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Introduction 2N meoms

* In general, charged particles are focused and bent by use of magnets, and
accelerated by use of electromagnetic waves in cavities.

0A

« DC acceleration is limited by high-voltage sparking and breakdown. It is very
difficult to produce DC voltages more than a few million volts.

* RF accelerators bypass this limitation by applying a harmonic time-varying
electric field to the beam, which is localized into bunches, such that the bunches
always arrive when the field has the correct polarity (phase) for acceleration.

« The beam is accelerated within electromagnetic-cavity structures, in which a
particular electromagnetic mode is excited from a high-frequency external power
source.

Moses Chung | RF 7| 1
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Poliats

DC Acceleration

electrons
accelerated
to 1.5 eV

vacuum
tube

“hot” elecirons
KE ~ 0 eV
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RF Acceleration L) oo e
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e Low and High frequencies N ot e
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' ________--_-—__ _/_
Low frequencies

o wavelengths > > wire length _ L N

rrent () travels down wir ily for efficient power transmission = s time O] &< 2]
e CUITE avels do es easily for efficient power transmission =\~ e T 5 7t wict of
« measured voltage and current not dependent on position along wire = 2! j

Freq. Wavelength

60 H=z 5000 km
10 MH=z 30 m
40 GHz 7.5 mm

== e —-—

High frequencies

« wavelength = or < < length of transmission medium A 0| rise time 0| AlS 9|
« need transmission lines for efficient power transmission cable 1t A|ZF EC} OfF

« matching to characteristic impedance (Zo) is very important b= [H

for low reflection and maximum power transfer
« measured envelope voltage dependent on position along line

Moses Chung | RF 7| 1 5
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- B Block Diagram of RF Accelerator (25} zeeseyx
Klystron
RF power
|—> system
Input RF control
beam system Output
C ] N beam
article Linac structure
iprleector (Accelerating cavities and focusing magnets)

Vacuum
system

Water
cooling
system

Moses Chung | RF 7| 1

A



e I ]

Circuit Diagram of RF Accelerator 7

Matched
load
Cavity
Power
\ coupler
/ > \_/
Circulator
RF generator (ferrite)
(a)
| —— O_Waveguide i 1:n | — V
v’ Z
Zy C__ R L
o————- ;
Matched Power Cavity
generator coupler
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POSTEEY  Real Pictures of RF Accelerator } sigcisie A
LLRF . ~95%
Wall Plug — Beam 1n
DC Power RF Amplifier Wi

(klystron or RF tube)

Cavity

(accelerating structure)

Beam out

Transforms mains power v U

inio C p riwied _ Transforms DC power Transforms RF power

(pulsed or CW) at high . =54 ' ) . &t
into RF power at high frequency  into beam power

voltage (10-100 kV) L onev—50% _ .
conversion efficiency~30% [efficiency o< shunt impedance]

~78%
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Building Blocks of RF Systems

Return to Zero

—
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A GOOP MATCH,
MAYBE WELL

HAVE A
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Heinrich Rudolf Hertz
WAVELENGTH 310 3 x10Fm 3 x10m 30,000m 300 Em 3':': m 30 rr 3- m ElI C11 E-CIT 0 S:m 0.03cm 3 a0
| | | | | |
cesawions | VERY LOW FREQUENCY (VLF) | F ] UHF | SHF EFF ] INFRARED
—— | Audible Range AV Bmadm% M Bmad:asteu \ I X | L}E’EEQ‘,}'{?; Sub-Milimeter
= Infra-sonics —=< Sonics Ultra-sonics = - Mcmwves Infrared
| | [ | | | | | | | | [
FREGUENCY D 10Hz 100Hz 1kHz 10kHz 100 kHz 1MHz 10MHz 100 MHz 1GHz 10GHz 10D GHz 1THz 101Hz
From: US Department of Commerce THE RAD|O SPECTRUM

FCC Frequency Allocation Chart ik 300 GHz

Frequency Origin of Name Wavelength_in free
Range space (centimeters)

