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Organization of the talk
Teaser

Teaser sensing, with atoms, in cavities, quantum sensing 2.0

Synchronization of atomic dipoles in bad cavities → superradiance, spin-squeezing

Synchronization of matter waves in ring cavities → gravimetry in real-time



Teaser

Quantum mechanics

and second generation quantum technologies



Quantum mechanics everywhere
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Quantum revolution 1.0

transistor, nuclear energy, laser, atomic clocks, ...

quantum technologies generate 1/3 of world’s GDP

QM is correct and complete

Quantum revolution 2.0

quantum information technologies

Nobel prize 2022
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Private sector
Teaser

GWR Instruments

FOR MEASURING PHOTOSYNTHETICALLY ACTIVE RADIATION

PQS 1 PAR Quantum Sensor

Designed for outdoor and indoor use
Excellent quantum response
Integrated leveling base

Applications

In horticulture, to optimise crop timing and quality in greenhouses, 

a delicate control of light intensity is necessary. In order to achieve 

this continuous monitoring of the PAR levels of natural sunlight 

and artificial lighting inside the greenhouse is required. 

In forestry applications the amount of PAR is a key research 

parameter. It can be measured above, within and below the forest 

canopy to retrieve valuable data on plant physiology and leaf area.

In agriculture measurement of PAR helps to predict growth 

rates and estimate crop yields.

The PQS 1 PAR Quantum Sensor is designed to provide 

accurate, continuous measurement of PAR outdoors or 

indoors. The rugged construction makes it well protected 

from harsh weather conditions around the world and from 

exposure to pesticides.

Introduction 

Light plays a crucial part in plant and crop growth. Absorption of light (mostly by chlorophyll) drives the photosynthesis process whereby 
carbon dioxide and water are photo-chemically converted into glucose and oxygen. Light which a plant can use for this process is called 
Photosynthetically Active Radiation (PAR). The actual response differs depending on the plant or crop. A standardised PAR spectral 
response in the visible light range between 400nm and 700nm wavelength was defined by McCree (1972) such that each photon within 
this region is equally absorbed. ‘Blue’ photons of shorter wavelength (higher frequency) have more energy than ‘Red’ photons of longer 
wavelength. The amount of PAR is commonly expressed as Photosynthetic Photon Flux Density (PPFD) with a unit of µmol/m²·s.

http://www.gwrinstruments.com/igrav-gravity-sensors.html
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The National Quantum Initiative Act
Teaser

law signed by EX-president Trump on Dec. 21, 2018

[https://doi.org/10.1088/2058-9565/ab0441]

https://www.quantum.gov/
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What is a sensor?
Quantum sensing

’device generating & providing information on events or changes in its environment’ (Wikipedia)

time, gravitation, gravity gradients, accelerations and rotations, electric and magnetic fields, temperature, ...

Sensors everywhere

smartphone, 5G, autonomous driving, ...

In fundamental science

measure weak forces with high sensitivity, strong forces with great accuracy!
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What is a quantum sensor?
Quantum sensing

’measurement device exploiting quantum correlations in order to enhance sensitivity and resolution’

e.g. quantum superpositions or entanglement (Wikipedia)

Advantages of quantum sensors

• precision & sensitivity

• speed

• robustness

• integrability, ...
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What is an atomic quantum sensor?
Quantum sensing

atoms are ’quantum’, some have ultra-narrow resonances

imprecision of best atomic clock: 2.5 · 10−19 = 0.000 000 000 000 000 000 25

imprecision of best gravimeter: 10−9 −→ measure deformation of gravity field caused by a truck

some projects in Brazil
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What is a quantum sensor 2.0?
Quantum sensing

Most current quantum sensors use single-atom quantum superpositions

today: individual atoms can be observed −→ emergence of quantum jumps, ...

