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Niobium superconducting cavity performances are limited by the quench magnetic field of niobium.
Maximum achievable accelerating field is estimated by simulation during the conception phase. The full
geometry of the cavity is implemented but no roughness is taken into consideration. However, several
experiences showed that the roughness can increase locally the magnetic field, leading to an effective peak
magnetic field on the surface higher than expected by simulation. It can be at the origin of premature
quench. The present article presents simulations of grains and defects with different sizes and its effect on
the local magnetic peak field. The values implemented in the model are taken from actual surface
measurements made by confocal microscopy on representative Nb samples prepared with usual surface
treatments. Cut-out of fabrication defects and some thin films have been also explored. As expected, the
mean roughness brought by usual chemical polishing as well as electropolishing surface treatment does not
increase significantly the local field. But calculation based on actual values sometimes encountered in the
surface measurement, or on specific defects, can reach very high field enhancement and can explain
premature quench on some cavities within an otherwise good performing production batch.
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I. INTRODUCTION

Commissariat à l’Energie Atomique et aux Energies
Alternatives, Saclay, France (CEA) is one of the major
manufacturers of niobium cavities through projects like
Spiral 2, IFMIF, ESS, or Saraf-Phase 2. We developed
different shapes of cavities, quarter wave, half wave, and
elliptic cavities. All these cavities were designed and
simulated, mainly with the HFSS software (Ansys
Electromagnetic Desktop). Three main parameters are
checked before manufacturing. They are as follows:
(i) The cryogenic power consumption (surface resistance
multiplied by the magnetic field, integrated over the whole
surface). (ii) The peak electric field, in order to limit the risk
of field emission. (iii) The peak magnetic field, in order to
limit the risk of quench.
However, these simulations are done considering a

perfect surface: no roughness, no defect, no dust, no
inclusion, etc. In order to take into account these “defects”
of the surface, one adds margins on peak fields. In
operation, we can easily observe that, from one cavity to
another one, the accelerating field at quench can signifi-
cantly vary, but the actual origin is difficult to assess.

A better understanding of the effect of roughness would
allow a better definition of the margin to consider and also
provide some guidance for the fabrication tolerances.
The morphology at the surface of the grains tends to

modify locally the magnetic field. One knows that sharp
edges tend to increase the magnetic field, especially if the
magnetic field is perpendicular to the edge [1]. Consequently,
if edges can increase locally the magnetic field, they can
significantly decrease the maximal achievable accelerating
field in the cavity.
Surface morphology is related mostly to surface prepa-

ration and initial grain size. Other defects like etching pits
or accidental fabrication defects can also generate mor-
phologic defects. We wanted to verify this aspect by
simulation with simple models, but representative of the
surface morphology actually observed on the real material.
We wish to provide practical orders of magnitude field
enhancements risks on a very practical scale.
In this article, wewanted to focus on the effect of the grain

shape of the niobium. Depending on the type of niobium,
raw, partially or fully recrystallized, cold-worked, etc., the
size of thegrain canvary from a few tens ofmicrons to almost
the size of the cavity. Second, depending on the surface
treatment, the grains are more or less protruding and sharp,
resulting in the final surface roughness.

A. Ultimate limits of superconducting rf cavities

SRF cavities need to operate in the Meissner state. When
the field is parallel to the surface, the existence of the
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Bean-Livingston barrier favors the persistence of the
Meissner state above the first critical field of Nb up to
the so-called superheated state HSH. The value of HSH for
Nb has been calculated in the dirty limit (∼160 mT at 2 K)
[2,3] and evaluated by extra polling Ginzburg-Landau
results at T ≪ TC for the clean limit (∼240 mT at 0 K) [4].
Best cavities achieve surface field ∼200 mT at ∼2 K

[5–9], which is above the HC1 of Nb (∼170 mT at 2K) and
HSH in the dirty limit, but below HSH in the clean limit.
Most of the time though, in the presence of defects, early

penetration of the vortex is observed and the superheating
field cannot be maintained [9–12]. Moreover, in the
presence of a geometrical defect, the surface barrier is
locally suppressed, field is no more parallel to the surface
[13], and thus the ultimate limit is expected to be closer to
HC1 [14]. Anyway, we want to explore here the possible
role of morphologic defects in the early quench of cavities,
at applied fields much lower than HC1.

