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3. Summary 
 
This project sought to develop new microscopy tools using quantum correlated photons and 
quantum optics techniques. These quantum microscopes have allowed us to demonstrate 
absolute quantum advantage in microscopy for the first time – that is, to achieve imaging 
performance beyond what is possible without using quantum physics, and to achieve orders 
of magnitude improvements in both nanoscale viscosity measurements and ultrasound 
sensing. Our new microscopes provide new tools to study cellular and neuronal signalling 
pathways with lower light intensities and without requiring labels or genetic modifications. 
They set the stage to resolve important questions in biophysics, including the effect of radio 
and optical frequency radiation on the machinery of living organisms both at the single 
molecule level and at microsecond time scales within a cell. Answers to these questions 
would contribute to our understanding of mechanisms associated with fatigue and 
performance changes, and the signals they produce in our bio-circuitry. 
 
 
 



 3 

4. Introduction 
 
Quantum optics explores the limits that quantum mechanics imposes on precision 
measurements; how to reach them, and how to overcome them using quantum correlated 
(or entangled) photons [1]. Gravitational wave detection is a notable and prominent 
example [2, 3], where ultralow noise lasers are used in kilometer-scale interferometers to 
detect the attometer-level distortions in space-time due to catastrophic events in the 
distant universe. Since the very birth of quantum optics, biological imaging has been 
identified as a second key area in which techniques developed in the field can be 
fruitfully applied [4]. Biological imaging, especially at micro- and nanoscale, typically 
requires high sensitivity and specificity to observe small structures with good contrast, 
combined with high measurement bandwidths to allow video-rate imaging and to track 
biological dynamics. Both sensitivity and bandwidth can often be improved by using high 
optical intensities; as can — in conjunction with nonlinear interactions such as two-photon 
excitation or Raman scattering [5]— the selectivity. However, the optical intensity cannot be 
increased indefinitely, since light introduces photodamage to the specimen as well as 
photochemical intrusion upon biological processes within it [6, 7]. One of the central 
questions of quantum measurement then naturally arises: how can the information 
extracted about a specimen be maximized per photon that is used to probe it? 
 
This question has motivated many developments over several decades in the quantum and 
precision measurement communities, as best exemplified by the advances in precision 
engineering and fundamental science which enabled the successful detection of 
gravitational waves reported recently [2, 8, 9]. In 2013–2014, our laboratory began to 
translate these ideas into biological applications, showing that quantum correlated photons 
allow viscoelasticity measurements within a cell with both improved speed over 
conventional approaches [10] and nanoscale resolution [11]. Funded by the AFOSR, we have 
since continued this development focussing on enhancing the performance of optical 
tweezers and near-field biosensors. Our most significant accomplishments include the 
development of a quantum-light compatible high-resolution microscope, the use of 
structured light to greatly enhance the interaction between light and particles trapped in an 
optical tweezer [12] (see Fig. 2), and reaching the quantum limit to precision in a near-field 
single molecule biosensor [13, 14]. These developments provide a platform for new 
applications of quantum measurement in the biological sciences, from improved imaging of 
structures in cells to the observation and imaging of single motor molecule dynamics and 
neuronal activity. They, further, offer the possibility to study the effect of optical and radio 
frequency radiation on the function of biological matter in its natural state, and at the single 
molecule level. This could, for instance, provide a better understanding of the effects of bio-
stimulation in cellular biology; and ultimately the impact of radiation and other sub-cellular 
stimulants on human performance. 
 
This project aimed to demonstrate a range of these applications, as well as to extend 
quantum measurement techniques into nonlinear microscopy [5]. Our central scientific 
objectives were to enhance the particle tracking precision of optical tweezers, allowing new 
modalities of ultrafast nanoscale biological measurements, and to develop a quantum-
enhanced stimulated Raman microscope, improving imaging speed and reducing 
photodamage. A tertiary area of research that was conducted within the project was to 
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develop a new class of ultrasound sensors based on silicon chip based optomechanical 
devices. It was broadly successful in these goals, achieving absolute quantum advantage in 
biological imaging for the first time [15], demonstrating four orders of magnitude faster 
optical-tweezers-based viscosity measurement than has been previously possible [16], and 
demonstrating air-coupled ultrasound with sensitivity two orders of magnitude superior to 
any previous sensors [17]. This report will focus on these three key outcomes. 
 
 

5. Methods, Assumptions and Procedures 
 
The primary focus of precision measurement efforts in the quantum optics community has 
been to develop techniques that maximize the information extracted from a given specimen 
per photon used to interrogate it. Generally, this is achieved by separating the 
measurement process into five parts. The laser source is engineered to minimize the 
presence of noise at relevant frequencies, with quantum correlated photons allowing noise 
levels even beneath the shot noise present due to the quantization of light. Optical systems 
such as interferometers, optical cavities and adaptive optics are used to prepare the laser 
field so as to optimize its interaction with the specimen. After interaction with the specimen 
further optical systems are used to filter the output field to reduce background noise and 
match the signal encoded on the optical field to photodetectors that are designed with 
ultrahigh efficiency and electronic noise far below the optical shot noise floor. Gravitational 
wave interferometry is the canonical example of such as process, with major efforts 
undertaken over the course of fifty years to achieve measurement precision at the level of 
attometers-per-root-hertz on a four kilometer arm length, equivalent to a thousandth of the 
diameter of a proton. This project has applied this quantum optics philosophy for precision 
measurement to the biosciences. 
 
