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1.1 Superconductivity

19933 by Meissner and Ochsenfeld (experiment)

1911 by K.Onnes 1935 Prenomenological theory by F.and H.London
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Microscopic Theory

Two electrons having opposite spin and momentum get an attractive interactior
through lattice/electron interaction.

Attractive interaction through lattice V
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1950 by Reynolds and Maxwell H. oM ;
Electron with down spin BCS theory >

1957 by Bardeen, Cooper, and Schrieffer



Two Types of superconductor

1937 by Schubnikov (experiment), 1957 Abrikosov (theory)
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Vortex state

Flux quantization, 1961 by Deaver and Fairbank
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Observed by Iron powder

Figure 19 Triangular |llln. fﬂu.w'u]s llmugl 1 top surface of a superconducting eylinder, The

potnf xit of the flux lin 1 with fine tic particles. The electron micro-
scope image is at @ magnil I"ralwnol'm by U. Essmann and H. Triuble.

A, : London penetration depth

Depth of penetration of the magnetic field
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Critical magnetic field measurement
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Example of demagnetization curve on Niobium
(NingXia, Large Grain RRR=340)
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Abrikosov’s Theory for Type-I1I
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T-dependence of H-,, H, H,
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T-dependence of K with Lab material
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Attempt for RF Field limitation model

VZYIT: | SUPErconauctor ertective field strength
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1) Hp=1750%100 Oe with Nb cavity> Eacc ~ 40MV/m
2) The SRF technology is meeting the theoretical limit.

K_.Saito 3) Nb;Sn cavity has a very larger k(0), therefore the critical field |
so small.




Checking of the model for other materials

The model looks good for the type-1I material cavity !
e
! —@ -Hcr Nb-cornell ]
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What material is best ?

Material point of view:
- Smaller heat loading for refrigerator == Higher T
- High gradient
Hrr>Hc®", then normal conducting

H
H1§F =1/§- =, k:G - L parameter
K

The material with higher Hc and smaller k-value
If Hc is high enough, Type-I material is better because of
the smaller k-value.

- Good formability

Materials Tec [K] | He, Hcl | Type | Fabrication
[Gauss]

Pb 7.2 803 | Electroplating

Nb 9.25 1900, 1700 |II Deep drawing, film

Nb3Sn 18.2 5350, 300 |II Film

MgB2 39 4290, 300 |II Film

Niobium has higher Tc, Hc and enough formability.

Now, niobium is widely used for RF sc cavity production.
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1.2 Surface Impedance of SRF Cavity
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Normal Conducting Case

Maxwell Equations for conductor (g, u, p =0)

V.-B=0, VxE + oH _ EXD=E, (X0 +E (X,
g o H(X,t)=H,(X,t) + H (X,t)
V-D=0,VxH - ¢ 8_E _ 5B =0 From Maxwell Equation,
ot (’9ﬁ w
J=0oE (Ohm's Law) ~ =0, E,(x,t)=E,(0)-e

For the transvers,

Plane wave : E (%,t) = E (0)- exp(ik - X - wt)

. 1 -
H, (x.t) = —[kxE (X.0)]
UD
E t
[k — (suw’ +iuwo) ] (XD =0
. H (X,t)
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Normal Conducting Case, continued

k* - (suw’ +iuwo) =0,

k=a+1p,
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Surface resistance in superconductor (Two Fluid

mod I% . oy
General equationm “* - q(E+ vxB)-mvv

TwWO-fluid model by Gorter and Casimir in
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Surface resistance in superconductor
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Example of the Surface Resistance of SRF niobium cavity

10°
S0y 1300MHz, niobium
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-------- R = (1.259E-4/T) exp(-18.008/T)
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Well fits to the theoretical prediction
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BCS Surface Resistance at 4.25 and 2K
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Surface Resistance [Q2]

_Why minimum around /~ 300 A

107 2 5 e e
— Two fluid model 4.25K
---- BCS; Diffuse ref. 4.25K 1300MHz :
— - BCS; Specular ref. 4.25K J Strange behaVIOr on
Niobium ’ mean fredpath( )
10° yid
Two fluid model /
/ .« .
! Y R, minimum
10 . '*\,‘\ ! , ] :_‘_, - ’—:_,__‘--- -.
S SN - @ €N300 A
107
10° 10' 10° 10° 10* 10°

Mean free path : 1 [A]

London penetration depth A: A({)=A,__ - |1+ %,

N | W

3
R, (TF model) «c (1+i)2-€, /<<1, Rg > 5 :
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Surface heating in SRF cavity

What happens when microwave is input a cavity?
Metal-Liquid

Metal surface interface
Heating at —
defects Niobium bulk
v Ny [afE— G}
Superconductivit
- : o ‘[ I Thermal conductivity
tivit
\ T | Thermal conductivity LHe (He-1I)
Heating mechanism N
N — Temperature AN
Ploss TB
Js: surface current
Kapitua
resistance
Microwave ||~
Skin depth
Mechanism of > —

field limitation \
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Thermal conductivity
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Thermal conductivity comparison

with NC and SC

600 ! . |
~O~K (T)=2604.6exp(-15.339/T)+21.345
SC
500
XK (T)=51.291T+14.536
400 }é{xw{;‘%@@(
RRR=218 x
XX o
300 O
REX Q)
e O
200 MX% @@30
X Q)
X ©)
100 ool ook
oS
0}
0 007
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T[K]

K.Saito
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A
— =15.339
kB

U
2A  2x15339
kgT. kg9.25
2A =3.317kgT,

BCS theory
2A =3.52kgT,
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Calculation of thermal conductivity
based on Quantum mechanics

-1 -1
_ | __P295K ) 1 1
Ks(H=RW L-RRR.TM{ } J{D- xp(y)~T2+BIT3l\
/ f

e-impurities scatt. e- phonons scatt. lattice- phonnons scatt. lattice - grain boundaries scatt.
L=2.05E -8, RRR =200, pyosk =14.5E -8 Om, a=752E -7

y=a 1%, a =153, T, =9.25K, T < 06T,
T

D =427E -3, B =434E3, | =50pm . 3 e
y2 0.01 %QA
2R (-y)+2yln(l+e Vy+—— ¥
R(y) — Kes — (1 +ey) i? 0.001
- - 9
Ken 2F (0)
N 0.0001
Z ey = (0,87222 * exp(-0.95932%x)
F(-v)= ["——— (g7 s Tt
h (-Y) Iol+ez+y o LT PP T L
-y
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Calculated x (T)

1000 e—errrrrerm ]
-----RRR=100
RRR=200
— 100 L —--RRR=300 et
Z " E-|- - -RRR=400 : E
e 10 E =Lis T/ - =27 & |
-é) 7 - =
z ST
E 1 E ,’,‘ /,/"’ E
E 7
) y) A
= 0.1 7
= V1 E A E|
§ i/
Y. )
= /4G
=~0.01 E 4 5
0.001

0.5 1 1.5 2 2.5 3 3.5 4 4.5

T : Temperature [K]

Thermal conductivity of niobium in superconductivity @ 2K is 1/15 that of stainless at R.T.
(15W/(m+K)) and 1/6800 of pure cooper at 4.2K




Linear relationship between x__ (2K, 4.25K) and RRR

200
--@--1¢(4.25K)=0.571+0.274*RRR -

150 —&— «(2K)=0.0484+0.00818*RRR
3 o
E 100 e
E X
! - ""

50 LN

@
I",
0 k= _ -
0 100 200 300 400 500 600
RRR
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Effect of Various Scattering Mechanisms on
Electric Resistivity

High purity +
Homd heneitv ﬁ
Nb High RRR material Vacuum annealing
2L NANOOHM-cm PER AT. PPM.
& phonon IMPURITIES
d VACANCIES OR INTERSTITIALS
s 1 > / (e.q. RADIATION DAMAGE)
Pi(T) ? o . ,7
N W77 7
A Vi %
IR 77 %
N /
: /) ] , ,
2 ? f?/// o ? 10* DISLOCATIONS/&m
| j; H ///%? Zr 77 ? / |0 GRAIN B'DRIES/tm
0 U e w0 Vs
SNZNY 7% 77?79/?4”4 N Vi
E-Resistivity = Z (mechanism),
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RRR measurement

Very simple measurement!!

