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Nb cavity processed by the ILC recipe
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Breakthrough by the nitrogen doping

A. Grassellino et al, Supercond. Sci. Technol. 26, 102001 (2013)
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We want to go beyond Nb!
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The multilayer coating was proposed by A. Gurevich, Appl. Phys. Lett. 88, 012511 (2006)

SC substrate
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The multilayer coating was proposed by A. Gurevich, Appl. Phys. Lett. 88, 012511 (2006)

Insulator SC substrate
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The multilayer coating was proposed by A. Gurevich, Appl. Phys. Lett. 88, 012511 (2006)




The multilayer coating is proposed by A

Ins

Substrate Material?

Bulk Nb with high RRR?
Nb by magnetron spattering?

Thin SC layer




How to fix
insulator

thickness d, *

10nm?
100nm?

Substrate Material?

Bulk Nb with high RRR?
Nb by magnetron spattering?




How to fix
insulator
thickness d, -

10nm?
100nm?

Substrate Material?

Bulk Nb with high RRR?
Nb by magnetron spattering?

ow to fix S layer
thickness d¢?

10nm?
100nm?
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he optimum parameters
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. The magnetic field distribution (and thus the screening current

distribution JocdB/dx) in the S layer is different from the naive
exponential decay.

. When dg and 4, are thin enough and i, > A,, the screening

current in the S layer is suppressed, and the surface field can
exceed the superheating field of the S layer.

However, an extremely thin d, can not protect the SC
substrate. Thus the S layer must have some thickness to decay
the magnetic field and protect the SC substrate. The optimum
thickness of d exists.

. T. Kubo et al., Appl. Phys. Lett. 104, 032603 (2014 ) [submitted to arXiv on April

2013; published on January 2014]
S. Posen et al., in proceedings of SRF2013, p. 788, WEIOCO04 [Sep.2013].

A. Gurevich, AIP Advances 5, 017112 (2015) [submitted on Sep.2014; published
on Jan.2015]

S. Posen et al., arXiv:1506.08428v1[June 2015].
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Important!
1. The magnetic field distribution (and thus the screening current distribution
JocdB/dx) in the S layer is different from the naive exponential decay.
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T. Kubo, Y. Iwashita, and T. Saeki, Appl. Phys. Lett. 104, 032603 (2014)
[submitted to arXiv on April 2013; published on January 2014]
The derivation processes are explained in detail in proceedings of IPAC13, p. 2343, WEPWO014 [May 2013]
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Important!
1. The magnetic field distribution (and thus the screening current distribution

JocdB/dx) in the S layer is different from the naive exponential decay.
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T. Kubo, Y. Iwashita, and T. Saeki, Appl. Phys. Lett. 104, 032603 (2014)
[submitted to arXiv on April 2013; published on January 2014]
The derivation processes are explained in detail in proceedings of IPAC13, p. 2343, WEPWO014 [May 2013]
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2. When dg and d, are thin enough and A, > A,, the screening current in the S
layer is suppressed, and the surface field can exceed superheating field of

the S layer.
2.5\ The ratio of the field the S layer 3 %D can withstand
to that of the superheating field of S layer B 127¢",
20
5 I
2 I
2 15¢
m L
: L
t -
2 o10]
Loy ds , (A2, dr) i 1 9s
o Br(nsalcayel‘) cosh == /11 (/1—+/1—) smh/1—1
0.5
I S layer) dS (& ﬁ) dg
: B, hl 7 + i cosh 7,
0.0 - R R R
0.5 1.0 1.5 2.0
dS //11 ﬂ=0.1 ﬁ=0.25
T. Kubo, Y. Iwashita, and T. Saeki, Appl. Phys. Lett. 104, 032603 (2014) A A

[submitted to arXiv on April 2013; published on January 2014]
The derivation processes are explained in detail in proceedings of SRF2013, p. 430, TUP007 [Sep. 2013]

are assumed here.
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3. However, an extremely thin d, can not protect the SC substrate. Thus the S
layer must have some thickness to decay the magnetic field and protect the

