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What is RF cavity ?

Principle of RF acceleration

TM-mode : Ez#0, Bz=0, frequency: f
TMy;( - mode, 7-mode, Standing Wave
V(electron velocity) —~C(light velocity)
L(cell length) = A/2 ; A(wave length)=C/f
If the velocity is low like protons,
B=V/C <1, then L=gA/2

RF Cavity: accelerates charged particles by

the electric field
synchronized with RF frequency.
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Equivalent circuit
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Simple Circuit Model of RF Cavity
- Oscillation in the LCR Circuit -

(b)

() The damped sinusoi-

AV, dal oscillation of voltage in the RLC
i circuit.
\ ' - B (H) A portion of (a) with the time
h 5 > \ scale expanded and the graph of the
{ (\~__..),> current I included.
N N ' - . - - ~
— M 2 () The periodic transfer of en-
/ l \\ ergy from electric field to magnetic

field, and back again. Each picture
represents the condition at times
marked by the corresponding num-
ber in (bH).
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Electro-magnetic field in a waveguide

Maxwell equations in a waveguide

—
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VXE=i—CB, V:B=0, VXB=—iu£—CE, VE=0, p=0, j=0

E(x, Y, z,t)= E(x,y)exp( Hkz—iet), k:wavevector . J
- -~ Y& = =

B(X, Y, z,t)= B (x,y)exp( Hkz—iwt)
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TM/TE - mode assignment of
electro-magnetic field

TM-mode: B; =0, E; #0 = BeamZI:EHES,

i&:l,t9
é = C \ % E
t (gum—z_k2)ezx tE;
o2
£ - 1 g(@) — BERIEMBEZETK Ez%&
t o’ "\ oz K&H 5,
(Su?—k )

. ( o 2
VtzEZ +Lsu? —k? E,=0,

Boundary condition E zl s=0 (" n XE =0 on the sutface of perfect conductor)

B,
on
but automatically satisfied by the TM - mode condition)

11-13/May/2011K.Saito HAKXZRYIEBEEREE/— 242
2011

|s =0 (n-B = 0 on the surface,



TE-mode: E;=0,B;,20 == Rkl RAn

Q)

- leEp — -
B, = C vt(@z)
®? 5 0z
(en— — k%)
C
)
- -IT; _ .
Et - o 2 €, ><VtBZ
(Su—z—kz)
C
- ([ w2 )
VB, +|epu—-k?> B, =0,
LB+ 2 B

Boundary condition E zl s=0 ( n XE = 0 on the surface of perfect conductor
but automatically satisfied by the TE- mode condition)

B ..
%\qszo(- N "B =0 on the surface)
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E A e

v(X%Y)=E,(Xxy) for TM mode orB,(X,Yy) for TE mode

(vt2 Fr2)y=o0, W|g = 0 (for TM - mode) or 5a‘|’|s: 0 (for TE - mode)
n

® 2
Y2 =¢ep — - k220
From the boundary condition,
2 2
Y =Y V=vyiy (A=12,-) 2

2 ® 2
) k) =eu 2 -va
)&

Ifo <cC 7; , then K, is an imaginal number. The wave is damped in the waveguic

®) =C % ---cutoff frequency

Wheno > w, , wave numberk, is a real number,

then the wave can propagate into the waveguide.
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DFE;KRE TM Mode @) Cutoff[E K%K
{ RO EHTHEOER: E=E,e 7™ ($EHoEiL

BMAEROEEBYRERERNS 7 = T

- AR BT DD EHERDS.

2
o,

=gy, —K k’=w’¢ >0 W > y' = ( m”)
V=dsu,-K oy =7" >0 W @ >y "

) - L CORROERMECUOTER S
a

hs _ CPm
Cutoff B &K : Towor == 7

P60MmMAFEREDTM__Mode®DCutoffZitE T 3,

Cutoff Freqency|[MHz] J m(x)O)n% BhO¥Oos X=Pmn

TMO1 3825
T™M11 6095 0 2.405 5.520 8.654
TM21 8169 1 3.832 7.016 10.173
TM22 8779 2 5.136 8.417 11.620
TM21 11159

248
™22 13387



1EEKE CTMRTESHH?
2 BISTMOT Moded L 115 &1 |=E — AR T 7

T
LJ p/ .%1313'; AIZDWNTIXEH

‘ ?i%’CHS(UJ:Hé

\. [

T™MO11E E, = EOJO(”; e Slemel) R AT ROV AT=0I1ZIZKATES)

2
2 k2 = QJ _ 2
kEWTEREMIKTREDVEDBERLH B = 0’c p, —k* = L) _g? »{ (C !
C
MBI &=, yITw/ckYB /S

kz = ot oLERABEAFEE
Z [0)] [0

AR V,=—=—= —— > C TRABBMENSES
t ok Jwic)-y :

w/C

SFEYRETEBHT YL BRSO EABDEHAEL
i CEGL o BEABEL

11-13/May/2011K.Saito RAKXFIMEBEESESR/—H 249
2011



EREHE(PiIlIBoxDIHZE)

