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Abstract

:

Nb3Sn-coating experiments on samples and single-cell cavities were conducted at Peking University (PKU) to understand the Nb3Sn growth process using the vapor diffusion method. The evaporation of tin and tin chloride used in the vapor diffusion process was simulated and experimentally analyzed. The results show that the nucleation process is generally uniform, and the atomic ratios of Nb/O and Sn/O were found to be 1:2 within the 10 nm surface of the nucleated samples. Three tin sources were distributed along the cavity axis to obtain a uniform grain size on the cavity surface, and a surface tin content of 25~26% was achieved. The tin segregation effect was found in long-time coatings or coatings with insufficient tin, resulting in a low Sn% and bad cavity performance. By overcoming the tin segregation problem, a Nb3Sn cavity with a 750 nm grain size was produced by 1200 °C coating for 80 min and 1150 °C annealing for 60 min. The acceleration gradient reached 17.3 MV/m without quenching and an obvious Q-slope at 4.2 K. The relationship between coating recipes and vertical test results is discussed and conclusive advice is provided in this paper.
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1. Introduction


Modern particle accelerators have played a crucial role in theoretical physics, material science, radioactive medicine, and environmental science. The superconducting radio-frequency (SRF) cavity is one of the key components in a superconducting accelerator system, which is used to accelerate particles by establishing an electromagnetic field inside. For almost half a century, scientists have been dedicated to improving the performance of niobium cavities that are generally close to the theoretical physical limitation of niobium superconductor. Nb3Sn is known to be a feasible alternative for the construction of SRF cavities with a higher quality factor and an accelerating gradient [1]. Nb3Sn has almost double the critical temperature (18.1 K) and superheating field (420 mT) compared with niobium. The Nb3Sn-coated cavity can contribute to building compact accelerating systems with a much lower cost than that using niobium cavities. The vapor diffusion method is proven to be the most effective method to coat cavities nowadays. In the vapor diffusion method, tin is heated into vapor to be deposited on the inside surface of niobium cavities and forming Nb3Sn. The vapor diffusion method was first applied in the preparation of Nb3Sn TE and TM mode cavities at Siemens AG during the 1970s [2]. A group from Wuppertal University also performed research, and they suggested the annealing step in the coating profile and proposed the necessity of a slow cooling rate for Nb3Sn cavities [3,4]. Then, the tin vapor diffusion method was improved and developed from the Wuppertal method by Cornell University after 2009 to eliminate the Q-slope phenomenon [5,6]. Thomas Jefferson National Accelerator Facility and Fermilab also fabricated Nb3Sn cavities with high performance via the vapor diffusion method [7,8]. Fermilab’s 1.3 GHz single-cell cavity achieves a quality factor of 1 × 1010 with a nearly 24 MV/m accelerating gradient at 4.2 K, demonstrating the feasibility and prospect of Nb3Sn-coated cavities, and representing the state of the art [8].



However, some problems regarding this issue remain to be solved. The coating profile, structure of furnaces and preprocessing greatly vary among different experiments at different institutions [9]. Additionally, the superheating field achieved is far lower than its theoretical limit. Most results of Nb3Sn coating experiments via vapor diffusion methods exhibit a serious Q-slope phenomenon, which leads to a low accelerating gradient [3,10,11,12,13,14,15]. The grain boundary segregation effect refers to low-tin regions in the grain or the grain boundary, and film defects are confirmed to be harmful to cavity performance [16,17,18]. Surface roughness has also been demonstrated to influence the cavity acceleration gradient while traditional polishing methods for niobium are proven not to be so effective for Nb3Sn [19,20,21].



In this work, a new coating design is proposed to apply three tin sources inside a cavity at Peking University (PKU) in order to generate uniform high-pressure tin vapor during the coating process. Samples are produced to separately study the two main processes, the nucleation stage, and the coating stage to further elucidate the differences in the deposition mechanism between a single-tin-source design and a three-tin-source design. Nb3Sn coating experiments are also carried out on 1.3 GHz single-cell Tesla-type cavities using different recipes, and a detailed analysis is presented in this paper.




2. Experimental Descriptions


2.1. Coating Procedure at PKU


The schematic diagram of the furnace for Nb3Sn coating at PKU is shown in Figure 1. The furnace consists of two vacuum systems. The inside chamber is made of pure niobium, and the initial vacuum can reach 10−5 Pa after 48 h of 200 °C degassing. The furnace has a total of six C-type thermocouples to measure the temperature of the outer wall of the inner chamber and one thermocouple to measure the temperature of the outer wall of the evaporating boat area. The temperature control system was experimentally calibrated twice to eliminate the error between temperatures inside and outside the wall of the chamber. This furnace was located in a relatively clean room.



