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𝑇!"#$% =
𝑃!

𝑘& Δ𝜈 𝐺
= 3.3 ±'.)'.* 𝐾

𝐺𝑎𝑖𝑛 = (64.5 ± 2.0) dB

~3K from Low Noise Factory datasheet

From spectrum analyzer:

Δ𝜈 = RBW = 100 kHz
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Degenerate JPA Gain and Noise

𝐺+,- = 15.5 dB

Working point
fsignal=7.418 GHz
fpump=2fsignal
Psignal= -135 dbm 
Ppump= -45 dbm

𝑇!
+,- =

𝑃!
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= 0.130 ±.../*...01 𝐾

Expected quantum noise !
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Theoretical expectation
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5MHz
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Pump power dependenceΔPhase dependence



Other frequencies (degenerate regime)



Resonance fluorescence with subnatural linewidth??

resonator [Figs. 1(b) and 1(c)]. A dilution refrigerator cools
the experiment to below 30 mK such that the microwave
field incident to the JPA is very nearly in its vacuum state.
Modulation of the JPA’s resonant frequency by a pump tone
at twice that frequency squeezes the vacuum fluctuations in
one quadrature of the resonator field while amplifying
those in the other. Ideally, the JPA’s output field is an ellipse
in phase space described by the parameters N and M, with
quadrature phase variances VðθÞ given by

VðθÞ ¼ 1

2

!
N þM cosð2ðθ − φÞÞ þ 1

2

"
; ð1Þ

where M2 ¼ NðN þ 1Þ. The squeezing axis lies along the
angle θ ¼ φþ π=2 in phase space, at which the minimum
quadrature variance occurs (see Appendix B for

definitions). In practice, N and M are diminished from
their ideal values by a factor η < 1 because of dilution of
the itinerant squeezed state with vacuum noise via micro-
wave component loss or other imperfections.
Our artificial atom consists of a transmon superconduct-

ing qubit coupled to an aluminum microwave waveguide
cavity [19]. As the qubit is nearly resonant with the cavity’s
fundamental mode, their strong coupling produces well-
separated polariton states described by the Jaynes-
Cummings Hamiltonian [Fig. 1(d)] [14,15,20]. When only
two of these states are coupled to squeezed radiation, the
system is expected to exhibit the same dynamics as a single
two-level atom in squeezed vacuum [21]. We drive the
system via two ports (antennas) coupled to the cavity mode,
where one port is coupled more than 4 times as strongly as
the other. Squeezed vacuum from the JPA is directed by a
circulator to the cavity’s strongly coupled port, while the
weakly coupled port allows for application of a coherent
tone to drive polariton Rabi oscillations. Relatively weak
coupling at the latter limits dilution of the squeezing by
vacuum fluctuations in the connecting transmission line,
such that the two inputs sum to a squeezed vacuum
displaced in phase space by the coherent drive. Most of
the resulting fluorescence exits the cavity through the
strongly coupled port. This fluorescence, in combination
with the squeezed radiation reflecting off of the strongly
coupled port, then passes through the circulator towards the
first stage of amplification.
To detect the fluorescence with high precision, we utilize

the recently developed Josephson traveling wave para-
metric amplifier (JTWPA) [22]. Previous polariton Mollow
triplet studies have relied on cross-correlation of two
measurement chains and data processing using a field-
programmable gate array (FPGA) to overcome the added
noise of following semiconducting amplifiers that would
otherwise necessitate prohibitively long averaging times
[20]. Here, the JTWPA acts as a superconducting pre-
amplifier with near-quantum-limited noise performance
that mitigates the effect of this added noise and thus
facilitates direct fluorescence measurements with a micro-
wave spectrum analyzer. Moreover, the high dynamic range
of the JTWPA ensures that squeezed vacuum power
reflecting off of the cavity does not cause compression
of the amplified fluorescence spectra. Figure 1(e) plots
resonance fluorescence spectra measured in ordinary vac-
uum over a 50-MHz span as a function of the coherent drive
amplitude applied at the upper polariton frequency ðω1;þÞ.
For large drive amplitudes, we see a three-Lorentzian
Mollow triplet spectrum, reflecting the polariton Rabi
oscillations.

