1. Superconductivity Basics for SRF Cavity

1.1 Superconductivity
1.2 SRF Specifics and Constrains
1.3 Thermal Conductivity and Residual Resistance Ratio
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Superconductivity

1911 by K.Onnes

Zero resistance @ Tc

A

Transition
temperature

19933 by Meissner and Ochsenfeld (experiment)

1935 Prenomenological theory by F.and H.London

Perfect diamagnetism < Hc

Miessner effect




Microscopic Theory

Two electrons having opposite spin and momentum get an attractive interaction
through lattice/electron interaction.

Attractive interaction through electron-lattice interaction

2
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Isotope effect of Tc TceM
1950 by Reynolds and Maxwell 1

5 5 2
Electron with down spin BCStheory ¢ M

1957 by Bardeen, Cooper, and Schrieffer



Two Types of Superconductor

1937 by Schubnikov (experiment), 1957 Abrikosov (theory)
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Flux quantization, 1961 by Deaver and Fairbank
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Critical magnetic field measurement
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Example of demagnetization curve on Niobium

(NingXia, Large Grain RRR=340)
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Abrikosov’s Theory for Type-I|I

H _kx _nc x (hc/2e)  dg
CTA242e* A2 2ny2 T 2né22

Perturbation theory T ~Tc
HC(r): HC(O)[I—(I'/TC)ZJ

A(0)
A(M) =
CEA 60 4o = n
Hey = 2&%&%_2@2 J1-(T/T.)
do A
H. = In(— + 0.08
1™ am2 (i ) Exercise .

- 5 Show the formulas for g, A by Hc,Hc2.
WA DV LIV Rl Get the T-dependences for &, H.,, &, H.RF.
C2 C

= 20678 x10° T -m?

_
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Expand for all T range (assumption)

~
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1+(T/T,.)?
1-(T/T,.)?

é(T)=§(0)-\/

k(T)=

_ x(0)
1+(T/T.)?




H [Gauss]

T-dependence of H,, He, He,
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L | —>¢— Hc1(T)=1789.8[1-(T/Tc) ], Tc=9.031 K
| —() - He(T)=1934.2[1-(T/Tc) ]
" | —@— Hc2(T)=4111.5[1-(T/Tc) 21/[1+(T/Tc) ]

A.French

Nb material

RRR > 2000 ................ Lab Nb material by ........ ,é
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A(T) [A]
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Lab Nb material by A.French
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Temperarure : T[K]

4(0)

A(T)

) J1-(T /T,

, 6(T)=¢(0):

== g(M)= gO)*{[1+(T/Tc)  2/[1-(T/Tc) 2]} M2, Tc=9.3023K, R=0.99789
—O—g(M)= O)*[1-T/Tc] Y2, Tc=9.2299K, R=0.99837
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Temperature : T[K]
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T-dependence of K with Lab material
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[ [~ E(T)=1.508/[1+(T/Tc)*], Tc=9.214K

2 | | |
- Superconducting state
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Temperature : T [K]
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Attempt for RF Field limitation model
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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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Checking of the model for other materials

The model looks good for the type-11 material cavity

3500
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What material is best for SRF cavity?

Material point of view:
Smaller heat loading for refrigerator ===»Higher T
High gradient
Hrr>HCcRF, then normal conducting

H
HY" =42.—% «:G - L parameter
K

This is very much different from

superconducting magnet

The material with higher Hc and smaller x-value
If Hc is high enough, Type-1 material is better because of
the smaller x-value.
Good formability

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

Pb 7.2 803 I Electroplating

Nb 9.25 1900, 1700 |1l Deep drawing, film

Nb3Sn 18.2 5350, 300 |1l 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.




1.2 SRF Specifics and Constrains

What happens when microwave is input a cavity?

