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Cavity Field Control
- Cavity Theory

LLRF Lecture Part 3.1
S. Simrock, Z. Geng
ITER / SLAC
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,'.,IE Outline
 Introduction to the Cavity Model
« Baseband Equations for Cavity Model
« Driving Term in Cavity Equations
 RF Power Dissipation and Reflection of a Cavity

— RF Power Dissipation and Reflection at Filling Stage
— RF Power Dissipation and Reflection at Flattop Stage

« Mechanical Model of the Cavity
« Pass Band Modes of the Cavity
« Cavity Simulator
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Introduction to the Cavity Model
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,'.'IE Context of the Cavity in the Control Loop

Klystron Cavity

Reference +mError B T
Input > »| Controller — Actuator - me —

Field Detector |-

The cavities are the plant to be controlled by the LLRF
system.

The cavities are driven by the RF power amplifiers such
as klystron.

Normally, the cavities are equipped with probes for
picking up the RF signal to be measured by the field
detector.
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,"'IE Motivation for Cavity Model Study

« Understand the property and behavior of the cavity

« Model the cavity and the LLRF control system for
algorithm study and controller design
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,'.,IE 9-Cell Cavity

Working
Mode:
TMO10 Effective length 1036 mm
Aperture diameter 70 mm
Cell to cell coupling 1.98 %
Parameters r’Q 1036 Q
for TESLA Unloaded QO ~ 10"
cavity
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/[ . o
TP Equivalent RLC Circuit Model

cell 1 cell 2 cell 8 cell 9

\ W 4

coupling couplit

The 9-cell cavity is modeled with nine magnetically
coupled resonators.
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".,IE Pass Band Modes of the 9-Cell Cavity

CH1 Szy 109 MAG 20 dB/ REF -80 dB 4 -90.79%6 dD
(@ r o' TR N 1274 }as 3{a GHz
, L f. =1300.091 MHz
J 1.3000 GHz
i 7 f o= 1299.260 MHz
, +—Pr——=t— £, 1296.861 MHz
2y St x| Sin RN
e 9 9 Y : HHI f.o.— 1293.345 MHz
‘ E 0 fo— 1289.022 MHz
R }w f,o.= 1284.409 MHz
; f, = 1280.206 MHz
| |
| i § 8 | f,o= 1276.435 MHz
| | = i | f,=1274.387 MHz
SEn RO EER | ! ,
1271 MHz 1301 MHz

« 1T mode is selected for accelerating the beam

« 81/9 is close (800 kHz away) to the operation mode,
which may influence the stability of the acc. field
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1/9 pi mode

2/9 pi mode
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4/9 pi mode
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5/9 pi mode
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Pass Band Modes of the 9-Cell Cavity

6/9 pi mode

pi mode
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Arrows show the direction and
amplitude of the electric field
component along the axis

T mode is used for beam
acceleration



,'.'IE Principle of Beam Acceleration with 1 Mode

U\

Maximum acceleration voltage

L/2
J'Ezejco(z/c)dz

—-L/2

Vacc =
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,'.'IE Cavity Model for the m Mode with RF Driving

reference planes

|
—A B~
. |
fransmission  ..1oto | transmission |
line | line ;
! |
= e [ L
= 2o - =20 | 1
| | :L ——(,I —
|
generator : I ________Z___| Ib
= } = | cav
- . |
| coupler | cavity
> 1in <

« The whole 9-cell cavity is modeled as an single RLC circuit for the
T mode

« Klystron is modeled as a constant-current source

» Power coupler of the cavity is modeled as a lossless transformer
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o View from Different Reference Plane
Iy I
— — = x View from cavity side of
: | the transformer.
L; @ Zext L § R @ I, Used to study the cavity
h Vo behavior as a differential
i equation.
'1"ef \I{t"or
o < = View from the power
transmission line 7 Vé Q transmission line side.
Zy VLIVl \{ Used to study the power
o b transmission.
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Baseband Equations for Cavity Model
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,'.,IE Differential Equation of the Circuit Model

I, L
—_— : -—
=" P * The equation is
described with circuit
L. o Zext L RE—=C i ~
Ve which need to be

gT T I parameters (R, L, C),

| I mapped to the
measurable cavity
characteristics (quality

dv, 1 dv. 1 1 dI
+ +

> V.= —— factor, bandwidth,
dt® RC dt LC C dt shunt impedance ...)
R =RIZ, =——~
R
1+
n°“z,
l=1,-1,
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.'Iﬁ Relationship between Circuit Parameters and
(JAT Cavity Characteristics

 Resonance frequency .
Numbers in Bracket:
w. =24 =1/JLC (fo=13GHz) Typical Values for
0 0 ]/ TESLA Cavity

« Quality factor and input coupling factor

a)OW R . I:)diss,ext . Qo . R
— — w.RC = (~1e10) | B = = = (>3000)
Qo ’ L Wy I:)d iss,cav Qext n°Z 0

diss,cav
W
P

diss,ext

Q.. = = w,n*Z,C Q.

