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Squeezed vacuum states enable optical measurements below the quantum limit and hence are a valuable resource for

applications in quantum metrology and also quantum communication. However, most available sources require high
pump powers in the milliwatt range and large setups that hinder real-world applications. Furthermore, degenerate
operation of such systems presents a challenge. Here, we use a compact crystalline whispering gallery mode resonator
made of lithium niobate as a degenerate parametric oscillator. We demonstrate about 1.4 dB noise reduction below the
shot-noise level for only 300 pW of pump power in degenerate single-mode operation. Furthermore, we report a
record pump threshold as low as 1.35 pW. Our results show that the whispering gallery-based approach presents

a promising platform for a compact and efficient source for nonclassical light.
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1. INTRODUCTION

Since the first experimental realizations of squeezed light in the
1980s [1], there has been much research on different quantum
systems in order to maximize the amount of available squeezing
[2]. So far, the cavity-assisted generation of squeezed light based
on parametric downconversion (PDC) called an optical paramet-
ric oscillator (OPO) [3] was shown to be the most efficient. The
approach with monolithic PPKTP cavities delivered steady im-
provements in terms of squeezing [4], stabilization [5], and pump
power [6], culminating in the highest squeezing levels up to 15 dB
[7]. The wide field of applications for squeezed light ranges from
quantum communication schemes [8] and quantum imaging [9]
to quantum-enhanced metrology. The most prominent example
for the latter is interferometric applications [10] as used in gravi-
tational wave detectors like GEO 600 [11]. More recently, the
continuous variable (CV) quantum computing application [12]
raised a demand for a compact and low-power source for squeezed
states of light in order to facilitate the needed scalability.

First on-chip results were achieved with y® nonlinear silicon
nitride microring resonators that were used for generating two-mode
squeezing above the threshold [13,14] and recently for two-mode
vacuum squeezing below the OPO threshold [15]. But driving the
underlying process of four-wave mixing degenerately [16] in order
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to get genuinely single-mode squeezed vacuum states of light in
degenerate operation has remained a challenge.

In this work, we meet the challenge of generating genuinely
single-mode squeezed vacuum states of light in a crystalline whis-
pering gallery mode resonator (WGMR), which generally is a more
efficient source due to the ¥ nonlinear interaction. WGMRs pro-
vide an efficient and compact platform for nonlinear and quantum
optics [17]. In particular, we have shown that WGMRs can be used
for the generation of quantum-correlated signal and idler beams
[18], which exhibit individual intensity squeezing and tunable her-
alded single photons [19]. The WGMRs’ high Q factors yield very
low parametric oscillation thresholds of a few microwatts [20] and
provide high tunability over the whole transparency window from
the UV up to the telecom regime [21]. However, operation in
strictly degenerate mode is challenging, as phase-matching condi-
tions put stringent requirements on the stability of the setup and
thermorefractive noise [22,23] might impede vacuum squeezing.

Here, we show the operation of a ® nonlinear WGMR as a
degenerate doubly resonant OPO below threshold. Our experi-
ment showed about 1.4 dB of vacuum squeezing at a sideband
frequency of 500 kHz requiring only 300 pW of incident pump
power at 532 nm. The current system provides two adjustable
coupling ports for in- and outcoupling, which allows for active
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tuning of the parametric oscillation threshold and for using an
additional alignment beam for the detection setup. The experi-
mental approach consists of two steps. We first determine the
parametric oscillation threshold of the OPO, and then we pump
the system above and below the threshold. In general, the OPO
has to be operated below the threshold for generating squeezed
vacuum states of light. Our tunable low threshold enables us
to investigate the above threshold regime as well.

2. THEORETICAL MODEL

The system is theoretically modeled as a parametric oscillator
within the input output formalism with two coupling ports that
have independent coupling rates y; and y, (see Fig. 1) at the sub-
harmonic frequency, as discussed in [24]. The pump is treated
classically without depletion, which is appropriate below the
OPO threshold. The system is pumped through the first port.
The noise variance of the squeezed (antisqueezed) quadrature
X jq/asq at sideband frequency f is measured after the second port
with homodyne detection and can be calculated as [25]

Var(Xog [ = 1 F 42 22 Vg 1)
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with G being the cooperativity, n being the detection efficiency,
V? being the homodyne efficiency describing the spatial mode
overlap between signal and local oscillator, and
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being the total loss rate. The intrinsic loss of the resonator is
described by the rate y;,,. The cooperativity
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with g being the nonlinear coupling constant and 7, being the

number of pump photons, is the ratio of nonlinear conversion
and total loss.

