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Accelerating cavities

o Accelerating cavities
— DC accelerators
— RF cavities
— Examples
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DC Accelerators

* Use high DC voltage to - Cockrc

ctrostatrc accelerator (1932)

accelerate particles [

v "l r||
—- | ¥

 No work done by magnetic
fields

Protons Were accelerated and
slammed into lithium atoms
producing helium and energy.
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DC Accelerators: Limitations

1) DC(%EO): VxE=0 which is solved by E=-Vo®

Limit: If you want to gain 1 MeV, you need a potential of 1 MV!

2)  Circular machine: DC acceleration impossible sincetﬁﬁ' -ds =0

+ in vacuum,
Cu surface,
room temperature

Another reason for RF: breakdown limi
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Wang, Loew, ‘97
Maxwell's equation in vacuum (contd.) SLAC-pub-7684
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Example of Time Varying Fields: Drift Tube Linac

Drift Tube Linac (DTL) - how it works

For slow particles -
protons @ few MeV eg.
- the drift tube lengths
can easily be adapted.

electric field

Matthias Liepe; 03/24/2008 6



Matthias Liepe; 03/24/2008 7



RF Cavities

® For acceleration we require an oscillating RF field
¢ Simplest form is an LC circuit
® LetL=0.1mH,C=0.01 HF = f =160 kHz
® Toincrease the frequency, lower L, eventually only have a single wire
® To reach even lower values must add inductances in parallel Based on Feynman's Lect. on Physics.
® Eventually have we have a solid wall
® Shorten .wires“ even further to reduce inductance
® S Pillbox cavity, ,,simplest form*
® Add beam tubes to let the particles enter and exit
® Magnetic field concentrated in the cavity wall, ::/ |
losses will be here. N
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RF Cavities

Electric Field  Positive Surface Charge
Phase

= ; Surface Current
Magnetic Field Negative Surface Charge

rieire

 Time dependent

electromagnetic 0
fleld inside metal
boxX
/2
0.5 /
B ~ sin cit
E---t:osa)t‘0 T

o w2 7T 372 2?7&) ¢

3m/2
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Introduction to 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
accelerator. There are other factors
(both machine-dependent and
technology-dependent) that determine | -
operating gradient of RF cavities and Taiwan Light Source cryomodule
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.
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CW High-Current Storage Rings (colliders and light sources)

e NCorSC

* Relatively low
gradient

(1...9 MV/m)

e Strong HOM
damping
(Q ~ 109

 High average RF
power

(hundreds of kW)

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

~33 !(m

X-ray FEL laboratory

 High gradients
 Moderate HOM
damping regs.

superconducting
ELECTRON linac

experimental hall
and detector for

° ngh peak RF particle physics
power

cryogenic hall

11.4 6Hz structure (NLC) POSJTRON linac

tunnel

ILC: 21,000 cavities!
ILC / XFEL cavities

"dog bone" damping ring



Traveling Wave Cavities

shown: Re {Poynting vector}

(power density)

Output coupler
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CW low-current linacs (CEBAF, ELBE)

CEBAF cavities

e SRF cavities

» Moderate to low
gradient

_R

SUPPORTSYSTEM

STAINLESS STEEL
8...20 MV/m
[ I B ] “‘\\__
‘ —ALIGNMENT
PARTS

e Relaxed HOM

d am p I n g He GAS RETURN*W\I‘ MAG SHIELDING
reqU|rementS LHe FEED PIPE— '\

e Low average RF
power

(5...13 kW)

COOL DOWN

LoOP T~ SUSPENSION CABLE

(SUPPORT SYSTEM)

TITANIUM TANK

ALIGNMENT BATH CRYOSTAT

PARTS
80K SHIELDING

MAIN COUPLER COLD PART

~~——SUPPORT SYSTEM - CENTER POINT HOLDER
NIOBIUM CAVITY SHIELDINGS & TANDEM
BEAM PIPE
BEAM PIPE VALVE

ELBE cryomodule
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CW High-Current ERLS

