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Crookes 
radiometer

Maxwell’s equations predict radiation pressure

Poynting vector

Force 𝐹 = !
"

Early experiments: It turns the wrong way!

Issue: still bad vacuum, radiometric forces dominate

1900/1: Lebedew, then Nichols & Hull demonstrate 
radiation pressure force for the first time
1930s: Otto Frisch does experiments on Sodium atoms



1909
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The only known “quantum light” at the time: Planck’s formula for the blackbody radiation spectrum

Energy density 𝜌 at frequency 𝜈

“On the development of our views  concerning the nature and constitution of radiation”

“We assume Planck‘s theory to 
be correct and ask ourselves if 
we can deduce something about 
the constitution of radiation.”



Gedankenexperiment
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Gedankenexperiment
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Doppler shift of the reflected wave:

𝑘! = −𝑘 1 −
2𝑣
𝑐

”Radiation friction” due to momentum transfer 𝑘 − 𝑘′:

𝐹 = −
2𝑃
𝑐

1 −
2𝑣
𝑐

with damping 𝛾 = "#
$%!

“Doppler cooling” of mirror via radiation pressure

Thermal equilibrium?

𝑣

𝑘

𝑘′



Fluctuation-dissipation theorem: friction forces come with a related fluctuating force

→ Radiation pressure force fluctuates according to Planck’s formula, causing momentum 
diffusion of the mirror
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“Quanta”, or “atoms of radiation” Interference of classical waves

Einstein’s conclusions:
- Light has both wave and particle properties
- At low energy densities, the quantum part dominates!
Planck’s comment:
“In any case, I think that first of all one should attempt to transfer the whole problem of the 
quantum theory to the area of interaction between matter and radiation energy.”



Today: Quantum fluctuations in 
gravitational wave detectors
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Quantum light ✓; Quantum motion?

“Our mirror is a universal 
measurement tool […] momentum 
and position of the photon are 
imprinted on the mirror, namely both 
are registered with accuracies, the 
product of which can be pushed way 
below the limit of h”
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Optomechanical entanglement!



“Putting mechanics into quantum mechanics”
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Keith Schwab and Michael Roukes, Physics Today 58, 36 (2005)

Aspelmeyer, Kippenberg, Marquardt, RMP 86, 1391 (2014)
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12William D. Phillips



Optical dipole trap

1986: optical dipole trap for ∽500 Sodium atoms and micro-(10 µm) to nanoparticles (∽  25nm)
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𝑈& =
3𝜋𝑐"

2𝜔'"
Γ
Δ
𝐼(𝑟) 𝑈( = −

𝛼
𝜀'𝑐

𝐼(𝑟)

Ashkin, Dziedzic, Bjorkholm, Chu, 
Optics Letters 11 (5), 288

Chu, Bjorkholm, Ashkin, Cable
Phys. Rev. Lett. 57, 314

𝛼 = 3𝜀!𝑉
𝑛" − 1
𝑛" + 2



Optical trapping of polarizable objects
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Permanent dipole in a static electric field:

Induced dipole in an AC electric field:

with

→.  Interaction energy depends on the light intensity
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What is the polarizability of an atom?
Classical oscillator model (Lorentz model)

Absorption profile Phase delay (also in the radiated field!)
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Coherent scattering
Re(𝛼) ∝ )

*
Preserves the properties of the drive

Absorption, incoherent scattering

Γ+%&,, ∝ Im 𝛼 ∝
1
𝛿"

What is the polarizability of an atom?
Classical oscillator model (Lorentz model)

Polarizability:
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Dielectric nanoparticles: induced dipoles
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© Lorenzo Magrini

Proposals for cavity optomechanics with nanoparticles: 
Chang et al., PNAS 107:1005–1010 (2010), Romero-Isart et al., NJP 12(3):033015 (2010), Barker, Shneider, PRA 81(2):023826 (2010)

Note:
- Internal transitions are not explored
- Mechanical degrees of freedom
- Scattering up to 1014 photons/s

Radius ≪ wavelength: induced dipoles

p = α EInduced dipole 
moment

Electric
field

Polarizability

2.8 fg – 10# amu 

polarizability of a 71.5 nm radius particle = polarizability of a Cesium atom 50 MHz off-resonance 



