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Abstract

Surface preparation of niobium superconducting RF
cavities is a critical step for achieving good RF perfor-
mance under the superconducting state. Surface defect,
roughness, and contamination affect the accelerating gra-
dient and quality factor of the cavities. We report surface
inspection methods used to control the surface processing
of 650 MHz cavities designated for the pre-production and
prototype cryomodules for PIP-II linac. The cavity surface
was routinely inspected visually, with an optical camera,
and by microscopic scanning of surface replicas. This arti-
cle covers details on the surface inspection methods and
surface polishing process used to repair the surface.

INTRODUCTION

Proton Improvement Plan II (PIP-II) program is an es-
sential upgrade to the Fermilab’s accelerator complex. This
includes a superconducting RF (SRF) linear accelerator
(linac) to accelerate a proton beam to 800 MeV. The PIP-
II linac includes normal and superconducting sections. The
superconducting section will incorporate different types of
cavities including two types of 650 MHz 5-cell elliptical
cavities called low-£ (0.61) and high-£ (0.92) 650 MHz
cavities. The cavity surface is processed with the state-of-
the-art techniques including electropolishing (EP), heat
treatment at 800 or 900 °C, and final light EP for the base-
line test performed in a vertical cryostat.

Surface defects have a detrimental effect on the perfor-
mance of the cavities. The common defects found earlier
were deep pits appeared as cat-eye feature, non-conformal-
ity of weld zone, rough surface etc. Optical inspection is
typically employed to detect these defects. Previous studies
have involved surface study of 1.3 GHz cavities using an
optical camera developed at Kyoto University [1], which
has proven effective in identifying surface features and de-
fects [2]. To capture surface features, surface replicas are
created using a molding process using a silicone liquid
gel [2]. These replicas enable high-resolution microscopic
study of small surface features present on the cavity sur-
face [2, 3].

This manuscript focuses on the challenges encountered
during the surface processing steps involved in the prepa-
ration of low-£ (LB650) and high-B (HB650) elliptical cav-
ities. Furthermore, it presents the crucial roles played by
surface inspection techniques, such as visual inspection,
optical inspection, and surface replica examination, in aid-
ing the decision-making process for surface treatment.
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VISUAL AND CAMERA INSPECTIONS

Visual inspection of as-received cavity surface was per-
formed to find any damage on the cavity surface. The vis-
ual inspection is performed to check the flanges, beam tube
and the visible cell-wall through the beam tubes. Since the
inner walls of the cells were not in line-of-sight through the
beam tube, a small digital camera was inserted manually
into the cavity to capture the images of the cell walls. Fig-
ure 1 shows a schematic of a digital camera inside the cav-
ity. Each photograph covered a part of the half-cell. Multi-
ple images were taken by rotating the camera along the
cavity axis at every 45° angle. These images covered entire
surface of the half-cell. The field of view of the camera
covered the surface from the equator to iris of the half-cell.
Photographs of another half-cell were captured when the
camera angle was changed by 90° to face another half-cell.
Figure 2 shows one of the captured photographs of the
HB650 cavity before the EP process, providing sufficient
clarity to detect any deep scratches, dents, or mechanical
grinding marks. Except some minor scratches and mechan-
ical polishing marks, no large defect was seen on the cavity
surface. All the cavities qualified for the next step that was
a detailed inspection of the equator surface with the optical

camera.

Figure 1: Schematic of a camera positioned inside the cav-

1ty.

Figure 2: A part of the half-cell of an as-received HB650
cavity: Photograph captured with a digital camera inserted
manually inside the cavity (left). Zoom-in image showing
minor scratches (right).
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Figure 3: Optical image of the equator surface (a). LCSM images of replica surface representing the weld (b) and near-

weld (c) equator positions.