In other typical coating devices for single-cell cavities, the tin source is put at the bottom of the cavity and tin vapor rises to the inside of the cavity [3,6,8,9,10,13,14,15]. We found that the location of the tin source influences the distribution of the tin vapor pressure, which is one of the key parameters during Nb3Sn growth. In our previous single-tin-source experiments, the grain sizes and morphology varied at the top and bottom of the cavity. Therefore, a new tin source arrangement was proposed: three tin sources were put inside the cavity, along the center cavity axis. The tin was stored in small tungsten evaporation boats supported by a 2.5 mm diameter niobium wire, as shown in Figure 2. The distances of the sources from the cavity top were 100 mm, 230 mm, and 420 mm. Detailed comparisons are described in Section 3.3.



The upper beampipe of the niobium cavity was covered by niobium foil. The nucleation agent SnCl2 was stored in a tungsten crucible with an independent heater at the bottom of the chamber. Several small niobium strips or sheets were suspended on the central axis of the cavity as witness samples in every coating experiment. The samples were as small as possible considering that big samples may disturb the tin vapor flow resulting in nonuniform Nb3Sn coatings. Each cavity was buffered chemical polished (BCP) and high-pressure water rinsed (HPR) before loading into the furnace.



The typical temperature profile and the vacuum measurements are shown in Figure 3. In the nucleation stage, the SnCl2 crucible was heated rapidly to 800 °C and kept for 30 min. The vacuum valve of the molecular pump was closed, and during the whole coating process, the vacuum was measured by a film gauge with a measurement range of 0.01–10 Pa. During this procedure, SnCl2 was fully evaporated, and its pressure reached 1 Pa. Then, the SnCl2 crucible cooled down to 500 °C or 650 °C for 4.5 h. The cavity was mounted on a niobium tube to maintain distance from the high-temperature region so that the two temperature regions did not interfere with each other. Then, the cavity temperature was ramped up to 1150–1200 °C and maintained for 2~5 h. Lastly, the system cooled down naturally.




2.2. Nucleation Experiments


The BCP-ed samples received the nucleation process with different parameters and were taken to material tests. Every nucleation experiment used a single-cell 1.3 GHz cavity to offer a similar evaporation environment, and after the experiment, the cavity was BCP-ed lightly to remove surface contaminations created by nucleation.



The nucleation parameters of five nucleation experiments are shown in Table 1. The first two nucleation experiments used a perforated cavity, which means tin chloride would diffuse through the holes and run out of the cavity. The last three nucleation experiments used a whole cavity with niobium foil covering its top beam port. Additionally, SnCl2 and Sn were put in the same tungsten boat at the bottom of the chamber in the 1st and 2nd nucleation experiments while three tin sources were used inside the cavity in the 3rd–5th experiments. The nucleation temperature was set at 500 °C in these experiments.




2.3. Coating Stage Study


In this study, we carried out three-tin-source coating experiments on cavities and samples with different coating times, coating temperatures and amounts of tin. The temperature ramping rate was 10 °C/min. The nucleation profiles of these experiments were the same as those of the 3rd nucleation experiment in Section 2.2 except for the 23rd coating, which used a nucleation time of 8 h. After coating, the cavities were vertically tested at 4.2 K, and witness samples were ultrasonically cleaned and brought to analysis. Detailed experimental variations are shown in Table 2.





3. Results Analysis


3.1. Simulation Analysis of the Vapor Pressure in the Nucleation Stage and Coating Stage


In order to find out the reason that causes the variations in grain size along cavity axes in previous experiments with a single tin source, tin and tin chloride evaporation was analyzed theoretically.



