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Perfect Conductivity
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Kamerlingh Onnes and van der Waals in
Leiden with the helium 'liquefactor' (1908)

Unexpected result

Expectation was the opposite: everything should become an i1solator at 7 — 0
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Perfect Conductivity

Persistent current experiments on rings have measured

o)
s > 10"
o)

n

Perfect conductivity i1s not superconductivity

A “perfect conductor” (infinite means free path, no scattering center) is not
“resistance-less”
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Perfect Diamagnetism

Perfect conductor Superconductor

—— —
Case I. The specimen and then brought into a Case I. The specimen and then brought into a
is first cooled below its magnetic field. is first cooled below its magnetic field.
transition temperature transition temperature
ot
N N TN
N N N
Case 1I. The specimen and subsequently cooled The magnetic field is the field is pushed out
is brought into a magnetic below its transition tem- applied while the speei- when the specimen is
field while it is in the nor- perature. men is in the normal state; cooled below its transition
mal state

temperature.

Fia. 3. The behavior expected for a transition into a state of perfect conductivity.

The final state would depend on the serial order in which the specimen is brought
into the same external conditions.

F1a. 4. Case II of Tig. 3 according to Meissner. The superconductor, in contrast
to the perfect conductor, has zero magnetic induction independently of the way in
which the superconducting state has been reached.
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Two Fluid Model — Gorter and Casimir

T<T x = fraction of "normal" electrons

C

(1 - x) : fraction of "condensed"electrons (zero entropy)

Assume : F(T)=x"F, (T)+(1-x)F.(T) free energy
1
Fn (T) = __YTZ
2
1 2
K (T) = _B:__’Y]—;
4
T 4
Minimization of F(T ) gives X = (T—j
C
T3
Cy = 3YF
H(r)_, (1)
H, T,
N N W NN )
I = , . o | 7 Office of
- deé%"’i” gv | Thomas Jefferson National Accelerator Facility | Pages | Science

Operated by the Southeastern Universities Research Association for the U.S. Department of Energy U.S. DEPARTMENT OF ENERGY



Model of F & H London (1935)

Frictionless “superelectrons”

n - — )
ma—:—eE J,=—en v
4
7 2
dJ _ne g
ot m
_ _ OB
Maxwell: VX E = ——
ot
o m = - - m = - =
= — ~VxJ +B|=0 = — V X ] + B = Constant
dt\ ne ne
m = _ _
F & H London : ~VxJ . +B=0
nse
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Model of F & H London (1935)

combine with Vx B = L, js

2
v2p -t B
m

B(x)= B, exp [-x/A,]

1

2
A =
- |:1’L0nse2 :|

The magnetic field, and the current, decay
exponentially over a distance A (a few 10s of nm)
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Model of F & H London (1935)

5
2
m
A, = — 4
uOnse

3

From Gorter and Casimir two-fluid model 3
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1 _ Fia. 21. Penetration depth as a function of temperature. (After Shoenberg, Nature,
T 43, 433, 1939.)
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Pippard’s Extension of London’s Model

Observations:
-Penetration depth increased with reduced mean free path
- H, and T_ did not change

- Need for a positive surface energy over 10 cm to explain
existence of normal and superconducting phase in intermediate
state

Non-local modification of London equation

1 -

Local: J=-—A4a
ch
_R
_ R| ReA(r") |e ©
Non local: J(r)=- 3 J [ (: )]e dv
4mE A R
1_ 1.1
& & !
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Two Fundamental Lengths

* London penetration depth A
— Distance over which magnetic fields decay in superconductors

* Pippard coherence length ¢

—Distance over which the superconducting state decays
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Surface Energy

NT)
11?2 =ng h(x)

Superconducting Normal

e— &) —+
FIGURE 1-4

Interface between superconducting and normal domains in the intermediate stz

1
c=—| H¥E-H\
H*\ : :
on ; Energy that can be gained by letting the fields penetrate
T
H’E .
8C ; Energy lost by "damaging" superconductor
T
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o= H’E—H*\

Surface Energy o

Interface is stable if 6>0
If E>>A >0
Superconducting up to H, where superconductivity is destroyed globally

