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» Discovered at Fermilab

« Cavity baked at 160 °C in nitrogen atmosphere o 1.3 GHz single-cell cavities
displayed same cavity performance of high N-doped
: - 00090 % 000y
temperature nitrogen doped cavities WFJ«M @ d ;0%43
> The high temperature doping (~800-1000 °C), > 1o ) N\ %
» nitrogen diffuses several microns into the niobium © Lt
= Reduces electron mean free path in the RF T=20K
penetration layer
- . _ . 9 \ , .
Requires post-treatment chemistry to remove lossy 0%, 0 0 30
nitride layer E . [MV/m]
= Results in anti-@-slope and higher @, , but, typically
results in lower quench fields in strongly doped Cornell’s N-dope R&D
cavities

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

» The low temperature baking (~160 °C) in N-atmosphere
= results in anti-@-slope and higher @, but NO need
post-treatment chemistry !
» In this temperature regime, nitrogen should not
diffuse more than a few nm into the niobium!
A. Grassellino and S. Aderhold, TTC, Saclay. 2016.
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* 1.3 GHz single cell TESLA-
shaped cavity

* Chemistry:
* BCP (in + out)
* EP (16 um; in)

* Low temperature bake: . . . . — s
 800°C (10 hr; UHV) e
+ 160 °C (48 hr; N,) e N
+ 160°C (168 hr; UHV) 5w | | 1™ v
Continuously flowing i =
nitrogen atmosphere! - I
\_

0 50 100 150 200 250

Time [hr] 4
ff97 @cornell.edu, pnk9@cornell.edu AWLC2017, SLAC, 27June2017



Cornell Laboratory for

) Accelerator-based Sciences
and Education (CLASSE)

N-infusion at Cornell, single cell
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B EP+900°C (3 hr)
@ 160 °C (48 hr; N) + 160 °C (168 hr; UHV)

’ 800 °C (20 min; N / 30 min; UHV) + 24 yum EP | |

* 160 °C cavity:
~* Anti-@slope

B0
1019} S—
E
0 5 10 15 20 25 30
E [MV/m]
accC
Max Quality Factor:

Q,=3.6x101@ 16 MV/m
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 Higher @,

* Similar performance
compared to nitrogen-
doped (800 °C) cavities

* Implies impurities!

* Quenchat E .. =25
MV/m (B, ~ 107 mT)

P. Koufalis, et al.,
LINAC16, TUPRC025
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e

KEK TESLA shape 9-cell Fabrication
Cornell ~ Bulk BCP (120um), 800degC degassing

KEK Inspection, local grinding, and tuning
VEP (40um) One 9-cell cavity, MHI-02, has been loaned to Cornell from KEK as a
part of US-Japan collaboration program. The first RF test on MHI-02
Inspection was performed as the first N-infusion trial on 9-cell at Cornell.
Low temp. baking
50 900
Cornell 1) 800degC x 10hrs in Vac. (1)
2) 160degC x 48hrs in N, ~35mTorr. ” | 800
3) 160degC x 48hrs in Vac. 40 2) 700
USC, HPR, and RF test * 600
e N 2.
% —Temp. 500

25 \
20 \
15

10

=
8
temperature [degC]

nitorogen pressure [mTorr]

g

(3)

g

S~
2

o

T T T T T T
0 20 40 60 80 100 120 140 160
time [hrs]

Profile of low temp. bake
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KEK 9-cell post low temp. bake
1.00E+11
N
apEAISEEIRE AN a,
XX TAAA AAL AMAL LA L ix
AA"..... o0 © ...A X
°® W W2
¢ ¢
- &
Anti- @-slope é " 158K
& 1.00E+10 ., A L7K
X 1.8K
A 191K
® 2K
* Q-slope and quench limited ~23MV/m.
* FE free.
1.00E+09 | | 1
0 5 10 15 20 25
Eacc [MV/m]

Will be analyzed,,,
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Oxidelayer =~ 5 N-doped + * Sample analyzed with
10 um EP] secondary ion mass

