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Quantum-enhanced time-domain spectroscopy
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The time-resolved detection of mid- to far-infrared electric fields absorbed and emitted by molecules is among
the most sensitive spectroscopic approaches and has the potential to transform sensing in fields such as security
screening, quality control, and medical diagnostics. However, the sensitivity of the standard detection approach,
which relies on encoding the far-infrared electric field into amplitude modulation of a visible or near-infrared
probe laser pulse, is limited by the shot noise of the latter. This constraint cannot be overcome without using a
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quantum resource. Here, we show that this constraint can be overcome using a two-mode squeezed state.
Quantum-correlated ultrashort pulses, generated by parametric down-conversion, enhance the sensitivity of far-
infrared detection beyond the classical limit, achieving a twofold reduction in measured noise. This advancement
paves the way for further development of ultrafast quantum metrology, moving toward quantum-enhanced
time-resolved electric field spectroscopy with sensitivities beyond the standard quantum limit.

INTRODUCTION

Optical spectroscopy is a powerful technique that underpins funda-
mental research and applications alike. It can be used to measure the
chemical composition of a tested sample; to assess the safety of
foods, air, or water; and to reveal the interaction of molecules in a
complex living system (1-7). With the continuous development of
ultrashort laser sources, an alternative paradigm for spectroscopy
has developed, whereby spectral signatures are obtained by the
Fourier transform of the electric field of a probing laser pulse
(8-12). This time-resolved electric field spectroscopy (from here on,
time-domain spectroscopy—TDS—for brevity) provides additional
information unavailable to standard spectroscopic approaches, such
as time-of-flight longitudinal localization of chemical species, a
higher sensitivity to the interaction between the environment and
the investigated molecule, and an unparalleled sensitivity in living
samples (12). TDS was first pioneered in the terahertz spectral re-
gion (THz-TDS), where femtosecond pulses are sufficiently short to
properly sample and resolve the temporal oscillations of the electric
field of a carrier-envelope-phase stable and broadband (single-
cycle) pulse generated by the optical rectification (OR) of a short
optical pump pulse. With the development of ultrafast sources, it
became possible to extend the spectral domain of TDS to cover the
whole infrared region, reaching even to visible wavelengths (13-15).
The ability to sample such a broadband spectrum is key to the un-
paralleled specificity of TDS (12).

The measurement process is routinely achieved by electro-optical
sampling (EOS), whereby the unknown electric field is transformed
by a second-order nonlinear (electro-optical) crystal into a phase
shift of the short optical probe pulse, which is then measured by a
balanced detector (16, 17). While research is ongoing to establish
the maximum efficiency of EOS (18), its sensitivity is ultimately lim-
ited by the noise of the probe pulse, which is, in turn, bound by its
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discretization (shot) noise (19, 20). The increase in signal-to-noise
ratio (SNR) obtained by increasing the probe pulse energy is pro-

portional to the square root of the photon number, SNR \/ﬁ ,and
cannot be made arbitrarily large due to nonlinear noise and back
action (21). Therefore, it is only by using nonclassical states of light,
where Heisenberg-limited SNR « N can be achieved (22-25), that
we can overcome the current limitations faced by EOS (26).

Here, we show experimental results of a quantum-enhanced
TDS. Using two-mode squeezed states, i.e., quantum-correlated
fields generated by parametric down-conversion in a second-order
nonlinear crystal (27), we were able to record a THz electric field
with a noise of half the standard quantum limit.

RESULTS

THz generation

In our experiment, we generate trains of single-cycle THz radiation via
OR of a 250-fs-duration, 1030-nm-wavelength, 100-kHz-repetition-rate
pulse train in a 1-mm-thick, (110)-cut, antireflection coated, water-
cooled gallium phosphide (GaP) crystal, owing to the favorable
matching between the driving pulse group velocity and the THz ra-
diation phase velocity (28). Using 45 pJ energy for the pump, we
generated 150 nJ of THz radiation after suitable filtering of the re-
sidual pump light. A schematic of the experimental setup is shown
in Fig. 1. The region where THz radiation propagates is enclosed in
a nitrogen-purged box to avoid water absorption. More details of
the THz source can be found in (29).