 SRF cavities | e X

[ |/ o

; ... .Y 1

e Moderate 2\ 10

. ' %%_ Main Linac -—-“’S&& \X-ravs
gradient g e

(15...20 MV/m)
e Strong HOM

damping

(Q =102...10%)
 Low average RF

power (few kW)

BNL ERL cavity
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RF Cavity Fundamentals

 RF Cavity Fundamentals (Standing wave
cavities)
— Cavity eigenmodes
— Figures of merit
— Accelerating mode
— Multicell cavities and circuit model
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RF Cavities and their Eigenmodes |

~ 3.95 GHz is the lowest frequency

First assumption:

1. Stored E-H fields are harmonic in time.
—

VxH =iweE
Maxwell equations for the harmonic, VXE =-iowuH
lossless case with no free charge in the volume YV .E =0
~ V-H=0
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RF Cavities and their Eigenmodes I

Second assumption (good approximation for the elliptical cavities ):
2. The volume is cylindrically symmetric. We commonly use the (r, ¢, z) coordinates.

z is conventional direction of the acceleration and symmetry axis

" V.XxH=iwecE
VexXE =—iwuH
Vo -E=0

V. H=0

J’k
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RF Cavities and their Eigenmodes ll|

3. For the acceleration are suitable field patterns with strong E along the beam trajectory.
This ensures, by the proper phasing, maximal energy exchange between the cavity and beam.

TMOxx-like monopole modes have “very strong” E, component on the symmetry axis.

Fields of the monopole modes are independent on .

JE _ 0 JH
do P

=0

Non monopole (HOM) modes have component E, = 0 on the symmetry axis.

Their fields dependent on ¢.
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RF Cavities and their Eigenmodes IV

Maxwell equations + boundary conditions for E and H fields lead to the Helmholtz
equation, which is an eigenvalue problem.

For H(r,z) field of a monopole mode the equation is:

(VZ+wleu)H =0

r

N-H=0 on metal wall

H=0
{ optionally on non metal boundary
n-H=0

There is infinity number of TMOxx solutions (modes) to the Helmholtz equation.
All modes are determine by:

Hy(r,2)=[0, H, ,(r,2),0],
En(r2)=[E, (12,0, E, ,(r.2)]

and frequency w, .
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Accelerating Mode

Electric Field  Positive Surface Charge
Phase

= ; Surface Current
Magnetic Field Negative Surface Charge

rieire

 Time dependent

electromagnetic 0
fleld inside metal
boxX
/2
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Figures of Merit - 1

Accelerating Voltage & Accelerating Field (v=cf or Particles)

e Frequency
* For maximum acceleration we need
Tcw = i = TH'F . —

C 2 j
so that the field always points in the same
direction as the bunch traverses the cavity
*Accelerating voltage then is Enter Exit

el m /

d S ——
V. =R{I EE{,::!=G*2}€"‘“#&%}=&’-E; L =4.-ET \/

; e , here, T=2{x
‘ is flight time factor
Ve (for pill-box with this length
-Accelerating field is Zw == =28 /7 donly, other shapes can

have a different value af).

Matthias Liepe; 03/24/2008 22



Figures of Merit - 2

Dissipated Power, Stored Energy, Cavity Quality (Q)

eSurface currents{H) result in dP. 1 )
dissipation proportional to the surface T §RS\H\ |
resistanceR): {

*Dissipation in the cavity wall given by Fc = §Rs H|* ds
surface integral: S

1
*Stored energy is: - U= o H|? dv
\Y
: : wol U
*Define Qualit as = =2 ———
Quality Q) as Qo P TP,

which Is ~ 2rmnumber of cycles it takes to dissipate the
energy stored in the cavitp Easy way to measufr@
- Qnc= 104 Qsc= 10
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Figures of Merit for Cavity Design - 3

