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- YN

See also articles written by Nb vendors (in Japanese)
H. Umezawa, , 52, 79,(2017) 19
T. Nagata, , 52, 85,(2017)
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Fabrication
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Electropolishing(2)
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High pressure
rinsing

Assembling

Low-temperature
baking
(100-140°C, 48hours)

Annealing
(750-900°C, 2-3hours)

Test cavity

\_ J

I3 Barkc;\‘P, A. Romanenko, lzgnd A. Grassellino, 10
_ Phys. Rev: ST Accel. And Beams 15, 122001 (2012) ' #™M

-

FIG. 3. Lenslike structures after 77 K hold on mechanically
polished (a) fine grain sample: (b) single grain sample
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J.Knoblock, “ The Q di sease in Superconduct

”

Cavities, 28
AIP Conference Proceedings 671, 133 (2003)
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Materials

Fabrication

Electropolishing(1)
(100-200pm)

Annealing
(750-900°C, 2-3hours)

Electropolishing(2)
(several pm)

H. Sakai et al.,

High pressure
rinsing Phys. Rev. Accel.‘Beams 22,022002 (2019)
(a) 100 «
. P. Bernard et al., In proceedings
Assembling of EPAC1992, Berlin, Germany
QM) 10 Lo (1992)

Low-temperature
baking
(100-140°C, 48hours)

Test cavity 0 2 4 6 8 10 1
k / Courtesy of Mathieu Omet (KEK) Eq (MV/m]
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Materials

Fabrication

Electropolishing(1)
(100-200pm)

Annealing
(750-900°C, 2-3hours)

Courtesy of Mathieu Omet
(KEK)

Electropolishing(2)
(several pm)

High pressure
rinsing

Assembling

Courtesy of Mathieu Omet

48

Low-temperature
baking
(100-140°C, 48hours)

Test cavity

"\, Courtesy of Mathieu Omet (KEK)




([ILC recipe] I

Materials

Fabrication

Electropolishing(1)

(100-200pm)

Assembling

Low-temperature

baking
(100-140°C, 48hours)

Test cavity

1.00E+11
L. Lilje et al., in Proceedings of SRF1999, Santa Fe, New Mexico, USA (1999), p. 74, TUAOO1.

A
A
" ¥ e g - ¢ * * A
n LI ® A
. 1.00E+10 -+ - %
Without L
@
A
Q, * A

baking p
1.00E+09 - ‘ '
High field
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W- 1,00E+10
Ith
. <]
baking
1,00E+09
+ 100 um EP half cell (CERN) + 100 um EP (KEK) + bake
® 100 um EP he (CERN) + 32 um BCP+100um EP (KEK) + bake
A 100 um EP hc (CERN) + 50 um BCP +220 um EP (KEK) + bake
1,00E+08 T T T T T T T .
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E.cc [MV/m]
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Table 1. Superconducting parameters for some candidate materials considered for SRF applications.

TC Pn Hc: (0) Hc] (0) HCZ (0) A €
K)  (uf2cm) (T) (T) (T) (nm) (meV)  (nm)
Nb 9.23 2 0.2 0.18 0.28 40 1.5 35
NbN 16.2 70 0.23 0.02 15 200-350 2.6 3-5
NbTiIN 17.3 35 0.03 15 150-200 2.8 5
Nb;Sn 18 8—20 0.54 0.05 28 80-100 3.1 1
V3Si 17 2 0.72 0.072 24.5 179 2.5 3.5
Nb;Al 18.7 54 33 210 3
MosRe 15 10-30 0.43 0.03 3.5 140
MgB, 40  0.1-10 043 003  3.5-60 140 p3/72 5
Pnictides | 30-55 0.5-0.9 30 50-135 200 10-20 2

Anne-Marie Valente -Feliciano, Supercond. Sci. Technol. 29, 113002 (2016)
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Figure 3. Spatial distributions of (a) H, js, (b) A, and A obtained
from the self-consistent solutions of the coupled Maxwell-Usadel
equations (equations (5)—(11)). For Hy ~ H. (red), the non-linear
Meissner effect manifests itself in the vicinity of the surface.

T. Kubo, Supercond. Sci. Technol. 34, 045006 (2021)
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Table 1. Superconducting parameters for some candidate materials considered for SRF applications.

