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Amplification of optical or microwave fields is often achieved by strongly driving a medium to induce
population inversion such that a weak probe can be amplified through stimulated emission. Here we
strongly couple a superconducting qubit, an artificial atom, to the field in a semi-infinite waveguide. When
driving the qubit strongly on resonance such that a Mollow triplet appears, we observe a 7% amplitude gain
for a weak probe at frequencies in between the triplet. This amplification is not due to population inversion,
neither in the bare qubit basis nor in the dressed-state basis, but instead results from a four-photon process
that converts energy from the strong drive to the weak probe. We find excellent agreement between the
experimental results and numerical simulations without any free fitting parameters. Since our device
consists of a single two-level artificial atom, the simplest possible quantum system, it can be viewed as the
most fundamental version of a four-wave-mixing parametric amplifier.
DOI: 10.1103/PhysRevLett.120.063603

Superconducting qubit circuits are playing an important
role in the development of solid-state quantum computation [1–3], where they already have been used in implementations of quantum logic gates and algorithms [4,5].
However, in the past decade, superconducting qubit circuits
have also become a prominent platform for quantum-optics
research. This development originated from the achievement of strong coupling in the circuit version of cavity
quantum electrodynamics, where a superconducting qubit
acts as a substitute for the atom and a strip-line waveguide
replaces the optical cavity [6]. In this context, a broad
range of phenomena from atomic physics and quantum
optics [7,8], e.g., lasing [9–11], have been demonstrated
in solid-state systems. Some of these phenomena, e.g.,
electromagnetically induced transparency [12–17], can be
demonstrated with greater clarity and sophistication than in
corresponding experiments with natural atoms.
The additional capabilities in quantum optics with superconducting circuits stems partly from the tunable and
designable nature of the superconducting qubits as twolevel (or multilevel) systems and partly from the ease with
which strong coupling can be achieved between these
artificial atoms and quantum fields. The latter property
has permitted the demonstration of ultrastrong coupling
[18–21], going beyond the physics of the rotating-wave
approximation and the Jaynes-Cummings model and the
dressed Zeno effect [22], with the coupling taking place in a
resonator. With the coupling being between a superconducting qubit and an open waveguide [23–28] instead, it has
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made possible the demonstration of, e.g., the Mollow triplet
[23,29,30] and single-photon routing [31]. If one truncates
the open waveguide, forming a semi-infinite space with the
qubit placed close to the end point (equivalent to placing an
atom in front of a mirror [32]), the qubit becomes strongly
coupled to a single input-output channel. Such a setup has
been used to demonstrate a giant cross-Kerr phase shift with
a probe and a signal field interacting with different transitions in a three-level artificial atom [33].
In this Letter, we leverage the excellent characteristics of
a superconducting qubit at the end of a transmission line to
demonstrate amplification in a two-tone experiment. We
find that, when a strong resonant drive field splits the qubit
transition into a Mollow triplet, a weak probe field is
amplified if it is tuned to the frequencies between the
resonances in that triplet. This is in accordance with another
theoretical prediction by Mollow [34]. Previous experiments with many natural atoms [35] and a single quantum
dot [36] have reported similar amplification, but only at
levels of 0.4% and 0.005%, respectively. In our experiment,
we measure amplitude gain reaching up to 7%. We note that
the amplification mechanism does not rely on population
inversion, as in another experiment with a superconducting
three-level artificial atom in an open waveguide [37], nor
even population inversion between dressed states, as in
another such experiment [38] and some implementations
of lasing without inversion [39]. Instead, the amplification
can be explained in terms of higher-order processes with
stimulated emission and transitions between dressed states
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[40]. Our system thus cannot be compared directly with
conventional parametric amplifiers in terms of gain due to
their different amplification mechanisms.
The amplification we observe is an example of degenerate
four-wave mixing. Four-wave mixing [41,42] has been
implemented both at optical frequencies, e.g., in photonic
