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Bits vs Qubits

Classical bit: one of two states, 0 or 1.

Qubit: quantum two-level system with basis states 
0 and 1

and superpositions 𝛼 0 + 𝛽 1 .
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computational basis
0 1



Qubits
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A qubit 𝜓 is the special case d=2: ℋ ≃ ℂ𝟚,

𝜓 = 𝛼 0 + 𝛽 1 .

The coefficients 𝜶 and 𝜷 are complex amplitudes.

A physical state must be normalized:

𝛼 " + 𝛽 " = 1

Measurement in the computational basis gives:

𝑃 0 = 𝛼 ", 𝑃 1 = 𝛽 "

The quantum state contains amplitudes.
The measurement returns one classical outcome.

Complex Hilber Space
2-dimensional



Bloch sphere
A single pure qubit state can be represented on the Bloch sphere.

𝜓 = cos
𝜃
2 0 + 𝑒#$ sin

𝜃
2 1

The polar angle 𝜽 controls the population balance between 𝟎 and 𝟏 .
The azimuthal angle 𝝓 is the relative phase.

Equatorial states

The Bloch sphere is therefore not just a picture of “superposition”.

It is a compact way to visualize amplitudes, phase, and measurement axes.

Bloch Sphere
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Spherical 
coordinates



Pauli Matrices
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The three Pauli matrices are:

𝑋 = 0 1
1 0 𝑌 = 0 −𝑖

𝑖 0 𝑍 = 1 0
0 −1

They are Hermitian (observable):

𝑋 = 𝑋 †, 𝑌 = 𝑌 †, 𝑍 = 𝑍 †

They are also unitary (reversible):

𝑋 † 𝑋 = 𝐼, 𝑌 † 𝑌 = 𝐼, 𝑍 † 𝑍 = 𝐼

As observables, they correspond to measurements.

As gates, they implement specific reversible qubit transformations.

Hermitian means they can represent 
observables.

Unitary means they can also act as reversible 
quantum gates.



Pauli Matrices as gates
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The Pauli matrices can also act as single-qubit gates.

The 𝑋 gate flips the computational basis states:       𝑋 0 = 1 𝑋 1 = 0

The 𝑍 gate changes the relative phase:                         𝑍 0 = 0 𝑍 1 = − 1

The 𝑌 gate combines a bit flip with a phase change:

𝑌 0 = 𝑖 1 , 𝑌 1 = −𝑖 0

𝑋𝜋: 180° rotation around the X-axis

𝑌𝜋: 180° rotation around the Y-axis

𝑍𝜋: 180° rotation around the Z-axis



Pauli Matrices do not commute (order matters)
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Different Pauli matrices generally do not commute:

[𝑋, 𝑌] = 2𝑖𝑍 𝑌, 𝑍 = 2𝑖𝑋 [𝑍, 𝑋] = 2𝑖𝑌

This means that the order of operations matters.

Applying 𝑋 and then 𝑌 is not the same as applying 𝑌 and then 𝑋.

Physically, this reflects the fact that measurements and rotations along different axes are incompatible.

For example:

measuring 𝑍 gives information about the computational basis
measuring 𝑋 gives information about a different basis

A qubit cannot have definite values of 𝑿, 𝒀, and 𝒁 at the same time.
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From theory to the lab



DiVincenzo Criteria (2000)

The DiVincenzo criteria summarize what a physical quantum computer must provide:

1. scalable, well-characterized qubits

2. initialization to a simple fiducial state

3. coherence times long compared with gate times

4. a universal set of quantum gates (single qubit rotation and at least two-qubit 
entanglement)

5. qubit-specific measurement

The central hardware challenge is to preserve quantum coherence while still allowing 
control, coupling, and measurement.
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Two-level quantum system is not enough 
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Basic sequence

1.Initialization: set 0

2.Spectroscopy: sweep the drive frequency to find the qubit transition.

3.Rabi oscillations: once you know the transition frequency, drive 
resonantly and vary pulse duration.

4.Ramsey/echo: characterize coherence.
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Requirement Tested by

It has a well-defined transition frequency Spectroscopy

It can be coherently controlled Rabi oscillations, gate calibration

It preserves quantum information 𝑇%, Ramsey, 𝑇"∗, 𝑇2𝑒𝑐ℎ𝑜Hahn echo, dynamical decoupling

It can be measured reliably Readout fidelity, QND tests

It performs accurate gates Randomized benchmarking, tomography, leakage and 
crosstalk tests

Characterization and controlling
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Before controlling a qubit, we must identify its transition frequency:

ℎ𝑓' = 𝐸% − 𝐸(

A spectroscopy experiment scans the drive frequency and measures when 
the qubit absorbs energy.

