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We have measured the quantum fluctuations of a single acoustic mode in a volume of superfluid
He that is coupled to an optical cavity. Specifically, we monitor the Stokes and anti-Stokes light
scattered by a standing acoustic wave that is confined by the cavity mirrors. The intensity of
these signals (and their cross-correlation) exhibit the characteristic features of the acoustic
wave’s zero-point motion and the quantum back action of the intracavity light. While these
features have also been observed in the vibrations of solid objects and ultracold atomic gases,
their observation in superfluid He opens the possibility of exploiting the remarkable properties of

this material to access new regimes of quantum optomechanics.



When light interacts with a macroscopic object it typically produces complex excitations
within the object that cannot be reversed by practical means. This effectively destroys the light’s
quantum state and precludes access to the macroscopic object’s quantum dynamics. This
limitation can be overcome by identifying an object with a collective degree of freedom that
interacts strongly with the electromagnetic (EM) field but remains well-isolated from other
degrees of freedom. Examples include superconducting circuits [1], atomic gases [2],
ferromagnets [3], and objects whose vibrations couple to an EM cavity [4]. In the lattermost case
(known as an optomechanical system) the object’s vibrational mode is isolated by its high quality
factor, while its interaction with the EM field results from radiation pressure, electrostriction, or
other reversible processes [4]. Optomechanical experiments have demonstrated quantum effects
in mechanical oscillators as massive as ~ 100 ng [5], as hot as ~ 300 K [6], and employing EM
fields in the microwave [7,8] or near-infrared [9,10,11,12,13,5,6] domains. They have been used
to realize hybrid quantum systems with superconducting qubits [7], atomic spins [13], and solid-
state impurities [12], and show considerable promise in applications such as coherent
microwave-to-optical conversion [14,15]. To date, the mechanical oscillators demonstrating
quantum behavior have been formed from solids [5,6,7,11,12,13,9,8] or ultracold gases [10].
Here we describe measurements of quantum behavior in the vibration of a liquid body that is
coupled to an optical cavity. Specifically, we monitor the dynamics of an individual acoustic
standing wave in a volume of superfluid liquid helium, and observe the characteristic signatures
of zero-point motion and quantum back-action [16,17,18]. This opens the possibility of
exploiting the properties of liquids (and superfluid helium in particular) to access qualitatively
new regimes of quantum optomechanics.

The signatures of quantum motion described here have also been measured in solid-based
and gas-based optomechanical systems [5,6,9,10,11]. However their observation in a liquid is
significant because of several fundamental and technical features offered by liquid-based
optomechanical systems. First, liquids possess mechanical degrees of freedom (such as rotational
flow) with unbounded displacement; as such they differ qualitatively from the normal modes of a
solid, which represent bounded harmonic oscillations about an equilibrium [19,20]. Second, the
presence of a free surface allows a liquid body’s geometry and topology to be reconfigured in

situ and to serve as a dynamical degree of freedom. Third, superfluid He can host a number of

atom-like impurities (such as electrons, ions, and He, excimers) potentially suitable for hybrid



quantum systems [21,22]. Fourth, the remarkable physical properties of superfluid He help to
address some of the outstanding technical challenges in optomechanics: its exceptional thermal
conductivity allows for effective cooling by conventional refrigerators, its acoustic damping can
be predicted a priori [23,24], and its ability to conformally fill or coat a cryogenic EM resonator
[23,24,25,26] means that such devices require no in situ alignment. Lastly, this type of device
offers the possibility of applying precision optical measurements to address outstanding
questions regarding the fundamental properties of superfluid He [27,28]. Some of the features
listed above can be explored by optomechanical systems in the classical regime (using normal
fluids [29,30] or superfluid He [23,24,25,26]). However the quantum regime of liquid-based
optomechanics remains largely unexplored by theory and experiment.

The device used in this study is shown in Fig. 1a. It consists of a cavity formed between
the end faces of two optical fibers. These end faces serve as high-reflectivity mirrors, and are
mounted on the mixing chamber (MC) of a dilution refrigerator (see Supplemental Material
[31]). When the cavity is excited by a laser, these mirrors confine an optical standing wave. The
mode used in these experiments has frequency wop = 27 x 196.0 THz, linewidth x = 2z x 21
MHz, external coupling rate ke = 27 x 10 MHz (including the transverse mode matching), and
finesse F = 9.5 x 10*. The device is similar to the one described in Ref. [24], but offers improved
thermal conductance between the cavity and the MC.

When the cavity is filled with liquid He, the fiber ends also confine acoustic modes. The
acoustic modes’ density variations alter the index of refraction experienced by the optical modes.
Equivalently, the optical modes’ intensity variations exert a force that can excite the acoustic

modes. This leads [24,32] to optomechanical coupling of the conventional [4] form
H,,, =hg¥a’a(c’ +c) where a and c¢ are the annihilation operators for cavity photons and
phonons, respectively. Straightforward geometric considerations show that the single-quantum
optomechanical coupling rate g” is maximized for an acoustic mode with half the wavelength
of the optical mode [24,32]. As a result, the optical mode used in this experiment couples to an
acoustic mode with resonant frequency w,. = 27 x 319.2 MHz.