crystals [43,44], and at microwave frequencies, e.g., using
superconducting circuits with nonlinear resonators [45]. In
contrast to those implementations, our device represents the
fundamental limit of a four-wave mixer, since our mixer only
consists of a single two-level atom.
The device used in our experiment is shown in Fig. 1(a).
A transmon qubit [46] is embedded at the end of a onedimensional transmission line with characteristic impedance Z0 ≃ 50 Ω. We denote the ground state, the first
excited state, and the second excited state of the transmon
by j0i, j1i, and j2i, respectively. The j0i
↔ j1i transition
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
energy of the transmon is ℏω10 ðΦÞ ≈ 8EJ ðΦÞEC − EC ;
it is determined by the charging energy EC ¼ e2 =2CΣ,
where e is the elementary charge and CΣ is the total
capacitance of the transmon, and the Josephson energy
EJ ðΦÞ ¼ EJ jcosðπΦ=Φ0 Þj. The Josephson energy can be
tuned from its maximum value EJ by the external flux Φ of
a magnetic coil; Φ0 ¼ h=2e is the magnetic flux quantum.
Because of the position of the transmon at the end of the
transmission line, the field emitted from the transmon can
only propagate in one direction. The diagram in Fig. 1(a)
also illustrates the rest of the experimental setup. The pump
field at frequency ωpump and the probe field of frequency ωp
are fed into the transmission line via a combiner and several
attenuators. The output signal is amplified and measured in
a vector network analyzer (VNA) to determine the amplitude reflection coefficient r of the probe field.
The origin of the amplification is illustrated in Fig. 1(b),
following Ref. [40]. The two-level structure of the qubit
becomes dressed by the strong resonant (ωpump ¼ ω10 )
pump with Rabi frequency Ωpump, forming the dressed
states that have transitions at the Mollow-triplet frequencies
ω10 and ω10  Ωpump . Since the drive is resonant, all states
are equally populated; no population inversion occurs.
When ωp ¼ ω10  Ωpump , the equal population of all states
leads to absorption and stimulated emission being equally
likely, which means that the probe experiences neither
gain nor attenuation. If jωp − ω10 j > Ωpump , a three-photon
process
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃthat leads to absorption dominates. However, when
2Γ1 γ 3 =Ωpump < jωp − ω10 j < Ωpump [34], four-photon
processes like the ones shown in Fig. 1(b) dominate and
lead to amplification. Here, Γ1 is the relaxation rate and γ is
the decoherence rate for the qubit.
Before performing the amplification experiments, we
first characterize our device spectroscopically. In Fig. 2(a),
we show the amplitude reflection coefficient jrj of a weak
probe (amplitude Ωp ≪ γ) as a function of the external flux
Φ. We clearly see the Φ dependence of the ω10 transition
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FIG. 1. Experimental setup and amplification mechanism. (a) A
simplified schematic of the device and the setup for the experiment. The transmon qubit, our artificial atom, is formed by two
superconducting islands (center of the image) coupled through
two Josephson junctions and a large capacitance. The qubit sits at
the end of the transmission line formed by the center conductor
and ground planes pictured here. The microwave pump and probe
tones are generated at room temperature, combined at Σ, and fed
through attenuators to the qubit in a cryostat cooled to 12 mK.
The output signal is measured in a VNA. (b) Two energy-level
diagrams showing how the weak probe is amplified in our setup.
The strong pump with amplitude Ωpump dresses the energy levels
of the bare two-level qubit. The left part shows one of the two
irreversible four-photon processes that leads to the stimulated
emission of a photon at the probe frequency ωp (blue arrow)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
when ωpump þ Ωpump > ωp > ωpump þ 2Γ1 γ 3 =Ωpump , and the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
right part shows the same for the case ωpump − 2Γ1 γ 3 =
Ωpump > ωp > ωpump − Ωpump . In these processes, two pump
photons (green arrows) are absorbed and an additional photon
(red wavy arrow) is scattered at frequency ωs ¼ 2ωpump − ωp.
This closely resembles degenerate four-wave mixing in a parametric amplifier if we identify ωpump as the frequency of the pump
mode, ωp as the frequency of the signal mode, and ωs as the
frequency of the idler mode. Note that an important part of the
processes is that the two virtual states shown with dashed lines are
connected by the strong pump. This increases the probability of
the process occurring, since these virtual states are within the
power-broadening width of the pump. The empty and filled
circles and squares are used to mark the corresponding transitions
in Fig. 3(b).

