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Nb cavity processed by the

standard ILC recipe
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Nb cavity processed by
the N or Ti doping recipe

A. Grassellino et al, Supercond. Sci. Technol. 26, 102001 (2013)
P. Dhakal et al., Phys. Rev. ST Accel. Beams 16, 042001 (2013); in proceedings of IPAC2012, New Orleans, Louisiana, USA (2012), p. 2426, WEPPC091
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We want to go beyond the limits of
the present technologies!
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We want to go beyond the limits of
the present technologies!

1.0E+11
R
A

(Mierogen doping) |\ LYo

5 1.0E+10 )4 a1

1.0E+09
0 10 20 30 40 50 60 70 80 90 100

Eacc (MV/m)






Magnetic field
distribution y

s

_.




Surface
magnetic
field
Magnetic field .4
distribution Rl -
?»'\;‘ = - : . -. N @l
f . ; ‘ | Cavity wall
e I
28 Wil
&4




N

ow field (Meissner state)

Magnetic field
distribution

Surface

magnetic

field '

| Cavity wall

High field (vortex state)

Surface ) h
¥ magnetic )

field ' v
Cavity wall



AN .

Vortex Avalanche

Magnetic fi
distribution

. N

J. I. Vestgarden, D. V. Shantsev, Y. M. Galperin & T. H. Johansen,
Scientific Reports 2, 886 (2012)
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To achieve a high
field, a material
that can withstand
against the vortex
penetration up to
a high magnetic
field should be



0O we use Nb as the material of SRF cavity:
e lower critical field of pure Nb is

B.,~170 mT (E,~40MV/m for TESLA cavity),
b

which is larger than other superconductors:
s — s

not talk about this topic

16
WS .urces, http://www.interactions.org/cms/?pid=1900



0O we use Nb as the material of SRF cavity:
he lower critical field of pure Nb is

B.,~170 mT (E,.~40MV/m for TESLA cavity),

which is larger than other superconductors: N N

T=2K -

T. Kubo (2017)
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Even if ultra pure Nb was

used, achieving B.,~T1/70 mT

(E,.~40MV/m) was not a
straight forward task-



Even if ultra pure Nb was

used, achieving B.,~T1/70 mT

(E,.~40MV/m) was not a
straight forward task-

How did SRF researchers
achieve £, >40MV/’m?



ILC recipe
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Forming

EB Welding

e L RN

— e

=Siemmeetciching
100-200 ym EP

Annealing
800°C, 2h
(or 600°C, 10h)

—Electropolish-
5-20 im

AL L L L RN

:  Specificrinsing  :

sessewnnnay

High pressure
rinsing (HPR)
e
Assembling
e e———
Baking, 120°C,12-48hr

:  Postprocessing :

!-----M-----'
Test RF

BCP

CBP

WHY

Clean welding

RRR enhancement

Remove contamination and
damage layer

Get rid of hydrogen

Remove diffusion layer(O. C, N)

e.g. remove S particles due to EP

Get rid of dust particles

Ancillaries : antennas, couplers ,
vacuum ports...

Decrease high field losses (Q-drop)
Get rid of “re-contamination” ?

Cavity’s performance

Decrease field emission

COMMENTS

Nb = getter material.
If RRR/ 10 @ welding => Q410

RRR 300-400 now commercially available

Limitation : BCP ~ 30MV/m, EP => >40 mV/m
but lack of reproducibility

Source of H: wet processes
H segregates near surface in form of
hydrides (= bad SC)

Diffusion layer < ~1um in bulk, a little higher at Grain
Boundaries

Underevaluation

HF, H,0,, ethanol degreasing, ...

Not always enough (recontamination during assembly)

in clean room, but recontamination still possible

Unknown mechanism, first 10 nm of the surface in
concern.

Underevaluation: dry ice cleaning. plasma

First naked cavity in vertical cryostat, then dressedin
horizontal cryostat/ accelerating facility

RF power with/ without He to destroy field
emitters (dust particles)

NB field emission : principal practical
problem in accelerators

SRF2@3i3 heisndal @ GANIL cas
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Cl Idi Nb = getter material.
ean welding If RRR/ 10 @ welding => Q410
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Annealing
800°C, 2h — a

(or 600°C, 10h) | ! >

: Electron
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rinsing (HPR)

Decrease field emission RF power with/ without He to destroy field
emitters (dust particles)
NB field emission : principal practical

C. Antoine problem in accelerators
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Forming WHY COMMENTS

Nb = getter material.

