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Abstract

Following encouraging results with Nb3Sn-coated single-
= cell cavities, the existing coating system was upgraded to
*3 allow for Nb3Sn coating of CEBAF accelerator cavities. The
gupgrade was designed to allow Nb3Sn coating of original
-2 CEBAF 5-cell cavities with the vapor diffusion technique.
m £ Several CEBAF cavities were coated in the upgraded system
< to investigate vapor diffusion coatings on extended struc-
g tures. Witness samples coated along with the cavities were
E characterized with material science techniques, while coated
2 cavities were measured at 4 and 2 K. The progress, lessons
~ learned, and the pathforward are discussed.

e author(s), title of the work, publisher, and D!

INTRODUCTION

Superconducting radio frequency (SRF) cavities are an
mtegral part of many accelerators. The cavities are typically
—D made of niobium sheets, which are deep-drawn, welded, and
z post-processed to achieve desirable SRF properties. Besides
?nloblum several other superconductors may deliver advan-
< tages of SRF to accelerators. Among them is Nb3Sn, a super-
@conducting material that may improve upon SRF properties
S of niobium thanks to its higher critical temperature and su-
© perheating field. Presently, several groups around the world
3:3 pursue Nb3Sn development for SRF applications [1-5].

8 A promising technique called vapor diffusion [6] has been

S used to deposit um-thick Nb3Sn layers onto SRF cavities
; since 70’s [7-10]. At Jefferson Lab, the development origi-
A nally started with a setup of coating facility for single-cell
U R&D cavities [11]. The system was designed to coat single-
£ cell R&D cavities using vapor diffusion technique. Early
g results indicated transition temperatures of about 18 K. Qual-
E ity factors were measured at about 1-10'0 at 4K. The gradi-

5 ent reach in the best cavities was found to be limited by a

f reproducible Q-slope similar to the one observed at Wupper-

-§ tal [12, 13]. The Q-slope has been speculated to be funda-
g mental to the Nb3Sn films, but the more recent results from
§ Cornell group ruled it out [14]. Although Cornell group was
2 replicating the coating approached used at Wuppertal, sev-
zeral cavities coated at Cornell reached magnetic fields above
240 mT without Q-slope [15]. Microscopic examination of
§ coated films has not decisively indicated the reason behind
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Q-slope, although surface features/Sn-deficient regions [16]
and coating contamination [13] has been put forth. The films
are commonly found to comprise columnar Nb3Sn grains
that are roughly the same size as thickness and have no cor-
relation to the underlying Nb grains [17]. Surface features
have been also often observed.

Along with single-cell cavity coatings, several multi-cell
cavities were coated [13, 18]. Initially, two 2-cell cavities
were coated, and later, a modified CEBAF 5-cell cavity was
coated. The results again indicated promising transition
temperatures and quality factors similar to single-cell re-
sults. These efforts prompted us to consider the coating of
a CEBAF 5-cell cavities. Further research is required to
enable the gradients of interest to CEBAF, which are about
20 MV/m. However, single cell results indicated that ac-
celerating gradient of about 10 MV/m are within the reach,
and JLab upgraded injector test facility (UITF), which is
currently under construction, is set up to use one quarter cry-
omodule delivering 10 MV gain to electron beam. Providing
10 MV/m NbsSn-coated CEBAF cavities for such cryomod-
ule will reduce cryogenic needs to operate UITF and will
provide a good test bench to test NbzSn cavities in the accel-
erator environment, which is important, because, except for
what appears to have been a short test [19], Nb3Sn cavities
have never been used to accelerate beams. With these goals
in mind, an upgrade to the coating system was put forth to
enable the coating of the complete CEBAF 5-cell cavities.
Fortuitously, the R&D coating system was built with a large
enough furnace to allow for a subsequent expansion that can
fit CEBAF 5-cell cavities. Herein we present some of the
design choices, lessons learned, and the results from first
coatings.

