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4R Solid state amplifier
SSPA, 1 kW

(0.2 =50 ) MHz, 1 kW solid state amplifier for LEIR

Takes advantage from 'mobility’
of electrons in semi-conductor

W SSPA for edAustron

Low voltage controls high

voltage or current M. Paoluzzi



< Soleil/ESRF Booster SSPA,
150 kW, 352 MHz

* |Initially developed by SOLEIL

» Transfer of technology to ELTA / AREVA

Pair of push-pull transistors
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650 W RF module
» 6th generation LDMOSFET (BLF
578 / NXP), V, =50V
» Efficiency: 68 to 70 %
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150 kW, 352.2 MHz Solid State Amplifiers
for the ESRF booster (7 in operation)

Efficiency: > 57 % at nominal power

75 kW Coaxial
combiner tree

with A/4 transformers
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Is capacitively or inductively



Classes of amplification

&

Class Conduction Maximum Gain increasing | Harmonics
angle theoretical increasing
efficiency
A 360° 50%
AB 180° — 360° 50% - 78%
B 180° 78%
C < 180° 78% - 100%

All classes apart from A must have a resonant load and are therefore
narrow band amplifiers

Class AB or B usually used for accelerators



4 High power tetrode amplifier @

CERN Linac3: 100 MHz, 350 kW
50 KW Driver: TH345, Final: RS 2054 SK

CERN PS: 13-20 MHz, 30 kW
Driver: solid state 400 W, Final: RS 1084 CJSC
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B CERN SPS 200 MHz, 500 kw, amplifiers



“Siemens”:
4 x 550 kW (28 tetrode amplifiers)

“Philips”:
4 x 550 kW (72 tetrode amplifiers)



s axial magnetic field to prevent

ge Is constant

velocity is high
am induces current in output

actron collector
llection area

olation between input and output

p voltage reduced by transit time effects




Frequency 470 - 810 MHz

Power 64 kW
Beam voltage 32 kV

Beam current 3.35A
Gain 23 dB
Efficiency 60%

Photos courtesy of e2v technologies



— Klystron principle

velocity drift density
modulation modulation
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FIGURE 1. The 150-MW klystron assembly shown with magnets and lead.

Gain =55 dB Efficienc
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Focusing field Cavity Gap
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Klystrons

- CERN CTF3 (LIL):

3 GHz, 45 MW,
4.5 ps, 50 Hz, 1 45 %

CERN LHC:

400 MHz, 300 kW,
CW, n 62 %




f range:

P class (CW):

typical n:
Remark

Tetrodes IOTs
(Inductive Output
Tubes)
DC -400 MHz (200 - 1500) MHz
1MW 1.2 MW
78 % 70%

Broadcast technology,
widely discontinued

Klystron/MBK

back-off for feedback
Operating
Power Level

Conventional Solid State PA Magnetrons
klystrons

300 MHz - 12 GHz DC-20 GHz GHz range
1.5 MW 1kW @ low f <1MW
50-73 % 60% 90%

new idea promises Requires P combination Oscillator,
significant increase  of thousands!

10T’s don’t saturate. 10T
Built-in headroom for  MB-10T

Short-pulse
excursions possible

Long-pulse
excursions possible

Low Gain




Klystron Input pulse Input phase

.

o35 MW

Klyst on w1ndow
. N
2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000
Gas lock

SLED: SLAC Energy Doubler LIPS: LEP Injecto
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"SLED" RF phase Flat pulse
modulation
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LHC RF System
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LHC

8 RF cavities
installed at poi

Klystrons and
Controllers in a
~150 m unde




e LHC rf system

100KV, 40A (ex-LEP) power converters located at the surface
Klystron modulators, fast protection systems in four HV bunkers &
Sixteen 330 kW klystrons + circulators + RF ferrite loads in UX45
WR2300 HH WG distribution system to individual cavities
LLRF for Cavity Controllers in two Faraday Cages