_ N300k RRR,is [ihearly proportional to thermal
RRR = ——- conduclnvﬁy. y Prop

9.5K
2 Resistance at justover Te —

1A J— Normal

High sensitive 'I 1175 | | Super '
V recorder =1 i
gl L L—E | Hed
-_il_il_"il |l

e ‘i 2l o = hl-:f

Aluminum block

Niobium sample
100L x 2.5T x 5W




History of RRR improvement in a Nb production Company

600
Vacuum pump increased
from 50,000 L/sec to 80,000 L/s
500 AN
400 \\
300 300kW E]ivIF Installe B
200 .
EB power increased
from 300kW to 400k
100 Y
Maximum RRR
M Titanification
O |
1980 1985 2000 2005 2010

1990Yea%995
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2. Niobium Material

2.1 Niobium Mien
2.2 High Purity Niobium Production
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2.1 Niobium Miens

T e e Niobium mine:Carbonatite
e e I g“iff - e
& . =Y
gt ) /7 {:“‘“;1 Big three mines in the world
[ rff'--xb (J % | Brazil : Araxa' (7 5 ¥ )
\{\. : ), . "N Catalao (AR5 )
K Y f’ Ve /
| AN ¢ | Canada : St.Honore
i .I? "y J 'J Wy R_) Lo Ff
! f““"/ A SO \F) b, ($> %/ L)
“-"T‘* n ‘«.___ﬂ_._H_ L !
f | - \‘ " !fr ll\—ﬁ Qf ﬁ:‘.‘e.“
I'I]l- ll I} ) .l_.l: l- Taaa
e lataldas " ' vom / ;’jH r_f” M-\
(hBEZ: /)i j_,qraxa 1" :;’f' ! ]L—’"F' ,"'
) J (75o+) ’ R §
v rooA
§

B1 HRO=_A 7 (m)
FoFTHEEAEETSEER
BLIL ()

R Vol 72 (2002) No.3

K.Saito

Niobium is 3371 abundant metal element in the earth.
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A Niobium Mien
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Nb Ore
Pyrochlore

— Crashing ——

Aluminum Termitt Reduction

ATR

Concentration
Float-selection

@

g Bumlng @ 700,1100°C
(Evaporate S) \

\%9

Meltlng /
(Isolation)
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CBMM Nb Production Facilities

By A.Ono, CBMM

38
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Aluminum Termitte Reductio:

Nb Ore  After concentrated (55%) Pellets Fero-niobium

m_J---r

Lal‘gﬁ.sgﬂ‘ ain Nb IHgOt ILC 2nd Summer School Lecture 39
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2.1 High Purity Nb production

1. Mother Material 5. Cutting 9. Annealing
- ; 720°C x 120min
S——"] | TELEDYNE WAH CHANG ===> Forging
ALBANY < 1E-5 Torr
Nb Nb Grade 1 powder Test Piece
POWd er -60 +200 Mesh > RRR,X-R&Y, ICP

- Base plate:
Use for next Ingot

2. Pressing 6. Forging 10. Rolling

N

3.

Size:

Weight:

4.0xwxL[mm]
Cold Forging

65x80x380 [mm]
This process is

done at another
company.

12.5Kg / block

EB Melting(1st) 7. Mechanical 11. Cutting
grinding
The material is 4.0 xWxL [mm]
supplied from Remove a scale
Side bar feeder. 35x 195 x L [mm]
5. EB Meltin .
(2nd 3rdg)] 8. Rolling 12. Polishing

s g

supplied from
electrode.

14 xwxL [mm]
The material is
Emery Paper
——

vote

13. Chemical Polishing

HF:HNO;:H3PO,,

=1:1:1

14 Annealing

720°C x 120 min
< 1E-5 Torr

15. Testing

Hardness
Gas content
RRR

Grain size
Tensile test

16. Packing

Tokyo Denkai
By H.Umezaw;x

A




Original material for high pure niobium

Tokyo Denkai

Wnported Niobjum

Original imported Ingots

ILC 2nd Summer School Lecture
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Electron Beam Melting

First melting

Electron Electron

Gun Gun
Electron Nb Powder block
Beam Nb Molten pool
Feedstock
Multi- g
Molt -
oten melting
Pool —_.- e ol
Water
Couled
Crumhle

Ingnt




EBM furnace and Nb Ingots

400kW EBM Tokyo Denkai

b Ingots after mult| melte

K.Saito ILC 2nd Summer School Lecture 43
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Vapor Presser for various metals

]:.Ell-: . : ] — T
[ . «
] Melting point T Evaporated easily
102l for Nb: 2741K - except for Nb,W,Ta
0 | |
- 10°¢
24
I
ﬁm'%
fikE
Mn i
10—-1._ ~ :
: Vil .P'/E L . j
1000 1500 2000 2500 3000 3500 4000

Temperature |K]
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Keys for High purity Nb Ingot production

L MIGKYGIDENKA W Effect of the multi-
418043 melting
1.2E-04 ¢ — H230¢37— 250 ettty
E E 230453 0 /“/./
1.0E-04 5
*n . 3 /
BOE0G—%—— oo B by 4 =150 G
. ¢ n B . =
6.0E-06— M ‘: - ; ‘—'-— - — 100
¢ o0 1
4.0E-0 ‘—;’,‘—" M 50
20RO Effect of the o !
0.0E+08 ' ' : VactHn ! : . -3 : ! ° °
150 170 190 210 230 250 270 290 310 330 Meltlng times
RRF 350 230¢ ingot 3 times meltiRg
180¢ ingot 5 times melting RRR=300
300 | Ingot diameter effect | o .
0o ° A
Three keys: 250 & o 3rd1804)
: i Au 4 % A = 1st 2304
1) High Vacuum, 200 N / 4 2nd 230
: . A |
2) 2) Multi-melting, 150 - / DA
100 f
* 5th 2304
3) IS—S'F aeCrenOIten pOOI 50 o // Build more 30,000
(Large Ingot diameter) | ° | |
SToaro— - TCCZIraSummer 861001 Le% c 40 80 ]ﬁo -I 20

Note Numb%? of In¢



80
70
60
50
40
30
20

Gas cncentration [ppm]

10

K.Saito

Impurities

o
\ & C
\ =0
\ N
- X H
E N
T m
o
X A
50 100 150 200 250 300
RRR
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Gas analysis in niobium

Tokyo Denkal x N | N jﬁ

Case of N

Sample Flow

COz Nz, Hz
high-temperaturg
CO/Nz,H2 O aperaLy CO2NOzH:0  COzNzH0 R CO
; oxidizing reagery i s I e m 0 \V/ e 2
| |
1 I
1 )
L} } I / H: detector
TR : : (TCD]
h R e p— 1 o separation sl
camer E gy o oA P T Pl F20
H e gas @ :: i i g i 237 £ ".t ’ & * > .5::;;___ . oolurnnl_ - ‘.-':_:.-fr_r.i-— I“i'r ?‘i
p =l : ) (A 4 f*T“. . WTT— i
“ dust fiter 3 coexisisting gas : S S | oe=== ! flow rate -
. omponcalon.  gpech, S | oo | } coner
grap_rglte mechanism oxidizing | | 155 I- ______
e | e e
[ 1 L

@ linechangeover (manual)
@ linechangeover (automatic/manual) NzHz

showseitnggus. el Thermal conductivity Meas.

&
F

Gas analysis (Hydrogen, Oxygen, Nitrogen) : HORIBA



Regression Analysis Result

Umezawa’s result.

O N H C Ta 1

RRR 5800 2273 16322 8911 604690 1249

K.K.Schulze: J. Metals, 33(1981), 33-41

1 O N H C Ta

RRR 5000 3900 1550 4100 550000

K.Saito ILC 2nd Summer School Lecture 48
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Correlation between theoretical RRR and measured RRR

Correlation of Measured and Calculated RRR
400
350 N /|
L 4
/
300 $ . *
4
250 L2 2
200
150
100
S0 I O N H C Ta OTHE
RRR580022731632T2891 1604690 1249
0
0 50 100 150 200 250 300 350 400
K.Saito 49
RRR_Maesured




Rolling

Tokyo Denkal

Cleanroom

Intermediate rollino

K.Saito

ILC 2nd Summer Scho
Note

Careful control against
dust

ol Lecture 50



Vacuum annealing system

Tokyo Denkai
1400°C Max,
~1x10° Torr
Effective working zone
1000¢ x 1800L
Ta heater

.......