 

6. Results and Discussion 
 

6.1 Absolute quantum advantage in microscopy 
 
Light microscopy has a long tradition of providing deep insights into the nature of living 
systems. Recent advances range from super-resolution microscopes that allow the imaging 
of biomolecules at near atomistic resolution [18], to light-sheet techniques that rapidly 
explore living cells in three-dimensions [19], and adaptive high-speed microscopes for 
optogenetic control of neural networks [20, 21]. The performance of these microscopes is 
limited by the stochastic nature of light — that it exists in discrete packets of energy, i.e. 
photons. Randomness in the times that photons are detected introduces shot-noise, 
fundamentally constraining sensitivity, resolution and speed [22]. The long-established 
solution to this problem is to increase the intensity of the illumination light. However, for 
many advanced microscopes this approach is no longer tenable due to the intrusion of the 
light on biological processes [23, 24, 25]. Light is known to disturb function, structure and 
growth [26,24,25], and is ultimately fatal [26,24].  
 
As discussed above, it has been known for many decades that quantum correlations can be 
used to extract more information per photon used in an optical measurement [27]. This 
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allows the trade-off between signal-to-noise and damage to be broken [28]. Indeed, for this 
reason quantum correlations are now used routinely to improve the performance of laser 
interferometric gravitational wave detectors [29]. They have also been shown to improve 
many other optical measurements in proof-of-principle experiments [22, 30]. The 
importance of addressing biological photodamage has motivated efforts to apply quantum-
correlated illumination into microscopy, with recent demonstrations of quantum-enhanced 
absorption [31-35] and phase-contrast [36-38] imaging. Quantum correlations have also 
been used for illumination in infrared spectroscopic imaging [39] and optical coherence 
tomography [40]. However, all previous experiments used optical intensities more than 
twelve orders of magnitude lower than those for which biophysical damage typically arises 
[41], and therefore did not provide an absolute sensitivity advantage – superior sensitivity 
could have been achieved in the absence of quantum correlations using higher optical 
power. Increasing the illumination intensity to levels relevant for high performance 
microscopy is a longstanding challenge that has proved difficult due to limitations in 
methods used to produce quantum correlations, to their fragility once produced, and to the 
challenge of integration within a precision microscope. 
 
In this AFOSR project we have developed a microscope that operates safely with signal-to-
noise beyond the damage limit of coherent illumination. This work is published in Ref. [15]. 
Light-induced damage is directly observed, imposing a hard bound on intensity, and 
therefore signal-to-noise. We overcome this bound using quantum-correlated light and 
apply the technique to intracellular imaging with quantum-enhanced contrast and sub-
wavelength resolution. This allows biological features to be seen that would have otherwise 
been buried beneath the shot-noise. This is the first demonstration that quantum 
correlations can overcome the limits imposed by photodamage in any context. As such, it 
achieves a major milestone in quantum measurement – one that is identified, for instance, 
as one of one two ten-year milestones in quantum metrology in the UK Quantum 
Technologies Roadmap [42]. 
 
While the concept we demonstrate is applicable broadly in precision microscopy, we 
implement it here in a coherent Raman scattering microscope [43,44,45]. Coherent Raman 
microscopes probe the vibrational spectra of biomolecules, allowing unlabelled imaging of 
chemical bonds with exceptionally high specificity – far higher than is possible, for example, 
using fluorescence [43,44,46,47]. This provides new capabilities to study a wide range of 
biosystems and processes, including neurotransmitters [48], metabolic processes [49], nerve 
degeneration [50], neuron membrane potentials [51] and antibiotic response [52]. However, 
photodamage places acute constraints on performance [44, 45, 24], presenting a roadblock 
for powerful prospective applications such as label-free spectrally-multiplexed imaging [46, 
47]. State-of-the-art coherent Raman microscopes are already limited by shot-noise [53, 54]. 
The roadblock therefore cannot be overcome through improvements in instrumentation. By 
using quantum correlations to overcome it, our results remove a fundamental barrier to 
advances in coherent Raman microscopy and high performance microscopy more broadly. 
 
