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RF Systems for Ring Accelerators
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Special Relativity

= The velocity v of the particles is not negligible in comparison
with the speed c, of light

— relativistic effects: v 1
v =
€o Ve

2 _ 2 2
Wiest = mocCo Wiotal = mcg — MmqQ7yCq

m — g7y

Wiin = Wiotal — Wrest = mocg(’)’ — 1)

= For the revolution frequency one obtains: B=magnetic field (dipoles)

i co ~B QrB r=bending radius

= with 8 = Q=charge of particle
[ 2
R \/1 + (vB) moco lx=synchrotron

circumference

In spite of increasing energy, the velocity does not increase
significantly under highly relativistic conditions (5 ~ 1).
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= An acceleration in the sense of an increase of kinetic energy is
only possible by means of electric fields, not with magnetic

fields:

- If we want to generate high voltages with only moderate
power, resonators are a good choice:

Ig(_-;n (t) . Ibea,;n (2) .
I wo = 1 . p = g
Lp = l Rp lVgap(t) | L,C 2Ry

- However, a large R, may be harmful for high beam currents
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Basic Types of RF Cavities

= Pillbox cavity may be considered as a basic type:

- standing wave

- Eg10 Mode (=TMy,,) is used for acceleration

- longitudinal electric field, transverse magnetic field

- typical operating/resonant frequency: a few 100 MHz

- typical Q: 100...50000 (or higher for superconducting cavities)
= In practice, modifications are necessary (e.g. rounded shape)
= Several cells may be coupled or combined

= Based on this principle, one may produce fixed-frequency (or
slightly tunable) cavities for synchrotrons and storage rings

 Example LHC: 2 x 8 superconducting single-cell cavities,
2 MV each, 400 MHz, mechanical tuning, tuning range=180 kHz
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LHC 4-Cavity Unit

(source: R. ]J. Gonsalves: ,Particle Acceleration, Resonant Cavities and Klystrons™)
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Classification of Ring RF Systems

Bandwidth

- narrowband (e.g. for acceleration)
- wideband (e.g. for barrier bucket operation or for bunch compression)

Operating frequency
- fixed frequency

- tunable

Material

- normal conducting

- superconducting
- ferrite-loaded

Duty cycle
- CW
- Pulsed operation

16.10.2012 | TU Darmstadt | Fachbereich 18 | Institut flir Theorie Elektromagnetischer Felder | Prof. Dr.-Ing. Harald Klingbeil | 8

N /=
®

<
"‘ om




e vA TECHNISCHE
6 /. UNIVERSITAT
J9r— DARMSTADT

- Each rising slope of V,,(t) is a stable region for a particle bunch:
o) e Tk far=h-fr
Trr =Tgr/h

AN N NN /\ N NN :
O o——0 o0 —
VARV AVAYAY
= Synchrotron circumference > 60 m = revolution time >200 ns (5 MHz)
= If only a few bunches shall circulate, the harmonic number h must be
small such that the RF frequency is only a few MHz
(counter-example LHC: 400 MHz, h~35600!).
= Classical cavity resonators have dimensions of the order of the
wavelength A = ¢/ frp = c- Trp
= Even for f,,=30 MHz one obtains A=10 m!
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Principle of RF Acceleration

= Solution: Load the cavity with magnetic material

g |

Bildquelle: GSI HeImhoItzzentrum far Schwerlonenforschung, A. Zschau
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Ferrite Cavities
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Hysteresis Loop
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H_: coercive magnetizing field
B.: residual induction

« soft magnetic material:
narrow hysteresis loop
« hard magnetic material:

wide hysteresis loop
(limits between soft and hard

are not strictly defined)
Bias current — H,,,. — modification
of incremental/differential
permeability:

Index A is now left out...
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Magnetic Losses

« Hysteresis may be described by Preisach model
« Losses:

* Hysteresis Loss

« Eddy Current Loss

« Residual Loss
« Description of losses by complex permeability:

« The behavior of magnetic materials is rather complicated, thorough
measurements are always needed.
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Ferrite Cavity — Main Components

cavity housing

beam axis

\

ceramic gap

errite ring cores

16.10.2012 | TU Darmstadt | Fachbereich 18 | Institut flir Theorie Elektromagnetischer Felder | Prof. Dr.-Ing. Harald Klingbeil | 14

