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Various Performance Limitations in SRF Cavity

Quench
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Multipacting

Field emission
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enhancement

Qo

Eacc



History of the Understanding of limitations

Stanford University
IHEP

Storage Ring  ‘90~2000
TRISTAN(KEK)

HERA(DESY)
LEP-II(CERN)

1995~
JAERI FEL

Recircular machine
CEBAF(Jlab)

Jlab-FEL

1978~

ATLAS(ANAL)
JAERI TANDEM booster

High current 2000~
KEKB
CESER

High gradient LINACs 1995~
TTF (DESY)

Cornell Uni

1965~1975

1975~1980

1980~1985

Multipacting
T-map

Trajectory

Thermal instability
Simulation

Field emission
Trajectory Hydrogen 

disease

Q-Slope

Ganany Karlsruhe (KFK)
USA Argonne National labs (ANL)

Heavy ion
California Institute of Technology (CLTEC),
State University of New York

DALINAC(Darmatadt)

Solved the vibration issue 2004~
ILC

Magnetic 
field 

enhancement



8.1 Multipacting
Multipacting　 ： Resona nt electron loadi ng due to secondary electrons
                ( synchronized electron motion with RF )

One point multip acting

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

Seriously Limited by 1PM or 2PM

1 point MP



Onset Field of One-point MP
Scale law on RF frequency with the maltipacting levels 
 

Cyclotron frequency : ω =
e ⋅ H
c ⋅ m

 

 

  2π ⋅ f (1P − nth) =
e ⋅ H (1P − nth)

c ⋅ m
,  

T(1P − nth) =
1

f (1P − nth)
=

2π ⋅c ⋅ m
e ⋅ H (1P − nth)

= n ⋅TRF =
n
fRF

 

 
                   
 
                                                  
 
 
 
 
   Example ;  
  1300MHz,  Hp/Eacc = 43.8 [Oe/(MV/m)] 
  1P-1st order・・・HRF(1P-1st) =0.3 x 1300 = 390 Oe 
                 Eacc(1P-1st) = 390/43.8=8.9 MV/m 
  1P-2nd order・・・Eacc(1P-2nd) = 4.5 MV/m 

 
H(1P − nth)

fRF

=
constant

n
,  n=1, 2, 3 ・・・  [Oe/Hz] 

Experiment : Onset field   
H(1P − nth,[Oe])

fRF [MHz]
=

0.3
n

   [Oe/MHz] 
Spherical shape suppresses the one 
point multipcting. 

n=1 n=2 n=3



Two-point MP
Two-point multipacting 
 
            T(2P −nth) = (2n−1)TRF                                                     
    
 
 
 
 
 
 
Examples ;  
508MHz , Hp/Eacc=40.6 [Oe/(MV/m)] 
2P-1st order  Hp(2p-1st) = 0.6 x 508 = 304.8 Oe 
Eacc(2P-1st) = 304.8/40.6 = 7.5 MV/m 
 
 
1300MHz, Hp/Eacc=43.8 [Oe/(MV/m)] 
        2P-1st order  Hp(2p-1st) = 0.6 x 1300 = 780 Oe 
        Eacc(2P-1st) = 780/43.8 = 17.8 MV/m 
 
    2P-2nd order  Eacc(2P-2nd ) = 17.8/3 = 5.9 MV/m 
 

H(2P −nth)
fRF

=
constant

2n −1
, n=1, 2, 3 ・・・ [Oe/Hz] 

Experiment :Onset field   
H(2P −nth,[Oe])

fRF[MHz]
=

0.6
2n−1

    

 

n=1 n=2 n=3



Onset Field of Two-point MP

Hp [Gauss] / f [MHz]

2P − onset =
Hp[Gauss]

f [MHz]
≈

0.6
2n −1

Multipacting keeps RF processing memory effect
up to 200K warm up.