frequency. The transmon also has higher levels. To see
the next transition, between j1i and j2i at frequency ω21,
we use two-tone spectroscopy. We saturate the j0i ↔ j1i
transition by applying a pump field at ω10 with pump power
Ppump ¼ −119 dBm, and measure the reflection of a weak
probe at ωp . As can be seen in Fig. 2(b), we observe photon
scattering from the j1i ↔ j2i transition, which appears as a
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FIG. 2. Spectroscopy of the transmon qubit. (a) Single-tone
spectroscopy. Amplitude reflection coefficient jrj as a function of
probe frequency ωp and flux Φ. The red dashed curve is a fitted
theory curve for ω10. (b) Two-tone spectroscopy. We once again
show jrj for the weak probe as a function of ωp and Φ, but in this
experiment, a second, strong microwave drive is applied at ω10 .
The broad green region that appears in the response corresponds
to the j1i ↔ j2i transition at frequency ω21. The black dashed
curve is a fitted theory curve for ω21. We also see the features of
the Mollow triplet around ω10 and note that the features of this
triplet can be tuned by the flux.

increasing Ppump from −130 to −105 dBm. The result is
shown in Fig. 3(a). To the left in the figure, around
ωp =2π ¼ 4.2 GHz, we see scattering from the j1i ↔ j2i
transition, which becomes possible because the resonant
pump populates the first excited state of the qubit. As the
pump power increases, this feature splits into two dips in
the reflection, which corresponds to an Autler-Townes
doublet [16,17,47]. Increasing the pump power, we also
see the resonance around ω10 separate into a Mollowtriplet-like structure. The central transition becomes weaker
at higher powers (the delta peak or dip in the data exactly at
ω10 is an artifact of the pump, unrelated to the qubit
response) and areas with greater-than-unity reflection,
jrj > 1 (purple color), appear in between the three dips.
This is further illustrated in Fig. 3(c), which shows three
line cuts at different pump powers. The two reflection peaks
correspond to gain arising from conversion between pump
(a)

(b)

dip in the reflection at ωp ¼ ω21 . We also observe that the
strong resonant pump dresses the j0i ↔ j1i transition,
giving rise to three resonances around ω10 . This is the
well-known Mollow triplet, which we study further in the
amplification experiments below.
From Figs. 2(a) and 2(b), we extract EJ ¼ 7.97 GHz,
EC ¼ 390 MHz, ω10 ðΦÞ, and ω21 ðΦÞ. We then perform
further single-tone scattering experiments at Φ=Φ0 ¼ 0 as in
Ref. [33]. From the magnitude and phase of the reflection
coefficient for a weak probe as a function of ωp , we extract
Γ1 , the pure dephasing Γϕ , and γ. Measuring r as a function
of the probe power P, we extract the coupling constant k
relating the p
input
ﬃﬃﬃﬃ power to the Rabi frequency according to
Ωp =2π ¼ k P. All the extracted parameters are summarized in Table I. We note that Γ1 is dominated by the
coupling to the transmission line and greatly exceeds Γϕ ,
placing our system in the strong-coupling regime.
We now investigate the Mollow-triplet structure further
by fixing the flux at Φ ¼ 0 and the pump frequency at
ωpump ¼ ω10 . We record the reflection coefficient jrj of a
weak probe as a function of both ωp and pump power,
TABLE I.

Extracted parameters of the device.

ω10 =2π ω21 =2π Γ1 =2π Γϕ =2π γ=2π
EJ;0 =h EC =h
(GHz) (GHz) EJ;0 =EC (GHz) (GHz) (MHz) (MHz) (MHz)
7.97

0.39

20.4

4.59

4.2

45

2.7

25.2

(c)

(d)

FIG. 3. Gain and attenuation around the Mollow triplet.
(a) Reflection coefficient jrj as a function of probe frequency
and pump power at Φ ¼ 0. The pump frequency ωpump is fixed at
4.59 GHz, which is the transition frequency ω10. (b) A numerical
simulation of the experiment using the parameters in Table I
and N ¼ 5 energy levels for the transmon. The simulation [48]
applies quantum linear-response theory [49] similar to
Refs. [50,51], using methods from Ref. [52] implemented in
QuTiP [53,54]. The solid black curves indicate the position of
the Mollow triplet at ωpump and ωpump  Ωpump . The red curves
correspond
to the
expected inner amplification boundaries
ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ωpump  2Γ1 γ 3 =Ωpump . The empty and filled circles and
squares correspond to the frequencies for stimulated emission
and scattering for the four-photon processes sketched in Fig. 1(b).
(c) Three line cuts at different pump powers: −123, −117, and
−114 dBm. We observe three dips around ω10 , close to the
Mollow-triplet resonances. We also observe two amplification
peaks in between these dips. The gain, which reaches about 7%
for Ppump ¼ −114 dBm, is due to stimulated emission in higherorder processes, as explained in Fig. 1(b). We note again that
the amplification is not due to population inversion. (d) The
corresponding line cuts from the numerical simulation.

