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Central mantra: 

quantum superposition principle can be used to 
process information differently and more efficiently 



Overview

• Quantum Mechanics: from postulates to quantum bits

• Quantum Entanglement

• Quantum Computing
• Complexity theory

• Quantum Algorithms

• Quantum Error Correction
• Topological quantum order



Quantum Mechanics: postulates

• Galindo & Pascual, Quantum Mechanics I:



Hydrogen atom

• Stationary Schrodinger equation:

• Eigenvalues are quantized; corresponding eigenvectors:

• In the sequel, we will consider 2 eigenstates                       and call this system a “qubit”



Different Architectures for building a quantum computer:



Quantum Superposition Principle:

• Any complex linear combination yields a valid quantum state, as long as normalized (in L2) to 1

• Asterisk:
• Quantum States are rays, it is we have to identify two states which only differ by a global phase (projective space)

• This has a nontrivial consequence: physical symmetries (such as rotation) can be represented using projective representations. 
This is precisely the reason that spin ½ systems are allowed, and also fermions (spin-statistics theorem) which are crucial for 
establishing the stability of matter

• Another consequence is that superselection rules emerge for which kind of superpositions are allowed: we cannot make 
superpositions of two quantum states with different mass, as the mass is the “central charge” for Galilei transformations



Many-body systems: tensor product

• When considering wavefunctions of several spins / particles / modes /…, the Hilbert space is obtained by 
taking tensor products:

• n qubits:

• This is the so-called “exponential wall” in quantum physics: 

• It makes it impossible to simulate the Schrodinger equation exactly for many-body systems;  most big breakthroughs in 
quantum physics are effectively good ways of turning this exponential problem into an approximate polynomial one.

• This is one of the big motivations for building a quantum computer: simulate many-body systems (relevant for e.g. high 
energy physics, superconductors, …) 

• Asterisk: the exponential wall is already there for “classical” spin systems: n Ising spins can also be in 2n 
configurations. What is of special to QM is the fact that any superposition is also allowed, giving rise to an 
effective double exponential scaling:



The illusion of Hilbert space

• A main additional ingredient: locality of quantum Hamiltonians

• Question: Starting from a given fiducial state, and allowing for any time-dependent Hamiltonian of the above form, how long 
does it typically take to get e-close to a random state in Hilbert space?

Full Hilbert 
space

Manifold of States 
reachable in 
polynomial time with 
time dependent 
evolution with 2-body 
Hamiltonians starting 
from fully polarized 
state

Ground and thermal 
states of local n-body 
quantum Hamiltonians 
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Quantum Entanglement

• Superposition principle for two qubits implies the existence of entangled states:

• Example: Bell states:

• Schrodinger: essence of entanglement is that “the whole is more than the sum of its parts
• Local measurements cannot reveal the sign:

• Entanglement entropy:

• Large part of quantum information: resource theory of entanglement (interconversion, distillation, 
capacities of quantum channels, …)



Quantum Physics in the 21st century

Entanglement



Quantum Statistics

• Entanglement as a resource: use entanglement for constructing better sensors

• This leads to interesting mathematical problems in the field of quantum statistics, generalizing the normal 
statistics to the non-commutative setting

• Quantum hypothesis testing

• Quantum Tomography, quantum Fisher information, …
• Eg: optimal ways of measuring spectrum of a density matrix via Young tableaux (Keyl & Werner)

• Quantum de Finetti theorems for quantum cryptography



Bell inequalities

• Although entanglement cannot be used to send information superluminally (cfr. Einstein-Podolsky-Rosen), 
it allows to violate Bell inequalities / win quantum games:

• Combined with the concept of entanglement monogamy, this forms the foundation of Quantum 
Cryptography



Entanglement and new foundations for quantum many-body physics

• Area law for quantum entanglement entropy of ground states of quantum spin systems:

• Tensor networks / Matrix Product States / Projected Entangled Pair States span “physical corner of Hilbert 
space” and provide a new framework for real-space renormalization group methods

• Entangled pairs form the syntax, large worldwide effort to reveal the semantics of entanglement
• “shadow world”, holographic principle, “it from bit”, …

• Those tensor networks provide explicit realizations of systems exhibiting topological quantum order; Condensed matter theory 
people all over the world are now studying group cohomology, fusion categories, …

Proof of area laws by M.B. Hastings (‘07) 
using Lieb-Robinson bounds and tensor 
networks
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Quantum Circuit Model

• Basic premise: any physical realization of a quantum computer will consist of acting with a set of local 
unitary transformations on some fiducial input state, followed by a measurement



Universal Gate Set

• Universal gate set: is a finite set of unitaries from which any other unitary can be made by multiplying 
them
• Example: single qubit Pauli + R(p/8)  gates, CNOT on any pair of qubits

• How many gates are needed to get an e-dense net?

    Solovay-Kitaev:

• For general unitary on n-qubits: we obviously need exponentially many gates



BQP

• BQP: Bounded error quantum polynomial time

• Colloquially speaking: class of decision problems solvable by a (uniform) quantum circuit with a 
polynomial number of gates as a function of input length of the problem

• Formally: 

• Alternative defenitions in terms of quantum Turing machines are possible.



Problems in BQP

• All problems in complexity classes P and BPP

• Integer factorization (Shor’s algorithm ‘94) / discrete logarithm

• Approximating Jones polynomial at some roots of unity:
• Contracting a unitary “tensor network” constructed using Temperley-Lieb algebra

• Quantum simulation: given a many-body quantum system, a local Hamiltonian, and an initial state, evolve 
that state as a function of time

• This problem was motivation of Feynman (‘82) to look into quantum computers

• Technical tool: Suzuki-Trotter approximations

• Quantum algorithm for linear system of equations in runtime                              (Harrow, Hassidim, Lloyd ‘09)  

versus classical 



Central building block: Quantum Fourier Transform

• QFT = DFT 

• QFT can be implemented with                        gates which is exponentially smaller than DFT                        : 



Designing quantum algorithms

• Central issue: problem at hand must have some structure, such that interference pattern emerges with 
very few “peaks”

• Eg: factoring problem can be reduced to period finding

• Stated differently: highly entangled states do not reveal any information when doing a final measurement: at the end of the 
computation, we need a simple state

• NP-complete problems do not seem to have such a structure
• Candidate problems seem to lie in intersection of P and co-NP

• Most obvious application of quantum computers: simulating quantum many-body systems
• It is however not obvious to find ground states (in worst case QMA-hard)

• Currently large effort in designing quantum algorithms for ground state problems:
• Quantum adiabatic algorithms

• Quantum Metropolis sampling 

• Mimicking imaginary time evolution

• …

• Quantum approach is also inspiring state of the art classical methods: quantum tensor networks



Complexity Classes & Church-Turing thesis



Noisy Intermediate-Scale Quantum computers
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Quantum Error Correction

• Biggest technological hurdle to build a quantum computer: Quantum Decoherence:

• It is very difficult to isolate a quantum system of its environment, certainly if you want to interact with is 
by quantum gates

• Interaction of system – environment entangles them, and this leads to decoherence

• There are much more ways for qubits to incur errors than classical bits

• Classical error correction: variants on the scheme of repetition codes: 0->000, 1->111
• von Neumann: fault tolerant computers can be build 



Quantum error correction

• At first sight, it looks impossible to devise a similar repetition code for quantum systems:

• State-space / errors are continuous as opposed to discrete

• Quantum no-cloning theorem: an unknown quantum state cannot be cloned (as this would violate unitarity)

• Measurements to decrease the entropy destroy the quantum information: measurement / disturbance

• Peter Shor demonstrated how those issues can be overcome 
• Use entanglement to fight entanglement: delocalize the quantum information in the system such that local measurements / 

decoherence do not reveal any information about the logical quantum bits

• Quantum threshold theorem: a quantum computer with a physical error rate below a certain threshold can, through 
application of quantum error correction schemes, suppress the logical error rate to arbitrarily low levels

• Overhead: 

x





Quantum error correction

• A. Kitaev: theory of quantum error correcting codes == theory of topological field theory (TFT)
• Use normal physical qubits to mimic strongly correlated systems with anyon excitations: artificially engineer TFTs 

• Encode quantum information into topological sectors / anyons of lattice versions of TFTs

• Apply quantum gates to those logical qubits by braiding:

• Non-Abelian anyons needed for universal quantum computation

Anyons: elementary 
excitations in the system 
with nontrivial braiding



• Mathematics needed to describe TFTs: tensor categories / bimodule categories. Anyons and boundary 
excitations are then be described by theit centers



• Group of M. Lukin (2025):

    physical implementation of toric code + transversal gates using neutral (Rydberg) atoms



Conclusion

• Quantum Computation is still very much in a stage of fundamental 
science, but huge strides are being made to make a full scale 
quantum computer

• Biggest bottlenecks:

• Quantum fault tolerance leads to huge overheads

• Where are the quantum algorithms?



Central open problems in field of quantum computation

• Central problem: which experimental platform is best suited to scale, and how to fight decoherence?
• Ion traps, superconducting qubits, optical lattices, photonic, Josephson junctions, …

• Algorithms: what mathematical problems (such as factoring) have a structure amenable to quantum 
interference patterns?

• Construction of better and simpler quantum error correcting codes
• (Higher) fusion categories for describing topologically ordered states of matter

• Post-quantum cryptography: which one-way functions cannot be broken with quantum computers (e.g. 
lattice problems such as shortest vector problem)

• Quantum Statistics: optimal tomography, quantum hypothesis testing, …
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3. Device-Independent QKD



What is Quantum Key Distribution ?

Authenticated classical channel

Quantum channel (e.g. optical fiber)

Information theoretic secure communication
through one-time pad

QKD key QKD key



Simplest protocol: Bennett-Brassard ‘84

Alice Bob

Prepares 4 “BB84” states: Measures in the σ�, 𝜎𝑍 basis

Unitary 
channel

Simple security proof (noiseless case) 
If the Z and X basis are perfectly correlated, 
Eve didn’t eavesdrop on the channel -> the key is secure

Eve’s quantum 
memory



Eve’s quantum 
memory

Entanglement-based version: Eckert ‘91

Alice Bob

Measures in the σ�, 𝜎𝑍 basis

Shared 
entangled 

state

Measures in the σ�, 𝜎𝑍 basis

Simple security proof (noiseless case)  
If the Z and X basis are perfectly correlated at Alice and Bob,

 
then they shared a maximally entangled state (Eve is decoupled)



Missing in this security proof

What about noise resistance ?

What about other protocols ?

What about finite-size effects and coherent attacks?

What about untrusted devices ?



How to handle noise: 
One-way key distillation (Devetak-Winter)

One-way distillation protocol

Step 1: error correction

      Alice sends � 𝐻 � � + �(�) bits of error correction information to Bob

Step 2: privacy amplification 

Alice and Bob hash their (identical) n bit keys into an � 𝐻 � 𝐸 − 𝐻 � � + �(�)-bit fully secure key 

Alice Bob

Shared 
entangled 

state

Devetak Winter key-rate: r𝐷𝑊 = 𝐻 � 𝐸 − 𝐻 � � = � �: � − �(�: 𝐸)

*𝐻 � 𝐸 = � 𝜌�� − �(𝜌�)

Note 1: DW key rate is not symmetric (reverse reconcilliation in continuous variable QKD)
Note 2: Keyrate can be « boosted » with tricks such noisy preprocessing and advantage distillation
Note 3: We don’t know the optimal 2-way reconcilliation scheme

Unsecure key Perfect key



Asymptotic key rate:
Find the worst-case attack compatible with observations

Efficiently solvable 
convex optimization problem

Computing asymptotic key rates

minimize 𝐻 � 𝐸 − 𝐻(�|�)

subject to  p a, � = Tr 𝜌𝐴�𝑀� ⊗ 𝑀�

   �𝑟�� 𝜌 = 𝜎𝐴

Numerical QKD
[Winnick et al. 2018]

Change of variables

��𝑟𝑖�����: ρ𝐴�� ��𝑟𝑖�����: ρ𝐴�

(assuming Eve holds a purification)



Asymptotic key rate: application to BB84/E91

K
ey

 r
at

e

Error rate 

BB84 key rate formula (Shor-Preskill)
« bit and phase error rate »

𝑟𝐷𝑊 = 1 − ℎ �� − ℎ �𝑍

Alice Bob

Prepares 4 “BB84” states: Measures in the σ�, 𝜎𝑍 basis

Error rate: probability of an error in a given basis (X or Z) 

ℎ � = −� log2 � − 1 − � log2(1 − �)



BB84 protocol: the fine print

BB84 Protocol

1. Alice sends n random BB84 states

2. Bob measure in a random X or Z basis

3. (sifting) discard rounds with different basis (≈ 50% of the rounds)

4. (post-selection) postselect on rounds with a detection

5. (noisy preprocessing) add small random noise to Alice’s outcome

4. (parameter estimation) estimate bit and phase error rate in test rounds (e.g. 10% of the rounds)

5. (key distillation) perform error correction and privacy amplification in remaining rounds

6. (test final key) verify if Alice and Bob’s final key match



Outline

1. Introduction to security proofs

2. Finite-size security

3. Device-Independent QKD and outlook



Two important properties for a security proof

Efficiency

Get highest possible key rate

• Tight asymptotic and 

leading order O
1

𝑛
 

finite-size corrections

Generality

Apply to many QKD 
protocols

• Applies to device-
dependent round-based 
protocols 
(including CV and DV)

Alice Bob

This work:

TVH, P. Brown, A general and tight finite-size security proof of quantum key distribution



Efficiency: Finite-size expansion of the key rate

𝑟��� = �𝐷𝑊 −
�

�
+ �

1

�
 

�∞ Key rate

105 106 107 108

Why we want small blocksizes…

We achieve an optimal �∞ and 𝜈 
parameters in the key rate expansion 

� (Number of messages 
exchanged by Alice and Bob) 



Evolution of QKD: from structured to generic protocols

1/ Early QKD research
(Tight, protocol dependent)

3/ Modern approach
(Tight, protocol independent)

2/ Follow-up research 
(suboptimal, protocol dependent)

Elementary protocols 
(Qubit BB84, Gaussian CV…)

Less 
structure

More 
structure

Realistic implementations
(Decoy state, Discrete-modulated CV…)

Generic protocol



Usual approach vs modern approach
Applicability Efficiency (key rate)

Usual approach
(protocol dependent)

Entanglement- Based Prepare-and-Measure Asymptotic Finite-size

[Shor-Preskill ‘00, Koashi ‘09] Binary only Binary only Effective Effective

Modern approach
(protocol independent)

Renner’s early work
[Renner et al. ‘07-’08]

All All
Devetak-Winter
(how to apply ?)

Large correction

Numerical QKD
[Winnick ‘18]

All All Devetak-Winter* Large correction

Entropy Accumulation 
[Dupuis et al. ’16]

Limited 
announcements

Limited 
announcements

Devetak-Winter* Small correction

Generalised EAT 
[Metger et al. ‘22]

All
Sequential attacks

only
Devetak-Winter* Small correction

TVH, Brown All All Devetak-Winter* Tight*

We completed the 
modern approach !

Succesfully applied
in practice, 
but limited…

More ambitious
program
but unfinished…

*May require numerical optimisation

c



Generalised EAT 

Prepare-and-measure protocol over
100km of optical fiber

(= 5 msec latency)

Current work

Repetition rate 
@100km

Key rate 
@100km

Limited 
max. 0.2 kHz

Limited
max. 2 Hz

Assuming: ���� = 0.2 𝑑�/𝑘�, speed of light in fiber = 200 000 𝑘�/�, and 1 bit of key/detected pulse

Alice Bob

Alice Bob
Unlimited
ex. 1 GHz

Unlimited
ex. 10 MHz

We can send all pulses in parallel:
Rate increased by 6 orders of magnitude !

Generalised EAT has practical limitations



Generic QKD protocol structure considered here

Classical preprocessing 
(ex. sifting, post-selection, 

noisy preprocessing, binning, 
test rounds…)

× � times

Classical postprocessing
1. Parameter estimation
2. Error correction
3. Privacy amplification

Final shared 𝜖-secret key 

?
This generic structure fits all 
device-dependent, round-based 
QKD protocols.

NB: this excludes Device-Independent, DPS and 
COW protocols



Key idea (1/3): the abstract protocol framework

Classical preprocessing 
(ex. sifting, post-selection, noisy 

preprocessing, binning…)

× � times

Classical postprocessing
1. Parameter estimation
2. Error correction
3. Privacy amplification

𝐾𝑖  �𝑖  𝑍𝑖

Final shared 𝜖-secret key 

?

