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SRF Cavity Design

7.1 What is SRF cavity

7.2 Circuit model of RF cavity

7.3 Waveguide modes and Pillbox cavity
7.4 Characteristic parameters of SRF cavity
7.5 Criteria for cavity shape

7.6 Real cavity design using computer codes (single cell
cavity)

7.7 High gradient cavity shape

7.8 HOM consideration for high current cavities

7.9 Multi-cell cavity design

7.10 Cavity frequency control in machine operation
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/7.1 What is SRF cavity ?

Principle of SRF cavity is not different from normal conducting RF cavities.
RF heating is very small in SRF cavities, standing wave is used for beam
acceleration.

The cavity is designed for t-mode. |

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 L I e s e
If the velocity is low like protons, |
B=V/C <1, then L=BA/2

RF Cavity: accelerates charged particles by | |
the electric field synchronized with RF ;L . | | | | !

frequency. 1 2 3 4 5
Cell #
F National Science Foundation f
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Low/medium beta cavity: FRIB half wave

Particle travel during one RF period in the cavity

OO

F National Science Foundation .
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Heavy lon Acceleration in HWR

L = BA/2, t=T/2

]
®

ational Science Foundation :
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/.2 Equivalent circuit of the cavity

ool Pill Box Cavity
A
| C L
) f e
} L * | q L,
R
l
L AA—— ¢ : <>
|
| :-d—Q, Q=CV, V L9 R
dt dt
d?v R\dV V :
— 4= + =0, V(t)=V,exp(-a+iw)t
dt (Lj dt (LC) (1) =Vo expl )
: . R 1
—a+io) +(~a+iw (—}L(—j:O,
(car+io) + (a+io)| T |+ T
R , 1 R?
a=_—, O =—7—"—
2L LC 4L
1 1
R<<L, af=——=f=
° LC 27\JLC
F National Science Foundation i
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Simple circuit model of RF cavity
- Oscillation in the LCR circult -

‘,' m
| e— t-
/\Wm( 20"

Amplitude damps by a
damping constant 20.

VAAVAAVARCARAR
v U UV :> Stored energy damps

oC exp(— e

# 5 ; ~
/ X r d N
I, \ R4 \ \\\ B
/ » # N s ‘
X ~
/ \ // N P g o .
N 7 ~L- - d
(b) e . Eill”JHKJ
V
PPN E: = constant of the
{ (I — o
oh —t N > (a) The damped s S|
1 1 oscillatic ()l‘\'(_)ll ge in ll l{[(
etz StO red ener
9 I#/\T/?AB ([)\l rtion of (a )wll the tir
D—) .'\—_', scale expande 1 ind th raph ¢ 1Ll
( (\M,) current I in luded.
I S~— ,&% (¢) The periodic transfer of e
// l \\ ergy trom electric field to m het
N field d back again. Each picture
3 - repr ts the conditio Lt tim
™ [ 3 marked by the corresponding nui
( mi) b — / berin (&)
- S V
4 == : 3
B e N
S>>
( (=) )
() | —
2
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/.3 Waveguide modes and Pillbox cavity
- Mathematics formalism -

Maxwell equations in a waveguide

<o lmB VB0, V xb- _lng ViE—o, p=0, j=0 See Jackson's textbook

e 1L

E(x,y, z,0)= E (x,y)exp( Hikz—i®t), k:wavevector

B(x, y, z,0)= B (x,y)exp( Hikz i)

. 2 - L - B2 . . . .
2 - 2 JE|(_ 2= 2_ o _p >
[Vt+(8u—2 k ):HE}—O, V=V _z, E—Ezez+Et, B_Bzez+Bt

Bt — > {Vt( ) +ipE— ¢ thEz},
) 2 0z c
me— —k?)

c

= 1 - (E,) ®- -
E.= \Y% (_z' —i— )(V B:|
t o2 2{ '\ 57 ) lcez tPz
(e— —k*)
C

National Science Foundation :
@ Michigan State University NSCL Spring lecture on Jan_ 31st, _2017
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TM(Transverse magnetic)/TE (Transverse electric)
mode assignment of electro-magnetic field

TM-mode: B, =0, E, #0 = Can accelerate beam
(O]

B e — B
— C =
;= > ez thEz
@ 2
TS
C
g = l v[2E) = Solving eigenfunction, fix k, Ez
E, t |
o2 oz )
€= —k2)

Boundary condition E | ¢=0 (¥ n XE =0 on the surface of perfect conductor)

CB,

On
but automatically satisfied by the TM - mode condition)

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

Michigan State University

@ hatliondl Sebitc o ncetion NSCL Spring lecture on Jan 31st, 2017
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TE-mode

TE-mode : E,=0,B,#0 ==) QEE il

o tranverse direction
- 1ef - (OB )
B, = € P )
0 0z
(BL— —k7)
C
()
. —i— .
_ C e
Et - o 2 ) ¢, XVth
EL—F —k7)
C
R ([ @2 )
2 L _
Vth+Leucz k)Bz—O,

Boundary condition FE zl s=0 ( n XE =0 on the surface of perfect conductor

but automatically satisfied by the TE- mode condition)

OB,
|S =0 ("n "B =0 on the surface)
on
“NA?QE?HZLSSCEGCS;SZPS?S“O” NSCL Spring lecture on Jan 31st, 2017
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Solve eigenvalue problem

y(x,y)=FE_ (x,y) for TVF mode or B.(x,y) for TE- mode
(&? + yz)\|f= 0, \lfls = 0 (for TM - mode) or ga\yls= 0 (for TE - mode)

® 2
Yz=8H—2—k220

From the boundary condition,

2 2
'Y :'Y}“ 9"’:“’7» (}\, =1,2,...) 5 (D2 )
> &y, zsu?—yx

Y

Ifo <c 7— , thenk, is an imaginal number. The wave is damped in the wave gu
ey

®) =c¢ “/Ygiu ---cutoff frequency

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

then the wave can propagate into the waveguide.

p
@ National Science Foundation

¢ Michigan State Uriyerstty NSCL Spring lecture on éJa_r: 31§t|3d20117
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Application of the mathematics for
circular waveguide

Plane wave propagating to z-direction I ¢28.
E _ E g~ (kz—at) k:imaginary = amplitude damps —
— 0 k:real = propagates without damping / \
G 0 a-i(kz—at) /
H=Hye !
w:angular frequency k:wave number " 7
\
Decomposing longitudinal and transverse and put into \
N

Maxwell equation
— 2 = 1 211 _ 2 _ 2 _kz(_ i i t)
AE:+7°E, =0 AH,+y"H,=0 7 =0 &/ y : propagation constan

Eigen value problem of y= fixed vy, k® = a)zgo,uo — 7/2 Get condition for wave propagation

1( . = — F 1( = : =
7(—|0),Llo -z XVHZ +k°VEZ)J_ Hj :_F(k.VHZ +|Q)€O -z XVEZ)J-
(1) Et, Ht both are decided by only Ez, Hz.
(2) Case of Hz=0,Ez#0, Et and Ht can be written by Ez only. (TM mode, acceleration

E =

mode)
(3) Case of Hz#0,Ez=0, Et and Ht can be written by Hz only (TE mode, kick mode)
6 i NSCL Spring lecture on Jan 31st, 2017
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TM mode waves propagate in a circular waveguide

Cyclical coordinate

o 10 1 0°
VZE, +7°E, 4 +y° |E, =0
! [EN ror re 892 7} Z
E, =R(r)©(6) supposed 182 2 _
(r®(H) supp ‘[ar oty jR(r)@(@) 0

2 2
‘ ' g > +l 0 +7% |R(r) = L -0 (= Ve :constant)
R(r){or® ror O(6) 66?

