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"Potenza e stranezza del mondo quantistico"
di Serge Haroche, Premio Nobel per la Fisica 2012
La teoria quantistica è probabilmente il più potente risultato della
mente umana. Getta luce sulle leggi della natura, da quelle che
spiegano il mondo microscopico a quelle che governano
l'evoluzione dell'Universo nel suo complesso. 

La fisica quantistica sembra strana perché le sue leggi sono
contro la nostra visione intuitiva della realtà derivante dalla
nostra visione macroscopica del mondo classico. 

I progressi della tecnologia hanno resi reali gli esperimenti che
prevedono la manipolazione di sistemi quantistici aprendo quindi
la strada per il controllo delle stranezze quantistiche. 



Come attraversare una barriera-considerazioni energetiche

𝑝!

2𝑚 + 𝑈 = 𝐸

Esempi di stranezze quantistiche: effetto tunnel per un elettrone



Pillole di meccanica quantistica
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2003 Si transistor 
(0.13 µm)
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Richard Feynman (1982): Nature isn’t classical, and if you want to make a 
simulation of nature, you’d better make it quantum mechanical, and it’s a 

wonderful problem, because it doesn’t look so easy!

. 

Why quantum computers?
International Journal of Theoretical Physics, VoL 21, Nos. 6/7, 1982 

Simulating Physics with Computers 
Richard P. Feynman 
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1. INTRODUCTION 

On the program it says this is a keynote speech--and I don't  know 
what a keynote speech is. I do not intend in any way to suggest what should 
be in this meeting as a keynote of the subjects or anything like that. I have 
my own things to say and to talk about and there's no implication that 
anybody needs to talk about the same thing or anything like it. So what I 
want to talk about is what Mike Dertouzos suggested that nobody would 
talk about. I want to talk about the problem of simulating physics with 
computers and I mean that in a specific way which I am going to explain. 
The reason for doing this is something that I learned about from Ed 
Fredkin, and my entire interest in the subject has been inspired by him. It 
has to do with learning something about the possibilities of computers, and 
also something about possibilities in physics. If we suppose that we know all 
the physical laws perfectly, of course we don't  have to pay any attention to 
computers. It's interesting anyway to entertain oneself with the idea that 
we've got something to learn about physical laws; and if I take a relaxed 
view here (after all I 'm here and not at home) I'll admit that we don't  
understand everything. 

The first question is, What kind of computer are we going to use to 
simulate physics? Computer theory has been developed to a point where it 
realizes that it doesn't make any difference; when you get to a universal 
computer, it doesn't matter how it's manufactured, how it's actually made. 
Therefore my question is, Can physics be simulated by a universal com- 
puter? I would like to have the elements of this computer locally intercon- 
nected, and therefore sort of think about cellular automata as an example 
(but I don't  want to force it). But I do want something involved with the 
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locality of interaction. I would not like to think of a very enormous 
computer with arbitrary interconnections throughout the entire thing. 

Now, what kind of physics are we going to imitate? First, I am going to 
describe the possibility of simulating physics in the classical approximation, 
a thing which is usuaUy described by local differential equations. But the 
physical world is quantum mechanical, and therefore the proper problem is 
the simulation of quantum physics--which is what I really want to talk 
about, but I'U come to that later. So what kind of simulation do I mean? 
There is, of course, a kind of approximate simulation in which you design 
numerical algorithms for differential equations, and then use the computer 
to compute these algorithms and get an approximate view of what ph2csics 
ought to do. That's an interesting subject, but is not what I want to talk 
about. I want to talk about the possibility that there is to be an exact 
simulation, that the computer will do exactly the same as nature. If this is to 
be proved and the type of computer is as I've already explained, then it's 
going to be necessary that everything that happens in a finite volume of 
space and time would have to be exactly analyzable with a finite number of 
logical operations. The present theory of physics is not that way, apparently. 
It allows space to go down into infinitesimal distances, wavelengths to  get 
infinitely great, terms to be summed in infinite order, and so forth; and 
therefore, if this proposition is right, physical law is wrong. 