B. Previous work on surface morphology

The first insight on roughness was proposed by
Knobloch et al. in 1999 [15], who explored its possible
role in high field Q slope. The fact that baking changes the
Q slope without affecting the roughness ruled out this
explanation. Saito also explored magnetic field enhance-
ment a posteriori, evaluating the global roughness from the
experimental curves Q vs Eacc [12]. One of us developed a
replica technique and explored surface morphology as a
possible source of quench, in particular, in the heat affected
zone close to the welding seam [1,16]. Since then, several
studies of the inner surfaces have identified quench
inducing defects, in particular, etching pits [17–21]
Between 2005 and 2010, several labs have run some

modeling showing that isolated “bumps” as well as “pits”
produce a very large local field enhancement [22–26]. In
[27], Kubo proposes an analytical calculation of the field
enhancement by applying Maxwell equations for a simpli-
fied pit shape. In principle, the approximation is better
defined in this analytical case, but the method is quite heavy.
A thorough study of surface topology was conducted at

Jlab via power spectral density (see, e.g., [28,29]). Xu et al.
have performed a 2D simulation of losses derived from
topography data [30]. They have tried to introduce the time
dependence over an rf period, taking into account the
duration where the surface is actually above TC and then
introduced thermal aspects (which occur much slower) to
evaluate the surface resistance or Q0 of cavities exhibiting
similar surface state. They applied their method to compare
EP vs BCP-treated surfaces and find that BCP shows a
strong increase in surface resistance when Hpeak reaches
80 mT. Comparison with real cavity results shows that the
model seems slightly overestimating the surface resistance.
In [31], Morozumi makes a model of an actual defect as

measured on a surface replica by laser height mapping
(similar to what we measure in the present work with

confocal microscopy). The height plot must be converted
into a polygon mesh covering the points cloud, the surface
must be fitted to form a solidlike surface, and then meshed
before calculating the local magnetic field. The field
enhancement factor of that particular case was 1.5.
We have tried a similar approach but noted that the

results were very sensitive to the smoothing function used
to generate a continuous surface (not published here). In
order to get quick and practical comparison values, we
decided to propose a simpler model, yet based on realistic
values (see below).

C. Origin of the surface morphology

Generally, the roughness is far higher for cavities treated
with buffered chemical polishing (BCP), as BCP etches
preferentially the defects with lower surface energy and
attacks different crystalline orientations at different rates,
revealing crystalline facets with sharp angles (see Fig. 1).
Another important aspect is the apparition of etching pits

which are often related to local accumulation of disloca-
tions. Dislocations originate from remnant stress such as
encountered if the damage layer has been insufficiently
removed [33,34] or if thermal stresses are still present in the
heat affected zone [19,32,35,36].
The roughness is lower for electropolishing (EP),

because, in principle, the limiting mechanism is the
diffusion of the Nb ions through a viscous layer, rather
than etching [37]. In ideal conditions, mirrorlike surface
can be achieved, but for long EP treatment inside cavities,
some roughness is retained, although the edges are much
smoother than for BCP surfaces (see Fig. 2).

II. REALISTIC SURFACES

Samples of SRF grade, annealed (1000°C, 2 h), and
EB-welded niobium have been explored with an optical

FIG. 1. Variation of the surface potential on a polycrystalline
sample. A, B, C refer to different crystalline orientations. In
presence of dislocations pile-ups, which induce strong decrease
in the local surface potential, additional pitting can be observed
(figure after [32]).
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microscope, and their roughness parameters have been
assessed with a Keyence VK200 confocal microscope
images and analyzed with the VK-analyzer software.
Values chosen for simulation are presented in Table I.

So-called realistic values have been extracted from rough-
ness measurements (typical Sq) for three categories of Nb:
fine grain (typical diameter 70 μm); 1000°C, 2 h, annealed
material (typical diameter 500 μm), and thermally affected
zone close to the weld (TAZ) (typical diameter 2000 μm).
The mean curvature radius has been determined with an
ellipse 3 dots intersection method included in the VK-
analyzer software and described in Fig. 3.