Here, set p=yr, the equation is Bessel equation,

d°R 1dR Ve
Bessel equation: ), () (1—102JR(,0)=0

dp®  p dp
d@(e)

v’@(0) =0  Single harmonic motion
Function should be connected continuously at one frequency = m integer
General solution

R(r)ec J,,(r)  ©@0)ce™

—> Early equation E = Eoeime\]m (ﬂ)e_i(kz_“’t)

z

National Science Foundation

@ Michiei State University NSCL Spring lecture on Jan 31st, 2017
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Boundary condition for circular waveguide

Perfect conductor surface.
E#0,E,=0 ,H,=0,H,#0

= v fixs
Ez in circular waveguide

E =Ee™J_

/

ﬁ atr=a, J,(a)=0
Prmn
= 8= Py = 7 =
Electric field in parallel to m a
waveguide surface should be zero. 0
— j/f' 7wy r
a
. r
10 —ikz
LK le
d m:

1\ n:

Bessel function of m-order

P, 1S nth root

Put Ez into Maxwell equation to fix Er and EO

_ 1
Et:——2
B ik OE, ik o
i
yooor y o a
»( _ikl@Ez_ik im
_? 7/2 r 00 7/2 r

-
' National Science Foundation
N )‘ Michigan State University

NSCL

Eoe”“‘ng'(

(—iwu,-V,xH,+k-V,E,)

=

Eoeime\] m(pmn rjeikz
a

a

Pm

number of node in © direction 4 \
number of node in r direction (J

Bessel function

2.0

1)
J00 ==

NSCL §pring lecture on Jan 31st, 2017
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http://upload.wikimedia.org/wikipedia/commons/c/c1/BesselJ_plot.svg

Cutoff frequency of TM mode function in a circular waveguide

| if k not real : E’ — E’Oe—i(kZ—wt) can not propagates (damps).

Eigenvalue vy is fixed by boundary condition 7 = %

I:> Fix the condition of w to propagates wave

1 2
7/2:6‘)250/10_k2|:> k* = gopty—y° >0 |:> o > VZZC{%j

) Sty
C
‘ W = “Pmn Called cutoff frequency, below this value wave can not propagate in the waveguide
a
: Cop
Cutoff frequency :f.,.. = 2—m

For instance circular waveguide with @60mm dia., Cutoff of TM__-mode below

TMO1 3825 J,(x) nth zero point x=p_, .
TM11 6095
TM21 8169 0 2.405 5.520 8.654
TM22 8779 1 3.832 7.016 10.173
TM21 11159 2 5.136 8.417 11.620
TM22 13387
bl NSCL Spring lecture on Jan 31st, 2017
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Can accelerate charged particle by a Circular Waveguide ?

For instance, TMO1 Mode is excited in a circular waveguide
(NN 7N 7N

TMO1 function E, = EOJO(/OO1 j ~H(lz—at) k should be real number to propagate wave

k and w has a relationship fixed by the y decided the wavegwde shape

k2
y _a)goﬂo (_ _k2E> {

If wave can propagate, y is smaller than w/c

at kz = wt, the field is maximum.

Z (6 i i vV, >C
Phase velocity: Vp _ - _ 7 _ > the maximum point runs 0)/ C K p ,

t k \/(w/C)Z —y? " at the velocity vp.

The phase of the electric field runs at the speed > c (speed of light)

—> Impossible to accelerate

Michigan State University

ﬁ' . . .
@ Vleate s ol NSCL Spring lecture on Jan 31st, 2017
[\ L e
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Pillbox cavity design

Put a cover at both ends of circular waveguide » additional boundary condition (z-direction) on the covers

r 2
y 928

At the covers:Z =0, at d E.=0 E =E,=0

Transverse electric field component R on the covers

Z
E, =—%pm” Eoe‘”“s’\]m'(m rje”‘Z =—Asinkz+iAcoskz «——>
Y- a a d
Take the real part mp Re[E, (z)]=—Asinkz
Re[E, (0)]=—Asin0=0 > sinkd=0=kd = pz=k =% (p integer)
Re[ Er (d )] =—Asinkd Standing wave in z-direction, p is node number in z-direction
TM,,,, mode | Take real part
__ 1 p7 o | Prn Py oy =@ Me ('Om” rjsin mé) cos(X%~
E, =" a EJ. (?r cos(m@)sm(T) Sl s 2 (m@) cos( r )
1 pzm p : . pnz 0&, ] .(p j pz
E,=———E,J 1 (sin(mé&)sin(—— H =——F-"E,] T r (cos(mé@) cos(——
0]/2drom(aj()(d) 0 zaOma ()(d)
E, = EOJm(@ rjcos(m@) cos(%) H, =0
a d
2 2
Resonant frequency w’su =k*+y° = ('Om”j +(%)
a
@j‘ ;\“/Iféﬁggfgt';gzr:;:'r's‘ft"y‘“u" NSCL Spring lecture on Jan 31st, 2017
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TM Mode frequency

2 2 2 2
T C T
@ ok :(pmnj +(F:1 j = 1= 2 \/(pmnj {pd j
a * a d is arbitrary but consider the multi-cell cavity

/ for particles run at speed of light.

Example of L-band

Fix the radius r and length d of the Pill box cavity to nth zero point of Im(X): x=p,
for the TM010-mode frequency to be 1300MHz

0 2.405 5.520 8.654
1 3.832 /7.016 10.173

¢ =2.99792458x10°[m/ 5] 2| 5136 8417 11.620

CPOo1 C
a=——=88.3[mm = = _
> [mm] d > 115.3[mm]

Example
L-band cavity with beam pipe with 30mm radius at 1300MHz (TM010)

Cutoff of 30mm radius beam pipe

™ 0 1 3 4111 Propagate

T™ 01 0 1300 Reject 'TM 1 1 5 6822 Propagate
™ 011 1838 Reject |TM 2 1 6 8279 Propagate
TM 110 2071 Reject TMO1 3825
™ 111 2446 Reject TM11 6095
™ 2 1 0 2776 Reject Lower frequency modes are trapped in the

i ich i TM21 8169
TM 0 12 2907  Reject  coceleraion Trappedmode

™ 0 2 0 2984 Reject

@))‘ hiationaliscioicak olldation NSCL Spring lecture on Jan 31st, 2017
N Michigan State University . .
Saito - Slide 18
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T™ 011
A

9\; i

— Polar coordinate EZ[

Ez

’ National Science Foundation
N n Michigan State University

NSCL

Filed distribution of TM, ; modes example

Draw the TM Mode field distribution in a Pillbox

E, = EOJm(m rjcos(m@) cos(%)
a

0—direction: Cos(m 9)

r-direction: 3 (m rj
" a

Z-direction: COS( P 7Z

TMO10
TMO11
TM110
TM111
TM210
TMO012
TMO020

NSCL Spring lecture on Jan 31st, 2017
Saito - Slide 19



blue: magnetic field Tm,,,,mode examples
A 40 TMO010 B T™M020

v ae

At r=a/2 Polar coordinate Polar coordinate Polar coordmate

- ; Ez g EZ

M

F d d
@ National Science Foundation ¢ NSCL Spring lecture on Jan 31st, 2017
Michigan State University
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TE Mode

Case of Ez=0, called TE-Mode, Solve Hz same as TM Mode
0 10 1 ¢°

o ror P od *7" JH. =0

z

Again circular waveguide VtzH , + Q/ZH , =

Separation of function r- component H, and 8-component H,. consider plane wave same as TM Mode
. imo —i1(kz—at)
H,=H,e""J (r)e
Boundary condition: Magnetic field perpendicular to circular waveguide surface is zero .
‘ ik oH, ik
rNr=a .2 2
r=a 7/ ar 7/

H Hke™J '(r) =0

r=a

J,’(x): n-th zero point x=p,,,” of the deferential of the m-th Bessel function J_,(x)

4
L&p 01
,0, 0.8
H =H,J m(ﬂ rje'”‘ee'(kzwt) o6 0’03
a
d | p’02V p’04
From the boundary condition of TE Mode, propagation constant y: 023 /
' i3 58 2/> I a/;u
o L MR