MR ERE OmEHICEET B(Cavity) B FIHIR(EZA ) TOEREHSEBMSND

imRDME: 2=0,d © E =0 E =E,=0
iR (K FELREIZ S ELTHIRIXRA S &
£ = 1K Pm g gmog @rje‘kz = —Asin kz + iA cos kz

" 7 a a

EHRADHEEZ mp Re[E (2)]=—Asinkz

Re[E, (0)]=-Asin0=0 Sinkd:0:>kd:p7z:>k=% (plFEE%)

Re[E, (d)]=—Asinkd SEYZARREERESL. plizAROHOMIA->TINS
™, E—F | 2B 0#EEZLIEEL

mnp

_ 1 p7 p, Pmn prz, H —_L Mg ; ('Dm” jsm mo) cos(XZ
= == g aE.J (arcos(mé?)sm( ) My 2 2 a (mo) (d
1 pzm D . . we, | (p j Pz
E,=— E,J o meo — H,=- ME.J ' =1 |cos(MB) cos(——
)=y B (ajsum SN Hy == B, | B feosmo)cos(E )
E, :EOJm(pm” jcos(mé?)cos( p;zz H,=0
a

2 2
At G =("gnj +(ﬂj -



™., E—FDHl ZD1

A 40 TM010

g—

r=al2h &=
Ez, . mx=LZ
Jy
a
r=al2
Ez/

I,

B TM 020

g—

r=a/2

Ez

____________________




™, E—F D ZD2

e (TERd)

Pillbox TLL FDTM ModeD D FrEEZ LS,

E, = EOJm(p{:“ rjcos(m 0) cos(%)

74
d

oAmE:cos(ME) rAM: Jm(paﬂrj ZF M :cos( )

TMO010
TMO011
TM110
TM111
TM210

NI TMO012

TMO20

Beampipe




TM Mode [EiE %k

2 2 2
. p pz c |(p pz
_| Fmn f—_ mn Ldad
@ Eot (aj{dj: 2nJ(aj+[d

;

/

EEQ
TMO10E—R M 3R B R AV 1300MHz( 275 5 4
HDPillboxDFEFaltFKSdEKRDH LI,

CPw C
2 rf [ ]1 2 f

C=2.99792458 x10°[m/s]

[mm]

d [FEEEN, SEZRTILEY D55
BFMNEETES>TLDELTHETS
d DRSZHKRICMAHZETEITILERIAEIC
BFEREHIENTESD, MT-Mode(FkHER)

I DnEBDEOR x=p,,

0 2.405 5.520 8.654
1 3.832 7.016 10.173
2 5.136 8.417 11.620

E%E@ E =

TM mnp

™ 0
™ 0
™ 1
™ 1
™ 2
™ 0
—T™M 0

Beampipe

f
[MHz]

™ 01 3
™ 115
™ 2 16

[\)y—ap—ap—ay—ap—ay—a

0
1
0
1
0
2
0

2984  Reject

RREQ TR =PillboxFLIRD EE= ., D TM Mode D HIRE KRB EEEL TH LS,
F 1Z30mma Beampipe D CutoffE K& LE R T, Fieldh Beampipel RN ETMEZ LS

TMmnp f

NWgFAR R ol =8 S Z30mm® Beampipe® Cutoff

{E & K #iModelXCavity R IZEALIAH BN D
N % Trapped Mode& VS,

Mode Cutoff
[MHZz]

TMO1

™11

TM21 8169




TE Mode
Ez=0DIZEZTEE—FR&ELVD ., TM ModeERIFRIZL THzZIZEFE B LD DfELYVTLK

o> 10 1 ¢0° ,
—+——+ +y° [H,=0
orr ror r?of? 4 j :

REEDEOR D EEHM DL TR TAHSE. TM ModeLERIFRICTFEIKRIIRKX D LIIZFRE D,
H = H Oeimﬁ‘] . (7/r)e—i(kz—a)t)
L. BREHT AREARREICEEGHSENEOICEEIE BDT

MEERETETERS V'H, +/°H, = E

Ik oH IK :
H,|  =——%*=—5Hke™J '(x) =0
r=a y or y .
L«p01
1. X)) (DM DnEBDELARZEX=p,,, T 5L \
0s8] |
H = H ()J . ( p'mn rjeim@e—i(kz—a)t) 067 Illlllll p’O3
a oo | 02V p'04
HE. EREHELYTE Mode DIEHEE Hyld 02 Hll'x / \ / / —
L o 02 2 l 5 5 w "12 T R
d 0.4 L4




OFEHE TEMode ) CutofffEE%kL
{ BAAERAESRTHOERE=E "™  ([HEcEiL

RBFRAOER(EE , = Lo
B T B HOLDRMERDS, 2
1 p'
— 2 2: 2 A2 2> 2=C2 mn
7/2 0)26‘0,% k ‘ K w &y —y >0 ‘a) goﬂoy ( . )

C '
) o> CORFOBEEECUOTE IR
a

_Co'm

Cutoff Bl R £ - Touor = y

d60mmHAEEIREDTE  _ModeDCutoffZ5TH T 5

Cutoff Freqency[MHz]

