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We study a cross-shaped cavity filled with superfluid *He as a prototype resonant-mass gravi-
tational wave detector. Using a membrane and a re-entrant microwave cavity as a sensitive op-
tomechanical transducer, we were able to observe the thermally excited high-Q acoustic modes of

the helium at 20 mK temperature and achieved a strain sensitivity of 8 x 107 !9 Hz

/2 4o gravita-

tional waves. To facilitate the broadband detection of continuous gravitational waves, we tune the
kilohertz-scale mechanical resonance frequencies up to 173 Hz/bar by pressurizing the helium. With
reasonable improvements, this architecture will enable the search for GWs in the 1 — 30kHz range,
relevant for a number of astrophysical sources both within and beyond the Standard Model.

I. INTRODUCTION

Following the breakthrough observation of gravita-
tional waves (GW) with LIGO [I], and the subsequent
observation of numerous additional GW sources [2H4],
gravitational astronomy is set to become an important
facet of multi-messenger astronomy [5},[6]. Similar to elec-
tromagnetic waves, the future of GW astronomy also de-
mands extending the telescope window to other frequen-
cies. While there has been enormous progress on the low
frequency front with pulsar timing arrays [7], LISA [§],
and atom interferometer detectors [9], the high frequency
region is often overlooked due to lack of known astro-
nomical GW sources. With over 95% of the mass-energy
content of the Universe invoking beyond the Standard
Model physics, it is imperative to extend GW searches
to higher frequencies where several interesting sources
might lie. Any detection in this window would provide
unique insight into the composition of our Universe, or its
cosmological evolution. Compact resonant-mass GW de-
tectors, with a small footprint often enabling frequency
and geometric tunability, are well suited to search for
continuous GW sources in the kHz-GHz window.

One promising candidate for such detectors are high-
quality acoustic modes in low-loss superfluid helium,
which could have sufficient sensitivity to detect small
strains induced by gravitational waves when combined
with low-noise transduction [I0HI2]. Recently, a pro-
totype of a superfluid helium based detector with mi-
crowave cavity readout was experimentally demonstrated
in a cylindrical geometry [10, [I1]. Despite the very high
mechanical and microwave Q’s achieved, this architec-
ture was unable to resolve thermally driven mechanical
motion. Here, we study the high-) mechanical modes
of a cross-shaped superfluid helium resonator, read out
with a membrane and re-entrant microwave cavity as a
sensitive optomechanical parametric transducer, which
allows us to observe the thermally-limited motion of a
4.28 g resonator down to 20mK. The high mechanical
Q@ allows us to realize GW strain sensitivities down to
8 x 1079 Hz /2, while the cross shape yields gravita-
tional cross sections as large as 47 % of the physical area.

Notably, because of the dependence of the helium speed
of sound on pressure, we are able to continuously tune
the acoustic frequency of the resonant-mass detector, up
to 173 Hz/bar, something that cannot be done in con-
temporary GW observatories and is a major limitation
of solid Weber-bar antennas [13].

A tunable, narrowband GW detector made of super-
fluid helium as the one demonstrated here would be sensi-
tive to GWs in the 1-30 kHz range. This system comple-
ments other proposed resonant-mass detectors for high
frequency GWs such as levitated dielectrics [14] and bulk
acoustic wave resonators [I5]. In this paper, we discuss
sources of GWs in the kHz regime followed by the demon-
stration of thermal motion-limited readout and pressure-
induced tunability of the prototype superfluid GW de-
tector. Finally, we comment on the feasibility of using
superfluid helium optomechanical systems as high fre-
quency GW detectors.

