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Equivalent Circuit for an rf Cavity

Simple LC circuit representing
an accelerating resonator

Metamorphosis of the LC circuit
Into an accelerating cavity

Chain of weakly coupled pillbox

cavities representing an accelerating
cavity

Chain of coupled pendula as
its mechanical analogue

Pesenting an acceleratin

d) e)

Metamorphosis of the L-C circuit of Fig.1 into an

Fig. 5d shows the cylindrical “pillbox cavity™ and Fig. Se a slightly modified pillbox cavity
with beam holes (typical 3 between 0.5 and 1.0). Fig. 5c resembles a low 8 version of the
pillbox variety (0.2<8<0.5).
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accelerating cavity (after R.P.Feynman33)).

Chain of coupled pendula
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Parallel Circuit Model of an Electromagnetic Mode

1V 1
Power dissipated in resistor R:  Fiiss = >R L g =C ly
. i
Shuntimpedance: Ry =7 = R, =2R
diss
Quality factor of resonator:
U R 1/2
Q=2 - CR = — = R(gj
I:)diss Lwc L

-1
Z = {1+|Q0 (ﬁ—gﬂ
w, O
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w=w,, 7= R[1+2iQo[w_w° H
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1-Port System

v, (@) él... R ‘\‘c. R
4 l Total impedance: k*Z, +
' [

1+2i—=2% QO
a)O

kV
| = — V =KV, i
k*Z, + 0 R +k?Z (1+2| QO )
1+2i <2 A @o
a)O
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1-Port System

Energy content U _1 CV? :E&V2
2 2 wR
ZE& k2\/ 2
2 wR )
VZ
Incident power: P, =—-
87,
. . . R
Define coupling coefficient:  f=—;
k0 ZO
U_Q 48 1
Pe @ (1+ ) [ 2% (Ao
1+ 5 ) \ o,
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1-Port System

Power dissipated P, _ P.. 4h > L > >
& A (20 V(0
1+ 5 ) \ o,
. . U .
Optimal coupling: 5 maximum or P, =P,
= Aw =0, p=1 : critical coupling
Reflected power Py = P.—Pi.=P.|1- 4h > L >
W+B) . (2Q Aw
1+
I 1+ 5 o,
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1-Port System

At resonance
Dissipated and Reflected Power
Q 4ﬂ 0.9
U = a)o 2 I:)inc 08 l/ \\
o (1+ 5) i S~ —
48 ol ““* —
I:)diss — 2 I:)inc 0.4 \ //><--..__
(1+5) il A —
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I:)ref :(_ﬁj I:)in(: 0
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Equivalent Circuit for a Cavity with Beam

 Beam in the rf cavity is represented by a current generator.
e Equivalent circuit:

Tt ~- o~ oot o it
g = l“clmt@ = E % e @ lp = ipe Ve=vee
= o

I produces \7b with phase w (detuning angle)

i, produces V, with phase

(e

~ ~

V.=V -V

c g b

Q Aw
1+ 8 w,
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Equivalent Circuit for a Cavity with Beam

Jefferon Lab
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2 1/2
V, =(P,R)"" 1’8 cosy

+/
=—2h __cos
Toarp Y
sin—2
I, =2i, %2
2

I,: beam rf current
l,- beam dc current
6,: beam bunch length
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Equivalent Circuit for a Cavity with Beam

Vo 1 2
P = R 4,3{(1+'B+b) +[(1+ B)tany —btan ¢ ] }

_ Power absorbed by the beam R i, cos¢
Power dissipated in the cavity Vv

C

Minimize P,: °pt |1+b|
Dopt _ VZ [1+b|+(1+b)
° R, 2
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Cavity with Beam and Microphonics

0w, * ow 0w
* The detuning is now tany = -2Q, — . tany, = -2Q —
a, @,

where déw, is the static detuning (controllable)

and Jw_ is the random dynamic detuning (uncontrollable)

Probability Density
Medium p CM Prototype, Cavity #2, CW @ 6MV/m
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Q.. Optimization with Microphonics

Condition for optimum coupling:

ﬂopt = \/(b +1)2 +(2QO 5;)m ]

0

V2 sw. \
P = | (b+1)+,|(b+1)* +| 2Q, =T
g 2R, (b+ )+\/( +1) +[ Qo o, )

2

0w
ﬂopt :\/1+[2Q0 a)o ]
and _ _

2 2
port = Ve |1, J14[ 2 O
’ 2R, o,

=U dw, If ow, is very large
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In the absence of beam (b=0):
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Example

P (kW)
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7-cell, 1500 MHz
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—21.0 MV/m, 460 uA, 50 Hz O deg
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P (kW)

14.0
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Example

3-spoke, 345 MHz, 3=0.62

2.0

0.0
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AN pViVe/i
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——10.5 MV/m, 400 uA, 10 Hz 20 deg —~——
— ——10.5 MV/m,300 uA, 10 Hz 20 deg
——10.5 MV/m, 200 uA, 10 Hz 20 deg
——10.5 MV/m, 100 uA, 10 Hz 20 deg
——105MV/m, 0uA, 10 Hz 20 deg
| | L [ T[]
1.0 10.0 100.0
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Example

« ERL Injector and Linac:

f.,=25 Hz, Q,=1x10%9, f,=1300 MHz, 1,=100 mA, V.=20 MV/m,
L=1.04 m, R,/Q,=1036 ohms per cavity

 ERL linac: Resultant beam current, I,,, = 0 mA (energy recovery)
and ,,=385  Q =2.6x10" P, =4KkW per cavity.

« ERL Injector: 1)=100 mA and ,,=5x10*!  Q =2x10> P, =
2.08 MW per cavity!

Note: IV, = 2.08 MW optimization is entirely dominated by
beam loading.

o Thomas Jefferson National Accelerator Facilit '
.{effergun Lab . @ EJSA



RF System Modeling

« To include amplitude and phase feedback, nonlinear effects from
the klystron and be able to analyze transient response of the
system, response to large parameter variations or beam current
fluctuations

— We developed a model of the cavity and low level
controls using SIMULINK, a MATLAB-based program
for simulating dynamic systems.

« Model describes the beam-cavity interaction, includes a realistic
representation of low level controls, klystron characteristics,
microphonic noise, Lorentz force detuning and coupling and
excitation of mechanical resonances
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RF System Model
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