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Integrated photonic platform for quantum information
with continuous variables
Francesco Lenzini1,2, Jiri Janousek3,4, Oliver Thearle3,4, Matteo Villa1, Ben Haylock1,
Sachin Kasture1, Liang Cui5, Hoang-Phuong Phan6,7, Dzung Viet Dao6,7, Hidehiro Yonezawa8,
Ping Koy Lam4, Elanor H. Huntington3, Mirko Lobino1,6*

Integrated quantum photonics provides a scalable platform for the generation, manipulation, and detection of
optical quantum states by confining light inside miniaturized waveguide circuits. Here, we show the generation,
manipulation, and interferometric stage of homodyne detection of nonclassical light on a single device, a key
step toward a fully integrated approach to quantum information with continuous variables. We use a dynamically
reconfigurable lithium niobate waveguide network to generate and characterize squeezed vacuum and two-mode
entangled states, key resources for several quantum communication and computing protocols. We measure
a squeezing level of − 1.38 ± 0.04 dB and demonstrate entanglement by verifying an inseparability criterion
I = 0.77 ± 0.02 < 1. Our platform can implement all the processes required for optical quantum technology, and its
high nonlinearity and fast reconfigurability make it ideal for the realization of quantum computation with time
encoded continuous-variable cluster states.
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INTRODUCTION
Integrated quantumphotonics (1) has emerged as the ideal platform for
the implementation of optical quantum computation (2), communica-
tion (3, 4), and sensing protocols (5). By confining light inside min-
iaturized waveguide circuits, it is possible to generate quantum states
of light (6–9), interfere them over waveguide networks (10, 11), and
detect them with integrated detectors (12). Integration of these three
key operations establishes the stability and scalability of this technology,
enabling continuous increase in the complexity and capabilities of these
devices (13, 14).

Optical quantum information is most commonly encoded in one
of the discrete degrees of freedom [or discrete variables (DVs)] of
single photons such as polarization (15) or path (2). This approach
enables operations with near-unity gate fidelity (16) but is currently
limited by the lack of on-demand single-photon sources and determi-
nistic two-photon quantum gates. The encoding of information on
operators that are continuous variables (CVs), such as quadrature am-
plitudes, offers the advantages of deterministic generation of quantum
states and operation at the expense of a higher tendency to imperfect
gate fidelities (17). This approach has been demonstrated in several
fields, including secure quantum communication (18), quantum-
enhanced sensing (19), and quantum information processing (20).
Hybrid approaches combining the benefits of DV and CV systems
have also been proposed and experimentally demonstrated (21).
While integrated optics provides great stability and scalability to
all types of encoding, in CV schemes, it also greatly simplifies the
configuration of current experimental setups, replacing phase-
locked cavities for generation of squeezed light with single-pass wave-
guides (6, 22). It also eliminates the need for mode-cleaning cavities
for homodyne detection owing to the nearly perfect overlap between
optical modes in guiding structures (23–25).

Furthermore, the possibility of achieving broadband generation
bandwidths in a single-pass squeezer (26) and performing fast-
switching operations with electrooptically tunable waveguides (15, 27)
makes integrated optics an attractive platform for the implementation
of frequency (28, 29) or time-multiplexed encoding (30, 31) and fast
feedforward operations needed for CV measurement–based quantum
computing (32).

Here, we demonstrate a nonlinear and reconfigurable integrated
device that generates, actively manipulates, and performs the inter-
ferometric stage of homodyne detection on nonclassical light fields.
The device is formed by two integrated sources of squeezed vacuum,
electrooptically tunable phase shifters, and beam splitters where
squeezed vacua can interfere and be characterized. Complemented
with photon number–resolving detectors or non-Gaussian ancilla
inputs (17), this architecture can enable non-Gaussian operations
for universal quantum information processing or hybridization with
DV systems (21).
RESULTS
Figure 1 shows a schematic of the integrated chip and the experimental
setup. The device is made of a network of six waveguides patterned on a
z-cut lithium niobate substrate by reverse proton exchange (33) (see
Materials and Methods for details on the fabrication process).