For good signal-to-noise −→ observe many atoms simultaneously

Standard Quantum Limit / shot noise (∝
√
N

−1
)

Entangled qubits allow precision beyond SQL (Nobel prize 2022)

Heisenberg limit (∝ N−1) and beyond

spin squeezing, squeezed light for gravitational wave detection

[Bouyer, Kasevich, PRA 96, R1083 (1997) Heisenberg-limited spectroscopy with degenerate Bose-gases]
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Quantum sensing using cavities?
Quantum sensing

Atoms as sensor

, light as detector

light interacts with the atoms and carries the information to the detector

for coherent interaction −→ use bad cavities (κ ≫ Γ)

• isolate single light mode

• collective coupling of atoms (g
√
N ≫ κ) −→ precondition for quantum correlation
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Quantum sensing

Quantum projection noise
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Projection noise in a two-level system
Quantum sensing

Probability to be in |+⟩ or |−⟩ p+ = ⟨P̂+⟩ = |⟨+|ψ⟩|2 = 1 − p−

Uncertainty (∆P+)2 = ⟨P̂ 2
+⟩ − ⟨P̂+⟩2 = ⟨+|ψ⟩⟨ψ|+⟩ − (⟨+|ψ⟩⟨ψ|+⟩)2 = p+(1 − p+) = p+p−

Task find out p+ via N repeated measurements PN,r,+ =

(
N
r

)
p r
+ (1 − p+)N−r

Expectation value and variance r̄ =

N∑
r=0

rPN,r,+ = Np+

(∆r)2 =

N∑
r=0

(r −Np+)
2
PN,r,+ = Np+p−

=⇒
r̄

∆r
∝
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[Itano et al., PRA 47, 3554 (1993)] [Kitagawa et al., PRA 47, 5138 (1994)]

[Wineland et al., PRA 50, 67 (1994)]
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Projection noise in a Rabi experiment
Quantum sensing

Tentative π-pulse (t = π
Ω ), then projection on energy eigenstate

p+(t) = ρ++ = Ω2

G2 sin2 Gt
2 , G ≡

√
∆2 + Ω2

PN,r,+(t) =

(
N
r

)(
Ω2

G2

)2N
sin2r Gt

2 cos2N−2r Gt
2

• fundamental uncertainty in the determination of clock parameters

• analogous to shot noise from photonic energy discretisation
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Dicke model
Saturation-induced bistability

light field â collective spin Ŝ ≡
∑
j

ŝj

with ŝ = 1
2
ˆ⃗σAtoms treated as non-interacting spins

no near field terms, only radiative coupling

coupled spin description ⇒ Dicke model

Terms linear in Ŝx,y,z only perform rotations: eıαŜz Ŝ e−ıαŜz

⇒ a coherent spin state always remains a coherent spin state

⇒ no entanglement can be generated by linear spin operators in the Hamiltonian

Spin-squeezing requires non-linear terms: eıζŜ
2
z Ŝ e−ıζŜ2

z
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Terms linear in Ŝx,y,z only perform rotations: eıαŜz Ŝ e−ıαŜz
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light field â collective spin Ŝ ≡
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z



Dicke model
Saturation-induced bistability
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Why bad cavities?
Saturation-induced bistability

light field â collective spin Ŝ ≡
∑
j

ŝj

with ŝ = 1
2
ˆ⃗σ

resonant Dicke model Hamiltonian Ĥ = −ıη(â− â†) + g(Ŝ+â+ â†Ŝ−)

Bad-cavity limit: κ ≫ Γ =⇒ adiabatic slaving of cavity dynamics =⇒ eliminate â from Hamiltonian

approximated Hamiltonian Ĥ ≃ U Ŝ+Ŝ−

≃ U Ŝ2
z

=⇒ non-linearity can generate entanglement

=⇒ spin squeezing and superradiant lasing

[Norcia, Lewis-Swan, Cline, Bihui Zhu, Rey, Thompson, Science 361, 259 (2018)]

[Salvi, Poli, Vuletić, Tino, PRL 120, 033601 (2018)]

[Haonan Liu, Jäger, Touzard, Shankar, Holland, Nicholson, PRL 125, 253602 (2020)]

[Rivero, de França, Pessoa, Teixeira, Slama, Courteille, New J. Phys. 25, 093053 (2023)]
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≃ U Ŝ2
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[Haonan Liu, Jäger, Touzard, Shankar, Holland, Nicholson, PRL 125, 253602 (2020)]

