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The NSRRC EUV/THz FEL Test Facility Layout
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New Trend : Terahertz Waves
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Frequency Bands for Household Electronlcs

AM broadcast band: 535605 kHz
Shortwave radio:-30 MHz

FM broadcast band: 8808 MHz

VHF TV (channel 24): 5472 MHz
VHF TV (channel 56): 7688 MHz
UHF TV (channel 713): 174216 MHz
UHF TV (channel 1483): 476890 MHz

Microwave Bands

L-band: 1- 2 GHz kband: 18 26.5 GHz
S-band: 2- 4 GHz Kdoand: 26.5 40 GHz
C-band: 4- 8 GHz tband: 40 60 GHz
X-band: 8 12 GHEI \band: 60 80 GHz

— Ku-band: 12- 18 GHz Wband (IEEE): 86 100 GHz
\S ) BRE S $EAFFTR b &

/' National Synchrotron Radiation Research Center

5



Vacuum Electronics

Vacuum electronics addresses etecivave interactions in a
vacuum, usually for radiation generatidininvolves a much broad
frequency range than the microwave béad. X-ray free electron
laser, FEL). This chapter covers onlg tlmicrowave regime.

Conventional Relativistic

Microwave Electronics Electronics
Examples TWT, Klystron,Magnetron ECM, FEL
Frequency < 1(Hz TOHz1T X-ray
Power <1PW W T 1010w
Electron Energy <3V 0V i 1010V
Beam Current <31@ 1AL1°A
Basic Circuit equations Maxwell equations
Equations + Fluid equations + Relativistic partigte
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Introduction of Microwave Tubes

Amplifier Oscillator Interaction Process
Gridded Tube Gridded Tube Grid control of the beam current
Klystron 1.Two Cavity Oscillator Velocity Modulation with resonant

2.Extended Interaction Oscillator cavities
3.Reflex Klystron

1.Helix TWT Backward wave Oscillator Velocity Modulation with traveling
2.Coupled Cavity TWT wave structure
Crossed Field Amplifier | 1.Carcinotron(Mtype BWO) Crossed Field

2.Fixed Frequency Magnetron
3.Coaxial Magnetron
4 \oltage Tuned Magnetron

Gyrotron Gyrotron Spiraling beam

Li near beam t utppedevies.e cal |l ed

Cr o s-field wibes are called Mtype devices.
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Conventional Microwave Electronics
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heater electron gun
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Klystrons

Table 1: Typical 5045 Operating Parameters
Operating Parameter Value
Frequency 2.856 GHz
Beam Voltage 350 kv
Perveance 2.0 pA/V'?
Peak Output Power 65 MW
Average Output Power 41 kW
RF Pulse Width 3.5ps
Pulse Rep. Rate 180 Hz
Gain 50 dB
3 dB Bandwidth 20 MHz
Saturated Efficiency 45%

Cathode Current Density ~ 8 A/em’

The Stanford AModel
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Klystron Assembly

input window cavity assembly - output window
magnetic
< = focusing system
electron gun
g \ S A
Z w2
2] =

depressed collector

Interaction Circuit

Input cavity output cavity
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Conditions Required for the Generation of Coherent
Radiation - Common to All Types of Microwave Tubes

1. A mechanism for the RF fieldsihancha DC electron beam int
an AC electron beam (Microwaiumes are distinguished by th
bunching mechanisms).

2.Synchronismbetwee the bunched electrons and the RF §eld

& &J. [DC]
1 lectron current=7 .° .
Let‘:J (e N )::'Josmwt [AC]

? E (wave electric fieldy E, simt

éJ E,sinumt  [DC]
Th E 5.0

enb (poweR JE 3 3 & sitwt [AC]
V <p ?ie: 0 DC], np energy exchange
i, 0 [AC], energy exchange

sinut sin° mt

} SVAVAVAVAN
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The design principle of the klystron

Plasma Frequency

Input Ri= Input RF Output
Gap ? >
’ ’472';1 e? [ 3, rad
Modulating Output Gap @y, = mg [=5.64><104 n,(cm ™) sec]
Element L F_(U
drne? . [mg
T [— Tli(gpe < (I)Pe]
_ F i W/ — . et Electrons For (18) to have a non-trivial solution (£,, #0), @ can only have
'::'h' ' a single frequency given by @’ = @2, + @2, = @ (19)
: ; g o = 92, =
I i : ~—Collector 2 B YE , y7 , Sl -
- L ] where W), = O, + @) (20)
Heat is called the plasma frequency. It is a characteristic frequenc
eater ~— Last Cavity ®, 1s called the plasma freq y a charac ¢ frequency

Cathode of the plasma most frequently encountered in plasma studies.

