Q-9

( Niobium Cavities)

Bernard, VISENTIN




SRF’2003 ( 11 ' Workshop ) Q-Slope at High Gradients Bernard Visentin




Outline

0 Q-Slope : Definition and Features

O Baking Effect

Experimental Observations ( Q slope - Rges - Ry )
Standard Chemistry ( BCP ) and Electropolishing ( EP )
Consequences on Nb Surface ( diffusion process - oxides - B )

Q Theoretical Models
Differences between BCP & EP
Interface Oxide
Superconducting Parameters Change

0 Experiments < Models

O Conclusion

SRF’2003 ( 11 ' Workshop ) Q-Slope at High Gradients Bernard Visentin



O-Slope;:. Definition . and Eeatures

i

quality factor = strong degradation

» Egee 20 MV/m TTF cavities (B, >85mT)

» field emission not involved (no e -, no X rays )
» T map : global heating ( B, max )

> limitation by RF power supply or quench

> seemingly a typical feature of BCP cavities

1E+11

Qo

1E+10 —

1E+09

\ \
B C1-16 (13GHz) [
.-l BE@m g =
B g
5]
By
%
5]
5]
no electrons =]
no X-rays o
5]
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power
0 10 20 30
Eacc (M V/m)

( Nb 1-cell cavity )
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"European Headache"
superiority of EP
without Q-slope

K. Saito et al.
SRF ’97
( Abano Terme)
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(L. Lilje et al. - SRF 99 - Santa Fe )
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Baking Effiect. on BCR . Cavities

“in-situ" baking discovered on BCP cavity

slope improvement (90 < T< 120°C) - degradation ( T > 150°C)

C1-05 ( BCP cavity)

of af _ﬂi_ﬂ

ﬁq:‘

B no baking

0 90°C - 48h

B 110°C - 48h

N

© 4.2 K (no baking)
042k (90°C)

|

® 42K (110°C)

quench —

7

10

E.e (MV/M )™

-05 ( BCP cavity )

0 no baking
090°C - 48h
B 110°C - 48h

(B. Visentinet al. - EPAC *1998 - Stockholm)
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Baking|Eflfect. on ERP.Cavities

Same phenomenon on E.P. cavities

before baking: Q-slope identical to BCP P. Kneisel. — TUP 044
1E+12 I SRF ’ 99 K. Saito. — TUP 031
Q Q-slopes before baking |- Santa Fe L. Lilje et al. - TUA 001
0 ( BCP and EP cavities) || ) )
B. Visentin et al. - TUP 015
1E+11 % =
Mag 4y, 4 b after baking : Q-slope improvement
1E+10 = A C1-03/S3(EP-KEK9)
AR L) 3 = T [
— :C1-16§BCP-Saclgny1) 24 RF Power — i Tug
| AC1-10(BCP- SaclayN1) D Limit —1 Qo M .
1E+09 e @ "fif,.,,
0 10 £ (2|(\)/| vim) 30 40 C1-03/ S-3 (EP cavity) .{ .);l"-.
acc m 1E+10 KEK 9& 10 L
~ W
L nr 7 quench
apparent superiority of EP reported before ? :Tl)ob"?:(i/ngoh imidon
cleaning procedure at KEK 1T
1E+09
wet cavities ( High Pressure Rinse) 0 10 0 e mvimi®
directly pumped out and baked at 85°C/20h
to accelerate pumping speed ( Saclay cavity — EP & tested @ KEK)
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SufaceRe-Oxidationaiie: Baking| 2

Unaltered Q-slope

after Air exposure ( 3 hours to 2 months ) followed by :
High Pressure Water Rinse + Drying ( laminar flow - 3 h)
- standard conditioning for RF tests -

» 3 hours ( cavity closed )

el D1-22 ( EP cavity)
» 8 hours ( cavity closed) Qo ﬁmwpqmﬂ — ﬁ ‘
RF test bench 1E+10 + % é%
O
> 1 day ( cavity closed) e L
1E+09 B A2 - baking in situ 100°C /48h VR —

O A7 - air exposure 1day + HPR
B A10 - air exposure 2month + HPR

— » 9 days ( cavity open)
- ( under laminar-flow : class 10)
in clean-room

o I LTI T TTTTTT]

10 20
E.cc (MV/m)

o

» 2 months ( cavity open)
left on the shelf
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Baking at.the AtmespheilciPressure,?

