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Traveling wave parametric amplifiers (TWPAs) have recently emerged as essential tools for broadband
near quantum-limited amplification. However, their use to generate microwave quantum states still misses
an experimental demonstration. In this Letter, we report operation of a TWPA as a source of two-mode
squeezed microwave radiation. We demonstrate broadband entanglement generation between two modes
separated by up to 400 MHz by measuring logarithmic negativity between 0.27 and 0.51 and collective
quadrature squeezing below the vacuum limit between 1.5 and 2.1 dB. This work opens interesting
perspectives for the exploration of novel microwave photonics experiments with possible applications in
quantum sensing and continuous variable quantum computing.
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Frequency conversion and wave-mixing processes in
nonlinear media allow manipulation and control of the
electromagnetic radiation [1] and are extensively used for a
broad range of applications including, for example, coher-
ent high harmonics generation [2], nonlinear spectroscopy
[3], nonlinear imaging [4], and quantum optics experiments
for the generation of entanglement and squeezing [5,6]. In
the past two decades, it became possible to tailor such
nonlinear interactions by engineering artificial media with
specifically designed nonlinear properties: nonlinear meta-
materials [7-9]. Superconducting quantum circuits based
on Josephson junctions recently gained a key role in this
framework, since they can be used to engineer strong
nonlinearities without dissipation.

Josephson-junction-based nonlinear metamaterials [7,8]
have been successfully implemented as near quantum-
noise-limited traveling wave parametric amplifiers
(TWPASs) [10-15]. However, the potential of these devices
goes far beyond amplification: Since they offer large
bandwidth and flexible customization of the desired non-
linear response, they have been identified as very promising
for the generation of two-mode squeezing and broadband
entanglement [16—18].

Two-mode squeezing in superconducting circuits has
been demonstrated in narrow-band Josephson parametric
amplifiers based on resonant structures [19-26], semi-
infinite transmission lines via dynamical Casimir effect
[27-29] and surface acoustic wave hybrid systems [30].

The use of TWPAs as entanglement and two-mode
squeezing sources would have the advantage of a large
instantaneous bandwidth and customizable nonlinearities,
with potential novel applications for quantum sensing
[31,32], quantum enhanced detection [33], quantum
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teleportation with propagating waves [34], and quantum
information with continuous variables [35-37].

For TWPA devices, however, the presence of loss [38—
40] and the activation of spurious nonlinear processes, such
as harmonics [41] and sideband generation [42], have very
recently been identified as strong limitations for the
observation of squeezing.

In this Letter, by using an improved fabrication process
[43,44] and optimizing the device length to mitigate
internal loss, we demonstrate generation of vacuum two-
mode squeezing in a Josephson TWPA.

The device is driven with a pump microwave tone at
frequency f,, and the generated two-mode quantum state is
characterized via repeated measurements of the field
quadratures at the signal and idler frequencies f, and f;,
respectively, such that 2f, = f + f; (four-wave-mixing
interaction). Given the broadband nature of TWPAs,
entangled pairs of signal and idler photons are generated
in the entire amplification bandwidth of the device. The
entanglement between signal and idler modes is quantified
by the reconstruction of the two-mode covariance matrix
[45] and the estimation of the logarithmic negativity [46].
We obtain nonzero logarithmic negativity and inferred
squeezing of the collective quadratures between 1.5 and
2.1 dB below the vacuum limit, for a maximum frequency
separation between signal and idler of 400 MHz, set by the
capability of the adopted experimental setup. In addition,
we verify the stability in time of the entanglement gen-
eration by studying the statistical distribution of experi-
ments repeated over a timescale of hours.

The adopted device is a Josephson TWPA whose unit
cell consists in a superconducting nonlinear asymmetric
inductive element (SNAIL) [47] operated in a dilution

© 2022 American Physical Society
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refrigerator at 20 mK. Such a Josephson metamaterial has
been recently demonstrated and successfully operated as a
near quantum-limit broadband microwave amplifier [15].
The device used in this experiment is similar to the one
presented in Ref. [15], with the only difference of a reduced
length of the medium (250 cells) for loss mitigation (see
Supplemental Material [48] for details). The device is
operated in the four-wave-mixing regime at zero flux.
An external magnetic flux threading the SNAIL loops is set
by a superconducting coil located alongside the device
sample holder to counter stray fields.

