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Abstract
A microns-thick film of Nb;Sn on the inner surface of a superconducting radiofrequency (SRF)
cavity has been demonstrated to substantially improve cryogenic efficiency compared to the
standard niobium material, and its predicted superheating field is approximately twice as high.
We review in detail the advantages of Nb3Sn coatings for SRF cavities. We describe the vapor
diffusion process used to fabricate this material in the most successful experiments, and we
compare the differences in the process used at different labs. We overview results of Nb;Sn SRF

coatings, including CW and pulsed measurements of cavities as well as microscopic
measurements. We discuss special considerations that must be practised when using NbsSn
cavities in applications. Finally, we conclude by summarizing the state-of-the-art and describing

the outlook for this alternative SRF material.

Keywords: superconducting cavities, niobium-—tin, particle accelerators, superconducting thin

films, superconducting materials

(Some figures may appear in colour only in the online journal)

1. Introduction

Niobium has properties that make it extremely useful in
superconducting radiofrequency (SRF) cavities, such that it is
by far the material of choice for modern SRF accelerators [1-7].
Over years of development, researchers have pushed the per-
formance of niobium cavities, overcoming a number of non-
fundamental limitations—see overview of development in [8, 9]
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and [10-14] for examples of mitigation: multipacting, field
emission, high field O-slope—and now cavities are being pro-
duced that reach close to the fundamental limits of this material.
To continue to increase the reach of particle accelerators for
frontier scientific research and to open new industrial applica-
tions for accelerators, researchers are examining the potential of
alternatives to niobium with superior SRF properties.

Two key figures of merit that are used to evaluate SRF
cavities are accelerating electric field (E,..) and quality factor
(Qp). Qo is a measure of the efficiency of the cavity. The
higher the Q, the lower the power dissipated (Pg;ss) in the
walls of the cavity,

2
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where L is the length of the cavity and g is a parameter

dependent only on the cavity geometry®. Q, is strongly
dependent on temperature and on the properties of the
superconductor. E,.. determines the length of accelerator
required to bring a particle beam up to a given energy. E,. is
proportional to the peak surface magnetic field, Hpy, which
generally is the cause of limitation in state-of-the-art niobium
cavities—even for an ideal defect-free surface, once Hpy
reaches the superheating field Hy,, flux penetrates the super-
conductor [15-18]. Due to the high frequency of the applied
fields, flux would enter and leave the superconductor billions
of times per second, creating substantial dissipation. This can
quickly cause overheating and ‘quench’ of superconductivity.
Niobium cavities treated with modern surface preparation
methods can reach Hpy very close to the Hg, of niobium.

Qo can be defined by the surface resistance (R;) by
Qo = g, where G is a parameter dependent on cavity geo-

metry”. R, can further be broken down into a temperature
dependent component Rpgcs and a temperature independent
component Ri.g:

R (T, Hpk) = Rpcs(T, Hpk) + Ries (Hpk)' )

From BCS theory, the surface resistance can be
approximated as:

f? A
R = A—exp| ——|. 3
BCS T p T 3)

Residual resistance is the component of surface resist-
ance that remains at low temperature, where Rpcs i expo-
nentially small. Potential sources for R, include trapped
magnetic flux, moving flux lines, and impurity heating.

Modest gains in E,.. and R, can continue to be made
through modification of cavity shapes [19, 20] and surface
preparation. Alternative superconductors require more
development than these efforts, but they offer a way to sig-
nificantly increase performance beyond the fundamental
limits of niobium. An overview of the different materials
being considered for SRF applications is given in [21], but
one especially promising material is Nb3Sn. It offers both a
large critical temperature (7. as high as 18 K) and large
predicted Hy,, both of which are approximately twice those of
niobium [8, 22]. A large Hg, is attractive for future high
energy accelerators, as cavities reaching Hyy close to this field
would greatly decrease the overall length and cost. A large 7.
offers two ways to improve cryogenic efficiency, which are
illustrated in figure 1: (1) strong suppression of Rpcs for a
given operating temperature; and (2) the possibility of
operation at higher temperatures, where cryogenic plant effi-
ciency is far higher than for typical niobium operating tem-
peratures ~2 K [23]. Both of these factors reduce the
electrical grid power requirements of a cryogenic plant, as
well as the size and cost of the plant itself.

4 . . R .
The linac convention of 0 is used here.

5 . . . . .
This assumes that R is uniform over the surface; otherwise, an integral
is used.

Accelerators for scientific applications would benefit
from cavities with larger peak fields and smaller surface
resistances. Achieving Hp close to the predicted Hg, of
Nb;Sn would allow high energy linear colliders to reach their
design energy with far fewer cavities, potentially reducing
costs by billions of dollars for proposed machines [24].
Cavities that reach R close to the predicted Rgcs for Nb3Sn
would greatly reduce cryogenic plant costs for high duty
factor accelerators, such as large circular eTe” colliders, light
sources, neutron sources, and accelerators for nuclear studies.
This could also increase the cost-optimum accelerating gra-
dient, reducing the overall length.

In addition to higher efficiency, there are important
operational advantages [25] for working close to atmospheric
pressure at 4.5 K instead of at ~2 K.

* Increased reliability of the cryogenic plant, since cold
compressors are not used.

* Reduced risk of air leaks causing contamination of the
helium (no subatmospheric volumes).

 Relatively easy and fast capacity adjustment to load
changes; good turn-down capability.

* Less expensive infrastructure (no 2 K cold box, no cold
COmpressors).

* No superfluid leaks.

In addition to these advantages for large cryogenic plants,
higher temperature operation also opens the possibility of
cooling a cavity with a cryocooler. While cryogenic plants are
highly efficient, they require a great deal of maintenance and
operator attention. For small scale industrial accelerators,
cryocoolers could greatly reduce infrastructure costs, foot-
print, and upkeep. Small, high power industrial accelerators
would be useful in a wide array of applications, including
extreme UV lithography for the semiconductor industry,
medical isotope production, border security, and treatment of
flue gas and wastewater.

