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ABSTRACT

A fundamental understanding of superconducting radio frequency Nb cavity processing is necessary to achieve the desired improvement in
their performance, which is needed for further upgrades of modern particle accelerators. To recognize the physical processes behind the
losses in the accelerator modules, it is required to address not only the observed improvements but also the degradation occurring after
different surface treatments. Here, we report on microscopic and spectroscopic studies of several cutouts from an extremely well performing
cavity, which showed a systematic degradation after modified surface treatments and annealing conditions. Our results suggest that an
abundance of low-angle grain boundaries surrounding the small sized grains can be related to the local superconductivity breakdown at high
accelerating field gradients. Losses due to grain boundary segregated carbides are discussed to being most dominant and to leading to an

anomalous Q-degradation of the whole cavity starting at low fields.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0063379

Superconducting radio frequency (SRF) Niobium cavities are one
of the basic building blocks for modern highly brilliant light sources
like x-ray free electron lasers (XFELs), being operated at a very high
accelerating electric fleld gradient (E,.) with high quality-factors
(Q x 1/ surface resistance). Over eight hundred Nb cavities installed
in the European XFEL are being operated with an average Q-value
higher than 1 x 10'° and maximum E,. of ~30 MV/m." SRF Nb
with high Q is also of high interest to quantum computing,”™ with a
possibility of increasing qubit lifetime."”

For the European XFEL cavity production, a Nb surface prepara-
tion recipe was used, including a high vacuum annealing at 800 °C,
material removal by chemical polishing, and 120 °C bake in vacuum
before RF tests.” A recently developed heat treatment of SRF Nb cavi-
ties in nitrogen atmosphere, termed as “nitrogen-infusion,” is
reported to result appreciably higher Q-values (2 x 10'°) at high
Eqc =~ 45MV/m. In this case, high vacuum annealing of cavities is
directly followed by 120 °C bake in a nitrogen atmosphere. Excluding
the material removal step at the end of the overall surface treatment,
using HF and H,SO,, avoids new intake of hydrogen from the

chemical reaction. An increased N-concentration in the near-surface
regions of the samples cut out from the N-infused cavities was
reported by means of secondary ion mass spectroscopy.” ~ H and
other light elements, such as C, N, and O, are present in Nb lattice as
interstitial impurities. During the cavity cool-down to liquid-He tem-
peratures, surface segregation of hydrogen leads to precipitation of
niobium hydrides on the cavity surface, which are assumed to be
responsible for an exponential drop in Q at high E,..'’"” Nitrogen is
known to be a trapping center for H-interstitial and, thus, can suppress
the precipitation of the hydrides.'*'” However, reproduction of the
N-infusion of SRF cavities leading to an extra-ordinary high Q remains
a big challenge for many laboratories.'” " Specifically, the role of
omnipresent Nb carbide formation even under best high vacuum con-
ditions for the cavity performance is unclear.

In this paper, we correlate the local structure and chemical com-
position of cutouts of a Nb cavity to its SRF performance. This cavity
was one among three very well performing cavities fabricated during
the European XFEL production phase, which were degraded in a simi-
lar manner under preparation conditions.”® The cutouts were taken
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from the locations identified as the origin of the superconductivity
breakdown (quench regions) as well as those exhibiting minimum RF
and thermal losses (cold regions).We will show that different types of
losses observed can be related to the enhanced grain boundary (GB)
carbide segregation and excess of very small grains containing low-
angle GBs in the quench regions.

A polycrystalline, TESLA shaped Nb cavity”' was prepared after
more than 180 ym material removal and applying the following sur-
face preparation steps: (I) annealing at 800 °C for 3 h in high vacuum,
40 um electropolishing (EP), and 120 °C bake for 48 h in vacuum; (II)
annealing at 800 °C for 3 h followed by 120 °C bake for 48 h in high
vacuum, and (III) repetition of II. Quench locations were identified by
second sound measurements”>** during the cavity tests; magnetic field
(B) mapping and temperature (T) mapping of the cavity surface were
also performed;”* and the cavity was cut after treatment (III). More
details on the cavity and cutouts can be found elsewhere."”