A unity cooperativity G = 1 marks the OPO threshold where
the nonlinear conversion matches the loss. Being pumped through
the first port, the threshold power of the system is given by
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The index p indicates pump-related parameters.

Above the threshold, a bright signal field is generated accord-
ing to [21]
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for zero pump detuning from resonance and zero phase-matching
detuning. This functional relation is later used to determine the
OPO threshold in the experiment.

As a function of cooperativity, the squeezed quadrature vari-
ance reaches its minimum when

G=1+4+Qzaf/T)?*> 1 (6)

This means that maximum squeezing is possibly reached above
the threshold, given the assumption of a pump without depletion.
Usually, the sideband frequency is chosen to be much lower than
the resonator linewidth, f* <« T, in which case the best squeezing
is achieved just above G = 1. Then, for unity detector efficiency
and perfect overlap with the local oscillator, 7V* =1, the
squeezed quadrature becomes Var(X,q) = 1 -y, /I". If the cou-
pling rates are equal, y; = y,, the attainable squeezing level is
limited to 3 dB. To attain a stronger squeezing, the first coupler
should be undercoupled and the second strongly overcoupled.
Then y, >y, + ¥ino and the squeezed variance becomes

(1 + Vi) /72-

3. EXPERIMENTAL SETUP

We use a WGMR with a major radius R & 2.48 mm and a minor
radius 7 & 0.49 mm made of 5 mol. % MgO-doped z-cut lith-
ium niobate (LiINbOj3). Our resonator is fabricated with a single-
point diamond turning machine and afterwards polished in order
to provide the required surface grade. We pump the system with a
532 nm Nd:YAG laser (Innolight, Prometheus) and deploy its
fundamental wavelength at 1064 nm as an alignment beam,
which is used for aligning the vacuum mode to the local oscillator
and for exact tuning to the degenerate point of operation. Type I
phase matching, which is thoroughly explained for such resona-
tors in [21], requires an ordinarily polarized alignment beam and
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==HWP
Squeezed
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analyzer

Detection unit
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Fig. 1. Experimental setup. Squeezed vacuum states of light are generated via degenerate parametric downconversion of a 532 nm pump inside a crystalline
WGMR. The prism couplers 1 and 2 have independent coupling rates y; and y, at the subharmonic frequency, respectively. The lock is based on the
Hiinsch—Couillaud scheme and is applicable to both the pump beam and the alignment beam. The homodyne detection is implemented with two polarizing
beam splitters. The dashed box indicates a flip mirror for optionally detecting the intracavity pump power. BS, beam splitter; DM, dichroic mirror; EOM,
electro-optic modulator; HWP, half-wave plate; PBS, polarizing beam splitter; PID, proportional-integral-derivative controller; QWP, quarter-wave plate;

SHG, second harmonic generation.
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an extraordinarily polarized pump beam. This setting results in a
phase-matching temperature around 109°C for degenerate PDC,
which is coarse-controlled with a Peltier heater. A fine control of
the resonator temperature is achieved by optically heating the res-
onator, as explained below.

As shown in Fig. 1, we use a configuration with two coated
diamond prism couplers for coupling evanescently to the resonator.
Both prisms are mounted on piezo actuators with nanometer pre-
cision, which allows for continuous and independent adjustment of
the coupling rates y; and y,. The pump and alignment beams are
coupled to the resonator through the first port. The second coupler
allows us to directly monitor the intracavity pump power. It is also
used to couple out the generated infrared light from the resonator
without having the uncoupled residuals of the input beams. We
can hereby check the spatial mode profile to ensure the fundamen-
tal mode operation [26], which yields the highest overlap between
the pump and parametric WGMs [27] and, consequently, the best
nonlinear interaction strength. Besides that, the alignment beam
greatly simplifies alignment of the local oscillator, allowing us to
measure and optimize the homodyne efficiency V2. For this
measurement, we balance the local oscillator power and the align-
ment beam power emitted from the second coupler, modulate
the local oscillator phase, and measure the visibility V' of the ob-
served interference fringes. Using this technique, we measured V
up to 92%.

