Hot Topic Session

Maximizing Peak Surface Fields (H,,)
Time Barrier vs. Surface Barrier

e Chairs: H. Padamsee and C. Reece



Abstract

* IS Hyyper-heating the limit to surface H ), ?
* Surface energy barrier to the penetration of fluxoids above H_,

* New: Is the time barrier to fluxoid formation the limit?

* The time barrier is the time scale for order-parameter changes
(pair-breaking).

* Order parameter change time scale is longer than the RF
period
* 5o fluxoids do not nucleate within the RF period.

* =>Which new materials to explore for SRF?
* Nb;Sn, MgB,, overlayers...

* OR materials with a higher time barrier
* \V, Ta, Sn or such overlayers?



Anticipated Program

* 5 min Intro: Hasan Padamsee
* 10 min Alex Romanenko, time barrier
* 10 min: Review of H,, calculations: Alden Pack

* 10 min: Experimental data on max H
treatments: Rongli Geng

e 10 min: Experimental data on max H
treatments: Mattia Checchin

* 15 min: Open Discussion moderated by Charlie &
Hasan

e So which matters most: time or surface barrier?

ok traditional

oks €XOtIC



Hot Topic Talk 1

Alexander Romanenko



.S. DEPARTMENT OF Oﬁ:lce of

ENERGY Science

Time barrier — key to high gradients?

Alexander Romanenko
SRF’2019
4 July 2019



Main points

« KEY relevant question:

— If the RF field exceeds a critical field (e.g. ) how soon does the
dissipation emerge?

« Time barrier = slow down the emergence of dissipation

— Vortex formation takes a finite time => make it as long as
possible

» DC fields of first flux penetration measured on niobium
samples are lower than maximum RF fields in cavities

— DC superheating cannot explain the highest gradients

* Itis used however as a guide for all new materials gradient
research
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How soon do the vortices form?

* Vortex nucleation is governed by the characteristic time scale
of order parameter changes, so-called t,

— If flux penetration/dissipation is happening or not depends on the
relation between T, and RF period T
* 1T, > T => vortex-induced dissipation is delayed beyond Hsh

* T, < T;=>Hc1 and superheating become more relevant — more DC-like
* T, >>T,=>vortices don’t matter as they never form

* T, ~ Tg << 1nsisonly relevant for gapless superconductors

(which Nb is not) = was understood by e.g. Tinkham and
Bezuglii in late 1980s

* For gapped superconductors atlow T: 1, ~1; ~ 1 nsfor Nb

2% Fermilab
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Experimental observations of gap relaxation time in Nb
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How far can the time barrier help extending the Eacc?
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How to push the gradients using Time Barrier?

« Plenty of new opportunities!
— Clean Nb Hc2 is ~100 MV/m, dirty is higher

« Make niobium surface “slower” by right impurities

— Maybe this is already why 120C baked cavities go way beyond
surface Hc1

* Use other "slower” (longer t_,, scattering times)
superconductors

* Increase frequency

2% Fermilab
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Which materials could be better for “time barrier”?

Table 1. 1, the characteristic e—ph coupling time, calculated by Table 3. Characteristic e—ph coupling times, 7, of A-15

E:ngrﬂa[gﬁg .for some metals, together with superconducting o mnounds, together with superconducting data from [21] and [23].

Iy 10°b

T
70 T. Tp 103 To c L
Metal (us) (K)  (K) 2A/kT. (meV~2) Compeund (ns)  (K)  (K) 2A/kT,_~AfeV?)
92 276 3.92 1.55 Nb;Ge - 232 300 2.18
7.8 411 3.48 0.57 Nb;Si 0.013 0 — 1.87
5.4 380 3.45 0.61 Nb;Al 0.013 . 00 4.16 1.85
4.47 240 3.45 1.66 Nb;Sn 180 29 11 1.97

0.016 17.9 300 1.79

3.75 200 3.66 2.40 V3Sn —
i 0.079 17.1 530 3.37

3.4 108 3.69 9.90 V3

2.33 78 3.69 18.6 V;3Ge 0.085 11.2 300 2.97 1.38
1.697 415 3.38 0.36 Mo;Ge 76.8 1.80 430 — 0.37
1.196 428 3.34 0.35

0915 460 3.53 0.29 » y
0.875 327 3.19 0.59 A15 are not good —too “fast
0.66 500 — 0.23

3461; égg ;12 812 Table 4. Characteristic e-ph coupling times, 7y, for B1-type
0.4 415 343 032 superconductors.

