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A DC cylindrical magnetron sputter coater was commissioned and used to coat Nb 2.6 GHz 

superconducting radiofrequency (SRF) cavity with Nb3Sn. The sputter coater has two identical cylindrical 

magnetrons that can move, with a controlled speed, along the axis of the SRF cavity to coat the inside 

surface of the cavity. The design of the sputter coater is discussed along with its performance. Initially, a 

sample holder that allows coating on flat substrates at positions similar to the equator and beam tubes of 

2.6 GHz SRF cavity was used to test conditions for fabricating Nb3Sn layers. Multilayers of Nb and Sn 

were sequentially sputtered on flat Nb and sapphire substrates mounted on the equivalent positions of the 

cavity’s beam tubes and the equator using the two identical cylindrical magnetrons. Then, the Nb/Sn 

multilayers were annealed at 950 oC for 3 hours. The ~1.2 μm thick Nb3Sn film did not show any other 

Nb-Sn compounds and had a superconducting transition temperature of 17.61‒17.76 K. The 2.6 GHz SRF 

cavity was coated using similar conditions as flat samples. Cryogenic RF testing of the Nb3Sn-coated 

cavity demonstrated a quality factor of 3.2 x 108 at an accelerating gradient of 5 MV/m at 4.4 K.  
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1. Introduction 

Superconducting radiofrequency (SRF) cavities are the key part of many existing and planned 

particle accelerators, such as XFEL, CEBAF, LCLS-II, PIP-II, EIC, and FCC-ee [1–6]. The RF properties 

of the cavity, hence its operational efficiency and performance, depend on the quality of its inner surface. 

Up to now, Nb has been the material of choice for SRF cavity fabrication due to its highest 

superconducting critical temperature (Tc ~9.25 K) and highest superheating magnetic field (Hsh ~200 mT) 

among all the pure metals and for the ease of fabrication and use [7,8]. The surface preparation of Nb 

cavities has advanced significantly over the last few decades, bringing the performance of Nb cavities, in 

terms of Hsh and operating temperature, close to the intrinsic limit [9–11]. Hence, alternative materials 

with superior superconducting properties are researched to develop enabling technologies for accelerator 

structures [12]. Nb3Sn is considered one of the most promising materials for SRF cavities due to its higher 

Tc ~18.3 K and Hsh ~400 mT, which is almost twice that of Nb. Though Nb3Sn coated cavities can achieve 

quality factor Qo orders of magnitude higher than bulk Nb cavities at the same temperature, thus reducing 

the operating cost, the brittleness of Nb3Sn and the complicated shape of SRF cavities make it 

technologically challenging to coat high quality Nb3Sn films uniformly inside the cavities [13]. 

Methods used to fabricate Nb3Sn thin films include Sn vapor deposition [14–17], co-deposition of 

Nb and Sn by thermal evaporation [18], Nb dipping into Sn liquid followed by thermal diffusion [19], 

electrochemical synthesis [20,21], bronze routes [22,23], and magnetron sputtering [24–31]. The best RF 

results with Nb3Sn cavities have been achieved using vapor diffusion technique [13,15,32]. With the vapor 

diffusion technique Nb3Sn thin film is grown on the inner surface of Nb SRF cavities by Sn vapor 

diffusion, when Nb surface is heated while exposed to Sn vapor [33]. While this coating technique has 

produced best results to-date, the RF results fall short of theoretical expectations with several potential 

causes identified, e.g., the resulting Nb3Sn film often has Sn-deficient areas [17,34,35]. 
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Magnetron sputtering followed by annealing is another promising method for Nb3Sn film 

fabrication with broad control over stoichiometry and surface uniformity. Using magnetron sputtering 

followed by the annealing, the stoichiometry of the Nb3Sn can be controlled by adjusting the thickness of 

the sputtered Nb and Sn layers [36]. Also, controlling the sputter deposition parameters with computerized 

automated magnetrons and modifying the plasma density near the substrate position can improve the 

surface quality of the film and allow it to coat complex-shaped objects uniformly [37]. Cylindrical 

magnetron sputtering has been used to deposit superconductive coatings into SRF cavities [38–40]. 