A schematic of our custom-designed stimulated Raman microscope is shown in Fig. 1a. The 
Raman scattering rate, and hence signal-to-noise, depends on the product of pump and 
Stokes laser intensities. Consequently, we use picosecond-pulsed Stokes and pump lasers to 
reach high peak intensities. Near-infrared wavelengths are chosen to minimise laser 
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absorption and photodamage in biological specimens [22, 24]. To avoid degradation of 
quantum correlations we employ custom high numerical aperture water immersion 
microscope objectives that maintain Stokes transmission >92%. They are also designed to 
ensure tight focussing of the laser fields, and therefore high intensities and spatial 
resolution. Compared to typical high quality objectives with ~65% efficiency, the high 
efficiency of our objectives also increases the number of collected Raman scattered photons 
by 42%, with a commensurate increase in signal strength. At the output of the microscope, 
the Stokes light is detected on a custom-designed photodetector with very low electronic 
noise and high bandwidth. Together with previously established laser noise minimisation 
techniques that shift the Raman signal into modulation sidebands around the Stokes 
frequency [55], this allows shot-noise limited operation with relative intensity noise 
comparable to state-of-the-art stimulated Raman microscopes [53, 55]. 
 

 
FIG. 1. Experimental setup of quantum-enhanced coherent Raman microscope. a, Setup schematics. 
(Red panel) Preparation of the pump beam (purple) via an Optical Parametric Oscillator (OPO) and 
20 MHz modulation from an Electro-Optic Modulator (EOM), and Stokes beam (red) which is 
amplitude squeezed in a periodically poled KTiOPO4 crystal pumped with 532 nm light. (Green 
panel) Stimulated Raman scattering is generated in samples at the microscope focus, with raster 
imaging performed by scanning the sample through the focus. A CCD camera and a light emitting 
diode (LED) allow simultaneous bright-field microscopy. After filtering out the pump, the Stokes 
beam is detected and the signal processed using a spectrum analyser (blue panel). 3 mW of detected 
Stokes power was used for all experiments. b, Raman spectra measured from a 3 micron polystyrene 
bead, showing the CH2 antisymmetric stretch (purple) and CH aromatic stretch (green) resonances. 
Taken with 100 kHz spectrum analyser resolution bandwidth (RBW). 
 
 
To demonstrate quantum-enhanced imaging, we record the power of the stimulated Raman 
signal as the microscope sample stage is raster scanned over samples of both dry 
polystyrene beads and living Saccharomyces cerevisiae yeast cells in aqueous solution. A 
pixel dwell time of 50 ms is used, limited by our stage scanning system. This is comparable 
with dwell times used in previous Raman imaging of yeast cells [56,57], but is relatively long 
compared to state-of-the-art video-rate imaging [53]. The 40 MHz bandwidth of quantum 
enhancement demonstrated is compatible with the faster scanning systems necessary for 
video rate imaging, indicating that quantum-enhanced video-rate imaging should be 
possible in future. 
 
Fig. 2a shows a typical quantum-enhanced image of a collection of 3 micron polystyrene 
beads, with signal-to-noise enhanced by 23% compared to the shot-noise limit. Fig. 2b 
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shows the equivalent image for a single yeast cell, in this case recorded at a Raman shift of 
2850 1/cm to target the CH2 bonds that are most prevalent in lipids. Improved alignment of 
the microscope and squeezed light source, together with lower Fresnel reflective losses at 
water-glass interfaces compared to air, in this case allow a 35% enhancement in signal-to-
noise, increasing the contrast of the image. Visible cell damage was observed at higher 
pump intensities (Fig. 2c). Without quantum correlations or exposing the sample to these 
higher intensities, a 35% higher pixel dwell time would be required to achieve the same 
contrast, which would reduce the frame rate of the microscope. The enhanced contrast is 
particularly useful in subcellular imaging since many features have far-sub-wavelength 
dimensions and produce correspondingly small Raman signals. 
 

 
FIG. 2. Quantum-enhanced imaging. a, Image of 3 micron polystyrene beads at a Raman shift of 3055 
1/cm obtained with 6 mW of pump power at the sample. The background (coloured green) has no 
Raman signal, and is limited by measurement noise which is 0.9 dB below shot-noise, providing a 
23% increase in SNR. b, Image of a live yeast cell (Saccharomyces cerevisiae) in aqueous buffer at 
2850 1/cm. Raman shift. Several organelles are clearly visible. The faint outline of what may be the 
cell membrane or wall is also visible, showing that the microscope has a resolution of around 200 
nm. Here, the measurement noise is reduced by 1.3 dB below shot-noise, corresponding to a 35% 
SNR improvement. This image was recorded with ~30 mW of pump power at the sample. The pump 
intensity of 210 W per meter squared was beneath that at which visible cell damage was observed. 
Dashed rectangular boxes in a&b show the regions used to determine the measurement noise, and 
insets are bright-field microscopy images. c, A sequence of images in which two cells are illuminated 
with the same pump power as in b but focused to roughly a factor of two higher intensity, producing 
visible photodamage after less than a minute of exposure. For both a&b, RBW: 1 kHz, VBW: 10 Hz. 
 
