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Overview of state-of-the-art surface treatments for
SRF cavities
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State-of-the-art treatments
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High-Q, treatments
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N-doping treatment

N

Cavity after 3hat800C | | 481NgZ0C | | N,injection | |
welding | = O™ yny baking [ x 800C EP 5 pm

N\

Example of a N-doping process

(2/6 reCIDe) 10 25 mTorr (2 mlnutes) — :ﬁz(a;;berPressure %0
* Nb bulk EP cavity annealed / | \ Iy .
for 3 hours in vacuum (UHV 10, 80()/(3 3 houréQ 0,2 100
furnace) at 8OOC Em"'i / \ :z;)azn:f)i)rTemperature GOOQ
- Nitrogen injected (25 mTorr) EWE / \ "3
at 800C for 2 minutes 2 ‘ w8
- Cavity stays for another 6 o T T N N
minutes at 800C in vacuum R i

10'3;— N W \\\‘ 100

« Cooling in vacuum f I m

9 1 | | | P )
31)l8ar12:00 31/Mar 14:24 31/Mar 16:48 31/Mar 19:12 31/Mar 21:36 01/Apr 00:00 01/Apr 02:24 01/Apr004:48

* 5 um electro-polishing (EP)
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N-doping treatment (2/6 recipe)

P 20@800C
: with 25 mTorr N2 1
= 10’ : Sample
5 i ——H3
:%‘ : —H7 ]
s w0 L s 1  Only Nb from TEM/NED
§ o ] spectra:
107 N must be interstitial

0 5 10 15 20 25 30 35 40 45 50

Y. Trenikhina et Al, Proc. of
depth [um]

SRF 2015
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Origin of the anti-Q-slope

Rs (2 K,Brrap ) =|Recs (2 K|+ Ro + Rpy (Brrap, 1)

1011 T T T T T T T T T T T T T T T T

| /Xﬂti-Q-S'OpE | —@— standard treatment /‘

. ] 10E Y standard treatment -
i ] F | —®- nitrogen treatment ]

[ | —4@— nitrogen treatment

o .10 A ]
O 107 ¢ ; L ]

[ T=2k | & 6 \ -

(nQ)

2K
BCS

109 L. I
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E... (MV/m) //
Anti-Q-slope emerges from the BCS -

surface resistance decreasing with 4L . . . ., . TH—
field 2 4 6 8 10 12 14 16 18

E_ (MV/m)

are

A. Grassellino et al, Supercond. Sci. Technol. 26 102001 (2013) - Rapid Communications # Fermilab
A. Romanenko and A. Grassellino, Appl. Phys. Lett. 102, 252603 (2013)
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High-Q,/High-G treatments
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Example of N-infusion processing sequence

Temperature (°C)

. . -1 — I'I'L:'UI\E§DI‘5 2&. '{'L-}PJI\V'OO:J' 2|0]'61 E 16l SII(C
«  Bulk electro-polishing 10 o
. . . 10 “hamber pressure el
+ High T furnace (with caps to avoid ~_¢[[ |*>™"°" oty e ] 00
furnace contamination): - 0 N T eo
«  800C 3 hours HV S T
. = 160 °C, 96 h in HV 1
« 120C 48 hours with N, (25 7 100 7400
mTorr) =107 - . 10 mTorr 1300
. 1078 160 C 4200
* NO chemistry post furnace ; pom e |
107 .. - "\
 HPR, VT assembly 010 .....43.“.............9.6..........'0
_. | 20 40 60 80 100 120 140 160
| Elapsed time (h)

Protective caps and foils are BCP’d
prior to every furnace cycle and
assembled in clean room, prior to
transporting cavity to furnace area

A. Grassellino et al., arXiv:1305.2182

A. Grassellino et al 2017 Supercond. Sci. Technol. 30
094004
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Comparison N-doped vs N-infusion

I T a0
2 Pd'(j()F)EB(j vvhleS mTorr N,
. "T; 10 : —— Sample
* N-doped N profiles = i
are up to ~ 50 um 3 0 L —& 3
;U
deep :
1019 _
. - 0‘ ll‘15l2l0I2|51310.3|5I4I0‘4I5’50
* N-infused N profiles el
are ~ 20 nm deep oo N ——
\ . : EP + 120 C N-infused|
2 100 N-infusion NbN- ]
o 10 \\ — NDb,O _
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s 'F |
2 01F
2 oo}
= 0.001 o

0 10 20 30 40 50
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What gives the Q improvement at high field with 120C
Infused?

