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Abstract

In recent years, 1.3 GHz single-cell cavities coated with
Nb3Sn at Cornell University have repeatedly demonstrated
quality factors of 10'° at 4.2 K and >15 MV/m. Ongoing
research is currently focussed on the impact of intrinsic and
extrinsic factors that limit the quality factor and quench field
in these cavities. New single-cell cavities have been commis-
sioned to enable further exploration of the coating parameter
space. Experimental studies on both cavities and sample
coupons have been supplemented by theoretical work done
on layer growth, trapped vortex motion and flux entry. In this
paper, we provide a comprehensive overview of the latest
developments on Nb3Sn cavities, including work conducted
in collaboration with the new NSF Center for Bright Beams,
with a brief summary on work being done in the field at
large.

INTRODUCTION

Nb3Sn is demonstrating itself to be a promising next-
generation alternative to niobium for use in SRF cavities, out-
performing the best niobium cavities at 4.2 K and 16 MV/m
[1-3]. However, questions still remain on how to ensure
high efficiency at high gradients.

COATING PROCEDURE

To date the best-performing Nb3Sn cavities have been
fabricated using the vapour diffusion process [4], in which a
niobium substrate is exposed to tin vapour in an ultra-high
vacuum (UHV) furnace at temperatures above 950°C. A
diagram of the custom-built UHV furnace used for coating
1.3 GHz single-cell ILC cavities at Cornell University is
shown in Fig. 1. The furnace consists of a niobium chamber
inserted into the main furnace hotzone, at the base of which is
a small alcove in which the tin source is placed. Surrounding
this alcove is a secondary heater than allows the tin source
to be held at a temperature higher than that of the cavity.

The coating process is described in detail in Ref. [5], but
is briefly summarised here. High purity tin, in a tungsten
crucible, is placed into the alcove at the base of the furnace.
Just above it, a tungsten crucible containing the nucleation
agent SnCl, is placed. The niobium substrate — cavity or
coupon — to be coated is lowered into the furnace, and the fur-
nace is sealed. After a 24-48 hour degas cycle at 180°C, the
chamber and source together area taken to 500°C and held
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there for 5 hours to allow the nucleation agent to pre-seed
the niobium substrate with tin. Following this, a temperature
difference of 150°C is established between the tin source and
the coating chamber. Together, they are raised to a tempera-
ture of approximately 1120°C in the chamber and 1250°C at
the source. This stage, referred to as the coating stage, is held
for the amount of time prescribed by the recipe. Often, the
source heater is then turned off, and allowed to equilibrate
to the temperature of the cavity, substantially reducing the
rate of tin arriving at the surface. Following this annealing
stage, the power to the furnace is cut and the entire structure
is allowed to cool by radiation until 25°C , at which point
the furnace is opened.

This coating process differs from that used at other labs,
both historically and currently. Coating furnaces have been
used at Siemens AG, the University of Wuppertal, Jefferson
Lab and Fermi National Laboratory. A diagram demonstrat-
ing the differences between the different designs of coating
furnace is shown in Fig. 2.

UNIFORMITY OF THE COATED LAYER

In the first coatings at Cornell there was significant dif-
ficulty with non-uniform coatings of a single-cell cavity,
which led to poor performance and significant Q-slope. This
was resolved by introducing a temperature gradient between
the source and the chamber at the beginning of the ramp
up to coating temperatures, which has contributed to the
exceptional performance seen in these cavities.

In particular, the first cavity coated at Cornell, denoted
ERL1-5, was found to exhibit significant heating on the half-
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Figure 1: A simplified diagram of the Cornell UHV coating
furnace. The cavity is located in a chamber placed inside the
main hotzone. At the base of the chamber is the tin source,
which is surrounded by a secondary hotzone that allows the
source to be held at a temperature higher than that of the
cavity.
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cell that faced away from the source during coating. Later
studies on cut-outs of this cavity [6] demonstrated that this
5 heating was due to regions of the surface where the Nb3Sn
i layer is too thin to effectively screen the niobium bulk from
f the RF field. In addition to this, the interface between the
= Nb3Sn layer and the niobium bulk has often been found to
£ be tin-depleted, as can be seen in Fig. 3. Since the transition
-2 temperature of Nb3Sn is strongly a function of the atomic-%
% tin content [7], this will lead to significant thermal feedback
2 and result in the heating seen in cavities such as ERL1-5.

