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The Quantum-Enhanced Space-Time (QUEST) experiment consists of a pair of colocated power
recycled Michelson interferometers, each designed to have a broadband, shot-noise-limited displacement
sensitivity of 2 x 1071 m/ v/Hz from 1 to 200 MHz. Here, we present the first results of QUEST, with a
search up to 80 MHz, that set new upper limits on correlated length fluctuations from 13 to 80 MHz,
constituting the first broadband constraints for a stochastic gravitational wave background at these

frequencies. In a coincident observing run of 10* s, the averaging of the cross-correlation spectra between

the two interferometer signals resulted in a strain sensitivity of 3 x 1072° 1/+/Hz, making QUEST the most

sensitive table-top interferometric system to date.

DOI: 10.1103/61j9-cjkk

The development of laser interferometry over the last
decades has allowed for frequent detection of gravitational
waves, revolutionizing astrophysics [1]. So far, all detected
gravitational-wave signals are from nonstationary events,
understood as signatures from the coalescence of compact
astronomical objects such as black holes and neutron stars.
However, gravitational waves are also expected from sta-
tionary sources such as rotating neutron stars (in the form
of quasicontinuous waves) and from the stochastic super-
position of unresolved astrophysical or cosmological
sources, such as primordial black holes, cosmic string
loops, and other relics possibly 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 for searching for stationary sto-
chastic signals that manifest as length fluctuations is to
facilitate cross-correlation between two laser interferometers
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that share the scientific target signal but are commissioned to
be independent in their technical noises [21]. The Quantum-
Enhanced Space-Time (QUEST) experiment is dedicated
to developing correlated interferometry for fundamental
physics and targets signals such as quantum gravity, dark
matter, and high-frequency gravitational waves [22]. The
Holometer experiment at Fermilab, pioneered this technique
and demonstrated the feasibility of the method using 40-m
scale interferometers, while the QUEST and the planned
GQUuEST [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 colocated
table-top interferometry by providing new upper limits on
stationary length fluctuations. These results constitute new
constraints on stochastic gravitational waves in the fre-
quency band from 13 to 80 MHz, improving upon the limits
established by previous interferometric experiments in this
frequency band [24,25].

Similar to long-baseline interferometers such as the
Laser Interferometer Gravitational Wave Observatory
(LIGO), the interferometers in QUEST are operated as
linear phase detectors, allowing for measurement of signals
that cause relative phase accumulation between the light
fields traversing their arms. The interferometers in QUEST
utilize a homodyne readout scheme with a feedback loop to
lock the arm length difference of each interferometer 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

Published by the American Physical Society
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measured using photodetectors to extract time-varying
information of the accumulated phase difference between
the arms.

The Heisenberg uncertainty principle bounds the accu-
racy to which the phase of the probe field can be measured
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 unsqueezed vacuum input to the anti-
symmetric port of an interferometer, the shot-noise-limited
sensitivity toward changes to the differential-arm length
degree of freedom is given by [26,27]

chi
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where 1 is laser wavelength—1064 nm in QUEST—and
Py is the laser power on the beamsplitter (BS).

Experimental setup—QUEST consists of two colocated
and coaligned power recycled Michelson interferometers
with perpendicular arms. The common mode power recy-
cling resonantly enhances the effective power circulating in
the arms, thus, improving the shot-noise-limited sensitivity
of the interferometers. The interferometers in QUEST have
an arm length of 1.83 m and an interarm separation of
0.45 m. The end mirrors of the interferometers are highly
reflective (12.7 ppm transmissivity), and the power recy-
cling 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 vibration 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 interferometers via mechanical
pumps, each vacuum envelope is also equipped with a set
of nonmechanical ion pumps. When operating with just the
ion pumps, the vacuum levels settle at ultrahigh vacuum
pressures of about 7 x 1078 mbar [22].

The core optics of the interferometers—the power
recycling 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 picomotors for coarse alignment and the
end test masses are also equipped with piezoelectric
actuators that give control over longitudinal position and
angular pointing of the optics.

Trans-PDB

v
FAST-PDB

\d
FAST-PDA

FIG. 1. A schematic of the interferometers in the QUEST
experiment. The vacuum envelopes, core optics, laser sources,
fast photodetectors (FAST-PDA and FAST-PDB) and transmis-
sion photodetectors (Trans-PDA and Trans-PDB) are shown.
Electro-optic modulators (EOM) are used to inject phase-modu-
lation sidebands for the Pound-Derver-Hall sensing scheme.

