2. SRFT=6) DBI=ED EHE N

2.1 Superconductivity

2.2 Thermal conductivity in super-conducting state
2.3 Impurity and RRR

2.4 Surface resistance in AC application

2.5 Critical RF magnetic field in AC application
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Basic of Superconductivity and

SC Characteristic of Niobium material

B Critical Magnetic Field

B Penetration Depth, Coherence Length,
G-L Parameter,
RF critical magnetic field

B Thermal Conductivity

B RRR Measurement

B Surface Resistance in AC Application

11-13/May/2011 BRRYEXEREPEZ/— 122
K.Saito 2011



SRF Specifics and Constrains

What happens when microwave is input a cavity?

Metal surface

Metal-Liquid
interface

?Th

Niobium bulk

[—

Thermal conductivity

Heating at
defects

Superconductivity ‘_'{
«y

v\ i

Heating mechanism
Ploss
Microwave ||~

Mechanism of
field limitation

'~ |j: surface current

Tos

Temperature ——

Ka

pitua

resistance

Skin depth
- 5

N

ermal conductivity

Surface resistance is very very small.
===) Cavity performance strongly depends on the surface.

Thermal conductivity @ superconducting state is very small.
=== High thermal conductivity is very important.
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Superconductivity : IR

19933 by Meissner and Ochsenfeld (experiment)
1911 by K.Onnes 1935 Phenomenological theory by F.and H.London

Zero resistance @ Tc Perfect diamagnetism < Hc

I Miessner effect

Transition
temperature

Tc




TR EREECERDHEE

PC SC P SC

| (W | | i

TN TN
T<T: O O ¥ ¥ ( ) ( )

L N1

1B Bl Meissner
| effect
\ J l : | i

T<T T<T ah éﬁfﬁﬁ”'@li%ﬁ%ﬁﬂ*ﬁb‘o
“ ‘ ( ) W B LRI

Meissnersh (&, YEEE

DEE,
(a) SELEE, BESERCEsTHS (T (b)) Ltk BEEECR 38 (T

< Te D) BRABSHINS hizigs > T CHERMSEMS h, %Ki
T< T. kg ic L, 52k,
BEE Ui 5e

E3.4 T (BE) < T. (BREE) wBWwT, 2238&PC L BEEE

SC & 7% 3 Fit DHPREF w2 5d 3 2 4%
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Electron-electron interaction through

lattice in superconducting state

Electron/electronldZ — O U R AMMEBEIER T 558, latticex LT=HHE TIE
BlhETYES. HBIinE

lattice

BFZNH L
EFRIMHEEEHA

~

-_— o =

Electron with down spin 126




History of Superconductivity

1908 &IAANY D LDEE, HK. Onnes
1911 Discovery, H.K Onnes. 7K A Bt . Ba 15
(1913 /—NIVYEZE  RIEAN)D LOHEIZEDKEMEDHT)
1933 #4315 HERR . Meissner and Ochsenfeld
1934 Z—if{AET )L . Gorter and Casimir
1935 MR WMEFH(O R AE) . FLondon and H.London
1937 Type-IBIGEAD FE R . Schubnikov
1950 BIzEDHRIEFH(GLER) . Ginzburug and Landau
BF 74/ HHEERADIESE. Frohlich
TcDT A b—T %R . Maxwell, Reynolds
1953 AE—L U RAROBEAVRUARKIERAE) . TRILF—FvvTDFE
Pippard
IARILF—F T DEERMIEEHL. Goodman and others
1957 BCSEE (B zE D MR R) . Bardeen, Cooper, and Schriefer
(1972 /—N)IVHEFE BIEEICEA T HBCSHER)
Type-11D #BIREE iH . Abrikosov
(2003 /—N)VHEEFE  BIEE-EBRBOEMRICX I HLERHIER)
1960 BIEIZH [T5x R 4D B FERIEE 4L, Nambu, Goldstone, Anderson
1961 2594 DEFILDIEREE. Fairbank, Nébauer
1962 Josenphson®I&. Josephson
1986 ERBIEMBIZE D F R . Bednorz, Miiller



Superconductors

= Table 1 Superconductivity parameters of the elements
Li Be B Cc N 0
An asterisk denotes an element superconducting only in thin films or under

high pressure in a crystal modification not normally stable. Data courtesy of

B. T. Matthlas revised by T. Geballe. T T A R e s R

RO

- Mg LS ST IS s . : 5 s S =

il Transition temperature in | i
Crmcal magnetic field at absolute zero in gauss (107 tesla) 105

