Materials Letters 379 (2025) 137710

ELSEVIER

Contents lists available at ScienceDirect
Materials Letters

journal homepage: www.elsevier.com/locate/matlet

materials letters
B

Effect of Sn content on the performance of Nb3Sn superconducting

radio-frequency cavities

Weimin Pan ™", Peng Sha™""", Feisi He ", Zhenghui Mi*", Baiqi Liu ™",

Song Jin“, Chao Dong*, Jiyuan Zhai*", Lingxi Ye ™", Jinxin Yu

& Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
b University of Chinese Academy of Sciences, Beijing 100049, China

a,b

ARTICLE INFO ABSTRACT

Keywords:

Superconducting radio-frequency
Quality factor

Vapor diffusion

NbsSn

Coating

Research of Nb3Sn superconducting radio-frequency (SRF) cavities was carried out at the Institute of High Energy
Physics Chinese Academy of Sciences (IHEP), in order to improve the intrinsic quality factor (Qg) and acceler-
ating gradient (E,c.). Various recipes of coating were attempted at SRF cavities and samples made of Nb, which
resulted in different Sn content. It was found that the Sn content, namely the ratio of Nb/Sn, had great influences
on the performance of Nb3Sn SRF cavities. When the ratio of Nb/Sn was slightly higher than 3, the Nb3Sn SRF

cavities showed the best performance during the vertical test. Qg of 1.3 GHz 1-cell Nb3Sn SRF cavity (the ratio of
Nb/Sn ~ 3.16) reached 3.0 x 1010 (@4.2K)and 1.0 x 101! (@ 2.0 K) at low RF field. This study could provide
insights on the effects of Sn content on the performance of Nb3Sn SRF cavities, which be referenced by the SRF

community.

1. Introduction

SRF cavities made of Nb have been widely adopted by large accel-
erators, such as free electron lasers, synchrotron photon sources, high-
energy colliders and proton/neutron sources. However, the Nb SRF
cavity has nearly reached its theoretical performance limits at present.
Hence, new superconductors beyond Nb are advocated for SRF appli-
cations, among which NbgSn is the most promising candidate. During
the last decade, SRF cavity made of Nb3Sn has progressed quickly, which
demonstrated much higher Qg than Nb [1 -6]. Besides, the superheating
field of NbsSn (Bg, ~ 425 mT) and critical temperature (T, ~ 18.3 K) of
Nb3Sn are much higher than Nb. Hence, Nb3Sn is the most promising
material for SRF application beyond Nb. Many techniques have been
attempted to fabricate NbsSn film, e.g., bronze process, chemical vapor
deposition (CVD), vapor diffusion and magnetron sputtering. To date,
vapor diffusion has been regarded as the most efficient method to syn-
thesize Nb3Sn, which demonstrates the best performance of Nb3Sn SRF
cavity. Techniques other than vapor diffusion are still in the initial stage,
which show much poorer performance. Besides, vapor diffusion is also
feasible, through which Nb3Sn is coated on the Nb substrate. Therefore,
it is adopted for the research of Nb3Sn SRF cavity at IHEP. For the
technique of vapor diffusion, the Sn content is critical to the

performance of Nb3Sn SRF cavity. Hence, the optimum ratio of Nb/Sn
has been studied by other SRF laboratories, which should be ~ 3 [7,8].
In this paper, the Sn content and performance of Nb3Sn SRF cavities
were investigated. The study indicated that when the ratio of Nb/Sn was
slightly higher than 3, the best performance of Nb3Sn SRF cavities was
achieved.

2. The process of vapor diffusion

The process of vapor diffusion was conducted at a dual-vacuum
furnace, which was dedicated for coating of NbsSn and introduced in
detail [9]. In our study, 1.3 GHz 1-cell SRF cavities made of Nb were
adopted as substrate of NbsSn film. The procedure of Nb3Sn coating is
shown as Fig. 1. Sn content was adjusted through the time duration of
coating at the highest temperature, which was 1290 °C for crucible and
1130 °C for vacuum chamber. There were six cavities coated in total, as
shown in Table 1. The amounts of Sn used were ~ 1 g, which 0.4 ~ 0.5 g
for SnCly. The gate valve of the furnace was always open during the
coating process of the three cavities (O1, O2 and 03). For comparison, it
was closed during the coating of the other three cavities (C1, C2 and C3),
in order to increase the vapor pressure of Sn and SnCl,. Hence, the Sn
content should increase.
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Fig. 1. Temperature and vacuum during the coating process.

