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Frequency-Dependent Squeezing from a Detuned Squeezer
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Frequency-dependent squeezing is a promising technique to overcome the standard quantum limit in
optomechanical force measurements, e.g., gravitational wave detectors. For the first time, we show that
frequency-dependent squeezing can be produced by detuning an optical parametric oscillator from
resonance. Its frequency-dependent Wigner function is reconstructed quantum tomographically and
exhibits a rotation by 39°, along which the noise is reduced by up to 5.5 dB. Our setup is suitable for
realizing effective negative-mass oscillators required for coherent quantum noise cancellation.
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According to quantum mechanics, the continuous meas-
urement of an object’s position creates a random quantum
backaction perturbation on its momentum. This backaction
noise, together with the shot noise, fundamentally limits the
precision in ultrasensitive force measurements, e.g., in cavity
optomechanics [1] or gravitational wave detection [2-5].
The sensitivity limit imposed by backaction noise and shot
noise is referred to as the standard quantum limit (SQL) of
interferometry. Previous experiments measured mechanical
motions with an imprecision below the SQL [6,7] observed
quantum backaction [8—12] or demonstrated sensitivities
near the SQL [10,13-15]. To reduce or even evade the effect
of quantum backaction and to overcome the SQL, various
quantum nondemolition techniques have been proposed,
e.g., variational readout [16,17], two-tone measurements
[18-20], stroboscopic measurements [21,22], the optical
spring effect [23], or the use of Kerr media [24].

The SQL can also be beaten by the injection of
frequency-dependent squeezing. For a lossless and non-
detuned interferometer, the squeezing angle is optimized
for each frequency w with 6(w) = —arccotlC(w), and
Kimble factor /C [16]. Then, the sensitivity can be improved
by e~?" with squeezing factor r in a broad frequency band
[16]. Typically, frequency-dependent squeezing is gener-
ated by reflecting frequency-independent squeezed light off
a detuned filter cavity [25-28]. However, frequency-
dependent squeezing of this form cannot entirely evade
quantum backaction noise because r is frequency-
independent [16].
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In contrast, the entire backaction noise can be evaded by
using an effective negative-mass oscillator [29-31]. In the
cascaded all-optical realization of coherent quantum noise
cancellation [31,32], the optomechanical system and the
effective negative-mass oscillator are independent subsys-
tems [33]. There, the effective negative-mass oscillator
produces a state that effectively exhibits frequency-
dependent squeezing to counteract the effect of the dis-
turbing ponderomotive squeezing of the optomechanical
oscillator [33]. The squeezing, generated by this effective
negative-mass oscillator, exhibits both a frequency-
dependent rotation angle 6(w) and squeezing factor
r(w). Ideally, this state entirely evades backaction noise
and is equal to the inversely input squeezed state [16]. To
realize a well-matched effective negative-mass oscillator, a
complicated coupled system, using a beam splitter process
and a down-conversion interaction, has been studied in
detail [32]. Instead of this complex system, in this Letter,
we propose using a simpler and elegant alternative as an
effective negative-mass oscillator.

We report on the generation of frequency-dependent
squeezing using a detuned optical parametric oscillator
(OPO). We show that the output state of this squeezer
exhibits a frequency-dependent squeezing factor and rotation
angle. We analyze the state by tomographically reconstruct-
ing its Wigner function at different measurement frequencies.
The obtained Wigner functions agree well with our measured
and simulated noise spectra. Our findings are relevant for
optomechanical force measurements, e.g., gravitational wave
detectors, limited by quantum backaction noise.

The system is described theoretically by applying the
input-output formalism [34,35] on a linear lossless OPO,
shown in Fig. 1. The interaction Hamiltonian for this
nonclassical light source is

H=—(a%-a"), (1)
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FIG. 1. Schematic of the optical parametric oscillator with
decay rate x and intracavity field a. The y®) medium is pumped
with Bpump. When the cavity is detuned by A from its resonance,
the vacuum fluctuations A,,. are converted into an output field

A

Ay exhibiting frequency-dependent squeezing.

where we assume an undepleted pump field Epump.
The coupling strength of the down-conversion process is
given by g=2y® B, where y? is the nonlinear
coefficient of the down-conversion process. The pump
oscillates with @, and does not exceed the threshold of

the OPO. Vacuum fluctuations f\vac couple to the intra-
cavity field through the input coupling mirror. The deriva-
tive of the circulating intracavity field is

a=iah —ax+ atg + Ay V2x. )

