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Abstract
We report on the characterisation of one of two broadband squeezed light sources (SLSs)
developed for the quantum enhanced space-time (QUEST) experiment, using balanced homo-
dyne detection. QUEST consists of a pair of co-located, table-top, power-recycled Michelson
interferometers designed to probe stationary space-time fluctuations. The interferometers are
designed to be shot-noise limited in the frequency range from 1 to 200MHz, and squeezed light
will be employed with the goal to reduce the shot noise by 6 dB at frequencies inside the linewidth
of the optical parametric amplifier (OPA). We directly observed up to 6.8 dB of squeezing and
maintained at least 3 dB of squeezing across the full 100MHz measurement bandwidth. After
accounting for the dark noise contribution, the inferred squeezing level increased to 8.6 dB. Our
SLS is based on a hemilithic OPA with a 43.6mm round-trip optical length and a linewidth of
138(2)MHz, making it the broadest-linewidth device to date among those suitable for long-term
integration with interferometers operating at a wavelength of 1064 nm.

1. Introduction

Squeezed light refers to a class of non-classical states of the electromagnetic field in which the quantum
noise in one field quadrature is reduced below the vacuum noise level, at the cost of increased noise in
the conjugate quadrature [1].

The generation of squeezed states requires non-linear optical interactions, which can be realised
through several physical processes, including optomechanical squeezing [2], the Kerr effect [3], four-wave
mixing [4], and parametric down-conversion (PDC) [5]. PDC can be implemented in different configur-
ations: waveguide-based approaches [6–8] offer the advantage of large bandwidth, whereas resonator-
enhanced PDC [9] is notable for achieving the highest levels of squeezing [10], albeit at the cost of
reduced bandwidth. Resonator implementations can be broadly classified into two types: monolithic
designs [11–14], which offer a compact structure with very small cavities but lack tunability in cavity
length, and hemilithic [10, 15–24] or cavity-embedded crystal designs [21, 25, 26], which allow for con-
trollable cavity length.

Squeezed light finds important applications in various fields, including quantum communication [27,
28] and quantum metrology. In particular, the use of squeezed states has become a standard technique
in gravitational wave detectors [18, 29, 30], which are based on Michelson interferometers. In such inter-
ferometers, quantum noise originates from vacuum fluctuations entering the dark port [31], and it can
be reduced by replacing the coherent vacuum with a squeezed state [32].

The quantum enhanced space-time (QUEST) experiment [33, 34] is one of such precision measure-
ment experiments that will make use of squeezed light. Located in Cardiff, UK, it consists of two co-
located power-recycled Michelson interferometers with arm lengths of 1.84m. The detector output is
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Figure 1. Summary of previous results. The SLS characterised in this work has the broadest linewidth among the OPAs with
hemilithic or cavity-embedded design—hence suitable for long-term integration with interferometers—operating at a wavelength
of 1064 nm. The linewidth of our OPA (138MHz) is at least 37% broader than the previous results at the same wavelength [17].#,□: dark noise subtracted; ,■: with dark noise.

obtained by cross-correlating the signals from the two interferometers, a strategy that suppresses uncor-
related noise while enhancing common-mode signals. The primary objective is to search for stationary
space-time fluctuations—spacetime correlations arising from quantum gravity—but the instrument is
also sensitive to signatures from dark matter and ultra-high frequency gravitational waves. In its final
configuration, the detector will have a shot-noise-limited observation bandwidth from 1 to 200MHz. To
reduce the shot noise, squeezed vacuum states will be injected into the dark ports of both interferomet-
ers, using two independent squeezed light sources (SLSs).

Reducing the shot noise in each interferometer will have a significant impact on the observing time
required to reach the designed sensitivity. The noise amplitude spectral density obtained from the cross-
correlation of the two interferometers decreases with the fourth root of the integration time. Therefore,
reducing the initial noise by a factor of two (corresponding to 6 dB of squeezing, the target level for
QUEST [33]) shortens the required integration time by a factor of 16.

