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Motivation of study

R&D results at Fermilab
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Understand the effect of EP on the N-doped surface.

% of cavities quenching above 21 MV/m
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Average cavity T on EP plateau (°C)
The low quench field at high temperature

was explained by pit formation on the
surface. J. K. Spradlin et al., MOP030, SRF2019
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Motivation of study
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Eacc(MVIm) was explained by pit formation on the

Motivation: surface. J. K. Spradlin et al., MOP030, SRF2019

« Understand the effect of EP on the N-doped surface.
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Undoped cavity surface at different EP temperatures

Equator Coupon Surface
Coupon cavity 32 °C Removal: 30 um

0.559um

0.4

\ . | I'I .‘I 0.2 Sh
- o arp
| e f’\\t —— N steps at the
04 boundaries

100 pm
—

15 °C Removal: 30 um

-0.431

Cold EP makes the surface smooth with no sharp grain

boundaries.
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Current (A)

Electropolishing of 650 MHz PIP-ll cavities

Modified cathode |nitial cathode Parameters | Initial EP Modified EP
Warm/cold EP Warm EP Cold EP
Voltage 18V ~25V 22V
Cavity 22°CNM2°C 22 °C 12 °C
temperature
Cathode Cathode-I Cathode-M (modified)
type (initial)

V. Chouhan et al., Nucl. Instrum. Methods Phys. Res. A 1051 (2023) 168234
V. Chouhan et al., TUPTB041, TUPTB042 SRF2023.

Comparison with initial cathode I-V curves with modified cathode Onset voltage vs cavity temperature
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EP should be performed in the current plateau region.
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Electropolishing of 650 MHz PIP-ll cavities

Comparison with initial cathode
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Modified cathode |nitial cathode Parameters | Initial EP Modified EP
Warm/cold EP Warm EP Cold EP
Voltage 18V ~25V 22V
Cavity 22°CNM2°C 22 °C 12 °C
temperature
Cathode Cathode-I Cathode-M (modified)
type (initial)

V. Chouhan et al., TUPTB041, TUPTB042 SRF2023.
Itage vs cavity temperature

I-V curves with modified cathode
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:* Low temperature maintains EP plateau at a lower voltage.

650 MHz cavities require voltage higher than standard 18 V.
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:* Low temperature maintains EP plateau at a lower voltage.

650 MHz cavities require voltage higher than standard 18 V.
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Performance in baseline tests (LB650 cavities)

LB650 PIP-II cavities after modified EP

1012 :
' Final EP: Cold = B61C-EZ-103 (LB650
v B61C-EZ-102 (LB650)
O B61C-EZ-104 (LB650)
® B61C-EZ-101 (LB650)
1011 -
s | M 88'0‘0"3 7oy
L ©Q o)
10"k %
No Quench
109 . 1 L 1 L 1 . 1
0 5 10 15 20 25
E... (MV/m)

Cavities qualified in baseline tests.

Modified EP

—0 mMm=—>

H

V. Chouhan et al., Nucl. Instrum. Methods Phys. Res. A 1051 (2023) 168234

» Cavity B61C-EZ-103 after EP with initial
conditions quenched at 15 MV/m.

» The cavities after EP with modified conditions
significantly improved the E__. in vertical tests.

See TUPTBO042 for details on EP of the high-
beta 650 MHz cavities.

Mid-T bake was applied (see poster MOPMB030, SRF2023)
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EP of N-doped surface

2 XPS of N-doped surface

160_| N-doped Nb
Nb,Os

As N-doped

120

Intensity(cps)
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Effect of temperature in EP

Two-electrode system

= Nb surface: 2/0 nitrogen doping :h@—"t
= Post-doping EP was performed for ~5 um: Thermocouple-1 [1"¢TMOCeHRIE"
o at Nb surface temperature ranging from 0-40 °C T _\>
o without acid agitation S~ |
o at18V
I e l o Electrolyte
4~ (H,SO,+HF)
. <++— Aluminum
0 Cathode
-0.4 s Nb
Sample
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Effect of temperature in EP Two-electrode system

= Nb surface: 2/0 nitrogen doping r@—|Th '—l ;
= Post-doping EP was performed for ~5 um: Thermocouple-1 |/ ¢PHPe”
o at Nb surface temperature ranging from 0-40 °C T _\>
o without acid agitation N
o at18V
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» Higher temperature produced more pits on the surface. | __(!". . . .
* No preferential etching of grains due nitrogen-doping. T veesem
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Effect of applied voltage

= Nb surface: 2/0 nitrogen doping
= EP was performed for ~5 ym removal:
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Effect of applied voltage

= Nb surface: 2/0 nitrogen doping
= EP was performed for ~5 ym removal:
o at Nb surface temperature of 40 °C

9

o without acid agitation

o at voltage ranging from 3-22 V

3.45um MK
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rq Im
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Higher voltage produced more pits on the surface.

