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We study spontaneous photon decay into multiple photons triggered by strong nonlinearities in an
experimental simulator of a bosonic quantum impurity model. Previously, spectroscopic signatures of
photon conversion were reported and evidenced as resonances in the many-body spectrum of these
systems. Here, we report on the observation of multimode fluorescence of a small Josephson junction
embedded in a high impedance superconducting transmission line. Measurement of the down-converted
photons is achieved using state-of-the-art broadband parametric amplifiers. Photon triplet emission is
explicitly demonstrated at a given frequency as the counterpart of inelastic photon decay at 3× the emission
frequency. These results open exciting prospects for the burgeoning field of many-body quantum optics and
offer a direct signature of the ultrastrong light-matter coupling.
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Introduction—Circuit quantum electrodynamics (cQED)
[1] constitutes an ideal playground for quantum simulation
[2,3] due to the versatility in model Hamiltonian designs.
Simulators of quantum impurities comprise a class of
quantum many body systems that require low hardware
overhead in cQED. They are well studied in traditional
condensed matter, and can be obtained in cQED by
coupling a large set of harmonic resonators to a single
nonlinear element placed at the boundary of the circuit.
Such simulators offer tunability both for the “speed of
light” propagating through the harmonic modes, and for the
single “atom” properties, that are hard to engineer in the
quantum optics context. Reaching the true quantum many-
body regime relies on two important pillars. First, the
superstrong coupling regime [4], in which the impurity
spectral width is larger than the free spectral range (the
frequency spacing between two consecutive harmonic
modes), is required to obtain broadband photon emission.
This was recently reported in cQED using very long
distributed microwave resonators [5] or slow light (high
impedance) transmission lines made of Josephson junction
(JJ) arrays [6,7]. Second, strong nonlinearity is required to
open up the phase space of inelastic decay channels
involving multiphoton states. This condition was demon-
strated [8–12] for Josephson junctions designed with a
small Josephson energy (EJ) to charging energy (Ec) ratio.

Fully understanding experimental cQED quantum impurity
simulators is a clear prerequisite before addressing the more
challenging physics of bulk versions of the sine-Gordon
model [13,14].
Many-body extensions of several cornerstones in quan-

tum optics have been demonstrated in recent years using
cQED impurity simulators. For instance, the tiny Lamb
shift of quantum optics was shown to turn into a giant
renormalization of the impurity frequency [8,9,11], an
effect originating from the ultrastrong coupling to a
dissipative bath [15,16]. In addition, extremely large
inelastic photon losses were reported in Refs. [10,11],
and interpreted from multiphoton down-conversion proc-
esses, following theoretical predictions [17–23]. More
direct evidence for multiphoton conversion were the
remarkable observations of avoided crossings between
multiphoton states [12,24], which can be understood as
a many-body version of the celebrated vacuum Rabi
splitting [25]. However, those studies relied mainly on
single-frequency spectroscopic measurements, and the
direct evidence of photon down-conversion processes in
quantum impurity simulators is still lacking.
In this Letter, we present the observation of down-

converted photons produced in a quantum impurity system,
highlighting the importance of frequency conversion for
dissipative structures in open quantum systems [26] and
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showing a possibility to control this dissipation channel.
Our setup can also serve as a source of entangled micro-
wave photon triplets, potentially useful in quantum infor-
mation domain, thus addressing a long-standing challenge
in optics [27]. Complementary to the stimulated up-
conversion process observed by Vrajitoarea et al. [28],
our demonstration verifies theoretical predictions [29,30]
that spontaneous frequency conversion is possible in the
ultrastrong coupling regime without the need for a strong
classical pump. This contrasts sharply with experiments on
driven quantum impurities [31] and with previous obser-
vations of frequency conversion relying on parametric
processes [32–34] or cascaded photon emission [35], where
very strong drives were required.
Experimental setup—In previous quantum impurity sim-

ulator experiments [9–11], it was extremely challenging to
observe the down-converted photons because there were
too many possible final states for the decay of a photon with
frequency ωin into several photons with frequencies ωk
fulfilling ωin ¼ Σkωk. The output power at each mode ωk
was simply too low to be resolved within a reasonable
integration time. To circumvent this problem, we designed
here a shorter transmission line, leading to a larger free
spectral range of the order of 3 GHz.
The device under study, depicted in Fig. 1, consists of a