Cylindrical magnetrons can be operated with different magnetic field configurations (balanced and 

unbalanced) to achieve the desired plasma shape and density and allow control over the sputtering 

parameters [41]. 

We have commissioned a sputter coater with two identical DC cylindrical magnetrons of 

unbalanced magnetic configuration. Multilayers of Nb and Sn were sequentially sputtered on Nb and 

sapphire substrates mounted on positions replicating the beam tubes and equator of a 2.6 GHz Nb SRF 

cavity. The samples were annealed at 950 oC for 3 hours to form ~1.2 μm Nb3Sn film. Nb3Sn was coated 

on the inside surface of a 2.6 GHz Nb SRF cavity using the same deposition parameters. The design of 

the cylindrical magnetron system, along with the Nb3Sn film characterization and SRF cavity 

performance, are discussed. 
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2. Design of the cylindrical magnetron sputtering system 

2.1. Vacuum chamber 
 
 The custom-designed high vacuum chamber, shown in Figure 1, accommodates two identical 

cylindrical magnetrons. It consists of five 8-inch and two 4-inch Conflat flanges for inserting the 

magnetrons and connecting other vacuum components. The magnetrons are inserted vertically into the 

chamber through two 8-inch flanges, one from the top and another from the bottom. The vertical placement 

of the magnetrons inside the chamber is chosen to prevent the possibility of sagging if placed horizontally. 

The design has low angular tolerance (within 0.01”) of the flanges to ensure that the magnetrons are placed 

and aligned with the axis of the cavity. The chamber is pumped down by a TPS-flexy turbo pumping 

system from Agilent Technologies and consists of an IDP-7 dry scroll roughing pump and a TwisTorr 305 

FS turbo pump. The KJL-SPARC vacuum gauge from Kurt J. Lesker can measure pressure down to 7.6 

× 10-10 torr using a cold cathode/Pirani gauge combination system. An MKS (model 

GE50A013501RMV020) gas flow controller calibrated to N2 sets the gas flow rate in the chamber with a 

maximum rate of 50 SCCM. The baseline pressure of the chamber was maintained at ~1x10-8 Torr. 
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Fig. 1. DC cylindrical magnetron sputtering system: (1) water flow controller for the top magnetron; (2) 
top magnetron movement controller rod; (3) top magnetron shield; (4) Nb target installed on top 
magnetron; (5) turbomolecular pump; (6) viewport; (7) chamber door; (8) Sn target installed on bottom 
magnetron; (9) roughing pump; (10) chiller; (11) optical limit switch; (12) top magnetron movement 
controller motor; (13) gas feedthrough; (14) gas tube; (15) linear movement controller feedthrough; (16) 
flat sample holder; (17) water flow controller for the bottom magnetron. 
 

2.2. Cylindrical magnetrons 

The two identical cylindrical magnetrons were made by Plasmionique Inc, Canada [42]. Each 

consists of 4 cylindrical magnets (neodymium N55 grade) coated with Ni, Cu, and epoxy and separated 

by spacers. The magnets are arranged in a post-cathode magnetron configuration and have the same 

diameter (OD 16 mm × ID 4 mm), however, the outer two magnets are 7.74 mm in length while the two 
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middle magnets are 6.35 mm long. Figure 2 shows magnetic field measurement at the magnetron wall, at 

the target surface and ~8.5 mm away from the target surface. The magnetrons have similar magnetic field 

distribution along their axes. The magnetrons are water-cooled with a flow rate of ~l L/min using a 

thermoelectric recirculating chiller (ThermoTek T257P). 

 

Fig. 2. Magnetic field distribution around (a) Top magnetron, and (b) Bottom magnetron measured at the 
magnetron walls, at the target surface and ~8.5 mm away from the target surface. 
 
 

Each magnetron can travel ~280 mm from its home position. The highest moving speed for both 

magnetrons is 1.3 mm/s. A DC power supply from ADL (Model GS 10, Germany) capable of delivering 

DC output of 1 kW to power the magnetrons. A communication controller device (Plasmionique Inc. 