Spectroscopy tells us: 𝑓'. the qubit transition frequency.

It also gives information about linewidth, frequency stability, and whether the system behaves as a clean two-
level quantum system.

Why it matters
If the transition is not well-defined, the qubit cannot be addressed reliably.
A broad or unstable transition usually indicates noise, disorder, unwanted coupling, or poor device stability.

Spectroscopy

Commun Mater 2, 98 (2021)
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Rabi oscillations, Gate calibration
A qubit must be controllable.
Rabi oscillations demonstrate that an external drive can rotate the qubit state in a controlled way

A resonant drive (often microwave or laser) induces coherent rotations between the two qubit states: 
0 ↔ 1

and       𝑃% 𝑡 = sin" )"*
"

The Rabi frequency 𝛀𝑹 tells us how fast the qubit rotates on the Bloch sphere:

By changing the pulse duration, we control the rotation angle on the Bloch sphere.

The Rabi experiment allows us to calibrate the pulse durations for:

𝑋,, 𝑋,/"

where 𝑋, flips the qubit and 𝑋,/" creates an equal superposition.

A 𝑋#−𝑝𝑢𝑙𝑠𝑒 flips the state:
0 → 1

A 𝑋#/% − 𝑝𝑢𝑙𝑠𝑒 creates superposition:

𝑋#/% 0 =
0 − 𝑖 1

2

𝜃 = Ω&𝑡
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Rabi oscillations

𝜃 = Ω&𝑡
Science 299,1869-1871(2003) Chinese Phys. Lett. 40 047302
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Decays

𝑇!= population/energy decay
.
𝑇"= phase coherence decay 
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Energy relaxation time T1

Commun Mater 2, 98 (2021)

It measures how the population of the excited 
state decays

𝑻𝟏tells you how long the qubit remains in the 
excited state before relaxing to the ground state.

. 𝑋#→ wait 𝑡 → measure

0 ⟶ 𝑋# ⟶ 1 wait 𝑡 ⟶ 𝑚𝑒asure

𝑃' 𝑡 = 𝑃' 0 𝑒()/*!

𝑋𝜋: 180° rotation around the X-axis (flipping)
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Ramsey: coherence during free evolution
Rabi tells us how to rotate the qubit.

Ramsey tells us whether a superposition keeps its phase during free evolution.

A typical Ramsey experiment uses two calibrated 𝜋/2 − 𝑝𝑢𝑙𝑠𝑒𝑠 separated by a waiting time:

𝑋,/" → wait 𝑡 → 𝑋,/" → 𝑚𝑒asure

The first 𝝅/𝟐 − 𝒑𝒖𝒍𝒔𝒆 creates a superposition.
During the waiting time, the relative phase freely evolves.
The second  𝜋/2 − 𝑝𝑢𝑙𝑠𝑒 converts phase information into a measurable population.

The Ramsey signal decays as the phase becomes uncertain.
From the decay of the Ramsey fringes, we extract: 𝑇"∗

What we learn

Ramsey shows that the qubit phase remains coherent and experimentally measurable during free evolution.
Commun Mater 2, 98 (2021)



T₂,echo (slow noise)

T₂,echo is measured by inserting a refocusing π pulse in the middle of the free-evolution period.

The purpose of the π pulse is to partially cancel slow or quasi-static dephasing noise.

The Hahn echo pulse sequence is:

𝑋,/" → wait  *" → 𝑋𝜋 → wait *
" → 𝑋,/".  →.  measure

The measured signal is often fit with:

𝑃% 𝑡 =
1
2 1 + 𝐶𝑒

/ *
0+,-./0

1

where C is the contrast and n depends on the noise spectrum (different noise spectra can produce different 
decay shapes)

n=1 corresponds to a simple exponential decay.
.
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Commun Mater 2, 98 (2021)
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Commun Mater 2, 98 (2021)

If:     𝑇2𝑒𝑐ℎ𝑜 ≫ 𝑇%∗ much of the Ramsey decay comes 
from slow, reversible dephasing.