In this paper, we present the characterisation of one of the two SLSs developed for the QUEST
experiment. The source is based on the shortest hemilithic optical parametric amplifier (OPA) at
1064 nm realised to date and produces the broadest-band squeezed light at this wavelength reported in
the context of interferometric applications. While even broader squeezing linewidths can be achieved
using monolithic OPAs (see figure 1), such devices are unsuitable for long-term integration with inter-
ferometers and are typically limited to bench-top measurements using balanced homodyne detection
(BHD). This is because monolithic cavities require laser frequency tuning to maintain resonance, as act-
ive tuning of the crystal length via piezoelectric actuators is both limited in range and prone to mechan-
ical distortions. However, in interferometric detectors, the laser frequency is typically fixed to resonate in
other optical cavities (e.g. the power-recycling cavity in QUEST). As a result, the OPA cavity length must
be tunable to follow the laser frequency. For this reason, hemilithic OPAs offer a practical solution.

The implementation of a BHD to measure the shot noise reduction provided by the SLS enabled us
to characterise its performance in terms of linewidth and squeezing level. It also allowed us to test lock-
ing strategies for the readout phase control and to identify the dominant sources of optical loss, which is
essential for minimising them in the final interferometer implementation.

2. Squeezed light source

The SLS is a fully automated stand-alone system developed and constructed at the AEI Hannover,
Germany. The system was built on a 60 cm× 60 cm optical breadboard sealed with side panels and a
top plate. The system does not require its own laser; when implemented into the QUEST experiment,
each SLS will be supplied by a 470mW pick-off from the main laser feeding the corresponding interfer-
ometer. Since this SLS is intended to be effective in the higher MHz range, the negative impact of tech-
nical laser noise at low frequencies is less critical than in sources optimised for audio-band squeezing
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Figure 2. Layout of the SLS and of the BHD, including the control loops. BS: 50:50 beam splitter, DBS: dichroic beam splitter,
EOM: electro-optic modulator, LO: local oscillator, MC: mode cleaner, MZ: Mach–Zehnder interferometer, OPA: optical para-
metric amplifier, PBS: polarising beam splitter, PD: photo-detector, SHG: second-harmonic generator, SQZ: squeezed light.

[16, 29, 35]. Therefore, the implementation of frequency-shifted coherent control fields [36] is not
required.

Figure 2 shows a schematic of the SLS setup and of the detection scheme. The laser source was a
440mW continuous-wave NPRO laser operating at a wavelength of 1064 nm. An electro-optic modulator
(EOM) at the input of the SLS phase-modulates the field at 89.9MHz. This modulation provides side-
bands used for the longitudinal control of the optical cavities, the stabilisation of the pump phase, and
the lock for the readout phase at the interferometer output (or at the BHD).

A fraction (340mW) of the input infrared (IR) light was sent to a second-harmonic generator (SHG)
to provide up to 240mW of light at 532 nm. The SHG consists of a hemilithic cavity containing a plano-
convex periodically poled potassium titanyl phosphate (PPKTP) crystal. The SHG temperature was act-
ively controlled to achieve quasi-phase-matching [37]. The cavity length was stabilised using a Pound–
Drever–Hall (PDH) [38] error signal derived from a photo-detector (PD) in transmission (PDSHG in
figure 2).

A Mach–Zehnder (MZ) interferometer, operating at an offset from the bright fringe, is used to sta-
bilise the power of the frequency-doubled field generated by the SHG [39]. This frequency-doubled field
acts as the pump, which drives the parametric (de-)amplification process in the OPA. A power monitor
in the pump path to the OPA (PDMZ in figure 2) serves as the sensor in the active feedback loop that
controls the MZ interferometer.