We define the detuning A as the difference between
cavity resonance frequency and fundamental frequency
@y = , /2. The authors in [36] also considered the theory
of a detuned but doubly resonant OPO (but they did not
consider the frequency-dependent output state rotation).
However, in many other publications [37-39], A is set to
0. The cavity has a decay rate x, where xk = 2zv/F with
finesse F, free spectral range (FSR) v = ¢/L, and round-trip
length L. We can decompose the field operators a in a
constant and a fluctuating term in the form a = (a) + da.
Then, Eq. (2) can be solved in the frequency domain as in
[40,41] using the input-output theory [34,35] for the fluc-
tuating terms 6a(w) and 6a'(w). After applying the cavity
boundary condition [42], we can compute the fluctuating part
of the output field 6A,, = V/2k84 — 6A,,.. The fluctuations
of the output amplitude and phase quadrature are 56X, =
SAgy + AL, and 86X, = i(8A,, — AL, respectively.

To characterize the output state, it is convenient to derive
the symmetrized covariance matrix of the output state. It
contains the spectral densities and is defined by
Oy — %<55\(k55\(l —+ 55\(155\(1» — <5)A(l> <5)A(k>, where 66X =
(6X,,6X,). When assuming an input variance for the
vacuum field of V,,. = 1, the covariance matrix is

4 +2—A2
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Here, we have introduced y* = x + iw & g. For nonzero
detuning A # 0, we obtain nonvanishing off-diagonal
elements of 6. These entries arise from the rotation of
the output state in phase space. Hence, the rotation depends
on the detuning A and the measurement sideband
frequency w.

The covariance matrix ¢ describes a pure state because
we consider a lossless OPO. Passive optical losses will
degrade the squeezed output state. When the state expe-
riences power losses [, corresponding to an efficiency
n=1—=1, the lossy covariance is 63 =56 + (1 —n)l,,
with I, being the 2 x 2 identity matrix.

This state can be phase sensitively detected with a
balanced homodyne detector (HD), where it interferes with
a local oscillator (LO) at frequency @,. The phase differ-
ence y between LO and output state defines the detection
angle and, accordingly, the projection axis for the meas-
urement. The measurement result of the HD corresponds to
&11(w), with

&(w) =R"(y)oR(y). (4)

with rotation matrix R(y).

At @ =0, a specific detection angle y diagonalizes
6(wy) and maximized the measurable squeezing and
antisqueezing values. This specific angle v is

2kA
A F

(5)

1
= ——arct
W 5 arctan

However, for measurement frequencies @ # 0, 6(y) is not
diagonal anymore. It still can be diagonalized with a
frequency-dependent detection angle . The rotation
angle 6(w) of the quadrature distribution in phase space is

1 2kA
9(0)) =Yoo~ Vo :l//()"—iarCtanAg_Kz _gz o

5. (6)

This shows again that the state rotation depends on the
measurement frequency w, indicating frequency-dependent
squeezing. When changing the sign of A, the rotation
direction flips because of the off-diagonal elements in
Eq. (3). Thus, in the context of coherent quantum noise
cancellation, the sign of A defines the positive or negative
energy character of the oscillator.

A noisy detection angle y at the HD degrades the
squeezing measurements. Assuming normally distributed
fluctuations with a small standard deviation of dy [38], the
detected noise level is

5 = &,1cos?(Sy) + Gyp8in? (Sy) + &1, sin(28y).  (7)
To aid understanding, the detuned OPOs’ essential

features are shown in Fig. 2. Here, the output state’s noise
distribution is depicted by an ellipse in phase space.
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FIG. 2. The output state of the OPO is represented by the noise
ellipse in phase space. In (a) the resonant OPO generates a noise
ellipse with diagonal covariance matrix ¢ at baseband (@ = 0). In
(b) the OPO is detuned by A, generating a noise ellipse having a
nondiagonal 6. According to Eq. (4), the covariance matrix can
be rotated to &(wg), which is diagonal. In (c) for a larger
measurement frequency @ > 0 the noise ellipse given by
6(w() has rotated by 6. Now, the maximum squeezing and
antisqueezing levels can be obtained from &, (y,,) and 55, (w,,)-