If:   𝑇2𝑒𝑐ℎ𝑜 ≈ 2𝑇' coherence is mainly limited by 
irreversible energy relaxation.

If:       𝑇2𝑒𝑐ℎ𝑜 ≪ 2𝑇' additional dephasing            
mechanisms remain



We discussed how to define, control and manipulate qubits
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Typically qubits are operated at mK
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Josephson junction
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Josephson-junction qubits typically operate in the microwave regime:

𝑓(% =
𝜔(%
2𝜋 ∼ 1 − 10GHz

This range is useful because it is below the junction plasma frequency 𝜔1 and compatible with 
microwave electronics.

To suppress thermal excitation, the qubit energy must exceed thermal energy:    ℏ𝝎𝟎𝟏 ≫ 𝒌𝑩𝑻

The operating temperature is typically:      𝑇𝑜𝑝 ≈ 10𝑚𝐾

This is not the superconducting transition temperature.

𝑇𝑜𝑝 ≪ 𝑇C

Superconducting qubits operate at mK to remain superconducting and to keep thermal excitations low.



Spin qubits
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Spin qubits are operated at mK to make quantum-dot energy scales resolvable and stable.

Thermal energy must be smaller than the relevant energies:

𝑘𝐵𝑇 ≪ 𝐸𝐶, 𝐸𝑉, 𝐸𝑍, 𝐷𝑒𝑙𝑡𝑎456
EC = charging energy
EV = valley splitting
EZ = Zeeman splitting
Delta_orb = orbital level spacing

Low temperature is needed to: stabilize single-electron occupation, enable Coulomb blockade, suppress 
thermal excitation, improve initialization and readout fidelity

Typical operation: T = 10–100 mK (Some devices can operate around 1–4 K).

Cryogenic operation keeps electrons in well-defined quantum-dot states and prevents thermal energy 
from washing out spin, charge, valley, and orbital energy splittings.



Hot Spin qubits
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Hot Spin qubits
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Silicon FinFETs can host hole spin qubits operating above ~4K.

The paper demonstrates:
fast electrical control of hole spins

with driving frequencies up to:

~150MHz

They also report high-quality single-qubit gates and very clear Rabi oscillations.

The main message is:

A silicon transistor-like device can operate as a spin qubit above 4 K, combining industrial compatibility 
with good qubit performance.



Hot Spin qubits
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The big problem in quantum computing is scaling up: making not just one good qubit, but millions or 
billions of controllable devices.

Classical computing solved scaling by using silicon chips with billions of tiny transistors called FinFETs. 

Can we use similar silicon transistor structures to make qubits?

At low T, a single electron or hole trapped under the gate of a FinFET can behave like a spin qubit. 

This is attractive because it could eventually allow the quantum device and part of the classical control 
electronics to be integrated more closely.

But there is a problem: classical control electronics produce heat. 
If the qubits only work at very low millikelvin temperatures, the cooling power is extremely limited. 

So, for scalable integration, it would be very useful if qubits could work above 1K



Hot Spin qubits
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Pauli spin blockade is important because it gives a way to read out the spin state electrically. 

For a spin qubit, the hard part is not only controlling the spin. 
You also need to measure whether the spin is 0 or 1 . 
Pauli spin blockade converts the spin information into a charge/current signal, which is much easier to detect.



Hot Spin qubits
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Hot Spin Qubits
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Hot Spin Qubits
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Step What you change Purpose

Load holes VP1, VP2 Load holes into the quantum dots

Isolate (1,1) VB Isolate the dots / control tunnelling

Operate VB + AC gate pulse Couple the dots / rotate the spin

Readout VP1, VP2 detuning Move to the (1,1) → (0,2) readout point and detect Pauli 
spin blockade



Hot Spin Qubits
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Step What you change Purpose

Load holes VP1, VP2 Load holes into the quantum dots

Isolate (1,1) VB Isolate the dots / control tunnelling

Operate VB + AC gate pulse Couple the dots / rotate the spin

Readout VP1, VP2 detuning Move to the (1,1) → (0,2) readout point and detect Pauli 
spin blockade



Coulomb blockade
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Adding one electron costs the charging energy:      𝐸7 ∼
8+

"78

Coulomb blockade is extremely useful for quantum dots and spin qubits. 

It is the mechanism that lets us control electrons one by one.