OPTICAL INSPECTION AND
SURFACE REPLICA

The entire equator surface in all the five cells of as-re-
ceived cavities was inspected with the optical camera. The
optical camera provided an image having a dimension of
12x9 mm. The inspection aimed to detect any irregularities
in the weld zone of equator and to find a defect that would
make the cavity unqualified for undergoing any further sur-
face processing. Although some features in the weld-zone
were observed, all as-received cavities were considered to
be processed.

A few cases are described in the following sections to
report on the surface processing, challenges to prepare a
smooth base surface, and stages at which surface inspec-
tion by optical camera and making replica were necessary.

Surface Processing of LB650

Four LB650 cavities, namely B61C-EZ-101, -102, -103,
and -104, that will be used in pre-production cryomodule
were processed.

B61C-EZ-103: The cavity was electropolished with stand-
ard EP conditions [4,5]. The cavity quenched prematurely
at 15 MV/m in a vertical test conducted at 2 K. Typically,
such a low-field quench is associated with a significantly
large defect on the equator surface.

To examine the surface, the entire equator surface in all
5-cells was scanned with the optical camera. A typical im-
age of the equator surface is shown in Fig. 3. The optical
inspection revealed a rough surface that differed from a
standard electropolished surface. Although the optical im-
ages clearly showed that the surface was rough, it could not
provide any information on roughness value. To obtain this
information, a replica of the equator surface was created
and examined using a laser confocal scanning microscope
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(LCSM). The replica images for weld and near-weld zones
on equator are presented in Fig. 3 (b) and (c). Average
roughness Ra of near-weld surface was estimated to be
~8 um and grain step height was measured to be ~32 um.
The roughness was significantly higher than the buffered
chemical polishing (BCP) surface which is usually found
very rough with grain step height of ~5 pm. The rough sur-
face might be responsible for the low quench field.

The information obtained with optical and replica im-
ages played a crucial role in evaluating the EP perfor-
mance. It became evident that modifications to the elec-
tropolishing conditions were necessary to achieve a
smoother surface. A study was conducted to optimize the
EP parameters, details of which can be found else-
where [4, 5]. The cavity after reset EP under optimized
conditions met the E,. specification (Eyc = 22.4 MV/m)
set for the baseline test as reported elsewhere [5, 6].

B61C-EZ-102: This cavity was used for EP study to opti-
mize the parameters. Before the study was started, the cav-
ity already received unoptimized EP for 70 pm removal.
During the parameters study, unoptimized conditions fur-
ther removed 23 um. Additional EP for 27 um was applied
with improved EP parameters.

Throughout the process of parameter optimization, opti-
cal inspections were performed at various stages to evalu-
ate the surface yielded with different EP conditions. Figure
4 shows two images of the equator region, one after 70 um
removal under unoptimized conditions, and after 120 um
removal that included last 27 pm removal using the im-
proved EP conditions. These images clearly demonstrate
that the optimized EP process led to a smoother surface.

Based on this feedback, two new cavities (B61C-EZ-101
and -104) were processed using the optimized EP condi-
tions, taking into account the surface smoothening ob-
served in the images.
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The cavity after surface processing completed with opti-
mized EP satisfied the E,.. specification for baseline test as
reported in Ref. [5, 6].

Figure 4: Optical image after unoptimized EP performed
for 70 um removal (b) Image after additional 23 pm re-
moval with unoptimized EP and 27 pm removal with im-
proved EP. Image size: 12x9 mm.

B6I1C-EZ-101 and -104: These cavities experienced opti-
mum EP conditions in bulk and light EP [4, 5]. The cavity
surface was examined with optical camera and by making
replica. The replica that provided high-resolution features
at the sub-micron level was inspected with LCSM. The op-
tical and replica surface images after 120 um removal are
shown in Fig. 5. Average roughness Ra measured using
LCSM was ~0.6 pm. The effectiveness of the optimized EP
conditions was confirmed through these optical and replica
inspections.

