Lecture 19

5. RF Systems and Particle Acceleration
5.1 Waveguides
5.1.3 Cylindrical Waveguides

5.2 Accelerating RF Cavities
5.2.1 Introduction

5.2.2 Traveling wave cavity: disk loaded
waveguide

5.2.3 Standing wave cavities
5.2.4 Higher-Order-Modes
5.2.5 The pillbox cavity

5.2.6 SRF primer
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5.1.3 Circular Waveguide
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Fundamental Mode

Mode for particle acceleration: TMy, | (X) = E_J,(£)cos(k,z — wr)
E (xX)=-Enrk J, (f) sin(k,z — wt) .
E, (¥)=0

B,(¥)=0 @Q

B, (x) = —EZ;’IC%JO'(r—’])sin(kZz—wt) et
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( )zrasz— Bna)RS2 27, (R rycos(ng+k_ z—awr)

E =
E = —ia)(si)za,BZ =B,wR-J', (% rysin(ng+k,z-awr)

: k(m)zaB =-Bk R-J' (Rr)sm(n(p+kz wt)
k( )2r8¢B2=—BnkRS2 rJ(Rr)cos(n<p+kz wt)

B, =B,J (—r)cos(n¢+k Z—at)
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Cylindrical TE,, Mode
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Pointing Vector
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Energy Density

Urg U,y Uy

Energy density for TE mode 2,2 Energy density for ™ mde 2,2 Energy density for ™ mode 2,2

4000
3000
2000
1000
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11.4 GHz structure (NLC)

30 GHz structure (CLIC)
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5.2.1 Accelerating RF Cavities: Introduction

DC Accelerators: ' Cockroft and Walln's =
- Use high DC voltage to

“electrostatic acceleratorr"(1932)

accelerate particles A )\

+ No work done by magnetic
fields

DC _acceler'af

g T
L

A e | _,::' .[ . i

Protons were accelerated and
slammed into lithium atoms

producing helium and energy.
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DC Accelerators: Limitations

O = =
) DC(ézoy VxE=0 which is solved by E=-V®
Limit: If you want to gain 1 MeV, you need a potential of 1 MV!

2)  Circular machine: DC acceleration impossible sinceﬁﬁ’ -ds =0

Another reason for RF: breakdown limit 1 vacwm.

Cu surface,

room temperature

2000 T { e s i T T s o i e

= Use tlme-varylng 1000 (| L] r,_”(’mu o
. B — >
fields! o0 B ETHE—

200 - Wang, Loew, ‘97

Maxwell's equation in vacuum (contd.) S pub

100 -
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RF Cavities

The main purpose of using RF cavities in
accelerators is to provide energy gain to
charged-particle beams

The highest achievable gradient, )
however, is not always optimal for an N
accelerator. There are other factors /
(both machine-dependent and
technology-dependent) that determine
operating gradient of RF cavities and
influence the cavity design, such as
accelerator cost optimization, maximum
power through an input coupler,
necessity to extract HOM power, etc.

In many cases requirements are
competing.

Taiwan Light Source cryomodule
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*+ NCor SC
+ Relatively low

gradient

(1...9 MV/m)
Strong HOM
damping
(Q~10%

High average RF
power

(hundreds of kW)

KEK cavity
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Pulsed Linacs (ILC, XFEL, ...)

« NC or SC T ‘33“"‘
o ngh grad|ents X-ray FEL laboratory
- Moderate HOM e
damping regs ELECTRON inac.
. experimental hall "//
+ High peak RF power parice pnysies

cryogenic hall /:\

,/

c9
POSJTRON linac

11.4 GHz structure (NLC)

tunnel -

ILC: 21,000 cavities!

ILC / XFEL cavities

"dog bone" damping ring

30 6Hz struct CLIC N
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CW low-current linacs (CEBAF, ELBE)

CEBAF cavities

« SRF cavities

« Moderate to low
gradient
(8...20 MV/m) i N \’° ,

+ Relaxed HOM ——
d am p i n g He GAS RE[URN—\ MAG SHIELDING
requirements LHe FEED PIPE— \

1
) ALIGNMENT
PARTS
“—LN, LEVELMETER

TUNING SYSTEM

COOL DOWN
LooP

\ SUSPENSION CABLE

(SUPPORT SYSTEM)
* Low average RF
el BATH CRYOSTAT
80K SHIELDING

power
(5...13 kW)

S MAIN COUPLER COLD PART

©~——SUPPORTSYSTEM ~ CENTER POINT HOLDER
~ NIOBIUM CAVITY SHIELDINGS & TANDEM

BEAM PIPE VALVE

ELBE cryomodule
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CW High-Current ERLs

« SRF cavities A T *
VAVAVAVAN
* Moderate i .
gradient —r
(15...20 MV/m)
« Strong HOM ryvyvyyyFmmmmayvyvyvyvyy
9 S T e e e T A A
damping -
Q= 102. __104) Cornell ERL cavities
+ Low average RF
power (few kW)
BNL ERL cavity
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Two basic types of RF cavities

