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Quantum Electronics - NanoTech

Quantum Hall Array 
Resistance Standard

Single-electron transistor low 
DC current standard

Microwave photonics

RH = RK/i    

with  RK = h/e2  

and   i = 1, 2, 3, 4, …
I=nef

ν 1 GHz →20 GHz

λ=c/ν 300 cm →15 cm

E=h/ν 4 μeV→80 μeV

T=E/kB 50 mK→1K

1 um

Josephson
Voltage Standard

VJ = n KJ f    

with  KJ = h/2e  

and   k = 1, 2, 3, 4, …
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Quantum Electronics - Applications
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Circuit QED Toolbox

• Transmission lines
• Resonators / Cavities
• Qubits
• Isolators / Circulators
• Bias-tee
• Directional couplers
• Quantum limited linear amplifiers
• Detectors (transducers or counters eg. single 

microwave photon detectors)
• Nonclassical radiation sources

Superconducting metamaterials are engineered 
circuits characterized by mixing processes 

promoting:

• Parametric amplification
 Quantum limited added-noise

• Parametric downconversion
 Nonclassical radiation
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1 cm1 cm

Solid State QuBit (dispersive) Readout
A quantum measurement can be described as an entanglement 
of the qubit degree of freedom with a “pointer variable” of a 
measurement probe with a quantum Hamiltonian[1] followed 
by classical measurement of the probe

Example:

In circuit QED, the qubit (the quantum system) is entangled 
with an observable of a superconducting resonator (the probe) 
allowing us to gain information about the qubit state by 
interrogating the resonator, rather than directly interacting 
with the qubit. 

Therefore, the optimization of the readout performance is 
translated to maximizing the signal-to-noise ratio of a 
microwave probe tone sent to the resonator, while minimizing 
the unwanted “back-action” on the qubit.

Highest state discrimination, 
in-between the two 
resonances

[1] Braginsky, V. B; Ya Khalili, F. (1996). Quantum non demolition 
measurements: the route from toys to tools, Rev. Mod. Phys, (68) 1
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e.g. QuBits and Amplifiers
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DARTWARS Project
• JPA has typically been used only for single frequency 

measurements due to lower bandwidth and saturation 
power

• New approach: microwaves travelling along a 
transmission line with embedded non-linear elements 
Phys. Rev. B 87, 144301

• The nonlinear reactive element can be implemented by 
Josephson Junction (JJ) or Kinetic Inductance (KI) of 
superconductors. The relationship is, at the first order

Ic is the superconductor critical current for KI
Ic is the junction critical current for JJ
At I < Ic junctions are dissipationless and act as a nonlinear inductor.

Traveling Wave Parametric Amplifiers come metamateriali per le tecnologie quantistiche
Workshop INFN CSN4&5 - Dipartimento di Fisica su Tecnologie Quantistiche – 07 giugno 2023 - E. ENRICO



PiQuET Laboratory
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Nonlinear (meta) materials
Dipole electric momentum of a nonlinear material under 
electromagnetic stimulus

P(t)=ε0 (χ(1)E(t)+χ(2)E2(t)+χ(3)E3(t)+…)

When a (weak) signal is pumped by a (strong) one

E(t)=Epcos (ωpt)+ Escos (ωst)

It generates

• Second harmonics (SHG)

• Sum frequency

• Different frequency or Parametric Down Conversion (PDC)
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Superconducting transmission line
Coplanar Waveguide

1/e propagation length ~ 10km !

Attenuation comparable to optical fibers

(1 mm dia. Copper wire : 700 m )
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Brian David Josephson Add some spices
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Standard JJs fabrication processes
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#

Zorin, Phys. Rev. Appl. 6, 034006 (2016)

S. Pagano et al., Development of Quantum Limited Superconducting
Amplifiers for Advanced Detection, IEEE Trans. Appl. Supercond, 32, 4 (2022)

Nonlinear (meta) materials - μWaves
• Transmission line (eg. CPW or stripline) + identical meta-atom (with JJ nonlinearity)
• Effects of the interaction with the single cell are perturbative -> avoid abrupt changes that acts like point defects 

or scattering sites (crystal analogy)  
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JTWPA by 2-steps optical lithography

Double angle evaporation
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Josephson junction testing
Test on a 2” wafer scale of JJs normal resistance spread by means of a 4-terminal measurement with a semi-automatic probe.

Each wafer contains 480 JJs organized in 144 series 
of different length (1-5) 

After several improvement of the fabrication 
protocol, we obtain a relative standard 

deviation 
 𝝈𝝈𝐫𝐫𝐫𝐫𝐫𝐫 ~ 𝟑𝟑.𝟔𝟔 %

𝑰𝑰𝐂𝐂 =
𝝅𝝅𝚫𝚫
𝟐𝟐𝟐𝟐𝑹𝑹𝐧𝐧
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First Quantization Hamiltonian

The first quantization Hamiltonian can be written as the sum of the electromagnetic energy stored in each component of
the transmission line

𝐻𝐻 =
1
𝑎𝑎
�
0

𝑎𝑎𝑎𝑎
1

2𝑳𝑳𝐠𝐠
𝚫𝚫𝚫𝚫 𝒛𝒛, 𝒕𝒕 𝟐𝟐 + 𝜑𝜑0𝑰𝑰𝐜𝐜 1 − cos

𝚫𝚫𝚫𝚫 𝒛𝒛, 𝒕𝒕
𝜑𝜑0

+
𝑪𝑪𝐉𝐉
2

𝜕𝜕𝚫𝚫𝚫𝚫(𝒛𝒛, 𝒕𝒕)
𝜕𝜕𝜕𝜕

2

+
𝑪𝑪𝐠𝐠
2
𝑽𝑽𝑪𝑪𝐠𝐠
𝟐𝟐 (𝒛𝒛, 𝒕𝒕) 𝑑𝑑𝑑𝑑

a

𝑽𝑽𝑪𝑪𝐠𝐠 𝐶𝐶g

𝐿𝐿g

𝐿𝐿J,𝐶𝐶J

ΔΦ(z, t) = ΔΦDC + 𝜹𝜹𝚫𝚫(𝐳𝐳, 𝐭𝐭)
ΔΦDC is the constant
flux difference due to
external bias

