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Abstract: Nb3Sn is emerging as one of the focal points in superconducting radio frequency (SRF)
research, owing to its excellent superconducting properties. These properties hold significant possi-
bilities for cost reduction and the miniaturization of accelerators. In this paper, we report the recent
efforts of the Shanghai Advanced Research Institute (SARI) in fabricating high-performance Nb3Sn
superconducting cavities using the vapor diffusion method. This includes the construction of a
Nb3Sn coating system with dual evaporators and the test results of 1.3 GHz single-cell coated cavities.
The coated samples were characterized, and the growth state of the Nb3Sn films was analyzed. The
first coated superconducting cavity was tested at both 4.4 K and 2 K, with different cooldown rates
passing through the Nb3Sn critical temperatures. The causes of Sn droplet spot defect formation on
the surface of the first cavity were analyzed, and such defects were eliminated in the coating of the
second cavity by controlling the evaporation rate. This study provides a reference for the preparation
of high-performance Nb3Sn-coated cavities using the vapor diffusion method, including the setup of
the coating system, the comprehension of the vapor diffusion process, and the test conditions.

Keywords: RF superconducting cavity; superconducting thin film; Nb3Sn

1. Introduction

Superconducting radio frequency cavities are widely used in particle accelerators [1–4]
such as CEBAF, XFEL, LCLS II, and SHINE. The primary performance parameters for
superconducting cavities are the intrinsic quality factor (Q0) and accelerating gradient
(Eacc) [5]. A higher Q0 expresses lower power dissipated within a superconducting radio
frequency (SRF) cavity, which is linked to cavity material properties, operating temperature,
and frequency, among other factors. A higher Eacc corresponds to a shorter accelerating
structure required to achieve a specific particle energy. The theoretical maximum Eacc is
associated with the peak surface magnetic field (Hpk) inside the cavity. Regarding an ideal
defect-free surface, the maximum value of Hpk depends on the superheating field (Hsh)
of the cavity material. Exceeding this maximum value allows external flux to penetrate
the superconductor, leading to the loss of superconductivity [6,7]. Currently, most SRF
cavities utilize pure niobium as material [8,9]. With advancements in manufacturing and
surface treatment technologies, the performance of the niobium cavity has approached
its theoretical limits [10–13]. Consequently, there is a growing focus on exploring new
generations of SRF materials. Several alternative materials exhibit superior properties
compared with Nb, such as Nb3Sn, NbN, and MgB2 [14–16].
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Nb3Sn stands out as one of the most promising materials with a theoretical superheat-
ing magnetic field of 430 mT, approximately double that of niobium. This suggests that
a Tesla-shape superconducting cavity constructed with Nb3Sn could achieve a maximal
Eacc at around 100 MV/m. Additionally, Nb3Sn maintains a high critical temperature of
18.3 K, enabling superconducting cavities made of Nb3Sn to theoretically attain Q0 over
1010 at 4.2 K, comparable to Nb cavities operating at 2 K. This shows significant potential
for simplifying cooling systems and downsizing accelerators [17,18]. However, Nb3Sn
does have some disadvantages, including low thermal conductivity and a brittle texture,
leading to difficulties in the fabrication of SRF cavities. Therefore, the current optimal
solution is using Nb3Sn as a coating material on the inner surfaces of niobium or copper
cavities to address these issues. Various methods are applied for preparing Nb3Sn-coated
cavities, including vapor diffusion [19], magnetron sputtering [20], the bronze process [21],
electrochemical plating [22], and chemical vapor deposition [23]. Among them, the vapor
diffusion method demonstrates the most effective application effect so far.