 
Photodamage-evading microscopes are broadly recognised as a key metrological application 
of quantum technologies, proposed some three decades ago [58]. For instance, they are one 
of two ten-year quantum-enhanced imaging milestones in the UK Quantum Technologies 
Roadmap [42]. This project has realised the first such microscope. Using it we have 
demonstrated that quantum correlations allow performance that could not be achieved by 
simply increasing illumination intensity, and therefore that they afford an absolute quantum 
advantage. This provides a path to exceed severe constraints on existing high performance 
microscopes that would otherwise be fundamental [23, 25], allowing their contrast to be 
improved at fixed frame rate or increased frame rates without exposure to additional risk of 
photodamage. We have further shown that quantum-correlated illumination can enhance 
imaging of the interior of a living cell. Our implementation within a coherent Raman 
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microscope provides the capacity for wide impact due to the extremely high specificity and 
label-free operation such microscopes provide. Coherent Raman microscopes have seen 
broad applications over the past decade (e.g. see [43, 44, 45]). With this progress, both 
sensitivity and speed are now limited by the constraint that photodamage places on optical 
intensities. Faster and more sensitive imaging currently requires alternative methods such 
as fluorescence imaging, for which labels provide far higher cross-sections than are available 
in label-free Raman scattering. This is a barrier to important applications such as video-rate 
imaging of weak molecular vibrations and label-free spectrally resolved imaging [44, 47], a 
barrier that our approach provides the means to overcomes. 
 
 

6.2 Ultrafast viscosity measurements 
 
Optical tweezers provide a unique tool to study the basic mechanics of life. By tracking, 
trapping and manipulating micrometre-sized particles in solution, they have been used to 
measure the stepping of individual motor molecules, the strength of single DNA strands 
and the active material properties of living cells [59-61], among many other applications [62, 
63]. However, even at the shortest timescales available to these experiments, the thermally 
driven motion of the particle is well described by random Brownian diffusion. As such, the 
instantaneous velocity of the particle is inaccessible. Access to the particles instantaneous 
velocity allows direct microscale measurements of kinetic energy and energy dissipation, 
and therefore also of local viscosity [64]. Viscosity is an important property of out-of-
equilibrium systems such as active biological materials and driven non-Newtonian fluids, 
and for fields ranging from biomaterials to geology, energy technologies and medicine. 
Importantly, the velocity of a trapped particle reaches equilibrium with the liquid around it 
over exceedingly short timescales, typically orders-of-magnitude shorter than is the case for 
position [65]. This offers the prospect to observe fast particle-liquid interactions and to 
probe the properties of the liquid at higher rates than is currently possible. 
 
Improved measurement speeds are particularly needed for out-of-equilibrium systems such 
as active biological materials [61, 66, 67] and non-Newtonian fluids under dynamic loads 
[68, 69], which commonly exhibit rich dynamics at short length and time scales [63, 70, 71]. 
They are also needed to improve understanding of fast single-molecule dynamics and 
enzymatic activity [72]. Indeed, the disparity between the seconds-to-minutes timescales of 
typical measurements with optical tweezers and the sub-second timescales of active 
biological processes, have led authors to conclude that these measurements are “not an 
option" for living cells [73]. Direct measurements of energy exchange on shorter timescales, 
and particularly of local viscosity, can be expected to provide new insights into the 
thermodynamics of out-of-equilibrium systems, ranging from the efficiency of biological 
machines [74], to violations of fluctuation theorems [66, 75], soft matter phase transitions 
[76, 77] and chaotic active behaviours [78]. 
 
Our work in this project has experimentally validated the concept that access to the 
instantaneous velocity allows the energy exchange between a trapped particle and fluid to 
be probed at a high rate. As published in Ref. [16], this allows us to track the viscosity of the 
fluid with temporal resolution down to 20 microseconds, approximately four orders-of-
magnitude faster than has been demonstrated previously [79]. The measurement 
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uncertainty is dominated by the fundamental thermal forces on the particle for the first 
time. This enables a more than two order-of-magnitude increase in measurement speed 
compared to previous methods, whilst maintaining the same uncertainty. We resolve the 
instantaneous velocity by developing a new structured-light detection approach for optical 
tweezers, which filters the bright background of the optical trap while amplifying the signals 
generated by particle motion. This method allows particle tracking with 16 ns time 
resolution, extending the sensitivity with which sub-micron particles can be tracked by a 
factor of six compared to previous experiments [80].  It also removes the need for custom 
high-power detectors [65], making it widely accessible. Our results change the paradigm of 
viscosity measurements from static background measurement to a dynamic variable that 
can track the local changes in the particles surroundings, providing a new tool to answer 
both fundamental and applied questions in the dynamics of out-of-equilibrium systems. 
 
The viscosity of a fluid can be obtained statistically from the trajectory of a particle 
in an optical tweezer, as illustrated in Fig. 3a. Passive methods generally estimate the trap 
frequency of the optical tweezer from the corner it introduces in the position power 
spectral density of the particles thermally driven motion [81] (see Fig. 3b (top)). However, 
sequential estimates of the viscosity are only statistically independent if the time between 
them is longer than the position relaxation time which is typically in the range of 0.1 to 10 
ms. This severely constrains the speed of the measurement, with seconds-to-minutes long 
integration times generally required to average uncertainty down to acceptable levels [73, 
79, 82, 83]. Active methods use an external force to drive the particle motion [82, 84], but 
face a similar problem – the position decorrelation time determines the maximum speed 
with which the particle position can respond to the applied force, and therefore the 
maximum measurement rate. 
 