T-mapping of Tow-point MP

KEK

DESY

17.5MV/m

T-mapping at 17.5MV/m

MP      Frozen flux trapping       Warm-up T >Tc

Disappear of the heating spots

Equator



Processing of Two-point MP

A record lag, not time lag



Multipacting in Ichiro Regular center Cell

Multipacting Resonance in Single Cell Cavity
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by Morozumi

Be careful  for
the multipacting



Multipacting Resonance in Single Cell Cavity
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MP simulation in single cell
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Need more concern on the multipacting

by T.Furuta

Experiment

More concern!EP+HPR+Bake



Multipacting  @ enlarged beam pipe

MP @ BP could be overcome by 
EP+Degreasing+HPR.



Multipacting in the END-cell
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Multipacting in HOM Cylinder (Simulation)

Old Design
Multipacting in Old Dampers
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Cures against MP
1)  Cavity shape        Spherical or Elliptical shape
                     (effective for one point multipacting)
2)  δ< 1 : Clean surface     Surface preparation
                        High pressure water rinsing
                        Argon gas or Helium gas discharge cleaning



8.2 Field Emission

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

1200 mK0



T-mapping System
19 sensors at every 10 degree.

Total 648 sensors on outer cavity surface (360x19=684)

Carbon resistor

KEK



T-mapping KEK
KEK, 1300MHz

Carbon is a semiconductor.

Characteristics of T-sensitivity for various material

Carbon grass



Field Emission Mechanism

Metal Vacuum Metal Vacuum

A potential: -eEx is added to the surface barrier potential by applying E-field
The surface barrier becomes thinner with the added potential.
The number of tunneling electrons is increased exponentially with the
thinner barrier potential and lot of electrons are emitted from the surface. 

Surface barrier potential V(x)= -e E x⋅ ⋅



Field Emission Analysis

1
Qo

= A + B ⋅ E p[MV / m ]2 , ∆
1

Qo

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ =

1
Qo (E p

2 )
− (A + B ⋅ E p[MV / m ]2 )

∆
1

QO

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ = S ⋅ E p

1.5 ⋅ exp(−
φ

β ⋅ EP
) = S ⋅ E p[MV / m]1.5 ⋅ exp(−

5.46E + 4
β ⋅ EP [MV / m ]

)

FE-loading

FE-loading



Particulate Contamination produces field emission

DC Field emission study
in Cornell

Intentionally 
put particle

Star burst

Particulate contaminations cause field emission.



Field Enhancement Factor β

Field enhancement factor β ;   50  ∼ 1000
   Projection model :

Why field enchantment is so 
large?

E

E

'E

'E
E

β =



Crater shows Foreign Elements
SEM  Image 
of Crater

Auger 
Image of 
Iron

Nothing with EDX

Auger Images
of Craters



DC Field Emission Study in U.Geneva 
and Wuppertal

Carbon Carbon

Emission Current



Wuppertal Result

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



Difference in RF and DC

RF DC

Emitter sites are observed on grain boundary in RF case, 
that might suggest magnetic field enhancement there: Joule heating mi
Promotes evaporating gas and results in star burst.



Cornell Model for FE



8.3 Thermal Instability
- An Example in A TRISTAN SC Cavity -

π

4/5π

3/5π

2/5π

1/5π

508MHz



Surface Defect 

Picture of the defect area T-mapping on the defect

EBW @ Equator



Mechanism of Thermal Instability



RRR Dependence of Quench Field

Quench Field : Hq=
4κ(Tc - Tb)
rD ⋅ Rs(Tb)

 ∝  RRR
3
4 ⋅

(Tc - Tb)
rD ⋅ Rs(300K )

Defect radius

RRR

Hq~1500Oe, 
Eacc,max ~34MV/m @ 
RRR=135, rD=3µm

Wuppertal

Need to remove 1µm size defects. Use high purity niobium with RRR>200.