Standing wave cavity. Traveling wave cavity (wave
ide).
klystron
l TE,
rT17T1TTrTIld I_I_I__I__7
£ TN R DT
_ ™,

Phase E‘Iecw‘icHFl‘effi

Negati arge

travelling wave

Input coupler

shown: Re {Poynting vector}
(power density)

Output coupler

RF accelerator

structure
im, 3 GHz)

Slide 20




5.2.2 Traveling wave cavities

+ Cylindrical Waveguide: TM01 has longitudinal electric field and could in
principle be used for particle acceleration

+ But: phase velocity of wave > ¢ > speed of particZe e

-> no average energy transfer to beam ! - phas ey

‘-_E__———f_,() ‘rc N
. . . l/l:"L s — = C (/?:’:’_v > C

Solution: Disc Loaded Waveguide e e

+ Iris shaped plates at constant separation in waveguide lower phase

velocity
« Iris size is chosen to make the phase velocity equal the particle

‘.AI‘-=J...

disc-loaded

TE,, wave structure
from coupling

AN
=
o/

S\

beam axis Slide 21

undisturbed .
structure \

s,
s
s

N Ve
operation ! disc-loaded
E structure
5 Vgroup = Vparticle
2ne- | i ¥, <€
/I ; (p
A, 7 !
R !
I e
f o
koperation
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Disc Loaded Waveguide

+ Irises form periodic structure in waveguide
-> Irises reflect part of wave
-> |nterference
-> For loss free propagation: need disk spacing d

=k === p=integer
disc-loaded

TE,, wave
from

klystron

coupling

“l
% ‘-\\41
\&X\,\

XY
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Disc Loaded Waveguide: k_/d=2n/p Modes

Selection of integer “p”:

7 mode i
;

Long initial settling or filling time,
.. not good for pulsed operation with
very short pulses.

Small shunt impedance per length
(shunt impedance determines how
much acceleration a particle can
get for a given power dissipation in
a cavity). V2
Ry, = —
P

Cc

Common compromise.
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5.2.3 Standing wave cavities
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Standing Wave RF Cavities

Electric Field  Positive Surface Charge
Magnetic Field Negative Surface Charge

Phase Surface Current

« Time dependent
electromagnetic field

. . 0
inside metal box
+ Energy oscillates
between electric and
magnetic field! -
1
0.5 /
B ~sin ¢t
E—-cos.a;to T
-0.5
N A, 27,
3m/2
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fYA?‘u: Pil) Lox cav’ty /57/"»/4’[4/ 6&»/?

- t € k
(D @il ()

. ,, oo R o o ¥5 200 of e 14 Beomt [ foun o fiom

Uy R 30 t? bt of them* Berc/

~ 3.95 GHz is the lowest frequency
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Cavity Operation

500MHz Cavity of DORIS:
r=231cm = ft’ =04967GHz

-3 | @ oo \
motor

tuning
plunger

TM?lo

| Liwty
T = SE=
axis

Il coupling loop

beam
axis e
_— —\
ceramic window electric field
from klystron
I The frequency is increased and tuned by
a tuning plunger.
I An inductive coupling loop excites the
TE,, waveguide gl magnetic field at the equator of the cavity.
4
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Cavity resonator

An LC circuit, the simplest form of RF resonator, as an
accelerating device. 1 . e’ =
q
o =—— e

Metamorphosis of the LC circuit into an accelerating cavity:

1.Increase resonant frequency by lowering L, eventually have
a solid wall.

2. Further frequency increase by lowering C — arriving at e °B°
cylindrical, or “pillbox” cavity geometry, which can be - E E —
solved analytically. °B - M

3. Add beam tubes to let particle pass through. ; — N Y

T
I
|

A\l
L

= Magnetic field is concentrated at the
cylindrical wall, responsible for RF losses.

= Electric field is concentrated near axis,
responsible for acceleration.

L
1o
Wy
it

¥

Tl
[N

my V¥
Ll

T
I
|
v
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= Fields in the cavity are solutions of the equation
2 1 92 |[E
Vi — =0
c ot ||H
= Subject to the boundary conditions nxE=0, n-H=0

= The infinite number of solutions (eigenmodes) belong to two families of modes with different field
structure and eigenfrequencies: TE modes have only transverse electric fields, TM modes have only
transverse magnetic fields.

= One needs longitudinal electric field for acceleration, hence the lowest frequency TM,, mode is used.
= For the pillbox cavity w/o beam tubes

E.-E J0{2.405r)e,-m
H,y =i Ey J1[2.405rje,~wt
n R
2.405¢
@10 = R , = &
€0
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Higher Freq

uency (Order) Standing Wave
Modes

TMO11:

e,

aaes

Q -
AT
A
R e

TM110: dipole mode

-

= The modes are classified as TM, .., (TE,,),
where integer indicies m, n, and p correspond
to the number of variations E, (H,) has in ¢, r,
and z directions respectively.