L 1to 2 GHz L for"long" wave. 30.0to 15.0
S 2104 GHz S for "short" wave 15t0 7.5
C 4to 8 GHz C for "compromise" between S and X band. 7.51t0 3.8
X 8to 12 GHz Used in WW Il for fire control, X for cross (as in crosshair). 3.8t02.5
Ku 12 to 18 GHz Ku for "kurz-under". 25t01.7
K 18 to 26 GHz German "kurz" means short, yet another reference to short wavelength. 1.7to1.1
Ka 26 t0 40 GHz Ka for "kurz-above". 1.1t00.75
Vv 40 to 75 GHz V for "very" high frequency band (not to be confused with VHF). 0.751t0 0.40

7510 110 GHz W follows V in the alphabet. 0.40to 0.27

Moses Chung | RF 7| 1 10
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decibel (dB)

Means of expressing large values via a
logarithmic ratio.

P
(iIg - 1[]:K 10%;10 (:jg%:) dB
1

100

In RF and microwave systems, typical power 80
and voltage ratios are expressed in dB. s

V2/R V. 0
dB = 10 x log,, (VQQ—?R) = 20 x logy, (Vj) -
1

Sometimes, reference power is normalized to 1
1 mW. °

P
dBm = 10 X loglo (W) :Z
m

Attenuation is a0

I t \A] =50
Attenuation (dB) = 10 x log (()Eli?;lutpszv;;r((\f\)f))

-100

Moses Chung | RF 7| 1
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Typically supports frequencies up to 11 GHz

Type N

BNC

4

Typically supports up to 4 GHz

C (,A Ofe ] 7447
onnectors L2 mee A

APC 7 TNC

SMA

Lemo

—L T
Ideal for compact applications
requiring high performance.

Connector used for high-
frequency signal transmission
(Typically up to 18 GHz)

Moses Chung | RF 7| 1 12
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CW Power Sources

« The two main categories are solid-state devices and vacuum tubes.

10000
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et
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0.01
0.01

0.1 1 10
Frequency (GHz)

Power Tubes
— = Klystrons

= = = = (5yrotrons
— = =0T

— e S5PA,
——Solid State Devices

IOT: Inductive Output Tube

SSPA: Solid State Power Amplifier

Class B PA: 50% of
the input signal is used

0.01

0.1 1 10 100

Frequency (GHz)

Moses Chung | RF 7| = 1

—-—--Theoretical Class B
— Power Tubes

— — Klystrons

—-——- Klystrons (2nd

harmonic)
- = = «Gyrotrons
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EE e Pulsed Power Sources G R

» Klystrons (>350 MHz) for electron linacs and modern proton linacs. RF
distribution via waveguides.

* RF tube (<400 MHz) or solid state amplifiers for proton and heavy ion linacs. RF
distribution via coaxial lines.

R. KLYST.

10 GW

\ BWO
1 GH (R. MAGN.&VI% \
\\

' CERENKOV

T

100 MW

10 MW

1 MW

100 kW

10 kW

1 kK
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Typical Klystron Operation

Decelerator: Amplify RF signals by converting the kinetic energy in a DC electron
beam into radio frequency power. (velocity modulation - bunching)

/ Input Output \
Cathode

OO OO O I OO

dd4 @) O (LD

O K5

—

Filament —| i+

Focusing

|| ‘ | |
‘ | /
Modulator

Moses Chung | RF 7| 1
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 Power Gain 40-60 dB (104-106)
« Power 103to 107 Watts
« Duty Cycle  Continuous or Pulsed

* Frequency Hundreds MHz to Tens GHz E.ec,mgun .

« Bandwidth 1%

» Efficiency 50%

« Cathode Volts 10’ s to 100’ s of kilovolts
» Klystron Life 10,000-100,000 hours

horizontal type

Oil tank _

Cathode electrode
Anode electrode
l Body

'A 0f2H 714k 7H57]

Typical Klystron Parameters 20p mecm e

R
/ T bar
4 Collector wave S L o, -~
VS
um!i [
LLTE : ‘,m,,;"_"y;.,;;..' o
Convergence coil (T coated A1,0,)

------------- Cavity design
Electron gun design T Ceviywal

Moses Chung | RF 7| 1

. Output Cavity

Toshiba

I multiple electronic beams (6)

Collector

Output window Output window

Middle cavity {

Input cavity

e

Focusing magnet

. §3 4
" As - & e
N i —w— ok §.
s - =

)

Anode

Cathode



Typical Solid State Module () ez,
ypical Solla State Module S meele e

2 e ]

« Solid state amplifiers are based on transistors instead of vacuum electron tubes
as active device.

