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Abstract
Muons spin rotate in magnetic fields and emit a positron

preferentially in spin direction after decay. These proper-

ties enable muon spin rotation (μSR) as a precise probe for

local magnetism. μSR has been used to characterize SRF

materials since 2010. At TRIUMF a so called surface beam

implants muons at a material dependent depth of about 150

μm in the bulk. A dedicated spectrometer was developed

for field of first vortex penetration and pinning strength mea-

surements of SRF materials in parallel magnetic fields of

up to 300 mT. A low energy beam available at PSI implants

muons at variable depth in the London layer allowing for

direct measurements of the London penetration depth from

which the lower critical field and the superheating field can

be calculated. This facility is limited to parallel magnetic

fields of up to 30 mT. Here, surface and low energy μSR

results on SRF materials are reviewed and cross-correlated

to each other and to further results from additional experi-

ments. Finally, we present the status of a new facility based

on the similar beta-NMR technique enabling measurements

in the London layer of SRF materials exposed to parallel

magnetic fields above 200 mT.

INTRODUCTION
μSR (muon spin rotation) [1, 2] is a powerful condensed

matter technique to understand superconductors in terms

of their magnetic-phase diagram and penetration depth, as

well as characterize impurities based on muon diffusion. In

the early 1970’s new high-intensity, intermediate-energy

accelerators were built at PSI, TRIUMF and LAMPF. These

new “meson factories” produced pions (and therefore muons)

several orders of magnitude more than previous sources -

and in doing so, ushered in a new era in the techniques and

applications of μSR. Since 2010 the SRF group at TRIUMF

has been using the μSR technique to characterize materials

and processing techniques typical for the SRF community

using the TRIUMF surface muon beam [3]. This type of

muon beam is refered to as a surface beam as the muons are

produced from pion decay at the surface of the production

target.

In case of niobium the implantation depth is about 150 μm
and large compared to the London penetration depth of a few

tens of nanometers. In order to probe magnetic fields in the

London layer the energy of surface muons has to be reduced

from about 4 MeV to a few tens of keV using large band-gap

solid moderators. This process requires a high surface muon

current as the efficiency for low energy muon production

is only about 10−4
− 10−5 [4]. This process has first been
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explored at TRIUMF and is now implemented in a user fa-

cility at PSI [5]. Note that the extraction scheme from the

cyclotron at TRIUMF is not suited to produce a large enough

muon current for a LE-μSR user facility. LE-μSR has first

been used to study niobium in 2005 by Suter et al. [6] to

proof non-local effects in superconductors. The first appli-

cation of LE-μSR to SRF materials has been reported by

Romanenko et al. [7]. A strong change in Meissner screen-

ing with depth has been reported for samples treated by low

temperature baking. LE-μSR at PSI is available for magneitc

fields parallel to the sample surface up to 30 mT, which is

small compared to fields relevant for SRF application. When

designing a spectrometer for this field configuration one has

to take into account that the magnetic field seen by the muon

before implantation will not only cause spin rotation but also

bend the beam trajectory. This effect becomes more pro-

nounced for lower energy. betaNMR is a technique similar

to μSR but uses heavier 8Li ions instead of muons as the

magnetic probe. A spectrometer dedicated for SRF studies

and therefore called betaSRF is currently under construction

at TRIUMF [8,9].

This paper gives a brief overview of μSR studies of SRF

materials. For more detailed information the reader is refer-

eed to previous publications

SURFACE μSR STUDIES
Initial studies have been performed on coin shaped sam-

ples with the sample surface orientated perpendicular to the

magnetic field [3], see Fig.1. In this configuration samples

can be tested in terms of their pinning strength. The field

will first break in at the edges where it is enhanced. If the

pinning strength of the material is large the movement of the

flux to the sample center, where it is probed by the muons, is

delayed, see Fig. 1. This is demonstrated in Fig. 2 for a coin

which went through different treatments typically applied in

cavity production i.e forming, etching and annealing.

Figure 1: Left: Field breaks in at the edges first. At Hentry it

will redistribute to the center for a pin free sample. Pinning

resists redistribution requiring a higher field to reach the

center.

In order to measure the field of first vortex penetration

ellipsoidal samples have been produced for tests in the ini-

tial transverse field spectrometer. However, this configura-
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Figure 2: Field Free Volume fraction (FFVF) for a coin

shaped sample with the magnetic field applied perpendicular

to the sample surface.

tion was still found to be sensitive to pinning. Therefore, a

dedicated parallel field spectrometer has been developed to

test both ellipsoidal and coin shaped samples. In total four

generic sample-field configurations can be used at TRIUMF

depending on the property of interest, see Fig. 3 [10]. The

coin in transverse field is best suited for pinning studies while

the ellipsoid in parallel field is best suited for field of first

vortex entry studies. The coin in parallel field is also well

suited for these studies as it is only slightly more sensitive

to pinning. For thin film studies coin shaped samples need

to be coated on both sides and at least partly on the edges to

prevent flux penetration from both sides of the coating.