Abstract protocol map
�: �𝑖 → 𝐾𝑖�𝑖𝑍𝑖

Only variables that matter
𝐾𝑖  Raw key of Alice
�𝑖 Public announcements of Alice and Bob
𝑍𝑖 Test information
𝐸 Eve’s quantum memory

Proof sketch: 
“ Lower-bound randomness in 𝐾𝑛,
 when given information �𝑛 and 𝐸
 and conditioned on a test on 𝑍𝑛 ”

Protocol specific information
is hidden



Our assumptions on the protocol map

Classical preprocessing 
(ex. sifting, post-selection, noisy 

preprocessing, binning…)

× � times

Classical postprocessing
1. Parameter estimation
2. Error correction
3. Privacy amplification

𝐾𝑖  �𝑖  𝑍𝑖

Final shared 𝜖-secret key 

?

Abstract protocol map
�: �𝑖 → 𝐾𝑖�𝑖𝑍𝑖

Assumptions

1. Trusted devices

2. Identical rounds, 
applying in tensor product

3. Finite dimensions

4. Test information is public



Non-adaptive: Suboptimal of order �
1

𝑛

Linearly adaptive: No penalty

Fully adaptive protocol: (Future work)

Key idea (2/3): linearly adaptive protocols

Tradeoff function

Linear lower-bound on 𝐻 𝐾 �𝐸

𝐸 � 𝑍 ≤ 𝐻 𝐾 �𝐸

Final key rate as a function of the observed statistics



Defined for any ccq state 𝜌𝐾𝑃� = σ𝑘𝑝 𝑘� 𝑘� ⊗ 𝜌𝑘𝑝

Depends on additional � > 0 parameter to be optimized

Similar to probability estimation factors [Y. Zhang et al. 2018] but with additional maximization over 𝜎𝑝

Key idea (3/3): weighted Renyi entropy to control finite-size 
fluctuations

Fluctuations in 
parameter estimation

Fluctuations in
privacy amplification

, 𝛼 = 1 + �



Key step in the proof (1/2): a new exact IID reduction

(also holds under partial trace constraints �𝑟��𝑛 𝜌 = 𝜎𝐴 ⊗ ⋯ ⊗ 𝜎𝐴)

New result: Collective attacks (IID states) minimize the new entropy 

Coherent (non IID) attack Collective attack (IID)

Optimal attack



Key steps proof (2/2): 
Using convex optimization for computing single round attacks

Efficiently solvable 
convex optimization problem

Computing finite-size key rates

minimize

subject to �𝑟�� 𝜌 = 𝜏𝐴

Computing asymptotic key rates

minimize 𝐻(𝐾|�𝐸)

subject to  p a, � = Tr 𝜌𝐴�𝑀� ⊗ 𝑀�

   �𝑟�� 𝜌 = 𝜎𝐴

Numerical QKD
[Winnick et al. 2018]

This work

Change of variables



Final result: Key rate with optimal finite-size expansion

𝑘�𝑦 𝑟��� = �∞  − (1 − �)𝑉 𝐾 �𝐸 + �𝑉�𝑟(�)
2log 𝜖−1

�
+ �

1

�
 

                
 

    

    

    

    

   

    

    

                   

                    

           

Example: application to BB84

����𝑟 − ����𝑑 = �∞  − (1 − �)𝑉 𝐾 �𝐸 + �𝑉�𝑟(�)
2log 𝜖−1

�
1 + �

1

log 𝜖−1 + �
1

�

Block length

Entropy in 
Alice’s key



Future extensions of this work

Infinite 
dimensions

Numerical 
software suite

Generalized 
IID reductions

Applications to
 Discrete-Modulated CV 

QKD 

nonlinSDP
 Nonlinear SDP solver (Matlab)

Keymaker 
QKD key rate toolbox (Matlab)

Collaborations with 
experimental groups

Adaptive protocols for 
satellite QKD

[Kochanovsky, Fawzi, 
Rouzé, TVH, 2024]
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Device-Independent QKD

Based on Bell inequalities
eg. �𝐻�𝐻 = 𝐴0�0 + 𝐴1�0 + 𝐴0�1 − 𝐴1�1

�𝐻�𝐻 ≤ 2 (local deterministic stategy, no key)

�𝐻�𝐻 ≥ 2.43 (positive key)

�𝐻�𝐻 = 2 2 ≈ 2.83 (self-tests the maximaly entangled state)

�𝐻�𝐻 ≤ 2 2 ≈ 2.83 (quantum stategies)
�𝐻�𝐻 ≤ 4 (no-signalling)

Pironio et al. Device-independent quantum key distribution secure against collective attacks (2009)
Zapatero et al. Advances in device-independent quantum key distribution (2023)



Keyrate scaling with distance/loss

Distance (km)

Ke
y 

ra
te

Assuming transmission over optical fiber with 0.2 dB/km loss, no excess noise

Alice Bob

Prepares 4 “BB84” states: Measures in the σ�, 𝜎𝑍 basis

« Device-dependent QKD » Device-independent QKD



QKD as a technology: Main open questions

1. Efficiency: keyrate scaling with loss

What is the market ?
Do we need repeaters/quantum satellites ?

2. Security:
Decide on a security model Device-dependent vs. Device-independent (or intermediate)

- Assesse security vulnerabilities of real life implementations
though prototyping and hacking

- Standardization (ETSI)
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(New) strong 𝜷-tradeoff function (� > 0)

Function � �  such that for all states

New entropy is used to define �-tradeoff function

(Usual) Tradeoff Functions 

Function � �  such that for all states

𝐸 � 𝑍 ≤ 𝐻 𝐾 �𝐸 ,

Generalisation

Limit � → 0



Key idea II: linearly adaptive key rate

Tradeoff function

- Linear lower-bound on 𝐻 𝐾 �𝐸

- Parametrized by function �(�) such that 

𝐸 � 𝑍 ≤ 𝐻 𝐾 �𝐸

Protocol sketch (asymptotic version)

1. Run protocol, announcing �𝑛

2. Evaluate � =
1

n
σ𝑖 �(𝑍𝑖)

3. Apply extractor �: 𝐾𝑛 × � → 0,1 �  of output 

length � = �  with seed S

Result final key � 𝐾𝑛  is 𝜖-secure wrt �𝑛𝐸�



Protocol structure: finite-size case

Protocol sketch (finite-size version)

1. Run protocol � times

2. Evaluate  �-strong tradeoff function �𝛽 =
1

n
σ𝑖 �(𝑍𝑖)

3. Apply 2-universal extractor 

�: 𝐾𝑛 × � → 0,1 �

 with output length

 � = �𝛽  −
1 + �

�

log 𝜖−1

�

Result: Final key � 𝐾𝑛  is 𝜖-secure with respect to �𝑛𝐸�
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Alice

photomultiplier

Base 1

led

polarizer Pockels cell

Base 2
(diagonal)

PBS

Bob
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TYPICAL BUILDING BLOCKS AND TECHNOLOGIES

-    Light source: LED, attenuated pulsed laser, photon pair source, photon pair source 

- Encoder: Pockels cell, phaseshifter, optical switch, RF modulator

- Random number generator: pseudorandom, optical, electronics

- Quantum channel: optical fiber (SMF, multicore, HCF), terrestrial free space, satellite

- Receiver/decoder: same as encoder, beam splitter, …

- Light measurement: PMT, coherent receiver, single photon APD, SnSPD

More complicated/expensive

Technologies depend on protocol, desired features/contraints, …
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DESIRABLE FEATURES OF QKD SYSTEMS

-    Secure (no vulnerability to attack on the receiver/transmitter)

- Long range

- Easy to deploy (both for operator and end user)

- No need for intermediate secure nodes

- No need for dedicated fibers

- Cheap to build and to operate

- Operation in common environment

- No excessive noise, size, temperature constraints

- High key rate; Low error rate

- Compact
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DEGREEES OF FREEDOM FOR ENCODING/DECODING

Timing: ۧȁ𝑒𝑎𝑟𝑙𝑦 , ۧȁ𝑙𝑎𝑡𝑒  ,
ۧȁ𝑒𝑎𝑟𝑙𝑦 ± ۧȁ𝑙𝑎𝑡𝑒  

√2

Color: ۧȁ𝑟𝑒𝑑 , ۧȁ𝑏𝑙𝑢𝑒  , {
ۧȁ𝑟𝑒𝑑 ± ۧȁ𝑏𝑙𝑢𝑒  

√2
} 

Path: ۧȁ𝑙𝑒𝑓𝑡 , ۧȁ𝑟𝑖𝑔ℎ𝑡  , {
ۧȁ𝑙𝑒𝑓𝑡 ± ۧȁ𝑟𝑖𝑔ℎ𝑡  

√2
} 

Light polarization: ۧȁ𝐻 , ۧȁ𝑉  , ۧȁ𝐷 , ۧȁ𝐴  , ۧȁ𝐿 , ۧȁ𝑅  

Phase: ඀𝜇 ቚ𝑒𝑖𝜑 ; 𝜑 ∈ 0, 2𝜋

Intensity: ඀𝜇 ቚ𝑒𝑖𝜑 ; 𝜇 ∈ 0, 𝜇𝑚𝑎𝑥

Continuous variables

Today: ۧȁ± ≡
ۧȁ0 +𝑒𝑖𝑛𝜋 ۧȁ1

2
; ۧȁ𝐻 , ۧȁ𝑉 ; ۧȁ± and ۧȁ𝐸 , ۧȁ𝐿 ; ۧȁ±
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PROTOCOLS

Coherent one way (COW)

BB84

CV-QKD

Eckert91

MDI-QKD (time-reverse Eckert91)

Twin-field QKD

DI-QKD

Repeaters
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BB84 & COW: TYPICAL LIMITATIONS

Alice

pulsed IM ۧȁ𝐸  

ۧȁ𝐿  

ۧȁ𝐸 + ۧȁ𝐿

2

ۧȁ𝐸 − ۧȁ𝐿

2

VOA

Light source: 

- attenuated pulses (Poisson statistic) 

→ most pulses are empty on departure
Average number of photon / pulse

p
ro

b
ab

ili
ty

= 0 photon

Typ. Working range

PM
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BB84 & COW: TYPICAL LIMITATIONS

Alice

pulsed ۧȁ𝐸  

ۧȁ𝐿  

ۧȁ𝐸 + ۧȁ𝐿

2
= ۧȁ+

Bob

VOA

Detector and measurement electronics (InGaAS spad, SnSPD) 

- often operated at 𝜏𝑑𝑒𝑎𝑑 ≥ 1ns (limited by deadtime & afterpulse)

- time jitter 𝛿𝑡𝑟𝑒𝑠 : 200ps (spad) to 50ps (SnSPD)

Encoder switching speed 𝑡𝑚𝑜𝑑 (typ. standalone EOMs < 1ns, polar encoding slower) 

ۧȁ𝐸 − ۧȁ𝐿

2
= ۧȁ−

𝜏𝑝

𝛿𝑡𝑏𝑖𝑛

𝛿𝑡𝑟𝑒𝑠, 𝜏𝑑𝑒𝑎𝑑

𝜏𝑟𝑒𝑝

𝑡𝑚𝑜𝑑

We want : 𝜏𝑟𝑒𝑝 ≈ 𝛿𝑡𝑟𝑒𝑠 ≈ 𝑡𝑚𝑜𝑑 < 𝛿𝑡𝑏𝑖𝑛 < 𝜏𝑑𝑒𝑎𝑑 ≈ 𝜏𝑟𝑒𝑝

IM PM

Channel loss : 0.2dB/km 

(150km  30dB) 
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BB84 & COW: TYPICAL LIMITATIONS

Alice

pulsed ۧȁ𝐸  

ۧȁ𝐿  

ۧȁ𝐸 + ۧȁ𝐿

2
= ۧȁ+

Bob

VOA

ۧȁ𝐸 − ۧȁ𝐿

2
= ۧȁ−

𝜏𝑝

𝛿𝑡𝑏𝑖𝑛

𝛿𝑡𝑟𝑒𝑠, 𝜏𝑑𝑒𝑎𝑑

𝜏𝑟𝑒𝑝

𝑡𝑚𝑜𝑑

IM PM

   BB84 

both basis ۧȁ𝑒𝑎𝑟𝑙𝑦 , ۧȁ𝑙𝑎𝑡𝑒 & ۧȁ+ , ۧȁ−

Decoys optional (only acting against photon 

number splitting attacks)

Coherent One-Way (COW)

ۧȁ𝑒𝑎𝑟𝑙𝑦 , ۧȁ𝑙𝑎𝑡𝑒 for encoding; ۧȁ+ , ۧȁ− for decoys

Security is based on monitoring coherence between 

pulses (decoys necessary)
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1 kb/s key over 120 km (24dB)
→ allows the one-time pad to be implemented
Key technologies: 
• BB84 protocol with 2 decoy states
• O-band version: Coexistence wdm

COMMERCIAL PRODUCTS: BB84-LIKE

1 Mb/s key over 50 km (10dB)
 (lower rate operation up to 20dB loss)
→ allows the one-time pad to be implemented

Key technologies: 
• self-differencing circuit on InGaAs spad
     (2GHz operation, 50ps pulse)
• BB84 protocol with decoy states
• Phase encoding
• Coexistence with telecom 32 × 10 Gbit/s

Think quantum
Lux Quanta
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CHIP SCALE QKD TRANSMITTERS: SILICON PIC

Promisses : cheaper, mechanically stable (ideal for phase based implementation)

Carrier depletion in silicon

[Thompson, 2017]

Thermal + CDM → high contrast

Operating point CDM ≪ 𝜋

Results:

- Mod 175ps of CW

- 25 dB extinction

- 0.86Ghz clock rate

- QBER 1.1% @20km 
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CHIP SCALE QKD TRANSMITTERS: MORE INTEGRATION

[Peng, 2022] Results:

- pulses 50ps

- 3.3 Ghz clock rate

- QBER 1.4% @100km

- Secret key rate 2.8Mbps 

BB84 polar with decoys
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BB84 REFERENCES

[Thompson, 2017] Sibson, P., Kennard, J. E., Stanisic, S., Erven, C., O’Brien, J. L., & Thompson, M. G. (2017). Integrated 

silicon photonics for high-speed quantum key distribution. Optica, 4(2), 172-177.

[Bennett 1992] Bennett, C. H., Bessette, F., Brassard, G., Salvail, L. & Smolin, J. Experimental quantum cryptography. J. 

Cryptol. 5, 3–28 (1992).

[Peng, 2022] Chen, Z. Y., Wang, X. Z., Li, Y., Wang, Y. A., Wang, C. Z., Zhang, L. K., ... & Peng, C. Z. (2025). Integrated 

Photonics and Electronics for High‐Speed Quantum Key Distribution. Laser & Photonics Reviews, e01080.
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BB84 WITH TRUE SINGLE PHOTONS

[Midolo 2024] 
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BB84 WITH TRUE SINGLE PHOTONS: HERO EXP.
[Midolo 2024] 

GaAs QD in wg
@1.6K

Rep rate 72.6 MHz → 12 MHz count rate (𝜂𝑠 = 16.5%)  

𝜂𝑛𝑖𝑟→𝑐 ≈ 50%  𝑔(2) = 0.0047

4-state BB84

𝜂𝑟 = 11.4%  

𝑆𝐾𝑅 ≈ 2.5 𝑘𝑏/𝑠; 𝑄𝐵𝐸𝑅 ≈ 4%
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BB84 WITH TRUE SINGLE PHOTONS: HERO EXP.
[Midolo 2024] 

GaAs QD in wg
@1.6K

Rep rate 72.6 MHz → 12 MHz count rate (𝜂𝑠 = 16.5%)  

𝜂𝑛𝑖𝑟→𝑐 ≈ 50%  𝑔(2) = 0.0047

4-state BB84

𝜂𝑟 = 11.4%  

𝑆𝐾𝑅 ≈ 2.5 𝑘𝑏/𝑠; 𝑄𝐵𝐸𝑅 ≈ 4%

𝑔 2 𝜏 =
𝑛12(𝑡, 𝑡 + 𝜏)

𝑛1(𝑡) 𝑛2(𝑡 + 𝜏)

1

2

𝑔 2 0 = 1 for faint pulse

𝑔 2 0 = 0 for ideal SPS

Average number of photon / pulse

p
ro

b
ab

ili
ty

× 2
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BB84 WITH TRUE SINGLE PHOTONS: HIGHER SKR

Comparison between BB84 with infinite decoy (for faint pulses) and BB84 without decoy (for SP-source )

More loss means 𝑛 must grow to keep an advantage

[J.W. Pan, 2025] 

InAs/GaAs quantum dot plane-concave Fabry-Perot cavity

Collection efficiency of 0.71(2) and 𝑔(2) = 0.02
Collection rate up to 54 MHz

[X. Ding, 2025] 

Experiment: 3 state BB84 protocol, free space QKD (on the field)

Settings:  𝑛 = 0.29 ; 𝑔(2) = 0.007 and polar encoding error of  2.54%.