. 330 W module
§ & - 352 or 500 MHz, different devices
* 1 transistor/pallet

» 1 circulator/transistor
« © Synchrotron SOLEIL - Ti Ruan

e
= = —
1 e
b
Ctrl
W
| = & =
e
—P= — i
)
REIN S RFOUT
= g =3
"
-
W
=5 < =
o g
SLl|
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Typical Solid State Parameters {"2N zeusasiue

« Power Gain 20-70 dB (102%-107)

« Power 103to 10° Watts

« Duty Cycle  Continuous or Pulsed
* Frequency 1 MHz to 2 GHz

« Bandwidth few % to decades %

» Efficiency 10-50%

* Supply Volts 20-50 volts DC

« Life time 10,000-200,000 hours

Bruker

Moses Chung | RF 7| 1
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Modulator

« The modulators are locally and remotely controlled pulse generators that supply
high-voltage pulses required for proper operation of high-power pulsed RF

amplifiers.

ACEOY) | pe

HYV Charging
Power Supply

£
T

W

Capacitive Energy Fast

Storage and Pulse Thyratron

Forming Network S‘Witch
(PFN)

Moses Chung | RF 7| 1

Pulse
Transformer
(PT) pe—
Modulator
Load
(Klystron)
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Pulse Forming o) T

Fast/High current switch The Cell

S N

V

—
T

Fast/High current switch
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« Transmission lines transmit RF power from one point to another with minimum
loss and external radiation of energy.

« Two common types: Rectangular waveguide type / Coaxial type

i e Hard line (Heliax)
Rigid line

« Commonly used rectangular waveguides have an aspect ratio b/a of ~ 0.5.

Moses Chung | RF 7| 1 22
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400 [~
300

Microstrip

WC 15 Circular Woveguide

WH s Rectangular Wavequide

WED is Doubls Ridged
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100 |- 7
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» Coaxial cable is used for frequencies up to about 400 MHz and down to DC and
waveguide at higher frequencies, where the loss is less than coaxial cable.

_____________

ll'llll llllllllllllllllllllll?l
Semi-rigid .034 dia
RG179/187
RG1BO/195 "7
RG58

RG141/142 T S
Semi—rigld 141 dia i
RGO (Lab cable) H
FN40 (F/A-18 ALQ—126 lines) ~
Semi—rigid .325 dia :
; ; . RGL7 (Lab cable)

' i i f I S I f f
2 3 1 5 & 7 B 910 20 30 40

O

[ R L e ]

ATTENUATION (dB per 100 ft)

[av]
'

_00b>.|:|4<|l|.

i
I
|
.
I
I
I--I----------------------I-------------: --------:-------:-----: CLRTY
i | V | Y
I
I
I
I
1

0.1 0.2 0.3 04 05 DE 0.7 0808

FREQUENCY — GHz
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Velocity of Propagation in a Coaxial Lift j: REAE

« Typically, a coaxial cable will have a dielectric with relative dielectric constant ¢,
between the inner and outer conductor, where €, = 1 for vacuum, and ¢, =
2.29 for a typical polyethylene-insulated cable.

Zy =

L som (° Vph = —
o \a N

» For a polyethylene-insulated coaxial cable, the propagation velocity is roughly

2/3 the speed of light:
vpn = 0.66¢

Ex] 1 nsec time delay in RG58 cable: ~19.8 cm

Moses Chung | RF 7| 1 25
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Why 50 Ohms ? 2 HEolzey

« The arithmetic mean between 30 ohms (best power handling) and 77 ohms
(lowest loss) is 53.5, the geometric mean is 48 ohms. Thus the choice of 50
ohms is a compromise between power handling capability and signal loss per
unit length, for air dielectric.