TE11 2928 . (x)OnFEEBOEOR x=p’,,,
TE21 4857

TEO1 6094 0 3832 7016  10.173
TE12 9478 1 1.841 5.331 8.536
TE2?2 10665 2 3.054 6706  9.969

TEO02 11158



PillBox N TE ModeE/iE 7

TM ModeE27%Y | TE ModeDIEREHIIERKREA TEELHMIGENAEOIZLHS

) siotE: 2=0,d © H, =0

H, = HOJm('O = rjcos(mé?)e_ikZ = —Asin Kz + 1A cos kz
a D ——
EHRSDHEEZ P Re[E (2)]=—Asinkz d
Re[H,(0)]=—Asin0=0 —> sinkd =0 = kd = pﬂ:k:% (plFEE%R)

Re[E,(d)]=—-Asinkd

DFEYZARIIEERERL. plEzARDEDEIZHE-TINS
p=0lTFELLLY, BELGSE=012451=8

TE,, , E—F| stimoassszniELn 1 |
%E Plan o . paz H =— 12 E,J (pm” Jcos(mﬁ)cos( P72
E, = 7 E,J., " rjsm(mﬁ)sm( ] ) ¥ d a d
we P, P on . p7nz 1 pzm Jo X prz
E, :}/—2 " EOJm( " rjcos(me)sm(T) H, =—77 " E,Jn 3 r s1n(m6?)cos(T)
E =0 _ P | cos(mo) sin(%)

SRR - 2] <[]

Q_I



TE 111 TE 011 TE 012

(B (§6

E%ﬁ}g(@('r"E"EI:E)Piuboxd)TElll~ TE211. TEO11. TE1120) BRI S HEEZ TH LD

HIEG) REQTR=Pillboxs R D EE . TEModeD $ IR Bl HZE S EL THES,
(E EE) F1=. F1E30mmMDBeampipe D CutoffF K # & LE R T, FieldhBeampipelZI/FNHE T MNEZ LS
=
f:i\/(&)z_p(ﬂf TEmnp f[MHz] Beampipe F£30mma Beampipe D Cutoff
2z a d TE 11 1 Mode Cutoff
r)OnEEOEOE x=p',,, TE 211 [MHZz]
TE 011 TE11 2928
0 3.832 7.016 10.173 TE 112 TE21 4857
TE 1 1 3
I 1.841 5.331 8.536 TE 2 1 4 TEO1 6094
2 3.054 6.706 9.969 TE 015




ModeDEIFEAiE TD1

TM,,,,, mode :Hz=0,Ezz0 DIFE m: 073 M DEI D2
o p 7z n: rARIOEDH(FDLIEEEZL)
E,=E,J, N r cos(mQ)COS(T 0: ZHEDE DK

5 — B A\
TE o Mode:Hz#0,Ez=0 DI5HHE m: 0B BDIE DL

H, = EOJm(P'mn r}cos(mé?)sin(%) n: rARIOEDEH
2 d p: zARIDEDE

ENENDEITB>TD R A AMAIELY

__r
Sll_

Cavity 4k [ I 3%

Network Analyzer Sp

Network Analyzer

Port 1 Port 2
Input Port Pickup Port
Pin Tpr Pt

HIE Y
f /

Network Analyzerl& A/ N\T—Z—FEICL T, BE#ZFsIF-IXEEL. R -F@ED
IND—- (I BZEHR ARG THEAR>TNSHBAIEZRZTH D,
SEIES/INTA—REF AR TEFED, TRIZTUTFHEFEALNADSRASZET S,



ModeDRIEAE TD2

OAMMDNHTERS: Input antennaZEE L.
Pick up7 > T+ %06ARIZEILS21ZE=429 5

S2

Input picup

0 B g BDEEREES

Minput-Pickup 7o TF+4EBEET S e

\
N ZBH;J;DH I\T ﬁﬁf} @RV LICHINEERBAZE—ERETELSES
ead Pull Metho QERBNITEMIZ T ANGL D THIREIRMAENDE
@FEICERHE R CONIERFMIEN TS z "

Pha

AU AT ol fo i apy e —oag B ==
Uo T 2Q N - e
S2
o ?
iorR




BHZPh DO Maxwell 52,

(. = = =\
divD =0 = 1, H
divB =0 D=¢E
M B2 22 iR 3£ 4R 3% (pill box) NDIGFADEESH a=88.3mm,d=115.3mm
2 %a0) P SEhR R 3 DA IS _ O,
f=1300MHz; ILCO f&);
ECT B (EEES. EHE) Qi Lt

r

E=E (Y™ N
_ i(ot-kz) | =7 == z
H=H,(x,ye" 5] )
ZR G &r, 0 B IZ5 1+, Maxwell FEERIZHR A,

d
Et, Htld . Ez,HzD A TRES,

s o e o OAMEDEDE m

Mo B—R (IEE—F) :Hz=0,e220 054 CBEDONE  n

Ez _ Eo‘]m(pmn erOS(mQ)COS( p(jz-z ZAMDEIDE P
a

TEmnp E—F (FYIE—F) :Hz20,E2=0 DIFE O ARDOEDOFH M

p'mn N 0¥ 7 rAROSfH N
H, :EOJm( " rjcos(mé’)sm(T ZHROEDE p



= BLIEMRZE R DRFINTGA—4F

72 R 3= D FE 2D 5141
RFCEFNDRELAHAEZNILGEIZDHES
. EROBIKDBIFERH T /INTA—4
IEREBERDESE

FHEER - FEUISEIRERDEZ

G W e

11-13/May/2011K.Saito RAKXRFRYEBEEFESR/— 261
2011



FIEERODREAENMEEZARS D
FEOLEEELEETRAN O, REERLSRET 5.

