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We describe the design and characterization of superconducting coplanar waveguide cavities tailored to fa-
cilitate strong coupling between superconducting quantum circuits and single trapped Rydberg atoms. For
initial superconductor-atom experiments at 4.2 K, we show that resonator quality factors above 10* can be
readily achieved. Furthermore, we demonstrate that the incorporation of thick-film copper electrodes at a
voltage antinode of the resonator provides a route to enhance the zero-point electric fields of the resonator
in a trapping region that is 40 um above the chip surface, thereby minimizing chip heating from scattered
trap light. The combination of high resonator quality factor and strong electric dipole coupling between
the resonator and the atom should make it possible to achieve the strong coupling limit of cavity quantum

electrodynamics with this system.

PACS numbers: 85.25.Am, 74.40.Gh

Quantum computers will enable efficient solution of
problems that are intractable on conventional, classical
computers. A number of candidate physical systems for
quantum bits ("qubits”) are currently under investigation,
including superconducting integrated circuits incorpo-
rating Josephson junctions! 3, semiconducting quantum
dots* 9, trapped neutral atoms”?, and trapped ions'®!!.
The various approaches each have strengths and weak-
nesses, and there are unsolved scientific challenges associ-
ated with scaling any of the current technologies. Against
this backdrop, there has been a growing interest in the
last several years in hybrid approaches to quantum in-
formation processing that combine the best features of
several different methods'?2°. Recent efforts to inter-
face disparate quantum systems include coupling super-
conducting resonators to quantum dots?!, electronic spin
ensembles??, and neutral atom clouds?3.

One attractive hybrid approach would involve a fast,
high-fidelity superconducting quantum processor coupled
to a stable, long-lived neutral atom quantum memory
via a Rydberg state. Superconductor gate times are
of order 10 ns, and fidelities are now at the threshold
for fault-tolerance in the surface code?*; however, coher-
ence times are typically tens of us. In contrast, neu-
tral atoms offer coherence times of order seconds, so that
the superconductor—atom system would yield an unprece-
dented ratio of coherence time to gate time. Moreover, a
superconductor-atom quantum interface could open the
door to efficient microwave-to-optical photon conversion,
an essential ingredient in a distributed quantum informa-
tion processing network?%26,

The key technological obstacle to realization of a
hybrid superconductor—atom system is the microwave
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photon—atom interface.  Prior attempts to combine
trapped neutral atoms with thin-film superconducting
cavities have relied on magnetic coupling®%'8; due to
the smallness of the magnetic moment, these schemes
require coupling to atomic ensembles to achieve appre-
ciable interaction strengths. An alternative approach is
to couple the electric dipole moment of a single trapped
Rydberg atom to the zero-point electric field of the
resonator?’. As we show below, an appropriately de-
signed superconducting resonator should allow realiza-
tion of coupling strengths to a single atom in the MHz
range, corresponding to the strong coupling limit of cav-
ity quantum electrodynamics (QED). While the ultimate
goal is to realize a superconductor—atom interface at mil-
likelvin temperatures, the integration of cold atoms in
a millikelvin-temperature cryostat presents formidable
technical challenges. Accordingly, we are pursuing the
intermediate goal of interfacing a single trapped atom
to a ~5 GHz resonator in a 4.2 K liquid helium (LHe)
cryostat. Despite the nonnegligible thermal occupation
7 ~ 20 of the microwave mode, the 4.2 K test bed should
still enable detailed study of the spatial dependence of
the superconductor-atom vacuum Rabi frequency, the
Purcell enhancement of the Rydberg lifetime, and pos-
sible deleterious interactions between the atom and the
surfaces of the superconducting waveguide structure.

