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15. SRF Cavity Performance Limitations

15.1 SRF cavity performance limitation summary
15.2 History of understanding the limitation

15.3 Multipacting

15.4 Field Emission

15.5 Thermal Instability

15.6 Hydrogen Q-Disease

15.7 High Field Q-Slope

15.8 Magnetic Field Enhancement
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15.1 SRF Cavity Performance Limitations

Summary

« Below are 6 major phenomena that are well known as the SRF
cavity performance limitations so far.

Thermal instability
........ - — — —~— —
L \
\ e, ~ High field Q-slope
- \
o \ \
Q) * S > v
\ 5 —
'\ : Fundamental limit
\ - “I
'~ :
.
Hydrogen Q-disease [l
Eacc
F National Science Foundation A
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15.2 History of Understanding of
the Phenomenon

High current 2000~
KEKB
CESER

Multipacting
T-map
Orbit calculatio

Field emission

1965~1975 . c
Orbit calculation Hyd.rogen Q
Stanford University disease
Storage Ring ‘90~2000
THEP 10801985 TRISTAN(KEK)
\ HERA(DESY) Fundamental
Cornell university LEP-II(CERN) limitation
\ >
Thermal instability < 1995~
— JEA FEL
Imulation Recircular machine . .
CEBAF(Jlab) _) High gradieg/LINACs 1995
1975~1980 Jlab-FEL TTF (DESY
M DALINAC(Darmatadt) N doping
Germany Karlsruhe nuclear institute(KFK) \ 2010’s

EXFEL —LCLS-Il —ILC

USA Argonne National labs (ANL)

l Solved microphonics issue Heavy ion INFN LNL 2000’s 2010’s
1978~ —» < CSASaclay — sSNS —, FRIB
—— - ATLAS(ANAL) CERN ESS
California Institute of Technology (CALTEC),| —
. . JEA Tundem
State University of New York (Japan)
¢
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15.3 Multipacting

Multipacting : Resonant electron loading due to secondary electrons Multipacting limited the cavity
( synchronized electron motion with RF ) | performance remarkably.
\:_T \/7"'___"“x\
One point multipacting ! ] VAN
T T T T I l _________ S {) ®EII§H“ ® j
— 2.0
L on T \ /
: e \ /
oo . el
05} i .
- 1 1 point MP
z0 ( l 1st Order ond Order
< 8 7 6 5 4
3 8 1 I I | I ﬂ
1
o T - -
®4 8 7 6 5
uzj 3 I | | | | |
(& ]
0.5 1.0 1.5 2.0 2.5 30

ENERGY GRADIENT (MeV/m)

AN A

Characteristic: Q-drop at some discrete field levels, X-ray at the levels,
Diagnostics: Temperature mapping & X-ray mapping

O

NSCL
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Onset Field of One-point MP

Resonant with RF frequency !!

Scale law on RF frequency with the maltipacting levels

-H
Cyclotron frequency : o = c
c-m O
-H(P —nth
27 FOP —nthy = & HAL = nth) ,
c-m . & _
1 27-c-m n n=1 n= n

TP — nth) = = =n-T,,
F(P—nth)  e-H(P —nth) For

H(P —nth tant
(AP —nth) _ constant | 5 3 ... [Oe/Hz]
Ju ’;[(1 P—nth,[Oe]) 0.3 Spherical shape suppresses the one
2 = — [Oe/MHZz] | point multipcting.

Experiment : Onset field
Jrr [MHZ] n ——,

Example ;

1300MHz, Hp/Eacc=43.8 [Oe/(MV/m)]
1P-1% order - * - Hrr(1P-1") =0.3 x 1300 = 390 Oe
Eacc(1P-1*Y) = 390/43.8=8.9 MV/m -

1P-2" order- * *Eacc(1P-2"") = 4.5 MV/m

&
NSCL Spring lecture on Feb 28, 2017
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Two-point MP

Two-point multipacting
T(2P —nth)=(2n-1)T,,

HQ2P-
( nth) _ constant, n=1,2,3 - + - [Oe/Hz|

Jrr 2n—1
HQP-nth[Oe]) 0.6
Experiment :Onset field =

Jor|[MHZ] 2n—1

Nele

X X X.
_ X X X

Examples ;

S08MHz , Hp/Eacc=40.6 [Oe/(MV/m)]

2P-1* order Hp(2p-1*) = 0.6 x 508 = 304.8 Oe
Eacc(2P-1%) = 304.8/40.6 = 7.5 MV/m

1300MHz, Hp/Eacc=43.8 [Oe/(MV/m)]

2P-1*" order Hp(2p-1*) = 0.6 x 1300 = 780 Oe
Eacc(2P-1%) = 780/43.8 = 17.8 MV/m

2P-2"4order Eacc(2P-2"')=17.8/3=5.9 MV/m

’ National Science Foundation
N n Michigan State University
NSCIL

n=1 n=2 n=3

M

NSCL Spring lecture on Feb 28, 2017
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Onset Field of Two-point MP: measurement

e P ooy - HPIGauss] 0.6
0l ] M TRSTAN iy | FIMHz] 211

30 E

* Onset of MP is well scaled by Hp/f.