The resulting cavity performance after each treatment is given in
Fig. 1(a) in the form of Q vs E, plots at 2K. A sketch of the cavity
shown in the inset of Fig. 1(a) represents the positions of the here stud-
ied cavity cutouts. Very high Q values (2 x 10'°) are observed up to a
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FIG. 1. (a) Q vs E.. curves at 2K of the SRF Nb cavity 1DE16 after (I) 800 °C/3 h
+40 um EP +120°C/48 h, (Il) annealing at 800 °C/3 h+ 120°C/48 h, and (IIl)
again 800° C/3 h+ 120 °C/48 h. Inset: Sketch of the cavity with the dark gray line
representing the welding zone, marked squares represent the location of the cavity
cuts: in blue for cold regions #1, #3, and #5, and in red for quench regions #2 and
#4; (b) zoomed-in view of deconvoluted Nb 3d photoelectron spectra on cuts
#1(blue) and #2(red), plotted with a vertical offset.
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high accelerating field gradient of 33 MV/m after the treatment I,
where the corresponding quench region (#4) lies far below the equator.
Treatment II preserved high Q-values but limited the maximum E,
to 27 MV/m, with a change in the quench position (#2) to the equator
of the cavity. After the treatment III, a completely different type of Q
degradation—decreasing exponentially with E,..—was observed. No
quench occurred in the last RF test, and the cavity was limited by the
input power. Such a type of Q-degradation has been reported for: (i)
non-annealed cavities'**” and (ii) cavities with Ti polluted GBs.””
The cavities in the former case were cured after annealing to 750
-800°C to facilitate most of the hydrogen to degas. In our case, cavi-
ties were annealed and no Ti contamination was detected by means of
energy dispersive x-ray analysis (EDX). X-ray photoelectron spectros-
copy (XPS) was employed to reveal the chemical composition of the
surface layer on the different spots (200 x 200 um® lateral resolu-
tion).” High resolution Nb 3d line profiles of the cold region (#1) and
the quench region (#2) are shown in Fig. 1(b). The deconvoluted peaks
confirm the niobium oxide phases: Nb,Os, NbO,, NbO, and
Nb,O(x < 1) with 3ds/, orbital positions at 207.5, 206, 204, and
202.7 eV, respectively, on the Nb surface.”” ”' Higher intensity at
202.7 eV for the quench region could also be assigned to niobium-
subcarbide Nb,C.>> The C 1s and O 1s spectra on cold and quench
spots do not differ much due to a major contribution from the adven-
titious carbon and surface oxide layers grown on the cavity surface due
its exposure to the atmosphere™” after each heat treatment. To confirm
the surface layer structure, we exploited electron back-scattered dif-
fraction (EBSD) complementary to scanning electron microscope
(SEM), which generates crystal orientation images based on automated
crystal orientation indexation of so-called Kikuchi pattern® arising
from multiple electron Bragg-reflection.

Large area EBSD maps on cold (#1) and quench (#2) regions are
given in Figs. 2(a) and 2(b), respectively, which depict highly elongated
Nb grains at the welding zone of the cavity, resulting from the fabrica-
tion. No appreciable difference in the Nb grain size distribution is
noticed between both areas. However, the topography of the GBs
shows marked dissimilarities, as shown in Figs. 2(c) and 2(d). EBSD
maps confirm a large segregation of carbides, crystallizing in the
o-Nb,C phase, all along the GBs lying on the quench region—as
shown in Figs. 2(d) and 2(f). In the cold region, GB carbide segrega-
tion is comparatively less and precipitates are too small to be detected
in EBSD maps [Figs. 2(c) and 2(e)]. Triangular carbide precipitates are
observed on all Nb grains by means of SEM; their occurrence and size
distribution depends on the Nb grain orientation. For example, precip-
itates on Nb(223) lie at a larger distance to the GB when compared to
those on the neighboring grains [Fig. 2(d)]. Big precipitates of size up
to ~650nm [Fig. 2(g)] are found on the quench region (#2), after
treatment III. However, precipitates of dimension up to ~200nm
were observed on a single crystal Nb(221) sample co-treated with the
cavity in treatment II (Fig. S1), suggesting smaller carbide growth dur-
ing that temperature cycle. The electrical resistance of non-
superconducting carbides’” would lead to a local joule heating.
Therefore, carbides when present in excess on the surface might
become a source for a quench of the SRF Nb cavity.