So good, we already have a suggestion of how we might modify 
physical law, and that is the kind of reason why I like to study this sort of 
problem. To take an example, we might change the idea that space is 
continuous to the idea that space perhaps is a simple lattice and everything 
is discrete (so that we can put it into a finite number of digits) and that time 
jumps discontinuously. Now let's see what kind of a physical world it would 
be or what kind of problem of computation we would have. For example, 
the first difficulty that would come out is that the speed of light would 
depend slightly on the direction, and there might be other anisotropies in 
the physics that we could detect experimentally. They might be very small 
anisotropies. Physical knowledge is of course always incomplete, and you 
can always say we'll try to design something which beats experiment a t  the 
present time, but which predicts anistropies on some scale to be found later. 
That's fine. That would be good physics if you could predict something 
consistent with all the known facts and suggest some new fact that we didn't  
explain, but I have no specific examples. So I'm not objecting to the fact 
that it's anistropic in principle, it's a question of how anistropic. If you  tell 
me it's so-and-so anistropic, I'll tell you about the experiment with the 
lithium atom which shows that the anistropy is less than that much, and 
that this here theory of yours is impossible. 

Premio Nobel per la fisica nel 1965 per 
l'elaborazione  dell'elettrodinamica 
quantistica. Feynman viene considerato un 
pioniere del campo del computer quantistico 
e gli è attribuita  l'introduzione del concetto 
della nanotecnologia. 



Il Nobel per la Fisica 2022 agli studi sui 
fenomeni quantistici

Alain Aspect, John F. Clauser e Anton 
Zeilinger hanno vinto il Nobel per la 
Fisica 2022 per i loro studi nella
scienza dell'informazione quantistica.



200 secondi invece di 104 anni !!!!!!!!!!!



Pillole di meccanica classica
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Pillole di meccanica classica

𝑑!𝑥
𝑑𝑡! + 𝜔

!𝑥 = 0

𝜔! =
𝑘
𝑚

Oscillatore armonico ….per esempio

𝑚
𝑑!𝑥
𝑑𝑡! = −𝑘𝑥

𝑥 𝑡 = 𝐴 cos(⍵𝑡 + 𝜙)



𝑝⃗ = 𝑚 𝑣⃗ = 𝑐𝑜𝑠𝑡𝑎𝑛𝑡𝑒 𝐿 = 𝑚𝑟× 𝑣⃗ = 𝑐𝑜𝑠𝑡𝑎𝑛𝑡𝑒
per esempio forze centrali

𝐸 =
1
2
𝑚𝑣! + 𝐸" =

𝑐𝑜𝑠𝑡𝑎𝑛𝑡𝑒

Traduciamo tutto in energia incluso gli urti e usiamo leggi di 
conservazione dove possibile 

quantità moto momento angolare energia  ….



𝐹⃗ =
𝑘𝑄𝑞
𝑟! 𝑟̂

Pillole di elettromagnetismo
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Pillole di elettromagnetismo
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Pillole di elettromagnetismo
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𝑑!𝑞
𝑑𝑡! + 𝜔
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𝐿
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1
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Pillole di elettromagnetismo
Circuito LC … ancora 
«oscillatore armonico»

q 𝑡 = 𝐴 cos(⍵𝑡 + 𝜙)



Teoria cinetica dei gas

La teoria di Maxwell è basata su medie 
statistiche per valutare se proprietà 
macroscopiche misurabili in laboratorio 
possano essere descritte da un modello 
microscopico applicato ad un gas formato da 
molecole. 

Boltzmann presentò una legge generale per la 
distribuzione di probabilità, applicabile ad un 
insieme di entità  con libertà di movimento, indipendenti fra 
loro ed interagenti in maniera casuale.  Formalizzò il principio 
di equipartizione dell’energia, distribuita uniformemente fra 
tutti i livelli di libertà all’equilibrio termico. 