= a 0.4
@1‘ Elﬂagfgzlnssctlgtneci Eogpsdtf;tion NSCL Spring lecture on Jan 31st, 2017
N 1ICNI IV |
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Field distribution of TE mode in the Pillbox

Boundary condition of TE modes: Magnetic field perpendicular to conductor surface is zero

I:> HZ = O Atthe covers: Z=0,d

H, = HOJm(pmn rjcos(mé?)e”<Z = —Asinkz +1Acoskz
a

Take real part I:> Re[Er (Z)] =—Asinkz
Re[H,(0)]=—Asin0=0 —> sinkd=0=kd = pzr =k =% (p integer)

Re[E,(d)]=-Asinkd — Standing wave in z-direction,. p is node in the z-direction
E=0atp=0,sop>0
TEnp, Modes | Real part
' 1 pz o Pz
E, =2 Mg 3 [ Loy sinmo)sin(>2) H =——EJ ( rjcos(me)cos(T)
r a d /4 a
e P’ P . Pz 1 pzm Py e p7z
E,=——"E,J ™ r |cos(mé)sin(—— H,=- —E,J r (sin(mé@) cos(——
0 }/2 a 0 m( a j ( ) ( d ) o 72 d r 0%Ym a ( ) ( d )
E, =0 H,=E,J, P ¢ cos(m@)sm( )
a

1 2 2 ' 2 2
T C T
Resonant frequency wzgoyoz(pm”j +(p—j = f = (pm") +(p—j
a d 27T a d
F @ National Science Foundation NSCL Sori
e i pring lecture on Jan 31st, 2017
@{ Michigan State University Saito - Slide 22



Cutoff frequency of TE mode in circular waveguide

k should be real number to propagate : E — Eoe—i(kz—wt)
£ mn

Eigenvaluey: 7 = a

|:> Condition for w for the wave to be able to propagate in the waveguide.
2
1 1
V=l -k T kP=aleu, -y >0 D a)2>8ﬂ 7/2202(%}
0/*0

C 1
a
_Co

Cutoff frequency: feuor = -

TE,,, mode cutoff frequency for the $60mm dia. circular waveguide

TE11 2928 n-th zero point of I’ (x): x=p’,,
TE21 4857
TEO1 6094 0 3.832 7.016 10.173
TE12 8478 1 1.841 5.331 8.536
TE22 10665 2 3.054 6.706 9.969

m TEO2 11158

@’Sj\i K‘ﬁéﬁgi’fg{j{‘;ﬁ;3;;‘8?@“0” NSCL Spring lecture on Jan 31st, 2017
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TE, ., mode example
TE111 TE 011 TE 012

)(B) (@6

red:electric fie
blue: magnetic field

Example: the EM field distribution for TE111, TE211, TEO11. TE112 in the Pillbox

Calculation of the resonant frequency of TE Modes
Comparing to the cutoff frequency with 30mm radius beam pipe, consider the field leakage into the beam pipe
p_c oY (prY Cutoff frequency of
27 (TJ +(Tj TE 111 1637 Reject  omm radiusBeam pipe
n-th Zeropint of J’,(x): x=p’,,, TE 211 2101 Reject
TE 0 1 1 2446 Reject
TE 112 2784 Reject
0 3832 7.016 10.17 L
TE 1 1 3 4025 propagate TE21 4857
3 TE 2 1 4 5455 propagate
1 1841 5331 8536 TE 015 6822 propagate TEOL 6094
-E 2 3.054 6.706 9.969 NSCL Spring lecture on Jan 31st, 2017
e Saito - Slide 24
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Summary

divD =0 B I§:,u0|:|\
= B _5 rori-P g

divB = protE+—-=0 ot D=s5E

Summary of cylindrical cavity (pill box) a=88.3mm,d=115.3mm
e ofadss Sostiora ey PESEIT  £-1300MHz; LC frequency
w. wave numberf) E— EO (X, y)ei(a)t_kz) § s

H _ HO(X, y)ei(a)t—kz) ‘97 ‘ j <
Decomposing z, r. 8 directions. put in Maxwell equations. d

Et and Ht can only be described by Ez and Hz.

TM o Mode (acceleration modes) : HZ=0,Ez#0 case m:number of nodes in 8 direction
n: number of nodes in r direction

TiZ
E, = EOJm[% rjcos(m@) COS(pT) p: number of nodes in z direction

TE .., Mode (kick modes) : Hz#0,Ez=0 case
m :number of bellies in 6 direction

H, =EJ, plmn cos(mH)sm( ) n number of bell?es in r di.recti-on
a p: number of bellies in z direction

[
’ National Science Foundation .
@ Michigan State University NSCL Spring lecture OnSJa_? 31;:_’(1202157
NSCL alto - ae



7.4 Characteristic parameters of SRF cavity

1. Evacuation of RF heating on the cavity surface

2. Effective electric field electron feels

3. Parameter showing goodness of cavity shape

4. Definition of acceleration gradient

5. Relationship between surface peak electric/magnetic
fields an and acceleration gradient.

F National Science Foundation ;
@ NSCL Spring lecture on Jan 31st, 2017
[\

Michigan State University . .
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Surface resistance and penetration depth
in normal condor

Ampere-Maxwell law

ob oH o°D dJ o= 1 0°D dJ ok
VxH—=1] - - 5= [+ )= _ - _ = _ Y=
P »Vx — = =0 ( OE)» Vx( VXEJ = =0

Ohm’s law

» 0°E OE , y
AE = &gu o +wa(telegraph equation) (" Vx(VxE)=V(V-E)-AE)

Plane wave coming to conductor surface

“i(kz—at) O0°E
Plane wave: E(z,t)=E.e Put t
telegraph 822

A (e R (o B PR e

= (— quw’ + ioua))Et

Case of good o B o _ _
conductors: —>>1 E(z,1) =E, eXp(— > zjexp I[a)t — TZ

an
Field penetration depth | & _ 2 \ exp(—z/9)
(Skin Depth): LT A A A A]\/ _______ 1/e
Vi z
Vacuum z=0 Conductor

p
@ National Science Foundation
S

Michigan State University MSIGE Sl OnSJa.? 31;}.’(1202177
NSCL aito - slide



Penetration depth with normal conductors

2
Penetration depth(Skin Depth): 6 = |——
HUOC

E,(z,t)=E, exp(—gj exp i(a)t —gj = E, exp(—% (1+ i)zjexp (i)

Faraday’s law  V x E+u%_o

1+1

5 E, exp [——(1+ |)zjexp(|a)t)

— j{ A+1)E, exp[——(1+|)zjexp(|a)t)}dt—

_E,
Surface Impedance Z: — =R, +iX, = uw ,ua) (1—|)
H 1+|

Surface resistance Rs: Re(Z) R = a): 1
VZO' oo

_m S e— NSCLCSPTNY TECIUTE UHSJd.ltl JL;IL_,dZO;;
NSCL, aito - Slide



How to measure the Q value in normal conductor cavities

Power loss by RF surface heating on the cavity(Wall loss): Poss = % Rsﬂ H |2 dS

——

Damping of the stored energy in the cavity per second

Energy conservation law du oJ Const T
= ——— Ratio of stored energy and wall loss is constant Q = = S
088 dt PlOSS RS RS
P __dU_a)U U — Ul e _ _
) Fo. == 5 Y EEE Q Is a damping constant

Consider U (t) ==

EW)°  E(t)=Ee %™ =] E(w)e"dw

1 E,
27

i — 1 ¢ _% —iogt qiat 44 1 (= a)ot . . _
Fourier transformer E(a))—zjo Ee e ™e dt—zj‘o E, exp(—2——|a)0t+|a)t)dt—

@
-2 +i(w—w,)

2Q
. Example: resonant frequency1300MHz, Q=10000
In power expression , Lorenz curve 6 |
2
5 [
2 A A? T,
P=|E(0) =— = > 3
0 i =
—-—+i(w-aw,) 2 2 2 3 :
+ CO - C() wn —

20 (ZQ ( o) Z 2 A f=130kHz

2 2r |

o A A2 - | | |

=8 l— 2
0 . —
(00 2 Q: (.0)0—2721:0) 0 — T
+(0—a,) 2Af 12990 12995 13000 13005 13010
2Q Frequency[MHZz]
A : : -
@ )‘ Dt seencatg o NSCL Spring lecture on Jan 31st, 2017

N Michigan State University
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Loaded Q (actual Q): Q,

* Unloaded Q (Qp) Is the intrinsic Q of the cavity, which relates to cavity
itself.
— NC case, Qo ~ 30000 at 1.3GHz Af ~ 22 kHz

— Qo is very large, for instance:

» Q0 ~ 2 x 1010

» Bandwidth Af = f/(2xQo) = 1.3x10°/(2x 2x101°%) = 0.033 Hz
— No way to measure at cold ??