Pauli spin blockade for readout
Pauli spin blockade occurs in a double quantum dot.

A charge transition is allowed for a singlet configuration but blocked for a triplet configuration.

Typical transition:

S 1,1 → S 0,2

triplet cannot become a singlet without a spin change.
If the two-spin state is triplet-like, charge motion is blocked by spin selection rules.

This makes Pauli spin blockade a central readout mechanism for singlet-triplet and two-spin devices.

Maria Longobardi 34

A spin state itself is hard to measure directly.
A charge movement is much easier to measure.

Pauli spin blockade maps spin symmetry onto charge motion.
S(1,1) → S(0,2) allowed: charge moves
T(1,1) → S(0,2) blocked: charge stays



Pauli spin blockade for readout
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Pauli spin blockade maps spin symmetry onto charge motion.
S(1,1) → S(0,2) allowed: charge moves
T(1,1) → S(0,2) blocked: charge stays

SCIENTIFIC REPORTS  -1 : 110 –
DOI: 10.1038/srep00110



Pauli spin blockade protocol
Pauli spin blockade then maps this spin information onto a charge/current signal

1)Tune the double dot in the few-charge Coulomb-blockade regime.
The occupation is well defined, for example (1,1), (0,2), or (2,0).
2) Initialize into a known charge/spin configuration.
For example, load one hole in each dot.
3) Apply control pulses or microwave/electric drive.
This rotates the spin state or changes the singlet/triplet probability.
4) Pulse to the readout point near the spin-blockade transition.
This is where (1,1)→(0,2) or (1,1)→(2,0) is energetically allowed for a singlet but blocked for a triplet.
5) Measure current.
If charge moves, the state was singlet-like. If charge is blocked, the state was triplet-like.
6) Convert the signal into a singlet/triplet or spin-state probability.

charge transition observed → singlet-like state
charge transition blocked → triplet-like state

Maria Longobardi 36



Hot Spin Qubits
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An AC pulse rotates the spin through spin-orbit coupling, and the two-spin state has a certain 
probability to be singlet-like or triplet-like.

Pauli spin blockade then maps this spin information onto a charge/current signal



Hot Spin qubits
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The narrow central silicon fin is the active region. Gates around it define where holes are confined.



Hot Spin qubits
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Rabi: (driven spin rotation)
• 𝑓&9:; ~ 150 MHz  (VERY FAST)
• 𝑄-factor > 100 cycles

Ramsey: (phase coherence during 
free evolution)
• 𝑇%∗ ~ 440 ns
• 𝑄∗-factor ~ 40 cycles

High T > 4 K

The device still shows coherent spin control and measurable Ramsey coherence at T = 4.2 K



Hot Spin qubits
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Nature 580, 350 (Apr 2020) Nature 580, 355 (Apr 2020)

1.5 K

40 mK

Sydney Delft

1 K



Hot Spin qubits
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industrial

academic

Nature Electronics 5, 184 (March 2022)

• gate length 50 nm

• large aspect ratio fins

• trenches filled with oxide

• electrons (vs holes)

• full industrial all-optical process 300 
mm Intel

micromagnets for spin manipulation
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Qubit as a sensor



Qubits as sensors
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Qubits are fragile

but

that fragility is sensitivity

Quantum sensors turn the environmental sensitivity of quantum systems into a measurement advantage. 



DiVincenzo Criteria (2000)

Scalable, stable and 
measurable qubits 

that can be used to send 
information 
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Criteria for sensing

Scalable, stable and 
measurable qubits 

Strong coupling 
to the target
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Qubits as sensors
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Quantum sensing is not one technology 

It is a family of platforms optimized for different observables and environments. 

Market reports typically segment the field into 

atomic clocks, magnetometers, gravimeters, gyroscopes/accelerometers, RF sensors, 
single-photon detectors, quantum imaging….



Qubits as sensors
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Quantity Example quantum sensor Typical application

Magnetic field NV centers, SQUIDs, atomic 
magnetometers

brain signals, materials, 
geophysics

Electric / RF field Rydberg atoms, NV centers antenna calibration, 
communications, RF imaging

Gravity atom-interferometer 
gravimeters

underground mapping, 
geophysics

Acceleration / rotation atom interferometers, 
quantum gyroscopes inertial navigation

Time / frequency atomic clocks, optical clocks GPS, telecom, synchronization

Temperature / strain / pressure NV centers, optomechanical 
sensors nanoscale imaging, materials



Qubits as sensors

Maria Longobardi 48

The same coupling channel can be viewed in two opposite ways:

In quantum computing, uncontrolled environmental coupling is noise and should be minimized
or corrected.