In this Letter, we describe the design and character-
ization of superconducting coplanar waveguide (CPW)
resonators tailored to facilitate strong coupling to single
trapped Rydberg atoms at a temperature of 4.2 K. Our
approach minimizes loss in the resonator due to thermal
quasiparticle excitations in the superconductor, leading
to long lifetimes for the microwave cavity photons. In ad-
dition, our design provides enhanced zero-point electric
fields at a region that is remote from the surface of the su-
perconducting chip, thereby minimizing chip heating due
to scattered trap light. We show that the combination
of low loss and large zero-point fields firmly places the
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Figure 1. (Color Online) (a) Normalized supercurrent density (Blue) in a CPW with center trace width W = 6 um, gap width
S = 3 um, and zero-temperature penetration depth Ao = 87 nm. The values displayed are averaged over the thickness of the
traces, D = 100 nm. (b) Optical micrograph of multiplexed CPW chip for investigation of dependence of resonator quality
factor on geometry. (c) CPW internal quality factor as a function of CPW trace width W and gap width S as measured
at 4.2 K. Solid lines are theoretical predictions from Eq. (1). The discontinuities in the theoretical predictions arise
from incorporating the extracted resonator center frequencies in the calculation of the complex conductivity.

Error bars for the fits are smaller than the symbol size.

superconductor—atom interaction in the strong coupling
limit of cavity QED.

At temperatures approaching the superconducting
transition temperature T,., thermal quasiparticles rep-
resent the dominant source of microwave loss. The
quasiparticle-limited quality factor QQqp in a supercon-
ducting resonator is written as

Wc(Lk + Lg) 02 Lg
Q =—=— (14 =
QP RS L [k )

(1)
where Rg + iLj is the complex surface impedance of the
superconductor, with kinetic inductance per unit length
Ly; Lg is the geometric inductance per unit length of
the resonator; and ¢ = o1 — i0y is the temperature-
and frequency-dependent complex conductivity of the
superconductor?®. For the CPW geometry, the geo-
metric inductance per unit length is given by L, =
puoK (k") /4K (k)?°, where K is the complete elliptic in-
tegral of the first kind; k = W/(W +25), ¥’ = V1 — k?;
and W and S are the CPW center trace and gap width,
respectively [see Fig. 1(a)]. The kinetic inductance per
unit length Lj is defined via the kinetic energy of the
supercurrent as follows30:

1 1
E) = iLkIQ = iuov /jsz, (2)

where ) is the superconducting penetration depth. For
trace thicknesses D < A, the current density is ap-
proximately uniform over the cross sectional area of the
CPW and Eq. (2) can be evaluated analytically. In gen-
eral, however, the current density is highly non-uniform3!
with the highest density at the trace edges, necessitat-
ing numerical evaluation of Eq. (2). Fig. 1(a) displays
the normalized current density for a CPW with trace
width W = 6 um and gap width S = 3um. Qualita-
tively, in the limit S > W, the geometric contribution

to the inductance reduces to L, — pio, while the kinetic
contribution reduces to Ly — po)\/W, yielding the ratio
Ly/Ly < W/A. On the other hand, for S <« W, the geo-
metric inductance scales with geometry as Ly — poS/W,
yielding L, /L o< S/A. Over the entire parameter range,
we expect Ly/Ly, and thus Qqp, to increase with both
S and W.

To experimentally investigate the dependence of res-
onator quality factor on geometry, we have char-
acterized a series of hanger-style quarter-wavelength
CPW resonators fabricated from 95 nm thick Nb films
(T. =88 K; RRR = 3.6) sputtered on single crystal
AlyO3 (0001) substrates. The traces were defined via op-
tical lithography and a chlorine-based reactive ion etch
(RIE). Each 6.25x6.25 mm? chip accommodated six res-
onators multiplexed in frequency over a bandwidth of 400
MHz centered at 5 GHz [see Fig. 1(b)]. The resonators
were capacitively coupled to the feed line via an elbow
coupler 500 pm in length, yielding a coupling capacitance
of ~ 5 fF. Center trace widths of 5, 10, 20, 30, and 50 ym
were studied. For each center trace width, the CPW gaps
ranged from 1-30 pm. Devices were cooled to 4.2 K in an
LHe dip probe, and transmission across the resonators
was measured to extract Qqp. In total, 150 resonators
were characterized.

