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Electrometry of a single resonator mode at a Rydberg-atom–superconducting-circuit interface
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The electric-field distribution in a single mode of a λ/4 superconducting coplanar waveguide (CPW) mi-
crowave resonator has been probed using beams of helium Rydberg atoms. In the experiments the atoms
were prepared in the 1s55s 3S1 Rydberg level by laser photoexcitation. They then traveled over the CPW
resonator that was fabricated on a NbN superconducting chip operated at 3.8 K. The resonator was driven at its
third-harmonic frequency, near resonant with the two-photon 1s55s 3S1 → 1s56s 3S1 transition at ω55s, 56s/2 =
2π × 19.556 499 GHz. The coherence times of the atom–resonator-field interaction were determined at selected
locations above the resonator by time-domain measurements of Rabi oscillations and found to be up to 0.8 μs for
Rabi frequencies of ∼2π × 3 MHz. The coherence times of the atomic superposition states, generated following
the interaction of the atoms with the microwave field in the resonator, were inferred from high-resolution
cavity-enhanced Ramsey spectra to be ∼2.5 μs. These Ramsey spectra also allowed the measurement of residual
uncanceled dc electric fields of 26.6 ± 0.6 mV/cm at the position of the atoms ∼300 μm above the surface
of the superconducting chip. These results represent an essential step toward applications of hybrid systems,
comprising Rydberg atoms coherently coupled to superconducting microwave circuits, in quantum optics and
quantum information processing.
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I. INTRODUCTION

Transitions between Rydberg states with high principal
quantum number n occur at microwave frequencies and ex-
hibit electric dipole transition moments in excess of 1000 e a0

for values of n � 30 [1]. States with these values of n have
lifetimes >10 μs. These characteristics make Rydberg states
ideally suited to microwave cavity quantum-electrodynamics
(QED) experiments [2,3]. They were exploited, for example,
in the first observation of modified spontaneous emission in
a cavity [4], the first observation of vacuum Rabi oscillations
[5], and seminal work on quantum nondemolition photon de-
tection [6].

Microwave cavity QED with two-dimensional chip-based
coplanar waveguide (CPW) resonators [7], rather than the
three-dimensional cavities used in early experiments, has
played a central role in the development of approaches to
quantum information processing in superconducting circuits
[8]. CPW microwave resonators are scalable, and their small
mode volumes allow the generation of strong microwave
fields and hence high single-photon Rabi frequencies—
typically in excess of 10 MHz [7]. The development of
hybrid interfaces between gas-phase Rydberg atoms and these
chip-based superconducting circuits [9,10] offers a range
of new opportunities in quantum optics and for quantum
information processing. These include, for example, optical-
to-microwave photon transduction [11–14], hybrid quantum
memories [15,16], quantum gates [17–19], and quantum
sensors [6,20]. They also have the potential to allow ac-
cess to previously unexplored regimes of quantum optics
[21].

The major challenges in the experimental realization of
hybrid interfaces between Rydberg atoms and superconduct-
ing circuits center around controlling and minimizing effects
of stray electric fields on the atoms located ∼100 μm from
the surfaces of cryogenically cooled superconducting chips
[10,22–28]. Recently, significant progress has been made
in overcoming these challenges, for example, through the
choice of atom, CPW resonator geometry, and quantum states
used in the experiments [29]. In experiments with helium
Rydberg atoms and niobium nitride (NbN) superconduct-
ing CPW resonators with a λ/4 geometry, coherence times
of the atom–resonator-field interactions of ∼800 ns have
been achieved, and cavity-enhanced Ramsey spectroscopy has
been performed to exploit the atoms to coherently probe the
spectral characteristics of a single resonator mode [29,30].
Experiments have also been performed with magnetically
trapped rubidium atoms, photoexcited to Rydberg states
close to a superconducting atom chip containing a CPW
resonator [31].