_ 0 N
1"‘,3 (~3eb6)

« Shunt impedance r and normalized shunt impedance (r/Q)

11 Rz - R _1
R=2r=—(r/QQ, RL=RIIN'Z =1 > (r/QR.

(~1554MQ)
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,'.,IE Differential Equation of the Cavity

dv,, 1 dv, 1 1dl
d> RC dt LC ° Cdt

d?V. dVv_ di
Prea 200, e oV, =2a,,R, p

« The half bandwidth of the cavity is defined as

1 . : .
o = % _ = ris the time constant of the cavity
2Q, 7

« The cavity voltage Vc and driving current | are always
sine signals with phase and amplitude modulation
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,"'IE Differential Equation of the Envelope

Define the phasor for sine signals: V| :\Z:eja’t, | = el

When studying the cavity behavior with klystron power and beam
current, the carrier frequency term is not interested. The base band
(envelope) equation will be used.

d*V dv di

dtzc +2a,, d’[C +apV, = 20,,R, dat
Cavity baseband dVC n (a) ] Aa))\7 —w RT
equation: dt 1/2 c 1/27 %L
Detuning is defined as: A® =@y — 0 <<® valid for high }
Assumptions: Wy, << @ cavities
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T Variations of the Cavity Equation
« Voltage driven cavity equation
' X Y& Valid for both A
V L~ normal-
— T (0)1/2 JACO)\/ = 2a)1/2 Vfor Conducting and
dt [+1 .
superconducting
« For superconducting cavity cavity Y,

L >>1

So the cavity equation can be simplified as
q yeq P Valid for cavities N
dV _ - -~ with large coupling
d—tc + (w1/2 - JACO)\/C =20,V ¢, factor, such as the
superconducting
cavity -
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,'.'IE State Differential Equation of the Cavity

« Separate the real and imaginary parts of the complex cavity
equation, we will get the state differential equation

dv. o ,
H + (a)l/z — JA(O)\/C =awy,R |

4

— —_

V.=V +jV,, T=1+]jl

ci?

d Vcr —Wy, Aw Vcr | r
T = +@y,R,
dt |V Ao -y, |V, |

« State equation is suitable for digital simulation and implementation, and can
fit to the framework of modern signal processing and control theory

« Complex equation is suitable for analysis
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,'Iﬁ Steady State Behavior of the Cavity — Resonance
1o Curves

« Steady State: no transient, the item with time derivative equals to zero

\7 _ a)lIZRLI — ’Vc :RL‘I‘COSW1 Z C_ZI =y
c .
Wy, — JA® where i = tan*(Aw/w,,, )is the detuning angle
! g
A . -~ A
V= _EEL;I_D____T_ o
[\ V=4V, .4 -3 dB point (¥=5)
Sl T\ -3 dB point
| 3 . -
S @ o
2 B ]
S L_I AN
— .
Oy T r -
S . 2
'[IJU )
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.'Iﬁ Steady State Behavior of the Cavity — Resonance
o Circle

v,

4 Q (Imaginary part)

:RL‘T‘cosz//, LN L =y
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Amplitude

,'.'IE Transient Behavior of the Cavity

« Transient behavior: step response of the cavity

\7(’[)2 a)llzR_Lr (1_6—(601/2—J'Aw)t)

wy, — JA®
1 —— 120
Ao)/(z)llz—()
O 8 AO)/O)1/2:O.5 | 100 ,
- Aolo, =5 |
AO)/(’)1/2_l o) 80 Aw/o)1/2:3
0.6 T8 Aco/oallz—Z
Aolo,,.=1.5 = 12_
12 o 60 A(n/(o1/2:l.5'
_ © _
0.4 A(D/(Dllz—Z 1 Aol =1
— 40 .
Am/m1/2—3 Aco/oa1/220.5
0.2 — . |
Am/w1/2—5 20
Aw/mllzzo

O r r r r r y O c L L c '
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
Time / ps Time / ps
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,""E Transient Behavior of the Cavity

o

1

Vv
©c o o o O
N W U
|

-
oy -

-0.1

1

-
§-

Imaginary part of
(@)

0.4 -
0.5 - '

0 0.2 0.4 0.6 0.8 1
Real part of V.

