


Qubit
Z0)) a4
Z7)=10)  @p

State superposition

IS =a |0)+b |1)

Probability (S = 0) = |al?
Probability (S = 1) = |b|?

Y *)=[0)+i |1)



(SN

W)Y

,-\
>

Entanglement

2 atoms with total spin zero

5 =10,1) +]1,0)

EPR
+ @) Alain Aspect, John F. Clauser e Anton Zeilinger
AR i :

For a “classical state” the Bell inequality holds:

Prob(Alice « = 1; Bob 8 = 1) < Prob(Alice « = 1; Boby = 1) + Prob(Alicey = 1; Bob f = 1)



Quantum Sensing

Quantum
Computing







Computational Complexity

Minimum resources needed to perform a given computation

Zn

numbers

0
1
2
3
4
5

n=4
bits

0000
0001
0010
0011
0100
0101

f(x) =0 forx # x,
flxg) =1

Find x such that f(x)=1

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



Grover Algorithm

Exploits the uniform superpositions of all the states
|S) = (dp +4p ) (P +4p) (dp +4p) (4P +4P) = 10) + 1) +|2) + I3) + [4) + |5) +...

1. Actsin parallel on all the configurations
2. Amplifies the probability of measuring the configuration corresponding to the correct answer
3. Requires N¥/2 operations

aogl0) + a.|1) + a, |2) + a3|3) + ...

Probability Probability Probability Probability

0,5
0,4
03
0,2
0,1
0 — — — — —
0 1 4 5



Grover Algorithm

Ua) |x> — (_1)f(x) |x> Grover Algorithm obtained by performing the

rotation Ug, many times
f(x == (l)) == 1 and O OtherWise ﬁ

Us = 215) (S| — 1 Ve = Usle

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

1Sy = ([0) + 1) + [2) + -+ |7))/V8




Grover Algorithm

Ua) |x> — (_1)f(x) |x> Grover Algorithm obtained by performing the

rotation Ug, many times
f(x == (l)) == 1 and O OtherWise ﬁ

Us = 215) (S| — 1 Ve = Usle

Example of one iteration of GA with 3 qubits for m=1:
1Sy = (10) + |1) + [2) + -+ [7))/V8

Uy,lS) = (10) = |1) + [2) + -+ |7))/V8




Grover Algorithm

Ua) |x> — (_1)f(x) |x> Grover Algorithm obtained by performing the

rotation Ug, many times
f(x == (l)) == 1 and O OtherWise ﬁ

Us = 215)(SI -1 “ea = Uslo

Example of one iteration of GA with 3 qubits for m=1:
1Sy = (10) + |1) + [2) + -+ [7))/V8

Uy,lS) = (10) = |1) + [2) + -+ |7))/V8

1 2 6 1
UgalS) = Us ﬁ(lm — D+ 2+ ) = ﬁ(lm +11) + '")5 —E(IO) — | +-)

10




Grover Algorithm

Ua) |x> — (_1)f(x) |x> Grover Algorithm obtained by performing the

rotation Ug, many times
f(x == (l)) == 1 and O OtherWise ﬁ

U-, =UU
Us = 2 |S)(S| -1 wAT T
Example of one iteration of GA with 3 qubits for m=1:
1S) = (10) + 1) + [2) + -+ |7))/V8 Probability = 25/32
UulS) = (10) = 1) + [2) + -+ [7))/V8 l

UgalS) = Us = (10) = 1) + [2) + -+ ) == (10) + 11) + )7 == (10) = [1) + )= 7= (10) + 5[1) + [2) + )

11



Many Body Problems

) Age of the Universe
Classical J

Computing

()
£
l_

[
O
4=
LY

)
o

©

O

Number of Atoms
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Quantum computing and condensed matter physics with microwave photons
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Harmonic Oscillator

U(x) .

\/

Classical Mechanics

14



Harmonic Oscillator

Quantum Fluctuations

h
(Ax?) = o—
2mawo
hmao
(8p?) = ——

Ept1 — Enp = hw

h(x)

BB = 5

Quantum Mechanics

h = 1.054572x1073%Js

k =20kN
m=1g
w = 2nXx700 Hz
(Ax2) = 3x10718m

(Ap?) =10"YKgm/s




LC Oscilaltor

b o Quantum Fluctuations
# L =10nH
Q o D +0 (AD?) = —— C =100 fF
—— 2Cw w = 2mx5 GHz
b o X L C 1% (202) hCw (AI2) = 10 nA
C < m - - (AQ2) ~ 2¢
L o 1/k ¢ > 22 ,  hw
(AIF) = (A®%)/L = ——
\Y
02 @2 b= {l‘l



Quantum LC Oscillator

To obtain a Quantum LC Oscillator we need:
1. Negligible thermal fluctuations: kT < hw
2. Negligible losses: Q > 1

Operate in a dilution refrigerator T < 1K Use Superconducting Circuits R=0

Quantum Fluctuations in Electrical Circuits M Devoret Les Houches 1995

17



A Quantum LC is not a Qubit




Anharmonic Oscillator

2

p

E =_——mglcosO Enoqi —E, <E,—E,_4
2m
92
For small angles: cosf =~ 1 — >

19



Anharmonic Oscillator

Eny1 —En <Ep—En

20



The Josephson Junction

Insulating
barrier

In a SIS junction, Cooper pairs cross

the insulating barrier by tunnel effect.

