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Theories for Q Explanation

. . . « B.Vi tin, Thin Fil SRF 2006.
What’s the theoretical limit? sein, T Fims SE
» A. Gurevich and G. Ciovati, Phys. Rev. B

Q-Slope . o - BCP Fund®
Q-Slape O-Shl])\:. Q-Slope , after :?l‘;rznft Exceptional “Sﬂ:::zz‘l J_{fi'('" It- Quench | Quench Arqum' | und 1 77, 1 04501 2008
Fit hefore haking |  Improvem baking o Results alter HF P EP> | unchanged || AT8™ | Disagreem
! (EP=BCP) | afterbaking | (EP< “;:“"_ (RCP) | e hﬂ:;,. BCP after Validity | Exper. # S
BCP) : ; baking Jheary e W Weingarten RF2009
. y .
Magnetic Y N Y N . .
i | 1 Y Y| . .- Y | D, - G. Ciovati, SRF2009.
Enhancem' || Stmutal. e BenS+ s ' ) ower 5
code % By # Be,' T lower B, high By 0, Be' T 1.E+11 -
e | Y| N | Y |[Y|N|N ]
Tunnel - - Y D2
Exchange E Brx NbyOs & | lower p= | NbyOs, T high e 'I‘:(\;s prov!
Thermal Y Y Y N N
Feedback = thermal =1 - - - - - - -
arabolic | =Ml | g LR, T | = e Cooeff!
P properties e propties i
Magnetic
M lY | N Y R D | S el
Dependence il s . higher ) 1 g
of A expon’” Bey" # Be T Bes® n film 4
Segregation 1
p 9 N N |Y ) Y N _I.l . Y| - 1| © Data
Impurities . segregation only O surface good chemistry il
# diffusion + cleaning : = Gurevich model
Bad B
$:C. Layer N = Weingarten model
Interstitial ‘, Y Y N - - Y N Y D g
. . - interstitial ew higher l
Oxygen NClayer | Odiffusion . S Beod
Nby40 Te-appears ad layer B¢, : 1.E+09 T T T T T

0 20 40 60 80 100 120
What happened on the low field increase? B, (mT)

What’s the best performance we can experimentally achieve?

Will the theory and experiments agree with each other?
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Mattis-Bardeen Theory

Nie)
The electron states distribution and " L |
probability of occupation at T<T_, from BCS | %H
theory by minimizing the free energy : ;r 11
/ \
1 r !
1 . / \
—_— — == ——————————— = E .
he=3{1—(ex/Ex) ], /s T f( k) ,"; \
J “\\
Applying these to the matrix elements of ‘ W 775 ‘.@:}“"“‘}""‘
single-particle scattering operator, and then Wl
to the anomalous skin effect theory: ////*“T*

R x joo[f(E) — f(E + Ziw)]g(E)AE  The “golden rule”
A

*  “Theory of Superconductivity”’ by J. Bardeen, L. N. Cooper and J. R. Schrieffer
*  “Theory of the Anomalous Skin Effect in Normal and Superconducting Metals” by D. C.
Mattis and J. Bardeen

*  “The Surface Impedance of Superconductors and Normal Conductors: The Mattis-Bardeen
Theory” by J. P. Turneaure, J. Halbritter, and H. A. Schwettman

BROOKHFAEN

@ NATIONAL LABORATORY

.geff;7son Lab 09/23/13 /




4 N
Mattis-Bardeen Theory (Continued)

1E+11
“‘.s. [ )
....00000
5 -
S MAMAMAMAMSL A A MAA A
LL nneEEEEE By mE em g A
> 1E+10 EEEEEE [ [ |
= 07
©
S
o
A low field limit theory, how to extend?
1E+09
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Peak Magnetic Field [mT]

“States with a net current flow can be obtained by taking a pairing (k71, k2]) with
k1+k2 =2q, and 2q the same for all virtual pairs” — quoted from BCS theory
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Cooper pair and moving Cooper pair

Energy split appears in Cooper
pair with angle dependence

k1

€:=225meV

2A=2.9

-k EFL2my2- g,
Erg=1/2M(vi + V) - €= €, + €.+ €y

With total momentum 2q for all Cooper pairs. Erg=1/2M(V - V)] - €= €, + € - €,y
(Energies are based on Nb with selected E,,;= MV,V,COS O = P VX
parameters)
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Consequence of moving Cooper pairs

Modified density of states and probability of occupation at T<T_:

f(Exsqr) k > ke For electron

. 1 (1 g + Es) {f(E_kJ,qL),k > k, For electron P {
= = - - = k+qT =
Y2 Ey, “*@ 7\ f(Egsqr), k < kg For hole T \f(E_gsqu), k < kgForhole
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Low field limit density of states function with moving cooper pairs, function with moving cooper
and distribution function angle averaged pairs, angle-dependent

B.P. Xiao, C.E. Reece, M.J. Kelley, Physica C 490 (2013) 26—31
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Consequence of moving Cooper pairs

After following the ) Magnetic flux density (mT)

same analytical 30 SIO I(I)O 1?0 603
derivation as M-B ,
but with new 25 ! 604
distributions, then /
coding and 20 7 600 &
obtaining numerical % 7 g / =
solution of resulting = 15 w8 1-.-" / 596 ;w
challenging = 10 ﬁ_ g 50)
quadruple integral, //
one obtains: 5 ——— 588

0 584

0 200 400 600 800 1000
v, (m/s)

Surface resistance, R, (red line) and reactance, X, (blue dashed line)
versus Cooper pair velocity and corresponding magnetic field for Nb at

2 Kand 1.5 GHz.
B.P. Xiao, C.E. Reece, M.J. Kelley, Physica C 490 (2013) 26—31
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Explanation with new “Golden Rule”

Why is R _decreasing?

The “golden rule”
In extreme anomalous limit and low temperature approximation

* Source: angle between Vg (any
direction) and V¢ cause energy
split with angle dependence.

° Conseq uence: While the

R fA [F(E) — F(E + w)]g(E)dE

Absoréf photon
e——)

E .v. E+hw

Relax, release energy, cause R

: !

R x j [f(E+eext+ hw)—f(E+€’, ) ] [f(cext)+f(—¢ext) g (E, a,a’)d
A

energy relaxation happens from
high energy to low energy in
Mattis-Bardeen theoryj, it is
possible this process also
happens from low energy to
high energy. While this

E procedure “borrows” energy
: from those from high energy to
i low energy, the net effect still
i obey the 27d Jaw of
] thermodynamics.
e, ho T A —
Note that PgV ;>>hw could
Ete’ happen, the overlap between red

ext

E+e, +how ,,q purple could be significant.
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- P. Dhakal, et al., PRST-AB, 2013. 16(4): p. 042001.
T h e o ry VS Ex pe rl m e nt A. Grassellino, et al., Supercon. Sci.and Tech., 2013.

26(10): p. 102001
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Summary

e Previous surface impedance calculations are available only for the low
field limit.

e A field-dependent derivation of the Mattis-Bardeen theory of SRF
surface impedance has been developed.

* The extended range of gradients is treated for the first time.

e Field-dependent R, agreement with experiment with recent clean heat-
treated Nb with unusual surface loading is excellent, and we are ready
to look closer.

e The reduction in resistance with increasing field is seen to be an
intrinsic effect.

e For type-l, and type-Il under H_,.

e What is going to happen between H_, and H_,?
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