Improvement stems from both lower residual and lower BCS
surface resistance

12 I ' I i I ' I i I N I ' I ' I ' I ' I

8 ' . ] o
o Standard 120C baking A
A N-infusion 120C 48h - | Standard Q‘Iﬁ"%
7 A 120C baking & o
. 8] A | i © 4
Standard 120C baking ¢ R 10 &
6 - - & i ©
o : | 1 ° 1
5 Q@ AA 6 OO A
1 1 c
° AA | '*-J) 8 4 OO AA%# .
e 5 o A&
4 - A ] [0 1 O A . . .
- & A 120C N-infusion
3 - & &
6 - e A -
A : . 1 )
- P
2 - 120C N-infusion | 1 & e Standard 120C baking 1
4 N-infusion 120C 48h
1 T T T T T T T T T T T T T T T T T T T 4 I i I " 1 i I " I i I i I i I i 1 i I
0 5 10 15 20 25 30 35 40 45 0 S 10 15 20 25 30 35 40 45
Eacc (MV/m) Eacc (MV/m)

A. Grassellino et al 2017 Supercond. Sci. Technol. 30 094004 .y )
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N-infusion easily affected by furnace contamination

1011

Quite high level of

hydrocarbons may be

m  160C infusion @MP9

Example of N-infused cavity contaminated
by furnace environment

absorbed by the cavity

B9AS-AES-001, TEIPAV007,[TTS1AES002, T31F003, Sample N11 - Full Spectrum
16 March 2017 - MP9 Furnace

—— Start of 800C Bake

——End of 800C Boke

M“ W W ‘WMMW«««W
(Hl ” u” W W.M‘u mn “Wm

=——p
—_— |

|
u
o
l'..
u
u
u
[
Once carbon diffuse -
inside Nb tends to ..
accumulate at the grain
boundaries forming Nb,C,
® non-superconducting
#&) phases T
3 20

25
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Modified 120C baking: 4h at 75C + 48h at 120C

140 20180622 SKC

32x101|:| B T T T T T T T T T T T T T T T T T T T T T T
3x10™ [ L -
2.8x10" | o ¢ : 10 |
26x10" F _‘l ¢ '
2.4x10° * :
0 [see] 100 |
2.2x10" E ‘h._. e,
2x10™ [ Ny g 3
3 L 3 o L
> 1.8x10" E L o it
C - ] £
1.6x10'° E . . 3 =
E n 3 £ 60 |
: . E I
1.4x10'° £ [ ¢ 3
é ' o E 40
1.2x10' F 3
| ® 1DE3-120C 48 hrs 3 —IDE3
100 i | ® 1DE3-75C 2hrs + 120C 48 hrs | \ ] 20 [ —IDE20
. 1 M 1 " 1 M 1 " 1 " 1 M 1 " 1 M 1 L 1 " 1 L : _Ei::i(:;z
0 5 10 15 20 25 30 35 40 45 50 55 . ‘ ‘ . . ‘ . ‘
0 10 20 30 40 50 60 70 80
Eacc (M\Af;'J ITI) Elapsed time (h)

« Athermocouple went faulty and oven went to standby. Cavity lingered
around 75C for about 2 hours, then resumed the 120C 48 hours ->
increase in both Q and gradient observed

« Several cavities made after that, adding the 75C step for 4 h, confirming
the results -> work in progress to better understand treatment repeatability
and physics _

aF Fermilab
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120 C modified baking: new discovery