Two periodically poled waveguides, phase matched approximately
1550 nm, are used to generate two squeezed vacuum states, which are
interfered on a reconfigurable directional coupler (DC1) for the gener-
ation of a two-mode CV entangled state (17). Both waveguides have a
2-cm interaction length, extrapolated from the 0.5-nm full width at half
maximum (FWHM) of the second harmonic generation (SHG) effi-
ciency as a function of the pump wavelength (Fig. 2A). This interaction
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length corresponds to a 96-nm FWHM bandwidth for the generated
squeezed light.

Two directional couplers (DC2 and DC3), designed with a
splitting ratio (SR) of 1 (all power coupled into the adjacent waveguide)
at 1550 nm, separate the generated quantum states from the pump
beams, which remain confined in the initial waveguides due to the
smaller mode field diameter. Balanced homodyne detection is per-
Lenzini et al., Sci. Adv. 2018;4 : eaat9331 7 December 2018
formed by mixing the generated signals with two local oscillator (LO)
beams in two tunable directional couplers (DC4 and DC5). Electrodes
patterned on top of thewaveguides are used to scan the phase of the LOs
and to tune the SRs of the directional couplers (27). LO phases fLO1 and
fLO2 are scanned by 2pwhen a ±10-Vwaveform is applied (see Fig. 2, B
and C), while the SRs of the reconfigurable couplers can be reduced
from their no voltage values down to ~0.005 with an applied voltage
Fig. 1. Configuration of the chip and experimental setup. Periodically poled waveguides (1, 2) are the nonclassical light sources. The squeezed vacuum states are
manipulated in a reconfigurable directional coupler (DC1) for the generation of two separable squeezed states or a two-mode CV entangled state. DC2 and DC3 are
used to separate the pump at ~777 nm from the signal at ~1554 nm. The rest of the network (fLO1, fLO2, DC4, and DC5) is made of the reconfigurable phase shifters and
couplers of the two homodyne detectors.
Fig. 2. Generation and homodyne detection of squeezed vacuum states. (A) Measured normalized SHG efficiencies P2w=P
2
w for waveguide 1 (blue points) and

waveguide 2 (red points) at T = 125°C and relative theoretical fit (solid lines). Pump and second harmonic powers are corrected for Fresnel losses at the output facet and
propagation losses (see Materials and Methods). The FWHM of the fit sinc2 are ≃ 0.5 nm, consistent with a ≃ 2-cm interaction length. The waveguides have the same
normalized conversion efficiency ≃ 370% W−1 at l = 1554.45 nm. Measurements are performed in the undepleted pump regime, where the SHG power increases
quadratically with pump power. The reported SHG efficiencies have a ±10% relative uncertainty, which is introduced by the error in the power calibration of the used
power meters. (B) SR of DC1 (top image) and voltage applied to the LO phase shifters (bottom image) as a function of time. SR measurement is performed by injecting a
1550-nm beam into waveguide 2 and measuring the power at the first output with a photodiode. DC1 electrode is driven with a square wave with 1-kHz frequency and
±16-V amplitude. Distortion of the square signal is due to the limited bandwidth of the voltage amplifier. (C) Noise trace measured from HD1 for a 154-mW pump
power. Pump power is measured at the output of the device and corrected for Fresnel losses at the output facet and propagation losses inside the waveguides. Noise
variance is calculated on time intervals of 4-ms duration and averaged over 40 sequential traces. Sampling rate is 50 MSPS (mega-sample-per-second). (D) Measured
squeezing and antisqueezing levels as a function of pump power for waveguide 1 (blue squares) and waveguide 2 (red circles). Solid lines are the fits made with the
function of Eq. 1. Error on the measured noise levels is ±0.04 dB. Pump powers are measured at the output of the device and corrected for Fresnel losses at the output
facet and propagation losses inside the waveguides. Pump wavelength is lP = 1554.55/2 nm for waveguide 1 and lP = 1554.35/2 nm for waveguide 2.
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in the ±20-V range (see Materials and Methods). The SRs of DC4 and
DC5 are tuned at around 0.5 for balanced homodyne detection.