However, the parametric light is coupled more strongly by the
first coupler than the pump beam because the evanescent field
decays exponentially with the wavelength outside the resonator.
This introduces an inevitable loss to the squeezed vacuum state
and sets a limit for minimizing y; because the pump beam needs
to be coupled through the same port, which could be countered
by using selective coupling [28].

We used the beams reflected from the first prism coupler to
monitor the coupling of the pump and alignment beams to their
respective WGMs and to implement a Hinsch—Couillaud locking
scheme [29] for each beam. We critically coupled the pump beam
and measured the coupling efficiency, which is mainly influenced
by the spatial mode overlap of the incident pump beam and the
whispering gallery mode emitted from the resonator through the
coupler. For an optimized beam and resonator, the coupling ef-
ficiency can exceed 99% [30]. In this experiment, we measured
75%. In the following, we will multiply the incident pump power
by this coefficient, referring to it as the incoupled pump power.

The locking scheme allowed us to lock the resonator either to the
infrared mode for alignment, or to the pump mode for generating
squeezed vacuum states of light. The error signal was processed and
fed to a 462 nm laser diode, which is mounted above the resonator
and heated the WGMR by illuminaton with several milliwatts of
power. In this way, the resonator was locked to the free-running
pump laser, which hence determined the system stability. By
frequency-tuning the pump laser, we were thus able to change
the temperature of the resonator and to fine-tune it to exactly de-
generate operation, where both the pump and the alignment mode
are simultaneously on-resonance. The speed of the lock was limited
by the intrinsic cooling rate of the resonator-coupler system.

In order to investigate the classical OPO behavior, we installed
an electro-optic modulator for the pump beam, with which we
swept the pump power faster than the locking cutoff frequency.
We adjusted the modulator such that the pump power sweep
spanned the threshold regime below and above.

The measurement port was used for coupling out parametric
light and for determining the degenerate OPO threshold. The
degenerate OPO threshold is lower than the thresholds of nonde-
generate channels because the degenerate WGMSs overlap is the
largest. Therefore, exciting the degenerate OPO above the thresh-
old should normally prevent other channels from being similarly
excited due to pump power clamping [31,32]. However, nonde-
generate PDC channels may be excited when the pump is detuned
from the WGM by several kilohertz [26] and can therefore be
active due to the limited precision of the lock.

In order to distinguish the degenerate conversion channel from
other excited channels, we swept the pump power, as explained
before, and monitored an interference signal between the gener-
ated parametric light and the local oscillator in the detection unit.
The local oscillator, which was derived from the fundamental of
the pump laser, is naturally exactly degenerate. The interference
signal was only observable when the frequency of the parametric
light exactly matched the frequency of the local oscillator. The
interference hereby tagged the degenerate conversion channel.
For the lowest observed threshold signature, we fixed the pump
detuning and the phase-matching detuning to zero and, by fitting
Eq. (5) to the parametric signal, we determined the threshold
value of the degenerate conversion channel.

To analyze the quadrature squeezing below the threshold, we
used balanced homodyne detection implemented with two polar-
izing beam splitters and half-wave plates. The phase of the local
oscillator was modulated with a piezo-mounted mirror. We moni-
tored the interference signal with a direct difference photodetector
on an electronic spectrum analyzer at an RF sideband frequency
of 500 kHz with 100 kHz resolution bandwidth, 30 Hz video
bandwidth, and a sweep time of 0.5 s. The detection efficiency
of n = 86% accrued from 97% quantum efficiency of the photo-
diodes and 89% beam path transmission.

4. EXPERIMENTAL RESULTS

A. Classical OPO Behavior and Threshold
Determination

We extracted the classical OPO behavior by sweeping the pump
power and detecting the parametric light after the first port and the
intracavity pump power after the second port. As expected from the
theory [33], we observed that the intracavity pump power first
grows linearly with the incoupled pump power and then stays con-
stant as soon as the OPO threshold is reached and bright paramet-
ric light is generated, which is shown in Fig. 2(a).