EB Welding Clean welding If RRR/ 10 @ welding => Q,/10
e RRR enhancement RRR 300-400 now commercially available

ching BCP Remove contamination and Limitation : BCP ~ 30MV/m; EP => >40 mV/m
100-200 ym damage layer but lack of reproducibility

800°C, 2h
(or 600°C, 10h)

High pressure i
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Assembling e
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s Post processing
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Forming WHY COMMENTS

- ) Nb = getter material.
EB Welding Clean welding If RRR/ 10 @ welding => Q,/10
W: RRR enhancement RRR 300-400 now commercially available
Qesssnnnns AASAsssnnns

BCP Remove contamination and Limitation : BCP ~ 30MV/m, EP => >40 mV/m

1 00. 200 um damage layer but lack of reproducibility

Annealing
800°C, 2h
(or 600°C, 10h)

Source of H: wet processes
Get rid of hydrogen H segregates near surface in form of

/F we sk/p th/s step, cavities suffer
“Q-disease” due to niobium hydride
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EB Welding
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100-200 ym EP
Annealing cBp

800°C, 2h

s Post processing

Test RF

: He processing, HF
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WHY

Clean welding

RRR enhancement

Remove contamination and
damage layer

Get rid of hydrogen

Remove diffusion layer(O. C, N)

COMMENTS

Nb = getter material.
If RRR/ 10 @ welding => Q410

RRR 300-400 now commercially available

Limitation : BCP ~ 30MV/m, EP => >40 mV/m
but lack of reproducibility

Source of H: wet processes
H segregates near surface in form of
hydrides (= bad SC)

Diffusion layer < ~1um in bulk, a little higher at Grain
Boundaries
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WHY COMMENTS

" If we sKkip this step, @ would degrade
due to the field emissions-

P. Bernard et al.,
In proceedings of EPAC1992, Berlin, Germany (1992)
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Not always enough (recontamination during assembly)

Get rid of dust particles

Ancillaries : antennas, couplers, in clean room, but recontamination still possible

vacuum ports...
Decrease high field losses (Q-drop) Unknown mechanism, first 10 nm of the surface in
concern.
Get rid of “re-contamination” ? Underevaluation: dry ice cleaning. plasma

First naked cavity in vertical cryostat, then dressedin

Caviyspériomance horizontal cryostat/ accelerating facility

Decrease field emission RF power with/ without He to destroy field
emitters (dust particles)

NB field emission : principal practical
problem in accelerators
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Clean welding

RRR enhancement

Remove contamination and
damage layer

Get rid of hydrogen

Remove diffusion layer (0. C, N)

e.g. remove S patrticles due to EP

Get rid of dust particles

Ancillaries : antennas, couplers ,
vacuum ports...

Decrease high field losses (Q-drop)
Get rid of “re-contamination” ?

Cavity’s performance

Decrease field emission

COMMENTS

Nb = getter material.
If RRR/ 10 @ welding => Q10

RRR 300-400 now commercially available

Limitation : BCP ~ 30MV/m; EP => >40 mV/m
but lack of reproducibility

Source of H: wet processes
H segregates near surface in form of
hydrides (= bad SC)

Diffusion layer < ~1um in bulk, a little higher at Grain
Boundaries

Underevaluation

HF, H,0,, ethanol, degreasing, ...

Not always enough (recontamination during assembly)

in clean room, but recontamination still possible

Unknown mechanism, first 10 nm of the surface in
concern.

Underevaluation: dry ice cleaning. plasma

First naked cavity in vertical cryostat, then dressedin
horizontal cryostat/ accelerating facility

RF power with/ without He to destroy field
emitters (dust particles)

NB field emission : principal practical
problem in accelerators
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What is the 120 C-48hours bake?

1.00E+11

L. Lilje et al., in Proceedings of SRF1999, Santa Fe, New Mexico, USA (1999), p. 74, TUAOO1.
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What is the 120 C-48hours bake?

With
baking

1 '00E+1 1 L. Lilje et al., in Proceedings of SRF1999, Santa Fe, New Mexico, USA (1999), p. 74, TUAQO1.
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¢ 100 um EP half cell (CERN) + 100 um EP (KEK) + bake
® 100 um EP hc (CERN) + 32 um BCP+100um EP (KEK) + bake

A 100 um EP hc (CERN) + 50 um BCP +220 um EP (KEK) + bake
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® E. Kako et al., in Proceedings of SRF1995, Gif-sur-Yvette, France
(1995), p. 425, SRF95C12.

® P Kneisel et al., in Proceedings of SRF1995, Gif-sur-Yvette, France
(1995), p. 449, SRF95C17.

® M. Onoetal., in Proceedings of SRF1997, Abano Terme (Padova),
Italy (1997), p. 472, SRF97CO8.

® L. Liljeetal., in Proceedings of SRF1999, La Fonda Hotel, Santa Fe,
New Mexico, USA (1999), p. 74, TUAQO1.




