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The optimized superconducting multilayer structure is a candidate technology
to improve the accelerating field of superconducting particle accelerators. In the present project,
we have succeeded in proof-of-concept experiments and made progress in the theory of the multilayer
structure. We fabricated samples of multilayer structures by coating bulk pure-Nb substrate with a

thin NbN layer separated by an insulator layer. We measured the first vortex penetration field (Bv)
for samples with different NbN thicknesses and confirmed the optimum thickness. The maximum Bv is 20
% higher than bulk Nb alone. Also, we calculated the superheating field (Bsh) of the multilayer
structure in the diffusive limit using the BCS theory and studied the thickness dependence of Bsh.
Here, Bsh corresponds to the theoretical limit of Bv. The nonlinear surface resistances of
multilayer structures were also calculated using the BCS theory.



cm ( 1GHz2)
( )
(Nb) Nb
(Hcl) ( )
Nb
Nb Hcl
Nb
2006 [1] Nb
Hei Nngn
100MV/m
Nb
Nngn
Nb
2013 [2]
(Young Scientists Best Poster Award, SRF2013, Paris, France 2015
T<<T: (T.
) [3] 2016
[31

[4] Highlights of 2017, Superconductor Science and
Technology, United Kingdom

Nb

(1.3GHz )

Nngn
400mT 100MV/m
Nb 2

(I1LC) 2

1.3GHz TESLA



RRR

[5]1 3GHz
KEK ULVAC
ULVAC
— KEK
RRR
(1.3GHz TESLA ) 3GHz
KEK Thomas Jefferson National
Accelerator Facility (Jlab)
KEK
KEK
ULVAC Jlab
3GHz RF
Jlab
BCS
Nb (NbN) NbN-1-Nb
ULVAC
Si — NbN 200nm  XRD
SEM  AFM [6.7]
14K
Nb (RRR>300) Si0; NbN-Si0,-Nb
[6,7] NbsSn [7.8]
[9,10] KEK
[11,12] KEK NbN-
Si10.-Nb (Bv NbN ()]
B, d By 200nm
By
Nb 20% [13-17] NbsSn-1-Nb
By
3GHz [18] Jlab
Jlab
9 9 Nb Nb 7
NbTi 2 RRR  Nb 2 3
NbTi Nb Jlab Nb
CEA Paris-Saclay Atomic Layer Deposition(ALD)
Nb 1
ULVAC 5
3 Nb
NbTi Nb 1
2 NbTi Nb KEK
KEK
2 Nb Nb
Nb3Sn Nb3Sn
Nb3Sn



[19,20,21] BCS

Nb

[20] Bsn

[22,23] [3,4] clean limit

dirty limit
BCS dirty limit Bsn
dirty limit 10%
[23]
2020 COVID-19
Jlab
3GHz 2020

[1] A. Gurevich, Enhancement of rf breakdown field of superconductors by multilayer
coating, Applied Physics Letters 88, 012511 (2006).

[2] T. Kubo, Y. lwashita, and T. Saeki, Radio-frequency electromagnetic field and
vortex penetration in multilayered superconductors, Applied Physics Letters 104, 032603
(2014).

[3] A. Gurevich, Maximum screening fields of superconducting multilayer structures,
AIP Advances 5, 017112 (2015).

[4] T. Kubo, Multilayer coating for higher accelerating fields in superconducting
radio-frequency cavities: a review of theoretical aspects, Superconductor Science and
Technology, 30, 023001 (2017).

[5] V. Palmieri et al., Atmospheric surface treatments for improving the Q-value of
6GHz niobium cavities, in Proceedings of SRF2011, Chicago, IL USA (2011), TUIOAOL.
[6] R. Ito et al., Development of coating technique for superconducting multilayered
structure, in proceedings of IPAC2018, Vancouver, BC, Canada (2018), p. 4954.

[7] R. Ito et al., Construction of thin-film coating system toward the realization of
superconducting multilayered structure, in proceedings of LINAC2018, Beijing, China
(2018), p. 445.

[8] R. Ito et al., Nb3Sn Thin film coating method for superconducting multilayered
structure, in proceedings of SRF2019, Dresden, Germany (2019), p. 628.

[9] Y. Iwashita et al., Measurement of thin film coating on superconductors, in
proceedings of IPAC2017, Copenhagen, Denmark (2017), p. 1043.

[10] Y. Iwashita et al., R&D of thin film coating on superconductors, in proceedings
of SRF2017, Lanzhou, China (2017), p. 877.

