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Abstract
While Nb3Sn theoretically offers better superconducting radio-frequency (RF) cavity
performance (Q0 and Eacc) to Nb at any given temperature, peak RF magnetic fields consistently
fall short of the ∼400 mT prediction. The relatively rough topography of vapor-diffused Nb3Sn
is widely conjectured to be one of the factors that limit the attainable performance of
Nb3Sn-coated Nb cavities prepared via Sn vapor diffusion. Here we investigate the effect of
coating duration on the topography of vapor-diffused Nb3Sn on Nb and calculate the associated
magnetic field enhancement and superheating field suppression factors using atomic force
microscopy topographies. It is shown that the thermally grooved grain boundaries are major
defects which may contribute to a substantial decrease in the achievable accelerating field. The
severity of these grooves increases with total coating duration due to the deepening of thermal
grooves during the coating process.

Keywords: superconducting radio frequency, vortex nucleation, atomic force microscopy,
superheating field

Radio-frequency (RF) cavities are electromagnetic resonat-
ors capable of storing electromagnetic energy to accelerate
charged particle beams in modern accelerators. Compared
with normal conducting RF cavities, superconducting RF
(SRF) cavities possess much smaller surface resistance, Rs,
reducing the RF power dissipation in the cavity walls by 5–6
orders of magnitude compared to normal conducting materi-
als. This low surface resistance allows SRF cavities to operate
at high fields in continuous wave mode. Bulk niobium (Tc ≈
9.2K, Bc ≈ 200mT, Bsh ≈ 240mT, and ∆≈ 1.5meV [1–4])
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is currently the material of choice to fabricate SRF cavities
due to its superior superconducting properties among the pure
elements and suitable mechanical properties to form com-
plex structures. Over the past five decades, continual research
and development has advanced Nb SRF cavity technology,
determining performance limiting mechanisms, and develop-
ing adequate processes to mitigate them.

Niobium cavities often require operating at ∼2K for
optimal performance, which demands complicated cryogenic
facilities, and is a major cost driver for SRF-based accel-
erators. Nb3Sn is an alternative material with potential to
surpass the state-of-art Nb cavity performance. Nb3Sn pos-
sesses superior superconducting properties: Tc ≈ 18.3K, Bc ≈
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470mT, Bsh ≈ 400mT, and ∆≈ 3.4meV [5–8], all almost
twice that of Nb. Theoretically, it promises higher accelerating
gradient, quality factor, and operating temperature than bulk
Nb. Nb3Sn SRF cavities at 4.3K can deliver similar perform-
ance to Nb cavities at 2K. This would enable enormous cost
savings for future SRF accelerators by simplifying cryogenic
facilities and reducing their operating cost. Successful deploy-
ment of Nb3Sn technology would usher in an era of high effi-
ciency conduction-cooled accelerators for basic science, medi-
cinal and industrial applications [9, 10].

Nb3Sn cavities routinely operate at peak magnetic fields
between Bc1 and Bsh, indicating Bc1 is not a limiting para-
meter for the operation in the metastable Meissner state. It has
been shown using both DC and short high power pulses that a
major limitation may be related to flux penetration at defects
in the RF layer [11]. While Nb3Sn theoretically offers super-
ior peak accelerating fields, they are typically limited below
20MVm−1 (85mT) [12]. To date, the highest accelerating
gradient at 4.2K in vapor-diffused Nb3Sn 1.3GHz single cell
cavities is 24MVm−1 (100mT) [13]. An interesting observa-
tion from witness sample studies of that cavity showed unusu-
ally small surface roughness.