Besides mean values, “extreme” situations have also
been taken into consideration; for instance, instead of the
medium peak to valley value Sq, the maximum value Sz has
been applied. Instead of the mean curvature radius, the
smallest measured value has been implemented, in order to
estimate a variation margin.
In addition this roughness consideration, we also have

tried to model “real” defects: (i) An etching pit observed on
a fine grain EP surface (such pit is often observed if the
remaining strain has been left in the material, as explained
in Fig. 1). See Fig. 4. (ii) Awelding misalignment observed
after BCP on a Saraf cavity and associated with an early
quench (see Fig. 5). (iii) Deposited thin film. At a large
scale, the thin film repeats the morphology of the substrate,
but at a smaller scale, roughness due to the growth of the
films with very small grains needs to be considered. Two
samples have been measured to provide field enhancement
indications but are not meant to represent statistically all
thin films.

TABLE I. Morphologic parameter selected for the modeling,
based on realistic mean values measured on actual samples.
Values marked with a * show the worst-case scenario based on
punctually observed values. D ¼ Diameter, T ¼ Thickness, R ¼
Curvature radius on the edge.

Surface treatment D (μm) T (μm) R (μm) D=T

BCP Fine grain 70 150* 20 0.5
10 3* 7
10 20 7

Annealed 500 70* 400 7
15 70* 33
15 400 33

TAZ 1000 80* 900 12
8 30* 125
8 900 125

Welding defect 1000 370 40 2.7
EP Fine grain 70 2* 300 35

0.5 30* 140
0.5 300 140

TAZ 1000 60* 2000 17
1 50* 1000
1 2000 1000

Etching pit 200 20 10 10
Thin film Nb=Cu (CERN) 0.1 0.05 3 2
Thin film Nb3Sn (Cornell) 4 0.4 0.4 10

FIG. 3. Example of the method of curvature radius evaluation,
here on an EP, fine grain profile.

FIG. 4. 3D views for an etching pit observed after EP on fine
grain material. Curvature radius on the edges have been measured
at several different places and range from 5 to 15 μm on such
sharp feature, the ellipse method is probably overestimating the
radius.

FIG. 2. Optical microscopy showing the various surface aspects
after buffered chemical polishing (BCP) or electropolishing (EP).
Observed features depend on the type of surface treatment but
also on the crystalline characteristics.
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III. SIMULATIONS

The purpose of this part is to show how to simulate easily
any kind of defect with commercial simulation software,
such as Ansys Electromagnetic Desktop. There is no
analytical result (contrary to [22,27]), only the results of
the simulation are presented.
The first part deals with models of grain using protruding

cylinders. Then, an etching pit defect is studied. And
finally, a local welding defect is simulated.

A. Grain models

Grains were represented with a very simple cylinder and
a fillet. Three parameters can be set: the diameter of the
cylinder, called D, the thickness of the cylinder, called T,
and the radius of the fillet, R.
Two cases appear (see Fig. 6): if the radius of the fillet is

smaller than the thickness, we can clearly see a cylinder
with rounded edges. On the other side, if the radius of the
fillet is larger than the fillet, the grain looks more like a
“dome.” In both cases, the diameter of the disc base of the
grain is defined by the diameter of the cylinder even if the
cylinder is not visible (bottom diagram in Fig. 6).

B. Cavity model

The model of the cavity is a simple pillbox. The size of
the pillbox cavity was 100 mm high for a radius of 500 mm.
For these dimensions, the eigenfrequency is 230 MHz.
In order to make the simulations faster and easier, only

1=16th of the cavity was simulated (see Fig. 7). The grain
defect was located at around 4=5th of the center.

Cut surfaces were replaced by perfect magnetic con-
ductors in order to simulate the field of a full pillbox cavity.

C. Software

Simulations were done with HFSS, included in the Elec-
tromagnetic Desktop developed by the Ansys Company.
This well-known software uses the finite element method
for resolution. The typical number of tetrahedrons is around
500 000.

FIG. 5. Welding misalignment. The angles of curvature on the
right-hand side of the picture range 15–25 μm (probably over-
estimated too).Upper panel left: optical image, upper panel right:
3D projection, lower panel: profile view along the green line
shown on the upper panels.

FIG. 6. Two types of grains. Top: the fillet is smaller than the
thickness. Bottom: the fillet is larger than the thickness.

FIG. 7. Pillbox for rf simulations. Only the “yellow part” is
simulated, the rest is replaced by perfect magnetic conductor
walls.
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It is possible to define a “nonmodel” cube where the
mesh can be concentrated. In our simulations, we tried to
define this cube as close as possible to the grain, in order to
maximize the accuracy on the grain surface. See Fig. 8 for
illustration.

