Plan for the week

« This afternoon: Surface resistance at high RF fields

* Tuesday afternoon: TM-class cavity design
 Wednesday morning: Computer Lab + cavity limitations
* Thursday afternoon: Cavity fabrication

* FKriday morning: Surface preparation
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Outline

» Surface resistance in strong RF fields
— Thermal feedback model

— Non-linear BCS
— Hot-spots

« RF losses due to vortices’ motion
— Oscillation of pinned vortices
— Vortex penetration

— Hotspot generation
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= Superconducting gap A on the Fermi surface

= For T<< T, a small fraction of electrons are unbound
due to thermal dissociation of the Cooper pairs

= Thermally-activated quasiparticles define the
exponentially small BCS surface resistance

Clean limit (/<<¢;) BCS surface
resistance at low field (H<<H_ T/T)

2 244
R = oo™ A An, ln(iJexp A
| hao kT

kBTpF

The higher T, = 0.57A the smaller
the BCS surface resistance
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Rgcst Impurities Dependence

Q00 ; .
asol . +  Scattering mechanisms and normal state
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BCS resistance of Nb at 1.5 GHz, 4.2 K

* Clean limit (/ >> &):
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R¢(Hy): Thermal Feedback

d 1. d 1)1 )
=T, -T,=| —+— =|—+— |=RH

1 "R (T)

coolant

R,(T,Hy) =R (T, + AT, H ~10mT) = R (T,,10mT) + > (AT)"

H(t) - ~n! oT" -
R _o A
oT PP k,T?
X
To first order we obtain:
2
H: A (9+iJzo.2—1at2 K
kK h

I: *(H T] 7*(T0):RBCS(TO)H
R(T,H,) =R (T,,10mT)| 1+ y H_O

c

x(T) Thermal conductivity

he (T) Kapitza conductance
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Thermal Conductivity of Nb

1

=W, =W W,
Ke
I
[ \
W. W,
I [
T e-phonon e-defects
Heat l K=K, + Ky
I ow  w ow |
— " "

ph-electron ph-defects ph-phonon
L 1 Y J
= :th =Wg +W, +W,

y = A/kgT
) , 1 LT RO =,
J(T,RRRG) =R(y)-{’(3i ra Tﬂ { —+—— | L =2.45x108 W/K2

| v o v ' B=7.0x103 W/(m? K%

Electron term Lattice term 1/D =300 m/(W K?)
G: phonon mean free path ~
grain size
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Thermal Conductivity of Nb
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Kapitza Resistance

45 TTT T[T T TP T[T I T TTITr[roTT RKZI/hK

3
4 1: BCP —
35 g El; + BCP _ * Determines the heat exchange at

—~ X 4: HT + EP 1 the outer surface of the cavity wall
5 ’ _3 _ in contact with He bath
g 29K 7 ¢ Arises from non-unity phonon
=, af 1 transmission coefficient across the
~ b 4 interface

TT

pra bl by brsnabvvean b

0.5
1.5 1.6 1.7 18 19 2 21 22

Temperature (K) 2 3
he (TS,TO):200T4'65 [1_'_1_5(1-5 _Toj+[Ts _Toj +0.25[ﬂj :l ( sz
T, T, T, Km
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Meissner Current at Inner Cavity Surface

LHe TH(Y)
Nb Screening surface current density H,
J(y) in the A-thick inner layer
0 5 X
3 mm
—ylA H[l -yl A
H(y):Hue* , Js(y)=7€

= Surface current density cannot exceed the depairing current density J, = H/A ~ SMA/cm?
= London penetration depth

1/2
A=|— = = 40 nm
€ ns (T)/'lo
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Effect of Current on Thermal Activation

Rocking “tilted” electron spectrum under
rf current J = J,cosot

L:J“- - S - | . |

Doppler shift due to superfluid velocity v¢(t) = J/n.e

L

S i ) _ e Valid in the clean limit

F

= Reduction of the gap(A(V pF|V Dncreases the density of
thermally-activated normaleleetrens: Nonlinearity of surface resistance R, (J).

