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# of SRF cavities ~16000
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Almost the same technology as ILC

# of 9-cell cavities = 800





Beam-pipe (Nb)

Fabrication of 9-cell Cavity

Center cells (Nb) Dumb-bells (Nb)

End-cells (Nb)

Input-port 
pipe (Nb)

End-Plate (Ti) + Nb ring

HOM coupler (Nb)

End-Plate (Ti) + Nb ring

Flanges (Nb-Ti alloy)
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Beam-pipe (Nb)



Inner Surface Preparation of SC Cavity



Status of Euro-XFEL (E.U.)

Slide by W. Singer / DESY



RI Germany 

DESY Germany 

Transport Solution for  XFEL Cavities

IRFU /CEA France

DESY takes care of installation / dismounting  of cavities into / from test insert 
Transport to CEA in transport boxes as well

Z Italy 

TTC Meeting, Milano, February 28 to March 
3, 2011 

Hans Weise, DESY

RI: 380 cavities / 2 year
Zanon: 380 cavities / 2 year
Total  760 cavities / 2 year 

Slide by H. Weise

SaclayDESY

Acceptance
Vertical RF Test

Cavity Fabrication

String Assembly



Cavity-String Assembly in Clean Room (DESY)

1.3GHz TESLA 9-cell cavity

Assembly in clean room



Saclay (March 2011)

PXFEL 2.1 (DESY >>> Saclay >>> transportation to DESY within a few weeks)

7 March 2011 at Saclay
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1.3 GHz elliptical 9-cell cavity



Pill Box Cavity

L : Inductance

C : Capacitance



Pill Box Cavity



Modes in pill-box cavity



Pill-box cavity  to real cavity



Pill-box cavity  to real cavity



Single-cell cavity



Single-cell cavity



Cell shape design



Example: CEBAF upgrade



CEBAF upgrade cell-shape comparison



Trend in TM-mode cavity design



New advanced shape for ILC
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'91 '00'95 '05'93 '97 '03

High pressuer 
water rinsing

(HPR)

Electropolshing(EP)
 + HPR + 120 OC Bake

New Shape

Chemical Polishing

RF Test of LL single-cell cavity / Eacc = 53.5 MV/m

Press  release
’05 28th Sept. NHK news, “Good morning Japan”
’05 12th Oct. Nikkan Kogyo News
’05 21st Oct. Energy News Weekly
’05 1st  Nov.   Daily Yomiuri
’06 24th Jan. Nihon Keizai News

Eacc = 53.5 MV/m was achieved.
This had been the world record until RE 
single-cell cavity reached beyond. 
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RF test of RE-shape single-cell cavity
fabricated by Cornell Univ.

This cavity reached Eacc > 60 MV/m. I believe this cavity might 
be the world-record holder of highest Eacc. Sorry, I could not 
find the plot, that I, F. Furuta, and K. Saito measured at KEK… 



Multi-cell cavities



Multi-cell cavities



Multi-cell cavities



Pros and cons of Multi-cell cavities



Coupling between cells



Field flatness after pre-tuning of LL 9-cell cavity
π mode frequency  1298.774 MHz

Field flatness = 98 %
(after pre-tuning)

Cell-to-cell coupling is as small as 1.6%, but no problem in pre-tuning.
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Field flatness = 0.1 %
(as delivered to KEK)

Field flatness (min/max)        Freq. target 1298.141 (MHz) @R.T.
Cavity       as delivered / after pre-tuning       as delivered  / after pre-tuning

1st 0.1%       /       98%                        1298.774    /    1298.547

π mode frequency  1298.547 MHz



RF Test of LL 9-cell cavity

Hard barrier around 29 MV/m.
This might be caused by MP at enlarged 
beam-pipe

8th Vertical Test (V.T.)

LL 9-cell 1st Cavity  #0 w/o 
HOM

MP in cell

No Q-disease was found.



Mechanical design



Mechanical design



Mechanical design

These mechanical resonant modes are also closely related to the microphonics.



TESLA design cavities
Operation at 31.5 MV/m

LL 9-cell  cavity

Already fabricated.

STF Phase 1

Operation at high gradient

STF @ KEK

RF Test of LL 9-cell cavity in Cryomodule



I Q measurement by LLRF
(LL 9cell cavity in cryomodule)

Pt
(Transmit power)

(Generator power)
Pg

LL -9-cell cavity

Q of SC RF cavity ~ 10**10. This means the resonant 
frequency of cavity should be controlled within a few Hz 
taking into account the vibration of cavity.