When the TWPA is driven with pump frequency f,,
photon pairs are generated at signal and idler frequencies f
and f; such that f; = f, £ A, via a two-mode squeezing
interaction [45]. In the absence of other frequency con-
version or wave-mixing processes and neglecting losses,
the input two-mode (signal-idler) vacuum state is trans-
formed at the output of the TWPA into a two-mode
squeezed state: |TMS) = §]0),]0),. The two-mode squeez-
ing operator is

§ = exp (£ay;,0] 50 — £ 8y jnflin)- (1)
where & = re' is the squeezing parameter and & i, (G;5n) 18
the signal (idler) mode operator at the input of the TWPA.

A sketch of the experimental setup and device is shown
in Fig. 1(a). The device is driven with a pump tone, and the
two-mode quantum state generated at the output undergoes
an amplification chain, from 20 mK to room temperature,
with total system gain Gy,. At room temperature, a double

heterodyne detection scheme allows the detection of
signal and idler fields: The output microwave radiation
is analogically down-converted to an intermediate fre-
quency, split in two paths, and digitized using a multi-
channel acquisition board with a sampling clock set to
2 GSamples/s (see Supplemental Material [48] for a
detailed description of the setup). Digital down-conversion
is then performed on board. The resolution bandwidth is
defined by the inverse of the acquisition time 7 = 6 us.

The raw measured observables are the signal and idler
field quadratures:

A 1 A

Pyi=5; (Agi = Aj/i)’ (2)
where AZ Ji and AS si are the creation and annihilation
operators, respectively, for the signal and idler mode such
that [A;,A]] = 8,,.

A single acquisition consists in measuring the raw
quadratures with the pump both switched off and switched
on. A sketch of the control-readout pulse sequence for a
single on-off acquisition is shown in Fig. 1(c).

Once the raw quadrature data are measured, they are
normalized by the gain of the detection chain at signal and
idler frequency, respectively:

Xs)i = Xs/i/ \/ Gsy&s/iv Ps)i = Ps/i/ V Gsys,s/i‘

The estimation of the system gain, Gy /;, is obtained by
using a shot noise tunnel junction noise source [53-55]
(see Supplemental Material [48] for details).

N
Xy = E(As/i + A

(a)~ SNAIL

| 20 mK (b)  pump

% 7500 ( ) ; ‘ iSO Q 1 idler signal

i\ ) T T T 'T '—| I‘i <A><A>
pump /—\ T T f >

~\ signal measurement
DAC ADC m
El ADC idler measurement

RFSOC module _,—\_'—L’t

FIG. 1.

(a) Simplified sketch of the experimental setup for two-mode squeezing generation and detection. The Josephson TWPA

device is composed of 250 SNAIL-based unit cells, and it is anchored at the 20 mK stage of a dilution refrigerator. The input pump
field is obtained via up conversion with an /Q mixer: The I and Q inputs at an intermediate frequency (fpumpar = 290 MHz) are
mixed with a microwave local oscillator (generated with an rf source). The output microwave radiation is amplified, down-converted
with a mixer, split in two paths, and finally digitized. The room temperature electronics is composed by an rf system-on-chip
(RFSOC) acquisition board with an integrated field programmable gate array (FPGA), two digital to analog converters (DACS),
used to generate the pulsed intermediate frequency inputs for the /Q mixer, and two analog to digital converters (ADCs), used for
digitizing the down-converted output radiation. (b) Sketch of the frequency spacing between the pump and a pair of signal and idler.
(c) Sketch of the control and readout pulse sequence for a single pump on-off generation and measurement; the duration of the

readout pulses (acquisition time) is 6 us.
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(a) Measured quadrature phase space distribution (two-dimensional differential histogram plots: difference between pump on

and pump off histograms) for 10% on-off acquisitions and detuning A = 200 MHz; the shape of the differential quadrature distributions
in the (x;, x;) and (p;, p,) phase spaces indicates the presence of two-mode correlations. (b) Reconstructed covariance matrix with
uncertainty indicated by shaded regions. (c) Entanglement stability over time: histogram of 50 repeated entanglement measurements,
each obtained from a set of 2 x 10° repeated on-off quadrature acquisitions. Pump frequency f, = 4.415 GHz

We stress that a careful calibration of Gy ,/; is necessary
for a quantitative estimation of the amount of entanglement
and squeezing. It should be noticed that here we use an
upper bound estimation for Gy, (see Supplemental
Material [48]). This choice gives a rigorous lower bound
estimation for the amount of entanglement and squeezing.

