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1- Background and Motivations

2- Type of carbide formed during baking with TRIUMF furnace
3- The origin of carbide formation

4- Limited this formation inside the cavity

5- Summary and future outlook
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Thanks to HZB

Cut a cavity and look

Carbide (Nb-C

50 100 150 200 250 300

Angle ¢
M. Wenskat | TTC Meeting @ CERN 2020

800°C/3 hrs + 120°C/25 m Torr N,/ 48hrs m
800°C/3 hrs + 160°C/25 m Torr N,/48hrs A
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Carbide (Nb2C)

AT[mK]

Heating zone => due to the formation of carbides on the surface
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-1 Do carbides degrade cavity performance ?

| ® 1DE20 - 120°C Infusion
@ 1DEZ20 - 180°C Infusion
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— SEM: carbon rich precipitates for N-infused samples at 120 °C and 160 °C
y — XPS: more Nb-C content for infusion @ 160 °C, no Nb-N bonding observed
— SIMS: more C for 160 °C infusion, no NbN identified

Higher carbide content for N-infusion at higher T could be related to failed cavity treatment

A. Dangwal Pandey, SRF 2019, Dresden 30th June -5th July 2019
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Manipulation of Nb carbide during Mid-T bake : Impact of baking configuration and plasma treatment

Determine the type of carbide formed during baking under UHV (Nb2C, NbC) ?

The origin of carbon causing these carbides is still not identified:

* fromresidual gas during heat treatment
* from carbon layer

e from the bulk

How can we reduce this formation to minimize its impact on cavity results?
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Manipulation of Nb carbide during Mid-T bake : Impact of baking configuration and plasma treatment

( Determine the type of carbide formed during baking under UHV (Nb2C, NbC) ? \
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\TRIUMF induction furnace XPS at IJCLab SEM at IJCLab )
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* fromresidual gas during heat treatment

* from carbon layer
*  from the bulk

C.Boutelaa et al.

Improvement of Heat-Treated Niobium Surface by In-situ Plasma
Treatment Applied to Superconducting RF Resonator.

C. Boutelaa', S. Gruszka', C. Cheney’, J. Yemane!, T. Gerardin', E. Mistretta, J.

Demailly’. R. Laxdal®, P. Kolb*, J. Keir, B. Mercier', N. Prud’homme®, G. Sattonnay'. D.

Longuevergne'

'TJCLab, Paris Saclay University. Orsay. France
*TRIUMF, Vancouver, Canada
SICMMO, Paris Saclay University, Orsay, France

FCorresponding author: Chahinez boutelaa@ijclab.n2p3.fr

Kevwords: Particle accelerator: In-sifu Plasma cleaning: XPS: Carbides. Oxide, Mid-T
baking, SRF cavity:

plasma chamber
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: XPS and Heat chamber
XPS, heat and plasma set up at [JCLab
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Manipulation of Nb carbide during Mid-T bake : Impact of baking configuration and plasma treatment

[ 4
How can we reduce this formation to minimize its impact on cavity results? t) CLab
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Plasma cleaning after
heat treatment
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3- The origin of carbide formation

4- Limited this formation inside the cavity

5- Summary and future outlook
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Laboratoire de Physique Aims at TRIUMF :
Determine the type of carbide formed during baking under UHV (Nbz2C, NbC) ?

<
:
E 1000 -
3
g 800 -
= —
® S
o 600
g Niobium Samples box.
ué 400 -
o
200 -
Niobium face to the residual gaz
Heat treatments in the TRIUMF induction furnace. % 1 2 3 s 5 6 7 g l
Time (hours)
. . . 200C 250C 300C 350C 400C
= Niobium samples waterjet cut out of 450C  500C —550C ——600C —— 800C
RRR fine grain sheet
= Bulk BCP for 100um (on all samples) | i
o Heat treatment : 100°C to 900°C (3 hrs)
= 800°C 3hrs (on all samples) T

= 10um follow up BCP
= heat treatments (RT - goo °C), venting
with N;.

Niobium face to the Nb Box




C. Boutelaa and al., “Study of niobium surface
under ultra high vacuum after heat treatments
for SRF cavities,” in Proc. 22nd Int. Conf. RF

. .o Stripping time : .
Superconductivity (SRF2025), Tokyo, 2025, pp. : 8 Striboing time - No carbides |
“ ! ! e - pping time : [ Growth

307-311, e N T ~ Stripping time :
B e S Yo Stripping time : Nb2C [_] Diminution
Stripping time :

Carbides (counts/s)
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- Worst case is for 500°C

Niobium Samples
Evolution of carbide by XPS

Stripping time : 15s
Stripping time : Os

—
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Carbides(counts/s)

- Saturatlon of carblde formatlon [400°C ; 550°C] 200 0 400 500 600 700

Temperature (°C)