; Y0875 1 i po il
53 51

K Ca Sc Ti v Cr* | Mn Fe Co Ni Cu Zn Ga Ge* | As™ | Se*

Mo Tc Ru Rh Pd Ag Cd In Sn w | Sb*

{0921} 7.77 "Yosrl f.0003 | )T Tjose fi340393722 ) ) )

95 1410 | 70 .049 30 293 309

w Re Os Ir Pt Au Hg ] TI Pb Bi* Po
0012014 Joess|oia | T} U fanss|osefzaes | T
1.07 198 65 19 412 171 803

Nd Pm Sm Eu Gd Tb Dy Ho Er Tm

Th Pa U¥(a) | Np Pu Am | Cm Bk Cf Es Fm Md

i e el B e R I B B ) R T
1.62
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Critical magnetic field measurement

d d

V=V +V,=——D, +—O
A B dt A dt B
= 3 d d d
rde -nS,u—B_ +—M)+nS, 1u1—B
E«:E}l‘T I(t) Recorder ( o dt ext dt ) o dt ext
r,’._,..,.:-;:..-f_': Integrator | = P l :iM
i ! | dt

e M = [ vt

\l: . ) .' O
2 Swept
8§ Pickup coils: i
£ A | o . . . power
B opposite direction 1 supply
g1 M each other, same turn
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Two types of superconductor
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\Vortex state

fﬁﬁé‘ﬁ H’CEE%X

" Vortex state

Figure 19 Triangular lattice of fluxoids through top surface of a superconducting cylmder The
points of exit of the flux lines are decorated with fine ferromagnetic particles. The electron micro-
scope image is at a magnification of 8300, by U. Essmann and H. Triuble.

A., : London penetration depth

Depth of penetration of the magnetic field
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Electron Phorographyiz&svortexm s

By A.Tonomura et al.

Electron source

6 ADEFluxDEMNEA =NTUVD

N Dvortex ERES

FIG. 1 Schematic diagram of vortex-lattice observation.
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Vortex on Nb film

FIG. 2 Lorentz micrograph
of a Nb thin film. A magnetic
field of 100G is applied to
the film in the supercon-
ducting state at 4.5K. Vor-
tices are observed as small
globules, each with black
and white contrast. The
magnification differs in the
two directions by 2,
because the film is tilted by
45° The dark lines are bend
contours.

FIG. 3 Dependence of the vortex images on temperature. 3 T=45K: b,

T=6.0K; c, T=8.0K. The vortices become larger as the penetration depth
increases with temperature. The vortex configuration, random at 4.5 K, turns
into @ more and more regular hexagonal lattice at higher T, which can be
recognized more easily when the photographs are seen obliquely.

b film

“'?&'n. s

Vortex hopping

FIG. 4 Dynamics of the vortices as seen at times t after magnetic field has
been switched off from 150G. g, t=1,+0s;b, t=t,+0.1s;c t=t,+14s
(t,=170s). Dotted and solid circles show vortex positions before and after
hopping. and the hopping directions are indicated by the arrows.



Abrikosov Theory

Type-I superconductivity

A.L< c0

Magnetic SC electron density

00
o ns = .“-OO dz {gSH - gn}
flux density /
e : ’
e N / ﬁe*

ot o Y
358 T ) s

Positive Surface

HA’

A
§ hc

Energy
B — A Free energy increase from
TG magnetic flux
i K <E ctype-1 (o ps >0)

\ Free energy lowered by

Normal SC electrons density
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Abrikosov Theory

Type-11 superconductor AL> 8 k>— :type-1l (s <0)
SC electron density ‘ 2
£
B 0 Magnetic
Nor_fna ) - fux density
Free energy increase from
i magnetic flux
- Normal
- »
Negative Surface Energy \
Free energy lowered by
SC electrons density
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Critical magnetic field measurement

ow:fw—o—\
Ymeua b =RoB(1)-[S; +Ss(1)], B(t)=Bqt
G ()
.T“;: d d
'E‘i. V=—" ®="H0BoS1 —poBoSs —poBot - Ss
)
El 9
_:ﬂﬂl::_: 2
H o
== .
4V B ISy TLE
pg‘;&.r =1 ’f}l/o)lzﬁﬁiﬁ
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Critical magnetic field measurement - 1