In the work reported here, the microwave field distribu-
tion in the third-harmonic mode of a λ/4 CPW resonator
was mapped by time-domain measurements of the popu-
lation transfer between Rydberg states in helium as the
atoms traveled across the resonator. From the results of
these measurements, effects of the inhomogeneity in the
microwave field distribution on the coherence time of the
atom–resonator-field interaction were identified. Two-photon
Ramsey spectroscopy, in which the enhancement of the mi-
crowave field in the CPW resonator is taken advantage of
to achieve fast coherent state preparation and manipulation,
was performed by injecting pairs of short microwave pulses
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into the resonator at times when the atoms were at positions
separated by a distance of ∼λ/2. This is referred to in the
following as cavity-enhanced Ramsey spectroscopy. The cor-
responding spectra were recorded with a free-evolution time
of 2 μs and hence intervals between adjacent Ramsey fringes
of 250 kHz in the frequency domain. These measurements
allowed the average stray dc electric field experienced by the
atoms when located above the CPW resonator be determined
to a precision of ±0.6 mV/cm and minimized. This charac-
terization of the spatial distribution of the microwave field in
the resonator mode and residual stray dc electric fields above
the chip surface pave the way for experiments with dressed
states that are expected to allow access to the single-photon
strong-coupling regime of this hybrid quantum system.

In the following, the apparatus used in the experiments
is described in Section II. Microwave electrometry of the
resonator mode, studies of the coherence times of the atom–
resonator-field interaction and the atomic superposition states
generated following the interaction with this resonator field,
and high precision measurements of residual dc electric fields
are then presented in Section III. In Section IV conclusions
are drawn.

II. EXPERIMENT

The apparatus used in the experiments reported here has
been described previously [29,30]. A pulsed supersonic beam
of helium atoms in the metastable 1s2s 3S1 level was gener-
ated in a dc electric discharge at the exit of a pulsed valve
operated at a repetition rate of 50 Hz [32]. The beam, with
a mean longitudinal speed of vz = 2000 ± 50 m/s, was colli-
mated and charged particles produced in the discharge were
filtered out. It then entered a cryogenically cooled region
in the apparatus maintained at a temperature of 3.8 K. In
this region, the atoms were excited to the 1s55s 3S1 (|55s〉)
Rydberg level using the 1s2s 3S1 → 1s3p 3P2 → 1s55s 3S1

two-color two-photon excitation scheme [33]. This was imple-
mented using focused continuous wave (CW) laser radiation
[∼100 μm Gaussian full width at half maximum (FWHM)],
at wavelengths in the ultraviolet (UV) 388.975 nm, and in-
frared (IR) 786.817 nm, for each step, respectively. Rydberg
state laser photoexcitation was performed at the beginning
of each cycle of the experiment for times of τexcite = 850 or
2850 ns. This resulted in the generation of excited atoms in
a steplike spatial distribution of length LRy � vzτexcite = 1.7
or 5.7 mm in the longitudinal dimension. The spatial distribu-
tions in the y and x dimensions were Gaussian with FWHMs
of ∼100 μm set by the focal spot size of, and Doppler selec-
tion by, the narrow bandwidth CW laser beams, respectively.
The divergence of the distribution of Rydberg atoms was
∼0.05 mrad.

After photoexcitation, the Rydberg atoms traveled for
12.5 μs to the grounded end of a λ/4 NbN superconduct-
ing CPW resonator as depicted in Fig. 1. This L-shaped
resonator was fabricated by depositing a 100-nm-thick NbN
film (blue-filled region in Fig. 1) with a critical temperature
Tc = 12.1 K on a silicon substrate (white region in Fig. 1) with
a relative permittivity εr = 11.3. The resonator had a total
length of 6.335 mm, a center conductor width of 20 μm, and
10-μm-wide insulating gaps. The longer straight section of
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FIG. 1. Schematic diagram of the experimental apparatus. Note:
Pairs of metallic electrodes that (i) surround the laser photoexcitation
region, (ii) are located above the superconducting chip, and (iii)
delineate the detection region are not shown. The filled blue regions
(white regions) on the superconducting chip represent the NbN film
(silicon substrate).

the resonator was aligned with the axis of propagation of the
atomic beam.