Material TC Pn Hc] (0) HCZ (U) A
(K)  (uf2cm) (T) (T) (nm)
Nb 9.23 2 0.18 0.28 40
NbN 16.2 70 0.02 15 200-350
NbTIN 17.3 35 0.03 15 150-200
Nb;Sn 18 8—20 0.05 28 80-100
V;Si 17 4 0.072 24.5 179
Nb;Al 18.7 54 33 210
MosRe 15 10-30 0.03 3.5 140

0.03 3.5-60 140
30 50-135 200

MgB, 40 0.1-10
Pnictides | 30-55

Anne-Marie Valente -Feliciano, Supercond. Sci. Technol. 29, 113002 (2016)
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Table 1. Superconducting parameters for some candidate materials considered for SRF applications. R O
1
Material T. p. H.(0)  H.©0) Ho(0) A A 3 C
K)  (uS2em) (M (D (T) (nm) (meV)  (nm)
Nb 9.23 2 0.2 0.18 0.28 40 1.5 35 O
NbN 16.2 70 0.23 0.02 15 200-350 2.6 3-5
NbTiN 17.3 35 0.03 15 150-200 2.8 5 SO > I¥F N \
NbsSn 18 8-20 0.54 0.05 28 80-100 3.1 4 BCSEE"HH éfi A ‘i FJ”I:?b ﬁﬁ 2 T
V;Si 17 4 0.72 0.072 24.5 179 2.5 35 14 . T
Nb;Al 18.7 54 33 210 3
MosRe 15 10-30 043 0.03 3.5 140 O -r[ U
MgB, 40 0.1-10  0.43 0.03 3.5-60 140 23 /7.2 5 t 7:-; 6

Pnictides  30-55 0.5-0.9 30 50-135 200 10-20 2
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When O 'O , we have
‘dm) "OHb . This means
that a superconductor
containing a vortex is
unstable.

Vortex state is unstable.
Meissner state is stable.

When O 'O , we have
‘dm) "OHb . This means
that a superconductor
containing a vortex is as
stable as that without a
vortex.

Vortex state is as stable
as Meissner state.
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Table 1. Superconducting parameters for some candidate materials considered for SRF applications.

Material T, Pa H.(0)  Hy(0) Hg(0) A A\ £
K)  (uSdem) (T (D (T) (nm) (meV)  (nm)

Nb 9.23 2 02 0.18 028 40 L5 35

NbN 16.2 70 023 002 15 200350 26  3-5 o z .

NDTIN . 173 35 0.0 IS 150200 2.8 5 Nb:o e o Ylmtd
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73S 17 4 07 70 24.5 179 25 35 NbN: O é cC 4

Nb;Al 18.7 54 33 210 3 >

MosRe 15 1030 043 003 3.5 140

MgB, 40  01-10 043 003 3560 140 23/72 5
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YO T[ J. R. Clem and V. G. Kogan, Phys. Rev. B86, 174521 (2012);

= T. Kubo, Phys. Rev. Research 2, 013302 (2020);
T. Kubo, Phys. Rev. Research 2, 033203 (2020).
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L T. Kubo, Phys. Rev. Research 2, 013302 (2020), Figure 4
T TR T T. Kubo, Phys. Rev. Research 2, 033203 (2020), Figure 8
1.0 (b) — /8 =0.0
Effects of AN =
SUbg ap 300 K T. KubF), Phys. Rev. Research 2, 013302
304 . (2020);
states 02 T. Kubo, Phys. Rev. Research 2, 033203
o (2020).

0.0 02 04 06 08 1.0
TIT.






3.7 18&35 (superheating field)



#L15 (superheating field)

T>



3.7 18&35 (superheating field)

0 O

superheating field

5

>



3.7 18&35 (superheating field)

6 6
LQ 7

1]

6(0) 6Q 7

. 0

@ —a
y“
A Superconductor
AT
0' >
= X




3.7 18&35 (superheating field)

o) o)
0n'Q f
L O0]" _
0" _
0 DO

1]

6(0) 6Q 7

. 0

@ —a
y“
A Superconductor
AT
0' >
= X
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Lower Critical Field H

When O 'O , we have
‘dm) "OHb . This means
that a superconductor
containing a vortex is
unstable.

Vortex state is unstable.
Meissner state is stable.

When O 'O , we have
‘dm) "OHb . This means
that a superconductor
containing a vortex is as
stable as that without a
vortex.

