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Muon spins precess in transverse magnetic fields and emit a positron preferentially in the spin direction at the instant of decay, enabling muon spin rotation (μSR) as a precise probe of local magnetic fields in matter. μSR has been used to characterize superconducting radio-frequency (SRF) materials since 2010. At TRIUMF, a beam of 4.2 MeV μ+ is implanted at a material-dependent depth of approximately 150 μm. A dedicated spectrometer was developed to measure the field of first vortex penetration and pinning strength in SRF materials in parallel magnetic fields of up to 300 mT. A low-energy beam available at PSI implants μ+ at variable depth in the London layer allowing for direct measurements of the London penetration depth from which other material parameters relevant for SRF applications, such as the lower critical field and the superheating field, can be calculated. Beta-detected nuclear magnetic resonance (β-NMR) is a technique similar to low-energy μSR using beams of low-energy β radioactive ions. With a recent upgrade, it is capable of detecting the penetration of parallel magnetic vortices, depth resolved with nanometer resolution at applied fields of up to 200 mT. In this paper, we review the impact and capabilities of these techniques for SRF research.
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1 INTRODUCTION
Superconducting radio-frequency (SRF) cavities made of niobium are the backbone of modern high-power particle accelerators for subatomic physics research. Advanced surface and heat treatments have pushed the performance of the state-of-the-art elliptical cavities optimized to accelerate electrons close to fundamental material limitations in terms of maximum accelerating gradient and power dissipation. Cavities are made of metal sheets with a typical thickness of a few mm, while RF shielding currents only flow within a thin layer as superconducting currents decay exponentially over the length scale of the London penetration depth, which is approximately 30 nm for clean niobium. Optimized performance is achieved by baking cavities in vacuum or in a low-pressure gas atmosphere. These treatments alter the concentrations of oxygen and other impurities of the outermost layer through diffusion. Depending on the desired performance characteristics, different tailored treatments are chosen. For example, different treatments yield the highest accelerating gradients or lowest losses. Often, cavity treatments have been found accidentally, and optimization was performed by empirical studies varying treatment parameters rather than based on dedicated material science studies. Muon spin rotation (μSR) and beta-detected nuclear magnetic resonance (β-NMR) are material science techniques that can measure relevant material parameters such as critical fields, pinning strength, Meissner screening, and magnetic impurities of superconducting niobium prepared for SRF applications. Low-energy muon spin rotation (LE-μSR) and β-NMR further allow for depth-resolved measurements with nanometer resolution of these properties.
The current material of choice for SRF cavities is niobium. It has the highest critical temperature among all elemental superconductors and the highest lower critical field Hc1 of all known superconductors. Power dissipation can be minimized using superconductors with a higher critical temperature with technical Nb3Sn, already outperforming Nb at 4.2K (Posen and Hall, 2017) at a moderate accelerating gradient. The highest accelerating gradients are currently still achieved with bulk niobium technology, and it is unlikely that the accelerating gradient of niobium can be pushed much beyond the current state of the art as the best cavities reach surface magnetic fields close to the superheating field. A potential approach to reaching accelerating gradients beyond the fundamental limitations of niobium technology is to coat superconducting layers thinner than the London penetration depth on niobium cavities. Several mechanisms have been proposed by which such structures can enable larger accelerating gradients; some require dielectric interlayers as initially proposed by Gurevich (2006). So far, only a few cavity measurements have been reported, and generally, coated cavities show lower quality factors and accelerating gradients compared to bulk niobium. The origin of current limitations remains unclear, signifying the need for microscopic studies to further develop heterostructures for SRF application. LE-μSR and β-NMR studies can provide depth-resolved information on the nanometer scale and are, therefore, well suited for studying SRF materials beyond niobium.
In this paper, we first introduce μSR, LE-μSR, and β-NMR in Section 2 and give some examples of work on superconductors that has motivated investigations into SRF materials. In SRF cavities, the magnetic field is on the order of 200 mT and is applied parallel to the surface. In order to achieve these conditions in μSR and β-NMR experiments, dedicated spectrometers have been developed. These are reviewed in Section 3. Since 2010, μSR has been used to study SRF materials, including niobium, Nb3Sn; and multilayers, while β-NMR investigations into SRF materials have only started in 2019. The results on the field of first vortex penetration, pinning strength, magnetic screening, and magnetic impurities are reviewed in Section 4. Finally, Section 5 summarizes the paper with a focus on measurement capabilities relevant to SRF application.
2 METHODS
In this section, we briefly review the general aspects of μSR and β-NMR with a focus on how these methods have been applied to superconductors. The results on SRF materials are reviewed in Section 4.
2.1 Basic principles of muon spin rotation
μSR (Schenck, 1985; Lee et al., 1999; Yaouanc and Reotier, 2011; Blundell et al., 2022) is a powerful condensed matter technique for understanding superconductors in terms of their magnetic phase diagram and penetration depth, as well as for characterizing magnetic impurities. In the early 1970s, new high-intensity intermediate-energy accelerators were built at PSI, TRIUMF, and the LAMPF. These new ‘meson factories’ produced pions (and, therefore, muons) several orders of magnitude more than those from previous sources and, in doing so, ushered in a new era in the techniques and applications of μSR.
In these facilities, a high-energy proton beam (E ≥ 500 MeV) is targeted onto a low-Z material (typically beryllium or carbon). Via nuclear reaction, pions are produced. The pions π± have a mean lifetime of 26 ns and decay into muons and neutrinos.
[image: image]
Since the pion decay is a two-body decay with a defined helicity of the neutrino, the muons μ± are fully spin-polarized. Positively charged pions (π+) decaying at rest close to the surface of the target will produce muons (μ+) with a momentum of approximately 29.8 MeV/c and kinetic energy of 4.1 MeV. These positively charged muons are most commonly used in solid-state physics applications and are called “surface muons.” Implanted into solids, “surface muons” stop at a depth of 0.1–1 mm, depending on the composition and density (Eckstein, 1991).
The muon is a radioactive spin 1/2 particle with an average lifetime of τμ ≃ 2.2 μs. Its decay (given here for μ+)
[image: image]
is anisotropic (Scheck, 1978). The gyromagnetic ratio of the muon is γμ = 2π × 135.5 MHz/T, and therefore, the muon will undergo Larmor precession in a magnetic field B with an angular frequency of
[image: image]
By monitoring the decay positrons, the time evolution of the muon ensemble will lead to the following form:
[image: image]
where Ni(t) is the histogram of the time differences recorded in the positron detector i. [image: image] is the scale of recorded positrons, τμ is the muon life time, and Ni,bkg are the uncorrelated background events. A is the asymmetry of the given detector. That this property A has a finite value is a direct consequence of the anisotropic decay of the muon. Typically, A ranges from 0.1 to 0.35, depending on the solid angle of the detector and positron energy distribution accepted by the given detector. The physics of the material under investigation is contained in the term P(t). A typical setup of a time-differential μSR spectrometer is depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representation of a typical μSR setup. The muon detector will start a clock. An outgoing detected positron will stop the electronic clock. The time difference will be recorded in a positron decay histogram, which, after many decay events, will lead to the form of Eq. 1.