The temperature of the superconducting chip was stabi-
lized such that the third-harmonic frequency of the resonator
was ω3 = 2π × 19.556 GHz. In this mode the quality factor
was Q � 2500 [30]. Pulses of microwave radiation at angular
frequencies close to ω3 were injected, at a time tμ, into the
resonator from a coplanar microwave waveguide (U-shaped
structure on a superconducting chip in Fig. 1) to drive the
single-color two-photon transition between the |55s〉 and the
1s56s 3S1 (|56s〉) Rydberg levels. These levels have quantum
defects of 0.296 669 29 and 0.296 668 83, respectively [34].
Consequently, the two-photon |55s〉 → |56s〉 transition occurs
at ω55s,56s/2 = 2π × 19.556 499 GHz in the absence of exter-
nal fields. Their field-free fluorescence lifetimes are calculated
to be 130 and 137 μs, respectively. Stray electric fields at the
position of the atoms above the chip were compensated by
applying pulsed electric potentials to a pair of metal electrodes
(not shown in Fig. 1) that were located 10 mm above and
parallel to the superconducting-chip surface. These potentials
were switched on adiabatically to avoid population transfer to
other Rydberg states as the atoms passed the edge of the chip
closest to the excitation region and switched off adiabatically
after the atoms crossed the chip.

The populations of the |55s〉 and |56s〉 Rydberg states were
determined following state-selective pulsed electric-field ion-
ization performed in a detection region located downstream in
the apparatus from the superconducting chip. Electrons gen-
erated in this process were accelerated out from the cryogenic
part of the apparatus to a microchannel plate detector operated
at room temperature. Detection was implemented by single-
event counting. The time dependence of the pulsed electric
field used to ionize the Rydberg atoms was optimized to allow
the time of flight of electrons produced following ionization
of the |55s〉 state to be clearly distinguished from those from
the |56s〉 state [30].

In general, the experiments were performed in a regime
in which ∼1 Rydberg atom crossed the superconducting chip
per experimental cycle. In this mode of operation, pertur-
bations arising from interactions between pairs atoms were
minimized, and the detection probability of ∼0.7 at the MCP
was comparable for electrons originating from the |55s〉 and
|56s〉 Rydberg states. For each set of measurement conditions,
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between 400 and 500 cycles of the experiment were carried
out to determine the corresponding Rydberg state populations.

III. RESULTS

In the experiments reported here, the Rydberg atoms
were exploited to probe the spatial distribution of the
microwave field and measure dc electric fields at the
vacuum–solid-state interface above the CPW resonator. The
amplitude of the oscillating electric component of the mi-
crowave field was determined from the Rabi frequency at
which the two-photon |55s〉 → |56s〉 transition was driven.
These measurements also allowed the coherence time of the
atom–resonator-field interaction to be determined. Residual
uncanceled dc electric fields close to the surface of the cryo-
genically cooled superconducting chip, and the coherence
times of atomic superposition states generated following the
interaction of the atoms with the resonator field, were mea-
sured by cavity-enhanced Ramsey spectroscopy.

A. Microwave field distribution

The L-shaped geometry of the λ/4 CWP resonator used
in this work was chosen so that the straight section along
which the beam of Rydberg atoms traveled had a length ap-
proximately equal to the wavelength of the microwave field
in the third-harmonic mode. This is indicated schematically
in Fig. 2(a). The red curve in the central part of this fig-
ure represents the microwave electric field at the surface
of the superconducting chip. The spatial distribution of the
microwave field surrounding the two electric-field maxima
in this straight section of the resonator must be taken into
consideration when performing time-domain measurements
of the coherent interaction of the atoms with the microwave
field in the resonator.

