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Qubit

!"𝑍! = ⟩|1

⟩|𝑍" = ⟩|0

!"𝑋! = ⟩|0 ⟩+|1

!"𝑌! = ⟩|0 ⟩+𝑖 |1

⟩|𝑆 = 𝑎	 ⟩|0  + b ⟩|1

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆 = 0 = 𝑎 +

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆 = 1 = 𝑏 +
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State superposition

𝜓 = 𝑐𝑜𝑠
𝜃
2
0 + sin

𝜃
2
𝑒!"|1⟩



Entanglement
2 atoms with total spin zero

+

⟩|𝑆 = ⟩|0,1  + ⟩|1,0
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+

+

Atom 1

Atom 2

Alice
Bob

Alain Aspect, John F. Clauser e Anton Zeilinger

𝑃𝑟𝑜𝑏 𝐴𝑙𝑖𝑐𝑒 𝛼 = 1; 𝐵𝑜𝑏 𝛽 = 1 ≤ 𝑃𝑟𝑜𝑏 𝐴𝑙𝑖𝑐𝑒 𝛼 = 1; 𝐵𝑜𝑏 𝛾 = 1 + 𝑃𝑟𝑜𝑏(𝐴𝑙𝑖𝑐𝑒 𝛾 = 1; 𝐵𝑜𝑏 𝛽 = 1)

EPR

For a “classical state” the Bell inequality holds:

a

b

g



Quantum SimulationQuantum Sensing

Quantum Cryptography
Quantum 
Computing
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Quantum 
Computing
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Computational Complexity
Minimum resources needed to perform a given computation 

2n 
numbers

n=4 
bits

0 0000

1 0001

2 0010

3 0011

4 0100

5 0101

… …

𝑓 𝑥 = 0 𝑓𝑜𝑟 𝑥 ≠ 𝑥"
𝑓 𝑥" = 1

Find x such that f(x)=1

A classical computer must compute f(x) for all the N=2n  values of x 
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Grover Algorithm

(      +      ) (      +      ) (      +      ) (      +      )⟩|𝑆  = = ⟩|0 + ⟩|1 + ⟩|2 + ⟩|3 + ⟩|4 + ⟩|5 +…

Exploits the uniform superpositions of all the states

𝑎" ⟩|0 + ⟩𝑎#|1 + 𝑎$ ⟩|2 + ⟩𝑎%|3 + …

1. Acts in parallel on all the configurations
2. Amplifies the probability of measuring the configuration corresponding to the correct answer 
3. Requires N1/2 operations
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Grover Algorithm

⟩|𝑆 = ⟩|0 + ⟩|1 + ⟩|2 + ⋯+ ⟩|7 / 8

8

Example of one iteration of GA with 3 qubits for w=1:

𝑈/0 = 𝑈1𝑈2

𝑈6| ⟩𝑥 = −1 7 8 | ⟩𝑥

𝑈9 = 2 ⟩𝑆 ⟨𝑆 − 𝐼

𝑓 𝑥 = 𝜔 = 1 and 0 otherwise

Grover Algorithm obtained by performing the 
rotation UGA many times 
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1
8
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8 −

1
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Example of one iteration of GA with 3 qubits for w=1:

𝑈/0 = 𝑈1𝑈2

𝑈6| ⟩𝑥 = −1 7 8 | ⟩𝑥

𝑈9 = 2 ⟩𝑆 ⟨𝑆 − 𝐼

𝑓 𝑥 = 𝜔 = 1 and 0 otherwise

𝑈&'| ⟩𝑆 = 𝑈(
#
)

⟩|0 − ⟩|1 + ⟩|2 + ⋯ = $
)