There are three principle setup geometries used in μSR: i) There is no external magnetic field applied, i.e., Bext = 0. These measurements are called zero-field μSR measurements (ZF-μSR). ZF-μSR measurements can be used to determine internal magnetic field distributions in solids. For example, it is possible to measure the sub-lattice magnetization of an antiferromagnet. ii) An external magnetic field is applied perpendicular to the muon spin, S, and therefore, these measurements are called transverse field measurements (TF-μSR). Here, the muon spin will precess around the total magnetic field B = Bext + Bint at the muon stopping site. This is widely used to study the vortex state of superconductors. iii) A magnetic field is applied collinearly to the muon spin. These measurements are called longitudinal field measurements (LF-μSR). In LF measurements, there is no muon spin precession present. The collinear field will lead to a Zeeman splitting of the muon spin energy levels. Since this splitting is energetically extremely small, there is essentially no spontaneous emission of radio quanta possible, even if the muon spin is in the excited state. The only way to flip the muon spin, which, in turn, leads to a depolarization of the muon spin ensemble, is to couple to magnetic fluctuations which have a spectral density at the muon Zeeman splitting. Therefore, this type of measurement can be used to study dynamics, i.e., internal magnetic field fluctuations.
2.2 Zero-field μSR
The μ+ spin in a solid is dominated by dipolar interaction with its surroundings (Schenck, 1985; Lee et al., 1999; Yaouanc and Reotier, 2011; Blundell et al., 2022). This is different to NMR in solids, where most often, the nuclear spin interaction is predominantly of the Fermi-contact type (Abragam, 1961; Slichter, 1990). In para- and diamagnetic materials, the nuclear–muon dipolar interaction will be the only relevant one, whereas the details of the muon–nuclear interaction might be relevant, for example., as in the so-called F-μ-F states (Brewer et al., 1986; Wilkinson and Blundell, 2020), often the nuclear ensemble dipolar field distribution can be treated as a Gaussian continuum; i.e., the distribution for each magnetic field component is given as follows:
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Here, ⟨ΔB2⟩ is the second moment of the magnetic field distribution of the nuclear dipolar fields, and Bα is one of the three field components. Since ⟨Bα⟩ = 0, the second moment simplifies to [image: image]. The muon polarization expressed in magnetic fields is
[image: image]
assuming that the initial muon spin [image: image], and [image: image]. Carrying out the integration in spherical coordinates leads to the Gaussian Kubo–Toyabe function (Kubo and Toyabe, 1967).
[image: image]
where [image: image]. Figure 2 shows a typical zero-field time spectrum caused by the nuclear coupling of copper. Typically, the overall nuclear dipole fields on the muon site are of the order 0.1 mT.
[image: Figure 2]FIGURE 2 | ZF time spectrum of Cu at T =5 K. The red curve is a fit to Eq. 4 with Δ =0.346 (4) μs−1. This corresponds to [image: image].
2.3 Transverse field μSR in the vortex state of superconductors
Using the μSR technique, important characteristic length scales of superconductors can be determined, namely, the magnetic penetration depth λ and the coherence length ξ (Sonier et al., 2000). If a type-II superconductor is cooled below Tc in an applied magnetic field, H, for which Hc1 < H < Hc2, a flux-line lattice (FLL) is formed, which is in general incommensurate to the crystal lattice, and the vortex cores will be separated by a much larger distance than the unit cell. The muons stop at some specific crystallographic sites; they will quasi-randomly sample the magnetic field distribution of the FLL. In TF-μSR measurements, the muon spin will precess around the local field, and therefore, the muon spin ensemble measurement will lead to the following polarization function:
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where σ0 is a broadening term due to nuclear dipoles, imperfections in the crystal structure, and the FLL. γμ = 2π × 135.5 MHz T−1 is the gyromagnetic ratio of the muon. ϕ is an initial phase of the muon spin in respect to the positron detector. p(B) is the magnetic field distribution probability.
For a perfect FLL, the magnetic field distribution can be expressed by a Fourier series (Brandt, 1988; Yaouanc et al., 1997; Brandt, 2003)
[image: image]
where r is the two-dimensional spatial vector in the plane perpendicular to the applied magnetic field. G is the reciprocal lattice vector of the FLL, and bG (λ, ξ) is the Fourier coefficient. ⟨B⟩ is the mean of the magnetic field distribution. Often, Eq. 5 can be well approximated by the following:
[image: image]
In this Gaussian approximation, σ is the depolarization rate, with [image: image], and σsc is the contribution of the FLL, while σn is the measured broadening for T > Tc. γμBm = ω is the measured angular precession frequency. Brandt (1988) and Brandt (2003) found a simple relation between the magnetic penetration depth λ and σsc:
[image: image]
where Φ0 is the magnetic flux quantum. This approximation is valid in a wide range 0.13/κ2 ≪ (H/Hc2) ≪ 1, for a Ginzburg–Landau parameter κ = λ/ξ ≳ 70. This is true for the cuprates (Sonier et al., 2000), iron-based superconductors (Bhattacharyya et al., 2018), and other strongly correlated superconductors. Therefore, by measuring the depolarization rate σ(T), the temperature dependence of λ(T) can be determined.
While this simple mapping from the measured muon depolarization rate σ to the magnetic penetration depth λ (see Eq. 8) works very well for large-κ superconductors, it fails for low-κ materials such as niobium in the vortex state. Here, the field distribution of the FLL needs to be analyzed not only by Ginzburg–Landau theory but also with the Delrieu solution of the BCS-Gor’kov equation close to Hc2 (Herlach et al., 1990; Yaouanc et al., 2014).
The μSR technique has also been used to study elemental type-I superconductors in the intermediate state (Egorov et al., 2001). The field distribution of the normal domains and domain walls can be studied, and it has been shown for white tin that close to Hc, there is a phase transition from laminar to thread-like structure.