Loss versus impedance Maximum power handling of 10 mm coax
10 mm diameter coppear coax Yoltage breakdown at 100,000 volts/meter
1 1000
o w 900 |Ma}{imum at 30 ohms |
08 (=
= GO0
0.7 © /4\
AN et Minirnurn at 77 ohms i = 600 N\ — i VOIS
E 05 I - % / \ — T pOWEr
i 400
S 04 \ | rd 5 %
0.3 \ I _-/ ij('; b \
' E 300
0.2 S~ % N
T 200
01 i e
100 7 S———
0 50 100 150 200
0 50 100 150 200

Impedance [ohms) o
Characteristic impedance (Ohms)

Moses Chung | RF 7| 1
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Impedance Matching L) oo e

/
5\‘

Radar works due to poor matching

Moses Chung | RF 7| 1 27
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Better matching (absorption) with the Stealth !

Moses Chung | RF 7| 1
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Reflection Coefficient 20N medse e

* Note that the generator has an internal impedance R. If R = Z,, the returning
pulse is completely absorbed in the generator (Matched generator).

B S
Generator :

i Short (Z; = 0)

| ——
—_ F_ZL_ZO_ﬁc_]-
ZL+ZO Bc+1
Generator :
:_ ______ R |
I
PRI E ) oo
| : i
. | JE—
: 1

Moses Chung | RF 7| 1 29
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Table 13.2. Cable termination schemes
Example 13.1 A signal is to be sent from a coaxial cable of impedance Z, into another ¢

coaxial cable of impedance Z,. What termination scheme should be used in order to

avoid reflections? Cable impedance = Z,
Two cases arise: Source Load Termination scheme
a) Zl| < 21
Here the impedance which cable 1 sees must be reduced. This implies adding a resis- Z )
tance R in parallel 10 cable 2, i.e., Z,=2Z < Z,=2Z, No termimation necessary
Z, Z;
—— Se=3——fs====- . ) ,
4 Recciving end; paralle
= - L
2R Z,=2 4 >Z, R=Z./(1-2Z./Z)
Since the combination mus: cgual Z, we find 7 S " )
eceiving end; series
FA £ Z <2
RZ, =z Zy=Z, LS Le R=Z.-2,
R+2Z,
2,2, , .
R=—+ Z Sending end; series
22—21 Z,-t:Zc < ZLﬂzc R=Z=—Z,
b) A }22
Since the impedance seen by cable 1 must be increased, we add a resistance R in series.
Z, Sending end; parallel
2 R 2 Z>2Z L=z R=Z/(1-2./2,)
Then, Combinations of the above situations may also arise in which case an ap-

propriate combination of lermination schemes may be used, e.g.,
22+R =Zl =R =Z|—Zz.

Z Receiving end; parallel
Some other possible situations which often arise are summarized in Table 13.2 along Z,<Z, < Zy >Z, R=Z./(1-2./2,) with
with the termination scheme to be used. sendin‘s end; series
.R — ZQ— z:

Moses Chung | RF 7| 1 30
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RF Devices for Matching

Directional Coupler

Circulator/Isolator

Moses Chung | RF 7| 1

Waveguide Load
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:

Shunt

(/' t=0 ‘ Impedance

N N _ V§ Effectiveness of
c 3 "s = 7o producing an axial
_Q voltage for a given

\ ) power dissipated

1
w=2mf = Beam
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EETEER Methods of Coupling to Cavities

The coupling mechanism and the waveguide are represented by a transformer
with a turns ratio of 1:n.

1 1
V i n
Cylindrical
cavity

Coaxial \ Cylindrical
Iine\

cavity j’ 1 N I
) Waveguide

]

- -
Cylindrical
cavity \

Antenna probe

‘ H%f Power

coupler

Moses Chung | RF 7| 1 33
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load directional tee magic phase-shifter  variable
coupler tee attenuator
2
O 7 0O Q O O &~ O
~ 9‘1 P O~ =0 O LIM FO
3
1
low-pass high-pass band-pass circulator isolator limiter
filter fllter fl Iter protect RF components prevents excessive
from reflected signals power levels
(passive)
R R
o—l>|—o L | L | @—O
diode mixer IQ mixer oscillator amplifier
an active
semiconductor device
to process RF signals RE IF
LO
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Time vs Frequency
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Figure 212
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Time vs Frequency 20p mecm e