Utilizing the parallel field spectrometer we have demon-

strated that a layer of a higher Tc material on niobium can

enhance the field of first vortex penetration by about 40%

from a field consistent with the lower critical field Hc1 to

a field consistent with the superheating field Hsh. This en-

hancement does not depend on material or thickness suggest-

ing that the superconductor-superconductor (SS) boundary

is providing effective shielding up to the superheating field

of niobium. For details refer to [11].

LOW ENERGY μSR STUDIES
Le-μSR enables to probe the magnetic field in the London

layer. It can therefore be used for a direct measurement of

the London penetration depth. Several SRF materials have

been tested. These include micrometer thick niobium films

on copper substrate [12], NbTiN [13] and Nb3Sn [12, 14].

Comparing penetration depth values obtained with LE-μSR

to RF frequency shift results there is a better agreement for

the two methods for Nb3Sn compared to Nb. This might be

related to the non-local properties of Nb.

When preparing thin film samples it is crucial to coat

the whole sample surface area to avoid field penetration

from both sides of the film. This is especially relevant for

superconductor-insulator multilayer samples where fields

can penetrate through the insulator. Fig. 4 shows results

of two NbTiN on Nb samples. The NbTiN layer of the SS

sample is about 160 nm thick and there is no interlayer. The

SIS sample has a NbTiN thickness of about 80 nm and a

Figure 3: Four generic arrangements of sample, muon and

field direction used for pinning and field of first vortex pene-

tration studies [10].

20 nm AlN interlayer between the NbTiN film and the Nb

substrate. Here the cosh shaped penetration profile signifies

field penetration from both sides of the sample. The same

behavior is observed for the SS sample above the critical

temperature of Nb. Note that at 9 K Tc is already reached as

it depends on applied field.
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Figure 4: Field penetration in NbTiN on Nb samples with

and without insulating interlayer.

In [12] LE-μSR and point contact tunneling are used to

investigate paramegnetic impurities in Nb on Cu samples. A

strong correlation between the two methods was found and

it is suggested that magnetic impurities form along grain

boundaries for Nb on Cu samples. Whether these are a dom-

inant source for RF dissipation remains an open question.

COMBINED SURFACE AND LOW
ENERGY μSR STUDIES

In a recent study surface and low energy μSR have been

combined and correlated to RF critical field measurements
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performed with a Quadrupole Resonator. Critical field of

Nb3Sn prepared for SRF application [14] have been investi-

gated. The combined experimental results strongly confirm

that Nb3Sn SRF cavities can indeed be operated in a flux

free Meissner state above Hc1. It is suggested that local-

ized vortex penetration with little or negligible preheating

prevents current Nb3Sn SRF cavities to reach higher field

values. This might be interpreted as a local suppression of

the superheating field potentially at coating flaws as reported

in [15].

DEVELOPMENT OF A BETANMR
FACILITY FOR SRF STUDIES

Surface and low energy μSR have both shown to be useful

tools to study SRF materials as outlined above. However, sur-

face μSR implents muons deep in the bulk, while LE-μSR

is only available for parallel magnetic fields up to 30 μT. Ide-

ally one would like to have a facility enabling strong (above

200 mT) parallel magnetic fields and their localized detec-

tion in the London layer of SRF materials. For this purpose

TRIUMF is currently constructing a facility based on the

beta-NMR technique (Fig. 5) [8, 9]. Initial commissioning

is scheduled for June 2020.

Figure 5: Extension of a beta-NMR beamline with the

beta-SRF spctrometer. Note the larger size of the second

Helmholtz coil enabling measurement in strong parallel mag-

netic fields.

OVERVIEW OF MEASUREMENT
CAPABILITIES

Table 1 gives an overview of the three experimental tech-

niques described in this contribution in terms of their capa-

bilities for SRF material studies.

REFERENCES
[1] A. Yaouanc and P.D. De Reotier, Muon spin rotation, re-

laxation, and resonance: applications to condensed matter.
Number 147. Oxford University Press, 2011.

[2] A. Schenck, "Muon Spin Rotation Spectroscopy: Princi-

ples and Applications in Solid State Physics", Adam Hilger,

England, 1985, pp. 83-87.

[3] A. Grassellino, C. Beard, P. Kolb, R. Laxdal, N. S. Lockyer,

D. Longuevergne, and J. E. Sonier, "Muon spin rotation

studies of niobium for superconducting rf applications", Phys.
Rev. ST Accel. Beams, vol. 16, pp. 062002, 2013.

[4] E. Morenzoni, H. Glückler, T. Prokscha, R. Khasanov,

H. Luetkens, M. Birke, E.M. Forgan, Ch. Niedermayer, and

M. Pleines, "Implantation studies of keV positive muons in

thin metallic layers", Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materi-
als and Atoms, vol. 192(3), pp. 254-266, 2002.