We then determined the parametric oscillation threshold of
the degenerate PDC channel, which depends on y;, according
to Eq. (4). The result of such a measurement using the experi-
mental technique explained in the previous section is shown in
Fig. 2(b) and yielded a degenerate OPO threshold of 1.35 pW.
This measurement technique worked up to the point when
2I' & 27 x 2.2 MHz. For higher coupling rates, other nondegen-
erate PDC channels might have become more efficient, resulting
in a lower respective threshold. Such a channel consequently
causes pump clamping [31,32] by going above the threshold
before the degenerate PDC channel. As a result, the degenerate
channel can never reach its threshold. This affected our ability to
perform the near-threshold measurements in a strongly over-
coupled resonator (see Section 2), hence limiting the maximum
squeezing we could observe for this experiment.
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Fig. 2. (a) Classical OPO behavior. Above the threshold, the intracav-

ity pump power stays constant alongside increasing parametric power.
(b) Threshold of the OPO. Parametric light output in reflection of
the first prism coupler versus pump power showing the square root
behavior and the oscillation threshold described by Eq. (5). The fit
yielded a threshold of 1.35 pW.
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Fig. 3. Noise variance of the subharmonic field. Averaging the dis-
played extrema yields a squeezed noise variance of -1.4 dB and an anti-
squeezed noise variance of 2.1 dB relative to shot noise for 300 pW of
incident pump power at a sideband frequency of 500 kHz. The inset
shows an attenuation measurement of a squeezed state verifying the linear
regime of the detector.

From several threshold measurements, we calculated the non-
linear coupling constant g to be 27 x (2.1 & 0.2)kHz, which is an
important figure of merit for quantum-optical applications of
resonator-assisted PDC. Furthermore, we can use ¢ to calculate
the expected OPO threshold for coupling conditions when the

previously described measurement scheme breaks down.

B. Squeezing Generation

In order to generate squeezing, the pump beam was frequency-
locked to continuously excite the degenerate channel and the
alignment beam was blocked. First, we calibrated the shot-noise
reference level by measuring the quadrature noise of the local
oscillator without interfering it with the signal field. Then, we
introduced the signal field and detuned the pump, with linewidth
precision, around the degenerate phase-matching point by chang-
ing the laser frequency and, consequently, the temperature of the
locked resonator. In postprocessing, we selected the traces exhib-
iting the highest noise reduction, which corresponded to a setting
of zero detuning from the degenerate phase matching.

Far above the threshold, a bright signal field is generated that
affects the shot-noise reference level, but this situation can be iden-
tified during postprocessing, as the minima of the noise traces are
shifted above the shot-noise level. Above but close to the threshold,
the generated signal field is not bright enough to affect the reference
level. Figure 3 shows a typical squeezing signature of such a mea-
surement with a squeezed noise variance of -1.4 + 0.1 dB and an
antisqueezed noise variance of 2.1 &£ 0.1 dB for 300 pW of inci-
dent pump power at an RF sideband frequency of 500 kHz. We
estimated the OPO threshold with the given coupling rates and the
coupling constant g to be approximately 220 pW with respect to
300 pW of incident pump power. However, the expected signal
power of about 1.5 pW was 3 orders of magnitude smaller than
the local oscillator and, consequently, negligible.

We verified the linear regime of the detector by attenuating the
signal beam with neutral density filters and observing the linear
decrease of both squeezing, which is shown in the inset of Fig. 3,
and antisqueezing.

To test the theoretical model (1), we needed to be able to mea-
sure and to reach the threshold power, and also to have control of

the individual coupling rates y; and y,. We conducted another
measurement and changed the system such that it was operated in
the slightly undercoupled regime with 2I" = 27 x 2.18 MHz,
where the parametric oscillation threshold was still measurable,
and squeezing was measured at a sideband frequency of 2 MHz.

For these parameters, the no-depletion model predicts the
strongest squeezing at G & 4, or at P & 4Py, which is consistent
with our result, shown in Fig. 4. At the same time, we need to
keep in mind that this model is inaccurate, as it disregards the
pump clamping at the OPO threshold, clearly visible in
Fig. 2(a). To emphasize this limitation, we plot the theoretical
curve above the threshold as a dashed line. It is interesting that
even though incomplete, this model is still consistent with the
above-threshold measurements in Fig. 4. Below the measured
threshold, the generated states were purely squeezed vacuum
states without any bright signal power present. For the given mea-
surement, we can theoretically expect a maximum amount of
-3 dB of squeezing at threshold and at a sideband frequency
of 2 MHz. For this estimate, we assumed a maximum coupling
rate 2y, & 27 x 7.6 MHz, which was separately verified as the
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Fig. 4. Comparison of measured squeezing values with the theoretical
model for below-threshold operation. The system was operated in the
slightly undercoupled regime with 2I" = 27 x 2.18 MHz. Though the
theoretical model is incomplete close to and above the threshold, the model
is consistent with the measurement.
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maximum possible coupling rate for this particular experimental
setup, and kept all other parameters of the theoretical curve of
Fig. 4 such as V and y;, for example. As earlier mentioned in
this section, we were limited by pump clamping and were con-
sequently not able to experimentally access this coupling regime.

