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Motivation

COVID-19 motivates us to develop 
adaptable, ultrasensitive platform for 
quick detection and identification of 
“whatever” is out there.



Vibrational spectroscopy
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Raman spectroscopy: 
chemical sensing and 
imaging in a natural 
environment



Enhanced Raman spectroscopy
Plasmonic effects (Surface Enhanced Raman Scattering)

Kneipp, K., Kneipp, H., Itzkan, I., Dasari, R. R., Feld, 
M. S., 1999. Ultrasensitive chemical analysis by Raman 
spectroscopy. Chemical Reviews 99: 2957-2988.

Disadvantages:
Molecules have to be at the hot spot
Reduced laser power to avoid local heating
Au and Ag do not last long in harsh environment
Raman spectra are affected by Stark shift
Quantifying molecules (emitters) is non-trivial

>100,000 signal 
enhancement
O2/N2

10 nM 
detection 
limit



Label-free drug interaction 
screening via Raman microscopy 

N. Altangerel, et al, PNAS 120(30), e2218826120 (2023). 



Motivation

Develop new approaches and techniques for addressing and controlling multiple electron 
and nuclear spins and optical cycling centers in molecular systems.

Develop techniques to probe molecular qubits at complex interfaces to inform their 
systematic control.

Develop enhanced spectroscopic and microscopic techniques by creating
i. entangled photon sources with higher yield and better spectral coverage, and

ii. high-finesse cavities and nanophotonics for molecular qubit systems.

Develop and exploit alternative approaches to spin polarization and coherence control (e.g., 
chirality-induced spin selectivity and electric field effects).

Use molecular systems to teleport quantum information over distances greater than 1 μm 
with high fidelity.

Develop molecular quantum transduction schemes that take advantage of entangled photons 
as well as entangled electrons and nuclear spins.  

Advance quantum sensing techniques to further understand biological systems. 
Use bio-inspired quantum processes for the development of new quantum 

technologies.  
Provide broadly accessible state-of-the-art measurement techniques and 

instrumentation for the chemistry community to accomplish all of the above goals.  

National Academies Consensus Study: priority research directions



Quantum advantage

• Ultimate sensitivity: in any measurement 
classical noise is defined by the number of 
photons (events) measured; quantum 
measurements do not have this limit.

• Enhanced specificity through quantum 
spectroscopy by assessing states which are not 
available using classical light excitation.

• Background noise reduction and improved 
spatial resolution through quantum correlations.



Quantum-based sensing is not new

Franco, M. I., Turin, L., Mershin, A. & 
Skoulakis, E. M. Molecular vibration-
sensing component in Drosophila 
melanogaster olfaction. Proc. Natl. Acad. 
Sci. USA 108, 3797–3802 (2011).

Olfaction

J. Xu, et al, Magnetic sensitivity of 
cryptochrome 4 from a migratory 
songbird, Nature 594, 535-540 (2021).

Magnetosensing

Förster resonance 
energy transfer



Entangled photons

https://andor.oxinst.com/



Squeezed light

Coherent state:
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Enhanced spectroscopy

Quantum light more information without 
classical limitation of  allowing to 
achieve both high spectral and high 
temporal resolution.
Dynamics of biological system 
becomes a sensor.

See also T. Goodson et al, PNAS 
120(35), e2307719120 (2023).



Enhanced spectroscopy



Enhanced spectroscopy

H. Zhu et al, What is cooking in your kitchen: seeing “invisible” with time-resolved 
coherent anti-Stokes Raman spectroscopy,” Anal Bioanal Chem 415(26), 6471-6480 
(2023).



Enhanced sensitivity



Enhanced sensitivity



Ultralow flux of entangles photons preserves 
biological samples

Varnavski, O. et al, J. Phys. Chem. Lett. 2022, 
13, 2772−2781.

Eshun, A.; et al, Acc. Chem. Res. 2022, 55, 
991−1003.

PMT
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Varnavski, O.; et al, J. Am. Chem. Soc., 2020, 142, 12966-12997.

Entangled two-photon imaging can 
probe individual cells, large cells 
colonies, groups of cells, and 
different stages of mitosis for two 
different lines of cancer cells, details 
of plant root metabolite dynamics 
with very low excitation flux (~107 
photons/s) allowing for longer non-
invasive scans. 



