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Overcoming photon blockade in a circuit-QED single-atom maser
with engineered metastability and strong coupling
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Reaching a high cavity population with a coherent pump in the strong-coupling regime of a single-atom laser is
impossible due to the photon blockade effect. In this Letter, we experimentally demonstrate that in a single-atom
maser based on a transmon strongly coupled to two resonators, it is possible to pump over a dozen photons into
the system. The first high-quality resonator plays the role of a usual lasing cavity, and the second one presents
a controlled dissipation channel, bolstering population inversion, and modifies the energy-level structure to lift
the blockade. As confirmation of the lasing action, we observe conventional laser features such as a narrowing
of the emission linewidth and external signal amplification. Additionally, we report unique single-atom features:
self-quenching and several lasing thresholds.
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I. INTRODUCTION

Experimental studies on single-atom lasers and masers are
following the recent developments in the quantum optics of
individual quantum systems [1]. Trapped atoms/ions [2,3],
superconducting artificial atoms [4–7], semiconductor dou-
ble quantum dots [8–10], and biased Josephson junctions
[11] have already been used as a single-atom gain medium
and allowed experimental investigations of nonconventional
properties of these lasers such as multistability, emission
of squeezed radiation, self-quenching, etc. For contempo-
rary superconducting artificial atoms featuring high coherence
(transmon and fluxonium types), it is not obvious how to
directly implement incoherent pumping and achieve popula-
tion inversion. Coherent pumping, in contrast, is prohibited
for strongly coupled systems due to the photon blockade
[12–14]. Recently, there was a theoretical proposal [15] re-
garding a superconducting circuit-QED [16] maser consisting
of a magnetic-flux-tunable Xmon-type transmon [17] cou-
pled to two microwave resonators: a high-Q reservoir to
accumulate microwave photons, and a low-Q auxiliary one.
The latter cavity forms an engineered dissipative environ-
ment enforcing metastability of the second excited transmon
state. Besides bolstering the population inversion, it also
significantly modifies the maser energy-level structure and
allows it to overcome the photon blockade, limiting the in-
tensity of the emitted radiation in coherently pumped systems
with strong coupling [12,13]. A physical realization of the
proposed device would allow one to assess experimentally
the viability of the architecture which may be of use also
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in different applications [18] and to study those properties
that cannot be explored in numerical simulations, for exam-
ple, the spectrum of the emitted radiation which is hard to
compute [19]. Additionally, we expect that the suggested ar-
chitecture will be suitable for different quantum devices, for
example, coherent quantum phonon emitters, which have a
wide range of both scientific and practical applications [20]. In
this Letter, we describe our implementation of the suggested
architecture and present the main results confirming the lasing
action of the device.

II. DEVICE

In Fig. 1(a), we reproduce the conceptual schematic of
the device from the proposal [15]. The system includes a
transmon qubit with energy levels shown in red and marked as
|g, e, f 〉, the auxiliary resonator in yellow with its two lowest
levels denoted as |0, 1〉a, and the reservoir (lasing) resonator
in blue whose levels |N − 1, N〉r are also shown. To observe
lasing, one needs to ensure population inversion of the |g, e〉
subspace. When two-photon pumping |g〉 ⇒ | f 〉 is employed,
this means that the relaxation rate | f 〉 → |e〉 should neces-
sarily be much higher than the rate |e〉 → |g〉. For a bare
transmon the ratio between these rates is � f e/�eg ≈ 2 [21,22],
which was shown to be not enough [15]. A solution is to
enhance the | f 〉-state decay by opening a resonant dissipative
channel via coupling the transmon to a low-Q auxiliary cavity.
Rather unexpectedly, this approach is also predicted to fulfill
the resonance condition for a coherent pump at high reservoir
populations Nss which would otherwise become ineffective
due to the growing transmon-reservoir Rabi splittings (see the
detailed discussion in the proposal [15]).