At the present day, we know

A. Romanenko et al., Appl. Phys. Lett. 104, 072601 (2014)
1.2
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By using Low Energy muon spin rotation technique

30

Fermilab news at work
http://news.fnal.gov/wp-content/uploads/2016/09/11-0233-27D.jpg



At the present day, we know

A. Romanenko et al., Appl. Phys. Lett. 104, 072601 (2014)
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At the present day, we know

A. Romanenko et al., Appl. Phys. Lett. 104, 072601 (2014)
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At the present day, we know

A. Romanenko et al., Appl. Phys. Lett. 104, 072601 (2014)

The baked Nb has a

layered structure

that consists of

/- dirty Nb layer
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2+ clean bulk Nb-
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At the present day, we know

superconductor
substrate

The baked Nb has a
layered structure
that consists of

7- dirty Nb layer
and
2: clean bulk Nb-

A —

Dirty Nb  Clean Nb



Since excited quasiparticles increase and contribute to the surface
resistance as the gap decreases, a larger gap is desired. The gap in the
dirty layer is rather well behaved at a high field!

-> cure the high field Q drop

Note here B_, is a bulk property and given by the bulk clean SC:

B.,~170mT remains after layered.

2 T T T 2
1.5 1.5
T U i, A L
0.5 05 "/
0 0
0.5 1 1.5 2 2.9
Y e/A
Gap under a current (narrow!) Ga.p under a current
Becomes gapless before arriving at (wider than clean case!)
the superheating field! ® F. P-J. Lin and A. Gurevich, Phys. Rev. B 85, 054513 (2012)

® A. Gurevich, Rev. Accel. Sci. Technol. 5, 119 (2012)



The surface current is suppressed.

® The current suppression means an enhancement of the field limit,
because the theoretical field limit is determined by the current density.

® The gap reduction due to the current is further prevented.

B(X) /Bo

M (L) A,
1.4 —
| This slope corresponds to
1.2/ the current density. B Gt ity
1.0 The surface current is A This is SIS case.
il suppressed! 08 SS case is similar.
- 3
0.6 X
0.4 \
| \
0.2
0.0 ' L
-1.0 =05 0.0 0.5 1.0 1.5 2.0 25 x
SS case: 2/
® T.Kubo, in Proceedings of LINAC2014, p. 1026, THPPO74.
SIS case:

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

Figures from T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017)



Vacuum side superconductor side

superconductor
substrate

Image
antivortex

O 4m

Bean-Living
barrier

Vortices are expelled by the boundary if
Allaver)s A (bulk) " (eft figure)
® T. Kubo, Supercond. Sci. Technol. 30, 023001

(2017)

® T. Kubo, in Proceedings of LINAC2014, p. 1026, THPPO74.
® M. Checchin et al., in Proceedings of IPAC2016, p. 2254,
WEPMR002
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:  Postprocessing
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BCP
EP

CBP

WHY

Clean welding

RRR enhancement

Remove contamination and
damage layer

Get rid of hydrogen

Remove diffusion layer (O, C, N)

e.g. remove S particles due to EP

Get rid of dust particles

Ancillaries : antennas, couplers ,
vacuum ports...

Decrease high field losses (Q-drop)
Get rid of “re-contamination” ?
Cavity’s performance

Decrease field emission

COMMENTS

Nb = getter material.
If RRR/ 10 @ welding => Q410

RRR 300-400 now commercially available

Limitation : BCP ~ 30MV/m, EP => >40 mV/m
but lack of reproducibility

Source of H: wet processes
H segregates near surface in form of
hydrides (= bad SC)

Diffusion layer < ~1um in bulk, a little higher at Grain
Boundaries

Underevaluation

HF, H,0,, ethanol degreasing, ...

Not always enough (recontamination during assembly)

in clean room, but recontamination still possible

Unknown mechanism, first 10 nm of the surface in
concern.

Underevaluation: dry ice cleaning. plasma

First naked cavity in vertical cryostat, then dressedin
horizontal cryostat/ accelerating facility

RF power with/ without He to destroy field
emitters (dust particles)

NB field emission : principal practical
problem in accelerators
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Forming WHY COMMENTS

Nb = getter material.

