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Overview of
Superconducting cavity




SRF cavity structure

* SRF cavity is used for several purpose.
* In this lecture, We focus on electron/positron accelerating cavity.
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Cavity RF Parameter

* An example of Superconducting cavity (EUV cavity).
* Maximum accelerating field is limited by magnetic field at Equator.
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Cavity parameter

* The cavity surface is heated by RF magnetic field.
* For CW cavity, the cavity temperature reaches steady state

* RFlossin 10 MV CW operation is ¥10 W in 1.3 GHz — 9 cell

superconducting cavity.

* In the case of normal conducting cavity, RF loss reaches

~10MW.

RF loss:

Pross =
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RF heating on superconducting wall

e Superconducting cavity by deep drawing from ~3mm thin plate.

Metal-Liquid

Metal surface interface

Heating at —
defects Niobium bulk

A 0/ — 7
Superconductivity 0] Thermal conductivity
\ xy
Ty

Heaﬁng mechanism

Thermal conductivity

TDS

Temperature
Plnss P TB
J;: surface current
Kapitua
resistance

Microwave |J ‘

Mechanism of —
field limitation

ASSCA2017 7

Skin depth

o




RF resistance

RF resistance of 1.3 GHz superconducting RF caV|ty

1000 S
7 | | | | | Rrr = Rpcs + Ryes
A A

Rggs_(BCS resistance)
 Depend exponentially on temperature.
R,.. (Residual resistance)
* Temperature dependence is small.
e Depends on
 Magnetic flux pinning by impurity.
* Thermal conductivity of plate thickness and material

1 e R * Surface defects
02 03 04 05 06 07 08

UT (UK)
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Vertical test

* Cavity performance is measured in the test cryostat.
* High gradient test is called vertical test.
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Superconducting basic




Critical temperature

* Heike Kamerlingh Onnes found superconductivity (1911).
e Superconducting cavity is operated in Liquid Helium.

Onnes S WOStat Superconductive transition of Mercury

fI -
—
Qo015 ':
.00
Liquid Helium
Liquid Hydrogen 2000 :
Liquid Air L F
Alcohol ocs s |
cono 2°00 410 a'20 4°30 a o 450

Heike Kamerlingh Onnes, Nobel
Lecture, December 11, 1913
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Meissner Effect

* Walther Meissner and Robert Ochsenfeld discovered Meissner effect (1933).
* Meissner effect: The magnetic flux density in the superconductor becomes zero regardless of history.
* We should consider Impurity for real superconducting cavity,

Normal metal Perfect (metallic) conductor Superconductor
244444
Apply 4:‘:L Vq
TLeld -
44444
v Field ?fF{
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BCS Theory

* John Bardeen, Leon Cooper and Robert Schriefer introduce Cooper pair and complete an microscopic theory (1953).
* Transition temperature of Mercury Isotope supports BCS theory.

Cooper pair and Lattice vibration Transition temperature and Isotopic mass
¢ © € 0 0 ¢ © ¢ ¢ 418 Hg

Superconducting

transition temperature

'.—l" —y— .' 417 | a5 afunction of

0 'o 'ﬁ 'o ﬁ ﬂ g Q ﬂ- isotopic mass.

Lattice of superconducting material
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® E. Maxwell, Phys. Rev. 78

Lattice of superconducting material 477 (1950)

ﬁ ﬁ G G G G ﬁ G G M C. A Reynolds, et al., Phys

Rev. 78, 487 (1950)
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Superconductor history

Discovery of attractive force for Cooper pair

O
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Orbit fluctuation (2008~)
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Superconductor history

1908
1911
1933
1934
1935
1937
1950

1953

1957

1960

1961

1962
1986

Liquefaction of helium, K. Onnes

Zero resistance, K.Onnes

Meissner effect, W. Meissner and R. Ochsenfeld

Two fluid model., Gorter andCasimir

London theory, F.London and H.London

discovery Type-Il superconductor, Schubnikov

Phenomenological theory of superconductivity (GL theory. Ginzburug and Landau
electron- phonon interaction. Frohlich

Isotope effect of Tc, Maxwell, Reynolds

Coherence length . Pippard

Energy gap evidence from experiments, Goodman and others

BCS theory (Microscopic theory of superconductivity) . Bardeen, Cooper, and Schriefer
Type-l, Type-ll superconducting theory. Abrikosov

Spontaneous symmetry breaking, Nambu, Goldstone, Anderson

Validation of quantization of fraxoid. Fairbank, Nabauer

Josephson effect, Josephson

Discovery of High Tc superconductor, Bednorz, Miuller

Superconductor have been applied to RF cavity since ~1950s
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RF resistance




Superconducting gap

Bose condensation can see near the Femi energy.