[Rivero, de França, Pessoa, Teixeira, Slama, Courteille, New J. Phys. 25, 093053 (2023)]



Why bad cavities?
Saturation-induced bistability
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ŝj

with ŝ = 1
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z

=⇒ non-linearity can generate entanglement

=⇒ spin squeezing and superradiant lasing

[Norcia, Lewis-Swan, Cline, Bihui Zhu, Rey, Thompson, Science 361, 259 (2018)]

[Salvi, Poli, Vuletić, Tino, PRL 120, 033601 (2018)]

[Haonan Liu, Jäger, Touzard, Shankar, Holland, Nicholson, PRL 125, 253602 (2020)]

[Rivero, de França, Pessoa, Teixeira, Slama, Courteille, New J. Phys. 25, 093053 (2023)]
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Storyboard for an experiment
Saturation-induced bistability

1) set up an experiment in the ’bad’ cavity parameter regime (κ → ∞)

2) take atoms with narrow transitions (Γ → 0) and cool them

3) put them into a ’bad’ cavity and prove that they are interacting =⇒ check normal-mode spectra

4) verify non-linearity ’on-resonance’ (∆c = 0)

[Rivero, de França, Pessoa, Teixeira, Slama, Courteille, New J. Phys. 25, 093053 (2023)]
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Experimental procedure & state of the art
Saturation-induced bistability

experimental control

trapping atoms in the blue MOT: N = 106 T = 5mKcooling atoms in the red MOTcooling atoms in the red MOT: N = 2 · 105 T = 1µKtransferring atoms to the ring cavity mode via magnetic field ramp
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Normal mode splitting
Saturation-induced bistability

scanning laser frequency which pumps the cavity

Γ ≪ κ ≪ g
√
N ≡ ∆nm

[Rivero, Beli, Armijo, da Silva, Kessler, Shiozaki, Teixeira, Courteille, Appl. Phys. B 128, 44 (2022)]

[Rivero, de França, Pessoa, Teixeira, Slama, Courteille, New J. Phys. 25, 093053 (2023)]
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Normal mode splitting ≡ 1D photonic band gap
Saturation-induced bistability

avoided crossing + instable feature

∆ca ≡ ∆a − ∆c

∆c =
Ng2∆a

∆2
a + Γ2/4

∆c =
Ng2∆a

∆2
a + Γ2/4 + Ω2

η/4

adiabatic elimination only near ∆a = 0
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Phase diagram
Saturation-induced bistability

’good-cavity’ limit: ’bad-cavity’ limit:Γ = 2κ

gN = 12κ

Γ = 0.0022κ

gN = 1.2κ

[Lambrecht, Courty, Giacobino, Opt. Commun. 115, 199 (1995)]

[Gothe, Valenzuela, Cristiani, Eschner, PRA 99, 013849 (2019)]

[Gripp, Mielke, Orozco, PRA 56, 3262 (1997)]

[Rivero, de Franca, Pessoa, Teixeira, Slama, Courteille, arXiv2305.07133]



Quintessence
Saturation-induced bistability

Done:

• bistability observed on resonance with a ’bad cavity’ ! =⇒ non-linearity

• large atomic saturation achieved on resonance! =⇒ dynamics intrinsically ’quantum’

non-linearity + quantumness =⇒ implementation of new ideas on squeezing or superradiant lasing?

To do:

implement spin-squeezing sequences in Ramsey interferometry

generate inversion > 50% (e.g. via optical pumping) for light amplification

[Meiser et al., PRL 102, 163601 (2009)]

[Debnath, Zhang, Mølmer, PRA 98, 063837 (2018)]
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Bloch oscillation interferometry

Matter wave Bloch oscillations

for inertial sensing



Gravimetry with Bose-Einstein condensates
Bloch oscillation interferometry

differential phase shift of de Broglie waves

−→ matter wave interferometers

matter wave Bloch oscillations in a periodic potential

• wavelength λdB = h
mv

• frequency νb = mg
2ℏk

−→ measure gravity g

[Ben Dahan, Peik, Castin, Salomon, PRL 76, 4508, (1996)]
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Continuous monitoring Bloch oscillations in a cavity
Bloch oscillation interferometry
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