To measure the longitudinal microwave field distribution
above the straight section of the resonator aligned with the
axis of propagation of the atomic beam, Rydberg atoms in
the |55s〉 state, in distributions for which LRy = 1.7 mm, were
prepared by laser photoexcitation. A single microwave pulse
with a duration τμ = 50 ns was then injected into the resonator
at the frequency ω55s,56s/2. This pulse duration was chosen to
be significantly shorter than the inverse of the maximal reso-
nant Rabi frequency of ∼2π × 3 MHz encountered in these
measurements. The time between laser photoexcitation to the
|55s〉 state and the injection of this pulse was adjusted while
the population of the |56s〉 state was monitored. The results of
these measurements, performed for microwave pulse injection
times between tμ = 10 and 17 μs are presented in Fig. 2(b).
From these data it is seen that no population transfer to the
|56s〉 state occurred when the microwave pulse was injected
into the resonator before the atoms reach the grounded end
closest to the laser photoexcitation region, i.e., for tμ � 12 μs.
However, for longer time delays, population transfer was
observed. This represented the average population transfer
within the 1.7-mm-long distributions of the Rydberg atoms.
There are two injection times, close to tμ = 13 and 15 μs,
for which significant population transfer occurs. These are the
times when the excited atoms were located above electric-field
maxima in the resonator mode when the microwave pulses

FIG. 2. (a) Schematic diagram of the superconducting chip with
the microwave electric field in the third-harmonic mode of the L-
shaped CPW resonator indicated in red. (b) Population transfer to
the |56s〉 state measured as a function of the time between Rydberg-
state laser photoexcitation, and the injection of a microwave pulse
of duration τμ = 50 ns into the resonator at the frequency ω55s,56s/2.
(c) The normalized calculated rms microwave electric field, Fμ, rms,
200 μm (continuous red curve) and 1000 μm (dashed blue curve)
above the resonator in the y dimension.

were applied. From the 2000 ± 50 m/s longitudinal speed
of the beam of Rydberg atoms, the time interval of ∼2 μs
between the two peaks in the experimental data in Fig. 2(b)
corresponds to a 4-mm spatial separation between the maxima
in the microwave field experienced by the atoms.

As seen from Fig. 2(a), when operated in its third-harmonic
mode, the straight section of the CPW resonator over which
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the atoms traveled has a length equal to approximately
one wavelength of the microwave radiation at ω = 2π ×
19.556 499 GHz. Since the length of this section of the res-
onator is ∼5 mm, the wavelength of the microwave field
within the resonator, accounting for the effects of the relative
permittivity of the bulk silicon substrate (εr = 11.3) on which
the CWP resonator was fabricated, the fabrication process,
and the kinetic inductance of the NbN, is ∼5 mm. Hence the
spatial separation between the microwave field maxima within
the resonator structure is ∼2.5 mm.

The vacuum wavelength of microwave radiation with an
angular frequency of ω = 2π × 19.556 499 GHz is 15.3 mm.
In the near-field region <1000 μm above the chip surface
where the atoms were located in the experiments, the spatial
separation between the microwave electric-field maxima lies
between the solid-state and the vacuum half-wavelengths. The
normalized root-mean-square (rms) microwave electric-field
distribution, Fμ, rms, calculated for distances ycalc = 200 and
1000 μm directly above the center conductor in the long
straight section of the resonator, is displayed as the contin-
uous red and dashed blue curves in Fig. 2(c), respectively.
These electric-field distributions were calculated using finite
element methods in CST Studio Suite [35], accounting for
the dielectric properties of the superconducting chip. The
asymmetry in each is a consequence of the presence of the
perpendicular section of the resonator that approaches
the U-shaped microwave waveguide at the end furthest from
the laser photoexcitation region [see Fig. 2(a)]. Interference
between the field in the resonator and the traveling microwave
field in the waveguide gives rise to a small asymmetry in
the field distributions in the x dimension on either side of
the resonator. However, under the experimental conditions,
contributions from the strongly enhanced field in the resonator
are dominant. From the data in Fig. 2(a), it is seen that the
calculated separation between the electric-field maxima at
distances <1000 μm above the surface of the chip is in good
qualitative agreement with the experimental observations.
However, the changes in the form of these distributions with
distance above the superconducting chip are not sufficient to
allow the typical atom-surface distance in the experiments to
be inferred directly from them.