Model CO1000) is used for switching the DC power between the two magnetrons. A motor controller 

device (Plasmionique Inc. Model MC120) controls the magnetron movement. An automation software 

(Plasmionique Inc. SPT2C0) controls the sputter deposition process. The automation program selects the 

magnetron, sets desired DC power, current, or applied voltage of the discharge, sets the desired magnetron 

speed at different positions throughout the deposition region, and runs the deposition for a selected amount 

of time. The interlock feature of the magnetrons permits powering each magnetron only when the water 
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flow in the magnetron is above a safe flow rate and prevents accidental collision of the two magnetrons. 

The discharge power, voltage, and current values and the water flow rate are saved in a data log. 

 

3. Optimization of deposition conditions for Nb3Sn fabrication 
 
3.1. Magnetron operation power for Nb and Sn deposition 

To achieve uniform deposition of Nb and Sn layers on the surface of a SRF cavity, power applied 

to the magnetrons must generate stable and symmetric plasma with a known deposition rate at the equator 

and beam tubes. The magnetron plasma stability was tested at 10 mTorr Ar background pressure with a 

flow rate of 50 SCCM. An Nb tube target (0.9" OD × 0.8" ID × 4.5" long, 99.99% purity, from ACI 

ALLOYS Inc.) was installed on the magnetron. When operating the magnetron with the Nb target at a 

power of 2 to 17 W, the formed plasma rings were visibly asymmetrical. Figure 3(a) shows that for a 

magnetron power of 12 W, the bottom ring has a higher intensity than the other three rings. Several tests 

confirmed that, when 18 W or higher DC power is applied to the magnetron, the plasma ring intensities 

are visually almost symmetrical, with the intensity of the two middle rings lower than the two outer rings, 

as shown in Figure 3(b). During deposition, the magnetrons travel vertically many times along the SRF 

cavity. Therefore, the variation of the sputter rate from each ring averages out. Similar testing was 

performed for the magnetron operation with the Sn target. For Sn, operating the magnetron at 8 W resulted 

in a stable discharge for the four plasma rings around the target, as shown in Figure 3(c). 
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Fig. 3. Photographs of the operating cylindrical magnetron discharge; (a) Nb target with 12 W DC power 
produces visibly asymmetrical plasma intensity formation; (b) Nb target with 18 W DC power produces 
stable, almost symmetrical plasma formation; (c) Sn discharged by 8 W DC power produces stable and 
symmetrical plasma ring intensities. 
 
 
3.1. Deposition rate calibration 

 The deposition rates of Nb and Sn are calibrated for the Nb tube target placed on the top magnetron 

and the Sn tube target placed on the bottom magnetron. A custom sample holder is used along with a 

linear feedthrough to mount three silicon substrates replicating three positions of a 2.6 GHz Nb SRF 

cavity: center of top beam tube, equator, and center of bottom beam tube. Both magnetrons with the Nb 

and Sn targets traveled vertically along the axis of the cylindrical sputtering chamber, which is also the 

axis of the SRF cavity when placed in the deposition chamber. 

An automation program was used to move the magnetrons from their home position to the initial 

deposition position. Then, the program applies power to one of the magnetrons and initiates the magnetron 

movement with the selected travel speed that can be controlled along with the travel distance. After 

completing a selected number of magnetron passes, the program turns off the discharge. This sequence 

can then be repeated for the other magnetron to deposit multilayers for Nb and Sn. 
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For the Nb and Sn deposition rate calibration, 1 mm/s speed and 0.5 mm/s2 acceleration are used 

for the magnetron movement. At the operation powers (30 W for Nb and 8 W for Sn), the Nb magnetron 

was allowed to complete 24 passes, while the Sn magnetron completed 48 passes. The thicknesses of the 

Nb and Sn films were checked by cross-sectional scanning electron microscopy (SEM) using JOEL JSM 

6060 LV SEM. Based on the film thickness, each pass of the bottom magnetron (with the Sn target) 

deposited ~14, ~19, and ~14 nm Sn film at the center of the top beam tube, equator, and center of the 

bottom beam tube, respectively. The Nb deposition per pass was ~18, ~25, and ~16 nm at the center of 

the top beam tube, equator, and center of the bottom beam tube, respectively. 