In 1954, Nb3Sn was first discovered to exhibit superconductivity [24], and by 1961,
it was considered in fabricating superconducting RF cavities. In 1962, Saur and Wurm
developed the vapor diffusion method to produce Nb3Sn [25]. By the 1970s, Siemens had
successfully applied this method to produce TE and TM-mode Nb3Sn cavities, achieving
the highest peak surface magnetic field ever recorded for an X-band TE-mode cavity [26].
However, due to a limited understanding of the SRF mechanism and cavity treatment
technology constraints, the challenging Q-slope issue in Nb3Sn cavities remained unsolved
until the 2000s, which hindered research progress. Subsequently, with advancements
in bulk niobium SRF cavity treatment techniques and enlightening of the Hsh theory of
the superheating field, Cornell University resumed research on coating Nb3Sn cavities
using vapor diffusion in 2009 [19]. The researchers constructed a deposition system,
customized a standard coating recipe based on Wuppertal’s formula, and successfully
overcame limitations to produce Nb3Sn cavities that could be applied in practice. Soon after,
several laboratories, such as Jefferson Lab [27], Fermi National Accelerator Laboratory [28],
KEK [29], Peking University [30], IMP [31], and IHEP [32] joined the research.

In this study, we constructed the first dual evaporation source coating device for
1.3 GHz single-cell Tesla-shape SRF cavities. We fabricated two single-cell Nb3Sn coated
cavities using the vapor diffusion method and tested them at different cooling rates to illus-
trate the effect of the cooling rate. Additionally, we investigated the formation of speckle
defects that appeared in the first cavity. These defects were eliminated by controlling the
evaporation intensity during the coating of the second cavity, resulting in an improvement
in its performance.

2. Experiment
2.1. Research Method

The vapor diffusion method, also known as physical vapor deposition (PVD) tech-
nology, involves the vaporization of pure Sn from the evaporation source at a certain
temperature. Then, the vapor diffuses onto the inner surface of the superconducting cavi-
ties and reacts with the Nb in the substrate to form Nb3Sn thin films. The entire process
occurs within an ultra-high-vacuum (UHV) furnace, as shown in Figure 1.

The growth of Nb3Sn during the coating process, as illustrated in Figure 2, is primarily
divided into two stages: nucleation and film growth [5]. During the initial nucleation
stage, the decomposition of an additional nucleating agent (SnCl2 or SnF2) results in high
vapor pressure, leading to the formation of numerous Sn embryos on the surface. As
the temperature increases, Sn diffuses into the Nb substrate and Nb3Sn crystals form.
These crystals continuously assimilate atoms from the vapor and grow to be thin films.
Subsequently, the deposited Sn atoms mainly diffuse into the Nb3Sn–Nb interface and Nb
substrate through grain boundaries, allowing the film to continue growing until the heating
process concludes.
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Figure 1. Schematic of a vapor diffusion coating system for a Nb3Sn cavity.

Figure 2. Growth process of Nb3Sn crystal film [33].

2.2. Preparation of the Coated Cavities

In order to study the Nb3Sn cavities, SARI constructed a specialized coating sys-
tem [34]. The ultra-high-vacuum furnace of this coating system comprises two primary
components: a commercially customized high-vacuum furnace, which offers a clean and
efficient heating environment, and an additional chamber made of pure Nb with a residual
resistivity ratio (RRR) of ~40. This Nb chamber isolates the main reaction area and separates
the vapor from the furnace heater. This design aims to prevent potential contamination and
to increase the lifetime of the coating system. In order to achieve a more uniform growth of
the final film, a dual evaporation source was introduced into the single-cell cavity coating
device, and a horizontal furnace was used to accommodate a particular Nb cavity–Sn
evaporator configuration, although it presented a more complicated implementation. A
detailed structural diagram is shown in Figure 3, and the main design specifications are
listed in Table 1.
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Figure 3. Overall design of the coating system at SARI. 1: Nb cavity, 2: Sn crucible, 3: crucible
heater, 4: Nb reflectors inside Nb chamber, 5: bracket rails, 6: cavity bracket, 7: Mo heater of furnace,
8: bellows, 9: pumping port for Nb chamber.
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Table 1. Design parameters of the furnace used for Nb3Sn coating.