Electro-optical sampling

The time-resolved electric field detection of the THz radiation is
performed by exploiting the electro-optical effect in a second-order
nonlinear crystal between the unknown THz field €, and a short
probe pulse of intensity I,, When the probe pulse duration is much
shorter than half of the period of the oscillations in Eryy,, the latter
can be considered as a static field that biases the nonlinear crystal,
thus imposing a field-dependent phase upon the probe pulse. Such
a phase, and therefore the THz electric field, can be measured by
a polarimetric setup typically consisting of a quarter-wave plate
(QWP), a polarizing beam splitter (PBS; e.g., a Wollaston prism),
and a balanced detector (17, 30, 31). In the absence of the THz field,
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Fig. 1. Schematic of the experimental setup. A 1030-nm, 250-fs-duration, 100-kHz-repetition-rate laser is split into two branches. The bottom branch (in red in the fig-
ure) pumps a GaP crystal, leading to the generation of a single-cycle THz pulse (yellow). The top branch (p-polarized, also in red) seeds a parametric amplifier pumped by
a synchronized laser (s-polarized, green in the figure) at 515 nm, generating a two-mode squeezed vacuum (p-polarized), consisting of photon number correlated signal
(purple) and idler (cyan) pulses. The idler polarization is rotated to s-polarization using a half-wave plate (HWP). The signal pulse is used for the electro-optical (EO) detec-
tion of the THz electric field while the idler is delayed to not interact with the THz pulse and serves as a reference. The EO modulation is analyzed by a polarimetric arrange-
ment comprising an HWP, a Wollaston polarizer, and a low-noise, high-quantum-efficiency balanced detector. The temporal resolution is achieved by delaying the THz
with respect to the signal and idler pulses using a linear translation stage. Note that the idler polarization impinging on the EO crystal is orthogonal (s-polarized) to that
of the signal, and both are rotated by 45° with an HWP before interacting with the linearly polarized THz field in the EO crystal, and then are rotated back to almost the

same initial condition before reaching the Wollaston prism.

the two output ports of the PBS have equal intensities, while the
THz-induced phase leads to an imbalance that is transformed into
an electric signal by the balanced detector and captured by a lock-in
amplifier (the amplitude of the THz field is modulated, e.g., by an
optical chopper, at the lock-in demodulation frequency). The de-
modulated signal is then proportional to the THz electric field
€11, () at the local time T sampled by the probe pulse. The temporal
information is retrieved varying the relative delay tbetween the THz
and the probe pulses. In our case, we used a modified version of the
standard EOS (see the “THz generation” and “Electro-optical sam-
pling” sections in Materials and Methods), which uses a half-wave
plate (HWP) in place of the QWP (see Fig. 1), as it leads to a simpler
demonstration of the enhancement that can be achieved by using
quantum metrology tools, albeit featuring a lower sensitivity. An in-
sightful analysis of different EOS settings can be found in (30),
demonstrating, for example, how EOS performed with an HWP,
combined with spectral filtering of the low- or high-frequency com-
ponents of the upconverted radiation, results in the Hilbert trans-
form of the THz field. In our demonstration, we follow a different
approach that can be regarded as relative ellipsometry (using an
HWP) to retrieve a signal proportional to the THz electric field, and
the imbalance in the intensities measured by the balanced detector
is proportional to the THz electric field €1y, (7).