» Loaded Q (Q,): actual cavity Q value including RF coupler (P,), RF
pickup (P,), and beam loading (P,) .

oU

QL — ; Pb = IxV
P|OSS+F)'[+PG+Pb
fO
= , nobeam
2Af
F National Science Foundation NSE Site Visit. J 18-19. 2013
@ Michigan State University ite Visit, June 1lo-19,
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Cavity performance parameter (Pillbox case)

Accelerating Voltage: Effective accelerating voltage when electron passes the cavity

When electron passes on the beam axis, particle location is z=ct

{i(wt — kz)}dz‘ = ‘IOLE'T E, exp{i % z}dz

7/2 =(a)/C)2 —k? :>(a)/C)2 =(,001/a)2 :{ Po1

Po 4

T

y=pula a=

Pod/ 7

Pillbox TMO010 case  k :% -0
AN isz | 2B, 2E,d
C . wlc T

T

Transit-time factor : Time effect particle passed the time varied field

A A

0.64
U E dz‘ Eod T

Effective accelerating gradient Eacc: Electric filed gradient for electron actually to feel when electron pass the

Cvity v gE T 2F,
Eacc = = = EOT =
L. d T

= 0.64[MV /m]

Stored Energy : Energy stored in the cavity

22192
U=ﬂj||_||2 dV=ij|E|2 d\/:”‘%d"Jl EoJ:i (0or)
2 2 2

Wall loss : RF heating loss on the cavity wall
R.ze,a(a+d)EZIS (o,,)
Ho

Ioss

j|H ?dS =

-
' National Science Foundation
N )‘ Michigan State University
NSCIL

=3.38x10°[J]

= 10125 [W]

Calculate the parameters under the given condition

E, =1.0[MV / m] @1300MHz

—8.85418782x10[F / m]
1, =1.2566370614 x10°[H /m]

C = 2.99792458x10°[m/ s]

R, =9.4067 x10°[Ohm](20°C, Copper)
J,(p01) =0.519

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

NSCL Spring lecture on Jan 31st, 2017
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Cavity performance parameter (Pillbox case) continued

Unloaded quality factor (Qg): Intrinsic Q value of the

cavit
0% [|Efav y c1/\w

Q
Q=M __2° __omdd 5700 ‘ ’
Poss F;sjs|H|2dS 2R (a+d) Q <o

Geometry factor:ratio of stored energy and wall loss, goodness of cavity shape

1
r=Q,-R = OLeda _ 256 [Ohm] ‘ Independentonw . d,aoc —
2(a+d)

a

Shunt impedance : Parameter shows how much energy are concentrated on beam, acceleration
2d efficiency R o 1
v 2 ,Uo[) sh

- Jo
R, =—S—= —= 5.3 [MOhm] ‘ Depends on shape and material
h PIoss stoa(a_k d)‘le(JOl) Rsh oC i

Rs

R/Q:Parameter of acceleration efficiency

R _ Ve P Vo 8 )
o= o= = = =195 [Ohm Independent
Qo Foss U U 72'280Cp§lJ12(p01) [ ] hdependent on ©

loss

Maximum surface electric/magnetic field ratio on Eacc o
Critical field of Nb:1800[Oe]

E H
0 2 P -2 Jl(p‘”r\ j 30.5 [Oe/(MV /m)]
Eacc 2 Eacc 2 Ho a 1[06] o XlOS[A/ m]
7Z'

Oe = Gauss=104T

[
’ National Science Foundation .
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Pillbox cavity design with ®60mm beam pipe using design

code (Superfhish)

121 —

1HE —

Bt —

6l —

an —

— 12

— 10

— Bl

— 6l

— 4ai

2n —

— 20

—1|5I} —1‘I}I}

. N
Bore diameter[mm] 60
Frequency[MHZz] 1321
Transit-time factor 0.51 0
Geometrical factor[Ohm] | 263.0
R/Q[Ohm] 126.8
Hp/Eacc[Oe/(MV/m)] 37.6
Ep/Eacc 4.04

These parameters are especially
Important for SRF cavity design.

National Science Foundation
Michigan State University

s

NSCL

Surface magnetic field is high.

High surface electric field at the root of beam pipe.
! ! ‘ |

— H[Oe]

500 1000 1500
Surface dist[a.u.]

NSCL Spring lecture on Jan 31st, 2017
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Frequency dependence of the cavity RF parameters

Characteristics Parameter Normal conducting Superconducting
® dependence ® dependence
Rs [Q] o2 o2
Pioss [W] w372 No depend
U [J] w3 w3
Qo w12 w2
Rsh [Q] w12 ®2
Rsh/L [W/m] w12 !
I' [Q] No depend No depend
R/Q [2] No depend No depend
Rsh per unit meter is proportional to /=

Which is a reason that higher frequency is preferred in normal conducting linear
collider (11.4 GHz)

Michiei State University NSCL Spring lecture on SJa? 31;_,(120;1
L aito - Slide
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/.5 Criteria for cavity shape
« Suppressed Multipacting

* Lower Surface Electric field against field emission

(smaller Ep/Eacc)
2001 - 2004 b
* Lower Surface Magnetic field z
(smaller Bp/Eacc) -
* High Efficient [ . 2
Incorporate |7
« High Gradient =T e 0

* Real completed cavity design uses computer codes:
Superfish (2D), Sold works (3D).......

F National Science Foundation :
@n Mickigen Stato Uriiverstty NSCL Spring lecture on SJa? 31;}_,(120;57
NSCL alto - ae



. . General trends

7.6 Real CaV|ty dESlgn Diameter of BP or bore size msp bigger
« Ep/Eacc — larger

« Bp/Eacc —> larger

1) Need a aperture on the cavity h - R/Q — smaller
for charged particles to pass « Cell to cell coupling — lager
2) Need RF input port to feed RF power ~ |*_HOM issue— more relaxed
3) HOM coupler port to extract HOM power | Need Beam pipes on both Ends
4) High efficient cavity 7
5) Better performance ‘ Optimization of cell shape
Smaller Ep/Eacc : Multipacting, Multi-cell cavity
Field emission -
Smaller Bp/Eacc : Fundamental limit

6) Bore size impacts on the performance

T
—ﬂ\ >Choose spherical shape /\%7 \ / ™\

to reduce multipacting = I\

\
Iy \ | .

~ \ J b
-~ =\ Stanford N |
& g 1 university ﬁ s 1
/( FtiIiE

T@’E \
N\

L




SRF single cell cavity design by Superfish,
example

Meshing Driving point

L r
'uir_.‘:%fo
Jlelolol0l0lolels,
T o 0000000 T

+ 20 0000Q0QO0C 00 =

..... ¢ 0 0 DD ao 6 o

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 - e

Frequency (starting value = 1300.000) = 1293.77430 MHz T ~ Ep

Particle rest mass energy = 0510999 MeV /

Beta = 1.0000000 T, gt

Normalization factor for EO = 1.000 MV/m =  7048.913 I T e

Transit-time factor Abs(T+S) = 05454664 R

Stored energy = 0.0038869 Joules 2000 . | : .