0.128 252 3.63 0.82 i

01125 420 — 028 Compound T7,(K) Tp(K) 10°h (meV 2y 15 (ns)

V.70 .

8.5 465 :
4.6 480 0.35

Lower T_ => longer T,
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A thin layer of slow superconductor as a possible solution

Option 1 Option 2
“Siow” Nb 10-20 nm V (or other
slower SC)
Nb Nb
Is it how 120C baking or Explore techniques for
N infusion enables Hrf lower Tc SC deposition
>> Hcl?

2% Fermilab
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Oxygen-suppressed surface T, in 120C baked cavities

« NEW from highest performing cavity cutouts
— 120C baking brings about an oxygen-rich layer (THP014 this

afternoon)
Approximate depth (nm)
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Nitrogen-suppressed surface T_ in 120C N infused cavities

* From highest performing cavity cutouts (THP014)
— 120C N infusion => nitrogen-rich thin layer

14
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Experimental plans for studying S-S structures at FNAL

« Standard method to “infuse” nitrogen in surface layer is to utilize our very clean
high temperature furnace - studies will continue to explore duration/pressure

* We have recently developed a new method for N-infusion in a low T oven, keeping
cavity always under vacuum, never to see the heating chamber

« This new method involves in situ removal of the Niobium surface oxide, leaving
the surface ‘naked’ and we find produces an effect of “self N-doping” - studies
ongoing (bake + HF rinsing) => see https://arxiv.org/abs/1907.00147

» Next year FNAL will commission a new CVD/ALD furnace (multicells compatible)
for state of the art S-S structures and doping with different gases

New medium T bake “self infusion"N ALD/CVD/Doping 2020
High T furnace infusion oW 7 _ oping furnace | )

F




« What about DC superheating/surface energy barrier?
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Currently the focus is heavily on DC superheating

17

DC superheating field Bsh suggested as the “fundamental” limit (~240 mT
for clean Nb)

— NB: has no direct proof
Lots of recent theoretical calculations of Bsh
Exploring materials with higher Bsh than Nb (Nb3Sn, MgB2 etc)
Various suggestions to improve Bsh
— Multi (or single layers) of higher Bsh superconductor on top of Nb
— Dirty layer on top of clean

My view — while higher Bsh would not hurt, it may not be the most
promising way for pushing the gradients in SRF cavities

— Any non-ideal area -> entry way for flux -> superheating is not
realized

2% Fermilab
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DC performance of samples vs SRF Cavities
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DC Magnetization curve (m [H])
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See also e.g. R. Laxdal et al, TUFUA7 » Cannot b? due to DC
superheating, _
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Summary

19

Relevant theory for a gapped superconductor suggests “time
barrier” role in achieved fields

Experimental data for Nb show that vortex nucleating times are
comparable or longer than the rf periods considered

— Counterintuitively -> LOWER Tc superconductors can give higher
gradients (as they are slower!)

— Explore higher frequencies — flux penetration is delayed
— Lower Tc slower SC on top of niobium — another proposal

If taken advantage of, fields Eacc > 100 MV/m can be on the
horizon with Nb

— Huge potential

2% Fermilab
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SRF’19 Hot Topic Discussion

H., Calculations

A brief and very
iIncomplete review REACHED

Alden Pack SRF 2019 Slide



Superconductors and Magnetic Fields

A4

B B

* For relatively small
applied magnetic fields,
superconductors expel
flux: Meissner state

At higher fields, Type Il [& & & |
superconductors allow s éi@(’ﬁ .
flux to enter in packets: ® & &
Vortex state R

Images from Wikipedia and Rose-Innes and Roderick, Introduction to Superconductivity

Alden Pack SRF 2019 Slide
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The Superheating Field

(Note: Magnetization curve for H increasing only)

A4

Meissner M
state '
V Meissner state (metastable)

H
 Flux free Meissner state is stable up to H_,
» Favorable for flux to be deep in bulk above H_,

« BUT surface energy barrier allows metastable state!
‘

Alden Pack SRF 2019 Slide
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The Superheating Field

A4

Why a superheating field?