EB Welding Clean welding If RRR/ 10 @ welding => Q,/10
W RRR enhancement RRR 300-400 now commercially available
Qesnan SABAARASs RS
23S -' Ing BCP Remove contamination and Limitation : BCP ~ 30MV/m; EP => >40 mV/m
100-200 ym EP damage layer but lack of reproducibility

Annealing | Source of H: wet processes
800°C, 2h Get rid of hydrogen H segregates near surface in form of
(or 600°C, 10h) ; =

N-doping treatment

800C UHV, A 80OC N, 2 800C UHYV,

injection
3 hours | 25mTorr minutes 6 minutes

i  Specificrinsing  :

High pressure
rinsing (HPR)
e
Assembling
s e——
Baking, 120°C,12-48hr

3 ' | - . o
Post processing ' W, @
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Forming WHY

Inject N, gas

EB Welding Clean welding
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— e RRR enhanceips

-Hectropeiish— ocp | | at 800°C |,
100-200 pym .
for 2 minutes

Annealing
800°C, 2h
(or 600°C, 10h)

High pressure
rinsing (HPR)
—
Assembling
S — ———
Baking, 120°C,12-48hr
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Forming WHY

Inject N, gas

EB Welding Clean welding
LisssnnEe SEEeNssnnnn k (~3 X 10-5 Pa)
— e RRR enhanceips

-Hectropeiish— ocp | | at 800°C |,
100-200 pym .
for 2 minutes

Annealing
800°C, 2h
(or 600°C, 10h)

N-doping treatment (example: the “2/6 recipe”)

S0CHN, 800C N, 2 800C UMV, UHV

6 minutes codiing

High pressure
rinsing (HPR)
—
Assembling
S — ———
Baking, 120°C,12-48hr

. 2= Fermilab
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Forming WHY

Inject N, gas

EB Welding Clean welding
LisssnnEe SEEeNssnnnn k (~3 X 10-5 Pa)
— e RRR enhanceips

Hectiopeish 1 oo | 7 ied At 800°C |,

100-200 pm

— for 2 minutes

800°C, 2h
(or 600°C, 10h)

Get rid of hydrogen

N-doping treatment (example: the “2/6 recipe”)

BOOC N,

H v

aoaomc Ln.Jnv' yacton
p=25mTorr

BOOC N, 2 L 800C UHV, UHV
minutes 6 minutes cooling

High pressure
rinsing (HPR)
—
Assembling
S — ———

Baking, 120°C,12-48hr

|eninsiau| N

2= Fermilab

Martina Martinetio | LINAC 2016 92872016
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Forming WHY I .
EB Welding Clean welding nJ e Ct N 2 ga S
— ... : (~3X10 Pa)

W:: RRR enhancegs o b
Hectropelish— scp | . at 800 C |..

100-200 pm ]

e for 2 minutes

800°C, 2h i

(or 600°C, 1 Oh)

800C N, 2 800C UHV.
minutes 6 minutes

High pressure
rinsing (HPR)
—
Assembling
S — ———

Baking, 120°C,12-48hr
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27/04/2013
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Forming

EB Welding

(or 600°C, 10h)

High pressure

= me——

———— e

100-200 ym EP
Annealing cBp
800°C, 2h

rinsing (HPR)

Assembling
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Post processing

Get rid of hydrogen

| COMMENTS

Nb = getter material.

N-doping treatment (example: the “2/6 recipe”)

| 800CN,2 800C UHV,
L minutes & minutes

Final RF Surface

RRR/ 10 @ welding => Q,/10

ource of H: wet processes
H segregates near surface in form of

R 300-400 now commercially available

itation : BCP ~ 30MV/m, EP => >40 mV/m
t lack of reproducibility

5um EP

Martina Martineilo | LINAC 2016
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Then we obtain a “high Q@

"
10 i | ’ I ’ 1 A | ' | ' | ¢ | ’ I s 1

vf W, < N dope
Anti-Q-slope
G 10"} € /LC recipe
T=2K
109 DN (NP [T ST [T U |SUSOP(| LSS [
0 5 10 15 20 25 30 35 40
E... (MV/m)

A. Grassellino et al, Supercond. Sci. Technol. 26 102001 (2013) 47



Why does @ increase as the field increases?



Why does @ increase as the field increases?

Let us begin with a brief review of the
surface resistance of SRF cavity-



Why does @ increase as the field increases?

Let us begin with a brief review of the
surface resistance of SRF cavity-

€

The gap is much larger than RF:
RF (~ GHz) cannot break Cooper
pair-

Gap~0(10?) GHz

50



Why does @ increase as the field increases?

Let us begin with a brief review of the
surface resistance of SRF cavity-

The gap is much larger than RF:
RF (~ GHz) cannot break Cooper
pair-

However, when T > O,
Quasiparticles (normal electrons)
necessarily exist above the gap-

S

Quasiparticles

I Gap~0(10%) GHz

51



Why does @ increase as the field increases?

Let us begin with a brief review of the
surface resistance of SRF cavity-

S

The gap is much larger than RF:
RF (~ GHz) cannot break Cooper
Pal’f“ ‘ Quasiparticles

1.3GHz

However, when T > O,
Quasiparticles (hormal electrons) ® O o0

necessarily exist above the gap- I 2
Gap~0(10°) GH
They absorb RF 2P~ 0107 GHz

— R, # 0
R5~fde N(e)N(e + hw)e €/kT )




Why does @ increase as the field increases?