Using standard room-temperature copper. fé\ | [ ' |
Surface resistance = 9.38405 milliOhm 3 1000l i
Normal-conductor resistivity = 1.72410 microOhm~-cm -

Operating temperature =  20.0000 C 2 i il
Power dissipation = 1118.1551 W 0 ' —iO ' 6 ' 1[0 -

Q = 282576 Shunt impedance = 96.230 MOhm/m

RskQ = 265.171 Ohm Z¥T*T = 28.632 MOhm/m z 0 é—_ ' T E
r/Q = 109.024 Ohm Wake loss parameter =  0.22157 V/pC = 0:6_— g
Average magnetic field on the outer wall = 1729.9 A/m, 1.40411 W/cm"2 é 0.4F ]
Maximum H (at ZR = 3.32643,8.55466) =  1753.44 A/m, 1.44258 W/cm"2 o 0.2F ]
Maximum E (at ZR = 4.75232,4.24425) = 0.946176 MV/m, 0.02953 Kilp. 0 ]
Ratio of peak fields Bmax/Emax = 23288 mT/(MV/m)

Peak-to—average ratio Emax/EQ = 0.9462

Michigan State University NSCL Spring lecture on Jan 31st, 2017
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Example of calculation of final
characteristic cavity parameters

Homework 3

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
f=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

-
' National Science Foundation
N )‘ Michigan State University
NSC

L

Homework
Calcurate bellow parmeter using the left data,

Rsh =
V=

A{ —_
Eacc=V/Leff
Bp/Eacc =

effective length: /2
mT/(MV/m), 1[A/m] =
Ep/Eacc =

Eacc =C"VPloss 'QO ’

C:

4 x 107 [T]

NSCL Spring lecture on Jan 31st, 2017
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7.7 High gradient shapes

Cavity shape designs with low Bp/Eacc

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

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

from J.Sekutowicz lecture Note

TESLA LL RE IS
Diameter [mm)] 70 60 66 61
Ep/Eacc 2.0 2.36 2.21 2.02
Bp/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
S | —
@n NSCL Spring lecture on Jan 31st, 2017

Michigan State University
NSCL
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1289.6701 muz

<
ECEECEEEECEEEEE
eesesstesee

Cavity design of Ichiro single cell(Regular Cell)

i B i N Ichiro Regular Cell
e Frequency[MHz] 1289.6701
Transit-time factor 0.5803802
Stored energy[J] 0.0039884
Surface resistance[nOhm] 26.5302
Wall loss[uW] 3042.4839
Unloaded Q 1.06E+10
< eamoine Geometrical factor[Ohm] 281.819
| R/Q[Ohm] 138.566
Shunt impedance[GOhm] 1471.9709
Hp[A/m] 20.644933
Bp/Eacc[Oe/(MV/m)] 35.571394
Ep/Eacc 2.0718832
EaccMax 50.602459
NSCL Spring Iecture on Jan 31ISt, 2017
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Eacc vs. Year

Eacc,max [MV/m]

@@

NSCL

ngh pressuer
water rinsing |

e Breakthrough'

70 [ 1StBreakthrough' '

National Science Foundation

Michigan State University

Date [Year]

NSCL Spring lecture on Jan 31st, 2017
Saito - Slide 41



7.8 Higher order modes

| | HOM modes in single
ICHIRO single cell cavity )
D 1.2-3.0GHz cell cavity
0 I |
TMOL1 MHIZ] M.2814.498[|\/IHZ]
; :2947.200[MHz
20 | MO0 L Domssiveg Rzl
- s
M:1277.815[MHZ] | g‘:1 g
| 3 i D:2513.733[MH
w | am | e i
A TEWL  D:1917.828[MHZ] o
# P i
o 60 L Lo P,,l,YQ,@???,[MHZ] ,,,,,,,, A T o\
/i
®
80 Lt R« B
00 - Lt I S L -
2120 i | i |
1.2 10° 1.6 10° 210° 2.4 10° 2.8 10°
frequency [HZz]
w vicnigan state university
NSCL

NSCL Spring lecture on Jan 31st, 2017
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7.9 Multi-cell cavity design

Element Model (Mesh)

Simulation of Higher Order Mode Damping
Mesh of HOM Damper

Tom

Frequency and External Q

o

i 2000 10’
e ' : : ' . . :
J‘A. . o o o
il
HM’;‘A
m
Y
‘ =
= O 1600 |- S 7 U U S =
= S / | LT Bigole Modes (TELL) , B
NS T 1400 L AR A A A
EL‘ g : ] : [ : : g
wd] S Monaoole Modes (TMOL).. R s 4 1000
1300 T_ ,,,,,,,,,, ,,,,,,,,, tMOﬂOOGM.OdES(gMOI)_. 4 —0
1200 ! A I A I I I A 100

2 3 4 5 6 7 8 9
Mode Number

@
@ Itope Seiencaito inddan NSCL Spring lecture on Jan 31st, 2017

@ Michigan State Universit . .
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Comparison of HOM modes between Single cell and 9-cell cavity

single Single & 9-cell
9-cell 1.2~6.0GHz S— Crarose M0n0p0|e
‘ : \ | 120
- R e R %
- single | h | NI \ / w“\‘ - N M VAN
| \ | M ﬁ\ | ‘vﬂ \'/ \\L | k\\r/ \!/w | |
L N Vo] o \‘ 7777777777 | I I | B B 210 330
| | \ TN +o/ | | |
AR A T R B |
TR R S L A
| WW‘W«”ﬂ“’(’h l LAy
[ Al R R | SEitt SR P o | | i
9-cell
i i
1.6 10° 2.4 10° 3.210° 410° 4.810° 5.6 10°
HOM

frequency [HZ]
Each eigen-mode of single cell split into 9 in a 9-cell structure.

NSCL Spring lecture on Jan 31st, 2017
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Pass band in Acceleration modes
TM,, In a 9-cell cavity

9-cell
fandamental

9-cell

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

© 1:1277.081 MHz 4
© 2:1278.905 MHz W
rrrrrrrrrrrrr - T

- 3:1281.776 MHz ﬂﬁ
© 4:1285.391 MHz | W’{"
' 5:1288.796 MHz BRE 3
; | | | © 6:1292.393 MHz | |
400 | SRR A S 7:1295411 MHz .. SR ]

©8:1297.349 MHz
©9:1297.997 MHz

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

frequency [HZ]

@n hatliondl Sebitc o ncetion NSCL Spring lecture on Jan 31st, 2017
N
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Criteria for multi-cell structures

Pros and cons for multi-cell structures

+ 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
National Science Foundation

@’ o e NSCL Spring lecture on Jan 31st, 2017
Michigan State U ty
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Equivalent circuit model for multi-cell cavity

L C L C

| C L
J‘W*JH_W—II-W—II-E ----- e RE LI
1 2 .......... N
(i L +iwL}h+(&j'ﬁ{%}('f|z)=0 L+k+p)1,—kl, =Ql,
e i —KI,, +(@+2K)l, —kl,, =Ql, 1< j<N
1 . 1 1
iaC, (Ij_lj1)+(|C’)L+ia)—cjlj+(ia)Ck](lj_lj+1):0 —klN_l+(1+k+7/)|N :QlN
. 2
1<Jj<N a)gzi,kzg,7/:£,and§2:w—2
(_ - ](lN—|N1)+(ia)L+_iJ|N+(_ - ]IN: LC C, G “
1oC, 1oC 1oC, _ _ —
1+k+y -k 0 - 0 |, | l,
~k 142k -k - 0 ||1, ,
0 0o ||: |=q:
; —k 142k =k | |1y, s
0 0 -k Fkay| (1, | |1,

Michigan State University
L

@
@n National Science Foundation NSCL Spring lecture on Jan 31st, 2017
LNSC Saito - Slide 47



Solution for j-th cell in m-th mode

-mode
_ 1 .