 

4. Coating on flat samples 

4.1 Multilayer sequential sputtering of Nb and Sn 

Flat Nb coupons (10 mm × 10 mm × 3 mm) were prepared from Nb slice (Tokyo Denkai Co., 

Japan, residual resistivity ratio (RRR) ~300) using electrical discharge machining. The samples were 

treated with buffered chemical polishing (BCP) to remove ~100 μm from the surface using a solution of 

volume ratio 1:1:1 of 49% HF, 70% HNO3, and 85% H3PO4. Before mounting the Nb samples on the three 

positions simulating the centers of the top beam tube, equator, and the bottom beam tube of a 2.6 GHz 

SRF cavity, the samples were wiped with ethanol, then with acetone, and dried with air. 

The fabrication of the Nb3Sn film on Nb starts with the deposition of ~200 nm (at equator position) 

Nb buffer layer by having the top magnetron complete 8 passes covering the length of the SRF cavity. 

During annealing some of the Sn from the adjacent layer diffuses into the Nb buffer layer and this prevents 

high Sn concentration near the surface, therefore the evaporation of Sn and the growth of Sn rich particles 

on the surface also is reduced [43]. After deposition of the Nb buffer layer, 16 layers of ~25 nm Sn and 

~50 nm Nb were sequentially deposited on the buffer layer, which gives a total ~1.2 μm thick film on the 
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equator position. The total film thickness on the top and bottom beam tubes were ~880 nm and ~816 nm, 

respectively. The speed of the magnetrons with Nb and Sn were 1.00 and 0.75 mm/s, respectively. The 

thicknesses of the Nb and Sn and the total film thickness are listed in Table 1. Figure 4 shows the 

magnetron current, which was ~23 mA when depositing the Sn layer using 8 W DC power and ~99 mA 

when depositing the Nb layer using 30 W DC power. 

 

Table 1. The thickness of Nb and Sn layers, and the total thickness of the films at three locations 
replicating the 2.6 GHz Nb SRF cavity. 

Position 
Nb layer thickness 

(nm) 

Sn layer thickness 

(nm) 

Number of Nb and 

Sn layers each 

Total 

thickness 

(nm) 

Top beam tube 36 19 

16 

880 

Equator 50 25 1200 

Bottom beam tube 32 18 816 
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Fig. 4. Magnetron current during multilayer deposition showing 3 layers out of 16 of Sn and Nb. For the 
Sn layer deposition with 8 W, the current was ~21 mA and for the Nb layer deposition with 30 W, the 
current was ~99 mA. 
 
 
4.2 Annealing 

After sequentially depositing Sn and Nb layers, the samples were annealed at 950 oC for 3 hours 

in a furnace with a temperature ramp rate of 12 oC/min. The furnace has an insert made of Nb to load 

samples for annealing. The base pressure of the furnace is the mid 10-8 Torr. The insert is evacuated to 

~10-6 Torr. The films were annealed by maintaining the desired annealing temperature for specific time. 

Annealing caused the diffusion and reaction of the Nb and Sn layers forming the Nb3Sn layer.  
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4.3 Results 

4.3.1 Structure 

The crystal structures of the Nb3Sn films deposited on Nb substrates are characterized by an X-ray 

diffractometer (Rigaku Miniflex II, Japan) using Cu-Kα radiation. X-ray diffraction (XRD) patterns of the 

as-deposited and annealed samples are shown in Figure 5. The XRD patterns of the three as-deposited 

samples have the Nb peaks (110), (200), (211), and (310). Only the XRD pattern of the sample at the top 

beam tube location has multiple Sn diffraction peaks (200), (101), (220), (112), and (400). No diffraction 

peaks of Nb3Sn were observed for the as-deposited films. After the annealing, all three samples have the 

Nb3Sn peaks (110), (200), (210), (211), (222), (320), (321), (400), (420), (421), and (332). The Nb peaks 

(200), (211), and (310) were also present in the XRD patterns of the annealed samples, which originate 

from the Nb substrate. No other phases of any intermetallic compound of Nb and Sn (i.e., Nb6Sn5 or 

NbSn2) were observed in the XRD patterns of the annealed samples. 