Two-mode CV entanglement is generated by interfering orthogonal
squeezed vacuum states from the two periodically poled waveguides on
DC1 with an SR tuned at 0.5. Separable squeezed vacuum states are
created when the SR of DC1 is set as close as possible to zero (0.005)
for implementing the identity operation. Because of imperfections in
the waveguide fabrication process, the SRs of DC2 and DC3 were
found equal to 0.80 and 0.86, respectively, reducing, in this way,
themaximum amount of measurable squeezing. In future implementa-
tions, the performance of the filters could be improved by patterning the
electrodes with alternating phase mismatch (34) to allow tuning the SR
in the full 0 to 1 range.

The master laser is an amplified cavity diode laser, based on a gain
chip (35), and tunable in the 1550-nm wavelength range. The pump
beam is obtained by frequency doubling part of the master laser power
with a periodically poled potassium titanyl phosphate (PPKTP) crystal
in a single-resonant cavity (see Materials and Methods), with the re-
maining power used as LOs. All the beams are coupled into the chip
using a custom-made V-groove array with two central fibers that are
single mode at 775 nm, while the remaining fibers are single mode at
1550 nm. All the output modes are collected by a single lens antire-
flection (AR) coated at 1550 nm with 8-mm focal length and a numer-
ical aperture of 0.5, separated at a large distance from the chip, and sent
to a pair of homodyne detectors (HD1 and HD2) with 99% quantum
efficiencies (QEs) by the use of free-space optics. A power meter is used
tomonitor the power of the pump beams collected from the two central
outputs. Electronic filtering is used to select a wide side band from 4 to
35 MHz, which is measured in the time domain with a digital oscillo-
scope. For generation of CV entanglement, the relative phase of the two
pump beams is controlled in free space with a piezoelectric mirror and
Lenzini et al., Sci. Adv. 2018;4 : eaat9331 7 December 2018

ag.
the power of the pumps is balanced by the use of free-space optics at the
output of the SHG cavity. The second and fifth inputs of the device were
unused in this experiment, but in the future may be used to implement
displacement operations (17, 21).

The device was first configured for generation and homodyne de-
tection of squeezed vacuum states. The SR of DC1 was set to the
minimum value of 0.005, and the phases of LO beams were scanned
by approximately 2p with a ramp function (see Fig. 2B). To prevent
the accumulation of surface charge due to the application of a DC
offset, the three directional couplers were modulated by a square
function with equal positive and negative amplitudes and a 1-kHz fre-
quency. Postprocessing on the acquired signal was used to select a 0.4-ms
time window centered around the applied square waves for every
modulation period. Characterization was carried out by injecting a
pump beam into each periodically poled waveguide at a time and
measuring the resulting noise levels on the adjacent homodyne de-
tectors. Because of the high operational temperature (T = 125 ° C),
the coupled pump power inside the waveguides can be increased up
to ≃ 160 mW without any evidence of photorefractive damage.

Figure 2C shows the noise trace from HD1, corresponding to a
maximum measured squeezing (antisqueezing) level 〈D2X̂

�
〉 ¼

�1:38 ± 0:04dB (〈D2X̂
þ
〉 ¼ 1:98 ± 0:04 dB) for a pump power P =

154 mW. After correcting for 13% Fresnel losses, which could be
eliminated with an AR coating on the output facet, and inefficiencies
of the filter (SR = 0.80), we estimate that −2.15 ± 0.04 dB of squeezing
is generated in our device. The squeezing and antisqueezing levels
measured for bothwaveguides as a function of pump power are shown
in Fig. 2D. The points are fitted using the function (17)