Similar to the SHG, the OPA is also constructed as a hemilithic cavity. The design of the assembly is
a scaled-down version of those reported in, e.g. [11]. The design choices primarily aimed at minimising
the cavity length to achieve the largest possible linewidth. A linear cavity configuration—rather than
a ring cavity—was chosen to avoid astigmatic distortions of the resonating beam caused by reflections
from curved surfaces at an angle. Such distortions could reduce mode matching with the interferometer,
increasing optical losses and consequently degrading the achievable squeezing. The linear geometry also
enables a more compact cavity. The PPKTP crystal measures 9.3× 2× 1mm3, its curved surface has a
radius of curvature (ROC) of 12mm and is high-reflection (HR) coated for both wavelengths. The flat
surface of the crystal is anti-reflection coated for both wavelengths. The coupling mirror has a reflectivity
of R= 88% at 1064 nm and R< 2% at 532 nm, its ROC is 9mm and is placed at 4.8mm from the flat
surface of the crystal. The round-trip optical length of lopt = 43.6mm results in an FSR of 6.87GHz. The
OPA temperature was actively controlled for phase matching. About 5.1mW of the input laser was injec-
ted through the HR side of the OPA to generate the PDH error signal for longitudinal control, obtained
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from a PD in reflection of the cavity (PDOPA in figure 2). A PD monitoring a 1% pick-off in transmis-
sion of the OPA (PDOPA_Trans in figure 2) is used to set the threshold for the OPA longitudinal lock.

The bright IR field entering the OPA acts as a seed for the parametric amplification, resulting in
the generation of a displaced squeezed state (or bright squeezing) rather than squeezed vacuum. Bright
squeezing has the drawback that technical noise from the laser couples directly into the measured quad-
ratures, particularly at low frequencies where the technical noise exceeds the shot noise. However, at the
measurement frequencies relevant for QUEST (1–200MHz), this effect is negligible, and bright squeezing
can be employed effectively without introducing significant excess noise. Seeding the OPA also intro-
duces an effect that is phenomenologically equivalent to increased phase noise in the squeezing-angle
control [40]. In our case, however, the seed is de-amplified inside the OPA, which mitigates this effect.

The bright field exiting the OPA towards the BHD is used for alignment, locking on the anti-
squeezing quadrature (see section 3), and measuring the homodyne efficiency via fringe contrast (see
section 4).

The same PD used for the OPA longitudinal control is employed to obtain the error signal for the
pump phase control by demodulating in quadrature with respect to the PDH demodulation phase [41,
42]; the pump error signal thus obtained can lock the relative phase of the pump (532 nm) and the seed
(1064 nm) in the OPA only in the configuration for which a de-amplification of the seed is achieved.

The SLS features independent automatic locking of the SHG, MZ, OPA, and pump phase, with each
sub-system acquiring lock within 1 s.

3. Balanced homodyne detection

The measurements of the coherent, squeezed, and anti-squeezed shot noise were performed using BHD.
In the BHD setup, the signal and local oscillator (LO) fields are overlapped at a 50:50 beam splitter (BS).
The two output beams are detected by PDs, and the BHD signal is obtained by subtracting the corres-
ponding photocurrents. The BHD allows measurement of the variance of any quadrature, depending on
the phase Θ between the signal beam and the LO, which determines the quadrature being measured,
according to

X̂(Θ) = X̂A cos(Θ)+ X̂P sin(Θ) , (1)

where X̂A and X̂P are the amplitude and phase quadrature operators, respectively. In order to remove
amplitude noise coupling of the LO to the BHD signal, the LO power should be much higher than
the power of the signal field (the squeezed light). In our experiment, the power of the LO field was
17.2mW, while that of the bright-alignment beam (BAB) was 31µW. The BAB refers to the bright IR
field exiting the OPA in the absence of parametric amplification, i.e. when the pump field is blocked
using a beam dump.

To ensure high detection contrast, the LO was spatially cleaned using a mode cleaner (MC1064
in figure 2). The mode cleaner was a triangular cavity [43] which was locked on resonance using a
dither locking scheme [44] with modulation frequency of 6 kHz. Another triangular cavity (not shown
in figure 2), identical in specification to the mode cleaner, was used as a reference cavity to align and
mode-match the two beams at the BS. The cavity was placed in one of the BS’s output ports and during
normal operation, it was bypassed using a flip mirror.

The two outputs of the BS were detected using high quantum efficiency InGaAs PDs, with an active
area of 0.5mm diameter. The PD electronics are custom-made to allow the detection of up to 50mW
optical power, with a bandwidth of 200MHz. The linearity of the PD response was tested up to at least
200MHz in a dedicated measurement.

