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* High Q-factors
* N-doping

$& Fermilab

3 Mattia Checchin | JLab Accelerator Seminar | 08-Dec-2016 LLNOIS INSTITUTEV
OF TECHNOLOGY



The Discovery of N-doping

Q-factor improvement after N-doping — up to 4 times
higher Q than standard Nb cavities

o '|'|'|'|'|'/|'|'|
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y":w ““‘v, I | Typical Q vs E,.. curve

nti-Q-slope |{ obtained with 120C bake
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i Average Q at 16MV/m:

e Standard ILC treatment:
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 N-doping:

A. Grassellino et al., Supercond. Sci. Technol. 26, 102001 (2013) — Rapid Communications e
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Origin of the Anti-Q-Slope

RS(T, w, B, l) — RBCS(T' , l) + RT‘BS(B' , l)

1011 ——
' —@- standard treatment
Anti-Q-slope 10| ~v-stndad reament
: : [ | —®— nitrogen treatment
\ f | —4@— nitrogen treatment
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: | g 8:
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Anti-Q-slope emerges from |
. 4 L L L L 1 L L L :
the BCS surface resistance 2 4 6 8 10 12 14 16 18
decreasing with field E... (MV/m)
A. Grassellino et al., Supercond. Sci. Technol. 26 102001 (2013) - Rapid Communications 2= 3¢ Fermilab

A. Romanenko and A. Grassellino, Appl. Phys. Lett. 102, 252603 (2013)

ILLINOIS INSTITUTEﬁV
OF TECHNOLOGY



Surface Resistance Minimum

_ 16 e —
LE-uSR measurements (B,,; = 25 mT) R @5 MV R,... theoretical curves:
2T 14 ¢ Doped cavities -~~~ AKT =1.95
—A—BCP 10um | -+ @ Nondoped cavities —— AKT =2 y
—=— EP 120um : \
1.0 p= —e— 120 °C baked 12 \ EPT
—O— N-doped B \ -
] _ . 0.5
0.8 |- N-doped: - — I
] [~40 nm g1hor ST
5 - | | 120 baked P 1A
R 0.6 - . 8 ’ BCP
- 120C bake: o 81 l
0.4 | Pl [~2 —-16nm
/ 6L i
0.2+ EP — BCP:
- 1> 400 nm 4 s
OO L | L | L | L 1 L L L= L raaal 1 L33 el 1 ool 1 A | 1
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z [nm] ¢ (nm)
A. Romanenko et al., Appl. Phys. Lett. 104, 072601 (2014) M. Martinello et al., Appl. Phys. Lett. 109, 062601 (2016)
A. Grassellino et al., Proc. of SRF2015
v N-doping modify the mean free path
— Mean free path close to theoretical minimum of Rpg
v" N-doping seems to increase the reduced energy gap A/KEZ"C _
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Outline

* High Q-factors

* Trapped Flux Surface Resistance
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Trapped Flux Surface Resistance

RS(T, w, B, l) = RBCS(T' w, l) + Rres(B: w, l)

<

Ry = intrinsic residual resistance =t

Rf (B, w, 1) = trapped flux surface

resistance: o

* In the mixed state vortices are ™ g
stable in the SC

* |If pinned, vortices may survive in B
the Meissner state introducing
dissipation 0
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Cooldown

Normal-conduting

<

Te
Temperature

$& Fermilab

ILLINOIS INSTITUTEﬁ!/}.
OF TECHNOLOGY



Trapped Flux Surface Resistance Contributions

Rfl =Bext'm-S

Rf; can be reduced by minimizing these contributions:

N
External

Magnetic Field « Magnetic shielding and hygiene

Flux
Trapping
Efficiency

 Fast cooling / pinning

Trapped Flux

« Optimizing mean free path
Sensitivity
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Trapped Flux Surface Resistance Contributions

Rfl =Bext'm-S

Rf; can be reduced by minimizing these contributions:

Flux
Trapping

 Fast cooling / pinning J
Efficiency

2= Fermilab
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Fast Cooldown

* Fast cool-down lead to large thermal gradients which promote
efficient flux expulsion
* Slow cool-down — poor flux expulsion
) ] . . 3x101°§— M"ﬁoﬁobo.’.&
14' ‘. . ] 82x101° — z )

Efficient flux expulsion | =™ *s#sluga,,

=y
N
T

Expulsion ratio Bsc/ Bnc
]
[ ]

Slow cooldown from 20K
Fast cooldown from 300K

' 1 /
All flux trappe

10 » <
I [
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Fast cooldown from 100K
Slow cooldown from 20K