27.11.2006

during operation



1 Klystron CW

m 1 klystron per cavity
e 330 kW max (58 kV, 8.4 A)
e 130 ns group delay (~ 10 MHz BW)
e CW gain 39 dB @ 200 kW, 36 dB @ 300 kW
e In operation = 200 kW CW



culator per cavity
330 kW max
60 ns group delay

Circulator equipped with temperature
control system

—Affects the Q. of the cavity

ferrite load per circulator
330 kW CW
RF loads reflection <-28 dB

e guide system
WR2300 HH
Length: 15 to 30 meters




Cavmes
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8 RF cavities per ring at 400.790 MHz:

Super Conducting Standing Wave Cavities, single-cell,
R/Q =45 ohms, 6 MV/m nominal

Equipped with movable Main Coupler (20000 < Q, < 180000)
Mechanical Tuner range = 100 kHz



CLIC
a tTwo beam accelerator




Pre The LEP collider

LEP (Large Electron Positron collider) was installed in LHC tunnel
e+ e- circular collider (27 km) with E_,=200 GeV

Problem for any ring:
Synchrotron radiation

Emitted power:
scales with E4 |l
and 1/my3 (much less
for heavy particles)

This energy loss
must be replaced
by the RF system !

particles lost 3% of
their energy each turn! j§



ution: LINEAR COLLIDER
)id synchrotron radiation
bending magnets, huge amount of cavities




é» 9]

|_RF Source |

Interaction Point l

with Detector

e* source et Linac u.l. e Linac e  source

High Accelerating Gradient to minimize size and cost

n case of CLIC 100 MV/m at 12 GHz
65 MW input peak power per accelerating structure
rf pulse length 240 ns
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beam acceleration scheme:
High charge Drive Beam (low energy)
Low charge Main Beam (high collision energy)

power for high gradient of >100 MV/m CLIC TUNNEL

CROSS-SECTION

Drive beam - 100 A, 240 ns
from 2.4 GeV to 240 MeV

INSTALLATION
CORRIDOR

1.2 A, 160 ns

4.5 m diameter




600 klystrons 600 klystrons

20MW, 139 us Drive Beam circumferences 20MW, 139 us

| I | Generation delay loop 73 m

drive beam accelerator Complex CR1292m drive beam accele
S GeV, 1.0 CR2438m 6 GeV, 1.0

2.5 km 25k
delay loop » 4 delay loop

Drive Beam
decelerator, 24 se

g LI

linac, 12 GHz, 100 MV/m, 21 km e* main linac

Main Beam

booster linac
2.86 to 9 GeV

e injector, et injector,
2.86 GeV e e 2.86 GeV

_ PDR |\| DR
Main Beam 398m421 m 421 m398m
Generation
Complex




4 craumferences T 7 T zomwisp

i dela 13
Dr ve Beam CR1 E'ﬂﬁ " drive beam accelerator

CLIC power source CR2 439 m

. e BN BN [ Bme dels

I:TA e-main linac, 12 GHz, 72 MVim, 3.5 km

=]

11 km
CR combiner ring
TA  turnaround
DR damping ring
PDR predamping ring
BC  bunch compressor
BDS beam delivery aystem
IP  interaction point
E dump




DRIVE BEAM INJECTOR

DRIVE BEAM LOOPS

DRIVE BEAM DUMPS

TURN AROUND

CLIC SCHEMATIC

(not to scale)

| e

BYPASS TUNNEL

INTERACTION REGION
MAIN BEAM INJECTOR

DAMPING RINGS

SWITZERLAND




CLIC Drive Beam
a relativistic klystron




CLIC Drive Beam
A 5 TW klystron ?