Metal surface

Heating at
defects

«y
'\ Tis
Heating mechanism

AN

P

loss

Microwave  |i nummu)>

Mechanism of —
field limitation

Metal-Liquid

Niobium bulk

Superconductivity ‘_1 0] :‘

interface

m Thermal conductivity

Thermal conductivity

].: surface current

TCIS

Temperature — N\

Kapitua
resistance

Skin depth
- 5

N

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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Surface resistance of normal conducting Case

Maxwell Equations for conductor (g, pu, p =0)

oH E(X,t) = E, (X.t) + E, (X.1),
V-B=0, VxE + IUE: 0 H(X,t) = I:Ig()*(,t) + Flt(xt)
v.D=0 VxH — 55_5 B =0 F[om Maxwell Equation, |
oH, . = = -2
J=0oE (Ohm's Law) P 0, E,(xt)=E,(0)-e

For the transvers,
Plane wave : E, (x,t) = E, (0)-exp(ik - X - ot)

H,(x,t) = i[‘k’ x E, (X,0)],
y0)]

T I'I'Il
/'\/'\
i Xl
= o

[k* - (sno® +Iuw6)]{




Normal Conducting Case, continued

k*— (guow® +iuwoc) =0,

K=a +1p,

|

O
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2
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|+

For good electric conductor

o)
— >>1
WE

N |-

K~ (L+i), /222

5:12

p

2

UO®

. Skin depth

Surface Impedance for normal conducting case

Exercise II.
Get the formula of Rs
for good electric conductor




Surface resistance in superconductor (Two Fluid model)

General equation: m o _ q(E+VvxB)-mvv

_ ot Co
Two -fluid model by Gorter and Casimir in 1933

J=J,+J,,J,=n0qVv,J, =nq,V
Maxwell equation: neglecting the Lorentz term, vxB «1

oV
m.—=q,E, m,=2m_ ,q, =—-2¢
ok |
mgV”—qE—mvv g, =—¢€
eat n € n ? n
_ nqz nqz
E=Ee“"=J =—"FE, J = L E

lom, (@ —1v)m,

2 2
J:[_”sqs p® jE
lom, 1(w—1v)m,

S

2 2
ne . N )
VS = J= n — | qu E:JE, J:gn_lo's :>RS: _,ua)
Vme C()ms \/ 20




Surface resistance in superconductor

/

Exercise I11.
Get this formula.

At a finite temperature T

Quasi particle Normal

nn-e2-1 el -
op=— = ng(T =0)-e kBT
m - Ve m-Vg
1 0 o
N o
Re =—.(21)2.u2. f2.93 .| ==~ o kgT
S (2m)° - L mv e
A
=A-f2.e k8T
BCS Theory

BCS
RS

.|:2

U@ = BG4 T ) —="8 0

A
KT

T
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I
I
I

\
-]

)

RN
AR
\ 7
\——/

Superconducting state
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“Very Small” Surface Resistance in SRF Cavity

10°
SR A 2A
A =18.008 =
@%CQ 1300MHz, niobium Kg kgTe
107 Or ~ ~2-18.008 3.89
Rs [€] fShe=S )A o
= 3.52 (BCS theor
10-8 QC(‘\) }L\ ...... ‘_ __________ k BTC ( y)
Rre e
i Residual surface
107 Q resistance depends on
| —@— Rs: (1.259E-4/T) exp(-18.008/T) + 55682E-9 e
llllll + R = (L259E-4/T) exp(-18.008/T) surdface OO LT e,
TSR 0 W T N 0 O 0 A A Ao on
0.2 0.3 0.4 0.5 0.6 0.7
UT[K™] __ pBCS
Rs(T) =R (T) + R,
Rges ~ 8nQ,

which is smaller a factor of 10-° than normal conducting!
The performance strongly depends on the surface!