[ <> om

T,-T. (K ! - I
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E,.. (MV/m)

o
[6)]

)« Bsc/Bnc = 1.74 after complete

Meissner effect

A. Romanenko et al., Appl. Phys. Lett. 105, 234103 (2014)
A. Romanenko et al., J. Appl. Phys. 115, 184903 (2014)
BSC/BnC =1 after D. Gonnella et al., J. Appl. Phys. 117, 023908 (2015)
— .
. M. Martinello et al., J. Appl. Phys. 118, 044505 (2015)
full flux trappmg S. Posen et al., ). Appl. Phys. 119, 213903 (2016)

11 S. Huang et al., Phys. Rev. Accel. Beams 19, 082001 (2016)




Flux Expulsion Improvement

[ ]
thermal gradient
[ ]
expulsion properties
| | | - | | | ® I2/6-;0utlside'BCll)
L8 Full Expulsion ¢ 4h @ LooRE 216 7]
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B 14} T
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. oo d *e O o
@
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S. Posen et al., ). Appl. Phys. 119, 213903 (2016)

12 A.D. Palczewski et al., LINAC 2016

1.8

1:2

1.0

Not all materials show good flux expulsion even with large

High T treatments are capable to improve materials flux

Full Expulsion

’ L 0 4
3
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Flux Expulsion Improvement

* Not all materials show good flux expulsion even with large
thermal gradient

* High T treatments are capable to improve materials flux
expulsion properties

18 @ 2/6 + outside BCP 1.8
ol Full Expulsion ® 4h @ 1000C +2/6 7| ol Full Expulsion |
®  additional test
u i | e v . e g
° o o0
1.6 0®° ®20 o ® - 16 o° .
(]
° . _ | After 900C
9 2 . *o

8ok ® 4 2 14} " R ¢ _

o After 1000C | « | . % _

1.2 - .’ - 1.2 9. .

= ’ “’0 ’ . : 4 =
: € Baseline
1.0 Full Trapping 1.0 Full Trapping @ Reset+ 900C |
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S. Posen et al., ). Appl. Phys. 119, 213903 (2016) D Fermllﬁb
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Trapped Flux Surface Resistance Contributions

Rfl =Bext Mm-S

Rf; can be reduced by minimizing these contributions:

Trapped Flux
Sensitivity

« Optimizing mean free path J
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Trapped Flux Surface Resistance Calculation

Trapped flux sensitivity S: surface

resistance per amount of trapped
field B:

Ry
S:?f B =1"Bext

The trapped flux sensitivity is calculated as:

Rr = Rg(1.5K,B) — Ry

g  R.(1.5 K, B) measured after slow cooldown
< - > in a known amount of external magnetic
field:|B = Boyt
a * Ry measured after fast cooldown in
compensated magnetic field: B,,; = 0,
Rfl — 0
& Fermilab
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Sensitivity

* Bell-shaped trend of S as a function

of the mean-free-path

* N-doping cavities present higher
sensitivity than standard treated

cavities

* Very heavy/light doping needed to
minimize trapped flux sensitivity

* Dependence of S as a function of

the field

* A model can describe the data at
low fields (zero-field approximation)
— The zero-field sensitivity is extrapolated

with a linear fit

Doped
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M. Martinello et al., App. Phys. Lett. 109, 062601 (2016)
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Outline

* Vortex Surface Resistance Description
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Model Assumptions

Non-interacting vortices

Single flux guantum per vortex
T<<T_ (no T dependent)

B W

Low field approximation (small oscillations)

— Intercept of S vs E

Magnetic field 100% trapped

Ideal 2D Lorentzian pinning potential
— Pinning potential dependent on mean-free-path [
— Multiple pinning centers per vortex (q; and Uy )

d

— Gaussian distribution of pinning centers position
and strength (I'(g;) and A(Uoi))

M. Checchin et al., Supercond. Sci. Technol. —to be published .
$& Fermilab
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Forces Acting on a Vortex

A vortex interacts with the RF currents via
Lorentz force:

fL = 1j X ¢oni =]'odbosin(é’)eiwt_z/)l

While moving the vortex experiences the
counteraction of viscous force (f,):

_ ¢0Bc2 (T) .
Pn

1). Bardeen, M. J. Stephen, Phys. Rev. 140, A1197 (1965)

and pinning force (f,):

fo=-—nx )

