
ק  

қ ᶅἶ̝ ʹ̝   

8 10 11  

♥ᾎ  KEK) 



 1 
 

SUOLT1  1   

8 10   15:00 - 16:00 

KEK 



 1  
1. DC RF 

2.  

3.  

4.  

5.  

6.  

7.  

8.  

9.  

10.  

2014/8/10 2014 ⱴ ᴪ ḱᴪ  3 



 1  
Å  
Å   
Å UHF m X

1  
Å  

 

Å
 

  

Å

 
 

Å CW

  

2014/8/10 2014 ⱴ ᴪ ḱᴪ  4 



  
DC  RF 

DC 

Å  

Å  

Å  

Å  

ÅNon 

ÅNon 

ÅNon 

RF 

Å  

Å  

Å  

Å  

Å  

Å  

Å   

2014/8/10 2014 ⱴ ᴪ ḱᴪ  5 



10MeV  
DC   RF  
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ïPBGPhotonic band gap 
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Klystron 

Acc str (1) 

Acc str (2) 

Acc str (3) 

Acc str (4) 

SLED 

Tunnel  

Kly gallery  

KEKB  
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Lorentz 
contracted field 

In free space 

1/

Voss and Weiland 
Wake field 
acceleration 

 

 

 
Ҩ 
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CLIC 2m module 
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SLAC 2  SW  
DLS  

19 

SLAC: 
Targeting highest 
energy with electron 
1967  

TW DLS for electron high energy machine for years 
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Disk Loaded Structure, 6MeV 
Stanford Univ. 1947 



Synchrotron  10m ~ 1km  
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1961   1.3GeV  
 Vol 1, No 2, 2004  

Started with early electron synchrotron 



LASL 800m  SW  
SCS  
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Knapp et al., 
RSI 39, (1968) 

LANL  SCS: 
Side coupled structure 

SW Side-coupled cavity for proton 
high energy machine 

LAMPF  1972 



Electron linac  TW 
10m in 1964 Ą 1995 8GeV/600m 
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1964   33MeV  
 Vol 1, No 2, 2004  

KEKB Injector  1981  2.5GeV 



2-mile accelerator Ą KEK-PF 
TW  
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KEKB  
2m  

 
 



XFEL TW  Choke @ C-band 
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SWISS FEL C   TW 
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 2013-2016 



  SW 
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KEK PF  Spring-8  
 



DR  SW 
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KEK  

SuperKEKB Damping Ring HOM  



DAW   SW 
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APS  SW 
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2D  Ҩ 

ˉκн 2  
 



 SW 
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 Ҧ  

KEKB 508MHz  
1-cell Cavity 

cERL ML  
1.3GHz 9-cell Cavity 

KEKB 508MHz  
Crab Cavity 

KEK  



X-band 
1.8m TW for LC and 0.3m SW for X-ray NDT 
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RDDS1 1.8m  

9.4GHz assembly 1 MeV linac 



ARES SW  
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KEKB  



Proton  SW  
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J-PARC HP 

DTL RFQ 



Proton  ACS SW 
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 JAEA  

ˉκн  

 
 



KEK  2014 8  

DAW  RF  SW 
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&  

SuperKEKB Injector RF Gu  



SCS RF  SW 
KEK  2014 8  
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SuperKEKB Injector RF Gu  

&  



 SW  
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SLAC/KEK  

 
  
    



PBG (Photonic Band Gap Structure) 
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M. Shapiro et al., MIT, HGWS 2011 @SLAC 

MIT SLACK   

 



Microwave Undulators with Large Aperture 
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Undulator Mechanical Structure 

Electric Field Distribution  

Extracted from S. Tantawi,  CLIC2014 

Undulator Wavelength=1.4 cm 
Power required (for linearly polarized, K=1)=50 MW 
Q0=94,000 

ҦUndulator  

SLACK  



 >100GHz<1  
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Extracted from S. Tantawi,  CLIC2014 