 RF processing of MP has a memory effect.

« The memory has gone when cavity warmed
up T > 200K, then needs re-RF processing in
the further cooling.

10

10

1000 L.

100

600MHz =0.83 cavity

1000

X-ray [arbitrary unit]

100:"

10 L [°

@l

| |
| |
i — e
eee? ee o S
i . . 1 I [y i i

5 2

0.5 1.
Hp [Gauss] / f [MHz]

@‘ hiationdl celencolie NG tion NSCL Spring lecture on Feb 28, 2017
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MP Simulation (Two point MP)

Some wide barrier by Morozumi

Multipacting Re\ionance in Single Cell Cavi

No longer appear
10000 \ after RF processing
1000
% 100 L&
O

‘ i
AR |
l 0 123 I I

20 30 40
Accelerating Gradient / MV/m

50 60

p
@ National Science Foundation
S

Michigan State University
NSCL
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RF Condition of MP Barrier: Example for 1.3
GHz Single Cell Cavity

« MP can be processed out by RF conditioning but the
conditioning period depends on the contamination level

National Science Foundation

Michigan State University

3 A record lag’ not real time lag Processed out (21 MV/m) !

30 1 Quench !
25 Eacc=18.3 MV/m
= o 5
> 20 Multipacting :
Zl . O e :
2 Pickup power (Eacc) X" ;
(&) I 5 J R ‘,“‘ :
] L :
rcs\ ao” d '
= 10 |
5 X-ray ( GM counter) "
w. .;

R S Y e O A (R D M S Sy ! N GO XN S NN AN (N I

15 30 45 60
Time [minute]

NSCL Spring lecture on Feb 28, 2017
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Phenomena of Tow-point MP

10" e MPpP — Electron — Frozen flux trapping
Q bombardments 3
i local heatin
0 0000 000CTTONE Ty { J Warm-up T > Tc
10 %ﬁm@ﬁ@_'
10 _ . . 9
Disappearance of the heating spots  Release flux trapp
10° Two point MP =
8 T-mapping at 17.5MV/m
10 0 5 10 15 20 25 30 35 Ewc IWWl B File e
Eacc [MV/m] o T [ 1T LEL 10BN T s

1,00E+11 DESY - -}i:

R d gy 4, Ag //1&/>
L > s o ,L.- % e
1,00E+10 .
17.5MV/m ﬂ.-n'b:ri__ . _i _' - = Equator , il,600
i i I
-

= delta Tes
¥ FEEEs
1,00E+09 +—— B-

E Two point MP, flux trapped 3 SIS
#First test ’ 6

W Second test o o 1EmL 1%

& after warmup to 18 K irlz o =

L T Ty [ Y [ Y Oy I IR (A TR Y (R T I I | |
2 0 40 18 Zo 29 W N 0 i\ W B G T E B K

1||:":|E+|:IE 1 1 L | T T T | ] 1
o 5 10 15 & a0 5 40 i T nkha) pretdn e
Eqpo [W¥/m]
’ National Science Foundation :
@.—)‘ M NSCL Spring lecture on Feb 28, 2017
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Cures Against MP

1) Cavity shape —— Spherical or Elliptical shape
(effective for one point multipacting)
2) 8 <1:Clean surface — Surface preparation
High pressure water rinsing
Argon gas or Helium gas discharge cleaning

- :3 1 T I | ] I 1 I [ I I I I ] ] 1 1 I
% ""a = Wet Treatment
£ m e © 300° C Bakeout -
3 u = . o Ar Discharge Cleaned
S oim v . Note: Baking is effective !!
-{._n .
0 " Remove H,O
E "na n
Ll B o O O o o H n O
o
= & ‘L#"“‘- A 5 © o o
2 A . o0 © 0 n
E 1 _U_L - = Al '«E"_'G & I
H F 1
w0