R, < In

peak width
5 T T .
st Zero ﬁe/d
4 L

0.5 0.75 1 1.25 1.9
A. Gurevich, Phys. Rev. Lett. 113, 087001 (2014) e/A 53



Why does @ increase as the field increases?

N(s)/NO
N
(&)

A. Gurevich, Phys. Rev. Lett. 113, 087001 (2014) e/A

R, < In

peak width

Finite field

fhe broaden

DOS p

1.25 1

eak

reduces R.f

O



® R of ideal dirty 5C generally decreases as
the field increases: the @-increase

phenomenon is rather natural behavior of
dirty SC-

® However, very low RRR(~T70) Nb cavities,
which are also dirty 5C, do not show the

“Q-increase”: What is the difference

between N and other impurities? What s
the role of N7



Dijsadvantage of N-dope:

Q incregses but gradient decreases:

N dope

— ILC recipe

T=2K
107 bt ——!

0 5 10 15 20 25 30 35 40
E__(MV/m)

acc

A. Grassellino et al, Supercond. Sci. Technol. 26 102001 (2013) 56



The reason is obvious!

Interstitial N reduces mean free path:
RRR=300 (mfp > 700nm) material = mfp~50nm

M. Martinello et al, Appl. Phys. Lett. 109, 062601 (2016)

Nb Final RF Surface
D @ o =
® w ® 5
2 o 1)
. o |
§ ‘o | " 4
® « @ a

A .
ke

®. & Fermilab

Then B,=170mT "5 B,=130mT

E,..=40MV/m which corresponds to E,,,=30MV/m!!

57



X TeslaZZ /R D35MV/m

£ 150m Tl B

, around here

= =
8 i G
= z o
J = |e
2 2
6 * ~ 2
o o
- £ E.
N ; =
34 v, : [
™ 2 =
l‘ < =
? ! -
a. B
2 o @

T. Kubo, . :’;

1  Prog. Theor. Exp. Phys. 2015, 063G01 (2015). = i

20 40 60 80 100 120 140 1 180
Bpk (mT)

Superheating field B, of dirty Nb .



X TeslaZZ /R D35MV/m
[£150mTIZ %S 557 around here

v

8

5 ©

N-gépe is not.really
high gradient applich

2

3 (ICWN ALIp JO 11

3.
'~

T. Kubo, n
1  Prog. Theor. Exp. Phys. 2015, 063G01 (2015). =

20 40 60 80 100 120 140 1
B pk (mT)

Superheating field B, of dirty Nb
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N infusion
(new ILC recipe?)
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They knew

, 7- The dirty-clean layered

7N " structure realized in ILC

" & recipe (120°C-48hours bake)
s /$ the key to high gradients:-

A. Romanenko et al., Appl. Phys. Lett. 104, 072601 (2014)

' /\//trogen doping is the key
to high @

A. Grassellino et al, Supercond. Sci. Technol. 26 102001 (2013)

They considered
“Let us combine T and 27”
— Nitrogen infusion



C. Antoine

Forming

EB Welding

e L RN

— e

ching
100-200 pm

Annealing
800°C, 2h
(or 600°C, 10h)

—Electropolish-
5-20 im

AL L L L RN

:  Specificrinsing  :

High pressure
rinsing (HPR)
g
Assembling
e e———

Baking, 120°C,12-48hr

:  Postprocessing

I-----M-----'

Test RF

: Hep':\-

27/04/2013

BCP
EP

CBP

WHY

Clean welding

RRR enhancement

Remove contamination and
damage layer

Get rid of hydrogen

Remove diffusion layer (O, C, N)

e.g. remove S particles due to EP

Get rid of dust particles

Ancillaries : antennas, couplers ,
vacuum ports...

Decrease high field losses (Q-drop)
Get rid of “re-contamination” ?
Cavity’s performance

Decrease field emission

COMMENTS

Nb = getter material.
If RRR/ 10 @ welding => Q410

RRR 300-400 now commercially available

Limitation : BCP ~ 30MV/m, EP => >40 mV/m
but lack of reproducibility

Source of H: wet processes
H segregates near surface in form of
hydrides (= bad SC)

Diffusion layer < ~1um in bulk, a little higher at Grain
Boundaries

Underevaluation

HF, H,0,, ethanol degreasing, ...

Not always enough (recontamination during assembly)

in clean room, but recontamination still possible

Unknown mechanism, first 10 nm of the surface in
concern.