= Critical pairbreaking velocity: v
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Non-Linear Ry

n(J) =2 f{ * exp(pyvs cos 0/kaT) sin 0d0
= 1
= N, Smf? b where f(x.1) = foexp(—x/2)coswt

U n Hy, A4
Po = kT — 52 H. kaT Current driving parameter

For T=2 K and T,= 9.2K, the
parameter [3, varies from 0 at
Hy,=0to 8 at Hy,= 160 mT

n (B)/n (0)

(& ]
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Non-Linear Ry

B,e ¥ cost)

0
q(t) = ff:r )E x, t)dx. where a(vg) = agcshl vsl/ﬁeq E(xt)=-1 ( "

s : ——ra
q . 2 ., sinh(f e™*)
= 2Rpcs Sin” ot S A" —a, [
(0

H; IBe—"

Integrating and averaging over the RF period we obtain RS'CS (HO) = 2(q) / Hg
6

i
| 8Rpcs S _
RSCS — / sinh” (& COS r) tan® tdt 7= it 5
0

oy s

A

For fg <1

| ]"l'2 A Hy
RSCS_ [ +384( ) (”r) ]RBES 1

HSIHECS
[
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R¢(Hy): Thermal Feedback

0 or 1

ox ox

o(x)=0

H.F

coolant
H(t)
) Instead of numerically solving this
ODE, one can solve much simpler
X equations for T_and T,

T
hy (Ts'TO)(Ts _To)d - IT K(T)
* Numerically solve for T (H,) and T,(H,) -— S

* Calculate R([ T, (H),H,] % R, (T, Ho )HZ = h (T, T,)(T, =T, )d

&

* Solve for T,,(H,) P i “R (T H )H 2 ( m TO)hKK
* Calculate R [T, (H,),H,] 2 K +dh,
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R¢(Hy): Thermal Feedback

10 linear BCS
A’ T .
R (T )= =g ke nonlinear BCS
BCS( m) T
O
a
J— '1|:| |
Rs RBCS T Rres
Ot 0 50 100 150
H o mT
R, = RnlBCS + R T,=2K,d=3mm, k=20 W/m K, hy = 5 kW/m? K, Ryeg = 10 nQ

and Q(0) =100
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Breakdown Field

Quench will occur at 7, =T, at which H,(T,,) 1s maximum

Assuming linear Ry

T - T, = = =0.23 K

" """ A 1.8T ) Q(H,) =Q(0)/e
10" _ =0.37Q(0)

P e
S 0 I

10

~ For T,=2K, d =3 mm, k¥ =20 W/m K, h, =5 kW/m? K, A/kz = 17.7K,
H,=200 mT R (2K) =20 nQ
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R¢(H,): Parameters Dependence

Baseline parameters

Linear Ry

100

10

Q (1019)

Jefferon Lab

RF frequency, f

Helium bath temperature, T},
Residual resistance, Ry

Wall thickness, d

Residual resistivity ratio, RRR
Phonon mean free path, |
Kapitza resistance

1.3 GHz
1.8K
10 nQ)

3 mm
300

0.1 mm
Annealed Nb

determine «(T)

Frequency dependence
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R¢(H,): Parameters Dependence
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R¢(H,): Parameters Dependence
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R¢(H,): Data

mT=1.37/K & 1=2K 1=2.2K

1E+11

O 1E+10

1E+09

0

Jefferon Lab

1.37 K
2 K

10 20 30 40 50 60 70 80 90 100 110 120

Bpeak [mT]
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Models Comparison with Data

1E+11 non-lin BC3 1E+11
: | ines | B ' iin BCS
non lin BCS Py
; i Yo, ° “*_?Eghg
1.E+10 5 1 E+10 1.E+10 non-lin BCS /,
JLAB -LLS CEA C115 DESY-ACT0 (9-cell)
2.0 K, after baking 1.9 K after baking
1 E+09 1 E+00 1.6K, after bake 1 E+09
0 50 100 150 200 0 50 100 150 200 0 a0 100 150 200
1.E+11 . L. - D
lin BCS |' E!ES| Q-data after baking for Jlab (1.5 GHz, BCP, single cell),
non-lin - : o ,
CEA (1.3 GHz, EP, single cell), Cornell (1.3 GHz, BCP,
1.E+10 a % single cell) and DESY AC70 (1.3 GHz, 9-cell, EP) are
b e . S ,
Cornell EN-30 better fitted with the non-linear BCS.
1.75 K after baking . _ .
1.E+09 Exceptions: very low temp, high f Fnal (3.9 GHz, BCP)
0 50 100 150 200 \
FNAL - 3harm-3-cell, 1.8
K, 3.9 GHz, no bake
non lin BCS
1E+10 1E+10 1E+10 in BCS
JLAB - OCSC
CEA C103 ;
1.44K - after bake 1.4 K after baking nonn BCS™ ™
1.E+09 1.E+09 1.E+09 -
0 50 100 150 200 0 50 100 150 200 0 40 &0 120
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Effect of Impurities on R at High Field

Clean limit Moderately Dirty limit

-
-
—
—
-
-
-
-
——
-

25

* 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,

03 |

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
._Ijeffer?un Lab y
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Effect of Hot-Spots

H(t)

‘b

Regions of radius ry where A(x,y) or H(x,y) is
locally enhanced (impurities, GBs, thicker oxide
patches, field focusing near surface defects, local

vortex penetration, etc.)