Two feedback loops are commissioned per interferom-
eter to maintain the instruments at their operating point. A
frequency stabilization loop, utilizing the Pound-Drever-
Hall technique, is used to lock the frequency of the laser to
the length of the power recycling cavity and a differential
arm length stabilization 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 freedom 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 interferometers can be
performed to suppress uncorrelated technical and quantum
noise. The photon shot-noise-dominated time series signal
from each interferometer is Fourier transformed and a
frequency domain cross-correlation is calculated. The
cross-correlated spectra (CSD) are then averaged

1 N

Se(f) = D FA(Lf) - Fy(nf).  (3)
n=1

Saa = FL - Fa; Sgp = Fj - Fg, (4)

where Sxa, Spp, and Sp are the power spectral densities
(PSDs) of interferometer A and B and their CSD, respec-
tively, while F,, Fg and F Z, F E are the one-sided Fourier
transforms and their complex conjugates, N is the total
number of spectra being averaged, and » is the index of the
spectra. The total number of spectra N, that results from an
observation period 7 is a function of the frequency bin width
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(fpw) of the fast Fourier transform (FFT) performed, which
follows the relation N = T x fgyw. For the data presented,
an fw of 15.25 kHz is chosen, which is the smallest bin
width that can be processed by the real-time data acquisition
system that has been commissioned.

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

($Na) = /27 5

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

The low-frequency technical noise content from the
photodetector signals is suppressed using analog high-pass
filters with a corner frequency of 1 MHz. The signals 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 digitizing two
channels to 16 Gigabits per second. Storing time series data
at this data rate is nontrivial. Averaging 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 consisting
of two NI PXle-5763 digitizers and a NI PXlIe-7915
coprocessor are used to implement a real-time data acquis-
ition 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 samples,
corresponding to 65.54 ps 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 PSDs and one CSD.
The mean of 10* spectra are then calculated to compress the
data from a total 0.655 s of observation. Thus, averaged
spectra are then written to a storage server as a “frame.”

Off-line postprocessing of frames, including vetoing of
frames corresponding to lock-loss periods of the interfer-
ometers and correcting for the photodetector response is
done. The modified photodetectors show a slight gain
increase at 80 MHz 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
using the relation

(o = 2] ©

Calibration and sensitivity—The laser power transmitted
through the end mirrors of the interferometers is used as an
estimator for the power circulating in the arms. Then, the
shot-noise-dominated output of the interferometers is cali-
brated to displacement sensitivities using Eq. (2). The
estimated calibration is propagated to the averaged PSDs
obtained from the real-time data acquisition system, result-
ing 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 efficiencies of fast photodetectors, and
uncertainties in the reflectivity of the core optics.

Figure 2(a) 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 averaging
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 input
power of 300 mW each, from two separate Coherent
Mephisto NPRO continuous-wave laser sources, that
resulted in a circulating power on the beamsplitter of
8332+ 1.02W and 96 £0.89 W, respectively. This
resulted in absolute displacement sensitivities of about
5.5 x 1078 m/+/Hz in both interferometers. As part of this
coincident observing run, a total of 1.64 x 10% cross-
spectra were collected and averaged, resulting in a cross-
correlated displacement sensitivity of 3 x 1072 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 i (f) is
calculated similar to LIGO [29,30], and is shown in
Fig. 2(b).
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FIG. 2. (a) The absolute displacement sensitivity of Interfer-

ometer A\/Saa (f), Interferometer B/ Sgg(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 antisymmetric port of the interferometers. Special
emphasis will be given to commission the interferometers and
minimize the currently different macroscopic arm asymmetries.
Their CSDs +/Sag(f) averaged over the observation period is
shown in light red and 95" percentile of the averaged CSD is
shown in a solid red line. The CSD from the Holometer experiment
[25] is shown in cyan and the design sensitivity for the QUEST
experiment [22] is shown with a dashed black line. (b) The strain
sensitivity derived from 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 Holometer with table-top scale arms lengths, will
require higher absolute displacement sensitivities. This will yield a
better SNR accretion with time averaging against the quantum
gravity models being tested [13,15].

This broadband strain noise spectrum sets new upper
limits for stationary length fluctuations in the frequency
band 13 to 80 MHz. 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 uncorre-
lated, shown in Fig. 3.
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FIG. 3. The averaging-scaling trend of the cross-correlated
spectra Sxp for the frequency bin 40.66 & 0.99 MHz is shown
in PSD units (m?/Hz) and normalized sensitivity scaling. The
expected trend for uncorrelated noise is also shown.