S. Simrock & Z. Geng, 7t International Accelerator School for Linear Colliders, India, 2012 23



e
1o

Driving Term in Cavity Equations
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".,IE Typical Parameters in Pulsed System

- fill > < flat-top —»

ampl. A

accelerating voltage
— Beam Loading

N—

\ incident power
beam pulse
ﬂty phase

cavity etuning B?%chg Ias&P r?ﬁt(firgulse structure)
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,'Iﬁ Relationship of Driving Term in Cavity Equation to
1o Klystron Power and Beam Current

Remind the cavity baseband equation:

dv. = ,
dtc + (a)l/z — JACO)‘/C =ay,R |
The driving term is the superposition of the generator current and
beam current:
I, Iy,
- - N — ‘ -
| = Ig + 1, — I P
‘Ig‘: f(I:)for’zcav’ZO’ﬁ) Ig@ Zioxt L§ R__Ci f\)lb
‘Ib‘ = g(Qbunch’ fbunch) ¥ f:

« The generator current is a function of the klystron power, cavity and
transmission line impedance, and input coupling factor

 The beam current is a function of bunch charge and bunch repetition rate
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,'Iﬁ Relationship of the Generator Current and Klystron

1o Power

Cavity equation driven by  dV, : - O
klystron power and beam: EJ’(C‘)W - jAw), = a)l,zRL(Ig + 'b)

' ) r _
ref onr _ L — 2o
Iref Ifor Z éav + Zo
o :
7 r ' ’
transmission line 7 Vé /l\ Vr’ef = FVf'or Vfor = ZO| tor
7 cav| |YT' — ,
0 c It 7 re re ZZ 0 1/
V! =V, +Vy = o0
O b c for ref Z, Z for
cav+ 0

Translate to the cavity side of the transformer, we will get
During steady state, when there is no beam and detuning

(Ohm'’s law), so
2l ) 2P, 5 2Pfor’ |- 2P,
n R R, Z,
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,'Iﬁ Relationship of the Beam Current and Average DC

o Beam Current
Cavity equation driven by~ dV_ - L
klystron power and beam: EJr(wl/Z - jAw), = a)l,ZRL(Ig + 'b)
I A
Ty
11 n A
pe ak (\ I'"'|I Iﬁl f || |
I| |I II I || |I I| |I |
III III III| |||I +||| |II gg t II| |II IIII |III
II| |II a | |II II| |II n
S J\ S\ )\ > t

A single bunch is described by a Gaussian curve:
t2 t2

20t2 20t2

€

— Ipeak'e

o2
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,'Iﬁ Relationship of the Beam Current and Average DC
JLT Beam Current (cont'd)

. - . 18 |
Fourier decomposition of bunch train: ) envelope of
0 Cul Fourier components |
1(t)=a,/2+ ) [a, cos(net)+b,sin(nat)] 7, (TTF Injector IT) |
n=1 £ |
(0, = 27/T, = 5|
2 2 2 ~E: o
) an _ 2| ek /271_ 'Ut /Tb .e—n wpof 12 n= 0’1,21.“ 2 N Bunch |ength
i ot~ 3 ps
b, =0 n=12--- :
~ 0 0 1IE] EI{II BID 4:0 SI{II 6I0 T"IG SI{II G'IO 100
fr ' [GHz]
Average DC beam current: —
18- DC current RF %u.rrenr
/ 16 +
IbOZIpeak 27Z-Gt/-|-b:(go/-|—b — 1|
E 12 +
Beam current in cavity equation: Zuf T
S gl
n2 2 2 ©
an:2|b0.ena)bat/2 %6'
< 4L
1| =a,(1300MHz)~ 21, | )

o 1 2 3 /) 1200 1300 1301
frequency [MHz]
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iln
T Beam Phase Respect to RF

‘VﬁCC on-crest (phase ¢,=0°) ’VC

_--H""'-\..