k must maintain attribution to the author(s), title of the work, publisher, and D

i These regions of thin coating are seen to possess a flat sur-
= face many 10s of microns wide, and are devoid of grain
™ boundaries when compared to nearby polycrystalline re-
o gions that are sufficiently think. It has long been suspected
g that the method of diffusion of tin from the vapour into the
2 growing layer towards the niobium interface is via already
« existing grain boundaries. Recent simulations performed
E using the joint density functional theory simulation code
8 JDFTx [8—10] confirm that this is the case, as the mechanism
g for transporting tin through the bulk via niobium vacancies
% is slow (less than 100 nm/hr at 1400 K) when compared to
2 tin transport through the grain boundaries. However, the
& latter transport mechanism is quickly suppressed by a low
2 density of grain boundaries. These regions are therefore
E thinner because the absence of grain boundaries has them
g relying on a slower growth mechanism to grow the layer,
© which after 3 hours of coating is only approximately 200 nm
§ thick or less. This can be seen in cross-sections of the Nb3;Sn
% lay(?r, going from. the polycrys.talline thick rejgior.ls to the thin
g regions, such as in the TEM image shown in Fig. 3.

©
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Growing the oxide layer of the substrate by pre-
anodisation has been found to suppress the formation of
these thin film regions [11]. Even in large grain samples
of niobium, which have been found to be particularly sus-
ceptible to the formation of thin film regions, growing the
niobium oxide layer to a thickness of approximately 70 nm
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Figure 2: Simplified diagrams demonstrating the different furnace designs used to coat niobium with Nb3Sn, indicating the
locations of the tin sources, hotzones, heat shields, and regions of the furnace that are exposed to the tin vapour.
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Figure 3: A cross-section of the Nb3Sn viewed in the trans-
mission electron microscope. The upper image shows a
log-mag STEM image of the Nb3Sn layer as it transitions
from a thick, polycrystalline layer to a single-crystal thin
layer. The lower image is an EDS map of the atomic-% tin
content, showing tin depletion at the interface and also at a
region inside a grain.

before coating suppressed their formation to below a de-
tectable level of less than 1% area coverage. Indeed, even in
well-performing non-pre-anodised cavities where the pres-
ence of these regions is expected to be very small, gains in
performance have been demonstrated by pre-anodising the
cavity before coating.
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STOP-MOTION COATING STUDY

In order to understand the mechanism by which these
regions form, and why pre-anodisation is so effective in
suppressing them, a special series of coating runs was per-
formed. A number of pairs of niobium samples, fine grain
of RRR~300, were prepared for coating. Half of these were
pre-anodised to a voltage of 30 V, corresponding to an oxide
thickness of ~70 nm. Following the standard coating recipe,
pairs of samples were coated (one pre-anodised, the other
not), but halting the coating process at different stages. The
different stop points are shown in Fig. 4, and correspond
to A) at the end of the nucleation stage at 500°C, B) upon
reaching 800°C in the chamber, C) upon reaching 950°C
in the chamber, D) upon achieving the coating temperature
of 1120°C in the chamber, E) upon the completion of the
coating step, and F) upon completion of the annealing step.
Uncoated samples of niobium were also kept for reference.
Each time, the cavities were hung by niobium wire in the
furnace chamber at approximately the level of the equator
of the cavity.

