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Enhanced Laser Cooling of a Mechanical Resonator via Zero-Photon Detection
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Throughout quantum science and technology, measurement is used as a powerful resource for nonlinear
operations and quantum state engineering. In particular, single-photon detection is commonly employed for
quantum-information applications and tests of fundamental physics. By contrast, and perhaps counter-
intuitively, measurement of the absence of photons also provides useful information, and offers significant
potential for a wide range of new experimental directions. Here, we propose and experimentally
demonstrate cooling of a mechanical resonator below its laser-cooled mechanical occupation via zero-
photon detection on the anti-Stokes scattered optical field and verify this cooling through heterodyne
measurements. Our measurements are well captured by a stochastic master equation and the techniques
introduced here open new avenues for cooling, quantum thermodynamics, quantum state engineering, and

quantum measurement and control.
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Introduction—Cavity optomechanical laser cooling pro-
vides a rich avenue for research, and enables the preparation
of low-entropy initial states of mechanical oscillators.
Building on the pioneering work by Braginsky and col-
leagues [1], the thermal ground state has now been achieved
via laser cooling in the optical [2] and microwave [3]
domains. These achievements fueled numerous subsequent
developments and laser cooling remains a very active area in
cavity optomechanics [4]. Key to the performance of laser
cooling is operation in the resolved sideband regime, where
the cavity decay rate is much smaller than the mechanical
angular frequency, i.e.,x < ®,,, toresonantly select the light-
mechanics beam-splitter interaction. Outside the resolved-
sideband regime, i.e., kK > ®,,, optical measurement-based
techniques for cooling have been explored with a prominent
example being feedback cooling [5,6], which has also now
experimentally reached the thermal ground state [7]. An
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undesirable consequence of both laser cooling and feedback
cooling is the mechanical damping rate increases with
increasing cooling. Other techniques for cooling utilize
pulsed measurement approaches for mechanical position
measurements beyond the standard quantum limit [8], which
also enable mechanical squeezing and tomography [9].
Pulsed experiments employing these techniques are also
progressing towards measurement-based cooling to the
mechanical quantum noise level [10,11].

In quantum optics more broadly, measurement plays a
central role for quantum-state engineering and quantum-
information applications. Prominent examples include
heralded single-photon generation via single-photon detec-
tion [12], single-photon addition and subtraction operations
[13-15], and noiseless linear amplification [16]. While the
majority of photon-counting schemes for state engineering
utilize the presence of one or more photons, detecting the
absence of photons may also modify a state. Such zero-
photon detection has been considered in quantum optics as
a tool for noiseless attenuation [17-20], for Gaussification
of entanglement distillation outputs [21], for covert infor-
mation sharing [22], and for optical state engineering and
reconstruction [23-25]. The statistics of zero-photon
events, often discounted in numerical and experimental
protocols, also provide useful information for parameter
estimation protocols [26], and quantum simulation [27].
Recent experimental works have also demonstrated that
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zero-photon detection after a beam-splitter interaction
modifies the output optical field depending on the input
photon statistics [28,29].

Quantum measurement techniques utilizing photon
counting have also been recently employed in optome-
chanics applications [30,31] where correlations between
Stokes-scattered and anti-Stokes-scattered fields have been
explored [32,33], single- and multiphonon addition and
subtraction operations to thermal mechanical states have
been performed [34-36], and higher-order phonon corre-
lations have been measured [37]. With the growing interest
in optomechanical quantum measurement and with the
continued interest in laser cooling in a wide range of
optomechanical and Brillouin-scattering-based systems
[38—40], a measurement-based scheme capable of cooling
mechanical oscillators further than the limits of laser
cooling therefore constitutes a valuable new tool.