Field Improvement by High RRR Material
Saclay



Effect of Various Scattering Mechanisms on 
Electric Resistivity

phonon

High purity           +            
Homogeneity

High RRR material Vacuum annealingNb

iE-Resistivity = (mechanism)
                     = e-phonon scat. + e-imprity scat. + e-inhomogenety scat.+ ⋅ ⋅ ⋅

∑



Cure : Post Purifying of Niobium

After cavity or half-cell is produced
• Heat in vacuum furnace to ~ 1350 C
• Evaporate Ti on cavity surface
• Use titanium as getter to capture 

impurities
• Later etch away the titanium
• Doubles the purity 
• (RRR ~ 600 if originally RRR = 300)



Cure : Inspection of Nb Sheet and Cavity Surface
Defect free material : Quality 
control

Global view, rolling marks
and defect areas can be seen

Real and imaginary part of conductivity at defect, typical Fe 
signal

Result of eddy current scanning a Nb disc, dia. 265 mm at DESY

Iron inclusion



Eddy current scanning system DESY

Nb sheet



Cavity Inner Surface Inspection System : KEK

Small CCD camera

CRT monitor
Magnification ~13

KEK Inner surface inspection system



Cure : High Quality EB-welding
Better EBW



8.4 Hydrogen Q-Disease
Qo-value strongly depends on cooling down speed. 

In 1990, Discovered 
with chemically polished niobium cavity

At those days, all labs in Europe and US 
have been used chemical polishing, 
because it is simple and no needs 
hydrogen degassing annealing. 

Cooling speed dependence



Dangerous Temperature

Anodizing is helpful 
to relax the disease.Holding time: 24hr

Dangerous T-region 120~80K



Recovery of Hydrogen Q-Disease

Warm up to 200K, 
then the disease disappe



Mechanism of Hydrogen Q-disease





Hydrogen Q-disease in electropolished cavity

After annealing

Hydrogen Q-disease is much serious on electropolished cavity 
Hydrogen gas degassing annealing has been routinely used.
In those days, pre-cooling with liquid nitrogen had been used 
and none knew the disease depends on cooling down speed.



8.5 Q-Slope
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Electropolshed Nb bulk cavity, No bake

NO X-rays

Q-Slope

Not FE

Discovered in 1998



Crutial Baking Effect on EP Cavity

109

1010

1011

0 10 20 30 40

S-3 cavity : EP, HPR, No bake 

S-3 cavity : EP, HPR, Bake(120oC)

Qo

Eacc [MV/m]

When took baking, Q-slope disappears in case of electropolished c
KEK has been used baking but it was for to get better vacuum.
They did not notice the baking effect.



Disappeared Heating Spots by Baking 
on EP Cavity
Before Baking

33MV/m

After Baking

39MV/m



Small Baking Effect on CP Cavities

Baking effect on the Q-slope looks small on chemically polished 
polycrystalline cavity.



Partially Disappeared Heating Spots by Baking on CP Cavity

Heating spots are partially disappeared.



Oxygen Diffusion

Baking could defuse the oxygen contamination on the top into the bulk
and the niobium RF penetration surface could be become clean.



Loss Mechanism

in one RF cycle

Interface Tunnel Exchange(ITE Model)
By J.Halbritter



8.6 Magnetic Field Enhancement on Sharp Edges

H

βmH

Why the gradient can not be improved after baking 
chemically polished cavity ?

10µm

4
m

2 (0) (1 )
(0)

C
RF C

HH H tβ
κ
⋅

⋅ ≥ = ⋅ −



W B W B

double contrast

H

H H

W B W B

double contrast
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H HH H
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H

H

H
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W

B

Monograph effect on Magnetic field 
By C.Antone

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

J.Knobloch

CBP is right way to eliminate 
the monograph effect !!



9. Surface Preparation Techniques

9.1 Mechanical Grinding
9.2 Buffered Chemical Polishing (BCP)
9.3 Electropolishing
9.4 Annealing
9.5 High Pressure Rinsing
9.6 Megasonic Rinsing
9.7 Degreasing
9.8 Cleanroom



History of Preparation Technologies

Stanford University
IHEP

Germany 
Karlsruhe
USA ANL

Storage Ring  ‘90~2000
TRISTAN(KEK)

HERA(DESY)
LEP-II(CERN)

1995~
JAERI FEL

Recircular machine
CEBAF(Jlab)

Jlab-FEL

1978~
ATLAS(ANAL)
JAERI Tandem boostor

High current 2000~
KEKB
CESER

Cornell Uni

1965~1970

1980~1985

1975~1980

Application od semiconductor technology
Ultrapure water, Cleanroom

HPR

High purity Nb
Post annealing

High temperature annealing

Horizontal EP

120OC
Baking for BCP cavity

High Gradient
TTF(DESY)

SNS

BCP
EP

Barrel polishing
CBP

120OC

Baking

Tumbling
Nb  coated 

cavity



Various Surface Defects

Surface defects, holes can also 
cause TB

No foreign materials found

Cu

Cracks

Sputter balls

Holes
Inclusion

Foreign materials

Nb on niobium surface

Mechanical grinding is a powerful tool to remove large surface defects.