Cavity voltage changing with time

= Oy
ive 0 ositive _
fegalive I post » beam phase
dv O\ .
With items in cavity equation: d—'[c+(w1’2 — JAa))\/C = a)l,ZRL(Ig + Ib)
Beam Phase Definition: @, =180° —(le —ZVC) mod 360’
Energy gain of single particle: AE = ’\7(; COS @,
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T Beam Loading in the Cavity
____________________________________________________ 2 60 : : : :
RF generator induced voltage '--?g-Liaf::‘_:""""""":""""" """ |
____________________________________________________ @ —
S Sso
;20* g 5\-~~~~- 4
T T T T -E:;;:‘ S o=
__________ B eamlnduced\/0|tage © 00 500 1000 1500 2000 2500
T \| 40 T T T T
On-crest acceleration |
______________________________________ <
£ 20" .
- Beam loading is T
significant in ISR : : P - :
i .- . 0 500 1000 1500 2000 2500
superconducting cavities
. 207 : : L
 Beam induced voltage
cancels the exponential < 0 .
Increase of the generator 3
iInduced voltage,
resulting in a flattop % 500 1000 1500 2000 2500
Time / us
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,'.'IE Beam Injection Time for Flattop

If the beam Is accelerated on-crest and there is no detuning,
the beam injection time for flattop is

1 g g
tinj:—'ln e :T°|n =
601/2 Ib Ib
For TESLA cavity,

tinj = 734us * In(16mMA/8mA) = 510 ps
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RF Power Dissipation and Reflection
of a Cavity
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,'.'IE RF Power Profile for Cavity Operation

« Filling Stage: cavity
voltage increases from
zero with the cavity
driving power

- Flattop Stage: cavity
voltage keeps constant
for beam acceleration,
which is a nearly steady-
state condition

N
o

Cavity voltage / MV
N
o

o

500 1000 1500 2000 2500

o

N
o
o

N
o
o
I
1

Reflected power / kW Driving power / kW

0 r r o 4
0 500 1000 1500 2000 2500
400 L L T T
[ No Beam 200 7
0 r r r
0 500 1000 1500 2000 2500

Time / us
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RF Power Dissipation and Reflection
at Filling Stage
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,"'IE RF Power Dissipation at Filling Stage

» Filling of cavity: fill the cavity to a desired voltage VO from 0 within
a period of THill

« Factors influence the required filling power
— Desired cavity flattop voltage (VO)
— Filling time (THill)
— Loaded Q of cavity (QL)
— Detuning of cavity (Aw)
« From the cavity transient behavior, the RF power required for
filling stage is
VO2 (a)g + 4Q5Aa)2)

T i B @oT i
4[(SJQLa)§-{1+e % —2e 2 cos(AwTy, )

Pfill —
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",IE Filling Power for Different Loaded Q and Filling Time

1400 | | | : TfiII =400pus

1200 Cavity Voltage = 35MV //

Detuning = OHz

[
o
o
o

800 yd

Filling Power / kW

600

400

200’
0
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",I": Filling Power for Different Loaded Q and Detuning

2200 : : : { :
o000, Cavity Voltage = 35MV Detuning = 1000Hz " |
Filling time = 500us
1800 T e
16001 When QL = 3e6 |
:j 14001 power is required for /
= . 200Hz detuning | Detuning = 600Hz
3 1200~ ~_ T g
o ; >
o ‘. _
S 1000 ". Detuning = 400Hz
i L
800
600 Detuning = 200Hz |
400 Detuning = OHz
200 ' ' ' ' :
0 2 4 6 8 10
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,"'IE RF Power Reflection at Filling Stage

» Reflection power can
be calculated via the

40: : : .
relationship of Forward Voltage L Cavity Voltage
7 \ / I\
Vc Vfor +V 30:=‘ S i ‘\
> ot / : \\
. : (Y /
« At the beginning of the = 2° v/ : \\
. - | N
RF pulse, the cavity S 20 V¢ ! N
voltage is zero, sothe 5 15l /A | RN
: A
reflection power equals AR - N
10 1\ I Reflected ~
to the forward power, |/ \&T Voltage
. ¢ |
and when the cavity >l \\i
voltage increases, the 0 n ' : : :
. 0 500 1000 1500 2000 2500
reflection power Time / us
decrease
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RF Power Dissipation and Reflection
at Flattop Stage
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,"'IE RF Power Dissipation at Flattop Stage

* Flattop of cavity: keep the cavity voltage to a desired
value VO In presence of beam current Ib