The smoothness of the RF surface is one of the important
aspects to achieve high-field cavity performance. Smoother
is better. As such, an ideal surface is perfectly flat. Surface
roughness on a superconductor exposed to an applied mag-
netic field introduces two vulnerabilities to the preservation
of the Meissner state: magnetic field enhancement (MFE) and
superheating field suppression (SFS). MFE arises from the
supercurrent screening of applied magnetic fields by rough
surfaces where the magnetic field is locally increased. The
most severely affected regions are marked by sharp edge/s-
mall radius of curvature topographic defects [14–18]. The
local field due to MFE can exceed the critical magnetic field
of the material and cause regions of the defect to transit
into the normal conducting state. These normal conducting
regions expand and lead to thermal instability [14, 15, 19,
20]. Localized SFS, a weakened stability of the metastable
Meissner state, arises due to nanoscale roughness [21–23].
This weakened stability results from the competition between
the external magnetic field pushing a vortex into the super-
conductor and the image force from the surface expelling it.
Topographic defects facilitate premature breakdown of the
metastable Meissner state by enhancing the force from the
external magnetic field pushing a vortex into the surface due to
current crowding, a concept familiar to optimization of super-
conducting nanocircuits [24, 25], and reducing the force from
the surface expelling it [22]. At Bsh the surface is absolutely
unstable to nucleation of highly dissipative vortices that may
contribute to thermal instability [26–28]. Recent analysis of
N-doped and low temperature baked Nb showed that the pre-
servation of Bsh may play a role in experimentally attainable
peak field [29, 30].

In this work the effect of coating duration on the topo-
graphy of Sn vapor-diffused Nb3Sn samples and its implic-
ations on SFS and MFE is investigated. Nb3Sn coatings were
prepared using a similar Sn vapor diffusion process used to

Figure 1. (a) Representative TMAFM topography of a Nb3Sn
surface after 6 h of coating time at T= 1200◦C. The scale bar is
5µm. (b) SE-SEM image of a cross-section through a grain. The
scale bar is 1µm. (c) Topographic line profile through the area
marked by the red line in (a). Grains are marked by different colors
beneath the topographic line profile. The scale bar is 500 nm. (d)
HAADF-STEM image of a grain boundary groove cross-section.
The scale bar is 200 nm.

coat Nb3Sn on Nb cavities. The samples were prepared dur-
ing a study to elucidate the growth mechanism of Nb3Sn coat-
ing during the vapor diffusion process [31]. This coating con-
sists of two steps: nucleation and growth. Tin chloride is first
evaporated at∼500◦C, depositing a Sn film and particles onto
the Nb surface to mitigate non-uniformity in the coating by
improving nucleation [32]. The Nb3Sn growth temperature
was 1200 ◦C, well above the temperature of 930 ◦C needed
to exclusively form the Nb3Sn phase. Topographic measure-
ments were acquired using a Dimension Icon Atomic Force
Microscope, Bruker, at the Applied Research Center Core
Labs of College of William and Mary. All measurements were
made in tapping mode (TMAFM), using scanasyst-air probes
(Bruker) [33] at 512 × 512 pixels. As grown vapor-diffused
Nb3Sn surfaces are topographically imperfect. A representat-
ive Nb3Sn surface is shown in figure 1(a). Grain boundaries
host high slope angle grooves as highlighted by the second-
ary electron scanning electron microscopy (SE-SEM) image,
line profile through the topography in (a) and high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) shown in figures 1(b)–(d). The surface is
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characterized by an undulating intragranular topography sep-
arated by V-shaped, grooved grain boundaries. The grooved
grain boundaries are qualitatively consistent with the shape of
thermal grooving via surface diffusion [34, 35]. The groove
root, which should retain a self-similar shape during growth
[34], is sharp as shown in figure 1(d). These topographic
defects give rise to local MFE and SFS. The MFE and SFS
factors, β(r) and η(r), are defined by B(r) = β(r)B0 and
B∗
sh(r) = η(r)Bsh, respectively. Here B0 is the magnetic field

far from the surface, B(r) is the local magnetic field, Bsh is
the superheating field of a perfectly flat surface and B∗

sh(r) is
the geometrically modified superheating field. The MFE and
SFS factors were calculated using the perfect electrical con-
ductor model [29] and considering a triangular groove geo-
metry similar to the one proposed by Kubo [22] to calculate
SFS, as shown in figure 2(a). In this simple model, we con-
sider the competition between the force of the external mag-
netic field, FM, driving a vortex into the surface and the image
vortex force, FS, expelling it from the surface. The force from
the external magnetic field is given by