RF Breakdown Test of Metal Accelerating Structure at FACET  

electron  
beam 

RF out 

4 mm 
output horn 

Å 1st iris ς breakdown damage, peak  surface fields <1.3 GV/m 
Å 9th  iris ς no breakdown damage, peak surface fields > 0.64 GV/m 
Å pulse length ~3ns 

  

Å 1st iris ς breakdown damage, 
peak  surface fields <1.3 GV/m 

Å 9th  iris ς no breakdown damage, 
peak surface fields > 0.64 GV/m 

Å pulse length ~3ns 
 
 V. Dolgashev and S. Tantawi 
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ïTransit time 
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ïR/Q V2/U Ҧ  
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ï 1/  ˂  
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From Microwave Tubes by A. S. Gilmour, Jr. 

Wave length 
60cm 20cm 10cm 2.6cm 1cm 3mm 

11GHz 1.3GHz Frequency 

Band UHF 

    



 

ÅUHF 500MHz m 

ÅL  1GHz 30  

ÅS  3GHz 10  

ÅC  6GHz 5  

ÅX  9 12GHz 1  

ÅKu  12 18HGz 

ÅKa  26 40GHz 3  

Å100GHz  

Åғмлл˃Ƴ 

Å  

Å  

Å  

Å  

Å  

Å  

Å  

Å  

Å  
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RF  SW 
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AC 

E 

H 

 

Size ғғ ˂ Size  ˂  

UHF  
  500MHz Ҧ ˂ 0.6m 
    m 

 
  10kHz Ҧ ˂ km 
    1  

RF  

Å
 

 

Å

 
 

Å

 



 

ÅQ   

ÅV   

Å  
 

ÅRs  
Ҧ  R/Q 

Å  
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Acceleration related parameters 
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dSH

dVH
G

Geometrical factor 

due to geometry. 

 

Surface 

resistance due to 

surface loss 

mechanism. 

Wall loss by surface integral 

Stored energy by volume integral 

Basic acceleration-related parameters. In a cavity or in a unit length. 
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Efficient acceleration R/Q 
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U

V
QR

w2
/

2

¹How to concentrate the Ez field on axis to make 

an efficient acceleration?  Ą Increase R/Q. 

For higher R/Q 

   Ą Smaller beam aperture  Ą smaller cell-to-cell coupling. 

        Ą Nose cone Ą same as above Ą need other coupling mechanism 

Choke mode cavity needs field at choke area to establish imaginary short 

     Ą sacrifice several % loss in R/Q 

ILC super-conducting cavity 

   Ą smooth, polish with liquid, high pressure rinse, etc. 

        Ą with circle-ellipsoid smooth connection,  

            Ąnose cone is difficult  

              Ą less effort on higher R/Q, simply decreasing beam hole aperture 

  because storing large energy with longer period is possible 

Shaped disk-loaded structure 

     Ą only change R/Q by beam hole aperture 
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Loss factor 

50 

Loss factor KL described later 

Q

R
kL

4

w
=

The energy left after a bunch, with change 

q,  passes a cavity is 

2

, qkU mLm=

Larger R/Q makes bigger energy left in the cavity. 

It may cause various problems;  

     Phase rotation of accelerating mode 

     Transverse kick field 

     Heating beam pipe 

 

In a ring application, such as storage ring and DR, sometimes 

R/Q should be reduced. 

 

In the linac application, it usually tuned to be maximized to get a 

better acceleration efficiency. 
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Acceleration: Transit time factor 
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Assume TM010 mode in a pillbox of length L 

tj

z eEtzE w
0),( =

LEV
P

V
Run 00

2

0 , ==

Maximum acceleration occurs if the electric field is 

maximum when the beam passes the center of the cavity. 