In the ballistic regime, for which the measurement is fast compared to the particles 
momentum relaxation time, the viscosity can be obtained more directly through its 
connection to kinetic energy dissipation. Neglecting hydrodynamic memory effects, 
collisions with molecules in the fluid exponentially damp the velocity of the particle over the 
momentum relaxation time. This momentum relaxation typically occurs at a much faster 
rate than the position relaxation, as illustrated in Fig. 3a – that is to say, the velocity of the 
particle equilibrates with the fluid environment much more quickly than does its position. 
Here, we use this to reduce the integration time required for precise viscosity 
measurements, and therefore to increase the speed of the measurement. 
 
 



 10

 
 
FIG. 3. Fast velocity thermalisation increases the speed of viscosity measurements. a, A bead 
trapped in an optical tweezers performs thermally-driven motion. The position of the particle 
thermalizes over the position relaxation time, which quantifies the time taken on-average for the 
particle to traverse the trap and explore its potential energy landscape. The particle velocity 
thermalises on the faster characteristic timescale, allowing kinetic energy to be explored at a much 
higher rate (inset). b, Position and velocity power spectral densities (PSDs). Tracking the corner 
frequency introduced by position relaxation (yellow line) allows viscosity measurements, with a 
maximum detection rate given by the corner frequency itself (grey shading, top). Tracking the corner 
frequency due to velocity relaxation (orange line) allows a maximum detection rate that is several 
orders of magnitude higher (grey shading, bottom). 
 
 
The experiments which reach furthest into the ballistic regime to-date, and reported 
instantaneous velocity measurements for the first time, used custom high-power split-
detectors that were capable of detecting around 100 mW of trapping light with shot-noise 
limited performance [65]. In this project we have introduced an alternative structured-light 
detection approach which allows detection of the information-carrying scattered light 
without detecting the trapping field and can therefore be combined with an arbitrarily 
strong trap and implemented with commercial off-the-shelf detectors. Similar approaches 
have been developed to suppress the bright background of starlight in astrophysical 
observations and thereby observe orbiting planets [85], and to optimise signal extraction in 
precision microscopes [86, 87]. The key concept here is that the transverse amplitude 
profile of the displaced trapping beam can be decomposed into a component that is 
symmetric on reflection about the centre of the trap, predominantly from the unscattered 
trap field, and an anti-symmetric component that carries all the information about the 
position of the particle. Insets a&b in Fig. 4 illustrate this concept using simulations of the 
field profile from our optical tweezer. The power contained in the anti-symmetric 
component is zero when the particle is at the centre of the trap, and increases as it moves 
to either side, with a phase shift in its amplitude profile distinguishing whether the particle 
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is on the left or right side. We take advantage of the difference in symmetry to filter out the 
trapping field. 
 

 
FIG. 4. Optical tweezers with structured-light detection. a-c, Concept. a, Field profile in image plane 
after the optical tweezer, shifted due to the particle displacement (dashed line). b, Decomposition 
into symmetric (blue) and information-carrying antisymmetric (red) modes. c, The split-waveplate 
(SWP) flips the phase of half the field, reversing the symmetry. d, Coupling efficiency into single-
mode fibre versus split-waveplate transverse position for a dipole scatterer. When centred, the 
symmetric component (blue) is entirely suppressed and the displacement signal coupling efficiency 
(red) reaches 68%. e, Sensitivity of tracking a 0.59 micron radius silica microsphere in water as a 
function of power at detector for split-detection (blue) and structured-detection (orange). Lines: fits 
to model. Detector saturation capped the split-detector power at <0.5 mW, while >5 mW was 
required to produce a sufficiently bright structured-detection local oscillator for shot-noise to 
exceed electronic noise (grey shading). f, Power at detector required to reach the ballistic regime 
versus particle radius. Orange: holographic structured-detection; red: split-waveplate structured-
detection; blue: split-detection. Red shading: power for water to boil. Red dashed line: our particle 
radius. 
 