→ Rep rate QKD transmitter 76.13 MHz → SKRs 4.30 Mcps (82.4 kcps) for channel losses of 0.18 (15 dB)
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BET ON NEXT: QD @ 1550NM

10 oct 2025 https://arxiv.org/abs/2510.09251

InAs/GaAs
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BB84 SINGLE PHOTON REFERENCES

[Midolo 2024] Zahidy, M., Mikkelsen, M. T., Müller, R., Da Lio, B., Krehbiel, M., Wang, Y., ... & Midolo, L. (2024). Quantum 
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[J.W. Pan, 2025] Zhang, Y., Ding, X., Li, Y., Zhang, L., Guo, Y. P., Wang, G. Q., ... & Pan, J. W. (2025). Experimental 

Single-Photon Quantum Key Distribution Surpassing the Fundamental Weak Coherent-State Rate Limit. Physical Review 

Letters, 134(21), 210801.

[X. Ding, 2025] Ding, X., Guo, Y. P., Xu, M. C., Liu, R. Z., Zou, G. Y., Zhao, J. Y., ... & Pan, J. W. (2025). High-efficiency

single-photon source above the loss-tolerant threshold for efficient linear optical quantum computing. Nature Photonics, 1-

5.
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Promiss : QKD with standard telecommunication technology. [Grosshans & Grangier, 2002]

CV-QKD: TYPICAL SETUP

DpC: Dynamic pol contr.

Pulsed @ 1MHz
100 ns

Gaussian RNG

[E Diamanti, 2013] 

Select phase quadrature

Specific hardware components: balanced detectors & electronics for Gaussian mod. (high resolution DAC) 
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COMMERCIAL PRODUCTS: CV-QKD

KEEQuant

Quintessence labs

CUbIQ Technologie

Skr: 4.3 kb/s @ 40km

Typ. Skr: 10kb/s

Up to 40km
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CV-QKD: IMPROVED RECEIVER

+ many other tricks on the transmitter

[T. Gehring, 2024] 

- Discrete-modulated → 10 Gbaud operation

- Dedicated TIA → shot-noise-limited bandwidth > 20 GHz.

- Ge PD from iSiPP50G silicon photonics platforms 

෠𝑋

෠𝑃

space separated TIAs for limited crosstalk between 2 channels
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CV-QKD REFERENCES
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quantum key distribution over 202.81 km of fiber. Physical review letters, 125(1), 010502.

[H. Guo, 2024] Zhang, Y., Bian, Y., Li, Z., Yu, S., & Guo, H. (2024). Continuous-variable quantum key distribution system: Past, 
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U U
ۧȁ𝐻 , ۧȁ𝑉 , ۧȁ+ , ۧȁ−

U U
ۧȁ𝐻 , ۧȁ𝑉 , ۧȁ+ , ۧȁ−

Parties encode in the same basis → information is shared between Alice & Bob  

ൿ ห𝜙+
 

=
ۧ ȁ𝐻 𝑅 ۧȁ𝐻 𝐿+ ۧ ȁ𝑉 𝑅 ۧȁ𝑉 𝐿

2
 = 

ۧ ȁ+ 𝑅 ۧȁ+ 𝐿+ ۧ ȁ− 𝑅 ۧȁ− 𝐿

2
 

Added Benefits: by tuning their measurement apparatus differently (yet another basis), Alice 
& Bob can make a Bell test (violation of CSHC inequality = proof of security)
→ See also Device-Independent QKD

ൿ ห𝜙−
 

=
ۧ ȁ𝐻 𝑅 ۧȁ𝐻 𝐿− ۧ ȁ𝑉 𝑅 ۧȁ𝑉 𝐿

2
 = 

ۧ ȁ+ 𝑅 ۧȁ− 𝐿+ ۧ ȁ− 𝑅 ۧȁ+ 𝐿

2
 

ൿ ห𝜓+
 

=
ۧ ȁ𝐻 𝑅 ۧȁ𝑉 𝐿 + ۧ ȁ𝑉 𝑅 ۧȁ𝐻 𝐿

2
 = 

ۧ ȁ+ 𝑅 ۧȁ+ 𝐿− ۧ ȁ− 𝑅 ۧȁ− 𝐿

2
 

ൿ ห𝜓−
 

=
ۧ ȁ𝐻 𝑅 ۧȁ𝑉 𝐿− ۧ ȁ𝑉 𝑅 ۧȁ𝐻 𝐿

2
 = 

ۧ ȁ+ 𝑅 ۧȁ− 𝐿− ۧ ȁ− 𝑅 ۧȁ+ 𝐿

2
 

EKERT 91 = TRANSMITTER DEVICE INDEP. QKD 
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DI-QKD REFERENCES
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Experimental quantum key distribution certified by Bell's theorem. Nature, 607(7920), 682-686..

[Y.B. Sheng, 2023] Zhou, L., Xu, B. W., Zhong, W., & Sheng, Y. B. (2023). Device-independent quantum secure direct 

communication with single-photon sources. Physical Review Applied, 19(1), 014036.
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0 U 0U

ۧȁ , ۧȁ ۧȁ , ۧȁ

TIME REVERSAL OF EKERT91: MDI-QKD

Relies on photon bunching (HOM)

BS

For faint pulses

[B Qi, 2012]
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0 U 0U

ۧȁ , ۧȁ ۧȁ , ۧȁ

Alice\Bob ۧȁ𝐻 ۧȁ𝑉

ۧȁ𝐻 ۧ ȁ𝐻 𝐿 ۧȁ𝐻 𝐿 𝑜𝑟 ۧ ȁ𝐻 𝑅 ۧ ȁ𝐻 𝑅 ۧ(ȁ𝐻 𝐿or ۧȁ𝐻 𝑅) ⊗ ۧ(ȁ𝑉 𝐿or ۧȁ𝑉 𝑅) 

ۧȁ𝑉 ۧ(ȁ𝐻 𝐿or ۧȁ𝐻 𝑅) ⊗ ۧ(ȁ𝑉 𝐿or ۧȁ𝑉 𝑅) ۧ ȁ𝑉 𝐿 ۧȁ𝑉 𝐿  𝑜𝑟 ۧ ȁ𝑉 𝑅 ۧ ȁ𝑉 𝑅

BS

PBSPBS

𝐻𝐿 𝐻𝑅

𝑉𝐿 𝑉𝑅

If detection on each side (left, right)

One know the state is ඀ ቚ𝜓±  

→ Alice & Bob know ۧȁ? 𝑏𝑜𝑏 ≠ ۧȁ? 𝑎𝑙𝑖𝑐𝑒

But Charlie does NOT know

TIME REVERSAL OF EKERT91: MDI-QKD

Bell state 
measurement

PRO
- Improvement to security: MDI
- Well suited to star topology

[B Qi, 2012]
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MDI-QKD IMPLEMENTATION

Require synchronized identical photon sources (HOM)

Q bird

Q bird

Commercial product
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PLUG & PLAY MDI-QKD (TIME-BIN)

[S. Moon, 2018] 

ۧȁ𝐸

ۧȁ𝐿CW

Sends light to either Bob or Alice (depending on polar)
(allows sync – compensates temperature induced delay) 
(b)Takes care of drift in IM
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MDI-QKD REFERENCES
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[A. Shields, 2019] 

TWIN-FIELD QKD / SENDING-OR-NOT-SENDING (SNS)

[A. Shields, 2018; H. X. Hu, 2018; H. Zhou, 2018] 

Requires
-frequency stabilization
-Phase tracking

𝑆𝐾𝑅 ∝ 𝜂
Phase locking

→ heterodyne optical phase-

locked loop

Note: no locking of quantum 

channel (short)

Base choice, 
Base choice + bit choice
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TWIN-FIELD QKD / SENDING-OR-NOT-SENDING (SNS)

[A. Shields, 2019] 
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TWIN-FIELD QKD / SENDING-OR-NOT-SENDING (SNS)

Laser line locking with cavity : 1Hz; 2 lasers locked at frequency difference of 112MHz.
Bidirectional EDFA for frequency stabilization, distributed gain avoids SBS.

[J.W. Pan, 2020] 

Fiber phase drift estimated with reference pulses time multiplexed with qubit transmission (no actual stabilization)

Brillouin, Rayleight scattering removed by time  filtering, Raman scatterings mitigated spectrally, reflexions + backward
Rayleigh rejected using circulator.
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TWIN-FIELD QKD / SENDING-OR-NOT-SENDING (SNS)

Exceed Pirandola-Laurenza-Ottaviani-Bianchi (PLOB) bound 
(repeaterless bound) in realistic scenario
Total length : 509 km (later: also deployed on field)

[J.W. Pan, 2020] 

Results improved further : 
• Distance over 1000 km [J.W. Pan 2023]

- super low dk detection : 0.02Hz
- dual band phase estimation

• TF-QKD without frequency dissemination [Z. Yuan, 2023]
-  Frequency comb + nominally identical 𝜈𝑀𝑊 
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Introduction

Various protocols➔ different hardware

• COW & BB84 in a world without good single photon sources

• BB84 with single photon sources

• CV-QKD

• Ekert91 & MDI-QKD 

• Twin-field QKD 

• Quantum repeaters

OUTLINE
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QUANTUM REPEATERS: 

Entanglement swapping + quantum memory 

REVIEW ARTICLE NATURE PHOTONICS

a photon in a degenerate optical Λ  system116 to teleport the pho-
ton polarization onto the nuclear spin. This approach paves the way 
for entanglement distribution between network nodes through the 
absorption of entangled photon pairs at the NV resonant energy.

Quantum computing. Overcoming the challenge of scaling a quan-
tum computer to the large number of qubits required to outperform 
classical algorithms hinges on correcting the inevitable errors that 
arise due to the delicate, analogue nature of quantum states. While 
a potential resolution lies in a monolithic architecture employing 
a large qubit array stabilized by topological codes, a distributed or 
modular architecture that utilizes photonically linked nodes, each 
with only a small number of qubits, could provide efficiencies due 
to its reconfigurable connections and non-local quantum gates117. 
This distributed architecture is particularly applicable to defect-
based quantum registers of electron and nuclear spins, which sat-
isfy the requirements for inter-node photonic entanglement, as 

well as intra-node universal control and non-demolition readout. 
Encouragingly, a distributed error-correction approach using only 
four qubits per node was shown to possess modest threshold error 
rates for the entangling links (~10%) and local operations (~1%) 
that would allow a large-scale implementation to be fault-tolerant118.

Experimental efforts have so far focused on error correction 
within individual nodes. In 2014, two groups30,40 demonstrated a 
majority-vote error-correction protocol, encoding a quantum bit 
in a logical qubit of three spins (Fig. 4g). These experiments lever-
aged advanced electron–nuclear initialization sequences and quan-
tum gates to correct a single bit-flip error automatically during the 
decoding of the three-qubit register, avoiding direct measurement 
of error syndromes. More recently, by utilizing non-demolition, 
single-shot readout at cryogenic temperatures, a stabilizer-based 
approach119 involving active error detection and real-time feed-
back was implemented for a logical qubit of three weakly coupled 
13C nuclei. This latter experiment demonstrated a continuously  
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Fig. 4 | Quantum registers for quantum net works and computing. a, Photograph showing three lab stations A, B and C at the Delf t University of 

Technology. An entangled state between two NV centres separated by 1.3 km (stations A and B) is generated by sending spin-entangled phot ons to  

station C. b, Experimental schematic for remote entanglement. Indistinguishable ZPL phot ons from NV centres at stations A and B are overlapped onto 

a beam-splitter at station C, where a particular sequence of single-phot on detections heralds the generation of an entangled stat e. High-fidelity and 

fast single-shot spin readout enables a loophole- free test of the Bell inequalit y. RNG, random number generator. c, Principle of entanglement distillation. 

Two lower-quality remote entangled states can produce a single higher-fidelity entangled state through local operations and classical communication. 

d, Experimental implementation of entanglement distillation using an NV c entre electron spin (communication qubit) and a weakly coupled 13C nuclear 

spin (memory qubit) at each node. The success of the distillation protocol, resulting in a higher-fidelity entangled state between the memory qubits, is 

probabilistic, but is heralded by a particular measurement outcome on the communication qubits. e, Scheme for storage of a photon polarization state  

by the 14N nuclear spin of the NV centre. The NV centre is first prepared in an electron–nuclear Bell stat e. At zero magnetic field, the electronic levels ∣± 1 e 

couple to ∣A1  by opposite circularly polarized light (σ + and σ −) to form a degenerate Λ  system. In this case, the entangled absorption of a r esonant  

photon transfers the photon polarization onto the phase of the nuclear superposition stat e. Successful absorption is heralded by single-shot spin readout. 

f, Data showing the faithful mapping of the phot on polarization onto the nuclear superposition stat e. Green shaded area is the 95% confidence interval.  

g, Quantum error correction using a register of three strongly coupled nuclear spins ( schematically depict ed in the inset). This code can surpass the 

fidelity of no error correction (blue circles) when a single error occurs of one of the qubits (green triangles) or when errors occur with equal probability on 

all three qubits (orange circles). Figure reproduced from: a, ref. 110, Springer Nature Ltd/ Slagboom en Peeters Luchtfotografie BV; b, ref. 110, Springer Nature 

Ltd; c,d, ref. 112, AAAS; e,f, ref. 113, Springer Nature Ltd; g, ref. 30, Springer Nature Ltd.

NATURE PHOTONICS | VOL 12 | SEPTEMBER 2018 | 516–527 | www.nature.com/ naturephotonics522

[Awschalom 2018] 

Spin-spin entanglement via BSM
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GENERATING SPIN-PHOTON ENTANGLEMENT

• Decay based

Protocol for entanglement generation
• Initialization to the ground (green CW)
• Π-pulse to ۧ1+ہ

• Π-pulse to ൿඋ𝐴2

• PL  entanglement ห ۧΨ = ȁ ۧ+1 ȁ ۧ𝜎− +ȁ ۧ−1 ȁ ۧ𝜎+

[Togan2010]

[Bhaskar 2020]

• NL interaction

Note: also a way to read the spin
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QUANTUM MEMORY NODE

[M.D. Lukin, 2024] 
success rate: 1Hz

0.2K

Memory in nuclear spin (29Si)

Light interface thru electronics spin

Time bin decoding
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METRO RANGE SPIN ENTANGLEMENT

[R. Hanson 2024]
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Introduction

Various protocols➔ different hardware

Outlook



54

OUTLOOK / RECENT TRENDS

- Phase stabilization & laser locking

- Matter qubit finding their way in networks

- Photonic integrated circuits to the rescue

- Tight integration between electronics and optics

- QKD technologies diverse and driven by new protocols

- Some technologies close to OPERA’s expertise: 𝜈 −comb, phase locking, .. 
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Thank you for listening

Stephane.clemmen@ulb.be

mailto:Stephane.clemmen@ulb.be
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Atomic clocks: 
from current trends to photonic integration

K. Van Gasse

5th of November 2025 – BeQCI workshop



Located at Ghent University

• Faculty of Engineering and Architecture

• Associated laboratory of IMEC

• Member of the Center for Nano- & Biophotonics (NB photonics)

Technology Research

• Photonic Integration of Systems on a chip

• Advanced Silicon Photonics

• Enhanced with new materials:

III-V, ferro-electrics, graphene, …

Applications

• High-speed telecom and datacom

• Sensing for life sciences

• Optical information processing

• Quantum information

12 Professors 

27 postdocs

64 PhD students

15 support staff

20+ nationalities

9 ERC grantees
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Class 100 clean rooms
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Photonics Research Group of Ghent University and imec
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Overview

• What is an (atomic) clock?

• Why do we need atomic clocks?

• How does an optical atomic clock work?

• Chip-scale optical atomic clocks

• Activities at UGent – imec: photonic integrated circuits

• Conclusion and summary



What is a clock?

A clock is a device that measures the passing of time.