Among other noise sources, such as amplitude noise of the un-
known field, limited accuracy of the scanning optical delays, and the
timing jitter of the probe and THz pulses, the probe pulse shot noise
in the balanced detection makes a leading contribution to limiting
the sensitivity of EOS (19, 20). Considering a single probe pulse of
energy U,, a balanced measurement where the energy is equally split
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between the two diodes is affected by a white noise of amplitude
proportional to 4/N,, where N, = U, / (hv) is the number of pho-
tons in the probe pulse, with & being the Planck constant and v being
the probe carrier frequency. We show here that this inherent noise
source can be largely reduced by using, instead of a coherent pulse,
two-mode squeezed states, i.e., quantum correlated fields, also known
as twin beams. To this end, we have compared the EOS noise
measured with a classical probe to that obtained using two-mode
squeezed states, and we have shown that the latter is markedly lower.

Two-mode squeezed states

In a parametric amplification process driven by an intense laser
pulse in a second-order nonlinear crystal, a weak seed is amplified
by the stimulated splitting of the pump photons into signal and idler
photons (32). These are always generated in pairs at each pump pho-
ton splitting event. Hence, their numbers N, and N; are correlated,
and the variance of N, — N; is lower than that which can be achieved
with classical radiation of an equivalent power on each detector (27):

AZ(I\IS_I\]i)PDC < AZ(I\Is_z\]i)Classica.l (1)

where the variance of an observable O is defined as A2(0) = (0?) —(0)?,
(- )indicates the expectation value,and A% (N, — N;) cjassical = (N:) + (N;)
is the variance in the number difference between the two output
ports of an ideal 50 / 50 beam splitter having at the input a coherent
beam of average photon number (N.) = (N,) + (N;). Therefore,
in differential measurements, two-mode squeezed states can deliver
a quantum advantage that has been applied, e.g., to imaging (33, 34),
spectroscopy (35), and differential absorption sensing (36). Here, we
use this quantum resource to increase the SNR of our EOS process.
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To exploit sub shot-noise correlations, photodetectors with ap-
propriate gain and low noise are necessary, such that the electronic
noise is smaller than the optical shot-noise component. We have
designed and built a balanced detector with the required electrical
noise (50 fA Hz™ %) and transimpedance gain (10° ohms) and with
high (>94% external) quantum efficiency—see the “Sub shot-noise
balanced detector” section in Materials and Methods for details.
Our detector can measure the optical shot noise for coherent pulses
over a broad range of average power, including those used in our
nonclassical measurement, as shown in Fig. 2A, where the error bars
also account for the electronic noise. The detection was performed
with a power spectrum analyzer acquiring 100 traces at each input
power in a spectral region between 2.1 and 2.9 kHz (the same region
sampled by the lock-in amplifier in the following THz time-resolved
measurements) and averaging the traces to compute the spectral
noise density.

Our two-mode squeezed source was obtained by pumping a
2-mm-long beta barium borate (BBO) crystal with the 1.5-W,
515-nm-wavelength, ~185-fs-duration second harmonic pulse of
our Yb-doped laser (Carbide, Light Conversion) operating at 100-kHz
repetition rate. The crystal was angle tuned to amplify frequency
degenerate radiation at ~1030 nm in a slightly noncollinear configu-
ration, i.e., on a ~2° cone angle.

While the spontaneously generated parametric down-conversion
(PDC) radiation resulting from the parametric amplification of
vacuum fluctuations also features quantum correlations among the
number of photons in modes emitted at opposite angles from the
crystal, we used a seeded geometry. In this way, the spatiotemporal
modes resulting from the amplification are defined by the input seed
and the pump spatial and temporal properties. This allows for the
required control of the spatiotemporal overlap between the probing
pulse and the unknown THz field.