Geometry Factor - G

Since the time averaged energy in the electric field equals that in
magnetic field, the total energy in the cavity is given by

1 1
U= gp0 | [P dv= eo | [Bfdo.
2t ), 29/,

where the integral is taken over the volume of the cavity.

c —

Power dissipated m the cavity walls 1z P, = %RE f H|? ds,
S

where the integration is taken over the interior cavity surface.

wol/ 2
Qo = ju_—_, ’ Qo = otk fv |H2| d‘b’.
c Rﬂjs H|?ds
G

The Qo is frequently written as  Q, = R
8

Wp o J:q.r |H|2 dv
Js H[* ds

constant. From the last eq. we can see that 1t depends on the
cavity shape but not its size.

where (¢ =

. G 18 known ag the geometry
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Figures of Merit for Cavity Design - 4

Shunt Impedance (R )

Accelerating 7Fmode:

Accelerating voltage:

- - +L/2 _
V... = maximum energygain _ I Eze""(Z/C)dz
charge _L/2
Shunt-impedance: Quality factor:
R, = (Vacc)2 QL = &
PdiS ( )2 PdIS
Ra R _ VaCC /
\ QL Q w
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Figures of Merit for Cavity Design - 4

Shunt Impedance (R )

e Shunt impedancd() determines how

. _ %
much acceleration one gets for a given  fia = —-
dissipation (analogous to Ohm’s Law) ¢

- To maximize acceleratio’¢ given), must maximize shunt impedance.
R, VZ?

Qo wol’

Another important figure of merit is

*Ra/Q only depends on the cavity geometry

—> This quantity is also used for determining the l®fe
mode excitation by charges passing through theycavit

= To minimize lossesHc) in the cavity, we must maximiZg* Ra/Qo:
V2 V2 V2 VCZ DRS

P =-t = ¢ = c —
" R QOR/Q) (RMH)R./Q)/R GHR,/Q)
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Typical Values for Single Cells

Quantity Cornell SC 500 MHz Pillbox
G 2700 257 ()
R./Qo 88 Q /cell 196 2 /cell
Eore/ Eace 2.5 1.6
Hyte/Ernce 52 Oe/MV/m 30.5 Oe/(MV /m)

Current is high, it excites
a lot of Higher Order
Modes, so the hole is
made big to propagate
HOMs, and this is why
Hpk andEpk grew, and
R/Q drops.

Rbp]

f
]
, |
} L 1
I > |
Loy
o I 1 e
\
:
.

Forthe ideal pill-box Rbp =0

Diff. applications — diff.
trade-offs.
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Multicell Cavities: Why?

v 7 R

input input input input input input
coupler coupler coupler coupler coupler coupler
higher fill-factor: fewer

e iInput couplers
total length e waveguide elements
* RF control systems

F =

= lower costs

— better beam

passive
-
— — M E— /u:l
input input input
coupler coupler coupler
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Multicell Cavities: Why?

P -
.,,;@ , £, y c /@
linac 1 :\,,%O linac 2

aqe%r

189,216 1-cell cavities: 75.4 km (46.8 miles)
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Multicell Cavities and Cell-to-Cell Coupling

The last parameter, relevant for multi-cell accelerating structures, is the coupling k..
between cells for the accelerating mode passband (Fundamental Mode passband).

Single-cell structures are attractive from the RF-
point of view:

+ Easier to manage HOM damping

No field flatness problem.

+ Input coupler transfers less power
+ Easy for cleaning and preparation
+ But it is expensive to base even a small
linear accelerator on the single cell. We do
v it only for very high beam current machines.