CAVITY DEPOSITION SYSTEM

The deposition system comprises two main parts: the
furnace that provides a clean heating environment to the
coating chamber and the coating chamber that contains the
process vapors. The deposition system was originally built
for single-cell cavities [11]. In order to coat CEBAF cavi-
ties, both the furnace and the coating chamber needed to be
upgraded. A new coating chamber was built out of 4 mm
niobium sheets into a 17 inch OD by 40 inch long cylinder
via rolling half cylinders and electron beam welding them.
The chamber was closed from one end with a 4 mm niobium
blank, which was deep-drawn into dome shape and electron
beam welded to the cylinder shell. The other end of the
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cylinder shell was welded to a 21 inch OD titanium grade 5
flange, which had half-dovetail 0.25" o-ring groves on both
sides. It should be noted that the first choice was a stainless
steel flange, because we were looking to avoid having any
titanium in the chamber for the reasons discussed in the next
section. However, the first attempts to braze a stainless steel
flange to the niobium cylinder proved unsuccessful. It was
unexpected, because prior experience of brazing 14" OD SS
steel flange to niobium cylinder did not have any issues [11].
After a couple of unsuccessful attempts with brazing, the
niobium cylinder was TIG welded to a titanium flange. On
one side the flange provided vacuum insulation via o-ring
to the new furnace door, on the other side o-ring was sealed
against zero-length water-cooled reducer. This zero-length
reducer allowed to re-use instrumentation and pumping on
the existing multiport spool piece and top plate, Fig. 1. In
order to accommodate longer cavities the furnace volume
had to be increased, which was accomplished by replacing
the original flat furnace door with a dome-shaped door and
new heat shields. The door itself was procured from Kurt J.
Lesker Company according to the specifications provided
by Jefferson Lab. The heat shields were built in-house out
of 0.015" molybdenum sheets. Six heat shield layers were
used similar to the construction in the existing furnace. On
the outside the heat shields were supported by a stainless
steel support cylinder.

Three niobium rods were attached at the top to the multi-
port plate and extended downwards into the hot zone. Nio-
bium rods support a 4 mm niobium plate, to which the top
flange of a cavity is attached with molybdenum hardware.
Niobium blanks were used to cover ports of the CEBAF
5-cell cavities attached using molybdenum hardware. Sev-
eral type C thermocouples extending into the hot zone were
added to monitor the temperature of cavities during coating.
The first runs with the thermocouples indicated that a tem-
perature gradient of about 60-80 K exists from bottom to
the top of the hot zone, while the three furnace thermocou-
ples outside the coating chamber indicate uniform tempera-
ture within 0.3 K. By adjusting the three independently-
controlled heating elements of the furnace, the gradient
could be reduced to about 20 K. The temperature gradi-
ent during cavity coatings depended on the position and
geometry of the coated structures.

SINGLE CELL Nb3Sn COATING

As mentioned in the previous section, the upgrade to the
coating system was done with an attempt to avoid titanium
contamination. Looking at the RF results from the cavities
coated at Wuppertal, Cornell, and JLab, the absence of the Q-
slope in Cornell-coated cavities is clear [14]. While there are
clear differences in the coating systems between Cornell and
JLab, Cornell coating system resembles Wuppertal coating
arrangement. Cornell group also follows a coating proce-
dure similar to Wuppertal’s [20,21]. One feature, which was
noticed to be potentially common to coatings at Wuppertal
and JLab, and to be different at Cornell, was the presence
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Figure 1: A sketch of the upgraded coating chamber. The
outer vacuum vessel of the original furnace, on which this
assembly rests, is omitted from the sketch. A CEBAF 5-cell
cavities is shown suspended inside the hot zone.