In this paper, we overview the progress towards realizing
these advantages of Nb3Sn as an SRF material and discuss the
prospects of current efforts to produce NbsSn cavities. In
section 2, we review the properties of Nb;Sn, and we present
a comparative analysis of coating procedures used by several
groups. In section 3, we overview measurements on cavities,
including CW, pulsed, and other RF results. In section 4, we
overview measurements of the microstructure of Nb3Sn films
produced in SRF coating chambers. In section 5, we consider
a number of ways that Nb;Sn cavities in applications may
differ from experience with niobium cavities. Finally, in
section 6, we conclude with a summary of outlook for Nb3;Sn
SRF cavity development.

2. Properties/fabricating Nb;Sn

2.1. Material properties of NbsSn

Nb;Sn is an intermetallic alloy in the A1l5 phase, with a
stoichiometric ratio of three niobium atoms to every tin. The
stoichiometric crystal structure is shown in figure 2, with the
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Figure 1. Left: R, versus T at 1.3 GHz from calculations based on BCS theory for Nb3Sn and Nb compared to measurement of a Nb;Sn
cavity. Nb3Sn, with nearly double the T, of Nb (indicated with dashed lines), offers far smaller Rgcs at a given temperature and allows low Ry
operation at relatively high temperatures. Right: typical cryogenic plant efficiency given as inverse coefficient of performance (COP~!
indicates how many watts of wall power are required to remove one watt of heat) as a function of temperature. Data accounts for Carnot
efficiency and deviation of a realistic plant from Carnot [23]. Cryogenic plants operating at ~4.5 K have substantially higher cryogenic

efficiency than those at ~2 K.

Figure 2. The unit cell of A15 Nb3Sn, showing the tin atoms in blue
and the niobium atoms in red.

elements marked. Mechanically, Nb3Sn is brittle, and a poor
thermal conductor. Deformation of a niobium surface that had
been coated with Nb;Sn resulted in extensive fracturing of the
coated layer [26], and measurements of the thermal con-
ductivity of NbsSn [27, 28] at 4.2 K is approximately 10°
times lower than that of niobium. From an engineering
standpoint, these properties result in the optimal solution for
SRF cavities being a thin film coating of Nb3;Sn on some
other, more thermally conductive substrate, such as niobium
or copper.

Nbs3Sn has been well known to the superconducting
magnet community for some time, and much work has
already been undertaken to understand its fundamental
properties. A more general review on the material properties
of Nb3Sn was published by Godeke [29]. In this section we

2500
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O 1500
° NbsSn
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Figure 3. The phase diagram of the niobium—tin system, as measured
by Charlesworth et al in 1970 (adapted from [29]). The NbsSn-only
region has been highlighted.

will briefly review properties of Nb;Sn that are most relevant
to its use as a superconductor in SRF cavities.

Of primary interest when fabricating NbsSn is the stoi-
chiometry of the material produced. It has been seen, in phase
diagrams published by Charlesworth [30] and more recently
Feschotte and Okamoto [31, 32], that in the binary system of
niobium and tin, the phase Nb;Sn exists in pure form (without
cohabitation with niobium, liquid tin, or other phases of Nb—
Sn) for atomic percentages of tin between 17 and 26 percent
at temperatures between 950 °C and 2000 °C. This region of
solitary existence of the A15 phase is highlighted in the phase
diagram shown in figure 3. It is this region of the phase
diagram that is of interest for the fabrication of an SRF sur-
face. Extreme tin deficiency will result in areas of uncovered
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Figure 4. A plot of the critical temperature of Nb;Sn as a function of
the atomic percent tin content, fitted to a Boltzmann function. This
plot has been adapted from [29].

niobium; excess tin will result in unreacted tin at high tem-
peratures, or other phases of Nb—Sn at lower temperatures.
These low-T tin-rich phases are expected to have a far higher
RF surface resistance than niobium.

It is not sufficient, however, that the material produced lie
in the range of 17-26 atomic percent tin, as the super-
conducting properties of Nb3Sn are a function of the atomic
percent tin content. Crucially, the transition temperature 7,
decreases significantly for atomic percentages of less than 23
percent tin. A plot showing the dependence of this transition
temperature on the atomic percent tin, originally published in
[29], is shown in figure 4. From this, it can be surmised that,
for best performance, the region of the phase diagram that
must be achieved lies between 23 and 26 atomic percent tin.

2.2. History of Nb3Sn in the field of SRF

Nb3Sn was first shown to demonstrate superconductivity in
1954 [33]. The use of superconductivity for RF cavities was
first proposed in 1961, and demonstrated in 1964, with the
acceleration of electrons in a lead cavity at Stanford Uni-
versity [34]. The first known attempt at adapting Nb;Sn for
use in superconducting cavities began at Siemens AG in
Erlangen, Germany, during the 1970s [35]. They utilized the
vapor diffusion method of Saur and Wurm [36] to produce
high frequency TE and TM mode cavities. Of particular note
is the performance of their X-band TE-mode cavities, whose
peak achievable surface RF magnetic fields are still amongst
the highest seen to date.

Research into Nb;Sn for the purposes of SRF was also
undertaken around the same time at Kernforschungszentrum
Karlsruhe, where studies were performed on the growth

process and on the frequency dependence of the surface
resistance, as well as at the University of Wuppertal [37].
Work at Wuppertal, which included collaboration with Tho-
mas Jefferson National Laboratory [38], resulted in the pro-
duction of the first multi-cell cavities coated with NbsSn [39],
as well as a number of single-cell 1.5 GHz cavities. Studies on
Nb;Sn SRF cavities during the 1970s through to the 1990s
were also performed at CERN [40], SLAC [41], and Cor-
nell [42].