K.Saito ILC 2nd Summer School Lecture 51
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Metallurgy of Nb

Remained roll rolled structure

Well annealed None annealed

K.Saito ILC 2nd Summer School Lecture 52
Note



Hv, Elongation (%)

Annealing Temp. and Mechanical Properties

100 RRR~120 . . 30 .5 RRR~120 ; :
‘| o Hv O Tensile
' X Elongation o5 \ X 0.2% Yield
80 ~10° Torr | | 9 ~1x10 ®Torr | |
£ \\8\ Q -
P _54\3) g 15 N X b - 0
2 % h > =% -
40 B N S~
Pie S @ 10 N R ;
(S N ~X o
< ¥ ~-
20 g I SR < 8 5 S 5
+7 <«—Recrystalization, T
7 1 :
é ; 0
0600 650 700 750 800 850 900 600 650 700 750 800 850
Anneal Temperature {C] Anneal Temperaturé(]
Re-crystallization Temperature : 680 ~ 780°C
Vacuum Pressure : ~10° Torr
K.Saito ILC 2nd Summer School Lecture 53
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High Pure Niobium Sheets

Tokyo Denkai

er School Lecture 54



Improvement of RRR at Tokyo Denkai

600
Vacuum pump increased
from 50,000 L/sec to 80,000 L/sec
500 N
400 = \\
300 300kW EBiIF Installed D
200 .
EB power increased
from 300kW to 400kW
100 y
Maximum RRR
0 M Titanification
1980 1985 1990 1995 2000 2005 2010
Year

AxerIun

v



Other metal analysis :1ICP-OES Analysis

sosTe Isoitarqe

1il2 Juqin0
osts(d O =
gnis1)
smesld ey
Jil2 1wqnl

sosTw 2 Isohsedqe

loeizA
gribg1D

Tokyo Denka

1 Summer School Lecture 56
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RRR measurement

R Measurement Vacuum Metal lurgical Co.,Ltd.

Date  :88-12-08 15:13 Sample:1.Nb~240-3 3.Nb—-254-3
Test—1D:88/12/08 2.Nb—-240-4 4.Nb-255-4

3.00 e P : .

E-05| ' | _ S(11:3.00E-5 Qem

A(1):12.5000 mm?

TOkyO Denkai - ----i—-—- = R e . L(1): 80.0 mm

RRR(1): B85.3

foeie o ) | ' 1 L 1] S(2):3.00E=5 Qcm
= f [l A(2):12.5000 mm?
S ' - | L(2): 80.0 mm
Q =3 —— | S T S -1 RRR(2): B85.0

& | . | | S(3):3.00E-5 Qcm
= — . - - U T SN . | A(3):12.5000 mm?

L(3): B80.0 mm
BRR(3): B82.5

1.50, | =
DE-05| . S(4):3.00E-5 Qcm
T - ; | A(4):12.5000 mm?
o ! = Il Lt4)ys 80.0 mm
o ! : | RRR(4): 101.3
2 ; .
UJ |
o T 1
. i |
| | 7 | | ' [ 1 | 1]
[ E l ] | RRAR
, (293. 0/10K)
0. 00 —/T/_ [ A . | L \
K. Saito E+00 L I 1 L ) N S T S | O L 1.
0 100 200 300

Temperature (K]



Tokyo Denkai

Tensile Test Machine

L., i -
3 | |
1 : L 1
¢ | |

o |
o ] |

|

|
............. ; | : boamass]
1
| |

................. IO - B i
B

i b Kl et EH
—-_.__- | 1
....... 1---|.------l-.....| BRS i . & 4 |
z = = = d
...................... | -
...................... | - k -1
I ] | |
arh | 1] Oce ol ==y [SL ] L ¥t =]

TEH ~EGQHI ==}



Material R&D for ILC
Large grain niobium cavity R&D in Jlab

Large Grain TESLA Cavity Shape SC, WC_Heraeus Nb

¢ T=2K after 120C 12h bake
m T=2K after 600C 10h heat treatment

1.00E+11
| Test #2baked
POR 4 2 L X X L XY o0 : ‘
EE g mH g g 00..".
*
‘ L ®e ® e . "
1.00E+10 - -
° ]
(@4 | |
|
y Quench
1,00E+09 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35

Eace [MV/M]

Large grain Nb sheet production can bring a cost down.
BCP could produce 35MV/m gradient and it brings further cost down.




Single Crystal / Large Grain Nb Production

Fabrication process of Nb sheets for

Superconducting Cavities
Tokye Denkai Co., Ltd.

H.Umezamwa

1. Mother Material 5. EB HMelting
{(2nd, 3rd)

16. Packing

|r.|+. |

A large cost reduction is expected !

1111V UVIIUUL L VLV tuUL Y uJ

Note




3. SRF RF Cavity Design

3.1 Single Cell Cavity Design
3.2 Criteria General for Cavity Shape
3.3 Criteria for Multi-cell Structures

K.Saito ILC 2nd Summer School Lecture 61
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What is RF cavity ?

Principle of RF acceleration

TM-mode : Ez#0, Bz=0, frequency: f
TMg10 - mode, n-mode, Standing Wave
V(electron velocity)—C(light velocity)
L(cell length) =A/2 ; AM(wave length)=C/f
If the velocity is low like protons,
B=V/C <1, then L=pA/2

. . L | 5 : |
RF Cavity: accelerates charged particles L . m'odc ‘ '
by the electric field

synchronized with RF frequency. /\ /
0 / \/

K.Saito ILC 2nd Summer School Lecture 62
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Equivalent circuit

T i Pill Box Cavity
& i
| =
| ‘ L
S ! & —'
| I '
; R
#*"J‘—‘Mj\f\(*_‘“_‘__‘ C R [~ C '_—_‘“—-\
R — \._,___________,._./
|
do di
| ———%, Q=CV, V=L—+RlI
gt 0 O dt

2
v +(—Rjd—v +(Lj =0, V(t)=Vyexp(—a +im)t " :
gt \L)dt "\Lc Q-value of the circuit

) i R 1
(o +i0)? +(-a +|m)(—Lj+(E)=O, 0=o _storee@nergy C o P — i
R, 1 R powelosd sec dp dt R
o=, O =—-——=
2L LC 42 ()
1 1 — —
R<<L, 0if=—= f= 200
O~ LC 2m4LC
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K.Sait

A

Simple Circuit Model of RF Cavity
- Oscillation in the LCR Circuit -

oc exp(—
ﬂﬁﬁﬁﬁw&

2y
e

L

SN N SN

WUUUUUUUV

——

TS T

Pt P e

(L)

(a) The damped sinusoi-
dal oscillation of voltage in the RLC
circuit.

(b)) A portion of (¢) with the time
scale expanded and the graph of the
current I included.