 

Fig. 5. X-ray diffraction patterns of the (a) as-deposited and (b) annealed films. The substrates were 
mounted at equivalent positions of the center of the two beam tubes and the equator of a 2.6 GHz Nb SRF 
cavity. 
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The full-width half maximum (FWHM) of the Nb3Sn (200), (210), and (211) diffraction orders 

from the annealed samples were used to calculate the crystallite size of the films using the Scherrer 

equation. The sample on the equator position had the smallest crystallite size of ~35‒40 nm. The 

crystalline size of the top beam tube was ~39‒44 nm, while that of the bottom beam sample tube was ~38‒

43 nm. 

4.3.2 Composition 

The surface elemental composition of the as-deposited and annealed samples is characterized using 

a Noran 6 energy dispersive X-ray spectroscopy (EDX) detector connected to the JOEL JSM 6060 LV 

SEM. The electron energy used for EDX was 15 kV. EDX is conducted at different locations on the 

surface of the samples to find the average composition across the samples. Table 2 presents the atomic 

percentage of Nb and Sn in the as-deposited and annealed samples. For the as-deposited samples, the 

atomic percentage of Sn is 25‒33%. Due to Sn evaporation from the surface during annealing, the annealed 

samples have lower Sn composition. Annealed samples at simulated positions of the SRF cavity equator 

and bottom beam tube have a Sn composition of ~19%, while the top beam tube has an Sn composition 

of ~22%. Sn loss during annealing was observed previously in Nb3Sn fabricated by magnetron multilayer 

sputtering, where the Sn composition was ~20‒24 % after annealing under similar annealing conditions 

[35]. 

Table 2. Sn composition and root-mean-square (RMS) roughness of the as-deposited and annealed 
samples. 

Position of sample 
Sn composition 
of as-deposited 
samples (at. %) 

Sn composition 
of annealed 

samples (at. %) 

RMS roughness 
as-deposited 

(nm) 

RMS roughness 
annealed (nm) 

Top beam tube 33 22 68 50 

Equator 32 19 26 28 

Bottom beam tube 25 19 43 50 
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4.3.3 Surface topography 

The surface topography of the samples was examined using a Digital Instrument Dimension 3100 

Atomic Force Microscopy (AFM). Figures 6 and 7 show the AFM images of the surfaces of as-deposited 

and annealed samples. The root-mean-square (RMS) roughness of the as-deposited films for the samples 

located at the positions of the top beam tube and the bottom beam tube are 68 nm and 43 nm, respectively, 

whereas the sample at the equator position has an RMS roughness of 26 nm. Due to the proximity of the 

beam tubes to the sputtering target compared to the equator of the SRF cavity (0.32’’ and 1.58’’ distance 

from the surface of the target, respectively), the magnetron plasma might interact with the sputtered film 

[44]. This results in the higher RMS roughness of the films on the beam tube positions compared to the 

equator position film. The annealed samples also show the same trend in both films deposited at the beam 

tube location with a RMS roughness of 50 nm and the film at the equator position having an RMS 

roughness of 28 nm. 

 

Fig. 6. AFM images of the as-deposited films prepared at equivalent positions of (a) top beam tube, (b) 
equator, and (c) bottom beam tube of the 2.6 GHz Nb SRF cavity; (d), (e) and (f) are 3D AFM images of 
(a)‒(c), respectively. 



15 
 

 

 
Fig. 7. AFM images of the annealed films prepared at equivalent positions of (a) top beam tube, (b) 
equator, and (c) bottom beam tube of the 2.6 GHz Nb SRF cavity; (d), (e) and (f) are 3D plots of the AFM 
images of (a)‒(c), respectively. 
 
 
 

Surface topography variation is measured from AFM sectional line scans obtained over a 20 μm 

× 20 μm area. Figure 8 shows that the film at the equator position has a maximum peak-to-valley height 

difference of ~164 nm. The surface of the samples at the beam tube position shows a maximum height 

difference of ~240 nm. The smaller peak-to-valley height differences of the film at the equator position 

shows a smoother surface with an RMS surface roughness of ~28 nm compared to beam tube films having 

RMS roughness of ~50 nm. 
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Fig. 8. AFM line scans of the Nb3Sn films deposited on the Nb substrates that were placed at the positions 
of the top beam tube, equator, and bottom beam tube of a 2.6 GHz Nb SRF cavity. 
 