2469-9926/2023/107(3)/L031701(6) L031701-1 ©2023 American Physical Society

https://orcid.org/0000-0002-8308-4144
https://orcid.org/0000-0002-6931-0686
https://orcid.org/0000-0001-9144-6179
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.107.L031701&domain=pdf&date_stamp=2023-03-22
https://doi.org/10.1103/PhysRevA.107.L031701


A. A. SOKOLOVA et al. PHYSICAL REVIEW A 107, L031701 (2023)

FIG. 1. (a) A scheme showing the configuration of the energy levels when the reservoir is resonant with the |g〉 ↔ |e〉 transition, and
the auxiliary cavity is resonant with the |e〉 ↔ | f 〉 transition. (b) Schematic of the circuit-QED implementation of the system. To the
left is the auxiliary and to the right is the reservoir cavity, implemented as half-wave transmission line (coplanar waveguide) resonators.
Capacitors Cr,a

g couple the transmon to the reservoir, an auxiliary cavity; Cr,a
κ define the desired external quality factors. (c) Design of the

device (photolithography layer) and optical images of the cavity coupling capacitors. Microwave antenna routing the pump signal towards the
transmon comes from the right-hand side of the sample. The colors of the elements correspond to the colors on (a) and (b). (d) SEM image
of the transmon coupled to the cavities; in the inset, the SQUID area is shown with a higher magnification. (e) Scheme of measurement: The
sample as in (c) is wire bonded, refrigerated to 15 mK, the input signals coming through attenuated coaxial lines, and the output line containing
an amplifier chain with a high-electron mobility transistor (HEMT) amplifier. With one switch, one chooses whether to measure the reflection
off the auxiliary or reservoir resonator, and with another the signal analyzer (SA) and vector network analyzer (VNA) are exchanged; an
external solenoid supplies a dc magnetic field to the SQUID.

The Hamiltonian of the system in the laboratory frame
reads,

Ĥ = Ĥt +
∑
λ=r,a

(
Ĥ (λ)

c + Ĥ (λ)
i

)
, (1)

Ĥt = h f max
ge b†b + hα

2
b†b(b†b − 1), (2)

Ĥ (λ)
c = h f(λ)(a

†
λaλ + 1/2), (3)

Ĥ (λ)
i = h̄gλ(ba†

λ + b†aλ), (4)

where Ĥt , Ĥ (λ)
c , and Ĥ (λ)

i are the transmon, cavity, and in-
teraction Hamiltonians, and where ar,a, b are the bosonic
annihilation operators for the reservoir, auxiliary resonator,
and transmon. The cavities are designed to have coupling
strengths gr,a and leakage rates κr,a. The design values for
these parameters have been optimized using a standard nu-
merical algorithm for maximal steady-state reservoir emitter
power, which corresponds to around Nss = 50 photons in the
reservoir [15]. The relevant Gorini-Kossakowski-Sudarshan-
Lindblad (GKSL) master equation is based on the collapse
operators

√
κr,aar,a,

√
γ b for the relaxation of the cavities

and the transmon and
√

γφb†b for the pure dephasing of
the transmon. For comparison between the design parameters
and the parameters found experimentally in this Letter, along
with a brief description of their meaning, see Table I. In the
proposal [15] we have established that the system is rather

resilient to deviations in the parameters, and the experimental
values are close enough to the optimal ones for the high-Nss

lasing to be possible, which we confirm numerically [23]. The
transmon frequency is maximal for zero external flux through
its SQUID loop (around 5.95 GHz) and can be tuned down
in frequency into resonance with the reservoir and auxiliary
cavity, consecutively. Using an approximation [24],

fge(�e) ≈ f max
ge

√
cos(π�e/�0), (5)

TABLE I. Summary of the device parameters, measured versus
planned in the design. Associated with dielectric loss, the reservoir
total decay rate κr depends strongly on the measurement power, and
the highest value is given here.

Parameter Meaning Measured Design

fr Reservoir cavity frequency 5.860 GHz 6 GHz
κr Res. total decay rate 0.69 µs−1 0.31 µs−1

κe
r Res. decay rate to feedline 0.3 µs−1 0.31 µs−1

gr/2π Res.-transmon coupling 11 MHz 6.5 MHz
fa Auxiliary cavity frequency 5.715 GHz 5.8 GHz
κa Aux. total decay rate 90 µs−1 138 µs−1

ga/2π Aux.-transmon coupling 15.5 MHz 23.5 MHz
f max
ge Zero-flux transmon frequency 5.95 GHz 6.5 GHz