Beam current:
Beam energy:
Pulse Length:
Repetition Rate:

Average Beam Power:

Conversion efficiency:
Peak power at 12 GHz:

Length:

101 A

2.4 GeV

240 ns one drive beam

50 Hz

3 MW / 70 MW full drive beam

81 % / 44% total
2026W / 48 TW

~ 30 km

&)



P
Drive Beam, an efficient power source
O

>  Conventional power source (klystrons) inefficient
>  Extract RF power at 12 6Hz from an intense e- “drive beam"”
> Generate efficiently long pulse and compress it (in power + frequency)

600 Klystrons Power stored in Power extracted from beam 69000
Low frequency  electron beam in resonant structures Accelerating Structures

High efficiency

High Frequency - High field

y |

Long RF Pulses Electron beam manipulation Short RF Pulses
Power compression
Frequency multiplication



v

IclenT accelerarion in tu y oaded lihac gap Cf'eafion, pUISC
00 OO OO 00 00O OO OO 00 OO0 OO OO0 .
VAV, v‘v v‘v v‘v v‘v v‘v v‘v v‘v V‘V v‘v v‘v compression & frequency

multiplication

B RF Transverse
Deflectors Combing

pulse co
iner Ring x 4 frequency

compression &
cy multiplication

CLIC RF POWER SOURCE L

Drive Beam Decelerator Section (24 in total)

Power Extraction

Drive beam time structure - initial Drive beam time structure - final

240 ns 240 ns
< N 5.1us

L P L L < >
140 ps train length - 24 x 24 sub-pulses 1T 1T




Lemmings Drive Beam




CLIC Test Facility (CTF3)

CTF3 — Layout

DELAY
LOOP

4A—-1.2 15
150 Mev

DRIVE BEAM




P CLIC Test Facility (CTF3)

COMBINER

s A

Two Beam |
< Module



Full beam loading acceleration 95.3% RF to beam efficiency

RF pulse at structure input

No RF to load

=

SiC loadh_

High beam Most RF power

current il 1|l ]! | to beam

“short” structure — low Ohmic losses



Acceleration
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Deflection
1.5 6GHz
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180° phase switch in
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15 GHz
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septum

1%t deflector

transverse
deflector

field

Train spacing = M x A, =
ring circumference + A, / 4
< >

A, bunch spacing

A,/ 4 bunch spacing

L SS—— | —

4 trains - |, peak current

1train - 4 x | peak current
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Proof of Principle @

CTF3 - PRELIMINARY PHASE :
Streak camera image of

Successful low-charge demonstration of beam time structure evolution
electron pulse combination and bunch
frequency multiplication by up to factor 5

streak camera RF deflectors
measurement

Beam time structure

in linac Bunch spacing
L L LU LU L
h 420 ns - Beam Current 0.3 A
\ (ring revolution time)

Bunch spacing

U 66 ps Beam structure
Beam Current 1.5 A after combination time




|~ CR.STBPMO0155S

5000 5200 5400 5600 5800 6000 6200 6400

No. Pulses

-1 0 1
Phase [degrees]




P Test Beam Line in CLEX
A decelerator experiment

periodically corrugated structure
with low impedance (big a/A)



. O Prediction from rf power | . .
¢ Prediction from beam current Minimum ene
O  Segmented dump measurement fhr'eShOId:
65.8 MeV

- 51 % dece

TBL: PO=71.5

time (ns)

time (ns)

Power produced (90 MW/PETS) fully
consistent with drive beam current (24 A)
and measured deceleration

Total: 1.3 GW of 12 GHz peak power!




ot



Bl Two beam acceleration

Demonstrated two-beam acceleration

31 MeV = 145 MV/m
“

15-Jul-2011
Energy at screen center= 215.32 MeV

160 204 208 212 216 220 22 Drive beam ON
E 140 CLIC Nominal,
3120 S Energy at screen center= 212.25 MeV

CLIC Nominal,

loaded = 1 U

Drive beam OFF

Accelerating gradient
o
=)

4 1 ; 202 206 210 214 218 222 226
0 20 40 60 80 100 120

Power in accelerating structure (MW) MBV



Quest for efficiency
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&'b Why does energy efficiency [@)
matter? -