⟩|0 + ⟩|1 + ⋯ *
)
− #

)
⟩|0 − ⟩|1 + ⋯ = #

$ )
⟩|0 + ⟩5|1 + ⟩|2 + ⋯

Grover Algorithm obtained by performing the 
rotation UGA many times 

⟩𝑈!|𝑆 = ⟩|0 − ⟩|1 + ⟩|2 + ⋯+ ⟩|7 / 8

Probability = 25/32



Many Body Problems
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Qubits in Superconducting Circuits
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Harmonic Oscillator 

Classical Mechanics 

U(x)

x

𝐸 =
𝑝5

2𝑚
+
1
2
𝑘𝑥5

𝜔 =
𝑘
𝑚
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Harmonic Oscillator 

Quantum Mechanics 

𝐸BCD − 𝐸B = ℏ𝜔

𝜓(𝑥)𝜔 =
𝑘
𝑚

Δ𝑥" =
ℏ

2𝑚𝜔

Δ𝑝" =
ℏ𝑚𝜔
2

Δ𝑥+ Δ𝑝+ =
ℏ
2

Quantum Fluctuations

𝑘 = 20 𝑘𝑁
𝑚 = 1 𝑔

𝜔 = 2𝜋×700 𝐻𝑧
Δ𝑥# = 3×10$%&𝑚
Δ𝑝# = 10$%'𝐾𝑔 𝑚/𝑠

ℏ = 1.054572×10$()𝐽𝑠

𝐸 =
𝑝5

2𝑚
+
1
2
𝑘𝑥5
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LC Oscilaltor

𝐸 =
𝑄5

2𝐶
+
Φ5

2𝐿

Φ = 𝐿𝐼

𝜔 =
1
𝐿𝐶

𝑄 ↔ 𝑝
Φ ↔ 𝑥
𝐶
𝐿

↔
↔

𝑚
1/𝑘

ΔΦ" =
ℏ
2𝐶𝜔

Δ𝑄" =
ℏ𝐶𝜔
2

𝐿 = 10 𝑛𝐻
𝐶 = 100 𝑓𝐹

𝜔 = 2𝜋×5 𝐺𝐻𝑧
ΔI# = 10 𝑛𝐴
Δ𝑄# ∼ 2 𝑒

ΔI" = ΔΦ" /𝐿" =
ℏ𝜔
2𝐿

Quantum Fluctuations
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Quantum LC Oscillator
To obtain a Quantum LC Oscillator we need:

1. Negligible thermal fluctuations: 𝑘+𝑇 ≪ ℏ𝜔
2. Negligible losses: 𝑄 ≫ 1

Quantum Fluctuations in Electrical Circuits M Devoret Les Houches 1995

Operate in a dilution refrigerator 𝑇 ≪ 1𝐾 Use Superconducting Circuits R=0
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A Quantum LC is not a Qubit
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Anharmonic Oscillator

𝐸,!# − 𝐸, < 𝐸, − 𝐸,-#

𝜃

𝐸 =
𝑝$

2𝑚
−𝑚𝑔𝑙 𝑐𝑜𝑠𝜃

𝑐𝑜𝑠𝜃 ≈ 1 −
𝜃$

2

𝐸 ≈
𝑝$

2𝑚 +𝑚𝑔𝑙
𝜃$

2

For small angles:
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Anharmonic Oscillator
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𝐸,!# − 𝐸, < 𝐸, − 𝐸,-#

𝜔"#

𝜔"#



The Josephson Junction

Insulating
barrier

' = 'R � 'L

I = Ic sin'

V =
~
2e

d'

dt

FIB image of a JJ fabricated at FBK
In a SIS junction, Cooper pairs cross 
the insulating barrier by tunnel effect.