of titanium. SIMS studies of the samples coated at JLab
and Cornell showed the higher presence of titanium in JLab
samples [4,22]. In the case of the samples coated at JLab,
titanium is likely originated from the TIG welds, which were
used on the flanges of the sample coating chamber before
its construction. In the case of cavities, we speculated that
titanium was coming from NbTi flanges on the cavities. Sur-
face studies showed that titanium diffuses into niobium to
the depth of about 1 um at 1200 °C for 3 hours [23]. In
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% case of Wuppertal coatings, the flanges of at least one of the
g cavities, which we have, were checked and found to be made
Z out of niobium. However, Peiniger in his description of the
'g_coating chamber points out that Ti foils were used on the
2 outside during the coating to maintain RRR of niobium [24].
£ He also points out that low titanium contamination in the
£ grown Nb3Sn can be practically hardly avoided, but explains
%5 that it was not seen as critical, because even 5 at. % of tita-
= nium reduces the critical temperature by only 0.2 K. Since
%titanium contamination has been shown to affect medium
% field Q-slope of niobium cavities [23,25], we speculated
£ that titanium may contribute to the "Wuppertal" slope and
5 took measures to avoid titanium contamination in the new
> chamber.
Besides the furnace construction and coating arrangement,
; a single cell 1.3 GHz cavity RDT2, which had NbTi flanges,
b was re-worked into an all-niobium cavity. Although the cav-
§ity reached up to E, .. = 28 MV/m in the initial baseline
§ testing, the cavity proved to be challenging to reach high
‘g gradients after the re-work. The performance issues were
< linked to the defects found on the equator, and several at-
£ tempts to coat and baseline the cavity were made. In the
_; latest baseline test the cavity had low-field quality factor
3 of about 2-10'% and quench at E,.. = 17 MV/m at 2.0 K.
= £ After the latest baseline test, the cavity was prepared and
B coated along with another all-niobium cavity SC-IB, which
é was a large-grain cavity. The cavities shared the reaction
5 space, with RDT2 positioned at the bottom, where Sn and
*5 SnCl2 sources were, and SC-IB at the top mounted to the
2 support plate. Six grams of tin and three grams of SnCl,
< were used for this coating. The temperature profile was the
& same profile that has been used for all cavity coatings so
§ far [13], but the individual temperatures of the three hot
© zones were adjusted based on the prior coating experience.
8 After the coating the cavity surface of both cavities visually
) appeared to be uniformly coated. In Fig.2 pictures of the
= Z top and bottom half cells are shown in the top row and the
“ inspection images with KEK camera [26], which showed
M that defects are still present in the equator region of RDT2,
8 in the bottom row. After the coating the cavities followed
£ the standard preparation procedure for SRF testing. Dur-
6 ing RF testing RDT2 developed a small cold leak, but the
é’ measurement of the quality factor as a function of field was
2 st111 carried out. In Fig. 3 the RF measurement of RDT?2 is
S £ shown at 4 K and 2 K. At 4K the low-field quality factor was
-“g’ about 1.8-10'°, and the cavity exhibited a Q-slope. At Ey¢
2= 7 MV/m the quality factor started to degrade rapidly due
% to apparently some heating. Some X-rays were observed at
2 Euce = 7MV/m. At 2 K the low-field quality factor was
zabout 4.3-10'°, and the cavity again exhibited a Q-slope.
E The cavity was limited to E;.. = 10.5 MV/m by a quench.
8 Following one quench the low-field quality factor degraded
« to about 1.4-10°, X-rays were observed above E,.. = 7
= MV/m. In Fig. 4 the RF measurements of SC-IB are shown
Sat 4 K and 2 K. At 4 K the low-field quality factor was about
2 6 7-10°. The cavity reached E;-. = 10 MV/m with the qual-
S 1ty factor degrading to about 5.3-10°. At the highest gradient
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Figure 2: RDT2 pictures from optical inspections. Top
row shows camera images of the bottom [left] and the top
[right] half cells after coating. The bottom row shows two
images of the equator region, where pre-existing defects
were observed.
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Figure 3: RDT?2 test results at 4K and 2K. Low-field quality
factors are similar to commonly observed in Nb3Sn-coated
cavities, but note the rapid Q-degradation.

some heating limited the gradient reach. At 2K the low-field
quality factor was about 9.5-10°. The cavity reached E . =
14.7 MV/m with quality factor degrading to about 5.2-10°.
The cavity was limited by a quench. Stainless steel blanks
on the cavity ports were estimated to contribute about 4.4
nQ to the surface resistance because of the shorter beam
tubes.

In Fig. 5 SC-IB and RDT2 recent test results after Nb3Sn
coating at 2 K are plotted together with the characteristic
test result from the cavity coated in the old coating chamber,
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Figure 4: SC-IB test results at 4K and 2K. Low-field quality
factors is lower then typical, but note the absence of a rapid

Q-drop.

quality factors measured on Wuppertal-coated cavity, and
measured on the cavity coated at Cornell. Notably, SC-IB
does not exhibit "Wuppertal" Q-slope up to the highest field.
As discussed earlier this can be attributed to the absence
of titanium in the new coating chamber. However, RDT2,
which was coated together with SC-IB, shows a Q-slope at a
lower field. It is hard to estimate how much the cold leak and
X-rays contributed to the quality factor degradation of RDT2.
Further work to re-process as well as re-coat these cavities
is in progress to elucidate the cause of Q-degradation.

Wuppertal Nb;Sn 1.5 GHz 1-cell cavity at 2 K
BL1 Nb,;Sn 1.3 GHz 2-cell cavity at 2 K
SC-IB Nb;Sn 1.3 GHz 1-cell cavity at 2 K
RDT2 Nb,;Sn 1.3 GHz 1-cell cavity at 2 K
Cornell Nb;Sn 1.3 GHz 1-cell cavity at 2 K
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Figure 5: SC-IB and RDT2 recent Q-curves at 2 K are plotted
together with a characteristic Q-curve from the cavity coated
in the old coating chamber, Q-curve measured on Wuppertal-
coated cavity, and Q-curve measured on the cavity coated
at Cornell. Notably, SC-IB does not exhibit "Wuppertal"
Q-slope up to the highest field.
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Nb3Sn COATING OF CEBAF 5-CELL
CAVITIES