High-power RF Test of LL 9-cell cavity in cryomodule

18 MV/m
Pt (Cavity : transmit power)

Pref (Coupler : reflection power)

Pg (Coupler : forward power)
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Evaluation of Microphonics (LL 9-cell cavity in CM)
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History of Superconductivity 1



Superconductive materials

SC materials in normal crystal condition

SC materials only in special conditions like high pressure, amorphous, etc.
Materials for which SC phase has not been found yet.

Compound materials have also SC phase.       High-temperature superconductivity materials.



• Even if they are metal, alkaline metals and 
good metals with high conductivity are non SC 
materials.

• Even if they are metal,  transition elements 
and Rare Earth Elements (REE) with 
magnetization are non SC materials. 

Non superconductive materials



History of Superconductivity 2 (1/2)

• 1908: H. K. Onnes and Van Der Waals liquefied He for the first 
time in Leiden.

• 1911: H. K. Onnes discovered  superconductivity with Hg at 4.1 K 
in Leiden.

• 1914: H. K. Onnes discovered persistent current in loop 
superconductor.

• 1933: F. W. Meissner discovered Meissner effect.
• 1935: F. W. London and H. London established London equations

which explained Meissner effect.
• 1935 – 37: L. V. Schvinikov, De Haas and Casimir-Jonker

discovered two Hc’s. Later this is called Hc1 and Hc2 of type-II 
superconductor.



History of Superconductivity 2 (2/2)
• 1950: V. L. Ginzburg and L. D. Landau established GL theory, 

introducing thermo-dynamical states in superconductor.
• 1952: A. Abrikosov predicted Type-II superconductor.
• 1953: Pippard introduced Pippard coherent length.
• 1953: SC phase of Nb3Sn was found with Tc = 17 K (at rather 

high temperature). 
• 1957: J. Bardeen, L. N. Cooper, and J. R. Schrieffer established 

BCS theory (microscopic understanding of superconductivity).
• 1961: Nb3Sn was confirmed to be Type-II superconductor.
• 1980’s: High-temperature SC materials were found.



Superconductivity in DC

Decay time of DC superconductive current > 105 years

The perfect conductivity is the first hallmark of superconductivity.
But the superconductivity is not identical to the perfect conductivity.

Persistent DC current

I

http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Meissner_effect_p1390048.jpg
http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Meissner_effect_p1390048.jpg


Perfect conductivity
Tc = Critical temperature



Superconductivity
Tc = Critical temperature

B = μ0H + μ0M = 0
Meissner effect
Perfect diamagnetism



Superconductivity

Normal conducting phaseSuperconducting phase
Meissner state

(A)

(B)

(B)

Superconductivity is the thermodynamic state.
If you give the thermodynamic parameters: T and H, the state is defined exactly. 

External magnetic field

Critical 
magnetic 
field

TemperatureCritical temperature



Thermodynamic properties



Type-I and Type-II superconductors

Type-I Type-II

B = μ0H + μ0M

Perfect diamagnetism

H = External magnetic field
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Empirical expression of Hc(T)

It was found empirically that Hc(T) is quite 
well approximated by a parabolic law.
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BCS theory

Interaction of two electrons via phonon



BCS theory



BCS theory



BCS theory



BCS theory



BCS theory



BCS theory



BCS theory



BCS theory / Surface resistance



BCS theory / Surface resistance



BCS theory / Surface 
resistance

Frequency 
dependence



BCS theory / Surface resistance

The total resistance of SRF Nb cavity at 
around 2 K is not dominated by the BCS 
resistance. 
It is dominated by the residual 
resistance which is caused by impurity 
of Nb material and magnetic flux 
trapping.

At around 4 – 3 K, the total resistance of 
SRF Nb cavity is dominated by BCS 
resistance. The fitting of these data 
gives the band-gap width of Nb material.



BCS theory / Surface resistance



BCS theory / Surface resistance



TESLA 9-cell Cavity
(Iris 70 mm)

1.3 GHz elliptical 9-cell cavity
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Nb Mines in the world
Ore of Nb:
Carbonite

Three largest mines in 
the world:
Araxa’
Catalao
St. Honore

■Nb deposits
★Nb Mines

Catalao

St. 
Honore

Araxa’

Niobium is the 33rd abundant/rich metal 
in the all existing metals in the earth.



