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ABSTRACT

The performance of superconducting radio-frequency cavities made of niobium is tied to the quality of their inner surfaces exposed to the
radio frequency (RF) waves. Future superconducting particle accelerators, because of their dimensions or the unprecedentedly stringent
technical requirements, require the development of innovative surface processing techniques to improve processing reliability and if possible
ecological footprint and cost, compared to conventional chemical processes. Metallographic polishing (MP) has emerged as a promising pol-
ishing technology to address these challenges. Previous studies focused on the characterization of the processed material surface at room
temperature in the absence of RF waves. However, the evaluation of material properties, such as surface resistance under RF, at cryogenic
temperature has failed, primarily due to the unavailability of devices capable of achieving the necessary resolution in the nanohm range. To
overcome this limitation, a quadrupole resonator (QPR) has been utilized. The RF results demonstrate that the MP polishing, developed to
preserve a high-quality niobium surface with very low surface resistance, is highly effective compared to conventional polishing. This conclu-
sion is further supported by topography and microstructural analysis of the QPR top-hat samples, which revealed the clear superiority of
the metallographic approach.
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I. INTRODUCTION such as Buffered Chemical Polishing (BCP) and Electropolishing
(EP) are routinely used to etch the inner surface of the cavities of

The superconducting radio frequency (SRF) cavity is the core
about 150 um. These techniques aim to create a smooth, chemically

component in high-power particle accelerators (up to MW) that o
deliver high-energy (up to TeV) and high-current beams (up to clean, crystal-damage-free surface to sustain intense RF waves. Both
mA).'~® These cavities are typically made of bulk niobium (Nb) or BCP and EP use hazardous, HF-based acids and involve etching or
copper coated with a niobium film.”~'" The fabrication process of diffusion-limited polishing processes, resulting in varied surface
these cavities is complex and expensive and results in the formation finish.'>'* Moreover, surface defects, such as scratches or pits, tend
of an imperfect inner layer known as the “damage layer.”'" This to slowly worsen during the chemical processing, contributing to
layer causes significant RF dissipation and should be removed to reliability issues. Local grinding and Centrifugal Barrel Polishing
reach high-quality (Q) and high-gradient operation (E,.). Methods (CBP) are utilized to address significant defects.'"'” However, even
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after these processes, the surface still requires BCP or the light EP
to eliminate any remaining defects and abrasive contaminants.

Due to the large cavity numbers for future large-scale accelera-
tors like the International Linear Collider (ILC) and the Future
Circular Collider (FCC),'®"” high and reliable production yield,
fabrication cost reduction, and increased cavity performance are
required. Hence, alternative surface preparation and cavity fabrica-
tion techniques are being investigated to tackle the challenges asso-
ciated with these demands. Moreover, alternative superconductors
(NbsSn, MgB,, etc.) are also under study as stand-alone layers and
nanometric superconductor-insulator-superconductor (SIS) struc-
tures in the community to go beyond bulk niobium limits."*™'
These thin film structures require defect-free and smooth substrates
as the film quality is highly dependent on the substrate quality.”’
To address the challenges associated with final cavity RF perfor-
mance and/or substrate quality, we have developed metallographic
polishing (MP) methods as reported in Ref. 22.

Previously, surface characterization was limited to laser confo-
cal microscopy, scanning electron microscopy, electron backscatter
diffraction (EBSD), energy dispersive x-ray spectroscopy (EDS),
and secondary ion mass spectroscopy (SIMS) to examine the mate-
rial properties at room temperature.””>* The first attempt of cryo-
genic characterization under RF using a “mushroom” cavity type
was performed in 2019,°%° but the results turned out to be non-
exploitable. Indeed, the sample could not be heat treated to degas
hydrogen, resulting in a significant degradation of the surface resis-
tance due to niobium hydride precipitation (so-called Q-disease),”
and high-frequency operation””** leading to poor resolution in the
micro-ohm range.”