An orthorhombic crystal structure of o-Nb, C phase was detected
for the precipitates as well as in the GB segregated carbides, with lattice
constants a, b, ¢ of 1092, 497, and 3.09 A, respectively, and
a=pf=y=90°"° a-Nb,C is one of three polymorphs of Nb

Appl. Phys. Lett. 119, 194102 (2021); doi: 10.1063/5.0063379
Published under an exclusive license by AIP Publishing

119, 194102-2


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

_Apm [115]\

(001 ]anbac

[223]\s,
1um

FIG. 2. On the cold region #1 and quench region #2 in left and right, respectively,
for a—f: Nb grain orientation maps [(a), (b)], with inverse pole figure for bcc Nb [inset
of (a)]; SEM images with Nb and Nb,C phase identification overlay over the GB
area [(c), (d)]; Nb,C orientation maps in color [(e), (f)] with inverse pole figure for
orthorhombic Nb, C (inset of e); out-of-plane orientation maps of the carbide precipi-
tates on Nb(223) grain (g); and FIB-milled cross section (h) along the dashed line
in (f).

carbide, transforming to two hexagonal phases: f above 1200°C and y
above 2500°C."*"" The crystallographic orientation relationship of
orthorhombic Nb,C to becc Nb lattice is observed to be as follows:
[103]a-Nb, C || [010]Nb. Other crystalline forms of niobium carbides,
such as NbC, were detected neither in the precipitates nor in the GB
segregates.

In order to determine the penetration depths of the segregated
carbides inside the bulk, several cross sections were prepared by
focused ion beam (FIB) milling after depositing a Pt protective
layer. A cross section along the dashed line in Fig. 2(f) is given in
Fig. 2(h). The dark contrast close to the surface corresponds to the
segregated carbide, which extends ~350nm in depths and is
~250 nm wide. This is in-line with the finding that the performance
of such cavities could be recovered after a 5um electropolishing
step. Because the carbides are larger than the London’s penetration
depth of 40nm in Nb, these would resist the superconducting

scitation.org/journal/apl

current. Contaminated GBs are known to form weak Josephson
junctions through which the superconducting current can tunnel.”
Due to GB contamination, the critical current of the junctions is
exceeded and leads to a decoupling of the grains and hence results
in a high power loss, leading to the anomalous Q-degradation
observed here [Fig. 1(a), curve III].

The cold regions (#3 and #5) and the quench region (#4), located
on the regular cavity area, contain fine Nb grains. A large area EBSD
map over ~5mm? in the cold region is displayed in Fig. 3(a) and the
corresponding grain size distribution of about 2400 detected grains in
Fig. 3(b), depicting an average size of ~43 um. On the other hand, a
much higher number of grains (approximately 3300) were detected
within a ~3.75mm? area in the quench region [Fig. 3(d)] with an
increasing frequency for decreasing grain size [Fig. 3(e)]. Excess of
small sized (<30 um) grains results in an increased amount of GBs in
this region. A typical surface morphology of cold and quench regions,
observed by means of SEM, is displayed in Figs. 3(c) and 3(f), respec-
tively, where triangular precipitates are seen all over the surface. High-
resolution EBSD maps of a selected area within the SEM micrographs
from the quench region confirmed the Nb, C segregation extending up
to 500 nm in width at some GBs.

The large-area EBSD maps described in Figs. 3(a) and 3(b) were
analyzed further to retrieve the distribution of misorientation angles
(0) between adjacent Nb grains [Fig. 4(a)]. An excess of low-angle
GBs, with 0 between 5° and 14°, and a shoulder close to 14° is evident
for the quench region as compared to the cold region. For the welding
zone, a distinct peak close to 14° is present for the quench region and
absent for the cold region [Fig. S2(a)], with a much lower statistics
though. Excess of carbon in the GBs of Ferrite was reported recently
with a very high accuracy achieved in the 3D atomic mapping
obtained by combining the methods of nano-beam diffraction in
transmission electron microscopy and atomic probe tomography.”
The GB segregation of carbon was found to increase with 0 up to 14°
(low-angle GBs), above which a strong spread was noticed because
other crystallographic parameters start to play a role. Our observation
of a high segregation of carbon in the quench regions, along with a
concentration in low-angle GBs with 0 close to 14°, is in a very good
agreement with the bec Fe-C system.