10* —— UP TO ~ 49 MV /m

S 1010 | 120C N-infused
[ ®  aes015
e pav007

- 120 C standard
A 3cc003
v acc005

~1.3 times

higher gradient

120 C modified
- ¢ aes009
<4 1de3

10° L , 1 , 1 , 1
0 10 20 30

E,.. (MV/m)
A. Grassellino et al., to be published (2018)
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Next surprise: the BCS resistance is ~ as 120C N infused

0 5 10 15 20 25 30 35 40 45 50

v < § =~ § = & % £ ¢ 0¥ = & = ¥ = K 0§ 16

leéK S S S S S . m 1DE3 - 70C/120C bake
12+ * 1DE3-May 16 o - 14 e 1DE20 - 70C/120C bake ? =
» 1DE20 - May 23 . ] A TE1AES015 - 120C infused n
+  PAVO00S5 - June 19 2 g - v TE1AESO015 - regular 120C bake .0 L
10k v AES009 - June 5 k. 1 Q .
v ~ ) |
T - 8104 o o vm
E - S ° :..
O V“. -. w +— )
g o e R L &
1)) A A - — ...
Q -~ \ % = ° ¢ I A
o s Ansn AM O S 6 ° ° A
(1 ey s AA‘ ‘w o ‘ ... AA
ol J’ 1 ¢ Y o cmunmne ® Ne
| &,’ | i Sy Aadh A
2 AMMA
4 i " ) r~r—r T —rr—rr—rTrrrT1rrTrr1rri1r
PRI E NS RSP e e 0 4 8 12 16 20 24 28 32 36 40 44 48
0 5 10 15 20 25 30 35 40 45 50 Eacc (MV/m)
Eacc (MV/m) A. Grassellino et al, https://arxiv.org/abs/1806.09824

 BCS surface resistance is lowered compare to standard 120C baking

* Residual resistance comparable with standard 120C baking
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High-Q preservation:
from vertical test to cryomodule
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Surface resistance contributions

Rs(T,B) = Rpcs(T) + Ry Rfl (B)
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Surface resistance contributions

Rs(T,B) =|Rpcs(T) + Ry Rfl (B)

Rpcs = BCS (temperature-dependent part) surface resistance

R, = intrinsic residual resistance

These contributions don’t change from vertical test to
cryomodule, they only depends on material properties,
surface treatment and temperature

2= Fermilab
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Surface resistance contributions

Rs(T,B) = Rpcs(T) + Ry Rfl (B)

Normal-conduting

Bc2(0)

Rf = ntSB= trapped magnetic
flux surface resistance

Rev. Lett.
62, 214
(1989)

Field

« n—flux trapping efficiency
« S —trapped flux sensitivity
B —external magnetic field Cooldown

B« =

0 Tc
Temperature

Flux trapping efficiency and the amount of external magnetic
field can significant change from vertical test to cryomodule,
affecting the surface resistance depending on the trapped
flux sensitivity
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Trapped flux surface resistance
RS(Z K, B) — RBcs(z K) + RO + Rfl(B)
Rpi=Bn:S

These losses can be reduced by minimizing these contributions:

« Magnetic shielding/hygiene
Improvement

 Fast Cooling
« Material Optimization

« Optimizing surface treatment
(mean free path)

2F Fermilab
Martina Martinello | Workshop on Cryomodule Design and Standardization - Sep 2018



Trapped flux surface resistance
RS(Z K, B) — RBCS(Z K) + RO + Rfl(B)

Rs =B S

These losses can be reduced by minimizing these contributions:

External : : : : 2
magnetic * Magnetic shielding/hygiene

field Improvement )
 Fast Cooling b
« Material Optimization )
« Optimizing surface treatment |
(mean free path) )

3£ Fermilab
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Minimization of remnant field in LCLS-Il pCM

e R L VAR | | e 1
Coils for magnetic field demagnetization -

i

1000 /—— Empty vacuum vessel [—

uator
Magnitude, pCM VV before demag beamline
Magnitude, pCM VV before demag upper equator

fom——

6 = = -Magnitude, pCM VV after 65 A demag lower equator
= 800 - — — -Magnitude, pCM V'V after 65 A demag beamline
_;’ - — -Magnitude, pCM VV after 65 A demag upper equator
E L
2 600
3]
=
N
A YANITA
5 400
Q
2 Demagnetlzatlon
= [
ED h
§ 200 |
s, — "-._r'--.

oL il M’m"”“""fl.l

L . N L
20160512 LCLS-1I pCM Vacuum Vessel at MSB, SKC

1
-1 0 7 8 9 10 11 12
Distance from US flange (m)

Measured magnetic field component (mG)

50

40

E A Outside He vessel ®  After demagnetization

30 F

20
10 F

of

; Assembled Cryomodule .