L | I | L] ] ] ] | 1 ] L I 1 [] i 1

500 1000 1500

Kinetic Energy (eV)

@n e oy s o NSCL Spring lecture on Feb 28, 2017
[\ L e
NSCL Saito - Slide 12



15.4 Field Emission

Vacuum Vacuum
X =u -n: :I:]
- - p
-, WithE
Withoul £ wor | 1
Witk RN
FIJrIcLE!rliLH'I Function A
e N
. 1V(x)=-eEx
Wave funetion of elactmsn ‘l “x\
“ 1\_
Fermi Fami f\ Wavafy hcm‘n of tunfielling alactron
Energy anergy g M.______ . )
1 | T 7 ———w“—_...ﬁ\ ~
A

V

The tunnel thickness becomes thin when the field amplitude is getting larger.
Penetrated tunnel electron increases exponentially with increased field amplitude.

NSCL Spring lecture on Feb 28, 2017
Saito - Slide 13



Field Emission Trajectory

None resonant with RF frequency

Non-resonant electron loading due to field emitted electrons by tunneling effect

p (cm)
—-2.039 0444 2926 5408 7.890 10.372

So=-7.275 cm

T

S AT—

-4.504 -2.022 0.461 2943 5425 7.907 10.389 12.871 15.354

—4.521

z (cm)

Heating spots appears on one meridian.

Dl seencoln oo NSF Site Visit, June 18-19, 2013
Michigan State University .
Your Name - Slide 14



T-mapping System

19 sensors on the meridian very 10°

. .
=% oz on meridian, totally 360x19=684
S ::4 4 3 ) = =
5 8 8 o < o 0
o 5 =50 = Q.
— =t « o =2 @!
» 09 o > - @ o9
QO - S (=J =1 s
25 g & Y = &E I
= o 5 £ g g = 3 >
= 8 = = iz = e
,5 5 & = o Q = — %
g o8 < ol | S— bore)
wo we we we >» ,\<‘ : | it 7:, m
- V=S e ik o o
2 i bhgE S E Q
i.\l\l\id f 1 LT T = 8 - S s » =
ISP i B e |
J Y . —_ ==
WEERE R ;. ° &z
Es [MV/m] 2
S O = g
‘A ©O B 0 N o W g
A =) T T | o R - -

17

[wo] yi8u9g
9

=o0eq e

W/AWO'I

NSCL Spring lecture on Feb 28, 2017
Saito - Slide 15
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T-mapping Measurement at KEK

Temperj ure Rise @ EGCC =13.5 H%
KEK, 1300MHz | =
b mK
July, 29, 1994
v s st JEOORORO | U 400 1 $0:09:00
I =18 uA
e —— GAIN = 50
1(} e I ligq.He = 1.7936600839817 K
1077 === Uppsr It
O
L. 200 L
l_.. 100 |
9 2 7
10 "‘——7'_‘_\—_——% Lowar Iris
e -] ' f f f ) s ' f '
- + t t t £ t t ¥ t t t
= 50 1@@ 158 208 258 308 350
Angular position (degrees)
self-pulsin; @ Eac :i35HT
: EFGH 1 Bo = 22x0"
108 | I T T | | TR T W A I Lo 1 [ | [ S T B | r = 4w

0 5 10 15 20 25
Eacc MV/ml @ Eacc = 18.3 MWn

100 000 T
10 000} Carbon is Semiconduc':or FILE NAME : 729BS2
July, 29, 1994
1000F \Ge - i
,a.\ o0 ??:NH: E51.99(!8805!”81 K
— 100 i T Upper Iris
S 10F s08 1
2]
lf' 200 |
0.1F o2 RS EEPRY FRUTS
560 8@ 1580 200 250 3080 3508
0.010.1 ll 110 160 1000 -+ Angular position (degrees) @) _ - .
I 0 VQM!IH: } \,;.I i
Resistance-Temperature characteristics of carbon s
L . P
£ 1
= NAUOrial ocierce rournaauori A
L<\C"») MiEhicen Siete Uriversity NSCL Spring lecture on Eeb 28_, 2017
Saito - Slide 16
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Field Emission Analysis

* Field emission onset El l l l B-E\E‘ Iy, /

_ Fleld enhancement factor B L / 7 // 7 /

10 | , ] 10° ==
A . ‘ ] - X e reference
i - b Indlum sedlmg [ O : reassebled in the class 10 cavity assembly area
[ i | v : reassembled in the class 100 cleanroom area- ‘
[ TSP 8 - @ : reassembled in the vacuum evacuation area |
Q |-grESBEES o5 e 1 1/Qo | a : reassembled front of the air conditioner
¢ . ¥ ¥ ¢
B N0 ; \ a
| | A
A
i i A
1010 IO SO T O | T TN DO T ; A —q % | ! L1 e <
10 C ; P ]
J}
AA:AAv\A“; A“'
|
1 09 R T T T O T O T I T T T T O T T {
0 5 10 15 20 25 30 10" : ' : :

