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Real SRF Cavity Performance

Ideal performance

Thermal instability
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Hydrogen Q-disease
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Multipacting

7.1 Multipacting

/ electrons

: Resonant electron loadi ng due to secondary
( synchronized electron motion with RF)
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Characteristic: Q-drop at some discrete field levels, X-ray at the levels,
Diagnostics: Temperature mapping & X-ray mapping
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Onset Field of One-point MP

Scale law on RF frequency with the maltipacting levels

e-H
Cyclotron frequency : @ =——
Y quency . @ c-m O
27- T(AP —nth) = e-H(P —nth) n=1 n=2 r’1:3
c-m
1 27-C-m N
T(1P —nth) = — -n.T. =—
( ) f(LP —nth) e-H(P —nth) o f

H(lF; —nth) _ con;tant . n=1,2,3 -+ [OelHz]
RF

Spherical shape suppresses the one
H(1P —nth,[Oe 0.3 : —
Experiment : Onset field ( [Oel) = [Oe/MHZz] | point multipcting.

for [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*) = 390/43.8=8.9 MV/m :

1P-2" order- - - Eacc(1P-2"%) = 4.5 MV/m
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Two-point MP

Two-point multipacting

]
TP —nth)=2n-DT, Q . .
H(2P—nth) constam . =\ — X X X
fRF _ 2]’[—1 2 ll—l, 2, 3 [Of - n:]. n:2 n:3 m
HQ2P —nth[Oe]) 0.6 — ,
Experiment :Onset ficld = t — ce—o
fe[MH  2n—1 L N S
[P ,
Examples ; [ —_ :
508MHz , Hp/Eace=40.6 [Oe/(MV/m)] S - = -

2p-1 "% Hp(2p-1 % x 508 = 304.8 Oe 25t
Eace(2P-1 .8/40.6 =7.5 MV/m |

R[CM]

1300MHz, Hp/Eacc=43.8 [Oe/(MV/m
2P-1 r Hp(2p-1 6 x 1300 =780 Oe

Eacc(2P-1 0/43.8=17.8 MV/m

2P-2 STy . .c(2p-2 I — 5.9 MV/m
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, Disappear of the heating spots
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Processing of Two-point MP

3 A record Iag not time Iag Processed out (21 NIV/m) !
20 ! l Quench !
3 - N J
Eacc=18.3 MV/m
]
-
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L
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Time [minute]
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Multipactin

INn Ichiro Reqgular center Cell

No appeared
after RF processing

|

Multipacting Rekonance in Single W
by Morozumi - —
Be careful for [N
the multipactingiiiEs
10 A ﬁ//
1 ‘ -
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Accelerating Gradient / MV/m
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Simulation of KEK Cavity by INFN Genova

Kenji Saito's K1 cavity | ——téarmaizec veks smoon |
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Figure 5 Surviving electrons versus RF Fields Figure 6 Mean Yield versus field for electron trajectories
- N in the K1 cavity
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Onset Field of Two-Qoint MP
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Cures against MP

1) Cavity shape — Spherical or Elliptical shape
(effective for one point multipacting)

2) 0<1:Cleansurface — Surface preparation

High pressure water rinsing
Argon gas or Helium gas discharge cleaning

- 3 1 | F 1§ I i T ] | l T L] L] I ] I 1 T L §
c o
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7.2 Field Emission

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

So=-7.275 cm

p (cm)
—2.039 0444 2926 5408 7.890 10.372

0 1200 mK

Y N [

-4.504 -2.022 0461 2943 5425 7.907 10.389 12.871 15.354

—4.521

z (cm)
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CEBAF/KEK Cavity _
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T-mapping KEK
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Mechanism of Field Emission

Metal Vacuum Metal Vacuum
x=0 % =0
}R rx
Wlmi.
Work Wilhoul & Work ; Y
Function| Funchion | . "
boe N
s V(X)=-eEXx
Wave function of glectron Y %
“ \ﬁ.
fomi Fermi f\ Wavelrcipn of tunfielling electron
ENergy anergy 4 \‘-\\_ 5, %
et 7 o— S
v \/ v NS
Field A KELEBIZTDONT
PR IVEEMNELLL D,

FoRILEFOED
Fe R RE B (218 INd 5,
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Field Emission Analysis

11 ———— ——— r——
10" BT TR S e e e e ) f v . e g vy e et 2 o e o . ., i,
[ T Indi ealine ||| ] b Xt reference-dfjtedlaledd s e e et e
-t AU Sealing |- © : reassebled in the class 10 cavity assembly area =
‘ 7 : T ! v : reassembled in the class 100 cleanroom area- -
BEERNEEY YR ' ‘ e : reassembled in the vacuum evacuation area
Qo | Q ,-i o8 PEeT e g 1/Qo a : reassembled front of the air conditioner
L2 : Lod 3 L | ] E a .
) BER 2G5
i &
10" B o 101 == BEE ol
§ FE-loading s==i - f' 0
* ¢ reference RN ‘ ! S
© : reassembled in the class 10 cavity assembly area
v : reassembled in the class 100 cleanroom area ' |
e : reassembled in the vacuum evacuation arca S y
) A realsscmbled t'f'ont of the Ealir conditiflmf:r : FE—load|ng
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0 5 10° 110° 1.5 10° 2 10° 2.5 10° 3 10°