Both cavities after bulk removal of 120 um were under-
went a heat treatment at 800 °C and 40 um light EP [4].
The cavity B61C-EZ-104 qualified in the baseline vertical
test [5, 6]. Despite applying the optimized EP conditions,
cavity B61C-EZ-101 quenched at 20 MV/m, failing to
meet the specified baseline performance requirement in
vertical tests. This early quenching may have been caused
by a surface defect.
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Figure 5: Optical image of typical equator surface of
B61C-EZ-104 (a) and LCSM image of the replica repre-
senting the equator surface of B61C-EZ-101.
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The entire equator surface in all five cells was inspected
with the optical camera. A unique feature on the equator
surface in cell-1 was found as shown in Fig. 6 (a). The fea-
ture found in the optical inspection was unclear to decide
the next surface processing.
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Figure 6: (a) Optical image showing a unique feature (im-
age size is 12x9 mm). (b) LCSM image of replica repre-
senting the surface in (a).

To get a detailed information of the feature, replica of the
surface was made. An LCSM image of the feature captured
by replica is shown in Fig. 6 (b). The image represented
that the feature on the cavity surface was a random-shaped
crater with a depth of ~170 um. The deep crater with sharp
edges was identified as the likely cause of the early
quenching.

Given the size and depth of the feature, employing addi-
tional electropolishing (EP) was deemed unsuitable for re-
moving the surface defect. Therefore, the decision was
made to do local mechanical grinding to remove the defect.
The subsequent sections will provide further details on the
specific approach taken for grinding.

Local grinding and post-griding process (B61C-EZ-101):
The defect spot in the end cell of cavity B61C-EZ-101 was
manually polished with aluminum oxide (Al,O3) abrasive
media while the cavity was sitting on the optical stand for
surface inspection during the different polishing steps per-
formed with different grit size papers. The polishing paper
was fixed on a handy tool having a rubber pad. This rubber
pad holding the polishing paper might minimize embed-
ding of particles into the Nb surface. The final polishing
step utilized a grit size of 320. An optical image of the pol-
ished surface to compare with the original image (Fig. 6)
is shown in Fig. 7. The image revealed that the defect was
successfully polished, resulting in a smooth surface with
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traces of abrasive particles. Optical inspections conducted
at various stages of the polishing process served as guid-

ance to determine when to stop the polishing procedure.

inal grit#320 (A1,0, abrasives) h

9 mm

Fig. 6 after local grinding with Al,O;3 abrasive media.

image of the negative replica showing the pit.

shown in Fig. 8 (a).

TUPTBO041
® 510

©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

SRF2023, Grand Rapids, MI, USA
ISSN: 2673-5504

Figure 7: Optical image of the defect position shown in

Figure 8: (a) Optical image of equator surface mechani-
cally polished followed by EP for 60 pm removal. (b) Op-
tical image of replica representing surface in (a). (¢) 3D

The next processing step was chosen to be electropolish-
ing for a removal thickness of 90 um. This removal depth
was considered sufficient to remove embedded particles
out from the Nb surface. Following the EP process, an op-
tical inspection was conducted to assess the presence of
any remaining defects on the surface. The inspection re-
vealed the presence of certain polishing features, including
pit- or bead-like structures in the polishing region, as

Given that optical inspection alone could not definitively
determine whether these features were pits or embedded
particles, a surface replica was made to confirm the same.
The replica image apparently showed that the cavity sur-
face had a pit having a diameter of ~200 pm and a depth of
~7 pm. It is likely that this pit formed when a large-sized
embedded particle detached from the surface during the EP
process. The results suggested that the polishing media and
the grit size should be properly selected to avoid such pit
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formation on the surface. Based on the depth of the ob-
served pits, 20 pm removal in EP was decided, where each
10 um was removed before and after subjecting the cavity
to a heat treatment at 900 °C for 3 hours.

The cavity met the E,. specification desired in the base-
line performance and was ready for high-Q treatment. The
test result is reported in Ref. [6].