BCP + High Pressure Rinse
Wet Cavity inside Drying Oven ( 110°C / 60 h)
@ Air Atmospheric Pressure - no pumping
new HP.R. for RF test

1E+11
> CaV|ty ( Cl‘lO) Qo “1. Q Q:.
| s eiiseg
»  Q-dopeimprovement ¢ ‘... o
°
()
.. . ] . 10 Q
> Similar to “in-situ baking” e — L L L L1 Al
| non"in-situ” baking
_ IR B Y 9 |oee
- | | ©C1-10 O1(BCP) °
| | ®C1-10 S1(BCP + baking @ Atm. Press. ) ‘
S : °
( B. Visentinet al. — thisworkshop ) 1400
0 10 20 30
Eace (MV/m)
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Differ ences between BCP and EP

Q higher efficiency of baking on EP cavities ( from 85°C )

1E+11

[ W g7

Qo

1E+11 T

1E+10 T

QO residual slope on BCP cavities even with baking ( 120°C)

1E+09

QA higher quench field for EP cavities (40 MV/m )

& BCP (117 pm)

SRF’2003 (11 t Workshop )

ma .f'
ey JLE 82" IS T
QO ] LR T 3" lﬂ.. .
m B on
T LT ]
=]
C1-03/ S-3 (EP cavity) 5
<:I BCP 1E+10 + KEK 9& 10 s
quench .i
(=]
- X RF power
o baking limitation
® 110°C / 30h
- mlEn
20 20 EP = 0 10 20 0 40
Eoee (MV/m) Eae (MV/m)

O surface roughness

( R.L.Gengetal. - SRF "99 — Santa Fe)

('statistic on step height)

Q-Slope at High Gradients

EP(90 um) =

2-5 um

Bernard Visentin




Total removal of Q-slope after baking ( BCP cavities )
( with or without quench fields at 40 MV/m)
Nb cavity “defect free” : ( BCP but no baking specified )
( P. Kneisel et al. — SRF *1995 — Gif/Yvette ) C1-15 (inner surface ) =

not very smooth

1,00E+1

large grains : 2-3 mm?

high steps: 4to 8 um

@1.00E+10
1,00E 409 : : : . . : : . : 1E+12
E,.. [MV/m] N
1B+ i adAA 5588 sl
. ﬁ ““M‘ A A
One NbCu clad cavity : INC2 (BCP + 140°C/30h) - ‘ Ada A:ﬂ
. 1E+10 AC1-03/S3(EP-KEK 10)
(W. Singer et al. — SRF "2001 - Tsukuba) A C1-15 (BCP- Seciay12)
A C1-16 ( BCP- Saclay P2) Quenen
1E+09 HEEEEEEEE L1
T - + ° 0 10 20 30 40
Two Nb cavities : C1-15 & C1-16 ( BCP + 120°C/60h ) E_Mv/m)

( B. Visentinet al. - EPAC’2002 — Paris & this workshop )
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L]

Baking,Coen

aguenees.onNb Surface (11)1

RBCS ( Tbake ) r &

2.00E-6
1.00E-6 \. | flx] =3 155523645 “ expf -1.51]621EA1*% )
p Y fore baking H
e *
o —
€ LY
= b b}
o Se—w
e
N
N
e &
1o0ma | ZesliCavivatz1 |
+——| with tuner rings F
— 5 N
S ~
"\\ \.‘
s
A
B S L UL L I MR L
020 025 030 035 040 045 050 055 060
ATH/K]

( P.Kneisdl - SRF "99 - Santa Fe)

Recs = A(/\L,EF ,g) g e BT
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Rpcs ¢ ( baking time ) = saturation

.44
[ 1---'1.
?-8 /L—Jw{-{

10 20 30 40 50 &0
Baking Time [nrs]

diffusion process
(300 nm)

Rpes @ T=42K
T, = 145°C

1000 T
Recs \\
(nQ) \
800 \ /. .
00 A A =31nm
600 // EF = 62 nm
N I
* [ [ TH A =1.46 meV
400 1 10 100 1000 10000 T=42K
£(nm)
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L]

Bakino|ConscguepcesionNb Surface (21)2

( F. Palmer — IEEE Trans. Mag. - 1987 )

Influence of oxide layers on Nb surface resistance
( Nb,O5 and NbOQ )
Oxygen can diffuse at low temperature