2.4 Magnetic fluctuation probed by μSR
The so far presented description of μSR polarization functions ignores any potential magnetic fluctuations. In case of any static magnetic field distribution, the muon spin ensemble is dephasing, which leads to a reduction of the muon spin polarization function, as was sketched in the ZF case, leading to Eq. 4. This process is coherent and could, in principle, be reversed, as it is carried out in spin-echo techniques in NMR. If there are any magnetic fluctuations present at the muon site, with spectral density at the Larmor frequency, muon spin transitions can take place. These processes are incoherent and also lead to a loss of the muon spin polarization. In μSR, the dynamics is handled most often in the strong-collision scenario, i.e., assuming the Gaussian–Markovian process (Hayano et al., 1979; de Reotier and Yaouanc, 1992). Within this framework, the muon spin polarization function can be described by the following equation:
[image: image]
where [image: image] is the static muon spin polarization function, i.e., the time evolution in case there would not be any magnetic field fluctuation. ν is the magnetic fluctuation rate of the process. In general, Eq. 9 needs to be solved numerically. However, for the regime ν/Δ ≳ 1 ([image: image], where ⟨ΔB2⟩ is the second moment of the static field distribution), Keren (1994) derived an analytical solution.
It should be noted that most often, the magnetic fluctuations originate from the host material studied. However, in some materials, the muon itself might diffuse. In this case, the fluctuation rate ν must be understood as a hopping rate of the muon. Here, the dynamics of the muon is leading to time-dependent magnetic fields. This, for example, is true for niobium and has been used to study defects (Niinikoski et al., 1979).
Surface muons have a typical stopping range of 0.1–1 mm in solids, depending on their density. In case of niobium, the implantation depth is approximately 150 μm, which is large compared to the London penetration depth, which is typically in the nanometer range. Therefore, by μSR, the London penetration can only be extracted by FLL measurements, as outlined above. In order to probe magnetic properties of a solid on a desired nanometer scale, positive muons, μ+, in the keV range are needed. This can be achieved using a moderation technique which has been pioneered first by the slow positron community (Gullikson and Mills, 1986) and afterward first demonstrated for μ+ by Harshman et al. (1986) and Harshman et al. (1987) at TRIUMF. In this moderation technique, the surface muon beam passes through a thin layer of a wide-band-gap insulator, typically a frozen van der Waals solid, such as argon. Muons will scatter in this layer, and some will fall into the energy gap (15–20 eV, depending on the moderator material). Since there are essentially no electronic and phononic excitations possible, the material becomes transparent, which results in a rather large diffusion length of these low-energy μ+. Therefore, the resulting low-energy μ+ beam has an initial energy of 15–20 eV. Unfortunately, the described process has a very low production yield of only 10–5 − 10–4 and, henceforth, requires extremely high initial surface muon flux. For further details on the generation of ultra-low-energy positive muons, which also describes a second approach, see the work of Bakule and Morenzoni (2004). Currently, the only suitable beamlines for the generation of a sufficiently high surface muon flux to generate enough low-energy μ+ to run a user program are present at the PSI. Here, the redesigned muE4 beamline (Prokscha et al., 2008) is part of the LE-μSR facility. In the LE-μSR beamline, the μ+ are re-accelerated to typically 15 keV, separated from the scattered surface muons, and transported to the sample region. The implantation energy of the muon is achieved by biasing the sample, and therefore, implantation energies E = 1–30 keV are achieved, with an energy uncertainty of ΔE < 0.4 keV. This results in implantation ranges from 5 to 300 nm, depending on the material and density. In order to calculate the muon stopping profiles, the Monte Carlo code TRIMSP (Eckstein, 1991) is used. The validity of this Monte Carlo code has been experimentally cross-checked (Morenzoni et al., 2002).
The first measurements applying LE-μSR to determine the Meissner screening profile were performed on the high-temperature superconductor YBa2Cu3O7 (Jackson et al., 2000) and were cross-checked against FLL measurements on the same sample (Pleines et al., 2000). After zero-field cooling the sample, a field of B = 10 mT is applied. This generates Meissner screening currents and, hence, the typical Meissner screening profile B(z). For high-temperature superconductors, which are large-κ materials, the Meissner screening profile is expressed as follows:
[image: image]
This magnetic field profile can “directly” be measured by LE-μSR, by sampling the precession frequency ω = γμB at various depths. This is carried out using a series of measurements for a range of different implantation energies. Essentially, this is a 1D magnetic tomography. Figure 3 shows the principle of the measurements performed by Jackson et al. (2000).
[image: Figure 3]FIGURE 3 | LE-μSR experiment of the type-II superconductor YBa2Cu3O7 (critical temperature Tc = 89 K). The left panel shows two μ+ stopping profiles calculated with TRIMSP. The middle panel shows the μ+ precession signal in the Meissner state at T = 10 K, for two implantation energies: E =2 keV (z ≃15 nm) and E = 22 keV (z ≃110 nm). The right panel shows the E = 22 keV asymmetry for T = 10 K (Meissner state) and 150 K (normal state).
Already, a very simple fitting function such as
[image: image]
is catching the B-value surprisingly precise such that BG vs. ⟨z⟩≃ B(z). A more elaborate fitting approach is to take into account the exact form of the μ+ stopping profile, resulting in the following equation:
[image: image]
where σ is a damping term caused by nuclear damping, which also collects imperfections such as surface roughness (Lindstrom et al., 2016). n(z) is the muon stopping profile, and B(z) is the parametrizable model of the magnetic field profile. If there is no clear model for B(z) available, or if a model for B(z) should be verified, Eq. 11 is a way of a model-independent B-vs-z mapping. It has been demonstrated that subtle effects can, indeed, be measured by measuring the effects of photopersistent conductivity on Meissner screening in YBa2Cu3O6+x (Stilp et al., 2014a), as well as the effects of gold nano-particle doping in YBa2Cu3O7−δ, leading to increased Meissner screening (Stilp et al., 2014b). Kiefl et al. (2010) measured the anisotropy of the London penetration depth in YBa2Cu3O7−δ single crystals, which allows separating the contribution of the superconducting chains present in this compound. In a study by Ofer et al. (2012), the in-plane penetration depth in the Meissner state on a single crystal of [image: image] was determined, where the result strongly supports a two-energy-gap model. Furthermore, they compared their results with magnetic force microscopy (MFM), tunnel diode resonator (TDR), and microwave measurements and found excellent agreement. The strength of LE-μSR is that the absolute length scale is determined without any assumptions needed.