The forward scattering parameter of a quarter wave
shunt resonator is well described by32

Sy, — S,;m +.2ZQ(5$ 3)
+ 2iQdx
Here, dx = (f — f.)/f. is the reduced frequency rel-
ative to the resonator center frequency f., Smin =
Q./(Q; + Q) is the transmission on resonance, and
Q= (1/Q;+ I/QC)*1 is the total quality factor of the
resonator with internal and coupling quality factors @;
and @, respectively. The resonator parameters were ex-
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Figure 2. (Color Online) (a) Schematic of proposed

superconductor—atom interface. (b) Micrograph of the super-
conducting chip and interaction region. Cu electrodes were
plated to a height ~ 50 um to facilitate coupling to trapped
atoms tens of pum from the chip surface. (c-d) Profile and
overhead view of the CPW microwave electric field at the gap
capacitor for V' = 2 4V and for an electrode spacing of 30 um.
Black lines indicate the edges of the electroplated structures.

tracted from the data via least squares fitting of Eq. (3).
In Fig. 1(c), we plot the fitted Q; for all resonators along
with the corresponding predictions from Eq. (1) as a func-
tion of resonator dimensions. We see that appropriate
choice of resonator geometry enables an almost order-
of-magnitude enhancement of (Qqp compared to narrow-
gap, narrow-linewidth devices commonly used in state-of-
the-art circuit QED experiments. Independent tunneling
measurements yield a superconducting energy gap for our
Nb thin films of A/e = 1.0 mV; for this value of the gap,
the data are best fit with a zero-temperature penetration
depth \g = 87 nm, in good agreement with other mea-
surements of \g in Nb thin films®3. Given that each chip
accommodates only 6 resonators, 5 different chips per
center trace width were needed to fully characterize the
dependence of quality factor on geometry. For each chip,
the six resonators were multiplexed in frequency with a
typical spacing of 50 MHz. To achieve good agreement
between theory and experiment, it was necessary to in-
clude the extracted resonator center frequencies in the

calculation of the complex frequency-dependent conduc-
tivity o. The discontinuous steps in both the experimen-
tal data and theoretical predictions are a result of slightly
varying resonator center frequency across the chip.

Crucial to the implementation of our proposed hybrid
superconductor—atom interface is the ability to strongly
couple a single trapped Rydberg atom to a voltage antin-
ode of the resonator?”. For the standard thin-film CPW
geometry, the electric fields fall off rapidly with distance
from the chip surface; however, optically trapping a sin-
gle atom within microns of the chip is not practical, due
to the significant heat load on the chip from scattered
trap light. To facilitate strong electric dipole coupling
to a single Rydberg atom at a trap location that is tens
of microns from the chip surface, we have developed a
thick-film Cu electroplating process that enables incor-
poration of tall (~ 50 um) trapping electrodes at the
voltage antinode of the resonator [Fig. 2(a)]. The chip
design is shown in Fig. 2(b). Here, a quarter-wave res-
onator is inductively coupled to a microwave feed line;
the Cu trapping structures are integrated at the voltage
antinode of the resonator (figure inset). The elongated
shape of the chip allows for the inclusion of necessary sig-
nal and ground wire bonds far from the CPW-atom inter-
action region. Additionally, the chip tapers to a width
< 150 pm at the end where the atom will be trapped,
serving to minimize the amount of scattered laser light
on the superconducting surface due to the finite Rayleigh
range of the trapping beams. The dimensions of the res-
onator were chosen to be W = 50 ym and S' = 25 ym with
a thickness D = 190 nm, yielding a resonator impedance
Z,. ~ 500 and an expected quasiparticle-limited () at
4.2 K in excess of 10%,

The Cu trapping structures were grown in a com-
mercial sulphuric acid-based plating solution (Enthone
Microfab SC) and pulse plated with a current density
of 10 A/cm? across the wafer. Integrating the trap-
ping structures on the Nb thin films required an in-
termediary adhesion layer of Ti/Pd grown by electron
beam evaporation and patterned via lift off. Plating
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Figure 3. (Color Online) (a) Microwave transmission across
an electroplated resonator measured at 100 mK. At single-
photon power levels (shown), we find Q100 mx = 1.5 x 10°.
(b) Microwave transmission across a second electroplated res-
onator at 4.2 K. Note the different frequency scale. At this
temperature, the internal quality factor is power-independent,
with Qix = 3.0 x 10%.



thicknesses of order 50 pum were achieved with a total
charge transfer of 1500 A-s. For the chosen resonator
parameters, we expect zero-point electric fields between
the trap structures (V)2 = /hw./2Ccpw = 2uV,
where w, = 27 X 5.4 GHz is the resonance frequency
and Cepw = 0.44 pF. In Fig. 2(c-d) we show COM-
SOL simulations of the electric fields in the gap between
the Cu trap structures. The simulations show that the
electric field is uniform in magnitude and direction to
roughly the height of the Cu structures with a peak field
of |[E| = 6.0 x 1072 V/m.

