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International Linear Collider (ILC)

il
 Overview v
. . : » o
* Linear electron-positron collider llﬂ = _
* Length31km ,’b <l

* Two main linacs
* Collision energy 500 GeV

Cavities and
Cryomodules

Area-specific Systems
Other High Level RF \
Computing
Infrastructure

L-band High
Level RF

- |
0
!
Yo’-/ Du [ y » A0 3
Instrumentation =

Vacuum __Conventional

Facilities
Magnets and
Power Supplies

Cryogenics
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Comparisons with other facilities

B T T T T T

Cavity type 9-cell TESLA-type SSCs
Resonance frequency 1300 MHz 2856 MHz
Cavity gradient
+720°
(MV/m) 31.5x20% 20 23.6 40
Loaded Q 3e6 ~ 10e6 ~3eb ~3eb
Number of cavities
(e-,e+RTMLML) 15,814 42 928 240
Cavities per klystron 39 16 32 4
Number of klystrons 378 5 29 60 245
Beam pulse length 727 us 650 us 650 us
Beam current 5.8 mA 3 mA 5.0mA

| m Bl IRIRE S A 12UL4/UD/2/ 1EIR| 5/51



Comparisons with other facilities (2)

Number of
klystrons
Klystron power 10 MW 50 MW 67 MW
Efficiency 65% 45% 45%
RF width 1650 us 1300 us 1400 us 4 us 3.5us
Repetition rate S5Hz 5Hz 10 Hz 50 Hz 180 Hz
Average rf power 83 kW 65 kW 140 kW 10 kW 42 kW
Modulator peak 17 MW (120 KV*140A)
Modulator average 140 kW 100 kW 240kW 33 kW 150 kW

TREBIZ D, 954 XA D ARENIISLAC-SLCD1.5EFEE.
1954 ANAVADOEBRDREL, FIX5045DEHDEFRL. (~150kW)
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: d
KEK Superconducting RF Test Facility (STF) Quantum Beam Project STF2 ~ oeemadume ‘,l
' 2012 - 2013 2015 - ,;’
!

]
I

796 MeV

CM-3 (8 SCCs)*
CM-2b (4 SCCs)*
CM-2a (4 SCCs)*

CM-1 (8 SCCs)*

2008 NCRFgun*, 2 SCCs*
n@omical cavity for

X-ray creation

*operated using digital LLRF
control techniques

Advanced Superconducting Test Accelerator (ASTA) 2013 -

Gun* 3rd har* Diagnosﬁcs ILC RF unit (8 SCCS)* |_ :

-1
N
= oooooooo

-—i Test Areas

CCLi Bunch
Compressor

RF Equipment

315 MeV

[EEREZE%E X 512014/05/27 EEH 7/51



KEKE KM DB E%(2) -DESY

DESY (German electron synchrotron):

Free electron laser in Hamburg (FLASH) 2005 -
FLASH1

RE=Gun IR
¥ Fixed Gap Undulators
5MeV 150 MeV 450 MeV 1250 MeV FLASH2
HHG
Seed Laser Variapje Ga
56 superconducting 1.3 GHz TESLA-type cavities* "dUlators
*operated using digital LLRF
European X-ray Free Electron Laser (X-FEL) 2015 - control techniques
Y Y cryostring 1 cryostring 2 ...... cryostring 8
B®&Uth vy ey Y Yeey Y Y vy Yy &
L I 11" o Y g LT e A
gun A3H A1 A2 A3 A4 A5 A6 A7 A23 A24 A25 undul.
3.9GHz

808 superconducting 1.3 GHz TESLA-type cavities* 17.5 GeV
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RF output
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Table 3.19 .
By Cosnpressor BB dpranii: Error RMS amplitude RMS phase
errors, which induce 2% luminosity All klystron correlated change 0.5%
loss. Klystron to klystron uncorrelated change 1.6 % 0.60°
Table 3.20 .
ML RF dynamic errors, which in- Earar EMS smpinude . RMIS phase
duce 0.07 % beam energy change. All klystron correlated change
Klystron to klystron uncorrelated change 1.05 % 50"
Master Vedlor i
osoilator Klystron .. *

