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Experimental requirements for QC

e Circuit QED - qubit state probed by microwave signal - R,T
* Qubit energy A/h ~ 6 GHz = 300 mK, for high coherence hf>>k,T — T <50 mK

* High-Fidelity Readout n_, < 10 (~ expected photons over time 1/BW in the amp.)

Quantum system, few photon signal Room temperature electronics
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\
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R*P. (noise 10°photons)
\ 20mK- dilution refrigerator Cold pre-amp j Amp. (BW=30 MHz)

* Amplifier, T equivalent noise temperature - white noise of R=50Q; N_ ,=G*(N, +k,T)

* High signal to noise ratio /low noise temperature is critical! Cryogenic amplifier.



Cryogenic HEMT amplifiers

 Advantages: Broadband, high gain, flat gain profile, reliable, easy to use,
high dynamic range, provide isolation, commercially available

Gain and Noise at 5 K
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https://lownoisefactory.com/product/Inf-Inc4_8c/

* Disadvantages: Minimum operation temperature 3-4K, high dissipation ~10mW,
noise temperature 2 K— n, g, ~ 10 photons



Parametric amplification

* Driven oscillator with a modulated system parameter — energy transfer between modes
LLLLLLL

* Child on a swing - resonance frequency w, modulated (pumped) at 2w,

e LCresonator with variable inductance — nonlinear inductance  —-|

Ly

* 4 wave mixing — photon model: w_+ w, =w. + w
P P > ' Lo + SLcos(2rfat + ¢p)
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Superconducting parametric amplifiers

* Nonlinearity — nonlinear inductance

* Josephson Junctions and SQUIDs * Disordered superconductors - High kinetic inductance

L(I)

~ onlo/1— (I /1)

E. A. Tholén et al 2009 Phys. Scr. 2009 014019
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Experimental set-up for QM with ParAmps

* 3He/*He dilution refrigerator o A
@| Probe RF

* Paramps work at 20 mK ,

% T=300K
T=60K %

T=3K

5

e Superconducting ParAmps have no
dissipative elements

Normal Metal Coaxial
=

* Quantum limited amplifier | 0am
* Added-noise number number n > =1/2

G-40 dB
Ty~2-5K

Coaxial

L{ﬂ‘e“dﬂ T=1K

]
Superconducting

W\~

* Advantages: High gain, ultra-low noise, o
low power dissipation

. ®
* Superconducting ParAmps are Rmimw
an enabling technology for N

superconducting qubit measurement

J. Aumentado, IEEE Microwave Magazine 21(8):45-59 (2020)



Superconducting parametric amplifiers

* Resonant parametric amplifiers * Broadband amplifiers — traveling wave parametric amplifiers
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+ SQL noise and below (squeezing), high gain + Broadband - several GHz B. H. Eom et al.,, Nature Physics 8, 623-627 (2012)

- Limited bandwidth ~ 1 MHz - Gain ripples, demanding fabrication, higher noise



Coupled mode theory
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Gain [dB]
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Phase matched — high gain
Strong ripples - limits the usability of TWPA

Coupled mode theory fail to explain the ripples

Gain and Noise at 5 K
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B. H. Eom et al., , Nature Physics 8, 623—627 (2012)
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Coupled mode theory with reflections

e Current in finite waveguide with unmatched impedance eFabry-Perot resonator Z=200 Q
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S. Kern, et al. arXiv:2203.02448 (2022)



Nb JJ TWPA - experiment

* Array of 2000 JJ in coplanar waveguide, I=11mm, v, =0.14c, tested at T = 3.5K

Experiment

m CM with reflections
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' 1.2 5
COnCIUSIOn _ “ Phase matched CM
1ok \ - 30
 Modified CM theory : \
— unmatched TWPA with finite length =0 8- "‘ CM with reflections 5
3 I
* Proper understanding of gain ripples % - \ m20 O
and amplifier bandwidth 0.6 ~
= 15 T2
iy 3
o . < <
* Can be utilized in TWPA design 0.4 10
* The transition regime between traveling-wave 0.2 TN ~——
and resonant parametric amplifier o _I'"" -= .

20 40 60
* Gain 10dB at 11 mm length without phase matching ) (111111)
BW~ 100MHz, — tunable design

S Thank you for your attention!
.S QUANTERA qmmp napoororu S. Kern, et al. arXiv:2203.02448 (2022)
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