A: B-field decay constant

Cooper pair
teraction distance

— H Field gain

— Total Energy

e —.Condensation

S 5 Energy benefit: flux from high magnetic

\ field region into low magnetic field
Depth X region

Costly core £enters first;

' ' Energy cost: creation of normal
gain from field A later gy f

conducting vortex core

Alden Pack SRF 2019 Slide
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Barrier to Vortex Entry and Stability Threshold

He

3 Normal
G | o

3 2

o 2
= "2' - Vortex

(7, "
O i He
. M eissner
Depth into the superconductor
Temperature

Bean & Livingston, Phys. Rev. Lett. 1964

Competition between magnetic pressure and Superheating field:
attraction to the surface. Threshold of stability of the

Meissner state

:
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Some Calculations of the Superheating Field near T,

D

2.0

1.8} ~ — numerical | |

161 i coeo large-x ||
g\  orae || (EECEECTYIT
1.2 \ < A Nb 1.5 1.19
mﬁ 1.0} 2D | Nb3Sn 26.4 0.86

0.8} MgB2 37.8 0.84

0.6 1D NbN 129.3  0.79

10~ 100 10! 102

K

Transtrum et al., Phys. Rev. B 2011
Ginzburg-Landau theory for H;, as a function of xfor T near
T

o
Kramer, ths. Rev. 1968, etc.
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Some Calculations of H, /H. vs T

I
p
0.84f
0.82|
- Catelani & Sethna, Phys. Rev. B 2008
] I Quasiclassical Eilenberger theory for H,
x 0.80 . s
- : as a function of T for large «
f“: [ Lin and Gurevich, Phys. Rev. B 2012
= 0.781
0.76}
. Note:
L 5
0.0 0.2 0.4 0.6 0.8 1.0 HC(T) ~ HC(O) [1- (T/TC) ]
I/T, 2
Hgy (T) = c(x, T) - He(0) - [1 — (T/Tc)?]

=
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RF Flux Entry / Quench Field vs T Measurements (Cornell, 1.3 GHz)

%
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S. Posen, N. Valles, and M. Liepe, Phys. Rev. Lett. 115, 047001 (2015)
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DC Flux Entry / Quench Field vs T Measurements (Cornell)

Niobium (EP and EP+120C) Nb,Sn

250
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-“oHsh' Nb unbaked
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200 1
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o
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S. Posen, N. Valles, and M. Liepe, Phys. Rev. Lett. 115, 047001 (2015)
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Lower H,: Anisotropy and Disorder

I >
o BSCCO .
4 Mixed | Typell |
: 17§
ol & .
[ A [
5 2 CsK YBCO ~ |
- Hyl 12 . MgB, o
1F g, LY NbSes « 2, - ;
P Lla"~1 141
0 _ bt AgSszo() Hshl = :
1 L L 1 L 1 L | 1 1 L 1 1 L L | L L L 1 1 L 1 13 r ‘ ‘ ‘ ‘ ;
=4 -2 0 = 4 20 40 60 80 100
In (Kll) x [nm]
Liarte et al. Phys. Rev. B 2016 Liarte et al. Superc. Sci. Tech. 2017
Anisotropic GL theory for diagram in terms of Bean-Livingston barrier and critical droplet
mass anisotropy and GL parameter showing theory for T, profile that allows vortex
regions where H, is isotropic (yellow). Low-T nucleation for Nb;Sn at 73mT.

Hy;, anisotropy is not known.

=

Alden Pack SRF 2019 Slide
30



31

Higher H,,: Laminates and Dirty Layer

superconductor
substrate

‘e

Kubo, Superc. Sci. Tech.
2016

Optimization of thickness
and material assessment

Gurevich Appl. Phys. Lett.

2006
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Eilenberger theory
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Koshelev, 2019
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Conclusion
[ >

* Hsh has been theorhetically evaluated for a bulk geometry in Eilenberger and Ginzburg-Landau Theory.
« Experimental work shows Nb cavities can operate above Hc1.