The deviations of the experimental data from the general
form of the calculated microwave field distribution near the
second maximum between tμ = 14 and 15 μs originate from
a combination of defects or adsorbates on the surface of the
resonator, small misalignments between the Rydberg atom
beam and the resonator, and effects of interference with the
microwave field scattered from the copper electrodes sur-
rounding the superconducting chip. We expect that in the
future steps can be taken to improve control over these aspects
of the experiment. These will include, for example, the use
of inhomogeneous electric fields generated above chip-based
electrode structures to guide the Rydberg atoms directly over
the resonator [36].

B. Coherent atom–resonator-field interactions

The coherence times of the atom–resonator-field inter-
action were determined by time-domain measurements of
Rabi oscillations presented in Fig. 3. When recording the

FIG. 3. Rabi oscillations in the population of the |56s〉 state
(black points) recorded by injecting pulses of microwave radiation at
the frequency ω55s,56s/2 into the CPW resonator at times of (a) tμ =
13 μs and (b) tμ = 15 μs. The continuous red curve in each panel
represents a least-squares fit of the expression in Eq. (1) from which
the Rabi frequencies and coherence times indicated were obtained.

data in this figure, the resonator was driven on resonance
with the field-free atomic transition frequency at ω55s,56s/2 =
19.556 499 GHz. These data were obtained with microwave
pulses injected into the resonator at two different times af-
ter Rydberg state photoexcitation, i.e., two different values
of tμ. The results of measurements made by monitoring the
population of the |56s〉 state, while adjusting the duration of
the microwave pulse injected into the resonator at tμ = 13 μs,
are displayed in Fig. 3(a). At the time when this microwave
pulse was applied the Rydberg atoms were located close to the
position of the first electric-field maximum they encountered
in the resonator mode [see Fig. 2(b)]. The Rabi frequency,
�, and the coherence time, T2, were obtained by fitting the
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function

P56s(t ) = [1 − cos(� t ) e−t/T2 ]/2, (1)

describing the time evolution of a pure two-level system
driven on resonance with exponential damping (red curve) to
the experimental data. For the data in Fig. 3(a), � = 2π ×
2.69 ± 0.09 MHz and T2 = 818 ± 301 ns.

The coherence time of the interaction of the atoms with the
microwave field close to the second electric-field maximum of
the resonator mode was determined in a similar way. In this
case the time delay between Rydberg state photoexcitation
and the injection of the microwave pulse into the resonator
was increased to tμ = 15 μs, i.e., close to the second maxi-
mum in the |56s〉 population in Fig. 2(b). The Rabi frequency
obtained by fitting the expression in Eq. (1) to these data was
� = 2π × 2.96 ± 0.13 MHz and the coherence time was
T2 = 398 ± 122 ns [red curve in Fig. 3(b)]. The coherence
time at this second interaction position is shorter than that
observed close to the first microwave field maximum. This
indicates that inhomogeneities in the residual uncanceled dc
electric fields and the microwave field distribution above the
resonator are greater than at the first position.

In general, the coherence times of the atom–resonator-field
interaction observed in these and earlier experiments at hy-
brid Rydberg-atom–superconducting-circuit interfaces reduce
as the Rabi frequency increases [29–31]. This indicates that
the decoherence observed, for example, in the data in Fig. 3,
is a consequence of dephasing of the atom-field interaction
across the ensemble of excited atoms. Since the Rydberg
atoms were distributed over a region with a length of ∼1.7 mm
in the z dimension and widths of ∼100 μm in the x and y
dimensions when they interacted with the inhomogeneous mi-
crowave field above the resonator, those at different positions
coupled to the resonator field with different Rabi frequencies.
Dephasing of the oscillatory population transfer between the
Rydberg states at this range of Rabi frequencies then leads
to the decoherence observed in the data in Fig. 3. For stronger
driving, the measured Rabi frequency increases. However, this
also results in larger differences in the Rabi frequencies across
the ensemble of atoms and hence more rapid dephasing and
shorter measured coherence times. The data in Fig. 3 are com-
mensurate with a distribution of Rabi frequencies that varies
by ±15% about the mean and therefore within the range of
Rabi frequencies expected under the experimental conditions.

