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Outline

» Electrical conduction: DC and RF
e Superconductivity
— Type-I and type-II superconductors
— Intro to BCS and GL theories
« Surface impedance of superconductors
 DC and RF critical fields
« Field dependence of surface resistance

 Intro to performance limitations
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DC electrical conduction: resistance

Average momentum of an electron in
an electric field within the time
between collision, t
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T = [/vp = 10714 s is the electrons’ scattering time
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Drude Model electrons (shown here in n ez

blue) constantlv bounce between J — E =0 E
heavier, stationarv crvstal ions (shown

in red). mtc

Ohm’s law, local relation between J and £
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Electrodynamics of normal conductors

E—Ee For accelerator applications, the rate of oscillation of the e.m. field is in the
0 radio-frequency (RF) range (3 kHz — 300 GHz)

OB _ _
€ ot
+ B=uu 4
oD o
V-B=0 VXH:J-I-F\ J=f(E)
ol
Maxwell’s equations (hnea.r and isotropic) material’s
equations
 From Drude’s model:
ot r m (1+ Ia)r) T

ot << 1 at RF frequencies
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Skin depth

» For a good conductor at RF frequencies, we<<c — dD /dt~0

VxVxH=V(V-H)—V?H =0V XE =—iuguowH

——> V’H=iocuuwH

similar equations for £ and J

* Solution (semi-infinite slab):

HoHow

H = H-E_%rf_%
.. 0=
g =_04D g
' g0 |

.{effe?son Lab

Thomas Jefferson National Accelerator Facility

E (x,t)

bt

H (x,t)

L

X

Slide 5 of 62

@



Surface Impedance

» The surface impedance 1s defined as:

‘Eu‘ E, :
H
Jo J(x)dx T \ N surface reactance

surface resistance

« For the semi-infinite plane conductor:
Zn — ‘EZ (O)‘ — 1+1 R =X = 1 — HoHW
H,0) o6 > %) 20

* The impedance of vacuum is: Z, = (ﬁ)m =~ 377Q

£y
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Example
Surface resistance of Cu at 300 K, 1.5 GHz:

c(300 K) = 5.8x107 1/Om
Lo = 1.26x10° Vs/Am
n=1

—> 0=1.7um, R, =10 mQ
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What happens at low temperature?

* o(7) increases, 0 decreases mmmp The skin depth (the
distance over which fields vary) can become less than the mean

free path of the electrons (the distance they travel before being
scattered) mmmp J(X)#= o E(X)

» Introduce a new relationship where J 1s related to £ over a
volume of the size of the mean free path (/)

R’[fé EG.t—R/ vF)]
R*

~ 3 ~ =
J(F?f):T;JVdJ" e ™ with R=7 -7

Effective s  &nell
. . Geff ~X—O0 =— —
conductivity I I mvg/
=T
Contrary to the DC case higher purity (longer /) does not increase
the conductivity — anomalous skin effect
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Anomalous skin effect

4 /2 1/3 l 1/3
Zy = —(ﬂx@ <—> w?/3(1 +V3i) [>>0
9\2nm o

* l/o=mvp/e’n is a constant for each material ~ 7x10-1° Qm?

 Independent of temperature
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Example

Surface resistance of Cu at 1.5 GHz as a function of temperature

pl=6.6%x1016 OmM?

p(273 K) = 1.55x108 Om

10 - —

RRR = p(300K)/p(4 K) = 300

R, (mQ)

R.(4K)=1.3mQ y

...1n spite of the resistivity
decreasing by a factor300 o1
fI’OIIl 300 K tO 4 K R OIlly 0 50 100 150 200 250 300

T(K)
decreases by a factor of ~8!
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Superconductivity

The 3 Hallmarks of Superconductivity

e Zero resistance
* Complete diamagnetism

* Flux quantization

.! effe?son Lab Thomas Jefferson National Accelerator Facility Slide 11 of 62 @ @JSA



Z.ero Resistance

Zero Resistance

I

r 3

DC Resistance

1.