Parameters Furnace Coating Chamber

Maximum temperature ≥1300 ◦C
Heating rate ≥720 ◦C/h

Temperature uniformity <±4 ◦C
Effective heating zone Ø600 mm × 1000 mm Ø300 mm × 600 mm

Target vacuum pressure <8 × 10−5 Pa (25 ◦C) <2 × 10−5 Pa (25 ◦C)
<2 × 10−3 Pa (1100 ◦C) <3 × 10−4 Pa (1200 ◦C)

The outer shell of the heating furnace is made of stainless steel. It can reach a maximum
heating temperature of 1400 ◦C, with three independently controlled heaters. One of them
heats the coating chamber, forming a Ø600 mm × 1000 mm hot zone, which is realized
by Mo flat elements attached to the inner wall of the furnace. The other two independent
heaters are inside the coating chamber and control the temperature of the evaporation
sources. These heaters, consisting of Wu bars and ceramic housings, surround the crucible
and form a uniform effective hot zone for heating. The coating chamber is made of a 4 mm
thick pure Nb plate rolled into a cylinder and welded with an electron beam. It is placed on
a Mo–La alloy bracket in the furnace with Nb–Ti flanges at both sides to provide support
with sufficient strength. One of them links to the furnace door, and the other is connected
to the pump group with bellows, which provides longitudinal protection for the expansion
of the chamber during heating. The chamber is equipped with Nb brackets to support the
crucible heater and the superconducting cavities, and heat shields are installed at both
ends of the chamber to efficiently construct the heating region and ensure temperature
uniformity. The configuration of two evaporation sources used in this coating apparatus
has previously only been used in FERMILAB for 9-cell cavity coating [5]; unlike other
single-cell cavity-coating systems in other laboratories [29–32], it ensures uniform vapor
flow and potentially improves the final coating quality.

Two single-cell Tesla-shaped cavities (named NF44n and NF45n) made of fine-grain
Nb (RRR > 300) were fabricated for the coating experiments. The flanges of these cavities
were made of Nb (RRR > 40) to prevent Ti contamination [35]. A pre-treatment process
was carried out before coating in order to obtain a smooth inner surface, which involved
electropolishing (EP) at around 150 µm, baking at 900 ◦C for 3 h, a final EP of 20 µm, and
high-pressure rinsing (HPR) with ultra-pure water. The entire pre-treatment process was
completed at the Wuxi platform [10] before being transported to Shanghai for vertical
testing. The 2 K vertical test results of the two EP-baseline cavities are shown in Figure 4,
where the maximum accelerating gradients of both cavities exceed 28 MV/m, with a quality
factor higher than 1 × 1010 at 26 MV/m, indicating that they have qualified inner surfaces
for coating. The maximum accelerating gradients of these cavities were limited by the
available RF power, without quench. Low values of radiation mean that no field emissions
occurred during the test. Since only NF44n underwent complete coating and test analysis,
this paper mainly describes the performance of this cavity.

In order to investigate the coating quality of the Nb3Sn film, several samples were
coated within the cavity, serving as the witness samples for the coating process. These
niobium samples (RRR > 300) were cut into pieces of 5 × 8 × 1.4 mm3 using a wire-cutting
machine, and underwent similar surface treatment processes as the two single-cell cavities,
except for buffered chemical polishing (BCP) instead of EP because of the small sample
size. The samples were suspended in the cavities during the coating process using pure
Mo wires that had been cleaned beforehand. These were used to analyze the properties of
the Nb3Sn superconducting thin films in the experiment.
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2.3. Coating Description

During the preparation stage, 3 g of Sn (99.999%) and 3 g of SnCl2 (99.99%) were each
divided into two portions and placed in the two crucibles. Following the suspension of the
witness samples, the crucibles were secured on both sides of the SRF cavity using niobium
rods, and the compounds were finally positioned on the bracket in the chamber, as shown in
Figure 5. The temperature parameters followed Cornell University’s typical Nb3Sn coating
process, which has two basic stages in its thermal profiles: nucleation and coating. The
improvements primarily focused on increasing the temperature during the pre-nucleation
stage, as recent studies indicate that this can enhance nucleation effectiveness, resulting in
smoother films [28].
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in cavity.

