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The generation of entangled photons through spontaneous parametric down-conversion (SPDC) is a
critical resource for many key experiments and technologies in the domain of quantum optics. Historically,
SPDC was limited to the generation of photon pairs. However, the use of the strong nonlinearities in circuit
quantum electrodynamics has recently enabled the observation of three-photon SPDC (3P-SPDC). Despite
great interest in the entanglement structure of the resultant states, entanglement between photon triplets
produced by a 3P-SPDC source has still not been confirmed. Here, we report on the observation of genuine
tripartite non-Gaussian entanglement in the steady-state output field of a 3P-SPDC source consisting of a
superconducting parametric cavity coupled to a transmission line. We study this non-Gaussian tripartite
entanglement using an entanglement witness built from three-mode correlation functions, observing a
maximum violation of the bound by 15 standard deviations of the statistical noise. Furthermore, we find
strong agreement between the observed and the analytically predicted scaling of the entanglement witness.
We then explore the impact of the temporal function used to define the photon mode on the observed value
of the entanglement witness.
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The ability to generate entangled pairs of photons via
spontaneous parametric down-conversion (SPDC) [1,2] has
enabled many achievements in fundamental quantum
information science [3–5] and its applications [6–8]. The
natural extension of this phenomenon to generating photon
triplets from three-photon SPDC (3P-SPDC) was studied
theoretically starting over 30 years ago [9,10]. However,
3P-SPDC was only recently demonstrated using super-
conducting circuits operating at microwave frequencies
[11,12]. This development has spurred renewed interest in
the phenomenon and its potential applications [13–24].
These theoretical studies predict a variety of useful non-
classical states, depending on the degeneracy of the modes
involved. In the case of degenerate 3P-SPDC into a single
mode, the resulting trisqueezed state was predicted to
exhibit Wigner negativity [10] and can be used to generate
approximate cubic phase states, which are themselves non-
Gaussian resource states for universal continuous-variable
quantum computation [12,25]. Alternatively, in the case of
nondegenerate down-conversion into three different modes,
the photons have been theoretically shown to exhibit

genuine tripartite non-Gaussian entanglement [17,26] and
can, for example, be used as a source of heralded two-photon
entangled states [27]. These results on 3P-SPDC add to a
growing body of work on nonclassical effects in few-photon
nonlinear optics [28–32] including recent experimental
demonstrations [33–35].
In this Letter, we study the tripartite entanglement of

nondegenerate 3P-SPDC into three different modes. In
Ref. [36] it was demonstrated that it is impossible to detect
tripartite entanglement from 3P-SPDC using only moments
of the field quadratures, X̂ and P̂, up to second order. That
is, entanglement in these states cannot be detected using
standard measures developed for Gaussian states.
Subsequently, it was shown that the entanglement of these
states could be detected with higher moments of the
quadratures. Consequently, the witness we use to observe
this tripartite entanglement is built from moments up to
fourth order [26].
Since our entanglement witness depends on the third

moments of the quadratures, it certifies that the states found
to be entangled are also non-Gaussian (given that the states
are mean-zero) [37,38]. For a detailed discussion of this
certification, see Supplemental Material [39]. Non-Gaussian
entanglement has recently been of great interest in the
field of quantum information due to its advantages over
Gaussian entanglement in tasks like sensing and metrology
[13,51–53]. Furthermore, non-Gaussian entanglement has
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been shown to be necessary for quantum advantage in many
bosonic quantum computational schemes [54]. For instance,
in the continuous-variable cluster state scheme, particular
non-Gaussian states are a sufficient resource along with a
complete set of Gaussian operations for universal quantum
computation [55,56].
We implement nondegenerate 3P-SPDC inside a super-

conducting microwave cavity consisting of a coplanar
waveguide (CPW) terminated by an asymmetric super-
conducting quantum interference device (SQUID) at one
end of the resonator and capacitively coupled to a trans-
mission line at the other, as illustrated in Fig. 1(a) [57–59].
The CPW constituting the resonator is approximately 48 mm
long, supporting several modes over our 4- to 12-GHz
measurement bandwidth, with the three modes used here
being at ω1=2π ¼ 5.56 GHz, ω2=2π ¼ 6.83 GHz, and
ω3=2π ¼ 7.90 GHz. We vary the impedance of the line
along its length such that the mode frequencies are not
equally spaced [11,60–62]. The asymmetric SQUID is
inductively coupled to an on-chip microwave pump line,
which allows for a time-varying modulation of the flux
ϕacðtÞ, as well as to an off-chip coil, which provides a static
flux bias ϕdc.