 
To implement the spatial filter, we insert into the back-focal plane of the microscope a 
custom-designed split half-waveplate similar to those used to suppress background in 
astrophysical observations [85] and for quantum-enhanced laser beam positioning [88, 89]. 
The waveplate is cut into quarters and reassembled to introduce a phase shift to the light 
on one side of the trap axis, while leaving light on the other side unchanged. This reverses 
the symmetry – the trapping field becomes anti-symmetric, while the information-
containing field becomes symmetric (see Fig. 4c). The combined field is then aligned onto a 
single-mode optical fibre and detected on a high bandwidth photodiode. Since the guided 
mode of the fibre is Gaussian (and therefore symmetric), when the alignment is perfect the 
information-containing field is maximally coupled and the trap field is fully rejected (see Fig. 
4d). This contrasts previous uses of optical phase masks to suppress background in imaging 
applications [85], where only partial suppression is possible and the measurement 
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bandwidth is limited to the refresh-rate of the camera. In practice, we find that the 
suppression of the trap field can be higher than 1000. This allows hundreds of milliwatt 
trapping fields to be combined with off-the-shelf detectors that saturate at around a 
milliwatt of power. Inspired by near-dark-fringe detection in gravitational wave 
interferometers [90], where gravitational wave signals are boosted above the electronic 
noise by operating the interferometer near – but not at – the dark-fringe, we deliberately 
introduce a small misalignment. This allows a small fraction of the trapping field to enter the 
fibre, acting as a homodyne local oscillator that amplifies the position signal from the 
scattered field above the electronic noise floor of the detector. 
 
To test the performance of our structured-light detection scheme in this project we tracked 
the dynamics of 0.59 micron radius silica microspheres in water. We found that highly 
sensitive particle tracking, with sensitivity shown as a function of power at the detector in 
Fig. 4e. The sensitivity reaches 1.5 femtometres-per-root-hertz at the maximum power used 
of 170 mW at the split-waveplate, extending the state-of-the-art for tracking of particles 
with sub-micron radius by a factor of six [80]. This allowed the thermal motion of the 
particle to be resolved above the optical shot-noise over a bandwidth B = 10 MHz, a factor 
of 2.5 times higher than has previously been achieved using optical tweezers [80], with a 
corresponding temporal resolution of 16 ns. This bandwidth is more than an order of 
magnitude higher than the momentum relaxation corner frequency, deep within the 
ballistic regime, and allowed us to make fast viscosity measurements for a wide variety of 
particle sizes and fluid viscosities. For comparison, Fig. 4e also shows the particle tracking 
sensitivity for split-detection using split-detection with a high-performance commercial 
balanced detector. Here, the power is constrained to a maximum of 0.5 mW due to 
saturation of the photocurrent. This limits the maximum achievable sensitivity to around 34 
femtometres-per-root-hertz, far inferior to structured-detection. 
 

 
FIG. 5. Orders-of-magnitude faster viscosity measurement in the ballistic regime. Standard deviation 
of the viscosity estimate as a function of temporal resolution compared to the thermal noise limit 
and earlier studies. Blue (red) crosses: observed uncertainty of measurements in buffered water 
solution using 40 mW (200 mW) of power on the sample. Green line: thermal noise-limited 
uncertainty obtained from simulated data. Circles: earlier results. 
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To test the speed and accuracy of the viscosity tracking, we acquired velocity data for 
a 0.59 micron silica microparticle in water using 40 mW of trap power at the sample. The 
data is divided into a series of short time segments, defining the temporal resolution of the 
measurement. We then estimate the viscosity separately for each time segment, using the 
full 0.2 s acquisition to calibrate the noise floor. This provides high resolution traces of the 
viscosity as a function of time. 
 
The thermal noise floor represents a fundamental limit to the performance of any viscosity 
estimation procedure, while shot-noise can be reduced by improving the optical apparatus. 
We determined the thermal-noise-limited accuracy of the viscosity estimate for our 
procedure by running simulations that include no other noise sources. As shown in Fig. 5, 
the accuracy, in this case, scales as the inverse-square-root of the temporal resolution, as 
expected from the central limit theorem. To assess how closely our experiments approach 
this thermal noise limit, we determined the experimental uncertainty as a function of 
temporal resolution for two trapping powers, 40 mW and 200 mW at the sample, 
respectively. As can be seen in Fig. 5, in both cases the accuracy exhibits similar scaling to 
the thermal noise and is only marginally degraded by shot-noise throughout the full range of 
temporal resolution studied. Indeed, the uncertainty is dominated by thermal noise and, 
once the ballistic regime is reached, is only marginally improved by increasing the trapping 
power. To take a specific example, for a 1 ms time resolution, the thermal noise limited 
accuracy in the viscosity estimate is 12%. With 200 mW of trap power shot-noise degrades 
the accuracy slightly to 14%, while reducing the power by a factor of five to 40 mW only 
degrades the accuracy to 18%. 
 
As is expected, due to the rapid thermalisation of velocity, our technique allows significantly 
faster viscosity measurements than other methods. To our knowledge, the fastest 
previously reported viscosity measurement in optical tweezers had a speed of 0.15 s [79] 
(shown in Fig. 5 along with other earlier work). Methods used to determine the particle 
radius, from which the viscosity could also be estimated, have reported similar temporal 
resolution down to 0.35 s [65, 91]. By comparison, the technique we have developed in this 
project achieves the same accuracy with a four hundred times shorter measurement 
duration.  
 