In this Letter, we propose and experimentally demonstrate
measurement-enhanced laser cooling of a mechanical oscil-
lator via zero-photon detection of the anti-Stokes-scattered
optical field. The enhancement to the cooling is increased
with longer measurement times and is experimentally
demonstrated for both a single time step and a sequence
of time steps. The dynamics of the coupled optomechanical
system, probed via heterodyne measurements of the anti-
Stokes light, are well captured by a stochastic master
equation, which allows the state of the mechanical mode
to be determined from the measured light. The zero-photon-
detection-enhanced laser cooling is also experimentally
contrasted with the case of single-photon detection, which
increases the mean mechanical occupation [34]. The effect of
detection efficiency on both forms of measurement is
explored, showing the reduction in achievable cooling via
zero-photon detection as optical loss increases. The cooling
technique introduced and demonstrated here combines the
advantages of resolved-sideband laser cooling with meas-
urement-based cooling and can be applied to many physical
systems including optomechanics, electromechanics, atomic
spin ensembles, and superconducting circuits. Moreover, this
technique offers new tools for quantum measurement and
control and to explore the interface of quantum mechanics
and thermodynamics.

Enhanced mechanical cooling via zero-photon detection—
To laser cool a mechanical oscillator, the optomechanical
beam-splitter interaction is brought into resonance and the
output frequency-upshifted light is unmonitored, i.e., a
partial trace operation. To understand the cooling and
heating effects described below, we note that this trace
operation can be viewed as an average over detection of all
photon numbers, including zero-, single-, and multiphoton
detection events. As has been recently experimentally
demonstrated, the detection of a single photon following
the optomechanical beam-splitter interaction is a single-
phonon subtraction operation that doubles the mean occu-
pation of an initial thermal state [34—36], and multiphonon
subtraction further increases the mean occupation [35].
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FIG. 1. Scheme and experimental schematic for zero-photon-
measurement-enhanced laser cooling. (a) Cartoon of the effect of
“no measurement” (corresponding to a trace operation), single-
photon detection, and zero-photon detection on a thermal state.
(b) The optical mode structure experimentally used to drive the
Brillouin interaction. The pump mode is shown in red and the
anti-Stokes mode in blue (offset by the Brillouin frequency in
green). A local oscillator (LO) is located close in frequency to the
anti-Stokes light. (¢c) Experimental schematic. A pump laser is
coupled into a whispering-gallery-mode microresonator (uRES)
and the backscattered anti-Stokes light is separated via an optical
circulator (CIRC). The signal is then split in two: one portion is
directed onto a superconducting nanowire single-photon detector
(SNSPD) to perform zero-photon detection and heterodyne
measurements are performed in a verification arm. The SNSPD
and heterodyne signals are recorded on an oscilloscope (OSCI).
Inset: A representation of the pump and counterpropagating anti-
Stokes and mechanical (green) modes of the resonator.

Thus, as is represented schematically in Fig. 1(a), the zero-
photon-detection events must constitute a cooling so laser
cooling is achieved when all outcomes in the trace are
averaged. Therefore, when the output light mode is instead
monitored and zero-photon-detection events are used for
heralding, the cooling is enhanced beyond standard laser
cooling. This enhancement to laser cooling can also be
understood from a Bayesian perspective due to the state-
dependent measurement outcome probability. Mechanical
states with larger excitations are more likely to generate
photons via the optomechanical interaction and thus be
excluded by zero-photon detection, and conversely,
mechanical states with lower excitations are more likely
to not generate a photon and are thus retained in the
heralding process.

To see this quantitatively, we model the optomechanical
interaction using the beam-splitter Hamiltonian H,3 =
hG(ab™ + a'b), where a and b are the annihilation
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operators of the optical anti-Stokes and mechanical modes,
respectively, and G is the linearized optomechanical cou-
pling rate. The detection of n photons after a short anti-Stokes
interaction of duration 7z is described by the measure-
ment operator YT\ = (n|e~Has7/1|0) o [cos(Gz)] P b,
Looking at the two parts to this measurement operator, b"
describes n-phonon subtraction and, crucially to this work,

the term [cos(G7)]""? present for zero-photon detection,
when applied to a thermal state yields a new thermal state
with a reduced thermal occupation. In order to model a time-
continuous interaction, open-system dynamics, and mea-
surements, we employ a stochastic master equation (SME)
approach. By considering a series of short interactions and
photon-counting measurements, and taking the limit z — dr
allows one to derive the SME

dp = =~ [Hos. pldt + GlalpdN — o Hla"alpds
+ 2k (1 = ) Dlalpdt + 2k, D]alpdt
+2y(N + 1)D[blpdt + 2yND[b"]pdt. (1)