Multi-cell structures are less expensive and offers
higher real-estate gradient but:

+» Field flatness (stored energy) in cells becomes
sensitive to frequency errors of individual cells

+ Other problems arise: HOM trapping...
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Single Cdll:

T™ 4,0, mode

electric field

[F- - e e g a— s

T e — i e A
e e
== — < — <

A el = - =

Cell-to-Cell Coupling

magnetic field

nnnnnnnnnn

oooooooooo

b i < g e W

coupling
iris hole ¢

cell #n-1 cell #n  cell #n+1
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Two Coupled Cells: TM010 Modes

!
1

s
[ B
T N B R R R I
T A IR R O R R
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2 coupled cells 2 TMy;, modes
n coupled cells n TMg,, modes



Two Coupled Cells: TM010 Modes

Resonators closed
by metal wall: w

2 Symmetry plane for

the H field
Symmetry plane for

the E field

Wy :
Symmetry planes for which is an ._E\dditional
the H field solution
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Cell-to-Cell Coupling

* 2 ® @ ® @ ®
e 2 @ ® ® ®

lmagnetic boundary. electric boundary

. condition - - - - -1 condition
Z - . . . . Z

1
| = i

k _ a}:r o CDO
“ w, +w,
2
— C L~
Coupling factor: Kee =—— I(éx h)m]zdS
“b 5
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A Circuit Model: Let’s start at the Beginning:

Step 1.1
SolveMaxwell's equationgor given boundary conditions

U

orthogonal eigenmodes

EM(r )= EM(r)el@™"

A0 = AM(r)el@ ™72 mogo

U

orthononal eigenfunctions

(M) (7} = €0 g(m) e FM)=y= | _HO G5(m)e
()= CpEMO| | A= KM )
[&™ 3™ (v = o, (R R (F)dv = S,
V V
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A Circuit Model: Step 1.2

and the eigenmodes
G (e 1) = [ (M (pyel @ Merimi2
and the normalized eigenfunctions

ﬁ(m)(F)= Ho H(m)(F) é(m)(r): €0 E(m)(r)

2y (M) | 2y (M)
we get the relations
[]x ﬁ(m) — a)(m) é(m) (] >(é(m) — ﬂﬁ(m)
C C
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A Circuit Model: Step 1

Eigenmodes: Example: Pillbox-Cavity

lowest frequency mode: T™O10™ ¢

z transverse magnetic/ T \ r
4 0 = monopole mode

electric field
$$$$$$$$$$$$$$$$$
¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢¢
$$$$$$$$$$$$$$$$$
$$$$$$$$$$$$$$$$$$
++++++++++++++++++
e e e e et e e =
AAAAAAAAAAAAAAAA
=]
= b"
=
= &N
B e e e T e e e e i A= = T
ﬁ B e e e e e e B e e e e e
$$$$$$$$$$$$$$$$$$
++++++++++++++++++
+++++++++++++++++

E(r,t) = EOJO(—.V)COS((DOI)@Z — acceleration



Eigenmodes: Example: Single Cell TESLA Cavity

Accelerating mode:

™ 010

Matthias Liepe; 03
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electric fidd

[T S ==l e e o

R e e e e

A Circuit Model: Step 1

magnetic field

nnnnnnnnnn
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Circuit Model

Step 2: Expansion in Eigenmodes

Eachtime dependent field in a cavity can be written as
a sum of the cavity eigenfunctions
with time dependent amplitudes:

E(r,t) =S EM1)e™(r)

N

time dependent eigenfunction
amplitude

H(r,t) =X H M o)RM(F)

m
/ N\
time dependent eigenfunction
amplitude
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Circuit Model:
Step 3.1

Insert eigenmode- U ...and the equations
expansion of fields... from page 37

~ (m) dé(m)(t)
5 M) )@ M) ()
SR e ()=, E e

multiply by e(™ and
Integrate over cavity
volume

@7 [ (m) (1) - 50% EM(t)=0 ,m=12.

use orthogonality of U
eigenmodes:

S

C
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Circuit Model:
Step 3.2

Insert eigenmode- U ...and the equations
expansion of fields... from page 37

. (m) M) ().
> EM LR M() =5 M Ui (r)
m m

C dt
. multiply by h(M and
USE orthogorllallty of |J] integrate over cavity
eigenmodes: volume
(m) .
v E(m)(t)+y0% HM)=0 ,m=1,2.
C
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Circuit Model: Step 3.3

Differential Equation for the Eigenmode Amplitudes

(m) .
P EAM)-5 L EMB=0 ,m=12..
C dt

(m) .
wTE(m)(t)+,u0%H(m)(t):O m=12...