Interpretazione della seconda legge della termodinamica: 
quando l’energia in un sistema è degradata, gli atomi 
diventano più disordinati, l’entropia S aumenta e la misura del 
disordine può essere formulata. La probabilità è definita come 
il numero di modi nei quali il sistema può essere assemblato 
sulla basi dei suoi costituenti (atomi):
S = kB Log W , dove kB è la costante di Boltzmann e W è la 
probabilità che una particolare configurazione di atomi possa 
essere realizzata. 

Meccanica statistica



Quanti di energia
Nell’ambito del problema dello spettro di emissione del 
corpo nero, Planck postulò che un oscillatore non può 
assorbire ed emettere energia in maniera continua, ma 
deve perdere ed assorbire energia in maniera 
discontinua, in piccole indivisibili e = hn, che Planck 
chiamò quanti di energia (h costante di Planck, n
frequenza).

Cosa non si può non immaginarePillole di meccanica quantistica

ℎ = 6.6×10#$%𝑗𝑜𝑢𝑙𝑒 B 𝑠𝑒𝑐

Costante di Planckℏ =
ℎ
2𝜋



Cosa non si può non immaginarePillole di meccanica quantistica

Onde elettromagnetiche
sono materia => fotoni

per esempio effetto 
fotoelettrico 

𝐸 = ℎ𝜈

ℎ = 6.6×10#$%𝑗𝑜𝑢𝑙𝑒 B 𝑠𝑒𝑐
Costante di Planck



Cosa non si può non immaginarePillole di meccanica quantistica

Onde elettromagnetiche
sono materia => fotoni

per esempio effetto 
fotoelettrico 

La materia è onda; 
associamo l’idea di onda
ad un elettrone

abituiamoci all’idea  che le particelle 
siano delocalizzate 

𝐸 = ℎ𝜈

𝜆 = ℎ/𝑝

ℎ = 6.6×10#$%𝑗𝑜𝑢𝑙𝑒 B 𝑠𝑒𝑐
Costante di Planck



Per capire «quanto siamo quantistici»
Lunghezza d’onda l di De Broglie per una palla da baseball di un 1 kg che si muove ad una velocità  
di 10 m/s

𝜆 = &
'
= &

()
= *.*×-."#$/%01"23"$

- 45×-.(/3"$
=6.6×10"#$m=6.6×10"!$Å

Lunghezza d’onda di un elettrone con energia cinetica K di 100 eV

𝜆 =
ℎ
𝑝
=

ℎ
2𝑚𝐾

=

!.!×$%!"#&'()*+,*-
(/×0.$×$%!"$12×$.!×$%% *3×$%!$%&'()*/*3)$/'

=1.2×106$%m=1.2 Å



Bruxelles conference 1927



Bruxelles conference 1927



Cosa si può e si deve quantificarePillole di meccanica quantistica

Equazione di Schrodinger
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Equazione onda e.m.  in una dimensione



Cosa si può e si deve quantificarePillole di meccanica quantistica

Equazione di Schrodinger
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Cosa si può e si deve quantificarePillole di meccanica quantistica

Equazione di Schrodinger
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𝜓(𝑥, 𝑡) codice quantistico

𝜓(𝑥, 𝑡) ! Born definisce la probabilità di esistenza 
di uno stato come quadrato dell’ampiezza 
normalizzata della funzione d’onda.



Cosa si può e si deve quantificarePillole di meccanica quantistica

Equazione di Schrodinger
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𝜓(𝑥, 𝑡) ! Born definisce la probabilità di esistenza 
di uno stato come quadrato dell’ampiezza 
normalizzata della funzione d’onda.



Definizione dell’incerto «quantistico»Pillole di meccanica quantistica

La probabilità di Born è un nuovo concetto: la probabilità  che un certo stato 
quantistico esista. Non ci sono più risposte esatte. Si parla solo di probabilità.   
Due diversi tipi di probabilità. La teoria classica di Maxwell-Boltzmann aveva introdotto 
coordinate microscopiche nella teoria cinetica dei gas, solo per eliminarle a favore di 
valori medi  basati sulla probabilità  a causa di informazioni che non possono essere 
reperite. Impossibile calcolare i valori esatti per tante particelle. Born ha trovato un modo 
per conciliare particelle e onde introducendo il concetto di probabilità. La funzione d’onda 
ψ determina la probabilità che l’elettrone sia in una specifica/o  posizione/stato. 