} \
First Drift Intermediate
Anode Cavity Tube Cavity

Elements of a ThreeCavity Klystron Amplifier

center of bunch

deceleration
L —————

Log Current

ﬁ
acceleration

|
!
1
1
I
1
!

axial electric force

0 X°]
4

|3t

Axial Distance

_ RF Current Growth in Beam in a
) BRE S EBAHFR P2 Three-Cavity Klystron Amplifier

National Synchrotron Radiation Research Center




Tuning of the multi-cavity klystron

(1) E (synchronously tuned)
W EWY” e D S 2C¢7 Y 1b "H

) D A i Q
FY, Yo t (gaintuned) ¢ ~pVYé A €9 1520
aBYd 44 § A "0€E Y K wQ50dBw o A L
) (efficiency tuned)
g )  (penultimate cavity) 0 3 (pass band) 1, Y v q Y
/ LO I b° AO1T'H A #nY'HIW CH Al B :
Y Y A 1 >YYA | Y u | > M |
| A Y & n A I F 3tCH Il YO ]
gl oY 9 p L— B A zY "~V pf o R 3 A
0 3 A Y Y t 1D 10dBe HY T i
v | bA i ®Y ‘Q  p15~20%A Rl
(3) (broadband tuned)
¢ Aty A LYZ Bz? TR Z wn}
Al T WGCHM = A - A 1 bY 7 I A CJA (stagger
tuninglY Z A AW a | T N7 0 A D H oy
M YW FZ i ﬂ

(=) BR R 5185351 5 P <

National Synchrotron Radiation Research Center




The design principle of the klystron
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Small-Signal Analysis

Ka-Band Klystron
P3 = PPmax -3 Pl = PPmax - 1
. y ines = 25
Vo= 14000 B Yoltage (V) Number of Data Paints npoints = 256
lo= 05 B ¢ t(4) Calculation Bmdwidth (GHi) BW=03C
- - 35 -
o=35 Center Freqency (GH) Plot Marlers 4 - 34886 #h-35088 PPmax- 352633 dB
22000037 T 1 Radius (m) Gain at eenter frequency PPD. 52002 dB
5=0.000225 Beam Radius (m) 1dB Bandwidth (GHz) Badwithéb - 0.179 9% BW{1dB) ®wl - 0.512
Remember to update the shape facor 3dB Bandwidth (GHr) Badwth = 0.202 % BW{3dB) #Hw3 = 0.576
d2 if the fill-factor chmges.
2 5 T
-3212 - 169200 va = 1173 7 I F
Pa= 3212 x 10" fq = 160.200 ya = 1.173 513""‘7"""#::'-""—":473\.“""?2’
496 —f p:
Empirical expresion ' B
for Qe of the cutput 452 : s  S—
cavity - not used in e . ' p
the gnin calculation: - 1 Gain, 411 y \
Yo 4031 : ) \
- lo (11) a8 4 \
2 2 ' "
——— % 364 t ]
o]y (e o seq— A
342 N 4
- = 176.205 . X
Qst\ 33 8534 883490134943497 35 3503350635.09351235.15

Number of Klystran Cavities N = 6 B,

Gun Micopaveance (uA’V*15) K - 0302

Brillouin Field (us9  Bbr= 2.307 x 10°

Beam current density (A‘cm?) Jbeam - 314.350 Cathode current density (A/cnf) Jeathods = 5

Gun convergence - &3
Coupling Total coupling
CawityRs'Q  Extemal Q and Qo Cavity Frequency Gap-Gap L  Gap Length  coefficent at =a coeffident
(Ohux) (GH) (m) (m)

