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LINAC - TLS Pre-Injector Systems

TLS pre-injector : 3 GHz, 10Hz, 50MeV (Scanditronixturn -key system)

140 keV DC electron gun (Thermionic Cathodes)
Chopper (3 GHz)
Prebunche(3 GHz)

o o o o P>
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'M 1.5 usec
frp X 6 = 2.998 GHz Microwave Source



LINAC - TPS Prelnjector RF Distribution

TPS pre-injector : 3 GHz, 3Hz, 150MeV (RIturn -key system)
A 90 keV DC electron gun (Thermionic Cathodes)

A Sub harmonic preuncherSPB (500 MHz)
A PrimarybunchePBU (3 GHz)

A FinalbuncheBU (3 GHz)

A Three 5.2 nlinacs(3 GHz)

A Three klystrons stations(TH2100A)




LINAC - Superradiant Terahertz Light based on LINAC

LINAC -based Coherent THz sources :
ACoherent undulator radiation (CURRadiation produced by passing through an undulator
ACoherent transition radiation (CTRRadiation produced biyitting a metal foil

ICT
Multislit & YAG TI_—|z CUR
ﬂ Diagnostics

D =

'é:TTR Undulator(U100)  YAG screen
Salenoid Focusing Solenoid Dipole
Quadruple Scan YAG screen y A

STELLA photo injector : 3 GHz, 10 Hz, 3060 MeV
A 2.5 MeV Photocathode RF Gun Beam Dump

A One 5.2 m LINAC (3 GHz)
A One klystrons statlon(Canon E3731OA Homemade modulator)
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Frequency Bands for Household Electronics

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

FM broadcast band: 8808 MHz

VHF TV (channel 24): 5472 MHz
VHF TV (channel 56): 76:88 MHz
UHF TV (channel 713): 174216 MHz
UHF TV (channel 143): 470890 MHz

Microwave Bands

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

Ku-band: 12- 18 GHz Wband (IEEE): 88 100 GHz



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



Power Capabillities of Laser and Microwave Tubes

One photon per Multiple photon per  Multiple photon per
excitation, ~ electron, | excitation,
Large interaction Large interaction spacd nteraction space

space ! ~ Wavelength
ECM Devnces
SA

Lasers Conventional
Microwave
Tubes

0Z  10- 107
Wavelength (mm)

The figure above compares the powagrabilities of lasers anc
microwave tubes. Lasers are quantum raaatal devices, while tt
conventional microwave tubes and ECMh&wv type of microwavze
tubes)are vacuum electronic devices. The témicrowave tube"
refers to microwave generators requiengacuum environment fc
the electron-wave interaction
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An Overview of Microwave Tubes

Microwave tubes (or simply "tubesije the main subject of th
chapter. They have a long histroy ofgasch and are still being
enriched by new physical insights and thscovery of novel tyge
of tubes. Microwave tubes are widely dse our dally life.

Tubes are bulkier than solid stetgerowave devices, but they
generate much higher power. The bagpesyof microwave tubes
are listel below (and will be discussed later).

Conventional Microwave Tubeasatured in the 1960s
él. Traveling Wave Tube (TWT)
Cornerstone]'s: 2. Klystron

}3. Magnetron
Relativistic Microwaveubes 1970s-present
Cornerstone: Gyrotron [a devicased on a relativistic effect
called tledectron cyclotron maser (ECM)],



An Overview of Microwave Tubes

2.Coupled Cavity TWT

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

wave structure

Crossed Field Amplifier

1.Carcinotron(Mtype BWO)
2.Fixed Frequency Magnetron
3.Coaxial Magnetron

4 \oltage Tuned Magnetron

Crossed Field

Gyrotron

Gyrotron

Spiraling beam

Li near

beam

t utbpe deviaes. e

call ed

Cr o s-field wibes are called Mtype devices.

10

O



Conventional Microwave Electronics

e\ 1/ pan ot

cavities
RF fields

© 2004 Encyclopadia Britannica, Inc.

RF input

buncher cavity

collector

Magnetron Klystron
electron-emittin focus :
cathode 9 electrode RF input RF output
A\ de /he!ix T
[ ———
l =
) electron beam \magnetic field ~
g multistage
depressed
heater electron gun collector

© 2004 Encyclopadia Britannica, Inc.

Helix TWT

https://www.britannica.com/technology/electrtuibe/Commortubesandtheir-applications

© 2004 Encyclopzdia Britannica, Inc.
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Microwave SourceR&D

Neodymium-Iron-Boron magnets
shielding iron

V7722274, 5 ‘IIIIIIII[[/[[[

ROV <

777777 2R 777777 77 R T 7777

i !