The samples were imaged in the scanning electron micro-
scope with chemical analysis done using energy dispersive
X-ray spectroscopy (EDS). This was done on a Zeiss Leo
1550 equipped with a Bruker X-Flash 6|60 EDS detector.
The thin film regions can be imaged by performing an EDS
map at a beam energy of 30 kV, where the penetration depth
of the X-ray scan is deeper than the thickness of the thin
film regions. This results in an excess of the niobium signal,
which when plotted as a ratio of the tin to niobium signal
can reveal the presence of the thin film regions on the sur-
face. This is shown, as the difference between a coated layer
on a naturally oxidised substrate and a pre-anodised one,
in Fig. 5. To more easily compare different samples, such
maps can be broken into their individual pixels, with each
pixel representing a ratio Sn/(Nb+Sn). A histogram of these
ratios can then be plotted, such as in Fig. 6. A Gaussian
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Figure 4: A schematic of the coating recipe used for the
stop-motion coating series. The coating was stopped at A)
the end of the nucleation stage; B) upon achieving 800°C;
C) upon achieving 950°C; D) upon reaching the coating
temperature of 1120°C; E) at the end of the coating stage;
and F) at the end of the annealing stage.
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shape indicates a uniform coating; the presence of thin film
regions is seen as a tail on the left side of the Gaussian
peak. The measurement demonstrates that at all stages in the
coating, the pre-anodised sample appears to be both more
uniform in its coating and more developed (i.e. thicker) for
any given point during the ramp up to coating temperature.
The lack of a tail on the left side of the Gaussian peak for
the pre-anodised sample indicates that the handover from
the nucleation to the coating stage has been successful and
no thin-film regions have formed.

The presence of a tail on the right side of the guassian
peak has already become evident in non-anodised samples
taken up to 950°C (stage C in Fig. 4, indicating that non-
uniform thin film regions have already begun to form. This
is confirmed by SEM images of the sample coupons, shown
in Fig. 7, in which non-anodised samples taken from stage C
show flat regions devoid of grain boundaries. Some of these
regions develop into the large, flat regions largely devoid
of grain boundaries (corresponding to regions of thin film),
like the one seen in stage D for the non-anodised sample.
This region has already formed by the beginning of the coat-
ing stage, and is not cured by the coating process proper.
This demonstrates the importance of ensuring a successful
handover from the nucleation stage to the coating such that
a uniform coating is guaranteed.

At any single stage, the pre-anodised substrate shows a
more developed layer than its non-anodised counterpart. Ob-
serving the nucleation stages, the nucleation sites on a pre-
anodised sample appear larger and closer together than for
a non-anodised sample. Interestingly, the oxide layer ap-
peared to have survived the bake at 500°C, with the sample
still being a dark brown colour, corresponding to an oxide
thickness of #30 nm. This difference persists when going to
800°C, when the tin vapour pressure has become significant.
In the non-anodised sample, small crystals (assumed to be

tin from the vapour) have formed on the surface; in contrast, .

the tin deposition in the pre-anodised sample is significantly
higher. These features can be seen in the SEM images shown
in Fig. 7. EDS spectra of the post-nucleation samples and
the samples stopped at 800°C confirm that the pre-anodised

Figure 5: EDS maps of the Nb3Sn coating of a non anodised
(left) and pre-anodised (right) fine grain niobium substrate.
The width of each image is 500 microns. Regions in red are
areas where the Nb3Sn layer is not thick enough to screen
the substrate from the RF field. Pre-anodising the substrate
before coating suppresses the formation of these regions.
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regions is revealed by a tail on the left side of the peak.

samples are possessed of more tin on the surface than their
counterparts.

Alongside these samples hung at the equator level, sam-
ples were coated while being placed very close to the tin
source. A fine-grain niobium sample from the same sheet
used to create the samples mentioned above was coated,
with only its natural oxide layer, and EDS mapping revealed
the presence of no thin film regions — counter to the same
sample coated at the equator level in the cavity. However, a
sample of large grain niobium, coated in the same position
and with only the natural oxide layer, showed a significant
coverage of thin film regions when coated with the same
recipe. However, after stripping and pre-anodising the large
grain sample, and re-coating in the same position with the
same recipe, the thin film regions were found to have been
suppressed.