Importantly, our method allows continuous viscosity measurements at approximately four 
order-of-magnitude faster rates, albeit with increased uncertainty at these short times. In 
this way, it transforms viscosity from an averaged equilibrium property, into a parameter 
that can be monitored locally as it changes in real-time. This faster measurement capability 
is broadly important. In out-of-equilibrium systems, viscous damping characteristically 
undergoes large changes at short time and length scales due to processes such as active 
phase transitions [77, 92, 93] and turbulence [94, 95], and the influence of nearby 
membrane and organelles [79]. These effects are often averaged-over in existing 
measurements [73, 96-98], and can be convolved with other slower dynamics such as 
changes in trap stiffness and local temperature due to laser intensity fluctuations or cellular 
reorganisation. For instance, individual binding events to receptors on the cell membrane 
have recently been shown to cause a factor of two increase in viscous damping [97]. 
However, the available temporal resolution of around one second has excluded the 
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possibility to study the time dynamics of the binding process. Our technique could provide 
access to these dynamics, extending the resolution to 0.4 ms (Fig. 5). 
 
We anticipate that the real-time viscosity measurements developed in this project will 
provide new insights into a wide range of out-of-equilibrium systems. Deep questions 
remain around the connection between microscopic and macroscopic behaviour [66, 98], 
about the existence and applicability of fundamental thermodynamic laws [66, 99], and 
about the mechanisms for observed behaviours [71, 100]. The speed of existing 
measurements is a key barrier to answering these questions. Even the predicted dynamics 
of the most simple out-of-equilibrium system one could imagine – a Brownian particle 
heated to a temperature above its environment [99, 101] – have not yet been 
experimentally verified. Measurements capable of resolving both the thermalisation of 
position and velocity, such as those reported here, are required to do this. Biological 
materials are a particularly important class of out-of-equilibrium system for which our 
technique is naturally suited. 
 
 

6.3 Ultraprecise ultrasound sensing on a chip 
 
Ultrasound sensors have wide applications across science and technology. However, 
improved sensitivity is required for both miniaturisation and increased spatial resolution. 
In this project we have introduced the concept of cavity optomechanical ultrasound sensing, 
where dual optical and mechanical resonances enhance the ultrasound signal. This is 
published in Ref. [17]. We achieved noise equivalent pressures of 8–300 μPa-per-root-hertz 
at kilohertz to megahertz frequencies in a microscale silicon-chip-based sensor with >120 dB 
dynamic range. The sensitivity far exceeds similar sensors that use an optical resonance 
alone and, normalised to the sensing area, surpasses previous air-coupled ultrasound 
sensors by several orders of magnitude. The noise floor is dominated by collisions from 
molecules in the gas within which the acoustic wave propagates. Our new approach to 
acoustic sensing could find applications ranging from biomedical diagnostics, to 
autonomous navigation, trace gas sensing, and scientific exploration of the metabolism 
induced- vibrations of single cells. 
 
In general, cavity optomechanical sensors consist of a mechanically compliant element 
coupled to an optical cavity. The mechanical element is displaced in response to an external 
stimulus—in our case an acoustic wave. The optical cavity resonantly enhances the optical 
response to this displacement, allowing precise measurement of the stimulus. 
Fundamentally, the sensitivity of acoustic sensing is limited by the thermal energy of the 
medium through which the acoustic wave propagates, much like the viscosity sensing 
discussed above. In liquids, resonant ultrasound sensors approach to within a factor of two 
of this thermal limit [102]. However, the far lower acoustic impedance of gaseous media 
greatly reduces both the magnitude of the thermal noise and the efficiency with which 
acoustic signals can be detected, significantly increasing the challenge [103]. In this case, the 
thermal limit results from collisions of gas molecules with the sensor surface, which 
introduces gas damping of the mechanical energy. To reach this, the intrinsic mechanical 
damping rate must be smaller than the gas-damping rate, such that a high quality, low mass, 
mechanical resonator is advantageous. Furthermore, the measurement noise must be small 



 15

enough to allow resolution of the random thermal force from collisions of gas molecules 
with the resonator. In general, it has proved challenging to simultaneously satisfy these 
requirements. However, they align closely with the characteristics of optomechanical 
devices developed over the past decade to study the quantum physics of nanoscale motion 
(see e.g., [104,105]).  
 
In this project we have develop a suspended spoked silica microdisk optomechanical system 
purpose-designed for ultrasensitive ultrasound detection, as shown in Fig. 6a. Similar to a 
regular microdisk cavity, light is confined in a high-quality whispering-gallery mode around 
the periphery of the disk, maximising both the optomechanical susceptibility and the 
intracavity photon number for a given incident optical power. The use of thin spokes to 
suspend the disk above a silicon substrate both further increases the optomechanical 
susceptibility by increasing the compliance of the mechanical structure, and isolates the 
mechanical resonances, greatly suppressing the intrinsic mechanical damping[104]. One 
compromise associated with the use of spokes is a reduction in active sensing area. To 
address this, we optimised the active area within the constraints of the device footprint to 
functionalise spoked microdisks for efficient ultrasound detection. We find that high-
mechanical compliance and isolation can both be achieved while maintaining a 70% active 
area, such that the reduction in area only minimally influences the acoustic sensitivity. 
 