Phase difference 

Voltage across the junction

Tunneling current
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The Superconducting Qubit

JJCS

𝑊. = W𝑑𝑡 𝑉 𝐼 = −𝐸.𝑐𝑜𝑠2𝜋𝜙/𝜙"

𝑊/ =
𝑄$

2𝐶

Charging energy

Inductive energy

𝐸 =
𝑄$

2𝐶
− 𝐸.𝑐𝑜𝑠2𝜋𝜙/𝜙"

𝑄 ↔ 𝑝
2𝜋𝜙/𝜙# ↔ 𝜃

𝐶
𝐿

↔
↔

𝑚
𝑙/𝑚𝑔

0

1

𝐸. =
𝜙"𝐼/
2𝜋

𝜙* = 2.068×10$%+𝑊𝑏

𝐸/ =
𝑒$

2𝐶

𝐸,!# − 𝐸, = 𝐸, − 𝐸,-# − 𝐸/

Anharmonicity

J Koch Phys. Rev. A 76 042319 (2007) 

𝐿. =
𝜙"
2𝜋𝐼/
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The Superconducting Qubit

Qubit designed within the QubIT-INFN project and fabricated at NIST (thanks in particular to D. La Branca PhD Uni MiB and H. Corti PhD Uni Fi)
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The Tunable Qubit

𝜙0 − 𝜙1 = Φ 𝐵

Feynman Lectures on Physics
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The Tunable Qubit

Flux bias line
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Rabi Oscillations

𝑃 1 = cos$ Ω1234𝑡/2

J J Sakurai “Modern Quantum Mechanics”

Ω1234 = 2𝑔"# 𝑛56787,9 + 1
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Qubit Control

JJ

CS

Control line

Tunable qubit

Naghiloo arxiv:1904.09291

𝑔"# ∝
𝐶/

𝐶( + 𝐶/
Ω1234 = 2𝑔"# 𝑛56787,9 + 1

CC

Flux bias line
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Qubit Coupled to a Resonator
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Qubit Coupled to a Resonator

N photons

N-1 photons

⟩|𝑁, ↑ ⟩|𝑁 − 1, ↓
The number of excitations “n” is conserved
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Qubit Coupled to a Resonator

⟩+, 𝑛 = 𝑐𝑜𝑠𝜃B ⟩𝑛, ↓ + 𝑠𝑖𝑛𝜃B| ⟩𝑛 + 1, ↑
⟩−, 𝑛 = −𝑠𝑖𝑛𝜃B ⟩𝑛, ↓ + 𝑐𝑜𝑠𝜃B| ⟩𝑛 + 1, ↑

The physical states are superpositions of states 
with equal number of excitations “n”:

Phys. Rev. A 69, 062320
30



Qubit Coupled to a Resonator - Dispersive Limit

The emission spectrum of the spin-resonator system is modified by the interaction.

In particular, in the dispersive limit: :!"
;#-;$

≪ 1

ℏ𝜔k,m = ℏ𝜔k −
ℏ𝑔mD+

𝜔n −𝜔k

ℏ𝜔k,D = ℏ𝜔k +
ℏ𝑔mD+

𝜔n −𝜔k

A. Blais et al., Phys. Rev. A 69, 062320 (2004) 
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Qubit Readout

Naghiloo arxiv:1904.09291
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Qubit Coupled to a Resonator

Tunable qubit

resonator

Control line

Flux bias line

Cs

Cc
Cg
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Qubit in a 3D Resonator

JJCS
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Qubit in a 3D Resonator
T=10 mK 

35



RF

TRG 
in

TRG 
out

Wave Func.
Gen.

300 K

4 K

600 mK

10 mK

50 mK

Line 1 Line 5

At
t.

-3
0 

db

4-12 GHz

4-16 GHz

FET
+35 db

HE
M

T
+3

6 d
b

IR FilterHiPass 
4GHz

IR Filter

Cavity + qubit

At
t.

-2
0 

db

8-12 GHzFET
+30 db

Splitter

Va
ria

bl
e 

At
t.

DAQ

I
QLO

CombinerRF

I

LO

Q
50W

50W

50W

Experimental Setup
Qubit Control

Qubit Readout

36



RF

TRG 
in

TRG 
out

Wave Func.
Gen.

300 K

4 K

600 mK

10 mK

50 mK

Line 1 Line 5

At
t.