C
10%! 7 / / spectroscopy (SIMS)

=

2

w2

=

S 1120 | : : :
= 10 = * If nitrogen is responsible

5 N | for reduction of mean
'*g 10'9 / : free path, then should
s observe similar

2 18 < RF layer concentrations

o 10 :

o | compared to the N-

0 doped sample
10 | | |
0 0.1 0.2 0.3 0.4 0.5
Depth [pm] * However, the nitrogen

concentration is much
* N concentration @ 5 nm: ~3.6 X 10" atoms/cm®  |gwer than the N-doped

sample in the RF layer
* N concentration @ 50 nm: <1 x 10'® atoms/cm3
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Oxidelayer =~ 5 N-doped + * The carbon and oxygen

21 C 10 ym EP' concentration is much
10 / / higher than that of

nitrogen!

g

L

w2

5

21 02 .

g N | * If mean free path is
S 10" / : responsible for the
‘g observed effects, then C

Zq; 10! < RF layer and O must be

@) : responsible

17 | | |
10
0 0.1 0.2 0.3 0.4 0.5
Depth [pum]

« Cand O concentration @ 5 nm: ~102! atoms/cm3

e Cand O concentration @ 50 nm: ~5 X 102° atoms/cm3
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EP + No Bake 160 °C

10% ;
—— Carbon | | Carbon
—— Oxygen | | —— Oxygen
21 Nitrogen | | Nitrogen |
10 ] ——N-doped (10 pgm EP)| ]

—_

o
()
=

—_

o
\O

2

W)

\ : W\’er\/\'\—wwmw/\v‘\’vww

Concentration [atoms/cm3 ]

1018 C r' "" 1 \l" J . O [ |
W on i
107 . | | . | |
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Depth [pm] Depth [pm]

e Nearidentical N concentration

* The difference between the samples is the C and O concentration
in the RF layer!
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 The nitrogen supplied during the ‘doping’ step is continuously
flowing and is supplied from liquid nitrogen blow-off

* Impurity content includes < 5 ppm O,, < 3 ppm H,0, and
< 1 ppm CO, CO,, total hydrocarbons

* Possible source of Cand O
 Surface carbon/carbides?

J Furnace contamination?

» Backflow from furnace pumps

ff97 @cornell.edu, pnk9@cornell.edu AWLC2017, SLAC, 27June2017
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RF measurements and Diffusion model and
BCS prediction: estimated mean free path
10° 1042
—— Carbon
_ Very short measured o T e
= = 1021 Nitrogen )
3, mean free path R3) —— N-doped (10 zim EP)
: E - - - Diffusion Model
E- l = 7.04 Ilm 8 20
a 210
g g
s I . = 10" {\ |
S | R % = VR e )
5 107! { [T q_ 2 A e g
= | 510" :
O
' ' ] ‘ 10! | 1 |
: ° T7[K] i K 0 0.5 1 1.5 2

Depth [pm]

Atl=7nm MFP @ depth = 50 nm

—> penetration depth ~100 nm Carbon + Oxygen 5 nm

Nitrogen Only 712 nm

More details presented by Pete at TTC mtg.@FRIB
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* For the low temp. baking in nitrogen atomosphere, C and O play the dominant
role in the reduction of the mean free path

At 160 °C, nitrogen does not diffuse whereas oxygen and carbon diffuse readily

* RF measurements of mean free path consistent with theoretical calculations
based on measured impurity concentrations

* Low temperature treatment results in the same effects:

* anti-Q-slope and improved Q,
* No post-treatment EP needed

 More details, data, and analysis, will be presented at SRF2017!!
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‘ ] FARADAY 111111 Pulse Reverse EP Process
TECHNOLOGY, INC.
_ Off-Time “Tuned” to:
Anodic Pulse “Tuned” to: ‘:T‘;d'c _ Dissipate Heat
- Focus current distribution 4 Forward

pulse - Replenish reacting species

=» Eliminates need for ,

% ] - Remove reaction products
viscous electrolytes % p
. i(l
grow an oxide layer on _

the reacting surface.
L

Applied i

t

a

Cathodic Pulse “Tuned” to:

- Depassivate surface/remove oxide

. . >
=» Eliminate need for HF, v t,
and/or low water content | C3thedic Reverse
() pulse

electrolytes?