Engineering Precision EIKA Hot
Drawing Machining Assembly | Test

axial magnet

pole pieces

\"

ceramic 1

focusing
electrode

cathode

gun
envelope
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Gap Voltage and Shunt Impedance

Assume a mode is present in the Fig. 1

cavity in Fig. 1, the voltage difference

Cylindrical
cavity

W< W

across the gap is a parameter of interes— —>—L 2
Define the gap voltagé as Fringl.e .fki)(?ki S)'/A\r%(:% gtfn
V1 ff E, (z)dz [Gap voltage],(meg 'QILIE, (1)

where the integration is along the -axis
Questio: Can there be a voltage differemmcethe same conductc

In (1),V andE, are phasorg( -space complex qtiasjii.e.In
t-space,wehawt t (S R&"™ ] ang z¢,D Re[zEy |

WhenV is defined as in (1), theeednce polarity [direction of
positiveV ¢)] is shown in Fig. 1. Le®R_ .. be the totabwer loss In

the cavity (e.g. Ohmic loss). In termis\6 andE_ . , we define a

2
shunt impedance af 2 # [ Shuntimpedgnce (2)




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]
T 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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Waves in Periodic Structures

weak periodic loading strong periodic loading
//Aperture b2
|
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% i a s G “
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o7 2m 477 e 8
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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'?

The first klystron invent'(.ad by

Peak Output Power 65 MW

Average Output Power 41 kW

the Varian brothers at Stanford

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 A dThekSLACShan®Kystron
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The design principle of the klystron
Principle of the klystron amplifier

gvelocity modulationfak( glectron bunchingfédensity
+in buncher cavity g in the drift space 57 mddulation.

See Ch. 7, Sec. 5 for cavity excitatloy external couplin

Input signal Output signal
Elegtran See Ch. 7, Sec. 3 1
¢ Buncher Catcher | CaVity excitation by
cavity cavity 7| AC beam current.
Anqde
collector
Cathode J Beam é-f_ Drift space
1 . \ ==== -'_-/= -é-‘-:—:—:'—':%}— —>i
T? ( ! { J\‘\
DG :
| _ jut
IV == | Ibeam_IdC_Ha('e

A two-cavity klystron amplifie
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The design principle of the klystron

Input ni= Input RF Output : Plasma Frequency
Gap ? >
i f472'n e~ 3. rad
Modulating Output Gap @y, = mg [=5.64x104 ,IIO(Cln ) L ]
Element L F_(U
drne? . [mg
T [— Tli(ope < (I)pe]
_ F i W/ — . et Electrons For (18) to have a non-trivial solution (£,, #0), @ can only have
;ih' ' a single frequency given by @’ = 0%, + @>, = @} (19)
2 2 < o =0 P ai=
I i : ~—Collector 2 B YE , y7 , e -
- L ] where W), = O, + @) (20)
Heater ~— Last Cavity ®, 1s called the plasma frequency. It is a characteristic 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

—_—
acceleration

|
!
1
1
I
1
!

axial electric force

0 X°]
4

|3t

Axial Distance

RF Current Growth in Beam in a
Three-Cavity Klystron Amplifier

18



Klystron Assembly

input window cavity ?ssembly output window
magnetic
> :
= = focusing system
electron gun
g \ AR e
Z w2
2 =

depressed collector

Interaction Circuit

input cavity output cavity

gl LaC202000 0 dl
TOTUUUCIC

buncher cavities
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Tuning of the multi-cavity klystron

(1) Synchronously tuning (for maximum gain)

All cavities are tuned to the same frequency, which is also referred to as gain tuning. Generally,
cavity provides a gain of about-P® dB, so a klystron amplifier with four resonant cavities is expected
to offer a total gain of over 50 dB.

(2) Efficiency tuning (for maximum efficiency)

The penultimate cavity (i.e. netd-the last cavity ) is tuned upward in frequency ( making it
inductive at the operating frequendgy If the resonant frequency of the penultimate cavity is increased,
the bandwidth will be widened. Although the gain will decrease by about 10 dB, efficiency tuning will
enhance the bunching efficiency of the electron beam, resulting ¥r2@%5ncrease in power output.

(3) Broadband tuning (for wide bandwidth )

A Kklystron is typically a narrovbandwidth microwave source. Usually, stagger tuning is employed,
sacrificing high gain to achieve a wider bunching bandwidth. Stagger tuning involves adjusting the
resonant frequencies of different cavities above or below the center frequency to increase the overa

:

bandwidth.