With his seminal work, Pippard (1953) not only found a second length scale relevant in superconductors, the coherence length, but also delivered the theory for the magnetic screening response, which has, afterward, been verified by the BCS theory (Bardeen et al., 1957). For low-κ materials (κ ≲ 1) in the clean limit, rather than a local screening response [image: image], a non-local response, averaging the vector potential over the volume of the coherence length, has to be used. This results, assuming perfect specular refection, in a magnetic field profile (Tinkham, 1975)
[image: image]
A typical B(z) for a non-local response is presented in Figure 4. There are three apparent features of the non-local screening: i) The initial slope is less pronounced and would lead to an apparently larger λL when fitted. ii) On a log-scale, there is a clear curvature present. iii) There is even a field reversal at large distances, though on a very small scale. Pippard (1953) stated “It is unlikely that any direct experimental demonstration of existence can be devised.” The sensitivity of LE-μSR is good enough to resolve at least the first two points of the list given. Some of us have demonstrated non-local Meissner screening in lead (Suter et al., 2004), niobium, lead, and tantalum (Suter et al., 2005; Suter et al., 2006), and tin (Kozhevnikov et al., 2013).
[image: Figure 4]FIGURE 4 | Normalized magnetic field profile B(z)/B0 for λL =36 nm and ξ =310 nm, as found in tin (Kozhevnikov et al., 2013). Black: exponential B(z) for the given λL. Red: B(z)/B0 as defined in Eq. 13. The ‘+’ sign means B(z)>0, and the ‘−’ sign means B(z)<0.
For type-I superconductors, in the field range 1 − η < Happl/Hc < 1, where η is the demagnetization factor, one finds the intermediate state (Tinkham, 1975). In the intermediate state, one finds filaments of normal and superconducting domains. Surprisingly, very little is known about the field distribution in the normal domain and how the field distribution changes close to the surface. This has been studied experimentally in some detail by Kozhevnikov et al. (2017), coming to the conclusion that the field distribution is different to the current theoretical understanding. In this study, the field distribution was studied not only in the superconductor indium but also on the “vacuum side” by growing a layer of solid N2 in situ, thus allowing measuring the field distribution just outside the superconductor.
Since LE-μSR allows magnetic depth profiling, the interplay between different materials and orders can be studied. In particular, the interplay between magnetic systems and superconductors is of interest since typically, a magnetic state close to or in a superconductor can act as a pair-break mechanism. In the highly correlated superconductor families of the cuprates and iron-based superconductors, magnetism and superconductivity seem to be closely related states, and hence, heterostructure studies can help understand these systems better. Wojek et al. (2012) studied the interplay between the magnetic and superconducting properties of YBa2Cu3O7−δ/PrBa2Cu3O7−δ trilayer and bilayer heterostructures and found that a finite superfluid density can be induced in otherwise semiconducting antiferromagnetic PrBa2Cu3O7−δ layers. Understanding the interplay between different orders in a solid is a key challenge in highly correlated electronic systems. In real systems, this is even more difficult since disorder can have a strong influence on the subtle balance between these orders and, thus, can obscure the interpretation of the observed physical properties. In the so-called δ-doped La2CuO4, the interplay between the antiferromagnetic order with an ultra-clean quasi-2D superconducting state has been studied (Suter et al., 2018). In this system, the superconducting state strengthens the antiferromagnetic ordered state. The interplay between niobium and thin magnetic layers of ferromagnets has been extensively studied over the last decade (Flokstra et al., 2014; Di Bernardo et al., 2015; Flokstra et al., 2016; Flokstra et al., 2018; Flokstra et al., 2019; Stewart et al., 2019; Flokstra et al., 2021; Flokstra et al., 2023). Various effects were addressed in these studies: spin–orbit coupling, spin-valve physics, and proximity and anti-proximity effects, to name just a few. The most surprising result was the discovery of the electromagnetic proximity effect (Flokstra et al., 2018; Mironov et al., 2018; Flokstra et al., 2019; Stewart et al., 2019). An enhanced Meissner screening is observed in the presence of a thin ferromagnetic layer. Although there is some pair-breaking present close to the ferromagnetic layer, the overall Meissner screening is more pronounced as compared to pure niobium. The cause of this effect is the vector potential of the ferromagnetic layer as outlined by Mironov et al. (2018). This is similar to the well-known Aharonov–Bohm effect.
2.5 Beta-detected nuclear magnetic resonance
The basis for beta-detected NMR is the same as for muon spin rotation, namely, the nuclear spin state is observed via the parity-violating β decay process that correlates the direction of the emitted β particle with the direction of the nuclear spin at the instant of the decay. Practically, however, there are important differences. At the fundamental level, the decaying entity and the decay product are composite nuclei (rather than leptons), so the weak interaction transition matrix element is more complicated. However, the result is simply a β-decay asymmetry parameter [related to A in Eq. (1)], which for the most common probe [image: image] is −1/3 independent of energy (equal but opposite in sign to the positron energy averaged value for the muon). This sets the scale for the experimental asymmetry A, as shown in Figures 2, 3, but the precise value depends on factors such as the detector solid angle. The implementation of β-NMR at TRIUMF (MacFarlane, 2015; MacFarlane, 2022), where the radioisotope probes are delivered as an ion beam, has several other significant differences with respect to μSR: 1) The probe nuclei are not produced in a polarized spin state and must be polarized “by hand” before they can be used. This is carried out by optical pumping with circularly polarized light, a method that is well developed for alkalis but is still quite involved. 2) The radioactive ion beam (RIB) is of very low energy, typically below 30 keV, making it impractical to have the analog of a muon detector that registers the arrival of the probe ion in the sample (Figure 1). Instead, the asymmetry is measured continuously, and time-differential measurements (notably, spin-lattice relaxation) are carried out by pulsing the incident ion beam. The beam is, however, produced at this low energy using an electrostatic ion source, i.e., it is not moderated as in the case of LE-μSR, so its intensity is high (typically 107 ions per second), and the beamspot is small, on the mm scale. 3) The probe is much longer lived than the muon. In the case of [image: image], the average lifetime is 1.21 s or approximately 106 times longer than the muon, making it sensitive to different phenomena. For β-NMR probes generally, their lifetimes must be long enough to allow release from the production target and short relative to the spin-lattice relaxation time T1; i.e., τ is in the range of seconds down to milliseconds. 4) Many β-NMR probes are quadrupolar, but there are a few pure magnetic nuclei with I = 1/2 (such as the muon), notably [image: image]. The most common [image: image] has a nuclear spin I = 2 and a small nuclear electric quadrupole moment that couples the spin to the local electric field gradient in the host. McFadden et al. (2018) presented the results of [image: image] implanted into several insulating materials, and the prospect for further applications in condensed matter is promising. Unpublished data in niobium indicate its potential in SRF material investigations; however, further developments are necessary; in particular, the low-field NMR of [image: image] has not yet been demonstrated.