- Worst case is for 600°C Evolution of carbide by XPS




C. Boutelaa and al., “Study of niobium surface
under ultra high vacuum after heat treatments
for SRF cavities,” in Proc. 22nd Int. Conf. RF - e Stripping time : 0s _
Superconductivity (SRF2025), Tokyo, 2025, pp. s : Stripping time : 155 A [ INocarbides |
307-311, Rk S e 7 ~ Stripping time : 30s B

- el Stripping time : 45s | Nb2C [ oiminution
Stripping time : 60s

Y g T

>
-~ NbzC

Carbides (counts/s)

- See the Nb2C by SEM/XPS .
- See the NbC by XPS 800 900

- Why the structure is not the same ( vacuum face vs Nb box face ) ?

Niobium Sam

- Interaction with vacuum : 500°C and interaction with Nb box : 600°C !

- The origin of carbon causing these carbides ( essentially the residual gas ?)

—

o

2

=]
1

Carbides(counts/s)

sesTolfen o 36

- 0mm x N " Wosdtmm  Meg

g . S i e SNK Fretis 0 - =

- Saturation of carbide formation [400°C ; 550°C] © 10 2w %0 500( ;00
. emperature (°

- Worst case is for 600°C
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3- The origin of carbide formation

4- Limited this formation inside the cavity

5- Summary and future outlook
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%be.%j, Nb sheet (FG)

f’(ﬁ@\‘ﬁ@ BCP (100 pum) BCP (100 pm) |

XPS chamber : N~ N~ i

! 800°C (3h) 800°C (3h) :

| N~ N~ |

(a) Ion gun . XPS:Baseline | BCP (10 pm) BCP (10 pm) J!'

Nb sample T V R * 7 -------
ek Fii‘fb’: ' XPS : Mid-T bake | 500°C (3h) Plasma (1th) | XPS:Plasma

N~

500°C (3h) XPS : Plasma + mid-T
bake

heated sample

Holder Transfer rod

Analysis
chamber (107° mbar)

Quantification of carbide for Mid-T vs for Plasma + Mid-T ?

Ar/O, (10%) / 109 mbar \

Carbon contamination
Oxide VS Oxide

In-situ equipement for XPS, heat and plasma cleaning

- 500°C (worst case) for 3h at 10 9mbar /
Ar/Oz2 plasma for 1h 500°C w




C. Boutelaa and al.,”Insitu XPS study of mid-T bake study with plasma treatment on Nb surface”, in Proc.

Int. Conf. IPAC26, 2026
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Nb sheet (FG)

Procedure B

| BCP (100 pm) | BCP (100 pm) |

| 800°C (3h) | 800°C (3h) | I

N7

| BCP (10 pm) | '

XPS : Mid-Tbake | 500°C (3h) Plasma (1th) | XPS:Plasma

XPS : Plasma + mid-T

°C(zh
500°C (3h) o

In-situ Mid-T bake study by XPS with Plasma (Ar/0O2)




C. Boutelaa and al.,”Insitu XPS study of mid-T bake study with plasma treatment on Nb surface”, in Proc. 7> TR' U M F " Lab

Int. Conf. IPAC26, 2026
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Nb sheet (FG)

Procedure B

| BCP (100 pm) | BCP (100 pm) |

| 800°C (3h)

| 800°C (3h) | I
N7 !

| BCP (10 pm) | '

XPS : Mid-Tbake | 500°C (3h) Plasma (1th) | XPS:Plasma

500°C (3h) | XPS:Plasma + mid-T
bake

In-situ Mid-T bake study by XPS with Plasma (Ar/0O2)




C. Boutelaa and al.,”Insitu XPS study of mid-T bake study with plasma treatment on Nb surface”, in Proc. 7> TR' U M F " Lab

Int. Conf. IPAC26, 2026
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Nb sheet (FG)

Procedure B

| BCP (100 pm) | BCP (100 pm) |

| 800°C (3h) | 800°C (3h) | I

N7

| BCP (10 pm) | '

XPS : Mid-Tbake | 500°C (3h) Plasma (1th) | XPS:Plasma

500°C (3h) | XPS:Plasma + mid-T
bake

In-situ Mid-T bake study by XPS with Plasma (Ar/0O2)
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C. Boutelaa and al.,”Insitu XPS study of mid-T bake study with plasma treatment on Nb surface”, in Proc. 7> TR'UM F A . : Lab

Int. Conf. IPAC26, 2026
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Nb sheet (FG)

Procedure B

| BCP (100 pm) | BCP (100 pm) |

| 800°C (3h) | 800°C (3h) |

N7

| BCP (10 pm) |

XPS : Mid-Tbake | 500°C (3h) Plasma (1th) | XPS:Plasma

XPS : Plasma + mid-T

°C(zh
500°C (3h) o

In-situ Mid-T bake study by XPS with Plasma (Ar/0O2)

- Remove the contamination layer.
- Carbide formation reduced by 52% after baking.
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| IData :IMid—T Iba\ke (ISOOC}I . INbC I I
= Wy _

| —fit
_ _ Baseline Mid-T Plasma + Mid-T

S e —— ~ The origin of carbon causing these carbides is still not identified:
e y: |

—" ' - 52 % of carbide formation is due to the carbon layer. The rest comes from the
1 ] residual gas and the bulk.
_ _ - C(lassic 500°C bake, formed Nb2C phase.

g - Plasma treatment before baking allowed the NbC phase on the surface .

