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Overview

* Introduction
* Parallel resonant circuit description

— Transmission measurements (S21)
— Reflection measurements (S11)
— Quality factor

e Resonant modes

— Monopole and dipole modes
* Real cavity design
* Bead pull measurements
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RF Cavities

 Radiofrequency (RF) cavities are used to
— Store energy for accelerating beam
— Extract beam energy (for example as a beam pickup)
— Modulate beam energy or position as a beam kicker

coax feed

loop
(magnetic)
O) coupler
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Example RF Cavities

Islrs USPASQ9 at UNM &t « Accelerator and Beam Diagnostics
R4 | -



Accelerating Cavity

Lorentz force F =qg(E+7VxB)

An accelerating cavity needs to provide an electric field E longitudinal
with the velocity of the particle

Magnetic fields provide deflection but no acceleration

DC electric fields can provide energies of only a few MeV

Higher energies can be obtained only by transfer of energy from
traveling waves —resonant circuits

Transfer of energy from a wave to a particle is efficient only is both
propagate at the same velocity

]
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Parallel Resonant Circuit Model

* Imagine two capacitive plates with
a parallel inductor.

 This creates a resonator with

resonant frequency m,=—L-

: VLC
* |If the inductor becomes many

single loops of wire, this eventually
becomes an accelerating cavity
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Parallel Resonant Circuit Model

o,

* Treat impedance of an
Zin CIT R . 8L isolated cavity mode as

a parallel LRC circuit

parallel resonant circuit
 * Voltage gained is given
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Transmission (S21) measurement

 Mode resonant frequency and Q can be
measured in a transmission measurement.

* This is usually done with a network analyzer
coupled to two cavity probes.

NWA

)

coa feed

loop
(magnetic)
coupler
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Quality Factor

Quality Factor Q,:

_ Energy stored in cavity U
° Energy dissipated in cavity walls per radian P,
@,
=0T, =
A, Lower surface

resistance gives higher
> Q. For a given R/Q, this
gives higher R. Lower
external power is
required for a given
voltage V.
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Reflection (S11) near resonance

I

The cavity frequency, Q, and coupling factor

can be measured in reflection

: points

—— —4 half-power

NWA
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Smith Chart View

Smith chart

* The Smith Chart
(Phillip Smith) is a 7
polar display of the ¥
complex reflection | A impedonce
coefficient i.e. P=0K~
phase and |
amplitude) : A

* A resonator
appears as a circle
in this format

Identification of the half-power
points from the Smith chart.
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Cavity Coupling

To accelerate beam, we have to power the cavity.
Typical power sources include klystrons, tetrodes, etc.

It is most efficient to match the load (cavity+beam) to
the power source.

Model the generator as a matched current source and
coupling as a n turn transformer.

1:n
Ig @ Z0 —C % R L
matched ideal
generator transformer
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Coupling to external generator/load

e Transform the

cavity impedance 1 R L
I —n2C
to the load £0 . n? n?

e Transform the ST
generator current Ig RS B 1 @Ib
to the load n |

]
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Cavity Coupling

* This model allows efficient power transfer to the
cavity/beam.

e Some definitions

B_power lossmmext.cct = Qy, = R

power loss in cavity  Qex; n27Z, Coupling beta

1 -1, 1
QA Qo Qex Loaded Q

Q= (14p)Q. ~ ‘oadedQ

Optimal coupling (no beam)

B=1Q="2 m=K
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Resonant Modes

Electromagnetic modes satisfy Maxwell equations

[Vz—l,?:}
c” ot

 — )

E

—_—

\,H_J

> = ()

With the boundary conditions (assuming the walls are
made of a material of low surface resistance)

no tangential electric field

no normal magnetic field
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Resonant Modes

Assume everything ~e

&l

For a given cavity geometry, Maxwell equations have an
Infinite number of solutions with a sinusoidal time
dependence

For efficient acceleration, choose a cavity geometry and
a mode where:

Electric field is along particle trajectory
Magnetic field is 0 along particle trajectory

Velocity of the electromagnetic field is matched to particle velocity
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cav

Example: PEP-II Cavity
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PEP-Il Impedance

 The time domain wake in frequency domain is called the
beam impedance

 Each mode can be defined by a frequency, Q, and shunt
impedance

e Usually higher order modes are not wanted and some
attempt is made to damp them.