In the context of superconductors, NMR is primarily used as a local magnetic probe to measure the static (time-average) and low-frequency dynamic response of the superconducting state (MacLaughlin, 1976). For this purpose, the quadrupolar interaction is an added complication. While being similar in principle to conventional NMR, β-NMR has important distinctions: 1) Like the muon, it can be used to study any superconductor since the extrinsic probe can be implanted in any material, but 2) the site of the implanted ion (or muon) is not known a priori and must be determined for any interpretation that depends on the precise crystallographic site. 3) Like LE-μSR (see Section 2.4), the low beam energy makes it possible to study thin-film superconductors that are inaccessible by conventional NMR because they contain too few nuclei to obtain a signal. Importantly for SRF materials, one can also study the Meissner phase of a superconductor by implanting the probes within the London penetration depth λL of the surface to reveal the details of the supercurrent screening at the local level.
While β-NMR has been used to study a number of compound superconductors, such as NbSe2, MgB2, YBCO, Sr2RuO4, and LiTi2O4(MacFarlane, 2015; MacFarlane, 2022), we will focus on the simple metals of relevance to current SRF technologies. Present SRF uses elemental niobium. Parolin et al. (2009) reported the β-NMR of [image: image] implanted into a 300 nm-thick, highly oriented Nb film in a high magnetic field (4.1 T), far above the upper critical field. While these data do not address the superconducting state, they provide information on the crystallographic site of the implanted [image: image] and demonstrate its coupling to the Nb conduction electrons via the Knight shift and Korringa spin-lattice relaxation rate familiar from the NMR of metals (van der Klink and Brom, 2000).
For SRF applications, the Meissner phase at much lower magnetic fields is of central interest. Moreover, the relevant field direction is parallel to the surface of the superconductor. At TRIUMF, the latter condition is met by electrostatically bending the ion beam direction by 90° from the polarization direction (defined by the polarizing laser), as shown in Figure 5. This alters the beam direction without changing the polarization, and one obtains a transversely polarized beam that is transported into the “βNQR spectrometer,” named for the zero-applied-field technique of nuclear quadrupole resonance (Bloom et al., 1955). The former condition is straightforward to satisfy using a conventional Helmholtz pair electromagnet. However, the applied field is transverse to the beam direction in this geometry, and the Lorentz force deflects it, so one needs to compensate electrostatically. Recently, a new spectrometer for fields up to 200 mT in this geometry has been commissioned (Thoeng et al., 2023a) (see Section 4.2). One of its primary applications will be SRF research.
[image: Figure 5]FIGURE 5 | Beamline layout of the β-NMR facility at TRIUMF. Typical beam energy extracted from the source for [image: image]+ is 20–30 keV. The beam is spin-polarized in-flight (first neutralized with an alkali vapor cell and later reionized by a He vapor cell) using dedicated optical pumping infrastructure, allowing for routine operation. The fast electrostatic kicker allows for the semi-simultaneous operation of two spectrometers (i.e., two experiments running at the same time off of a single beam). The β-NMR leg allows measurements at high magnetic fields (0.5–9 T) perpendicular to the sample surface. The upgraded β-NQR leg provides a new spectrometer for measurements up to 200 mT parallel to the sample surface, just downstream of the existing low-parallel-field (0–24 mT) one. The inset shows the side view of the upgraded β-NQR beamline and the HV platform above the beamline [reproduced with permission from the work of Thoeng et al. (2023a)].
While some of the original NMR studies of the superconducting state (Hebel and Slichter, 1959) were accomplished at low applied field (in this case, by field cycling), it is much more common that NMR is carried out in high field since the field is used to polarize the nuclei. With the optical polarizer, the applied field is unimportant for this purpose, but, on the other hand, at low field, the probe spin is increasingly sensitive to cross-relaxation (Stöckmann et al., 1989; Chow et al., 2012) with other stable nuclear spins of the host, for example, the 100% abundant [image: image]. Resonant cross-relaxation occurs not only at specific level-crossing fields but also frequently at zero field, where all the nuclear spins become resonant as their Zeeman splittings vanish. The result is that a new relaxation channel for the implanted nuclear spin opens as the field is reduced. Its strength depends on the details of the coupling to the host spins. When nuclear moments are absent or very low in magnitude, this regime can be restricted to quite low fields, for example, in Au (MacFarlane et al., 2018), but in other cases with a high density of large moment nuclei, such as Al2O3 (MacFarlane et al., 2023) or Nb, it can extend up to several kG. While cross-relaxation also occurs for the implanted muon, the dynamics of nuclear spins are usually sufficiently slow, that they can be treated as static during the muon lifetime (see Section 2.2), and one simply gets depolarization due to precession in the static random nuclear dipolar fields, for example, Eq. 4. With the much longer lifetimes in β-NMR, the host nuclear spins can certainly not be considered static, and their dynamics are paramount. Nuclear spin fluctuations typically produce low-field cross-relaxation where 1/T1 of the implanted probe follows a Lorentzian dependence
[image: image]
on the time-averaged internal field ⟨B⟩ sampled at energy E, and this can be calibrated so that the rate can be used as a local magnetometer. If one implants the probe nuclei to depths comparable to λL in the Meissner phase, one can observe the decay of the field due to the surface supercurrent screening and measure λL. Hossain et al. (2009) nicely demonstrated this in the highly two-dimensional superconductor NbSe2.
Further studies of the Meissner state were carried out by Morenzoni et al. (2012) in a Pb film and a proximity effect bilayer structure composed of a Ag overlayer on a Nb film, where below the TC of Nb, superconductivity is induced in the Ag layer by the proximity effect. This work not only confirmed the phenomenology developed in NbSe2 but also discovered an unanticipated critical peak in the relaxation rate at TC. The peak occurs in a very narrow temperature range, and it is quite strongly suppressed by the applied field. It was concluded that it is due to fluctuating diamagnetism on kHz timescales in the vicinity of the transition, but a detailed theoretical account has not yet appeared.
Recently, the same niobium film studied previously by Parolin et al. (2009) was tested in the Meissner state under parallel magnetic fields (McFadden et al., 2023a). These are challenging measurements because the low-field cross-relaxation rate in Nb is quite fast compared to the [image: image] lifetime. It could be shown that the Meissner screening is well described using a simple London model with a penetration depth λL = 51.5 (22) nm (extrapolated to 0 K). The large λL compared to Nb’s intrinsic London penetration depth λL ≈ 29 nm corresponds to a relatively short carrier mean-free path l = 18.7 (29) nm. Similar values are often found in films prepared in the same manner.
3 INSTRUMENT DEVELOPMENTS FOR SRF RESEARCH
In SRF cavities, the goal is to maintain the flux-free Meissner state in a magnetic field applied parallel to the surface. Prior to SRF investigations, μSR and β-NMR spectrometers were either designed for high longitudinal fields up to several Teslas or small parallel fields of approximately 30 mT or less. When designing a spectrometer with the field applied perpendicular to the momentum of the implanted probe, one has to take into account that not only the magnetic field will cause spin rotation but the stray fields will also bend the beam trajectory, which has to be counteracted. As the bending radius is proportional to the particle momentum, this effect is most pronounced for low-energy beams of light particles. For example, the bending radius of 4.2 MeV surface muons is roughly equal to the bending radius of 50 keV [image: image] ions. The variable energy requirement for β-NMR further complicates instrument design.