The conclusion from this study appears to be that the sur-
vival of the nucleation sites to the point where the tin vapour
can begin to sustain the growth process is critical for the
surface uniformity. If the nucleation sites are absorbed into
the bulk too early, or can evaporate from the surface, the few
grain boundaries created will anneal and disappear, transi-
tioning to the bulk diffusion process where the layer grows
comparatively slowly. This survival is enhanced by the pre-
o anodisation process as the nucleation sites that are created
=z are larger (likely due to a chemical or catalytic reaction) and
E can persist until the handover to the tin vapour. A similar
8 effect is created by placing the sample close to the source,
« where the tin vapour pressure is higher and the handover oc-
= curs sooner. The poor coverage seen in the large grain sample
£ is likely due to the natural oxide layer on large grain niobium
= being thinner that of fine grain niobium, further stunting
‘q"é the size of the nucleation sites. Therefore, when coating
O
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Figure 6: Histograms of the EDS maps from different samples, tallying the number of pixels for different values the ratio of
the signal of tin to niobium, Sn/(Sn+Nb) — on the left, for a pre-anodised sample, and the right for a sample that was not
anodised before coating. A uniform distribution is indicated by a symmetrical gaussian peak. The presence of thin film

small, fine-grain structures such as 1.3 or 6 GHz single-
cell cavities, a large temperature gradient during ramp-up
to coating temperatures can ensure a successful handover.
However, when coating larger structures, such as multi-cells,
low-frequency structures, or samples hanging inside a large
coating chamber, the tin vapour pressure during ramp-up is
far lower when further from the source, and pre-anodisation
is necessary to ensure the survival of the nucleation sites
and a uniform coating. Although pre-anodisation will result
in a lowering of the substrate RRR, and with it, the thermal
conductivity, thermal simulations [12] reveal that the impact
is minimal down to a RRR of even 40 when operating at
4.2 K. This is large part due to the thermal conductivity of
niobium being considerably better at 4.2 K, even in spite of
a lower RRR.

CAVITY PERFORMANCE

Multiple single-cell 1.3 GHz cavities coated at Cornell
have achieved Qs of around or above 100 at 4.2 K and
16 MV/m, as can be seen in Fig. 8. Armed now with a
better understanding of the coating process, we can propose
a reason for why cavities at the University of Wuppertal
or Jefferson Lab suffer from Q-slope in a manner not seen
in Cornell’s cavities. In the absence of a secondary heater,
such as in the furnace design used at Jefferson Lab, the tin
vapour pressure during the ramp up to coating temperature
may be insufficient to ensure a successful handover on a non-
anodised cavity. Similarly, although the furnace design at
the University of Wuppertal was equipped with a secondary
hot-zone around the tin crucible, and the source was held
at a higher temperature than the chamber during ramp-up,
the designs of the furnace [13] show a long tube between
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the source and the cavity that passes between the two heat
shields. It is very likely that this tube had a cooling effect
on the tin vapour, essentially negating the advantage of the
temperature gradient during the ramp up. The presence of
thin film regions in the Wuppertal cavities, where the RF
field can penetrate to the niobium substrate, is corroborated
by measurements of the Q as a function of temperature in
their 1 GHz cavities, which showed a sudden drop in the
surface resistance at the niobium transition temperature of
9.2 K [13]. In comparison, the Siemens cavities, although
not making use of a secondary heater for the tin source, ben-
efited from the use of both pre-anodisation and nucleation
agent simultaneously, while also being performed in a much
smaller structure — a 10 GHz cavity — where the tin vapour
pressure would be quite high even at lower temperatures.

Pre-anodised

Not pre-anodised

Figure 7: SEM images of the sample coupons, taken from
different stages in the stop-motion coating. The left column
correspond to pre-anodised samples, the right side were not
anodised before coating. The letters indicate to which stage
in Fig. 4 the images were taken.
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Figure 8: Performance of 1.3 GHz single-cell ILC-style
cavities coated at Cornell University and operating at a bath
temperature of 4.2 K.

Even in the absence of the O-slope generated by thin film
regions, cavities coated at Cornell still demonstrate modest
QO-slope of a different nature to that seen previously. This Q-
slope has been found to be attributed to losses from trapped
magnetic flux that is a linear function of the applied RF
magnetic field [14]. In order to ensure that the benefit of the
uniform coating can be enjoyed at usable gradients above
10 MV/m, it is necessary to ensure minimal flux trapping.
Due to the bi-metallic interface between the niobium and
the Nb3Sn generating thermal currents during cooldown in
the presence of thermal gradients, this requires a transition
through 18 K in which both thermal gradients and ambient
magnetic fields are suppressed. The performance at 4.2 K for
a cavity that was cooled in a thermal gradient of 200 mK/m
and an ambient field of 5 mG is given in Fig. 9, and, given the
functional form of the losses from trapped flux, extrapolated
to an idealised cool-down in which the thermal gradients are
100 mK/m and the ambient magnetic field is 1 mG. Such
a cool-down would result in a Q of 2 x 10'° at 16 MV/m
and 4.2 K, far out-performing the best performing niobium
cavities.