We need a device that can:

• Generate a stable oscillation

• Count these oscillations

• Convert a number of oscillations to a unit of time (the second)

Example: pendulum clock

Perfect clock: oscillation period never changes

Reality: oscillation period drifts due to temperature, vibrations, wear, …

Christiaan Huygens - pendulum clock 

(1656)

Drift: 15 seconds per day



Clock evolution

Christiaan Huygens - pendulum clock 

(1656)

Drift: 15 seconds per day

Harrison – H4 Chronometer 

(1762)

Drift: 0.2 seconds per day

Quartz crystal oscillator

(1927)

Drift: 0.004 seconds per day

Technology has helped advance the performance of clocks significantly.

Even the best oscillators drift over time, is there a way to stabilize them?



What is an atomic clock? 

Microwave interrogation

Feedback

10 MHz referenced 

signal to the user

Quartz oscillator

Definition in SI system

The second is the duration of 9 192 631 770 periods of the 

radiation corresponding to the transition between the two 

hyperfine levels of the ground state of cesium-133 (1967).

Cesium clocks all over the world help define International 

Atomic Time (TAI)

Which is used to define Coordinated Universal Time (UTC) 
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9.19263177 GHz

Frequency (Hz)

1 Hz

Standard atomic clock used today is the cesium microwave clock

𝑄 ≈
𝑓

𝛿𝑓
≈ 1010

Drift: 10 ps a day



Atomic clocks used for UTC

NIST Cesium fountain NPL Cesium fountain

Cesium beam clock

Cesium fountain clocks

Ytterbium trapped ion clock

PTB – Physikalisch-Technische Bundesanstalt National Metrology Institute of Germany - Braunschweig

…
METAS FoCS-2



Atomic clocks enable navigation and distribute accurate time

Global navigation satellite system (GNSS): GPS, GLONASS, BDS, Galileo, …

Galileo rubidium clock 

Galileo hydrogen maser



How are atomic clocks connected to our daily life?

https://spectrum.ieee.org/optical-atomic-clocks Nov 2024

All navigation:

• Google maps, …

• Ships

• Airplanes

• Modern agriculture

All modern timing depends on 

syncing with GNSS:

• Mobile networks

• IT infrastructure

• Power grid

• Financial institutions

GNSS outage would cost UK an 

estimated 1.6 billion EUR a day.

London Economics, The Economic Impact on the UK of a 

Disruption to GNSS: Issue 4, 2021 Update – Final Report, 

London Economics, Aug. 2023

https://spectrum.ieee.org/optical-atomic-clocks
https://spectrum.ieee.org/optical-atomic-clocks
https://spectrum.ieee.org/optical-atomic-clocks
https://spectrum.ieee.org/optical-atomic-clocks
https://spectrum.ieee.org/optical-atomic-clocks


Next generation of atomic clocks: the optical atomic clock

Until now we only discussed microwave atomic clocks.

Stability still limited by the "Q-factor" of the resonance.

Further improvement can be achieved by increasing the carrier frequency,
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9.19263177 GHz

Frequency (Hz)

1 Hz

𝑄 ≈
𝑓

𝛿𝑓
≈ 1010

Further increase stability 

by orders of magnitude by 

going to optical clocks

Resonance of the Al+ clock transition using quantum 

logic spectroscopy (Chou et al., 2010b).

1 121 015.393 GHz (267 nm)



What is an optical atomic clock?

Strontium lattice optical atomic clock at JILA

Same principle as a microwave atomic clock

Laser interrogates the atomic transition

Highly improved performance at the cost of greatly increased 

complexity

Main challenge: how to measure frequency of light?



Optical frequency comb: measuring the frequency of light

Scott A. Diddams et al. ,Optical frequency combs: Coherently uniting the electromagnetic spectrum. Science 369, eaay3676 (2020).

How can we convert an optical frequency to the microwave 

domain?

We need an optical frequency comb:

• Mode-locked pulsed laser:

• train of short optical pulses

• comb of laser lines in the frequency domain

• Measurement of the repetition rate (50 MHz – 1 GHz)

• Stabilize the 2 degrees of freedom



Optical frequency comb: measuring the repetition rate

Fortier, T., Baumann, E. 20 years of developments in optical frequency comb technology and applications. 

Commun Phys 2, 153 (2019).

We can directly measure the comb line spacing 

𝑓𝑟𝑒𝑝 in the microwave domain.



Optical frequency comb: measuring the offset frequency

The offset frequency is not directly measurable.

Optical frequency doubling is needed

Use periodically poled lithium niobate crystals (PPLN)

Beating a frequency doubled comb line with a regular 

comb lines allows to measure 𝑓0 in the microwave domain

Fortier, T., Baumann, E. 20 years of developments in optical frequency comb technology and applications. 

Commun Phys 2, 153 (2019).

PPLN crystal



Optical frequency comb: creating optical clock output

This allows us to down convert the laser locked to the atom:

• Pin 𝑓0 to zero

• Lock a comb teeth to CW laser

• Detect 𝑓𝑟𝑒𝑝 with a photodetector

• The detected microwave signal is the output clock signal



Anatomy of an optical clock

17

Atomic frequency reference

"Hot" atomic or molecular 

vapor such as Rb, Cs, 

iodine.

Can be fabricated with 

MEMS process in mm-sized 

package.

Single or multiple trapped 

ions. Need for large ultra-

high vacuum setup and 

cooling lasers.

Single or multiple optically 

trapped neutral atoms. Need 

for large ultra-high vacuum 

setup and cooling lasers.

Medium drift

Very low drift

Very low drift

Mode-locked laser (fiber or solid state)

Narrow linewidth CW laserNon-linear crystal (PPLN)

Laser and nonlinear components



Cold atom optical clocks state of the art: measuring gravity at millimeter scale

Bothwell, T., Kennedy, C.J., Aeppli, A. et al. Resolving the gravitational redshift across a millimetre-scale atomic sample. Nature 602, 420–424 (2022).

Zheng, X., Dolde, J., Lochab, V. et al. Differential clock comparisons with a multiplexed optical lattice clock. Nature 602, 425–430 (2022).



Optical clocks current trends: towards a nuclear clock

KULeuven and imec contributions



Optical clocks current trends: towards a nuclear clock

Zhang, C., Ooi, T., Higgins, J.S. et al. Frequency ratio of the 229mTh nuclear isomeric transition and the 87Sr atomic clock. Nature 633, 63–70 (2024).



Optical clocks current trends: towards practical applications

Acquired by

Roslund, J.D., Cingöz, A., Lunden, W.D. et al. Optical clocks at sea. Nature 628, 736–740 (2024). 

Making optical atomic clocks affordable and ruggedized allows for accurate navigation and timing in GNSS denied 

environments. 

Cannot provide the same performance as lab scale systems but outperforms alternative compact atomic clocks.

(rubidium, hydrogen maser)

Example: Vector Atomic rack mounted optical clock



Optical clocks current trends: towards practical applications (2)

Roslund, J.D., Cingöz, A., Lunden, W.D. et al. Optical clocks at sea. Nature 628, 736–740 (2024). 



Optical clocks current trends: towards practical applications (3)

Making optical atomic clocks affordable and ruggedized allows for accurate navigation and timing in GNSS denied 

environments. 

Cannot provide the same performance as lab scale systems but outperform alternative compact atomic clocks.

Example: Infleqtion rack mounted optical clock



Need for further miniaturization of optical atomic clocks

Modern society has become heavily reliant on GNSS for positioning and time dissemination.

GNSS outage has large economical impact. (spoofing, jamming, satellite defect, …)

Need for affordable, compact and mass-manufacturable atomic clocks as GNSS backup.

gpsjam.org



Towards chip-scale integration of optical atomic clocks

25
Z. L. Newman et al., "Architecture for the photonic integration of an optical atomic clock," Optica, vol. 6, pp. 680–685, 2019.

Further miniaturization and reduction in cost can be achieved by using photonic integrated components.

First demonstration with separate chip-scale components by NIST.

New goal: create a single chip that has all necessary laser and nonlinear components.



Prof. Bart Kuyken Prof. Kasper Van Gasse

Work at UGent – imec: towards chip-scale optical atomic clocks

Micro-transfer printing allows to integrate a wide variety of optical components on a single photonic integrated circuit.

Goal: integration of narrow linewidth CW lasers, mode-locked lasers, frequency doubling components, detectors

Target wafer: 

Low loss SiN-waveguides

Lithium niobate for 

frequency doubling

Semiconductor lasers

Novel laser materials



Recent work at UGent – imec: on-chip lasers at rubidium wavelength

Max Kiewiet, Stijn Cuyvers, Maximilien Billet, Konstantinos Akritidis, Valeria Bonito Oliva, Gaudhaman Jeevanandam, Sandeep Saseendran, Manuel Reza, Pol Van Dorpe, Roelof Jansen, Joost 

Brouckaert, Günther Roelkens, Kasper Van Gasse, Bart Kuyken, “Micro-Transfer Printed Continuous-Wave and Mode-Locked Laser Integration at 800 nm on a Silicon Nitride Platform,” 

arXiv:2504.16993, 2025.



Recent work at UGent – imec: on-chip lasers at rubidium wavelength

Max Kiewiet, Stijn Cuyvers, Maximilien Billet, Konstantinos Akritidis, Valeria Bonito Oliva, Gaudhaman Jeevanandam, Sandeep Saseendran, Manuel Reza, Pol Van Dorpe, Roelof Jansen, Joost 

Brouckaert, Günther Roelkens, Kasper Van Gasse, Bart Kuyken, “Micro-Transfer Printed Continuous-Wave and Mode-Locked Laser Integration at 800 nm on a Silicon Nitride Platform,” 

arXiv:2504.16993, 2025.



Recent work at UGent – imec: on-chip frequency doubling

T. Vandekerckhove, J. De Witte, L. De Jaeger, E. Vissers, S. Janssen, P. Verheyen, N. Singh, D. Bode, M. Davi, F. Ferraro, P. Absil, S. Balakrishnan, J. Van 

Campenhout, D. Van Thourhout, G. Roelkens, S. Clemmens, and B. Kuyken, “A scalable quadratic nonlinear silicon photonics platform with printable entangled photon-

pair sources,” arXiv:2503.08783, 2025.



Recent work at UGent – imec: on-chip frequency doubling (2)

T. Vandekerckhove, J. De Witte, L. De Jaeger, E. Vissers, S. Janssen, P. Verheyen, N. Singh, D. Bode, M. Davi, F. Ferraro, P. Absil, S. Balakrishnan, J. Van 

Campenhout, D. Van Thourhout, G. Roelkens, S. Clemmens, and B. Kuyken, “A scalable quadratic nonlinear silicon photonics platform with printable entangled photon-

pair sources,” arXiv:2503.08783, 2025.



Novel laser materials

Yang, J., Van Gasse, K., Lukin, D.M. et al. Titanium:sapphire-on-insulator integrated lasers and amplifiers. Nature 630, 853–859 (2024).



UGent – imec: Towards laser integration of novel laser materials

Yang, J., Van Gasse, K., Lukin, D.M. et al. Titanium:sapphire-on-insulator integrated lasers and amplifiers. Nature 630, 853–859 (2024).

TiSaOI previously demonstrated to be ideally suited for control of quantum system.

Now looking towards wafer scale integration at UGent.



Summary and conclusion

• Atomic (optical) clocks are fundamental for navigation, 

communication, and precise timekeeping in modern society.

• Laboratory-scale optical clocks continue to push the limits of 

metrology, opening new frontiers in fundamental physics.

• Commercial optical atomic clocks are now being deployed by IonQ 

and Infleqtion, signaling a transition from research to real-world 

applications.

• Strong global efforts are underway toward the miniaturization and 

integration of optical atomic clocks.

• The field is entering a new era where quantum precision meets 

practical implementation.



Thank you for your attention!





Anatomy of chip-scale atomic clock



Work at UGent – imec: integrating novel laser materials

• Enabling new wavelengths and lower-noise operation through rare-earth and other solid-state laser integration on 

photonic chips.

• Developing low-noise, high-performance saturable absorbers for next-generation mode-locked lasers.

• Transfer-printing of novel laser crystals for compact and efficient integrated laser sources.



Clock evolution (2)

Christiaan Huygens - pendulum clock 

(1656)

Accuracy: 15 seconds per day

Harrison – H4 Chronometer 

(1762)

Accuracy: 0.2 seconds per day

Quartz crystal oscillator

(1927)

Accuracy: 0.004 seconds per day

NIST-F2 Cesium fountain

(2014)

Accuracy: 10 picoseconds per day



quantum simulation with cold atoms

Karel Van Acoleyen(UGent)            BeQCI quantum technology workshop at IMEC, 05/11/25



BEC@UGent 2022
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Optical lattices

Rydberg arrays

Abo-Shaeer,..,Ketterlee, 2001

Bakr,..,Greiner 2009

Ebadi,…,Lukin 2021
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N ⇡ 102
<latexit sha1_base64="ID29Mix3y+DIgJVieVUT2V6x4Tg=">AAACA3icbVBNS8NAEN34bf2KetPLYhE8SElE1GPRi0cFW4UmlM12YpfuJmF3opZQ8OJf8eJBEa/+CW/+G7dtDn49GHi8N8PMvCiTwqDnfToTk1PTM7Nz85WFxaXlFXd1rWnSXHNo8FSm+ipiBqRIoIECJVxlGpiKJFxGvZOhf3kD2og0ucB+BqFi14mIBWdopba70QmMUDRAuEOtihhuBzTYDXZzZdpu1at5I9C/xC9JlZQ4a7sfQSfluYIEuWTGtHwvw7BgGgWXMKgEuYGM8R67hpalCVNgwmL0w4BuW6VD41TbSpCO1O8TBVPG9FVkOxXDrvntDcX/vFaO8VFYiCTLERI+XhTnkmJKh4HQjtDAUfYtYVwLeyvlXaYZRxtbxYbg/375L2nu1fyDmn++X60fl3HMkU2yRXaITw5JnZySM9IgnNyTR/JMXpwH58l5dd7GrRNOObNOfsB5/wLLBJed</latexit>

d ⇠ few ums

<latexit sha1_base64="bLILaCLnKFaYWooi3TSUzlVZ9hk=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5CIqMuiG5cV7AOaUCaTSTt0ZhLmIdTQL3HjQhG3foo7/8Zpm4W2HrhwOOde7r0nzhlV2ve/ncra+sbmVnW7trO7t193Dw47KjMSkzbOWCZ7MVKEUUHammpGerkkiMeMdOPx7czvPhKpaCYe9CQnEUdDQVOKkbbSwK0noaIc+l4AQ24gH7gN3/PngKskKEkDlGgN3K8wybDhRGjMkFL9wM91VCCpKWZkWguNIjnCYzQkfUsF4kRFxfzwKTy1SgLTTNoSGs7V3xMF4kpNeGw7OdIjtezNxP+8vtHpdVRQkRtNBF4sSg2DOoOzFGBCJcGaTSxBWFJ7K8QjJBHWNquaDSFYfnmVdM694NIL7i8azZsyjio4BifgDATgCjTBHWiBNsDAgGfwCt6cJ+fFeXc+Fq0Vp5w5An/gfP4A2H2R6g==</latexit>

d ⇠ 0.1µm
<latexit sha1_base64="nXcv1F+HMLCd7WMMqAxrSqSt3zk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi+ClQr+gCWWz3bRLdzdhdyOU0L/hxYMiXv0z3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nitA2iXmseiHWlDNJ24YZTnuJoliEnHbDyd3c7z5RpVksW2aa0EDgkWQRI9hYyW/5mgnkuS6SD4Nqza27OdAq8QpSgwLNQfXLH8YkFVQawrHWfc9NTJBhZRjhdFbxU00TTCZ4RPuWSiyoDrL85hk6s8oQRbGyJQ3K1d8TGRZaT0VoOwU2Y73szcX/vH5qopsgYzJJDZVksShKOTIxmgeAhkxRYvjUEkwUs7ciMsYKE2NjqtgQvOWXV0nnou5d1b3Hy1rjtoijDCdwCufgwTU04B6a0AYCCTzDK7w5qfPivDsfi9aSU8wcwx84nz8wtZB7</latexit>