Numeri quantici
Dimensione orbita (n), 
forma dell’orbita (l), 
direzione dell’orbita (m) 
e spin

Cosa si può e si deve quantificarePillole di meccanica quantistica

Atomo di idrogeno
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∇!𝜓 𝑟, 𝑡 −
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𝑟
𝜓 𝑟, 𝑡 = 𝐸𝜓 𝑟, 𝑡





Il «prezzo» di essere onda

Y(x)= 𝐴 sin(𝑘1𝑥)
Y 𝑥 = 𝐴 sin(𝑘2𝑥)

……………

Δ𝑘Δ𝑥~1→



Le relazioni di indeterminazione di Heisenberg

Vocabolario dell’incerto
Quantum Classico
Indeterminacy = indeterminazione Indeterminism= indeterminismo
Unpredictability = imprevedibilità

Δ𝑝Δ𝑥~ℎ
Δ𝐸Δ𝑡~ℎ



Oscillatore armonico
Esempio di quantizzazione

Pillole di meccanica quantistica
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Le nuove regole del giocoPillole di meccanica quantistica

Effetto 
tunnel



Pillole di meccanica quantistica nei solidi



Pillole di meccanica quantistica nei solidi

−
ℏ!

2𝑚
𝜕!

𝜕𝑥!
𝜓(𝑥, 𝑡) + 𝑈 𝑥 𝜓 𝑥, 𝑡 = 𝐸𝜓 𝑥, 𝑡 = 𝑖ℏ

𝜕
𝜕𝑡
𝜓(𝑥, 𝑡)U(x)=U(x+a)

a



Onde che viaggiano nei cristalli …. Non a tutte le energie



Il core. E' il circuito integrato (chip) della CPU, 
realizzato con la tecnologia VLSI (Very Large Scale 
Integration). Il circuito integrato è formato da 
migliaia di micro componenti elettronici
(transistor, condensatori, diodi e resistori) 
collegati tra loro. Il core è collocato su una piastra
di un materiale semiconduttore, in genere il 
silicio.

Il principio di un processore 
«classico»



Il transistor,
dispositivo a tre terminali

"TRANSferring" e "resISTOR". 
dicembre del 1947 Bell Labs: Walter 
Brattain, John Bardeen, William Shockley.

Nel 1956, i tre ricercatori furono insigniti 
del premio Nobel per la Fisica, con la 
motivazione «per le ricerche sui 
semiconduttori e per la scoperta dell'effetto 
transistor»

concetto 
di gate

https://it.wikipedia.org/wiki/Transconduttanza
https://it.wikipedia.org/wiki/Resistore
https://it.wikipedia.org/wiki/1947
https://it.wikipedia.org/wiki/Bell_Labs
https://it.wikipedia.org/wiki/Walter_Brattain
https://it.wikipedia.org/wiki/John_Bardeen
https://it.wikipedia.org/wiki/William_Shockley
https://it.wikipedia.org/wiki/Premio_Nobel_per_la_Fisica


Le nuove regole del giocoPillole di meccanica quantistica

Regole di quantizzazione

Principio di indeterminazione,
posizione-quantità di moto, energia-
tempo 

Superconductivity as a macroscopic quantum  
phenomenon 

Macroscopic for superconductivity, flux quantization  or Josephson 
tunneling, in the sense that  we refer to effects arising from the 
coherent superposition  of a large number of microscopic variables 
each governed by quantum mechanics 

€ 

ψ = nSe
iΦ

Non sono tutti elettroni, 
i condensati per esempio 



Sfera di Bloch

Bit classico stato «e» o «g», 
come stare al Polo Nord o al Polo Sud 

Bit quantistico, sovrapposizione di  «e» o «g», 
qualsiasi punto sulla superficie terrestre