Besides the quadrature variance, an important parameter char-
acterizing squeezed states is the purity, defined for Gaussian states
as [Var(X,)Var(X )] > [34]. Equation (1) implies that high
purity can only be obtained when the second coupler dominates,
ie., 7, ®I', which is also a condition required for generating
maximum squeezing, as mentioned in the theoretical section.
Purity is essentially the inverse of the area occupied by the quan-
tum state in phase space. This area is minimal for pure states and
is larger for mixed states. Therefore, achieving high purity is cru-
cial in quantum communication and information applications of
squeezed states, where decoherence and contamination with noise
is highly detrimental. The squeezed vacuum states of light gen-
erated by our system featured a high purity, ranging from 97% to
99%. Perfect purity within the measurement error bars was dem-
onstrated in a highly optimized monolithic cavity OPO [35] for
pump powers orders of magnitude higher than reported here but
still far below the respective OPO threshold. We achieved com-
parably high purity below, at, and above the threshold, as shown
in Fig. 4.

5. CONCLUSION AND OUTLOOK

In this paper, we demonstrated the generation of squeezed vac-
uum states of light in a crystalline WGMR. We showed that this
type of resonator can be used as a compact and power-efficient
source, as we generated -1.4 dB of squeezing at only 300 p\W of
incident pump power. Our second-order nonlinear platform
hereby offers a 2 orders of magnitude lower pump power than
the recent third-order nonlinear on-chip approach [15].
Furthermore, we achieved genuinely single-mode vacuum squeez-
ing in degenerate operation, which is available in the low mega-
hertz regime. Compared to other highly engineered second-order
nonlinear platforms, such as the monolithic PPKTP cavity ap-
proach [4-6], our WGM-based approach does not produce a
comparable amount of squeezing. However, we did not pursue
competing with these highly optimized setups in terms of the
mere amount of squeezing. Instead, we tried to build a compact
and low-power squeezer that additionally has the known advan-
tages of a crystalline WGMR, such as a tunable bandwidth within
a regime compatible with atomic transitions and an extreme low
pump power threshold.

We identified the technical constraints of our demonstration
system that limited the observed squeezing and can mitigate them
in future setups. The two key parameters are a high outcoupling
rate, 75, and a low incoupling rate, y,, which can be considered as
loss for squeezing through the first coupler. We can increase y, by
using a WGMR with a smaller major radius R and larger » [36],
which facilitates higher overcoupling. The coupling at the
first prism coupler can be drastically reduced by introducing
polarization-selective coupling [28]. Replacing the first diamond
prism with a prism made of lithium niobate would prevent the
outcoupling of the TM-polarized squeezed vacuum mode and
consequently cancel y;. Such a technique has already been used
together with a monolithic square resonator for generating
squeezed vacuum states of light [37], but for pump powers 2
orders of magnitude higher. Finally, the competing nondegenerate

modes can be eliminated by employing a single-mode WGMR,
which is also a proven technology [38].

We want to note that our system is a promising platform to
study the squeezing process close to and above the threshold.
Furthermore, we can scrutinize the interaction with adjacent
PDC conversion channels leading to pump clamping.

In summary, this work illustrates that crystalline WGMRs
constitute a compact, low-power source of squeezed vacuum
states of light. Recent substantial progress in fabricating mono-
lithic integrated lithium niobate microring resonators [39] makes
the WGM-based platform a potential candidate for industrialized
applications, as discussed in the introduction. Besides that, our
system offers the possibility of combining the fields of optome-
chanics and nonlinear optics in just one monolithic device [40],
as high-Q crystalline microresonators have already been shown to
provide optomechanical coupling [41].
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