In this paper, we will describe an application of the revised
sequence for the top-hat quadrupole resonator (QPR) sample and
will present measurements performed with this state-of-the-art
device to fully qualify the MP-processed niobium surface under RF
and at cryogenic temperatures, with nano-Ohm resolution.”””’ We
also characterize surface alterations resulting from conventional
chemical polishing and the MP polishing process, with a focus on
topography and microstructural changes. This study highlights the
significance of surface feature size and crystal quality in influencing
RF performance.

Il. RF MEASUREMENT METHOD AND SAMPLE
PREPARATION

A. QPR cavity presentation and methodology

The quadrupole resonator (QPR) is a dedicated sample test
cavity that enables direct measurements of a sample’s surface resis-
tance at RFs in a wide parameter space of sample temperature and
RF field level.”” The resonator features three quadrupole modes
with frequencies near 415, 847, and 1290 MHz that provide an RF
magnetic field of up to 120 mT on the sample surface.”’ While the
resonator is kept at constant temperature, stabilized by a superfluid
liquid helium bath at 1.8K, the sample is thermally decoupled
from the resonator and can be heated to arbitrary temperatures.
Using a PID control loop for the heater power and a calibrated
temperature sensor on the sample, any RF dissipation on the
sample is observed as heater power difference yielding a calorimet-
ric measurement of the surface resistance (Rs) at a given RF field
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level. Note that this measurement is independent of any losses
occurring in the cavity, hence there is no need to calibrate the
surface resistance measurement to a reference sample. However, a
so-called gap calibration procedure is needed and performed to
adjust the RF parameters to the actual sample height which has an
impact on the field distribution and hence Rg. For a more detailed
description of the QPR system design and capabilities, the reader is
referred to Ref. 29. Measuring temperature-dependent Rg gives
access to the residual resistance (Rys) using the common formula
Rs(T) = Rpcs(T) + Ryes, Where Rpcs is the BCS surface resistance.

B. QPR sample description and baseline sample
preparation

The dimensions of the QPR sample make it compatible with
various existing coating facilities, making these samples valuable
for studying how deposition techniques and their parameters affect
the RF performance of the deposited films. Moreover, the QPR
sample can also be utilized for studies of surface processing tech-
niques, as demonstrated in Sec. III B of this work.

The QPR sample consists of a flat niobium disk (RRR = 300)
with a diameter of 75 mm and an initial thickness of 10 mm. This
disk is electron beam welded to a niobium cylinder, which has a
height of 95mm. The cylinder has a top-hat like rim of 99 mm
diameter at its bottom with which the sample is mounted to a stain-
less steel conflat flange to facilitate attachment to the host QPR
cavity. The flange is niobium-coated to minimize parasitic losses,
hence enabling the measurement of surface resistance down to the
sub-nano-Ohm range.”’ This design allows for easy mounting and
dismounting of the sample from the host cavity, with only the flat
niobium disk being exposed to high radio frequency (RF) fields.

After manufacturing, the QPR sample was polished using
the standard BCP solution, which consists of hydrofluoric acid
(HF—49%), nitric acid (HNO3;—70%), and phosphoric acid
(H;PO4—85%) in a volume ratio of 1:1:2. Subsequently, the
QPR sample underwent bulk EP to remove 100 um of material,
using a mixture of HF (40%) and sulfuric acid (H,SO4 at 97%)
in a 1:9 volume ratio. The EP was performed in a static electro-
lyte at an applied voltage of 6 V. The electrolyte temperature was
gradually increasing from an initial 5°C to a maximum of 30°C
by the end of the process. The sample was then annealed under
vacuum at 900 °C for 3h followed by a light EP. During the
final EP, the QPR was electropolished at 6 V and below 25 °C to
remove 20 um. The cathode-to-anode distance was fixed at 5 cm.
All these standard processes were performed at CEA-Saclay, on
the platform Le Synergium.’” An RF test was then performed at
HZB with the QPR facility to establish the baseline performance
of the material. We refer to these results as the baseline mea-
surement in Sec. III B.