The SQUID allows for the flux potential of the cavity to
be parametrically modulated in time using the pump line.
Furthermore, it has been shown that the asymmetry in the
SQUID junctions, together with the correct frequency
modulation, leads to the activation of odd-order terms in
the Hamiltonian of the system [11,63,64]. The flux across
the SQUID at the cavity termination is related to the bosonic
operators of the cavity modes by Φ̂ ¼ P

iΦiðâi þ â†i Þ,
where Φi is the scale of zero-point fluctuations of the flux
of the ith mode across the SQUID. The junction potential can
be written as Ĥevenðϕ̂; tÞ þ Ĥoddðϕ̂; tÞ, where ϕ ¼ 2πΦ=Φ0

and Φ0 is the flux quantum. Here, Ĥeven is the potential of a
symmetric SQUID Ĥevenðϕ̂; tÞ ¼ −Eþ cos½ϕextðtÞ� cos ϕ̂,
where Eþ is the sum of the Josephson energies of both
junctions andϕextðtÞ ¼ ϕdc þ ϕacðtÞ is the total external flux
threading the SQUID. The contribution due to the junction
asymmetry is Ĥodd ¼ −E− sin½ϕextðtÞ� sin ϕ̂, whereE− is the
difference between the junctions’ Josephson energies. The
lowest nonlinear contribution to the odd terms is
Ĥodd ∝ ϕacðtÞE− sin ϕ̂. Restricting to just three resonant
modes of the cavity, the Hamiltonian term accounting for
the three-photon interaction is

Ĥodd ¼ ℏg0ðαeiωpt þ α�e−iωptÞ
× ðâ1 þ â†1Þðâ2 þ â†2Þðâ3 þ â†3Þ; ð1Þ

where g0 is a coupling constant dictated by the SQUID
asymmetry as well as ϕdc, and α is the complex amplitude of
the pump field. Finally, as is typical in circuit QED setups,
there are residual Kerr interactions between the modes due to
the time-independent part of Ĥeven.
By pumping at the sum frequency of the three cavity

modes, that is ωp ¼ ω1 þ ω2 þ ω3, we obtain the follow-
ing total Hamiltonian in an interaction frame after using a
rotating-wave approximation:

Ĥ ¼ ℏgðâ1â2â3 þ â†1â
†
2â

†
3Þ

−
X
n;m

χnmâ
†
nâ

†
mânâm; ð2Þ

where we have included the Kerr terms with strengths χnm.
In addition, g ¼ g0α is the effective three-photon inter-
action strength in the parametric approximation with our
attention restricted to real values of α.
A witness that could observe the tripartite entanglement

of states generated by 3P-SPDC was proposed in Ref. [26].
This witness follows from Cauchy-Schwarz–derived
inequalities introduced in Refs. [65,66]. A similar witness
was derived earlier in [67] by generalizing the method of
matrices of moments of field operators introduced in [68],
and further extended in [69]. Subsequently, other witnesses
have been proposed, all of which use moments of the
field operators of third order and higher [13,15,21,70].
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FIG. 1. Three-photon spontaneous parametric down-conversion
(3P-SPDC) in a superconducting cavity. (a) Circuit model. The
short circuit at one end of a meandered λ=4 CPW resonator
(green) is replaced by an asymmetric SQUID that creates a
tunable boundary condition for the resonator modes. The SQUID
is flux-coupled to a static dc coil (blue) and an ac pump line (red).
The other end of the cavity is capacitively coupled to an output
transmission line. (b) Cartoon of 3P-SPDC in the cavity with
heterodyne measurement of the three propagating output modes
defined by a temporal mode function. High-frequency pump
photons (red) are split into entangled photon triplets inside the
cavity at distinct frequencies (green), which couple to the
continuum of the output line with coupling strengths γi. We
convert the propagating modes into discrete modes, Âi, with a
temporal mode function fðtÞ, lastly measuring their voltage
quadratures X̂i and P̂i.
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The witnesses described in [13] and [21] detect entangle-
ment, respectively, in terms of the quantum Fisher infor-
mation and the capacity for quantum steering, both of
which are appealing in that they measure entanglement
through quantities directly connected to practical utility.
However, we operate in the few-photon regime, where the
thermal background is small but not negligible. For these
reasons, we restrict to the original witness for genuine
tripartite entanglement [26]