microwave multimode Fabry-Perot resonator represented
by an array of N ¼ 200 JJs. The array junctions are in the
linear regime (EJ

arr=Ec
arr ∼ 300) and act as high inductan-

ces L ¼ ðℏ=2eÞ2=EJ
arr. The JJ array thus implements a

high-impedance transmission line characterized by its
impedance Zarr ¼

ffiffiffiffiffiffiffiffiffiffiffi
L=Cg

p
< RQ with the superconducting

resistance quantum RQ ≡ h=ð2eÞ2 ≃ 6.5 kΩ. This trans-
mission line is turned into a multimode microwave reso-
nator by terminating it with impedance-unmatched loads at
both ends. The left boundary (site i ¼ N þ 1) is connected
to a 50 Ω measurement line and the right boundary (site
i ¼ 0) is galvanically coupled to a small Josephson junction
(EJ=Ec ∼ 3) acting as a nonlinear boundary condition. This
small junction is characterized by its superconducting
phase difference ϕ̂0. The small EJ=Ec ratio together with
the large array impedance Zarr ∼ 0.1RQ triggers strong
phase fluctuations hϕ̂2

0i ≃ 1 [9], making the terminal
junction behave as an artificial atom.
Both the quantum impurity and the transmission line are

made of SQUIDs, allowing us to fine-tune the frequency of
the modes in situ by varying the current in an external coil.
This allows us to reach the resonant condition ωin ¼ 3ωout
favoring the generation of photon triplets at frequency ωout.
We designed the SQUIDs so that the loop area of the
boundary SQUID with small EJ is much larger than that of
the array SQUIDs [see Fig. 1(a)]. Then, a small variation of
the external magnetic field significantly changes the flux Φ
through the boundary SQUID, and thus its Josephson
energy EJðΦÞ, without affecting much the fluxΦarr through
the array SQUIDs. The former tunes the mode frequencies

via the boundary condition, while the latter provides a slow
change of the array plasma frequency (see Ref. [36]).
The Hamiltonian describing the circuit of Fig. 1 is

Ĥ ¼
X

k

ℏωkâ
†
kâk − EJ

�
cos ϕ̂0 − 1þ ϕ̂2

0=2
�
; ð1Þ

where ϕ̂0 ¼
P

k ϕ0;kðâ†k þ âkÞ, the coefficients ϕ0;k corre-
spond to the amplitude of mode k at the small junction,
while â†k and âk are the normal mode creation and
annihilation operators. Wave vectors κk, resonance frequen-
cies ωk, and spatial profiles ϕi;k of the normal modes are
determined by solving the generalized eigenvalue problem

FIG. 1. (a) Schematics of the measured circuit. The SQUID
array (blue) is characterized by its flux-tunable lumped element
inductance L, capacitance C, and ground capacitance Cg. The
chain contains N ¼ 200 SQUIDs in the linear regime
(EJ=Ec ¼ 284 at zero flux) and is terminated by a nonlinear
SQUID (EJ=Ec ∼ 3 at zero flux), depicted in yellow and
characterized by the flux-tunable Josephson energy EJðΦÞ and
capacitance CJ. SEM pictures: in the blue contour, image of a
single SQUID of the array corresponding to the blue shaded area
of panel (a); in the yellow contour, image of the nonlinear SQUID
corresponding to the gold shaded area of panel (a). (b) Measured
dispersion relation of the device showing the resonance frequen-
cies ωk of the first 19 modes as a function of their dimensionless
wave vector κk (0 < κ < π). Relevant modes to the experiment
are highlighted in red (mode â) and blue (mode b̂). The inset
shows a sketch of their spatial profiles ϕi;a (red) and ϕi;b (blue) on
sites i ¼ 0;…; N. The measured dispersion relation is fitted
(plain blue line) to determine Cg (see Sec. A in [36]) Energy
levels and transitions involved in the three-photon down-
conversion fluorescence.
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of the linearized circuit. Figure 1(b) shows the measured
frequency of the first 19 modes (out of 200) of the system
as a function of their dimensionless wave vectors κ.
The second term in Eq. (1) is the nonlinear part of the
small junction cosine potential, cos ϕ̂0 − 1þ ϕ̂2