First of all, in the nucleation stage, the vapor pressure of tin was quite small, about 10−6 torr at 800 °C, and tin chloride was dominant. The saturated vapor pressure of tin chloride was larger than several kPa·s [22]. Then, the evaporation rate of the tin chloride could be derived using the Langmuir Formula (1) and the Knudsen number     K   n     could be calculated by Formulas (2) and (3), where     d M   d t     is the evaporation rate of the tin chloride,   A   is the evaporation area,   P   is the vapor pressure,   m   is the atom mass,     k   B     is the Boltzmann constant,   T   is the vapor temperature,   λ   is the mean free path,   d   is the diameter of the atom and   D   is the characteristic length of 300 mm [23,24]. The results are shown in Figure 4a. It can be seen that     K   n       < 0.01, which means viscous flow. The evaporation rate is above 300 g/s at 800 °C, which means 3 g tin chloride would turn to gas in the front stage of nucleation. This derivation assumes the tin chloride vapor is the ideal gas and evaporates at saturated pressure, while actual evaporation can be faster due to a low level of the initial vacuum. Then, the pressure of the tin chloride vapor is supposed to be distributed by gravity after diffusion, as shown in Figure 4b. The pressure gradient between the top and bottom of the cavity is small, allowing us to conclude that the nucleation agent is evenly distributed inside the cavity.


    d M   d t   = A P    m   2 π   k   B   T     



(1)






  λ =     k   B   T    2  π   d   2   P    



(2)






    K   n   =   λ   D    



(3)







The vapor pressure of tin is negligibly low in the nucleation stage, but tin is the main part of the gas in the coating stage while tin chloride vanished. R. Ridgway simulated the tin particle flux on the cavity wall at a temperature of 1400 °C using the free molecular flow module and revealed the importance of the high temperature of the tin source [25]. We simulated the tin evaporation at 1100–1300 °C using the slip flow module in COMSOL Multiphysics. The tin vapor follows a transitional flow, corresponding to the Knudsen number presented in Figure 5a. The evaporation rate used is calculated by Formula (1), shown in Figure 5b. In this model, the cavity upper port is open and only one tin source is used. It is difficult to measure the absorption rate of tin at the cavity wall; we only consider that little tin is absorbed into the walls and most tin vapor flows out through the top end, which may happen in the initial state of the coating stage or after a long time of coating. From the simulation results in Figure 6, pressure at the bottom is nearly 10 Pa while pressure in the upper region is only 2 Pa, which could result in a smaller grain on the upper cavity wall.




3.2. Roles of Nucleation in Vapor Diffusion Method


The single tin source located at the bottom of the chamber seems to generate a non-uniform tin vapor inside the cavity in the coating stage, which may result in a height-dependent Nb3Sn growth rate in our previous experiments due to the last section’s simulation. In this section, the nucleation stage is discussed in detail from the experimental perspective, and the coating stage is discussed in Section 3.3.



Nucleation experiments with different nucleation times and amounts of nucleation agents were studied via SEM. First of all, obvious nucleation sites appear on the sample surface in nucleation experiments with tin and tin chloride, but no nucleation site was found on samples from the nucleation with only tin chloride in the 1st experiment. It is supposed that the tin may participate in the nucleation process. Figure 7 shows the surface nucleation sites obtained by SEM. Triangular, circular, and polygonal nucleation sites can be found in the nucleated samples with a single tin source. The triangular-shaped nucleation sites appeared at the upper part of the cavity, exhibiting a smaller coverage rate of tin particles compared to the other two. The nucleation sites were only found to be circular in three-tin-source nucleation.



ImageJ software is applied to analyze these nucleated particles. ImageJ has powerful capabilities in cytometric analysis, which can treat these nucleated sites as well. Figure 8 shows SEM pictures before and after treated by ImageJ. The coverage rate of the tin particles obtained by this method is affected by the resolution of the SEM; therefore, the results are compared at the same magnification of 3000×. The coverage rates of tin particles have slight differences, shown in Figure 9. The single-tin-source results have much a smaller nucleation site area and larger coverage rates compared with three-tin-source nucleation, probably because the tin source is pre-heated to 800 °C together with tin chloride in the single-tin-source experiment but the three tin sources are not pre-heated.



Comparing the results of 3.0 g and 6.0 g SnCl2 for 5 h nucleation, it is found that using more tin chloride makes the tin particle smaller and decreases the coverage rate. Using a longer nucleation time will slightly increase the nucleation area coverage and average area, which can be discovered from 3.0 g SnCl2 nucleation for 5 h and 8 h. These phenomena are similar to reports by U. Pudasaini [26].