SC substrate.
(S layern) (substrate)
BO <Bmax Bi < Bmax
B 0L
-0.5 0.0 0.5 1.0 1.5 2.0
T. Kubo, Y. Iwashita, and T. Saeki, x/ /11

Appl. Phys. Lett. 104, 032603 (2014)
[submitted to arXiv on April 2013; published on January 2014]
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3. However, an extremely thin d, can not protect the SC substrate. Thus the S
layer must have some thickness to decay the magnetic field and protect the

SC substrate.
Formula for

the maximum screening field of the multilayer

_ (S layer) (S layer) substrate
p(multilayer) _ Bmax / (if  ¥Bnax < Br(nax )
max substrate) : (S layer) substrate

y Br(nax (lf meax Br(nax ))
~ ds | (2 ﬁ) ds
B(S layer) B(S layer) cosh A + (Al + A inh A B(S layer) — 0.84 B(S layer)
max h% N (ﬁ + d_) n4s dg
sin /11 /11 1 coS /11
where < =
'y =
ds | (42 d:) ds
cosh 5= 1, ( 7, + 7, sinh == 1,
p(SUbStTate) _ 47607 _ 240mT (if the substrate is Nb)
-

T. Kubo (2015),
Obtained by using T. Kubo et al., Appl. Phys. Lett. 104, 032603 (2014) and A. Gurevich, AIP Advances 5, 017112 (2015)




SRF2015@Whistler 18

3. However, an extremely thin d, can not protect the SC substrate. Thus the S
layer must have some thickness to decay the magnetic field and protect the

SC substrate.
Formula for
the optimum thickness of the S layer

(S layern) (S layern) 2
de = 1. In M By A B, A=A, —d;
s =M

M+, +d B(substrate) i M+ A, +d; B(substrate) T A+, +d;

max max

dd;so(10)nm

T. Kubo (2015),
Obtained by using T. Kubo et al., Appl. Phys. Lett. 104, 032603 (2014) and A. Gurevich, AIP Advances 5, 017112 (2015)

® The formulae can be derived by using the discussion of A. Gurevich, AIP Advances 5,
017112 (2015) and are described by using the superheating field of the quasi-

classical theory and thus valid even at T<<T..

® The formulae are generalized version of the Gurevich’s formulae. The formulae
includes effects of insulator layer with a finite thickness. When d, << A,, the
formulae are reduced to the Gurevich’s formulae [A. Gurevich, AIP Advances 5,

017112 (2015)].



Contour plot of

Optimum d.~70nm

see also A Gurevich, the 6t international
workshop on thin films and new ideas for
RF superconductivity, October 2014,
Italy and A. Gurevich, AIP Advances 5,
017112 (2015)

B (multilayer) 200
max

S Bayer thickness dg (nm)
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Thin dirty Nb / 7/ Nb

10 10° 10° 10*
v I layer thicknes s d7y (nm) assumption

S layer: Dirty Nb

d, should be thin. B,N=200mT

)., =AityNb)=180nm

Up to several tens of nm acceptable. SC substrate: clean Nb

B, N0=240mT

L, =ANP)=40nm




§ 2
A further step forward

incorporate non-ideal surfaces
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Screening current

We assume £ < 0 < A.
Such small defects almost continuously distribute on the surface.




We assume £ < 0 < A.

SRF2015@Whistler 22

. } - 1
Screening current |

<superconductor

Screening current

Such small defects almost continuously distribute on the surface.
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The superheating field is suppressed
due to the enhanced screening current.

- Ja T. Kubo, Prog. Theor. Exp. Phys. 2015, 063G01 (2015)

We can evaluate a “suppression factor n” for materials, if we

have data of surface topographic studies
(see for example “C. Xu et al. Phys. Rev. ST Accel. Beams 14, 123501 (2011)”).
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Contour plot of #
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The formula for
the maximum screening field of the multilayer

_ (S layern) . S layer substrate
max ) substrate . S layer substrate
X Bl S yBL,Y o = BEAPSTA®)
where
S layen S layer) cosh /Ti + (A—i + j—i) sinh ;l—i
Brnax = B; d 1 d q Xn Bs(S layer) — 084 BC(S layer)
sinh 3> + (—2 + /1—’) cosh=*
1 1 1 1
y - - n can be estimated by
< ds (1,  d;\_ . ds )
cosh== 4 (5= + = ) sinh = a-1
A M A A a 3—«a . m(a—1) «
hetrat n:l F(E)F<—2 )atsm—2 £
pUPStrAte) _ 10T — 240mT p N 5
—