0=2 ¼P
n>1ð−1Þnϕ̂2n

0 =½ð2nÞ!�, the quadratic part already included
in the normal mode decomposition.
This nonlinearity induces interactions between the array

modes. Indeed, substituting ϕ̂0 ¼
P

k ϕ0;kðâ†k þ âkÞ in the
nonlinear term of the Hamiltonian, one readily obtains
many terms of the form â†kn � � � â

†
k1
âlm � � � âl1 that do not

conserve the number of photons, but only its parity. In
particular, the nonlinear part of Eq. (1) contains a term of
the form â†k1 â

†
k2
â†k3 âk4 , corresponding to splitting a single

photon in mode k4 into three photons in modes k1, k2, and
k3. Flux tunability allows us to reach the resonance
condition ωk¼3 ¼ 3ωk¼1, which selects the process
k1 ¼ k2 ¼ k3 ¼ 1, and k4 ¼ 3 where a single photon of
mode k ¼ 3 is converted into three photons of mode k ¼ 1.
In the rest of the Letter, we denote the two relevant modes
by operators â (low-frequency mode) and b̂ (high-
frequency mode). The explicit form of the corresponding
conversion term in Eq. (1) is Ĥab ¼ ℏg1↔3

�
â†3b̂þ b̂†â3

�
.

If we take only the ϕ̂4
0 term in the expansion of the

cosine potential, the coupling strength is given by
ℏg1↔3 ¼ ðEJ=6Þϕ3

0;aϕ0;b; higher-order terms can introduce
corrections to this simple expression.
To achieve high conversion efficiency, it is essential to

have strong phase zero-point fluctuations at the small
junction site [see schematics in the inset of Fig. 1(b)].
This requirement is met thanks to the high impedance of the
JJ array [38]. The second condition is that the single-photon
state j1bi of mode b̂ and the three-photon state j3ai of mode
â are resonant [Fig. 1(c)]. The energy Ej3ai of the latter state
differs from 3ℏωa due to diagonal or self-Kerr terms of the
nonlinear Hamiltonian. The flux tunability of the SQUIDs
allows us to vary the detuning Ej3ai − Ej1bi. Large varia-
tions of the external magnetic field, which change the flux
Φ in the small junction loop by multiples of Φ0, leave the
detuning unaffected, while changing significantly the flux
Φarr through the array SQUIDs. Such a variation allows us
to study various resonance conditions between j1bi and
j3ai, due to the modified array impedance, hence tuning
different values of the resonance frequency.
Results—Prior to measuring the photon conversion

process, we perform single-tone spectroscopy measure-
ments to characterize our device and locate the external flux
Φ leading to the multiphoton resonance condition. The
sample is cooled down to a temperature T ∼ 12 mK inside
a dilution refrigerator. The reflection coefficient S11ðωdÞ ¼
aoutðωdÞ=ainðωdÞ is recorded using a vector network
analyzer, where ainðωdÞ and aoutðωdÞ are, respectively,
the input and output fields at the drive frequency ωd.

Figure 2(a) shows a map of the magnitude of the reflection
coefficient jS11ðωÞj measured in a frequency window close
to mode b resonance frequency and for varying Φ. From
this measurement, we clearly see that jS11ðωÞj almost
vanishes aroundΦ ¼ −0.44Φ0. Figure 2(b) shows constant
flux cuts of jS11ðωÞj through the minimal value (purple)
and far away from this minimum (pink). A drastic −20 dB
attenuation of the reflected signal is observed. This
decrease in the reflected signal amplitude implies an
increase in losses of ωb photons, that we attribute to the
photon conversion process.
In order to extract mode b frequency and decay rates, we

fit the measured reflection coefficient to the following
expression valid in the vicinity of mode b̂ resonant
frequency:

FIG. 2. (a) Color map of the measured magnitude of the
reflection coefficient jS11ðωdÞj of mode b̂ versus drive frequency
ωd and external magnetic flux Φ threading the small JJ loop. The
mode frequency ωb changes due to the flux dependence of the
Josephson energy of the small JJ loop. A significant drop in S11
around ωb=2π ¼ 8.6 GHz and Φ ¼ −0.44Φ0 signals an en-
hancement of photon loss when ωb ≃ 3ωa. Note that the
fluorescence measurement was in fact carried out at a different
arch. The corresponding data show a spurious mode that does not
affect the analysis. They are available in Fig. S1 [36]. (b) Slices
corresponding to the vertical dashed lines of panel (a) showing a
drastic attenuation of the reflected signal close to Φ ¼ −0.44Φ0