(¢) The periodic transfer of en-
ergy trom electric field to magnetic
field, and back again. Each picture
represents the condition at times
marked by the corresponding num-
ber in (H).
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Electro-magnetic field in a waveguide

Maxwell equations in a waveguide

VxE=iZB, V-B=0, VxB=—iugZE, V-E=0, p=0, j=0
C C I:__Ei- :'!jm_‘\
2 — .ir
E ;
(Vz + ,Ug%j {_} — 0, %— —————————————— -l;-———>—z
C B = o R =

—

E(X,Y,z,t) = E(X, y)exp(fikz —1at), k: wavevector,
B(X, y,X,1) = B(X, y) exp(£ikz —Iat),

JER A

2 2
V2t (gu K _v-2
C

52

B

N

E=E,e, +E,, B=B,e, +B,

B, = 1 {Vt(aszﬂgygesztE
(glua)_kzj 0z C
C2
E = 1 {Vt(aEzj—iQezxvth}
W kzj oz c

]

65




TM- mode Assign

TM- B, =0,E;,#0 == Can accelerate beam
mode : o Beam

B, = ¢ [erVth]a

Solve the eigenvalue problem,
{VfEZ +(gU—— kz)} E, =0, = get k and Ez

Boundary conditionEzl s=0 (-- pnxE =0 onthesurface of perfect conducto
B
%|S=O(-.- n-B=0 Onthesurface,

K.Saito but automaticallycsatistiad by the TRode conditien)
Note



TE-mode Assign

TE-mode: E,=0,B,% 0 ==) JelaNglelf-Tofol=I (ST 11!
)

o — oB
B, = wzc Vt(azzja
(gﬂ—z—kz)
C
o)
_I_
E, = ¢ e,xV,B,,

t a)z
C
0)2
{vfsz +(5,u—2—k2)} B, =0,
C

Boundary conditionEJs=0 ( -- nxE =0 on the surface of perfect conductor

but automatically satisfied by thendHe condition)
B
h|5=0(-,- n-B =0 on the surface)
an

K.Saito ILC 2nd Summer School Lecture 67
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Eigevalue problem

v(X,Y)=E;(X,y) for TM- mode or B,(X,Y) for TE- mode
G,[ZJrYZ)V =0, \II|S=O(forTM - mode) or %W|S=O(forTE - mode)
72=8um_2— k2> 0

2

From t(ﬁe boundary condition,
2 2
Y =vr,¥v=vyi A=12,")
2
2 o 2
s R

Ifo <c % , then k, is an imaginal number. The wave is damped in the waveguic

®) =C % ---cutoff frequency

When o > 0, , wave numberk, is a real number,
then thé¥ave can propagate ifto théwaverird éecture 68

Note



. IM-mode in a Pill Box Cavity

E(X,Y,z,t) =E(X, Y)exp(ikz —iwt)

When shorted at z =0 and z = d, then the wave makes a standing wave.
o E(X,Y,2,t) =[A(X, y)cos(kz) + B(X, y) sin(kz) | exp(—iot)

If the cavity is made from perfect conductor, E, =0 at z=0 and d.

- E(X,Y,2)=B(X, y)sin(kz) and sin(kd)=0=kd = pz(p=0,1,2,--- ) =k = Pz

d
E,(X,Y,2)=¥(X,¥,2)e, =[A,(X,y)cos(kz) + B, (X, y)sin(kz) e,
E.(X,y,2,)= 12 V., (88‘1’), and the boundary condition: E, =0 at z =0.
y : s Z

— ¥ =B, (x, y)cos(kz) = B, (x, y) cos(PZ 2)
d —

)
g

:
/

¢ d
P e R ‘>‘<>K
or ror r-oé6 X Y

Now one can solve the eigenvalue problem.

(Vt2+)/2)‘1’20, )/zzgyi)—j—kz:gywz (ET d

Cylindorical cordinate (r,0,z), ¥ — ¥=B,(r,0)

(Vf+;/2)\11:£ o + li+ 1 ij\}’+7/2\}’=0

W(r, H.SaR¢r) - ©(6) ILC 2nd Sumn;Ier School ___.___
ote



FORO L T RO a1 200)
or R(r) or O@) 06
1 0’01)
0O 0
O is for a single-value function at =0 ~ 2.
pP=Ir,

2 2
OR +i@+(l—m—2)R = 0= R:mthBesselfunction(J,,)

’p pop P
For no divergence at p=0= R(p)=J,.(p0)

m’> = 0(8) = ©, exp(ximd),m=0,1,2,--

Boundary condition: E,(r,f)=0atr=a=J (ya)=0= ya= p, , : nthsolution of J

,Om N n=1 n=2 n=3

m=0 | p,, =2.405 | p,,=5.520 | p,,=8.654

m=1 | p,=3832| p,=7.016 |p,=10.173

m=2 | p, =5.136 | p,,=8417 |p,; =11.620

= Prn thus w(r,0) = 3_(Ene
a a

Resonance frequency (TM,, | , —mode)

7/m,n ) r) ) eXp(ilmg)a

2 2
C Prmn P~
K@miﬁ) = — + —H-€2nd Summer School Lecture
N, P [ 2 W)
6‘,Ll a d Note



For E, and B, calculate

. W
isu —
B, = 2C [eszth],
@ 2
C
1 OE,
) 5 0z
C
™, , —mode
E. =E, cos(kz)d (™ ryexp(~imé), B, =0
a
' E me,
E, :Mcos( Pz Z) Ny () exp(—im@), B, = Hm.n.p cos(kz)J ( P ) exp(—imo)
Y, p d op
IE,cuw
E, = Ezompﬁ cos( Z)J ('0mn ryexp(—im@), B, =— Am.n.p cos(kz) exp(—=imo) Dy (0)
m,n,pdC 7m,n,p ap
K.Saito ILC 2nd Summer School Lecture 71
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Design of TM,,,,-mode single cell cavity

Po.1 2.405

E_Eo‘]o( r=EJ,(——r), B, =0

E, =0, B. =0

IE,sum,,, . 2.405

E,=0, B, =— —J,(
Y0.1.0C

oJd .. _m]
op

2.405 2.405 c

Yoio0 = s Wyio = T
a */5/1 a

Example of cavity design: 1300MHz,

Here, remember

pill-box type single cell cavity
2.405-c

Zﬂf\/E

¢=3.00x10"" cm/ sec,

1 LG Y 2.405x3.00x10"  $3c
=u, =1, e=¢,= auss unit), a= = 9.
#Ho 27x1.30%x10°

Asabd T 3.00x10" /1.3G0¢b@d Surpeg ool Loctre
o t

d=—"2 =
2 2 2

r)

Tobem

[1.34cm




Characteristic parameters of RF cavity

_Ey - 1 |pe
Surface Impedance Z[Q]: 4= H, Rs +1X,  Rg=—c=47">

2
Skindepthd [m]: & =J——
HLOC
1 R E. . .
Wall loss Plogs [W]: Pioss = ERS.[ Hgds (= TS)O le (2.405)-a-(a+d) for pill box cavity)
U] E
e, RICLS
Transit time factor T : T=20 (22 for pill box cavity )
IO E_dz T
Accelerating Voltage V: V= deEO( 0 =0,2) e @dqz (=dE,T  for pill box)
: : \Y E : :
Accelerating gradient E,..: E,. = q (=E,T=2—  for pill box cavity)
T
1 o

1
Stored energy U: U= E,UL Hdv = 5 g_[/ E’dv (= 5 . -le (2.405)- d-a®> for pill box cavity

U 1
Unloaded Q-value Qy: Qg = g (= a).,u—ad — for pill box cavity)

P
K.Saito loss 11, 2nd Summer gchooq ecture 73
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Transit time factor

E(=07%0= EOT’(@ ) - 6xb(—1®f)

T A
= — = — t:
t=0,z=0 ¢ 6’2 6

A
A 4

d=)/2 =C1 -
. ] iy i sin(z—j
_ _ ot _ _ Ia)E _ Ia)E _ C _ .
V=|[ E(r=02) dijO E,(r=0,2)e °dz|=E, || ‘e °dz|=E,d o =Ed-T
2C
T : Transit time factor
T= 2 =0.637 (for Pill Box Cavity)
T

_ vV . ILC 2nd Summer School Lecture 74
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Characteristic parameters of RF cavity

2
. v 47)d . |
Shunt impedance Ry[Q]: Ry, = (= = > for pill box cavity
Pioss n°RgJ1(2405)a(a + d)
2
. wu | Hdv 2 . . T

Geometrical factorl: I' =Qq -Rg = JV 5 (= a)zﬂ for pill box cavity) = Rg=-—

| Hds 2(a° + ad) Qo

R ? . .
% : %): QSh = VU Goodness of the cavity shape No dependent on material
o @

Q)
Egp/E, .. (zg =1.57 for pill box cavity), Hgp/E (=30.5 — for pill box cavity)

* * MV/m

Smaller value is better from field
emission problem point of view

acc

Pill-box cavity maximum Eacc = 1750/30.5 =57.4MV/

K.Saito ILC 2nd Summer School Lecture 75
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Frequency dependence of the cavity parameters