BCS Surface Resistance Calculation for 1.3 GHz
niobium cavity at 4.25 and 2K

1.0E-5 _ _ ,
| 1300 MHz | Used J. Halbritter’s Code
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Rs minimum around mean free path ¢/~ 300 A

10° 3 s s
— Two fluid model 4.25K ConANALL. :
---- BCS; Diffuse ref. 4.25K 1300MHz Strange behavior on mean
—- BCS; Specular ref. 4.25K Niobium ] free path(Z)
—_— A
S0 : //
8 Two fluid model >
CU /
3 y4 - .
g L R, minimum
E . \w\\ A | - 47
o il il @ (~300
wn NS ‘-‘_‘q_ﬂ_‘___,v__/-"
107
10° 10* 107 10° 10° 10°

Mean free path : | [A]

London penetration depth 1: A({)=A4,_,, - 1+%

3
3 2
R, (TF model) «oc (1+%)2-£, ¢ <<1, R —>§—° (>>1, R, —/
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1.3 Thermal Conductivity
and

Residual Resistance Ratio (RRR)
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Surface defects on the SRF cavities

Cracks

b |
i

"

=
=
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_ Breakdown at the surface defects :"Thermal Instability™

(a) T A () ! A
Temperature

Temperature

S B Tc

Defect Defect
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Thermal conductivity

-1
1 p 2
. — — _‘I‘a.T
Normal conductor : «en Wor L - }
per ¢ P = P 300K e-im {rities scatt
| e RRR “'MP '

e-lattices scatt.

2 2 2 2
T NKRBT Ke T (kB)

- T, === |=B] T=LgT
ke = 3y s 3 0

*:—_-| | l i 'Wiedemann-Franz low:

Heater:P|w]|

I(K)-1,(K)
Lo(m)

P[w]=S(m?*)-x(T)-

T+ T .
T = %, S: area of cross -section

B (o T e
ST-E “mE
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Thermal conductivity comparison

K [W/m*K]

600

500 -

400

w
o
o

200

100

with NC and SC

Ok (T)=2604.6exp(-15.339/T)+21.345 kA =15.339
B
XK (T)=51.291T+14.536
NC %5 U
>,<~_§®@<
K 2A  2x15339
RRR=218 R kgTe  kg9.25
%XXX Q@“ 2A =3.317kg T,
3 '
2 P
%% Nox BCS theory
XS oF
i P 2A = 3.52kg T,
oS
.Q‘O
CaEO0
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Thermal conductivity of Nb material at low

temperature

K1

1000

100

10

Boltzmann statistics

Existing probability
atenergy A, and Temp. T

1 I 1 1 1 I I
© RRR=54, normal
® RRR=54, superconducting
8 RRR=213, normal
B RRR=213, superconductin
A  RRR=246, nornal
m A RRR=246, superconductin
. X RRR=398, normal
‘ %, % ¥ RRR=398, superconductin
e EAJ‘A i‘xXXx
B o é Al
| [ o
5 i AL
Oa I
Qq c% 1 A
"‘ Y Cooper pair condensation
*. ] glf
[ ] H ! m
'Y [e
oL o/® e -~
[ ol | A
)
A
0 0.2 0.4 0.6 0.8 1
UT [K™]

A
exp(-T——
B

Quasi particle ~ Normal

A I

I

I
I
! I
-
~

\
\ I

A
v ' Cooper pair: k=0
’ ‘7~‘\<§ E;
A ,/

——Stper—

\
\
\
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Calculation of thermal conductivity
based on Quantum mechanics

-1 -1
Ks(T)ZR(Y)'{ P2%5K +a-T2} +{ L + 1j’\
L-RRR-T D. T2 BITS
- X fxp(y)

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

Y=ot a=153 T, =9.25K, T<06-T,
=

D =427E -3, B =434E3, | =50um e
5= . Fl('y) S

01 L

y2 y) oo

1+e¥) F

2R (-y)+2yInl+e )+

0.001 E

K
R(y)=—= =
Ken

2F(0)

0.0001

n E:::;:: :i::::::::: il S ::::i:::: ::::;:::: e ifuining ::::::::::::
YA e =0.87222 * exp(-0.95932*
FCy)= [ ———dz o LT PE e P e o R
1+e y -2 0 2 4 6 8 10 12
-y
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Calculated k. (T)

1000 |
------ RRR=100
=
— 100 o —-- =
T F{ - -RRR=400 ESS=co=e===
A=t AT e
%10? f’;‘/:‘/"‘ E
e " - =
E Pzt
] | s
S 1 = 3
= Az
o 74 /‘
o 7
C_U O 1 E ,‘,4”‘ = |
: /
o /:
—0.01 E f e
0.001