To pumping system

Annealed Nb sample(RRR=400)
Super conducting

5 I & | (1400 °C x 6hr:Ti treatment)
| \ Magnet b+
| \ - { = \
& A 1 > |
/l f\ / | 5 [
1 a)
‘ 3 N~ Normal

(o . = State
adiation shield

_‘;/ I : B e —— T T : ) 5 Horl
/ |

—

—
I
1
I
]

|

| I
| . 1l N As received Nb sample(RRR=250)

He2

’ﬂ"

Normal

‘ | J‘
up coi | Hel } ‘ 17 State
or r . N G |
‘ \ : e - Horl

Tock \ /\]
L = [K As received Nb sample(RRR=250)

(a1
nduced Voltage
—

—_—

removed 100 um

uced Voltage

L3}

«“\\H'H“'\kﬁ_ i Normal

State

o

Lig. He | ,r‘—vj

Horl

Cryostat
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000 D¢

Critical magnetic field measurement - 2

I(t)

VZVA—VBOC
P d

Recorder oC — M

Integrator

S—— S —

dt

T
|
1

!
\
|

AAAAAAA

Swept

power
| supply
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d d
— wo(H + M)——poH
i Lo(H + M) i Mo

t
d
VOut oC I_ Mdt — M
) dt
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1200

1000

800

600

400

200

Hc measurement

T T N
Industrial material IXRHEMOFEE, RO
§% BEMEODYMEESRLAZMN?
?
O
Ha 2
0 % RRR 418
O O Tokyo Denkai
g % Lab material RRR~2000
A ﬁ' ! Pure Niobium(Nb-2)near T. (920°K )
<<>> |
&
X
§%k Q
0 500 1000 — 1500 . 2000 2500 7 3000 3500

H [Oe]

1 2
C

Fo — Fs =—,'°* MdH =~ uH

11-13/May/2011
K.Saito
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-M [ Ganss]

Example of demagnetization curve on Niobium

(NingXia, Large Grain RRR=340)

3000_ NN [ 1 v 1 1T T 1 |

Large Grain RRR=340 (NingXia) o -M@2.02 | f

2500 | * M@3.0IK | 1

I v -M@3.05K | A

I o -M@4.21K | 1

2000 +  -M@5.03K [
_ Y -M@5.50K

1500 [ | ° -M@6.03K |

- i ° -M@6.48K | 7

[ ‘1 ° -M@7.01K | ]

1000 | s -M@7.48K [
i o -M@8.20K

500 | s -M@8.58K __

O 4 - _' —— — M \,‘.“;\‘,

0 1000 2000 3000 4000 5000 6000

B, [Gauss]



Measurement results with H-,, He, H,

Lab Nb material Industrial produced Nb material
8000 ! g — 8000
2000 L| =€ Hel(T)=1789.8[1-(T/Tc) *], Tc=9.031K 2000 | T He1(T)=1948.6[1-(T/Tc) ], Tc=8.8274K
=O "Hc(T)=1934.2[1-(T/Tc) 7] _ - | O He(T)=2057.8[1-(T/Tc) *]
6000 f-| ~®~ Hc2(T)=41115[1(T/Tc) *J/[1+(T/Tc) *] B 6000 || ~® Hc2(T)=4921.0[1-(T/Tc) “J[1+(T/Tc) ]

] @© r ; : ]
e | |
2 | . Lab Nb material by A.French | > \ :
3 4000 e e T ]
% ¢ T 7 AN :

w

o

o

o

1 i
HCI

N w
o o
o o
o o

....... oo ey
1000 #‘Q\‘{}\Q\\b"};\\
0 2 4 6 8 10 0 2 4 6 8 10
T [K] Temperature : T[K]
7 1
—_ He2 - 2
He(T)=Hc0)-[1- 1. |:n_lzs:_joc MdH =—pH¢
Tc 2
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Abrikosov Theory: Type-11 SCOHEg

Ho_X e x (hc/2e)  do
CTA242e* A% 2né2  2né2ng

k% %

¢ g 2n1/§7f, 2 e

¢o , A

He = In(— + 0.08

cl 47[}\'2 (g )
do =hc/ 2e =2.0678 x 10~ 'Gauss - cm?