Characteristic o dependence o dependence
Parameter Normal conducting Super conducting
R 1 2
S L 0]
Pocs —% No dependence
[0
U a)—s w—3
1
QO w‘g a)_z
1 -2
Rsh a)_g @
R, /L : @
@
r No dependence No dependence
R/Q No dependence No dependence
Rsh per length linearly increasesy{g , S0 normal conducting choose higher
frequency for example 11. 4GHz @ warm LC.
Saito ILC 2nd Summer School Lecture 76
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3.2 Criteria General for Cavity Shape

Suppressed Multipacting
Lower Surface Electric field

K.Saito

L 2R 2R 2R 2R -

Lower Surface Magnetic field
High Efficient

High Gradient Incorporate

ILC 2nd Summer School Lecture
Note

2001-2004
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Real Cavity Design

1) Need a hole on the cavity ~

for electron to pass the cavity .
2) Need RF input port . Need Beam pipes on both Ends
3) HOM coupler port )
4) High efficient cavity -
5) Better performance ‘ Optimizat.ion of cel.l shape
~ Multi-cell cavity

Smaller Ep/Eacc : Field emission
Smaller Hp/Eacc : Multipaction _

B
- - Choose spherical shape .
m > to reduce multipacting &/ "H / /\
e A 1\ "III
% - >-’_H\\ D ;
« f;/:ﬂ nz2 nzg,x ‘\j‘ /

\\ //
% %ﬁ AN I /' 2nd Summer School Lecture 78
\ o /100 //
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Cavity Design (single cell cavity)

Superfish

Meshing / F\“T Driving point
y |

S9NNee
JfoJC?CTlZCDj\’ﬁ )
olslelelelelele

0000000005
v 000000000 = -

s ¢ 0 0 3OO0 Qa0 ¢ =

All calculated values below refer to the mesh geometry only.
Field normalization (NORM = 0): EZERO =  1.00000 MV/m
Length used for EO normalization = 10.76000 cm
Frequency (starting value = 1300.000) = 1293.77430 MHz
Particle rest mass energy = 0.510999 MeV
Beta = 1.0000000
Normalization factor for E0 = 1.000 MV/m = 7048.913
Transit—time factor Abs(T+S) = 05454664
Stored energy = (0.0038869 Joules 2000 .
Using standard room-temperature copper. e |
Surface resistance = 9.38405 milliOhm ?j 1000k
Normal-conductor resistivity = 1.72410 microOhm—-cm -
Operating temperature = 20.0000C T i
Power dissipation = 11181551 W 0
Q = 282576 Shunt impedance = 96.230 MOhm/m
Rs*¥Q= 265.171 Ohm Z¥T*T = 28.632 MOhm/m 2 0 é—_ ' ]
r/Q = 109.024 Ohm Wake loss parameter =  0.22157 V/pC = 0:6_— E
Average magnetic field on the outer wall = 1729.9 A/m, 1.40411 W/cm"2 % 0.4F E
Maximum H (at Z,R = 3.32643,855466) =  1753.44 A/m, 1.44258 W/cm ™2 = 0.2F N
Maximum E (at ZR = 4.75232,424425) = 0946176 MV/m, 0.02953 Kilp. 0 _
Ratio of peak fields Bmax/Emax = 23288 mT/(MV/m) her S
Peak-to-average ratio Emax/EQ = 0.9462
Note




High Gradient Shapes

Cavity shape designs with low Hp/Eacc

from J.Sekutowicz lecture Not

TTF: TESLA shape
Reentrant (RE): Cornell Univ.

Low Loss(LL): JLAB/DESY
Ichiro—Single (IS) : KEK

TESLA LL RE IS
Diameter [mm] 70 60 66 61
Ep/Eacc 2.0 2.36 2.21 2.02
Hp/Eacc [Oe/MV/m] 42.6 36.1 37.6 35.6
R/Q [W] 113.8 133.7 126.8 138
G[W] 271 284 277 285
Eacc max 41.1 48.5 46.5 49.2




Eacc vs.

Year 2"d Breakthrough!

Ll 1* Breakthrough! "

ngh pressuer |
water rinsing
(HPR)

Eacc,max [MV/m]

Date [Year]



3.3 Criteria for Multi-cell Structures

Pros and cons for a multi-cell structure

+ Cost of accelerators is lower (less auxiliaries: LHe vessels,
tuners, fundamental power couplers, control electronics)

+ Higher real-estate gradient (better fill factor)

+ Field flatness vs. N

+ HOM trapping vs. N

-+ Power capability of fundamental power couplers vs. N

+ Chemical treatment and final preparation become more
complicated

+ The worst performing cell limits whole multi-cell structure

K.Saito ILC 2nd Summer School Lecture 82
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How to decide the number of cells

[
l:l:.atalia.n.nliclln[l:l:'nlnmnllaﬂ:ll:I-l—'.

N: number of cells
Field flatness factor :

Cell to cell coupling : k

Beam pipe has no acceleration beam.
BP reduce the efficiency.
Multi-cell is more efficient.




K.Saito

HOM trapping vs. N

No fields at HOM couplers positions, which are always placed at
end beam tubes

e-m fields at HOM couplers positions

Smaller number of cells 1s easy to take out HOMs.

ILC 2nd Summer School Lecture 84
Note



1OM Calculation on ICHIRO cavity by SLAC/KEK/DESY collaboratior

pEanpnioi
SEalisial

W Mesh Info: non-uniform mesh

elements: 343991
coordinates: 66759
BOUNDING BOX:
min = (-0.116009, -0.100575, 0)
max= (0.100515, 0.100575, 1.52446)
EDGE LENGTH:
min = 2.94128e-07
max = 0.0274961
average = 0.00882544
std dev = 0.00274525

T
RV

i

S
iy
S
b

Sample Mesh

RO AT ALY
e
mgnyﬂ"g

1INV

o
Sl A




RF Structure Simulation

Currently full 3D analysis 1s possible using cords Omega or ANALIS, example SLAC,
KEK

Element Model (Mesh)

Simulation of Higher Order Mode Damping

Frequency and External Q

- Mesh of HOM Damper

N
=
= 3
> @
Q R =
(= oo 3
% 1500 & Z ,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,, =
£ = 1400 o ,,,,,,,,,,,,,,,,,,,,,,,,
7 S 1000
® 300 oo o o e
: : : : 1200 p—3— 4 : 5 o
Analysis of Wall Loss in Vertical Testing B T
Measured Low Q of 1.1x10'" at 21 MV/m for 38 W ----- Reproduced by Simulation
n o' ShMasl Magnetic Field Contour «1W
2 24e002
1.80e002
7.485-003 "
1 Teoe 15.8 W on 0.7 W on SUS 316L Wall
SUS 316 Wall 21.8 W on Niobium Walls 86
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Field distributions in passband modes of 9-cell cavity

N T 123 456780
il
5" Wﬂlﬂwwvwwwmwmw»fw ’ -
.-g i ad " §
. ]2 WMWWM L
#| Ol MMWMMM MmrnﬁMmMNh . S
“LoT) VI WW Wiy
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17000 cavities

BCD Cavity shape : TESLA

ACD cavity shape : LL
gin Y. “"\f‘"‘"\f"‘\ﬂ‘\ Al AR A &

-ﬂéi: Jhw TR Lk X 1 i\ m‘, 7 | i;u "\ Il am—

U\ o e B
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K.Saito

4. HOM Issues

4.1 HOM
4.2 HOM Coupler

ILC 2nd Summer School Lecture
Note
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4.1 HOM (Higher Order Mode)

The beam will excite HOM modes
if it passes off beam axis of the cavity. 7 Sekutwitz’s Slide

The amount of induced energy by charge q is:
AU, =k,g? for monopole modes (max. on axis)
AUq =k_q2 for non monopole modes (off axis)
where k ; and k_.(r) are loss factors for the monopole and transverse modes respectively.

The induced E-H field is a superposition of cavity eigenmodes having the component of the

electric field alonq the trajectory.