II. RESONANCE FLUORESCENCE IN
SQUEEZED VACUUM

We next examine the artificial atom’s fluorescence when
the polariton is excited only by squeezed vacuum with no
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FIG. 1. (a) Simplified experimental setup. A qubit-cavity
system is driven by a coherent drive combined with squeezed
vacuum from a JPA. The resulting fluorescence is amplified by a
JTWPA. (b,c) False-colored photomicrograph and schematic of
the JPA. The port (red) at left flux-couples a pump tone to the
JPA, producing quadrature squeezing. (d) Coupling to the qubit
splits the cavity states into polariton states. Driving Rabi
oscillations between j0i and j1;þi splits each state into a doublet.
The three distinct transition frequencies produce the Mollow
triplet spectrum. (e) Mollow triplet spectra in ordinary vacuum,
normalized by the power spectrum with no coherent drive to
account for the JTWPA’s gain ripple.
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FIG. 3: The resonance fluorescence of a two-level artificial atom
(transmon qubit) strongly coupled to a fundamental mode of the
CPWR at the resonance !a = !r . The red arrows mark the driving
power P = �113.5 dBm which corresponds to the Rabi frequency
⌦/2⇡ ⇡ 25.2MHz. (a) The emission spectrum as a function of the
driving power. (b) The theoretical calculations for the emission spec-
trum with /2⇡ = 5.2 MHz, �/2⇡ = 4.8 MHz, g/2⇡ = 12MHz.
(c) The emission spectrum at the driving power P = �113.5 dBm
corresponding to the average photon number inside the cavity hni ⇠
23.5. The side peaks have widths �!/2⇡ = 34MHz. The inset
shows the emission spectrum (raw data) around central peak and the
linewidth of central peak is �2/2⇡ = 3.8MHz. (d) The coherent-
state Gaussian distribution of the population for the coupled sys-
tem dressed states. The half maximum population of the dressed
states, indicated by black arrows which corresponding to n = 18
and n = 29, respectively, determines the width of side peaks.

rescence from the transmon qubit strongly coupled to the fun-
damental mode of the CPWR in resonance, we set the biased
flux �b = �233 m�0 where !a = !r, and apply a reso-
nant microwave driving field through the CPWR side at the
fundamental-mode frequency !r/2⇡ = 8.778 GHz. The full
Hamiltonian of the driven system is

H = ~!ra
†
a+~!a

2
�z+~g�x(a

†+a)+~⌦ cos(!rt)(a
†+a).

(1)
Here, a

† and a are the creation and annihilation operators
of the fundamental mode of the CPWR, respectively, while
the Pauli matrices are defined as �z = |0ih0| � |1ih1| and
�x = |1ih0|+ |0ih1| with the ground |0i and excited |1i states
of the transmon qubit, the coupling constant ⌦ between the
driving field and the fundamental mode is proportional to the
amplitude of the driving field.

The emission spectrum of the strongly coupled transmon
qubit and a single-mode cavity is directly measured through
the 1D transmission line, when the driving field is resonantly
applied to the coupled system through the CPWR side. In this
case, the measurement bandwidth through the transmission
line is much larger than the measurement bandwidth through

the cavity which is limited by . In the resonance fluores-
cence measurement, the strong coupling between the trans-
mon qubit and the 1D transmission line results in the higher
signal-to-noise ratio than the weak coupling between the nat-
ural atom and the open space. The measurement setup and the
noise background elimination method are similar to those in
Ref. [14]. Fig. 3(a) shows the experimental data of the reso-
nance fluorescence spectra for different driving powers vary-
ing from �123.5 dBm to �103.5 dBm with a step of 1 dBm.
It shows that the distance between two peaks of the sidebands
becomes larger with the increase of the driving power, and the
width of the sideband peaks become larger than the width of
the resonant peak.

To further understand the mechanism of the resonance
fluorescence spectra S(!) for the coupled system, we first
perform numerical calculations for the correlation function
h�01(t + ⌧)�10(t)i in the steady state limit via the quan-
tum regression theory [27] using the master equation ⇢̇ =
�i/~[H, ⇢] + (�/2)D(��)⇢ + D(a)⇢ with D(A)⇢ =
2A⇢A† � A

†
A⇢ � ⇢A

†
A for the Hamiltonian H in Eq. (1).

Then the stationary spectra S(!) are obtained via the Fourier
transform of the correlation function h�01(t + ⌧)�10(t)i as
[27, 28]

S(!) / limt!1Re

Z 1

0
h�01(t+ ⌧)�10(t)i exp(�i!t)d⌧.

(2)
The numerical simulations using the experimental parameters
are shown in Fig. 3(b), which agree well with the experimental
results.

The emission spectrum, under the resonant drive with the
Rabi frequency ⌦/2⇡ ⇡ 25.2MHz corresponding to the
driving power P = �113.5 dBm, is further extracted from
Fig. 3(a) and shown in Fig. 3(c). The linewidth of central peak
in emission spectrum is around �! = �2 = 2⇡⇥3.8MHz by
fitting with a Lorentzian curve [red curve in inset of Fig. 3(c)],
and we can extract the pure dephasing rate �' = 2⇡⇥1.4MHz
from �2 = �/2 + �' [27, 28]. It is clear that the observed
resonance fluorescence triplet is dramatically changed com-
paring the usual Mollow triplet, as shown in the theoretical
result [27, 28]. We show that the central peak is much higher
than the two side peaks, their ratio is around 11, not about 3/4
in the Mollow triplet. Especially, anomalous side peak broad-
enings are observed. The full width at half maximum of side
peaks are around �! = 2⇡ ⇥ 34MHz by fitting with equal
width Lorentzian curves. The linewidth is about three times
higher than the coherent coupling strength g. We confirm that
the width of the side peak is not determined by either atomic
relaxation rate � or the cavity decay rate . However, in the
Mollow triplet, the sidebands have 1.5 times of the width of
the central peak, determined by the relaxation rate of the atom.