α Transmon anharmonicity 180 MHz 200 MHz
fr − fa Res.-aux. cavity detuning 145 MHz 200 MHz
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where �e/�0 is the ratio of the external flux through the
SQUID to the magnetic flux quantum. There is a discrep-
ancy between the anharmonicity of the transmon and the
frequency difference between the cavities (180 vs 145 MHz),
and appreciable deviations in κa and ga from design values.
This mismatch does not critically affect the functioning of
the device by virtue of the general robustness of the optimal
Nss to parameter perturbations for large values of κa (see
Ref. [15], Sec. II). The most important deviation from the
optimized parameters, though, is the non-negligible internal
loss of the reservoir cavity which we estimate from the fit to
be κ i

r = κr − κe
r = 0.39 µs−1 in the worst case (see Supple-

mental Material [23]). As Nss in the simple model is inversely
proportional to total reservoir loss [15], and as the internal
loss in our case approximately equals the external, one can
expect halving of the device maximum emission intensity
compared to the ideal case. We take κe

r into account when
calculating the Nss from the measured signal power. Finally,
we note that the proper relaxation and coherence times of the
transmon were not measured directly due to the limitations of
the experimental setup; one can expect its relaxation rate to be
lower than κ i

r due to a lower interface participation ratio [25],
while the dephasing can be neglected as the system functions
in a mixed state [15].

The electrical scheme of the device and the design for
nanofabrication are shown in Figs. 1(b) and 1(c). The cou-
plings and dissipation rates are physically determined by the
capacitances Ca,r

κ,g which are small enough to be produced in
a single Al layer. However, as they break the ground plane,
we also use air bridges to ensure the uniformity of the ground
electric potential. In Fig. 1(d) we show a scanning electron
microscopy (SEM) image of the Xmon along with its super-
conducting quantum interference device (SQUID) in the inset
(see Supplemental Material [23] for fabrication details).

III. REFLECTION AND EMISSION SPECTROSCOPY

We begin the study of the system in its working point
�∗

e > 0 when the transmon is tuned into resonance with
the reservoir, fge(�∗

e ) = fr . We first perform reflection spec-
troscopy of the reservoir resonator [see Fig. 2(a)]. The vector
network analyzer (VNA) measuring the complex reflection
parameter S11 is set to a low power near the single-photon
regime for the reservoir cavity (the frequency sweep range
of the VNA is shown on the y axis). While performing
spectroscopy, we send an additional signal at fp = fgf /2 =
5.788 GHz to the pump line using a separate microwave
source. Its power is shown on the x axis. When its power
is off or very low, two transitions of the avoided cross-
ing |0a, g, 0r〉 → (|0a, g, 1r〉 ± |0a, e, 0r〉)/

√
2 are visible at

5.854 and 5.876 GHz, from which gr/2π = 11 MHz (see
Supplemental Material [23]). When the two-photon pumping
power is increased, these transitions become shifted upwards
in frequency (this is probably connected with the light-
dressing effects in composite systems [26,27]) and saturate.
They completely disappear at around the −10 dBm level of
the microwave source, which is the beginning of the lasing
action. The |S11| characteristic of the remaining spectral line
is not a Lorentzian dip above this power but shows small
amplification—a manifestation of the injection locking effect

FIG. 2. (a) Reflection spectroscopy of the transmon-resonator
avoided crossing vs the two-photon pumping power, pumping fre-
quency fp = 5.788 GHz, where the VNA signal power is at −50
dBm, �e = �∗

e : fge(�∗
e ) = fr . (b) Measured emission spectrum

from the reservoir cavity vs the pumping power. (c) Estimated
number of photons in the reservoir Nss (blue dots) and the spectral
linewidth calculated from (b) by Lorentzian fitting (green triangles).
(d) Lasing spectrum (light-blue dots for data and blue dashed line
for fit, FWHM: 26 kHz) for 10-dBm pumping power data compared
with the resonator reflection profile for the same photon population
(Nss = 3.9, orange dots for data and orange line for fit, 61 kHz) and
the Schawlow-Townes limit (green dotted line, 16 kHz).

[28]. Also, above −10 dBm the reservoir begins to emit power
[Fig. 2(b)] which can be detected upon disconnecting the
VNA from the measurement setup and connecting a signal
analyzer (SA) to the output line.

Precise calibration of the emission power is difficult due to
the uncertainty of the amplification level in the output line. We
find it by using the fact that each branch of the vacuum Rabi
splitting can be regarded as an effective two-level system,
for which the calibration of absolute input power is feasible
[29,30]. First, we measure the saturation of the avoided cross-
ing peaks with an increase of VNA power PVNA and compare
the data with a numerical simulation for the extracted system
parameters; this allows us to find the driving amplitude, and
thus the absolute signal power Pc.p. at the reservoir coupling
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port for a given PVNA. Next, we measure the power of a
slightly off-resonant reflected and amplified signal PSA by the
SA assuming almost unity reflection off the coupling port
in the vicinity of the resonance. Finally, we calculate the
amplification level a = PSA/Pc.p. in the output line (see details
in the Supplemental Material [23]). When the amplification is
known, the total emission power at the coupling port can be
calculated as an integral of the signal power spectral density
SVV ( f ) measured by the signal analyzer as