O_. I e Cryomodile

Ty = iy

(o) \ 4
E 1] . I Q [
Field probe Fieldprobe ¢ | |
oj [gj - (I (1.3GHz) o -1 |
EQ: = oscllaior 7 OWT oscilator mmer N - Q
Fs = 4fr
. Sample  (Q Sampe  (Q ]
Pulse-to-pulse learnning |« =) Q -1.0 - rL g
-, Memory e forward algorithms je— | clock F ok IR 0 5.x 1078 Lxlo™? 15x1077 2. %1077
Tii L :
I = FPGA e )
- = system ation uad r% re
P | \ ‘ Vector-sum computation ‘
HA yl yO S
FeedHorward ol ase
e h
Muitiinput/ muft-output (MIMO) conroller : = _ -phase
for cavity field regulation A ! r%]ﬁ] }E 5%’5’%2
€ ’ a ) 2014/05/27 EH
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* As in TDR, lIrf tuning overhead is 7% in power.

L LRF overhead covers such as
(dynamic) microphonics, fluctuation of HV (klystron), beam current, ...
(static) Pk and QI tolerance, HV ripple, ...

BRI R AHE T4 —R/\w 78Rl
F=HBEZ (X7,
-> BAF] R TO R E Rl

T4—R NI DNENELGS
-> RMAETILT X LDIEMD
=

Cutput Power Po [ MW )

operatiof
(9.5 MW

— 117KV
1126V
) . on

—

Note: 10;1 change in
the klystron gain
slope!

102KV
m— OTkV
m— 02kV

LC-TDR

Drive Power Pd [W]
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Layout

accelerator cryomodules

location of
upgrade klystron




Layout of Recent DKS

Layout of Kamaboko Tunnel

a 33m long WR770 WG
1 —LJ:T::mTliPaschenEUT(iSOMW(WR650)$£F_

O vro BT THHH, ERRICIESMWIZE.
© VIO G Modul —DT=8, SFEEMESTFTIXITOTLVS.
— VANDOW 4 odulatorl iy I R EDEIRE R CIE.
@ ISOLATOR
@ PHASE SHIFTER WR770 0.0053 dB/m
== Pressurized PDS
== PDS
B3 5 1w Loas 0.0078 dB/m
O
9 93"’1%9/%1 4 cavities quad 4 cavities 9 cavities 9 cavities EJ‘ 4 cavities

LULFIVIICT
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Installation Model in XFEL

Layout of Cryomodule with PDS in XFEL

Workshop on high power RF 06.05.2010

[ EKRE&EZ512014/05/27 EE

DI9AAETD 21— ILIZERERTHE
HIAF, TDEFHRET S.
Euro-XFELTHIRASIN TS GIE.

Workshop on high power RF 06.05.2010



Installation of the Cryo-PDS

2~3 ideas for transportation of cryomodule-PDS Assembly
* For two girders case, assembly on the carrier girder

is carried by vehicle and shifted to locally fixed girder
* Assemblyon the girder system s carried by roller system



Keith Kershaw, CERN

ILC CFS Baseline Technical Review - Handlingand Installation, 23

RDR—GOD 75’(1_%:)1_)1/0)’(:/;( I‘_)Li March 2012
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SLAC C. Nantista
From ILCTDR

MagicT+#% 825 +MagicT
AnE AT RE

= | S, mm
By S.Kazakov

Phase shifter,
511 for different displacement S

ME S TIEELAEEDN S TIL

KEK/
S.Kazakov

— h
-----

&
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JILFE—LYUSAARE

\I

i y————

; Parameter Specification
:f :_.'. J: ' Frequency 1.3 GHz
A0y Peak power output 10 MW
T g RF pulse width 1.65 ms
S W Repetition rate 5.0 (10) Hz
g ‘l , Average power output (5Hz) 82.5 kW
i Efficiency 65 %
[ 1' : Saturated gain > 47 dB
Xy Euro—XFELERILE M. B2, Thalesh EFaL TLVS.
w

James Benford, John Swegle, Chapter 10 in High-power microwaves,
Artech House, Boston, 1992.