<l




/A TECHNISCHE
UNIVERSITAT

Simplified Ferrite Cavity Model

DARMSTADT
Ipeam ! I i
e 04_02 Faraday’s law of induction:
: 't Vbeam 7 i B!
:<_>: b E.(H:—/B(]S
- JOS J S
TRInIE o L= ' _{ (I)
o 9| |e]|® - oo = +jw
i B gl g B gen J tot
7o ® Q¥ [&®
| //® Vaap = +Jw ot

gl B 4F'[C ............. " o V en

N\ —
Vgap
N|O] [O] |O] [©
N P i . e . L r
o| o] |of o] |6 V beam — +J W (I)tut = gap
O O] |O] [O] |6
I
fo} g gen
4‘796,1 ]tot = ]gc-'-n — ](_" — ]beu.m

16.10.2012 | TU Darmstadt | Fachbereich 18 | Institut flir Theorie Elektromagnetischer Felder | Prof. Dr.-Ing. Harald Klingbeil | 15

<l
(P




; TECHNISCHE
UNIVERSITAT
DARMSTADT

Now we have to determine the magnetic flux:

Ampere’s law: cdl = / J - dS
J S

b (._7) AS'

~—

—) H ) WA _]l‘()f — B:/I

Flux through one ring core:

tul
(1>1_[B r/S—f/ B dr — '“ tot 5. To
e ][

o - 4\7 | by — 1” [ 0 I'o
""‘.(1(1. p — ] W (I)tof — ] wN (I)l — J' W (l ) ]l ) ~ In—
e 2 I';

"'rgup = d. tot (/ st I Rs ) — ]tm‘ Z S
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Lumped Element Circuit

This leads us to the following equivalent circuit:

Igen Ibeam
T @
Rs Beam current comparable
(' — |78 with generator current
. s —Beam Loading
L,
v
@
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Equivalence of Series and Parallel
Representation

In the vicinity of the resonant frequency, the following circuits are equivalent:

Igen Ibeam Igen Ibeam
' : — > . -
R,
C = Vo R| | LS Ccm= |V
L,
v v
S 1 1 1
Yiot = JwC + = jwC + — +

Rs _'_ .}'Lu' Ls R .j“;L’? Lp

P
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Series and Parallel Lumped-
Element Circuit

Conversion formulas for impedance:

Frequency dependence of parameters is different!
Also complex permeability may be defined based on the parallel lumped-
element circuit:
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Series and Parallel Lumped-
Element Circuit

Conversion formulas:

Approximation for Q>5:

~ )2 ~ R "o~ M 2
R,~ R, Q" L, ~ L, [y R [l o, = iy Q
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Using these formulas we get:
;\TIL 1( i-;] Q r, r,
Rp = W o l-n.j N f,u Qf lnj
/1 I; \ ) I;
luO/uer
Ferrite manufacturers often specify the 1. Qf product.
R, is often called 'shunt impedance'.
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Behavior of the Permeability

Example: Ferroxcube 4 for small B fields and no biasing
(®©: Ferroxcube 4A, @: Ferroxcube 4C, @: Ferroxcube 4E)
10000 1000
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f/MHz f/MHz
Source: F. G. Brockman, H. van der Heide, M. W. Louwerse: Ferroxcube fur Protonensynchrotrons,
Philips Technische Rundschau 30, pp. 323-342, 1969/70.

Low-frequency range: constant 4/ ,, Q factor decreases with frequency
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Ferrite Properties

Example: Ferroxcube 4 for small B fields and no biasing
(®©: Ferroxcube 4A, @: Ferroxcube 4C, @: Ferroxcube 4E)

1001~
©)

o ©

] ] ] ] ] ]
0.2051 2 5 1020 50
f/MHz

Source: F. G. Brockman, H. van der Heide, M. W. Louwerse: Ferroxcube fur Protonensynchrotrons,
Philips Technische Rundschau 30, pp. 323-342, 1969/70.
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Ferrite Properties
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Dependence of parameters on:
« Material type

* Frequency

« Strength of magnetic field

« Biasing

« History of magnetization
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Cavity Description
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Cavity Time Constant, Cavity
Filling Time
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RF Power Amplifier, Cooling

Up to now, we only dealt with the 'unloaded Q' factor of the cavity

RF power amplifier may often be described as a voltage-controlled current
source

The impedance of this source reduces R,

This leads to the 'loaded Q' factor

50 Q matching is not required in general

Cavity impedance in the order of a few hundred or a few thousand Ohms allows
direct connection of tetrode amplifiers (without long cables, which would modify
the overall impedance/capacitance)

In this case, amplifier and cavity should not be designed independently — they
are one unit

Both, the cavity and the power amplifier need active cooling (Curie temperature
of ferrites typically >100°C)