B Cavity ]
@ Cavity bottom B Work station 5 end -

Demagnetization

20160704 LCLS-IT pCM Magnetic Fields at WS5, SKC

Cavity number
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Trapped flux surface resistance
RS(Z K, B) — RBCS(Z K) + RO + Rfl(B)

Ry = BmylS

These losses can be reduced by minimizing these contributions:

* Magnetic shielding/hygiene

Improvement )

Flux » Fast Cooling |
Trapping  Material Optimization

Efficiency ’

« Optimizing surface treatment
(mean free path)
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Fast cooldown helps flux expulsion

« Fast cool-down lead to large thermal gradients — efficient flux

expulsion
« Slow cool-down lead to small thermal qradlents - poor flux
expulsion —————————— "¢
S} n - 4x10§— ..o*.g..
@g [ . . L 1 aaoef ‘Fg-ﬁ"" b’.&
m 18+ ..- - -O? a A
5 . Efficient flux expulsion | =™ rvsislug;a,,
§ e I / ’
1 All flux trapped - Fast condoun from S00K
N - v Slow sooldown flom 20K
T 0 ) o 5 10 15 2
B../B,.=1.74 after complete Meissner E,.. (MV/m)
effect

A. Romanenko et al., Appl. Phys. Lett. 105, 234103 (2014)
A. Romanenko et al., J. Appl. Phys. 115, 184903 (2014)
D. Gonnella et al, J. Appl. Phys. 117, 023908 (2015)
— Bsc/Bn =1 after full M. Martinello et al., J. Appl. Phys. 118, 044505 (2015)
S. Posen et al., J. Appl. Phys. 119, 213903 (2016)
Mrtinelfd | W@rkshop onﬂ&lo%ognélgggn a% Standardization - SefS20uang, Phys. Rev. Accel. Beams 19, 082001 (2016)




High T baking for flux expulsion improvement

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

BSC/BNC

gradient
* High T treatments are capable to improve materials flux expulsion
properties
18~ Full expulsion 18 i _'fu_”_e_xf"flfi?r_‘ ___________________
_______________________ 1.7k
1.6~ 16}
15}
Ll
147 214} . - ¥
B13 N
o U o
1.2 . 12} .
o . B AES017 2/6 outside BCP Ly
| NP A AES017+1000C 4h + 2/6 dope 1= ——— - ———m e mm oo ® Baseline treatment] -
Full trapping * AES017 additional test 0o Full trapping o Reset+900C
0 5 10 15 20 25 30 35 40 0 5 10 15
AT During Cooldown [K] AT During Cooldown [K]
S. Posen et al., J. Appl. Phys. 119, 213903 (2016) e )
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High T baking for flux expulsion improvement

Not all materials show good flux expulsion even with large thermal

gradient

High T treatments are (usually) capable to improve materials flux
expulsion properties

L8 Eyil expulsion
i *
1.6- 4 * 4pa 4
A *
O
Z
Q14"
0 After 1000C
m
1.2
]
ElE m
g " ®  AES017 2/6 outside BCP
L [ A AES017+1000C 4h + 2/6 dope
Full trapping * AES017 additional test
0 5 10 15 20 25 30 35

AT During Cooldown [K]

S. Posen et al., J. Appl. Phys. 119, 213903 (2016)

40

18,
17
16}
15}

214l

1.2 ¢
1.1}

1
0.9

213

Full expulsion
""" Tt T Tttt
oo O g - oo
' After 900C
(m] o ’ P
°
®
L]
= = — = = — === === e Baseline treatment| -
Full trapping o Reset+900C
0 5 10 15
AT During Cooldown [K]
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Trapped flux surface resistance
RS(Z K, B) — RBCS(Z K) + RO + Rfl(B)