The single-color two-photon |55s〉 → |56s〉 transition em-
ployed in this work may be considered to follow an
off-resonant pathway through the 1s55p 3PJ levels (|55p〉).
Since the virtual intermediate state in this two-photon scheme
is detuned by � = 2π × 10.437 931 GHz from these lev-
els (the quantum defects of the 1s55p 3PJ levels are
∼0.068 354 [34]), and the 3PJ fine structure at n = 55 in
helium is ∼2π × 1.2 MHz [34,37], the electric dipole tran-
sition moments associated with the single-photon |55s〉 →
|55p〉 and |55p〉 → |56s〉 transitions, μ55s,55p = 2457 e aHe

and μ55p,56s = 1185 e aHe (e is the electron charge, and aHe

is the Bohr radius corrected for the reduced mass of helium),
respectively, were calculated using the Numerov method ne-
glecting the fine structure. In this situation, the two-photon
Rabi frequency, �55s,56s, depends on the product of two
single-photon Rabi frequencies, �55s,55p = Fμ μ55s,55p/h̄ and

�55p,56s = Fμ μ55p,56s/h̄, where Fμ is the amplitude of the
microwave field, and the detuning � from the intermediate
state such that on two-photon resonance [38]

�55s,56s = �55s,55p �55p,56s

2�
. (2)

Using the values of the transition dipole moments listed
above, together with the measured Rabi frequencies of ∼2π ×
2.5 MHz in Fig. 3, the amplitude of the microwave electric
field at the position of the atoms in the experiments was
determined to be Fμ = 0.11 V/cm. This is consistent with
the microwave field of ∼0.1 V/cm at a distance 300 μm
above the surface of the CPW resonator that was estimated by
accounting for the 15.8 mW output power from the microwave
source, the 22.5 dB attenuation between the source and the
waveguide on the superconducting chip, and the character-
istics of the resonator that yield an estimated steady-state
circulating microwave power in the resonator of ∼5 mW [39].

The data presented in Fig. 3 were recorded with short
distributions of Rydberg atoms, i.e., LRy � 1.7 mm, under
conditions in which typically only one atom interacted with
the resonator field per experimental cycle. To characterize
effects arising from a greater number of atoms interacting at
a time with the microwave field in the single resonator mode,
longer distributions of atoms were prepared by increasing the
time during which laser photoexcitation was performed, from
τexcite = 850 to 2850 ns. Rabi oscillations in the population
of the |56s〉 state recorded under these different conditions,
when the center of the distribution of excited atoms was
located close to the first microwave field maximum in the
resonator mode, are presented in Fig. 4(a). It can be seen
from these data that in the measurement performed with the
longer distribution of atoms, i.e., for LRy � 5.7 mm (open
red triangles), the contrast of the Rabi oscillations, and the
coherence time of the atom–resonator-field interaction, are
reduced compared to the case in which LRy � 1.7 mm (filled
blue circles). These observations are consistent with decoher-
ence arising as a result of dephasing across the ensemble of
excited atoms. In the inhomogeneous microwave field above
the resonator, ensembles of atoms with a broader spatial distri-
bution experience a wider range of microwave field strengths
and hence couple to the resonator field with a wider range
of Rabi frequencies. This wider range of Rabi frequencies
gives rise to more rapid dephasing. The continuous and dashed
curves in Fig. 4(a) were obtained by fitting the expression
in Eq. (1) to the experimental data recorded for τexcite = 850
and 2850 ns as indicated. This function does not accurately
describe the experimental data recorded with the longer distri-
bution of atoms. This leads to the conclusion that because of
the inhomogeneity of the microwave field above the resonator,
the atom–resonator-field interaction can only be described as
being comparable to that of a two-level system driven on
resonance with exponential damping when short distributions
of Rydberg atoms that remain well localized as they fly across
the superconducting chip are employed.