NT—a(TNT-T)+q(T.H.,r)=0

T(x,y) = T.*+ 6T(x.y), where T_satisfies the uniform heat balance a(T )T, - T,) = q,(T., H),
and 8T(x,y) is a disturbance due to defects:

- hy 2 o m_@ _
e KV ST [a aT]@n&;o

Excess heat generation 5 = H?5R/2 + R5H?/2 in the region of radius r,
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Temperature Distribution

I r X
oI (r) = ﬁdKo(f) r>r, I = J‘fﬁ(xg}f)dxiv

A hotspot produces a temperature disturbance 6T(r), which spreads along
the cavity wall over the distance L >> r greater than the defect size

_ iy _ dx
JI-f(H/H,) a

L

, Where f(H/H,) = (0g/0T)lo— 1 at H — H,
1}1—(anHbﬂ)3

L increases with H and diverges at the

L=

uniform breakdown field, H = H,
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Averaged Surface Resistance

; . Quantifies extra power generated by the defect due to
n=2 [ od | ‘Wg } * local enhancement of BCS factor 4
L\ 4 H, * Jocal field enhancement

Considering weak hot-spots (1 <<1):

Extra dissipation in a hotspot:
a'j ST (x, v )dxdy = L'HnR(T)

Global surface resistance with the account of non-overlapping hotspots:

- g L
R(T.H)=R(T. H)[l + —— } g=<n>—=
1-(H,/H,)" (

R (H) 1s the uniform surface resistance, { is the mean spacing between hotspots, Hy, 1s the
uniform breakdown field,

Nonlinear contribution to the global R, due to expansion of hotspots with H.
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Q,(H) for Linear BCS + Hot-Spots

Inserting the expression of R (H) from the previous slide in the “analytical” thermal balance

equation we obtain: 10" .
2H; / 2
—=14+g+u— n.l',.-'l_’l +e+u)” —du
Hiy
(0) exp(—d)
0~ CUEPLE <

1 +g/[1 — (Ho/Hyo)?]

0= (Ty— To)A kT3,

uth =dexpil — 0

10° : : : :
0 .2 04 0.6 0.8

Hy(0) 1s maximum at 0 = 1, which defines the global breakdown field H, reduced by weak
hotspots (g<<1):

H[ JE)HM

2

- Thomas Jefferson National Accelerator Facilit :
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Summary

* Several mechanisms lead to a similar increase of R for
increasing RF fields:

— Thermal impedance
— Hot-spots
— Intrinsic Ryq non-linearity

 All this mechanisms cause the increase of R (H) by
thermal feedback

e Experiments should be designed to test the influence of
cach contribution
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Vortices in Type-11 Superconductors

fluxoid field-free _super
region vortex
current

* The magnetic field inside a type-II superconductor is quantized.
The unit flux quantum (fluxon) 1s

h
by = — = 2. 10719
0 % 07 % 10 Wh

* Supercurrent flows around the fluxon to shield the sc (current vortex)
* The fluxon with the associated current vortex 1s called fluxoid
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Vortices in Type-11 Superconductors

A Non-superconducting core of
4 - - radius ~& surrounded by circulating
currents spread over ~A.

N

Nb: A =40 nm, ¢ = 32 nm

Nb;Sn: A =90 nm, { =3 nm

Energy Energy increase due
decrease due > to loss of
to loss of condensation
diamagnetism energy
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Lorentz Force

and any net transport current at the location of the core
of the vortex

4
o f, =J, x®,
<|:—>fL
f, I
—
|
|

J s+ total supercurrent density due to all other vortices
[ X ]
|

y ’ ‘ Flux lines tend to move transverse
T to the current
t
Flux lines moving with velocity v induce an electric field E=Bxv

parallel to J: acts like a resistive voltage

Flux line motion causes dissipation P=]-E
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Flux Flow