A trend observed in the cavities produced during this
time was the presence of a strong Q-slope at surface RF fields
exceeding 30—40 mT [38, 43]. Although the quality factor at
low fields exceeded that of niobium cavities of the period
[44], the reduction in efficiency at higher gradients impaired
the feasibility of using the material as an alternative to nio-
bium. Due to the onset of the O-slope at fields corresponding
to the lower critical field of Nb;Sn, it was thought that the
slope was due to magnetic flux entry into the material [38]
resulting in increased losses.

The research programs at Siemens AG, Karlsruhe, and
Wuppertal had shut down by 2000. Development of Nb;Sn
SRF coatings via the vapor diffusion technique was resumed
several years later when, in 2009, a research program began at
Cornell University that produced cavities using an adaption of
the Wuppertal method [45]. The 1.3 GHz single-cell cavities
produced by this program did not show the same onset of Q-
slope seen previously, maintaining high quality factors in
excess of the lower critical field and demonstrating that the
slope was not a limitation fundamental to Nb3Sn. At the turn
of the decade a program was started at Jefferson Lab, which
uses an adaptation of the Siemens method [46] to coat 1-cell,
2-cell, and 5-cell 1.5 GHz cavities. More recently, a program
was initiated at Fermi National Accelerator Laboratory [47],
again using a method similar to Wuppertal, with the intent of
coating even larger structures such as 9-cell 1.3 GHz cavities.
At the time of writing, the programs at Cornell, Jefferson Lab,
and Fermilab continue active research and development of
NbsSn cavities.

Programs to produce Nb3Sn coatings by methods other
than vapor diffusion have also made continuing progress
throughout the current decade, such as chemical vapor
deposition, liquid tin dipping, multilayer sputtering,
mechanical plating, electron beam coevaporation, bronze
processing, and electrodeposition (many of these are followed
by an annealing step at high temperature) [48-58]. Advan-
tages of these procedures can include reduction in material
costs (e.g. through the use of copper substrates) or reductions
in the reaction temperature. Possible disadvantages are con-
tamination of the RF layer with residual copper, formation of
undesirable phases, non-uniform coatings, very high surface
roughness, and very small grain sizes (which have been
linked to weak link grain boundary effects [59]). To date,
these methods have not produced cavities whose performance
exceeds that of those produced using vapor diffusion, a
comparatively more developed method that will be the focus
of this paper.
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Figure 5. Temperature profile of the coating furnace used at Cornell
University since February 2016. The temperature of the cavity and
the tin source are given separately, reflecting the presence of the
second hot zone. The steps indicated on the temperature profile are
explained in the text.

2.3. Fabrication of Nb3Sn using vapor diffusion

All coatings made using the vapor diffusion process possess
similar features in their coating temperature profiles, and
equivalent steps can be identified. An example coating profile
used at Cornell University, shown in figure 5, demonstrates
all the steps utilized to date:

(1) A degas stage. The chamber is taken to a temperature
between 100°C and 200°C and parked at this
temperature. During this time, active pumping on the
chamber removes residual moisture, etc, that may have
been introduced during the opening of the furnace and
the placing of the part.

(i1) A nucleation stage. At this stage, the chamber is taken to
an intermediate temperature, during which time nuclea-
tion sites are created on the surface of the substrate.
Historically, this has been done either by pre-anodization
and the introduction of a temperature gradient during the
ramp-up (Siemens) [60], or the use of a nucleation agent
such as SnF, (Siemens) or SnCl, (Siemens, Wuppertal,
Cornell, Jefferson Lab) [26]. Using a nucleation agent
instead of pre-anodization helps to prevent uncovered
areas, but avoids the RRR degradation that has been
observed after growing a thick oxide and then diffusing it
into the bulk of the niobium substrate [44, 61].

(iii) A ramp to coating temperature. Beginning from the
intermediate temperature of the nucleation stage, the
secondary heating element is often activated at this
stage, if it is present. The chamber is then increased to
the desired coating temperature.

(iv) The coating stage. The cavity is held at a constant
temperature above 950 °C, at which temperature the
low-T, phases of Nb-Sn (NbgSns and NbSn,) are
thermodynamically unfavorable. During this phase, the
layer grows on the surface of the niobium, as tin
consumed in the production of the layer is replenished
by the tin source. During this stage, the tin source is

Jefferson Lab Nbasn furnace recipe

1400 T T T T T T T T T

(4/5) Coat/anneal

I — Source and Cavity l

1200

1000

g

600

Temperature ('C)

400

200

Time (hours)

Figure 6. An example of the coating recipe used at Jefferson Lab
[46]. The five different elements of a coating, described in the text,
have been identified on the chart.

held at a temperature higher than the part, in the event
that a secondary heating element around the tin source
is present.

(v) An annealing stage. In the event that a secondary heater
is not present, this stage is likely to be identical to the
coating stage. If a secondary heater is present, then it is
closed and/or turned off and allowed to cool, thus
reducing the rate of tin arriving at the surface of the part.
During this time, the chamber is held at a temperature
above 950 °C, often at the same temperature at which it
was held during the coating stage. The purpose of this
step is to allow any excess of pure tin at the surface of the
part to diffuse into the layer and form Nb;Sn.

Virtually all temperature profiles published to date can be
described using a succession of these five stages, although the
first two steps—degas and nucleation—are sometimes omit-
ted. Furthermore, in the absence of a secondary heater, the
coating and annealing stage are often indistinguishable from
one another based on the temperature profile alone. An
example coating profile from Jefferson Lab is shown in
figure 6, identifying the stages used.

During the coating stage, in which tin is being transferred,
it is critical that the temperature of the tin gas is sufficiently
high enough to ensure a uniform coating. A high temperature
tin gas possesses an elevated vapor pressure and consequently,
a short mean free path. When coating complex structures such
as SRF cavities, in which the tin gas must diffuse about the
structure in order to coat surfaces that do not have direct line of
sight on the tin source, the mean free path should be less than
the characteristic length scale of the cavity.