C

Temperature HKammeddingh-Onnes, 1911
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Complete Diamagnetism

Complete Diamagnetism

&
I3
=
= A
=
O i !
ch b
< 0 >
= T

C
1933
Temperature

"Meissner effect”
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Flux Quantization

Macroscopic Quantum Effects

Flui{ o PD
and
Fairnbant:,
Flux quantization @ = n®,
Josephson Effects
1961
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Critical Temperature

« “Isotope effect” (1950): T, < 1/ VM, M=1sotope mass

Em | L | | L L) | [ L L L | LI | [ L
HgBaE‘a'CuCl @ E-D GPa
150
TiIBaCaCuQ ’_’_.,-;i"‘HHTIBaEaEuD Night on
100 B|5n:acuu' HgBaCaCuO this Moon
* Liquid
_ YBaCuO .
- nibrogen
E FH.ﬂE.
@
x C5,Cqq
E 40 @hmpa HE.BQ Surface
2 RbC ,4::"/ of Pluto
m sCyq
3 10 LaBaCul ® s
5 HI&G& BKBO ‘ - nEon
PuCoGa Liguid
thslq A YbPd,B.C PuCoGa, o
o . KyCoo Li @ 23 GPa® ACNT ANT
PuRRGa, l: -
1"1'!:{? Liquid
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Two-fluid model

e Gorter and Casimir (1934) two-fluid model: charge carriers
are divided 1n two subsystems, superconducting carriers of
density n, and normal electrons of density n.

* The normal current J  and the supercurrent J, are assumed to
flow in parallel. J  flows with no resistance.

©
Vacuum sC
I=1 +1, 9
2
H
0 -
R
°®
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London equations (I)

* Superelectrons accelerate steadily in the
presence of a constant electric field

1 m
Js = nsevs
p I :
T n e London penetration depth
aJs __ 1 S E > E=0:J_ goes on forever
dt  uAf > E is required to maintain an AC current
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London equations (II)

N 1 - o N 1 -
Vx]. = VxE T/ VX]. =— B
> plZ ! Y

VXE=-B

§ij:_ B| > B is the source of J,
Lol » Spontaneus flux exclusion
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Coherence length

j‘ . i A’ Local condition between current and field. Valid if £, << A
o )\i or [ << Ay

Nonlocal generalization proposed by Pippard in 1953:

7 (7 3 RR - A(7)e T/
Amén s )y R

d7 R=#—71
&: “coherence length”, characteristic dimension of the
superelectrons wave-function

1_1 1 .

F .
x for a pure material
g oS, OTEP
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The energy gap

Measurements of the electronic specific heat
! (1954):
spereontieing /7 " | ¢ Jump at T, without any latent heat

4 I * Exponential decrease well below T,

apecific heat

o l== 1 | 1 CeS “ e_bT/TC le.S

Temperature (K) —w

Results of measurements of electromagnetic absorption (1956)
also consistent with the existence of an energy gap A, of order
kT, between the ground state and the excited state of a
superconductor
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The BCS theory

Bardeen, Caaper and Schuieffer

« In 1958 Bardeen, Cooper and Schrieffer published a theory
of superconductivity in which

— There exists an attractive interaction between electrons,
forming “Cooper pairs”

— This mteraction occurs through the exchange of a lattice
phonon

— As a results of this interaction, there exists a bound
state with energy lower than 2

’ i | Facili :
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Cooper pairs

T * Positively charged wake due to moving
1 .,,3% i electron attracting nearby atoms
Q |-Q Q .
* This wake can attract another nearby electron
@@

:> a Cooper pair is formed

« Cooper pairs are formed by electrons with
opposite momentum and spin

5o 5 o 0 » Cooper pairs belong all to the same quantum state
5 6B 9 0 and have the same energy
L 2 o o  When carrying a current, each Cooper pair
° 5 & 9 acquires a momentum which 1s the same for all
o 9O 0 9 pairs

* The total momentum of the pair remains constant.
It can be changed only 1f the pair 1s broken, but
this requires a minimum energy 2A
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Quasi-particles excitations

* The unpaired electrons behave almost like free electrons and
are called “quasi-particles”

E/A

Superconducting

Mormal

N(B-E)INGO)

(E-E)/A

(E-Ez¥A

Energy spectrum Density of States

Jefferdon Lab
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Energy gap

1 E—
et | A(T)=A(0), [cos (ﬂj
0.9 M 2
s
o.8 AN T ] f = T/TC
9 |

D_-,.. _ L | R

o &" —— BCS CURVE 2
€r A .TIN o 4 A(O)/kTC =1.764
E;o.s ® . TANTALUM - :