Nb Mine

Brasil CBMM, Araxa



Tokyo Denkai



Tokyo Denkai

Nb ingots

Electron Beam Melting (EBM) Furnace and Nb Ingots





Evaporation Pressure of Various Metals

All metals 
evaporate except 

for Nb, W, Ta.

Melting temperature 
of Nb is 2741 K. 

N
b

st
ar

t m
el

tin
g

Temperature (K)

Ev
ap

or
at

in
g 

sp
ee

d 
( g

 / 
cm

2
se

c.
 )



K.Saito Summer Challenge 2007 超伝導用ニオブ
の材料評価
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Sample

4-terminal method
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Tokyo Denkai



Material for four 9-cell cavities

Nb materials for 9-cell cavity

Nb discs

Nb plates

Nb cups and pipes



Nb plate for beam-pipe

Nb disc for half-cell cup

HOM antenna and so on

Nb materials for 9-cell cavity



Cavity 
(9 Zeller)

Endhalbzell-
Endrohr- Einheit

kurz 

Endhalbzell-
Endrohr- Einheit

lang 

Flansch
(Hauptkoppler-

Stutzen)

Flansch
(Endflansch)
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kurze Seite

Rippe RippeAnbindung
(end-kurz-lang) 

Endhalbzelle
kurz 

Antennenflansch
NW 12 

HOM-Koppler
DESY 

End-kurz-lang
Formteil F

Bordscheibe
lange Seite 

Endhalbzelle
lang

Flansch
(end-kurz-lang)

HOM-Koppler
lange Seite

Flansch
(Endflansch)

Antennenstutzen
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Antennenflansch
NW 12 

Formteil F
lang

HOM-Koppler
DESY

End-kurz-lang

Hauptkoppler-
stutzen

Endrohr
kurz

Cavity 
(9 cell TESLA /TTF design)

End group 1 End group 2Hantel

Normalhalb-
Zelle

Normalhalb-
Zelle

Stützring

Nb-Blech
Normalhalelle

Nb-Blech
Normalhalbzelle

Dumb-bell

Overview over Fabrication of 9-cell cavity



Cavity 
(9 Zeller)

Cavity 
(9 Zeller)

Hantel

Normalhalb-
Zelle

Normalhalb-
Zelle

Stützring

Nb-Blech
Normalhalelle

Nb-Blech
Normalhalbzelle

dumb bell

Overview over Fabrication of 9-cell cavity



Fabrication Processes of half-cell



Deep-drawing of half-cell cups

Deep-drawing of Nb half-cell at 2.5 ton 
by a press-machine (80 ton).



Fabrication of LL Cavity at KEK
Pressing Nb plate 56 half-cells were pressed in a few hours



After trimming

Trimming

Trimming

Fabrication of LL Cavity at KEK



EBW assembly of all parts：

Dumbbell = EBW of two cups：

Dumbbell

Production procedure of 9-cell cavity for ILC

Welding of He tank：

89

8 dumbbells are needed for one cavity



Beam-pipe (Nb)

Fabrication of 9-cell Cavity

Center cells (Nb) Dumb-bells (Nb)

End-cells (Nb)

Input-port 
pipe (Nb)

End-Plate (Ti) + Nb ring

HOM coupler (Nb)

End-Plate (Ti) + Nb ring

Flanges (Nb-Ti alloy)

90

Beam-pipe (Nb)



Electron Beam Welding (EBW) machine / KEK

Steigerwald Strahl Technik 

EBW machine : 150 kV, 15kW
Pressure ：below 1×10^-2Pa within 20 min.
Inside material：SUS316L, Volume：10.56 m3

EBO-VIEW

Gun in horizontal 
position

Gun in 
vertical 
position

http://ilc.kek.jp/photos/20110617Di/20110617Di-0057.php
http://ilc.kek.jp/photos/20110617Di/20110617Di-0057.php


Electron Beam Welding (EBW) Machine

Assembly of all Nb parts are done by EBW machine. This is 
because contamination of O2, N2, CO2, etc. degrade the SC 
performance of cavity.

The chamber inside is pumped down to exclude the 
air before the EBW assembly.



Electron Beam Welding (EBW) Machine

Electron Gun Operator



Beam-parameter search with Nb test-pieces.
Oscillation of beam was applied.

