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Travelling wave ampli�cation, in a nutshell

Abstract

TWJPA fabrication progress

3 wave mixing (3WM):

dc

I I

Travelling wave parametric ampli�er (TWPA): uniform transmission line (TL) with a variable inductance            per unit lenght. 

Waves propagation in the TL (3WM) | phase matching condition (                                                 ) to achieve exponential gain.

I(x,t)

First semester of 2021 TWJPA chips produced @INRiM and tested @LNF and @IBS-CAPP

Parametric ampli�cation achieved but non-homogeneous behavior in frequency

non-homogeneous fabrication of the JJs of the device

Production and characterization of JJs @INRiM and MIB

JJs designed to have 

(Feb 2022)

KITWPA fabrication progress
Process for production of NbTiN �lms set up @ FBK 

high kinetic inductance cosputtering Nb/Ti + N (+ Ar) �ow
sputtering from NbTi target + N (+ Ar) �ow

2

wide range of      can be achieved!
Process not (yet) 
fully optimized 

c

@       NbTiN �lm width [     ]      

5
5
1

FBK (W5)
FBK (W6)

NIST

More work need to be done to achieve
the target normal resistance of the JJs
and uniformity.

Design and preliminary characterizations of 
traveling wave parametric ampli�ers for DARTWARS

M. Borghesi on behalf of DARTWARS collaboration

TWJPA KITWPA

Kinetic Inductance Detector (KID)

GA: 101027746
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• Motivation: low-noise microwave
detection

• Principles of operation of TWPA
• J-TWPA
• KI-TWPA

• The DARTWARS project
• Goals
• Preliminary results

• Conclusions



The frontier physics

• Dark matter (axions, dark photons…)

• Neutrinos

• CMB

• Qubit readout

Ultra-low noise detection and amplification is essential in many
fields, from fundamental physics to quantum computing



Currently used detectors and amplifiers

Large bandwidth and lowest possible noise required for 
reading weak microwave signals from multiple detectors

TESs Array of Transition Edge Sensors

mw cavities

qubits

MKIDs Array of Microwave Kinetic
Inductance Detectors

mw signals from 
radiofrequency cavities

mw resonators coupled
to qubit circuit

(High-electron-mobility transistor)

HEMT

JPA
(Josephson parametric amplifier)



JPA vs HEMT – pro&cons

• Superconducting device

• High gain (∼20 dB) but fixed gain-bandwidth
product

• Small instantaneous bandwidth (∼100 MHz)

• Small dynamic range (< −100 dBm)
• Noise at the quantum limit

• Semiconductor device

• High gain (30 dB or better)

• Large bandwidth
• High dynamic range

• Noise 10-40 times above quantum limit
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The frontier detector
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Superconducting Travelling Wave Parametric Amplifiers (TWPAs): 
transmission line with embedded nonlinear lumped elements

The nonlinear current-inductance relation is
responsible of the mixing and parametric amplification

• Gain (≲ 20 dB)

• Large bandwidth (few GHz)

• Noise at the quantum limit
• Dynamic range depending on technology



The DARTWARS project – goals

Courtesy of INRiM

1. Development of high-performing parametric
amplifiers by exploring new design solutions, 
new materials and fabrication processes, 
to achieve:

2. Readout demonstration of various detectos
and devices, such as MKIDs, TESs, mw cavities
and qubits

• High gain (≳ 20 dB)
• Large bandwidth (in the 5-10 GHz range)
• Large saturation power (∼ 50 dBm)
• Nearly quantum-limited noise (≳ 600 mK)
• Reduction of gain ripple



Josephson Travelling Wave Parametric Amplifier

Mixing process due to the nonlinear inductance of the JJs

• Gain (< 20 dB)

• Large bandwidth (few GHz)

• Quantum-limited noise level

• Small dynamic range (< −90 dBm)

4-Wave Mixing (4WM):
2𝑓𝑃 = 𝑓𝑠 + 𝑓!

unbiased transmission line

3-Wave Mixing (3WM):
𝑓𝑃 = 𝑓𝑠 + 𝑓!

biased transmission line

A. Giachero et al., arXiv:2111.01512

https://www.google.com/url?q=https%3A%2F%2Farxiv.org%2Fabs%2F2111.01512&sa=D&sntz=1&usg=AOvVaw2_-D7SVQkobyVRE0DRlI7J


Kinetic Inductance Travelling Wave Parametric Amplifier

Eom et al., Nature Physics 8 (2012) 623–627
• Large ripples on gain profile

• Large bandwidth (few GHz)