Change
of the structure oxide
after baking

A. Dacca et al. - Applied Surf. Science -

C. Antoine et al. - SRF ’99 - Santa Fe
Q. Ma etal. - SRF ’01 - Tsukuba
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20,0+
18,0
16,0
14,04
12,04
10,0
8,04
6.0
4,04
2,04
0,0

1998 o

Thickness
[Monolayers]
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ARXPS by A. Dacca INFN

O Carbon
WH20

W Nb205
HNbhO2
ENhO

W Nb00.2

3 I 26 I 50 I 122
Baking Time [hours]

( A. Dacca - sample 4 - T=150°C )
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Baking,Coen

aguencesien N Suiface (31)3

Surface Magnetic Field :

0,4-
0.2- f\l
] /
!
00 Atﬁ#gﬂ,@;ﬁﬁ;
oo ‘—-—10Hz@4.2K| folg
| I B
© 04- 1
i |||I
0,64
_ f}'
0,8 B
i lcz /,/
'I:O byt _H-\--"‘-_'A"l//
T T y T T T T T T T T |
0 100 200 300 400 500 600 700
B/mT

Bc3S/mT Bec2S/mT

BCP unbaked 464 273
baked 123C, 48h 560 329
baked 144C, 48h 625 368

150pm EP unbaked 520 306
baked 123C, 48h 620 365
40pm EP unbaked 480 282
baked 123C, 48h 660 388

( B. Steffen - TTF Meeting - 2003 )

Susceptibility measurements ( on sample)
Surfacefield : B, = 1.7 B,

larger field for EP compare to BCP
All values are increased by baking

(interpreted by enhancement of impurities: O ?)

0,2

0,4

041

0,2

Electropolished Samples
@ 10Hz, 4 2K

0,0 —pitgon LR SR e W

+=— Nb07B, baked 123G, 480
|—o— Nb14, 40 vm EP
_—Nb14EPB, baked 123C, 48
—o— Nb12, 150 vm EP

[—o— Nb12EPB, baked 123C, 45H

T T
400 600
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Experiments

Q Difference ( EP/BCP)
Surface Roughness
( grain boundaries )

A
Q Modification of (
Interface Oxide / Metal

( Oxygen Diffusion )

Magnetic Field Enhancement

Interface Tunnel Exchange

Thermal Feedback

. ) Magnetic Field Dependence of A
Q Change of
Superconducting Parameters

( RBCS ) BC cee )

Granular Superconductivity
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Theoretical Modes << Experiments

Slope Slope No change Exceptional
| before baking] mprovement || after 2 m. Results
(EP=BCP) (BCP)

BCP Quench
unchanged
after baking

Quench
(EP>BCP)

} C1-05(BCP cavity)l

o ol Bgp -\ [ I

C1-03/ S-3 (EP cavity ! l
KEK 9& 10

¥
‘ ‘ ‘ L °C - quench
| — RF
30 ‘ @ no baking [T

limitation

® 110°C / 30h ‘ ‘
I
T

10 20
1 * “E e (MV/m)° Eaec (MV/M)

1 15 20 25
Accelerating electric field (Eyeo) [MV/m]

Q-slopes before baking TEFLL T o PSRN
( BCP and EP cavities) i D1-22 ( EP cavity )

= LI

el

g >
2 g

Al

@ Al - no baking I A
B A2 - baking in situ 100°C /48h b
O A7 - air exposure 1day + HPR ‘
W A10 - air exposure 2month + HPR AClL-03/S3(EP-KEK 10) |5
EEEEEEEEEE actis(sce- sy

T T A C1-16 (BCP- Saclay P2)
20 0 [T T
E.cc (MV/m) 10

S>>

Hooooo| |
PR

o

10

20 30
E.c (MV/m)
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MiagneticEled. Enhancenentan G.B.

(J. Knobloch - SRF "99 - Santa Fe ) microstructure on RF surface

Normal Conducting region ( surface roughness - step height 10 um)
magnetic field enhancement B, H
normal conducting region if B, H >H.
factor 16<pB.<25 (BCP)

Magnetic Field Lines

Q-SIOPe or‘lg|n W T 1 ' ! 1 ":Snrla) cm‘it_\':']ZP!120uln+Balke !
| =¥=Saclay cavity: CP130pum + Bake
the most dissipative G.B. = quench (equator)
lDlI :
%— i ] 0 T 20 : o 0
Eacc [MV/m]
N N ( K. Saito - PAC *2003 - Portland )
Accelerating electric field (Eyqe) [MV/m]
EP : (HJ/B,=223mT) B.,=1
electromagnetic code + thermal simulation = Q,(E_.) BCP : (HJ/B,=95mT) B.=2.34
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Comments ( H - enhancement