In figure 7, the vapor pressure for tin and tin(Il) chloride
is shown as a function of temperature. The mean free path, /,
is then calculated using the relation [64]

| = kb—T’ 4)
J(2)md?p
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Figure 7. The vapor pressure (left) of tin(II) chloride and tin as a function of temperature, with tin data from [62] and tin(Il) chloride data
from [63]. The corresponding mean free path (right) for tin is also shown as a function of temperature.

where T is the temperature of the gas, d the van der Waals
diameter of the atom (450 pm in the case of tin), and p the
vapor pressure of the gas. The mean free path as a function of
the gas temperature in Celsius is also shown in figure 7. From
this we can surmise that when coating a 1.3 GHz single-cell
cavity, with an iris diameter of approximately 7 cm, a tin gas
temperature of 1200 °C or greater is necessary to ensure a
uniform coating.

From the vapor pressure it is also possible to calculate the
evaporation rate of the tin source. This is useful to know, as it
gives both a first order estimate of the rate of tin arrival at the
cavity surface, as well as the amount of tin left in the source at
any point during the run if the initial amount was known. The
evaporation rate of the tin source can be obtained using the
Langmuir formula for evaporation, such that [65]

dm
= —ap |, )
dr 27k, T

where M is the mass of tin in the crucible, A is the area of the
mouth of the tin source, and m is the mass of a tin molecule.
By integrating this evaporation rate with respect to time over
the temperature profile of the tin source, and with knowledge
of the initial amount of tin placed into the furnace, the final
amount of tin remaining can be calculated, and cross-check
with measurements done post-coating. Use of this method for
monitoring coating procedures at Cornell has found that the

calculated and measured values of tin remaining agree to
within £5% [66].

2.4. Comparison of coating processes used at different
institutions

The original design utilized by Siemens consisted of a quartz
ampulla, serving as a reaction chamber, inside which a

Siemens AG NbJSn furnace recipe
1100 T T T T T

T T

Cavity structure
s Tin source

1000

900

800

700

600

500

Temperature ( C)

400
300
200

Region B
100

| ) | | |
40 50
Time (minutes)

60 70 80 90

Figure 8. Temperature profile used by Siemens when utilizing a
temperature gradient [68]. First, the ampulla containing the tin source
and the cavity is only partially inserted into the furnace hot zone,
resulting in a temperature gradient (region A). Once the gradient has
been sufficiently established, the ampulla is fully inserted into the hot
zone and allowed to come to coating temperature (region B).

crucible bearing tin was placed alongside the niobium piece to
be coated. However, initial results quickly demonstrated that
at the temperatures involved, contamination from the quartz
was affecting the Nb;Sn produced [67]. Therefore, the coat-
ing design was altered such that the interior of the niobium
cavity to be coated became the reaction chamber, thus
avoiding unwanted contamination.

In early coatings performed at Siemens, it was found that
the Nb3Sn layer showed significant non-uniformity—Ilarge
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are used during a coating, the first corresponding to the region of temperature gradient seen in figure 8, and the second to the coating step of

figure 8.
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Figure 10. An example of the coating recipe used at Wuppertal. In
contrast to the Siemens recipe used previously, the Wuppertal recipe
is distinguished by the use of a secondary hot zone surrounding the
tin source.

regions of Nb would remain essentially uncoated [26]. The
suspicion was that uneven nucleation of the surface was
resulting in a non-uniform surface; this issue was resolved
through the use of (separately or in tandem): (1) a temperature
gradient between the tin source and the cavity during the
initial temperature ramp, as in figure 8 [68], (2) growing the
oxide layer of the Nb part through electrolytic anodization,
and (3) the use of a nucleation agent such as SnCl, or SnF,.
Thanks to these changes to the coating method, the TM and
TE cavities whose results are shown later in this paper were
produced.

The coating method used later, at the University of
Wuppertal, made an important change to the process: the
addition of a second heating zone, surrounding the tin

crucible [69]. This allowed for separate temperature control of
the niobium part to be coated and the tin source. In coatings
of cavities done at Wuppertal, the tin source was held at a
higher temperature than the cavity, as seen in the temperature
profile shown in figure 10. To avoid the issues of surface non-
uniformity seen in early Siemens coatings, SnCl, was intro-
duced into the furnace alongside the tin, to ensure uniform
nucleation. Schematics comparing the furnace setups of Sie-
mens and Wuppertal can be seen in figure 9.

The furnace designs of both Siemens and Wuppertal have
been replicated, as least in part, at Jefferson Laboratory and at
Cornell University, respectively . The Cornell design incor-
porates a second heating element around the tin source,
allowing the tin source to be held at a higher temperature than
the part to be coated. The furnace design at Jefferson Lab
does not incorporate a second hot-zone, with the tin source
and substrate being always held at the same temperature. A
Nb;Sn coating apparatus at Fermi National Accelerator
Laboratory, under construction at the time of writing, includes
two separate sources, mounted at either end of the cavity, thus
allowing for an even coating of larger structures such as 9-cell
1.3 GHz cavities. Simplified diagrams of the furnaces used at
Cornell, Jefferson Lab and Fermilab are also shown in
figure 9.

3. Cavity results

3.1. CW measurements

A diverse range of cavity geometries have been coated with
NbsSn and tested. In this section, we overview CW mea-
surements, with a focus on the results with the highest fields.