D2X̂
±

D E
¼ he±2m

ffiffi
P

p
þ 1� h ð1Þ
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Fig. 3. Generation and characterization of CV entanglement. (A) SR of DC1 (top image) and voltage applied to phase shifters fLO1 (green trace, bottom image) and
fLO2 (red trace, bottom image) as a function of time. SR measurement is performed by injecting a 1550-nm beam into waveguide 2 and measuring the power at the first
output with a photodiode. DC1 electrode is driven with a square wave at 1-kHz frequency and ±5.5-V amplitude. Scanning frequency is 1 kHz for fLO1 and 10 kHz for
fLO2. (B) Noise levels measured from HD1 (blue trace) and HD2 (red trace) when the pump beams are in phase. (C) Noise levels measured from HD1 (blue trace) and
HD2 (red trace) when the pump beams are out of phase. (D) Noise levels of summed quadratures 〈D2ðX̂ 1 þ X̂ 2Þ〉 (green trace) and subtracted quadratures 〈D2ðX̂ 1 � X̂ 2Þ〉
(red trace) when the pump beams are out of phase. Noise variance is calculated on time intervals of 2.5-ms duration and averaged over 10 sequential traces. Sampling
time is 20 ns. Measurements are performed with two pump beams with P = 122 mW and lP = 1554.45/2 nm.
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where h is the overall detection efficiency. Results of the fit give m1 =
0.030 ± 0.001mW−1/2, m2 = 0.027 ± 0.001mW−1/2, h1 = 0.52 ± 0.02, and
h2 = 0.54 ± 0.02, against estimated h1 = 0.55 and h2 = 0.6 for 0.14 dB/cm
propagation losses (see Materials and Methods). We note that h1 is
found compatible within the 95% confidence interval, with the esti-
mated value. For waveguide 2, the extra 0.06 inefficiency is likely in-
troduced by imperfections in the waveguides along the path of the
generated signals.We note that the values of m1 and m2 calculated from
the fits are approximately three times smaller than the one reported in
(24) using a similar technology. However the waveguide used in this
reference has a longer interaction length (4 cm) and higher propaga-
tion losses (≃0.4 dB/cm), which would significantly lower the gener-
ated squeezing level in a monolithically integrated network.

Next, the device was configured for the generation and charac-
terization of CV entanglement between the two spatial modes after
DC1. The SR of DC1 was set to 0.50, and the phases of the two LO
beams were scanned by approximately p at 1 kHz for fLO1 and 10 kHz
for fLO2 (see Fig. 3A). The phase of pump 1 was scanned simulta-
neously by approximately 2p at a much lower speed (50 Hz) using
a piezoelectric mirror (see Fig. 1). Entanglement was verified using
the inseparability criterion for Gaussian states (36)

I ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
min

h
D2
�
X̂

þ
1
± X̂2

þ
�D Ei

�min
h

D2
�
X̂�

1 ± X̂2
�
�D Eir

< 1 ð2Þ

where we use the product form of (36), and X− and X+ are, respec-
tively, squeezed and antisqueezed quadratures when the pump beams
have a p phase shift. The homodyne detection bases used for the
measurement of X̂

±
1 and X̂

±
2 are determined from the positions of

the squeezed and antisqueezed quadratures when the pump beams are
in phase.

Figure 3 (B to D) shows the results of the measurements for a
122-mW pump power coupled in each waveguide, close to the max-
imum attainable power with our setup. When the pump beams are in
phase (Fig. 3B), the device generates two separable squeezed states with
similar squeezing and antisqueezing levels, 〈D2X̂