• Near-quantum-limited noise level

• High dynamic range (≳ −50 dBm)

Exploit the non-linear kinetic 
inductance of TiN or NbTiN

Spiral CPW transmission line with 
periodic impedance loadings

Artificial transmission line with 
lumped elements

1)

2)

A. Giachero et al., arXiv:2111.01512

https://www.google.com/url?q=https%3A%2F%2Farxiv.org%2Fabs%2F2111.01512&sa=D&sntz=1&usg=AOvVaw2_-D7SVQkobyVRE0DRlI7J


The DARTWARS project – institutions

CSN5 project started in 2021

• INFN-MIB: project coordination; design and characterization of the 
devices (mainly KI-TWPA)

• INFN-LNF: J-TWPA fabrication supervision and characterization
• INFN-LE: investigation of magnon-cavity polaritons applied to quantum 

computing and quantum sensing
• INFN-SA: design and simulation of TWPAs; J-TWPA testing
• INFN-TIFPA: supervision of production at FBK; participation in the 

characterization (mainly KI-TWPA)

• FBK: fabrication of KI-TWPA prototypes
• INRiM: design and fabrication of J-TWPA prototypes
• IBS-CAPP (S. Korea): co-finances the production; participation in the characterization
• NIST (USA): participation in KI-TWPA design and test



J-TWPA preliminary measurements at LNF

• measurements showed clear evidence of parametric 
amplification but with a nonhomogeneous behavior in 
frequency probably due to a nonhomogeneous fabrication 
of the ∼900 JJs of the device

• Both 3-wave mixing and 4-wave mixings verified

• gain up to ∼30 dB was observed at particular frequencies
and with a minimum noise temperature of 3.63 K

can reach values of about 20 dB over an unprecedently 
demonstrated high bandwidth [8]. 

The Josephson metamaterial (shown in Figure 2b) is 
composed of 15 sections of coplanar waveguide embedding 
rf-SQUIDs connected by bended sections of CPW. The whole 
device contains 990 non-hysteretic rf-SQUIDs, characterised 
by values for the circuit parameters: ground capacitance Cg= 
13.0 fF, geometrical  inductance Lg=  45 pH,  Josephson  
capacitance CJ=  25.8 fF  and Josephson critical current Ic= 
1.5 µA. The values of Lg and CJ have been obtained by means 
of finite elements simulations [20], while Ic has been 
estimated taking into account the junction area (≈ 0.4µm, 
measured by means of Scanning Electron Microscopy) and the 
junction critical  current  density,  estimated  using  an  
empirical  curve,  obtained  after  the switching  current  
measurement  of  Josephson  junctions  fabricated  with  the 
same  technique,  which  relates  the  junction  critical  current  
density  with  the oxidation time and oxygen pressure used for 
the creation of the oxide barriers. 

V.! MEASUREMENT SET-UP AND RESULTS 
The characterization of the realized rf-SQUID-based JTWPA 
in terms of its 3WM capabilities and gain evaluated via 
pump-on pump-off technique has been carried out. 
Fig. 2a shows a scheme of the experimental setup used for the 
cryogenic characterization. In order to quantify nonlinear 
mixing effects, a 2 tones measurement is performed by 
supplying in input a weak signal tone (supplied by port 1 of 
an Agilent E5071C 300 kHz-20 GHz VNA) and a driving 
pump tone (coming from a Rohde&Schwarz SMA100B 8 
kHz-20 GHz signal generator). Microwave signals enter to a 
dilution refrigerator and pass through several attenuation 
stages, getting to the metamaterial after passing a directional 
coupler (Mini-Circuits ZUDC10-02183-S+) and a first 
isolation stage provided by a circulator (LNF-CIC412A).  
The microwave tones are then detected at room temperature 
after passing through a High Electron Mobility Transistor 
(HEMT, (LNF-LNC620C)) amplifier placed on the 4 K stage, 
which provides 30 dB of amplification.  The room 
temperature switch SW1 allows choosing, as a receiver, a 
spectrum analyzer (Signal Hound SM200B 100kHz-20 GHz) 
or port 2 of the VNA. This permits to perform power-spectra 
or scattering parameters measurements, respectively.  The 
cryogenic electromechanical switch SW2 allows to adapt the 
setup for transmission or reflection measurements. In both 
configurations, the output microwave passes through an 
isolation stage realized by means of two circulators (LNF-
CIC412A). A current generator (Keithley 6221) connected to 
the device via a couple of bias tees (Marki  BT-0018)  
provides  the  DC  current  bias  to  the device.  
Nonlinear effects generate idler tones that have different 
frequencies depending on the order of nonlinearity that 
causes them. A first characterization of the JTWPA has been 
performed measuring the power of the output idler tone PIdler, 
generated via 3WM, as a function of the DC bias current IDC 
(Fig. 3), providing a %P= 6.75 GHz driving pump tone, with 
three different power values (-90, -85, and -80 dBm), and a 
%S= 3.3 GHz signal tone with PS= −64 dBm power. The 
powers are here considered at the device input. For this 

