators. The trap is epoxied to an
aluminium mounting block which incorporates SMA connectors that are glued directly to the
trap with conductive epoxy. These are then connected to a UHV feedthrough with vacuum-
compatible coaxial cables (combined cable and feedthrough insertion loss is < 0.6 dBm at
3.22 GHz).

The design of the trap requires each of the three central trap electrodes to be connected
to the microwave drive circuitry, a DC bias voltage and the trapping RF voltage (or an
RF ground path in the case of the centre electrode). This is done via an external diplexer
circuit made up of two microstrip filters (see fig.3). Filter A is a coupled line bandpass
filter which passes 3.22 GHz but is open circuit for RF and DC. Filter B is a microstrip
stub bandstop filter at 3.22 GHz but passes RF and DC. The microwave insertion loss of the
diplexer is measured to be <0.9dB at 3.22 GHz. The RF is connected via 10nF capacitors
to allow a separate DC bias to be added to each electrode via a 100 uH choke. The diplexer
circuit was designed using Microwave Office software and is fabricated on Rodgers RO3003
circuit board. A transformer is used to impedance match the 502 RF amplifier to the trap
and step-up the voltage. This consists of an iron powder toroid (Micrometals T80-10) in a
resonant circuit configuration with a ) of 65 and a voltage step-up of 9.6 at 38.7 MHz. The
trap DC electrodes are grounded at RF and microwave frequencies by wirebonding them to
InF single-layer capacitors glued directly to the trap mount. Further details on the testing
of the diplexer, trap electrical connections and the vacuum system are described elsewhere!4.

A vector network analyser (VNA) was used to measure the fraction of microwave power
coupled into the trap on each port. This is compared with the simulation in fig. 4. The @ of
the microwave resonators is approximately 6, matching the simulation well. The resonant
frequency of the resonators is around 5% higher than simulated. We believe this is due to
inadequate refinement of the simulation rather than dimensional inaccuracies in the trap

fabrication'* and could be corrected for in a second version of the trap. In any case, the
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FIG. 3. Schematic (top) and photograph with metal cover removed (bottom) of diplexer. The
third diplexer channel for the centre trap electrode (port 2) is mounted in a separate box below

the two channels shown. It is identical except that the RF connection is grounded.

modest () of the resonators means the required frequency is close enough to resonance that

we couple most of the incident power into the resonators (> 68% at 3.22 GHz).

43Cat ions are loaded using isotope-selective photoionisation'® from an isotopically-
enriched source (12% #3Ca). At an RF frequency of 38.7 MHz and voltage amplitude of
72V, the radial secular frequency is 4 MHz, the stability parameter is ¢=0.3 and the trap
depth is 59 meV. Axial secular frequencies are up to 500kHz with DC control voltages of
< 10V. The separate DC bias available on each RF electrode allows a DC quadrupole to
be applied in order to rotate and split the frequency of the two radial modes'®. The cooled

single-ion lifetime is several hours at a pressure of < 107! Torr.

Using a modified'® Doppler-recool technique'® we measure a heating rate of 7w =
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FIG. 4. Comparison of VNA data (solid line) and the HFSS simulation (dashed line) of the total

fraction of power incident on a given microwave port that is coupled into the trap.

1.4(3) quanta/ms on the axial mode at a secular frequency of w = 27 x 500kHz. This
corresponds to an electric field spectral noise density of w.Sp(w) = 1.6(3) x 107°V?/m?
which is extremely low for a room-temperature trap of this ion-electrode separation and

comparable with results from cryogenically-cooled traps (see reference!” for a recent survey).

The micromotion compensation indicates that the electric field offset at the ion is stable
to better than +5V/m (< 30nm displacement from RF null) in the radial direction parallel
to the trap substrate over several weeks, with no detectable change after loading an ion. A
differential phase shift between the two RF electrodes, which would cause uncompensatable
micromotion'®, was avoided by keeping both RF paths through the diplexer as similar as
possible. Experimentally we find that the uncompensatable micromotion is close to the
limit of what we can detect when we look for modulation of the ion’s fluorescence at the
RF frequency'® (~ 2nm amplitude, a modulation index of 3 ~ 0.02 on the Doppler cooling

laser).