Vortex state is as stable
as Meissner state.
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Superheating Field Hg,

Let us consider 'O O

: I].l]:i ' ' =' D mm, ., onm ]
where we have 'gmn) Okl . : , .
This means a . “'"j/\ O O
superconductor containing a £ o]
vortex Is more stable than 3
that without a vortex. o
Vortex state is more stable -2 —_ :
than Meissner state. o 1 2 3 1 s
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Superheating Field Hg, Energy barrier

Let us consider 'O O

: “_M:_ _ prm,, unm ]
where we have 'gmn) Okl . : , .
This means a . “'"j/\ O O
superconductor containing a £ o]
vortex Is more stable than 3
that without a vortex. o
Vortex state is more stable -2 —_ :
than Meissner state. o 1 2 3 1 s

o A

Mei ssner s tmetastahles . st i | | *
It is not the global minimum but a local minimum.
Ther e eéensrgyabarriér”
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Superheating Field Hg,

When does the Meissner state become completely unstable?
It is when O exceeds the superheating field O at which the
energy barrier disappears: Qw ) isflatat w Tt

Note here our formulation is not applicable to the vicinity of the
vortex core: we have a short distance cutoff D,. Sowe

examine the condition Qw)isflatat w , insteadof w T
Then
“O TT r 0neg——————————
¥ OO ;\ Meissner state - p mm,, unm
[4 7, /00
0 O -
T _
p .14 114
—0 T P
Vg |
Here the GL result 0 s used l - ]

RiEH Y GL BC%



3.7 \BEWLS (superheating field) | | pand clean limit

(e.g., clean-limit Nb ;Sn, clean-limit NbN etc.)

* clean limit Nb has - D p. So, these formulas are not applicable to Nb

“YO 71 O 11 T[EHJ 0 11 V. P. Galaiko, Sov. Phys. JETP23, 475

(1966)

v 1 " G. Catelani and J. P. Sethna,
T Y Y O (4) Phys. Rev. B 78, 224509 (2008)
F. Pei-Jen Lin and A. Gurevich,
Phys. Rev. B 85, 054513 (2012)

V. P. Galaiko, Sov. Phys. JETP23, 475

-0
H) (1969 kramer, Phys. Rev. 170, 475

w £ o 1IO wr

Yé Y Yy,
P. V. Christiansen,
Solid State Commun. 7, 727 (1969)

M. K. Transtrum , G. Catelani, and J. P.
Sethna,

MDn

Phys. Rev. B 83,094505 (i&iél)



3.7 :BEVEEIS (superheating field) Dirty limit

(e.g., dirty Nb ;Sn, dirty NbN, dirty Nb etc.)

* These results are applicable to dirty Nb (e.g., doped Nb)

“YO 11

O 1 T WO T T. Kubo, Phys. Rev. Research 2, 033203 (2020)

m Y 'Y

0.9

0.8

& 0.7 1

3 0.6

O (4) = 0i8
2 0.4+

< 0.3}

T 0.2

0.1

T. Kubo, Phys. Rev. Research 2, 033203 (2020)
* Effects of Dynes Gamma are also studied in this paper
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00 02 04 06 08 1.0
T/T.

"Yé Y
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o (Y : 5 oCY . ™ TOCY . L. Kramer, Phys. Rev. 170, 475 (1968)
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3.7 18&35 (superheating field)

38

Estimate 6 (YL "Y) of Nb;Sn in the clean limit
Nb,Sn _ O M TD T

You can use 0 U T mT.
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3.8 ZRDOIMZEIERE DR

Q-E curve

1E+11 T o
:O....... °s 0 4 . QJ% 1SGHZ
2:...‘.‘.‘. *t 3 o ® L Y it . .
K | BERE RSN elliptical
i . | WPt .
@.9.9-‘8.%0‘3-9.‘2,2 2 C: 20000 g - :OOO Nb CaV|ty
- e g o]
O EFI0 ke Tre e, C: ..005__
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I -2KI}£2nd) .3
| 18K (2nd) bt

17K (2nd) °
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®1.4K (2nd)

1E+09 :
0 10 20 30 40 S0
Eacc (MV}I‘m)
l l l 0
OmT 85mT 170mT 210mT * O
e’ 0O of Nb
of Nb

Our cavities can regularly exceed 0

. but have never achieved

O . The ultimate limit of cavities made from bulk material is

considered as

11 4

0,

1 1 4

0,

1 1 4

0,
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6 épyxm’yY o6 éctims 6 eum’yY 6 etuvin4

Calculate the corresponding value of O for Tesla
shape cavity. You can use the relation between the
surface magnetic field and gradient: 0 M and

Q 1& gnT/(MV/m).