In quantum sensing, a specific coupling to the target quantity is intentionally enhanced or
exploited.

In quantum computing, one protects the qubit from the environment 

Quantum sensing uses the fragility of quantum systems as a resource: the environment 
perturbs the quantum state, and that perturbation becomes the measurement signal.



Qubits as sensors (external field) 
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A qubit is a two-level quantum system whose evolution is governed by a Hamiltonian.

If an external parameter λ changes the Hamiltonian, the final qubit state becomes sensitive to λ.

𝐻 𝜆 = 𝐻0+ 𝜆𝐺

𝜆=quantity to be measured
𝐺=coupling operator (with qubit)

After an evolution time t:     𝑈9 𝑡 = 𝑒/#: 9 */ℏ

and an initial state becomes:   𝜓𝜆 𝑡 >= 𝑈𝜆 𝑡 𝜓0 >

The parameter 𝝀 changes the Hamiltonian, so the qubit accumulates a 𝝀-dependent evolution that can 
be measured.



Qubits as sensors
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Key idea: I want to measure the effect of the external parameter

𝜆 → 𝐻 𝜆 → phase / population change → measurement signal

A qubit is a sensor when an external field or perturbation changes its Hamiltonian and leaves a 
measurable imprint on the final quantum state.



Qubits as sensors (protocol)
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Most quantum-sensing protocols follow the same structure:

iniealize → prepare superposieon → interact with signal → readout

𝜆 = external parameter to be sensed
For example, 𝜆 could be:𝐵, 𝐸, 𝑇, 𝑎, Ω, 𝑝 magnetic field, electric field, temperature, acceleration, rotation 
rate, pressure, etc.

For a phase sensor:

𝜓0 =
0 + 1

2

During sensing time t, the parameter 𝜆changes the energy splitting between the two states: Δ𝐸 = Δ𝐸 𝜆
This produces a relative phase

𝜙 𝜆 =
Δ𝐸 𝜆 𝑡
ℏ

The final measurement converts phase into population:       phase shif → probability change



Qubits as sensors (protocol)
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This type of sequence is then central to sensing:

𝑋,/" → sensing eme 𝑡 → 𝑋,/" → measure

quantum sensors work by converting a tiny field-induced phase shift into a measurable population 
difference.



T₂*  Ramsey experiments 

Standard pulse sequence:  𝑋,/" →wait 𝑡 → 𝑋,/"→measure

A typical Ramsey signal can be written as:

𝑃% 𝑡 =
1
2 1 + 𝐶𝑒

/ *
0+∗ cos Δ𝜔𝑡 + 𝜙(

C is the contrast
Δ𝜔 is the detuning between the qubit and the drive reference
𝜙( is a phase offset

The decaying envelope gives T₂*.

T₂* is sensitive to slow frequency fluctuations, device drift, detuning noise, magnetic noise, charge noise, 
and flux noise.

Commun Mater 2, 98 (2021)
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𝑋#/%: 90° rotation around the X-axis
Used to create superposition states



Basic sensing (Ramsey)

Maria Longobardi 54

The Ramsey sequence is the prototype of many qubit-based sensors:

𝑋,/" → sensing eme 𝑡 → 𝑋,/" → measure

During the sensing time, the external parameter changes the qubit frequency:

𝜔' 𝜆 = 𝜔( + 𝛿𝜔 𝜆

The measured signal is: 𝑃% 𝑡 = 1
2 1 + 𝐶𝑒/*/0+∗ cos 𝛿𝜔 𝜆 𝑡 + 𝜙(

Sensitivity improves with longer coherent interrogation time, but the useful time is limited by dephasing:

𝑡 ≲ 𝑇"∗
or, with echo/dynamical decoupling:

𝑡 ≲ 𝑇"
𝐂𝐨𝐡𝐞𝐫𝐞𝐧𝐜𝐞 𝐭𝐢𝐦𝐞 𝐬𝐞𝐭𝐬 𝐭𝐡𝐞𝐦𝐞𝐚𝐬𝐮𝐫𝐞𝐦𝐞𝐧𝐭 𝐰𝐢𝐧𝐝𝐨𝐰 𝐨𝐟 𝐭𝐡𝐞 𝐬𝐞𝐧𝐬𝐨𝐫.