Rfi = B1nyS

These losses can be reduced by minimizing these contributions:

Trapped  Optimizing surface treatment
Flux (mean free path)
Sensitivity

2= Fermilab
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Light doping to minimize trapped flux sensitivity

Trapped flux sensitivity:
R
g — _FL
BTrap

 Bell-shaped trend of S as a
function of mean free path

* N-doping cavities present
higher  sensitivity  than
standard treated cavities

e Light doping is needed to
minimize trapped flux
sensitivity

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

2.0

=
o1

S (nQ/mG)
H
o

o
&

0.0 =

Doped

190 °C i EP/BCP
baked +
o ¢ il
& ¢ %
¢ Sensitivity data @ 5 MV/im < .

(o) Sensitivit¥ data @ 16 MV/m |

10 100 1000
¢ (nm)

2= Fermilab

Martina Martinello | Workshop on Cryomodule Design and Standardization -

Sep 2018



Status of SRF Technology for PIP-II
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162.5 MHz Half-Wave Resonators

Surface treatments: Bare HWR before jacketing
« Light BCP ~ 20 um

e Deep EP ~ 120 um

« Baking at 625 °C for 10 hours in UHV furnace
* Light EP ~ 20 um

Bulk and light EP of jacketed HWR @ ANII_
& e .

b ———

Z R
S QUL

NN

*HWR technology developed at ANL via ANL/FNAL PIP-II Collaboration.
Z. Conway, A. Barcikowski, S. Gerbik, C. Hopper, M.P. Kelly, M. Kedzie, S. Kim,
P. Ostroumov, T. Reid.
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HWR 2 K Test Results

Curtesy of A. Lunin and Z. Conway
T — N oo

5 10 15 20 25
Accelerating Gradient (MV/m)

108 I | 1 |
0 30

0 10 20 30 40 50 60 70 80
E , (MV/m)

s | | RPN | SRR TP IST SR | S |

90 100 110 120 130 140

oo 1% ye po g0 B g0 yo o B 4o o yo I% g0y oo il 0y

0 10 20 30 40 50 60 70 80 90
Bpk(mT)

PG| [CHPSPPTPIN | SP TP | [P | SOV | IR |

100 110 120 130 140 150
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SSR1: 325 MHz Single Spoke Resonators

Surface treatments:
 Bulk BCP ~ 120 um

. Baking at 600 °C for 10 hours in UHV &
furnace

e Light BCP ~ 20 um
« Low T baking at 120 °C for 48 hours
— particularly favorable to process MP

AN | ’! Hl 11 , \
\| }y 5 J | |i | \
A ». AN

T iy .
’iwr e B

PR

L. Ristori, M.H. Awida ,P. Berrutti, T.N. Khabiboulline, M. Merio, D.
Passarelli, A. Rowe, D.A. Sergatskov, A.l. Sukhanov, Proc. of IPAC 2013,
Shangai, China
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SSR1 VTS Test Result
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Fully-Integrated Tests in STC

» 9 cavities pre-qualified after test at STC with low power
coupler

« Some degradation observed between VTS test and STC
test that may be due to flux trapping -> some studies are
being carried out to better understand trapped flux
sensitivity in SSR cavities

« 5 cavities tested with high power coupler — cavities
meet spec and are now waiting for string assembly

Q,, 10"

.. STC tests with low power coupler STC tests with high power coupler
E 10 ; 3 10°
5 10 i 4 10°
° e o ° e 0o o e o e o - L 3
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1= ® 8 % 8 e 0 ¢ ° 0 3 o 2100 & = : - 10°
3 E 2 r | .I'/‘; *y 3
Q, - solid marker, X-ray - empty marke: ; 102 g E F T [ . 5
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Eace=Vaed/ i, MV/m Eace=Vaod/ B2, MV/m
| IS S T N TN T SN TN N SN T SN TN N SN T SO TN [N TN N S N SN S S T | | IR ST W U (T TR S W T (N T TR WO T (N WA TN ST NN (NN W U NN N N SN R S
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Epk. MV/m E,. MV/m
.......................... S WD U S RS L N W WS N S S S — l .- l - | L1 11 ‘ Ll 1 | | T ‘ L1 1 | T ‘ L1 1 | I - ‘ L1 | - ‘ 1
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
o T Courtesy. of A. Sukh i
ourtesy or A. suknanov 4 i
3£ Fermilab