| | | | | | | | |

UWP=1/VA1.5

i

80

70 MBK:0.56*6 —

n (percent)
]
1

50 —

0 05 1.0 1.5 2.0 2.5
Micro Perveance

2014/05/27 EEHE



s TN

mi

DKS
Cavity and Local Power Distribution (kW)
Mean beam power per cavity 189.18
Extra beam power for + 20% gradient spread  5.30% 199.21
s.s. reflection for &= 20% gradient spread 6.00%| 211.16
Required LI RF overhead 7.00% | 225.95
Local PDS average losses 8.00% 245.59
Multiply by number of cavities fed as a unit 39 9578.1
Required local PDS RF input power 0578.1
Power Combining & Transport (DKS) (MW)
RF power to local PDS 0.578
Combining/splitting and shielding penetrations 1.10% 9.6847
WRT770 run loss/3 1.40% 9.8222
Required power from klystron (DKS) [0.822
(ERREEEL D]

23/51
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TR
EE'.IJ?\ >
Parameter Unit  Specification
Output voltage kV 120
Output current A 140
Pulse width ms 1.65
Pulse repetition frequency Hz 5 (10)
Max. average power kW 139
Output pulse flat-top % +0.5
Pulse-to-pulse voltage fluctuation % +0.5
Energy deposited into klystron during a gun spark J < 20

ILC-TDR

ILC-TDR

Parameter

Unit  Specification

SLAC P2 Marx DC to pulse flattop efficiency
Assumed charging supply AC to DC efficiency
Usable power delivered to klystron

Power delivered to collector during pulse rise and fall
Power dissipated to air inside of modulator enclosure
Power dissipated in the DC chargers

%
%
KW
kKW
KW
KW

95+1
95
138.6
0.5
7.1
7.4

25/51
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TORIVLLRFL R T L

7+ B84 FB(~100ns): ~1%

RS, £ AR E e FOILBEEORROBELRI, R THILAE
! OEEERT, ADCENBRENTIS.

DSP (~#p#)) : ~0.1%
BIEEERICIRLD, BLEIIRTES _
! TOALBELYIEDIDICEEED AT LIRE
FPGA(Field Programmable Gate Array, ~#100ns) : <0.1% 3,600,000 & < 16QAM
(AP BIRREH LR X AAG A EHLFB EH LA 4E)

uadrature

%
125 RIELEE MEREE S
J-PARC,SNS Jaory +1% +1E ase
ILC EF 0.1% 0.1/ -phase
ERL/Euro—-XFEL BF 0.01% 001E
LO set table (l) FF table (1)
+ set table (Q) FF table (Q)

driver

ot (> Voliage
i } ®_} FPGA board

downconverter 15 MHz

cavity #1 —)@—)I—) _> m|(?d } klyn cavity #1
12— (S0 B @8 e () B e »"" } '¢ [: \



ILCTOLLRF#&E R

' Central LLRF
controller

IR iR ¥ “ ¥ IR
LLRF Front-end LLRF Front-end LLRF Front-end LLRF Front-end LLRF Front-end
controller controller controller controller controlier

Figure 3.43. Implementation block diagram for the DKS LLRF system

ZF ¥ RILDADCERFDIR—REEHECEL,
Master/SlavefllZ £ BIETHEY, NJ3—H L
HEZE1T.

EuroXFELTIRFASN TS GIE.

[EEREZE%E X 512014/05/27 EEH 29/51



LLRF System Description

LLRF MASTER | LLRF SLAVE

RF station: semi-distributed LLRF system

CM1 CM2 CM3 CM4

8 cavities 8 cavities 8 cavities 8 cavities
+|Pfwd 18 18 Pfwd " “lPfwd 48 48 Pfwd|
Pref Prb Prb Pref Pref Prb Prb Pref o
: ¢ =

y

-

VS34

Piezo

16

LLRF MASTER LLRF SLAVE

Christian Schmidt | Workshop on commissioning for proton beam linacs | 2014-04-09 | Page 4
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Result of vector sum operation

Average acceleration field=25 MV/m

40 ; ‘ 1 | C-1
— : : —C-3
: —
2201 M = B = T A
fqg'; @ A-2
= i — A-3
o 0 - -1 : A-4
0 1000 0 1000 2000 3000
Time [us] Time [us]
25 | 0.2 -
0.0049% rms 0.015deg. rms
E‘ : — :
S 3
2 2499 % 01 ............................
= : %)
© ~ Flat-top =
}3 € : > 0O |
M 24.98 ' 0 '
1000 1500 1000 1500
Time [us] Time [us]