FM = JM ×ϕ0ẑ (1)

and the force from the surface is determined by the interaction
with the image vortex given by

FS = JI ×ϕ0ẑ, (2)

where JM =∇×B/µ0 is determined by solution of the
London equation of an infinitely long triangular groove defect
aligned in the z direction. In this case the solution, B(x,y), lies
only in the z direction leading to the governing equation

∇2Bz =
1
λ2

Bz, (3)

where λ is the London penetration depth with the boundary
conditions B(x,y= h(x)) = B0ẑ, B(x,y=∞) = 0 and ∇Bz ·
x̂= 0. Where h(x) defines the surface contour. JI =−∇ΦI,
where ΦI is the current density scalar potential of the image
vortex calculated via conformal mapping

2πµ0λ
2

ϕ0
ΦI (x,y) = Φ̃I (x,y) = Re(−iln(w−w∗

0)) |w=F−1(x,y),

(4)
w is the complex coordinate, w∗

0 is the complex conjugate
of the vortex nucleation position in the w-plane which pre-
serves the boundary condition of zero normal current dens-
ity to the surface, and F−1 is the inverse map between w
and real coordinate calculated numerically and described in
detail elsewhere [22]. Here the coherence length, ξ, is used as
the cutoff length scale in the London theory [22, 36]. When
the sum of the forces on the vortex vanishes, FS +FM =
0, the Bean–Livingston barrier becomes unstable to vortex
penetration [22] which leads to the following expression

B∗
sh =

2ξ| −∇Φ̃I (rv) |
ϵ(rv)

Bsh, (5)

Figure 2. (a) Triangular groove geometry used in the SFS model.
(b) Color plot of η(δ,θ) via equation (6). (c) η(θ) in the deep-groove
limit. ξ = 3 nm and λ = 120 nm were used to represent Nb3Sn.

where Bsh = ϕ0/4πλξ is the superheating field of a perfectly
flat surface in the London theory, ϵ(r) = |J(r)|/J0 is the local
current density enhancement factor, and rv is the vortex nuc-
leation position given by rv = (δ+ ξ)ŷ for this geometry. This
defines the SFS factor

η (ξ,λ,δ,θ) =
2ξ| −∇Φ̃I (rv) |

ϵ(rv)
, (6)
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Figure 3. Representative TMAFM topographies (upper panels) and slope angles (lower panels) showing the evolution of Nb3Sn topography
with coating duration. The scale bars are 5µm.

which is computed numerically. This model predicts a SFS
factor based on the slope angle of the groove, θ, the depth of
the groove, δ, the superconductor’s coherence length, ξ, and
the London penetration depth, λ. This model spans from the
nanoscale limit considered by Kubo [22] to the deep groove
geometry considered by Buzdin and Daumens [37] and can be
used between the two limits where many of the defects in the
Nb3Sn system find themselves. Using equation (6) and estim-
ating ξ ≈ 3 nm and λ≈ 120 nm for Nb3Sn [38–40], η(δ,θ) is
plotted in figure 2(b). The superconducting coherence length
and penetration depth values used are qualitatively useful for
evaluating the effect of surface roughness on the superheating
field for other materials [41]. The surface in figure 2(b) shows
that the SFS factor can be quickly degraded by defects of only
a few 10’s of nanometers deep and slope angles exceeding
10◦. In the limit of deep grooving, the SFS factor ceases to
change with increasing depth of the groove, which is consist-
ent with the deep groove limit [37]. The slope angle depend-
ent deep-groove limit SFS factors for this model are plotted in
figure 2(c).