Measurements of the microwave field amplitude were made by observing Rabi flopping
between ground level hyperfine states in a single *Ca* ion at a static field of Bg=2.3mT. By

measuring the Rabi frequencies of both a 7 (Sf}g 513}%, where the superscript indicates the

angular momentum quantum numbers F'; Mp) and a o (Sf}% “ Sf/gl) microwave transition
we were able to calculate the projection of B, perpendicular and parallel to By. These two
transitions are separated by 8.1 MHz (3.226 and 3.218 GHz respectively) but the frequency
dependence of the resonators is small over this range. Comparison of the measured and

simulated (at 3.22 GHz) fields when applying microwaves to each resonator in turn is shown

in tablel.



TABLE I. Measured microwave B-field amplitudes at the ion with 1 mW at each input port of the
trap (1.38mW input into the diplexer inputs), compared with the values from the HFSS simulation.

The angle is with respect to By which in the simulation is assumed to be along .

Measured Simulated

Port By (uT) Angle (°) Buw (1T) Angle (°)

1 12.9 62.0 20.1 64.7
2 244 3.0 20.0 1.4
3 12.5 61.4 20.1 65.0

In order to null the microwave field at the ion, the phase and amplitude of the microwave
input to each resonator was adjusted using IQ mixers'?. Once nulling was achieved the trap
DC potentials were adjusted to shift the ion to different points on a grid in the xz-plane,
where the grid spacing was ~ 0.18 um. At each point the Rabi frequencies of the 7 and
o transitions were measured, to map out the microwave field (see fig.5). The measured

field gradients were 68% = 0.304 T/m and aa% = 0.293T/m with 1.71mW, 0.48 mW and

. . . . e 0By
1.83mW applied to ports 1, 2 and 3 respectively. The HFSS simulation predicts %> =

% = 0.289 T'/m if the input powers in the simulation are adjusted such that the magnitude
of the magnetic field from each electrode matches the experimental data. This implies
that the simulation of the field above the cavity matches experiment well but, as seen in
the VNA data, there is some discrepancy in the coupling and resonant frequencies of the
outer two resonators. Based on thermal measurements on a similar neutral atom chip!?,
microwave input powers exceeding one Watt and gradients approaching 10 T /m should be

possible without damaging the trap. In future experiments with this trap intend to utilise

this gradient to implement multi-qubit entanglement.

The integration of microwave circuitry demonstrated in this trap may be an important
step towards a scalable ion trap quantum information processor. In such a device the density
of microwave circuitry could be increased by using a multi-layer semiconductor architecture,
already demonstrated in other traps?®. Such a large scale device which would allow for
many individually-addressed processing zones'?, a major simplification of the integration

task compared to schemes where processing is carried out with lasers. This trap design
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FIG. 5. Experimentally measured microwave B-field amplitude in the radial plane around the trap

centre. The field gradients at the trap centre are 863;” = 0.304T/m and % =0.293T/m.

could also be developed towards a cryogenically-cooled experiment where a high-Q super-
conducting resonator could be combined with single photon microwave techniques to allow

cavity QED experiments with charged particles in the microwave regime?!.

We would like to thank D. P. L. Aude Craik, L. Guidoni and B. Szymanski for technical
assistance and D. Leibfried, C. Ospelkaus, A. M. Steane and U. Warring for useful discus-
sions. Microwave Office was generously donated to us by AWR Corporation. This work

was supported by an EPSRC Science & Innovation Award and an EPSRC Visiting Scientist

grant.

REFERENCES

ID. J. Wineland and D. Leibfried, Laser Phys. Lett. 8, 175 (2011).
2S. Seidelin, J. Chiaverini, R. Reichle, J. J. Bollinger, D. Leibfried, J. Britton, J. H. We-

senberg, R. B. Blakestad, R. J. Epstein, D. B. Hume, W. M. Itano, J. D. Jost, C. Langer,
R. Ozeri, N. Shiga, and D. J. Wineland, Phys. Rev. Lett. 96, 253003 (2006).