* Nb3Sn can operate above Hc1 but they are not yet optimized to reach Hsh.

» Anisotropies complicate defining type | and type Il superconductors.

» Disorder can lower Hsh.

« SIS could potentially raise Hsh.

« As seen in Eilenberger and Ginzburg-Landau theory, dirty layers may raise Hsh.

* |s this the limit for SRF cavities?

:

Alden Pack SRF 2019 Slide
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Experimental Data on Max Peak Field
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Eacc [MV/m]

Experimental Data on Max Peak Field, E, & H
Pursuit for Higher E__. in Practical Cavities

L-Band SRF Cavity Gradient Imporvement and Underlying Technical Approachs
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Context for today’s hot
topic is H, for which
there is a fundamental
limit Heie g

E. is equally
important for real
cavities as it is met as
a bottle neck often
before a fundamental
limit is hit.



Max Peak Field Values in Cavity Measurements Obtained by
Multiplying Measured E__. with Calculated Ratio a,

iln
v Achieved Peak Surface Magnetic Field in L-band SRF Niobium Cavities
(Circle: Single-Cell Cavity; Triangle: Multi-Cell Cavity
RLGENG21Jan2011
2500 ; T T T
DESY AC155, AC158 Cornell LR1-3
Hpk 1910-1950 Oe Hpk 2065 Oe
New 9-cell record single-cell record
DESY 793, AC146 & JLab RI27
Hpk 1810 - 1830 Oe
2000 |- 9-cell record E ‘ ® =
[ J
a [ J
A o O'.
] o
1500 |- A .
' A ILC1TeV
) g
o A
T A
1000 |
XF
A
N
2 GeV
500
*
eeeeeeeee
0 | |
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Eacc [MV/m]

23/2011 SRF2011 Tutorial @ ANL

* |Indirect measurement

* oy is determined by cavity shape and
can be calculated with codes

* Typically CW measurement in Q ~ 10%
— time constant ~ sec for ~ GHz cavity

* H, thus found represents surface
field attained over large (>1000 mm?)
surface area

* The highest H, observed in L-band Nb
cavities ~ 2100 Oe



The Ability of This Method for Probing H_,;; r @ Material Property,
is Limited by Extrinsic Factors

Hpk Hpk
Nb: > 2000 Oe
A A Achievable gradent Cavity surface chemlstry / o OZ (eg(s
H NoxSn: > 4000 O (the)
crit, RF H it, RF
- max _ Herit R
& l aCC
Qe?@ PDepressed Herit, iF due to local defect / ﬂMAG Hpk/EaCC)
& Cavity wall
boz\o ¢ 4 &b‘f thermal conductance Cavity surface smoothness Cavny shape
‘JLL e’i\ds (_'5‘\\*
%3\ 6‘0*" ebv* .. . .
&/ A&SE g * Finite cavity wall thickness also
%, e\"" &\c
A A play a role due to thermal bottle
& <:.:| J
& Y3 E... L <: Y5E.. neck effect
Quench Eacc  Ultimate Eacc Quench Eacc Ultimate Eacc e Decades of R&D + hundreds of
Local magnetic field enhancement model Local critical field depression model M S investment *, solutions in
o addressing (d, r, B_(MAG,)) for
Pre-mature quench ignited by high gradient SRF now converged
* |ocal magnetic field enhancement and in hand : Hi purity Nb, EBW,

* Local depression of critical field EP, LTB, HPR, elliptical shape



Raise Accessible H,, by Tuning Overheating Effect Due
to Thermal Impedance from Nb Wall and Interface to

LHe
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——
2000 | \
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. Defect free surface

g Hyn(OK) = 2400 Oe
Ries = 6 NQ
f=1.5GHz

500 ° Wall thickness: 3 mm
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12% raise from 300 to 1000
J. Dai, Ph. D Thesis, Peking U., 2011