The main features of the emission spectrum can be ex-
plained in the doubly dressed-states of driven atom-CPWR
system [27, 28]. Thus, the driven atom-CPWR system spon-
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FIG. 2: Elastic scattering of the incident microwave. The
reflection coefficient r at δΦ = 0 (measured at different pow-
ers), being proportonal to the atomic polarizability, exhibits
“anomalous dispersion”. (A) Real and imaginary parts of r
as a function of the detuning frequency δω/2π from the reso-
nance at ω0 = 10.204 GHz. The driving power W0 is varied
from −132 dBm (largest r) to −84 dBm (smallest r) with an
increment of 2 dB. (B) Smith charts of the microwave reflec-
tion. Upper panel: Experimentally obtained r is plotted in
the coordinates of Re(r) and Im(r) for powers from −132 dBm
to−102 dBm with a step of 2 dB. The color coding is the same
as in A. Lower panel: Calculation using Eq. 2 for the same
signal powers as in the upper panel.

experimentally, it may be reasonable because (i) all the
line current should effectively interact with the atom
and (ii) the possible relaxation without emission mea-
sured for isolated atoms is weak being typically less than
106 s−1[28]. In a case of imperfect coupling (η < 1) the
actual Γ1 could be slightly higher.
The nonlinearity of the atom manifests in the satura-

tion of the atom excitation. With increasing the power of
the incident microwave W0, |r| monotonically decreases,
and in the Smith chart (Fig. 2B) the shape of the trajec-
tory changes from a large circle to a small ellipse. As a
single two-level system, the atom is saturated at larger
powers and can have large reflectance only for the weak
driving case. Again, the nearly perfect agreement be-
tween the calculations and the measurements supports
our model of a two-level atom coupled to a single 1D
mode. Any artificial medium built of such “atoms”[29]
will also have a strongly nonlinear susceptibility.
So far we have investigated elastic Rayleigh scatter-

ing in which the incident and the scattered waves have
the same frequency. However, the rest of the power
W ′

sc = W0

(

1− |t|2 − |r|2
)

is scattered inelastically and
can be observed in the power spectrum. The spectrum
was measured at the degeneracy point (δΦ = 0) un-
der a resonant drive with the power corresponding to
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FIG. 3: Resonance fluorescence triplet: Spectrum of inelas-
tically scattered radiation. (A) Linear frequency spectral
density (S = 2πS(ω)) of emission power under a resonant
drive with the Rabi frequency of Ω/2π = 57 MHz correspond-
ing to the incident microwave power of W0 = −112 dBm or
6.3×10−15 W. Experimental data is shown by the open circles.
The red solid curve is the emission calculated from Eq. 3 with
no fitting parameters. A schematic of the triplet transitions in
the dressed state picture is presented in the inset: The atomic
levels split by Ω due to strong driving, and transitions with
frequencies ω0−Ω, ω0 and ω0+Ω, marked by colored arrows,
give rise to three emission peaks. (B) Resonance fluorescence
emission spectrum as a function of the driving power. The
dashed white lines indicate the calculated position of the side
peaks shifted by ± Ω/2π from the main resonance. The split
peak was used for calibration of the field amplitude at the
atom.

Ω/2π ≈ 57 MHz (Fig. 3A). It manifests the resonance
fluorescence triplet, also known as the Mollow triplet [19–
23]. In the case of a strong driving field (Ω2 # Γ2

1), the
expression for the inelastically scattered power simplifies
to W ′

sc ≈
(

Γ2
1/Ω

2
)

W0, which is independent of the inci-
dent power and can be rewritten as W ′

sc ≈ !ωΓ1/2: The
atom is half populated by the strong drive and sponta-
neously emits with rate Γ1. Assuming η = 1, the spectral
density measured in one of the two directions is expected
to be

S(ω) ≈
1

2π

!ωΓ1

8

( γs
(δω + Ω)2 + γ2

s

+

+
2γc

δω2 + γ2
c
+

γs
(δω − Ω)2 + γ2

s

)

, (3)

where half-width of the central and side peaks are γc =
Γ2 and γs = (Γ1 + Γ2)/2, respectively. The red curve
in Fig. 3A is drawn by using Eq. 3 without any fitting
parameters. The good agreement with the theory indi-
cates the high collection efficiency of the emitted pho-
tons, which is due to the 1D confinement of the mode.
The shift of the side peaks, ± Ω, from the main reso-
nance depends on the driving power. The intensity plot
in Fig. 3B shows how the resonance fluorescence emission
depends on the driving power. The dashed white lines
mark the calculated position of the side peaks as a func-
tion of the driving power, showing good agreement with
the experiment.
The demonstrated resonance wave scattering from a

macroscopic “artificial atom” in an open transmission
line, indicates that such superconducting quantum de-
vices can be used as building blocks for controllable,

10.1126/science.1181918 
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