Underevaluation: dry ice cleaning. plasma

First naked cavity in vertical cryostat, then dressedin
horizontal cryostat/ accelerating facility

RF power with/ without He to destroy field
emitters (dust particles)

NB field emission : principal practical
problem in accelerators

SRF2@3i& Rutsdal @ GANIL case



Forming WHY .
EB Welding Clean welding I nJ e Ct N 2 ga S
— ... : (~3X10~ Pa)
W:: RRR enhanceips o
M BCP — , at 1 20 C
100-200 ym
T for 48 hours
800°C, 2h Get rid of hydrogen

(or 600°C, 1 Oh)

I hydrides (= bad SC)

The surface processing sequence

Baking, 120°C,12-48hr

g ko TE1PAVOO07 with caps - process
Bulk electro-polishing (12 Apr. 2016 - 184 furnace)
Hiah High T furnace with caps to avoid
_’g 'pressure furnace contamination: I Chamber
rinsing (HPR) « 800C 2 hours HV coa| || | Pressure
| ) e 120C 48 hOUfS Wlth N2 1E-04 | Cooldown to 120C o g
Assembling NO chemistry 120C48hrs; N2@25mTorr s
- HPR, VT assembly e —— £
B

Pressure (Torr)

Chamber
Iemperalure -

C. Antoine
27/04/2013

£ Fermilab

Solyak | High E_ high G




Forming WHY

Inject N, gas

EB Welding Clean welding
— ... : (~3X10~ Pa)
= PE REReAbaticaps (@)
~Electropelish— ., at 120C
100-200 ym
- for 48 hours
800°C, 2h Get rid of hydrogen

(or 600°C, 10h) I I hydrides (= bad SC)

The surface processing sequence

g ko TE1PAVOO07 with caps - process
Bulk electro-polishing (12 Apr. 2016 - 1B4 furnace)

High T furnace with caps to avoid

I'{Igf”{ presaure furnace contamination: I Chamber
rinsing (HPR) « 800C 2 hours HV - Eresmire
: g ' 800C 2hrs

—_— * 120C 48 hours with N2 e b ) Coaldown to 120C o G
Assembling NO chemistry T 120C48hrs; N2@25mTorr v
—— HPR, VT assembly e S — :
Baking, 120°C,12-48hr g
o.- .

Chamber
Iemperalure -

C. Antoine ‘ = Fermilab
27/04/2013 { Solyal | High E. high G ~FALC . Jun 5. 2016 Soai 7



Forming

EB Welding

ching
100-200 pm

Annealing
800°C, 2h
(or 600°C, 10h)

High pressure
rinsing (HPR)
ge— m—

Assembling

: He processing, HPP

fsswsmuany sxssena®

C. Antoine
27/04/2013

WHY

Clean welding

RRR enhancegs

Inject N, gas

(~3X10~ Pa)

at 120°C

for 48 hours

Get rid of hydrogen

I hydrides (= bad SC)

Bulk electro-polishing
High T furnace with caps to avoid

furnace contamination:

* 800C 2 hours HV

* 120C 48 hours with N2
NO chemistry
HPR, VT assembly

¥ Solyak | High E. high G

The surface processing sequence

TE1PAVOO07 with caps - process
(12 Apr. 2016 - 1B4 furnace)

{— Chamber
Pressure
800C 2hrs
Cooldown to 120C
120CA8hrs; N2@25mTorr
Cooldown to RT

Pressure (Torr)

Chamber
Iemperalure -

Temperature (C)

£ Fermilab




Then we obtain “high-@Q & high gradient”

; , Increasing duration x 2 turns cavity into
Cavity evolution “doped shape”, even higher Q!
ya

1 hd 1 ¥ 1
telaesO15 4
Increasing T ~40C
3x10" } turns cavity into
“doped shape”!
...
o.\
®
= $
. $ )
® 5d@800C
A 3h @ 800 C + 48h @ 120 C post oxidation
® 3h@ 800 C +48h @ 120 C + 25 mTorr N,
© 3h@ 800 C +48h @ 160 C + 25 mTorr N,
3x10°t ¥ 3h @ 800 C +96h @ 120 C + 25 mTorr N, (telpav007) |
1 1 L 1 4 1 i 1 1 1 A 1 PR " 1 L 1
0 5 10 15 20 25 30 35 40 45

E_ [MV/m]
A. Grassellino et al., acc

arXiv:1701.06077 to be published in Supercond. Sci. Technol. # Fermilab
46 Martina Martinello | SRF 2017, Lanzhou, China




Nitrogen plays a role

Is nitrogen really playing a role at 160C (BCS reversal)?