For a better understanding, these nucleated samples were tested via XPS using Argon ion sputtering. It was found that carbon and oxygen contaminations existed, shown in the XPS spectrum in Figure 10. The XPS typically had a detection range of 10 nanometers and the energy spectrum of each sample was measured before and after 15 nm sputtering in order to measure the relative quantity within 0–10 nm and 15–25 nm. The atomic ratio result of the single-tin-source nucleation is displayed in Table 3. To highlight the depth distribution of tin, the relative proportions of tin to niobium were calculated and Sn/(Nb + Sn)% values are shown in Figure 11. The single-tin-source Sn/(Nb + Sn)% value is higher than the other three, probably because the tin was stored in the bottom boat and an amount of tin evaporated during the high-temperature pre-heating period, which proves again that the tin vapor participates in the nucleation sites forming. It can be seen that the Sn/(Nb + Sn)% value is larger with more SnCl2 applied from the results of 3.0 g and 6.0 g SnCl2 nucleation. There is no difference between the 3rd and 5th Sn/(Nb + Sn)% values which correspond to different nucleation times. There is no significant distinction of Sn/(Nb + Sn)% values among the upside, middle, and downside samples of 3.0 g SnCl2 5 h and 8 h nucleation, which means that the nucleation is generally uniform along the cavity axis.



The detected carbon may have come from adsorbed carbon in the air or inside the furnace, and the oxygen is proposed to have originated from the niobium substrate. The contents of elemental carbon and oxygen decrease faster with depth than tin, representing that they mainly exist at the surface.



It is worth mentioning that in every nucleation experiment, the contents of oxygen, niobium, and tin in the 1–10 nm range satisfy the linear relationship, O% = 2 × Nb% + 2 × Sn%, indicating that tin and niobium may exist as NbO2 and SnO2 at the 1–10 nm surface. Figure 12 shows the linear fit results between O%/Sn% and Nb%/Sn%. Oxygen from the niobium substrate may help the surface capture tin atoms from the vapor, a possible reaction is given in Formula (4), which needs to be further verified. There is no linear relationship between the contents of Nb, Sn, and C.


  2   N b   2     O   5   +   S n C l   2   = 4   N b O   2   +   S n O   2   +   C l   2    



(4)







These nucleated samples were sent to the furnace and only dealt with the coating stage to find any difference in the final Nb3Sn films. The samples were analyzed via SEM and EDS. Insignificant differences were found in the grain topography and surface tin content.




3.3. Differences between Single-Tin-Source and Three-Tin-Source Coatings


In the early coating experiments with one tin source and ~200 °C temperature gradient between the tin source and the cavity, witness samples at three positions along the cavity axis were found with disparate features. SEM photos from these experiments are presented in Figure 13. It can be found that the samples hung at the bottom of the cavity have hollow grains and the grains of the upside sample are smaller than the downside.



We designed a new coating setup with three different amounts of tin sources inside the cavity to decrease the distance between the tin source and the cavity surface. This kind of setup has two advantages:




	
Making the tin vapor pressure more uniform in the vertical direction;



	
Avoiding the risk of excessive liquid tin condensation because the tin sources always have a lower temperature than the cavity.








The curves of average grain size (AGS) versus height of single-tin-source coatings and three-tin-source coatings are displayed in Figure 14. The AGS was calculated by the MATLAB script, based on the line intersection method [27]. Figure 14 shows that the uniformity of the grain size is improved by decreasing diffusion distance and dispersing evaporation sources. In brief, the coating stage is the main process that determines the grain uniformity at different heights, and the three-tin-source design is proven to generate tin vapor with uniform pressure according to these experimental data and analyses in Section 3.1 and Section 3.2.




3.4. Tin Segregation Effect and Principles of Coating Stage


Discussions in this section are focused on how different coating stage parameters affect the coatings. Samples from the 12th to the 19th experiments were SEM/EDS-tested to measure the surface Sn% and the grain sizes. The tin segregation effect was observed on the 12th, 13th, and 14th witness samples. The tin content of the surface is determined by the reaction rate and the evaporation rate of the surface, which can be controlled by coating temperature and time for a certain amount of tin usage. As the evaporation continues, the pressure decreases and the reaction rate decreases to less than the evaporation rate in the surface, and the tin begins to segregate from the Nb3Sn surface.



Thus, an insufficient tin supply or too long a coating time will cause a tin segregation effect. In the 12th experiment, Nb3Sn grains were incomplete, and the grain boundaries were inconspicuous, due to only 1.2 g of tin being utilized.