Here, 7 is the total optical detection efficiency from outside
the cavity to the photon counter, k. (k;,) is the external
(intrinsic) amplitude coupling (decay) rate of the cavity
mode, y is the amplitude decay rate of the mechanical mode,
N is the occupation of the mechanical thermal environment,
and the superoperators are given by G[O]p = OpOT/
(070) — p, H[O]p=O0p+pOT"=(0+0O")p, and D[O]p =
OpO" —3{070,p}. Further, the stochastic increment
dN =0 or 1 for a zero- or single-photon detection event
and so dN* = dN. During each dt, zero-photon and single-
photon detection events occur with probabilities Py =
1 —2nky(a’a)dt, and P, = 2nk(a’a)dt, respectively,
and one can see that heralding via zero-photon detection
has a considerably more favorable probability compared to
single-photon detection. For more details and further theo-
retical studies using this SME, see our companion article to
this work, Ref. [41].

Experimental setup—We implement and verify the effect
of zero-photon detection using Brillouin scattering in a
280 pm diameter fused-silica microsphere resonator oper-
ating at room temperature and coupled using a tapered
optical fiber. As illustrated in Fig. 1(b), we utilize two
cavity modes spaced by the acoustic frequency w,,/27 =
10.85 GHz to select and resonantly drive the anti-Stokes
process. Utilizing a pair of cavity modes in this manner also
ensures that the Stokes process is suppressed.

A schematic of the optical setup is shown in Fig. 1(c).
Light from a continuous-wave pump laser at 1550 nm is
sent through a circulator and is evanescently coupled into
the microresonator. The transmitted pump field is used to
characterize the optical modes and lock the pump laser to a
cavity resonance via Pound-Drever-Hall frequency stabili-
zation. The pump cavity mode used in this work has a

linewidth of 2« /27 = 6.1 MHz and the anti-Stokes mode
has a linewidth 2x/27 = 45.2 MHz, with an external cou-
pling rate of 2k /27 = 10.1 MHz, full-widths-at-half-
maxima. The mechanical linewidth is 2y/2z = 45 MHz,
which is in good agreement with previous measurements and
bulk decay rates in amorphous silica [42,43]. The pump-
enhanced coupling rate is approximately G/2z = 3.3 MHz
for an input pump power of 0.37 mW, yielding a modest
cooperativity of C = G?/ky = 0.02. The photon-counting
detection efficiency from the cavity output, including optical
losses, is up to # = 0.32% depending on the filtering
configuration, and the efficiency of the heterodyne detection
from cavity to detector is #n = 29%. Both of these
efficiencies were estimated by measurement of optical path
losses and are consistent with SME simulations.

The backscattered anti-Stokes light couples back into the
tapered fiber, is separated from the counterpropagating
pump by a circulator, and then split so that half the light is
measured by a superconducting nanowire single-photon
detector (SNSPD) following spectral filtering, and the
remaining half is measured via heterodyne detection.
Low optical powers were utilized in this experiment to
avoid multiphoton detection by the SNSPD. We recorded
an average photon detection rate of ~10° s~!, which is well
above the dark count rate observed of <10 s~!. The
heterodyne and SNSPD signals are recorded on an oscillo-
scope with a 1.25 GHz sampling rate. The nanowire rise
time is ~100 ps and the oscilloscope sampling time is
0.8 ns, which are shorter than all relevant timescales in this
experiment so photon-counting well approximates an
instantaneous measurement. We record 1.5 x 107 hetero-
dyne and corresponding SNSPD time traces of 200 ns
duration. We then digitally filter the measured heterodyne
signals and determine the heterodyne statistics conditioned
on the SNSPD measurement record. The heterodyne
variance is scaled to intracavity optical occupation and
compared to the associated mean photon number and
phonon number obtained from the SME. We’d like to
clarify here that the SME is not used for data analysis but
rather gives a theoretical prediction for what our experi-
ment observes. Measurement over a single time sample and
a string of multiple time samples, i.e., an SNSPD meas-
urement record, are examined.