Peak Surface Magnetic Field Attained

H [Oe] ,
pk Bulk Nb Cavity
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1000 F 2. P. Kneisel, R. Roth, H. Kurschner, SRF1995, SRF95C17 (1995) pp449-53. |
3. F. Furuta, K. Saito, T. Saeki, H. Inoue, Y. Morozumi, Y. Higashi, T. Higo, SRF2007, TUP10 (2007)pp125-31.
4.R.L. Geng, G.V. Eremeev, H. Padamsee, V.D. Shemelin, PAC07, WEPMS006 (2007) pp2337-39.
5. D. Reschke et al., SRF2011, TUPO046 (2011) pp490-4.
6. K. Watanabe K. Watanabe, S.Noguchi, E.Kako, K.Umemori, T. Shishido, Nucl. Inst. Meth. A714 (2013) 67-82.
7. R.L. Geng, unpublished (2014); R.L. Geng et al., IPAC2015, WEPWI1013 (2015) pp3518-3520.
i 8. A. Grassellino et al., TTC meeting @ RIKEN, June 2018.
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500 1 1 . " " " 1 " " " L 1 . .
1970 1980 1990 2000 2010 2020 Year

Data Treatment
Point
1 Nb 1.3 1

HT+LTB
2 Nb 1.3 1 BCP
3 Nb 1.3 1 EP+LTB
4 Nb 1.3 1 EP+LTB
5 LG Nb 1.3 9 EP+LTB
6 Nb 1.3 2 EP+LTB
7 LG Nb 1.5 1 EP+LTB
8 Nb 1.3 1 EP+M-LTB
9 Nb 3.0 1 EP+LTB

Nb: Fine-grain nNb

LG Nb: large grain ingot Nb

HT: URHV firing 1800 °C

CP: Buffered chemical Polishing (HNO,+HF+H,0)
EP: Electropolishing (HF+H,0+H,S0O,)

LTB: Low temperature bake 100-120 °C

M-LTB: Modified LTB (75°C + 120 °C)



Concluding Remarks and Open Questions

* Steady rise in observable H, in TM,, mode Nb cavities over decades

* Max. H, observed at 2K within 10% as compared to Superheating

Theory prediction

* Quality of comparison between experimental data with Theoretical
prediction can be improved in several ways:
o Suppress field emission at E;, > 100 MV/m — new techniques beyond HPR?
o Reduce overheating on RF surface — thin wall, high purity, LG Nb?

o Deliberate Kappa-engineering — homogeneous N-doping then progressive EP?
[ “Dirty Nb” as a model system for high Kappa material such as Nb,Sn?

* “Special cavity” for H,, concentrated small surface area?
* “Defect free cavity” testing at various T, ,?
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Cavity statistics

« We took the quench field of several single-cell cavities
measured at Fermilab in between 2015 to 2019 for a total of
more than 70 cavities

 Thermal treatments considered are:
— 120 C baking
— 120 C N-infusion
— 160 C N-infusion
— 70-120 C baking
— N-doping (several recipes)
— Air doping (one cavity doped with air)
— EP and BCP

2F Fermilab
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Relevant references for the experimental data

* M. Checchin et al. WEPMRO002, IPAC 2016

« M. Checchin et al. TUPLRO024, LINAC 2016

* M. Checchin et al. MOPOB20, NAPAC 2016
Martinello et al., Appl. Phys. Lett. 109, 062601 (2016)

A. Grassellino et al., Supercond. Sci.
Technol. 30, 094004 (2017)

A. Grassellino et al. arXiv:1806.09824 (2018)
Bafia et al. TUP062, SRF 2019
Bafia et al. TUP061, SRF 2019
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Quench field statistics vs treatment

240
220 - /7 cavities statistics |
200 F i
180 - 5 i
~ 160 —- T
~ s —_— |
E 140+ , |
%
5 120 u i
(=N
A 100 | L 1
20 I 25%~75% i
| ] Range within 1.5IQR ]
60 | | — Median Line 1
- Mean ]
40 |- ¢ OQOutliers _
20
@ > S C S Q N
N\ Q Q Q Q O Q
N .\é@% é@% Q/Q | SQQ <§® %@Q
s & v
NUEEENS

2F Fermilab
45 Mattia Checchin | Hot Topic, SRF 2019



Quench field vs mean-free-path
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[1] M. Checchin et al., in Proceeding of IPAC16, Busan, South Korea (2016) [S (nm)