In the 14th–16th coatings, the tin sources were consumed completely, and the coating temperature was the same at 1200 °C, but the coating times were 300 min, 150 min and 120 min, respectively. The samples were TEM/EDS-tested to obtain the Nb3Sn thickness and cross-sectional Sn%. From the test results, surface Sn%, cross-sectional Sn%, grain size and thickness all decrease with the coating time, as shown in Figure 15. The sample of 300 min coating gives a morphology feature of holes inside the grain, while the samples of 150 min and 120 min coating have no tin segregation effect and show complete grains.



Comparing 1150 °C 300 min and 1200 °C 300 min samples with tin segregation, the tin segregation effect became worse with increases in temperature. When the coating temperature changed from 1150 °C to 1200 °C, the film thickness decreased from 1796.6 ± 0.24 nm to 1624.1 ± 0.37 nm, and the cross-sectional Sn% also decreased from 24.4% to 20.3%.



The normal Nb3Sn coatings in the 16th, 17th, 19th, 22nd, and 23rd experiments have similar topography; the Sn% and AGS comparisons are given in Table 4. It can be found that the growth of Nb3Sn at 1200 °C is faster than that of 1150 °C compared with the 16th and 17th coatings. The tin contents are generally larger than 25%, even achieving 26% in our coatings, which exceeds the levels of 24~25% reported by other institutions [7,13,14,15,16]. Subsequently, we attempted to add an annealing stage at 1100 °C and reduce the coating time to 80 min in 19th, 22nd, and 23rd experiments in order to reduce the temperature and vapor pressure of the tin vapor and adjust the tin content in the film to 25%. It can be seen that annealing can lightly reduce the grain size and help lower the surface Sn%.




3.5. Cavity Vertical Tests


All the coated Nb3Sn cavities were vertically tested at 4.2 K temperature at PKU. The Nb3Sn cavities received the standard HPR procedure before the vertical test. The ambient magnetic field was less than 2 mg. A slow cooling rate of 5–10 min/K was applied from 25 K to 15 K to minimize additional flux penetration originated by the Seebeck effect. The transition temperatures of cavities without Sn segregation were near 18 K, measured during the vertical test. The results of the cavity vertical tests are shown in Figure 16 and Figure 17. Obviously, the 15th–19th cavities without the tin segregation effect have a better performance than the 12th and 14th cavities whose grains are incomplete and have holes. The Q of the NS02 cavity from the 16th experiment reached 4.82 × 109 @ 0.7 MV/m but decreased with     E   a c c     rapidly. The 15th, 16th, and 17th cavities all had a strong Q-slope, and the maximum     E   a c c     is 10.5 MV/m due to the power limit.



The 19th, 22nd, and 23rd cavities coated with an annealing stage have relatively flat Q-E curves. The 19th NS04 cavity reaches a maximum gradient of 17.3 MV/m limited by power, and the 23rd NS02 cavity has a similar performance. We believe that two types of curves from cavities with and without annealing have different patterns because the tin contents vary. J. Lee’s work proposed that grain boundary tin segregation can cause the Q value to degrade with the accelerating field [16]. The annealing stage may improve the situation of excess tin inside the grain or grain boundary after the coating stage, corresponding to the EDS results from the witness samples. Excess tin atoms inside the grain lattice are dangerous for cavity superconductivity; once the Sn atoms form normal conducting lattices larger than the coherence length, the cavity would quench.



Here, we give three possible reasons for these Q values being lower than 1 × 1010.



	
Carbon contamination was found on the surface of samples from most coating experiments;



	
Recrystallization of niobium cavities due to long time baking, which might cause the nucleation non-uniformity among Nb grains with different orientations, forming patchy regions and increasing the surface roughness;



	
Excess tin in the grain would help trap more flux and create extra surface resistance.








4. Discussions


4.1. Summary of Present Work


The nucleation stage and coating stage of the tin vapor diffusion process are studied separately on witness samples and cavities. Here is a summary of the main results.



	
The location of the tin source influences the vapor pressure distribution and grain growth. A three-tin-source setup will make the coating more uniform along the cavity axis and prevent liquid tin condensation on the cavity. Moreover, the surface Sn% can reach beyond 25% through this setup, compared with a second heater set proposed by Cornell University [28];



	
The topography of the nucleation site is slightly affected by the nucleation time or the amount of nucleation agent SnCl2, but the final Nb3Sn films show no obvious differences. Tin is found to probably form SnO2 within 10 nm of the surface;



	
The tin segregation effect has been discovered in coatings of long coating times and insufficient tin. Tin would segregate from the Nb3Sn grains, reducing the grain size and surface Sn%, creating holes in the surface center of the grain. The tin segregation effect is harmful to cavity performance;



	
Annealing at 1100 °C has been experimentally proven to decrease the Q degradation with the acceleration gradient.