II. GW SOURCES IN THE KHZ REGIME

In this section, we briefly summarize some potential
sources of GWs above 1 kHz, such as mergers of neutron
stars (NS) and primordial black holes (PBH), millisecond
pulsars (msP), and black hole (BH) superradiance [16].
Mergers of binary NSs and PBHs are expected to produce
transient GWs, while msPs and BH superradiance will
produce monochromatic GWs, which makes them better
candidates for a GW search using a resonant detector.
See Ref. [16] for a more comprehensive treatment of high-
frequency GWs. Estimations of the strain sensitivities
required to detect GWs from each source are shown in
Fig.[1

Neutron star binaries in the late inspiral phase emit
detectable transient GWs, which have been observed by
LIGO/Virgo [17]. If the NS binary does not immediately
collapse to form a BH, a post-merger remnant will con-
tinue to emit weaker GWs for up to O (100ms) due to
its oscillation and rotation [I8]. The post-merger signal
contains information about the remnant’s high-density
equation of state [I9] 20], but has not yet been detected
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Figure 1. Estimations of the required sensitivity to detect
GWs from various sources: superradiance from axion decay
and axion annihilation, binary primordial black hole (PBH)
mergers, binary neutron star (NS) post-merger remnants, and
millisecond pulsars (msP). The measured sensitivities for the
[1,-1] and [2,-2] modes of the prototype from this work are
included, as well as the simulated minimum sensitivities for
three higher-order harmonics [12]. The dotted lines show the
expected performance when the frequencies of these modes
are tuned through pressurization. Also included is Advanced
LIGO’s noise budget from its third observing run (aLIGO O3)
for comparison [23].

[21]. In Fig. [ we use < 10724 Hz~1/2 as an estimate [22]
of the strain sensitivity required to begin detecting post-
merger GW emission from binary NSs over a frequency
range of 1 — 5 kHz.

Transient GWs at kHz frequencies can also be sourced
by mergers of sub-solar mass BHs, which would likely
have a primordial origin [I6]. Figure [1|estimates the re-
quired sensitivity to detect binary PBH mergers at a dis-
tance of 10 kpc, assuming the PBHs to have equal mass of
Mgp (using equations (19) and (20) from Ref. [I6]). The
low-frequency cutoff at ~ 2 kHz comes from an assumed
upper-bound of Mgy < Mg on the individual PBH mass
[16].

Non-axisymmetric neutron stars in our galaxy are
the most well-studied source of continuous gravitational
waves. Data from Advanced LIGO has already placed
constraints on stellar ellipticity for 222 pulsars with ro-
tation frequencies above 10 Hz [24]. Pulsars would emit
continuous GWs at twice their rotation frequency, 2f,
[25]. In Fig. we plot the spin-down limit on grav-
itational strain for the 14 pulsars mentioned in Table
with rotation frequencies above 500 Hz (gravitational
wave frequency 2f,) that were considered in the last two
LIGO surveys [24], 26]. The spin-down limit is obtained
by equating the power loss from the observed spin-down
of the pulsar’s rotational frequency being due to emission
of gravitational waves [27]. Monitoring targeted pulsars
electromagnetically would allow for coherent integration
of the GW signal over long times by a narrowband de-

tector, such as the one demonstrated here.

Another potential source of monochromatic GWs are
boson clouds that may form around rapidly rotating BHs
through superradiance. This phenomenon assumes the
existence of beyond the Standard Model massive bosons
such as axions [28], dark photons [29], or tensor fields [30],
which have emerged as dark matter candidates. If the bo-
son’s Compton wavelength is comparable to the BH size
(in terms of the Compton frequency, f. ~ ¢3/47GMgg),
they may populate bound states around a BH, form-
ing a “gravitational atom” [I4]. The boson cloud will
emit monochromatic GWs as the particles transition to
lower energy levels [3], annihilate with each other [14],
or decay into gravitons [32]. Figure [1] estimates the re-
quired sensitivity to detect GWs for axion annihilation
and decay processes assuming a distance of 10 kpc. The
GW amplitude from axion annihilation is estimated us-
ing equation (7) in Ref. [14], where the GW frequency is
twice the Compton frequency. The GW amplitude from
axion decay is estimated using equation (34) in Ref. [32],
where the GW frequency is half the Compton frequency.
For both cases we impose a lower bound Mpy > Mg on
the BH mass.