[2] M. Transtrum et al., Phys. Rev. B 83, 094505 (2011)
[3] G. Catelani and J. P. Sethna, Phys. Rev. B 78, 224509 (2008)
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Quench field vs mean-free-path
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[2] M. Transtrum et al., Phys. Rev. B 83, 094505 (2011)
[3] G. Catelani and J. P. Sethna, Phys. Rev. B 78, 224509 (2008)
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Quench field vs mfp — best cavities per treatment only
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[3] G. Catelani and J. P. Sethna, Phys. Rev. B 78, 224509 (2008)
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Quench field vs mfp — best cavities per treatment only
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Quench field vs mfp — best cavities per treatment only
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Quench field vs mfp — best cavities per treatment only
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Quench field vs mfp — best cavities per treatment only

=T & A Romanenkoetal APL20I
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Bulk uSR measurements of vortex penetration

R TRIUMF Field of first flux entry on coated samples

R. E. Laxdal, TTC Meeting RIKEN 2018
R. E. Laxdal, SRF 2019

1l = :&,"”*77»

Recently MgB, and Nb;Sn on
niobium samples of different
thickness have been tested.

Findings: A layer of a higher T,
material on niobium can
enhance the field of first entry
by about 40% from a field
consistent with H_, to a field

0.8

0.6

Volume fraction in Meissner state at 0K

o 5
Consistent With H h 0.4 +N|Ob|um 14000C annealed m m
e ---MgB2 (50 nm) on Nb 8 §
This enhancement does not 0.2 -=MgB2 (150 nm) on Nb [ =
. . S S
depend on material or thickness --MgB2 (300nm) on Nb 2 S
. . . s £
suggesting that superheating is P i i i L. F
indeed induced in niobium by 0 50 100 150 200 250
Superheating in coated niobium, T Junginger, W Wasserman and R E Laxdal, Superconductor Science and Technology, Volume
30, Number 12, Published 7 November 2017
JE .
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Bulk uSR measurements of vortex penetration

S TRIUMF Field of first flux entry on coated samples
R. E. Laxdal, TTC Meeting RIKEN 2018
Recently IVIgB2 and Nb3Sn on R. E. Laxdal, SRF 2019
nio,
thi -
i Muon spln rotation measurements
mc

™ show vortex penetration delayed
@ Dby the occurrence of higher T, SC

o layers on top on Nb
suggesting tTnat superneating 1s e B P i

indeed induced in niobium by 0 50 100 150 200 250
the overlaver Magnetic Field [mT]

Superheating in coated niobium, T Junginger, W Wasserman and R E Laxdal, Superconductor Science and Technology, Volume
30, Number 12, Published 7 November 2017
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What is the connection between RF and bulk uSR data?

« “Dirty” layer implies short mean-free-path, and therefore
long penetration depth at the surface (compared to the
bulk)

« Higher T, SC layers means longer penetration depth
(compared to the Nb substrate)

* The two systems can be described by same argumentations

How does SS structures works?

2F Fermilab
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SS structure:
Energy barrier to vortex nucleation



Maximum theoretical gradient of SRF cavities

e \Vortex penetration is considered to be the theoretical limit of the
accelerating gradient achievable in SRF cavities

* For flawless surfaces, vortex flux lines can penetrate only for B
larger than the superheating field B,,

Bsh/Bmax
l ' T T T/2
Be2(0) A Normal-conducting \
Mixed I
vl ®
U [

Bsh(0) f——_ Cr = .
% Meta-stable S L B 1 T/4 g
"Lr: Meissner S —

L
Bel(0) c -
I I
(]
o r -
=, /
n Meissner
(]
0 ' ————0
0 TC Simulations by: 1.0 0.5 0.0
A. D. Hernandez and D. Dominguez, B/B
Temperature Phys. Rev. B 65, 144529 (2002) max
. -
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Energy barrier to vortex nucleation

Bc2(0) \A Normal-conducting
. . ML
* The superheating field can be ) Mixed
o
described in terms of energy beb0)—_| 2 Vieta-stable
" Meissner

Field

barrier to vortex nucleation
Bc1(0) f———— |
 The energy barrier to vortex
nucleation keeps the material in a
meta-stable Meissner state up to " et h
B¢, > B4

Meissner

e Defects at the surface can lower
or completely destroy the barrier =

C. P. Bean and J. D. Livingston, Phys. Rev. Lett. 12, 14 (1964)

0 20 40 60 80 100 120 140
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What does happen if another interface is added?