W ¼ jhâ1â2â3ij −
X

i;j;k¼1;2;3
i≠j≠k≠i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hn̂iihn̂jn̂ki

q
; ð3Þ

where n̂i ¼ â†i âi is the number operator on the ith mode.
We note that this witness certifies both the weaker full
inseparability and stronger genuine multipartite entangle-
ment. For a detailed discussion of the distinction, see,
e.g., Ref. [26].
Experimentally, the entangled photon triplets generated

from 3P-SPDC inside the cavity leak into the capacitively
coupled transmission line, where we measure them using a
linear amplifier as illustrated in Fig. 1(b). Following
digitization, we compute moments of the quadrature
voltages of the propagating states [71]. In this Letter, we
focus on measuring the entanglement directly in the
propagating states, as opposed to reconstructing the entan-
glement in the cavity. In addition to being more exper-
imentally accessible, tripartite entanglement in propagating
states may also be a more practical form of nonclassical
resource for applications like quantum-enhanced metrology
and remote sensing [13,19].
In general, the propagating states in the transmission line

are described by continuum operators, e.g., in the time
domain as âout;iðtÞ, where i denotes the corresponding cavity
mode. To analyze the correlations in the system, we reduce
the continuum operators to single-mode operators, by
defining appropriate mode functions [72,73]. In particular,
we use a time domain description, as spectral analysis of
higher-order quantum correlation functions (beyond the
spectral density) is not well developed. The discrete bosonic
operator annihilating a photon occupying the mode defined
by the function fðtÞ is Âi ¼

R
dt fðtÞâout;iðtÞ. The normali-

zation condition
R∞
0 dtjfðtÞj2 ¼ 1 guarantees that the dis-

cretized modes obey the bosonic commutation relation
½Âi; Â

†
j � ¼ δij. Here, we use the same function, fðtÞ, to

filter all three modes, because we found no clear advantage
to using different functions for each mode (see Supplemental
Material [39]). Although our rf digitizers have built-in
antialiasing filters, we can control the mode function used
in the experiments by oversampling the data and then
digitally filtering with the chosen mode function. In this
Letter we investigate the steady-state emission from the
continuously driven cavity by only filtering the output
emission once the cavity field has reached a stationary
regime.

In our measurements, the propagating states are first
amplified by a traveling-wave parametric amplifier
(TWPA), followed by a sequence of HEMT amplifiers.
They are then measured using heterodyne detection with
three room-temperature rf digitizers. The image band of
each digitizer is rejected using an external superheterodyne
mixing stage on each channel. The moments of the voltage
quadratures of the states as they leave the cavity are
reconstructed by calibrating the gain and noise of the
amplifier chain using a shot noise tunnel junction provided
by NIST Boulder. We measure the moments of the
amplifier noise by taking interleaved measurements of
the output signals with the down-conversion process on
and off. Finally, we calibrate the measurement and para-
metric pump frequencies to account for the external flux
dependence and Kerr terms in the SQUID potential that
shift the cavity mode frequencies with pump power (see
Supplemental Material [39]). Specifically, the pump fre-
quency ranges from 20.293 to 20.292 GHz as the pump is
increased from the weakest to the strongest power.
In Fig. 2, we plot themeasured value ofW as a function of

the total average number of photons in the observed state,
hN̂toti ¼ hN̂1i þ hN̂2i þ hN̂3i, which is controlled by the
pump strength. The temporal mode is fixed by a 1-MHz
antialiasing filter built into the digitizers’ firmware, which
corresponds to a windowed sinc function in the time domain
(see SupplementalMaterial [39]). Entanglement is observed
over nearly anorder ofmagnitudeof hN̂toti, with an observed
maximum value ofW ¼ ð1.554� 0.103Þ × 10−2, violating
the entanglement bound by 15 standard deviations of the