Though their geometry is not generally applicable to
acceleration, the 10 GHz TE cavities coated by Siemens had
the highest maximum peak magnetic fields reported in the
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Figure 11. 1.5 and 4.2 K measurements of some of the highest
performing Nb3;Sn TM and TE 10 GHz cavities produced by
Siemens. Data from [26, 70], which report Q, at zero field and at the
maximum field.

literature. As shown in figure 11, the maximum fields were as
high as 106 mT, about 30% higher than those achieved in CW
mode in cavity types more commonly used in accelerators.
The results show that even with Ry ~ 1 uf2, such fields can
be sustained on Nb;Sn surfaces without thermal instability.
Siemens produced more than 50 coatings of TE cavities, and
they showed that the maximum fields were normally dis-
tributed, suggesting that random defects were the cause for
limitation [70]. Siemens also produced a smaller number of
coatings on TM cavities (some results from TM cavities are
also shown in figure fig:siemens), but the maximum fields of
these cavities were smaller, as high as 84 mT [70], possibly
due to geometrical differences or simply to limited statistics.
For both the TE and the TM cavities, the surface resistance
values were close to the BCS predication at 10 GHz.

Siemens researchers studied a variety of coating para-
meters and post-treatment processing. They showed that they
could achieve far higher maximum fields and quality factors
when active pumping was employed, rather than sealing off
the reaction chamber before inserting the chamber to the
furnace®. Small changes were also observed by oxypolishing
to remove a small amount of material (pitting and degradation
occurred above 200 V).

At University of Wuppertal, cavities were coated that had
shapes and frequencies used in accelerators. Researchers
made the critical observation that the Q, of these cavities is
strongly influenced by the cooldown. A slow, uniform cool-
down produces higher Qy, which was traced to thermo-
currents between the niobium and Nb3Sn layers [71].
Wuppertal researchers also observed a strong increase in
heating after quench, localized in the quench location, which
they also attributed to thermocurrents as the area cooled down
again below T..

Two of these Wuppertal cavities were elliptical single
cell 1.5 GHz cavities with the CEBAF shape [72, 73] that
were tested at Jefferson Lab, as shown in figure 12 [43]. The
maximum gradient for these two cavities was promising, with
E..c as high as 18§ MV m . Furthermore, the Q at low fields
was2 x 1010 at 4.2 K, and 10" at 2.0 K, several times higher

% Data from figure 11 are from cavities coated with active pumping.
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Figure 12. 2.0 and 4.2 K Q, versus E,.. measurements of some of
the highest performing Nb;Sn 1.5 GHz single cell cavities produced
by U. Wuppertal. Data from a niobium cavity is shown for
comparison. Figure adapated from [43].

than could be achieved with Nb at these temperatures.
However, both cavities were afflicted with strong Q-slope, a
reduction of the quality factor with increasing E,.., such that
at the highest fields, the Qo was below 10°. Neither cavity
quenched—the limitation was the available RF power.
Temperature mapping studies were also carried out at Jef-
ferson Lab, showing broad areas of heating in the Q-slope
region. Noting the reproducibility of these results, researchers
questioned if the degradation may be caused by a funda-
mental loss mechanism that occurs above the expected H.; of
NbsSn [38, 74], since the onset of the Q-slope at E,.. ~ 5
MV m~' corresponds to when the peak magnetic field is
approximately equal to H.; of Nb3Sn [75, 76]. One expla-
nation for why this might occur would be if surface disorder
compromised the energy barrier that prevents flux expulsion
above H.;, when the superconductor is in the metastable state.
The coherence length ¢ indicates the size of surface disorder
that a superconductor is sensitive to, and in Nb3Sn £ is
expected to be 3—4nm [75] much smaller than that of pro-
cessed niobium ~23 nm’, making it more vulnerable. If in
fact this behavior were fundamental, and Nbs;Sn were limited
to high R, above 5 MV m~! [38, 74], it would be far less
useful in SRF accelerators.

Whether surface resistance of order 10 nf2 could be
maintained to medium fields remained an open question for
over a decade, when new results were reported from Cornell.
The first single cell 1.3 GHz cavity that was coated and tested
at Cornell had strong Q-slope (similar to U. Wuppertal cav-
ities) and high residual resistance that was traced to one of the
half cells through temperature-mapping studies (see figure 13)
[79]. However, cavities that were coated and tested later
exhibited 4.2 K Qy of ~2 x 100 at low fields, and they
reached medium fields without the strong Q-slope that had
been observed previously. These cavities consistently reached
quench fields of 14 MV m ™" or higher, with Oy ~ 1 x 10'°
at 4.2 K, showing proof of principle that Nb;Sn could out-
perform Nb at gradients and frequencies that are useful in

7 This value was obtained assuming RRR = 10 and using equations from
[77] and clean values from [78].
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Figure 13. Temperature map of the first 1.3 GHz single cell cavity
coated at Cornell. The plot shows heating over the surface of the
cavity measured by an array of temperature sensors measuring
parallel to the cavity axis (parallel coordinate given by Resistor #)
and azimuthally around the cavity (azimuthal coordinate given by
Board #). The strong heating in half the map indicates that one half-
cell had significantly higher losses than the other. Figure from [79].

applications. 4.2 K Q, versus E,. curves from several Cornell
cavities are plotted in figure 14. To make a useful comparison
to a state-of-the-art high QO SRF accelerator, the specification
for E,.. and Qg for cavities in LCLS-II was plotted in this
graph, after multiplying by a factor of 3.3 to account for the
approximate difference in cryogenic efficiency between a
cryogenic plant operating at 4.2 K compared to 2 K (see
figure 1).

The absence of strong Q-slope in these cavities may be
related to a reduction in the quantity of low tin content mat-
erial in the RF layer (see section 4). Additional experiments,
especially with coupons cut from cavities after RF test, can
help to develop understanding of how microstructure effects
strong Q-slope. Another factor that has a smaller but still
significant impact on Q-slope is the temperature uniformity
during cooldown, as shown in figure 15. Experiments at
Cornell show that even a ~40 mK difference in temperature
uniformity during cooldown can change the 4.2 R, at max-
imum fields by a factor of ~2 [81].