For monochromatic and long-lived GWs, such as those
sourced by msPs and BH superradiance, we assume a
measurement time of 7ine = 10% seconds, which relaxes
the sensitivity requirements (Sp o Tint). The frequency
tunability of our system will allow for Doppler frequency
shift corrections due to earth’s rotation and orbital mo-
tion [33]. The small size of the detector enables maximiz-
ing the geometric overlap with a GW source at known sky
position. Moreover, the demonstrated frequency tunabil-
ity would allow the same acoustic resonator to look for
GW signals from multiple sources. Along with the ex-

Table I. Millisecond pulsars with frequency greater than 500
Hz considered in the last two continuous GW surveys by
LIGO+VIRGO collaboration [24] [26]: f, is the rotational fre-
quency, few = 2fp is the frequency of gravitational waves,
d is the distance to the pulsar in kiloparsecs, hsq is the spin-
down strain limit.

Pulsar ‘ fo [Hz]  few [Hz] d [kpc| hsa

J0034-0534 532.7 1065.4 1.35 89x107%8
J0952-0607 707.3 1414.6 1.74 85x 10728
J0955-61 500.2 1000.4 217 99x102®
J1301+0833 542.4 1084.8 1.23 1.6 x10~%7
J1747-4036 607.7 1215.4 715 29x10°%®
J1748-24460 596.4 1192.8 553 5.8x 1078
J1748-2446P 578.5 1157 553 5.8x 1072
J1748-2446ad 716.4 1432.7 553 5.8 x 1078
J1810+1744 601.4 1202.8 236  5.6x 10728
J1843-1113 541.8 1083.6 1.48 1.2x107%
J1902-5105 573.9 1147.8 1.65 1.1 x107%7
J1939+42134 641.9 1283.8 3.27 2.0x107%
J1959+2048 622.1 1244.2 1.73 1.2x10~%
J2052+1218 503.7 1007.4 3.92 3.8x10"2®




a) Cryogenic — l'> (Ap

environment —J ®
1

Side

piezo 5 DAQ

Lock-In

E — Normalized electric field
¢) [0,1] (L-1] . [1,1] ™ 1 g
P R ’ a| -
-1-[ .
0 =
0, 21 - 2 21 - :
3
: zZ
I" M "I 1 IE ' l
e t
[t - u -1
Figure 2. a) Sketch of the experimental setup. The grey

box represents the cryogenic environment, with the homodyne
detection electronics at room temperature. We can switch
between driven ring-down measurements detected with the
lock-in amplifier and un-driven thermomechanical measure-
ments. b) Detailed view of the bottom half of the re-entrant
microwave cavity (left) showing the re-entrant stub, with elec-
tric field amplitude (right). c) Finite element simulations of
the normalized pressure fields of the helium acoustic modes
coupled to the fundamental membrane flexural mode. The
helium modes are labeled according the the relative pressure
of the two arms [x,y].

pected GW strains shown in Fig. [T we show the demon-
strated sensitivities of the prototype detector, and simu-
lated sensitivities for higher order modes, which we de-
scribe in further detail below.

III. EXPERIMENTAL DESIGN

Figure [2| shows a schematic of the detector architec-
ture. A continuous GW impinging on the antenna would
excite an acoustic mode of the helium (preferentially ex-
citing modes with quadrupolar nature). The helium mo-
tion is then optomechanically transduced through the
displacement of a non-resonant membrane, which mod-

ulates the resonance frequency of a microwave cavity.
To construct the helium reservoir, we used a commercial
1.33" conflat-flange 4-way-cross made of stainless steel, as
this provides a straightforward superfluid-leak-tight sam-
ple cell. Three arms of the cross were capped with stan-
dard conflat flanges, while the fourth was hermetically
sealed with a circular aluminum membrane of 250 ym
thickness affixed to a copper gasket. The outer side of the
membrane acted as one face of a cylindrical microwave
cavity, similar to previous designs [34, B5]. The other
half of the microwave cavity was machined from 6061
aluminum and incorporates a re-entrant stub (Fig. )
A nonlinear regression of the reflection scattering param-
eter revealed an internal microwave cavity quality factor
of ~ 1.5 x 10* [36]. As the pressure in the helium cell is
increased, the aluminum membrane is displaced towards
the re-entrant stub and the gap — of &~ 100 pm and where
most of the electric field is concentrated — decreases. In
a lumped circuit element model, this increases the capac-
itance, which decreases the resonance frequency of the
microwave cavity [37]. This enables sensitive microwave
readout of the pressure fluctuations in the helium cell,
with a single-photon single-phonon coupling rate of up
to |go| = 2.8 x 10~ Hz [38].