 
FIG. 6. Ultrasound sensing device architecture and vibrational modes. a Scanning electron 
micrograph of a similar microdisk to that used in this study. The microdisk is an optical cavity which 
is evanescently coupled to a tapered optical fibre. The scale bar corresponds to 20 μm. b Finite-
element simulations of the modeshapes of two typical mechanical modes of the microdisk (left: 
second-order flapping mode, right: crown mode). 
 
 
The spoked microdisk is photolithographically fabricated with outer and inner radii of 148 
and 82 μm, respectively, and a ~ 1.8 μm device thickness, resulting in a small mass of 
approximately 230 ng (see Fig. 6a). It supports families of mechanical eigenmodes that can 
be resonantly driven via an acoustic field (see Fig. 6b). The dominant effect of microdisk 
vibrations on the cavity resonance is generally to modify the resonance frequency, providing 
a mechanism for dispersive optomechanical sensing. In this project we experimentally 
showed that measuring this shift allows high precision acoustic sensing. Indeed, we find that 
on acoustic resonance, the noise equivalent pressure of the sensor is within 9% of the noise 
floor introduced by thermal collisions of gas molecules with the sensing element. This gas 
damping noise floor is fundamental, in that it cannot be eliminated without removing the 
gas through which the acoustic wave itself propagates. To our knowledge, our sensor is the 
first acoustic sensor which is sufficiently sensitive for it to dominate. 
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FIG. 7. Ultrasonic force sensitivity in comparison with other air-coupled sensors. Ultrasonic force 
sensitivity is evaluated as the noise equivalent pressure sensitivity multiplied by the sensing area and 
plotted versus frequency: open circles correspond to this work and solid symbols show results of 
other optical (blue circles) and electrical (red squares) approaches. The improvement of the 
sensitivity in this work is especially notable between 80 kHz and 1 MHz. 
 
 
It is interesting to compare the sensitivity of our sensor with existing ultrasound sensors. 
The peak sensitivity we achieve represents a more than three order-of-magnitude advance 
on previous comparable air-coupled optical sensors[106], and is competitive with the best 
liquid-coupled piezoelectric sensors[107] which benefit from four orders-of-magnitude 
larger sensing area and near-ideal acoustic impedance matching. Figure 7 shows the 
comparison to other air-coupled sensors over the frequency range from 10 kHz to 1 MHz. 
The performance is particularly good at frequencies between 80 kHz and 1 MHz, where the 
ultrasonic force sensitivity represents an advance of approximately two orders-of-
magnitude. 
 
The improved ultrasound sensitivity and microscale resolution offered by the new acoustic 
sensing technique developed in this project has prospects for a range of applications. For 
instance, it could allow improved navigation and spatial imaging in unmanned and 
autonomous vehicles [108]; and higher sensitivity high-resolution photoacoustic trace gas 
sensing [109]. In trace gas sensing, the sensitivity reported here could allow detection of 
carbon dioxide at ten-part-per-billion concentrations with unprecedented spatial resolution. 
This could, for example, enable measurements of the respiration of individual cells and 
bacteria, such as photosynthesis and gas exchange through the cell membrane [110,111]. 
Our sensor could also be applied to observe acoustic waves generated by the nanoscale 
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vibrations associated with cellular metabolism [112]. Measurements of these vibrations 
have been shown to allow diagnostic assays of cellular toxicity and antibiotic resistance 
[112], and provide insight into molecular processes such as conformational changes [113]. 
Unlike current atomic force microscope-based approaches [112], our sensor could allow 
these measurements to be performed without physical contact, and therefore without 
disrupting the observed processes or contaminating the sensor. Moreover, the 
measurements could be performed with higher bandwidth, and resolve 100-picometrelevel 
cellular vibration amplitudes at low kilohertz frequencies and sub-picometer vibrations at 
above 100 kHz. 
 
 

7. Conclusions 
 
This project sought to apply quantum sensing techniques largely developed for gravitational 
wave detection into biological sensing. As described above, its successes included: 

 The first demonstration of absolute quantum advantage in optical metrology [15], 
paralleling the high profile recent demonstration of absolute advantage in 
computing by Google [18]. This was achieved in a coherent Raman microscopy, with 
quantum correlations allowing signal-to-noise beyond the photodamage limits of 
conventional microscopy. 

 The development of a new technique that allows a four-order-of-magnitude 
improvement in the speed of optical tweezers based viscosity measurements [16]. 
The technique breaks the speed limit of previous techniques by achieving sufficient 
precision to track the velocity of trapped particles. 

 The development of a new approach to air-coupled ultrasound sensing, which allows 
two order of magnitude improved force sensitivity overall previous techniques [17]. 

These developments shift forward the field of quantum sensing towards significant 
applications in biophysics and biology, providing the possibility to image biological 
microstructures that would otherwise be unresolvable, to understand the fast dynamics of 
active biological materials such as the cellular cytoplasm, and to listen to the sounds 
generated by the molecular machines that drive all cell activity. 
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