YES V

* Repeated same procedure with and without nitrogen in furnace at 160C (both of

comparable ultra-purity 99.9999%)

» Check if other impurities may be the ones responsible for BCS reversal, rather

than nitrogen

10" |

] v )

”“-.. - --'-!--
Nitrogen baked ™o

"

=  AESO15E: 160C 48 hrs with N2

e AES011-1-20-2017: 160C 48 hrs with Ar|_

4  AES015-1-20-2017: 160C 48 hrs with Ar|

10°

[]
[
ARt .
r ”‘:: . i
g AA“ :
gve \ ]
& R
£ 151 e “. ™ Argon
{ LY J A |
3 . it J
5 1zi ®  AES011-1-20.2017 - residual resistance A
D 11] ® AES011.1.20-2017- BCS resistance at 2K ‘A
8 10! B 2 /
=~ 9 »° A
8 8% M.Lﬂ' & ]
g "o 5 10 15 20
@ E,.. (MV/m)
L 1 I O 1 1 " % "
0 5 10 15 20 25 30 35 40
E,.. (MV/m)

51 Martina Martinello | SRF 2017, Lanzhou, China
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Why is the high gradient possible?
Let us remind the small B,, of N-dope comes
from its dirtiness at the depth up to um-

® ®
® ®
°
® ®
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P
®
\ Y,
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Why is the high gradient possible?
Let us remind the small B,, of N-dope comes
from its dirtiness at the depth up to um-

@
® & &
@
Regraded as ¢
a bulk dirty 5C \100nm )
B.,=130mT Y

(30MV/m) ~um



Why is the high gradient possible?
In the N-infusion case, the dirty region is
confined in the first tens of nm-

A few tens of nm



Why is the high gradient possible?
In the N-infusion case, the dirty region is
confined in the first tens of nm-

X
“T1
® 9
Screening
current

@
RF ¢
sees \ )
dirty and clean 5C 100nm
B =170mT

(40MV/m) A few tens of nm



Why is the high gradient possible?
In the N-infusion case, the dirty region is
confined in the first tens of nm-

This effect may also
play a role in pushing

up 4 rad/em':
Allaver)s A(bulk)_ (left figure)

A=300nm Supercond. Sci. Technol. 30, 023001 (2017)

73

superconductor
substrate

Vortices are expelled by the boundary if




Why is the high Q possible?

Open Question

® Probably the similar mechanism as N-dope:
remind the cavity behavior approaches N-
dope behavior when baking T increases-

® What is the role of N?

O N induces high @, but others do not- This
might be the key to understand it-
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This is really excellent finding, but we

do not have enough time to introduce
th[.s tOday . A. Romanenko, et al., Appl. Phys. Lett. 105, 234103 (2014)
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Further high-
and high-Grad
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(Ultra) High-@



S. Posen and D. L. Hall; ;, - ~\_5.\
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T

10

Cavity quality factor Qo
S,

10

P |

Cornell 1.3 GHz 1-cell cavity ERL1-4, 4.2 K
Cornell 1.3 GHz 1-cell cavity LTE1-7,4.2K
Cornell 1.3 GHz 1-cell cavity LTE1-6,4.2 K

LCLS-II specification adjusted for cryogenic plant efficiency at 4.2 K

4.2K

S. Posen and D. L. Hall,
Supercond. Sci. Technol. 30, 033004 (2017)

I

2

T L] L L !

4 6 8 10 12
Accelerating gradient (MV/m)

T
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Why so high Q7

The gap is large, so the number of normal
electrons at a given T is exponentially small-

e Nb e Nb,Sn

1.3GHz

Gap

v

83

Note that BCS’s relation A= e%kBTC ~ 1.76kgT,




(Ultra) High-Gradient



@ Stable Meissner state if B < B,,=170mT

metastable

Nb

| | | | | | | | | B0 (mT)
0 50 100 150 200 250 300 350 400 450
0 20 40
MV/m MV/m MV/m

T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017) &



@ Stable Meissner state if B < B,,=170mT
® MNetastable at B > B,,=7170mT

metastable

Nb

| | |

] | | | | | Bo (mT)
0 50 100 150 200 250 300 350 400 450

0 20 40
MV/m MV/m MV/m

T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017) g



@ Stable Meissner state if B < B,,=170mT

® Netastable at B > B,,=7170mT

® The world record exceeds B=200mT, which
is close to the ultimate limit!

metastable

Nb

| | |

] | | | | | BO (mT)
0 50 100 150 200 250 300 350 400 450

0 20 40
MV/m MV/m MV/m

T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017) &7



We need to explore new materials!

Nb3Sn

NbN

Nb metastable
| | | | | | | | | Bo (mT)
0 50 100 150 200 250 300 350 400 450
0 20 40 100
MV/m MV/m MV/m MV/m

T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017) 8



We need to explore new materials!