U

2
4% M)+ (™)’ EME)=0 m=1.2.

dtZ

\ amplitude of
eilgenmode #m

= Differential equation of an oscillator (we
will add losses and a generator later)!
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Circuit Model: Step 4

Coupled Cells

TMO010 modesin couples cdlls:

N coupled cells= N coupled oscillators

= N coupled differential equations:

d® - 2 2K(e _g
—En+tw"E+tw," —\E, - + o, 1)=0 ,n=12..N
gt fE-tn)u el nmiz
\ Mo ||\ I
eigenfrequency cell-to-ce
of cell #n coupling factor
™, field N-cell structure
amplitude in = N coupled
cell #n differential equations
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Circuit Model: Step 5
Equivalent Circuit Model (TM010 Modes only)

2

dc - 2 2Kz _ g 2K (e _p
?En"'wn En + E(En_En—l)"'wn E(En_Enﬂ):O ,n=12..N
substitute:
2 1 — Cn —
= K =2 =2k

“h LC, l n Chn+1 n

L C, L C, L Cx

Q00— 00001 F— “O0 00—

Matthias L



Circuit Model: Step 6

Eigenmode Equation for the TMO010 Modes

d” - 22 2K (2 _p 2Kz _p
L Enta’Enta E(En — B )+ @b E(En ~E,1)=0 ,n=1.2..N
steady state ansatz l
_1+k1’2 _k1,2 | . .
—kKiz2 1+kiotkays  —Kps " A (i) o[ ATV
Kn-2N-1 1+Kio+Koz  Kny-gn [LAN “b | AN

knoin Ltknoan | f

Eigenvector: TM,, cell amplitudes of a eigenvector #j
TMy,, egenmode of a multicell cavity.

eigenfrequency
of mode #

Matthias Liepe; 03/24/2008
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Circuit Model: Step 7
Add Losses and a Generator

generattor losses:
curren
_al _ aU,
Qn=—-= =
Ro dis,n
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Simulation Example:
TMO10 Eigenmode-Spectrum of a 9-Cell Cavity

amplitude (cell #1) [dBA]

|
ool

8075 1280 1285 1290 1295 1300 1305
f [MHz]
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Dispersion Relation

Matthias Lie,

13040
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u e ENET The working
e e 5 e e N0 5 90 R 8 e point. If it is
n e Bl i T';._._,:T.".{I_-Z.'IZ'.I:I%_IIL:JJ'IL"'ZZ e e o too close to
]\ the neighbor
¢ B 4 iy B s T e e S 9 e 1 \point this
O e e ) e O, s 8 S o 1 -
B i o A 1) 4R PR R T 20 S L —1" neighbor
(Mhz) [T mode can also
1875 _‘—]—*:;_i_::L__ ! e T be excited. To
g _}.Wiwui_ _;_;I_?F?_""}'j_' P avoid this,
_IE:;;: 5 S Y 111 more cell-to-
1270 RSN ' 1 X . '
2

e e R R R RN N N B b b f b B o Ry e g ——

cell coupling
IS needed:
broader
aperture.
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Mode Beating during Cavity Filling

+ Modeling of the transient state (mode beating)
Example: 7-cells, k..=1.85%, Q,=3.4 106

3.0

—cell-1 cell-2 cell-3
| | —cell-4 — cell-5 — cell-6

g
S

)
1 e MR e

Voltages in cells [arbitrary units]

0.00 1.00 2.00
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