�
1 〉 ¼ �1:16 ± 0:06 dB

(〈D2X̂
þ
1 〉 ¼ 1:71 ± 0:06 dB) for HD1 and 〈D2X̂

�
2 〉 ¼ �1:11 ± 0:06 dB

(〈D2X̂
þ
2 〉 ¼ 1:65 ± 0:06 dB) for HD2. When the pump beams have a p

relative phase (Fig. 3C), as expected for an entangled state, we observed
phase-independent and constant noise levels 〈D2X̂ 1〉 ¼ 0:53 ±
0:20dB for HD1 and〈D2X̂ 2〉 ¼ 0:54 ± 0:20dB for HD2. Conversely,
variance of summed and subtracted quadratures (green and red
traces in Fig. 3D) shows a phase-sensitive behavior with correla-
tions below the equivalent shot-noise level resulting from the combina-
tion of the twohomodyne currents (seeMaterials andMethods). From the
data of Fig. 3D, we calculatedmin½〈D2ðX̂þ

1 ± X̂
þ
2 Þ〉� ¼ �1:19 ± 0:12 dB

andmin½〈D2ðX̂�
1 ± X̂

�
2 Þ〉� ¼ �1:07 ± 0:12dB corresponding to I =

0.77 ± 0.02 < 1,which satisfies the inseparability criterion by 11 SEs.
DISCUSSION
In conclusion, we demonstrated the generation, manipulation, and
characterization of nonclassical quantum states of light in a mono-
lithically integrated device. We have shown the reconfigurability of
our technology by generating squeezed vacua and CV quadrature
entanglement in two separate spatial modes. The device was fabricated
using the reverse proton exchange technique, which enables propaga-
tion losses as low as 0.1 dB/cm, a crucial parameter for the implemen-
tation of high-fidelity CV quantum optics protocols (17). We
Lenzini et al., Sci. Adv. 2018;4 : eaat9331 7 December 2018
calculated that using a pulsed laser and reducing the average pump
power, which is the main parameter responsible for photorefractive
damage (22), our fabrication technology could reach ~7 dB of
squeezing with a 500-mW peak power and a 4-cm interaction length.

Another important feature of our chip technology is the possi-
bility of fast light manipulation. While in our implementation, the
modulation of the electrodes was kept at low frequencies (≤10 kHz)
to avoid the introduction of unwanted amplitude noise in the
measured side-band interval (4 to 35 MHz), in the future it will be
of interest to use high-bandwidth homodyne detectors to raise this
modulation speed and demonstrate fast-switching operations in the
gigahertz regime for measurement-based quantum computation.

Another important feature of proton-exchanged waveguides is
the high coupling efficiency, around 90%, with optical fibers (33).
This property is important in quantum communication applications,
which may require the use of two separate chips for the generation
and detection of light that are connected via optical fiber links.

Furthermore, recently developed low-loss, high-confinement
ridge waveguides in lithium niobate (37) can potentially generate
more than 10 dB of squeezing with this same material, enabling
CV entanglement with a noise reduction comparable to state-of-the-
art experiments performed with bulk optical parametric oscillators
(38). The use of these waveguides can also provide a technology with
a footprint similar to the silicon-on-insulator platform, which would
enable integration of more functionalities, such as a SHG stage (22),
on the same chip.
MATERIALS AND METHODS
Fabrication of the chip
Waveguides were fabricated with a 1.85-mm proton exchange depth
followed by annealing for 8 hours at 328°C and reverse proton exchange
for 10 hours at the same temperature. Inputs of the periodically poled
waveguides were designed with a channel width of 2.5 mm to get nearly
single-mode operation at 775 nm and inject efficiently the pump beam
into the fundamental mode of the waveguides. Channel width at the
beginning of the poling region was increased to 8 mm with a 7-mm
adiabatic taper to work in a noncritical condition for quasi-phase
matching (39). After the poling region, the channel widths were de-
creased to 6 mmwith a second adiabatic taper of 1.5 mm in length to
get single-mode operation at 1550 nm. S-bends were designed with a
sinusoidal function and a minimum bend radius of 40 mm. Separation
betweenwaveguide centers at the input and the output of the device was
set to 127 mm to match the standard pitch of fiber V-groove arrays. To
prevent back reflections into thewaveguides and cavity effects inside the
chip, the output facet was polished at 8°. Total length of the chip was
62 mm. Light was coupled into the HDs using bulk optical elements
to avoid the coupling losses with a second fiber array. In future im-
plementations, the deposition of an AR coating on the output facet
would enable polishing the chip at a 0° angle and reduction of the
Fresnel losses.