Tunneling current
I =1 sinyp

Voltage across the junction

_ hodyp
e dt
Phase difference
Y =%YRrR — YL

SUPERCONDUCTING

TOP ELECTRODE
SUPERCONDUCTING

BOTTOM
ELECTRODE

a)

\TUNNEL OXIDE

b) * |:> |0)

o

/] 80.9 kx 511 pm

In-Beam SE UH-RESOLUTION

FIB image of a JJ fabricated at FBK

21



The Superconducting Qubit

Cs _ )
—
Q © p
2np /Py 0
C I m
L o l/mg

bo = 2.068x10"15Wh

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

Charging energy

QZ
- 2C 1
Inductive energy

We

w; =fdtVI = —Ejcos2nep /¢y

) Eni1 —En=E, —En_4— E¢

E = S_C — E;cos2ndp /g
Anharmonicit
bolc P y
E; = L

27'[ B ZTCIC E . 82
c ===
2C

22



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)

23



The Tunable Qubi

~ measured Ig

60
50

0
®/D)

\
AQ
-/
S
[l
a4
<
_
~
<
1 d -y
O \.W\ i Ve 7 7 7 7
L i Mo
=1 . DUDU T R <
/o O
m \% \\W \J/I
-_—V \M\\\ ) “\\\\v\\\\* pUv
\[ 4 A =
O LD
— m—
*\\ \\\ \\\\. C
1 s o a
i 2 R
PITWNW\\\ w\\\\\\\\\\\ oy \ M\\\\\“l\w
O \\ “ s
0 /
-

Feynman Lectures on Physics
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The Tunable Qubit




Rabi Oscillations

ey ()12 Ica(t)I?
P(1) = cos*(Qgrapit/2) =~ '/

QRrapi = 2901\/nphotons +1 .

nh n
/2y "1y 2y

L -
- v > o8

Absorption Emission Absorption

J J Sakurai “Modern Quantum Mechanics” 26



Cc
| | a S S
| T o TrE

Cs _ Eﬂ JJ WWVWWWU ELoQ RF[]

E B B E B B q
EDG
E B = —, E = B

Tr Q
Ir =
Control line | { - c
Satelat SRR z
R — —— /:rﬁ ”7‘ AR ‘—‘ [—J D Cl)q T
. IS WY eoEen—— e 1~ - - - |-
. . _ | 2 - B = Q - |
b Tuna%ole qubit ~  JJ s = = >u< - @ y X
" : | T e

J

E B B “\ Flux bias line

Naghiloo arxiv:1904.09291



Qubit Coupled to a Resonator

28



Qubit Coupled to a Resonator

Mﬂi\"“ o (o

N photons

N-1 photons

IN,T) [N —1,1)

The number of excitations “n” is conserved



Qubit Coupled to a Resonator

The physical states are superpositions of states

. .,

with equal number of excitations “n”:

|+,n) = cosO,n, )+ sinf,|n+1,T)
|—,n) = —sinf,|n, ) + cosf,|n+ 1,T)

a)
O, ;
Y ttransn
b) o =Q c) or=Q-A
20T —
B) 2)
) —— —_—)
N—— = — )
) e
1) V)

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:

Jo1
(l)q_(l)r

<1

h 2
a)q — Wy
h 2
oy, = hay, + —228
a)q — Wy

Transmission (arb. units)

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

=
2g2/A

A

1) )

() T
OWr-g%A O+ g?/A
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Qubit Readout

cos(o t +¢,) | oc cos(d, - )
- [\4n
AAAAAAAAAAAAANNAAAAANANANANANANAAANNDN AL
ATV A ARV A A A A A A A A A A A A A A A A A ARV AT ATAAY ‘l;q. b A
. AAAVA
Readour fime f— LR aeesinto,-0,)
cos(o .t +¢,) -
Q
Sin(§ )~ f-=mnnnn--

10mK

\

Qubit-state-dependent

phase shift COS(¢Q)~1

Transmission (arb. units)

®

T T
Or-g¥A o +g?A

Naghiloo arxiv:1904.09291
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Qubit in a 3D Resonator

Technology
Innovation
Institute

2 (mm)

34



Qubit in a 3D Resonator

35



Wa

Experimental

ve Func.
Gen.

DAQ

300K

Line 1 Line 5

\) 50Q

e T

& 2| 4
600 mK LJ Eﬂ 4-16 GHz
50 mK
10 mK

HiPass
4GHz

Cavity + qubit

Setup

Qubit Control

a ---->|—I:——--Tn/2
O
AN S

cos(o,t +¢,)

Qubit-state-dependent

sin(9g)~0,

I cos(¢, - ;)

VAR

Qe sin(cbq - ¢0)

Q

cos(¢q)~1




Experimental

Wave Func.
Gen.