0 5 10° 110° 1.5 10° 2 10° 2.5 10° 310°
Ep’ [ MV/m |

1 1 1

Eace [ MV/m ]

A( 1) S-. E . ex (—L)—S-E MV m]' -expC 240k +4
00 Pog.Ep P B Ep MV m)

@n National Science Foundation NSCL Spring lecture on Feb 28, 2017
N e
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Projection Model of Field Enhancement
Factor

Field enhancement factor §; 50 ~ 1000
Projection model :

Why B is so large? ¢ Tip-on-tip model 1s (£
one explanation

* Smooth particles don’t Cay sutice
emit.

National Science Foundation :
@l Veileeaddyhodes NSCL Spring lecture on Feb 28, 2017
Saito - Slide 18

NSCL



Cornell Studies on FE

T-mapping, Trajectory calculation, Site analysis
9, s

E a0, (MY

Eleciren Trajectores Emitter

B FEITTY
Natonal science Foundation :
Michioan Stets Urlversity NSCL Spring lecture on Eeb 28_, 2017
Saito - Slide 19
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Emitter of FE : Particles

Ho:25MM  S:18424 P:@B806

Emiidiers Foune

i Miebimm SC Cawi
Partieles - eiften meliae

Particle free clean surface

s

@ Metignal e siicoll aieaton NSCL Spring lecture on Feb 28, 2017

Michigan State University
NSCL

Saito - Slide 20



Intentionally Introduced Particles
e A fter RF high peak

power processing. =
No silicon found by |
EDX, evaporated. Q \I

4,58KX 28KV WD:25MM  S:71@14 P:00004

I.I'C\I I ¥ T RS
@‘ NaIIOI']aI bo|ence Foundation

Michigan State University
NSCLL

NSCL Spring lecture on Feb 28, 2017
Saito - Slide 21



Crater Shows Foreign Elements

 Semimge | Fdge geometry makes a field
? | enhancement (recent understanding) !!
Smooth surface is important.

: Auger Image
"M of Iron

But - With Auger Analysis

Almost all craters show foreign material

Auger Images
of Craters

CORNELL

/. = INational Science Foundation . ..
\ )‘ Michigan State University NSF Site Visit, June 18-19_, 2013
NSCL Your Name - Slide 22



DC Field Emission Studies in University
Geneva and Wuppertal

r
<
// electron ™

analyzer \\
high voltage {input lergf /“ectro , smrtmctor
35KV / gun, - X
’ _mass spectrometer for

/ residual gas analyss
[
O als| Clr‘DCG holder sample

— 10N gun
1r(m¢,port rail

v -—

~cathode S —
It \i—qate valve
[
’/
manipulator
non-omeulé{y'z movement and tilt 1 cmzsample

Emission Current

Carbon

-
L

: Natroneu 1Scienoe Foundation
Michigan State University

N1

G

NSCL

pring lecture on Feb 28, 2017
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Wuppertal Result: High Temperature
Annealing

No Heating Heating Heating Heating
Heating 800°C, 30 min 1000°C, 30 min 1200°C, 30 min | 1400°C, 30 min

40 MV/m

80 MV/m

90 MV/m

High Temp. Annealing is very effective to eliminate FE seeds.

DESY once wanted to apply 1400°C annealing for ILC cavities. NSCL Spring lecture on Feb 28, 2017

Saito - Slide 24



DC Field Emission Studies in Cornell

= b ~ DG Field Emission

Before spark:

: =t |
o N 1 .:J
Digital Video of Spark =Rt -j " J l
[

CORNELL

UNTVYTR

National Science Foundation :
Mictigan Stata University NSCL Spring lecture on I_:eb 28_, 2017
Saito - Slide 25




Intentionally Introduced Vanadium

Particles on Nb Surface
Remov’fefi by C, F C

Before spark:

v What removes C and F?
segermey lon bombardment

3 There must be gas present
# during the arc

(M  vichigan state University NSCL Spring lecture on Feb 28, 2017
NSCT, Saito - Slide 26



Difference Between RF and DC

Emitter sites are often observed on )3
grain boundaries in the RF case. == i TR b N

Starburst in a 1.5GHz Nb cavity Starburst on a DC cathode (Nb)

RF can observe both effects of electric and magnetic field (surface current)
DC looks only electric effect. DC is difficult to investigate the grain boundary effect.