Measurements of R; versus T and f versus T were fit
using the SRIMP program [82—85] that was developed to use
computations based on BCS theory to correlate to material
parameters. The extracted material parameters were used to
determine the critical fields for the cavities that were coated at
Cornell. The results, some of which are presented in figure 16,
show that taking into account uncertainty in measurement and
fitting, the cavities reproducibly exceeded H.; without the
strong O-slope that had been observed in Wuppertal cavities.

At Jefferson Lab, NbzSn cavities were produced and
tested that show Q-slope similar to U. Wuppertal, as shown in
figure 17. Researchers hypothesize that the Q-slope may be
due to contamination from Cl (from SnCl,) or Ti (from NbTi
flanges), or it may be due to variation in the coating com-
position [46].

3.2. Pulsed measurements

CW measurements are helpful to predict cavity performance in
an accelerator, but they can be limited by small defects.
A small defect can cause overheating above the critical temp-
erature, creating a spreading area of normal conducting
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Figure 14. Quality factor versus accelerating gradient curves taken at
4.2 K for the three 1.3 GHz single-cell cavities in use as of February
2016 in the Cornell Nb3;Sn program. Shown for comparison is the Q
specification for LCLS-II, adjusted for the increased efficiency of
operating at 4.2 K. Figure from [80].
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Figure 15. The surface resistance measured at 1.6 K and 5 MV m ™"

for a 1.3 GHz single-cell cavity cooled in different thermal gradients,
as measured from iris-to-iris. Figure from [80].

material that quenches the cavity on millisecond timescales. To
reduce the effect of small defects, cavities can be tested with
short pulses of high power RF, to fill the cavity with energy
and cause quench on tens of microsecond timescales.

Pulsed measurements on Nb;Sn cavities have been per-
formed by Campisi at SLAC in the 1980s [86], Hays at
Cornell in the 1990s [87], and Posen and Hall at Cornell in
the 2010s [81, 88]. Measurements are plotted in figure 18.
The general trend is similar: close to T, the data agree with
the superheating field, Hg, of Nb3Sn, and at lower tempera-
tures, the data diverge towards lower fields. The trend is
consistent with defect behavior, suggesting that the low
temperature behavior is not fundamental and if the defect
behavior could be eliminated, the maximum field would
extrapolate close to jioHg, ~ 0.4 T [88].
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Figure 16. 4.2 K Q, versus p,Hy, measurements of three different
coatings of Nb;Sn 1.3 GHz single cell cavities produced at Cornell.
For each curve, a shaded area of a corresponding color shows the
extracted H.; values with uncertainty. No degradation is observed
when the peak field reaches H., for any of these coatings. Figure
adapted from [79].

C1C2 Nb,Sn 1.5 GHz 1-cell cavity at 2 K
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Figure 17. Recent measurements of Nb;Sn cavities coated and tested
at Jefferson Lab, compared to Wuppertal and Cornell. Q-slope
similar to Wuppertal is observed. Figure adapated from [46].

Applying square pulses from the RF source with different
forward power levels, the quench field was also measured as a
function of time to quench. If a fundamental field limit were
being reached, the quench field should be independent of the
forward power. However, measurements presented in
figure 19 show a different trend. As the forward power is
increased, the quench field increases as well. Heating at
defects could account for this trend: if the cavity fills with RF
energy faster, higher fields can be reached before defect
heating has time to cause quench.

3.3. Other RF measurements

Karlsruhe researchers measured R, as a function of fre-
quency using different modes of NbzSn-coated helical reso-
nators and cylindrical cavities [89]. They observed an
approximate f2 dependence of the residual resistance, which
is predicted in models of losses at grain boundaries [8, 90].
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Figure 18. Pulsed quench field as a function of temperature for
measurements from Campisi, Hays, and Posen [86—88]. Results from
CW measurements are also plotted for the data from [88]: quench
field, H.;, and Hg,.
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Figure 19. Plot of the peak field achieved in a 1.3 GHz single-cell
cavity as a function of the time taken to achieve this field during
high-pulsed-power RF testing. As the input power is increased, the
time to quench is reduced. As the fill time of the cavity decreases,
thermal limitations are slowly overcome. Figure from [80].

University of Wuppertal researchers also suspected that grain
boundary losses can have a substantial impact on performance
in their RF measurements [91]. They observed strongly
nonlinear heating in films that increased in severity as they
grew films with smaller grain sizes. Their analysis implicated
weak links between grains as the cause for this nonlinearity.

Of particular concern in the operation of a super-
conducting cavity is the impact of external DC magnetic
fields upon the performance of the cavity. Superconducting
cavities, particularly when cooled slowly (as must be done for
a Nb;Sn cavity), will trap a percentage of the externally
applied magnetic field. This trapped flux will result in an
increase in the residual resistance of the cavity proportional to
the amount of flux trapped, and thus an increase in the surface
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Figure 20. The residual resistance of a 1.3 GHz single cell cavit;
coated with Nb3Sn at Cornell, measured at 1.6 K and 5 MV m™ —
and, for comparison, a more conventional 120°C-baked Nb cavity of
the same shape—as a function of the ambient field trapped in the
cavity walls during cooldown. Figure from [80].

Figure 21. An SEM image (taken at an angle) of the surface of a
coupon coated with Nb;Sn at Cornell. The surface shows features
similar to those produced by other labs using the evaporation—
deposition method. Image from [79].

losses with correlated drop in cavity efficiency. The constant
of proportionality relating the amount of flux trapped to the
increase in the residual resistance will be referred to as the
sensitivity to trapped flux, and will be quoted in n{2 of resi-
dual resistance gained per mG of field trapped.