These results satisfy the requirement of ILC, 0.07% and 0.32°.
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Why PkQL Operation? @

e At ILC multiple cavities are driven by a single klystron
e Cavities have different individual quench limits
* Goal is operation with flat gradients 5% below individual quench limits over whole flattop

[K. Kubo, Jan. 2010]
e Individual gradients due to individual driving powers (P«s)
 Operation with single klystron and beam loading lead to gradient tilts
— PxQu Control (individual control of cavity driving powers (Pks) and loaded Q values (Qvs))

A QL =Q, A Q=Q,» A QL 12Qp,
gt fescscscsnsssssnsnssssnnnsssnnsnnnns
 y
QO
= Y ¥ .
5
Beam off |
- i | T
Time I : :
! I [
e I - I 1 = 1
s | = T =
¥ : Q. ¥
— -~ ——
> I > >
o o) o
L (R L
o o o
, — - > - >
Time Time Time

Mathieu Omet | Digital Low Level RF Control Techniques and Procedures Towards the International Linear Collider| 2014/05/08 | 34
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Gradients [MVjn]

30 .
25.2 MV/m .« Cavity 1
= 'JIU = . Cavity 2
: I/HZ . 24MV/m Vocks Sis
20}
[ 16.8 MV/m ]
221 :16MV/m
10} !
= : “‘*‘1‘:‘:‘:_%‘;
0 [ 1 i '}
0 300 1000 2000

Stapz in Time

QL Cavl [eb6]
(e

Pk,fill Cavl [KW]

QL Caxz [e6]

/ =
X ,:
=

Pk,fill Cav2 [KW]

200

i~ 100 300 -\

\ /{;
e

420 /

2 5
I.
mA

Beam current [mA]

T

£

# bunches

A 0o 8000 N\

20000 30000 —|
. G 1000/

150 |

S

« Cavity 1
« Cavity 2

« Vector Sum 1

-
i 1 i i i i 1 i i i i 1 i i L
500 1000 1300 2000

Steps in Time

ZZiR1,2DQ%FKRTE
PKEERTET B.

NILRIEZEFELT S

16MV/m, 24MV/mIZ735 KSR E
E—L3EER (T14—k/\vY) Bith
IoyhbyTEEIET
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Gradients [MV/m]

PxQL Operation Stabilities @ (E)

RF Parameter

PkQL QB nominal
Vcavi= 16 MV/m 6.4 mA* 6.6 mA*
Vewe= 24 MV/m sem T eamn | womn
Qi1 =9eb
Q2 = 3e6 AA/A (cavl) 0.041%rms - 0.042%rms
Filling time =410 ps
*Beam compensation active AA/A (cav2) 0.031%rms - 0.045%rms
Beam Parameter AAJA (vector
Pulse Length = 615 us il 0.009%rms 0.009%rms 0.008%rms
Average current = 6.4 mA
T Ad (cavl) 0.042°rms - 0.027°rms
* Cavity 1 ]
. Caviy2 ] A (cav2) 0.031°rms - 0.021°rms
. VVectorr Sum | A t
] (vector | 009°rms | 0.009°rms  0.008°rms
1 sum)
\ . All stabilities are estimated for
' : : i :-»ﬁ e . H [ [
:k]_s'_g?;_l%‘glrzlirfent e;m t:anstent i ° First actual PkQL Operatlon the beam transient time.
1% ! W - oge .
R | _________ wertd * o '%%W*M e Fulfills ILC stability requirements
ol ; o FoOEROLLER e e (AA/A =0.07%, Ad = 0.32°)
’ = ;f’(’“[ | 10 o, Procedure applicable for ILC (39 cavities)
me [us

Mathieu Omet | Digital Low Level RF Control Techniques and Procedures Towards the International Linear Collider| 2014/05/08 | 37



R
1.TDRD 5 RKIR

. - 1R

& - B LB

— ILCT AMIEER

- i

2. K& ﬁmﬂ:&%(HPRF)
BEHHER
- 924X ROY
- TR
3IRENEEIKZR (LLRF)
- AT LA
- RHZ—H LitEE
- PkQI
) - HiohQ/

— Linearization

4 EE 1 EE — LR (9mARER)

- AT IIN\F
— Near Saturation
S5 ERE

[EEREZE%E X 512014/05/27 EEH 38/51



Gradient [MV/m]