1000 | | : H
) —— MAFIA T3 simulation
a) fundamental, TM010 X bench measurement
100 radiation damping threshold |_|
. multibunch feedback threshold
G
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Transverse wakefield (Volts)

Transverse wakefield (Volts)

PEP-Il Transverse Wake

a)

o + ¢ Asimilar situation
occurs for cavity
modes which can
] give transverse

R N N beam deflections.
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Cavity modes: transmission line analogy

* Consider the equivalent circuit for a transmission line

I(x) R'dx L'dx I(x)+dI(x)/d(x).dx

o—

V(x) ——Cdx G'dx V(x)+dV(x)/dx.dx

o, O

* This gives a field pattern

+ - -]
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Cavity modes: transmission line
analogy

e |f we short one end of the line, forward and reflected waves give a
standing wave

+ “-----
<+»>

il

V
II A MA A II
+ +++ +
shorted line standing wave surface currents

Rseries

) = L = L

mj[a 0 equivalent circuit series circuit parallel circuit




Pillbox cavities

e Consider the two lowest modes of a cylindrical waveguide
(TE=transverse electric field, TM=transverse magnetic field)

T e [HLT
e e R A\
[ 1]

First two modes in circular waveguide

Cut-off frequencies for modes in circular
waveguide, normalized to that of the lowest
mode (TE11).
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Pillbox Cavities

 Many different modes; only TM modes have field along
beam direction and can interact with beam

It



Pillbox Cavities

* The transverse variations of the longitudinal field are
solutions of Maxwell’s equations within a circular boundary
condition and are Bessel functions of the first kind.

—— E,(1,0) = EoJm(Kmnr)cosmo

ﬂ I J, are the first order Bessel functions
K., =X,/ is the transverse wave number
X, are the roots of the Bessel functions J

pillbox cavity

* For TM_ . modes the fields are:

1.0

E,rzt, 0) = EoJm(*2r)ei®cos(md)cos(k,z)

0.5+

Ho(rzt, ¢)= HOJ;H(ngnr)eiwtcos(mq))cos(kzz) ;

-0.5F

Low-order Bessel functions of the first kind
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Monopole modes

 Modes which have no azimuthal variation are labelled “monopole”
modes and TM modes of this type have longitudinal electric field on
axis and thus can interact strongly with the beam.

* The radial distribution of E, follows J,, where the zeros satisfy the
boundary condition that E, = 0 at the conducting wall at radius a.
Similarly H; and E, (if present) follow J'; and are zero in the center and
have a finite value at the wall.

For TMoni modes:
E, = EoJo(konr)cos(k,z) where kon = Xon/a and k; = in/length (i > 0)

Hy = HyoJo(kont)cos(k,2) Xo] = 2.405
E, = E;oJo(Konr)sin(k,z) Xo2 = 5.520
Xo3 = 8.654

g 5 ; : 0
J



Monopole modes

* A few example field patterns

H®
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Dipole modes

* Characterized by one full period of variation around the azimuth
(m=1)
 For TM modes this means there is no longitudinal field on axis and

that the field strength grows linearly with radius close to the center,
with opposite sign either side of the axis.

e This transverse gradient to the longitudinal field gives rise to a
transverse voltage kick which is proportional to the beam current
and the beam offset.

* Therefore, no transverse kick to the beam without a longitudinal
field gradient (Panofsky-Wenzel Theorem)

& H® % ®
H ; ©, % ©,

® ®
TM110
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Dipole Modes

* Field distributions for dipole modes

J;(x)

-10 -5
For TM1ni modes:
E, = EoJ 1 (kinr)cos(9)cos(k,z) where k1 = X1n/a and k; = in/length (i > 0)
He = H(bo]'l (k1 pr)cos(d)cos(k,z) x11 = 3.383171
Hy = HroJrl(klnr)sin(q))cos(kZz) x12 = 7.01559

x13 = 10.17347
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Higher-order modes (m>1):

* For modes with higher azimuthal order (m=2,
quadrupole, m=3, sextupole etc.), the fields
close to the beam axis become progressively
weaker as the stored energy is concentrated
towards the outer edge of the cavity.