3.1 High parallel field apparatus—a μSR spectrometer dedicated to SRF studies
A spectrometer dedicated to the requirements of SRF named high parallel field (HPF) apparatus has been added to the TRIUMF μSR facility (Gheidi et al., 2015; Junginger et al., 2018). An upstream steering magnet is used to pre-steer off-axis, and the applied field at the sample bends the particles back to the sample, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Left: schematic displaying the components of the HPF spectrometer and the beam trajectory. Right: 3D render of the spectrometer [reproduced from the work of Junginger et al. (2018)].
3.2 β-SRF
The high parallel field surface muon beamline in the previous section gives useful information on flux entry into the bulk for a parallel geometry. The muon energy is such that the probe is implanted at 100 μm into the material orders of magnitude deeper than required to give detailed information on the surface where field screening occurs over the first 100 nm. On the other hand, LE-μSR has been used for screening profile measurements as detailed in Section 2.4. Considerations of momentum limit LE-μSR beams to [image: image] 30 mT since the fields parallel to the sample surface are perpendicular to the muon flight path and cause strong deflection of the light muons before they reach the sample. Recently, a new capability has been added to the β-NMR facility at TRIUMF that allows depth profile measurements of local magnetic field in the first 100 nm of the surface at parallel fields up to 200 mT. The capability is made possible due to the much more massive [image: image] ion used in the β-NMR technique compared to the muon used in the LE-μSR technique. The new facility, called β-SRF, comprises a 1 m extension to the existing β-NQR beamline that has been used for depth-controlled measurements on samples with parallel fields up to 25 mT.
The TRIUMF β-NMR facility including β-SRF is shown in Figure 5. There are two legs: the β-NMR leg for high transverse fields and the β-NQR leg for parallel fields. The new β-SRF facility has been added to the β-NQR leg. Fields parallel to the surface of the sample are provided by normal conducting Helmholtz coils. To achieve depth profiling, the sample ladder and cryostat are raised to the bias of the HV platform, which can be varied in order to decelerate the ion beam as it approaches the sample. The bias capability spans from 0 kV to 30 kV, and typical beam energies are 20–30 keV. At the β-SRF spectrometer, a large Helmholtz magnet generates up to 200 mT at the sample 2 location, as shown in Figure 7. Electrostatic quadrupoles are used to control the beam shape during transport and to focus the ions onto the sample. Steering plates compensate for the vertical deflection due to the fringe field of the Helmholtz coil transverse to the beam direction. The blue envelope in the figure indicates the beam trajectory. Technical details on the facility can be found in Thoeng et al. (2023a).
[image: Figure 7]FIGURE 7 | β-NQR leg at the ISAC β-NMR facility. The ion beam is going from right to left. The (longstanding) sample 1 position is used for parallel fields up to 24 mT, and the new β-SRF beam line extension includes the 1 m section downstream of sample 1 leading to the sample 2 position where fields up to 200 mT are possible. Superimposed on the beamline is the beam trajectory due to the interaction of the beam with the fringe field of the Helmholtz coil [reproduced with permission from the work of Thoeng et al. (2023a)].
4 SRF RESEARCH RESULTS
4.1 Field of first vortex penetration and pinning strength
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. For the first studies (Grassellino et al., 2013), samples that were cut out from large- and small-grain 1.5 GHz radio-frequency (RF) single-cell niobium cavities were characterized. The results showed that standard cavity surface treatments such as mild baking and buffered chemical polishing performed on the studied samples affect their surface pinning strength. In these studies, the magnetic field was applied perpendicular to the surface of flat cylindrical samples. This geometry is most sensitive to pinning of the sample material as later studies (Junginger et al., 2018) with different field configurations and sample geometries showed (Figure 8). It was also concluded that accurate measurements of the field of first vortex penetration require ellipsoidal samples annealed at 1,400 °C with the magnetic field applied along the major axis and the muons implanted at the equator where the local field is at maximum. This geometry requires the use of the HPF spectrometer described in Section 3.
[image: Figure 8]FIGURE 8 | Fit parameter f0 signifying the volume fraction probed by the muons which is in the field-free Meissner state as a function of the applied field in four geometries. Left: chemically etched samples with no heat treatment: The apparent differences in H/H0 are correlated to the different sensitivity to the pinning of the four geometries. Right: annealing at 1,400 °C virtually eliminates all pinning. H0 is the expected field of first vortex penetration in the absence of a Bean–Livingston barrier (Hc1) taking into account its temperature dependence and the field enhancement caused by each sample at the muon implantation site [reproduced from the work of Junginger et al. (2018)].
4.2 Interface energy barrier
Junginger et al. (2017a) showed that the field of first flux penetration Hentry in Nb is enhanced by approximately 30% if coated with an overlayer of Nb3Sn or MgB2, as shown in Figure 9. This is consistent with an increase from the lower critical magnetic field Hc1 up to the superheating field Hsh of the Nb substrate. In these experiments, coatings of Nb3Sn and MgB2 with a thickness between 50 and 2000 nm were used. It was found that Hentry does not depend on the material or the thickness of the overlayer. This suggests that the energy barrier at the boundary between the two materials prevents flux entry up to Hsh of the substrate. A mechanism consistent with these findings is that the proximity effect recovers the stability of the energy barrier for flux penetration, which is suppressed by defects for uncoated samples. Additionally, a low-temperature-baked Nb sample had been tested and a 6% increase in Hentry was found, also pushing Hentry beyond Hc1. Although pinning is weakest in the parallel ellipsoid geometry, as shown in Figure 8, it could not be completely ruled out that the apparent Hentry increase for LTB-baked niobium was caused by surface pinning introduced by low-temperature baking. Later magnetometry studies on identically prepared samples suggested that LTB does not affect the field of first vortex penetration but significantly increases the pinning strength (Turner et al., 2022). Motivated by these seemingly contradictory results, an experiment was devised in which the muon implantation depth was varied using silver moderating foils (Asaduzzaman et al., 2023). In case of an interface barrier, one would expect Hentry to be independent of implantation depth, while for surface pinning, Hvp should increase with implantation depth. It was confirmed that the apparent increase in Hentry for LTB niobium was due to surface pinning and confirmed the presence of an interface barrier for bilayers of two different materials (Asaduzzaman et al., 2023). This finding is important for further SRF material development as it shows that the reason why some niobium SRF cavities reach peak surface magnetic fields above Hc1 is not an energy interface barrier. Low-temperature-baked niobium cannot be considered an effective bilayer, whereas actual bilayers composed of two different superconductors can potentially be used to reach surface magnetic fields up to the superheating field of the substrate.