Electron Beam Welding (EBW) parameter search



150 kV, 30 mA, 10 mm/s
30mA

28mA

15 deg 180 deg 360
+15+23 deg

Electron Beam Welding (EBW) parameter search

Equator of cell



EBW of Dumbbell
Beam

Dumbbell

Outside, EBW depth = 70%
150kV, 18 mA, 10 mm/s

High electric field at iris.
The inner surface of iris should be 
smooth to avoid field-emission.
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Overview over Fabrication of 9-cell cavity



Fabrication Processes of beam-pipe



Rounding of Beam Pipe from Nb plate



Final rounding

After rounding Fixture for EBW

Rounding of Beam Pipe from Nb plate



Point EBW

After EBW

EBW of Beam Pipe



Centering of Beam Pipe

Oil-pressure 
pump

Centering Die

Nb pipe

Supporting 
structure



• The fabrication methods of beam-pipe are 
depending on the industries.

• Deep-drawing from a Nb plate to a pipe: For 
this process, several deep-drawing processes 
with different dies are needed with annealing 
process inbetween deep-drawing processes. 

• Back-extrusion from a shaped Nb ingot to a 
pipe: Fabrication of Nb plate is skipped in this 
process, but you need a large press machine.

Fabrication Processes of beam-pipe



Beam Pipe

80 phi Nb Beam-pipe (input-coupler) 108 phi Nb Beam-pipe (pickup)



End-group

Nb tube 
for HOM coupler

80 phi Beam Pipe
(Nb model)

108 phi Beam Pipe
(Cu model)

HOM coupler
(Cu model)



End-group



End-plates

ILC LL 9-cell cavity

End-plates / joint to He jacket



HIP bonding

SUS Base-plate

Outer Cap Inner Cap

80 phi 108 phi

End-plates / joint to He jacket



End-group EBW

Beam Beam

108-phi 80-phi

Base-plate 108-phi beam-pipe
+ Inner End-Cap

Base-plate 80-phi beam-pipe
+ Outer End-Cap



Beam

End-group EBW

EBW of SUS Base-plate 

Beam

EBW of 108-phi beam-pipe 



End-group assembled by EBW



1 1 pieces 3 1 piece2 7 pieces

EBW assembly of end-group + dummbells



Good inner surface
(EBW with beam oscillation)

Beam

EBW of two dumbbells

High magnetic field 
at equator.
The inner surface of 
equator should be 
defect-free.



Bad EBW example

EBW of four dumbbells



EBW of six dumbbells

Beam
Six dumbbells



EBW of Center-cells + End-group

Beam

EBW of End-group + Center-cells
EBW completed



Fabrication of LL Cavity at KEK

Beam
EBW of dumbbells

Beam

EBW of end-beam-pipe End-beam-pipes with
HOM and flanges

Beam

EBW of end-beam-pipes 
and cell-part

Delivery of 9-cell LL Cavities



1st, 2nd, 3rd, 4th LL 9-cell cavities 
8

without 
HOM coupler 

with
HOM coupler 

with
HOM coupler 

with
HOM coupler 



Dimensional measurements
Length of the cavities were measured by 3D-measurement machine. 

Dimensional deviation of length (only 9-cell part: 1038.5 mm)
-10 mm (1st 9-cell ICHIRO cavity)

- 0.7 mm (2nd 9-cell ICHIRO cavity)
- 0.1 mm (3rd 9-cell ICHIRO cavity)
- 0.1 mm (4th 9-cell ICHIRO cavity)

With dumbbell tuning

Operator learned how to tune the dumbbells and 
fabrication error became less than 0.1 mm !

Without dumbbell tuning



Side B

Side C

Cell 
Ｎｏ，1

Cell
Ｎｏ，9

Straightness

3-D measurements of 
straightness of cavity
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Pre-tuning for field flatness
Set-up for field profile measurements: a metallic needle is perturbing the rf 
fields while it is pulled through the cavity along its axis; the stored energy in 
each cell is recorded.

Bead-pull method

Metal bead



Filed flatness before/after pre-tuning

π mode frequency  1298.774 MHz

Field flatness = 98 %
(after pre-tuning)
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Field flatness = 0.1 %
(as delivered to KEK)

π mode frequency  1298.547 MHz



Stepping-motor

Line with metal bead

Blades are inserted into the iris

Flange with antenna

Pre-tuning

Blades are inserted into the iris



Metal bead Antenna Pressing the cell by the blades

Pre-tuning
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