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The Quantum-Enhanced Space-Time (QUEST) experiment consists of a pair of co-located Power
Recycled Michelson Interferometers, each designed to have a broadband, shot-noise limited displace-
ment sensitivity of 2×10−19 m/

√
Hz from 1 to 200MHz. Here we present the first results of QUEST,

with a search up to 80MHz, that set new upper limits on correlated length fluctuations from 13 to
80MHz, constituting the first broadband constraints for a stochastic gravitational wave background
at these frequencies. In a coincident observing run of 104 s the averaging of the cross-correlation
spectra between the two interferometer signals resulted in a strain sensitivity of 3× 10−20 1/

√
Hz,

making QUEST the most sensitive table-top interferometric system to date.

Keywords: gravitational waves / precision measurement, link to other fundamental physics: dark matter and
quantum space-time

The development of laser interferometry over the last
decades has allowed for frequent detection of gravita-
tional waves, revolutionizing astrophysics [1]. So far,
all detected gravitational-wave signals are from non-
stationary events, understood as signatures from the co-
alescence of compact astronomical objects such as black
holes and neutron stars. However, gravitational waves
are also expected from stationary sources such as rotat-
ing neutron stars (in the form of quasi-continuous waves)
and from the stochastic superposition of unresolved as-
trophysical or cosmological sources, such as primordial
black holes, cosmic string loops, and other relics possi-
bly produced in the early universe [2–7]. Other sources
of stationary signals that can be interrogated with laser
interferometry are, for example, signatures of scalar field
dark matter [8–11] and possible signatures of quantum
gravity in the form of stochastic space-time fluctuations
[12–20].

A powerful technique to search for stationary stochas-
tic signals that manifest as length fluctuations is to facil-
itate cross-correlation between two laser interferometers
that share the scientific target signal but are commis-
sioned to be independent in their technical noises [21].
The Quantum-Enhanced Space-Time (QUEST) experi-
ment is dedicated to develop correlated interferometry
for fundamental physics and targets signals such as quan-
tum gravity, dark matter, and high-frequency gravita-
tional waves [22]. The Holometer experiment at Fer-
milab, pioneered this technique and demonstrated the
feasibility of the method using 40-meter scale interferom-
eters, while the QUEST and the planned GQuEST [23]
experiments are developing the technology further and
probing broader frequency bands using table-top scale
instruments.

In this letter, we report on the first results of the
QUEST experiment that demonstrate the feasibility of
co-located table-top interferometry by providing new up-
per limits on stationary length fluctuations. These re-
sults constitute new constraints on stochastic gravita-
tional waves in the frequency band from 13 to 80MHz,
improving upon the limits established by previous inter-
ferometric experiments in this frequency band [24, 25].
Similar to long-baseline interferometers such as the

Laser Interferometer Gravitational wave Observatories
(LIGO), the interferometers in QUEST are operated as
linear phase detectors, allowing for measurement of sig-
nals that cause relative phase accumulation between the
light fields traversing their arms. The interferometers in
QUEST utilize a homodyne readout scheme with a feed-
back loop to lock the arm length difference of each inter-
ferometer to an offset near the true dark fringe, resulting
in a fixed but small fraction of probe field from inside the
interferometer to leak out to the output port. The fields
exiting are continuously measured using photo-detectors
to extract time-varying information of the accumulated
phase difference between the arms.
The Heisenberg uncertainty principle bounds the ac-

curacy to which the phase of the probe field can be mea-
sured as a time-varying quantity. In the absence of a
limiting classical noise, in the frequency band of interest,
this manifests as a counting uncertainty of the probe field
photons known as photon shot noise. The uncertainty
has a Poisson distribution over the expected number of
photons in the circulating field, resulting in a frequency-
independent noise.
When using an un-squeezed vacuum input to the anti-

symmetric port of an interferometer, the shot noise lim-
ited sensitivity towards changes to the differential-arm
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length degree of freedom is given by [26, 27] -

Ssn(f) =

√
cℏλ

4πPBS
(1)

≈
(
5× 10−19 m√

Hz

)(
10 kW

PBS

)1/2

(2)

where λ is laser wavelength - 1064 nm in QUEST - and
PBS is the laser power on the beamsplitter.