_W[l’ -1,1,-1, -] General equation
[1+k+y -k 0 - 0 ][ 1] [ 1] 143k -k 0 -~ 0 [, 71 1 ]
~k  1+2k -k -~ O -1 -1 —k  1+2k -k - 0|1, B
0 0 C =M 0 0l |=9f
—k 1+ 2k —k ; —k 1+2k -k IN—1 IN—l
I O 0 —k 1+k+7/_ ] L | i 0o -- 0 —k 1+3k_ _|N ] _|N ]

1+ 2k +y =QM
—1-4k =-Q™ >y =2k
. 21-1 2—0
vi" =B™ sin| mz 72 pmo 2%
2N N
m = m-th mode,
J = J-th cell in mode m-th
E‘A?Ctﬁ;gnssct‘;”ecar':iste*ps‘ijtayﬁon NSCL Spring lecture on Jan 31st, 2017

NSCL Saito - Slide 48



Pass-band modes of TM,,, In a 9-cell cavity

Cell number

1 i wﬁwwﬁmmﬁmmﬁnmﬁmmﬁmwﬁu o
LT
e 197" WWWWWANNMHEW"“M ﬁwﬂwwm” "

— ty
— = MW N
g | 3 ’ ‘ Ll
» | | T M
8 A}MMM .Ml M Mm

i
¢
pl
m
=
| WRE
N L |
S|
—
_ ==
: 0( —
— i
r 1 )
-
. =
3 =E_-i
%ggg; —
= —

osition

Vi R
| o1
3
=
=
—_—
gﬁ

Phase advance by mn/9 per one cavity (9- cell).

NSCL Spring lecture on Jan 31st, 2017
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Frequency [MHz]

Group velocity in the pass-band modes

1310 ! i —
- V(Tl) +V('T1) — B™gip (mﬂ_ (2)-1) _mz N
::. ““‘ J J 2N N
1300 B e e i1 .
X 2 Ry B™ sin (m;; S )j+ d

e ]‘ 2N N

1290 5 » -
g _ 9y(m) T
X / =2v; COS(W)
1280 //
/ / f ‘
o V. = 8_(0 QM = (—mj =1+ 2k {1— cos (mﬂ
./ ) : N

0 1 2 3 4 5 6 7 8 9 10
Cell Number(B)

When the number of cells becomes infinity, v,(z-mode)=0, which means no RF flow
between nearby cells. Beam acceleration becomes unstable at large cell number.
This is a demerit of the multi-cell structure.

Usually for very high current machine (KEKB), single cell cavity is chosen.

@ 1%W5Q§©Mt ig?to NSCL Spring lecture on Jan 31st, 2017
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HOM modes Iin Ichiro 9-cell Cavity

1.6 10° 2.410° 3.2 10° 410° 4.810° 5.6 10°
Frequency [Hz]
ey, .-.I 1 : \
1>>10 Damping Effect
1. E+11 ; .
+ Old Ichiro with TESLA Dampers

| £09 § ® New Ichiro with New Dampers
oy Accelerating Mode
= 20 Monopole Band
5 1EH07 = .
g : . [
-
4 1.E+H03 +
e l“T'i‘ r “;

- . ‘l' * :
1 E+03 1 Dipole Band fes e
| po e + 23 Dipole Band
] *
1. E+H01 T | T | |
1200 1400 1600 1800 2000 2200
Frequency/ MHz NSCL Spring lecture on Jan 31st, 2017
- Caito - Slide 51




How to decide the number of cells

YTV YV YYTYYYYYvyYyvy

LeAcAcAchchohehedohohohohohohodode)

N: number of cells

N2

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

Field flatness factor : a; =

K

CcC

f —1,
f o+
Large number is better for stable beam operation

r ENCALIVL I ViU v 1T VUL vt
@ Michigan State University

NSCL

K

CcC

Cell to cell coupling : 2

o) =

f A

T

27 f%

NSCL Spring lecture on Jan 31st, 2017
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HOM trapping vs. number of cell

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

N=17
N=13
N =29
N =5
e-m fields at HOM couplers positions
Smaller number of cells is easy to take out HOMs.
:@:) Michigan Stats Urtversty R e b



HOM (Higher Order Mode)

The beam will excite HOM modes,
If It passes off beam axis of the cavity. 3 Sekutwits” s Slide

SPe0eDeOEN

§P999997

The amount of induced energy by charge q is:
AU, = k"-q2 for monopole modes (max. on axis)
AU, =k.-g*>  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 along the trajectory.

National Science Foundation :
@ Michigan State University NSCL Spring lecture on Ja_n 3lst_, 2017
Saito - Slide 54

NSCL



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 the main 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 the main problem

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

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

O IT- Sai
@ My O K paito

e i NSCL Spring lecture on Jan 31st, 2017
Michigan State U t
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Propagating Modes and Trapping between Cavities

HOM

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

f [GHZ]

Trapped in cavity

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

Propagate beam pipe

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

500

v

Damped by
HOM couplers

E@ National Science Foundation
9

Michigan State University
NSCL

1000

Damped by beam line absorbers
outside the N-cavity cryomodule

56

NSCL Spring lecture on Jan 31st, 2017
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Damping the HOM with higher frequency
over than cut-off frequency

Propagating Modes and Trapping between Cavities HOM

17 m long TDR cryomodule: 12 cavities.

VU U LSV U B UUU BV U U U ULV U B U BNV U U BV BB UU VU BV U UV UV BV BN UV BV U UU U B U UG UG

wwwwwwwwwww

70 K beam line o
absorber 70 gbt;%?lgne rllne
Gray-zone ?
5GHz <f<15GHz
. JRICUILCCEE :
0 : 10 E 100 1000 f [GHZ]
| ;| | .
| N | |
Propagating modes above cut-off.
@m u?ctﬁ;gnsg;”eci;32?8?{3“0” NSCL Spring lecture on Jan 31st, 2017
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Attention to trapped modes damping
through HOM coupler

Trapping of Modes within Cavities HOM

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

Michigan State University

@

@‘ Vleate s ol NSCL Spring lecture on Jan 31st, 2017
[\ L e
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Mode Dispersions in Ichiro Cavity

Mode Dispersions

Trapped Dipole Mode ?

Monopole Modes
;EE BT Rl T _— || 5 ! e Dlpﬂlﬂ Modes

: ~ 0 e~ 2500 MHz
17 V/(pCm?) |

TM110

i
I
=
= : TEZN  Qyypr .
& \ Surveyed up to now
n-:.ll O Taoll
E— O - ; — Tzl
A ~—TEDti
TELLL
Trapped modes can be formed
at the mode crossing. TH0ZD
—TEZ1l
[0
o 0.3 1
Fhaze /
F National Science Foundation f
@n Mickigen Stato Uriiverstty NSCL Spring lecture on Jan 31st, 2017
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Simulated for 1st 9-Cell Structure without Coupler Ports

Mode Dispersions

(Beam Ports Terminated)

= A . —_—
L e ™ Mode Dispersions
I-'f [ ﬂ = T ..-H.H"x
— . ™,
S e e et \ . :
> wEinfl e . Old Ichiro 9-cell cavity
: L 4 ik oa I”] E— -I-l}l}l} L1
= 5. . M- - \"‘._‘ PP
e - 3500 N Y
e \ no
=S L romaem - T ————-\ pco00e000 r"“'mﬂ
= 1500 Y T ittt e
H ol (P, L ‘ceccocooCy
= =] 2000
H ol FAr T O *. 00
= = Goocoov
H el YT - & L300 O
H ol - | coreeeceo @ Dipole Modes
T ol 1000 | ® Monopole Modes —————
| : I .I Dipole Modes Measured b - Hl 0
ol MY - -'=I}I}I- Monopole Modes Measured } }I g
H ol bl T
¥ ARRRRRT T . A
T . aaSSASSS.l S 5 1y 15 1] 15 30 35 4
AMode Number

By Y.Morozumi
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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. §7pHz 6000.