* Viscous flux flow of vortices driven by the Lorentz force

oo 00 771_;' = ¢0 [Jxﬁ], E = [EXB] Faraday law
© 200

00000

NN N NN This yields the liner flux flow E-J dependence:

00006069 , :
£ s Rl St Volume fraction
® 0 D @ @ . .

of normal vortex

XX KX E=p.J, Pr=pPBI B, | cores

—

bias current

Vortex viscosity n is due to dissipation in the vortex core
and can be expressed in terms of the normal state resistivity p,:

nzéﬂBcz/pn

For E =1uV/cm and B = 1T, the vortex velocity

v = E/B=0.1 mm/s
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Vortices in Type-11 Superconductors

* Vortex penetration

* Vortex pinning

E Implications on RF losses
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Surface Barrier

I ] Two forces acting on the vortex at the surface:
X
H N
0 \ - Meissner currents push the vortex in the bulk
- Attraction of the vortex to its antivortex image pushes
4 | .
the vortex outside
to ensure |e 5
=0 b Thermodynamic potential G(b) as a function of the position b:

G(b) = ¢0[H0€_bu - Hv(Zb) + Hcl - Hu]

Meissner Image

b Vortices have to overcome the surface barrier
evenat H>H_, (Bean & Livingston, 1964)

Surface barrier disappears only at the overheating
field H = H_ at which the surface J reaches the
depairing current density
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Vortex Penetration into SC

Magneto-optical studies of a c-
oriented MgB, film show that below
10 K the global penetration of
vortices 1s dominated by complex

dendritic structures abruptly entering
the film.

Figure shows magneto-optical images
of flux penetration (image brightness
represents flux density) into the virgin
state at 5 K. The respective images
were taken at applied fields
(perpendicular to the film) of 3.4, 8.5,
17, 60, 21, and 0 mT.
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Vortex Penetration in RF Field

Vortex entry at the local penetration field B, = ¢o/4mAE = 0.71B,

HO
H, ., . : 2 u + &2 ,
it = 2220 g7 i o - K, *— | Vortex eq. of motion
A 2, A A
®
image
to ensure
J,=0

Vortex enters the surface at t=0 when B>B,

At time =t |B(t.)| > |-B,| — an anti-vortex enters the surface
while the vortex 1s at position u,
* Egs. of motion of vortex and anti-vortex

At time #=¢, vortex and anti-vortex annihilate, u,(z,) = u(z,)
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Vortex Trajectory

e

1.5 _IJ'D m\/ﬂu

u(tyh

]

0 10 20 30 40 50 60 ‘
ot=0.061, B,=1.01B, tT
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Vortex Trajectory

* Only single-vortex penetration was considered: B, <B,<B,

B gin ity — Fo iy [ 22Y — g, Defines the rf amplitude B, above which a second vortex
] 2 o i Ly 1 2
would enter

* The time 1t takes for a vortex to move by a distance ~A from
the surface 1s:

A2 2 o’
P ol P . ~4x1012 s for Nb
(.-i’{IBL‘ png
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Dissipation due to vortex motion

The power @ = (wn/27) § v*dt dissipated due to the work of the
viscous drag force 1s given by:

. to ta
Q = | [ / w?dt + / (ﬂ-i + ’fi-z_'}ff-i}
Jto Jt.

m

In the low-frequency limit: | Q = 2w B, /7o, ~1 W/mat 1 GHz

1

/,'-_ 1 T T T .
0.9 / ) N‘Creasmg frequency
3
08 -

4
07+ .

06+

Q/Q,

05+

04+

03+

02

| | |
1 1.05 1.1 1.15 1.2

B,/B,
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How fast is vortex entry?

= For Nb: v_~ 10 km/s is greater than the speed of sound and exceeds the BCS
pairbreaking velocity v, = 0.8 km/s

Radical change of the vortex due to nonequilibrium effects in the vortex core)
Nonlinear viscous drag depending on the vortex velocity

Dynamically generated vortex mass

Vortex becomes very hot

Larkin and Ovchinnikov: nonequilibrium effects in the vortex core decrease the drag
coefficient 77 as v increases:

7o % ,
7(v) = 3 v,: critical velocity <v,,

2y L
| +vivg
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Jumpwise Vortex Penetration