In case of thin cavity, where L<< c / f, 

The acceleration felt by the beam decays as time, 

tcztCosEtzEz == ),(),( 0 w

)
2

(
2

)()()( 0
2/

2/
0

c
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Sin
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tcdtCosELV
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L
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x
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VLVT
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2
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2
/)( 0

ww

w
¹==¹

Transit time factor: 

Voltage acquired by beam is then 

In p mode cavity L
f

c =
2

1

Then transit time factor becomes 

64.0
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º==
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unun RTRR 4.02==

1 2 3 4 5 6 7
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0.2

0.4

0.6

0.8

1.0 x=p 
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Surface loss and Q0 
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s

mw

2
=sR

Normal conductor: 

 

Equivalent surface current in thin skin 

depth ds with surface resistance Rs.  

 

Rs depend on mostly choice of material. 

Super conductor, Nb case: 
sR

G
Q=

Higher freq Ą larger BCS loss. 

 

Possible to increase geometrical 

factor, G by shaping. It  reduces 

cryogenic power consumption. 

 

Actually,  Rs = RBCS + Rresidual 

 

Need to keep smaller Rs by making 

proper material surface.  

 

Suppressing multipacting and field 

emission  loading. 

Higher Rs makes larger pulse surface 

heating during short pulse.  

)(),(

)
5.1

(
1

102)(
67.17

24

KTGHzf

e
f

T
R T

BCS

¯

³=W
-

-

at 1.3GHz, T=2K << 9K  Ą rBCS=11nW 

sCu=5.8X107(1/W) Ą Rs~28mW 
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Shaping of accelerator cell profile examples 
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Damped cavity for storage ring 

With nose cone. 

DAW cavity 

SCC   

Typical cavity 

SCC   

Reentrant cavity 

HDDS for GLC/NLC 

Single cell 

Damped cavity 

TW   DLS 

TM010 

5p/6-mode 

(figure shows p field) 

SW  TM010 

SCC p mode   

Smooth 

More Ez on axis 

Less Hs at outer TM020-like p/2  

Floating washer 

Coupling mode in 

addition to 

accelerating mode. 

High Q, high R 
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LEP Ҧ  
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LEP cavity  
with storage cavity  

for efficiency improvement 



KEKB  ARES  
R/QҦ  
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KEK  



 
ˉ  SW ) 
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SW and TW 
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)(,)(: kzCosekzSineSW tjtj ww

)()( ,: kztjkztj eeTW +- ww

Superposition of    Cos + j Sin 

Example   pillbox TM010 mode 

Ez and Hf is 90 degrees out of phase 

Forward or backward wave     F+B or  F-B 

Er and Hf in phase to make Poynting vector 

Ez 

Hf 
t

D
H
µ

µ
=³Ð
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SW
Superposition

Maxwell  

Cos + j Sin Ҧ exp [j(˖ǘ- kz)]  
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Solving wave equation with satisfying boundary condition 
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61 
E-mode / TM-mode H-mode / TE-mode 

E. Marcuvitz ed., 

Microwave Handbook 
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Add periodical perturbation with its 

period=d. 

 

If d=half wavelength, then reflection 

from each obstacle add coherently, 

making large reflection, resulting in 

a stop band. 

 

Then wave component with 

harmonics bz=2p/d suffer from 

significant reflections, making a 

stop band.  
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 Ҧ  

ˉ  

 



 

This is equivalent to the Floquetôs theorem. 

 

Now it can be tuned to have a phase  velocity of light.  

This is required for high energy linac structure. 

 

The accelerating field contains infinite number of 

space harmonics, driven at frequency w. 

 

There are stop bands. No propagation mode exists. 
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65 

If the perturbation becomes large, 
reflection from the obstacle is so 
large that each cell becomes almost 
isolated cavity. 
 
Power propagation only through a 
very small aperture. 
 
In this extreme, the system can 
better be analyzed by a weakly 
coupled cavity chain model. 
 
Now let us start from isolated 
cavities. 

 

 

d 

d 
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In a cylindrical waveguide, two propagation 
modes exist; 

ztizti eande )()( bwbw +-

For satisfying the 
boundary condition at 
both end plates, the 
solution with the 
superposition of 
these two counter-
propagating modes in 
proper phase and 
amplitude becomes 
SW in a pillbox cavity. 
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0.0 0.5 1.0 1.5 2.0

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

TM01 

Ez and Hr TM11 

Ez and Hr 

Acceleration  

Max at center and 0 at r=a 

Transverse kick  

Two polarizations 

Zero at center and linearly 

increase as r increases. 