4.3.3 Superconducting properties: 

Nb3Sn films were deposited on sapphire substrates mounted on the equivalent positions of the 2.6 

GHz Nb cavity’s beam tube centers and the equator. These substrates were cut into 1‒2 cm2 pieces from 

2” diameter 430-μm thick double-side polished sapphire with C-M orientation obtained from University 

Wafers Inc. The same multilayer sputter coating procedure and post-deposition annealing used to deposit 

Nb3Sn on the flat Nb substrates were followed. The superconducting properties of the Nb3Sn films on 

sapphire were investigated by the four-point probe method down to 4 K using the RRR measurement 

system [45]. This system maintains an isothermal environment inside the liquid helium dewar and 

measures the sample temperature with a resolution of less than 50 mK through the Tc range of Nb3Sn 
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using calibrated Cernox thermometers. The resistivity of the sample is measured by applying a delta pulse 

using a Keithley model 6221 current source and Keithley model 2181A nano-voltmeter. 

Figure 9 shows the normalized resistance versus temperature of the Nb3Sn films deposited on 

sapphire. The Tc is the average of two temperatures, T90 and T10, which are the temperatures of the sample 

when the resistance is 90% and 10% of its value at the start of the superconducting transition, respectively. 

The transition width ΔTc is the difference between T90 and T10. The RRR is calculated from the ratio of 

film resistivity at 300 K to that at 20 K for the samples at the beam tubes positions and from the measured 

ratio of the resistance at 275 K to that at 20 K for the sample at the equator position. The values Tc, ΔTc, 

and RRR obtained from Figure 9 are listed in Table 3. The superconducting transition of Nb3Sn was 

observed for all three films placed at the beam tubes and equator positions of the cavity. The Tc range was 

17.61‒17.76 K with the highest Tc = 17.76 K and lowest ΔTc =0.06 K obtained for the film at the equator 

position.  

Fig. 9. Resistance versus temperature of the Nb3Sn films deposited on sapphire at three equivalent 
positions of a 2.6 GHz Nb cavity. The inset shows the transition region of film resistivity into the 
superconducting state. 
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Table 3. Superconducting properties of the Nb3Sn films deposited at three positions replicating 2.6 GHz 
Nb SRF cavity.  

Positions Tc (K) ΔTc (K) RRR 
Top beam tube 17.61 0.24 2.26 

Equator 17.76 0.06 3.00 

Bottom beam tube 17.73 0.10 5.01 

 

5. Cavity coating 

5.1 Multilayer coating of 2.6 GHz SRF Nb cavity 

A scaled TESLA-shape single-cell 2.6 GHz Nb cavities, made from high-purity Nb with RRR 

~300, were used in this study [8].  After fabrication and prior to the film deposition, cavities were 

electropolished for 120 µm in electropolishing solution (HF(70wt%) and H2SO4(96wt%) in 1:10 

volumetric ratio), annealed at 800 °C for two hours in a high vacuum furnace, and electropolished for 25 

µm in EP solution again. Polished cavities were rinsed and assembled for cryogenic testing in ISO4 

cleanroom. In cryogenic RF testing cavities exhibited the standard performance expected with the 

electropolishing preparation, where the maximum field was limited to Eacc ≈ 30 MV/m by the high field 

Q-slope. The quality factor at low fields was above 7⋅109 at 2.0 K and 8⋅1010 at 1.4 K. Following the 

cryogenic RF testing, cavities were disassembled, cleaned, and prepared for film deposition in ISO4 

cleanroom. 
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Fig. 10. 2.6 GHz Nb SRF cavity placed in the cylindrical magnetron-sputtering coating chamber for Nb-
Sn multilayer deposition. The top magnetron with its target placed can be seen. The corrugated flexible 
line to the right is used to supply Ar gas during deposition to the discharge space. 

 

Figure 10 shows the 2.6 GHz Nb SRF cavity inside the chamber for Nb-Sn multilayer deposition. 