The same acquisition is repeated for N, times,
obtaining, for pump both off and on, six two-dimensional
quadrature histograms (combinations of the four measured
quadratures). For N, = 103, the full on-off experiment
takes about one hour.

Experimentally obtained quadrature histograms for
detuning A =200 MHz and N, = 10% are shown in
Fig. 2(a). Each two-dimensional histogram is obtained
by subtracting the histogram with the pump off from the
histogram with the pump on.

Starting from the measured quadratures, we estimate the
covariance matrix [45] of the generated bipartite quantum
state. This matrix encodes all the quantum properties of the
generated state. We compute the covariance matrix from the
experimental data for both pump on and pump off as

1
O_}neas =4 §<R1Rk —|—RkR]> - <R]><Rk> ’ <3)

where R = (x,, py, x;, p;). The covariance matrix of the
two-mode quantum state generated at the output of the
TWPA can be inferred by subtracting the pump-off noise
background as follows [21]:

6 = g™Mmeas-on _ Gmeas.off + ]]4’ (4)

where, with the adopted convention, the two-mode vacuum
state covariance matrix corresponds to the unit matrix.
The inferred covariance matrix is depicted in Fig. 2(b).
The presence of not vanishing off-diagonal elements
indicates two-mode squeezing correlations between the

signal and idler, verifying a necessary condition for the
demonstration of entanglement generation.

A quantitative entanglement estimation is provided by
the logarithmic negativity E,  [46] defined as E) =
Max[—In(v_),0], where v_ is the minimum symplectic
eigenvalue of the partially transposed covariance matrix
(see Supplemental Material [48]). Following the partial
positive transpose criterion [56], the logarithmic negativity
being positive (E > 0) is a sufficient condition to dem-
onstrate that the state is entangled.

For the data shown in Fig. 2, we measure a logarithmic
negativity E, = 0.4 £0.1, which proves entanglement
generation, i.e., quantum nature of observed correlations.

The pump power is optimized to get the maximum
entanglement (maximum logarithmic negativity). This is
reached for a linear gain G = 1.30 & 0.05, corresponding
to a squeezing parameter r = arcosh(v/G) = 0.52 + 0.04.
For higher pump powers, that is, higher TWPA gain G, we
observe a decrease of the logarithmic negativity (see
Supplemental Material [48]). Similar behavior has been
observed in resonant Josephson parametric amplifiers [57]
and semi-infinite transmission lines [29], due to the
activation of spurious higher-order and wave-mixing proc-
esses. In TWPAs, the role of such spurious processes on
limiting the amount of generated squeezing is currently an
open question. Further explorations of the high pump
power regime is beyond the scope of this Letter.

The stability of the generated entanglement over time is
verified by performing 50 repetitions of the same experi-
ment (each consisting of a set of 2 x 10° quadrature
acquisitions) over a total time of roughly one hour. In
Fig. 2(c), we show the obtained histogram distribution of
the logarithmic negativity. This result demonstrates that the
generated entanglement is stable for repeated measure-
ments over a timescale of hours.

A largely adopted second criterion to verify the non-
classicality of the generated bipartite state consists in
estimating the variances of the collective quadratures:
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IA’+: (i)s+i7i)’ (5)

and compare them with the vacuum noise [19,20,38].

Considering a squeezing parameter amplitude r and
accounting for average TWPA loss, 0 <& <1, with a
simple lumped-element beam splitter model (see
Supplemental Material [48]), the variance of the collective
quadrature can be expressed as [38]

(3) = 5[+ (1 -] (6)

For a nonclassical state, the latter is expected to be lower
than the vacuum quantum noise giving nonzero squeezing,
defined as Sq, = 10log ((x%)/0.5).

For the data shown in Fig. 2, we obtain a lower bound on
the squeezing value: Sq, = —1.6 £0.5 dB below the
vacuum limit.

In the adopted pump power regime, the obtained
squeezing value is limited by the effect of internal loss
present in the device: For fixed TWPA gain, a device with
higher loss (composed of a higher number of unit cells) will
generate a reduced amount of squeezing. We designed the
length of the TWPA device, 250 unit cells, to mitigate
internal loss and foster the squeezing generation for a fixed
gain value (see Supplemental Material [48]).