Global Land-Ocean Temperature Index

0.8 r

I hope no need to convince any body © I -

——5-year Running Maan

AT“ il

oA f Aﬁ? 1]

e
o

Does it matter for accelerators ?

e
[¥]

Temperature Anomaly (*C)
=)
s
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Big interest in society,
we should set an example and show that

R&D Can he'p _D']-;BD ‘lgﬂag*fj{izol 1940 1960 1980 2000 2020
N /
We can save some money ! GQ /
word enery commption ef l /V//“
= Energy consump‘l'lon L /
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3
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generation
1d cyclist ,, Tour de France”
(4h x 300W): 1.2 kWh

1d Wind Power Station (avg):
12 MWh

1d nucl. Pow. Plant (e.g. Leibstadt, CH):

30 GWh

consumption storage

1 run of cloth washing machine: Car battery (60 Ah):
0.8...1 kWh 0.72 kWh

1d SwissLightSource 2.4 GeV,0.4 A: ITER superconducting coil:
82 MWh 12.5 MWh

1d CLIC Linear Collider @ 3 TeV c.m. all German storage hydropower:
14 GWh 40 GWh

ITER car battery

Central Solenoid (CS) coil Toroidal Field (TF) coil
(NbsSn, 6 modules, (NbsSn, 18 coils,
40KA,13T) 68KA,11.8T)

drive beams . . - _
these electron beams prasid the RF powar o the main accelerators POlOIdal Field (PF) coil (NbTi, 6 coils, 45 kA, 4 ~ 6 T)

hydro storage

electron main accelerator electrons . pasitrans pasitron main accelerator

CLIC, 580 MW
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Future large scale accelerators
linear

0.5 TeV
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P. Lebrun

orders of magnitude

Grid to DC: 90%

90% RF power generation!

F distribution!
losses in cavities

5%
100% RF to beam

dynamic loss 250 kW @ 4.5 K
(not to scale)

Eventually, all
converted to



Example CLIC Drive Beam
Klystron development




R CLIC Drive Beam
requirements

&

3 TeV CLIC (CDR):

1230 klystrons, 20 MW, 150 ps, 50 Hz
24.57 GW peak power, 184 MW average
0.05 ° phase jitter, 0.2% amplitude

380 GeV < 500 klystrons and factor 3 less in average power

Main energy 'consumer’ in CLIC (~50 % for 3 TeV)



Total wall plug
power for rf
system: 255 MW

Efficiencies:

Nimoa =0.89
Ny =0.7
Nge.os =0.89
Meers =0.98
nDecel =0.81
Nke.ve =0.25

Final Main beam
power: 28 MW
Nioe =0.11




plety Klystron parameters

PARAMETER VALUE UNITS
RF Frequency 999.516 MHz
Bandwidth at -1dB >1 MHz
RF Power:

Peak Power > 20 MW
Average Power 150 kW
RF Pulse width (at -3dB) 150 us

HV pulse width (at full width half height) 165 us
Repetition Rate 50 Hz
High \Voltage applied to the cathode thd, <180 [kV
Tolerable peak reverse voltage thd kV
Efficiency at peak power 67<70 %

RF gain at peak power thd, > 48 dB
Perveance thd pA/VLS
Stability of RF output signal at nominal working point:

RF phase ripple [*] +1 (max) RF deg
RF amplitude ripple +1 (max) %
Pulse failures (arcs etc.) during 14 hour test period <1-2

Matching load, fundamental and 2"d harmonic thd VSWR
Average radiation at 0.1m distance from klystron <1 uSv/h
Output waveguide type, WR975 2-3 bar
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4R Toshiba E37503 factory test
6 beam MBK