Operating
Bandwidth 1

| !
f, T fs Penultimate
s Cavity



The design principle of the Klystron

' AT
. ST \ /s GUARI:TED 6 dB
m
< » SIGNAL _,)
~ ;'NEAR OVERDRIVE —»
5 EGION REGION
= LINEAR ——»
3 DYNAMIC
- SATURATED
w POWER
o OUTPUT
a TUBE REGION OF
:_I'%'S’gs <« NONLINEAR ——»
—dB OPERATION
BANDWIDTH
-dB
q—l —>
-~ SIGNAL
THERMAL | —*
NOTEE T THRESHOLD
LEVEL !
TOTAL NOISE
INPUT POWER
kT POWER INPUT —dBm
=114 dBm/mc

Transfer Curve of rf amplifier
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Small-Signal Analysis

Vo = 14000 Beam Voltage (V)
Io=05 Beam Current (A)
D=35 Center Freqency (GHI)
a=0000375 Tunnel Radius (m)
5= 0000225 Beam Radius (m)

Remember to update the shape facor
d2 if the fill-factor chmges.

Pe= 3212 x 10° bq = 160200 y-a = 1.173

Empirical expresion
for Qe of the cutput
cavity - not used in £= 15
the gain calculation: ;

Yo
Io

- (u)

R (T 4
st - 176.205

Number of Klystron Cavities N= 6

Gun Micopaveance (uA’V*15) K - 0302

Brillouin Field (us9  Bbr= 2.307 x 10°

Beam current density (A'cm?)  Jbeam - 314.380

Ka-Band Klystron
P3 = PPmax - 3 Pl = PPmax - 1
Number of Data Paints npoints = 256
Calculation Bmdwidth (GH) BW=03C

Plot Marlers 4 - 34886 35088 PPmax- 352633 dB
Gain at eenter frequency PPD. 52002 dB

1dB Bandwidth (GHr) Badwthédb - 0.179 9 BW(1dB) Hwl - 0.512
3dB Bandwidth (GHi) Badwth = 0.202 % BW{3dB) #w3 = 0.576

5 ,
513""‘5}""*:"""—"‘473\:1""?2'
49.6—14 p3
474 fé &
as2l—fH s

Gain, 43 - ;\

_4031 : \
386f— i \
3641t
suaf . AN

3055748934 0134.543407 35 35.03350635.0035.1235.15

o,

Cathode current density (A.“(ltt) Jeathode = 5

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

RQ; =128 Q=350 Qo;=2000 f;=3498 L, =0 4, 500004  Ma; =0919 (0.711)
RQ,=128 Qe,=w Qo,=2000 £,=349 L,=0005 d,=0.0004 Ma,=09019 0.711
RQ;=128 Qe;=w Qoy=2000 £353500 L;=0.005 d;=0.0004 Ma, = 0919 Mo 0._‘11
RQ=128 Qe =x Qo,=2000 f,=3500 L, 50005 ¢,500004 Ma, =010 °-;”
RQ=128 Qe=x Qog=2000 fy=3517 L 20005 6,=0.0004  Mag= 0919 0.711
RQg=218 Q=350 Qog=2000 £, 00 Lg=0.0047d,=00004 Mag=0919 \AL)

Zm3IXNVCO mwr»Io

<-H-00rrm<

O =~ hm —

W—=Xr N

363

Big-Signal Analysis

= == T ]
] %
T \
3 ﬁ
= ﬁ
S
e | e —————— —
=
-1 Distance (mm) x1/Step 23
20 v
1.6
/
— W
05 \‘\
-1 Distance (mm) x1/Step 23
1.3
11
0.9
0.7
0.5
-1 Distance (mm) x1/Step 23
0.5
0.4
0.3 [
02 H |
0.1 |
l’—‘l ,_| N ===
0.0 Energy/Eo 2.0
2.50 Lamda Q= 0.0372
PIN= 6.0000
1.28 Beta = 0.7360
0.0 % Theta = 4.5206
: Effic.-K = 0.2764
-1.26 Effic.-E = 0.2675




Principle of beamwave interaction

1FaEs

THPRA
i1 .15
1eten
TeETE
TS NEa
1waas

LR
pLELES

- Tl |7
Aypai
e o} 1k
T
T T
jif i
1 2]
L]
ro—————
i
n
e
[
e
ar iy
1

e ol L. o
- L

Llamp to range: (Min: 0/ Max: 3e+007)

Flottype Enrrgy

‘.Fl-wlr i 2510

T 1 2. 50e-001 AT
Particles JI1EST

L Powerflow

!nuﬁithf”  power (t-0..end(D.25)) [pic]
Conponent Abs -~ -

() [
2.45643e+009 UA/n"2 at 0 /| B.525 / 18
82 7 128 1
. 20.25
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Principle of beamwave interaction

Llamp to

range: {(Hin: 8/ Hax: 3e+B87)

Powerflow
Monitor power {t=8._end(8.25)) [pic]
Component Abs
Plane at KX a
Maximum-2d 2 _45643e+089 UA/M™2 at @ /) B.525 /7 18
Sample | 1 /7 1280
Time 1]

1.38e7

9.46e6h

6.23eb

3.84e6h

2.087e6b

7.56e5
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Simulation of the K

13965
12874

. 12002
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Summary of Mechanisms DominatingCurrent Flow

Through a Thermionic Diode 1 7
. e L
A Space Charge Dominated . =
> /.c 1
. e
A Temperature Dominated
A Field Emission Dominated i s I e

1
ANODE VOLTAGE V

Perveance ...