- T
288 287 286

2;35
Binding Energy (eV)
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5 - Mid-T vs

{L_Jcc

—fit

---- Data : Mid-T bake (500C)

|EECNb

Nb2C NbC

- Nbz2C degrades cavities [M. Wenskat |!
- NbC is a superconducting material (Tc=11K)

Always have Carbides for all medium temperature baking ( with good vacuum,

with plasma, without carbon layer )!!!

2 e Université
universite | pEes sciENces ?
PARIS-SACLAY | D'ORSAY de Paris

na + Mid-T

- 5< 70 OI adI'D1dc 1I0TTIation IS dtc tO e Carooil iayer. 11ec rest
1 residual gas and the bulk.

- C(lassic 500°C bake, formed Nb2C phase.

288 287

T
286

T T :
285 284 283 282 281 280

Binding Energy (eV)

romes from the

- Plasma treatment before baking allowed the NbC phase on the surface .
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S IData :IMid—T Iba\ke (ISOOC}I bC NbC
] Nb2C
e <
_—ﬁt
E - Nb2C degrades cavities [M Avity resu\ts?
C=C (grap} - NbC is a sune=- nc
] . : . to m. .
— e this formation g ( with good vacuum,
/ -
How can we reduc out carbon layer )!!!
X 70 OI CATDIUE TOTTITATIC (IU€ [0 € carpomn 1ayer. 11e rest comes from the
k] residual gas and the bulk.

- C(lassic 500°C bake, formed Nb2C phase.

- Plasma treatment before baking allowed the NbC phase on the surface .

= T T T T :
288 287 286 285 284 283 282 281 280

Binding Energy (eV)
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Cils

—'BFase'Iinel
10000 e Mid-T bake - - - -
—Mid-T bake + Plasma

__ 8000 c-C
0
(/2]
£
3 e000{ |\
Q
>
2
£ 4000
€
2000
Mid-T Mid-T + Plasma 0
294 292 290 288 286 284 282 280

Binding Energy (eV)

In-situ Plasma with XPS
Ar/Oz2 plasma can remove the Nb2C at the extreme surface !
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LabsistolredeliimiGiCipgI- — — — — — = = = = = = = == = === - - SUPRTACEH furnace:

l/ 900°C for 3hrs ( 10 © mbar)
I C1s Scan
1.00e5 4 ;
| _ A
| 9.00ed ,' 'l
| 2 8.00ed.
| S 7.00e4]
I “ 6.00e4 4
I 5 0D [
I 298 294 290 286 282
I Binding Energy (V)
\\ Cal'bldes (NbZC) formatlon ' F— WD = 13.2mm M;z": ;.5”1;"; FileNa,:::ms‘echﬁ-tu &_)J_C_;ab . /

Cls Scan

1um EHT = 5.00kV Signal A = SE2 Date: 16 Feb 2026 ‘
- ~| wp=65mm  Mag= 1800KX  File Name = XAl 209 tif ,,C,.

(SEM picture of Nb box)

500e4].. m_“
295 204 290 286 282
Binding Energy (eV)
No Carbide formation !

_._________
Counts / s

EHT = 5.00kV Signal A = SE2 Date: 13 Feb 2026
WD = 2.8 mm Mag= 346KX  File Name = XAl4 209 tif

Irérie Jollot-Curle
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AT e = = = = — = ———— ettt ~< SUPRTACEH furnace :
/ ( With Nb box) | ¥ 900°C for 3hrs (10 ¢ mbar)
: 1.0065+ e i
| 9.00e4 ] ,'I I'I
| 2 8.00e4] L
| ‘g ?.Uﬂe-'l;

: pove] - The carbide inside the Nb box can release Carbon contamination ?
5.00e44
I —]
: - - Isitalways a good idea to use Nb caps ?
‘. Carbide C 1 g . . .
S === - We didn’t find carbide formation for any gooC bake with TRIUMF and
'’ SURPATECH furnace.

1um EHT = 5.00 kV Signal A = SE2 Date: 16 Feb 2026 ‘
| wo=65mm  Mag= 1800KX  File Name = XAl4 209.tif ,,C..

(SEM picture of Nb box)

295 204 290 286 282

Binding Energy (gV)
No Carbide formation !