The poling pattern was generated by standard electric field poling
with a period L = 16.12 mm and a 50:50 duty cycle. After poling
and waveguide fabrication, aluminum electrodes were realized on a
200-nm-thick SiO2 buffer layer to prevent optical absorption from
the metal. Aluminum thickness was 250 nm, while electrodes were
patterned using electron beam lithography and wet etching.

Directional couplers were designed with separation between wave-
guide centers of 11.3 mm forDC1, DC4, andDC5, and 10.6 mm forDC2
4 of 7
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and DC3. The lengths of the directional couplers were 6.1 mm for DC1
and 3.5mm forDC2,DC3,DC4, andDC5. ForDC2 andDC3,we chose
a smaller center-to-center separation to achieve an SR of 1 while mini-
mizing the length of the couplers. Electrodes (12mm long) act as phase
shifters on the LO arms. At a zero applied voltage, the SRs of the recon-
figurable couplers were 0.72 for DC1, 0.85 for DC4, and 0.75 for DC5.
Application of a voltage to the electrodes induced a mismatch between
the propagation constants of the coupled waveguides, which reduced
the SR of the DCs. For this reason, both positive and negative voltages
reduced the SRs below their zero-voltage values. Application of a square
modulation with positive and negative amplitudes resulted in typical
traces such as the one reported in Fig. 2B.

The isolation of the pump beams from the homodyne detectors
was achieved by DC2 and DC3 and a dichroic mirror after the chip
for a total of 40-dB isolation. Furthermore, since the output facet of
the chip was angled polished, pump and signal beams were re-
fracted in slightly different directions, and only 1550-nm light gets
coupled into the HDs. During the experiments, the shot-noise level
was measured while blocking the pump beam with a chopper.

To prevent photorefractive damage, the chip was bonded with
an ultraviolet curing glue to a custom-made aluminumoven and heated
at 125°C. Photorefractive effect must be avoided because it can lo-
cally change phase-matching wavelength of the waveguide and re-
duce the interaction length of the down conversion process, thus
reducing the maximum attainable level of squeezing in our device.
Two printed circuit boards with SubMiniature version A connec-
tors were mounted on the sides of the oven and wire bonded to the
electrodes to control the voltage applied to phase shifters and direc-
tional couplers.

Propagation losses
Transmission of the waveguides at the signal wavelength was tested
on the second and fifth waveguides and at the pump wavelength on
the two central inputs. Transmission of the device corrected for
Fresnel losses was found equal to 61% at 1550 nm and to 40% at
775 nm. From the numerical calculation of the mode overlap between
waveguides and single-mode fibers (33), we estimated 0.14-dB/cm
propagation losses at the signal wavelength and 0.55-dB/cm propaga-
tion losses at the pump wavelength. Propagation losses at the signal
wavelength were not directly measurable from the central inputs, since
1550-nm beams were only weakly guided in the first tapered section of
the periodically poled waveguides.

Detection efficiencies
Estimation of the detection efficiencies h1and h2 from Eq. 1 takes into
account 0.14-dB/cm propagation losses calculated from the center of
the periodically poled waveguides, a 0.5% loss introduced by the first
directional coupler, 20% (for waveguide 1) and 14% (for waveguide 2)
losses introduced by the pump filters DC2 and DC3, 13% Fresnel
losses at the output facet, a 99% QE, and a 17-dB shot-noise clearance
measured for a 4-mW LO power.