063603-3

PHYSICAL REVIEW LETTERS 120, 063603 (2018)
(a)

(b)

(c)

(d)

FIG. 4. Reflection coefficient jrj of a weak probe as a function of ωp (x axis) and ωpump (y axis) at Φ ¼ 0 for four different pump
powers: (a) −130, (b) −125, (c) −120, and (d) −115 dBm. The top row is experimental data and the bottom row is numerical
simulations, performed in the same way as in Fig. 3 using the parameters in Table I (no free fitting parameters). As we increase the pump
power, the features at ω10 =2π ¼ 4.59 GHz and ω21 =2π ¼ 4.2 GHz split into a more complicated response, which can be explained in
terms of the Mollow triplet due to pumping of the j0i ↔ j1i transition [solid black lines in (d)] and the Autler-Townes doublet due to
pumping of the j1i ↔ j2i transition [dashed black lines in (d)].

and probe photons, mediated by the superconducting
artificial atom, as explained in Fig. 1(b). We emphasize
that this gain is not a result of population inversion, not
even among the dressed states.
The maximum gain we observe is about 7%, at
Ppump ¼ −114 dBm. We note that the two gain peaks are
asymmetric, unlike what Mollow predicted for a two-level
atom. We attribute this asymmetry to influence from the
second excited state of the transmon qubit. Note that each
probe photon at most can stimulate the emission of one
photon at the samepfrequency.
This fundamentally limits the
ﬃﬃﬃ
amplitude gain to 2. At the maximum gain, we estimate the
noise temperature of our amplifier to be 102 mK [48]. At this
pump power, we have gain (jrj > 1) in a bandwidth of
247 MHz. Within this bandwidth, the average power gain is
1.06, giving a gain-bandwidth product of 262 MHz.
In Fig. 4, we investigate the effect of pump detuning. We
sweep the frequencies of both a weak probe and a strong
pump, changing the pump power in steps from −130 dBm
in Fig. 4(a) to −115 dBm in Fig. 4(d). The agreement
between the experimental data in the top row of Fig. 4 and
the numerical simulations in the bottom row, performed
without any free fitting parameters, is excellent. In the
left parts of Fig. 4, we see expected resonances when
ωp =2π ¼ ω10 =2π ¼ 4.59 GHz and when ωpump ¼ ω10 ,
ωp =2π ¼ ω21 =2π ¼ 4.2 GHz. As pump power increases
in the right parts of the figure, we observe features of the
Mollow triplet when pumping at 4.59 GHz [solid black
lines in Fig. 4(d)] and of an Autler-Townes doublet when
pumping at 4.2 GHz [dashed black lines in Fig. 4(d)]. In

Fig. 4(d), we also observe regions of gain (purple color).
When the pump is resonant with ω10 =2π at 4.59 GHz, the
gain mechanism is the one discussed in Figs. 1 and 3. When
the pump is off resonance, away from 4.59 GHz, we see
gain close to one of the two sidebands of the Mollow triplet.
Such gain is due to population inversion among the dressed
states [39], making it easier to achieve than the inversionless amplification we demonstrated above, as evidenced by
experiments with natural atoms [35,55] and with a superconducting qubit in an open transmission line [38].
In summary, we have demonstrated amplification of a
weak probe by about 7% using a single resonantly pumped
superconducting artificial atom placed at the end of a
transmission line. The amplification does not rely on
population inversion, not even in the dressed-state basis,
but instead results from a four-photon process. This means
that our artificial atom can be seen as the ultimate
miniaturization of a four-wave-mixing parametric amplifier, since no simpler quantum system exists.
We thank P. Delsing for providing the device. We also
thank C. M. Wilson and N. Lambert for fruitful discussions.
I.-C. H. acknowledges financial support from the MOST
under Project No. 104-2112-M-007-022-MY3 and MOST
104-2112-M-007-023, Taiwan. A. F. K. acknowledges support from a JSPS Postdoctoral Fellowship for Overseas
Researchers P15750. F. N. acknowledges support from the
RIKEN iTHES Project, the MURI Center for Dynamic
Magneto-Optics via the AFOSR Grant No. FA9550-14-10040, the Japan Society for the Promotion of Science

063603-4

PHYSICAL REVIEW LETTERS 120, 063603 (2018)
(KAKENHI), the IMPACT program of JST, JSPS-RFBR
Grant No. 17-52-50023, CREST Grant No. JPMJCR1676,
and the John Templeton Foundation. H. I. acknowledges
support from FDCT of Macau under Grants No. 013/2013/
A1 and No. 065/2016/A2, University of Macau under
Grant No. MYRG2014-00052-FST, and National Natural
Science Foundation of China under Grant No. 11404415.