3 ezlf_lAz e State density of Superconductivity
N(e)de = Ny($)dS
N(e) d& €
z No de ez - A2
2 N A Excitation energy and superconducting gap
] ===V Rttt €t =A% +¢°

1

fle) = exp e/ (kyT)) + 1 Excitation energy: €

Particle energy: ¢
Superconducting gap: A
State density: N,

Lol T— ]
E E:s+EF

17

ASSCA2017




Superconducting gap measurement

sotlo o5  AVELENGTH (mm) o 1956 (The previous year of BCS theory)
e ; il ‘ Glover and Tinkham measured lead film (Tc~7.2K) far-infrared light absorption.
ver | \ N 2A(T) energy breaks Cooper pair and creates quasiparticle
I \ gy PErp q P
ha= | - T uasiparticle normal
' %
12 ~— g 1 @
| . A(0) Y
- —_
rofes! — = 1764 o
i | Superconducting gap c 1| excitation
0.8}~ | . !
I Agree with BCS theory [
| Ts a1 P o P L -
n.s—j }—=1[TN*+(1—TN5)*]+[(I~TN*}—]} . R § E
N ax aN x
0.4 —|l — —\ﬂ- - S
I ¢ ¢t Superconducting state
0.2 trlf‘:g_}}'&(w“ﬂ}: Eﬂf‘=4 ]
N P T i Wavelength (mm)
] 20 40 60 B0 cm' 100
5 10 15 Klo/h 20 0.1 3000 100 12.4
FREQUENCY 1 300 10 1.24
F1s. 1. Experimental transmission ratios of superconducting
and normal states of a typical lead film (dec residual resistance 10 30 ! 0.124
117 ohms; transmission in normal state=1}) at T/T,=0.6740.03. 100 3 0.1 0.0124
The frequency uncertainty on each infrared point is the half-
power width of the continuous spectrum used. The vertical error
limits on these points are derived statistically from the data. The Microwave is more than 100mm wavelength.
dashed curve is one proposed for 7=0and an energy gap of 34T, . .
as described in the following Letter. =RF energy is lower than superconducting gap.
R. E. Glover and M. Tinkham, Phys. Rev,, 104 (1956) 844-845. = RF resistance occurs by thermally excited quasiparticle.
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Two fluid model

C. J. Gorter and H. Casimir introduce conducting electron in superconductor include superconducting electron
and normal electron (1934)

RF resistance of BCS part explain in simple two fluid model.

 Normal electron means quasiparticle electron.
* Normal electron excited from ground state by thermal.
* Normal electron density (n,) has a relation with superconducting density (n,).

A 1 1000
n, =ngexp| —-— ng X = i
n s &P kT T :
* If the operation temperature is much lower than critical temperature. = e
6
N,<<n =
&
* Normal electron follows Ohm’s law. 10
Jn = onEp exp(—iwt)
1 L
npe?l Mean free path : / 02
Op = myvs Fermi velocity: v UT (UK)
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Two fluid model

e Superconducting electron follows London equation.
e Cooper pair consists of two superconducting electrons.

. . 2nge” 1
] = io.E, exp(—iwt) o, =

Mew  poliw

London equation
1935 Heinz and Fritz London brothers propose phenomenologically based theory

Perfect conductor

0 4mA,°  m
B =0 (Vs Azc—zznse2
Meissner Effect Magnetic penetration depth: 1,
h = —c curl (AJ) h
41]. » A’h= —
= — (Maxwell equation) /1L

C

ASSCA2017 20




Two fluid model

e Two fluid model current describe combination of superconducting electron and normal electron.
J =Js +Jn = 0Ep exp(—iwt)
o = o0, t+ log

* Lambda penetration length AL and total current density are substituted for the normal RF resistance,

1
R =
norm 6O-n07‘m A
1 1 On
N . _ . exp(-z/0)
BCS [/'{L(O-n + lO'S)] AL 0'7% + O'SZ /\ /\ /\ A‘_:I/_;{:— _____ 1/e

lo, ng A \/ \/ \/ Y i
~—— = 31 _— :
» A, o2 Ho@W AL M Vg exp( kBT) s

Vacuum Conductor
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Surface resistance and frequency