* Modes with even m have no sign reversal
across the axis and have a small transit time
factor. Modes with odd m may couple weakly
to transverse motion of the beam but are

generally not problematic.

I .



Real Cavities

* |n practice the simple pillbox cavity shape can
be improved upon to maximize the shunt

impedance for acceleration.

 The shape must also be modified to allow
passage of the beam and addition of one or

more rniinlarc

' 000
© O OH O O OH R% %R
' ' C
> E E o I
' '
R R
R RXX R RXX % %
' XXX/

pillbox pillbox + beam pipes distributed

L,C, wall loss
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Normal Conducting Cavities

* Since R/Q=sqrt(L/C), maximize L and
minimize C, while keeping the optimum

interaction length (max. T), and maximum ~ coax feed
loop

* The “nose-cone” or re-entrant cavity (magnetic)
increases the volume occupied by the Gept
magnetic field and the surface area carryir
the current and decreasing the surface are
in the capacitive region (nose tips). ——5

e Limiting factors to achievable gradient are
wall-power dissipation and E-field strength 28
at the nose-tips.

"nose-cone" copper cavity
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Super Conducting Cavities

* Smooth shape is
determined by the need to

avoid field emission from oniemna

the surface. R/Q is low but 2o it
. . H COoax
is very high “b

4 . i . g. - TN

* Gradient limited by - /A

— Field emission from surface

impurities NCB

"bell-shaped" superconducting cavity

— Ultimately limited by
surface magnetic field
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Cavity Tuning

 Mode resonant frequency can be adjusted by
introducing perturbations

* Effect depends on whether perturbation affects
electric or magnetic fields (change in capacitance

or inductance).

| 1 H | , . Q)
(L + AL) /T(-l CAA). (C+AC) = =77
wr + Aw, = [(L+ AL)(C + AC)| 7
CAVITY NSO poe~— 4A>0, 4q<0
— 9
As=<0, Q ,’”‘\ EfIELD N As=>0,
A®<0 -‘:’{EI'{ i "'?%ff Ae>0
N - SHFED N
== %— AA<0, Ae>0



Cavity BPMs

* Use the linear dependence of excited field in the
m=1 dipole mode as a measure of beam position.

* Full (x,y) measurement requires each mode
polarization, usually achieved with two cavities.

'-‘Q_ —— —

bean_1

H-field

beam axis



Cavity BPM Sensitivity

* Dipole mode parameters (assume pillbox)

1 (i _ Ao : 1

Q1o

: 1tl ) -'
- 27 1+ (R - 1) 0 e ( \

(R) (‘ 'lnl'x[;lxx')’l 9. Z[] . (']lmux)'l ) T“.j N
110 T‘-

. R - 2 ‘ - ‘
(s,) 2wiio - Wi " Llpeg C -]u(”n,] AN Ry

* Dipole mode sensitivity for offset dx
vin (6z) = (= N 01 gl g 047y
Lo o (2 110 N (1 ._), . ,]l’mu‘ . er 01 {1 ]?rm:; &2
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Cavity BPM Signals

Ill‘

* For a single bunch passage, the cavity will “ring
down” with resonant frequency and decay time.

i i | Wln
| iy, | f ) - ex — o lp - —
o (s ) ol ) l)( 5 "t O, )

[ ; f [ f :
‘,.(“” ). .) E | /!)() Q \[ -j ‘,."” ). .) E /'.)() SZ /1 (2]‘
1o (07 ( w(l\}. O, b 110 (02 - [ =7 . =
v) 1,)14 J‘ + j (l.) 110 \/ (21 V (y,)[]

Voltage vs. Time

40

Antenna in Resonator

u/v

TNQL

.......................................................................................

2.4

should be larger for single

e “ " bunch measurement
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Common mode signals

 Since the field maximum of the common modes is on

the cavity axis, they will be excited much stronger than
the TM_,, by a beam near the axis

* Due to their finite Q, all modes have field components
even at the TM,,-mode frequency

 Thereis a 90 degree phase shift between the
monopole and dipole excitation.