4.2. Limitations of Present Work and Future Plans


First of all, our experimental analysis is based on the witness samples hung along the axis of the cavity which could not represent the actual situation of Nb3Sn coating at the cavity equator.



The recent Q of Nb3Sn-coated cavities at 4.2 K is generally lower than 1.0 × 1010, which needs to be increased by controlling the tin content in the grain and the boundary and improving the topography of the Nb3Sn film. The parameters of the nucleation stage and the annealing stage should be carefully designed after comparison experiments, while the tin distribution in the grain should be measured using high-resolution methods. Ellipsometry would be used to measure the thickness for comparison with existing data [29]. Furthermore, the chamber environment should be fully checked and cleaned to eliminate any possible contamination sources in the future.



The actual influence of recrystallization is not clear yet. Research on recrystallization by coating large-grain niobium samples with different grain orientations will be carried out.





5. Conclusions


We have studied the fabrication of a Nb3Sn cavity via the tin vapor diffusion method, using witness samples and a 1.3 GHz Tesla-type single-cell cavity. The nucleation and coating processes are analyzed theoretically and experimentally. The results demonstrate that the nucleation is uniform along the cavity axis, and normal Nb3Sn with an evenly distributed grain size is obtained using the three-tin-source coating design and choosing a suitable coating time and temperature. The tin segregation effect reduces the surface Sn% and creates defects on the grains, which is confirmed to have a very bad effect on the cavity performance. The annealing is a necessary procedure in the vapor diffusion method corresponding to our experimental results.
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Figure 1. Scheme diagram of the furnace for Nb3Sn coating at PKU. 
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Figure 2. (a) Schematic of three-tin-source coating design; the tin sources are hung inside the cavity, and the distances of the sources from the cavity top are annotated; (b) photo of cavity interior. 
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Figure 3. A typical temperature profile for Nb3Sn cavity at PKU, the degassing stage is not shown. 
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Figure 4. Calculations for tin chloride: (a) Knudsen number and evaporation rate at 450 °C–800 °C of tin chloride, calculated from Formulas (1)–(3); (b) presents the vapor pressure at different temperatures and heights, showing that the vapor pressure of tin chloride is uniform inside the cavity. 






Figure 4. Calculations for tin chloride: (a) Knudsen number and evaporation rate at 450 °C–800 °C of tin chloride, calculated from Formulas (1)–(3); (b) presents the vapor pressure at different temperatures and heights, showing that the vapor pressure of tin chloride is uniform inside the cavity.
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Figure 5. Calculations for tin: (a) Knudsen number and (b) evaporation rate at 500 °C–1400 °C; the tin vapor follows transitional flow at 1100 °C–1300 °C. 
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Figure 6. Pressure and temperature of the tin vapor were simulated using slip flow module in COMSOL; (a) presents the vapor pressure, which is nonuniform in the vertical direction; (b) shows the temperature of tin vapor. 
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Figure 7. (a) SEM pictures of triangular, polygonal, and circular nucleation sites from single-tin-source nucleation, the magnification is about 30,000; (b) SEM pictures of circular nucleation sites from three-tin-source nucleation, the magnification is about 6000. 
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[image: Applsci 13 08618 g007]







[image: Applsci 13 08618 g008 550] 





Figure 8. The nucleation sites extracted (b) from the preliminary SEM picture (a) by ImageJ. 
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Figure 9. (a) Tin particle coverage rates and (b) area of nucleation sites from 2nd–5th nucleation experiments; the data are calculated from ImageJ-treated SEM figures. 
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Figure 10. XPS spectrum of a nucleated sample after sputtering. C and O are found in the spectrum; data are from 2nd nucleation experiment (3 g SnCl2, 1.5 g Sn, 5 h, single tin source). 
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Figure 11. Sn/(Sn + Nb)% of samples within 0–10 nm (a) and 15–25 nm (b) from the nucleation experiments, measured via XPS. 
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Figure 12. Linear fit result of the Nb, Sn, and O contents; y and x present the ratios of O/Sn and Nb/Sn, respectively, both of which are close to 2. 
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Figure 13. SEM pictures of samples at the top and bottom of the cavity; (a) is from a single tin source and (b) is from three tin source coatings. 
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Figure 14. The curve of AGS versus height from single tin source (6th and 7th) and three tin source (13th–16th) coatings. 