The parametric amplification was seeded with a 1030-nm pulse
of ~245 fs duration, impinging on the crystal at an angle of ~2° from

the pump pulse (see the “Two-mode squeezed light source” section
in Materials and Methods). This angle corresponds to the noncol-
linear emission angle for degenerate PDC and resulted in the gen-
eration of the correlated signal and idler beams shown in the inset of
Fig. 2A. Provided the parametric amplification gain is sufficiently
large, and the seed amplitude is sufficiently low, the seeded geome-
try also results in a quantum correlated two-mode squeezed field
(37-40). The quality of the correlation between the number of pho-
tons in the signal and the idler can be quantified by the noise reduc-
tion factor (NRF), defined as in (27)

A*(N, - N,)
N, +N,

NRF = (2)

The quantum correlations are reduced by losses (41), which lim-
it the NRF. We have used broadband antireflection coatings on all
the transmissive optics in the setup and high reflectivity coatings on
the reflective ones to minimize the impact of losses in our measure-
ment. For the same reason, we built a balanced detector with photo-
diodes having external quantum efficiencies larger than 95% (see
the “Sub shot-noise balanced detector” section in Materials and
Methods). We have estimated < 15 % losses from generation to de-
tection. The best NRF measured for our source passing through all
the optical elements required for the EOS is shown in Fig. 2B (left
axis). Such a measurement has been obtained at a constant pump
power of 1.5 W while varying the seed power between 0.5and 25 nW.

Considering a probe power in the 0.1 to 1 pW range for our
quantum-enhanced EOS, from the recorded NRE, we expect at least
a twofold decrease in the measured THz electric field noise. We note
that the NRF increases at low probe power due to the increasing
contribution of the detector electronic noise to the overall noise.
This is evidenced by observing the ratio between the overall noise
and the electronic noise shown in Fig. 2B (right axis). At low signal
powers, the electronic noise is the dominant component. We also
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Fig. 2. Noise analysis. (A) Spectral noise density of the differential signal recorded by our balanced detector illuminated by two coherent sources of equal amplitude as

a function of the total power impinging on the two photodiodes (input power). The

red line is the expected shot noise. The experimental data match well with the theo-

retical prediction, confirming that the detection is shot-noise limited. The inset shows a far-field image of the radiation generated by parametric down-conversion in the
BBO crystal. The faint ring is the spontaneous PDC (SPDC) radiation while the two spots are the amplified seed (signal) and the idler beams. (B) Left axis: noise reduction
factor (NRF) in the decibel scale for the squeezed source and detector used in our experiment and recorded using the setup shown in Fig. 1 in the absence of the THz
signal. Note that the NRF is computed without subtraction of the electronic noise. The red curve is a fit of the data that serves as a guide for the eye. Right axis: ratio of the

total measured noise to the electronic noise.

Adamou et al., Sci. Adv. 11, eadt2187 (2025) 24 January 2025

30of7

G202 ‘€0 Arenice uo 610°90us 1I0s" MMM/ Sd1Y WoJ) papeouMod



SCIENCE ADVANCES | RESEARCH ARTICLE

note that the NRF slowly increases at high two-mode squeezed
pulse powers due to the limited common mode rejection ability of
the detector.

Sub shot-noise EOS

Using the two-mode squeezed source discussed above, we measured
the THz electric field with our EOS scheme, and we compared the
result with what can be achieved in the same scheme using a stan-
dard classical probe, i.e., a coherent pulse from the laser while main-
taining the same average number of photons per pulse on the
balanced detector. The results are shown in Fig. 3. In Fig. 3A, we
report the result of a time-resolved measurement of the THz electric
field using either the two-mode squeezed beam (red) or the coher-
ent (blue) probe pulse of the same power (~0.6 pW). The noise in
the quantum case is smaller than in the classical one. As both mea-
surements are performed under the same conditions, they are simi-
larly affected by technical noise, thus indicating that an improved
SNR is obtained with the quantum-correlated probe. Furthermore,
we confirmed that the SD of the peak field measurement for the clas-
sical case (o, =~ 3.2 pV) is compatible with the expected shot noise
in the given acquisition conditions (bandwidth of B ~ 0.94 Hz at
2.1kHz modulation frequency; transimpedance gain G =~ 8.4 x 10%hms).
The slight temporal compression visible in the quantum case is a
consequence of the shorter (185 fs) duration of the squeezed puls-
es with respect to the coherent probe (~245 fs), arising from the
temporal compression occurring in the second harmonic genera-
tion process that provides the 515-nm pump pulse of the parametric
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amplification. By acquiring a statistical ensemble of points at each
THz-probe delay, we assessed the signal SD over the whole 4-ps
trace. As shown in Fig. 3B, the noise is uniformly distributed and
does not depend on the delay, evidencing that the probe pulse is re-
sponsible for the primary source of noise in our acquisition condi-
tions. The noise (SD of the signal) averaged of the whole trace is
G, = 0.82 pV for the classical measurement and 6, ~ 0.43 pV using
two-mode squeezed pulses. As predicted by the measured NREF, the
noise is reduced by nearly a factor of 2.