- . . ) 100— .
P=1/V32Y 29 . 3/&Xirispherical diode) 5 |, |1 1/ // /
o : /
1- co g T aADavi
p=1467210°~ 2% - Lﬁ I R
o 60} k----fo---d
a £ |Pxi0°=1007 4 VA / 4
Perveance A 'Q > W 1A AL Ao JE LA
N 8 A i 1//
1. »w I1 2 e —ros
2. E WA - =
3. | [ e /bE b T 04 05 0.6 0.7

to X  (under space - charge- limited flow) 2



Thales TH2100 klystron

RF performance

Frequency
RF output power

* peak

e average
Peak RF drive power
- 1 dB bandwidth
RF pulse duration
Saturated gain
Efficiency

Electrical characteristics

Anode voltage
Beam current

Heater voltage
Heater current

2998.5

37
17

200
10
4.5
53.5
45

279
295
30
28

2998.5

451
20

200
10
4.5
95
43

307
340
30
28

MHz

MW
kW

MHz
Hs
dB
%

=

\

> << >

max.

min.

max.

typ.
typ.

typ.
typ.

max.
max.

27



Canon 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 4.0 us
Drive power 374W
Peak output power 35.5MW
Efficiency 38.8%
Gain 49.7dB
Filament voltage 18.3Vac

Filament current 18.4Aac




Advanced Klystron Configurations

MEMS-Fabricated
Circuit

QM Trimming Pieces

PPM Stack

Mica Window

Circuit Holder

Output Coupler

SheetBeam Klystrons (SBKSs)

output
waveguide

¥ collector

'

|
\ "L‘ ..“ - f -
P -
'l B TR~ NRLMBK ‘
& e = . R =) >
= e ‘ ags
s cavities
L s
L, input
! .
i cavity

Cathode Mask} [Focus Electrodel IAnode]
S

Multiple Beam Klystrons (MBKS)
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SLED Cavity

SLED = SLAC Energy Doubler

A\ methodof achievingRF pulsecompression
throughthe useof high-Q resonantavities 0.8ps
Arhe cavities store klystron energy during a

large fraction of eachpulseandthendischarge

this energyrapidly into the acceleratorduring Z

SHIFTER Bgdi’?[ﬂ >< /
theremaindef the pulse %—Im : / [ cceceanmon |
T T T T T E\ € \

| =

E 4.2 [.LS

SLED caviTy |[caviTy
#| #2

3

T PHASE

6 — —

o
]
3 J
Q3 POWER OUT—a
2 - - INE TUNING
MECHANISMS
POWER IN
| ___________\._&_____._ —
\\ COPPER M
0 | M TEqs CAVITIES 5
0 [ 2 3 4 5 ] STEEL AiNGS
TIME (pusec)

SLED output power waveform
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TLS - Canon RF System Introduction

F~0

-

/

K2Lsis1
rom

+ Oil Tank

Thales Klystron

« BN

/
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TLS - Canon RF System Properties

10 sections
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SLAC Energy Doubler (SLED, RF Pulse Compressor)

FINE TUNING
MECHANISMS

COPPER

TEg5 CAVITIES

SLED ENERGY GAIN, NDORMALIZED
TQ ENERGY GAIN WITH NON-SLED PULSE

Research Instruments SLED

WATER COOLING

\

STAINLESS ——
STEEL RINGS

COUPLING APERTURES

3db HYBRID
CoURLER

WAVEGUIDE 'DOGLEG’ SECTIONS

FIG. 8--Agsembly drawing of the protatype microwave notwork for SLED.
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SLAC Energy Doubler (SLED,

RF Pulse Compressor)

LINAC Group SLED

vacuum system

SLED Test Results (34.5 °C, 6.5x107 mbar)

water cooling system
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SLED Simulation
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Cavity application T SLED Flat Pulse Operation

Diamond Light Source
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Cavity application T SLED-II BOC (Barrel Open Cavity)

C-band BOC of Swiss FEL
Single cavity, no power hybrid

R. Zennaro, et al. IPAC 2013, WEPFIO59 .
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