20, &2
hnb = =30, Z GESCRFNOE

— _p(Zr l)x

M. Checchin et al., Supercond. Sci. Technol. — to be published
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Vortex Displacement: One Pinning Center

The vortex has a complex response to the RF currents:
Josinf

— 2 : lwt
x(Z) lrt) - M w2)?2 2 [(p—M(,() ) _l(nw)]e
(p —Mw?)? + (nw)
ez} iy [Lm? ia) <z) i [em® ia) BBy
T b g i 5
Pinning : Pinning
— - —
] ™ 2
3 ol = =L B ok .
i =] i = i =
) I Pinning 8L =
al arl — 1
M. Checchin et al., Supercond. Sci. Technol. — to be published .
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Vortex Impedance M. Checchin et al., Supercond. Sci. Technol. —to be published

Solving vortex motion equation:

MX(t,z,l) = fL + f, + [, . with M " the vortex inertial mass

1J. Bardeen, M. J. Stephen, Phys. Rev. 140, A1197 (1965)

we can calculate the apparent power (active plus reactive power) and
therefore the complex resistivity of the vortex line:

$§sin®(6)
néG[(p — Mw?)? + (nw)?]

p(Z, l, Uo) = p1 + lpz = [T](l) + l(p - Ma)z)]

The vortex surface impedance (using the classic definition of Z) is then:

€28 q§ Usy  ay
Z(l) = 4)00 !Uol J

Uo,,
['(g;)AlU,.
j H =0 (QL) ( Ol) dUooqu“‘dUondqn

L e~/
Ut fO p(z,1) dz

Number of Single vortex impedance weighted over normal
vortices B/B, distributions of pinning positions and strengths
a¢ Fermilab
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Pinning and Flux-Flow Regimes

¥ | TR U | 1 ! '\.!""l y L L S T |
U,=1.1 MeV/m ‘l

* Small [ — pinning regime nn < p: -

] q, =20 nm 1
(21U désin?(0)n(DHw? H
pP1\Z, L, Upg) = 2 2 Y
2.0 [ -
nfO p(l' UO) Pinning : \‘\. Flux flow
. . [ regime i regime
p; increases with [ and w?, decreases izl \; ) / ]

with the increasing of U,
1.0

Re{Z}/B [nQ)/mG]

* Large [ —flux-flow regime n > p:
Pésin?(0) 0.5

pl(l) ~ 2 ,

msan (1)

p, decreases with [, independent on e s vcwmi  w s nwensd o e s urmi
3 10 30 100 300 1000
w and U,
[ [nm]

M. Checchin et al., Supercond. Sci. Technol. —to be published .
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From Pinning to Flux-flow Regime

* In the pinning regime 20
vortices are constrained : o
N 15L  Pinning 3 Flux-flow
by the pinning centers :
* In the flux-flow regime
the vortex oscillation is
counteracted by the
material viscosity ST T YT s
[ [nm]
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M. Checchin et al., Supercond. Sci. Technol. — to be published .
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Dependence on the Position of the Pinning Center

* The wider the oscillation
the higher the resistance

e At go = 15 nm the vortex
is very constrained, the
resistance is the lowest

* For qo >400nm the
resistance is constant, the

Re{Z}/B [nQ¥/mG]

pinning center does not A = e e o
perturbate the oscillation qo [nm]
1 -z [am®1a] 2 il fom™ia) 3 el fim 1) 4 i i) 5 Rl [ a)

el T T = [ T T - T T ol T T -
o | o[ om o o
& =} =] ar a
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M. Checchin et al., Supercond. Sci. Technol. —
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o be published .
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Theory vs Experimental Data

' Iﬁé{'z}/B Parameters used:
¢ 13GHz | {q0=20nm

Oqy = 30 nm

o
S
I

[am—
DN

{ Uy = 1.4 MeV /m
oy, = 0.08 MeV /m

<=

fp =3.97-107° N/m in perfect

Re{Z}/B [nQ2/mG]
-

0.0 agreement with niobium data:
Ll A e L. H. Allen and J. H. Claassen,
10 100 1000 Phys. Rev. B 39, 2054 (1989)
[ [nm]

M. Checchin et al., Supercond. Sci. Technol. — to be published

exp. data: M. Martinello et al., App. Phys. Lett. 109, 062601 (2016) .
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Outline

e Best Treatment
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N-doping in Condition of Full Flux-Trapping

5x10"°
—— 2/6 N-doped
—— 120 C baked
——FEP

4x10'"° - -

3x10" -
o
C
2x10"° -
1x10"° -
0 5 10 15 20
Btrap (MG)