Compare it with the record field of Nb cavity, % &
v ® 61
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Figure 7. Examples of the magnetic field and current density distributions in a SIS structure, where the magnetic field is normalized by B and
the current density is normalized by that at the interface J;. Assumed parameters are ds = 60 nm, dy = 4 nm, \; = 120 nm and \, = 40 nm.
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Figure 4. Spatial distributions of (a) H, js, (b) A, and A in a layered

superconductor calculated for d = O.S/\éz), ra =rg =1, and
ro = 0.25. The penetration depth of the S layer in the zero-current

Table 1. Parameters of the layered structure.

state is given by A}’ = A{{]E)/w’r&rg = 2)\52).

S layer thickness d,

T. Kubo, Supercond. Sci. Technol. 34, 045006 (2021)

Pair-potential ratio ra = AE)S) / A(()E) ,

Critical-field ratio = HS JHY,
Normal-conductivity ratio ro = oy / oi.




= - =
4.2 REREDFE S d-x A d—x
B, sinh 1 +/1 cosh/1—
J(x) = 7 Sd ,f a .
M LI YR N
S 0%s COShAS +/15 smhAS
= = 2
B ~(x-d)/2z
J(x) = ; ed 71 d
Ho zcoshﬂ—s+ﬂ—§sinhl—s




4.2 1E

S

EO%FE

S sinndE+ EeoshdH
](x) = ) s s
Hols  cosh L 4 Az gnp 4
/15 /15 /15
oy Bo et
J(x) =
Uols cosh/% + % Sinh}i

|

pr2

5l O
[T




S

d—x

d

' Ax —x
Yoo = Bo STA Ha o g
Hols  cosh L 422 ginp &
/15 /15 /15
) B, e~ (e—d)/ 2y
J(x) =
HoAs d Ay .. d
07% cosh Lt sinh P




4.2 REEEDFRE

4

EAADINE LT L IEIFS

v 1uTH,

Koy IKELL S,

S B sinhd 1 ;112 h%
](x) = S A .
HoAs cosh +/1 smh—
S S S
e~ (x—d)/ s
J(x) =

”0'12 coshf +j11 smh%
S

d/ )\

Figure 8. 7]_' and 7, I'as functions of the S-layer thickness dg/\;.
Supercond. Sci. Technol. 30, 023001 (2017)




4.2 &

ERRIE

DFETE

w

RO
(0<x<d)

b
(x>d)

d— )Lz
cosh—— /1 +/1 inh

d—

As

X

B(X) = BO
cosh% + ;L—Ssmh

ey
B(x) = BO

4
As

cosh/% + %sinh

d

As




4.2 BBBE DI

MRS cosh T~ T ’;2 nhd%
> 2 (0<x<d) =% B d
z <X< cosh— T + 1 smhﬂs
7 ~(x-d)/2
W B(x) = By ed 2 z d
(X>d) cosh~—+ A—zsinhl—
S S S

6(Q 1 6 : _. P




4.2 REREDFE
S >
>
J R
0(Q =

f815S cosh——= /1 +/1 inh&—% /1
(0<x<d) B(x) =By T . d
=X< cosh/1 +/1 smhﬂs
7 p—(x-d)/ 2
WA,
(X>d) cosh/1 +/1 smhﬂ—s




4.2 &

ERE

DFETE

0y

0o(QQ 1 O

0(Q =

d—x Ay d-

X

SE1ES ) cosh—— e +/1 h—/1S

B(x) = B,
(OSX<d) coshi + )L—smhi
AT A A

)

s ~(x-d)/2
MEZ g

(X>d) cosh%+ f{—fsinhﬂ—s

d/ )\

Figure 8. qf]_' and v, I'as functions of the S-layer thickness dg/\;.
Supercond. Sci. Technol. 30, 023001 (2017)







4.2 &

BIRE DFFTE

S

2

8¢ ) T Efs

Supercond. Sci. Technol. 30 (2017) 023001

FFO)

Topical Review

Dirty Nb - Nb substrate
400" 4 '

350

300

Bl'['t;l.\

250 -
200

150 -

100 -
0.0

1.0
d/ ;il

n

Figure 16. Theoretical field limit of an SS bilayer structure that
consists of a dirty Nb layer and a clean Nb substrate as a function of
surface layer thickness. The assumed parameters are \; = 180 nm,
B® = 0.84B = 170 mT, A, = 40 nm and B®"™ = 240 mT.
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Figure 17. Theoretical field limit of an SS bilayer structure that
consists of a Nb3Sn layer and a clean Nb substrate as a function of
the surface layer thickness. The assumed parameters are

At = 120 nm, B = 0.84B = 450 mT, A\, = 40 nm

and B®" = 240 mT.
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Table 1. Parameters of the layered structure.