_._________
Counts [ s

EHT = 5.00kV Signal A = SE2 Date: 13 Feb 2026
WD = 2.8mm Mag= 346KX  File Name = XAl4 209 tif

Irérie Jollot-Curle
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Determine the type of carbide formed during baking under UHV (Nb2C, NbC) ?

- Nb2C is observed between 450°C to 600°C
- No formation for goo°C
- NbC formation for Plasma + Mid-T

The origin of carbon causing these carbides ?

- Carbon contamination layer : 52 %
- From residual gas during heat treatment /bulk : 48 %

How can we reduce this formation to minimize its impact on cavity results ?

- Plasma cleaning before baking ( Nbz2C to Nb()
- Plasma cleaning after baking ( Remove Nb2C and NbC at extreme surface)

Outlook
The first SEY ( secondary electron yields) study on Nb samples at 7K :
= Mid-T samples (TRUIMF)
= Low Temperature baking
— Plasma treatment
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Thank you for your attention !

Merci a vous !

Chahinez.boutelaa@ijclab.in2p3.fr -
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* International Research Laboratory (IRL) beetween TRIUMF and CNRS
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Cis
— T T T T T T 2000 A IS A N N S N
e Baseline s Stripping at 2 KeV for 10 mins
10000 e Stripping at 2 KeV for 10 mins [ | 7] i PPIng
. 8000 - | | | c-C. 4 ™0
w [72]
@ ®
€ €
3 6000 - | | , A C=C NbC
e € 1000 i F
2z =) o4
2 4000 2 e, W
o g B eotle
= ] ] < ot 1
500 1
2000 oy
p u’ 1 1%
* % Pe | o et e 1 1 PO
0 T 0 “-:"::'"'::-." "!".“"m'v."e‘ [N I
294 292 290 288 286 284 282 280 204 202 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

In-situ comparison of the Cis peak XPS before and after abrasion at 2 KeV for 10 mins (a) with Ar* bombardment by ion gun;
Positions peaks XPS for abrasion at 2 KeV for 10 mins (b); Ex-situ SEM pictures after abrasion at 2 KeV (c).
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Nb-RT-BCP-2024

ounts / s
Counts / s

-
b

) 294 290 286 282
280 286 . Binding Energy (eV)
Binding Energy (e\)

C

EHT = 5.00 kV Signal A = InLens Date: 28 Nov 2024 'ﬁ ) C : EHT = 10.00 kV Signal A = InLens Date: 5 May 2025
WD = 3.8 mm Mag= 7.05KX $ySlab | . — WD = 5.7 mm Mag= 4.69KX

Iréne Joliot-Curle




Contamination study of mid-T Bake with KEK furnace

Aims at KEK : ) )
Perform heat treatments with KEK furnace Cavity preparation :
(300°C-3h) for elliptical cavities ( 1.3 GHz)+ Nb sample => Analysis at 1) bulk EP at CEA
[JCLab ( XPS and SEM) 2) 600C annealing at [JCLab
300°C-3h 3) flash EP at CEA
4) Test at CEA (2024)
o | - 5) 300C 3h baking at [JCLab
T 10" 1_95_3 '.'...3__9"!? 2_ K.@...KE__K s P 3h" s 6) Test at KEK in 2024
"""" baking at KEK | 7) 800C annealing to reset mid-T without
_________ ; i' . Bo— ' ' . / [ —
. e 8) Test at KEK in 2025

3000 3h ;
baking at 1JCLab |

9) 300C 3h baking at KEK
10) Test at KEK in 2025 ( same results as 6)

Mid-T bake conditions at KEK :

- Cavity and samples were annealed at
300°C 3h with :

PRI TSN T ST T T

0 5 10 15 20 25 30

Eacc MV/m]
\(‘i) KEK

Before (26°C): <3.2e-6 Pa = <3.2e-8 mbar
During (300°C): 8.2e-5 Pa
After (35°C): 2.5e-6 Pa

- Purge with Argon at 50°C

30
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Cis O1s
12000 . - ——— 36000 . — : . :
—— Baseline Baseline _ ]
|7 Arplasma A 32000 4 —— Arplasma Nb203 NbO2 ‘ i
10000 Ar/O, plasma | —— Ar/O, plasma :
\ ] 28000 - — \ !
v ) | :
@ 8000 & 24000 - :
S S !
o) © 20000 - i
© 6000 o ) |
> 216000 - :
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000 U IOor 10N with supratechn rurnace (IND
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. SEM pictures of Nb samples at 600°C during 10h.
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Discussion:

* Best results at IJClab for 650°C 10hrs.

Questions :

SEM results confirm good Qo test, but we

observe Nb-C by XPS !
Issues only with the structure of carbides?
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TRIUMF bake : Carbide analysis
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