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Motivation: use multilayer coatings for higher Eacc.
e.g., a superconductor-insulator-superconductor (SIS) cavity

Potential benefits:

Top layer “damps” magnetic flux
before reaching the substrate.

Buried interface provides an “extra”
(Bean-Livingston-like) energy barrier.

Insulating layer intoduces a “short” for
flux-travel above the substrate.

see, e.g.: Image credit:

A. Gurevich, Appl. Phys. Lett. 88, 012511 (2006) M. Asaduzzaman
T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017)
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Problem: contradictory behaviour in different settings?
e.g., Nb1–xTixN(x nm)/AlN(7 nm)/Nb [x = 50nm or 60nm]

Magnetometry Nb1–xTixN(60 nm)/AlN(7 nm)/Nb

✓ [ellipsoid]

RF tests Nb1–xTixN(50 nm)/AlN(7 nm)/Nb

p [1.3 GHz cavity]

Y. Kalboussi et al., in Proceedings of SRF’23, International Conference on RF Superconductivity 21 (Sept. 2023), pp. 615–620
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Proposal: study flux-entry at the nanoscale!
Using 8Li β-NMR & TRIUMF’s purpose-built “β-SRF” instrument!
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ABSTRACT

A new high field spectrometer has been built to extend the capabilities of the β-detected nuclear magnetic resonance (β-NMR) facility at
TRIUMF. This new beamline extension allows β-NMR spectroscopy to be performed with fields up to 200 mT parallel to a sample’s surface
(perpendicular to the ion beam), allowing depth-resolved studies of local electromagnetic fields with spin polarized probes at a much higher
applied magnetic field than previously available in this configuration. The primary motivation and application is to allow studies of supercon-
ducting radio frequency (SRF) materials close to the critical fields of Nb metal, which is extensively used to fabricate SRF cavities. The details
of the design considerations and implementation of the ultra-high vacuum (UHV) system, ion optics, and beam diagnostics are presented
here. Commissioning of the beamline and spectrometer with radioactive ions are also reported here. Future capabilities and applications in
other areas are also described.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0137368

I. BACKGROUND AND MOTIVATION

Superconducting Nb cavities are the enabling technology
behind modern high-power and high-energy linear accelerators
(LINACs).1,2 Electromagnetic radio frequency (RF) fields are stored
in RF cavities and are used to efficiently accelerate charged parti-
cle bunches (or beams). To reduce LINAC length, hence cost, the
electric accelerating field can be increased, but with a proportional
increase in the surface magnetic field (Bsurf) parallel to the RF cavity

wall, resulting in heat dissipation. Large oscillating B-fields can result
in vortex generation, and the movement of those vortices generates
heat as explained below.

SRF LINAC cavities (commonly made out of elemental Nb
metal) need to be operated in the superconducting state below the
superconducting transition temperature Tc (∼9.2 K for Nb), requir-
ing extensive cryogenic infrastructure. SRF cavities can only be
operated in the Meissner state when Bsurf is lower than the field
of first vortex penetration (Bvp), which, for Nb, is on the order of
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Depth‑resolved characterization 
of Meissner screening breakdown 
in surface treated niobium
Edward Thoeng 1,2*, Md Asaduzzaman 1,3, Philipp Kolb 1, Ryan M. L. McFadden 1, 
Gerald D. Morris 1, John O. Ticknor 4,5, Sarah R. Dunsiger 1,6, Victoria L. Karner 1, 
Derek Fujimoto 1, Tobias Junginger 1,3, Robert F. Kiefl 1,2,5, W. Andrew MacFarlane 1,4,5, 
Ruohong Li 1, Suresh Saminathan 1 & Robert E. Laxdal 1

We report direct measurements of the magnetic field screening at the limits of the Meissner 
phase for two superconducting niobium (Nb) samples. The samples are processed with two 
different surface treatments that have been developed for superconducting radio-frequency (SRF) 
cavity applications—a “baseline” treatment and an oxygen-doping (“O-doping”) treatment. The 
measurements show: (1) that the screening length is significantly longer in the “O-doping” sample 
compared to the “baseline” sample; (2) that the screening length near the limits of the Meissner phase 
increases with applied field; (3) the evolution of the screening profile as the material transitions from 
the Meissner phase to the mixed phase; and (4) a demonstration of the absence of any screening 
profile for the highest applied field, indicative of the full flux entering the sample. Measurements are 
performed utilizing the β-detected nuclear magnetic resonance ( β-NMR) technique that allows depth 
resolved studies of the local magnetic field within the first 100 nm of the surface. The study takes 
advantage of the β-SRF beamline, a new facility at TRIUMF, Canada, where field levels up to 200 mT 
are available parallel to the sample surface to replicate radio frequency fields near the Meissner 
breakdown limits of Nb.