+ . LEAD (LARGER ENERGY GAP) \i
O.4 B . NIOBIUM ! &
| | 1
02— - ; e A(0) = 1.55 meV for Nb
O Ol 02 03 04 05 06 07 08 08 1O
T_'L

P. Townsend and J. Sutton, Phys. Rev. 128 (1962) 591.
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Characteristic Lengths

flvp .
nA(0)°

* Coherence length ¢, = interaction distance between

electrons forming a Cooper pair &o=39 nm for Nb

* Penetration depth, A(T): decay length of magnetic field in
the superconductor A(0) =36 nm for Nb

A,(0)

G

AT) =

Th ff National Accel Facilit :
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Effect of impurities on § and A

e Adding impurities to a superconductor reduces the normal
electrons mean free path, so that the electrodynamic
response changes from “clean” (/ >> ) to the “dirty” limit

(1<<8).

« Changes in the characteristic lengths of the SC can be
approximated as:

1 1,1

&g |

1
=—+

ALT) = 2,(T) [1+22
\

Je ffel%on Lishs Thomas Jefferson National Accelerator Facility Slide 26 of 62 @ E\?SA



Ginzburg-Landau theory

e In 1950 Ginzburg and Landau proposed a theory
of SC alternative to the London theory:

— Near T, the difference in the Helmholtz free
energy density between SC and NC state can
be written as a power series of a complex order
parameter, Y (i) = | (7)]ei*®

F T>T.

Iy n,=|ylF =ny2

S moves away
L. Landau from N at T
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Ginzburg-Landau equations

toH 2 m*=2m,
e*=2e

f=f +alyf +ﬂ|y/| b

e ( —1haV — eAw‘+

Minimization of f, with respect to changes in order parameter
and magnetic fields results in two equations:

at//+,8‘w‘2 l/j+%(—ihV—e*A)Z w =0

J= ;—1 W (—ihV — e*A) W

with proper boundary conditions. For example (—iaV —e*A)y|, = 0
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Characteristic lengths in GL theory

* GL penetration depth: characteristic length for variation of
the magnetic field :
m
Ao = 2 o
Holw] e

* GL coherence length: characteristic length for variation of
the order parameter

)= h " 1
J2m' e (T)| V1=t

gGL (T

& 18 related to the BCS coherence length (&):

. Clean limit
m ean iimi

$er(T) o - Dirty limit
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Thermodynamic critical field

Superconductivity 1s lost when a magnetic field applied to a SC
increases above a critical value.

1000

Gibbs free energy density in a SC

' Tl with applied magnetic field H:
H,(T)=H,(0)|1- T =P ’
800 b——m__ T —o—Hg 1 2
I\\ —A— Sn gsG-’H)ng(T!O)+§ILIOHa
“m —<t—1In
oo \_ —e—T1
o) \ —Oo—Al at Ha:Hcﬂ 8s~8n
_EJ 400 [FO—o__ \
e 2
1 Q, Hc = | gn(T;O)_gs(T’O)
200 | ﬂw“q\a\o § \/,uo [ ]
h:’“.___h ﬂ.\d\‘\o
o r AN
s} N N ] .
%0 2 4 6 8 10 HC(O) — 0.472y Tc from BCS
T[K] Ho theory
v 1s the Sommerfeld constant
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Critical current

Superconductivity 1s lost when a current flowing in a SC
increases above a critical value.

I, = 2maH,
H C
Je =7
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.geffgon Lab

Phase diagram of SC

A Current
Density, J

Critical

Superconducting Surface

Interior Volume

Magnetic
Field, B

Temperature, T
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The NS boundary energy

Ginzburg-Landau parameter: K5 = A

Hm The change 1n free energy density of
H s due to the presence of a NS boundary

-%_ was calculated using GL theory.

