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WHAT IS QUANTUM SENSING

Quantum sensing includes all measurement techniques that exploit 
quantum states of matter or light to detect physical and chemical 
quantities with precision beyond classical limits.

Quantum sensors offer sensitivity that surpasses the limits of classical 

physics. They can detect extremely weak signals and measure quantities 

with very high precision, operating at the level of quantum noise.

Quantum sensing protocols can be broadly divided into two classes, 

depending on how the measurement affects the quantum state:



Quantum Sensing Measurement Strategies

Projective Measurements:

• Measurement collapses the quantum state (wavefunction collapse)

• Information obtained in a single strong readout

• The system must be re-prepared after each measurement

Widely used in qubit-based quantum sensors

Examples

Single-photon detectors perform a strong projective measurement of the photon-number state.

∣ψ⟩=α∣0⟩+β∣1⟩ Measurement projects the state onto  ∣0⟩ or ∣1⟩ and the photon is irreversibly 

absorbed by the detector.

Prepare  Evolve  Projective Measure  Reset



Quantum Sensing Measurement Strategies

Non-demolition (weak) Measurements

• Measurement extracts information while minimally disturbing the quantum state

• Enables repeated interrogation of the same quantum system

• Preserves quantum coherence over longer times

• Reduces measurement back-action

• Can help surpass the Standard Quantum Limit

Examples

Dispersive measurements

NV-center sensing protocols

Prepare  Evolve  QND  Evolve  QND 



Quantum Sensing Strategies

A very effective solution is: 

combining the two

RAMSEY PROTOCOL



Two examples of QND Sensing

Superconductive Qbit in cavity resonator 

Diamonds NV Centers

T₁ (relaxation time) is the characteristic time over which a quantum system exchanges 
energy with its environment and relaxes from an excited state to its ground state. It 
describes energy relaxation and the recovery of thermal equilibrium.

T₂ (dephasing time) is the timescale over which the relative phase between quantum 
states is lost due to interactions with the environment or noise. It characterizes the loss 
of quantum coherence, even when no energy relaxation occurs.

T₂* (effective dephasing time) describes the decay of the transverse component of the 
Bloch vector due to loss of phase coherence, caused by environmental noise and 
inhomogeneities that make different spins accumulate different phases over time.
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haloscope

Axions Detector
The principle of operation of a haloscope is shown in Fig. 1: an axion couples to the strong 
magnetic field (10 T) converting into a microwave (5-10 GHz) photon (an excitation of a cavity 
mode) inside the cavity; a superconducting (SC) device (JJ in figure 1) is coupled to the cavity 
mode either 

Axion: is a light, extremely weakly interacting particle that could constitute dark matter and 
can be experimentally searched for through its conversion into photons in a strong magnetic 
field.

The photon frequency is set by the axion mass and is essentially independent of the applied 
magnetic field, which only controls the conversion probability.

Axions and Dark Matter Detection



The expected axion conversion rate is of the order of one photon 
per second or even lower, which means we are operating in an 
ultra-rare single-photon regime.

A phase-insensitive microwave amplifier adds at least half a photon of noise per mode, corresponding 
to an equivalent noise rate of hundreds of kHz in a MHz bandwidth — 5 orders of magnitude larger than 
the expected axion signal rate.

Axions and Dark Matter Detection



Superconductive Qubit in cavity resonator 

A transmon is a type of superconducting qubit based on a Josephson junction shunted 
by a large capacitor, designed to reduce sensitivity to charge noise. It is widely used in 
quantum computing because it provides improved coherence times and stable qubit 
control.

Nonlinear inductance= anharmonic oscillator



Superconductive Qbit in cavity resonator 

2D Resonator Transmon

3D Cavity
resonator
Transmon



Superconductive Qubit in cavity resonator 



To go beyond the quantum limit of linear amplification, it has to replace 

amplitude measurement with phase-based QND photon-number detection

Superconductive multi-Qubit and Entangled Multi Qubit sensor  

Scaling Sensitivity as 
𝟏

𝑵

Scaling Sensitivity as 
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Diamonds NV Centers

Diamond Lettice doped with nitrogen 
atoms and Carbon Vacancies

Osservable measured is the total Spin along the defect direction;

S=0 ->  singlet state with m_s=0

S=1->   triplet state with m_s=-1,0,1

532 nm laser

637 nm fluo

Less fluo for metastable states

InterSystem Crossing

In the ground state of the NV⁻ center, the 

total spin is S = 1 (triplet), giving three 

spin sublevels mₛ = 0, ±1.

Due to the crystal-field anisotropy along 

the N–V axis, the mₛ = 0 and mₛ = ±1 

states have different energies.

Zero-Field Splitting is about 2.87 GHz.



In the ground state of the NV⁻ center, the total spin is S = 1 (triplet), giving three spin sublevels mₛ = 0, ±1.

Due to the crystal-field anisotropy along the N–V axis, the mₛ = 0 and mₛ = ±1 states have different energies.

Zero-Field Splitting is about 2.87 GHz.

ZFS and Zeeman Effect

The spin has a magnetic moment. If a magnetic field B is applied, an interaction energy (Zeeman energy) appears that 

depends on how much the spin is projected along the field direction.

In the formalism, this corresponds to the term

which is the electron Zeeman term in the NV Hamiltonian.

If we choose the z-axis along the NV axis and apply a magnetic field B|| along the defect axis, the Hamiltonian simplifies to



ZFS and Zeeman Effect

fluo dip

States mₛ = ±1 are more susceptible to decade 

for metastable states



CW-ODMR Protocol
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