T ⇠ 100nK

<latexit sha1_base64="K8n9M3ivwR84+kPM2Uza2y4V2gc=">AAAB+3icbVBNS8NAEJ3Ur1q/aj16WSyCp5KIqMeiF48V7Ac0oWw2m3bp7ibsbsQS+le8eFDEq3/Em//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9bDW0UmmCG2ThCeqF2JNOZO0bZjhtJcqikXIaTcc38787iNVmiXywUxSGgg8lCxmBBsrDaq1CPmcaq2ZQB7yRYbEoFp3G+4caJV4BalDgdag+uVHCckElYZwrHXfc1MT5FgZRjidVvxM0xSTMR7SvqUSC6qDfH77FJ1aJUJxomxJg+bq74kcC60nIrSdApuRXvZm4n9ePzPxdZAzmWaGSrJYFGccmQTNgkARU5QYPrEEE8XsrYiMsMLE2LgqNgRv+eVV0jlveJcN7/6i3rwp4ijDMZzAGXhwBU24gxa0gcATPMMrvDlT58V5dz4WrSWnmDmCP3A+fwCXH5OB</latexit>

d . 1µm
<latexit sha1_base64="6vnTJN1quDgzp0ZF63fZNw1oMxE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FEXqsYD+kXUo2zbahSXZJskJd+iu8eFDEqz/Hm//GdLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDPz249UaRbJezOJqS/wULKQEWys9HDb00ygcf2pX664VTcDWiZeTiqQo9Evf/UGEUkElYZwrHXXc2Pjp1gZRjidlnqJpjEmYzykXUslFlT7aXbwFJ1YZYDCSNmSBmXq74kUC60nIrCdApuRXvRm4n9eNzHhlZ8yGSeGSjJfFCYcmQjNvkcDpigxfGIJJorZWxEZYYWJsRmVbAje4svLpHVW9S6q3t15pXadx1GEIziGU/DgEmpQhwY0gYCAZ3iFN0c5L8678zFvLTj5zCH8gfP5A0X8kBE=</latexit>

E ⇠ kHz

<latexit sha1_base64="zQtuUG0jBn0j4fw+rbbwgYYd3VU=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LIvQiVLAf0i4lm2bb0CS7JFmhLv0VXjwo4tWf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGF1P/dYjVZpF8t6MY+oLPJAsZAQbKz3cdDUT6Lb21CuW3LI7A1omXkZKkKHeK351+xFJBJWGcKx1x3Nj46dYGUY4nRS6iaYxJiM8oB1LJRZU++ns4Ak6sUofhZGyJQ2aqb8nUiy0HovAdgpshnrRm4r/eZ3EhJd+ymScGCrJfFGYcGQiNP0e9ZmixPCxJZgoZm9FZIgVJsZmVLAheIsvL5PmWdmrlL2781L1KosjD0dwDKfgwQVUoQZ1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wcYSI/z</latexit>

E ⇠ MHz

<latexit sha1_base64="6vnTJN1quDgzp0ZF63fZNw1oMxE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FEXqsYD+kXUo2zbahSXZJskJd+iu8eFDEqz/Hm//GdLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDPz249UaRbJezOJqS/wULKQEWys9HDb00ygcf2pX664VTcDWiZeTiqQo9Evf/UGEUkElYZwrHXXc2Pjp1gZRjidlnqJpjEmYzykXUslFlT7aXbwFJ1YZYDCSNmSBmXq74kUC60nIrCdApuRXvRm4n9eNzHhlZ8yGSeGSjJfFCYcmQjNvkcDpigxfGIJJorZWxEZYYWJsRmVbAje4svLpHVW9S6q3t15pXadx1GEIziGU/DgEmpQhwY0gYCAZ3iFN0c5L8678zFvLTj5zCH8gfP5A0X8kBE=</latexit>

E ⇠ kHz



<latexit sha1_base64="/Dn3failI9ucE8em0/3261B6oYo=">AAACFHicbVC7SgNBFJ2Nrxhfq5Y2g0FIEMOuiNoYgjYpI5gHZGOYncwmQ2YfzNwVwrofYeOv2FgoYmth5984eRQaPTBwOOdc7tzjRoIrsKwvI7OwuLS8kl3Nra1vbG6Z2zsNFcaSsjoNRShbLlFM8IDVgYNgrUgy4ruCNd3h1dhv3jGpeBjcwChiHZ/0A+5xSkBLXfPw3okUL0CxfMFukyPHk4QmPE2cgUtkiqsY0mnCKpa7Zt4qWRPgv8SekTyaodY1P51eSGOfBUAFUaptWxF0EiKBU8HSnBMrFhE6JH3W1jQgPlOdZHJUig+00sNeKPULAE/UnxMJ8ZUa+a5O+gQGat4bi/957Ri8807CgygGFtDpIi8WGEI8bgj3uGQUxEgTQiXXf8V0QHQvoHvM6RLs+ZP/ksZxyT4t2dcn+crlrI4s2kP7qIBsdIYqqIpqqI4oekBP6AW9Go/Gs/FmvE+jGWM2s4t+wfj4Bn43ndQ=</latexit>

| (t) >= e�
i
~Ht| (0) >

Quantum simulation=quantum many-body experiment with a large degree of control (on 
state/Hamiltonian) and accessibility  

analogue simulation

(non-universal)  

digital simulation

(universal)  

<latexit sha1_base64="/Dn3failI9ucE8em0/3261B6oYo=">AAACFHicbVC7SgNBFJ2Nrxhfq5Y2g0FIEMOuiNoYgjYpI5gHZGOYncwmQ2YfzNwVwrofYeOv2FgoYmth5984eRQaPTBwOOdc7tzjRoIrsKwvI7OwuLS8kl3Nra1vbG6Z2zsNFcaSsjoNRShbLlFM8IDVgYNgrUgy4ruCNd3h1dhv3jGpeBjcwChiHZ/0A+5xSkBLXfPw3okUL0CxfMFukyPHk4QmPE2cgUtkiqsY0mnCKpa7Zt4qWRPgv8SekTyaodY1P51eSGOfBUAFUaptWxF0EiKBU8HSnBMrFhE6JH3W1jQgPlOdZHJUig+00sNeKPULAE/UnxMJ8ZUa+a5O+gQGat4bi/957Ri8807CgygGFtDpIi8WGEI8bgj3uGQUxEgTQiXXf8V0QHQvoHvM6RLs+ZP/ksZxyT4t2dcn+crlrI4s2kP7qIBsdIYqqIpqqI4oekBP6AW9Go/Gs/FmvE+jGWM2s4t+wfj4Bn43ndQ=</latexit>

| (t) >= e�
i
~Ht| (0) >

“Nature isn’t classical dammit, and if you want to make a simulation of nature,  
you’d better make it quantum mechanical” (Feynman, 1982)

Targets: new phases of matter (thermal states, groundstates) and non-equilibrium physics 

OME-P2 (1952)




Universal phenomena 

Gazo, …, Hadzibabic, Science (2025)

<latexit sha1_base64="qD+OVa6v0oyxfYMIFSLFoG7o6A8=">AAACInicbVDLSgMxFM34tr6qLt0Ei6CbMlHxsSu6calgq9CpJZPeamgyMyZ3xDr0W9z4K25cKOpK8GPMtF34OhA4nHNuknvCREmLvv/hjYyOjU9MTk0XZmbn5heKi0s1G6dGQFXEKjbnIbegZARVlKjgPDHAdajgLOwc5v7ZDRgr4+gUuwk0NL+MZFsKjk5qFvfXGT2FGg2s1JT5F9nmVo92ju5ocJ3yVoBwi0Zn+Q2p7Q1EyvLARrNY8st+H/QvYUNSIkMcN4tvQSsWqYYIheLW1pmfYCPjBqVQ0CsEqYWEiw6/hLqjEddgG1l/xR5dc0qLtmPjToS0r36fyLi2tqtDl9Qcr+xvLxf/8+optvcamYySFCESg4faqaIY07wv2pIGBKquI1wY6f5KxRU3XKDrpOBKYL9X/ktqm2W2U2Yn26XKwbCOKbJCVsk6YWSXVMgROSZVIsg9eSTP5MV78J68V+99EB3xhjPL5Ae8zy95I6J2</latexit>

(1TeV ⇠ 1023kHz versus 1kHz)

Achenbach et al, Nucl. Phys. (2024)

(pre-) initial state, BEC 

control on time-dependent trap, 

control on interactions, 

read-out at arbitrary times 



“Quantum plumbing”   (Antoine Browaeys)  



Playing atoms with magnetic and optical fields

internal + external degrees of freedom

<latexit sha1_base64="XdqPH2OMvUEYm/yytyqAvcNwLcI=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0VwY0lEtJtCqSBdVrAPaEqYTKft0JkkzEwKJc2vuPFX3LhQpDvxZ5ymWWjrgQvnnHsvM/d4IaNSWdaXkdvY3Nreye8W9vYPDo/M45OWDCKBSRMHLBAdD0nCqE+aiipGOqEgiHuMtL3x/aLfnhAhaeA/qWlIehwNfTqgGCltuWa57sYOj5LKlTMhOHZGSKU6KaW6llS0cmtw6D5ArmuW2TPXLFolKwVcJ3ZGiiBDwzXnTj/AESe+wgxJ2bWtUPViJBTFjCQFJ5IkRHiMhqSrqY84kb04vTCBF9rpw0EgdPkKpu7vjRhxKafc05McqZFc7S3M/3rdSA3KvZj6YaSIj5cPDSIGVQAXccE+FQQrNtUEYUH1XyEeIYGw0qEWdAj26snrpHVdsm9L9uNNsVrL4siDM3AOLoEN7kAV1EEDNAEGz+AVvIMP48V4Mz6N+XI0Z2Q7p+APjO8f4juj8Q==</latexit>

Hµ = �~̂µ. ~B = µBgFmF | ~B|

<latexit sha1_base64="kZiFaT0QialV8+SRWa29WZFgfiA=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgxpCIqBuhKEKXFewDmhAmk0k7dPJgZlIoIQs3/oobF4q49SPc+TdO0yy09cCFM+fcy9x7vIRRIU3zW6usrK6tb1Q3a1vbO7t7+v5BV8Qpx6SDYxbzvocEYTQiHUklI/2EExR6jPS88e3M700IFzSOHuQ0IU6IhhENKEZSSa5eb7mZn1+f2hOCM3uEJPRzo3jc5a7eMA2zAFwmVkkaoETb1b9sP8ZpSCKJGRJiYJmJdDLEJcWM5DU7FSRBeIyGZKBohEIinKw4IofHSvFhEHNVkYSF+nsiQ6EQ09BTnSGSI7HozcT/vEEqgysno1GSShLh+UdByqCM4SwR6FNOsGRTRRDmVO0K8QhxhKXKraZCsBZPXibdM8O6MKz780bzpoyjCurgCJwAC1yCJmiBNugADB7BM3gFb9qT9qK9ax/z1opWzhyCP9A+fwBKKJfg</latexit>

Hd = � ~̂d. ~E

magnetic dipole interaction

electrical dipole interaction

<latexit sha1_base64="/66xKSE2hGZ483jxtOMhb2zFLGE=">AAAB/XicbVDLSsNAFL3xWesrPnZugkWom5KIqMuiG5cV7AOaECbTaTt0ZhJmJsUair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5QwqrTrfltLyyura+uFjeLm1vbOrr2331BxKjGp45jFshUhRRgVpK6pZqSVSIJ4xEgzGtxM/OaQSEVjca9HCQk46gnapRhpI4X2oZ8oGvqK9jgq+0OCs4fxaWiX3Io7hbNIvJyUIEcttL/8ToxTToTGDCnV9txEBxmSmmJGxkU/VSRBeIB6pG2oQJyoIJteP3ZOjNJxurE0JbQzVX9PZIgrNeKR6eRI99W8NxH/89qp7l4FGRVJqonAs0XdlDk6diZROB0qCdZsZAjCkppbHdxHEmFtAiuaELz5lxdJ46ziXVS8u/NS9TqPowBHcAxl8OASqnALNagDhkd4hld4s56sF+vd+pi1Lln5zAH8gfX5A4rGlUg=</latexit>

 �(~x)



Trapping:
<latexit sha1_base64="hjVbnIw8djjbT89AriKaiHTbV60=">AAAB/3icbVDLSgNBEJz1GeNrVfDiZTAInsKuiHoM8eIxgnlAdg2zk95kyOzMMjMrhDUHf8WLB0W8+hve/Bsnj4MmFjQUVd10d0UpZ9p43reztLyyurZe2Chubm3v7Lp7+w0tM0WhTiWXqhURDZwJqBtmOLRSBSSJODSjwfXYbz6A0kyKOzNMIUxIT7CYUWKs1HEPq0GqZGokhvucBTKBHsFm1HFLXtmbAC8Sf0ZKaIZax/0KupJmCQhDOdG67XupCXOiDKMcRsUg05ASOiA9aFsqSAI6zCf3j/CJVbo4lsqWMHii/p7ISaL1MIlsZ0JMX897Y/E/r52Z+CrMmUgzA4JOF8UZx/bdcRi4yxRQw4eWEKqYvRXTPlGEGhtZ0Ybgz7+8SBpnZf+i7N+elyrVWRwFdISO0Sny0SWqoBtUQ3VE0SN6Rq/ozXlyXpx352PauuTMZg7QHzifP+2Wlgw=</latexit>

B / ei!t

<latexit sha1_base64="XdqPH2OMvUEYm/yytyqAvcNwLcI=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0VwY0lEtJtCqSBdVrAPaEqYTKft0JkkzEwKJc2vuPFX3LhQpDvxZ5ymWWjrgQvnnHsvM/d4IaNSWdaXkdvY3Nreye8W9vYPDo/M45OWDCKBSRMHLBAdD0nCqE+aiipGOqEgiHuMtL3x/aLfnhAhaeA/qWlIehwNfTqgGCltuWa57sYOj5LKlTMhOHZGSKU6KaW6llS0cmtw6D5ArmuW2TPXLFolKwVcJ3ZGiiBDwzXnTj/AESe+wgxJ2bWtUPViJBTFjCQFJ5IkRHiMhqSrqY84kb04vTCBF9rpw0EgdPkKpu7vjRhxKafc05McqZFc7S3M/3rdSA3KvZj6YaSIj5cPDSIGVQAXccE+FQQrNtUEYUH1XyEeIYGw0qEWdAj26snrpHVdsm9L9uNNsVrL4siDM3AOLoEN7kAV1EEDNAEGz+AVvIMP48V4Mz6N+XI0Z2Q7p+APjO8f4juj8Q==</latexit>

Hµ = �~̂µ. ~B = µBgFmF | ~B|

<latexit sha1_base64="qRPm7YrHIrIttTqs1jokGdYJL2E=">AAACKnicbZDLSgMxFIYz9VbrrerSzWARWgplpoi6EWrduKxgL9DLkEkzbWjmQpIpnU7zPG58FTddKMWtD2J6WWjrD4GP/5zDyfntgBIuDGOmJba2d3b3kvupg8Oj45P06VmN+yFDuIp86rOGDTmmxMNVQQTFjYBh6NoU1+3B47xeH2LGie+9iCjAbRf2POIQBIWyrPTDpDXEKC7LSXYBI5m7L1tGvuUwiGJTxkWZLVvxaCRHnW JeURTJaEnjsRx3ijkrnTEKxkL6JpgryICVKlZ62ur6KHSxJxCFnDdNIxDtGDJBEMUy1Qo5DiAawB5uKvSgi3k7Xpwq9SvldHXHZ+p5Ql+4vydi6HIeubbqdKHo8/Xa3Pyv1gyFc9eOiReEAntoucgJqS58fZ6b3iUMI0EjBRAxov6qoz5UIQmVbkqFYK6fvAm1YsG8KZjP15lSeRVHElyAS5AFJrgFJfAEKqAKEHgF7+ADfGpv2lSbaV/L1oS2mjkHf6R9/wB7LadJ</latexit>

| ~B|(~x) = B0 +
1

2
(Bxxx

2 +Byyy
2 +Bzzz

2)

Controlled with: permanent magnets, 

                          coils, atom chip 

Control hyperfine states:

sine-Gordon model via tunneling dynamics
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Tanghe et al, arxiv 2025direct dissipation measurement BEC 



Optical dipole traps (AC Stark-shift)