/YL R S 2 Z(PTRISS
—% : 120KVp(EiE)
TR - 180kVp(RiE) =SS

AC200V+10%
=4 50Hz

Test results:

r_'a

f=  999,5 MHz

e 3
g + 78 .
=
Pl
i B .
- —
= )
= a
e
|
(Bris
i
i

Prax= 21 MW
P.= 150 pus
= 159.4 kV
= 180A
= 715%
= 2.83 pA/Vv32
Gain=53.9dB

Tests done at 25 Hz and double HV pulse length,
nominal 50 Hz
Stable operation over a wide range of parameters
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lulators synchronously Distribution grid layout optimization

operated Active compensation of power
fluctuation (new converters topologies)
High efficiency, high bandwidth, high repea
x 1300 klystrons = electronics
of pulsed power! HV fast pulse transformers design
CLIC Klystron modulators main specs Highly repeatable HV measurements
Redundancy, modularity, availability

o
L2 EDF, 400KV

Pulsed voltage Vin 180

Peak nominal Pout 29
power

Rise/fall times -
Flat-top length tat
Rep. rate Rep,

Pulse repeatability

SEEEEEEREREEEEEEREEEEEE




Klystron modulator R&D ©)

* CERN-ETHZ collaboration for design & delivery of a CLIC’s Drive Beam klystron modulator

* Modulator installed, tested and ready for commissioning with klystron in building 112
» World premiere for precise 180 kV — 30 MW pulse with 3us rise/fall times & a “long” flat top (150us) !
* Pulse stability better than 0.1 % !

* Collaboration with ETHZ successfully ended

e

o LI T « 4 years of R&D studies
CERN-ETHZ Modulator L

achievements:

» Feasibility to create voltage pulse
verified

- + Solutions found to decouple 39 GW
of pulsed power from electrical grid

+ Optimal number of powering sectors
found (For civil engineering

+ Optimal grid layout for power
distribution proposed

| 1 ;' : QF,

180 kvjr;l: core gl » Proposal of a new very high
P repeatable / precise measuring
transformer system for high voltage pulses
‘ f" - 4 « Discovery of excellent R&D partners
’ — in Canada, UK, Italy, & Switzerland!
~ Pulse
/o transformer

tank



Klystron efficiency vs. perveance

A 10 MW, Toshiba, E3763
@ 10 MW, CPL VKL-8301
B 20 MW, Toshiba, E37503
@® 20 MW, Thales, TH-1803




Bunch phase

Bunch phase

“Classical” bunching

ity

Bunching with core oscillations

FPhase:

= Exampl

116.094 in

COM tube (Tesla 2D code)

A

-:;‘-3

™ 2
140.995 in

IC TESLA Code, 2012

e of the 'fully’ saturated bunch in

Normalised velocity

Bunch velocities distributions
prior entering the output cavity

14r

>
=
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L
=
@
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=
E
e
o
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3

P Nar=78.0%

COM simulations

‘Classic’ simulations

1 1.5
Perveance =<10°




The CERN Accelerator School

End

Thanks for your interest

Stolen slides from:

Tecker, E. Jensen, R. Carter, S. Stap
R. Corsini, I. Syratchev, M. Seidel
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What else ?
Operation, Reliability, Stability,

Integration with LLRF and
Acceleration Equipment

CAS, Ziirich, March 3, 2018 Steffen Dobert, BE-RF



Wattcher LO Wattcher HI

lystron

(fast)

Circulator

Main Power
Coupler
(ceramic

window) i

/ Vacuum




General Services

I Modulator Mains CB
I Modulator Mains Sw

HV Interlocks

1 Sum of PLC Line Faults
I Filament Heater

I Focus Current <»

I Focus Voltage <»