Martina Martinello | Workshop on Cryomodule Design and Standardization - Sep 2018

Radiation, mR/h



HB650 Single-cell Test Results

« 120C baked cavities not always

meet specs EMN— T T 17—
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Frequency dependence of Rg-s(Eacc)

R/R?

R,/RY

1:3
1.2 4
1.1
104 mpdd o
0.94
0.8
0.7
| (N
0.6 r:—?sso(miz 1 650 MHz C%%
] — 1. z 9. Cy\c
—A— 26GHz 7900000
0.5 —© 3.9GHz —%— 3.9GHz_900C doping e
T T T T ! )
4 6 8 10 12 14 16 18
E, .. (MV/m)
120C baking
27 T T T T T T
25 —»—650 MHz
—e— 1.3 GHz
23] —a—26GHz /’
& 3.9GHz Y
214 »
X K
19 650 MHz /ﬁ;
Ud
1.7 4 #*
] o0 %—e
1.5 5 Lo—®
Mﬁ"“‘ i VOV
1.3 1
1.1 59
’Mooooo FPUR 2 SO
0.9 00,
07 T T T
4 6 8 10 12 14 16 18 20 22

Martina Martinello | Workshop on Cryomodule Design and Standardization - Sep 2018

1E11

9E10
8E10 L]
7TE10
6E10

5E10
4E10 4

=
3E10

2E10

1E10

650 MHz cavities

120C baked:
+ BOAS-PAV-105
@ BYAS-AES-001
® B9AS-RRCAT-301
N-doped:
v BYAS-PAV-104 (2/6 + 2 um EP)
= BYAS-AES-004 (2/6 + 5um EP)

0

5 1‘0 1‘5 2’0 2‘5 3‘0
Eacc (MV/m)

35

 N-doped cavities at 650
MHz do not show the R;
reversal
typically observed at 1.3

(anti-Q-slope)

« The physical mechanism underneath the
reversal of Rgos (here called R;) has a
stronger effect at high frequencies

Also for 120C baked cauvities,

the field

dependence of RI IS unfavorable at low

freqguencies

M. Martinello et al. SRF 2017 (TUYAAOQ2), IPAC 2018 (WEPMLO013)
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HB650 Single-cell R&D program

« Because of the recent significant improvement in the SRF
technology, now we started an intensive R&D program for
650 MHz cavities

« GOAL: reach the highest possible Q at medium/high
field for 650 MHz cavities

* Flux expulsion and trapped flux sensitivity will be also
taken into account for Q preservation in cryomodule

« Surface treatments under studies: EP, BCP for baseline
and modified 120C (75-120C baking), N-doping, N-
Infusion for Q improvement

* Trapped flux sensitivity will be acquired for each treatment
to understand magnetic flux shielding requisition In
cryomodule

2= Fermilab
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Summary RF results of 650 MHz cavities new R&D program
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HB650 5-cells Tests Results (all N-doped + “heavy” EP)

« Light N-doping applied to
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Conclusion and Future plan

« Thanks to recent advance in the SRF technology, several
treatments are suitable for high-Q at medium/high gradient

 Since the field dependence of Rbcs strictly varies with
frequencies, N-doping in 650 MHz cavities is not as effective as
In 1.3 GHz cavities

 The optimal surface treatment for 650 MHz cavities is therefore
under Investigation, taking into account the needed for low
trapped flux sensitivity at medium field

* Trapped flux sensitivity and flux expulsion to be studied to set
specification of magnetic field shielding

« HWR and SSR cavities meet PIP-Il spec with standard
BCP/baking treatment -> R&D is planned to further improve Q in
SSR2 cavities
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Thank you for your attention!




