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Superconducting Radio Frequency (SRF) Cavity
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Superconducting Radio Frequency Cavity
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https://www.classe.cornell.edu/rsr
c/Home/Research/SRF/SrfCavities
APrimerOne/SRFBas1.GIF

https://www-bd.fnal.gov/srf/about_NML.html

SRF2019 (Anna Grassellino)

1.3 GHz



Superconducting Microwave 
Resonators for QC

• Thin Film Resonators
• Co-planar Waveguide
• Lumped-Element
• SQUID-based

• Bulk Resonators

• Coupling to Resonators



Resonators
… the building block of superconducting applications …

Microwave surface impedance measurements
Cavity Quantum Electrodynamics of Qubits
Superconducting RF Accelerators
Metamaterials (µeff < 0 ‘atoms’)
etc.
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http://www.phys.unsw.edu.au

Animation link

The Inductor-Capacitor Circuit Resonator
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http://www.softwareforeducation.com/wikileki/index.php?title=L_C_Tuned_Circuit


Lumped-Element LC-Resonator

Z. Kim

Pout



Resonators (continued)

T = 79 K
P = - 10 dBm
f = 5.285 GHz

YBCO/LaAlO3
CPW Resonator
Excited in Fundamental Mode
Imaged by Laser Scanning Microscopy*

Wstrip = 500 µm

1 x 8 mm scan

*A. P. Zhuravel, et al., J. Appl. Phys. 108, 033920 (2010)
G. Ciovati, et al., Rev. Sci. Instrum. 83, 034704 (2012)

Scanned Area

RF input
RF output

YBCO Ground Plane

YBCO Ground Plane

STO Substrate

[Trans. Line Resonator Detail]



Three-Dimensional Resonator

Inductively-coupled cylindrical cavity with sapphire “hot-finger” TE011 mode Electric fields

Rahul Gogna, UMD

M. Reagor, APL 102, 192604 (2013) 

Al cylindrical cavity
TE011 mode
Q = 6 x 108

T = 20 mK



Coupling to Resonators

Inductive Capacitive

Loop antennas: Coax cables

Nb spiral
on quartz

Lumped
Inductor

Lumped
Capacitor

P. Bertet SPEC, CEA Saclay



Quality Factor
• Two important quantities characterise a resonator: 

The resonance frequency f0 and the quality factor Q
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Some typical Q-values:  SRF accelerator cavity Q ~ 1011 3D qubit cavity Q ~ 108

[Q of a shunt-coupled resonator Detail]



Scattering Parameter of Resonators



Microwave Losses

• Microscopic Sources of Loss
• 2-Level Systems (TLS) in Dielectrics
• Flux Motion

• What Limits the Q of Resonators?



Microwave Losses / 2-Level Systems (TLS) in Dielectrics

M. Hein, APL 80, 1007 (2002)
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Microwave Losses / Flux Motion
Single-vortex response to AC current (Gittleman-Rosenblum model)

𝑚𝑚 ̈⃗𝑥𝑥 + 𝜂𝜂 ̇⃗𝑥𝑥 + 𝐹⃗𝐹𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐽𝐽 × Φ

𝑚𝑚

Equation of motion for vortex 
in a rigid lattice (vortex-vortex force is constant)

Effective mass of vortex

𝜂𝜂 Vortex viscosity ~ σn

𝐽𝐽 × Φ𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝 = −𝑘𝑘𝑘𝑘
𝜂𝜂𝑥̇𝑥

Ignore vortex inertia
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Pinning frequency 𝑓𝑓0

Gittleman, PRL (1966)



What Limits the Q of Resonators?
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Microwave Modeling and Simulation
• Computational Electromagnetics

• Finite Element Approach (FEM)
• Finite Difference Time Domain (FDTD)

• Solvers
• Eigenmode
• Driven
• Transient Time-Domain

• Uses



Finite-Element Method (FEM):  Create a finite-element mesh (triangles and tetrahedra), expand the fields
in a series of basis functions on the mesh, then solve a matrix equation that minimizes a variational functional 
corresponds to the solutions of Maxwell’s equations subject to the boundary conditions.

Finite Difference Time Domain (FDTD):  Directly approximate the differential operators on a grid
Staggered in time and space.  E and H computed on a regular grid and advanced in time.

Computational EM: FEM and FDTD

The Maxwell curl equations

Method Advantages Disadvantages Examples

FEM Conformal meshes model 
curved surfaces well.  
Handles dispersive 
materials.  Good for 
finding eigenmodes.  Can 
be linked to other FEM 
solvers (thermal, 
mechanical, etc.)

Does not handle nonlinear 
materials easily.  Meshes 
can get very large and 
limit the computation.
Solvers are often 
proprietary.

High Frequency Structure 
Simulator (HFSS) and 
other frequency-domain 
solvers, including the 
COMSOL RF module.

FDTD Handles nonlinearity and
wideband signals well.  
Less limited by mesh size 
than FEM – better for 
electrically-large 
structures.  Easy to 
parallelize and solve with 
GPUs.

Not good for high-Q 
devices or dispersive 
materials.  Staircased grid 
does not model curved 
surfaces well.

CST Microwave Studio, 
XFDTD



Example FDTD grid with ‘Yee’ cells

Examples FEM triangular / tetrahedral meshes
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Example CEM Mesh and Grid

http://cp.literature.agilent.com/litweb/pdf/5990-9759EN.pdf


CEM Solvers
Eigenmode: Closed system, finds the eigen-frequencies and Q values

Driven: The system has one or more ‘ports’ connected to infinity by a transmission line or
free-space propagating mode.  Calculate the Scattering (S) Parameters.

Driven anharmonic billiard

Slave 1

Slave 2

Master 2

Master 1

Dirac point
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Wavenumber ( )

Gaussian wave-packet excitation with antenna array

Rahul Gogna, UMD

Bo Xiao, UMD

Harita Tenneti, UMD



Domain wall

Loop antenna (3 turns)

Transient (FDTD): The system has one or more ‘ports’ connected to infinity by a 
transmission line or free-space propagating mode.  Calculate the transient signals.

CEM Solvers (Continued)

VI. Microwave Modeling
and Simulation

Bo Xiao, UMD



• Uses
• Finding unwanted modes or parasitic channels through a structure
• Understanding and optimizing coupling
• Evaluating and minimizing radiation losses in CPW and microstrip
• Current + field profiles / distributions

Computational Electromagnetics

TE311
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