Figure 2(a) shows the ordinary case of a resonant OPO at a
measurement frequency @ = 0. The pump’s phase is set to
deamplification of 6X, and no state rotation can be seen. In
(b), the OPO is detuned (A # 0) but the measurement
frequency is still at @ = 0. The cavity phase response leads
to a rotation of the ellipse by y, represented by the
whitened state with nondiagonal covariance matrix o. After
using Eq. (4), the diagonalized state () is depicted, with
main diagonal elements &, () and &,, (). Because of
the detuning, the squeezing and antisqueezing levels
611(wo) and 64, (w) are reduced compared to (a). In (c),
the OPO is still detuned but now the measurement
frequency has changed. Depending on the actual measure-
ment frequency @, positive and negative sideband frequen-
cies accumulate nonsymmetrical phases. The main
consequence is a frequency-dependent squeezing angle
0. Additionally, the maximum squeezing and antisqueezing
levels are also frequency-dependent and they are depicted

by 611 (we) and 65 (yy,).
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FIG. 3. Experimental setup consisting of the detuned OPO that
generates a frequency-dependent squeezed state (bottom) and the
HD with the data acquisition for reconstructing the state’s Wigner
function (top). The actuators of the locking loops are indicated
in blue.

The schematic of our experimental setup is shown in
Fig. 3. The core element of our free-space OPO is a
I mm x 2 mm x 10 mm nonlinear periodically poled
potassium titanyl phosphate (PPKTP) type I crystal. It is
temperature-controlled to 31 °C to ensure phase matching
for the s-polarized down-conversion process. The 0.5°
trapezoidal-shaped crystal is placed in a four mirror cavity
topology with an FSR of v = 197 MHz. The plane input
(front) mirror has a power reflectivity of R, o, = 80%.
The plane rear mirror and the curved mirrors are highly
reflective for the fundamental wavelength of 1064 nm and
antireflective for the 532 nm green pump light.

We want to lock the OPO cavity to an arbitrary detuning
A. This is realized by using perpendicularly polarized fields
for locking and pumping using the cavity’s adjustable
birefringence. The refractive index of the PPKTP crystal is
polarization- and temperature-dependent. Its trapezoidal
shape allows us to change the crystal’s effective length by
shifting it perpendicular to the beam axis and parallel to the
cavity plane. Thus, we can adjust the frequency difference
between s-polarization and p-polarization resonances.
Fine-tuning can be achieved by changing the crystal’s
temperature (a frequency difference of 1 MHz corresponds
roughly to a temperature change of 0.1 °C). Here, the effect
on the nonlinear efficiency can be neglected. For the
measurements presented in this Letter, the detuning was
set to A = =27 x 3.6 MHz.

We inject a p-polarized 14 MHz phase-modulated field
into the cavity to stabilize to the chosen detuning via
Pound-Drever-Hall locking. For locking on resonance,
an s-polarized beam is used. The locking field is sent in
counterpropagatingly to avoid cross-coupling and is
detected in reflection of the OPO by photodetector PD;.
After demodulation and filtering, the control signal is fed
back to the piezoelectric transducer PZT,; clamped onto the
rear mirror.

The squeezing angle needs to be actively stabilized.
Therefore, we inject a seed through the rear highly
reflective mirror, which is phase-modulated at 92 kHz
by PZT,. This field serves as a reference for the frequency-
dependent squeezing. By detecting and demodulating a
fraction of the seed field behind the R = 99.2% mirror on
PD,, we are able to lock to the pump phase. The locking
point is chosen such that the amplitude quadrature fluctua-
tions are minimized. Technically, the seed displaces the
squeezed vacuum converting it into a bright squeezed state.

The generated state is detected by a balanced HD
scheme. Technical noise of the seed would dominate the
measurement at baseband frequencies. Therefore, we take
our measurements around the first FSR of the OPO at v.
The covariance matrix will be identical at frequencies
corresponding to higher FSRs &(y, w) = é(y, w + nv),
n € Z, because of the spectral periodicity of the OPO’s
response. This approach has two advantages: First, meas-
urement frequencies both above and below the resonance
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frequency can be resolved, and second, experimental
challenges of measuring squeezing at baseband can be
avoided. The phase difference between the strong LO and
the bright squeezed field determines the detection angle
and can be changed with PZT;. In order to measure the
squeezing spectrum at a certain detection angle, the phase
difference is usually stabilized at this angle. However, even
with a swept LO, a full tomographic state reconstruction is
possible, as can be seen in the following.