S layer thickness d,

Pair-potential ratio =AY/ A(E)
Critical-field ratio = H( >/ H(Z)
Normal-conductivity ratio ro =0\ ) / J(E),

{a) Nb—Nb (B) Nbz5n—Nb

1.10 - 2.50
1.0% 2.25
1.00 _2.00
g s
=4 =5 0.95 “-:',:E 1.75
“; 0.90 5 1.50
= 0.85 1.25
0.80 1.00
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13 {c) 1.3 (d) i
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Figure 5. Superheating field of layered structures as functions of d.
The solid curves are obtained from the self-consistent solutions of
the coupled Maxwell-Usadel equations at T — 0

(equations (5)—(11)). The dashed curves are calculated from the
approximate formula (equation (21)). (a) Nb-Nb structure modeled
by the parameter set (ra,ry,re) = (1,1,0.25). (b) Nb3Sn-Nb
structure modeled by (ra,ru,ro) = (2,2.7,0.1). (c) NbN-Nb
structure modeled by (ra,ru,re) = (1.7,1.15,0.03). (d) NbTiN-Nb
structure modeled by (ra,ru,rz) = (1.8,1.15,0.02). In these cases,
the penetration depths of the S layer in the zero-current state are

gi\-"eﬂ by (a} ;\E;'ﬂ — (E}Jf(m — 2};{2‘], (b) {N'J Sn) — 2 2)\ho}
(© A = 4400 and (d) A]T = 5.3)«5”'”.

T. Kubo, Supercond. Sci. Technol. 34, 045006 (2021)
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Fig. 3. Copper stage setup for third-harmonic measurement. The upper photograph
shows the copper stage setup. The lower panel shows the cross-sectional schematic of

the copper stage setup.

H. Ito, Vortex penetration field measurement system based on third
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Fig. 10. Typical third-harmonic signal of bulk Nb sample 1. The upper graph shows
the phase variation of the third harmonic signal (A¢), while the lower graph shows
the variation in the third-harmonic signal strength (V). Note that the third-harmonic
signal strength is amplified by a factor of 10 by means of the selectable gain adjustor.
The magenta curve is the linear fitting curve to the third-harmonic signal strength in
the temperature region lower than the left onset. The red arrow represents the onset
of the third-harmonic signal as per our analysis of the third-harmonic signal strength.
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Fig. 11. Temperature dependence of H, of two bulk Nb samples. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

-harmonic method for superconducting RF  materials , Nuclear Instruments and

Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 955, 163284 (2020)



H . | t o Losver critical.field mfeasurement of NbN

multilayer thin film superconductor at

KEK, :

Proceedings, 19th International Conference on RF
Superconductivity, SRF2019 : Dresden, Germany, June

30-July 5, 2019, 632-636

= i ESSALANA A
E 200~
2180
2160
8140
120
100
80
60
40
20
N

L1

UL L LI LN LN LR LN RN AL IIII

I“3”I4”I5”H6””?”“8“ 9 10
Temperature [K]

o
h+]

Figure 6: measurement result of the temperature depend-
ence of the effective H., for NbN-SiO;-Nb multilayer and
comparison with the result of bulk Nb sample.

A comparison of the value of the effective Hei of each
NbN-8i0;-Nb multilayer sample at 0 K with the theoreti-
cal prediction [11] is shown in Fig. 7. The open circle
represents the measurement values of the effective He for
the 200 nm sample during the development stage of the
measurement setup. The measurement error for the 200
nm sample was 18 mT because the lower limit of the
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Figure 7: Effective H.; of NbN-S10,-Nb multilayer sam-
ples vs. thickness of NbN layer and comparison with
theoretical prediction. The open circle represents the
measurement values of the effective H,, for the 200 nm
sample during the development stage of the measurement
setup. The closed circles represent the measurement val-
ues of the effective He for each NbN-SiO>-Nb multilayer
sample after final tuning of the setup.

R. Katayama et al ., *“ Evi
Superconducting Characteristics of Multi -Layer
Thin-Film Structures of NbN and SiO2 on Pure
Nb Substrate, 7

Proceedings, 19th International Conference on

RF Superconductivity, SRF2019 : Dresden,
Germany, June 30-July 5, 2019, 807-809
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Figure 3: Dependence of the effective Hcl of

NbN/SiO2/Nb multilayer samples on the thickness of
the NbN layer. The theoretical calculation is superimposed
for comparison. Black triangles represent the measure-
ment values of the effective H-; for each NbN/SiO,/Nb
multilayer sample.
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