[11] H. Ito et al. Lower critical field measurement system of thin film superconductor
in proceedings of IPAC2018, Vancouver, BC, Canada (2018), p. 3882.

[12] H. Ito, H. Hayano, T. Kubo, and T. Saeki, Vortex penetration field measurement
system based on third-harmonic method for superconducting RF materials, Nuclear
Instruments and Methods in Physics Research Section A 955, 163284 (2020).

[13] R. Katayama et al., Evaluation of superconducting characteristics on the thin-
film structure by NbN and inslator coating on pure Nb substrate, in proceedings of
IPAC2018, Vancouver, BC, Canada (2018), p. 3653.

[14] R. Katayama et al., Precise evaluation of characteristic of the multilayer thin-
film superconductor consisting of NbN and insulator on pure Nb substrate, in proceedings
of LINAC2018, Beijing, China (2018), p. 391.

[15] R. Katayama et al., Evaluation of the superconducting characteristics of multi-
layer thin-film structures of NbN and Si02 on pure Nb substrate, in proceedings of
SRF2019, Dresden, Germany (2019), p. 807.

[16] H. Ito et al., Lower critical field measurement of thin film superconductor, in
proceedings of LINAC2018, Beijing, China (2018), p. 484.

[17] H. Ito et al., Lower critical field measurement of NbN multilayer thin film
superconductor at KEK, in proceedings of SRF2019, Dresden, Germany (2019), p. 632.



[18] T. Saeki et al., Fabrication of 3.0-ghz single-cell cavities for thin-film study,
in proceedings of SRF2019, Dresden, Germany (2019), p. 177.

[19] A. Gurevich and T. Kubo, Surface impedance and optimum surface resistance of a
superconductor with an imperfect surface, Physical Review B 96, 184515 (2017).

[20] T. Kubo and A. Gurevich, Field-dependent nonlinear surface resistance and its
optimization by surface nanostructuring in superconductors, Physical Review B 100,
064522 (2019).

[21] T. Kubo, Weak-field dissipative conductivity of a dirty superconductor with Dynes
subgap states under a dc bias current up to the depairing current density, Physical
Review Research 2, 013302 (2020).

[22] T. Kubo, Superfluid flow in disordered superconductors with Dynes pair-breaking
scattering: Depairing current, Kinetic inductance, and superheating field, Physical
Review Research 2, 033203 (2020).

[23] T. Kubo, Superheating fields of semi-infinite superconductors and layered
superconductors in the diffusive limit: structural optimization based on the
microscopic theory, Superconductor Science and Technology 34, 045006 (2021).



18 8 10 15

Takayuki Kubo and Alex Gurevich 100

Field-dependent nonlinear surface resistance and its optimization by surfacenanostructuring in 2019

superconductors

Physical Review B 64522
DOl

10.1103/PhysRevB.100.064522

Takayuki Kubo 58

Optimum multilayer coating of superconducting particle accelerator cavities and effects of 2019

thickness dependent material properties of thin films

Japanese Journal of Applied Physics 88001
DOl

10.7567/1347-4065/ab2f0a

Takayuki Kubo 2

Weak-field dissipative conductivity of a dirty superconductor with Dynes subgap states under a 2020

dc bias current up to the depairing current density

Physical Review Research 13302
DOl

10.1103/PhysRevResearch.2.013302

Hayato Ito, Hitoshi Hayano, Takayuki Kubo, and Takayuki Saeki 955

Vortex penetration field measurement system based on third-harmonic method for superconducting 2020

RF materials

Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, 163284

Detectors and Associated Equipment

DOl
10.1016/j .nima.2019.163284




H. Ito, H. Hayano, T. Kubo, T. Saeki, R. Katayama, Y. lwashita, H. Tongu, R. Ito, T. Nagata, C.
Z. Antoine

Lower Critical Field Measurement of NbN Multilayer Thin Film Superconductor at KEK

2019

Proceedings of SRF2019

634, 638

DOl
10.18429/JACoW-SRF2019-TUPO78

T. Saeki, H. Hayano, T. Kubo, H. Inoue, R. Katayama, F. E. Hannon, R. Rimmer, A.-M. Valente-
Feliciano, Y. lwashita, H. Tongu, H. Ito