By deliberately applying an external magnetic field dur-
ing a cavity test, the sensitivity can be measured. Remarkably,
Nb3Sn was found to be no more sensitive to trapped flux than
bulk niobium that has received a 120 °C bake following
standard bulk chemistry. This is demonstrated in figure 20.
Experimenters have shown that with bulk niobium cavities, it
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Figure 22. A STEM bright-field image taken at 120kV of a cross-
section of a NbzSn-on-Nb prepared using focussed ion beam (FIB)
lift-out techniques. The Nb;Sn layer, protected from the FIB by a
protective platinum layer, demonstrates a roughly columnar grain
structure and a distinct boundary with the niobium substrate.

is possible to expel ambient magnetic flux by cooling with a
thermal gradient across the cavity [92]. However, due to the
thermal currents generated by the Seebeck effect in Nb3Sn
cavities, such a fast cooldown is not permissible, and there-
fore a reasonably small sensitivity to trapped flux is
important.

4. Microscopic measurements

When grown on niobium, Nb3Sn forms distinct grains easily
distinguishable when viewed using a scanning electron
microscope (SEM), as seen in figure 21. Atomic force
microscopy measurements carried out at Jefferson Lab [46]
and at Cornell [81] on samples produced at the respective labs
demonstrate that as-grown Nb3Sn has a surface roughness on
the same order as the grain size, which in most cases is on the
order of a micron. A series of measurements performed at
Jefferson Lab [46] on substrates receiving different prepara-
tions show that substrate preparation has no impact on the
roughness. In particular, there appears to be no difference in
the roughness of a Nb;Sn layer coated on niobium substrates
that have received a buffered chemical polish (BCP) or an
electro-polish (EP), two commonly used chemical etches for
the preparation of niobium cavities. This correlates with
previous cavity measurements at Cornell, which demonstrated
no significant difference in performance between Nb;Sn
cavities whose substrates had been prepared using EP or
BCP [79].
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Figure 23. (A) A cross-section of a more commonly seen layer that shows a depth of approximately 3 pm, compared to (B) a cross-section of
a thin film region, which is of insufficient thickness to screen the bulk from the RF field. Images from [99]. The extent of these regions can be
seen in (C), an EDS map of a cavity cut-out from a region that showed excessive heating during RF testing. In this map, blue regions indicate
a thick region, and red a thin region whose thickness is on the order of the RF penetration depth.

Thickness measurements carried out at Wuppertal [93]
found, in agreement with previous literature [94, 95], that the
thickness of the layer formed at a reaction temperature of
1150 °C follows the relation

driim = do(T)1°38, (6)

where dg,, is the thickness of the film in microns,
do(T = 1150 °C) = 1.3 um for a reaction temperature of
1150 °C, and ¢ is the time in hours. Further measurements also
gave an approximate dependence of the prefactor d, (7)) on the
reaction temperature for temperatures greater than 1000 °C.
Thickness measurements done using x-ray sputtering
(XPS), at Wuppertal [93], Siemens [96], Jefferson Lab [97],
and Cornell [79], show a layer of uniform stoichiometry up to
a depth of 2-3 pm. This is confirmed by transmission electron
microscopy (TEM) of cross-section cutouts performed at
Argonne National Laboratory [98], which shows a layer of
thickness varying between 2 and 4 um. An example of such a
cross-section, taken from a sample coated at Cornell, is shown
in figure 22. The transition from the Nb3Sn film to the nio-
bium substrate is sharp and distinct. The grain structure is
equally distinct, with clear grain boundaries. Many grains
display a columnar structure, extending from the RF surface
all the way down to the interface with the niobium bulk.
Although XPS measurements indicate a constant stoi-
chiometry within 2-3 ym deep within the layer, TEM-EDS
measurements carried out on cross-sections at Argonne show
regions within the layer that show a deficiency of tin relative
to neighboring regions [98]. Furthermore, some of these
regions of tin-depletion have been found a distance on the
order of the RF penetration depth from the surface of the
layer. Since tin depleted Nb3;Sn has a considerably lower
critical temperature, the presence of such a poor super-
conductor within the realm of influence of the RF field will
have a negative impact on the RF performance of the layer
due to the increased losses in these tin depleted regions. It is
entirely possible that these regions could be the limiting factor
in accelerating gradient at this time, as thermal runaway
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within the layer induced by the presence of these lossy tin
depleted phases and the poor thermal conductivity of Nb;Sn
causes the cavity to quench.

Another interesting feature observed in recent studies of
samples and cavity cut-outs are regions of exceptionally thin
Nb3Sn coverage [99, 100]. Originally seen in cut-outs from
regions of a cavity that showed significant surface heating
during RF testing, these regions have since been discovered,
to lesser extent, in samples coated using coating procedures
that have produced cavities capable of accelerating gradients
of 16 MVm™" with Q’s of >10'° at 42 K [101]. These
regions have been found to be of a thickness on the order of
the RF penetration depth, and are thus insufficiently thick to
screen the bulk from the RF field. To illustrate this, a cross-
section of both a ‘standard’, sufficiently thick layer is shown
in figure 23(A), which stands in stark comparison to the cross-
section of a thin region as seen in figure 23(B), which clearly
shows the insufficient thickness of these regions. The extent
of these regions seen at some cavity cut-outs, as seen in
figure 23(C), and the enhanced heating seen at these regions
during RF testing, imply that these regions are responsible for
increased surface losses. Studies are ongoing to understand
the growth mechanics of these regions and methods for
suppressing their formation.

Researchers from Jefferson Lab have performed electron
backscatter diffraction studies of Nb;Sn layers to examine the
grain orientation, as shown in figure 24. They found that the
grain orientation is independent of the substrate [102]. This is
consistent with previous observations that uniform coatings
could be achieved regardless of crystal orientation of the
substrate if the substrate was anodized or nucleated with tin
halides [44, 60].

