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Abstract
The engineering of strongly squeezed vacuum states of light is a key technology
for the reduction of quantum noise in gravitational wave detectors. We report
on the observation of up to 12.0 dB squeezed vacuum states of light at the
wavelength of 1064 nm in the frequency band from 10 Hz to 100kHz. This
is the strongest squeezing reported to date within this detection band. The
squeezed states were generated in a half-monolithic, standing-wave cavity
optical parametric amplifier, which was resonant for the fundamental and
harmonic light fields. We chose appropriate reflectivities to obtain a significant
reduction of the required pump power, which was 8.6 mW only. Our analysis
revealed that the residual measurement phase noise was smaller than 3.5 mrad
rms and that the squeezed light source provided up to 14 dB of squeezing
for a downstream application. The experiment was electronically stabilized in
all relevant degrees of freedom, demonstrating the applicability of the linear,
doubly resonant cavity topology for current and future gravitational wave
detectors.
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1. Introduction

The potential of using squeezed states of light [1-4] to enhance measurement processes
beyond their classical limit has been demonstrated, for example, in spectroscopy experiments
[5], laser-based particle tracking of living cells [6], to generate entangled quantum states for
quantum-dense metrology [7] or to establish universally secure quantum key distribution [8].
The most prominent application of squeezed states of light so far is to increase the sensitivity of
gravitational wave detectors, as proposed in [9] and demonstrated in GEO 600 [10] and LIGO
[11]. The long term operation of a squeezing enhanced interferometer configuration has been
demonstrated at GEO 600, where squeezed states have been injected continuously since 2010
[12, 13]. Both the LIGO detectors and the Virgo detector are currently working on the integra-
tion of the squeezed light technique aiming for routine operation in the upcoming observation
periods. Furthermore, squeezing enhancement has become an integral part of the conceptual
layout of planned third-generation detectors, such as the European Einstein Telescope [14]
and the US-American Cosmic Explorer [15]. For these future generation instruments the aim
is to apply squeezed states of light and achieve a level of 10 dB non-classical noise reduction
to reach their envisaged sensitivities. A prerequisite for such a sensitivity enhancement is a
squeezed light source that provides strongly squeezed vacuum states of light at the expected
gravitational wave signal frequencies ranging from 10 Hz to 10kHz.

Todays most efficient squeezed light sources typically employ cavity-enhanced parametric
down-conversion, also called optical parametric amplification, where the interaction between
the fundamental and second harmonic fields via a x®-process inside a non-linear crystal
produces non-classical photon-pair correlations that yield a reduced noise variance in a cer-
tain field quadrature. Cavity enhanced squeezed light generation can be realized with differ-
ent optical topologies. At audio-band Fourier frequencies 9 dB squeezing was measured in a
single resonant linear cavity design [16] and 11.6 dB was demonstrated in a doubly resonant
bow-tie configuration [17]. The strongest squeezing demonstrated to date is a squeeze factor
of 15 dB below the classical shot-noise limit at the wavelength of 1064 nm, but only measured
at MHz frequencies [18]. The topology used therein, was a linear standing-wave, doubly-
resonant cavity around a crystal made from periodically poled potassium titanyl phosphate
(PPKTP). Up to 13 dB of non-classical noise suppression was measured at a wavelength of
1550nm [19] in a similar cavity design, but again only at MHz frequencies.

Here we report on the first direct observation of a squeezed vacuum field with a noise reduc-
tion of up to 12 dB at Fourier frequencies between 10 Hz and 100kHz. This was achieved
by highly efficient squeezed light generation in a linear, doubly-resonant optical paramet-
ric amplifier at a wavelength of 1064 nm. A balanced homodyne detector was used to verify
the squeezing spectra in the detection band of earthbound gravitational wave detectors. By
the implementation of a coherent control scheme [20] we stabilized our setup in all relevant
degrees of freedom for the generation and detection of the squeezed vacuum states, thereby
demonstrating the applicability of the linear, doubly resonant cavity topology for current and
future gravitational wave detectors. The required pump power to obtain the maximum squeez-
ing level was just 8.6 mW which is a magnitude less compared to existing doubly resonant
cavity designs for audio-band squeezing [17]. Low pump powers can be beneficial to mitigate
aging processes related to green light exposed optical components and ease a fiber-guided
pump field transfer without degradation in the maximum detectable squeezing level. Our anal-
ysis revealed that the measured squeezing level corresponds to an equivalent squeezing factor
of up to 14 dB available for the injection into a gravitational wave detector with only 3.5 mrad
rms of phase noise attributed to the squeezed light source operated in air.
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2. Experimental setup