Two fluid model

1 1T 1T 1

TURNEALRE, 1968
HAHMN , 1969
VETTER, 1970
MARTENS.IGTI
CEPERLEY, 1971
KNEISEL, 1972
PIOSCEYK , 1973
THIS WORK

n A i

— ,2,.2173 S "
Rpcs = mow ALl—m o SXP\ T T
eVF B TEO11 mode cavity B

W 4 Har DO 4 OH

Numerical analysis base on BCS theory in microwave range

RBCS X w% ais 1.5™2 —

Y
I :

RF magnetic field RF electric field

SURFACE RESISTANCE AT 42K (01

136.4

—3.9

5

L T L T T T T T T T T T

y
LT L P T T

}
Wy //{// L T T T T T L | l l | | l

FREQUEMCY (GHz)

W. Bauer et al., J. Appl. Phys. 45, 5023, 1974.
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Coherence length and mean free path

Mean free path | changes depending on impurity

— — n A
—;ﬁ1$:ET)l/ RBCS = ngzll:zl S exp <— _>
m kgT

= VrT = 0.
n,e? "
Fermi velocity vy =c 2Er F lectron densit NaM
F " ree electron density n, = y

Avogadro constant: N,

RRR(Residual Resistance Ratio) Atomic weight : M

Density : d
P300K
RRR =
'OTC Resistance is measured by four-terminal method
Coherence length ¢ A span of Cooper pair influence

1 1 1 |

—-—= — 4+ — Cooper pair

§ S L 7 "—-_NT\‘.
.//4 ———————————— 7 '/'

A = A1 =&,/1 l _______ .

Coherence length

Ideal coherence length &y = hvp
(Pippard length) A(O) Cu holder
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Coherence length and mean free path

Two fluid model A
n
Rpcs = pgw?A;l ~— exp (‘ )

MeVE kBT
(D) =41+&/1
3
Rpes > (1+&/D2-1 Rpcs =21 Niobium cavity §,~200nm
¢ | K &y(dirty superconductor) A ‘2
A A\ EXP (— kAT T)
Rpes( < &) = p2w?0oRRR - A(T,1)3 —=1n &
Bcs ( §0) = How“0y (T, kT P T = |
* [ > &y(pure superconductor) 8
RBCS(I > EO) % Dirty Clean ;
2 2 nRR A(T,D* 3A | 1.2TAE3 A g4 |
—_ . e —_— —
ot %o U 2kgT " \R20?A(T,D2) P\ kgT | e
* The resistance decreases as the purity increases (mean free path increases) 0 5 - " -3
* The coherence length is exceeded, resistance due to quasiparticles becomes Mean Free Path [nm]
dominant. J. T. Maniscalco et al., J. Appl. Phys. 121, 043910, 2017.
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Residual resistance

Impurity Heating

Quasiparticle scattered by impurity

R,es = HEw?0,RRR - A2Ay Ay : Average number of impurity and defect

Pinning heating (not complex state)

SQUID microscopy
- s

Magnetic flux was quantized in superconductor 20170830_CPonly_2mmsphere_MT
0.01 T T T T 1
—_ —e— CPonly_2mmSphere_1000e
®,=hc/2e )
L . 2 o0 /
Z The part through the magnetic flux change to a normal conductor < 4 /
Radius of one area is a coherence length. E 002
5
§ -003
|
-0.04 |
R _ Heyt _ Heye |Hw ]
res,fl — N — 005 b
2 ZHC ZHC 20 4 5 6 7 8 9 10

Temperature (K)
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Canceling coil

Residual resistance of the ILC cavity occupied 30% of total resistance at 2K in 1.3 GHz ILC cavity.

mm) |t is necessary to suppress the external magnetic field.

Heater and sensors Canceling coil
-3 l‘ L Sl Lo 0 Expulsion Slope (AExpulsion/AT)
1 13 Magnetic field vs temperature [T ] g 1 | 143
-k EReest 714
50 : : E ; ; , 16 * F -<=R8c_1st |21.7
Upper beampj T“T.‘F’e;?")’sg 7 80 {=--| =-Rd_lst |56
temperatur Temp another EQ .+~ I A ? ? ? { o |-t-R9_2nd 4.2
a5 Temp bottom EP” 1 14 b : : ; : : Lz 26
/ 1 —_
ﬁ BAmo). == S
T 40 ¢ 4 Equator 112 ¢
s 7/ ‘% tempe@,\{r. 2 et 9
S ®r S o g3
>Ry X = 90 / 7'/1' Lower beampipe irjs® "
Flux gate senSor § 74//, C al
| Q ) F _’.//
g6, L A 4
4 6 3 10 12 14 18 ‘
Temperature at equator [K] 0 05 1 15 2 25 3 35

delta-T (K)
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Critical RF field