Fabrication of 3.0-GHz Single-cell Cavities for Thin-film Study

2019

Proceedings of SRF2019

177, 181

DOl
10.18429/JACoW-SRF2019-MOP054

R. Ito, T. Nagata, H. Hayano, R. Katayama, T. Kubo, T. Saeki, Y. lwashita, H. Ito

Nb3Sn Thin Film Coating Method for Superconducting Multilayered Structure

2019

Proceedings of SRF2019

630, 633

DOl
10.18429/JACoW-SRF2019-TUPO77

R. Katayama, H. Hayano, T. Kubo, T. Saeki, C.Z. Antoine, H. Ito, R. Ito, Y. lwashita, H. Tongu,
T. Nagata

Evaluation of the Superconducting Characteristics of Multi-Layer Thin-Film Structures of NbN
and Si02 on Pure Nb Sunstrate

2019

Proceedings of SRF2019

809, 811

DOl
10.18429/JACoW-SRF2019-THFUA2




R. Katayama, Y. lwashita, H. Tongu, C.Z. Antoine, A. Four, H. Hayano, T. Kubo, T. Saeki, H.
Ito, R. Ito, T. Nagata, H. Oikawa

Evaluation of superconducting characteristics on the thin-film structure by NbN and Insulator 2018

coatings on pure Nb substrate

Proceedings of 9th International Particle Accelerator Conference 3653, 3655
DOl

10.18429/JACoW-1PAC2018-THPALO15

H. Ito, C. Z. Antoine, A. Four, H. Hayano, T. Kubo, T. Saeki, R. Ito, T. Nagata, Y. lwashita, -

R. Katayama, H. Tongu, H. Oikawa

Lower Critical Field Measurement System of Thin Film Superconductor 2018

Proceedings of 9th International Particle Accelerator Conference 3882, 3884
DOl

10.18429/JACoW-1PAC2018-THPAL105

R. Ito, T. Nagata, H. Hayano, T. Kubo, T. Saeki, H. Ito, Y. lwashita, R. Katayama, H. Oikawa -

Development of Coating Technique for Superconducting Multilayered Structure 2018

Proceedings of 9th International Particle Accelerator Conference 4954, 4956
DOl

10.18429/JACoW-1PAC2018-THPML120

R. Katayama, Y. lwashita, H. Tongu, C. Z. Antoine, A. Four, H. Hayano, T. Kubo, T. Saeki, H. -

Ito, R. Ito, T. Nagata, H. Oikawa

Precise Evaluation of Characteristic of the Multi-layer Thin-film Superconductor Consisting of 2018

NbN and Insulator on Pure Nb Substrate

Proceedings of 29th Linear Accelerator Conference 391, 394

DOl
10.18429/JACoW-L INAC2018-TUPO030




H. Ito, C.Z. Antoine, A. Four, H. Hayano, T. Kubo, T. Saeki, R. Ito, T. Nagata, Y. lwashita, R.
Katayama, H. Tongu, H. Oikawa

Lower Critical Field Measurement of Thin Film Superconductor 2018

Proceedings of 29th Linear Accelerator Conference 484, 487
DOl

10.18429/JACoW-L INAC2018-TUPO066

R. Ito, T. Nagata, H. Hayano, T. Kubo, T. Saeki, H. Ito, Y. lwashita, R. Katayama, H. Oikawa -

Construction of Thin-film Coating System Toward the Realization of Superconducting Multilayered 2018

Structure

Proceedings of 29th Linear Accelerator Conference 445, 447
DOl

10.18429/JACoW-L INAC2018-TUPOO50

KUBO Takayuki 54

Physics and Challenges of Superconducting Cavities for Particle Accelerators and Theoretical 2019

Implication towards Higher Performance:

TEION KOGAKU (Journal of Cryogenics and Superconductivity Society of Japan) 275 282
DOl

10.2221/jcsj .54.275

Alex Gurevich and Takayuki Kubo 96

Surface impedance and optimum surface resistance of a superconductor with an imperfect surface 2017

Physical Review B 184515

DOl
10.1103/PhysRevB.96.184515




Kubo Takayuki 2

Superfluid flow in disordered superconductors with Dynes pair-breaking scattering: Depairing 2020
current, kinetic inductance, and superheating field

Physical Review Research 33203

DOl
10.1103/physrevresearch.2.033203

Kubo Takayuki 34

Superheating fields of semi-infinite superconductors and layered superconductors in the 2021
diffusive limit: structural optimization based on the microscopic theory

Superconductor Science and Technology 45006

DOl
10.1088/1361-6668/abdedd

25 11 18

Takayuki Kubo

Theory of field-dependent dissipative nonlinear conductivity in superconducting resonators

10th ACASC / 2nd Asian-ICMC / CSSJ Joint Conference, Okinawa Convention Center (Okinawa)

2020

Takayuki Kubo and Alex Gurevich

Field-Dependent Nonlinear Surface Resistance and Its Optimization by Surface Nano-Structuring of the SRF Cavities