=2.0678x10°° T-m?
11-13/May/2011 RAMERLIREDHE/ 142

K.Saito 2011



T-dependence of A, &, K

Abrikosov theory

&: _d)Q_ A = ¢O .HCZ
275'ch ’ 4TC'HC2
=\ /= -~ = }\'(O) = T 2
—7A. BEim/EBROMm@E 5MT). He(T)lE MM= = He(M=Hc(0)| 1-| 7=
T C
1-|—
Te

4m\(T)? H(T)2 = 40(0)? - H . (0)? | F—(T/TC)ZT
6o b, 1—(T/Te)

2
= Hiy(0) o)

:> 1+(T/ T,)?
1+ (TIT)* 1+ (T/T.)
SN v ‘/1 T s Jl_wz
AT) _ K(T) = 1 He((M Heo(0) 1 __ x(9)
M) V2 H(M 2 H(0) 1+(T/T)? 14(T/IT.)>

H(T)=
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3000 —

2500

2000

AMT) [A]

1500

1000

500

A(T) fitting

K.Saito
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Lab material, RRR>2000 Industrial produced material
I I —_— 3000 - -
(|- @9 (T\= ) 4412 - I
g M9 2/11AT1Te) ] 7, Te=9.301K ] | O A(T)=441.76/[1-(T/Tc)* 1", Tc=8.9456 K
2500 | -
g RRR>2000 1 soos :
Lab Nb material by A.French _ B Tokyo Denkai, RRR=246, CP10Qum ;
< i
- ] 51500 i y
' :z I
N 71 1000 | y ]
e [ &

oo mene e o oo cosnoeo oo® ] STV — PEST—" S _
U R L e e B S
Temperarure : T[K] Temperature : T[K]

I — NS ?A‘
TEREINE-NMTHEREY
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H [Gauss]

3000 —

2500

2000

[
al
o
o

1000

500

Hc Fitting

K.Saito
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Lab material, RRR>2000 Industrial produced materail
T T —3000 — -
RRR > 2000
e ——— Lab Nb materiZI by A.French 42000 f=o=--=- -9 HC(T):2057'8[ 1-(T7 Tc)z]
e, e
- ...*0‘ {1500 [ b ot ]
e ] [ Ny
- % e 11000 | ® ]
\‘\ ] I \‘\
- ° 1 500 | ]
[ b [ L X
L L 1 1 L 1 1 L ‘n\ L i : t g
0 2 4 6 8 10 0— : L : ——l :
S 0 2 4 6 8 10
I 3 ZA.
TEREINE-NoMTHLEFEY
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Hc,(T), &(T) fitting for Lab material, RRR>2000

Heop <« (1-T/T;) <o &(T) o @T=Te
¢ ¢ 1-T/T
C
6000 e e 2000 ———r——————————————————————————r
3 -(Or- HCZ(T):H02(0){[1-(T/T6]/[1+(T/TC)2]}, ] =Or-g(M)= EO){[1+(T/Tc)  U[1-(T/Tc) 2]} Y2, Tc=9.3023K, R=0.99789
5000 I —O—HC (E :)41&12%0()3[?u(s_f_,/_;|_'c)?9.301K, R=0.99873 ] —Org(M)= EO)*[1-T/Tc] 2, Tc=9.2299K, R=0.99837
c =Hc - o)l
i Hc2(0)=4853.4 Gauss, T¢=9.2312K, R=0.998% 1] I i i i
[Gauss] | : 1500 a
4000 pz==s N | | : _
| ||
Hc2 3000 1000 I
2000 }
500 |
1000 .
0l -
0 2 4 6 8 10

Temperature : T[K]

L+(TIT)? - . S :
£(0) Jl(T/TC)Z Z DR DT hconsistent,

Temperature : T[K]
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H, [Gauss]

H., and & fitting for industrial material

8000 . 3000 ——— S S A N A
| ) 1 2000 f ;
5000 S Tokyo Denkia, RRR=246, CP100m == @ Tokyo Denkai, RRR=246, CP10Am !
1 < [ ;
oo *\o\(\ 1 ¢ 1500 | i
N ] 5T [ ]
1610]0]0 J S S DN | | _ 1000 |
500 |
0 2 4 6 8 10 0 2 4 6 8
Temperature : T[K] Temperature : T[K]
2
&(T)=¢

Iy SO T, #ICRBRERERT 5.