K.Saito ILC 2nd Summer School Lecture 90
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HOM Problem

J.Sekutwitz’s Slide

Two kind of phenomena can limit performance of a machine due to the beam induced HOM
power:

+ Beam Instabilities and/or dilution of emittance

+ Additional cryogenic power and/or overheating of HOM couplers output lines

Beam instabilities and/or dilution of emittance

Transverse modes (dipoles) causing emittance growth+ monopoles causing energy spread
This is mainly problem
in linacs: TESLA or ILC, CEBAF, European XFEL, linacs driving FELSs.

Additional cryogenic power and/or overheating of HOM couplers output lines

Monopoles having high impedance on axis are excited by the beam and store energy which must
be coupled out of cavities, since it causes additional cryogenic load, and induces energy spread.
This is mainly problem

in high beam current machines: B-Factories, Synchrotrons, Electron cooling.

HOM modes has to be taken out from the cavity through HOM coupler.
Note




Spectra of accelerated beams, which bunches are shorter than 1 mm, extend to hundreds of GHz.

ILC Beam Spectrum: ¢, =0.300 mm, A4f;;,, =2.97

Modes under cut-off,
(R/Q) up to 160 §2/cavity

f [GHZ] 500

Propagating modes,
(R/Q) up to ~5 & /cavity

v

Damped by
HOM couplers

K.Saito

I I I >
10 100 1000
\ _J

Y

Damped by beam line absorbers
outside the N-cavity cryomodule
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Damping the HOM with higher frequency
over than Cut-off frequency

17 m long TDR cryomodule: 12 cavities.

70 EK beam line ' -
absorber 70 gbgg%ne rI|ne
Gray-zone ?
5 GHz < f< 15 GHz
1 pressreees :
0 : 10 : 100 1000 f [GHZ]
L S | .
I N I |
Propagating modes above cut-off.
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Attention to Trapped modes for damping
through HOM coupler

HOM couplers limit RF-performance of sc cavities when they are placed on cells

no E-H fields at HOM couplers positions, which
are always placed at end beam tubes

The HOM trapping mechanism is similar to the FM field profile unflatness mechanism:
+ weak coupling HOM cell-to-cell, k.. om

+ difference in HOM frequency of end-cell and inner-cell

That is why they
hardly resonate

together
f=2385 MHz —~—— f = 2415 MHz
K.Saito ILC 2nd Summer School
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4.2 HOM Coupler

The TESLA —like HOM couplers are nowadays designed in frequency range: 0.8-3.9 GHz

4000.  F/ M-z 10000,

K.Saito ILC 2nd Summer S« 95
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Comparison in Damping Performance of HOMs

R/Q and Qext

% : m
@4 | . ] & R/Q TESLA

1.E+05 . 3 " : ‘ . .‘.:""o o

o o 0 o . (4 ® Qext TESLA
— 1.E+03
E o’
G 1.E+01
=
o 1E-01 \ \ \
~ 1600 1700 1800 1900 2000
Frequency / MHz
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Suppression of Multipacting in HOM Cylinder
by better HOM coupler design

By Y.Morozumi @ KEK

10000

1000

Multipacting in New Damper

10 20 30 40
Accelerating Gradient / MV/m

50

60

Dt

{ L

10

20 30 40
Accelerating Gradient / MV/m

50 60




Cavity Design comparison with TESLA

TTF STF 45MV/m Advantage/Disadvantage
Operation gradient 23.4MV/m 35MV/m 45SMV/m 1-1.1 TeV in 40km tunnel.
XFEL TESLAS00 If superstructure, 33km for

1TeV

Cavity shape Iris $70 Iris $60 Tighter tolerance due to

Beam pipe ¢78 Beam pipe $80/¢108 | severe wake field
cell taper 14° cell taper 0°

R/Q[Q] 1036 1144 10% higher electric
efficiency

Ep/Eacc 2.00 2.31

Hp/Eacc[Oe/(MV/m)] 42.6 37.8 Eacc max 46-49MV/m

Cell-to-cell coupling 1.86 1.55 F-flatness more sensitive
on fabrication error

Tolerance[um] 250 170

Sensitivity for Lorenz 1 1.18 Wide detuning range

detuning[Hz/(MV/m)?|

Lorenz detuning[Hz] 200 600 ~1500 Need wide range tuner

He jacket material S5t Ti 3t SUS316L No matter with Japanese
high pressure code

RF transmission power[KW] 240 350 500 Need higher input coupler




K.Saito

5. Lorentz Detuning

ILC 2nd Summer School Lecture
Note

99



delta f [Hz]

Frequency detuning by Lorentz force

Frequency Detuning during RF Pulse

>

Frequency detuning

| due Lorentz forces of
the electromagnetic

| field in the cavities:

Af=-K-E_ 2
where K" 1 Hz /

== (MV/m)?

Remember: Cavity
bandwidth with main
coupleris " 300 Hz

Beam on
8600 T T T T T T I :
—— 37 MV/m
4 » T 35 Mv/m
2, P |z
iy - .-'" = T m
N L — large 30 MV/m
S % — 29.8 MV/m
A IR, ES — 26.7 MV/m
a 234 MV/m
il : 20 MV/m i
11 MV/m
200F
400}
6001 | 1 Iowéh'r'\“' N i
C = = —_—— » 'x__ﬁ__H r_,,/"
2nv LC ' w
-808 | | | | | | | |
00 400 60O 800 1000 1200 1400 1600 1800
Time [us]
Lutz Lilje DESY TESLA

1INULWv

2000

ITRP visit to DESY April 5th 2004



Frequency and Phase Control by Piezo tuner

Lorentz detuning can be RF Signals at 35 MV/m

compensated
O .

with Piezo tuner control . . . |

Phase [deqg]
L]

Resonance -

'k%: - e A T
_ N
%

Blue: With piezo . ;1 '
: 1 . OO o \\ -
Red: Without piezo . -

1 ! ! ! EF~tals 1 L]
500 1000 1500 2000 1‘JO{) 500 1000 1500 2000

Time [us]
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Tow components of Lorentz Deformation

Noguchi’s slide in the 15t ILC school

tuner

Fr
Fz
Kcavit
I = y F e
Af= a, of ~ a, of +———F
KoK KT dldF
mode Al=0
) TESLA Blade | STF Slide Jack | STF Ball Screw
_ A E2 + d f B Eacc A Hz/(MeV/m)? 05 05 (1.2)
acc d | K B N/(MeV/m)? 0.047 0.047 0.051
S df/dl Hz/ ttm 320 320 370
dF/dl N/ gm 3 3 18
Rigid Stiffness at Jacket and Tuner are also KS N/ tm 13 80 60
Very important against the Lorentz Detuning. Kjacket N/ pm 26 9 58
Ktuner N/ Um 26 500 1700
_ A£ (30MV/m) Hz 1490 620 1360
K.Saito ILC 2nd Summrer-Schoottedture 102
T\l—;ip\ci:‘runing Stroke um 3.7 1 2.9
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Design Philosophy for Lorentz Detuning Tuner System

1) Use well established technology
2) Rigidity during handling }:> Screw Ball Tuner
3) Wide Range Tuning Design —>
4) Easy Replacement }

Mechanical resonance

5) Less heat loss Locate both tuners around
6) Less X-ray Damage — 100K shield
7) Keep the possibility to move out of vacuum chamber

COaXial SCrew ball tuner , ,,7 P ;1"":.'

K.Saito




Principle of the Lorentz Detuning used mechanical resonance

AL ﬂﬁmﬂ

Ey

Wlﬂlﬁﬁﬁh,
TR

Frequency change

1.3ms

X

3.4um
@31.5MV/m AL ~ Af

Compensation by AL

368Hz/pm

Cavity Lorentz detuning




Comparison of Lorentz Force Deformation between
different cell shapes

FTEF=1

EEEE
TIHE=1

1
TI2PLACEWENT AN
ABUE O 200T

Half Cell Models TESLA

with 2.8 mm Niobium Wall
Loaded with Surface Stresses
(Excited to 40 MV/m)

Constrained in Axial Length
| |

AN L"r‘EJ’-L'[‘((P AN
UG ¥ 20UT

1

VECTOR

) AUG § 20OT

FTEF=1 ? P ATEEF=1 4
3UB =1 2uB =1 —
PLHE=1 TIME=1

o u

HODE=B323 UODE=TS4F
WIY=. 407E-07 MIY=. 843E-07
basE=. JTEE-1E O 1 6 WA=, F40E- 08

.
) 4 kHz -2.1 kHz
-— .
.