- .- - 2 2 2+ 2
_ f?j" = $ e ' sin cof — 2 _K, Ju +¢&
1+u” /v A 2 A A
\

J
|

F(u,t) = net e.m. force

F.=nyvg’/2  maximum viscous force

F(u ,’[]l;'FcI

Fo=¢B,/ toh  maximum Lorentz force

2
_ _ vE | - Fo(ut
| u=——7"1=x 1_—(: )
% o025 o0s 0."35 1' 195 15 F(“af) F;”
Ui

The vortex first moves from u=0 to u=u,, then jumps from point 1 to point 2,

after which 1t moves continuously until the next jump and annihilation with the
antivortex on the way back

- Thomas Jefferson National Accelerator Facilit
Jjeffergun Lab y
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Jumpwise Vortex Penetration

The positions of the jumps u; at the corresponding times

i £/

(1]

t=t; are determined by the equation F(u;, £)=F,

._Ijeffe}?un Lab

Thomas Jefferson National Accelerator Facility

=v_(F)
k‘ I FJF =38
4 ¢ 1 Iy y
N Mvo _ doBoe ™ & 2u;
» FJF =38 | -+ = SN W1 — = K|
- 0f m - : s j'_.'_,”,?‘t .»_.’i'TI,I'.L“?k' VN
|
|
|
I
I
I
1
Il
Il
1
(AN
|
i
o] 30 40 50 60 7 80
T

the antivortex jumps in and annihilates with the
outgoing vortex before the vortex reaches the critical
velocity —v,
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Temperature Around the Oscillating Vortex

The distribution of 77, ) around a moving vortex is described by a thermal diffusion equation

CT=kVT - a(T - Ty) + 9(T, ) o) f(x — u(f), y)

dissipation in the vortex core

fr)=m1&% exp(-r*/&)  core form factor

Steady-state solution for weak overheating:

ST(7) = 0] In cosh(zy 2d) +cos(mx ..-':2d ) Crpsr
2ak  cosh(ay/2d)—cos(mx/2d)

ol = Q lnﬂt N
o

Q: average dissipated power due to vortex motion

+ For Nb: with k=10 WimK, f =2 GHz, Q~ 4B ¢,/n,
d =3mm, ry; =100 nm, B, = 150 mT, we get

0.25 xfd. STm ~ 0.6K
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Pinning

. Ideal single crystals without defects have a
finite flux flow resistivity and partial Meissner effect

. Defects pin vortices restoring almost zero resistivity
for J smaller than the critical current density J,

*  Unlike the thermodynamic quantities (T, H_,, H,,), the
value of J_ can be strongly sample dependent.

J J

C

* Force balance condition per unit volume, .
BJ(T,B)=F,(T,B)

where the pinning force F(T,B) vanishes at B,

* Pinning of vortex lines is determined
by defect microstructure on different

length scales E < | <\ .

» Competition between vortex-pin
1 B/Ba attraction and vortex-vortex repulsion
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Core Pinning

*  Nonsuperconducting precipitates, voids, oxygen
vacancies in HTS, etc.

«  Columnar defects (radiation tracks, dislocations)

*  Gain of a fraction of the vortex core line energy,
gy = &2 (H, %2, if the core sits on a defect

- Pinning energy U, and force f, for a columnar pin of radius r:

2
, r r
Lllpﬁgl]_g') fpngl]_zﬂ r << 55
S
. £
LIIPNEI]S fpx’_‘ﬂ, r>§
) U * Forr<<¢g, only a small fraction of the core
| r X energy is used for pinning, fp is small
;'i?]l“m"ar |/ “~___* Forr>>g, the whole ¢, is used, but the
A maximum pinning force fp ~ g,lr is small
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Optimum Core Pin Size and Maximum J,

f
p
* Because f (r) is small for bothr<< &andr >>¢
the maximum pinning force occurs atr = &.
* The same mechanism also works for precipitates.
. I What is the maximum J, for the optimum columnar pin?
* Optimum pin allows to reach the I oy = f‘"(g) = b, 7E =J,
depairing current density! ¢ Smus
Core pinning * Core pinning by small precipitates
by a planar defect of size = £ yields smaller J, reduced by
of thickness ~ & is the factor ~ rilp (fraction of the vortex
also very effective length taken by pins spaced by | )
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High J_-Values for DC Transport

Real pinning microstructure in NbTi
Wy ':---;"f‘ / 1 ¥ f%ﬁ?’Equilibrium Fluxoid:
b N 7 p 1 s A& - - !
R gl l:l_i/:. _».A@,S’p_axcrrj

_— -5 ' 2 —_ e
] £ \ .