Ampere—MaxweIIOD‘f Al

2
VXH___J » aH aD_aJ OE ('.'JzoE)» VX(_lVXEj_aE):aJZGaE
“at F— 1.8 y o ot ot
» AE =¢

(BIEATE) (~Vx(VxE)=V(V-E)-AE)
BERFKAICAMNNTEEZRSTIHEEEZD

2
F@mE: E (z,t) = E,e”'¥ ) 3wt Es =
KA 07>

ot

= (— sUD” + iGya))Et

) -, exp(\/—gya)zﬂowa)-z): E, explya+if -2) »{Z}:“’\/ﬂf[t” ”%H

2
2 AEE(Skin Depth): &6 = | —— \ exp(—2/6)
HOOC /\ /\ /\ /\\/ Y
I e
\/ \/ ViV Z
11-13/May/2011K.Saito EE z2=96 ﬁﬁg




FIEEARODREAENEEZARS £D2

2

2 AEE(Skin Depth): § = [———
LUOC

E.(z,t)=E, exp(—gj exp i(a)t—gj = E, exp(—é(l+ i)zjexp (ia)t)

oH
Faraday® ;%I VXE—F#E:O EEESZoLT

1+5| E exp(——(1+ I)Zjexp( lot)

= —I{ 1+1E, exp(——(1+ I)Zjexp( Ia)t)}dt =

E 1—|
Surface ImpedanceZz: Z =—t=R ,ua) (l—l)
H, HOW 1+| HOW

U
20 50'

KREIEHRs: Re(Z)=R, =

%EE@ 20°C+1.3GHzTO, i, ZILS, A TENZTNDEANFES, REERERDH K

1
BRERELBIENFOBSK: © =

§f :1.72x10°*[Ohm -m] 7/ :2.74x10 *[Ohm -m] =47 :1.61x10[Ohm -m]




QEEIF(HIRANTRIL)
HIRZT RN TREEMICEYEDODNAIRIILT—(Em@migk): P

W hOExS
ZZRAIZEE ST R IJLF—(Stored Energy) D INEGIFFfRICREmEMICKYRDHONSIIRILF—(F

1 2
loss — ERS.HH‘ dS

du U Const T
IRLF—REFREY By = S Stored EnergyEBEEREDLLIE—F Q= = =

d F)|OSS RS RS
dUu wU
‘ I:)Ioss - = dt = Q U =U Oe_“’”Q
U =%E®)| 2BBL  EM)=Ee "% =[ E(we"do
_L * _;%t -t qiwt :L * _a)_()t_- H — 1 E()
ChAET— TS 3L E(a))—zﬂjo E,e Qe et 27[]0 E, exp( 20 it +ict)dt TR
20 0
INT—TEF L. O—L YD HEERE (=113 i) 4R E K E1300MHz, Q=10000DIHE
2 A A? - 7
P -l = — - Rl
-2 +i(w-w,) Wy N2 2
f cHl
Q= 2A0f (. w, =2xf,) ;

1299.0 12995  1300.0  1300.5  1301.0
Frequency[MHz]



MRZEFDEREZERPT /NTA—2 (PillboxDIHE) £D

NNiRFE £ (Accelerating Voltage) : IR ZE iR % @B 9 SR ZHIFHV52 (T B S E BV NER

BE

E—LMNERPIDEHENLIETEDEE, FIFAE Tz=ctEE TS, Pillbox TMOI0DIE S k=%=o
d
C . w/C T
72=(a)/c)2—k2:>(a)/c)2:(pm/a)zz( Po j (1 =
P d/ d
y=p,/a a= '00‘ d
: o,

Transit-time factor : H#F'HEP"‘@J?‘% SIS RFHRIE T HER. *_1?75\ AW S PIES

T=_Ye Ve _2_ .64

U EdZ‘ Eod_ﬂ'

y)IBES
V

E = c =

acc
Leff

dE,T 2E,
d T

Stored Energy : ZEiRIANERIZ

—E,T =

[MV /m]

ERLIRLY—
7e,da’EgJ; (P _
2

U=22[|HPdv="2[|E]dV =
2 2

Wall loss : ZZRFRE THDIRILT—IEL
R ”5oa(a+d)E02‘]12(pm) _
Hy

j|H 2 dS =

Ioss -

B 5 (Effective accelerating gradient Eacc): BfFIZZERZEFN BB T HEZIZERLLHIER

$MEE(T) TNEhOMR STA—FEHELTHES
E, =1.0[MV /m]@1300MHz
g, =8.85418782x10"*[F /m]
1, =1.2566370614 x10°[H /m]
C=2.99792458 x10°[m/s]
R, =9.4067 x10°[Ohm](20°C, Copper )
J,(p,) =0.519

a=0.0883[m] d=0.1153[m]