The schematic of the setup is illustrated in figure 1. As laser sources we employed two single-
frequency continuous-wave NPRO lasers operated at a wavelength of 1064nm. Laser 1 had
an output power of 1 W. Laser 2 had an output power of 0.5W and was phase locked with an
offset-frequency of 7 MHz with respect to Laser 1 by a phase-locking loop (PLL). The required
error signal was obtained by detecting the beat signal between two 1% laser beam pick-offs on
PDpr . The PLL feedback was applied to Laser 2, actuating on the laser crystal temperature
and piezo actuator with a bandwidth of 50kHz. 1 mW of Laser 1 light was transmitted through
a mode-cleaner ring cavity (MC1064) that provided spatio-temporal filtering of the beam to be
used as the local oscillator (LO) for balanced homodyne detection (BHD). The remaining light
was sent into a second-harmonic generator (SHG) to provide the 532 nm pump field needed to
drive the optical parametric amplifier (OPA). A phase modulation was imprinted on the light
from Laser 1 by an electro-optical modulator (EOM) operating at a frequency of 119 MHz.
This phase modulation was used to derive length control signals for MC1064, SHG and also
OPA. The SHG was a quasi-phase matched, single-ended standing wave cavity containing a
5mm long non-linear crystal made from PPKTP. The cavity was defined by the curved crystal
rear side and a piezo-driven coupling mirror with a power reflectivity of approximately 90% for
the fundamental and an anti-reflection (AR) coating for the second-harmonic field. The rear-
side of the crystal was highly reflective (HR) for both wavelengths and the flat front-side had
a double AR coating. The generated second harmonic field was transmitted through a Faraday
isolator to protect the SHG from back reflections. An electronically controlled, compact Mach—
Zehnder interferometer was inserted in the green path for pump power stabilization and power
control for adjustment of the parametric amplification factor inside the OPA.

Similar to the frequency doubling cavity, the OPA consisted of a piezo-actuated coupling
mirror and a PPKTP crystal. The crystal was of dimensions 9.3 mm x 2mm X 1 mm. The rear-
face had a radius of curvature of 12mm and was HR coated for 1064 nm and 532 nm, thus
serving as the cavity end mirror. The PPKTP front side was AR coated for both wavelengths.
We realized a doubly resonant OPA by choosing a coupling mirror with power reflectivities of
approximately 88% at 1064 nm and 97.5% for the second harmonic field at 532 nm. The cavity
round-trip length was approximately 74 mm, resulting in a free spectral range of about 4 GHz,
a finesse of 243 at 532 nm (linewidth = 16 MHz) and a finesse of 47 at 1064 nm (linewidth =
86 MHz). The PPKTP crystal was carefully temperature stabilized to mK precision to ensure
phase matching and co-resonance of both wavelength at the same time. The cavity length was
held on resonance for the fundamental and pump laser fields via a Pound-Drever—Hall locking
scheme. To generate the control signal 50% of the green pump field reflected off the OPA was
detected with a photo detector (PDopa ) via a beam splitter as shown in figure 1.

The frequency shifted Laser 2 served as the coherent control field for the squeezed vacuum
states [20]. This field was mode matched to the fundamental mode of the OPA through its HR
backside. Due to its interaction with the green pump field inside the OPA, the demodulation of
the infrared coherent control field at 14 MHz (twice the offset frequency of 7 MHz) on PDccor
in reflection yields an error signal for controlling the phase of the pump beam. The noise
properties of the generated squeezed vacuum states were measured with a balanced homodyne
detector (BHD). To this end the squeezed field (SQZ in figure 1) was carefully overlapped on a
50:50 beam splitter with a bright local oscillator beam (LO) with 1 mW intensity. Each output
field was detected on a high-quantum efficiency InGaAs p-i-n photodiode with a diameter of
500 pm. The resulting photocurrents were subtracted from each other, amplified and then fed
into a spectrum analyzer (model SR785). The dim coherent control field which was transmit-
ted through the OPA cavity (about 1 £W) and co-propagated with the squeezed field was used

3
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Figure 1. Schematic of the experiment. Generation and coherent control of squeezed
vacuum states of light at a wavelength of 1064 nm was realized utilizing two independent
but frequency offset locked laser sources. Laser 1 provided the main carrier frequency
for homodyne detection and frequency doubling in a second harmonic generator (SHG),
which in return provided the pump field at a wavelength of 532nm required for the
generation of squeezed vacuum states in an optical parametric amplifier (OPA) operated
below threshold. The green pump power was power stabilized by a Mach—Zehnder
interferometer. The squeezed vacuum states were separated from the OPA by a dichroic
beamsplitter (DBS) and were subsequently characterized by means of a balanced
homodyne detector (BHD). The phase of the green pump as well as the phase between
the squeezed field and the LO were stabilized by the implementation of a coherent
control scheme based on the 7 MHz frequency shifted Laser 2 output field. A Faraday
isolator was installed in the squeezing path to protect the OPA from backscattered light.