To properly assess the detection SNR (42), we sampled over 60 s
the measured signal at the temporal coordinate of the THz peak,
and we computed its SD, normalizing the peak signal to 1, for both
probe configurations. The results for the classical and quantum
probes are shown in Fig. 3 (C and D, respectively). The average
normalized SDs in the two cases are 6, .~ 0.051 and 6, , ~ 0.025,
respectively, demonstrating that two-mode squeezing enables a
twofold improvement of the SNR [defined as the ratio between
the SD of the measured signal and its average value at the temporal
coordinate of the THz peak field (42)] of the time-resolved elec-
tric field measurement with respect to what is possible with classi-
cal probes.

Spectroscopy

From the recorded average and SD of the THz electric field at differ-
ent THz-probe delays, it is possible to infer the expected noise
reduction in the THz field spectral properties (amplitude and phase)
via a Fourier transform. To this end, we numerically construct a
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Fig. 3. Noise analysis for the THz-TDS measurement. (A) Time-resolved THz electric field amplitude measured with the approach described in the text. The error bars
on both curves (classical in blue and quantum enhanced in red) are obtained from the experimental data calculating the SD of the spectral noise density within a selected
frequency band. (B) Standard deviation of the electric field resolved in time for the classical (blue) and quantum (red) acquisitions. The dashed lines are the averages in
both cases (with values reported in the figure panel). (C) and (D) are the normalized electric field value acquired over 1 min for the classical and quantum measurements,

respectively. Values within 1 SD are shown in both cases with a shaded area.
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series of N = 1000 temporal traces. Each temporal trace, for both
the classical and quantum cases, is constructed by assigning an am-
plitude value to each delay coordinate. This amplitude is randomly
selected from a normal distribution with mean being the average
THz signal at the given delay and SD given by the measured average
SD (which is different between the classical and the quantum mea-
surement). From each temporal trace, a power spectrum and a spec-
tral phase are obtained via Fourier transform (E(Q) =F, [8(17)] ). We
then compute the average and the SD at each frequency point of the
E(Q) trace ensemble. In Fig. 4, we report the average power spectral
density (PSD) S(€2) =|E(Q) | (shaded plots, values on the right
axes) for the quantum (green) and classical (purple) cases. The slight
difference in the power spectrum results from the difference in tem-
poral traces, which, in turn, arises due to the different pulse dura-
tions of the quantum and classical probes. The uncertainty values
on the power spectra values are shown with error bars. To clarify the
quantum enhancement in the spectral domain, we computed the
ratio between the relative errors of the classical measurement and
that performed with the two-mode squeezed field at each fre-
quency point

05.(Q)f5, (@)
%50 (D/5,(@)

where o5, and o are the SDs of the power spectral data at fre-
quency Q for the classical and quantum measurement, respectively,

ns(Q) = (3)

while gc(Q) and Eq(Q) are the average classical and quantum PSD
values at frequency Q. This metric represents the possible increase

in the sensitivity of power spectral measurements and is shown with
the blue crosses (values on the left axis) in Fig. 4. ng > 1 over the
whole spectrum, indicating an improvement in the sensitivity of the
TDS performed with the two-mode squeezed radiation; further-
more, 1| > 2 over a large portion of the spectrum.