Trapping of atoms vs. nanoparticles
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Common parameters: trap wavelength 1064 nm and mechanical frequency of 100 kHz

Cs atom
D2 line: 852 nm

Silica nanoparticle
Radius 𝑟	 = 	71.5 nm

Detuning to the D2 line: 1 GHz
Trap power: 1 mW
Scattering rate: 104 photons/s
Trap depth: 100 mK
Occupation in trap: <10 phonons
Ground-state wavefunction size: 100 nm 
Cooling to the ground state, e.g., via Raman 
sideband cooling (Regal, Lukin, …)

Detuning: -
Trap power: 100 mW
Scattering rate: 1014 photons/s
Trap depth: 1000s of K
Occupation in trap: 108 phonons
Ground-state wavefunction size: 10 pm 
Cooling to the ground state?



Non-Gaussian states of atoms without transitions 
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Brown et al. (Regal group), Nature Physics 19, 569 (2023)

Ground-state wavefunction size of the atom: 100 nm 
Ground-state wavefunction size of the nanoparticle: 10 pm 

How do we create non-Gaussian states of motion of trapped nanoparticles?



Quantum optomechanics with nanoparticles
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New Journal of Physics 12, 033015

PNAS, 107, 1005



Optical trapping: High quality oscillator
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silica 
nanosphere 
(or atom)Ω ∼ 100 kHz

Early work: Ashkin & Dziedzic, Chu..
APL 28:333 (1971), APL 30:202 (1977), Optics Letters 11:288-290 (1986) 

𝐻 = −
𝛼
2
𝐸,-" →

𝑚Ω"𝑥"

2
Quality 
factor 
Ω/𝛾

∼ 1, 𝛾 ∼ 100 kHz

∼ 10$, 𝛾 ∼ 1 mHz



Thermal mechanical oscillator
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𝑺𝒙𝒙 𝝎 =
𝑘&𝑇
𝑚Ω"

2𝜸Ω"

(Ω" − 𝜔")"+𝜸"𝜔"𝑥̈ 𝑡 + 𝜸𝑥̇ 𝑡 + Ω"𝑥 𝑡 =
1
𝑚 2𝑚𝑘&𝑇𝜸𝜉(𝑡) Thermal noise

𝜏' = 𝛾 ()

𝜏* = 2𝜋 ⋅ Ω()

𝜸

Variance: 𝑥" = #!$
%&"

Ω/2𝜋

Time domain: position trace Frequency domain:  Power spectral density (PSD)



24Gonzalez-Ballestero et al, Science 374, eabg3027 (2021)



Cooling: cavity resonance as a transition
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Drive the cavity through the polarizable object: 
 “far off-resonance atom”

Purcell factor: η = ".
/
⋅ ℱ
1!2'()

!

Optomechanical cooperativity: C = .3!

45
= 6

.
η

Vuletic, Chan, Black, Phys. Rev. A 64, 033405 (2001)

Vladan Vuletić
MIT

Stokes
anti-Stokes

Limit of cavity cooling: 𝑛min ≈ 𝐶7) + 8
.9

"



Cooling: optomechanical Hamiltonian
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Delic et al., Phys. Rev. Lett. 122, 123602 (2019)

H+,- = −
Re(α)
2 E-.- " = −

Re(α) E-/ "

2 −
Re(α) E012 "

2 − Re(α)Re(E-/ ⋅ E012∗ )

∝ I-/x"
trapping Cooling at the 

intensity slope

∝ I012x
Cooling at the 
intensity min.

∝ E-/E012x

Drive the cavity through the polarizable object: 
 “far off-resonance atom”

Purcell factor: η = ".
/
⋅ ℱ
1!2'()

!

Optomechanical cooperativity: C = .3!

45
= 6

.
η

Limit of cavity cooling: 𝑛min ≈ 𝐶7) + 8
.9

"
Vladan Vuletić

MIT



Cavity cooling of a single ion
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Leibrandt et al., Phys. Rev. Lett. 103, 103001 (2009)

Position-dependent cavity cooling



Cavity cooling of many atoms
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More efficient cooling than evaporative cooling:
Path toward larger, denser BEC?