I Kiystron Vacuum 1

I Klystron Yacuum 2

I stab 1

HV Separator
Switch Connected

HV interlocks

Brings down complete module (4

7 stab 2

I Grid v

I Grid v

I Crowbar

7 Bunker Door
I GND Plug
I Sum of PLC Module Faults
I Emergency Switch
I Access

I He Press L2

I Cavities Vac Pump

Klystron Cooling
I Collector Water Flow
e Klystrons)
I Girculator Water Flow y
gLoodWawaw Focus
Watw N T~ Main Level 1 PLC Faults Power Converter
I Collector Water T° OUT I Delay o= = £, gpeEE =
I pLC 24v Level 1 " PC Permit
gww;::w gkﬂdv ] I PLC Remote 1/O S Level 2 7 NO HV Interlocks
I A To Short Circuit 47 General Services FESA={= | HY Enable
Air IN nOptan‘cd nws.p"w — =
1 Window &ir T® OUT =t 5 Level 3
I window Air Pressure Crowbar q:;ﬁmp =g Module 1
I Hv Box Air T® OUT Crowbar Oil Level _‘&c' o Supply I~ HOM WB-B
I KV Box Air Flow I Crowbar Ol Temp J_ S Biodk hor I HOM NB-A
5 Crowbar I HOM WB-A
Modulator 5 Modulator I HOM NB-B —
Filament Heater 1= Modulator Oil Level 17 MC Vac
Pre-Delay I Modulator Oil Temp I Max Field
17 Delay Level 2 I wiater Leak
[WReady | _DCCT Currents l um:“' 2 ||}l Ads Klystron
17 1 Filament Min g 7 Window Module 2
g!mm El — e [T Cire-Cav \ﬂ&mducsm
nlcahodemx - 77 ADs Kiystron RF Intlks
1 Mode Anode Min Ads Circ/Load 7 ADs Circfoad Mod1 RF Veto
J7 1 Mode Anode Max Level 3 Circ I WG-CC-Connected s =
[ Power Converter @ Nominal 5 Load 7 ADs Main Coupler ~ -
RF Driver gmomumw I ADs Wave Guide 5
T < RF Driver Enable
m&.w J 5 MC Window Heater I:,EsA
I DC Power Supply MC Blower _E“CB‘W"
I Overdrive rConhdICAP —I amﬂum&m
J Contact 2 ANT n“"’l""'"‘"l m'
Window Heater
17 Temp 1
I Temp 2 MC Bias
1T Temp 1 &2 ON
I 1 Min I Over Current MG Vacuum
57 70 Max L7 Under Voltage I MC Vacuum




| cat out of range
= Scanio communication
Body thermal power
= Main Coupler blowers
r He tank Pressure
mmm Crowbar not ready
mmm K lystron filament
mmm K|y Vac
mmm Crowbar
mmm Arc detected
=0—-Max Beam 1

onsists of about 1000 interlocks




2m runs well -- few trips per year
" dump cause in numbers, 10t in downtime
still need for increase of reliability

Exchange for “age profile”

hanged 1 for multipactor,
)I gun short o

cad due to collector

TS Other

Igh iIssue (ongoing reedbac

BIS

ector boiler replacement) ««k

Vacuum

Replacement PSB No beam

ead per year —
or Deployment Beam dum

onditioning PS No beam
" ower converters

Recqrded Faults

ETotaI Fault Duration =24

,,,,,,,,,,, L B Access - no recorded Fault |}
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Spare slides




e need higher gradient per unit length (co:

15 - 30 MV/m: Routinely achieved (LIL)

50 MV/m: Super-conducting limit

50 -150 MV/m:
Normal-conducting linear collide

Future: Plasma/Laser/
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Why very high frequency ?

LEP-Cavity 350 MHz CLIC-Cavity 30 GHz




COmmee om0 G o mor

Pulse transformer
150- 180k

Droop compensation system

Medium voltage charging system

L




Abh Tetrodes

control screen
grid grid

| |
| | Ra
| |
| |
I i +Ua
cathode anode (plate)

potential Ua

4CX2508B
(Eimac/CPI),

< 500 MHz, 600 W
(Anode removed)

RS 1084 CJ (ex Siemens, now Thales),
< 30 MHz, 75 kW

YL1520 (ex Philips, now Richardson),
< 260 MHz, 25 kW

Takes advantage from 'mobility’ of electrons in vacuum



Klystron Test Stand

Te

Location: CERN Bldg: 112