Further information on the effect of changing the size of the
distribution of excited atoms, and hence the number of atoms
prepared in each experimental cycle, on the atom–resonator-
field interaction was obtained from the Fourier transforms of
the experimental data in Fig. 4(a). The magnitudes of the
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(a)

(b)

FIG. 4. (a) Rabi oscillations in the population of the |56s〉
state recorded by injecting pulses of microwave radiation at the
frequency ω55s,56s/2 into the CPW resonator when tμ = 13 μs. Mea-
surements made following short (τexcite = 850 ns) and long (τexcite =
2850 ns) periods of laser photoexcitation and hence with short
(LRy = 1.7 mm), and long (LRy = 5.7 mm) distributions of Ryd-
berg atoms are indicated by the filled circles and open triangles,
respectively. (b) Fourier transforms of the experimental data in (a).
The dashed gray line in (b) represents the level of the background
fluctuations in the Fourier transform of the experimental data.

Fourier transforms of the data recorded for τexcite = 850 and
2850 ns are represented by the continuous blue and dashed
red curves in Fig. 4(b), respectively. The maxima in these
Fourier transforms both lie close to 3 MHz. For the shorter
distribution of atoms, the peak occurs at 3.1 MHz, while
for the longer distribution it occurs at 2.7 MHz. Since the
longer distributions of Rydberg atoms in these experiments
contain larger numbers of excited atoms, it may be expected
that effects arising from collective coupling of the atoms to
the resonator field could become apparent. Collective effects

would, in the simplest case, result in an increase in the ob-
served Rabi frequency by a factor of

√
N , where N is the

number of atoms, when compared with that associated with
the interaction of a single atom. In the data in Fig. 4(b)
that were recorded with the longer distribution of atoms, no
notable features are observed close to

√
N multiples of the

fundamental oscillation frequency. In addition, no broadening
of the spectral profile toward higher frequencies is seen. This
suggests that collective effects do not play a significant role
under the current experimental conditions. Because the num-
ber of Rydberg atoms prepared in each experimental cycle is
typically between 1 and 3 in the longer distributions prepared,
for situations in which two atoms couple simultaneously to the
resonator field, the probability of both being located within
the inhomogeneous microwave field distribution at positions
of similar field strength is low. Pairs of atoms are therefore
unlikely to couple with equal Rabi frequencies to the res-
onator field, and no significant collective enhancement in the
measured Rabi frequency will be observed. The possibility of
observing collective effects is also limited in the present ap-
paratus because of the comparatively short photon residence
time (<100 ns) in the resonator.

C. Cavity-enhanced Ramsey spectroscopy

The coherence time of the atom–resonator-field interaction
that arises because of the inhomogeneity of the microwave
field distribution can be distinguished from the coherence
times of the atomic superposition states generated following
the interaction of the atoms with the resonator field. The
latter can be inferred from cavity-enhanced Ramsey spectra.
To achieve this, Ramsey spectra were recorded with pairs of
50-ns duration microwave pulses injected into the resonator.
The first of these pulses was applied at time tμ = 13 μs, and
the time interval between the two pulses was set to 2 μs. This
resulted in Ramsey fringes for the two-photon |55s〉 → |56s〉
transition with a periodicity of 250 kHz. A Ramsey spectrum
recorded by scanning the microwave frequency across the
atomic transition is displayed in Fig. 5. The experimental data
in this figure are indicated by the filled black points. The con-
tinuous red curve represents a calculated spectrum obtained
by considering the time evolution of the microwave field in
the resonator mode and the population transfer between the
atomic states. The theoretical model and numerical methods
used in these calculations are described in detail in Ref. [30].
The calculated spectrum was fit to the experimental data with
the atomic transition frequency and the coherence time of the
atomic superposition states chosen as the free fit parameters.