Hosseini et al., Phys. Rev. Lett. 118, 183601 (2017)



Cavity optomechanics with a nanoparticle
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Nanosphere position x#

g#: linear coupling, g$: quadratic, g%: cubic

tweezer 
mode

particle

Working distance of tweezer < Radius of cavity mirrors  
→ mirror cutting

Cavity mode:
w* = 41 µm

Loading of nanoparticles:
Spraying isopropanol droplets 
with <1 nanoparticle per droplet

Bad for the cavity and vacuum

Delić et al., Quantum Sci. Technol. 5 025006 (2020)

Mass: 𝑚 = 2.86 ± 0.04 fg



Recoil heating

Measured by switching off the feedback: 
𝐸(𝑡) = 𝐸: − 𝐸: − 𝐸%;;< 𝑒7=,
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Gas: Γ456 = 𝛾4𝑛78
Photons: Γ9:;

Jain et al., PRL 116, 243601 (2016)
Delic, QST (2020), Magrini, Nature (2021)

𝑬 ∝ 𝐞(𝜸𝒕

0.5mbarfb on

𝑬 ∝ 𝚪𝒕	



Ground-state cavity cooling of a nanoparticle

31Delić et al., Science 367, 892 (2020)

Nanoparticle spends ~70% of
time in the ground state
Extension: ~10 pm



Ground state cooling of librations
Solid-state objects can also rotate (free rotations) or librate (trapped rotations)

32Together with the Arndt group, soon on arXiv

Robust loading:

Dumbbell

Trimer



Feedback cooling
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𝑺𝒙𝒙 𝝎 =
𝑘&𝑇
𝑚Ω"

2𝜸Ω"

(Ω" − 𝜔")"+(𝟏 + 𝒈)"𝛾"𝜔"

𝑥̈ 𝑡 + 𝜸𝑥̇ 𝑡 + Ω"𝑥 𝑡 =
1
𝑚 2𝑚𝑘&𝑇𝜸𝜉 𝑡 − 𝑔𝛾𝑥̇ 𝑡

Time domain: position trace

Frequency domain:  Power spectral density (PSD)

Variance: 𝑥" = >+?
$9!

𝟏
𝟏A𝒈



Limitations of feedback cooling

34Poggio et al., Phys. Rev. Lett. 99, 017201

Below the 
detection 
background?

𝑥̈ 𝑡 + 𝜸𝑥̇ 𝑡 + Ω"𝑥 𝑡 =
1
𝑚 2𝑚𝑘&𝑇𝜸𝜉 𝑡 − 𝑔𝛾(𝑥̇ 𝑡 + 𝑥̇>)

Variance: 𝑥" = >+?
$9!

𝟏
𝟏A𝒈

+ 𝜸
.

𝒈𝟐

𝟏A𝒈
𝑆D-

But the detection is: ∝ 𝑥 𝑡 + 𝑥>(𝑡) → correlated



Solution: out-of-loop detection
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In-loop (homodyne)

Out-of-loop (heterodyne)

Magrini et al., Nature 595, 373 (2021)



Optimal state estimation
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Gas kick: momentum transfer

Detection at the Heisenberg limit with 
a Kalman filter :
Magrini et al., Nature 595, 373 (2021)
Jointly with Kugi & Deutschmann-Olek 
groups

We detect x t + x, t

x,: detection (white) noise
Optimal case: laser shot noise

Instead of position, look into the velocity

Schmerling et al., arXiv:2411.02215
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Manipulation of optical potentials

38Dago, …, Kiesel, Optics Express 32, 45133 (2024)



Sensing electrostatic forces
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Afek et al., Phys. Rev. D 104, 012004

Frimmer et al., Phys. Rev. A 95, 061801(R)

Do fractional charges exist?



Using levitated nanoparticles to observe nuclear reactions

40David Moore group, Yale

Decay time of ~10.3 hours
Consistent with Pb decay



Future experiments 
with trapped nanoparticles

• Large delocalization
First steps: arXiv:2408.01264

• Free-fall experiments
First steps: arXiv:2507.12995

• Table-top experiments for fundamental physics

• Non-Gaussian states? Matter-wave interference?
Long road ahead, but unique optical control techniques are available
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Multi-particle experiments?