DAQ

Setup

a

Qubit Control

== T2
o I
AN S
Q
I

300K

Line 1 Line 5

\) 50Q

4K |_§§| % §

& 2| 4
600 mK LJ Eﬂ 4-16 GHz
50 mK
10 mK

HiPass
4GHz

Cavity + qubit

cos(o,t +¢,)

Qubit-state-dependent

SiN(Gg)~ g f-==-== == v

I cos(¢, - ;)

Qe sin(¢q- ¢0)

Q

cos(¢q)~1




Experimental Setup

Wave Func.
Gen.

e @
in

TRG

>
out
RF Combiner

E-]
<

DAQ

Lo Q

8-12 GHz
ET\ 4-12 GHz
4

300K

Line 1 Line 5

\) 50Q

e T

& 2| 4
600 mK LJ Eﬂ 4-16 GHz
50 mK
10 mK

HiPass
4GHz

Cavity + qubit

Qubit Control
a ----:I—Ii--TﬂIZ
O
WWVWVWW OLOXRE
Q

Qubit Readout

cos(ot +d,) < cos(¢, - )

VAR

Qe sin(cbq - ¢0)

Q

SiN(Gg)~ g f-==-== == v

cos(¢q)~1

Q Qubit-state-dependent
I phase shift




Qubit Characterization

Rabi oscillations . Readout A
t
T . A
Qubit lifetime measurement 2 PN Readout L
>
Ramsey Spectroscopy

At 0.6
pe g LA N g u Readout L o

T2 measurement

\ 4

2 3
At [us]

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






Axion Dark Matter

\.‘

Circulator™i ¢

/ \ Signal
Resonant » Detector

Mu metal + Al Shield ;

|
2 piezo motors -

e cavity 3 " Photon frequency
Magnetic - ; (e axion mass)
field )y Photon -

0 2
Axion™~_ =) 2
Virtual <

Resonan
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Quantum Sensing with SC Qubits

Two tones spectroscopy on 3D qubit

c) o =0-A —20- W
—_— —22 ﬁ ﬂ
...... : I
I3) 222 ) —24
= —261
3 )5
(-:}-28'
Vp) -
30 N=1.8+0.1 0“ |
2y,
-32 |‘ (\ |0)
34 12) [11)
Photon number in resonator 6.34 6.36 6.38 6.40 6.42 6.44

Voubit [GHZ]



Quantum Sensing with SC Qubits

) = 10) ) =10) + 1) ) = 10) + |1) 1Y) = 10)

Wait for atime t

Hine =0
0y
lh% = Hint Y



Quantum Sensing with SC Qubits

) = 10) ) =10) + 1) ) = 10) — |1)

Wait for atime t

Hine # 0
0y
lh% = Hipe

|

) = 11)
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Quantum Sensing with Error Correction

1

W) = 10)x[0) [y = (10) + [1))x([0) + [1)) 1) = (10) = [1Nx(10) — [1))  [¥) = [1)X]1)

Wait for a time t
___________________________________________________________________ >
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Design of 2D and 3D Superconducting Qubits

2D Qubits

3D Qubits

Circuit Modeling

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

couplings)
From HFSS simulation
/' hw, = J8EcEj—Ec
g :2e-deff i(Ej X7
o h ° 2 ‘8Ec
/ I E _e
‘=2
| Awy ;o Je@®IE@|PF 1
Bo= J2ew V = (O TZV“W‘”

For TE;1 mode

Ce

Circuit Design

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

F=6.57 GHz
Cooe= 100 fF

L ==

—
500 um

Prin=(1.22¢-4) [arb. U]

Electromagnetic
Simulations

Quantum Simulation /

3) Layout realization, E.M. simulation

and design optimization.

E Field [Vim]

Ansys
gk

4) Evolution of quantum
Hamiltonian based on circuit
parameters
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10

0.5

0.0

=05

-1.0

—1.5

-2.0

=2.5

s : quantum device T
Q'Sklt design — [ [}

HFSS

2 4 (mm)

T

100

150

200
Time (ns)

250

300

350

ISWAP Gate

Thanks to Alex Piedjou PostDoc at LNF




Qubit Control with RFSoC

(a)

Quantum
algorithms

Control
software

Control
electronics

Microwave signal
processing

Cryogenics and
interconnects

Device

AVeeemewwic .~ ©
\= ce=a |

QICK
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3D Cavity Fabrication

Stepmotor

Anti-vibrants

o

Mechanical
ec ?”.'Ca Vibro-tumbling
machining

INFN

LNL

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Legnaro
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EHT = 500 kV Signal A= InLens  StageatT= 0.0° 4 Oct2023
WD = 3.9 mm Mag= 42X 15.07:11

e Aluminum JJ with area approx.
200 x 350 nm

Manufactoring of 3D qubits
with circular pads at CNR
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