Simulation

Data

FIG. 2. Measured entanglement witness, W, for three-mode
states generated from 3P-SPDC as a function of their measured
average photon number, hN̂toti, which is varied by changing the
pump amplitude. The error bars show one standard deviation of
statistical error, σ, above and below the mean. We observeW > 0,
indicating genuine tripartite non-Gaussian entanglement, over
nearly an order of magnitude of hN̂toti before entanglement is no
longer detected. At the maximum value of W, we violate the
bound by more than 15σ. We compare the measured witness
values against stochastic trajectories simulations and an analyti-
cally predicted scaling law, Eq. (7). Simulation results are plotted
on the right axis, rescaled by a fitted factor of 1.9.
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statistical noise. We note that hN̂ii are photons per mode.
However, we detect a stream of these modes with a
repetition rate equal to our measurement bandwidth.
Therefore, hN̂toti ¼ 0.1 corresponds to a photon flux of
∼105 photons=s in our 1-MHz bandwidth.
To understand the behavior ofW, we show the measured

filtered output field correlators, which contribute to the
entanglement witness as a function of the normalized three-
photon drive strength g=gmin in Fig. 3. The measured value
of hN̂toti≲ 0.2 places us in a weak driving regime, which
can be studied analytically using perturbation theory. As
detailed in Supplemental Material [39], we treat the three-
photon Hamiltonian as a small perturbation to the undriven
dissipative dynamics, which cools the three-mode cavity
system to a thermal state close to the photon vacuum

ρ̂ð0Þss ≈ j000ih000j. Our perturbative parameter is λ ¼ g=γT ,
where γT is the sum of the total decay rates of the three
cavity modes, γT ¼ P

i γi. We neglect Kerr nonlinearities
in our analysis as they have minimal effect in the few-photon
regime. Up to second order in λ, the cavity steady-state is

expressed as ρ̂ss ≈ ρ̂ð0Þss þ λρ̂ð1Þss þ λ2ρ̂ð2Þss . The first-order

correction to the steady-state ρ̂ð1Þss ∝ λj111ih000j þ H:c: is
solely responsible for the three-photon correlations
hâ1â2â3i, while terms contributing to the modes’ popula-
tions hn̂ii and number-number correlations hn̂in̂ji only
appear in the second-order correction to the steady-state.
The explicit relations for the lowest-order contributions to
the steady-state cavity field correlations are

jhâ1â2â3ij ¼
2g
γT

ð4Þ

hn̂ii ¼
�
2g
γT

�
2
�
γT
γi

�
ð5Þ

hn̂in̂ji ¼
�
2g
γT

�
2
�

γT
γi þ γj

�
: ð6Þ

Starting from our steady-state approximation it is possible to
calculate different order multitime correlations and,
from these, the output field correlations. As shown in
Supplemental Material [39], the above leading order cor-
rections to the different correlators map to the output field,
with the explicit relations depending on the particular
temporal mode profile fðtÞ. This agrees with the scaling
observed in Fig. 3, that is jhÂ1Â2Â3ij ∝ g, while
hN̂ii; hN̂iN̂ji ∝ g2. Owing to these scaling laws and the
definition of the entanglement witness (3), in the weak
driving regime we have that W ∝ g. Therefore, independent
of the total decay rate, an arbitrarily weak but nonzero value
of g suffices to generate genuine tripartite entanglement in
our system, which agrees with what we observe in Fig. 2.
By inverting these proportionalities and isolating for

hN̂toti, we can predict a scaling law for W (see
Supplemental Material [39]),

W ¼ B
ffiffiffiffiffiffiffiffiffiffiffiffi
hN̂toti

q
− ChN̂toti; ð7Þ

where B and C are constants. Using B and C as free
parameters, we fit this relation to the data in Fig. 2,
observing excellent agreement. We see then that the witness
detects entanglement when the output is dominated by
third-order correlations, but gradually fails as the even-
order correlations grow. We speculate that witnesses based
on higher-order correlators, such as [21,70], might be able
to detect entanglement at higher pump powers, but testing
this experimentally is a topic for future work.
To go beyond the weak-driving regime we use the input-

output method with quantum pulses [74]. Following this,
we derive a master equation to study the dynamics of the
three resonator modes together with the three filtered
output modes. Here, each propagating output wave packet
is treated as a single mode of an auxiliary fictitious
resonator. We solve numerically the dynamics of six
bosonic modes using QuTiP [75]. In the Supplemental
Material [39] we provide more details on this method and
benchmark the numerical simulations against analytical
results in the weak-driving regime. We also include Kerr
nonlinearities, which we measure using a calibrated meas-
urement of the cavity Kerr shifts.
We can directly compare the simulated entanglement

witness value against that observed experimentally by
setting the temporal profile of the propagating mode in
the simulations to match the antialiasing filter of the
digitizers and sweeping over the same range of drive
strengths, g. Since g is not an experimentally accessible
parameter, we estimate it by fitting the lowest order
nonzero correlators hN̂ii, in simulations to those observed
experimentally, and find that g is within 0.057 and
0.181 MHz (see Supplemental Material [39]). The numeri-
cally calculated witness values are shown in Fig. 2 as the