Candidate

Nb

1 | 1 1 | B0 (mT)
0 S50 100 150 200 250 300 350 400 450

0 20 40 100
MV/m MV/m MV/m MV/m

T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017) 8



However...

Nbj

® Stable” Meissner state at B < B,,~50mT,
which corresponds to E,, = 10-20MV/m

metastable

| | |

| | 1 | | | B0 (mT)
0 S50 100 150 200 250 300 350 400 450

0 20 40 100
MV/m MV/m MV/m MV/m

T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017) %o



However...

Nb3 Sn

B,,~50mT,

= J1O-20MV/m

® Stable Meissner s
which corresponds to E

acc

® This region is not stable!

metastable

Nb

| | |

| | | | | | B0 (mT)
0 S50 100 150 200 250 300 350 400 450

0 20 40 100
MV/m MV/m MV/m MV/m

T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017) =



Experimental results have been limited by
B~70mT (E,=17MV/m)

"

10 1

acc

® Cornell 1.3 GHz 1-cell cavity ERL1-4, 4.2 K

A Comell 1.3 GHz 1~-cell cavity LTE1-7,4.2 K

8@ Cornell 1.3 GHz 1-cell cavity LTE1-6,4.2 K
* LCLS-II specification adjusted for cryogenic plant efficiency at 4.2 K

ol o

006 H»"" e ##ﬂﬁ:ﬁ:

Cavity quality factor Qo
S,

| 's. Posen and D. L. Hall,
Supercond Sci. Technol. 30, 033004 (2017)

10 L] L 1
0 2 4 6 8 10 12 14 16 18

Accelerating gradient (MV/m) 70mT

92



Experimental results have been limited by
B~70mT (E,=17MV/m)

acc

Nb3 Sn

' ‘.;:|.: ¢ 'W

1 7 m_ll. | | | 1 | | | Bﬂ (mT)
0 S50 100 150 200 250 300 350 400 450

93



Experimental results have been limited by
B~70mT (E,=17MV/m)
To g0 far away

from Bcl

::,:,.:..: i *
B any 'blny dCFGCtS

must be removed!

cC

| | | | | 1 | | | Bﬂ (mT)
0 S50 100 150 200 250 300 350 400 450



Experimental results have been limited by
B~70mT (E,

J. I. Vestgarden, D. V. Shantsev, Y. M. Galperin & T. H. Johansen,
Scientific Reports 2, 886 (2012)




How to avoid the avalanches?
Further advanced layered structures

Dirty Nb;Sn Clean Nb
(~100nm) ‘1'
superconductor
substrate

® T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017)

® T. Kubo, in Proceedings of LINAC2014, Geneva, Switzerland (2014), p. 1026,
THPPO74.

® See also the discussion section of T. Kubo, Progress of Theoretical and

Experimental Physics 2015, 063G01 (2015)
@® T. Kubo, TTC meeting at Saclay France (2016)

The fourfold benefit of the layered structure will improve the maximum
E...and Q, : (1) the reduction of gap is small in the dirty layer

(2) suppress the surface current and enhance the theoretical field limit
(3) prevent the vortex penetration by the additional barrier

(4) In addition, since a part of current flows on the low loss surface,
Nb,Sn, dissipation decreases and Q increases. :



How to avoid the avalanches?

Further advanced layered structures
Dirty Nb,Sn  insulator Clean Nb

(~100nm) / ‘l'
f superconductor

substrate

® A. Gurevich, Appl. Phys. Lett. 88, 012511 (2006).

® T. Kubo, Y. Iwashita, and T. Saeki, Appl. Phys. Lett. 104, 032603
(2014).

® A. Gurevich, AIP Advance 5, 017112 (2015).

® S. Posen et al., Phys. Rev. Applied 4,044019 (2015).

® T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017)

Furthermore, introducing the insulator layer (1) prevent the vortex

penetration and (2) suppress vortex dissipation, because the
vortex core disappears in the insulator layer.

97



Nb,Sn / thin insulator / Nb substrate
or
e. g . Nb,Sn / Nb substrate

Note this shows just theoretical field limits. Whether we can achieve them depends on whether a gimmick to avoid vortex
penetration works well or not SeeT Kubo, TTC megting at France (2016) or Supercond. Sci, Technol to be publlshed (arXiv: 1607. 01495)
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® A. Gurevich, AIP Advance 5, 017112 (2015).
® T. Kubo, talk at SRF2015, Whistler, Canada (2015), TUBAOQ7.
® T. Kubo, TTC meeting at Saclay France (2016)

® T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017)
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Summary

Superficial introduction to hot topics in SRF
® Basics of SRF

ILC recipe

N-dope

N-infusion

® NbiSn for ultra high-Q@ SRF
® Layered structure for ultra high-G

Too short to introduce these topics!
Please read the references!
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