We record the homodyne projections for a measurement
time of 1 s per measurement frequency while the LO phase
is ramped for our tomographic reconstructions. The low-
frequency output of the HD is recorded by an oscilloscope
and shows the interference between seed and LO. The
high-frequency output is demodulated at the measurement
frequency around w using a spectrum analyzer [Keysight,
N9020A MXA] and recorded as amplitude time series on a
computer. This signal exhibits the quadrature fluctuations
of the squeezed state scaled with the amplitude of the LO.
The data acquisition is realized with a MATLAB script that
triggers and stores the measurement for each frequency bin.

The Wigner function is tomographically reconstructed in
four steps. First, we use the low-frequency interference
signal to map each voltage amplitude recorded by the
spectrum analyzer to a detection angle between 0° and
180°. Second, the amplitudes are sorted into 180 angular
bins depending on their detection angle. Third, for each
angular bin, all amplitudes are distributed in a histogram
with 201 bars. Now the data are stored in a 201 x 180 array.
Fourth, the array is inversely Radon transformed by using
the built-in MATLAB function iradon, leading to the
filtered back-projected Wigner function [43]. This algo-
rithm is repeated for a vacuum state measurement to
normalize the Wigner function. The Wigner function is
connected to the previously derived covariance matrix.
Using the first moments d; = ((X,,X5)) of the state, the
Wigner function reads [44]

WX) = — 1 - xa), (8)

ny/det(o)

Before characterizing the detuned OPO, we analyze the
performance of the resonant OPO. We generate an ampli-
tude quadrature squeezed state by locking the pump’s phase
to the seed. From the measurements of the (squeezed)
amplitude quadrature and the antisqueezed phase quad-
rature for different pump powers, we obtained oy =
15 mrad phase noise and a total efficiency n = 92.8%
the same way as in [45]. At a pump power of 711 mW,
we observed —9.8 dB of squeezing and 15.3 dB of
antisqueezing at the first FSR, which corresponds to
g = —2r x 2.3 MHz. In separate measurements, we deter-
mined the OPO decay rate k = 2z x 3.2 MHz, the escape
efficiency of the OPO 7. = 98.3%, the propagation
efficiency #prop = 99.0%, and the homodyne efficiency

Nha = 97.6%. From these measurements, we estimated
the quantum efficiency of the HD with 7, =

n/(nescnpropﬂhd) > 97.6% as in [46]

In a second step, we stabilized the OPO with a detuning
of A = -2z x 3.6 MHz and again produced an amplitude
quadrature squeezed state. We investigated the frequency
behavior of the state with the tomographic reconstruction
method described above. In the top row of Fig. 4, three
examples for reconstructed Wigner functions are shown for
the frequencies 194, 197, and 203 MHz. An animation
showing the rotation over the entire spectrum can be found
in the Supplemental Material [47]. In the middle row, we
show the measured maximal and minimal noise levels, and
the rotation angle (both with estimated absolute errors).
These data points are obtained by fitting the reconstructed
Wigner distribution to Eq. (8). Equation (6) yields the solid

- -
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FIG. 4. Top row: Tomographically reconstructed Wigner func-
tions for the frequencies (a) 194 MHz, (b) 197 MHz, and
(c) 203 MHz; see Supplemental Material [47] for more recon-
structions. The dashed circles indicate the shot noise levels as a
reference. Middle row: Rotation angles, squeezing, and anti-
squeezing values obtained from fitting a two-dimensional Gaus-
sian function to our reconstructed distributions. The solid green
trace was plotted using Eq. (6). The solid black traces show
simulations when the detection angle is aligned to the maximum
squeezing and antisqueezing axes at each measurement fre-
quency, 6,(y,) and 6y (), respectively. Bottom row: The
widths of the Wigner function are measured at four different
detection angles of the HD shown by the colored traces with a
spectrum analyzer ([Keysight, N9020A MXA]; resolution band-
width (RBW), 100 kHz; video bandwidth (VBW), 100 Hz; sweep
time, 5 s; average, 10). The black dashed traces are simulations of
611 (w — ) from Eq. (7) for these four specific angles.
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curves for 8(w) and y,,. Note that in the upper two rows,
the coupling strength (¢ = —27 x 2.2 MHz) was slightly
reduced with respect to the measurements in the bottom
row, as the measurements were taken at different times. In
the bottom row, we show recorded spectra for different
detection angles y. Here, each colored trace corresponds to
a width of the Wigner function under a specified and
stabilized detection phase y of the LO (0° corresponds to
detecting the amplitude quadrature). The chosen angles
represent four qualitatively different spectra. All measure-
ments are normalized to shot noise. The electronic dark
noise was 14.3 to 15.0 dB below the shot noise and was
subtracted from the data. The angles are obtained from the
fits (black dashed traces), which are based on Eq. (7). When
choosing the optimal detection angle at all frequencies, we
get the black solid envelop traces.