NSCL Spring lecture on Feb 28, 2017
Saito - Slide 27




Particulate Contamination IS a Field
Emission Source

DC Field emission study

BEFORE

in Cornell

j Feon Carbon

Put dust

50 MV/m,

intentionauy 225 um gap

Star burst

Particulate contaminations cause field emission.

' National Science Foundation :
@ Michigan State University NSCL Spring lecture on I_:eb 28_, 2017
NSCL Saito - Slide 28




‘a)

162X 20KV WD:25MM  5:18529 P:B0007
L eeee——

AU\ ) N
 Before  Sttard
2 eof Y
il =0 Thosessiig o
v # 7% / Equator -
20} AF
0 = Lower 4
Qo | A v AA v
a v
1010 [} o
“f \ N\
] (b) 118K 20KV ND:29MN  S:
o8- v v = 1 5 1 WS
Processing v 1 e QTR b PNy W R
Event v
A Before Processing Event
v After Processing Event
109 al i | N 1. P B BT PR

T 7 Evapora
: FE seeds !!

oy
i

AT(mk)

©®
@‘ NSCL Spring lecture on Feb 28, 2017
X Saito - Slide 29
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Large Molten Region after HPP

CORNELL

This active emitter shows large melted region CRTVE RS T
And dark cloud around it

Calculations show that FE current alone cannot
Produce this much melting

Gas is involved...
metal vapor + desorbed surface layers?

NSCL Spring lecture on Feb 28, 2017
Saito - Slide 30




Cornell Model for RF Conditioning

A 'Concluding Picture
Field Emission -> \Voltage --
-> Breakdown Emitter Processing

Adsorbed |ayer

Irseriana

F Surface

Ham

=

L oowr Pre s ure (s e

RF Surface |

AITIR

L rrEnl
imatabilily

lighlllil‘lg I e Cavilies

(oa5 Desakdown

CORNELL

FNTY T ST TY

L NSCL Sprifig1éttire on Feb 28, 2017
LNS,ﬁ T Saito - Slide 31



15.5 Thermal Instability (Quench at low field)
Various surface defects produce RF heating source

g SN . o

Sputter balls

|
s

™

N4
- -
‘e .
-~ -

65‘ hiationdl celencolie NG tion NSCL Spring lecture on Feb 28, 2017
N

Michigan State Universi . .
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Mechanism of Thermal Instability

(a) Y LY
Temperature [

Temperature

S N— Tc

Defect Defect

@ ,\Nﬁﬁgz'nsggfeca;32;‘8?@“0” NSCL Spring lecture on Feb 28, 2017
LI\TSCL Saito - Slide 33




Thermal Instability: Example in a TRISTAN

Freq.

Eup

E}

4/57

&

Bl . -

10}
= 508.26 MHz [ - !
= 314 IP0 Wm S s {

SC Cavity(508MHz 5-cell Cavity)

Y

.\ n
N L1

3/57

i

i
507,48 Mil T |
. & e
‘o “a3'04F0 -~
a0} —
505.43 Mir 5 :
45.2 ¥PQ

]

o L

502.95 MHz x10}
E 43.2VFP0 5
op

2/57 ol —
7

Eep 1

500.98 MHz i0
46.94PQ s

Egp

B

G

] {0 0 an i
Eup MV m)

National Science Foundation :
Mictigan Stata University NSCL Spring lecture on Eeb 28_, 2017
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T-mapping and Surface Defect Visually

Observed
JAR=5bn
R18 R17 E R16 R15

> &

Equator 4R=10n TR S

EBWseam(" AR=35n
RIS\ R21
+ ‘ ¥

AR=150[#RR26 % 1st grinding

,’,' st‘\‘;/ area

R31

T-mapping on the defect Picture of the defect area

cgal hiationdl celencolie NG tion NSCL Spring lecture on Feb 28, 2017
Saito - Slide 35




RRR Dependence of Quench Field due to
Thermal Instability

Wuppertal University
I T . LI | T I T
- RRR
T <
| ol —
I b .
I i
I ) |
I
: 1‘& L0 ]
RRR=135, r,=3um : Sa 1
Hg~1500 Oe ! s -
Eacc,max ~34 MV/m I "o N
: AN
I B
I
waaal s I e e uaud R e | "
1 10 100
. g luml
Defect radius [um] ;
Needs to control the defect > 1um.
Use the Nb material with RRR > 200. 36
National Science Foundation NSCL Spring lecture on Feb 28, 2017
@ Michigan State University Saito - Slide 36
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High RRR Material Mitigates Thermal
Instability