Codifica dell’informazione,
elaborazione dell’informazione



Proprietà dei quantum bit

la sovrapposizione di stati (possono essere 
contemporaneamente 0 e 1) grazie alla quale si 
possono fare calcoli paralleli anziché sequenziali 
come avviene oggi con la capacità computazionale 
dei computer “tradizionali”;

l’entanglement, cioè la correlazione (il legame) 
che c’è tra un qubit ed un altro, aspetto molto 
importante perché è da qui che deriva una forte 
accelerazione nel processo di calcolo grazie 
all’influenza che un qubit può produrre su un 
altro anche se distante;



| ⟩0

| ⟩1

The quantum logical
bit: the qubit

Encoding

Encoding

Quantum 2-level 
systems

10!" − 10!#𝑚

GiunzioneJosephson = atomo artificiale 
macroscopico

Fotoni Ioni (o atomi) intrappolatiImplementazione fisica?



Passaggi di stato per esempio cambiando la 
temperatura

acqua=liquido

ghiaccio=solido

vapore =gas



Superconduttività, resistività nulla
Re

sis
ten

za
(W

)

-269 °C
Temperatura (K)





Superconduttività, diamagnetismo perfetto

Per esempio
Levitazione magnetica



Elementi superconduttivi



Composti superconduttivi nel tempo



La teoria BCS, le coppie di Cooper e il ruolo del reticolo

Superconductivity as a macroscopic quantum  
phenomenon 

Macroscopic for superconductivity, flux quantization  or Josephson 
tunneling, in the sense that  we refer to effects arising from the 
coherent superposition  of a large number of microscopic variables 
each governed by quantum mechanics 

€ 

ψ = nSe
iΦ

Formazione coppie di Cooper Condensato di Bose

superconduttore =
atomo macroscopico

Ψ" = Ψ" 𝑒#$&
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macroscopici: tunnel di 
un oggetto macroscopico, 
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Qubits superconduttivi costituiscono atomo artificiale  
costruiti ed ideati artificialmente 
• Lo spettro energetico può essere ingegnerizzato
• Interazioni forti
• Parametri regolabili 
• micro fabbricazione => sistemi scalabili
• Controllati a micro-onde oppure con elettronica 

superconduttiva
• Componenti commercialmente disponibili
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Quantum Gate Array
Il computer quantistico basato su modello Quantum Gate Array (QGA) è caratterizzato dall’esecuzione di operazioni 
sotto forma di porte quantistiche - una sorta di estensione al qubit della progettazione logica dell’elettronica digitale 
classica. A differenza delle porte logiche classiche, che possono essere progettate con un opportuno circuito a 
transistor, le porte quantistiche sono implementate da campi elettromagnetici oscillanti per esempio per i qubit
superconduttivi nella banda delle microonde.
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remains strong, but talent gap
raises concern
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Our latest Quantum Technology Monitor
shows industry interest remains strong,
China is upping its game, and talent
shortages require attention.
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Charge-insensitive qubit design derived from the Cooper pair box
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Short dephasing times pose one of the main challenges in realizing a quantum computer. Different ap-
proaches have been devised to cure this problem for superconducting qubits, a prime example being the
operation of such devices at optimal working points, so-called “sweet spots.” This latter approach led to
significant improvement of T2 times in Cooper pair box qubits #D. Vion et al., Science 296, 886 !2002"$. Here,
we introduce a new type of superconducting qubit called the “transmon.” Unlike the charge qubit, the transmon
is designed to operate in a regime of significantly increased ratio of Josephson energy and charging energy
EJ /EC. The transmon benefits from the fact that its charge dispersion decreases exponentially with EJ /EC,
while its loss in anharmonicity is described by a weak power law. As a result, we predict a drastic reduction in
sensitivity to charge noise relative to the Cooper pair box and an increase in the qubit-photon coupling, while
maintaining sufficient anharmonicity for selective qubit control. Our detailed analysis of the full system shows
that this gain is not compromised by increased noise in other known channels.