LML, BEETA/NSLDTI T, HIFEZES,
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T-dependence of K with Lab material

ND e N A B
i [ |- @1 T)=1.508/[1+(T/Tc)], Tc=9.214K
Lab material| | l |
RRR>2000 j Superconducting state
15 fe--
o [
o :
1
0.5 |
o f
Temperature : T [K]
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T dependence of ¥ with industrial

RRR=246

11-13/May/2011

K.Saito

2.5

material

K(T)!

j +K(T)=1.6109/[1+(T/TC)2]I

- Tokyo Denkai, RRR=246, CP10Qum

15 |

05 L

2 4 6
Temperature : T[K]
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2011
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Thermal conductivity measurement

Wen | LoT
: p =w e-im {rities scatt
| , RRR P |
| ] _ ﬁﬁ.[ Wiedemann-Franz low: .
. . e-lattices scatt.
= = | 2 .2 2 2
e " _ mnkgr &_n_(@j ~
%Heatmplwl Ke=T3m T 5 T3 le) TS
B T(K)—TuK
AMIs  Pwl=Senty () B "L )
[\ B [ Lo(m)
R - o b 7 =-1—2_§: area of cross -section
— b
S P b w
= K(T)= e ]

S T,-T, 'mK
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Kl

1000

100

10

Thermal conductivity of Nb material

at low temperature

Boltzmann #f 5t : energy A, Temp. T TODFEFEER
1 1 1 1 1 1 1 A
© RRR=54, normal exp(_k_)
® RRR=54, superconductin B T
8 RRR=213, normal
u =2 3’ d i & [1[AS
A 2222216, zzﬁigﬁon vt l%*ll_% nOrmal
4 RRR=246, ducti
X RRR=398, ;L;r;:;fn " 2A—. .
¥ RRR=398, superconducti ‘\ I
\
MA;\
- Cooper pair condensation Cooper pair: k=0
gl | _
'°.. " e iﬁ'm, "l ! ,\’ *:
" super
0 0.2 0.4 0.6 0.8
UT [K]
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Thermal conductivity comparison

with NC and SC
600 r ) ) A
0K (T)=2604.6exp(-15.339/T)+21.345 — =15.339
XK (T)=51.291T+14.536
NC U
K
=3 S o,
Z >2<>§§< O
2 BCS theory
%XX OOO
100 k %@2 OOOO 1 2A= 352kBTC
o
5 uinssoitiy
0 2 4 6 8 10
T[K]
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Calculation of thermal conductivity
based on Quantum mechanics

- -0 "
K(T)= R(y)'[l_.pé;s;T +a'>ﬂ { D.fxlol(y)-T2 ' BllTJ\

e -impurities scatt. e- phonons scatt. lattice - phonnons scatt. lattice - grain boundaries scatt.
L=2.05E —8, RRR =200, pogsk =145E -8 Om, a=752E-7

Y=o =153 T,=9.25K, T<06T,
T

D=427E -3, B=434E3, | =50um . - | ‘
i “R)
0.1 ) Qs
y2 ) 0.01 {A@O\
2R (-y)+2yIn(l+e ™)+ = 1
R(y) — €s _ (1 +€ ) 0.001
Ken 2F(0)
n 0.0001
Z Foie---y = 0.87222 * exp(-0.95932*X)
F.(y)=[, —=—dz ST :
n( 2 J‘O]_|_ez+y 02 cl) ggéﬁa 0 12
Y
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Calculated . (T)

10005111:1111:1 |
------ RRR=100
e
— 100 b —-- =
Y E-| - — -RRR=400 === 3
E S g :
; 10 e e ,-—”"’
— E e == E|
"? - - =
S ,/',': il
— |l
g 1 E ,"‘ /’/" |
= 7.
O g l‘
(&] 9( ,/
= 0.1 E = s -
:
e ’
|—001 E AI?. |
0.001

0.5 1 1.5 2 2.5 3 3.5 4 4.5
T : Temperature [K]
NbD2K THDEHARE F(XSUS304(FE R, 15W/m*K)) D~
1/15. #igR (4.2K, 6800W/m*K)MD 1/6800,