-3
0 

db

4-12 GHz

4-16 GHz

FET
+35 db

HE
M

T
+3

6 d
b

IR FilterHiPass 
4GHz

IR Filter

Cavity + qubit

At
t.

-2
0 

db

8-12 GHzFET
+30 db

Splitter

Va
ria

bl
e 

At
t.

DAQ

I
QLO

CombinerRF

I

LO

Q
50W

50W

50W

Experimental Setup
Qubit Control

Qubit Readout

37



RF

TRG 
in

TRG 
out

Wave Func.
Gen.

300 K

4 K

600 mK

10 mK

50 mK

Line 1 Line 5

At
t.

-3
0 

db

4-12 GHz

4-16 GHz

FET
+35 db

HE
M

T
+3

6 d
b

IR FilterHiPass 
4GHz

IR Filter

Cavity + qubit

At
t.

-2
0 

db

8-12 GHzFET
+30 db

Splitter

Va
ria

bl
e 

At
t.

DAQ

I
QLO

CombinerRF

I

LO

Q
50W

50W

50W

Experimental Setup
Qubit Control

Qubit Readout

v

38



Qubit Characterization

Rabi oscillations

Qubit lifetime measurement

Ramsey Spectroscopy 
and 

T2 measurement

Appl. Sci. 2024, 14(4), 1478 39



Quantum Sensing
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Axion Dark Matter 

Resonant cavity

2 piezo motors

Antenna

Undercoupled antenna

Tuner

Mu metal + Al Shield 

Circulator

Mixing Chamber plate

HEMT 
amplifier

SC coax cable

Cryo switch
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Quantum Sensing with SC Qubits

0 à 0 

2 à 2 

𝜔′n = 𝜔n + 2𝑛o𝜒
2c

Two tones spectroscopy on 3D qubit

Photon number in resonator
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Quantum Sensing with SC Qubits

𝑖ℏ
𝜕𝜓
𝜕𝑡

= 𝐻pBq𝜓

𝜓 = |0⟩ 𝜓 = |0⟩

𝐻pBq = 0

Wait for a time t

𝜓 = 0 + |1⟩ 𝜓 = 0 + |1⟩
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Quantum Sensing with SC Qubits

𝑖ℏ
𝜕𝜓
𝜕𝑡

= 𝐻pBq𝜓

𝜓 = |0⟩ 𝜓 = |1⟩

𝐻pBq ≠ 0

Wait for a time t

𝜓 = 0 + |1⟩ 𝜓 = 0 − |1⟩
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Quantum Sensing with Error Correction

𝑖ℏ
𝜕𝜓
𝜕𝑡

= 𝐻pBq𝜓

𝜓 = 0 ×|0⟩

𝐻pBq ≠ 0

Wait for a time t

𝜓 = ( 0 + 1 )×( 0 + 1 ) 𝜓 = ( 0 − 1 )×( 0 − 1 ) 𝜓 = 1 ×|1⟩
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ub-IT

QubIT INFN CSNV Project
Superconducting qubits and JPA amplifiers for quantum sensing and computing
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Design of 2D and 3D Superconducting Qubits

2D Qubits

3D Qubits

1) Connect physical elements (C, L, Ic, Z0)  to 
quantum-circuit properties (lifetime, frequency, 
couplings)

2) Design of circuit with 
first estimate of circuit 
element values

3) Layout realization, E.M. simulation 
and design optimization.

4) Evolution of quantum 
Hamiltonian based on circuit 
parameters 
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iSWAP Gate
Thanks to Alex Piedjou PostDoc at LNF
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Qubit Control with RFSoC
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3D Cavity Fabrication

Mechanical 
machining

Vibro-tumbling Electropolishing
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Manufactoring of 3D qubits 
with circular pads at CNR

• Aluminum JJ with area approx. 
200 x  350 nm

r0

d1
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The End
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