= While TM,,, mode is used for acceleration and
usually is the lowest frequency mode, all other
modes are “parasitic” as they may cause
various unwanted effects. Those modes are
referred to as Higher-Order Modes (HOMs).
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Accelerating voltage & transit time

B

—d —

wt

= Assuming charged particles moving along the cavity axis, one
can calculate accelerating voltage as

J‘EZ(IO =0’z)eiwoz//3cdZ

—o0

V.=

For the pillbox cavity one can integrate this analytically:

wyd

d Sin(Z]
V. = E je’w"z/ﬁcdz =E0dT§C=EOd‘T

0

26c
where Tis the transit time factor.
= To get maximum acceleration:

Ty 2
Tlransil = lexit ~lenter = ? =>d= /3)/1/2 = Vc = ; EOd

Thus for the pillbox cavity T = 2/7x.

= The accelerating field £, is defined as E,,, = V,/d .
Unfortunately the cavity length is not easy to specify for shapes
other than pillbox so usually it is assumed to be d = SA/2. This
works OK for multicell cavities, but poorly for single-cell ones.
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Dissipated Power, Stored energy

* Surface currents (oc H) result in dP 1
dissipation proportional to the surface c _ - R ‘H ‘ 2
resistance (R,): ds 2 ®
1
* Dissipation in the cavity wall given by P. = =R, ‘H‘ 2 ds
surface integral: 2 S

= Energy density in electromagnetic field:

u =%(8'E2 +u-H2)

= Because of the sinusoidal time dependence and 90° phase shift, the energy oscillates
back and forth between the electric and magnetic field. The stored energy in a cavity
is given by

1 2 1 2
U=§ﬂOJV‘H‘ dv=§£0J-V‘E‘ dv
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Quality factor

+ An important figure of merit is the quality factor, which for any resonant system is

0 = awy -(stored energy) _ wU _ 2ﬂi£ I g
average power loss  P. Ty P. Ay
ape, [, 1 dv
Ry [ [H[*ds

roughly 2st times the number of RF cycles it takes to dissipate the energy stored in the cavity. It is
determined by both the material properties and cavity geometry and ~10* for NC cavities and

~1010 for SC cavities at 2 K.

0 1 (1) The RF system has a resonant

£ frequency w,

g Bandwidth

©

o (2) The resonance curve has a

2 ‘ L characteristic width W
0

= Aw=—>

.‘% 0 _ ) _ 2Q

© "-1000 -500 0 500 1000

— Frequency — 1.3 GHz [Hz]




Geometry factor

= One can see that the ration of two integrals in the last equation determined only by
cavity geometry. Thus we can re-write it as

G
QO_Rs

with the parameter G known as the geometry factor or geometry constant
2
[ 1 ds
s
= The geometry factor depends only on the cavity shape and electromagnetic mode, but

not its size. Hence it is very useful for comparing different cavity shapes. G = 257
Ohm for the pillbox cavitv.

Plug in some numbers:
Copper: f=1.5 GHz, 0 = 5.8 x 107 A/'Vm, p, = 1.26 x 10¢ Vs/Am

26=1.7pm, R, =10 mQ
- Q, = G/Rs = 25700
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Shunt impedance and R/Q

= The shunt impedance determines how much acceleration a particle can get for a given power
dissipation in a cavity
v2
Ry, = -
P

c

It characterized the cavity losses. Units are Ohms. Often the shunt impedance is defined as in
circuit theory

and, to add to the confusion, a common definition in linacs is
E2

acc

P

Tsh =

where P, is the power dissipation per unit length and the shunt impedance is in Ohms per meter.
= A related quantity is the ratio of the shunt impedance to the quality factor, which is independent of
the surface resistivity and the cavity size: ¥ \
Ry V2 for Coetnit definition
0 aucy) &
= This parameter is frequently used as a figure of merit and useful in determining the level of mode

excitation by bunches of charged particles passing through the cavity. R/Q = 196 Ohm for the
pillbox cavity. Sometimes it is called geometric shunt impedance.
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Dissipated power

Y

Civait

= The power loss in the cavity walls is Fw%()c : ‘
V2 v? V2 V2R, v

"Ry, 0p-(Ryy/Qy)  (Ry-Q0)Ryy/Q0)/Rs  G-(Ry100) € 2 )

= To minimize the losses one needs to maximize the denominator. By modifying the formula,
one can make the denominator material-independent: G-R/Q - this new parameter can be
used during cavity shape optimization.
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Pilloox vs. “real life” cavity

= Quantity Cornell SC 500 MHz Pillbox -
G 270 Q 257 0
Ra/Qo 88 Q /cell 196 Q/cell
Epk/Ea.cc 25 1.6
Hpk/ Eace 52 Oe/(MV/m) 30.5 Oe/(MV/m)

= In a high-current storage ring, it is necessary to damp Higher-Order Modes (HOMs) to avoid
beam instabilities.

= The beam pipes are made large to allow HOMs propagation toward microwave absorbers

= This enhances H,, and E,, and reduces R/Q.
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