In Fig. 3, we show the pump phase dependence of the
generated two-mode squeezing. By varying the pump input
phase, we observe the expected periodicity of the collective
quadrature variances [Fig. 3(a)] and, consequently, of the
squeezing Sq, [Fig. 3(b)]. In Fig. 3(c), the experimentally
obtained logarithmic negativity E is reported. We stress
that this is a conservative lower bound estimation (an upper
bound estimation for Gy is considered, giving a lower
bound estimation of the amount of entanglement). The gray
shadowed area indicates the logarithmic negativity pre-
dicted by a simple two-mode squeezing model that con-
siders the measured TWPA gain and estimated device
losses (see Supplemental Material [48] for details).

A key advantage in generating two-mode squeezing with
TWPAS is their broadband nature: When the pump drives the
device, all the pairs of signal and idler modes within the
TWPA bandwidth (several gigahertz [17]) get entangled. To
quantify the broadband nature of the generated enta-
ngled states, we estimate the rate of entangled bit generation
by calculating the entropy formation E, = ¢ log,c, —c_
log,c_, with ¢, = (6712 £ 6'/2)?/4 and & = 2E~ [20,58],
and multiplying it by the squeezing bandwidth 2A. Despite
the fact that bandwidth of our device is in the gigahertz
range, we could check only entanglement between signal
and idler separated by a maximum of 2A = 400 MHz
because of limitations of the adopted acquisition system.
We use such bandwidth to obtain a lower bound of 53 +
20 Mebit/s (mega entangled bits per second) on the rate
of entanglement generation, which is already comparable

1.0

(a)

0.8 1

0.6 1

0.4

Quadrature variance

Sq.4 [dB]

0.0 F————=—————r——————— e —— e —
om 0.25m 0.5m 0.75mn 1n
Pump phase [rad]
FIG. 3. Collective quadrature variance (a), squeezing (b), and

logarithmic negativity (c) as a function of the input pump phase.
Pump frequency f, =4.415 GHz; detuning A = 200 MHz;
number of repeated measurements for each phase Ny, = 107.
Dashed lines indicate the vacuum state reference. Squeezing
below the vacuum limit is highlighted with a shadow area in (b).
The gray shadow area in (c) indicates the logarithmic negativity
predicted by a simple lumped-element model which takes into
account the TWPA gain and the estimated losses (see Supple-
mental Material [48]).

with previous state of the art (Supplemental Material
in Ref. [29]).

Finally, to further investigate the entanglement gener-
ation within the available frequency bandwidth, we vary the
detuning A between the pump frequency and the signal and
idler frequencies. For each value of the detuning, we
measure the logarithmic negativity and the squeezing.
The results are shown in Fig. 4. We observe entanglement
and two-mode squeezing in the entire investigated fre-
quency region. This result further demonstrates the truly
broadband nature of squeezing generation in the device
under study. We again report the comparison between our
lower bound estimation of the logarithmic negativity and
the prediction of a simple lumped-element model which
takes into account measured TWPA gain and internal loss.

In conclusion, we demonstrated two-mode squeezing
generation in a traveling wave parametric amplifier. This
result proves that TWPAs can be effectively used as sources
of microwave radiation. We obtained broadband squeezing
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FIG. 4. Two-mode squeezing (a) and logarithmic negativity
(b) as a function of detuning A. Pump frequency f, =
4.415 GHz; number of repeated measurements for each A,
Niep = 107. Dashed lines indicate the vacuum state reference.
The gray shadowed area in (b) indicates the logarithmic neg-
ativity predicted by a simple lumped-element model which takes
into account the TWPA gain and the estimated loss (see
Supplemental Material [48]).

of between 1.5 and 2.1 dB for signal and idler modes
separated by up to 400 MHz. This first result can be further
improved via a deeper understanding of loss mechanisms
and higher-order nonlinear effects in TWPAs. Another
interesting direction will be to take advantage of flexibility
offered by TWPAs to explore different wave-mixing
processes and tailored nonlinearities.

On a broad prospective, our findings experimentally
demonstrate the potential of TWPA devices beyond ampli-
fication, paving the way to their application in the context
of microwave photonics, quantum sensing, and quantum
information with continuous variables.

Certain commercial equipment, instruments, or materials
are identified in this Letter in order to specify the
experimental procedure adequately. Such identification is
not intended to imply recommendation or endorsement, nor
is it intended to imply that the materials or equipment
identified are necessarily the best available for the purpose.

The data supporting the findings presented in this Letter
are openly available [59].
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