>y CAVITY | |
Antenna 1 \ ~ ,f\.‘ ‘ \
s \ | BEAM " |
_____ X ) | (\
— L |ax 2 | | \
‘ LA - || S '|' S2
.......................... = B - / \
— | N Y R N g S
’ IDEAL ORBIT / \ - t -
—n. f110
~ ' ELECTR. FIELD TMO10 ‘@‘__
Antenna 2 el . -
-— ELECTR. FIELD TM110



Cavity BPM Signal Processing

* One example of a

typical Cavity BPM prasortwnce  wevCany RF.EPM Systor
. { e - Block Diagram
signal path i
— Dipole cavity gives (] | Macted agpd
pole cavity gives 1&‘ | "
offset signal. Magic- M,L
T used to subtract Gy EE o ewe [ B
monopole mode * o ? & 0 ‘
— Separate monopole j‘j’w" BPF  Limiting Amp. /Gj""“““‘““
cavity used to i B0 i

Fig. 2. Simplified RF-BPM Diagram.
produce reference

signal
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Example: LCLS Cavity BPMs

e Taken from DIPAC 2009 Talk by Steve Smith

r‘,ﬁs"‘wﬁ Cavity BPM Requirements
-+ Undulator orbit critical
— Must keep electrons and photons coincident
— to fraction of beam size

— over distance > gain length

Parameter Requirement Conditions
Resolution <1 micron 200pC<Q<1nC
Over + 1 mm range
< +1 micron 1 hour
Offset Stability +1mmrange, 20C+0.56 C
< £3 microns 24 hour
+ 1 mmrange, 20C+0.56 C
Gain Stability +10 % + 1 mm range
20C+0.56C
Aperture 10 mm
SLAC stevesmitn  R. Lill, S. Hoobler, R. Johnson, W.E. Norum, L. Morrison, N.

Sereno, S. Smith, T. Straumann, G. Waldsmith, D. Walters,

Is{.a ﬁ A. Young, D. Anderson, V. Smith, R. Traller,
R4 | -

+ many others



P_‘.P“”’ Design

-

Concepts

« Avoid the monopole mode
- Cavity-waveguide coupler rejects
monopole mode by symmetry
— Zenghai Li (PAC 2003) << s e
— T. Shintake, “Comm-free BPMET T fRES it it e i

— V. Balakin (PAC 1999) < -
- Predecessor at KEK's ATF

— 16 nm resolution in test beam
Walston, (NIM 2007)

Choices
- Single, degenerate X&Y cavity
- Reference cavity per BPM

l,s"’g USPASO9 at UNM m Accelerator and Beam Diagnostics
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ﬂ“"‘ﬁ Receiver

y *Downconverts X-band to ~40 MHz IF
*Mounted on Undulator stand

4 N
Receiver Chassis
-
X-Band Cavity BPM
Vertical
»4 Horizontal
40 MHz IF
signals
To
ADC
4 Reference
Phase Locked
Local oscillator [
> |—=
11424 Gz >_. Power
@ SSRGS LO Amel [ Distribution
and Control
- J
\ / A J
119 MHz Beam
Synchronized 15 Volts/
Reference control IO

SLAC Steve Smith May 2009



‘P-” Waveform / Spectrum

« Cavity IF waveform sampled at 119 MHz

- 16 bit digitizer

- Extract amplitude, phase of
- X, Y, Reference

ADC Wanform

A000 i Y

4000

2000 f

ADC Counts
L)

-2000 [+

4000}

-6000

SLAC

40
Sample Number

Steve Smith

¢
x 10

ADC Spectral Density
T T Ll

30 40 50 60
F [MH2)

ADC Spactral Dersity

Amglitude

a0 2 40 50
F (MHz)




o

=  Move BPM

BPM Y (merons)

£ 8

Measure complex amplitudes
X, Y, Ref

A&
=)

-
o

Y Calbraton

Normalized amplitude = Position/Reference (Complex) .«

Remove beam jitter using adjacent upstream BPMs
Fit complex normalized amplitude to mover position