C. Sample preparation by MP

Subsequently, the same QPR sample was MP-polished using a
LAM PLAN Masterlam 1.0 polishing device with LAM PLAN con-
sumables in operation on Vide&Surface platform at IJCLab.”* This
process involved a two-step procedure documented in Ref. 22. The
first step (lapping step) aimed to planarize the surface and improve
roughness, removed 20 um of material. A rigid composite disk with
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FIG. 1. Peak-to-valley roughness and average surface roughness comparison
depending on the surface processing.

3 um polycrystalline diamonds was used. The second step (polish-
ing step) focused on recovering purity and microstructure by
removing the layer damaged and contaminated by the previous
step. Although this step increases roughness due to re-appearance
of grains, it is essential for the recovery of optimal superconducting
properties. In the second step, a polyurethane cloth combined with
a solution based on the silica colloidal SiO, (50 nm), peroxide
H,0;, and ammonia (NH,OH), diluted in deionized water (up to
20%) was used to remove approximately 5um. After polishing, the
sample was annealed at 600 °C for 10 h with the vacuum furnace in
operation on Supratech platform at IJCLab™ to remove hydrogen
contamination. A high-pressure rinse (HPR) was performed to

ARTICLE pubs.aip.org/aip/jap

TABLE I. The sequence of surface processing methods with the associated amount
of material layer removed at each step, and the resulting surface roughness parame-
ters for each step.

Removed layer Average Sa Average Sz,
Processing (um) (um) (um)
BCP 150 2.9 32
Bulk EP 100 ..
Light EP 20 0.6 11
MP-lapping 20 0.04 2
MP-polishing 5 0.6 7

remove colloidal silica or other contaminants from the QPR
sample. Finally, the sample was remeasured under RF at HZB.

I1l. RESULTS AND DISCUSSION
A. Sample topography and microstructure analysis

The QPR sample surface quality was examined at each treat-
ment step using laser confocal microscope (Keyence VKX 210) of
Vide&Surface platform to study how the different surface process-
ing methods—BCP, EP, and MP—affect the topography of the
QPR surface. The peak-to-valley roughness (S;) and average rough-
ness (S,) vary with each processing method, as illustrated in Fig. 1.
Measurements indicate significant variations in topography after
BCP surface processing (as received) due to the etching mecha-
nism, which reveals surface quality to the underlying surface. The
peak-to-valley roughness S, and average surface roughness S, after
BCP are 32.1 + 7.2 and 2.9 + 0.8 um, respectively. The surface
tailoring with the baseline EP processing considerably improved
the topography, S, =10.7 £ 2.5um, and S, =0.6 + 0.1um.
Additionally, further improvements in topography are observed
after MP processing, S, = 6.7 + 2.0um, and S, = 0.6 + 0.1 um.
The evolution of the surface state resulting from various processing
steps is illustrated in Fig. 2. Table I summarizes the sequence of
surface processing methods with the associated amount of material
layer removed at each step and the resulting surface roughness
parameters for each step.

FIG. 2. The surface appearance of the
QPR sample after various processing
steps is shown from left to right: BCP,
EP, and MP. In terms of quality, the
BCP surface has low reflectivity, the
EP surface shows moderate reflectivity,
and the MP surface features a highly
reflective, mirror-like finish. This varia-
tion in reflectivity results from differ-
ences in topography, as illustrated in
Fig. 1.
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FIG. 3. Average power spectral density spectra for various surface processing
methods (BCP, EP, and MP) of the QPR sample, derived from laser confocal
data. The graph illustrates the contribution of different surface features across
multiple spatial frequency domains.

In addition to the reported roughness values S, and S,, we cal-
culated the power spectral density (PSD) spectra by performing a
Fourier transform on the height data obtained from laser confocal
scans.”” We conducted a total of ten scans over an area of
1000 x 1000 um. The values of S,, S, and the PSD are influenced
by both the scan resolution and the size of the scanned area. While
the PSD provides insights into the distribution of the height signal
across various spatial frequencies of the surface, the S, and S,
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values do not offer this type of information. Figure 3 shows the dis-
tribution of surface features intensities across the spatial frequency
range, indicating that the MP-polished is superior across all
frequencies.