O Explanations :
» Q-dopefor BCP before baking ( good simulation )
» Q-slope improvement after baking (H. 1)
» better dope for EP after baking (3, lower ~1)

A Not consistent with :
» dope before baking for EP cavities
( same slope with 3., lower and H_ higher than BCP )

» flat dope ( and 40 MV/m) on BCP cavities C1-15 & C1-16
(roughness: 4to 8 um > 2 pm = high 3,,,)

» quench value unchanged for BCP after baking (in spite of H. 1)
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| nter face T unng Exchange

RF field on qHY - 2" - R =R (1+yH?/HZ+..)  (Tayjlor series)
metallic surface H E” (causes dectron emission) - ZF® (negligible for clean metal )
Dielectric oxide layer on metal — enhancement of ZF by I.T.E. c
(localized states of Nb,Os,, and density of state of Nb) RE O e #F¢
with electron diffusion at NbO, - Nb205_y interface starting at E° onset value
B* . electric field enhancement factor 1B ¢ RH —
conventionnally fitted by: RF =R’ (ED)8 O e — b
0,/;.H.
|.T.E. = quantitative description of Q-slope 1£+10 | = _ ’
' I TE reduction by : 0
. _ RE o
» smoothening surface ( EP) - | ]
(B*:andE° 1) : - N
* baking : Nb,Os, vanished - better interface (J. Halbritter - SRF 01 — Tsukuba )
( reduction of localised states ) ( IEEE Trans. on Appl. Supercond. 11, 2001 )
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Comments(|.1.E.

O Explanations :

» Q-slope improvement after baking ( Nb,O; | )
> better dope for EP after baking ( smooth surface - lower 37)

0 Not consistent with :
» similar slopes ( before baking ) for EP and BCP cavities
( surface roughness and 3 are different)
» unaltered slope after a surface re-oxidation ( Nb,O; 1 - 2 months later )

» exceptional flat slopes on BCP cavities C1-15 & C1-16
(in spite of roughness: 4 to 8 um - higher 3*)
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T hermal Feedback

(V. Kurakin- EPAC’94 - London )

Temperature Dependence of Surface Resistance _
( E. Haebel - TTF Meeting - 1998 )

HS - AT:F\)hermAdls,s|:||:\)SH /2 - RS(T):RS(TO)-I_aa—I?_SAT

__ R(T) : _ &
Ry(T)= i-cey| 0 @=G/R= (a-bEZ,) | Recs=Ald.& ) e
1C =110 (v /)’ = —
fit parameter : O R, le 1,6E-7 O o heatng [
C= 2108 YT (ohm) 14ET C=1,02-15 (V)2
] oT e | S
: . (')Rs 8.0E.8 d
| baking effect : (A1) 6.0E-8 r?f
4 0E-8 J
2 0E-8
_ OE+ m:mwﬂm’ﬁ'
C ~ l:I4 10 ° é Her 1 HGRS "o [][E]E+{) 10E+6 20E+6 30E+6 40E+6
H Hy H(Nb J . Bee (V/m) Y
=21 ( B.V.et al. SRF’99 - Santa Fe )
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ap Dependence

Exponential variation only rigorous and experimentally proved

R, =G/Q, = R$+A(/\L,<‘F,f)ge_A/kT for thin films

magnetic field dependence of A ? ( normal state transition 2" order if d/A < 5Y2)

AH)=8(0)(1- H2/HZ)|  for T/T.<0.36 N SR
(A. Didenko - EPAC * 96 - Sitges ) ot 20 -
(V. Mathur etal.- Phys. Rev. Let. 9, 374 - 1962) %; N J
o 8 I
I i Y
- = - (E———— S
e (MAGNETIC FIELD)® [Hicr
Eac(V/m) Eac(V/m)
B “fit factor” for bulk material (d>>\)
Riesr A, A0) from Rg(1/T) at low field A(H) : few % variation

(B.V.etal. - EPAC ’ 98 - Stockholm)
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Granular Superconductivit

Grain Boundaries contribution to surface resistance ?
( polycrystalline nature of Nb) - Grain Boundary = weak link ( Josephson junction)

( B. Bonin and H. Safa - Superc. Sci. Tech. 4, 1991)

Theory valid for sputtered thin films
effect negligible for bulk niobium ( grains~ 10 um) :

exception :

segregation of impurities located at grain boundaries

Difficulties to apprehend the baking as a way to clean G.B.