9.1 Mechanical Grinding

• Very powerful
• High reliable
• Well controlled the surface 

roughness

Used in the TRISTAN @ 
KEK

・All half-cup were buffed.

・Other mechanical grinding for 
welding seams.

Problem with buffing

1) High cost

2) Impossible to completed 
structure

Buffin
g

Buffing TRISTAN 320 half cups. 

MG is very powerful to remove surface defects but remains 
Contamination on the ground surface. 
It is usually used as pre-treatment before chemical preparation.



Contamination by mechanical grinding

Remained grains of grinding material
（Barrel polishing）

Need to make a chemical 
preparation in order to
remove these contamination.



Tumbling or Barrel Polishing(BP) 
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Grinding StoneWater and soap

• Simple 
• Possible to a competed 
structure
• Low cost
Problem in BP
Slow material removal speed 3µm/day

Takes “one week” to remove 
30µm.
Dopes hydrogen in the Nb material

100rpm
Easy for EBW seam at equator

KEK



Confirmation of the BP effectiveness 
as pre-treatment prior to EP

10 9 

10 10 

0 5 10 15 20 25 30 35

K-4; BP 46 µ m, EP10 µm, 800°C*5hr, MSR, HPR
K-8; BP 49 µ m, CP 5 µm, EP 10 µm, 800°C*5hr, HPR
K-9; BP 29 µ m, CP 7 µm, EP 30 µm, 800°C*5hr, HPR
K-12; BP 76 µ m, CP 5 µm, EP 10 µm, 800°C*5hr, HPR 
N-2; BP 103 µ m, EP 10 µm, 770°C*5hr, MSR, HPR

Qo

Eacc [MV/m]

Cavity was annealed after BP.
Why so often limited at 25MV/m?

Confirmed 25MV/m by combination BP+Annealing + EP,
25MV/m was enough high gradient in those days (1995).



Some trials to improve the material removal speed of BP
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No improvement on the removal speed Large removal speed 
but could not good cavity performance

Nomura Plating



Innovation Centrifugal BP (CBP)

メ ディ アの相対的運動方向

メ ディ アにかかる 遠心力

Turning Table

・Rotate cavity on a “rotating 
table”

・Rotation directions are 
opposite   each other

テーブルに乗って空洞
の一点に着目する

Two centrifugal forces are added on the grinding 
t

See the point 
on the rotating table.



Developed CBP Machine 
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CBP Finishing SurfaceCBP Finishing Surface
Large Grain cavity case

Rough stone (rough) : 5 times (4 hour each)
Green stone (medium) : Once
Brown stone (medium): Once
White stone (for final fine finish) : Once 
Totally ~ 200 µm removed @ equator

Very fast removal speed!

Before CBP (equator EBW seam) 

equator

After CBP

Material removal speed: “one week”(BP)            4hr (CBP)

After light CP(10µm)



9.2 Buffered Chemical Polishing (BCP)

HF(46%)：HNO3(60%)：H3PO4
1:1:1 (V/V)

・Simple and A large material removal speed   
(10µm/min @ R.T.)

Problem of BCP: Surface is not so smooth.

Chemical reaction:
6Nb+10HNO3 3Nb2O5+10NO   +5H2O
Nb2O5 +10HF       2NbF5 + 5H2O

6Nb+10HNO3+30HF       6NbF5+10NO  +20H2O

Harmful gas
NO

No reaction with Nb, Mild the  reaction,
Increase viscosity of the acid. 



CEBAF CP & Rinsing

CP acid tank
Cavity is immersed 
in the BCP acid.