𝛿𝛿Φ z, t is the time-
dependent flux
difference induced by
the travelling waves

We adapt and further extend the work presented in [1] to an rf-SQUID based Josephson Traveling Wave Parametric
Amplifier [2]

z

[1] T. H. A. van der Reep, “Mesoscopic Hamiltonian for Josephson traveling-wave parametric amplifier”, Phys. Rev. A 99, 063838 (2019) 
[2] A. B. Zorin, ”Josephson Traveling-Wave Parametric Amplifier with Three-Wave Mixing”, Phys. Rev. App. 6, 034006 (2016)

𝐼𝐼DC

𝐵𝐵
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Noise Temperature
The effective temperature 𝑻𝑻𝐫𝐫𝐞𝐞𝐞𝐞(𝝎𝝎) of the amplifier is the temperature that a Bose-Einstein distribution should have to equal
the output 𝜔𝜔 mode occupancy generated by a vacuum input state [5]:

The noise temperature 𝑻𝑻𝐧𝐧 𝝎𝝎  is the
effective temperature normalized on the
gain minus the contribution given by the
fluctuation of the input vacuum state:

1
𝑒𝑒ℏ𝜔𝜔/𝑘𝑘B𝑻𝑻𝐫𝐫𝐞𝐞𝐞𝐞(𝝎𝝎) − 1

= 𝑣𝑣 𝜔𝜔 2

𝑻𝑻𝐧𝐧 𝝎𝝎 =
𝑇𝑇eff(𝜔𝜔)
𝐺𝐺(𝜔𝜔)

−
1
2
ℏ𝜔𝜔
𝑘𝑘B

For high gain 𝑇𝑇n(𝜔𝜔) approaches the 
Standard Quantum Limit:

𝑇𝑇n,SQL =
ℏ𝜔𝜔
𝑘𝑘B

[5] A. A. Clerk et al., “Introduction to quantum noise, measurement, and amplification”, Rev. Mod. Phys. 82, 1155 
(2010)
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For more details on the model …

A. Greco et al., Phys. Rev. B (2021) L. Fasolo et al., IEEE TAS (2022)
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Dynamical Casimir effect fingerprint
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Highly sensitive detection of single microwave photons with coherent 
quantum network of superconducting qubits for searching galactic axions



Dynamical Casimir effect fingerprint

F. Chiarello, et. al., “Microwave photon emission in superconducting
circuits”, (in preparation)

• photon splitting, reasonably attributed to time-varying internal reflections 
driven by the pump

• transitions between the linear 15 sections and the 50 Ohm CPW curves. 
• series of semi-transparent moving mirrors that are 'seen' by the traveling 

tones in a metamaterial with a time-varying refractive index (impedance) 

Correlated photon pairs

pumpDCE photons f

P
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Heralded source of microwave photons

C. Gatti, et. al., “Coherent Quantum Network of Superconducting Qubits as a Highly
Sensitive Detector of Microwave Photons for Searching of Galactic Axions”, IEEE TAS
(2023)

The correlated photon pairs produced in JTWPA open the way to a fundamentally absolute 
method to calibrate a microwave single-photon detector: 

Using coincidence-measurement techniques, the heralded single-photon sources can be applied 
to the calibration of the detector without the need for an absolute radiometric reference.
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Source of entangled microwave photons
Quantum illumination (Quantum Radar)

L. Fasolo, A. Greco, E. Enrico, F. Illuminati, R. Lo Franco, D.
Vitali, P. Livreri, "Josephson Traveling Wave Parametric
Amplifiers as non-classical light source for Microwave
Quantum Illumination”, Measurements: Sensors, 18,
100349 (2021)
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Quantum Signals Processing Laboratory

1 cm

Model: Leiden Cryogenics CF-CS110-500 

Cooling Power > 500 uW @ 120 mK

2 Warm-Insertable 110 mm diameter probes

• 8x RF lines + 24 DC wirings

• 12x insulated coax cables for QHE experiments

9 T Magnet

Mu-metal shield 
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Quantum Signals Processing Laboratory

1 cm1 cm

Two-port sample holder
(lowest resonant cavity mode at 12 GHz) 
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1 cm

Room Temperature Setup
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1 cm

Single tone spectroscopy
-> Lg = 46 pH

-> LJ = 83 pH

tone f

P

-> βl =Lg / LJ = 0.55

L. Fasolo, (in preparation)
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1 cm

S/I frequency correlation
fixed fP =16.42 GHz

fP/2 = 8.21 GHz

pump f

P

signal idler

L. Fasolo, (in preparation)
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1 cm

Double tone spectroscopy

pump f

P

signal idler

|B2,[1,-1]|

L. Fasolo, (in preparation)
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1 cm

Double tone spectroscopy
fixed fS =7 GHz

pump f

P

signal idler

|B2,[1,-1]|

L. Fasolo, (in preparation)
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1 cm

Signal gain vs Pp
fixed fP =18 GHz

Pump
ON-OFF 
method

f

P

signal idler

|B2,[1,1]|

L. Fasolo, (in preparation)
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Thanks for your attention!
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