We observed frequency-dependent squeezing over the
full measurement band of 30 MHz. At the first FSR at
197 MHz, the state rotates from 6 = 0° to @ = 39° clock-
wise toward higher and lower frequencies (see
Supplemental Material [47]). This rotation symmetry can
only be seen at higher FSRs and was, to our knowledge, not
observed before. The rotation angle 6 agrees with the angle
6, determined to diagonalize the output covariance matrix
at each measurement frequency; see Eq. (4). We detected a
maximum squeezing of —5.5 dB and a maximum anti-
squeezing of 6.2 dB at the first FSR. These noise values
match the independently measured and reconstructed
Wigner functions, which validates our tomographic
reconstruction method. The detuned OPO requires larger
coupling strengths than the resonant OPO to reach equiv-
alent squeezing values. This does not imply any additional
losses. Compared to the resonant case, the pump threshold
changed from gy, = —2z x 3.2 MHz to —27 x 4.8 MHz
for the detuned case.

The relevant parameter defining the shape of the Wigner
function of the output state is the relative detuning
A =|A|/x. In fact, when A increases, the maximum
rotation angle increases as well. For a given pump power,
the maximum squeezing level reduces for larger detunings.
Our choice for A = | —3.6 MHz|/3.2 MHz = 1.125 is a
trade-off to achieve a state rotation of roughly 45° (required
for the inversely input squeezed state [16]) and a decent
squeezing level. For a large detuning A > 1, the state
experiences a rotation of 90°. However, the squeezing will
vanish then.

Finally, we discuss the applicability of the detuned OPO
to enhance sub-SQL measurement sensitivities. In gravi-
tational wave detectors, the filter cavities require very low
linewidths of hundreds of Hertz to rotate the squeezing over
the detector's measurement band. Instead, building a
detuned squeezer with equally low linewidth seems to
be technically very challenging. Because of the residual
parasitic reflections of the crystal, the detuned squeezer’s
cavity length would have to be even longer than that of

the filter cavities. Moreover, to ensure a sufficiently large
escape efficiency, the cavity finesse would need to be
reduced. However, using our detuned squeezer approach
(instead of the usual resonant squeezer) can serve as a
phase-rotation correction mechanism in addition to the
filter cavities. This is especially relevant for systems
dominantly limited by quantum backaction noise, such
as the low-frequency Einstein Telescope [48,49]. Other
experiments in the field of cavity optomechanics have
begun to observe backaction noise due to quantum radi-
ation pressure noise [8—10]. Using a detuned OPO could be
an approximate but simple and promising approach to
realize an effective negative-mass oscillator to cancel
quantum backaction noise [32]. However, experimentally
applying the detuned OPO to an optomechanical system
requires sophisticated parameter matching. We plan to
further investigate the detuned OPO as an effective neg-
ative-mass oscillator for coherent quantum noise cancella-
tion in the future.

We have demonstrated the generation and quantum
tomographic reconstruction of frequency-dependent
squeezed states from a detuned OPO. The observed
squeezed state rotates by 39° for increasing frequencies
until it is amplitude quadrature squeezed at the first FSR of
197 MHz. For frequencies larger than the first FSR, the
state rotates backward by —39°. The state exhibits maxi-
mum squeezing and antisqueezing levels of —5.5 and
6.2 dB, with a measurement efficiency of n = 92.8%.
The detuned OPO provides a simple realization for the
required effective negative-mass oscillator in quantum
backaction evasion schemes, such as coherent quantum
noise cancellation.
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