Shower for
Rinsing the outer 
cavity surface

Quick rinsing
against the runaway
reaction



Characteristics of BCP
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Typical surface roughness = 2 ~ 5 µm after 100µm CP,
Material removal speed ~ 10µm/min at the room temperature with CP acid 
1:1:1

CP is faster in material removal speed than 
EP.

The finished surface roughness strongly depends on the grain size of the Nb ma



9.3 Electropolishing

Acid:
H2SO4 (>93%): HF(46%)=10:1 V/V

（2 min on＋2 min off $ agitation）X N
Intermitted EP

Chemical reaction:
2Nb + 10HF +2H2O     2H2NbOF5 + 5H2

H2SO4 does not react with Nb, 
which make viscosity in the acid.



EP Finished Surface
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1) The finishing surface roughness depends on that of the initial surface.
2) The finishing roughness becomes smooth exotically with the material remova
3) Grain boundary is not sharp edge as that of BCP case.
4) Easy control of surface roughness.



KEK Early EP (Vertical EP)

H2, HF
Light hydrogen Q-disease

Hydrogen Q-disease

Very hazardous working environment



Innovation of a Horizontal EP

1) Close the EP acid in the EP system to improve the working environment
2) Easy H2 gas evacuation even for multi-cell cavity.
3) Uniform material removal in each cell for multi-cell cavity.
4) Simple control.



Cathode Bag
If no cathode bag

Hydrogen babbles

Hydrogen babble trace on Nb surface

H2

Rotate slowly

Cathode

Cavity



Electrolishing Characteristics with  Nb



Reconsideration of the Current Oscillation 

Ro

Best Finishing

Current oscillation control is not 
right EP condition

KEK



Successfully developed Horizontal EP system
TRISTAN SRF cavity

1300MHz single cell cavity

KEK/Nomura Plating



EP System Flow



EP Control

TRISTAN 508MHz 5-cell cavity,
Continuously EP

Uniform removal in each cell



Cathode extraction after EP：TRISTAN

Nomura Plating



Material Choice for the Reliable EP System
To build a reliable EP, 
material chose in the EP acid line is curtail.

KEK EP system is still working for 20 years.

Only the Teflon is the reliable material
for EP acid line.

Dissolved chemicals into EP acid from Plastic Materials



Contamination Problem from Buffing

SEM Image S Si

FeAlNb

Al, Si, Fe are originated from buffing (TRISTAN)
S is due to decomposition of H2SO4 during EP proce

Sulfur

In the early stage of the TRISTAN mass production, these contami
brought heavy field emission on cavity performance.
The EP system was overhauled once. See next slide.



Sulfur Contamination in EP System

Reduced H2SO4

S precipitated 
on the 
contaminantsTeflon heat exchanger tube 

（Brand-new）
Teflon lining EP acid tank（brand-
new）

EP system
was cleaned up

The contaminated heat 
h

The contaminated EP acid tank



9.4 Annealing

After annealing

Hydrogen doped in niobium material is easily
degassed at 700~800OC. 
This temperature dose not soft the niobium
material.



Annealing Furnace in KEK Machining Center

CavityTitanium box

Support 
Stainless or ceramic

Molybdenum Heater

Radiation shield
1300OC max, 1X10-6 Torr

KEK Machining Center

Ti cover



Large Vacuum furnace for ILC cavity
（KEK Machining Center）

Specification：800OC, ~E-6 Torr, 
Working zone 500φx 3000L



Post Purification (Titanization)
Using Titanium getter effect, Oxygen 
in Nb material can be reduced.

RRR cab be increased by this process.
Problem: Softening of the material

Diffusion Coefficients
O :  0.20exp(-

1.354 ⋅ 104

T
)   cm 2 / sec

C :  0.043exp(-
1.670 ⋅10 4

T
)  cm 2 / sec

N :  0.0085exp(-
1.758 ⋅ 104

T
)   cm 2 / sec

T
-

            O
-

                N
-

             C
-

(o C)     mm / hr     mm / hr     mm / hr
  900        0.4              0.005        0.005
1000        0.6              0.008        0.008
1100        0.9              0.13          0.13
1200        1.2              0.19          0.19
1400        2.0              0.38          0.381400OC annealing with Ti

@ DESY TTF cavity



RRR Improvement by Post Purification

Improved  by a factor 3

P.Kneisel



9.5  High Pressure Water Rinsing (HPR)

Q-slope

TRISTAN rinsing method

HPR rinsing

HPR is a very powerful tool to remove the particle contamination
on niobium cavities.