Control on frequency (e.g. 1 MHz / 300 THz), on polarization


Control on projected patterns, with mirrors, beam-splitters, lenses,

 SLMs, AODs, DMDs  

<latexit sha1_base64="EgRaIvvVl0rJVVhDpX1IKo7ct9w="></latexit>

HRW = ��|e >< e|+ 1

2

�
⌦|g >< e|+ ⌦̄|e >< g|

�

<latexit sha1_base64="Mh7d4pAXgLHGhfQGUm3u5VJa7Is=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0siom6EohuXFewDmhAmk5t26GQSZiZCqV34K25cKOLW33Dn3zhts9DWA5d7OOde5s4JM86Udpxva2FxaXlltbRWXt/Y3Nq2d3abKs0lhQZNeSrbIVHAmYCGZppDO5NAkpBDK+zfjP3WA0jFUnGvBxn4CekKFjNKtJECe9+LgGty5aUJdMnJtAVOYFecqjMBniduQSqoQD2wv7wopXkCQlNOlOq4Tqb9IZGaUQ6jspcryAjtky50DBUkAeUPJ/eP8JFRIhyn0pTQeKL+3hiSRKlBEprJhOiemvXG4n9eJ9fxpT9kIss1CDp9KM451ikeh4EjJoFqPjCEUMnMrZj2iCRUm8jKJgR39svzpHladc+r7t1ZpXZdxFFCB+gQHSMXXaAaukV11EAUPaJn9IrerCfrxXq3PqajC1axs4f+wPr8AWozlbY=</latexit>

� = ! � !0

<latexit sha1_base64="qfyFyuMTP2i2FDfKjd3dZZ3JYOI=">AAACFHicbVDLSgMxFM34rPVVdekmWISKUGaKqAuVogjurGAf0Cklk962oZkHSaZYpvMRbvwVNy4UcevCnX9jOu1CWw+EnJxzLzf3OAFnUpnmtzE3v7C4tJxaSa+urW9sZra2K9IPBYUy9bkvag6RwJkHZcUUh1oggLgOh6rTuxr51T4IyXzvXg0CaLik47E2o0RpqZk5tG9d6JDzwllnaPeBRnaXKNyK88njOs4l90N8MISLZiZr5s0EeJZYE5JFE5SamS+75dPQBU9RTqSsW2agGhERilEOcdoOJQSE9kgH6pp6xAXZiJKlYryvlRZu+0IfT+FE/d0REVfKgevoSpeorpz2RuJ/Xj1U7dNGxLwgVODR8aB2yLHy8Sgh3GICqOIDTQgVTP8V0y4RhCqdY1qHYE2vPEsqhbx1nLfujrLFy0kcKbSL9lAOWegEFdENKqEyougRPaNX9GY8GS/Gu/ExLp0zJj076A+Mzx9QyZ5g</latexit>

⌦ = 2 < g| ~̂d. ~E(~x)|e >

<latexit sha1_base64="XWkXxDeB9WKHAfnnq8v0Lql8hFQ=">AAACG3icbVDLSgNBEJz1bXxFPXoZDIIiWXZF1IsQFCFHBROFbAyzs51kcPbBTK8Ylv0PL/6KFw+KeBI8+DdOYg6aWNBQU9XNdJefSKHRcb6sicmp6ZnZufnCwuLS8kpxda2u41RxqPFYxuraZxqkiKCGAiVcJwpY6Eu48m9P+/7VHSgt4ugSewk0Q9aJRFtwhkZqFfeqrSzIj8veHfDM6zKkQW4PHmf59v0OhZusLLw4hA6jmO92bW63iiXHdgag48QdkhIZ4rxV/PCCmKchRMgl07rhOgk2M6ZQcAl5wUs1JIzfsg40DI1YCLqZDW7L6ZZRAtqOlakI6UD9PZGxUOte6JvOkGFXj3p98T+vkWL7qJmJKEkRIv7zUTuVFGPaD4oGQgFH2TOEcSXMrpR3mWIcTZwFE4I7evI4qe/Z7oHtXuyXKifDOObIBtkk28Qlh6RCquSc1AgnD+SJvJBX69F6tt6s95/WCWs4s07+wPr8BkWnoEs=</latexit>

Hd = � ~̂d. ~E(x)e�i!t + h.c.

2-level case:

<latexit sha1_base64="rN62ZP1jKM8BNNQsxdanWdnOk88=">AAACG3icbVDJSgNBEO2JW4xb1KOXwSB4CjMhqMegCN6MYBbIxFDTqUma9Cx094hhMv/hxV/x4kERT4IH/8bOctDEBwWv36uiq54bcSaVZX0bmaXlldW17HpuY3Nreye/u1eXYSwo1mjIQ9F0QSJnAdYUUxybkUDwXY4Nd3Ax9hv3KCQLg1s1jLDtQy9gHqOgtNTJly47lgNRJMIHxxNAE6fvgkiTcjp9jpxrH3swuiulidNFriDt5AtW0ZrAXCT2jBTIDNVO/tPphjT2MVCUg5Qt24pUOwGhGOWY5pxYYgR0AD1saRqAj7KdTG5LzSOtdE0vFLoCZU7U3xMJ+FIOfVd3+qD6ct4bi/95rVh5Z+2EBVGsMKDTj7yYmyo0x0GZXSaQKj7UBKhgeleT9kFnonScOR2CPX/yIqmXivZJ0b4pFyrnsziy5IAckmNik1NSIVekSmqEkkfyTF7Jm/FkvBjvxse0NWPMZvbJHxhfP/Fmop8=</latexit>

E0 ⇡ ~
4

|⌦|2

�

Filling up an atom array       Endres,…,Lukin, Science 2016

Optical lattice from standing waves      
<latexit sha1_base64="+tq69G2iUoCeRoQNZ3NdszxzPhs=">AAACFHicbVDLSgNBEJz1bXxFPXoZDEJEWXaDqBdBFMGjgjFCNobZSScOmZ1dZnpDwpKP8OKvePGgiFcP3vwbJ4+Dr4KGoqqb7q4wkcKg5306E5NT0zOzc/O5hcWl5ZX86tq1iVPNocxjGeubkBmQQkEZBUq4STSwKJRQCdunA7/SAW1ErK6wl0AtYi0lmoIztFI9vxN0gGdn/WJ3F7ePSmd1LzBCFdvdbbjNRBBH0GIU+zvc5W49X/Bcbwj6l/hjUiBjXNTzH0Ej5mkECrlkxlR9L8FaxjQKLqGfC1IDCeNt1oKqpYpFYGrZ8Kk+3bJKgzZjbUshHarfJzIWGdOLQtsZMbwzv72B+J9XTbF5WMuESlIExUeLmqmkGNNBQrQhNHCUPUsY18LeSvkd04yjzTFnQ/B/v/yXXJdcf9/1L/cKxyfjOObIBtkkReKTA3JMzskFKRNO7skjeSYvzoPz5Lw6b6PWCWc8s05+wHn/AmLCnSY=</latexit>

~E(x, t) = 2E0 sin(kx)e
i!t + c.c.

<latexit sha1_base64="LuFrNOBFr5QPiafKPPsKheDBMHg=">AAAB+3icbVBNS8NAEJ34WetXrEcvwSK0l5IUUS9C0YvHCjYttDFstpt26WYTdjfSEvpXvHhQxKt/xJv/xm2bg7Y+GHi8N8PMvCBhVCrb/jbW1jc2t7YLO8Xdvf2DQ/Oo5Mo4FZi0cMxi0QmQJIxy0lJUMdJJBEFRwEg7GN3O/PYTEZLG/EFNEuJFaMBpSDFSWvLNklsZV69d3+5Jyh/rldG46ptlu2bPYa0SJydlyNH0za9eP8ZpRLjCDEnZdexEeRkSimJGpsVeKkmC8AgNSFdTjiIivWx++9Q600rfCmOhiytrrv6eyFAk5SQKdGeE1FAuezPxP6+bqvDKyyhPUkU4XiwKU2ap2JoFYfWpIFixiSYIC6pvtfAQCYSVjquoQ3CWX14lbr3mXNSc+/Ny4yaPowAncAoVcOASGnAHTWgBhjE8wyu8GVPjxXg3Phata0Y+cwx/YHz+AOWlkxA=</latexit>

V (x) = V0 sin
2(kx)

<latexit sha1_base64="HfvZb6OjqesI1eJEk04xR+9FQfs=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVZMi6qZQdOOygn1AE8rNZNIOnUzCzEQoIbjxV9y4UMStX+HOv3HaZqGtBwYO59zDnXv8hFGpbPvbWFpeWV1bL22UN7e2d3bNvf22jFOBSQvHLBZdHyRhlJOWooqRbiIIRD4jHX90M/E7D0RIGvN7NU6IF8GA05BiUFrqm4dQd0MBOHMTmmejvO4yHQ7grNY3K3bVnsJaJE5BKqhAs29+uUGM04hwhRlI2XPsRHkZCEUxI3nZTSVJAI9gQHqacoiI9LLpCbl1opXACmOhH1fWVP2dyCCSchz5ejICNZTz3kT8z+ulKrzyMsqTVBGOZ4vClFkqtiZ9WAEVBCs21gSwoPqvFh6CbkTp1sq6BGf+5EXSrlWdi6pzd15pXBd1lNAROkanyEGXqIFuURO1EEaP6Bm9ojfjyXgx3o2P2eiSUWQO0B8Ynz8BJZcs</latexit>

a =
⇡

k
= �/2



Cooling and detecting via spontaneous emission

Cooling: Magneto-optical trap

<latexit sha1_base64="4u7Xr685CnVW13s/qGBKXrsl8lw=">AAACA3icbVDLSgMxFL3js9bXqDvdBIvgQsqMiI9d0Y0gSIW+oDOWTJppQ5OZIckIpRTc+CtuXCji1p9w59+YtrPQ1gMXTs65l9x7goQzpR3n25qbX1hcWs6t5FfX1jc27a3tmopTSWiVxDyWjQAryllEq5ppThuJpFgEnNaD3tXIrz9QqVgcVXQ/ob7AnYiFjGBtpJa9W/EUE8h1HE+k6OYI3Wbv+4uWXXCKzhholrgZKUCGcsv+8toxSQWNNOFYqabrJNofYKkZ4XSY91JFE0x6uEObhkZYUOUPxjcM0YFR2iiMpalIo7H6e2KAhVJ9EZhOgXVXTXsj8T+vmerw3B+wKEk1jcjkozDlSMdoFAhqM0mJ5n1DMJHM7IpIF0tMtIktb0Jwp0+eJbXjontadO9OCqXLLI4c7ME+HIILZ1CCayhDFQg8wjO8wpv1ZL1Y79bHpHXOymZ24A+szx9KXpVf</latexit>

T ⇠ 100µK,N ⇠ 109

<latexit sha1_base64="WH5VJzsI+hvTwmRdPBLxIpsAUlk="></latexit>

�

!0
=

6MHz

300THz
⇠ 10�8 =

�v

c

evaporative cooling

<latexit sha1_base64="tMXz7c2JQFheC21NHECmIH4hBkE=">AAACAXicbVDLSgMxFL3js9bXqBvBTbAILqTMiK9l0Y0gSIW+oB1LJs20oZnMkGSEMtSNv+LGhSJu/Qt3/o1pOwttPXDh5Jx7yb3HjzlT2nG+rbn5hcWl5dxKfnVtfWPT3tquqSiRhFZJxCPZ8LGinAla1Uxz2oglxaHPad3vX438+gOVikWiogcx9ULcFSxgBGsjte3dSkuxELmOg8TNEbrNXvenbbvgFJ0x0CxxM1KADOW2/dXqRCQJqdCEY6WarhNrL8VSM8LpMN9KFI0x6eMubRoqcEiVl44vGKIDo3RQEElTQqOx+nsixaFSg9A3nSHWPTXtjcT/vGaigwsvZSJONBVk8lGQcKQjNIoDdZikRPOBIZhIZnZFpIclJtqEljchuNMnz5LacdE9K7p3J4XSZRZHDvZgHw7BhXMowTWUoQoEHuEZXuHNerJerHfrY9I6Z2UzO/AH1ucPrGWUdw==</latexit>

T ⇠ 100nK,N ⇠ 105

Detecting: Absorption imaging (destructive)

Optical molasse



Quantum gas microscope = single-atom resolved fluorescence images (destructive) Sherson, et al, Nature 2010

<latexit sha1_base64="mFhijlnLAqHvPA5/lx7tOYcmpUM="></latexit>

a = 532nm,� = 780nm,NA = 0.68, d = 700nm(FWHM)
<latexit sha1_base64="mFhijlnLAqHvPA5/lx7tOYcmpUM="></latexit>

a = 532nm,� = 780nm,NA = 0.68, d = 700nm(FWHM)

Image analysis biased on 
lattice (needs many photons)


Deep pinning lattice


Cooling light Recently also for continuous systems,

see e.g. Yao, …, Zwierlein, PRL 2025 

 



Sampling a wave-function (or a mixed state)

<latexit sha1_base64="ntK1tsfbImUzO6At+R8H3/oH7Fc=">AAACIHicbZDLSsNAFIYnXmu9VV26GS2CUCiJiHVjKbpxWcFeoAllMpm0QyeZODMRStpHceOruHGhiO70aZymWWjbHwY+/nMOZ87vRoxKZZrfxtLyyuraem4jv7m1vbNb2NtvSh4LTBqYMy7aLpKE0ZA0FFWMtCNBUOAy0nIHN5N665EISXl4r4YRcQLUC6lPMVLa6hYqIzuS1D6qXo2g/RAjrwpLoxTgQirZzONKwm6haJbNVHAerAyKIFO9W/iyPY7jgIQKMyRlxzIj5SRIKIoZGeftWJII4QHqkY7GEAVEOkl64BieaMeDPhf6hQqm7t+JBAVSDgNXdwZI9eVsbWIuqnVi5V86CQ2jWJEQTxf5MYOKw0la0KOCYMWGGhAWVP8V4j4SCCudaV6HYM2ePA/Ns7J1Ubbuzou16yyOHDgEx+AUWKACauAW1EEDYPAEXsAbeDeejVfjw/icti4Z2cwB+Cfj5xc28aEl</latexit>

| >= | > +| > +| > +| > + . . .

<latexit sha1_base64="hpHUZbp64/JxJ3l2v2cyvmYP9HE=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRKmiZEVEXIkU3LivYC7TDkMlk2tAkMyQZsQxdu/FV3LhQxK1P4M63Mb0stPVAyMf/n0Ny/iBhVGnH+bZyc/MLi0v55cLK6tr6hr25VVdxKjGp4ZjFshkgRRgVpKapZqSZSIJ4wEgj6F0P/cY9kYrG4k73E+Jx1BE0ohhpI/n2bjskTCMflx4O+wdtRTkUIzy6GN+Xvl10ys6o4Cy4EyiCSVV9+6sdxjjlRGjMkFIt10m0lyGpKWZkUGiniiQI91CHtAwKxInystEqA7hvlBBGsTRHaDhSf09kiCvV54Hp5Eh31bQ3FP/zWqmOzr2MiiTVRODxQ1HKoI7hMBcYUkmwZn0DCEtq/gpxF0mEtUmvYEJwp1eehfpx2T0tu7cnxcrVJI482AF7oARccAYq4AZUQQ1g8AiewSt4s56sF+vd+hi35qzJzDb4U9bnD0dWmLU=</latexit>

�c(x, y) ⇠ n(x, y)� < n(x, y) >

<latexit sha1_base64="YxBVd1AAgUZiypLNYgLnkbsOZz8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK0IGVSRF2IFN24rGAf0A5DJpNpQzOZIcmIQ+kHuPFX3LhQxK0f4M6/MW1noa0HAueecy8393gxZ0rb9reVW1peWV3Lrxc2Nre2d4q7ey0VJZLQJol4JDseVpQzQZuaaU47saQ49Dhte8Prid++p1KxSNzpNKZOiPuCBYxgbSS3WLro+ZRr7JLyg4uOUxdV4Ewxdc3Utcql6bKr9hRwkaCMlECGhlv86vkRSUIqNOFYqS6yY+2MsNSMcDou9BJFY0yGuE+7hgocUuWMpseM4ZFRfBhE0jyh4VT9PTHCoVJp6JnOEOuBmvcm4n9eN9HBuTNiIk40FWS2KEg41BGcJAN9JinRPDUEE8nMXyEZYImJNvkVTAho/uRF0qpV0WkV3Z6U6ldZHHlwAA5BGSBwBurgBjRAExDwCJ7BK3iznqwX6936mLXmrGxmH/yB9fkDdvCZVQ==</latexit>

< �c(x1, y1)�(x2, y2) >

Quantum field simulator for dynamics in curved space-time,  
Viermann,…,Oberthaler, Nature 2022