T. Kubo (2015),
Obtained by using T. Kubo et al., Appl. Phys. Lett. 104, 032603 (2014), A. Gurevich, AIP Advances 5, 017112 (2015),
and T. Kubo, Prog. Theor. Exp. Phys. 2015, 063G01 (2015)
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The formula for
the optimum thickness of the § layer

2
S layer S layer
S 1 A+ A, + d B(substrate) A+, +d; B(substrate) A+ A +d
max max
dd;so(10)nm

h (S layer) (S layer)
wher _
ere B! = 0.84 B'
B,(nS;bStrate) = 170mT — 240mT (if the substrate is Nb)
) a-1
a 3—«a . m(a—1) a
be estimated b _lr(i)r(2>“s“‘ 2 ¢
N can be estimate V' 11—“ N 5
-

T. Kubo (2015),
Obtained by using T. Kubo et al., Appl. Phys. Lett. 104, 032603 (2014), A. Gurevich, AIP Advances 5, 017112 (2015),
and T. Kubo, Prog. Theor. Exp. Phys. 2015, 063G01 (2015)
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The optimum thickness becomes thin in order to compensate the suppressed
superheating field.

Contour plot of

B (multilayer)

B (multilayer)
max

Contour plot of By 4y

S layer thickness dg (nm)

S layer thicknes

Nb,Sn / I/ Nb
10 10? 10°
I layer thickness d7 (nm) I layer thickness d7 (nm)
Optimum d,~170nm ~ assumption Optimum d,~130nm
Maximum field~470mT S layer: Nb;Sn (moderately dirty) Maximum field~350mT

B No3SN=540mT
A, =ANB3SN)=120nm
SC substrate: clean Nb
Bmax(Nb)= Bc1(Nb)=M
L, =ANP)=40nm
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Summary

The optimum S layer thickness 1s a function of

A, , penetration depth of the S layer

A, (A, > A,), penetration depth of the substrate

d, (<several tens of nm), thickness of the insulator

BC(S layer), thermodynamic critical field of the S layer
p(SUbStrate) 146 5 40mT for Nb).

max
n (0<# <1), superheating field suppression factor

Material parameters and surface topographic studies are
necessary 1n order to obtain the optimum S layer thickness.
The defect model and the formula for n may be useful to
extract | from surface topographic studies.



ds (nm)

S layer thickness
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Let us g0 beyond Nb
by using the optimum parameters!

Dirty Nb / 7/ Nb

Optimum d,~90nm
Maximum field~250mT

1 1 1
10 10? 103 10*

I layer thicknes s d7 (nm)

ds (nm)

S layer thickness

Nb,Sn / 7/ Nb

Optimum d,~150nm

Maximum field~480mT

1 1
10 10? 10°
T layer thickness d7 (nm)

ds (nm)

S layer thickness

200

NbN /7] Nb

Optimum d,~130nm
Maximum field~270mT

10

1 1 1
102 10° 10°

I layer thicknes s d7 (nm)




Appendix
for multilayer researchers

The optimum parameters for

Dirty Nb / 7/ Nb
Nb.Sn/ 7/ Nb
NbN /71/Nb

are given below!
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The formula for
the maximum screening field

_ (S layer) . S layer substrate
B(multllayer) . Bmax / (if VBgmx yer) Br(nax ))
max B (substrate) . (S layer) substrate
y Bmax (lf meax B1$1ax ))
where
(S layer) (S layern) COSh/l (/1 + A sinh A Slayer) _ (S layer)
(B = B! x1 < By = 0.84 B,
max ds Ay d; ds
sinh ==+ | 5=+ 5| cosh 5= a-1
’11 Mo A A r(®\r 3—«a . m(a—1) «
1 (2) ( 2 )“S"‘ 2§
y = 1 =4 T k)
d A, d dg
h== S ( 2 + I) h== -
COS /11 /11 /11 sin /11 _a
7T
)
(substrate) P
_ Brax = 170mT — 240mT sC w0 sp Ia
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The formula for
the optimum thickness of the § layer