The device was characterized using optomechanically induced transparency /

amplification (OMIT/A), a standard technique in which laser tones applied to the cavity drive the

acoustic mode and record its driven motion [33]. Analysis of these measurements (see



Supplemental Material [31] and Ref. [24]) provides a best-fit value of g” =2z x (3.6 £ 0.1)
kHz (unless noted, errors correspond to the statistical uncertainty in least-squared fits). This
value is consistent with the a priori calculation (Supplemental Material [31]) g =2z x (3.9 +

0.2) kHz (here the error is due to uncertainty in the mirror materials properties).**

In the absence of any external drive, the acoustic mode’s thermal and quantum
fluctuations can be inferred from the motional sidebands imprinted on a laser beam that interacts
with the cavity. Standard optomechanics theory predicts that the acoustic mode’s thermal
fluctuations contribute equally to the red and blue motional sidebands, but that quantum

fluctuations contribute unequally [4]. Specifically, when the blue sideband is converted to a

photocurrent via heterodyne detection, its power spectral density S'™ is predicted to consist of a

noise floor plus a peak that reproduces the acoustic mode’s Lorentzian lineshape. When the

photocurrent is appropriately calibrated (see below and the Supplemental Material [31]), the

height of this peak /, equals the mode’s mean phonon number 7,.. The same holds for S{™ (the
photocurrent spectrum resulting from the red sideband), except that its peak height A, = n,. + 1.

Furthermore, the spectrum of correlations between the two sidebands (S\™) is predicted to have

a real part consisting of the same lineshape (with height /4 re = 72 + 72) and an imaginary part
with an antisymmetric lineshape of magnitude /s m = 2. (Equivalent information can also be
extracted by measuring both quadratures of the reflected light.**°)

While various interpretations can be applied to these features (see Refs. [16, 17, 18] and
Supplementary Material [31]) they are intrinsically quantum in nature as the perceived energy

differences between S'™, S, and S'™ are set by the energy of a single phonon 7w, It is

convenient to characterize these quantum features by three parameters: Has = hy — hop, Hre =
2(hwre — hob), and Him = 2hwm. Each is predicted to be unity, independent of experimental
conditions such as temperature and laser power.

The system described here operates well in the resolved sideband regime (w,. = 15 k), so
it is impractical to measure the two sidebands produced from a single beam (at least one will be
strongly suppressed by the cavity’s response). Instead, we apply two measurement beams to the
cavity: an “upper” beam with detuning (relative to the cavity resonance) 4, = w,. + 0 and a
“lower” beam with detuning 4, = —@,. — 0 where 9 is set to 2z x 100 kHz. As illustrated in the

inset of Fig. 2 this ensures that two motional sidebands are approximately resonant with the
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cavity: the lower beam’s blue sideband, and the upper beam’s red sideband. The offset ¢ is

chosen so that these sidebands do not overlap, but do lie within the measurement bandwidth. The

sidebands are recorded simultaneously via a heterodyne measurement and S™, S, and S'™

are computed from this record (Supplemental Material [31]). Each of these records is calibrated

upplemental Materia so that the features in S'™, S, and S'™ should be related to 7,
Suppl 1 Material [31] hat the fi in $*, S and S"™ should be related

as described above.

Figure 2 shows a typical measurement of S™ and S (with their frequency-
independent background subtracted) as well as S(™. The features in this data appear

qualitatively consistent with the quantum effects described above. To quantify this comparison
we fit S, S, and Re(S™) to the function 4, /(1+4(w—- @, )’/ y.,) withx = {rr; bb; rb,Re},

while Im(S"™) is fit to &, (00— @ )(7,./2)" (1+4w-a,.)’ /y.)" (Supplemental Material

tb,Im
[31]). Here w is the measurement frequency, and w,. and y,. are the acoustic mode’s frequency
and linewidth. The fits in Fig. 2 give Has = 1.10 £ 0.086, Hr. = 0.97 + 0.14, Hy,, = 1.06 £ 0.055.

The parameters Has, Hgre, and Hy, are defined to reflect only the quantum aspects of the
system’s dynamics; however they are determined from fit parameters (/b /rr, b res aNd Agp 1m)
that reflect both thermal and quantum fluctuations. To compare the quantum and thermal
signatures in the data, we measured heterodyne spectra similar to those in Fig. 2 over a range of
Twvc (the MC temperature) and ng. (the intracavity photon number). Figure 3a,b shows the
inferred phonon number of the acoustic mode’s bath, defined as ng = nac(Yac/Vac0) — 10Y0/Yac.0-
This expression was evaluated by fitting heterodyne spectra (as in Fig. 2) for y,. and n,. (for
these measurements we use 7, = ¥2(hw, + A — 1)). Standard optomechanics theory [4] was used
to calculate the phonon number associated with the quantum back-action nop and the optical
damping rate yo = Yac — Yac0 (Where yac 1s the acoustic damping rate when 7., = 0). For all the
measurements described here ny, nearly equals n,., as the “quantum back-action” term noyo/yac <
1.1, and the “laser cooling” factor y,/yaco differs from unity by no more than 5%.%% We plot ny,
(rather than n,.) in Fig. 3a,b to facilitate comparison with the thermal model described in the
Supplemental Material [31].