The BHD signal was obtained by digitally subtracting the signals from the PDs using an FPGA
(Moku:Pro) operating at a sampling rate of 312MSa s−1. Due to the limited speed of the digital sub-
traction process, the BHD measurement was only reliable up to the Nyquist frequency of 156MHz.
However, with the planned implementation of SLSs in the QUEST experiment, the signal will be digit-
ised at 500MSa s−1 using NI PXIe-5763 digitisers from National Instruments, enabling measurements
across the full observation band of 200MHz.

The BHD signals were recorded with a spectrum analyser using a span of 100MHz and resolution
bandwidth (RBW) of 1MHz, as shown in figure 3. The instrument noise was obtained by unplugging
the spectrum analyser from the digital subtractor, the dark noise was obtained by blocking both the
squeezed light and the LO path, the coherent shot noise was obtained by letting only the LO reach the
PDs.

Two strategies were employed for readout phase control in the perpendicular quadratures: in the
squeezing configuration, the error signal was obtained by demodulating at 89.9MHz (RF control); in
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Figure 3. BHD signals measured with the spectrum analyser using an RBW of 1MHz and averaging over 1000 traces. The dashed
traces were obtained by subtracting the dark noise from the shot noise traces. The peak at 89.9MHz is the phase modulation
imprinted by the EOM inside the SLS as part of SHG and OPA length stabilisation control loops. The peaks at 42.3MHz and
47.6MHz are aliasing artefacts of the third and fourth harmonics of the 89.9MHz peak, respectively, given the Nyquist frequency
of 156MHz. These features were still visible due to the finite attenuation of the anti-aliasing filters (ZX75LP-137-S+ from Mini-
circuits), which have a 137MHz cutoff frequency.

Figure 4. Spectrogram of the BHD signal recorded during a one-hour continuous lock. A beam dump blocked the squeezed light
path during the first 30 s and again after one hour. The spectrogram was obtained with a span of 100MHz, RBW= 1MHz, sweep
time of 1 s, and 5-trace moving average.

the anti-squeezing configuration, the error signal was derived from the DC signal of the PDs (DC con-
trol). To improve the SNR and enhance the robustness against power fluctuations, the error signal for
both control loops was obtained from the subtraction of the two PDs, rather than from a single PD. The
actuator for the readout phase control was a piezo-mounted mirror in the LO path.

The effectiveness of this control scheme is demonstrated in figure 4, which shows an hour-long oper-
ation of the BHD. One hour corresponds to a typical continuous stretch of data taking for the QUEST
experiment. For the first 30 s, a beam dump blocked the squeezed light field. After its removal, the BHD
phase was locked to the squeezed quadrature. Over the subsequent 1 h observation, the system remained
stably locked, with the exception of a few short glitches of excess noise that did not disrupt the lock. The
beam dump was then reinserted to intentionally terminate the lock—although the system could have
remained locked for a longer duration. These results confirm the suitability of the setup for stable long-
term integration with interferometers, not only in terms of readout angle control, but also with respect
to the overall stability of all sub-systems (SHG, OPA, MZ).

4. Influence of imperfections

Squeezed states of light are highly susceptible to degradation due to optical loss and phase noise. To
assess the influence of imperfections, we compared our results with a theoretical model. For an OPA
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cavity operating below threshold, the variances of the squeezed (V−) and anti-squeezed (V+) quadrat-
ures of the state reaching the readout scheme (in this case, the BHD) in the absence of phase noise are
given by [45]:

Vη
± = 1± η

4
√

P/Pthres(
1∓

√
P/Pthres

)2
+ 4

(
2π f
γ

)2 , (2)

where η is the total detection efficiency, P is the pump power, Pthres is the OPA threshold power, f is the
sideband frequency of the measurement, and γ = c(T+ L)l−1

opt is the cavity decay rate. In the last expres-
sion, T is the power transmissivity of the output coupler, L is the round-trip loss inside the OPA, c is
the speed of light, and lopt is the optical round-trip length of the OPA. The cavity linewidth, expressed
in terms of full width at half maximum, is given by γ/(2π) [46]. The total detection efficiency can
be factorised into two contributions: η = ηescηdet, where ηesc = T/(T+ L) is the OPA escape efficiency,
which depends only on the OPA parameters. The detection efficiency ηdet reflects how effectively the
SLS is integrated into the readout scheme; it accounts for factors such as propagation loss, mode over-
lap between the squeezed field and the LO, and the quantum efficiency of the PDs.