<latexit sha1_base64="ZccggTLCt5nXtEKpkx+MtevHTms="></latexit>

Czz
~r,~d

⇠< Sz(~r)Sz(~r + ~d) > � < Sz(~r) >< Sz(~r + ~d) >
<latexit sha1_base64="3RfaK7C6kbDnvotV4SO169z2z+0=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8lUREvQhFLx4r2A9oQ9lsJu3SzSbubgol7e/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/IQzpR3n21pZXVvf2CxsFbd3dvf2SweHDRWnkmKdxjyWLZ8o5ExgXTPNsZVIJJHPsekP7qZ+c4hSsVg86lGCXkR6goWMEm0kbzzuDJFmwWQ8vnG7pbJTcWawl4mbkzLkqHVLX50gpmmEQlNOlGq7TqK9jEjNKMdJsZMqTAgdkB62DRUkQuVls6Mn9qlRAjuMpSmh7Zn6eyIjkVKjyDedEdF9tehNxf+8dqrDay9jIkk1CjpfFKbc1rE9TcAOmESq+cgQQiUzt9q0TySh2uRUNCG4iy8vk8Z5xb2suA8X5eptHkcBjuEEzsCFK6jCPdSgDhSe4Ble4c0aWi/Wu/Uxb12x8pkj+APr8wcjnZJW</latexit>

||~d|| = 1

A neutral-atom Hubbard quantum simulator in the  
cryogenic regime, Xu,..,Greiner, Nature 2025



<latexit sha1_base64="LQzh6RCExVSnyf2xccKSpHUD+FU="></latexit>

Hfree =

Z
d3x

~2
2m

~r †
�.~r � + V�,�0(~x, t) †

� �0

<latexit sha1_base64="RH28x5+oydxTmA5ZtiHoaItcWrQ="></latexit>

Hint =

Z
d3xd3x0U��0(|x� x0|) †

�(x) 
†
�0(x0) �(x) �0(x0)

<latexit sha1_base64="8XTz66dxZ1unGh2V15qfnRFRrjE="></latexit>

U��0 = �
3(x� x0)

4⇡~2a��0

m

<latexit sha1_base64="gAIJZuQQu666QHruoIwwSdsZRwA="></latexit>

1

4⇡✏0r3
(~d1.~d2 � 3(~d1.~u)(~d2.~u))

<latexit sha1_base64="NxKoPFhe2XPQS/UQiKmPkF+NagQ="></latexit> µ0

4⇡r3
(~µ1.~µ2 � 3(~µ1.~u)(~µ2.~u))

<latexit sha1_base64="ECpQW+PeD5Ad4DpjGzi0MLsk9LI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZemsX664VXcBsk68nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclXqpxoSyMR1i11JJI9R+tjh3Ri6sMiBhrGxJQxbq74mMRlpPo8B2RtSM9Ko3F//zuqkJb/2MyyQ1KNlyUZgKYmIy/50MuEJmxNQSyhS3txI2oooyYxMq2RC81ZfXSeuq6tWq3uN1pX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP69Mj80=</latexit>

~u
<latexit sha1_base64="ECpQW+PeD5Ad4DpjGzi0MLsk9LI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZemsX664VXcBsk68nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclXqpxoSyMR1i11JJI9R+tjh3Ri6sMiBhrGxJQxbq74mMRlpPo8B2RtSM9Ko3F//zuqkJb/2MyyQ1KNlyUZgKYmIy/50MuEJmxNQSyhS3txI2oooyYxMq2RC81ZfXSeuq6tWq3uN1pX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP69Mj80=</latexit>

~u

tunable, via Feschbach resonance Lanthanide atoms, e.g. Dy, Yb,Er

(gave rise to supersolidity)

VanderWaals in second order:
<latexit sha1_base64="Jr+zuoAPPib7SsC1OFKBVit5Awg=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0lEqsdiLx4r2A9oY9hsN+3SzSbsboQa8ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8IOFMacf5ttbWNza3tks75d29/YOKfXjUUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wac787iOVisXiXk8T6kV4JFjICNZG8u3KIJSYZE2/nmfyoZ77dtWpOXOgVeIWpAoFWr79NRjGJI2o0IRjpfquk2gvw1IzwmleHqSKJphM8Ij2DRU4osrL5ofn6MwoQxTG0pTQaK7+nshwpNQ0CkxnhPVYLXsz8T+vn+rw2suYSFJNBVksClOOdIxmKaAhk5RoPjUEE8nMrYiMsUlCm6zKJgR3+eVV0rmoufWae3dZbdwUcZTgBE7hHFy4ggbcQgvaQCCFZ3iFN+vJerHerY9F65pVzBzDH1ifP5h1kw0=</latexit>

C6

r6

Sculpting of a quantum many-body Hamiltonian

<latexit sha1_base64="qTwMsm45WrcrsLnze4xfZsyxW48=">AAACKXicbZDLSgMxFIYz9VbrrerSTbCIddEyI6JuhFJduKxgL9Apw5k004ZmLiQZoQzzOm58FTcKirr1RUwvirYeCPn5/nNIzu9GnEllmu9GZmFxaXklu5pbW9/Y3Mpv7zRkGAtC6yTkoWi5IClnAa0rpjhtRYKC73LadAeXI795R4VkYXCrhhHt+NALmMcIKI2cfAWcxJas5wOeXIfpRfLDvlHqmEWrZHsCSGJfUa4gTaqlqmOmR06+YJbNceF5YU1FAU2r5uSf7W5IYp8GinCQsm2ZkeokIBQjnKY5O5Y0AjKAHm1rGYBPZScZb5riA0262AuFPoHCY/p7IgFfyqHv6k4fVF/OeiP4n9eOlXfeSVgQxYoGZPKQF3OsQjyKDXeZoETxoRZABNN/xaQPOg+lw83pEKzZledF47hsnZatm5NCpTqNI4v20D4qIgudoQq6RjVURwTdo0f0gl6NB+PJeDM+Jq0ZYzqzi/6U8fkFWkqmpA==</latexit>

a��0 = a��00(1�
�

B �B0
)



Optical lattice simulations of the Fermi-Hubbard model 

<latexit sha1_base64="HfvZb6OjqesI1eJEk04xR+9FQfs=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVZMi6qZQdOOygn1AE8rNZNIOnUzCzEQoIbjxV9y4UMStX+HOv3HaZqGtBwYO59zDnXv8hFGpbPvbWFpeWV1bL22UN7e2d3bNvf22jFOBSQvHLBZdHyRhlJOWooqRbiIIRD4jHX90M/E7D0RIGvN7NU6IF8GA05BiUFrqm4dQd0MBOHMTmmejvO4yHQ7grNY3K3bVnsJaJE5BKqhAs29+uUGM04hwhRlI2XPsRHkZCEUxI3nZTSVJAI9gQHqacoiI9LLpCbl1opXACmOhH1fWVP2dyCCSchz5ejICNZTz3kT8z+ulKrzyMsqTVBGOZ4vClFkqtiZ9WAEVBCs21gSwoPqvFh6CbkTp1sq6BGf+5EXSrlWdi6pzd15pXBd1lNAROkanyEGXqIFuURO1EEaP6Bm9ojfjyXgx3o2P2eiSUWQO0B8Ynz8BJZcs</latexit>

a =
⇡

k
= �/2

<latexit sha1_base64="OL2L0ZlPlZcdFvbdITxQvYTRlj8="></latexit>

Hfree =

Z
d3x

~
2m

~r †.~r + V (~x) †
 ! �t

X

<i,j>,�

c†i,�cj,�

<latexit sha1_base64="Bb3A1xSvitLr6Uz6Te7yxT+LCas=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmCqMuiG5cV7AOaNEymk3ToZBJmJkIJ2bjxV9y4UMSt/+DOv3HaZqGtBy4czrmXe+8JUkalsqxvo7Kyura+Ud2sbW3v7O6Z+wcdmWQCkzZOWCJ6AZKEUU7aiipGeqkgKA4Y6Qbjm6nffSBC0oTfq0lKvBhFnIYUI6Ul3zzu+JYbRdANBcK5OwqQGDjjgVPkTlz4Zt1qWDPAZWKXpA5KtHzzyx0mOIsJV5ghKfu2lSovR0JRzEhRczNJUoTHKCJ9TTmKifTy2RcFPNXKEIaJ0MUVnKm/J3IUSzmJA90ZIzWSi95U/M/rZyq88nLK00wRjueLwoxBlcBpJHBIBcGKTTRBWFB9K8QjpPNQOriaDsFefHmZdJyGfdGw787rzesyjio4AifgDNjgEjTBLWiBNsDgETyDV/BmPBkvxrvxMW+tGOXMIfgD4/MHmYyYAw==</latexit>
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A neutral-atom Hubbard quantum simulator in the  
cryogenic regime, Xu,..,Greiner, Nature 2025
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Quantum phases of matter on a 256-atom programmable quantum simulator  
Ebadi,…,Lukin 2021



Neutral quantum computing
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Fast entangling gate via Rydberg Blockade: (Jacksch, Cirac, Zoller, …, Lukin, PRL 2000) 
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Wilk,… Browaeys, PRL 2010 

Also: Urban,…,Saffman, Nature Physics 2009 
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1. Introduction to quantum sensing 
principles

2. Solid state spins and NV centre in 
diamond

3. Magnetometry and QS examples



Motivation 

M. Huang, Nature Comm., 14, 5259 (2022), T. Staudacher , Science, 339 (2013), A.C. E. Bradley, Phys. Rev. X 9, 

031045 (2019), F. Shi, Nat. Methods, 15, (2018), I. Lovchinsky, Science, 351, (2016)

Q. sensors enable using sensing macroscopic and microscopic fields

time, temperatures

Digging information in atomistic and noisy systems:

❖ Macroscopic magnetic fields (earth, biomedical, industry)

❖ Structural analysis of single molecules probed by NMR 

❖ Studying 2D and magnetic materials, exotic phenomena

Correlated nanoscale quantum sensing 

 

/2 /2L L

NV – solid state Quantum Sensing  on ensambles

diamond

magnetometr

ISS- ESA

Quantum NMR

Ramsey interferometry

Electron and Nuclear spins

in diamond



Classical / Quantum ?
Classical sensors rely on classical physics to measure quantities like 

time, magnetic fields, acceleration, or temperature. (e.g., changes in 

resistance, voltage, or displacement etc).

Examples:

• Thermocouples (measure temperature via voltage difference)

• Accelerometers (measure acceleration via Newton’s laws)

• Photodiodes

• Optical interferometers (use classical light waves)

Characteristics:

•Noise limited by classical sources, e.g., thermal noise, shot noise.

•Measurement precision scales as 1/N1/2, where N is the number of 

measurements or particles (the standard quantum limit).

•No quantum coherence or entanglement is used — each particle 

(like a photon) acts independently.



Quantum
Quantum sensors use quantum properties of matter or light — such 

as superposition, entanglement, or quantum squeezing — to achieve better 

sensitivity or new kinds of measurements that classical sensors can’t.

Examples:

Atomic clocks (use quantum superposition of atomic energy levels)

NV-center diamond magnetometers (use electron spin states)

Quantum gravimeters (use atom interferometry)

Squeezed-light interferometers (used in LIGO to detect gravitational waves)

Characteristics:

Exploit quantum coherence and entanglement to enhance measurement precision.

Can surpass the standard quantum limit — approaching the Heisenberg 

limit (1/N scaling).

Extremely sensitive to environmental noise, requiring isolation and control.

Measurement of quantities that are classically inaccessible (single spin detection).



Principles

C. Degen, Rv. Mod. Phys 2017

Sensitivity

q.limit, coherence

1/N Heissenberg limit

Entanglement

in quantum system 

we measure

difference in energy, 

rate and occupation

Two-level spin/photon system:



Principles

෡𝐻𝜓 𝐫 = 𝐸𝜓 𝐫

Quantum Sensing : 

Developing Quantum Algorithm for Hcontrol to achieve HV



Atomic Clocks (Alkali Metals)

▪ New standarts in measurement of time and 
frequency. (10-18 second, Quartz 10-4)

Rb atomic vapour Cell

Amsterdam

Uni, AQuRA



Limits
Coherence vs. Entanglement - enhanced sensing – N particles

S.F. Huelga et al, PRL, 79,  (1997)

How close can we approach the Heisenberg 

limit in atomistic - noisy systems ?   

Quantum particle sensing, Wu et al , PRL, 123.050603, (2019)

S  ~ N1/2      - Heisenberg Limit  ~ N

P-Siyushev et al, Science 363, 728–731 (2019)

M Gulka et al, 12, Nature Comm (2021)

x

x

Supressing decoherence is the key for

entanglement enhanced sensitivity

imec/UHasselt

Spin Readout Techniques



C3v

Nitrogen-Vacancy (NV) center: Quantum Probe

Jelezko, Wrachtrup, PSS A,2004; Nizovtsev, Optical Spectroscopy,2003, 

Readout protocol

- Optical initialization into ms = 0

- Optical readout

- MW  spin manipulation

0.4 eV

1,19 eV

0.4 eV

Room temperature 

coherence ~2 msec

• Optical Detection Magnetic 

Resonance ( ODMR)

ZPL NV-



e-NV and 14N  spin energy sublevels

12C Natural 
abundancy

99,63%

15N14N

RF
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0

@
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Figure 5: The Bloch sphere representation of a qubit state vector | i determined by the angles

✓and φ. The intersections of the sphere with the z-axis (at z = 1 and z = −1) give the end

points of the two basis vectors |0i and |1i . The x- and z-axis are in real units and the y-axis in

imaginary units.

The density operator of a qubit in a generic pure state | i (as in formula 5) can be determined

as follows:

⇢ = | i h |
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Using the Euler relation and the Pauli matrices (see formula 9), this can be written as ⇢=

1
2
(I + ~r ⇢ · ~σ). Here, I is the identity matrix, ~σ is the three-element vector of Pauli matrices

(X , Y, Z ) and ~r ⇢is the unit Bloch vector (cos(φ) sin (✓), sin (φ) sin (✓), cos(✓)).

X =

0

@
0 1

1 0

1

A , Y =

0

@
0 − i

i 0

1

A , Z =

0

@
1 0

0 −1

1

A (9)

As stated in section 5.3, the NV set-up used in this thesis contains both an electron and nuclear

spin qubit. The density operator of the total system in a generic state | i e ⌦| i N can then be

written as:
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Figure 1| NV pair characteristics. a, Schematics of the NV pair. The two NV centres have different orientations and a distance of d⇠= 25± 2nm. The

magnetic field is aligned with the axis of NV A. b, Level scheme of the combined system of two NV electron spins. Spin transitions with 1 mS= ± 1can be

driven with microwaves (straight arrows). Transitions can be addressed individually because different magnetic field alignments result in different Zeeman

shifts. c, Optically detected electron spin resonance spectrum of the NV pair at a magnetic field of B= 32 G. Two spin transitions can be attributed to each

NV centre. Both show a 15N (I = 1/ 2) hyperfine structure indicating that they stem from implanted nitrogen. d, Coupling regimes of NV pairs as a function

of the limiting coherence time and their separation. The standard strong coupling limit vdip = 1/ T (solid line) can be increased to 4vdip = 1/ T (dashed) using

the enhanced coupling of double quantum coherences. The parameters of the pair used in this work are marked as a red diamond. Inset, optically resolved

lateral distance between the two NV centres obtained by microwave-assisted super-resolution microscopy. The measured lateral distance is 21.8± 1.7nm

(see Supplementary Information). e, Double electron–electron resonance experiment on the dipolar coupled NV pair. The oscillation shown is a direct

measure of the coupling frequency vdip = 4.93± 0.05 kHz.

timesby exploiting thequtrit nature of the triplet spin in each NV
centre. Namely, the quantum phase of a superposition state with
1 mS = ± 2 evolves twice as fast in a given magnetic fields as the
1 mS = ± 1 superposition. Furthermore, a spinflip by 1 mS = ± 2
inducesatwiceasstrong magnetic field changecompared with the
caseof 1 mS= ± 1. Hence, using1 mS= ± 2(doublequantum tran-
sitions, DQ) on both NVsyieldsvdip DQ = 19.72± 0.2kHz. It isworth
mentioning that these double quantum coherences have half the
dephasing timeof asingle quantum transition under the influence
of Markovian magnetic field noise. To create high-fidelity entan-
glement, strong coupling hasto apply (that is, vdip > 1/ T , whereT
is the relevant coherence time). The present moderate coupling is
masked by spectral diffusion of the two individual electron spins
(T ⇤

2A DQ = 27.8 ± 0.6µs and T ⇤
2B DQ = 22.6 ± 2.3µs); that is,

vdip < 1/ T ⇤
2 . This limitation can be overcome by eliminating

low-frequency environmental noise components through further
refocusing steps in the entanglement process resulting in a new
lower limit for strongcoupling vdip > 1/ T2. Theelectron spin relax-
ation and coherencetimesof thetwo NVsareT1 = 1.12± 0.26ms,
T2A DQ = 150 ± 18µs and T2B DQ = 514 ± 50µs. The measured
values for dipolar interaction and T2DQ allow amaximum distance
of 29.6 ± 1.4nm between the two defects. The actual distance
obtained by involving microwave-assisted super-resolution mi-
croscopy yields 25 ± 2nm. Note that the coupling did not
change over months, indicating the room-temperature stability
of the defect pair.