Following the furnace upgrade, efforts started to coat a
complete CEBAF 5-cell cavity. IA320 was used to commis-
sion and test the coating procedures for CEBAF cavities. In
preparation for Nb3zSn coating the cavity was high pressure
water rinsed and dried in the cleanroom for a couple days.
After drying, the cavity was assembled in the cleanroom.
During assembly, cavity ports were covered with niobium
blanks, which were bolted to the flanges using molybdenum
hardware. The bottom beam tube of the cavity was covered
with a crucible containing 3 g of SnCl, and 10 g of Sn. After
the assembly the cavity was moved into the room, where
the coating system is located. The cavity was loaded onto
the specially made niobium support plate and loaded into
the coating system. For Nb3Sn coating we applied the same
heating profile as with the previous cavities [13]. After the
process was completed, the cavity was removed, disassem-
bled, and inspected. The equator regions were also inspected
with KEK camera [26]. The first coatings were visually non-
uniform. While the bottom of the cavity, where the tin source
was located, was commonly found to have a complete uni-
form Nb3Sn coating, the top two cells of the cavity were
consistently found visually distinct suggesting non-uniform
coating. After several IA320 coatings it was discovered that
one source of the non-uniformity could have been the dam-
age to the top hot-zone element of the furnace and the top
thermocouple. After the damaged elements were replaced,
IA320 was coated again, but the coating appearance was still
not uniform. It was also observed that only several grams
out of 10 g of tin were evaporated during the coating. To
increase the amount of evaporated tin, and, hence, improve
tin coverage of the surface, the heating times were extended,
and the nominal anneal temperature was increased to 1250
°C. The modified process resulted in a more uniform coating,
although the difference between the top and the bottom was
still visible. Despite the difference IA320 was progressed
to RF test. The cavity demonstrated a high quality factor
at low fields. Quality factor was measured close to 2-10'°
at 4 K and close to 1-10'! at 2 K at low fields. However,
the cavity was limited by a strong Q-slope. The maximum
accelerating gradients were 2 MV/m at 4 K and 3 MV/m
at 2 K limited by quench. The cavity was also tested in
n/5-mode of TMy;o. Both higher quality factors and higher
gradients were measured in this mode, which suggested that
the cavity limitations in 7-mode was likely due to coating
non-uniformity in the end cell.

The same process was then applied to two more CEBAF
cavities, IA110 and IA114. Both coatings were found to
have up-down asymmetry again. Similar coating appear-
ance was observed on one of the niobium blanks covering
the field probe port on the cavity. The cover was then in-
spected in SEM/EDS, which revealed that despite its visual
appearance the surface was coated with Nb3Sn, but had a
lot of thin Nb3Sn regions, which sometimes referred to as
"maria" in analogy to lunar maria. EDS spectra indicated

WEYGBF3
1801

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



9th International Particle Accelerator Conference
5 ISBN: 978-3-95450-184-7

018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

(?) Figure 6: The second coating of IA320. The left column
o shows equator regions imaged with KEK camera for the
% first [bottom], third [center], and fifth [top] cells. The right
= column shows equator regions for the second [bottom] and
< fourth [top] cells as counted from FPC side. The tin source
E is attached to the bottom flange of the cavity. The cavity is
9 supported by the top flange as shown in Fig. 1.

f the

2 that the regions with the regular Nb3Sn grain structure had
§ about 25 at. %, while maria had about 20-22 at. % of tin.
EThis finding encouraged us to measure the quality factors of
E these cavities, so both cavities were progressed towards cold
E RF tests. The low-field quality factor in both cavities was
< in the mid-10? range at 4 K, which improved to upper-10°
2 range at 2 K. The cavity quench field was about 4-5 MV/m.
—qi These cavities are candidate cavity to be used for the quarter
g cryomodule, but the quality factors and the quench fields
—g need to be improved. The work is in progress to re-process
i these cavities.

=

g SUMMARY AND FUTURE PLANS

; Nb3Sn deposition system has been upgraded to coat CE-
% BAF 5-cell cavities with Nb3Sn using vapor diffusion-based
@)
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Figure 7: TIA320 test results in 7- and n/5-modes. Higher
quality factor and higher quench field suggest that 7-mode
was likely limited by the end cell.

Nb,Sn-coated I1A320 @ 4.3 K|
Nb,Sn-coated 1A320 @ 2.0 K|
Nb,Sn-coated IA114 @ 4.3 K|
Nb,Sn-coated IA114 @ 2.0 K|
Nb,Sn-coated IA110 @ 4.3 K|
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Figure 8: IA320, IA110, and IA114 test results.

process. Several 1-cell and CEBAF 5-cell cavities were
coated and tested.

Single-cell measurements indicated possibility of reach-
ing E o = 15 MV/m without "Wuppertal" Q-slope in the
upgraded system. Further tests are in progress to elucidate
the cause behind the Q-slope.

CEBAF 5-cell cavity coatings were found to be non-
uniform. Despite non-uniformity, the quality factors above
3-10'% at4 K and in excess of 10'! at 2 K were measured. The
accelerating gradients were limited to 2-5 MV/m. Further
work is in progress to improve the coating non-uniformity
and to achieve accelerating gradients useful for cryomodule
use.
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