L Qualitatively:
AN ¢ : ‘u
-' ' 0

HAI H W

- /\\g\ IfKGL> 5f<0 :> it 1s
B ¥ energetlcally favorable to create NS
2 boundaries within the SC
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Type-I and Type-11 SC

= . .
- Type I Bc2 Type I Abrikosov found solutions
$ o . - B
: : Normal l//(x., y) with p.enodlc.: Zeros =
B. Normal - Moo ol lattice of vortices with
= Rarmal an . . .
By fpooperoonducting quantized magnetic flux
Superconductor ¢l -
Temperature Te Temparature Te

h
Py = — = 2. 1018
0= 3 07 x 107 Wb

-

orvex }
sfvru::'ure @ @ @
FLUXON b g H
& , & &
sug:'r':;ecrlgag"""""v ; - (gl:;) @i}?

-
g -
-

&
-
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Flux-line lattice

Triangular flux-line
lattice penetrating the
top surface of a SC
lead-indium sample

The points of exit of the
flux lines are decorated by
small ferromagnetic
particles

H. Trauble and U. Essmann, J. Appl. Phys. 39, 4052 (1968);
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Critical fields

¢ L
H,. = - Thermodynamic critical field
2m\27E
H,y = VZH, = —° U itical field
o2 =V2kH, = e pper critical fie
H., = Po In(k + ) Lower critical field
A gz T
1 i+ in2 {1.35,1( = 0.71
“=73 2k—+v2+2 L 05Kk>1

For Nb, k ~ 0.85, B_,(0) ~ 180 mT, B,(0)~195 mT, B_,(0) ~ 400 mT
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Surface barrier

« Condition for entry of the first vortex, parallel to a planar
surface (Bean and Livingston, 1964).

I I Two forces acting on the vortex at the surface:
X
H -
0 \ - Meissner currents push the vortex in the bulk
o @ ""| - Attraction of the vortex to its antivortex image pushes
the vortex outside
to ensure e
=0 ‘b_. Thermodynamic potential G(b) as a function of the position b:
?’\.
G _b/2
G(b)=¢0[H0€ _Hv(zb)‘l'Hcl_Ho]
H<H Meissner Image
H = H(‘l b .
Penetration occurs at
H>H,
H=H, B, ~B.>B

‘! effe?son Lab Thomas Jefferson National Accelerator Facility Slide 37 of 62 @ @JSA



Surface critical field

« Saint-James and de Gennes obtained, using the GL theory,
that 1n a magnetic field parallel to the surface, SC will
nucleate in a surface layer of thickness ~ ¢ at a field H ; =
1.695H ,, higher than that at which nucleation occurs in
the volume of the material

A

Hc3

(

‘! effe?son Lab Thomas Jefferson National Accelerator Facility Slide 38 of 62 @ @JSA



Type 1.5 Superconductors

Type-1 Type-2

T I ) * Multi-component SC with
: &) <A<E,
R T e * Theoretically, vortices can
have long-range attractive,
ﬂ peds " | .short-ra.nge.repulswe |
M clusters” of vortices interaction in such material
./ - vortex attraction . .
e "Semi-Meissner state':
vortex lattice - vortex clusters coexisting
/ vortex repulsion with Meissner domains at
o Nz intermediate fields

Similar phenomenon was observed in low-k SC (Nb, TaN, Pbln) with the origin of
vortex attraction being related to non-local effects (Type-Ila or Type-11/1)
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Surface resistance of SC

« In RF fields, the time-dependent magnetic field in the
penetration depth will generate an electric field:
VXE= —?—B
dt
At 7> 0K, there 1s small fraction of unpaired electrons
n(T) oc eVl
* Because Cooper pairs have inertia (mass=2m,) they cannot
completely shield nc electrons from this E-field

g

R, >0

S
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Surface impedance of superconductors

= J=dimE e J=J,+J,=(0,—ic,)E

d 7
ot ’ ;Lg/\% ‘\a)luoﬂ,zl_,,

— T
0, o)

» Electrodynamics of sc 1s the same as nc, only that we have to
changec > 6, —-i 0,

. . . - 2 1 2i - . . O
Penetration depth:  s= \/; v \/; TGHM{HIZ%J

0, << o, for sc at T<<T,

y X X o]

H, =H,e ‘e L2
y

For Nb, A, =36 nm, compared to 6 = 1.7 um for Cu at 1.5 GHz
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Surface impedance of superconductors