SRF2019, Dresden (Germany)

2019




H. Ito, H. Hayano, T. Kubo, T. Saeki, R. Katayama, Y. lwashita, H. Tongu, R. Ito, T. Nagata, C. Z. Antoine

Lower Critical Field Measurement of NbN Multilayer Thin Film Superconductor at KEK

SRF2019, Dresden (Germany)

2019

T. Saeki, H. Hayano, T. Kubo, H. Inoue, R. Katayama, F. E. Hannon, R. Rimmer, A.-M. Valente-Feliciano, Y. lIwashita, H.
Tongu, H. Ito

Fabrication of 3.0-GHz Single-cell Cavities for Thin-film Study

SRF2019, Dresden (Germany)

2019

R. Ito, T. Nagata, H. Hayano, R. Katayama, T. Kubo, T. Saeki, Y. lwashita, H. Ito

Nb3Sn Thin Film Coating Method for Superconducting Multilayered Structure

SRF2019, Dresden (Germany)

2019

R. Katayama, H. Hayano, T. Kubo, T. Saeki, C.Z. Antoine, H. Ito, R. Ito, Y. lwashita, H. Tongu, T. Nagata

Evaluation of the Superconducting Characteristics of Multi-Layer Thin-Film Structures of NbN and SiO2 on Pure Nb Sunstrate

SRF2019, Dresden (Germany)

2019




R. Katayama

Evaluation of superconducting characteristics on the thin-film structure by NbN and Insulator coatings on pure Nb substrate

The 9th International Particle Accelerator Conference, Vancouver (Canada)

2018

H. Ito

Lower Critical Field Measurement System of Thin Film Superconductor

The 9th International Particle Accelerator Conference, Vancouver (Canada)

2018

R. Ito

Development of Coating Technique for Superconducting Multilayered Structure

The 9th International Particle Accelerator Conference, Vancouver (Canada)

2018

R. Katayama

Precise Evaluation of Characteristic of the Multi-layer Thin-film Superconductor Consisting of NbN and Insulator on Pure Nb
Substrate

The 29th Linear Accelerator Conference, Beijing (China)

2018




H. Ito

Lower Critical Field Measurement of Thin Film Superconductor

The 29th Linear Accelerator Conference, Beijing (China)

2018

R. Ito

Construction of Thin-film Coating System Toward the Realization of Superconducting Multilayered Structure

The 29th Linear Accelerator Conference, Beijing (China)

2018

T. Kubo

A theory of field-dependent surface resistance and possibilities of engineering optimal SN and SIS surface nano-structuring
of the SRF cavities

The 8th International Workshop on Thin Films and New ldeas for Pushing the Limits of RF Superconductivity, the Istituto
Nazionale di Fisica Nucleare, Padova (ltaly)

2018

T. Kubo

Field-dependent nonlinear surface resistance and its optimization by surface nano-structuring of the SRF cavities

The 19th International Conference on RF Superconductivity, Dresden (Germany)

2019




Takayuki Kubo

A unified theory of surface resistance and the residual resistance of SRF cavities at low temperatures

the 18th International Conference on RF Superconductivity, SRF2017, Lanzhou (China)

2017

Takayuki Kubo

Surface impedance and optimum surface resistance of a superconductor with an imperfect surface

TESLA Technology Collaboration (TTC) Topical Workshop, Batavia, Illinois (USA)

2017

Takayuki Kubo

Physics of superconducting cavity: towards realization of high-Q and high gradient

14 , ( )

2017

Takayuki Kubo

76

2021




Takayuki Kubo

17

2020

Takayuki Kubo

2020

Takayuki Kubo

ILC

2020

2020

Takayuki Kubo

BCS

99

2020




Takayuki Kubo

100

2020

Takayuki Saeki

Overview of thin-film studies at KEK and Kyoto University.

9th International Workshop on Thin Films and New ldeas for Pushing the Limits of RF superconductivity (Virtual)

2021

Takayuki Saeki

Development of 3 Ghz cavities at KEK

9th International Workshop on Thin Films and New ldeas for Pushing the Limits of RF superconductivity (Virtual)

2021

researchmap
https://researchmap. jp/kubotaka/




(Ito Hayato)

(Ito Ryohei)

(Katayama Ryo)

(lwashita Yoshihisa)

(Saeki Takayuki)

(Hayano Hitoshi)

(Tongu Hiromu)

(Nagata Tomohiro)




CEA Paris-Saclay CEA irfu

Old Dominion University Jefferson Lab