Experimental setup -QUEST consists of two co-located
and co-aligned Power Recycled Michelson Interferome-
ters with perpendicular arms. The common mode power-
recycling resonantly enhances the effective power circu-
lating in the arms, thus improving the shot noise-limited
sensitivity of the interferometers. The interferometers in
QUEST have an arm length of 1.83m and an inter-arm
separation of 0.45m. The end mirrors of the interferom-
eters are highly reflective (12.7 ppm transmissivity) and
the power recycling mirror has a reflectivity of 99.5%.
A simplified schematic of the experimental apparatus is
shown in FIG. 1.

The two interferometers in QUEST are housed in
two separate vacuum envelopes, that sit on a vibra-
tion isolated optical bench and each vacuum envelope is
equipped with a set of mechanical turbo pumps to acquire
vacuum. To maintain the vacuum levels and to avoid
any vibrational noise being coupled to the interferome-
ters via mechanical pumps, each vacuum envelope is also
equipped with a set of non-mechanical ion pumps. When
operating with just the ion pumps the vacuum levels set-
tle at ultra-high vacuum pressures of about 7×10−8 mbar
[22].

The core optics of the interferometers - the power re-
cycling mirror, the beamsplitter and the end test masses
- are rigidly mounted inside the vacuum chambers using
custom made optical mounts. Each core optic mount is
equipped with pico-motors for coarse alignment and the
end test masses are also equipped with piezo-electric ac-
tuators that give control over longitudinal position and
angular pointing of the optics.

Two feedback loops are commissioned per interfer-
ometer to maintain the instruments at their operat-
ing point. A frequency stabilization loop, utilizing the
Pound-Drever-Hall (PDH) technique, is used to lock the
frequency of the laser to the length of the power recycling
cavity and a differential arm length (DARM) stabiliza-
tion loop is used to lock the arm length difference of the
interferometer by utilizing the power exiting the output
port (homodyne readout). The angular degrees of free-
dom are fine-tuned in lock to improve the contrast and
power buildup of the interferometers.

Correlation analysis and averaging - In QUEST, the
target signals are assumed stationary and correlated
between the two interferometers. Therefore, cross-
correlation and averaging between the outputs of the
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FIG. 1. A schematic of the interferometers in the QUEST
experiment. The vacuum envelopes, core optics, laser sources
and the main photo-detectors are shown. Electro-optic mod-
ulators are used to inject phase-modulation sidebands for the
Pound-Drever-Hall sensing scheme.

interferometers can be performed to suppress uncorre-
lated technical and quantum noise. The photon-shot-
noise dominated time series signal from each interferome-
ter is Fourier transformed and a frequency domain cross-
correlation is calculated. The cross-correlated spectra
(CSD) are then averaged:

SN
AB(f) =

1

N

N∑
n=1

F †
A(n, f) · FB(n, f) (3)

SAA = F †
A · FA;SBB = F †

B · FB (4)

where SAA, SBB and SAB are the power spectral densities
(PSD) of interferometer A and B and their CSD, respec-

tively while FA, FB and F †
A, F

†
B are the one-sided Fourier

transforms and their complex conjugates and N is the to-
tal number of spectra being averaged and n is index of the
spectra. The total number of spectra N , that result from
an observation period T is a function of the frequency
bin-width (fBW) of the Fast Fourier Transform (FFT)
performed, which follow the relation N = T × fBW.
For the data presented an fBW of 15.25 kHz is chosen,
which is the smallest bin-width that can be process by
the real-time data acquisition system that has been com-
missioned.

The mean of the CSD follows a χ2(N) distribution and
for uncorrelated measurements like photon shot noise,
the expectation value of the mean CSD scales as square
root of the number of averages -

⟨SN
AB⟩ =

√
SAA · SBB

N
(5)
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In the presence of a correlated signal between the two
measurements, the expected mean tends towards the
mean of the correlated signal while the variance scales
down as the square root of the number of averages.

The output signal from the anti-symmetric ports of the
interferometers is collected on to two Newfocus 1811-FS
fast photo-detectors that have been modified to be able
to measure up to 50mW of laser power, by increasing the
active area to 1mm diameter and AC-coupling the front-
end stage of the circuit [28]. In steady-state operation,
the fast photo-detectors are operated with about 30mW
of laser power. Their frequency bandwidth is 80MHz and
is currently limiting the measurement frequency band for
the QUEST experiment. As part of an upgrade, a new
set of fast photo-detectors with a bandwidth of 200MHz
are being commissioned. Currently, the detection band-
width of the instrument roughly covers the light-crossing
frequency of the interferometer arms (81.97MHz) and
the main quantum gravity models being probed [13, 15]
predict a broadband signal peaked at this frequency. The
planned 200MHz bandwidth of the instrument will help
further constrain the nature of the signal being probed.