Sensing time is 
limited by dephasing



Sensitivity
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The quantum sensor output is a probability



Sensitivity
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A quantum sensor is useful when a small change in 𝝀 produces a measurable change in the outcome.

In a quantum sensor, the unknown parameter 𝜆 changes the measured probability:  𝑃 𝜆

the local response is:
𝜕𝑃
𝜕𝜆

If the slope 𝜆 is large, the sensor is very responsive.

large slope ⇒ small change in 𝝀 gives a visible change in 𝑷

If the slope is small, the sensor is not very sensitive.

small slope ⇒ hard to detect small changes in 𝝀

how strongly the probability changes 
when 𝝀 changes a little



What is a good sensor? (uncertainty estimate)
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The smallest resolvable change in 𝝀 can be estimated by:

𝛿𝜆 ∼
Δ𝑃

𝜕𝑃/𝜕𝜆

The uncertainty 𝑖𝑛 𝜆 is the noise in the measured probability divided by how strongly the probability
reacts to 𝜆.

Δ𝑃 = noise / uncertainty
𝜕𝑃
𝜕𝜆 = sensievity slope

A good sensor needs 𝜟𝑷 small and 𝝏𝑷
𝝏𝝀

large

for a strong response

low noise+ steep slope ⇒ small uncertainty 𝜹𝝀



Sensitivity limit (quantum limit)
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Each single qubit measurement gives a random result:

0 or 1
So the experiment must be repeated many times.

If you repeat it N times, random statistical noise decreases as:

∆P~
1
𝑁

Therefore:

𝛿𝜆 ∝
1
𝑁

For example:
100 repetitions improve precision by 10
10,000 repetitions improve precision by 100

It is the natural precision limit when you use independent qubits or independent repetitions.

For ideal independent probes, 
this is called the standard quantum limit.



Qubits as sensors
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Entangled or squeezed states can improve scaling, but many practical sensors are limited by:

𝑇", readout noise, technical noise, calibraeon drif

high sensitivity requires large response, low noise, long coherence, and stable calibration.



Qubits as sensors
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Platform Quantum degree of 
freedom Typical measurand Strength

Atomic clocks atomic transition 
frequency time / frequency highest precision timing

Atom interferometers matter-wave phase gravity, acceleration, 
rotation

inertial and geophysical 
sensing

NV centers defect spin in diamond magnetic field, 
temperature, strain

room-temperature 
nanoscale sensing

SQUIDs superconducting phase / 
flux magnetic flux ultra-sensitive 

magnetometry

Atomic magnetometers atomic spin precession magnetic field biomagnetism, navigation

Rydberg atoms high-n atomic states RF / microwave fields traceable field sensing

Optomechanical sensors mechanical displacement force, acceleration precision displacement 
sensing



What is the best sensor?
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The best sensor depends on the quantity to be measured



Spin qubits as a magnetic sensor

Maria Longobardi 62

A spin couples directly to a magnetic field through the Zeeman interaction:

𝐻? =
1
2𝑔𝜇?𝐁 ⋅ 𝝈

If the field defines the z-axis:

𝐻? =
1
2ℏ𝜔@𝑍

where (Larmor precession)  𝜔@ =
AB<?
ℏ

The spin processes in presence of the field B (according to the Larmor) and the magnetic field sets the 
spin-precession frequency.

𝝈 Pauli matrices



Spin qubits as a magnetic sensor
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Prepare the spin in a superposition:
0 + 1

2

Then you let it evolve for time t in presence of an unknown field B.

During a sensing time t, the spin accumulates a magnetic-field-dependent phase:

𝜙 𝐵 = 𝜔@𝑡 =
𝑔𝜇?𝐵
ℏ 𝑡

𝐵 → 𝜔@ → 𝜙 𝐵

A stronger magnetic field produces faster spin precession and a larger accumulated phase.

Measuring this phase allows us to estimate B.



How is the magnetic field measured?
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The phase 𝝓 𝑩 is not measured directly.

A final 𝛑/𝟐 𝐩𝐮𝐥𝐬𝐞 converts the accumulated phase into a population difference.