Figure 3a shows ny, versus Tyc. For Tye = 150 mK ny, tracks 7w, while for Tye < 150
mK 7y, does not track Tyc and clearly depends on ... Qualitatively similar behavior was found

in Ref. [24], and was accounted for by a thermal model in which the He temperature was set by
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the heat from optical absorption in the mirrors and the cooling provided by the slender superfluid
region which linked that device to the MC. The present device’s more open geometry gives
improved cooling, but the absence of a thermal bottleneck means that the temperature is not
uniform throughout the cavity. We calculate the cavity’s temperature distribution using standard
models of thermal transport and convert this distribution into an effective temperature for the
mode T that depends upon Tyc and 7. (Supplemental Material [31]). Fig. 3b shows the same
values of ny, as Fig. 3a, but plotted versus T In this case the data shows close agreement with

the prediction n, =1/( kT

—1) over the full range of Tyc and ng., indicating that this
approach captures the main features of the device’s thermal behavior. The deviations from the
prediction are roughly independent of Tyic and ngi, and so are unlikely to arise from thermal
effects (which would typically depend on Tvic and ngir). Instead, this behavior is consistent with
an imperfect calibration of the heterodyne signal (Supplemental Material [31]).

Figure 3c shows Has, Hre, and Hiy, as a function of 7. The points in Fig. 3¢ are derived
from data and fits similar to those in Fig. 2 (and from the same set of measurements used to
produce Fig. 3a, b). The uncertainty grows at higher 7. because of the rapid increase of y,. with
T, which makes the motional sidebands harder to distinguish from the noise floor. The
uncertainty also grows at the lowest values of 7. owing to the need to use low ng.. The data in
Fig. 3c are consistent with the theoretical prediction (dashed line), indicating their origin in the
coherent quantum dynamics of the cavity’s acoustic and optical modes.

In conclusion, we have isolated a single normal mode of a liquid body and measured its
quantum fluctuations. This result is distinct from the large body of work on the quantum aspects
of superfluid He’s bulk properties, which reflect the aggregate behavior of very many normal
modes. It is also distinct from work on quantum effects directly related to the superfluid’s
wavefunction (such as persistent flow, quantized vortices, and Josephson effects); although
superfluidity greatly facilitates the experiments described here by suppressing the viscous
damping of the acoustic mode, the acoustic mode itself and its quantum dynamics are generic to

any liquid.
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Figure Captions

Figure 1 | Schematic of the experiment. a, Top: Illustration of the optomechanical device. The
optical fibers (yellow) and ferrules (white) are fixed inside a Cu cell (gray) which is attached to
the mixing chamber of a dilution refrigerator (DR, not shown). Liquid He (blue) fills the cell.
The fibers enter the cell via epoxy feedthroughs (black). Bottom: enlarged view of the cavity.
Red curve: the intensity profile of an optical mode; blue shading: the density profile of the
acoustic mode that couples to the optical mode. The actual optical and acoustic modes used in
this work have, respectively, 91 and 182 half-wavelengths along the cavity length. b, Simplified
layout of the measurement setup. Light from a tunable laser (TL) passes through a phase
modulation system ([JM) driven by a microwave source (MW). Light is delivered to (and
collected from) the DR via a circulator (pink). The reflected light is collected on a photodiode
(PD), and the resulting photocurrent is analyzed by a data acquisition system (DAQ). Details are
given in Supplemental Material [31].

Figure 2 | Sidebands produced by the acoustic mode’s fluctuations. Inset: Illustration of the
measurement scheme. Black curve: cavity lineshape. Colored arrows: laser tones. Colored

curves: acoustic sidebands. Upper panel: the spectrum of the red and blue motional sidebands (

S and S™) and the real part of their cross-correlation (Re[S'™]). A frequency-independent
background has been subtracted from S™ and S{™. Lower panel: the imaginary part of the

cross-correlation (Im[S{"™']). The data were normalized and fit as described in the text and the

Supplemental Material [31]. For this measurement 7y;c = 20 mK and 7., = 400.

Figure 3 | Thermal and quantum fluctuations of the acoustic mode. a, The mean phonon
number ny, associated with the acoustic mode’s bath temperature, plotted versus Tyc. b, The
same measurements of ny as in a but plotted as a function of T the effective device

temperature calculated in the Supplemental Material [31]. The color of each marker encodes 7girc,
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the intracavity photon number. The black points are obtained by averaging data in 15 mK bins.

In both a and b the dashed lines show the expected behavior n, =1/(e"**" —1), while the grey

area represents the systematic uncertainty resulting from the calibration of the heterodyne signal
(Supplemental Material [31]). ¢, Three measures of the quantum features, plotted as a function of
Terr. The dashed line is the prediction of quantum optomechanics theory; the grey area shows the
systematic uncertainty resulting from the calibration of the heterodyne signal. Each data point is
produced from data and fits similar to Fig. 2 (averaged over 15 mK bins). Error bars indicate the

statistical uncertainty in these fits.
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