When the vacuum of the coating chamber is reduced to below 1 × 10−4 Pa, the heating
process can be initiated. As shown in Figure 6, the heating process consists of five stages.
The light brown and green line segments indicate the temperatures of the chamber and
the evaporation source, while the blue line segment represents the vapor pressure in the
coating chamber. Initially, the furnace is heated up to 500 ◦C and maintained for 3 h;
meanwhile, the Sn source is briefly heated up to 900 ◦C and then brought down to the
furnace temperature. This allows the SnCl2 to completely evaporate and Sn embryos to
form on the surface of the cavity. Afterward, the furnace is ramped up to 1100 ◦C with a
rate of 12 ◦C/min and maintained for 3 h, while the temperature of the Sn source remains
above the furnace ~200 ◦C. Coating occurs in this period. At the end of the annealing, all
heaters are turned off and the furnace cools naturally.
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Figure 6. Coating recipe used at SARI. The five different stages of the coating process are noted on
the chart.

3. Results
3.1. Vertical Test of the Coated Cavity

After the coating, NF44n underwent optical inspection. Figure 7a depicts the inner
surface before coating, which appears extremely smooth after EP. After coating, a uniform
Nb3Sn film can be observed on the inner surface, as shown in Figure 7b,c. Besides the color
change, there is a reduction in gloss level, particularly noticeable on the surface of the cell
part. Overall, the coating of the cavity seems satisfactory, although some anomalous growth
speckles were detected on one side of the beam pipe and equator. The inner diameter
of the beam pipe is 78mm. White speckles, each no larger than 1 mm, as well as a few
millimeter-sized white sputter-like spots, appeared on the beam pipe.
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Figure 7. (a) NF44n cavity before coating and (b,c) after coating.

The NF44n cavity was sent to HPR in a clean room (IOS4) prior to continuous wave
(CW) testing at SARI. After the assembly of the flanges, the interior of the cavity was
evacuated to a high vacuum and five sensors were placed at the irises and equator. These
sensors were used to detect the temperature and magnetic field during the cooldown
process, as shown in Figure 8. The cavity was tested at two different cooling rates to
investigate the effect of the cooling rate on the test results. Initially, NF44n cooled down at
a fast rate, where the cavity cooled from ~300 K to ~4 K within 1 h (R(K/min) ≈ 4.9), and
tests were performed at temperatures of 4.4 K and 2 K, respectively. Afterward, the cavity
was slowly warmed to ~40 K and then cooled down again (R(K/min) ≈ 2.5) for testing.
Figure 9 shows the temperature and magnetic field detected by the sensors when the cavity
went through the Nb transition temperature of ~18.3 K for cooling down. The sensor Bch8
fixed to the equator position shows that the second slower cooling process detected fewer
magnetic field changes as the cavity crossed the transition temperature.
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Figure 9. Temperature and magnetic field curves versus time of NF44n passing through Nb3Sn
critical temperature during the (a) faster and (b) slower periods of cooling.

The vertical test results are shown in Figure 10. For the first fast cooling, the Q0 reached
approximately 1.5 × 109 at 1 MV/m for both 4.4 K and 2 K, with maximum accelerating
gradients of 4.5 MV/m and 5 MV/m, respectively. Additionally, in the slower cooling tests,
the Q0 was around 2.2 × 109 at 1 MV/m at temperatures of 4.4 K and 2 K, with gradients of
5 MV/m and 5.5 MV/m, respectively. The maximum accelerating gradients of all tests were
limited by the available RF power, without quench. The similar Q0 at temperatures of 4.4 K
and 2 K indicates that the residual resistance is dominant and the Bardeen–Cooper–Schrieffer
(BCS) portion is relatively negligible. Upon slower cooling, the cavity exhibited a higher Q0
and Eacc values compared with faster cooling. The maximum accelerating gradients of all tests
were limited by low Q0 because of the available RF power, without quench. Obviously, this
result is unsatisfactory, with Q0 only reaching 109 in the test, although the Q0 of the Nb3Sn-
coated cavities can theoretically reach 1010 at 4.4 K. This is mainly attributed to the immaturity
of the current NF44n coating process as well as the limitations of the test conditions, which
we will explain in more detail in the Discussion section.
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3.2. Sample Analysis