« Factors influence the required flattop power
— Desired cavity flattop voltage (VO)
— Beam current and beam phase (Ib)
— Loaded Q of cavity (QL)
— Detuning of cavity (Aw)
« During flattop, the cavity is approximately in steady
state, so steady state equations can be used
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i’IE Induced Cavity Voltage by the Klystron Power

Recall: cavity resonance circle If there is no beam, the cavity is
for steady state behavior driven by the forward voltage
~ ~ concern to klystron power
NC =RL‘I‘cosw B B B
4\70—4r='ﬂ RLI :ZRLIforZZVfor
7 N/ alw
4 Q (Imaginary part) Ve =2V, COSY/ -€
-1
= tan (Aa)/wllz)
(detuning angle)
\\\
Y]
: i /,' TRealpar) |
% Y. .7 Cavity voltage
AN H ' on resonance:
\\ // i —
T B ! 2Vfor

____________________________
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,'.,'E Vector Diagram for Cavity Driving

Resonance circle for Resonance circle for
beam current induced klystron power induced
voltage voltage

v

ar
=

£

Vector diagram of generator- and beam-induced voltages in a detuned
cavity. The angle ¢, denotes the beam phase and 1 the tuning angle.
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\_— Increased
mput power
T Vo =ReIlg /19 (3)

HORNE

1 -
Wy (1)) Ogp=0,(t)) ®

« Detuning will decrease the cavity voltage and shift the cavity phase
* More input power will be needed to maintain the cavity voltage
* Input phase should be changed to compensate the phase shift
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H/

T Klystron Power in Presence of Beam and Detuning

( ) Q1 Lo

1 caw

1+ COS ¢y

Af (%)QLIM_ ’
flf? Hmv Elﬂfﬁﬁb

Optimization for minimizing the klystron power required:

AN
—&iﬂpt = - —(5‘% a:D sin ¢
H:-:w
(QL)GFt — (%) Ibn . gﬁb
V?
P, min = = — H:m + Ly -
(Py) (=) Qo) bo * COS Oy
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,'.,"‘: Power Required as Function of Detuning

Example:

Viaw = 25 MV, Qp, = 3 - 10% no beam:

2
S ( (3 )
fi)2

View = 25 MV, Qp, = 3-10°% I, = 8 mA; ¢, = 0° (on-crest):

2
o= 1+ (22))
fi/2
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",I": Flattop Power for Different Loaded Q and Detuning

8000+

Cavity Voltage = 35MV | Detuning = 1000Hz |

7000~ Beam Current = 9mA
(On-crest acceleration)
6000 .- | ‘

' When QL = 3e6

-~ 25% more flattop
. power is required
- for 200Hz detuning

e
-

_____

Detuning = 800Hz|

(o)
o
o
o

Detuning = 600Hz |

3000 T |
- |

2000 ! Detuning = 400Hz |
, |

Flattop Power / kW
AN
o
o
o

1000 —s-/': ~ memem="""""" Detuning = 200Hz |
ot : ; : Detuning = OHz :
0 2 4 6 8 10

Q'— x 10°
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,"'IE RF Power Reflection at Flattop Stage

* Energy conservation yields
P = Piics T Pt + B,

for —
« For superconducting cavity, during flattop, the reflected power can
be approximated as

dw
+_

ISS eam

—
I:)ref 1 for I:)beam o I:)1‘or ’Vc IbO COS ¢b
350 . . 350 . .
= Forward power = Forward power
300§ A ---Reflected power 300§ :l ---Reflected power
! 1 e | Iy -ommmmmmmieomoooed .
2501} i\ 2501} Ly Wth b !
= N 1y No beam s 2N v With beam
x~ 1 | ‘ --------- x~ 1 I \~ AT EELEE T
= 200}t -\ = 200}t —
o i I s ) 1 \ S
2 ol ! A 2 ol S
a 150 4 VN 8 150} 4 N
o ‘\ o’::f \ o ‘\ \
100 Y AR AN 100 ¥ S
“ \\ “ //// ’ \\
50 e s 50 \ 0 S
Y 1 I LY K ~o
\ I ‘- \ r___--:__ ‘-
\v\‘ O ~'\J
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time / us Time / us
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"'IE ldeas for Minimizing the Required Klystron Power
* Reduce the detuning effect

— At filling stage, track the frequency of the input RF with the resonance
frequency of the cavity

— The pre-detuning of the cavity should be adjusted to minimize the
average detuning during flattop