Superconducting radio frequency (SRF) cavities are the enabling technology for modern large-scale high-energy 
linear accelerator (linac) facilities. The SRF cavities or resonators can efficiently produce high-amplitude radio 
frequency (RF) electromagnetic fields to accelerate charged particles1–3. For a fixed final energy, the length of 
the linac is inversely proportional to the accelerating gradient (Eacc) . The Eacc is proportional to the peak RF 
electric and magnetic fields on the cavity surface, with the surface magnetic field and associated induced screen-
ing currents limited fundamentally by the bounds of the superconducting state. For SRF cavity applications, the 
superconductor must operate in the Meissner state. In a type-II superconductor, when the surface magnetic 
field exceeds the limits of the Meissner state, the material enters the mixed phase where quanta of magnetic 
flux circulated by vortices of supercurrents penetrate into the bulk. The penetrating RF fields cause oscillation 
of vortices at RF frequency that generate heat, leading to thermal instability and quench of superconductivity. 
The quench field ultimately defines the maximum achievable accelerating gradient in an SRF cavity. Achieving 
a higher Eacc ultimately requires a higher onset field for vortex penetration. Global research is focused on new 
processes including surface doping4, layered structures5,6, or new materials7 that will extend the Meissner state 
to higher fields to support high gradient operation.

In the Meissner state, the RF magnetic fields are screened from the bulk within a very thin layer ( ∼100 nm) 
of the inner cavity wall of the superconducting surface. The screening profile is typically exponential with a 
characteristic length given by the London penetration depth, �8. For type-II superconductors, the lower critical 
field (Bc1) marks the field above which it is energetically favourable for the superconductor to be in a mixed 
phase though the Meissner state can be maintained in a meta-stable phase up to the superheating field (Bsh) ∼ 
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E. Thoeng et al., Rev. Sci. Instrum. 94, 023305 (2023) TRIUMF’s β-NMR facility — home to two dedicated instruments;
E. Thoeng et al., Sci. Rep. 14, 21487 (2024)
E. Thoeng, PhD Thesis (University of British Columbia, Vancouver, BC, 2025) “β-SRF” is located in the rightmost cage!
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Samples: Nb0.75Ti0.25N(91 nm)/AlN(4 nm)/Nb
Grown by thermal atomic layer deposition (ALD) — for good conformal coating

N

Nb1-xTix

Nb1-xTixN
a = b = c = 4.313 A

o

Cubic B1 (rocksalt) structure;
spacegroup No. 225 (Fm3̄m).

Flat sample dimensions:

8 mm× 12 mm× 0.5 mm

✓ Studied previously using β-NMR!

↑ Mounted in holder for β-NMR.

Ellipsoid sample diameters:

10 mm× 4 mm× 4 mm

ò Focus of this work!

↑ Resting in synthesis holder.

see, e.g.: Samples provided by:

Y. Kalboussi, PhD thesis (Université Paris-Saclay, Orsay, 2023) Y. Kalboussi, I. Curci, and T. Proslier
M. Asaduzzaman et al., J. Phys.: Condens. Matter 37, 395701 (2025) @ CEA Saclay
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Experiment: 8Li β-NMR setup
β-NMR ≡ beta-radiation-detected nulcear magnetic resonance

B1

Right (R)
detector

Sample

RF coil

Au foil

Left (L)
detector

B0

Beamspot

Helmholtz 
coil

8Li+ 
beam 8Li+Spin

8Li properties:

Nuclear spin I = 2.

Radioactive lifetime τ = 1.21s.

β-rays (electrons) are emitted
anti-parallel spin direction!

Measurement details:

Apply static field B0 parallel sample’s
semi-major axis.

Implant 8Li+ in Nb0.75Ti0.25N layer
(and surrounding gold foil).

Mean stopping depth ≈ 26nm

Resonantly manipulate 8Li spins using
transverse RF field B1.

Monitor β-decay asymmetry in left/right
detectors at different RF frequencies ν.

Image credit:

M. Asaduzzaman
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Experiment: 8Li β-NMR data
Anatomy of the measured signal

200 300 400 500 600
RF coil frequency  (kHz)

0.00

0.02

0.04

0.06

0.08

0.10

8Li -decay Asymmetry

A( ) = L( ) R( )
L( ) + R( )

"Broad" signal
in Nb0.75Ti0.25N

"Narrow" signal
in Au

Au + 100 ppm

Use as in situ proxy
for applied field!