*

ichoi@phys.nthu.edu.tw
[1] J. Q. You and F. Nori, Superconducting circuits and quantum information, Phys. Today 58, No. 11, 42 (2005).
[2] M. H. Devoret and R. J. Schoelkopf, Superconducting
circuits for quantum information: An outlook, Science
339, 1169 (2013).
[3] G. Wendin, Quantum information processing with superconducting circuits: A review, Rep. Prog. Phys. 80, 106001
(2017).
[4] E. Lucero, R. Barends, Y. Chen, J. Kelly, M. Mariantoni, A.
Megrant, P. O’Malley, D. Sank, A. Vainsencher, J. Wenner,
T. White, Y. Yin, A. N. Cleland, and J. M. Martinis,
Computing prime factors with a Josephson phase qubit
quantum processor, Nat. Phys. 8, 719 (2012).
[5] A. Fedorov, L. Steffen, M. Baur, M. P. da Silva, and A.
Wallraff, Implementation of a Toffoli gate with superconducting circuits, Nature (London) 481, 170 (2012).
[6] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R.-S. Huang,
J. Majer, S. Kumar, S. M. Girvin, and R. J. Schoelkopf,
Strong coupling of a single photon to a superconducting qubit
using circuit quantum electrodynamics, Nature (London)
431, 162 (2004).
[7] J. Q. You and F. Nori, Atomic physics and quantum optics
using superconducting circuits, Nature (London) 474, 589
(2011).
[8] X. Gu, A. F. Kockum, A. Miranowicz, Y.-X. Liu, and F.
Nori, Microwave photonics with superconducting quantum
circuits, Phys. Rep. 718, 1 (2017).
[9] O. Astafiev, K. Inomata, A. O. Niskanen, T. Yamamoto,
Y. A. Pashkin, Y. Nakamura, and J. S. Tsai, Single artificialatom lasing, Nature (London) 449, 588 (2007).
[10] S. Ashhab, J. R. Johansson, A. M. Zagoskin, and F. Nori,
Single-artificial-atom lasing using a voltage-biased superconducting charge qubit, New J. Phys. 11, 023030 (2009).
[11] J. Q. You, Y.-X. Liu, C. P. Sun, and F. Nori, Persistent
single-photon production by tunable on-chip micromaser
with a superconducting quantum circuit, Phys. Rev. B 75,
104516 (2007).
[12] A. A. Abdumalikov, O. Astafiev, A. M. Zagoskin, Y. A.
Pashkin, Y. Nakamura, and J. S. Tsai, Electromagnetically
Induced Transparency on a Single Artificial Atom, Phys.
Rev. Lett. 104, 193601 (2010).
[13] J. Joo, J. Bourassa, A. Blais, and B. C. Sanders, Electromagnetically Induced Transparency with Amplification in
Superconducting Circuits, Phys. Rev. Lett. 105, 073601
(2010).
[14] H. Ian, Y.-X. Liu, and F. Nori, Tunable electromagnetically
induced transparency and absorption with dressed superconducting qubits, Phys. Rev. A 81, 063823 (2010).