In Fig. 3, we show data from microwave scattering
measurements on electroplated resonators characterized
at both 100 mK and 4.2 K. At 100 mK, we find a low-
power (single photon) quality factor Q; = 1.5 x 10° and a
high-power quality factor Q; = 1.9 x 10°, in good agree-
ment with measurements of similar resonators reported
elsewhere3?. The quality factors at 4.2 K are power-
independent with a value Q; = 3.0 x 10*. The factor
of 2 increase in quality factor compared to the multi-
plexed resonators described in Fig. 1 is due to the 1/D
dependence of L. It is clear from the data that the elec-
trodeposition of Cu at the voltage antinode of the CPW
resonator does not introduce additional loss. This result
is not unexpected, since at this location there are no mi-
crowave currents that might couple to the lossy normal
metal film of the trapping structures.

Our protocol relies on excitation of the single trapped
atom to a high principal quantum number n = 88 so
that the Cs microwave transition d.» = (r|d|r') =
(88ps)2,m = 1/2|d[88s1 /5, m = 1/2) = 1/1/6 x 9210 eag
with frequency w,,» = 27w x 5.406 GHz is near resonant
with the CPW transition w. (additional fine tuning of
the atomic transition to achieve resonance can be accom-
plished by dc Stark shifting the atomic levels). On res-
onance w,,» = w, the atom and resonator will exchange
a photon excitation at a rate equal to twice the vacuum
Rabi frequency ©Q = 2g, where g = E-d/h. The num-
ber of superconductor-atom coherent oscillations within
a photon lifetime is given by ngani = 2¢9/(y + &), where
v, k are the loss rates of the atom and resonator, re-
spectively. The radiative decay times of |r) and |r') are
1.9 ms and 750 us3®, respectively, whereas the photon
lifetime in the CPW cavity is 7 = Q/w,. & 1 us. Accord-
ingly, the number of superconductor-atom coherent os-
cillations reduces to nrani = 29Q/w.. Fig. 4 displays
a surface plot of nrap; as a function of resonator qual-
ity factor @ and resonator—atom coupling rate g. Based
on the calculated zero-point electric fields in the trap-
ping region of the resonator, we anticipate a vacuum
Rabi frequency g/2m ~ 3MHz. Combined with demon-
strated quality factors Q = 3.0 x 10%, we should achieve
NRabi ~ 39, placing the interaction securely in the strong
coupling regime of cavity QED?36. Moreover, this num-
ber compares favorably with that achieved in bulk Nb
cavities and beams of Rydberg atoms®”.

More generally, we expect the resonators described
here to serve as a fruitful test bed for a wide range of
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Figure 4. (Color Online) Surface plot of ngabi. For the

demonstrated resonator quality factor of 3.0 x 10* and a cou-
pling g/2m = 3 MHz, we expect to achieve nran;i & 35.

strong coupling superconductor—atom physics. They will
enable investigation of the Purcell enhancement and sup-
pression of atomic lifetimes as the atom is tuned into and
out of resonance with the superconducting cavity in the
trapping region. In addition, the strong dispersive inter-
action between the cavity and appropriately detuned Ry-
dberg level should allow for a microwave-based quantum
nondemolition measurement of the atomic state. Finally,
the strongly-coupled single atom could be used as a local
probe of stray electric fields due to surface adsorbates on
the resonator chip'”.

In conclusion, we have demonstrated that supercon-
ducting CPW resonator quality factors above 10% are
achievable at 4.2 K through appropriate engineering of
the ratio of resonator geometric inductance to kinetic in-
ductance. In addition, we have developed a method to
increase the spatial extent of the zero-point electric fields
at the resonator antinode without introducing additional
loss. For the resonator parameters demonstrated here,
strong coupling between a superconducting microwave
mode and a single trapped Rydberg atom should be read-
ily achievable.
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