RQ; =128 Q=350 Qo;=2000 f,=34908 L, =0 4, 200004 Ma =0010 (0.711)
RQ,=128 Qe,=x Qo,=2000 4,=0.0004 Ma,=09019 0.711
RQ;=128 Q= Qoy=2000 5 d;200004  May=0919 Ma °~_‘11
RQ,=128 Qe =x Qo,=2000 4,200004 M, =0919 0.711
RQ =128 Qeg=x Qog=2000 ;500004  Ma = 0919 0.711
RQg=218 Q= 350 Qog= 2000 0047 4,2 0.0004  Mag=0.910 \AL)
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Big-Signal Analysis
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Principle of beamwave interaction
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Principle of beamwave interaction
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Simulation of the K
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Thales TH2100 klystron

RF performance

Frequency 2998.5 29985 MHz
RF output power

* peak 37 451 MW

e average 17 20 kW
Peak RF drive power 200 200 W max.
- 1 dB bandwidth 10 10 MHz min.
RF pulse duration 45 4.5 s max.
Saturated gain 535 55 dB typ.
Efficiency 45 43 % typ.
Electrical characteristics
Anode voltage 279 307 kv typ.
Beam current 295 340 A typ.
Heater voltage 30 30 V max.
Heater current 28 28 A max.
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Toshiba E37310A pulsed klystron

Typical Operation

Frequency 2998 MHz
Peak beam voltage 293 kV
' Peak beam current 320 A
Beam pulse width 6.2 us
RF pulse duration 40 us
Drive power 374W
Peak output power 35.5MW
Efficiency 38.8%
« Gain 49.7dB
Filament voltage 18.3Vac
Filament current 18.4Aac
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Advanced Klystron Configurations

MEMS-Fabricated
Circuit

QM Trimming Pieces

PPM Stack

Mica Window

Circuit Holder

Output Coupler

SheetBeam Klystrons (SBKSs)
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Microwave SourceR&D
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Waves in Periodic Structures

weak periodic loading strong periodic loading
//Aperture b2
|
G TR 7% I B 0% P
NS WA WA N AR NN A
% i a s G “
7 7 “ v 2 g 7
7 % 4% 7 ] A YA
/l v i f’l’/r / r/ :..’J
Disk 6.0E+011 T | T | T T
HFSS simulation
B dispersion relation _
HYPERBOLA ; 40E+011 1— b cavity mode
T %, P A O slot  mode |
3 3 iy 5 - extended 10KV
~ #, -~
E - ! . —~ /@\ ™\ /\\ ,/\
3 o ] - © / \ / \ / 9k
d 3. \ - QO 3.08+011 |— o T ;1N \
x N W Z ( \ / \ oo 8LV
T -] L - \ / \ / \ / / \
w o i“" B - @ \ / \ / > N
=2 - > 8 ) \ / \ / /7 \
E % P, ~ ® N/ N 4 \
- N F: S, = soE+orf |—
' _
® -~ P ]
. 3 ’\ s N - N . ’ \\ P s
45° LINE- - @ g- -2 ~__ -~_-
L L L L L ]
-47 =37 -2 X o z 27 EL Y 4 1.0E+011 (—
L L T C T L
PROPAGATION CONSTANT, Bq electron—wave interaction -
¥-b Diagram of slow wave structure S opsons A R B R
o7 2m 477 e 8
Bl

\) B R A S8 RFTFT I P < :
National Synchrotron Radiation Research Center Y'b D| ag ram Of SIOW wave Stru Ctu re




Early History of Linear Accelerators

A 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.

A In 1927, the first rf linear accleerator was demonstrated experimentally
by a Norwegian student, Rolf Wider@ eat RWTH Aachen University in

Germany.

—- -L]_ > 12 1.3 -L4

+Bian Rolf Widerd e
‘ (19027 1996)
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qV =(g- )mc?

Drift Tube Linac

drift tubes radio-frequency cavity
/ pOWer source

g:qV/mcz+1

+

proton
SOUrCE

) 2007 Encyelopadia Britannica, Ine.

Unlike the Wilderoe structure,in the DTL the fields in adjacentgapsarein phase Goodfor
protonandion acceleratiorfrom ~0.047 0.4 c. Accelerationof ionsat evenlower velocity can

bedoneby RFQ.
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The SLAC Linac Structure
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