Big kick at center H field. 

0 1 2 3 4 5

0.5

0.0

0.5

1.0

TM02 

Ez and Hr 

Acceleration  

More energy storage for 

a given acceleration 

2014 ⱴ ᴪ ḱᴪ  2014/8/10 



 

68 

Ez 

Hf 
Hf 

Ez 

Magnetic field 

Inductive energy 

storage 

Electric field 

Capacitive energy 

storage 

Current flow 

Power loss into wall 

Resistive loss 

This system can intuitively be 

expressed with series resonant 

circuit in electric circuit 

The differential equiation is mathematically 

equivalent and the system can also be 

presented by parallel resonant circuit. 

PS PS 
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Resonant frequency in electric circuit 

CL
Freq

p2

1
=

Cavity frequency can be tuned by changing L and/or C by 

perturbing magnetic field and/or electric field. 

 

Slaterôs perturbation theory states; 

1,1
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¹¹
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ññ

ñ

CavityCavity

V

dVEdVH

dVEH
d

w

ww

Actual cavity tuning can be done by deforming cell shape, local 

dimple tuning, inserting rod, etc. 

SCC cavity tuning 
Blue nominal freq 

Freq up green 

Freq down red 

Dimple tuning 
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LEP  
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 Poynting vector E X H 
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DLS  
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1/2  

0:  Assume a cavity field in phasor 
diagram with one dominant mode 

tjeVtV w=)(

1:  Point particle passed an empty cavity,  
leaving a field, wake field, 

Vc q=wt 
2:  When the second bunch comes in,  
superposition applies; 
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 2/2  

While loss of the second bunch; 

)(2 qe++=D + CosVqVqE be

Since particle energy loss = cavity stored energy; 

+++ =D+D 221 UEE

Therefore, 

0)2()(2 =--+- qeqaea CosSinqCosVCosqVfq bb

This should always true for any q, then 

2

1
,

2
,0 ===\ f

q
Vb

a
e

When a bunch passes a cavity,  
   it excites the cavity with the field in a decelerating direction,  
   or it remains a deceleration wake field in the cavity.  
The bunch feels half of this excited field. 
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Lorentz contracted field 
In free space 
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 in many papers 
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Longitudinal wake function in DLS 

84 

Summation of resonant modes up to a certain frequency,  

Higher than the frequency, and in high energy limit g>>wa/c, 
optical resonator model predicts 

w
w

wt
t

ww w
d

Cos
AW

A

d

dk

m
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¤

=>-=
2/302/3

0 )(
2)(,

Total wake field calculated for the SLAC 
disk loaded structure became as shown in 
right figure (P. Wilson Lecture) 

Fundamental mode dominates for long-range wake, 
with some high Q modes superposed. 
 
Much higher than 400th mode contributes in very 
short range wake field. 
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Transverse wake function in DLS 

85 

We follow a paper* by Zotter and Bane on transverse wake field 
calculation on disk-loaded structure. 

*  B. Zotter ŀƴŘ YΦ .ŀƴŜΣ ά¢ǊŀƴǎǾŜǊǎŜ wŜǎƻƴŀƴŎŜǎ ƻŦ tŜǊƛƻŘƛŎŀƭƭȅ ǿƛŘŜƴŜŘ 
Cylindrical Tube with Circular CrosssectionέΣ t9t-Note-308, SLAC, 1979. 

Synchronous space harmonic component of the n-th TW mode, axial electric field is 
expressed as 

)}/({)()(0 cztCosmCos
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Where E0n is the field at r=a, iris opening radius. Loss parameter is  
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rq is drive bunch position 
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Summation gives total from resonant-like modes, 
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Over  maximum frequency wm, integration gives wake field using 
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