[image: Figure 9]FIGURE 9 | Normalized fit parameter [image: image] as a function of H0 signifying the volume fraction of the material in a flux-free Meissner state. For annealed niobium, flux break in is detected at a field consistent with Hc1 for both sample geometries. Baking at 120°C yields a 6% increase in the apparent Hentry which could later be attributed to surface pinning. Coatings of Nb3Sn and MgB2 push Hentry up to a field consistent with the superheating field of niobium independent of material and layer thickness, suggesting that the interface between the two materials is responsible for the observed enhancement [reproduced with permission from the work of Junginger et al. (2017a)].
4.3 Meissner screening at fields ≪ Hc1
The London penetration depth of SRF materials can, in principle, be derived from RF surface impedance measurements. These can be performed either directly on cavities or on samples using sample test cavities such as a quadrupole resonator (Goudket et al., 2017). However, RF surface resistance is sensitive to a wide variety of parameters which are often fixed (Maniscalco et al., 2017; Miyazaki and Delsolaro, 2019), or additional mechanisms are neglected (Gurevich, 2014; Kubo and Gurevich, 2019). Measurement of the imaginary part of the surface impedance through frequency shift as a function of temperature is a more direct way to obtain λL but only suitable if the penetration depth does not change with depth over a distance of several λL. Unlike RF measurements, low-energy muon spin rotation can directly measure the London penetration depth without implicitly assuming an exponential decay with constant λL.
Romanenko et al. (2014) used LE-μSR to measure the Meissner screening profile in cutouts from Nb SRF cavities, systematically comparing how different surface treatments affect the screening properties of the elemental type-II superconductor. They reported a “strong” modification of the character of the screening profile after a mild baking at 120°C for 48 h which was interpreted as a depth-dependent carrier mean-free-path resulting from a “gradient in vacancy concentration” near the surface. Later LE-μSR studies on 120°C-baked niobium, two-step baking, and nitrogen infusion, all processes that modify the oxygen or nitrogen concentration in the near-field region in a similar manner, could not find any evidence for a depth-dependent carrier mean-free-path (McFadden RM. et al., 2023). All data could be well described using the London model; non-local effects did not need to be taken into account to obtain excellent fits. To accurately determine the magnetic screening, the implantation depth of muons in niobium as a function of energy has to be well known. Previous LE-μSR experiments on niobium have generally found shorter values of the London penetration depth (Suter et al., 2005; Romanenko et al., 2014; Junginger et al., 2017b) compared to other methods such as RF frequency shift. Therefore, the parameterization of Nb’s electronic stopping cross section for proton-like projectiles was revised using an up-to-date compilation of experimental values. This resulted in λ values in better agreement with the literature than reported in previous studies, as shown in Figure 10. This figure also includes a reanalysis of data from the work of Junginger et al. (2017b) and Suter et al. (2005).
[image: Figure 10]FIGURE 10 | Dependence of Nb’s magnetic penetration depth at 0 K, λ0, on the carrier mean-free path, l, for common surface treatments used to fabricate SRF cavities. The values are calculated using representative values for the London penetration depth λL = 29.01 nm and the Bardeen–Cooper–Schrieffer coherence length ξ0 = 40.3 nm [reproduced with permission from the work of McFadden RM. et al. (2023)].
The analysis approach from the work of McFadden RM. et al. (2023) was then applied to the data from the work of Romanenko et al. (2014). The field screening could again be well described using an exponential London model (McFadden et al., 2023c). Interestingly, the reanalysis also uncovered an unusually large “dead layer,” which may suggest the presence of spatial inhomogeneities in the screening properties close to the surface (e.g., from a depth-dependent penetration depth). The data suggest that their effect on B(z) is likely subtle, necessitating high-resolution measurements, probing the near-surface region (z ≲40 nm) to be conclusive.
4.4 Current suppression in heterostructures
In heterostructures comprising different materials, three effects relevant for SRF application occur. 1) If superconducting layers thinner than their London penetration depth are decoupled by dielectric layers, penetration of parallel vortices is suppressed (Gurevich, 2006). 2) There is an interface barrier for flux penetration similar to the Bean–Livingston barrier, as discussed in Sec. 4.2. 3) If the London penetration depth of an outer layer is larger than the substrate’s, the current will be suppressed as required to fulfill boundary and continuity conditions at the interfaces (Kubo, 2017). 2) and 3) are valid for heterostructures with and without dielectric interlayers. Therefore, one can potentially use bilayers of two materials for SRF application or at least study this easier system to get general insight into loss mechanisms of heterostructures in general.
In the work of Asaduzzaman et al. (2024), the depth-dependent field screening profile in the superconductor–superconductor (SS) bilayers was measured using LE-μSR. A collective fit of the magnetic screening profile, taking into account boundary and continuity conditions at the interface, gave an excellent fit to samples of different NbTiN thicknesses, as shown in Figure 11. It should be noted that the screening is very different for each sample, but the collective fit used single-valued λ for NbTiN 187.7 (34) nm and Nb 47.4 (23) nm. The change in screening can be attributed to the current suppression. From these results, one can estimate the ideal layer thickness for optimal Hentry. A thin NbTiN layer strongly suppresses the surface current but provides little shielding to the substrate. The strong current suppression found for the NbTiN/Nb system suggests an optimal layer thickness that exceeds the λ of NbTiN. Such a thick layer is not expected to remain in the Meissner state above Hc1. Therefore, it is suggested that multilayers comprised of several NbTiN layers intersected by dielectric interlayers are best suited to achieve the largest accelerating gradients.
[image: Figure 11]FIGURE 11 | Global fit to NbTiN/Nb field profiles: Plot of the mean magnetic field, ⟨B⟩, sensed by positive muons (μ+) at different implantation energies, E, in samples of different NbTiN thicknesses (i.e., 50 nm, 80 nm, and, 160 nm) at applied fields of 15.0≲ B0≲25.0 mT), parallel to the sample surface in the Meissner state (T ∼2.7 K) and normal state (20.0≤ T ≤25.0 K). The colored closed circles are data points, and the solid lines represent a (global) fit to the data in the Meissner state. The colored opened squares are the normal state data points, and colored dashed lines are fit to the data. In the normal state, there is no energy or depth dependence to ⟨B⟩, which represents the strength of the applied magnetic field, B0. However, in the Meissner state, ⟨B⟩ decays with an increase in E [reproduced from the work of Asaduzzaman et al. (2024)].