( low temperature - diffusion O )

Experiment on Grain Boundaries Specific Resistance (H. Safaet al. — SRF *99 — Santa Fe )
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I Q-Slope
| Fit

M agnetic
Field
Enhancement

Slope
before baking
(EP=BCP)

N

(Bm etHc#)

Slope
I mprovement
after baking

Slope
after baking
(EP<BCP)

No change
after 2m.
air exposure

Exceptional
Results
(BCP)

(‘high Bm)

Quench
(EP>BCP)

BCP Quench|
unchanged
after baking

Validity

Interface
Tunnd
Exchange

(NbOs.y | )

(low BO)

N

(NbOsy 1)

N

(‘high B0)

Thermal
Feedback

Y

(Recs! Rrest )

M agnetic
Field
Dependence
of A

(thinfilm)

Segregation
of Impurities
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ExpeimentallPregramiat.J.lab,

" H enhancement at grain bound. “ < " Interface Tunnel Exchange “

Single cell cavity ( BCP - EP - w/o Baking ) excited in modes TMy;q 0r TMgy4 : Hg

» Two cell cavity TMg, ( 0-Ttmode ) : scan the surface (E, H )
- a == Radius (cm)
* QO ( Bpeak) - ( BCP - EP - w/o Bakmg ) — — [H| TMD10 (k&)
i \ IH TEO11 (kAVm)
o " .". IE1 TMO10 (MVim) |
 Preliminary results :
4 \
(G. Ciovati etal. - PAC * 2003 - Portland ) N
] F . 3 4 ] [ ] [:m'ﬁ a 1 13 4
1E+11
= TEO11 T=2K . — Radius [cm)]
< TMO10 T=2K D —mg:g D:mcc:je
. e pi-mode
N ATA
} m
e A S ° 0 s 20 . e . 8
Bywa 01T] ) #feml
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Conclusion

Experiments and Models have to progress in the future
to understand the phenomenon and to cure it

all the more so since
Q-slope is not totally removed by baking ( even for EP cavities )

9 o®
AR/R, o
8 High-Field Slopes [
O.. before baking
7 ° ( BCP and EP cavities )| |
6 ° ‘
o © ©D1-22 (EP - SaclayAl)
0 ©C1-03 (EP-KEK9)
5 ® ® @ C1-15 (BCP - Saclay I1)
° @®C1-16 (BCP - Saclay P1)
0® ©C1-10 (BCP - Saclay N1)
47 °
o. ©
3 ° %
o
Ce
2 A oo
S E?
. ok e
M‘b (MV/m)
0
0 500 1000 1500 2000

9,0

8,0 1

7,0 7

6,0 1

5,07

\
ARRo © | High-Field Slopes after
baking
0D122 (EP - SaclayA2) (BCP and EP cavities )
©C1-03 (EP-KEK 10)

©C1-15 (BCP - Saclay 12)
©C1-16 (BCP - Saclay P2)

0C1-10 (BCP - Saclay N2)

2
E acc |

(MV/m )

1000

1500 2000

if quench improvement possible (>40MV/m) = Q-slope appearance
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d Q-slope

A Review of High-Field Q-Slope Studiesat Cornell - H. Padamseeet al. (M o0-P14)

Why does the Q-slope of a Nb cavity change...? - I.V. Bazarov et al. ( Th-P02)

Q-slope analysis of niobium SC RF cavities - K Saito ( Th-P19)

Q-Slope : Comparison BCP and EP - Modification by Plasma... - B. Visentin et al. ( Mo-P19)

O Baking

A Pleasant Surprise: Mild Baking Gives Large Improvement... - G. Eremeev et al. ( Mo-P18)
Low temperature heat treatment effect on high-field EP cavities - J. Hao et al. ( Mo-P16)
Effect of low temperature baking on niobium cavities - G. Ciovati et al. (We-0O14)

O Surface Analysis

In situ XPS investigation of the baking effect ... - K Kowalski et al. ( Th-P09)
Near-Surface Composition of Electropolished Niobium ... - A.M. Vaenteet al. ( Mo-P15)
Grain boundary specific resistance and RRR measurements... - S. Berry et al. ( Th-P03)
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