After optically initializing the system in |mSA, mSBi = |00i
a double quantum ⇡ / 2 rotation on both NVs leads to
1/ 2(|− 1− 1i − |1− 1i − |− 11i + |11i ). Under the influence of

mutual dipolar coupling the system is evolving freely for
a time ⌧ resulting in a state-dependent phase acquisition
1/ 2(e− i' |− 1− 1i − |1− 1i − |− 11i + e− i' |11i ), where ' = 2⇡ vdip DQ

and ⌧is the correlated phase due to dipolar interaction. After
a double quantum ⇡ rotation and a further free evolution
period ⌧, a second phase is accumulated 1/ 2(e− i2' |− 1− 1i +
|1− 1i + |− 11i + e− i2' |11i ). With a final double quantum ⇡ / 2
rotation the accumulated phase is mapped onto 1/ 2((e− i2' −
1)|− 1− 1i + (e− i2' + 1)|11i ). For 2⌧= 1/ 2vdip DQ = 25µs this
is Φ+

DQ = (1/
p

2)(|− 1− 1i + |11i ), a maximally entangled Bell
state (for details see Supplementary Information). Using local
operations this state can be transformed into a set of different
entangled states, for example two ⇡ pulses transform to Φ+

DQ to
Φ− = (1/

p
2)(|00i − i|11i ). Figure2b showsthestateevolution on

application of the entanglement gate as a function of interaction
time ⌧. The blue line is a simulation of the entangling gate using
Hamiltonian (1) with coherence times taken from experimental
data. For ⌧= 12.5µsthestatehasevolved to Φ+

DQ. Astheevolution
into Φ+

DQ would not be visible in the fluorescence signal it was
transformed into Φ− usinglocal gates. Wehaveperformed adensity
matrix tomography of the final entangled state (for details see
Supplementary Information). The fidelity of the reconstructed
density matrix with respect to the target state Φ+

DQ is 0.67± 0.04,
which isbelow thesimulated fidelity of 0.89. (Fidelity isdefined as
theproximity of two statesgiven by F = tr(⇢σ), whereσ isthemea-
sured quantum stateand ⇢is thetarget state.) Themain reason for
this discrepancy isdue to errors resulting from the finite duration
of microwave pulses. In addition, we quantify the entanglement
according to ref. 23 by using thevon Neumann relative entropy as
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Entanglement Diamond 
F. Dolde et al, Nature Physics 9, (2013)

Diamond 

 

APD 

    

Dichroic mirror 

Confocal Resolution does not allow for scalable readout of dipole-
dipole entangles NV spins-> Electric nanoscale device-type readout

E. Bourgeois et al, Nat. Comm. 6, 2015

Q-Flagship: MW 5G/6G spectral analysers

Q-Flagship: Q sensors for space, 

Automotive, medicine

MAESTRO Q-Flagship/Quantera: 
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• quantum information science
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Material Optimisation: Single NV and NV ensambles

XY map, 2 µm 

below diamond 

surface

Epitaxial layers with very low PL 

background  < 500 kcts/s under 1mW

Objective NA: 0.95, 

Green light power: 1 mW, Filter: LP650

20

200 µm

45

30

10
0

kcts/s
CVD epi-layers

Commerical Grade Substrate Ib substrate

Undoped CVD layer NV delta layer

15 µm

90

60

20
2

kcts/

s

N-delta doped layer < 5nm

P1 ~ 4 ppm

NV  ˜0.1 ppm

N- doping from 0,1 ppb – 50 ppm

Purity < 1013 cm-3, close to ultrapure Ge

1E-6 1E-5 1E-4 0.001 0.01

0.01

0.1

1

10

100

1000

10000

T1 = 10 s (direct process)

 

p
h

a
s
e
 m

e
m

o
ry

, 
m

s

13C content

linewidth (Ramsey fringes, T
2*)

echo (T
2 )

phonons 300 K (Orbach process)

Phonons, 100 K

Target purity Nature

T1 = 10 ms

Diamond                                                                                                                             15  

formation of large terraces. The step flow growth mechanism is based upon 

adsorption of a growth species upon the surface and its subsequent diffusion 

across the growing surface to step edges and/or other adsorbed atoms.  

 

 

 

 
 

 

 

 

 

 

 

 

Figure 1.6: Scanning electron microscopy of a homoepitaxial diamond grown on a (100) 

diamond plane. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Schematic of epitaxial growth: (a) formation of a single domain surface for a 

mis-aligned sample from ref. [Tsu94], (b) hillock growth upon a well-aligned sample 

from ref. [Lee97]   

The ideal step flow growth can be hindered by other processes, which are either 

secondary nucleation or hillock formation.  The level of different terracing 

depends upon the orientation of the growing diamond surface. Well-oriented 

substrates show evidence for a hillock growth process, Fig. 1.7(b) [Lee97].  

Diamond growth occurring during the CVD process by the continuous adsorption 

of hydrocarbon precursors and the subsequent abstraction of hydrogen atoms 

leads to specific surfaces [Gar92, Har93]. On the surface, steps or kinks are 

energetically the most favorable sites for precursors to join the crystal surface 

a b

Litographic contacts



Optimisation of NV ensembles 

Buffer

N-Doped

# LAYER T1 T2 T2* [N] [NV]

2 4100 ms 26 us 0.6 us 6.3 ppm 35 ppb

3 4600 ms 52 us 0.9 us 3.2 ppm 22 ppb

4 4200 ms 150 us 0.5 us 1.1 ppm 7 ppb

Hahn-Echo (T2)

150 µs

52 µs

26 µs

DEER
Control by Double Electron-Electron resonance



_

As grown

Figure 2. Zoom of the DEER spectrum at 

Fig.1 around extra peaks. I – V means 

different points on a diamond.

irradiated



NV qubit pairs – towards correlated sensing

I. Petrov, under review 2025

Xu Zhou, Nature 202



Magnetometry

• How big is the source? 

o As big as planets and stars 

o As small as a single cell and bacteria

Lovchinsky et al. "Nuclear magnetic resonance detection and spectroscopy of single proteins using quantum logic." Science 351, no. 6275 (2016): 836-841.

Xu at all, ACS Nano (2025)

• What is “Magnetometry”?

• The field generated by a dipole moment m

𝐁dip 𝐫 =
μ0m

4πr3
2cosθ ොr + sinθ ෠θ

Classical definition: m = I x A

Quantum Definition: 



Sensing  of temperature in neural cells 

with Nanodiamond

200 microK/Hz^1/2



Magnetometry

• Environmental and 

• Biological magnetic fields 



Features

• What features should we consider in a sensor selection?

o Sensitivity (T/sqrt(Hz))

▪ Practical sensitivity/Intrinsic sensitivity (spin projection/shot noise 

limited)

o Sampling rate (bandwidth)

o Dynamic range (linear regime)

o Operating field (high, low, ultra-low or zero field!)

o Operating temperature

o Stability (drift)

o Spatial resolution

o Accuracy



Platforms

• Magneto-Impedance sensor (MI)

• Anisotropic-Magneto Resistive (AMR)

• Giant magnetoresistance (GMR)

• Extraordinary magnetoresistance (EMR)

• Magnetic Tunnel Junction (MTJ)

• Magnetoelectric Multiferroic (MEMF)

• Inductive coils 

• Hall probes

• Defect centers 

o Nitrogen-Vacancy Defect Center (NVD)/RF NVD/ NVD with flux 

concentrator/single NV/Ensemble

o Silicon-Vacancy in Silicon Carbide 

𝑉 = 𝑁𝐴��



Platforms

• Superconducting Quantum Interference Devices (SQUIDs)

o Superconducting quantum interference proximity transistor (SQUIPT)

o Superconducting kinetic impedance magnetometer (SKIM)

o High Tc, low Tc, 

• Atomic magnetometers (optically pumped magnetometer-OPM)

o K, Rb, Cs, He, Hg

o Flux concentrator OPM

o Cavity-enhanced OPM

o Cold thermal atom OPM

• Bose-Einstein Condensate (BEC)

• Rydberg Schrodinger cat (RSC)

• Fluxgates/Parallel Gating Fluxgates



ODMR AND PDMR NV CENTRES

• A typical setup on optical table

• A compact optical part is possible using CPC lens, light guide and dichroic beam 

splitter



Shielding 

• How can we protect our measurements?

o Using magnetic shield (not electric shield!, skin depth!) 

▪ Passive shielding

▪ Active shielding



Gradiometry configuration to improve the sensitivity 

• Remove common mode of noise

o To operate in an unshielded environment 

o To achieve further noise reduction

o One sensor close to the source, one a bit far away

o Design complexity depends on orders of background field gradient

β

α

γ

δ

Bext

Current drift



Allan Standard Deviation (ASD)

• Question: which one is better: turtle, rabbit or turbit?

• sensitive but less stable or less sensitive but stable?

o Stability/sensitivity is matter for long/short term measurements

to define the measurement time



Allan Standard Deviation (ASD) 

• How can we measure the stability of a system?

o When should we stop averaging? 1 s, 1 min, 1 h, 1 d, 1 w?

• ASD shows the optimum integration time



Experimental Setup

• ODMR detection scheme

• Ensemble NVs

• Sample: [NV]: 300 ppb

• Coplanar MW antenna

• Heating MW source

• Laser diode (~ 40 mW)

28



Hardware Development
towards miniturisation

29

Dispersive profiles obtained 

while 

IMEC VCO used as MW source 

to drive ms=0→+/-1 transitions

IMEC VCO vs SRS



Imaging under Ambinet conditions

Wide field Scanning probe

Dynamic range: 10nT-T (quenching:T-10mT)

Band width: 0-10 GHz

r∼300nm r∼30nm

Biology
Electrical

Engineering

Materials 

Science
Physics

Altermagnets/ Spintronics

Märta A. Tschudin, P. 

Maletinsky et al, Nature 2024

Single NV  <  nT range

Ensamble: <. 1 pT range



Temperature sensing in neural cells - drug delivery

Temperature detecion in cells using

Nanodiamond. A. Shimakova, under review

Radicals Detection (RONS) 

in biological environment
Barton et al, ACS Nano, 2021

QTSense:  QT Nuova



SUMMARY
▪ Quantum sensing principles Reviewed 

▪ NV centre reviewed – one of the major spin qubit systm in QT: 
especially for quantum sensing and imaging

▪ Mangetometry in macroscopic and condensed matter systems

▪ Examples

 

Ti-Al st rip is deposited (figure 2) for microwave

applicat ion. The strip is connected to microwave

source Windfreak SynthHD and amplifier Mini-

Circuits ZHL-42+ 1W. Typically 20-25 dBm on a

50 Ohm load is required to observe the resonance

on an NV centre 10-30µm away from microwave

strip. A small magnet ic field, 1-10 G, is enough

to split the magnet ic resonance of NV centre -

this field is applied with a magnet installed in

proximity of the sample (1-5 cm). It is generally

preferred to separate in t ime microwave applica-

t ion and laser illuminat ion in what is known as

a pulsed technique - this way the two excitat ions

do not interfere with each other. However cont in-

uous measurements are easier and faster to con-

duct , which is an important factor especially for

the typically very slow photocurrent readout . All

the results presented here are obtained with con-

t inuous applicat ion of laser and microwave.

Interface charge. A method is developed to

observe the amount of charge at the diamond-

elect rode interface: at the moment of interest

we stop illuminat ing NV centre, move the focus

point (aim) at the interface, turn laser illumina-

t ion on again - at this point current starts flow-

ing through the elect rodes for about a second, we

record this current unt il it disappears and inte-

grate it . The moment of interest could be e.g. a

certain t ime after resonant microwave radiat ion

is turned on or in the middle of photocurrent ini-

t ial rise after full elect rode discharge. This is an

int rusive measurement in a sense that it removes

the charge from the interface in order to observe

it , therefore experiment pre-condit ions had to be

reproduced from the start after each such mea-

surement .

Results and Discussion

High PDMR contrast

In our experiments we are able to reach 90%

PDMR cont rast of the photocurrent signal (fig-

ure 3) for a specific NV centre. We can reliably

reach 50% contrast for almost any NV centre in

the sample. Get t ing high cont rast for different

samples has proved to be difficult however. We

have studied the differences between the samples

as well as between the NV centres so that we un-

derstand what condit ionsarenecessary to observe

the effect .

As all of our measurements are performed un-

Figure 3: (top) Photocurrent and photoluminescence

from an NV centre as a function of microwave fre-

quency, (bottom) also at constant external magnetic

field. PDMR contrast greatly exceeds that of ODMR.

No bias voltage applied.

Figure 4: Photocurrent and photoluminescence contrast

as a function of laser power. Local maxima at 2.5 and

3.5 mW could be the result of the interplay between spin

rotation cycle and excitation cycle, photoluminescence

measurement is also conducted at half the microwave

power to test this hypothesis. Lower laser power pho-

tocurrent values are absent due to insufficient signal.
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History of changes 

January 2022, GA preparation 

1 Tables 3.2a, 3.2b, 3.2c, 3.2d, 3.2e, that are taken up into DoA have been deleted. 

2 the Lead beneficiary of WP2 is changed from BME (theory) to UNIVIE ( i.e. materials and devices due to 

better match with the core experimental activities 

3 the tasks and Deliverables in WP4 are adapted taking into account the requests of the EC 

4 the budget tables 3.2h have been checked and formatted  

5 An ethics section was added (chapter 4), including the information of the self-assessment 

6  Although IMEC does not have the majority of PM’s, nor budget, it is the more logical partner to become 
the coordinator. IMEC will use its exclusive experience in management of EU projects of application 

character benefiting from its close collaboration with the industry. The coordination is supported by the 
IMEC project office team and management services, enabling fast actions. IMEC is the prime initiator of 

the electrical spin state detection method which is the central research line of the project and therefore has 

a wide and detailed overview over steps needed for the successful realization of the project.  

7 UULM checked and confirmed that only depreciation costs are in the budget. 

8  UNIVIE checked and confirmed that it is indeed equipment cost and that only depreciation costs are in the 

budget. 

  

  

  

 

  

 

 

Quantum Microwave Detection with Diamond Spins 

1 Excellence 

1.1 Long-term vision 

Discovery of a microwave high frequency diode, dates even before the invention of transistors in 1947. Since 

then, microwave (MW) device equipment, including both signal generation and detection, has become a key 

technology in our society used practically in every piece of electronics. Applications span across areas as diverse as 

consumer electronics, ICT, medical diagnostics, radioastronomy, navigation, air traffic control, telecommunications 
and satellite control and many others1,2,3,4,5. Whilst the costs of a simple MW transistor is just a few eurocents, spectral 

analysers suitable for novel generation of 5G and future 6G networks are rack-based1 with prices > 300 kEuro, made 

by the combination of spectral resolution, bandwidth, sensitivity and the frequency detection speed/parallelism. 
Current systems for microwave measurement mostly operate based on the following three methods. One is the direct 

digitization of the incoming oscillatory signal, followed by spectral analysis. The second is spectral filtering followed 
by rectification. The third is the homodyne or heterodyne detection with a swept local oscillator. Available low-cost 

systems are usually narrowband, fixed-frequency units. While it is possible to create broadband detectors, these 

usually have limited dynamic range, bandwidth, or resolution, or are costly and highly challenging to operate6,7,8,9,10.   
QuMicro comes with a breakthrough idea, pursuing a hitherto unexplored concept, which we term Quantum 

Heterodyne Detection (QHD). QHD is not merely an innovation of the classical heterodyne principle, instead, it is 

a novel detection platform making use of the three-level spin-1 system of the nitrogen-vacancy (NV) colour centre 

 
1 https://w ww .keysight.com /be/en/products/spectrum -analyzers-signa l-analyzers/x-series-signal-analyzers.htm l 
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