M. Martinello et al., App. Phys. Lett. 109, 062601 (2016) .
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N-doping in Condition of Full Flux-Trapping, cont'd

5x10" .
: —— 2/6 N-doped
I ——— 120 C baked
4x10'° - ! — .
N-doping is better than standard
treatments as long as the field T
3x10"°4| |\ trapped is <10 mG .
OCZ)
2x10" -

1x10"° 1

[
[
|
[
|

0 5 10 15 20
Btrap (MG)

M. Martinello et al., App. Phys. Lett. 109, 062601 (2016) .
$& Fermilab

28 Mattia Checchin | JLab Accelerator Seminar | 08-Dec-2016 LLINOIS INSTITUTEV
OF TECHNOLOGY



Example with LCLS-II Specifications

5x10'
—— 2/6 N-doped
—— 120 C baked
4x10'° - = -
Toreach Q = 2.7 - 10'° we can
afford 2.5 mG fully trapped
3x10"° - Ambient B < 2 mG for the LCLS-II Fermilab prototype
go | cryomodule (S.K. Chandrasekaran et al., LINAC 2016 )

2x10" -

1x10"° 1

‘l T l L} Ll
0 25 5 10 15 20
M. Martinell I., App. Phys. Lett. 109, 062601 (2016) Btrap &)
. Martinello et al., App. Phys. Lett. , .
$& Fermilab
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Outline

* High Q-factors & High Gradients

e N-infusion
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N-infusion Thermal Process

31

Bulk electro-polishing

TE1PAVOQ7 - with caps - Process

800 C 12 April 2016 - IB4 Furnace
High T furnace with caps to o YT
avoid furnace contamination: 100scz 3 00
e 3h @ 800Cin HV
* 48h @ 120-160 Cwith N, s
(25 mTorr) E LOOE»OS% 500%
* Optional annealing 48h .« DE e
@ 120_160 C wo&wf o —— Cavity Temperature
NO chemistry post furnace 120 C m—
HPR, VT assembly
' R S~ s
Protective caps and foils are BCP’d
prior to every furnace cycle and
assembled in clean room, prior to
transporting the cavity to furnace
area
A. Grassellino et al., arXiv:1305.2182
3£ Fermilab
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N-infusion Performance

]011 | T I T [ T | ! I ' I T I I T I ' | T i ]O]] ' | ' I ! I T [ ' | I ' I '
; 2K, 1.3 GHz | [ 2K, 1.3 GHz
- o “AAMA
4x10'0 ¢ %vwvf“ VW@%AY’VV
SRS %000h | WYy
o %\ v
S 1010 4~ L
o 10 B pav007 1 © 0’0 %
A pav0l10 1 0‘
© aes015 1 Ndoped -] %
1120 C ] ]OIO L A 2min @ 800 °C with N + 6min @ 800 °C Q o
- ® aes0l4 | " N-infused .
4 acc005 FE limited | - © 48h @ 160 °C with N
¢ acc003 B 96h @ 120 °C with N
> aes005 I v 48h @ 160 °C with N +48h @ 160 °C
]09 L 1 L | L 1 " 1 L | L | L 1 I 1 " 1 L 4x]09 ) | L | " 1 " | 1 1 " 1 n | L
0 5 10 15 20 25 30 35 40 45 50 0 5 10 IS5 20 25 30 35 40
E,.. [MV/m] E,.. [MV/m]
The N-infusion performance can be tuned by acting on time
and temperature:
e Shorter treatment and lower T — 120 C baking like behavior
* Longer treatment and/or higher T — N-doping like behavior
& Fermilab
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Experimental Data vs Theory

High-T treated cavities quench
below B4

— N-doped cavities are seen
guenching close or below the

280 ¢

240

M. Checchin et al., IPAC 2016 and LINAC 2016

Layered structure
@ 120C
A N-infused
Constant |
¢ N-doped

66

200
lower critical field =
Low-T treated cavities quench & 2

M 120 g
above B, _ m
— 120 C baked and N-infused 80
cavities reach the meta-stable 40'
Meissner state above the _ _
lower critical field 0 ' )

0.5 | 5 10
$& Fermilab
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Experimental data vs Theory

280 F

240

T

Layered structure
o 120C
A N-infused -
Constant K
¢ N-doped

By(x)