Vacuum-S S-S
interface interface

* The vortex is pushed by the
S-S boundary in the direction
of the material with larger A.

 Asecond BL-like barrier is
acting at the S-S interface

y (nm)

* The force acting on the
vortex as a function of depth
can be calculated in the
London and GL framework

T. Kubo, LINAC 2014
G. S. Mkrtchyan et al., Zh. Eksp. Theor. Fiz. 63, 667 (1972)
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Layer thickness dependence

3

9

0 1 2
T. Kubo, LINAC 2014 X
M. Checchin et al LINAC 2016
T. Kubo, SUST (2017)

60 Mattia Checchin | Hot Topic, SRF 2019

* Wide layer = two peaks in the
force

* Thin layer — forces summation
(one peak)

Adapted from
. Kubo, TTC Saclay
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SS layer structure;
Currents redistribution



Disorder heterogeneity can enhance Bgn

wgttering rate
. v Longer effective penetration

2 O rconductor depth due to dirty layer
—Q®
S . .
S ol . Slowlly varying B-flelq
> oY Esan reguires less screening
ts Screening current density current density
v’ Most screening current is in

R the clean region and is not

B, 1B Magnetic field suppressed by disorder
V. Ngampruetikorn, TTC RIKEN 2018
X

V. Ngampruetikorn and J. Sauls, arXiv:1809.04057v1 8



Results suggest thin dirty layer as design
principle tfor optimal maximum gradient

Superheating field at 7 =0

Scattering rate
profile

y(x) = Voe_x/c

50 100 150 200 X
(nm)

— I I —>
.6 “1 2 3 4 VO/AOC'
240120 60 40 20 £ (nm)
V. Ngampruetikorn, TTC RIKEN 2018
V. Ngampruetikorn and J. Sauls, arXiv:1809.04057v1 ©



Concluding...



Conclusions

65

Low T bake cavities (120 C baked, N-infused, and 70-120 C baked) show higher
quench field compared to N-doped and EP/BCP cavities for same value of
mean-free-path at the surface

Low T baked cavities are suspected (120 C bake and 120 C N-infused are
confirmed) to have low mean-free-path layer at the RF surface, while N-
doped and EP/BCP cavities do not

Bulk uSR measurements show higher T_ SC layers increase the field at which
vortices penetrates into the SC

Theoretical calculations performed with different approaches suggest that low
mean-free-path layers at the RF surface can enhance the maximum peak
magnetic field achievable in SRF cavities