(a) (b) (c)

FIG. 3. Measured correlators as a function of the normalized
three-photon drive strength, g=gmin. We estimate gmin ¼
0.057 MHz (see Supplemental Material [39]). Dotted lines are
the linear (a) and quadratic (b),(c) scalings of the correlators
predicted by perturbation theory in Eqs. (4)–(6) with fitted
multiplicative factors.
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solid black line. Although the simulated value of W
quantitatively disagrees by a multiplicative factor of 1.9,
the qualitative form is reproduced well and is in agreement
with the analytical scaling predictions. Although we can
improve the quantitative agreement by allowing additional
free parameters, such as the pump detuning, to vary in the
simulations, we felt it better to show the level of agreement
with as many parameters as possible fixed at their inde-
pendently measured and calibrated values. Given the
experimental and theoretical complexity of the system,
we find the agreement to be quite good.
To explore the nontrivial dependence of W on the

multimodal structure of the output state [76], we test
two types of temporal mode functions. To do this exper-
imentally, we first oversample the data with a large
sampling frequency, and then digitally filter with the mode
function of our choice. In the continuous pumping regime,
discretization is implemented as a convolution of the
measured quadrature voltages with the chosen temporal
mode function (see Supplemental Material [39]). We use a
boxcar as a simple reference function and compare it to a
Gaussian function, which was shown in [77] to reveal
stronger nonclassical properties when studying the output
state of a Kerr parametric oscillator.
The entanglement witness value as a function of tem-

poral mode widths for both boxcar and Gaussian functions
is shown in Fig. 4. For both functions, the witness grows to
a maximum when the width is several times the average
cavity lifetime of 0.17 μs, then drops off for wider
functions. Similar to the parametric oscillator in [77], the

observed entanglement witness is larger for Gaussian
modes and peaks at a width around 5 times the average
cavity lifetime. Although W is not an entanglement mono-
tone, and therefore does not necessarily measure the
strength of the entanglement, we can infer that the relative
magnitude of the tripartite correlations in our propagating
mode reaches an optimum value at a finite width of
temporal modes. This can be understood as the mode with
the highest probability of capturing the emission of all three
photons in a triplet into the transmission line.
The Gaussian entanglement generated by two-photon

SPDC has been a key enabling technology for many
experimental achievements in quantum information. The
unique entanglement structure generated from non-Gaussian
processes offers to expand these capabilities and enable
novel applications and experiments in this domain. Among
its nonclassical behaviors, the non-Gaussian tripartite entan-
glement of nondegenerate 3P-SPDC heralds its potential
importance for quantum metrology [13], probing the funda-
mentals of entanglement [18,20], and even studying models
of quantum gravity [79]. Integrating this device with super-
conducting qubits has been proposed to enable swapping
of the non-Gaussian entanglement between bosonic oscil-
lator modes and qubit modes [80]. Furthermore, marginal
improvements to the temperature of the cavity could enable
the observation of the metrological advantage predicted in
[13]. Our results open new avenues for exploring quantum
states of light involving non-Gaussian entanglement in a
continuous-variable system by leveraging the unique char-
acteristics of 3P-SPDC in microwave quantum optics.
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FIG. 4. Entanglement witness, W, as a function of width, ΔT,
of the temporal mode function for Gaussian (red) and boxcar
(blue) mode functions. Markers are experimental data, and solid
lines are theoretical predictions. The width of the Gaussian mode
function is defined as the full-width-half-maximum value, while
the boxcar width is defined by the edges of the boxcar. W grows
rapidly for small ΔT, until it reaches a maximum. The maximum
values are achieved when ΔT is significantly larger than the
cavity lifetimes (0.12–0.25 μs). We see that larger values ofW are
obtained with the Gaussian mode function, in agreement with
previous works [77,78].
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