High QL Operation

& ©

RF Parameter
Veai= 20 MV/m
Veaz= 20 MV/m
Qu = 2e7
QL = 2e7
Filling time = 800 ps
*Beam compensation

active

Beam Parameter
Pulse Length = 615 ps
Current =6.1 mA

190 L .
[(JO(I ]I(K

Beam transient

Time [ps]

= W,‘; T

L_()O J. 0{) E«‘l()() 1500 1600 |

Time [ps]

0 500 1000

1500

2000

Beam

AA/A (cavl)

AA/A (cav2)

AA/A (vector
sum)

A (cavl)

Ad (cav2)

A (vector
sum)

High QL

6.1 mA*
(60 mins)

0.121%rms

0.160%rms

0.011%rms

0.033°rms

0.028°rms

0.015°rms

(0}
(20 mins)

0.030%rms

0.032%rms

0.008%rms

0.027°rms

0.027°rms

0.014°rms

QB Nominal

6.6 mA*
(60 mins)

0.009%rms

0.009°rms

0.042%rms

0.045%rms
0.008%rms

0.027°rms

0.017°rms

0.008°rms

All stabilities are estimated for
the beam transient time.

- Microphonics are not severe
* Fulfills ILC stability requirements (AA/A = 0.07%, A¢ = 0.32°)

e Detuning stayed constant during 1h operation

Mathieu Omet | Digital Low Level RF Control Techniques and Procedures Towards the

national Line
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Klystron Linearization Package for @ &
UTCA.4 at DESY

N o 25s o L ERASETESRS, S
s L EER ThITOLTH
- X KEK,DESY,FNALZZ N TRAFEA
Creation of : HEA TS,
!
I

r correction factors 1 |
' —+> Klystron

Controller

L s ' L 'S 'S
0 ] 10 15 20 0 5 10 15 20
Controller output [au] Controller output [au]
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Motivation: 9mA experiment

| FLASH(i%ﬂ%lmoﬁ‘ya‘-ﬁifs(mus)

. XFELDFE=OICRN\VFHBRNBETH -

ILCDT=-DIZIE, omAOV T NOFDEENVETHT-.
[ XFELEILCOMFIZA)ybDH A FEER

1l

Experiments

L Bed A% 1 0

design experiment

P PN e
Bunch charge nC 1 3.2 1 3
# bunches 3250 2625 | 7200 2400
Pulse length us 650 970 800 800
Current mA 5 9 9 9

Courtesy: N. Walker

Holger Schlarb, DESY,

Proposal to operate FLASH
Similar to XFEL (4.5MHz, 4.5mA)

Workshop on Linac Operation with Long Bunch Trains 06-08.06.2011

B-%E ﬁHELMHDLTZ 51
) ‘GEMEINSCHig‘( 3



IMAGER @FLASH [E[&E 177 7

e 200845 A  Ex ¥ DA ER (ZEfH)

o 200849 A :3nC,1MHz,550/\>>F TE—LATY—4 s

° 2009518 : VIV FREDRAETA A%

o TTF/FLASH 9mA Mini-Workshop 2009/1/16, %}&

o 200957 :KEKD TR IL R ZFLASHTLLER

o 200998 AT INUF

« WORKSHOP ON LINAC OPERATION WITH LONG BUNCH
TRAINS 2010/2/22-24

o Eglfﬁzﬁ: FE{LlPkQl (> KEKT20124E [Z#) 6 TPkQIER

« WORKSHOP ON LINAC OPERATION WITH LONG BUNCH
TRAINS 2011/6/6-8
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TTF/FLASH 9mA Experiment
Recent Machine Studies

Overview
Nick Walker

07.10.2008
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System Overview — FLASH and XFEL

Vector-
Master modulator
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9mA Studies: evaluating rf power overhead requirements
(4.5mA/800us bunch trains)

Klystron high voltage was reduced from
108KV to 86.5KV so that the rf output

just saturated during the fill

The required beam-on power ended up

being ~7% below saturation

A\

Notch applied to ACC67 Vector Sum setpoint
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i | Response to step up is slower because the klystron
cannot deliver the power demanded
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