The effect of phase fluctuations between LO and squeezed field is to mix squeezed and anti-squeezed
quadratures according to [47]

Vη,θ
± = Vη

± cos2 θ+Vη
∓ sin2 θ , (3)

where θ is the RMS value of the phase noise, assumed to be Gaussian.
The parameters in equations (2) and (3)—η, θ, Pthres, and γ—were estimated as follows.
First, the RMS phase noise was estimated from a calibrated spectrum of the in-loop phase con-

trol error signal. Two different error signals were used for phase control of the two quadratures: the
DC control error signal had a peak-to-peak amplitude approximately 16 times smaller than that of the
RF control error signal. The loop gain was adjusted accordingly to maintain the same unity gain fre-
quency (UGF) for both control loops. The UGF was 75Hz, limited by a mechanical resonance at 270Hz,
likely originating from the mount of the piezoelectric actuator. The resulting RMS phase noise was
θ = 16mrad for both quadratures.

Second, Pthres and η were obtained by fitting the measured squeezing and anti-squeezing levels as a
function of pump power at several sideband frequencies (from 16MHz to 40MHz at steps of 1MHz)
and averaging the resulting parameters, yielding Pthres = 163(3)mW and η = 90.6(4)%. This result was
obtained after removing the dark noise from the shot noise traces. A fit of the traces obtained without
removing the dark noise yielded η = 82.8(5)%.

Finally, the remaining parameter γ was obtained by fitting the measured squeezing and anti-
squeezing levels as a function of frequency at several pump powers (from 40mW to 90mW at steps
of 10mW), with Pthres, η, and θ fixed to their previously estimated values. The final value of γ was
obtained by averaging the results of these fits. The fit yielded γ/(2π) = 138(2)MHz.

Note that the first fit (squeezing versus pump power) also depends weakly on the cavity linewidth
γ/(2π), which was initially fixed to a reasonable guess value. Conversely, the second fit (squeezing versus
frequency) depends on Pthres and η, previously obtained from the first fit. To account for this mutual
dependence, the two fitting procedures were iterated: the output of one fit was used as input to the
other until the parameter values converged. The final values reported above were obtained after this self-
consistent iteration.

Figure 5 shows the best result obtained with the BHD measurement, along with the model predic-
tion based on the parameters obtained above. The traces were produced by dividing the ‘squeezing’ and
‘anti-squeezing’ spectra from figure 3 by the ‘shot noise’ trace. The highest directly observed squeezing
level was 6.8 dB at a sideband frequency of 17MHz. After subtracting the dark noise contribution, the
inferred squeezing level increased to 8.6 dB at the same frequency.

In the following, we consider the possible contributions to the total optical loss. A summary of the
estimated loss budget is provided in table 1.

The dark-noise equivalent loss [48] was 8.6% for a dark-noise clearance of 10.6dB with a LO power
of 17.2mW. The available LO power was limited because the initial laser output (430mW) had to be
split between the BHD LO (20mW) and the SLS input (410mW). Consequently, only a small fraction
of power could be allocated to the LO. However, in the final implementation of the SLS in the QUEST
experiment, the power available at the readout PD will be 40mW, enabling a dark-noise clearance of
14 dB and a corresponding equivalent loss of 4%. The relatively high dark noise is not easily reduced,
except by using a self-subtraction PD design, as typically employed in BHD [49]. We chose not to adopt
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Figure 5. Normalised quantum noise spectra. Both cases—with and without dark noise subtraction—are shown, along with
the fitted model. The parameters used for the model were ηDNsubtracted = 90.6%, ηwithDN = 82.8%, θ = 16mrad, P= 90mW,
Pthres = 163mW, γ/(2π) = 138MHz.