Kapitza Resistance

\;.l.._.n.‘ N Liquid Heliun hk(T) — 70551T37113

IE--II‘_ - .'I\!‘|' Ili!:r:'l'“

t bad spot 510

Q a =
h (T) =70151*T 37
dQ XAT 2 110 ,n'/
— =Pk (T)2— g~ .
lempera dt SC AL § .",,
a § "‘,a'
3 .
o > S 5000 f e
o I e
h.',fll'.l Resistance g ‘—.__"'—'
N LMe Temporatur
0 . ]
_ . 1.4 16 1.8 2
! Temperature : T [K]
d I : . B2 98B
AT =P- St T Kapitza resistance D g2 & X/ S LY,
ksc(T) hy(T)
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RRR measurement
JERICEIEARIE! BVRBER(ZHHEIT S,

+———Resistance at justover Te ——»
L Normal
1A -
h T : ‘ L. _} i
- .T - I “ !
High sensitive a12s | | Super
L recorder . l i / ‘
| . E: . MNe.
1975 ’ \ -
— -— . No.1

Aluminum block

Niobium sample
100L x 2.5T x SW




Linear relationship between k. (2K, 4.25K) and RRR

200
--@--%(4.25K)=0.571+0.274*RRR -
150 —&—1(2K)=0.0484+0.00818*RRR
X Lo
£100 e’
2, o
¥ - P
50 L
r
t",
O k2 ' e bt et e
0 100 200 300 400 500 600
RRR
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Surface resistance of metal in RF application

—

BIEA (e, pn. p=0) DERERK

_ -  OH
Maxwell Egs. VB=0, VXE-I_u@_t:O

VD=0,V XH-£2= —6E=0
o 0t
J =oE (Ohm's law)

E, Hh\z& H#FEEIODﬂF;ﬁyﬂO it (longltudmal) } (transverse)[Z 5 1T T
E Eﬁ(z t) + Et(z t), H Hf(z t)+ Hy(z,t)

Maxwell Egs.  div. DM 5

oH, oH,
=L —0(“V B=0) >—— =0 =) H DS (5L, BHIBOEE DH 0

[oyA ot
oH,
20 (S4%ec0 mmh B (GD=EE FCRET S

0Z
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%)

E, = Egexp(ik x—iot) : FERKERE

Maxwell eqs.DE—EIFRD KX H 5 Hy =$(|; "Et)
EZEHENKH, D i(k XH )+ ieoE; ~oE; =0
EFIFHZHEELT c
[ (ueo o] | -0
Ht
k? =u8c02(1+iij o .
0E — >> 1 BEADIZE

e

k:a+IB_ y -)JE
2 K~ (1 +i B2
1+(ij +1 2

-

2

Skin depth :  § :l
- - B Vuoo
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Surface Impedance

KEEIFXEITL TS,

_ _ E
Surface impedance : Z= Rq +iXs = L_LB2

H, k

REEOBE | _ ;) [hoe
2

Z:uco’ 2 . l_zum’ 2 -I_I:(l—i ,u_co
poo 1+1 Vucm) 2 20
,um 1 ,ucm) 1
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Frequency O[um] Rs [m(2] Comment
508 MHz 2.90 5.78 N)RZY
1300MHz 1.81 9.24 TESLA
2856 MHz 1.22 13.70 Conventional
LINAC
11.4GHz 0.61 27.36 GLC

Frequency dependence of 6 and Rs with copper cavity

RLEBMNE < EHIFE., skindepthhiR < Y,
ZEREREMREAIRREBIZEURXIZTE 5,
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AC surface resistance in superconductor-Two Fluid model

General equation: m£= a"

Two -fluid model
J=3.+3,, I, =nq,v, , J,=n.0q,V,

Maxwell equation: niglecting the Lorentz term, vXB<<1

m a—v,:' qu m :2me1 qszz-(_e)

=(q(E+vxB)-mvv

mea—Vll an m.VV, , d, =

2—> —_

— - - 2
E=E et = J,=2LE, Jn:i(—gﬂ:—v)E
*__(fkqg n.e? A
‘]_(ioomS i(®—iv)m, )
- 2

( 2) =
DO J:Ln”e et E (o, —IGS)E GE
VMe ®oms )
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Z= (1—|)]/ (I_I)Jz(ﬁn—lﬁs)
_(1_'1 J—Ics(l 0'n/|0's)

1+
< (i Ho 120 ¢
2 -J—IO'S
(o, 1 ) e
=5 1
H bcglz cé’zJ
}\‘3 2 2}\‘3
Z = ;) +|;,Loo7\,—M 2 = on +iopd
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Surface resistance in superconductor

n,-e>-1 el -
G =— = ‘ng(T =0)-e kgT
m -Ve m-Vg
A
1 n.0) % 7
Re =—.(211)2.u2. §2.93 .| .= .o kgT
S (2m)~ - L v
A
:A.fz.e kgT
BCS theory
A
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At a finite temperature T
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Calculation of Ry