IV. RESULTS

A. General observations about grains

Figure 8 shows a typical simulated grain, where the
highest field is concentrated on the top of the fillet. Figure 9
shows exactly the same grain seen from the top (without
representation of the mesh).
The field “far enough” of the grain (typically a few

diameters far from the grain), is homogeneous. Two large
lobes appear in the direction of the B field (along the Y
axis), with a lower field on the deep edge and the highest
field on the prominent edge. Two smaller lobes appear
perpendicularly to the B field (along the X axis), with a
higher field on both deep and prominent edges.
In some rare cases, if the thickness of the grain is high

enough (typically more than 25% of the diameter of the
grain), the peak field is distributed on the edge of the big
lobes (Y axis) and on the sides of the small lobes (X axis).
For example, this can be seen in Fig. 10.

Finally, the peak fields appear either on the edge,
perpendicular to the B-field, or on the side of the grain,
parallel to the B-field, if the thickness of the grain is high
enough.
In the next chapters, we tried to estimate the reproduc-

ibility of the Hpeak measurement by getting a few points in
the peak field area with different mesh resolutions. In
general, the reproducibility was around 2%. Far enough of
the defect, the reproducibility is far better (less than 0.5%),
as the field is very smooth.

B. Invariances

Before launching a systematic study of these parameters,
we tried to study possible invariances. We focused on two
invariances: homothety of the defect in the same cavity and
homothety of the cavity, with the same defect. The cavity is
always the pillbox described in Fig. 7.
The first test was done with a defect with the following

dimensions (simulation A in Table II): 80 μm thick,
1000 μm diameter, and 30 μm curvature radius. The defect
was enlarged with a factor of 10 (800 μm thick, 10 mm
diameter, 300 μm curvature radius, simulation B), and a
factor of 30 (simulation C). The three simulations were
done with the same pillbox cavity.
Table II shows the measured peak fields for simulations

A to C. These simulations show that the homothety of the

FIG. 8. Example of surface mesh for simulating the effect of the
grain.

FIG. 9. Grain of Fig. 8 seen from the top, with the mesh. Two
large lobes are visible in the Y direction, and two smaller lobes in
the X direction.

FIG. 10. For higher thicknesses, the peak is similar for both Y
and X axes lobes. The thickness of the grain in this case is 20% of
the diameter.

TABLE II. List of simulations verifying the homothety and
frequency invariances. Hpeak=H0 represents the ratio between the
peak field on the defect and the average field around the defect. A
to C are homothetic defects. D and E are the same defects at
different frequencies.

Simulation
Frequency
(MHz) D (μm) T (μm) R (μm) Hpeak

H0

A 230 1000 80 30 1.78� 0.03
B 230 10 000 800 300 1.77� 0.03
C 230 30 000 2400 900 1.80� 0.03
D 230 10 000 1000 1000 1.49� 0.02
E 1150 10 000 1000 1000 1.49� 0.02
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defect has no impact on the peak field. If the three
dimensions are multiplied by the same factor, the peak
field is identical.
The second set of simulations was about modifying the

size of the pillbox. For this purpose, we divided all
dimensions of the pillbox by a factor of 5. The new
frequency is 1150 MHz. As the field was always nor-
malized to a stored energy of 1 J for simulations, the
resulting raw field is higher when the cavity is smaller,
but it has no consequence on the shape, and on the
ratio Hpeak=H0.
A defect was defined with dimensions 1 mm thick,

10 mm diameter, and 1 mm curvature radius. It was
simulated with the 230-MHz pillbox (simulation D in
Table II) and in the 1150 MHz pillbox (simulation E).
The position of the defect was modified with the same
homothety transform, in order to be in the same area. If we
compare the diameter of the defect and the wavelength, we
get a ratio 1=130 for the 230-MHz pillbox and 1=26 for the
1150 MHz pillbox.
These simulations show that the increase of the field is

invariant by homothety of the defect and by homothety of
the pillbox, at least if the defect is smaller than about 5% of
the studied defect (see Table II). Consequently, it is also
invariant by homothety of both the defect and the pillbox.
This was tested by a few more simulations.
For the study of the grains, we decided to fix the

diameter, to 10 mm, and only study the two other
parameters, the thickness and the curvature of the fillet.
For the study of the pitting, we also fixed the diameter to
10 mm. This makes the meshing of the defect far easier for
the software if the ratio between the defect and the cavity
remains “reasonable.”