Non-constant k
inside the penetration depth

200/ ool
— 160 38 1.2 — T T T T T T T T T T T T T 1
E > | —A— BCP 10um
— z lS —=—EP 120um
15) 1.0 °C baked
= 120 28 g VA=t
84
0.8 .
80 9
@ 0.6} .
m -
40 B, () 9
0.4 | .
0 ! - — 0
0.5 1 j 5 10 0.2 - -
- _
) R T R R T S =
Constant k 0 10 20 30 40 50 60 70 80 90
inside the penetration depth ol
A. Romanenko et al., Appl. Phys. Lett. 104, 072601 (2014)
& Fermilab
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Outline

* High Q-factors & High Gradients

e Layered Superconducting Surface
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Superconductor-Isolator-Superconductor structure

The possibility of enhancing the accelerating gradient in SRF
cavities by means of layered superconducting structures (SIS) was

introduced by A. Gurevich:
A. Gurevich, AIP Advances 5, 017112 (2015)
T. Kubo et al., Appl. Phys. Lett. 104, 032603 (2014)
S. Posen et al., Phys. Rev. Applied 4, 044019 (2015)

A

RF

S 1S 1 SC bulk

Drawback: SIS structures are challenging to produce in SRF cavities
very good control on the deposition system is needed

$& Fermilab
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Superconductor-Superconductor structure

e High k film: analytical from London eqgs., valid for k > 1
T. Kubo, LINAC 2014

A

RF

High k film SC bulk

e Diffused k profile: numerical from Ginzburg-Landau egs., valid for

arbitrary k
M. Checchin et al., IPAC 2016
M. Checchin et al., LINAC 2016

A

Can be produced
by thermal
diffusion!

RF

k profile SC bulk
JE H
3¢ Fermilab
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Outline

* High Q-factors & High Gradients

e Layered Superconducting Surface
* Energetics of the Vortex Penetration
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Bean-Livingston Barrier

t=t,
Vortex

nucleation
at the
surface

t = t]_
Vortex
penetration

t = tz
Vortex

stale in
the bulk

\4

A. D. Hernandez and D. Dominguez,
Phys. Rev. B 65, 144529 (2002)

39

gx) = gr(x) + gy(x) + g

47” (hs(x) — hy,(2x) +

Vortex-Field
Interaction

Interaction

Vortex-Anti-Vortex

Bulk

\\ \«'
~ ’
\.~_‘—’v
L »
I
0 X

C. P. Bean and J. D. Livingston, Phys. Rev. Lett. 12, 14 (1964)
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Dirty Layer on top of a Clean Superconductor

Dirty layer SC bulk

RF
d ~ 10 + 30 nm

L k=T
' ' 1+e ¢

2.0F

= Where:
LS - - K surface k
- Kp bulk K

T i - Xo hormalized layer thickness

00 05 10 15 20 - ¢ profile steepness

X

2= Fermilab
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Assumptions for the Calculation

 Comparison between constant k and dirty layer conditions

Constant k Dirty layer
R E————————————————— T KS
2.0 -
: _ VS
K = Kg
Kp
1.0 -
00 05 10 15 20 00 05 10 1.5 2.0

X X

e Kk profile thickness d smaller than penetration depth of the field
at the surface: d < A

— Bulk properties not modified by the presence of the layer
$& Fermilab
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Gibbs Free Energy with B = B, (k)

g(x)

42

4 | | | | I I I | | | ! I ' I
3 | + —
) L Stable inthe bulk | / _
i Yoo =0 T Not stable in the bulk 1
1 \—— Jdoo >0 7
O / —
/
1k 1 -
ml K=2.5 ] K = 2.5,k = 1.04 ]
- constant K dirty layer
_3 I : I ' l L | L | L | I ' I 1 I L | L I I I
02 08 14 20 26 3202 08 14 20 26 32
X X
$& Fermilab
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Gibbs Free Energy with B.,(k;) < B < B, (k})

4 | ! | ! | ! | ! | ! | | ! | ! | ! | ! | ! |
Not stable in the bulk
3 | . -
Jo >0 \
7 L Stable in the bulk 1 -
I Joo <0
= ' 1 )
a0
0 e —
L
1k N N
ml K=2.5 ] K = 2.5,k = 1.04 ]
- constant K T dirty layer
_3 | f | f | ! I ! I ! I | f | 1 | | I | I ! I

02 08 14 20 26 3202 08 14 20 26 32
X X
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Gibbs Free Energy with B = B, (kp)

I 4 Stable in the bulk
5 Stable in the bulk

L AL Jo =0 4

L Joo <0 4 \ ]

:%: 1_ \ 1 /\

55 L 4. i
0

Al [ -

5 L K=2.5 K = 2.5,k = 1.04 ]
- constant K dirty layer

_3 ] I | I | I | I ] I | | I | I I 1 I 1 | 1 |

02 08 14 20 26 3202 08 14 20 26 32
X X
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Vortex Penetration Field in the Worst Case Scenario

In the worst case scenario the energy barrier is totally suppressed by
the presence of defects. Therefore, we should expect vortex
penetration at:

Field Level Constant k Dirty Layer
K; = K
B = B, (k) YES NO
B.i(x;) < B < B.{(kp) YES NO
B = B.1(kp) YES YES

— For the same k at the surface, in the worst case scenario, cavities
with dirty layer have larger quench field!!

