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The NSRRC EUV/THz FEL Test Facility Layout

Photo-cathode rf gunrf power : 5 MW

rf power : 30 MW

rf power : 20 MW

rf power : 35 MW rf power : 35 MW

Gain : 70 MeV MW

Gain : 42.6 MeV MW

Gain : 75 MeV MW Gain : 75 MeV MW



New Trend : Terahertz Waves
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Frequency Bands for Household Electronics

AM broadcast band: 535-1605 kHz

Shortwave radio: 3-30 MHz

FM broadcast band: 88-108 MHz

VHF TV (channel 2-4): 54-72 MHz

VHF TV (channel 5-6): 76-88 MHz

UHF TV (channel 7-13): 174-216 MHz

UHF TV (channel 14-83): 470-890 MHz 

Microwave Bands

L-band: 1- 2 GHz               K-band: 18- 26.5 GHz 

S-band: 2- 4 GHz               Ka-band: 26.5- 40 GHz

C-band: 4- 8 GHz               U-band: 40 - 60 GHz 

X-band: 8- 12 GHz             V-band: 60- 80 GHz 

Ku-band: 12- 18 GHz         W-band (IEEE): 80- 100 GHz
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Conventional                   Relativistic
Microwave Electronics           Electronics

Examples ,    TWT, Klystron, Magnetron         ECM, FEL

Frequency                 < 1011 Hz                     1010 Hz ïX-ray

Power < 106 W                        104 W ï1010 W

Electron Energy        < 105 V                         103 V ï1010 V

Beam Current            < 102 A                           1 A ï106 A

Basic                    Circuit equations           Maxwell equations

Equations          + Fluid equations          + Relativistic particle eqs.                

     Vacuum electronics addresses electron-wave interactions in a 

vacuum, usually for radiation generation. It involves a much broader

frequency range than the microwave band (e.g. X-ray free electron 

laser, FEL). This chapter covers only the microwave regime.

Vacuum Electronics



Amplifier Oscillator Interaction Process

Gridded Tube Gridded Tube Grid control of the beam current

Klystron 1.Two Cavity Oscillator

2.Extended Interaction Oscillator

3.Reflex Klystron

Velocity Modulation with resonant 

cavities

1.Helix TWT

2.Coupled Cavity TWT 

Backward wave Oscillator Velocity Modulation with traveling 

wave structure

Crossed Field Amplifier 1.Carcinotron(M-type BWO)

2.Fixed Frequency Magnetron

3.Coaxial Magnetron

4.Voltage Tuned Magnetron

Crossed Field

Gyrotron Gyrotron Spiraling beam

Linear beam tubes are called O-type devices.

Crossed-field tubes are called M-type devices.

Introduction of Microwave Tubes



Conventional Microwave Electronics

KlystronMagnetron

Helix TWT



Klystrons

The first klystron invented by 

the Varian brothers at Stanford

The SLAC S-band klystronThe Stanford ñModel Aò klystron



Klystron Assembly

Interaction Circuit

depressed collector

magnetic 

focusing system

output windowinput window cavity assembly

electron gun

buncher cavities

output cavityinput cavity



     1. A mechanism for the RF fields to  a DC electron beam into 

         an AC electron beam (Microwave tubes are distinguished by their 

         bunching mechanisms).

     2.  betwee
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Conditions  Required for the Generation of Coherent 

Radiation - Common to All Types of Microwave Tubes



The design principle of the klystron

Elements of a Three-Cavity Klystron Amplifier

Plasma Frequency

RF Current Growth in Beam in a 

Three-Cavity Klystron Amplifier



(1)֝ Ḕ (synchronously tuned)

ѿֵ ⱢẂȲ ֢◕ Ϛכ Ȳ Іḇ Ἤ ᾼכ Ὠ
ҒȲ֪ױ Ȳϭ Ɫ (gain tuned)ȴϚ ᴖṕȲḕ ᾼ Єּ15-20פ 

dBȲ╝4 ᾼ ὍЄ Ȳ Ҡ ẁԚ50 dBѿϱᾼ ȴ

(2) (efficiency tuned)

ϡ (penultimate cavity)ᾼ ᴟ (pass band)ѿҵȲ ᵧ ἤȲ
⁄ ∟Ӧ Іḇ֯ ῶ Ἤ ᾼ ☼ȲἬѿ Ϛ ᾼ І ẞ
Ȳ ṿ ᾼ І › ᾼ І Ȳ ṷ І ›Ϛ І ȷ
І ᾼ Ȳ ế П ᾼ ІҒ ᴟϯϚ І Ȳὑ╥
ԛװ ὡȲ Ϥ ҏ ∟― Ḇ ᾼ ☼Ȳ ᴖṿ ҏғ Ғȴ ϡ ᾼ

ᴟ ᾼ ҵȲ ϠȲ ϯ ╥dBҿҢȲᵀ 10פּ
ṿ Іḇᾼ ὡȲ Ὠ ֵҏ15~20 %ᾼғ ҏȴ

(3) (broadband tuned)

֯Ϛ ᾓϯ╥ ᾼ ԈȲẔ ҔᵶϠ ц ҏ Ẓ иȴ
ᾼԉ ╥ ẁϚ ⇔ Њᾼ ⇔ ᾼ ІḇȲ ᵓӣ ᾼѠᾎ(stagger 

tuning)Ȳ Ⱬ ᾼ ἤẃ ậ ȴ ╥ Л֝ ᾼ Ἠ ᵅὑ
Мї Ȳѿ ҒẔ ȴ

Tuning of the multi-cavity klystron



The design principle of the klystron

Transfer Curve of rf amplifier



Small-Signal Analysis Big-Signal Analysis



Principle of beam-wave interaction



Principle of beam-wave interaction



Simulation of the Klystron
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Thales TH2100 klystron



Toshiba E37310A pulsed klystron



Multiple Beam Klystrons (MBKs)Sheet-Beam Klystrons (SBKs)

Advanced Klystron Configurations



CAD
Engineering
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Assembly

Hot 

Test

Microwave SourceR&D



Waves in Periodic Structures

ɤ-ɓDiagram of slow wave structure

weak periodic loading strong periodic loading

ɤ-ɓDiagram of slow wave structure



Å In 1924, Gustav Ising proposed the concept of an accelerator using 

time-dependent fields. It consists of a straight vacuum tube and a 

sequence of metallic drift tubes with beam holes. 

Å In 1927, the first rf linear accleerator was demonstrated experimentally 

by a Norwegian student, Rolf WiderØ eat RWTH Aachen University in 

Germany.

Early History of Linear Accelerators

Rolf WiderØ e

(1902 ï1996) 



Drift Tube Linac

Unlike the Wilderoestructure,in the DTL the fields in adjacentgapsare in phase. Goodfor

protonandion accelerationfrom ~0.04ï0.4 c. Accelerationof ionsat evenlowervelocitycan

bedoneby RFQ.
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The SLAC Linac Structure