to sense the squeezing angle at the homodyne detector. The demodulation of the detected
7 MHz beat signal and feedback to a piezo-actuated steering mirror allowed stabilization of
the homodyne readout quadrature, i.e. the phase between the LO and the squeezed field. A
Faraday isolator was incorporated between the squeezing resonator and homodyne detector to
protect the OPA from back-reflected light which is known to introduce excess noise at audio-
band Fourier frequencies due to parasitic interferences [21-23].

3. Results and discussion

Figure 2 shows various noise power spectra at Fourier frequencies between 10 Hz and 100kHz
as measured by the balanced homodyne detector. Trace (a) corresponds to the homodyne
detector measurement of vacuum noise. This is the noise as measured with a 1 mW local
oscillator beam and a blocked signal input port. It serves as the reference shot noise level and
was carefully checked to be quantum noise limited and constant over time. All other traces
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are normalized accordingly and are plotted in reference to this noise level. By injecting the
generated non-classical states into the homodyne detector signal input port the output noise
level changes according to the quantum noise variances of the squeezed or anti-squeezed
states. For every squeezing and anti-squeezing trace shown in figure 2 the demodulation phase
of the squeezing phase control loop was optimized to ensure measurement of the maximum
(anti-squeezing) or minimum (squeezing) quantum noise level, respectively. A pair of traces
was recorded for three different values of injected pump field power P, at 532nm. With
P, = 2.8 mW a squeeze factor of 7.0 dB below and an anti-squeeze factor of 8.0 dB above
the shot noise were observed, as shown in trace (b~) and trace (b™), respectively. By the injec-
tion of just 6.2 mW of pump power up to 10.5 dB squeezing was measurable, see trace (¢™),
with the corresponding anti-squeezing level of 14.2 dB above shot noise in trace (ct). The
maximum squeezing level, trace (d7), was 12 dB obtained by injecting 8.6 mW pump power
into the OPA. This is the strongest quantum noise reduction measured so far at these Fourier
frequencies. The corresponding anti-squeezing level is shown in trace (d~) and was measured
to be 19.6 dB above the shot-noise reference. Higher levels of pump power only increased the
anti-squeezing. The electronic dark noise of the homodyne detector is plotted as trace (e). It
was more than 22 dB below the shot noise level at most frequencies and was not subtracted
from the measurement data. Therefore all depicted squeezing values correspond to the directly
observed noise suppression without any additional corrections. The squeezed (A2X_) and
anti-squeezed (A2X+) variances of the quadrature amplitudes, produced by an OPA operated
below threshold, measured at frequencies far below its bandwidth can be computed as [5]

4 Pp/P[hr

i (1 /Py Pa)”

(1
where 7 is the total detection efficiency which depends on the optical loss
(n = 1 — total optical loss), P, is the second-harmonic pump power injected into the OPA,
and Py, is the amount of pump power required to reach the oscillation threshold of the OPA.
Here, the frequency dependence of the output spectra can be neglected as we are measuring
at frequencies of 100kHz and below, which is sufficiently far below the cavity linewidth of
86 MHz FWHM. For a more complete description of the measured noise spectra, in addition
to optical loss one needs to take into account the influence of phase fluctuations between
the signal and a quadrature phase reference. The effect of optical loss can be modeled as
the addition of contributions from the unsqueezed vacuum field to the squeezed quadrature
whereas phase noise couples in extra noise proportional to the anti-squeezed quadrature
thereby degrading the squeezing measurement. The degradation due to phase noise increases
for increasing values of Pp,/Py,. Therefore, low phase noise is especially important in situa-
tions with high levels of generated squeezing. If we assume the phase fluctuations to follow a
Gaussian distribution with a small standard deviation, the rms phase jitter 0, of the readout
quadrature corresponds to the homodyne detector measuring at an offset phase angle 0, rela-
tive to the ideal quadrature [24]. This changes the above variances according to

Ve = A%X+ cos?(Opn) + A2Xg sin®(0n). 2)