[15] B. Peng, S. K. Özdemir, W. Chen, F. Nori, and L. Yang,
What is and what is not electromagnetically induced transparency in whispering-gallery microcavities, Nat. Commun.
5, 5082 (2014).
[16] H.-C. Sun, Y.-X. Liu, H. Ian, J. Q. You, E. Il’ichev, and F.
Nori, Electromagnetically induced transparency and AutlerTownes splitting in superconducting flux quantum circuits,
Phys. Rev. A 89, 063822 (2014).
[17] Q.-C. Liu, T.-F. Li, X.-Q. Luo, H. Zhao, W. Xiong, Y.-S.
Zhang, Z. Chen, J. S. Liu, W. Chen, F. Nori, J. S. Tsai, and
J. Q. You, Method for identifying electromagnetically induced transparency in a tunable circuit quantum electrodynamics system, Phys. Rev. A 93, 053838 (2016).
[18] J. Bourassa, J. M. Gambetta, A. A. Abdumalikov, O.
Astafiev, Y. Nakamura, and A. Blais, Ultrastrong coupling
regime of cavity QED with phasebiased flux qubits, Phys.
Rev. A 80, 032109 (2009).
[19] T. Niemczyk, F. Deppe, H. Huebl, E. P. Menzel, F. Hocke,
M. J. Schwarz, J. J. Garcia-Ripoll, D. Zueco, T. Hümmer, E.
Solano, A. Marx, and R. Gross, Circuit quantum electrodynamics in the ultrastrong-coupling regime, Nat. Phys. 6,
772 (2010).
[20] F. Yoshihara, T. Fuse, S. Ashhab, K. Kakuyanagi, S. Saito,
and K. Semba, Superconducting qubit-oscillator circuit
beyond the ultrastrong-coupling regime, Nat. Phys. 13,
44 (2017).
[21] Z. Chen, Y. Wang, T. Li, L. Tian, Y. Qiu, K. Inomata, F.
Yoshihara, S. Han, F. Nori, J. S. Tsai, and J. Q. You, Singlephoton-driven high-order sideband transitions in an ultrastrongly coupled circuitquantum-electrodynamics system,
Phys. Rev. A 96, 012325 (2017).
[22] H.-C. Li, G.-Q. Ge, and S.-B. Feng, Dressed Zeno effect in
circuit quantum electrodynamics, Phys. Rev. A 89, 062119
(2014).
[23] O. Astafiev, A. M. Zagoskin, A. A. Abdumalikov, Y. A.
Pashkin, T. Yamamoto, K. Inomata, Y. Nakamura, and J. S.
Tsai, Resonance fluorescence of a single artificial atom,
Science 327, 840 (2010).
[24] I.-C. Hoi, C. M. Wilson, G. Johansson, J. Lindkvist, B.
Peropadre, T. Palomaki, and P. Delsing, Microwave quantum optics with an artificial atom in one-dimensional open
space, New J. Phys. 15, 025011 (2013).
[25] A. F. van Loo, A. Fedorov, K. Lalumiere, B. C. Sanders,
A. Blais, and A. Wallraff, Photon-mediated interactions
between distant artificial atoms, Science 342, 1494
(2013).
[26] Y.-L. L. Fang and H. U. Baranger, Waveguide QED: Power
spectra and correlations of two photons scattered off
multiple distant qubits and a mirror, Phys. Rev. A 91,
053845 (2015).
[27] D. Roy, C. M. Wilson, and O. Firstenberg, Colloquium:
Strongly interacting photons in one-dimensional continuum,
Rev. Mod. Phys. 89, 021001 (2017).
[28] P. Forn-Díaz, J. J. García-Ripoll, B. Peropadre, J.-L.
Orgiazzi, M. A. Yurtalan, R. Belyansky, C. M. Wilson,
and A. Lupascu, Ultrastrong coupling of a single artificial
atom to an electromagnetic continuum in the nonperturbative regime, Nat. Phys. 13, 39 (2017).
[29] B. R. Mollow, Power spectrum of light scattered by twolevel systems, Phys. Rev. 188, 1969 (1969).