DOI: 10.1103/PhysRevA.76.042319 PACS number!s": 03.67.Lx, 74.50.!r, 32.80."t

I. INTRODUCTION

Quantum information processing has emerged as a rich,
exciting field due to both its potential applications in cryp-
tography #1$ and computational speedup #2–4$ and its value
in designing quantum systems that can be used to study fun-
damental physics in previously inaccessible regimes of pa-
rameter space. A promising physical paradigm for quantum
computers is the superconducting Josephson junction qubit
#5–7$, which is classified into three types according to their
relevant degree of freedom: charge #8,9$, flux #10,11$, and
phase #12$. These systems have potentially excellent scal-
ability thanks to well-established fabrication techniques such
as photo and electron-beam lithography. Unfortunately, su-
perconducting qubits currently have coherence times which
are not yet sufficient for error correction and scalable quan-
tum computation.

There are several different strategies for enhancing the
dephasing times in superconducting qubits. One approach
#13$ is to improve the properties of junctions and materials to
eliminate excess sources of 1 / f noise, whose origin remains
unclear so far. This is a difficult and costly process, but it is
likely to benefit a wide range of qubit designs when it is
successful. A second approach is the elimination of linear
noise sensitivity by operating qubits at optimal working
points. So-called “sweet-spot” operation has already demon-
strated #14$ an increase in dephasing times over previous
experiments #9$ which could be as large as three orders of
magnitude, and illustrates that simple tailoring of quantum
circuit design can boost qubit performance. In the long run, a
combination of both strategies will probably be necessary to
realize a scalable design for superconducting quantum com-
puting.

In this paper, we follow the second approach and propose
a new superconducting qubit: a transmission-line shunted
plasma oscillation qubit, which we call the transmon. In its

design, it is closely related to the Cooper pair box !CPB"
qubit in Ref. #8$. However, the transmon is operated at a
significantly different ratio of Josephson energy to charging
energy. This design choice, as we will show, should lead to
dramatically improved dephasing times.

Two quantities crucial to the operation of a CPB are the
anharmonicity and the charge dispersion of the energy levels.
A sufficiently large anharmonicity is needed to prevent qubit
operations from exciting other transitions in the system. The
charge dispersion describes the variation of the energy levels
with respect to environmental offset charge and gate voltage,
and determines the sensitivity of the CPB to charge noise:
the smaller the charge dispersion, the less the qubit fre-
quency will change in response to gate charge fluctuations.
The magnitudes of charge dispersion and anharmonicity are
both determined by the ratio of the Josephson energy to the
charging energy EJ /EC. Increasing this ratio reduces the
!relative" energy level anharmonicity !which limits the speed
of qubit operations". However, it also decreases the overall
charge dispersion and thus the sensitivity of the box to
charge noise. This reduction is important, since even with
operation at the first-order insensitive sweet spot, the Cooper
pair box can be limited by higher-order effects of the 1/ f
charge noise #15$, and by the problem of quasiparticle poi-
soning, which can both shift the box from its optimal point.

The transmon exploits a remarkable fact: the charge dis-
persion reduces exponentially in EJ /EC, while the anharmo-
nicity only decreases algebraically with a slow power law in
EJ /EC #16$. Consequently, by operating the transmon at a
much larger EJ /EC ratio than the CPB, one can greatly re-
duce charge noise sensitivity in the qubit while only sacrific-
ing a small amount of anharmonicity. In fact, the charge
dispersion can be so strongly suppressed that the qubit be-
comes practically insensitive to charge. This eliminates the
need for individual electrostatic gates and tuning to a charge
sweet spot, and avoids the susceptibility to quasiparticle poi-
soning, which both benefit the scaling to larger numbers of
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Sample and measurements

• Resonator power sweeps
• Resonator flux sweeps
• Qubit spectroscopies vs. power
• Qubit spectroscopy vs. flux
• Few one-shot coherence time 

experiments on subset D1-D5
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First implementation of a hybrid classical/quantum algorithm for 
Quantum Error Mitigation on a 5-qubit superconducting device in Italy
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Fig. 1. Sketch of a SNAIL TWPA. Ic is the critical current of the large
Josephson junction; r is the ratio between small and large josephson junctions,
L is the inductance per unit cell, CJ is the josephson capacitance and Cg is the
ground capacitance. The SNAIL symbol is sketched with opposite orientation
for adjacent cells, indicating the alternating flux polarity design.