The witness samples were characterized after the coating process to obtain more
detailed surface information. Figure 11 shows the changes in the appearance of the samples
before and after coating; the coated samples exhibit the classic matte color of Nb3Sn films.
Scanning Electron Microscope (SEM) images of the witness samples were obtained by
scanning the surface using an electron gun with an energy of 20 KeV. The images indicate
that the average diameter of the Nb3Sn grains is in the range of 2–3 µm, and the growth state
appears to be fine, although the shaded portion reflects the relatively large size differences
that still exist between the grains, as shown in Figure 12a.
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Figure 12. SEM images of coated films show a range of Nb3Sn grains of around 2–3 µm (a), while the
ion beam groove reveals a thickness of around 2 µm (b).

In order to obtain cross-section information on the film, a 10 × 5 × 5 µm3 V-groove was
cut on the sample surface using a focused ion beam (FIB). Subsequently, the cross-section
area was processed by the ion beam to clearly reveal the interfaces between the Nb3Sn
film and the substrate. Figure 12b demonstrates that the interface between the Nb3Sn film
and the Nb substrate can be clearly seen in the electron microscope image, with the film
thickness measuring approximately 2 µm.

In Nb3Sn crystals, the atomic proportion of Sn is closely related to the transition
temperature. Three areas of the sample surface were selected and scanned using Energy-
dispersive X-ray spectroscopy (EDS). The results are listed in Table 2, which shows that the
relative content of Sn averages 25.86%. Finally, the sample was tested using a Magnetic
Property Measurement System (MPMS), and the transition temperature was found to be
approximately 18 K, as shown in Figure 13, consistent with the transition temperature
obtained from the cavity measurements.

Table 2. EDS composition of the Nb3Sn films after the coating process.

Position 1 2 3

Sn content (at. %) 25.90% 25.69% 25.98%
Average Sn content 25.86%
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Figure 13. Magnetization measurements of the Nb3Sn film during the cooling process with an
external magnetic field of 10 Oe.

4. Discussion

The beam pipes of the coated cavity exhibited a different appearance compared
with the cell part. The surface had a shiny coating, which recent studies have shown
to outperform the classic matte coating on the cell. This improvement is attributed to
the high vapor pressure resulting from the high temperature of the crucible during the
nucleation process. This not only enhances the coating but is also considered one of the most
important methods for reducing patchy regions with thin Nb3Sn grains [33]. However, it is
the conservative setting of the high-temperature value that leads to the failure to effectively
impact the cell surface, which is related to the mean free path of molecules. Previous
studies attribute anomalous growth, such as the presence of spots at the beam pipe and
equator in this study, as well as a few sputter-like spots on one side, to the high intensity of
Sn evaporation.

The spots at the equator are shown in Figure 14a, with some of the spots at the upper
equator showing metallic shining colors. These spots were termed abnormally large Nb3Sn
grain regions in a recent study by Northwestern University [33], and the reason for their
formation is hypothesized to be the aggregation of Sn into droplets on the surface during
Nb3Sn crystal growth. The grains that eventually grow in these regions will be larger than
those in normal regions, resulting in a visual difference compared with other regions. To
verify this claim, we subjected NF44n to another annealing treatment at 1100 ◦C for 3 h. We
observed that the shiny spots on the upper equator were converted to dark spots, as shown
in Figure 14b. This demonstrates that these areas are the precise growth zones of abnormally
large grains, which can be reduced by controlling the intensity of Sn evaporation.
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Based on the above experience, in subsequent coating experiments on NF45n we suc-
cessfully eliminated these spots by controlling the evaporation intensity with an adjustment
to the rate of evaporation of Sn. The method involves packing Sn and SnCl2 in Nb foil
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before placing them in the crucibles. Finally, the newly coated cavity, NF45n, showed no
visible defects, as shown in Figure 15. Then, NF45n was tested after faster cooling at 2 K
and 4.4 K. As shown in Figure 16, the Q0 reached approximately 1.5 × 109 at 2 MV/m for
both 4.4 K and 2 K, with maximum accelerating gradients of 7.5 MV/m. The maximum
accelerating gradients of these tests were also limited by low Q0 because of the available
RF power, without quench.
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The vertical results demonstrate that NF44n exhibits better performance after slower
cooling, primarily due to the suppression of the thermal current. Figure 17 illustrates the
temperature gradient of the cavity, calculated as the temperature difference between the top
and bottom iris when the equator of the cavity passes through the transition temperature.
During the cooling process, the vertically positioned SRF cavity is cooled from the bottom
upward, resulting in an inevitable temperature gradient along the cavity. The gradient
could decrease with the reduction in the cooldown rate. Nb cavities are primarily affected
by the ambient magnetic field. The double-layer structure on the inner surface of Nb3Sn
cavities, consisting of the niobium substrate and the Nb3Sn thin film, causes numerous
miniature current loops under the temperature gradient, known as the thermal current.
These currents generate magnetic fields that can be trapped in the cavities when crossing
the transition temperature, significantly increasing surface resistance, which leads to a
decrease in Q0.