8/19/2023

Vijay Chouhan | Electropolishing study on nitrogen-doped niobium surface

oum

"
=
T
4
!:
....-

Current Density (mA/cm?)
g
m
—_
=)
>
(@]
.—E..
.‘.
e
1
- e

Onset voltage ~7 V

10 15 20
Voltage (V)

709.067

2= Fermilab



Pit formation: Gas evolution from N-doped surface

Thermocouple-1 Thermocouple-2

o4 Electrolyte

" < Aluminum
Cathode

Nb
Sample \ /
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Pit formation: Gas evolution from N-doped surface

Bubble forma’_uon on N doped surface durmg EP

18 V 40 °C GBI e
’ i /‘.-.'"”‘ "'"J”
Thermocouple-1 Thermocouple-2 PE Lz : 2 / J‘"_, )
“ i i . " 3 )
. R
: I
— Electrolyte i L s 3re 5 WAL PR
B WY ‘ 5mm _ '
' 4 ’ s '. p “ . rl ‘ 4
" Aluminum . ' ‘ . y—y2
* ) = cathode 1here might be physical damage of the
s Nbl /‘\ - diffusion layer due to bubbles.
ample
& Fermilab
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Pit formation: Gas evolution from N-doped surface

Bubble formatlon on N doped surface during EP
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Pit formation: Gas evolution from N-doped surface

Bubble formatlon on N doped surface durmg EP
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| 5mm
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- cathode There might be physical damage of the
diffusion layer due to bubbles.

W N -

Sample

The top nitride layer was responsible for the bubble formation.
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N-doped cavity surface after EP

1-cell cavity Cutout from 9-cell cavity (CAV0018)
EPat32°C&18V EPat24°C & 14V

27 7 REY O

0.287pm
0.2

0

Em.xm 100

-0.846

Pits found on multiple locations
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8 A Romanenko et al., THP0O14, SRF2019
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=
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The number of pits were significantly
less on the cavity surface as compared
to that on the samples.

Cavity rotation removes bubbles
periodically and forms a fresh diffusion
layer on the surface.

Cold EP could further reduce the pitting
on the cavity surface. (to be confirmed).
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Highlights
** The top niobium nitride layer is responsible for pitting.

*» Parameters that affect the surface pitting:
— Temperature
— Applied voltage
— Acid agitation
— Cauvity rotation
— HF concentration in acid (varies due to evaporation in acid mixing process)

* Cold EP at temperature < 15 °C with a voltage < 18 V may reduce the risk of pitting
and sharp grain boundaries. However, voltage should be above the onset voltage
to avoid preferential etching of the grains.

“ The pitting risk may be higher for the cavities (like 650 MHz cavities) that require a

. * V. Chouhan et al., Nucl. Instrum. Methods Phys. Res. A 1051 (2023) 168234
hlgher voltage of 22-25V for EP. | V. Chouhan et al., TUPTB042, SRF2023

JE :
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Highlights
** The top niobium nitride layer is responsible for pitting.

*» Parameters that affect the surface pitting:
— Temperature
— Applied voltage
— Acid agitation
— Cauvity rotation
— HF concentration in acid (varies due to evaporation in acid mixing process)

* Cold EP at temperature < 15 °C with a voltage < 18 V may reduce the risk of pitting
and sharp grain boundaries. However, voltage should be above the onset voltage
to avoid preferential etching of the grains.