Low T baked cavities might represent the first working
example of SS structures

3¢ Fermilab
Mattia Checchin | Hot Topic, SRF 2019




<<
  /ASCII85EncodePages true
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ABSALOM
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /ALIBI
    /AllegroBT-Regular
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /BankGothicBT-Medium
    /BaskOldFace
    /Batang
    /BATAVIA
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BremenBT-Bold
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /Calibri-Light
    /Calibri-LightItalic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /CASMIRA
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CharlesworthBold
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /ComicSansMS-BoldItalic
    /ComicSansMS-Italic
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothicBT-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /DauphinPlain
    /Ebrima
    /Ebrima-Bold
    /EdwardianScriptITC
    /ELEGANCE
    /Elephant-Italic
    /Elephant-Regular
    /ELLIS
    /English111VivaceBT-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /EXCESS
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /Gabriola
    /Gadugi
    /Gadugi-Bold
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GENUINE
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyHandtooledBT-Regular
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HELTERSKELTER
    /HERMAN
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-Bold
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Roman
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /ISABELLE
    /JavaneseText
    /JOAN
    /Jokerman-Regular
    /JuiceITC-Regular
    /JUSTICE
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LeelawadeeUI
    /LeelawadeeUI-Bold
    /LeelawadeeUI-Semilight
    /Lithograph-Bold
    /LithographLight
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MalgunGothic
    /MalgunGothicBold
    /MalgunGothicRegular
    /MalgunGothicSemilight
    /MalgunGothic-Semilight
    /MANDELA
    /Mangal-Regular
    /Marlett
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MATTEROFFACT
    /MaturaMTScriptCapitals
    /Meiryo
    /Meiryo-Bold
    /Meiryo-BoldItalic
    /Meiryo-Italic
    /MeiryoUI
    /MeiryoUI-Bold
    /MeiryoUI-BoldItalic
    /MeiryoUI-Italic
    /MICRODOT
    /MicrosoftHimalaya
    /MicrosoftJhengHeiBold
    /MicrosoftJhengHeiLight
    /MicrosoftJhengHeiRegular
    /MicrosoftJhengHeiUIBold
    /MicrosoftJhengHeiUILight
    /MicrosoftJhengHeiUIRegular
    /MicrosoftNewTaiLue
    /MicrosoftNewTaiLue-Bold
    /MicrosoftPhagsPa
    /MicrosoftPhagsPa-Bold
    /MicrosoftSansSerif
    /MicrosoftTaiLe
    /MicrosoftTaiLe-Bold
    /MicrosoftYaHei
    /MicrosoftYaHei-Bold
    /MicrosoftYaHeiLight
    /MicrosoftYaHeiUI
    /MicrosoftYaHeiUI-Bold
    /MicrosoftYaHeiUILight
    /Microsoft-Yi-Baiti
    /MingLiU-ExtB
    /Ming-Lt-HKSCS-ExtB
    /Mistral
    /Modern-Regular
    /MongolianBaiti
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /MyanmarText
    /MyanmarText-Bold
    /NATURALBORN
    /NEOLITH
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NirmalaUI
    /NirmalaUI-Bold
    /NirmalaUI-Semilight
    /NSimSun
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OPENCLASSIC
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PMingLiU-ExtB
    /PoorRichard-Regular
    /PosterBodoniBT-Roman
    /PRETEXT
    /Pristina-Regular
    /PUPPYLIKE
    /Raavi
    /RADAGUND
    /RageItalic
    /Ravie
    /REALVIRTUE
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /SegoeMDL2Assets
    /SegoePrint
    /SegoePrint-Bold
    /SegoeScript
    /SegoeScript-Bold
    /SegoeUI
    /SegoeUIBlack
    /SegoeUIBlack-Italic
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUIEmoji
    /SegoeUIHistoric
    /SegoeUI-Italic
    /SegoeUI-Light
    /SegoeUI-LightItalic
    /SegoeUI-Semibold
    /SegoeUI-SemiboldItalic
    /SegoeUI-Semilight
    /SegoeUI-SemilightItalic
    /SegoeUISymbol
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /SHELMAN
    /ShowcardGothic-Reg
    /Shruti
    /SimSun
    /SimSun-ExtB
    /SitkaBanner
    /SitkaBanner-Bold
    /SitkaBanner-BoldItalic
    /SitkaBanner-Italic
    /SitkaDisplay
    /SitkaDisplay-Bold
    /SitkaDisplay-BoldItalic
    /SitkaDisplay-Italic
    /SitkaHeading
    /SitkaHeading-Bold
    /SitkaHeading-BoldItalic
    /SitkaHeading-Italic
    /SitkaSmall
    /SitkaSmall-Bold
    /SitkaSmall-BoldItalic
    /SitkaSmall-Italic
    /SitkaSubheading
    /SitkaSubheading-Bold
    /SitkaSubheading-BoldItalic
    /SitkaSubheading-Italic
    /SitkaText
    /SitkaText-Bold
    /SitkaText-BoldItalic
    /SitkaText-Italic
    /SnapITC-Regular
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /Staccato222BT-Regular
    /Stencil
    /Swiss911BT-ExtraCompressed
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TeXGyreTermes-Bold
    /TeXGyreTermes-BoldItalic
    /TeXGyreTermes-Italic
    /TeXGyreTermes-Regular
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TRENDY
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /TypoUprightBT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /YuGothic-Bold
    /YuGothic-Light
    /YuGothic-Medium
    /YuGothic-Regular
    /YuGothicUI-Bold
    /YuGothicUI-Light
    /YuGothicUI-Regular
    /YuGothicUI-Semibold
    /YuGothicUI-Semilight
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZurichBT-RomanExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.000 791.000]
>> setpagedevice