C. Study of grains

The two remaining parameters have been studied for T
(thickness) from 0.1 mm (1% of D) to 5 mm (50% of D)
and for R (curvature radius) from 0.25 mm (2.5% of D) to
2.5 mm (25% of D). The result is shown in Fig. 11.

D. Fit of the grain simulations

In order to fit the data, we used a linear regression of
log Hpeak

H0
as a function of log R

D and log T
D. The resulting

slopes were rounded to the closest half unit. This gives an
estimation of the ideal exponent for each of these param-
eters: −1 for R

D and ½ for T
D.

Finally, Hpeak

H0
was fitted with a linear regression in D

R,
ffiffiffi

T
D

q

and the cross factor
ffiffiffiffiffi

DT
R

q

in order to estimate the correlation

between both parameters:

Hpeak

H0

≃ 1þ 0.0073 ×
D
R
þ 0.83 ×

ffiffiffiffi

T
D

r

þ 0.028 ×

ffiffiffiffiffiffiffi

DT
p

R
:

ð1Þ

With this estimation, it is possible to represent the
different grains described in Table I. The contour map
background from Figure 17 follows equation (1) at the end
of the paper. The value of Hpeak=H0, calculated after the
experimental measurements from Table I is also indicated
in the same figure.

E. Etching pit

The last simulation is for the etching pit. It was modeled
with a hollow in the cavity (instead of a bump like for
grains). The parameters are the fillet radii and the thickness.
We tried to mimic the observation shown in Fig. 4 but with
a cylindrical symmetry. The 1150 MHz cavity was used for
this simulation.
The simulation was done with a diameter of the etching

pit of 200 μm, a hole depth of 20 μm, and a fillet radius of
5 μm. If we apply these parameters to the previous model
for grains (replacing the thickness in the formula with the
depth of the pit), the estimated formula for Hpeak=H0

gives 1.90.
Figure 12 presents the result given by the simulation. The

simulated ratioHpeak=H0 was measured at 2.01� 0.04, i.e.,
the same field enhancement magnitude, even if the shape is
different and peak fields are on different positions. This
demonstrates that the previous formula can also be used for
etching pits after having estimated a typical radius, depth,
and fillet.
These field enhancement levels are comparable to other

estimations on pits as published in [22,25,27] and in
chapter 3 in [38].
As shown in Fig. 1 and references from this chapter,

etching pit often occur in areas where walls of dislocation
have accumulated, which is often encountered in the
presence of damage or remaining thermal strain. The
presence of a pit in the equator area of the cavities is a

FIG. 11. Hpeak=H0 simulated for different grain sizes with
“BCP” characteristics.
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strong indication that the fabrication needs to be more
closely monitored.

F. Large defect

In this last part, we studied a large defect. Here, we
considered the case of a welding defect, as shown in Fig. 5.
In order to simulate this defect, we considered the print

caused by a tilted cylinder in the cavity. In the simulation
software, the cavity is always represented by one 16th of a
cylinder, filled with vacuum, with perfect electric conduc-
tor borders. In this part of the cylinder, another smaller
cylinder is drawn, filled with vacuum. The bottom of this

smaller cylinder is at the same level as the bottom of the
cavity. Then, this smaller cylinder is tilted by a very small
angle (typically less than 10°), creating a gap on the tilted
side. The edge is smoothed with a fillet radius. Figure 13
shows an example with a 10° tilt.
For this large defect, one parameter is fixed: the diameter

of the tilted cylinder: 40 mm. The cavity is the 230-MHz
cavity.
Two parameters can be changed: the tilt angle and

the fillet radius. For making illustrations easier, instead
of the tilt angle, we will use the maximal depth of the
defect to describe it. It can be roughly estimated by
depth ≃ angletilt½rad� × 20 mm.
In the following paragraphs, the depth is represented by

the letter Δ.
As previously, we tried to observe invariances.