Saclay

1E+12

Quench Field and niobium RRR

F=13GHz, T=1.TK
m RRR 150

ape 8 b L' . ".___.; . 1 4 RRR 250
o
1E+1l +————T—————————1————

# — 1 5 RRR=500

Qo
|
|
|
|
|
|
|
:

r
|
|

*
|
|
|
la
¢
|
|
|
|
|

1E+1u - - = e s :::::‘i::
F--—-d-s-clzccc-c-cftz-c-3d-=-=z-¢==:
EEEEs iy

1E+Dg ilillilll

Eacc {Mme) |CEA Saclay, SEA /GECS |

National Science Foundation :
@ M NSCL Spring lecture on Feb 28, 2017
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Thermal Resistance by Impurities

High purity + Homogeneity

4
Nb High RRR material Vacuum annealing

2| NANOOHM-cm PER AT. PPM.
i IMPURITIES
° phonon - - VACANCIES OR INTERSTITIALS
. P*{lT } ; 7/ (e.g. RADIATION DAMAGE )
i 0
L /
) % 7
st U1 vl
4 7Y 2
774 2
NZBZ7% Y
2t VA U _ ] 10" DISLOCATIONS /&m?
VO e ) poeme
BZR%2Z 7 4 7 /} |0 GRAIN BDRIES/m
LA Ui %58
@ Lfiﬁ;i'n SSC‘::tneCS r':i?/g:s(ijt?/tion NSCL Spring lecture on Feb 28, 2017

Saito - Slide 38
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Cure-

Post Purification

| . Post Purifying of Niobium

____Ti Tube

=

Ti Layer

Vac = 10n -6 torr

-$_[-_IIE_-E_-_-_-_-_-_I.I.l.l.l.l.l L

Nb
GCavity

o '.:.I':i- '_'T_"G'IE; 'e

19Ae] 1L

Oxygen
impurity
atoms

T = 1300 - 1400 C

@’ National Science Foundation

Michigan State University
NSCL

After cavity or half-cell fabrication

« Heat in vacuum furnace to ~ 1350 ©C

« Evaporate Ti vapor on the niobium surface

«  Use titanium as “getter” to pick up
Impurities

« Later etch away the titanium

* Doubles the purity

« (RRR ~600 if originally RRR = 300)

NSF Site Visit, June 18-19, 2013
Your Name - Slide 39



Cure-ll : Careful Inspection of Nb Sheets and
Cavity Surface

Defect free material : Quality control
Result of eddy current scanning a Nb disc, dia. 265 mm at DESY

Data - C:1Eigene DateientLultkopf 03.nsx

&
; o &| [Fooawmn = 4]

a0 = [Spur 141 |
"Jl'l—il y ﬁé
[Selection: G4 mms 0.5 mm & -10.7 mm, -46.6 mm | 368 mm, -27.0mm | 2451 miih, A766° | B34 HGiDigt: | 45% M.Im |Ch 1524 |LIN
Global view, rolling marks Real and imaginary part of conductivity at defect, typical Fe
and defect areas can be seen signal
F National Science Foundation A
@ Michigan State University NSCL Spring lecture on Feb 28, 2017

NSCL Saito - Slide 40



Eddy Scanning System at DESY

NSF Site Visit, June 18-19, 2013
Your Name - Slide 41




Cavity Inner Surface Inspection System: KEK

CRT monitor
Magnification x 13

lllﬂ[”l?[h’h;'(

50" 160 170 180 190 200 :

¥ogi ort oot oz on 001 o
o o

Small CCD camera

oo

[
i

hiationdl celencolie NG tion NSCL Spring lecture on Feb 28, 2017
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EBW Defects Limiting Gradient around 20MV/m

Fine grain EP, twin defe
quench 1ZMV/m.

-

oo P . i N W
@)‘ h’“ﬁéﬁgg‘fgg{‘;g;3:;‘8?;“0” NSF Site Visit, June 18-19, 2013
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Visual Surface Inspection used High

Resolution Camera (Kyoto Camera)
DESY/KEK

Cell 5, Quench at 23 MV/m on equator

=

7130 —
-

A T AR
“ hole in the
- equator
‘Squator |
g weld
E X. Singer, DESY
o 3D image, bump and hole up to 200 ym deep

. M . Hoos, Heraeus SEM

X. Singer, DESY

Sv—

Y.