Surface Processing of HB650

B92F-RI-203: Optical inspection of the cavity surface was
performed after 160 pm removal in EP conducted with the
conditions specified in reference [7]. A defect appeared as
a cat-eye feature on equator surface in cell-1 of the cavity.
The cat-eye feature is usually treated by local mechanical
grinding or centrifugal barrel polishing. To obtain detail of
the cat-eye feature, replica of the surface was prepared. The
optical image of the surface and the corresponding replica
image are shown in Fig. 9 (a) and (b). The feature was a
wide pit with depth of ~25 pm, respectively. This pit indi-
cated the presence of an underlying defect in the Nb bulk,
which became apparent as a pit following the 160 pm re-
moval during the EP process.

Since the cat-eye feature had no sharp edges, the surface
was not mechanically polished. The cavity was processed
with 900 °C followed by EP for 10 pm removal.

The cavity reached 29.3 MV/m at Oy 0f 2.2x10'° and met
the specification (Eq.. = 25 MV/m) set for HB650 cavities
in their baseline tests. The detail of EP and Qy versus Eq.
curve is shown in Ref. [7].
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Figure 9: (a) Optical image showing a cat-eye feature on
equator surface in cell-1 of B92F-RI-203. (b) 3D image of
the cat-eye feature captured with surface replica.
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Figure 10: Optical images (12x9 mm) (a) showing defect
on weld-zone and (b) a defect near weld-zone of equator.
(c) Replica image of the defect in (a). (d) Replica image of
the defect in (b).

BY92F-RI-202: The equator surface, as observed with opti-
cal camera, of the as-received cavity showed some weld
features on the equator in all the five cells. An optical in-
spection performed after 167 pm removal in the EP process
showed that the features remained on the surface as shown
in Fig. 10 (a). An additional defect on the equator surface
in cell-5 was found (Fig. 10 (b)). The replica of both fea-
tures was produced. The LCSM images of the replica sur-
face is shown in Fig. 10 (c) and (d).

The replica image revealed that the edges of the feature
were not sharp. Considering the feature details in the rep-
lica, the cavity surface was processed to prepare for a base-
line test. The vertical test result will be reported later.

B92D-RRCAT-502: The cavity was processed with EP for
150 pm removal, N-doping, and post-doping EP for 5 pm
removal. The cavity tested after the processing was prem-
aturely quenched at 11.2 MV/m. In optical inspection, the
cavity surface in cell-5 showed a pit that was polished by
local grinding followed by 60 um EP, heat treatment at
800 °C for 3 h and light EP for 10 um. The pit was still
present on the surface as found in an optical inspection

(Fig. 11).

Figure 11: Defect on the equator surface in cell-5 of B92D-
RRCAT-502. Image size: 12x9 mm.

Replica was made to get the pit feature. The diameter
and depth of the pit were ~450 pm and 160 pum, respec-
tively. Similar to the grinding process applied to B61C-EZ-
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101, local grinding on the defect position was performed
with Al,Oj3 abrasive media having grit size of 80—400 until
the defect disappeared from the surface. Following the
grinding, EP for 60 pm was applied to the cavity. The cav-
ity reached at 29.8 MV/m and met the baseline specifica-
tion.

CONCLUSION

We reported the challenges faced in preparation of the
LB650 and HB650 5-cell cavities for the PIP-II linac. To
decide an appropriate processing step to the cavities spe-
cially after being disqualified due to not meeting perfor-
mance specifications, surface inspection becomes crucial.
The surface and replica inspections were performed at dif-
ferent stages of the EP optimization process. The surface
inspection process including visual, optical, and replica
were used to attain the surface information before and after
the surface processing as well as to decide an appropriate
surface process step depending on the surface status. The
optical and replica inspections were instrumental in opti-
mizing the EP parameters and mechanical polishing pro-
cess.
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