The highest precision determination of the atomic tran-
sition frequency and the coherence time of the atomic
superpositions states were obtained from a Ramsey spectrum
similar to that in Fig. 5 but recorded over a narrower frequency
range with smaller frequency steps between measurements.
This second spectrum is displayed as the filled black points
in Fig. 6. The quantitative agreement of the function fit to
this experimental data with the results of the measurements
demonstrates the suitability of the fitting procedure used
to determine the atomic transition frequency and the high
fringe visibility resulting from the extended coherence times
of the atomic superposition states during the free-evolution
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FIG. 5. Cavity-enhanced Ramsey spectrum of the |55s〉 → |56s〉 transition in helium. The experimental data are indicated by the filled
black points. A calculated spectrum in which the time dependence of the microwave field in the resonator was accounted for before fitting to
the experimental data is indicated by the continuous red curve (see text for details).

time in the Ramsey sequence. From the fit to the data in
Figs. 5 and 6 (continuous red curves) and additional single
pulse Rabi spectra of the kind reported in Ref. [29] that
were recorded to aid in the identification of the Ramsey-
fringe closest to resonance, an atomic transition frequency of
2π × (19.556 450 6 ± 0.000 002 3) GHz was obtained. This
is 2π × 48.4 kHz below the field-free two-photon transition
frequency of ω55s,56s/2 = 2π × 19.556 499 GHz. This devi-
ation from the field-free transition frequency is attributed to
the effect of a weak residual uncanceled stray electric field at
the position of the atoms close to the cryogenically cooled
superconducting chip surface. The |55s〉 → |56s〉 transition
between the triplet states in helium exhibits a quadratic Stark

FIG. 6. A section of the cavity enhanced Ramsey spectrum
recorded under the same experimental conditions as that in Fig. 5 but
with measurements performed at smaller frequency intervals (filled
black points). The calculated spectrum, fit to the experimental data to
determine the atomic transition frequency of 2π × (19.556 450 6 ±
0.000 002 3) GHz and coherence time the atomic superposition states
of ∼2.5 μs in the absence of the microwave field, is indicated by the
continuous red curve.

shift toward lower frequencies in weak electric fields [29].
From the calculated Stark effect for this transition, the stray
electric field required to cause a −2π × (48.4 ± 2.3) kHz
shift in the two-photon transition frequency was determined
to have a magnitude of 26.6 ± 0.6 mV/cm. From these data
and the results presented in Section III A, it is concluded
that this represents the residual uncanceled stray dc electric-
field 300 μm above the cryogenically cooled superconducting
CPW resonator. The fit to the spectrum in Fig. 6 yielded a co-
herence time of the atomic superposition states, in the period
of free evolution between the Ramsey pulses, of ∼2.5 μs. This
corresponds to the flight time of the atoms over the 5-mm-long
straight section of the resonator. Since the Rydberg states used
in this work have fluorescence lifetimes in excess of 100 μs, it
is expected that this coherence time could be extended if more
slowly moving or stationary atoms were employed.

IV. CONCLUSIONS

In conclusion, by performing time-domain measurements
of population transfer between the 1s55s 3S1 and the 1s56s 3S1

Rydberg levels in helium atoms traveling over a λ/4 CPW
superconducting microwave resonator, the electric-field dis-
tribution of a single resonator mode was characterized. These
results demonstrate the effect of the dielectric properties at
the vacuum–solid-state interface on the microwave field dis-
tribution at the position of the atoms. Comparison of these
time-domain measurements of Rabi oscillations with cavity-
enhanced Ramsey spectra recorded in the frequency domain,
have allowed the coherence times associated with the atom–
resonator-field interaction and the coherence times of the
atomic superposition states generated through the interaction
with the resonator field to be distinguished. The atomic co-
herence times were limited to ∼2.5 μs in the present work
by the flight time of the Rydberg atoms across the CPW
resonator. This coherence time could be extended by prepar-
ing samples of more slowly moving or stationary atoms. The
observation of coherence times in excess of 1 μs, together
with spatially resolved characterization of the microwave field
in the resonator mode and the control over stray electric
fields that were reduced to 26.6 ± 0.6 mV/cm at a distance
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of 300 μm above the superconducting chip surface, repre-
sent major developments in the realization of hybrid quantum
systems comprising Rydberg atoms and superconducting mi-
crowave circuits for applications in quantum information
processing. These advances have benefited from the use of a
λ/4 CPW resonator geometry and helium atoms to minimize
effects of stray electric fields arising as a result of surface
adsorption.
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