11
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Data: 200 mK/m, 5 mG ambient

[- Extrapolated: 100 mK/m, 1 mG ambient

Bath temperature of 4.2 K

0 2 4 6 8 10 12 14 16 18 20
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Figure 9: Performance of 1.3 GHz single-cell ILC-style
cavity in the Cornell vertical test cryostat, and the same
performance extrapolated to an idealised cool-down given
the functional form of the losses from trapped flux.
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Cavity performance is still limited to quench fields of
; approximately 14-18 MV/m, largely independent of coating
2 recipe. Although higher fields have been achieved in high
power pulsed testing [15], temperature mapping of a cavity
; operating near the quench field has revealed evidence for
early magnetic flux entry at a defect [16]. The behaviour is
similar to that expected for vortex entry at grain boundaries
acting as Josephson junctions [17], although a thorough
comparison of data to theory is still underway.

RESEARCH EFFORTS
IN THE FIELD AT LARGE

The promising results seen over the last five years in
; NbsSn single-cell cavities has spurred on a new interest
in coating multi-cells for the purpose of actual beam accel-
eration. Jefferson Laboratory in Newport News has recently
% upgraded their coating furnace to be able to coat CEBAF
§ 5-cell cavities with end-groups [18, 19], with the intent of
g placing a Nb3Sn CEBAF cavity in a cryomodule for beam
£ testing. At Fermi National Laboratory in Batavia, a large
2 coating furnace capable of coating 9-cell ILC cavities or
E 650 MHz 5-cell PIP-II cavities is being put through its final
commissioning runs, and the coating of a 9-cell is expected
soon [20]. At CERN, work has begun on producing Nb3Sn
on a copper substrate [21] — potentially far cheaper than the
£ niobium substrate required by the vapour diffusion process.
Methods such as chemical vapour deposition (CVD) are also
‘g being considered for the manufacturing of Nb3Sn cavities.

Although the performance of Nb3Sn now warrants the
Z' fabrication of multi-cell cavities for building prototype cry-
_. omodules, much work remains to push the performance of
E Nb3Sn to the limits suggested by theory. Success in this
N endeavour relies on a deep understanding of the current per-
- formance limitations and the nature of the material itself.
% Such remains the focus of the Nb3Sn programme at Cornell,
= which is primarily funded by the U.S. Department of Energy.
3 The research efforts at Cornell have recently benefited from
E close access to the tools and experts from a wide range of
O non-accelerator backgrounds available as part of the new
o NSF Center for Bright Beams. This recent access to input
% from fields such as materials science, chemistry, and the-
« oretical physics has made significant contributions to the
& understanding of Nb3Sn [11]. These have included simu-
2 lations of the layer growth using joint density functional
E theory, imaging of the cross-section of the layer using state-
g of-the-art instruments such as the new electron microscopy
3 pixel array detector (EMPAD), and theoretical estimates of
3 flux entry fields and losses from trapped flux.

tribution to the author(s), title of the work, pubhsher and DO
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CONCLUSION

Nb3Sn cavities coated at Cornell University have achieved
usable gradients while out-performing the best niobium cav-
ities at 4.2 K, demonstrating that this material is capable of
delivering on its promise as a next-generation high efficiency
material. The Q-slope seen in previous cavities has been
shown to be suppressed by ensuring a successful handover
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from the nucleation to the coating process resulting in a
uniform coating devoid of thin film regions. Further im-
provements in performance can be achieved by minimising
the amount of trapped flux by ensuring that thermal gradi-
ents and ambient magnetic field during the cooldown are
minimised.

Although the performance shown here is already exciting
in its own right, and the material is now ready to move to
prototype cryomodules, there is plenty of room to improve
before the limits assumed to be fundamental are reached.
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