P = κe
r Nssh̄ω = 1

a

∫
BW

SVV ( f )df , (6)

where BW stands for the bandwidth where the emission signal
is non-negligible. For this value, we take the span of the
SA shown on the y axis of Fig. 2(b). We plot the calibrated
Nss versus pumping power in Fig. 2(c) and confirm that it
is indeed possible to achieve significant reservoir population
using our architecture: In the range between 5 and 10 dBm of
pumping power, the reservoir accumulates nearly 20 photons.
According to the model described in the proposal and gener-
alized to the case of nonzero detuning between the transitions
e → f and |0〉a → |1〉a, for experimental parameters the sys-
tem should accumulate around 24 photons, which is in good
agreement with the data. Using a numerical model with the
experimental parameters, we find even better agreement for
maximal Nss around 19 (for details on both approaches, see
Supplemental Material [23]).

In Fig. 2(c), one can observe four lasing thresholds in Nss

located at −10, −1, 5, and 8 dBm which are accompanied by
changes in the emission linewidth and lasing frequency. This
behavior is probably connected with the special energy-level
structure of the system [15] and can be qualitatively repro-
duced in simulations (see Supplemental Material [23]). After
the last threshold, there is a significant decrease of Nss, which
we identify as the self-quenching effect [31].

Finally, in Fig. 2(d) we compare the lasing spectrum and
reservoir cavity response, which both can be well approxi-
mated by Lorentzian curves. The orange line shows 1 − |S11|
when the transmon is far detuned, and the blue line is the
lasing spectrum at 10 dBm pumping power. The central
frequency of the latter is 200 kHz lower than fr , which
may be explained by the fact that frequencies of the transi-
tions between high-energy levels are not equal to fr due to
strong coupling [15]. For high reservoir population, the line
of the emission spectrum is significantly narrower than the
resonator proper amplitude characteristic: The full width at
half maximum (FWHM) is 26 vs 61 kHz for Nss = 3.9, and
approaches the Schawlow-Townes-limited spectrum with a
width of κr/2πNss = 16 kHz.

As an additional test for the laser action of the device,
we show that an external microwave signal is amplified upon
reflection off the reservoir cavity when the system is pumped
above the first threshold. The results are presented in Fig. 3
for three different pumping powers: −5 dBm [Fig. 3(a)], 5
dBm [Fig. 3(b)], and 10 dBm [Fig. 3(c)]. The reference level is
G = 1, and the dip in the data trace means resonant absorption
of radiation, while the peak reveals amplification. Amplifi-
cation depends nonlinearly on the pumping power, with a
maximum amplitude gain of G ≈ 3 at 5 dBm pumping power.
In Fig. 3(d), one can see how the amplification saturates with

FIG. 3. (a)–(c) Gain of reflection amplitude vs frequency for
pumping powers − 5 (blue circles), 5 (orange triangles), and 10
dBm (green squares), respectively, at a VNA power of − 60 dBm,
�e = �∗

e . (d) Maximum value of the power gain over the frequency
range shown on the x axes in (a)–(c) depending on the VNA power
for three pumping powers.

increased VNA power for the three values of pumping power,
which is a typical behavior [28]. We also observe that in
Fig. 3(a) the shape of the curve has an amplification area
below a dip in frequency, while in Figs. 3(b) and 3(c) it is
slightly above. Based on the data shown in Fig. 2(a), we find
that the transition between these regimes occurs at 0 dBm
of pumping power, and it coincides with the second lasing
threshold in Fig. 2(c); the nature of this effect remains unclear
to us.