Ken Watanabe A T s s L o ==-naw He@eus|

Kyoto Camera

No foreign material inclusions detected by EDX
22, 2009, 14th Intemationsl Corjimce on RF Superconductivity, Berhr{ Poster - TUPPOQ73 Singer W., Singer X et al “ : é weLunaz

M MIles MCOV Uneb o -
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Cure-lll : High Quality EB-Welding

Better EBW

Defocus & Full penetration beam EhombicR asterbeam

Etching by CP

5 [T [
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|
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15.6 Hydrogen Q-disease

When cavity 1s cooled down slowly, Q 1s remarkably low.

Thermal cycles

after thermal cycles on the 1.5 GHz Cavity

. r 5 A B Sy SR n st e SR, SR
Depends on cooling speed |. ¢ g :T § i i F ; | x
L5 : e
N = = m 4 - € 9
1E10 b= - - — 200pc- b qecbiereipigeiiannn PR EEEEE Fraaeasaeas . :_..
et " my fast _; g 70h : 3
= E nDuD 3 o - LIS [0 W — S WA 4. Ll
' R I : 3
1E9:~%”"‘Kx, £ 5 . - S i
AW T oo § ¥
| ¢ o s oo ;—TU'] : cvehpeoicdpo ... ........ ..j
€s |- 1 . . , o ..a...‘.Uu.i Ual ugUuJﬂ
0 3 6 9 12 15 10 60 120
Eacc (MeV/m) Time (hours)
By end of 1990°s chemical polishing was
mostly used in Europe and north America,
and they did not make hydrogen
degassing by annealing.
- (O
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Dangerous Temperature Region

1 01 1 ‘_— I T T | T T T T | T T T T [ T T T T El
o CEBAF]\;I‘S Anodized 1300A ji
|« CEBAF}{5 Removed anodized film _
- Oxidation produce a mitigation
g Holding time: 24hr / somehow.
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Holding Temperature [K]
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Recovery of Hydrogen Q-disease

'1010_ S v ! O W S O S " VWS B S " ——" o, S —, =
T e s G e s —]
22 oot Koy SO oC 24hrs -
L i x N | {‘ . 4 | recover when warmed
% Ac |
A L e - ._.i»(."’ i o wses 1 |up T > 200K.
U E—— NE—————— N e RS G 4
3 Q A 100K 15hts
'-;. X fﬂr/ ....... . t TSR TR DN O/ F -l
;},;;" A 200K 2Zhrs
' {+ 100K 15k1s ':
b i ” X 150K 2his ~
""" m 100K 15hrs =
{c 125K 2hrts
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Mechanism of Hydrogen Q-disease

Mechanism
and Explanation of Symptons

At room temperature H moves freely,
there is some evidence of surface enrichment

When a cavity is cooled the dissolved hydrogen
precipitates as a hydride phase that has high rf loss
Tc of hydride = 2.8 K, Hc = 60 Oersted

This explains shape of Q vs E curves
of Q-disease cavities

Islands

a) Film

BN AL ATk

7
/9 .
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Hydride Formation

At room temperature the required conc. to form
hydride phases is very high, e.g 4600, 7400 wt ppm

Below 150 K
the required concentration drops to < 10 wt ppm.
C, (at ppm)
101
Hydride
10° L
----- 4 Solid solution
|
10 | |
!
|
|
LI ] |
100 200 300 T(K)
@ u?;ﬁgzlnsé:tlgtneoa ;Sgpscii;tlon NSCL Spring lecture on Feb 28, 2017
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KEK’s Experience against Hydrogen
Q-disease and the Cure

iM%

1 b - T T . T
1 "
N

- KEK battled hydrogen Q-disease
Qo [ oxrmex XU 00k s sk e i with EP’ed cavities.
Reds M did R S LT LT T m.uj " 0o s gyl XX X They took hydrogen degassing at

g

0% | — / . e 710°C for TRISTAN cavities.
; After annealing d No problem happened for the

? ] il TRISTAN cauvities.

08 L + a  #5-1 100 um vertical EP —
Fsu._ ¢+ #5-1 after annealing
| *Mekary 90 goooa + 42 295um holizonal EP
¥ #2 after annealing
lll:]T i L A L 1
0 2 4 6 g8 10

Eacc[MV/m]

Hydrogen Q-disease with electric polished cavity is well known since 1980’s.