A similar metric can be defined for the spectral phase $(Q) =
Arg [E(Q)], such that

5D /p. (@)
gD/,

where the same definitions used above for the PSD are now applied
to the spectral phase ¢. This metric measures the improvement in
the measurement of the spectral phase that a detection system based
on two-mode squeezed pulses could deliver over that performed
with classical light, as shown in Fig. 4 (red crosses, left axis). This
parameter, too, confirms a quantum-enhanced sensitivity in TDS.

Ny(Q) = (4)

DISCUSSION

We have shown that two-mode squeezed light, a robust quantum
metrology resource, can enhance the sensitivity of time-resolved
field measurements, such as those underpinning TDS, providing a
potential route toward sensitivities that are not achievable by classi-
cal means. Increasing the sensitivity of these time-resolved tech-
niques not only will have a direct impact on TDS applications (9),
but will also help shed light on the intriguing nonclassical effects
arising at the subcycle level in nonlinear light-matter interactions

55 T T T T

5.0

4.5

»
o

w
n

N
n

Sensitivity improvement (n)
w
o

g
=1

‘IO 1 1 1 1 1

(pazijewiou) wniads JI9MOod

0.8 1.0

0.0

1.2 14 1.6 1.8
Frequency (THz)

Fig. 4. Spectral analysis. Normalized power spectral density (PSD, solid colors, right axis) for the classical (light green) and quantum (light purple) measurements, com-
puted as explained in the text. Note the smaller error bars in the quantum case. The red and blue crosses show the values of the sensitivity improvement in the estimation
of the spectral phase and power spectral density, respectively (left axis, see the main text for details). The solid blue and red curves are interpolants that serve as a guide

for the eye.

Adamou et al., Sci. Adv. 11, eadt2187 (2025) 24 January 2025

50f7

G202 ‘€0 Arenice uo 610°90us 1I0s" MMM/ Sd1Y WoJ) papeouMod



SCIENCE ADVANCES | RESEARCH ARTICLE

(26, 43-45). As a first demonstration of the concept, the results show
potential for substantial improvement. Reduction of optical losses
and improvement in detector quantum efficiency are technological
challenges to be addressed, rather than fundamental physical limits.
The use of squeezed light is more generally applicable, and the use of
other measurement techniques (26, 46) in combination with
more complex nonclassical optical methodologies such as quantum-
enhanced nonlinear interferometers is expected to yield even greater
improvements (47-49). Nonetheless, we believe that having demon-
strated a quantum advantage with probe power levels comparable to
those routinely used in field-resolved spectroscopy will stimulate
further development along this path toward quantum-enhanced
field-resolved spectroscopy.