The low-frequency technical noise content from the
photo-detector signals is suppressed using analog high-
pass filters with a corner frequency of 1MHz. The sig-
nals are then digitized with a resolution of 16 bits and at
a rate of 500 million samples per second. The sampling
rate and resolution product sets a data rate from digi-
tizing two channels to 16 Gigabits per second. Storing
timeseries data at this data rate is non-trivial. Averag-
ing of frequency domain spectra provides a convenient
method to compress the data to be stored, but at a cost
of losing the ability to search for transient signals that
are shorter in duration than the averaging time.

An FPGA platform from National Instruments consist-
ing of two NI PXIe-5763 digitisers and a NI PXIe-7915
co-processor are used to implement a real-time data ac-
quisition and processing system. For both channels that
are sampled a window function is applied and an FFT is
computed for time segments of a length of 32,786 sam-
ples, corresponding to 65.54µs of observed data. This
sets the frequency resolution of the spectra to 15.250 kHz.
Without any loss of information, one-sided, complex-
valued FFTs are propagated further to calculate two
Power Spectral Densities (PSD) and one CSD. The mean
of 104 spectra are then calculated to compress the data
from a total 0.655 s of observation. Thus averaged spec-
tra are then written to a storage server as a ‘frame’.

Offline post-processing of frames, including vetoing of
frames corresponding to lock-loss periods of the interfer-
ometers and correcting for the photo-detector response
is done. The modified photo-detectors show a slight gain
increase at 80MHz in their response, that is corrected for.
Further averaging of frames is done to achieve the final
displacement spectral density for an observation period.

The variance of the final averaged CSD is calculated
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FIG. 2. a. The absolute displacement sensitivity of
Interferometer-A

√
SAA(f), Interferometer-B

√
SBB(f) are

shown in blue and green solid lines. The difference in their
sensitivities at low frequencies is likely due to different laser
frequency noise coupling to the anti-symmetric port of the
interferometers. Special emphasis will be given to commis-
sion the interferometers and minimize the currently different
macroscopic arm-asymmetries. Their CSDs

√
SAB(f) aver-

aged over the observation period is shown in light red and
95th percentile of the averaged CSD is shown in solid red line.
The CSD from the Holometer experiment [25] is shown in
cyan and the design sensitivity for QUEST experiment [22] is
shown with dashed black line.
b. The strain sensitivity derived from the the absolute
displacement sensitivities and sky-position and polarization
averaging are shown. The design strain sensitivity of the
QUEST interferometers, being similar to that of the Holome-
ter with table-top scale arms lengths, will require higher abso-
lute displacement sensitivities. This will yield a better SNR
accretion with time-averaging against the quantum gravity
models being tested [13, 15].

using the relation

(σ2
AB)N =

SAA(f)SBB(f)

N
(6)

Calibration and sensitivity - The laser power transmit-
ted through the end mirrors of the interferometers is used
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as an estimator for the power circulating in the arms.
Then, the shot noise-dominated output of the interfer-
ometers is calibrated to displacement sensitivities using
Eq. 2. The estimated calibration is propagated to the
averaged PSDs obtained from the real-time data acquisi-
tion system, resulting in the spectra to be calibrated to
displacement. A fiducial error of 15% is assumed for the
calibration as a result of technical uncertainties such as
optical losses in the detection optics chain, quantum ef-
ficiencies of fast photo-detectors and uncertainties in the
reflectivities of the core optics.

FIG. 2a shows the absolute displacement sensitivity in
amplitude spectral density units of m/

√
Hz, correspond-

ing to interferometers A, B and the CSD between the
interferometers. The spectra were obtained by averag-
ing over a 10,000 s of coincident observing run data. A
short observing run was a strategic choice to evaluate the
performance of the instrument, before proceeding with
further commissioning of the interferometers to achieve
even better sensitivity for longer observation length.