@‘ Michioan Siats Universty. NSCL Spring lecture on Jan 31st, 2017
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Multipacting in current HOM dampers

Multipacting Resonance yh Dampers

% \—— Downstream

1000 \ /
0

10000 p\— —¢— Upstream /

>
o
S \
10 11
1 O \fﬁ},‘% ! :
0 10 20 30 40 50
Accelerating Gradient / MV/m

Might be processed out easily, Under redesigning for new Ichiro cavity
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Re-designed Cavity Shape: Old Ichiro/New Ichiro
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Cavity design comparison with TESLA shape

TTF STF 45MV/m Advantage/Disadvantage
Operation gradient 23.4MV/m 35MV/m 45MV/m 1-1.1 TeV in 40km tunnel.
XFEL TESLAS800 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 5tTi 3t SUS316L Japanese high pressure code
has no concern of these
materials

RF transmission power[kW] 240 350 500

Need higherin ut coupler
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/.10 SRF cavity frequency control in
machine operation

» Cavity frequency has to be kept the same as the machine RF frequency within

the half bandwidth (fixed frequency, for instance 322.000MH,, for FRIB HWRS)
IN machine operation

« SRF cavity has a very high Q and the very narrow bandwidth even consider
Q,, for instance FRIB HWR 30Hz against 322MHz (1/107).

« SRF cavity easily changes the cavity frequency by noises:
— LHe pressure variation (very small in 2K operation)

— Lorentz detuning (depends on gradient, not so much changes during CW operation)
— Mechanical vibration

Machine RF frequency
» SRF frequency has to be fixed by tuners ’

— Mechanical tuner (slow)
— Piezo tuner (fast)

o

ol
T

~
T

« Microphonic excitation by environment noises

through the cavity mechanical modes has to be reduced.
— When the noise frequency match the cavity mechanical
mode frequency, the cavity frequency change is resonantly

Inten5|ty[a.u.]
N w

[N
T

enhanced 1%99.0 12095 1300:0 13005 13010
Frequency[MHZz]
* Mechanical deS|gn Is important. NSF Site Visit, June 18-19, 2013
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7.11 Mechanical design

Naked Cavity With He VesseIA/SUS amm

=

Fixed point

Free for longitudinal Fixed point Free for longitudinal

207Hz 260Hz

476Hz S569Hz
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Mechanical Resonance of a multi-cell cavity

60 Hz

> Transverse modes

152 Hz
_

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 .
mdt +Aa+kx mf sin(wt) : Forced oscilation(w)

X =ae “sin(ot+4¢)+ Asin(a)t — )

\fw \/ _A
o\ m 4m2’ﬂ 2m’

. tan(p) = f“a’z
\/(a)o—a)) +4u° @’ Wy — @

; ihrati i ' 2 2
Mechanical vibration amplitude becomes maximumat , _ W, = \/Cf)o —2u° = w,

2 2
U™ << g ,WeRW1 = Wy

2
2( Ay f — Wy
A% (o) = =, Ay = 2= 2ux wr —w_=A, |Qp=
(w—wp)’+pu°’" T 2Uw ’ H r ‘ A
’ . National Science Foundation f
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Tow components of Lorentz
deformation

Noguchi’ s slide in the 15t ILC school

Fr Kjacket Ktuner
AW AN
Fz
F Kcavity F <

ANV

Af=2ak5sz2ak5fk+ﬂﬂF

mode Al=0 d I d F
2 TESLA Blade STF Slide Jack STF Ball Screw
2 d f BE A Hz/(MeV/m)? 0.5 05 (1.2)
:A E + acc z/(MeV/m . . .
acc dl K B N/(MeV/m)? 0.047 0.047 0.051
S
df/dl Hz/ tm 320 320 370
dF/dl N/ um 3 3 1.8
Rigid Stiffness at Jacket and Tuner are also KS N/ gtm 13 80 60
Very important against the Lorentz Detuning. Kjacket N/ gm 26 96 58
Ktuner N/ uUm 26 500 1700
Af (30MV/m) Hz 1490 620 (1360)
Fine Tuning Stroke um 3.7 1 2.9
B
@n R NSCL Spring lecture on Jan 31st, 2017
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Optimization of Stiffener Location against Lorentz Detuning

Eacc=38MV/m

TIME=1 ’/’/4,,4,MX“\\\\\
USuM (AVG)

RSYS=0

DMX =.139E-06
SMN =.273E-08
SMX =.139E-06

USuM (AVG) MX
RSYS=0
DMX =.123E-06

SMN =.241E-08
SMX =.123E-06

R61mm
Minimum def.

SMN =.143E-08
SMX =.134E-06

USUM (AVG) M
RSYS=0
DMX =.134E-06

USUM (AVG)
RSYS=0

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

B (Unit: m)

.200E-07

.400E-07

.600E-07

.800E-07 .120E-06
.100E-06 .140E-06
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Comparison of Lorentz Force Deformation between

6"

NSCL

different cell shapes

T
T % PLACEWESD AN DTS FLECEWENT
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PEE=1 e ATEF=1
e =1 3B =1
THE=1 TIHE=1
. = neE =, F40E-06

ICHIRO Half Cell Models

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

Constrained in Axial Length
| |

TESLA

L 1
vESTCE WECIXHR
y AUG 5 ZUOT
2TEF=1 ? 184846 aTEEF=1
2UE =1 auE =1
e =1
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u
WOLE=T547
WIY=. 543E-07
M FE= . F4UE-05
.
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0.07 1 B o40p
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Mode Assighnment

TM,,,, mode :Hz=0,Ez#0 cases m:number of nodes in 6 direction

Lun p 7z n: number of nodes in r direction
E, =E.J, A r |cos(mo) COS(T) p: number of node in z direction

TE ., mode:Hz#0,Ez=0 case

m: number of bellies in O direction

H, = EoJm(p mn I’jCOS(mH)Sin(%) n: number of bellies in r direction
a d p: number of bellies in z direction

Measure the distribution along the axis

PI'
Cavity resonant frequency S‘11 = P_
in

Network Analyzer S, 1
. Network Analyzer
Port 1 Port 2 1
|nput Port Pickup Port
= ] ]
e ly Yo Pin /’\Pr P,
R Bys ity . freq
ey Cavity Sax <
AE | i A ) S — _t
y f TR,
t freq
Network Analyzer: sweep frequency under the constant input power (Pin). Reflection
(Pr)/transmitted (Pt) powers and the phase can be measured.
F - ~ Let’s S-parameters. Excite cavity through antenna.
@n r\NA?ctlr?i;:lnSsctlztneCS;?/:Ps?t?/tlon NSCL Spring lecture on Jan 31st, 2017
N
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Mode assignment continued

Distribution in O-direction: Fix the Input antenna,
Rotate the pick up antenna in 0 direction looking S21

S21

S2]

A

picup

P w2

0 Polar display

(DFix Input* Pickup

Distribution in R=Z: , ,
(@Move a small metal piece on the axis at constant speed

Bead Pull Method BEM field can not penetrate in the metal piece and disturb the frequency.
(@RF phase is varied at the fix frequency 0
f f .
AU — Af Af =2 tan(-Ap)=——2Ap F° \
U, fo 2Q 2Q g \
52 Jx S Gelta freqencykHzl

= ?

iorR
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Q measurement method using Network Analyzer

Q, (loaded Q):Q value total loss included Cavity and Cable

Q U _ 1:o Wall loss: P,
L o RF loss at Input port: P,
P|°SS + Pt + Pe 2AT RF loss at pickup port: P,
nergy conservation law:
I:)Ioss: I:)in_Pt _Pr

Q, is contributed from only Cavity Wall Loss
Q, is contributed "Cavity Wall Loss” and power loss leaked through Cables

0 measure Qg , need to know the ratio (coupling) between wall loss and leakage energy.

Coupling looking from Input port to total system(includes only Pickup Port loss):
P
R Pn 1%S,,  Over Coupling B, >1
" Pos ~1FS,,  Under Coupling: B,"<1

P, =[S,| P, =| ——=

Coupling of Pickup Port: B,

P
ﬂt:Pt

loss

Qy(Unloaded Q)

Q, =([L+1+)8+ B R

EO
on
NSCL

National Science Foundation
Michigan State University

Network Analyzer

Port 1
Input Port

Pin‘ V\Pr
Cavity

0.25

Port 2
Pickup Port

0.2

o
[
(3

Power[a.u.]