dS = Al In

M+ 2, +d; B(substrate) i M+, +d B(substrate) T M+ +d

max max

(S layer) (S layer) 2
Al T]BS /11 T]BS Al — Az — dI

da;s0@0)nm

Necessary parameters

S layer: BS(S layer)=() 84 X BC(S layer material)
}\‘1:}\‘(8 layer material)
n (suppression factor)
[ layer: d;~10-100nm
Substrate: B (ubstrate)=170mT - 240mT (if the substrate is Nb)

max

A, =Asubstrale)=40nm (if the substrate is Nb)
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The optimum d, and the maximum field for Dirty Nb / 7/ Nb system,
where Nb substrate is assumed to withstand up to 240, 200, and 170mT.

T. Kubo, 2015
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S layer thickness dg (nm)

100,

10°

o 1
10?
T layer thicknes s d7 (nm)

10

1
10*

S layer thickness dg (nm)

T. Kubo, 2015
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p—
n
>

501

101,

A. Gurevich, AIP Advances 5,017112 (2015) and 6™ thin film workshop at Italy

1 1 1
10° 10° 10*

T layer thicknes s d7 (nm)

10

2001

& layer thickness dg (nm)

100,

n
>
T

T. Kubo, 2015

1
10*

1
103
T laver thicknes s d7 (nm)

1
10 10?

assumption
S layer: Dirty Nb
B.N®)=200mT

SC substrate: clean Nb
B...N0)=240mT
L,=ANe)=40nm

A, =AdityNb)=180nm

S

SC substrate: clean Nb

assumption
layer: Dirty Nb
B, NP)=200mT
A, =AdityNb)=180nm

B, (Nb)=200mT
A,=A(NP)=40nm

assumption

S layer: Dirty Nb

B (N)=200mT
A, =AdityNo)=180nm

SC substrate: clean Nb

B,__(Nb)= B_ (Nb)=170mT
L,=ANP)=40nm
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The optimum d, and the maximum field for Nb,Sn / 7/ Nb system,
where Nb substrate is assumed to withstand up to 240, 200, and 170mT.

T. Kubo, 2015

200+

(o

n

>
T

S layer thickness dg (nm)

n
>
T

10+ :
10 10?

10*

1
10°

T layer thickness d7 (nm)

T. Kubo, 2015

S layer thickness dg (nm)

T. Kubo, 2015

S layer thickness dg (nm)

50+

10°

1
10 10?
T layer thickness d7 (nm)

A. Gurevich, AIP Advances 5,017112 (2015) and 6™ thin film workshop at Italy

1 1
10? 10°
T layer thickness d7 (nm)

1
104 10

assumption
S Iayer: Nb3Sn (moderately dirty)
B (Nb3SN=540mT
A, =ANB3SN=120nm
SC substrate: clean Nb
B...N0)=240mT
L,=ANP)=40nm

assumption
S Iayer: Nb3Sn (moderately dirty)
B (NP3SN=540mT
A, =ANB3SN=120nm
SC substrate: clean Nb
B...N0)=200mT
L,=ANP)=40nm

assumption
S Iayer: Nb3Sn (moderately dirty)
B (Nb3Sn)=540mT
A, =ANb3SM=120nm
SC substrate: clean Nb
B,...N°)= B, ,N0)=170mT
A,=ANP)=40nm




I

SRF2015@Whistler 36

The optimum d, and the maximum field for N\bI\ / 7/ Nb system, where

Nb substrate is assumed to withstand up to 240, 200, and 170mT.