4.5 Critical fields of Nb3Sn
Nb3Sn is currently the most promising bulk material other than niobium for future superconducting radio-frequency cavities. Critical fields above 120 mT in pulsed operation and approximately 80 mT in CW have been achieved in cavity tests (Posen et al., 2015). In the work of Keckert et al. (2019), several methods were combined to gain insights into the critical fields of the material as prepared by thermal diffusion for SRF application. The London penetration depth was measured using the LE-μSR-technique from which the lower critical field Hc1 and the superheating field Hsh were derived. The field of first vortex penetration was directly measured using surface μSR and found to be consistent with Hc1 as derived from LE-μSR. The RF critical field measured using a quadrupole resonator (QPR) was found to be significantly greater than Hc1, as shown in Figure 12. The combined results confirm that Nb3Sn cavities are indeed operated in a metastable state above Hc1 but are currently limited to a critical field well below the superheating field potentially by local suppression of the superheating field at coating flaws.
[image: Figure 12]FIGURE 12 | Combined plot showing data for Hc, Hsh, and Hc1 from low-energy μSR measurement and field of first vortex penetration as obtained from QPR (RF) and surface-μSR (DC) measurements [reproduced from the work of Keckert et al. (2019)].
4.6 Meissner screening close to Hc1
In an initial experiment with the beta-SRF facility, a set of spin-lattice relaxation (SLR) measurements were performed on two rectangular niobium samples of approximately 10 × 10 × 2 mm treated with two different processes common in the SRF community (Thoeng et al., 2023b). Sample A (baseline sample) is an RRR niobium slab annealed at 1,400°C for 3 h with a final flash buffered chemical polish (BCP). Sample B (oxygen-doped sample) is a baseline sample further treated at 400°C for 3 hours. Each sample is tested at a range of applied parallel fields from 100 mT to 200 mT, and for each applied field, the depth profiles of the magnetic screening in the sample are measured by taking data at five different 8Li + energies from 4 keV to 20 keV. The values of the fit parameters in Eq. (14) are determined by measuring 1/T1 values for known field levels. Given that the depolarization rate 1/T1 is dependent on the local field, the variation of magnetic fields in the superconducting Nb due to Meissner screening can, therefore, be measured from the asymmetry spectra at different implantation energies. Experimental results for three different implantation energies and at an applied field of 100 mT are shown in Figure 13 for the baseline sample. The increase in 1/T1 as the ion is implanted deeper in the material is evidence of Meissner screening. Clear differences in screening were found for the two samples. These early results, therefore, highlight the ability of the β-SRF facility to explore the magnetic screening of treated Nb and layered SRF materials at the limits of the Meissner state.
[image: Figure 13]FIGURE 13 | Raw asymmetry spectra and fits to the data of the Nb contributions (i.e., with background contributions subtracted) at various implantation energies for the baseline sample at an applied field of 100 mT and at T = ∼4.5 K.
4.7 Magnetic impurities
Zero- and longitudinal-field LE-μSR measurements are sensitive to randomly fluctuating microscopic magnetic fields, see Section 2.4. A muon could experience fluctuating fields due to diffusion if it is not static during its lifetime or if a static muon experiences a fluctuating field caused by magnetic impurities. Although Nb generally showed evidence of fluctuating fields, it is impossible to directly distinguish between these two scenarios from LE-μSR measurements. To overcome this limitation, a 180 (20) nm N2 layer was grown on top of a niobium sample, and the muons have been stopped in this N2 layer, close to the niobium. Figure 14 (left) displays the muon stopping profile obtained from the Monte Carlo code TRIM.SP. From previous studies, it is known that muons are static, which means they do not diffuse in nitrogen as grown under the given conditions. Nevertheless, an additional measurement has been performed to verify this important assumption. A 1.83 μm-thick nitrogen layer has been grown on a Ni-coated sample plate. The asymmetry function has been measured at 10 K in zero field, as shown in Figure 14. The data can be well described by Eq. (9) with a very low hop rate ν or even a static Gaussian Kubo–Toyabe depolarization function [Eq. (4)]. This clearly demonstrates that the muons are indeed static, that is, they are not diffusing, in the N2 layer on Ni. For the muons stopped in N2 on top of Nb, the static Gaussian Kubo–Toyabe function cannot give a reasonable fit since the asymmetry function does not relax to 1/3 of its initial value as expected for static muons. In fact, the signal clearly shows a dynamic response, which further supports the presence of magnetic impurities in these films since muon diffusion is fully suppressed here, and hence, the origin of the fluctuation rate can only be caused by magnetic fluctuations present in the niobium. Using Eq. (9) instead gives an excellent fit to the data, see Figure 14 (right) (Junginger et al., 2017b).
[image: Figure 14]FIGURE 14 | Left: muon stopping profile for the applied bias voltage of 2.3 keV. Right: normalized asymmetry function of muons stopped in a N2-overlayer on top of a Nb sample and a Ni plate at 10 K. The latter dataset has been shifted along the y-axis by 0.6 [reproduced with permission from the work of Junginger et al. (2017b)].
5 DISCUSSION
μSR and β-NMR can provide insight into important material properties for SRF application. LE-μSR and β-NMR provide implantation with nanometer depth resolution, enabling unique possibilities to study inhomogeneous materials such as doped niobium and heterostructures. Future studies should focus on the properties of heterostructures to reveal if current limitations are intrinsic or could be overcome by further material development. With the β-SRF facility, we are now able to test SRF materials at parallel fields beyond the highest values achieved in SRF cavities. This offers unique possibilities. Future experiments will examine changes in the Meissner screening close to HC1 for different surface treatments on niobium and heterostructures comprised of different superconductors and insulating layers. While theory predicts that thin decoupled layers should provide screening above their lower critical field, it is technologically challenging to achieve this in practice. With β-SRF, we are able to measure flux penetration as a function of depth, allowing us to probe flux penetration in each layer in a multilayered heterostructure. It is also suggested to directly compare μSR and β-NMR results on identical samples to surface analytic measurements such as secondary ion mass spectroscopy or transmission electron microscopy to best guide further material development. The studies presented in this review have focused on the influence of the superconducting material on SRF performance. Rather little attention was paid to the influence of the oxide layer which becomes relevant for reaching ultimate quality factors in SRF cavities and to achieve the longest coherence times in quantum hardware. The ability of LE-μSR and β-NMR to implement low-energy beams with nanometer depth allows studying the oxide layer in depth and relating these findings to SRF performance (Krasnikova et al., 2023). Table 1 gives an overview of the three experimental techniques described in this contribution in terms of their capabilities for SRF material studies.
TABLE 1 | Measurement capabilities relevant to SRF studies of surface μSR, LE-μSR, and β-NMR.
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