— Piezo tuner can be used to compensate the Lorenz force detuning
during flattop

« If there is beam, optimize the loaded Q, detuning and filling time

— When the beam is large, optimize the loaded Q and detuning during
the flattop with the equations in this section

— When the beam is small, matching of the beam is not feasible,
compromise should be made for the selection of the loaded Q and
filling time
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Mechanical Model of the Cavity
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.'Iﬁ Cavity Deformation by Electromagnetic Field
o Pressure

« Radiation pressure

—12 —|2
(A el
4
« Resonance frequency shift

Repulsive
magnetic
forces

P=

Attractive
electric
forces
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o Static Lorenz Force Detuning
7
0 *q‘** Af= K. Eacc
e K=0915n7
-100 | (I\'ﬂ' T 1 = 5 a |
= -200| e = 3 H Lo
#* 'g 5 K 0'9 (h.ﬁrhn} ;
-300 t ;‘-_‘_* =1} ‘:‘xt »
1t & ’ M
-400 . 0 T - -
0 100 200 300 400 -80 —-60 —40 -20 0O 20 40
Eae [MV/m)~] Af [Hz]

Left diagram: Measurement of Lorentz force parameter K.

Right diagram: Resonance curve of a superconducting cavity with Lorentz
force detuning. The dotted curve is an ideal Lorentz curve. Depending
on the gradient, the cavity resonance frequency is shifted in proportion
to the square of the accelerating field E .. The measured points are
indicated with triangles.
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o Dynamic Lorenz Force Detuning

00 ——
Tm = 400 us
200r K =0.9 (Ml'j’im)2
Eace=25 MV/m
100F il
N Af~510 Hz
o
= ot .
= Lo\ Af-315 Hz
_100L | | State space quation of the
tOff mth mechanical mode
—200r filling | > vy
//f’”f flattop e
_3000 200 400 600 800 1000 1200 1400 1600 1800 2000
time [us]

d Aa)m 0 1 Aa)m 2 0
—| "= , o |+ 27V )
dt| Ae, | | -4 F -24_/Q, | Ad, —K,_ (24 )
N
Aw=Aw, + A, (t) + ZAa)m
=1
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Pass Band Modes of the Cavity
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,'.'IE Cavity Model with Pass Band Modes

« Goal: Model the cavity including the pass band modes
by extending the 1T mode cavity equation discussed
before

—_

dv. - _
E + (wllz _ JAw)\/c — 2a)llzvfor
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. HOM coupler
pick up flange

flange

e =

~
HOM coupler | |
flange 115.4 mm power coupler

(rotated by 65) flange

Z'ext

Circuit Model of the 9-Cell Cavity

I

R L C
:}_/YYY\_”_
—Ck |9 =

=GbH

Assume all cells are identical
Cells are coupled via Ck

R - &
1:n
V'g 11 Ck= 12 Ck= 13 Ck== ==
1 Cb
L 1

Electrical coupled series resonance circuits driven by a voltage source

Beam tube effect at the 15t and 9t cell is modeled with Cb
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Steady State Equation of the Cavity

Zt R L C R L C R L C R L C
| -
(Cb
-— 0 o | _
y l, JoCV, . e
a7 l, 0 a= -—+1+x
" : ; 0, Qy @
2
K K 0 b:j(ﬂﬂ)“)_w2 1+
2 2 0 @ Qp Wy
K Kk |L9d L |
0 —— a+—
2 2 _

x 1S the cell - to- cell coupling factor

w is thedriving frequency of V, ) Is the resonance fregency of thesingle cell

Q, is the unloaded quality factor of thesingle cell
L is the coupling factor of theinput power coupler tothelst cell
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Keep the driving voltage amplitude constant, change the frequency:

Cell 1 Cell 2 Cell 3
15 15 - - 15 -

Frequency Response of the 9-Cell Cavity

10+ ] 10

=
o

5

o1

Amplitude

0‘|||||||||' Si‘l. il I

0 0
1280 1290 1300 1280 1290 1300 1280 1290 1300

Cell 4 Cell 5 Cell 6
15 15 15
()
5 10 10 1 107
E
E 5 ] 51 ‘ ] 51 ]
NI T IR | N Y
1280 1290 1300 1280 1290 1300 1280 1290 1300
Cell 7 Cell 8 Cell 9
15 15 - - 15 -
()]
5 10 1 10- 1 10-
E}
g 5 1 51 ‘ 1 5+ 1
L |1 | 1 ULl L L Ll