2 % Nb0.75Ti0.25N + 15 %

Strongly field dependent
from screening currents!

Isolate effect using, e.g.:

0, Nb0.75Ti0.25N
0, Au 1 + Nb0.75Ti0.25N

"Baseline"
value A( )

B0 = 60 mT

Resonance position:

0, i = 8Li B0 (1 + i)

8Li is 8Li's gyromagnetic ratio
B0 is the applied field

i is the NMR "shift"
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Results: field in Nb0.75Ti0.25N is highly sensitive to B0

100 0 100 200 300
Au
0  (kHz)

0.90

0.95

1.00
B0 = 15 mT

0 = 11.3 kHz

Au Nb1 xTixNT = 5.5 K
E = 6.9 keV

0.90

0.95

1.00
60 mT

56.4 kHz

0.90

0.95

1.00

A(
)/

A(
)

100 mT

81.1 kHz

0.90

0.95

1.00
120 mT

46.2 kHz

100 0 100 200 300
Au
0  (kHz)

0.90

0.95

1.00
140 mT

5.5 kHz

Measurement protocol:

Zero-field-cool to 5.5 K.

Qualitative findings: Interpretation:

Resonance in Nb0.75Ti0.25N broadens flux-entry into
with increasing B0. film!

Changes are monotonic.

Resonance in Nb0.75Ti0.25N shifts flux-entry into
with increasing B0. film & substrate!

Changes are non-monotonic.

Ryan M. L. McFadden ( ) Magnetic-flux-entry in coated Nb using β-NMR 2026-06-09 12 / 17

https://orcid.org/0000-0002-1389-2410
https://www.triumf.ca/


Results: flux-entry is resolved for each layer!

0 25 50 75 100 125 150 175 200
B0 (mT)

0.98

1.00

1.03

1.05

1.08

1.10

1.12

1.15

0, Nb0.75Ti0.25N
0, Au 1 + Nb0.75Ti0.25N

32 mT 97 mT 150 mT
Meissner Meissner vortex normal
Meissner vortex vortex vortex

Nb
Nb0.75Ti0.25N
Layer: State:

Measurement
conditions:

T = 5.5 K
E = 6.9 keV

Ratio of resonance positions:
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Summary

✓ Technique development

Used 8Li β-NMR to study flux-entry in an SIS multilayer!

✓ Novel information

Sensed first-flux-entry with layer-by-layer resolution!

¬ Future applications

? Importance of insulating layer?

e.g., directly compare SS and SIS equivalents

? Nature of vortices in SIS structure?

i.e., use depth-resolution to look for “pancakes”
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Thanks!

(end of slides)
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Nuclear-decay spin-probe techniques
Advantages over “conventional” approaches for interrogating matter

✓ High-energy radiation (e.g., β-decay products) is easy to detect. ´

✓ Spin-probes sense the electromagnetic “weather” of their local environment.

✓ Ion-implanted variants have added spatial sensitivity.

⋆ μSR

⋆ β-NMR

Mössbauer

PAC

etc. . .
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Comparison of magnetic resonance techniques
Both LE-μSR and 8Li β-NMR have enhanced sensitivity and depth-resolution on the nanoscale!

“conventional” NMR μSR / LE-μSR 8Li β-NMR

Polarization ≪ 1% ∼100% ∼70%

Probe any stable nucleus non-
zero spin (e.g., 1H)

μ+ 8Li

Detection method electromagnetic anisotropic β-decay anisotropic β-decay

Sensitivity ∼ 1017 spins ∼ 107 spins ∼ 107 spins

Spin 1/2 (e.g., 1H) 1/2 2

Lifetime ∞ s 2.2µs 1.21 s

1/T1 range any * ∼104–108 s−1 ∼10−2–102 s−1

Depth range N/A ∼100µm / 10–200 nm 5–150 nm
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SRF materials research using μSR and β-NMR
Overview of capabilities

T. Junginger et al., Front. Electron. Mater. 4, 1346235 (2024)
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β-decay violates parity
e.g., mirror-plane symmetry

Real world Mirror world

Mirror plane

Gas collisions
in a container

Muon decay:

μ+ → e+ + νe + ν̄μ

✓

p

Each occurs
in nature

Mirror process
does not occur!

S. J. Blundell, Contemp. Phys. 40, 175 (1999)
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β-rays are emitted anisotropically
Direction depends on emitter’s spin-direction (or polarization)

Example: β-decay of cobalt-60:

60Co→ 60Ni* + e− + ν̃e

Angular e− emission probability:

W(θ) ≈ 1+AβP cosθ

� Use β-emissions to monitor probe’s
spin orientation!