Type |l super conductor

1937 Lev Shubnikov discoves type-Il superconductor.
1957 Abrikosov developed Type-Il superconductor theory based on Ginzbrug-Landau (GL) theory

Type-11

GL parameter
| W o1 A Ao
&£ 42 g 2

s
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Abrikosov theory

Compare the type-l and type-li superconductor thermodynamically
Gibbs’s free energy at normal superconducting interface

9,@ns Type —I superconductor
* Type-l superconductor —€c /— -’v’-\" )
* boundary surface energy is positive, vortex does not penetrate A e
* Type Il superconductor . ‘_ "
* Boundary surface energy is negative, vortex penetrate to superconductor g
inside under the thermal critical field. It is called mixed state.
13 5.
€c B, R gs(H)
(a)

Vortex make lattice in mixed state 9, ONS Type-ll superconductor

—Ce

Abrikosov’s analysis

H., > H,. = Type-Il superconductor

0

MT)  2V2mH (T)A(T)? D : o
K = = = ® s N§
E(T) d, c2 2mE2(T) € | ................... gs(H)
. Normal conductor Superconductor( 2
K=—7 is the boundary between Type-I and Type-II.

ASSCA2017 29




Critical DC magnetic field

Measurement of high purity niobium produced in the laboratory

Electrostatic levitation (ESL) furnace

ESL: sample is floated by high voltage control Hysteresis curve of low and high purity niobium samples

100 T | - ! T T
: : ;% --e--ESL-Processed Nb
( Py Qf‘gi -o— Arc-melted Nb
C‘)E ” e g ,
S 50
3
£
o)
S 0
Parallel|SC Laser= = = = == =
UV it o L . N
o SRR I © b
Charging Electrode s 2 T 3 S -50 /
i © ’
e Detector = 3
YAG Laser _100 i i i .‘ i i
Bottom Electrode -400 -200 0 200 400
\ Vaccum Chamber / Field (mT)

Fig. 1. Schematic illustration of the electrostatic levitation furnace. Fig. 5. Magnetization hysteresis loops of ESL-processed and arc-melted
Nb measured at 5 K.
H. Takeya et al., Jpn. J. Appl. Phys. Vol. 42 (2003) pp.2675-2678)
H. Takeya et al., Physica C 392-396 (2003) 479-483
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Critical DC magnetic field

Nb is industrially manufactured by multiple electron beam melting.
RRR ~ 300, it is not inferior to that produced in the laboratory

8000

3000 - N e EA
[ Large Grain RRR=340 (NingXia) [ o wmazox
e e . -M@301K

T Hel(T)=1948.6[1(T/Tc) *]. Te=8.8274K
“ He(T)=2057.8[1«T/T¢c) °]
.| & He2(T)=4921L.0[1«(T/Tc) “J/[1+(T/Tc) ]

7000 ..

2500 |-
- M@3.05K

M@4.21K
M@5.03K |~
M@5.50K
M@6.03K

6000

1500 [
K -M@6.48K

o M@7.01K
1000 _ L _______ M@7.48K |-

-M [ Gauss]

Ho H_H_, [Gauss|

a | -M@8.20K
500 - » -M@8.58K |

2000 3000 4000 5000 6000
Bm [Gauss] Temperature : T[K]

K. Saito Lecter note 2010

10

00

= =
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Critical DC magnetic field

> Hel(T)=1948.6[1-(T/Tc) '] Tc=8.8274K
“ O He(T)=2057.8[1(T/Tc) °]
.| “® He2(T)=4921.0[1(T/Tc) “JY[1+(T/Tc) |

Temperature : T[K]

| —8—£(T)=241.01/[1-(T/Tc)] 2, Tc=8.824K

] Tokyo Denkai, RRR=246, CP10flm I,"

| | | I T
--@-£(T)=262.27{[1-(T/Tc) JA+TTc) 117, Te=8.946K

0 2 4 6 8
Temperature : T[K]

3000 T T T

~ ) (T)=441.76/[1(T/Tc)* 1*°, Tc=8.9456 K

@y

H

2228

Tokyo Denkai, RRR=246, CP10(Lm

@

A
Hcl = mln §+ 0.08

D

He,

Temperature : T[K]

" 2ng?

—8—(T)=1.6109/[1+(T/Tc)*]

yAE Tokyo Denkai, RRR=246, CP10(u

K =

e
;

hc
CI)():_

2e

only ~ 50 nm from the surface is affected

in 2K operation.