In order to quantify the device action outside the optimal
regime and better understand the lasing mechanism, we also
study the dependence of the emission spectrum on the external
flux in the SQUID and pumping frequency. We now use lower-
power pumping (−5 dBm) to avoid power broadening and
achieve better resolution of the transitions. Figure 4(a) shows
a scan of two symmetric avoided crossings with vertical solid
lines marking the points where the transmon ge transition is
resonant with the reservoir (at �∗

e ), and dashed lines where the
ge transition is resonant with the pump signal. The first config-
uration was studied before in Fig. 1(a), and in the second one
the qubit may be pumped directly. As can be seen in Figs. 4(b)
and 4(c), the reservoir population is the highest in proximity
to the solid lines, both in the experiment and the simulation.
It is clearly visible, however, that in the simulation for the ex-
perimental parameters a maximum population is reached for
|�e| < �∗

e . We also note that emission is observed for a wider
frequency range in the experiment than in the simulation. A
small dip in Nss which coincides with the central points of the
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FIG. 4. (a) Reflection spectroscopy of the avoided crossing at
−60 dBm on the VNA vs magnetic flux �e through the transmon
SQUID. Vertical solid lines mark the points of transmon-reservoir
resonance and vertical dashed lines show �∗

e where the ge frequency
is equal to the pumping frequency. (b) Lasing spectrum vs �e for a
pumping power of −5 dBm at 5.788 GHz. (c) Reservoir Nss: Exper-
iment (blue dots) and simulation (orange curve) vs �e. (d) Lasing
spectrum depending on the pump frequency when its power is −5
dBm. The dashed-dotted line shows the two-photon frequency of
the |g〉 ⇒ |1〉a process, and the dotted line the |g〉 ⇒ | f 〉 process.
(e) Number of photons in the reservoir resonator vs pumping power:
Experiment (blue dots) and simulation (orange curve).

avoided crossings can be explained by the fact that low-power
pumping cannot overcome the photon blockade, being under
the lasing threshold [15].

Similarly, we measure the dependence of the emission
spectrum on the pumping frequency for the resonant con-
figuration. The results are shown in Fig. 4(d). Since there
is a 35 MHz detuning between fr + fa and fgf when fge =
fr , we mark two competing cases of two-photon pumping:
The dashed-dotted vertical line corresponds to the resonance
with the transition from the ground state to |1a, e, 0r〉 (this
is the configuration chosen in Fig. 2), and the dotted one to
|0a, f , 0r〉. In Fig. 4(e), two areas of high emission attributed
to these processes are clearly visible. We find that in contrast
with the simulation, in the experiment both pumping fre-
quencies give comparable values for the integrated emission
power and the corresponding photon number in the reservoir;
however, pumping at fgf /2 gives a wider emission line than

at ( fr + fa)/2. We also note the asymmetry of the emission
areas with respect to the corresponding marker lines, showing
a notable shift towards higher pump frequencies.

IV. DISCUSSION

In this Letter, we have implemented a single-atom maser
based on a transmon that overcomes the photon blockade in
the strong-coupling regime, concluding a previous theoretical
study on the subject and continuing the preceding works em-
ploying the superconducting artificial atoms [5,7]. We have
shown experimentally the possibility to reach more than 15
photons in a cavity, a notably high population for a coher-
ent pump in this class of systems [3,12,13,15]. Additionally,
we found that the system demonstrates complex behavior,
exhibiting several lasing thresholds and self-quenching ac-
companied by variations in the emission spectrum central
frequency and linewidth while usually single-atom lasers in
the strong-coupling regime are thresholdless [2,3,32].

We explain the possibility to overcome the photon block-
ade in our device by the additional splittings in the level
structure emerging from coupling to an auxiliary resonator
and ensuring a resonance condition for the two-photon pump
for high populations. Our theoretical studies predict that the
studied system should exhibit such features as bistability of
the Wigner function and sub-Poissonian statistics of emitted
radiation [15]; however, further experimental study on this
subject is required as we could not yet study those effects due
to technical limitations.

Along with an experimental study of this kind of a device,
we have also investigated in more detail the conventional
manifestations of the lasing effect to confirm its nature. First,
we have demonstrated that the emission linewidth is narrower
than the resonator proper linewidth and, notably, approaches
the Schawlow-Townes limit for certain regimes. Second, if
supplied, an external microwave signal is being amplified by
the device; this effect was previously demonstrated for single-
atom masers [4] as well as in ordinary lasers and is caused
by the injection-locking effect [28]. We note, however, that
while our measurements of the injection-locking effect in the
studied device exhibited an expected line narrowing around
the injected signal [23], we could not obtain data similar to
what was shown in recent works [11,33] with the injection
signal detuned. This may be due to the fact that in contrast
to those works we employ coherent pumping and the lasing
cavity population is not very large in our case (i.e., compared
to Nss = 3 × 104 in Ref. [11]).

Finally, we measured the emission spectrum depending on
the transmon frequency and pumping frequency and observed
that lasing manifests itself when the system parameters are
close to the theoretically predicted ones, which is strong evi-
dence of the correctness of our model.
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