~ [, — ————
c.-")\‘i +wmg . Convelution m ol Az ‘F)'eq. COV)VOIHi'm
= 4.6 FREQUENCY-CONVOLUTION THEOREM
. . 62 S = We can equivalently go from convolution in the frequency domain to mul-
Sec-45  Time-Convalution Theorsm tiplication in the time domain by using the frequency-convolution theorem:
= the Fourter transform of the product k(¢)x(r) is equal to the convolution H(f)
v
Lt xiud
hit) ‘l it
A ——— 1
’ ‘ | I ! B L"' \ !,."‘ : WULTIPLICATION 1 ) L
T T = '}\V.!' "To ¥ | — = ™
Y Inittexin) » Sp— al
al t-nam
1 ~ A
1 [T 1 (== | ~
B L] Y 1 l t — \—
| ™ ‘ = PATR
||
7! | m “ 32 o
I |i l‘ x { pulse widt)
|l —— = lew ';"‘"P
[ ‘ E g Hif« Xtf) CO\‘\PC"'J W
L} ATe ,'_‘,_‘
| “ — [\ s dF e
| = | 1 | E—r
&/ V,| - St I B B il 1 5k
T it T 2Te 2 i
- Wi g
! Wi "y
A o
?" \: CORVOLUTION ’ !2(;1“ cj‘::.\ ":"
N 1) I3 F
o Hifl o e — pxt == 2
{ LA EAS
AN — .
i ‘4\ | ‘l\‘l i Figure 4.11  Graphical le of the frequency-c h
171 1
TT

Figure 4.10 Example application of the convolution theorem
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Boundary Conditions

» Electric field near a good conductor: <« Static magnetic field near u,. = 1(even in
the case of a good conductor)

" > magentic diffusion time =
T
1] ()
N

- Static magnetic field near u,- >» 1(i.e., = Time-varying magnetic field near a good
ferromagnetic material) conductor (i.e., small skin depth):

dd%op
2

I I

Moses Chung | RF 7| 1 37
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BCs determine Modes o) Heom2y

We commonly classify the solutions to the wave equation in the following
types:

1) TEM modes
Waves that contain neither electric nor magnetic field in the direction
of propagation. The name transverse electromagnetic mode arises
from the fact that all of the fields lie entirely in the transverse plane.
They are the usual transmission line waves along a multiconductor
guide.

2) TM modes
Waves that contain electric field but no magnetic field in the direction
of propagation. Also known as E, or electric, waves.

3) TE modes

Waves that contain magnetic field but no electric field in the direction
of propagation. Also known as H, or magnetic, waves.

4) Hybrid modes
Boundary conditions require all field components, may often be
considered a coupling of TE and TM modes by the boundary
conditions. Common in structures with "complex" 3-dimensional
geometry.

Moses Chung | RF 7| 1
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RF Measurements ¢ R oisord et

RF(AC)Al &2l =X
Fourier Transform

=

Oscilloscope Spectrum Analyzer

Period (1)

| /\ /\ Frequency
I\/ \/ Voltage

Current

TDR Network Analyzer

>

source source

impedance

&
-

w KEYSIGHT
TECHNOLOGIES
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Why your function generator outputs twice the (3 PDF

programmed voltage

The default setting for Keysight function generators is to display the desired voltage as though terminated into a 50 Ohm load.
When a high impedance device, such as an oscilloscope is used to measure the output of the function generator, the waveform
appears to be twice the voltage set on the display of the oscilloscope.

Some oscilloscopes can change their input impedance from standard high impedance to a 50 Ohm termination. Another solution is
to add a 50 Ohm feed through (Keysight part number: 0960-0301) to the end of the BNC cable.

Function Function
Generator Generator

0Q |+ + 500 o+
Cv) display 50 vaeasured display measured
V=2*display 1 V=2*display #
Vmcasured= “V="% (2* dlsplaY) vmcasured == 2*display
vmcasuredz dl'splay Vmcasurcd = dlsplay

Function generators tend to be signal generators that focus on low frequency, but with very
flexible waveforms.

Signal generator is a more generic term, but would frequently refer to RF or audio frequency sine
wave generators that are designed to generate signals with very high spectral purity and stable

frequency and amplitude.
a Y P Moses Chung | RF 7| 1