N wr”

0.12 n

N\

yummer Sch
Note



Optimization of Stiffener Location against Lorentz Detuning
Eacc=38MV/m by H.Yamaoka

MX

TINE=1 USUM (AVG)
USUM (AVG) M RSYS=0

RSYS=0 DMX =.123E-06
DMX =.139E-06 SMN =.241E-08
SMN =.273E-08 SMX =.123E-06
SMX =.139E-06

R61mm
Minimum def.

Usum (AVG) X g§$g_0 (AVG)
RSYS=0 =

DMX =.134E-06 DMX f.136E—06
SMN =.143E-08 SMN =.447E-08

SMX =.134E-06 SMX =.136E-06

. B (Unit: m)
ko .400E-07 _.800E-07 .120E-06
.200E-07 .600E-07, .100E-06 .140E-06




Comparison of Tuners

Saclay-11

Screw Ball tuner




Mechanical Resonance of a multi-cell cavity

60 Hz

>- Transverse modes

152 Hz
S

250 Hz Longitudinal mode

TESLA structure

The mechanical resonances modulate frequency of the accelerating mode.
Sources of their excitation: vacuum pumps, ground vibrations...

K.Saito ILC 2nd Summer School Lecture 108
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Calculation of longitudinal mechanical resonance
w/wo He vessel by H.Yamaoka

Naked Cavity With He Vessel/SUS amm
6 9 H Z T3 o o T iTme Ty o 1 3 7 H Z

Fixed point \ -
P Free for longitudinal Fixed point Free for longitudinal
207Hz 260Hz

343Hz 313Hz




Comparison of Tuner Designs

Screw Ball Jack Blade Saclay-II
Motor 80K or out of vac. | Out of Vac. vessel He vessel Beam tube
. vessel
Location :
Piezo 80K or out of Vac. End plate He vessel END plate
vessel
Tuner mechanism Coaxial ball screw Slide Jacky Twist Lever type

Motor driving power 0.06gt/um, 0.1W

Piezo tuning range 3000
Resolution Motor 0.1
[Hz] Piezo 0.1
df
a [Hz/,um] 368 320 320
dF
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6. RF Input Coupler

K.Saito ILC 2nd Summer School Lecture 111
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Three types developed for ILC

SCC-COUPICT Double disk windows

NOTE: |IN-HOUSE ONLY.

1T

K.Saito




Input Coupler Designs

CC-coupler | STF-BL | TTF-III
Designed RF Power [kW] | 500 (2000) 350(1300) | 250(1000)
Pulse width [ms] 1.3 (1.5) 1.3(1.5) 1.3
Repetition [Hz] 5 5 10
Average rf power [kKW] 3.25 2.3 3.2
RF processing time [hr] 16 50 20
Static 1.24 5 6
3 | 80K :
<§D Dynamic 1.5 3 3
=5 Static 0.54 1.1 0.5
= | SK
2 Dynamic 2.0 0.2 0.1
g Static 1.8e-4 0.05 0.06
= | 2K . —
Dynamic 0.18 0.03 negligible

Can be reduced the dynamic loss at 5K and 2K in CC-coupler by using higher RRR

cooper material, for example RRR=40.




Input Coupler Design @ KEK
By Matsumoto and Kazakov (@ KEK o

(demountable)
; &

Major Parameters

Input rf power: 500 kW
Pulse width: 1.3 msec

Repetition rate: 5 Hz

X ; Jo Average rf power: 3.25 kW
FRNCE A
R TS

Thermal loss [W]

win i '
,: % | 80K 5K 2K
——— N Static: 1.24 054 2.6xle-4
% = 458 ff?ﬂ

247

| o) 37 Dynamic: 2.14 2.88 [0.25
I I Total: 3.38 3.42 ~0.25
eyl J:'le: 1 | | hool L&cture T2

RRR: 3.5 (measured data)



High Power Test at KEK ILC-45MV_WGES5@KEK

ELECTRIC FIELD GRADIENT AT INPUT
POWER OF 500-KW

Maximum electric field gradient
in the air side for warm window.

iss band: 109 MHz
nx. E-field in air: ~ 0.65 kV/mm
ax. E-field on ceramic: ~ 0.5kV/mm




Leak tight in LHe-II, No gap at sealing
Mo-flange($130), Cu ring
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Capacitive Coupling Coaxial Line for Input Coupler

Capacitive coupling coaxial line should have advantages: By H.Matsumoto and S.Kazakov
1) Good thermal insulation ability between the warm and the cold sides.
2) Reduce the brazing difficulty for the ceramic window.

ceramic disk
outer conductor

Concept of capacitive coupling coaxial line

capacitive coupling

outer conductor 1 ceramic

A\

inner conductor

to cavity

——)

rf input

——)

=

I inner conductor
Easy to braze between cooper and ceramic disk.

Well established in warm technology

K.Saito ILC 2nd Summer School Lecture 117
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High Power Test at KEK ILC-45MV_WG5@KEK

INDUSTRIALIZATION with MODULAR
STRUCTURE

Input coupler comprises of four modules: -
1) coaxial transformer

Comtal - ;7 The complete input coupler can
2) coaxial line Nolui o (1) be divided into four relatively
3] r'f'l’l'lndﬂw warm window slmple pﬂrrts *u ease fubrlicn-rian

4) antenna at cold side

and assembly. If we assume that
the inner conductors are not
attached rigidly to the

@) - waveguide, we need only two
Metallic rods <" [2) bellows to  absorb  the
3.4WeaKk — movement of the coaxial line

; i S due to thermal contaction and
e s == s 1Al [3] expansion between cool down and

il Il  warm uwp.
between the inner- and -

outer-conductors, and are Rl ()] The fabrication of each module

rotated 90 degrees from [EERCVCL Qi 2yt (4] technical requirements dose not
each other. overlap for each parts.

Each pair of reds is
mounted in the gap

0.03wezk—{I1] 110

Average power: 3.25-kW (500-kW, 1.5-msec, 5-pps) RRR: 3.5 (measured data for copper plated layer)



S00KW Input coupler high power test stand @ STF
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Coaxial capacitive input coupler

By H.Matsumoto and S.Kazakov

&£
L]

NOTE: IN-HOUSE ONLY.

Successfully demonstrated
il the high power performance

e 5 - | 4 S—— 14 || | comsec mar
ele D '
........ ;90 '
e B up to 2MW!
B J—{ f—"b g | - | : S :I:r 7] Eﬁﬁtrpu“ . .
e L ﬁ:l .. The specification: S00kW,
g A e il SR SOV 1.5msec, SHz
. LT 1 1|| T | ] l : Iﬁﬂj;ll I _' i -.:_?J z .
y =l E= o sonmmiiii: AR @ 45MV/m operation
I : —'.—‘-“1““-%“- <. Sam_ Wl | es ful) .

® high power test

! Trig'd

R RSP PIE-~~ | Other tested power:

1 i 1.43m~j i —22Qm\f 500-kW and 1-MW with
o ‘ 1.5-msec, 5-pps for
each 20 hours.

BB Summary of high power
fests:

e 2-MW, 15-msec, 3-pps

RF WINDOW
(demountable)

. pracessing time 'rodk within 18 hours to reach,

bt ||| Transmission: QORI i i bkttt oottt ]

. Input power

N

Chl 50.0my 0 Che 10wy M 2005 A Chl o 14.0my]
ME 50.0my  Ch4 S0.omy o :

L1960 %

8| 1) a prototype input coupler

reached a first goal for
power capability for ILC 45
MV/m scheme.

ol
B 2) modular structure provide

good maintainability, if even
repair the broken parts,
suich as warm side rf
window, which happened in
#1 coupler.

3) MO type rf flange provided
the good performance.