The topographic evolution of Nb3Sn with coating dura-
tions between 1–78 h was examined. Ten topographic meas-
urements sampled randomly across the surface of each sample
were made at 20µm × 20µm for samples coated up to 18 h
and at 25µm × 25µm for 60 h and 78 h. Representative
TMAFM images are shown in figure 3. Extended coatings
develop on average larger grains and increased peak-to-valley
distance as indicated by the z color scale in figure 3. Local
slope angles can be very large, exceeding 60◦ in some cases.
As shown in figure 3, the largest slope angles form exclusively
between particularly tall grains and much shorter ones. As
measured by TMAFM, large slope angles tend to form a slope-
angled step geometry but could have more complex geometry

not apparent to AFM [42]. MFE factor maps are calculated
using the methods outlined in previous work [29]. The SFS
factor maps are calculated similar to that in [29] by determin-
ing δ(r) and θ(r) as inputs to equation (6). We estimate δ(r)
by taking the difference between the topography and a plane
formed by a first order, 11-pixel frame, Savitzky–Golay type
[43, 44] smoothing of the topography. This serviceable estim-
ate of δ(r) tends to underestimate δ due to the nature of the
smoothing procedure on the complex topography of Nb3Sn.
MFE and SFS factor maps derived from the topography in
figure 4(a) are shown in figures 4(b) and (c). As shown in
figure 4(c), the grain boundary grooves host the most severely
degraded superheating field suppression factors. Considering
the combined effect of SFS and MFE on maximum support-
able field, B∗

max(r) = (η/β)Bmax, the SFS factors are at least
∼2×more severe than theMFE factors observed in figure 4(b)
whichmay account for a substantial reduction in peak support-
able magnetic field in Nb3Sn films since only a small fraction
of vortex-active grain boundaries are required to increase sur-
face resistance substantially [28].

The relative frequencies of parameters extracted from the
AFM topographies are shown in figure 5. The distribution of
θ(r) and δ(r) is shown in figures 5(a) and (b). No discern-
ible trend with coating duration is observed in the distribu-
tion of θ(r), while the depth of the grooves, represented by the
high-δ branch, tends to increase with increasing coating dura-
tion, as shown in figure 5(b). These observations are qualitat-
ively consistent with the thermal grooving of grain boundaries
where the dihedral angle is often assumed not to change [34]
or expected to change very little [45] during high temperature
annealing. The distribution of peak local MFE factors, shown
in figure 5(c), also does not show any discernible trend as coat-
ing duration increases, which is likely due to the self-similar
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Figure 4. (a) Representative topography of a Nb3Sn sample coated at 1200 ◦C for 3 h. (b) MFE factor map of the topography used in (a).
(c) SFS factor map of the topography used in (a). Dashed circles indicate some of the regions on the surface where SFS and MFE coincide.
The scale bars are 5µm.

Figure 5. (a) Relative frequencies of local slope angle, θ, (b) deviation between topography and background plane, δ, (c) local MFE factors,
β, (d) local SFS factors, η, and a tilted view showcasing the low-η bifurcation, and (e) a zoom-in of the low-η SFS factors highlighting the
effect of deepening thermal grooves with coating duration. The relative frequency cutoff of 10−4 corresponds to the significance of a 630 ×
630 nm2 patch for the 20µm × 20µm data sets.