For certain misorientation angles, a coincidence site lattice (CSL)
is formed by common lattice points present in both adjacent grains.
The number of the lattice points in a unit cell of a CSL is designated
by Z. In the present system of the SRF Nb, distributions of CSL X val-
ues are given in Fig. 4(b), as detected in the quench and cold regions
lying in the normal area of the cavity. An excess of 3 in the cold
regions and of Z41a in the quench regions is evident. £3 in bcc Nb is
a coherent twin boundary along [111], and X41a is a symmetrical tilt
GB along the [001] axis with a misorientation angle of 12.68°. The
same was observed on the cutouts from the welding zone, with a less
statistics [Fig. S2(b)]. These results suggest that £41a in bcc Nb might
be prone to impurity segregation or lattice defects to lead a quench of
the cavity, which needs further investigation and can be an interesting
open question for theoretical modeling.

Combining the results obtained, we can propose the following
different reasons for the observed Q-losses: After the first heat treat-
ment (I), the cavity was electropolished before its RF test, implying no
carbides to exist on the Nb surface. The observed quench at high fields
can be correlated with the fine-grained (<30um) Nb region
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FIG. 3. Nb grain orientation maps [(a), (d)] on the cuts #3 and #4 [inset of (a): inverse pole figure of Nb]; corresponding grain size distributions [(b), (e)]; and SEM of a triple
GB intersection [(c), (f)] with phase identification of Nb in green and Nb,C in blue. The upper row corresponds to the cold region and the lower row to the quench region of cav-

ity 1DE16.

containing a big network of low-angle GBs in high 0 (<14°) regime,
which are expected to contain a high dislocation density.” Such crys-
talline defects are known to trap remnant magnetic flux in the super-
conducting surface’’ ** and/or cause an early flux penetration at high
RE field.""*>** This is in very good agreement with the finding that a
significant amount of trapped flux and a higher vacancy-cluster den-
sity were observed in this region.'® In our case, flux trapping at cavity
cooldown could be inhibited by suppressing the remnant magnetic
field below 5 uT in the cavity test set-up. Therefore, an early flux pene-
tration with increasing RF field favored by the excess low-angle grain
boundaries is the most apparent cause of the observed quench.

After the second treatment (II), high Q-values were achieved up
to an intermediate E,.. with a quench observed, the most probable
loss-mechanism is due to high Ohmic losses induced by the carbides
(up to 200 nm size) present on the cavity surface and most likely lead-
ing to the quench at a reduced accelerating field.

Finally, the third treatment (IIT) was followed without any surface
removal after the second heat treatment. Carbides formed after the
second heat treatment II remained in the material and so a large intake
of carbon is expected as the collected carbon on the surface diffuses
toward the bulk on heating to 800 °C and segregates back to the sur-
face later on cooling down. This led to the formation of larger precipi-
tates (>500 nm) and substantial segregation of carbides at GBs, which
would decouple the flux lattice of Nb grains and, therefore, leads to the
anomalous Q-degradation escalating with increasing E,.. The most
probable source of carbon for the formation of carbides is the residual
C-content in the furnace and adventitious carbon on the cavity surface
due to its exposure to the atmosphere. The impurity content of C in
the starting Nb sheet material was less than 5 wt. ppm. With improved

furnace conditions and chemically cleaned cavities, such strong degra-
dation could be suppressed in the follow-up cavity treatments.””

From this study on the cutouts of a SRF Nb cavity, we are able to
correlate: (i) the small sized Nb grain-structure with abundant low-
angle GBs favoring an early flux penetration to the local superconduc-
tivity breakdown at high RF fields, (ii) Ohmic losses due to carbide
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FIG. 4. (a) Distribution of mis-orientation angle 6 and (b) occurrence of co-
incidence site lattice X values for the cold region #3 (blue) and quench region #4
(red).
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precipitates on the cavity surface to the quench at intermediate fields,
and (iii) significantly large GB segregated carbides causing flux lattice
decoupling to the anomalous Q-losses starting at low fields of a few
MV/m. An excess of carbide segregation on low-angle GBs in bcc Nb
was also confirmed. These results emphasize the importance of grain
orientation and tailor polycrystalline Nb material with preferred high-
angle grain boundaries for SRF applications. Higher annealing temper-
atures and longer duration might be helpful to achieve this.

See the supplementary material for Figs. S1 and S2 mentioned in
the text.

The annealing and testing of the Nb cavity was performed as a
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