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Campbell’s penetration depth: good work  always stays young 
and popular
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Superconducting linac applications
Spallation neutron source (ORNL)

X-ray free electron laser

Superconducting LINAC

Tunable 0.25-14µm light source at JLab
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Currently made of pure niobium
Cooled by superfluid helium at 2K

Tens of thousands of these in miles long tunnels 

Superconducting RF cavities resonating at 0.1-2 GHz
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Definitions

Δ – superconducting gap

𝜉 – coherence length

𝜆 – magnetic penetration depth

𝜌% - normal state resistivity

𝑅' - surface resistance

𝑄 – quality factor

𝜔 = 2𝜋𝑓 – RF circular frequency
𝜂/ = 𝜙/1/2𝜋𝜉1𝜌% - Bardeen-Stephen 
vortex drag coefficient

𝜙/ - magnetic flux quantum
ℓ - spacing between a pinning center 
and the surface

𝑣/ - Larkin-Ovchinnikov (LO) critical 
velocity of a vortex

𝜅 – thermal conductivity

𝑑 – thickness of a cavity wall
𝛼8 - Kapitza thermal conductance 
between a cavity wall and liquid He

𝜖 = 𝑔𝜙/1/4𝜋𝜇/𝜆1 - vortex line tension

𝑔 = ln 𝜆/𝜉 + 1/2

𝑇B - critical temperature

𝐵BD - lower critical field

𝐵B - thermodynamic critical field 

𝐵' - superheating field

𝐵B1 - upper critical field
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Surface resistance of good normal metals

Rs = (⇡µ0f⇢n)
1/2

Clean Cu with 
ρn = 10-10 Ωm at f = 0.5-2 GHz
has Rs = 0.5-1 mΩ

Q ⇠ 105 � 106

Exponentially-small BCS surface resistance of superconductors:
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Q ⇠ 1010 � 1011
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How good can Nb cavities be?

?

?

Understanding the 
fundamental limits of 
Q(H) and the SRF
accelerating gradients

Continuous progress in 
improving Q(H) and Eacc
in Nb cavities. 

The RF field of H = 200 mT
induces current densities 
at the surface close to the 
BCS pairbeaking limit.  

High Q can only be achieved in the Meissner state with a small density of trapped vortices. 
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Why are trapped vortices so bad for SRF cavities?
Cooldown
in field from 
T > Tc to 2K

§ Vortices get trapped by materials defects on cooling
the cavity through Tc at which Hc1(T) vanishes.

RF field

Nb

H(t)

λ
London penetration depth of
≈	40	nm	<<	d	=	3mm

§ Trapped vortices caused by Earth’s magnetic field can
produce  ∼ 101 higher RF losses than the BCS

surface resistance at 2K and 1-2 GHz.

§ Even good screening (1% of HE) cannot eliminate trapped vortices. Temperature maps
have revealed sparse hotspots of vortex bundles which reduce the quality factors
and breakdown fields: Vogt, Kugeler and Knobloch, PRAB 18, 042001 (2015);
Gonnella, Kaufman and Liepe,  JAP 119, 073904 (2016); Dhakal et al, PRAB 23, 023102 (2020).
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Detection and manipulation of trapped vortices
In films vortices are observed using scanning SQUID, Kirtley, Rep. Prog. Phys. 73, 126501 (2010)

MO imaging, STM, MF, Lorentz microscopy,  …
3D Parametric Surface

1

2

3D Parametric Surface

1

2
Arrays of carbon sensors to get local temperature 
maps with the sensitivity of a few mK and spatial 
resolution of a few mm  (Cornell, Jlab, FNAL)

hotspots

Flushing vortices out by strong thermal gradients or scanning laser beams: Ciovati and Gurevich, PRAB
11, 122001 (2008);   Gurevich and Ciovati. PRB  87, 054502; (2013); Romanenko et al, JAP 115, 184903 (2014); Posen et al, JAP 119, 213903 (2016).
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Key issues

§ Trapped vortices can produce significant losses which can be much higher than the BCS
losses in SRF resonator cavities.

§ Vortex losses are determined by an effective Campbell penetration depth

§ New physics of superfast vortices driven by strong Meissner screening currents at the
depairing limit in SRF cavities.

§ How fast can vortices move? How long does it take for a vortex to penetrate a
superconductor?

§ Nonlinear dynamics of supersonic vortices: field-dependent RF losses, Larkin-
Ovchinnikov instability, decrease of the surface resistance with the RF amplitude, …

§ How much vortex dissipation can be tolerated?  Can vortex dissipation be mitigated by
strong pinning?
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Extreme dynamics of vortex tips at the surface

At H = Hc, the superflow velocity of Cooper pairs reaches 
the critical pairbreaking value vc = D/pF .  

How fast can the vortex tip move 
at the pairbreaking limit?

This rough estimate yields v = 10 km/s, 
which exceeds both the speed of sound 
(2-4 km/s) and vc = D/pF = 1 km/s

v ' Jd�0
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2µ0�2
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How can a supersonic vortex tip remain connected to 
a subsonic elastic vortex line in the bulk?

SRF cavities are a unique testbed to study the extreme dynamics of a vortex driven by non-
dissipative Meissner currents at the pairbreaking limit
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How can a vortex move faster than the current superflow
which propels it?

A sailboat can move much faster 
than the wind if drag is weak and
the sail is nearly perpendicular 
to the wind blow. 

v > vs

vs

o Vortex core stretches along the
direction of motion

o Vortex can move much faster than the
drift velocity of supercurrent 

o V can exceed the pairbreaking velocity
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Dynamics ac 2 0:40

Pb bridge at Ba = 27 G
SOT diameter: 225 nm
Scan area: 12 ´ 12 μm2

Pixel size: 40nm    
Scan time: 4 min/frame 
T = 4.2 K

Dynamics of 
vortex branching
observed by SOT
microscope  

L. Embon et al, Nature Comm. 8, 85 (2017)
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Conclusions

§ At RF fields of 100-200 mT tips of vortices trapped in Nb cavities can reach velocities
of a few km/s approaching the speed of sound (3.5 km/s)

§ Extreme nonlinear dynamics of the elastic vortex, drastic change of a hot moving
vortex core,  strong pairbeaking effects and nonequilibrium kinetics of quasiparticles.

§ Decrease of the residual surface resistance due to the Larkin-Ovchinnikov mechanism
and electron overheating in the vortex core.

§ The descending field dependence of the surface Ri(H) develops as the frequency increases.
A new  mechanism of the Q(H) rise which can be tuned by impurities.

§ Pinning at the surface can only reduce vortex dissipation at low RF fields << Hs.

§ High-Q SRF cavities offer a unique opportunity to investigate the extreme dynamics of
vortices at low temperatures.
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