E. ). Taylor, M. E. Inman, T. D. Hall “Electrochemical system and method for electropolishing
superconductive radio frequency cavities”, U.S. Pat No. 9 006 147, April 14, 2015; Japanese
Pat No. 6 023 323, October 14, 2016; European Pat No. 2 849 908, February 15, 2017.
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Early works

1. Early work done by FNAL and Faraday tech. Inc. as Phase-I SBIR

Faraday Technology, Inc. and FNAL demonstrated a high gradient of 44MV/m with
1.3GHz TESLA single cell cavity, which was processed by Pulse forward/pulse
reverse EP (Bipolar-EP) with HF free electrolyte at Faraday Technology, Inc.

TE1AES012 Performance Results
Vertical Bipolar EP Light Polishing High Performance Test

1,00E+11

i,

1,00E+10

Q,,, = 5.5E+10

Q, (2K)

1,00E+09

\
1
I‘u

'Y
| 1,00E+08

= 0,00 10,00

ff97@cornell.edu, pnk9@cornell.edu

Q,,; =7.0E+9 VT#3 Proc./Test Sequence
44 MV/m
Q,=1.0E+10
ol
. 5. HPR
6. Short probe
7. VTH4
VT#H4
32 MV/m VT#3 had an abnormal cool-down.
Qy=1.1E+10 -accidental 100 K hold Zhrs

-warm up to 220K
-quick cooldown to 2 K

VT#4 may suffer from some
residual hydrogen since no
800C bake but had >100 um EP.

40,00 50,00

20,00 30,0
Gradient (MV?m)

AWLC2017, SLAC, 27June2017

A. Rowe,
SRF2013,
TUIOCO02
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1. Phase-ll SBIR, Cornell and Faraday tech. Inc.
Cornell and Faraday technology, Inc. have been collaborating on the projects based
on Bipolar EP techniques, which are supported by DOE’s phase-Il SBIR program.

2. Phase-ll goals and achievements
e Scaling up of the Bipolar-EP system from single
* Fabrication of three 1.3GHz TESLA shape single cell cavities at Cornell.
* Three single cells are connected via Teflon spacer and treated together as a 9-
cell scale cavity equivalent string.
* The cavity string was processed with a new 9-cell scale Bipolar-EP system at
Faraday technology, Inc.
* RF tests have been performed on three single cells one-by-one at Cornell
1) Baseline RF test based on Cornell’s VEP} poster presented at IPAC17
2) RF test post 9-cell scale Bipolar EP (MOPVA115)
3) RF test post additional surface treatments

ff97@cornell.edu, pnk9@cornell.edu AWLC2017, SLAC, 27June2017 16
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Scale
O TESLA 9-cell: 1250mm
O Three 1-cell string: 1200mm

BEP Parameters
 Electrolyte 10 w/w% H,SO,
L Waveforms:
e anodic pulse; 4V 100 ms
o off-time; 400 ms
e cathodic pulse; 10V 100 ms
[ duration time; 120 hours
LTE1-13, Bottom  Removal; ~64.3 microns from current integration
 Max operating Temp; 79 degF (~26 deg(C)

Image; 3 single-cell string on 9-cell scale BEP system.

ff97@cornell.edu, pnk9@cornell.edu AWLC2017, SLAC, 27June2017 17
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Optical inspection images of equator weld seam

post baseline Vertical-EP post Bipolar-EP
at Cornell at Faraday tech.