S layer thickness dg (nm)

T. Kubo, 2015

200

1 1
10 102 10°
T laver thicknes s d7 (nm)

1
10*

assumption
S layer: NbN
B.NoN)=230mT
A =AMNEN)=200nm
SC substrate: clean Nb
B, o \0)=240mT
L, =ANP)=40nm

S layer thickness dg (nm)

T. Kubo, 2015

50

1 v 1
10 10? 10°
I layer thicknes s d7 (nm)

assumption
S layer: NbN
B, MNeN)=230mT
A, =ANeN)=200nm
SC substrate: clean Nb
B_. (N0)=200mT

max

A,=ANP)=40nm

1
10

T. Kubo, 2015

200+

é—
25

100 -

S layer thickness dg (nm)

50+

101

1 1
10 10? 10°

T laver thicknes s dr (nm)

assumption
S layer: NbN
B.NoN)=230mT
A =ANEN)=200nm
SC substrate: clean Nb

B, <Nb> B,,N0)=170mT

X

A,=ANE)=40nm
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Example: electropolished Nb
A surface after EP is studied by | e I 6
C.Xu, H.Tian, C.Reece, and M.Kelley, SC_ve o7

Phys. Rev. ST Accel. Beams 14, 123501 Contour plotofy | Ve

(2011), which shows the figure below.

o—

9°t
8°r
35 T
7°F
m-
[ BCP Surface Slope Histogram
B EP Surface Slope Histogram 60_
25 |

500

n(a-1)/2

0=

4°t
3°+ , |

20

1°F 0.95 Typical slope angle for
oL . an electropolished Nb surface
o 1.0
We can find typical y 5 10 15 20 25 30

of EPed surface

T. Kubo, Prog. Theor. Exp. Phys. 2015, 063G01 (2015)



I SRF2015@Whistler 39

The optimum d, and the maximum field for Dirty Nb / 7/ Nb system, when the
suppression factor due to nano-defects are given by n=0.9, 0.7, and 0.5.
Nb substrate is assumed to withstand up to 170mT.

S layer thickness dg (nm)

200 200+ 200

p—
n
=

150

[
n
=

100 - 100 -

/"'e\
(=]
' 154
'
o

& layer thickness ds (nm)
S layer thickness ds (nm)

AN\

hn
=
T

10 L1 1 1 1 10 C1 L v | 1 OUsyU ™ 99U i} 1
10 102 10° 10 10 102 10° 10? 10 10% 10° 10*

I layer thicknes s dy (nm) T layer thicknes s d7 (nm) T layer thicknes s d7 (nm)
assumption

S layer: Dirty Nb
B.N®)=200mT
A, =\diItyNb)=180nm
SC substrate: clean Nb
B....N°)= B ,(N0)=170mT
L,=ANP)=40nm
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The optimum d, and the maximum field for Nb,Sn / 7/ Nb system, when the
suppression factor due to nano-defects are given by n=0.9, 0.7, and 0.5.
Nb substrate is assumed to withstand up to 170mT.

S layer thickness dg (nm)

200
420

[
hn
>

410

imuity 0l
i 5

_—380

10

1 !
10? 10°
I laver thickness d7 (nm)

S layer thickness dg (nm)

1 i |
10 10° 10°

I layer thickness dy (nm)

1
10*

2001

—
n
>

S layer thickness dg (nm)
T o T T
. :
4 !
Q

n
>

10

assumption
S Iayer: Nb3Sn (moderately dirty)
B (Nb3SM=540mT
A, =ANP3SM=120nm
SC substrate: clean Nb

B, (Nb)= B_ (No)=170mT

ax

A,=ANP)=40nm

10

1 1
10? 10°

T layer thickness d7 (nm)

1
10*
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The optimum d, and the maximum field for NNbN / 7/ Nb system, when the
suppression factor due to nano-defects are given by n=0.9, 0.7, and 0.5.
Nb substrate is assumed to withstand up to 170mT.

2001

—_
n
=
T
-
N
>
T

S layer thickness dg (nm)
S layer thickness dg (nm)
=
=]
S layer thickness dg (nm)

n
>
T

! 1 10, 1 <V 1 1 1 il 1 1
10 10 10 10° 104 10 10% 10° 10*
T layer thicknes s d7 (nm) I layer thicknes s d7 (nm) T layer thicknes s d7 (nm)

o
>
T

assumption
S layer: NbN
B.NeN)=230mT
A, =ANeN)=200nm
SC substrate: clean Nb
B...N=B_N0)=170mT

max

L,=ANe)=40nm