3J. Reichel and V. Vuletic, eds., Atom Chips (Wiley VCH, Berlin, 2011).

1C. Ospelkaus, U. Warring, Y. Colombe, K. R. Brown, J. M. Amini, D. Leibfried, and

D. J. Wineland, Nature (London) 476, 181 (2011).
°P. Bohi, M. F. Riedel, J. Hoffrogge, J. Reichel, T. W. Hinsch, and P. Treutlein, Nat.

9



Phys. 5, 592 (2009).

SR. Ozeri, W. M. Itano, R. B. Blakestad, J. Britton, J. Chiaverini, J. D. Jost, C. Langer,
D. Leibfried, R. Reichle, S. Seidelin, J. H. Wesenberg, and D. J. Wineland, Phys. Rev. A
75, 042329 (2007).

K. R. Brown, A. C. Wilson, Y. Colombe, C. Ospelkaus, A. M. Meier, E. Knill, D. Leibfried,
and D. J. Wineland, Phys. Rev. A 84, 030303 (2011).

8P. Antohi, Ph.D. thesis, Massachusetts Institute of Technology (2011).

°D. M. Lucas, B. C. Keitch, J. P. Home, G. Imreh, M. J. McDonnell, D. N. Stacey, D. J.
Szwer, and A. M. Steane, arXiv:quant-ph/0710.4421v1 (unpublished).

19C. Ospelkaus, C. E. Langer, J. M. Amini, K. R. Brown, D. Leibfried, and D. J. Wineland,
Phys. Rev. Lett. 101, 090502 (2008).

UD. M. Pozar, Microwave Engineering, 3rd ed. (Wiley, New York, 2005).

121,. Zhu, H. Shi, and W. Menzel, IEEE Microw. Wireless Compon. Lett. 15, 13 (2005).

13D, T. C. Allcock, J. A. Sherman, D. N. Stacey, A. H. Burrell, M. J. Curtis, G. Imreh,
N. M. Linke, D. J. Szwer, S. C. Webster, A. M. Steane, and D. M. Lucas, New J. Phys.
12, 053026 (2010).

“D. T. C. Allcock, Ph.D. thesis, University of Oxford (2011).

15D. M. Lucas, A. Ramos, J. P. Home, M. J. McDonnell, S. Nakayama, J. P. Stacey, S. C.
Webster, D. N. Stacey, and A. M. Steane, Phys. Rev. A 69, 012711 (2004).

16J. H. Wesenberg, R. J. Epstein, D. Leibfried, R. B. Blakestad, J. Britton, J. P. Home,
W. M. Itano, J. D. Jost, E. Knill, C. Langer, R. Ozeri, S. Seidelin, and D. J. Wineland,
Phys. Rev. A 76, 053416 (2007).

"D. A. Hite, Y. Colombe, A. C. Wilson, K. R. Brown, U. Warring, R. Jordens, J. D. Jost,
K. McKay, D. P. Pappas, D. Leibfried, and D. J. Wineland, Phys. Rev. Lett. 109, 103001
(2012).

18D, J. Berkeland, J. D. Miller, J. C. Bergquist, W. M. Itano, and D. J. Wineland, J. App.
Phys. 83, 5025 (1998).

195, Groth, P. Kriiger, S. Wildermuth, R. Folman, T. Fernholz, D. Mahalu, 1. Bar-Joseph,
and J. Schmiedmayer, Appl. Phys. Lett. 85, 2980 (2004).

20D, T. C. Allcock, T. P. Harty, H. A. Janacek, N. M. Linke, C. J. Ballance, A. M. Steane,
D. M. Lucas, R. L. Jarecki Jr., S. D. Habermehl, M. G. Blain, D. Stick, and D. L.
Moehring, Appl. Phys. B: Lasers Opt. 107, 913 (2012).

10



2D, I. Schuster, L. S. Bishop, I. L. Chuang, D. DeMille, and R. J. Schoelkopf, Phys. Rev.
A 83, 012311 (2011).

11