-Heat treatment at 710 -750°C (depend on mechanical property) could solve this issue.
*From the present understanding point of view, the pre-cooling (~ 100K) by liquid nitrogen
could make the problem, which was done to save liquid helium.
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15.7 High Field Q-slope

| Electropolshed Nb bulk cavity, No bake S
-Slope

101! NO X-rays |-

10 $>

Not field emission

0 5 10 15 20 25 30 35 40

Eacc[MV/m]
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Baking Effect with EP’ed Cavities

® S-3 cavity : EP, HPR, No bake
4 83 cavity : EP, HPR, Bake(120 °C)

1011

[ 09000 044 .

L A [ )

[ mAALALALL410%000 o,
Asf02e

10" | ° /
r o
[ o
| o

10° |

o 10 20 3 40
Eacc [MV/m]

 EP’d cavities have HFQS but it disappears by baking.

* KEK was routinely making bake to improve the vacuum quality in the cavity

but did not noticed the effect on HFQS.
* DESY found this phenomena.
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Heating Spots Dramatically Disappears by
Baking on EP’ed Cavities
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Baking Effect on CP’ed Cavities

1E+11 -———{Saclay Cavity C118, F = 1300 MHz, T = 1.7 K |F———— Baking effect is. small with the
- - ’ oo chemically polished
[ CZ_ - | Leavities.
- ____| RF limit \
o - — — — J(No Quench)
L4
g —1--]--
W,
1E+10 — fo. @.°.
® NoBaking b —t————J-----F{-J-J8 P
N e R R
4 120°C Baking | | | v 1 11%
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Heating Spots Partially
Disappeared by Baking on BCP’ed

Before Bake Epk =42 MV/m

90 vs Epk

¢ After 1st baking # Before baking After 2nd baking
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Oxygen Diffusion by Baking

500 r— . . . . .
1 . Diffusion time
. Baking Temperature 120°C (in hours)
£ 400 1N [ 0.01 ]
= — 10.10
=
e 300 - = = 1.00 i
8 E
= 2 — 10.00
© £ 200 — 121.00 1
2
T = 200.00
ﬂ. 10“ i ——————
E

0 10 20 30 40 50 60 70 80 90 100
Depth (in nm)

* Baking effect is expected by Oxygen diffusion underneath deeper
and top surface (RF penetration depth) becomes clean.
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15.8 Magnetic Field Enhancement at
Defect Surface

_”99
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Figure 3: A two-dimensional well with round edges. A ::2ozolum
gray region represents a superconductor in the Meissner r,= minir..) = 30 um
state, R is half a width, d(>> R) is a depth of the well E 200
and r, is a round-edge radius. %
o |8
R\ ™= | Zwo
v = Pla) | —
A =P }
N LN
Hy . 0 -t L -
' A | c 0 100 200 300 400 500
R Jf}'a';’io J}x\fuﬁ e Position (um)
B
']"d Figure 7: A pit found at the surface of TOS-02 cavity. (a)

An optical image of the pit [4]. (b) Results of profilometry

Figure 4: A two-dimensional triangular pit with sharp by a laser microscope.

edges. A gray region corresponds to a superconductor in

the Meissner state, ma (0 < a < 1/2) is a slope angle and

R is half a width of the open mouth. Note that a relation

between a depth, d, and half a width of the open mouth, R, NSCL Spring lecture on Feb 28, 2017
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Magnetic Field Enhancement at Grain

Boundary Steps

Normal Conducting region

Bt

Magnetic Field Lines

Magnetic field enhancement (I},)

Maximum magnetic field enhancement (ﬁ"‘ma\}
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25

20

1.0d

20

40

60

Standard BCP Chemistry on niobium :
Shamp boundary edges are chearly visible

This model can not explain baking effect.
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Figure 19: Comparison of the measured cavity quality (Test
C) with that calculated by (25) using H; = 1875 Oe.
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Monograph Effect on Magnetic Field

Enhancement
By C.Antone

CBP is right way to eliminate

the monograph effect !!

J.Knobloch

Normal Conducting region

H /I /I

Flux trapping happens on the steps
perpendicular to the magnetic flux !

Distance from comer (jm) Slope angle (degrees)

(2) (b)
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Homework

= Homework 16.1

* SRF niobium cavity performance Is getting close to
the fundamental limitation, however still multipcating
and field emission are concerned as the current
major performance limitation. In this homework,
explain below.

1) Describe the phenomena of the multipcating.
2) Describe the phenomena of the field emission.

3) Both are happed by similar causes, but they have a
difference. Explain it.

4) Describe cures for these problem.
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