Shot-noise levels
To evaluate the shot-noise levels, we used a motorized optical chopper
blocking periodically the power of the pump beams. For each data
acquisition, the shot-noise variance was calculated on five time
windows with 0.4-ms duration. SE in the evaluation of the shot-noise
levels was estimated equal to ± 0.025 dB and added to all the uncer-
tainties reported in the paper.
Lenzini et al., Sci. Adv. 2018;4 : eaat9331 7 December 2018
Driving voltage
The electrodes on the chip were driven by three dual-channel arbitrary
waveform generators. The waveform generators were operated in burst
mode with a common trigger generated by a photodiode at the output
of the optical chopper. Phase shifters, DC5, and DC1 (for generation of
CV entanglement), required voltages in the ± 10-V range and were
driven directly by the waveform generators. DC4 and DC1 (for gen-
eration and homodyne detection of squeezed vacuum) required volt-
ages of ± 18 and ± 16 V, respectively, generated with two voltage
amplifiers. Low-pass filters fromDC to 1.9MHzwere used to suppress
unwanted amplitude noise introduced by the driving voltage in the
measured side bands.

Squeezing and antisqueezing levels
Squeezing and antisqueezing levels were evaluated by fitting each
noise trace with the function

〈D2X̂ 〉 ¼ 〈D2X̂þi cos2ðat þ fÞ þ 〈D2X̂�〉 sin2ðat þ fÞ

where t is the acquisition time and a and f are fitting parameters.
Uncertainties reported in the paper are the SEs in the evaluation of
the coefficients calculated by the least squares fitting procedure.

Inseparability criterion
Variance of summed and subtracted quadratures was calculated
from the photocurrents i1 and i2 measured from the two homodyne
detectors as17

〈D2ðX̂ 1 ± X̂ 2Þ〉 ¼ D2 i1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2〈D2X̂ SN1

p
〉
±

i2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2〈D2X̂ SN2

p
〉

 !* +

where 〈D2X̂ SN1〉 and 〈D
2X̂ SN2〉 are the shot-noise levels of the two homo-

dyne detectors. Noise variances, 〈D2ðX̂þ
1 ± X̂

þ
2 Þ〉 and 〈D2ðX̂�

1 ± X̂
�
2 Þ〉,

were calculated by averaging four points centered around the squeezed
and antisqueezed quadrature positions Xþ

1 , X
þ
2 and X�

1 ;X
�
2 . SE in

the evaluation of the noise levels was estimated as

SE ¼ sX1;2ffiffiffi
4

p

where sX1;2 is the SD of the noise traces measured on each homodyne
detector. Because of the finite fLO2 scanning speed, the squeezed
(X�

1 ,X
�
2 ) and antisqueezed (Xþ

1 ,X
þ
2 ) quadrature positions cannot be

measured at exactly the same time on the two HDs. For this reason,
the quadratures X�

1 , X
þ
1 used for the calculation of the inseparability

criterion have an offset of −0.09 and −0.10 rad, respectively, from
the squeezed and antisqueezed quadrature positions determined
when the pump beams are in phase. We point out that the two quad-
ratures are orthogonal within an offset, which is smaller than the
error in the quadrature positions (±0.02 rad) determined by fitting
the data of Fig. 2B. Thus, the measured data still satisfy the in-
separability criterion, which is generally valid for any set of orthogonal
quadratures.

We further note that for an EPR (Einstein–Podolsky–Rosen)
state, the inseparability criterion is not only satisfied for squeezed and
antisqueezed quadratures, but for several sets of rotated orthogonal
5 of 7
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quadratures. For instance, if 〈D2ðX̂þ
1 þ X̂

þ
2 Þ〉 and 〈D2ðX̂1� � X̂2�Þ〉

display correlations below the shot-noise levels, the same will
hold for

X̂ 1 ¼ X̂
�
1 cosðqÞ þ X̂

þ
1 sinðqÞ

P̂1 ¼ �X̂
�
1 sinðqÞ þ X̂

þ
1 cosðqÞ

X̂ 2 ¼ X̂
�
2 cosð�qÞ þ Xþ

2 sinð�qÞ
P̂2 ¼ �X̂

�
2 sinð�qÞ þ X̂

þ
2 cosð�qÞ

This explains why the data reported in Fig. 3D show correla-
tions below the shot-noise level for several measurement bases.

