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Why superconducting cavities? Ans: Extremely low loss.

Useful for quantum computing in the low energy regime, and for particle accelerators in the
high energy regime

« Company Nord Quantique based in Sherbrooke - QC has as its main mission the
integration of 3d cavities to superconducting circuit chips.

Why using 3D architecture? P % N O rd
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Survey of superconductivity

* You’'re probably familiar with the fact that resistance drops to zero when temperature

T decreases below the superconducting critical temperature Tc:
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* The microscopic explanation for this was given by Bardeen, "“Z'fﬂ%f‘;'f“;'“ .y
Cooper, and Schrieffer (BCS): For some materials, electron- & i
phonon interaction leads to attraction between electrons ok = =D Sk

close to the Fermi surface. These form 2-electron “molecules” 07  “~o-0
called Cooper pairs which move without resistance.

Cooper pair moving through lattice



Superconducting materials
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But... Zero resistance is not the whole story

Something remarkable happens in the SC state: Meissner effect

* A SC is qualitatively different from a normal metal whose resistance goes to
zero at T<Te:
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Microscopic origin of superconductivity

Cooper pairs: Two-electron bound states at the Fermi surface

* Free particles in 3d: Can only form a quantum bound state in the presence of a

. WY
strong attractive potential. v b § Bounp STATE oY WHEN |/ > ;,:T _;:1.’
e Cooper, 1956: Consider two electrons in the Fermi surface of a Fermi gas. Even an

infinitesimally small attraction forms a bound state!

R GIN OF MAK €-€ ATTRACTIeN

L, s, i\_-_/_’
EF:. ﬁ*lk\ .
™ €LECTRONS oN FEeRM SVRENCE. e~ PNOWN coVALIN G-
f
ke, even |, o FornS SVAD . : 3
STATES | ) _
Because STATES wITA Xar
n iy 8
Relke Ars NpLoxikey s
K7 bué ‘lfv AL | p TNIS pmu?a Looks JsT 1
" ; e-@ ulemb REPULS/ON /T

&XCLYUSIoN . oPPot® SIGN




Bardeen-Cooper-Schrieffer (BCS) theory

At T<T¢, an energy gap opens at the Fermi surface. Excited states are
*quasiparticles”, the electrons that result when a Cooper pair is "broken".
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Dependence of SC energy gap on T/T¢
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Ginzburg-Landau theory (G-L): Macroscopic quantum behaviour

* The free energy of the SC state can be described by a complex order parameter W(r):
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 These G-L eqns can be obtained from microscopic BCS theory. This shows W(r) is the
ensemble avg for the centre of mass wave fnc for Cooper pairs, and e*=2e, m*=2me.

Cooper pairs move without loosing coherence between each other
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London eqns from G-L
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London gauge
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Explanation of the Meissner effect, penetration depth

 Plug Maxwell’'s Js = EV x B Into 2" London eqgn:
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Meissner effect for supercurrent
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Compare to non-SC “ideal” metal with zero resistance
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Effective penetration depth A

* The penetration depth measured in experiments is affected by two additional length
scales: “bare" coherence length Eo and electron mean- free path L.
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Back to G-L: Critical field

* Neglect fields and gradients inside a bulk SC:
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H vs. T phase diagram for SCs: Type | and type I
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Mixed state of a type-ll SC

* |n Type-ll superconductors flux tubes are created each carrying one flux
quantum (the minimal flux allowed by quantum mechanics)
* Flux tubes are repulsive creating therefore the vortex lattice
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STM image of Vortex lattice, 1989 o’
H. F. Hess et al. Phys. Rev. Lett. 62, 214 (1989)

T. Junginger - Basic principles of RF Superconductivity SRF17 Lanzhou, China



Magnetization curve

. |
Mixed state > | Normal state
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 Under DC fields flux tubes can be pinned — no dissipation
* SC magnets are operated between H_; and H_,
 Under RF fields flux tubes oscillate — dissipation
* RF cavities are operated in the Meissner state

Superconducting
state

T. Junginger - Basic principles of RF Superconductivity SRF17 Lanzhou, China



Cavity quality factor and surface resistance

* Quality factor due to electromagnetic (Ohmic) loss:




G depends on gegmetry and is mdependent of size
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Origin of surface resistance: Resistivity due to quasiparticles
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Rs vs mean-free path |
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Counter intuitively, super clean material is not ideal for SRF cavities!
- Heat treatment, doping, etc to make surface dirty

A. Myiazaki, “Basics of RF superconductivity and Nb material” , SRF 2023 @Michigan State University



Optical conductivity from BCS theory

D.C. Mattis and J. Bardeen, Phys. Rev. 111, 412 (1958)

 For hw < 2A, thermal quasiparticles cause 01>0 (real part of conductivity):
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 BCS also predicts deviations from the London o2 when T>0:
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Microscopic calculation of Rs using BCS
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 Calculate Ry = using Mattis-Bardeen and two-fluid expression for A(T):
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