growth of thermal grooves. Peak MFE factors fall between 1.5
and 2 in agreement with previous estimates of MFE factors
on Nb3Sn [46]. It is worth reiterating that the MFE factors
obtained here were calculated in the framework of the perfect
electrical conductor model, which assumes the limit λ→ 0,
however the length scale of the defects is in fact comparable
to the London penetration depth of Nb3Sn of ∼120 nm. The
comparative length scale effectively reduces the severity of
MFE near sharp edges which would otherwise diverge in the
perfect electrical conductor model. The SFS factors distribu-
tions shown in figure 5(d) presents a merged bimodal distribu-
tion that bifurcates as coating duration increases. This bifurc-
ation is also reflected in the δ distribution in figure 5(b). The
low-η branch, related to the grain boundary grooving pro-
cess, widens and extends toward lower-η values and lower
relative frequency. The extension to lower-η values is due
to the increasing depth of grain boundary grooves, while its
decrease in relative frequency is due to the reduced sampling
of grain boundaries in the scan areas caused by grain growth

during extended coating duration. A zoom-in on low-η val-
ues is presented in figure 5(e), which shows that the low-η
distribution reaches from η ∼ 0.3 for short coating times to
η ∼ 0.25 for longer coating times. Despite the deepening of
grooves in figure 5(b), the SFS factors stabilize and do not fur-
ther decrease. This is due to the invariance of SFS factors on
groove depth in the deep-groove limit as shown in figure 2(b).
Considering a theoretical superheating field of ≈ 400mT for
Nb3Sn and the value of SFS factors alone, this would cor-
respond to accelerating fields from ∼25–30MVm−1 (107–
128mT) in TESLA-shaped cavities [47]. Additional loss in
peak field may be observed if MFE and SFS coincide. Such
locations, some of which are circled in figures 4(a)–(c), may
further reduce the peak accelerating field by a factor of ∼1.7,
yielding ∼12–18MVm−1 (51–77 mT). While this is in qual-
itative agreement with the field limitation observed in Nb3Sn
cavities, we expect that the London model estimation of
the SFS factors represents a lower bound of η due to non-
locality of the BCS current-field relation. Additional causes of
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performance degradation are likely concurrent. Performance
limiting mechanisms may take the form of Sn droplets [48],
thin patchy regions [49], reduced thermal conductivity [50] or
weak links caused by non-stoichiometry at grain boundaries
[28, 51, 52]. Recent calculations suggest that thermal con-
ductivity is not currently a limiting factor in typically grown,
few-µm thick films [53]. Based on this, these topographic
defects may account for a substantial degradation of peak-field
in dense and stoichiometric Nb3Sn thin films grown via Sn
vapor diffusion. If possible, groove slope angles and groove
depths should be minimized to preserve the superheating field
as shown in figure 2(b). Coating duration should be optim-
ized to minimize further degradation of SFS and MFE factors
via thermal grooving. However, the coating must satisfy other
conditions, like a minimum film thickness and uniformity
which may not necessarily coincide with shortened coating
duration.

In summary, we have investigated the effects of coating
growth duration on the topography of vapor-diffused Nb3Sn
grown at 1200 ◦C. Within the perfect electrical conductor
model and SFS model based on the London theory, we have
shown that thermal grooves are particularly severe for SFS,
and the effects of MFE are non-negligible but comparat-
ively smaller. We expect improved estimations of SFS to
be obtained from the Ginzburg-Landau theory using realistic
superconducting properties, but this method quickly becomes
computationally expensive for high λ/ξ material [23]. These
thermal grooves should act as gates for vortices to enter
the superconductor and limit achievable fields. It is imper-
ative to seek processes that reduce groove slope angles and
groove depths to mitigate performance degradation due to
geometrical SFS. It may be possible to modify or inhibit the
thermal grooving process via surface energy anisotropy [54]
or introducing impurities [55], however, care must be taken
not to reduce the coherence length substantially, making the
film even more susceptible to SFS [22, 37]. In contrast to
our present investigation, previous work showed that Nb3Sn
grown at different temperatures presented different distribu-
tions of MFE [56]. This suggests that growth temperature may
have a sizable effect on the surface morphology. Exploring
the effect of growth temperature as well as comparing RF
performance with topography of witness samples is a nat-
ural next step. Additional post processing may be possible.
Electropolishing [57], oxypolishing [58, 59], and centrifugal
barrel polishing [60] may offer avenues to reduce the effects
of surface roughness.
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