Interferometers A and B are operated with an in-
put power of 300mW each, from two separate Coher-
ent Mephisto NPRO continuous-wave laser sources, that
resulted in a circulating power on the beamsplitter of
83.32 ± 1.02W and 96 ± 0.89W, respectively. This re-
sulted in absolute displacement sensitivities of about
5.5 × 10−18 m/

√
Hz in both interferometers. As part of

this coincident observing run, a total of 1.64× 108 cross-
spectra were collected and averaged, resulting in a cross-
correlated displacement sensitivity of 3× 10−20 m/

√
Hz.

The observed displacement sensitivity is transformed
into strain sensitivity for stochastic gravitational waves
that are assumed to be isotropic and unpolarized. The
sky-position and polarization-averaged strain sensitivity
h(f) is calculated similar to LIGO [29, 30], and is shown
in FIG. 2b.

This broadband strain noise spectrum sets new upper
limits for stationary length fluctuations in the frequency
band 13 to 80MHz. We verified that the mean for the
averaged cross-spectra follows a

√
N trend for a growing

number of averaged spectra N . Therefore, the signals
between the interferometers are interpreted to be uncor-
related, shown in FIG. 3.

This observation constrains stationary stochastic sig-
nal sources, such from the stochastic gravitational-wave
background to the observed sensitivity.

Other interferometric experiments that have set limits
at radio frequencies are the Holometer experiment [25],
which set limits for the frequency band 1 to 13MHz with
a strain sensitivity of about 4× 10−22 1/

√
Hz and a pair

of co-located synchronous recycling interferometers [24],
which set a narrow-band limit at 100MHz with a strain
sensitivity of about 10−16 1/

√
Hz. QUEST explores the

frequency band between the two experiments and sets
new limits from 13MHz to 80MHz with a strain sensi-
tivity of 3× 10−20 1/

√
Hz. Further commissioning is un-
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FIG. 3. The averaging-scaling trend of the cross-correlated
spectra SAB for the frequency bin 40.66±0.99MHz is shown in
PSD units (m2/Hz) and normalized sensitivity scaling. The
expected trend for uncorrelated noise is also shown.

derway to improve both frequency band of observation
and the strain sensitivity of the experiment.
Classical noise limit for a single interferometer - Cross-

correlation analysis and averaging can be performed with
the output of a single interferometer to surpass the pho-
ton shot noise limited sensitivity [31]. The expectation
mean of the averaged CSDs will tend towards the tech-
nical, classical noises that limit the interferometer’s sen-
sitivity.
To demonstrate the functionality of our high-frequency

cross-correlation pipeline and to analyze the noise sources
below shot noise for a single interferometer, a single in-
terferometer data collection run was conducted. A ho-
modyne readout with a beamsplitter and two photo-
detectors was set up at the output of interferometer-A.
Each photo-detector sampled 50% of the beam power
leaving the interferometer, and a cross-correlation anal-
ysis between these photo-detectors was performed. The
photon shot noise and photo-detector dark noise of each
individual photo-detector are suppressed by the averag-
ing of CSDs. About 1.4 × 108 individual CSD spectra
were collected and the resulting averaged spectrum is
shown in FIG. 4.
The classical noise shown at sub-shot noise sensitivi-

ties comprises laser frequency and laser intensity noises,
thermo-refractive noise and bulk-thermal noise of the
core optics. A characteristic comb of 470 kHz lines and
harmonics are seen as result of the thermal noise from the
solid normal modes that arise from the 6mm thick, fused
silica core optics used in the interferometer. This consti-
tutes a unique thermal noise measurement of a fused sil-
ica optical element in this frequency range. The peaks at
8 and 16MHz are phase-modulation sidebands and their
harmonics injected for length sensing and control of the
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FIG. 4. The two-photo-detector cross-correlation measure-
ment,

√
SA1A2(f), from the output of Interferometer-A is

shown in red. The current observed shot noise limited sensi-
tivity,

√
SA1A1(f), is shown in blue and the shot noise-limited

design sensitivity
√

Sdesign of a single interferometer is shown
in dashed black trace.

interferometer.
Ongoing commissioning work - The interferometers in

QUEST are currently being further commissioned with
the goal to achieve the design displacement sensitivity of
2×10−19 m/

√
Hz [22]. The recycling factor of the power

recycling cavity will be increased by installing new core
optics with less optical losses (both scatter and absorp-
tion) and by increasing the reflectivity of the power recy-
cling mirror to 99.9%. The input power will be appropri-
ately increased to reach the target circulating power of
10 kW on the beamsplitters. For stable operation of the
interferometers at high circulating powers, active feed-
back loops for the angular degrees of freedom are being
commissioned. Automated re-locking protocols will be
implemented into the digital control systems to maintain
a high duty cycle of operation during observing runs.