Two broadband piezoelectric transducers were epoxied
to the conflat flanges opposite and perpendicular to the
arm with the microwave cavity. These piezos enabled
a controlled excitation of the acoustic modes of the he-
lium, and hence mode identification. The cell fill line was
soldered into the center of the cross, at a pressure node
for the GW-relevant acoustic modes. To minimise me-
chanical losses, the whole assembly was hung from the
bottom of the dilution fridge via thin wires. A thermal
link to the mixing-chamber plate was made via flexible
copper braids. The microwave components and helium
fill line were well thermalized, such that the experiment
had a minimum base temperature of 16 mK, as measured
by a primary nuclear-orientation thermometer. Outside
the fridge, we used a standard homodyne detection setup
(outlined in Fig. [2) to measure the harmonic phase fluc-
tuations caused by the frequency modulation of the mi-
crowave cavity [39].

IV. CHARACTERIZATION

Figure 2k shows the normalized pressure fields of the
first six acoustic modes of the helium-membrane sys-
tem simulated with finite element modelling. Tablep
lists the corresponding effective masses p = [ pu?d’z
(with density p, unit amplitude displacement field w
of the helium and membrane normal mode, and posi-
tion ) and GW effective areas Ag = 2 ¢;;/uM [40]
(with dynamic part of the quadrupole moment g;; =
[ p(wiz; + zu; — 2/36;u - x) d3z, and geometric mass
M). With GW quadrupolar strain in mind, the simula-
tion confirms the expectation that the acoustic modes
labeled [1,—1] and [2,—2] feature the largest GW ef-
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Figure 3. Tunability of the microwave cavity frequency by
changing the helium pressure at a temperature of 20 mK,
which allows for calibration of the optomechanical coupling
rate. The microwave cavity responds nearly linearly to pres-
sure (dashed line) although the dependence is more accurately
described by a nonlinear model [42] (solid line). The inset
shows the microwave reflection scattering parameter Si11 at
five example pressures (dark green points) between P = 100
and 120 mbar. Each trace is actually 50 (overlapping) curves,
with no discernible difference, demonstrating the stability of
the detector.

fective area. Therefore, in the following we will focus
our analysis on these two modes. Simulations also show
that the uncoupled fundamental flexural membrane mode
has a frequency of 12.2 kHz, significantly higher than the
acoustic mode frequencies of the helium. Therefore, the
normal mode frequencies of the oscillators essentially de-
couple and the membrane displacement is expected to
follow the helium motion instantaneously [41].

As our detection scheme is based on a highly tunable
microwave cavity, it is possible to directly measure the
acoustic to microwave optomechanical coupling strength
by varying the helium pressure and tracking the reso-
nance frequency of the microwave cavity. After filling
the cross with liquid helium and cooling to 20mK, the
pressure inside the cell was varied from P = 80 mbar
to 450 mbar. The microwave cavity resonance frequency

Table II. Relevant parameters of the helium-membrane nor-
mal modes from finite-element simulations: mechanical fre-
quency fm, effective mass p in units of the geometric mass
M = 4.28g, and GW effective area Ag in units of the he-
lium cross-sectional area A = 22.9cm? [40]. Only the first six
modes were considered in the experiment.