5. Considerations in applications

RF measurements from section 3.1 are proof of principle that
Nb;Sn cavities can be useful in applications, but there are a
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Figure 24. EBSD image of a cross section of a Nb;Sn coating measured at Jefferson Lab. The measurement suggests that the grain orientation

is independent of the substrate. Image from [102].
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Figure 25. Left: the Nb;Sn coating apparatus at Jefferson Lab is being modified for coating 1.5 GHz 5-cell cavities with waveguide
endgroups [102]. Right: an apparatus is being fabricated at Fermilab for coating 1.3 GHz 9-cell and 650 MHz 5-cell cavities.

number practical considerations that should be carefully
evaluated prior to putting Nb3Sn cavities into an accelerator.
Several of these have been resolved favorably. For example,
the latest cavities from Cornell showed that the standard
cleaning method of high pressure water rinsing can be applied
prior to reaching high Q, at medium fields. The tests of
Siemens cavities and Wuppertal cavities showed remarkable
power dissipation without global thermal instability: Siemens
cavities reached 106 mT with R ~ 1 uf2, and Wuppertal
cavities reached 80 mT with Rs ~ 0.5 pf2, giving optimistic
prospects for reaching higher fields without global thermal
instability in cavities with R ~ 10 nf). As described in
section 3.3, residual resistance due to trapped external
magnetic fields is expected to be close to that of niobium.
Similarly, multipacting in Nb;Sn cavities is not expected to be
worse than that in Nb cavities, based on measurements of
secondary electron yield [103].

One important practical challenge for Nb3Sn is scaling up
to production-style cavities. Past experience on a 500 MHz
single-cell cavity and a 3 GHz 5-cell cavity showed maximum
fields of only ~5 MVm™', with heating observed in
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temperature maps that experimenters linked to defects (one
contributing factor may have been the use of low RRR nio-
bium in the substrates) [39, 40]. Wuppertal researchers sus-
pended a series of niobium samples inside the 5-cell cavity
during coating, which they used to evaluate whether the tin,
which was supplied from below the vertically-oriented cavity,
was being transported sufficiently up to the top of the cavity.
They observed that the coating thickness decreased as a
function of sample distance from the tin source. They were
only able to supply a layer with relatively uniform thickness
over all samples by performing a second coating cycle, with
the cavity upside down. Preliminary studies were also per-
formed by Wuppertal on a 5-cell 1.5GHz cavity, with similar
performance [44]. Future multi-cell coating procedures can
develop improved procedures for ensuring a uniform coating
over the entire structure, for example through use of higher
vapor pressure or distributed tin sources. This may also be
beneficial for cavities with complicated endgroup geometry.
Figure 25 shows planned apparatuses at Jefferson Lab for
coating 5-cell 1.5 GHz cavities with waveguide endgroups
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Figure 26. Required power from the grid for removing the heat
dissipated by a single cell of a 1.3 GHz cavity at Epcc = 16 MV m™"
as a function of temperature. Calculations of surface resistance are
based on previous measurements [79, 81]. For Nb;Sn, the previously
achieved R, of 10 nf2 is plotted, as is a target reduction to 3 n{2,
which has been achieved at low fields [43]. For the same R,.,, Nb
would require significantly more power even when operating at
much lower temperatures.

and at Fermilab for coating 1.3 GHz 9-cell and 650 MHz
5-cell cavities.

The thermocurrents observed in NbsSn cavities will
require special different precautions in applications. Quench
will have to be carefully avoided to prevent strong increase in
localized heating. And cavities will have to be carefully
cooled slowly and uniformly through the transition temper-
ature to maximize Q.

Microphonics compensation will be more challenging
when operating substantially above 2 K. Superfluid helium
suppresses bubbles, so bubbling will have a more significant
impact on the cavity frequency stability at 4.5 K. This can be
partially mitigated through engineering of the cavity-helium
vessel package to minimize df /dp [104-107]. And of course
there are many examples of niobium cavities that successfully
operate under the influence of 4.5 K microphonics [108-110].

Finally, the coating technology must be transferred to the
industry if it is to be implementation in large-scale produc-
tion. However, once the procedure has been established at a
vendor, the cost per coating is expected to have a relatively
small impact relative to the total price for a processed cavity.

6. Conclusion

By far, Nb;Sn shows the strongest performance of alternative
materials being studied for SRF applications, with 1.3 GHz
single cell cavity measurements demonstrating both useful
gradients and 4.2 K Q, values that are similar to 2.0 K Q,
values for niobium. The operating temperature is significant:
at 4.2 K, cryogenic efficiency is 3—4 times higher, and the
cryogenic plant is simpler and more reliable. As figure 26
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shows, this is expected to provide a substantial cost savings
for using SRF cavities with high quality Nbs;Sn coatings in
large high duty factor accelerators, including linacs for light
sources, nuclear physics, and high energy physics, as well as
circular high energy electron positron colliders. There are
several practical considerations to work on before Nb3;Sn can
be used in applications, but progress is expected with sus-
tained R&D.

CW tests of TM cavities show peak surface magnetic
field limitations ~70 mT, but much higher fields are observed
in pulsed measurements and in CW measurements and in TE
cavities. Limitations are consistent with defects, and pulsed
measurements indicate a trend at high temperatures toward
the predicted ultimate limiting field, approximately twice as
high as niobium. This shows potential for high energy linac
applications, and additional research to avoid low tin-content
regions may help to increase quench fields.

NbsSn cavities may be especially beneficial in small
scale accelerator applications. The ability to operate with high
Qo at 4.2 K opens the possibility of cooling cavities with a
cryocooler, instead of a cryogenic plant, greatly reducing
infrastructure cost, subsystem footprint, and labor for opera-
tion and maintenance. This could enable new industrial
applications for SRF accelerators in medicine, border secur-
ity, and treatment of flue gas and wastewater. Existing cav-
ities show dissipation within the capacity of cryocoolers
[111], and future development is expected to increase quality
factors even further.
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