Table 1

The recipes of coating process.
Cavity Time Gate valve Amount of  Amount of Nb/Sn
No. duration of during Sn (g) SnCl, (g) (Atomic)

coating coating

o1 1h Open 1.0 0.4 3.82
02 2h Open 1.1 0.4 3.48
03 3h Open 1.1 0.4 3.16
Cl 1h Closed 1.1 0.4 3.19
Cc2 2h Closed 1.1 0.5 291
C3 3h Closed 1.0 0.5 2.87

3. Results and discussion

The different recipes of coating process in Table 1 were conducted at
the samples made of bulk Nb (~ 80 mm x ® 45 mm), prior to the real
cavities. The scanning electron microscopy (SEM) of samples was con-
ducted at Hitachi SU5000/8000, as illustrated in Fig. 2 [10 ~12]. The Sn
content of samples was measured with wavelength dispersive spec-
trometer (WDS) on EPMA-1720, and the results are shown in Table 1
[13]. For O3 and C1, the ratios of Nb/Sn were close to three. For 02, the
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ratio was 3.48, which meaned that Sn was not enough. It indicated that
the 2-hour coating of O2 might be too short. For C2 and C3, the ratios of
Nb/Sn were less than three. Thus, Sn was excessive, which should
resulted from closing the gate valve during coating. For O1, the ratio of
Nb/Sn was as high as 3.82, which indicated lack of Sn. Besides, the size
of NbsSn grain was small (< 1 pm). This was very different from the
other recipes, which yielded bigger size (> 1 pm). The grain size was no
uniform and there were patchy areas in Fig. 2, which maybe had a bad
impact on the RF performance of Nb3Sn SRF cavity [14,15].

Following coating, the NbsSn cavities were subjected to high-
pressure rinsing (HPR), assembly with flanges and leak check in the
cleanroom. Afterwards, the NbsSn cavities received vertical RF test
[16,17]. The vertical test dewar was well magnetic shielded, so the re-
sidual magnetic field was less than 8 mGs. The cool-down rate was > 10
min/K between 22 K and 16 K, and the temperature gap between the top
and bottom of the NbsSn SRF cavity was < 0.1 K. Hence, uniform cooling
and little thermal gradient were achieved successfully, which were
favored for Nb3Sn SRF cavity.

The vertical test results of Nb3Sn SRF cavities are shown as Fig. 3.
The five cavities (02, 03, C1, C2 and C3) indicated Qg of ~ 1 x 1010 at
4.2 K, which was typical for NbsSn and remarkably higher than Nb (~ 6
x 10%). In General, the performance of 02 and O3 was better than C1, C2
and C3. The highest Qg at 4.2 K was 3.0 x 10! at 2.0 MV/m and 1.1 x
100 at 10.5 MV/m, which were achieved by 03 and O2 respectively. At
2.0 K, O3 exhibited Qp of ~ 1 x 10! at low RF field, which is much
higher than O2. It is well known that the surface resistance (R;) of SRF
cavity, which is inversely proportional to Qo, consists of two compo-
nents: temperature-dependent BCS resistance (Rpcs) and temperature-
independent residual resistance (Ryes). At 2.0 K, Rpcs is usually very
low and R.s dominates for NbsSn. Therefore, it maybe indicated that
R.es of O3 was low, which had a lower ratio of Nb/Sn than O2. Besides,
C2 and C3 demonstrated worse RF performance than C1 at both 4.2 K
and 2.0 K, which might result from the excess Sn. In short, it could be
preliminary concluded that the ratio of Nb/Sn should be slightly higher
than 3 in our coating process, which resulted in better RF performance
during the vertical tests.

In addition, the other cavity (O1) only reached the relatively low Qg
(< 4 x 10°) at 4.2 K, which was between NbsSn and Nb. In addition, the
Qo value of O1 at 2.0 K was nearly the same as 4.2 K, which was even
lower than the typical Qo of Nb (~ 1 x 10'°) at 2.0 K. Considering that
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Fig. 2. SEM images of Nb3Sn samples with different recipes: (a)-0O1; (b)-02; (c)-03; (d)-C1; (e)-C2; (f)-C3.
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Fig. 3. Vertical test results of 1.3 GHz 1-cell NbsSn SRF cavities (at 4.2 K and 2.0 K).

the ratio of Nb/Sn was 3.82 in Table 1, it was regarded that O1 indicated
poor phase of Nb3Sn because of Sn defficiency.

4. Conclusion

The effect of Sn content on the performance of Nb3Sn SRF cavities
was investigated in this article, which obtained the preliminary results.
At 4.2K, Qo of 1.3 GHz 1-cell NbsSn SRF cavity reached 3.0 x 10'° at 2.0
MV/m, which could be further improved. This study could be referenced
by the SRF community. In future, the coating process will be further
optimized, in order to enhance Qg and E,.. of Nb3Sn SRF cavities. Be-
sides, the conduction cooling of Nb3Sn SRF cavities will be studied, too.
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