attributed to photon down-conversion processes. (c) Nonradiative
losses Γnr

b =2π of mode b̂ as a function of Φ extracted by fitting
S11ðωdÞ to Eq. (2). Imperfect isolation of the microwave
components used in the experiment [39] leads to the asymmetric
lineshape on panel (b), not described by Eq. (2). The shaded area
around the data shows the resulting uncertainty in the extracted
nonradiative losses when taking into account these imperfections.
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S11ðωdÞ ¼
Γb − 2Γr

b þ 2iðωb − ωdÞ
Γb − 2iðωb − ωdÞ

; ð2Þ

where Γb is the total photon decay rate in mode b, while Γr
b

is the radiative decay rate due to coupling to the meas-
urement line. Figure 2(c) shows the fitted values of non-
radiative decay rate Γnr

b ≡ Γb − Γr
b as a function of the

external flux Φ. From this measurement, we clearly see a
sharp increase in the internal losses of mode b, going from a
baseline Γnr;0

b ≃ 2π × 20 MHz to Γnr
b ¼ Γnr;0

b þ Γ1↔3 ¼
2π × 60 MHz on resonance. We repeated the experiment
at other values of the external flux, leading to lower array
impedances, and to a resonance condition ωa ≃ 3ωb occur-
ring at different frequencies. At the lowest impedance, we
found a sevenfold increase of Γnr

b . Thus, the observed loss
enhancement is not due to a spurious resonance which
would be expected to have a fixed frequency (see Sec. B in
[36]). At this flux bias point, the three-photon conversion
losses overcome other nonradiative losses, namely
Γ1↔3 > Γnr;0

b . Such inelastic effects induced by a boundary
were already reported [10,11]. We will demonstrate now
that their microscopic origin is indeed photon down-
conversion.
Our measurement starts by setting the external flux to the

value Φopt corresponding to the peak in the inelastic losses
Γnr
b [Fig. 2(b)]. The system is then continuously driven at

frequency ωb=2π ¼ 9.13 GHz. Anticipating triplet emis-
sion, the spectra are acquired on a 1 GHz span around
ωa=2π ≃ 3.16 GHz with a resolution bandwidth of 5 MHz
using a power spectrum analyzer, with a sweep time of 1 s.
To circumvent low frequency drifts that would completely
blur the measurement, the spectrum is alternatively mea-
sured with driving tone and without driving tone [Fig. 3(a)].
Each on-off sequence is repeated 22 500 times. Figure 3(b)
shows the spectrum measured with (dark red curve) and
without (light red curve) a traveling wave parametric
amplifier (TWPA) [40] for otherwise identical experimental
parameters including the measurement time. Given the time
of about 20 h required to obtain a signal with very low
signal to noise ratio (SNR) using only a low-noise amplifier
as the first stage of amplification, this measurement clearly
demonstrates the advantages of using a TWPA in such a
low-power microwave quantum optics experiment. More
specifically, the TWPA can improve the SNR up to 14 dB.
Interestingly, this improved SNR allows us to resolve the
asymmetric shape of the fluorescence peak, which can be
attributed to the anharmonicity of mode â as will be
discussed later. We have checked that the fluorescence
signal at ωa ≃ ωb=3 quickly disappears when detuning the
pump from frequency ωb, showing that the low frequency
photons are indeed coming from down-conversion.
Another important feature of the fluorescence signal is
its dependence on the drive powerPin. We measured several
emission spectra for different values of Pin, while still
remaining in the single-photon regime. The resulting

spectra are shown in Fig. 3(c). The output power increases
linearly with input powerPin, as expected for a spontaneous
down-conversion process (see Sec. C in [36]).
Theoretical model—To understand the asymmetric spec-

tral shape of themeasured fluorescence signal, we calculate it
theoretically using the quantum regression theorem for a
multilevel system coupled to a radiation field [41]. (See
Sec. D of [36] for more detail.) Focusing on the weak drive
limit, we truncate the system Hilbert space to the five levels
shown in Fig. 1(c): j0a0bi;j0a1bi;j3a0bi;j2a0bi;j1a0bi with
energies 0;ℏωb;ℏðω32 þ ω21 þ ω10Þ;ℏðω21 þ ω10Þ;ℏω10,
respectively. Strictly speaking, ω10 and ωb are different from
the harmonic frequencies ωk in Eq. (1) due to nonlinear cor-
rections; however, they are determined experimentally by the
reflection measurement (2π×3.16GHz and 2π × 9.13 GHz,
respectively), which also gives the modes’ radiative
(Γr

a ¼ 2π × 84 MHz, Γr
b ¼ 2π × 53 MHz) and nonradiative

(Γnr
a ¼ 2π × 57 MHz and Γnr

b ¼ 2π × 22 MHz) decay rates.
The remaining parameters of the model are the higher

transition frequencies ω32, ω21 and the coupling g1↔3. In
principle, they could be found from the ϕ̂4