Mode| fu [Hz] /M Ag/A Mode| fu [Hz] /M Ag/A

[0,1] | 1618 0.16 0 [2,2] | 6381 0.41 0.04
[1-1] | 1769 0.19 0.47

[1,1] 3179  0.47 0.21 [3,-3] | 8619 0.27 0.07
[0,2] 4692 026 0 [4,-4] | 11800 0.15 0.03
[2,-2] | 5253 0.21 0.27 [5,-5] | 14770 0.12 0.02

fe decreases approximately linearly with pressure, as
the membrane moves towards the stub. The result is
shown in Fig. 3] and a linear regression to the data
(dashed line) provides an acoustic to microwave coupling
strength of df./0P = —1.78 GHz/bar. Also shown is a
nonlinear single-parameter fit [42] (solid line), predict-
ing the frequency as function of geometric cavity pa-
rameters. Using the zero point pressure fluctuations
APy = \/hfm/&Veg of the acoustic mode [43] (with
the acoustic mode frequency f,, helium compressibil-
ity x = 1.2 - 107" Pa~!, and simulated effective vol-
ume Vg of the respective pressure mode), the result-
ing single-photon single-phonon coupling rate is given as
go = (0f./OP)APy = —1.6 x 107°Hz for the [1,—1]
mode and gy = —2.8 x 107 Hz for the [2, —2] mode [38].
These values are three orders of magnitudes larger than
the previous GW superfluid detector prototype [10]. As
a result, even at 20 mK, the detector sensitivity is limited
by thermal noise.

To identify the dominant loss mechanisms of the me-
chanical modes in our detector, the quality factors of the
modes were evaluated through ring-down measurements.
After excitation, by driving the opposite or side piezo at
the mode resonance frequency fy,, the voltage output of
the mixer was measured using a lock-in amplifier locked
t0 fm, yielding a signal decaying as V' (t) = Vi exp(—t/7).
Then, the @) was determined by fitting the decay time
constant 7 = Q/(7 fi) of the data. Figure 4| shows ex-
emplary ring-down measurements for four normal modes.
The [0,1] and [0, 2] modes were not efficiently actuated
using the piezoelectric transducer perpendicular to the
membrane (the side piezo), which supports mode identi-
fication.

The quality factors of the [1, —1] and [2, —2] mode were
measured in a temperature range from 16 to 500 mK
(see Fig. [5)). The dominant intrinsic dissipation mecha-
nism in superfluid helium is a three-phonon process [44],
which limits the quality factor of the acoustic modes be-
low 350mK with a temperature dependence following
Q o< T~* (solid line in Fig. [5)).

The measured data agrees with the theory between 150
and 350 mK. Below 150 mK, the quality factors saturate
to Q ~ 106 for the [1, —1] mode and @ =~ 5 x 10° for the
[2,—2] mode. In this temperature regime, the motion of
the aluminium membrane is likely the dominant source of
mechanical dissipation limiting the quality factor. If this
were the case, one would expect that the losses would be
worse for the [2, —2] normal mode, as observed, since its
frequency is closer to the uncoupled membrane frequency
of 12.2kHz. This, however, requires further experimental
investigation. Other possible channels of dissipation in
our system are *He impurities in the superfluid *He [45];
acoustic losses in the mechanical suspension or thermal
connections; as well as helium in the fill line [I1].

One of the unique features of superfluid helium based
resonant-mass detectors is the tunability of the mechan-
ical frequency via changing the speed of sound through
pressurization [46], [47]. This makes a single narrow-band
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Figure 4. Comparison of ring-down measurements of four
normal modes driven by both the opposite (green) and side
(blue) piezoelectric actuators at a temperature of 16 mK and
a pressure of 140 mbar. The [0,1] and [0, 2] modes can only
be excited with the opposite piezo, since the measurable os-
cillation takes place in the vertical arms shown in Fig. 2,
confirming mode identification. Fits to such ring-downs allow
unambiguous extraction of mechanical @’s, as discussed in
the text and shown for the [1, —1] and [2, —2] modes in Fig.
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Figure 5. Mechanical quality factors of the [1, —1] and [2, —2]
modes versus temperature at a pressure of 140 mbar, as well
as the theoretical prediction for three-phonon dissipation in
pure “He [44].

detector sensitive to a broad frequency range, and al-
lows one to track and monitor a GW source for a longer
duration by applying frequency corrections [33]. We
have investigated this feature by varying the pressure
and measuring the change of the mechanical frequency.
The results for the [1,—1] and [2,—2] mode are shown
in Fig. [f] for a pressure range between 50 and 450 mbar.