Repeat for off-axis component
X Resolution Histogram

&0 100

Fuxe Mumber

150

12— T

10

Number of BPMs
Number of BPMs
»

Y Resolution Histogram

i

0 500 1000 1500 2000 050 150 250 350 450 550 650 750 850 95

Resolution (nm) Resolution (nm)
Fulse Number

LAC Steve Smith

S
Isjra USPASQ09 at UNM ﬁ Accelerator and Beam Diagnostics
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Field Couplers and Probes

 Antennae and loops couple to electric and magnetic fields

* Coupling is determined by the overlap of the antenna field
pattern and the mode field distribution.

THE Y e
Tt FTT Wﬂ TFFT /nér\

antenna loop dielectric object metal object

e Apertures couple to the TE10
mode of an external waveguide.

* Coupling is determined by the
overlap of the waveguide field
pattern and the mode field
distribution.

* Coupling frequency must be
above TE10 cutoff

I o\

Coupling
Slot

Magnetic
Field

Electric
Field

Beamn



Example: Cavity BPM TM,,, rejection

* Use waveguide coupler location to access TM110 mode
and reject TM010 mode

T. Shintake

llllllll

monopole

* Microwave Studio simulation
of coupling to monopole and
dipole modes

Is”g USPASQ9 at UNM n Accelerator and Beam Diagnostics
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Cavity Bead-pull Measurement

Z-motor
— block
and device under test kevlar
N tackle - -, B thread
g_ s Y
= ) ]
L_ . - ]
a .bead
— pulley ——= c--
2. I; 1
» !
3 \ /
= N7

)
<

JYSTOMINUNOD

* Use a bead (metallic or
dielectric) to perturb the
field along the cavity
axis.

* The frequency shift is
proportional to the field
value.




Bead Perturbation

e Slater has shown that the change in resonant frequency
upon introducing an object into the cavity field is
proportional to the relative change in stored energy

f (WH2 - eE2) dV S\/E
AEO) _ AUM[}AUE _ AV . Ep ~Fo E, =Fo
f (LH? + eE2)dV e
\Y%

_/\\h_

perturbation of a uniform E-field by a dielectric bead

* For the case of a small non-conducting sphere, radius r, where
the unperturbed field may be considered uniform over a
region larger than the bead, it can be shown that:

Ao _ AU _ o3|, &1 M-l
= = - € ES + H
® U PQ|Pg+2 0 THoy 400

I o\



Bead Perturbation

* For a dielectric bead (u, = 1) the expression reduces to:

A® _ 13l . &1 ZJ
= - € E
0 U| %g+2 °

* For a metal bead (g, > o=, u, - 0):

A metallic bead can be used to measure the electric field if the magnetic
field is known to be zero (e.g.: on axis of a monopole mode), and gives a

larger frequency shift than common dielectric materials such as Teflon (g, =
2.08) or Alumina (g, = 9.3).

* Shaped beads such as needles or disks can be used to enhance the
perturbation and give directional selectivity. The enhancement or “form
factor” can be calculated for ellipsoids or calibrated in a known field.

I o\




Bead pull: Calculation of R, R/Q

* By mapping the longitudinal distribution of E, and
integrating, the cavity shunt impedance can be determined

(VD _ [Eeovdz] where E2 =- AwPQe+2)
2P 2P w?nrdey(e-1)

RT

* Therefore

2
Qe+2) {I Aogﬂ(z)(cos(ghjsir%)dz]

RT? =- .
O1r3g,(g-1) 2

* If the cavity is symmetric in z and t=0 at z=0 in the center,

RT? _ (&:+2) [M | AL (z)(c:os2chZ )dz
Q  4n’fide (1)
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Summary

* RF cavities are a critical aspect of any accelerator.

 They are also one of the more fascinating aspects
of accelerators (to me!)

* This lecture is just a taste of the many interesting
aspects of RF cavities. Topics not covered include:
— RF power sources
— Interaction with beam (Robinson instabilities)
— Coupled bunch instabilities
— Cavity mode damping
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