IfA>> o0<0 forH’ >Hf%

Advantageous to create small areas of normal state with large area to volume ratio — quantized fluxoids

Exact calculation:

A1
K=< — : Type I
£ V2 1

1
K=&>— :Type I

& 2

1
K< —
V2
—4M
k0.8
K2
f
-+
Hyy 2 Hyy
FIGURE 5-2 0
Comparison of magnetization curves for three superconductors with the same value FIGURE 1-5
of thermodynamic criti i : m ol . .

d y a“?‘c ;:rlllcal[ ﬁe;d HE’ .but different values_ (_Jf k. For & < 1/\/i the Comparison of flux penetration behavior of type I and type II superconductors with
slupercon uc;or is of type L an exhibits a first-order transmfm atH, Forx > 1/\/1 the same thermodynamic critical field H,. H,, = \/2xH,. The ratio of B/H,, from
t!'le superconductor is type I ?ﬂd shows second-order transitions at H,; and H_, (f\'_?r this plot also gives the approximate variation of R/R,, where R is the electrical
clarity, marked only for the highest « case). In all cases, the area under the curve is resistance for the case of negligible pinning, and R, is the normal-state resistance.

the condensation energy HZ/8n.
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Critical Fields

Type 1 H, Thermodynamic critical field
H : .
H, = = Superheating critical field
Jx
Field at which surface energy is 0
Type 11 H, Thermodynamic critical field
HZ
cl = - < H c
HCZ
H, = N2x H, >H,

AN AN N N
— / 5 —
- (‘C/ ‘“%" I
N N N N
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Meissner effect
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Figure 3-1
Phase diagram for a long cylinder of a Type II super-
conductor.
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Superheating Field

Ginsburg-Landau:
oo 0.9H,

sh \/E

~ 12 H, forx-~1
~ 075H, forx>>1

for k<<1

The exact nature of the rf critical

field of superconductors is still H /
- 05 cl .
an open question e
r<— TYPE | <——— TYPE Il
0 "0;1' 0.'8"‘:21"[%6"'2.0
GL Parameter « = %j

Fig. 13: Phase diagram of superconductors®in the transition regime of type I and II.
The normalized critical fields are shown as a function of x.
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BCS

0.585

0.580
E I o0s7s
— Energy gap ‘o 0570
—Isotope effect (phonons) 0565
_Melssner effeCt 05602.05 206 207 208 2.09 210
IgM—

Assumption: Phonon-mediated attraction between electron of equal and
opposite momenta located within 7@, of Fermi surface

Moving electron distorts lattice and leaves behind a trail of positive charge that
attracts another electron moving in opposite direction

Fermi ground state is unstable

Electron pairs can form bound states of - Fermi. sphere

lower energy / 5 ‘\ Cooper pair
: o AHRY)
AV

Figure 20: A pair of electrons of opposite momenta added to the full Fermi sphere.
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BCS

Exchange of phonon between 2
electrons can lead to an attraction

between them.

This attraction can lead electrons of
opposite momenta to form pairs.

Time

(—q)

(a)

-k
(b}

Figure 4-1
Electron-electron interaction via phonons, In process (a) the
electron k emits a phonon of wave-vector —q, The phonon is
absorbed later by the second electron. In process (b) the sec-
ond electron in staie (—k) emits a phonon g, subsequently ab-

sorbed by the first electron.
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Cooper pair

single
electron

Figure 22: Cooper pairs and single electrons in the crystal lattice of a superconductor. (After
Essmann and Trauble [12]).

Fermi sphere, p®/2m=E;
2 Egt hwp

Py

possible Cooper pairs:
(p.-p).(P\-P")

(B =D ) oo

Figure 23: Various Cooper pairs (g, —p), (7', —5"), (", —p"),...in momentum space.
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BCS and BEC

BCS BEC
weak coupling strong coupling
large pair size small pair size
k-space pairing r-space pairing

strongly overlapping ideal gas of
Cooper pairs preformed pairs
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BCS

Energy gap

hw b 3
Ay = 2 = 2hw, e "V
. 1
sinh| ———
p(0)V il
Energy of excited states: N Superconducting

= 2,8 +A° | Normal
g, = 2G +A !