All polishing techniques result in a considerable variation in
the surface finish, with some areas being significantly smoother
than others. Figure 4(a) illustrates that the niobium grain structure
is not uniform after BCP, as previously reported,” but the cause
for this non-uniformity was not mentioned. As shown in Figs. 4(b)
and 4(c), similar results are observed after EP and MP surface treat-
ments. Even after removing approximately 300 um of material—
compared to the initial thickness of the sample after manufactur-
ing—some areas exhibit patchy regions with grain formation
(region A), resulting in increased roughness. In contrast, some
areas show limited to no grain appearance, resulting in lower
roughness (region B). The extent of cold work applied to the Nb
disk before polishing is still unclear, and we speculate that it may
be the root cause of this difference. The initial thickness of 10 mm,
while typical niobium sheets used for SRF are only 3 mm, could
contribute to the non-uniform microstructure due to the varying
amounts of cold work, particularly the absence of the rolling step.
This variation may lead to an irregular distribution of internal
residual stress during the bulk Nb preparation.’”>”® High residual
stress causes grains in region B to show slight recovery from cold
work without visible recrystallization. In contrast, recrystallization
occurs in areas with lower levels of residual stress, as seen in
region A.

Region A can be classified as polycrystalline, consisting of
many grains with varying orientations that exhibit different surface
modifications during processing, as shown in Fig. 5. Region B is

FIG. 4. Typical laser confocal images
of the bulk QPR after different surface
processing: (a) BCP, (b) EP, and (c)
MP. Scale bars are 1000 um. Region A
is separated from region B with a

dashed line. Note that the images were
randomly taken at the interfaces to
demonstrate the microstructural con-
trasts between the phases, resulting in
non-identical visualized regions.
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FIG. 5. Digital interference contrast (DIC) images illustrating the impact of different polishing procedures on polycrystalline (region A) and monocrystalline (region B) Nb
grains. The scale bar represents 100 um, highlighting the differences in grain structures between the two regions as discussed in the text.

predominantly monocrystalline (single grain), resulting in a more
uniform response to identical processing methods, although it
clearly displays the presence of residual strains. BCP is particularly
sensitive to grain orientations due to its etching mechanism, which
is affected by variations in surface energy related to crystalline ori-
entation, caused by dislocations.”” The EP process operates through
a diffusion-limited mechanism involving the diffusion of fluorine
ions through a viscous layer.'” This results in a smoother surface
compared to BCP, however, some subsurface damage is present
within the grain structure, primarily due to the presence of residual
strains. The MP process further enhances surface smoothness while
minimizing damage, primarily through processes like passivation
and oxide growth. Overall, the effects of the baseline surface pro-
cessing method (EP) and MP are examined through measurements
of surface resistance at different surface magnetic fields, as dis-
cussed in the next chapter.

B. Surface resistance analysis

The QPR measurements were performed for the baseline
sample and for the MP polished sample at frequencies of 415 and
847 MHz.

Figure 6 shows a typical measurement data set of surface resis-
tance vs sample temperature for baseline and MP sample at two
different frequencies and for an RF magnetic field of 30 mT. From
these curves, the residual resistance is extracted using the phenome-
nological approximation Rg = %exp(— %) + Ry for T < 45K.*

Figure 7 shows various data sets of surface resistance vs RF
magnetic field at two frequencies and at sample temperatures of 2.0
and 4.5 K. The second abscissa provides the equivalent accelerating
gradient of an LHC-type cavity operating at 400 MHz."' The MP
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FIG. 6. Surface resistance measurement vs temperature for baseline and MP
sample at different frequencies for an RF magnetic field of 30 mT. Solid lines show
the fits and the extrapolation to 0K that is used to extract the residual resistance.
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FIG. 7. Surface resistance data for baseline and MP sample vs RF magnetic field at different frequencies and sample temperatures. Second x-scales are added showing

the equivalent accelerating gradient for an LHC-type cavity.

sample shows a significantly lower Rg as compared to the baseline
measurement, with a difference between the two that is even larger
at higher temperatures. Hence, both R;.; and Rpcs are improved by
MP. The maximum possible RF field level for a given sample tem-
perature typically depends on the RF heating of the sample and
hence on the surface resistance. Thanks to the reduced R, at
415MHz and 2.0K a higher field level of more than 80 mT was
achievable without a quench being observed. We hypothesize that
the reduction in residual resistance is a result of a reduced amount
of trapped magnetic flux, arising from decreased intra-granular,

and inter-granular dislocations and improved grain boundary mor-
phology.”>*> However, additional mechanisms may also be
involved, see Ref. 44. Further investigations are required to confirm
this interpretation.