0 term of the
cosine potential. Then, neglecting pure dephasing, we find
the fluorescence spectrum consisting of three broadened

FIG. 3. Spectrumof the emitted down-converted photons. (a) Left
panel: a simplified schematic of the measurement setup. Right
panel: on-off measurement scheme. (b) Emission spectrum at a
fixed drive frequency ωd ¼ ωb ¼ 2π × 9.13 GHz with (dark red)
and without (light red) TWPA for a drive power Pin ¼ −129 dBm.
(c) Emission spectra for increasing driving tone power Pin (from
light red to dark red, vertically shifted by0.01 for clarity). Thevalues
of Pin are given in dBm by the colored negative numbers. Black
solid lines show the emission spectra calculated theoretically. All
shown data were acquired at Φ ¼ −0.44Φ0.
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peaks centered at ω10, ω21, and ωd − ω10 − ω21 (indeed, if
ωd is detuned from ω32 þ ω21 þ ω10, the state j3a0bi is
only virtually populated due to energy conservation, so
there is no emission at frequency ω32). This shape does not
fully agree with the experiment, which leads us to conclude
that ϕ̂4

0 expansion of the cosine potential is not sufficient.
Higher-order terms can produce rather complex nonlinear
effects already at a few-photon level [42,43], whose study
is beyond the scope of the present Letter. So, we constrain
ω32 þ ω21 þ ω10 ¼ ωb (since the spectra were obtained at
the flux corresponding to maximum conversion) and use
ω21 and g1↔3 as global fitting parameters (the same values
for each input power Pin). The resulting values ω21 ≈ 2π ×
2.7 GHz and g1↔3 ≈ 2π × 7 MHz give the theoretical
curves in Fig. 3(c). (See Sec. F of [36].) Here, we have
attributed all nonradiative losses to decay into an unmoni-
tored reservoir, which allows us to obtain a relatively
compact theoretical expression for the spectral density of
down-converted photons. (See Sec. D of [36].) We also
investigated nonradiative broadening by pure dephasing in
Secs. E and F in [36]. Overall, the emission spectrum can
have a complicated structure, determined by several
unknowns. We decided to keep this number of fitting
parameters as low a possible. Despite this, our model gives
a reasonable account of the effect of drive frequency
detuning and variation of input power.
Conclusion and outlook—We have observed three-pho-

ton down-conversion fluorescence for a quantum impurity
simulator in circuit QED. This nonparametric process
results in the spontaneous decay of a single photon into
three photons of lower energy. First, a microwave reflection
experiment revealed a strong resonantlike depletion of the
drive tone suggesting the presence of an additional loss
channel related to the resonant photon conversion process.
Second, using state-of-the-art near-quantum-limited para-
metric amplification, we could directly measure the down-
converted photons, which constitutes, to the best of our
knowledge, the first model-independent detection of a
predicted ultrastrong coupling effect [29,30]. This fluores-
cence spectrum is well reproduced by an effective few-level
model. Our finding shows that microwave quantum optics
techniques can shed new light on the physics of strongly
interacting quantum impurities.
Our results also have implications for the fast-growing

field of high-impedance superconducting quantum bits,
which promise very long coherence times [44,45]. The
nonlinear couplings we have highlighted here form a non-
negligible loss channel that could limit the coherence of
these circuits, and understanding their potential impact will
probably require models that go beyond the initial studies
on this subject [46–48]. This extremely efficient frequency
conversion process could be an interesting alternative for
generating Schrödinger cat states with an arbitrary number
of components [49]. Further investigation of the sponta-
neous down-conversion process could also involve the

study of correlations between the emitted photons [50].
In addition, the future observation of the theoretically
predicted [17–19,22,23,51] broadband and universal
inelastic down-conversion for long Josephson arrays
involving many modes remains another important chal-
lenge for superconducting quantum simulators.
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