. 3
' Forasc o, <<o, >y <<l mm ¢ = y?,
X s = C(),Lloﬂq_ Normal Fluid channel
/ cTIl
LS: kinetic inductance —_\A/ N\ =
Z. =R +iX, . =
1 2 2 3 L
_ = S
Rs - 2 Hy @ Gl/IL Superfluid channel
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Surface resistance of superconductor

Rs — %ﬂg 0)2(71]5?_

« R, o« ®® > use low-frequency cavities to reduce power dissipation

« Temperature dependence:

n ! n.(T) n,(1)
><_ n,(T) oc 1-(T/T,)*
: L oy(T) e n(T) o e
R, oc @ A lexp(—A/k,T) T<TJ2
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Material purity dependence of R

* The dependence of the penetration depth on / 1s approximated as

* o,/

3/2 . 5 Yo .
[> R, oc (1+ é) | R, ocl if [ >> &, (“clean” limit)
| R ocl™ jfi<< &, (“dirty” limit)

.{effe?son Lab

A1)~ 4, /1+%

R, has a mmimum for / = /2

Thomas Jefferson National Accelerator Facility
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BCS surface resistance (1)

e Mattis and Bardeen (1958) calculated the perturbed state
function using time-dependent perturbation theory.

e Considered only the linear response to weak fields (only
terms linear in A) so that the perturbation term is:

e - N
H, :%Z(A'ﬁi"l'ﬁi'/l)
l
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BCS surface resistance (2)

« The following non-local equation between the total current

densitv J and the vector notential A nroduced bv the

[

— [ [1 - f(E) — f(E+fw)]g(E) — 1]S(a™,b)dE

/ [f(E) = f(E 4 hw)][g [E}+1].5‘{a‘,b}dE}

Im{K(q)} = o\ q X
Lo

—A
{—% / [1 —2f(E + Aw)|[{[g(E) + 1]R(a”,b) + [g(E) — 1]R(a™,b) }dE
A—fw

/ [f(E) — f(E + hw)|{[g(E) +1]R(a",b) + [g(E) — 1]R(a+,b}}d5}

RC{I&[Q}} = m X
A | E? 4+ A% 4+ hwE
1 —2f(FE + hw) R(as.ay +b) + Slas, ay + b)}dE
{.Laxm.m.m[ I I RT BT ot Az et sla e )}
O , N \ I
+ 5[ [l —2f(E + hw)[{[g(E) + 1]S(a",b) — [g(E) — 1]S(a™,b)}dE
A —Fw

(9)

1
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BCS surface resistance (2)

* There are numerical codes (Halbritter (1970)) to calculate Ry as
a function of ®, 7 and material parameters (Ey, A, T, A, /)

 For example, check nttp:/www.lepp.comnell.eduw/~liepe/webpage/researchsrimp.html

* A good approximation of Ryqg for T<T,/2 and o < A/h 1s:

'2':"’*"‘2}‘3 ir:-,~A (—T JIi T ‘A

Let’'s run some numbers: Nb at 2.0 K, 1.5 GHz — X =36 nm, ,, = 3.3x108 1/Qm,
AlkgT, = 1.85, T, = 9.25 K
Rgcs = 20 nQ X, = 0.47 mQ

Nb — Ry(2K,1.5GHz)

~2x10°
Cu — R,(300K,1.5GHz)
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Experimental results

Frequency dependence Dependence on material purity

10° T — T T
i ¢ 900
o Cerperley /," i a5
, 50 - i
| L Rk A - + Nb,1.5 GHz, 4.2 K | ¢ Bemenuie
» Kneisel / {00 L al., Physica
oS o Hghn, Halama | 316 (1999) 153.
07F o Baveret . / 750
& this work 5 i
o ' _ 700
= | 1S 650
~ =
ot 10‘5,.__ — f; 6{.]“ I~
i =, 550 |
st 1 e
2 500 -
3 T 7 450 L
T
g O , ] 400 -
v . -'g - o=
a ,?{: Nb, 4.2 K 350 -
7 | L P | 1
& o =
i /,"/n — 1 2 5 10 20
ol o BCS -caleulation  — £ n
/4 AI0)/kgT, =185 I+ng, /2
¢ T =9.2% A
a 14
A. Phillip and J. Halbritter, |/ Er - ¢2om *  Nb films sputtered on Cu
-
- 2 =1 - . . .
Egg)ggg& e PO oo By changing the sputtering species, the mean free path
. 10‘ ] [l 1 ). 1 .
EE 1 10 was varied

Frequency f, GHz

- Small deviations from BCS theory can be . .
explained by strong coupling effects, Rpcs can be optimized by tuning the

anisotropic energy gap in the presence of density of impurities at the cavity surface.
impurity scattering or by inhomogeneities
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Residual resistance

R, = Rgeg(o, T, A, T, A, &, 1) + R(?)