Eace [ MV/m ]
Ep*[ MV/m

1 , 2 (1]_ 1 . 2
- =A+B-EgIMV/mI, & o "% (A+B-Ep[MV/mT)

N o) =SB exp(-5—) =5 EpIMV / mI* exp(-

Qo B-Ep

5.46E +4
B-Ep[MV /m]

)
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Field Enhancement Factor 3

Field enhancement factor 3; 50 ~1000
Projection model :

B ~B, B,
g, pAFALRIZ * Tip-on-tip model is @
RKEVLDM? one explanation

* Smooth particles don’t Coniy srtice

emit.
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2E+10

Cornell Study on FE
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Emitter of FE : Particles

20 um

Melted

X 20KV HD:25MHM  S5:108424 P:00006

Emitiers Foune
In Niebium SC Cavites
= Particles - etten melted
CORNELL | Melted
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Introduced Particles

After RF K
No silicon found with EDX

AEC]

.‘\ High E field \( )
- _1

Choke grooves

Intentlonall

20KU HD:25HN 7A907 P:08018

|H1

4,58KX 20KV WD:25MM S:71014 P:00004 Ll |

NS
BoltSlanges

CORNELL

UNTYTERSITY



__ Crater shows Foreign Elements
Crater shows Foreign Elements

‘“""* E SEM Image |
» il of Crater | Nothing with EDX

Auger Image
of Iron

But - With Auger Analysis

Almost all craters show forelgn material

Rt :";%}"5_j;:jl' = Auger Images
of Craters

'''''
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DC Field Emission Study in U.Geneva
and Wuppertal

electron
analyzer
input le

high voltage
35kV

scintillator

mass spectrometer for
residual gas analyss
A— 10N gun

o
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s
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=
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- v \iL-qgate valve
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s, [
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Wuppertal Result

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
60 MV/m

80 MV/m

90 MV/m

High Temp. Annealing is very effective to eliminate FE seeds. 412
DESY $%1400°C annealingZ#f AL TL\5—D D EH,



DC Field Emission Study in Cornell
Y Nb = DO Field Emission

Before spark:

11-13/May/2011 RRMER LI ED R/ —
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C. FA

Before spark:

" What removes C and F?
ge=menaen 10N bombardment

8% There must be gas present
during the arc

414




Difference in RF and DC

RFTlstar bu rstd)?i‘“
AR EICEERIND,

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

RF [ electric and magnetic field D %R % R 2 A8,
DC [EFE &L T electric effectE R 5. A IE. Grain boundary TOIRR I,
magneticDOEYREERICK DR THY. DCTIERHAEL DS, 415




Particulate Contamination produces field emission

DC Field emission study
BEFORE

In Cornell

._ Fe on Carbon

50 MV/m,
225 um gap

Star burst

Carbon |

Particulate contaminations cause field emission.
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High Peak Power Processing: HPP

Temperature Map
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Too Large Molten Region

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

Calculations show that FE current alone cannot
Produce this much melting

Gas is involved...
metal vapor + desorbed surface layers?
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Cornell Model for FE

A 'Concluding Piclure
Field Emission -> Voltage ->
-> Breakdown Emitter Processing

Field amisison ¢

Low Pressure Gas ™

Lightning Inside Cavities Currenl
ingtabilily




Various Surface Defects
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7.3 Thermal Instability : Example in A

TRISTAN SC Cavit
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Surface Defect

AR =55.Q.
R18 R17 R16 R15
+ + s +
/7 <35 mm —>1

Equator 4R=10a

~

EBWseam. [dn-e

dR=35n

JR=150a [BKR26 % 1st grinding

RZB\»\A/ area

R31

Picture of the defect area T-mapping on the defect
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Mechanism of Thermal Instability

(a) T A

Defect

Temperature

o b Tc

11-13/May/2011
K.Saito

Defect

® T A

Temperature
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RRR Dependence of Quench Field

_ [4%(Tc-Th) = (Tc- Th)
Quench Field : Ha=y """ RRR* 4= Rea00K)

- ——rrrrr R ..
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I 5 -
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: g
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| e
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Field Improvement by High RRR Material

Saclay
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Effect of VVarious Scattering Mechanisms on

Electric Resistivity
High purity + Homogeneity

!
Nb High RRR material Vacuum annealing

7+ NANOOHM-cm PER AT. PPM.