Figure 14. The curve of AGS versus height from single tin source (6th and 7th) and three tin source (13th–16th) coatings.



[image: Applsci 13 08618 g014]







[image: Applsci 13 08618 g015 550] 





Figure 15. Comparisons of 1200 °C 300 min, 1200 °C 150 min, and 1200 °C 120 min coatings: (a) surface Sn%, AGS, and average depth of the Nb3Sn films; (b) SEM photographs of Nb3Sn grains with and without tin segregation effect; (c) TEM photographs of Nb3Sn films; cross-sectional Sn% is annotated. 
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Figure 16. The 4.2 K vertical test results of the 12th–17th coated cavities without the annealing stage noted that the 12th and 14th cavities have a bad tin segregation effect; the maximum Q (from the 16th experiment) reaches 4.82 × 109 @ 0.7 MV/m. 
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Figure 17. The 4.2 K vertical test results of the 19th, 22nd, and 23rd coated cavities with the annealing stage; the maximum gradient (from the 19th experiment) reaches 17.3 MV/m. 
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Table 1. Nucleation experiments parameters.
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	Number
	Assembly
	Tin Source
	Amount of SnCl2/Sn
	Nucleation Time





	1
	cavity with holes
	single
	3 g/0 g
	5 h



	2
	cavity with holes
	single
	3 g/1.5 g
	5 h



	3
	cavity
	three
	3 g/2.4 g
	5 h



	4
	cavity
	three
	6 g/2.4 g
	5 h



	5
	cavity
	three
	3 g/2.4 g
	8 h
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Table 2. Coating stage study experimental parameters.
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	Number of

Experiments
	Number of Cavities
	Tin Weights/g
	Tin Chloride Weights/g
	Coating

Temperature/°C
	Coating Time/min
	Annealing

Temperature/°C
	Annealing Time/min





	12
	NS01
	0.3 + 0.4 + 0.5
	3
	1150
	300
	-
	-



	13
	NS04
	0.6 + 0.8 + 1.0
	3
	1150
	300
	-
	-



	14
	NS01
	0.6 + 0.8 + 1.0
	3
	1200
	300
	-
	-



	15
	NS03
	0.6 + 0.8 + 1.0
	3
	1200
	150
	-
	-



	16
	NS02
	0.6 + 0.8 + 1.0
	3
	1200
	120
	-
	-



	17
	NS06
	0.6 + 0.8 + 1.2
	3
	1150
	120
	-
	-



	19
	NS04
	0.6 + 0.8 + 1.0
	3
	1150
	90
	1100
	60



	22
	NS01
	0.6 + 0.8 + 1.0
	3
	1200
	90
	1100
	60



	23
	NS02
	0.6 + 0.8 + 1.0
	3
	1200
	90
	1100
	60
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Table 3. XPS elements analysis data from 2nd nucleation experiment (3 g SnCl2, 1.5 g Sn, 5 h, single tin source).
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Location

	
    C    %

	
    O    %

	
    N b    %

	
    S n    %

	
      S n   S n + N b      %






	
up

	
0 nm

	
51.85

	
32.22

	
8.32

	
7.61

	
48




	
15 nm

	
27.74

	
19.32

	
44.93

	
8.01

	
15




	
middle

	
0 nm

	
55.35

	
30.08

	
8.19

	
6.38

	
44




	
10 nm

	
23.91

	
21.22

	
49.10

	
5.77

	
11




	
bottom

	
0 nm

	
44.04

	
37.40

	
10.50

	
8.06

	
43




	
15 nm

	
18.33

	
21.78

	
54.69

	
5.21

	
9
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Table 4. Results and parameters of 16th, 17th, 19th, 22nd, and 23rd experiments.
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	Experiment
	Sn% by SEM/EDS
	AGS/nm
	Coating

Temperature/°C
	Coating Time/min
	Annealing

Temperature/°C
	Annealing Time/min





	16
	25.8
	2316
	1200
	120
	
	



	17
	26.1
	1748
	1150
	120
	
	



	19
	23.7
	740
	1150
	80
	1100
	60



	22
	25.4
	909
	1200
	80
	1100
	60



	23
	25.4
	854
	1200
	80
	1100
	60
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