MIRZEFDMEREZFFRAT /AT A—R (PillboxDIHZE) D2
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1
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2(a+d) | o
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2d )’ R, oc —
V> ﬂo(”j (MOhm] .. g \/5
Ry =5—= — = m RREHHIIKET D
" P, Roma@+d)Ii(jy) ) R
S
R/Q(7—JL /34 *F2—) :Shunt ImpedanceMILRIKEF1=(T D E L
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_ ®60mm Beam Pipefd = Z2iF D 5t

=< <
e
an — GGGGGG@@GGG(B* — an
CLLOH0060000=
20 | S g, OGBS - - | 20
h _]Bn | _l.llm - _g_l: - d \ =\LARLY iJJ.b;in:jﬁ",\ . llhl .4—36-2009 H‘;fflSB B
Bore diameter|mm] 60 CavityB¥E COREEIS N =
Frequency[MHz] 1321 E—LNATfITIETOREESNEL
Transit-time factor 0.51 0 - - E——
Geometrical factor[Ohm] | 263.0 ) 5 :
R/Q[Ohm] 126.8 S0 W _
Hp/Eacc[Oe/(MV/m)] 376 | B I
Ep/Eacc 4.04 0 'pljpe """"""" Cziwity'wall"'""% """""""
i e P 2
I N —— E[V/m]

[/ ANTA

L i
0 500 1000 1500 2000
Surface dist[a.u.]
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Frequency dependence of the cavity RF parameters

Characteristics Parameter

Normal conducting
® dependence

Superconducting
o dependence

R, [Q] 2 2
P [W] w2 No depend
U [J] 03 03
Qo w12 02
Rsh [Q] w12 ®2
Rsh/L [W/m] w12 !
I [Q] No depend No depend
R/Q [Q] No depend No depend

B R T LY DRshlX. normal conductingTIE g ITHHIL TKELC LS,
GLCAX—/\2 & RIRT HEH,

11-13/May/2011K.Saito

RARFIRMEBEDPESR/—H

2011

268




Network AnalyzerZ UL N=QfE D BITE 5%

HIE AT EZEQME : Cavity&CableZ E =R 2R D QlE(Loaded Q: Q))
QL _ wU fo ZRTHOAR P,

- Input Port CTOHAXR:P,
Ploss + Pt + Pe 2AT Pickup Port T RAX:P,

IRIILXF—REFR:
I:)Ioss: Pin_Pt _Pr

Q, | Cavity Wall Loss”D &=k BQfE.
Q, [&”Cavity Wall Loss”+"Cableh SR H T/ AT —D & EHZLBQIE

Q,<ZROBIZ[FTWallO R &Cableh DiFMH T
IRILF—DEEEFR(Coupling)ZE RO IF KL

Input PortM b REEE R 1=HvT) T 3 (Pickup PortDAREED): B,

P
1% [ .
s P \Pw 125,  Over Coupling : B, ">1
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T I:)im
N
Pickup PortD w7124 : B, P — ‘511‘2 P - l_ﬂi:
P e In 1+ﬁm
By = Pt

loss

28R DA D QfE(Unloaded Q)

Qo =(1+(1+8)B n+ B

Network Analyzer

Port 1 Port 2
Input Port Pickup Port
Pin Tpr |‘ Pt
Cavity
025
0.2 A

o.oz —’/ l() \-

1295 1295.8 1296.7
Frequency[MHz]

REARDQIE
(Loaded Q)
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+osEARE Rl
b\%%ﬁhf:&%\(ll¢—~\\ \\
\
\

0.6 -

& E
e :
Open 02
0<R<1 Ooiuzuua;ujshuz;ujlo
Under Coupling w
ZER DO EIRE R BoODES
S, (o) 1—X—iY_>1—X R_1 O0<R<1l m&EE —-1<S,,(w,) <0 —> Under
0] - =
“\O I+ X +iY  1+X R+l R=1 0&E S, (@y)=0
N I<R DEE 0< S”(a)o)<1 —> Over

RIZROTHRIEIELTEY RO [LCableM AU E—F U RERT . ROZEHOHIZELE

R/R,-1 p-1
S. (w.)= 0 = C D EPEFEE TEH(Coupling)&ELVD
nlen) R/R,+1 B+1 272




Hy )

HEMMERDON. AllEHELTEZS
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X | . (1Y
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Beampipe{TZ=Pill Box® Z{ihi[B] 1%

}‘ TME—F ||— TEE—F $
- . E7
|

TM ModeDiI5& TE ModeDI5&
CiEiZ>= f 10 LI HIN= f
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4.2 Criteria General for Cavity Shape

Suppressed Multipacting
Lower Surface Electric field

Lower Surface Magnetic field
High Efficient
High Gradient Incorporate

L 2B 2R 2R 2R
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Real Cavity Design |Pencerof8? m bz