As Figures 10 and 17 show, compared with faster cooling with a thermal gradient of
0.85 K/cm, slower cooling (~0.32 K/cm) gives a higher Q0 of the cavity, with improvements
of approximately 40% and 70% for the test at 2 K and 4.4 K, respectively. Unfortunately,
the cooling rate is limited by the cooling system and the tight test cycle, and the thermal
gradient of slower cooling might be still too large for the Nb3Sn cavity. Recent studies
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show that a temperature gradient of 0.01 K/cm or less minimizes the effects of thermal
current [32].
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Witness samples were used to further analyze the coating properties and defects in
order to characterize the inner surface coating on a microscopic scale without damaging
the cavities. SEM images revealed satisfactory film growth, with no abnormally large or
thin grains. It is noteworthy that no residual Sn particles appeared on the NF44n samples,
although the dense white spots found at the beam pipe region generally predicted an excess
of Sn vapor in some previous experiments at other labs [36]. This implies that the design of
the furnace structure is reasonable.

The measurement of EDS indicated that the Sn content in the Nb3Sn film is approxi-
mately 25.86%, falling within the ideal range of 25%–26%. Nb3Sn films with a Sn content in
this range tend to have the highest transition temperature (Tc) and lowest surface resistance
(Rs) [37]. MPMS revealed a transition temperature of 18 K for the film, which closely aligns
with the expected value of Tc~18.3 K. The slight variance between the two values can be
attributed to the Sn atomic ratio, which can influence the Tc and Rs of Nb3Sn. Empirical
curves correlating the amount of Sn in Nb3Sn solids with Tc and Rs were derived through
experimental fitting by Godeke et al. [37], and the findings of the current experimental
measurements are broadly consistent with the description of these curves.

5. Conclusions

In this paper, we report our preliminary study on coating Nb cavities with Nb3Sn
films using the vapor diffusion process. We detail the design and construction of a coating
system, which includes a custom commercial furnace and a pure niobium reaction chamber.
This single-cell cavity coating system was specially designed with two evaporation sources
to ensure uniform film growth. It was used to coat two single-cell cavities, NF44n and
NF45n. Witness samples used in the NF44n cavity indicated that Nb3Sn films with a
uniform thickness of 2 µm could be grown on Nb surfaces, with a transition temperature of
~18 K.

The testing of the coated cavity showed that the intrinsic quality factor Q0 can be
improved by approximately 70% with a slower cooldown rate. This suggests that restricting
the trapping of magnetic flux due to the thermal currents can be crucial for obtaining high-
performance Nb3Sn-coated cavities.

Based on the insights gained from the analysis of the abnormally large Nb3Sn grain
regions on the inner surface of NF44n, we used the means of controlling the intensity of
Sn evaporation on NF45n and succeeded in obtaining a coated cavity with a satisfactory
Nb3Sn film. With the same cooling conditions, the maximum accelerating gradient of the
NF45n at 4.4 K temperature improved by 66%.
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In the future, we will focus on the effect of deposition conditions on the crystal
composition and properties of Nb3Sn thin films and improve the coating parameters to
fabricate high-performance coated cavities.
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