1
1295 1295.8

Frequency[MHz]

Pin l Pr

Q of whole cavity
(Loaded Q)

1296.7

Q

I:)I
0

SS
Pt
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Coupling

Thought of equivalent circuit

V..
—xample Reflection ratio: Put an article of impedance Z to the cable with Impedance Z; | anerator Z," Z,
= i = S = ZL ZO VI’
V, o Z,+Z, .
Case of Z, is shortened In
Z =0 » Reflectionratio [ =—-=S,=———% = 0 = Reflection

Case of Z, is Opened vV - -
— o0
ZL:oo» Fr=—r=5, =2t"%0,"1

Now cavity and transformer o

Example Equivalent circuit of cavity and cable

Phase shifts by 1t

20
Open " 7| =00

Phase does not shift

o000
Generator Z Cavity j‘> $ R R
h o0 @

Notations of reentranc% condenser, and coil
ZR=R ZC:— Zczla)l_

1C

Impedance in parallel connection of hesitance, condenser, and coil
1 — 1 + 1 + 1 :£+ l -|—_1 :£+i(a)C—ij=X+iY
Z Z, Z. Z, R 1/ieC iwL R ol
e
' National Science Foundation
@ Michigan State University
NSCL

Reflection
Thought of Smith chart

=l
v

Normalize the impedance of Cable as Z0=R0=1

1/ZL : Admittance
X : conductance
Y : suceptance

NSCL Spring lecture on Jan 31st, 2017
Saito - Slide 76



Digression Coupling continued

F=£=S 2 -Zy, Z, -1 1-1/7, 1-(X+1Y) 1-X-iY
V., Y Z 42, Z +1 141/Z, 1+(X+iY) 1+ X +iY
4 3
Take real part of the Impedance Z, |
1 1) 1) PO N O 6 B
Re[Z_J:\/(Ej +(a)C—Ej Lorentz form B O
L W $
\oltage excited in the cavity E, / sp k

2 0 0.5 1 ii5 2 25 3

| | ;
) By =—%= 0 \EOf:( l,

L J@/RY +(eC -1/ L) 1/RY +(wC -1/ oL

Consider Y 1 Y
Y =aC ——
wlL
The point far from resonant frequency 1— X —iY 0
S; = — —>-1
w—>oco mmmmpY —oo ) 1+ X +1Y
@w—>0 =Y =00 ) 81121_X _I.Y — -1
1+ X +1Y
On resonance
1 1- X —1Y 1- X
D=7 e Y =0 =S — —>
JLC Yol X +iY 1+ X
F National Science Foundation [
@ ‘ Ykl NSCL Spring lecture on Jan 31st, 2017
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Coupling continued

Consider reflection complex plane ‘S ‘2 _(@1-X ) + (wC -1/ wl)?
11

(1+ X)* + («C -1/ wl)?

Im )
Over Coupling
AT R=1 1<R 0.8
/ —
Frequency far from resonance R4 *
l \
L™ N \ 0.6

\\..’,l

O.

e
®
|S11/2

A 0.4
Shc?rll P / 1 Re
N J Open 0.2
\\\ ,’, 5 3 i
O<R<1_ 00“‘5“‘4‘”6”‘5‘”10
Under Coupling w
Cavity resonant frequency ®0
1-X-iY 1-X R-1 O<R<1 —1<S;;(@,) <0 —> Under
Sll(a)o ) = S = .
\ 1+ X +1Y 1+X R+1 R=1 S,,(a,)=0
1<R 0<S,;(w,) <1l —> Over
Only real part
R is normalized by RO. RO is the Cable impedance. Writing RO explicitly
R/R,—1 -1
Sll(a)o ) = ° = ﬂ B is called “coupling”.
R/R,+1 pf+1
F National Science Foundation NSCL Sprina lecture on Jan 31st. 2017
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Coupling continued

S,; moves on the circle of the complex plane
_1-X iY@ -X i)+ X i) @ X)E+ X) YA iY@+ X +1-X)

14X iy 1+ X)2+Y? A+ X)2+Y?
:1—X2—Y2—i2Y Im
L+ X)*+Y?
Diameter of the circle
L-X gy 1=X+1eX | 2 E NN
1+ X 1+ X 1+ X NN
Center of the circle | “'1_‘: X Re
] ]
gl -leXe1 X S VX
1+ X 1+ X 1+ X L
The center of circle cen)t(er of Sllllocz;'zezon t$e2Re axisX
Re(Sll)—[— S - Center
1+ X QA+ X)"+Y" 1+X
L @A= X2 Y2+ X) + X{A+ X)? + Y2}
N @+ X)? +Y %1+ X)
A= XZP=YP X = XP XY )+ (X +2X 2+ X+ XY ?)
- @+ X)? +Y2 {1+ X)
@ ﬁ;ﬁ;gfgi‘;ir':iste‘ps?t";“on NSCL Spring lecture on Jan 31st, 2017
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Coupling continued

Re(S )_(_ X j: 1+ X2 +2X=Y? 1+ X)*-Y?
1 1+X ) @+ X)2+Y2 A+ X) @+ X)? +Y2 |1+ X)
Im(Sn): _22Y 2
QL+ X)) +Y

If this draws circle, we can obtain the following relationship

X | . (1Y
|:Re(811) o (_ mj:| + [Im(Sll)] - [ﬁ)
1+ X)2 —Y? 2+ _2v 2_( 1 jz
@+ X)? +Y2 1+ X) 1+ X)>2+Y? | 1+X

@+ X)2 =Y2f +4y°@+ X)? _ {a+x)2 +y2f

1

@+ Xx)2+Y?f @+ x)? @+ X)2+Y? @+ X)?

S11 moves on the circle indepedenton Y

Michigan State University

-

@ National Science Foundation
9

NSC

L

T 1+ X)?
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Equivalent circuit for Pillbox cavity with beam pipe

/ j : \ }‘ TM-mode I|— TEE-mode
L C (\

TM Mode case TE Mode case
Creduces= fincrease L increases = f decreases

[
’ National Science Foundation .
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Intuitive understanding RF
characteristics of cavity

BP—— larger
Area of H — Larger
Hp/Eacc — larger

4 om__ | pew _peesieeimes: e b

S T T ) .

The diameter of beam pipe impacts on cavity RF parameters. The smaller the sizes, the Hp/Eacc,

Ep/Eacc, become smaller. In addition, when E-field concentrates more on beam axis and the shunt impedanc
increases.

However, in the multi cell structure the cell-to-cell coupling becomes small and field becomes unstable.
HOM is also problematic. Consider these behavior, the multi-cell structure is optimized.

@ National Science Foundation
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Field distribution in pass-bands

] i/9—n hode |

]
®

©)

J1H,

W 9/9-n (n) mode |

B 49pnuck

il

|

|

|

I

!

|

|

|

2 3 4 5

Phase advance by mn/N per one cavity (N cell).
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Piezo Excitation by f-sweep mode (Example)

Example of Piezo excitation

microphonic080225-09912 / Piezo sweep 0 - 500 Hz
5 | Coptrol signal vyave-form |

i

m

Amplitude (V)
o

-0.5 M ‘ |
-1 |” _
s LU |
-2
0 0.1 0.2 0.3 0.4 0.5
F@ Time (Seconds)
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Mechanical Resonance Scan (0 — 2kHz)

FFT signal

50 Microphonic080225-07891 / Piezo sweep 5 - 2 kHz

-l
g 70 L hf b‘J o | e
E‘ M J M / lw 780 }\;“’10
% AI \| O 1920
:1 80 w | ‘\l \ N e 1890 "

; A8l TM
Mgt

-100
0 500 1000 1500 2000
Frequency (Hz)
85
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