Need a hole on the cavity

for electron to pass the cavity

Need RF input port
HOM coupler port

High efficient cavity
Better performance

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

\

Ep/Eacc —— larger
Hp/Eacc —— larger
R/Q ., larger

Cell to cell coupling — smaller
HOM issue — more serious

Need Beam pipes on both Ends

\

‘ Optimization of cell shape
> Multi-cell cavity

— —ﬂ[ Choose spherical shape
to reduce multipacting




Real cavity design

Meshing

Driving point

©+ 0000000000 = -

= O 0 OO a9 49 8

g ey 3 —p — =

—y R T

N s sl

]

N al
e T e e e e e e s e B

- m = = - - b

! T

p Ll laly

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 = 0510999 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. @ i
Surface resistance = 9.38405 milliOhm é 1000k
Normal-conductor resistivity = 1.72410 microOhm-cm »
Operating temperature =  20.0000C 2 I
Power dissipation = 11181851 W 0
Q = 282576 Shunt impedance = 96.230 MOhm/m

Rs*Q = 265.171 Ohm ZHTHT = 28.632 MOhm/m z 0 é—_ '
r/Q = 109.024 Ohm Wake loss parameter =  0.22157 V/pC = 0:6_—
Average magnetic field on the outer wall = 1729.9 A/m, 1.40411 W/cm"2 % 0.4F
Maximum H (at Z,R = 3.32643,8.55466) =  1753.44 A/m, 144258 W/cm"2 o 0.2F
Maximum E (at ZR = 4.75232,4.24425) = 0946176 MV/m, 0.02953 Kilp. 0
Ratio of peak fields Bmax/Emax = 2.3288 mT/(MV/m)

Peak-to—average ratio Emax/EOQ = 0.9462

11-13/May/2011K.Saito

RAKRZIRMBREPER/—H
2011

278



Example of calculation of final
characteristic cavity parameters

In case of single cell cavity with beam tube, definition acceleration field becomes more questionable due to

the field leaking into the tube.

We define the effective cavity length as BA/2 no concerning to the real cell length.

Superfish outputs
=1293.77430 MHz
Ploss=1118.1551 W
Rs+Q=265.171 Ohm
Q0=28257.6
(Rsh/Q)=109.24 Ohm
Hs,max=1753.44 A/m

Es,max=0.946176 MV/m

B

FEDINTGAE—POLNTFOZER T A —5 3t B L,

Rsh =

V =

A =

Eacc = V/Leff AL, ANEREM2 LEET D,
Hp/Eacc = Oe/(MV/m) {EL. 1][A/m] = 4n10° [Oe]
Ep/Eacc =

Eacc =C- Pioss‘QOa

C=
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H|[Oe]

Ichiro Single Cell(Regular Cell)ZE;RM 3
136H: D SRR M EHS . RERRIBE NS SHEE S,

1289.6701 mHz

-

‘Behmpipe

e

=L =
aX a

Ichiro Regular Cell

Frequency[MHZz] 1289.6701
Transit-time factor 0.5803802
Stored energy|[J] 0.0039884

Surface resistance[nOhm] 26.5302
Wall loss[nW] 3042.4839
Unloaded Q 1.06E+10

Geometrical factor[Ohm] 281.819

R/Q[Ohm] 138.566
Shunt impedance[GOhm] 1471.9709
Hp[A/m] 20.644933
Hp/Eacc[Oe/(MV/m)] 35.571394
Ep/Eacc 2.0718832
EaccMax 50.602459




ZZROREF D E RAEHE
~ BP— /]\ ==

HOME — X
Hp/Eacc — /]

BP—— /]
EDmEE — X
Ep/Eacc — /]

ZERERET T, beam pipeDENKELEE

Ep/Eace, N/NE 7%, Fi=. beam BICE-fieldNEFTHDTI YV M E—F VAN LENS,
f=f2 L. %ZiEZER TlLcell-to-cell couplingN/NE T Y | fieldDEREEMNFONIZL LY,

F7-. HOMtBRBIZHE S, ChoDEEMEEMSRBEILIN S,
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High Gradient Shapes

Cavity shape designs with low Hp/Eacc

from J.Sekutowicz lecture Note

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

2nd Breakthrough'
[ lstBreakthrough' ' SERGEEE

ngh pressuer
water rinsing

Eacc,max [MV/m]

Date [Year]



HOM Modes in Single Cell Cavity

ICHIRO single cell cavity
D 1.2~3.0GHz
0 1 !
M:2150.683[MHg] M:2814.498[MHZ]
™O11 | ‘ .200[MHz]
20 - T™MoO10 o o I
| 7
M:1277.815[MHz] }It
-40 [v —————————— ™10 /- 3 —————————————————————————— ‘
2 | D:1917.828 MHz] |
| TE111 ; |
o |t D:A706.752MH | S N

00 et R T . -

-120 \ \ \ \
1.2 10’ 1.6 10° 210° 2.410° 2.810°
frequency [Hz]
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4.3 Multi-Cell Structure RF Design

Element Model (Mesh)