0.5 1 1.5 2 2.5 3 3.5 4 4.5
T : Temperature [K]

Thermal conductivity of niobium in superconductivity @ 2K is 1/15 that of stainless at R.T.
(15W/(m<K) and 1/6800 of pure cooper at 4.2K




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

200
--®--(4.25K)=0.571+0.274*RRR ;

150 || & x(2K)=0.0484+0.00818*RRR
3 P,
£100 1.
2 o
o e

50 L

s “’
I,"‘
0 kL2 ’ e —ic
0 100 200 300 400 500 600

RRR
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RRR measurement

Very simple measurement!!

RRR = R 300k RRR is linearly proportional to thermal conductivity.
9.5K
" Resistance at just over Te — &
1A L Normal
High sensitive 'I c19= | | Super |
\% recorder _ l Z1 :
] i ——— ' he.d
.'-rn"i" | N B F l
W Gleme [ Mt TN W2

Aluminum block - No.

Niobium sample Vertical scale -5u%.~cm
100L x 2.5T x 5W - : N




High RRR Material to Suppress the Thermal Instability

[4%(Tc-Th) ” (Tc- Th)
- . _ RRR 4 .
QuenCh Field : Hq—v b - Re(Th) x I - Rs(300K )
0001} — T —— y ) )
= Waiippertal University
Hq
Oel | __ _* ~
10001 ' 00 RRR -
| = i
: | n
vl | -
I hxx L0
Thae case :RRR=135, : S ]
and ry=3pum : 2 s l
Hg~15000e ! "o U
Eacc,max ~34MV/m : TS
L : T
sl . I-I PP |
1 10 100 ruml

Defect radius

One has to control the defects smaller than 1um radius. Use the material with RRR >200.




Impurities in Nb Material

30 .
g 70 o 8
o
c
O |
= 50 \ X H
C 40
- | \_l_
o 30
8 [
o 20 %
) N ]
@ 10 .
° 0 | * % * i x% X
0 50 100 150 200 250 300
|
1 C4  Cc Cy Co . . Gy RRR

RRR 1500 ~ 4100 ' 3900 " 5000 = "550000 "
Example : Cy =1ppm,Cc =5ppm,Cyn =5ppm,Co = 7ppm, Ta = 400ppm (purity:99.9582%)
1 1 5 5 7 400

RRR 1500 ~ 4100 © 3900 © 5000 550000
Theoretical limit : Ta = 100ppm, RRR =5500

RRR =188.8 2



Scattering mechanism limits both
thermal conductivity and electric conductivity

2L Nanoorm-on, HIGH PUrity + Homffeneity
NN High RRR material Vacuum annealing
phonon 71 7 " VACANCIES OR INTERSTITIALS
5L P‘{{F } ; 7/ (e.q. RADIATION DAMAGE )
! 0
U
0 7 Z
3l [/ 2% %
997, /
2777 7
7B 77% )
= / 22 | /] 10* DISLOCATIONS, /&m?
g /éég £ /T}/% Z / %
- w7 /) / |O GRAIN B’DRIES/tm
W 70 Otk

= e-phonon scat. + e-imprity scat. + e-inhomogenety scat.+- -

= e-phonon scat. + e-imprity scat. + e-inhomogenety scat.+- - -

AR 1IN\




RRR vs. Im

ourities

Umezawa’s calculation (Tokyo Denkat).

1 O

N

H

C Ta 1

= + + + + +
RRR 5800 2273 16322 8911 604690 1249

~ _ R(300K)
- R(9.5K)

400

350

300

250

200

150

100

50

Correl

lation of Measured and Calculated RRR

R® =|0.835

1

RRR58002273163228911604690 1249

O N H C_ Ta OTHE |

= T T - T

200 250 300 350 400
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History of RRR improvement in Tokyo Denkali

600

Vacuum pump increased
from 50,000 L/sec to 80,000 L/s

500 AN

400 - \

N\

300kwW EBMF Installe
300

200 \

100 X

EB power increased
from 300kW to 400kV

Maximum RRR
M Titanification
I
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