mixing process the idler is generated at %I= %P−νS= 3.5 GHz 

   
Fig. 3. Modulation of the output idler tone power (PIdler) generated via 3WM 
as a function of the bias current IDC. Here the JTWPA is excited with a signal 
tone at frequency %S = 3.3 GHz , for three different values of the driving pump 
tone at frequency %P = 6.75 GHz.  
 
Due to the natural Kerr-nonlinearity [18, 21] of a rf-SQUID 
with no current bias one would expect that the 3WM idler 
would present a minimum at zero IDC. Nonetheless Figure 2 
(a) reports a shift of the minima that can be attributed to 
magnetic field trapping during the cooling phase of the 
dilution refrigerator. Moreover, the suppression of the 3WM 
idler tone via IDC is not complete since data reported in Figure 
2(a) doesn’t reach the noise floor of the setup represented by 
the dashed horizontal line for every IDC value. It has to be 
noticed that the modulation of the 3WM process here 
reported is limited to around 10 dB, since it is reasonably 
affected by nonidealities of the JTWPA and the surrounding 
environment. 

 
 
Fig. 4 Signal power Gain as a function of pump power (Ppump) for degenerate 
(%P = 18 GHz) and non-degenerate (%P = 13.4 GHz) regimes. Here the signal 
tone is kept at a fixed frequency %S = 9 GHz and the Gain is evaluated via 
pump-on-pump-off technique. 
 
Even in this preliminary configuration, Figure 4 reports the 
crucial figure of merit of the JTWPA under study, being the 
gain, evaluated by means of pump-on-pump-off technique.  
There, the effect of the pump power (Ppump) on the signal 
gain for the two relevant regimes (degenerate and non-
degenerate) of the amplifier is reported. The power gain 
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P. Livreri et al., arXiv:2111.03409

https://www.google.com/url?q=https%3A%2F%2Farxiv.org%2Fabs%2F2111.03409&sa=D&sntz=1&usg=AOvVaw0-ZrIiL7JoAkO0-YfIp-fp


JJs testing with probe station at uniMIB

• JJs fabricated by INRiM, designed with 
𝐼" = 4 𝜇𝐴 and 𝑅# = 80 Ω

• 4-terminals measurements with a 
probe station

• Testing homogeneity of junctions:
spread between 5% and 10%
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• Detected position-dependent resistance