063603-5

PHYSICAL REVIEW LETTERS 120, 063603 (2018)
[30] A. A. Abdumalikov, O. V. Astafiev, Y. A. Pashkin, Y.
Nakamura,andJ. S.Tsai, DynamicsofCoherentandIncoherent
Emissionfrom anArtificialAtomina 1DSpace, Phys. Rev. Lett.
107, 043604 (2011).
[31] I.-C. Hoi, C. M. Wilson, G. Johansson, T. Palomaki, B.
Peropadre, and P. Delsing, Demonstration of a Single-Photon
Router in the Microwave Regime, Phys. Rev. Lett. 107, 073601
(2011).
[32] I.-C. Hoi, A. F. Kockum, L. Tornberg, A. Pourkabirian, G.
Johansson, P. Delsing, and C. M. Wilson, Probing the
quantum vacuum with an artificial atom in front of a mirror,
Nat. Phys. 11, 1045 (2015).
[33] I.-C. Hoi, A. F. Kockum, T. Palomaki, T. M. Stace, B. Fan,
L. Tornberg, S. R. Sathyamoorthy, G. Johansson, P. Delsing,
and C. M. Wilson, Giant Cross-Kerr Effect for Propagating
Microwaves Induced by an Artificial Atom, Phys. Rev. Lett.
111, 053601 (2013).
[34] B. R. Mollow, Stimulated emission and absorption near
resonance for driven systems, Phys. Rev. A 5, 2217 (1972).
[35] F. Y. Wu, S. Ezekiel, M. Ducloy, and B. R. Mollow,
Observation of Amplification in a Strongly Driven TwoLevel Atomic System at Optical Frequencies, Phys. Rev.
Lett. 38, 1077 (1977).
[36] X. Xu, B. Sun, P. R. Berman, D. G. Steel, A. S. Bracker, D.
Gammon, and L. J. Sham, Coherent optical spectroscopy of
a strongly driven quantum dot, Science 317, 929 (2007).
[37] O. V. Astafiev, A. A. Abdumalikov, A. M. Zagoskin, Y. A.
Pashkin, Y. Nakamura, and J. S. Tsai, Ultimate On-Chip
Quantum Amplifier, Phys. Rev. Lett. 104, 183603 (2010).
[38] K. Koshino, H. Terai, K. Inomata, T. Yamamoto, W. Qiu, Z.
Wang, and Y. Nakamura, Observation of the Three-State
Dressed States in Circuit Quantum Electrodynamics, Phys.
Rev. Lett. 110, 263601 (2013).
[39] J. Mompart and R. Corbalan, Lasing without inversion,
J. Opt. B 2, R7 (2000).
[40] H. Friedmann and A. D. Wilson-Gordon, Dispersion profiles of the absorptive response of a two-level system
interacting with two intense fields, Phys. Rev. A 36,
1333 (1987).
[41] R. W. Boyd, Nonlinear Optics, 3rd ed. (Elsevier, Amsterdam,
2008).
[42] R. L. Carman, R. Y. Chiao, and P. L. Kelley, Observation of
Degenerate Stimulated Four-Photon Interaction and FourWave Parametric Amplification, Phys. Rev. Lett. 17, 1281
(1966).

[43] D. Nodop, C. Jauregui, D. Schimpf, J. Limpert, and A.
Tünnermann, Efficient high-power generation of visible and
mid-infrared light by degenerate four-wave-mixing in a
large-mode-area photonic-crystal fiber, Opt. Lett. 34, 3499
(2009).
[44] J. Li, L. O’Faolain, I. H. Rey, and T. F. Krauss, Fourwave
mixing in photonic crystal waveguides: slow light enhancement and limitations, Opt. Express 19, 4458 (2011).
[45] A. Roy and M. Devoret, Introduction to parametric amplification of quantum signals with Josephson circuits, C.R.
Phys. 17, 740 (2016).
[46] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R. J.
Schoelkopf, Charge-insensitive qubit design derived from
the Cooper pair box, Phys. Rev. A 76, 042319 (2007).
[47] S. H. Autler and C. H. Townes, Stark effect in rapidly
varying fields, Phys. Rev. 100, 703 (1955).
[48] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.120.063603 for details
on the numerical simulations and the calculation of the
added noise in our amplifier.
[49] R. Kubo, Statistical-mechanical theory of irreversible
processes. I. General theory and simple applications to
magnetic and conduction problems, J. Phys. Soc. Jpn. 12,
570 (1957).
[50] A. F. Kockum, M. Sandberg, M. R. Vissers, J. Gao, G.
Johansson, and D. P. Pappas, Detailed modelling of the
susceptibility of a thermally populated, strongly driven
circuit-QED system, J. Phys. B 46, 224014 (2013).
[51] M. V. Gustafsson, T. Aref, A. F. Kockum, M. K. Ekström,
G. Johansson, and P. Delsing, Propagating phonons coupled
to an artificial atom, Science 346, 207 (2014).
[52] I. Rau, G. Johansson, and A. Shnirman, Cavity quantum
electrodynamics in superconducting circuits: Susceptibility
at elevated temperatures, Phys. Rev. B 70, 054521 (2004).
[53] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP: An
open-source Python framework for the dynamics of open
quantum systems, Comput. Phys. Commun. 183, 1760
(2012).
[54] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP 2: A
Python framework for the dynamics of open quantum
systems, Comput. Phys. Commun. 184, 1234 (2013).
[55] G. Khitrova, J. F. Valley, and H. M. Gibbs, Gain-Feedback
Approach to Optical Instabilities in Sodium Vapor, Phys.
Rev. Lett. 60, 1126 (1988).

063603-6