This observation constrains stationary stochastic signal
sources, such as 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 13 MHz with a strain
sensitivity of about 4 x 10722 1/y/Hz, and a pair of
colocated synchronous recycling interferometers [24],
which set a narrow-band limit at 100 MHz with a strain

sensitivity of about 10~'° 1/v/Hz. QUEST explores the
frequency band between the two experiments and sets new
limits from 13 to 80 MHz with a strain sensitivity of

3 x 1072° 1/4/Hz. Further commissioning is underway to
improve both the 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
photon shot-noise-limited sensitivity [31]. The expec-
tation mean of the averaged CSDs will tend toward the
technical, classical noises that limit the sensitivity of the
interferometer.

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
interferometer data collection run was conducted. A homo-
dyne readout with a beamsplitter and two photodetectors
was set up at the output of interferometer A. Each
photodetector sampled 50% of the beam power leaving
the interferometer, and a cross-correlation analysis between
these photodetectors was performed. The photon shot noise
and photodetector dark noise of each individual photo-
detector are suppressed by the averaging of CSDs. About
1.4 x 10® individual CSD spectra were collected and the
resulting averaged spectrum is shown in Fig. 4.

101402-4



PHYSICAL REVIEW LETTERS 135, 101402 (2025)

10—16 4

;N\ — VSan (f) - v/ Sdesign
L . Saa,(f)

~

é 10-17 ¢+

E |

E

EJ 10-18 4

<]

195}

—

: I

9] t f

2 o] T
Q

=

=%

B

Q 10—20 4

0 10 20 30 40
Frequency (MHz)

FIG. 4. The two-photo-detector cross-correlation measure-
ment, /Sa a,(f), from the output of Interferometer A is
shown in red. The current observed shot-noise-limited sensi-
tivity, \/Sa,a, (f), is shown in blue and the shot-noise-limited
design sensitivity /Sgesign OF @ single interferometer is shown
in a dashed black trace.

The classical noise shown at subshot noise sensitivities
comprises laser frequency and laser intensity noises,
thermorefractive noise, and bulk-thermal noise of the core
optics. A characteristic comb of 470 kHz lines and
harmonics are seen as the result of the thermal noise from
the solid normal modes that arise from the 6 mm thick,
fused silica core optics used in the interferometer. This
constitutes a unique thermal noise measurement of a fused
silica optical element in this frequency range. The peaks at
8 and 16 MHz are phase-modulation sidebands and their
harmonics are injected for length sensing and control of the
interferometer.

Ongoing commissioning work—The interferometers in
QUEST are currently being further commissioned with the
goal of achieving the design displacement sensitivity of
2 x 107" 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 absorption)
and by increasing the reflectivity of the power recycling
mirror to 99.9%. The input power will be appropriately
increased to reach the target circulating power of 10 kW on
the beam splitters. For stable operation of the interferom-
eters at high circulating powers, active feedback loops for
the angular degrees of freedom are being commissioned.
Automated relocking protocols will be implemented into
the digital control systems to maintain a high duty cycle of
operation during observing runs.

New photodetectors with a response bandwidth of
200 MHz have been commissioned and are currently being
characterized. These new photodetectors will increase the
detection bandwidth of the QUEST interferometers and
will allow the experiment to set new upper limits on strain
sensitivities up to 200 MHz.

To further improve the sensitivity of the interferometers,
squeezed light injection along with a balanced homodyne
readout scheme and output mode cleaners are currently
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 experi-
ment have been commissioned to achieve absolute dis-
placement sensitivities of 5.5 x 107'® m/v/Hz and a
coincident observing run was conducted to collect
10 000 s of data. The observing run explores new territory
by setting upper limits for stochastic gravitational waves in
the frequency band of 13 to 80 MHz, at a strain sensitivity
of 3 x1072° 1/+/Hz

Further commissioning work for the experiment is
ongoing, with the goal of achieving the design sensitivity
and bandwidth of the experiment. An increase in the
circulating power along with injection of squeezed states
of light will target an absolute displacement sensitivity of
each interferometer of 2 x 10~ m/+/Hz, and performing
a 1 million second coincident observing run will allow for
probing of correlated length fluctuation signals down to
4 x 10722 1/+/Hz strain sensitivity. This will result in
about 2 orders of magnitude improvement on the constraint
set in this Letter along with covering a broader fre-
quency band.

Operating the interferometers at their design sensitivities
will allow us to probe for a wide variety of stationary
signals such as signatures of quantized space-time, scalar
field dark matter candidates, and stochastic and continuous
gravitational waves. Achieving high circulating powers in
the interferometers will also aid in understanding the
technical needs, especially in the context of limiting
thermal noises, for the development and operation of next
generation, long-baseline, high-power gravitational wave
detectors.
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