Possible contributions to R

Trapped magnetic field

Normal conducting precipitates

Grain boundaries
Interface losses
Subgap states

w77+
L B. Aune et al., Phys. Rev. ]
STAB 3 (2000) 092001. ]
S\ 1
[+]
\0\ F/x” R'BCS
N Nb, 1.3 GHz
100 ¢ L) ;
R, [n€2] x\m

10 ¢

. _
2 KT\Q\

Ri_e____=3nﬂ *\ 5 ¢

For Nb, R . (~1-10 n{2) dominates R at low frequency (f<~750 MHz)
and low temperature (T <~2.1 K)

.{effegon Lab

Thomas Jefferson National Accelerator Facility
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BCS surface reactance

o 1 52
XS = a)ﬂoﬂ“ 2 = > = >
0, WUHeOA 24

* A good approximation of &, for 7< T./2 and ® < A/h 1s:

o, 1A < A >
= tanh | ——

o, hw 2kT
Vg
A% = k
U0, A tanh (ZkAT)
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RF critical field: superheating field

Type—II SC « Penetration and oscillation of vortices
H o under the RF field gives rise to strong
dissipation and the surface resistance of

Normal Stat i
ormal State the order of R, in the normal state

* the Meissner state can remain metastable
at higher fields, 4 > H_, up to the
superheating field H, at which the Bean-

° °Abrikosov

Vortex Lattice
H,O) = = = o

‘\

H_,(0) Livingston surface barrier for penetration
Meissner State . of vortices disappears and the Meissner
T T state becomes unstable

H 1s the maximum magnetic field at which a type-II superconductor
can remain 1n a true non-dissipative state not altered by dissipative
motion of vortices.

At H = H the screening surface current reaches the depairing value
Jy=neApg
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Superheating field: theory

* Calculation of H (k) from Ginzburg-Landau theory (7=T,)
[Matricon and Saint-James (1967) ]I Hsh ~ ]__2HC, k=1

H, ~0.745H_, x>>1

T T T,

2'0 ~ : -4

\ _ Time evolution of the spatial

st Mixed State - pattern of the order parameter .
| in a small region around the

boundary where a vortex entrance

Superheated

&=

o State k . .
\ is taking place, calculated from .
Meisster State A time-dependent GL-equations. L
os My, N
e |
r(—’—- TYPE l - ...l '} TYPE U _—-——-——‘—'—— t V .
o | S W g a; Ao dl °:a I g ‘].z Eondin C'-l Lo oo

GL Porometer « [E “g"j
A. D. Hernandez and D. Dominguez,

H. Padamsee et al., RF Superconductivity for Accelerators
Phys. Rev. B 144529 (2002
(Wiley&Sons, 1998) ys. Rev. B 65, 144529 (2002)
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Superheating field: theory

 Calculation of H (T, /) for k >> 1 from Eilenberger equations
(O<T<T,) [rei-sen Lin and Gurevich (2012) ]

os [ | | | | (a) o = TCE_,O/ [ Impurity scattering parameter
ol TR - o =0 ]
\1'-‘“ J- ................
S 06| 10 --meses . H, =~ 0.845H,
b:‘i 0.90
04 [ .
0.85 T 2
0.80 Hsh(T);Hsh(o 1-| =
0.2 - i N 7 c
ﬂ.?5 R T R T T B
0 0.1 0.2
0 ] ] ] ]
0 0.2 0.4 0.6 0.8 1

T/T.