Sensing with quantum systems

Electric field: G Balasubramanian, et al, Nature 455(7213), 648-651 (2008).
Thermometry: J. Choi, PNAS, 117(26), 14636-14641 (2020).

Electric field: F. Dolde, et al, Nature Physics 7, 459–463 (2011).



Squeezed light generation
  Four-wave mixing (4WM) in atomic Rubidium-85 vapor 

Δ~1 GHz, δ=-5 MHz, νHF=3.036 GHz

Pump

Probe
Conjugate

Why four-wave mixing in Rb:
• Very narrow bandwidth ~ 10 MHz
• High photon flux ~ 1013 to 1016 photons/s 

     — much higher than most single photon down conversion sources
• High intensity squeezing ~ 7 dB



Quantum enhanced absorption 
measurements

Signal:                                                    

                                                               

                     Sensitivity:

Neither homodyne / lock-in nor 
logic coincidence is required.

Li et al., Phys. Rev. Appl. 15, 
044030 (2021).



Quantum enhanced absorption 
measurements

• The system is shot-noise limited when using coherent light as the probe.
• Better quantum noise reduction is achieved with faint absorption levels.
• Excellent agreement between theory and experiment. 

Quantum noise reduction, 
σ, versus absorption, α. 





Brillouin microscopy: viscoelastic 
assessment

G*=G’ + i G” =
= v2+i (2v3), 
G*=G’ + i G” =
= v2+i (2v3), 

Δν Attenuation which 
is proportional to 
the line-width)

Γ

Velocity which is 
proportional to the 
frequency shift



Cells are sensitive to environment

Soft Hydrogel Stiff Hydrogel

Increased ECM stiffness induces cytoskeleton stiffening. Brillouin 
microscopy allows imaging at high spatial resolution without cell 

destruction.

Increased ECM stiffness induces cytoskeleton stiffening. Brillouin 
microscopy allows imaging at high spatial resolution without cell 

destruction.

V. Cheburkanov et al (2023) TBP



Stimulated Brillouin spectroscopy with 
classical light

Following C. Ballmann et al 
Sci Rep 5, 18139 (2015)



Stimulated Brillouin spectroscopy with 
quantum light

Quantum advantage is clearly seenQuantum advantage is clearly seen

T. Li et al, Optica 9(8), 959-964 (2022)
Tian Li
U. of Tennessee



Stimulated Brillouin spectroscopy with 
quantum light

Quantum advantage is clearly seenQuantum advantage is clearly seen

Classical

Classical
Higher 
power

Quantum

The same 
pump power

T. Li et al, Optica 9(8), 959-964 (2022)



Enhanced sensitivity



Enhanced spatial resolution

Quantum 
correlations 
(missing 
detection of 
photon pairs) 
improves spatial 
resolution by 2x. 

See also 
G. S. Agarwal et al, 
Optica 4(5), 580 
(2017) 



Counting molecules / emitters

S. Li, et al, “En route to nanoscopic quantum optical imaging: counting emitters with photon-
number-resolving detectors,” Opt. Express 30, 12495 (2022).

Simple idea: many superresolution optical imaging modalities are relying on 
imaging (identifying a center of mass of) a single emitter. Most biological 
systems, like DNA, RNA, etc. are represented by a large number of emitters. By 
counting those emitters at any given spot, you can find their exact distribution.

W. Li, et al, “Estimation of the number of single-photon emitters for multiple fluorophores 
with the same spectral signature,” AVS Quantum Sci. 5, 041401 (2023).

Motivation: no matter how tight you focus your light beam, there are more than 
1 molecules in the excitation volume. Can quantum measurements (photon 
correlations) help in counting those?

Number of photons 
per experiment:



“Ghost” sensing / imaging 



Summary and Implications
• Quantum light offers several non-trivial 

advantages over conventional classical 
light sensing and imaging

• Quantum light is useful for biological 
applications where system can potentially 
suffer from excessive light exposure

• There are many fundamental questions to 
be explored and new technologies which 
need further development



What is next?
Australia invested $150+ million into Quantum Biotechnology 
Center focused on quantum sensing and imaging



What is next?

Vatican Academy acknowledged quantum sensing applications as 
the priority direction for the World’s science and technology. 
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