The mechanical quality factors (top panel) of the respec-
tive modes remain essentially unaffected by the pressure
tuning. The frequency shift (bottom panel) is well re-
produced by linear regressions revealing a tunability of
57.3Hz/bar for the [1, —1] and 173 Hz/bar for the [2, —2]
mode.

V. THERMALLY EXCITED ACOUSTIC MODES

In an ideal scenario, one will have a resonant-mass GW
detector that is not limited by so-called technical noise,
but instead by intrinsic noise sources, such as shot noise
or thermal noise [48H50]. In this case, shot noise can
be reduced by increased measurement power, and hence
thermal Brownian motion will generally limit the sensi-
tivity of resonant-mass detectors. Therefore, it is rele-
vant to cool such detectors to as low of a temperature
as possible, to reduce the thermal noise contribution and
improve the GW strain sensitivity. For liquid “He, this
has the added benefit of reducing the mechanical dissipa-
tion, as shown in Fig. |5 Here, due to the high acoustic-
to-microwave coupling strength, we were able to measure
the thermally excited modes of the helium in the cross
geometry at a temperature of 20 mK.

To achieve high signal to noise, 71 undriven time series
datasets, each having a length of 1024s (~ 17 minutes),
were independently acquired and averaged together.
During data acquisition, small drifts in the pressure re-
sulted in small drifts in the power spectral densities, of
~ 50 mHz, which were individually compensated before
averaging the 71 data sets together. Note that these pres-
sure fluctuations (on the scale of a mbar) will be mini-
mized in future iterations by introducing a cold valve
to seal the sample cell after filling and pressurization
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Figure 7. Power spectral densities resulting from thermo-
mechanical motion at a temperature of 20mK. a) Voltage
spectral densities v/Svv over the entire measured frequency
range, with simulations of the mode shapes and measured fre-
quencies. The two GW-relevant modes are accentuated, red
for the [1, —1] and blue for the [2, —2] mode, throughout. Cal-
ibrated displacement spectra v/Sz, with non-linear regression
functions (solid lines) are shown for the b) [1, —1] mode and
¢) [2,—2] mode. The resulting GW strain sensitivities v/Shn
are shown in d) for the [1,—1] mode and e) for the [2,—2]
mode.

[IT, 5I]. The resulting voltage power spectral density
Syv is shown in Fig. [fh. The observed resonance fre-
quencies fy, = wy, /27 are in good agreement with those
simulated (see Table [II)).

Around each resonance, the high-Q mechanical modes
can be modelled as a simple harmonic oscillator with
equivalent viscous damping [52H55]. To calibrate the
measurement in terms of a displacement spectral density
Sz ¢ Syv, we followed the method of Hauer et al. [56],
based on the fluctuation-dissipation theorem which pre-
dicts a mean squared thermal noise force of

Sth. = 4kpT %“ (1)

for each mode, with measured temperature 7" = 20 mK
and effective mass p. Figures [Tp and ¢ show the cal-
ibrated displacement spectra of the [1,—1] and [2, —2]
modes, respectively, as well as non-linear regression func-
tions (solid lines). The excellent agreement supports
the choice of models used for the noise and mechanical
loss. The readout noise-limited sensitivity of mechan-
ical displacement is 7.1fm Hz~'/2 for the [1,—1] mode

and 0.16 fm Hz~'/? for the [2,—2] mode. These values
are comparable with the state-of-the-art microwave cav-
ity optomechanics [57].

The sensitivity to strain oscillations induced by contin-
uous GWs, with a strain power spectral density Spi(w),
can be resonantly enhanced, resulting in a force spectrum
of [12]