6 p.hgnep _ IMPTTIES ‘

| P,:l; - P AR RGNEE]
IS 7

al U 2
w7 7

777/ 7
777 7

187777 7 ,
% ; %Z T b % 10* DISLOCATIONS/&m

L % - %%? " Z%ZZ % / 10 GRAIN B’DRIES/m

L T e Utk
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Cure : Post Purifying of Niobium

Post Purification

T LD

Ti Layer

Vac = 10M -6 torr

. -'--'.'.-.-..-i--.i. .:I:'G‘.b'-é"-v--‘-'-‘.‘.‘.‘U e s e

Nb
Cavity

18he 1L

Oxygen
impurity
atoms

T = 1300 - 1400 C

11-13/May/2011
K.Saito

After cavity or half-cell is produced

 Heat in vacuum furnace to ~ 1350 C

 Evaporate Ti on cavity surface

e Use titanium as getter to capture
Impurities

e Later etch away the titanium

* Doubles the purity

* (RRR ~600 if originally RRR = 300)

DESY H%1400°annealingZ#E AL TL\A
:65_’-) o)ii EE )

RARYEXRFHREPESR/—H 427
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Cure : Inspection of Nb Sheet and Cavity Surface

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

¥ Data - C:\Eigene Dateien\Luftkopl 03.nsx

20 -390 60 -30 0 30 60 30 120 150 180 210 240 270 300 330 360 390 420
i ST T TR T T T Y T O T O I O O N O N O N T N Y N0 T N O O S T Y T O 0 O 0 0 T N T N N |
-T2l —= a :I
-sn-'_g -
': , v -Anzeine - Luftkapf 03 =
B0 &
(3 el sl -
E e . e
o e R i e
5| raseaint TR L i s, :
03 et
30~ e
03 =]
—: ﬂ Q [ 256 Digits/Div j _;|
30— |Spur 141 I
1'.|n_LI o
[Eolectior: B.2mmx 05 mm@ 10,7 mm 266 [365mm, 270mm | 2451 mv7h, 1766° | 538 31GiDigts | 45% [¥.Im [Ch1 1524 |LN
Global view, rolling marks Real and imaginary part of conductivity at defect, typical Fe

and defect areas can be seen signal



Eddy current scanning system DESY

—
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Cavity Inner Surface Inspection System : KEK

———

HB/INBICCDAAS
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Cure : High Quality EB-welding
Better EBW

Etching by CP

u
.4}. w,

Defocus & Full penetration beam R ham bi:R aster beam

[ ; ""v
{ \ i—"a’f
v/ \ +
AT N |
N Inner EBW
F‘//‘{‘
/’
\ /)
\_///
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7.4 Hydrogen Q-Disease

ZERZPKYRHET SHE Q-IENEATHEEL !

Thermal cycles

after thermal cycles on the 1.5 GHz Cavity
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Dangerous Temperature
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Recovery of Hydrogen Q-Disease
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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
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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)
10 F
Hydride
10° L
“““““ Solid solution
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TRISTAN’s Experience and its Cure

After annealing

#5-1 100 um vertical EP J—
#5-1 after annealing 4
#2 295um holizontal EP
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7.5 Q-Slope
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Crutlal Bakmg Effect on EP Cawty
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Small Baking Effect on CP Cavities
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Partially Disappeared Heating Spots by
Baking on CP Cavit

QO vs Epk
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Disappeared Heating Spots by Baking
on EP Cavity
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Oxygen Diffusion
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_oss Mechanism

Interface Tunnel Exchange(ITE Model)

Fig. 1: Nb surface with crack corrosion by oxidation by Nb,Ox
volume expansion (factor 3). Nb,O<,-NbOy weak links/segregates
(y, x < 1) extend up to depths between 0.01 — 1/ 1-10 um for
good — bad Nb quality and weak - strong oxidation [8].
Embedded in the adsorbate layer of H,O/CyHyOH (= 2 nm)
being chemisorbed by hydrogen bonds to NbOy(OH)y,
adsorbate covered dust is found. This dust yields enhanced
field emission (EFE [7]) summarized in Sect. 3. 1.

By J.Halbritter

Nb NbO, Nb,Q,, (x,y<1)

—
T Ec
WA 3 I
J

CH _.‘: EF

/,./ ~ inone RF cycle

Fig. 3: Band structure at Nb-NbOy-Nb,O« interfaces with Ec-
Ey = 0= 0.1 - 1eV as barner heights for tunneling along crys-
tallographic shear planes (~ 0.1 eV) or of Nb,Os.y crystallites (~
I eV). Added is the superconducting energy gap A*(z) < A,
being reduced in NbOy clusters or interfaces and being normal
conducting A* (z;. = 0.5 nm) in localized states of Nb,Osy. By
their volume expansion those clusters locally enhance T#* and A*
> A, in adjacent Nb by the uniaxal strain yielding a smeared
BCS DOS.
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Magnetic Field Enhancement on Sharp Edges
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Monograph effect on Magnetic field
By C.Antone

CBP is right way to eliminate

the monograph effect !!

J.Knobloch

Normal Conducting region

Flux trapping happens on the :
steps perpendicular to the magnetic flux!
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7 Summary
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