Table 1. Optical loss contributions. The sum of the known losses does not fully account for the estimated total optical loss. The
remaining discrepancy is included as ‘unknown source’ to reflect uncharacterised losses in the system.

Source Loss (%)

Dark-noise equivalent loss 8.6
Propagation loss 2.70(3)
Homodyne efficiency 2.6(9)
PD quantum efficiency 1
OPA escape efficiency 1
99:1 pick-off after OPA 1
PD Reflection 0.25(2)
BS splitting ratio 0.004
Unknown source 1.2
Total 17.2

this approach, since in the main application of the SLS, BHD is not foreseen in the near future. Instead,
we used the same PDs that will be employed in the QUEST experiment, each equipped with its own
dedicated electronics.

The propagation loss refers to losses from optics—due to absorption or reflection—along the path
of the squeezed field. In our setup, the propagation loss is dominated by the lenses: two in the mode-
matching telescope and one in front of each PD. We estimated an average of 0.4% of residual reflection
per lens surface.

The homodyne efficiency quantifies the mode overlap between the two interfering beams (LO and
squeezed light), and is given by ηHD = VIS2 [50], where the visibility (VIS) is measured using two beams
of equal power. Since the two interfering beams had different powers, the homodyne efficiency was
estimated using

ηHD =

(
Pmin − Pmax

Pmin + Pmax
/
2
√
PLOPBAB

PLO + PBAB

)2

, (4)

where Pmin and Pmax are the power minima and maxima of the interfered beams, respectively, PLO =
17.2mW is the LO power, and PBAB = 31µW is the BAB power. Despite the fact that the mode-matching
to the reference cavity was 99.8% for the BAB and 99.7% for the LO, we obtained a homodyne efficiency
of ηHD = 97.4(9)%, probably due to residual misalignment and polarisation mismatch.

The non-perfect splitting ratio of the BS is equivalent to a loss of 1− ηBS = 1− 4R(1−R) [50],
where R is the BS reflectivity. In our setup, we had R= 50.3%, meaning an equivalent loss of 0.004%.

The common-mode rejection ratio (CMRR) [50] represents the capability of a BHD to elimin-
ate noise common to both inputs, particularly important at the technical noise limited low frequency.
We did not have a setup to measure the CMRR in a frequency-dependent way, but we could get an
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estimation of the CMRR at the relaxation oscillation frequency of the laser (450 kHz) by comparing
the peak height at BHD normal operation and by blocking one PD: the CMRR at 450kHz was 45 dB.
The relatively low CMRR at low frequencies—and the resulting high technical noise below approxim-
ately 10MHz—was due to the fact that all measurements were performed with the laser noise eater not
engaged, as it was unavailable due to a technical issue.

5. Conclusions

In this work, we directly observed 6.8 dB of squeezing at a sideband frequency of 17MHz using a BHD,
and maintained at least 3 dB of squeezing across a 100MHz bandwidth. After subtracting the dark noise
contribution, the inferred squeezing level increased to 8.6 dB. The observed limitation in squeezing level
is primarily attributed to detection loss, which we addressed by developing a comprehensive loss budget.
Several limitations encountered in the current setup are expected to be mitigated in the forthcoming
QUEST setup. In particular, increasing the LO power from 17.2mW to 40mW will improve the dark-
noise clearance, while the faster acquisition system will extend the detection bandwidth.

A comparison of our results with existing literature shows that the SLS for the QUEST experiment
has the broadest linewidth, among those suitable for long-term integration with interferometers at
1064 nm. The stability of the system over extended timescales was demonstrated in this work.

Having demonstrated a parametric gain of at least 16 dB, and knowing the intrinsic loss of our
SLS to be 2%—set by the OPA escape efficiency and the 1% pick-off used for the OPA longitudinal
control—we can use these results to inform the design of the squeezed light injection path for the
QUEST experiment, particularly regarding tolerable optical loss. To achieve 6 dB of detected squeezing
starting from a pure 16 dB squeezed state, and assuming an RMS phase noise of 10mrad, we estimate
that up to 21% additional optical loss (on top of the intrinsic 2%) can be tolerated.
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