10" 2 e e e
— Two fluid model 4.25K
s omenane [ o e e a1
Niobium pii (X9 HRsD— R A
S i BETIRSFL
Zaii iy
5 — ~ 200~ 300 A
g Wi TR/IMEE LB,
[¢D} \\‘\ // L
g 158 Nl Al - ([A] = 20 " RRR
U:) > S \\ B == 5 _/"i =i
107
10° 10* 10° 10° 10" 10°
Mean free path : | [A] ;
Eo oy g
AML(D=AL( =x0)- 1+T, Rs(TF model ) oc (1+=2= )2 1, 1<<1, R3—>ﬁ | >>1, Rg —> |
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Measurement of the Surface resistance

10
| - 1300MHz, niobium —
o == A 18008 22
Rs [Q] kg kgTe
" R o _ 7.18.008 380
Rres 9.25
2A
=3.52 (BCS theory)

10° | kBTc

| —8— Rs: (1.259E-4/T) exp(-18.008/T) + 5.5682E-9

------------ R, = (L.259E-4/T) exp(-18.008/T) RERE, FHPD

........ e cryostatD 7% B 5 F
o iy k3

0.2 0.3 0.4 0.5 2

UT[K™

IE_.,HH&E< S2TULV5,

Real surface resistance : R S RKB(T)+Rres
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Critical field limitation in SRF application

Vortex plane nucleation H:E3E Vortex line nucleation

| |
1 1 4 242 1 22
5“"'2'}”_5”'_'%'&:0 2},lH A —2uHC§ =0
Plane _ |§ _H¢ HLine :é H :—
He = }\‘Hc—& : C A C K .7‘_

.-

\

— £ — : Vortex hne ‘L

© super-condensation

1 uH 2 (AS) 1o 1 : energyl \/——
’ /e ® it 1%,
(magnetic field // S:n%er;flondensa“o” * magnetic field \/

energy) er11ergy
\Q > puH 2 (A )2 L

168



RF Field limitation of vortex line nucleation

1 1

27 2 2¢2
SHTAT -2 pHE" =
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Superconductor Effectlve field strength

4
a()f V2H (1) s He(0) (T]
2Ho(T) == =42—2= | 1-| —
S A(T) - k(T) k(0) Tc
3000 . - ] T T
: [ | HcrNbQorneII - 1
2500 f L e eyt tnate 2
r A Reentrant single cell
I A Ichiro single cell
2000 i

1000 |

500 |

1500 |

t(:TVTQ)

1) Hp=1750=%50 Oe with Nb cavity — Eacc ~ 40MV/m

2) The SRF technology is meeting the theoretical limit.

3) Nb,Sn cavity has a very larger k(0), therefore the critical field is
so small.
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What material 1s best ?

Material point of view:
« Smaller heat loading for refrigerator === Higher T
- High gradient

Hrr>Hc™", then normal conducting

H
HY" =4/2.—%, x:G - L parameter
K

The material with higher Hc and smaller x-value

If Hc is high enough, Type-l1 material is better because of
the smaller k-value.

- Good formability

Materials Tc [K] | Hc, Hcl | Type | Fabrication
[Gauss]

Pb 7.2 803 I Electroplating

Nb 9.25 1900, 1700 |II Deep drawing, film

Nb3Sn 18.2 |5350, 300 |II Film

MgB2 39 4290, 300 |1l Film

Niobium has higher Tc, Hc and enough formability.

Now, niobium is widely used for RF sc cavity production.




2. Summary

1) BIEEARDAC/RFIGHATIX., DCIGHAERLG Y RABRNFEET S,
ZDIEIFEFIC/IHS LD, BEAYDLDOATR E L TITEREELL,

2) SRFIGATIETe, HAAE LK. kDN WLWHHELABWL, £, BREMEREREN S,
3) A TIE, ChEDNSAZ—22EMICHE-ITHETHY. L<FEHLALTWLS,

4) TENICEESIND =F THIZRRR>100THNIE, ERELARNIILDEEZHA TS
Y. F2EBEEMHOERNERTE S,

5) ZREMEICER L TIX,. RAXRMICEKDA3 VT UOFRECLDT., BIERETH
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