Balanced homodyne detection
Balanced homodyne detection provides a phase-sensitive measure-
ment of a quantum state. To find the variance of an arbitrary fre-
quency dependant quadrature operator X̂sig

f of the signal field, we
interfered the signal beam on a 50/50 beamsplitter (BS) with a bright
LO beam with a relative phase f. The outputs from the BS were
coupled to a pair of photodetectors, and the difference of the photo-
currents was recorded. Assuming that the power of LO is much higher
than that of the signal beam, the effect of LO is to rotate the coherent
amplitudes of the two BS outputs, allowing measurement of an
arbitrary state quadrature.

To achieve a calibrated quadrature measurement of the variance of
the input stateVf

sig, wemeasured the variance of the difference of the BS
photocurrents Vdiff and blocked the input state (but not the LO beam).
In this case, it is a vacuum state entering the BS input port, and hencewe
can normalize the variance by assigningVsig|blocked = 1 for any f and any
side-band frequency. The ratio of the variances with the input signal
unblocked and blocked provided a calibrated measurement of Vf

sig,
i.e.,Vdif junblocked=Vdif jblocked ¼ Vf

sig, where the relative phase between
the signal and LO beam defines the measured quadrature. A review
of this topic can be found in (40).

Homodyne detectors
The homodyne detectors (40) used in this experiment used two
matched photodetectors with custom-ordered photodiodes from Laser
Components with efficiencies of >99% and dark currents of >20 pA.
Each photodetectorwas in a dual amplifier configuration. The first stage
used a dc-coupled transimpedance amplifier to amplify the photo-
current using the op-amp AD829, with a transimpedance gain of
3000. The signal was then split in two using a resistor network for ac-
and dc-coupled channels, whichmay decrease the overall measured sig-
nal but does not introduce extra noise. The side bands containing the
measurements were present in the ac signal, and the dc signal was used
to monitor the detector. The ac path was filtered with a passive high-
pass filter with a corner frequency of 100 kHz and then amplified with a
gain of 20 using another AD829. The dc-coupled signal was amplified
and used formonitoring. The noise floor of the ac-coupled signals from
each detector in a homodyne detector was matched using the compen-
sation capacitor on the transimpedance amplifier. The ac signals were
matched in phase using cable lengths and then subtracted to get the
homodyne signal. While not really flexible, this solution represents a
more broadband alternative to electronic phase shifters. The 3-dB
bandwidth of the homodyne detectors was measured to be 21 MHz,
and with a LO power of 4 mW, they achieved a dark noise clearance
of 17 dB below shot noise.
Lenzini et al., Sci. Adv. 2018;4 : eaat9331 7 December 2018
SHG cavity
The SHG cavity is a free-space bow-tie configuration using a PPKTP
nonlinear crystal. The cavity consisted of two high-reflectivity (HR)
concave mirrors at 1550 nm with a radius of curvature = 50 mm and
two planemirrors. The first planemirror, input coupler (IC), was a par-
tially reflecting mirror at 1550 nm, and the second was an HR steering
mirror attached to a piezo actuator. The cavity was locked on resonance
using Pound-Drever-Hall technique. All mirrors were AR coated at the
SHG wavelength. The cavity formed a beam waist of radius of approx-
imately 27 mm between the two concave mirrors, where a 15-mm-long
PPKTP crystal was aligned. This configuration maximized the non-
linear conversion as detailed by the Boyd-Kleinman theory. The
PPKTP crystal was housed in an oven and temperature stabilized
around the optimum phase-matching temperature of 40°C using a
Peltier element. Both faces of the crystal were wedged and AR coated
at both wavelengths to minimize an intracavity parasitic interference.
One watt of fundamental optical power was injected through IC into
the cavity and converted into the SHGwavelength with 80% efficien-
cy. The SHG field exited the system through one of the concave mir-
rors and was subsequently coupled into an optical fiber.
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