The same deposition conditions and automation program used for Nb3Sn fabrication on the flat Nb 

substrates were used for Nb3Sn coating of the inside surface of the SRF cavity. The coating inside the 

cavity looked uniform, with no visible film peeling. The coated cavity was then annealed in a separate 

high vacuum furnace. The furnace features 12” x 12” x 18” hot zone enclosed with molybdenum heat 

shields. Custom molybdenum covers were assembled onto the cavity flanges prior to annealing and the 

furnace with the cavity setup was evacuated to 6⋅10-7 Torr. The hot zone with the cavity was first degassed 

at about 300 °C for 24 hours. The furnace pressure was about 2⋅10-7 Torr before the main annealing cycle. 

The main annealing cycle was done at 950 °C for 3 hours.  Figure 11 shows the temperature profile of the 
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annealing cycle used for the coated cavity. Figure 12 shows the inside picture of the coated cavity surface 

before and after annealing. A slight variation in appearance inside the cavity  after the annealing. 

 

Fig. 11. Temperature profile of the annealing process for the coated cavity. The annealing cycle consists 
of a degassing phase for 24 hours followed by the main annealing cycle at 950 °C for 3 hours, when Nb-
Sn multilayers are converted into Nb3Sn film. 
 

 
Fig. 12. Pictures of the coated cavity surface (a) as-deposited (b) after annealing at 950 0C for 3 hours. 
Note uniform appearance and matte color of Nb3Sn coating. 
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5.2. Coated cavity performance 

After furnace annealing, the cavity was prepared for cryogenic RF testing in the cleanroom. The 

cavity did not receive any chemical surface treatment after annealing other than high pressure water 

rinsing using ultra-high purity water. During cryogenic RF test, the coated cavity demonstrates a quality 

factor (Q0) of 3.2 x 108 at Eacc = 5 MV/m at Tbath = 4.4 K and Q0 of 1.1 x 109 at Eacc = 5 MV/m at Tbath = 

2 K, as shown in the Figure 13. 

  

Fig. 13. Q0 versus Eacc at 4.4 K and 2.0 K for the Nb3Sn-coated 2.6 GHz Nb cavity. For comparison, 
typical Q0 values of the uncoated 2.6 GHz niobium cavities at 4 and 2 K are shown. 

 

After high field measurements were completed, a network analyzer was connected to cavity ports 

to measure cavity Q0 as a function of temperature. As the temperature of the cavity increased during warm-

up, Q0 of the cavity was continuously measured from the width of the resonant peak in s21 transmission 

using FWHM technique. The measurement results are shown in Figure 14. As expected for Nb3Sn, the 

superconducting transition is seen at about 17.9 K. Another superconducting transition is observed at 
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about 9.2 K. This transition is likely caused by Nb end flanges used for cryogenic testing of this cavity. 

Another transition can be noticed at about 8 K. We speculate that there may be Sn-deficient regions close 

to the ends of the cavity, which cause the transition at 8 K. 

 
Fig. 14. QL versus T data showing the superconducting transition temperature of 17.9 K due Nb3Sn 
coating. Two other transitions are seen in the plot at lower temperatures due to uncoated regions. 
 
 
6. Conclusion 

We have designed and commissioned a cylindrical magnetron sputtering coating system capable 

of coating Nb3Sn on the inner surface of 2.6 GHz SRF cavities using two identical DC cylindrical 

magnetrons. A sample holder allows coating on flat Nb or sapphire substrates at positions similar to the 

equator and beam tubes of 2.6 GHz SRF cavity was used to find optimal conditions to grow Nb3Sn layers. 

Nb3Sn films on the flat samples achieved Tc in the range of 17.61‒17.76 K. A similar film was deposited 

on a 2.6 GHz single-cell Nb cavity for the first time. The coated cavity demonstrated Q0 of 3.2 x 108 at 

Tbath = 4.4 K and Q0 of 1.1 x 109 Tbath = 2 K, both at Eacc = 5 MV/m with a superconducting transition 

temperature of 17.9 K. Ongoing work with the DC cylindrical magnetron sputtering system includes 
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improving the coverage and quality of the Nb3Sn film on 2.6 GHz Nb SRF cavity using sequential and 

co-sputtering Nb and Sn. 
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