L. M. Chirovsky et al., Phys. Lett. B 94, 127 (1980)
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Au is an excellent contrast material
8Li β-NMR in Au has narrow resonance(s) & slow, field-independent relaxation above ∼15 mT

T. J. Parolin et al., Phys. Rev. B 77, 214107 (2008) W. A. MacFarlane et al., JPS Conf. Proc. 21, 011020 (2018)
T. J. Parolin et al., Phys. Rev. B 100, 209904 (2019)
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Spectral resolution in β-NMR is field-dependent
e.g., 8Li β-NMR in Ag(50 nm)/SrTiO3 @ 5 keV

Peaks are unresolved in
low applied field. . .

. . . but become well-separated in
high applied field!

Measurement
conditions:

0.3 T

4 K

3.0 T

145 K

G. D. Morris et al., Phys. Rev. Lett. 93, 157601 (2004)
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8Li+ implantation in Nb0.75Ti0.25N(91 nm)/AlN(4 nm)/Nb
Simulations predict a mean stopping depth of ∼26 nm

0 20 40 60 80 100
z (nm)

0.000
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m
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Nb
 [8

.5
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g 
cm

3 ]

6.86 keV 8Li+   Nb0.75Ti0.25N(91 nm)/AlN(4 nm)/Nb:
Monte Carlo sampling of angle-dependent simulations
Range = 25.6 nm | Straggle = 14.1 nm
Flat  ellipsoid surface transformation
Range = 25.8 nm | Straggle = 14.4 nm

SRIM Monte Carlo code http://www.srim.org/

J. F. Ziegler et al., SRIM — the stopping and range of ions in matter, 7th ed. (SRIM Co., Chester, 2008)

Ryan M. L. McFadden ( ) Magnetic-flux-entry in coated Nb using β-NMR 2026-06-09 9 / 13

http://www.srim.org/
https://orcid.org/0000-0002-1389-2410
https://www.triumf.ca/


8Li β-NMR in the normal/vortex state of Nb1–xTixN
Nb0.75Ti0.25N(91 nm)/AlN(4 nm)/Nb

25.72 25.76 25.80 25.85 25.89 25.93
Frequency (MHz)

No
rm

al
ize

d 
As

ym
m

et
ry

4.6 K

20 K

270 K

4.8 keV 8Li +
4.1 T

Nb0.75Ti0.25N(91 nm)/AlN(4 nm)/Nb

Wide resonance; symmetric
broadening in vortex state.

0 5 10 15 20 25 30 35
T (K)

0.5

0.6

0.7

0.8

0.9

1.0

1.1

 (m
T) 0 75 150 225 300

T (K)

0.6

0.8

1.0

 (m
T)

Vortex broadening fit using
Brandt/Pearl models.

Tc, Bc2, and λ identified from fit;
agree with independent measurements!

see, e.g.: M. Asaduzzaman et al., J. Phys.: Condens. Matter 37, 395701 (2025)

J. Pearl, Appl. Phys. Lett. 5, 65 (1964)
E. H. Brandt, Phys. Rev. B 68, 054506 (2003)
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Importance of film quality in SIS structures?
e.g., NbN(x nm)/SiO2(30 nm)/Nb [x = 50nm to 400nm]

← Results from 3rd harmonic measurements
(Hc1 = 180mT assumed for “bare” Nb).

Presence of imperfections in the film
(e.g., impurities, topographics defects, etc.)
can stifle ideal behaviour.

Phenomenon can be quantified ad hoc by a
suppression factor 0 ≤ η ≤ 1.

How generic is this finding?

Experiment:

H. Ito et al., in Proceedings of SRF’19, International Conference on RF Superconductivity 19 (Aug. 2019), pp. 632–636

Theory:

T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017)
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Comparison of atomic layer deposition (ALD) types
Thermal ALD provides excellent surface coverage for SRF sample geometries

G. K. Deyu et al., Mater. Horiz. 12, 5594 (2025)
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8Li+ beamspots
Imaged using scintillation from a sapphire plate & a charge-coupled device (CCD) camera

-Al2O3 (0001)

Tune: 141107_0109

20 keV 8Li+
HV Bias = 0 kV
B0 = 20 mT

12.5 mm

12
.5

 m
m

see, e.g.:

R. M. L. McFadden, PhD Thesis (University of British Columbia, Vancouver, BC, 2020)
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