Depending on the operating conditions (e.g. CW or pulsed), forced air cooling
may be sufficient or water cooling may be required. For the ring cores, cooling
may be realized by cooling disks in-between the ring cores (requires good
thermal contact)
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Different Cavity Configurations 3 UNwERsiTAT
« Tuning (e.g. capacitive or bias-current tuning)

« Different number of ferrite stacks and gaps I] I] I] I] I] I] I] I]
» Copper bars may be used to connect gaps
(connections as short as possible)
» Coupling loops may be used to couple ferrite stacks O () (

« Often-used configuration:
» Two ferrite stacks with one gap in the middle, figure-of-
eight bias current windings around both stacks I] I] [ I] I] I] I] I]
» With respect to RF, both ferrite stacks are excited due
to bias current windings although the coupling loop
surrounds only one of them — 1:2 transformation ratio, Va,ne

impedance seen by the beam is 4 times impedance seen |:|_ ]
by the amplifier (saves power for same gap voltage)
* Inductive coupling or capacitive coupling or combination
(capacitive coupling requires choke coil for high-voltage supply) I
» Individual ring core coupling (e.g. 50 Q) !

 External tuners é Load

Ii
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Example: SIS18 Ferrite Cavity at
GSI
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Example: SIS18 Ferrite Cavity at
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Example: SIS18 Ferrite Cavity at
GSI

* Ring cores: Ferroxcube 8C12m, d =498 mm, d;=270 mm, t =25 mm

* N, =6 figure-of-eight bias current windings (up to I,,,.=800 A bias current)
» Total capacitance C =740 pF

* Ring cores cooled by copper cooling disks

« Maximum amplitude: 16 kV
Some realistic parameters (cavity without power amplifier):

TECHNISCHE
UNIVERSITAT
DARMSTADT

Resonant frequency fj 620 kHz 2.5 MHz 5 MHz
Relative permeability ju;, . 450) 28 7
Magnetic bias field at mean radius Hpias | 25 A/m 700 A/m 2750 A/m
Bias current Iy, 4.8 A 135 A 528 A
f1, Q0 f product 42-109s71 1 3.7-109s71 | 3.3-10° 571
Q)-factor () 15 53 94
L 88.2 uH 5.49 uH 1.37 uH
L, 88.5 nH 5.49 uH 1.37 uH
R, 22.8 () 1.63 Q 0.46 €2
R, 5200 € 4600 €2 4100 €2
Cavity time constant 7 7.7 s 6.7 us 6.0 ps
Note: All parameters have comparatively high tolerances
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Some Practical Aspects

« (Gap periphery
« Gap voltage dividers are required to measure on a safe voltage level

— e.g. capacitive dividers
» Gap relays to temporarily short-circuit unused cavities
» Solid-state switches for cycle-by-cycle switching
* Impedance of all these devices and of other parasitic elements has to be
considered in the lumped-element equivalent circuit
« Cavity should be EMC tight — e.g. RF seals between metal parts

« Bakeout to fulfill vacuum requirements: _heating jackets
(magnetic material must not be over-heated)
« Radiation hardness of materials

<l

% =
®
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SIS18 Ferrite Cavity

Gap region:

| 33
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System Aspects
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Required RF Subsystems
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RF power generation (vacuum tubes, high-voltage power
supplies/power converters, solid-state amplifiers)

RF power transport & coupling

Media supply (cooling air, cooling water, electrical power)
Vacuum subsystem

Cryogenics (for superconducting cavities)

Low-Level RF system (electronics, closed-loop control)
Interface to central control system (hardware & software)
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RF Power Generation
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Tetrode Pperties:

= High power
(~100 kW anode dissipation)

= High radiation hardness

Tetrode RS2054 Klystrons are used at higher
(THALES ELECTRON DEVICES) frequencies (above 300 MHz).

Schematics symbol
(Source: Wikipedia)

| 36
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Power Supply Unit
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1

64

\>

Supply Unit of
SIS18 Bunch
Compressor,

GSI

» Anode voltage

» Screen grid voltage
 Control grid voltage
 Filament current

A so-called Programmable Logic
Control (PLC) unit (German: SPS,
Speicherprogrammierbare
Steuerung) is used to switch on all
voltages and currents in the required
order and to monitor failures.