TABLE I
REALISTIC PARAMETERS FOR A SNAIL TWPA DEVICE [16]

is an asymmetric SQUID composed of a superconducting loop
with N large junctions in one arm and one small junction in the
other arm.

In the considered device, SNAILs are oriented in such a way
that the external magnetic flux has opposite sign for adjacent
SNAIL cells. The aim of such alternating flux polarity design is
to mitigate the overall three-wave-mixing nonlinearity, which is
an odd function of the external flux. This kind of device is typi-
cally operated in the regime of four-wave-mixing amplification
[16], [17]. In this regime, in presence of an intense input pump at
frequency fp and a weak input signal at frequency fs, the output
signal will be amplified and an idler tone at frequency fi = 2fp
– fs will be generated.

Our benchmark device consists of 250 SNAILs. Experimen-
tally realistic parameters for the SNAIL TWPA are considered
[16] and reported in Table I.

Following the CMEs theoretical approach described in [17],
the four-wave-mixing gain for such device can be analytically
computed. As a reference, in Fig. 2 we report the CMEs com-
puted gain as a function of pump power and signal frequency
without including losses in the model. The pump frequency fp
was set at 4.415 GHz and two significative values of the external
flux were considered, zero and half flux quantum Φ0.

In the following sections we describe in detail how to im-
plement JTWPA numerical simulations with three open-source
tools: PSCAN2 [21], WRSPICE [22] and JosephsonCircuit.jl
[23]. We test the three tools by using them to model four-wave
mixing gain for the benchmark SNAIL TWPA device described
above. Specifically, we simulate four-wave-mixing gain for two
significative values of the external flux, zero and half flux
quantum Φ0, and we compare simulation methodologies and
performance.

III. NUMERICAL SIMULATIONS

There are several circuit simulation tools allowing to simulate
Josephson junctions-based devices, e.g., spice-based simulators
such as WRSPICE [22], JSIM [24] and JoSIM [25]; PSCAN

Fig. 2. Analytically computed four-wave-mixing gain using CMEs theory for
a SNAIL TWPA with parameters described in the Table I. For 0.0 external flux,
pump power is set to−79 dBm (red) and for 0.5 Φ0 external flux, pump power is
set to −78 dBm (black). The inset shows gain as a function of pump power when
the signal frequency is fs = 4.215 GHz. Pump frequency is fp = 4.415 GHz.

Fig. 3. Schematic illustration of the transient circuit simulation basic concept.
Here fp, fs, and fi are frequencies of pump, signal and idler tones, respectively
and tprop is the propagation time.

[26] and PSCAN2 [21]; and JosephsonCircuit.jl [23] imple-
mented for the Julia programming language. Here we perform
a comparative analysis of three different open-access simula-
tors, WRSPICE, PSCAN2 and JosephsonCircuit.jl, that recently
started to be extensively adopted for simulating superconduct-
ing quantum devices [10], [11], [14], [27], [28]. For each of
them we describe the key operating principles and discuss the
performance to provide a guidance for identifying the optimal
tool according to the user’s simulation needs. All simulations are
performed using a laptop PC11th Gen Intel Core TM i3-1125G4
with 8 GB RAM and 4-core processor with bus speed 4 GT/s.

A. Transient Simulations: Basic Concepts

PSCAN2 and WRSPICE simulators can be used to perform
so-called transient circuit simulations (the analysis of the circuit
electromagnetic response as a function of time for a given input).
The basic concept of transient circuit simulations is schemati-
cally illustrated in Fig. 3.

Authorized licensed use limited to: Universita degli Studi di Napoli Federico II. Downloaded on February 29,2024 at 09:08:44 UTC from IEEE Xplore.  Restrictions apply. 
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