< s a2 - % :

- * 1 1 - 119 B
e s/ ol 1] N 8T )

Y E - 4 -t L
< o ;d. '; S

| " 3

|

. i N | S 1 " . iw <
o - - i e WL - a8 ad - f 7 o B
S i I PR AN P g i =
f SN o N -y 4 > ; Y y ol
o “". e gy > ¢ Py ~
o O R B y A

* Pinning effectively prevents vortex motion in presence of a DC

current: maintains R=0 up to high J_-values
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Trapped vortices in SRF cavities (1)

 Field cooling in residual Earth field

T < TC(H1)> @

* Thermoelectric currents during cooldown across T,

Tmax
Tmin = Tc >

min
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Trapped vortices in SRF cavities (2)

* The resulting distribution of trapped vortices in the cavity can be highly
inhomogeneous and the trapping efficiency depends on the material

treatment (Post-purification annealing, strong oxidation, large amount of chemical

etching)

* Due to the random nature of pinning centers within the wall thickness,
we do not know the orientation of the trapped vortices with respect to

the cavity surface

Vacuum

Jjeffegun Lab

. -~ Nb
fr'
® 4 -
'y @ __—> Pinning centers
— illx
. ]
i\1 ' °
‘ II o
| ]
il. .
s . »
-2
- - '—- el . .
o - Dashed lines: vortices trapped near

Thomas Jefferson National Accelerator Facility

" 1 : the Nb surface
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Effect of Pinning

Eq. of motion of the pinned vortex in an RF

field:
2
. 2u
N =eu"+ 2= "B 0 e gin ot - it - Kl[— +Z f(u,y-me)
ﬂoi 272, A A) S
X
\
Bending stress
| { Viscous drag Lorentz force image force pinning force
v |‘ force

The Eq. of motion can be solved for small oscillations and the
dissipated power can be calculated

mm) \ortex oscillations under RF field cause losses

._Ijeffe}?un Lab
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Vortex Free Layer

» Vortex-free layer of thickness d_~ ). at the surface

Ht '

- i
( T AnuiE

£ ()1
2ru i A "

* Pinning time constant: 7, =

n’ ok [ET T ~10%s

e (e E f3r£~4um
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RF Dissipation

« Seek a solution of the eq. of motion of the form: u(y.7)=u(y) +8u(y.1)

« Solve linearized eq. of motion for the Fourier component  du,(y)=J u(y.t)e" dt

w? €2 i o -
Q, = 7?;—6 |6u,(v)|"dy  dissipated power per unit vortex length
—{12

" a9 " 7 . . B . . o, . .
Q,/a=BiR;/ 2y dissipated power per unit area resulting in additional surface resistance

—
|
|

2, ~2d/i g I i
R = @ (e ) | sinh /o7, +sin, /@7,

J @7, (cosh,j@7, +cos

i

Ana

|

High-frequency
limit

Vo7,)
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RF Dissipation

D&k

R, depends strongly on the
distribution of the pinning centers

Periodic chain

of pins "\

(and therefore on the size { of the pinned vortex

segments)
Expon. distrib. of

pinned vortex

— * R oc ® B=0.5-0.7 in agreement
with experiments on Nb cavities?

* 1,~10% s from experiments on

Nb cavities? =™ £~ 4 um

A%aB,, TzaZBCZT H,

Strong 100%
pinning flux ~ 2.5 nQ/mG
trapping
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RF Dissipation

* Stronger pinning (| t,) reduces R,

Experimental evidence: Reduced RF losses in YBCO (47.7 GHz) by
adding 7% BZO pinning centers !

N. Pompeo et al., ASC’08,
Chicago, paper 4MC05
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Vortex Hotspot

“H

o’ { A ST(r)A

R r) o« — exp
Bcs(T) Ti |

-—+
T

] even weak variations d87(r)<<T, can produce
0

strong variations in Ry(r) at low temperatures

@ (Q/ mk)In coth(y/4d)

R, (x=0,y) = Ry (T,, @) coth” (Z—é’j ly|>r,

U(BmTo’ a)) :lQ(Bo"To’ a))A(TO)/m{(TO )T02

d: wall thickness 26
21 r Dissipated power
8 16
2 1 Local dissipation due to
6 1 vortex motion produces a
1 " - -
o P i long-range hot-spot

y/d
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Lorentz Electron Microscopy of Vortex Structures

Fascinating vortex movies at:
http://www.hitachi.com/rd/research/em/movie.html
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