The measured probability (population)  depends on B and can be written as:

𝑃% 𝐵 =
1
2
1 + 𝐶 cos𝜙 𝐵 =

1
2
1 + 𝐶 cos

𝑔𝜇?𝐵
ℏ

𝑡

The magnetic field is inferred from: precession frequency or accumulated phase or final population

Measurement chain: 𝐵 → 𝜔@ → 𝜙 𝐵 → (Ramsey) 𝑃% 𝐵 → esemate 𝐵

A spin sensor converts magnetic-field strength into a change in spin-precession phase or population.



Magnetosensors
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Sensor Regime Main use

NV centers room temperature, nanoscale magnetic imaging, materials, 
biology

Atomic magnetometersType
equation here. vapor cells biomagnetism, navigation, 

shielding

SQUIDs cryogenic ultra-sensitive flux detection

Spin qubits cryogenic / solid-state local field probes, noise 
spectroscopy



Magnetosensors
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Quantum Magnetic 
Field Sensor to Control 
Prostheses, 
Exoskeletons and 
Avatars with Neural 
Signals



Magnetosensors
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Quantilevers are 
diamond probes made 
with NV centers for 
scanning NV 
microscopy 
applications.

The quantum sensor is 
the NV center inside 
the diamond tip



Atom interferometers: sensing motion and gravity
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Atom interferometers use matter waves instead of light waves.

Laser pulses split, redirect, and recombine atomic wave packets.

Standard pulse sequence:
𝜋/2 → 𝜋 → 𝜋/2

𝜋/2 pulse = beam splitter
𝜋 pulse = mirror
𝜋/2 pulse = recombiner

During the free-evolution time, acceleration or gravity changes the relative phase Δ𝜑 between the two paths.

Δ𝜑 ≈ 𝑘8𝑓𝑓𝑎𝑇"

Atom interferometers convert acceleration or gravity into a measurable matter-wave phase shift.

For gravimetry
𝚫𝝋 ≈ 𝒌𝒆𝑓𝑓𝒈𝑻𝟐

Note that this is not an Echo!

𝑘@𝑓𝑓 effective laser wave vector
𝑇% time between pulses



Atom interferometers: sensing motion and gravity
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Applications:

gravimetry

gravity gradients

inertial navigation

geodesy and underground mapping

Quantum navigation analyses emphasize that gravimeters and magnetometers can reference Earth’s 
gravitational and magnetic fields, offering navigation modes that do not rely on vulnerable radio-
frequency signals.



Atom interferometers: sensing motion and gravity
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quantum gravimeters AQG



Qubits as sensors
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Qubits are fragile

but

that fragility is sensitivity

Quantum sensors turn the environmental sensitivity of quantum systems into a measurement advantage 



Qubits as sensors
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Quantum computing Quantum sensing

implement algorithms estimate physical parameters

gate fidelity and circuit depth sensitivity, bandwidth, stability

qubit scaling field deployment and calibration

output bitstrings physical measurement signal

Quantum sensors exploit the same physical resources that make qubits powerful but the objective is different



From sensitivity to the deployment
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High sensitivity is not enough for a real quantum sensor.

Deployment also requires:

robust packaging
calibration stability
field operation
cost control
data interpretation
integration with classical systems

This is why the quantum sensing market is already real, but highly segmented.



Market landscape
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Quantum sensing is already a real market, but deployment depends on robustness, packaging, 
calibration, and cost.

The market is fragmented.

The strongest near-term impact is expected where classical sensors are limited by weak signals, 
inaccessible environments, long-term drift, or the need for GPS-independent reference signals.

Current market estimates vary because reports include different technologies such as atomic clocks, 
magnetometers, gravimeters, RF sensors, imaging systems, single-photon detectors, and components.



Market landscape
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Source Estimate

Global Market Insights USD 414.6M in 2025; USD 478.8M in 2026; USD 1.3B by 2035

Mordor Intelligence USD 0.86B in 2026; USD 1.57B by 2031

Persistence Market Research USD 389.5M in 2026; USD 945.1M by 2033

IDTechEx quantum sensors market to reach about USD 2.2B by 2045



Qubits as sensors? Hype or reality? 
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Quantum market: near-term
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Source: QED-C 2026
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Quantum workforce and physics PhD



Quantum market: near-term
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Source: QED-C 2026