F. Pei-Jen Lin and A. Gurevich, Phys. Rev. B 85, 054513 (2012)

» Weak dependence of H on non-magnetic impurities
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Superheating field: experimental results

e Use high-power (~1 MW) and short (~100 us) RF pulses to achieve
the metastable state before other loss mechanisms kick-in

2 5 u u T T T T T T T T
Highest H, ever . ’_1"{5 % _
measured in CW!!! —~—_ ~ /‘g 5 U"’dj? _ /%
2000 —.J - 7 A
- S S
. 4
o 1500
T i g,
1000 | g
A T
500 RN 318
_o _Nb Measurement S Y ]
L. ﬁ b‘ss‘ﬁ—méas_u_r at_. Nb3 Sn HC1 \:_—_ o T. Hays and H. Padamsee, Proc. 1997
= | et ||E —————————————————— . T<.4.4  SRF Workshop, Abano Terme, Italy, p.
0 ' E— i = 789 (1997) .
0 0.2 0.4 0.6 0.8 1
2
(TITe)

* RF magnetic fields higher than /_, have been measured in both Nb and
Nb;Sn cavities. However max Hy in Nb;Sn 1s << predicted H,...
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Field dependence of R : Experimental results

T=20K,f=13GHz

¢ FG, EP + 800C + EP

m FG, BCP + 1350C + BCP FG: fine grain Nb
LG: large grain Nb

A LG, BCP + 800C + BCP + 120C

X LG, BCP + 600C + BCP . BCP: buffered
© FG, EP + 800C + EP + 120C chemical polishing

EP: electropolishing

800C, 600C, 1350C,
120C: heat treatment

° 00°°
0000 00° temperatures
W‘(Wf*i* *lki EIi‘ by

A AAAA

B. Aune et al., Phys. Rev. STAB 3
(2000) 092001.

R. Geng, SRF'11, p. 74

G. Ciovati, P. Kneisel and 6. Myneni,
SSTINIO, p. 25.

W. Singer et al., Phys. Rev. ST. Accel.
Beams 16 (2013) 012003
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Low-field Q-slope Q-Sl()pes
ARs ~ -a/H®  Medium-field Q-slope \
~ 2 e
[ ARs ~ RiH + 71 High-field Q-slope
AR, ~ exp(BH)

B e e s g =, /

Quocl/R, 1E+10 0000 006 006 o
%
5
NS

1E+09

1E+11

0 10 20 30 40 50 60 70 80 90 100 110 120
B mT
: BCS theory peak [MT]
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R, at High Field

Clean limit Moderately Dirty limit

2 |

-
-
-
—
-
-
-
-
—
-

2.5

F. Pei-Jen Lin and A. Gurevich, Phys. Rev. B 85, 054513 (2012)

* Unlike in the moderately dirty limit, in a clean SC the
quasiparticle density of states become that of a normal-conductor
(gapless) at H< H
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Effect of Impurities on R, at High Field

g.(a) at H=H,

0.3 |-

0.2 -

€q/Doo

0.1

R (H) oc exp(-e,(H)/kT)

Impurities in the top ~40nm layer of Nb can decrease the non-linearity
of R, at high fields

Thomas Jefferson National Accelerator Facilit
Jefferdon Lab y
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Recent breakthroughs...

A LG, BCP + 800C + BCP + 120C

f=136GHz
m
m FG, EP + 800C with N2 + EP [

[ |
N A A DD

4 LG, BCP + 1400C with Ti

Decreasing R (H)
up to ~90 mT

¢ f=15GHz

P. Dhakal et al., Phys. Rev. ST
Accel. Beams 16 (2013) 042001

A. Grassellino et al., Supercond.
Sci. Tech. 26 (2013) 102001
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Nonlinear R at high-field

e A. Gurevich published last year a theory of non-linear Rs
at high field [A. Gurevich, Phys. Rev. Lett. 113, 087001 (2014)]

* R (H) was re-derived from first principles (BCS) taking
into account oscillations of N(g, f) due to RF current
pairbreaking and non-equilibrium distribution function of
quasiparticles in the dirty limit

See talk by A. Gurevich on Wednesday, 8:00 am
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Performance limitations

Ideal
Residualllosses ﬁ
v
o Quench
o o o
[ ] ® [ ) °
[ J
AR
Multipacting °
l ° °
[ ] [ ]
Thermal breakdown ° °
8 [ ]
RF Processing
25 50 MV/m

Accelerating Field

Thomas Jefferson National Accelerator Facility
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Thank you for your attention!
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