0 0
1280 1290 1300 1280 1290 1300 1280 1290 1300
Frequency / MHz Frequency / MHz Frequency / MHz
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,'.'IE Pass Band Modes of the Cavity

Pass band modes can be calculated by solving the eigenvalue
problem by removing the driving term in the cavity equation, as
results

Frequency of nt1/9 mode:

D g = g - \/1+ K‘|:1— cos(n;ﬂ

Normalized field distribution in different cell of nT1/9 mode :
2m -1

lerom = Bm,gsin[nn( j], m=12,...,91s the cell number

. \2/9 whenn=1t08
i /9 whenn=9
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Relative Field Distribution of Pass Band Modes

/9 Mode
1 .
(B}
©
=
<
oIt
0 5 10
47/9 Mode
0.5
(¢b}
©
2
= 0
=
<
-0.5- v
0 5 10
77/9 Mode
0.5 -
(D)
©
¢ 1111
o é é
z | 1 l
<
-0.5- v
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Amplitude Amplitude

Amplitude
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"'lE Quality Factor of Different Pass Band Modes

« For superconducting cavity, the internal power loss of the cavity can be
neglected, so the loaded quality factor can be approximated to be

0 ~Q IR S
Lnz/9 = Next,nz/9 — P

ext,nz/9
 From the normalized field distribution of the pass band modes, the effective

stored energy in the cavity for each pass band mode is the same.
9
D1 om =1= U, isidentical
-1

nz/9,m nz/9

« If we ignore the difference of the resonance frequency, the loaded quality factor
of each mode is inversed proportional to the stored energy in the first cell, use
the loaded quality factor in 1 mode as reference, we get

| 2 1 For example, the QL for
Quinars = 2”1 = , h=12,..8 the 11/9 mode is 16
QL,;; In;r/9,1 25in? nz times larger than the
QL for 11 mode
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Amplitude

in Field in the 9t Cell

JL T

— Have the same amplitude to the same input power

Field in the 9™ cell is important because the probe is installed there
The field for different pass band modes in the 9™ cell has the property of

— The phase difference of the nearest pass band modes is 180 degree

— The loaded Qs are different

Cell 9

3F T T T T 87'[/977'[‘7
/9 27/9 3n/9 A4n/9 5r/9 6/ Tn/9 y

25

2ﬁ

H
a1
Phase / deg

=
T

O L 3 3 3
1275 1280 1285 1290 1295 1300 1305
Frequency / MHz
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,'.'IE Cavity Model with Pass Band Modes

Based on the m mode model discussed before, the cavity model with pass band
modes can be made as follows
—  Each pass band mode is modeled with a base band equation similar with the T mode
—  The driving term of all pass band modes are the same for the same input power
—  Different pass band mode has different bandwidth

—  The overall cavity voltage is the superposition of the voltage of all the pass band
modes, use the equations below

—

dv

c,nz/9 . - -
T (a)1/2,n7r/9 o JAa)mz/Q )‘/c,mz/g = 2(()1/2,n7z/9vfor’ n= 112""9
dt

9
Vc _ (_ 1)n—1VC o <[Here we have considered the phase difference }
yN7T
n=1

of pass band modes in the 9th cell

A, .o = @y, —@ 1S thedetuning of the nz/9 mode
Wy 000 1S the half bandwidth of the nz/9 mode

S. Simrock & Z. Geng, 7t International Accelerator School for Linear Colliders, India, 2012 63



,'.'IE Transfer Function of the Cavity

From the cavity equations, the transfer function of the cavity is

o (8)= 21 M H,(0)= 3 (s

n= n= S+ Wy 59 — JAD,

—

HT/O(5) |y

H27/9(s) >

H37/9(s) |

HAT/O(S) |y

l
?\‘/?\ /

V,(s) )D 1579s) — ¥ —> V.(s)
>>—> HOT/O(S) [y
—>> » Hn9(s) p——>
>>—> H87/9(s) p—>
—»> »  Hr(s) p——>
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,"IE Bode Plot of the Cavity Transfer Function

t L Lt L LLt t L L Lt L LLt
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Cavity Simulator
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,'.,IE Cavity Simulator

* Idea: build a hardware cavity simulator to simulate the cavity
behavior including the Lorenz force detuning

e Use cases:

— Test the LLRF hardware such as down converter, controller and
actuator before the real cavity is ready

— Control algorithm study
— Operator training

— LLRF system on-line calibration if integrated with working system

RF or base Cavity Simulator RF or base
band input :> (DSP or FPGA) :> band output
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TP Possible Cavity Simulator Integration with LLRF

Vector
modulator

Cavity model =
implemented in hardware
(FPGA/DSP) allows the
real time simulations of
one or more cavities with
independent parameters.