“ The pitting risk may be higher for the cavities (like 650 MHz cavities) that require a

. * V. Chouhan et al., Nucl. Instrum. Methods Phys. Res. A 1051 (2023) 168234
hlgher voltage of 22-25V for EP. | V. Chouhan et al., TUPTB042, SRF2023

Can we have a process that eliminates the risk of pitting?
3¢ Fermilab
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Process to eliminate pitting risk

Peel-off NbN layer

As N-doped ” Electropolishing

JE :
3¢ Fermilab
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Process to eliminate pitting risk

Peel-off NbN layer

As N-doped ” Electropolishing

How can we peel-off the top thin nitride layer?

JE :
3¢ Fermilab
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Can we dissolve nitride layer by EP-acid soak?
Surface after EP-acid soaking for 4 h

0.303pr

X

. . Surface features altered.
* No pitting after 4 h of EP-
acid soaking.
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8 80| & | §: i |
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g ] § ] | § | ! . |
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Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) e Fermilab
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Can we dissolve nitride layer by EP-acid soak?
Surface after EP-acid soaking for 4 h

Intensity(cps)
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Nitride Iayer cannot be dissolved in the EP-acid.”
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xlO2

Surface features altered.
No pitting after 4 h of EP-

acid soaking.

1

1003

3
I

3
I

=
I

8
i

NbN,
Nb,Oj

Nb

DIMUIME EIETZY (V)

20-N-doped Nb: EP-acid soaked (4 h)

XPS analysis
confirmed
that nitride
layer cannot
be dissolved
in several
hours.
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Effect of low voltage / |-V measurement

150

cGE‘ i —e— Doped
2 Etching —=—Undoped] 2
£ 100 | ol
Eor A ‘{
E { \ -u..f @*' -.
e | o
_,D_, ol f"’l"" \. B Yoo
c [
2
5
o

ZprrryY Ll L L .

0 5 10 15 20

Voltage (V)

* A dark-gray film removed from the
surface in an |-V test or low voltage
etching.
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Effect of low voltage / |-V measurement

150

a’g —e— Doped
—a— Undoped -
2 Etching P
= 1oo ..
G
o l .
2 s} “'l'"' \ e
c
2
5
O
0 homeaell ¥ 1 I
0 15 20

Voltage V)

« Adark-gray film removed from the

Surfa_ce in an |-V test or low voltage Water used to rinse N-doped Nb sample after EP
etching.

Thickness of removed film ~ a few hundred nm

2= Fermilab
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Microscopic and chemical study of removed film

t
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Microscopic and chemical study of removed film

160_N-doped Nb |
Nb,O5 |
i ’
216 212 BmZ:;ﬂgy;ﬂ‘:) 200

A |Remexedifilm |
200_| Nb,Os i
£ s, |
e

. %0 | ;JIIHMMM oh

Analysis confirmed that the removed film is niobium nitride layer.

Bmdmg Enargy (eV)
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EP recipe for N-doped surface (Two-step EP)

Post-doping EP =5 cl8auke iy
recipe: for 5-10 ym

Low voltage EP at~18 V
New Recipe: J

etching (~0.3 ym) for rest
or a proper |-V removal

Step 1: To peel-off the top nitride layer
Step 2: To meet target removal thickness

17 8/19/2023 Vijay Chouhan | Electropolishing study on nitrogen-doped niobium surface
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Surface after two-step EP

EP without I-V Two step (I-V & EP)
18V 11 °C ‘ °C I
531.67 — alha il o
18 V. 40 C I

=100 m

0.1
0

0.1
-0.2

I -0.3
-0.344

2= Fermilab

Two-step EP eliminates the risk of pitting on an N- dopedurface
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Summary

« The presence of a niobium nitride layer on the surface poses a risk of pit formation.
« The number of pits increases with increase in the surface temperature and voltage.
« Low-temperature EP reduce the risk of pit formation and surface roughness.

» A proper |-V scan can peel-off the nitride layer before EP is performed.

* The two-step EP (I-V and EP) could eliminate the pit formation caused by the
nitride layer.

Next task:

« The two-step EP will be applied to multiple cavities to confirm the impact on the
performance and yield.
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Thank You
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Thank You
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Polarization curve and current profile

22

Two-electrode system

hermocouple-2
\\

\_/

Thermocouple-1

Electrolyte
4~ (H,SO,+HF)

<— Aluminum
Cathode

7/
Nb Sample

N-doped and undoped samples were
electropolished.

Polarization curves were identical.
EP current drawn from the N-doped
surface was initially higher.
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