Simulation of Higher Order Mode Damping

Mesh of HOM Damper

Frequency and External Q

N S ——————————— /. Dip
an | v
2 1700 %ﬁiiiiiiiiﬁlﬁiiiﬁiiiii | IS SRR : ggj
?1600 - ';'7 """" ﬁ """ Di]%)leMd;les(TEII) """ %
g vaov ooy B | 1 s B
5 T e R v """""" o - 10
g 1500 g """"" v """""" s """""" VV """"" N/ e
Zoa00 b Yoo
————————————————————————— YO I sy eyomara B P 1000
1300 f' ,,,,,,,,,,, MO“O VQIQM.??,‘@Q;@Q, —o—4
' | ; i ; ; '
1200 7 2 3 4 5 6 7 8 p 100
Mode Number
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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)

v Field flatness vs. N

+ HOM trapping vs. N

v 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
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Equivalent Circuit Model for Multi-Cell Cavity

Vg 11 R g 11,1 RO Bg 1.1 1 RSN IRV 1,1 1 A8
— — : —>
1 Y e, N
(i . +iwLJh+(%}h+(%)(h—|2)=0 (L+k+p )l -kl =0,
o ? o Kl +(1+2K)] -k, =Ql, 1< j<N
Lo =1 p+liobs——]1 +| ——]a =1 =0
ioc - ioc ) liec, )T -kl +(A+k+p)l, =Ql,
. 2
l<J<N wgzijkzg’yzg’ andQ:a)_z
(_1 j(lN—lN1)+(iwL+#)|N+(;le=o LC C, C, @o
1loC, loC loC,
[1+k+y -k 0 - 0o 1[I, | [
ko 142k -k - 0 ||1
0 0 : =Q|:
: ko1+2k —k | |1,
0 - 0 -k I+k+y] Iy | |
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Solution for j-th cell in m-th mode

r-mode
1 .
V:W[l’ -1,1,-1, -] General equation
1+k+y -k 0 -~ 0 |[ 1] [ 1] 43k -k 0 - 0 1 ]
—k  1+2k -k - 0 |]|-=1 -1 Kk 142k -k - 0|1,
0 0 C =M 0 0l|: |=Q]
; -k 1+2k -k ; -k 1+2k k| |1y
0 - 0 -k l+k+y || | ] L 0 - 0 =k I+3k | |1y |
1+ 2k +y =Q™

—1-4k =-Q™ > =2k

j — 2-0
vi™ = B™ sin mn(zl 1) , BM= |— N
2N N

m = m-th mode,

J = j-th cell in mode m-th
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MERE—FICEIFEH/NNRINVE

9-cell
fandamental

9-cell

TR
| i | '~ 1:1277.081 MHz ‘
d ! ! 3 ! ! ‘ﬁ
!

! : : ‘ 1 2:1278.905 MHz R
e 3128L776MHz %}
| | | | ' 4:1285.391 MHz o
' 5:1288.796 MHz Y
| | | | © 6:1292.393 MHz |
00 A AR AR - 7:1295411 MHz SR |
| | | | © 8:1297.349 MHz |
©9:1297.997 MHz

-80

1.276 10° 1.28 10° 1.28410° 1.28810° 1.29210°  1.296 10° 1.3 10°

frequency [Hz]
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Field distribution in pass-bands

B 1/9-7 mode

i

W 9/9-% (x) mode I

W 49pnuk

il

I

1 |

'l

|

i

|

U

I

I

128/ #H7=Y mn MDphase advance
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Pass-band modes of TMO010 in a 9-cell cavity

Cell number
1 3 4 5 6 7 8 9

] WWMMMWM L e TR R
fase) -0 R IaEEY . . X
o - . || B My By

9.1,7[ = WWWW H’ZW;I; advance in the cavity j ] me; b M’m\ m

- i - i
- anMMWWWMMMHWWWWW | 1= L L R 4
e | T

pm || =Tl A

:JWWWWmMR’QWWMWW;

o . A Sei N W W .

Gty ey Tyl
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Frequency [MHz]

1310

1300

1290

1280

1270

1260

Pass-band modes frequenc

[+ Viml) + VETl) =B™ sin |:(m7Z' (21— ] — mﬂ} +
; " 2N N
p =
o’ R B™ sin (mﬂ (2)- l)j mz
e f 2N N
2 mz
/¢7 / = 2V§m) Ccos (Wj
/ / £ Y
_Ow Q™ =| In | —142k|1-cos| 2
s B " "
i1 2 3 i4 i5 I6 7 8 9 10
Cell Number(p)
TILBHNRBKIZEDE v, (p-mode)=0 12755, RFDFIN L5,
NAREZFVERFDOFNHELLZY, beamZREITINRETEGLL S,
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Comparison of HOM modes between Single cell and 9-cell cavit

single
9-cell

Single & 9-cell
1.2~6.0GHz

11-13/May/2011K.Saito
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frequency [Hz]
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ICHIRO 9cell #7
mono-pole

- Monopole

60
30
Input port

0
210 %/S“
300

240

270
HOM

ICHIRO 9cell #7
dipole

120 60

30
Input port
0
210 %30

240 300

270
HOM
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How to decide the number of cells

i
SR AR AR AR AR BRE AR AR AR BR AR EER AR ER RER AR AR OB__

N: number of cells
Field flatness factor :

Cell to cell coupling :

Beam pipe has no acceleration beam.