Simulations were done with the same cylinder diameter
(40 mm) and with parameters presented in Table III. The
resulting peak ratios are almost identical.
Thus, contrary to the previous invariances with grains,

Hpeak=H0 is almost invariant by multiplying the depth and
the fillet radius by the same coefficient, even when keeping
the same cylinder diameter. This shows that, for very large
defect diameters, the diameter does not significantly affect
the peak ratio. Thus, the formula for grains certainly
reaches a limit when the size of the grain is too big.
In our case, with simulations for Δ=R ratios from 1.7 to

11.6, we got the following estimated formula:

Hpeak

H0

≃ 1þ 0.43

ffiffiffiffi

Δ
R

r

: ð2Þ

FIG. 12. Etching pit: model (top) and result (bottom).

FIG. 13. Example of the large defect as simulated with HFSS.

TABLE III. List of simulations with large defect. F and G are
homothetic defects.

Simulations Frequency (MHz) Δ (μm) R (μm)
Hpeak

H0

F 230 1000 300 4.51
G 230 3350 1000 4.80

FIG. 14. Result of the simulation of Fig. 13. The depth is here
3.5 mm, and the fillet radius is 2 mm. The peak ratio is 1.6.
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The square root in (2) was estimated with the log-log
regression rounded to the half unit, as illustrated in Fig. 15.
The 0.43 factor was estimated by regression of Hpeak

H0
as a

function of
ffiffiffi

Δ
R

q

.

For the welding defect of Fig. 5, the depth, Δ, is around
200 μm, and the fillet radius, R, is around 20 μm. The
diameter of the weld was around 40 mm. The formula gives
a peak ratio of around 2.4. The defect was represented in
Fig. 17 with these parameters, even if the grain model of
Eq. (1) does not really apply to this kind of defect.
The test of the cavity with this welding defect showed a

quench at 5.2 MV=m. At this accelerating field, the
theoretical surface peak field is 55 mT, without defect. If

we apply a 2.4 factor to this surface peak field, we obtain a
real surface peak field of around 130 mT. Tests with
temperature probes showed that the quench came from this
defecting weld. This tends to validate the model as the
expected maximal magnetic field is close to 150 mT for rf
fields at 4.2K.

G. Thin films

As shown earlier, homothety does not change the field
enhancement factor. Thin films present small grains and
small thicknesses (so small roughness parameters), but the

FIG. 15. Log-log figure of Hpeak−H0

H0
as a function of Δ

R. The
orange plot represents Eq. (2) and the blue plot represents the
simulation with Ansys.

FIG. 16. Surface characteristics of the Nb3Sn Sample. Rough-
ness Sk is only 0.42 μm. Upper panel left: optical image, upper
panel right: 3D projection; lower panel: profile view along the
blue line shown on the upper left panel, with an example of
curvature angle determination.

FIG. 17. Contour map along Eq. (1) and calculated Hpeak=H0 for the measured values exposed in Table I. For comparison, large
defects and thin film values have been added to the plot although they do not follow Eq. (1).
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shape of the grain is what matters. Indeed, the field enhance-
ment factor calculated for two different thin films (taken at
random) is around 1.5 (see Table IV), which shows that this
aspect of things should be explored more thoroughly.

V. CONCLUSION

In this paper, we propose a model of field enhancement
calculation that allows predicting the impact of surface
morphology as measured in realistic conditions (roughness
after surface polishing on small grain, annealed and TAZ
affected Nb, representative defects like etching pit of
welding defect, and thin film surfaces).
One can observe that for EP surfaces, mean values of

surface roughness as well as extreme values do not enhance
particularly the local field: enhancement keeps below 10%.
For BCP surfaces, on the other hand, singular value can
produce very high local field enhancement, in particular, on
BCP fine grains. The model definitively assesses that
premature quench can result from a local defect and that
the risk is not negligible.
Large defects like etching pit or welding defects exhibit a

very large calculated Hpeak=H0, which is corroborated by
the fact that the cavities where those defects have been
measured indeed presented a very early quench. These
results confirm that a better monitoring of fabrication steps
is needed, in particular, checking that the damaged layer
has been fully removed and that the cooling condition after
welding minimizes the risks of thermal strain.
Finally, we show indication that thin films, although they

exhibit small roughness, due to the homothety invariance,
can also be subjected to early quenches due to morphologic
defects. We plan to study this aspect in more detail in a
further publication.
We hope this simple model can help to define better

surface finishing requirements for projects and help to
analyze the impact of fabrication defects.
Most of the calculated field enhancements have been

gathered in Fig. 17 for comparison purposes.
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