0 2 4 6 8
Temperature : T[K]
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Critical RF magnetic field

DC magnetic field (2" order phase transition)

3000 : —rr 7T
: Largé Grain RRR=340 (NingXia.) . -M@zoék
5500 [ s M@3.01K
* In the DC field, niobium is a 2"9 order phase transition material (type-I| : n | e
[ 8 + 5.03K
superconductor). —_— \‘ % e
« 2M order phase transition has a mixed state § 15w | \ esax
 Inthe RF field, It change to a first order phase transition 7 om0 | A e
N ! E \\% e -Mzs.zok
material(quench) o | \GRWAN \% . mgas
* The first order phase transition has a metastable state, Called P )\ NN .
) ) 0 : . .__.” . A |
superheatlng field 0 1000 2000 3000 4000 5000 6000
B_ [Gauss]
Since the surface of the superconducting cavity is not pure RF magnetic field (1 order phase transition)
. we1"
superconductor, theory and experiment are not agreed perfectly. : | | 1 ——
= 18K
I f | | X %SE}S(K
Experimentally, about 1800 Gauss about Hc is the critical magnetic field of RF. 10 | aasestsbiaang S T .
ra® nEa tee :A‘A:AAA
8 ] -I.-.-.-.fA‘.A
) .‘...°"‘00..§o:::“‘3‘.
o 200 Lo S S— S R — .
For SRF usage Hc is important ; E h
Nb Hc is higher than other High Tc superconductor Hp/Eacc™42 Gauus/(MV/m) Qunec
0 10 20 30 40 50

Eacc (Mv/m) K. Saito Lecter note 2010
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Critical RF magnetic field (Vortex)

1964 Bean and Livingston are conducting research on magnetic flux (vortex thread) entering
the surface of Type 2 superconductor.

It is calculated that calculation such as GL theory or Eilenberger theory is attempted, H, = 1.2 H_ etc.

2x
v _ (%) | Hexp(=x/2)

M -
IMAGE FORCE . € In(4/¢) Hey
ATTRACTIVE ", H-H,
o
3 i
£ Effect pushed by magnetic field
- .9_
INTERACTION WITH = Effect pulled by mirror image
SURFACE FIELDS 2 PTTN P y &
REPULSIVE s L7 .
o[ HHE, N
ﬂE: ] ~ -'-ut .....
R —= _.'l"_'“#h-m £
- H-H,
FIG. 1. Schematic representation of the forces on a Distance from Interface x -
flux thread near a specimen surface: (a) attractive 1
force produced by an “image” flux thread of opposite Vacuum Superconductor
sign. (b) Repulsive force from interaction with the

surface fields (density of dots represents density of

local field). P. G. oy GENNES, “Superconductivity of metals and alloys”,

Addison-Wesley publishing Company, fourth printing, (1992).

ASSCA2017 34



Critical RF magnetic field (Vortex)

Bardeen and Stephen's

theory

The vortex thread flows through the superconductor while receiving viscous force (magnetic flux flow).
As a typical value, the attenuation time constant of the vortex thread is about 10 ps

Since vortex vibration can not keep up with the RF frequency,
The idea of using simple thermodynamic energy as the critical magnetic field was also proposed.

L 2,2 1 2>
SHHTAT —ZuHE" =0

Li H
Flcme :_é_ Hc _Alc
A K

- /
Vortex line

super-condensation
energy

1
~SMHC(n57) L

magnetic field

e

energy

1
S HH ()7L

Hy

n=

f%

Effective value of RF field

[Oe]

HRF
C

3500 T T
—@ -Hcr Nb-cornell
3000 —0O -Her Nb-KEK
——Hcr-Nb3Sn
2500 =& =Hecr-Pb
2000
U S
1500 e "=
e N
1000 >
e A i a >
------ R et e 8,
500 LT o e
ALRIN \
AL 5
0
0 0.2 0.4 0.6 0.8 1
T/Tc

K. Saito, in Proc. of SRF2003, hamburg, Germany, (2003)
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Summary

* Resistance of superconductor in RF field is not zero.
e Surface resistance can be divided in to temperature dependent term (BCS resistance) and non

dependent term (Residual resistance)

* Good textbooks.
* H. Padamsee J. Knobloch and T. Hays, "RF superconductivity for accelerator", John Wiley &

Sons Inc., New York, (1998).
* H. Padamsee J. Knobloch and T. Hays, "RF superconductivity: Science, Technology and

Applications", John Wiley & Sons Inc., New York, (2008).
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