Condensation energy: £ —E =—

0 1 2 3
A, ) H; %
=—-NA,| =2+ =2 :
0 FIGURE 2-4
EF TU Density of states in superconducting compared to normal state. All k states whose
energies fall in the gap in the normal metal are raised in energy above the gap in the
AO /k ~ 10K superconducting state.
e./k = 10*°K
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BCS

Temperature dependence of the energy gap

de

| o tanh[(ez + A2 )1/ ’ /2kT}
7p(0) j 0 (&2 +4° )1/ ’

A(T) A

at

A(0) = 1.76kpT,

A ~3.2kpTy[1 = (T/Ty)] t/2

[

1 T/T,
Figure 4-4
Variation of the order parameter A with temperature in the BCS
approximation.
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BCS

Critical temperature:

l I !
3.0 N wl
1 . g
kT = 1.14hw, exp| ———— ' .
es
p{\/ (EF) —T—=9.|7 exp (-1.5 T./T)
Y'c
03 =
_ Ces
A(0)= 1.76 kT, Zes
Ol -
Heat capacity 0031 o vanadium T
o tin
A T | | !
C.= exp|——| for T<-=< e
1.0 2.0 3.0 4, A
. kT 10 ° 30
TC/T
Fig. 22. Reduced electronic specific heat in superconducting vanadium and tin.
[From Biondi et al., (150).]
coherence length
hv
£, =.18—L
KT,
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Penetration Depth

2 dk
A= —J-—dk specular
1) K (k) + K (specular)

Represented accurately by A ~

2000

1200

1000 K

800

600 . THEORY

400

200

y=

Fig. 30. Temperature dependence of d1/dy for tin obtained by Schawlow and Devlin (207)
compared with the theoretical curve obtained from the BCS theory.
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BCS Model

« The BCS model is an extremely simplified model of
reality
— The Coulomb interaction between single electrons is ignored
— Only the term representing the scattering of pairs is retained

—The interaction term is assumed to be constant over a thin
layer at the Fermi surface and 0 everywhere else

— The Fermi surface is assumed to be spherical

* Nevertheless, the BCS results (which include only a
very few adjustable parameters) are amazingly close
to the real world
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Surface Impedance in the G-C-L Model

Time-varying magnetic field will create an electric field in the
superconductor, that will interact with the “normal” electrons

) Power dissipation
_ _ 0B
VXE=—-— = FE o< AoH
ot
t4
Losses o< E°An o< ®’A’n (1) <

N | W

Close to 7, : R, dominated by A(?)
Far from 7, : R dominated by n(¢)
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Normal Conductors (local limit)

* In the local limit J(2)=0E(2)
« The fields decay with a  \?
characteristic length (skin depth) 0= T
Ex (Z) — Ex (O)e—z/5e—iz/5
(1-17)
H (2)= E
,(2) ey «(2)
. . 1/2
7 E _(0) _ (l+l)uoa)5: (1+19) —(1+1) JIND,
H (0) 2 oo 20

PV V' -
SN = . , . > Office of
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Electrodynamics and Surface Impedance
in BCS Model

Ho+H, ¢= iha—q)

ot
e
H =—)» A(r,t)p,
ex me 2 ( i )pl
H, 1s treated as a small perturbation H, <<H,

There is, at present, no model for superconducting surface resistance at high rf field
R

R[R-A]I(®,R,T)e '
! ocj R’

dr similar to Pippard's model

J (k)= —ﬁK(k)A(k)

K(0)#0: Meissner effect
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Surface Resistance of Superconductors

Temperature dependence

—closeto T, :

dominated by change in A(7)

3 103 : . :
(] —t )A Niobium —
Lead ----
T 104 Nb,Sn --.- -
—for T <—=: -.
2 1075 )
. . . A7 g
dominated by density of excited states ~ e /T § 10}
0
o
A A 7
2 107}
R ~—mexp ——
T kT
108}
Fre d d 1095 2.0 3.0 a0 ~3.0
quency dependaence TIT
2 . . .
0 1sa gOOd apprOXImatlon Figure 4.5: Theoretical surface resistance at 1.5 GHz of lead, niobium and
NbsSn as calculated from program [34]. The values given in Table 4.1 were
used for the material parameters.
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Surface Resistance of Superconductors