Figure 8 shows the extracted residual resistance vs RF mag-
netic field for both samples and RF frequencies. A minimum Ry
of 0.8 nQ was obtained at 415 MHz for the MP sample. After pol-
ishing, a slightly increasing slope of Ry, with RF field is observed
while the baseline sample showed the opposite effect of constant or
decreasing R with increasing RF field.
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These data are extracted from fitting Rs(T) datasets obtained at fixed field level
like those shown in Fig. 6.

IV. CONCLUSIONS

We investigated the impact of different surface treatments on
bulk niobium topography by comparing buffered chemical polish-
ing (BCP), electropolishing (EP, our baseline), and a novel “metal-
lographic polishing” (MP) protocol developed specifically for SRF
niobium. MP adapts standard metallographic polishing tech-
niques—used to prepare chemically pure, damage-free sample sur-
faces—so as not only to maximize smoothness but also preserve
surface purity and eliminate dislocations and other near-surface
crystalline defects. Hryhorenko et al. demonstrated that MP can
treat large niobium areas in fewer steps and with a much faster
turnaround than conventional methods.”” We then evaluated
surface resistance measurements on QPR samples—both baseline
and MP-treated—across a range of temperatures, magnetic fields,
and RF frequencies. MP reduced the peak-to-valley roughness by
37% relative to the EP baseline, a smoother finish that coincided
with a lowered residual resistance by 6.5-8.5n€ at both investi-
gated frequencies without any additional chemical treatment. These
performance gains cannot be attributed to surface smoothness
alone. For example, classical centrifugal barrel polishing results in
very low roughness but leaves residual polishing media embedded
in the surface and causes subsurface damage associated with the
CBP procedure.">™*" This condition generally necessitates an
additional EP removal step of at least 20um to obtain high-
gradient RF performance.”** Acid-free extended mechanical pol-
ishing (XMP), another CBP variant, also achieves high gradients
without etching, yet it requires a prohibitively long process time to
de-pollute and remove surface damages."”"” Our findings under-
score that topographical smoothness, crystalline integrity, and

ARTICLE pubs.aip.org/aip/jap

purity critically influence achievable field levels. Moreover, MP pro-
duces reproducible niobium surfaces, providing strong baseline
substrates for subsequent single or multilayer coatings. It also
enhances cost-effectiveness by allowing the reuse of expensive QPR
samples, as the surface can be easily restored to its high quality
after RF evaluation.

Looking ahead, the transition from MP-processed QPR
samples to MP-assisted cavity production presents exciting pros-
pects to enhance cavity performance, improve production reliability
for high-gradient applications, minimize ecological footprint, and
prioritize worker safety. By prioritizing sheet polishing before
cavity forming, we can mitigate the issues associated with tradi-
tional bulk etching. As shown in Ref. 50, the steps involved in
cavity fabrication cause depth-limited surface damages (~ few
micrometers) that require light chemistry to be removed; instead, it
is the production of Nb sheets, particularly the rolling process, that
results in significant crystalline damage resistant to recrystalliza-
tion."' This damage extends to the bulk material, which then
requires bulk EP. This simple modification is expected to improve
the surface quality of niobium by removing damage from rolling. It
also increases reliability and cost-effectiveness by starting with a
significantly better surface quality typically seen in production. In
addition, it helps minimize acid waste by reducing the amount of
EP required during cavity preparation. By adding MP to the cavity
production, we aim to set new standards for high-gradient niobium
surface treatment methodologies in the realm of superconducting
radio frequency applications.
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