$& Fermilab
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Outline

* High Q-factors & High Gradients

e Layered Superconducting Surface

 Enhancement of the Accelerating Gradient

$& Fermilab
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Quench Field Enhancement
= For the same superficial kK the minimum quench field is

increased to B, (k)

for N-doped cavities the gradient enhancement is at least ~ 10 MV /m

280 ————— 66
v ' ' ' ' ' ' ‘ ' = Layered structure
I @ 120C
120 - Enhancement due to the dirty 128 — 240 A N-infused -{ 56
= layer with x =k, and x,=1.04 | E B, (k) Constant k |
£ 100 | \ 123 E / ¢ N-doped
g = 200 :
£ 80 119
S g B
£ oot 114 g £ 160 >
= <
= 5 M 120 B, (i) 3
] . 3
20 L o example of N-doping x 45 L 84
] 80 , o 19
% 2 4 6 5 10
K — —
‘A By, () 2
Minimum quench | o Jo
. 05 5 10
field enhancement Ky K
M. Checchin et al., LINAC 2016 .
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Quench Field Enhancement, cont’d

= The meta-stable Meissner state is stabilized
The energy barrier is higher

1.5 T T T T T T J T T T T T T T L 66
] B L Layered structure
Lo} by . 1200
I I A N-infused 4 56
05 ._ __ B, (k) Constant k |
0.0 \\ / ¢ N-doped
2 05 2 ” _
\C/D i h:hcl(K) E
-1.0 - S
415 . \ Z,
i Bcl(Kb) 8
-2.0 - LT-]N
y constant K |
= —difty layet | 1P
3.0 L 1 N | . | L 1 N 1 N 1 N - J
00 45 T8 15 20 235 30 34 e / P
Bcl(K)
x - —
d =15nm 5 |
K=Ks; =25 0.5 5 10
K, = 1.04 Ko K
M. Checchin et al., LINAC 2016 .
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The Path to High Q, at Large Gradients

Dirty layer at the RF surface:
— Enables high gradients R R

—
A 120 C baked ]

+ i © 2/6 N-doped -
| _ om0 0 0000%000my 4 poCN,
Nitrogen-doping: o _"F"'-.,_
: hllll-llllIl-
— Enables high Q-factors A f'--.

- 1
-
! ! 10'° R !

Qo ~ 2 times larger than standard
high gradient cavities at the ILC

Nitrogen-infusion: 3x10° L | field specification!!
— Enables high Q-factors
at hlgh gradients! 0 5 10 15 20 25 30 35 40 45

E_ [MV/m]
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Outline

e Conclusions
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High Q-factor

Rgpcs is minimized for N-doped cavities

Rfp = Bext "1+ S can be minimized by:

— Efficient magnetic field shielding (low B,,)

— Fast cooling, minimize pinning (low 1)

— Decreasing as much as possible the sensitivity (low S)

The sensitivity is well described by the model developed:

a. Two different regimes of vortex dissipation

— Small [, pinning regime: p; increases if | T, w? Tand U, {

— Large [, flux-flow regime: p,; decreases if [ T, but independent on w
and U,

=

In order to minimize the sensitivity
— Low w, large U, and [ far from the peak

$& Fermilab
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High Accelerating Gradient

Constant k profile cavities statistically quench below B4
— N-doped cavities cannot reach the meta-stable Meissner state

The dirty layer at the surface is beneficial in order to delay the

vortex penetration from the RF surface

— Explains N-infused and 120 C baked higher quench fields

— The minimum vortex penetration field enhanced to B, (k)
— The meta-stable Meissner state is stabilized

The smart tuning of the very surface might increase both @, and

the maximum gradient
— Doped layer tens of nanometers thick (N-infusion)

High Q, at high field are possible
— Low cryogenic cost at high fields
— Operational cost reduction of high gradient machines (e.g. ILC)
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