SFF (w) = % Muw4Agd Shh (w), (2)
acting on the resonant-mass antenna with directivity
function d(0, ¢, ¥). The directivity function depends on
the angular orientation (6, ¢) and polarization ¥ of the
GW relative to the detector, and can be maximized to
dmax = 2.5 for the [1,—1] and [2, —2] modes [40]. In-
verting Eqn. (2), and using the force spectral densities
Srr = Szz/|x"(w)| corresponding to the measured noise

spectra (with mechanical susceptibility y(w) = [ (w2, —

m
w2 tiwwy, /Q)] 1), yields the GW strain sensitivity shown
in Figs. [7d and e. The [1,—1] and [2, —2] modes achieve
on-resonance sensitivities of /Sp, = 2 x 10718 Hz~1/2
and /Sp, = 8 x 10719 Hz~1/2, respectively. These GW
strain sensitivities are approximately 10° times worse
than advanced LIGO [58], although with a detector that
is approximately 10° times shorter. This suggests that
with improvements, especially to the mechanical @), our
compact prototype represents a viable candidate for ob-
servation of GW sources.

VI. CONCLUSIONS

The implementation of a re-entrant microwave cavity
as a parametric transducer for acoustic modes in super-
fluid helium resulted in an enhanced coupling strength
of 1.78 GHz/bar, equivalent to a single-photon single-
phonon coupling rate of up to |go| = 2.8 x 107° Hz.
This readout sensitivity is required to resolve the ther-
momechanical fluctuations of the helium normal modes,
which ultimately limit the sensitivity of the detector. On
resonance, with a =~ 4g mass of helium and GW cross
section of ~ 10cm?, this detector achieves a sensitivity
of &~ 1078 Hz~/2 for acoustic modes that couple to a
quadrupolar GW strain. It is also worth nothing that
an array of such compact superfluid helium GW detec-
tors may provide similar sensitivity to one detector the
size of the array itself, while also allowing for coincidence
analysis [15] 59-62].

A crucial quantity limiting the sensitivity of the detec-
tor is the mechanical quality factor, which saturated to
around 10% at millikelvin temperatures. The dominant
loss mechanism was likely the mechanical @ of the mem-
brane, which could be improved in future experiments
through careful treatment of high-Q) materials such as
niobium [63], 64].

Even though the minimum sensitivity is only achiev-
able within a small detection bandwidth of less than a
hertz, we demonstrated a tunability of the acoustic mode



frequencies of 57.3 Hz/bar and 173 Hz/bar for the [1, —1]
and [2, —2] mode, respectively. One could increase the
pressure up to the melting curve of “He at ~ 25 bar with a
roughly linear increase of the sound speed [46], [47], corre-
sponding to a frequency tunability of = 50 %, as shown by
the dashed lines in Fig.[l} This would facilitate a broad-
band search for continuous GWs as well as enable the fre-
quency corrections necessary to compensate for Doppler
shifts caused by earth’s motion [33]. We note that while
we did not search for acoustic modes above 7 kHz in the
current experiment, such higher order modes could also
couple to GWs, although with diminishing Ag, as shown
in Table [l As a result of the competing effects of fre-
quency and cross section in the force spectrum, Eqn. ,
these higher order modes would have relatively constant
GW strain sensitives, as shown in Fig.

Finally, we note that although this detector is designed
to search for GWs, it also serves as a prototype dark mat-
ter (DM) detector. Scalar ultralight dark matter can pro-
duce an isotropic strain signal that is qualitatively similar
to a GW [65HG67]. For this reason it has been proposed to
use resonant-mass GW detectors to search for dark mat-
ter [65], and data from some existing GW-detectors has
even been reanalyzed to provide constraints on a scalar
DM-induced strain [68, [69]. A prototype DM detector
with similar transduction but larger effective mass and
mechanical quality factor is under development to more
efficiently probe greater regions of unexplored DM pa-

rameter space. As a specific example, performing the
sensitivity analysis detailed in Ref. [70], we find that a
cylindrical detector with 2 cm radius, 13 cm length, and
Q = 10, operating at 20 mK, can achieve a DM strain
sensitivity of v/Shn ~ 2 x 10719 Hz=/2. This would be
sufficient for the lowest symmetric mode at ~ 1800 Hz
to beat the current constraints on scalar DM coupling
within a few hours of integration time.

This work demonstrates key technical developments
towards using macroscopic devices based on superfluid
helium for the detection of weak forces. Along with
searching for GWs, devices based on this architecture
can also be used to probe couplings to the dark sector
or gravitationally induced decoherence models.
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