KI-TWPA materials preliminary characterization at FBK/TIFPA
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<latexit sha1_base64="HPtqod1/bR6N5Hv0Qc8UOTT3Uto=">AAACD3icbVA9TwJBEJ3zE/ELtbTZiCZW5M5GS6KNdpgImACSvWXQDXt3m905I7lQ+BP8FbbaaGds/QkW/gx7F6RQ8VUv781k3rxQK2nJ99+9qemZ2bn53EJ+cWl5ZbWwtl6zSWoEVkWiEnMecotKxlglSQrPtUEehQrrYe9o6Nev0ViZxGfU19iK+GUsu1JwclK7sHlyscea2iSaElZpZ03CG8q6iJ3BoF0o+iV/BDZJgjEplrc/n14BoNIufDQ7iUgjjEkobm0j8DW1Mm5ICoWDfDO1qLno8UtsOBrzCG0rGz0xYDup5S6DRsOkYiMRf25kPLK2H4VuMuJ0Zf96Q/E/r5FS96CVyVinhLEYHiKpcHTICiNdO8g60iARHyZHJmMmuOFEaCTjQjgxdXXlXR/B3+8nSW2vFPil4NQVcwjfyMEmbMEuBLAPZTiGClRBwC3cwwM8enfes/fivX6PTnnjnQ34Be/tC6+Qn3Y=</latexit><latexit sha1_base64="fn2jA3C3Rw34Wbwdmpt276hFr14=">AAACD3icbVC7TgJBFJ31ieADtaSZiCZWZJdGS6KNdpiImgCS2eGCE2Z3JzN3iWRD4Sf4FbbaaGdMrPwECz9Da2eRQsFTnZxzb+65x1dSGHTdd2dmdm5+YTGzlM0tr6yu5dc3zkwUaw41HslIX/jMgBQh1FCghAulgQW+hHO/d5j6533QRkThKQ4UNAPWDUVHcIZWauULx5dl2lA6UhjRaitpIFxj0gFoD4etfNEtuSPQaeKNSbGy/fn42s99VVv5j0Y74nEAIXLJjKl7rsJmwjQKLmGYbcQGFOM91oW6pSELwDST0RNDuhMbZjMo0FRIOhLh90bCAmMGgW8nA4ZXZtJLxf+8eoyd/WYiQhUjhDw9hELC6JDhWth2gLaFBkSWJgcqQsqZZoigBWWcWzG2dWVtH97k99PkrFzy3JJ3Yos5ID/IkALZIrvEI3ukQo5IldQIJzfkjtyTB+fWeXKenZef0RlnvLNJ/sB5+wa4bqDw</latexit><latexit sha1_base64="fn2jA3C3Rw34Wbwdmpt276hFr14=">AAACD3icbVC7TgJBFJ31ieADtaSZiCZWZJdGS6KNdpiImgCS2eGCE2Z3JzN3iWRD4Sf4FbbaaGdMrPwECz9Da2eRQsFTnZxzb+65x1dSGHTdd2dmdm5+YTGzlM0tr6yu5dc3zkwUaw41HslIX/jMgBQh1FCghAulgQW+hHO/d5j6533QRkThKQ4UNAPWDUVHcIZWauULx5dl2lA6UhjRaitpIFxj0gFoD4etfNEtuSPQaeKNSbGy/fn42s99VVv5j0Y74nEAIXLJjKl7rsJmwjQKLmGYbcQGFOM91oW6pSELwDST0RNDuhMbZjMo0FRIOhLh90bCAmMGgW8nA4ZXZtJLxf+8eoyd/WYiQhUjhDw9hELC6JDhWth2gLaFBkSWJgcqQsqZZoigBWWcWzG2dWVtH97k99PkrFzy3JJ3Yos5ID/IkALZIrvEI3ukQo5IldQIJzfkjtyTB+fWeXKenZef0RlnvLNJ/sB5+wa4bqDw</latexit><latexit sha1_base64="e4V4YRDv2hadA+pgcWyU+gAqfJI=">AAACD3icbVC7TsNAEDzzDOEVoExzIkKiiuw0UEbQQBck8pDiYJ0vm3DK+Xy6WyMiywWfwFfQQkWHaPkECv4FJ6SAhKlGM7va2Qm1FBZd99NZWl5ZXVsvbBQ3t7Z3dkt7+y0bJ4ZDk8cyNp2QWZBCQRMFSuhoAywKJbTD0fnEb9+BsSJW1zjW0IvYUImB4AxzKSiVL29q1Ncm1hjTRpD6CPeYDgD6WRaUKm7VnYIuEm9GKmSGRlD68vsxTyJQyCWztuu5GnspMyi4hKzoJxY04yM2hG5OFYvA9tLpExk9SizLM2gwVEg6FeH3Rsoia8dRmE9GDG/tvDcR//O6CQ5Oe6lQOkFQfHIIhYTpIcuNyNsB2hcGENkkOVChKGeGIYIRlHGei0leVzHvw5v/fpG0alXPrXpXbqV+NmumQMrkkBwTj5yQOrkgDdIknDyQJ/JMXpxH59V5c95/Rpec2c4B+QPn4xvGO5yn</latexit>

NbTiN patterned into micro-resonators

Courtesy of Marco Faverzani
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Kinetic inductance related to 
resonant frequency



Some Ads

Design and preliminarycharacterizations of traveling waveparametric amplifiers for 
DARTWARS

Qub-IT: Quantum sensing with 

superconducting qubits for 

fundamental physics

feat. Matteo Borghesi feat. Danilo Labranca

For more details go see the posters:



Conclusions

• TWPAs are promising candidates of quantum-limited microwave amplifiers for 
applications in fundamental physics and quantum computing

• DARTWARS aims at:

§ developing (nearly-)quantum limited Traveling Wave Parametric Amplifiers with 
two approaches: KI-TWPAs and J-TWPAs, exploring new designs and materials

§ demonstrating the readout of several devices (TES/MKIDs/RF cavities/qubits)

• Preliminary measurements and characterizations done. There is room for improvement 
in terms of gain and bandwidth

• Design and fabrication improvements are ongoing