FrER T3
i i1
RIT-R, ~ exp-[(AZKT, NT_/T)] i
: i |
1076 - 107k ;
: ~ F ]
~— g — -
G w
v O E 1
=
3] B 108
= | @ F E
0 | i - ]
w | L i
r s . | e
s I £ -
| = 2
< A/KT =166 B el i
> | | E ]
? / | : 3
1078 ' : 1
5 r 4
1071 =
| i 7 | ]
i I PR | e A T sy ey e
- | | _ 1 10 100
2 3 4 5 6 7 8 FREQUENCY (GHz)

. REDUCED; TEMPERAIURE TC,” e Fig. 5. The surface resistance of Nb at 42K as a function of
Fig. 2. Temperature }iependenoe of surface resistance of niobium at frequency [62,63]. Whereas the isotropic BCS surface resistance
3.7 GHz measured in the TE,,, mode at H, >10G. Th‘e values (- --) resulted in Roco'® around 1 GHz, the measurements fit
computed with the BCS theory used the following material para- better to @ (- —-). The solid curve, which fits the data over the
meters: entire range, is a calculation based on the smearing of the BCS
T.=9.25K; i (T=0, I=00)=320 A density-of-states singularity by the energy gap anisotropy in the
AO)kT=185; Zp(T=0,l=00)=620A; I=1000A0r 80A. presence of impurity scattering [61]. The authors thank G. Miiller

for providing this figure.
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Surface Resistance of Niobium

1.0E-5 ,
1500 MHz

=k
=
M
i
[=7]

.——'-_____——-

=== oo

I S
e

BCS surface resistance [Ohm]

= Diffuse ref, 4.25K
— Specular ref. 4.25K

1.0E-7 e Diffuse ref, 2.0K

i — Specular ref. 2.0K
1.0E-8 - /

1 10 100 1000 10000 100000

Mean free path [A]
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Super and Normal Conductors

 Normal Conductors
— Skin depth proportional to w12
— Surface resistance proportional to w2

— Surface resistance independent of temperature (at low T)
—For Cu at 300K and 1 GHz, R;=8.3 mQ

e Superconductors
—Penetration depth independent of w
— Surface resistance proportional to w?

— Surface resistance strongly dependent of temperature
—For Nb at 2 Kand 1 GHz, R=7 nQ

However: do not forget Carnot
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Accelerating Cavities

Two main functions
Mode transformer

TEM > TM
Impedance transformer

Low Z — High Z

SN SN SN SN SN -
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Equivalent Circuit for an rf Cavity

Simple LC circuit representing OOV
an accelerating resonator Simte amped £-¢ e

repesenting an accelerating
resonator.

wo? = 1/LC

Metamorphosis of the LC circuit
into an accelerating cavity

(e e}
O O Q 0O
- NS B,
Chain of weakly coupled pillbox —l°F I wiees ﬁ
cavities representing an accelerating °29) 2% 22
al bl c)

cavity

-

d) e)

Metamorphosis of the L-C circuit of Fig.1 into an accelerating cavity (after R.P.Feynmanx”L
Fig. 5d shows the cylindrical "pillbox cavity™ and Fig. Se a slightly modified pillbox cavity
with beam holes (typical 8 between 0.5 and 1.0). Fig. Sc resembles a low 8 version of the
pillbox variety (0.2<8<0.5).

Chain of coupled pendula as

its mechanical analogue s

U
TN

Chain of weakly~coupled pillbox

4L

NN

Chain of coupled pendula as a

cavities representing an accele~ mechanical analogue to Fig. 6a

rating module

e e e
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Design Considerations

§,max

3 minimum critical field

E— minimum field emission

<H! > - .
— minimum shunt impedance, current losses
EZ
<E? > . . .
—— minimum dielectric losses
EZ
U minimum control of microphonics
E’ maximum

voltage drop for high charge per bunch

I~~~
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RF Cavity Fundamental Quantities

* Quality Factor Q,:

0, = U Energy stored in cavity _ D
" P, Energy dissipated in cavity walls per radian ~ Aw,
V2
e Shunt impedance R : R, = PC in
diss

V. = accelerating voltage

2
c

Note: Sometimes the shunt impedance is defined as 3 P,

, or quoted as impedance

iss

per unit length (ohm/m)
[ OC/ an ggﬂ T — Thomas Jefferson National Accelerator Facility d Science [
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Q - Geometrical Factor (Q R,)

2
0

®

A®

L’

6

Energy content ~ U _ 1
Energy disspated during one radian P
Rough estimate (factor of 2) for fundamental mode
1
(DzzTCC: 2t 1 U:ﬁszdv:ﬁ—H
A g, 2L 2 2 2
1 ) 1 1,
P==R [H’dA= — R —H L
2 2 2
or ~Z Mo -2000
6 \¢g,

G =R, 1s size (frequency) and material independent.
It depends only on the mode geometry
It 1s independent of number of cells

For superconducting elliptical cavities QR ~ 275€

es Research Association for the U.S. Department of Energy
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Shunt Impedance (R,,), R, R,, R/Q

2 E2 L2
Ry="p= [ .1
O N 26 F

2 2

In practice for elliptical cavities
R, R = 33,000 (Qz) per cell
R, /0 =100Q per cell

R,R and R,/Q
Independent of size (frequency) and material
Depends on mode geometry

Proportional to number of cells
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Power Dissipated per Unit Length or Unit Area

3 1 E°R,

LT E
0

®
OR;

|
For normal conductors Ry o< O)A
P 1
o< (6)] 2

L
P 1

o< 0)2
A
2
For superconductors Ry < ®

P

R oC O)

L

P 2

R oC O)

4
oo - P~=S" Office of

- , _— . oy
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Ponderomotive Effects and Microphonics

« Ponderomotive effects: changes in frequency caused by the
electromagnetic field (radiation pressure)
— Static Lorentz detuning (cw operation)
— Dynamic Lorentz detuning (pulsed operation)

* Microphonics: changes in frequency caused by connections
to the external world
—Vibrations
— Pressure fluctuations

Note: The two are not completely independent.

When phase and amplitude feedbacks are active, ponderomotive
effects can change the response to external disturbances
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Lorentz Detuning

Pressure deforms the cavity wall:
* RF power produces radiation

pressure: P = (u,H? — £,E2)/4

/

f hift: Outward pressure atthe _—"
requency shift: equator

« Deformation produce a

- Inward pressure at
Af = KL*E= "y the iris
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Lorentz Detuning

— CEBAF 6 GeV

— CEBAF Upgrade

Energy Content (Normalized)
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Microphonics

Microphonics Probability Density

S 0-04
4 0035
3 A 0_(,?N\N\\
2
] VA R [N . 0.065 \
EO\V/ I WAV IWATIN 5 P\
10 o ATERTY AW ANATA I por \
5 [V RVERATA 0.04
-3 V v / 0.005 \
-4 L ‘/—,w/ 0 \ ~—
5 15 10 5 50050 5 10 15
Time (s) Hz
N N N SN N .
-Q\(i] ik :?:k gdv’b— Thomas Jefferson National Accelerator Facility r J %f:;gﬁ :ef

Operated by the Southeastern Universities Research Association for the U.S. Department of Energy U.S. DEPARTMENT OF ENERGY



Limitations on the Performance of

Superconducting Cavities

* Quenches below critical field
* Residual surface resistance
* Field emission

« Multipacting

« Causes
— Surface contamination
— Surface oxides
— Defects
— Grain boundaries
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Parting Words

« SRF for accelerators has been an active area of research
and development for 40 years

* Much progress has been done
 Many machines have been successfully built and operated

« We have not yet achieved the full potential of the “easiest”
superconductor for rf applications (Nb)
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Parting Words

« SRF involves many areas of physics and engineering
— Quantum mechanics, solid state physics
— Electromagnetism
—Materials science, thin films, deposition techniques
— Surface physics
— Chemistry and electrochemistry
—Vacuum science
— Contamination control
— Feedback systems and rf control
— Cryogenics
— Mechanical and thermal engineering

« There is plenty left to do
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