HPR System at KEK/Nomura Plating
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Nomura Plating



9.6 Megasonic Rinsing
An atractve rinsing method if compact oscillator can be product.



Megasonic Rinsing Effect

HPR rinsing

Mega-sonic
rinsing

Amount of particle 
Contamination is
reduced to 1/5 of HPR



Megasonic rinsing can be an alternative of HPR ?

KEK will start
investigation of Megasonic.



9.7 Degreasing after EP
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Developed @ JLAB, J.Mammosser

Degreasing is very much effective to eliminate contamination !



Multipacting
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Degreasing or H2O2 rinsing is 
effective to suppress MP!



9.8  Cleanroom Technology
HEPA filter (class 100) ULPA filter (class 10)
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Cleanliness



10. Performance Evaluation

10.1 Theory of RF Measurement of SRF 
Cavities

10.2 RF Measurement System
10.3 Cryogenics in the Vertical Test



SRF Cavity Measurement System

Return Gas line

Pumping system



SRF Cavity（Nb/Cu clad cavity)

Variable 
RF Input coupler

Pickup coupler

A SRF cavity hanged vacuum 
evacuation stand.
The cavity vacuum is pinched 
off by a metal valve.



Structure of the Variable RF Input Coupler

Vacuum evacuation port



Theory of Measurement

Pt (t) = Po exp(− ω
QL

t )  
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One-Port Cavity

  

QO ≡
ωU
Ploss

,  

 QL ≡
ωU
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=

ωU

Ploss (1 + Pe
Ploss

)
    (for one port)

       = QO
(1+ β in )

  

β in ≡
Pe

Ploss
=

1 ± Pr
Pin

1 ∓ Pr
Pin

    (over > 1/ under < 1)

Equivalent Circuit model

τ1/

2

Pin

Pr

Measureme
nt

Calculation QL, βin

Calculation
Qo

Judgment from Pr
 QO = (1+ βin ) ⋅QL

Rs =
Γ

Qo



Two-Port Cavity

Ploss
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Q o ≡ ωU
Ploss
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Calculation of Gradient
2

2

   

( )
      =

/1

                                                                           =
 

sh acc eff
loss

eff

loss

sh O
sh loss O loss O loss

eff eff

t t

O loss t t

VR V E d
P

Eacc d
P

R Q
Eacc R P Q P Z Q P

d d

Z Q P
Q P Q P

= = ⋅

⋅

= ⋅ ⋅ = ⋅ ⋅ = ⋅ ⋅

⋅ ⋅

⋅ = ⋅

∵

∵



Cable Correction



Feed Back System

( fC − fSG )
∝  Vout

PLL

Vout ∝  ( fC − fSG )

PLL

fSG fC



Measurement of Surface Resistance

Rs − fit : Rs(T) =
A
T

⋅ exp(−
B
T

) + Rres

                          B =
∆
kB
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High Gradient Measurement: Qo-Eacc curve
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Lhe temperature: P vs. T
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Characteristics of He-II

・LHe makes transition to superfluid state (He-II)
below λ-point. 
・LHe has almost no viscosity in the He-II. 
・He-II has very large thermal conductivity, 
higher 100 than that of cooper at cryogenic temperature.

T-dependence of
the ratio of ρn(normal)/ρs(super)

Temperature [K]

T-dependence of specific heat
Temperature [K]

Specific heat at constant pressure



Influence of residual magnetic field on Surface resistance

2
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               = Rn(300K )⋅
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               = Ro(T, RRR)⋅ Hext

If magnetic field penetrated the Nb cavity in the cryogeni
temperature, it is trapped in the niobium and makes norm
conducting area.

T> TC, H < HC T< TC, H < HC



HC2 vs. RRR
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RRR vs. Residual resistance due to magnetic field
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