Similar surface finish to the Cornell VEP was seen.
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1.00E+11
2K meas.
-..
’-‘z|><>s|>§ -
Q0 RG220 5 o
HLTE1-14
1.00E+10
@ LTE1-15
>XLTE1-12
* Quench ~20MV/m w/ Qo of ~1.4e10
* FE free.
1.00E+09 T T T T T T T T 1
0 5 10 15 20 25 30 35 A0 a5

Eacc [MV/m|

* Quench fields were lower than that of a typical Cornell VEP result (quench >30MV/m),

but acceptable as a baseline performance to proceed.
* Optical inspection post RF test showed no specific features or defects.

ff97 @cornell.edu, pnk9@cornell.edu AWLC2017, SLAC, 27June2017
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1E+11

VT post BEP at Faraday 2K meas.

Qo
e PSS
1E+10 *ﬁ. v ‘%- ®LTE1-15
® > LTE1-12
.
« BEP(50um) + USC + HPR Il-I,
e NO 120C bake
 Quench limit
* FE free
1E+09 T T T T T T T T |
] 5 10 15 20 25 20 35 40 45

Eacc [MV/m|

* LTE1-13 quenched same field, other two cavities achieved high gradient of ~40MV/m.

* Very flat Qo, but lower than VEP. This is the first trial of new system, need more
commissioning or parametric study? Or simply due to omitting 120C bake.

 Add 120C bake or HF rinse and tested them again.

ff97 @cornell.edu, pnk9@cornell.edu AWLC2017, SLAC, 27June2017
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LTE1-13
Hold to see the other cavities results.

LTE1-14
Step 1; applied 120C bake - cure Q-slope/rFt€ t
Step 2; applied HF rinse - push Q,-curve upwill b€ tes

st doné
ed s00"

LTE1-15
Step 1; applied HF rinse > push Q,-curve up/RF .
Step 2; applied 120C bake - cure Q-sloperF test dO

st doneé
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LTE1-14
1E+11
4 VT1; post VEP
A VT2; post BEP
@ VT3; post 120C bake
Baseline Vertical-EP
0 o,
*
Qo . * * *
AAA AMA AAAM ApA A AAAM A A AA Post Bipolar-EP
1E+10 %—“o—'—oaf—.—. A4y
) ®® o o o 00 © A, A
Post std. 120C bake Aa
RF test post HF rinse will be performed soon,,
1E+09 2K mleas. . . . . . . . .

5 10

ff97@cornell.edu, pnk9@cornell.edu

15 20 25

Eacc [MV/m]

30 35 40 45
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1E+11

Qo

1E+10

1E+09

LTE1-15

2K meas.

4 VT1 post VEP
A VT2 post BEP

i ' @ VT3; post HF ri
Baseline Vertical-EP post HF rinse

Xs¢ >&’X X VT4; post 120C bake
::M“:'A‘:ff‘f?; S >< Post std. 120C bake
gt Z.é% X Yoo
A A
2 Post HF rinse
Post Bipolar-EP

A

]
5 10 15 20 25 30 35 40 45

Eacc [MV/m]
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* A new 9-cell scale Bipolar-EP system was completed at
Faraday Tech, Inc. Faraday tech successfully performed 9-
cell scale BEP on a three single-cell string.

* High gradient RF performances were achieved with two of | %
three single cell cavities. :

* RF testing to improve Q by additional surface treatments
has been in progress at Cornell.

* Further new system commissioning or parametric
optimization are necessary to explore ways towards higher
Q, and higher yield with 9-cell scale Bipolar-EP.

* More data or discussion will be poster presented at
SRF2017.

* One 9-cell cavity from KEK, MHI-02, had received 9-cell
Bipolar-EP at Faraday tech., shipped to Cornell, and
waiting RF test...

ff97 @cornell.edu, pnk9@cornell.edu AWLC2017, SLAC, 27June2017
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For the ILC cost reductions,

1 The recipe of High gradient with High-Q is necessary, and N-
infusion shows the feasibilities during R&Ds.

1 Various recipe and parametric studies are still needed on N-
infusion, but its will bring more understanding on high-Q
mechanisms in niobium cavities, and allow us to control high-Q
requirements in various projects, including the ILC.

1 Eco-friendly EP solution based on Bipolar- EP techniques could

contribute not only to the cost reduction, but also to the
environmental safety point of view.
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