Results and discussion—Figure 2(a) shows the mean
phonon number (b'h) and intracavity photon number
(a’a) obtained from the heterodyne signals for the three
cases of “no measurement,” single-photon detection, and
zero-photon detection over a single time sample. The no-
measurement trace shows occupations that are constant in
time, equal to the laser-cooling steady-state occupations.
The traces corresponding to single-photon detection dem-
onstrate an approximate doubling in the optical occupation
and an accompanying increase in the mean phonon number.
As this experiment does not operate in the adiabatic regime
where k., is larger than all other relevant rates, the increase

073601-3



PHYSICAL REVIEW LETTERS 134, 073601 (2025)

1100 | . a<g |12 8501 (11 <{ 1
- ') L& =m0 :
= 1h) <— 5" IS
2o NSew- 12 s

550 : : 18 550 .

ee 0 ‘ 0] <{ |

552.2 (o] <¢ |5 837 552.2 (ol <q
_ 5520 = (b'b)<— |5g35 ~ __552.0
= f . 2
o | ~_(af = 7
= 5518 i {a'a) 583 ~ 5518 — 03 |

| ,I ———No meas. _gég%
——Single-phot. det. —0.08%
551.6 S erephot det. 5831 551.6 | —0.03%
0 20 10 0 10 20
7 [ns] T [ns]

10t | | <1|<-

010 20 0 50 100 50

T [ns] 7 [ns]

FIG. 2. Experimental observations of zero-photon-detection-enhanced laser cooling and dynamics associated with the photon-
counting measurement record. (a) Plots of the mechanical and optical mean occupations for single-photon detection (upper row) and
zero-photon detection (lower row) over a single time step as a function of time 7 from the measurement. The left vertical axes are the
mechanical mean occupations and the right vertical axes are the optical mean occupations. (b) Plots illustrating the impact of efficiency
on the single-photon and zero-photon cases for a range of efficiencies implemented by including additional attenuation. The scaling with
efficiency for zero-photon detection is observed whereas the single-photon case remains unaffected and the four curves overlap.
(c) Enhanced mechanical cooling through continuous zero-photon detection. Plot of the intracavity mean photon number (upper row)
obtained from the experimental heterodyne data (solid lines) overlayed with the prediction made by the SME (dashed lines) using the
experimental parameters summarized in [44]. The corresponding mechanical occupation (lower row) showing the improved cooling
performance with measurement time. The lengths of the zero-photon detection strings used are 8, 16, 32, 64, 100, and 150 (in units of
0.8 ns). An efficiency 5 of 0.19% is used in plots (a) and (c), and the efficiencies for (b) are given in the legend.

in mean phonon number is less than a factor of 2. The small
deviation from optical doubling is attributed to imperfect
filtering of backscattered pump light and mode mismatch
between the two detection arms. The plots for zero-photon
detection illustrate a reduction from the laser-cooling
occupations, demonstrating the enhancement beyond laser
cooling. The experimental dynamics observed are in good
agreement with the prediction made by the SME, which is
also equivalent to the measurement-operator approach for
this single-time-step case.

The impact of detection efficiency on zero-photon-
measurement-enhanced laser cooling is examined by includ-
ing optical attenuators prior to the SNSPD. For a single
time sample, the depth of the enhanced cooling observed
[cf. Fig. 2(b)] scales linearly with # as is predicted by our
model [44]. By contrast, in the limit of low dark counts,
the change in the state following single-photon detection
does not depend on the detection efficiency, rather, this just
affects the heralding probability. Note, a higher efficiency is
employed for the measurement in Fig. 2(b) than in Figs. 2(a)
and 2(c) by using less spectral filtering. This approach
improves the performance of the zero-photon-detection-
enhanced laser cooling but degrades the quality of the
single-photon measurement as there are more false positives
due to deleterious backscattered pump light.