Classical scheme for power supply:
« Transformer

» Redctifier

« Capacitor bank

Modern solution: Switch mode
power supply (SMPS)
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Further Sub-Systems

Solid-state power amplifiers as drivers for tetrodes

Solid-state pre-amplifier,
barthel HF-Technik GmbH

LLRF System, Control Loops

= Operating parameters must be controlled in real-time
- RF frequency
- RF amplitude
- RF phase

= Some quantities must be stabilized by means of closed-loop control:
- Amplitude
- Resonant frequency
- Phase
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Gap Voltage U,,, Cavity ] @_ < _Beam !nﬂuence Challenge
A . . . .« e
l Signal processing chain consisting of
Capacitive ¢ AmplltUde modulatOI'
Gap Voltage . .
Divider * Driver amplifier
* Power amplifier and
* Cavity
depends on
Power Amplifier
* Temperature
Y
* Frequency
Grid Voltage Uy, o Amp]itude
o LN )
A 4 .
Amplitude —Requirement for
Driver Amplifier o
petecter amplitude control and ...
¢ ——d.
St DDS
- Modulator

Target Frequency T

Target Amplitude (digital)

=
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Control Loops (Example SIS18)
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Gap Voltage U,,,

Cavity

l

f

Capacitive
Gap Voltage Bias Amplifiers
Divider
Characteristic
< Curve
A
Resonant
Frequency Power Amplifier
Controller
4 A
Phase .
L 4 > Detector < @ Grid Voltage Uy,
\ 4 F/V Converter
A&?g;ﬁgﬁ Driver Amplifier
ty
Amplitude
Controller

Modulator

o=

Target Amplitude

Target Frequency
(digital)

...resonant frequency control

Next problem:

The phase of the DDS signal
does not necessarily
determine the phase of the
gap voltage
— Active cavity
synchronization required

16.10.2012
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Control Loops

= Summary:

- Even though the equivalent circuit is rather simple, the system
behavior is rather complicated

- The beam current makes the behavior even more complicated
(requires stationary and transient beam loading compensation)

- The power amplifier (e.g. a tetrode) and the magnetic material
introduce nonlinear impedances

= In practice, the following cavity-oriented control loops may, e.qg., be
present:

- Amplitude control loop to stabilize the amplitude
- Resonant frequency control to tune the cavity to resonance

- Phase control/cavity synchronization to adjust the gap voltage to the
correct phase (with respect to the beam current)

- Fast feedback/feedback around the amplifier (for transient beam
loading reduction, reduction of shunt impedance)
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Control Loops

= Further loops:

- Beam Phase Control
(damping of coherent dipole modes of oscillation - dipole oscillations
may e.g. be induced by timing imperfections during the transfer from
one synchrotron to another one or by real instabilities)

- Longitudinal Feedback Systems
(damping of higher-order modes: dipole, quadrupole, sextupole,
octupole, etc.)

- Radial Loop
(measures and corrects radial position of the beam, e.g. by modifying
RF frequency)
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Basics of Longitudinal Beam Dynamics
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Longitudinal Beam Dynamics

= Behavior of particles may be described by difference equations

[ A,
At,, = At,_1 + Bnglgfco ’Y}Zn Avyp = Avp_1 + %C%AUHI
or differential equations:
d((if) u,;fg;? AW d(Ad:V) ;i (U(tr + At) — U(tgr))
= Dynamical systems of this type obey Hamilton’s equations:
OH | oH |
8_p =(q 8—q =D

= In our case, the Hamiltonian reads:

nNr AWQ Q’ll 1 .
: - os(wy pAt — COS Ats
WaBs 2 T (wHF lcos(wypAt + pr) — cos pr| + Atsin ppg

= It specifies particle trajectories in phase space...

H(AW, At) = —

!
0"
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Longitudinal Beam Dynamics

10 F
Unstable orbits

— Separatrix

=

AW [arb.units]

-1.0
-3.0 -2/ -1.0 0 1.0 2.0 \3.0
AQye [rad]
Stable fixed point 0=42° Unstable fixed point

(Center) (Saddle point)

For high-intensity beams, space charge effects have to be included in the description
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Longitudinal Beam Dynamics
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A Typical Machine Cycle

SyncRF Simulation - 2012
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Examples for Advanced Beam Manipulations
“"RF Gymnastics”

=
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Examples for "RF Gymnastics”
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Bunch compression, bunch rotation (90° rotation in phase space by
means of large RF amplitude applied for Va of a synchrotron period)
— not presented here

Barrier bucket operation (mixture between coasting beam and bunched
beam by means of single-sine RF pulses)

- not presented here 7

Dual-harmonic operation (increases bunching factor By = FA and
hence, decreases space-charge effects) maz

Bunch merging, bunch splitting
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Dual Harmonic Operation
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Bunch Merging
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Bunch Merging

Bunch Merging, 31.03.2012
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RF Systems for Ring Accelerators

Thank you very much
for your attention!
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