Global Quantum Investments

Italy has invested 
227.4 million € 
during 2021-2024 to 
bolster quantum 
research, industrial 
applications, and 
workforce 
development
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Global Quantum Investments
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Italy has scientific strength; scale-up is the gap

Italy: key data points

• €229m invested in 2021-2024
• 86% linked to PNRR projects
• +€70m EuroQCI/EuroHPC
infrastructure
• Strategy suggests 
~€200m/year for 5 years to 
approach leading scale

Source: Italian Quantum Strategy 2025, Table 3 and funding framework; Quantum Flagship; MAECI
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Quantum workforce 

The quantum workforce is not simply “more PhDs.” 
It is a mix of researchers, engineers, software profiles, operators and commercial roles

Strongest near the scientific core:
• qubit physics
• modelling / algorithms
• metrology
• benchmarking
• experiments

Add delivery evidence: code, 
documentation, calibration, 
teamwork.



Quantum workforce 
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More paid, longer-term commitments than in earlier years. Source: QED-C 2026



Quantum workforce: who is hiring? 
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Pure-play quantum companies are not the only source of opportunities
Source: QED-C 2026

Pure-play start-ups are not the 
only target.

Look also at:
• semiconductors
• photonics / cryogenics
• RF electronics
• cloud / HPC
• cybersecurity
• sensing users
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Quantum workforce: openings - geographical data 

Young researchers may need international mobility or remote/hybrid collaboration to access opportunities
Source: QED-C 2026

Italy is smaller in current 
openings, but has strong 
academic assets and a new 
national strategy.

Opportunity: connect 
research excellence with 
industrialization, 
infrastructure and mobility.
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Quantum workforce: roles

Technical/research roles 
dominate.

But a PhD physicist also needs 
evidence of:
• software
• systems
• teaching
• project delivery
• stakeholder skills

Source: EPO-OECD 2025 job posting analysis
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Quantum workforce: PhD Physics 

PhD physicists are most valuable near the core of platform development, theory, modelling, 
experiments, benchmarking and error correction.

Do not present only as 
“quantum expert.”

T-shaped profile:
• deep platform knowledge
• coding/data workflows
• calibration discipline
• communication/product 
literacy

Sources:QED-C, EPO-OECD, QuIC workforce analyses
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Quantum workforce: PhD Physics across sectors 

PhD physicists are most valuable near the core of platform development, theory, modelling, 
experiments, benchmarking and error correction.
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Quantum workforce: PhD Physics across sectors 

A physics PhD is valuable across the quantum ecosystem,
but each path rewards a different translation of expertise



Maria Longobardi 90

Quantum workforce: PhD Physics 

A strong physics PhD can play all of them, but not with the same CV.
translate your PhD  differently for each sector



Maria Longobardi 92

Quantum workforce: PhD Physics 

Academia asks whether you can create new knowledge. 

Industry asks whether your knowledge can survive constraints: time, budget, 
reproducibility, manufacturing, customers and team workflows.

Government and public-sector jobs ask whether you can connect technical reality to 
national capability, security, standards and public value. 

These are different games. 

A strong physics PhD can play all of them, but not with the same CV.
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Workforce development is a translation 
problem between physics, engineering, 
software, products and policy, not just a 
pipeline problem.

Physics PhDs are essential near the 
scientific core: qubit physics, theory, 
experiments, error correction, algorithms, 
metrology.

Industry needs evidence that a PhD can 
deliver: clean code, reproducible 
workflows, documentation, calibration 
discipline, teamwork.

04 Italy has strong science but limited 
openings (119 in 2025) and low VC. 
Mobility to DE/NL/UK is essential for most.

EU produces 110k+ relevant STEM 
graduates per year: the pipeline exists, but 
applied/engineering translation is the 
bottleneck.

The strongest profile is T-shaped: deep 
quantum physics + one practical 
specialization (sensing, HPC, photonics, 
policy…).

Key takeaway



Build a T-shape Quantum profile
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“Physics PhD” is not a single job category. 
It is a strong core that becomes employable when translated into a sector-specific capability.



And do not forget that
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Mobility matters!



www.nccr-spin.ch

Moth 
Quantum

New industry collaborations
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NCCR SPIN



Mobility grants

Senior researchers, Postdocs, PhD and Master’s students
Academic and industry

QuantArt
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mobility



Quantum Academy
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Over 70 partners



Thank you 
for your attention

Maria Longobardi
Maria.longobardi@unibas.ch
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