BP reduce the efficiency.
Multi-cell is more efficient.

v



<
n

17

<
n

13

<
I
©

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.
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_4.4 HOM (Higher Order Mode)

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

The amount of induced energy by charge q is:
AU, =k -q2  for monopole modes (max. on axis)

AU, = ki:q?  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.
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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.




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

ILC Beam Spectrum: o, = 0.300 mm, Af;;,, = 2.97 MHz

0
Trapped in cavity

f [GHz] 500

Propagate beam pipe

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

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

1
fo

Damped by
HOM couplers

11-13/May/2011K.Saito

I I I >
10 100 1000
g 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 gbg(e)?g; r/’”e
Gray-zone ?
5 GHz <f< 15 GHz

T 0 : 100 1000 ¢1GHz]

L] ;] | >

| N | |

Propagating modes above cut-off.
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Attention to Trapped modes 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 unflathness mechanism:
v  weak coupling HOM cell-to-cell, kg¢ pom

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

That is why they
hardly resonate
together

f = 2385 MHz ——

f=2415 MHz




Mode Dispersions in Ichiro Cavity

Trapped Dipole Mode ?
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Mode Dispersions

Simulated for Ist 9-Cell Structure without Coupler Ports
(Beam Ports Terminated)

By Y.Morozumi

Mode Dispersions

Old Ichiro 9-cell cavity

¢ &

v/ MF
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......

® Monopole Modes
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4.5 HOM Coupler

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

Pass band Pass band -
“«—>

Rejection band

Rejection band

4000. ff VMIHz 6000




Multipacting in Current HOM Dampers

/
Multipacting Resonanc% Dampers

—&— Upstream
% \ 4 Downstream / /

0 10 20 30 40 50 60
Accelerating Gradient / MV/m

Might be processed out easily, Under redesigning for new Ichiro cavity



Re-designed Cavity Shape: Old Ichiro/New Ichiro
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HOM modes in New Ichiro 9-cell Cavity
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Cavity Design comparison with TESLA

TTF STF 45SMV/m Advantage/Disadvantage
Operation gradient 23.4MV/m 35SMV/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 StTi 3t SUS316L No matter with Japanese
high pressure code

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




4.6 Mechanical Analysis
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Calculation of longitudinal mechanical resonance
w/wo He vessel by H.Yamaoka

Naked Cavity With He Vessel‘/SUS amm

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

343Hz 313Hz

476Hz S569Hz




Mechanical Resonance of a multi-cell cavity

> 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...
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Mechanical Resonance Excitation

d’x  dx . .
e + /IEJr kX = mf sin(wt): Forced oscilation(w)

X = ge A sin(a)lt + ¢1) + Asin(ot — @)

w_ﬁw_Jk_ﬂf _ A
0 m’~ m_am2’ ¥ " om’
A f

m

2 U@
B 2 22 2 27 tan() = 21“ 2
\/(a)o—a)) +4u"w @, —w

R [ a)za)rz\/a)g—luzza)o TEwKIZES,

W<, o200 HETAZIIDLEEETL

2
A (o)~ A A=L,2,uza)+—a)_=A,

fo~a,

(60—60r)2 +,L12 , 21”@
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Piezo Excitation by f-sweep mode (Example)

Example of Piezo excitation
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Mechanical Resonance Scan (0 — 2kHz)

FFT signal

-50

-60
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Arbitrary (dB)
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Tow components of Lorentz Deformation

Fr

Fz

Af:Zak5szZak5fk+df d|

mode Al=0 dl d F
2
_AE: AT BEL
dl K,

Noguchi’ s slide in the 15t ILC school
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Rigid Stiffness at Jacket and Tuner are also
Very important against the Lorentz Detuning.

TESLA Blade | STF Slide Jack | STF Ball Screw

A Hz/(MeV/m)? 05 05 (1.2)
B N/(MeV/m)* 0.047 0.047 0.051

df/dl Hz/ um 320 320 370

dF/dl N/ tm 3 3 1.8

KS N/ tm 13 80 60

Kjacket N/ m 26 96 58
Ktuner N/ tm 26 500 1700
Af (30MV/m) Hz 1490 620 (1360)

Fine Tuning Stroke um 3.7 1 29




Optimization of Stiffener Location against Lorentz Detuning

Eacc=38MV/m by H.Yamaoka

MX

TIME=1 ,///4>/4,MX‘*\\\\\ Usum (AVG)
USUM (AVG) 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 5) P— ) e USOW (AVG)
RSYS=0 RSYS=0

DMX =.134E-06
SWN =.143E-08
SMX =.134E-06

DMX =.136E-06
SMN =.447E-08
SMX =.136E-06

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



Comparison of Lorentz Force Deformation between
different cell shapes
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4. Summary

CCTlE, ZRKEF DTV REERBLTHLLIOICERKEZEE A =,
BIZEZRTE., QENELDTEEREMED,

BEEERDKAEEAELEGCENGELE{RLTH S, Maxwell FEAZEZINI-IR
REGEDOTCTEAERMEZREICETHS,

EROLEREZRTIIBEFTVICUIBTELEVO T, BEREREKICLIBEHIGHEI—FEES,
SUPERFISH, MAFIAZSMN— & [ZfFhh 3,
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