[5] T. Prokscha, E. Morenzoni, K. Deiters, F. Foroughi,

D. George, R. Kobler, A. Suter, and V. Vrankovic, "The new

μe4 beam at psi: A hybrid-type large acceptance channel for

the generation of a high intensity surface-muon beam", Nu-
clear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 595(2), pp. 317-331, 2008.

[6] A. Suter, E. Morenzoni, N. Garifianov, R. Khasanov, E. Kirk,

H. Luetkens, T. Prokscha, and M. Horisberger, "Observa-

tion of nonexponential magnetic penetration profiles in the

Meissner state: A manifestation of nonlocal effects in super-

conductors", Phys. Rev. B, vol. 72, pp. 024506, 2005.

[7] A. Romanenko, A. Grassellino, F. Barkov, A. Suter,

Z. Salman, and T. Prokscha, "Strong Meissner screening

change in superconducting radio frequency cavities due to

mild baking", Appl. Phys. Lett., vol. 104, pp. 072601, 2014.

Table 1: Measurement Capabilities Relevant to SRF Studies of Surface μSR, LE-μSR and betaNMR

Technique Max parallel Implantation depth in niobium Measurement capabilities relevant to SRF

B field [mT]

Surface μSR (TRIUMF) 300 about 130 μm (fixed) Pinning strength [3, 10]

Field of first vortex penetration [10, 11, 14]

LE-μSR (PSI) 30 about 10-100 nm (variable) London penetration depth and magnetic

screening profile in London layer [7,12–14]

Hydrogen diffusion and magnetic

Beta-NMR TRIUMF 200 about 10-200 nm (variable) Vortex penetration in the London layer

impurities [12]

19th Int. Conf. on RF Superconductivity SRF2019, Dresden, Germany JACoW Publishing
ISBN: 978-3-95450-211-0 doi:10.18429/JACoW-SRF2019-TUFUA7

TUFUA7
362

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

Fundamental R&D - Nb
material studies



[13] T. Junginger, T. Prokscha, Z. Salman, A. Suter, and A-M.

Valente-Feliciano, “Critical Fields of SRF Materials”, in Proc.
9th Int. Particle Accelerator Conf. (IPAC’18), Vancouver,

Canada, Apr.-May 2018, pp. 3921–3924. doi:10.18429/
JACoW-IPAC2018-THPAL118

[14] S. Keckert, T. Junginger, T. Buck, D. Hall, P. Kolb, O. Kugeler,

R.E. Laxdal, M. Liepe, S. Posen, T. Prokscha, Z. Salman,

A. Suter, and J. Konobloch, "Critical fields of Nb3Sn prepared

for superconducting cavities", Superconductor Science and
Technology, vol. 32(7), pp. 075004, 2019.

[15] Y. Trenikhina, S. Posen, A. Romanenko, M. Sardela, J.M.

Zuo, D.L. Hall, and M. Liepe, "Performance-defining proper-

ties of nb3sn coating in srf cavities", Superconductor Science
and Technology, vol. 31(1), pp. 015004, 2017.

[8] E. Thoeng et al., “Beta-SRF - A New Facility to Charac-

terize SRF Materials near Fundamental Limits”, in Proc.
9th Int. Particle Accelerator Conf. (IPAC’18), Vancouver,

Canada, Apr.-May 2018, pp. 4961–4963. doi:10.18429/
JACoW-IPAC2018-THPML122

[9] E. Thoeng et al., “Progress of TRIUMF Beta-SRF Facility

for Novel SRF Materials”, presented at the 19th Int. Conf.

RF Superconductivity (SRF’19), Dresden, Germany, Jun.-Jul.

2019, paper THP047, this proceedings.

[10] T. Junginger, S.H. Abidi, R. Astley, T. Buck, M. Dehn,

S. Gheidi, R. Kiefl, P. Kolb, D. Storey, E. Thoeng, W. Wasser-

man, and R.E Laxdal, "Field of first flux entry and pinning

strength of superconductors for RF application measured

with muon spin rotation", Physical Review Accelerators and
Beams, vol. 21, pp. 032002, 2017.

[11] T. Junginger, W. Wasserman, and R.E. Laxdal, "Superheating

in coated niobium", Supercond. Sci. Technol., vol. 30, pp.

125012, 2017.

[12] T. Junginger, S. Calatroni, A. Sublet, G. Terenziani,

T. Prokscha, Z. Salman, A. Suter, T. Proslier, and J. Zasadzin-

ski, "A low energy muon spin rotation and point contact

tunneling study of niobium films prepared for superconduct-

ing cavities", Superconductor Science and Technology, vol.

30(12), pp. 125013, 2017.

19th Int. Conf. on RF Superconductivity SRF2019, Dresden, Germany JACoW Publishing
ISBN: 978-3-95450-211-0 doi:10.18429/JACoW-SRF2019-TUFUA7

Fundamental R&D - Nb
material studies

TUFUA7
363

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.