MATERIALS AND METHODS

Electro-optical sampling

The THz field is generated by OR of a 4.45-W, 245-fs-duration, p-
polarized pump in a 1-mm-long, antireflection coated, (110)-cut
GabP, oriented with the [001] crystallographic axis rotated at an angle
0, ~ — 45°with respect to the 2’ direction in the lab reference frame.
This geometry generates an almost optimal THz signal (=97 % of the
maximum amplitude) polarized at ~108° with respect to z’ [see
(50)]. To optimize the interaction, the THz radiation is initially sam-
pled with a classical EOS based on a 300-pm-long, (110)-cut GaP
crystal, with the [001] axis rotated at an angle of ~39° with respect to
the lab frame. The EOS is performed by blocking the idler in the
setup shown in Fig. 1 (hence, using only the signal field) and using a
QWP after the crystal and before the polarizer (instead of the
HWP—shown in the figure). This resulted in an unbalanced signal
from the photodiodes proportional to the THz electric field for
probe (i.e., the signal) pulses polarized at 45° in the lab frame. This
geometry provides near-optimal sensitivity, see e.g., (51). Once the
spatiotemporal overlap between the THz and the signal pulse had
been optimized, the idler path was opened and the QWP was re-
placed by an HWP. The idler pulses are several picoseconds delayed
from the signal pulses so that they do not interact with the THz field
and work as a reference. Note that the idler polarization is rotated by
90° with an HWP in its path and is, therefore, orthogonal to that of
the signal. The detection HWP is tuned in such a way that signal and
idler are almost perfectly separated by the Wollaston polarizer, and
they produce a sub shot-noise differential signal on the balanced
detector. A small, uncompensated component of the idler is pro-
jected to the signal path (and vice versa), which allows our detection
scheme to be phase sensitive. Once the THz signal is allowed to in-
teract with the signal in the GaP crystal, it slightly rotates the polar-
ization of the latter, which is then measured by the balanced detector.
Note that the bias differential signal due to the small HWP detuning
from the 6 = 22.5° angle is removed by the phase-locked detection
scheme, which only extracts rotation components that are produced
by the THz electric field.

Sub shot-noise balanced detector

A low-noise balanced detector was designed and built based on a
two-stage transimpedance amplifier. The first stage has a 10°-ohm
transimpedance gain and employs the OPA827, high-precision,
JEET-Input operational amplifier. A second stage, consisting of
an OPA277, is a voltage buffer providing isolation between the cir-
cuit and the load impedance. InGaAs photodiodes (750 pm) were

Adamou et al., Sci. Adv. 11, eadt2187 (2025) 24 January 2025

packaged by Bay Photonics (UK) in a TO-46 package, which in-
cludes three-stage thermoelectric cooling. As a result, the photodi-
odes could be cooled down to —50°C. By reverse biasing the
devices, we were able to achieve a 50-fA Hz ™"/ input current noise
within the measurement bandwidth and an external quantum effi-

ciency of >94% (1030 nm).

Two-mode squeezed light source

A 2-mm-long BBO crystal cut for type I parametric amplification
(8, = 23.4)was chosen for the generation of the two-mode squeezed
field. The length was limited by the splitting length between the
515-nm (185-fs) pump and the 1030-nm (245-fs) seed due to their
different group velocities in the crystal. The parametric gain was
adjusted to approximately 13.5 by pumping the crystal with 15-p]J
pulses. This was determined to be the optimal operating point, strik-
ing a balance between achieving high gain for improved common-mode
rejection ratio (CMRR) and mitigating the detectors’ limitations in
effectively subtracting the spontaneous signal at high gain levels
(52). To ensure lossless spatial separation of the signal and idler
fields and to geometrically remove the optical pump, the interaction
was noncollinear. A small angle of 2° between the pump and the
seed directions was chosen to allow for pump-seed temporal over-
lap. To guarantee spatial overlap between the two input beams all
along the crystal, the pump had a large diameter of ~1 mm (1/e%)
while that of the seed was ~300 pm. The noncollinear angle was set
in the plane orthogonal to the BBO optical axis to limit the spatial
walk-off impact on the amplification process. Once the signal and
idler (p-polarized) were generated, the idler was rotated by 90°. This
enabled the spatial combination of the twin beams via a thin-film
PBS, as shown in Fig. 1. As a result, both fields traverse the same
media at identical locations, experiencing equivalent losses. To
ascertain that the sub shot-noise differential signal measured by
the balanced detector was indeed due to a nonclassical correlation,
rather than an artifact of the measurement, we verified that the
differential signal noise increases to the shot-noise level when mixing
the signal and idler fields before splitting. To this end, the coprop-
agating, cross-polarized signal and idler polarization were mixed
by an antireflection-coated HWP placed before the Wollaston
prism. By rotating the HWP, it was found that the NRF degraded,
consistent with theoretical predictions.
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