1.3GHz

Clock, trigger

klystron
| I 1
l Calibration
signals switch =
A
Digital
feedback downconverter
Cavity RF out signal can be
used as a calibration signal
N~
s “ Cavity RF out signal can be
Baseband connected to the additional
in (ie. I, Q)_|-> ADCs | | DACs —»bizi";ligd downconverter channel
Digital
// simulator
/ ADCs | | DACs = RF out Baseband outputs like | and Q
RE in ) \ , power frw. power ref. go
\ J

directly to controller’'s ADCs.
There can be one or y

more RF outputs
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T Discrete Cavity Equation

—

dVv, : - -
dt + (a)llz — JAQ))\/C =ay,R |

ﬂ (state space equation)

d Vr — Wy, -Aw Vr Ir 7 - T -
T = +ay,R, o Vo=V + Vil =1+l
dt |V, Ao —-aw,, |V .

ﬂ (discrete)
Vrn 1_T _TA Vr n— Irn—
= 2 “ " +Ta,R | 1
Vi,n TAw 1—T0)1/2 Vi,n—l Ii,n—l

T is the sampling period. The discrete equation can be
realized in digital processors, such as FPGA, for simulation
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,'Iﬁ Discrete Mechanical Equation for Lorenz Force
JLT Detuning

Lorenz force detuning by the mth mechanical mode:

0 1

djaen_ I I PSVE L
dt Ad)m - _(27Z=|:m)2 _Q - Aa-)m _Km(Zﬂfm)z

m

ﬂ (discrete)

Aa)m,n _ 1 T Aa)m,n—l 2. T'K (2721: )2 0
Ao, | |-T(2A,) 1-T P | pgy |77 Bl

m,n m,n—1

m

ﬂ (sum up)

N
Aw=Aw, +Awy(t) + ZAa)m

m=1
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o Cavity Simulator Block Diagram
I I i -
g b0 |: dt
oo )]
Electrical Model Mechanical Model
Vn = f(vn—l' Ig' IbO’Aa)) Aa)m,n - g(Aa)m,n—ﬂAd)m,n—l’Vz)
V Aw,, |
v VYY som e

’\/‘2 Aw=> Ao, +Awo,
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o Cavity Simulator at DESY

v ;
“ ; Mg o
\ M ;,3;-,‘.’: he
e M .""5;"; 5 %
1 ‘:\\ 3 '",',';" &3’;}?\
g B Uity :\.‘}{.-‘-.-_-:\ i
%
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"IP Cavity Simulator at KEK

Gk zoomve ' M 400ps A Chi 7~ 100mv

14 Sep 2009

Ref3 1oomyv 400ps v 1.92000ms 13:53:35
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T Software Real Time Cavity Simulator at Fermilab

Test run of ILC
Cavity Simulator (no

beam)

1)fill: 0 - 0.3 ms at
20 mA (full power;?<
2)flat-top: 0.3 -1.1 o i

ms at 12 mA

\cozslerating Gradkgnt fMV/m)

Accelerating Gradient, RF+Beam Current and Q of cavity Ephase and Deturning
20 T T T T T 1.5
[E] s— - ; : éphase
||| - De(unjn; --------

-
1

15 | -

o
o0

o
1

Q of cavity(x
Detuning(x100 Hz)
=3
o
1

Ephase (deg)

RF+BaamCu t mA)
1

3)cavity emptying,
decay curve shows
high Q of cavity.

Compare with
TESLA cavity
measurements:

Shapes are similar,

model is working.

+a

o
T
1

l'u
T
1

0 L 1 1 | L 25 1 1 1 1
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3

_Time (ms) Time (ms)
(a) Amplitude response (b) Phase response

IF 1n these simulations 1s 50 MHz.
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,'.,IE Summary

In this part, we have learnt:

* Model the cavity with resonance circuits

« Baseband equations for cavity model

* RF power dissipation and reflection of a cavity
« Mechanical model of the cavity

» Pass band modes model of the cavity

« Concept for cavity simulator
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