Beyond zero-photon detection over a single time sample,
this measurement-based cooling strategy may be further
improved by implementing continuous zero-photon detec-
tion as illustrated in Fig. 2(c). Strings of zero-photon
detection for up to 150 consecutive time steps (of 0.8 ns)
are utilized, illustrating an improved cooling up to a limit

where heating rates balance information extracted from the
system. To find the probability to successfully observe a
string of zero-photon detection events, one may multiply the
probabilities P, at every time step. Performing this continu-
ous-time zero-photon detection for the modest cooperativity
in this experiment, the mechanical occupation was reduced
by a further 11.1% beyond laser cooling, which is heralded
with a 98% probability for the 32 string case and 92%
probability for the 150 string case. These heralding proba-
bilities may be compared with the probability to detect a
single photon from the laser-cooled steady state, which is
0.057% at any time step. Thus, our zero-photon detection
scheme offers a more favorable heralding probability in
contrast to click-based heralding approaches. For a given
efficiency, the limit of cooling via continuous zero-photon
detection is reached for a strongly overcoupled cavity, i.e.
K = Ko When these conditions are met, the measure-
ment-enhanced laser cooling gives a mechanical occupation

of iy, = [—(1 +O)+/(1+C7+ 4;1Nc} /2nC [44]. Tn

this regime, taking C = 0.02 and N = 558 from our experi-
ment, the laser-cooled occupation is 7ipc = N/(1 + C) =
547 and the zero-photon-detection-enhanced occupation
reduces to 7, = 143 as # — 1, which corresponds to
26% of the laser-cooled occupation. Furthermore, the con-
tribution to cooling via zero-photon detection relative to
standard laser cooling is maximum when C = 1, which, for
the initial occupation of our experiment, gives 7iy;,, = 23 as
n — 1, or approximately 8% of the laser-cooled occupation.

Conclusions and outlook—We propose and experimen-
tally demonstrate the enhancement of laser cooling of a
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mechanical mode via zero-photon detection of the fre-
quency-upshifted optical field. The enhanced cooling is
well described by a stochastic master equation, which
captures the enhancement with a sequence of time steps of
the measurement. The effects of detection inefficiency are
understood and experimentally explored, as well as being
contrasted against the loss-resilient effects of single-photon
detection. The final occupation of the enhanced laser
cooled state scales favorably with cooperativity and detec-
tion efficiency, and thus, improvements to these quantities
result in a greatly improved cooling performance. For
instance, for lower mechanical-frequency systems with
larger thermal populations such as mechanical membranes
[45] and forward Brillouin scattering [46], the effect is also
significantly increased and can represent a significant
advantage over conventional laser cooling alone for prac-
tical heralding probabilities. More generally, for high
efficiency and cooperativity, to reduce the mean thermal
occupation using zero-photon detection below a target
value 71, requires that the laser-cooled state has an occu-
pation below 7i; ¢ = 2 + 71,. Indeed, to achieve 1, < 1 one
requires laser cooling to 71 ¢ < 2, which is now achieved
by several experimental platforms including optomechan-
ical crystals [2,38], toroidal microresonators [47], and
membranes [39]. Taking the parameters from Ref. [47]
as an example, which performed laser cooling from 197 to
1.7 mean thermal phonons, employing zero-photon detec-
tion in that experiment could have enabled a mean thermal
occupation of 0.90 to be reached. Such reductions to the
laser-cooled mechanical occupations at these low levels,
even for 711 - < 1, are especially valuable for quantum state
engineering protocols that are sensitive to initial thermal
occupation.

This work utilizes the counter-intuitive fact that a
measurement of “nothing” can have a significant impact
to the state of a physical system. The technique introduced
here combines the advantages of resolved-sideband laser
cooling with measurement-based cooling, can be readily
employed by several experimental systems to enhance
their laser cooling performance, and more immediately
performed in systems and protocols where photon detection
is already employed [30-37,48-51]. This technique
will also be of particular value to experiments aiming to
achieve low thermal occupations from higher-occupation
initial states, relaxing requirements for cryogenic precool-
ing. We would also like to highlight that the additional
cooling provided by this technique does not degrade the
mechanical linewidth, further increasing the versatility
of this approach. Beyond enhancing laser cooling, the
zero-photon-detection-based technique introduced here
expands the tool set of measurement-based operations to
mechanical states, provides a method to perform mechani-
cal noiseless attenuation, and opens new avenues for
studies of quantum thermodynamics, and quantum meas-
urement and control.
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