The dashed lines in figure 2 correspond to ratios % of 0.20, 0.47, and 0.66, assuming a total

optical loss of 5.3% (n = 0.947) and a residual phase noise between homodyne signal and
local oscillator field of 6, = 3.5 mrad rms. The latter two parameters were assumed to be
independent of % for the three different pairs of traces. Given the good agreement with the

measurement data, the OPA threshold pump power was inferred to be just 13 mW. The slight
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Figure 2. Quantum noise measurements performed with a balanced homodyne detector
using a 1 mW intense local oscillator field. Trace (a) represents the homodyne shot noise
reference measured with the signal (squeezed light) input blocked. All other traces are
shown relative to this quantum noise reference. With just 2.8 mW pump power already 7
dB of squeezing and 8 dB anti-squeezing was measured as shown in trace (b~) and (b™),
respectively. With an increased pump power of 6.2 mW more than 10 dB squeezing
was measurable, trace (c7), with a corresponding anti-squeezing level of 14.2 dB
shown as trace (c+). Trace (d™) and (d+): Up to 12 dB squeezing and 19.6 dB anti-
squeezing were observed by injecting 8.6 mW into the OPA. All these measurements
can be described by a theoretical model assuming a constant overall optical loss of
5.3% for the squeezed field with a fixed phase noise of 3.5 mrad rms and choosing
the OPA pump parameter to be 20%, 47%, 66% of the OPA threshold, respectively.
The corresponding simulations are shown as dashed lines. All measured traces are
pieced together from five FFT frequency windows: 10-400 Hz, 400 Hz-1.6kHz,
1.6-6.8kHz, 6.8-25.2kHz, 25.2-102.4kHz. Each point is the averaged rms value of
200, 400, 800, 800 and 800 measurements in the respective ranges. Trace (e) is the
measured homodyne detector electronic dark noise, which was not subtracted from the
other data.

increase of the squeezed quantum noise at low Fourier frequencies as shown in trace (c™) and
(d7), is likely due to residual stray light coupling into the system.

The measured squeeze factor was limited by optical loss which can be divided into the
following contributions. The fringe visibility between the two fields at the homodyne 50/50
beamsplitter was measured to be 0.995, which corresponds to an optical loss of 1%. In inde-
pendent measurements we determined the residual reflection of the non-perfect anti-reflection
coating of the photodiode wafer to be 0.5% of the impinging light for each photo diode.
Further loss is introduced by the imperfect quantum efficiency of the homodyne photo diodes.
Without recycling of the residual reflected light we assume a quantum efficiency of approxi-
mately 99% [18]. This yields a loss contribution of 2.5% due to the homodyne measurement.

6
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Moreover, in accordance with [18], we assign 1% of optical loss to the OPA escape efficiency
and another 0.2% of loss to the propagation through non-perfectly AR-coated lenses. The
Faraday isolator stage, which was constructed of two polarizing beam splitters, one half-wave
plate and a Faraday rotator introduced another 1.6% optical loss for the squeezed field, adding
all up to an overall loss of 5.3%, which is in a good agreement with the theoretical prediction.
The residual phase noise of 3.5 mrad rms can be attributed to the laser phase locking electron-
ics and unsuppressed noise at frequencies above unity gain of the electronic control loops.

Since the balanced homodyne detector is only needed to characterize the generated (anti-)
squeezing levels one has to subtract its contribution from the optical loss budget in order to
derive the squeezing degree which is available for a potential downstream application. This
is depicted in figure 1 by indicating an all reflective mirror in the squeezing path, thereby
bypassing the diagnostic homodyne detector. In this case the overall optical loss is reduced
down to 2.8% and for a pump power of 8.6 mW our analysis reveals a squeezing level of
14 dB available for the injection into a gravitational wave detector.

4. Conclusion

In conclusion, we have reported on the direct measurement of up to 12.0 dB squeezed vacuum
states at Fourier frequencies between 10 Hz and 100kHz. This is the strongest non-classical
noise suppression demonstrated in this frequency band to date. The squeezed states were
produced by a highly efficient squeezed light source at a wavelength of 1064nm employ-
ing a doubly resonant optical parametric amplifier in a standing-wave, half-monolithic cavity
design. This high squeezing level was measured with a pump power of just 8.6 mW, whereas
already a 7.0 dB squeezed vacuum state could be measured at a pump power of only 2.8 mW.
These low levels of pump power were achieved by the simultaneous resonant enhancement
of the fundamental and the second harmonic field inside the non-linear cavity. Our results
agree well with a theoretical model assuming an optical loss of 5.3% including diagnostic
homodyne detection and only 3.5 mrad rms phase noise. Based on the simulations we infer a
maximum squeezing level of 14 dB which can be provided for a downstream application. The
complete experimental setup was electronically stabilized in all required degrees of freedom
and is fully compatible to current and future gravitational wave detectors.
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