New photo-detectors with a response bandwidth of
200MHz have been commissioned and are currently be-
ing characterized. These new photo-detectors will in-
crease the detection bandwidth of the QUEST interfer-
ometers, and will allow the experiment to set new upper
limits on strain sensitivities up to 200MHz.

To further improve the sensitivity of the interferome-
ters, squeezed light injection along with a balanced homo-
dyne readout scheme and Output Mode-Cleaners are cur-
rently being commissioned [32]. An external calibration
scheme to corroborate the shot noise based calibration
and improve calibration uncertainties is being tested.

Conclusions - The interferometers in the QUEST ex-
periment have been commissioned to achieve absolute
displacement sensitivities of 5.5×10−18 m/

√
Hz and a co-

incident observing run was conducted to collect 10,000 s
of data. The observing run explores new territory by set-

ting upper limits for stochastic gravitational waves in the
frequency band 13 to 80MHz, at a strain sensitivity of
3× 10−20 1/

√
Hz.

Further commissioning work for the experiment is on-
going, with the goal to achieve the design sensitivity and
bandwidth of the experiment. An increase in the circu-
lating power along with injection of squeezed states of
light will target an absolute displacement sensitivity of
each interferometer of 2×10−19 m/

√
Hz, and performing

a 1 million second coincident observing run will allow for
probing of correlated length fluctuation signals down to
4 × 10−22 1/

√
Hz strain sensitivity. This will result in

about 2 orders of magnitude improvement on the con-
straint set in this paper along with covering a broader
frequency band.
Operating the interferometers at their design sensitiv-

ities will allow us to probe for a wide variety of sta-
tionary signals like, signatures of quantised space-time,
scalar field dark matter candidates and stochastic and
continuous gravitational waves. Achieving high circulat-
ing powers in the interferometers will also aid in under-
standing the technical needs, especially in the context of
limiting thermal noises, for the development and opera-
tion next generation of long-baseline, high-power gravi-
tational wave detectors.
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00133 Roma, Italy and INFN, Sezione di Roma Tor Ver-
gata, I-00133 Roma, Italy.

[1] R. Abbott et al. (LIGO Scientific Collaboration, Virgo
Collaboration, and KAGRA Collaboration), Gwtc-3:
Compact binary coalescences observed by ligo and virgo
during the second part of the third observing run, Phys.
Rev. X 13, 041039 (2023).

[2] B. J. Carr and S. W. Hawking, Black Holes in the Early
Universe, Monthly Notices of the Royal Astronomical So-
ciety 168, 399 (1974).

[3] X. Siemens, V. Mandic, and J. Creighton, Gravitational-
wave stochastic background from cosmic strings, Phys.
Rev. Lett. 98, 111101 (2007).

[4] G. Servant and P. Simakachorn, Ultrahigh frequency pri-
mordial gravitational waves beyond the kHz: The case of
cosmic strings, Phys. Rev. D 109, 103538 (2024).

mailto:patraa1@cardiff.ac.uk
https://doi.org/10.1103/PhysRevX.13.041039
https://doi.org/10.1103/PhysRevX.13.041039
https://doi.org/10.1093/mnras/168.2.399
https://doi.org/10.1093/mnras/168.2.399
https://doi.org/10.1103/PhysRevLett.98.111101
https://doi.org/10.1103/PhysRevLett.98.111101
https://doi.org/10.1103/PhysRevD.109.103538


6

[5] A. M. Cruise, The potential for very high-frequency grav-
itational wave detection, Classical and Quantum Gravity
29, 095003 (2012).

[6] N. Aggarwal, O. D. Aguiar, A. Bauswein, G. Cella,
S. Clesse, A. M. Cruise, V. Domcke, D. G. Figueroa,
A. Geraci, M. Goryachev, H. Grote, M. Hind-
marsh, F. Muia, N. Mukund, D. Ottaway, M. Peloso,
F. Quevedo, A. Ricciardone, J. Steinlechner, S. Stein-
lechner, S. Sun, M. E. Tobar, F. Torrenti, C. Ünal, and
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