Successful High Power Test @ STF 0.5 Cryomodule

By T.Saeki on 17 August 2007

DHCP/BOOTP

] ] T i
AR
*re #*7
DOmvV QWM 200us A Chd J 348mV] 84HF A
+* 1.21980ms

g~y =Ry b
RS-232 #;éb’z? 7 7')/9

250kW, 1.5ms, 5SHz
(Reflection mode)

= & Summer School Lecture
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7. Niobium Cavity Fabrication

7.1 Deep Drawing

7.2 Trimming of half cell
7.3 END group fabrication
7.4 Final EBW assembly

7.5 Nb film coated cavity




Overview on cavity fabrication

Cavity
(9 cell TESLA /TTF design)

Nb-Blech

Normalhalelle

Nb-Blech
Normalhalbzelle

A
End group 1
Dumbbell

4

A

End group 2

AN

m

ENEN N

Cavity fabrication and preparation sequences

for the TESLA / TTF cavities at DESY

1st ILC workshop at KEK Tsukuba Japan

A.Matheisen

for DESY and the TESLA Collaboration



7.1 Deep Drawing

Kikuchi Workshop

80t press for 2.8t Nb half cell (1300MHZz)

| "

0 i

.,

\ \ t\\ NN \ h

e

RS
LLLRRR LR RSN /

/s

oo 7 Fixing Ring

Female Die,




Local Elongation After pressing
Make circle mark Q O

Max. 20%

Elongatiorf

ILC 2nd Summer School Lecture
Note
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R-direction
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7.2 Trimming

T.

Ishizuka Workshop

Iris Trimming

E

5 el Lo
—:__:"'951‘ '

quator Trimming




Trimming Configuration at Equator section

So far, KEK has used CBP 100-200um to make smooth the equator EBW seam.
The left trimming shape needs CBP 10 times, and the right trimming configuration
needs only CBP twice.

KEK old type beam bean Cornell type

Needed CBP ~10 times CBP only twice!

Cornell trimming configuration 1s very useful to smooth the EBW seam
by less CBP.

Note



Fabrication Error on half-cell cup

Count

Count

12

10

0

57.7 57.74 57.78 57.82 57.86 57.9 57.94 57.98 58.02 58.06

Regular cup
height

N 50
Regular 07

average‘
57 895+ O 051mm

56

—design value=58.082
(included EBW shrinkage
iris:0.15, eqator:0.24)

u

0 114

58.1

h
D%I%btgell Aelght

after EBW, without stiffener

;de3|gn value=115.864 .
(|nc|uded EBW shrinkage | |
eqator*2 O 24*2 0. 48) 7

avera‘g‘e . ’
114.433+-0.156mm

L
115

1mm ¥

Regular dumbbell

aft

er EBW stiffner

L average
114 623+ 0 123mm

eqator*2

deS|gn value 115 864 ‘
(included EBW shrinkag
.24*2=0.48)

(o] .

116

1145

L]
116

height [mm]

114

1145

115 1155

height [mm]

Count

P

Machining error: 50um

Half cell spring back:90um
EBW shrinkage

(old trimming configuratior
0.42 = 0.13mm @ equator
0.15 = 0.04mm @ iris
Dumbbell fabrication error
~80um after tuning

% 9-cell length error:0.7~0.1mi
design value=115.864
(included EBW shrinkage
Regular dumbbell eqatorr2=0.24r2=0.48)
after tuning ¢

Nl‘

average

114

116

|
1145 115 1155

height [mm]



EBW of Dumbbell with stiffener

Electron Beam Welding ( )
In KUROKI corporation

? ;Jigl‘?]
- 'J'@-L} |

1888bril 2005

Dumbbell with Pull and extend into the iris part of
stiffener-ring to insert
after EBW. =>



EBW Conditions at KEK

KEK Data

0 e e 200

e S AREEEEEERRERER
1 © KEK (by Inoue) [ || —e— EBW Vot 'VkV_Il
6 1 x ToseiElectroBeam esiuseix '—] - agﬁ_L_]_ =
- WiFhmft pre EBW -
I P R A
o - . 150 S
S with pre E%S\?kagék(i/x%.SmA //
S & |
120kVx28mA = ]
4 wi;h pre EBV\{ 120kVx145mA 3 //Q"{'
P kW] B Z 100
3 > ]
2
50
1
—y=92.138*exP(0.096672*t) R=0.98992 _
0 0 VIt
0 1 2 3 4 5 6
) 0 1 2 3 4 5 6 7
Nb thickness : tfmm] .
Nb thickness : tfmm]
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Dumbbells and END Cups

K.Saito 131




7.3 END Grope fabrication
-Beam Pipe fabrication (thicker Nb tube case)-

Roding ends Bending

Thickness: 4t ~ 6t

_Circular tube o
K.Saito ILC 2nd Summer S¢

Nofdil pump

Drawing 132



HOM Coupler Parts

ILC 2nd Summer S«
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END base plate for Helium Vessel

SUS316L |
] \:}“ !:::::::____%
‘\@ SUS316L N
‘A | -

nl.lﬁ'f}
I
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Nb/SUS bonding by HIP

Work

+—2000kg/cm* —-

High-pressure vessel

POESNS

o\
3

\\

)
l




Care for the thermal stress at the base plate

By H.Yamaoka

High Mn steel

Nb/Cu/SUS316L Nb/Ti+SUS316L Nb/Ti+High Mn steel
Thermal expansion coefficient
Stress concentration C[amer [E-
6/K~ " swomr
A B C D SUS316L 16.0
[MPa] | [MPa | [MPa] | [MPa
Cu 17.0
Nb/Cu/SUS316L 250 500 500
High Mn steel 9.8
Nb/T1/SUS316L 100 100 200 470 :
L Ti 8.4
Nb/Ti/High Mn Steel 100 100 200 80 Nb 50




EBW of END Group

C

SF




7.4 Final EBW Assembly

By A. Matheisen

EBW Assembly

: Wl
4|nnnuunnu|l‘-l=
.‘.'

1 pieces

END group-2 Dumbbell

8 pieces piece
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EBW Assembly of Cavity

EBW of EBW of with

Beam

Four 9-cell ICHIRO high-gradient
LL Cavities were successfully
delivered to KEK ! (4 July 2005)

EBW of
and



Completed Ichiro 9-cell Cavity

Al [ fb'uﬂa @'Mln B * |8 ﬂ i * o Q Y
= P ' T i . _ , -

Kuroki Welding Compan
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7.5 Nb film coated cavity

LEP-II 352MHz Copper half cell before Nb
niobium bulk cavity coating

K.Saito ILC 2nd Summer School Lecmre(eleCtrOpOIiShed) 141
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Nb Coating Method at CERN

L FREON INFUT

Hemes

AHE FREON QUTPUT
A
o [
il | j‘h CERAMIC INSULATOR
ST 5
gl
— -E| I8
L el i
i
= (i
J -
2 |
~ 4
\‘““x, ~— .\ ELECTROMAGNETS
e T -’l')
"l-‘l o X\: y
: g ..v‘ 'I:J:" '_.'
o | “~_ ||| __—~  camHoDE AND
< | ) { MIOBIUM LINER
()
W, i /j
. »
Y b
rd \\
( |y )
Y, |-' ,__’/"
| — ’"L MANIFOLD WITH :
| L il PUMPING SYSTEM
1 S GAS INJECTION
Blall=F GAS ANALYSER
[ |ElE] —=
e
wih

10"

108

f

CERN DC magnetron sputtering

LEP-Il used
Nb coated cavity

0] i 2 3 4 5 6 7 4
Ea (MV/m)
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Steeper Q-slope in Nb coated cavities

Saclay 1500MHz

® S51-08-C1
™ S1-10-A2
¢ S51-10-B1
A S1-11-A1
¥ S1-11-B1
Qo -~ | "
9 V, 427 N
100 gl 1wy
- M, | [ g & . ¢ ¢ e
x * " 1 Figure 4: Cross sectional FIB images of niobium films on
1 oxidised (left) and oxide-free (right) copper substrates
0% L et paliaca i

0 5 10 15 20 25 30
Eacc (MV/m)

Problem: Q-slope
It is no problem at low gradient 5-10MV/m. It brings a serious Q drop[p
at high gradient. Many studies are under way but so far application o

technology has no hope for ILC.
Note
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